Design
% ¥
Engineer’s
Sourcehook
NN

=
- 4
Keith L. Richards \;




CIVIL ENGINEERING

Design Engineer’s Sourcebook provides a practical resource for en-
gineers, product designers, technical managers, students, and others
needing a design-oriented reference. This volume covers the math-
ematics, mechanics, and materials properties needed for analysis
and design, with numerous examples. A wide range of mechanical
components and mechanisms are then covered, with case studies
interspersed to show real engineering practice. Manufacturing is then
surveyed in the context of mechanical design. The book concludes
with information on clutches, brakes, transmission, and other topics
important for vehicle engineering. Tables, figures, and charts are in-
cluded for reference.

Features

¢ Provides a practical review of math, mechanics, and materials
properties

e Covers all major mechanical components, with numerous
examples and cases

¢ Examines a broad range of mechanisms and fasteners

e Utilizes a design perspective, reflecting the author’s longtime
experience as a design engineer

¢ Includes many illustrations, tables, and charts for practical
reference

N\
A\

K28968
| 6000 Broken Sound Parkway, NW ISBN: 978-1-4987-6341-7
[ Suite 300, Raton, FL 33 "IDUUD
CRC PreSS | 711 Third Avenue
Taylor & Francis Group | New York, NY 10017
an informa business 2 Park Square, Milton Park 781L498" 763417

Abingdon, Oxon OX14 4RN, UK

www.crcpress.com




design Engineer’s Sourcehook ¥ ©




Design Engineer’s
Sourcebook

Keith L. Richards

CRC Press
Taylor & Francis Group
Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business




CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL 33487-2742

© 2018 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Printed on acid-free paper

International Standard Book Number-13: 978-1-4987-6341-7 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the
validity of all materials or the consequences of their use. The authors and publishers have attempted to trace the
copyright holders of all material reproduced in this publication and apologize to copyright holders if permission to
publish in this form has not been obtained. If any copyright material has not been acknowledged please write and let
us know so we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, or
utilized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including
photocopying, microfilming, and recording, or in any information storage or retrieval system, without written
permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http://
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA
01923, 978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users.
For organizations that have been granted a photocopy license by the CCC, a separate system of payment has been
arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for
identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

Names: Richards, Keith L., author.

Title: Design engineer’s sourcebook / Keith L. Richards.

Description: Boca Raton : Taylor & Francis, CRC Press, 2018. | Includes index.
Identifiers: LCCN 2017021302| ISBN 9781498763417 (hardback) | ISBN
9781315367514 (ebook)

Subjects: LCSH: Mechanical engineering--Handbooks, manuals, etc. | Machine
design--Handbooks, manuals, etc. | Mechanical movements--Handbooks,
manuals, etc.

Classification: LCC TJ153 .R483 2018 | DDC 620/.0042--dc23

LC record available at https://lccn.loc.gov/2017021302

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com

Printed and bound in the United States of America by
Edwards Brothers Malloy on sustainably sourced paper



Design Engineer’s
Sourcebook






Author

Keith L. Richards is a retired mechanical design engineer who has worked in the industry
for more than 55 years. Initially, he served an engineering apprenticeship with BSA Tools
that manufactured a wide range of machine tools including the Acme Gridley, a multi-
spindle automatic lathe built under licence, and the BSA single spindle automatic lathes;
these were used in Britain and widely exported around the world.

On leaving the BSA, for a number of years he served as a freelance engineering designer
in a wide range of industries that also included aluminum rolling mill design, Industrial
fork lift trucks, and the Hutton tension leg platform, an offshore oil production platform.
His responsibility on this project covered the mooring system components of the plat-
form, and he was answerable to the customer (Conoco) and Lloyds inspectorate for all the
engineering aspects. In later years, Keith was more involved in the aerospace industry
working on projects covering aircraft undercarriages and environmental control systems
for military and commercial aircraft, and also worked on the A380 wing box and trailing
edge panels.

xXxXxov



yoRa
| - - .
’ N |
Q |
| . - N
’ "
= ‘ / |
- ; o .
il . ;
. b w - LR - - | |
B | | |
N o : : :
x B 2 i : |
.. ' » - ] - ‘
w ) ‘ |
| . . ‘ ‘ . .
B : ; -



Contents

Author...

..................................................................................................................................... XXXV
Section I Reference

1 Mathematics.........ccooveiiiiiiii s )

e I 50 = R P SO O S 3

L1 KighbAngled THAahglecimsnnamnsmmmmmmss sis s e e 3

112 Cbliqgue-Angled Taangles . ..cusmmaiomssinmmmisintsmsss i 4

1.1.3  Trigonometric Relations.........ccccocciiiiiiiiiiiiiiicicciiiccsncis 4

12 Hyperbalic PUEHONE wusmmmmssmasiibommmisesiiioamnmsoismsssssisonsinss 5

121 Inverse Hyperbolic FUnCHONS essewsmaasrimsmmsmosaomisassma s 5

13 Sohltion ol theQuadrafic Bguation ..caosssmmmsasamrsmiimmiims s sna s 6

1.4  Solution of Simultaneous Equations (Two Unknowns)...........cccceeuevcnincnncinnnee. 6

L Laws of EXponenit.ammmmivbmmmsmnedmmivnssmwomnisivinissmanmmsossm ey 6

166 EXDANISIONS susnessmonmumsnsneisnisrosnmssssssmseasnss s vamississsssstessnsssso i s oo i vssnons 7

1.7 Real Root of the Equation f(x)=0 Using the Newton—-Raphson Method .............. 7

LB BOHOE. .o s sisoomsamsmmemsmssrsss s mpsgrsmeran s seaikn e A AR DS54 BSOS 8

1.9 Logarithms......cccccviiniiiinciiiii s sas e re s 8

110 Diftereaitial Calttilil aomsnmmmsammmemamassnmssmamommommmmsimsmsiymsasoms 9

111 Integral Calculus.cuusamsmssamsmussnmmssmisasassmsmsmsomsmmsisssmnmns 12

1.11.1 Integration Is the Inverse of Differentiation .........c.cccceuviveeereriuererrecncnnne 12

L2 Drilshinite beowals. ...commmmaumanmssisimsibabumbaseminsmmansmeress 12

1113 Deterinination of G S0 cassanusossirssmonssiss alopsan s 14

LiLa Approximate Ineprabion  ssesusesssemsesmirmvismmsassmssisms wi 15

1.12  Laplace Transforms.........c.ccoeimeriinicniininsnscisissesssss s sssas s sssssanes 16

il  FInst Dersvaliig e ammmaoainmmmerisnsmsimmsmpimioiishsiniibodbmsmtisen 16

1124 Second BBV cowemmrsmssmmmsgsnapmsinasesmssibsmsininicosss s 17

1123 Highes DerivaliVes.caaonanmammssim i o ei 18

1.13 Parallel AXis THEOIEIIL, . o umsirspsingsispiiomsassisiiocosinsssmiumisshssssss dossssnsnssipapsssossonsnerss 18
1.13.1 Calculation of the Moment of Inertia Using the

Parallel Axis Theorei.wmmmsnamuunemmrssmmmassss e b o 18

114 Complex Numbers wawmemanommmmenanamarriasnimimsmoimas sl 20

1LY ToRrOdMO RN . omcrrepresyysvenbions i duiiif b it isombobbbadboiitlghe oo phbp e s 20

1142 Argand DRapiBilluemseiimiaibiossimmdnsimiwioissmarslidmissiismoneiibos 21

1.14.3 Manipulation of Comiplex NGBS ..o sssssiuibomesisssissssissbpasssmammenssaes 22

L1431 Addition and Subtraction:.cussissismmsssdsbsammmrsie 22

11432 NOIPIIGAtIOn. ....opcqorpodicinimonmenanciiiossianiniiioiistsssiscisbesiisrisnensns o a2

LIRS DI, ool bbbt i il 23

1,344 Polar Form of a Complex NIADEr «.eanismmmmoimsimotismneinbamammiss 23

1.14.5 Exponential Form of a Complex NUMDET .........cc.cciinsasssasssssssssssassessasessass 25

1.15 DeterminAles .....vssesceressnssenisessosssessnssnsassanssmoprosssosersensasassersesssissssidesiibpismustadsscssishose 26

00 E T T T T TSR POTe 95 P 26

1102 DeStiplioitsmmmmamomsmmmsssmis s it ssassssss s s cnsss s s aisss s 26



vi Contents
1.15.3 Determinant Order........c.ccveieieieeieeccee e ceee et evee s sat e e sae e s 27
1.15.4 Properties of the DeterminNant ..........couucuessesescsasesssmessesessssusasasssssssssssasasess 28
L1BN KIAors afid L OtaEtiE aummmmemmmmmes s s S s Rs ms SaIEsE 28
1516 IVIALTICES sovmmssunsunsnsmrasion sossms i sse o me o as sae a5 51050 0 iR AT R w o 55 om0 808 ST 28
0 T8 N § 4 o Yo 1§ U [0 o BN 28
1.16.2  DEfINItIONS. ..cuveeeeirieieetreeeecetee et e e e e et e e saeceareeseesneeeseesatesaseessessnsesseesaeessees 29
L1621 Setiare MatriX woavesomnanean s somsssmmimmsss 29
1:16:2:2 ROW MatTiXe ssemmsiimssssmmnmssesssnssesss issiae s85553507ss0 fonransonamasanassen 29
1.16.2.3 Column MatriX ....oeecveveieeieieeeeie e ens et 29
1.16.2.4 Diagomal MatEiX ..cxmuummsssmsmsasommssessoesorssssemsosssssss 30
1.16.2.5 Uit MAtTiX cueeeieceeieicieeiee e ecsre s cene e e esr e sanesasesnsssnesnras 30
1bity Dymumelric MAIX aaasmossm smmmsiniotiminiismmmnsemmmmmns 30
1.16.2.7 Skew Symmetric Matrix—That Is, Anti-Symmetric (a;=-ay)......30
1.16.2.8 INUIL IMAtTIX .eeieiieieieeeeeeee et eeaen 30
1:16:3 MatfiR AlGebia rusunpmmmsmmmmmssrmmms s oss e a ey 30
1.16.3.1 Additions of Maltices . csssamssisorsisisassiissnnmonsassanssansssassonsas 30
1.16.3.2 Multiplication of MatriCes...........ccccevureeiveeueunirreeneressreenereennnns 31
11635 Transposition of @ MBI wmsenwmmmmmmepmmms e 31
11654 Adjoint of a MR cueonummsnmamamuamasmosasasssissssssss 31
1.16.3.5 Inverse of a Square MatriX........coceeevicenincrieinirineeeeeneceeenes 31

1.16.3.6 Transformation from Cylindrical Coordinates to
Cartesian CoordinateS..........ccceevivvrereeeereeiieeeeeeeseereeeesee e e eeeseeennes a2
2 Introduction to Numerical Methods.............ooooiimiiiiiiiiiie e 33
228 BN 62 s o o L6 Lad 5 10 4 USSR 33
2.2 Numerical Methods for INtegration ............c.coccccceiniiinnieiiieciieieseeeeeee e 33
221 Manual MethoOd.........cocooiiiiiiieceeeeeeeee et eenn 34
222 Mid=Ordinate Ruleiaswmmsssmcmammmme oo sitsmenisinssansannessasssnsss 34
223  Trapezoidal Rule ... 37
224 BlapepEINE . cplrommsennmnmmonssms s S A 39
2.3 Evaluation Of EXTOTS.....cocoiiiiiieiece ettt s e st 40
24 Round-Off and Truncation Brroms. s s ismsismsmsimsrismmsmemmamasmamanssessnses 40
241  RoOUNA-Off EXTOTS.....coiieieeieieieticeeeteeteeee et cereesveeteeee e e srsessensesseessesnesanens 41
2.4.2 Truncation EITOTS. ...t 41
2.3 [Briors Arising from Diftereftiation. e «nmwsrmmmmsssmmammissmanmessesimmsssas 43
2li IR TRFION TN cmnmcessniolssiisnssncsensnsos s skt R 03 38R e s 43
2.7 SIS .ttt ettt e ettt et e e e et re et en e et e e naeen et ene e enerenren 44
28 Newiton-Raphson Method. ..o umimmmmmmmmmnsmmssasomsmasmasasnsssmmmesses L
2.8.1 Demonstration of the Method.............ccoouoiuiiiioieiiieeeeeeeeeeeee e 45
2.9 Iterative Methods for Solving Linear EQUAtions .........c.ceceuveevueecirenennenineesiieens 47
2.9.1 Gauss Elimination Method ..........coooiiiiiiiiiiiiiieeeeeeeeeeeeeeeee e 47
2.9.2  Jacobi [terative Method ........ccccovvvieviieviiinieceece e e 47
2.9.3  Gauss—Seidel Method.........cocveiiiiiiiiieciiieie ettt e e e 49
210 Nabelingat Bauations. covesmmosmmmmsmamo s s s i emnrassasamenmss 53
2.10.1 Newton's MethOd......c.cooeeiiiieieiececceeeeeccee ettt 53
8 ETODADTIARY ccrsimesunsnussmennnsssns nenssss 5o messr s ses 55505 D015 075V A08 3088 745 5555 54575805 5 R84S TR RSO 57
Bl - IDTEOOACTIOM oovsisvosmnsnnnnonsinesmnasassnssusssamaies irasiassoaiismssiossss banasisissnssnremnsanssmeasssansensass 57
3.2 Numerical Value of Probability .............ccccccooiiiiiiiccceeiens 57



Contents vii

a0 Calcalation of Probabilityssaussmmasnmeassammmsrasmosonsssisasissss 57
3.3.1 Proportion of Cases Favorable in an Exhaustive Set ..........cc.ccccocvinuincee. 58

3.3.2  Addition of Probabilities............cccueierierierierieriiciesicsscsscesceeesses e essssensessns 59

34 Permutations and CombinatioNS........ccccccceieuieiecieeieeiecece et 60
341 PormMiitations fsecumaminssomesr s o o e e R RS RS 60

32 COMDIAIONNS, . c.nconerrsnescrasnanamnnssnnss isisesissssseisismissassissisisssstomnedasdseTissmesenssiaunss 61

3.4.3 Compound Probability and Multiplication of Probabilities.................... 64
3451 Compound Events and Dependente.....uwmsmmssmsssssssssssnians 64

3.5 Binomial, Poisson, and Multinomial Laws of Probability ...........ccccccovuruerncrcucnnne. 65
Tl BomiRnol LS. eereoesomsssnssssa s S A e ETS 65

3.5.2  Binomial DiStribution ........cceecueeieeiieeieiceiicieecreeeieeec e e e ene e 66

3.5.3 The Poisson Distribution .......c..ccuieiiiiiiiieieeceeeeeeeeeeee e 68

354 The Multinomial Law of Probability :sssusasssssmsssssimsmsssornssasssssssnsss 69

B SERBLICB. .ccocnssnrsvorsommmpmenmssvissnssusssvesvsswsssesvasmsssssassoensasas sy oSS oS AR RS S FH ES RS NS SIS 71
ST L T O (A SR S S 71
211 Enllechion of Dl cossmesemsnmms s s s e s sy 71

4.1.2 Tabulation Of Data.......cccccieeeeerririeirereeeireereesresseeressresasssessssssssssnesssessens 71

Al 2] SEIPIE VAR oot SR 72

4122 RAW DAta .ooooeeeeeeeeeeeeeeeee e 72

N BT T LT R TP S S 72

v: 06 150.% RN Y (Y- 1 SO Sy SN S e o 73

7/ S B2 T LY, [=To § F- ¥ o (R 74

4.1.2.6 MOAE..uiiieieeieieeceeeeieeee ettt e et et et essasssnssntee e snssnseesneensens 74

4127 Opive ad OHAFIISS.nsammemmsrmsissmemusmmesnsisessnton 74

42  Standard DevIiation...........ceeeiirieeerecereneessreereersessssessessssessssssessssessssssessssssssessens 76
4.2.1  DISPEISION ...ttt ssss et se e ssss s e bess s s e ns e 76

N0 J T — 76

3 B - v - oo~ 76
4231 Yarianceof & POpulation ..t 76

4.2.3.2 Variance of a SAample........ccoeueueuruerrcreinieieieeee s 77

424  Standard DevIiation......c..oooeeiooeeieee e e e e eeeeeaeens i

43 Fitting Funchions'to Experimental Dafa sesossanmmmmwsspamssmamssiss 79
5 Properties of Sections and Figures ..o 85
SO S oo o LSRG AT ———— 85
52 Momentof Inertia/Second Moment of ATefl.uussssssmnssssssninvsssassessssssessenss 85
5.3 Polar Moment of Inertia of a Plane Area.......c.cccccceeeererverereereseesesieeesessessesseseesenns 85
6 Properties of Engineeiing Materialh . oussssnmmmsimmmimissliomsisscsmssssisss s 91
6.1 Introduction...cummmsmsmmmamismuensimssmerasismisssisis i ssriissisimsensiessiss 91
52 General PIognical PROPEIHEE. ... ovreemmemmsbstsossisis st s o s sssaisss 91
ORI T DRSS O p———— 91

622 Avallability/Mantiactiarability aawosansmepmmssmssmmsmemssnsson 91

0.2.8" | JCOSE s e s R T S S S S 92

Vo oo S T SR ——— 92

6.3  Mechanical Properties............coooceiiiiecuceieieecececieeseeeecscaiee et ese e seescseeans 92
B3]  DIENEE. st s Ao s s ionesnssts 2

632 Elastic Bimit cuossauisanmmasnsamnana s it 92



viii Contents
833 Proportional LIME.........ccomamemmeserinissssmsommmmepansessombiomspsismiavasms sonssssss 23
B34 Yidkd SUBHEHL oo s SRR TR 93
6.3.8 Uhimnabe Tensile SHENEH oo alumimmsmmisssarsmmobbmasnsnmiss 95
P34 True Frarture SHEDEIR. oo s oot 93
0.37 DucHIY .ciicimimmmscmmmemen S S NP SN ——— 93
B30  TOUEENBH ... mmamemyossmmmmcn o s o O P R DRI 93
63.9 FabEie IO oo sy o e s sy RN S AR AR 94
6310 Loss CoBIEIRIE i i s s e ivs 94
04 THOEBAL PIOPRPEIRE ccianiitininsmubsisnsonensiasmarsas sonsevmaid prisiss s VS R RSTE 94
641 Thermal Conductivity....ommmmssssemsemssinmsmesmmmassmamosmnsmss 94
642 Therindl DIFUSIVIEY cuummmminmmsmorssmmmosmmammmiss s 95
64D  SpoEiie HEaE wusmomsuinommmis ks asssas aS 95
6.44 Meling POINt..........cccoveseurerencsnssncusussssscsnsensassessasassssssssseseasasssasssssasssssessasasssnss 95
645 Glass Transition TOmMPerature .. cormmnmnummmmmoss sy 95
64.6 - Thermal Coetticierit of EXPANSION cnsmmmsssemmssnumsmsmmmssmismoss s 95
64.7 Thermal Shock ResSIStANCE swswsmsnsaumsmnsnssmssinmssssiaisissssimsissmiiaie 95
648 Creep ResiBlance ... icrmmeriimssrmsmmrsmsonsnsasasasrossrmsessssvsspisniasivssnsssovsssonssss 95
6.5 Materials: Ferrous IMEtals ......ccecceeeieiieieiecieieeeeeeceeereesaeecneeeeesneesreesneessaesneesnsenes 97
6.5.]1  CAStIFOT .orssunsssssrssnsassasssomsssssnsssnsoxissssssssvssssuvssssssssaessssasiNEsmssssibasvssasassosnsanssns 97
6:512 CArbon Steel.....ccmmmmmnnnmmaasmsiasisisiosiaias iinsiriatisimesissmsivesemnse 97
(T S U I ——— 98
6.5.4  StAINILESS SEEEL ... oot e e e et e e e e e e e e e e et eesnntenenneeeeneeenn 98
6.0.5  TOOL SEECIS:.cuusinsuscusvnsisussusnasissssssiussiss asssnsssssmssissssamisasssaasssssrtssssntssosssnsinns 99
6.6  Materials: Nonferrous Metals ...........ooovoeoeiieiiieeeeeeeee e 100
(SST0 AN 11 3 4 1 110 §'s o NP 100
6.6.1.1 Some CommOn USES .......cccueeieiiiieiiiiieicnieeccieecsieesnreesineeesseeesns 100
0B12  PrOUPEIUSE vamocnromsemrmns s s oo s seeiss 101
BB LD sumncm s s RS R R R RS SRR SRS 101
.63 INICKEL. ourinsnmismmesiniinsiomsssssssesssesaesosssssnssssossorn sdanrassansasaissemsrssassississizsss 101
6.6.4  TIEANIUINL...uveeiceeeeieeecieeeceee et e cereeereeeerane e saeeesaeeessaeesasessnsassnnsensnsensnseessasenn 101
0.0.5  ZIIIC woeiteiiiiceieeie et eiee et eat e st st enteeae e a et e ea b e ae e eae e baeen e en b e e eneeenteesaeenaseares 102
0:6:0. 0 USO8 mmsssimmmmmmmmersmsainssssisininaiss s dasin s s issneivs s sadiessuai o 102
Section II Mechanics
A 1 4 Tl SO RSSRORSRR 107
7. Porce. Nlassand MOMeENtS cososnsmvmnmnmmsimmiss aimisismissasissiaoassiississ 107
Fld Systent of U ... ocoumasmscmesmmosensprssemsossmes sy 108
212 Free-Body DIagEams. .commmmmpivosemmssspmisoms s sesmsspnsssasinss 108
7.0.8 Forces and MOMEIIES: v sssumasrsissmsssssrmsimissesiissiistisssssssssmssssisssssssss 108
7180,  [BOTCE cusssausmsinmianumssmammismessisoibsssnssersissrisississiososssssisssissasinngs 108
7.1.3.2  MOMEIES ...t e e e e ae e e e e e e e eennnnnseeeeeseennns 109
Tl LOples. ..o o i TR 110
7134 Rigid-Body EQUilIDIUM .c.c..covovoeoeeoeeoceoeeoceoeeoeeneeneeeeeeeeeeee e 110
72 SITUCEUTES cicinsomosvwsmssmsins s naes simssisssmiaissesssmuennsassissantoonse sonsadsassasuss sos soseidansss gonssnass 111
720, PN JOTE i svvnssmssssrsssrerssnnessnnsssonesssmmmsmsnmsessessosspsasrensansssysssfapesiensvssivessessesssis 112
0 B o T SR, S 112

7.2.1.2 BoW'S INOTAION i cuswrsssmsvissosmsmsiosssssmsi sivsisssis o ssssidosissssass 112



Contents ix
7242 Selving Forces i PIn-J6inted FIaiies .. ocrmsaummamnmvmsssmmessss 115
723 Method of JoIntSaasumamummmsimmismes s s SR 116
7.24  Graphical Methods as Applied to a 2-Dimensional Framework .......... 117
7.2.5 Method of Sections as Applied to a Plane Framework ............c.ccccoee... 118
73 Vectors and Vector ANBIYSIE..owwswammusamamsnnamremmssmmss snmmpomsoess 121
781  Vector Addition cammrrmmmmnmmmmesmss s e 121
7232 Ve ctOr SUDELaCHIONN. . cvoneumsrecrenroermensnnsssunmransoriniisssssss s samsainoiossis saasassasmsuios 121
728 Resolving a Vecotor iNto/ COmMPONEIES. curmovmomonmesmmsmsammensasmmmmsnsnvens 121
7.34 Analytical Determination of the Components of the Vector................. 122

7.3.5 Resultant of a Number of Coplanar Vectors
(More than TWO VECtOTIS)........cccervuerrereieneeeieeeerseeesneseeesseesesesesseessesenes 123
786 JAoalvteal Solubion O Pigard 231, versmmomosamonnassssiersvessssonss 124
7.3.7  Product Of VECIOTS. .....cc.ocoveiieieeeieeeeeeeeeeeeeeeee et e ens e e 124
7.3.7.1 Multiplication of a Vector ‘P’ by a Scalar ‘K" ........c.ccceeuevencnee. 124
7372 Scalar Prodootof Two VeCtoms . cumisisinemussismimns i 124
7.3.8  Vector (0r Cross) Product ......c..ccceueeeeeeeeieeeeeieeceeeee e 125
B IDWMVANRIDE: oocvciooniosussonsssnsnsness sans e S A SN A R RS SRS TSNS 127
8.1  KINEMIAties. i ccveeeevensassearasensassanmenssssenensonaionssnonsainsmnsssssinsssssssnss s esaessanisss sss nssusans siie 127
8.2 INOMENCIALUTIE c..uvieiireectie ettt rte et e e ras e e eraeeeaseesbeeeraaesesasesssaessnsassasesnsanenns 127
8.3 Newton’s Laws of Motion (Constant Acceleration)............ccccceveeeueeeieiruecsireiunnee 127
83.1 Linear Motion Equations casesenaissamismasmonsumsss s smwos 128
B3Z .Angolar NMobion Pooatlons.q. . cowm s i 128
8.4  RectiliNear MOLIONS ....uiceieieiieeiiiieccarieieeesiseeeaeeessesesssesssssessssesssneesssessasesssasssssessnns 128
8.4.1 Uniform Linear MoOtiON......cccccoueiiuieiieeieiciecie e cree e caeeseeesseesassssessseesnesnns 129
BdZ2 NowUnilonn [IRear Motion. cosmessimssmmsmsmmmims s 129
BAD Variahlo VEHITELY ... oncscomeiniansiviibessionsiisns ismnsss b o DGR A DRSS 129
8.4.4 Variable Acceleration.............ccococieoreeieieeeeceeeeeceeeee et eae e 130
8.5  CHrCUIAr MOtION .. ccccuiieiceieecceeeeceeeeie e eeaeceveeeeaseeeesseesneessneesssaeerasaesnnsesssnessneesnseesranenns 131
85.1 Motion:on:aCircular Path corrsmmmnnmssnmmmiinnsmsmmmmnmispsssssmmins 131
BEZ ROIING WHREL.........oececeennereresnneamsasnosisnsitbadinn i consibhi s w3 s imias Eamai i 131
8.6  Absolute and Relative MOtiON......c..ccverceeeieeieeccereeeeeeeer e e e e rae e esve e saeesnnens 132
I i B U O ————— 132
8.8  Vector of Point in a Rotating Reference Frame...........c.cccccccsnsersssscsssssnsusssnsssnsnsnsnes 133
8.9 Velocity of a Point in a Moving Reference Frame ...........cccoceenecienniassrescsnsensnonsasens 134
8.10 Acceleration Of @ PartiCle.........c..ooeieveeieiceieeieece et eneeene 134
811 Kinematics of Rigid Bodies it Onig PIonNe...civmmmmmnsssmsmeasirmssimvoisizsaressenn 135
812 TnstanfaneansCentre ol Rolabitm o v o s s 136
8.13 Kinematics of Rigid Bodies in Three Dimensions..........cccccceeveviriincnivncnninnnnen. 137
B.14  TIREOTOINIS ....cieeivieeeieetie ettt ettt et e e caeeeteee vt e et e eabeeaseess e baeeaseessaesaesassensaesnesssensaesaesaennns 137
8:15. ‘Translation MotoN sl smstinsssamisemnsiass 138
8:16 Rotationabout a Fixed AXIS ssiwanmsamesmmarmmiossiismtmssarmsiostiiss 138
8.17 Rotationabout aFiXed POINE:. ... eeiianiors issssssomsissssmsmmnbasnim oo S 139
8.18  General MOtION......ccuieeiiieeceeecee e eeeeeere e eeeecaee e raaeesaeessseessssessaseessaaesnsesennsassanenssnnennns 140
9 Mechanical VIDrations ...c.unsmssammmemsieisssonisisssrmsssiirsinmissmssismmnasmiis s 143
O] I OAUCHION . cocerscronseesesomnsanmamonansessdssssiiidsiin abssianiissosisbinnees Hiv vt fos bETnosbeersass saasas Ao wsaS 143
9.2  Single Degree of Freedom: Free Vibrations...........ccccoovocrmnniniicccciicicceene 144

90.2.1 Free Natural VIDIations .....cccceeeieeueiieiiieeiiiericesvreesssssseeessssessessssesssssenennes 144



X Contents

922 Sitiple HATTOREE MIOTIOM: s mssnmusmisessmssvssnsstssishmisstsssmmms sssassssiss 144
9.22.1 Angular Frequency, Frequency and Periodic Time................. 147
R2RZT Eaoations Ior SHIM ... cormamsiasmsbesdis s 147
9.2.2.3 Free Natural Vibrations of a Single-Degree-of-Freedom
L [P OOS SR VSO B S O——— 149
9.224 Elementary Parts of a Vibrating System ............ccccccoeveeveurnnneee 151
9.2.2.5 Linear Elastic Oscillations .........ccccovuvinninniinicccccniicienieineneens 152
9226 Transverde VIBTAtONS «uwsmasasossmmasssmosmsssnsmmsssssmmss s 155
D247« Enefgy Methods (Ravieigh) comaamammmmissisimnsssmios 157
9228 Kinetic ENELRY ..o e msmemsiomsssimsesisssasssssssmmesssss 158
9.3  Damped VIbrations.........c.cccoviuiieiiiminiiieiiieiscsscsessese s 161
ol Viseons Datipifi cusomensimmmmmmasommmion i o mms s s s 162
982 CLoulamb Damapiig o asammnsmmmemnisssissssssmsstmmss s consssimisssns 167
9.3.3 Inertial Damping ..o 168
8 e Do T DR SRS S 168
94 Single Degree of Freedom: Forced VIibrations .....u..csssssessessassasasissssasssisusssssns 169
94,1 Forced VIDTARONA o avoomvemmsmme s s as s ssssins 171
9.4.1.1 Disturbing Force Acting on Mass.........cccocovnrurnninccncinennne 171
9.4.1.2 Phasor Representation.........ccueeisussesississssscasasssssssssssessasasasnss 172
95 Natural Frequency of Beams and SHafls s seovsunnmmnminmamnanssas 173
951 Degiees of Breedom. . masummamnsmamsismssmnismimssnriniisissmmtamss 173
9.5.2 Beams Subject to Transverse Vibrations.............cccccocoveereeieenncccccccenn. 174
9.5.3 Simply Supported Beam Subject to Transverse Vibration...................... 174
9.54 Torsional Frequency of a Cantilevered Shaft Carrying a Mass
AEEEE V508 EOe s s i s s 175
9.5.5 Torsional Frequency of a Shaft Carrying Two Masses...........cccceueueueee. 176
956 Tossionally Baguivalent Shafts..conammammmmassoramspammansmmos 176
9.5.7 Torsional Frequency of a Geared Shaft Carrying Two Masses............. 180
9.5.8 Torsional Frequency of a Shaft Carrying Three Masses.............c..c....... 185
9.6 Forced VIDrations ...........cccouiiiiiiiiiiiiccicicececeece ettt 186
9.6.1  OVEIVIEW....cuccucrinreincrrsnsnsacrinssasnssnssssiossesasasassossonsassssasassssssssassssssassssssasssssasses 186
962 Exiernal POrNg oo s s wsiassnsss 187
963 ' Frequency Response DNagrams casisassssssssssssssssimssammsimmemnsns sssnsonsess 189
9.64 Harmonic Movement of the SUpport........ccccoeceeeiuiceiiniiiieisccecccee 193
965 Magnification PatlOE oot 194
966 TranSMUSEIDILEY oot 197
9.6.7 Using Forced Vibration Response to Measure the Properties of
R I s s i it nnssmemmemecnebmn e sossemoms s oS e R S SRR ERS 198
T0 CONATOL SVBURTIUR v oonesnunssswssumssssswsssnon oo e300 s Sains AFAAFH A TR Sas g 203
10.1 Introduction to Control Systems Modelling ..., 203
10.1.1  INtrodUCHON ..ottt e 203
0111 Busics ol COninl LB .coutomummommimmmsimosimmiin i 203
10112 Open Loop COntiol SYSIM smmmmrammummmss s 204
10.1.1.3 Closed Loop Control System .............ccccovueiriemrueieerenrncccneenenee 205
10.1.1.4 Control System Definitions...........cccecveviviienivirisiniieeneneccccennns 205
10115 Feedback ChamanletBlitn....oocammormmmmnmmmnsssedonng 206
10.3.1.6 Cobtrol MOTRE oo o assssmess 206

10.1.1.7 Block Diagrams and Transfer Functions ............cccccceeeeeccucunnee. 206



Contents xi
10:1.2. Enginesng Sostem MBS ..ovmssmmsmnomon s 207
10.1.2.1  Similarities of Elements between Systems............ccccceuun.e. 208
10122 Laplace ToansloiMSuweamresmomsamasswnpmeausssiimsies 209
10023  Troslor Fonetons o smmesisassmanmamsnsssosmaie 209
10.1.2.4  Linear Mechanical Systems.........cccccoeuvuvirenunicerininncncucsennnnns 209
10,125 Rotary Mechanloal SYBIeME. .. meanaummssmmnssusnn 216
10126 Thermal SYBETNE s o A 221
10127 Hydraolio SyStenty. . ... it snestommms 226
128  Eleelncal Svstern MOdlE ..o s 234

10.1.2.9  Closed Loop System Transfer Function with a Unity
Feodbackssmammareemmammamissmannsssmsess ey 238
10.1.3  Block Diagram and Transfer Function Manipulations...........ccccceuuc.. 240
101,31 Open Loop Comtrol BYSem ...cusmemmmsmmmmmensmmses 241
10132 Closed Loop Control SyStem . aummensemmamnsmmmmmismies 241
10133  Summing [unchons quswossasmmmsmmmaosmmmsssanasimss 241
10.1.3.4  Closed Loop System Transfer Functions............c.ccccccoce.c... 243
135 Velouly FOuibatK. . omcmmmmmmmmoummsnvmmms i 244
LU BT o R 246
10.1.3.7  Proportional and Differential Control.............cccoovruernne.e. 248
10.1.3.8 Simplifying Complex Systems..........cceceesesuscsesusesassonsasrnsasees 250
102 ADAIVES OF CORTIEl SYBBIITE wmmmmarmmvomsimssusmrmaamms oo sk 252
TR RO CRIOTN oumosssmnsacssomssnionsssuss s s s e B O R A SRS AR S 252
10211 Systeny Resporis o oo i 252
1022 ONHRE COMOL ... oo cesnmsresinedricamensimnsasiissss s msoiassass e SR RS 252
1023 Responseof Contintious Control Systema.......oomsassamsmm s 254
0231 Standaid MOAeIE ..ovmmmmamsasemmamsamaessasssssonms 255
1028 Stndand INDIES . canmnsmsmmmmssmi R G S 255
10.24.1 IMPUISE....occismmismsmsmsasssassirsscasssssasssnsassonsasssasssasssssasssassonsssssass 255
10282 BEPLIIRED s s s 255
102483 Ratmprof Velocty Champl oo 255
10244 Parabolic or Acceleration Change. s wammomsvmsios 256
10.2.4.5 Sinusoidal Change........cccoccvmiiiciiiinicisiiiii e 256
102406 Exponentiil ChaiiTe .. oo somasssiis G 256
Ll PR B o o PR SS — 257
10.2.6 TLinear Time-Invariant Systems ccssossommnmmmnnsimmmios 257
10.2.7 Laplace TransfOrms........ceccemissicssemssssssssserssssssssssssssassssssssssssasasssssss 257
1028 “The Siandard PirstOrder BYSEMY cumemmmmmmmasmomsmeasonmssmsmoms 260
10281 Response to an Impulse and Step INput....cnsmmmecsmmmse 260
10.2.9  First-Order Response Graph to a Step Input.........cccceevevennieviicncnninee 260
10.29.1  First-Order Time Constant...........ccceeueiviciniiiniininincsieenanns 261
10.2.10 Response of a Standard First-Order System to a Ramp Input............. 261
10.2.11 Response of a Standard First-Order System to a Sinusoidal Input..... 262
102712 Gainofa First-Order Bysten.commimssonamacammnsamstmhmrmamns 263
10.2.13 The Use of Partial Fractions to Solve Responses ...........cccoevurvrinirununee 265
102,131 . Lnit St INPat .oammamamamarmmmmsmossssmammssms o 265
10218.2  Lnit BAMP compomspnmmosmmmssamsamssmimsemnsionssis 266
10.2.14 Standard Second-Order SYSEmN ... iiusimsimmississssssrsmsmmsssseass 268
10.2.14.1 Forms of the Standard Transfer Functions..........cccccccc...... 268

10.2.14.2 Time Constant FOTM ... e e i e e eeeeeeeeeeeeeeeeeveeesesesaenes 268



xii

11 Physics
Heat......

11.1

11.2

10.2.15
10.2.16

10.2.17
10.2.18
10.2.19

10.2.20
10.2.21

11.11

1112
1L15

11.1.4

Light....

11.2.1
1122
11.2.5
11.2.4
1125
11.2.6

.27

Contents
10.2.34.3  Natural Frequeney Fomii.emmostinesemmmssisomssismsiinss 269
102043 FPolyidiinl gl Bt b damesmbasmassmssm s 269
102145 ©and m, PRI siaiacii it o ymsess saiovisisnss 270
1020416, POLES...coosivemmssestossnissidiiorssiviuidoens dobssssnssiismisbossussssssssirssvsissnsssssss 270
102147 Resporise 1o a Sp IPIE.cuswmodusismsnimsmmssansomsss 271
102348 Amplitude Beduction FACTor ...asmnmsmmesimmsssmsmses 273
102349 . Ramp INPUE. cossaibidin et messmsicbaninssmssmimissiiss 274
1023410 Sinosoidal Fapabic.iiueamrimmmmmmimmasososssmeson 275
10.2.14.11 DC Gain of Second-Order SYSUEMBS .o rssessisssssnsesssasanss 276
The s-Plane, Poles, and Zeros of the Second-Order System................. 278
Sinusoidal RESPONSE.......ccuiuerirmeirinissssssmesisissacscssasssssesssssonsasssssasssssasssess 280
H02A6.1 - TOROTEAIOR  ioimionivhsvrres osmmesto s s o R RS S OR SRR RS 281
10.2.16.2  Differentiator ..........covcveeieeeeieircieeeaiereeiee e eseeseesesneeneas 282
102363  ponenBal PRliy i mmmimmasmrsm s 282
The Standard First-Order Transfer FUNCHON ...ccouveevveeeeiiiciecceieciiecnee 283
The Standard Second-Order Transfer Function .........c..ccccceeveeievenen. 285
Btabiliby ARAIVEIS wuwaammmemomsiompusommmsoismis s s s s 287
102.19.0, INtTOAUCHON it mmnasmsm sy avirs i 287
T0RA82  TIBRIMBEIOIY. i iscintinnennimienarsonsisonnosnsernenmwssas pisugrrmxsysmssEss S easiises 287
10.2.19.3 Stability of a Linear Control Systen....ccussasssnsessssensess 288
102194 Aralysis of Cireiit SEBIBEY .o 288
H219.5 NYQUIsh DRag Ui i msississimsisnismsrs st sosssss 289
BOAE PlOES ciiteuscsivussaisonsemnsivbsessasanasernsbonsssionssdssnnsnnrsss os ssssseyisesssssenses sis emmass 290
Gain and Phase Margins Using the Bode Plot...........ccocevrruerruernnnnee. 298
........................................................................................................................ 299
........................................................................................................................ 299
TOTIIPOTHEUITE ... inoessmmesmnsssormmmoverssimsas e s e A SN AR AR A TS 299
11.1.1.1 = Teanperature SCAles . srwmmsmarsswinstinssssissessssssessnonss 300
1112 | Kelvin SEale mmaammmaniosdsososrpsvsssiaiisssasicsissssinsissass 300
11.1.1.3 - Effects of Temperature ............ccosssmsssusssasssssssssssessasasssnsassssss 301
11.1.14 Newton's Law of Cooling.wmemuswssemsmisssosomsnescassss 303
TIEEE LB comnsmmmsmansinrots s msssiis s oo R LA A AR AP TN 305
HBHE TEREIO ssnsmamimmasmimsraiimniiss i it srels ra s 305
11.1.3.1  CoNAUCHON ..o 306
11.1.3.2  CONVECHION ceeevvrreeereeecrieecrieeciesesaesssreseessesssssessssesessasesassssrnsesns 307
o B b I © T T T S OO SRR SO 307
KRN IRNERTN cusumcsninins o oua s ason o sio A s s RS S xS SRR ASS S 308
........................................................................................................................ 310
FUunNdamentals .........oooeooeieieeieee e 310
PIOGUATOn, T LIBIVE. oo s sommon s s st i 310
WEIDEIT ciintions sttt it i hisisismmsrnmnmsnrm eem s sy e S AR a0 310
Other CharacteriStiCS......c.ucvuereriierrieieieeeeieeiesseeseeeseesseseeaeessesseessessesseens 310
POIATIZAION ...eeeeereieeceeeeete e ere e e e s e eat e e s esn s e bessaaesnbessasessnens 311
Classification of PolaT1Zation «usussarvnmnnnssmsmssirnisisssimminssmss 312
11.2.6.1  Linear Polarization.........cccceevueiueveeeeceeeeecereereeiaeesesaeessesaneseens 312
11.2.6.2  Circular Polarization .........cccoooeeeoeiceeeeeeeeeeeeeeeeeeeeee e 312
11,263 Elliptical Polarizabion «.uumuwmssmsosssanmmsasssssssmis 312



