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ABSTRACT 

In this paper, an analytical model is developed to estimate 
the impact of reducing engine assembly mass (the term 
engine assembly refers to the moving components of the 
engine system, including crankshafts, valve train, pistons, 
and connecting rods) on engine friction and vehicle fuel 
economy. The relative changes in frictional mean effective 
pressure and fuel economy are proportional to the relative 
change in assembly mass. These changes increase rapidly 
as engine speed increases. Based on the model, a 25% 
reduction in engine assembly mass resdts in a 2% fuel 
economy improvement for a typical mid-size passenger car 
over the EPA Urban and Highway Driving Cycles. 

INTRODUCTION 

Automakers are striving to reduce vehicle weight and 
improve engine efficiency by developing lightweight engine 
materials and improved lubricants. The trend toward 
smaller, higher-revving engines requires lighter materials 
and improved designs to reduce engine friction and improve 
response. Reductions in engine assembly mass could be 
achieved by using intermetallics, metal-matrix composites, 
and ceramics instead of steel, cast iron, and aluminum. 
(We use the term engine assembly mass to refer to the 
moving components of the engine system, including 
crankshafts, d v e  train, pistons, and connecting rods. The 
mass of a typical engine assembly is about one third of the 
total engine mass [ 11 .) In addition, design approaches (like 
using hollow crankshafts) could also reduce assembly mass. 
While improvements in lightweight materials give the 
engine designers an opportunity to reduce engine assembly 
mass, lightweight materials are often priced at a premium 
over conventional materials. Therefore, it is important to 
understand the correlation between fuel economy and 
engine assembly m a s  to help quantify the fuel economy 
benefit from tighter engine assembly materials. 

In our search of recent litetature, we could not find any 
discussion on the relationship between engine assembly 
mass and vehicle fuel economy. Papers by Lin and 
Patterson [2] and Uras and Patterson [3] contain the only 
direct discussion of the correlation between engine friction 
and assembly mass available in recent literature. In the 
past, most research in the area of engine assembly friction 
cancentrated on improving measurement techniques and on 
how changes in engine design affect friction. 

The main reason that few experiments have been done to 
correlate engine friction and engine assembly mass is that 
it is difficdt to differentiate the mass reduction effect from 
other "side effects." Different piston materials not only 
change the piston mass, but also change characteristics of 
the entire engine system, such as -distortion, lubrication, 
vibration, temperature, and thermal expamion. In addition, 
fuel consumption and friction changes as a result of mass 
reduction of the engine assembly is not as dominating as 
other factors. 

in this paper, an analytical model is developed to describe 
the correlation between engine assembly mass, engine 
friction, and vehicle fuel economy. The reduction in 
engine assembly mass results in: (1) a reduction in total 
vehicle weight and moment of inertia, which in N n  
reduces the brake power requirement; (2) an engine 
downsizing assunzing power-to-weight ratio (and hence 
vehicle acceleration) is held constant; and (3) a reduction in 
rubbing friction, which will reduce the engine friction 
factor. These three consequences all lead to a reduction in 
fuel consumption. 

FUEL CONSUMPTION AND ENGINE FRICTION 

An and Ross have established a model that gives the 
relationship between fuel consumption and engine friction 
based on the following relationship 41: MASTER 
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where Phrl is the rate of fuel use expressed in energy terms, 
Pb is the brake power output, and k is the engine friction 
factor, which represents the fuel energy used to overcome 
engine friction per unit of engine revolution and engine 
displacement [W/(rev*firer)]. N is engine speed in 
revolutions per second, V is engine displacement, and q is 
a measure of indicated efficiency. 

The engine frictional work is determined by pumping work 
and the work to overcome the rubbing friction and operate 
accessories. The total frictional energy is approximately 
proportional to the summation of engine friction mean 
effective pressure vinep>, pumping mean effective pressure 
(pmep), and an accessory term (k-). That is: 

where the contribution of rubbing frictional loss to total 
frictional loss ( a d  usually ranges from 40 to 90%, 
depending on load and engine speed (see note a). A 
general assumption is that the accessory loss always 
conmbutes 10% to the total loss. In this paper, we are only 
interested in the rubbing friction term. We discuss how to 
estimate rubbing Iosses in the following sections. 

ENGINE FRXCTION AND MASS 

On the basis of motored engine tests, where the engine is 
disassembled or broken down in stages, an approximate 
breakdown of rubbing friction is piston assembly, 60%; 
valve train, 25 7% ; and crankshaft bearings, 15 % [ 11. Their 
relative importance, however, varies over the speed range. 
We assume this relationship is the same when the engine is 
firing. The major impacts on friction of reducing piston 
assembly mass are that (1) the inertial forces are lower and 
(2) the side thrust is reduced. The latter only affects piston 
assembly friction, but the inertial force influences all three 
items and has a much larger impact, 

We assume the total engine friction mean effective pressure 
(tfmep) varies with speed according to Equation 13.5 of 
Heywood [ 11: 

(3) 

This semiempirical equation is very useful. In this paper, 
we will verify the above equation based on simple physical 
laws, and show that the nr‘ term is predominantly a direct 

contribution from inertial force. The coefficients in the 
above equation will be determined accordingly, 

PISTON-RING ASSEMBLY FRICTION - Bishop has 
developed correlations for piston and ring friction for 
boundary (mixed-lubrication) and viscous (hydrodynamic) 
friction conditions [5]. He found that under boundary 
conditions, the frictional mean effective pressure of the 
piston-ring assembly (fine&) is proportional to normal load 
(W,), while in the viscous case, fmep, is simply 
proportional to engine sped. In actual engines, a 
combination of boundary and viscous friction occurs. 
Thus: 

(4) 

This is a simplified but classical expression of the 
relationship betweenfinep, and N and mass. A more 
sophisticated formula is presented by Lin and Patterson [2] 
(see note b). 

WF can be expressed as: 

where M, is the assembly mass, and ap and g, are the piston 
and gravity acceleration-rate vectors, respectively. The 
term M,g, represents the side thrust effect due to gravity 
force and the term M .  represents the inertia force. 
Evidently, g, (about 10 m/s? is much smaller than ap (> 
100 m/a. Thus, the side thrust effect is much smaller and 
we consider it to be negligible. W’, is the nonmass-refated 
normal load from ring tension, cylinder pressure, and 
thermal expansion. 

One fact that needs to be stressed is that alI rotational 
accelerations are proportional to the square of rotational 
speed. Thus the piston acceleration rate (aJ is proportional 
to the square of engine speed. 

Thus: 

Based on Equation 7, we obtain: 
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Here, yM, is the fraction of normal Ioad from the engine 
assembly mass, and b6 and b7 are adjustable coefficients. 

For demonstration purposes, the coefficients are calibrated 
by using the engine and measurement data from Lin and 
Patterson [2]. They measured fmep vs. piston-ring 
assembly mass for a firing engine under part-load (see 
Appendix for engine design parameters). They showed that 
a 25% increase in mass increased the assemblyfiep, by 
0.4% at loo0 rpm and 2% at 2000 rpm. Using this 
information, we obtain b6 = -0.2 and b, = 0.013. Table 1 
shows how yMl varies as N, based on these data and on 
Equation 8. 

For comparison, using Lin and Patterson‘s formula [2] we 
obtain: 

(9) 

Table 1 shows that Equation 9 gives very similar results, 
especially in the low-engine-speed range. 

TABLE 1 Fraction of Normal Load from Engine 
Assembly Mass YS. Engine Speed 

yM,from 1OOOrpm 2000rpm 3000rpm 4000rprn 
’ Eq. (8) 1.6% 8.0% 22.6% 51.0% 
Eq. (9) 1.6% 8.0% 21.2% 42.4% 

The conclusion derived from Table 1 is that Equation 7 
gives a very good description of the correlation between 
piston assembly mass and friction mean effective pressure 
@nepJ. The term represents the contribution from the 
assembly mass. Table 1 also shows that the contribution 
from the mass term increases rapidly as engine speed 
increases. When N = lo00 rpm, the inertia term 
contributes less than 2% of the total friction. But when N 
is larger than 4OOO rpm, the contribution from inertial force 
star& to dominate. 

Table 2, generated by using Equation 8, shows that the 
assembly mass has much greater impact at higher engine 
speeds. 

TABLE 2 Percentage Decreases of 
Piston-Ringhep,, due to Decreases of 

Assembly Mass at Different Engine Speeds 

10% 0.2 0.8 2.3 5.1 
20% 0.3 1.6 4. t 7.8 
30 % 0.5 2.4 6. I 11.7 
40% 0.6 3.2 8.1 15.6 
50 % 0.8 4.0 10.2 19.5 

1OOOrpm 2000rpm 3000rpm 4000rpm 

C W H A F T  BEARING FRICTION - Crankshaft 
friction contributions come from journal bearings 
(connecting rod, main and accessory or balance shaft 
bearings) and their associated seals. Equation 13.21 from 
Heywood shows that the friction in a hydrodynamically 
lubricated bearing yields a relation in the same form as 
-tion 5 [l]: 

where W, can be expressed as W, + M,*a,. Here, a, is the 
mean crankshaft acceleration rate (a rotational acceleration 
rate) and is also proportional to hp. W, is the 
nonmass-related normal load. Thus: 

VALVE TRAIN FRICTION- Loads acting on the valve 
train (WJ mainly result from the spring forces (HJ and 
the inertial forces of the component masses (MK): 

where kS, is the spring force and a, is the mean 
acceleration rate of the valve train and is also proportional 
to p. Valve train friction is very difficult to determine. 
Bishop developed a formula for valve train friction, 
showing that it decreases linearly with engine speed for a 
fixed load 151. On the other hand, the valve train mean 
effective pressure fmepy also increases linearly with the 
normal load W*: 



12/2.0/94 TUE 13:28 FAX 1 202 488 2413 ANL-DC @lo07 

Unlike the piston-ring assembly friction, there are no 
published measurement data for crankshaft bearing and 
valve train frictions. Thus, a new methodology is needed 
to solve this problem. 

TOTAL ASSEMBLY FRICTION - Because piston 
assembly, valve train, and crankshaft bearing contributions 
are assumed to be 60%,25%, and 15% of the total friction, 
respectively, it follows that: 

Combining Equations 7, 11, and 13 yields Equation 3. 
From previous discussions, it can be determined that all 
terms are directly derived from the inertial force, thus 
representing the contribution from the assembly mass. 
More detailed analyses show that the If term is also related 
to air and fluid drags or turbulent dissipation because of the 
moving parts in the piston-ring assembly, valve train, and 
crankshaft. Here, it is assumed that this impact is very 
small and negligible. 

Unfortunately, no good data exist to determine the 
coefficients of crankshaft bearing and valve train terms. 
Heywood presented a semi-empirical formula to describe 
the engine total motoring friction [l]: 

tfinep (bar) - 0.97t0.15(-)+0.05(-) N N 2  
lo00 1000 

This equation is based on several four-stxoke-cycle, four- 
cylinder spark ignition engines between 845 and 2000 cn? 
displacement, at wide-open throttle. Because the stated 
equation is based on motoring tests at wide-open throttle, it 
does not include much throttling pumping loss. It may 
include some loss from valve flow, but this contribution is 
small and negligible during motoring testing. Assuming 
that the above equation can be used to represent the rubbing 
friction under tbe firing case and the term is the 
predominant contribution from inertial force (assembly 
mass), it can be determined that the fraction of rfinep from 
the assembly mass yT is: 

N 
1000 

0.05 (-)2 

Y -  - 
N N 2  

rr - 
0.97 O.lS(-) + O.OS(-) 

1000 1000 

Table 3 shows how yr varies as N, based on the above 
equation. 

TABLE 3 Fraction of Total Engine Friction f m  
Assembly Mass vs. Engine Speed 

V I  4.3% 13.6% 24.1% 33.8% 
1OOOrpm 2000rpm 3000rpm 4000rpm 

On the basis of the following equation, Table 4 can be 
generated. 

TABLE 4 Percentage Decreases of Total Frictional 
Mean Effective Pressure (fjkep) due to Decreases of 

Assembly Mass at Different Engine Speeds 
Assembly Engine Speed 

mass 
decrease 

1OOOrpm 2000rpm 3000rpm 4000rpm 
10% 0.4 1.4 2.4 3.4 
20 % 0.9 2.7 4.8 6.8 
30% 1.3 4.1 7.2 IO. 1 
40% 1.7 5.4 9.6 13.5 
50% 2.1 6.8 12.0 16.9 

Note that the results in Table 2 and Table 4 are consistent, 
even though they come from totally different assumptions 
and sources. This supports the use of Equations 15 and 16 
to describe the correlation between engine friction and 
assembly mass. 

Tables 3 and 4 show that the frictional contribution from 
assembly mass as low engine speed is relatively small, only 
about 4% at IO00 rpm. But yT increases rapidly with 
engine speed, more than tripling at ZOO0 rpm, and roughly 
doubling again at 3000 rpm. When the engine speed is at 
or beyond 3000 rpm, the contribution becomes significant 
for both yT and *p.  

Because no measurement data are available to calibrate the 
coefficients in crankshaft bearing and valve train terms, 
their connibdons can only be roughly estimated on the 
basis of the results presented in Tables 1 and 3. Thus, the 
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contribution of engine friction from these two terms, Ysh.M, 

can be derived as: 

Y&.W - Y r  - 60% * YMr (18) 

Table 5 shows how ycb,* changes with engine speed. 

TABLE 5 y&.* and Engine Speeds 

yeb.* 3.3% 8.8% 11.5% 8.4% 
% of Y r  77 % 65 76 48 % 25 9% 

1OOOrpm 2000rpm 3000rpm W r p m  

The contribution from valve train and crankshaft bearing to 
total friction f i e p ,  Y & # y  may increase with engine speed 
in the low engine-speed range and decrease in the high 
engine-speed range. It peaks around 3000 rpm. Table 5 
also shows that ycb.w as a percentage of yT, is very large at 
low engine speed, nearly 60 to 80% of the total. As the 
engine speed increases, this contribution declines rapidly. 

VEHICLE FUEL ECONOMY AND ASSEMBLY 
MASS 

On the basis of Equation 1, the relative change in fuel 
economy is proportional to the relative change in the engine 
friction factor k. Thus based on Equation 2 we have: 

where amesh is the engine mechanical Ioss, including 
rubbing, pumping, and accessory loss, over total fuel 
energy use. ad is the contribution of rubbing friction to 
the total mechanical loss, which increases linearly as the 
engine percentage load or part-load pu (see note a) [ 11. 

In addition to its impact OR engine friction factor k, the totaI 
assembly mass reduction reduces the overall vehicle weight 
as well. For the average mid-size passenger car, the 
engine conmbutes 10 to 15% of total vehicle weight. The 
assembly mass contributes about one-third of total engine 
mass. Here, we assume that the engine contributes 12.5% 
of the total vehicle weight. Thus an engine assembly mass 
contributes about 4.2% of the total vehicle weight. 

An and Ross show that, without downsizing the engine, 
every 10% reduction in vehicle mass results in an 
improvement of about 2.7% in fuel economy for an 
average model-year 1989 mid-size car [4]. If the reduction 

in  assembly mass is combined with engine downsizing to 
maintain the power-tu-weight ratio, the impact is much 
greater. An and Ross also show that every 10% reduction 
in engine displacement alone resuits in a 6.6% 
improvement in fuel economy. Thus, a 10% reduction in 
both vehicle mass and engine displacement results in a fuel 
economy improvement of as much as 2.7 % + 6.6 % = 9 % . 
(Note that this estimate does not include the influence of 
decreasing the engine assembly mass.) Of course, this 
estimate varies for different vehicles and driving cycles. 
We use u ~ + ~  to represent this quantity. 

Note that this process is iterative because the reduction in 
engine displacement results in a further reduction in engine 
weight, which in turn results in further engine downsizing 
and fuel economy improvement. This cumulative factor 
can be determined in the following manner: 

CL1 (12 5%)". .;14.3% 12-54/0 
1-12.5% 

Thus, the general relationship between fuel economy 
improvement and assembly mass reduction is: 

Here, yT is defined by Equation 16. 

Table 6 shows how the fuel economy of an average vehicle 
(for example, a 1993 Honda Accord with a 104 kW 
[140 hp] engine and automatic 4-speed transmission) 
responds to changes in assembly mass in the EPA Urban, 
Highway, and Composite Driving Cycles, according to this 
relationship. 

The average engine speed (including engine idling speed) 
of the 1993 Accord is about 1700 rpm for the EPA Urban 
Driving Cycle and 2300 rpm for the €PA Highway Driving 
Cycle. The part-loads, which are calculated as the average 
torques required in the driving cycles over the maximum 
torque, are about 21% for urban cycle and 31% for 
highway cycle. The rubbing friction loss contributes about 
55 to 60% of total friction loss for both driving cycles. The 
mechanical losses over total energy use are 53% for urban 
and 42% for highway. Thus, the overall improvement in 
fuel economy resulting from a 10% reduction in engine 
assembly mass is about 0.7% in both urban and highway 
driving. Note that about half of the improvement is from 
engine friction reduction and half is from engine 
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downsizing. If the engine assembly mass is reduced by 
25%, the vehicle fuel economy is improved by about 1.8% 
for both driving cycles. 

between vehicle fuel economy, engine frictional mean 
effective pressure, and engine assembly mass is established. 
The relative changes in engine frictional mean effective 
pressure, friction factor, and fuel economy are proportional 
to the relative change in assembly mass, and they increase 
rapidly as engine speed increases. If a 25% reduction in 
engine assembly mass becomes possible in an average mid- 
size passenger car, about 2% improvement in fuel economy 
will be achieved. For future smaller and higher-revving 
engines, this improvement could be greater. 

TABLE 6 Increase in MPG due to 10% Decrease in 
Assembly Mass in EPA Driving Cycles for 1993 

Honda Accord 
Urban Highway Composite 

N 1688 rpm 2273 rprn 
Par t-load 20.6% 30.6% 

arub 56.2% 59.2% 
'mech 52.6% 41.6% 

25.1% 
57.6% 
47.7% 
3.4% 
0.36% 
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'Yt 10.9% 16.5% 
MF'G impro. due to 0.32% 0.41% 

MPG impro. due to 0.40% 0.29% 
friction red. 

downsizing 
0.35% 

Total MPG impro. 0.72% 0.70% 0.71% 

As a comparison, the impact on three other 1993 vehicles 
is shown in Table 7. These three vehicles are the 86 kW 
(115 hp) V W  Golf, 104 kW (140 hp) Ford Taurus, and 
66 kW (88 hp) Ford Escort. Each example has a 4-speed 
automatic transmission. Table 7 shows that fuel economy 
improvements range from 1.5 to 2.4% for these vehicles. 
The larger improvement for the VW Golf results from its 
higher average engine speeds in both driving cycIes. For 
future smaller and higher-rewing engines, the impact 
should be even greater. 
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CONCLUSIONS 

On the basis of the An-Ross model (Equation 1) and a 
semi-empirical formula (Equation IS), a correlation 
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APPENDIX 

Engine Design parameters in Lin and Patterson's Paper 
(ref. 2): 
assembly mass: 709.5 g 
bore: 80 mm 
ring tensions: 
stroke: 84 mm 
ring width: 

connecting rod length: 134 mm 
<C.,C,>: 12*106 m/m°C 
piston pin off-set: 1.525 mm 
Ks: 8.7559" 106 N/m 
skirt width, length: 

24 N, 25 N, 102 N 

3.6 mm, 3.6 mm, 1.975 
mm 

39.37 mm, 57.15 mm 

NOTES 

* From Figure 13-6 of Heywood [I], an empirical 
relationship between u,.,,,, and pw is established as: 

a& - 0.6 + 0 . 3 . ~ ~  

Lin and Patterson [2] created a more sophisticated semi- 
empirical engine piston-ring assembly friction model 
based on the concept of the Stribeck diagram and 
similarity analysis. The piston-ring assembly friction 
mean effective pressures @nepp) were calculated from 
the estimated friction coefficient (F,) of the assembly as: 

Assuming that the assembly was generally operating back 
and forth between mixed-lubrication regions, they 
derived that the coefficient of friction F, is a linear 
function of the square root of the duty parameter, which 
is proportional to the engine speed Nover normal load 
Wp: 


