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Abstract

Due to the occurrence of tire slip on a Clayton twin roll
dynamometer, there is a difference between the velocities of
the front and rear rolls of the dynamometer. This slip can be
modeled by the method described in the following report. The
results of this theoretical modeling show that, over the LA-4 and
the HWFET driving schedules the velocity of the rear roll (which is
currently used to determine the vehicle speed) exceeds the velocity
of the front roll (which determines the power abosrbed) by an
average of approximately 1%. From this difference in velocities of
the two rolls, a computation of the total energy effect, over
transient driving cycles, can be obtained. Approximately a 27 to
5% increase in total energy dissipated over the city (LA-4) or
highway driving schedules is predicted from the use of the front
roll velocity to determine the vehicle speed, as compared to the
currently used velocity of the rear roll.



I. Introduction -2-

When a vehicle is operated on a twin roll dynamometer the
velocities of the front and rear rolls differ. This difference, or
tire slip, is important because the tractive load imposed on the
vehicle is dependent on the velocity and acceleration of the front
roll, while the velocity of the rear roll is used to determine
the vehicle speed. This report discusses a theoretical model
of this tire slip phenomenon and investigates its effect on
the EPA measurements of fuel economy and emissions.

II. Discussion

Historically, the term tire slip has been used to describe
several physical phenomena and hence is somewhat ambiguous.
For the purpose of this report, which only considers the twin
roll dynamometer, slip is defined as the difference. between
the velocities of the front and rear rolls of the dynamometer.

That is:
Slip =V - U (1)
v = velocity of the rear roll
U = velocity of the front roll

This slip has been observed in an EPA tire test program
which showed that at steady-state 50 MPH, the front roll consis-
tently travels at a slower speed than the rear roll (1). This was
confirmed for several different tires at five different power
absorber settings.

This phenomenon is significant, since the tractive load
imposed on the vehicle is dependent on the velocity and acceler-
ation of the front dynamometer roll, however, the vehicle is driven
over a speed versus time schedule based on the velocity of the rear
roll. Consequently, the difference in the roll velocities may
cause the vehicle to be underloaded with respect to the loading
which would be imposed if the same speed schedule were followed on
the road. Under steady state conditions, tests have shown that
this under loading may be more than 1/3 HP (1). (FY78 program
plans include an investigation into the relationship between
the occurence of slip on the twin roll dynamometer and the actual
road experience of the vehicle.)

It is also important to consider the effect of tire slip under
transient conditions. Since it is difficult to monitor slip during
a transient cycle, a theoretical model was proposed as the most
appropriate method of investigation. The subsequent subsections of
the discussion consider the development of the tire slip model, a
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comparison of some empirical slip results with the predicted
results, a computation of the energy effects, and an estimate of
the effect on fuel economy and emissions testing.

A. Theoretical Model

In order to theoretically model the tire slip that occurs on a
twin roll dynamometer, a model equation which couples the slip to a
dynamometer or cycle parameter must be chosen. Steady-state tests
show that the difference between front and rear roll velocities
increased as the dynamometer power setting increased. Conse-
quently, it is assumed that tire slip is directly proportional to
the force across the tire roll interface.

Slip = sF (2)
or

V-U=5sF (3)
where

s = coefficient of slip

F = force at the tire/roll interface

The basic model equation 2, assumes that tire/roll slip is
caused by a tire deformation resulting from the tangential forces
that exist at the tire/front-roll interface.

Slip, during transient driving, can be calculated from the
model equation (3) if the force across the interface is known. The
force at the tire/front roll interface includes the dynamometer
force and the inertial force.

F = Dyno Force + Imertia Force (4)

The dynamometer force is assumed to be proportional to the
square of the vehicle velocity, that is:

Dyno Force = b u? (5)
where

b = proportionality constant dependent on the total dyna-
mometer absorbed power.

This neglects the constant characteristic of the dynamometer
bearing force, however, this is not critical since the velocities
squared characteristics of the power absorber dominate over most of
the speed regions. Hence minor variations in the assumed dyna-
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mometer curve shape should not significantly affect the accuracy of
the model results.

The inertia force is the mass effect of the vehicle.

inertia force

=ma
= m (du/dT) (6)
where:
m = dynamometer simulated inertia of the vehicle.
a = du/dt = acceleration

Substituting equations 5 and 6 into equation 4.

F=bul+m (du/dT) | (7)
using the model equation 3 this becomes:

v-u-=s(b u2 + m (du/dT)) (8)

A linear approximation is used to calculate du/dt for each one
second interval of the given speed versus time schedule. That is;

du/dt = U, =y (9)
where:

T = 1 second.

This acceleration is assumed to be the acceleration at the
midpoint of the time interval. Therefore the midpoint velocities
are used in the model equation:

v (v2 + vl)/2 (10)

‘u = (u, +u;)/2 (11)

Substituting 5, 6 and 7 equation 8 becomes:
(V2 +vi)/2 = (u, + ul)/2 = s(b((u, + ul)/2)2 + m(u2 - ul)) (12)

Expanding and regrouping terms in order to use the quadratic
formula:

(sb/2) u22 + (sbul + 2 sm + 1)u2 + (-(v2 + vl) + (sbu1/2 + 2 sm + l)ul)

(13)
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Using the quadratic formula to solve for u,

uy = (-B + (B2 - T a0) 9y /24 (14)
Where:

A = sb/2 (15)

B = sbu’1 + 2 sm + 1 , (16)

C=(sbu;/2 -2 sm+ Duy = (v] + v,) (17)

In order to utilize this model for computer simulation u; and

Vi1 are initialized to zero, since the cycle begins with an idle.
vzhis entered as the next speed point from the given driving
sChedule (see Appendix A for computer program "slip'"). Each time a

néw u, js calculated, v, and u, are replaced by v; and u) respec-
tlve}y and the next v, "is entered. This iterative process is
continued for the entiré driving schedule.

B. Theoretical vs. Experimental Results

The model was used to compute the dynamometer slip, using
input parameters estimated to reflect the vehicle parameters of a
1978 Mercury Zephyr. The Zephyr was chosen since this vehicle was
used in a recent test program on a Clayton dynamometer in which the
difference between the front and rear roll velocities was recorded
over an LA-4 driving cycle. Therefore, this allows a direct
comparison between the theoretical tire slip model and experimen-
tally measured dynamometer slip.

A mean coefficient of slip was calculated from the data
acquired from steady-state tire tests (1).

s = 0.0008 sec/kg

This program also requires the vehicle frontal area as an
input parameter to calculate the appropriate force coefficient. 1In
this case, the actual dynamometer power absorber setting used to
test the Mercury Zephyr, was used to back calculate for the appro-
priate frontal area, according to the equation given in the Federal
Register for non-fastback vehicles (2).

HP at 50 mph = 0.50 (Frontal Area) (18)
Where:
Actual Dynamometer HP at 50 mph = 9.7 HP

therefore;
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Frontal Area = 19.4 square feet.

The dynamometer power at 50 mph is then used to calculate the
proportionality constant (b) using equation 5.

bv2

Dyno Force
Dyno Power = bv3

therefore
b = (Dyno power @ 50 mph)/(50 mph)3
50 mph = 22.35 m/s
745.7 watts = 1 hp
b = 0.648 kg/m

The input parameter for the vehicle inertia (m) was the same
as that used in the dynamometer tests with the Mercury Zephyr.

m = 1600 kg

With these parameters the theoretical slip was then computed
for the entire LA-4 and Highway Driving cycles.

The results of the tire slip modeling showed that the rear
roll travelled, on the average, 0.09% faster than the front roll
over the LA-4 driving schedule. Over the highway cycle the rear
roll averaged 1.47% greater speed than the front roll.

These results can be compared to the results of a test con-
ducted on a Clayton twin roll dynamometer with the Mercury Zephyr
(Figure 1 shows both the actual and theoretical slip for the first
130 seconds of the LA-4 cycle).

There is a very close comparison between the theoretically
modeled slip and the experimentally measured slip. The regions of
positive slip correspond to accelerations or steady-state modes in
the driving schedule, while the regions of negative slip correspond
to decelerations. A minor discrepancy in the magnitudes of the
modeled slip and the actual slip is mainly due to the use of a mean
value for the slip coefficient, which appears to be slightly low
for this particular vehicle. There are a few minor discrepancies
in peak locations which are probably caused by transmission shift
points. Also, a very slight shift in the data is observed which
may be due to a slight miscalibration of the chart recorder.

Since the purpose of this report is to estimate the total fuel
economy and emissions effects, these slight inaccuracies are not a
major concern. During rapid decelerations an actual mechanical
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slippage has also been observed. This phenomenon may result in a
significant discrepancy when comparing actual slip to theoritical
slip. However, since mechanical slip (actual sliding of the roll
surface across the tire surface) primarily occurs during closed
throttle modes it will not have a significant effect on fuel
economy results. Thus the theoretical model may be used to accur-
ately predict the effect of slip on EPA fuel economy and emissions
testing.

c. Computation of Energy Effects

In order to estimate the energy effect of the tire slip over a
transient cycle, a second computer program is developed. This
model utilizes the total road load equation of the vehicle on the
dynamometer (see appendix B for program '"LA4FORCE").

f=rr+ b v2+mn(dv/dT) (19)
Where:
rr = rolling resistance (tire force).
bv? = dynamometer force.
m(dv/dT) = inertial force

The input velocity (v) can be either the front roll velocity
or the rear roll velocity, for any given driving cycle.

The power dissipated (P) is then calculated
P=F*V (20)

Finally the power is summed each second over the entire
driving schedule to yield the total energy dissipated. However, if
the power is negative the vehicle is assumed to be braking and this
is summed as a separate quantity referred to as '"Brake Energy".

This program may then be used to calculate the total energy
that is assumed to be dissipated, over a driving cycle, using the
rear roll velocity. Simultaneously, it may be used to calculate
the actual energy that the vehicle has dissipated, by inputting the
front roll velocity, that has been calculated by the tire slip
model, for the same cycle.

This program was utilized in conjunction with the tire slip
program in order to calculate the energy effects of this tire slip
phenomenon. Once again, the input parameters were those of the
Mercury Zephyr. In addition, a rolling resistance coefficient is
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required in order to calculate the tire energy dissipated. A mean
rolling resistance coefficient was used, typical of that particular
tire type and size on the Mercury Zephyr(3).

rr = 0.010
coef

The total energy dissipated over the LA-4 cycle was calculated
using the veloctiy of the rear roll, and then the computation was
repeated using the velocity of the front roll (as computed from the
tire slip program). The results showed that 4.3% more energy was
calculated using the velocity of the rear roll as compared to that
calculated from velocity of the front roll (see Table 1). The same
procedure was repeated using the highway driving cycle and the
results showed a 4.17% greater total energy absorbed by the dynamo-
meter was calculated using the velocity of the rear roll as com-
pared to using that of the front roll.

III. Conclusions

There is a difference in the velocities of the front and rear
rolls of a Clayton twin roll dynamometer due to tire slip. This
slip is directly proportional to the tangential force at the front
roll/tire interface. It accounts for approximately a 1% greater
velocity of rear roll than the front roll, during transient driving
cycles. This difference in velocities can be modeled approximately
by the method as described in this report. A computation of the
total energy dissipated, by a vehicle over an LA-4 or HWFET driving
schedule indicates that approximately a 2% to 5% increase in energy
will result from using the front roll velocity to determine vehicle
speed rather than the currently used rear roll velocity.

IV. Recommendation

It is important to determine if this occurrence if slip on the
twin roll has a significant effect on fuel economy or emissions
testing. It is most important to compare this phenomenon to the
actual road experience of the vehicle. If such studies show that
slip is an undesirable factor during vehicle testing, some possible
alternatives are: to couple the front and rear rolls of the
dynamometer; use the front roll to determine vehicle speed, or look
to the possible use of flatbed dynamometers.
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Table 1

Total Energy | Tire Energy Aerodynamic Brake Energy

Total Distance| Avg. Velocity (Joulez) (Jouleg) Energy (ioules) (Joulei)
LA-4 Cycle (meters) (m/sec) X 10 X 10 X 10 X 10
(1) Rear Roll 11987.5 8.74 504.0 153.0 170.0 -181.0
(2) Front Roll 11877.4 8.65 483.0 151.0 163.0 -169.0
(1-2) Difference 110.1 0.09 21.0 2.0 7.0 - 12.0

(1-2)/2 7% Diff. 0.93% 1.00% 4.3% 1.30% 4.30% 7.10%

Highway Cycle

(1) Rear Roll 16496.2 21.5 807.0 210.0 552.0. -448.0
(2) Front Roll 16254.3 21.2 775.0 207.0 527.0 -400.0
(1-2) Difference 242.2 0.3 32.0 3.0 25.0 48.0

% Diff. 1.47% 1.427% 4,10% 1.457% 4.,70% 12.00%

(1-2)/2
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Appendix A
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FROGRAM TO CAL~LATFE THF TOTAL FORCES,PNWECAND ENERAY DISSIFATED
OVER THF A4 SpFEN
¥, TIMF SCHED:LE

wRITTEN RY JOH'; YURK(Q

THE FOLLOWIMNG ~aTa MUST RF SHP:LIED: VFHICLFE MASS (KG)e FRONTAL 4REA
(FT=##2) ¢ 20LLI " RESISTAMCE
CNEFFICTIENT (DT ENSTON|FRQ)

FOR PROGRAMMING THE [ ABF| § MAY NOT MaTCH T4E TERMS IN THIS REPORTS

FAREA...IOOQFD{\'.:;T’A‘L ARE A

PACOF eeoees COTFFICIENT AF AER~DYMAMIC NOAA (8)
VMAQS.eeeeees VE~TCLFE 4aASS (¥)
PRCOEF eqees et ING RESTSTANCE COEFFICIFNT

DIMENSTION v (10000)«TT(10NON)

GEAN(S4100) UMASSFARFEALORCORF
10 FORMAT (2F1Ns1710,3)

HOTTE(680N)YMACS FARFAJPRCOHFF
600 FORMAT(IX42F10.19F 1N, R0/ 7/)

CONVERT FRONTAI APEA TN A DYNDUNMETE2 LNAD COEFFICIENT USING THF
FEDFRAL REGISTZ= FQUIATION
FOR NON=FACTRACY VEHTCLFS

4PSN = n.Sn#FAC: A
PWATTS =HOGN #745,7
PAUYCOF = DWATTI/Z (P2, 3G%#7)

RFAD IN VELOCITYsTIME. AMD CAL~AULATE Dv/DT

0 20 I=1,1372
SFEADN (G200 FAMD=C9Q) TT(I) oV (])
2n CONTINUF
99 u=T-1

o

200 FORMAT (T4 eF5,1)
WRITE (he3ND)
300 FORMAT (1] 1 eTAW ' TIMEN g T124'WELOATTY 14 T224'ACCELFRS"4T33
1 'TIRFFORCE ' e TLULVAFRAFNARCF ¢TSS Y TMERTIAL Y4 TAT
e 'T(\TQL'QT7QQ'F)O"'\‘.;.F}~'-//1XQT5!' (STC) 1 aT1240 (M/SFC)"eT230
3 (OV/DT)I N eTR3MIEWTONS) 1 aT44 6V (NEWTONS) 1, TRS,
4 VFORCEY“TATWYFORCE o T702 40 (wATTSY e/ /)
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DO

A2

CALCULATE ©0LLIMG RFESISTANCE(TTOEF ), ATOODYMAMIC DRAG(AEROF) »

INEPTIAL FORCE(FInED)Y,
AND TOTAL FOPCE

TIRFF = VMASGH#O,8#RRENEC
AFERNDE = 0,0

TMERE =0,0

TIBFNG = 0,0

FMFRGY = 0,0

D06 T=] WM
CONVFRT VELNCITY FROM MPU TN MoTERS/SFC

Y {TY=6aT#y(T)

J=T1-1

TF(TFN. 1B T 5

AYNT = v(1)=v( )

“OOT0 6

AVDT= VI(T)
VMEANZ(V(T)+V( 1)) /2.0
"FROF = PAYCNFavMFANSRD
FINFP = yuASSenvDT

FORCE = TIDFF+aFROF+FINED

CCALCULATE POWES AND ENEPAY DIS=TPATEN

POWFP = FNRCF®v EAp
TIRFP = TTIREF# EAN
BINED = FIMER#®uaE A
ACRNP = ATPOF®vEAN

TIPENG = TIRENMA+TIRFP

CINFR FINFR+DINED

AERNE = AFDROF+r7ROP

CALCHLATE THE TOTAL NISTANCE TRAVELED BY THE ROLL
N=D+YMEAN

IF(FORCE.LE.N M GO TO 7

FHEDGY = FNFRGY+PAwWED

S0 TN R

HPRAKEY REPRESFHTS VEHICIE DECELERATING
RPAKE =RRAKF+PnED

WEITE(64400) T (1) aPYNT TIOFF 4 :FROF «F INFRoFORCE 4 POWF P

FORMAT (10 (4Y e TuoF 1N 2eF10,20F1102eF12,2eF11,24F10,2.F13.2)

CONT INUF
LETTE(64500) TI - NGIFINER AERQE (AREKE «EHFRGY
FORMAT (10 ,4Xe ' TIPE ENERAY = ¢ F10.3¢/4%4 ' THERTIAL EMERGY
F1l11e3¢/4X o 'AFRALYMAMIC FMERAY = 'ef]12,34/4Xe'RPAKE ENMERGY
T12.3¢/4X 4V TOT A ENFRAY = V,F1%.3)

¢OTITE(AaTHNIN

CORMAT (SX4*DISTINAF = v,710,1])

$Y0P

TND
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Appendix B

B-1

PLNGRAM TN CALCHLATE THE VELOCITY(U2) OF THE FRONT ROLL FOR & TWIn
POLL DYNAMOMETE®.

GTVEN THE ©EAR <uLL VELOCTTY(V2): THaT IS THE VELOCITY FROM THE
La& SCHEDULE

WOTTTEN 8Y JOHN YURKO

THFE FOLLOWIMG DATA MUST RF SUPPI TED: VFHICILE MASS (yd) IN KG»
FRONTAL ARFA (FarEa)

IN FT#22, ROLLIM RESISTANMCE COCFFICIENT (RR)YWs VELOCITY (V2) IN MPH,
AND SLIP

COFFFICIENT (S)

Cal.CULATF COEFFTCIFNTS B AND M =0R Q04D L0OAN EQUATION:
(FzA+Ruy#22eMa2Ny/DT)

CONSTANT van RESRESFMTS POLLING RPESISTANCE AND NOES NOT
COMNTRIRUTE TO St 1P

THFRFQORE THIS TE M 1€ TIGNNREDN

NINENSION v2(10000)41IT(100N00)
RPEAN(S5410N)YMaFAI-AJRP,LS

no 20 1=1.132
PEAN(Se20N4FEND=93C) IT(T) aV2 (1)
FOPMAT (T4 4F6,.1)

COMT INUE

N=T=1

FOOMAT(2F10e19F17034E144.3)
WETTE (Ae100)VYMFALER,RR.S
R=),SO#FAREB%TLS ,7/22,36%4
Cz=Vvm

A=9 ,R#CH#RP

V1=0,0

H1=0,.0

CALCULATE RFAR PoLL VELOCTTY
ND 9 T=]4N
CONVERT V2 FROM =PH TN M/SEC

V2(T)=V2(T) %647

NA=C#R /2,1

nazcs (R+U1+2,0%Cr+1,n
NC=(ReGBY])/2,0=2,0%CaCe] ,N) U=V (T)=V]
UP= (=QR+SART (QR##2=4 ,N&NAENC) ) / (=, G#0A)
IF(J2.GE«N,0) GO TO 2

Uz2=0,.0

(=2

vi=v2 (1)
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DI OOD

lc.

30¢
21
700

s

CALCHLATE TOTAL GISTANCF TRAVELEN 0N £ACH RoLL

NR=PR+V]

NE=NF+U]

2=112/ 4447

V2(T)Y=V2U(T) /647

TSLIP=V2 (1) =2

RO TO 21
WRITE(Aa300) TT(I) 4U24v2(T1)«TSLIP

FORMAT (T4 4FA,]eF1 el sFINn, 1
WRTTE (ReTN0YTT (1Y 4TSI IR
FOUMAT ([5.F5,1)

CORTINUE

THIS PROGRAM OUTPUTS THE FRONT ©OLL VELCGITY IN (MPH) [N !
FORMAT THAT
CAM RE DIRECTLY rREAD INTN THE L-4FO9CE PpOGR4M TO CALCuULSY
THF FORCFS

ST"P
FN



