Foreword

At the end of the 1996 racing season, the handful of GM of Canada-sponsored teams running in the
CASCAR Series had been struggling to maintain their winning ways. As then-Manager of Motorsports Technical
Activities, it fell to me to kick their game up a notch, so | proposed to the Marketing Manager whose budget |
intended to plunder that a vehicle preparation/racecraft seminar be held to bring the teams up to concert pitch. To my
considerable surprise he agreed, and with the start of the season fast approaching, | embarked on a precipitous search
for the "Professor"” who could impart a couple of decade's worth of experience in two days.

Recalling the glory years of the Player'ss§GM Motorsports Camaro/Firebird series five years previous, |
remembered a persistent phenomenon in our Western Series, where several teams in succession rose from the ranks
to win races and a championship in this ultra-competitive series, only to subside again into mediocrity. The common
cause of their rocketing performances proved to be the peerless guidance of one Warren J. Rowley, Crew Chief/Race
Engineer Extraordinaire, and their equally meteoric descent the result of his “firing" each team in turn for failing to
live up to his exacting standards. This, then, would be my Professor, literally so in that he was a Professor of Music at
the University of Calgary. (He has since retired because: "'l can make more money in three months working with race
teams than | could in twelve as an academic.")

Negotiations were quickly completed, and on the appointed day Warren appeared at GM's Oshawa
headquarters with mountains of handouts, reference materials, suspension models and innumerable other teaching
aids. He proceeded to mount a two day, multi-media blitz that left these top teams slack-jawed over the depths of
their former ignorance and pleading: "Please sir, may we stop now? Our brains are full!" Sessions spilled over into
dinner and beyond, many napkins were covered with illegible diagrams, and plans made for further consultations and
track sessions. Once they had absorbed all they had drunk (albeit through a fire hose!) from this fountain of
knowledge, the teams all agreed it had been a most amazing exercise, one that would have huge long term benefits
for their programs.

Reviewing the project afterwards with Warren, two main themes emerged. He said: "There is so much more
I needed to tell them! A week wouldn't be nearly enough!" His second comment was: "I can't believe how much |
learned; far more than | taught them! Every time | wrote down something | 'knew’, to be true, I ended up back in the
shop, building new models, proving or disproving accepted 'facts'. This has been an astounding learning experience
for me."

My observation was: "You realize, Warren, that since you're just bursting to share all this lore and data you
have amassed, you absolutely must write the last definitive book of the century on race car design and preparation?"
His reply: "Absolutely not! Never! Will Not Happen!"

In the ensuing years, Warren has designed and redesigned many racecars, done increasingly high-tech
consultations for an ever-growing list of teams in many of the top North American series (none of whom would
appreciate having their names mentioned here) and as we now learn, writing ceaselessly. A mere 6 years later, you
are holding the Book That Would Not Be; the product of so much sweat, tears, blood and midnight oil that it ought to
be printed in muddy red ink. He tells me he has learned so much more in the writing that at least four more volumes
are circling his brain, pounding on the walls and screaming to be let out...

William Wordsworth wrote:

"And now | see with eye serene
The very pulse of the machine."”

Warren is the possessor of that all-seeing orb, and we readers will be the beneficiaries of its vision. Enjoy!

-Bill Ball, October, 2003



AN INTRODUCTION TO RACE CAR
ENGINEERING

BOOK ONE
THE BASICS OF VEHICLE DYNAMICS

by: WARREN ROWLEY

This book is the first in the series of five books written for the race engineer.

Where applicable, it covers stock car, sports car and open wheel technology.

Contents



Page
Chapter 1 — Some BasiC TrUthS ... 1/1to 1/4
e Basic Concepts and Truths Leading to the Successful Study and Understanding of
Vehicle Dynamics
The Tire Chapters
Chapter 2 — Tires: Part One - Design and Performance Parameters............... 2/1to 2/28
A First Look at the Contact PatCh ..ot 2/3
A Tire CONSLIUCTION PIIMET ..ottt 2/6
LT 1 =31 1< T | o OSSR 2/6
LT 1= T 1/ 1= USRS 2/6
O THrE CONSIUCTION ....eeiiie ettt sttt nee s 2/6
O Tread COMPOUNG .......oviiiiiiiiiitiecst bbbt 2/9
O ASPECE RALIO. ...c.viiiieiieieciciei e 2/11
O Tire DESIGN CONCEPLS. ...cueiviiieiriiiciiste ettt bbb 2/12
o Lateral and Longitudinal FOICES ..........couiiriiiiiiiiiires e 2/14
o Conventional FriCtion FOICES. .........coiiiiiiiieieie e e 2/14
LT o Y (=] (1] TSRS 2/14
LN |V, (0] F=T ot U] PVl =T oo 11 o USSP 2/15
e  Coefficient of Friction and 1ts Related FOICES .........cooiriiiiiiiiiiiiee e 2/15
O Lateral ACCEIEIatioN..........coueiiiiii i e 2/16
o  Centripetal Versus Centrifugal ............cccoooeiiiiiii i 2/16
LT - 11 - o] oS PSSSSTN 2/17
o Terms, Definitions and EXPIANAtioNS ...........ccooviirieieieiise et 2/17
LT I 1 (S 11T PSSR 2/18
o Sidewall Shear DiSplacemMEeNt ........ccocerueiririiirieree e 2/18
o Tread Shear DiSplaCemeNt ........coviiiriireieire e 2/18
O Tread Shear ANGIE ... e 2/18
o Sidewall Shear ANQIE.........c.ooiiiiiiieiiee e 2/19
O TOtal SHEAr ANQIE ....ooeeeee e e 2/19
LTS ] oSSR 2/19
O SHP ANGIE ..o 2/20
o Trailing Edge SIip PErcentage .........ccovoveiriiiiniieineeeseeese s 2/20
o Lateral Shear Forces Versus Lateral Acceleration.............ccocooeveninieniciencnenn 2/20
O Tread Shear ANGIE ..o 2/20
O (- Uo I . g o] [ S 2/21
o Tread Shear DiSPlaCemMeNt .........ccoviiriiiiiec s 2/22
o Percentage of Shear DisSplacement...........ccoceviiririiiineiseee s 2/22
O SNEAN ANQIE ..ot 2/23
O Shear DiSPIaCEMENT ........ciiiiiiiicee s 2123
o Tread Cantilever Displacement ANGIe.........ccccovviviiriiiinencsese s 2/23
o Sidewall Shear/DefleCtion ...........ccccoiiiiiiiiiii e 2/24
o Sidewall Shear DiSPIaCEMENT .........ccuvviiiiriicirecr s 2/24
o Maximum Tread Shear Angle Versus Maximum Tread Shear Force................. 2/24
o Measuring Tread and Sidewall SREar ..o 2/24
®  THe TUIMING POCESS ...ttt sttt sttt sb bbb e e 2/26
O THRAL FOICES ..ottt ettt ettt 2/26
O PN s 2/26
o Shear Angle Versus Heat GENeration ............cccocvvvrvrieeiereneseseseseeseeree e 2127
O Speed COBTfiICIENt......v i 2/28
O Track SUrface FrICTION ......ccooiiiiii e 2/28
O THFE PAIN ceieect s 2/28

An Introduction to Race Car Engineering



LI O g =1 1 1 IR 2/28

Chapter 3 — Tires: Part Two

— A Race Engineer’s Look at Tire Performance ..............c.ccocoenee. 3/1t0 3/33
The Bottom Line — It All Begins and Ends at the Four Contact Patches........c..cccccceveuee. 3/1
YaW — THE FIrSt LOOK ....cvveeeiiiie sttt 3/2

o Action and ReACHION FOICES........cciviiriiiirieiciisee e 3/2

0 Rate 0f Load Transfer ... s 3/4

o Lateral Acceleration VErSUS YAW .........cceverieriineresieneeienie et 3/5

O DEFINITIONS ..cviiiicic s 3/5
RACE TIrE PAraGmELEIS ......eiieieieieeieie ettt sttt sttt nee e s 3/6

LTS (o] o USSR 3/6

o Vertical Versus NOrmal LOad ..........ccooveirieiiie i 3/8

o Decreasing COeffiCIENT .........ccovieii e 3/8
SHP AN REGIIP. c. ettt bbbttt 3/9

O Trailing EAQE SHP....cooi ittt 3/9

O €CoNtaCt PALCN SHP......cviiieiiciieiere e 3/10

LT =T | ] o 1 USSR 3/10

O LoNGItudiNal FOICES .....ccuiiiiiiiiiiere e 3/10
Longitudinal Shear — Inline Braking and Acceleration.............cccooevieevieeiesceccie s 3/11

LT I (7o PSSR 3/11

O SHEAN RALIO. ...ttt e 3/11

O Longitudinal SHP ....ocveviiiic e 3/11

O SPIING BUTFTEE ..o 3/12

o Vertical Load on the Sidewall Cords..........cooviniiiiineininceee e 3/12
(OF: T4 010 =] ol o] ot TSP PTURUP PP 3/14

0 TwWO Camber COMPONENES ..ot 3/14

o Non-Vertical Resultant EIaStic FOICES..........cocoiiriiiriiiicieiesc e 3/14

o Counteracting Centrifugal FOIrCES ........ccuviriiiiniiierese e 3/15

o The Inner Workings of Camber ...........cocvoveiii e 3/15

o Camber and Surface IrreguIArtIES .........ccoceveireriiieree e 3/17
Aligning Moments — Caster Torque and Pneumatic Trail...........cccccoevviiiiiniiie e 3/17

o The Contact Patch — Lateral AcCeleration ..o 3/17

o Caster Torque (MOMENL) .....ocviiiecieee ettt 3/19

o Pneumatic Torque (Tread MOMENL).........ccooeiririiiiineee e 3/19
FUINEr DEFINITIONS .......etiieieieeee e bbb e 3/20

o Pneumatic Torque — Carcass (Sidewall and Belt)...........cccocovvirinininninennn, 3/20

o Combined Pneumatic Aligning TOIQUE .........ccoverviiririeinieieesieee s 3/20

o Camber Aligning FOICES ..ot 3/20

o Tire Pressure and Aligning FOICES..........ccuviiiiririiiiiciseeese s 3/20

o Vertical Load and Pneumatic Aligning FOICES .........ocuviireriininsinenecneeens 3/20

o Aligning Torque and Its Effect on the Steering Wheel...........cccooorvniniininnn, 3/20

O THFE HEALING ...ecviieiieiiiee et 3/20
ENEIGY LLOSS ..ttt ettt bbbttt e bbbt aen b e 3/21

o Tread Momentum Loss — Tire Drag and Tire Rolling Resistance ...................... 3/21

o ROIlING RESISTANCE FACIOIS. .....c.iiviiiiiiriiieiiie e 3/21

o Rolling Resistance COEffiCIENT ........ccvviiriiiiricr s 3/22

O SIMUIAtION FOIMUIAS........coieieiecece e e 3/22

O ON TraCK TESHING ...ccviveiiieiie i 3/23

o Shear Drag and ENErgy LOSS........cccovivieeiererinesnseseseeseeseesie e sre e e saesse e s 3/24

O SREAN HP LOSS.... ittt et a e 3/27

o Track and SKid Pad TeStING ......ccoovrviriieieiercse s 3/29

o Heat Factors and Air Pressure Versus Acceleration FOrces.........c.ocooeeevenenne 3/33

o 2 T- 0 =T T I =T OSSR 3/33

B HEAL e et 3/33
B NOMMAL LOA. ... e 3/33
B PSSl it 3/33



Chapter 4 — Part Three — A First Look at Tire Data..................

The Kinematic Chapters

Chapter 5 - WinGeo3 — Wm. C. Mitchell Software

— A Basic Introduction .........ccccccccicc

o A QUICK WINGEO3 REVIBW ....coueeieieiieiie sttt
O TTACK e
®  WhEEIDASE ...t e
®  BaCKSPACING ..oveeieeie et
L @ ) 51 PSSR
o Uprights and SPIindIes ..........ccooiiiiniiiiiee e
o Kingpin Axis and Inclination Angle.........ccccooiiiiiniiiinenns
o Design: Kingpin, Scrub and Caster...........c.cccuvvreiiieneieninenns
o Build: Caster Angle and Trail .........cccocevviiriiiiiiiiineice
0 Kingpin OffSet .....ccoiiiiiiiiiciie e
o Stock Car SPINAIES........cociviiiiieic e
O CAMDET e s
O CaMDEr GaAIN...ciiiii e
o Bump Camber Change.........cccovveiiiiiiiiiieeieese s
o ROl Camber Gain .........cccceviiiiieiie e
o Instant Center Location Effects on Camber During Roll...........
o Steering Iterations and Camber Change...........ccoceovvvvreivncrenens
e Looking at Camber Change ..........cccoereiineiiciiee e
o Single Ride CalCulations..........ceoviveveriereneresese e ieeseesie e
o Single Roll Calculations ...........c.ccoiireiiiineiieies e
o Single Steer Calculations..........ccccvviveieiierene s
o Combined Calculations..........ccccovrrreirneinnesee s
o Changing Camber Angle ......cccvviiviieieiere e
e  Caster or Side View Kingpin Offset ........ccooeiiiiininieeeece e,

O Caster AQJUSTMENT ....ovoiviirieiiiireese e

Testing and the Race ENQINEEr..........ccviiiiiiiiiiie e
Team Generated Test ANAIYSIS ......oovviiirieireeeee e
Tire Temperature MeasUrEMENT ........ccoevveirereirereine e
Heat GENEIatioN ......c.ccviiiiiie ettt
Load Tire RAGIUS.......ccoveiiiiiicie ettt
Test Data from the Tire Manufacturers.........ccocooovevervienensienensienee
TAFE TESE DALA....veveveiviieeiicie et
FOrce VErsus LOAG .......ccoovrieiiiiee et
AlIgNiNg FOrCe/TOIQUE.....ccuveiireieeiecie ettt
ROIING RAAIUS.......ccviiiieciecie e

The WINGE03 DEMO ....c.ueeiviiiieiecie ettt sttt
L0oading WINGEO3.....c.ociieieieiie ettt
Working with the Advanced DemO..........cocuvereirineinenese e
Left Mouse Click — Right Mouse CliCK ...........ccccevvveiiiiiic e
Single Point Co-0rdiNates .........cccooveiieeieeie e
TWO POINt CO-OFAINALES .....veiiiiieiiierie e e
An Overview of the Related WinGeo3 Demo Menus...........ccccevvenienne



O CASLEE DBSION ...eieeiiitieciiet et 6/20

o The Shopping Cart EFfECT ... 6/20
L Y 1o a1 o N 0T (o [V SRS 6/24
o Camber Gain dUE 10 CASLET .....oieiiirieiiie ettt sttt se et e 6/24
e  Caster Jacking — Caster Load Transter.........ccocviviiviieieiesc s 6/26
L O 1 (-1 g o] 1 S 6/27
e  Caster Jacking Combined with Roll and/or Ride ..........ccccccevviviiveicie e 6/27
e Wheel Rates, Aligning Torque and Weight (Load) Jacking ..........ccccocevviineiiiineininenns 6/28
e  Camber and Caster Effects 6/28
LI O 1 (-] g C T U] ISR 6/29
LI (o 1 o OSSR RS TP 6/36
O BUMP SCIUD ..o 6/36
©  ROIISCIUD ..ottt ns 6/37
e Relative Lateral Movement VErsuS SCrUD..........ccoiiieiiiiiiie et 6/38
e The Bottom Lines Of SCrUD ........ccoiiiiiii s 6/38
o Further EXamples OF SCIUD........cc.oiiiiioice e 6/38
®  INSTANT CONTEIS. ... .ottt ettt b ettt sr bbbt e et nn e 6/40
0 Front View INStant CeNEr..........ooviiiiiriiiee et e 6/40
0 Side VIEW INStANT CONTEN .....ecviiieveicie ettt 6/41
O SWING ATttt bbbttt bbb 6/41
O INSEANT AXIS ittt sttt nre s 6/42
0 KiNEMAIC MOTION ....ouiiiiicieee e e 6/45
o Geometric (JACKING/ANLT) FOICES......oiiiiiieiiee e 6/45
e The Centers (Kinematic, Spring and GEOMELIIC) ......coervririiienereieie e 6/46
o Front and Rear View Kinematic Roll Center (KRC) .......cccccvvvevievieveeie e, 6/46
o Front and Rear Springing (Elastic) Roll Center (SRC).......ccccccvevvevvevveiesienn, 6/46
o Front and Rear Geometric (Jacking/Anti) Center ..........ccccevvvveveevieceeie s, 6/46
O Datum ROII CENLET ..o 6/45
e Looking at the Kinematic ROI CENLEr ........ccveiieiieiece e 6/47
0 Kinematic ROI CeNEN .......cveeiee et 6/47
o Instant Center Predetermined PlaCemeNt ............ccocvvviieieienevenn e 6/48
e The Datum Roll Center — (Actual RO CENEN) ....ccevieiiiiiiiereeeree e 6/50
e The Two Primary Longitudinal ROII AXES..........couiiriiiiiiiie e 6/54
o Center OF GraVvity — CG..oouiiiiiiiiieieie ettt 6/55
o The Other Centers of Gravity ........ccoeoiiiiriiiniiee e 6/55
O MASS CONIOI ...ttt 6/55
O MaSS CNIOII AXIS ettt ettt 6/55
o Polar Moment Of INEItIA..........cooiiiiiiiee e 6/56
o Front View Jacking/Anti RO CENLET.........cccoiiiiiiiiiii et e 6/56
o  Geometric Jacking/Anti Force KinematiCs ............cocuvirviininiinincinccsees 6/56
e Side View Longitudinal Jacking CeNLer..........cccoeiiiiiiiiieiieseese s 6/57
o Anti Dive — Using Outhoard Brakes...........ccocoureriininnineneneeiseescse s 6/57
o A-Arm Co-ordinates Versus Anti DiVe FOICES........cvviviierererieiennseeeereeseenie s 6/60
Chapter 7 — Steering Geometry — Kinematics and Definitions...............c......... 7/1
@ THe FIVE TOBS.....ciiiiiiii 711
O SHALIC TOB OUL ...ttt bbbt 7/1

Vi



O TOB SPAN ..ttt e 712

0 Heavily Laden WREEI ..ot 7/3
o  Steering Speed - Drag LinK SYStEM .......coviiiiiiiicce e st 7/3
o  Steering Speed — RACK and PINION .......cccociiiiiiiiecie et 7/3
o Net/Resultant (DYNAMIC TOB) ..uvivviveierierierestesteseeeeseestesteseesre s e esee e srestesresreeaeneesaeseeneas 7/3
L 10 0 T oI (=TT S 714
® RO STEET <. bbb bbb e 714
®  SEEEIMING INPUL ..ottt et b e bbb b abenr e 7/5
o StEering BOX RALIO .......cociiiiiiiiici i 7/5
o Steering Input — RACK and PiNION.........coviiiiiiiiiiii e 7/5
o Steering INPUt — Drag LiNK ......coeiviiiiiiiieis et 7/6
o Ride and ROI STEEI ..ocuiciieeee ettt 717
o Bump Steer GEOMELIY — FIONT VIBW....c.cciriiiiiiiieiiirieiste et 7/9
o Bump Steer GEOmEtry — SIde VIBW .....cvicieiie e e 7/9
e  Combining Bump and RoIl Steer GEOMELIY .......cccveiveiieeieiieseeseere e 7/9
o  Bump and Roll Steer AdJUSIMENT.........ccvviiiiie e 7/10
o Vertical Co-ordinate Change .........cccveiiiiieiiie i 7/10
o Lateral Co-ordinate Change.........ccevveieiieeiie e 7/11
o Fore/Aft Co-ordinate Change ...t 7/11
o Change the StatiC TOE SELHING ......coviiriiiirieiie e 7/16
©  ACKEIMIAN SEEEI ... etiiteitietieiee sttt ettt sttt e e st e te s tesbe s e e seeseeseenbesbeabeereeneeseeneeneas 7/18
o Determining Amount of ACKErMaN STEEN .........cooviiiriiiiieeeee e 7120
O WRY ACKEIMAN ...ttt bbb 7120
o Changing Suspension CO-0rdiNALES ..........ccoveireririrerieise e 7121
o Steered Path, Shear Path and Actual Path...........c.ccocoiiiinii 7125
®  The TUM RAGIUS. .....coiiiiiiie bbbt 7/26
®  High SPEEA TUIMS.....eiie ettt et e e st te e sae e nteeeeenes 7/26
e Action and Reaction — A Fundamental POINt..........cccooiiiiiiiiiniieeee e 7129
o Primary and Secondary Action and Reaction FOrces...........cccooevvevveivecesnennnn, 7/29
LI T A @ ST Y U1 T o TR 7/31
e Tracking — Oversteer/Loose Condition at SPEed...........cccvievrrciinniienneers e 7/31
o YaW Center HIUSIITALIONS .......c.oiiiiiieieiecies ettt 7/33
L € (T O | (=1 SRS 7/35
®  DEVEIOPING YAW ..ottt bbb e abe e 7/35
®  TireS —Drag ant SNEAI.........ccceiiiiieiiee et 7/36
Y aW EQUITTIBITUM ..ot b 7/36
LI € OSSOSO R USRS RPT 7/36
LI O Y £ (=TT OSSOSO R U USRPT 7137
©  UNEISIEET ...ttt bbbttt ne bbbt e e e nas 7/38
Chapter 8 — Live Axle — Rear Suspension Kinematics...........ccccoocevvieviieiieeninns 8/1
e Primary and Secondary Live Axle Kinematic Control...........c.ccoceovivineininnnnicneincienne 8/2
o Side View Instant Centers (Single PIaNE) .........ocooviiiiiiiiiiiineic e 8/3
o Something to ThINK ADOUL.........coiiiiiiii e 8/3
o Rear VIeW INStANT CENTEIS ......civieiiieeieieriese et ee ettt sae st st sna e eeneenees 8/5
o Rear VIeW AXIE MOION .......ooiiiiiiiiee et 8/5
e Kinematic Chassis Motion in Roll About a Live AXIE..........ccooeiiiieiininiieiieeeeee 8/7
o The Horizontal PIVOt POINT.........cccoiiiiiiiie e e 8/7
e Combined Chassis and AXIE MOTION.......cc.oiiiiiiiiiiie et 8/9
o Datum Live AXIE ROII CENLET ....oouiiiiiiieee et 8/9
o Track Bar SCrub KINEMALICS ........oiiiieieieie e 8/10
o Scrub as the ResUlt OF ROIL..........coviiiiiii e 8/11
e Scrub as the Result of One Wheel BUMP ........cccoviiiiciiiirc e 8/12

vii



o Scrub Due to Track Bar GEOMELIY .......ccuiirieiiiirieisie ettt 8/14
o  Track Bar Geometry/KinematiC FACIONS .........ccorveiiiriiiiiicici e 8/14
e Live Axle Ride, Bump and Roll KinematiCS.........cccoveiueriiiieirsecieie e 8/15
ORI s 8.15
o One Wheel BUMP/DIOOP ....ccveviiieiieiteseeieie e sie et e e e et seeste e e ae s s 8/15
O TWO WHEEI BUMP ..ottt sttt st 8/15
O PUFE ROI ... 8/16
O OFFSBELROII ..ot 8/16
O RO FOICES. ..ttt st 8/16
o Watts Links Lateral CONTrOL.........cooiiiiiiiiiiiicece et 8/17
o Rear Live Axle Roll and Bump SEEEN........ccciiiiiiiiiicei e 8/19
o Spring Loaded CONLIOl AFMS ....c.veiiviiiiiieiieiste ettt st sbe e 8/21
o Pinion ANgIE ChaNQe ........coviiiiiiiiie bbb 8/21
o  Cambered Live Axle Rear ENd HOUSING .......ccoiiieiiiiiiie e 8/23
LI = TU 0 o T O T ] o= USSR 8/23
LIS - To o [T B o o] USSR 8/24
®  TOB CAMDET ..ottt 8/24
e The Front and Rear Datum Roll Center and the Resultant Roll AXiS .........ccccoovveiviinennns 8/27
o ANt SQUAL KINEMALICS ......eveiiiiiiieiiiie et be e 8/29
e Decoupled Torque Arm and Telescoping Third LinK ..........cccocoveiiiniiiineiiieiccies 8/31
o Wheel and Axle Housing Lateral OffSet..........ccoeviiiriiiiiiiiiiirc e 8/31
Chapter 9 — Truck Arm — Rear Suspension Kinematics ..........c.ccccoevvvvvevvenenne. 9/1
Chapter 10 — Springs and Motion Ratios............cccccoeeveivieiieve e 10/1
0 The COil SPIING....ciiiiciie bbb 10/1
®  The SPIINE’S JOD weoueiiiiiiiiiietiee bbb bttt e e 10/1
®  TYPES OF SPIINGS oeevieiieeiie ettt et e sae e sr e e sbe et e e sbeentesraesneas 10/1
®  SPrING QUANILY .o e 10/1
o Basic Spring Rate FOrMUIA ..........cccoiiiiiiice e 10/3
o  Testing the SPring RALe.........cco i 10/4
e Sag, Free Height and Loaded Height ..........ccoiiiiiiinci e 10/7
e Compliance and Torsional RIGIAILY .........ccooeiiiiriiiiiice e 10/8
e Searching for the Elusive Rate Change.........ccccooeiiiireiiiinee e 10/9
O RALE OVEIIAD ..ottt 10/9
o Free Height INCONSISLENCIES ......cveviivirieiicieiieesie et 10/9
o Compliance and Torsional Rigidity .........ccocooiiiriiiiiniinneeesee e 10/9
o Combined Rate ChangES.........ccureiieriiiririee et 10/9
o Kinematic Deflection Problems............cooiiiiiiiiiiieee e 10/9
o Preload Length Versus Load Rate ...........coeoviireiiiinciiieneeecseeseseesennea 10/10
®  IMOLION RALIOS. ... ittt bttt et bbb e 10/10
O MOION RO ...t 10/10
O WHEEI RALE. ... e 10/11
o Motion Ratios — The SIMple ANSWEN ..........ccoviiiiiiiniene e 10/11
O Primary MOtion RALIO .......coveiiiieiie et 10/11
o Instant Center Motion RALIO.........coviiiiiiiiiiie e 10/12
o Combined Primary and Instant Center Motion RatioS..........cccceeveveiverierieriennn, 10/12
o Spring Angle Motion RAtIOS ........cciiviieieiiere e 10/12
e Determining Wheel Travel Versus Spring Deflection ... 10/13
®  The Other TAM ...t bbbt ne b 10/13
e Bell Crank and Push Rod Independent SUSPENSION ..........ccoveeriieieiiniene s 10/14
o Coil Over Independent SUSPENSION ........ccereiieieiiiriirie st 10/21
o Coil Over Independent SYSIEMS. .......cccciviireiiiireise e 10/22
e  Stock Car Independent SUSPENSION ........ccveveieriereireresiese e eeese e e e sre e sre e e see e s 10/25

viii



o Live AXIE MOLION RALIOS. .....ciiiiieieiitiie ettt st 10/29
o Motion Ratios in Ride — Side VIEW ........cceiiiiiiiiiieiiee e 10/29
o Live Axle — Springs on Top of Live AXIE .......ccccoveveiveieie e 10/29
o Live Axle Motion Ratios in ROI ..o 10/29
o Live Axle — Springs Mounted Ahead or Behind the Axle
[ ToTU ]2 o PSS 10/29
®  ASYMMELIICAl ChaSSiS.....uviiiiiiiieiise sttt st e e e e e s 10/33
®  SYMMELFICAl ChaSSIS ....vviieiuieieiiie ittt e st sre e e e e e e e e s 10/36
Chapter 11 — Anti Roll Bars and Motion Ratios ...........ccccceevveiviiieseene e, 11/1 t011/20
©  ANLEROI BAIS ...ttt sttt et be et e et e naeas 11/1
O RIght WHEEl BUMP ...ttt s 111
0 RIght/Left MOVEMENT .....oviiiiiiiiieeee s 111
o Angular Rate Versus Linear RAte ..........ccocooiiriiiinieineecseeese s 111
o Shear Modulus (G) Versus Tensile Modulus (E).......cccccevvevveieniniieniee e 11/1
o ANQUIAN RALE — TUDE ...eeeie ittt 11/2
o Angular Rate — SOHIA Bar.......ccoccvviiiiieiicciee et 11/2
e Solid Versus Hollow Torque Tubes/TOrsion Bars ..........ccccecveveiiiiiiesienieseece e 11/3
o Actual Anti RO Bar RAES ......c.oouiiiiiiiiieieciee et 11/3
LI I T =0 (o] TSRS 11/4
o The U ANt ROIIBAr......coi ittt 11/4
©  GT ANLEROIIBAIS ....cciiiie ettt et et saees 11/9
L B = - USROS 11/12
LI\ o 40T o Tod <SS 11/14
©  HOWE Bl ...ttt s e et e e aaa e st e e nae e aeeanae e e 11/15
Chapter 12 - TIreS @S SPIiNGS ....ccovereeeereerieeieseesieseeseeseeseesreeseeseesseeseeseessens 12/1to0 12/13
®  PNEUMALIC THIBS.. e iutitiitiiieeie ettt ettt b bbb bbb bttt nenn et e 12/1
e Tire Performance Changes Due to a Change in Tire Pressure .........cccocevvevveveeivesnennn, 12/1
®  THre SPrING RALES ...veiieeie ittt st e et e e s ae e s b e e sbeebeenbeesbesraesneas 12/1
®  DEFINITIONS. ... e bbb 12/1
LI LG0T 4] (T | (- S 12/2
o Combined Rate/Wheel RALE..........cccoviiiiieieiee e 12/2
o Vertical LOad/WhHEEl LOAU .........cccoiiiiiieieiciee et 12/2
o Tire SQuish Versus WHeel RAtE ..........ccooiiieiiinene e 12/2
o Approximate Wheel Rate CalCulations ..........ccooviririeiiiiniineee e 12/2
L T (- B T - NSRS 12/6
o Contact Patch Load Rate and Tire Spring Rate ...........cccoceveiviiniiiinciicnens 12/6
Chapter 13 — Static Loads Mass Centers of Gravity...........cc.ccocevvniininnnennn, 13/1 to 13/15
LS v L1 o o - Vo OSSO 13/1
o Static Corner Load CalCUlator #1..........c.covveieeieeie ettt 13/1
o Changing Static Corner LOAUS.........ccocuviiieriirenesenese e 13/1
o Static Corner Load CalCUlAtor #2..........cooveieriieiesr e 13/3
o Static Corner Load CalCulator #3.........cooiiiiiiiiiineee s 13/3
L O 1) (=1 o 1 =\ 1 VP 13/4
e The Three Mass Centers 0f GraVily ......ccccoeviiiiieninne e 13/4
o TOtAl CeNtEr OF MASS....c.eiiieiiiiec et 13/4
o Sprung Mass Center OF GraVity ..........cooiiieiiiiie e e 13/4
o Unsprung Centers Of GIaViLy ........cooiiiiiieiiiie e e 13/4
o Total Mass X and Y Co-0rdiNAteS.......cccueiueieiiieiieiie ettt se e sre e e sae e 13/4



The Sprung Mass X and Y CO-0rdINALES .........ccccereirrireiienieiee et 13/6

Formula for Finding Corner PErCENTAJES ........cccvvevririiiiirieieisieeeese s 13/7
Total Mass Center of Gravity Height (CGz) ..ccvivvviiiiiiecce s 13/9
Measuring Procedures for Center of Gravity Heights (CGz) .....ccccvvvviveieieicie s 13/11
Unsprung Mass Center of Gravity Height (CGuUSsz)....ceuivaveriereiieiesiiesieieesese e sese e 13/14

The Dynamics Chapters

Chapter 14 — Load Transfer 101 — The First Basic LOOK.............ccccceevvvrvennen. 14/1 to 14/58
e KiNetic Center CO-0rAINALES. ........ccvieiieeireecie e sttt e ete e sre e ste e sreesaae e stveesabe s srbeesnaeesraeesneee e 14/3
e Lateral Load Transfer Versus Chassis PErformance .........cccccveveiieiieiecviiccie e, 14/3
©  Gravitational FOICES ...t ittt sre e st e e sabe e s rae e saae e s raeesaae e e 14/4
o Modeling Chassis PErfOrMAanCE. ........ccciveiieiiiie ettt 14/5
o Elements of Chassis PErfOrMAaNnCE ..........couveiieiiiieiie s 14/7
o The INitial 0r SNOP SELUP .oviueeiieccccc e 1417
L I 11T @ (o ST I oo o OSSR 1417
e The Load Transfer Model — WAaN3LA ........ooooviiiiiiiecce et 14/8
o Wan31A — The QUICK OVEIVIEW. ......ccciiiiriiiieie ettt st 14/9

O WANSLA CalS....uiiii ittt ettt ettee e et e e e e ette e e et e e e st e e e e etbeeeeeabaeeesbaeeean 14/9
LI N 4 (T 0] (o] ¢=To I O 1 3ROSR 14/9
L O - 1oL T AN SRR 14/10
O SPHINGS ALL oot 14/10
O ROIIBAIS AL2 ..ottt e re e 14/11
O SNOCK ALLZ ettt et enes 14/11
O INItIAl CONAITIONS ...ecveiiiie et re e 14/11
O Other LOAds Aottt ettt et st ebe e e b e e e be e 14/12
©  ANLI/JACKING A ..o et 14/12
O INAEPENTENT AL L ..o s 14/ 12
L I - (0 = - A TR 14/12
0 ACCEIEIAtION A3 ...ttt sre e 14/13
LI =1 £ LI SR 14/13
0 TOtAL ANLIS A4S .o 14/13
e Inertial Forces and CG LOCAtION AD .........ocoviiiiicce ettt sae s 14/13
©  SOIULIONS AB ...ttt e e s e e s e e st e e st be e saae e steeesabe e stbeesareesrbeeaaaee e 14/14
O L0AAS AB.L......oiiiiiiecie ettt 14/14
O MOLIONS AB.2 ..ottt ettt be e e re e 14/14
O BHaS e e e ebr e e aaes 14/15
LT O 0T T OO SURRPP 14/15
LT 4T [ 14/15
®  WAN3LA LAYOUL...c.eiiiitiiieiiceieeee ettt bbb bbb 14/16
®  The SYMMELIICAL ..o e e 14/18
o Checking fOr ASYMMELIIES .......cceiiiiriiiie e 14/18
o Wan31A A Static SEt UP PrECUISON .....coiiiieiieriee et 14/19
o First Order Static RelationShips........c.ccoviiiiiiiiiiis e 14/19
o Changing Static Corner LOAd...........ccoeiviireiiineiienee e 14/20
o BasSiC StatiC CalCUIAtIONS........coviiiiieiiee ettt et e enae e 14/24
LT o T (o HR PRSP SURROP 14/24
O AB.B RITB ...ttt re s 14/24
o A2 INitial CoNAItIONS ...ccvviiciieiiii e e 14/24
o Bias— Load-Split CalCUlAtor...........cccveieiieieiere e 14/25
o0 Pad Load CalCUlator..........cc.ciiiiiiiieiie ettt 14/25
O AL ChasSiS — SPIINQS ..vvereerieieriiseseseeeesteseesreste e sreseeseeesresresresseeseesesaeseenees 14/26
o Al Chassis — Tire Radius and Radius Changes ..........cccccerervrivrivnvsieereereeseenens 14/28
O AL ChassisS — RO BarS........ccocoiiiiiiiiiiic ittt 14/28



@]
O A3 OLhEr LOAGS. .. cuiiieiuietieieie ettt sttt 14/30
e Basic Dynamics CalCulations..........cccviviieieiiieii e 14/31
O SYMMELCAl ChasSiS......ccciveiiiiiiiiesicicee e 14/31
O AS INILIAI FOICES w.cvviviiiiicieie sttt 14/31
o Al Chassis — Rebalanced Spring Changes and Load Transfer .........c..cccccev..... 14/32
e A QUICK Load Transfer REVIEW ........ccvciiiiviiiieiie ittt st sreesre e ereebesve e snees 14/34
oAb Inertial Forces — Longitudinal Acceleration..........c.ccoocevevievivinsineierenenn, 14/36
o A5 Inertial FOrces — Banking.........ccoeiiiiiiiiinciiieneese e 14/37
o A5 Inertial Forces — Spring Pairs and ROl Rates ..........c.ccoceoviriiiineiienenns 14/37
O A4 ANTIIACKING ..ot 14/39
o A4 Anti/Jacking — Independent SUSPENSION .........ccereirereiininieieseneesie s 14/39
o A4.2 Anti/Jacking — Track Bar/Live AXIe ... 14/42
o A4.3 Anti/Jacking — Inline AcCeleration............cocccvririinennininenees 14/42
0 A4 AntI/JaCKING — BraKe.......ccvciveieiieiie ettt 14/43
o Combined INErtial FOICES........ccuiiiiiiiie et 14/44
o A5 Combined Inertial Forces — Anti ROl Bars.........ccooeviiiiiieniiieiee, 14/44
oAb Combined Inertial Forces — Spring Pairs and Preload ..............cccccoevvennenne. 14/46
o A5 Combined Inertial Forces — Dynamic Tire Radius Changes.........c...cceuv..... 14/47
o A5 Combined Inertial Forces — Spring Splits With and Without Rebalancing
thE PIElOad .......cvveeeece e e 14/48
o A5 Combined Inertial Forces — Spring Changes that also Change the
(0] | L= PSSR 14/50
oAb Combined Inertial Forces — Single Spring Changes ...........ccocecvvrvinennne, 14/50
oAb Combined Inertial Forces — Single Spring Preload Change.........c.ccccoene... 14/51
o Static GENEral TIULNS ....ooiiiiiic e 14/53
O SHALIC PrelOad .......ooiiiiiiiice s 14/53
O SHALIC BHAS ..ot 14/53
O StatiC (SPriNG RALE).......ccviiiiiricieee et 14/54
0 Static (MOtioN RALIO) ......ccviiiieieece e 14/54
O StatiC (TIre RAGIUS) ...c.vecviieiiie et s ae e 14/55
0 Static (ANt ROI BAC) ......coooiiiiiiiiieee s 14/55
O StALIC (DAMPEL) ...ttt bbbttt 14/55
O SEALIC (FUBH) ettt 14/55
O Static (BANKING) ...eiviveiiitiiiiicieites s 14/56
o DyNamicC BasiC TrULNS .......cooiiiiee it 14/56
o Dynamic (Inertial Load Transfer) ........cccoveviieieiie i 14/56
O DYNAMIC (TTACK) ....eiveeeiiitiieciite e 14/56
0 Dynamic (WHEEIDASE)..........couiiiiiiiieeiitc e 14/56
O Dynamic (SPring PairS) ......cccoireiiereiienieese et 14/57
o Dynamic (Single SPring Change) .......ccovuereiiireiiiirciece e 14/57
o Dynamic (ANtI/JACKING).......coviiireiiireiie e 14/57
o Dynamic (ANti RO BAN) .c.oiiiiiiiineec e 14/57
O DYNAMIC (ABID) ...veitieeieete ettt sttt ettt ettt et et e 14/58
o AItioNal PINK CelIS......cviieieieieiise sttt se e s 14/58
Chapter 15 — A Mathematical Look at VVehicle Dynamics ...........cccccceevivennen. 15/1 to 15/67

e This 67 page chapter presents and thoroughly explains all of the equations and algorithms used to develop

AL ChassiS — SNOCKS......ccueiii ittt eree e s sbae e 14/29

the Wan31 vehicle dynamics software. It does so in a carefully designed sequential order that will allow the
user to understand the basics of dynamic simulation and lays the groundwork for the user to begin expanding
the software to fit his/her unique software needs.

Xi



Chapter 16 — Load Transfer — Asymmetrical Load Transfer

L O%0] 4 [T o =l o1 Y2 P PSP PP UPPTPROPRTPI
®  COMNEBE AADPEX ittt
LI o] 11 1=] g | SO OO SO SOPRPSTR
0 Data ACQUISTEION ..ottt
o Wan31A — Short Track STOCK Car.........coceieiierieiinie et
o Ride Height and BalanCe ............cccoiiiiiiiiiiiicc e
o Wedge and BalanCe ........cccceieiiiiie s
O SPIiNG CRANGES ....c.eitiieiiitiieeiete ettt srenn e
e Load Transfer Through the Ten Cornering Phases (SPrings)......c.ccceevvvverveneeresivesinesenns
0 Phase ONne — COMMEN ENLIY ..ot
0 Phase TWO — COMNEr ENLIY .......ccovoiiiie et st
O MaKING ChaNQES .....cveuiiiiriiiciireee e
e CG Height Examples — Load Transfer Changes .........cccovveveiieiiieiie s
e Changing the Static Wedge PerCentage.........coereererieiineniee et
®  SELUP SCENAIIOS ...ttt ettt et e ae e sre e be et e e s beenaenreenneas
0 Phase Three COrner ENLIY .......cooiiiiiiiiniieineee s
LB O oV o 1= SRS
O Phase FOUr — COMNEr ENIY......ccooviiiiiiinieisiiseeeie s
e Anti and Jacking Forces — The First Four Cornering Phases Revisited ..............cccccve.e..
e A Pure Lateral Acceleration Side Bar ..........cccoereiirereiineieie e
e The Four Cornering Phases with Anti and Jacking FOrces ..........cccccvvvvevvevveieciesiennn,
o OVal Track ASYMMELIIES ..c.veuiiteieiiiterieie ettt sb e e
o Balancing the BraKing.........cccoeiiiiiiii ettt
e Shocks and Their Effects on Corner BalanCe.........c.cooeoieiiiienciiencseee e
0 A Brief SNOCK PreCUISOr ......cviiiie s
o Typesand Rates of Load TranSTer .......ccoeiciiiriiie e
o Springs — FOrce Versus DiStanCe ..........cccvvevveieciieiic e
o Anti Roll Bars — Force Versus DiStancCe ..........ccccovvvviieieneniesesnseeeerese e
0 Shocks — FOrces Versus DISTANCE ........cuviriiriiiiieieseeese s
O ANLI/JACKING FOICES ...vviiiiiieiccti ettt
L 4o Tod 00 1 S
0 Gas Preload/BreakaWay ............cccceeueiieeieeieeie e seestee e e siesae e e e enne s
0 KNEE (TranSItioN) ....c.eeiviriiiiiiieeeete e
O SIOPE ot
Damper FOrces and Preload ... e
Back to the Cornering Phases - COrner ENtry ..o
LI O] 0 T=T g Y o= T TSP TR O SRR PSPPI
O PRASE FIVE ... e
o Spring Controlled RO RALE ........cooiiiiiiirieie e
O RO RELE ..
o Front and Rear Jacking Forces with Base Suspension Set Up.........ccoceovvenenene
o Changing the Front JaCKiNG FOICES..........ccoeiviiriiiiincice e
O REAr JaCKING FOICES ... .cviiiiiiiiiie e
o Changing the Track Bar ANGIE ........ccoeiviiiiiiiiicii e
O PRASE SiXuriiiiiiiieiiie sttt ns
O PRASE SBVEN ... e
e Changing Dynamic Load Through Anti Squat GEOMELrY ........cccceveverivreseseereresenees
LI o] 1111 g | SO OO PRSP
o  Shocks and Phase Seven Load Transfer ...
o Change in Shock Travel From Phase Seven to Phase Eight ............ccoccoeinenne
O PRASE NINE .. e et
O PRASE TON ..o bbbt

o Changing the Rear IC Co-ordinates
®  BANKING ..ttt bbb bt e et e

Xii



o  Effects of Track Banking — Base SEt UP.......ccccereiieriiiieiiiseeeee e 16/45
Chapter 17 — Open Wheel — Inertial and Aerodynamic Loading................... 17/1
e An Ever So Brief Introduction t0 AGr0 MapS ........ccereirerieiinenieinieseee e 17/1
o Downforce, Drag and Pressure CENTEN .........ccuiereirerieinie ettt 17/2
O DOWNTOICE . ettt 17/2
O PreSSUIE CONTET ..ottt ettt et ee e 17/2
O DFAG v 17/2
LS 1 7 Vo USSR 17/2
o Wan31A AerodynamiC MapPS........ccceeereiirieeiieriesiesesiestesesseeeeseesseseessessessessessessessessenes 17/3
®  BaSE IMAPS ... ittt e e te e nren 17/3
®  Drag VerSUS NPt e 17/3
L T (0 IV oSSR 17/4
e Changes in Front to Rear Aero BalanCe...........ccoeoiiiiciiiiiiiiiencee e 17/11
o Wan31A — Open WHEEl ChaSSiS .......c.uciurerieiierieisie ettt 17/12
®  COMNBI ENIY e 17/12
O PhaSE ONE ..ot et e 17/12
LT oLV Lo Y | ] o OSSP 17/12
o Compensating for the New Ride Heights ........c.cccevveiiiiieiicie e 17/13
e INStANtANEOUS ACIO LOAUS ......ccveveiiirieeiire ettt 17/13
o Downforce VErsuS MPN........cooi ittt e 17/13
®  ALIO BAlANCE ...t 17/14
L 01 =T AN o= USSP 17/15
O PRASE FIVE ...t 17/15
O AddING ALIO LOAA .....c.eiviiiiiiiiiiiiitireee et 17/15
L O g =T ) S 17/17
LT o 0 T N TSP 17/17
o Wan31C — SUPPIEMENTAY .....ocueiiiiiieieecie e 17/19
0 WaN31C — SO TraCK ......cveiii e 17/19
o Wan31C — Short Track Fuel Consumption..........c.ccccevvvevveveeiesie e 17/19
o Wan31C — Open Wheel High DOWNTfOICe .........ccvivevieiieiieece e 17/19
Chapter 18 — Stagger and Stagger TOFQUE..........cccovimnieneeeeeeeeessesseees 18/1 to 18/5
L BT =S o o =T OO SO SOTPTSO PR PSOTR 18/1
L o o o 0= Ul = o LSS 18/1
LI - Vo o [T g o o [T USRS 18/2
o Stagger and Straight Ling MOLION .......cccoiiiiiiiie e 18/3
LI 0] 41001 =T o < OSSO RU ST 18/5
Chapter 19 — Developing the Tire Maps ........ccocvverirnieneie e, 19/1 to 19/23
o DeVveloping the Tire IMAPS.......cooiiiiiie et 19/1
o Tire Mapping as @ CirCUlAr PrOCESS .......ccueeiieieiiirie sttt 19/2
e The Primary Tire Factor — Normal Load Versus FOICe ..........ccocooerinenieiinienieneneee 19/3
®  SECONAArY Tire FACIOIS ....eiuiiiiiieiie ittt e bbbt b e 19/3
®  TRIMPEIALUIE .ottt b e bbbt b e st et et bt besbe bt e b e e neene e et e 19/3
o Lateral ACCEIEIAtION ........ccveiiiriiirce e 19/4
o Base Line Lateral TESHING ....coovvereiiiiii et 19/4
o Base Line Skid Pad Testing — Developing the Traction Circle.........c..ccccee..e.. 19/4
e 100 ft RAIUS CIICIE ..o 19/4
O INIHIALE SEEUP e 19/4
o Rebalancing the Chassis .........cccvviviriieiieiere e 19/4
o Changing the Steer ANGIe .........cociiiiiiiiic e 19/4

Xiii



o Calculating the Front and Rear Shear Angle ... 19/4
o Developing the Individual Corner Loads Versus Tire Coefficient of

FICLION FACIOIS ...t 19/4
e The Base Lateral Acceleration Procedural Algorithm .........ccccoveveiiiiie e 19/5
o Temperature and WEAr FACLOIS ........cccviviieeiiee et e s 19/6
L oL =Tt (o S 19/6
o Longitudinal ACCEIEIatiON.......ccciiiiii e 19/7
o Base Line Longitudinal TEStING......ccccveivevieieiirere s 19/7
e The Base Longitudinal Acceleration AlGOrithm ...........ccccoovviiiniiiineieee e 19/8
o CircUit/Race TraCk TESHING .....ceiveiiirieiite et 19/10
o CombINed ACCEIEIALION. ......ciiiiieiie ettt 19/10
o BeSt Fit EQUALIONS .....o.eoiiiiieiecie e 19/10
L - =T T T v SRS 19/12
o The Base Tire CalCUIALON .........coovciiirciie e 19/13
e Lateral Calculators and Performance FACLOrS ..........ccoeovvereineniciienee e 19/13
e Longitudinal Acceleration Calculators and Performance Factors ...........ccccoevvevevinenen, 19/15
L O I - Tox QN =T ] o USSR 19/17
O TrACHION CIICIE ... 19/17
O Traction CirCle TYPES ...c.ovuiiiiriiiciiseeee s 19/20
o Traction Circle CalCUIAION . .........cov it 19/21
o COMDINE TIrE IMAPS ...veveieiiite ettt bbb e 19/22
Chapter 20 — Dynamic Simulation Wan31B: Part One.........ccccccoccevivevecnennn, 20/1 to 20/26
®  FIrSEWOIK SHEEL ...ttt nee s 20/1
O INPULS L e 20/1
o Outputs — Lateral versus Longitudinal............cccooeoiiniininnninece 20/2
O OULPUL — SPHLS BOX .vviviieiiiiiieiietesteeie ettt 20/3
O INPUL = TRFUSE BOX....viuiitiieiiiiieeecicstee e 20/3
®  SeCONA WOIKSNEEE — THIES ..ocveeuieieseisie sttt sttt st sne e nee e e 20/3
o Third WOorksheet — Wan3LA ..ot 20/3
©  USINGWAAN3LB ..ottt ettt 20/4
O Lateral ACCEIEIatiON.........cooveiiirieiiireces e 20/4
o Longitudinal Acceleration Forces — Forward Acceleration.............cccccveveennnns 20/7
o Longitudinal Acceleration Forces — Braking.........c.cccocvevvevviveiiesiee e se e 20/9
e Combined ACCEIEratioN FOICES ........cciiiiirieiieie ittt 20/10
o AddING the Tire FACIOIS ....cveiiiiceiieee et 20/11
o COrner ENtry EXAMPIES .....cvciiiiee it 20/12
o Corner APeX EXAMPIES .....cociiiiiiiieiee et 20/14
o Corner EXit EXAMPIES ....cc.ooiiiiiice i 20/15
®  BaNKING ..o bbb 20/16
e Dynamics and Chassis Set Up Changes — Combining Wan31A and Wan31B............... 20/18
o LoOKING @t SEt UP ChanQeS. ....c..couiiiiriirieiiieieiieie ettt 20/18
Chapter 21 — Dynamic Simulation — Part Two — Formula/Aero.................... 21/1to 21/14
e Mechanical Versus Aerodynamic BalancCe. ..o 21/2
o Lateral Acceleration EXAMPIES ........cccooiiiiiiiiiiiie e 21/2
e Longitudinal Acceleration — Braking EXamples ..o 21/5
e Longitudinal Acceleration — Forward Acceleration Examples ..........c.ccooivniiiinencnenn 21/6
e Combined Acceleration with Aero Loads — EXamples .........cccooeiiiiniiiinininiciecce 2117
O COMMEI ENMIY ..ot 2117
o Corner ApeX — Trail Braking .......cccceocveiviiereiirn e seseseese e 21/9
o Corner Apex — Heavy Trail Braking.........cccocoevviviivinsieniese e 21/11
O COMMEY EXIt..vviiiciiiiriernees et 21/11

Xiv



o Back to the Mechanical SEt UP ........ccociiiiiiiiiiie e
e Wan31B Set Up Changes - #1 through #5
®  HOMEWOIK. ..ot

Copyright 2003 — 2004 by Warren Rowley Motorsports and Rowley Race Dynamics. No part of this publication may be reproduced, stored in a
retrieval system or transmitted in any form or by any means, electronic, mechanical, photocopying, recording or otherwise, without the prior
written permission of the publisher.

STATEMENT OF NON - LIABILITY
Auto racing is a dangerous undertaking and no responsibility can be taken by any person or persons associated with Warren Rowley
Motorsports, Wm. C. Mitchell Software and/or Rowley Race Dynamics for any person operating, working on or thinking about a race car
while attempting to apply any of the ideas, procedures or advice obtained as a result of reading this book

Picture compliments of Penske Technology Group

DEDICATIONS

To my wife, Cheryl, and my children, Kara & Michael

You are my life and an endless source of inspiration. Love you!

XV



Many Thanks:

Bill Ball - Thanks for your friendship, your encouragement, your technical brilliance, your acerbic editorial
comments and for making me write this book - - for those hundreds of hours I spent writing Book One without any
remuneration. | also need to thank you for protecting my technical accuracy, for example when | used the word,
“vortex,” when I meant to write, “venturi,” etc. It has been very comforting having you look over my shoulder to help
cut down on the “how dumb was that” mistakes.

XVi



Paul Gilgan - Thank you for your friendship, your great driving skills and the inordinate amounts of money you
spent out of your own pocket to help me receive a well-rounded education in race car engineering.

Juan Salinas — | am unable to find words to properly express my gratitude for your friendship and the hundreds upon
hundreds of hours you have spent helping me in so, so many ways. It is such a privilege to work with such a brilliant
person.

Bill Mitchell - Thanks so much for your friendship, your brilliant mind, your great software and for adding so much
of what I thought | needed into your programs. | would especially like to thank you for the hundreds of hours you
spent on our joint software packages. It is truly a privilege to work with such a brilliant person.

Erv Schieman - Thanks for your friendship, your endless encouragement, and yes, even for making me work on that
stupid little English car (the Tiger).

Cheryl Rowley (My Wonderful Wife) - Thanks for your friendship, your love, your understanding, and, yes, even for
making me write according to your rules. However, I still think you should have let me leave in all of those great
caustic comments.

Michael Rowley - Thanks for your friendship, your magic with the computer, and, most of all, for your patience
when teaching me new computer and DAG skKills. It is great to have kids, especially after they have grown up.

Vince Aiello — A great friend, confidant and the best darn Beta software researcher with whom I have ever worked. |
have never known anyone to learn as quickly as you. You greatly improved the Wan31 models.

Pierre Guyon — A great friend and superb human being. Thanks for letting me play with a few million dollars worth
of inventory and race cars, especially the really good stuff.

Derrick Roschak — A superb welder and fabricator. Thanks for your endless amounts of help. You have one of the
most inventive minds | have ever known.

Gerhard Bergstein — The highest level of machinist and tool and die maker with whom | have ever worked (The
Master). Thanks so much for your friendship, for teaching me the finer points of machining, and, most of all, for
teaching me about life itself.

Chris Sandvoss — One of the most superb builder of things | have ever met. A brilliant person and wonderful friend.

Bill Caswell — For your friendship plus your great engineering and fabrication skills. You truly define the term, “Red
Neck”. Sorry I broke your foot just before the Australian trip.

Terry Jones — A superb fabricator, welder and great friend.

Ted and Nancy James — Thanks for all your encouragement at just the right time. Without those telephone calls and
emails, the second printing would never have seen the light of day.

To the many great drivers, teams and racing individuals with whom I have had the privilege of
working over the years. | have thoroughly enjoyed working with each and every team — well, except for one.

Disclaimer — On behalf of the author’s wife, Cheryl, and friend, Bill Ball: Any typing errors etc. not
ferreted out before the first printing are certainly not the fault of my two prized editors. It seems no matter
how many times the aforementioned typing errors were fixed, my dyslexic nature found new ways to slip
in an abundance of fresh ones. Sorry guys.

Additional 3™ Edition Editing - Claude R. Fortier

One of the most thankless jobs involved in producing a book of this type is in the editing of the mathematics.

Xvii



Much to my great relief, Claude R. Fortier, without remuneration, undertook to carefully review each and every
Wan31 example found in the dynamics chapters — Chapter 13 to 21. | owe Claude a great debt of gratitude for his
help. If the remaining books within this series are ever to be published I suspect Claude’s help in developing the
mathematical models will play a key role in this endeavor. In this regard, you may wish to encourage his help.

cfortier@sota.ca

Claude Fortier received his Ph.D. in Particle Physics for research done at Lawrence Berkley Laboratory in California.
Physics and a Iove of music led to acoustics and loudspeaker design for recording studios. This eventually got
developed into a successful acoustical consulting practice called State of The Art
Acoustik. Claude has been a life-long racing enthusiast, a passion which started while
making custom slot cars as a child and then from a visit to the Canadian Formula 1
race in 1968 as a teenager, the first aero year. Can-Am cars followed. A love of
Newton’s scientific discoveries fuelled a passion for equations and the love of cars a
need to relate them to race car set up. Claude enjoys driving and modifying his own
cars on various road racing circuits in eastern Canada and the US.

Thanks to Matthew Bastin for finding the math typo in Chapeter 15, page 52.

A very big thank you to Roger Dowden of Swansea Institute for his endless amount of help.

About the Book

This book is written to be used in sequential order where one section logically leads to the next

section.
Not doing so seriously diminishes the value of the book.

The book was written to help the serious racer develop his/her craft. It was not written for “The Bench Racer” who
will spend much time debating the correct use of an abbreviation, but, will never be able to grasp what the book
actually has to offer, or, that strange animal, “The Idiot Racer”, who believes anyone who takes a serious, studied and
scientific approach to making a car go fast is in fact the idiot.

I have no time for bench racers and seriously dislike all idiot racers.

The Cover Picture

The front cover picture is courtesy of John Moloney and the Penske Technology Group (PTG). The PTG
motorsports research center boasts one of the most advanced and up-to-date facilities of its type in the world today. It
is staffed by many of the most knowledgeable vehicle dynamic’s and aerodynamic’s personnel currently working in
the motorsport industry. Additional PTG pictures can be found throughout the book.

Wind Tunnel

The PTG wind tunnel is a commercially available open jet wind tunnel for the testing of 40% - 50% scale vehicle
models. The tunnel provides a moving ground plane and boundary layer control to accurately simulate real-world
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conditions. The tunnel is combined with a sophisticated control and data system to produce accurate, repeatable
results in the minimum number of runs. A variety of advanced tools and methods are available to the customer to
assist with their aerodynamic testing needs.

Vehicle Dynamics Rig

The PTG Vehicle Dynamics Rig is a commercially available high performance instrument for tuning vehicle
suspensions. Four hydraulic actuators provide road excitation while three additional actuators mount to the car to
provide accurate simulations of downforce, cornering, and braking loads. The actuators are adaptable to
accommodate almost any size car or truck. Water cooled hydraulics matched with precise instrumentation make the
rig a valuable, repeatable tool for evaluating a vehicle’s suspension characteristics.

Reverse Engineering

PTG engineers utilize cutting edge technology to accurately digitize large or small parts. Point cloud data for each
part is collected by either contact or non-contact methods (non-destructive internal feature scanning is also available).
PTG engineers are then able to generate precise CAD models suitable for sending directly to CNC manufacturing.
Completed CAD files can be delivered in various formats, including iges, step and ProE part files, while raw point
data is delivered in ASCII or STL formats. PTG is also able to generate traditional detailed part drawings for
manufacturing.

Engineering Consulting
PTG personnel possess the tools and talent to help place its customers at the front of their field. From conceptual
design and manufacturing along the way, PTG will be able to assist in all aspects to solve any problems.

John Moloney

General Manager

Penske Technology Group
162 Knob Hill Road
Mooresville, NC 28117
704-799-2500 ph
704-799-2828 fax
www.pensketechnology.com

Cover Design by Michael Rowley

One small concession to the Bench Racers — Just so you don’t have to count them; there are 2387 different examples given in this book.

XiX



