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NOMENCLATURE

A:
?

Frontal area (ft )

AR: Axle ratio

BSFC

:

Brake specific fuel consumption (lb/hp-hr)

BTS : Baseline top speed (mph)

r •

* Aerodynamic drag coefficient

CID: Displacement (inr
1

)

C
p :

Pressure sensitivity

C
1

: Rolling resistance coefficient (lb/1000 lb)

f
e

: Composite fuel economy (mpg)

F
r

"

Rolling resistance force (lbf)

F_ : Load on tire (lbf)

grr : Gear ratio range

GVM

:

Gross vehicle weight (lb)

GVWR

:

Gross vehicle weight rating (lb)

HP: Maximum engine horsepower (hp)

IWT

:

Inertia weight (lb)

K + :out
Output capacity factor

i

:

Displacement (liter)

MPH: Speed (mph)

N/V

:

Engine speed/vehicle speed (rpm/mph)

P :

2
Inflation pressure (lb/inT)

PAU: Power absorption unit (hp)

PS I :

2
Pressure ( lb/ in7

)

RAR

:

Rear axle ratio

RPM _ :

out
Output speed (rpm)



S :

t :

T :qout

Tqw

'

TS:

WOT:

WT:

V:

Pf :

Average speed (mph)

Time (sec)

Output torque (Ib-ft)

Torque at drive wheels (Ib-ft)

Top speed (mph)

Wide open throttle

Vehicle weight (lb)

Vehicle velocity (mph)

Fuel density (lbm/ft^) .

x 1
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EXECUTIVE SUMMARY

Based on the vehicles simulated for this report the following

summary findings are made. Because of the wide range' of some of

the sensitivities presented, the reader is advised to check the

details of the particular vehicles simulated and find the final

and reference vehicle variable before using an average sensitivity

value. For example, because tire pressure is not linear with

fuel economy, the fuel economy increase from a 10 percent increase

in tire pressure is not equivalent (percent) to a fuel economy

decrease resulting from a 10 percent decrease in tire pressure.

Also, all references made to fuel economy are implied to be com-

posite fuel economy.

1. Fuel economy and performance sensitivities for light

trucks are as follows:

e The effect,
,
of a weight increase (to maximum

payload) on fuel economy is €.32 to 0.63

0, A p p
<9 The effect, 4-rrrr, °f axle ratio on fuel economy is 0.30

'6 AAK
to 0.47

of fuel economymi • , • - . oArc
a The sensitivity, ,

absorption unit (PAU) is 0.23 to 0.27.power

rp-i - .
• - .

?
6 AFE

The sensitivity, -

3
-
%AC

of the rolling resistance

coefficient on fuel economy is 0.06 to 0.14.

9 Modifying the drivetrain to maintain equal performance

at large aerodynamic and rolling resistance reductions

can increase the fuel economy by

13 to 1

6

°o for aerodynamic reduction

3 to 7o for rolling resistance reduction.

x i 1 i



2. The performance (0-60 mph time) of the light trucks studied

herein closely follows the equation t = 0.41

presented earlier for automobiles.

3. Fuel economy can be improved through the use - of transmis-

sion lockup and by extending the gear ratio range. Results

are presented graphically (Section 4) which illustrate the

potential improvement using these two techniques.

4. The effect of vehicle variables on fuel economy at a

constant 55 mph was studied. The resultant range of sen-

sitivities for a cross section of vehicles is:

9 Axle ratio - 0.10 to 0.56, SAFE
'6A AR

Weight - 0.14 to 0.32, SAFE
Aa iwt

Aero drag - 0.37 to 0.75, SAFE
%ac d

« Displacement - 0.24 to 0.52, SAFE
SA C I

D

© Tire pressure - 0.03 to 0.08, SAFE
SAPSI

<& The fuel economy decrease from accessory use is

7-18% for 1001 duty cycle of air conditioner

1.4-2. 5S for nighttime use of lights

9 The effect of various drive schedules is presented in

Section 5.8. The fuel economy change ranges from +5

to - 2 2 percent

.

5.

The effect of accessories on fuel economy for a cross

section of vehicles was studied. The effect of air

conditioning on fuel economy over the EPA urban cycle

is 1.6 to 2.2 percent.

xiv



6. Fuel economy sensitivity values for two

are presented in Section 7 . The values

• N/V change: 0.37 to

• PAII change: 0.20 to

« Weight change: 0.27 to

9 Engine displacement
change :

0 . 56 to

7. The effect of tire pressure on rolling

economy for a light truck is presented

(Section 8). The sensitivity for seven

light trucks is

0.03 to 0.05 % AFE
WsT

diesel vehicles

are :

0.46, % AFE
. %KWJY

0.25, % AFE
UPAU

0.36, % AFE
% AWT

0.46, % AFE
°
0 A C I

D

resistance and fuel

graphically

automobiles and

xv/ xv i





1 INTRODUCTION

The purpose of this document is to examine the effects of

vehicle design variables on top speed, performance, and fuel
1 *economy. This report is an update of a previous report ‘ published

in 1979 and is not intended to replace but to supplement the

earlier version. Because the analysis of vehicle systems on

fuel economy and performance is fundamental and remains applicable

for this updated document, the reader is advised to review the

analysis presented last year to facilitate the comprehension

of this years results.

The main emphasis of this document is to examine sensitivi-

ties of light duty trucks to fuel economy and performance. This

analysis is presented in Section 3. The effect of a lockup

torque converter and the extension of the gear ratio range is

also studied and the results are given in Section 4. In order

to improve fuel economy, the manufacturers have created various

schemes of lockup torque converters for automatics and have

extended the gear ratio range for manual transmissions.

Because of the national 55 mph speed limit, an analysis of

vehicle design variables at a constant 55 mph is presented in

Section 5. Other studies include the effect of nighttime

alternator loads and air conditioning on fuel economy, the

effect of increased tire pressure on fuel economy, and an

examination of diesel fuel economy sensitivities.

* Supers cr ip ts indicate references listed in Section 9.

1 - 1 / 1 - 2





2. BASELINE SELECTION

The baseline vehicles used for the previous design variable

report^- and this report are listed in Table 2-1. The addition

of the light duty trucks required three new baseline light duty

trucks which are shown in Table 2-2. Unless indicated, such as

in Sections 4 and 7, all the vehicles used for this study are

from Table 2-1 and 2-2 and are identified by engine size or

vehicle weight. The selection of the baseline vehicles is in-

tended to represent a cross-section of current production vehi-

cles and will be replaced by more current vehicles as new engines

are tested for vehicle simulation application.

2-1
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3. LIGHT DUTY TRUCKS

3.1 ANALYSIS

The purpose of Section 3 is to examine the effect of weight,

axle ratio, power absorption unit, and rolling resistance coeffi-

cient on performance and fuel economy for light trucks. The

performance calculations are at gross vehicle weight rating (GVWR)

and the fuel economy computations at inertia test weight (IW)

.

The dependent performance variables, acceleration, top speed, and

gradeability were examined extensively in a previous report
1

and

will not be presented again since their fundamental explanations

remain applicable. However, some additional technical explana-

tions are presented to clarify any ambiguity associated with

the original presentation. These explanations include gradeability

calculations for a fully loaded light truck and a comparison of

different gradeability equations.

The fuel economy and performance results present

trends for a range of vehicle variables. These trends are

quantified by sensitivities which are used to project the effect

of vehicle variables on fuel economy and performance. Because

of the generic nature of the results they can be used to project

performance and fuel economy trends for a variety of vehicles.

For example, if a vehicle being studied has a larger aerodynamic

loading than a baseline vehicle presented in this report, then

the Ampg or Aperformance for the two vehicles can be calculated

from the graphs of aerodynamic horsepower versus fuel economy and

performance since the graphs include both values of aerodynamic

loadings. This difference (A) is then added to the baseline fuel

economy or performance to establish a new baseline fuel economv or

performance for this particular vehicle. This methodology can

also be used for the other vehicle variables examined.

3-1



3.2 ACCELERATION

The acceleration capability of the three light trucks is

delineated by three drive schedules; the distance covered in

0 to 5 sec, the time from 0 to 60 mph and the time from 40 to 60

mph. All three schedules require the engine to operate at wide

open throttle (WOT) to assure maximum performance. The mass of

the vehicle is the most significant vehicle parameter when

determining acceleration performance. The relationship between

the weight of the vehicle and the 0 to 60 mph time is shown in

Figure 3-1. The maximum weight of each vehicle is the gross

vehicle weight rating (GVWR) and this is reduced to the inertia

weight (IWT) . The difference between the two weights is the pay-

load capacity of the vehicle. The 0 to 60 mph time exhibits a

linear relationship with weight reduction and the sensitivity

of reducing the weight from GVWR to IWT with respect to 0 to 60

mph time is indicated in Figure 3-1. The inertia weight used here

is the simulation weight input to VE^SIM.

The effect of axle ratio on the drive schedules is shown in

Figures 3-2, 3-3 and 3-4. For all cases, as the axle ratio is

reduced (numerically increased) the performance of the vehicle

improves. This is due to more torque being delivered to the drive

wheels because the axle ratio acts as a torque multiplier from

the engine to the wheels. Figure 3-2 portrays a linear re-

lationship of acceleration time and axle ratio. The sensitivities

for an increase and decrease from the base case are also included.

A further numerical decrease in axle ratio, although not shown,

will begin to significantly decrease performance, eventually be-

coming asymptotic. This is due to the road load curve being

shifted to the right of the WOT engine torque curve.

Sensitivities for the passing time and 0 to 5 sec distance

were not included because of the discontinuity of the curves.

These discontinuities are caused by the shift points, but inde-

pendent of these shift points the overall trend is to increase

the distance in 0 to 5 sec and decrease the time from 40 to 60

mph for numerical increases in axle ratio.

7



ACCELERATION

TIME,

(0-60

MPH),

SEC.

FIGURE 5-1. ACCELERATION TIME (0 TO 60 MPH) AS A
FUNCTION OF INERTIA WEIGHT
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ACCELERATION

TIME,

(0-60

MPH)„

SEC.

FIGURE 3-2. ACCELERATION TIME (0 TO 60 MPH) AS A
FUNCTION OF AXLE RATIO
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The 0 to 60 mph time can be estimated from the HP/WT ratio of

the vehicle. A correlation previously presented was given by:^

t - 0.41
(HP)' 1 - 02

(3.2.1)

where

t = time (sec)

HP = maximum engine power (hp)

WT = GVWR (lb).

The three light truck points are superimposed on this curve as

shown in Figure 3-5. The proximity of these points to equation

(5.2.1) indicates that the 0 to 60 mph time can be estimated for a

light duty truck with a full payload.

5. 5 TOP SPEED

The top speed of a vehicle will be determined by the point

at which the road load curve intersects the WOT engine horse-

power curve. The road load is comprised of rolling resistance

and aerodynamic horsepower and as a vehicle approaches its top

speed the aerodynamic power dominates the road load as shown

in Figure 3-6. This indicates that the aerodynamic loading will

significantly effect top speed. The aerodynamic loading for

a dynamometer simulation vehicle loading is characterized by

the aerodynamic power at 50 mph. This loading is a function

of the vehicle frontal area and drag coefficient and is given by:

C
HP

D 0 . 8 lxA (5.5.1)

where

Cp = Drag Coefficient

HP = Power (hp) at 50 mph

A = Area ( f
t
“ )

.

o - /
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ACCELERATION
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FIGURE 3-5. BASELINE ACCELERATION TIME (0 TO 60 MPII)

AS A FUNCTION OF HP/WT
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This equation is illustrated graphically for lines of constant

power in Figure 3-7. From this figure it can be seen that the

aerodynamic loading can be reduced through either decreasing the

drag coefficient or the frontal area. Typical pickup, trucks have

a Cp of about 0.58-0.65 and dynamometer loadings or power absorber

units (PALI) of 16-18 hp . The increase in top speed as a function

of PAU reduction is shown in Figure 3-8.

The effect of axle ratio on top speed is shown in Figure 3-9.

Modifying this parameter shifts the intersection of road load

curve and WOT engine horsepower curve subsequently altering the

top speed. The top speed of three light trucks shown is relative-

ly insensitive to axle ratio change.

IThe top speed of a vehicle was previously given by:

+ 68.2
(3.3.2)

TS = 3.52
_HP_

S*A
f.

where

TS = Top Speed (mph)

HP = Engine Power (hp)

Cp = Drag Coefficient

A^ = Frontal Area (ft“).

The points of the three light trucks are superimposed on equation

(3.3.2) as portrayed in Figure 3-10. Obviously this equation is

only valid for a limited range as the equation becomes asymptotic

at lower speeds.

3.4 GRADEAB ILITY

Gradeability is defined as the maximum grade a vehicle can

achieve at a given velocity. The calculation of gradeability is

taken from the following derivation. The forces on the vehicle

are summed based on Figure 3-11.
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£F = yN D - WSinQ = 0 N n = limine
x B By (3.4.1)

Z F
y

= N
B

+ N
a

- Wcos0 = 0 (5.4.2)

The moment about point A is

ZM
a

= -(a+b)N
fi

+ aWcos 0- + hWs.in©

= - (a+b ) s in© + acos© + hs in© = 0 (5.4.5)
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a+b-h
y

s me acos 0 (3.4.4)

solving for G (gradeability)

a
a+b - nh = tanG = G——

( 3 . 4 . b J
y

v

(a+b) - ph
* tane " G

(3.4.6)

By definition, the wheelbase length = £ , a+b-£

Therefore

,

G = „

^

a
-

?
' for rear wheel drive vehicle.

£ - lih

If it is assumed that the payload weight is supported by the rear

wheels, then the maximum gradeability for the fully loaded 5„7£

engine vehicle is calculated as 58 percent gradeability. This

calculation, in addition to other gradeability equations, is pre-

sented in Appendix A. The gradeability curve for this particular

vehicle is presented in Figure 3-12.

The effect of axle ratio on startup gradeability is shown in

Figure 3-13. The startup gradeability is estimated to be 90 per-

cent of the maximum gradeability due to clutch losses during en-

gagement. Startup gradeability is shown to increase with a numer-

ical increase in axle ratio. This is also true for 55 mph grade-

ability as shown in Figure 3-14.

3-16



70 --

FIGURE

Start Up Gradeability (90S of Maximtm Grade)

Maximum Gradeability
Limited by Tire Slip
with Payload

30 --

20 --

10 -•

3-12. GRADEABILITY AS A FUNCTION OF VEHICLE VELOCITY OF
A 7500-LB, 350-CID (5.7JI) LIGHT TRUCK

3-17



80

U
>
<y 3.2 3.4 3.6 3.8

AXLE RATIO, AR

4.0 4.2

FIGURE 3-13. STARTUP GRADEABI LI TY AS A FUNCTION OF AXLE RATIO

3-18



GRADEAB

IL
ITY
AT

55

MPH,

%G

14

12

10

8

6

4

2

5.71

4.U

0.77

I

3.2

I

3.4

I
I 1 1

3.6 3.8 4.0 4.2

AXLE RATIO, AR

FIGURE 3-14. GRADEABILITY AT 55 MPH AS A
FUNCTION OF AXLE RATIO

3-19



3.5 FUEL ECONOMY

The composite fuel economy for each vehicle is derived from

the Environmental Protection Agency (EPA) urban and highway drive

schedules as shown below:

1

FEC = 75 5 .4 5'

uinr hw

7

where FE
C = Composite (mpg)

URB = Urban (mpg)

HWY = Highway (mpg)

.

The urban cycle is 7.5 miles long and takes 1371 seconds for an

average speed of 20 mph while the highway cycle traverses 10.3

miles for 765 seconds at an average speed of 48 mph.

The fuel economy response due to weight reduction is shown

in Figure 3-15. As the weight is reduced the road load decreases,

subsequently increasing the performance. By maintaining constant

performance, the engine can be scaled down in displacement as the

weight is reduced. An example of the fuel economy gain achieved

through scaling the engine is shown in Figure 3-16 for the 6400 lb

GW vehicle. The results of the remaining two light trucks are

shown in Table 3-1.

The effect of axle ratio on fuel economy is shown in Figure

3-17. The increase in fuel economy for an axle ratio reduction is

due to the shift of the road load curve to islands of lower brake

specific fuel consumption (BSFC) . The range of axle ratios ex-

amined here is 3.2 to 4.2 and the trend of the curve at greater

extremes can be seen by the examples in Section 4.1. The effects

of the axle ratios on driveability and emissions are not examined

in this report.

The effect of vehicle aerodynamic drag and rolling resistance

on fuel economy is illustrated in Figures 3-18 and 3-19 respec-

tively. The aerodynamic drag is based on power absorption units

(PAU) as explained in Section 3.3. The sensitivities shown are
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for a rolling resistance coefficient (C-^) decrease and increase

from the baseline in Figure 3-19. The sensitivity for any given

variable reduction can readily be calculated from the graphs.

The full potential of a PAU on reduction is accomplished

by bringing the road load curve into alignment with the original

curve with an axle ratio reduction. An example of a PAU reduc-

tion with constant performance is shown in Figure 3-20. The

baseline PAU which is 16.5 hp
,

is reduced to 11.0 hp resulting

in a 7.9 percent fuel economy improvement. However, if the axle

ratio is also reduced to maintain constant performance, the re-

sulting fuel economy improvement is increased an additional 6.5

percent resulting in an overall improvement of 14.4 percent. The

overall increase resulting from a road load (PAU or C^) reduction

and an axle ratio decrease is presented in Table 3-2. The fuel

economy increase is for the extremes of road load reduction and

any improvement between the baseline and extremes can be calculated

from a graph similar to that of Figure 3-20.
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FIGURE 3-15. COMPOSITE FUEL ECONOMY AS A FUNCTION OF INERTIA
WEIGHT
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FIGURE 3-19. COMPOSITE FUEL ECONOMY AS A FUNCTION OF ROLLING
RESISTANCE COEFFICIENT
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4. DRIVELINE MODIFICATIONS

4.1 ANALYSIS

Transmission modifications can improve the fuel economy of a

particular vehicle in two ways. First, the power requirements of

the vehicle can be reduced through the use of more efficient

transmission components. This is particularly significant with

automatic transmissions since energy losses of the torque conver-

ter can be reduced by "tight” (low slip) converters or by bypassing

the converter.

Another improvement in fuel economy can be achieved by ex-

tending the gear ratio range (grr = first gear ratio divided by

final gear ratio) of the transmission. The high final gear ratio

allows the engine to operate at a lower BSFC during cruise.

The purpose of this section is to investigate the potential

of these two approaches. A set of eight transmissions, including

five automatics and three manuals, was chosen for the study as

shown in Table 4-1. For each transmission, the "optimal" perfor-

mance versus fuel economy curve was defined using the methods

introduced by H. Chana et al. This method employs a systematic

modification of axle ratio and engine displacement. For each

transmission and performance level, a particular displacement -axle

ratio combination defines the maximum fuel economy attainable.

Fuel economy was defined as composite miles per gallon, while

performance was measured by the 0 to 60 mph time in seconds.

Standard EPA shift logic was used with the manual transmissions,

while a typical speed versus load shift schedule controlled the

automatics. The automatic three speed shift logic was identical

to the four speed, except for the absence of 3-4 and 4-3 shift

lines. The shift logics produced the gear time distributions

shown in Table 4-2; gear time distributions for the auto-

matic transmissions are averages, since vehicle speed at shift

is determined by load. For example, a more fully loaded vehicle

would shift later and therefore spend more time in the lower gears.



TABLE 4-1. TRANSMISSIONS STUDIED

Transmission Type* Gear Ratio Gear Ratio Range

A3 (baseline) 2.45/1.45/1.0 2.45

A3 2.74/1 .54/1 .0 2.74

A4 2.45/1.45/1.0/0.67 3.66

A4 2.74/1.54/1.0/0.60 4.57

A4 3.45/1.79/0.97/0.58 5.95

M3 3.0/1 .7/1 .0 3.00

M4 3.0/1 .7/1 .0/0.73 4.11

M5 3.0/1.94/1.42/1 .0/0.73 4.11

*Automatics are run in both unlocked and locked (all gears but first) modes,,



TABLE 4-2. GEAR TIME DISTRIBUTIONS

A. URBAN DISTRIBUTIONS ( % OF TOTAL TIME)

Transmission Type Gear: 1 2 3 4 5

A3 28 15 57

A4 28 15 29 28

M3 32 22 46

M4 32 22 37 9

M5 32 22 37 1 8

B. HIGHWAY DISTRIBUTIONS (% OF TOTAL TIME)

Transmission Type Gear: 1 2 3 4 5

A3 2 1 97

A4 2 1 2 95

M3 2 1 97

M4 2 1 7 90

M5 2 1 7 6 84
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The wide open throttle shift point for performance runs is deter-

mined by minimizing the 0 to 60 mph time.

For each transmission-engine displacement combination, graphs

of fuel economy and of performance versus axle ratio were

constructed as illustrated in Figure 4-1. A crossplot of the

tradeoff between fuel economy and performance for a given displace-

ment-transmission combination is shown in Figure 4-2. By scaling

the engine displacement, a number of these curves were generated.

Figure 4-3, and their envelope defines the optimal performance

versus fuel economy tradeoff curve for each transmission. The

transmissions were then compared on an equal performance level of

0 to 60 mph in 15 seconds. Since the tradeoff lines were nearly

parallel, the choice of performance level had little effect on the

results. Figures 4-1, 4-2, 4-6, which serve as examples and are

not part of the comparative study, were generated with the vehicle

parameters listed on those figures. The vehicle parameters used

in the comparative study, and the resulting composite fuel

economy for each transmission are listed in Appendix B.

This study does not account for the drivability or emissions

effects of the transmission modifications studied, nor for the

weight and rotating inertia increases they may entail. For that

reason, the reported results represent the upper limit to the

potential of the modifications studied.

4.2 LOCKUP TORQUE CONVERTERS

Torque converters are responsible for a significant fuel

economy difference between automatic and manual transmissions.

Converters allow engine idling in drive and improve shift smooth-

ness, but at the cost of converter slip and the resulting energy

loss caused by this slip. Converter efficiency varies over a

wide range, and is a function of the capacity factor which is

defined by:

y _ RPM
K /TQ (4.2.1)
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where

:

K = capacity factor and TQ = torque.

Capacity factor may be calculated using either input or

output torque and rpm. The efficiency versus capacity factor

profile for the torque converter used for this study is shown in

Figures 4-4 (input capacity factor) and 4-5 (output capacity

factor). In both figures, the efficiency uniformly increases with

capacity factor except near a discontinuity denoted by "coupling

point." Beyond this point, the torque converter acts as a fluid

coupling and provides no torque multiplication.

Torque converters can be designed "tighter" (reduced slip

loss) to reduce converter losses. Torque converter tightness is

generally characterized by the input capacity factor at which the

converter begins to transmit power. As seen from Figure 4-4, the

capacity factor for this converter is 100. This capacity factor

can be reduced, and the converter made tighter and more efficient

when operating at low capacity factor, by increasing the converter

diameter or by changing blade angles. The increased tightness

would however incur a penalty in startup driveability, shift

smoothness, and torque multiplication, and the efficiency in the

coupled range is unimproved.

A more effective method of reducing torque converter losses

is by bypassing the converter. In this way, torque converter losses

during cruise can be eliminated, while low-speed torque multiplica-

tion and driveability are maintained. For this study, a locked up

transmission was defined as one in which all gears except first

were locked.

The fuel economy benefit of locking up a torque converter is

dependent on a number of factors which include the torque conver-

ter efficiency profile, vehicle parameters, and the effect of

lockup on engine operating BSFC. The torque converter efficiency

profile determines the losses, and thus limits the potential of
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eliminating those losses. Therefore, a "loose” torque converter

will benefit more from lockup than a tight converter. Vehicle

cruise and acceleration power demands, identified by vehicle

weight, rolling resistance and aerodynamic drag losses affect

torque converter efficiency by increasing torque demands and

subsequently reducing output capacity factor as shown in equation

(4.2.1)

.

Increasing the drive ratio (defined as the product of gear

ratio and axle ratio) increases engine speed and reduces torque.

The output capacity factor is given by equation (4.2.2), and is

directly proportional to the axle ratio to the 3/2 power:

Kout
RPMout

[Tqoutf1

V • AR

[Tqw/AR] ^

V-AR 3/2

[Tqwp
(4.2.2)

where

:

Kout =

l'qout =

RPMout =

V =

AR

Tqw =

output capacity factor

output torque

output rpm

vehicle velocity

axle ratio, and

torque at drive wheels.

The effect of vehicle weight and axle ratio on torque con-

verter energy losses during the highway cycle is illustrated

in Figure 4-6. Urban cycle torque converter losses consume 9

percent of engine output at 2.94 axle ratio, versus about 4.5

percent in the highway cycle for the same axle ratio.

4.3 GEAR RATIO RANGE

Extending the gear ratio range of a transmission can improve

fuel economy at a particular performance level by allowing a hig.n

drive ratio in first and second gears (improved performance" with

a low drive ratio in top gear (improved fuel economy 1

.
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increases in gear ratio range can be accomplished by the modifica-

tion of gear ratios, but large increases can only be achieved by

the addition of gears due to practical limitations of shift

smoothness on gear ratio steps. Extended gear ratio range trans-

missions have been designed by adding an overdrive gear to a
gtypical three speed gearbox. Mercedes has taken a different

approach, making top gear a direct drive for reduced noise and

improved efficiency. Accordingly, Mercedes employs a low axle

ratio and a high (3.68) first gear.

Figure 4-7 shows the fuel economy effects of extending the

gear ratio range of an automatic transmission. The "locked"

curve is based on a 2.45 gear ratio range three speed locked up,

while the "unlocked" curve is based on the same transmission

unlocked. The low engine speeds during cruise results in low

capacity factor and low torque converter efficiency, so the un-

locked case shows a lower improvement. The maximum improvement

from extended gear ratio range gearsets is about 6.5 percent for

the unlocked case and about 13.5 percent for the locked case.

Figure 4-8 illustrates the effect of lockup on fuel economy

as a function of gear ratio range. For a conventional (2.45/1.45/

1.0) transmission the improvement is about 7.8 percent; for an

extended range (5.95) transmission, the improvement approaches

15 percent.

Figure 4-9 demonstrates the fuel economy effects of lockup

and extended gear ratio range, based on a 2.45/1.45/1.0 unlocked

transmission. The data produced by Chana^ is also presented on

Figure 4.9 and good agreement is noted between the two sets of

data. Without lockup, the maximum improvement attainable through

extended range is about 6.5 percent and with lockup, the potential

improvement increases to 22 percent. This clearly illustrates the

benefit of lockup for extended range transmissions because

without lockup, the torque converter becomes the limiting factor

on the transmission’s effectiveness.

4-13



AW0N033 1303 3IIS0dW03 NI lN3W3A0ddWI !N33d3d

4-14

FIGURE

4
-

7.

EFFECT

OF

GEAR

RATIO

RANGE

ON

FUEL

ECONOMY



4-15



1
fig

fig

5
3

AW0N0D3 1303 3iIS0dW03 NI J,N3W3Ad0dWI XN33d3d

4-16

FIGURE

4
-

9.

EFFECT

OF

GEAR

RATIO

RANGE

AND

LOCKUP

ON

FUEL

ECONOMY



Extending the gear ratio range of a three speed manual

( 3 . 0/ 1 . 7/ 1 . 0 ) by the addition of a 0.73 overdrive produced a

4.2 percent improvement (250 CID engine, 3.0 axle ratio). When

the same gear ratio range was spread over five gears (3.0/1.94/

1.42/1.0/0.73), the improvement over the three speed was only

1.6 percent, or a fuel economy loss of 2.5 percent from the four

speed. This surprising result (noted also by Bickerstaff ) is

caused by the shift schedule used. The EPA five speed manual shift

logic is identical to the four speed, with additional 4-5 and 5-4

shift lines. As Table 4-2 shows, this causes the five speed trans-

mission to spend a lower percentage of its time in top gear.

Optimally, the shifts should be compressed, so that the five speed

shifts into overdrive when the four speed does. In that case, a

slight improvement (0.3 percent) in fuel economy over the four

speed of equal range could be expected.^
1

For both manuals and

automatics, the effect of increasing the number of gears (without

increasing range) on fuel economy is mainly a function of the shift

logics used. Even with optimal shifting, though, the improvement

would be small. Ignoring driveability constraints, the dominant

transmission parameter affecting fuel economy is gear ratio range.
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5. CONSTANT FI FTY-FI VE-MPH SPEED

5.1 ANALYSIS

The National Highway Traffic Safety Administration (NHTSA)

with support from the Federal Highway Administration (FHWA) has

convened a Task Force to assess the 55 mph speed limit. NHTSA, in

turn, has requested the Transportation Systems Center to promote

three tasks to support NHTSA in this effort under TSC's Automotive

Fuel Economy Research and Analysis Program (AFER) . This section

supports Task 3 which is to provide fuel economy sensitivity anal-

yses of vehicle dependent or driver controllable functions for

passenger cars and light trucks based on computer simulations.

The six vehicles used in this study are listed in Table 5-1.

A baseline case was simulated for each vehicle to determine its

baseline fuel economy prior to the analyses. Vehicle character-

istics, drive schedules or routes were then modified as indepen-

dent variables to determine the resulting fuel economy. The re-

sulting fuel economy was then analyzed and compared with the base-

line results. The only dependent variable in this section is fuel

economy. The independent variables examined individually include

vehicle axle ratio, weight, aerodynamic drag coefficient, engine

displacement, tire inflation pressure, and certain accessory ef-

fects as well as drive cycle variation.

The constant speed baseline fuel economy for each vehicle is

shown in Figure 5-1. In this figure and in subsequent tables and

figures, vehicles are identified by their respective weights as

in Table 5-1. For the indicated speeds (40 to 70 mph), it can be

seen that lower constant speeds yield higher fuel economy. Appar-

ent trend anomalies, such as the intersections of the curves for

the 3000 lb auto, the 3000 lb truck, and the 4000 and 4500 lb

autos, result from drivetrain optimization and engine fuel econor.v

differences between different manufacturers' vehicles (i.e.. drive

ratios and road load/engine fuel economy optimization).
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5.2 AXLE RATIO

The effect of axle ratio on fuel economy at 55 mph was deter-

mined by modifying the axle ratio 5 percent above and 5 percent

below the baseline case. From the results, it is apparent that

fuel economy is approximately linear with axle ratio. As shown

in Table 5-1, a numerical increase in axle ratio will decrease

the fuel economy, and a numerical decrease will increase the fuel

economy. Because the effect of an axle ratio change is most

noticeable in top gear, it would probably be more practical to

modify the top gear ratio (i.e., overdrive) as the modification

of the axle ratio will affect performance throughout all the gear

ratios. If it is decided to modify the top gear ratio, these re-

sults remain applicable as the overall result is to modify the

final drive ratio (rpm/mph) for either the axle ratio or top gear

ratio

.

5.3 WEIGHT CHANGE

For a vehicle traveling over a given drive cycle, force is

required to overcome aerodynamic drag, accessory loads, and roll-

ing resistance, and to provide acceleration. However, at constant

speed, the weight only affects the rolling resistance, and, there-

fore, any change in fuel economy is attributable to rolling resis-

tance only. Each vehicle was simulated at a weight 100 and 300

pounds greater than the baseline case. The results are shown in

Table 5-2.

The fuel economy decrease is dependent on the energy consump-

tion of a vehicle at 55 mph. For example, approximately 70 percent

of the energy consumed is used to overcome air resistance for the

4000 lb truck. Therefore, a small weight increase, which has no

effect on vehicle drag, will not significantly affect the fuel

economy for this vehicle.
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5.4
AERODYNAMIC DRAG COEFFICIENT

For the vehicles studied, the percent of the total energy

expended to overcome aerodynamic drag is shown in Table 5-3. The

aerodynamic drag force acting on a vehicle is a function of air

density, frontal area, drag coefficient, and the square of the

vehicle speed. The drag coefficient is, basically, a function of

the shape of the vehicle. The effect on fuel economy of an in-

crease of 0.1 in the drag coefficient is shown in Table 5-4.

5.5 DISPLACEMENT

The effect of engine displacement on fuel economy was deter-

mined by scaling the baseline engines. The resulting scaled en-

gines have fuel rate and torque characteristics similar to the

baseline engines, except that the absolute values are different.

The change in displacement has basically the same effect as modi-

fying the axle ratio. Decreasing the displacement will increase

the fuel economy; increasing it will decrease the fuel economy.

Also, the acceleration performance subsequently will be affected,

as in the case of an axle ratio change. The results are presented

in Table 5-5.

5.6 TIRE PRESSURE

The rolling resistance of a vehicle is a function of the

vehicle weight, rolling resistance coefficient, and vehicle speed.

Assuming that the load of the vehicle is constant, the pressure

effects can be related to the rolling resistance coefficient and

then to fuel economy as shown in Table 5-6. Because each tire

has its own characteristics, these results only apply to the range

of conditions indicated.

5.7 ACCESSORIES

Two accessory loads were simulated for each vehicle. The

first involves the effect of air conditioning on fuel economy as

shown in Table 5-7. The fuel economy decrease assumes a 100 per-

cent air conditioner duty cycle. The effect of ambient temperature

5-6



TABLE 5-3. AERODYNAMIC PERCENTAGE OF TOTAL ENERGY EXPENDED

VEHICLE
WEIGHT
LBS.

VEHICLE VELOCITY

55 MPH 70 MPH

2000 61 70

o 3000 46 68

<=c

3500 45 63

4500 53 63

3000 63 73

:z>
CxL

h- 4000 66 73

5-7



TABLE

5-4.

FUEL

ECONOMY

RESPONSE

TO

AERODYNAMIC

DRAG

INCREASE

OO a:< D_ o c=“ o CO co r-
5-9 CO CO COo % • • e c e o

e£ UJ o o o o O O e
CC u» r-»Q <3

O
|

- |>«.

§ t—

ZS*
>- J co H» CL o CO CO f-'.o ? co OJ CO CO CO
£E uo o • o O O o

UJ co O o O O O o
UJ co
coo

1—

>-
s—
“5

=3
H*

6=3

CO UJ UJZ C-=3

UJ =c O O ' CO o CO c O CO
CO _J <c >—1 Q CO CO CO LO co

uj o; Lu CJ • • • • e •

>- co o u_ o o O o O o< UJo CD o
C_5oo

UJ

—

J

UJ3
Lu UJ—J I—

C_5 3T
>-» ts UO o o o o o o
3T t-» CD o o o o o o
UJ UJ _J o o CO cn o o> 3 CJ CO CO CO

soinv sxonai

5-8



TABLE

5-5.

ENGINE

DISPLACEMENT

CHANGE

o
<c

Q-
Ul

ODZ
LU

o

un
LD

o
c_>

onz
LU
on

5-9



a,

LO
lo

<
><
2
O
2
o
CJ
w

w
=3
uu

o
w
OeJ

CO
CO
PP
C£
Cu

PP
a;
i—

t

H
PU
O
H
U
PP
PU
Ph
PP

cO

un

PP
-p
CQ
<
E-1

t=“0

oo
H—

<

CL CO CO 03 f^> f*».- co
on o O O o o o
Q_ S3 • • e ® e c

|

<3 o
+

LU
LU Lu
QC <3
Z3
CO
CO >-
LU t—
o; =5
q. >

C=J 1=0

LU 1— CO cn LO CO
Q£ t—

5

Q- CO CO CM CO a\ cn
5=3 CO o o r=» C“= O O i

H* ZZ!? e o o 0 ° °
1

,

LU O
jo CO cm
1

h- 1

1

PCn -

cn
cn

h—<
LU

>- Q£3o LU CO
1S CO •

o M Ui Mo UCCd
UJ LU Q, Q_ i^» CO O

CO CM CM CM CM CM LO
<C LU

LU cq cc
(*=5

Lu H*

LuO
>»
h“
t-=°C>
i— LU
=* —!

1—
uo CU IXz •—

1 CS CO O O o o o o
UJ 3P •—« CD o o o o o o
CO U LJ U o o cn LO o o> 3 CM CO CO CO «=3-

soinv s»3(m

5-10



TABLE

5-7.

EFFECT

OF

ACCESSORY

LOADS

ON

FUEL

ECONOMY

AT

55

M
CL

5-11



conditions was not considered. The second accessory simulation is

concerned with lighting load. The lighting load was determined

by adding the power rating (watts) of all vehicle lamps used in

night driving for an average sized vehicle. The night driving

lighting load consists of low beam head lamps and side, parking,

tail, and license lamps. The increase in power was then trans-

ferred to the alternator. The fuel economy decrease due to an

increase in alternator load representative of night driving is

presented in Table 5-7.

5.8 DRIVING SCHEDULE

A comparison was made between steady-state fuel economy at

55 mph and 70 mph and driving schedules that include speed changes.

The schedules include the SAE interstate 55 and 70 mph driving

schedules which are listed in Table 5-8 and modifications of these

schedules. The interstate 55 mph cycle covers 4.7 miles in 308

seconds (average 55 mph), while the interstate 70 mph cycle trans-

verses 4.7 miles in 242 seconds (average 70 mph). In each.modi-

fied cycle, constant speed operation was eliminated and the first

modification (Ml) is thus the result with the constant speed seg-

ments excluded. In the second modification (M2), the acceleration

rate was doubled. In the third modification (M3)
,
the speed change

interval was increased, from 10 mph to 20 mph, but the acceleration

rate was identical to the SAE cycles. The fourth change (M4) was

identical to the third except that the acceleration rate doubled.

The purpose of these changes was to emphasize the importance of

the drive cycle on fuel economy. Comparisons between constant

speed fuel economy and these drive schedules are presented in

Tables 5-9 and 5-10. From the results, it can be seen that there

is a large range of fuel economy changes for the various drive

schedules

.

As can be observed from Table 5-9„ small improvements in

fuel economy are predicted for the 2000 lb passenger car and the

4000 lb truck. This, however, would not normally be experienced

in on-road testing because of transient vehicle characteristics.
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TABLE 5-9. COMPARISON OF 55-MPH FUEL ECONOMY
TO DRIVE CYCLE FUEL ECONOMY

VEHICLE
WEIGHT

CONSTANT SPEED
FUEL ECONOMY

DRIVE CYCLE % CHANGE IN

FUEL ECONOMY FROM BASELINE
LBS MPG SAE 55 Ml M2 M3' M4

2000 35.9 +1 .4 +4.2 +2 .

2

+2.8 -1.3

3000 29.8 -2.3 -6.0 -10.7 -8.1 -12.0
GOo
1— 3500 24.7 -1.6 -3.6 -13.0 -4.0 -14.7
<=c

4500 18.0 -3.3 -8.3 -21 .7 -8.9 -22.2

3000 30.1 -1.7 -4.0 -15.9 -5.3 -17.3
ZD
cc
1— 4000 17.4 +1.1 +4.6 +1.7 +1 .7 -2.9

NOTE: For explanation of cycles MI-M4, see Section 5.8.

TABLE 5-10. COMPARISON OF 70-MPH FUEL ECONOMY
TO DRIVE CYCLE FUEL ECONOMY

VEHICLE
WEIGHT

CONSTANT SPEED
FUEL ECONOMY

DRIVE CYCLE % CHA
FUEL ECONOMY FROM

MGE IN

BASELINE
LBS MPG SAE 70 Ml M2 M3 M4

2000 30.1 -1.7 -3.6 -18.6 -5.0 -18.3

UlO
3000 22.6 -1 .3 -2.2 -4.4 -4.0 -6.2

f—
:z>

<c
3500 20.1 0 0 -18.4 -2.5 -18.4

4500 13.8 -1 .0 -1 .5 -10.1 -2.9 -10.9

o
ZD

3000 24.0 -3.8 -7.1 -15.4 -16.3 -16.3

Cd
1

—1 4000 15.1 -2.0 -4.6 -16.6 -6.7 -17.9

NOTE: For explanation of cycles MI-M4, see' Section 5.8.
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Because simulation results are obtained from steady-state engine
performance measurements and engine efficiency is load dependent,

these small inversions can sometimes occur even though the work
performed by the vehicle is always greater under transient opera-
tions. The following calculation, comparing the SAE interstate
55 cycle with constant speed fuel economy for the 2000 lb vehicle,

demonstrates this effect.

The instantaneous fuel economy is calculated by:

FE =
BSFC ifp

’ pf * ^

where

FE

BSFC

hp

p £

s

Fuel economy (mpg)

Brake specific fuel consumption (lb/hp-hr)

Engine power (hp)

Fuel density

Average speed.

In comparing the fuel economy of the 2000 lb automobile for con-

stant 55 and SAE 55, it is assumed that the fuel density and dis-

tance are equal for both cases. The fuel economy is then calcul-

ated by finding the engine horsepower and brake specific fuel

consumption for both cases. The engine horsepower will change

proportionately as the road load horsepower changes, because the

drivetrain and accessory losses will not vary significantly between

50 and 60 mph. The road load for the SAE 55 must be greater than

the constant 55, because power is based on the cube of velocity

for aerodynamic drag and the square of velocity for rolling resis-

tance. This means that the SAE 55 case vehicle must operate at

a lower average BSFC than the constant 55 case. A summation of

this calculation is presented in Table 5-11.
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TABLE 5-11. BRAKE SPECIFIC FUEL CONSUMPTION

CYCLE BSFC ENGINE hp % TIME

Constant 55 0.58 15.8 100%

SAE 55 0.58 15.8 64%

0.45 28.3 9%

1.00 5.9 17%

0.46 24.0 9%
.
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Substituting the numbers from Table 5-11 into equation (5.8.1)

yields,

= 36.5 mpg. (5.8.3)

This calculation indicates that, for this particular vehicle, it

is possible to obtain better fuel economy over the SAE 55 than

constant 55 mph. The word, particular, is emphasized since each

engine has its own fuel consumption characteristics.

5.9 SYNERGETIC EFFECTS

The fuel economy influences of the individual design vari-

ables have been evaluated separately. The net effect of all the

variables cannot be accurately estimated by adding the individual

effects, because engine efficiency changes as a function of load.

For small changes, however, the accuracy of the estimate is not

seriously compromized. Therefore, both cases (adding individual

effects in combination and simulating all changes simultaneously!

were considered. The comparison of the two methods is shown in

Table 5-12. The air conditioning and lighting load were not in-

cluded because they are duty-cycle dependent. If the combined

effect of these accessories is desired, an estimate can be made

by adding their respective individual effects.

*The average fuel flow rate of 9.01 lbs/hr is obtained by a sum-
mation of the BSFC, engine hp and °

0 time values shown for the
SAE 55 cycle in Table 5-11.
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6. ACCESSORIES

The simulated effect of accessory loading on fuel economy

can be approached by different techniques. For example, the

effect of air conditioning can be determined by cycling a fully

loaded torque curve (vehicle simulation input) and an unloaded

torque curve by means of a duty cycle. Alternatively, this

effect can be determined by increasing the dynamometer power 10

percent up to a maximum of 1.4 hp to account for air condition-

ing. The latter method was chosen as this approach eliminates

experimental error and duty cycle variations. The analytical

procedure involved utilizing graphs of aerodynamic drag coeffi-

cient or PAU setting versus fuel economy. The baseline aero-

dynamic drag is simply extrapolated 10 percent and the reduced

fuel economy is compared to that of the baseline fuel economy

as shown in Table 6-1. The 1.4 hp maximum increase only effects

the light duty trucks as their baseline dynamometer horsepower

settings are in the range of 17 hp. This is most likely due to

the low application of air conditioning to light duty trucks.

The results indicate the fuel economy penalty due to air condi-

tioning using this method is approximately 1.9 percent.

The effect of alternator load on fuel economy was determined

by using laboratory test data on a 1980 model year alternator

used on a 2.8£ engine. The data was obtained by varying the out-

put watts of the alternator and recording the corresponding

torque. These torque curves were then input to VEHSIM to simu-

late different power loads required by the alternator. The

results of the alternator loads on fuel economy are shown in

Table 6-2. A typical vehicle load for night driving is approx-

imately 130 watts and the maximum load of the alternator is

335 watts.
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TABLE 6-1. COMPOSITE FUEL ECONOMY PENALTY
DUE TO AIR CONDITIONING

VEHICLE ENGINE

(!)

PAU
(HP)

%A
(MPG)

AUTO 1.6 7.4 2.1

AUTO 2.1 9.7 1.6

AUTO 3.8 9.3 1.8

AUTO 5.2 11.2 1.8

TRUCK 2.3 10.3 1.7

TRUCK 3.7 16.5 1.8

TRUCK 4.1 17.6 2.2

TRUCK 5.7 17.0 1.9
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TABLE 6-2. FUEL ECONOMY FOR DIFFERENT ALTERNATOR LOADS

VEHICLE

ADDITIONAL
ALTERNATOR
LOAD ABOVE

PERCENT CHANGE FROM
BASELINE,

(FE)
r
-(FE)*

u ^ y inn 1'

BASELINE
(WATTS)

(FE)
C

2000-lb
AUTOMOBILE *

30 -0.59

60 -1.33
100 -2.27

140 -3.11

335 -4.47

3000-lb *

AUTOMOBILE 30 -0.36

60 -0.70
100 -1.08
140 -1.66

335 -2.45

3500- lb *

AUTOMOBILE 30 -0.28
60 -0.56

100 -0.96

140 -1.28
335 -2.15

4500 -lb *

AUTOMOBILE 30 -0.28
60 -0.50

100 -0.82

140 -1.12

335 -1.74

3000 -lb * —

MINI- 30 -0.40

PICKUP 60 -0.77

100 -1.37

140 -1.84

335 -2.93

* Baseline.
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7. DIESEL SENSITIVITIES

All previous vehicles studied were equipped with spark

ignition engines. Because of the increase in diesel engine

applications in automobiles, a sensitivity analysis was conducted

for vehicles with diesel engines. The baseline vehicles were

chosen on the availability of steady-state diesel engine maps

provided for VEHSIM use. Two vehicles were configured; one for

a 90 CID (1 .

5

1 ) engine and one for a 183 CID (3. Oil) engine appli-

cation as shown in Table 7-1. The fuel economy sensitivities

were determined by varying the independent variables N/V, dyna-

mometer horsepower, vehicle weight, and engine displacement. The

N/V sensitivity for the 3. Oil engine vehicle was not included

because the estimated shift logic influenced this number yielding

unrepresentative results. However, the remaining sensitivities

were calculated and are compared to previous spark ignition

results as shown in Table 7-2.

The application of these simulation results is enhanced by

comparing the simulated baseline fuel economy to that of the 1980

EPA fuel economy numbers. The EPA did not provide fuel economy

estimates for the 3. Oil engine 4000 lb vehicle, but the 1.5)1

engine 2375 lb vehicle compared favorably to the VEHSIM simula-

tion result as shown in Table 7-3.

7-1



TABLE

7-1.

VEHICLES

SIMULATED

WITH

DIESEL

ENGINES

7-2



TABLE

7-2.

COMPARISON

OF

SPARK

IGNITION

AND

DIESEL

SENSITIVITIES

r-'-

i— 00
• •

gT 00 CM
3= LO CO

•

CO

Q «

H—

1

io LO CO o CO
co *3* CO

• • • o

LU
LO CO

CO co CO
<c • •

1—

H

cn £ r^. cn o CO
CM CM CM> • •

LD CO
CM CM

33 • o

C 8 1

Q_ o CM 00 c-.
CM CM r— r—

• •

CO

> *

S. o CO
CO

• •

-a •

“O c aj u
cu O S- i— e
s- •i— aj ra o
a) •p 2 u •f—

s •r- o CO

o c: cl. oo CO s:
Cl. cr> zs aj H-

H

LU —

<

a) o s- oo
r—

>

C -l- cn 30
c_> <u o LO UC -r- > a> UJ
1— (/) • s- cn <u cc >
zr. ai CO r— n3 c S-

LU CLUJ Cl o O
> "a oo

7-3



TABLE

7-3.

COMPARISON

OF

SIMULATION

WITH

1980

EPA

DATA

(2375

IWT

-

l.Sl

DIESEL)

<3
CO

«

CO VO

CM

< CM CO r«»-

a. so
UJ

S
fr=0 tn CO
ui cm cn 1^.

1

rn • • c

UJ o lO> LO

LUH
LU > l—H

_J =£ toO 3 O
>- c 3 a
CJ CD CD

QC H—1 o3 3Z (_?

7-4



8. TIRE PRESSURE

reduc

res is

press

mater

be es

By increasing tire inflation pressure, i

e hysteretic losses and, consequently, t

tance. The sensitivity of rolling resis

ure is usually quantified by C ,
which i

ial and design. By using rolling res

timated from:

t is possible to

ire rolling

tance to inflation

s a function of tire

istance can then

( 8 . 1 )

where rolling resistance force

load on tire

pressure sensitivity

inflation pressure

p and F„ .

*o zo

and F is
ro

determined experimentally for a given

Equation (8.1) can be rearranged to yield a coefficient of
F

rolling resistance (C^ = p— ) ,

z

C
1

= C
lo

1 + C
P P

1 ) ( 8 . 2 )

where: Cl-
io

Tire data is generally obtained by observing F for various

combinations of inflation pressure and load. A "carpet plot"

is then generated by plotting rolling resistance versus recipro-

cal inflation pressure for constant load lines, as shown in

Figure 8-1. Using the carpet plot generated for a given

8-1
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Source: Reference 13.

FIGURE 8-1. EQUILIBRIUM ROLLING RESISTANCE (FLAT SURFACE)
VERSUS LOAD AND INFLATION PRESSURE: FIRESTONE
8.00-16.5 LT LRD
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it is possible to evaluate C ,
and then, using equation (8.2),

plot the coefficient of rolling resistance versus tire pressure

In Figure 8.2, this analysis has been performed for the tire of

Figure 8-1.

Finally, the relationship of the coefficient of rolling

resistance to composite fuel economy can be determined by

utilizing previous VEHSIM runs (Section 3.5). A crossplot of

fuel economy versus tire pressure will then reveal the relation-

ship of composite fuel economy to tire inflation pressure, as

shown in Figure 8-3.

The final results are strongly influenced by the initial

calculation of C , which determines how strongly rolling re-

sistance is affected by inflation pressure. The parameter

varies over a wide range 0.18 - 0.514 for the light truck tires
1

3

listed; therefore a few examples and the corresponding are

listed in Appendix C. A number of vehicles are also listed,

each exhibiting a particular sensitivity of fuel economy to

rolling resistance.
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APPENDIX A

GRADEAB I LI TY CALCULATIONS

The calculation for the fully

loaded 5.72, engine vehicle is

given below.

f = 0.8, wheelbase = 133 in.

To find XA
and Xg

:

ZMA = 7500 x X
A - 4875 (133)

X
A = 86.45 in.

Xg = 46.55 in.

For a Rear Wheel Drive Vehicle

Y
c

= height of center of gravity -

assume = 30"

Ef and EM= 0 at incipient wheel slip.

Zf
x = fNg - 7500 sine = 0 -*

. 8Ng = 7500 sin0

Zf = + N. - 7500 cose =0 - = 9375 sine
y B A B

EM. = -133 x N-n + 7500 cose x 86.45 + 7500 sine x 30
D

-1,246,875 sine + 648,375 cose + 225,000 sine = 0

648,375 cose = 1,021,875 sine

.6345 = tane

32.4° = e

l—Xg—l— —

1

46.55 86.45
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58.311 Gradeability

z

This result can be compared to that using a GM formula

shown below.

Startup Gradeability = (Max % Grad) x 0 . 9 = 4
~ TIT

TE = tractive effort =CxTxRxM

C = 0.00104

T = Max torque = 279.9 ft-lb at 1600 RPM

R = RAR x Gear Ratio = 3.54 x 6.55 = 23.187

M - tire rev. per mile = 5280 x = 743.66v mile 2ir ft mil

r = tire radius = 1.13 ft.

GW = total weight of loaded vehicle = 7500 lbs.

RR = Rolling resistance = 8 Ibs./lOOO lbs. load

TE = 0.00104 x 279.9 ft-lb x 23.187 x 743.66 rev/mile

TE = 5019.45 ft-lb rev/mile

Max % Grade 100 (5019.45 ft- lb - rev/mile)
7500 lbs.

8 lbs
10

66.13

Starting Grade

Ford 4 also

(Max % Grad) x 0.9 = 59.51% grade .

has an equation for calculating gradeability.
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Est. Max. Gradeability = K^^RxT - 1.0

K = 0.1011

M = tire rev. per mile = 5 28Q —̂ •

x —

J

ev
mile 2-rrr ft

= 743.66 rev/mile

R = Max Gear Reduction = 6.55 x 3.54 = 23.187

T = 279.9 ft- lb @ 1600 RPM

GW = Wt. = 7500 lb.

Max. Gradeability = 0.1011 x 743.66 rev/mile x 23.187 x 279.9 ft-lb
7500 lb

- 1.0 = 64.06

Starting Gradeability = 57.65 .

The results of the three calculations for the 5.72, engine

7500 lb GVWR truck are illustrated below.

SOURCE STARTUP GRADEABILITY

TSC 58.3

G.M. 59. 5

Ford 57. 7

From these results it can be seen that any of the above

equations are a good approximation for calculating MAXIMUM and

STARTUP gradeability. This result supports previous work per-

formed at TSC.

A - 3 / A - 4





APPENDIX B

SIMULATED FUEL ECONOMY

B.l VEHICLE SIMULATION RESULTS

Transmission Type Gear Ratio Range
Composite Fuel
Economy* (mpg)

A3 2.45 24.16

A3 (locked up) 2.45 26.04

A3 2 . 74 24 . 35

A4 3.66 25.10

A4 (locked up) 3.66 28 . 08

A4 4.57 25.44

A4 (locked up) 4.57 28.95

A4 5.95 25.68

A4 (locked up) 5.95 29.44

M3 3.0 26.40

M4 4 . 11 27.51

M5 4.11 26.82

B .

2

VEHICLE PARAMETERS

Weight: 3500 lbs

Aerodynamic power loss @ 50 mph: 11.1 hp

Rolling resistance coefficient: 0.10

Engine: 250 CID L-6 (scaled to 200 and 300 CID)

*Optimum fuel economy at 0-60 mph in 15 sec.
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APPENDIX C

FUEL ECONOMY SENSITIVITY TO TIRE INFLATION PRESSURE

Vehicle WT C *

P

Inflation
Pressure
(psi gauge) c

i
AIFE/ £%p

1. Passenger Cars 2000 0 . 50 27 + 35 10 -v 8.9 0.04

3000 0 . 50 27 + 32 10 + 9.2 0.04

3500 0 . 50 24 - 30 10.6+9.5 0.04

4000 0 . 50 27 - 30 10 + 9.5 0.05

2. Light Trucks 5500 0.27 45 -v 60 9.8 + 9.0 0.03

6400 0.35 43 + 75 10 + 8.0 0.03

7500 0.32 48 + 63 10 + 9.0 0.03

*See Equation 8.1 in Section 8. For passenger cars, a repre-

sentative value of 0.50 has been assumed.
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