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Chapter 1: Introduction to MEePro

Thank you for purchasing the MEe« Pro, a member of the PocketProfessional ® Pro software series desi gned
by da Vinci Technologies Group, Inc., to meet the portable computing needs of students and professionals
in mechanical engineering. The software isorganized in ahierarchical manner so that the topics essy to
find. We hope that you will find the ME« Pro to be a valuable companion in your career asa student and a
professional of mechanical engineering.

Topics in this chapter include:

Key Features of ME*Pro

Purchasing, Download and Installing MEsPro
Ordering a Manual

Memory Requirements

Differences between the T1-89 and T1-92 Plus
Starting the ME<Pro

How to use this Manual

Manual Disclaimer

Summary

1.1 Key Features of ME*Pro
The manual isorganized into three sections representing the main menu headings of MEe«Pro.

Analysis Equations Reference
Steam Tables Beams and Columns Engineering Constants
Thermocouples EE For MEs Transforms
Capital Budgeting GasLaws ValvedFitting Loss
EE For MEs Hesat Transfer Friction Coefficients
Efflux Thermodynamics Roughness of Pipes
Section Properties Machine Design Water Physical Properties
Hardness Number Pumps and Hydraulic Machines Gasesand Vapors
Waves and Oscillation Thermal Properties
Refrigeration and Air Conditioning  Fuels and Combustion
Strength Materials Refrigerants
Fluid Mechanics Sl Prefixes
Dynamics and Statics Greek Alphabet

These main topic headings are further divided into sub-topics. A brief description of the main sections of
the softwareislisted below:

Analysis: Chapters 2-9

Analysisis organized into 7 topics and 25 sub-topics. The software tools available in this section
incorporate a variety of analysis methods used by mechanical engineers. Examplesinclude Steam
Tables, Thermocouple Calculations, EE for MEs; Efflux, Section Properties, Hardness Number
Computations and Capital Budgeting. Where appropriate, data entered supports commonly used units.

Equations: Chapters 10-22

This section contains over 1000 equations organized under 12 mgjor subjects in over 150 sub -topics. The
equationsin each sub-topic have been selected to provide maximum coverage of the subject material. In
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addition, the math engine is able to compute multiple or partial solutionsto the equation sets. The
computed values arefiltered to identify results that have engineering merit. A powerful built-in unit
management feature permitsinputsin Sl or other customary measurement systems. Over 80 diagrams
help clarify the essential nature of the problems covered by the equations. Topics covered include, Beams
and Columns; EE for MEs, GasLaws, Heat Transfer; Thermodynamics, Machin e Design; Pumps
and Hydraulic M achines; Waves and Oscillation; Strength of Materials; Fluid Mechanics; and,
Dynamicsand Statics.

Reference: Chapters 23-25

The Reference section contains tables of information commonly needed by mechanical engineers. Topics
include, values for Constants used by mechanical engineers; L aplace and Fourier Transform tables;
Valves and Fitting L oss; Friction Coefficient; Roughness of Pipes, Water Physical Properties;
Gasesand Vapors; Thermal Properties; Fuelsand Combustion; Refrigerants; Sl prefixes; and the
Greek Alphabet.

1.2 Purchasing, Downloading and Installing MEePro
The ME- Pro software can only be purchased on-line from the Texas I nstruments Inc. Online Store at
http://wwmw.ti.comycal c/docsg/store.htm. The software can be installed directly from your computer to your
calculator using TI-GRAPH LINK™ hardware and software (sold separately). Directionsfor purchasing,
downloading and installing ME-« Pro software are available from TI’ s website.

1.3 Ordering a Manual

Chapters and Appendices of the Manual for ME«Pro can be downloaded through TI's Web Store and
viewed using the free Adobe Acrobat Reader™ that can be downloaded from http://wwv.adobe.com.
Printed manual s can be purchased separately from da Vinci Technologies Group, Inc. by visiting the
website http: //www.dvtg.comvticalcs/docs or calling (541) 754-2860, Extension 100.

1.4 Memory Requirements

The ME-Pro program isinstalled in the system memory portion of the Flash ROM that is separate from the
RAM available to the user. MEe«Pro usesRAM to store some of its session information, including values
entered and computed by the user. The exact amount of memory required depends on the number of user-
stored variables and the number of session folders designated by the user. To view the available memory in
your TI calculator, use the function [2nd)[MEM]. It is recommended that at least 10K of free RAM be
available for ingtallation and use of MEs Pro.

1.5 Differences between TI-89 and TI-92 plus

ME-Pro isdesigned for two models of graphing cal culators from Texas Instruments, the TI-92 Plusand the
TI1-89. For consistency, keystrokes and symbols used in the manual are consistent with the T1-89.
Equivalent key strokesfor the T1-92 Plus are listed in Appendix D.

1.6 Starting MEePro

To begin ME*Pro, start by pressing the [APPS] key. This accesses apull down menu. Use the © key to
move the cursor bar to FlashApps.... and press[ENTER]. Then move the highlight bar to MEsPro and
pressthe [ENTER] key to get to the home reen of MEs Pro. Alternatively, press[¢][APPS]; then, scrall to
ME-*Pro and press the [ENTER] key to get to the home screen of ME Pro.

MEPro for TI-89, TI-92 Plus 13
Chapter 1 - Introduction to ME-Pro


http://www.ti.com/calc/docs/store.htm
http://www.adobe.com
http://www.dvtg.com/ticalcs/docs
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Jilindow Editor
4=EraT
S:Table
tibatasMatrix Editor »
TiProgram Editor k
24Text Editor ]
TYFE OF USE €314 + CEMTER] O [EZC] TYFE OF USE €314 + CEMTER] O [EZC]
Pull down Menu for /4PPS Pull down Menu on for FlashApps...
(FlashApps...option is at the top of the list) (ME«Pro will be in the list)
The ME«Pro home screen isdisplayed to theright. Thetool bar at the — |FEFr 17 - Hauidakion Guids

Tool Bar Ckop Tingd and Skatus area Chatkomd

top of the screen liststhe titles of the main sections of MEe Pro which Frouide context-derendent usads hints.

. - - EMTER oftin 4045 Ehg 5aras Ehind a5 Fa.
can be activated by pressing the function kQ/S ESC 'backs LR ko Ehi BFEUIOUS SEF@en.
F1:Tools/B:Clear Aogs back to the bedinnind,
HMALY SIS FURCEinnS 5010 SF&CiFic PFObTEME,
EQUATIONS are 3¥ouped inko sets applicable
ko SR &CiFiC SikUakions,
Mild RAD AUTO FUMLC

[F1]: Tools: Editing features, information about ME«Proin A: About.
(F2): Analysis: Accessesthe Analysis section of the software.

(F3]: Equations: Accessesthe Equations section of the software.
(F4): Reference: Accesses the Reference section of the software.

(F5): Info: Helpful hintson MEsPro.

To select atopic, usethe © key to move the highlight bar to the desired topic and press[ENTER] , or
aternatively type the number next to theitem. TheAnalysis, Equation and Reference menusare
organized in a menu tree of topics and sub-topics. The user can return to a previous level of ME«Pro by
pressing [ESC]. You can exit MEsPro at any time by pressing the [HOME] key. When ME+Pro isrestarted,
the software returnsto its previous location in the program.

1.7 How to use this Manual

The manual section, chapter heading and page number appear at the bottom of each page. The first chapter
in each of the Analysis, Equations and Reference sections gives an overview of succeeding chapters and
introduces the navigation and computation features common to each of the main sections. For example,
Chapter 2 explainsthe basic layout of the Analysis section menu and the navigation principles, giving
examples of features common to all topicsin Analysis. Each topic in Analysis has a chapter dedicated to
describing itsfunctionality in detail. Thetitles of these chapters correspond to the topic headingsin the
software menus. They contain example problems and screen displays of the computed solutions. Trouble-
shooting information, commonly asked questions, and abibliography used to develop the software are
provided in appendixes.

1.8 Manual Disclaimer

The calculator screen displaysin the manual were obtained during the testing stages of the software. Some
screen displays may appear dightly different due to final changes made in the software while the Manual
was being completed.
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1.9 Summary

The designers of ME«Pro invite your comments by logging on to our website at http://vwwv.dvtg.com or
by email to improvements@dvtg.com. We hope that you agree we have made complex computations
easy with the software by providing the following features:

» Easy-to-use, menu-based interface.

«  Computational efficiency for speed and performance.

*  Helpful-hints and context-sensitive information provided in the status line.
*  Advanced ME analysis routines, equations, and reference tables.

»  Comprehensive manual documentation for examples and quick reference.
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Chapter 2: Introduction to Analysis

2.1 Introduction

The analysis section contai ns subroutines and tools designed to perform specific cal culations. Computations
include estimating thermodynamic properties of water at different temperature and pressure, in Steam
Tables, computing fluid flow rates through different shaped orificesin Efflux, performing Wye to A circuit
conversions of AC circuitsin EE for MEs, and evalueating cash flow for different projectsin Capital
Budgeting. The computations are strictly top-down (i.e. the inputs and outputs are generally the same) and
theinterface for each section guides the user through the solving process. A brief description of some of the
different sectionsin Analysis appear below:

Steam Tables (3 sections): Saturated Seam, Superheated Steam, Air Properties computesthe
thermodynamic parameters of steam including saturated pressure, enthalpy, entropy, interna energy, and
specific volume of the liquid and vapor forms of water given entries of temperature and/or pressure. This
final topic covered computes the thermodynamic propertiesof dry air at different temperatures.

Thermocouples. Thistool converts a specified temperature to an enmf output in millivolts (mV) or fromentf
output millivolts (mV) to aspecified temperature. The software supportsT, E, J, K, S, R and B type
thermocouples. These computation algorithms result from the |PTS-68 standards adopted in 1968 and
modified in 1985.

Capital Budgeting: Thissection performs anaysisof capital expenditure for a project and compares
projects against one another. Four measures of capital budgeting are included in this section: Payback
period (Payback); Net Present Value (NPV); Internal Rate of Return (IRR); and Profitability Index (PI).
This module provides the capability of entering, storing and editing capital expendituresfor nine different
projects. Projectscan be graphed on NPV vs. k scale.

EE for Mechanical Engineers (3 sections): Performs evaluations on three types of circuits: |mpedance
calculations; Circuit Performance; Wye - A Circuit conversion Impedance Calculations, computesthe
impedance admittance of a circuit consisting of aresistor, capacitor and inductor connected in Series or
Paralld. Performance parameter s section computes load voltage and current, complex power delivered,
power factor, maximum power available to the load, and the load impedance required to receive the
maximum power from a single power source. The final segment of the software converts configurations
expressed asa Wyetoits A equivalent. It also performsthe reverse computation.

Efflux (6 sections): Constant Liquid level; Varying liquid level; Conical Vessel; Horizontal Cylinder;
Large Rectangular Orifice; ASVIE Weirs (Rectangular notch; Triangular Weir; Suppressed Weir; Cipolletti
Weir) This section contai ns methods to compute fluid flow via cross sections of different shapes.

Section Properties (12 sections): Rectangle; Hollow Rectangle; Circle; Circular Ring (Annulus); Uneven
I-section; Even I-section; C section; T section; Trapezoid; Polygon (n-sided); Hollow Polygon (n-sided, side
thickness) Computes area moment and location of center of massfor different shaped cross sections.
Computed parameters include the cross section area, the polar moment of inertia, the area moment of inertia
and radius of gyration on x and y axes.

Hardness Number: A dimensionless number is a measure of theyield of a material from impact. Brinell
and Vicker devel oped two popular methods of measuring the Hardness number. These tests consist of
dropping a 10 mm ball of steel with a specified load such as 500 Ibf and 3000 Ibf. This stedl ball resultsin
an indentation in the material. The diameter of indentation indicates of the hardness number using either the
Brinel'sor Vicker'sformulation.
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2.2 Features of Analysis
Unit Management: Appropriate unit menusfor gppending units to variable entries or converting computed
results are accessible in most sections.

Numeric Computation — Variable entries must consist of real numbers (unless specified). Algebraic
expressions must consist of defined variables so a numeric value can be condensed upon entry.

2.3 Finding Analysis
Thefollowing panelsillustrate how to start MEsPro and locate the Analysis section.

_ -
F1 AFFLICATIONE TFi & HPIEHTII]N M. .
Sl lindow Editar Tool E-ur TTo) and Status area bottord
g4 r-a|]:.sh Frovide context-derendent usads hints.
St Tab EMTEF &Fk&n do45 the Sams thind a5 FE.
% E?ga;gﬁtEéTLEﬁltDr‘ 4 ESC 1backs Up! ko bhi BFEUIOUS SEFERn,
FL:Tools/B:CTear 0es back ko the bedinnind,
B4 Text Editor : RNHLYS1S FURSKions 29108 Shecific broblams,
ECUATIONZ are Arouped inko seks applicabls
TYFE OF USE 311 + [EMTER] OF [ESC] TYFE OF UZE €314 + [EMTER] O [ESC] b SP&CiFic SitUakions,
HHIM FHD AOTO FUMC
1. Pressthe [APPS] key inthe 2. Press l:FlashApps and 3. HOME screen of ME«Pro.
HOME screen to list the press [ENTER] to display the Analysis is listed as on the
applications stored in your applications stored in the top function key row.
calculator. Flash section of memory.

There are seven sections under Analysis. To select atopic, use the ® key to move the highlight bar to the
desired heading and pressing [ENTER], or alternatively type the number next to the itemto select. If atopic
contains several sections (Steam Tables, EE for MEs, Efflux, Section properties, an ellipsis(...) will appear

next to thetitle (see below).

[FiIFZ.] Fz I &l 1}'5” [FiIFZ.] Fz I &l 1}'5”
Toolir|AnaTesisw|Equations|Reference|info Toolir|AnaTesisw|Equations|Reference|info
EFflux
: SkgarTables L
tCapital Budgetlhg 1:Saturated Stean jparding Lld. Lewe
For MET. Superheated Stean jicenicel Desdel
Flux.. 3iAir Properties S:larae Rect. OFifice
iSection Properties. EYREHME Weire..
‘Hardhess Humber
TYFE OF USE £314 + [ENTER] O [ESCT TYFE OF USE £314 + [ENTER] O [ESCT TYFE OF USE £314 + [ENTER] O [ESCT
From the home screen of Press [1] for topics in Steam  ...or, press (5] for topics in
ME-«Pro Press [F2] to display ~ Tables... Efflux.

the Analysis menu...

2.4 Solving a Problem in Analysis
The following example presents some of the navigational featuresin Analysis. Thisexampleisdrawn from
Chapter 6: EE for MEs.

Praoblem - Calculate the performance parameters of a circuit consisting of a current source (10 - 5*i) with a
source admittance of .0025 - .0012*1, aload of .0012 + .0034*i. Display thereal result of power in
kilowatts.

! Steps 1 and 2 can be combined by pressing [+] and [APPS).
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F - aniabion Guide
Tool Bar (kop Tined and Skakus ared Chokkomd
provide conkexk-depgndsnt usade hints.
EMTEF &fksn dogs th 5ams thind a5 FB.
EZC 'backs up! b the PFedious screen.
FL:Tools/B:CTear Aogs back bo bhe bedinnind.
AMALYEIS FURChions Selue SFCiFic PFoblems,
EQUATIONE are Aroured inko Seks applicable
o SPRCIFIC SikUations.

B

Ana1esis

1:5team Tables..
2iThermocouples
JiCapital Budgetin

: [FE
EiSection Properties.
riHardness MHumber

Fi F& Fz F4 FE
Tools-|AnaTvsis-|Equations|Reference|info

EE for ME's
1:lm edanc.e Calc.s

EEFEEEWCE 0gs hand: Jookup Eableg
MAIN RAD AUTO FUNC

HMAlW RAD AUTO FLHC

HMAlW RAD AUTO FLHC

1. From the home screen of
ME- Pro, Press [F2] to display
the menu of Analysis.

2. Move the cursor to EE for
MEs and press (or
press [(4]).

3. Select Circuit
Performance from the
submenu in EE for Mes.

4. While the cursor is
highlighting Load Type,
press the right arrow key, @
or [F6] to display the menu for

F1L F& BE Fy | FE F& F1L F& Fy | FE F& F1L FE TE & FE | FE

Toolsr] Zolug | -S| Vigw | Opkse | Choose Toolsr| Zolug = | Wikt | OFks | Choose Toolse] Zolug | =4 | Wigw | Orks= | Edit
Circuik FeFFormancs Circuik FeFFormancs Circuik FeFFormancs
H [rmpedanceH o, = B T e : -

hgaugi Tupe hgaufi T Ifgad.Tupe Admittances
£s_1 £s_1 1: Im E-danc,e
ZL_i L3 L "r'L_=
LL_: LL_: UL_:
IL_: IL_: IL_:
Pz H Pz
[nH] in H e e e
Choose: Imap. oF Admik. HMAlN EAD AUTO FUNC Enter: EME source current (Al

5. In the menu for Load
Type move the cursor to
Admittance and press
ENTER/.

6. Admittance is now
selected for Load Type and
the appropriate variables are
displayed.

scriptions
beglnnlng Wlth ‘Enter’ require

Fi F& HH ] FE [#: Fi c[F3F4 | FE o [F7
Toolsw| Solug | -S| Micw | Orkse | | Tools+|A  |mA (&R [naneh|rR |FA
[T | [Circuit Ferformance] [Circuit Ferformance]
If-:-ad Tupe! Admittances If-:-ad Tupe! Admittances If-:-ad THEE- Aomittances
= s st
Y=_til Ye_t Ye_t
YLt YLt YL_3
LL_: UL_:H LL_:
IL_: IL_: IL_:
: P: :
P — 1 ; + 18, -5, #i
< Enkecr: S-:-urct admitkance (39 FAlN FAD ALTO FLUMC

wsult: Load woltade o J
8. _'V'a'nab're'dvs’_crlptlons

beginning with the word
‘Result’ are computed fields.

9. When entering a value,
press a function key to add
the appropriate units ((F2]-{F7]).

Fi Fz HE F4 FE [ Fi Fz Bl (%] FE
|T-:--:-1s-| Solug | e | Wik | Orkse |v Toolse] Zolue | -Srasz | Wicw | Optse
Ferformance Circuit Ferformancs Circuit Ferformancs
Lnad Tlee- Hdmlttance+ Load TleEd!iEIi%l!Fm IL_: €9,11495+2, 1478401
i1 B Iz_: ¢I@,—3. %1 o Fr 5093, 95 0l
'~r'5_ (EIEIZS EIEI12*13l sie.. Ye_i CLOUZS—.Q01lZ#i) sie [
YL_: CIAETE+. 003343 =iel VL& f.O31Z+,. 0034#4) sie UI_:
LL_: ML_¢ ¢ 14003, 13-2155, 6d#i 2 g
i IL_: 69, 11495+2. 14757440
F: F: 894,35 W
[rH + [E -22935.8 W &
Fesult: Load weltads () Choose: Ire, o Adraik. Fesult: Load udm:ttunc-zi-:-r P, Folek

10. Following entry of all

input fields press [F2]: Solveto

11. Results: Upper Half

12. Results: Lower Half

o,

Toroj:lsr Iﬂl2 rﬁd chI:I rr"lil hE Btfl?fhr G?nl ] Toroj:lsr 551211»2 \.s '.'F:w I]Etsh B
IClFCUlt P‘EFF!)FMUHCEI IClFCUlt P‘EFF!)FMUHCEI

Load T EE-- Fldm1t.t.ahc.e+ L-:-ad T?Ee- Fldm1t.t.ahc.e+
I=_: ¢ A
e _1 {.EIEIZS EIEIlE*t} sie.. "r'5 : L. EIEIZS EIEIlE*t} sie..
Wiz foRE1R+, G034t =iel 'Lr'L_= ¢, EOL2+, A3*i) =ie
UL_: (1403, 13-2185, 6d+i ). UL_: (1403, 13-2185, 6d+i )

! . Tihd D é-"‘ (9, 1149542, 1478742

2 tuanty | feae =) L . i

| HAIN RAD AUTO FLUHC

Fesult: el power ()

Fesult: el power ()

13. To display a result in
different units, highlight the
variable and press [F5]: Opts,
move the cursor to 4:Conv.
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14. The unit menu for the
variable appears in the top
bar. Press the function key
corresponding to the desired
units.
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15. The computed value for
Real Power, P, isnow displayed
in kilowatts (KW).



There are two types of interfacesin Analysis:

Type 1. Input/Output/Choose Fields (Steam Tables, Thermocouples, EE for MEs, Efflux, Section
Properties, and Hardness Number). Thisinput form lists the variablesfor which anumeric entry isrequired
and prompts the user to choose a calculation setting if applicable before computing the results. The entries
and results are always displayed in the same screen.

Type 2. Multiple Forms/Graphing (Capital Budgeting) This interface includes most of the features of

Type 1 with the additional screens used for entering cash flow for individual projects. The graphing
features of the calculator are enabled in this section for visualizing the rate of return (Net Present Valuevs.
discount rate). Anexampleof thisinterface is described briefly in this chapter, but in more detail inChapter
5: Capital Budgeting.

Capital Budgeting allows the user to compare relative financial performance of several projectswith
relevant data such as Interest rate or discount rate (k), IRR, NPV, or Payback period. Thescreen
displays below illustrate the basic user interface.

Fi Fo FE |FB ] Fi Fz 3 FB
Toolir|Solug Gr@ﬂrth Editl Tools+|ZoTuGrarh|Cagh|0rks-|~ Check
Carital BEuddgtind Carikal Eu - .

Project: Projectls : 5. Fhizae

: Fagback: 2
PaH ack: MED: aezs.2 | f
e 12w o Slsss [P
PI: ) CHultiple o
“Multiple Graphs

Full Screen Graph i | -
Enter: Discount Fats # Faried Gad Enter: Cash Flow (EF00 LH1AIN ERD AUTO FUMC
Input Screen for Capital A separate screen displays Press [F3]: Graph. Selecting
Budgeting. Press [F4] to the Cash Flow for ‘Project 1. ‘Multiple Graphs' allows the
display Cash Flow for Project  Press [F2]: Solve to revert to overlap of plots for different
1. the previous screen. projects (Project 1, Project 2,

etc.)

2.5 Tips for Analysis
The following instructions are useful in the Analysis section:

If an ellipsis (...) appears at the end of a menu title, a menu of subtopics exists in this section.
An arrow ‘-’ to the right of a heading, as in Load Type, indicates an additional menu.
Variables ending with an underscore *_’, such as Vs_, Zs_, and IL_, allow complex values.
Descriptions for variables generally appear in the status line when the variable is highlighted.
Variables for which an entry is required will have a description prefaced by the word ‘Enter’.
Computed variables begin with the word, ‘Result’.

To convert values from one unit to another, press [F5]: Opts, and 4: Conv to display the unit menu for
the variable at the top of the screen. Press the function key corresponding to the appropriate units.
Toreturn to the previous level of ME*Pro, press[ESC].

To exit ME#Pro, press(Fi]: Toolsand (8]: Clear.

To return to ME*Pro, press(2nd] [APPS].

0. To toggle between a graph and ME*Pro in split-screen mode, press(2nd) [APPS).

11. Toremove the split screen in MEsPro. 1) Press[MODE], 2) [F2]: Page 2, 3) ®: Split Screen App., 4) [(1]:
Full Screen, 5) [ENTER): Save.

agprwNE

o

B ©©=N

2.6 Function keys

When Analysis functions are sdlected, the function keysin the tool bar access or activate features, which
are specific to the context of the section. They arelisted in Table 2-1:

MEPro for TI -89, TI-92 Plus 20
Chapter 2- Introduction to Analysis



Table 2-1 Description of Analysis Function keys

Function Key

Description

Labeled "Tools" - displays all the functionsavailable on the TI-89 at the Home
screen level. These functionsare:

1: Open — Thisopens an existing folder to store or recall variablesused in an
MEs Pro session.

2: (saveas) —Not activein Analysis.

3: New — Creates a new folder for storing variable valuesused in an ME«Pro
session.

4. Cut - Removes entered valuesinto the clipboard. Enabled for variablesfor
which the user can enter values.

5. Copy — Copiesa highlighted value into the clipboard.

6. Paste — Pastes clipboard contents at cursor |ocation.

7. Delete — Deletes highlighted values.

8: Clear — Returnsto the HOME screen of MEePro.

9: (format)-Not activein Analyss.

A: About - Displays product name and version number.

Labeled "Solve" - Pressing this key enables the software to begin solving a
selected problem and display any resulting output to the user.

Labeled "Graph" - Thisfeatureisavailablein input screens where the solution can
be represented in graphical form. A graph can be viewed in the full screen or a
split screen mode. This can be performed by pressing followed by [F2]. Use
and [APPS] to toggle between the data entry screen and graph window.

Normally labeled as "View" - Thisenablesthe information highlighted by the
cursor to be displayed using the entire screen inPretty Print format.

In some cases(F4] islabeled as "Pict", "Cash".

"Pict" isavailablein the Section Properties or Hardness Number sections
and when selected displays a diagram to facilitate better understanding of the
problem.

"Cash" isused in Capital Budgeting section of the software.

Labeled "Opts" - Thiskey displaysa pop up menu listing the options:

1: View - dlowsthe highlighted item to be viewed using Pretty Print.

2: (type) - Not active

3: Units—This activates, or deactivates the unit management feature.

4: Conv — Displaysthe unit menu for the highlighted variable and allows the
conversion of an entry or result into different units.

5: Icons - Presentsadialog box identifying certain Icons used by the software to
display content and context of the information. These icon systemsare only used
in equations.

6: (know)- Not active

7: Want - Not active

“Edit” - Bringsin adata entry line for the highlighted parameter.

“Choose” in Capital Budgeting enablesthe user to select from one of nine
projects.

“v/ Check” requesting the user to press thiskey to select a highlighted parameter for
usein an Analysis computation.

"Add” Addsa cash flow entry for a project in Capital Budgeting section.

(Not active)

ME[Pro for T1-89, TI-92 Plus
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2.7 Session Folders, Variable Names

MEsPro automatically storesits variablesin the current folder specified by the user in or the HOME
screen. The current folder name is displayed in the lower left corner of the screen (defaultis“Main”). To
create a new folder to store values for a particular session of ME*Pro, press(Fi]:/TOOLS, [3]:/NEW and
type the name of the new folder (see Guidebook for the complete details of creating and managing folders;
Chapter 5 for the T1-89 and Chapter 10 for the T1-92 Plus).

There are several waysto display or recall avalue:

»  Thecontents of variablesin any folder can be displayed using [VAR-LINK], moving the cursor to the
variable name and pressing [Fé] to display the contents of a particular variable.

» Variablesin acurrent folder can berecalled in the HOME screen by typing the variable name.

« All inputs and calculated resultsfrom the Analysis and Equations section are saved as variable
names. Previously calculated, or entered valuesfor variablesin afolder are replaced when
equations are solved using new valuesfor inputs.

2.8 Overwriting of variable values in graphing

When an equation or analysisfunction is graphed, ME<Pro creates a function for the T1 grapher, which
expresses the dependent variable in terms of the independent variable. Thisfunction is stored under the
variable name pro (X). When ME<Pro’s equation grapher is executed, values are inserted into the
independent variable for pro (x) and values for the dependent value are calculated. Whatever values
previoudly existed in either of the dependent and independent variablesin the current folder are cleared. To
preserve data under variable names, which may conflict with ME*Pro’ s variables, run MEsPro in a separate
folder.

2.9 Reserved Variables

A list of reserved variable names used by the Tl operating system, which cannot be used as user variable
names or entriesare listed in Appendix F.
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F2: Analysig1: Steam Tables

Chapter 3: Steam Tables

Steam properties are a complex function of temperature, pressure, volume, critical temperature, critical
pressure, and molecular weight of water. Our software takes into account the ranges of temperature and
pressure that resultsin good fitsto data gathered over along periods in many partsof theworld.

Steam Tables offer a collection of programs organized as a powerful computational engine to calculate
thermodynamic properties of steam in auser-friendly environment. Calculations of thermodynamic
properties are based on standards and conventions adopted by the International Conventions covering
properties of saturated and superheated steam.

3.1 Saturated Steam Properties
This section computes the properties of saturated steam at a single temperature or pressure.

Variable Description Units
Ps Saturation pressure MPa

Ts Saturation temperature K

\Yi Specific volume — liquid m/kg
Vg Specific volume — vapor mlkg

Hf Enthalpy — liquid kJkg
Hfg Latent heat of vaporization kJkg

Hg Enthal py — vapor kJkg

Sf Entropy —liquid kJ/(kgK)
Sfg S(9) -S(f) kJ/(kgK)
Sg Entropy — vapor kJ/(kgK)
UF Internal energy —liquid kJ/(kgK)
UG Internal energy — vapor kJ/(kgK)

3.2 Superheated Steam Properties

The properties of superheated steam require two inputs: temperature and pressure. From the data supplied,
the program will compute saturated temperature, specific volume, enthalpy and entropy. The datais
displayed in atabular form.

Variable Description Units
Temp Given temperature K

Sat Pressure Given pressure MPa

Sat Temperature Corresponding temperature K
Specific Volume Specific volume mlkg
Enthal py Enthal py kJkg
Entropy Entropy kJ/(kgK)

3.3 Air Properties

The properties of dry air are computed using the ideal gas law model asthe basis. Using temperature as an
input, the software computes a variety of parametersincluding specific heats, enthal py, entropy, and
velocity of sound.

Variable Description Units
Temp Given temperature K
CP Specific heat at constant pressure J(kgK)
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F2: Analysig1: Steam Tables

Variable Description Units
cv Specific heat at constant volume J(kgK)
H Enthal py Jkg

U Internal energy Jkg

E Entropy function J(kgK)
IPR Isentropic pressure function unitless
IVR Isentropic volume function unitless
G Specific heat ratio unitless
A Speed of sound m/s

3.4 Using Steam Tables

Once you have sdlected STEAM TABLES at the main menu, the first screen displays three subtopics -
Saturated steam, Superheated steam and Air properties. Selecting “ saturated steam properties’, allows
propertiesto be calculated from user-entered val ue of temperature or pressure. However, properties for

“superheated steam” require values for both temperature and pressure. Thermodynamic propertiesof air are
calculated for dry air conditions only.

Example 3.1:
Calculate the properties of saturated steam at 130 °C.

Solution - Select the Saturated Steam section. The input screen callsfor defining known parameter
(temperature or pressure). The default condition istemperature. Movethe pointer to the next line and start
entering the temperature. The function keys assume unit assignmentsfor the data about to be entered. For

our example, enter 130 and press (F3] key thereby attaching °C to the value just entered. Press(F2] to solve
for the thermodynamic parameters.

Fi Fz He Fu FE [#:
Tools] Zolug | -S| Vigw | Oekse

Sakuraked St-zum|

Hf: 546 (=1aE kJKkE T

1 g

i 1

i oic
U?: &g
H 546, 6EI4 kJKkE
Hfg: 2173.64 kJI<kag
Hoi 2720, 72 kJ-kg L A0, 5L, R
HMAIN KAD AFFRON FUHC R-zsu1|: Internal Encr 3y —uwarak

Upper Display Lower Display

All the calculated parameters are displayed on the screen with Sl units attached as shown. If you desire to
see the value of saturated pressure parameter Ps, use the © key to move the highlight bar to capture Ps.
Press(F5] to display a pull down menu of itemsto sddect. Sdlect 4 (Conv). Thisallows other unitsfor Ps
such as Pa, kPa, atm, ps, torr attached to (F3], [F4], [F5], [F6], and respectively. Pressing convertsthe
value of Psinto the new unitsof psi. Thedisplay isrefreshed immediately in the unitsjust selected.

Example 3.2:
Calculate the properties of superheated steam at 125 °C and 20 psi.

Solution - Select the Superheated Steam section. The input screen callsfor entering temperature and
pressure. Move the pointer to enter the 125 °C and 20 ps for temperature and pressure. Make sure that the

appropriate units are attached to the data using the function keys. Press(F2] to solve for the thermodynamic
parameters.
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F2: Analysig1: Steam Tables

] Fi Fz HH F4 FE |#:
|T-:--:-1sr|$o1u-z -Srup i | Wikl | ORkse
Faturated Skeam|
Hfs -111.47v9 kJ<kag T
i . Hfg: _2347.4 kJ-ka
Fsi Q13023 psi Hg: 2463, kJ/k?
L, aaioge m™3s kg S -.1vpnis kXsCka- K
Ug: 240, 152 m™3-ka Sfagi 9,90185 kJ-<Cka- Ko
Hi: -111.479 kJ<ka S?: 9. 73183 kJooka- K2
Hfg: _2347.4 kJ-ka Uis -111.479 kEJ<Ckg- Ko
Hof 2463. kJ<kg 4 Ug: IEE R A TR
Choose: Terperabure or Fressurs Fesult: Internal Encr 3w -uapor
Upper Display Lower Display

All the calculated parameters are displayed on the screen with units attached as shown. The displayed
results could be converted to other units as described in the first example described earlier.

Example 3.3:
Calculate the properties of dry air to be -20 °C.

Select the Air Properties section. The input screen callsfor defining the temperature. Enter atemperature
of —20 °C. When entering -20 °C, be sure to use the unary operator key [(-)] followed by 20 °C. If you
usd-] key for a negative value thiswill result in an input error.

Press[F2] to solve for the thermodynamic properties of air.

Fu | FE |FB
Migw|0rks-|Edit

i FoFckbics

Fu | FE |FB
Migw|0rks-|Edit
i FoFckbics

T:F%ﬁg
CFi 1. 44 kJsCkg- K

Clhi 717369 kI Ckg-Kl

Hi 233.493 kJ-ka

s 180,73 kJ/k%

Ei &6.63109_kI-Ckg- Kl

IPR: 23,3079

IUR: -13.0219 &

Enter: Temperature Enter: Temperature

Input Screen Result screen

All the calculated parameters are displayed on the screen with Sl units attached asshown. The parameters
computed can be viewed in other units as described in the examples shown here.

3.5 Vvalidity Range for Temperature and Pressure
The computed results are valid only for the following finite ranges of temperature and pressure:

Satur ated Super heated
Temperature: 273.16 - 647.3K Saturated temperature
Pressure:; 0.006113 - 22.08 MPa Pressure: 0.006113 - 22.08 MPa

References:

1. Lester Haar, John S. Gallagher and George S. Kell, NBS/NRC Steam Tables, Thermodynamic and
Transport Propertiesfor Vapor and Liquid States of Water, Hemisphere Publishing Corporation,
Washington, DC.

2. Steam Tables, 1967; Thermodynamic properties of Water and Steam, The Electric Research Association,
Edward Arnold Limited, London England, 1967

3. ThomasF. Levine, Jr., and Peter E. Liley, Steam and Gas Tables with Computer Equations, Academic
Press, New York, NY, 1984
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F2: Analysis/ 2: Thermocouples

Chapter 4. Thermocouples

This chapter describes using the software in the Ther mocouples menu. Thermocouple parameters are
calculated for the class of thermocouplesin common usage.

4.1 Introduction

Thistool converts a specified temperature to an emf output, millivolts (mV), and from an emf output,
millivolts (mV), to a specified temperature. The software supports Type T, E, J, K, S,Rand B
thermocouples. The underlying assumption is a reference temperature of 0°C. These computation algorithms
result from the |PTS-68 standards adopted in 1968 and modified in 1985.

4.2 Using the Thermocouples Function

Select the Thermocouplesfunction from the Anadysis menuby highlighting Thermocouples and pressing
(ENTER]. Thisaction brings out the main user interface screen. Press (O to view the choices available. Seven
types of Thermocouples are available for computations. For example, to select a Pt-10%Rh-Pt thermocouple
referred to as S Type thermocouple, move the high the highlight bar to Type S and press or press(5].
At this point, the software presents the primary user interface awaiting data entry. At the same time, the
material of the thermocouple and the valid range are displayed for reference.

Thermocouple computations involve computing emf avail able from a known temperature or computing a
temperature from an emf. The latter caseis by itsvery nature not as accurate as thefirst type of computation.

|T-:-F-:-1:Is-|soflﬁ-z = [t ke [ |T-:-F-:-1:Is-|soflﬁ-z = [t ke [
Therm-:-c-:-uﬂ-zs Ther macour1es

Tupe T% Tupe: TEHE S

Eriowr: emperature+ Knnwn

Temp: EMF: 1.477F ml

EMF: Temp:

Materia < 10%ER-Ft Materi1al: %] Rh Ft.

Fange: —Sﬂ to &30.74 ?C Eange: -S5O Lo BDD =C

Erraor: —-11 to 3 °C
Fesulk: Electromakive Force Fesulk: Temecrakurs

Screen 1 (for temperature) Screen 2 (for emf)

Example 4.2:

Find the emf for an Stype thermocouple at 400 °F. From the value of emf computed, compute the
temperature.

Solution 4.2:

Select Type S thermocouple for this problem. For temperature, enter 400, then press(F3]. The computed emf
is1.4777mV. Now return to Known line and select emf for input. Enter 1.4777 mV for emf to get 403.989 °F
for temperature.

Notes. The thermocouple emf calculation can be expanded to cover the emf produced by the thermocouple if
the reference temperature was different from 0 °C.  For example, if the reference temperature was 30 °C
instead of 0 °C, you compute the resulting emf in two steps; first find the emf (emf 1) for the temperature
desired, say 300 °C, and the emf (emf 0) for the reference temperature. The resulting emf for the new
reference temperature of 30 °C isthe difference between the two emf’s, i.e., "emf 1 - emf 0".
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4.3 Basis for Temperature/Voltage Conversions

The temperature-to-voltage conversion is based on either a polynomial approximation or acombination of a

polynomial coupled with a special sequence. This ensures precise calculations within some prescribed error
range. These rages are displayed on each input screen.

Refer ences:

1. Robert L. Powell, William J. Hall, Clyde H. Hyink, Larry L. Sparks, George W. Burns, Margaret Scoger

and Harmon H. Plumb, Thermocouple Reference Tables based on IPTS-68, NBS Monograph 125, Omega
Press, 1975
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Chapter 5: Capital Budgeting

This chapter coversthe four basic measures of capital budgeting:

¢ Payback Period ¢ Internal Rate of Return
¢ Net Present Vaue ¢ Profitability Index

5.1 Using Capital Budgeting
This section performs analysis of capital expenditure for a project and compares projects against one another.
Four measures of capital budgeting are included in this section: Payback period (Payback); Net Present Value
(NPV); Internal Rate of Return (IRR); and Prafitability Index (PI). This module provides the capahility of
entering, storing and editing capital expendituresfor nine different projects. The following equations are used

in calculations:

NPV = ZC—Ftt—CFt=0 Eq. 1
& (1+K)

ZLI—CFIZO:O Eq. 2

% (1+IRR)

n Cl:t

p| = & (1+Kk)" Eq.3

CFsy

CF¢. CashFlow attimet.
Payback: The number of time periods it takesafirm to recover its origind investment.

NPV: The present valuesof all future cash flows, discounted at the selected rate, minus the cost of the
investment.

IRR: The discount rate that equates the present value of expected cash flows to the initial cost of the project.

Pl: The present value of the future cash flows, discounted at the selected rate, over theinitial cash outlay.
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Project:

k:

Payback:

npv:
IRR:
PI:

Multiple
Graphs

Full
Screen
Graph

NAME:
t0:
t1:
tn:

Example 5.1:

F2: Analysig/3: Capital Budgeting

Field Descriptions - I nput Screen

(Project)

Press ENTER] to select one of nine unique
projects or edit the current name of the project
by pressing [F4] for Cash option.

(Discount Rate per Period in %) Enter areal number.

(Payback Period)

(Net Present Value)

Returns areal number.

Returns areal number.

(Internal Rate of Return) Returnsareal number (%).

(Profitability Index)

Returnsarea number.

(Graph multiple projects Activation of thisfeature enablesthe overlay

simultaneoudy)

of each successive graph (projects) on the
same axis. Press[ENTER] to activate.

(Graph on full or split screen?) Press ENTER] to activate.

Field Descriptions - Project Edit Screen

(Project Name)

(Investment at t=0)

(Cashflowat t=1)
(Cashflowat t=n)

Cash Flow Diagram
CF,

Cash

Flows

Enter the name of the project.

Enter areal number.

Enter a positive or negative real number.
Enter a positive or negative real number.

CF
4
CF
n

CFy  Investment
Amount

(From Investors Viewpoint)

Thefollowing projects have been proposed by ACME Consolidated Inc. What are the Payback period, Net
Present Value, Internal Rate of Return, and Profitability Index of each project? Which isthe moreviable

project?
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Table 5-1 Cash Flow for two projects

Name of Project: Plant 1 Plant 2
Investment Outlay: $75,000 (at t=0) $75,000 (at t=0)
Cost of Capital: 12% 12%
Y ear Net Cash Flow ($) Net Cash Flow ($)
0 -75,000 -75,000
1 40,000 10,000
2 30,000 20,000
3 20,000 30,000
4 10,000 40,000

g F =] F

Fz Fz H H H Fi Fz Fz H H
Z0ug|Gr aphf<: | OF ks i Ho Z0ug|Gr aphf<: | OF ks i

Choose: Frodeck Enter: Discount Fake / period Cf)
Cash Flow Input: plantl Cash Flow Input: plant2
FL [ Fz F= Fi | _FE | F& FL [ Fz F= Fi | _FE | F&
|T-:--:-1s-|$-:-1l.l-z Grarh | Cash | Orfs- | Edit |T-:--:-1s-|$-:-1l.l-z Grarh | Cash | Orfs- | Edit
[Carital Fuddcting [Carital Fuddcting
Er_‘n'ect: plantl+ Er_‘n'ect: plantZs
Pé'ggﬁ ack: 2,25 Pé'ggﬁ ack: 3.375
HPU: S220,89 HPU: -3333.42
IRR: 16,0945 TRR: 10,2421
FI: 1.06961 FI: .955288
“Multiple Graphs “Multiple Graphs
Full Screen Graph Full Screen Grarph
Enter: Discount Fake / period Cf) Enter: Discount Fake / period G
Output Screen: plantl Output Screen: plant2

With the highlight bar on the Project field, press(ENTER] to select a project to edit. Select a project that has
not been used. Note: thisexample uses projects 1 and 2. Press[ENTER] to return to the Capital Budgeting
screen.

Press(F4] to select Cash option; enter the project edit screen; and, edit the cash flows.

Enter “plant1” in the Name field. Note: Cash flow datafor this project will be stored in a variable of this
name. Therefore the entered name must begin with a letter; be no more than 8 charactersin length; and,
contain no embedded spaces.

Press[F7] 5 timesto add 5 time points and enter the cash flows at each time point from the table on the
previous page. When finished, your screen should look like the project edit screen above. Be sure to enter
75,000 as a negative number for t0. Press(ESC] to save your changes and return to the Capital Budgeting
screen.

Enter 12 for k.

Press(F2] to calculate Payback, NPV, IRR, and PI.

Move the highlight bar to M ultiple Graphs and press to enable overlaying of successive graphs of
each project.

Press(F3] to graph the curvilinear relationship between the Net Present Value and the Discount Rate.
Press (2nd] followed by to enable the graph editing toolbar.
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10. The curveindicateswhere k=0, the Net Present Value issimply cash inflows minus cash outflows. ThelRR
% is shown at the point where NPV=0. Using the builtin graphing capabilities of the Tl 89, you can tracethe
graph to find the values of these two points. The T 89 will give you the exact coordinates of any point along
the graph. Press [¢]followed by to return to the Capital Budgeting screen.

11. Repeating steps 1 through 9 for the second project, under the Project field, “plant2” and input the values in
Table5-1. Activating the M ultiple Graph feature enables a simultaneous plot of the two projects. Thiswill
overlay a second graph on top of a previously plotted function. First plot plantl. After graphing, plotplant2.
Thefirst curve to appear, is plantl, the second is plant2. The most viable project in termsof discounted cash
flows, in thisexample, isthe one with the highest curve.

12. Pressing [MODE] ® resets the display to full screen.

MAIN RAD AUTO FLMC MAIN RAD AUTO FLMC

Plot of Project 1 Overlay of Project 2
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Chapter 6: EE for Mechanical Engineers

This chapter describes the software in the AC Circuits section and is organized under three topics. These
topics form the backbone of circuit calculations of interest to mechanica engineers.

¢ Impedance Calculations ¢ Circuit Performance
¢ Wye « A Conversion

6.1 Impedance Calculations

Thelmpedance Calculations topic computes the impedance and admittance of a circuit consisting of a
resistor, capacitor and inductor connected in Seriesor Parallel.  Theimpedance and admittance values are
displayed to the user in real or complex form.

Field Descriptions

CONFIG: Circuit Configuration (Press[ENTER] and select Seriesor Parallel
configuration by using ©. After choosing, press
to display the input screen updated for the new
configuration..

Elements:  Element Combination Press [ENTER] to display the following circuit € ements:
L, C, RL, RC, LC and RLC The choice of elements
determines which of theinput fields are available.

fr: Frequency in Hz Enter areal positive number.

R: Resistance in ohms; only Enter areal positive number.
appearsif RL, RCor RLCis
chosenin Elementsfield

L: Inductance in Henry; only Enter areal positive number.
appearsifL, RL, LCor RLCis
chosen in Elementsfield

C: Capacitance in Farads; only Enter areal positive number.
appearsif C, LC, RCor RLC s
chosenin Elementsfield

ZZ Impedance in ohms Returnsareal or complex number.
YY . Admittance in Semens Returnsareal or complex number.
Example 6.1:

Compute the impedance of a series RLC circuit consisting of a 10-ohm resistor, a 1.5 Henry inductor and a
4.7 Farad capacitor at a frequency of 100 Hz.
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Fi Fz B Fu FE £
Toolsr] Solue sSred i Wik Orks-

e edancs I:lCI'h:SI
Configl Series+
Element=: ELC+
Freg: 100. Hz
R: 1o R

Lz 1.5 henry
et
]

Eesult: Irpedance (00
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Fi Fz B Fu FE £
Toolsr] Solue sSred i Wik Orks-

e edancs I:lCI'h:SI
Configl Series+
Element=: ELC+
Freg: 100. Hz
Rio1@, i

Input Screen

6.2 Circuit Performance

Output Screen

Choose Seriesfor Config and RLC for Elements using the procedure described above.
Enter 100 Hz for Freq.

Enter 10 Q for R; 1.5 Henry for L; and 4.7 Ffor C.
Press[F2to calculate ZZ_and YY _.

The output screen shows the results of computation.

This section shows how to compute the circuit performance of a simple load connected to avoltage or current
source. Performance parameters include load voltage and current, complex power delivered, power factor,
maximum power available to the load, and the load impedance required to receive the maximum power.

Load Type:

Vs_:
Zs_

ZL .

yS_:

yl

VI _:

MEPro for TI-89, TI-92 Plus

Field Descriptions - Input Screen

Type of Load

rms Source Voltagein V
Source Impedancein Q

Load Impedance in Q

rms Source Current in A

Source Admittance in Semens

Load Admittance in Semens

Press [ENTER] to select load impedance (Z) or
admittance (Y). Thiswill determine whether the
remaining fiddsVs ,Zs ,andZL_orls,6Ys,
and YL _aredisplayed, respectively.

A real or complex number.

A real or complex number.

A real or complex number.

A real or complex number.

Enter areal or complex number.

Enter areal or complex number.

Field Descriptions - Output Screen

Load Voltagein V
Load Current in A
Real Power in W

Reactive Power in W

33
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Returnsareal, complex number.
Returnsareal number.

Returnsarea number.
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VI_: Apparent Power in W Returns a complex number.

0 Power factor Anglein degrees  Returnsareal number.
or radian, determined by the
setting

PF: Load Power Factor Returnsareal number.

Pmax: Maximum Power Availablein Returnsarea number.
w

Zlopt_: Load Impedance for Maximum  Returnsareal, complex number.
Power in Q - if Impedanceis
chosen for Load Type at the
input screen

Ylopt_: Load Admittance for Maximum  Returnsareal, complex number.
Power in Semens - if
Admittance, is chosen for Load
Type at the input screen

Example 6.2:

Calculate the performance parameters of a circuit consisting of a current source (10 - 5*i) with a source
admittance of .0025 - .0012* |, and aload of .0012 + .0034*1i.

[ s5fue | si-es: | viaha | wotse | [ s5fue | si-es: | viaha | wotse | [ s5fue | si-es: | viaha | wotse |
Circuit Ferformancs Circuit Ferformancs Circuit Ferformancs

Lnad T?EE Hdmlttance+ Lnad T?EE Hdmlttance+ IL_: €9, 11495+2. 147E8F+i0.. T

i H i H F: 894,35 W

?5_ . DDZS 6512*1) sie.. ?5_- . DDZS 6512*1) sie.. [: -22935.8 VAR

YL_: CIAETE+. 003343 =iel YLz ( DDIZ+ 6534*1) zie.. UI_s 24322.4 LA

LUL_:H LIL_: 13- B g -1.2315 rad

IL_: IL_: don+Z, 14 - EF: 33233

F: F: 8@94.98 M [MUEES IZSEB I

[z 4 [: -22935.5 VAR 4 YL CILLS S+

Fesult: Load welkads () Fesult: Load welkads () Fesult: Load udm:ttunc-z FoF Mde. Fogl

Input Screen Output: Upper Half Output: Lower Half
Choose Admittance for Load Type.

Enter thevalue 10 - 5*i A for Is_.

Enter the value .0025 - .0012* i siemensfor Ys_, and .0012 + .0034* i siemensfor aload of YL_.
Press(F2] to calcul ate the performance parameters.

Theinput and results of computation are shown above.

ghrwphpE

6.3 Wye « A Conversion

The Wye ~ A Conversion converts three impedances connected in Wye or A form to its corresponding A or
Wyeform, i.e, Wye « Aor A - Wye

Input Fields -

Input Type: Selection choicesare A -~ Wye or Wye— A. This

determines whether the next 3 fields (input fields)
accept A or Wye Impedances.
Real or complex number.
Real or complex number.
Real or complex number.
Fig. 6.1 Wye Networ k
Real or complex number.
Real or complex number.

ZZA_: Almpedance
ZZB_: Almpedance
ZZC_: Almpedance

ZZ 1 : Y Impedance
ZZ2_: YImpedance
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ZZ3 : YImpedance Real or complex number.

Result Fields

ZZA_: (Almpedance)  Real or complex number.

ZZB_: (Almpedance)  Real or complex number.

ZZC_: (Almpedance)  Real or complex number.

ZZ71_: (Y Impedance) Real or complex number.

272 _: (Y Impedance) Real or complex number. é %
273 : (Y Impedance) Real or complex number.

Fig. 6-2 A Network

Example 6.3: - 1

Compute the Wye impedance equivalent of a A network with impedances
75+12*i, 75-12*i, and 125 ohms.

1. Sdect A - Y for Input Type. .
2. Enter thevalues 75+12*i Q, 75-12*i Q, 125 Q for ZZA ,ZZB_and ZZC_ respectively.
3. Press[F@tocalculateZZ1 , 7272 andZZ3 .

HAEAENIS | HAEAENIS |
v 3 COnueFSian v 3 COnueFSian
Input. Tupei &%
s I P
ot = ?5 —15.%id 0
FECl: 1250 &
ZZ1 il
FEr_i
FEI s
Fgsulk: ¥ Impedance (50 Fgsulk: ¥ Impedance (50
Input Parameters Calculated Output
The computed results are: ZZ1 : 34.0909 - 5.4545500 Q

ZZ2_:34.0909 + 5454550 Q
273 :20.9782 Q

References:

1. Sanford|. Heider, The Wiley Engineer's Desk Reference, A concise guide for the Professional Engineer, John
Wiley and Sons, New York, NY, 1984

2. JamesW. Nilsson, Electric Circuits, 2nd Edition, Addison-Wed ey Publishing Company, Reading MA, 1987
and later editions.
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Chapter 7. Efflux

This section of Analysis contains methods to compute fluid flow via cross sections of different shapes.
Many of these formulas have been derived empirically over many years of experimental observations.

¢ Constant Liquid Level ¢ Vaying Liquid Level

¢ Conica Vessel ¢ Horizontal Cylinder
¢ ASME Weirs

7.1 Constant Liquid Level

This portion of the software computes fluid discharge from an opening of cross sectional area So (m?),
and a constant head H (m). Thedischarge coefficient a (unitless) isa unique number (anumber lessthan
1) accounting for the shape of the cross section, edge-rounding effects, and turbulence effects. Upon

receiving these inputs, the software computes the volume discharge, Q, (m3/s) and the discharge vel ocity
V (m/s).

Example 7.1:

Find the discharge parametersfor a 1.5 sgft opening subject to a head of 4 m. Assume the discharge
coefficient to be 0.85.

[rilrz]ssIruIrsr:sI ]
Toolsr| Zolug | -S| Yiew | Opkse

Consk. Lid. Leusl
of L85 of L85
Sof 1.5 o2 Sof 1.5 finZ2
LH 4. ™

Pd.m
B: 1.04317 m™3-s
| I Y

Entsr: Fluid head

Fesulk: Melociky

Input Screen Result Screen

To solve the problem, enter valuesfor a0 = 0.85, H = 4 m and so = 1.5 ft2 using the appropriate unit keys

accessible during dataentry. After all the input variables have been entered, press(F2] key to get the
following results.

Given: Results

a=085 Q=1.04917 m3/s
So =15 ft2 V = 7.52877 m/s
H=4m

7.2 Varying Liquid Level

This segment of the software considersfluid discharge from atank of cross sectional area S (m?2), an
opening of cross sectional area So (m2) where the head has dropped from H1 (m) to H2 (m). The
discharge coefficient a (unitless) isa unique number (a number lessthan 1) accounting for the shape of
the cross section, edge-rounding effects, and turbulence effects. Upon receiving these inputs, the
software computes thetimet (s) taken to see the drop in head height.

Example 7.2:

A large reservoir has an area of 10000 m?2 has head level of 4 _m that needs to brought down by 0.5 m.
The drainage opening is 3 m2 and has a discharge coefficient of 0.95. How long will this process take?
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Fi Fz HH F4 FE |#:
] |T-:--:-1s-| olug | Erzs | Yiew | Opkse
Yarwind Lia. Lewel Yarwind Lia. Lewel

[ L]
SEoloEaa, mez
Sof 3. M2
Hi: 4. m
H: T
Entsr: Fluid head at ks HI Fesulk: Tire of discharde

Input Screen Result Screen

To solve the problem, enter valuesfor o = 0.95, H1=4m, H2 = 3.5 m and So = 3 m?2 using the

appropriate unit keys accessible when datais being entered. After all the input variables have been
entered, press(F2] key to get the results.

Given: Results
a=0.95 t=204.68s
S= 10000 m?

So=3m?

Hl1=4m

H2=35m

7.3 Conical Vessel

This segment considersfluid discharge from acontainer that conical in shape. The parameters specified
for the computations include cross sectional area, So (m?), and a fluid head H1 (m) at t=0 and H2 (m) the
fluid head at t. The discharge coefficient a (unitless) isa unique number (a number lessthan 1)
accounting for the shape of the cross section, edge-rounding effects, turbulent effects, and 3 (rad) refers

to the cone angle. Upon receiving these inputs, the software computes the time for the head to \drop from
HltoH2

Example 7.3:

Find the time taken to discharge water from a 25 ° conical vessal with a discharge coefficient of 0.95for a

1.2 cm? opening. Consider the head drops from 24 into 18 in.  The base of the cone has adiameterDI of
12in.

Fi Fz He Fu FE [#:
Tools] Zolug | -S| Vigw | Oekse

Conical Yessgl

Enter: Cong andle

Fesulk: Tire of discharde

Input Screen Result Screen

To solve the problem, enter valuesfor o = 0.95, H1 = 24 in, H2 =18 in, and So = 1.2 cm? using the

appropriate unit keys accessible when data isbeing entered. After all the input variables have been
entered, press[F2] key to get theresults.

Given: Results

o =095 t=121.456s
So=1.2cm?

DI =12in

H1=24in

H2=18in

B=25deg
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7.4 Horizontal Cylinder

This segment of the software computesfluid discharge from a cylindrical tank of diameter D (m) and
length L (m). The parameters specified for the computations include an opening for discharge with an
area So (m?2), and afluid head H1 (m) at t=0 and H2 (m) the fluid head at t. In addition, the discharge
coefficient a (unitless) isa unique number (a number lessthan 1) accounting for the shape of the cross

section, edge-rounding effects, and turbulent effects, along with K s (unitless), and a space factor
coefficient.

Example 7.4:

Find thetimeto oil from acylindrical tank 12 m in diameter and 20 m long vessel with a space factor of
0.8 and orifice discharge coefficient of 0.75. How long does it take for the oil to drop down 10 cm from
an initial height of 5 m. Assume the orifice opening to be 1.2 mm?.

Fi Fz HH F4 FE |#:
] |T-:--:-1s-|s-:-1u-z -Srup i | Wikl | ORkse
Horizontal Celinder
H i T
: 3
B2,
Pl m
Soi 1,2 mm™2
Ksi .22 m
4
Enter: Discharde cogfficient Fesult: Yolums dischards rats
Input Screen Result Screen

To solve the problem, enter valuesfor a = 0.55, Ks=0.8m, H1=5m,H2=35m,L =20 m, and So=

1.2 cm? using the appropriate unit keys accessible when data isbeing entered. After all theinput
variables have been entered, press(F2] key to get the results.

Given: Results

a=0.75 Q= .090698 m"3/s
H1=5m t = 492061 s
H2=49m

L=20m

D=12m

So=1.2 mm?2

Ks=0.22m

7.5 Large Rectangular Orifice

This segment of the software computesfluid discharge using alarge rectangular orifice. Theweir has a
width of b (m). The system has a discharge coefficient af, fluid heights H1 (m) and H2 (m) at the
beginning and end.

Example 7.5:

Find the time to water to drop head from 3 m to 4 ft, for aweir 20 ft wide. Assume discharge coefficient
of 0.8.

Fi F EN
Toolsr]Zalug]ix x|

Fi Fz He Fu FE [#:
Tools] Zolug | -S| Vigw | Oekse

Lar3s Keck. OFifics

Entsr: Hidth of Heir Fesult: Yolums dischards rats

Input Screen Result Screen
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To solve the problem, enter valuesfor af = 0.8, HL =3 m, H2=4ft, and b = 20 ft. Enter all the inputs.
After all the input variables have been entered, press(F2] key to get the results.

Given: Results

af =0.8 Q =55.4336 m3/s
H1=3m

H2 =4ft

b=20ft

7.6 ASME Weirs

Weirs are useful devicesto measure flow of liquidsin open channels. A large number of empirical
formulas have been devel oped in the engineering literature each with itsown limitations. A few

representative samples are included in this software.
7.6.1 Rectangular Notch

A rectangular weir hasawidth of b (m), initial static head of H (m), and a velocity of Vo (m/s). Assume
adischarge coefficient a (unitless).

Example 7.6.1:

A rectangular weir is 20 ft wide, has water flowing over it at aveocity of 10 ft/s, a static head of 1.25ft.,
and a discharge coefficient of .8. Find the discharge for the system.

: [rilrz]ssIruIrsr:sI ]
Siv e W i ] Toolse] S0l | -S:oas i | Wikt | OFkse
FEeckandular Makch FEeckandular Makch

of W8 .

Lo 18, ft-=s

Hi 1.25 fi

b I

Entsr: Hidth of Heir
Input Screen

Fesult: Yolums dischards rats

Result Screen

Given: Results

a=0.8 Q = 6.68284 m3/s
Vo=10ft/s

H=1.25ft

b=20ft

7.6.2 Triangular Weir

A triangular weir has awater height H (m), a discharge coefficient with a static head of H (m) and a
velocity of Vo (m/s). Assume a discharge coefficient a (unitless).

Example 7.6.2:

A triangular weir has an angle of 60 deg, a discharge coefficient of 0.8 and a 2 ft water height. Find the
discharge for this condition.
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Fi Fz He Fu FE [#:
Tools] Zolug | -S| Vigw | Oekse

Triandular keir

Enter: Fluid head Fesulk: Yolums discharde rate
Input Screen Result Screen
Given: Results
a=08 Q =.316531m3/s
0 =60deg

H=2ft

7.6.3 Suppressed Weir

A suppressed weir helps measure flow depending upon the height above theweir. The system hasa
coefficient of discharge af, a height H (m) over the weir, weir of width b (m), with an initial avelocity of
Vo (m/s). Assume a discharge coefficient a (unitless).

Example 7.6.3:

A rectangular weir is 20 ft wide, has water flowing over it at avelocity of 10 ft/s, a static head of 1.25 ft.,
and the discharge coefficient is .8. Find the discharge for the system.

Fi Fz He Fu FE [#:
Tools] Zolug | -S| Vigw | Oekse

SUFFFgsSed H-zir|

Enter: W locity Fesult: Yolums dischards rats
Input Screen Result Screen
Given: Results
af=0.8 Q = 13.4099 m3/s
H=1.25ft
b=20ft
Vo =10ft/s

7.6.4 Cipolletti Weir

A Cipolletti weir of width b (ft) and static head of H (ft) computes dischargein ft3/s. The formulas used
here are determined by experimental observation.

Example 7.6.4:

A rectangular weir is 20 ft wide, haswater flowing over it with a3 ft head. Find the discharge for the
system.
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et Toolsr| Zolug | -S| Yiew | Opkse
CikoT1gkki Wil CikoT1gkki Wil
Hi 3. ft
b I
Enter: Hidth of Heir Fiesulk: Volume dischards rake
Input Screen Result Screen
Given: Results
H=3ft Q=9.90832 m3/s
b=20ft
References:

1. Eugene A Avallone and Theodore Baumeister, |11, General Editors, 9th Edition, Mark's Standard
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Chapter 8: Section Properties

This section of the software computes properties commonly associated with sections. These properties
include calculating the area of cross-section, location of the center of mass from the vertical and
horizontal axes. Computed area moments, 111 (m?) and 112 (m*), reflect their value with reference to
vertical and horizontal axes. In caseswhereit is meaningful, the polar area moment is computed a ong
with radius of gyration. Twelve standard cross-sections are found in thissection. A pictorial description
isincluded where possible.

¢ Rectangle ¢ Hollow Rectangle
¢ Circle ¢ Circular Ring
¢ Hollow Circle ¢ |-Section uneven
¢ | Section - Even ¢ C-Section
¢ T Section ¢ Trapezoid
¢+ Polygon ¢ Hollow Polygon
8.1 Rectangle
Theinput screen for the rectangle requires the user to enter values of base, b (m), and 2
height, h (m). In anillustrative example, we use a value of 10 inches for the base and 14 ' ;1 T
inchesfor the height. Theresultsare displayed in Sl units, however, they can be 1}——j-#41
converted to different units by highlighting the values with the cursor, pressing [F5): i l
Opts, [4]: Conv and pressing afunction key - [F7]) to display the desired units. : 2!{_3?532
—b—
Entered values
Variable Description Value
b Base 10in
h Height 14in
Toolse| Solug | -Zewii | Vicw | Oetse
Fectandls Fectandls
b Areat ,A9AZZZ m"2 T
bt . 1n yyl:s 127 m
Aresf ,QA9A322 m"2 21 178 m
R 3 et vy
111 10605952 n~a IhF . B01437
[22: ,0AE486 m~d rgls’  1AZESTE 1
Ip: .OO1437 w4 1 rgz:
HMilN FAD AUTO FLHC Ficsult: Badius of dvrakion &
Upper Display Lower Display

Solution - To enter the value of 10 inchesfor the base, at the data input screen, move the highlight bar to
b and press [ENTER]. Typein 10 and press(F4] to append theinch unitstothevalue. Enter avalueof 14 in
for hin asimilar manner. Press(F2] to compute the results.

Computed Results

Variable Description Value
Area Area .090322 m?
yyl Distance of center of massfrom axis 1 127 m

yy2 Distance of center of massfrom axis 2 1778 m
111 Area moment inertia axis 11 .000952 m*
122 Areamoment inertiaaxis 12 .000486 m*#
Ip Polar area moment .001437 m*
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Variable Description Value
rgl Radius of gyration 1 102653 m
rg2 Radius of gyration 2 .073323 m

8.2 Hollow Rectangle

Theinput screen for the hollow rectangle requires the user to enter outer and inner e 2 ------
values of the base b and bi along with outer and inner heightsh and hi. In an 35'; |:f__i___ . I
illustrative example, we use a value of 10 inchesfor the base and 14 inchesfor the Ik l
height. Thewall thicknessis1.5in. e
—b—
Entered values
Label Description Value
b Base 10in
h Height 14in
bi Inside base (<b) 7in
hi Inside Height (<h) 11in
[raahs-] satie [ s [ fide [netee |7
It n:::lh::l.-.rk-zctunﬂ-z
Areai , 40645 m~2 T
ggls 127 m
1 111} Chdoe
hrea OGS lez: .08
gy it
lillfl P OQ0eZd md 1 R-::Et: ;mdus F Avration &
Enker: Inside heidht C<h)
Upper Display Lower Display

To enter the value of 10 inches for the base, move the scroll bar to b and press [ENTER]. Typein 10 and
press(F4] to append theinch unitsto thevalue. In alike manner, enter 7 in for bi, 14in for hand 11in
for hi. Press[F2] to begin the calculations. The calculated results are shown below:

Computed Results

L abel Description Value

Area Area 0.040645 m?

yyl Distance of center of massfrom axis 1 0.127 m

yy2 Distance of center of massfrom axis 2 0.1778 m

111 Area moment inertia axis 11 0.000629 m*#

122 Area moment inertia axis 12 0.000355 m#

Ip Polar area moment 0.000983 m*

rgl Radius of gyration 1 0.124362 m

rg2 Radius of gyration 2 0.093422 m
8.3 Circle

Theinput screen for the circle requiresthe user to enter avalue of diameter d. In an
illustrative example, we use a value of 50 cm for the diameter.
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Entered values

L abel Description Value
d Diameter 50 cm
FL | Fz | 7. |F4 [FE ]
Soug) i B Yigw |Orks-|Edil
Circlg Circlg
o : BT d:lﬂﬂ!l!¥
Flr*?gﬂ .259635 M2

11: fnses moe
Ip: (BBETZE m~d

rgli 125 m
Enker: Diameter Enker: Diameter
Entered Values Computed results

To enter the value of 50 cm for the diameter, match the scroll bar to d and press (ENTER]. Press(F2] to
begin the calculations. The calculated results are listed bel ow.

Computed Results

Label Description Value

Area  Area 0.19635 m?
yyl Distance of center of massfrom axis 1 0.25m

111 Area moment inertiaaxis 11 0.003068 m*
Ip Polar area moment 0.006136 m*
rgl Radius of gyration 1 0.125m

8.4 Circular Ring

Theinput screen for acircular ring requires the user to enter values of diameter d and
thicknesst. In an illustrative example, we use avalue of 1.5 m for a wagon whedl with
aring thicknessof 1in.

Entered values

L abel Description
d Diameter
t Thickness
Tk catar £l Tk catar £l
EE 1.5 1 di 1.3 ¢
) I:-Ir*?al 119695 w2
LI i}
'ﬁl1= L HIIEE4 @™ d
Ip: (QDEP3ZE m"™d
rals JS3IE3IF m
Enktgr: Thickness Enktgr: Thickness

Entered Values Computed results

To enter the value of 1.5 m for the diameter d, at the data input screen match the scroll bar to d and press
(ENTER]. Typein 1.5 and press(F2] to append the meter, m, and unitsto thevalue. Enter avalueof 1infor
t in asimilar manner. Press(F2] to begin the calculations. The calculated results are listed bel ow.

Computed Results

L abel Description Value

Area Area 0.119695 m?

yyl Distance of center of massfrom axis 1 0.75m

111 Area moment inertia axis 11 0.033664 m#
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L abel Description Value
Ip Polar area moment 0.067328 m*
rgl Radius of gyration 1 0.53033m

8.5 Hollow Circle

Theinput screen for the hollow circle requiresthe user to enter values of outer and inner
diametersdoand di. Asanillustrative example, we use avalue of 36 inchesfor the outer
diameter and an inner diameter of 0.8 m.

Entered values

L abel Description Value

do Diameter 36in

di Thickness 0.8m
5 Sﬁue ':E?'E'ti b '.'*i-:w I:IE:r Ergit | '.'*i-:w I:IE:r Ergit ]

[HoTow Circle| [HoTow Circle|
i dof J6. ik

1:|||§|T
Areal 1.26449 m~2
??1= L]

1= 228399 m™d
Ip: 456797 m*™d
rals 425 m

Enter: Digragcker insids

Entered Values

Enter: Digragcker insids

Computed results

To enter the value of 36 inchesfor the outer diameter, at the data input screen match the scroll bar to do
and press [ENTER]. Typein 36 and press [F4] to append the inch unitsto the value. Enter avalue of .8 m
for di in asimilar manner. Press(F2] to begin the calculations. The calculated results are listed below.

Computed Results

Label Description Value
Area Area 1.26449 m?
yyl Distance of center of massfrom axis 1 0.75m
111 Area moment inertiaaxis 11 0.228399 m*#
Ip Polar area moment 0.456797 m*
rgl Radius of gyration 1 0.425m
8.6 1 Section - Uneven
The input screen for an uneven I-Section consists of 6 variables needing user input. =~ b—?s____,jr
Pressing [F4] allows a pictorial representation of T- and I-Beams. Asshown in the —
picture shown here b and b1 represent the widthsof top and bottom flanges respectively ?
whilet and t1 reflect the thickness of top and bottom flanges. The height and thickness """'T
of the fin connecting the top and bottom flangesis represented by d and tw. e by 3

Asan illugtrative example, we use an |-Beam; we use a top flange width of 20 in and 2 in thickness
followed by 36 in width and 2.5 in thickness. Thefin is50 cm in height and 4 cm in thickness.

Entered values

L abel

b

t

b1l

t1l

d

tw

MEPro for TI-89, TI-92 Plus

Description

Width of top flange
Thickness of top flange
Width of bottom flange
Thickness of bottom flange
Height of fin

Thickness of the fin
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Value
20in
2in

36in
2.5in
50 cm
4cm
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[radiae] shdue | -£-e | Fide | onie- | Edie [rasio] siiue [ s [ [neter [F
[ section-Uneuen] [ Section-Uneuen]
bi Z0. in ti: 2.5 in T
ti Z. in di S0, cm
bl: 36. in tw: 4. cm
ti: 2.5 in Hr‘ea:%ﬂ%m
g nﬁﬂm' i ddni 1559055
i L. r
lflfll: JEE1gd md
ral 244E02
Enter: Thickness of the fin Fesulk: Arga
Entered Values Computed results

To enter the value of 20 inches for the base, at the data input screen match the scroll bar to b and press
(ENTER]. Typein 20 and press(F4] to append the inch unitsto the value. Enter the remaining valuesin a
similar fashion. Press(F2] to begin the calculating process. The calculated results are listed below.

Computed Results

L abel Description Value
Area Area .103871 m?
yyl Distance of center of massfrom axis 1 224422 m
yy2 Distance of center of massfrom axis 2 .389878 m
111 Areamoment inertiaaxis 11 .006184 m*#
rgl Radius of gyration 1 .244002 m

8.7 | Section - Even
Theinput screen for an even I-Section, (sometimes can be looked upon and aH-Section ¢ |

turned on its side), consist of four inputs the top and bottom flangewidth b and t, and ™+
E.*

height d of the fin and itsthicknesstw. Pressing [F4] revealsa picture on an even |-
Section.

T
Asan example, we use an even |-Section with a flange width of 100 cm and athickness — i—p —% T

of 8 cm, while the fin has a height of 125 cm and a thicknessof 10 cm.

Entered values

L abel Description Value
b Width of top flange 100 cm
t Thickness of top flange 8cm

d Height of fin 125cm
tw Thickness of the fin 10cm

Toroj:lsr 551211»2 \.s F'Filu':t ﬂE?ﬁf Egit | Toroj:lsr $§'Fut rfh F'Fi:!t I:I:tsh i |
| Zection=Eusn | Zection=Eusn

ke 100, cm tw: 10, cm T
L 8. cm Area: 285 m*2
E: 125. cm gg%: .EEIS m
u:.]!% LI
Areat 285 m*2 lTIIfi: SEEFLLY mtd
gyls FOS m I22: 012438 m™d
'ﬁE: =] rali (55287 R

1= 0287117 m™d 4 raz: IS T
Enter: Thickness of Ehe Fin Kesult: Radius of 3vration &

Upper Display Lower Display

To enter the value of 100 cm for the flange width, at the data input screen match the scroll bar to b and
press(ENTER]. Typein 100 and press [F5] to append the cm unitsto the value. Use this procedure to enter
8 cm for t, 125 cm for d and 10 cmfor tw. Press[F2] to begin the calculaions. The calculated results are
listed bel ow.
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L abel Description Value

Area Area 0.285 m?

yyl Distance of center of massfrom axis 1 0.705m

yy2 Distance of center of massfrom axis 2 0.5m

111 Areamoment inertiaaxis 11 0.087117 m*

122 Area moment inertiaaxis 12 0.013438 m*

rgl Radius of gyration 1 0.552879 m

rg2 Radius of gyration 2 0.217138 m
8.8 C Section

The input screen for the C Section, width of flange b and thicknesst, the fins have a = b—
height d and thicknesstw. A picture of C Section can be viewed by pressing [F4). T i
Asan example, we will compute the properties of a C Section with a 15 in flange T T

with athickness of 1in, and the fin has a height of 6 in and athicknessof 1.5in. i

Entered values T TR

L abel Description Value

b Width of top flange 15in

t Thickness of top flange lin

d Height of fin 6in

tw Thickness of the fin 15in

Fi F& HH F4 FE FB
Toolsw| Solug | -Sresi | Fick | Orks- | Edit

LA H
Areat

h: 15,
t: 1. in
di 6. in

uals .

IC sz-:ti-:-n|

in

L2129 w2
051191 m

Fi Fe BE FY4 FE [+:
Toolsw| Zolug | ik [ Fick | Detse

'T"fﬁ . EEEEEE md i

Enter: Thickness of Ehe Fin

[£ £ection]
: 1.5 T
Areat .
1i:
1228 .
=

raZ: e

Kesult: Radius of 3vration &

Upper Display

Lower Display

To enter thevalue of 15 in for the flange width at the data input screen match the scroll bar to b and press
[ENTER]. Typein 15 and press(F4] to append theinch unitstothevalue. Enter thevaluesfor therest of the
parametersin asimilar manner. Press(F2] to begin the calculations. The calculated results are listed

bel ow.
Computed Results
L abel Description
Area Area
yyl Distance of center of massfrom axis 1
yy2 Distance of center of massfrom axis 2
111 Area moment inertiaaxis 11
122 Area moment inertia axis 12
rgl Radius of gyration 1
rg2 Radius of gyration 2
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Value
0.02129 m?
0.061191 m
0.1905m
0.000065 m*#
0.00046 m*
0.055133 m
0.146963 m



8.9 T Section
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Theinput screen for a T Section requires the user to enter values of top flangewidth b and ,|, f—b—
thicknesst, along height of the fin and itsthickness d and tw.

Asan example, we compute the propertiesof a T Section 9 in wide flange with a thickness

of 2 cm, and afin of height 8 in and thickness 1.5 cm.

Entered values

L abel Description

b Width of top flange

t Thickness of top flange
d Height of fin

tw Thickness of thefin

Fi F& HH F4 FE FB
Toolsw| Solug | -Sresi | Fick | Orks- | Edit

IT sz-:ti-:-n|

Hrea TEZ m™2

'=|I=|1 EIS 64
??1- .DDEEEE m™4 4

Enter: Thickness of Ehe Fin

Upper Display

*I" T
4
il
—kiy
Value
9in
2cm
8in
1.5cm

Fi Fe BE FY4 FE [+:
Toolsw| Zolug | ik [ Fick | Detse

[T =ection]
=
POLEETVEZ mt2

H5454 ™

fL1143

B EEEEEE mtd
28 LODERZE Mg
PLOEEAAI M
ro2: IS ENT

T

Kesult: Radius of 3vration &

Lower Display

To enter the value of 9 in for the base, at the data input screen match the scroll bar to b and press([ENTER].
Typein 9 and press [F4] to append the inch unitsto the value. Enter the other valuesin a similar fashion.
Press(F2] to begin the calculations. The calculated results are listed bel ow.

Computed Results

L abel Description

Area Area

yyl Distance of center of massfrom axis 1
yy2 Distance of center of massfrom axis 2
111 Area moment inertiaaxis 11

122 Area moment inertiaaxis 12

rgl Radius of gyration 1

rg2 Radius of gyration 2

8.10 Trapezoid

Value
0.00762 m?
0.05464 m
0.1143m
0.000033 m*
0.00002 m*
0.066223 m
0.05119 m

Theinput screen for atrapezoid requiresthe user to enter value of base b,
In an illustrative example, we
useavalue of 10 in for the base and 6 in for top, a height of 6 in and an

height h, and offset off, and top width c.

offset of 3.1in.

L abel Description
b Base length
h Height

off Offset

c Top

MEPro for TI-89, TI-92 Plus
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By pressing [F4]you can access a schematic of the trapezoid. To enter the value of 10 inches for the base,
at the data input screen match the scroll bar to b and press[ENTER]. Type in 10 and press(F4] to append the
inch unitsto thevalue. Enter the valuesfor other parametersin alike manner. Press(F2] to begin the
calculations and display theresults. The calculated results are listed below.

Fi F& HH F4 FE FB
Toolsw| Solug | -Sresi | Fick | Orks- | Edit

Trapezoid|

;o mrmr

._1h
of fi 3.1 in

ci 6. in
Areat Q3QA9EE m"2
ILEESS

Fi F& B Fu FE 5
Toolse] Zolug | <ia ik | Fick | Opks-

gyls . ™M
'ﬁE: 114194
10 .000a53 m™d4 4

Enter: Base

Upper Display

Computed Results

L abel

Area

yyl

yy2

111

122

Ip

rgl

rg2

8.11 Polygon

Description

Area

Distance of center of massfrom axis 1
Distance of center of mass from axis 2
Areamoment inertiaaxis 11

Area moment inertia axis 12

Polar area moment

Radius of gyration 1

Radius of gyration 2

Trarezaid

Lower Display

Value
0.030968 m?2
0.08255 m
0.114194 m
.000059 m*
0.000115 m*
0.000174 m#
0.043533m
0.060989 m

A solid n-sided polygonwith side aforms the basis of this segment. The input screen
requires the user to enter values of side a, and number of sidesn. In anillustrative
example, we use avalue of 12 inchesfor the side of a 6-sided polygon. A cross

section of the polygon is shown in the screen display here.

Entered values
L abel
a
n

MEPro for TI-89, TI-92 Plus

Description
Side Length
Number of sides
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[rarsise] shiue [ 2-2e | Fite | miken | £l raatse] setve | s | Fiok |ootee | 7] |
) [Fetden] Foludon
Zima " Pl 3048 T
Frea: .241369 m 2 Rl eeREe
o . L923599 rad el :253965 ™
pli 2042 m 711: 1653252 nea
AT 122% .004E7%7 mod
QOZE L PEIIES m L Fg%f 139102
Enter: Humber of sides = e
Ficsulk: Fadius of Avration &
Upper Display Lower Display

To enter the value of 12 inchesfor the base, at the data input screen match the scroll bar to b and press
[ENTER]. Typein 10 and press [F4] to append theinch unitsto the value. Enter the number of sidesin a
similar manner. Press(F2] to begin the calculations and display results. The calculated results are listed
bel ow.

Computed Results

L abel Description Value
Area Area .241369m?
a Angle .523599 rad
pl Radius to point 0.3048 m

p2 Radiusto line 0.263965 m
yyl Distance of center of massfrom axis 1 0.3048 m
yy2 Distance of center of massfrom axis 2 0.263965 m
111 Areamoment inertia axis 11 0.004672 m*
122 Areamoment inertia axis 12 0.004672 m*
rgl Radius of gyration 1 0.139122 m
rg2 Radius of gyration 2 0.139122 m

8.12 Hollow Polygon

A hollow n-sided polygon with side aforms the basisof this segment. The input
screen requiresthe user to enter values of side a, wall thicknesst and number of sides
n. In anillustrative example, we useavalue of 19 inchesfor the side, and a thickness
of 2in of a9-sided polygon. A cross section of the polygon isshown in the screen
display here.

Entered values

L abel Description Value
a Side Length 19in
n Number of sides 9
t Thickness 2in
[raraise] shiue [ 2h-ex | Fite | miken | £l raatse] setve | s | Fiok |ootee | 7] |
Hollow Foledon| [HoTlow Folvdon
ai 19. in T
EE 9,
Arear s212191 w2
i L 349055 rad
1 7E9514 m
pEI LBAEIEE m
uali JE94796 m 4
Enter: Thickness
Upper Display Lower Display
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To enter the value of 19 inchesfor the base, at the datainput screen match the scroll bar to b and press
[ENTER]. Typein 10 and press [F4] to append theinch unitsto the value. Enter the number of sidesin a
similar manner. Press(F2] to begin the calculations and display results. The calculated results are listed
bel ow.

Computed Results

L abel Description Value
Area Area 0.212191 m?
a Angle .349066 rad
pl Radius to point 0.705514 m
p2 Radiusto line 0.662966 m
yyl Distance of center of massfrom axis 1 0.694796 m
yy2 Distance of center of massfrom axis 2 0.694796 m
111 Areamoment inertia axis 11 0.045103 m*
122 Area moment inertiaaxis 12 0.045103 m*
rgl Radius of gyration 1 0.461039 m
rg2 Radius of gyration 2 0.461039 m
References:

1. Warren C. Young, Roark's Formulasfor Stress and Strain, 6th Edition, McGraw-Hill Book Company,
New York, NY, 1989.
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Chapter 9: Hardness Number

Brinnell and Vicker developed two popular methods of measuring the Hardness number. Brinell
composed histests by dropping a ball of steel onto dab of finite thickness with standard |oads such as 500
Ibf and 3000 Ibf. Thissteel bal resultsin anindentation inthe material. Vicker had asimilar principle to
Brinell; instead of steel ball he used a diamond in the shape of square pyramid. By measuring the
diameter of indentation, di, for Brinells test and the diagonal length of the impression, di, for Vickerstest,
the hardness number is computed. By long standing convention, the diameter di ismeasured in
millimeters.

9.1 Compute Hardness Number

The tests to measure the hardness number alows a 10 mm diameter stedl ball or 10mm diagonal length
pyramid to be dropped onto the material surface with a effective force of 500 Ibf or 3000 Ibf. The
formulas used to compute the hardness number for by Brindll'sand Vicker's methods give dightly
different results, but do convergein several areas of the yield curves.

Upon selecting thistopic, theinput screen (shown here) presentsfour options to the user. You can
choose Brinedll's method at 500 Ibf or 3000 Ibf or Vickers method for the same two load val ues.

Upon making the selection, enter the measured datafor di by aligning the highlight bar to Impression
sizein mm. Thisnumber should be lessthan 10mm. After entering numbersfor di, press(ENTER] to start
the solving process. At the end of the computation, the results are displayed on the screen asshownin
the example below.

Example 9.1:

We choose an example of 4.2mm as the measured value of the indentation di and compute BHN and
VHN for both 500-1bf loads and the 3000-Ibf loads. Input and computed results are shown below.

] 1 | Fz [.5. P4 [FE | F ]
et Falug)iixar BFick|Oekse
IHUFdI‘lQSS Muribgr IHUFdI‘lQSS Muribgr

Test Methodi: Brinell+ Test Methodi: Brinell+

Load: oadi

Impression size in mme 4. Impression size in mme: 4.

BHﬁ: 3d. 4208 EHM: 206,525

HAIN FAD ALTO FINC Choose: EO0 oF T000

Brinell's output at 500 Ibf Brinell's output at 3000 Ibf
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Fz EN F4 | FE F|
Solug]ixa RFiCkOrks-

IHUFdI‘l'&SS Muribgr IHUFdI‘l'&SS Muribgr
Test Methodi Uickers+ Test Method: Uickers+
Load: . . Load: . .
Imﬁr‘e&smn size in mmi 4. Impression size in mme 4.
LUHH: 48,7328

UHM: 292,517

Choose: B0 op 2000

Choose: B0 op 2000

Vicker’s output at 500 Ibf Vicker’s output at 3000 Ibf
Given:
di =4.2mm

Results:
Test 500 Ibf 3000 Ibf
Brinnell Test 34.4208 206.525
Vicker Test 48.7528 292.517
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Chapter 10: Introduction to Equations

The Equations section of ME» Pro contains over 1000 equations organized into 12 topic and 185 sub-
topic menus.

* Theuser can select to solve equation sets in a particular sub-topic, display al the variablesused in
the set of equations, enter the values for the known variables and solve for the unknowns.

* Theequationsin each sub-topic can be solved individually, collectively or asa sub-set.

* A unit management feature all ows easy entry and display of results.

»  Each egquation can be graphed to examine the relationship between to variablesin an equation.

e Multiple and partial solutions are possible.

»  Specific parametric information about a particular variable can be displayed by highlighting the
variable, press(F5] and [2)/Type: to show a brief description of avariable and its entry parameters.

»  Theinput form accepts valuables for variablesthat have physical meaning only. For example only
positive real values are accepted for variables such as radius, thickness etc.

10.1 Solving a Set of Equations

* Equations are accessed from the main level of the ME<Pro by pressing function key (F3] labeled
"Equations." A pull-down menu listing al the main categoriesis displayed as shown in the screen
display below.

e Anarrow to theleft of the bottom topic ‘ | ‘indicates moreitems arelisted. Pressing @ jumpsto
the bottom of the menu list.

«  Scroll the highlight bar to an item using the arrow key ® and press [ENTER], or type the subject
number appearing next to subject heading (Heat Transfer is selected for this example).

» A dialog box presents more subjects (sub-topics) under the topic heading. For example selecting the
1% item (i.e., Basic Transfer Mechanisms) displaysa list of subtopics (Conduction, Convection,
Radiation). Select Conduction to display a set of equationsfor thissection. A complete list of
topicsin the equation section islisted at thisend of the chapter.

« Usethearrow key @ to move the highlighter and press [ENTER] to select an equation, pressing
selects dl equationsin the set. A selected equation is marked with a check (V).

*  Press[F2] todisplay all of the variablesin the selected equations. A brief description of each variable
will appear in the status line at the bottom of the screen.

» Enter valuesfor the known parameters, selecting appropriate units for each value using the tool bar
menu.

e Press[F2] to compute values for the unknown parameters.

» Entered and calculated values are distinguished in the display; ‘ »* for entered valuesand ‘o for
computed results.

(R N N . A mﬂl

Equations

1iEBeams % Columns..
2iEE for ME's..
3=Eas [RETTE

iias EMTER. 4/t
ESC tback
o S-Semlnf_‘lmte Salid.. ey

1:Conduction 3
P Lonvectlon

FlRernodanamics.. : Fiteoli’l Z:iRadizbicon  Fannina.
A E:Machine EIE'E.lgH Al diRadistion,, AMALY SIS FURCETOnS SoT0% SFecific FRablens.
£ ¥ i Pumps—Hud. Machines.. ERUATIONS ars AFeured ints sets apelicable ERUATIONS ars AFeured ints sets apelicable
o SFeCiFic situations. o SFeCiFic situations.
Slllaves & Oscillation ' ific situati ¢ ific situati

GEFEREWCE hag hand: Teokup Lables,
TVFE OF USE £+t + CEMTER] OF [EXC] TVFE OF USE £+t + CEMTER] OF [EXC]

TVFE OF USE £3*t4 + [EMTER] OF [EZC]

1. Pressing [F3] displays the 2. Press 1] to display the 3. Press 1] to display the

Equations menu. Press [4] to menu for ‘Basic Transfer equations for ‘Conduction'.
select ‘Heat Transfer'. Mechanisms’.
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Fi Fo Fz |[F4 | FE Fi Fi Fo Fz |[F4 | FE Fi Fi Fo Fz |[F4 | FE [FA
Toolsw|Folug{Grarh|Fick|0rks- v"l:hecI-cI ] Toolsw|Folug{Grarh|Fick|0rks- v"l:hecI-cI ] Toolsw|Folug{ararh|Fick|Orks=-(Edit |
Conduckion Conduckion Conduckion
EW! o= kHRw(T1-T2 2L A:l
Py ey =+ S CT1-TZ2 ki
o ; L
= o
5= Z*H*LKlnirbfPa) S=2#msl s lntrboral $T=
S=dsmkrakrbeo Crb—tal S=dsmkrakrbeo Crb—tal :
Sglech: Sglech: Enker: AFga
4. Equations found under 5. Select the equations fora 6. Press to display all
conduction. calculation by moving the the variables in the selected
cursor to each equation and  equations. Variable
pressing [ENTER]. (Check description appears on the
mark ‘v’ appears when status line at the bottom of
selected). the screen.

Toroj:lsr Sﬁue Gﬁph PFiI::I: Illﬁs‘- Ergit ] Toroj:lsr Sﬁue Gﬁph PFiI::I: Illﬁs‘- Ergit |
Conduckion l:ondu-ctmn
m[: 2. w2
ml: 20,3 Btusche-fL-®F2 Ik ED 3 Etufﬁhr ft-*F2
ml: 1. cm ml:
: +q ?DZE
$T= T 351339 NXNAE
aT1: 400, K
u T2 Il 3 " T2 m
RAD AUTO FLHC Enter: Teme & One complebe usgable solubion Found.

7. Enter values for each known 8. Once all known variable 9. Note: Computed results
variable. Append the units by  values are entered, press /2] ‘o' are distinguished from
pressing the function key to solve for the unknowns. entered values ‘=",
corresponding to the desired

units.

Note: Only values designated as known ‘ =* will be used in a computation. Results displayed from an
earlier calculation will not be automatically used unless designated by the user by selecting the variable and
pressing [ENTER]. Press[F2] to compute a new result for any input that is changed.

10.2 Viewing an Equation or Result in Pretty Print
Sometimes equations and cal culated results exceed the display room of the calculator. The TI-89 and T1 92
Plusinclude a built-in equation display feature called Pretty Print which isavailable in many areas of
ME- Pro and can be activated by highlighting a variable or equation and pressing the right arrow key ¢) or
pressing the [F4] function key when it is designated as View. The object can be scrolled using the arrow
keys©®. Pressing or [F6] revertsto the previous screen.

Fi Fo Fx JF4 | F& Fi cOolLE A S Fa
Toolsr|Solue|Grarh|Fick|0rkse |« Check] | o |25 B)F LR F s e[ Continug |

Conduckion Conduckion

g=lerRnCT1-T20- L
q=k#S4(T1-Tdo

S=4-n-r‘a-r~b

rh - ra
Select: Share Fackor:HoTlow Sehere Wizt Shaeg Factor:Hollow Srhers
1. To view an equation in, 2. Scroll features, using the
Pretty Print, highlight arrow keys ©Q®, enable a
and press [F4] or (. complete view of a large object.

10.3 Viewing a Result in different units

To view a calculated result in unitswhich are different fromwhat is displayed, highlight the variable, press
(F5]/Options and [4]/Conv to display the unit tool bar at thetop of the screen. Press the appropriate
function key to convert theresult to the desired units.
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73 hant.

HMilN FAD AUTO FLHC Enker: Heat xfer rate-conduckion Enker: Heat xfer rate-conduckion
1. Highlight the result to be 2. The unit menu tool bar is now 3. Press to convert the result
converted q. Press [F5] to display displayed. of q from W to kW.
the Options menu, press [4:
conv.

10.4 Viewing Multiple Solutions

When multiple solutions exist, the user is prompted to select the number of a series of computed answersto
be displayed. To view additional solutions, press(F2] to repeat the calculation and enter another solution
number. The user will need to determine which result is most useful to the application. The following
exampleistaken from Ohm’sLaw and Power in the EE for MEs section. Equations/EE for MEs/Basic
Electricity/Ohm's Law and Power.

(0 o o o 7 [ S o R 71
1iBeams & Columns.. e LY R A - BT den B
: If:] Ii B:usu: Elschriciky
E 4: Heat ?ggns{“er E;" i ' E]'H' A Es 1 RE‘SIS-t-EIE-E' Fnr*mulas
S: Thermoddnanics.. rid 2:0C Gener‘atnr‘5 ) Fi EMperatur e
: % gaﬁg;nﬁugeﬁégﬂm‘iﬁ ;;“:ru“?': r;llgtm;s' to sets applicabl :nunluusunch;ns > :* stw:lt": wﬂbh:ﬁ:
are IFoured inko Sebs apphicable are IFoured inko Sebs apphicable
1] Shhlayes & Ozcillation bo specific situakions. bo specific situakions.
EEFEREMCE hgs hande lockupe bables, EEFEREMCE hgs hande lockupe bables,
TYFE OF USE £¥14 + [EMTER] OF [EZC] TYFE OF USE £¥14 + [EMTER] OF [EZC] HMilN FAD AUTO FLHC
1. Return to the HOME screen Press (1] for ‘Basic Electricity’. Press (2] for ‘Ohm’s Law and
of ME«Pro ([F1): Tools, [8]: Clear Power.’
or press repeatedly) and
access the equations section by
pressing [F3].
[rrhoe] e [ aram | s [ b e | s | [reris-] sue [ araen | whens [ it | £ |T:§u,|s§$ug St aeh | e | onter | £
Ohra's Law and Fower | Ir}p' 1 = Q=G D="E
U=TH#R wFi 5.1 EE “PED Eauakion 5ot e
P=l%I aR: 25._0 ®q 2 useabls solukions.
P=1 "2k ["H | WY pesived soln #7
=i +i
R=1-E CEREP=IE__»
Seleck: Enker: Voltade HMAlN EAD AUTO FUNC
1. Select an equation using 2. Enter known values for 3. If multiple solutions exist, a
highlighting the cursor bar and to  each variable using the tool bar  dialogue box will appear
display variables. to designate units. Press to requesting the user to enter
compute the results. the number of a solution to
view.

—FTTTTTTTTW —FTTTTTTTTW
Toolsr] Zolug | Grarh | Yigw | Orks- | Edit Toolsr] Zolug | Grarh | Yigw | Orks- | Edit
Ohra's Law and Power| Ohra's Law and Power|
aP: 5._N aFi 5.
wR: E5. 0 wR: 250 6
+L: RS PRy, *Liz
Hulkirls complcke useable solns Found. Hulkirls complcke useable solns Found.
Solution 1: To view another solution, press[F2] to  Solution 2: Enter a new number for each ‘solve’ to
repeat the calculation and enter the number of display a series of multiple solutions.

another solution to be viewed.
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10.5 When (...) - conditional constraints when solving equations

In several sections of ME» Pro, equations are limited to certain variableranges. Anexample canbefound
in Beams and Columns/Simple Beams/Uniform Load (Chapter 11.1.1): A beam, experiencing a uniform
load along a distance, a (m), from one end, has a deflection, v (m), and dope of deflection, v1, located at
adistance, x (m), from the end of the beam. Two sets of unique equations compute v and v1 depending
on whether the condition isx<a or x2a. The conditionsfor the equations appear in the ‘when’ clauses
precede the equations. ME»Pro alow’ sthe selection of equations under a single ‘when’ clause since the
conditions are generally exclusive to each other?.

Note: The ‘when’ clauses do not serve any mathematical function in the solving process or
for screening variable entry; they are only a guide for selecting equationsfor a specifi ¢
circumstance. Additional information for a ‘when’ clause appearsin the status line whileit is
highlighted.

Toroj:lsr Sﬁue Gﬁph PFiI::I: Illﬁs‘- v"l:FhEecl-cI ] Toroj:lsr Sﬁue Gﬁph PFiI::I: Illﬁs‘- v"l:FhEecl-cI ] Toroj:lsr Sﬁue Gﬁph PFiI::I: Illﬁs‘- v"l:FhEecI-c |
Uniform Load Uniform Load Uniform Load
Lanigalr=pleaT2- (24l #E+]. tantgar=pleaTd- (24l wER] tancebr=plea™ 2 (240 Ex] T
tan(ﬂb) 1aa 2o (ZqL ], tancaba= pi*a*2/ﬂ24L*E*I... when(BExza
when {HEx= U= pl*xf(24L*E*I}*(a"4—...
LB e a7 d— = pl*x«’(24L*E*I}*(a"4—... vi= p1/(24*L*E*I}*(a"4—...
v ui piz’(24*L*E*I)*(a*4—... cizplolldal Rl dnland-, when{az:xzl,
whentazxil, “nhent, U= pl*a“2/(24L*E*I}*(
= pl*a"E/{24L*E*I}*( - FAL#EHT 3wE -5 L= 1*a"2r’(24L*E*I}*i4...

] Dt )
e R L v el 2dl #ERT 14 (A |

Seledt: under Ehe Toad ) Selket: outboard of the Tghd | Zelect:Qrrties bo all cans  J
All fors following a Only € fons under a single Descripti constraint

highlighted ‘when’ heading ‘when’ heading can be selected appears in the status line at
are selected when is at a time. the bottom of the screen.
pressed.

Some equation sets do not form a consistent set, which can be solved together. An example occursin
Equations/Fluid Mechanics/Fluid DynamicsEquivalent Diameter (see Chapter 21.3.3), where each
equation represents fluid flow through a different-shaped cross-section. In such a case, the specific
conditionsfor each equation appear on the statusline.

10.5 Arbitrary Integers for periodic solutions to trigonometric functions

When an angle valueis being computed in atrigonometric function such astangent, cosine and sine,
ME-ePro may prompt an entry for an arbitrary integer (-2, -1, 0, 1, 2...) before displaying a solution.
Solutionsfor anglesinside of trigonometric functions are generally periodic, however the solution, which
ismost often sought, isthe principal solution. The principal solution, P, in a periodic trigonometric
function, trig (...), isP=trig (8 + ald) where n isthe arbitrary integer and a=1 for tan (...), a=2for sin
(...)and cos(...). Selectingthearbitrary integer to be 0 gives the principal solution.

2 |n at least one known case (Beams and Columns/Simple Beams/Point load), conditionsin more than one
when (...) statement can occur simultaneously. A work around isto solve the equation set in two steps,
using equations under a singlewhen (...) heading at atime and designating the resultsfrom one calculation
asthe input into the second.
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Dialog box for entering an If ‘0’ is entered, the principal If ‘1" is entered, a non-principal
arbitrary integer for a periodic solution (P) for an angle is solution (P+180°) is displayed.
solution. displayed.

10.7 Partial Solutions
"One partial useable solution found" or "Multiple partial solutionsfound." will be displayed in the status
lineif values for one or more variablesin the selected equation set cannot be computed. This situation can
occur if there are more unknowns than equationsin the selected set, the entered values do not form
consistent relationships with the selected equations, or if the selected equations do not establish a closed
form relationship between all of the entered values and the unknowns. In such a case, only the calculated
variableswill be displayed. This section appearsin Equations/EE for MES/Basic Electricity/Resistance

Formulas.
Fi Fz Fz FYy FE Fa Fi Fz FE Fa Fi Fz Fz FY4 FE F|
Toolsr] Zolug | Grarh | Fict | Opkse | ~Check Toolsr] Zolug | Graph | Fick | Oeks- | Edit Toolsr] Zolug | Graph | Fick | Oeks- | Edit
Resisbance Formulas Resisbance Formulas Resisbance Formulas
IFEBHETE{ A: A:
=g4H~1en [EH +G5 (QEZ_siemens
G=1-F len: len:
a=1-p I5= I5=
u 2 : IEIE[C R SO, %
L i |
Seleck: Resiskance Enkter: Besistance On& Fartial useabls solution Found.
Press to select all of the If there are more unknowns ...a partial solution will be
equations in Resistance Than selected equations or displayed if one or more of
Formulas. Relationships between the unknown variables can
Variables are not established be computed from the
From the selected equations... entered inputs.

10.8 Copy/Paste
A computed result and it’s expressed units can be copied and pasted to an appropriate part of the Tl
operating system using [F1]: Tools-5: Copy key sequence to copy avalue and[Fi]: Tools-6: Paste. Ina
few cases, The TI-89 and TI-92 operating systems, and ME«Pro use slightly different conventionsfor
displaying units. The unit system in MEePro is designed to conform to the convention established by SI,
however, in order to CUT and PASTE avalue and unitsfrom ME« Pro to another area of the T1 operating
system, MEe Pro must insert extracharacters in the units to match TI’ssyntax. The COPY/PASTE
function can only work INSIDE of MEe«Pro if theunit featur e has been deactivated (press [F5]: Opts,
(3]: Unitsto toggle the unit feature on or off).

10.9 Graphing a Function
The relationship between two variablesin an equation can be graphed on areal number scaleif the other
variablesin the equation are defined.
»  After solving an equation, or entering valuesfor the non-x, y variablesin the equation to be plotted,
press(F3] /Graph to display the graph settings.
e Highlight Eq: and press [ENTER] to select the equation from the list to graph.
*  Usethe same steps as above to select the independent and dependent variables (Indep: and Depnd:)
from the equation.
* Note: all pre-existing values stored in thevariables used for Indep: and Depnd : will be cleared
when the graphing function is executed.
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»  Thegraphing unit scale for each variable reflects the settings in the Equations section of MEs Pro.

»  Scrolling down the list, specify the graphing rangesfor the x andy variables, whether to graph infull
or split screen modes, automatically scale the graph to fit the viewing area, and label the graph.

»  Press(F3] to graph the function.

Once the graph command has been executed, ME« Pro will open a second window to display the plot. All
of the Tl graphing features are available and are displayed in the toolbar, including Zoom [F2], Trace(F3],
Math [F5), etc. All the toolsfrom TI graphics engine are now available to theuser. If the split-screen
graphing mode is activated, the user can toggle between the ME+ Pro graph dialogue display and the Tl
graph by pressing [APPS]. If the full-screen graphing mode is activated, the user can switch between
ME- Pro and the graph by pressing 4:Graphor A: ME+Pro. Toremove the split screen after
graphing, you will need to change the display settingsin the MODE screen of the calculator. To do this:
1) Press[MODE] 2) Press [F2): Page 2; 3) move the cursor to Split Screen. 4) Presstheright arrow key ®
to display a pop-up menu. 5) Sdlect FULL. 6) Press twice.

Tn:-Fn:-j:ISv Sﬁut Gﬁph SFPI"Iit IJEE:v l:hF-:-E-:-s-zﬂ Tn:-Fn:-j:ISv Sﬁut E l:hF-:-E-:-s-z . Tn:-Fn:-j:ISv S-:-F'Izl.l-z Grrgph ssl'it I:Iprtss' B
Ohra's Law and Fower |
[2=H ! Eqi  U=I#E-+ [Theose | Eq: U=I#E+
Irdep: Irdep: 1= | Indep: I+
ﬁ—Hr_uts ﬁ—Hmts IE ﬁ—Hmts
—in: —I1in . —I1in -
WMz ¥-Maxi 1@, L=t K-Max: 10
Oephid: GiR= Oephd: R+ Oephd: R+
Y-Unitsy Y-Unitsi @ Y-Unitsi @
Y—Find -18.48 Y—Find -18.48 Y—Find -18.48
TYFE OF UZE €311 + CEMTERT OF [EZC] TYFE OF UZE €311 + CEMTERT OF [EZC] Fesulk:
1*. Graph an equation by 2. Select variables for Variable units reflect settings
pressing [F3]. Press [ENTER] to  Independent (x) and Dependent in ME«Pro.
choose an equation. (y) variables.
[rrhoe] e [ aramn | e [ b e | s | P [o5e- [cvose | |
L
A-Maxt 10,
Depnd: R+ L
Y-Unitsi @ +
Y—flini -1E.48 L
Y_Maxi 10,45 HERT S B i id
jﬁugu?cgle h u]
=] ™3 - i
FFGIT Screcn braph P nit=l @ xci. 886076 | uct -B.3158e6
|Eeleck: |Chosose: HMAIN KAD ALT FUMC
4. Select graphing options 5. Split Screen Mode: Toggle 6: Full Screen Mode: Press
by pressing (ENTER). Between graph and settings by  [¢] and [APPS] to return to
pressing and [APPS]. ME-Pro.

*Before graphing an equation, be sure to specify val uesfor variablesin an equation,
which arenot going to be used asx, and y variables.

Note: If anerror is generated when attempting to graph, be sure that all of the variables in the graphed
equation, which are not specified as the independent, and dependent variables have known values. In the
MEs Pro window, press to view the equationsin the sub-topic, select the equation to be graphed and
press(F2] to display thelist of variablesin the equation and enter values. Only the dependent (y) and
independent (x) variables do not have to contain specified values. Press (F3)to display the graph dialogue
and repeat the above steps to graph the function.
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10.10 Storing and recalling variable values in MEePro-creation of session
folders

MEsPro automatically storesits variablesin the current folder specified by the user in or the HOME
screens. The current folder nameis displayed in the lower left corner of the screen (defaultis“Main”). To
create a new folder to store values for a particular session of ME«Pro, press(Fi]:/TOOLS, [3):/NEW and
type the name of the new folder.

There are several waysto display or recall avalue:

e Thecontentsof variablesin any folder can be displayed using the [VAR-LINK], moving the
cursor to the variable name and pressing [F6] to display the contents of a particular variable.
» Variablesin acurrent folder can be recalled in the HOME screen by typing the variable name.
« Finaly, values and units can be copied and recalled using the [F1)/Tools[5]): COPY and
(6]: PASTE feature.
All inputs and calculated results in Analysis and Equations are saved as variable names. Previousy
calculated, or entered valuesfor variablesin afolder are replaced when equations are solved using new
valuesfor inputs. To preserve data under variable names, which may conflict with MEsPro variables, run
MEs<Pro in a separate folder.

10.11 solve, nsolve, and csolve and user-defined functions (UDF)

When a set of equationsis solved in ME«Pro, three different functionsin the TI operating system (solve,
numeric solve, and complex solve) are used to find the most appropriate solution. In a mgjority of cases,
the entered values are adequate to find numeric solutions using either solve, or csolve functions. However,
there are a few instanceswhen UDFs external to equations are incorporated into the solving process. User
defined functions which appear ME«Pro are the error functions erfc (x) and erf (x).

When all the inputs to aUDF are known, solve or csolve passes a computed result to the equation: however,
if the unknown variableisan input to the UDF, solve or csolve are unable to isolate the variable in an
explicit form, and the operating system resortsto using nsolve which initiatesatrial and error iteration until
the solution converges. It should be noted that the solution generated by nsolve is not guaranteed to be
unique (i.e. thissolving process cannot determineif multiple solutions exist.).

Because nsolve is used, an equation containing a user -defined function (UDF) cannot be graphed
when the dependent variable is contained in the UDF.

Table 15-1 User Defined Functions”

User-defined Function Topic Sub-topic

erf(x, ad, time) Hesat Transfer Step Changein Surface Temperature
erfc (X, ad, time) Heat Transfer Constant Surface Heat Flux

erfc (x, ad, h, k, time) Heat Transfer Surface Convection

10.12 Entering a guessed value for the unknown using nsolve

To accelerate the converging process and, if multiple solutions exist, enhance the possibility thatnsolve
resolves the correct solution, the user can enter a guessed value for the unknown which nsolvewill use as
an initial valuein its solving process.

» Enter guessed a value for the variable in the input dialogue.

»  Press(F)/Opts, [7)/Want.

*  Press[F2)/ to compute asolution for the

[riIerﬁIruIrslrsI ] [riIernIru]rs Irs”
Toolsir|Solue|GrFarh|Vicw|0rkse |~ Check| Toolir| Solug | Grarh | Vicw | Orkse | Edit
SUFFACE Conugckion [Eurface Conugction]
ST RN TS AT mid! S.4E-F w2 Dits
s-Ti2-0]1—T11=1-¢ bz IO e 1:
gt =k TH-T1 dke™ (™ 240, mlk: 5
oqf =qy=-H aT: H
nTf: H
mTi? =H
ntime =t
LS Ll
variabl e [Fxlect: HAIH FAD AUTD FLH
erfc(h) is a user-defined function (UDF) that Only one variable in a user-defined

appears in the ‘Surface Convection’ topic of ‘Heat  function can be specified as an unknown.
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Transfer’. An initial value for the unknown can be
specified for the n-solve process [F5):Opts,
(7): Want.
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ME-Pro posts a notice if the nsolve routine is The user can enter a value for the
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value to accelerate the nsolve
convergence process.

10.13 Why can't | compute a solution?

If a solution is unable to be computed, you might check the following:

1. Arethereat least as many equations selected, as there are unknown parameters?

2. Aretheentered values or unitsfor the known parameters reasonable for a specific case?

3. Arethe sdected equations consistent in describing a particular case? (For example, certain equations
used in the calculation of equivalent circular cross-section diametersin Fluid Mechanics/Fluid
Dynamics/Equivalent Diameter, are only valid for certain shaped cross sections). Check the headings
displayed at the bottom of the screen while the equation is highlighted to determineif special
restrictionsfor a particular equation (set) apply.

10.14 Care in choosing a consistent set of equations

The successin obtaining a useful solution, or asolution at all is strongly dependent on an insight into the
problem and carein choosing equations, which describe consistent rel ationships between the parameters.

Thefollowing steps are recommended:

» Read the description of each set of equationsin atopic to determine which subsets of equationsin a
series are compatible and consistent in describing a particular case. Some restrictions or special
conditions for an equation or set of equations are listed in the statusline while the equation or * when'’
conditions are highlighted.

»  Sdlect the equations from a subset, which describe the rel ationships between all of the known and
unknown parameters.

» Asaruleof thumb, select as many equations from the subset as there are unknowns to avoid
redundancy or over-specification. The equations have been researched from a variety of sources and
use dlightly different approximation techniques. Over-specification (selecting too many equations)
may lead to an inability of the equation solver to resolve dight numerical differencesin different
empirical methods of calculating valuesfor the same variable.

10.15 Notes for the advanced user in troubleshooting calculations

When there are no solutions possible, ME« Pro providesimportant clues viathe variables, meinput,
meprob, means, and meanstyp. These variables are defined during the equation setup processby the
built-in multiple equation solver. MEsPro saves a copy of the problem, itsinputs, its outputs, and a
characterization of the type of solution in the user variables meprob, meinput, means, and meanstyp.
For the developer who is curiousto know exactly how the problem was entered into the multiple equation
solver, or about what the multiple equation solver returned, and to examine relevant strings. The contents
of these variables may be viewed and examined by using [VAR-LINK]. Press[VAR-LINK] ([2nd] followed by [5),
scroll to the variable name in the current folder and press[Fé] to view the contents of the variable. The
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string may be recalled to the statusline of the home screen, modified and re-executed, if desired. If no
solutions are possible when one should be displayed, try clearing thevariablesin the current folder,
or opening a new folder.
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Chapter 11: Beams and Columns

This chapter coversthe details found in the Beams and Columns section. Three broad areas of common
interest are covered. They are:

¢ SimpleBeams ¢ Cantilever Beams
¢ Columns

11.1 Simple Beams

Structural members designed to resist forces acting perpendicular to itslongitudinal axis are defined as
Beams. The simplest typesof beams can be thought of "planar structures' wherein all the deflections
occur in the same plane. The essential features of a Simple Beam, or Simply Supported Beam, are a pin
support is placed at one end and a roller support at the other. The equations used here cover Simple
Beams where the rollers support are always at the right end of the beam.

Three types of loads are considered here. They are Uniform load, Point load and Moment load. Each
of these load types has unique characteristics and isillustrated in the software.

11.1.1 Uniform Load

The equation set here covers problems associated with a uniformly | —a—H : .
distributed load, p1 (N/m), covering a distance, a (m), from theleft end. s EEFEEr™ ity
Equations 1 and 2 yield the dopes at theleft and right ends of the beam, % _ ﬁ

Oa (rad), and, b (rad), respectively. To compute the deflection, v (m),
and dope, v1, at any location, x (m), from the left, use equations 3 and 4 when x<a. When, x, lies
between, a. and the beam length, L (m), use equations 5 and 6 to compute, v, and v1. E (Pa), the
modulus of dasticity and | (m*), the area moment of inertia, represent the material properties of the beam.

pl@&* 2
tan(fa)= ———[(2[1 - Eq. 1
an(6a) mumum 3) q
pl@&* )
tan(6b) = - - Eq. 2
an(6h) mumum ) q

When 0 £ x € a, the following two equations are applicable

v=——EEK—{®3—4@%1+4@2m?+2@2&2—4@D&&2+L&ﬂ Eq. 3
240L[EQ

u———éL—ma -4R°L+4@° 0% +6@° X -12 @M & +4 Il X°) Eq.4
240L[EQ

When a<x L, the following two equations are applicable
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2
v:ﬁtﬂ—azﬂ_+4ﬂlf§k+azﬁt—6ﬂl&2 +2 [X°) Eq. 5
24[LENO
2
= P 402 vat-1200 X+6 %) Eq. 6
24[L[ENO
When 0 s x €L, applies to all equations

The variable names, description and applicable default units used in these equations are listed bel ow.

Variable Description Units
fa Angle at left (fixed) end rad
6b Angle at right (roller supported) end rad

a Load location from left (fixed) end m

E Y oung's modulus Pa

I Area moment of inertia m#

L Length m

pl Load/unit length N/m
\Y Beam deflection m

vl Slope of deflection unitless
X Dist. from left end m

Caution: Because the equations represent a set where several subtopics are covered, the user has to select
each equation to be included in the multiple equation solver. Pressing(F2] will not select all the equations
and start the solver.

Example 11.1.1:

A smple beam, 10 meterslong, issubject to auniform load of 1.5 kipg/ft, spanning 18 feet from the left end. Find the dopes at left
and right ends and deflection at mid-point of the beam. Assume that the Y oung's modulus of the beam materia is 190 GPa and that
the area moment is 170 in®.

[TTT[WTTT]’] [TTT[WTTT]’]
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit
Uniform Load Uniform Load
+95=%§ +8bi 1.98714 deg T
B8kh: 1, =g m3: 15, L
m5: 15, ft mE: 130, GPa
mE: 120, GPa ml: 170, in™4
ml: 170, in™d4 ml: 10, m
mlL: 10, apl: 1.5 kipsft
mpl: 1.5 kipsft 00 L 1224E M
12243 m 4 s
Enter: AndTe ak 1efk end of bearn Enter: Disk. From Tefk ¢nd
Upper Display Lower Display

Solution — Select the fir st three equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2] to solve for the unknown variables. Select 0 to compute the principal solution).
The entries and results are shown in the screen displays above.

Given Solution
a =18 ft Ba= 246317 °
E = 190 GPa 6b=1.98714°
| =170 in? v =.12243 m
L=10m
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Given Solution
pl = 1.5 kip/ft
X=5m

11.1.2 Point Load

This equation set covers problems associated with a point load, P (N), . .

located a distance, a (m), from the left (fixed) end of asimple beam. g b g -é

Equations 1 and 2 yield the slope angles, Ba (rad), 8b (rad) at the left $deII$-c ="k
% - pi

and right ends of the beam, respectively. Equation 3 computesthe
length of the beam, L (m), in terms of the load distance from the left, a :
(m), and right, b (m) ends. To compute the deflection, v (m), and dope vl at any Iocatlon x (m), from
the left side, use equations 4 and 5 when Osx<a. Equation 6 yields &c (m), the deflection at the center
of the beam when a=b. Equation 7 computes x1 (m), the location of maximum deflection, dmax (m),
calculated by equation 8. The material properties of the beam are represented by, E (Pa) the modulus of
dasticity, | (m?) the area moment of inertia, and L (m), the length of the beam.

H -t
x‘l—l' 1—2

Eq.1
P@RDIOL+b
tan(ga):L
6[LED
Eq. 2
PRMDIL +a
tan(6b) = qL+a)
6[LED
Eq.
L=a+b 9.3
When 0 £ x € a, the following two equations are applicable
Eq. 4
vz—Pm)D( L% -b* - x?)
6[LIEO
Eq.5
vlzP—mEQLz—bz -30X°)
6[LIED
When a2 b, the following two equations are applicable
Eq. 6
_ PD307% -4b?)
- 48ED
= Eq. 7
x1=
3
Eq. 8
PBIL2-b?)"
amax = s
243°[LIEO
When 0 < x €L, applies to all equations

The variable names, description and applicable default units used in these equations are listed bel ow.
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Variable Description Units
dc Deflection at mid point m
dmax Maximum deflection at x1 m

fa Angle at left (fixed) end rad
6b Angle at right (roller supported) end rad

a Load location from left (fixed) end m

b Dist. from right (roller supported) end m

E Y oung's modulus Pa

I Area moment m#

L Length m

P Point load N

\Y Beam deflection m

vl Slope of deflection unitless
X Distance from left end m

x| Maximum deflection location m

Caution: Because the equations represent a set where several subtopics are covered, the user has to select
each equation to be included in the multiple equation solver. Pressing [F2] will not select al the equations
and start the solver.

Example 11.1.2:

A simple beam, 50 ft long, is subject to a point load of 4000 Ibf located 10 feet from the left end
and a second load of 10 kN located 10 feet from the right end. Find the deflection at mid-beam
and the slope at both ends. Assume that the Young's modulus of the beam material is 120
GPa, and the area moment is 1650 in*.

Solution - The problem is solved in two stages. First, compute the slopes at both ends, and the
deflection at the center for the load of 10 kN. Repeat the calculations using the second load
and add the two computed values using the superposition to calculate the final result. Select an
arbitrary integer of 0 to compute the principal solution (the principal solution, P, in a periodic
trigonometric function, trig (...), isP=trig (6 + n[m) and n isthe arbitrary integer).

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit | Tools+| Zelue | Grarh | Fict | Dets= | Edit |
Faoink Load Faoink Load
*ACE +05 LQS167 deq T

LCEHED =) +0b: L O77D0E deg

40k L O7PSEE deg mad 4.

m5: 4o, mh: 10, ft

mbi 10 sE: 120, GFa

mE: 120, GPa ml: 1650, in™d4

ml: 1650, in™4 mL: S0, ft

al: 53, ft 1 wF: ISR

Enter: Defleckion ab midroink of beam One complebe usgable solubion Found.
First load: Upper Display First load: Lower Display

Use Equations 1, 2 and 6 to calculate the results from the first load.

Given Solution

a =40 ft oc =.005082 m
b =10 ft B0a=.05167 deg

E = 120 GPa 6b = 0.077506 deg
| = 1650 in*

L =50 ft

P =10kN
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Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit
[Foint Load ] [Feint Load]
+E5 T
b, =g
w5 10, L
ah: 40, ft
mE: 120, EPa
ml: 1650, in™d4
mL: .
sp: 4000, 1bf 4
Enter: AndTe ak 1efk end of bearn HMAlW RAD AUTO FLHC

Second load: Upper Display Second load: Lower Display

Use Equations 1, 2 and 4 to calculate the results from the second load.

Given Solution

a = 10ft Ba=.137905 deg
b = 40ft 6b = .091937 deg
E = 120 GPa v =.005604 cm
| =1650in*

L =50 ft

P = 4000 Ibf

x =25 ft

The final results of the two loads are obtained by invoking the super position principle;
thus add the results of the two sets of calculations.

Solution 0a ob oc/v
First load .05167 deg .077506 deg .005082 m
Second load .091937 deg .13905 deg .005604 m
Total .143607 deg .216556 deg .010686 m
11.1.3 Moment Load
This equation set covers problems associated with a moment load, | #—a—i—t ¥
MOM (NIm), applied at a distance, a (m), from the left end. L . MaHM Ly
Equations 1 and 2 calculate the dope angles, 8a (rad), and, b ’i’ e ,ﬂ-‘
(rad), at the left and right ends of the beam, respectively. The Iy B Ll ¥

deflection distance, v (m), and slope, v1, at distance, x (m), from the
left side of the beam are computed by Equations 3 and 4. The material properties of the beam are

represented by, E (Pa) the modulus of dasticity, | (m*) the area moment of inertia, and, L (m) the length

of the beam.
Eq.1
tan(6a) =MEQ6@EL—3@2 -207%)
6[LED
Eq. 2
tan(6b) =MEQ3@2 -1?)
6[LIEO
When 0 £ x € a, the following two equations are applicable
Eq. 3
V:Mmemu—mz -20% -x%)
6[LIEO
Eq. 4
V. =M—OMEQ6®EL—3E12—2 1° -3%)
6[LIED
When 0 < x €L, applies to all equations
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The variable names, description and applicable default units used in the equations above are listed below.

Variable Description Units
fa Angle at left (fixed) end rad
6b Angle at right (roller supported) end rad

a Distance of load from left (fixed) end m

E Y oung's modulus Pa

I Area moment of inertia m#

L Length m
MOM Moment applied to beam N
\Y Beam deflection m

vl Slope of deflection unitless
X Distance from left (fixed) end m

Caution: Because the equations represent a set where several subtopics are covered, the user has to select
each equation to be included in the multiple equation solver. Pressing(F2] will not select all the equations
and start the solver.

Example 11.1.3:

A simple beam, 10 meters long, is subject to a moment load of 10kN [ at the middle point of
the beam. Find the slopes at left and right ends of the beam, and deflection at mid point of the
beam. Assume that the Young's modulus of the beam material is 100 GPa, and the area
moment to be 125 in*.

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit | Tools+| Zelue | Grarh | Fict | Dets= | Edit |
HMoment Load HMoment Load

ORI e, #8khi_ -, 045825 deg T
H L2 LEH M
M sE: 100, GPa
mE: 100, GPa ml: 125, in™4
ml: 125, in™d mlL: 10, m
ml: 10, ™ sMOM: 10, kH-m
w0 10, kH-m 1 - OO1GE2
sl - OQlERZ 4 LEH o,
One complebe usgable solubion Found. HMAlW RAD AUTO FLHC
Upper Display Lower Display

Solution — Select the first, second, and fourth equations to solve this problem. Select these by
highlighting the equations and pressing [ENTER]. Press(F2] to display the variables. Enter the values for
the known parameters and press(F2] to solve for the unknown variables. Select an arbitrary integer of 0
to compute the principal solution (the principal solution, P, in a periodic trigonometric function, trig (...),
isP=trig (6 + n[T) and n isthe arbitrary integer). The entries and results are shown in the screen displays
above.

Given Solution
a=5m B0a =.045885 deg
E =100 GPa Ob = -.046885 deg
| = 125 in? vl =-.001602
L=10m
MOM = 10 kNh
X=5m
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11.2 Cantilever Beams

Structural members designed to resist forces acting perpendicular to itslongitudinal axis are defined as
Beams. The essential features of a Cantilever Beam are that it hasa fixed support a one end and afree at
the other end with no support. The fixed end of the beam is inflexible and does not incur any bending,
thus ensuring the deflection and s ope to be zero at thisend.

Three types of loads are considered here. They are Uniform load, Point load, and Moment load. Each
of these load types has unique characteristics and isillustrated in the software.

11.2.1 Uniform Load

This equation set covers problems associated with a uniformly ——
distributed load, p1 (N/m), over adistance, a (m), from theleft (fixed)  irprrrih
end. Equations land 2 yield the deflection, db (m), and slope angle, 3'51 — . by
0b (rad), at the right (free) end of the beam. Deflection v (m), and T Ttk %@b
dopevl, at any location x (m), away from theleft canbecomputed by~ * i
using equations 3 and 4, when Osx<a. When x lies between a, and beam length L, use equations5 and
6 for the same properties. The material properties of the beam are represented by, the modulus of
easticity E (Pa), and, the area moment of inertial (m?).

168 Eq.1
- PUE 0 g
24[E0
Eq. 2
1 3
ten(gb) = P12
6[E0
When 0 £ x € a, the following two equations are applicable
Eq. 3
2
v=1X fem2 - aarx+x?)
24[E0
1% Eq. 4
vi= PX e -3@x+x?)
6[E0
When a<x L, the following two equations are applicable
Eq.5
3
V:ﬂm4|j(—a)
24[E0
Eq. 6
3
vi= plia
6[E0
When 0 <x €L, applies to all equations

The variable names, description and applicable default units used in these equations are listed bel ow.

Variable Description Units
ob Deflection at right (free) end m
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Variable Description Units
6b Slope at right (free) end unitless
a Distance of load from left (fixed) end m

E Y oung's modulus Pa

I Area moment of inertia m#

L Length m

pl Load/unit length N/m

\Y Beam deflection m

vl Slope of deflection unitless
X Distance from Ieft (fixed) end m

Caution: Because the equations represent a set where several subtopics are covered, the user has to select
each equation to be included in the multiple equation solver. Pressing(F2] will not select all the equations
and start the solver.

Example 11.2.1:

A cantilever beam, 10 meters long, is subject to a uniform load of 2.5 kN/m, 18 ft from the fixed
end. Find the slope and deflection at the free end of the beam, as well as at the midpoint of the
beam. Assume that the Young's modulus of the beam material is 190 GPa and that the area
moment is 170 in*.

Toroj:lsr Sﬁue Gﬁph PFiI::I: Illﬁs‘- Ergit | Toroj:lsr $§'Fut Grrgph F'Fi:!t I:I:tsh EFdEit |
Uniform Load Uniform Load
+6b=%5!m m5: 15, ft T

LITHI L=} mE: 130, GPa

m5: 15, ft ml: 170, in™d4

mE: 120, GPa ml: 10, ™

m]: 17Q. in™d mpl: 2.5 kM-m

ml: 10, ™ 40 018571 m

apl: 2.5 kEH-m sl LOOS118

#u (018571 m 4 LEH o,

Enter: Defleckion ab free gnd Enter: Disk. From Tefk ¢nd
Upper Display Lower Display

Solution — Select equations 1, 2, 5 and 6 to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2] to solve for the unknown variables. Select the integer of O to compute the
principal solution. The entries and results are shown in the screen displays above.

Given Solution
a=18ft ob=.044162 m
E =190 GPa Ob = .293246 deg
| =170 in* v =.018571 m
L=10m vl =.005118
pl=2.5kN/m

X=5m

11.2.2 Point Load

This equation set covers problems associated with apoint load, P (N), — #—&—H¢—b—%
located a distance, a (m), from the l€ft (fixed) end. Equationsland2 :
yield the deflection, &b (m), and dope angle, Bb (rad), at the right . D

(free) end of the beam. To compute the deflection, v (m), and slope, r——— - :_-'FL
vl, at alocation x (m) from the left end, use equations 3 and 4, when
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x occurs before the location of the load, a (m) (Osx<a), and equations5 and 6 when x occurs after the
load (asx<L). The material propertie of the beam is represented by E (Pa), the modulus of elasticity by E
(Pa), the area moment of inertiaby, | (m*), and beam length, L (m).

P @2 (3L st
—a
5 PR3 -a)
6[EN
Eq. 2
P 2
ten(6b) = - =
2[(E0
When 0 € x € a, the following two equations are applicable
Eq. 3
P 2
v= X (30 - x)
6[E0
Px Eq. 4
vl= (22— x)
(EO
When a<x L, the following two equations are applicable
5 Eq.5
_P@°[Bx-a)
6[E0
Eq. 6
_P@°
2[(E0
When 0 < x €L, applies to all equations

The variable names, description and applicable default units used in these equations are listed bel ow.

Variable Description Units
3b Deflection at Ieft (fixed) end m

6b Angle at right (free) end of beam rad

a Distance of load from left (fixed) end m

E Y oung's modulus Pa

I Area moment m#

L Length m

P Load N

\Y Beam deflection m

vl Slope of deflection unitless
X Distance from Ieft (fixed) end m

Caution: Because the equations represent a set where several subtopics are covered, the user has to select
each equation to be included in the multiple equation solver. Pressing(F2] will not select all the equations
and start the solver.
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Example 11.2.2:

A cantilever beam, 20 m long, is subject to a 15 kN point load located 18 feet from the fixed
end. Find the slope and deflection at the free end of the beam. Assume that the Young's
modulus of the beam material is 175 GPa, and that the area moment is 650 in *.

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit | Tools+| Zelue | Grarh | Fict | Dets= | Edit |
Faoink Load Faoink Load
2t S MU
ak b, 2
=5l 15. ft m5: 158, ft
mE: 175. GPa mE: 175. GPa
m]: &350, in™d m]: &350, in™d
ul .M ml: 2O, ™
uP: 15. kM uP: 15. kM
Enter: Defleckion ab free gnd One complebe usgable solubion Found.
Entered Values Computed results

Solution — Select the first two equations to solvethisproblem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution

a= 18 ft ob =.086643 m
E =175 GPa 6b =.273193 deg
| =650in*

L=20m

P=15kN

11.2.3 Moment Load
This equation set covers problems associated with a moment load, 4 e ¥
MOM (Nmh), applied at adistance a (m), from the left (fixed) end. 3 th:qu
Equations 1 and 2 calculate the deflection, &b (m), and slope, Bb ]

(rad), at the right (fres) end. Thedeflection andslope, v (m)andvl, 4 ..~ " - -.

by,
at adistance, x (m), from theleft (fixed) side of the beam aredefined " L =-"§:'ﬁb
by equations 3 and 4 for the case when Osx<a, and equations 5 and 6 when a<x<L. The materials
properties of the beam are represented by E (Pa), the modulus of dasticity; | (m?), the area moment of
inertia; and L (m), the length of the beam.

_ MOM & Eq.1

20 -a
2(E0 1 )
MOM & Ea. 2

EU

When 0 £ x € a, the following two equations are applicable

6b =

Eqg. 3
_ MOM [x* ?

© 2[EO

_ MOM X Eq.4

EU

vl
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When a<x L, the following two equations are applicable
Eq.5
MOM [a
v=— Aoy -a)
2[(E0
Eq. 6
MOM [& a
vl=——
EO
When 0 < x €L, applies to all equations

The variable names, description and applicable default units used in these equations are listed bel ow.

Variable Description Units
ob Deflection at right (free) end m

6b Angleat right (free) end rad

a Distance of load from left (fixed) end m

E Y oung's modulus Pa

I Area moment m#

L Length m
MOM Applied moment NI
\Y Beam deflection m

vl Slope of deflection unitless
X Distance from left (fixed) end m

Caution: Because the equations represent a set where several subtopics are covered, the user has to select
each equation to be included in the multiple equation solver. Pressing [F2] will not select all the equations
and start the solver.

Example 11.2.3:

A simple beam, 10 meters long, is subject to a moment load of 1.5 ft[Rip, 18 feet from the fixed
end. Find the slope and deflection at the right end of the beam, and the deflection at mid point
of the beam. Assume that the Young's modulus of the beam material is 190 GPa, and that the
area moment is 170 in“.

Toroj:lsr $§'Fut Grrgph F'Fi:!t I:I:tsh EFdEit | Toroj:lsr Sﬁue Gﬁph PFiI::I: Illﬁs‘- Ergit |
HMoment Load HMoment Load
*6&::% 0kt L O47S52 deg T

b, =g ma: 18, ft

m5: 15, ft mE: 130, GPa

mE: 120, GPa ml: 170, in™4

ml: 170, in™d4 ml: 10, ™ )

al: 10, m ) aMOM: 1.5 ¥t -kip

wfOM: 1.5 ft-kip # L HH1E9] M

4 001291 M 4 LEH .

Enter: Defleckion ab free gnd Enter: Disk. From Tefk ¢nd
Upper Display Lower Display

Solution — Since the load occurs to the right of the midpoint of the beam (x=L/2<a<L, sihcex=5m =
16.4 ft <18 ft=a) use equations 1, 2, and 3, to solve this problem. Select these equations and press(F2] to
display the variables. Enter the valuesfor the known parameters and press [F2] to solve for the unknown
variables. Select an arbitrary integer of 0to computethe principal solution. The entries and results are
shown in the screen displays above.
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Given Solution
a=18ft db =.006023 m
E = 190 GPa 8b = .047552 deg
| =170in* v =.001891 m
L=10m
MOM = 1.5 ft[Rip
X=5m

11.3. Columns

Structuresfail avariety of ways depending upon material properties, loads and conditions of support. In
this section, avariety of failuresof columnswill be considered. For our purpose, we define acolumn to
be long slender structural members loaded axially in compression.

Five type of problems are considered - Buckling, Eccentric Axial load, Secant formula, Column
imper fections, and I nelastic buckling.

11.3.1 Buckling
These four equations give an insight into the critical parametersfor designing

Fzr
columns. Equations 1 and 2 compute the critical load, Pcr (N), in terms of the T_B B"L
L
LH A

cross-sectional area of the column, Area (m?), the modulus of dasticity, E (Pa), the
column length, L (m), radius of gyration, r (m), and the area moment of inertia, |
(m?%). The compressive stress, acr (Pa), is calculated from equation 3 and the
radius of gyration r is computed in equation 4.

Eq.1
_ P [EArea
Pcr = ———
Kell
r
Eq. 2
_mEO
Pcr = 5
(Kell)
Eq.
Pcr a3
ocr =——
Area
Eq. 4
re |
Area

The variable names, description and applicable default units used in these equations are listed bel ow.

Variable Description Units

ocr Critical stress Pa

Area Area m?2

E Y oung's modulus Pa

I Area moment m#

Ke Effective length factor unitless
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Variable Description Units
L Length m
Per Critical load N
r Radius of gyration m

Example 11.3.1:

A steel column, with an area of 50 in? and 20 ft long, has a modulus of elasticity of 190 GPa.
The effective length factor for this column is 1.75, and the area momentis 600 in*. Find the
critical load, the radius of gyration and critical stress.

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit

Eucklind Eucklind
ao il . sqcid 18,5019 k=i
mfregt S0, in™2 mfregt S0, in™2
mE: 190, GPa mE: 190, GPa
mli GO, in™d4 mli GO, in™d4
mke: 1,75 mke: 1,75

mlz ZE. ft mlz 2E. ft )
Fcrs +Pcri 925,09 kip
+ 1 ERPEEE in

] K
Enter: Crikical skress Enter: Kadius of Avration

Entered Values Computed results

Solution — Select all of the equationsto solve thisproblem. Press(F2] to display thevariables. Enter the
valuesfor the known parameters and press (F2] to solve for the unknown variables. The entriesand
results are shown in the screen displays above.

Given Solution
Area=50in? ocr = 18.5019 ksi
E =190 GPa Pcr = 925.096 kip
| =600in* r=3.4641in
Ke=175

L=20ft

11.3.2 Eccentricity, Axial Load

An eccentric load refersto the situation where the point load, P (N), is
not located at the center of massof the area, but is offset by adistance,
xe (m). Equation 1 computes the deflection of the column at the mid-
point, 8¢ (m). Equation 2 cal culates the maximum bending moment,
Mmax (N[m), for the specified eccentric load. Thelocation of Mmax is
the same as the location of maximum deflection (typically at half the
height of the column, L/2).

Eq.1

_ Pxeld?

8S(EN
Eq. 2
i PD€ !
{7)
CO
2

The variable names, description and applicable default units used in these equations are listed bel ow.

Variable Description Units
o3¢ Deflection at mid-point m
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Variable Description Units
E Y oung's modulus Pa

I Area moment of inertia m?#

k Stiffness 1/m

L Length m
Mmax Maximum bending moment NI
P Paoint load N

xe Eccentricity offset m

Example 11.3.2:

A 20 kip point load on the column described in Example 11.3.1 is offset 2 inches from the
column’s central axis. Find the buckling at the center of the column and the maximum moment
if the stiffness is 1 x 10 1/m.

[TTT[WTTT]’] [TTT[WTTT]’]

Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit
[Eccent. Axial Load] [Eccent. Axial Load]

65:! #5401 L OH1V41E ik

=E: 190. GPa =E: 120, GFa

ml: GOEQ. in™d4 ml: GOEQ. in™d4

mk: L EEEEl 1o mk: L EEEEl 1o

mL: ZO. ft mL: 2O, ft

Mmasxs #Mmast

mP: 20, kip aP: 2O, kip

myel 2. in myel 2. in

Enter: Defleckion ab midroink of beam Enter: Max. bendind moragnk
Entered Values Computed results

Solution — Select both equations to solve this problem. Press{F2] to display the variables. Enter the
valuesfor the known parameters and press (F2] to solve for the unknown variables. The entriesand
results are shown in the screen displays above.

Given Solution

E =190 GPa oc=.017418in

| =600in* Mmax = 3.33333 ft[Rip
k =.00001 /m

L=20ft

P=20kip

xe=2in

11.3.3 Secant Formula

The equationsin this section focus on further analysis of eccentric
loads. Equation 1 computesthe radius of gyration, r (m), from the
areamoment | (m*), and the cross sectional area, Area (m?).
Equations 2 and 3 show two ways to cal culate maximum stress,
omax (Pa), from known properties of the column including length, L
(m); load, P (N); Area; and the modulus of elasticity, E (Pa). Two
key ratios, the eccentricity ratio, ecr and the slendernessratio, sr, are
introduced in equations4 and 5. The eccentric offset, xe (m), is distance of the load from the central
longitudinal axis of the column and ¢ (m) isthe distance from the axis to the concave side of the column
at the location of maximum deflection.

Eq.1

r= 1/—'
Area
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Eq. 2
P Mmax
omax = +
Area S
Eq. 3
_ P l_l_xezm:D 1
Area r L [5)
co
{2@ EDAreaj
Eq. 4
_ Xxele a
r= 2
Eq.
L a5
S =—
r

The variable names, description and applicable default units used in these equations are listed bel ow.

Variable Description Units
omax Maximum stress Pa
Area Area m?2

c Distance of centroid to column edge m

E Y oung's modulus Pa

ecr Eccentricity ratio unitless
I Area moment of inertia m#

L Length m
Mmax Maximum bending moment NI

P Paoint load N

r Radius of gyration m

S Section modulus m3

s Slendernessratio unitless
xe Eccentric offset m

Example 11.3.3:

The column described in example 11.3.1 and 11.3.2 has a 20 kip axial load located at distance
of 4 inches from the concave extremum. Find the maximum stress, radius of gyration and the
slenderness ratio.

[TTT[WTTT]’] [TTT[WTTT]’]
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit
[Eecant Formula] [Eecant Formula]
*u‘max:%ﬂﬁ mE: 190, GP3 T
LI =EH . 1n *ocki L BEEEET
nci 4, in ml: GOQ. in™d4
mE: 190, GP3 ml: 2O, ft
oo GEEEET ufP: 2 ki
] . in™d 4 F.4641 in
ul ft #spi 59,287
wf: 20, kip 4 e
Enter: Maximurn skress Enter: eccentricity affsek
Upper Display Lower Display
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Solution — Select equations 1, 3, 4, and 5 to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2] to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution
Area=50in’ omax = 4.61263 MPa
c=4in ecr = .666667

E = 190 GPa r=3.4641in

| = 600 in* sr = 69.282

L =20 ft

P = 20 kip

xe=2in

11.3.4 Imperfections in Columns

The approaches used in analyzing the impact of imperfectionsin
columns are defined by the seven equations here. A column
having alength, L (m), and initial deflection, ao (m), from the
centroid (central longitudinal) axisisconsidered. Theratio a
(unitless), of the applied load, P (N), to critical load, Pcr (N), for
the column iscalculated in equation 1. An alternate way to
compute o is using equation 2, which uses area moment | (m*), column length L (m), applied load P;
and modulus of dasticity, E (Pa). Equations 3 and 4 compute maximum bending moment M max (N[)
and the maximum deflection, dmax (Pa), at the mid-point of the column. Thethree remaining
equations solve for the maximum shear stress, amax (Pa), using aternate methods depending on which
variablesare known. Thevariable, r (m), isthe radius of gyration and, ¢ (m), isthe horizontal distance
from the centroid axis to the furthest point on the concave side of the column.

FiF:rdL

Eg.1
_P !
Pcr
Eg. 2
__po? !
mEQ
Eq. 3
Mmax = P [&o
-a
Eq. 4
a‘naxzﬂ
1-a
P Mmaxi® Ea.5
omax = +
Area I
Eq. 6
P aolc
omax = 1 5
Area r’fl-a)
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Eq. 7
aolc

2
omax = P 1+ r

Area p [ész
1-— Q=
m[EArea \ r

The variable names, description and applicable default units used in the equations above are listed below.

Variable Description Units
o Ratio unitless
dmax Maximum deflection due to load m
omax Maximum stress Pa
ao Deflection w/o load m
Area Area m2

c Centroid offset extremum m

E Y oung's modulus Pa

[ Area moment of inertia m#

L Length m
Mmax Maximum bending moment NI
P Point load N

Pcr Critical load N

r Radius of gyration m

Example 11.3.4:

Find the maximum deflection for the column described in example 11.3.1 and 11.3.2. Assume
an initial deflection of 4 inches exists at the mid-point of this column.

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa

Tools+| Zelue | Grarh | Fict | Dets= | Edit | Tools+| Zelue | Grarh | Fict | Dets= | Edit |

gt +q! L DOFESY ]

Amaxi #amaxt 4, 02844 in

maod 4. in maod 4. in

mE: 198, GPa mE: 198, GPa

m]: 0G0, in™d m]: 0G0, in™d

ml: 2O, L ml: 2O, L

Mzl *Nmamw

af: ZE, kip sf: Zd. kip

Enter: Max. bendind moragnk One complebe usgable solubion Found.
Entered Values Computed results

Solution — Select equations 2, 3, and 4 to solve this problem. Select these by highlighting the equations
and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known parameters and
press(F2] to solve for the unknown variables. The entries and results are shown in the screen displays
above.

Given Solution
ao=4in a =.007059
E =190 GPa dmax = 4.02844 in
| = 600 in* Mmax = 6.71406 ft[Kip
L=20ft
P =20 kip
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11.3.5 Inelastic Buckling

Critical load calculationsfor inelastic buckling are considered in this section.

Equation 1 computes the tangential modulus load Pt (N) given the column E
length L (m), the area moment | (m?), and tangent modulus Et (Pa). The
corresponding critical stress, at (Pa), iscomputed in equation 2 in terms of Et, L
column length, L (m), and the radius of gyration, r (m). Equations3 and 4 L
define areduced modulus of dasticity, Er, and areduced stress, or (Pa), in terms H
of the known quantities Et, L, r and the Y oung's modulus of dasticity, E (Pa).

Pt _mEd Eq. 1
L2
ot = g EIEZt
L Eq. 2
[r)
41E [Et
Er=——M Eq. 3
(E.5 + Et.5)2
P Er
T LY Eq. 4
[r)

The variable names, description and applicable default units used in these equations are listed bel ow.

Variable Description Units
or Reduced stress Pa
ot Tangential stress Pa

E Y oung's modulus Pa

Er Reduced modulus of easticity Pa

Et Tangent modulus of el asticity Pa

I Area moment of inertia m#

L Length m

Pt Tangential load N

r Radius of gyration m

Example 11.3.5:

A 25 kip tangential load is applied to the column having the computed properties in example
11.3.1. Find the tangential modulus and stress, in addition to the reduced modulus and stress.
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Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit
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Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

\neTashie EUckTing \neTashie EUckTing
T2 .ﬂm@ 7t .5 k=i T
#ati = mE: 190, GPa

o]
+E-t B12.805 k=i
#Et: 243,171 k=i

1

uE: 190, GPa
2,805 ksi
17l ksi

+Eri 21

+EL: 243, m]l: gOQ. in™d4

mli GEO. in™d mli 20,

mL: 20, i sPt: 25, ki

sFi: 25, kip + INEE[&

HMilN cHD KAD AUTO FLHC Entgr: Kadius of 3vration
Upper display Lower display

Solution — Select all of the equations to solve thisproblem. Press(F2] to display thevariables. Enter the
values for the known parameters and press (F2] to solve for the unknown variables. The entries and
results are shown in the screen displays above.

Given Solution
E = 190 GPa or = 1.67126 ksi
| =600in* ot = .5ksi
L =20 ft Er = 812.805 ksi
Pt = 25 kip Et = 243.171 ksi
r=3.4641in

References:

1. Mechanicsof Materials, 3rd Edition, (1990) James M Gere and Sephen P. Timoshenko, PWS Kent
Publishing Company, Boston, MA  Specific sections from Chapter 9 and Appendix G.
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Chapter 12: EE for MEs

This portion of the software deals common e ectrical engineering problems encountered by mechanical
engineers. Four sectionsform the core of the topic.

¢ Basic Electricity ¢+ DC Motor
¢ DC Gengators ¢+ AC Motors

12.1 Basic Electricity

12.1.1 Resistance Formulas

Four equationsin this section show the basic relationships
between resistance and conductance. Thefirst equation
linkstheresistance, R (Q), of abar with alength, len (m), p
with a uniform cross-sectional area, A (m?), with aresistivity, £
p (Qh). The second equation defines the conductance, G —LEM—
(siemen), of the same bar in terms of conductivity, @ (Sm/m),
len (m), and A. The 3"? and 4™ equations show the RESISTRMCE AMD COMDUCTAMCE
reciprocity of conductance G resistance R aswell asthe
resistivity p and conductivity G.
(en
_ puen Eq. 1
A
o[A
G=—— Eqg. 2
len
1
G==— Eq. 3
R
o= 1 Eq. 4
== q.
o}

The variable names, description and applicable default units used in the equations above are listed bel ow.

Variable Description Unit

A Area m2

G Conductance Siemens

Len Length m

p Resistivity Qlh

R Resistance Q

o Conductivity Siemens/m
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A copper wire 1500 m long has a resistivity of 6.5Q[@m and a cross sectional areaof 0.45 cm?. Compute

the resistance and conductance.

Fi Fz Fz F4 FE FB
Tools| 2olue | Grarh | Fick | Orks- | Edit
Egsiskance Formulas

mf: 45 cwt2

EH
19!: 150EE, ™

P 6.5 cm
ki

Mald EAD AUTO FLMC
Entered Values

Fi Fz Fz F4 FE FB
|T-:u:-1:- Solug | Grarh | Fick | Oeks- | Edit

Fesiskance Farmulas
L35 I =
H d4.51538E-7 S1emens

mlens L.
.I5= 5.3 W-cm
+R: 216667 ES 1

Ons cormplebe usgable solukion Found.

Computed results

Solution - Examining the problem, two clear choices are evident. Either equations1, 2and4 or 1 and 3
can be used to find the solution required. The second choice of equationswill be used in thisexample. All
the equations can be viewed at the equation screen wherein the two equations 1 and 3 can be selected by
using the  key to highlight the desired equation and pressing[ENTER]. Once both equations have been
selected, press(F2] to display al the variables in the selected equation set. The software is now ready for
receiving the input variables. Usethe (O key to move the highlight bar to the variable that needs input.
Type the value for the variable and press (ENTER]. Repeat to enter all the known variables and press [F2] to
solve the selected equation set. The computed results are shown in the screen display shown here.

Given Solution

A=.45 cm? G=4.61538E-7 Siemens
len=1500 m R=2.16667E6 Q

p=6.5 Qdm

12.1.2 Ohm’s Law and Power

The fundamental relationships between voltage, current and power are presented in thissection. The
first equation isthe classic Ohm's Law, computes the voltage, V (V), in terms of the current, | (A), and
theresistance, R (Q). The next four equations describe the relationship between power dissipation, P
(W), voltage, V, current, |, resistance, R, and conductance, G (siemens). Thefinal equation represents
the reciprocity between resistance, R, and conductance, G.

V=I1[R Eq. 1
P=vl Eq. 2
P=I1%[R Eq. 3

2
P= V_ Eq. 4

R
P=V?[G Eq.5
R= i Eq. 6

G
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The variable names, description and applicable default units used in the equations above are listed below.

Variable

<TUT—O

Description

Conductance
Current
Power
Resistance
Voltage

Example 12.1.2:

A 4.7kQ load carriesa current of 275 ma. Calculate the voltage across the load, power dissipated and

load conductance.

Fi Fz Fz Fu FE Fa
|T-:u:-1:- Solug | Grarh | Vigw |I:I|=-l:s- |Edit

F3: Equations/2: EE for ME's

Fi Fz Fz Fu FE Fa
|T-:u:-1:- Solug | Grarh | Vigw |I:I|=-l:s- |Edit

Ohra's Law and Fowgr
[EH
.é* 273. mA
wfi 4.7 ki
Lzl

Enkgr: Wolkads

Ohra's Law and Fowsr
+G LOODZ1E siemens
nl: 275. mA
+Fi Z55.438 W
wR: 4,7 ki
LMH  1-°

Entered Values

Ons cormplebe usgable solukion Found.

Computed results

Solution - Upon examining the problem, several choicesare noted. Either Equations1, 2and 6; or 1,2, 3
and 5; or 2,3and 6; or 1, 2and 5; or, all theequations. Choose the last option, press(F2] to open the input
screen, enter all the known variables and press [F2) to solve.

Given Solution
| =275 mA G =.000213 siemens
R=4.7kQ P=355.438 W

VvV =12925 V

12.1.3 Temperature Effect

This equation models the effect of temperature on resistance. Electrical resistance changes fromRR1 (Q)
to RR2 (Q) when the temperature change from T1 (K) to T2 (K) is modified by the temperature
coefficient of resistance a (1/K).

RR2 = RR1{l+a(T2-T1)) Eq. 1

The variable names, description and applicable default units used in the equations above are listed below.

Variable Description Unit
a Temperature coefficient /K
RR1 Resistance, T1 Q
RR2 Resistance, T2 Q
T1 Temperature 1 K
T2 Temperature 2 K

Example 12.1.3:
A 145 Q resistor at 75 °Freads 152.4 Q at 125 °C. Find the temperature coefficient of resistance.
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Fi Fz Fz Fu FE Fa Fi Fz Fz Fu FE Fa
|T-:u:-1:- Solug | Grarh | Vigw |I:I|=-l:s- |Edit |T-:u:-1:- Solug | Grarh | Vigw |I:I|=-l:s- |Edit
Tempcraturs EFFgct Tempcraturs EFFgct
o] 40l (OEOSHS 1K
sRRE1: 145, @ sRRE1: 145, §
sRREZ:_152.4 mRRZ2: _152,4 §
aTi: v5. °F aTi: v5. °F
] 175, aTZ:
Enker: Tempgraturs & Ong cormpleke Useabls solukion Found.
Entered Values Computed results

Solution - Press[F2) to display the input screen. Enter the variable values and press [F2] to solve for the
unknown variable.

Given Solution
RR1=145 Q o= .000505 /K
RR2=1524Q

T1=75°F

T2=125 °C

12.2 DC Motors

12.2.1 DC Series Motor

These eight equations describe the performance characteristics of a series DC motor. The first equation
linksthe terminal voltage, Vt (V), to the back emf, Ea (V), defined by the third equation and the IR
drop due to armature resistance, Ra (Q), adjustable resistance, Rd (Q), and seriesresistanceRs, (Q). The
second equation calculates the load torque, TL (Nh), with the machine constant Ke, flux, @ (Whb), load
current, IL (A), and the torque loss, Tloss (NIh). Thethird equation defines the back emf in the
armature, Ea (V), in terms of Ke, ¢, and mechanical frequency wm (rad/s). The fourth equation shows
torque generated at the rotor due the magnetic flux, ¢ and current IL. The sixth equation computesthe
torque generated T asthe sum of load torque TL and lost torque Tloss. Thelast two equations show the
connection between Ke, @, afield constant Kef (Wb/A), load current IL, and torque T.

Vt = Kelpom+ (Ra+ Rs+ Rd) 0L Eq. 1
TL = Ke@OL - Tloss Eq. 2
Ea = Keldom(@ Eq. 3
T = KelgpOL Eq. 4

Thefifth equation shows areciprocal quadratic link between aam, Vt, Ke, @, Ra, Rs, Rd, and torque T
(Nh).

_ vVt (Ra+Rs+Rd)T
wum= - 5 Eq. 5
Kelp  (Kel)
T=Tloss+TL Eq. 6
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Kelp= Kef OL Eq.7

T = Kf 0OL? Eq. 8

The variable names, description and applicable default units used in the equations above are listed below.

Variable Description Unit
Ea Average emf induced in the armature \%

IL Load current A

Ke Machine constant Unitless
Kef Fidd coefficient WH/A
[0) Flux Wb
Ra Armature resistance Q

Rd Adjustable resistance Q

Rs Seriesfield resistance Q

T Internal torque N[
TL Load torque N[
Tloss Torque loss N[
Vi Terminal voltage \%
wm Mechanical radian frequency rad/s

Example 12.2.1:

A series motor, with a machine constant of 2.4 and rotating at 62 rad/s, is suppliedwith aterminal voltage
of 110 V and produces atorque of 3 Nm. The armatureresistance is 10 Q, the seriesresistanceis5 Q,
and the adjustable resistance is0.001 Q. Find the average voltage induced in the armature, the flux, and
the load current.

Fi Fz Fz Fu FE Fa Fi Fz Fz Fu FE Fa
|T-:u:-1:- Solug | Grarh | Vigw |I:I|=-l:s- |Edit |T-:u:-1:- Solug | Grarh | Vigw |I:I|=-l:s- |Edit
L= TS muedd oo g L= TS muedd oo g
o ME-FFo Equakion Set ~ o ME-FFo Equakion Set ~
&g 2 useable selutions. o &g 2 useable selutions. o
g Desired soln s | 1 I%I g Desired soln s E— I%I
2 2 2 2
SA+ZTSEI 15001 and 4=-0l05 SA+ZTSEI 15001 and 4=-0l05
BrR3S) 27500 Tddi BrR3S) 27500 Tddi
HMAlN FAD AUTO FUMC HMAlN FAD AUTO FUMC

Fi Fz Fz Fu FE Fa Fi Fz Fz Fu FE Fa
|T-:u:-1:- Solug | Grarh | Vigw |I:I|=-l:s- |Edit |T-:u:-1:- Solug | Grarh | Vigw |I:I|=-l:s- |Edit

DC Sgkigs Makor DC Sgkigs Makor
+IL . +IL .
aker 2.4 mke: 2.4
+$= L 2EEE4Z Wb +$: 472685 Wb
mRa: 1G0. @ mRa: 1@, @
sRd: (EE1 @ sRd: (EE1 @
=t 5, 0@ mR=i 5.
aT: 3. H'm 4 aT: 3. H'm 4
Fultiple complete useable solns Found. Enkscr: Aud. emf indu<ed in armk.

Solution 1: Upper Display Solution 2: Upper Display

Fi Fz Fz Fu FE Fa Fi Fz Fz Fu FE Fa
|T-:u:-1:- Solug | Grarh | Vigw |I:I|=-l:s- |Edit |T-:u:-1:- Solug | Grarh | Vigw |I:I|=-l:s- |Edit

DC Sgkigs Makor DC Sgkigs Makor

mkel 2.4 T mkel 2.4 T

+$= - 2EEE42Z Wb +$: SAFPZEDT Wb

wkgt 1. mfRgi 10,

sRd: Q@1 @

mR=: 5. 0

]! .

mllt: 11G, U

Ll £f. rades

Enksr: Mech. Fadian Frequency Fultiple complete useable solns Found.

Solution 1: Lower Display Solution 2: Lower Display
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Solution - Thefirgt, third and fifth equations are needed to compute a solution. Select these by
highlighting and pressing [ENTER]. Press[F2] to display the input screen, enter all the known variables and
press [F2] to solve the selected equation set. There are two possible solutions for thisexample. Typethe
number of the solution set to be viewed and press [ENTER] twice. To view another solution set, press(F2] to
and select another number. The computed results are shown in the screen displays above.

Given Solution

Ke=24 Ea=39.6764V (70.3236 V)
Ra=10Q IL =4.68793 A (2.64491 A)
Rd =.001 Q, (p=.266642 Wh (.472605 Wh)
Rs=5. Q

T =3. NIh

Vt=110.V

wm = 62. rad/s

12.2.2 DC Shunt Motor

These seven eguations describe the principal characteristics of a DC shunt motor. The first equation
expresses the terminal voltage, Vt (V), in terms of the field current, I1f (A), and field resistance, Rf (Q),
along with the external field resistance, Re (Q). The second equation defines theterminal voltage, Vt
(V), in terms of the back emf (expressed in terms of the machine constant, Ke, flux swept, ¢ (Wb),
angular velocity, aam (rad/s), and the IR drop in the armature circuit.

vt = (Re+ Rf )OI Eq. 1

Vt = Ke@om+ Rala Eq. 2

Thethird equation refersto the torque available at the load, TL (NIh), dueto the current, 1a (A), inthe
armature minus the loss of torque, Tloss (N[fh), due to friction and other reasons.

TL = KelpOa-Tloss Eq. 3

The fourth equation gives the definitive re lationship between the back emf Ea (V), Ke, @ (Wb), and tdm
(rad/s).

Ea = Keldumlgp Eq. 4
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Thefifth equation displaysthe reciprocal quadratic relationship between om, Vt, K, @, armature
resistance, Ra (Q), adjustable resistance, Rd (Q), and T (N[mh).

_ vt (Ra+Rd)T
m = _
Kelp  (Kelp)

Eq.5

Thelast two equations computetorque T in termsof Tloss, load torque TL, flux @, la (A), and Ke.

T =Tloss+TL Eq. 6

T =Kelgpla Eq.7

The variable names, description and applicable default units used in the equations above are listed below.

Variable Description Unit
Ea Average emf induced in armature \%

la Armature current A

lif Field current A
Ke Machine constant Unitless
[0) Flux Wb
Ra Armature resistance Q

Rd Adjustable resistance Q

Re Ext. shunt resistance Q

Rf Field cail resistance Q

T Internal torque N[
TL Load torque N
Tloss Torque loss N[
Vi Terminal voltage \%
wm Mechanical radian frequency rad/s

Example 12.2.2:
Find the back emf for a motor with a machine constant of 2.1, rotating at 62 rad/sin aflux of 2.4 Wh.

Fi Fz Fz Fu FE Fa Fi Fz Fz Fu FE Fa
|T-:u:-1:- Solug | Grarh | Vigw | Ortsr | Edit |T-:u:-1:- Solug | Grarh | Vigw | Ortsr | Edit
DC Ehunt Mokor DC Ehunt Mokor

Enksr: Mech. Fadian Frequency Enksr: Mech. Fadian Frequency

Entered Values Calculated Results

Solution - Use the fourth equation to solve this problem. Select the equation with the cursor bar and
press[ENTER]. Press[F2] to display theinput screen, enter all the known variables and press(F2] to solve the
selected equation. The computed result is shown in the screen display above.

Given Solution
Ke=2.1 Ea=312.48 V
=24 Wb

wm=62. rad/s
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12.3 DC Generators

12.3.1 DC Series Generator

The two equationsin this section describe the properties of a series DC generator. The first equation
specifiesthefield current, [1f (A), and the armature current, la (A), to be the same. Thesecond equation
computesthe terminal voltage, Vt (V), in terms of the induced emf, Ea (V), load current, IL (A),
armatureresistance, Ra (Q), and seriesfield windings, Rs (Q).

la=IIf Eq. 1

Vt = Ea—(Ra +Rs) [IL Eq. 2

The variable names, description and applicable default units used in the equations above are listed bel ow.

Variable Description Unit
Ea Average emf induced in armature \%
la Armature current A
IIf Field current A
IL Load current A
Ra Armature resistance Q
Rs Seriesfied resistance Q
Vi Terminal voltage \%

Example 12.3.1:

Find the terminal voltage of a series generator with an armature resistance of 0.068 Q and a series
resistance of 0.40 Q. The generator deliversa 15 A load current from a generated voltage of 17 V.

Fi Fz Fz Fu FE Fa Fi Fz Fz Fu FE Fa
|T-:u:-1:- Solug | Grarh | Vigw |I:I|=-l:s- |Edit |T-:u:-1:- Solug | Grarh | Vigw |I:I|=-l:s- |Edit
DC Zerics Gengrakor DC Zerics Gengrakor
mEs: 17, U
mll: 15. A
mRal (EED R
mR=: .4 Q
Lt il
Enkgr: TeFmingl voltade Ong cormpleke Useabls solukion Found.
Entered Values Calculated Results

Solution - Use the second equation to solve this problem. Select thiswith the highlight bar and press
[ENTER]). Press(F2) to display the input screen, enter all the known variables and press [F2) to solve the
selected equation. The computed result is shown in the screen display above.

Given Solution
Ea=17.V Vt=9.98V
IL=15. A

Ra=.068 Q

Rs=4 Q
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12.3.2 DC Shunt Generator

Thefirst equation in this section expresses the induced armature voltage, Ea (V), in terms of the
machine constant, K e, the mechanical angular frequency, wm (rad/s), and flux, ¢ (Wb).

Ea = Keldumlgp Eq. 1

The second equation defines terminal voltage, Vt (V), in terms of the field current, 11 (A), external
resistance, Re (Q), and fidd coil resistance, Rf (Q). Thethird equation computes Vt in terms of load
current, IL (A), and load resistance, RI (Q). The fourth equation expresses Vt asthe induced emf, Ea
(V), minus armature IR drop, Rallla.

Vt =(Re+Rf) [If Eq. 2
Vt = IL[RI Eq. 3
Vt = Ea—-Rala Eq. 4

The armature current, la (A), isthe sum of theload current IL and field current I1f in thefifth equation.

la=IL+IIf Eq.5

Thefinal equation isan aternate form of expression for Ea.

Ea = Raa+(Re+Rf) [f Eqg. 6

The variable names, description and applicable default units used in the equations above are listed below.

Variable Description Unit
Ea Average emf induced in armature \Y

la Armature current A

IIf Fidd current A

IL Load current A
Ke Machine constant unitless
[0) Flux Wb
Ra Armature resistance Q

Re Ext. shunt resistance Q

Rf Field coil resistance Q

RI Load resistance Q

Vi Terminal voltage \%
wm Mechanical radian frequency rad/s

Example 12.3.2:

Find the machine constant of a shunt generator running at 31 rad/s and producing 125V with a 1.8 Wb
flux.
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| Fi | Fe Fz FYy | FE [FB | Fi | Fe Fz FYy | FE [FB
Toolsr|Zalug|Gr arh|Vicw|Orts-|Edit Toolsr|Zalug|Gr arh|Vicw|Orts-|Edit
DOC Zhunk Gengrator DOC Zhunk Gengrator
mEgi 125, U mEgi 125, U
= +Kei Z2.24014
ndi 1.8 Wb ngi 1.8 Wb
war IR IRER R mard
Enter: Mech. Fadian Frequency HAIH FAD AFFRON FUHC
Entered Values Calculated Results

Solution - Use the first equation to solve this problem. Select thisby pressing [ENTER]. Press(F2] to
display theinput screen, enter all the known variables and press [F2] to solve the selected equation. The
computed result is shown in the screen display above.

Given Solution
Ea=125.V Ke=2.24014
P=1.8Wb

om=31. rad/s

12.4 AC Motors

12.4.1 Three @Induction Motor |

These eleven equations define the rel ationships amongst key variables used in evaluating the performance
of an induction motor. Thefirst equation expresses the relationship between the radian frequency
induced in therotor, wx (rad/s), the angular speed of the rotating magnetic field, of the stator s (rad/s),
number of poles, p, and the mechanical angular speed, wm (rad/s).

a;r:as—g[wn Eq. 1

The second, third and fourth equations describe the slip, s, using ax, s, wm, p, the induced rotor
power per phase, Pr (W), and the power transferred to the rotor per phase, Pma (W).

SZl—Bé@ Eq. 2
2 ws

Pma

wr =Sl&s Eq. 4

Pmaisdefined in the fifth equation in terms of the rotor current, Ir (A), and the rotor phase voltage,
Ema (V).

Pma = 3Ur (Ema Eqg. 5

The sixth and seventh equations account for the mechanical power, Pme (W),in terms of p, aom, s,
Pma, and torque, T (Nh).
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szBGgﬁLx—nDPma Eq. 6
2 ws

Pme =T [dom Eq. 7

The eighth equation expressestorquein termsof p, Pma, and ws.

T:BEEdDE Eq. 8
2 ws

Thelast three equations show an equivalent circuit representation of induction motor action and links
the power, Pa with rotor resistance, Rr (Q), rotor current, Ir, dip s, rotor resistance per phase, RR1 (Q),
and the machine constant, KeM.

Pma = Rr 0r2 + =~ S[Rr (Or 2 Eq.9
S
Pa:EEIRr Or? Eq. 10
S
Rr = KR:\Q/llz Eq. 11
e

The variable names, description and applicable default units used in the equations above are listed below.

Variable Description Unit
Ema Phase voltage Vv

Ir Rotor current per phase A

KeM Induction motor constant unitless
p # poles unitless
Pa Mechanical power available w
Pma Power in rotor per phase w

Pme Mechanical power w

Pr Rotor power per phase w

RR1 Rotor resistance per phase Q

Rr Equivalent rotor resistance Q

S Slip unitless
T Internal torque N[
wm Mechanical radian frequency rad/s
wr Electrical rotor speed rad/s
ws Electrical stator speed rad/s

Example 12.4.1:

Find the mechanical power for an induction motor with a dip of 0.95, arotor current of 75 A, and a
resistance of 1.8 Q.
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Fi Fz Fz Fu FE Fa Fi Fz Fz Fu FE Fa

|T-:u:-1:- Solug | Grarh | Vigw |I:I|=-l:s- |Edit |T-:u:-1:- Solug | Grarh | Vigw |I:I|=-l:s- |Edit
F#induct. Mokor | F#induct. Mokor |

alr: 73. A mlri 7S5. H

Fa +FPai D32.895 U
- L1l 1 =]
s R LD =
HMAlN FAD AUTO FUMC One corplebe Useabls Selukion Found.

Input Values Calculated Results

Solution - Choose equation ten to compute the solution. Select by highlighting and pressing [ENTER].
Press(F2) to display the input screen, enter all the known variables and press [F2] to solve the equation

Given Solution
Ir=75 A Pa=532.895 W
Rr=18Q

s=.95

12.4.2 Three @Induction Motor Il

These equations are used to perform equivalent circuit analysisfor an induction motor. Thefirst

equation shows the power in the rotor per phase, Pma (W), defined in terms of therotor current, Ir (A),
rotor resistance, Rr (Q), and dip s.

Pma—&EI]r Eq. 1
S

The second equation showsthe expression for torque, T (Nh), in terms of poles p, Pma and radian
frequency of the induced voltage in the stator, ws (rad/s). Thethird equation isan alternate
representation of torque in terms of the applied voltage, Va (V), stator resistance, Rst (Q), Rr (Q),
inductive reactance XL (Q), and ws (rad/s).

T=§Ebdoﬁ Eq. 2
2 w5
2
nggﬂd?'—m var s
us S (RsH_Rrj + XL2 a
s

The fourth equation computes Tmmax (N[fh) represents the maximum positive torque available at the
rotor, given the parameters of the induction motor stator resistance, Rst, XL, Va, p, and ..

Va?
B
JRst? + XL? + Rst

Tmmax

-Moo

[—IB Eq. 4
ws

The maximum dlip, sm, in thefifth equation represents the condition when dT/ds=0.
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Rr

- Eqg. 5
VRS + X2 a

Sn=

The sixth equation defines the so-called breakdown torque, Tgmax (NImh), of the motor. Thefinal
equation relates, Rr (Q), with machine constant, KeM, and the rotor resistance per phase, RR1 (Q).

2
Tgmax:—EE-IBD va Eq. 6
4 s /RS + XL - Ret
RR1
= Eq. 7
KeM? |

The variable names, description and applicable default units used in the equations above are listed bel ow.

Variable Description Unit

Ir Rotor current per phase A

KeM Induction motor constant unitless
p # poles unitless
Pma Power in rotor per phase w

RR1 Rotor resistance per phase Q

Rr Equivalent rotor resistance Q

Rs Seriesfidd resistance Q

Rst Stator resistance Q

S Sip unitless
Sm Maximum dlip unitless
T Internal torque N[
Tgmax Breakdown torque N
Tmmax Maximum positive torque N[
Va Applied voltage \%

ws Electrical stator speed rad/s
XL Inductive reactance Q

Example 12.4.2:

An applied voltage of 125V is applied to an eight-pole motor rotating at 245 rad/s. The stator resistance
and reactanceis8 and 12 Q respectively. Find the maximum torque.

[FiIrz]’rsIru]rs IFEI] [FiIrz]’rsIru]rs IFEI]

Toolsr| Zolue | Grarh | Yigw | Oets- | Edit Toolsr| Zolue | Grarh | Yigw | Oets- | Edit
[2#Induct. MHokor 1] [2#Induct. MHokor 1]

np! 2. mpi 2.

mRstr 2. @ IEEtJ g.

Trmaxt *+Tmmax: 17 0658 H-m

mllz: 125, U mllz: 125, U

mpsi 245, radqos mpsi 245, radqos

wL wL

AN RAD AUTO FUHL Tne comFTete Useable solukion Feund.
Input Values Calculated Results

Solution - Use the fourth equation to compute the solution. Select by moving the cursor bar,
highlighting, and pressing[ENTER]. Press[F2] to display theinput screen, enter all the knownvariables and
press[F2] to solve the equation.
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Given Solution

p=8 Tmmax = 17.0658 Nmh
Rst=8.Q

Va=125.V

ws= 245, rad/s

XL=12. Q

12.4.3 1 Induction Motor

These three equations describe the properties of a single-phase induction motor. Thefirst equation
defines the slip for forward flux sf with respect to the forward rotating flux, @ (Wb). Theradian
frequency of induced is current in the stator, ws (rad/s). Other variables of conseguence include the
number of poles, p, and the angular mechanical speed of the rotor cam (rad/s). The final two equations
represent the forward and backward torques, Tf (NIh) and Th (Nh), for the system with respect to f,
the number of polesp, the electrical stator speed, we (rad/s), the equivalent rotor resistance, Rr (Q), and
the currents, I1sf (A) and I1sb (A). Theforward torque, Tf, isgiven by the power dissipated in the
fictitious rotor resistor.

sf =1—£é@ Eq. 1
2 ws
2
=Pt dS R Eq. 2
2 ws 203
2
To=-Pplt gl R Eq. 3
2 s 20{2-sf)

The variable names, description and applicable default units used in the equations above are listed below.

Variable Description Unit
Isb Backward stator current A

| f Forward stator current A

p # poles unitless
Rr Equivalent rotor resistance Q

f Sip for forward flux unitless
Tb Backward torque N[

Tf Forward torque N[
wm Mechanical radian frequency rad/s
ws Electrical stator speed rad/s

Example 12.4.3:

Find the forward dlip for an eight-pole induction motor with a stator frequency of 245 rad/s, and a
mechanical radian frequency of 62.5 rad/s.
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F1 FE F¥ T FE | F& F1 FE F¥ T FE | F&
Toolsr| Zolue | Grarh | Yigw | Oets- | Edit Toolsr| Zolue | Grarh | Yigw | Oets- | Edit
i4induction Hobor | i4induction Hobor |
mp: 2. api 8.
=f: +=f1 - 020408
mpni 52,5 radss mpni 52,5 radss
PRl 245, rad- s masd
Enkgr: Elec. skakor sFegd Ons cormplebe usgable solukion Found.
Entered Values Calculated Results

Solution - The first equation is needed to compute the solution. Select by highlighting and pressing
(ENTER]. Press(F2) to display the input screen, enter all the known variables and press [F2] to solve the
equation.

Given Solution
p=8 sf = -.020408
wm =625 radls
ws=245._radls
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Chapter 13: Gas Laws

This section computes properties and state changes for ideal and real gaseswith an emphasison ideal
gases. Sdlected topicsfor real gases include van der Waals, and Redlich -Kwong models. Theideal gas
constant, Rm, 8.31451 J/(mol [K) is automatically inserted into all cal culations and does nat appear in the
list of variablesin the calculator.

¢ ldeal GasLaws ¢ Kinetic GasTheory
¢ Real GasLaws ¢ Reverse Adiabatic
¢ Polytropic Process

13.1 Ideal Gas Laws

13.1.1 Ideal Gas Law

Theideal gaslaw approximates, to a high degree, the actual properties of agasat high temperature or low
pressure. Equations 1 and 2 define the molar volume, vm (m*mol), and specific volume, vs (m*/kg), of
the gasin terms of the number of moles, N (mal), of gasor total mass, m (kg), occupying avolume, V
(m®). Equations3, 4 and 5 are three alternate forms of the ideal gas relationship between pressure, p
(Pa), volume, V, temperature, T (K), molecular weight, MWT (kg/mal), and specific volume, vs. The
last equation computes molar mass, MWT, in terms of m and N.

\Y
vm= — Eqg.1
N
\Y
vs= Eq. 2
m
Rm
plys= Eq. 3
MWT
plV = N [Rm[T Eq. 4
pO¥ym= Rm[T Eq.5
m
MWT = — £q.0
N
Variable Description Units
m Mass kg
MWT Molar mass kg/mal
N No. moles mol
p Pressure Pa
Rm Molar gas constant 8.3145 J(mal K)
T Temperature K
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Variable Description Units
\Y; Volume m3

vm Molar volume m3/mol
Vs Specific volume m3/mol

Example 13.1.1:

A 2-liter container isfilled with methane (molecular mass = 16.042 g/mol) to a pressure of 3040 torr at
room temperature (25°C). Calculate the number of moles and the total mass of methane.

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit Toolsw| Zelue | Grarh | Micw | Detse | Edit

IN'HI'l [ H LICIU.II IN'HI'l [ H LICIU.II
s 1
wflIT: 16,0842 g<mol s . ?fmol
: +H: L 32699 mo
l$= 040, tore l$= 040, tore
m[: 25, °C mT: 25, °C
all: mlls 2,1
Enker: Yolurmg Enker: Mass
Entered Values Computed results

Solution - Select the fourth and sixth equationsto solve this problem. All the equations can be viewed at
the equation screen wherein the two equations 4 and 6 can be selected by using the © key to highlight the
desired equation and pressing [ENTER]. Once both equations have been sdlected, press(F2] to display all the
variablesin the selected equation set. Usethe © key to move the highlight bar to the variable needing
data. Enter the value for the variable then press[ENTER]. Repeat this until valuesfor all known variables
have been entered. Press(F2] to solve the selected equation set. The computed results are shown in the
screen display shown here.

Given Solution

MWT = 16.042 g/mol m = 5.24558 g
p=3040 torr N =.32699 mal
T=25.°C

V=21

13.1.2 Constant Pressure

The following equations describe the changes of the state for a fixed quantity gas at constant pressure, p.
Equation 1 describes Charles's Law- volume, V (m®), of a fixed amount of gasis directly proportional to
the absolute temperature, T (K). Equations 2 and 3 express rel ationship between W12 (J) in terms of
pressure and volume or moles and temperatures change respectively. Equations4 and 5 calculate the
changein total entropy, S21 (JK), and mass-specific entropy (entropy per unit mass), ss21 (J(kglK)),
dueto changein temperature, T2-T1 (K). Equation 6 calculatesthe changein entropy per mole of gas,
sm21 (J(moal[K)), from ss21, and molecular mass, MWT (kg/mol). Equations7 and 8 compute the
transfer of heat to the system, Q12 (J), due to expansion under constant pressure. Equations9 and 10
describe the relationships between the specific heat ratio k, to the specific heats constant volume, cv
(J(kgK)), and constant pressure, cp (J(kglK)). Equation 11 relates molecular weight, MWT (kg/mal),
to the number of moles, N (mol) and total massof the gas, m (kg).

Vi T1
W12 = -pV2-V1) Eq. 2
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Wi12=-N [Rm[(]TZ —Tl) Eq.3
T2
S21=mldpn — Eq.4
T1
T2
ss21=cpln — Ea.5
T1
sm21= MWT [$s21 Eq. 6
Q12=miep{T2-T1) Eq. 7
Q12 = kW12 Eq. 8
k-1
cp=cv+ Eq. 9
MWT
k= @ Eqg. 10
cv
Mwr = 1 Eq. 11
N
Variable Description Units
cp Specific Heat-constant pressure J(kgK)
v Specific Heat-constant volume J(kgK)
k Specific Heat Ratio unitless
m Mass kg
MWT Molar Mass. kg/mol
N No. moles mol
p Pressure Pa
Q12 Hesat Transfer: 1.2 J
Rm Molar Gas constant 8.3145 J(mal K)
sm21 Entropy Change-mole; 12 J(mol K)
ss21 Entropy Change-mass: 1 2 J(kgK)
S21 Entropy Change: 12 JK
T1 Initial Temperature: 1 K
T2 Final Temperature: 2 K
Vi Initial Volume m3
V2 Final Volume m3
W12 Work Performed: 1 -2 J

Example 13.1.2:

Dry air hasamolecular mass of 0.0289 kg/mol; see mwa in Reference/Engineering Constants, and a
specific heat of 1.0 J(g-K) at constant pressure of 1 bar in the temperature range of 200-500K. Airina3-
m3 cylinder performswork on africtionless piston, exerting a constant pressure of 1 bar. A heating
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element increases the temperature of the air from 45°C to 200°C. Assuming the air hasideal gas
behavior, calculate the change in volume, the work performed on the piston, and the heat absorbed by the
gas due to heating.

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

Icﬁl'lstﬂl'lt Fressurs

| IA-H

s . =]
wfUT: 0289 kg-mol
#HM: 113,41 mo

.E: 1. _bar

#0128 SO2022. T

aT1: 45, 20

aT2: 200, °C 4
Enter: Tr. Heat 31 const, Fress. LY ||

Upper Display

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit
[Constant Fressure
#H: 113,41 mal T

.E: 1. bar
#1280 SO2022, T
a1t 45, °C
wT2: 200, °C

o

allis F.om
#0214, 46157 w3
+)12: IEE i

=]

Enter: Hork Ptr’F-:-rm-zd:i-}
Lower Display

Solution - Select equations, one, two, three, seven and eleven.

Given: Solution:

cp =1 J(g-K) m = 3.27756 kg
MWT = 0.0289 kg/mol N =113.41 mol
p=1bar Q12 =508022 J
T1=45°C V2=4.46157m°
T2=200°C W12 = -146157 J
Vi=3m?

13.1.3 Constant Volume

The following equations describe the changes of state for a fixed quantity gas under constant volume, V
(m®), conditions. Equation 1 often called Gay-Lussac’s Law, states that the pressure of a fixed quantity
of gasisdirectly proportional to the absolute temperature under conditions of constant volume.
Equations 2 and 3 compute heat, Q12 (J), absorbed by the constant volume system. The fourth and
fifth equations compute the changein total entropy, S21 (¥K), and mass-specific entropy (entropy per
unit mass), ss21 (J(kgK)), due to change in temperature, T2-T1 (K) under conditions of constant
volume. Equation 6 calculates the change entropy per mole of gas, sm21 J(mol [K), from ss21 and
molar mass, MWT (kg/mol). Equations7 and 8 compute the specific heet ratio, k, from the specific
heat for constant volume, cv J(kg[K), and constant pressure, cp (J(kglK)). Thelast equation relatesthe
molar mass, MWT, to the number of moles, N (mol), and total massof the gas, m (kg).

p_2 = T_2 Eq. 1
ol T1
Q12 = mev (T2 - T1) Eq. 2
Q2= \M Eq. 3
k-1
S21 = midv mn(T—Zj Eq. 4
T1
1= Cv[l]n(T—Zj Eq. 5
T1
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sm21= MWT [3s21 Eq. 6
cp=cv Eq. 7
MWT
K =P Eq. 8
cv
Mwr = 1 Eq. 9
N
Variable Description Units
cp Specific heat-constant pressure J(kgK)
ov Specific heat @ constant volume J(kgK)
k Specific heat ratio unitless
m Mass kg
MWT Molar mass kg/mol
N No. moles mol
pl Initial pressure Pa
p2 Final pressure Pa
Rm Molar gas constant 8.3145 J(mal K)
Q12 Heat transfer J
S21 Entropy change: 12 JK
sm21 Entropy change-mole; 12 J(molK)
s21 Entropy change-mass. 12 J(kgK)
T1 Initial temperature K
T2 Final temperature K
Vv Volume m3

Example 13.1.3:

An électric current transfers 2 J as heat to argon contained in a173 cm® neon sign. Thenoblegasis
initially charged to a pressure of 14 psi at 10°C.  Argon has amolar mass of 39.948 g/mol, aspecific heat
at constant pressure of 0.52 J(g-K) (see Reference/Thermal Properties/Cp Liquids and Gases). For an
ideal gas, the molar specific heat ratio is5/3. Calculate the specific heat at constant volume, the final
temperature and pressure, the total mass of argon and the total increase in entropy.

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | | Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | |
[Constant Velure] [Eonstant Valure]
'“”%q #M: LOOFE9E mol T

L=tV SLgek mpl: 14, pzi .

mki 1,66667 *Ezl 15,1178 p=i

#mi L OQE284 kg milizs 2,

mfuT: 39,948 g-mol #5710 (OQETRE TAK

+HI L O0PO9E mol aT1: 10, °C

mpl: 14, pzi i #+T2: FZ.60E31 °C

+p2: 15,1172 psi 1 u L) IR

Enter: Tr. Heat 31 const, Fress. Enter: Polums LY ||
Upper Display Lower Display

Solution — The molar specific heat ratio is the same as the mass specific heat ratio k. Select equations
one, two, three, four, eight and nine to solve this problem

Given Solution

cp =.52 Jg-K) cv =.311999 J(g-K)

k=5/3 m =.000284 kg
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MWT = 39.948 g/mol N = 0.007098 mal
pl=14ps p2 =15.1178 psi
Q12=21J S21 =.006796 JK
T1=10°C T2=32.6081°C
V =173 cm"3

13.1.4 Constant Temperature

Often called Boyl€' s Law, the fir st equation shows that the pressure of afixed quartity of gasis
inversely proportional to the volume if the temperature, T (K), remains constant. Equations2 and 3
calculate the energy leaving the system in the form of work, W12 (J), for areversible isothermal
expansion between initial volume, V1 (m®), and final volume, V2 (m3). Equation 4 displays the heat
transferred to a system, Q12 (J), undergoing reversible expansion is converted to work, W12 (J), leaving
the gas system during an isothermal process. Equation 5 computesthetotal entropy change, S12 (JK),
from the heat transferred to the system, Q12 (J), at temperature, T (K). Equations 6, 7 and 8 compute
the entropy per mass (specific), ss21 (J(kgK)), and entropy per mole, sm21 (J(mol[K)). Thelast
equation computes the molar mass, MWT (kg/mal), from the number of moles, N (mal), and total mass
of the gas, m (kg).

p_2 = E Eq. 1
pl V2
W12= -N R (T | Y2 Eq. 2
V1
Wi2 = —plN’l[lh(V—zj Eq. 3
V1
Q12 = -W12 Eq. 4
T
ss21= RmT Oh V_2 Eq. 6
V1
m
sm21= MWT [$s21 Eq. 8
mwt =M Eq. 9
N
Variable Description Units
m Mass kg
MWT Molar Mass kg/mol
N No. moles mol
ME[Pro for TI-89, TI-92 Plus 103
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Variable Description Units
pl Initial Pressure Pa

p2 Final Pressure Pa

Q12 Heat Transfer J

Rm Moalar Gas constant 8.3145 J(mal K)
sm21 Entropy Change-mole: 12 J(molK)
s21 Entropy Change-mass: 12 J(kgK)
S21 Entropy Change: 12 JK

T Temperature K

V1 Initial Volume m3

V2 Final Volume m3

W12 Work Performed: 1.2 J

Example 13.1.4:

A 60-liter tank of compressed nitrogen gas, measured at 22 atm relative to atmospheric pressure, is used
to inflate alarge Stay Puft marshmallow balloon figure. Following inflation, the equilibrium pressure
between the marshmallow man and the tank is 3 atm, relative to the atmospheric pressure. Assuming a
reversible expansion occurs at a constant temperature of 25°C, what is the volume of the marshmallow
figure? How much work was performed to inflate the figure? What was the total mass nitrogen initially
in the tank? The molar mass of nitrogen is 28.02 g/mol.

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | | Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | |
Const.Temperature Const.Temperature
L wflT: _28.02 g-mol T

m[qLIT: . g-mol #H: 53,9334 mol

+H: 53.9534 mol H

mpli 22, atm

-$2: Z. atm

m[: 25, °C

mlli: G50, 1

#2440, 1 4 A

One complebe usgable solubion Found. Enter: Hork Ferformed:iss
Upper Display Lower Display

Solution — Select equations one, two, three and nine. The volume of the inflatable figure isthe
difference between V2-V1 (3801).

Given Solution

MWT = 28.02 g/mal m = 151178 kg

pl =22 atm N = 53.9534 mal

p2=3am V2=4401

T=25°C W12 = -266486 J (energy leaving the system as work)
V1i=60lI

13.1.5 Internal Energy/Enthalpy

These equations compute changesin entropy, enthalpy and internal energy for ideal gases between initial
and final states. Equation 1 computesthe changein internal energy us21 (Jkg), of an ideal gasfrom
change in temperature T2-T1 (K), and specific heat at constant volume cv (J(kgK)). The second
equation computes us21 from changesin pressure, p2-p1 (Pa), and specific volume, vs2-vsl (m%/kg),
and from the specific heat ratio k. Equations 3 and 4 compute the change in specific enthalpy, hs21
(Jkg), from the change in temperature, T2-T 1, and specific heat at constant pressure, cp (J(kglK)), or
from the molar specific heat ratio k and changesin specific volume, vs2-vsl, and pressure, p2-pl.
Equations 5, 6 and 7 calculate the change in entropy per kilogram of substance, ss21 (J(kgK)), from a
combination of temperature, specific volume, or pressure changes. Equations 8, 9 and 10 compute the
molar versions of enthal py difference, hm21 (Jmal), internal energy difference, um21 (¥moal), and
difference in entropy, sm21 (J(mol[K)), from their mass equivalents hs21, us21 and ss21. Equation 10
describes the relationship between specific heats at constant pressure, ¢p, and constant volume, cv, for an
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ideal gas. Theequation 11 calculatesk, the ratio of specific heat at constant pressure, cp, and the
specific heat at constant volume, cv. Thelast two equations show theideal gaslaw for theinitial (1) and
fina (2) states.

us2l=cv[{T2-T1) Eq.1
UD1 = p2 [¥s2 — plivsl Eq. 2
k-1
hs21=cp{T2-T1) Eq. 3
k-1
s21=cv [l]n( j (—Szj EqQ.5
sl
ss21=cp [l]n( (p—lj Eq.6
ss21= [cp Elh(g) +cv [ﬂn(p—zjj Eq.7
vsl pl

hm21= MWT [hs21 Eq.8

um21= MWT [mis21 Eq.9

sm21= MWT [s21 Eq. 10

cp=cv+ Eq. 11
MWT

K = P Eq. 12

cv

plivsl = _Rm T1 Eq. 13
MWT

P22 = 17 Eq. 14
MWT

Variable Description Units

cp Specific Heat -const. pressure J(kgK)

cv Specific Heat-const. volume J(kgK)

hs21 Enthalpy Change-mass: 1 - 2 Jkg

MEPro for TI-89, TI-92 Plus 105
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Variable
hm21

MWT

p2
Rm
sm21
ss21
T1
T2
um21
us21
vsl
vs2

Example 13.1.5:

Description

Enthalpy Change-molar: 12
Specific Heat Ratio
Molecular Weight

Initial Pressure

Final Pressure

Molar Gas constant

Entropy Change-mole; 12
Entropy Change-mass: 12
Initial Temperature

Final Temperature

Internal energy change-molar: 12

Internal energy change-mass: 12

Initial Specific Volume
Final Specific Volume

F3: Equations/3: Gas Laws

Units

Jmoal

unitless

kg/mal

Pa

Pa

8.3145 J(mal K)
J(malK)
J(kgK)

K

K
Jmol
Jkg
m3/kg
m3/kg

Helium (molar mass = 4 g/mol) is compressed adiabatically from a pressure of 2 bars to a pressure of 4
bars. Thetemperature increasesfrom 300 K to 476.22 K. What aretheinitial and final values for
specific volume, and the change in entropy per mass, and entropy per mole? Since helium is an ideal

monatomic, gas the specific heat ratio k isequivalent to 5/3.

Fi Fz

F Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

*cpl

+ss21%

Ink.Enck 3w Enkhalry

*#CL0E

mki 1 T
mfily 4. grmol
lp%= El

mpZi 4. bhar
#zm2li 3.84211 Joimol oKD
QE0. 526 JoOka Ky 4

Enter: 5p. Heat & consk. prass.

Upper Display

Fi Fz Fz Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

Ink.Enck 3w Enkhalry

mpli 2.
L=
+zmZls 3.8
950

aT1l: 3@
6.2

wTZ: 37,
wuzlt 3. 11794 m"3-k

st

Entsr: Final 55, Yol

Lower Display

Solution — Select equations 6, and 10 through 14 to solve this problem

Given

k=5/3

MWT =4 g/mol
pl= 2 bar

p2 = 4 bar
T1=300K
T2=476.22K

Solution

cp = 5.19657 J(gK)
cv = 3.11794 J(gK)
sm21 = 3.842121 J(mol [K)
ss21 = 960.526 J(g[K)
vsl = 3.11794 m"3/kg
vs2 = 2.47471 m"3/kg

13.2 Kinetic Gas Theory

These two equations calcul ate the velocity and distribution for moleculesin a gas phase. The first
equation computes vr ms (m/s), the root mean speed for moleculesin an ideal gas, as afunction of mass
temperature, T (K), and molecular weight, MWT (kg/mol). Thesecond equation calculates the fraction
of molecules, f, in a gas sample having velocities in the range, vel £ Av/2 (m/s). The second equation is
often referred to as the Maxwell distribution of speeds.

3[RmT
MWT

vims =

Eq.1
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g _MwTme? Eq. 2
f—4m[é j Wel’[@ 2" [Av a
2T[RmMLT
Variable Description Units
Av Vel ocity range m/s
f Distribution function Unitless
MWT Molecular weight kg/mol
Rm Molar gas constant 8.3145 J(mal K)
T Temperature K
vel Vel ocity m/s
vrms RMS velocity m/s
Example 13.2:

ghrwpdnpE

o

Eingkic 3a5 Theory
maui 10, mes
#f: 02102
wHWTE 32, g-mol
aT: JO0. K
muzll

Enter: Welociby

Press(F3], enter xmin=0 and xmax=1000.

Computed Results

A container isfilled with molecular oxygen (MWT = 32 g/mol) at 300 K. What fractions of molecules
have velocitiesin the range of 395-405 m/s? Plot the distribution function as afunction of velocity.
Find the vel ocity where the maximum fraction occurs.

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

Mz imum

HMAlW

2o i394, 830

RAD AUTO

=3I R ROy
FLHE

Graph of f(vel).

Select f asthe dependent variable and vel as the independent variable.
Move the cursor to the bottom of the screen and press [ENTER] to select Full Screen mode.
Press(F3] to plot the function.
Once the graph has been made, press(F5): Math, [4]: Maximum. A prompt will appear asking you to
select a Lower Bound.
Move the cursor to the left side of the maximum and press[ENTER]. A prompt asks you to enter the
upper bound. Move the cursor to the right side of the maximum point and press (ENTER].

A maximum val ue appears on the bottom of the screen as shown in the screen display above.

Given

Av=10m/s
MWT = 32 g/mol
T=300K

vel =400 m/s

MEPro for TI-89, TI-92 Plus
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f =0.02102

Solution — Select the second equation. Enter the known values and compute f. To graph the function:
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13.3 Real Gas Laws

Ideal gaslaws assume the gas molecules are perfectly elastic spheres and that the average distance
between moleculesislarge. Thisgenerally occurs at high temperatures or low pressure. However, under
conditions of high pressure or low temperature and when the concentration of moleculesincrease, the
forces between mol ecul es become more significant and cause noticeable deviations from ideal gas
behavior. Thisgenerally occursfor conditions of high pressure or low temperature. The van der Waals
and Redlich-Kwong equations are two of several methods used to approximate the effect of inter-
molecular interactionsin gas calculations. The coefficients for each method are specific to a particular
gas and can be approximated from information using the critical temperature and critical pressurefor a
gas. Either method isan approximation and islikely to differ in itsaccuracy over certain regions. The
equation setsfor both the van der Waal and Redlich-Kwong methods have been adapted in molar and
specific volume (gravimetric) forms.

13.3.1 van der Waals: Specific Volume

The van der Waals equation is one of the oldest methods to approximate the behavior of real gases. It has
areasonable accuracy for awide range of conditions. Thefirst equation isamodified form of the ideal
gas equation found in 13.1.1: (Equation 3). The first coefficient, avws (Palin®/kg?), accounts for the
attractive or repulsive forces between molecules, which reduce or increase pressure. The affect of these
inter-molecular forces, according to the equation 1, isinversely proportional to the square of the gas
volume vs (m*kg). The second coefficient, bvws (m%kg), accounts for the reduction in specific volume,
vs, due to the space occupied by the gas moleculesthemselves. The second and third equations
approximate the coefficients avws and bvws from the critical temperature Tcr (K), the temperature,
above which, aliquid phase no longer existsfor a particular gas, and critical pressure pcr (Pa), the
pressure, at the critical temperature, when the phase boundary between the liquid and gas phase isnon
existent. Thelast equation relatesthe molar mass, MWT (kg/moal), to the number of moles, N (moal),
and total massof the gas m (kg).

avws Rm
+ vs—bwws) =——— [T Eqg.1
(p Vs jm ) MWT
27 { Rm Y’ Tcr?
aws=—[[l—— | — Eq. 2
64 \ MWT pcr
1_Rm TJcr
b =0 [T Eq. 3
8 MWT pcr
MWT = m Eq. 4
N
Variable Description Units
avws Coefficient van der Waals Pali® /kg?
bvws Coefficient van der Waals m3 /kg
m Mass kg
MWT Molecular weight kg/mol
N No. moles mol
ME[Pro for TI-89, TI-92 Plus 108
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Variable Description Units

P Pressure Pa

pcr Critical pressure Pa

Rm Molar gas constant 8.3145 J(mal K)
T Temperature K

Ter Critical temperature K

Vs Specific volume m3/kg

Example 13.3.1:
What are approximated values for the van der Waals coefficients of ammonia (NH3)? Use a specific
volume for a pressure of 20 atm and a temperature of —73.15 °C. The molar mass of NHz is
approximately 17 g/mol.

Toroj:lsr $§'Fut Grrgph '.'iFtHl.-.l IJpFl:ssr EFdEitl | Toroj:lsr $§'Fut Grrgph '.'iFtHl.-.l IJpFl:ssr EFdEitl |
Yan der WaakieVol| Yan der WaakieVol|

N #aust 146904 Pa-mreska..

I'JUI.I\.IS:! *huys:

alMWT: 17. a-mol ulLIT: . asmMo

mpl 20, atm@ mpl 20, atm@

Illn-_-:ﬂ 111.5 atm Illn-_-:ﬂ 111.5 atm

m]: -73.15 °C m]: -73.15 °C

aTord Z270.35 °F aTord Z270.3 °F

st 4zt L OOZEEZ m™3-ka

Enter: Cocff. an der Haals On complete useable solution found.  IATEE
Entered Values Computed Results

Solution — Select equations one, two and three. The critical temperature and pressure for several
compounds, including ammonia are listed in theCritical Data —-Gases topic of Gasesand Vaporsin the
Reference section of MEsPro. The critical temperature is listed as 270.3 °F and the critical pressureis
111.5 atm.

Given Solution

MWT = 17 g/mol avws = 1469.04 Pa-m°/kg?
p=20atm bvws = .002195 m*/kg

per = 111.5 atm vs = .002662 m*/kg
T=-73.15°C

Ter = 270.3°F

13.3.2 van der Waals: Molar form

These equations are the molar versions of the gravimetric (mass) van der Waals equationslisted in the
previous section. |n other words, the properties per quantity of gas are expressed in moles instead of
mass, ex: vs (m*/kg) are now vm (m*mol). Thefirst equation isan adapted form of theideal gas
equation p-V=n-Rm-T which accountsfor the effect of attractive and repulsive forces between molecules.
The molar van der Waals coefficients, avwm (Pain®mol?) and bvwm (m*moal), which approximate the
effect of these forcesfor a particular gas, can be estimated from the critical temperature, Tcr (K), and
critical pressure, per (Pa), datausing Eq. 2 and 3.

avwm
(p+ > )E(]vm—bvwm):RmEI' Eqg.1
vm
27 2
awm= — [RnY E—ITi Eq. 2
64 pcr
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owim =L 1S
8 pcr

Variable Description Units

avwm van der Waals coefficient - molar Palhb/mol?2

bvwm van der Waals coefficient-molar m3/mol

p Pressure Pa

pcr Critical pressure Pa

Rm Molar gas constant 8.3145 J(mal K)

T Temperature K

Ter Critical temperature K

vm Molar volume m3/mol

Example 13.3.2:
K.A. Kobe and R.E.Lynn, Jr. (Chem. Rev., 52:117-236 1953) reported critical pressure and temperature
valuesfor CO,as 7.39 MPa and 304.2 K. Thisdatais also available in Reference under Crit.Data-Gases
in Gases and Vapors. Determine whether the van der Waal coefficients for carbon dioxide listed in the
CRC 73" ed., can be used to approximate these same values. The molar van der Waal coefficients for
CO;, listed in the CRC 73" Ed (a, b) are 3.592 atm: liters’/mol® and 0.04267 liters/mol. The molar mass of
carbon dioxideis44.01 g/mol.

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit Toolsw| Zelue | Grarh | Micw | Detse | Edit

Yan der WHaalkMolar| Yan der WHaalkMolar|
maymi .52 atm- 172-mol. maymi .52 atm- 172-mol.
mhgmi L B42ET7 1Mol mhgm L B42ETY 1Mol

crill *pcii 7L d4E362 MPa
e + Tk i ST

Enter: Crib, Fressurs Enter: Crikical Terap.

Entered Values Computed Results

Solution — Select the second and third equations to solve this problem.

Given Solution
avwm = 3.592 atm:1%/mol? per = 7.40362 MPa
bvwm = 0.04267 |/mol Ter = 303.962 K

13.3.3 Redlich-Kwong: Sp.Vol

The Redlich-Kwong equations of state (Chem. Rev., 44, 233, 1949) offer another method for accounting
for inter-molecular forces of attraction and repulsion in calculating gas parameters. Thefirst equation is
amodified version of theideal gaseguation, p-V=n-Rm-T. The second and third equations
approximate the gravimetric (mass) forms of the Redlich-Kwong coefficients, ar ks Palm®/(kg* &%) and
brks (m%kg), from the critical pressure, pcr (Pa), and temperature, Tcr (K), of aparticular gas. Thelast
equation relatesthe molar mass, MWT (kg/mal), to the number of moles, N (mol) and total massof the
gasm (kg).

Rm[T arks
p= - Eq.1
MWT [vs—brks) T*° skivs+brks)
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2 25
arks:.4275[é Rm j [ﬁTcr j Eq.2
MWT per
brks=0867 2 <" Eq. 3
MWT  pcr
MWT = m Eq. 4
N
Variable Description Units
arks Redlich Kwong coefficient-mass Pali®/(kg?K-5)
brks Redlich Kwong coefficient-mass m3/kg
m Mass kg
MWT Molar Mass kg/mol
N No. moles mol
p Pressure Pa
pcr Critical Pressure Pa
Rm Molar Gas constant 8.3145 J(mal K)
T Temperature K
Ter Critical Temperature K
S Specific Volume m3/kg

Example 13.3.3:

Calculate the Redlich Kwong coefficients for Argon and the specific volume at a pressure of 30 bars and
atemperature of 190 K. The molar mass of Argon is39.95 g/moal.

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit
|R-zd-Kwon3:SP.'.'¢1|

arksi
b kst
aMWT: 39.95 g<maol
apl 30, bar .
mpohi FES, 2 psi
m[: .
aTcr: 271.3 °R

i

ys:
Enter: Sk, Wolums

Entered Values

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

[Fed-Ewend:zetal]
+arksi 1.05527 kPa-m™ 6 k..
+hrkst L OEASSE mt3okg
wflIT: 39.95 g<mol

RBert E9E psi
LT=I=1a] . =i
-?: 190, F
aTord 271,35 “R
s

Enter: Sk, Wolums

Computed Results

Solution — Select equations 1, 2, and 3 to solve thisproblem. The critical temperature and pressure for
several compounds, including argon are listed in Refriger ants-Cryogenic Propertiesin the Reference
section of ME=Pro. Thecritical temperature is listed as 271.3 °R and the critical pressureis709.8 psi.

Given

MWT = 39.95 g/mol
p = 30 bar

pcr = 709.8 psi
T=190K

Tor =271.3°R

MEPro for TI-89, TI-92 Plus
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Solution

arks = 1.05527 kPa-m®/kg* VK
brks = 0.000556 m%/kg
vs=.0011763 m%kg
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These equations are the molar form of the Redlich Kwong equations. The first equation isa modified
version of theideal gaseguation, p-V=n-Rm-T. The second and third equations approximate the molar
forms of the Redlich Kwong coefficients, arkm Pa®(mol*¥K) and brkm (m%moal), from the critical
pressure, per (Pa), and temperature, Ter (K), for a specific gas.

Rm(CT arkm
p = - Eq.J_
vm-brkm /T mfvm+brkm)

A275[RnY [Ter®®

arkm= Eq. 2
pcr

0867 [Rm[Tcr

brkm= Eq.3
pecr

Variable Description Units
arkm Redlich Kwong coefficient-molar pam-]G/(de[K.S)
brkm Redlich Kwong coefficient, molar m3/mol
p Pressure Pa
pcr Critical Pressure Pa
Rm Molar Gas constant 8.3145 J(mal K)
T Temperature K
Ter Critical Temperature K
vm Molar Volume m3/mol

Example 13.3.4:

The molar Redlich Kwong coefficients for Helium (He) are listed on page 143 of Reference 1 the listed
values are 8.168 kPa (m*kmol) 2 and 0.01655 (m*kmol) respectively. Verify that these values are
consistent with calculations from critical pressure and temperature data for helium located in

Reference/Refrigerantsy Selected Materials.

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

IRQd'KWﬁI‘I3:M¢1UFI

n cr:I!S. psi
aTcri: -450. *F

Enter: Coeff. Bedlich Kwonds molar

Entered Values

Fi Fz Fz Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

+ar kP R T
*hkms_ L O I

mpcki 33, psi

aTcr: -450. °F

Enter: KK cogff.—rmolar

Computed Results

Solution — Thevaluesfor critical temperature and pressure for Helium listed in Reference are—450°F and
33 psi, respectively. Select the second and third equations to solve this problem.

Given Solution
arkm =8.68883 kPalh®/kmol’WK
brkm = .000017 m® /mol

pcr = 33 psi
Ter = -450 °F
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13.4 Reverse Adiabatic

These equations compute internal energy change per unit mass, us21 (Jkg), enthalpy change per unit
mass, hs21 (Jkg), and work performed W12 (J), for an ideal gas undergoing a reversible adiabatic
process. A reversible adiabatic processisalso referred to as isentropic, i.e.: total entropy remains
constant throughout the transition between initial and final states. Equations 1, 2, and 3 describe the

rel ationships between pressure, temperature and volume for areversible adiabatic process between initial
state, p1 (Pa), V1 (m?), T1 (K), and final state, p2 (Pa), V2 (m®), T2 (K). Equations4, 5and 6 compute
the work, W12, performed for a reversible adiabatic transition between theinitial and final states.
Equation 7 calculates theinitial and final specific volumes, vsl (m%kg) and vs2 (m*/kg). Equations8
and 9 compute the change in specific energy, us21 (Jkg), for an isentropic process. Equation 10
calculates the change in specific enthalpy, hs21 (Jkg), for areversible adiabatic process. Equation 11
computes k, the ratio of the specific heats at constant pressure cp J(kgK), and volume cv (J(kgK)).
Equation 12 relates molecular mass, MWT (kg/mal), to the number of moles, N (mol), and total mass of
the gas, m (kg). Equations 13 and 14 compute the specific volumes of theinitial and final specific
volumes, vsl and vs2. Thefinal three equations are specific for an ideal gas. Equations 15 and 16
expresstheideal gaslaw of theinitial and final statesfor specific volume, vsl and vs2. Thelast
equation computes the specific heat at constant pressure, cp, for an ideal gas from the specific heat at
constant volume, cp, and molar massMWT.

k
p2 (V1
k-1
T1 \V2
k=1
T_2: p_2 “ Eq. 3
T1 | pl
W12 =midv [([T2-T1 Eq. 4
W12 = p2V2- pliVl Eq.5
k-1
k=1
p2 ) X
W12 =
k-1
1
V2 = vel E)“ Ea.7
T2
us2l=cv[(T2-T1) Eq.8
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UD1 = p2 ¥s2 — plivsl Eq. 9
k-1
k-1
K = P Eq. 11
cv
Mwr = 1 Eq. 12
N
val = V—l Eq. 13
m
V2 = V—2 Eq. 14
m
Rm
plivsl=———[T1 Eq. 15
MWT
Rm
P22 =———[T2 Eq. 16
MWT
cp=cv+ Eq. 17
MWT
Variable Description Units
cp Specific Heat-constant pressure J(mol[K)
cv Specific heat -constant volume J(mol[K)
hs21 Enthalpy change Jkg
k Specific heat ratio Unitless
m Mass kg
MWT Molar mass kg/mol
N No. moles mol
pl Initial pressure Pa
p2 Final pressure Pa
Rm Molar gas constant 8.3145 J(mal K)
T1 Initial temperature K
T2 Final temperature K
us21 Internal energy change Jkg
1 Initial volume m3
V2 Final volume m3
vsl Initial specific volume m3 /kg
vs2 Final specific volume m3/kg

MEPro for TI-89, TI-92 Plus
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Variable Description Units
w12 Work performed J

Caution: Because the equations represent a set where several subtopics are covered, the user has to select
each equation to be included in the multiple equation solver. Pressing (F2] will not select all the equations
and start the solver.

Example 13.4:

Acetylene (C,H,, MWT=26 g/mol) undergoes adiabatic compression from an initial pressure of 1 bar at
an initial volume of 10 m* to afinal pressure of 5 bars. The temperature, following compression, is 300
K. What isthe initial temperature, fina volume, work performed, change in internal energy and
enthalpy? Information regarding the specific heat of acetylene can be found in the Refer ence section
under Thermal Properties/Specific Heat/Cp Liquidsand Gases and Cp/Cv Lig. and Gasesat 1 atm.
Assume that the ratio of specific heats cp/cv remains constant over this pressure range and acetylene
exhibitsideal gas behavior.

Toroj:lsr $§'Fut Grrgph '.'iFtHl.-.l |I:IPFI:5:1- EFdEit | | Toroj:lsr $§'Fut Grrgph '.'iFtHl.-.l |I:IPFI:5:1- EFdEit | |
[Exuerse adiabatic] [Exuerse adiabatic]
+hs21 #T1: 213,282 K T
mpz 1, nTZ: 300,
aMUT: 26. g-mol #2218 103090, Jqkg
apl: 1. bar mlli: 10, @™
mpZt 5. bar #)2: 2.81317 w3
+T1: 213,282 K +usli (EE2OS3 m™3-kg
nT2: FOQ. K 521 191873 wEskg
#us21: 103090, J-kg 4 gy 1.o1147es ]
One complebe usgable solubion Found. Enter: Hork Ferformed:iss
Upper Display Lower Display

Solution — Select Equations, one, two, six, seven, nine, ten and fifteen. Use alisted value of cp/cv =
1.269 for acetylene from Thermal Properties/Specific Heat/Cp/Cv Lig. and Gases at 1 atm in the
Reference section.

Given Solution

k =1.269 hs21 = 130822 Jkg
MWT = 26 g/mol T1=213.282K
pl=1 bar us21 = 103090 Jkg
p2 = 5 bar V2=281317m?
T2=300K vsl = .682053 m*/kg
vi=10m? vs2 = .191873 m¥kg

W12 = 1.51147e6 J

13.5 Polytropic Process

A quasi-equilibrium compression or expansion of an ideal gasis often referred to as polytropic. A
criteriafor a polytropic processisthat it occursat a sufficiently slow rate, that the system boundary is
fully resisted by an external force at every stage between the initial and final state that the system, and
therefore can be said to be in equilibrium at any stage in the entire process. The magnitude of work
performed between the initial and final statesis equivalent to the sum (integral) of the incremental work
performed at each equilibrium stage between theiinitial state, p1 (Pa), V1 (m®), vsl (m*kg), and T1 (K).
and final state, p2 (Pa), V2 (m?), vs2 (m*/kg), and T2 (K). Equation 1 relatesthe pressure p1, p2 to
volume V1, V2in apolytropic process. Equation 2 computesthe polytropic specific heat, cn (J(kgK)),
from the polytropic exponent A, the specific heat ratio k and the specific heat at constant volume cv.
Equations 3 and 4 relate temperature to volume and temperature to pressure in a polytropic process.
Equations 5 and 6 compute the work, W12 (J), performed from an initial state (p1, V1, vsl, and T1) and
final state (p2, V2, va2, and T2). Equation 7 computesthe heat change, Q12 (J), of the system from the
initial and final temperatures T1 and T2, and the specific heat for a polytropic processcn. Thelast two
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equations describe the rel ationship between the specific heats at constant pressure cp (J(kgK)), and
constant volume cv (J(kg[K)), for an ideal gas, and compute the specific heat ratio k.

pL_(v2) Eq. 1
p2 (V1

cn= M Eq. 2

A-1
T2_(vi)" Eq. 3
T1 \V2
A-1
T2_(p2) Eq.4
T1 pl
A-1
A-1
p2 )/
1V | — -1
P ( plj =0-0
W12 =
A-1
Q12=mién{T2-T1) Eq. 7
cp=cv+ Eq. 8
MWT
k=P Eq.9
cv

Variable Description Units
A Polytropic coefficient, Az1 Unitless
cn Specific heat-polytropic process J(malK)
cp Specific heat — constant pressure J(kgK)
ov Specific heat-constant volume J(mol [K)

k Specific heat ratio Unitless

m Mass kg

MWT Molar mass kg/mol

pl Initial pressure Pa

p2 Final pressure Pa
Q12 Heat transfer J

Rm Molar gas constant 8.3145 J(mal K)
T1 Initial temperature K
T2 Final temperature K
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Variable Description Units

Vi Initial volume m3

V2 Final volume m3

w12 Work performed J
Example 13.5:

Suppose that inflating a balloon is a quasi-equilibrium process. If theair pressureis1 atm outside of the
balloon and the pressure of the same air inside a balloon, having an internal volume of 20 liters, is2 atm,
compute the work performed to inflate the balloon. Assume air behaves as an ideal gas, the balloon does
not transfer heat to its surroundings, and theair temperature increases (due to air compression only) from
300-310 K.

Entered Values

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | | Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | |
Folutropic Frocess Folutropic Frocess
b +x5 1,04965
mpl: 1. atm mpl: 1. atm
mpdi 2. atm mpdi 2. atm
aT1: 300, K aT1: 300, K
aTZ: 310, K nTZ: 310, K
L1 +11:
mll2: 20 mll2: .
Wiz:| #ll1z: ZE33.02 T
Enter: Hork Ferformed:iss One complebe usgable solubion Found.

Computed Results

Solution — Select equations, one, four and five to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution
pl=1atm A = 1.04965
p2 =2am V1=238.7097 |
T1=300K W12 = 2633.02 J
T2=310K
V2=201
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Chapter 14: Heat Transfer

This section covers heat transfer due to conduction, convection and radiation. The equations in this
chapter are grouped into four main categories. A list of thermal properties and conductivities for many
materialsis availablein the Reference section under Thermal Properties/Thermal Conductivity.

¢ Basic Transfer Mechanics ¢ 1D Heat Transfer
¢ Semi-infinite Solid ¢+ Radiation

14.1 Basic Transfer Mechanisms

14.1.1 Conduction

This section describes steady -state conduction of heat through objects
with rectangular and circular cross-sections. Therate of heat transfer, q
(W), isdueto the thermal conductivity of a material, k (W/(m(K)), and
the temperatures J, (K) and J, (K) at the surfaces 1 and 2 over a distance,
L (m). Thethermal conductivity, k, depends on thermo physical
properties and thermodynamic properties of the substance at a given
temperature. The shape factor for conduction, S, is determined from the geometric properties of the
object, including length L, area A (m?) of the rectangular surface, inner radiusra (m), and outer radiusrb
(m) for acircular conductor. Equation 1 computesthe rate of heat loss, q, for arectangular flat plate
with a cross-sectional area, A, and atemperature difference, (T1-T2), acrosslength, L. Equation 2
computes the rate of heat transfer, g, through an object with a geometric shape factor, S. Equation 3
computes the rate of heat transfer per rectangular surface area, q@(W/m?), of the material. The next

thr ee equations compute the shape factor, S, for arectangular thin plate (Eqg.4), a cylinder with inner
radius, ra, outer radius, rb, and length, L (Eqg. 5), and a hollow sphere with inner radius, ra and outer
radius, rb (Eqg. 5). These equations assume steady-state transfer of heat, uniform conductivity, and the
absence of thermal gradients perpendicular to the direction of main heat transfer.

!Tl—TZ
q= k A 1 ) Eq.1
q=kBIT1-T2) Eq. 2
-4 Eq. 3
qe A
S= é Eq. 4
L
2L
(rbj Eq. 5
In| —
ra
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o Alalib £ 6
rb-ra

Variable Description Upits

A Area m

k Thermal conductivity W/(mIK)
L Length m

q Hest transfer rate - conduction w

qe Heat flux W/m?2
ra Inner radius m

rb Outer radius m

S Shape factor m

T1 Temperatureat 1 K

T2 Temperature at 2 K

Caution: Because the equations represent a set where several subtopics are covered, the user has to select
each equation to be included in the multiple equation solver. Pressing(F2] will not select all the equations
and start the solver.

Example 14.1.1:

A lead slab, laid flat, has a cross-sectional area of 2 m? and a thickness of 1 cm. If the temperatures of the
upper and lower sides are maintained at 400K and 300 K, what is the rate of heat transfer per area of the
metal ?

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit

Conduckion Conduckion
mH: 2, M2 mH: 2, M2
mk: 20,3 Btusche-fL-®F2 mk: 20,3 Btusche-fL-®F2
al: 1. cm mli 1, £m
+4 FOZEF

MH =
Jat: sati I51ITA, W2
S H 7 S H 17
Enker: Tempsraburs 1 HMilN FAD AUTO FLHC
Entered Values Computed results

Solution —The thermal conductivity of lead islisted as k=20.3 Btu/(hr[{ft[%F) in the temperature range 32-
500°F (see Refer ence/Ther mal Properties/Thermal Conductivity/Elemental). Usethefirst and third
equations to solve this problem. Select these by highlighting the equations and pressing[ENTER]. Press
to display the variables. Enter the valuesfor the known parameters and press [F2] to solve for the
unknown variables. The entries and results are shown in the screen displays above.

Given Solution

A=2m? g= 702678 W

k = 20.3 Btu/(hr{t[°F) qe= 351339 W/m?
L=1cm

T1=400°C

T2=300°C
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Convection isthe transfer of heat from a surfaceto amoving fluid. Itisa
combination of heat transfer due to conduction, from the surface to the fluid
immediately adjacent to the surface, and transport of the heat due to fluid
motion. The mean coefficient of heat transfer, h, depends on several factors:

*  The shape, size, roughness, and thermal conductivity of the surface.

*  Thethermal and physical propertiesof the fluid, including density, specific heat, and
conductivity at a specific temperature.

» Theflow properties of the fluid: velocity, viscosity and stability.

The single equation in this section describes a steady state processfor heat transfer from a surface due to
convection, gc (W), from a surface with temperature, Ts (K), and an area, As (m?), to aflowing fluid with

average temperature, Tf (K). Equation 1 iscommonly known as Newton’s Law for cooling.

qc =h[As[Ts-Tf) Eq. 1
Variable Description Units
As Total surface area m

h Convection coefficient W/(m2[K)
qc Heat transfer rate-convection w

Tf Temperature of fluid K

Ts Surface temperature of emitter K

Example 14.1.2:

Convective transfer occurs from a surface, with an average temperature of 45°C and an area of 200 cm? to

an air stream with an average temperature of 25°C. The rate of heat lossis 2watts. What is the
coefficient of transfer due to convection for this system?

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

Conueckion
lFIg.: 200, cme2

One complebe usgable solubion Found.

Entered Values

Solution —Press[F2] to display the variables. Enter the valuesfor the known parameters and press(F2] to

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

Conueckion
lﬁg.: ZOE. ct?

One complebe usgable solubion Found.

Computed results

solve for the unknown variables. The entries and results are shown in the screen displays above.

Given

As= 200 cm?
qc=2W
Tf=25°C
Ts=45°C

MEPro for TI-89, TI-92 Plus

Solution

h = 5 W/(m?K)
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14.1.3 Radiation

Radiation isthe transmission of heat in the form of electromagnetic waves. An object
absorbing all incoming radiation is defined as a blackbody. The following equations
describe radiative transfer between two blackbodies. Often called Stefan-Boltzmann
law, equation 1 links emissive power of a black body, Eb (W/m?) to the surface
temperature of aradiating body Ts (K) and a constant . Equations 2 and 3 compute
the emissions, E1 and E2, for objects with non-blackbody properties. The variables, €1 and €2, account
for the differencesin emissivity, due to material type composition and temperature (e=1 for a blackbody,
€=0 for a purdly reflective body). Equation 4 computes the net radiative transfer, Qrate (W), of heat
between two bodies. Fs2r isthe shape (or view) factor representing the fraction of radiation transmitted
by one object, which is absorbed by the other. The shape factor, Fs2r, becomes 1 if the receiving surface
area surrounds the emissive surface area, A1 (m). Ts(K) and Tr (K) arethe temperatures of the sending
and receiving bodies, and 6=5.670 x 10® W/(m*[K*) is the Stefan-Boltzmann constant for radiation.

Eb=0 Os Eq. 1
El=¢llo T2 Eq. 2
E2=g2[& [T2° Eq.3
Qrate = AL[Fs2r [[Ebl- Eb2) Eq. 4
Variable Description Units

o Stefan-Boltzmann constant 5.670x108 W/(m?K*)
el Emissivity of 1 unitless

€2 Emissivity of 2 unitless

Al Area of radiating surface m?

Eb Black body emissive power W/m?

El Emissive power-radiating surface W/m?2

E2 Emissive power-receiving surface W/m?2

Fs2r Radiation shape factor unitless
Qrate Heat transfer rate-radiation w

T1 Surface temperature of emitter K

T2 Temperature of receptor K

Ts Surface temperature of emitter K

Example 14.1.3:

A machine case with a blackbody emissive surface area of 20 ft? is exposed to black body radiation with
the surrounding walls and ceiling of aroom. The temperature of thecase and the wallsis 50°C and 25°C,
respectively. What is the heat transferred from the case to the ceiling and walls of the room?
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Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

Fadiation
IE]_=-:.!
w2l 1.
s{l: 20, £t
+E1: 615,355 Wem™2
+EZ1 445,036 Wemt2
mfFsZr: 1

#Orate: 316.372 W
M

Entir: Ernissivity of 1

Upper Display

F3: Equationg/4: Heat Transfer

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

adiatien
w2l 1. T
m[{l: 20, Lo
+El: 618,355 Wsm~2
+EZ: 443,086 Wrm™2
mfF=Zr: 1.
+Lrates 316,372 W
wTis S0 0

Enter: Termp 2

Lower Display

Solution — Select equations 2, 3, and 4. The Stefan-Boltzmann constant, ¢ = 5.670 x 10® W/(m?[K*), is
automatically inserted into the equation when solving.

Given
el=1
e2=1

Al =20 ft?
Fs2r=1
T1=50°C
T2=25°C

Solution

E1 = 618.356 W/m?
E2 = 448.086 W/m?
Qrate= 316.372 W

14.2 1 1D Heat Transfer

One-dimensional (1D) transfer equations describe heat exchange along a single axis (x-axis). No
temperature gradients occur along they and z-axes. Heat transfer is assumed to be time invariant.

14.2.1 Conduction

14.2.1.1 Plane Wall

The following equations describe heat transfer due to conduction along the horizontal
axisof aplanewall. Thewall, composed of a homogeneous material with thermal
conductivity, k (W/(mIK)), separates temperatures T1 (K) and T2 (K). Thewall hasa
length, L (m), along the axis of conduction and an area, A (m?), normal to the direction
of heat transfer. The first equation computesthe temperature, T (K), at position x (m)

from the side of the wall where the temperatureis T1. The second equation computes
the rate of heat transfer, q (W), between T1 and T2. Rk (K/W) isthetotal thermal resistance to heat
conduction of arectangular planewall having length L, area A, and conductivity, k.

T':'T1:+:[EL::[}[X Eq.l
L
a=*Lim1-2) Eq. 2
k CA
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Variable Description Units

A Area m2

k Thermal conductivity W/(mIK)
L Length m

o} Heat trangfer rate - conduction W

Rk Thermal resistance - conduction K/W

T Temperature at X K

T1 Temperature at 1 K

T2 Temperature at 2 K

X Distance from the | eft/side length m

Example 14.2.1.1:

Steel (1% carbon) islisted in the Refer ence section of the software as having athermal conductivity of
26.2 Btu/(hr[{t[°F) for the temperature range 60-212 °F. Compute the steady state heat transfer across a
steel plate with a cross-sectional area of 5 m? and a thickness of 214”. The temperatures on each side of
the plate are maintained at 200°F and 85°F. Calculate the temperature at the midpoint inside the plate.

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

Flane Hall
mf{: 5, m™2
mk: 26,2 Bltusche-fL-®*R2
'LE 2.33333 in

aTi: 200, °F
nT2i 85, CF

Enter: Disk. From bhe Tefbdside Ten

Entered Values

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

P1une Hat

lk 26 2 Etuf'ihr“ ft-2R2
mli 2,33333 in
+_-|i| 234303, i

nT1:
wTZ: 85, °F .
mx: 1,166E67F in

Enter: Temesraturs at x

Computed results

Solution — Select the first and second equations to solve this problem. Thethermal conductivity for
Stedl (1% C) islisted in Reference/Thermal PropertiesThermal Conductivity/Alloys. Theentries
and results are shown in the screen displays above.

Given Solution
A=5m? q = 244409 W
k = 26.2 Btu/(hr {t[9F) T=1425°F
L =2.33333in

T1=200 °F

T2=85°F

x = 1.16667 in

14.2.1.2 Convective Source
These equations compute hest transfer for caseswhere convection and

conduction occur in sequence. The diagram to the right portrays heat '._|"_ .Z

transfer between a fluid with temperature, Tf (K), to a surface with I
temperature, T1 (K), and area, A (m?). Heat isthen conducted acrossthe - . A<,

thickness of the plate, L (m), wherethetemperatureis T2. Equation1 " -.- [ &=
computesthetemperature, T (K), at adistance, x (m) inside the plate from T1. Thethermal conductivity,
k (W/(m(K)), measuresthe plate material’ s ability to conduct heat. The convective coefficient, h
W/(m?K), measures the fluid’ s ability to transport heat away from the surface and is dependent on the
flow rate, viscosity, and specific heat of the fluid. The second and thir d equations compute the thermal
resistances for conduction, Rk (K/W), and convection Rev (K/W). Thermal resistances are often used in
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viewing the heat transfer process as analogous to anelectrical circuit.” Equations4 and 5 calculate, T1,
the temperature of the surface adjacent to thefluid. Equation 6 computes gc (W), the rate of heat
transfer due to convection. Equations 7 and 9 compute g (W), the rate of heat transfer due to
conduction. Equation 8 assumes a steady state process of heat transfer for the convection and
conduction seriestransfer mechanisms.

T-T2 L-x
2 Eqg. 1
-T2 | K
kA
hCA
12
= M Eq_ 4
T1 1 1
i T
Rev Rk
Tf th+ T2k
Tl= Eqg.5
h+ K
L
c= T -T1 Eq. 6
Rev
_ T2-T1 £q.7
Rk
g=qc Eq. 8
_ Tf -T2 Eq. 9
Rev + Rk
Variable Description Units
A Area m?2
h Convection coefficient W/(m2[K)

" Ohm'slaw (i=V/R) states that the rate of electron transfers, |, which flowsthrough acircuit, is
proportional to the voltage difference, V, over the resistance of the circuit, R. Heat transfer can be viewed
asan anaogy of Ohm’sLaw (g=AT/R) where q istherate of heat transfer, T isthe temperature difference,
and R istheresistance to heat transfer. See section 14.2.2 for more explanation.
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Variable Description Units
k Thermal conductivity W/(mIK)
L Length m

q Heat transfer rate-conduction W

qc Heat transfer rate-convection w
Rev Resistance to convection K/W
Rk Thermal resistance - conduction K/W
T Temperature at X K

T1 Temperature at 1 K

T2 Temperature at 2 K

Tf Temperature of fluid K

X Distance from the | eft/side length m

Example 14.2.1.2:

Compute the average convective transfer coefficient and surface temperature for air flowing over an
aluminum plate having a surface area of 1.75 m?, athickness of 20 mm, an average air temperature of
85°F and a surface temperature on the opposite side of the plate of 200°F. Therate of heat transfer is
2000 Btu/hr. Which mechanism of transfer (convection or conduction) limitstransfer the most?

A A T R A A T R
[Conuective source| [Conuective Source|
[ 1:H al: ZE. mm T
*hi o, Werim™2 -k g ZEGEA. Btushre
mki 130, Btuschr-ft-°F2 +gci 2000, Btushr
ml: ZH. mm +Rcui L 108948 Kol
g ZEGEA. Btushre +Rki Q00051 KW
+gci 2000, Btushr +#T1: 83.0936 °F
+RECui L 108948 Kol T
+Rki 000051 KW & aTF
Entcr: Area Enter: Teme of Fluid
Upper Display Lower Display

Solution — Aluminum has a thermal conductivity of 130 Btu/(hr[{ft[%F), see Refer ence/Ther mal
PropertiesThermal Conductivity/Elements. Select the third through the seventh equations to solve
thisproblem. Select these by highlighting the equations and pressing(ENTER]. Press[F2] to display the
variables. Enter the valuesfor the known parameters and press [F2] to solve for the unknown variables.
The entries and results are shown in the screen displays above. The thermal resistance having the higher
value limits heat transfer the most (convection in this example).

Given Solution

A=175m? h = 5.24496 W/(m?[K)
k = 130 Btu/(hr {°F) qc = 2000 Btu/hr
L=20mm Rcv =.108948 K/W

q = 2000 Btu/hr Rk = .000051 K/W
T2=85°F T1=85.0536 °F

Tf = 200 °F

14.2.1.3 Radiative Source

These equations describe a sequential transfer of heat, first due to radiation, and
secondly by conduction through a rectangular planewall. Thefirst equation
calculatesthe rate of heat transferred, Qrate, (w) from an emitting object with
emissivity, €s, and surface temperature, Ts, (K) to a blackbody plane wall with
surface temperature, T1 (K). The second equation computes the temperature,
T1, (K) at the surface of the planewall. Fs2r, isthe shape factor, representing the fraction of radiation
transmitted from the emitting surface area, As, (m?) that is absorbed by the planewall. Thelast equation

Tz

i~

MEPro for TI-89, TI-92 Plus 125
Chapter 14 - Equations - Heat Transfer



F3: Equationg/4: Heat Transfer

computes heat conducted through a plane wall with thermal conductivity, k (W/m(K), length, L (m),
surface temperature, T1 (K) (facing the emitter), and a surface temperature, T2, (K) on the opposite side
of the plane wall.

Qrate= o [Fs2r [As[Z[{Ts' - T1*) Eq. 1

Qrate = % (T1-T2) Eq. 2

T2+ Fs2r % Ts*

T1= il Eq. 3
1+ Fs2r % T2°

Variable Description Units

o Stefan-Boltzmann constant 5.670x108 W/(m?K*)

€ Emissivity unitless

As Total Surface area m?2

Fs2r Radiation shape factor unitless

k Thermal conductivity w/(mK)

L Length m

Qrate Heat transfer rate-radiation w

T1 Temperature at 1 K

T2 Temperature at 2 K

Ts Temperature of radiating surface K

Example 14.2.1.3:

Thelarger surface of arectangular flat copper plate with dimensions 12" x 10” x 0.2" isexposed to a
radiating blackbody (e=1) with a surface temperature of 100° C. If the temperature of the opposite side of
the copper plate is maintained at 50°C, what are the heat transfer and the boundary temperature of the side
facing the blackbody emitter? Assume the shape factor for the radiating body and the copper surfaceis
0.4.

W W
Toolse] solue | Grarh | Fick | Opfs- | Edit Toolse] solue | Grarh | Fick | Opfs- | Edit
[Fadiakive Seurce] [Fadiakive Seurce]
-E:q ] mfs: 120, in™2 T
mf=si 120, in™2 sFsZr: .4
wFsZri . mk: 232, Btusche-fL-"F2
mk: 232, Btusche-fL-"F2 mL: .2 in
mL: .2 in +G-ated 14,8958 W
+G-ated 14,8958 W +T1: 50,0002 °C
+T1: 50,0002 °C aT2i 5, *C
aTZ2i 50, °C + aT=!
Enker: Emissivike Enter: Surface kerap. of ¢mitker
Upper Display Lower Display

Solution — Copper has athermal conductivity of 232 Btu/(hr [{ft[9F), see Reference/Ther mal
PropertiesThermal Conductivity/Elements). Thefirst and second equations are needed to solve the
problem. The Stefan-Boltzmann constant, ¢ = 5.670 x 108 W/(m?K?), is automatically inserted into the
equation when solving and does not appear in the list of variables.
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Given Solution

e=1 Qrate = 14.8968 W
As=120in’ T1 =50.0002 °C
Fs2r=.4

k= 232 Btu/(hr[ftF)

L=.2in

T2=50°C

Ts=100°C

14.2.1.4 Plate and Two Fluids
These equations compute the rate of heat transfer between two fluids

%
separated by arectangular plate. Equation 1 calculates the thermal 5 J0 SEEE % Rizy
resistance due to convection, Rcl (K/W), between afluid with a :gj;],q, 5 R
convection coefficient of, h1 (W/(m?[K), and a plate surface with area, A L -hz"Tfl" x5 Te,ghee
P z

(m). Equation 2 computes the thermal resistance due to convection, Rc2
(K/W), between afluid with convection coefficient, h2 W/(m2[K), and the plate surface with area, A (m).
Thethird equation calculatesthe thermal resistance, Rk (K/W), for arectangular plate with athermal
conduction coefficient of, k (W/(mIK)), thickness L (m), and surface area A (m). Equation 4 computes
the rate of heat transfer, q (W), between two fluids, with temperatures, Tf1 (K) and Tf2 (K), separated by
aplate having athermal resistance, Rk (K/W). Thelast two equations estimate the surface temperatures
on either side of the plate. T1 (K), isthe temperature of the plate on the surface adjacent to the fluid
having atemperature, Tf1, (K), and thermal resistance to convection of Rcl (K/W). T2 (K), isthe
temperature of the surface adjacent to thefluid having atemperature, Tf2 (K), and athermal resistanceto
convection of, Rc2 (K).

Rcl= 1 Eq. 1

h1CA
Rc2 = L Eq. 2

h2 A
k CA
Rcl+ Rec2 + Rk
T1=Tf1-Rel(g Ea.5
T2=Tf2+Re2[ Ea.
Variable Description Units
A Area m?2
h1 Convection coefficient W/(m2[K)
h2 Convection coefficient W/(m2[K)
k Thermal conductivity W/(mIK)
L Length m
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Variable Description Units
o} Heat transfer rate-conduction W
Rcl Thermal resistance-convection K/W
Rc2 Thermal resistance-convection K/W
Rk Thermal resistance-conduction K/W
T1 Temperatureat 1 K

T2 Temperature at 2 K

Tf1 Temperature of fluid 1 K

Tf2 Temperature of fluid 2 K

Example 14.2.1.4:

A stainless steel plate section in a heat exchanger has athermal conductivity of 13.5 Btu/(h{t%F), a
thickness of 3 mm and a surface area of 20 cm? in contact with thefluid. If the convection coefficients of
two fluids flowing in opposite directions on each side of the plate are 200 Btu/(h{t*[°F) and 150
Btu/(hft’(°F) and the temperatures of each fluid are 200 °F and 80 °F, respectively, what isthe rate of heat
transfer through the plate?

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit | Tools+| Zelue | Grarh | Fict | Dets= | Edit |
Flate & Twa F'Iuid:| Flate & Twa F'Iuid:|
u A= IR mk: 13.5 Btusche-fL-2F2 T

mhit ZOd. Btuschr-£1>2°F) ml: 3.

mh2i 150, Btusche - £Ho2°F) 4o E1.0776 I

mk: 135.5 Btusche-ft-= 2 #Rcl CAEZTS KA

ml: 3. +RCZ: L DEVEIE Kl

+oi Gl OFFE 1 +EkD Q054133 KAl

#Rcl CAEZTS KA aTf1: Z2CE.

+Rcz: (DEVDE4 K 4 nTf2:

Enter: Area One complebe usgable solubion Found.
Upper Display Lower Display

Solution — Select equations, one, two, three and four to solve this problem.

Given Solution

A =20 cm? q= 610776 W

h1 = 200 Btu/(hr ft*[°F) Rcl = .440275 K/W
h2 = 150 Btu/(hr ft*[°F) Rc2 = .587034 K/W
k = 13.5 Btu/(hr [ft°F) Rk = .064199 K/W
L=3mm

Tf1 =200 °F

Tf2=80°F

14.2.2 Electrical Analogy

The equation for the rate heat transfer, g (W), through a conducting medium between temperatures, T1 (K)
and T2 (K), issimilar to Ohm’s Law for acurrent, i (A) moving through aresistive circuit between
voltages, V1 (V) and V2 (V).

i ~V1-V2 _T1-T2
R R
Ohm’'sLaw Heat Transfer

Thevariable, R, in the equation for heat transfer, is the thermal resistance to heat transfer for a particular
medium. R (K/W) depends on the physical dimensions of the conducting medium area, A (m?), length L
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(m), or shape factor Fs2r and the convection, h W/(m?[K), or conductivity, k W/(mK), coefficient of the
medium. Heat transfer through a plane wall composed of different materialsin series or parallel
arrangement to the direction of heat transfer can be viewed similarly to current movement through resistors
in seriesor paralld arrangement. The following topics describe conduction of heat through composite
materials, each having different conductivities, in parallel, series or combination arrangements.

14.2.2.1 Two Conductors in Series

These equations describe heat transfer and temperature profilesinside aplane  #= LL—F Frki Pz
wall composed of two materials. The materials have a series arrangement S

T
with respect to the direction of heat flow and perfect thermal contact exists ¢, qE Ty ! ®
between the two materials (i.e. thereisno additional resistance at the contact ks
point between the materials due to surface roughness). In addition, asteady ¢ -

state condition for heat transfer existswith no heat sourcesor sinksin the
seriesarrangement. The two materials have lengths, in the direction of heat flow, L1 (m) and L2 (m),
conductivities, k1 W/(mK) and k2 W/(m(K), and cross-sectional areas, Al (m?) and A2 (m?). Equation
1 computes the thermal resistance for heat transfer in the first section of the planewall, Rk1 (K/W).
Equation 2 calculatesthe thermal resistance for the second material, Rk2 (K/W). Thethird equation
computes the rate of heat transfer, g (W), through the combined series arrangement between
temperatures, T1 (K) and T3 (K). Equation 4 computes, q, for thefirst material from temperatures, T1
(K) and T2 (K), and Rk1. Equation 5 calculates, g, conducted through the second section of the wall
with boundary temperatures, T2 and T3. Thelast two equations compute the temperature, T (K), inside
thewall at distance, x (m), from T1.

L1

Rk1= Eq. 1
k1CA
k2[A
g=_T1-T3_ £q. 3
Rk1+ Rk2
Rk1
q=12-T8 £q.5
Rk2

When x <0 and x < L1 thefollowing equation is applicable

T-T1_x Eq. 6
T2-T1 L1
When L1 < xand x < (L1+L 2) the following equation is applicable
T3-T2 L2
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Variable Description Units

A Area m?2

k1 Thermal conductivity W/(mIK)
k2 Thermal conductivity W/(mIK)
L1 Length m

L2 Length m

q Heat Transfer rate - conduction W

Rk1 Thermal resistance-Conduction K/W
Rk2 Thermal resistance-Conduction K/W

T Temperature at X K

T1 Temperatureat 1 K

T2 Temperature at 2 K

T3 Temperature at 3 K

X Distance from the | eft/side length m

Caution: Because the equations represent a set where several subtopics are covered, the user has to select
each equation to be included in the multiple equation solver. Pressing (F2] will not select all the equations
and start the solver.

Example 14.2.2.1:

A 0.1 mm oxide coating exists on an aluminum plate thick having a thickness of 10 mm and a surface
area of 400 cm?. If therate of heat loss through the plate is 5 W and the surface temperature of the oxide
coating is maintained 50 °C, what are the temperatures of the opposite side of the aluminum plate and the
interface between the aluminum and the oxide? Thethermal conductivity of aluminum is 130.6
Btu/(hr{t%F) and the oxide coating is 0.3 Btu/(h{tF).

Toroj:lsr $§'Fut Grrgph F'Fi:!t I:I:tsh EFdEit | Toroj:lsr $§'Fut Grrgph F'Fi:!t I:I:tsh EFdEit |
& Conduck.-Feries| & Conduck.-Feries|
lFHEM ml1: 10, Mm@ T

]t . IFREN STl AR O mlz: .1 mm
w2t L3 BtusChe-fL-2F2 L=
ml1: 10, Mm@ *Ekl: SEELI0E Kol
mlz: .1 mm #RELZ2: 04215 Kol
.E= 5. W +T1: S0.Q23% °C
+RELD LOOl1EE KW +T2: S0.0241 °C
+REkZ2: (004815 Kl 4 o T3 IEE
Enter: Area Enter: Temperature 3

Upper Display Lower Display

Solution — Select equations, one, two, three and four to solve this problem.

Given Solution
A =400 cm? Rk1 = .001106 K/W
k1 = 130.6 Btu/(hr{t[°F) Rk2 =.004815 K/W
k2 = .3 Btu/(hr{t[°F) T1=50.0296 °C
L1=10mm T2 =50.0241 °C
L2=.1mm
g=5W
T3=50°C
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14.2.2.2 Two Conductors in Parallel

These equations describe heat transfer in acomposite material of two substances
with the grain parallel to the direction of heat transfer. Equations1 and 2 o
compute the thermal resistances, Rk1 (K/W) and Rk2 (K/W), for theindividual T i
materials from lengths, L 1 (m) and L 2 (m), cross-sectional areas, A1 (m?) and A2 TT T %
(m?), and thermal conductivities, k1 W/(mK) and k2 W/(mK). Equations3and ! z 4 Ehi
4 calculate the rates of heat transfer, gcl (W) and gc2 (W), through each material
due to conduction. Equation 5 computes the average temperature at distance, x, from T1 (K). Equation
6 calculatesthe total transfer of heat between temperatures, T2 (K) and T1. Thelast equation calculates

t Tz

Bkz raraLLELTTH

the equivalent resistance, Rk (K/W), for the paralld system from the individual resistances, Rk1 and
Rk2. These equations assume there is negligible transfer of heat between the two materials.

k1[AL
= L Eq. 2
k2[CA2

gcl= LTZ Eq. 3

Rk1

Rk2
ToT :(TZ—Tl)D( Eq.5

L

Rk
11,1 Eq. 7
Rk Rkl Rk2
Variable Description Units
Al Area m?2
A2 Area m?2
k1 Thermal conductivity W/(mIK)
k2 Thermal conductivity W/(mIK)
L Length m
gcl Heat transfer rate w
qc2 Heat transfer rate w
qT Total hesat transfer rate w
Rk Thermal Resistance-Conduction K/wW
Rk1 Thermal resistance-Conduction K/wW
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Variable Description Units
Rk2 Thermal resistance-Conduction K/wW
T Temperatureat x or X, t K

T1 Temperatureat 1 K

T2 Temperature at 2 K

X Distance from the | eft/side length m

Example 14.2.2.2:

A CPU loses heat through a sink mounted with steel screws. The rate of heat transfer through the sink
alone, with an internal temperature of 55 °C and surface temperature of 50 °C, is3 W. The power lossfor
the sink, including the stainless steel screws, for the same surface temperature, is3.22 W. Assume there
isimperfect thermal contact between the screws and heat sink and negligible heat transfer occurs between
thetwo. Compute theindividual and total thermal resistancesfor the heat sink and the screws.

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa

Tools+| Zelue | Grarh | Fict | Dets= | Edit | Tools+| Zelue | Grarh | Fict | Dets= | Edit |
2 Conduck.~Farallgl 2 Conduck.~Farallgl

mycl: E0 W mycl: F. W

T *qo2s 22
IETl 322 1 LETERE

|t +RkD 1.5528 KU

FEkl: +REkl: 1.66657 K-l

RkE:! *Rkz2:
mT1: 55. °C uTl: .
aTZ: S0, *C aTZ: S0, *C
Enter: Thermal Fesiskance-Conduct One complebe usgable solubion Found.

Entered Values Computed results

Solution — Select equations 3, 4, 6, and 7.  The entries and results are shown in the screen displays
above,

Given Solution

gqcl=3W qc2=.22W

qTr =3.22W Rk = 1.5528 K/W
T1=55°C Rk1 = 1.66667 K/W
T2=50°C Rk2 = 22.7273 K/IW

14.2.2.3 Parallel-Series

This section describes the conduction of heat between temperatures,
T1(K) and T2 (K), through a parallel-series arrangement of four
different materials. Equation 1 computesthe rate of heat transfer, qc
(W), dueto conduction through the composite system between T1 and
T2. Reqg (K/W), isthe equivalent resistance of the combined parallel-
series arrangement. Equation 2 computes, qc, asthe sum of the parallel heat transfer ratesfor the left,
gex (W), and right, gcy (W), sides. Equation 3 calculatesthe rate of heat transfer, gcx, between
temperatures, T1 and T2, for the series arrangement of thermal resistances, Rk1 (K/W) and Rk3 (K/W).
Equation 4 computes the rate of heat transfer, qcy, in the second series arrangement, using thermal
resistances, Rk2 (K/W) and Rk4 (K/W). Equations5, 6, 7, and 8 compute the thermal resistances, Rk1,
Rk2, Rk3, and Rk4 from thermal conductivities, k1, k2, k3, and k4, W/(m[K) cross-sectional aresas,
Aland A2 (m?), and diffusion lengths, L1 and, L2 (m). Thelast equation cal culates the equivalent
resistance of the parallel-series arrangement, Req from Rk1, Rk2, Rk3, and Rk4.
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c= T1-T12 Eq. 1
Req
gc =qcx +qey Eq. 2
CX = _Ti-72 Eq. 3
Rk1+ Rk3
qu = LTZ Eq. 4
Rk2 + Rk4
k1[AL
— L1 Eq. 6
k2[A2
Rk3= L2 Eq.7
k3CAL
— L2 Eq. 8
k4[A2
1 = 1 + Eq. 9
Reg Rkl1+Rk3 Rk2+Rk4
Variable Description Units
Al Area m?2
A2 Area m?2
k1 Thermal conductivity W/(mIK)
k2 Thermal conductivity W/(mIK)
k3 Thermal conductivity W/(mIK)
k4 Thermal conductivity W/(mIK)
L1 Length m
L2 Length m
qc Heat Transfer rate W
qcx Heat Transfer rate w
qcy Heat Transfer rate w
Req Equivalent thermal resistance K/wW
Rk1 Thermal resistance-Conduction K/W
Rk2 Thermal resistance-Conduction K/W
Rk3 Thermal resistance-Conduction K/W
Rk4 Thermal resistance-Conduction K/W
T1 Temperatureat 1 K
T2 Temperature at 2 K
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Example 14.2.2.3:

A 1 ft thick section of concretewall, withfour steel rods running parald to the wall thickness, is exposed
to afluid having a temperature of 100 °C. Thewall has a cross sectional areaof 10ft% Therods, which
run paralld to the direction of heat transfer, have atotal cross sectional areaof 12 in” and alength which
isthe same as the thickness of the wall. The temperature on the opposite side of thewall is0 °C. If the
thermal conductivity is 0.435 Btu/(hr[{t[°F) for concrete, 26.2 Btu/(hr[{ft[9F) for sted (1% C), and the
convection coefficient for the fluid are 1000 W/(m?K), what is the rate of heat transfer and thermal
resistance in each material?

[riIraTn 'rﬁTrsIrs_T] [riIraTn 'rﬁTrsIrs_T]
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit
[Farallel-feries| [Farallel-feries|
'H1=-:.l§_i% #gct C1Z203E.2 1 T
mAZ: « 1N +Feo: (QOE31 Kl
mkl: 435 Btusche - £H-2F) +Rk1: (OOFZES KAl
mR2 26,2 Bhuschy - ft-2F) +RE2T 52,2934 KA
w3 1God. Wecm- Ry +REE3: (OQiGre Kol
mhkdl 100G, W Cm- KD +Ek4: (129167 K-l
mli: 1. m aT1: @, °C
ali: 1. m 4 u T2 : I
One eartial useable solukion Found. Enter: Teme &
Upper Display Lower Display

Solution — This problem can be solved using the conversion for the convection coefficient,
h=k/L. Enter the value of h in the place k and enter L = 1. The units of L must be the same as
the length units in k.

Example:
1. For h =1000 W/(m2[K) k = 1000 W/(mK)
L=1Im

2. For h = 500 Btu/(hrOFft2) k = 500 Btu/(hrOF )
L=1ft

Select equations, one, five, six, seven, eight and nine. The entries and results are shown in
the screen displays above. The value of qc is negative since heat travels in a direction opposite
to the diagram above.

Given Solution
Al=10ft? qc=-12033.2 W
A2=12in? Req = .00831 K/W
k1 = 26.2 Btu/(hrft[°F) Rk1 = .007235 K/W
k2 = .435 Btu/(hrft[°F) Rk2 = 52.2934 K/W
k3 = 1000 W/(mIK) Rk3 = .001076 K/W
k4 = 1000 W/(mIK) Rk4 = .129167 K/W
L1=1ft
L2=1m
T1=0°C
T2=100°C
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14.2.3 Radial Systems

14.2.3.1 Hollow Cylinder

These three equations compute heat conduction between the interior and

exterior of ahollow cylinder made from a single material having a thermal HI-:
conductivity, k (W/(mIK)). The length of the cylinder is, L (m), and the q
inner and outer radii of thecylinder are, ra (m) and rb (m). The surface 4

temperatures at the inner and outer radii are, T1 (K) and T2 (K), =L
respectively. Thefirst equation computesthe rate of heat transfer, q (W), T LLINDEE 1=
due to conduction between the interior and the exterior of the cylinder.

Equation 2 calculatesthe thermal resistance, Rk (K/W), for conduction fromrb, ra, L and k. Thelast
equation estimates the temperature, T (K), at position, r (m), inside the cylinder wall, wherera<r<rb.

= 2L iy 1) eq

In(rbj 1
ra

In(rb) E
__\ra) o
207 [k

Whenr =raand r <rb thefollowing equation isapplicable

r
Inf —
T-T1 _ (ra) Eq.
711 3
T2-T1 ln(rbj
ra

When ra<rb appliesto all equationsin thisset.

Variable Description Units

k Thermal conductivity W/(mIK)

L Length m

o} Heat trangfer rate - conduction W

ra Inner radius m

rb Outer radius m

Rk Thermal resistance-conduction K/W

T Temperatureat x or X, t K

T1 Temperature at 1 K

T2 Temperature at 2 K
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Example 14.2.3.1:

A PVC pipewith an inner diameter 5” and an outer diameter of 6” has an interior surface temperature of
40°C and an outside surface temperature of 4°C. What is the rate of heat transfer per meter length of the
pipe? Rigid poly-vinyl chloride (PVC) hasathermal conductivity of 0.14515 Btu/(hr ftOF).

Solution — Select equations, one and two to solve this problem.

Fi Fe Fz F4u | FE |FB F. F. F4u | FE |FB
Tools|Zalug |Gy arh|Fict|Orks-|Edit Tools|Zalug |Gy arh|Fict|Orks-|Edit
Hollowm Colindsr Hollowm Colindsr
mki 14515 Btuschr-ft-2F) mki 14515 Btuschr-ft-2F)
L 1. m L 1. m
Bt | . *Q'I!%?!;HHHIA
mrgl 2.3 in [ 1o .o 1n
arbi 3. ik rhi 3. in
Ek: ¢Rk 115508 Kol
aT1l: 4@, 2C wTi: 4a, %0
aTZ2: 4. °C aTZ: 4. °C
HMAlN EAD AUTO FUNC Ong coraplets usgabls solukion Found.
Entered Values Computed results
Given Solution
k = .14515 Btu/ hr ftF° q=311.668 W
L=1m Rk =.115508 K/W
ra=25in
rb=3in
T1=40°C
T2=4°C

14.2.3.2 Hollow Sphere

These equations compute the rate of heat transfer between theinner and outer sufaces T, R, SPHERE T,
of ahollow sphere due to conduction. The first equation calculatesthe rate of heat = %
conducted, q (W), between the inner surface of the sphere, having temperature, T1
(K), and the outer surface, having a temperature of, T2 (K). Equation 2 calculatesthe
thermal resistance, Rk (K/W), between theinner and outer surfaces of the sphere from
theinner radius, ra (m), outer radius, rb (m), and thermal conductivity, k W/(m(K). Equation 3
computes the temperature T (K) at position r (m) wherera<r<rb.

_T1-T2 Eq. 1
Rk
_ rb-ra Eq. 2
4rb Ma [k

Whenrb 2r 2rathe following equation is applicable.

T-T1 _ r—radrg Eq. 3
T2-T1 rb-ra r

When ra<rb appliesto all equationsin thisset.
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Variable Description Units

k Thermal conductivity W/(mIK)
o} Heat trangfer rate - conduction W

r Radius m

ra Inner radius m

rb Outer radius m

Rk Thermal resistance-conduction K/W

T Temperature at X K

T1 Temperature at 1 K

T2 Temperature at 2 K

Example 14.2.3.2:

A hollow sted ball has an inner diameter of 20 cm and an outer diameter of 21 cm. Theinternal and
external surface temperatures of the stedl surface are —5°C and 10°C. What is the steady rate of heat
transfer?

[TTT[WTTT]’] [TTT[WTTT]’]
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit
Hollow Ephere Hollow Ephere
mk: 26.2 Btusche-fL-®F2 mk: 26,2 Btu-sche-ft-®F2
°H #oq: -17949.5 1
mral 10, cm mral 10, cm
apbi 10,5 oM apbi 10,5 oM
Elk: +EL:
sT1: -5, °C mT1:
aT2: 10, °C nT2: 1EI °C
Enter: Thermal Kesiskance-Conduct HMAlW RAD AUTO FLHC
Entered Values Computed results

Solution — Equations one and two are needed to solve the problem. Sted (1% carbon) has a thermal
conductivity value of 26.2 Btu/(hr[{ft[%F) in the range of 60-212°F (thisvalueislisted in

Refer ence/Thermal PropertiesTher mal Conductivity/Alloys). Assumethe listed value of thermal
conductivity for steel hasthe same value at —4°C and 10°C.

Given Solution
k = 26.2 Btu/(hr{t[°F) g=-17949.5W
ra=10cm Rk = .000836 K/W
rb 10 5¢cm

=-5°C
T2 10°C

14.2.3.3 Cylinder with Insulation Wrap

These equations describe a three-stage transfer of heat between an Rty Ry '1_} Res
insulated pipe or cylinder, and asurrounding fluid. Thefirst stage is
conduction across the pipe material, having an inner surfaceradius, ra
(m) and an outer radius, rb (m). The temperature on theinterior
surface of the pipeis T1 (K), and the outer surfaceis T2 (K). The
second stage of heat transfer is conduction across a pipe insulation material hav| ng an inner rad|us rb,
and outer radius, ro (m). The temperature difference between the inner and outer surfaces of the
insulation wrapis T3-T2. Thefinal step isconvection of heat between the outer surface of theinsulation
material and the surrounding fluid, having atemperature, Tf (K), and convective transfer coefficient, h
(W/(m?K)). Since these steps occur in sequence, a series resistor analogy is used to describe the overall
rate of heat exchange (see section 14.2.2). Equation 1 computesthe thermal resistance due to
conduction, Rk1 (K/W), between the inner and outer surfaces of a pipe having inner and outer radii, ra
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and rb, length L, and thermal conductivity, k1 (W/(m[K)). Equation 2 calculatesthethermal resistance
due to conduction for the insulation wrap, having an interior and exterior radii, rb and ro, length L, and
thermal conductivity, ki W/(mK). Equation 3 computes the thermal resistance due to convection
between the insulation wrap and surrounding fluid, having a convection coefficient, h. Equation 4
calculates the equivalent resistance, Req (K/W), for heat transfer between the interior of the pipe and the
fluid. The next two equations5 & 6 compute the rate of heat transfer, q (W), from the temperature
differences and the thermal resistancesto heat transfer for the pipe and insulation. Equation 7 calculates
the pipe/insulation boundary temperature, T2. The last equation computes the interfacial temperature,
T3, for the surface of theinsulation in contact with thefluid.

g=TATE ca.1
Req
q=TI=T2 q.2
Rk1
T2=T1+ 1 R Eq. 3
Req
T1-Tf
T3=Tf +——[Rc3 Eq. 4
Req
In(rbj
e Eq.5
Rk1= #
207 (k1
In(roj
e Eq. 6
Ra=— &/
20T (ki
Rc3= ; Eq. 7
h2Oro L
Req = Rk1+ Rki +Rc3 Eq.8
Whenra<rb and bb <ro appliesto all equationsin this set.
Variable Description Units
h Convection coefficient W/(m2[K)
ki Thermal conduct. insulator W/(mIK)
k1 Thermal conduct. cylinder W/(mIK)
L Length m
o} Heat trangfer rate - conduction W
ra Inner radius m
rb Outer radius m
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Rc3 Thermal resistance-convection K/W
Req Equivalent thermal resistance K/wW
Rk1 Thermal resistance-conduction K/W
RKi Thermal resistance-insulator K/W
ro Outer radius m
T1 Temperature at 1 K
T2 Temperature at 2 K
T3 Temperature at 3 K
Tf Temperature of fluid K

Example 14.2.3.3:

A copper pipe having a conductivity of k=560 Btu/(hr[{ft[®F), an inner and outer radius of 0.4” and 0.5”, is
surrounded by a half-inch thick layer of polyurethane foam (PUF) k = 0.024191 Btu/(hr[ft®F). The
temperature of the interior of the pipeis50°C. Cooling outside the pipe occurs due to natural convection
with afluid having a temperature of 5°C and a convection coefficient for heat of h=3.6 Btu/(hr ft*(°F).
Assuming steady-state transfer of heat occurs, what is the rate of heat transfer to the surrounding fluid per
meter length of the pipe? What is the temperature of the outside of the copper pipe and the outside of the
insulation?

F& Fz Fu FE FB Fi F& Fz Fu FE F
Toolse] Zolue | Grarh | Fick | Oeks- | Edit Toolse] Zolue | Grarh | Fick | Oeks- | Edit

CoLinsul. v ae
+REC3: 204351 KU T
+REeqi 5,278 [l

mT1l: .

+T2i 49,9937 2
+T3i 6.75868 °C
o T M

aroi 1.5 in 4
Enter: Conueckion cocfFicient Enter: Termp of Fluid

Upper Display Lower Display

Solution — Select equations, one, two, four, five, six, sevenand eight. The entries and results are shown
in the screen displays above.

Given Solution

h = 3.6 Btu/(hr [t°[°F) q=8.60615W

k1 = 560 Btu/(hr ftF) Rc3 = .204351

ki =.024191 Btu/(hr [{t°F) Req = 5.22882 K/W
L=1m Rk1 = .000037 K/W
ra=.4in Rki = 5.02443 K/W
rb=.5in T2 =49.9997 °C
ro=15in T3=6.75868 °C
T1=50°C

Tf=5C

14.2.3.4 Cylinder - Critical radius
The equationsin this section describe the transfer of heat from apipe to a

surrounding fluid. Thefirst equation calculatestherate of heat transfer asa Foo
function of the temperature of the fluid Tf (K), inner surface temperature of the :

pipe T1 (K), the resistance to conduction Rk (K/W), and the resistance to 11
convection Rev (K/W). Equation 2 computes the resistance to conduction, Rk " T1 Fk

(K/W), of the pipe from the inner and outer pipe radii, ra (m), and, rb (m), the
length of the pipe, L (m), and the thermal conductivity of the pipe material, k W/(mK). Equation 3
cal culates the resistance due to convection, Rev, for afluid having a convection coefficient, h W/(m?[K).
Equation 4 computesthe critical radius, rcrit (m). If rb <rcrit therate of transfer will increase asrb
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(pipe thickness) increases. Thisisdueto a greater decrease of Rev with increasing surface area, than
increase in Rk with pipethickness. If rb>rcrit, anincreasein pipethicknesswill cause a decreasein the
rate of heat transfer.

_ T1-Tf Eq. 1
Rk + Rev
In(rb)
_ ra Eq. 2
20Tl [k
Rv=—— 1 £q.3
h2GrL b
rcrit :E Eq. 4
h
When ra<rb appliesto all equationsin thisset.

Variable Description Units

h Convection coefficient W/(m2[K)
k Thermal conductivity W/(mIK)
L Length m

o} Heat trangfer rate - conduction W

ra Inner radius m

rb Outer radius m

rcrit Critical radius m

Rev Thermal resistance - convection K/W

Rk Thermal resistance - conduction K/W

T1 Temperature at 1 K

Tf Temperature of fluid K

Example 14.2.3.4:

Determine whether an increase in the thickness of the insulation wrap in the previous problem would
increase or decrease the rate of heat transfer.

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit

Celinder-Crit.kad Celinder-Crit.kad
mh: 3.6 Btusche-fLo2eF) & BtusChr-fL™29F2
mk: 024191 BtusChr- £ -2 lk 924191 Btu/ﬁhr‘ ft-2.
roritt [ ] *srorif g

Enter: Crikical radius One complebe usgable solubion Found.
Entered Values Computed results
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Solution — Select the last equation to solve this problem. If the outer radius of the insulation (1.5 inches)
is greater than thecritical radius, rcrit, than an increasein thicknesswill result in adecreasein the rate of
heat transfer. If rcrit < 1.5” than an increase in thickness will cause g, the rate of heat transfer, to
increase.

Given Solution
h = 3.6 Btu(hrft%F) rcrit = .080637 in
k = .024191 Btu/(hr ft?[°F)

14.2.3.5 Sphere - Critical radius

These equations describe the transfer of heat from a hollow sphereto a
surrounding fluid. The first equation calculates the rate of heat transfer, q
(W), asafunction of the temperature of thefluid, Tf (K), inner surface
temperature of the sphere, T1 (K), the resistance to conduction, Rk (K/W)
between the inner and outer surfaces, and the resistance to convection of heat S ;
from the sphere surface to the fluid, Rcv (K/W). Equation 2 computes the resistance to conductlon Rk
(K/W) inside the sphere from the inner and outer radii, ra (m) and rb (m), and thermal conductivity of the
material, k W/(mIK). Equation 3 calculates the resistance due to convection from the heat conducting
capacity of the fluid, h W/(m?[K). Equation 4 computes the critical radius, rcrit (m). If rb <rcrit the
rate of transfer will increase asrb increases. Thisisdueto a greater decrease of Rev (increasing surface
area), than increase in Rk (sphere thickness), with additional material. If rb>rcrit, an increasein sphere
thickness will cause a decreasein heat transfer.

_ T1-Tf Eq. 1
Rk + Rev
__ fb-ra Eq. 2
AgrHalib [k
1
Rov=— Eq.3
h[4 Oriib
.20k
rerit =—— Eq. 4
Variable Description Units
h Convection coefficient W/(m2[K)
k Thermal conductivity W/(mIK)
q Hest transfer rate - conduction w
ra Inner radius m
rb Outer radius m
rcrit Critical radius m
Rev Thermal resistance K/W
Rk Thermal resistance-conduction K/W
T1 Temperature at 1 K
Tf Temperature of fluid K
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Example 14.2.3.5:
Compute the critical radius for a hollow sphere composed of a material having athermal conductivity of

25 Btu/(hr[{ft[9F) surrounding by a fluid having a convection coefficient of 10 Btu/(hr [{ft9F).

(B3 Fz_ | F4 | FE [ F
Toglse] selue [Grarn | Fict | opfse | Edit
Sehere-Crit.had
mhi 18, Btuschr - ££°2-2F2
mki 25. Btuschr-f-2F)

reritill

Entsr: Crikical radius

Entered Values

F& Fz Fu FE F
Toolse] Zolue | Grarh | Fick | Oeks- | Edit

Srhgrg-Crib.fad
ali 1@, Btuschr-£L72-%F2
mk: 5. Btucsche- £+ -"F2
+-cr it AT

One cornpklebe useabls selukion Found.

Computed results

Solution — Select the last equation to solve this problem. The entries and results are shown in the screen
displays above.

Given Solution
h = 10. Btu/(hr[{t*[°F). rerit=60in
k = 25. Btu/(hr(ftl°F).

14.3 Semi-Infinite Solid

14.3.1 Step Change Surface Temperature

The equation set in this topic computes the unsteady case for one-dimensional 3
heat transfer, in asemi-infinite solid, from a constant temperature source. 'T
Equation 1 calculatesthe temperature, T (K), at position, x (m), from the
constant temperature source after, time (s), has elapsed since the heat source : .
wasintroduced. To (K), isthe temperature of the constant heat source and Tiis i -:-—}x e
theinitial temperature of the solid at thetimethe heat sourceisintroduced, i.e. Ti - T(x,0) and T(eo, tlme)
To=T(0, time). Equation 2 calculatestherate of heat transfer into the solid, gs (W), after time, has
elapsed since the addition of the heat source. Area, A (m?), isthe area of the solid in direct contact with
the heat source, ad (m?/s), isthermal diffusion coefficient of heat in the solid, and k Btu/(ft[Ar[°F) isthe
thermal conductivity of the solid. Equation 3 computes the heat flux, gf (W/m?), therate of heat transfer
per area. Equation 1 incorporates the complimentary error function, erfc().

T-To _ (—j fq.1

Ti—To 20/ad dime &
k{To-Ti

qf = M Eq. 2
rlod ime

_0s
f = — Eq. 3
q A q
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Variable Description Units
ad Thermal diffusivity mé/s
A Area m?

k Thermal conductivity W/(mIK)
qf Heat flux W/m?
gs Hest tranfer rate w

T Temperatureat x or X, t K

Ti Temperature (X, time= 0 or o, time=1) K

To Temperature (0, time=t) K
time Time J

X Distance from the | eft/side length m

Example 14.3.1:

One end of arectangular slab of lead, at 25°C, isbrought into thermal contact with a mixture of ice and
water. At what distance inside the slab, from the water contact point, has a temperature of 10°C after 10
seconds? After 20 seconds? After 30 seconds? What is the rate of heat transfer per square meter during
these periods? Lead as athermal conductivity of 20.3 Btu/(hr[{tF) and athermal diffusion coefficient of
24.1x 10°® m?/s at room temperature.

| Fi | Fe Fz F4u | FE |FB | Fi | Fe Fz F4u | FE |FB
Tools|Zalug |Gy arh|Fict|Orks-|Edit Tools|Zalug |Gy arh|Fict|Orks-|Edit
Zhep Chande-Surf. T Zhep Chande-Surf. T
mod: L OE00Z24 mt2es mod: L OE00Z24 mt2es
Ik} 0.3 Btu/(hr Ft “F2 Ik} 20, 34Btu/(hr Ft “F2
: H -31598 [
-?: 1o, =C
aTi: 25. °C
sTol BH. °C .
stime: 10. = stime: 10,
] | +x1 1.1489 cm
Enter: Dist. from the TeftAside Ten Enter: Heat Flux
Entered Values (First Solution) Computed Results (First Solution)

Solution — Select the fir st and second equationsto solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2] to solve for the unknown variables. A notice will appear stating that
nsolve(...), numeric solve, will be used to compute the solution. Press(ENTER]. The entries and results
are shown in the screen displays above.

Given Solution

ad = 0.000024 m%/s x=1.1489 cm (10 s)

k = 20.3 Btu/(hr {t[IF) x= 1.6248 cm (20 s)
T=10°C x=1.98996 cm (30 9)

Ti =25°C of = -31987.9 W/m? (10 5)
To=0°C of = -22618.9 W/m? (20 5)
time=10, 20, 30 s of = -18468 W/m? (30 5)

14.3.2 Constant Surface Heat Flux

These equations describe the unsteady case for heat diffusion through a
conducting planewall, with initial temperature, Ti (K), in contact with a heat
source transferring a constant rate of heat with time, gs (W), i.e.: the
temperature of the heat source varies with time to conduct the same amount of : -
heat through thewall. Equation 1 calculatesthetemperature, T (K), at s -:-—}x .
position x (m), from the constant heat source inside thewall &fter, time (s), has elapsed since the heat
source was introduced. Equation 2 computes the temperature of the surface in contact with the constant
heat source, Ts (K), at after time haselapsed. Ti (K), istheinitial temperature of the planewall at the
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time the heat sourceisintroduced, i.e. Ti =T (x,0) and T(eo,time) and Ts=T(0, time). Equation 3
computes the heat flux, gf (W/m?), therate of heat transfer over the area, A (m), of the conducting surface
in contact with the emitting source. ad (m?s), isthe thermal diffusion coefficient and, k Btu/(ftr°F), is
the thermal conductivity for the wall material. Equation 1 incorporates the Complimentary Error
function, erfc(...) described in the previous section.

 20f _[addime _ X of X ( X j
T=Ti+ [@dodime _ [érfo 7 Eq.1
Kk T k 2H/ad [dime

Ts:Ti+2mf lad Gime Eq. 2
k T

o = Eq. 3

A
Variable Description Units
ad Thermal diffusivity mé/s
A Area m?
k Thermal conductivity W/(mIK)
qf Heat flux W/m?
as Heat transfer rate w
T Temperature at X K
Ti Temperature K
Ts Surface temperature of emitter K
time Time S
X Distance from the left/side length m

Example 14.3.2:

A heat element, with a surface area of 30 cm? and emitting a constant 300 W, isimplanted in a semi -
infinite block of aluminum. The aluminum hasinitial temperature of 25°C, athermal conductivity of 130
Btu/(hr{t[°F) (see Reference/Thermal Properties’Thermal Conductivity/Elements) and athermal
diffusion coefficient of 97.5x 10° m?/s. At what time following the activation of the heating element
does the temperature of the aluminum adjacent to heat element reach 100°C?

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit Toolsw| Zelue | Grarh | Micw | Detse | Edit

mgdi _, QEAESE w2 mgdi _, QEAESE w2

LTS ER{ Tt iy LTS ER{ Tt iy

mk: 130, Btu-sChe-fL-°F) mk: 130, Btu-sChe-ft-°F)

af il 41 CILEE, WL w2

l$$: JEE. W mos

mTi: 25, °C ml1i

sT=: 100, °C sT=: 100, °C

timet +time! 229,38 =

HMilN FAD AUTO FLHC Ong complete useable solukion Found.
Entered Values Computed results

Solution — Select the second and third equationsto solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2] to solve for the unknown variables. A notice will appear stating that nsolve()
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(numeric solve) will be used to compute the solution. Press to start the solver. The entries and
results are shown in the screen displays above.

Given Solution

ad = 97.5e-6 m%/s qf = 100000 W/m?
A =30 cm? time=229.38 s

k = 130 Btu/(hr {°F)

gs= 300 W

Ti = 25°C

Ts=100°C

14.3.3 Surface Convection

The following equations describe the unsteady case of convective heat transfer from afluid to asolid
planewall and diffusion of heat through the wall by meansof conduction. The fluid hasaconvective
transfer coefficient, h W/(m?K), the solid has a thermal conductivity, k W/(m(K), and athermal diffusion
coefficient, ad (m?s). Equation 1 computes temperature, T (K), at position x (m), and eapsed time (s),
after the exposure of the solid to thefluid. The solid hasan initial temperature, Ti (K), and the liquid
maintains a constant temperature, Tf (K). The second equation computes the temperature of the solid
surface at the solid/fluid interface attime. Equation 3 computesthe heat flux, gf (W/m?), at after time
has elapsed. The last equation computes the heat flux, gf (W/m?), from the total flux, gs, over the
fluid/solid contact surface area, A (m?).

X
T-Ti X L 2 h@/ad dime
_:erfc—_ —-€e k (érf - + Eq.1
Tf =i 2Q/ad Gime Jad fdime k
. “fad dime -
Ts—Ti s hi/ad Gime
-=1-e ¥ [grfc —— Eq. 2
TF =i k
h?@diime -
. 2 hvad [dime
gf =h{Tf -Ti)@ * @rfc[Tj Eq.3
S
f =95 Eq. 4
q A
Variable Description Units
ad Thermal diffusivity mé/s
A Area m?
h Convection coefficient W/(m2[K)
k Thermal conductivity W/(mIK)
af Heat flux W/m?
as Heat transfer rate w
T Temperature at x or X,t K
Tf Temperature of fluid K
Ti Temperature (X, time= 0 or o, time=1t) K
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Variable Description Units
Ts Surface temperature of emitter K
time Time S
X Distance from the | eft/side length m

Example 14.3.3:

Boailing water is continuously sprayed onto afireclay brick wall. A temperature probe, placed at the solid
liquid interface at a distance of 2 cm inside the brick, records an initial temperature of 10°C and a
temperature of 17°C, after 120 seconds have elapsed. The brick has a thermal conductivity of 1.04
W/(m°K) and thermal diffusion coefficient of 5.4 x 107 m%s. What isthe convection coefficient for the
boiling water being sprayed on the brick surface?

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | | Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | |
[Eurface Conugction] SurFace Conuection

mad: S.4E- 1 wad: S.4E-F mU2es

n b BRI N +h I T

mki 1,0 [ ] 0d 1

aT: 1F. u F. °

uTf: aTf: 1o, =C

mTi? aTi: 10, °C

mtimel stime! 120, =

mxi 2. Ch Want. mxi 2. Ch

HMAlW RAD AUTO FLHC One complebe usgable solubion Found.
Entered Values:Use F5:0pts, 7:Want to Computed results

convert ‘h’ to an initial value for nsolve(..)

Solution — Select the first equation to solve this problem. Select thisby highlighting the equation and
pressing [ENTER]. Press(F2) to display the variables. An initial guessvalue of h, isneeded for nsolve(...)
to converge to a solution. The convection coefficient for boiling water typically ranges from 2000 to
50000 W/(m?[K). Enter h = 9000 W/(m?K) and press [F5):Opts, (7): Want, to flag the entered value for
h asa starting valuefor nsolve (...). Press[F2] to compute the solution. The entries and results are shown
in the screen displays above.

Given Solution
ad=54E-7m%s h = 6029.88 W/(m°[K)
k = 1.04 W/(m[K)

T=17C

Tf = 100°C

Ti =10°C

time=120s

X=2cm

14.4 Radiation

14.4.1 Blackbody Radiation

Equation 1 isthe Stefan-Boltzmann law for radiation emitted by a blackbody source. Eb (W/m?), isthe
total emissive power for al wavelengths, A (m), for an ideal blackbody and Ts (K), isthe surface
temperature of the blackbody emitter. The second equation computes E (W/m?), the power emitted
from anon-ideal blackbody source. The emissivity factor, g, accounts for a particular material’s radiative
spectrum at a particular temperature (€ =1 an ideal blackbody). The third equation is Planck’s Law for
monochromatic power, EbA (W/m?), emitted by a blackbody surface at temperature, Ts and wavelength A
(m). Thelast equation computes the wavelength of maximum power emission from a blackbody, Amax
(m), at blackbody surface temperature, Ts. The Stefan-Boltzmann constant for radiation, 0=5.670 x 10
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W/(m?&*), and the blackbody radiation constants, brc1=3.7417749 x 10™*® Wih?, brc2=0.01438769
mK, and the Wein displacement constant br c3=0.002897756 m(K, are values automatically inserted into
the equation by MEe Pro during the solving process. The valuesfor @, brcl, brc2 and brc3 arelisted in

the Refer ence/Engineering Constants section of ME» Pro.

Eb=0 [Ts* Eq.1
E=¢lEb Eg.2
Eb) = brcl
EE bre2 j Eq. 3
lerms -1
Ts[Amax =brc3 Eq. 4
Variable Description Units
€ Emissivity unitless
o Stefan-Boltzmann constant for radiation 5.670 x 10" W/(m*K?)
A Wavelength m
Amax Peak wavel ength m
brcl 1% radiation constant 3.7417749 x 10™"° Win?
brc2 2" radiation constant 0.01438769 mIK
brc3 Wein displacement constant 0.002897756 mK
E Emissive power W/m?2
Eb Black body emissive power W/m?2
EbA M onochromatic emissive power W/m3
Ts Surface temperature of emitter K

Example 14.4.1:

What is the total power emitted, per area, from anideal blackbody at 310K? What isthe monochromatic
power and wavelength at which the maximum emission occurs?

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

* AN
+Eb: B

Ay

[Eackbody kadiation]
3. 347E
e Bed Woms

ETackbody Radiation]

One complebe usgable solubion Found.

One complebe usgable solubion Found.

Computed Results: 1st step

Computed Results: 2nd step

Solution — Solve this problem in two steps. Select equationsone and four. Enter the temperature and
press(F2] to solve. Deselect equations one and four, select equation 3, press(F2] to solve. Enter the
calculated value of Amax for A. Press[F2] to solve.

Given
Ts=310K
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Given Solution
Eb = 523.684 W/m?
Ebmax = 3.683647 W/m®

14.4.2 Non-Blackbody radiation

Most surfaces are not blackbody surfaces but exhibit a combination of radiative and reflective properties
(opaque). Equation 1 isthe equation for the rate of energy emitted per area, Es (W/m?), by a non-
blackbody surface at temperature T (K). Equation 2 computes the radiosity, Js (W/m?), per areafrom
the surface, As (m?), as the sum of theradiative, Es, and reflective, Gsips, light components. Gs (W/m?),
isthe thermal radiation per areaincident on surface and, ps, isthefraction of theincoming light whichis
reflected. Equation 3 and 4 compute the radiative energy gs (W), leaving the opaque surface, where as
isthe fraction of the light, incident on the opaque surface, which is absorbed and, €s, isthe emissivity of
the surface. The absorptivity, as, is dependent on the wavelength of the incoming light. For objects
exhibiting graybody characteristics, the light absorbed is independent of the wavelength of the incoming
light and the assumption can be made that as= es= 1-ps. Equation 5 computes the thermal radiative-
resistance-to-transfer, Rs (1/m?), of the second kind*. The last equation computes the relationship
between the radiative, as, and reflective, ps, components of incident energy on the surface (ps=1, as=0
for totally reflective, ps=0, as=1 for blackbody).

Es= eslar [T* Eq.1
Js= Es+ ps[Gs Eq. 2
gs= As[{Js—Gs) Eq.3
&S
— as )
gs=
Rs
Eq.5
_1-as a
as[As
Eq.
ps=1-as a.6
Variable Description Units
o Stefan-Boltzmann constant for radiation 5.670 x 10 W/(m?K*)
as Absorptivity unitless
€S Emissivity of shield unitless

* Radiative transfer of thefirst kind views exchange of heat between two surfaces as powered by a thermal
gradient, (T1-T2). Theequation for thisapproach is, g = (T1-T2)/Rf, where Rf (K/W) istheresistanceto
transfer of thefirst kind and isafunction of temperature, radiation area and shape factors. This approach
worksfor heat exchange between two surfaces of having temperatures T1 and T2. Radiative transfer of the
second kind views heat exchange as powered by a difference in emission (E1-E2) between objects. The
equation for thisapproach is, q = (E1-E2)/Rs, where Rs (1/m?), isthe resistance to transfer of the second
kind. The second approach allows the advantage of modeling heat transfer between several surfaces (see
Lindon Thomas, Heat Transfer p. 300).
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Variable Description Units
ps Reflectivity unitless
As Total surface area m2

Es Emissive power-radiating surface W/m?2
Gs Irradiation W/m?
Js Radiosity W/m?
as Heat transfer rate w

Rs Thermal resistance, 2nd kind 1Um?

T Temperatureat x or X, t K

Example 14.4.2:

Polished stainless steel has a solar absorptivity of 0.42, and an emissivity of 0.11 at room temperature
(300 K). If sunlight, with an intensity of 1.5 kW/m? isirradiated on the sted surface, what is the total
radiosity, and radiation emitted per square meter?

Fz Fz Fu FE FB Fi Fz Fz Fu FE
Toolse| Solue | Grarh | Wigw | Orks- | Edit Toolse| Solue | Grarh | Wigw | Orks- | Edit
Mon-Elackbody Rad. Mon-Elackbody Rad.
mos: mz=i .11 T
mssio, ¢ﬁ5=
¢ﬁ5= =] mHs: 1. @tz
mHs: 1. @tz #E=: D0, 3242 Wemt2
#E=: D0, 3242 Wemt2 mEs: 1.5 kWem™
mEs: 1.5 kWem™ *#J=5 920,524 Wemt2
*#J=5 920,524 Wemt2 *_e|15= -o7r9. 47E W
#ysi “5rH.d7E A+ o T: IS{O A
Enter: Absorpbivike of Furfacs Enter: Temp ab i oF xib
Upper Display Lower Display

Solution — Select the equations, one, two, three and six to solve thisproblem. The entries and results
are shown in the screen displays above.

Given Solution

as= .42 ps=.58

es=.11 Es =50.5242 W/m?
As=1m? Js=920.524 W/m?
Gs= 1.5 kw/m? gs=-579.476 W
T=300K

14.4.3 Thermal Radiation Shield

Insulating walls are composed of layers of reflective materials separated by evacuated spaces. The
reflective plates reduce heat transfer due to radiation and the spaces add extra insul ation by reducing heat
exchange due to thermal contact. In these equations, plates with surface areas As (m?) and emissivity &s
separate emissive graybodies with surface areas, A1 (m?) and A2 (m?), emissivities, €1 and €2, and
steady-state emissions, E1 (W) and E2 (W). These equations assume the following conditions:

» Theshidd surfaces are thin, and have a negligible resistance to conduction.

»  The shape factors between shields and radiating surfaces are =1.

*  Sincethethermal shieldsare highly reflective, radiation received by thefirst gray-body, E1is
assumed to originate primarily from itself.

*  Thenon-isothermal gray-body approximation assumesel/al=1. Where al isthe absorptivity of
surface AL,

Equations 1 and 2 compute the power emission for each surface. Equation 3 computesthe steady state
heat transfer between, A1, and, A2, for a series arrangement of two reflective shieldsin the direction of
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heat transfer. Each shield has an emissivity, €s, and areflective area, As. Equation 4 calculates the case
where Ns shields (As, €s) are placed in a parallel arrangement between A1 and A2.

El=ello T1° Eq. 1
E2=¢g2(0 (T2 Eq.2
E1-E2

qlec 1-el 1 1-£2 2-6s Eq.3
Allgl Al A2[82 Aslgs

ql2c = Al[(] El EZ) .
1.1 (2-€s)Ns 9.
i I s S g
el &2 &S

Variable Description Units

o Stefan-Boltzmann constant for radiation 5.670 x 10" W/(m*K*)

el Emissivity of 1 unitless

€2 Emissivity of 2 unitless

€S Emissivity of shield unitless

Al Area m?2

A2 Area m?2

As Total surface area m?2

El Emissive power 1 W/m?2

E2 Emissive power 2 W/m?2

Ns No. of shields unitless

ql2c Heat flux W/m?

T1 Temperature 1 K

T2 Temperature 2 K

and start the solver.

Caution: Because the equations represent a set where several subtopics are covered, the user has to select
each equation to be included in the multiple equation solver. Pressing [F2] will not select all the equations

Example 14.4.3:

A blackbody plate with a temperature of 50°C exchanges radiation with a stainless steel plate having a
temperature of 850°C and €=0.6. If two thin, polished aluminum shields (€=0.1), are placed in a series
arrangement between the plates, what is net heat transfer per square meter between the two plates?
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AEAECACALAL AEAECACALAL
[Therra. kad. Shislds] [Therra. Rad. Shislds]

mzl: mfl: 1. m"2 T

LI m{ZE 1. w2

msz=i L1 mfsi 1. w2

mAl: 1. m"2 +El: 618,355 Wsm™2

mfgz: 1. m"2 +EZ: 54140.8 Wsm~2

mf=: 1. m™ +qlzci -Z589.79 Wem™2

+El: 618,355 Wsm™2 aTl: 50, 2C

+EZ: S54140.8 Wsm~2 + u T2 : B

Enter: Emissivite of 1 Enter: Temp &
Upper Display Lower Display

Solution — Select the first three equations to solve this problem. The entries and results are shown in
the screen displays above.

Given Solution
el=1 E1 = 618.356 W/m?
€£2=.6 E2 = 54140.8 W/m?
es=.1 ql2c = -2589.79 W/m?
Al=1m?
A2=1m?
As=1m?
T1=50°C
T2=850°C

References:

1. Thomeas, Lindon C, “Heat Transfer”, Prentice Hall NJ, 1992

A useful source for heat transfer properties of many materials can be located on the web* at:
http://www.tak2000.com/

A glossary of websites for material related to thistopic islocated at:

http://www.ui c.edu/~mansoori/Thermodynamic.Data.and.Property _html

*Note: Thesewebsites are not maintained or affiliated with da Vinci Technologies Group. daVinci does
not guarantee the availability and reliability of information located at these URL’s.
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Chapter 15: Thermodynamics

This section covers awide range of topics under six subheadings.

¢ Fundamentals ¢ System Properties
¢ Vapor and Gas Mixture ¢ ldeal GasProperties
¢ FirstLaw ¢ Second Law

15.1 Fundamentals

These equations list various forms for expressing the quantity of a substance. Equation 1 calculatesthe
specific volume, vs (m*/kg), which isthe volume occupied per unit massof a substance. The second
equation computes density, p (kg/m®). Equation 3 calcul ates the specific weight, y (N/m°), from the
total mass, m (kg), and volume, V (m®) of the substance. The gravitational acceleration constant, grav
(_g = 9.80665 m/<’), is automatically inserted into the computation by M Ee Pro and does not appear in the
list of variables. Thelast equation computes the number of moles, n (mol), of a substance from its total
mass, m, and molar mass, MWT (kg/moal).

\

VS=— Eq.1
m

p= m Eq. 2
v .
mLgrav

y= L Eq. 3

\
m

n=——— Eq. 4
MWT

Variable Description Units

y Specific weight N/m®

p Density kg/m®

grav Acceleration due to gravity 9.80665 m?/s

m Mass kg

MWT Molar mass kg/mol

n Number of moles mol

\Y; Volume m®

Vs Volume per unit mass m/kg

Example 15.1:

Compute the density and specific volume of a liquid having a volume of 2.6 liters and a mass of 5 pounds.
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Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit Toolsw| Zelue | Grarh | Micw | Detse | Edit

|Fundumtnt-u1s| |Fundumtnt-u1s|
P #pi 372,293 kasm™3
ap: 5, 1k api 3, lhb
mlls 2.6 1 :
wsill

Enter: Wolums Pk unik rmass One complebe usgable solubion Found.

Entered Values Computed results

Solution — Select the fir st and second equationsto solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution
m=5Ib p = 872.293 kg/m®
V=26l vs = .001146 m*/kg

15.2 System Properties

15.2.1 Energy Equations

This section includes the general forms of the equations used to describe the state of a pure substancein
thermodynamic equilibrium. Equation 1 computesthe enthalpy, H (J), asthe sum of theinternal energy,
UE (J), of the material, and the work, pl¥ (J), performed by the system. The variables, p (Pa) and V
(m®), are the pressure and volume of the gas component of the system. The second equation computes
the Helmoltz energy, A (J), the maximum work the system is able to perform. The quantity, T3 (J), is
the energy in the system stored as random heat energy, and isunavailable for work. T (K), isthe
temperature and, S (JK), isthe total entropy of the system. Equations 3 and 4 compute the Gibbs
energy, G (J), thework that can be extracted from the system, after work, (pL¥), and the energy lost to
increasing the entropy of the system, (T[3). TheenergiesH, U, A and G are extensive properties; i.e.,
dependent on the quantity of the substance. Equations 5-9 are differentiated forms of the first three
equations and represent a thermodynamic transition of the system. A in equations 10-17, indicates a
changein aproperty (p, V, T, H, UE, G, A, S) between state 1 and state 2.

H=UE+pl Eq. 1
A=UE-T 3 Eq. 2
G=H-TI[S Eq. 3
G=A+plV Eq. 4
AUE =T AS - p AV Eq.5
AH = AUE + p AV +V Dp Eq. 6
AA=AUE -SIAT -T AS Eq. 7
AG =AH -SIAT -T AS Eq. 8
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AG = AA+p AV +V Dp Eq. 9

AA= A2- Al Eqg. 10

AG=G2-G1 Eq. 11

AH =H2-H1 Eq. 12

Ap=p2-pl Eq. 13

AS=S2-S1 Eq. 14

AT=T2-T1 Eqg. 15

AV =V2-V1 Eq. 16

AUE =UE2-UE1 Eq. 17

Variable Description Units

AA Difference - Hemoltz function J

AG Difference - Gibbs free energy J

AH Difference - enthalpy J

Ap Difference - pressure Pa

AS Difference - entropy JK

AT Difference - temperature K

AUE Difference - internal energy J

AV Difference - volume m®

A Helmoltz function J

Al Helmoltz energy —1 J

A2 Helmoltz energy —2 J

G Gibbs Free energy J

Gl Gibbs energy -1 J

Gl Gibbs energy -2 J

H Enthalpy J

H1 Enthalpy -1 J

H2 Enthalpy -2 J

p Pressure Pa

pl Partial pressure—1 Pa

p2 Partial pressure —2 Pa

S Entropy JK

S1 Entropy -1 JK

2 Entropy —2 JK

T Temperature K

T1 Temperature—1 K

T2 Temperature —2 K

UE Internal energy J

UE1l Internal energy — state—1 J

UE2 Internal energy — state—1 J

v Volume m’

V1 Volume - state— 1 m®

V2 Volume — state -2 m®
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Example 15.2.1:

One mole of hydrogen gas reacts with half a mole of molecular oxygen at room temperature (298.15 K)
and standard atmospheric pressure (1 atm), to form 1 mal of liquid water.

Hy(9) +3 () ~ 20H,0()

The enthalpy of formation for both hydrogen and oxygen under standard atmospheric and pressure
conditionsis 0 J(mol (K). The enthalpy of formation for liquid water (298.15 K, 1 atm) is—285.83
kJmal. If the reaction creates—252 kJof energy availableforwork, what is the changein entropy for the
reaction?

FL [ Fz | _F* | F4 | F5 |FE FL [ Fz | _F* | F4 | F5 |FE

|T-:--:-1s-|$o1u-z Gk aFh '.'i-zwll:lp-ts-- Edit |T-:--:-1s-|$o1u-z Gk aFh '.'i-zwll:lp-ts-- Edit
Engray Equakions Engray Equakions

maGE C2532. kT malGE -252. kT

aHi *aHi -2EB5.83 kJ

agl 451
aTi O K maTi
sHi: @ J sHi: @ J
mHZi -285.83 kJ mHZi -285.83 kJ
mS: 0O JK mS: O JoK
u T: EEEEPE aT: 295,15 K
Enter: Temperakurs Enkter: Diff. Entropy

Entered Values Computed results

Solution — Select the eighth and twelfth equations to solve this problem. Select these by highlighting
the equations and pressing [ENTER]. Press(F2) to display the variables. Enter the values for the known
parameters. A valuefor Sisnot needed since thisis a constant temperature process. Press(F2] to solve
for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution
AG=-252 kJ AH =-252 kJ

AT =0K AS=-113.466 JK
H1=0J

H2 = -285.83 kJ

S=0JK

T=298.15K

15.2.2 Maxwell Relations

These four equations describe exact differential relationships used in thermodynamic calculations. An
advantage of the Maxwell Relationsisthe ability to relate changesin observable parameters, such as
pressure, volume and temperature (p, V, T), to changes in non-measurabl e quantities such as entropy (S).
The subscripts to the bottom right of the parenthesisindicate a parameter being held constant while the
other two parametersinside the parenthesisvary. A indicates the changein aproperty (p, V, T, and S).

Note: Dueto display limitations, the subscript variable, which remains constant during a
transition, cannot be shown. The parameter being held constant on the left and right side of the
equations appear sin the statusline at the bottom screen while the equation is being highlighted.

(av), 123 0
av ), \as), &
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AT AV

— | = —= Eq. 2

Ap ), \AS),

Ap AS

— | =|— Eq. 3

AT ), AV );

AV AS

— | = — Eq. 4

AT b Ap T

Toolsr| Zolug | Grarh | Migw | Orkse | «'Check
[Maxwel Equations
iﬁﬁiTZ’fEE?Ep
< Selech: L:con:tmi.v
Status Line message for a highlighted Maxwell Relation
S (entropy) is constant for the left side of the equation
V (volume) is constant for the right side of the equation.

Variable Description Units
Ap Difference - pressure Pa
AS Difference - entropy JK
AT Difference - temperature K
AV Difference - volume m3

Caution: Because the equations represent a set where several subtopics are covered, the user has to select
each equation to be included in the multiple equation solver. Pressing(F2] will not select all the equations
and start the solver.

Example 15.2.2:
If the constant-volume hesating of a gas produces an increase of 20 Pawith an increase in temperature of
30 K, what will be the changein entropy for the same gasiif the volume expands by 2 m* during an
isothermal hesating?

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit Toolsw| Zelue | Grarh | Micw | Detse | Edit

Faxwe1l E]ﬂtiﬁl‘l!l Faxwe1l E]ﬂtiﬁl‘l!l
-.Q.EE 20. Pa wepio 2, P -
A=t : iy v J R
msTi 30, K
malli 2. w3

Enter: DifF. Entrope

Entered Values

One complebe usgable solubion Found.

Computed results
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Solution — Select the third equation to solve this problem. Select thisby highlighting the equation and
pressing [ENTER]. Press[F2] to display the variables. Enter the values for the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution
Ap=20Pa AS=1.33333 JK
AT =30K

AV =2m?

15.3 Vapor and Gas Mixture

15.3.1 Saturated Liquid/Vapor

The following equations describe a pure liquid in equilibrium with its vapor at constant temperature. The
chemical equation for conversion of a pure substance, A, from aliquid (I) to a vapor (v) is described
bel ow.

Al A(V)
(1-x) (X)

Equation 1 computes x, the dryness fraction, or the degree of conversion of A from aliquid to a vapor,
or, the molefraction of A in vapor form (x=0 when A isaliquid, x=1 when A isavapor). Equation 2
cal culates the total volume occupied by the chemical, V (m®), asthe sum of the total liquid volume, Vil
(m®), and total vapor volume, Vtv (m°), of A. Equation 3 computes the total volume, V, from the mass
of theliquid, mlqg (kg), and vapor, mv (kg), components of A, in addition to the volumes occupied per
mass of liquid, vl (m®kg), and gas, v (m°/kg). Equation 4 calculates, V, from the total massof the
liquid and vapor, m (kg), and the volume occupied, per mass, by the liquid/vapor system, vs (m*/kg).
Equation 5 computes the change in specific volume, dv (m°), for the conversion of a pure substancefrom
aliquid to avapor. Equation 6 computes, vs, from the massof the vapor, mv, the total mass, m, and the
specific volumes of the liquid, vl and vapor, vw. Equation 7 calculates, vs, asthe sum of the specific
volume of the liquid, vl, and the additional volume contribution of the substance in vapor form x[Qvv-vl).
Equation 8 computes the change in internal energy per mass, du (Jkg), for aliquid/vapor transition from
the difference of theinternal energy of the vapor, ul (Jkg), and the vapor, uv (Jkg). Equation 9
calculatesthe internal energy per mass of the liquid/vapor us (Jkg) for the drynessfraction, x. Equation
10 computes the specific enthal py change, &h (Jkg), for converting a pure substance from aliquid to a
vapor. Equation 11 calculates the enthalpy per mass, hs (¥kg), of the liquid/vapor system for the
drynessfraction, x. Thelast two equations, (Eq. 12 and 13), compute the entropy change per mass, ds
J(kgK), of liquid converted to a vapor, and the entropy per mass, ss J(kgK), of theliquid/vapor system.

mv
X=— Eq. 1
miq+mv
V =vil +Vtv Eq. 2
V =mig il +mv v Eqg. 3
V =mUs Eq. 4
N=w-Vl Eq.5
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m-nv nmv

VS = W +—D0v Eq. 6
m

vs=Vvl +x [dv Eq. 7
du=uv-ul Eqg. 8
us=ul +xdu Eq.9
oh=hv-hl Eqg. 10
hs=hl + x [dh Eq. 11
d=sv—-d Eqg. 12
ss=9 +Xx[Js Eq. 13
Variable Description Units
dh Difference in specific enthalpy Jkg
3s Differencein specific entropy J(kgK)
du Differencein specific internal energy Jkg
ov Differencein specific volume m/kg
] Specific enthalpy - liquid Jkg
hs Specific enthal py Jkg
hv Specific enthal py — vapor Jkg
m Mass kg
miq Mass of liquid kg
mv Mass of vapor kg
ss Entropy per unit mass J(kgK)
d Specific entropy — liquid J(kgK)
Y Specific entropy — vapor J(kgK)
ul Internal energy/mass (liquid) Jkg
us Internal energy/mass Jkg
uv Internal energy/mass (vapor) Jkg
Y, Volume m®
vl Specific volume —liquid m/kg
Vs Volume per unit mass m/kg
Vil Total liquid volume m®
Vtv Total vapor volume m?
wW Specific vapor volume m?
X Drynessfraction unitless

Caution: Because the equations represent a set where several subtopics are covered, the user has to select
each equation to be included in the multiple equation solver. Pressing(F2] will not select all the equations
and start the solver.

Example 15.3.1:

A tablelists Refrigerant-22 as having a vapor quality (drynessfraction) of 0.5 at T=40°C. The saturated
specific volumes of the refrigerant at this temperature are 0.000883 n/kg for the liquid and 0.0151 m¥/kg
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for the vapor. The specific enthalpies of the liquid and vapor are 94.93 kJ/kg and 261.14 kJ/kg. Find the
specific volume and the specific enthal py of the refrigerant.

[Eat. Liquid Vapar
+&h
ALt

[
: . JAka
+h=i 178,035 kJISkg
mht 261.14 kJI<kg
auls COOHEEE m™3qka
sl L QEF9IZ m3ska
mou 0151 mt3skg

Fi Fe Fz Fu
Tools+| Zolue | Grarh | View

Fi [ F3 F4
Toolsw| Falug | Grarh | Yicw E@.
[Eat. Liquid Vapar
*an .Ell421? M3 ka T
: J-kg

L35 k,L-' kg
14 kIS

223 m"3fkg
?9

One complebe usgable solubion Found.

One complebe usgable solubion Found.

Upper Display

Lower Display

Solution — Select equations 5, 7, 10, and 11 to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the

screen displays above.

Given

hl = 94.93 kJ/kg
hv = 261.14 kJ/kg
vl =.000883 m*/kg
w = .0151 m3/kg
x=.5

Solution

dh = 166.21 kJ/kg
dv = .014217 m%kg
hs = 178.035 kJ/kg
vs=.007992 m*/kg

15.3.2 Compressed Liquid-Sub cooled

’,..--"’ Subcooled -Comprezsed
|:|—|:u: Liquid requon

[uil, hz1, wml)
[Lin, ha, wma) l

"~

*T T

Saturated
Ciquid Ling ™

T emperature

Supercritical fluid region

Critic:al
Foint

Wapar regqion

Liguid +
Wapar kisture
reqion

Saturated
Liquid Line
Subcooled -Comprezzed Liquid reqion

™.Saturated
Wapar Line

Specific Volume

Equation 1 describes the change in thermodynamic properties between initial state, 0 and final state, 1.

Sub cooled liquid datafor many substancesis not available. Equation 2 isan approximate version of the
first equation for calculating of the thermodynamic state for a compressed or sub cooled liquid ho (Jkg)
and po (Pa), from saturated liquid properties, h1 (Jkg), vm1 (m*moal), p1 (Pa), at the same temperature.
It isassumed that the interna energy and the specific volumes of the saturated liquid can be used for the
sub-cooled state without a significant lossof accuracy. The assumptions are made are that uio = uil
(Jkg) and vmo = vm1 (m*/mol) at constant temperature, T (K).
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ho = hsl+vml[{po — pl)

ho =hsl+uio —uil +po Mmo —pl MmML

Eq.1

Eq. 2

Variable
hsl

ho

pl

po

uil

uio

vml
vmo

Example 15.3.2:

Description

Specific enthalpy — state 1
Specific enthalpy — state o
Partial pressure—1

Partial pressure—o

Internal energy/mass state 1
Internal energy/mass state o
Volume per massat state 1
Volume per mass at state 0

Units
J(kgK)
J(kgK)
Pa

Pa

Jkg
Jkg
m/kg
m/kg

Compute the sub cooled liquid properties for water at 65°C and 14 MPa.

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

Cormpt.Lid.5ubconled]
mhsli 273,184 kJ<ka

ok
mplt (025039 MPa
mpol 14 P

LIE N

HMAlW RAD AUTO FLHC

Entered Values

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

Compr.Lid.Subcooled]
TR LA

L0 T

mh=l:
+ho:

mpli E]
mpol 14, MPa
mupl: OE1EZ m*3ska

Enter: Specific Enthalew - skate o

Computed results

Solution — Obtain the thermodynamic values for the saturated liquid state from Analysis/Steam
Tables/Satur ated Steam (see Chapter 3). Select Temperature, enter Ts= 65°C and press [F2] to solve.
Usethe values of Ps, Vf, and Hf for p1, vm1 and hsl respectively, in equation 2 of this section. Use
(F1]: Tools, (5]: Copy/(6]: Paste.

Given Solution

T=65°C ho = 287.438 kJ/kg
hsl (Hf) = 273.184 kJ/kg

pl (Ps) = .025039 MPa

po = 14 MPa

vm1 (Vf) =.00102 m%/kg

15.4 Ideal Gas Properties

15.4.1 Specific Heat

The following equations compute various thermodynamic properties of ideal gases. Equation 1 isthe
ideal gaslaw. The second equation computes the differencein specific heats of constant pressure and
constant volume for an ideal gas. Equation 3 calculates the specific heat ratio, k. Equations4 and 5
compute the change in specific enthal py, hs2-hsl (Jkg), and internal energy per mass, ui2-uil (Jkg),
with change in temperature, T2-T1 (K). The specific heats at constant volume and pressure, cv J(kgK),
and cp J(kgK), in equations 4 and 5, are assumed to remain constant with temperature.
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Rm
pls=——I00T Eqg. 1
MWT
cp-cv = Rm Eq. 2
MWT '
C
P Kk Eq.3
cv
hs2—hsl=cp (T2 -T1) Eq. 4
ui2-uil=cv[(T2-T1) Eq.5
Variable Description Units
cp Specific heat at constant pressure J(kgK)
cv Specific heat at constant volume J(kgK)
Vs Specific volume m/kg
hsl Specific enthalpy — 1 Jkg
hs2 Specific enthalpy —2 Jkg
k Specific heat ratio unitless
MWT Molar mass kg/mol
p Pressure Pa
Rm Molar gas constant 8.3145 J/(kgK)
T Temperature K
T1 Temperature- 1 K
T2 Temperature—2 K
uil Internal energy/mass state - 1 Jkg
ui2 Internal energy/mass state - 2 Jkg

Example 15.4.1:

An ideal monatomic gas, having a molar mass of 40 g/mol, iscontained in acylinder with a piston
exerting a constant pressure. A heating element increases the temperature of the gasfrom 300 K to 600
K. What is the change in specific enthalpy, internal energy per kilogram, the specific heat at constant
pressure and volume for the monatomic gas?

Fi Fz Fx Fy [ FE |FB Fi Fe Fz Fu FE Fi
T-:-0151-|S-:-1ut Erup-hl'.'iew un-ts'lEdil: | Tools+| Zolue | Grarh | View | Orks- | Edit | |
|S|>tciFi-c Htutl Specific Heak
*p S, B0 o0 kg -k ) mh=1: 0 Jfkg T
La=H EEIRG : #h=2: 155897, J-ka
ahsl: O, Jska mk: 1,566567
+h=2 155897, J<kg wfliT: _46. g-mol
mki 1.E66667 sT1: 300,
wf{lIT: 40, E/mnl nT2: &Q0, K
aT1: F0O0. myils o J-k
T2 EEE, K 4 Ul 2 SN T
Enkgr: $F, hgak:conskank Fress, Enter: Ink. gngrdudmass - skake &
Upper Display Lower Display

Solution — A specific heat ratio of k = 5/3 can be used for an ideal monatomic gas. Select equations 2, 3,
4, and 5 to solve this problem. Select these by highlighting the equations and pressing [ENTER]. Press(F2]
to display the variables. Enter the valuesfor the known parameters and press(F2] to solve for the
unknown variables. The entriesand results are shown in the screen displays above.
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Given Solution

hsl =0 Jkg cp = 519.657 J(kg°K)
k=5/3 ov = 311.794 J(kgK)
MWT = 40 g/moal hs2 = 155897 Jkg
T1=300K ui2 =93537.8 Jkg
T2=600K

uil=0Jkg

15.4.2 Quasi-Equilibrium Compression

The following equations compute the work performed by a gas due to quasi-equilibrium expansion or
compression. Equation 1 computes the work performed, Wp (J), at a constant pressure, p (Pa), between
an initial volume, V1 (m®), and final volume, V2 (m®). Equation 2 computes the work performed at
constant temperature, Wt (J), due to isothermal expansion/compression from an initial volume, V1toa
final volume, V2. Thethird equation computes the work performed for a polytropic process, Wpoal (J),
(see Chapter 13.5 for more information on polytropic or quasi-equilibrium processes). The polytropic
coefficient is restricted to values of A # 1. When A=0 (constant pressure), equation 3 simplifiesto
Equation 1. When A = oo, the constant volume condition is fulfilled and Wpol becomes zero. Thefourth
equation computes Wpol for an ideal gas between an initial temperatureT 1 (K) and final temperature T2
(K). Equation 5 shows the equivalence relationship between pressure and volume for theinitial, V1
(m®) and p1 (Pa), and final, V2 (m?) and p2 (Pa), states of a polytropic process. Equations 6 and 7
compute the heat flow, Qpal (J), into the system for a polytropic process.

Wp=plv2-V1]) Eq. 1
V2

Wt = plV1n| — Eq. 2
V1

p2V2-plivl
ol = Eqg. 3
Wp =2 q
m

Wodl = 7EIRmE(]T2—T1) Eq. 4
1-A

plv1 = p2v2* Eq.5

Qpol ~Wpol =m{ui2 -uil) Eq. 6

Qpol = mldv [[T2-T1) +Wpol Eq. 7

Variable Description Units

A Polytropic Index (A # 1) unitless

cv Specific heat at constant volume J(KKQ)

m Mass kg

MWT Molar mass kg/mol

p Pressure Pa

pl Pressure 1 Pa

p2 Pressure 2 Pa
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Variable Description Units

Qpol Heat Flow - polytropic J
T1 Temperature 1 K
T2 Temperature 2 K
uil Internal energy/mass state 1 Jkg
ui2 Internal energy/mass state 2 Jkg
V1 Volume 1 m?
V2 Volume 2 m?
Wp Work done: constant pressure J

W pol Work done: polytropic process J
Wt Work: constant temperature J

Caution: Because the equations represent a set where several subtopics are covered, the user has to select
each equation to be included in the multiple equation solver. Pressing (F2] will not select all the equations
and start the solver.

Example 15.4.2:

A piston compresses a gas reversibly from an initial pressure 101,325 Paand an initial volume of 300 cnd
to afinal pressure of 200,000 Paand afinal volume of 150 cm®. The polytropic index for the system is
1.4. Compute the work performed.

| Fi | F& Fz F4 | FE |FB | Fi | F& Fz F4 | FE |FB
Tools|Z0Tu|GF arh|¥isw]0e-ks-|Edit Tools|Z0Tu|GF arh|¥isw]0e-ks-|Edit
2Uasi E4. CoMPFRSS. 2Uasi E4. CoMPFRSS.
mixi 1.4 H
mpl: 101325, Pa
mpZi ZEEEEE. Pa
alil: 300, cmt3
LIz 1560, cm™3
Wpol:l
Enter: Hork done:Polvbrapic Frocess One cornpklebe useabls selukion Found.
Entered Values Computed results

Solution — To solve the problem sdlect Equation 3. Highlight the equation by and press [ENTER]. Press
to display the variables. Enter the valuesfor the known parameters and press [F2] to solve for the
unknown variables. The entries and results are shown in the screen displays above.

Given Solution

A=14 Wpol =.99375J
pl = 101325 Pa

p2 = 200000 Pa

V1=300cm?

V2 =150 cm?®

15.5 First Law

15.5.1 Total System Energy

The following equations describe the conservation of various forms of energy. Thefirst equation
computes the change in energy, AE (J), dueto heat added to the system, Q12 (J), less the work performed
on the surroundings, W12 (J). Equation 2 computesthetotal changein energy asthe sum of the changes
of kinetic energy, AK E (J), potentia energy, APE (J), and internal energy, AUE (J). Equation 3
calculates the differencein kinetic energy, AK E, between theinitial, KE1 (J), and final, KE2 (J), states.
Equation 4 calculatesthe change in internal energy, APE, from the initial, PE1 (J), and final, PE2 (J),
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energy states. Equation 5 calculatesthe changein internal energy, AUE, from the initial, UE1 (J), and
final, UE2 (J), energy states. Equation 6 computes, AKE, dueto differencein linear velocities, vel1
(m/s) and vel2 (m/s). Equation 7 calculatesthe difference in potential energy, APE, due to relative
heights, zh1 (m) and zh2 (m), in the earth’ sgravitational field. The last equation computes AUE from
the change in internal energy per mass, uil (Jkg) and ui2 (Jkg), and the total massof the substance, m

(k).

AE =Q12-W12 Eq. 1

AE = AKE +APE + AUE Eqg. 2

AKE = KE2-KE1 Eq. 3

APE = PE2 - PE1 Eq. 4

AUE =UE2-UE1 Eq.5

AKEzlmn[(]velzz—velf) Eq. 6
2

APE = mlgrav [{zh2 —zh]) Eq.7

AUE =m([{ui2 - uil) Eq. 8

Variable Description Units

AE Energy change J

AKE Differencein kinetic energy J

APE Differencein potential energy J

AUE Differencein internal energy J

grav Gravitational constant 9.80665 m/s?

KE1 Kinetic energy — state 1 J

KE2 Kinetic energy — state 2 J

m Mass kg

PE1 Potential energy — state 1 J

PE2 Potential energy — state 2 J

Q12 Heat Flow J

uil Internal energy/mass state 1 J

ui2 Internal energy/mass state 2 J

UE1l Internal energy state 1 J

UE2 Internal energy state 2 J

vell Velocity — state 1 m/s

vel2 Velocity — state 2 m/s

W12 External work performed —1to 2 J

zhl Height 1 m

zh2 Height 2 m

Example 15.5.1:

A 40 g bullet isfired verticdly fromagun. The heat generated from gunpowder combustion indde the
bullet is4 kJ. The energy lost due to work and heating the gunis 1300 J. The remainder of the energy is
transferred as kinetic energy to the bullet. If thereisno wind friction, how high will the bullet travel ?
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Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi

Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | | Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | |
[Tatal svstern Eneray ] [Tatal swster Eneray ]

+-E! ZrO0. T *KED 20O, T T

#ofER 2700, T mnFES O J

naPE: O T malJEZ O T

malJE: O T i 4. g

mpt 40, milzs 4, kT

mil12: mp=lll O, mo=s

mpelll O, Moo= 2] 367,425 mos

#uclZt 367 423 mes 4 LLONRe 1300, T

Mulkie 1 compleks useabls s0Tns Found. HMAlW RAD AUTO FLHC

Step 1: Upper Display (Solution 2) Step 1: Lower Display (Solution 2)
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J
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Step 2: Entered Values
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FL [ FE F= 9 | FE | FB
Tools=| Solue | Graeh | Wiew |Oets- | Edit
Tobal Zwskern Enckdw

A= g CIC |

nakED O
+PED 27oa. T
malE: BT

One cornpklebe useabls selukion Found.

Step 2: Computed Results

Solution — This problem needsto be solved in two stages. First, calculate the conversion of stored
energy, in the gunpowder, to kinetic energy in the bullet using Equations 1, 2, and 6. Thefirst
computation (Step 1) has two possible solutions, press 2] for the second solution for the results shown on
thispage. Then calculate the conversion of kinetic energy to potential energy using Equations2 and 7.
Enter the known variablesfor each step as shown in the screen displays above.

Step 1: Given
APE=0J
AUE=0J
m=40¢g
Q12=4kJ
vell=0m/s
W12 =1300J

Step 2: Given
AE =2700J
AKE=0J
AUE=0J
m=40¢g
zh1=0m
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Step 1: Solution
AE =2700J

AKE =2700J

vel2 = 367.423 m/s

Step 2: Solution
APE =2700J
zh2 = 6883.08 m
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15.5.2 Closed System: Ideal Gas

15.5.2.1 Constant Pressure

These equations describe the thermodynamic properties of a system undergoing transition under constant
pressure. Thefirst equation calculatesthe heat change of a system, Q12 (J), asthe sum of the change of
the internal energy components, ui2-uil (Jkg), and the work performed, W12 (J). Equation 2 computes
Q12 from the change in specific enthalpy,hs2-hsl J(kgK). Equation 3 computes the work, W12,
performed by the system during a expansion/compression between an initial volume, V1 (m®), and final
volume, V2 (m®), by a constant pressure, p (Pa). Equation 4 calculates the change in specific enthal py,
hs2-hsl, from the specific heat at constant pressure, cp J(kgK), and the change in temperature, T2-T1
(K). Equation 5 computesthe changein internal energy, ui2-uil, from the specific heat at constant
volume, cv J(kgK). Equation 6 calculatesthe changein specific enthalpy, ss2-ss1 J(kg(K), from cp
and theinitial and final temperatures, T1 (K) and T2 (K). Equation 7 computesthe total changein
entropy of the system, S21 (JK). Equation 8 calculates, k, the ratio of specific heats. Equations9 and
10 compute theideal gaslaw at states1 and 2.

Eqg. 1
Q12 = m{ui2 - uil) +W12 q
Eqg. 2
Q12 = mihs2 - hsl) q
Eqg. 3
W12 = pV2-V1) ?
Eqg. 4
hs2 - hsl = cp (T2 -T1) q
Eqg.5
ui2-uil=cv[(T2-T1) a
T2 Eq. 6
ss2-ssl=cp [lh(—j
T1
S12 = mi{ss2 - ssl) Ea.7
Eq. 8
k=
cv
Eq. 9
m
pV1l=——I[MRmI1
MWT
Eq. 10
m
pWV2=——I[MRm[T2
MWT
Variable Description Units
cp Specific heat at constant pressure J(KKQg)
cv Specific heat at constant volume J(KKQg)
hsl Specific enthal py — statel Jkg
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Variable
hs2

m
MWT
p
Q12
Rm
S12
ssl
2
T1
T2
uil
ui2
Vi1
V2
W12

Example 15.5.2.1:

Description

Specific enthalpy — state 2
Mass

Molar mass

Pressure

Heat flow

Ideal gas constant

Entropy

Entropy per mass— state 1
Entropy per mass— state 2
Temperature — state 1
Temperature — state 2
Internal energy/mass - state 1
Internal energy/mass — state 2
Volume—-1

Volume -2

External work done - 1to 2

F3: Equations/ 5:Thermodynamics

Units
Jkg

kg
kg/mal
Pa

J
8.31451 J(K[mol)
JK
J(Kkg)
J(Kkg)
K

K

Jkg
Jkg

m3

m3

J

Nitrogen (28 g/mol), contained in avolume of 2 m®, exerts a constant pressure of 2 bars against a
movable, frictionless piston. The temperature of the nitrogen gasis 26.85°C. A heating element
exchanges 19,000 kJof heat causing the volume to expand and the temperature to increase. The specific
heat at constant pressurefor nitrogen in thistemperature range is approximately 7 Btu/(IblF). What isthe
mass of nitrogen in the cylinder, the final volume and temperature the gas, and the work performed?
Assume nitrogen has ideal gasbehavior and the specific heat remains constant with temperature.
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Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

Enter: Ttmp-zr-utur-z state 1

Icﬁl'lstﬂl'lt FreLsUur e
II"IbJT 28 gf’mnl T

512 19EIEIEI kJ
*E% ?99 EEBE! R
#liZ: 5) 96255 m"‘S
+ll1z2: 3.

Upper Display

Enter: Exttrmﬂ l.u-:-rlc done itez

Lower Display

Solution — Select the second, third, fourth, ninth and tenth equations. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution

cp = 7 Btu/(IbCF) hs2 = 4.23149 E6 Jkg
hsl= 0 Jkg m = 4490.14 g

MWT = 28 g/mol T2 =799.888 °R

p =2 bar V2 =2.96255 m?

Q12 = 19000 kJ W12 = 192509 J
T1=26.85°C

Vi=2. m?

15.5.2.2 Binary Mixture

The following equations compute the thermodynamic state for a mixing of twoideal gases. The gases are
assumed to occupy the same volume before and after mixing. Equations 1 and 2 compute the specific
internal energy, us (Jkg), and the specific enthalpy, hs (Jkg), of the binary mixture at atemperature, T
(K). Thereference temperature, Trf (K), and the reference pressure, pref (Pa), must beidentical for both
gases. Equation 3 calculates the specific entropy of the mixture, ss J(kgK), asthe sum of the entropies
of theindividual gases at temperature, T, and entropy of mixing contribution (from the middle terms) due
to theirreversible mixing of two gases. The two gases have partial pressures, pl (Pa) and p2 (Pa), and
occupy an initial and final volume, V1 (m®) and V2 (m®). Equation 4 calculates the specific heat at
constant pressure, cp J(KIRg), of the gas mixture asthe sum of the individual contributions of the
specific heats of each gas, cpl J(KRg) and cp2 J(KKg). Equation 5 computesthe mole ratio from the
masses, m1 (kg) and m2 (kg), and the molar masses of each gas, MWT1 (g/mol) and MWT2 (g/moal).
Thefinal equation calculates the total mass, m (kg), of the gas mixture as the sum of the individual
masses of each ideal gas, m1 (kg) and m2 (kg).

us=w—]1EtleﬂT—Trf)+E@v2(T—Trf)+n—ﬂ@hlrf— Rm mrfj+ﬂtéh2rf— Rm D’rfj Eq. 1
m m m MWT1 m MWT2

hs= T2 [6p)(T —Trf) L [@p2 [T ~Trf ) M et +2 it Eq. 2
m m m m
$=”—‘1mp1[m[ij+@mp2 [[h[TJ—[ miRm mn(L1]+ m2CRm [ﬂn[pZD+mlEﬂrf +reof  Eq.3
m Trf m Trf mCMWT1 pref | mOMWT2 pref m m
cp =" e+ ™ (a2 Eq. 4
m m
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n2 _ MWT1m2 Ea.5

nl MWT20rd |
m=ml+m2 Eq. 6
Variable Description Units
cp Specific heat of mixture: Constant Pressure J(kgK)
cpl Specific heat: constant pressure — substance 1 J(kgK)
cp2 Specific heat: constant pressure — substance 2 J(kgK)
cvl Specific heat: constant volume — substance 1 J(kgK)
cv2 Specific heat: constant volume — substance 2 J(kgK)
harf Specific enthalpy — substance 1, at pref = Trf, Jkg
h2rf Specific enthal py — substance 2, at pref = Trf Jkg
hs Specific enthalpy of mixture Jkg
m Mass of mixture kg
ml Mass 1 kg
m2 Mass 2 kg
MWT1 Molar mass: substance 1 kg/mol
MWT?2 Molar mass: substance 2 kg/mol
nl No. moles: substance 1 mol
n2 No. moles: substance 2 mol
pl Partial pressure; substance 1 Pa
p2 Partial pressure; substance 2 Pa
pref Reference partial pressure Pa
Ss Specific entropy of mixture J(kgK)
sirf Specific entropy — substance 1, at temp. = Trf, press. = pref J(kgK)
s2rf Specific entropy — substance 2, at temp. = Trf, press. = pref J(kgK)
T Temperature K
Trf Temperature — reference K
us Internal energy/mass Jkg

Example 15.5.2.2:

Dry air has an approximate volume composition of 79 % Nitrogen (28.15 g/mol) and 21% oxygen (32
g/moal). The specific heat at constant pressurefor dry air islisted as1.007 Jg/K at 1 bar and 300 K. The
specific heat at constant pressure for molecular oxygen, at the same temperature and pressure, is 0.92
J(gK). Approximate the specific heat at constant pressure for nitrogen.

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

[Einary Mizture]
mcpl 1,007 Jo0g-KD
mcpls (92 Jo0g-ko
#cpZi 1, H3329 T-0g KD

ami 1,
#rl: .222556
2

aflITI! . gfmnl
wMlITZ2: 28.15 g<mol

+

Enter: Mass - &

Upper Display

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

Einary Mixkur s
#cp2i 1.03329 Jo0g-K» T
mp: 1,
*mli .2%2@55 g
M2l L TEF944 g
wfiT1: 32. g-mol
wMUTZ2: 28.15 gr-mol
il W21 mal

Enter: Mo, roles of 2

Lower Display

Solution — Select the last three equations to solve this problem. The volumetric fractions of an ideal
gas are the same asthe mole fractions. Use avalue of m=1 so m1 (oxygen) and m2 (nitrogen) are
computed as massratios. The actual value of the specific heat for nitrogen is1.0302 J(kgK).

Given
cp = 1.007 J(gK)
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Given Solution
cpl=0.92 J(gK) ml=. 232056 g
m=1g m2 =.767944 g

MWT1 = 32 g/mol
MWT2 = 28.15 g/mol
nl=.21mol

n2=.79 mol

15.6 Second Law

15.6.1 Heat Engine Cycle

Heat engines exemplify the principles of the 2" law of thermodynamics. By a series of reversible
compression and expansion processes, work can be done.

15.6.1.1 Carnot Engine

The Carnot cycle, the most efficient heat engine, is composed of the
following stages:

1-2: Reversible isothermal expansion (heat, QH (J), enters
the system, temperature is constant).
2 - 3: Reversible adiabatic expansion (no heat is exchanged, Q=0 J).
3-4: Reversible isothermal compression (heat, QL (J), isexchanged to the heat sink, temperature
is constant).

4., 1: Reversible adiabatic compression (no heat is exchanged).
Thefirst equation computesthe work performed, Wnet (J), asthe difference of the heat extracted from
the heat source, QH, and the heat deposited into a heat sink, QL. Equation 2 calculates the heat
removed from the heat source, QH, during isothermal expansion (step 1 - 2) from the mass of the ideal
gas, m (kg), the molar mass of the gas, MWT (g/mal), the temperature of the heat source, TH (K), and
theinitial, V1 (m%), and final, V2 (m?), volumes during the isothermal expansion process. Equation 3
computesthe heat transferred to the heat sink, QL, during the isothermal compression (step 3-4). TL
(K), isthe temperature of the heat sink. V3 (m®) and V4 (m®) are theinitial and final volumes of the
reversibleisothermal compression. Equations4 and 5 calculate the ratio of theinitial and final volumes
for the reversible adiabatic expansion (V2 - V3) and compression (V4 - V1) stagesin the Carnot cycle
from the ratio of the initial and final temperatures (TL - TH for stage 2, and TH - TL for stage 4).
Equations 6 and 7 compute the efficiency, L, of converting heat to work, for the Carnot cycle. Equation
8 computes the specific heat ratio, k, from the specific heat of the gas at constant pressure, cp J(kgK),
and constant volume, cv J(kgK). Equation 9 and 10 calculate the relationship between the initial and
final temperatures and pressuresfor an adiabatic process. Thelast equation computes the mass of the
gas, m (kg), used in the Carnot cycle from the ideal gas relationship.

QH - QL =Whet Eq. 1
m V2
oH = MR g V2 Eq. 2
MWT Vi1
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mRm V4
L=———OL0n — Eq. 3
QL =Wt (vs) q
k-1
E = \/_2 Eq. 4
TH V3
k-1
E = E Eq.5
TH V4
TL
(=1-— Eqg. 6
TH
7= Whet Eq. 7
QH !
k = E Eq. 8
cv
k-1
TH _[p2)* Eq. 9
TL p3
k-1
TH _[pL)* Eq. 10
TL p4
mRm
pV =——I[0T Eq. 11
MWT
Variable Description Units
C Efficiency unitless
cp Specific heat at constant pressure J(kgK)
cv Specific heat at constant volume J(kgK)
k Ratio of specific heats unitless
m Mass kg
MWT Molar mass kg/mol
p Pressure Pa
pl Pressure- 1 Pa
p2 Pressure—2 Pa
p3 Pressure—3 Pa
p4 Pressure—4 Pa
QH Heat flow at TH J
QL Heat flow at TL J
Rm Molar gas constant 8.3145 J/(kgK)
T Temperature K
TH Temperature K
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Variable Description Units
TL Temperature K

Vv Volume m°
V1 Volume-1 m°
V2 Volume-2 m°
V3 Volume-3 m°
V4 Volume -4 m°
Whnet Work done J

Example 15.6.1.1:
A boiling pot of water (100°C) and the ambient air (25°C) are the heat source and heat sink for a Carnot
engine using helium. If the work generated per cycl eis 2 J, the maximum volume for a compression
cycleis 300 cm?®, and the measured pressure is at the maximum volumeof 0.5 bars, what isthe maximum
efficiency of the engine, the heat absorbed and dispensed during a single cycle?

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit | Tools+| Zelue | Grarh | Fict | Dets= | Edit |
LEarnot Endine| LEarnot Endine|
L T sTH: 1oo. “C T

mf;z 1, aTL: 25, °C

i 24222 g mlls 300, cm™3

wPllT: 4,083 g-mol #0110 126,111 cm™3
.E: .3 bar #2214, 264 cm™3
#LHD 995067 T L3 FOG. cm™

#GL: FL9SEEF T #l4: 176,574 w3
mT: Z5. *C 4 ulinet AR

Enter: EFficiency Enter: Hork dong

Upper Display Lower Display

Solution — Select equations 1, 3, 4, 5, 6, 7, and 11. The maximum volumein the cycle occurs at step 3
where the volume is V3 and the temperatureis TL. The molar mass(MWT) of helium is 4.003 g/mol.
Use avalue of k=5/3 for an ideal monatomic gas.

Given Solution

k = 1.66667 { = .200992
MWT = 4.003 g/mol m = 0.02422 g
p=.5bar QH =9.95067 J
T=25°C QL =7.95067 J
TH = 100 °C V1=126.111cm®
TL = 25°C V2 = 214.264 cm®
V =300 cm® V4 = 176.564 cm®
V3 =300cm®

Whet=2J

15.6.1.2 Diesel Cycle
Theideal diesd cycle consists of four reversible steps:

Stage 1: 1 — 2: Isentropic compression

Stage 2: 2 - 3: Reversible constant pressure heating

Stage 3: 3 — 4: Isentropic expansion
Stage 4: 4 - 1: Reversible constant volume cooling

Thefirst equation calculatesthe rate heat intake Qin (W), into theideal diesdl cycle during the constant
pressure-heating step (Stage 2). Equation 2 computes the heat exhaust rate, Qout (W), during the
constant volume-cooling step (Stage 4). Equations 3 and 4 compute the net power, Wr (W), available
for work. Equations5, 6, and 7 compute the maximum efficiency, { (unitless), for the conversion of heat
towork in theideal diesd cycle. Equation 8 calculates the specific heat ratio, k. Equation 9 computes
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the work ratio, Rw (net work over of the work performed during isentropic expanson), from the
compression ratio, cr, and the cutoff ratio, cor. Equation 10 cal culates the mean effective pressure, mep
(Pa), or the constant pressure required to perform the network of the cycle (Wr@ime) in asingle
compression stroke, V1 V2 (m®). The cutoff ratio, cor, isdefined in Equation 11 astheratio of the
volume of air at which constant pressure heating ends, V3 (m®), to the clearance volume, V2 (m?).
Equation 12 calculates cor intermsof T1 (K) and T2 (K). Equation 13 computes the compression
ratio, cr, theratio of theinitial volume, V1 (m®), and final volume, V2 (m®), in thefirst stage of the diesdl
cycle (the compression ratio must be greater than 14 and T2 must be greater than the ignition temperature
for thediesd to ignite). Equations 14 and 15 relate theinitial and final temperatures, T1 and T2, and
pressures, pl and p2, of the compression cycle (Stage 1), to the compression ratio, V1/V2 and the
specific heat ratio, k. Equation 16 displays the pressure equivalence during the constant pressure
expansion (Stage 2) of theideal diesdl cycle. Equations17 and 18 relate the initial and final
temperatures, T3 (K) and T4 (K), of the isentropic expansion process (Stage 3) to the volumeratio
(V3/V4 or cr/cor) and the specific heat ratio, k. Equations 19 and 20 compute the temperature, T4 and
T1 (K), pressure, p4 and pl (Pa), and volume, V4 and V1 (m®), relationships for the constant volume
cooling step of theideal diesd cycle (stage 4). The last two equations compute the ideal gaslaw (Eq.
21) and the time () (Eq. 22) for a complete revolution of the diesel cycle from the massflow rate, mr
(kgls), of fuel and air into the cycle and the mass of gas, m (kg), inside the cycle.

Qin=nr Bp[{T3-T2) Eq. 1
Qout =nr [v(T4-T1) Eq. 2
Wr = Qin —Qout Eq.3
Wr = nr [@p (T10er “* [cor —1) —nr [Bv 1 [cor * ~1) Eq. 4
Qout
=1-=—— Eq.5
¢ Qin q
T4
Z—l——Tl —ﬁ_l Eq. 6
kT2 [ T3_, +
T2

% [fcor 1)

=1-Cr Eq. 7
¢ k Oicor —1)
k= @ Eq. 8
cv

k(cor —1) [@r*™* —(cor* -1}
Rw = k-1 k k-1 Eq 9
k(cor —1)[@r*™* —(cor* —cr )
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mep = W [{fime
B 1 .
Vl[él_j Eqg. 10
cr
V3
cor = — Eqg. 11
V2
T3
cor = — Eqg. 12
T2
V1
cr =—— Eq. 13
V2
T2=Tllr * Eq. 14
p2 = pliar** Eqg. 15
p2 = p3 Eq. 16
cor \**
T4=T3[]— Eq. 17
I
k-1
V3
T4=T3[— Eq. 18
4
T4
p4 = pl[é—j Eq. 19
1
V1=V4 Eqg. 20
m
plV =—— RO Eqg. 21
MWT
. m
time=— Eqg. 22
mr
Variable Description Units
4 Efficiency unitless
cor Cutoff ratio unitless
cp Specific heat at constant pressure J(kgK)
cr Compression ratio unitless
cv Specific heat at constant volume J(kgK)
k Ratio of specific heats unitless
m Mass of gasin cycle kg
mep Mean effective pressure Pa
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Variable Description Units
mr Mass flow rate kg/s
MWT Molar mass kg/mol
p Pressure Pa

pl Pressure- 1 Pa

p2 Pressure—2 Pa

p3 Pressure—3 Pa

p4 Pressure—4 Pa
Qin Heat inflow rate W
Qout Heat outflow rate W

Rm Molar gas constant 8.3145 J/(kgK)
Rw Work ratio unitless
T Temperature K

T1 Temperature- 1 K

T2 Temperature - 2 K

T3 Temperature- 3 K

T4 Temperature- 4 K
time Time dapsed S

\Y; Volume m®

V1 Volume- 1 m®
V2 Volume -2 m®

V3 Volume-3 m®

V4 Volume—4 m®

Wr Work rate W

Example 15.6.1.2:

An air standard diesel engine has acompression ratio of 16 and operates at maximum and minimum
temperatures, 1675 K and 300 K. The pressure at the beginning of compressionis 1 atm, the specific heat
ratio for air isassumed to be 1.4 and the specific heat of air at constant pressureis 1.005 kJ/(kgK).
Compute the pressure and temperature at each point in the cycle, the network performed per kilogram of
gasin asingle cycle, the maximum thermal efficiency, and the work ratio and mean effective pressure.
The molar mass of air is28.97 g/mol.

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit

[Digzel Cocle IM
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wMlIT: 28,97 g-mol IHbJT 28 9? =Ry =] ]
mpt 1, atm
Illj'= 00, K Illj' SEIEI K
BH | P
HMilN FAD AUTO FLHC Ong complete useable solukion Found.
Step 1: Entered Values Step 1: Computed results

Solution - Step 1-Solve this problem in two steps. Select Equation 21 and compute V for State 1
(beginning of the isentropic compression). Record the computed value of V.
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[Diesel Cxcle ] [Diesel Cxcle ] [Diesel Cxcle ]
+g:q%ﬁ§ mpli 1. atm T R L S2230E T

+COor . 21 +p2t 3U71E0. Pa wTi: 08, E
mcpl 1,005 kJ<Ckg- K2 +pii 3OV1EH. Pa +T2 E'EIE| 43 K

ncri la, +pdl ZI02ES. Pa == 1
L (AVH ?1?.85? Jrikg Ko #in: 759333, 1 ¢T4 ?EIS 448 k

mki 1.4 *Qouts 291054, W
+mep sEE449, Fa +Ruwi 522308 IU1 849?53 L
apr: 1. kass + w71 : IS + +lir: EETERCETN
TRIN FAD AOTD FURL TRIN FAD AOTD FURL Enter: Hork rate:

Upper Display Middle Display Lower Display
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Solution - Step 2 —Deselect Equation 21 and select Equations 1, 2, 3, 5, 8, 9, 10, 12, 14, 15, 16, 17, and
19. Enter the computed value of V = .849753 m® in the previous step for V1. Note, from the diagram
above, that the high temperature occurs at T3. Since Wr will be computed as the network per kg of gas
per cycle (Jkg), enter a mass flow rate of mr = 1kg/s and cycle time of time= 1 sso Wr displays the
appropriate computed result for these units.

Step 1:
Given Solution
MWT = 28.97 g/mal V = .849753 m* (enter for V1in Step 2)
p=1atm
T=300. K
m=1kg
Step 2:
Given Solution
cp = 1.005 kJ/(kgK) (=.621712
cr=16 cor = 1.84181
k=14 cv = 717.857 J(kgK)
mr = 1kg/s mep = 600449 Pa
pl=1atm p2 = 307160 Pa
T1=300K p3 = 307160 Pa
T3=1675K p4 = 238265 Pa
time=1s Qin = 769398 W
V1 = .849753 m® (from step 1) Qout = 291054 W
Rw = .522308
T2 =909.43 K
T4 =705.448 K
Wr = 478344 W

15.6.1.3 Dual Cycle

Theideal dual cycle better approximates the actual
performance of adiesel engine. It iscomposed of 5 stages,
including two heating steps.

Stage 1: 12 Adiabatic Compression.

ez Uy Wy 4.2 5z By

Stage 2: 2 3 Constant Volume Heating.
Stage 3: 3- 4 Constant pressure heating.
Stage 4: 45 Adiabatic Expansions.

Stage 5: 5- 1 Constant Volume Cooling.

Thefirst equation computesthe total rate of heat intake, Qin (W), in Stages2 and 3. Equation 2
calculatesthe rate of heat exhaust, Qout (W), in Stage 5. Equation 3 determines the net power available
for work, Wr (W). Equations4, 5, and 6 compute the maximum thermal efficiency, Z,(unitless) of the
heat cycle. Equation 7 calculates the specific heat ratio, k. The pressureratio, rp, iscalculated in
equation 8. The compression ratio, cr, isdetermined in equation 9. The cut-off ratio, cor, the ratio of
volumes at the end of constant pressure heating, is computed in equation 10. The temperature/volume
relationship during adiabatic compression (Stage 1) is computed in equation 11. Equation 12 computes
the temperature increase during the adiabatic compression step. Equations 13 and 14 calculate the
pressure/volume/temperature relationship for constant volume heating (Stage 2). Equations 15 and 16
compute the gas properties for constant pressure heating (Stage 3). Equation 17 and 18 computesthe

MEPro for TI-89, TI-92 Plus 177
Chapter 15 - Equations - Thermodynamics



F3: Equations/ 5:Thermodynamics

temperature/volume relationship for adiabatic expansion (Stage 4). Equations 19 and 20 describe the
constant volume cooling stage, the final step of the cycle (Stage 5). The last two equations compute the
ideal gaslaw (Eq. 21) and the time (s) (Eq. 22) for a complete revolution of the dual cycle from the mass
flow rate, mr (kg/s), of fuel and air into the cycle and the mass of gas, m (kg), inside the cycle.

Qin=mr [v(T3-T2)+mr [dp (T4 -T3) Eq. 1
Qout = nmr [v{T5-T1) Eq. 2
Wr = [Qin Eq.3
=1 T5-T1
T3-T2+k (T4-T3) =a-4
Qout
=1-— Eq.
¢ Qin g.5
B [frpleor* -1)
7=1- crk? Eq. 6
k pcor —1) +rp -1
P _y Eq. 7
cv
_p3
p=-— Eq.
p 02 q.8
V1
or=—= Eq. 9
V2
V4
cor =— Eq. 10
V3
T2=Tlgr ** Eqg. 11
k-1
k
T2= Tl[Ep—Zj Eq. 12
pl
T3=T2rp Eq. 13
V2=V3 Eq. 14
T4 =T3[ldor Eqg. 15
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p3=p4 Eqg. 16
k-1
T5:T4é\ﬁ) Eq. 17
V5
E_
k
T5=T4 [EESJ Eq. 18
p4
T5= LHJS Eq. 19
pl
V1=V5 Eqg. 20
m
plV =———[Rm(T Eq. 21
MWT
) m Eq. 22
time=—
mr
Variable Description Units
Z Efficiency unitless
cor Cutoff ratio unitless
cp Specific heat at constant pressure J(kgK)
cr Compression ratio unitless
o Specific heat at constant volume J(kgK)
k Ratio of specific heats unitless
m Mass of gasin cycle kg
mr Mass Flow rate kg/s
MWT Molar mass kg/mol
p Pressure Pa
pl Pressure—1 Pa
p2 Pressure—2 Pa
p3 Pressure -3 Pa
p4 Pressure4 Pa
p5 Pressure -5 Pa
Qin Heat inflow rate W
Qout Heat outflow rate W
Rm Molar gas constant 8.3145 J/(kgK)
rp Pressureratio unitless
T Temperature K
T1 Temperature— 1 K
T2 Temperature—2 K
T3 Temperature—3 K
T4 Temperature—4 K
T5 Temperature—5 K
time Cycle duration s
\Y; Volume m®
V1 Volume- 1 m®
V2 Volume -2 m®
V3 Volume-3 m®
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Variable Description Units
V4 Volume -4 m°
V5 Volume-5 m°
Wr Work rate W

Example 15.6.1.3:

A dual cycleisused to estimate the performance of a piston engine. Atmospheric air, at 20°C, isdrawn
into the engine arate of 0.1 kg/s. The air in the piston chamber is compressed to a pressure of 10 MPa.
Following combustion, the pressureincreasesto 20 MPa. Assuming a cut-off ratio of 2 and a
compression ratio of 16, compute the maximum thermal efficiency, the rate of heat intake and power
available for work. Air hasa specific heat ratio of 1.4 and a specific heat at constant pressure of 1.005
kJ (kgK).

Fi Fo Fz |[F4 | FE [FA ] Fi Fo Fz |[F4 | FE [FA ] Fi Fo Fz |[F4 | FE [FA
Toolsw|Eolug|Grarh|Fick|Dets-[Edit Toolsw|Eolug|Grarh|Fick|Dets-[Edit Toolsw|Eolug|Grarh|Fick|Dets-[Edit
Dual Cwcle Dual Cwcle Dual Cwcle
LI ap3t Z20. _MPa T ¢54= 2. EF Pa T
mCori 2, +pd: Z.EV Pa #Qin: 242415, W
mcpl 1005 EJACkg- KD #Llint 242415, W +rpl 2.
ncrl 16, rpl 2. aT1: 20, 20
#cut TIV.ESY Jookg- KD aT1: 20, °C +T2: BER.GED K
mki 1.4 +T21 888,665 K +T30 177V 33 K
gl L1 kﬁfs H #T4: E554. 66 K
mpZ: 10, MPa 4 ] 4 -t
Enter: EFficiency Enter: Hork Fake:
Upper Display Middle Display Lower Display

Solution — Solve this problem using equations 1, 3, 6, 7, 8, 11, 13, 15, and 16. Select these by
highlighting the equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor
the known parameters and press[F2] to solve for the unknown variables. Theentriesand resultsare
shown in the screen displays above.

Given Solution
cor =2 { = .628625
cp = 1.005 kJ/(kgK) cv = 717.857 J(kgK)
cr=16 p4 = 2.E7 Pa
k=14 Qin = 242415 W
mr =.1kg/s rp=2
p2 =10 MPa T2 =888.665 K
p3 =20 MPa T3=1777.33K
T1=20°C T4 =3554.66 K
Wr = 152388 W

15.6.1.4 Otto Cycle

Theideal Otto cycleisthe approximate pattern of internal combustion
(spark ignition) enginesin automobiles.

Stage 1: 1- 2 Isentropic compression

Stage 2: 2 - 3 Reversible constant volume heating
Stage 3: 3 -4 Isentropic expansion

Stage 4: 4 - 1 Reversible constant volume cooling

Thefirst equation computes the rate of heat intake, Qin (W), intothe system. Equation 2 calculatesthe
rate of heat exhaust, Qout (W). Equation 3 and 4 compute the power available for work, Wr (W).
Equations5, 6, and 7 cal culate the maximum thermal efficiency of the ideal Otto cycle, {.(unitless)
Equation 8 calculates the mean effective pressure, mep (Pa), as the pressure needed to perform the net
work per cycle (Wr@ime) in asingle compression stroke, V1 - V2. Equation 9 computesthework ratio,
Rw, network over of the work performed during isentropic expans on, from the compression ratio, cr,
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and the low and high temperatures, T1 (K) and T3 (K). Equation 10 cal cul ates the specific heat ratio, k.
Equation 11 computes the compression ratio, cr, astheratio of theinitial andfinal volumes,V1 (m®) and
V2 (m?), in the adiabatic compression (Stage 1). Equation 12 computes the optimum compression ratio,
copt, where Wr ismaximized. Equation 13 computes the temperature change during adiabatic
compression (Stage 1). Equation 14 states the constant volume condition during the heating process of
Stage 2. Equation 15 calculatesthe initial and final temperature of the isentropic expansion process
(Stage 3). Equation 16 states the constant volume condition for the cooling step (Stage 4). Thelast two
equations compute theideal gaslaw (Eq. 17) and the time (s) (Eq. 18) for a complete revolution of the
dual cycle from the massflow rate, mr (kg/s), of fuel and air into the cycle and the mass of gas, m (kg),
inside the cycle at any time.

Qin=nr Bv[(T3-T2) Eq. 1
Qout =nr [v(T4-T1) Eq. 2
T1 - 1
Wr =nr E:VEI'{I—T—B [dr* 1j[€1_Fj Eq. 3
Wr = [Qin Eq. 4
Eq.5
Eq. 6
1
=1-— Eq. 7
d crk? q
Wr .
mep = ————[fime
vifii- 1 Ea.8
cr
szl—% [6r** Eq. 9
- P Eq. 10
oV
V1
cr = \E Eqg. 11
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1
Copt = (T_sz(k Y Eq. 12
T1
T2 crk?t Eq. 13
T1
V3=V2 Eq. 14
k-1
T—3 = (\ﬁj Eqg. 15
T4 \V3
V1i=V4 Eqg. 16
plV = @ Eq. 17
MWT
. m
time=— Eqg. 18
mr
Variable Description Units
Z Efficiency unitless
copt Compression ratio unitless
cp Specific heat at constant pressure J(kgK)
cr Compression ratio unitless
o Specific heat at constant volume J(kgK)
k Ratio of specific heats unitless
m Gasmassin cycle kg
mep Mean effective pressure Pa
mr Mass flow rate kg/s
MWT Molar mass kg/mol
p Pressure Pa
Qin Heat inflow rate W
Qout Heat outflow rate W
Rm Molar gas constant 8.3145 J/(kgK)
Rw Work ratio unitless
T Temperature K
T1 Temperature- 1 K
T2 Temperature - 2 K
T3 Temperature- 3 K
T4 Temperature- 4 K
time Time elapsed S
\Y; Volume m®
V1 Volume—1 m®
V2 Volume -2 m®
V3 Volume-3 m®
\Z! Volume—4 m®
Wr Work rate W
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An air spark-ignition engine operates at alow pressure of 200 kPa, alow temperature of 200 °C and a
high temperature of 1675 K. Compute the maximum work per mass of gas in one cyclerevolution, the
optimum compression ratio and the maximum thermal efficiency. Air has amolar massof 28.97 g/mol, a
specific heat ratio of 1.4 and a specific heat at constant pressure of 1.005 kJ/(kgK).

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit |
Otko Cucle

h:,n:npt.'Em
(4] % ka
lI"IbJT 28 9? f’nnl

MM
I‘\.'IEIEI
El

. °C
IT3= 15?5. K 4

Enter: Ortiraurm Compression Fatio

Upper Display: Step 1

FL [ FE | F* [Fu [FE |FE
Tools=|SoTue| Sk ap bFict|OpEs=[Edit
tEo Cocle
l ki 1.4 T

mi 1. ka
u F‘Ib.IT 28 97 grmal
q?' 2EIEIEIEIEII.: a

nT1: 200, °C
s ders. Ko

Entsr: '.'-:-1um-z

Lower Display: Step 1

Solution — Step 1. Compute the solution in two steps. First compute the optimum compression ratio,
copt, and theinitial volume for a kilogram of air, V, using equations 12 and 17. Be sureto record the
value of copt and V for cr and V1, respectively, in the next step.

Given (Step 1)
k=14

m = 1kg

MWT = 28.97 g/mol
p = 200000 Pa

T =200°C
T1=200°C
T3=1675K

FE | F# |F4 | FE |FE
|T-:--:-1s-|$o1u-z G ar h|Fict{Deks- |Edit
Ttke v ele
*§ q%
Fi kJsCka- KD

lcr 4.8

) 31785? Jerg-KD
hepi 489536, Pa
amrs 1. kgﬁs
+Fwi . 468514 e
Enkter: Efficiency

Upper Display: Step 2

Solution (Step 1)
copt = 4.8559 (enter for cr in Step 2)
V = .67898 m? (enter for V1in Step 2)

Fi Fi | FE |FB
Toolsr So1u-z GFaFh|Fict|Orts-|Edit
Okko Cocle
*mep 1489536 Fa T
wa 468%14
wTi: @A, °C
nT3: 16?5. K
mtim
*)r-i e El
Enter: Hork rats:

Lower Display: Step 2

Solution — Step 2: After computing V and copt, deselect the equations 12 and 17 by highlighting the
equations and pressing [ENTER], and select equations 3, 7, 8, 9, and 10. Enter the previoudly calculated
value of copt for cr, V for V1, avalue of 1 sfor cycle duration, time, and 1 kg/sfor the mass flow rate,
mr, so the computed value of Wr displays the work performed per mass of gasin a single cycle. Press

to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given (Step 2)

cp = 1.005 kJ/(kgK)

cr = 4.8559 (computed in step 1)
k=14

mr = 1 kg/s

T1=200°C

T3=1675K

time=1s

V1= .67898 m® (computed in step 1)
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Solution (Step 2)

( = .468514

cv = 717.857 J(kgK)
mep = 489536 Pa
Rw = .468514

Wr = 263935 W



F3: Equations/ 5:Thermodynamics

15.6.1.5 Brayton Cycle

The Brayton Cycle isused to model power generation in gas
turbine systems. It is composed of four stages:

Stage 1: 1to 2: Isentropic compression.
Stage 2: 2 to 3: Constant pressure (Isobaric) heating.

Stage 3: 3to 4: Isentropic expansion.
Stage 4: 4 to 1: Constant pressure (Isobaric) cooling.

Thefirst equation computes the rate of heat intake, Qin (W), during the constant pressure-heating step
(Stage 1). Equation 2 computes the rate of heat exhaust, Qout (W). Equation 3 calculates the power
available for work, Wr (W). Equation 4, 5, 6, and 7 compute the maximum heat efficiency, ¢, (unitless)
of the Brayton cycle. Equation 8 computesthe work ratio Rw, the network over of the work performed
during isentropic expansion. Equation 9 computes the optimum pressure ratio, ropt, required to perform
the maximum rate of work for the Brayton Cycle temperature conditions. Equation 10 calculatesthe
specific heat ratio, k. Equation 11 computesthe pressureratio, rp, of the isobaric heating process (Stage
2). Equation 12 computes the temperature/pressure relationship for adiabatic compression (Stage 1).
Equation 13 statesthe constant pressure condition for isobaric heating (Stage 2). Equation 14 computes
the temperature/pressure relationship for adiabatic expansion (Stage 3). Equation 15 statesthe constant
pressure condition for isobaric cooling (Stage 4). Thelast two egquations computetheideal gaslaw (Eq.
16) and the time (s) (Eq. 17) for a complete revolution of the dual cycle, from the massflow rate, mr
(kgls), of fuel and air into the cycle and the mass of gas, m (kg), inside the cycle.

Qin=nr Bp[{T3-T2) Eq. 1
Qout =nr [Ep[([T4-T1) Eq. 2
Wr = [Qin Eq.3
L T“_lj
T2 \T1
=l-—— Eq. 4
¢ (m—lj g
T2
Qout
=1-— Eq.
¢ Qin g.5
1-k
k-1
Z:l— E “ Eq7
p2
T1_ 2
Rw=1-—1[ip X Eq. 8
T3 P
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k
20—
T3\ k1
ropt=| — Eq.9
T1
C
= @ Eq. 10
cv
2
rp= P Eqg. 11
pl
k.
T1 \k1
T2
p2 = p3 Eq. 13
k.
p3_(T3) Eq. 14
p4 T4
pl= p4 Eqg. 15
m
plY =— [Rm(T Eq. 16
MWT
. m
time=— Eq. 17
mr
Variable Description Units
Z Efficiency unitless
cp Specific heat at constant pressure J(kgK)
oV Specific heat at constant volume J(kgK)
k Ratio of specific heats unitless
m Mass of gasin cycle kg
mr Mass flow rate kg/s
MWT Molar mass kg/mol
p Pressure Pa
pl Pressure 1 Pa
p2 Pressure 2 Pa
p3 Pressure 3 Pa
p4 Pressure 4 Pa
Qin Heat inflow rate W
Qout Heat outflow rate W
Rm Molar gas constant 8.3145 J/(kgK)
ropt Optimum pressureratio unitless
rp Pressureratio unitless
Rw Work ratio unitless
T Temperature K
T1 Temperature— 1 K
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Variable Description Units
T2 Temperature—2 K

T3 Temperature—3 K

T4 Temperature—4 K
time Time dapsed S

\Y, Volume m®
Wr Work rate W

Example 15.6.1.5:

Air, having a pressure of 1 atm and temperature of 300 K, isdrawn into a turbine whereit is compressed
toapressure of 6 atm. Theair isheated, at constant pressure, to atemperature of 1100 K. Therate of
energy input during heating is 100 MW. Assume the turbine operates on the ideal Brayton cycle.
Compute the temperature and pressure at each point in the cycle, the airflow rate (kg/s), the work rétio,
and the thermal efficiency for the gasturbine. Air has a specific hesat ratio of 1.4 and a specific heat at
constant pressure of 1.005 kJ/(kgK).

Fi Fo Fz |[F4 | FE [FA Fi Fo Fz |[F4 | FE [FA
Toolsw|Eolug|Grarh|Fick|Dets-[Edit | Toolsw|Eolug|Grarh|Fick|Dets-[Edit |
[Eravton Cucle] [Eravton Cucle]

L BT mRlip: 106, M T
1. kT tka- Ko #rpi G,
mk: 1.4 R 544552
#nd 108.131 kass 1:
mpl: 1. atm
mpZ2i A, atm
+p3 L GUF9S MPa
+pd: 101325, Pa +
Enter: EFficiency
Upper Display LowerDisplay

Solution — Select thefollowing Equations 1, 3, 4, 8, 11, 12, 13, 14, and 15 to solve this problem. Select
these by highlighting the equations and pressing [ENTER]. Press[F2] to display the variables. Enter the
valuesfor the known parameters and press(F2] to solve for the unknown variables. The entriesand
results are shown in the screen displays above.

Given Solution
cp = 1.005 kJ/(kg[K) { =.609573
k=14 mr = 108.131 kg/s
pl=1atm p3 = .60795 MPa
p2=6atm p4 = 101325 Pa
Qin =100 MW rp=6
T1=300K Rw = 544952
T3=1100K T2=179.801 K
T4 =659.271 K

Wr = 6.09573 E7 W

15.6.2 Clapeyron Equation

The Clausius Clapeyron eguation describes the change invapor pressure, of a pure substance, p1-p2 (Pa),
with change in temperature, T1-T2 (K). It isassumed that the pure substance does not undergo a phase
change between temperatures, T1 and T2. The specific enthalpy, hs (JCkg &™), determines the amount
of energy-required convert akilogram of pure substance from a solid to a vapor (sublimation) or liquid to
avapor (vaporization).

p2)_ MWTIhs { 1 1)
In| — |= ———[—=—-— Eq. 1
pl Rn (T1 T2
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Variable Description Units

hs Enthalpy per unit mass JI(kgK)

MWT Molar mass kg/mol

pl Pressure 1 Pa

p2 Pressure 2 Pa

Rm Molar gas constant 8.3145 J/(kgK)
T1 Temperature— 1 K

T2 Temperature—2 K

Example 15.6.2:

Liquid ammonia (molar mass: 17 g/mol) has a vapor pressure of 103,000 Pa at 240 K and 1,062,000 Pa at
300 K. What isthe approximate enthalpy of vaporization per massof ammonia?

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | | Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | |
ClapeyFon Equation ClapeyFon Equation
h=: ’hsw
wlyT: 17 Aol mLIT: . 9o
apl: 103 a apl: 103020, Pa
mp2l 1. 0EZEG Pa mp2l 1. 0EZEG Pa
a1l: 240 aT1: 240, K
nT2: 300, K nT2: 300, K
Enter: Specific Enthaley One complebe usgable solubion Found.
Entered Values Computed results

Solution — Press(F2] to display the variables. Enter the valuesfor the known parameters and press(F2] to
solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution

MWT = 17 g/moal hs=1.36936 E6 Jkg
pl = 103,000 Pa

p2 = 1,062,000 Pa

T1=240K

T2=300K

References:

1. LynnD. Russdl, and George A. Adebiyi, Classical Thermodynamics, Saunders College publishing,
Harcourt Brace Jovanavich College Publishers, Fort Worth TX, 1993

2. Michad R. Lindeburg, Mechanical Engineering reference manual, 8th Edition, Professional
Publications, Belmont, CA 1990
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Chapter 16: Machine Design

This section of the software deals awide range of calculations under the broad classification "Machine
Design". Topicsinclude designing springs, calculating induced stresses due to contact between cylinders
or shafts, stressesin a variety of types of machine e ements and bearings. The topicsin this section are
organized under four headings. They are:

¢ Stress- Machine ements ¢ Hertzian Stresses
¢ Bearings ¢ Spring Design

16.1 Stress: Machine Elements

16.1.1 Cylinders

Cylindrical pressure vessdls, hydraulic cylinders, gun barrés, pipes
carrying fluids at high pressures devel op both radial and tangential
stresses with values strongly dependent upon the radius of the
elementsunder consideration. In determining the radial stress, or
(Pa), and tangential stress, ot (Pa), the assumption is made that the
longitudinal e ongation is constant. We designate the inner and outer
radius of the cylinder asri (m) and ro (m), while the internal and external pressures are designated by pi
(Pa) and po (Pa). Thetwo equations listed here determinetheradial and tangential stresses respectively.

2 o . Eq. 1
- ri< [o” [lpo - pi q
pi i * — poo® - Eﬂzp pi)
ot = r
ro® —ri?
P . Eq. 2
I ri° [fo” [lpo - pi q
pi i * — po [Mo® + Eﬂzp pi)
or = r
ro’ —ri?
When r <ro and r > ri both equations give physically meaningful results.

Variable Description Units
or Radial stress Pa
ot Tangential stress Pa

pi Pressureinside Pa

po Pressure outside Pa

r Radius m

ri Inside radius m

Ro Outside radius m
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A hollow cylinder, with an outer radiusof 10 inches and an inside radiusof 24 cm, carries afluid at a
pressure of 100 psi. The pressure outside is15 psi. Find the radial and tangential stresses 0.5 cm away

from the inner radius line.

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

Celindgrs

mrii
[ Tg=H

Enter: Tandential skress

Entered Values

FL | Fz | F¥ |F4 | FE |FB
|T-:u:-1:- soTue|EFarh|Fick{oets-|Edit
IE!-"liI'lth!
+#gri CEF. 966 psi
+gti 1453.81 psi
mpii 100, psi

mpoi 15, p=i
lr"':_
mpis %E =1

mrol 180, in

Ong cormplebs usgable solukion Found.

Computed results

Solution — Select both equations to solve this problem. Select these by highlighting the equations and
pressing [ENTER]. Press[F2] to display thevariables. Enter the valuesfor the known parameters and press

to solve for the unknown variables.

The entries and results are shown in the screen displays above.

Given Solution

pi = 100 psi or =-67.966 psi
po = 15 psi ot = -1453.81 psi
r=245cm

ri =24 cm

ro=10in

The stress results shown here have been converted to psi units.

16.1.2 Rotating Rings

Many problems such asflywheels and blowers can be simplified to
rotating ring problems to determine stresses.  The two equations listed
bel ow describe the radial stress, or (Pa), and tangential stress, ot (Pa), are
linked to key parameters density, p (kg/m3), angular velocity, w (rad/s),
Poisson’sratio, ¢ (unitless), inside radius ro (m), outer radius ro (m) and
radial distance, r (m), between ri andro. Thefirst equation computesthe
tangential stress, ot (Pa), while the second equation computesthe radial, or.

F

Eq.1
=2 2
§+ . ricdo” 1+3
ot = play’ <thriz +ro? + — - [fmz
8 r 3+(
) ) Eq. 2
+ . ri“ o
or = plas 3¢ r?+ro* ————-r?
8 r
When r <ro and r > ri both equations give physically meaningful results.
Variable Description Units
4 Poisson’ sratio unitless
P Density kg/m?
or Radial stress Pa
ot Tangential stress Pa
() Angular velocity rad/s
r Radius m
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Variable Description Units
ri Inside radius m
ro Outside radius m

Example 16.1.2:

A material with a density of 1.5 Ib/in3 isathin ring rotating at 300 rpm. Thering hasan inner radius of
10in and an outer radiusof 11 in. Given the Poisson of 0.8, find the stress at mid-point of thering
thickness.

FL | Fz | _F* |F4 | FE |FE FL | Fz | _F* |F4 | FE |FE
|T-:--:-1s-|$o1u-z 5k ar h|Fict{Orts-[Edit |T-:--:-1s-|$o1u-z 5k ar h|Fict{Orts-[Edit
[Fekatind Rinds | [Fekatind Rinds |
a8 ] sl .8 .
mp: 1.5 1b<in™3 mp: 1.5 1bsin™3
ari g 1.87034 psi
.:rt:! +oti 422,75 psi
mpi SEE. EpR mi 3EHE, FpR
i ins Gh -ralqﬂmﬁ
m-id 10, ik i . 1n
srol 11, in srol 11, in
Enter: Tandenktial skress Ong coraplets usgabls solukion Found.
Entered Values Computed results

Solution — Select both equations to solve the problem.  Select these by highlighting the equations and
pressing [ENTER]. Press[F2] to display the variables. Enter the valuesfor the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution

(=8 or = 1.82034 psi
p=15Ib/in3 ot = 422.75 psi
=300 rpm

r=10.5in

ri=10in

ro=11in

16.1.3 Pressure and Shrink Fits

Shrinking or pressing one part against the other, assembles two
cylindrical parts, a contact pressureis created. The five equations
presented in this equation set form the foundation for calculating
stresses and dimensional changes in the two components involved
in the assembly. Thefirst equation computes the tangential stress,
ait (Pa), at the transition radius, r (m), of theinner member, inner
radius of theinner member, ri (m), and pressure, p (Pa). In asimilar manner, the second equation
calculates the tangential stress of the outer rim, got (Pa), in termsof p, r and the inner surface radius of
the outer member, ro (m). The next two equations determine the radial elongation/contraction, & (m),
and, do (m), of the inner and outer membersin termsof r, ri, ro, p and the respective modul us of
elagticity, Eo (Pa), Ei (Pa) and Poisson’sratios, {i (unitless) and o (unitless). Thelast equation
calculatestheradial interference, & (m).

Eq.1
_ —plr? +ri?)
ot=—07p —5—
r2—ri
Eq. 2
p[@ro2 + rz)
oot =
ro’-r
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Eq. 3
pE [ro+ri? + 0
Eo (ro®-r?
Eq. 4
_—p {r®+ri®
as B \ri-ri? g
5=|a|-| & e
When r <ro and r >ri all the equations give physically meaningful results.
Variable Description Units
0 Total radial change m
oi Changein inner radius m
00 Change in outer radius m
a Poisson’ sratio — inner ring Unitless
(o Poisson’ sratio — outer ring Unitless
oit Tangential stress—inner rim Pa
oot Tangential stress— outer rim Pa
Ei Young’'s modulusinner material Pa
Eo Y oung’ s modulus outer material Pa
p Pressure Pa
r Radius m
ri Inside radius m
ro Outside radius m

Example 16.1.3:

Two cylinders of radius 7 inches and 10 inches are made of materialswith modulus of elasticity 60 GPa
and 100 GPa respectively and are pressfitted with a pressure of 50 psi. The transition radiusis 9 inches.
Assume that the Poisson’s ratios of the inner and outer membersto be 0.8. Find the stressesin the inner
and outer members at the transition radius. Compute the radial interference.

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

Fress.& Shrink Fits
*5: s P
*+511
#5@:
i,

mCol .8

+Jit: -1,4E005e5 FPa
+got: F.284058e8 FPa
mEii &H. GPa

Enter: Total radial chands

Upper Display

FL | Fz | _F* |F4 | FE |FE

|T-:--:-1s-|$o1u-z 5k ar h|Fict{Orts-[Edit
Frass.& shrink Fits

+git: -1.4005e5 FPa T
+got: F.284058e8 FPa
mEii &0, GFPa
mEoi _10@. GFPa
mp: SH. psi
m-i 9. in
mril F.oin
| Tl
Enter: Duksids Fadius

Lower Display

Solution — Select all of theequations to solve this problem by pressing [ENTER]. Now press(F2] to display
thevariables. Enter the valuesfor the known parameters and press [F2] to solve for the unknown
variables. The entries and results are shown in the screen displays above.

Given
¢i=0.8
(0=0.8

Ei = 60 GPa
Eo =100 GPa
p = 50 psi
r=9in

MEPro for TI-89, TI-92 Plus
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Solution

4 =-0.003853 mm

di =-0.004285 mm
00 =0.008138 mm
oit = -1.4005E6 Pa
oot = 3.28408E6 Pa

191



F3: Equations/6: Machine Design

Given Solution
rn =7in
ro=10in

16.1.4 Crane Hook

The three equationsin this section help solve the essential
parametersinvolved in the use of acrane hook. Thefirst equation
calcul ates the cross sectional area, A (m?), in terms of the width, b
(m) and depth, h (m), of the crane hook. The second equation
calculatestheradius, rn (m), of the neutral axisusing theinner and ' F
outer radius, ri (m) and ro(m). Thethird equation calculatesthe stress, @ (Pa), in terms of the force, F
(N), area A, moment MOM (NI), rn, eccentricity, € (m). Equation 4 relatesri and r o to the depth of
the hook, h. Thelast equation computes the distancesto an arbitrary position on the hook from the
neutral axisy (m), and the central axis, x (m).

1
T

o
Mol

CROSSSECTION

Eqg. 1
A=bh a
h Eq. 2
rn=
ro
17
ri
Eqg. 3
_F, MOMIy a
A Adrn-y)
ro=ri +h Eq. 4
r=x+y Eq.5
When rn <ro and rn >ri, these equations give physically meaningful results.
Variable Description Units
€ Eccentricity m
o Stress Pa
A Area m?
b Width m
F Force N
h Height m
MOM Moment of inertia N
ri Inside radius m
rn Radius of neutral axis m
ro Outside radius m
Y Distance m

Example 16.1.4:

A rectangular crane hook hastolift aload of 12500 Ibf. Thewidth of the hook is 1 inch and the thickness
islinch. Thehook ring hasan outer radiusof 8 inches and an inner radiusof 7 inches. The eccentric
offset is 1 inch and the moment is applied 1.5 inches away from the center. A moment load of 1000 Nh
isapplied. Find theradius of neutral axis, and stressin the hook material.

MEPro for TI-89, TI-92 Plus 192
Chapter 16 - Equations — Machine Design



F3: Equations/6: Machine Design

FL | Fz | _F* |F4 | FE |FE FL | Fz | _F* |F4 | FE |FE
|T-:--:-1s-|$o1u-z 5k ar h|Fict{Orts-[Edit |T-:--:-1s-|$o1u-z 5k ar h|Fict{Orts-[Edit
CFang Haolk CFang Haolk
LEH . sfF: 12500, 1lbf T
i .8 psi mh: 1. in
+H: EEQE4S w2 wMOM: _1008. H-m
mbi 1. in m-il F. ik
sfF: 12500, lbt +rhi F.48888 in
mh: 1. in LIa=LI= TN
wMOM: _1008. H-m +#xi V152117 ™
mril F. ik e my:
Enker: Eccentricity Enkter: Distance
Upper Display Lower Display

Solution — Select all the equations to solve thisproblem. Select these by highlighting the equations and
pressing [ENTER]. Press[F2] to display the variables. Enter the values for the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution
e=1in 0 = 14716.8 psi
b= 1lin A = .000645 m?
F = 12500 |bf rn = 7.48888in
h=1in X =.152117m
MOM = 1000 N

ri=7in

ro=8in

y=15in

16.2 Hertzian Stresses

When two spheres or cylinders with curved surfaces are pressed together to have a point or line contact
stresses are developed in both bodies. The stresses developed in the two bodies are in general three
dimensional in nature. The contact stresses arise in a number of practical cases such aswheel onarail, in
automotive cams and tappets, mating stressesin gear teeth and roller bearings.

The general case of contact stresses for two spheres or cylinders are called Hertzian Stresses.

16.2.1 Two Spheres

When two solid spheres of diameters, d1 (m) and d2 (m), are pressed together with a

force, F (N), acircular contact area of radius, ac (m), isformed. The stressis

maximum in the center of thiscircular contact area. By specifying the Young's o F

modulus, E1 (Pa) and E2 (Pa), and the Poisson'sratio, {1 and Z2 (unitless), for thetwo :-J-z m-f%
P

-

-;- dz = j-diy+

spheres, the contact radius, ac (m), is calculated from equation 1. The second
equation computes the maximum pressure, pmax (Pa), at the center of the contact
area. The principal stresses, oxx (Pa) and 0zz (Pa), are computed from equations 3 and 4 illustrating the
variation of these stresses away from the principle point of contact with coefficient of friction pf
(unitless).

SFHEREZ:

1
3F l—le_I_l—ZZ2 3
8 El E2

1, 1

i Tl

dl d2

ac= Eq. 1
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pmax:B;.Fz Eq. 2
20tlac

OXX = —pmax (1—i [fan‘l(a—;)j QL+pf ) —————— Eq.3

ac

_ T pmax
2 Eq. 4
1+ %
ac

Variable Description Units
1 Poisson’sratio of 1 unitless
2 Poisson’ sratio of 2 unitless
OXX Stressalong x axis Pa
0zz Stressalong z axis Pa
pf Coefficient of friction unitless
ac Radius of contracted area m
di Diameter of 1 m
d2 Diameter of 2 m
El Y oung's modulus -1 Pa
E2 Y oung’s modulus -2 Pa
F Force N
pmax Maximum pressure Pa
z z-axis distance from contact point m

Example 16.2.1:

Two spheres, with diameters 8 inch and 15 inch, are pressing aload of 4000 Ibf between them. The two
spheres have dastic constants of 100 GPa and 125 GParespectiv ey, and have Poisson's ratios of 0.8
each. If thefriction coefficient is 0.5, find the stress 0.1 inches away from the point of impact.

FL [ F: | F |F4 | F5 |FE FL [ F: | F |F4 | F5 |FE
|T-:--:-1s-|$n:-1u-z 5+ ar h{Fict{orEs-[Edit |T-:--:-1s-|$n:-1u-z 5+ ar h{Fict{orEs-[Edit
IT'.I.":I $Ph'2!"25| IT'.I.":I $Ph'2!"25|
ml: *aci LBEES13 in T
nZzE o, ) ndli 3. in
+Txxi CF693,95 psi ndZi 15, in
#ozzi -134102. psi mEl: 100, GPa
A mEZ: 125, GF

i L5 . . E|

*aci JHES13 in aF: 4oo0, 1bf .
mdli 8. in +pmaxi 450247, psi
ndZi 15, in e oz AT

Entsr: Foisson's Fakie of 1 One cornpklebe useabls selukion Found.

Upper Display Lower Display

Solution — Select all the equations to solve this problem. Select these by highlighting the equations and
pressing [ENTER]. Press[F2] to display the variables. Enter the values for the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

The problem issolved best in two stages. First solve the first two equations as a pair; then solve the last
two equations as a new set knowing the values cal culated from the first two equations. The composite
results are shown below.
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Given Solution

1=.8 oxX = -9693.95 psi
2=.9 0zz = -134102 psi
pf=.5 ac =.06513in
dl1=8in pmax = 450242 psi
d2=15in

E1 =100 GPa

E2 =125 GPa

F = 4000 Ibf

z=.in

16.2.2 Two Cylinders

When two solid cylinderswith diameters d1 (m), d2 (m) and length L (m) are 2
pressed together with aforceF (N), acircular contact area of radiusac (m) isformed. wbv
The maximum stressisin the center of thiscircular contact area. By specifying the

Young's modulus, E1 and E2 (Pa), and Poisson'sratio, {1 and 2 (unitless), for the 1% y
two cylinders, the contact radius ac (m) is calculated from equation 1. Thesecond ~ “MER=gy
equation computes the maximum pressure pmax (Pa) at the center of the contact area. The principal
stresses oxx (Pa), oyy (Pa) and 0zz (Pa) are computed from equations 3, 4 and 5 illustrating the
variation of these stresses away from the principle point of contact with coefficient of friction pf
(unitless).

2[F [El—le +1—z22j
ac= L El E2 Eq. 1
1 1
S P
dl d2
20F
pmax = ———— Eq. 2
mmlacL
zZ  z
oxx=-2[4 [pmax [J,[1+—5 —— Eq. 3
ac ac
oyy =-pmax[ll| 2 - 1 1+ z 22 Eq. 4
v ac®> ac &
1+—2
ac
_ —pmax
B 2 Eq.5
142
ac
Variable Description Units
Qa Poisson’sratio of 1 unitless
2 Poisson’sratio of 2 unitless
4 Poisson’sratio unitless
OXX Stressalong x axis Pa
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Variable Description

oYy Stressalong y axis

0zz Stressalong z axis

ac Radius of contracted area
dl Diameter of 1

d2 Diameter of 2

E1l Y oung's modulus —1

E2 Y oung's modulus —2

F Force

L Length

Pmax Maximum pressure

VA z-axis distance from contact point

Example 16.2.2:

F3: Equations/6: Machine Design

c

3793z3P3339F

Two cylinders 12 incheslong, diameters 4 and 6 inches respectively, have Poisson's ratio of 0.9 and
elasticity modulus of 50 and 60 GPaeach. Find the stress at theline of impact when a4000 -1bf load is

applied.
meﬁ]—] rTT?TTmT[TI—]
Tualse)soluefGrarn{Fict|orEs-|Edit Tualse)soluefGrarn{Fict|orEs-|Edit
Twto Colinders Twto Colinders

[T=H . ndl: 4. in T
wZii .9 nddi G,
w21 .9 mEl: SO, GPa
+qxxi -1.316eF Pa mEZi &0, GPa
+oyy: -3926.78 Pa sF: d4EEa, 1be
+gzz: -2119,48 psi ml: 12, in
+aci L OA4945 in +pmaxt 2.95815e8 Pa
ndi: in 4 a1 i
Enker: Foissen's rakie Enter: z-axis disk.from contack et

Upper Display Lower Display

Solution — Select all the equationsto solve thisproblem. Select these by highlighting the equations and
pressing [ENTER]. Press[F2] to display the variables. Enter the values for the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

The problem takes about 20 seconds to solve.

Given

(=9
1=.9
(2=9
dl=4in
d2=6in
E1 =50 GPa
E2 = 60 GPa
F = 4000 Ibf
L=12in
z=0.1in
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Solution

oxx =-1.316 E7 Pa
oyy = -8926.28 Pa
0zz = -2116.48 psi
ac=.004946 in

pmax = 2.95815 E8 Pa
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16.3 Bearings

16.3.1 Bearing Life

Under the heading Bearing life, we have listed four equationsthat help design key bearing parametersin
developing design equations.  The main parameters of interest can be divided into manufacturer specified
parameters aretherating load, FR (N), rated number of revolutions, NR (unitless), and therated life, LR
(9); in the design process, one specifies the corresponding design load, FD (N), design life, LD (s), and

required design in the number of revolutions, ND (unitless). In addition, therated speed, NR1 (1/s), and
designed speed, ND1 (1/s), areasoincluded in the calculations. The manufacturer supplies these ratings.
The constant 3 iseither 3 for ball bearings or 3.33 for collar bearings based on experience from thefield.

ND = LDIND1 Eq. 1
NR = LRINR1 Eq. 2
B
ND FR
NR FD
1
LDIND1)s
FR=FDl——— Eq. 4
LRINR1
Variable Description Units
B A Constant: enter 3for ball bearings and 3.33 for roller bearings unitless
FD Radial design load N
FR Radial rating load N
LD Required design life S
LR Catalog rated life S
ND Required design: number of revolutions unitless
ND1 Required design speed s
NR Rated number of revolutions unitless
NR1 Rated speed s

Example 16.3.1:
Design a bearing system from the following specifications:

Rating load is 1000 Ibf; rated lifeis 100 hr; rated revolutionsis 10000000; design goals are 3000000
revolutionsfor life, adesign life of 1000 hrs. Assume avalue of 3 for B.

F Fz F Fu | FE |FB F Fz F Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

Esarind Lifs Esarind Lifs

‘q493. g 1bf

mE:
+F0:

E: 1oed. lbe
sl O 1@@d. ke
ILRE i0e, ke

Enter: ball:2s poller bearinds:s. 23 Entsr: Babed seeed

Upper Display Lower Display
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Solution — Select all the equations to solve this problem. Press to select all the equations and
start the solving processby displaying all the variables. Enter the values for the known parameters and
press(F2] to solve for the unknown variables. The entries and results are shown in the screen displays
above.

Given Solution

B=3 FD = 1493.8 | bf
FR = 1000 Ibf ND1=50rpm

LD = 1000 hr NR1 = 1666.67 rpm
LR =100 hr

ND =3 E6

NR=1E7

16.3.2 Petroff's law

Petroff was one of the first to recognize clear connection between torque, speed,
clearance, and coefficient of friction. In developing similar ideas, Sommerfeld was
able to recognize a non-dimensional number named after him indicating a
characteristic property of bearings. The four eguations below form the core set of
relationships. Thefirst equation connectstorque, T (Nm), with the journal radius,
rj (m), length L (m), clearance clr (m), absolute viscosity, W (Pas), and significant
speed, N (1/s). The second equation computes coefficient of friction, cof (unitless), in termsof y, N,
load pressure, Pb (Pa), and clr. Thethird and fourth equations are alternative waysto link the
Sommerfeld number, Sfld (unitless), with cof, rj, clr, W, Pb.

=3
T:mfmj (L ulN Eq. 1
clr
207 UIN _fj
cof = 20T HN -1 Eq. 2
Pb clr
cof [j
) =202 sid Eq. 3
clr
r Y N
Sid=[ | ¥ Eq. 4
clr Pb
Variable Description Units
T Torque NI
M Absolute viscosity Pals
clr Clearance m
cof Cosfficient of friction Unitless
L Length m
N Significant speed s
Pb Load per bearing area Pa
rj Journal radius m
Sfld Sommerfeld number unitless
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Example 16.3.2:

A journal bearing with aradius of 6 inches, 22 incheslong, isworking at a pressure of 15,000 | bf/ft 2.
With a clearance of 0.1 in and an absolute viscosity of 0.15 PalSrevolves at a speed of 2500 rpm. Find
the torque, coefficient of friction and Sommerfeld number.

FL | Fz | _F* |F4 | FE |FE FL | Fz | _F* |F4 | FE |FE

|T-:--:-1s-|$o1u-z 5k ar h|Fict{Orts-[Edit |T-:--:-1s-|$o1u-z 5k ar h|Fict{Orts-[Edit
[Fetrofits Law | [Petrofits Law |

+1:._%E.]ﬂ mpi .15 Pa-=s T

LITEE. ERE mclri o1 ik

mclri o1 ik +cof i L A1E307

+cof i L A1E307 ml i 22, ik

mLi 22, in M =oot. rem

sHi ZSEA. FpPm uPhi di. Ibfoetz

sPhi 15000, 1bf-PtoZ2 lr*%= B. in

m-ji G. ik e +51ds L 031328

Enter: Torqus Ong coraplets usgabls solukion Found.

Upper Display Lower Display

Solution — Select the fir st three equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution
p=.15Pals T=192.14 N[
clr=0.1in cof =.010307
L=22in Sfld =.031328
N = 2500 rpm

Pb = 15000 | bf/ft2

r=6in

16.3.3 Pressure Fed Bearings

The equations analyze the use of forced lubrication in a bearing system; enable the computation of heat
dissipated and temperature rise in the fluid cooling the system.

rps(® [elr®
Qs= Ep—EQ1+ 15[écc?) Eq.1
3LuL
2
umax = & Eq. 2
8LulL
AH ZZU'[E:Of (PId [ [N Eq. 3
J
ATF = 2[AH [grav Eq. 4
y [CH [@Qs
Variable Description Units
y Specific weight N/m®
AH Rate of heat loss w
ATF Temperaturerise K
M Absolute viscosity Pals
CH Specific heat J(kgK)
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Variable Description

clr Clearance

Cof Coefficient of friction
€ecc Eccentricity

J Mechanical equivalent heat
L Length

N Significant speed

Pid Load

ps Supply pressure

Qs Sideflow

R Radius

umax Maximum velocity

Example 16.3.3:

F3: Equations/6: Machine Design

Units
m
unitless
unitless
unitless
m

1s

N

Pa
m’/s

m

m/s

A cooling fluid with a specific weight of 100 Ibf/ft3 isforced into asystem at the rate of 5 gal/min. The
specific heat of the fluid is2.5 J(gIK). The shaft is rotating at aspeed of 300 rpm. If the load is 250 Ibf,
find the amount of heat removed and the temperature rise of the fluid. Assume that the shaft radiusis 5

inches.

Fi Fz Fz Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

Fressure—fed Ernds

+4TF: JH351Z3 K
mCH: 2.5 J-0g-K2
mcof i A0S

sHE 3JEE. FpR
sPld: 250, 1lbf
mil=i 5. galq-min

Enter: Specific weidht

Upper Display

Fi Fz Fz Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

Fressure—fed Ernds
*2H: 22,1845 1
+4TF: JH351Z3 K
mCH: 2.5 J 0g-K2
mcof i
LItH =l
sPld: 250, 1lbf
mil=si 5. galq-min
m-i 5. in

One cornpklebe useabls selukion Found.

Lower Display

Solution — Select the last two equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution

y = 100 Ibf/ft3 AH = 22.1845 W
CH =25 J(gK) ATF=.035123 K
cof = 0.005

N =300 rpm

Pld = 250 Ibf

Qs=5gal/min

r=5in

16.3.4 Lewis Formula

Two equationsillustrate computing stress, o (Pa), from different input data. The
first equation computes ¢ from thelength, L (m), along the z-axis, the load
expressed asweight, Wt (N), and the x and y dimensions, dx (m) and dy (m),
respectively. The second equation computes o from Wt, dx, the diametrical pitch %}.
pd (1/m) and the Lewis form factor, Lf (unitless).

A

oo OIMIL o 1
dx [dy
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o= _Mpd Eq. 2
dx [FrCLf

Variable Description Units

o Stress Pa

Dx X-section dimension m

Dy Y -section dimension m

L Length m

Lf Lewisform factor unitless

Pd Diametrical pitch 1/m

Wt Load N

Example 16.3.4:
Compute the Lewis form factor and stressin a mechanical system defined below:

Thetooth is4 incheswide, 2 inches high, and is 16 incheslong. It is subjected to aweight of 1000 |bf.
Assume diametrical pitch to be 4 1/m.

FL | Fz | _F* |F4 | FE |FE FL | Fz | _F* |F4 | FE |FE

|T-:--:-1s-|$o1u-z 5k ar h|Fict{Orts-[Edit |T-:--:-1s-|$o1u-z 5k ar h|Fict{Orts-[Edit

a:ll . 405 GEEA, psi

i 4. in =i 4. ik

mdyi 2. in mdyi 2. in

ml: 16, in ml: 16, in

Lt +Lf: 001348

mpcdi 4. 1sm lﬁu:ﬂ I

mljt: 1083, 1bf M 100E,  Thi]

Enker: Sbress Ong coraplets usgabls solukion Found.
Entered Values Computed results

Solution — Select both equations to solve this problem. Select these by highlighting the equations and
pressing [ENTER]. Press[F2] to display the variables. Enter the values for the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution
dx=4in 0 = 6000 psi
dy=2in Lf =.001348
L=16in

pd=41/m

Wt = 1000 I bf

16.3.5 AGMA Stresses

American Gear Manufacturer's Association (AGMA) has established some industry wide standards for
stresscalculations.  The two equationsin this section reflect their standards. Thefir st equation
computes the bending stress, ab (Pa), of the gear in terms of load, Wt (N), face width, fw (m), pitch
diameter, dp (m), a series of factors of the system such as geometry factor, gf (unitless), application
factor, Ka (unitless), size factor, Ks (unitless), and dynamic factor, Kv (unitless), and load distribution
factor, Kld (unitless). The second equation computes compressive stress, ac (Pa), in terms of the
application parameter, Ca (unitless), surface condition factor, Cf (unitless), load distribution factor, Cm
(unitless), eastic coefficient factor, CP (Pa), size factor CS (unitless), dynamic factor, Cv (unitless), dp,
of, and fw.
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Ob:\NtEIKaD 1 d(sEIKId Eq. 1
Kv fwldp df
_ |CPOM [Cal[CSICmLCf Eq. 2
Cv Ow dip Cof
Variable Description Units
ob Stress Pa
oc Compressive stress Pa
Ca Application factor unitless
Cf Surface condition factor unitless
Cm Load distribution factor unitless
CP Elastic coefficient Pa
CS Size Factor unitless
Cv Dynamic Factor unitless
dp Pitch diameter m
fw Face width m
of Geometric factor unitless
Ka Application factor unitless
Kld Load distribution factor unitless
Ks Size factor unitless
Kv Dynamic Factor unitless
Wt Load N

Example 16.3.5:

Compute the base stressfor a system with a stresslevel of 25000 psi, application factor of 1.1, pitch
diameter of 6 inches, dynamic factor of 0.25, face width of 0.5 inches, load distribution factor of 1.8, size
factor of 1.25 and geometry factor of 0.5. Find the load the system can bear.

Fi Fz Fz Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

llZI'I'Iﬂw
mdpi B. 1

AGHMA FEFes5es

One coraklets

U

useabls selukion Found.

pper Display

Fi Fz Fz Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

RGMA S 25525
mdpi 6. ik T
fi L3 in

gfti .5
wfas

Lower Display

Solution — Select the first equation to solve this problem. Select it by highlighting the equations and
pressing [ENTER]. Press[F2] to display the variables. Enter the valuesfor the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given

ob = 25000 psi

dp=6in

fw=.5in

gf=.5
Ka=1.1

Kld=1.8
Ks=1.25
Kv=0.25
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16.3.6 Shafts

F3: Equations/6: Machine Design

The equation below reflects away to compute minimum shaft diameter, ds (m), given design criteriasuch
as shear endurance limit, ase (Pa), and shear yield point, asyp (Pa), torque amplitude, tse (N[h), mean
torque, Tm (Nh), moment amplitude, M a (Nh), moment mean, M n (m), and a factor of safety, ns

(unitless).
2 5\
gs=| 2D b e rmj +(Ma+ Mnj Eq. 1
m o osyp o osyp
Variable Description Units
ose Shear Endurance limit Pa
asyp Shear yield point Pa
1a Torque amplitude N
™ Mean torque NI
ds Shaft diameter m
Ma Moment amplitude N[
Mn Moment mean NI
ns Factor of safety unitless

Example 16.3.6:

Find the mean diameter of a shaft required to transmit a mean torque of 1000 Nh and torque amplitude
of 2000 ftlIbf. The shaft hasto withstand 5 GPaof an endurance limit, and a shear yield point of 12.5
GPa. The moment amplitude and mean moment of the shaft are 1450 Nh and 1250 N[fh. Assumea

factor of safety of 10.
|F1 |F2 Fz F'1|F5 Fa
Toolsr|Zalug|Gr arh|Vicw|Orts-|Edit

.UEHEEH:;E
lasgpé . EP?

Sharts

Enter: Shear endurancs Timit

Entered Values

Fi Fz Fz Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

Shafts
mgsel 5, GPa
mgsyp: 12.5 GPa
sl 2000, ft-1bf
mrmi 1EAO. H-m
+0=s:
ufia:
L 1yI5H

. Hm
1250, Hm
mnsi 10,

Enter: Shark diaraster

Computed results

Solution — Press(F2] to display the variables. Enter the valuesfor the known parameters and press(F2] to
solve for the unknown variables. The entries and results are shown in the screen displays above.

Given

ose=5GPa
osyp =12.5GPa
Ta= 2000 ftbf
™m = 1000 N[h
Ma = 1450 Nh
Mn = 1250 N

ns=10
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Solution
ds=1.65889in
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16.3.7 Clutches and Brakes

16.3.7.1 Clutches

16.3.7.1.1 Clutches
The six equationsin this section are based on the following assumptions:

The pressure at any point is proportional to distance from the hinge.
The effect of centrifugal force neglected.

The shoe isassumed to berigid.

Coefficient of friction doesnot vary with pressure.

pWDdPE

For a clockwise rotation the pin reactions along x and y directions are shown by, Rcx (N) and Rey (N),
from equations 1 and 2 in terms of maximum pressure, pa (Pa), width b (m), radius r (m), friction
factor, puf (unitless), two computed unitless parameters, conA and conB, and loads, Fx (N) and Fy (N).
Theangle, 8a (rad), represents the angle from the hinge. Thethird and four th equations compute Rax
(N) and Ray (N) representing the calcul ations for the counterclockwise case. The two angles, 81 (rad)
and 02 (rad), represent the minimum and maximum angles of the brake shoe. The last two equations
compute conA and conB in terms of 81 and 62.

_ palbd
Rex = ——— A— uf [¢donB)—-F Eqg. 1
X sn(@a) [lconA - pf [@onB) - Fx q
_ palbd
Rey = B+ uf [donA)-F Eq. 2
y Sn(ea) [{lconB + uf [GonA) - Fy q
_ palbd
= A+ uf [donB)—F Eg. 3
Sn(@a) [lconA+ pf [@onB) - Fx q
_ palbd
=— B — uf [¢onA)-F Eq. 4
Sn(ea) [lconB - uf [GonA) - Fy q
. 2 . 2
cOnA = (S n(92)) —(S n(@l)) Eq.5
2
conp < 82761 _ Sn(2(82) -sin(2(B1) -
4
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Variable
01
62
Ba
pf

b
COnA
conB
Fx
Fy
pa

r

Rax
Ray
Rcx
Rey

Example 16.3.7.1.1:

Description

Minimum angle

Maximum angle

Angle from hinge pin, location of pa
Coefficient of friction

Width

Constant A

Constant B

Force along x

Forcealongy

Maximum pressure at 6a
Radius

Reaction x-axis (anti-clockwise)
Reaction y-axis (anti-clockwise)
Reaction x-axis (clockwise)
Reaction y-axis (clockwise)

F3: Equations/6: Machine Design

Units
rad

rad

rad
unitless
m
unitless
unitless

Z2Z22Z22Z3 a? zZz Z

A clutch/brake system has a show that coversfrom 20 degrees to 120 degrees, with the angle from the
hinge pin of 70 degrees. The coefficient of friction is0.5. For aload of 1000 Ibf along the x-axisand
1000 Ibf along y-axis, and a maximum pressure of 25000 psi, find the counterclockwise reactionsfor a

system 3incheswideand 3 i

nchesin radius.

Fi Fz Fz Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

Fi Fz Fz Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

Fi Fz Fz Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

Clukches
g1: 28, d

[ ] =g
mgss 120, de
+conBd 1.

Clukches

11

1 37

afFxi lEAg. 1bf
aFyi 1066 bf

. 31ES
L 245
%
wpa: 25000, psi

[Clutehes |
mcohf T
mcohB
mft
nFyi
mpai _ZS00H. psi
m-i 3
+REax

LIEETH 3

One cornpklebe useabls selukion Found.

Enter: And. Frar hinde pins Toc. Fa

One cornpklebe useabls selukion Found.

Display: Step 1

Upper Display: Step 2

Lower Display: Step 2

Solution — Solve this problem in two steps. First select equations 5 and 6 to solve for conA and conB.
Select these by highlighting the equations and pressing(ENTER]. Press(F2] to display the variables. Enter
the values for the known parameters and press [F2] to solve for the unknown variables. The entriesand
results are shown in the screen displays above. Following the calculations of conA and conB, deselect

the last two equations and select equations 3 and 4. Designate the previously computed results for conA
and conB as known values using the highlight bar and [F5):Opts/[6):Know. Press(F2] to solve for Rax
and Ray.

Given (first step)
01 = 20 deg
02 = 120 deg

Solution (first step)
conA = .316511

conB = 1.24987

Given (second step) Solution (second step)

Ba=70deg Rax = 261990 Ibf
pf=.5 Ray = 303939 | bf
b=3in
Fx = 1000 Ibf
Fy = 1000 Ibf
pa = 25000 psi
r=3in
ME[Pro for TI-89, TI-92 Plus 205

Chapter 16 - Equations — Machine Design



F3: Equations/6: Machine Design

16.3.7.2 Uniform Wear - Cone Brake

The two equationsin this section represent the force and torque required for a cone brake where uniform
wear isassumed. Thefirst equation representsthe force F (N) necessary to actuate the brake system
based on the maximum stress, pmax (Pa), outer diameter, d1 (m), and inner diameter, d2 (m). The
second equation determines the torque, T (N[f), needed in terms of the same parameters and cone angle,
o (rad).

Eq.1
F = TEPmax L o gy

Eq. 2
p = TOH (Ol o gz

8&in(a)

Variable Description Units
a Half thread/cone angle rad
T Torque NI
pf Coefficient of friction unitless
di Inner diameter m
d2 Outer diameter m
F Force N
Pmax Maximum pressure Pa

Example 16.3.7.2:

A cone brake with an angle of 45 degrees, an outer diameter of 4 inches, and an inner diameter of 3
inches, has coefficient of friction of 0.5. Find the force if the maximum pressure allowed is 1000 psi.

Fi Fz Fz Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

Unif. b ear:Cons Elkg
mg: 45, deg
H |

apmaxi 1000, psi

Enter: Toraus

Entered Values

Fi Fz Fz Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

Unif. b ear:Cons Elkg
mg: 45, deg
¢1}
LIRS
mdli 3. ik

ndZi 4. in
+Fi 4712,.39 1bt
mpraxs: 1000, psi

HMAlN EAD AUTO FUNC
Computed results

Solution — Select both equations to solve this problem. Select these by highlighting the equations and
pressing [ENTER]. Press[F2] to display the variables. Enter the valuesfor the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution

o =45deg 1=658.647 Nh
H=.5 F=4712.39 | bf
dl=3in

d2=4in

pmax = 1000 psi

uf=.5
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16.3.7.3 Uniform Pressure - Cone Brake

The two equations here reflect the force, F (N), and torque, T (NIh), for the case where the pressure on
the cone is assumed to be uniform. The first equation representsthe force, F (N), necessary to actuate
the brake system based on the maximum stress, pmax (Pa), outer diameter, d1 (m), and inner diameter,
d2 (m). The second equation determines the torque, T (N[), needed in terms of the same parameters
and cone angle, a (rad).

Eq.1
- mCpmax [{d2? - d1?)
- 4
Eq. 2
F
Pl [fd2° - d1®)
N n(a)
d2* -d1?
Variable Description Units
a Half thread/cone angle rad
T Torque NI
pf Coefficient of friction unitless
di Inner diameter m
d2 Outer diameter m
F Force N
pmax Maximum pressure Pa

Example 16.3.7.3:

A cone brake has an angle of 45 degrees, an outer diameter 12 inches and an inner diameter of 8 inches.
Assuming a coefficient of friction of 0.5, find the force if the maximum pressure allowed is 1000 psi.

FL [ Fz | _F* | F4 | F5 |FE FL [ Fz | _F* | F4 | F5 |FE
|T-:--:-1s-|$o1u-z Gk aFh '.'i-zwll:lp-ts-- Edit |T-:--:-1s-|$o1u-z Gk aFh '.'i-zwll:lp-ts-- Edit
Unif.Fress:Cons Bl Unif.Fress:Cons Bl

mg: 45, deg mg: 45, deg

: +1: PO4E3.6 MNom
i L5 mpfi L5
mdli 8. in mdli 8. in
nd2i 12, in nd2i 12, in

: +F : IR IR
mpmax: 1000, psi LI=UEEH P=i
Enter: Force Ong coraplets usgabls solukion Found.

Entered Values Computed results

Solution — Select both equations to solve this problem. Select these by highlighting the equations and
pressing [ENTER]. Press[F2] to display the variables. Enter the values for the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution

a =45deg T = 25433.6 N[
pf=.5 F =62831.9 |bf
dl1=8in

d2=12in

pmax = 1000 psi
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16.4 Spring Design

Design of springs has played akey rolein avariety of situations where effort is made to find the proper
combination of material, spring strength and volume of material. In this section we have treated a variety

of spring designs:

1. Bending Springs — plate springswith a rectangular, triangular or semi-elliptical shapes.
2. Coiled Springs — Cylindrical helical springswith circular or rectangular cross section.
3. Torsional Springs— Circular or rectangular straight bar
4. Axiadly Loaded Springs— Conical circular section, or cylindrical helical spring with rectangular or
circular cross section.
In the following subsections, the design equations for these springs are included and example problems
are solved.

16.4.1 Bending

16.4.1.1 Rectangular Plate

The four equationsin this section define the key design equations
for abending spring of rectangular cross section. The spring has a
length, L (m), width b (m), and thickness, h (m). The springis
subjected to aload, Pld (N), resulting in a stress, os (Pa), and a
deflection, 8y (m). U (J), represent the energy in the spring and the
areamoment isgivenby | (m#). Thefirst equation computes, os,

 ——— :
A—L—k L ——
] b
TEIRHGULAE # REGTAHGULAR

for agiven load, Pld. The second equation computes the area moment, |, while the third equation
estimates the energy, U. Thelast equation links up deflection, dy, in termsof Pld, L, Young's modulus,

E (Pa), and I.
2
p|g = 2" L0 Eq. 1
3
| = b Eq. 2
12
y = Py Eq. 3
2
3
3[(EO
Variable Description Units
oy Deflection m
os Sofe stress Pa
b Width m
E Y oung’s modulus Pa
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Variable Description
h Height

| Area moment
L Length

Pld Load

U Resilience

Example 16.4.1.1:

A rectangular plate spring is 8 incheslong, 1 inch wide and 0.25 in thick. The material hasaY oung's
modulus of 80 GPa, and flexes 1.5 inches. Find the maximum load the system can handle, the energy

stored in the spring and the stress level for the maximum load.

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik
Fctandular Flats

lég:.lm

#gsi 7l SES Pa

mbi 1. in

mE: SB. GPa

mphi L 25 in

+I: 5.4198e-10 m™4

aLi 5. _in

+F1d: 590,662 N 4
One cornpklebe useabls selukion Found.

Upper Display

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

F3: Equations/6: Machine Design

Units
m

4
m
N
N

Fctandular Flats
+gsi F.O3125e8 Pa T
mbi 1. in
mE: SB. GPa

LIEH S in
41968E-10 m™d

*+]:

« 11
+FPldi 390,662 H
+U: NN W T

oo
[l

ml:

Enter: Besilisncs

Lower Display

Solution — Select all the equations to solve thisproblem. Select these by highlighting the equations and
pressing [ENTER]. Press[F2] to display the variables. Enter the valuesfor the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution

oy=1.5in os=7.03125E8 Pa
b=1in | = 5.41968E-10 m*
E =80 GPa Pld =590.662 N
h=.25in U =11.2521 N[t
L=8in

16.4.1.2 Triangular Plate

The four equationsin this section define the key design ¥
equations for a bending spring of rectangular cross section. ]
The spring hasalength, L (m), and width, b (m), and

thickness, h (m). The spring issubjected to aload, Pld (N), 2
resulting in a stress, os (Pa) and a deflection, dy (m). U (J),
represent the energy in the spring and the area moment is given
by | (m#). Thefirst equation computes os for a given load,
Pld. The second equation computes the area moment, |, while the third equation estimatesthe energy
in the spring, U. Thelast equation links up deflection, &y, in termsof Pld, L, Young's modulus, E (Pa),
and|.

i

TRIAHGULAR RECTAHGULAR

2
= b Eq. 2
12
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U 2 PdBy £q.3
2

gy=11da’ £q. 4
2[EO

Variable Description Units

oy Deflection m

as Safe stress Pa

b Width m

E Y oung's modulus Pa

h Height m

I Area moment m*

L Length m

Pid Load N

U Resilience NI

Example 16.4.1.2:

A triangular plate 20 incheslong with a base width of 10 inches and a thickness of 1.5 cm is subject to a
load of 500 Ibf. Find the deflection due to thisload, the energy of the spring, and the maximum stress
introduced into the material. The spring has a modulus of elasticity of 50 GPa.

Upper Display

| Fi | F& Fz [F4 | FE [FB | Fi | F& Fz [F4 | FE [FB ]
Tools|ZoTug|GrarhiFict|0rEs-|Edit Tools|ZoTug|GrarhiFict|0rEs-|Edit
Triandle Flats: Triandle Flats:
hﬁg:% +7=5% 1.18619€e8 FPa T
#7535 1. ES Fa mbi 10, in
mbi 10, in mE: S0, GPa
mE: D0 EPa mhi 1.5 cm
mhi 1.5 g +I: F.14373E-8 m™4
+I: 7. 143?55 g md aLi Z0. in
aLi 2 sPld:s SEE, lbf
aFldi SO0, 1bf L + U} EE Sl T
Enter: Defleckion One cornpklebe useabls selukion Found.

Lower Display

Solution — Select all the equations to solve this problem. Select these by highlighting the equations and
pressing [ENTER]. Press[F2] to display the variables. Enter the values for the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution

b=10in oy = 1.6069in

E =50 GPa os=1.18619 E8 Pa
h=15cm | =7.14375 E-8 m*#
L=20in U = 45.3887 Nh
Pld =500 Ibf

16.4.1.3 Semi-Elliptical

The two equationsin this section specify key design propertiesfor a semi-
dliptical spring design. These equations are useful for designing springs for
automobiles. The spring has a half-length, L (m), width, b (m), and a | eaf
thickness, h (m). The spring is subjected to aload 2* PId (N) resulting in a :
stress, as (Pa), and a deflection, dy (m). Thefirst equation computes os for E Lk
aload, Pld, given the number of leaves, nf, (unitless), and the no-load sag, &p (m). The second equation
computes the deflection, &y (m), in termsof L, nf, b, h, Pld, dp, Young' s modulus, E (Pa), and the half
cone angle, a (rad).
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Pid = nf BH? 3 95 Eq. 1
6L +Jp fan(a))
2 +
&=—3L rpig -+ dplian(a) Eq. 2
f e E
Variable Description Units
a Half thread/cone angle rad
op Sag without load m
oy Deflection m
os Sofe stress Pa
b Width m
E Y oung’s modulus Pa
H Height m
L Length m
Nf Number of coils/leaves unitless
Pid Load N

Example 16.4.1.3:

A semi-dliptical spring has 6 leaves and is 24 incheslong, 3 incheswide and .5 inchesthick. The
Young's modulus for the steel spring is 100 GPa. Find the deflection and stress for a 10000-1bf 1oad.
Assume the spring hasinitial sag of 1.5 inches. The half angle formed at the top of the spring is 25

degrees.

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

[Femi-e1lirtical

L ES Fa

mbi 3. in

mE: 100, GPa

mhi .5 ik

ali 24, in 4

One cornpklebe useabls selukion Found.
Upper Display

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

Sermi-eTliptical
+EQE 26, 1576 in T
g5l _Z.2TREZED Pa
mhi 3. in
mE: 100, GPa
mhi .5 in

al: 33, in
anfs 6.
=F L d: IR U T

Enter: Load

Lower Display

Solution — Select both equations to solve this problem. Select these by highlighting the equations and
pressing [ENTER]. Press[F2] to display the variables. Enter the values for the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given

o =25deg
op=15in
b=3in

E = 100 GPa
h=.5in
L=24in
nf=6

Pld = 10000 Ibf

MEPro for TI-89, TI-92 Plus 211

Chapter 16 - Equations — Machine Design

3y = 26.1576in
0s= 2.27062E9 Pa




F3: Equations/6: Machine Design

16.4.2 Coiled Springs

16.4.2.1 Cylindrical Helical - Circular wire

The seven equationsin this section form the design equationsfor a
cylindrical helical spring with acircular wire. Thewireof the spring
has a diameter, d (m), acail radius, r (m), and length, L (m). The
spring is subjected to aload, Pld (N), resulting in a stress, os (Pa),
and a deflection, dy (m). U (J) representsthe energy in the spring and
the area moment isgiven by | (m?#). Thefirst equation computes osfor a given load, Pld. The second
equation computes the area moment, |, whilethe third equation estimatesthe energy, U. Thefourth
equation links up deflection, dy, in termsof Pld, L, Young’'smodulus, E (Pa), and . Equations6 and 7
define the geometry factor, ksp (unitless), and the geometry ratio, kw (unitless). Thelast equation
computes the deflection, dy, from the coil radius, r, and the deflection angle, a.

3

pig = 10" s Eq. 1

321 [ksp

4
| = Eq. 2
64
2
_ sV Eq. 3
8[E ksp®
& = 201 [L [d&s Eq.4
d [E [ksp

h

4kw—-4
@ =r [ Eq.7
Variable Description Units
a Half thread/cone angle rad
oy Deflection m
os Sofe stress Pa
d Diameter m
E Young’'s modulus Pa
h Height m
I Area moment m*
ksp Geometry factor unitless
kw Geometry ratio unitless
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Variable Description

L Length

nf Number of coils/leaves
Pid Load

r Radius

] Resilience

\% Volume of spring

Example 16.4.2.1:

F3: Equations/6: Machine Design

Units
m
unitless
N

m

N

m3

A helical spring isto be designed with acircular wire. The wire used has a diameter 2 mm, and iswound
asaspring of radius4 cm. Thetotal length of thewire is 1 m, and a safe stressis established at 50000
psi. Assumethat the elastic modulus for the wire material is 80 GPa. Find the load the springis designed

to carry and the moment of inertiafor the wire.

FL | Fz | F# [F4 | FE [FE
|T-:--:-1s-|$n:-1u-z iararh|Fict|orEs-|Edit
C¥1.Helical Cire
+5 RIS
mgsi QEHHE, psi
L I= R 1
mE: Sd. GPs3
+Ii F.85398e-13 m™d
+k=p: 1.013Z23
*kwi 4,

Ll 1. m e

Enter: Defleckion

Upper Display

|'F1|F2 F: |F4 | FE |FB ]
Tio 15|50 Twe|Gr ap h|Fict|OrEs-[Edit
Cr1HeTical Cike.
ndi 2. omm T
mE: S0. GPa
+1: 7.83392e-13 mod
+kspi 1.01923
*kwi 4,
aLi 1. m
#+Fld: E.6412 M
w3 IEPIGAD
Enter: Kadius

Lower Display

Solution — Select the equations 1, 2, 4, 5 and 6 in this set to solve this problem. Select these by
highlighting the equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor
the known parameters and press(F2] to solve for the unknown variables. The entriesand resultsare

shown in the screen displays above.

Given Solution
0s = 50000 psi oy =.169117 m
d=2mm | = 7.85398 E-13 m#
E =80GPa ksp =1.01923
L=1m kw = 40
r=4cm Pld=6.6412 N
16.4.2.2 Rectangular Spiral
The five equationsin this section define the key design equationsfor a P

bending spring having arectangular cross section. The spring has awidth, b

(m), thickness, h (m), and aradius, r (m). The spring is subjected to aload,
PId (N) resulting in a stress, s (Pa), and a deflection, dy (m). U (J)

S Fld
h:
e

represents the energy in spring and the area moment is givenby, | (m?). The

first equation computes gsfor a given load, Pld. The second equation computes the area moment, 1,
whilethe third equation estimates the energy, U, in terms of the volume of the spring, V (m3). Thelast
two equations define the geometry factor ksp (unitless) and the geometry ratio kw (unitless).

b [os
601 [ksp

Pld =

_ b’
12

Eq.1

Eq. 2
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2
_ sV Eq. 3
8[E ksp®
d
- 3w —1 Eq. 5
3kw-3
Variable Description Units
os Safe stress Pa
B Width m
E Y oung’s modulus Pa
h Height m
I Area moment m*
ksp Geometry factor unitless
kw Geometry ratio unitless
Pid Load N
r Radius m
U Resilience NI
Y, Volume of spring m?

Example 16.4.2.2:

A spring design callsfor a 0.3 cm wide bar of height 1 cm, iswound to aradiusof 15 cm. The safe stress
is50000 psi. Find the area moment of the spring and load it is designed to handle.

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

'?E 1. cm
kép:

[3nH

Fld:
mr-i 13, cm

Exctandular Spiral
mgsi SEAOLE. psi
mhi .3 cm

Enter: Load

Entered Values

FL | Fz | F# [F4 | FE [FE
Togls-|solue|Grarh|Fict|opts-[Edit
Exctandular Spiral
mgsi SEAOLE. psi
mhi .3 cm

. _CH
P2 5eC10 mtd
:ksg: 1.022939

One cornpklebe useabls selukion Found.

Computed results

Solution — Select equations 1, 2, 4, and 5 to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the

screen displays above.

Given

os= 50000 psi
b=0.3cm
h=1cm
r=15cm
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Solution

| =25E-10 m*
ksp = 1.02299
kw =30
Pld=112.33 N
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16.4.3 Torsional Spring

16.4.3.1 Circular Straight Bar

Thefour equationsin this section define the design equationsfor aspring designed
asacircular straight bar. The spring bar has a diameter, d (m), length L, (m) and
issubject to aload, Pld (N), resulting in a stress, as (Pa), and a deflection, dy (m).
U (J) representsthe energy in the spring. The first equation computes asfor a
given load Pld. The second equation computes the spring energy, U. Thelast
two equations compute the deflection due to the load, dy (m).

3
pig = T Ls Eq. 1
160
2
_os¥ Eq. 2
4G
& = 20 [1L [&s Eq. 3
dG

5y =r [ Eq. 4
Variable Description Units
a Half thread/cone angle rad
oy Deflection m
os Sofe stress Pa
d Diameter m
G Modulus of rigidity Pa
L Length m
Pid Load N
r Radius M
U Resilience NI
Y, Volume of spring m?

Example 16.4.3.1:

A circular gtraight bar, 18 incheslong, has a diameter of 2.1 cm, and a safe stress level of 50000 psi. The
material of the spring has a bulk elasticity of 90 GPa. Theradius of the circular plateis 10 cm. Find the

load and deflection for such a spring.

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

[Circ. straiant Ear

auill

mgsi _SHAOUE. psi
md: 2.1 cm

m5: 9SG, GPa

mL: 18, in

Fld:

m-i 168, ck

Enter: Defleckion

Entered Values

MEPro for TI-89, TI-92 Plus
Chapter 16 - Equations — Machine Design

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

[Circ. straiant Ear
*EQ JH1EEFI M
mgsi SUALE. psi
ndi 2.1 cm

Enter: Load

Computed results
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Solution — Select equations 1 and 3 to solve this problem. Select these by highlighting the equations and
pressing [ENTER]. Press[F2] to display the variables. Enter the values for the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution

os= 50000 psi oy =.016679 m
d=21cm Pld = 1409.26 Ibf
G =90 GPa

L =18in

r=10cm

16.4.3.2 Rectangular Straight Bar

The five equationsin this section define the key design equations for a
rectangular straight bar with length, L (m), and width, b (m), and b
thickness, h (m). The spring is subjected to aload, Pld (N), resulting *L
in astress gs, (Pa) and a deflection, dy (m). U (J) representsthe 1
energy in the spring. Thefirst equation computes asfor a given
load, Pld. The second equation computes the spring energy, U. The
third equation computes C, a geometry factor. The last two equations computethe deflection, dy, in
aternate forms.

2
piq = 20" hios Eq. 1
2
_4Ebs2 V(C?+1) Eq. 2
45[6G
C= E Eq. 3
h
‘En [Bs({b? +h?)
5= g Eq. 4
b’ [G
@ =r [ Eq.5
Variable Description Units
a Half thread/cone angle rad
oy Deflection m
os Safe stress Pa
b Width m
C Constant: max when C=1 unitless
G Modulus of rigidity Pa
h Height m
L Length m
Pid Load N
r Radius m
U Resilience N
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Variable Description Units
Y, Volume of spring m?

Example 16.4.3.2:

A rectangular straight bar is3 cm wide and 1 cm high. If the radiusof the load from the torque center is
20 cm and the allowed safe stressis 10 GPa, find the allowed |oad.

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

Rk, SEFQidht bar
mgsi_1d0. GPa

Entsr: Eadius

Entered Values

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

Rk, SEFQidht bar
mgsi_1d0. GPa
mbhi 3. cCm
LITHE
+F1d:
m-i ZH. Ch

(=i ]]

Enter: Load

Computed results

Solution — Select the first equation to solve this problem. Select by this highlighting the equation and
pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution
0s=10 GPa Pld = 100000 N
b=3cm

h=1cm

r=20cm

16.4.4 Axial Loaded

16.4.4.1 Conical Circular Section

The five equationsin this section define the key design equationsfor an axial -
loaded conical spring, having a circular cross section. The spring has a coil
diameter, d (m), and is subject to aload,Pld (N), resulting in a stress, s (Pa), and a
deflection, 8y (m). U (J) representsthe energy in the spring. The first equation
computes os for agiven load, Pld, spring radius, r (m), and wire diameter, d. The ==
second equation computes the energy, U, in terms of bulk modulus, G (Pa), spring
volume, V (m3), and os. The next two equations compute geometrical, unitless parameters, ksw and
kw, that must be considered in computing load. The last equation calculates the deflection due to the
load, &y (M).

ZZ

3
p|g = T Lo Eq. 1
160 Cksp
U __ oSV Eq. 2
8[G [ksp®
= Alw-1 615 £q.3
4kw—-4 kw
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kw 20 Eq. 4
d
2
& = rnf [1° [os Eq.5
d [G ksp
Variable Description Units
oy Deflection m
as Sofe stress Pa
d Diameter m
G Modulus of rigidity Pa
ksp Geometry factor unitless
kw Geometry ratio unitless
nf Number of coils/leaves unitless
Pid Load N
r Radius m
U Resilience NI
Y, Volume of spring m?

Example 16.4.4.1:

A 1 cm diameter wireiswound into a coil, 5 cm in radius, asan axially loaded spring. Thereare 10
roundsin the spring. If aload of 400 Ibf isapplied to this spring, what is the deflection and stress in the

wire? Use avalue of 100 GPafor the bulk modulus.

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

ConicalCivc. Beck
ﬁég:%
g5 . El
md: 1. cm
m5: 10, GPa
+kspi 1.14483
+kwi 10,
mnti 10,
sPld: 400, lbf e

[

One cornpklebe useabls selukion Found.

Upper Display

r?T_T?E‘T??‘TFTT?EWTET“““]

Togls-|solue|Grarh|Fict|opts-[Edit
ConicalCivc. Beck

+7=5: .518715 GFa T

md: 1. cm

5 100, GPa

+k=p: 1.14453

*kwi 10,

mnti 10,

sFld: doo. 1bf

ut-: AT

Entsr: Eadius

Lower Display

Solution — Select equations 1, 3, 4, and 5 to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the

screen displays above.
Given
d=1cm
G=100GPa
nf =10
Pld =400 Ibf
r=5cm

MEPro for TI-89, TI-92 Plus
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Solution

oy = 3.55858 cm
os=.518715 GPa
ksp = 1.14483

kw =10
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16.4.4.2 Cylindrical - Helical

16.4.4.2.1 Rectangular Cross Section

The six equations in this section define the key design equationsfor a  #r+
bending spring of rectangular cross section. The spring ribbon hasa  Cag=k
width, b (m), and thickness, h (m). Thespring issubjecttoaload, Pld =&==
(N), resulting in a stress, as (Pa), and a deflection, &y (m). U (J) -
representsthe energy in the spring. The first equation computes os
for agiven load, Pld. The second equation computes a parameter, C, that expresses the aspect ratio of
the ribbon material. Thethird equation estimates the energy of the spring, U, from the volume, V (m3),
and bulk modulus, G (Pa). The fourth equation computes ksp, a geometric factor in terms of kw,
computed by equation 6. The deflection, dy, is computed by equation 5.

2
piq = 20" (ios Eq. 1
911 [ksp
C= E Eq. 2
h
2
:4ms2m/mc +1) Eq.3
45[G [ksp®
4kw—-4 kw
3 2 2
_ 7200t [° (PId [fb® +h) Eq.5
b’ h*® [G
b
Variable Description Units
oy Deflection m
as Sofe stress Pa
b Width m
C Constant: maximumwhen C=1 unitless
G Modulus of rigidity Pa
h Height m
ksp Geometry factor unitless
kw Geometry ratio unitless
nf Number of coils/leaves unitless
Pid Load N
r Radius m
U Resilience NI
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Variable Description Units
Y, Volume of spring m?

Example 16.4.4.2.1:

Find the load for a helical ribbon 0.5 cm wide, 0.1 cm thick, wound asa spring 3 cm in radius. Assume
that allowed stressis 25000 psi.

[rahs=] s el e n|Fite]mbe- [Edie [rahs=] s el e n|Fite]mbe- [Edie
mgsi 25000, psi mgsi 25000, psi
mbhi .5 cm mbhi .5 cm
mhi .1 cm mhi .1 cnm
k=pill +k=p!
[3nH ki .
Fld: +Fld: 6.41034 1bf
m-i 3. Ch m-i 3. Ch
Enker: Geomgkry Fackor Ong coraplets usgabls solukion Found.
Entered Values Computed results

Solution — Select equations 1, 4 and 6 to solve this problem. Select these by highlighting the equations
and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known parameters and
press(F2] to solve for the unknown variables. The entries and results are shown in the screen displays
above.

Given Solution

os= 25000 psi kw =12
b=.5cm ksp=1.11943
h=.1lcm Pld = 6.41034 | bf
r=3cm

16.4.4.2.2 Circular Cross Section

The five equationsin this section represent the key design equationsfor a
bending spring of rectangular cross section. The spring has awire
diameter, d (m), and spring radius, r (m). The spring is subject to aload,
PId (N), resulting in a stress, os (Pa), and a deflection, dy (m). U (J)
representsthe energy in the spring. Thefirst equation computes agsfor a
given load, PId. The unitless parameters, kw and ksp, represent the
impact of the geometry of thewire. Equation 2 computes the geometric ratio of the spring, kw
(unitless). Thethird equation estimates the energy, U, using the spring volume, V (m3), and bulk
modulus, G (Pa). The deflection dueto the load, dy, iscomputed by equation 4. Thelast equation
computes, ksp a geometric factor, in terms of kw, computed by equation 2.

Eq.1
3
pig = 14" s
160 Cksp
Eq. 2
=22
d
Eq. 3
oV
4G [ksp®
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Eq. 4
5 = AT [@° (s
d [G [ksp
Alkw-1 , 615 =45
Sp= +
4[kw—-4  kw
Variable Description Units
oy Deflection m
os Sofe stress Pa
d Diameter m
G Modulus of rigidity Pa
ksp Geometry factor unitless
kw Geometry ratio unitless
nf Number of coils/leaves unitless
Pid Load N
r Radius m
U Resilience NI
Y, Volume of spring m?

Example 16.4.4.2.2:

A spring coil 2 mm in diameter iswound as acoil 6 cm in radius. A load of 100 Ibf isapplied. What is
the stressin the spring coil ?

F F
Tools|Zalug|Grarh

F4 | FE |FB
Fick|Orts-|Edik

CiFc.CHoss-5gckion

F F F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

[ Tl =)

"y
sPld: 106, 1bf
= 1]

Enter: Safe skress

Entered Values

Circ.Cross-seckion
TS0

L 1= R T
*k=p: 1.02296
*kwi GG,

sFld: 100, lbf
L Tat R P A

One cornpklebe useabls selukion Found.

Computed results

Solution — Select equations 1, 2 and 5 to solve this problem. Select these by highlighting the equations
and pressing [ENTER]. Press[F2] to display the variables. Enter the values for the known parameters and
press(F2] to solve for the unknown variables. The entries and results are shown in the screen displays
above.

Given Solution

d=2mm 0s= 2.52092 E6 psi

Pld = 100 Ibf ksp = 1.02296

r=6cm kw = 60
References:

1. Joseph E. Shigley and Charles R. Miseke, Mechanical Engineering Design, 5th Edition, McGraw-Hill
Publishing company, New York, NY 1989

2. Eugene A. Avallone and Theodore Baumeister 111, Standard Handbook for Mechanical Engineers, Sth
Edition, McGraw-Hill Book Company, New Y ork, 1984

3. Michad R Lindeburg, Mechanical Engineer's Reference Manual, Professional Publications, Belmont,
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4. Joseph E. Shigley and Charles R. Miseke, Mechanical Engineering Design, 3rd Edition, McGraw-Hill
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Chapter 17: Pumps and Hydraulics

This portion of the software engages in solving problems encountered in dealing with pumps and
hydraulic machines. The equations are presented under, three classifications listed below.

¢ Basic Definitions ¢ Pump Power
¢ Centrifuga Pumps

17.1 Basic Definitions

Thisarea of mechanical engineering isarather specialized area and commands avocabulary of itsown.
Thefirst equation describesfriction head, hf (m), defined asthe resistance to flow in the pipe, fittings
valves, entrance and exits. Thefriction head, hf, results from friction coefficient f (unitless), a velocity,
V (m/s), diameter, d (m), the effective length, Le (m), and the acceleration due to gravity, grav (m/s%).
The second equation defines the kinetic head, hv (m), from thevelocity, V (m/s), and gravity, grav.
Thethird and fourth equations are the so-called atmospheric head, pa (Pa), and pressure head, hp (m),
dueto apressure, p (Pa). Fluid vapor pressure, pvp (Pa), converted to an equivalent head is defined as
hvp (m) in equation 5. The sixth and seventh equations show the combined effects of the various heads
defined here.  For example, hd (m), representstotal dynamic discharge head, hd (m), while, nps (m),
represents the net positive suction head.

_ fOev?
hf = —— Eq.1
2[d [grav
2
hv = v Eq. 2
2[grav
a
ha = R Eq. 3
pLgrav
p
hp = Eq. 4
P pLgrav a
plLgrav
hd = hs+hv +hf Eq. 6
nps=ha+hs—hf —hvp Eq.7
Variable Description Units
p Density kg/m®
d Diameter m
f Friction coefficient unitless
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Variable Description Units

grav Gravitational acceleration 9.80665 m/s?

ha Atmospheric head m

hd Discharge head m

hf Friction head m

hp Pressure head m

hs Static head m

hv Velocity head m

hvp Vapor pressure head m

Le Equivalent length m

hps Net positive suction head m

p Pressure Pa

pa Air pressure Pa

pvp Vapor pressure Pa

\Y Velocity m/s
Example 17.1:

Water (T=20°C) flows through an eight-inch diameter asphalted cast iron pipewith avelocity of 2 m/s.
The friction coefficient is computed from aMoody diagramto be 0.019. What isthe head loss per
kilometer length of pipe?

Fi Fo Fz Fu | FE |FB Fi Fo Fz Fu | FE |FB
Tools-|EoTug|Grarh|Vigw |Orks-|Edit Tools-|EoTug|Grarh|Vigw |Orks-|Edit

|h‘.|5il: DEFinitiﬁn!l |h‘.|5il: DEFinitiﬁn!l
nd: 2, in i
nfi LH19
alei 1008,
mllz 2, m-os

Enter: Friction head

Entered Values

One complebe usgable solubion Found.

Computed results

Solution — Select the first equation to solve this problem. Select thisby highlighting the equation and
pressing [ENTER]. Press(F2] to display the variables. The gravitational constant, grav (9.80665 m/s%), is
automatically inserted into the calculation and does not appear in the list of variables. Enter the values
for the known parameters and press(F2] to solve for the unknown variables. The entriesand resultsare
shown in the screen displays above.

Given Solution
d=8in hf = 19.0695 m
f=.019

Le=1000 m

V=2m/s

17.2 Pump Power

The following equations compute the energy (head) added by a pump, hap (m), to aflowing fluid. The
first equation isamodified version of the Bernoulli equation. The variables, po (m) and pi (m) arethe
pressures at the outlet and inlet of the pump. Vo (m/s) and Vi (m/s) are the flow velocities at the outlet
and inlet sides of the pump; zh2 (m) isthe height of the pump outlet and zh1 (m) isthe height of theinlet.
The second equation computes the hydraulic horsepower, whp (W) from the massflow rate, Qm (kg/s),
and head added by the pump, hap. Equation 3 computes the brake horsepower delivered to the pump
shaft, bhp (W) from whp and the pump efficiency, effp. The friction horsepower, fhp (W), is calculated
in equation 4. The electrical horsepower of the motor, ehp (W), iscomputed in equation 5. The sixth
equation computes the overall efficiency of the pump, effo. Thelast equation computes the mass flow
rate, Qm, from the volume flow rate, Q (m®/s), and the fluid density, p (kg/m°).
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o pi, Vo Vi?
hap:p——£+ - +7zh2 -7zhl Eq. 1
p p 20grav 2[grav
whp = QmLgrav [(hap Eq. 2
whp
bhp = Eq. 3
P= o q
fhp = bhp —whp Eq. 4
bhp
=_r Eq.5
P~ efe .
whp
effo= Eq. 6
ehp a
Qm=QILp Eq. 7
Variable Description Units
P Density kg/m®
bhp Brake horsepower w
effe Motor efficiency unitless
effo Overal efficiency unitless
effp Pump efficiency unitless
ehp Electric horsepower to the motor w
fhp Frictional horsepower w
grav Gravitational acceleration 9.80665 m/s?
hap Head added by pump m
pi Pressure at inlet Pa
po Pressure at outlet Pa
Q Discharge rate m¥s
Qm Mass discharge rate kg/s
Vi Velocity at inlet m/s
Vo Velocity at outlet m/s
whp Hydraulic horsepower w
zhl Elevation at inlet m
zh2 Elevation at outlet m
Example 17.2:

An dectric pump consuming 7.5 hp adds a 26 ft head to aflow rate of 2 ft*/s. What isthe overall
efficiency of the pump? Assume the density of water is 1000 kg/m®.

MEPro for TI-89, TI-92 Plus
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Fi Fo Fz Fu | FE |FB
Tools-|EoTug|Grarh|Vigw |Orks-|Edit
Fump Fower

kgsm™3

mp: IDDD

uhp-l

Enter: Hedraulic horserower

Entered Values

F3: Equations/7: Pumps and Hydraulic Machines

Fi Fo Fz Fu | FE |FB
Tools-|EoTug|Grarh|Vigw |Orks-|Edit |
Pump Fulgr
kgsm™E
?86 Tl

mpi 100G,
+offol

One complebe usgable solubion Found.

Computed results

Solution — Select equations 2, 6 and 7 to solve thisproblem. Select these by highlighting the equations
and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known parameters and
press(F2) to solve for the unknown variables. The gravitational constant, grav (9.80665 m/s%), is
automatically inserted into the calculation and does not appear in the list of variables. The entries and

results are shown in the screen displays above.

Given Solution

p = 1000 kg/m® effo = .786971
ehp=7.5hp Qm =56.6337 kg/s
hap = 29 ft whp = 5.90228 hp
Q=2ft/s

17.3 Centrifugal Pumps

17.3.1 Affinity Law-Variable Speed

The following equations compute the change in pump performance (discharge rate, head and brake
horsepower) with variation of pump speed, assuming the efficiency remains constant.

Chapter 17 - Equations - Pumps and Hydraulic Machines

Qd2 n2
—_— = Eq. 1
Qdl nl
h2 _(n2Y
h1 \nl
bhp2 _(n2Y’
p — Eq. 3
bhpl nl
Variable Description Units
bhpl Brake horsepower, machine 1 w
bhp2 Brake horsepower, machine 2 w
h1 Head for machine 1 m
h2 Head for machine 2 m
nl Revolutions per second, machine 1 1s
n2 Revolutions per second, machine 2 1s
Qd1 Discharge rate, machine 1 m/s
Qd2 Discharge rate, machine 2 m/s
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Example 17.3.1:

A 3600-rpm pump adds a head of 430 ft to a discharge rate of 150 gallons per minute. What will bethe

head and discharge rate for asimilar pump at 2500 rpm?

Fi Fo Fz Fu | FE |FB
Tools-|EoTug|Grarh|Vigw |Orks-|Edit |
|ﬁFFin.Lul.-.l-'.'-ur.5p-eed|
mhl: 430, ft
hz:
mplil FEOMH. rpm

a2t 2S00, rpmo
miEdl: 150, galsmin
[fee |

Enter: Dischards Kabes mdc 2

Entered Values

Fi Fo Fz Fu | FE |FB
Tools-|EoTug|Grarh|Vigw |Orks-|Edit

[BEFin.Law=tar. reed|
mhl:
+hz:

mfl: SLIC. 1
mp2t 2500 rpRo
il 150, galfmm )
+Ld2: 104,167 gal<min

Enter: Head For md'c &

Computed results

Solution — Select the fir st two equationsto solve thisproblem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the values for the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the

screen displays above.

Given Solution
h2 = 207.369 ft
Qd2 = 104.167 gal/min

hl =430 ft

nl = 3600 rpm

n2 = 2500 rpm
Qd1 =150 gal/min

17.3.2 Affinity Law-Constant Speed

The following equations compute the variation of pump parameters (discharge rate, head and brake
horsepower) with impeller diameter, for ahomol ogous pump assuming the pump speed remains constant.

Qd2 d2 .
Qdl  di &
h2 (d2Y’ £, 2
ht \di '
bhp2 _(d2Y’ -
bhpl { di '
Variable Description Units

bhpl Brake horsepower, machine 1 w

bhp2 Brake horsepower, machine 2 w

di Diameter, machine 1 m

d2 Diameter, machine 2 m

h1 Head for machine 1 m

h2 Head for machine 2 m

Qd1 Discharge rate, machine 1 m/s

Qd2 Discharge rate, machine 2 m/s

Example 17.3.2:

What ratio of impeller diameter increase is needed to raise the head from 25 to 30 ft?
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Fi Fo Fz Fu | FE |FB
Tools-|EoTug|Grarh|Vigw |Orks-|Edit

[AFfin.Law=-Con.Epeed]
wdii 1.t

o2
mhit 25, ft
w2 IR

Enter: Head For md'c &

Entered Values
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Fi Fo Fz Fu | FE |FB
Tools-|EoTug|Grarh|Vigw |Orks-|Edit |
|ﬁFFin.Lul.-.l-l:-:-n.5p-eed|
mdl: 1. ft
+dz: 109545 £t
mhl: P55, fi
b2 IO

One complebe usgable solubion Found.

Computed results

Solution — Select the second equation to solve thisproblem. Since aratio of diameter increaseisbeing
computed, enter an arbitrary value of 1 ft for d1. Select this by highlighting the equation and pressing
(ENTER]. Press(F2] to display the variables. Enter the valuesfor the known parameters and press [F2] to
solve for the unknown variables. The entries and results are shown in the screen displays above.

Given
di=1ft
hl=25ft
h2=30ft

17.3.3 Pump Similarity

Solution
d2 = 1.09545 ft (~10% increase)

These equations are used to predict the performance of homologous pump (2) from the known parameters
of another pump. These similarity laws assume that both pumps operatein the turbulent region, havethe
same operating efficiency, specific speed, cavitation number and the same percentage of wide-open flow.

ndl n2(d2 a1
N +
Qd10@22 G/h2 = Qd2 [@1% @/hl Eq. 2
bhpl _ plld1® (1" -
bhp2  p20@2? (h2™ &
Qd1 _ nif@1®
= Eq. 4
Qd2 n2M@2°
bhpl  plmm1® [@1° -
bhp2  p202° [@2° &
3
n_ |Qd2 [hl)s Eq. 6
n2 \ Qdl (h2
Variable Description Units
pl Fluid density in machine 1 kg/m®
p2 Fluid density in machine 2 kg/m®
bhpl Brake horsepower, machine 1 w
bhp2 Brake horsepower, machine 2 w
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Variable Description Units
di Diameter, machine 1 m

d2 Diameter, machine 2 m

h1 Head for machine 1 m

h2 Head for machine 2 m

nl Revolutions per second, machine 1 1s
n2 Revolutions per second, machine 2 1s
Qd1 Discharge rate, machine 1 m/s
Qd2 Discharge rate, machine 2 m/s

Example 17.3.3:

Compute the head and discharge capacity of a8” pump operating at 1170 rpm from asimilar pump
having a diameter of 6”, a discharge capacity of 1500 gallons per minute against a head pressure of 80 ft
and operating at a speed of 1770 rpm.

Fi Fo Fz Fu | FE |FB Fi Fo Fz Fu | FE |FB

Tools-|EoTug|Grarh|Vigw |Orks-|Edit Tools-|EoTug|Grarh|Vigw |Orks-|Edit
|F‘umP SimiNrit!-'l |F‘umP SimiNrit!-'l

mdl: E. ik mdl: E. ik

ndZ: 8. in ndZ: 8. in

mhl: BH. i mhl: SO, i

k2t +h2! 62,1431 ft

mnl: 1770 rpm mnl: 177G rpm

anZ2: 1170, rpm . anZ2: 1170, rpm .

mil: 1508, galsmin il 1500, 1-mi

[ETEeEY | R G35, S8 g5l

Enter: Dischards Kabes mdc 2 One complebe usgable solubion Found.

Entered Values Computed results

Solution — Select the fir st and four th equationsto solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2] to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution

dl=6in h2 = 62.1431 ft
d2=8in Qd2 = 2350.28 gal/min
hl =80 ft

nl=1770 rpm

n2=1170 rpm

Qd1 = 1500 gal/min

17.3.4 Centrifugal Compressor

Centrifugal compressors are used to increase pressures for compressible fluids. The theoretical power of
a compressor, Pth (W), is computed for two casesin this section. The first equation assumesthe
compression processisadiabatic. The second equation computes Pth for an isothermal processin a
water-cooled compressor. Qd1 (m?/s) isthe volumetric flow entering the pump, pland p2 (Pa) are the
pressures at the inlet and outlet of the pump, respectively.

k-1

K p2 )k
Pth = ——[Qd1p1ll| — -1 :
1 Rd1tp (plj Eq.1

Pth = pldelmw(Z—i) Eq. 2
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Variable Description Units
k I sentropic index unitless
pl Pressure 1 Pa

p2 Pressure 2 Pa

Pth Theoretical power w

Qd1 Discharge rate, machine 1 m/s

Example 17.3.4:

What is the theoretical power for an air compressor having an intake rate of 1 m*/s, increasing the
pressure from 100 kPa, to 200 kPa. The specific heat ratio (isentropic index) for air is k=1.4.

Fi Fo Fz Fu | FE |FB Fi Fo Fz Fu | FE |FB
Tools-|EoTug|Grarh|Vigw |Orks-|Edit | Tools-|EoTug|Grarh|Vigw |Orks-|Edit |
Centrifudal Compr. Centrifudal Compr.

] k:-ﬁ' mk: 1.4
mpl: QaEa. Fa spl: lOOQGE. FPa
mpdi ZOCOGCEE. Pa mpdl ZOCGEE. Pa

L + th:m?g
midl: 1. m™3ss midl:s 1. m™aiss

Enter: Isgnkroric index Enter: Theoretical adiabatic Fowsr

Entered Values Computed results

Solution — Select the first equation to solve this problem. Select thisby highlighting the equation and
pressing [ENTER]. Press[F2] to display the variables. Enter the values for the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution

k=14 Pth = 76654.8 W
pl = 100000 Pa

p2 = 200000 Pa

Qdl=1m¥s

17.3.5 Specific Speed

The specific speed is a parameter used to rate the suitability of a pump or impeller type for a specific
application. It iscomputed in the following equationsfrom the pump parametersincluding the head
coefficient, CH, discharge coefficient, CQ, rotational speed, n (1/s), head, Ah (m), and the rate of
discharge, Q (m®s).

_ CQS
ns= W Eq.1
__ngjQ
nS=———- Eq. 2
(grav[Ah)
Ah[grav
Q
CQ=——+ Eqg. 4
Q E q
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Variable
Ah

CH

CcQ

d

grav

n

ns

Q

Example 17.3.5:

Description

Head

Head coefficient
Discharge coefficient
Diameter

Gravitational acceleration
Revolutions per second
Specific speed

Discharge rate

F3: Equations/7: Pumps and Hydraulic Machines

Units

m

unitless
unitless

m

9.80665 m/s?
Hz

unitless

m°/s

Compute the specific speed for a pump having a rotational speed, 2500 rpm, a flow rate of 8 ft¥/sand a

head increase of 30 ft.

Fi Fo Fz Fu | FE |FB
Tools-|EoTug|Grarh|Vigw |Orks-|Edit

nst
[ ]rH

FReCiFiC Tpeed
w30, ft
e ZO0E. rem

» FLEss

Enter: Specific sPegd

Entered Values

Fi Fo Fz Fu | FE |FB
Tools-|EoTug|Grarh|Vigw |Orks-|Edit

SReCiFic SPesd
mali EE. L

pi ZOHE. FEm
[ 1P = 5

One complebe usgable solubion Found.

Computed results

Solution — Select the second equation to solvethis problem. Select thisby highlighting the equation and
pressing [ENTER]. Press(F2] to display the variables. The gravitational constant, grav (9.80665 m/s%), is
automatically inserted into the calculation and does not appear in the list of variables. Enter the values
for the known parameters and press(F2] to solve for the unknown variables. The entriesand resultsare
shown in the screen displays above.

Given

Ah =30 ft

n = 2500 rpm
Q=8ft¥s

References:

Solution
ns = .680555

1. Michad R. Lindeburg, Mechanical Engineering Reference Manual, 8th Edition, Professional
Publications, Belmont, CA 1990
2. John A. Roberson and Clayton T. Crowe, Engineering Fluid Mechanics, 5th Edition, Houghton Mifflin
Company, Boston, MA, 1993

MEPro for TI-89, TI-92 Plus

230

Chapter 17 - Equations - Pumps and Hydraulic Machines



F3: Equations/ 8: Waves and Oscillations

Chapter 18: Waves and Oscillation

This section contai ns equations describing oscillation or vibration of mechanical devices.The equations are
presented under, three classifications listed below.

¢ Simple Harmonic Motion ¢ Natural and Forced Vibrations

¢ Pendulums

18.1 Simple Harmonic Motion

18.1.1 Linear Harmonic Oscillation

These equations describe the oscillation of a mass, m (kg), attached to the +F—p ! 4— -F
end of an ideal spring. Thefirst equation iscalled Hooke' s Law to k 22
compute the restoring force of the spring, F (N), in adirection oppositeto % i
the direction of displacement, x (m), from its equilibrium position. '-._h %
Equation 2 calculatesthe natural frequency of vibration, w (rad/s), of the T = T
system with amass, m, and a spring stiffness, k (N/m). Equation 3 —im =0 +im

computes the period of oscillation, Tp (s). Thelast equation calculates the oscillation frequency, freq
(H2).

F=-kXx Eq.1
w= 5 Eq. 2
m
m
Tp= 200 — Eq. 3
Kk
ﬁm—]' Eq. 4
Tp &
Variable Description Units
W Radian frequency rad/s
F Restoring force N
freq Frequency Hz
k Stiffness N/m
m Mass kg
Tp Period S
X Displacement from fest position m

Example 18.1.1:

A block is attached to a spring having a stiffness of 65 N/m. Theblock is pushed, compressing the spring
to adistance 11 cm from its equilibrium position. What is the restoring force exerted by the spring?
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Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

Lingar Harm, Osc.
F:H
mk: B35, Hem

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

F3: Equations/ 8: Waves and Oscillations

Lingar Harm. Osc.

R,

mxi -11.

Enter: Kestorind Force

Entered Values

mxi -ll. cm

One complebe usgable solubion Found.

Computed results

Solution — Use the fir st equation to solve thisproblem. Select it by highlighting the equation and
pressing [ENTER]. Press(F2) to display the variables. Enter a negative value for displacement (x=-11 cm)
since we want to compute the force in the opposite direction. Enter the valuesfor the known parameters
and press|[F2] to solve for the unknown variables. The entries and results are shown in the screen

displays above.

Given

k =65N/m
X =-11cm

Solution
F=7.15N

18.1.2 Angular Harmonic Oscillation

These equations describe the angular oscillation of a mass, with arotational
moment of inertia, I p (kgh?), attached to the end of atorsion spring. If the
massistwisted (or displaced) by an angle, 8 (rad), from its equilibrium position,
thewirewill exert arestoring torque, T (NIh), in the opposite direction.
Equation 1 computesthe period of oscillation, Tp (s), for the system. Equation

t REFEREMGE LIME

2 computes the, restoring torque, T, from the torsion constant of the suspension wire, Tk (Nh/rad), and
the displacement angle, 8. Thelast equation calculates the angular frequency of oscillation, w (rad/s),
from the period of oscillation, Tp.

I

Tp=200]-2 Eq. 1
T=-1k@ Eq. 2

20t a3

Tp &

Variable Description Units
0 Displacement angle rad
T Torque N
tk Torsion constant Nim/rad
) Radian frequency rad/s
Ip Rotational inertia kg(mn?
Tp Period of oscillation S

Example 18.1.2:

A suspension wire has arestoring torque of -2 N at a displacement angle of 45°. A massisthen
attached to the end of a suspension and allowed to oscillate freely. The period for one oscillation is2 s.
Compute the torsion constant of the spring and the rotational moment of inertia for the mass.
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Fi Fz F2 FY [ Fa Fi Fz F2 FY [ Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit | Tools+| Zelue | Grarh | Fict | Dets= | Edit |
And. Harmonic Osc. | And. Harmonic Osc. |

mg: 45, de mg: 45, de
= WA -fn:%ﬁ
Tkt La L 2 H-morad
i=H +Ip: 258012 kg -m™2
uTp: 2. = aTp: 2. =
Enter: Torque One complebe usgable solubion Found.
Entered Values Computed results

Solution — Usethe first and second equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution

0 =45deg Tk = 2.54648 Nm/rad
1=-2NMh Ip = .258012 kgm?
Tp=2s

18.2 Pendulums

18.2.1 Simple Pendulum

The following equations describe the harmonic motion of a mass, m (kg), hanging SIMFLE
from an ideal string (massless, non-stretchable) and having alength, L (m). The
angle of displacement, 0 (rad), isrelative to a vertical line connecting the string to a TEH,‘.-"
mount. Equation 1 computesthe period of oscillation, Tp (s), for asimple 5
pendulum with a string length, L. Equation 2 calculatesthetension, Ten (N), in the
string at a displacement angle, 0, from the equilibrium position. Equation 3 Tlgran
computes the restoring force, Fr (N), activein forcing the pendulum to its

equilibrium position. Thelast equation calculates the oscill ation frequency of the pendulum, freq (Hz).

L
Tp=2rl)]— Eq. 1
grav

Ten=-mlgrav [@og6) Eq. 2
Fr = mgrav &in(6) Eq. 3
freq= 1 Eq. 4

Tp &
Variable Description Units
0 Displacement angle rad
Fr Restoring force N
freq Frequency Hz
grav Gravitation acceleration constant 9.08665 m/s?
L Length m
m Mass kg
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Variable Description Units
Ten Tension N
Tp Period of oscillation S

Example 18.2.1:
Compute the oscillation period and frequency for a simple pendulum having a cord length of 40 cm. If a
mass, weighing 2 kg, is attached to the end of the pendulum, what is the maximum tension exerted by the
gravitational field and angle of displacement for thistension?

Fi Fe Fz FY4 FE Fa
Tools+| Zolug | Grarh JFict | Dets= | Edit
ndutura FimF 16 Fendulum
+f ey IR E R Ea: Ter=-m
ml: 4@, com Indeps g+
+Tp! 1.26896 = A-Units: p
A-fin:  -45.
Oephds Tep*
Zit=: “CEE,
Y-Unit=: H I} it |
One complebe usgable solubion Found. HMAlW DESAUT FLHC

Step 1: Computed results Step 2: Graphing Tenvs. 6
(Tracing the minimum value of Ten using F3: Trace)

133

Solution — This solution can be computed in two steps. The TI graphing featureswill be used in the
second part. Step 1. use the first and fourth equationsto solve this problem. Select these by
highlighting the equations and pressing [ENTER]. Press(F2] to display the variables. Enter avaluefor L =
40 cm and press [F2) to solvefor Tp and freq. The entries and results are shown in the screen displays
above. Notethat the gravitational acceleration constant, grav = 9.08665 m/s?, is automatically inserted
into the calculation by the software and does not appear in the variable list.

Step 2: Check the [MODE] settings of your calculator to make sure the ANGLE mode is set to DEGREE.
Access the mode screen by pressing [MODE], and move the highlight bar to ANGLE. If ‘RADIAN'’ is
listed, presstheright arrow key () and select DEGREE. Press twice to save the settings and
return list of variables.

Continuing the solution for the example, press[ESC] to view the equations; select the second equation;
press(F2] to display thelist of variables; and enter m = 2 kg. Now press [F3] to graph the newly selected
equation. Select the second equation, identify 0 asthe Independent variable and ten asthe Dependent
variable.

Enter X-Min: —45 and X-Max: 45.

Press(F3] to graph the selected equation. In this case, the graph appearsin the right side of the screen.
Press(2nd) and to switch the active window from MEe Pro to the Graph interface. To switch back
to MEe Pro press(2nd] and [APPS]. Press(F3] Trace and move the cursor to the mirimum point (6=0, Ten=
-19.6 N). Thevaluefor ten isnegative sincetheforceisin adirection oppositetoten in thediagram. An
alternative method for finding the minimum: Press [F5) Math, [3): Minimum. Move the cursor to a
location to the left of the minimum for the ‘Lower Bound’ and press [ENTER], and then move the cursor
to alocation on the right of the minimum and press [ENTER] for the ‘Upper Bound’. To switch back to
ME- Pro press 2nd) [APPS).

Given Solution
L =40cm (Step 1) freq = .788044 Hz
m =2 kg (Step 2) Tp=1.26896 s

Ten = -19.6133 (from Graph)

ME Pro for TI-89, TI-92 Plus 234
Chapter 18 - Equations — Waves and Oscillations



F3: Equations/ 8: Waves and Oscillations

18.2.2 Physical Pendulum

A physical pendulum represents the behavior of real pendulumsto a greater degree
than the‘simple’ case. The equationsin this section describe a physical pendulum,
having a mass, m (kg), and arotational moment of inertia at the pivot point, I1p
(kgih?), with its center of masslocated at a distance, h (m), from the pivot point.
When the pendulum is displaced from its equilibrium position at an angle, 0 (rad),
relative to the gravitational field, arestoring torque, tr (NIm) appears (Eq.1). The
period of motion, Tp (s), for the physical pendulum can be calculated from Ip, m, and
h using equation 2. Therestoring force, Fr (N), acting at the center of mass is computed in the last
equation.

= migrav (h ($in(6) Eq. 1
Ip
Tp=2)]————— Eq. 2
mCgrav (h

11

Fr=— Eq. 3
h

Variable Description Units

0 Displacement angle rad

Tr Restoring torque NI

Fr Restoring force N

grav Gravitation acceleration congtant 9.08665 m/s?

h Distance from pivot to center to m

Ip Rotational inertia kglth®

m Mass kg

Tp Period of oscillation S

Example 18.2.2:

A sted cord weighing 30 kg and having alength of 5 mis suspended from a hook. What istherestoring
torque and restoring force, at the center of mass, for a displacement angle of 776 rad? Assume the center
of massislocated at the midpoint of the cable. If the period of oscillation is 3.7 seconds, what is the
moment of inertia of the cable at the pivot point?

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit
Fhysical Fendulum] Fhysical Fendulum]
AE A [1=H
S MM

b .
+ET: 147.1 H

(s
mhi 2.5 n wh: 2.5 ™
1Ip: #Ip: 255,05 kg -m™2
am: 3. kg am: 3. kg
aTp! E.7 = aTp! E.7 =
Enter: Andle of disklacement One complebe usgable solubion Found.
Entered Values Computed results

Solution — Select all the equations to solve this problem. Press(F2] to display the variables. Enter the
values for the known parameters and press (F2] to solve for the unknown variables. The entries and
results are shown in the screen displays above.
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Given Solution
0=176rad Tr = 367.749 Nl
h=25m Fr=147.1N

m = 30 kg Ip = 255.05 kgHh?
Tp=37s

18.2.3 Torsional Pendulum

This menu heading reflects the contents of section 18.1.2 * Angular Harmonic Motion’ and contains the
same equation set.

18.3 Natural and Forced Vibrations

18.3.1 Natural Vibrations

18.3.1.1 Free Vibration

These equations compute the position and velocity of afree, linear,
undamped oscillating system with respect to time, t (s). Thefirst
equation computes the displacement, x (m), of the oscillating system,
relativeto its equilibrium position (x=0) at time, t. The second equation
computes the linear velocity of the system, v (m/s), at position, X, and
time, t. Equations 3 and 4 relate the angular offset, Y (rad), used in Hiot o THziM
equations1 and 2, to theinitial displacement, xo (m), the velocity at t=0, vo (m/s), and the natural
oscillation frequency, wn (rad/s). Equation 5 computes the maximum displacement amplitude from the
equilibrium position, xm (m). Equation 6 computes the maximum velocity of the oscillating object, vm
(m/s). Equation 7 calculatesthe angular offset, P, from the initial position and velocity, xo and vo, and
the natural frequency, un. Equation 8 computesthe natural vibration frequency, un, of the oscillating
system from the mass of the object, m (kg), attached to a spring having a stiffness, k (N/m). Thelast
equation calculatesthe period, Tn (s), of the natural vibration.

C (DAMFED)

=l
ki

T
+Fit)
CFORGED)

x=xm&Sin(wn @ +y) Eq. 1
v = xmldn [eos(an [ + ) Eq. 2
X0 = xmisin(y) Eqg. 3
vo = xm [dun [Gos(y) Eq. 4
2
xm=_|xo? +(£j Eq.5
wn
vm= xmldn Eqg. 6
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W :tan‘l(xomnj Eq. 7
VO
wn= \/K Eq. 8
m

Th= Z_D‘T Eq. 9
wn

Variable Description Units

U] Phase angle rad

wn Natural frequency rad/s

k Stiffness N/m

m Mass kg

t Time S

Tn Natural oscillation period S

\Y Vel ocity m/s

vm Maximum vel ocity m/s

VO Initial velocity m/s

X Displacement m

Xm Maximum displacement from rest position m

X0 Initial displacement m

Example 18.3.1.1:

A mass (30 kg) attached to a spring oscillat es once every 2.5 seconds and has a maximum displacement
amplitude of 22 cm. If a stopwatch is set when the mass passes the equilibrium position of the spring, at
what timewill the mass reach a distance hafway between the equilibrium position and the position of
maximum displacement? What will bethelinear velocity at that time?

Fi Fe Fz FY4 Fi Fe Fz FY4
Tools+| Zolue | Grarh | Fick Tools+| Zolue | Grarh | Fick
Free Vibration Free Vibration

H *pni 2.5132F rad<s T
and 2. 01327 rades +k: 139,496 Hsm

+ki 139,496 H-m mms 30, kg

M 30, kg +t: L Z0833E =

+t: [ ZOE33T = aTh: 2.5 =

Thi 2.5 +0i L 435312 mros

:u?..4353?2 M s w10, cm

mx: 10, cm 4 i

Enker: Fhass andle MuTkie1e compTeke useabls 5ons Found.

Upper Display: First Solution Lower Display: First Solution
Arbitrary Integer, 0 (Principal solution) Arbitrary Integer, 0 (Principal solution)

Solution — Select Equations 1, 2, 8 and 9 to solve thisproblem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2] to solve for the unknown variables. Select an arbitrary integer of O to
compute the principal solution (the principal solution, P, in a periodic trigonometric function, trig (...), is
P=trig (6 + n[m) and n isthe arbitrary integer). Select ‘1’ in the‘Multiple solutions dialog box to display
thefirst solution. The entries and results are shown in the screen displays above.
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Given Solution

Y =0rad wn = 2.51327 rad/s
m = 30kg k = 189.496 N/m
Tn=25s t =.208333 s
x=10cm v =.435312 m/s
xm=20cm

18.3.1.2 Overdamped Case (§>1)

A damped oscillation system has a mechanism for removing
mechanical energy from the vibrating system in the form of heat.
An over damped vibrating system is defined asthe case where
the damping ratio, &>1 (Eq.4), and theroots A1 and A2
(Equations 5 and 6) aredistinct real negative numbers. The
dashpat, in the diagram to the right, has aviscous damping
coefficient of ¢ (N[¥/m) and exertsafrictional force proportional to the velocity of the oscillating mass, m
(kg). Equation 1 computes the displacement of the massfrom therest position, x (m), at time, t (s),
following release of the object. Equations 2 and 3 calculate the constants, A1 (m) and A2 (m), for the
case when the timer is started (t=0) when the massislocated at the amplitude of maximum displacement,
xm (m), and the linear velocity ceases, (dx/dt = 0). Equation 4 calculatesthe damping ratio, &, from the
viscous damping coefficient, ¢, and the natural radian frequency, en (rad/s). Equations 5 and 6 compute
the roots, Al (rad/s) and A2 (rad/s) from the damping ratio, & Thelast two eguations compute the
natural frequency of the oscillating system, wn (rad/s) and the natural period, Tn ().

C (DAMFED]

n=iM
=tz ﬁ:,:,
M |4=ku 4t

——F(FORCEDD
+Fit)

HE R L

x= ALRM + A2 [@ " Eq. 1
A2
Al = Xm[&———— (When x=xm and dx/dt=0 at t=0) Eq. 2
A2-A1
-xm[Al
= ——— (When x=xm and dx/dt=0 at t=0) Eq. 3
A2-A1
Cc
= Eqg. 4
= ?
Al=wn [(]—§+ &2 —1) Eq.5

A2=am¢—§—J52—g Eq. 6

wn:\/z Eq. 7
m

20T
Th=— Eq. 8
wn
Variable Description Units
A Natural radian frequency 1 rad/s
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Variable
A2
3
wn
Al
A2
c

k
m
t
Tn
X
Xm

Example 18.3.1.2:

Description

Natural radian frequency 2
Damping ratio

Natural frequency
Constant, when t=0, x=xm
Constant, when t=0, x=xm
Viscous damping coefficient
Stiffness

Mass

Time

Natural oscillation period
Displacement from rest position

Maximum displacement from rest position

F3: Equations/ 8: Waves and Oscillations

Units
rad/s
unitless
rad/s

m

m
NE/m
N/m

kg

S
S
m
m

What is the damping ratio for a damped oscillating system having a spring stiffness of 98 N/m, a viscous
damping coefficient of 42 N[§/m, and a mass of 2 kg?

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

LT HE

mn:!

mci 42, M-=r/m
mk: 958, H
ka

[Ouerdamped Case

Enter: Makural Frequency

Entered Values

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

[Ouerdamped Case
#if 1.5
LInTgH
mCE - BTl
mki 23, Mem
ap: 2. ka

One complebe usgable solubion Found.

Computed results

Solution — Select the fourth and seventh equations to solve this problem. Select these by highlighting
the equations and pressing [ENTER]. Press(F2) to display the variables. Enter the values for the known

parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given
c=42NI[E/m
k=98 N/m
m =2 kg

Solution
&E=15

wn =7 rad/s

18.3.1.3 Critical Damping (§=1)

Critical damping exists when the frequency of the damping
mechanism is the same as the natural frequency, un (rad/s), or

&=1. A critically damped system approaches equilibrium faster

than the overdamped case. The following equations compute
the unique case when the object is released at t=0 (x=xm (m)
and dx/dt=0). The coefficientsfor critically damped case (A1
and A2 in the overdamped case, section 18.3.1.2), are equivalent to the natural vibrationfrequency (i.e.A1
= A2 =-un). Equation 1 computes the displacement from the equilibrium position, x (m), at time, t (s),
following release. Equation 2 computesthe linear velocity, v (m/s), at time, t. Equations 3 and 4
compute the coefficients, A1 (m) and A2c (mfrad/s), from the initial (maximum) displacement, xm = xo
(m) and the natural oscillation frequency, un. Thefifth equation computes cn from the spring constant,
k (N/m), and the mass of the oscillating object, m (kg). Thelast equation cal cul ates the period of natural

vibration, Tn (s).
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x = (AL+ A2c ) @ Eq. 1
v = —an [JAL+ A2c ) (6" + A2c [& " Eq. 2
Al = xXm (When x=xm and dx/dt=0 at t=0) Eqg. 3
A2c = Alldn (When x=xm and dx/dt=0 at t=0) Eq. 4
/ Kk
wn=,[— Eq.5
m
20T
Th=——- Eq. 6
wn
Variable Description Units
wn Natural frequency rad/s
Al Constant, when t=0, x=xm m
A2c Constant, when t=0, x=xm mitad/s
k Stiffness N/m
m Mass kg
t Time S
Tn Natural oscillation period S
% Vel ocity m/s
X Displacement from rest position m
Xm Maximum displacement from rest position m

Example 18.3.1.3:

A critically damped system has a natural oscillation frequency of 7 rad/sand an initial displacement of 5
m. What isthe maximum linear velocity between thetime of release and the time the system has reached

equilibrium?

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

Fi F& F3 FYy FE Fi
Tools+| Zolug | Graeh | Split

Otz | Choose | |

|Crit. Darmpind £=1

mphi V.o rados
*H]1:

*+HZ2cE: -53a. meoradss
LB U= T

L= '-'-r|+ LH1+HACHT ke

[Ckit. Darrind :

I%q
H= Unlts 5
B-Mind o,
A= Max 1.
DEB

h1t5 m
Y-Mint O.

|

HMAlW RAD AUTO FLHC

Choose: Equation bo plok

1: Entered values and computed results.

Tmﬂ:r 5-:-1!.!»2 Gruph Fu11 I:Ipl::r

l:hm:-s-z

2: Press for Graph Interface Screen.

trut Dampind £=1

| Chwose: Equation bo plok

[Crit. Darpind £=1

d.ep= E-}

Ex

In ep: In

Uhlts "

a—Mfin: Q. “—H

Max . B
DEE Oeptid

nlts m 4 W=

Unit.s:

in: 0.
Max: 1.

Eniisﬁ+

HMAlW

=

RAD AUTO

FLHC

3: [F5): Math, [4]): Maximum.

Select Lower and Upper bounds.
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4. Result for maximum velocity.
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Solution — This problem can be solved in two steps. First, compute the constants, A1 and A2c, from xm
and wn using the third and fourth equations. Select these by highlighting the equations and pressing
(ENTER]. Press(F2] to display the variables. Enter the values for the known parameters. Enter a negative
value for displacement since we want to compute a positive velocity in the other direction. Press(F2] to
solve for the unknown variables: Frame 1. Next, press(F3]: Graph and use the right ®) arrow key to
display the equations in this set. Select the second equation by highlighting and pressing[ENTER]. Selectt
asthe independent variable and v asthe dependent. Enter Xmin =0 and Xmax=1, Y min=0 and
Ymax=15 (Frame 2). Desdlect Autoscale. Press(F3]: Graph to plot the equation on the right side of the
screen. Press(2nd] to switch from M EePro to the graphing window. The maximum velocity
occursat themaximum of the graph. To locate the maximum, Press [F5]: Math and [4]: Maximum.
Move the cursor to a point on the |eft side of the curve using the | eft arrow key © and press
(Frame 3). Next move to the right side of the curve using the right arrow key®and press [ENTER]. The x
and y coordinate of the maximum are displayed (Frame 4). To switch back to M EePro, Press(2nd]
(APPS].

Given Solution
wn =7 rad/s Al=-5m
Xxm=-5m A2c = -35radh/s

v =12.8758 m/s (maximum value)

18.3.1.4 Underdamped Case (§<1)

The following equations compute the vibration properties of an
underdamped oscillation system. An underdamped system does not cease
oscillating after asingle period (§<1). Thefirst equation computesthe
displacement, x (m), of the oscillating system relative to its equilibrium +Fa it
position, x=0, at time, t (S). The second equation computes the linear went Toupg T ORGEDD
velocity of the system, v (m/s), at position, X, and time, t. Equations 3 and 4 calculate the initial
displacement, xo (m), and velocity, vo (m/s), at t=0. Equation 5 computes the damping frequency, ud
(rad/s), for a system having a damping ratio, &<1. Equation 6 computesthe natura vibration frequency,
on, of the oscillating system from the mass of the object, m (kg), attached to a spring having a stiffness,
k (N/m). Equation 7 computes the maximum displacement amplitude from the equilibrium position, xm
(m). Equation 8 computes the angular offset, g (rad), at t=0. Equations9 and 10 calcul ate the damping
ratio, &, from either an observed value of the logarithmic damping factor, & (m), or the viscous damping
factor, ¢ (NIS/m). & representsthe decreasein oscillation amplitude, xm, vs. time due to damping. The
last two equations cal culate the periods of the damping oscillation, Td (s) and the natural frequency of
vibration, Tn ().

C (DAMFEDY

=l
ki

x = xm@ ™" Ein(cwd @+ ) Eq. 1
v=—& [n EmE " Sin(ad @+ ) +xm B [4a Gos( cal T+ ) Eqg. 2
X0 = xmisin(y) Eqg. 3

vo = —¢ [n Bim[Sin(y) + wd Xm[Gos( YY) Eq. 4

(,xj:an;&l—fz Eq.5

OLJI‘IZ\/E Eq. 6
m
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Eq. 7
o XoLdun
Y=t 1( ) Eq. 8
VO
= 0 Eq.9
= S — q.
VAOGE + &
Cc
E=——— Eqg. 10
2 [Mnldun
20T
Td = Eqg. 11
wd
20T
Th=—— Eqg. 12
wn
Variable Description Units
b} Logarithmic decrement unitless
g Damping ratio unitless
U] Phase angle rad
od Damping freguency rad/s
wn Natural frequency rad/s
c Viscous damping coefficient N[g/m
k Stiffness N/m
m Mass kg
t Time S
Td Underdamped oscillation period S
Tn Natural oscillation period S
\Y Vel ocity m/s
VO Initial velocity m/s
X Displacement m
Xm Maximum displacement from rest position m
X0 Initial displacement m

Example 18.3.1.4:

An 8 kg mass attached to a damped spring is released at a distance of 0.2 m from its equilibrium position.
The spring stiffnessis 32 N/m and the viscous damping coefficient is 20 N [/m. Compute the amplitude

after one compl ete oscillation.

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit
|Und-zrd-umvtd E{1|

+E:.!?g§
il 56125 rad<s

*art 2. Fades
mci 20, M-=om
mk: FZ. Hem

ami 2. k
+Td: 4.83446 =

One complebe usgable solubion Found.
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1: Entered Values and computed Results 2: Equations Screen
FL |Fe | F5 | F4 | F5 | & [r11r21r3 ]'FH“[FS ]'FET]
Toolsw| s | min hr | dax Tools+| Zelue | Grarh | Fict | Dets= | Edit
|und-zrd-umnd E{il |und-zrd-umnd E{il
mpE 32, Mem T mpE 32, Mem T
mpi 8. kg LIVER.- kg
tél nti 4, 02445 =
Toli 402446 = Tol:
w0l O mes LIVl M=
b b
(WH WM
Td w0l L2 M
HMAlW RAD AUTO FLHC Enter: Underdarared 05cill. Feriod
3. Enter ‘Td’ for ‘t". 4. Computed value of ‘'Td" appears for ‘1.
[Fi]FEIB]’EHIFS]’Fﬁ_I] [Fi]FEIB]’EHIFS]’Fﬁ_I]
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit
[Underdameed =<1] EW%
L G4 Y useabls selutions. 1
! g pesived soln #7 [T | E
¥ A
S303123743999 and xm=1-5
: and y=-ne2
FIRIH RAD ALTD FUHC | TUFE + [EMTERI=OF AND [ESCI=CANCEL
5: Use [F5):Opts, [6]: Know to designate previously  6: Press /F2} Solve. Select the 4™ of 4
computed values as Known ‘=’, possible solutions (= 12).
Wﬁﬁ]—] mﬂm?mj
Toolse|Solue|Grarh|Fick|DrEs-[Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit
Underdarred £<1 [Underdameed £<1]
:E' 08 rad modi 1.56125 radss T
wodi 1.56125 radcs o A s
mpnE 2. radeos i
wti 4,624d6 = aTd: 3-02d4s s
+Td: 4.02446 = oot Bohes
MU xi LOO13E7 m
#x1 L EA13E7 m 1 sl T
Enter: Darpind Fakis mas m
Enter: Initial Displacement
7: Results: Upper Display 8: Results: Lower Display

Solution — Compute this solution in two steps.  Thetime, t, of a complete oscillation is equivalent to the
damped period, Td. The computed value of Td will need to be entered for t in the first equation. To
compute the period of the damped oscillation, Td, select the fifth, sixth, tenth, and eleventh equations.
Select these by highlighting the equations and pressing(ENTER]. Press(F2] to display the variables. Enter
the values for the known parameters(c, k, and m) and press [F2] to solve for the unknown variables (o,
on, & and Td). Next, press(ESC) to view the equation list. Deselect Equations 5, 6 and 10 by
highlighting the equations and pressing and select equations 1, 7 and 8; i.e.: Equations. 1, 7, 8,
and 11 should now be selected. Press (F2] to display the variables. Move the cursor to each of the
variables, & wn, and wd. Press(F5]:0pts, [6]: Know to select each of the previously computed valuesto
an entered value for computations. For t, enter thevariable‘Td’ and press(ENTER], the computed val ue of
Td will appear for t. Enter valuesfor xo, vo and press(F2] to solve for the unknown variables (g, x and
xm). When the MEe Pro dialogue box appears, select the fourth solution ( = 172). The entriesand
results are shown in the screen displays above.

Given Solution

c=20N[E/m & =.625

k=32N/m Y = 1.5708 rad

m = 8 kg wd = 1.56125 rad/s

vo=0m/s wn = 2rad/s

X0=.2m t = 4.02446 s (computed value of Td)
Td=4.02446 s
x =.001307 m (lessthan 1% of xm)
Xxm=.2m
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18.3.2 Forced Vibrations

18.3.2.1 Undamped Forced Vibration

These equations describe the steady state oscillation conditions of an
undamped system, experiencing an external periodic force, Fo (N). The
undamped system has a natural vibration frequency, wn (rad/s). The
external vibration force has a frequency and magnitude of «f (rad/s) and
Fo. Thefirst equation computesthe particular solution (solution of the
system in steady state) of the position, xp (m), vs. time, t (s). The
equation assumes the velocity ceases, (dx/dt) = 0, when xp =xm at t = 0s. The amplitude of the forced,
undamped system, xm (m), iscomputed in equation 2 from the amplitude of the forced oscillation, xf
(m), the angular frequency of the natural motion, en, and the forced motion, wf. The magnification
factor, Mag, in Equation 3, computes the degree of resonance between the forced and natural resonance
frequencies. As X approaches un, the limits of the attached spring are tested as M ag and xm approach
infinity. Thiscondition isto be avoided. If wf<un, Mag>0 and the vibration isin phase with the force,
Fo. If wf>wn, the vibration isout of phase with the external force, Fo and Mag<0. Equation 4
computes the natural frequency of the oscillating system, an, from the spring constant, k (N/m), and the
mass attached to the spring, m (kg). Equation 5 calculates the amplitude of the external force, Fo, on the
oscillating system.

C (DAMFEDD

+—Cl
ki

T | —
+Fait)
(FORGED]

Han® o MMM

xp = xm{dog cf () Eq. 1
xf
Y
Eq. 2
1-[ ¥ q
wn
1
Mag = T
Eq. 3
1-[ ¥ q
wn
wn = £ Eq. 4
m
Fo =k Xf Eq.5
Variable Description Units
of Forced radian frequency rad/s
wn Natural frequency rad/s
Fo Magnitude of driving force N
k Stiffness N/m
m Mass kg
Mag Magnification unitless
t Time S
xf Forced displacement amplitude m
Xm Maximum displacement of steady state m
Xp Displacement: particular solution m
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Example 18.3.2.1:

A machine weighing 50 kg ismounted on four springs, each having a spring constant of 8000 N/m. The
machineis mounted on a vibrating platform, having avibration frequency of 10 Hz and a displacement of
0.5 cm. What is the maximum displacement of the forced system under steady-state conditions? Isthe
forced vibration in or out of phase with the natural vibration frequency? What is the maximum
displacement of the forced system?

mﬂﬂ?lﬂﬁ rTTWTTWTTlﬁTﬁ
Tualse)soluefGrarn{Fict|orEs-|Edit Tualse)soluefGrarn{Fict|orEs-|Edit
|undumped Forced |undumped Forced

mpfi 10, Hz mpfi 10, Hz

Gl *nni_4.02634 Hz
mki 32000, Hom mki 32000, Hem
mm: SE. kg mp: SEL k

Mag: +Mag:
LES =} LES ==

=mill #xmi CLOQEFET M
Enter: Max displack From rest pos. Enter: Madnification

Entered Values Computed results

Solution — Select the second, third, and fourth eguationsto solve thisproblem. Select these by
highlighting the equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor
the known parameters and pressF2] to solve for the unknown variables. The entries and results are
shown in the screen displays above.

Given Solution

of =10 Hz wn = 4.02634 Hz

k = 32000 (4 x 8000) N/m Mag = -1.9348 (out of phase)
m =50kg Xxm = -.09674 cm (out of phase)
xf=.5cm

18.3.2.2 Damped Forced Vibration

These equations describe the features of a damped oscillating system C (DAMFPED)
experiencing a periodic, external vibration force having an angular -
frequency, of (rad/s) and amplitude, xf (m). Thefirst equation computes
the particular solution of the displacement amplitude, xp (m), at time, t (),
for the steady state condition of forced oscillation. The eguation assumes :
(dx/dt) =0 and xp = xm at t = Y/ef. Equation 2 calculatesthemaximum %07 A=
displacement of the damped, forced system, xm (m), from the natural frequency of the oscillating system,
on (rad/s), thedamping ratio, &, the forced amplitude, xf, and the frequency, uX, of the external vibration.
The phase offset, U (rad), or the degree the amplitude of response, xp (m), lags the amplitude of the
applied force, xf, iscomputed in equation 3. The magnification factor, Mag (unitless), representsa
degree of resonance between the forced, oX, and natural, wn, oscillation frequenciesis computed in
Equation 4. Resonanceisachieved when = 90 deg for al valuesof & Equation 5 computesthe
damping ratio, &, from the viscous damping coefficient, ¢ (N[§/m), of the damping system. The damping
force (c) is proportional to the velocity of the spring, v (m/s). The maximum damping occurs when o
= wn. Equation 6 computesthe natural frequency of the oscillating system, un, from the spring
gtiffness, k (N/m), and the mass attached to the spring, m (kg). Equation 7 calculates the maximum
force, Fo (N), applied to the base of the system, asthe sum of the spring and damping forces. The last
two equations cal cul ate the periods of the natural frequency of vibration, Tn (s), and the forced
oscillation, Tf (s)

+—Cl
ki

T | —
+Fait)
(FORGED]

xp = xmldogcf [ - 1) Eq. 1
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W =tan| —— Eq. 3

[1_(0;)2]1(2&%

OLJI‘IZ\/E Eq. 6
m

Fo=xmy/k® +c? [af ° Eq. 7

Tn= 2 Eq. 8
wn

T = 2t Eqg. 9
af

Variable Description Units

g Damping ratio unitless

U] Phase angle rad

of Forced radian frequency rad/s

wn Natural frequency rad/s

c Viscous damping coefficient N[E/m

Fo Magnitude of driving force N

k Stiffness N/m

m Mass kg

Mag Magnification unitless

t Time S

Tf Forced oscillation period S

Tn Natural oscillation period S

xf Displacement dueto Fo m

Xm Maximum displacement of steady state m
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Variable Description Units
Xp Displacement: particular solution m

Example 18.3.2.2:

The machinein Example 18.3.2.1 is equipped with four damp pads. What valuefor the viscous damping
coefficient must each pad have to critically damp the system?

Fi Fe Fz FY4 Fi Fe Fz FY4
Tools+| Zolue | Grarh | Fick EE. Tools+| Zolue | Grarh | Fick EE.
Damped Forced Yib. Damped Forced Yib.
mi: 1, mi: 1,
Ayl | LT H
mipf'i 10 Hz il
[ *o1
s I2000. Mem ml::
mmi SE. kg LUt
i L5 om il
e Ll . =
Enter: Makural Frequency Enter: Max diselacs From resk pos.
Entered Values Computed results

Solution — A system iscritically damped when &=1. Equations 2, 5, and 6 are needed to solve this
problem. Sdect these by highlighting the equations and pressing(ENTER]. Press(F2] to display the
variables. Enter the valuesfor the known parameters and press [F2] to solve for the unknown variables.
The entries and results are shown in the screen displays above. The computed viscous damping
coefficient value (2529.82 N[S/m), must be divided by four to compute the ¢ for each pad (632.455
NIgm).

Given Solution

&=1 wn = 4.02634 Hz

of =10 Hz € =2529.82 N[¥/m (4 x 632.455 N[§/m)
k = 32000 N/m xm = .06975 cm (86% reduction)

m =50kg

xf=5m

18.3.3 Natural Frequencies

18.3.3.1 Stretched String
Thefirst equation calculatesthe natural frequency, f1 (Hz), of a‘}:

longitudinal vibration for a hanging mass, m (kg), located at the *+
center of astring. The string has two fixed ends located at EL Ahel .
distance, L (m), apart at the same height on an axis : o+ F :
perpendicular to the gravitational field. Ten (N) isthetension — LS —W— L T—F

in the string. The second equation computes the tension in the string, Ten, from the load and the
deflection angle, 8 (rad), from the horizontal axis. The load, W (N), iscomputed in the third equation
from the massof the hanging object, m, and the gravitational constant, grav (9.08665 m/s?). The last
equation computes the deflection, dst (m), the vertical distance of the object from the horizontal axis
between the two mounts from the angle deflection at each end, 0 (rad). The gravitational constant, grav
(9.80665 m/s?), is automatically inserted into the cal culation and does not appear in the list of variables.

1 4Ten
fl=—[Q— Eq. 1
207 V mlL
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W
= - Eq. 2
2[$n6
W =mlgrav Eq. 3
L
Variable Description Units
ost Deflection m
0 Deflection angle rad
fl Natural frequency due to load (W) Hz
grav Gravitational acceleration 9.80665 m/s?
L Length m
m Mass kg
Ten Tension N
w Point Load N

Example 18.3.3.1:

Compute the natural frequency for a mass of 3 kg hanging from astring at a horizontal distance of 3m
from each fixed point. Thetension of the stringis 90 N.

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit | Tools+| Zelue | Grarh | Fict | Dets= | Edit |
Ztrebched Etrind Ztrebched Etrind

1t +1: L 225073 Hz
ane 50, an: 50,
mrs . LIUH .
-Temg];gﬂi ITEMEI!il
Enter: Tension One complebe usgable solubion Found.
Entered Values Computed results

Solution — Select the first equation to solve this problem. Highlight the equation using the cursor and
press(ENTER]. Press(F2] to display the variables. Enter the valuesfor the known parameters and press(F2]
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution
L=6m f1=.225079 Hz
m =30 kg

Ten=90N

18.3.3.2 Vibration Isolation

Theisolation of eqUI pmmt from avibrati ng platform can be FORGED UIE. (eaf 3 SF2eamdent ] Sroandof
accomplished using pads or damped springs. The damped vibration . byt ot 5ot
system is similar to the damped forced vibration schematic on the ;PRIHG iﬂ
right side of the diagram. The first equation computes the natural - rnng

frequency of the damped vibration system, un (rad/s). Equation 2 w0 k fan
computes the amplitude of displacement, &st (m) for the vibrating

system. Equation 3 calculatesthe isolation efficiency, eff, from the forced vibration. For areduction
in vibration to occur, the following condition must be met: v2dn<auf. Thelast equation relatesthe
load, W (N), on the oscillating system to the mass of the machine, m (kg).
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wn= 9V Eq. 1
ost
W
ost =— Eq. 2
Kk
1
T
Eq. 3
=Z | -1 q
wn
W =mlgrav Eq. 4
Variable Description Units
ost Deflection m
wn Natural frequency due to load (W) rad/s
of Forcing frequency rad/s
eff Isolation efficiency unitless
grav Gravitation acceleration constant 9.08665 m/s?
k Stiffness N/m
m Mass kg
W Paoint load N

Example 18.3.3.2:

A centrifugal fan (75 kg), rotating at 800 rpm, requires an isolation efficiency of 95%. What spring

constant is required for the isolating material?

astl

s
aft B00. rpm
lﬁfF= 95

am: 75, kg
[NH |

Fi Fz F2 FY [ Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit
Vibration Isolation]

Enter: Foint Toad

Entered Values

#4sh (O29E43 M
*GE:

: . FpPn
maffs .95
#k: ZO0E5.TF Mem
ami 7o, k
+ll: FE5.4599 H

Fi Fz F2 FY [ Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit
Vibration Isolation]

Enter: Makural Frequency

Computed results

Solution — Select all of the equations to solve this problem. Press[F2] to display the variables. Enter the
values for the known parameters and press (F2] to solve for the unknown variables. The entries and
results are shown in the screen displays above.

Given Solution
wf =800 rpm ost =.029343 m
eff = .95 wn = 174.574 rpm
m = 75kg k = 25065.7 N/m
W =735.499 N
18.3.3.3 Uniform Beams
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18.3.3.3.1 Simply Supported

The following equations compute the natural frequency for asimply wi

supported beam of length, L (m), with a point load, W (N), uniform load, 1l

w1l (N/m), or both. Thefirst equation computes the natural frequency of

vibration, f1 (Hz), for abeam having a length, L, an area moment of inertia, —_——

| (m?%), amodulus of elasticity (Young'smodulus), E (Pa), and apoint load, % SIMFLE SUFFORT

W, at the center of the beam. Equation 2 calcul ates the frequency of vibration, fn (Hz), for avibration
mode (harmonic), n, for the same beam, having a uniform load, w1, instead of a point load, W.
Equation 3 computes the natural frequency of vibration, f2 (Hz), for a beam with a combined point and
uniform load (W and wl). Valuesfor the vibration mode-based constant, Kn, in the second equation, are
listed in Table 18.1 for different vibration modes (harmonics).

Table 18.1: Kn for a simply supported, uniform beam, length L, vibration mode, n (Ref. #6)

Mode (n) Kn Nodal positions/L
1 9.87 0.0 1.00
2 39.5 0.0 0.50 1.00
3 88.8 0.0 0.33 0.67 1.00
4 158 0.0 0.25 0.50 0.75 1.00
5 247 0.0 0.20 0.40 0.60 0.80 1.00

£1= 6.93 /EEI Egzav Eq.1
2tV WIL

fn= Kn /EEI Egr4av Eq. 2
20T WAL

f2:6.93\/ EEI [hrav 4 £q. 3
201 W °+.486 (WL [1

Variable Description Units
E Y oung’'s modulus Pa

fl Natural frequency duetoW Hz

f2 Natural frequency due to W and wl Hz

fn Frequency for wil, mode ‘n’ Hz
grav Gravitation acceleration constant 9.08665 m/s?
I Areamoment of inertia m*

Kn Constant for vibration mode, ‘n’ unitless
L Beam length m

w Point load N

wl Load per unit length (Uniform) N/m

Example 18.3.3.3.1:

Compute the natural frequency of asimply supported beam (L = 2.5 m, E=200 GPa, 1=18.5 x 10° mm?*)
having a uniform load of 150 I b/ft.

ME Pro for TI-89, TI-92 Plus 250
Chapter 18 - Equations — Waves and Oscillations



F3: Equations/ 8: Waves and Oscillations

Toroj:lsr $§'Fut Grrgph F'Fi:!t I:I:tsh EFdEit | Toroj:lsr $§'Fut Grrgph F'Fi:!t I:I:tsh EFdEit |
[Eimp1y furported [Eimp1y furported
mE: 200, GPa mE: 200, GPa
i o] m

wll 1,857 mm™d nlz 1,.83EF mm

aknt Q.87 aknt Q.87

ml: . ™ ml: Z, ]

myl: 150, lbfoft myl: 150, lbfoft

Enter: Wakural Frea dug boowi One complebe usgable solubion Found.
Entered Values Computed results

Solution — Select the second equation. Press(F2] to display the variables. Enter the valuesfor the
known parameters and press(F2] to solve for the unknown variables. Since we are calculating the natural
frequency, the vibration mode-based constant is 1 and avalue of Kn = 9.87 is selected from Table 18.1.
The entries and results are shown in the screen displays above.

Given Solution

E = 200 GPa fn = 32.3584 Hz
| =1.85E 7 mm*

Kn =9.87

L=25m

w1 = 150 Ib/ft

18.3.3.3.2 Both Ends Fixed

The following equations compute the natural frequency for a uniform beam 1

with both endsfixed. Thefirst equation computesthe natural frequency of o

vibration, f1 (Hz), for abeam having a length, L, an area moment of inertia, | W
(m*), amodulus of easticity (Young s modulus), E (Pa), and a point load, W b )

at the center of the beam. Equation 2 calculates the frequency of vibration, - L v

fn, for avibration mode (harmonic), n, for the same beam, having a uniform .-'ﬁ;:-"' EOTH FIRED .-'ﬁ;'.':'
load, w1, instead of a point load, W. Equation 3 computesthe natural frequency of vibration, f2 (Hz),

for a beam with a combined point and uniform load (W and wl). Valuesfor the vibration mode-based
constant, Kn, in the second equation, arelisted in Table 18.2 for different vibration modes.

Table 18.2: Kn for a uniform beam, both ends fixed, length L, for vibration mode, n (Ref.#6).

n Kn Nodal positions/L

1 22.4 0.0 1.00

2 61.7 0.0 0.50 1.00

3 121 0.0 0.36 0.64 1.00

4 200 0.0 0.28 0.50 0.72 1.00

5 299 0.0 0.23 0.41 0.59 0.77 1.00

£1= 1386 /E a Egzav Eq. 1
2T WIL

fn= Kn /E a Egr4av Eq. 2
201 WAL

1386 E O [grav
207 VW °+.383mmam?

f2

Eq. 3
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Variable Description Units
E Y oung’s modulus Pa

f1 Natural frequency for W Hz

f2 Natural frequency for W and wl Hz

fn Frequency for wil, mode ‘n’ Hz
grav Gravitation acceleration constant 9.08665 m/s?
I Area moment of inertia m*

Kn Constant for vibration mode, ‘n’ unitless
L Beam length m

w Point load N

wl Load per unit length (Uniform) N/m

Example 18.3.3.3.2:

Compute the natural frequency of a uniform beam with both ends fixed (L = 2.5 m, E=200 GPa, 1=18.5 x
10° mm*) having a uniform load of 150 Ib/ft.

Toroj:lsr $§'Fut Grrgph F'Fi:!t I:I:tsh EFdEit | Toroj:lsr $§'Fut Grrgph F'Fi:!t I:I:tsh EFdEit |
Eoth Ends Fixged Eoth Ends Fixged
mE: 200, GPa mE: 200, GPa
H o] m

nll 1,85e7 mm™d nlz 1,.53EF mm

nfm P2.4 nfm P2.4

ml: 2.5 m al: 2.5 m

myl: 150, lbfoft myl: 150, lbfoft

Enter: Wakural Frea dug boowi One complebe usgable solubion Found.
Entered Values Computed results

Solution — Select the second equation. Press(F2] to display the variables. Enter the valuesfor the
known parameters and press(F2] to solve for the unknown variables. Since we are calcul ating the natural
frequency, the vibration mode-based constant is 1 and a value of Kn = 22.4 is selected from Table 18.2.
The entries and results are shown in the screen displays above.

Given Solution

E = 200 GPa fn = 73.4375 Hz
| =1.85 E7 mm*

Kn=22.4

L=25m

w1 = 150 Ib/ft

18.3.3.3.3 1 Fixed End / 1 Free End

The following equations compute the natural frequency for a beam with i

one end fixed and one end free. The first equation computes the natural L
frequency of vibration, f1 (Hz), for abeam having alength, L, an area

moment of inertia, | (m?), amodulus of asticity (Young's modulus), E e | ——

(Pa), and a point load, W at the center of the beam. Equation 2 calculates &1 FIMED 1 FREE ,%
the frequency of vibration, fn, for a vibration mode (harmonic), n, for the

same beam, having a uniform load, w1, instead of a point load, W. Equation 3 computes the natural
frequency of vibration, f2 (Hz), for abeam with a combined point and uniform load (W and wl). Values
for the vibration mode-based constant, Kn, in the second equation, are listed in Table 18.3 for different
vibration modes.
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Table 18.3:
Kn for a uniform beam, length L, One fixed/One free end, vibration mode, n (Ref.#6).
n Kn Nodal positions/L
1 3.52 0.0
2 22.0 0.0 0.783
3 61.7 0.0 0.504 0.868
4 121 0.0 0.358 0.644 0.905
5 200 0.0 0.279 0.500 0.723 0.926

£1= 1732 /E a Egzav Eq. 1
20T WIL

fn= Kn /E a Egr4av Eq. 2
201 WLLL

5= 1732 E O [grav

= Eq. 3
207 VWL*+.2360ma’

Variable Description Units
E Young’'s Modulus Pa
fl Natural frequency duetoW Hz
f2 Natural frequency due to W and wl Hz
fn Frequency for wil, mode ‘n’ Hz
grav Gravitation acceleration constant 9.08665 m/s?
I Area moment of inertia m*
Kn Constant for vibration mode, ‘n’ unitless
L Beam length m
w Point load N
wl Load per unit length (Uniform) N/m

Example 18.3.3.3.3:

Compute the natural frequency of a uniform beam with both ends fixed (L = 2.5 m, E=200 GPa, 1=18.5 x
10° mm*) having a uniform load of 150 Ib/ft.

[riIraTn Irﬁ'rs ]'FE_I] [riIraTn Irﬁ'rs ]'FE_I]
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit
1 Fixed /1 Free End| 1 Fixed /1 Free End|
mE: 200, GPa mE: 200, GPa
H o] m
wll 1,857 mm™d nlz 1,55E¢7 mm
mkt 5. 52 mkt 5. 52
ml: 2.5 m al: 2.5 m
myl: 150, lbfoft myl: 150, lbfoft
Enter: Wakural Frea dug boowi One complebe usgable solubion Found.
Entered Values Computed results

Solution — Select the second equation. Press(F2] to display the variables. Enter the valuesfor the
known parameters and press(F2] to solve for the unknown variables. Sincethe naturd frequency isbeing
calculated, the vibration mode-based constant is, n=1, and a value of Kn = 3.52 is selected from Table
18.3. Theentriesand results are shown in the screen displays above.
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Given Solution

E = 200 GPa fn = 11.5402 Hz
| =1.85E 7 mm?*

Kn=3.52

L=25m

w1 = 150 Ib/ft

18.3.3.3.4 Both Ends Free

The following equation computes the frequency of vibration, fn (Hz), for a i

uniform beam with both endsfree. The beam hasalength L (m), an area ]
moment of inertia, | (m?), amodulus of asticity (Young's modulus), E

(Pa), and a uniform load, w1 (N/m). Valuesfor the vibration mode-based mﬁnﬁi
constant, Kn, are listed in Table 18.4 for different vibration modes, n. ,% ,%

Table 18.4: Kn for a uniform beam, length L, both ends free, vibration mode, n (Ref.#6).

n Kn Nodal positions/L
1 22.4 0.224 0.776
2 61.7 0.132 0.500 0.868
3 121 0.095 0.356 0.644 0.905
4 200 0.074 0.277 0.500 0.723 0.926
5 299 0.060 0.226 0.409 0.591 0.774 0.940
= Kn _|EO Egr4av Eq. 1
201 WLLL
Variable Description Units
E Y oung’'s modulus Pa
fn Frequency for wil, mode ‘n’ Hz
grav Gravitation acceleration constant 9.08665 m/s?
I Area moment of inertia m*
Kn Constant for vibration mode, ‘n’ unitless
L Beam length m
wl Load per unit length (Uniform) N/m

Example 18.3.3.3.4:

Compute the natural frequency of a uniform beam with both endsfree (L = 2.5 m, E=200 GPa, 1=18.5 x
10° mm*) having a uniform load of 150 Ib/ft.

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

Eath Ends Free
mE: 200, GPa

4t
nli 1,857 mm™d4
lKr_'|= 22.4

al: 2.5 m
mgli 150, lbf- 1L

Enter: Wakural Frea dug boowi

Entered Values

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit
Eath Ends Free
mE: 200, GPa
LT H H

mli 1,85EF mm

ml: 2,5 M
mplt 150, 1bf-ft

Enter: Wakural Frea dug boowi

Computed results

Solution — Press[F2] to display the variables. Enter the valuesfor the known parameters and press(F2] to
solve for the unknown variables. Since we are calculating the natural frequency, the vibration mode-
based constant is 1 and avalue of Kn = 22.4 isselected from Table 18.4. The entriesand resultsare

shown in the screen displays above.
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Given Solution

E = 200 GPa fn = 73.4375 Hz
| =1.85E 7 mm?*

Kn=22.4

L=25m

w1 = 150 Ib/ft

18.3.3.4 Flat Plates

18.3.3.4.1 Circular Flat Plate

The following equations compute the natural vibration propertiesfor a L3
circular plate having aradius, r (m) and uniform thickness, tr (m) )
experiencing a uniform load per unit area, wa (N/m?), which includesthe "'I*tr‘
weight of the plate. Thefirst equation computes the frequency of vibration,

- P —r—¥
fn (Hz). The second equation computesthe flexural of rigidity for the CIRCULAR

plate, D (Nh), from the elastic properties of the material (Poisson’s ratio,,

and Young's modulus, E) and the thickness of the plate, tr. Valuesfor the vibration mode-based
constant, Kn, in equation 1 arelisted in Table 18.5 for different mounting types and vibration modes
(harmonics), n. Thethird equation computes the load per area, wa, from the total load, W (N), and the
radius of thecircle, r (m). Thelast equation adapts the previousthree equationsfor an eliptical plate,
having amajor axisradius ra (m), and minor axisradius, rb (m), with its edges fixed.

Table 18.5: Kn for a Circular Plate, radius r, thickness, tr and an elliptical plate (Ref.#6).

Support Type (Circular) n Kn Nodal positions/L
Edge fixed 1 10.2 Fundamental
2 18.3 One nodal diameter
3 34.9 Two nodal diameters
4 39.8 One nodal circle
Edge Simply Supported 1 4.99 Fundamental
(2=0.3) 2 13.9 One nodal diameter
3 25.7 Two nodal diameters
4 29.8 One nodal circle
Edge Free 1 5.25 Two nodal diameters
(¢=0.33) 2 9.08 One nodal circle
3 12.2 Three nodal diameters
4 20.5 One nodal diameter and One
nodal circle
Elliptical Flat Plate (edge fixed) rarb  Kn (n=1)
Major Radius ra, Minor Radius rb 1 10.2
1.1 11.3
1.2 12.6
15 17.0
2.0 27.8
3.0 57.0
= Kn _|D Egra:v Eq. 1
207 V walt
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E [r®
=0 Eq. 2
121f1- %) |
wa = w Eq. 3
ik '
ra+rb
= Eq. 4
2

Variable Description Units
14 Poisson’ sratio unitless
D Flexural of rigidity N
E Y oung's modulus Pa
fn Natural frequency for wa, mode ‘n’ Hz
Kn Constant for vibration mode, ‘n’ unitless
r Plate radius m
ra Major radius m
rb Minor radius m
tr Plate thickness m
w Total load N
wa Load per unit area N/m?

Example 18.3.3.4.1:

A simply supported, cast iron manhole cover weighs 60 kg (radius 500 mm, thickness %2"). Cagt iron has
aYoung's Modulusof 100 GPa and a Poisson’ s ratio of 0.3. If theload is solely due to the plate’ s mass
588.4 N (60 kg * 9.80665 m/ s%), compute the fundamental vibration frequency.

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

[CiFcular Flat Flate

[CiFcular Flat Flate

18758.1 M-m
o, GPa

#nt 49,7787 Hz

ukn

4,99
POSEE,. Mm@
i .5 in
mll: 583.4 H
+ua: IR

+[:=
nE:

T

One complebe usgable solubion Found.

Upper Display

One complebe usgable solubion Found.

Lower Display

Solution —Select the fir st three equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. A value of Kn = 4.99 is selected from
Table 18.5 for the fundamental vibration mode. The entries and results are shown in the screen displays

above.
Given
(=03
E = 100 GPa
Kn=4.99
r = 500 mm
tr=.5in
W =5884N

ME Pro for TI-89, TI-92 Plus

Solution

D = 18758.1 NI
fn = 49.7787 Hz
wa = 749.174 N/m?
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18.3.3.4.2 Rectangular Flat Plate
The following equations compute the natural vibration properties for a

rectangular plate having a short side length, ar (m), alonger side : fﬁﬁ ! 1-'\[I:I*',[P E Fj.*
length, br (m) and uniform thickness, tr (m), experiencing auniform  AF ] F{ 4 7 DRE Lr
|oad per unit area, wa (N/m?), including the weight of theplate. The '] [wa ¥

first equation computesthe natural frequency of vibration, fn (Hz). FECTAHGULAE br>ap
The second equation computesthe flexural of rigidity of the plate, D

(N), from the elastic propertiesof the material (Poisson’s ratio, ¢, and Young’s modulus, E) and the
thickness of the plate, tr. Valuesfor the vibration mode-based constant, Kn, in equation 1 arelisted in
Table 18.6 for some different mounting types and vibration modes (harmonics), n. Thethird equation
computes the load per area, wa, from the total load, W (N), and the dimensions of the plate, ar and br.
Thelast equation computes Kn for the special case where all edges are simply supported. The constants
na and nb are positive integers and represent the number of vibration modes along the axis' of ar and br.

Table 18.6: Kn for a Rectangular Plate, thickness, tr (Ref.#6).

Rectangular Flat Plate ar/br Kn (n=1)
All edges fixed 1 36.0
ar — shorter edge length 0.9 32.7
br — longer edge length 0.8 29.9
0.6 25.9
0.4 23.6
0.2 22.6
0 22.4
All edges simply supported Use Equation 4 Use Equation 4
2 ‘ar’ fixed/1 ‘br’ fixed/1 ‘br’ free 3.0 213
2.0 99
1.6 67
1.2 42.4
1.0 33.1
0.8 25.9
0.6 20.8
0.4 17.8
0.2 16.2
0 15.8
Kn _|Dlgrav
fn= 9 " Eq. 1
201 Vwaldr
_ E@®
= Eq. 2
120f1-?) |
W
wa = Eq. 3
ar (or
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2

Kn = 7 [Ina? +(§—:) [hb? (When all edges are supported) Eq. 4
Variable Description Units

14 Poisson’ sratio unitless

ar Shorter length of rectangular plate m

br Longer length of rectangular plate m

D Flexural rigidity NI

E Y oung's modulus Pa
fn Frequency for wa, mode ‘n’ Hz

Kn Constant for vibration mode, ‘n’ unitless

na Mode of vibration: ar axis{1, 2, 3...} unitless positive integer
nb Mode of vibration: br axis{1, 2, 3...} unitless positive integer
tr Plate thickness m
w Total load N
wa Load per unit area N/m?

Example 18.3.3.4.2:

Compute the fundamental frequency for atitanium plate 2 mm thick with edge lengths 1m and 10 cm.
Theload, including the weight of the titanium, is20 N. All of the edges arefixed. Puretitanium has a
Y oung’ s modulus value of 110 GPa and a Poisson’s ratio value of 0.33.

FL | Fz | _F* |F4 | FE |FE FL | Fz | _F* |F4 | FE |FE
|T-:--:-1s-|$o1u-z 5k ar h|Fict{Orts-[Edit |T-:--:-1s-|$o1u-z 5k ar h|Fict{Orts-[Edit
[Fectandular Plate| [Fectandular Plate|
[ 1=H mE: 100, GPa T
L Ela] . Ch +fhi 3.00854 Hz
mbhri 1. m +Kni L EHIEETE
+0: 74.8139 N-m mhal G,
mE: 100, GFPa mpbi 1.
+fhi 3.00854 Hz mtd 2L omm
+Kni L EHIEETE mll: ZE. M
ahat [, 4 LT
Enker: Foissen's rakie Enter: Load per unit Area
Upper Display Lower Display

Solution — Select all of the equations to solve thisproblem. Press(F2] to display thevariables. Enter the
valuesfor the known parameters and press (F2] to solve for the unknown variables. Enter values of na=
Oand nb =1. Theentriesand results are shown in the screen displays above.

Given Solution
(=033 D = 74.8139 N[th
a=10cm fn = 3.00854 Hz
br=1m Kn =.098696
E = 100 GPa wa = 200 N/m?
na=0
nb=1
tr=2mm
W=20N

Refer ences:

1. Halliday, Resnick and Walker “ Fundamentals of Physics’ 4™ ed. 1993, John Wiley and SonsInc., NY
2. EugeneA Avallone and Theodore Baumeister 111, Mark’s Handbook for Mechanical Engineers, Sth Edition, McGraw-Hill Book
company, New York, NY 1986

3. Michad R. Lindeburg, Mechanical Engineering Reference Manual, 8th Edition, Professional Publications, Belmont, CA 1990
4. R.C. Hibbeer “Engineering Mechanics, Statics and Dynamics’ 7™ Edition Prentice Call, Engle Cliffs, NJ 1995

5. MeriamJL., KraigeL.G. “Engineering Mechanics Vol. 2: Dynamics’ 2™ Edition, John Wiley and Sons, N, 1986

6. Young, W. “Roark’sFormulasfor Stressand Strain”, 6" ed, McGraw Hill, NY, 1989
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Chapter 19: Refrigeration and Air Conditioning

This portion of the software is designed to solve some of the common problems encountered in
Refrigeration and Air conditioning. Two distinct areasform the basisfor the calculations.

¢ Heating Load ¢ Refrigeration

19.1 Heating Load

Eleven equationslisted in this category are used in the design of insulation and heating systems. The
first equation computesthe overall heat transfer coefficient, U W/(m?K), for a heat loss surface. The
variables, hin and hout W/(m?K), are the film coefficients of the inside and outside surfaces. Equation
2 computes the resistance due to convection in an air space, Rh (m*K/W); ak W/(m?[K) isthe thermal
conductivity of the air space- typically 1.65 for inside (still) air and 6.0 for outside (~15 mphwind) air.
Equation 3 calculates the thermal resistance of conduction for three surfacesin series, Rk (m?K/W),
each having thickness, xd1, xd2, and xd3 (m), and conductivitiesk1, k2, and k3 W/(m[K). Equation 4
calculates the effective space emissivity, E, due to thermal conduction in air spaces. The variables, el
and €2, arethe emissivities of side 1 and side 2 of the enclosure. Equation 5 estimates the rate of heat
transfer, Qrate (W), from the heat loss surface having an overall heat transfer coefficient, U, and area, A
(m?). Equation 6 estimates Qr ate through the edges of a floor surface. The perimeter, peri (m), isused
when dab edge datais available. The heat loss coefficient, F W/(mIK), varies between 1.4 W/(m[K) for
an exposed surface edge and 0.95 W/(m(K) for insulated edges. Equations 7 and 8 compute the heat
required to warm moisture in incoming air, qw (J), from the specific heat of water vapor, cp J(kgK), the
inside and outside temperature, Ti (K) and To (K), theair density p (kg/m®) and the humidity ratio, &
(unitless). Equations9 and 10 calculate the total heat required, to warm incoming moist air, gt (J).
Values of hi J(kgK) and ho J(kgK), the enthalpiesof moist air at temperatures, Ti and To, are available
from psychometric charts (see Analysis Steam Tables). The last equation computes the volumetric flow
rate of air, Vf (m%s) through a fixture using the crack method. If 1wall is exposed, thetotal crack length
isused for L (m), the greater crack length for 2 exposed walls, the crack length of twowalls if 3walls are
exposed and one half the total crack length isused for 4 walls. B (m?hr) istheinfiltration coefficient,
which is specific to atype of fixture and thewind velocity.

1 Eg. 1
Us9—71 i
— +——— +Rk+Rh
hin hout
Eqg. 2
Rh=— )
ak
Eqg. 3
Rk:xd1_|_xd2+xd3 q
ki k2 k3
1 1 1 Eq. 4
_:_+_—1
E el e2
Qrate=U [ATi —To) Eq.5
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Qrate = peri (F [{Ti —To) Eq.6

qw = p Lev ¥f [Gp[{TTi —To) Eq. 7

qt = p ¥f [(hi —ho) Eq. 8

qt =ga+qw Eq.9

Vf =BIL Eq. 10

Variable Description Units

p Density of incoming air kg/m?

W Humidity ratio unitless

A Area m?2

ak Thermal coefficient for air W/(mK)

B Infiltration coefficient m%hr

cp Specific heat at constant pressure J(kgK)

E Effective space emissivity unitless

el Emissivity unitless

e Emissivity unitless

F Heat loss coefficient W/(m2K)

hi Enthalpy-inside Air Jkg

hin Film coefficient W/(m2[K)

ho Enthalpy - outside Air Jkg

hout Film coefficient W/(m2K)

k1l Thermal conductivity of 1 W/(mIK)

k2 Thermal conductivity of 2 W/(mIK)

k3 Thermal conductivity of 3 W/(mIK)

L Length m

ma Air mass kg

mw Water vapor mass kg

peri Perimeter m

ga Heat transfer-dry air J

Qrate Rate of heat loss w

qgt Rate of heat transfer-incoming air w

aqw Rate of heat transfer-moisture W

Rh Resistance due to convection K th4/W

Rk Resistance due to conduction K th4/W

Ti Inside temperature K

To Outside temperature K

U Overall heat transfer coefficient m2K

\Yi Volumetric flow rate m/s

xdl Thickness of material 1 m

xd2 Thickness of material 2 m

xd3 Thickness of material 3 m
Example 19.1:

A roof, having an area of 800 ft*, is made of two layers of Oregon Pine (thickness of 1 in, thermal
conductivity of 0.065 Btu/(ft[hr[°F) separated by an air space of ~ 4 inches having a convection
coefficient of 0.69 Btu/(ft*(Bri®F). Assuming no heat loss occurs due air seepage through cracks, what is
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therate of heat lossif the inside temperature is 75°F and the outside temperature is 30°F. Assume the
film coefficients for the inside and outside air are 1.65 and 6.0 W/(m?[K).

Fi F F: TF4u | FE |F& Fi F F: TF4u | FE |F& Fi F F: TF4u | FE |F&
Toolsw|Folug|SFarh|Vigw|Oets-|Edit ] Toolsw|Folug|SFarh|Vigw|Oets-|Edit ] Toolsw|Folug|SFarh|Vigw|Oets-|Edit |
Heatind Load Heatind Load Heatind Load
LG maki .63 Btusche f4L72-°F2 T #Rhi L 826952 M2 KAl T
w3k SLht FLAE “F2 shin: 1,63 l-.l CRE R #Ek: 431063 M2 Kol

whin: 1,65 ld/(m 2 shoutt &, W/ (M 2 K3 sTii 75, 7F
shout: 6. ) mkl: (G085 Btusche-£1-2F2 aTod 30, 7F
iz Qes Btu/(hr" ft-2F2 ke 083 BtusChr-£L-%FD #Uz L 4STI0E W (mnZ R
lk2 065 BtusChe - £1-2F k3i mxdl: 1. in
3t *-ates 9EIS 821 Ll w2l 1, in
*@r‘ate: FEILEEL W + +Eh: I TR + gl O, iry

Enter: Area

Enter: Thermal rts::tun-:t t-:-nutct

Enter: Thickness Material 3

Upper Display

Middle Display

Lower Display

Solution — Select equations 1, 2, 3, and 5 to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the

screen displays above.

Given

A =800 ft?

ak = .69 Btu/(hr ft*[OF)
hin = 1.65 W/(m°[K)
hout = 6 W/(m?K)

k1 = .065 Btu/(hr {°F)
k2 = .065 Btu/(hr {t°F)
k3 = (blank)
Ti=75°F

To=30°F

xdl=1in

xd2=1in

xd3=0in

Solution

Qrate = 905.821 W/(m?*[K)
Rh = .826952 m*K/W

Rk = .451565 m?K/W

U = .487509 W/(m?[K)

19.2 Refrigeration

19.2.1 General Cycle

The following equations focus on the performance characteristics of refrigeration cycles. Equation 1
computes the coefficient of performance for arefrigeration cycle, COPr (unitless). Equation 2
calculates the coefficient of performance COPh (unitless) for a heat pump. The third equation shows
the implicit relationship between COPr and COPh. Thelast equation calculatesthe work required to
drive the refrigeration cycle, Win (J). Qin (J), isthe heat input from the low temperature reservoir and
Qout (J), isthe exhaust of heat into the high temperature area.

copr=— N __
Qout —Qin
Qout —Qin

COPh=COPr +1

Eq.1

Eq. 2

Eq. 3
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Win= Qout —Qin Eq. 4
Variable Description Units
COPh Performance coefficient -heat pump unitless
COPr Performance coefficient —refrigeration unitless
Qin Heat flow —from low temperature region J

Qout Heat flow —from high temperature region J

Win Work input J

Example 19.2.1:

A refrigeration cycle requires 400 J of work and expels 1 kJof heat. What is the heat drawn from the
cool area and the coefficient of performance?

Fi Fo Fz Fu | FE |FB Fi Fo Fz Fu | FE |FB
Tools-|EoTug|Grarh|Vigw |Orks-|Edit Tools-|EoTug|Grarh|Vigw |Orks-|Edit
Seneral Ccle Seneral Ccle
COP *+COPR: 1.5
Bin:ll *#ips
mBlout? 1. kJ mbloutt 1.
mllip?: 400, J mllip?: 400, J
Enter: Heat Flow One complebe usgable solubion Found.
Entered Values Computed results

Solution — Select the first and last equations to solve thisproblem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables.  The entries and results are shown in the
screen displays above.

Given Solution
Qout = 1kJ COPr=15
Win =400J Qin=600J

19.2.2 Reverse Carnot
The reverse Carnot cycleis composed of four steps:

1. lsentropic expansion

2. |Isothermal heating (vaporization)
3. lsentropic compression

4. Isothermal cooling (condensation)

The coefficient of performance for the reverse Carnot cycle (refrigeration), COPr (unitless), is computed
from the high and low temperatures, Thi (K) and Tlo (K). The coefficient of performance for the
forward Carnot cycle (heat pump) COPh (unitless) is computed from Thi and Tlo in the second equation.

Eg. 1
COPr = _Ti q
Thi = T1o
i Eq. 2
coph=_ M a
Thi = T1o
COPh = COPr +1 Eq.3
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Performance coefficient -heat pump
Performance coefficient -refrigeration

Variable Description
COPh

COPr

Thi Temperature — High
Tlo Temperature— Low

F3: Equations/9:Refrigeration

Units
unitless
unitless
K

K

Example 19.2.2:

What is the coefficient of performance for a reverse carnot cycle having a high tenperature of 100 °F and

alow temperature of 39 °F?

Fi Fo Fz Fu | FE |FB
Tools-|EoTug|Grarh|Vigw |Orks-|Edit

Feugrse Carnak
ig@, °F
39, ©

COPr
nThi:
nTlos

Enter: Tempsrature-Low

Entered Values

Fi Fo Fz Fu | FE |FB
Tools-|EoTug|Grarh|Vigw |Orks-|Edit

Rgugrse Carnok
*COPrD 8, 17492
wThi: 108, °F

nTlos

One complebe usgable solubion Found.

Computed results

Solution — Select the first equation to solve this problem. Select thisby highlighting the equation and
pressing [ENTER]. Press[F2] to display the variables. Enter the valuesfor the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution
Thi = 100 °F COPr = 8.17492
Tlo=39°F

19.2.3 Reverse Brayton
The reverse Brayton (air refrigeration) cycle is composed of four steps:

| sentropic expansion.
Constant pressure heating.
| sentropic compression.
Constant pressure cooling.

PO

Equations 1 and 2 compute the coefficient of performance, COP, from the temperatures T1 (K), T2 (K),
T3 (K) and T4 (K) at each stage in the cycle, the compression ratio, pr (unitless), and the specific heat
ratio, k (unitless). The compression ratio, pr, is defined astheratio of the high and low pressuresin the
third equation.

- Eq.1
COP = T3-T2 q
T4-T1-(T3-T2)
1 Eq. 2
COP = =
prk -1
hi Eq. 3
pr = E
plo
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Variable Description Units
COP Coefficient of performance unitless
k Adiabatic expansion coefficient unitless
phi Pressure —High Pa

plo Pressure— Low Pa

pr Pressureratio unitless
T1 Temperature K

T2 Temperature K

T3 Temperature K

T4 Temperature K

Example 19.2.3:
Compute the coefficient of performance for an air refrigeration cycle having acompression ratio of 5.

Fi Fo Fz Fu | FE |FB Fi Fo Fz Fu | FE |FB
Tools-|EoTug|Grarh|Vigw |Orks-|Edit | Tools-|EoTug|Grarh|Vigw |Orks-|Edit |
Feuerse Eravbon Feuerse Eravbon

COP:H +COP: 1.71286
mf: 1.4 mf: !
mpri 9. mpi o a.
Enter: Cocff. of Ferformance One complebe usgable solubion Found.
Entered Values Computed results

Solution — Select the second equation to solvethis problem. Select thisby highlighting the equation and
pressing [ENTER]. Press[F2] to display the variables. Use avalue of k=1.4 for air (see Reference/Thermal
Properties Specific Heat/ Cp/Cv Liquids and Gases at 1 atn). Enter the valuesfor the known parameters
and press [F2] to solve for the unknown variables. The entries and results are shown in the screen
displays above.

Given Solution
k=14 COP=1.71286
pr=5

19.2.4 Compression Cycle

The following equations describe the properties of areciprocating single-stage  [TDC +=
compressor with clearance for an ideal gas. The four processes forming the
foundation of the cycle are described bel ow: Fl o

1. Intake valve opensand suction occurs at constant pressure. -+ EDC
2. Intake valve closes, polytropic compression occurs. u

3. Discharge valve opens and discharge occurs at constant delivery pressure until piston.

4. System returnstoitsorigina state (residual gasesfrom original compression exist

The pressure and volume of the gas at the beginning of the cycles are defined below:

Beginning of stroke 1 - Pressure p1 (Pa) and volume V1 (m?)
Beginning of stroke 2 - Pressure p2 (Pa) and volume V2 (m?®)
Beginning of stroke 3 - Pressure p3 (Pa) and volume V3 (m®)
Beginning of stroke 4 - Pressure p4 (Pa) and volume V4 (m?)

PO

The volume at the end of Stage 1,V 2, istermed the bottom dead center (BDC). Thevolume at the end of
Stage 3, V4 isthe top dead center (TDC). The first and second equations compute the compression
ratio, pr (unitless), astheratio of the high and low pressuresin the cycle (p4=p3, high pressure; p1=p2,
low pressure). Equations 3 and 4 calculate the volumetric efficiency, effv (unitless), and the ratio of the
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mass of compressed gas to the mass of the swept volume. Equations 5 and 6 relate the pressure/volume
ratios for polytropic compression. The variable, n (unitless), isthe polytropic exponent. If the
compression isisentropic, n, has a value equivalent to the specific heat ratio of the gas (cp/cv wherecp is
the specific heat at constant pressure and cv isthe specific heat at constant volume). The last equation
computes the work performed by the system during polytropic compression, W23 (J) (Stage 2).

4 Eq.1
pr = p_
pl
3 Eq. 2
pr = p_
p2
fy = V2-V1 Eq.3
V2-V4
1 Eq. 4
prr-1|V4
effv=1-
V2-V4
V1 _ pr% Eq.5
V4
V2 _ pr% Eq. 6
V3
np2wv2 [ Eq. 7
W23= —Eb EE prn -1
-Nn
Variable Description Units
effv Volumetric efficiency unitless
N Polytropic exponent unitless
pl Pressure Pa
p2 Pressure Pa
p3 Pressure Pa
p4 Pressure Pa
Pr Pressureratio unitless
Vi Volume m3
V2 Volume m3
V3 Volume m3
V4 Volume m3
w23 Work - compression/ stroke J

Example 19.2.4:
What is the volumetric efficiency and work required for compression for acompressor which discharges
air at constant pressure of 86 psi and draws in air at aconstant pressure of 12 psi? The BDC volumeis
200 cm?® and the TDC volume is 25 cm®. Assume the compression processis adiabatic (n=1.4).
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FL [ F: | F |F4 | F5 |FE
|T-:--:-1s-|$n:-1u-z 5k ar h{Fict{orEs-[Edit

ComMPFession CYele
*eFFu:Fﬁm

mn: 1. ]

mpli 12, psi
mpdi 12, psi
mpdi . P=1i

*BP= FalBBEET

#Uls 102 066 cm™3

wlIZ: 2E6E. cwt3 4

Enter: Wolurackric EFFicisncs

Upper Display

F3: Equations/9:Refrigeration

FL [ F: | F |F4 | F5 |FE
TooTs=|SoTue|GrarhFict|OrEs=|Edit
ComMPFession CYele
mpli 12, psi T
mpdi 12, psi

Lower Display

Solution — Note: V4=TDC and V2=BDC, and p1=p2=low pressure, and p3=p4=high pressure. Select
equations1, 3, 4, 5and 7 to solve this problem. Select these by highlighting the equations and pressing
(ENTER]. Press(F2] to display the variables. Enter the valuesfor the known parameters and press [F2] to
solve for the unknown variables. The entries and results are shown in the screen displays above.

Given
n=14

pl =12 psi
p2 = 12 psi
p4 = 86 psi
V2 =200 cm®
V4 =25cm®

References; -

Solution

effv = 559623

pr = 7.16667
V1=102.066 cm®
W23 = 43.7498 J

1. Michad R. Lindeburg, Mechanical Engineering Reference Manual, 8th Edition, Professional

Publications, Belmont, CA 1990

2. John A. Raberson and Clayton T. Crowe, Engineering Fluid Mechanics, 5th Edition, Houghton

Mifflin Company, Boston, MA, 1993

3. Eugene A Avallone and Theodore Baumeister |11, Mark's Handbook for Mechanical Engineers,
9th Edition, McGraw-Hill Book company, New York, NY 1986
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Chapter 20: Strength Materials

Strength of materials section is designed to cover a range of example problems encountered in
characterizing materials under a variety of types of stresses. The topics are covered under these broad
categories.

¢ Stressand Strain Basics ¢ Load Problems
¢ StressAnayss ¢ Mohr'sCircle
¢ Torsion

20.1 Stress and Strain Basics

Three basic definitions of stresses and strains are introduced in this section. They are Normal Stress and
Strain, Volume dilation and Shear stress. Each of these sectionsis described here.

20.1.1 Normal Stress and Strain
Three equations describe the basic definitions of stressand strain. The L

—
first equation defines the relationship between stress, o (Pa), load, P A
(N), and area, A (m2). The second equation establishes the definition : : E'_J"
of gtrain, € (no units), astheratio of e ongation, & (M), due to the force, L = =’i-'r';_=.§ E
P, of abar of length, L (m). Thethird equation representsHooke's | | JoE =
law relating stress, o, to strain, €, using the easticity modulus, E (Pa).
P
o=— Eq.1
A q
o
£E=— Eq. 2
L q
og=¢lE Eq. 3
Variable Description Units
0 Equivalent elongation m
€ Strain unitless
o Stress Pa
A Area m?
E Y oung's modulus Pa
L Length m
P Load N

Example 20.1.1:

Calculate the stress and strain of a bar with an Area of .002 m?. The bar is made of an aluminum alloy
(2014-T6) with amodulus of dasticity of 70 GPa. A load of 85 kN is placed upon this bar in tenson
mode.
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FL | Fz | _F* |F4 | FE |FE FL | Fz | _F* |F4 | FE |FE

|T-:--:-1s-|$o1u-z 5k ar h|Fict{Orts-[Edit |T-:--:-1s-|$o1u-z 5k ar h|Fict{Orts-[Edit
Mok SEF¢ssa5kbF din Mok SEF¢ssa5kbF din

= s :%

gt Lo LI Fa
L 15 Y o[ LT L o[
mE: sE: TH. GPa
1=H . sP: 85, kM
Enter: Yound's miodulus Enker: Ztrain

Entered Values Computed results

Solution — Select the fir st and third equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above,

Given Solution

A =.002 m? € = .000607

E =70 GPa 0 = .0425 GPa
P=85kN

20.1.2 Volume Dilation

Volume dilation refersto volume changesin a solid body due
to shear forces. A solid block defined by the dimensions e
base, b (m), height h (m), and width, w (m). Theinitial K
volume, Vi (m3), of such a paralle-piped is defined by the

first equation. A stressapplied to thisbar resultsin a strain,

€ (no units), along the direction of the stress. However, the
lateral dimensions shrink by the longitudinal strain

modulated by the so-called Poisson'sratio,  (no units). Thisisillustrated by the second equation. The
last equation defines the volumetric strain, ev (no units), in terms of € and ¢.

Eqg.1
Vi =bH v g
Vf =Vi[[l+e)[([1-{ &) [(L-¢ Q) Eq. 2
ev=(l+¢g)ll-£ Q)" -1 Eq.3
Variable Description Units
€ Strain unitless
4 Poisson’ sratio unitless
B Base m
Ev Volume dilation unitless
H Height m
\YZi Final volume m®
Vi Initial volume m°
W Width m

Example 20.1.2:

A copper bar, with an initial volume of .0015 m?, is subject to a volumetric strain of 4.416. The Poisson’s
ratio for this copper bar is 1/3. Find the final volume of the copper bar after the stress has been applied.
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Fi Fz Fx [F4 | FE |FB Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik Too 1520w |G ar hiFick|Orts-|Edik
Molums Dilation Molums Dilation

mzi 4,416
wli L3EI333

wlii . @e1s w3

Enter: Final welume Enter: Final welume

Entered Values Computed results

Solution — Select the second equation to solvethis problem. Select thisby highlighting the equation and
pressing [ENTER]. Press[F2] to display the variables. Enter the values for the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution

£ =4.416 Vf =.00181 m®
(=13

Vi =.0015 m®

20.1.3 Shear Stress and Modulus

The average shear stress, tav (Pa), on the cross section of an element such as abolt isdefined by the fir st
equation asthe shear force, F (N), acting over an area, A (m?). The second equation expresses shear
stress as a product of shear strain, y (unitless), and bulk shear modulus, G (Pa), in amanner similar to
Hooke's Law in shear. Thethird equation connects the modulus of elagticity in tension and shear (E
(Pa) and G (Pad)) in terms of the Poisson'sratio,  (unitless).

P

Tav = — Eqg.1
A q

rav=GLly Eq. 2

E

G=—— Eq. 3
2[{1+) g

Variable Description Units

% Shear strain Unitless

4 Poisson’ sratio unitless

Tav Shear stress Pa

A Area m?

E Y oung’s modulus Pa

G Shear modulus Pa

P Load N

Example 20.1.3:

Find the shear stress and shear strain on a steel bolt that passes through one steel plate on atractor and a
U-shaped hitch on atrailer. Thetrailer isin amotionless position. As the tractor starts to move, it exerts
aload on the bolt of 25 Ibf. The area of the plate on thetractor is 60 cm? and the modulus of elasticity on
the bolt is 80 GPa.
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(T T A e e (T T A e e
Shedr ShFessd Mod. Shedr ShFessd Mod.

4 * sy - =T

1au: +Taur . HEEE GFa
1:H LT E =1 ot
m5: R El m5: Sd. GPa3
afP: 25, lbf afP: 25, lbf
Enker: Area Enkter: fhear strain

Entered Values Computed results

Solution — Select the fir st and second equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution

A =60 cm? y = 2.31678€e-7

G =80GPa Tav = .000019 GPa
P =25 |bf

20.2 Load Problems

This section is devoted to the behavior of aselected set of axially loaded members, which refersto
structural eements having longitudinal axes and carrying only axial forces whether they aretensile or
compressive. Thisfamily of problemsis associated with barsin trusses, columnsin buildings, spokesin
bicycle whedls, and strutsin aircraft engine mounts.

20.2.1 Axial Load

The elastic properties of a primitive bar of length, L (m), loaded in tension . L E

by axial forces, P (N), is characterized by the first equation defining the s
elongation of the bar. The material of the bar hasa Y oung's modulus, E [ﬁ"

(Pa), and area, A (m?), elongated by adistance, & (m). For theaxial bar,a i = Fip
convenient unit of measure isthe dtiffness, k (N/m) (i.e., theforceneeded to | |5

produce a unit elongation), computed in Equation 2.

o= PO Eq.1
ECA

K = ECA Eq. 2

L

Variable Description Units

0 Equivalent elongation m

A Area m?

E Y oung’s modulus Pa

k Stiffness N/m

L Length m

P Load N
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Find the stiffness, the amount of force required for e ongation, of a Titanium Alloy bar that is 150 mm
long. This bar has an area of 525 mm?, and the modulus of elasticity is 100 GPa.

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

RAxial Load
mH: 525, mmt2
sE:_lod. GPa

" |
ml: 150, mm

Entsr: SbiFfness

Entered Values

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

F3: Equationg/A: Strength Materials

RAxial Load
mH: 525, mmt2
mE: 100, GFa
*k:

ml: T

Entsr: SbiFfness

Computed results

Solution — Select the second equation to solve this problem. Select thisby highlighting the equation and
pressing [ENTER]. Press[F2] to display the variables. Enter the values for the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution

A = 525 mm? K = 3.5e8 N/m
E =100 Gpa

L =150 mm

20.2.2 Temperature Effects
A change in the temperature of an object tends to produce a change

initsdimensions. Asshown in the schematic diagram shown here, li: b
ahomogeneous rectangular block with length, L (m), area, A (m?), T ¥
issubject to atemperature change, AT (K), and athermal L E‘?E:T
expansion coefficient, a (L/K), resultsin a uniform thermal strain, STHT. | J( 1 ch

€t (unitless) computed in equation 1. The second equation E'T['HEUT;H_;' ¥E

calculates the actual expansion, ét (m), dueto thermal strain. The
third equation computes the thermal strain force, R (N), induced in the member if the material is
confined in afixed space that does not allow the top to expand.

g =alQT Eq. 1
ad=all Eq. 2
R= ATE [a@ [AT Eq. 3
Variable Description Units
a Coefficient of thermal expansion /K
AT Temperature difference K
ot Elongation m
et Thermal strain unitless
A Area m?
E Y oung’s modulus Pa
L Length m
R Thermal strain force N
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If aporch had aroof that is held upby concrete pillars, how much will it movein an environment that has
a313.706 k temperature change from winter to summer? Also how much of astrainwill this put on the
pillars? The pillars are 8 ft tall, and the coefficient of thermal expansion for concreteis 14E-6 1/°C.

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik
Termpcrabur s EFFect

woi 000014 1°°C
nel: 313,706 K

=ti
ol EEFEEY

Enter: Lendth
Entered Values

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

Teraperatur ¢ EFfeck
moi LEEEE14 1-°0
maTi 3135, 7O K
*A5L:

*Et; .
ali 8. ft

Entsr: Elondation

Computed results

Solution — Select the fir st and second equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2] to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution

o =14E-6 1/°C ot =.421621in
AT =313.706 k €t =.004392

L =8ft

20.2.3 Dynamic Load

Dynamic loads differ from static loadsin that they are generally and loads can be
applied suddenly and from an impact load. The eight equations in this section focus
on impact of a dynamic load and hel ps compute itsimpact on properties of the
system. We use the example of a collar and flange designed so that the collar sits on
the flange and moves downwards with it. Thissituation isoften referred to as
perfectly plastic impact. Two key assumptionsare made in thisanalysis -

» Disregard energy losses
* Assumeal kinetic energy of the falling massis converted to strain energy of the bar.

Thefirst equation falls out of the conservation of energy principle whereby the potential energy lost by
themass, M (kg), with aweight, Wt (N), istransferred to the bar of length, L (m), area, A (m?), height, h
(m), eastic modulus, E (Pa), resultsin a maximum deflection, dmax (m). The second equation solves
for the positive root of dmax. The third equation extractsthe static elongation, &st (m), in terms of the
static load parameters, Wt, L, E and A. The next equation is an aternative form of the first equation
except dmax is expressed as a function of the static elongation, dst, and the effect of the dynamic load.
The next three equations reflect a calculation of the maximum tensile stress, gmax (Pa), from
parameters of the system. Equation 7 describes maximum stress, gmax, in terms of velocity; weight,
Wi, physical properties of the system such asarea A, length L, velocity vel (m/s), and modulus of
dagticity E (Pa). Thefinal equation relatesweight, Wt, and mass, M.

m,]ﬂaxZ
\’thﬂhmmx):—EmZEL Eq. 1

dmax =

Eq. 2

5
WL (WtELJZJrZENtELEh
ECA |\ E[A E[A
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ot = WL Eq. 3
ECA
5
amax = &t +( &t +21[h (&) Eq. 4
) 5
_ W (Wt) 20M h(E
omax=—+|| —| +——— Eq.5
A A AL
5
01T1ax:ost+(ostz+2ET_EE Eost) Eq. 6
Wt el (E )
= — Eq.7
ALL [grav
Wt
M=—— Eq. 8
grav
Variable Description Units
omax Maximum elongation m
ost Static elongation m
omax Maximum stress Pa
ost Static stress Pa
A Area m?
E Y oung’s modulus Pa
h Height m
L Length m
M Mass of |oad kg
vel Maximum velocity m/s
Wit Force N

Example 20.2.3:

When a collar around a copper rod is dropped from a height of 40.64 cm, find the force of the collar, and
the maximum stress experienced by the rod. Thelength of therod is 50.8 cm and its modulus of dasticity
is40 GPa. The collar hasamass of .680389 kg and the rod has an areaof 1.26677 cm?.

F F F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

Denanic Laad
Umax=!
mf: 1.ZEEFF cm™2
mE: 46, GPa

mhE dE.Gd oM
ml: SE.E cm
ufli (EBE3IE9 kg
itz

Entsr: Max skress

Entered Values

F F F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

Denaraic Load

One cornpklebe useabls selukion Found.

Computed results

Solution — Select the fifth and eighth equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2] to solve for the unknown variables. The entries and results are shown in the

screen displays above.
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Given Solution

A = 1.26677 cm? omax = 58.1147 MPa
E = 40 GPa Wt = 6.67234 N
h=40.64 cm

L =50.8cm

M = .680389 kg

20.3 Stress Analysis

Five varieties of stress analysis problems are covered under this section.

20.3.1 Stress on an Inclined Section

By dicing a planethrough a bar at an anglean inclined plane section
iscut, O (rad). The planeissubjectto an axial force, P (N). The
normal force, N (N), and shear force, V (N), result on the inclined
plane and is defined by the first two equations. The normal force,
N, represents the force perpendicular to the inclined plane, while
shear force, V, representsthe force parallel to the inclined plane. Theequations 3 and 4 formulate the
normal stress, 0@ (Pa) and shear stress, 10 (Pa), in terms of P, area, A (m2), and 6.

N = P [@og6) Eq. 1

V = PEin(6) Eq. 2

06 =~ (foo(6)’ Eq.3
-P_.

Variable Description Units

0 Inclined plane angle rad

o)} Normal stress Pa

0 Shear stress Pa

A Area m?

N Normal force N

P Load N

\Y Shear force N

Example 20.3.1:
Given the area of abar, the load of an object, and the angle of the incline plane on the bar as 152.419
cm?, 1855.125 N, and 20 deg respectively, find the shear force, the normal force, the normal stress, and
the shear stress of the placed upon the bar by the object.
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mﬂﬂﬂﬂﬁ]—] Wﬁmﬁ]—]
Tools|ZoTug|GrarhiFict|0rEs-|Edit Tools|ZoTug|GrarhiFict|0rEs-|Edit
Ekress on Incl.Eeck Ekress on Incl.Eeck

ngi ZE. deg LI=Ha=ic e deg

=H +70% 107473, Pa

i=H #1808 -33117.5 Pa
mf: 152,419 cm2 mfE 152,419 cm2

i +Hi 1743.23 H

aFi 1855.13 H mFi 1855, 13 M

u:n +L: EEECREEER
Enter: Shear Force One cornpklebe useabls selukion Found.

Entered Values Computed results

Solution — Select all of the equationsto solve thisproblem. Select theseby highlighting the equations
and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known parameters and
press(F2] to solve for the unknown variables. The entries and results are shown in the screen displays

above.

Given Solution
8 = 20 deg 00 = 107475.0 Pa
A =152.419 cm? 10 = -39117.5 Pa
P=1855.125N N =1743.25N

V =634.49N

20.3.2 Pure Shear

When acircular bar is subject to torsion, shear stressesact over the o .
cross sections and longitudinal planes as shown in the thin cross o T_:';"T:.-x -:'r"-l.
sectional element in the accompanying diagram. The first equation ' o E;q,. Ty
shows the shear stress along the principal stress, ox1 (Pa), rdlatesto % : L [
theinclined plane angle, 8 (rad), and shear stress, ©™xy (Pa). The T"'x{TIF
second equation showsthe shear stress, tx1y1 (Pa), along the ¥
principal axis perpendicular to ox1 in terms of Txy (Pa) and 6.

ox1= 2 [ixy [¢og0) [Sin(6) Eqg. 1
xlyl=1xy [é(cos(@))2 ~(si n(G))z) Eq. 2
Variable Description Units
0 Inclined plane angle rad
ox1 Stressalong principal axis Pa
™x1lyl Shear stressalong principal axis Pa
™xXY Shear stress Pa

Example 20.3.2:
Find the principal shear stress on a plane 30 deg from the longitudinal axiswhen a shear stress of 15000
ps.

Fi Fz Fx [F4 | FE |FB F F F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik Too 1520w |G ar hiFick|Orts-|Edik
Furs Zhear Furs Zhear

Enter: Shear skress Enter: Shear stress-principal axis

Entered Values Computed results
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Solution — Select all the equations to solve thisproblem. Select these by highlighting the equations and
pressing [ENTER]. Press[F2] to display the variables. Enter the valuesfor the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given
0 =30deg
@y = 15000 psi

20.3.3 Principal Stresses

Solution
ox1 =12990.4
™1yl = 7500 p

psi
Si

The transformation equations for plane stresses to principal

; T Ty 72 0
stresses form the backbone of these equations. From the BE
normal stresses along the x and y-axis, oxx (Pa) and oyy :"=5;-- —+

(Pa), and shear stress, Txy (Pa), we can compute the angle

Fip
Tx:"
g

[Tz T )2

l:rl-: =

of the plane, Bp (rad), as shown by the first equation. The second equation computes a characteristic
radius, Rp (Pa), often called the Mohr circleradius. Thethird and the fourth equations define the
stresses, 0l (Pa) and 02 (Pa), along the principal axis. While the fifth equation shows a simple linear
relationship amongst o, 62, oxx and ayy, the final two equations show a method of computing 8p

using alternative methods.
2
tan(2 [Bp) - 2y Eq. 1
OXX — oyy
OXX — 2
Rp = (TOWJ +1xy? Eq. 2
2
01:0’0‘+°W+\/(0’°‘"0W) + Ty Eq.3
2 2
2
+ —
UZ:OXX oYy _ || OXZ Yy + Txy” Eq. 4
2 2
0l+02 = oxx +ayy Eq.5
OXX — ayy
coq2 =
o5(2[6p) 20Rp Eq. 6
; xy
sn(20fp) =— Eq. 7
(208p) Ro g
Variable Description Units
op Principal angle rad
ol Stressin 1 Pa
o2 Stressin 2 Pa
OXX Stressalong x axis Pa
oyy Stressalong y axis Pa
™xXY Shear stress Pa
Rp Mohr’scircleradius Pa

MEPro for TI-89, TI-92 Plus
Chapter 20 - Equations — Strength Materials

276




F3: Equationg/A: Strength Materials

Example 20.3.3:

Compute the Mohr radius given 15000 psi and 6000 psi for the normal stresses on the xand y axis,
respectively. The shear stressis 7500 psi. Find the principal angle of the principal plane and valuesfor
the principal stresses.

FL | FE | F% |F4 | FE |FE FL | FE | F% |F4 | FE |FE
|T-:--:-1s-|$o1u-z sk arh|Fick{oeks- |Edit |T-:--:-1s-|$o1u-z sk arh|Fick{oeks- |Edit
FrinciFal Skrgssss FrinciFal Skrgssss
=/=1 L=I=H
gl +7l: 1. E a
gl . 020 1. 20905eF Pa
mgxxi 15000, psi mgxxi 135000, psi
mgyy: GO0UE. psi mgyy: GO0UE. psi
mrEhi TSOE. pIi mTEdd Fold. psi
Frill +Rpi 6.03045e7 FPa
Enter: Mohr's circle radius Enkter: Frinciral andle
Entered Values Computed results

Solution — Select the fir st four equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above. At the MEePro solver, select an arbitrary integer of O to compute the principal
solution (the principal solution, P, in a periodic trigonometric function, trig (...), isP=trig @ + n{@) and n
isthe arbitrary integer).

Given Solution

oxx = 15000 psi Op = 29.5181 deg
oyy = 6000 psi 0l =1.32699 E8 Pa
XYy = 7500 psi 02 = 1.20905E7 Pa

Rp = 6.03045E7 Pa

20.3.4 Maximum Shear Stress

The five equations bel ow compute the maximum shear stress experienced in a member and the angle of
the plane where this stressis experienced. Thefirst equation defines 0s (rad) asthe angle of orientation
of the plane of maximum shear stressin terms of the normal shear stresses, oxx (Pa) and ayy (Pa), along
x and y axisrespectively, and the shear stress, txy (Pa). The second equation connects 8sto 8p (rad),
the angle of orientation to the principal planes. The plane of algebraically maximum value of maximum
shear, Tmax (Pa), is shown by the third equation. Thelast two equations show alternate forms of
computing Tmax in terms of axx, ayy and txy or the corresponding principal stresses, ol (Pa) and 62
(Pa).

- O’XX —
tan(2(Bs) = ~(ox-oyy) Eq. 1
20xy
tan(285) = 1 Eq. 2
tan(2[Bp) '
6sl= 6p —727 Eq. 3
OXX — 2
Tmax = (TOWJ +1xy? Eq. 4
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gl-02

> Eq.5
Variable Description Units
Op Principal angle rad
Os Principal angle- maximum shear rad
0sl Principal angle- maximum shear 1 rad
ol Stressin 1 Pa
o2 Stressin 2 Pa
OXX Stressalong x axis Pa
oyy Stressalong y axis Pa
Tmax Maximum shear stress Pa
XY Shear stress Pa

Example 20.3.4:

An element in plane stressis subject to a normal stress of 12300 ps along x-axis, and a stress of —4200
ps aong y-axis, along with a shear stress of —4700 psi. Determinethe principa stresses and the angle of
maximum shear stress.

Fi Fz Fz Fu | FE |FB Fi Fz Fz Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

IM\II Shear Skress IM\II Shear Skress
gpi +0pi -14.835 deg
gsi +0=i 30, 165 deg
g1t . +0=1: -59.835 deg |

mgxxi 12300, 000 psi mgxxi 12300, 0E0 psi
mgyy: ~4200, 000 psi mgyy: -4200, DEd
TINAKE *TMAKE h.ih'?-f

PRS-, Loy P mTHgE -
Enter: Shear skress Enter: Max. shear skress

Entered Values Computed results

Solution — Select the first four equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above. Because of the presence of trigonometric relationships, multiple solutions are
possible and the principal solutionswere chosen here. At ME«Pro solver and grapher, use “0” for the
replacement integer of the arbitrary integer.

Given Solution

oxx = 12300 psi Op =-14.835deg
oyy =-4200 psi Bs=30.165 deg
XYy = -4700 psi 0sl = -59.835 deg

Tmax = 6.54648€7 Pa

20.3.5 Plane Stress - Hooke's Law
Normal strains, exx (unitless), gyy (unitless) and €zz (unitless), ':r
¥y

represent the changes in dimensions of an infinitesimally small cube 0. | 4
having edges of unit length. The normal stress-strain relationships aﬁ , ﬂ;ﬁ.;f&:v
shown in thefirst three equations reflect Hooke'slaw relationships, Tl 7| |
where stress and strain are related by the Y oung' s modulus of 1"”{1" :
elasticity, E (Pa), and the Poisson’sratio Z (unitless). Thefourth "
equation shows the Hooke' slaw for shear stress, txy (Pa), bulk modulus of dasticity, G (Pa) and shear
strain, yxy (unitless). Thelast two equations complement the first two equations where stresses, oxx

(Pa), oyy (Pd), and 0zz (Pa), are expressed in terms of strains.

EI:'.
S
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1
exx:EE(bxx—Z@yy) Eq. 1
1
eyy = = oy -{ l0xx) Eq. 2
_<
£z = —EE-[GCD(X'+ oyy) Eq.3
xy
=2 Eq. 4
y G q
oxle_ZZ [exx +{ [2yy) Eq.5
_ E
OYY—FEGEYYJfZ@XX) Eq. 6
Variable Description Units
yXy Shear strain along x,y axis unitless
EXX Strain-x axis unitless
ey Strain-y axis unitless
€2z Strain-z axis unitless
4 Poisson’ sratio unitless
OXX Stressalong x axis Pa
ayy Stressalong y axis Pa
XY Shear stress Pa
E Y oung’s modulus Pa
G Shear modulus Pa

Example 20.3.5:

A cubic structure is subject to linear strainsof 1.4E-3 along the x-axis, and 1.5E-4 along the y-axis, and a
Poisson’sratio of 0.01. If the Young' s modulus of easticity for this member is 100 GPa, find the stresses

along x, andy-axis'.

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik
Flang Sty gss-Hooks

sioui Gobts
mEUYD
nlio .01

[

« 2

Enter: Yound's modulus

Entered Values

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

[Flane sty ess-Heaks |

o BBl
| FAN N H
nli .0

T 1.4ﬂﬁ64£8 F3

H A-E 0NN ' 5

EEX

Enter: Sbress alond » axis

Computed results

Solution — Select the last two equationsto solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the

screen displays above
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Given

exx =1.4E-3
eyy = 1.5E-4
(=0.01

E = 100 GPa

F3: Equationg/A: Strength Materials

Solution
oxx = 1.40164E8 Pa
oayy = 1.64016E7 Pa

20.4 Mohr’s Circle Stress

20.4 Mohr’s Circle Stress

A graphical presentation of transformation equations for
plane stressis called the Mohr’scircle. Six equationslisted
here form the core relationships that reflect various aspects of
the components constituting the Mohr’scircle. Thefirst
equation relates principal axis stress, ox1 (Pa), to stresses
aong x andy-axis, oxx (Pa) and ayy (Pa), and theinclined

planeangle, 8 (rad). Thesecond equation shows the relationship of these variables to the principal shear
stress, T™x1ytl (Pa). Thethird equation computes the average stress, cav (Pa). TheMohr’scircleradius,
Rp (Pa), iscalculated from, ox1, oav and ©xy. Thelast two eguations show alternate ways to cal culate

Opl (rad), the angle of the principal axis.

oxl—mzoyy:m;oyym:os(zm)ﬂxy@n(ZW) Eq. 1
- m —
rxtyt = ZPX W) i) + ey 02 8) Eq. 2
gav = M Eq3
2
Rp? = (ox1-0av)® +1xly1? Eq. 4
OXX — ayy
coq2[Bpl) = ———=
2(8p1) 2[Rp Eq.5
; xy
sin(2@pl) = — Eq. 6
(206p1) Ro g
Variable Description Units
0 Inclined plane angle rad
Opl Principal angle 1 rad
oav Average stress Pa
ox1l Stress-principal axis 1 Pa
OXX Stressalong x axis Pa
oyy Stressalong y axis Pa
™1yl Shear stress— principal axis Pa
XY Shear stress Pa
Rp Mohr’'scircleradius Pa
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Example 20.4:
An element in plane stressis subject to a stress of 15000 ps along the x-axis, 5000 psi aong they-axis
and a shear force of 4000 psi. The planeis at an angle of 40 degreesto the axis. Find the principal stress
values and angle of the planes for maximum stress.

FL | Fz | F# [F4 | FE [FE FL | Fz | F# [F4 | FE [FE
|T-:--:-1s-|$o1u-z iararh|Fict|orEs-|Edit |T-:--:-1s-|$o1u-z iararh|Fict|orEs-|Edit
[Mohets Cire-Stress | [Mohets Cire-Stress |
-E:FEE% L= ?EI 6?Ell de T
+0p Erdl de +Tayi 6. 6E? ga
+gayi 6.599475e7 Fa g1t 148EI? psi
+qx1: 14807.5 psi L Lt 15EIEIEI p51
mgxi 1S0EE, p51 lcrg?
lu:ru&ﬂ SEEL. +1xlyls '2 91615? Fa
+rlgls -2, 91615? Fa mryl GOCE,
atiul 4000 ps ! R AR
Enter: Inclingd rlane unﬂ-z Enter: Mohr's circle radius
Upper Display Lower Display

Solution — Select the fir st five equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above. At MEsPro solver and grapher, use “0” for the replacement integer of the
arbitrary integer. Thefirst usable solution is shown in thisexample.

Given Solution

0 =40deg 0p1 =70.6701 deg
oxx = 15000 psi oav = 6.89476E7 Pa
oyy = 5000 psi ox1 = 14807 .5 psi
Xy = 4000 psi ™x1yl = -2.9161E7 Pa

Rp = 4.4146E7 Pa

20.5 Torsion

Torsion refersto the twisting of a structural member, when it isloaded by a couple which produces
rotation about the longitudinal axis.

20.5.1 Pure Torsion

Eight equations are listed here to illustrate various aspects of torsion. The fir st two equations focus on
the definition of torsional shear strain, y (unitless), in terms of the shaft radius, rad (m), and length L (m),
angular twists per unit length, 81 (rad/m), and twist, @(rad). Thethird egquation represents Hooke' s law
for shear. Thefourth equation yieldsthetorque, T (NI), for the angular twist modulated by the bulk
modulus, G (Pa), and polar moment of inertia, Ip (m#). The fifth equation computes|p in terms of rad.
The sixth equation shows the computation of the twist, @ intermsof T, L, G and Ip. Thelast two
equations show alternate forms of tmax (Pa), the maximum shear stress.

y =rad (61 Eg. 1
y= rad [y Eq. 2
L
T=Gly Eq. 3
T=GOpH1 Eq. 4
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4
Ip= rriad Eq.5
2
_ o Eq. 6
¢=Gop 4
_Tis .
Ip a4
_ler Ea. 8
i a
Variable Description Units
Y Shear strain unitless
ol Angle of twist/unit length rad/m
T Shear stress Pa
Tmax Maximum shear stress Pa
(0} Angle of twist rad
d Diameter m
G Shear modulus Pa
Ip Polar moment of inertia m*
L Length m
rad Radius m
rs Shaft radius m
T Torque N

Example 20.5.1:

Compute the torque needed for a system with aradius of 4 inches, G=100 GPa, and a twist of 0.05 rad/ft.

Fi Fz Fz Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

IPIJF'& T\H’Siﬁl‘ll
mdli @53 radoft
-?: oG, GPa

=H
nrad: I

Entsr: Eadius

Entered Values

Fi Fz Fz Fu | FE |FB
Too 15|20 Tug|Gr arhfVicw]Orts-|Edik

IPIJF'& T\H’Siﬁl‘ll
mdli @53 radoft
-?: oG, GPa

=H
nrad: I

Entsr: Eadius

Computed results

Solution — Select the fourth and fifth equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2] to solve for the unknown variables. The entries and results are shown in the

screen displays above.
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Given Solution

01 = 0.05 rad/ft Ip =0.000167 m*
G =100 GPa T = 2.74568E6 N[
rad=4in

20.5.2 Pure Shear

When acircular bar either solid or hollow is subject totorsion, shear T— T = [la o L
stress, T (Pa), acts over the cross section of the inclined face of a 1 o
=

2

L,
planeinclined at an angle of O (rad). Thefirst equation in this set x?i'_’r TI P @
calculates, a0 (Pa), the normal stress perpendicular to the plane of —T T {_Tx T
interest in termsof shear stress, T (Pa) and 8. The second equation gives the shear stressvalue, 10 (Pa),
for the system on the plane. The next two equations complement thefirst two by expressing 10 and o0
in alternate forms using trigonometric identities. The fifth equation represents Hooke' slaw for shear
linking shear strain, y (unitless), with bulk modulus, G (Pa), and shear stress, T. Theremaining
equations compute Y oung's modulus, E (Pa), strain, emax (unitless), and elastic strain energy, U (J),
with G, Poisson’sratio  (unitless), system torque, T (N[ih), polar moment Ip (m?).

06 = 27 [8in(6) [Goy ) Eq. 1
0=1 [@(cos(éi))2 ~(si n(e))z) Eq. 2
06 = 18in(28) Eq. 3
10 =1 [6052(8) Eq. 4
T
=" Eq.5
y G q
E=2G[{1+¢) Eq. 6
T
=—[{L+¢) Eq. 7
E
2
_ i Eq. 8
2[G0p
Variable Description Units
Y Shear strain unitless
emax Maximum strain unitless
4 Poisson’ sratio unitless
0 Inclined plane angle rad
lo]¢} Normal stress Pa
T Shear stress Pa
10 Shear stress Pa
E Y oung’s modulus Pa
G Shear modulus Pa
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Variable Description Units
Ip Polar moment of inertia m*

L Length m

T Torque N
U Elastic strain energy J

Example 20.5.2:

Find the normal stress g0 and shear stress 10 for system when a shear stress of 15000 psi is applied to a
plane at an angle of 30 degrees.

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

Fure Zhear
lEé_Sﬂ. deg

o
LR 1o, p= il
gt-H

Enter: Shear skress

Fure Zhear

mg: 3H. deg .

g8l 1299004 psi
[ =i

n1i 1SEAEG,
16 IR

Entered Values

Enter: Shear skress

Computed results

Solution — Select the fir st and second equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution
0 = 30 degrees 06 = 12990.4 psi
T = 15000 psi 10 = 7500 psi

20.5.3 Circular Shafts

Circular shaftsare used invariably in transferring mechanical power from
one system to another. The three equationsbelow represent the basic
properties of such arotating system. The first equation connects the
power, Pwr (W), with thetorque, T (Nh), and angular frequency, w
(rad/s). The second equation shows the connection between wand frequency, freq (Hz). Thelast
equation expresses the relation between the rotational speed, rpm (rpm) and freg.

Pwr =T [d Eq.1

w =20r0req Eq. 2

rpm= freq Eqg. 3
Variable Description Units
() Radian frequency rad/s
freq Frequency Hz
Pwr Power w
rpm Revolutions per minute s
T Torque N

Example 20.5.3:
Find the torque needed to transfer 1000W of power at 300 revol utions per minute.
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| Fi | Fe Fz F4u | FE |FB | Fi | Fe Fz F4u | FE |FB
Tools|Zalug |Gy arh|Fict|Orks-|Edit Tools|Zalug |Gy arh|Fict|Orks-|Edit
CiF cular Zharks CiF cular Zharks

@t +#5p: 31.4159 radq-s

treqy: +treqy: 5. Hz
wPwrE 100E. W wPwrs 100, 1
= ST pL 7 e Rl

Tk ST msvERsmbT
Enker: Bew. pet minuke Enter: Torqus

Entered Values Computed results

Solution — Select all the equations to solve thisproblem. Select these by highlighting the equations and
pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution
Pwr = 1000 W w= 31.4159 rad/s
rpm = 300 rpm freq=5Hz

T =31.831 Nlh

20.5.4 Torsional Member

The ten equationsin this section represent an analysis of the flexibility
method applied to barsin torsion, as shown in the picture. We
examine the case of two bars of diameters, da (m) and db (m), loaded
by atorque, To (Nh), at the location C shown in the picture above.
The object isto compute Ta (NImh) and Tb (N[h), the reactive torque
at each end of the system. The angle of rotation, ¢c (rad), from C to ’
A, and ¢b (rad), representsthe angle of rotation from B to C. The two segments of the e ement have
lengths, La (m) and Lb (m), giving atotal lengthof L (m). Ipa(m?) and I pb (m?#) represent the polar
moments of the regions of the member, while tac (Pa) and thc (Pa), represent the maximum shear from
A to C and maximum shear from B to C respectively. G (Pa), isdefined asthe bulk modulus. The
equations listed bel ow represent a complex set of relations between all the variables described here.

To=Ta+Tb Eq. 1
To-Th)[la
= ( ) _Tob0Ob Eq. 2
G0Opa G0Opb
Ta=1OLb Eq. 3
L
Tp=T0Ha Eq. 4
L
L=La+Lb Eq.5
c= To[lLbda
2[{La0pb+ Lb{pa) Eq.6
ch= Tollaldb
2{Lalpb + Lbipa) Eq. 7
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_Talla
Glpa Eq. 8
_Tblb
Gpb Eq.9

_ Lallb[To
%= GLanpb+ Lbpa) Eq. 10
Variable Description Units
Tac Maximum shear at angle of twist A-C Pa
Tcb Maximum shear at angle of twist C- B Pa
b Angle of rotation at B rad
qc Angle of rotation at C rad
da Diameter at end A m
db Diameter at end B m
G Shear modulus Pa
Ipa Polar moment of inertia of A m*
Ipb Polar moment of inertia of B m*
L Length m
La Shaft length-diameter da m
Lb Shaft length-diameter db m
Ta Reactive torque at A N[
Tb Reactive torque at B N[
To Load torque N[

Example 20.5.4:

A shaft 4 feet long has a diameter of 6 inchesfor thefirst 3feet and 8 inchesfor the remaining length.
The bulk modulus has a value of 100 GPa. If atorque of 50 ft[Ripsisapplied at the transition point, find
the angles of twist, and shear stressesin the system. Assumethat the polar moments are 127.235 irf* and

402.124 in* respectively.

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik

*TACE

Tochi G, E El
*phi L Z2I77F deg
+oi 335319 deg

in

Torsional Meribgr

m5: 50, GPa3 .
nlpat 127.235 in™4¢

Enter: Max Shear-andls of kwisk A0

Upper Display

Fi Fz Fx [F4 | FE |FB
Too 1520w |G ar hiFick|Orts-|Edik
Torsional Meribgr

nlpai 127.235 in™4 T
nlphi 402.124 in™4
ali 4, ft

Lower Display

Solution — Select the fir st eight equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2] to solve for the unknown variables. The entries and results are shown in the

screen displays above.

Given

da=6in
db=8in
G=50GPa
Ipa=127.235in%
Ipb = 402.124 in%
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Solution
Tac = 194360 |bf/ft2
Tch = 3.7224E7 Pa

@b = .229222 deg
¢c = .335319 deg
Lb=1ft
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Given Solution

L=4ft Ta=16947.7 NIh
La=3ft Th =50843.2 N
To=50ftKip

References:

Gere and Timoshenko “Mechanics of Materials’ 3rd Ed. PWS-Kent. 1990

MEPro for TI-89, TI-92 Plus 287
Chapter 20 - Equations — Strength Materials



Chapter 21: Fluid Mechanics

F3: Equations/B: Fluid Mechanics

The fluid mechanics section of the equation library offers a collection of equationsorganized in
convenient topics identified below. These topics have several subtopicsto assist quick accessto the

subject matter of choice.

¢ Fluid properties
¢ Fluid Dynamics
¢ Flowin Conduits

21.1 Fluid Properties

21.1.1 Elasticity

Fluid Statics
Surface Resistance
I mpulse/M omentum

Elasticity isa measure of the deformation (expansion or contraction) of a fluid due to a pressure change.
Thefirst equation computes the bulk modulus of elasticity, Ev (Pa), for an ideal compressible fluid
undergoing an isothermal process. Equation 2 computes Ev for an adiabatic process. Equation 3
computes the specific heat ratio, k (unitless), from the specific heat at constant pressure, cp (J(kgK)),
and the specific heat at constant volume, cv (J(kgK)). Equation 4 links cp and cv using the molecul ar
mass, MWT (kg/moal) and Rm (J(mal. K), the universal Gas Constant. Equation 5 computes the density
of thefluid, p (kg/m®), from the mass, m (kg), occupied per volume, vol (m®). Thelast equation isthe

ideal gaslaw.
[(RmMLCT
gy = PRmMH Eq. 1
MWT
Ev=k[p Eq.2
C
k= @ Eq.3
cv
cp=cv+ Rm Eq. 4
MWT '
m
p=— Eq.5
vol
[(RmMLCT
p= p— Eq. 6
MWT
Variable Description Units
p Density kg/m®
cp Specific heat at constant pressure J(kgK)
cv Specific heat at constant volume J(kgK)
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Variable Description Units

Ev Bulk modulusfor an ideal gas Pa

k Specific heet ratio Unitless

m Mass Kg

MWT Molar mass kg/mol

p Pressure Pa

Rm Ideal Gas constant 8.31451 J(mol [K)
T Temperature K

vol Volume m®

Example 21.1.1:
Compute the adiabatic easticity for air using values for molar mass, standard temperature and pressure.

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit Toolsw| Zelue | Grarh | Micw | Detse | Edit

[Exasticits [Exasticits
i #p1 1.29249 kg w3
Iv:,p 1,023 kI<{kg-E2 I T=H

825 ke o

L Il H
+Eu: Ar Ao Fa
Ld! +k: 1,3889
L1} 8289? kg<mal .MIJ.IT= 02897 kgsmaol
-ll:r_- 1@132 F' -ll:r_- E|1325 F'
273
HMilN RHI:I HIJTI:I FLHC Enker: Sp. Htut -il -consl: uolurs
Entered Values Computed results

Solution — The molar mass of dry air (ma = 0.02897 kg/mol), the standard temperature (ST = 273.15K)
and the standard pressure, (SP = 101325 Pa) are listed in ME<Pro under the Refer ence section in
Engineering Constants (see Chapter 27). The specific heat for dry air, cp = 1.025 kJ/(kgK), at 275K is
listed under Reference/Thermal Properties/Specific Heat/Cp Liquids and Gases (see Chapter 34).
Select Equations 2, 3, 4 and 6 to solve this problem. Select these by highlighting the equations and
pressing [ENTER]. Press[F2] to display the variables. Enter the valuesfor the known parameters and press
to solve for the unknown variables. Notethat Rm, isautomatically inserted into the calculation by
the software. The entries and results are shown in the screen displays above.

Given Solution

cp = 1.025 kJ/(kg[K) p = 1.29249 kg/m?
MWT = .02897 kg/mol ov = .737996 kJ/(kgK)
p = 101325 Pa Ev = 140730 Pa
T=273.15K k = 1.3889

21.1.2 Capillary Rise

These equations compute the rise of a fluid inside a capillary tube due to surface
tension. Thefirst equation computesthe surface tension, o (N/m), of afluidinsdea
capillary dueto the vertical displacement of the fluid inside of the tube, Ahc (m), the
inner diameter of the capillary, d (m), and the contact angle of the fluid with sides of
the capillary tube, Ba (rad). Equation 2 computes the radius of the meniscus, rdm
(m). Thelast equation computes the specific weight of the fluid, y (N/m?), from the
density, p (kg/m°) and the gravitational acceleration.

4[& [tod fa
s ) q. 1
y [d
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rdm= d

T Ao AN Eqg. 2
2[¢og6a) q

p= v Eq.3

grav

Variable Description Units

y Specific weight N/m®

fa Contact angle rad

Ahc Capillary rise m

p Density kg/m®

o Surface tension N/m

d Diameter m

grav Gravitational acceleration 9.80665 m/s?

rdm Meniscus radius m

Example 21.1.2:
A capillary having an interior diameter of 1.6 mm isinserted into water (p = 1.0 g/cm?). If aheight
displacement of 18.6 mm is measured and the contact angle of the meniscusis assumed to be zero, what
isthe surface tension?

[FiIF21F3 IFHTFSIFET] [FiIF21F3 IFHTFSIFET]
Toolsr| Solug | Grarh | Fict | Ortse | Edit Toolsr| Solug | Grarh | Fict | Ortse | Edit
ICUPi'l'lUF!-' Ri!ﬁl ICUPi'l'lUF!-' Ri!ﬁl
i +4i 9E0E.65 Hsm™3
mahici 18,6 mm mahici 18,6 mnm
mgdal O rad mgdal O rad
mpi 1, g-cm™3 mpi 1, g9-cm™3
7l w=q!@mm
ndl 1.6 mm ndi 1.6 mm
Enker: Surface bension HMilN FAD AUTO FLHC
Entered Values Computed results

Solution — Select the first and third equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Notethat grav, isautomatically
inserted into the calculation. Enter the values for the known parameters and press [F2] to solve for the
unknown variables. The entriesand results are shown in the screen displays above.

Given Solution
Ahc = 18.6 mm y = 9806.65 N/m*
Ba=0rad 0 =.072961 N/m
p=1g/cm?
d=1.6mm
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21.2 Fluid Statics

21.2 1 Pressure Variation

21.2.1.1 Uniform Fluid

This equation computes the pressure variation, pl (Pa) and p2 (Pa), between heights, h1 (m) and h2 (m),
for a uniform density fluid, having a specific gravity, y (N/m®).

p—1+h1:p—2+h2 Eq. 1
y y

Variable Description Units

y Specific weight N/m®

hl Height at 1 m

h2 Height at 2 m

pl Pressureat 1 Pa

p2 Pressure at 2 Pa

Example 21.2.1.1:

Water has a specific weight of 62.4 [bf/ft® at 25 °C. If a pressure gauge is dropped 35 ft below the water
surface (at sealevel), and the temperature of the water isuniform, what is the pressure reading?

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit Toolsw| Zelue | Grarh | Micw | Detse | Edit
Unifakm F1uid| Unifakm F1uid|
w4yt 6204 1bfortelE w4yt 6204 1bfortelE
mhi: mhi: O, in

wh2: -35. ft
wpi: 181325, Pa
(D] |

Enter: Fressure ak 2 One complebe usgable solubion Found.

Entered Values Computed results

Solution — Press(F2] to display the variables. Enter the valuesfor the known parameters and press(F2] to
solve for the unknowns. The entries and results are shown in the screen displays above.

Hint: the value of specific weight, y (N/m®) can be calculated from the density, p (kg/m°), of afluid in the
next section. The value of standard pressurefor p1, (SP= 101325 Pa) islisted in ME«Pro under the
Refer ence section in Engineering Constants (see Chapter 27).

Given Solution

y = 62.4 |bf/ft3 p2 = 205895 Pa
h1=0

h2 = -35 ft

pl = 101325 Pa
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21.2.1.2 Compressible Fluid

These equations compute the specific weight, y (N/m®) and density, p (kg/m°) for an ideal gas. Thefirst
equation calculatesy, from pressure, p (Pa), temperature, T (K), molar mass, MWT (kg/mol), and the
gravitational acceleration, grav (9.80665 m/s”). The second equation computes y from its density, p.

y= pLgrav MWT Eq. 1
Rm(T
Yy Eq. 2
p = -
grav
Variable Description Units
y Specific weight N/m®
P Density kg/m?
Grav Gravitational acceleration 9.80665 m/s?
MWT Molar mass kg/mol
Rm Ideal gas constant 8.31451 J(mol [K)
P Pressure Pa
T Temperature K

Example 21.2.1.2:
What is the specific weight and dengty for helium (molar mass = 4 g/mol) at 1 MPaand 500 K?

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | | Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | |
Compressible Fluid Compressible Fluid

il
llfibJTl 4, gsmal
l$: . El
aT: SO0, K
Enter: Specific weidht Enter: Densike
Entered Values Computed results

Solution — Select both equations to solve this problem. Press(F2] to display the variables. Enter the
valuesfor the known parameters and press (F2] to solve for the unknown variables. The entriesand
results are shown in the screen displays above. Note that grav and Rm are automatically inserted into the
calculation by the software.

Given Solution

MWT = 4 g/mol y=9.4357 N/m®
p=1MPa p =.962173 kg/m?
T =500 K

21.2.1 Pressure Variation

21.2.1.3 Troposphere

This section computes the temperature and pressure in the troposphere region of the atmosphere (up to
10,800 m above sealevel). The atmospheric lapseratein the troposphereis a = 6.50 K/km. These
equations can also compute the variation of pressure and temperature with height for any compressible
fluid.
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T2=T1l-alh2-hl) co.1
graviMWT
o= plEETl aih2 hl)) alRm Eq. 2
T1
Variable Description Units
a Lapserate °C/m
grav Gravitational acceleration 9.80665 m/s?
h1 Height at 1 m
h2 Height at 2 m
MWT Molar mass kg/mol
pl Pressureat 1 Pa
p2 Pressure at 2 Pa
Rm Ideal gas constant 8.31451 J(mol [K)
T1 Temperatureat 1 K
T2 Temperature at 2 K

Example 21.2.1.3:

Given the adiabatic lapserate a = 6.5 °C/km, and the standard temperature and pressure conditions at sea
level, calculate the atmospheric temperature and pressure at a height of 30000 ft above sea level ?

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | | Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | |
Troposphere Troposphere
ml 6.5 2Cokm ml 6.5 2Cokm
mhi: 0O, ft mhi: 0O, ft
nhZ2: nhZ:
wfllT: . 9-mol wfllT: . 9-mol
mpl: 101325, Pa mpl: 101325, Fa
H +p2t 2r894.1 Pa
lllj'll 273.15 K a7l 273.15 K
TZ: #T2: 213.714 K
Entgr: Heidht HMilN FAD AUTO FLHC

Entered Values Computed results

Solution — The values for the standard temperature (ST = 273.15 K) and the standard pressure, (SP =
101325 Pa) and the molar mass of dry air (ma = 0.02897 kg/mol), are listed in MEs Pro under the

Refer ence section of Engineering Constants (see Chapter 24). Select both equations to solve this
problem. Press(F2] to display the variables. Enter the valuesfor the known parameters and press [F2] to
solvefor the unknown variables. Note that grav and Rm are automatically inserted into the calcul ations.
The entries and results are shown in the screen displays above.

Given Solution

o =6.5K/km p2 = 27894.1 (~28% of SP)
hl1=0ft T2=213.714 K (~78% of ST)
h2 = 30000 ft

MWT =.02897 kg/moal

pl = 101325 Pa

T1=273.15K

21.2.1.4 Stratosphere

The following equation computes the variation of pressure with height in the stratosphere. The
stratosphere occurs at heights greater than 10,769 m and extends to an elevation of 32.3 km. The usual
assumption in stratosphere calculationsisthat the temperature is constant in the entire region.
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—(h2-h1)MWT igrav

p2 — p1@ RMiT Eq.1
Variable Description Units
grav Gravitational acceleration 9.80665 m/s?
h1 Height at 1 m
h2 Height at 2 m
MWT Molar mass kg/mol
pl Pressureat 1 Pa
p2 Pressure at 2 Pa
Rm Ideal gas constant 8.31451 J(mol [K)
T Temperature K

Example 21.2.1.4:

If the pressure and temperature of the atmosphere are 3.28 psi and —55 °C at an eevation of 11,000 m,
what is the pressure at 18,000 m, assuming the temperature remains constant with height in this range?

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit Toolsw| Zelue | Grarh | Micw | Detse | Edit

FEFaboseher e FEFaboseher e
mhld 1100, © mhld 1100, ©
mhZ: 18Q0E, m mhZ: 18Q0E, m
wMUT: Q2897 ka-mol wPlT: . E2837 kg<smol

wpli 3.28 psi

iia :p%f I, 258 psi
uift V5. oo . EE

Enter: Fressure One complebe usgable solubion Found.

Entered Values Computed results

Solution — The molar mass of dry air (ma = 0.02897 kg/mol), islisted in ME#Pro under the Refer ence
section in Engineering Constants (see Chapter 24). Press[F2] to display the variables. Enter the values
for the known parameters and press[F2] to solve for the unknown variables. The entries and results are
shown in the screen displays above. Note that grav and Rm are automatically inserted into the
calculation by the software.

Given Solution
h1l=11000 m p2 = 1.09574 psi
h2 = 18000 m

MWT = .02897 kg/mol

pl=3.28 psi

T=-55°C

21.2.2.1 Floating Bodies

These equations compute the stability of a floating object dueto g -¢gHTER oF
buoyancy. A floating object has a center of gravity located at G GRAVITY
and a center of buoyancy C along the axis of symmetry as & -EEHTER OF
shown in the schematic diagram shown here. Theobject hasa  ¢-pISFLACED CEMTER 3
second moment of 100 (m?) with respect to the waterline. OF EUOVAMEY ;
When the object is tilted (hedled) at an angle 8 (rad), the center ﬂﬂmfﬁgﬁzm
of buoyancy is shifted by adistance, xo (m) to a new location,

C’, dueto the displacement of liquid, Vd (m®), on one side of the moment axis. Theintersection of the
vertical line connecting C' to the moment axisis defined as the metacenter M. If the M islocated above
the G, the floating object is stable (ie. CM ispositive). If CM isnegative, M isbeow G, than the object
isunstable (likely to tip over). The first equation calculates CM (m) from 100 (m*) and Vd (m°).
Equation 2 computes the distance GM (m) between the metacenter and the center of gravity. Thelast
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equation computes Vd (m?), from the second moment of inertia, 100, the shift xo, between the C and
C.

Eq. 1
CM = @ q
vd
Eq. 2
om =10 _cg q
vd
Eq. 3
vg =00 [an(6)
X0
Variable Description Units
0 Angle rad
CG Digt. from center of buoyancy to center of gravity m
CM Digt. from center of mass to metacenter m
GM Metacentric height (G to M) m
100 2" Moment of inertia m*
vd Displaced volume m®
X0 Displacement of buoyancy center m

Example 21.2.2:

A block of wood (30 x 30x 60 cm) floats at an immersed depth of 18 cm with its longitudinal axis parallel
to the water surface. The block has a longitudinal second moment of 135,000 cm* and a transverse
second moment of 540,000 cm®. Determine whether the object is stable on each axis.

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit

Floatind Eodigs Floatind Eodigs

o~ o~

II|:||.:|= GEGGHE,  Sm
mlld: FZ400, cm™3

Enter: Mebacenkric heidht (G ko M) One complebe usgable solubion Found.

Longitudinal Stability Transverse Stability

Solution — Select the second equation to solvethis problem. Select thisby highlighting the equation and
pressing [ENTER]. Press[F2] to display the variables. The center of gravity, G, islocated at a distance of 15
cm (1/2 x 30 cm) from the bottom of the block and the center of buoyancy, C, islocated at a distance of 9
cm (1/2 x 18 cm) from the bottom. Thedifference, CG, is6 cm. The displaced volume, Vd, is 32,400
cm® (18 x 30 x 30 cm). Enter the values for the known parameters and press(F2) to solve for the unknown
variables. The entries and results are shown in the screen displays above.

Given Solution
CG=6cm GM = -1.83333 cm (longitudinal) unstable
100 = 135,000 cm* (longitudina moment) GM = 10.6667 cm (transverse) stable
100 = 540,000 cm* (transverse moment)
Vd = 32400 cm®
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21.2.2.2 Inclined Plane/Surface

These equations compute the pressure on aflat rectangular surface immersed in aliquid with one of its
edgesinclined at an angle, 0 (rad), relative to the surface of the
liquid. Thefirst equation computesthe density of theliquid, p
(kg/m®) from the specific weight, y (N/m®) and the gravitational
acceleration, grav (9.80655 m/s?). Equation 2 computes the
pressure on the inclined edge surface, p1 (Pa), immersed at a
vertical distance of h1 (m) from the liquid’s surface (see figure). F -

Equation 3 computes the pressure at the edge furthest from the liquid surface, p2 (Pa) at avertical
distance h2 (m) from the surface. Equation 4 computes the average pressure, pavg (Pa), over the
inclined surface. Equation 5 calculatesthe vertical distance from the liquid surface to the center of
pressure, hR (m), on theinclined surface. Equation 6 computes the relationship between the length of
theinclined side, L (m) and the heights, h1 and h2. Thelast equation relateshR, to dR (m), the distance
from the upward edge located at h1 to the center of pressure.

y
=— Eqg. 1
p grav a
pl=r [grav il Eq. 2
p2=r [grav [hH2 Eqg. 3
1
pavg = Ew@rav [(h1+h2) Eq. 4
2 h1h2
hR==[1h1+h2- .
3 [é hi+ hz) £a. 5
L= h2-h1
Sn(o) Eq. 6
hr —h1
drR=
sin(6) Eq. 7
Variable Description Units
y Specific weight N/m®
0 Angle rad
p Density kg/m?
dR Distanceto R from edge 1 m
grav Gravitational acceleration 9.80665 m/s?
h1 Height at 1 m
h2 Height at 2 m
hR Distance to center of pressure m
L Length m
pl Pressureat 1 Pa
p2 Pressure at 2 Pa
pavg Average pressure Pa
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Example 21.2.3:

A swimming pool has an inclined portion of itswall at an angle of 60 ° and a vertical depth of 10 ft from
the water’ s surface. Thelength of the incline is2ft. Compute the average pressure on the inclined
surface and the location of the pressure center from the leading edge. Water has a density of 1000 kg/n.

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit | Tools+| Zelue | Grarh | Fict | Dets= | Edit |
Incl. Flane/SuFface Incl. Flane/SuFface

L 1= =10 dEE L 1= =10 dEE
mp: 1000, kgowt3 mpi 100G, TS

dr: R 102657 Ft
ahl: 10, shl: 10, _ft

hz: +hzt 11.7321 £t

kR +hRE: 10,889 £t
ml: 2. ft ml: 2, f

rava:ll +paug; IREREREEFE
Enter: Auerade Fressubs Enter: Auerade Fressubs

Entered Values Computed results

Solution — Select the last four equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press(F2] to solve for the unknown variables. Note thatgrav isautomatically inserted into
the calculations. The entries and results are shown in the screen displays above.

Given Solution

8 = 60 deg dR = 1.02657 ft

p = 1000 kg/m® h2 = 11.7321 ft
h1=10ft hR = 10.889 ft
L=2ft pavg = 32479.3 Pa

21.3 Fluid Dynamics

21.3.1 Bernoulli Equation

The following equations expound the conservation of energy for fluid flow between an inlet 1 and an
outlet 2. Thefluidisassumed to be incompressible (i.e., the pressure does not change more than 10 %
between 1 and 2) and the flow isfrictionless and adiabatic. The first equation isthe so called the
Bernoulli equation. Thefirst term on each side of the equation represents the energy associated with
pressure p1 (Pa) and specific weight y (N/m?) at the inlet and the corresponding pressure p2 (Pa) and y
(N/m?). The second term on each side represents kinetic energy associated with the fluid flow due to
velocities vl and v2.

Equation 2 isa duplicate of equation 1 with the total pressure head, ht (m), and equivalent to the left-
hand side of the equation. Equation 3 calculatesthe total pressure, pt (Pa), at the inlet (1) from the
specific weight, y (N/m®) of thefluid and thetotal head, ht (m). Equation 4 calculatesthetotal head, ht,
at the inlet (1) from the pressure, pl (Pa), velocity, v1 (m/s), and head due to height,h1 (m). Equation 5
computes the impact head, hs(m). Equation 6 calculates pressure head, hp (m). Equation 7 estimates
the velocity head, hv (m). Equation 8 computesthe total energy, Et (J), for a mass of fluid, m (kg), at
theinlet. Equation 9 computes the relationship between the specific weight, y (N/m?) and density, p
(kg/m?), of the fluid.

2 2
PV =P, 2 L Eq. 1
y 20grav y 20grav
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2

ht = b2 + v2 +h2 Eq. 2
y 20grav

pt =y [ht Eq. 3

ht =hs+hl Eq. 4

hs=hp+hv Eqg.5
pl

hp=— Eq. 6
v q

2

hv = vi Eq. 7
2lgrav

Et = mlgrav [t Eq. 8

p= L Eq. 9
grav

Variable Description Units

y Specific weight N/m®

P Density kg/m?®

Et Total energy of fluid J

grav Gravitational acceleration 9.80665 m/s?

h1 Height at 1 m

h2 Height at 2 m

hp Pressure head m

hs Impact head m

ht Total head m

hv Velocity head m

m Mass kg

pl Pressureat 1 Pa

p2 Pressure at 2 Pa

pt Total pressure Pa

vl Velocity at 1 m/s

V2 Velocity at 2 m/s

Example 21.3.1:

An intake pipein awater reservoir islocated 10 m below thewater surface. The discharge pipeislocated
300 m below theintake pipe. What isthevelocity of thewater leaving the discharge pipe? Assume no
significant change in atmospheric pressure exists between the two heights and wate has a density of 1000
kg/m®.
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Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi

Toolsw| Zelue | Grarh | Micw | Detse | Edit Toolsw| Zelue | Grarh | Micw | Detse | Edit
Ecrnoulli Equation]

il

.ﬁ: 1008, kgrm™3

mhl: 10, m

mh2i CE0H. M

mpl: 1. atm
ap2i 1. atm

il O omes woli G s
L2t #2720 7r.9751 mes
Enter: Specific weidht Mulkie 1 compleks useabls s0Tns Found.
Entered Values Computed results

Solution — Select the first and last equations to solve thisproblem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2] to solve for the unknown variables. The gravitational constant, grav (9.80665
m/s%), is automatically inserted into the cal culation and does not appear in the list of variables. The
entries and results are shown in the screen displays above. Choose the second solution (positive
velocity).

Given Solution

p = 1000 kg/m® y = 9806.65 N/m*
hi1=10m v2=77.9751 m/s
h2=-300m

pl=1atm

p2=1atm

vi=0m/s

21.3.2 Reynolds Number

The following equations compute the Reynolds number, Nre. If Nre < 2000, the flow isassumed to be
laminar. If Nre>2000, the fluid flow is assumed to be turbulent®. Equation 1 computes Nre from the
equivalent diameter of the conduit, de (m) (determined in the next section), the average flow velocity, v
(m/s), the fluid density, p (kg/m), and the absolute viscosity, p (Nm?). Equation 2 computes Nre
from the kinematic viscosity of thefluid, pk (m%s). The next three equations calculate Nre from the
mass flow rate per area, Qf (kg/s'm?), massflow rate, Qm (kg/s), and volume flow rate, Qv (m%s). The
last equation relates the kinematic viscosity, pk (m?%s) to the absolute viscosity, p (NIE/m?).

Eqg. 1
Nre= delv[p q
U
Eq. 2
Nre:—Olew a
Uk
Eqg. 3
Nre= de[@Qf q
U
Nre = 4[0Qm Eq. 4
tulde

3 A transition region between laminar and turbulent flow exists between Nre=2000 to 4000. However, for
most cases for turbulent flow, values of Nre are well above 4000.
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Nre= AVED Eq.5
tulde
Eq. 6
llk = ii q
o)
Variable Description Units
p Density kg/m®
H Absolute viscosity NE/m?
pk Kinematic viscosity m?/s
de Equivalent diameter m
Nre Reynolds number unitless
Qf Mass flow rate per area kg/(sn?)
Qm Mass flow rate kg/s
Qv Rate of volume discharge m/s
\Y Ve ocity m/s

Example 21.3.2:

Water (25°C) has a kinematic viscosity of 8.94 x 107 m%sand a density of 1000 kg/m®. Compute the
equivalent diameter needed to support a volume flow rate of 500 cubic feet per second and maintain an
approximate Reynolds value of 2 x 10°. What is the linear velocity of flow?

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

[Exrnolds Humber

mpt 1000, kg w3

|_I_-

mpk: B.94E-F m™2es
deil

alrel 2. EE

mBlud SO0, fL30s
vill

Enter: Welociby

Entered Values

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

1o,

[Exrnolds Humber

ka3

mpl

#p: 000894 H-ssmt2
mpk: B.94E-F m™Z2es
L EH

airel Z.E

mBlud SO0, fL3ss
1 581829 fts=

Enter: Equivalent diaragter

Computed results

Solution — Select the second and last two eguationsto solve this problem. Select these by highlighting
the equations and pressing [ENTER]. Press(F2) to display the variables. Enter the values for the known
parameters and press [F2] to solve for the unknown variables. The entries and results are shown in the

screen displays above.

Given

p = 1000 kg/m®

pk = 8.94 E-7 m?/s
Nre=2E6

Qv =500 ft¥/s

21.3.3 Equivalent Diameter

Solution

= .000894 N§/m?
de=33.0783 ft

v = 581829 ft/s

The following equations compute the circular pipe equivalent diameter, de (m), for different shaped
conduit cross sections (annulus, square, rectangular and trapezoid). The equivalent diameter, de, isfour
timestheratio of theareain flow over the wetted perimeter, i.e.: de = 4l(area in flow/wetted perimeter).
The description of each equation appears at the bottom of the screen when the equation is highlighted
with the cursor (see below). The description includes the name of the cross section and whether flow

completdy fillsthe cross-section.

MEPro for TI-89, TI-92 Plus
Chapter 21 - Equations - Fluid Mechanics

300



F3: Equations/B: Fluid Mechanics

Fi F& F3 ] FE Fb Fi F& F3 ] FE Fb
Toolsw| Solue | Graph [ Migw | Orkse | «'Check Toolsw| Solue | Graph [ Migw | Orkse | «'Check

IEQHiUﬂ'lEI'It Digrigker IEQHiUﬂ'lEI'It Digrigker
de=do—di 3e=gn—di
==k

-:E-=d*b>c:*b'=|x’(bx+bg) ge=§*bx*ng’(bx+bg)
de= ==

_j #hekbg (b 2bg 2 de=d+hkbys bt skbyg )

=dkby te=4+hy

| de=2#busibtop+bbotd-~(bb.. de=2+hut bt opthbot s~ Chh..

Q Full flow - s9udre ) Seleck: Fartial Flow - sauare )

Equation description appears at the bottom of the screen

de=do—-di (Full flow-annulus cross-section, do-longer radius, di-shorter radius) Eq. 1
de=bx (Full flow-square, bx-side length) Eq. 2
2 [Ibx [y _ Eq. 3
de=—— (Full flow-rectangle, bx-width, by-depth)
bx + by
de=d (Half-filled circle) Eq. 4
4[bx [y _ _ Eq.5
de=———— (Partidly full rectangle, bx-wide, by-depth of flow)
bx + 2 [by
de=4[y (Wideshalow stream, by-depth of flow) Eq. 6
2 by E(]btop + bbot) (Partial flow-trapezoid, by- flow depth, btop- top width, Eq. 7
= - bbot- bottom width, bs- side length)
bbot + 2 [bside
Variable Description Units
bbot Width along bottom m
bside Side of trapezoid m
btop Width along top m
bx Flow width -x m
by Flow depth —y m
d Diameter m
de Equivalent diameter m
di Inner diameter m
do Outer diameter m

Example 21.3.3:

An equivalent diameter of 33.0783 ft was needed to achieve turbulent flow in the previous example
(example 21.3.2). If theflow occursin atrapezoid canal having a bottom width of 20 ft, atop width of
40 ft and a side length of 20 ft, what is the depth of flow?

ME[Pro for TI-89, TI-92 Plus 301
Chapter 21 - Equations - Fluid Mechanics



Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

IEQHiU\ﬂEI'lt Diarmeker
mhbot: Z0. ft
mhside: 20, ft
sbhtopt 40, £t

by
mgder 33,0723 ft

Enter: Hidth aland »

Entered Values

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit
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IEQHiU\ﬂEI'lt Diarmeker
mhbot: Z0. ft
mhside: 20, ft

40, £

:Etn :
HEWE
L IEEH .

One complebe usgable solubion Found.

Computed results

Solution — Select the last equation to solve this problem. Select thisby highlighting the equations and
pressing [ENTER]. Press[F2] to display the variables. Enter the valuesfor the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given

bbot = 20 ft
bside= 20 ft
btop = 40 ft

de = 33.0783 ft

by = 16.5392 ft

21.3.4 Fluid Mass Acceleration

21.3.4.1 Linear Acceleration

These equations compute the change in surface angle of a contained liquid when

subject to alinear acceleration from an applied force. The first equation computes U
the angle of incline for the liquid surface, 6 (rad), due to the vertical, ay (m/s%), Ay E
horizontal, ax (m/s%), and gravitational, grav (9.80665 m/s?) components of
acceleration. The vertical acceleration, ay, isoppositein direction tograv. The ay — | grau
second equation calculates the head pressure of the liquid, ph (Pa), dueto the
height change, Ah (m), gravitation, grav, and vertical acceleration, ay.
ay +grav
_ ay
h=pgravBAh1+—2— Eq. 2

ph= plgra [E gravj q

Variable Description Units

Ah Height difference m

0 Angle rad

p Density kg/m®

ax Acceleration along x m/s’

ay Acceleration along y m/s?

grav Gravitational acceleration 9.80665 m/s?

ph Pressure head Pa
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Example 21.3.4.1:

A pipejoint in a rocket is equipped with a seal that can withstand a fluid pressure of 100 psi. What is the
increase in pressure for the pipe seal system, having a head of 25 m, in the earth’ s gravitational field, and
then subjected to an additional vertical acceleration of 3 g's (gravitational fields) due to launching? Will
the seal be able to withstand the additional pressure? Use water asa fluid for the pipe system and ignore
the change in atmospheric pressure with height.

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | | Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | |
Linear Rcoel. Linear Rcoel.

mall 25, M mall 25, M

mpi 1000, kgfm*S mp: 1000, kgowt3

mayl 0 mes™ mayl P9, 42 mostd

+ph IR TR +phi

One complebe usgable solubion Found. One complebe usgable solubion Found.
Entered Values Computed results

Solution — Select the second equation to solvethis problem. Select thisby highlighting the equation and
pressing [ENTER]. Press(F2] to display the variables. The density of water is approximately 1000 kg/m®.
First compute the pressure, ph, where ay=0, then calcul ate the pressure when ay = 3*grav, wheregrav is
adefined constant in MEs Pro for the gravitational acceleration constant (9.80665 m/s’). The gravitational
constant, grav, isautomatically inserted into the cal cul ation and does not appear in the list of variables.
The entries and results are shown in the screen displays above.

Given Solution

Ah=25m ph = 35.5584 psi (ay = 0 m/s?)

p = 1000 kg/m® ph = 142.233 psi (ay = 29.42 m/s%)
ay=0m/s? (The seal does not have sufficient capacity)

ay = 3* grav (29.42 m/s%)

21.3.4.2 Rotational Acceleration

When aliquid massis rotated about its central axis at angular velocity, ax (rad/s), T .
the liquid surface formsinto a parabolic shape (see diagram). Thefirst equation o h"‘l'" ’H'1 )
computes the average angle of incline, 8 (rad), of aliquid surface between the 1.

axis of rotation and the edge of the vessel containing the liquid. The second
equation computes the change in height of the center of the meniscus due to l Gral e
rotation. The radius of the meniscus during rotation, r (m), is measured from the hl

axis of rotation to the edge of the liquid at the height of the liquid surface prior to rotation. Equation 3
computes the tangential velocity, v (m/s), of the rotating liquid at distance, r, from the axisof rotation.

Eq. 1

Eqg. 2

v=w Eq. 3

Variable Description Units
Ah Height difference m
0 Angle rad
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Variable Description Units

() Angular velocity rad/s

grav Gravitational acceleration 9.80665 m/s?
r Radius m

% Ve ocity m/s

Example 21.3.4.2:
A 22 cm length test tube, having a diameter of 22 mmiisfilled with aliquid to aheight of 15 cm. If the
test tube is placed on an agitator, which spins the fluid, what is the maximum rotationa velocity setting
(Hz) that can be used to prevent the liquid from spilling due to rotation? Usethe radiusof thetest tube as
arough estimate for the meniscusradius.

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit Toolsw| Zelue | Grarh | Micw | Detse | Edit Toolsw| Zelue | Grarh | Micw | Detse | Edit
=7 “—.\_‘IEI |[Eotational Accel. | [Rotational Accel.

Irpot c=tlie-e 1
11,F ME-Fro Equation Set mah! Fo CH Orts P HE -

2 useable solutions. b tm:.I[ng 12lliam *W:.iw;ﬁ
2| Desivedsen#y B LIsH T 2: Tupe LIsH T
I Zilnits
o Enter=0k

TVFE + [EMTERI=0K AWD [ESCI=CAMCEL HMAlW RAD AUTO FLUHC EATT Enter: And uglocity of Fluid parcel

Use [F5):0pts, (4] Conv. Computed results
Dialogue displaying number
of possible solutions (select 2) to convert wto units of Hz

Solution — Select the second equation to solvethis problem. Select thisby highlighting the equation and
pressing [ENTER]. Press[F2] to display the variables. Enter the values for the known parameters and press
to solve for the unknown variables. The gravitational constant, grav (9.80665 m/s%), is automatically
inserted into the cal culation and does not appear in the list of variables. Select the second of two
possible solutions (positive angular velocity). To convert the value of w (rad/s) to units of Hertz, highlight
®, and press [F5]: Opts, (4] Conv. The unit menufor cowill appear in thetool bar at the top. Press[Fs] Hz.
The entries and results are shown in the screen displays above.

Given Solution
Ah=7cm w=16.9532 Hz (2™ solution)
r=11mm

21.4 Surface Resistance

21.4.1 Laminar Flow — Flat Plate

These equations describe the dimensions and velocity profile of
boundary layer formation over a plate for laminar flow. When afluid,
having a mean velocity, uo (m/s), encounters a plate paralld to its
stream, a velocity gradient forms over the plate. The velocity, u (m/s),
at the surface of the plate is zero and increaseswith height until u=uo.
The region where the velocity gradient occursisthe laminar boundary
layer. The height at which u=0.99[o isthe boundary layer depth, & (m). The thickness of the boundary
layer, & (m), increases with distance from the edge of the plate, x (m). Thefirst equation computesthe
thickness of the boundary layer, &, at distance x (m) from the edge the plate. Equation 2 computesthe
shear stress, 1o (N/m?), on the plate at a given distance from the plate edge, x. Equation 3 computes the
shear force, Fs (N), exerted over an upwind portion of the plate having an area, b& (m?), where, b (m) is
the width of the plate and x isthe traveled distance of the fluid over the plate. Equation 4 computesthe
Reynolds value, Re, from the mean velocity of thefluid, uo, the distance traveled by the fluid, x, and the
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kinematic viscosity, pk (m%s). Equation 5 calculates the velocity, u, inside the laminar boundary layer
at distance, x, from the plate edge and vertical distance, y (m) from the plate surface. Equation 6
calculates the local shear stress coefficient, cf, from the shear, To, and mean fluid velocity, uo. Equation
7 computes the average shear stress coefficient, Cof, for the length of the plate, Lp (m). The last

equation relates the absol ute viscosity, p (N[E/m?), to the kinematic viscosity, pk (m?/s).

Chapter 21 - Equations - Fluid Mechanics

° A/Re=5 Eq. 1
X
(Wo{/Re
o= HOSTE Eq. 2
3[X
Fs=.664 B [k Mo &/Re Eq.3
Re = uo tx Eq. 4
uk
u _320yQ/Re Eq.5
uo X
2[10
cf = 5 Eq. 6
p o
133
Cof = =
Uk
p=pkip Eq. 8
Variable Description Units
0 Boundary layer thickness m
P Density kg/m®
0 Shear stress N/m?
H Absolute viscosity NE/m?
pk Kinematic viscosity m?/s
b Breadth m
cf Local shear stress coefficient unitless
Cof Average shear stress coefficient unitless
Fs Shear force N
Lp Length of plate m
Re Reynolds value at x unitless
u Velocity m/s
uo Free atream velocity m/s
X Distance from edge m
y Depth: distance alongy m
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Caution: Because the equations represent a set where several subtopics are covered, the user has to select
each equation to be included in the multiple equation solver. Pressing /F2/will not select all the equations
and start the solver.

Example 21.4.1:

Caution: Because the eguations represent a set where several subtopics are covered, the user has to select
each equation to be included in the multiple equation solver. Pressing /F2/will not select all the equations
and start the solver.

Crudeail, at 70 °F (uk = 10™ft/s, p = 0.86 g/lcm®), flows over plate with a free stream velocity of 10 ft/s.
The plate hasawidth of 4 ft and a length of 6 ft. Compute the thickness of the boundary layer at the end
of the plate and the total drag force exerted on the plate by the fluid.

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit | Tools+| Zelue | Grarh | Fict | Dets= | Edit |
[Laminar Lur:Flate] [Laminar Lur:Flate]
+6=-:§]6IE!EIE mpl L BE6_geom™3 T

mpio, g/c,m 3 #5 L OOTES H-sowt2
P2 L OOTES H-ssmt2 mpki 00Ol FLo2es
lttlkl LHEEL FEe2es a4, it
mh: 4, ft #F=: 15,2708 H
+F=! 15,2708 H +FEe=! GOOGDGEOA,
+Fe! GQOOGEA, myod 10, o=
myct 10, ftrs 4 (B . 1
One complebe usgable solubion Found. Enter: Disk. From ¢ddg
Upper Display Lower Display

Solution — Select Equations 1, 3, 4, and 8 to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution
p=.86g/cm® 5=.011805m

pk = .0001 ft¥s = .00799 N[&/m?
b=4ft Fs=15.2708 N
uo=10ft/s Re = 600000

X =6ft

21.4.2 Turbulent Flow — Flat Plate

The following equations describe turbulent flow over a smooth plate.
Turbulent flow is more complex than the laminar case. Different
velocity profiles occur in different regions above the surface and
different equations are required for each. The boundary layer depth, 8,
is defined asthe region where u < 0.99o. This section contains . Lp B
equations for three regionsin the boundary layer region, & (m), above

aplate. Theviscoussub layer, immediately above the surface, is characterized laminar flow, shear is
constant with height, and momentum transport occurs due to viscousforces rather than turbulence. The
viscous sub layer underneath a turbulent layer has adepth, dv (m), computed in Equation 10 and a
velocity profile described in Equation 11. A second region above, dv, isthe turbulent layer where
logarithmic velocity profile law applies (Eqg. 12). The logarithmic profileisvalid for heights above the
surface, y (m), where dv<y<0.15[8. Thefinal region inside the boundary layer is approximated by the
power law (Eq. 13). Thisequation overlapsregion where the logarithmic profile equation and spans
from 0.1@<y<3 inside the boundary layer. Thefirst equation relates absolute viscosity, p (N[E/m?) to
the kinematic viscosity of thefluid, pk (m?%s). Equation 2 computesthelocal shear stress coefficient, cf,
for the surface. Equation 3 calculatesthe average shear stress coefficient, Cof, over the length of the
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plate, Lp (m). Equation 4 calculates the shear force per area, 1o, (N/m?) on the plate. Equation 5
computes the shear force, Fs(N), over the area of the plate having awidth, b (m), from the fluid dengty,
p (kg/m?), the free stream velocity, uo (m/s), and boundary layer depth, & (m). Equation 6 computes the
friction velocity, uf (m/s). The Reynoldsvalue, Re, iscomputed in the seventh equation. The
determinant, Rf, in Equation 8, is used to determine whether height, y, occursinside the viscous sub
layer (Rf<11.84), or in thelogarithmic profile region (30<Rf<500, or y/8<0.15). The boundary layer
depth, & (m), iscomputed in Equation 9. The depth of the viscous sub layer, dv, isdetermined in
equation 10. Equation 11 estimatesthe velocity, u (m/s), at height y inside the viscous sub layer.
Equation 12 computesthe velocity, u, at height y in the turbulent region, y>dv. Equation 11 isvalid
for Reynolds values, Re<10’. Equation 12, isknown as the power law, and approximates, to a good
degree, the velocity profile over about 90% of the boundary layer 0.1<y/6<1. Thelast two equations
compute the velocity, u, at aheight,y, in an equilibriated turbulent boundary layer above a flat roughened
surface having a roughness length, kd (m), height displacement, hd (m), friction vel ocity, uf, and the von
Ké&rman constant, vk (~0.4). @ isthe stability factor (p=0 neutral, P>0 stable, P<O unstable) and is
calculated in the last equation from the Monin-Obukhov path length, L m (m) where Lm=+5m for
extremely stable conditions, L m= -5 m for extremely unstable conditions, and L m= oo for neutral
conditions.

1= p Lk Eq. 1
058
cf = Reﬂ5 Eq. 2
Cof = lﬂs
uollp Eqg. 3
Uk
2
10 = of [ptio Eq. 4
2
Fs=b[pmo* [ Eq.5
70
uf = |— Eq. 6
o)
uo Xk
Re =
e 1K Eq. 7
uf
Rf = _w Eq. 8
Uk
0.37 X
o= Eqg. 9
Re? a
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50k
ov=—" Eqg. 10
uf a
when y £ dv the following equation is applicable
10
u=—w Eqg. 11
U
when &v <y <.15@ the following equation is applicable
u [uf
Y =575m0g Y |+556 Eq. 12
uf Uk

when 0.1[8v <y < dthe following equation is applicable

1
U= o [éiy Eg. 13
o

when kf>0 (turbulent flow over arough surface) the following equations are
applicable

u 1 y
bl

W= ATy Eq. 15
Lm
Variable Description Units
0 Boundary layer thickness m
ov Viscous sub layer depth m
p Density kg/m®
0 Shear stress N/m?
0] Stability (>0 stable, <0 unstable, =0 neutral) unitless
H Absolute viscosity NE/m?
pk Kinematic viscosity m?/s
b Breadth m
cf Local shear stress coefficient unitless
Cof Average shear stress coefficient unitless
Fs Shear force N
kf Roughness Length m
Lm Monin-Obukhov path length (L= +5m stable, L= -5m unstable, L=co neutral) m
Lp Length of plate m
Re Reynolds value at x unitless
Rf Reynolds determinant unitless
u Vel ocity m/s
uf Friction velocity m/s
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Variable Description Units
uo Free stream velocity m/s

vk von K&rman constant (~0.4) unitless
X Distance from edge m

y Depth: distance alongy m

Caution: Because the equations represent a set where several subtopics are covered, the user hasto select
each equation to be included in the multiple equation solver. Pressing /F2/will not select all the equations

and start the solver .

Example 21.4.2:

Air flowswith avelocity of 5 m/s parallel with a smooth plate. What is the nominal thicknessof the
viscous layer, the shear force at a horizontal distance of 2 m from edge of the plate and a height of 5 cm
above the surface? The kinematic viscosity and density of air at (10 °C, 1 atm) is1.41 x 10° m%sand
1.28 kg/m? (the density of air can be calculated using thelast equation in thefirst section of this chapter,
21.1.1:Elasticity using MWT = 28.97 g/mal).

| Fi | F& Fz [F4 | FE [FB | Fi | F& Fz [F4 | FE [FB

Tools|ZoTug|GrarhiFict|0rEs-|Edit Tools|ZoTug|GrarhiFict|0rEs-|Edit
TurbInk.Flow:Flaks TurbInk.Flow:Flaks

+51 mpki LEEGEEL4 M2l T

L& HE =] +Cfi L EEEIZ

mpi 1.258 kgrm™3 *REel FEHAZZE,

#1008 LEEZVIS Mem™2 +FEf: 784,93

#E LEEEELE Hsomt2 *fE L ZZIE5E mes

mp ks LEEEE14 mt2es myoi S, mes

+Cfi L EEEIZ L ]

+Fed FEAZZE. 4 ny: AT

Enter: Evundary Taver thickness Entr: Depth: dist. alond »

Upper Display Lower Display

Solution — Solve this problem in two steps. First determinewhethery=5 cm is inside the boundary layer,
and, if it is, which equation of velocity should be used. Select Equationsy, 2, 4, 6, 7, 8, 9, and 10.
Select these by highlighting the equations and pressing(ENTER]. Press(F2] to display the variables. Enter
the values for the known parameters and press(F2] to solve for the unknown variables. Sincey iscloseto
the height of & and Rf>500, equation 13 (power law) should be used to compute the velocity. Press(ESC],
select the last equation, and press [F2] to return to the variable list, and to solve. The entriesand
results are shown in the screen displays above.

Given Solution
p=1.28kg/m® 5=5.00122 cm
pk = 1.41E° dv =.031849 cm
uo=5m/s 10 = .062718 N/m?
Xx=2m 1 = .000018 N§/m?
y=5cm cf =.00392

Re = 709220

Rf = 784.95

u = 4.99983 m/s
uf = .221356 m/s

21.4.3 Laminar Flow on an Inclined Plane

These equations describe laminar flow of a fluid down asmooth plateinclined at an angle ® (rad). The
flow isuniform and occurs as a result of gravitational acceleration. These equations assume a constant
flow depth, d (m), and velocity, u (m/s), with distance down theinclined plane. Inaddition, it isassumed
that the shear, To (N/m?), decreases linearly with height from the plate surface (bottom), where shear is at
it's maximum, to the height of the liquid surface, d, where shear with the atmosphere is assumed to be
negligible. The criteria of whether laminar or turbulent flow existsis determined by the Reynolds
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number, Nre. In thiscase, if Nre<500, the flow is considered laminar. Equations 1 and 2 compute the
average velocity of the fluid, uavg (m/s) from the specific weight, y (N/m®), the absolute viscosity, p
(NI¥'m?), kinematic viscosity, pk (m?/s), the angle of incline, 8, and the depth of fluid flow, d (m).
Equation 3 computes the dope of theincline, So. Equation 4 calculates the flow velocity, u (m/s), at
height, y (m), from the plane. Equation 5 computes the maximum vel ocity, umax (m/s), wheny=d. The
sixth equation computes the Reynolds number, Nre. Equation 7 calculatesthe shear, 1o, at height, v,
from the plate surface. Equation 8 relates the absolute viscosity, p (N/m?) to the kinematic viscosity,
pk (m?s), of thefluid. Thelast equation relates the specific weight, y, to the density p (kg/m®) of the

fluid.
uavg = y ” Eq. 1
30U En(6) +
rav@®
vavg = L [$in(6) Eq. 2
30Uk
So =tan(6) Eq. 3
_ grav(®0 [Fo
2[d - Eq. 4
20K [ y) q
rav$o
- graviso [dl° Eq.5
2 [k
uavg [dl
Nre= “2V9 2 Eq. 6
uk
0=y [Enod-y) Eq. 7
U= ukp Eqg. 8
y = plgrav Eq. 9
Variable Description Units
y Specific weight N/m®
0 Angle rad
P Density kg/m?
0 Shear stress N/m?
H Absolute viscosity NE/m?
pk Kinematic viscosity m?/s
d Depth m
grav Gravitational acceleration 9.80665 m/s?
Nre Reynolds number unitless
So Slope unitless
u Ve ocity m/s
uavg Average velocity m/s
umax Maximum velocity m/s
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Variable Description Units
y Depth: distance along y m

Example 21.4.3:

Crude oil flows down a plate having a slopeincline of 0.02. Crude oil hasa density of 0.92g/cm® and a
kinematic viscosity of 9.3 x 10° m/s. If the depth of flow is 6 mm, what are the maximum and average
flow velocities? Istheflow laminar?

[HIFETB IFMIFSIFET] [HIFETB IFMIFSIFET]

Toolsr| Solug | Grarh | Fict | Ortse | Edit Toolsr| Solug | Grarh | Fict | Ortse | Edit
ILUM.FTDWHHC].P]UI‘IE ILUM.FTDWHHC].P]UI‘IE

fY:H mpl V92 goemtd T

mpio, g/c,m #p: L HES5E M-sem™2

i LEH8556 H-srm™2 mp ks LOQQESE m™2es

mp ki L OEQESE @mZ2es mdi B, MM

nd: &, mim +Hret 1.63241

+Hre: 1.63241 w50l L 02

mSo: 02 *uaygl L HZSEHE mes

#uaugl Q25302 mos 4 LERH 5701 s

HMilN FAD AUTO FLUMC ERTT Enker: Max. uelocity

Upper Display Lower Display

Solution — Select Equations 2, 3, 5, 6, and 8, to solve thisproblem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2] to solve for the unknown variables. Select an arbitrary integer of 0 to
compute the principal solution. The entries and results are shown in the screen displays above.

Given Solution

p=.92glcm® 0 = 1.14576 deg

pk = .000093 m%/s H = .08556 N[&/m?
d=6mm Nre = 1.63241 (laminar)
So=.02 uavg = .025302 m/s

umax = .037961 m/s

21.5 Flow in Conduits

21.5.1 Laminar Flow: Smooth Pipe

These equations describe laminar flow of an incompressible fluid in a
smooth pipe, having a circular cross-section and length, L (m). The
first equation the computes the pressures, p1 and p2 (Pa), on two
ends of a pipe dueto height (or head) difference, h1-h2 (m), and head

loss dueto friction, hf (m). Equation 2 calculatesthe velocity, u
(m/s), at adistance, y (m) from thewall towards the center of the pipe.
Equation 3 computes the shear, to (N/m?), on the surface of the pipe opposite to the direction of fluid
flow. Equation 4 estimates the head loss dueto friction, hf, over thelength of the pipe section, L (m),
from the mean velocity, uavg (m/s), and the diameter of the pipe, d (m). Equation 5 computesthe
Reynolds number, Nre, for the flow in the pipe. If Nre<2000, flow isconsidered to be laminar .
Equation 6 calculates the volume flow rate, Q (m*/s), from the mean velocity of thefluid, uavg, and the
area of the pipe. Equation 7 calculatesthe resistance coefficient, fr, for laminar flow in a pipe having a
Reynolds number, Nre. Equation 8 relates the absolute viscosity, p (N€/m?), to the kinematic viscosity,
pk (m?s), of thefluid. Thelast equation relates the specific weight, y (N/m®), to the density, p (kg/m®),
of thefluid.

T S REDUCED

Bl+h1:|o—2+h2+hf Eq.1
y y
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dy-y? hf
u= vy d] 4 Eq. 2
41 L

T0 = d (hf Oy Eqg. 3

Al '

32 [ [L [av
hf = Hl—zg Eq. 4

y d
uavg| Ld
Nre= & Eqg.5
Uk

uavg Lt

Q=" Eq. 6
4

64
fr=— Eq.7

Nre
y = plgrav Eq. 8
p=pkip Eq.9
Variable Description Units
y Specific weight N/m®
p Density kg/m®
0 Shear stress N/m?
H Absolute viscosity NE/m?
pk Kinematic viscosity m?/s
d Diameter m
fr Friction coefficient unitless
grav Gravitational acceleration 9.80665 m/s?
h1 Height at 1 m
h2 Height at 2 m
hf Head loss due to friction m
L Length m
Nre Reynolds number unitless
pl Pressureat 1 Pa
p2 Pressure at 2 Pa
Q Rate of volume discharge m/s
u Ve ocity m/s
uavg Average velocity m/s
y Depth: distanceaongy m

Caution: Because the equations represent a set where several subtopics are covered, the user hasto select
each equation to be included in the multiple equation solver. Pressing /F2/will not select all the equations
and start the solver.
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Example 21.5.1:
Qil, having a density of 0.9 g/cm® and an absolute viscosity of 5 x 10™ NI¥/m?, flows down a vertical 3
cm pipe. The pipe pressure at a height of 85 m is 250,000 Pa and the pressure at 100 m is 200,000 Pa.
What is the direction of flow and the fluid velocity at the center of the pipe?

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
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Upper Display Lower Display

Solution — Select Equations 1, 2, 4, 8 and 9 to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2] to solve for the unknown variables. The gravitational constant, grav (9.80665
m/s%), is automatically inserted into the cal culation and does not appear in the list of variables. Note: the
equations compute a positive velocity and head lossif flow occurs from 1 - 2 and a negative vel ocity for
flow in thedirection of 2- 1. In thiscase, the lower height and pressure were entered for hl and p1, and
the height and pressure at the higher elevation were entered as h2 and p2. The negative velocity for u
indicates a movement of fluid downwards due to gravity. The entries and results are shown in the screen
displays above.

Given Solution
p=.9glcm’ y = 8825.99 N/m*

g =.5NEm? pk = .000556 m?/s
d=3cm hf =-9.33491 m
h1=85m u=-.617923 m/s
h2=100m uavg = -.308962 m/s
L=15m

P1 = 250000Pa

P2 = 200000 Pa

Y=15cm

21.5.2 Turbulent Flow: Smooth Pipe

Turbulent flow occursin pipes when the Reynolds number Nre>3000.
These equations describe turbulent flow of an incompressible fluid in

through a smooth circular pipe of length, L (m) and constant diameter,
d (m). Thefirst equation the computes the pressures at each end of a

pipe due to height (or head) difference, h1-h2 (m), and head lossdue %= L S L ELICED
tofriction, hf (m). Equation 2 (Darcy-Weisbach equation) estimates

the head loss due to friction, hf, over the length of the pipe section, L, from the mean velocity, uavg
(m/s), and diameter of the pipe, d. Equation 3 isan analytical expression which relates the resistance
coefficient, fr, for turbulent flow in a pipe, to the Reynolds number, Nre. Equation 4 computesthe
friction velocity, uf (m/s). Equation 5 calculates, Rf, a determinant used for the velocity profile
equations, Equation. 11 and 12. The computed value of Rf determineswhether a distance, y (m) from
the side of the pipe, liesinside the viscous sub layer (non turbulent) region of pipe flow, or the turbulent
region. Equation 6 computesthe Reynolds number, Nre, for the flow in the pipe. Equation 7 computes
the shear, 10 (N/m?), on the surface of the pipein the direction opposite to the direction of fluid flow.
Equation 8 calculates the volume flow rate, Q (m*/s), from the mean velocity of thefluid, uavg, and the
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cross-sectional flow area of the pipe. Equation 9 calculates the specific weight, y (N/m®), from the
density of the fluid, p (kg/m®), and the gravitational acceleration, grav (9.80655 m/s?). Equation 10
relates the absol ute viscosity, p (NIS/m?) to the kinematic viscosity, pk (m?/s) of thefluid. Equations 11,
12 and 13 compute vel ocity profilesinside the pipe at vertical distance, y, from theedge. If Rf<5 then
equation 11 is used to compute the velocity at height y. If 20<Rf<10°, than the logarithmic profile,
equation 12, is should be used. The appropriate ranges of for the determinant, Rf, or Reynolds number,
Nre, for each equation arelisted in awhen (...) clause preceding the equation. The coefficient, n, in the
last equation varies with Reynolds number, Nre. The appropriate values of n for Nre arelisted in Table
21.1.

Table 21.1 Empirical values of n vs. Nre in Equation 13"

Nre n

4x10° 6.0

2.3x10* 6.6

1.1x10° 7.0

1.1x 10° 8.8

3.2x10° 10.0
p71+h1:p—y2+h2+hf Eq. 1
| | = LM Eq. 2

2[grav(d

1
T = 2llog( Nre/fr )-8 Eq. 3

uf =uavg 1/% Eq. 4

uf
Rf = | |w Eq.5
uk
uavg| [d
Nre= & Eq. 6
uk
ro=uf > [p Eq. 7
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_ uavg Lt

Q [dl® Eq. 8
4

y = plgrav Eq. 9
U= ukp Eqg. 10
when 0< Rf < 5, the following equation isapplicable

uf 2
u= Y Eq. 11
Uk

when 20< Rf < 1 E5, the following egquation is applicable

u f Eqg. 12
— =575[og M +55 a

uf Uk
when 4 E3< Nre < 3.2 E6, the following equation is applicable

1
2 n Eq. 13
u=umaxf 2
d
Variable Description Units
y Specific weight N/m®
p Density kg/m®
0 Shear stress N/m?
H Absolute viscosity NE/m?
pk Kinematic viscosity m?/s
d Diameter m
fr Friction coefficient unitless
grav Gravitational acceleration 9.80665 m/s?
h1 Height at 1 m
h2 Height at 2 m
hf Head loss due to friction m
L Length m
n Constant: turbulent flow (see Table 21.1) unitless
Nre Reynolds number unitless
pl Pressureat 1 Pa
p2 Pressure at 2 Pa
Q Volume discharge m/s
Rf Determinant unitless
u Ve ocity m/s
uf Friction velocity m/s
uavg Average velocity m/s
umax Maximum velocity m/s
y Depth: distance alongy m
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Example 21.5.2:

A fluid having a density of 800 kg/m? and an absolute viscosity of 102 N[&/m?, flows at a speed of 10
cm/sthrough a 10 cm diameter circular pipe. What is the maximum velocity?
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Solution — The maximum vel ocity occurs at the center of the pipe, y=d/2. To determine which equation
for velocity profile should be used (Eqg. 11, 12, 13), compute Rf and Nre in equations4 and 5. Use
Equations 3, 4, 5, 6 and 10. Select theseby highlighting the equatons and pressing [ENTER]. Press(F2] to
display the variables. Enter the valuesfor the known parameters and press (F2] to solve for Rf and Nre.
Since 20<Rf<1 E5, sdlect equation 12 (logarithmic profile equation), to solve for the maximum velocity.
The entries and results are shown in the screen displays above.

Given Solution

p = 800 kg/m® pk =.000013 m?/s
p = .01 NE/m? fr = .067888
d=10cm Nre =800

uavg = 10 cm/s Rf = 36.8479
y=5cm uf =.921198 cm/s

21.5.3 Turbulent Flow: Rough Pipe
The following equations compute turbulent flow in a circular pipe

having a roughened surface. For high values of Nre, the resistance
coefficient, fr, issolely afunction of the mean roughness of the
surface e ementsinside the pipe, kf (m), and the pipe diameter, d (m).

Thefirst equation computesthe differencein pressures, p1 (Pa) and =~ £ L S LEDUCED
p2 (Pa), at each end of the pipe dueto height (or head) difference, hl-

h2 (m), and head loss due to friction, hf (m). Equation 2 calculates the volume flow rate, Q (m%s), from
the mean velocity of the fluid, uavg (m/s), and the cross-sectional area of the pipe. Equations, 3 and 4,
compute the Reynolds number, Nre, for flow in apipe. If Nre>3000, the flow in the pipe is consider ed
turbulent. Equation 4 isan empirical equation, which cal cul ates the resistance coefficient, fr, for
turbulent flow in a pipe having a Reynolds number, Nre, length, L, and diameter, d. Equation 5
calculatesthe velocity, u (m/s), at adistance, y (m) from the pipe wall towards the center of the pipe.
Equation 6 (Darcy-Weisbach equation) estimates the head loss due to friction, hf (m), over the length of
the pipe section, L, from the mean velocity, uavg (m/s), and diameter of the pipe, d. Equation 7
computes the friction velocity, uf (m/s). Equation 8 calculates the shear, to (N/m?), on the surface of the
pipein the direction opposite to the fluid flow. Equation 9 calculates the specific weight, y (N/m®), from
the density p (kg/m°) of the fluid and the gravitational acceleration, grav (9.80655 m/s?). Equation 10
relates the absolute viscosity, p (NI¥/m?) to the kinematic viscosity, pk (m%s) of thefluid. Equations
11, 12 and 13 are explicit formulasfor relating fr, hf, Q and d. These formulas have been reported to
have an accuracy of 3% for the following ranges of kf/d and Nre': 10° <kf/d <2x 102 and 4 x 10°<
Nre<10®. SinceEq. 11, 12 and 13 compute approximate relationships for fr, hf, Q and d, it is
recommended, at the most, only one be used in a computation. Some roughness values, kf (m), for some
common pipe surfacesarelisted in Table 21.2.
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Table 21.2: Relative roughness for various pipe surfaces™®

Pipe Surface kf
Riveted Stedl 0.9 mm
Concrete 0.3mm
Cast Iron 0.26 mm
Galvanized Iron 0.15 mm
Asphalt Cast Iron 0.12 mm
Commercial steel or wrought iron 0.046 mm
Brass and Copper 0.0015 mm
Drawn Tubing 0.0015 mm
1 2 Eq. 1
P21 =P2 2 +hf
y y
uavg [t Eq. 2
Q - g m 2
4
uavg| Eq. 3
Nre= —| g|
uk
d32 2 grav Ohf Eq. 4
Nre= 9 [lh |
\ fr Cuk L
Eq.5
u
Y =57500g L |+ Ke
uf kf
If|= fr [ [iavg® Eq.6
2[grav(d
fr Eq.7
uf =uavg[j]—
8
o=uf > [p Eq. 8
y = plgrav Eq.9
U= ukp Eg. 10
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when 4 E3 < Nre < 1E8 and when 1 E-5 < kf/d < 2 E-2, the following equationsare
applicable
fr = 25 Eq. 11
( ( ki 574 DZ
log ~o—+ 5
370 Nre
Eqg. 12
0= 222 gravhf | Tog kf 17801k
L 370 49 q/grav [l_hf|
L
, \475 5204 Eqg. 13
d :66 kf 125 L ED + le |:(D9.4 L
gravhf | gravhf |
Variable Description Units
y Specific weight N/m®
P Density kg/m®
0 Shear N/m?
H Absolute viscosity NE/m?
pk Kinematic viscosity m?/s
d Diameter m
fr Friction coefficient unitless
grav Gravitational acceleration 9.80665 m/s?
h1 Height at 1 m
h2 Height at 2 m
hf Head loss due to friction m
kf Roughness length (see Table 21.2) m
Kc Coefficient unitless
L Length m
Nre Reynolds number unitless
pl Pressureat 1 Pa
p2 Pressure at 2 Pa
Q Rate of volume discharge m/s
u Ve ocity m/s
uf Friction velocity m/s
uavg Average velocity m/s
y Depth: distance alongy m

Caution: Because the equations represent a set where several subtopics are covered, the user hasto select
each equation to be included in the multiple equation solver. Pressing[F2] will not select all the equations

and start the solver.
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Example 21.5.3:
The head loss for water (20°C) in an asphalted cast-iron pipe, having a diameter of 20 cm and alength of
1km, is12.2 m. What isthe volumetric flow rate in this pipe? Water has a kinematic viscosity of 1 x 10
®m?sat T = 20°C. Theroughnessvalue, kf, for acast iron pipe is listed as0.12 mm in Table 21.2.
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Entered Values Computed results

Solution — Equation 12 can be used to solve this problem. Select it by highlighting the equation and
pressing [ENTER]. Press[F2] to display the variables. Enter the valuesfor the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution

pk = .000001 m?/s Q=.05025m%/s
d=20cm

hf =12.2m

kf =.00012 m

L = 1000 m

21.5.4 Flow pipe Inlet

The following equation computes the head loss caused by flow separation or turbulencein pipe bends or
transitionsto different pipe sizes. Table 21.3 liststhe coefficient, K¢, for different inlets, outlets, or
fittings for turbulent flow.

Eq.1
Kcv?
hL=——
2[grav
Variable Description Units
Grav Gravitational acceleration 9.80665 m/s?
HL Head loss m
Kc Coefficient (see Table 21.3) unitless
\Y Vel ocity m/s
Table 21.3 Loss Coefficients for various Transitions and Fittings1
Pipe Entrance r/d
Kc
“u 0.0 0.50
:I; -i i 01 0.12
>0.2 0.03
Contraction D2/D1 Kc (8=60°/6=180°C)
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Pipe Entrance r/d
Kc
B 0.0 0.08/0.50
04 E Do U+ 0.20 0.08/0.49
0.40 0.07/0.42
0.60 0.06/0.32
0.80 0.05/0.18
0.90 0.04/0.10
Expansion D2/D1 Kc (8=10°/6=180°C)
0.0 --/1.00
DU+ H Do 0.20 0.13/0.92
0.40 0.11/0.72
0.60 0.06/0.42
0.80 0.03/0.16
90° Miter Bend Without Vanes With Vanes
- __l-.l 1.1 0.2
UEL
90° Smooth Bend rid Kc
1 0.35
2 0.19
4 0.16
6 0.21
8 0.28
10 0.32
Threaded Pipe Fittings Globe valve-Wide Open 10.0
Angle valve-Wide Open 5.0
Gate valve-Wide Open 0.2
Gate valve-Half Open 5.6
Return Bend 2.2
Tee-straight-through flow 0.4
Tee-side-outlet flow 1.8
90° Elbow 0.9
45° Elbow 0.4

Example 21.5.4:

Compute the head loss for a 90° miter pipe bend (w/o vanes) having a flow velocity of 15 cm/s.
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#hlL:
mkc: 1,
il 15, cmes

One complebe usgable solubion Found.

Computed results

Solution — From Table 21.3, sdect Kc=1.1. Press[F2] to display the variables. Enter the valuesfor the
known parameters and press(F2] to solve for the unknown variables. The entries and results are shownin
the screen displays above.

Given Solution
Kc=1.1 (from Table 21.3) hL =.001262 m
v=15cm/s

21.5.5 Series Pipe System

These equations compute the head |oss of two pipes (a and b) connected in H?a
series. The head loss due to friction, hf (m), is computed as the sum of E

individual lossesin each section. These equations can be used in
conjunction with the pipe flow equationsin the preceding sections, 21.5.1, 1%
21.5.2, 21.5.3, and the equation for computing loss due to fittings or —— Ly —F-LE-F
transitions (Flow Pipe Inlet, 21.5.4). Thefirst equation computes the conservation of volume flow in a
series connection of two pipes each having velocities, va (m/s) and vb (m/s), and circular diameters, da
(m) and db (m). Equation 2 computesthe head loss, hf, in both pipes from the individual losses due to

SE

friction in each pipe. Thefriction coefficients, fa and fb, for each individual pipe section, can be
computed for specific pipes or flow features using equations which compute, fr, in sections, Laminar
Flow in Smooth Pipes, 21.5.1: Turbulent Flow in Smooth Pipes, 21.5.2: and Turbulent Flow in Rough

Pipes21.5.3:).
Eqg. 1
da\? q
vb=|— | Na
db
- va’ [ falla fbrlb Eéda)“ Eq. 2
2[grav da db db
Variable Description Units
da Diameter of pipea m
db Diameter of pipe b m
fa Friction coefficient of pipe a unitless
fb Friction coefficient of pipeb unitless
grav Gravitational acceleration 9.80665 m/s?
hf Head loss due to friction m
La Length of pipea m
Lb Length of pipeb m
va Flow velocity in pipe a m/s
vb Flow velocity in pipeb m/s
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Example 21.5.5:

A 12 cm diameter riveted sted pipe (fr = 0.039), having a flow velocity of 15 cm/s, is connected to an
asphalt cast-iron pipe having afriction coefficient of 0.019 and a diameter of 20 cm. Thelengths of each
pipe are 20 m and 400 m, respectively. What is the flow veocity in the second pipe and what is the total
head |oss due to friction in both pipes?
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Solution — Select all of the equations to solve thisproblem. Press(F2] to display thevariables. Enter the
valuesfor the known parameters and press (F2) to solve for the unknown variables. The gravitational
constant, grav (9.80665 m/?), is automatically inserted into the calculation and does not appear in the list
of variables. The entries and results are shown in the screen displays above.

Given Solution
da=12cm hf = 0.013106 m
db=20cm vb=5.4cm
fa=.039

fb=.019

La=20m

Lb=400m

va=15cm/s

21.5.6 Parallel Pipe System

When a second pipe, b, isadded to an existing line, a, the flow will T3 L Bl My e

divide itsdlf so the head loss dueto friction is the samein each pipe. 1 Jpp—
Thefirst equation describes the equivalence relationship of head ,; ET"
lossin each pipe, hfa (m) and hfb (m). Equations2 and 3 compute - L

the head lossin each pipe, hfa and hfb (m), dueto friction. The AfE0 vk

friction coefficients, fa and fb, can either be obtained from Moody diagrams for different pipe surfaces or
computed from the pipe roughness factor, kf (m), and the Reynolds number, Nr e, using the formulafor fr
in Turbulent Flow: Rough pipes. The variables, va (m/s) and vb (m/s) are the vel ocities each pipe.
Equation 4 computes the total flow rate, Qt (m*/s) as the sum of the flowsin each pipe, Qa (m°/s) and
Qb (m®%s). Thelast two equations compute the flow ratesin each pipe, Qa and Qb, from the respective
flow velocities, va and vb, and pipe diameters, da (m) and db (m).

hfa = hfb Eq.1
va= M (hfa Eq. 2
falla
= [2lbloray b £q.3
folLb
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Qt=Qa+Qb Eq. 4
2
Qa = va [frlda Eq.5
4
2
Ob= vb (7t ldib Eq. 6
4

Variable Description Units
da Diameter of ppe- a m
db Diameter of pipe- b m
fa Friction coefficient of pipe- a unitless
fb Friction coefficient of pipe- b unitless
grav Gravitational acceleration 9.80665 m/s?
hfa Head loss duetofriction - a m
hfb Head lossdueto friction - b m
La Length of pipe- a m

Lb Length of pipe- b m
Qa Rate of volume discharge - a m/s
Qb Rate of volume discharge- b m/s
Qt Rate of total volume flow m/s
va Flow velocity in pipe a m/s
vb Flow velocity in pipeb m/s

Example 21.5.6:
A 12 cm diameter, 20 m length riveted steel pipe (fr = 0.039) is connected in parallel with a20 cm
diameter, 30 m length, and asphalt cast-iron pipe (fr = 0.019). If thetotal flow rateis0.15 m®, what are
the flow rates through each pipe?
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Solution — Select all of the equations to solve this problem. Press(F2] to display the variables. Enter the
valuesfor the known parameters and press (F2) to solve for the unknown variables. The gravitational
constant, grav (9.80665 m/<?), is automatically inserted into the calcul ation and does not appear in the list
of variables. The entries and results are shown in the screen displays above.

Given Solution
da=12cm hfa=2.16008 m
db=20cm hfb = 2.16008 m
fa=.039 Qa=.028874 m%/s
fb=.019 Qb=.121126 m*/s
La=20m va= 2.55302 m/s
Lb=30m vb = 3.85556 m/s
Qt=.15m%s
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21.5.7 Venturi Meter

21.5.7.1 Incompressible Flow

The following equations are used to compute flow rates of an incompressible

liquid through a venturi meter, or aconstricting orifice. The first equation mﬁw
computes the conservation of energy for fluid flow between an inlet, having i =———=Hz fic=——+
cross-sectional area, A1 (m?), amean flow velocity, v1 (m/s), an inlet =

pressure, p1 (Pa), a nozzle (constriction) area, A2 (m?), nozzle flow vel ocity, s 2-.-1-,|-.

v2 (m/s), and anozzle pressure, p2 (Pa) and head loss, hf (m). The 1

conservation of energy equation assumes no head loss occurs dueto friction. Equation 2 computesthe
velocity in the constriction zone, v2 (m/s), from the approach velocity, Fva, and the pressure difference
of theinlet and nozzle (p1-p2). Thethird equation computes the volume flow rate, Qv (m®s), from the
flow coefficient fc, the area of the nozzle, A2, and the pressure drop, p1-p2. Thefourth equation
computes the approach velocity, Fva, from the arearatio of the inlet, A1, nozzle, A2, and the contraction
coefficient, cc. Equation 5 computes the discharge coefficient, dc, from the contraction coefficient, cc,
and the coefficient of velocity, vc. Table 21.5 lists values of the discharge coefficient for different
Reynoldsvalues. The coefficient of velocity, ve, accounts for viscous forces at low Reynolds humbers
(typically close to 0.98 for Reynolds val ues greater than 10° and decreases at lower Reynolds values).
The contraction coefficient, cc, in the nozzleis computed in the sixth equation asthe ratio of the
minimum flow area, Ac (m?), to A2, the area of the orifice or nozzlein the venturi meter. The contracted
flow area, Ac, isgenerally smaller than the contracted flow area, A2, for orifices, but usually unity for
venturi meters. Equation 7 calculates the flow coefficient, fc, from the approach velocity, Fva, and the
discharge coefficient, dc. Equation 8 computes the Reynolds number, Nre, from the velocity at the inlet,
vl, and theinlet diameter, d1 (m). Equation 9 calculatestheinitial flow velocity in theinlet, v1, from
theinlet area, A1, and the volume flow rate, Qv. Equation 10 and 11 compute the static pressure head
insidetheinlet, hpl (Pa) and the nozzle, hp2 (Pa). Equation 12 and 13 compute thetotal head, htl (Pa)
and ht2 (Pa). Equation 14 computesthe head difference, Ah, of the fluid between the inlet and nozzle
from the density of thefluid, p (kg/m?). Equation 15 computes the head difference measured by a
manometer when the fluid inside the manometer (density=pm) has a different density than the flowing
fluid (pm # p).

Table 21.5: Discharge Coefficient (dc) values for Venturi Meters (2<A1/A2<3)

dc Nre

.94 6,000

.95 10,000

.96 20,000

.97 50,000

.98 200,000

.99 2,000,000
pL . v p2 N v2? +hi £q.1
plgrav 2[grav plgrav 2[grav
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20 pl- p2
v2 =Fva M Eq. 2
p
2 pl- p2
Qv = fc[A2 M Eq. 3
p
Fva = ! -
Eq. 4
1-cc? [éAzj ?
Al
dc =vcldc Eq.5
A
CC=—C Eq. 6
A2
fc = Fvaldc Eq. 7
10al1
Nre= V1O Eq.8
Uk
Vlzg Eqg. 9
Al
pl
hpl = Eqg. 10
P pLgrav a
p2
hp2 = Eqg. 11
P plgrav a
2
htl= hpl + Eq. 12
2[grav
2
ht2 = hp2 + 2 Eq. 13
2[grav
when p = pm, the following equation applies
1- p2
ph=P2"Pe Eq. 14
pLgrav
when p # pm, the following equation applies
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QY
3 p fcCA2 Eq. 15
2[grav{pom- p)
Variable Description Units
Ah Head difference m
p Density kg/m®
pm Density of fluid in manometer kg/m®
pk Kinematic viscosity m?/s
Ac Contracted flow area m?
Al Areaof 1 (inlet) m?
A2 Area of 2 (nozzle/orifice) m?
cc Flow area contraction coefficient m?
di Diameter of inlet m
dc Discharge coefficient (see Table 21.5) unitless
fc Flow coefficient unitless
Fva Approach velocity unitless
grav Gravitational acceleration 9.80665 m/s?
hpl Pressure head at 1 (inlet) m
hp2 Pressure head at 2 (nozzl€/orifice) m
htl Total head at 1 (inlet) m
ht2 Total head at 2 (nozzle/orifice) m
Nre Reynolds number unitless
pl Pressure at 1 (inlet) Pa
p2 Pressure at 2 (nozzle/orifice) Pa
Qv Rate of volume discharge m®/s
vl Velocity at 1-initial m/s
v2 Velocity at 2-final m/s
\Ye Velocity coefficient m/s

Example 21.5.7.1:

Water (p=1000 kg/m?®, pk = 1x 10 m?/s) flows through a circular venturi meter having acircular inlet
diameter of 6 cm and a nozzle diameter of 2.5 cm. A tube containing air (3.2 kg/m?) is connected to the
venturi meter and displaysafluid height difference of 110 cm. Computethe volumeflow rate. Assume a
value of cc = 1 and verify that dc = 0.97 is an appropriate value of the discharge coefficient using a
calculated value of the Reynolds number and Table 21.5.

mﬂm?m mﬂm?m

Toolsr| Solug | Grarh | Fict | Ortse | Edit Toolsr| Solug | Grarh | Fict | Ortse | Edit
[Incomeressible Flaw] Lincomeressible Flaw]

] h:m I;I. CF mcci 1. T

-?: LEE, kgom3 mdl: 6. cm

mpmi 3.2 kasmt3 mdc: L 97

mp ki L QEQGEENL m2es ol

mHl: 25,2743 cm™Z2 +Fuat 1. 2

mHZ: 4.90874 cm™2 +Hre: 47573.7

mcci 1. #EE 2242, 14 cm™3es

mdl: &, Cm 4 ol (T2 mes

Enkter: Heidhblhead differencs Ong complete useable solukion Found.
Upper Display Lower Display

Solution — Select equations4, 7, 8, 9 and 15 to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. The height differenceis negative (Ah=-110 cm). The formula for
converting diameter, d (m) to area, A (m?), is A=nid*/4. Press[F2) to display the variables. Enter the
valuesfor the known parameters and press (F2] to solve for the unknown variables. The entriesand
results are shown in the screen displays above.
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Given Solution
Ah=-110cm fc = .984957

p = 1000 kg/m® Fva = 1.01542

pm = 3.2 kg/m? Nre = 47579.7
pk= 1 E -6 m?%s Q=2242.14 cm’/s
A1 = 28.2743 cm? (TE7/4) cm? vl = .792996 m/s
A2 = 4.90874 cm? (T2.5%/4) cm?

cc=1

dl=6cm

dc=.97

21.5.7.2 Compressible Flow
The following equations compute the flow properties of a compressible

fluid, of molar massMWT (kg/mal), in aventuri meter having an inlet

cross-section area, A1 (m?), and anozzle diameter, A2 (m?). The Hib —he—,
expansion/compression of thefluid isadiabatic. The first equation —_— —,
computes the conservation of energy for a compressible fluid havinga 3 Fz
specific heat ratio, k. The velocity of thefluid at the inletis vl (m/s) Fy

and v2 (m/s) at the nozzle. The conservation of energy equation

assumes no head loss occurs due to friction. Equations 2 and 3 compute the velocities, vl (m/s), and v2
(m/s), the fluid densities, pf1 (kg/m?) and pf2 (kg/m®), and the areas, A1 and A2, at the inlet and nozzle.
The fourth equation relates the adiabatic change in density of a compressible fluid due to the change in
pressure inside the venturi meter, p1 to p2. Equation 5 computes the mass flow rate, Qm (kg/s), from
the velocity, v2, density, pf2, and area at the venturi thoat (nozzle). The discharge coefficient, dcis
assumed to be unity, dc=1, for high Reynolds numbers, which are characteristic for compressible flow.
Equations 6 and 7 compute the fluid densities pf1 and pf2, at the inlet and nozzle for a compressible
fluid having ideal gasbehavior. Thetemperature, T1 (K) and T2 (K), are the temperatures at the inlet
and nozzle of the venturi meter. Equation 8 and 9 compute the inlet and nozzle static pressure heads,
hpl (Pa) and hp2 (Pa). Equations 10 and 11 compute the total head at the inlet and nozzle. Equation
12 computes the head difference, Ah (m), of the fluid between theinlet and nozzle from the density of the
fluid in the manometer, pm (kg/m®). Equation 13 computes the Reynolds number, Nre, from the
velocity at the inlet, v1 and theinlet diameter, d1 (m). Equations 14 and 15 compute the mass flow rate,
Qm, through a square orifice, having a cross-section area, Ao (m?).

-&h

vl> kRmO1_v2*  kRm[T2
— + = + Eq.1
2 k-1 2 k-1
V1= pf 2[A2[W2 £q.2
pf 1AL
12
20k { pl _ p2j
k-1 1 2
V2 = ol pfz Eq. 3
1- pf 2LA2
pf 1AL
MEPro for TI-89, TI-92 Plus 327

Chapter 21 - Equations - Fluid Mechanics



F3: Equations/B: Fluid Mechanics

k
E = ﬁ Eq. 4
p2 |\ pf2
Qm=dc[pf 2[A2 N2 Eqg.5
pl
pfl=— 1
Rm T1 Eqg. 6
MWT
p2
pf2=—12
_RM 45 Eq. 7
MWT
pl
hpl=——F—
P pof Llgrav Ea.8
p2
hp2=————
P pf 2Lgrav Ea.9
2
ht1=hpl+ Eqg. 10
P 2[grav q
2
ht2 = hp2 + 2 Eq. 11
2[grav
1- p2
Ah=_PET P2 Eq. 12
pmigrav
vildl
Nre= Eq. 13
Uk
The following equations are valid for compressible fluid flow through SQUARE orifices
Qm= Yc[Ro [ 2 [pf 10{pl- p2) Eq. 14
2
ve=1-1f1-P2 .41+.35[é&j Eq. 15
k pl Al
Variable Description Units
Ah Head difference m
pfl Density at 1 kg/m®
pf2 Density at 2 kg/m®

ME[Pro for TI-89, TI-92 Plus 328
Chapter 21 - Equations - Fluid Mechanics



F3: Equations/B: Fluid Mechanics

Variable Description Units
pm Density of fluid in Manometer kg/m?
Al Areaof 1 (inlet) m?

A2 Area of 2 (nozzle/orifice) m?

Ao Square orifice area m?

dc Discharge Coefficient (see Table 21.5) unitless
fc Flow Coefficient unitless
grav Gravitational Acceleration 9.80665 m/s?
hpl Pressure head at 1 (inlet) m

hp2 Pressure head at 2 (nozzle/orifice) m

htl Total head at 1 (inlet) m

ht2 Total head at 2 (nozzle/orifice) m

k Specific Heat ratio unitless
MWT Molar Mass kg/mol
pl Pressure at 1 (inlet) Pa

p2 Pressure at 2 (nozzle/orifice) Pa

Qm Mass flow rate kg/s
Rm Ideal Gas constant 8.31451 J(kgK)
T1 Temperature at 1 K

T2 Temperature at 2 K

vl Velocity at 1-initial m/s

v2 Velocity at 2-final m/s

Yc Compressibility factor unitless

Caution: Because the equations represent a set where several subtopics are covered, the user has to select
each equation to be included in the multiple equation solver. Pressing(F2] will not select all the equations
and start the solver.

Example 21.5.7.2:
A venturi meter, having acircular throat diameter of 1 cm, isconnected to a 3 cm diameter pipe carrying
air. The static pressurein the pipeis 150 kPa and the pressure at the throat is 100, kPa. The static
temperature of the air in the pipeis 27°C. The specific heat ratio and the molar mass of air are 1.4 (see
mwa in Reference/Engineering Constants) and 0.02897 kg/mol. Compute the mass flow rate.

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

CompFessible Flow

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

CompFessible Flow

*PFI f .-" ._l: R-EdUaRs T
ﬁ gz’ IHbJT EIEEE'?? kg/mol
15 7. EIE-BSB CH mpli 150660
mf2: , 7ES3IE GN“E wp2: 130000,
midz: 1, 0 526333 kg/5
mki 1.4 wTi: 2
wflT: . E2897 ka<smol #T2: -5, 83381 o
wpi: 150088, F3 4 w2 Il
Enter: Densike of Fluid gt 1 One complebe usgable solubion Found.
Upper Display Lower Display

Solution — Select equations 3, 4, 5, 6, 7 to solve this problem. Select theseby highlighting the equations
and pressing [ENTER]. Press(F2] todisplay thevariables. Use avalue of dc=1 for the discharge coefficient.
The formula for converting diameter, d (m) to area, A (m?), is A=mid%4. Enter the values for the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Solution
pfl = 1.74126 kg/m®
pf2 = 1.30342 kg/m®

Given
Al=7.06858 cm? (Tt3/4) cm?
A2 = .785398 cm? (TtF/4) cm?
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Given Solution

dc=1 Qm =.026383 kg/s
k=14 T2=-5.83301°C
MWT = .02897 kg/mol v2 = 257.725 m/s
pl = 150000 Pa

p2 = 100000 Pa

T1=27°C

21.6 Impulse/Momentum

21.6.1 Jet Propulsion
The following equations compute the conservation of momentum

propertiesfor fluid flow in a propulsion system. Thefirst IHLET ), F WUTLET
equation computes the mass flow rate of air through the inlet, Oral ﬂ ¥ £y Qa2
Qma1 (kg/s), from the volumetric flow rate, VF1 (m®/s) and the air m Uin Fu Uzu H

density, p1 (kg/m?). Equation 2 calculatesthe fuel flow rate,
Qmf (kg/s). Equation 3 computes the mass flow of air/fuel
mixture leaving the propulsion system through the nozzle, Qm2 (kg/s). Equations4 and 5, calculate the
thrust in the horizontal, Fx (N), and vertical, Fy (N), directions from the x, y, components of the
incoming air, vix (m/s) and v1y (m/s), and the outflow of the air/fuel mixture, v2x (m/s) and v2y (m/s).

Oraf. UF

Qml= p1VF1 Eq. 1
Qmf = pf Vf Eq. 2
QM2 = Qmil +Qmf Eq. 3
Fx = Qm2 [W2x — Qmil [W1x Eq. 4
Fy =Qm2 2y -Qmil 1y Eq.5
Variable Description Units
pl Air density kg/m?
of Fue density kg/m®
Fx Force dueto flow — x N
Fy Force dueto flow —y N
Qmi Mass flow rate —inlet kg/s
Qm2 Mass flow rate — outl et kg/s
Qmf Mass flow rate — fuel kg/s
i Volume flow rate — fuel m/s
VF1 Volume flow rate: Inlet m/s
vix Inlet velocity — x m/s
vly Inlet velocity —y m/s
V2X Outlet velocity — x m/s
v2y Outlet velocity —y m/s
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Example 21.6.1:

A turbo jet is required to exert athrust of 2000 Ibf. If the rate of air flow into thejetis 72 1b/s, thefuel
flow rateis 2 Ibs and the air velocity is200 m/s, what is the velocity of the gas leaving the nozzle?
Assume all flow occurs along the same coordinate.

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit | Tools+| Zelue | Grarh | Fict | Dets= | Edit |
Jit Fropulsion Jit Fropulsion

mFwl ZOG0. 1bf mFwl ZOG0. 1bf

m@mi: 72, lb-os mml: 72, lb-=s

Lim2 1 *EIm 2

aimfi 2. lbo= mEmfi e

mylas ZO0. mes mylal ZOO. mes

w2l 02wl 459,639 mes

Enter: Mass Flow Fake: Oublck One complebe usgable solubion Found.
Entered Values Computed results

Solution — Select the third and four th equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution

Fx = 2000 |bf Qm2="741bls
Qmi1=721lb/s v2x = 459.639 m/s
Qmf =21b/s

vlx = 200 m/s

21.6.2 Open Jet

The following sets of equations compute the force exerted by an open jet on aflat plate.

21.6.2.1 Vertical Plate

Thefirst equation computes the horizontal force, Fx (N), exerted by ajet on a ¥
vertical plate paralld to the gravitational field. Thejet discharges a massflow rate 4 "
of Qm (kg/s), with a fluid velocity, vx (m/s) perpendicular tothe plate. The second — F

equation relatesthe mass flow rate, Qm (kg/s), to the volumetric flow rate, V{1l

(m%s). Equation 3 computesthe volumetric flow rate, Vil (m%s), from the initial
velocity of the stream, vx, and the cross sectional areaof thejet, A (m?). Thelast
equation computes the cross sectional areaof thejet, A, from thecircular jet diameter d (m).

g Qpn.ly
WERTIGAL

Fx =Qm[¥x Eqg.1
Qm= p [Vl Eq.2
Vil = vx [A Eq. 3
2
A= Eq. 4
4
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Variable Description Units
P Density kg/m®
A Area m?

d Diameter m

Fx Force dueto flow — x N
Qm Mass flow rate kg/s
Vil Volume flow rate m/s
VX Vel ocity — X m

Example 21.6.2.1:

An open horizontal jet dischargeswater onto awall at arate of 20 galonsper minute. The wall
experiences aforce of 22 N. What is the horizontal velocity of thewater before it reachesthewall? The
density of water is 1000 kg/m®,

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit

[Vertical Fiate [Vertical Fiate
IE= 1000, kg m™3 IE= 1000, kg m™3
mfs 22. H mFx: FZ. M

s i #*[m
allfls 280, gal<min mllfls B ga 1R
Ll o 17,4354 mes

Enter: Mass Flow raks One complebe usgable solubion Found.

Computed results

Entered Values

Solution — Select the fir st two eguationsto solve thisproblem. Press(F2] to display the variables. Enter
the values for the known parameters and press [F2] to solve for the unknown variables. The entriesand
results are shown in the screen displays above.

Given Solution

p = 1000 kg/m® Qm = 1.2618 kg/s
Fx=22N vx = 17.4354 m/s
Vfl =20 gal/min

21.6.2.2 Horizontal Plate

These equations compute the force exerted by vertical jet on ahorizontal plate at a

height, h (m), abovethejet. Thefluid leavesthejet at velocity, vo (m/s). Thefirst

equation computes the vertical velocity of the fluid at the height of the plate, vy (m/s), Uy
from the initial velocity, vo, and the change in kinetic energy due to gravitation [P s
acceleration, grav (9.80665 m/s). Equation 2 computesthe vertical force, Fy (N), "’.ﬂ"“’
exerted by the jet, from the massflow rate, Qm (kg/s). Thethird equation relatesthe HOEIZOHTAL
mass flow rate, Qm, to the volumetric flow rate, Vf1 (m*/s). Equation 4 computes the volumetric flow
rate, Vfl, from the initial velocity of the stream, vy, and the cross sectional area of thejet, A (m?). The
last equation computesthe cross sectional areaof thejet, A, from the circular jet diameter, d (m).

vy:\/vo2 -2 [grav B Eq. 1

Fy =QmQvy Eq. 2

Qm=pNfl Eq. 3
ME[Pro for TI-89, TI-92 Plus 332

Chapter 21 - Equations - Fluid Mechanics



F3: Equations/B: Fluid Mechanics

Vil =vo[A Eq. 4
2
4
Variable Description Units
p Density kg/m?
A Area m?
d Diameter m
Fy Force dueto flow —y N
grav Gravitational Acceleration 9.80665 m/s?
h Height m
Qm Mass flow rate kg/s
Vil Volume flow rate m/s
VO Initial velocity m/s
vy Velocity -y m

Example 21.6.2.2:
An open vertical jet dischargeswater at a rate of 20 gallons per minute. A horizonta plate, 2 mabovethe
nozzle experiences aforce of 16 N. What is the vertical velocity of thewater at the nozzle and the height
of thewall? Assume the density of water is 1000 kg/m®.

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit
[Horizontal Flate [Horizontal Flate
.F 1000, kasm™s .F 1000, kasm™s
mFy: 16, M mFy: 16, M
NIH uhi

2.0m HER= I
s #rt 1.2612 kass
LI . a3l-mir mllf]:
v 001 . Ms's
(LN H gyl 12,6803 mes

Mulkie1s compleks useabls s0Tns Found.

. ot T . AT o o1
Computed results: 2™ Solution

Enter: Wol. Flow rate

Entered Values: 2™ Solution

Solution — Select the fir st three equations to solve this problem. Press(F2] to display the variables.

Enter the values for the known parameters and press [F2] to solve for the unknown variables. The
gravitational constant, grav (9.80665 m/s?), is automatically inserted into the cal culation and does not
appear in thelist of variables. Select the secondsolution. The entries and results are shown in the screen
displays above.

Given Solution

p = 1000 kg/m® Qm = 1.2618 kg/s
Fy=16N Vo = 14.1427 m/s
h=2m vy = 12.6803 m/s
Vfl =20 gal/min

21.6.2.3 Stationary Blade

These equations compute the vertical (y) and horizontal (x) force componentsof an STaTIOHARY

open jet on a stationary blade having an inclineangle, @(rad). Thejet hasamass  FLAPE ’ .fﬁl;;

flow rate of Qm (kg/s). Equation 1 calculates the change in the horizontal _2:?"

component of velocity, Avx (m/s), from the initial velocity of the stream before it :'5;: o —F;
. F.

reaches the plane, v1 (m/s), and the velocity of the stream following deflection by
the blade, v2 (m/s). Equation 2 calculatesthe change in the vertical component of the stream velocity
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due to blade deflection, Avy (m/s). Equations 3 and 4 compute the horizontal force, Fx (N), and the
vertical force, Fy (N), exerted by the blade on the stream. Equation 5 relates the mass flow rate, Qm, to
the volume flow rate, Vfl (m*/s). Equation 6 computes the volumetric flow rate, Vfl, from the initial
velocity of the stream, v1, and the area of thejet, A (m?). Equation 7 computes the cross sectional area
of thejet, A, from thejet diameter d (m). Thelast equation relatesthe initial velocity, vi, and fina
velocity, v2, when the flow on the blade is frictionless.

Avx = v2[gos¢) —v1 Eq. 1

Avy =v213in(g) Eq. 2

Fx = Qm[Avx Eq. 3

Fy = Qm[Avy Eq. 4

Qm=pW¥f1l Eqg.5

Vil =v1[A Eqg. 6

2

A= Td Eq. 7
4

vli=v2 Eq. 8

Variable Description Units

Avx Changein veocity - x m/s

Avy Changein veocity - y m/s

p Density kg/m?

(0} Deflection angle rad

A Area m?

d Diameter m

Fx Force dueto flow - x N

Fy Force duetoflow -y N

Qm Mass flow rate kg/s

vl Velocity 1 (Initia) m/s

V2 Velocity 2 (Final) m/s

Vil Volume flow rate m’/s

Example 21.6.2.3:
A stationary frictionless vane having an angle of 60° deflects a water jet, having avolumetric flow rate of
1 cubic foot per second and a diameter of 1 in. Compute the horizontal force exerted by thevane. The
density of water is 1000 kg/m®,
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[TTT[WTTT]’] [TTT[WTTT]’]
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit
[stationary Blade| wl
#oliwi 2V I4E mes ﬁ E T
mpt éDDD kg m™3 * ?8539 in™2
+ﬁ s AT o
#0022, 3168 kg/s
*Fx '?91 229 H 40l 55,884 mos
simi 25,3168 kass 20 55,084 mf5
+ult 55,884 mo=s 4 ml)f]: f1.735
Enter: Area Enter: Yol F1-:-l.u rate

Upper Display Lower Display

Solution — Select the Equations 1, 3, 5, 6, 7 and 8 to solve this problem. Select theseby highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution

p = 1000 kg/m® Avx = -27.942 m/s

©= 60 deg A = .785398in

d=1in Fx = -791.229 N

Vil = 1t%s Qm = 28.3168 kg/s
vl =55.884 m/s
v2 =55.884 m/s

21.6.2.4 Moving Blade

These equations compute the vertical (y) and horizontal (x) force STATIOHARY ,.S',IF_ Huumﬁ é,ﬂ_ 4_TF"
components of an open jet, with amass flow rate of Qm (kg/s) incident ~ *-#*F s
on amoving blade. Thebladeisinclined at an angle, @(rad), and — ji—r,, 5:.5—& 2 /

moving with avelocity, vbl (m/s), in the direction paralle to fluid flow. Wy
Equation 1 calculatesthe changein the horizontal component of

velocity, Avx (m/s), from the initial velocity of the stream before it reaches the blade, v1 (m/s) and the
velocity of the stream following deflection by the blade, v (m/s). Equation 2 calculates the change in the
vertical component of the stream vel ocity due to blade deflection, Avy (m/s). Equation 3 computesthe
horizontal force exerted by the blade in deflecting the stream, Fx (N). Equation 4 calculates the vertical
force exerted by the blade in deflecting the stream, Fy (N). Equation 5 relates the mass flow rate, Qm,
to the volume flow rate VF (m%/s). Equation 6 computes the volumetric flow rate, Vfl, from the initial
velocity of the stream, v1, and the cross sectional areaof thejet, A (m?). Equation 7 computes the cross
sectional area of acircular jet, A, having adiameter, d (m). Thelast equation relatestheinitial and final
velocities, vl and v, when the flow on the blade is frictionless.

I, 0 UL

= (v -vbl) [fcos(p) 1) Eq. 1

Avy = (v -vbl) [Sin(¢p) Eq. 2

Fx = QmAvx Eq. 3

Fy = QmAvy Eq. 4

Qm=pW¥f1l Eqg.5

Vil =v1[A Eq. 6
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2
A= Eq. 7
4
v =v1l-vhl Eq. 8
Variable Description Units
Avx Changein veocity - x m/s
Avy Changein veocity - y m/s
o Density kg/m®
(0} Deflection angle rad
A Area m?
d Diameter m
Fx Force dueto flow - x N
Fy Force duetoflow -y N
Qm Mass flow rate kg/s
\Y Vel ocity (following deflection) m/s
vl Velocity 1 (Initia) m/s
vhl Vel ocity of the blade (in direction of flow) m/s
Vil Volume flow rate m/s

Example 21.6.2.4:

A moving frictionless blade, having a deflection angle of 120 deg, channels awater jet, having a
volumetric flow rate of 1 ft¥/sand a diameter of 3in. The vane has a constant velocity of 3 m/sin the
direction of the jet flow. Compute the horizontal force of thejet exerted by thevane. Assume the density
of water is 1000 kg/m®.

FL [ FE | F* [Fu [FE |FE FL [ FE | F* [Fu [FE |FE
Tools=|SoTue|iSkap bFict|OrEs-[Edit Tools=|SoTue|iSkap bFict|OrEs-[Edit
Mouind Elade
*g: r.B6338 int2 T
ncf:

et £9154 M
*0m: 25,3168 kars
5 FL20933 mes 4

Enter: Chands in Melocity - x

Upper Display Lower Display

Solution — Select Equations 1, 3, 5, 6, 7, 8 to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2) to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution

p = 1000 kg/m® Avx = -.314002 m/s
@= 120 deg A =7.06858in?
d=3in Fx = -8.89154 N
vbl =3 m/s Qm = 28.3168 kg/s
Vil = 1t¥s v = 3.20933 m/s

vl =6.20933 m/s
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Chapter 22 Dynamics and Statics

This section contains general equations related to the topic of dynamics and statics. The gravitational
acceleration constant, grav (g = 9.80665m/s%), and the universal gravitation constant, G (Gc = 6.67259 x
10™ Nm?/kg?), are predefined in ME« Pro and are automatically inserted into calculations. They do not
appear in thelist of variablesfor entry screen.

¢ Lawsof Mation ¢ Constant Acceleration
¢ Angular Motion ¢ ProjectileMotion

¢ Collisons ¢ Gravitational Effects
¢ Friction ¢ Statics

22.1 Laws of Motion

The basic laws of force, velocity, acceleration, energy, and momentum are introduced in thistopic. The
first equation represents Newton’s second law: an acceleration, a (m/s?), will result from aforce, F (N),

acting on amass, m (kg). The second equation cal culates momentum, p (Pa), of mass, m, from the
velocity, v (m/s). Thethird equation computes kinetic energy, KE (J), for amasswith aveocity, v.
The fourth equation calculates the potential energy, PE (J), stored or released due to a changein height,
Ah (m), in the earth’ s gravitational field. Thetotal energy, TE (J), isthe sum of KE and PE and is
computed in the fifth equation. The instantaneous power, Pwr (W), of the system isgiven in the last

equation.

F=mla Eq.1
p=mly Eq. 2

1 Eq. 3
KE == [inv°

2
PE = mlgrav [Ah Eq. 4
TE = PE +KE Eq.5
Pwr = F v Eq. 6
Variable Description Units
Ah Changein height m
a Acceleration m/s?
F Force N
grav Acceleration due to gravitation 9.80665 m/s?
KE Kinetic energy J
m Mass kg
p Linear momentum kglm/s
PE Potential energy J
Pwr Power w
TE Total energy J
\Y Vel ocity m/s

ME[Pro for TI-89, TI-92Plus
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Example 22.1: Part1

A ball weighing 250 g is thrown vertically from a height of 1 m at 10 m/s. What isthe ball’sinitial
momentum and Kinetic, potential and total energy?

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | | Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | |
[Law of Mation [Law of Mation
mabt 1. o™ mabl 1. m
: #kE: 12,57
ami 250, g amiE 250, g
H +E= 2.5 k-il-mfs
+PE: Z2.45]66 T
s +TE:
i 10, mes LI . M5
Enter: Tobal ¢ngrdy One complebe usgable solubion Found.
Entered Values Computed results

Solution — Select the second, third, fourth, and fifth equations. Enter the known values and solve for
the unknown variables. Press(F2] to display the variables. Enter the valuesfor the known parameters and
press(F2) to solve for the variables. The entries and results are shown in the screen displays above.

Given Solution
Ah=1m KE=125J
m=250 g TE =14.9517J
v=10 m/s p=25kgm/s
PE = 2.45166 J

Example 22.1: Part 2

Suppose that the total energy calculated in the preceding problem is converted to potential energy when
the ball ceasesto travel upwards. What height above the ground will the ball reach?

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit
[Law of Mation

ahs
mEE: O T
lm=_25EI. g

wTE: 14,9517 J

Enter: Fobential Ener 3y

Entered Values

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

[Law of Hutien
*al 50858 ©
mkE: O T

mam: 250, g
+PE:
nlE:

One complebe usgable solubion Found.

Computed results

Solution - Calculate results for the above problem. Deselect the second and third equations and press
to solve. Highlight the calculated value of TE and press[F5): Opts, [2]: Know. Thischangesthe
value to a known parameter used in computation. Enter zero for KE and delete the values for Ah and
PE.

Given Solution
KE=0J Ah =6.0986 m
M=250¢g PE = 14.9517 J
TE=14.9517J
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22.2 Constant Acceleration

22.2.1 Linear Motion

The five equationsin this section describe the position and velocity of a moving object, subject to
acceleration. Thefirst equation computes a changein velocity, v-vo (m/s), due to constant acceleration,
a(m/s?), over time, t (s). The equations 2 and 3 calculate the final position, s (m), of the object from its
initial position, so (m), from the initial velocity, vo (m/s), final velocity, v (m/s), time traversed, t, and
average acceleration, a. Equation 4 describes a method of computing the distance traveled given the
initial and final velocity and time spent traveling. The final equation computes the velocity, v, from the
acceleration, a, and traversed distance, s-so (m).

v=vo+ali Eq.1
1 Eq. 2
s= so+vo[ﬂ+§ @ [?
V2 =vo® +2 @A [s-0) Eq.3
V+VO Eq. 4
S=s0+ i
1 Eq. 5
s=so+v@-= @M
2
Variable Description Units
Acceleration m/s’
S Final position m
So) Initial position m
t Time S
\Y Vel ocity m/s
VO Initial velocity m/s

Example 22.2.1:

Spotting a palice car, Jodi Ulsoor needs to reduce her velocity from 120 km/h to 35 mph and accomplish
thisin a span of 140 m. Compute the time needed for thistask and the deceleration.

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit Toolsw| Zelue | Grarh | Micw | Detse | Edit

[Lingar Mation [Lingar Mation
EH | +a: IR R R TN
m=sl 140, m m=l 1400 m
msol Oom m=ol Om
: +t: 5.71665 =
my: 5. mph my: 35, mph
muol 1200 kph muol 1200 kph

Enter: Ac

celeration
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Solution - Select the third and fifth equations. Select these by highlighting the equations and pressing
(ENTER]. Press(F2] to display the variables. Enter the valuesfor the known parameters and press(F2] to
solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution
s=140m t =5.71665 s
s0=0m a=-3.09383 m/s’
v =35 mph

vo =120 km/h

22.2.2 Free Fall
The following equations cal cul ate the vertical velocity, v (m/s), at position, y (m), of afreefalling object
in the earth’ sgravitational field after time, t (s), has elapsed since an initial vertical velocity, vo (m), and
initial vertical position, yo (m). Friction effect isignored.

1 Eqg.1
y—Yyo :vo[ﬂ—E [grav F
v =vo® -2 [grav [y - yo) Eq. 2
1 Eq. 3
y-yo=7 [vo +v)
1 Eq. 4
y—Yyo :v[ﬂ+§ [grav [*
V=vo-—grav [ Eq.5
Variable Description Units
grav Acceleration due to gravitation 9.80665 m/s?
t Time S
\Y Ve ocity m/s
VO Initial velocity m/s
y Displacement m
yo Initial vertical position m

Example 22.2.2:

A construction worker, working on the top floor of aten-story building, drops her hammer. How far will
the hammer travel in 1.5 seconds and what will its velocity be?

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit Toolsw| Zelue | Grarh | Micw | Detse | Edit

[Free Fan [Free Fan
sti 1,5 = nti
' 0 14,71 meos
myol O mes myol 0 meos
i #gi -11.0325 m
wyo: I mygod @

Enter: Initial wertical position
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Solution — Use the worker’ s vertical position as a zero reference height. Choose the first and second
equations. Select these by highlighting the equations and pressing [ENTER]. This problem requiresthe
first two equations. Press [F2] to display the variables. Enter the valuesfor the known parameters and
press[F2) to solve for the unknown variables. There are two possible solutions, depending on whether
velocity scale is pointing in the upward or downward directions. In this case (1% solution), a positive
velocity isassumed to be pointing in the positive direction of height. The entries and results are shown in
the screen displays above.

Given Solution
t=15s v=-14.71m/s
vo=0m/s y=-11.0325m
yo=0m

22.2.3 Circular Motion
These 5 equations describe change in angular position, 8 (rad), and angular velocity, w (rad/s), from an
initial angle position, 0o (rad), and initial angular velocity, wo (rad/s), dueto time, t (s), and angular
acceleration, a (rad/s?).

w=au+ all Eq.1

Eq. 2
6—60201)[ﬂ+%ﬂ1[ﬂ2

w’ =’ +2 (60— B) Eq.3
1 Eq. 4

6-60= > (oo + o)

1 Eq. 5
0-60=wld-=[r{*

2
Variable Description Units
a Angular acceleration rad/s’
0 Displacement angle rad
0o Initial displacement angle rad
) Angular velocity rad/s
w0 Initial angular velocity rad/s
t Time S

Example 22.2.3:

A turntable at rest, is able to accelerate to an angular velocity of 33 Y/; rpm in 4.2 seconds. What is the
average angular acceleration and what is the angle of displacement from the record’ s initial position?
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Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi

Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | | Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | |
[Circular Motion ]

a2zl gy,
mdol O rad mdo! O rad
mpd FE.333E rER mpd FE.333E rER
mpol O radss mpol O radss
il = nt: =
Enter: Displacerment andle Enter: Andular acceleration

Entered Values Computed results

Solution - Since two unknowns are being cal cul ated, two equations are needed which, as a set, contain
al of the variables. A number of possible equation choicesexist. Equations 1 and 2 were selected for the
example above. Select these by highlighting the equations and pressing (ENTER]. Press(F2] to display the
variables. Enter the valuesfor the known parameters and press (F2] to solve for the unknown variables.
The entries and results are shown in the screen displays above.

Given Solution

6o=0rad 6=7.3308 rad
w=33.3333 rpm a=.8311091 rad/s’
wo=0 rad/s

t=4.2s

22.3 Angular Motion

22.3.1 Rolling/Rotation

These equations describe the location and rotational properties of a circular object, rolling at a constant
speed. Thefirst equation describes the circumferential arc length, sa (m), between an initial angle, 8o
(rad), and displaced angle, 8 (rad), for around object having aradius,rw (m). The translation velocity of
the center of mass, vem (m/s), of the rotating object is described in the second equation. Thethird
equation calculates, KE (J), the rotational kinetic energy of arolling object having a total moment of
inertia, Ip (kgh?), and an angular velocity, w (rad/s). The angular momentum, L m (kgmh?/s), is
computed in the fourth equation. Thefifth equation accountsfor the adjustment of a rotational moment
inertia, I p, for the special case of a mass, m (kg), attached at distance, rm (m), from the center of rotating
object with moment of inertia, Icm (kgh?). The next equation calculates the tangential velocity of the
top edge of theralling object, vtop (m/s). The seventh equation computes the sum of the rotational and
linear kinetic energies of therolling object, KEr (J). The second-to-last equation computes the total
mass of the rolling object, mr (kg). Thelast equation computesthe power, Pwr (W), exerted by a
torque, T (NIm), to achieve an angular velocity, w.

sa = rw{6 - o) Eq.1
vem = w [iw Eq. 2
1 Eq. 3
KE == p [d*
2
Lm=Ipld Eq. 4
Ip = lem+mEn? Eqg.5
ME[Pro for TI-89, TI-92Plus 343

Chapter 22 - Equations — Dynamics and Statics



F3: Equations/ C: Dynamics and Statics

vtop = 2 kicm Eq. 6
Eq. 7

KEr = KE +% [ Greny |

mr =mcm+m Eq. 8

Pwr =7 [d Eq.9

Variable Description Units

0 Displacement angle rad

0o Initial displacement angle rad

T Torque NI

W Angular velocity rad/s

lcm Moment of inertia - ¢/m kglmn?

Ip Moment of inertia kg2

KE Kinetic energy J

KEr Kinetic energy of rolling object J

Lm Angular momentum kgmh?/s

m Mass kg

mr Mass of rolling object kg

mcm Mass of Icm kg

Pwr Power W

rm Radius of m to center of mass m

rw Radius m

sa Arc length m

vem Linear velocity of ¢/m m/s

vtop Linear velocity of top of rolling object m/s

Example 22.3.1:

A reflector weighing 2 oz is attached 10" from the center of a rolling bicycle wheel weighing 81b, having
aradiusof 13", and a rotational moment of inertiaof 0.4 kg/m?. If thewhes is rollingwith alinear
velocity of 5 m/s, find the angular velocity, angular momentum and the total kinetic energy.

[FiIFEIB]’FH]FSIFE]] [FiIFEIB]’FH]FSIFE]]
Toolir| Solug | Grarh | Vicw | Orkse | Edit Toolir| Solug | Grarh | Vicw | Orkse | Edit
FokationFollind FokationFollind
LH +KErs 92,3454 T
mlcmi o, g-m #Lm: 6.1123F3 ka-m™2-<=
+Ipt 403658 ka-m™2 ami 2, 0z
+KE! 45,2775 J amcmi_ 8. 1b
#EER: 92,3454 T #n-i F.68544 kg
#Lmi 6.11233 kg-m™2-s armi 10, in
ami 2, _oF mrwi 13, ik
spck: 5. b + mUCHE
Enker: Andular wglociky Enker: Lingar Yl of ci'm
Upper Display Lower Display

Solution - The second, third, fourth, fifth, seventh and eighth equations are needed to solve the
problem. Sedlect these by highlighting the equations and pressing(ENTER]. Press[F2] to display the
variables. Enter the valuesfor the known parameters and press (F2] to solve for the unknown variables.
The entries and results are shown in the screen displays above.
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Given Solution

lcm= 0.4 kg m? w=15.1423 rad/s
m=2 oz |p=.403658 kg m?
mcm=8 |b KE=46.2775J
Rm=10in KEr=92.3454 J
rw=13in Lm=6.11233 kg m?/s
vem=5m/s mr=3.68544 kg

22.3.2 Forces in Angular Motion

These four equations describe Newton’sfirst law of motion in angular and linear forms. These equations
are useful for converting force, Ft (N), to torque, T (rad), and linear acceleration, a (m/s%), to angular
acceleration, a (m/s?). | (kgh?) isthe rotational moment of inertiaof a rotating body andm (kg), isthe
mass of the rotating object acting asatorque at a distance, r (m), from the center of the rotating body.

Ft = mat Eq. 1
T=Ft Eq. 2
T =mld @2 Eqg. 3
T=1|[1d Eq. 4
Pwr =1 [d Eq.5
Variable Description Units
a Angular acceleration rad/s’
T Torque NI
) Angular velocity rad/s
at Tangential acceleration m/s’
Ft Tangential force N

I Moment of inertia kgh?
m Mass kg
Pwr Power w

r Radius m

Example 22.3.2:

John McClaine (mass of 80 kg) jumps off the top of Nakatomi plaza with a fire hose wrapped around his
waist. Thefire hoseisattached to the edge of arotating spool, which is8 ft in diameter. Assuming the
force acting on the spool issoldy dueto Mr. McClaine' stotd weight inthe gravitational field (9.81 m/s),
what is the initial torque on the fire hose spool ?

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

Forces In BAnd. Mok,
TR -
mat: 9,81 mrs"2
Ft:

ami BO. ka
nri 4,

Enter: Tandenkial Force

Entered Values

MEPro for TI-89, TI-92Plus
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Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit
Forces In BAnd. Mok,

#15 955,228 H-nm
Iatf 9.81 mr="2

One complebe usgable solubion Found.

Computed results

345



F3: Equations/ C: Dynamics and Statics

Solution - Select the fir st and second equations to solve this problem. Select these by highlighting the
equations and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known
parameters and press [F2] to solve for the unknown variables. The entries and results are shown in the
screen displays above.

Given Solution
at=9.81 m/s? 1=956.828 N[
m=80 kg Ft=784.8 N
r=4 ft

22.3.3 Gyroscope Motion

These two equations describe the precession rate, Q (rad/s), and angular momentum, L m (kg?/s), of a
gyroscope with a mass, m (kg), moment of inertia, | (kgn?), angular velocity, w (rad/s), and aradius
from the fixed point, r (m), on an axis perpendicular to the earth’ sgravitational field.

0= mlgrav [ Eq.1

| Ldus
Lm=1 [ds Eq. 2
Variable Description Units
grav Acceleration due to gravitation 9.80665 m/s?
Q Precession rate rad/s
ws Angular velocity rad/s
I Moment of inertia kgh?
Lm Angular momentum kgm?/s
m Mass kg
r Radius m

Example 22.3.3:

A gyroscope precesses with itsrotational axis 45 degreesfrom the direction of the gravitationa field.
The gyroscope’ srotational speed is 20 revolutions per second. Calculate the moment of inertia and
angular momentum of a gyroscope having a precession rate of one revolution every three seconds, a mass
of 140 g, and alongitudinal axle, of negligible mass, 10 cmin length.

Fi Fe Fz Fu FE Fi Fi Fe Fz Fu FE Fi
Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | | Tools+| Zolue | Grarh | View |I:I|>l::1- Edit | |
[Grroscopre Motion [Grroscopre Motion
mi 15% Hz mi 1/ Hz
moss z e - H:
1: +I: 4 kE-m"Z
[.H #lmi 23176 ka-mm2es
[ TTH i, g LIvH N g
mrl F.53553 cm mrl F.53553 cm
Enter: Andular romenkurn One complebe usgable solubion Found.
Entered Values Computed results
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Solution - Both equations are needed to solve this problem. Select these by highlighting the equations
and pressing [ENTER]. Press(F2] to display the variables. Check the MODE settings of your calculator to
determine whether trigonometric functions accept radian or degree entries. Enter the valuesfor the
known parameters. The distance from the fixed point to the gyroscope center is half the length of the
longitudinal axle. For theradius, r, enter 5* cos (174) cm if the MODE is set for radian entries, or, 5* cos
(45°). Press([F2] to solve for the unknown variables. The entries and results are shown in the screen
displays above. To convert theresult to different units, press(F5): Opts, [4]: Conv, and select the desired
units from the toolbar.

Given Solution

Q =0.33333 Hz | =0.018443 kg m?
ws= 20 Hz Lm = 2.31764 kg m?*
m=1409g

r = 5*cos(1v4 or 45°)cm = 3.53553 cm

22.4 Projectile Motion

Thefollowing set of equations describes the horizontal, x, and vertical,
y, components of position, velocity and accel eration of alaunched
projectile in the earth’ s gravitational field. Friction isignored.

Vxt = vxo +ax [

Eq. 2
s,xt:s.><o+vxo[’ﬂ+%ﬁx[’ﬂ2 ?
vxt® = vxo® +2 [@x [sxt —sx0) Eq. 3

Eq. 4
wyt :vyo—% [(grav [

Eq.5
syt = wo+vyo[ﬂ—% [grav [*
wt?® = vyo’ -2 [grav [isyt —syo) Eq.6
VX0 = vo [¢og60) Eq.7
vyo = vo [3in(6o) Eq.8
vxt =wvt EOS(Gt) Eq. 9
vyt = vt [Sin(éx) Eqg. 10
o= 0 Ty’ 9, 1
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vt = thz +Vyt2 Eq 12

Variable Description Units

0o Initial displacement angle rad

ot Projectile angle at time=t rad

ax Acceleration along x axis m/s’

grav Acceleration due to gravitation 9.80665 m/s?

X0 X position at t=0 m

sxt X position at time't m

Syo y position at t=0 m

syt y position at time t m

t Time S

VO Initial velocity m/s

vt Velocity at time=t m/s

VX0 Initial velocity along x axis at t=0 m/s

vxt Vel ocity at time=t along X axis m/s

VYo Initial velocity along y axis at t=0 m/s

wyt Velocity at time=t alongy axis m/s
Example 22.4:

An arrow islaunched from a bow towards atarget at the same height, 100m away. The velocity of the
arrow is60 m/s. What angle above the center of the target must the archer aim? How long does it take

the arrow to reach the target?

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

[Fredectile Metion
+ED=IEEEB@EIE§E
L EE IS
m=x0l O
m=xhd 100, M
m=yol Qom
m=gtl O m
+t0 1,68265 =
w0l G, mes

+

IPFﬁJ'leti'liz Mation

m=x0l O
mexbd 100, m

mzyol O m

m=gbt: Oom

+tD 1,68265 =
muol G, mes
#0559, 435 mes
LS H

T

Enter: Initial disklacement andle

First Solution: Upper Display

Mulkie 1 compleks useabls s0Tns Found.

First Solution: Lower Display

Solution - The second, fifth, seventh, and eighth equations are needed to solve this problem. Select
these equations using the highlight bar and pressing(ENTER], press(F2] to display the unknowns. Enter the
values using appropriate units, and press [F2] to solve for the unknown variables. The gravitational
constant, grav (9.80665 m/s), is automatically inserted into the calculation and does not appear in the list
of variables. Two parabalic trajectories are possible.

Given
ax=0 m/s’
xo=0m
xt=100m
syo=0m
syt=0m
vo =60 m/s

ME[Pro for TI-89, TI-92Plus

Solution

0=7.90377 deg (82.0962 deg)

t=1.68265s (12.12045)

vXx0 = 59.43 m/s (8.25059 m/s)
vyo = 8.25059 m/s (59.43 m/s)
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22.5 Collisions

22.5.1 Elastic Collisions

22.5.1.1 1D Collision

Elastic callisions are characterized by conservation of energy and
momentum. The first equation states the law of the conservation of D_;.. ................... O_} .........
momentum and the second equation states the conservation of

energy. Equations 3 and 4 are combinations of thefirst two My Mz
equations. We use the convention that velocity is positivewhen the  Wy; 1] 0o [y
mass movesto theright.
MLV +m2 V2i = mLWlf +m2 N2 f Eq. 1
MLOVL® +m2 2% = L WAf % +m2 N2 2 Eq.2
ml-m2 _ . 202 . Eq.3
vif = Wi + V2i
ml+m2 ml+m2
20l _ . om2-ml_ Eqg. 4
v2f = i + V2i
ml+m2 ml+m2
Variable Description Units
ml Mass 1 kg
m2 Mass 2 kg
vaf Final velocity of 1 m/s
vii Initial velocity of 1 m/s
v2f Final velocity of 2 m/s
v2i Initial velocity of 2 m/s

Example 22.5.1.1:
Tia and Ryan throw two rubber balls toward each other. The balls have massesof 70 g and 30 g and are
each traveling at 4 m/s. Assuming a perfectly eastic collision occurs on the axis of flight, what are the
velocities and directions of each ball immediatdy after they collide?

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

10 Collisions
aml: FO. 9
mp2: 3. g
uif:il
aulis 4, mes
V2t
mu?is -4, mos

Enter: Final uelociky of 1

MEPro for TI-89,
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Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

10 Collisions
aml: FO. 9
mp2: EQ. g
1 - 8 mos
mayulii 4, mes
211
muis 4, mos

Mulkie 1 compleks useabls s0Tns Found.
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Entered Values Computed results:

Solution - Usethe third and fourth equationsto determine the solution, since both include the
conservation of energy and momentum along a single axis. Select these by highlighting the equations and
pressing [ENTER]. Press[F2] to display the variables. Enter the values for the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution

m1=70¢g vif=-0.8 m/s (ball rebounds)
m2=30¢g v2f= 7.2 m/s (ball rebounds)
vli=4m/s

v2i=-4 m/s

22.5.1.2 2D Collisions

These equations describe an eastic collision between two objectsin atwo- -
dimensional coordinate system. One mass, m2 (kg), isinitially at rest and A
the other, m1 (kg), hasan initial velocity, v1i (m/s). Following an eastic O_} """""""""" Ogi """
collision, the objects have final velocities of, vif (m/s) and v2f (m/s). The ™M1 Mz =
deflection angles 81 (rad) and 62 (rad) are relative to the vel ocity axis for i Uz Wy
m1 before the collision.

MLVL = mLOVLf Etos(@l) +m2 N2 f EOS(BZ) Eq. 1

mMLOVAf [S n(@l) =m22f & n(92) Eq. 2

byl 2= My f 2+ m2xv2 f 2 Eq.3

Variable Description Units

01 Cdllision angle 1 rad

062 Cadllision angle 2 rad

ml Mass 1 kg

m2 Mass 2 kg

v1f Final velocity of 1 m/s

vi1i Initial velocity of 1 m/s

v2f Final velocity of 2 m/s

Example 22.5.1.2:
A ping-pong ball is (2 g) isfired at atennis ball (30 g). Before colliding, the ping-pong ball hasa
velocity of 25 m/s and rebounds 30 degrees relative to itsoriginal axisin the opposite direction. What are
the velocities of the ping-pong ball and tennisball? What is the angle of tennisball’ s trgjectory relative
to the ping-pong ball’ s original flight path?

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit Tools+| Zelue | Grarh | Fict | Dets= | Edit

Dl Collisions Dl Collisions

mgl: F0. deg mgls E0. de
g2 *92:@&1@
amls 2. amli 2. g

LIV SEI.gg mapZ2i 30, 9
ulif: ol -Z20F13 mes
mulis 25, mos mulis 25, mos
i | #UZ21E 3.03158 mes
Enker: Final uelocite of ¢ Enker: Collision andle &
Entered Values Computed results
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Solution - Select all three equations to solve this problem. Select these by highlighting the equations
and pressing [ENTER]. Press(F2] to display the variables. Enter the valuesfor the known parameters and
press(F2] to solve for the unknown variables. Enter zero when the dialogue box appearsto calculate the
principal angle solution for 82. The entries and results are shown in the screen displays above.

Given Solution

01=30 deg 02=-14.0449 deg

ml=2g v1f=-22.0713 m/s
m2=30¢g v2f=3.03158 m/s

v1i=25m/s

22.5.2 Inelastic Collisions

22.5.2.1 1D Collisions

Most collisions are not purely elastic, and some of the kinetic energy is

converted to heat or used in deformation of the colliding objects (such I i O—:’ """""

astwo carsin ahead-on collision). Thefirst equation representsthe My M

law of conservation of momentum; the second equation is Newton’s I ﬂ-' :I ™ |j-' :l
1iL1f PR

collision rulefor indlastic collisions. The coefficient of restitution, cr,

in the second equation is a factor to account for loss of kinetic energy in an indlastic collision. Ina
perfectly elastic collision, cr isegual to 1 (cr=1, kinetic energy iscompletely conserved) and cr isequal
to0in apurely indastic collision (cr=0, al kinetic energy is converted to heat or deformation). The
third and fourth equations are combinations of the first two equations.

MLl +m2 W2 = mLAf +m2 N2 f Eq.1
vif —v2f = —cr [Vl —v2i) Eqg. 2
V1t _ (miL-cr mn2) Wl +m2 [ +cr ) W2i Eq.3
ml+m2
of = mL{L+cr) Wl +(m2 —cr i) [2i Eq. 4
ml+m2
Variable Description Units
cr Coefficient of restitution unitless
ml Mass 1 kg
m2 Mass 2 kg
vif Final velocity of 1 m/s
vii Initial velocity of 1 m/s
vof Final velocity of 2 m/s
v2i Initial velocity of 2 m/s

Example 22.5.2.1:

A baseball, weighing 150 g and traveling at 62 mph, is bunted with a bat, weighing 1.875 Ib, moving
towardsthe ball at a velocity of 1.5 m/s. The ball reboundsin the in the opposite direction at 30 mph.
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What is the coefficient of restitution for the bat, ball collision? If the bat isreleased the moment it
collides with the ball, what would be the bat’ s vel ocity towards the person who was holding it?

[riIernIruIrsIrsT‘l [riIernIruIrsIrsT‘l
Toolsr| Solug | Grarh | Fict | Ortse | Edit Toolsr| Solug | Grarh | Fict | Ortse | Edit
10 CoTlisions 10 CoTlisions
crd *oki L B55961
mpl: 150, g9 mpl: 150, g9
amz2i 1,875 1b amz2i 1,875 1b
mplfi -30. mph mplfi -30. mph
mplii &2, mp mplit &2, W
et wm.w@!ﬂ
myZis -1.5 mos muZis "l.a mes
Enker: Final uelocite of ¢ Enker: Final uelocite of ¢
Entered Values Computed results

Solution — Select third and fourth equations. Sdlect these by highlighting the equations and pressing
(ENTER]. Press(F2] to display the variables. Enter the valuesfor the known parameters and press [F2] to
solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution
m1=150¢g cr=0.655961
m2=1.8751b v2f=12.8706 mph
vli=62 mph

v1f=-30 mph

v2i=-1.5m/s

22.5.2.2 Oblique Collisions

The following equations describe an inglastic collision between two
objectsin two dimensions. The trajectory angles of the two objects
before calliding, 01i & 02i (rad), and after collision, 81f & 02f (rad), are
relative to an axis which passes through the center of mass of the two
colliding objects and their point of contact. The first eight equations
convert velocities from polar to rectangular coordinates. The ninth and
tenth equations compute the conservation of tangential velocities (component of velocity perpendicular
to the axis of contact) for the two objects. The last two equations combine the conservation of
momentum principle and Newton’s collision rule to determine the vel ocity components paralld to the
axisof contact. The veocity values vii, vif, v2i, and v2f (m/s) are vector values (i.e. positive when
pointing away from the axis, negative when they are pointing towards the axis).

viix = vli [6og61i) Eq.1
viiy = v1i [Sin(61i) Eq. 2
Vv2ix = v2i [¢0962i) Eq.3
v2iy = v2i [8in(62i) Eq. 4
vifx = vif [doq61f ) Eq.5
vify = vif [$in(61f ) Eq. 6
v2fx = v2f [6og62f) Eq.7
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v2fy =v2f [8in(62f) Eq. 8
v1i [@n(61i) = vif [&n(61f) Eq. 9
v2i [$in(62i) = v2f [8in(62f) Eq. 10

- I i + + i [ I Eqg. 11
VIf [os(61f) = (ml~cr [n2) [Gog(61i ) Wli +m2 [(IL+cr ) M2i [og 62i)

ml+ m2
i i +or) +v2i i - Eqg. 12
V21 eog021) = MLVl [eos(61i ) [{1+cr) +v2i [Gog62i) [Im2 —cr )
ml+m2

Variable Description Units
01i Initial collision angle 1 rad
02i Initial collision angle 2 rad
o1f Final callision angle 1 rad
02f Final collision angle 2 rad
cr Coefficient of restitution unitless
ml Mass 1 kg
m2 Mass 2 kg
v1f Final velocity of 1 m/s
v1fx Final velocity of 1 along x-axis m/s
vify Final velocity of 1 along y-axis m/s
vi1i Initial velocity of 1 m/s
v1ix Initial velocity of 1 along x-axis m/s
vliy Initial velocity of 1 along y-axis m/s
v2f Final velocity of 2 m/s
v2fx Final velocity of 2 along x-axis m/s
v2fy Final velocity of 2 along y-axis m/s
V2i Initial velocity of 2 m/s
V2ix Initial velocity of 2 along x-axis m/s
v2iy Initial velocity of 2 along y-axis m/s

Example 22.5.2.2:

A pool player hitsacue ball (0.75 Ib) towards an eight ball of the sasme massat 3 m/s. The player wants
to determine a collision angle for the first ball relative to an axisthat runsthrough the center of the two
balls at contact so that the cue ball leaves the point of collision at 2 m/s. If the coefficient of restitution
for the two ballsis 0.95, what is the velocity of the eight ball, what angle does the cue ball leave the
collison? (Assumethat the balls are sliding before and &fter the collision instead of rolling).

Enter: Initial collisen andls 1

Upper Display

ME[Pro for TI-89, TI-92Plus

FZ [E]
Solug | Grarh | Fict | Ortse | Edit
Db Tiaus Collisions
mEZ21E O, deg
mcrd 95
aml: .75 1b
amz2i .79 lb
i 2. mes
mulis 3, mes
#0211 -2 18EES mes
g Ui, ]
Enker: Inikial uelocity of ¢

Lower Display
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Solution — Solving angular values from trigonometric expressions often requires the user to choose or
convert a solution from many possible answers. Drawing a diagram, similar to the figure in this section,
and with vectorsfor each object before and after collision often helps. In thiscase, mass 1 issdlected as
the cue ball and mass 2, theeight ball. Select the last four equations, enter the values as stated below,
press(F2], enter the known values and press [F2] to solve the unknown variables. Theinitial and final
angles of the eight ball are known to be zero since momentum isonly transferred along the axis of
collision. In thiscase, the solution displaysthe cue ball (1) coming from the upper right of the eight ball
(2) (amirror image of the diagram).

Given Solution

02f=0 deg 01i=221.79 deg
02i=0 deg 01f=-91.6022 deg
cr=0.95 v2f=-2.18085 m/s
m1=0.751b

m2=0.75Ib

vif=2m/s

vli=3 m/s

v2i=0 m/s

22.6 Gravitational Effects

22.6.1 Law of Gravitation

The following equations compute the orbital properties an object with mass, m2 (kg), in acircular orbit
around a stationary mass, m1 (kg). Equation 1 computesthe force, F (N), between the orbiting mass,
m2, and central mass, m1, dueto gravity. Equation 2 calculates the gravitational acceleration, ag (m/s?),
at distancerd (m), from the center of massof m1. Equation 3 calculates the escape vel ocity, vesc (m/s),
required for alaunched object to overcome the gravitational field of m1. The centripetal acceleration,
ag, of an object orbiting at distance, rd, can be calculated from the tangential velocity, v (m/s), in
equation 4, or angular velocity, w(rad/s), in the equation 8. Theforce, F (N), acting on m2 due to
centripetal acceleration ag, can be calculated in equation 5. The period of rotation, Tp (s), for an object
in circular orbit at distance, rd, from a central body, m1, is computed in equation 6. The tangential
velocity, v, of an object in orbit at distance rd with angular velocity wis calculated in equation 7.
Equation 9 calculates the orbital angular momentum, Lm (kgh?/s), of m2. Equations 10 through 12
calculate the potential PE (J), kinetic, KE (J), and total, TE (J), energies of m2 orbiting at distance rd
from m1.

G L2 Eq. 1
F=———
rd
ag = G [l Eq. 2
rd?
[2[G Eq.3
esc=, | ——
rd
Va Eq. 4
ag=—
g rd
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F=m2 (&g Eq.5
4ar Ea.
Tp? = ——— [1d®
G [l
v = [Md Eq.7
ag = w? [Id Eq.8
Lm=m2 [{d? [ Eq.9
~G [Nl [fr2 Eq. 10
PE=———7-—
rd
£ _ G2 Eq. 11
20d
TE = KE + PE Eq. 12
Variable Description Units
) Angular Accdleration rad/s
ag Gravitational acceleration m/s?
F Force N
G Gravitational constant 6.67x10™* NIh?%/kg®
KE Kinetic energy J
Lm Angular momentum kgmh?/s
ml Mass 1 kg
m2 Mass 2 kg
PE Potential Energy J
rd Radius between ¢/m m
TE Total energy J
Tp Period of one cycle S
\Y Vel ocity m/s
vesc Escape vel ocity m/s

Example 22.6.1: Part 1

Calculate a rough estimate of the mass of the sun given the earth orbits the sun once every 365.25 days
and the mean distance from the earth to the sun is approximately 150 million kilometers.

Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

mli
mpdi 1,
[ BE=H 3c

Law of Grauikation

Enter: Feriod of ong cvcle

Entered Values
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Fi Fe Fz Fu FE Fi
Toolsw| Zelue | Grarh | Micw | Detse | Edit

Law of Grauikation

srd: 1,5E o]
aTp! 365,25 day

Computed results
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Solution - Select the sixth equation to solve thisproblem. Select thishy highlighting the equation and
pressing [ENTER]. Press[F2] to display the variables. Enter the valuesfor the known parameters and press
to solve for the unknown variables. The entries and results are shown in the screen displays above.

Given Solution
Rd=1.5E8 km m1 = 2.00508 E 30 kg (actual value is 1.99 E 30 kg)
Tp=365.25 days

Example 22.6.1: Part 2

An astronaut on the surface of the moon wants to know the minimum velocity needed to send a golf ball
beyond the moon’ s gravitational field. In this case, neglect the added speed of the moon'’s rotation. The
mass and mean radius of the moon are 7.36 x 10% kg and 1.74 x 10° m respectively.

(T T A e e (T T A e e
Law of Grauikation Law of Grauikation
mli F.FEEZZ kg mmli FLEGEZE kg
mrdi 1.F4EE M L=t
wescill +uEsCE .89 mes
HMAlN EAD AUTO FUNC Ong coraplets usgabls solukion Found.
Entered Values Computed results

Solution - Select the third equation to solve this problem. Enter the values for the known parameters
and press [F2] to solve for the unknown variables. The entries and results are shown in the screen
displays above. Thevalue of G the gravitational constant (6.67-11 N m?/kg) is automatically retrieved
from the Tl operating system and is not displayed as a variable.

Given Solution
m1=7.36 E22 kg vesc=2375.89 m/s
rd=1.74E6 m

22.6.2 Kepler's Laws

Johannes Kepler from Tycho Brahe' s recorded observations of planetary orbits , we F—Ap0—
use these principlesto derive the following equations were developed by. Kepler’'s :
statements are asfollows: 1) Planetary orbits are elliptical in shape. 2) The dliptical
area traversed by an orbiting planet over time isconstant. 3) The third observation, :
which issummarized in the first two equations, is that the square of orbital period, —:Fpgr'i:— t—Pb—r
Tp (9), isproportional to the cube of the minimum distance between the two objects

per (perigee).

Thefirst two equations compute the elliptical area of the orbit, Area (m?), from the minimum, per, and
maximum, apo (m), distances between the two bodies. The third equation calculatesthe distance, rd
(m), between the central mass, m (kg), and the orbiting object at angular position, 8 (rad), from the
perigee location of the orbit. The fourth equation computes the period of rotation for the satellite, Tp
(s). Equation 5 defines the constant, hs (m?/s), which represents Kepler’'s second principle, and is used
in the second and fifth equations. The sixth equation calculates the orbital tangential velocity v (m/s) at
orbital distance, rd (m), from the central mass,m (kg). The seventh equation relates apo (m), and, per
(m), between the sun (mass m) and the planet given a planet’stangential velocity, vp (m/s), at the
perigee. The eighth and ninth equations relate the apogee, apo, and perigee, per, distancesto the major
and minor dliptical axis. Thelast equation calculates the eccentricity, €, of the dliptical orbit.
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T Eq.1
Area = > [{ per +apo) [j/apo Cper
hs[T Eq. 2
Area = P
Eq. 3
1 1 Gl Glm
- 1- 2 EIOS(Q) + 2 a2
rd per per Vp per < Vp
T Eq. 4
Tp = [fapo + per) [y apo Lper
hs = vp [per Eq.5
_hs Eq. 6
rd
0= per Eq. 7
T Em
per LVp’
er +apo Eq.8
ra= u
rb =/ per [@po Eq.9
1 Gin hs? Eqg. 10
e=——1M1- B
per per Wp° ) Gl
Variable Description Units
€ Eccentricity unitless
0 Displacement angle rad
apo Apogee distance — maximum distance to center of mass m
Area Area m?
G Gravitational constant 6.67x10™" Nh?%/kg®
hs Constant m?/s
m Mass kg
per perigee distance — minimum distance to center of mass m
ra Radius. semi-major dlipse axis m
rb Radius: minor ellipse axis m
rd Radius between center of masses m1 and m2 m
Tp Period of one cycle S
\Y Tangential velocity m/s
vp Tangential velocity at perigee m/s
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Chapter 22 - Equations — Dynamics and Statics



F3: Equations/ C: Dynamics and Statics

Example 22.6.2:

Halley’ s comet orbitsthe sun once every 76 years. Verify thisinformation given that the perihelion
distance (nearest distance to the sun is 87.8 million kilometers) and the semi-major axisradiusis 2.7
billion km. The sun’smassis 1.99 E30 kg. In addition to the orbital period, find the apogee distance,
minor axislength and maximum velocity.

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit | Tools+| Zelue | Grarh | Fict | Dets= | Edit |
[Kepler's Laws |K-zp1er': Luws

*s1 Eﬁﬁ! +3poi 5,.3122

#apot ZED_km +h=: 1. ?241?513 km"‘Ez’hr*

+hs! 1.72417el3 km™24hr wm: 1. 39EZE K

mp: 1,99e30 k-E mpeti B, FEEY Em

mper: 2. 7EETY km mratl Z.7ED km

mral Z.7EY Em bl 69294368 km

bl 6. 89294358 kM +Tp! 279938, 7 da

+Tpi E7598.7 day 4 oup: I TR

Enter: Eccentricity Enter: Tandential velocibyiperides
Upper Display Lower Display

Solution - Choose the fourth, fifth, seventh, eighth, ninth and tenth equations. The maximum velocity
always occurs at the perigee of the orbit.

Given Solution

m=1.99 E30 kg apo =5.3122 E9km
per=8.78 E7 km hs=1.72417 E 13 km?hr
ra= 2.7 E9 km rb = 6.82943 E8 km

Tp=27998.7 day (~76.6years)
vp = 196374 kph

22.6.3 Satellite Orbit

These equations describe gravitation, launch and elliptical satellite orbit around the
earth. Mea (kg), the mass of the earth (5.98 E24 kg) is aconstant defined in ME« Pro
that can be viewed in Reference under Engineering constants. Thefirst equation
calculatesthe polar coordinates of a satellite trgjectory, r (m), and, 8 (rad), around the
earth given initial velocity, vo (m/s), and initial release height of the orbiting satellite 'FF'EF"E' ‘f—r"b—r
from the earth’s center of gravity, ro (m). Thenext three equations are used to cal cul ate the eccentricity
€ of a conic section of the trgjectory. The eccentricity of the conic section will determine whether the
free-flight trgjectory isacircle (€=0), parabola (¢=1), elipse (e<1), or hyperbola (e>1). Thefifth
equation calculates the minimum escape (launch) velocity, vesc (m/s), for a satdliteto fleethe earth’s
gravitational field. The sixth equation calculates vc (m/s), the critical (minimum) vel ocity required to
launch a satelliteinto acircular orbit at initial height, ro (m). The next five equations calculate the

rel ationships between apo (m), the apogee (maximum distance of a satellite to the center of orbit), per
(m), the perigee (the minimum distance from the center of orbit), ra (m) the minimum distance of a
satellite to the center of the earth, rb (m), the maximum distance of an orbiting satellite to the center of
the earth and Tp (s), thetime period for asingle orbit. The final equation computes the tangential
velocity of the orbiting satellite, v (m/s), at radius, r (m), given the product of the tangential velocity vo
and the perigee (initial) distance, per.

1 1 G[Mea G[Mea Eq.1
—=—Ml1-———|lo S( ) o 2
r ro rovo? ro° o
_ Cshs? Eg.2
" G[Mea
hs=vo 1o Eq. 3
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1 G[Mea Eq. 4
ca= L fo-Cen)
ro rolvo
2[G (Mea Eq.5
vesCc = | ———
ro
G D\/lea Eq. 6
VC=,|[——
ro
per =ro Eq.7
o= ro Eq. 8
P26 Mea
rovo?
T Eq. 9
Tp = [fapo + per) [y apo Lper
er +apo Eq. 10
ra=PI a0
2
rb =/ per [@po Eq. 11
hs Eqg. 12
rd
Variable Description Units
€ Eccentricity unitless
0 Displacement angle rad
apo Apogee-maximum distance to center of mass m
Cs Constant 1/m
G Gravitational constant 6.67x10™" NIh?%/kg®
hs Constant m?/s
per Perigee — min. distance to center of mass m
Pwr Power W
r Radius m
ra Radius or semi-major axis of ellipse m
rb Radius or minor axisof elipse m
ro Initial height/distance from planet center m
Tp Period of one cycle S
\Y Tangential velocity m/s
vC Critical velocity m/s
vesc Escape vel ocity m/s
VO Initial tangential velocity at ro/per m/s

ME[Pro for TI-89, TI-92Plus
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Example 22.6.3:
A satelliteislaunched 600 km above the earth’ ssurface and has aninitial velocity of 8000 m/s. Calculate

the features of the satellite trgjectory including its minimum maximum distance from the earth’s center,
period of orbit, and the shape of the trajectory.

Fi Fe Fz FY4

Tools+| Zolue | Grarh | Fick
[FateTlite Orbit ]

=

apo:

Csi

kst

per:

mrol G.9FEGR M

=H
mugl BOOO. mes
Enter: Feriod of ong cvcle Enter: Feriod of ong cvcle

Entered Values Computed results

Solution - The value for the mean radius of the earth rea=6.37E6 m islocated in the Engineering
Constants section of Reference. Use equations 2, 3, 4, 7, 8 and 9 to solve this problem. Select these by
highlighting the equations and pressing [ENTER]. Press(F2] to display thevariables. Enter the valuesfor the
known parameters and press [F2] to solve for the unknown variables. The entries and results are shown in
the screen displays above.

Given Solution

ro=6 E5 m (surface to satellite) + 6.37 E6 €=.118685 (ellipse)

m(surface to earth center)=6.97E6 m.

vo=8000 m/s apo =8.84727 E6 m
Cs=1.52214 E-8 I/m
hs=5.576E10 km?/hr
per=6.97E6 m
T=116.635 min

22.7 Friction

22.7.1 Frictional Force

These equations compute static friction for amasson an inclined plane. Op (rad), isthe  F,
minimum angle of incline required for gravity to overcome the frictional forces, which

maintain the object from diding. Fn (N), isthe component of the object weight, W (N),  ry R
normal to the plane of the inclined surface, i isthe coefficient of static friction for the
mass/plane system and, F (N), isthe force exerted by friction in the static system.

Fu=ptFn Eq.1

Fn =W [Gos(6p) Eq.2

W [EogBp) =W [Sin(6p) Eq.3

u = tan(6p) Eq. 4

W =mlgrav Eq.5
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Variable Description Units

0p Angle rad

u Coefficient of friction unitless

Fn Normal force N

grav Acceleration due to gravitation 9.80665 m/s?
m Mass kg

w Weight N

Example 22.7.1:

A calculator, weighing 7.1 0z, restson an inclined textbook. The angle of inclinerequired for the
calculator to dideis 20 degrees. What is the coefficient of friction? If the textbook is laid flat, what
force, paralle to the surface, must be exerted on the calculator to achieve the same effect?

Fi Fo Fz |[F4 | FE [FA Fi Fo Fz |[F4 | FE [FA
Toolsw|Eolug|Grarh|Fick|Dets-[Edit Toolsw|Eolug|Grarh|Fick|Dets-[Edit
Frictional Forice Frictional Forice
mgpd PO, deg mgpd PO, deg
nill . IR

Enter: Cocfficient of Frickion One complebe usgable solubion Found.
Entered Values: Step 1 Computed results: Step 1

Given (Step 1) Solution (Step 1)

Op=20deg M = 0.36397

Solution (Step 1) — This problem can be solved in two steps. First, select the fourth equation. Select
this by highlighting the equation and pressing [ENTER]. Press[F2] to display thevariables. Enter the values
for the known parameters and press(F2] to solve for the unknown variables.

Tools|Zalug |Gy arh|Fict|Orks-|Edit Tools|Zalug |Gy arh|Fict|Orks-|Edit
Frictional Force Frictional Force
i 10E 20sdes
Fhi M i
mm: 5. oz mmi: 5. oz
+: 1.35007 H
Enker: Andls Enter: Frickional Force
Entered Values: Step 2 Computed results: Step 2
Given (Step 2) Solution (Step 2)
Op = 20 deg Fu = .475431 N
p = 0.36397 Fn =1.30624 N
m=>5o0z W =1.39007 N

Solution (Step 2) Next, select the first, second and last equations. Enter the computed value of W, the
mass of the calculator, and a zero angle of incline. The entries and results are shown in the screen
displays above.
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22.7.2 Wedge

The following equations cal cul ate forces on a wedge lodged between two blocks.
There arefive forces, which act on the wedge shown in the diagram. These
forces add to zero when these forces arein equilibrium. W (N), isthe weight of
the upper block, pl isthefriction coefficient between the upper block and wedge,
K2, isthe coefficient of friction on theinclined surface of the wedge and the
lower block and 0 (rad) isthe angle of incline of thewedge. Fa (N), istheforcerequired to overcome the
forces of friction, which maintain the wedge-block system in equilibrium. The coefficient of friction
between the upper block and the vertical surfacetoitsright isassumed to be negligible.

W{u2eos(6) +sin(6)) Eq. 1
Fa=pliv + -
cog(0) - p28in(0)
p2 +tan(6) Eq. 2
Fa=WlQlul+————
1~ p2 [an(6)
W =mlgrav Eq. 3
Variable Description Units
0 Displacement angle rad
pl Coefficient of friction unitless
p2 Coefficient of friction unitless
Fa Horizontal force N
grav Acceleration due to gravitation 9.80665 m/s?
m Mass kg
W Weight N

Example 22.7.2:

What force must be exerted on the wedge with a 10-degree inclineto lift a4-ton load. Thefriction
coefficientsfor p2 and pl in the above diagram, are 0.1 and 0.4, respectively.

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa

Tools+| Zelue | Grarh | Fict | Dets= | Edit | Tools+| Zelue | Grarh | Fict | Dets= | Edit |
Hedde Hedde
mg: 10, deg mg: 10, deg
mpls .1 mpls .1
mp2t L4 LT )
EH *Ea: 29623.9 H

mp: 4, ton mr s Lo

"H | EANH
Enter: Heidht One complebe usgable solubion Found.

Entered Values Computed results

Solution — The first and third, or second and third equations are needed to solve this problem. Select
these by highlighting the equations and pressing [ENTER]. Press[F2] to display the variables. Enter the
valuesfor the known parameters and press(F2] to solve for the unknown variables. The entriesand
results are shown in the screen displays above.
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Given
0=10deg
pl=0.1
p2=04
m=4ton

22.7.3 Rotating Cylinder

F3: Equations/ C: Dynamics and Statics

Solution
Fa=25623.9 N
W=35585.8 N

The following equations describe a rotating cylinder having an annulus-shaped

contact with a stationary surface. Theinner radius of the contact areaiis rin (m), and I“

an outer radiusof contact is rout (m). Thefirst equation calculatesthe Area (m?) of
the annulus-shaped contact between the cylinder and the surface. The second

2

pouth & . rin

equation estimates the pressure, o (Pa), over the area of the annulus-shaped contact e
surface, Area. Thethird equation computesthe torque, T (Nh), required to overcome the static forces
of friction between the surface and the cylinder.

Area = rrl{rout? —rin?) Eq. 1
Fn Eq. 2
g =
m{rout? ~rin®)
20uFnifrout® ~rin®) Eq. 3
T=
3frout® ~rin?)
Variable Description Units
o Stress Pa
T Torque NI
u Cofficient of static friction unitless
Area Cross-sectional area m?
Fn Normal force N
grav Acceleration due to gravitation 9.80665 m/s?
rin Inner radius m
rout Outer radius m

Example 22.7.3:

A rotating cylinder, at rest, exertsaforce of 2500 N on a surface. The cylinder hasinner and outer
contact radii of 0.5 m and 2 m, respectively. The coefficient of static friction is0.25. What is the torque

required to initiate rotation of the cylinder?

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

|R¢tutin3 l:y1ind-zr:|

.5

.E: 25
wFri 2500, H
mring W5 om
mroukd Z.om

Enter: Torque

Entered Values
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Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit
|R¢tutin3 l:Nind-zr:l

#1375, Hm

IE: .l

mFri ZS00. H

| TasNaH

mroutt 2. om

One complebe usgable solubion Found.

Computed results

363



F3: Equations/ C: Dynamics and Statics

Solution — Select the last equation. Highlight the equation and press(ENTER]. Press(F2] to display the
variables. Enter the valuesfor the known parameters and press (F2] to solve for the unknown variables.

The entries and results are shown in the screen displays above.

Given Solution
pn=0.25 T=875Nm
Fn=2500 N
rin=05m
rout=2m

22.8 Statics

22.8.1 Parabolic cable

A cable between two fixed anchor points (a, b) assumes the shape of

a parabola when there is a constant load per horizontal distance, o1 1;
1.

(N/m), between the two stationary ends. In such a case, the weight
of the cableistypically insignificant in reference to the load. The
first equation calculatesy (m), thevertical distance from the lowest

Ta
=il ';lTH_'_

YT T (R

——Lyg

Lk

point of the cable at distance, x (m), from To (N), the tension of the cable at the lowest point. The
second equation calculatesthe total distance, L (m), between the two anchors from horizontal distances
to the lowest point, La (m) and Lb (m), from the location of To. Thethird and fourth equations
compute To from thevertical, ha (m) and hb (m), and horizontal distances, La, and Lb, of theanchorsto
To. Thefifth and sixth equations estimate the tension at the two fixed points, Ta (N) and Tb (N).

_01x? Eq. 1
y 2000
L=La+Lb Eq. 2
ollla’® Eq.3
To=———
2[ha
ollLb? Eq.4
To=———
2[hb
Eq.5
La®
Ta=ollla q/1+ _
4[ha
Eq. 6
Lb?
Th=0lllb q/1+ _
4hb
Variable Description Units
ol Load per horizontal unit length N/m
ha Height from low point to left support m
hb Height from low point to right support m
L Total length m
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Variable Description Units
La Distance from low point to left support m
Lb Distance from low point to right support m
Ta Tension at |eft anchor N
Tb Tension at right anchor N
To Tension at lowest point N
X Distance from origin along x axis m
y Displacement m

Example 22.8.1:

A parabolic cable supports a uniform horizontal load of 12-1b/ft distances acrossariver gorge 800 ft
wide. If an anchor on one sideis ableto support aload of 30kN at a height of 150 ft above theriver, what
isthe minimum height and tension of the anchor on the opposite side of the gorge? What isthe
minimum distance of one sideto the sag point (locationof To)? What isthe tension at the lowest pointof
the cable?

Fi Fe Fz FY4 FE Fa Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit | Tools+| Zelue | Grarh | Fict | Dets= | Edit |
|F‘-ur-ubo1i-: Eub1e| |F‘-ur-ubo1i-: Eub1e|
mrli mhat 150, ft T

mhat . +hb: 224,362 1
+hbi 2240362 L ml . 300, i

ml: 300, +L3: F59.87F It
#La: 359,873 £t #Lb: 440,127 £+
4Lk 440,127 Ft nTai 30,

nTa: 30, kM +Th: FZ908, M
#Th: 32908, M 4 +To:

Enter: Load ger unit Tendth Enter: Tension at Towest poink

Upper Display Lower Display

Solution — The second through sixth equations are needed to solve this problem. Select these by
highlighting the equations and pressing [ENTER]. Press(F2] to display the variables. Enter the values for
the known parameters and press[F2] to solve for the unknown variables. Theentriesand resultsare
shown in the screen displays above.

Given Solution

ol = 12 Ibf/ft hb = 224.362 ft

ha=150 ft La=359.873 ft

L =800 ft Lb = 440.127 ft

Ta=30 kN Thb = 32908 N
To=23043.3N

22.8.2 Catenary cable

A catenary cable supports a uniform load per length of cable, oo Lg ; Lk
(N/m). The cable forms a hyperbolic curve when theload issolely ¢ Ta L 1t
due to the weight of the cable. Thefirst equation calculatesthe hia T :
vertical displacement, y (m), at position, x (m), from the point of {
sag, above a plane located at a distance, hc (m), bel ow the sag point.
Equation 2 computes the total horizontal distance between the two
anchors, L (m), asthe sum of the horizontal distances, La and Lb, to the sag point from each end. The
variable, hc, in thethird equation, is defined as the height of the cable where, x=0. The fourth
equation computes the arc length of the cable, sarc (m), at a distance, x (m), from the low point. The
fifth and sixth equations calculate the heights, ha (m) and hb (m), of the fixed ends above the sag point
(location of To). Equation 7 calculatesthe tension of the cable, Tx (N), at distance, X, from the sag
point. In the diagram above, the variable, X, is positive to the right of the cable and negative to the | eft.
The eighth and ninth equations estimate the tension at the two fixed points, Ta (N) and Tb (N). Thelast
equation computes the length of the cable, cl (m), given cable parameters, hc, Laand Lb.
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Eq. 1
X q
y=hc mosh(—j
hc
L=La+Lb Eq. 2
_To Eq. 3
hc=—
(o]0
Eq. 4
. X q
sarc = hc&$inh] —
hc
La Eq.5
ha=hcllcosh — |-1
hc
Lb Eq. 6
hb = hc[Jcoshl — |-1
hc
Eq.7
X q
Tx = oo [hc[¢osh| —
hc
L Eqg. 8
Ta = oo [hc [éosh —
[
Lb Eq.9
Th = ool mosh(—
[
Eq. 10
c = smh( j +9 ( j
Variable Description Units
fo]0) Load per cablelength N/m
cl Length of cable m
ha Height from low point to left support m
hb Height from low point to right support m
hc Characterigtic length m
L Distance between aand b m
La Dist. from low point to left support m
Lb Dist. from low point to right support m
sarc Length of cable from lowest point m
Ta Tension at left support N
Tb Tension at right support N
Tx Tension at alocation x N
To Tension at lowest point N
X Distance from origin along x axis m
y Displacement m
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Example 22.8.2:

F3: Equations/ C: Dynamics and Statics

A cableweighing 1 Ib per foot length is strung between two towers 200 ft apart. The sag is 20 ft below
each tower. Calculate thetension at each tower and the length of cable required.

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

Catenary Cable
1:
mhai ZO. i
P20, ft
+hc: 233,265 ft
Poloa,. £t

PolEE. ft
#Tar 27I. 263 lbf +

Enter: Load ger unit Tendth

Upper Display

Fi Fe Fz FY4 FE Fa
Tools+| Zelue | Grarh | Fict | Dets= | Edit

Catenary Cable

Enter: Tension at Towest poink

LEL=t |

Lower Display

Solution - Thethird, fifth, sixth, eighth, ninth, and tenth equations are needed to solve this problem.
Select these by highlighting the equations and pressing [ENTER]. Press(F2] to display the variables. Enter
the values for the known parameters and press [F2] to solve for the unknown variables. The entriesand
results are shown in the screen displays above. Since the towers are equal of equal height, the sag point
should be halfway in between the two towers (100 ft). Enter the known values and press [F2] to solve for
the unknown variables. This problem takes about 5 minutes to solve.

Given

00 = 1 Ibf/ft
ha= 20 ft
hb = 20 ft
La=100ft
Lb =100 ft

References;

Solution

cl = 205.237 ft
hc = 253.265 ft
Ta=273.265 |bf
Thb = 273.265 | bf
To = 253.265 Ibf

1. Engineering Mechanics, Val. 1, Statics, Edition 2, J. L. Meriam and L. G. Kraige, John Wiley and

Sons, New York, 1986

2. Engineering Mechanics, Vol. 2, Dynamics, Edition 2, J. L. Meriam and L. G. Kraige, JohnWiley and

Sons, New York, 1986

3. Engineering Mechanics, 7th Edition, R. C. Hibbeler, Prentice-Hall, Englewood Cliffs, NJ, 1995
4. Fundamentals of Physics, D. Halliday, R. Resnick and J. Walker, 4th Edition, John Wiley and sons,

Inc. New York, 1993

5. Michad R. Lindeburg, Mechanical Engineering Reference Manual, Professional Publications,

Belmont, CA 1990

6. Murray R. Spiegel, Theoretical Mechanics, Schaum's Outline Series, McGraw-Hill Book Company,

New York, NY, 1967

7. LaneK. Bronson, Engineering Mechanics, Statics and Dynamics, Simon and Schuster technical
outlines series, Simon and Schuster, New York, NY 1970
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Chapter 23: Introduction to Reference

This chapter guidesthe user through the Reference Section of MEs Pro. Theinformation in the Reference
Section of the softwareis organized in a fashion similar to that in Analysisand Equations, except that it is
generally non-interactive.

23.1 Introduction

The Reference Part isorganized in twelve sections that include the
following topics: Engineering Constants; Fourier and Laplace T
Transforms; Valves/Fitting Loss; Friction Coefficients; ROUGhNESS  [tue1Bar tter Tined and status area ibattar

of Pipes; Water Physical Properties; Gases and Vapors; Thermal ENTER sf%an ducs the samue thind a3 F6.
o ion: i . i . ESC 'backs Up' ko Ehé FFEUIOUS SCFELN

Propertles, Fuels and Combustlon, Refrlgerants’ S pI’EfIXES, and’ FL:Tools/B:CTear 30es back ko the bedinnind.

the Greek Al phabet AMALYSIE FURcEions soTws SPecific Preblems.

EQUATIOME arg Ireursd inko seks applicablc
b specific sikuakions,

MAIN RAD AUTO FUHC

Fz F Y =
ReFiH ehce FefeFence -
H C
En:lnuerln: Const. .En:1gwwr1n: OHS
: ns iUalves-Fitling Loss
UaluesfFlttln Loss

tFriction Coet
iRoughness of Plpes
thlater-phys. Prop.
ftGases and Wapors..
tThermal Properties..
tFuels and Combust..
tRefrigerants..

51 Prefixes

tGreck Alphabet

TVFE OF USE £+t4 + [EMTERI=0K AMD [ESCI=CAMCEL

tFriction Coef
tRoughhess of P1p95
-Mater—ph =. Prop.
iGases and Uapors..
L Thermal Properties..

HMAIN DEGAUTO FUMC

Lqlenln alfuloalo L gl O —

Pull down menu on Tl - 89 and Tl - 92 Plus

Unlike Analysis and Equations, the screen formats for the topicsin the Reference section can differ
significantly, depending on the information presented.

23.2 Finding Reference
Starting ME<Pro you can access the Reference Part.

1. Start ME*Pro:
* TI-89 and TI-92 Plus: Press[APPS] key to display the pull down menu. Press(ENTER] or press(1]
to view flash applications. Use ® key to move the highlight bar to ME#Pro and press [ENTER].
»  Pressing [F4] accesses the menu for the Reference section listing the topics. ME<Pro is structured
with ahierarchy of screensfor choosing a specific topic.
2. Sdect atopic of Reference by moving the highlight bar to the desired section using the ® key and
pressing [ENTER]. Alternatively, type in the number corresponding to the section desired. For example,
press (2] to access the Transforms section or press(6] to access Water Phys cal Propertles

|T-:u:-1:- ﬁnuwmv Equuh-:-ns'lk-zi-zr'l-'znctv Info| l:h-:--:-s-z
TFUI'ISF\'.II"M! . I;I:Enggg E k _',.-m H
1:Fourier Transforms.. p: 1.8e-3
tlaplace Transforms.. vi 1.8e-6 m"‘2/5
TYFE OF USE £t} + [EMTER] OK [EZC] Choose: Waker Temperature
Transforms Menu Water-Physical Properties Screen
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23.3 Reference Screens

The Water-Physical Properties section has been chosen to illustrate how to navigate within atopic of the
Reference section. When accessing the Water-Physical Properties section the properties of H,O should
be displayed.

L T l B &l FE |G L ) T F9 1 L ) T FT |G
|T-:--:-1s-| ceiye | 2resn | wiew | Opfse [k Toglse| d Flaker Temperatore  Frer |F |T-:--:-1s-|'€ Tlater Temrperatare  Fise [¥
KHater-phys. FEop. 1:0_°C CHZON ]
HZz0 TENEJMW HZ0O T4 2i5_" HZ0 HzZ0 T4 Zi
pio 39908 _kgm pEoF99 pE 39
p: 1.8e-3 _Fa#s peE 1.4 pE 1.
wi 1,86 _mhiss vl 1.4 vl 1.

Choose: Haker Temperaturs TVFE OF USE £+t + CEMTER] OF [EXC] HMAIN DEGALTD FUHC

Main Water-Physical Other Temperatures of H,O Highlight bar at 25°C (H,0)
Properties Screen

[Fi ] T ] B Ir-q I FE ]‘Fs]
Tonlsr| 4354 S Yigw Opts~ [»
kater-phvs. Frop.
HZ0_Temp. =W§Eﬂ

pi 997.1 _kasm
hEi LE9FE-3 _FPaks
Vi LE98EE _mt2es

Choose: Haker Temperaturs

Properties of H,O at 25°C

* Notethat H,O Temp hasan arrow > toitsright indicating that there are other temperatures of
H,0 whose properties are also listed. Move the highlight bar to H,0 Temp., press(ENTER] to view
the other temperatures of H,0. Thelist of other temperaturesinclude 0 °C to 100 °Cin five
degreeincrements. To display the properties of H,O at 25 °C, use the ® key to move the high
light bar to 25°C (H,0) and press [ENTER]. Alternatively, typein (6] when the pull down menu

appears.
* Thedatadisplayed automatically updatesto list the properties of water at 25 °C as shown above.

23.4 Using Reference Tables

The Transform section is used as an example of viewing reference tables. Transforms allowsthe user to
inspect Fourier and Laplace Transforms. Each of these topicsis divided into three sub-topics:
Definitions, Properties and Transform Pairs. For example, navigate from Transforms — Fourier
Transforms - TransformPairs. A screen display below lists the equations displaying the fundamental
properties of Fourier transform pairs. Note that the name of the selected transform equation appearsin
the statusline (at the bottom of the screen). For example, if the highlight bar is moved to the sixth
equation, the status line displays "Rectangular Pulse" asthe description of the property.

Tt Jaiehs [inbers oot || S5 N I M
Transfarm Fairs| Transforr Fairs
1= s CETOTN ]
ALL IR ) 18 &Cta
Alt—t@rE o kb O L B AT e A T
==, e, A0 208 2w mHEA I+l Cdkadt ulty
Lety s abCai+le(dda) ekl (A ) o=l b,
gt ddmkSaCECnd -1 0. Z*T*sin(m*TJH(W*T)= uet+.
UL +T -yt -T2 24Tksinto.. To2wisinCakT 40 CakT 400
1-24ABSCL T4 To2kisinto.. 250840k Loabs LD
Constant Constant
Normal View Inverse View (press [F4])

To view an equation in Pretty Print format, press®. The contentson theright side of the colon (;) are
displayed in Pretty Print, while the contentsto the left of the colon are displayed in regular type above
the statusline. To reversethisdisplay (display theinverse of the property), press(ESC] to exit Pretty Print
mode; press[F4] to display the inverse form of the transform property; and, ® to view theinverse
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transform in Pretty Print. Thisfunction isonly availablein the Transforms Section of the ME-Pro

Reference.

A ]'3 I i

w-T

Fansform Fairs

[feamatores s
2-T-singw-T)

UCEATI—LCE-T2

Nigw: Feckandular Fulss

Normal View of Rectangular Pulse

MEPro for TI-89, TI-92 Plus

Chapter 23 - Reference — Intro to Reference

371

i BE £ B
Lt [Eran ferss fH:

Transform Fairs
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Chapter 24: Engineering Constants

This Constants Reference Table section lists the values and unitsfor 46 commonly used universal
constants. These constants are embedded in equationsin the Equations section of MEsPro and are

automatically inserted during computations, when required.

24.1 Using Constants

The Constants section in Reference is designed to give a quick glance for commonly used constants. It
lists values of accuracy available by the standards of measurement established by appropriate
international agencies. This section does not include any information about the uncertainty in

measurement, if any.

Table 24.1 Constants Reference Table

Display Description Display Description
T Circleratio @0 Magnetic flux quantum
e Napier constant uB Bohr magneton
y Euler constant pe e magnetic moment
(0} Golden ratio pN Nuclear magneton
a Fine structure Up p+ magnetic moment
c Speed of light invacuum M | magnetic moment
€0 Permittivity of a vacuum a0 Bohr radius
F Faraday constant Reo Rydberg constant
G Newtonian constant of brcl 1st radiation constant

gravitation

grav Accdleration of gravity brc2 2nd radiation constant
h Planck constant Brc3 Wien displacement
hb Dirac constant o Stefan-Boltzmann constant
k Boltzmann constant AC e Compton wavelength
po Permeability of vacuum An n Compton wavelength
o} e charge Ap p+ Compton wave ength
em e charge/ mass SP Standard pressure
me e rest mass ST Standard temperature
mn N rest mass vVm Molar volume at STP
mp p+ rest mass mwa Molecular mass of dry air
mu muon rest mass NA Avogadro constant
pe Mass p+ / masse- Rm Molar gas constant
re Classical e- radius Mea Mass of the earth
Uq Mass 1L/ masse- rea Mean radius of earth

These constants were arranged in the following order: universal mathematical constants lead the list,
followed by universal physical constants; atomic and quantum mechanical constants; radiation constarts;
standard temperature and pressure; universal gas constant; and, molar constants. To view a constant, use
the arrow key © key to move the highlight bar to the value and press theView key [F4]. The statusline at
the bottom of the screen gives a verbal description of the constant.
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Example 24.1:
Look up the classical radiusof an electron.

B b B £l BES [
i |t PR [Vt RPN

Endingetind Consk.

1. Revaueislocated about half way down thelist. Make sureit is
selected by the highlight bar using the arrow keys.

Access the View function by pressing key [F4].

3. Pressany key to return to the constants screen. e

Wigl: c7as5ical &= Fadius

2.81794E-15- _m

N
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Chapter 25: Transforms

This section accesses a series of tables containing transforms of common interest to mechanical
engineers. Thetransformsarelisted are — Fourier Transforms, and Laplace Transforms. Each topic
contains information categorized under three subtopics; Definitions, Properties and Transform Pairs. All
formulae can beviewed in Pretty Print equation-display format. These sub-topics are not interactive; i.e.,
one cannot specify an arbitrary expression and expect to compute a transformed result.

25.1 Using Transforms

When the Transform section is selected, adialog box is appears. To choose atopic, move the highlight
bar using @ or @keys and press (ENTER]; alternatively, press the number associated with the topic.

1. Sdect FOUrier, or Lapl ace TranSformS. Toolsr|AnaTesisw|Equationsw|Rsferencer|info
2. Sdect Definitions, Properties or Transform Pairs —
3. Usethe® or @ keystomove to the transform line desired. " 1:Fourier Transforms. |
4. Theforward transforms are displayed by defaullt. Laplace TPAnstOPnS..
5. Pressing [F4] toggles between the forward and inverse formats.
6. Press(® to view thetransform property in Pretty Print. S —
* Information is presented on either side of the colon as
shown below. Theterm on the left side of the colon, F(w), represents the function in the
frequency domain. The right side of the colon represents the exact definition for F( w) in terms of
the time domain function, f(t), integrated over all time modulated by e ™! o)
+00
F(w): J'(f (t)ee" )dt Forward Fourier Transform
1 +00
F(t): o J'(F (w)[é'm’m)dw Inverse Fourier Transform
7T

Forward and I nver se For mats

» Theinformation can be displayed in the inverse (as opposed to forward) form. This meansthat
the information on either side of the colon changes positions when the Inverse key [F4] is
pressed. A ‘=‘ symbol appearsin the [F4] tool bar to indicate the inverse form of the transform
function is being displayed.

StatusLine Message

» Thestatusline gives a description of the equation highlighted. The descriptions use standard
terminology such as Modulation, Convolution, Frequency Integration, etc.

Example 25.1:
What is the definition of the Inverse Fourier transform?

Normally, Fourier Transform is a representation of a periodic time domain function f(t) in termsof an
integral involving the frequency domain function F(w). An inverse Fourier Transform refersto a
representation F(w) in terms of f(t).
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1. Inthemain Transfor ms screen, move the highlight bar to Fourier Transforms and press [ENTER].
2. Press[ENTER] a second time to access Definitions.

3. Movethe highlight bar to the second definition and press () to display the equation in Pretty Print
format.

4. Press@ or @ toscrall. Pressany key to return to the previous screen, if the Pretty Print display is
larger than the screen.

e ]’; I T
e Pt |t g fieecst |
Definitions Definitions
£ e g
[-EEEN . Lo wet
— J_W[F(m) . Jaa
FOLD
Inugkse Fourict TEansfForm Nigt: Inuckse Fourick TEansForm
Fourier Definitions Pretty Print of Fourier

(Inverse Fourier Transform)
Example 25.2:

View the L aplace transform of the time function f(t)=t, in terms of a universal frequency variable
Laplaces.

1. Intheinitial Transforms screen, move the highlight bar to L aplace Transfor ms and press [ENTER].
2. Movethe highlight bar to Transform Pairs and press [ENTER].
3. Scrall down to t: 1/s*2 and press () to view the equation in Pretty Print format.

I’ri I R ‘[_5'; 4 FE R ‘[_5'; I N ED
Toolse|..ote |Srwfn |Inuers |Optse T i et Eragn [Reen st |HD TR
TransfFerm Pdil’il Transkarrm Fair! I

Fitys Fisd

aArtas 1 1

Sth=30% o( ks =

uitar 1-= =

Eft—ahl E =T I -t

EAIR=10otn=1011 1s5%n

ekt ol 1/05-a0 t.

[
Laplace Transform Pairs Pretty Print of ‘t’
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Chapter 26: Valves and Fitting Loss

This Section coversthe head loss of 11 different valves and fittings.

26.1 Valves and Fitting Loss Screens

When accessing the Valves and Fitting Loss section, the next screen will show the properties of the Std

radius 90° Elbow. The Valve/Fitting Loss for each type of fitting islisted for a 1in., 2in., 4in., 6in., and
8in. radius.

B P T F1 1 FE IFE B
o T Choass Fitkind brpe Bl i
Walues Fitkind Lass| 1:5td radiuson® Elbow Walues Fitkind Lass|
Fitting: Std radius90* E.. Fl 2:Long radius9C0®Elbow Fitting: Open Globe Ualw..
11n=#ﬁ 1] Sifegular 455 Elbow 1in=w
Z2int B.O _1n 21 4iTee-f1low thru line 2int _1h
d4int 13 __in 4] S:Tee—flow thru stem d4in: 110 _in
Gint 5.9 _in 5] &1 1807 return bend Gint 190 _in
Bint 12 _in 2 Bint 260 _in
pen gate walwe

FesUTE: 3 inch FiFe TVFE OF USE €314 + [EMTER] OF [ESCT FesUTE: 3 inch FiFe
Properties Std radius 90° Materials available in Fitting Properties of Open Globe
Elbow type Valve

* Notethat Fitting: hasan arrow > to itsright indicating that there are additional cases of
materials whose properties are also listed as shown above. Move the highlight bar to Std radius
90 press(ENTER] to view the other materials. Thelist of other materialsincludes Long radius
90° elbow, Regular 45° elbow, Tee-flow thru line, Tee-flow thru stem, 180° return bend, Open
globevalve, Open gate valve, Open angle valve, Swing check valve, Coupling or union. To
display the properties of Open Globe Valve, use the ® key to move the high light bar to Open
Globe Valve and press [ENTER]. Alternatively, typein (7] when the pull down menu appears.

» Thedata displayed automatically updatesto list the properties of Open Globe Valve as shown
above.
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Chapter 27: Friction Coefficients

This Section coversthe friction coefficients of 34 materials. Four types of friction coefficient valuesare
displayed when known. Static or dynamic friction coefficients under dry or greasy conditions are
displayed. Thefriction coefficients are unitless quantities, when the display shows “-* character it implies
thereisno reliable data available.

Table 27.1 Friction Coefficients Reference

Display StatusLine Display StatusLine
Static Static —Dry Dynamic Dynamic — Dry
Static Static — Greasy Dynamic Dynamic — Greasy

27.1 Friction Coefficients Screens

When accessing the Friction Coefficients section, the next screen will show the properties of the

Hardsteel/hardstedl.
B 11 & i 41 FE IfE B
B | Eain T Material kvpe et |Eran
[Frickion Caef. 1:Hardsteel  hardsteel [Frickion Caef.

Mati Hardsteel~shardstesls M{ 2:Mildsteel- mildsteesl Mat: Mildsteel~ Cd-Ag+
Static: 51 ZtHardsteel - graphite StaticiliE

Statici . 51 4:iHardsteel Babbit#l Static: -

Dunamic: .42 O S:iHardsteel Babbit#2 Dunamic: -

Ogrnamic: Q@29 O) &iHardsteel- Babbhit#l0 Ogrnamics Q@97

steels onze

Fiesulk: stakic - Oy AN RAD AUTO FUHL Fiesulk: stakic - Oy
Properties Friction Materials available in Properties of Open
Coefficients Material type Mildsteel/Cd-Ag

Notethat Hardsteel/hardsteel has an arrow > toitsright indicating that there are other materials
whose properties are also listed. Move the highlight bar to Hardsteel/hardsteel, press [ENTER] to
view the other materials. Thelist of other materialsincludes Mildsteel/mildstedl,
Hardsteel/graphite, Hardsteel /Babbit#1, Hardsteel /Babhit#8, Hardsteel /Babbit#10, Mildsted /Cd-
Ag, Mildstedl/P Bronze, Mildsteel/Cu Pb, Mildsteel/cast Iron, Mildsteel/Ph, Ni/Mildsted!,
Al/mildsted, Mg/mildstedl, Teflon/steel, Wcarbide/Wcarbide, Wcarbide/stedl,
Wcarbide/Copper, Wcarbide/Iron, Bonded Carbide/Cu, Bonded carbide/Iron, Cd/Mildsted,
Cu/Mildsted, Brass/Mildsted, Brass/cast Iron, Zinc/cast Iron, Cu/cast iron, Tin/castiron,
Lead/cast Iron, Aluminum/Aluminum, Glass/glass, Glass/Nickel, Copper/glass, Cast Iron/Cast
Iron. To display the properties of Mildsted/Cd-Ag, use the ® key to move the high light bar to
Mildstedl/Cd-Ag and press [ENTER]. Alternatively, typein (7] when the pull down menu appears.
The data displayed automatically updatesto list the properties of Mildsteel/Cd-Ag as shown
above.

Toreturn to display listing material types, press[Fé]. To return to screen with Reference sections,
press [ESC].
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Chapter 28: Relative Roughness of Pipes

This Section covers 23 different pipe materials and their relaive roughness.

Table 28.1 Relative Roughness Reference

Display StatusLine Display StatusLine

Com. Comment HW HW const —range
Range Roughness range HW HW const — clean

Design Roughness design HW HW const - design

28.1 Relative Roughness Screens
When accessing the Roughness of Pipes section, the next screen will show the properties of Steel.

P i F9 1 FE iFE B
T Fire makerial bvpe R
1:Steel Koudhness of Firss
M{ 2:5teel-rivets Mat: Concretes
Cd 3:5teel-girth Cor. =
E{ 4iSteel-horiz,rivets Fange: .OQi-.01 _ft
04 SiSpiral rivets Desl?m L —
HY &:llitrified HiW:  152-25
H H Hblz 120
Hul=  1GiE H ement—ashestos Hul=  1GiE
FiesUTE: Cormment TAIN FAD ALTO FUNC FiesUTE: Cormment
Properties Steel Materials available in Properties of Concrete

Material type

* Notethat Seel hasan arrow > toitsright indicating that there are other materi als whose
propertiesare also listed. Move the highlight bar to Steel, press [ENTER] to view the other
materials. Thelist of other materialsincludes Stedl-rivets, Stedl-girth, Stedl-horiz. rivets, Spira
rivets, vitrified, Concrete, Cement-ashestos, vitrified Clay, Brick sewer, Cast Iron, Cast Iron
coated, Cast Iron lined, Cast Iron Bituminous, Cast Iron spun, Cast Iron galvanized, Wrought
Iron, Fiber, Copper and Brass, Wood stave, Transite, lead, tin, glass, and Plastic. To display the
properties of Concrete, use the ® key to move the high light bar to Concrete and press [ENTER].
Alternatively, typein (7] when the pull down menu appears.

* Thedata displayed automatically updatesto list the properties of Concrete as shown above. You
may return to Pipe material type screen by highlighting Mat: Concrete> and press (.
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Chapter 29: Water-Physical Properties

This section covers the properties of water from 0 °C — 100 °C. Propertiestabulated are; density,
dynamic, and kinematic viscosity.

Table 29.1 Properties of Water

Water -Physical Properties
Display gtatu_s Line
o ensity
u Dynamic Viscosity
% Kinematic Viscosity

29.1 Water-Physical Properties Screens

When accessing the Water-Physical Properties section the properties of H,O should be displayed.

1 ) B & FE|F& 1 Tz FC L 1 Tz - FT|F&

|T-:--:-1s-| o ie l'E:'«.‘S:: view | orfs- v Toolse| " Tiater Temperature  Ftse |k |T-:--:-1s-| I Tiater Temrerature s [k
Later-phes. Prop. 1:@_"C CHZOD 1ip_?C CHZO>
Hz0 TENEJMW Hz20 Tq Zi0_F HZ0 HZ0 Tq 2:5_°
pio 39908 _kgm pEoF99 pi 391 3k
p: 1.8e-3 _Paks ps 1.4 pe 1.4 4:
wi 1.BE"E _mMirs wi 1.4 wi 1.4 5¢
[

Choose: Hater Temperature THFE OF UZE £314 + [EMTER] OF [EZC] AN DEGALTO FOHE
Main Water-Physical Other Temperatures of HoO  Highlight bar at 25°C (H»O)

Properties Screen

[Fi ] T ] B Ir-q I FE ]‘Fs]
Tonlsr| 4354 S Yigw Opts~ [»
kater-phvs. Frop.
HZ0_Temp. =W§Eﬂ

pi 997.1 _kasm
hEi LE9FE-3 _FPaks
Vi LE98EE _mt2es

Choose: Haker Temperaturs

Properties of H,O at 25 °C

*  Notethat HoO Temp hasan arrow > toitsright indicating that there are other temperatures of
H>O whose properties are also listed. Move the highlight bar to Ho0 Temp., press[ENTER] to
view the other temperatures of HyO. Thelist of other temperaturesinclude 0 °Cto 100 °Ciin
five degree increments. To display the properties of HoO at 25 °C, use the ® key to move the
high light bar to 25°C (H»0) and press[ENTER]. Alternatively, typein (6] when the pull down
menu appears.

* Thedata displayed automatically updatesto list the properties of water at 25 °C as shown above.
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Chapter 30: Gases and Vapors

This section covers the reference data for six topicsreating to the behavior of gases and vapors.

¢ Air Enthalpy and Psi Function

200K — 780K

¢ Critical Datafor Various Gases

¢ Viscosity (W) at One Atmosphere
¢ Saturation Temperature

¢ Saturated Gas Properties

¢ Air Physical Properties

800K — 1480K
1500K —2200K

Gases, general
Gases, organic

<1 bar
>1 bar

Ammonia
Carbon Dioxide
Ethane (R170)

Hydrogen (n)
Methane

Refrigerant 11

Table 30.1 Gases and Vapors Reference Table

Display StatusLine Display StatusLine

h Specific enthal py vg Specific volume, gas

Psi Psi function hf Specific enthalpy, liquid
Gas Gastype hg Specific enthalpy, gas
Temp Boiling temperature S Specific entropy, liquid
Temp Critical temperature Sl Specific entropy, gas
Temp Temperature at K cpf Specific heat at constant pressure
Press. Critical pressure p Density

Val. Critical Volume u Dynamic viscosity

P Vapor Pressure % Kinematic viscosity

vf Specific volume, liquid
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30.1 Gases and Vapors Screens

When accessing the Gases and Vapors section, a dialog box appearslisting the available topics. Use ®
key to move the highlight bar to Air — physical properties and press [ENTER]. Thiswill display the
properties of air at -50°C.

[ FL I Tz I F= ] T Irs I ] FL B B FE | FL : i 41
Tools|Analvsis«|Equations=|keference |Infol e [ W - Choosg...
Gases and Yarors .

1:Air Enthalpy Func... Air: -3Q0_°C (Rirs+

2:Crit.Data for Gases Temp (Ki:

Jitliscositglpiel atm pi 1.582 _karm

4:5at.. Temperature.. pi 1.46e-5 _Paks

5855t Gas PDE... vl L921e-S _mh2es

TYFE OF USE £ 1+ + [EMTER] OF [ESCT FiesuTE: Termper ature ak (KD AN RAD AUTO FUHL

Sections in Gases and Properties of air at -50°C Materials available in Air —
Vapors Physical Properties

* Notethat -50°C hasan arrow > to itsright indicating that there are other Air Temperatures
whose propertiesare also listed. Movethe highlight bar to -50°C, press(ENTER] to view the other
materials. Thelist of other materialsincludes -40°C (Air), -30°C (Air), -20°C (Air), -10°C
(Air), 0°C (Air), 10°C (Air), 20°C (Air), 30°C (Air), 40°C (Air), 50°C (Air), 60°C (Air), 70°C
(Air), 80°C (Air), 90°C (Air), 100°C (Air), 150°C (Air), 200°C (Air), 250°C (Air), and 300°C
(Air). Todisplay the properties of -30°C (Air), use the ® key to move the high light bar to -
30°C (Air) and press [ENTER]. Alternatively, typein (3] when the pull down menu appears.

»  Thedata displayed automatically updatesto list the propertiesof Air at -30°C.
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Chapter 31: Thermal Properties

This section covers the Thermal Conductivity of metals, liquids, gases and other specified materials, and
the Specific Heat of liquids and gases.

¢ Thermal Conditions
Metals
Elemental
Alloys
¢ Specific Heat
Cp of Liquids and gases
Cp/Cv of liquids and gases at 1atm
¢ Heat of Fusion (Various €l ements)

¢ Mean Specific Heat (Solids)

Table 31.1 Thermal Properties Reference Table

Display StatusLine Display StatusLine

Temp Temperature range cp Specific heat at constant pressure
Temp Temperature u Viscosity at Bulk Temperature
kto Thermal Conductivity Melt temp | Mdting Temperature

k Thermal Conductivity Max temp | Maximum temperature

a Empirical constant Density Bulk Density

p Density

31.1 Thermal Properties Screens

When accessing the Thermal Properties section, a dialog box appearslisting the available topics. Use ®
key to move the highlight bar to Heat of Fusion and press[ENTER]. Thiswill display the heat of fusion
propertiesfor 35 different materials.

Fi Fz Fz F4 FE
|T-:u:-1:- Analesis- Equuti-:-nhlk-zi-zr’-znctv Infa

. ) -H.Edt.ﬁl: FIJSiﬁI'lI
Thermal Fropertics Aluminums
1:Thermal Cond... Bismuths LBt
2=§ ecific Heat Cadmigm: 23.4 _Btus

- 1k
Chromiumi 136.0 _Btu-lhb
Cobalt: 115.2 _Btu-slb
EDTPE‘F‘= 88.2 _Btu<lb
Gold: 28.7 _Btu-slb
Iran: 117.0 _Btu-lh ks
TAIN FAD ALTO FUNC ATurinurm _Etu /b

Sections in Thermal Properties Heat of fusion Properties for
34 different materials

» Tosdect any of the materialson the list usethe @ or @ keys. Now you can view the heat of
fusion valuesfor the materials listed.
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Chapter 32: Fuels and Combustion

This section covers mechanical engineering reference data for the below mentioned seven topics:

Table 32.1 Fuels and Combustion Reference Table

Display | StatusLine Display | StatusLine
Compare SO2 Control Systems Heats of Combustion
Reg. Requirements Sym. Chemical symbol
Rec. Recoverable material Qv Qv (per 1b)
Cost Extra cost power gen% Qv Qv (per ft%)
S0O2 SO2 efficiency % Qp Qp (per 1b)
Inv. Extra plant investment % Qp Qp (per ft°)
Liquid Petro Gas Specs Products of Combustion
v.p. Max v.p. at 100°F Formula | Chemical formula
Butane | Max % butanev. residue Moal. Molecular weight
Pentane | Max % pentanev. residue Wt. Specific Weight at STP
Res. Residue from evap, max Vol Volumeration air to fuel
oil Oil stain observation CO;, CO2 from 1ft® Fuel
Corr Corrosion, Cu strip, max H,O H20 from 1ft* Fuel
Sulfur | Sulfur, max N2 N2 from 1ft® Fuel
H20 Free H20 content Wit Weight ratio air to fuel
Flammable Limitsin Air CO; CO2 from 1lb fue
Lo Low limitinair vol% H.O H20 from 1lb fuel
Hi High limit in air vol% N, N2 from 1lb fuel
Compar ative Fuel Specs Flame Temperature
Petrol Conventional petroleum Gas Gas Type
Tar Tar sand bitumen 80% 80% Theoretical air
Syn. Synthetic crude ail 90% 90% Theoretical air
100% 100% Theoretica air
120% 120% Theoretica air
140% 140% Theoretica air

32.1 Fuels and Combustion Screens

When accessing the Fuels and Combustion section, a dialog box appearslisting the available topics. Use

® key tomove the highlight bar to Flamm..Limitsin Air, and press [ENTER]. Thiswill display the

properties of Methane.

L =
Fugls + Combuskion
1:Comp_S0Z2conti.sus=.
2ilig.Petr. Gas Specs
E:Enm aP.Euef !PEGE
StHeat=s of Combustion

§iProd. of Combustion
riFlame Temperature

Fi H He Fu FE FB
S:zf s | Mig | ORES | Choose

FE

i I FY
Choose Fuel THEs

%

F oLt A
Euel?&ﬁ!m
of 9,

Hi: 13.0

1:Methane
Fus 2iEthane

Hi:[ d:Butane
5t I=sobutane
&:Fentane
E ﬁsupentane

TVFE OF USE £+t + CEMTER] OF [EXC]

Choose: Fusl THee

HMAIN KAD ALTO FUHC

Sections in Fuels and
Combustion

Properties of Methane

Materials available in Fuels

* Notethat Methane hasan arrow > toitsright indicating that there are other materials whose
propertiesare also listed. Move the highlight bar to Methane, press[ENTER] to view the other
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materials. Thelist of other materialsinclude: Ethane; Propane; Butane; | sobutane; Pentane;

| sopentane; Hexane; Ethylene; Propylene; Butylene; Acetylene; Hydrogen; Carbon monoxide;
Ammonia; Hydrogen sulfide; Natural; Producer; Blast-furnace; Water; Carbureted-water; Coal;
Coke-oven; and, High-Btu oil. To display the properties of Propane, use the ® key to move the
high light bar to Propane and press[ENTER]. Alternatively, typein [3] when the pull down menu

appears.
»  Thedata displayed automatically updatesto list the properties of Propane.
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Chapter 33: Refrigerants

This section covers selected refrigerants and gases in low -temperature applications, transition
temperatures and common cryogenic properties

¢ Sdected Materias
¢ Trandtion Temperatures
| Typel superconductor
Il Typell superconductors
¢ Common Cryogenic Prop.

Table 33.1 Refrigerants Reference Table

Display StatusLine Display StatusLine
No. Refrigerant number Pt. Triple pt. pressure
Moal. Molecular weight Temp. Critical temperature
B.P. Bailing point Press. Critical pressure
Temp. Critical point temperature Inv. Upper inversion temperature
Press. Critical point pressure Heat Heat of vapor (wt)
To Transition temperature Heat Heat of vapor (val)
Ho Critical magnetic fields Lig. Liquid density
Hc2 Upper critical fields Vap. Vapor density
T(K) Temp of upper critical fields Gas Gas density
Pt. Triple pt. temperature
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33.1 Refrigerants Screens

When accessing the Refrigerants section, a dialog box appears listing the available topics. Use @ key to
move the highlight bar to Cryogenic Properties and press [ENTER]. Thiswill display the properties He3 .

Fi Fz Fz F4 FE
|T-:u:-1:- Analesis- Equuti-:-nhlk-zi-zr’-znctv Infa

Fefridgranks

l:5elected Materials
2iTransition Temp.

1
I 3iHZ2 Cequilibl
4102 dChormall
S5:He

Silruogenic Prope Terp.: & _ . Temp.| &2H2
Press.: 17 _psi Press 7iHir
T, s 72 _° I, 2| SLArgon
Heat: 3.6 _Btuslhk L Heat: 3.6 _BLU~THR L
TYFE OF USE £t} + [EMTER] OK [EZC] Choosg: Material TV TYFE OF USE £t} + [EMTER] OK [EZC]
Sections in Refrigerants Properties of He3 Materials available in

Cryogenic property

* Notethat He3 hasan arrow > toitsright indicating that there are other materials whose
propertiesare also listed. Move the highlight bar to He3; press to view the other
materials. Thelist of other materialsincludes Hed, H2 (equilib), D2 (normal), Ne, N2, Air,
Argon, F2, 02, and CH4. To display the properties of H2 (equilib), use the ® key to move the
high light bar to H2 (equilib) and press[ENTER]. Alternatively, typein [3] when the pull down
menu appears.

*  Thedata displayed automatically updatesto list the properties of H2.
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Chapter 34: Sl Prefixes

The S| Prefixes section displays the prefixes adapted by the Systeme International [d’ Unit[eacute]s] (SI).

34.1 Using Sl Prefixes

The prefixes are listed in the order shown in Table 34-1. The ® key isused to move the highlight bar to
select a Sl prefix multiplier. The name of the prefix isdisplayed in the statusline. The prefix and
multiplier can be viewed by pressing the [F4] key.

Table 34-1 Sl Prefix Table

Prefix Multiplier Pr efix Multiplier
Y: (Yotta) 1E24 d: (deci) 1E-1
Z: (Zetta) 1E21 ¢ (Centi) 1E-2
E: (Exa) 1E18 m: (Milli) 1E-3
P. (Peta) 1E15 W (Micro) 1E-6
T: (Tera) 1E12 n: (Nano) 1E-9
G: (Giga) 1E9 p: (Pico) 1E-12
M: (Mega) 1E6 f: (Femto) 1E-15
k: (Kilo) 1E3 a (Atto) 1E-18
h: (Hecto) 1E2 z: (Zepto) 1E-21
da: (Deka) 1E1 y: (Yocto) 1E-24
S1PFgFines

Y lezd

Z: 1E21

! lels

F: LelS

T: lelZ

5 LEd

I:

kLl TE

[LTEL]

S| Prefix Screen Display
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Chapter 35: Greek Alphabet

This section displays the Greek Alphabet and their names. There
are several Greek |etters supported by the T1-89. To enter the
Greek |etters, the sequential keystrokes are listed in the T1-89
manual. They are repeated here for convenience of the user.
Alternatively, (] (or [cHAR]) followed by (1] will access an

internal menu listing several Greek characters.

Table 35-1

EPZILON M v WU
ZETR = ¥ HI

Ba THETR I wrl

« ALPHA I . 1OTA

E EETR K k KAPPA
 GAMMA M » LAMEDA
# DELTR M w mu

£

¥

n ETH 0 o OHMIkON ¥ + P35I

1 v» DMEGA

Key stroke Sequence

Greek
Letter

Key stroke Sequence

Greek
Letter

[+] (] [aloha] [=]

(¢] [(] [alpha

[+] [] [aloha] [}

[+ (] [aipha] ¥ [}

[+ [ [aloha] [=]

[+] (] [aloha] [1]

(¢] [(] [alpha

(¢] [(] [alpha] *

(¢] [(] [alpha

(¢] [(] [alpha

(¢] (] [alpha] [STO»

(¢] [(] [alpha] *[STO»

(¢] [(] [alpha

(¢] [(] [alpha

(¢] [(] [alpha] *(3]

(¢] [(] [alpha

[+] (] [alpha] []

[+] [] [alpha] *[]

(¢] [(] [alpha

(¢] [(] [alpha

(¢] [(] [alpha

NEMEAlapdaE><i Mmoo
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Appendix A Frequently Asked Questions

A.1 Questions and Answers
A list of commonly asked questions about the MEe«Pro islisted here. Review thislist of questions prior to
contacting the Technical support either at Texas Instrumentsor at da Vinci. You might save yourself a
phone call!l These questions are classified under four general headings.

¢ Equations Questions ¢ Reference Questions
¢ Genera Quegtions ¢ Andysis Quegtions

A.2 General Questions
Thefollowingisalist of questions about the general featuresof ME ¢ Pro:

Q. Where can | find additional inf ormation about a variable?

A. A brief description of a highlighted variable appears in the statusline at the bottom of the screen. More
information, including its allowable entry parameters (i.e.: whether complex, symboalic or negative values can
be entered, etc.) can be accessed by pressing [F5])/Opts and 2: Type.

Q. How do I convert the results of a caculation in andysis and equations into different units?
A. Highlight the value which you want to convert; Press [F5]/Opts, 4:Conv. A unit menufor thevariableis
displayed. Select thedesired unitby pressing the function key corregponding to the appropriate units.

Toroj:lsr 551211»2 \.s '.E:l.-.l ﬂE?ﬁf o Toroj:lsr 551211»2 \.s '.'F:w I]Etsh 5:El |
[ ik cuit Ferformance | ircuit Ferf [Circuit Ferformance]
L-:-ad T?EE Fldrut Oets ?Ee Fldm1t.t.ahc.e+ Load T?EE Fldm1t.t.ahc.e+
12 [ 1il)ien ool -S.+i) A T=_: i) H
"r'E_- .;.;..3.25 By Z:Tupe P CLBBZE. B By sie.. izt .;.;..3.25 Thag B sie..
YLt BE12+, 003 T A]Es PO OOLEH, BEI4E) Sie YEZ: 00124, 00330 zie
UL c14|:|3 13 21 d1403, 13-2185, Gdwi ) UCZ: ¢1403.13-2185, Gdwi)
a5 tloons t (9 11455+%, [arErmid IC-: (9, 1145543, 147074 )
- B know) :%g Fi
. - i Cwant ) P 2 4 [FH . 4
HAlH KAD AUTO FUNE |Fiesult: Feal rower CY Fesult: Feal powsr Ch
To display a result in different The unit menu for the variable The computed value for Real
units, highlight the variable (P) appears in the top bar. Press the Power, P, is now displayed in
and press [F5):Opts, move the function key corresponding to the kilowatts (kW).
cursor to ‘4:Conv’ desired units. ([F4) in this case).

Q. What does the underscore“_" next to a variable mean?
A. Thisdesignatesavariable, which allows entry of complex values.

Q. Il amin the middle of acomputation and it seemsto stay busy for longer than | would like. How can |
halt this process?

A. Some computations can take a long time, particular if many equations and unknowns are being solved or a
complex analysis function hasbeen entered. Notice if the message in the status line at the bottomright of the
screen reads BUSY. Thisindicatesthat the Tl math engine is attempting to solve the problem. Pressing the
key usually halts acomputation and allows the user to regain control of the software. If, for some reason,
the calculator locks up and does not allow user intervention, a “cold start” will have to be performed to reset
the calculator. Thiscan be done by holding down thekeys; [2nd], @, and (), and pressing for the TI1-89
(for the T1-92 Plus, press (2nd], and [ON)).

WARNING: Thiswill delete folders containing any defined variables or stored programs. Useit asa
last resort. A "cold start” will not delete MEe Pro from your calculator.
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Q. What do three dots(...) mean at the end of an item on the screen?

A. Thethreedots (an dlipsis) indicate theitem is too wide to fit on the available screen area. To view an
itemin itsentirety, select it by moving the highlight bar and press[F4] (or ¢, in some cases) to view theitem
in Pretty Print. Press@ or ® to scroll the item back and forth across the screen to view the entire object.

Q. How can | recall, or view values of a previously computed problem?

A. ME*Pro automatically storesits variablesin the current folder specified by the user in or the HOME
screens. The current folder name is displayed in the lower eft corner of the screen (defaultis“Main™). To
create a new folder to store values for a particular session of MEe Pro, press(Fi]:/TOOLS, [3]:/NEW and type
the name of the new folder (see Chapter 5 of the TI-89 Guidebook for the compl ete details of creating and
managing folders).

There are several waysto display or recall avalue:
»  The contents of variablesin any folder can be displayed using the[VAR-LINK], moving the cursor to the
variable name and pressing [Fé] to display the contents of a particular variable.
» Variablesin acurrent folder can berecalled in the HOME screen by typing the variable name.
« Finaly, values and units can be copied and recalled using the [F1)/Tools 5:COPY and 6:PASTE
feature. The COPY/PASTE function will copy the highlighted value and unitsin Analysis and
Equations but will only copy the value (no units) in the Reference section.

All inputs and calculated resultsfrom Analysis and Equations section are saved as variable names.
Previoudy calculated, or entered valuesfor variablesin afolder are replaced when equations are solved
using new valuesfor inputs.

Q. | am not ableto calculate a value for a particular variable. Why?

A. Check the status-line message to insure that a complete or partial solution wasfound. Some variables
have range restrictions; for example, only positive values are allowed for kinetic energy or satellite distance
from the earth. Make sure that the inputs are meaningful in context of the allowable result(s). Sometimes,
variable conflicts can occur from other applications. It is recommended that MEe Pro be used in a separate
folder. Press(F1]: Tools, [3): New to create anew folder. Asalast resort, open anew folder or clear the
variablesin the current folder using [VAR-LINK] and repeat the calculation.

Q. Anitem, which is supposed to be displayed in a menu, doesn’t appear.
A. Some menus have more than eight items. If an arrow V appears next to the digit 8, use the arrow key ® to
scroll the menu and view the remaining topics or press @ jump to the bottom of the menu.

Q. Can | copy and paste entriesfrom one variable to another?

A. You can copy and paste a highlighted value using [F1)/Tools 5:COPY and 6:PASTE feature. The
COPY/PASTE function will copy the highlighted value and unitsin Analysis, Equations and reference
sections.

Q. Isthere a help section in the software?

A. Thereisashort series (dides) of general hintswhich can be accessed from the main screen of ME«Pro
under [F5)/Info. A different message appears each time ispressed. WEe ve attempted to keep most of the
explanation of certain topicsto the manual in an effort to keep the software compact. Consult the chapter
corresponding to the appropriate section of the software. A compiled list of the received questions and
answers will be posted periodically on the da Vinci website at http://www.dvtg.com/fag/mepro
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A.3 Analysis Questions
These are some commonly asked questions about the Analysis section of ME» Pro.

Q. The screen display of computed results does not look identical to the example in the manual.

A. The[MODE] setting, which controls the number of floating point digits displayed in a value and whether an
answer appearsin exact or approximate form, may have been set differently on the calculator used to make
the screen displays for the example problem. Press the [MODE] key to view or change the mode settings. The
first page will display the number of floating-point digits, whether the display isin NORMAL, SCIENTIFIC,
OR ENGINEERING exponentia formats. Pressing [F2] will display whether computed answers are displayed
in APPROXIMATE or EXACT formats. The default mode setting for ME«Pro is Float 6, Radian and
Approximate calculations.

Q. Thecalculated angleisn’t correct.

A. If theresult is greater than 21 or lessthan -2t (Cresult0) = 360°), the Tl solve (...) function may be
generating a non-principal solution. A principal solution is defined as a valuebetween 0 and 21t (or between O
and 360°). A non-principal solution can be converted to a principal solution by adding or subtracting integer
multiples of 27t (or 360°) until the remainder iswithin the range of 0 and 2t (or 0 and 360°). Theremainder is
the principal solution.

Example: When solving the equation sin(x) = 0.5, non-principle solutionsinclude: 30°, 390°, -330°, 750°,
etc., but the principal solution is30°.

Q. | am not ableto calculate avalue for a particular variable. Why?

A. If acomputed result displays no value, try clearing the variables in the current folder or opening a new
folder to remove any possible variable conflicts and repeat the calculation. To delete variables in the current
folder, press[VAR-LINK], [F5]: All, (1]: Select All, [F1]: Manage, (1]: Delete, [ENTER]: Yes. To open anew
folder in MEsPro, press(Fi]: Tools, (3]: New. Type the name of the new folder and press [ENTER].

Q. What isthe multiple graph feature in Capital Budgeting and how do | get it to plot sev eral projects
simultaneoudy?

A. Activating the multiple graph features allows successive graphs to be overlaid on the same. To do this, the
graphing execution must be repeated each time a new project is plotted.

Make sure the cash flows for all the named projects have been entered.

Enable the Multiple Graphs feature by highlighting and pressing the [ENTER] key.

Select the name of a project you wish to graph and press(F3].

To overlay a second project on thefirst, select a different project name and press F3] to graph.
Repeat step 4 each time a new project isto be graphed ontop of previoudy plotted functions.

grwdPE

A.4 Equations Questions
These are some common questions about the Equations section of MEePro.

Q. What do theicons next the variables and equations mean?
A. The explanation for theseicons ‘ ¢, ‘=", and ‘v’ can be displayed by pressing [F5]:Opts, [5] Icons.

Vv - This appears when an equation or feature has been sdlected.
= - Thisappears when a value has been accepted by the system.
¢ - Designates a value as having been calculated.
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To view icon descriptions, press [F5]:Opts, Icon descriptions
(5):Icons

Q. There are already values stored in some of my variables. How do | clear or use those values?

A. Thesevaluesremain from previous solving operations. Itis okay to ignorethe values. Aslong asthey
aren’'t selected ‘ =*, they will be overwritten by new solutions. If you want to reset the values, clear one or all
of thevariables. A value can be re-used in a computation by highlighting the displayed value and pressing
twice. The values can be accessed via VAR-LINK menu. To delete variablesin VAR-LINK, use the
file management tool provided (use(F1] key to accessfile management tools), [F4) check the variables you
want deleted and del ete the variables.

Q. Why do the values of the entered or calculated results change when the Units feature is deactivated in the
options menu?

A. When the Unitsfeatureis on, values can be entered and saved in any unit. When units are off, values can
be entered in any unit, but the valueswill automatically be displayed on the screen in the default Sl units.
Thisis necessary so that when a series of equations are solved, all the values ar e consistent.

Q.: Why does this screen appear when | solve for avalue? What do | enter?

Fi Fo Fz |[F4 | FE [FA
Toolsw|Eolug|Grarh|Fick|Dets-[Edit
nl-EoTrE o
ME-FFo folugy and Grarher N

Arbitrare inteder Bl in selution.
Rk 1acs with what smallinkeder #7 [

' /
367763/ 15E7SDERNEDONUEEHED

HMAlW RAD AUTO FLHC

A. This happens when angles or radian frequencies are involved in the equation(s) you are solving. The Tl
89 may have found a nhon-principal solution to your equation, or may have displayed the anglein radians. If a
non-principal solution is found, it may then be used to solve other equations, leading to strange results.
Example: Imagine solving the equation x+y =90°. If x is30°, then y should be 60°. But if a non-principal
solution for x was found, such as 750°, then the value of y will be -660°, which although technically correct,
is also not a principal solution. Select an arbitrary integer of 0 to compute the principal solution (the
principal solution, P, in a periodic trigonometric function, trig(...), is P=trig(6 + n[m) and n is the arbitrary
integer).

Q. When solving a set of equations “Too many unknownsto finish solving.” isdisplayed. Why?

A. Sometimes the solver doesn’t have enough information to solve for all the remaining, unknown variables.
In some cases, aPartial Solution set will be displayed. If the unknownvalue(s) is not calculated, more known
values (or selected equations) will need to be selected to compute the solution.

Q. Why can't | select multiple equations under different ‘when’ headings?

A. Conditionsfor each when (...) statement is usually exclusive to each other. In Beams and Columns,
equations for the dlope of beam deflection are different depending on whether the deflection at distance x
along the beam is calculated to theleft side of the load (x<a) or right side of theload (x>a). Since these
conditions cannot simultaneoudy exist, ME« Pro restricts selection to equations under asingle when (...)
heading. However, in at least one known case (Beams and Columns/Smple Beams/Point load), conditionsin
more than onewhen (...) statement can occur simultaneously. A work around isto solve the equation set in
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two steps, using equations under asinglewhen (...) heading at atime and designating the resultsfrom one
calculation asthe input into the second (to designate a calculated or previously entered value as a known
variable for a calculation, move the cursor to the value, press(F5): Opts, [6]:Know). A marker ‘=’ should
appear next to the variable.

Q. If I view thevalue of avariablein Pretty Print, | notice that the units contain an extra character (such as
‘A).

A. In afew cases ME«Pro and the T1-89 and T1-92 operating systems use dightly different conventions for
displaying units. The unit system in MEePro is designed to conform to the convention established by SI,
however, in order to CUT and PASTE avalue and unitsfrom ME« Pro to another area of the TI operating
system, ME» Pro must insert extracharacters in the units to match T’ ssyntax. This causes extra charactersto
appear or symbolsto appear differently in Pretty Print.

Q. Thesolution to my problem isclearly wrong! An angle might be negetive or unreasonably large. Why?
A. Thisismost likely to happen when angles are involved in the equaion(s) you are solving. The Tl 89 may
have found a non-principal solution to your equation, or may have displayed the anglein radians. If anon-
principal solution isfound, it may then be used to solve other equations, leading to strange results. Example:
Imagine solving the equation x + y =90°. If x is 30°, theny should be 60°. But if a nonprincipal solution for
x was found, such as 750°, then the value of y will be -660°, which although technically correct, isalso not a
principal solution.

Q. Thereisnot enough room on the screen to display the unitsfor avariable. How can | seethe entire unit
string?

A. There are two methods to view the units. First, highlight the variable using the cursor bar and press
(F5]Opts. Press(2]:Type. Thiswill display the information for the variable including the displayed units.

Fi Fo Fz Fu | FE |FB FL | Fr ik, 1 [ [ Fy | FE [FA
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MWT= [T TP Fedl nurbcr
e Disk uniks: psi-fbrEM b 2T OF
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Sl Example value: Eo0n
DeFault xmin: 0
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£ Enter=OE___ 3
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An aternative method that displays the unitsfor the variablein Tl syntax isto highlight the variable and press
theright arrow key, ®. Thiswill display the value with the name of the variable containing the unit string
(usually beginswith an underscore _'). Press[VAR-LINK]. Scroll down thelist of variables and highlight the
name of variable containing the unit string. Press[Fg]: Contents. Thisdisplaysthe unitsin Tl syntax.

R . : B FB
S B o s F1-|Continue

Fi Fo Fz Fu | FE |FB
Tools-|EoTug|Grarh|Vigw |Orks-|Edit

[Fed-Ewena:zetel] [Fed-KEwonize ol
n o ke NS RN RAY e
e 5. _pfLalbZ
[
marks

Vigw: RE CogfF.=mass

Enter: KK cogff.—mass

To display the units of a variable in Tl syntax, The unit string usually begins with an
press @ to view the value and unit string. underscore ‘_’
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Press [VAR-LINK] and scroll to the unit Press /Fg/ to view the contents.
variable name

Q. Why doesan arrow ‘»’ appear on one of the function keys when the unit menu for a variable isbeing
displayed?

A. Thereareafew unit menus, which are too large to fit on the available space for the unit toolbar. The
arrow indicates that there is an additional unit entry, which cannot be shown in th e allotted width. Pressing
the function key will displayATEwits.

Toroj:lsr m3rfzm-:-1 cm§3m¢-1 ‘EEE. |T¢Foj:ls- Sﬁue Gﬁph '.E:w I:Iitsh Ergil:
Tdeal G05 Lot Idcal Gas Law
H: 1.4 mol M: 1.4 mol
[WH [WH .
unill i
5
HAIN RAD AUTO FUHL Enter: Molar Yolums
An arrow # attached to one of the function  Pressing the function key [F6] appends the
keys indicates an additional unit for the units to the entered value.
variable.

Q. I am solving for avariable inside the erf or erfc functions, a notice appearsthat the calculation may
take along time?

A. User-defined functions, which are external to the equation set, including the error functions (erf and
erfc), usethe nsolve function -an iterative solving process. The nsolve function will not generate multiple
solutions and the solution which nsolve converges upon may not be unique. It may be possibleto find a
solution starting from a different initial guess. To specify an initial guess, enter a value for the unknown
and then use F5:Opts/7:Want to designate it asthe variable to solve for.

Q. Why can't | select all of the equations automatically by pressing [F2]?

A. You can however have some equation sets do not form a consistent set, which can be solved together.
An example occursin Equations/Fluid Mechanics/Fluid Dynamics/Equivalent Diameter (see Chapter
24.3.3), where each equation represents fluid flow through a different-shaped cross-section. In such a
case, the equations must be selected explicitly by moving the cursor to each equation and pressing [ENTER].
Specia restrictions for a particular equation or group of equations should appear in status line while an
equation isbeing highlighted. In some casesa ‘when’ clause preceding the equation(s) state which
condition must be fulfilled.

A.5 Graphing

Q. How do I switch between ME«Pro and a graph in split screen mode?
A. Press(2nd] shift from one screen to the other.

Q. If I have created agraph infull screen mode, how do | return to ME« Pro?

A. Press(2nd)

Q. How do | clear the split screen after | am finished with graphing?

A. Youwill need to change the display settingsin the MODE screen of the calculator. Todo this:
1. Press[MODE]
2. Press[F2]:Page 2, move the cursor to Split Screen.
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3. Presstheright arrow key @ to display a pop-up menu.
4. Sedect FULL.
5. Press[ENTER] twice.

A.6 Reference

Q. Canl do any computations in the Reference Section?
A. By the nature of thedesign of the product, the Reference Section was intended to be non-computing, and

table look up only.

Q. Can| convert unitsin the reference section?
A. Thefeature of unit conversion hasnot been implemented in the Reference section.

Q. How can | view an equation or value, which does not fit thewidth of the screen?
A. Highlight the object and pressthe right arrow key ) to view the object in Pretty Print.
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Appendix B  Warranty, Technical
Support

B.1 daVinci License Agreement

By downloading/installing the softwar e and/or documentation you agr ee to abide by the following
provisions.

1

6.

License: da Vinci Technologies Group, Inc. (“daVinci”) grantsyou a license to use the software
program(s) and documentation (“Licensed Materials’). Making acopy of the software and
documentation on the hard drive of your PC is permitted.

Restrictions: Y ou may not reverse-assemble or reverse-compile the software program portion of the
Licensed Materialsthat are provided in object code format. Y ou may not sell, rent or lease copies that
you make.

Support: Limited technical support is provided through Texas Instruments I ncorporated and da Vinci
Technologies Group, Inc.

Copyright: The Licensed Materials are copyrighted. Do not del ete the copyright notice, trademarks or
protective notice from any copy you make.

Warranty: daVinci does not warrant that the program or Licensed Materias will be free from errorsor
will meet your specific requirements. The Licensed M aterials are made available“ASIS’ toyou or
any subsequent user.

Although no warranty is givenfor the License Material, the media (if any) will be replaced if found to be
defective during thefirst three (3) monthsof use. For specific instructions, contact the Tl webstore via
www.ti.com. THIS PARAGRAPH EXPRESSES da Vinci’s MAXIMUM LIABILITY AND YOUR SOLE AND
EXCLUSVE REMEDY.

Limitations: da Vinci makesnowarranty or condition, either expressor implied, including but not
limited to any implied warranties of mer chantability and fitness for a particular purpose,
regarding the Licensed M aterials.

Restricted Rights: The Licensed Materials are provided with Restricted Rights. Use, duplication or
disclosure by the United States Government is subject to restrictions as set forth in subparagraph [c] (1)(ii)
of the Rightsin Technical Data and Computer Software clause at DFARS 252.227-7013 or in
subparagraph [c](1) and (2) of the Commercial Computer Software — Restricted Rights at 48 CFR
52.227-19, as applicable.

In no event shall da Vinci, its suppliers, licensers, or sub licensees be liable for any indirect,
incidental or consequential damages, lost of profits, loss of use or data, or interruption of business,
whether the alleged damages are labeled in tort, contract or indemnity.

Some states do not allow the exclusion or limitation of incidental or consequential damages, so the
above limitation may not apply.
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B.2 How to Contact Customer Support

Customers in the U.S., Canada, Puerto Rico, and the Virgin Islands
For questions that are specific to the purchase, download and installation of ME*Pro, or questionsregarding
the operation of your TI calculator, contact Texas Instruments Customer Support:

phone: 1.800.TI.CARES (1-800-842-2737)

e-mail: ti-cares@ti.com

For questions specific to the use and features of MEsPro, contact da Vinci Technologies Group, Inc.

phone:  1-541-757-8416, 9 AM-3 PM, P.S.T. (Pacific Standard Time), Monday
thru Friday (except normal holidays observed in the US).
e-mail: support@dvtg.com

Customers outside the U.S., Canada, Puerto Rico, and the Virgin Islands

For questions that are specific to the purchase, download and installation of ME*Pro, or questionsregarding
the operation of your TI calculator, contact Texas Instruments Customer Support:

e-mail: ti-cares@ti.com

Internet: www.ti.com/calc

For questions specific to the use and featuresd ME<Pro, contact da Vinci Technologies Group, Inc.

email: support@dvtg.com
Internet: www.dvtg.com
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Appendix C: TI-89 & TI-92 Plus- Keystroke and
Display Differences

C.1 Display Property Differences between the TI-89 and TI-92 Plus

The complete display specifications for both the T1-89 and T1-92 Plus calculators are displayed bel ow.

Table C-1 TI-89 and TI-92 Plus display specifications.

Property TI1-89 T1-92 Plus
Display size
Pixel 160 x 100 240 x 128
Aspect ratio 1.60 1.88
Full Screen 26 characters/line 40 characters/line
10lines 13 Lines
Horizontal Split Screen 156 x 39 pixels 236 x 51 pixels
25 characters 39 characters, 6 lines
4lines
Vertical Split Screen 77 x 80 pixels 117 x 104 pixels
12 characters 19 characters, 13 lines
101ines
Vertical Split Screen (1/3rd) Not supported 236 x 33 pixels
39 characters, 4 lines
Vertical Split screen (2/3rd) Not supported 236 x 69 pixels
39 characters, 8 lines
Horizontal Split Screen (1/3rd) Not supported 77 x 104 pixels
12 characters, 13 lines
Horizontal Split Screen (2/3rd) Not supported 157 x 104 pixels
26 characters, 13 lines
Key legends 16 pixel rows 20 pixel row
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C.2 Keyboard Differences Between TI-89 and TI-92 Plus

The keystrokes in the manual for MEe Pro are written for the TI-89. The equivalent keystrokesfor the Tl-

92 Plusarelisted in the following tables.

Table C-2 Keyboard Differences, Representation in Manual
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Function SpecificKey | TI-89Key TI1-92 Plus Representation in
strokes key strokes | the manual
Function Keys F1
F2
F3
F4
F5
F6
F7
F8
Trig Functions Sin [SIN]
Cos
Tan TAN TAN
Sin-]_ E] 2nd] [SIN [SIN-]_]
Cosl K3 €0s [cos]
Tarl [ TAN [TAN]]
Alphabet keys A =) A
B alpha B
C C
D L] D
E (] E
F (1] F
G G
H H
| El |
J J
K [EE] K
L L
M M
N alpha] [6] (N] N
o) ) (9) o
P P
Q Q
R R
S alpha S
T T




U U
Y, [ Y,
W CJ W
X X
Y Y
Z Z
Space alpha] [ []
Function SpecificKey  TI-89Key TI1-92 Plus Representation in
strokes key strokes  the manual
Log, EXP LN [LN]
X (] [e7]
Special i [x]
Characters
0 [¢] [6]
Negation 0
i 2nd] [CATALOG]  [2nd] | [¢]
oo (] [CATALOG) J [o<]
Graphing Y= (] Jw [v=]
Functions
Window (] [¢JE [WINDOW]
Graph (] YR [GRAPH]
Editing Cut (¢] [2nd [cuT]
Functions
Copy (] [CoPY]
Paste (o] [PASTE]
Delete (] K1 [DEL]
Quit [auiT]
Insert [INS]
Recall 2nd) [STO» 2nd) [STO» [RcL
Store STO» STO»
Backspace
Parenthesis, ( A
Brackets
) 0]
{ 2nd 2nd [{]
} [}]
[ [J L] [[]
] 2nd) (5] ond) 3] (1]
Math Addition
Operations
Subtraction [& (] (]
Multiplication
Division B B (]
Raise to power
Enter 2nd
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Exponent for
power of 10
Equal B =) =
Integrate [/]
Differentiate [d]
Function SpecificKey  TI1-89Key TI1-92 Plus Representation in
strokes key strokes  the manual
Math Less than (0] (0] [<]
Operations Greater than  [2nd) (] 2nd) (] [>]
cont. Absolute value [1J K I
Angle (4]
Squareroot  [2nd 2nd V]
Approximate [ (e] [=]
Tables ThiSet [+) T [TbiSet]
Table (] (¢]Y [TABLE]
Modifier Keys 2 2nd
Diamond [+ [¢] (]
Shift T f
Alphabet
Alphabet lock [a-lock]
Special Areas Math [MATH]
Mem (6] (6] [MEM]
Var-Link 2nd] (=] 2nd] [-] [VAR-LINK]
Units [UNITS]
Char [CHAR]
Ans 2nd) [ 2nd [ANS]
Entry 2nd) (ENTER [ENTRY]
Special Single Quote = []
Characters
Double Quote L ["]
Back slash = [\]
Underscore [+ []
Colon [:]
Semicolon (9] M [;]
Number keys One 1
Two 2
Three 3
Four 4
Five 5
Six (6] (6] 6
Seven 7
Eight 8
Nine El (©] 9




Zero (] (0] 0
Comma L] ] ,
Decimal point [ CJ
Main Functions Home [(¢] Q HOME
Function SpecificKey  TI1-89Key TI1-92 Plus Representation in
strokes key strokes  the manual
Main Functions Mode (MODE] MODE
cont. Catalog
Clear
Custom [cusTOM]
Enter
ON
OFF 2nd 2nd [OFF]
ESCAPE
Application
Cursor Top ® O <)
M ovement
Right ® O ®
Left © © ©
Bottom ) ©) @
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Appendix D Error Messages

¢
¢

Genera Error Messages ¢ Andysis Error Messages
Equations Error Messages ¢ Reference Error Messages

D.1 General Error Messages

NOTE: Make sure the settings in the [MODE] screen do not have the following configuration.

Angle: DEGREE

Complex Format: POLAR
M EePro works best in the default mode settings of your calculator (ie. Complex Format: REAL, or
Angle: RADIAN). If one set of error messages appears which includes “ An error has occurred
while converting....”, Data Error”, “Domain Error”, and/or “Internal Error”, check to seeif the
above settingsin the [MODE] screen exists. If it does, change or reset your calculator to the default mode
settings ((2nd] [MEev] (ENTER)).

“Syntax Error” -- occursif the entered information does not meet the syntax requirements of the
expected entry. Check to make sure extra parenthesis are removed and the entered value meets the legal
rules for number entry.

“Invalid Entry...”: Thisoccurswhen the entered value or units do not match the specified format of
thevariable. Check to make sure the entry can be reduced to a numeric value, which iswithin the range
of the allowed values for the variable (i.e.: greater than zero, between zero and one, redl, etc.). If avalue
with unitsis being copied from one section and pasted in another, using the [F1): Tools, (5]:Copy (or
:Cut) [6]:Paste feature, this can only work if the unit feature is deactivated. To turn off the unit
feature, press(F5):Opts. /[3]:Units.

"Insufficient Table Space” or "Insufficient Memory" can occur when the system is low on available
memory resources. Consult your T1-89 manual on methods of viewing memory status and procedures for
deleting variables and folders to make more memory available.

The message "Unable to save MEe«Pro data" will be displayed if ME<Pro isunableto save
information of itslast location in the program before exiting due to low memory availability. Consult
your T1-89 manual under the index heading: Memory-manage.

"The variable prodatal was not created by MEsPro..." ME*Pro uses a variable called “prodatal”
torecall itslast location in the program whenit is reaccessed. If thisvariablelist is changedto aformat,
which is non-recognizable to ME«Pro, it displays this message before overwriting.

"Data length exceeds buffer size. The variable name will be displayed instead. The
variable's value may be viewed with VAR-LINK using [F6] or recalled to the status line of
the HOME screen."

"An error has occurred while converting this variable's data for display . (The name of the
variable is in the title of this dialog box.) There may be something stored in the variable that
MEsPro can't make sense of. You may be able to correct the problem by deleting the
variable."
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9. “Storage error...” Thismessageissetto occur if the user attemptsto enter avalue into avariable,
which islocked or archived, or amemory error has occurred. Check the current status of the variable by
pressing [VAR-LINK] and scrolling to the variable name, or check the memory parameters by pressing [MEM].

10. “Invalid variable reference. Conflict with system variable or reserved name.” Thiscan

occur if avariable nameisentered which isreserved by the TI operating system. A list of reserved
variable namesisincluded in Appendix F.

D.2 Analysis Error Messages

EE for MEs

1. “No impedances/admittances defined” This messageisdisplayed if an entry for
impedance ZZ_ or YY_ admittanceisnot areal, complex number or a defined variablein the
Voltage Divider and Current Divider sectionsof AC Circuits.

Capital Budgeting
1. When changing the name of a project, the error "Duplicate project variable name." will
occur if the entered nameisalready in use by an existing project.
2. The"Too few cash flows" message will be displayed if an attempt is made to solve a project
which containstoo few or no cash flow entries.
3. Themessage "Data Error. Reinitializing project." will occur if the project data has been
atered or isinconsistent with current state. ME<Pro will restart.

D.3 Equation Messages

If avalueisentered that is inconsistent with the expected data type, an error dialog will appear which liststhe
entry name, the description, and the expected data type(s), and the expected units.

If an error occurs during a computation that involves temperature, "temp conversion err" or
"deg/watt conversion err" will be displayed.

When solving equation sets, several messages can be displayed. These messages incl ude:

* “One or more equations has no unknowns.....” Thismessage occursif one or more of the
selected equationsin a solution set have all of its variables defined by the user. This canbe remedied
by pressing [ESC], deselecting the equation(s) where all of the variables are defined and resolving the
solution set by pressing (F2) twice. To determinewhich equation has all of itsvariables defined, press
to view the equations, select an equation in question by highlighting the equation and pressing
(ENTER], and pressing [F2] to view thelist of variables. A ‘=* next to avariable indicates avalue has
been specified for that variable by the user. If al of the variablesin an equation are marked with a
‘=’ no unknown variables exist for that equation. Thiseguation should not be included in the
solution set. Press[ESC] to view thelist of equations. Select the equations to be solved, excluding the
equation with no unknowns, and press [F2] twice to resolve the set of equations.

e "Unableto find a solution in the time allowed. Examine variables meinput and
meprob to see the exact statement of the problem. ME«Pro sets Exact/Approx mode
to AUTO during solve.”

* “No equations have been selected. Please select either a single equation to solve by
itself, or several equations to solve simultaneously.” Thiscan occur when the set contains
equations, which are mutually exclusive (i.e.: cannot be solved atogether) and must be explicitly
selected. In such a case, the equations must be selected explicitly by moving the cursor to each
equation and pressing [ENTER]. Special restrictions for a particular equation or group of equations
should appear in statusline while an equation isbeing highlighted. In some casesa ‘when’ clause
preceding the equation(s) states which condition must be fulfilled before using an equation.
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« "Too many unknowns to finish solving"-generally occursif the number of equationsisless
than the number of unknowns

* "lt may take a long time to find a complete solution, if one can be found at all. You
may abort the calculation at any time by pressing the ON key." -thisoccursif thereare
many unknowns or multiple solutions.

* “No input values provided....” occursif none of the variables have values designated when
solving an equation set.

* "The nsolve command will be used. The existing value for the unknown, if any, will
be used as an initial guess." The nsolve function is used when a single unknown existsin the
equation and the unknown variableisan input in a user-defined function. The nsolve function will
not generate multiple solutions and the solution which nsolve converges upon may not be unique. It
may be possible to find a solution starting from a different initial guess. To specify an initial guess,
enter avalue for the unknown and then use(F5): Opts/[7]: Want to designate it as the variable to
solve for. Moreinformation on the differences between solve, nsolve and csolve functionsislisted in
the TI-89 manual.

« "One complete useable solution found." All of the unknown variables can be solved in the
selected equations.

* "One partial useable solution found." Only some of the variablesin the selected equations
could be solved.

 “Multiple complete useable solns found." Oneor morevariablesin the selected equations
have two possible values

* "Multiple partial useable solns found." Oneor more variablesin the selected eguations have
two possible values, however not all of the unknown variables could be solved.

*  "No Apparent solution found." A solution could not be computed with the available inputs.
Make sure the known variables compute accepted ranges of the target value (e.g. a negative electrical
resistance is not being computed). Press (F5):Opts./[2): Type to view the acceptable ranges of a
particular variable. If alarge number of equationsare being used in a solving routine, you might try
reducing the number of equations being solved at onetime. Example, instead of solving 10
equations for 10 unknown variables, solve thefirst five equations and use the computed results and
known variables as inputs to compute the second five variablesin the remaining five equations.

The following messages can appear when attempting to graph equation set functions:

 "Independent and dependent variables are the same."

« "Unable to define Pro (x)"-cannot resolve the dependent and independent variables. Thismay
occur when graphing a complex equation or an equation, which contains user-defined functions such
aserf (...)and erfc(...).

« "Undefined variable” too many dependent variables or dependent variable unable to be defined
in terms of the independent variable.

e "Error while graphing."

D.4 Reference Error Messages
No error messages specific to this section have been documented.
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Appendix E: System Variables
and Reserved Names

The T1-89 and T1-92 Plus has a number of variable namesthat are reserved for the Operating System. The
table below lists all the reserved names that are not allowed for use asvariablesor algebraic names.

Graph Y1(x)-y99(x)* YL (O)-y99'(t)* | Yil-yioo* r1(8)-ro9(e)*
Xt(t)-xt99(t)* yt(1)-y99(t)* Z1(x,y)-z99(x,y) ul(n)-u99(n)*
ui 1-ui99* XC yC ZC
tc rc Oc nc
xfact yfact zfact Xmin
Xmax xscl xrid ymin
ymax yscl ygrid Xres
AX Ay zmin zZmax
zscl eyel eyep eyed
ncontour Omin Bmax Ostep
tmin tmax tstep t0
tplot ncurves diftol dtime
Estep fldpic fldres nmin
nmax plotStrt plotStep sysMath

Graph Zxmin Zxmax Zxsdl Zxgrid

Zoom Zymin Zymax Zyscl Zygrid
ZXres zmin ZOmax z0step
Ztmin Ztmax ztstep ztOde
Ztmaxde ztstepde ztplotde zzmin
Zmax zzscl zeyed zeye
zeyed znmin znmax zpltstrt
zpltstep

Statistics | X y X ox
X2 Xy sy oy
Ty? corr maxX maxY
medStat medx1 medx2 medx3
medyl medy2 medy3 minX
minY nStat gl a3
regCoef regEq(x)* seed| seed?
S Sy R2

Table tbl Start Atbl tblInput

Data/Matr | C1-c99 SysData

iX

Miscdlan | Main Ok Errornum

€ous

Solver Eqn* Exp*
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