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ABSTRACT

This report presents the results of calculations of the ideal performance
of a compression-ignition engine over a range of compression ratios from 8 to
22:1, For these calculations it was assumed that the cylinder charge under-
goes typical heat losses, but that combustion is perfect.

The results are compared with the results of a series of tests of the
engine at three different compression ratios, for each of which inJjection
characteristics were varied to achieve the best performance and specific
fuel econcmy. Finally, a typical performance curve for an engine employing
a normally operating variable-compression-ratio piston is compared with the
above data.

The object is to establish the penalty, if any, of employing a fixed-

injection system in which the chamber shape varies with the engine load but
the maximum gas pressure remains roughly constant.
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I. OBJECT

The object of this analysis is to examine the effect of varying compres-
sion ratio upon ideal and practical cycle efficiencies, and thus to determine
how specific fuel consumption (SFC) varies as the compression ratio is changed
over a wide range by means of a variable-compression-ratio (VCR) piston.



IT. INTRODUCTION

The advent of variable-compression-ratio pistons has introduced another
variable into the already formidable array of factors affecting the power
output and specific fuel consumption of a compression-ignition engine. It
has been established that the variable-compression-ratio piston does permit
control of the maximum cylinder pressure as the degree of supercharging varies
(Fefs. 1 and 2). As a result, one can use high-ratio supercharging in conjunc-
tion with a large increase iﬁfbrgkeﬂmggn effective pressure without increasing
the structural load on the engine mechanism, and yet at the same time retain
high compression ratio at slow speeds and light loads; an engine buill accord-
ing to these principles should start well in cold weather, use little fuel
while idling, and operate with any of a variety of fuels.

Currently available results of engine tests show no major effect of vari-
able-compression-ratio on specific fuel consumption., True, fuel consumption
at low ratios is somewhat higher, but the reason for this increase is not clear.
It may be that a change of ratio should be accompanied by a change in the in-
Jection system, to allow for the rather large variation in the shape of the
combustion chamber as the ratio varies, as well as some changes in the turbu-
lence of the fuel-air mixture and other phenomena,

In this investigation we duplicated the range of compression ratios used
in earlier tests and analyzed the ideal cycle to obtain the theoretical varia-
tion in efficiency, indicated mean effective pressure, specific fuel consump-
tion, etc., as the piston position varies to maintain a constant maximum cylin-
der pressure, Then with the aid of test results taken with the compression
ratic fixed, and injection tailored to that ratio, we predicted the effective
ratio between the results of actual tests and ideal calculations. Using this
material one can make theoretical comparisons between the performance of a
variable-compression-ratio piston engine and the best performance of a fixed-
ratio engine., Thus, one can work toward estimating how a compromise in injec-
tion characteristics will affect engine performance.



I1T, METHODS

To achieve the above objective, we began with an ideal cycle which would
approximate engine ccnditicns, taking into account the effects of heat losses.
o varies widely, heat losses change so greatly as to completely

s of the variable ratio unless properly corrected for,

When boost rati
mask the effect
Some years ago E. 1. Vincent charted the results of cycle calculations
in which dats on variable specific heat and on heat losses during compression,
cembustion, expansion, etc,, Were used in making close approximations of en-
gine cycles in which zupercharge ratio, heat loss, and compression ratio varied
cnly moderately., With some extrapolation, these charts were extended to cover
the range of values in guestion here., FErrors introduced by the extrapolaticn
are considered minor.

The ideal cycle was examined for two limiting cases: (1) maximum cylin-
der pressure of 2000 pzi, and (2) maximum cylinder pressure of 3000 psi, For
each meximum pressure a compression ratio of 22:1 was used for starting and
low-lcad opersticn; as the lcad incressed, the ratio was gradually reduced to
12:1, This is the range of variation used in current variable-compression-
rgtic engines. To provide for decrease in compression-ratio variation with
further develcpments in engines, additional calculations down to a ratioc of
8:1 were made., Also, tc allow for increases in boost ratio above that at
which a msximum pressure of 2000 cr 30C0C psi is reached, calculations were
made in which the compression ratio was held at 12:1 while the boost ratio
increased from 3.2, giving 2000 psi, to 5.0:1, giving a maximum pressure of

i for case [1), In the case of 3000 psi, the bocst ratio was raised
frem L.75:1, giving 3200 psi at 12:1 compression ratic, up to 8.0:1, giving
5200 psi at the same pressure ratio., Figure 1 shows the compression and boost

fo]

ratio ranges employed, and the meximum pressures reached. To fix the cycle,

t wag necessary tc select a value for the ratio Pmax/Pcomp- This was kept

at 1,5 for gll cases examined, since, in general, 1t is about the minimum at
which good cembustion can be secured, One other Important factor is the fuel/
sir ratio; this was held at C.(038, giving a heat addition of 700 Btu per cycle
per 1b of s&ir.

To incliude the effect of heat flow to the coolant, some assumptions were
necessgary, The litersture contains little background for the bcost ratios in-
vestigated, put on the basis of that at hand the schedule of heat losses in
Table I was emploved. It 1s based upon the established fact that as the boost
ratic increases, the percentage of heat flow decreases, but of course the total
Btu transferred incresses because of the greater heat release per unit volume
cf cylinder. In the calculations performed, the percentage of heat flow to the
coolant was ssgsumed to vary as in Tanle I
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TABLE I

HEAT FLOW TO COOLANT

Heat Transfer: Percentage of Btu of Fuel at

Phase of Cycle Boost Ratio = 1.0 Becost Ratio = 5.0
Compression Ratio 22:1 Compression Ratio 12:1
Compression 0.5 0.35
Combustion 1.2 1.00
Incomplete Combustion 2.0 1.50
Expansion 4,0 3.50
Exhaust 5.0 4,00
Loss to 0Oil 1.2 1.00
Miscellanccus b1 2,65
Total Percentage of Loss 18.0% 14, 0%

Of the heat losses listed, the only ones affecting the cycle efficiency
are the first four, plus one quarter of the sum of the last two per stroke,
This assumes that these last losses are distributed uniformly over the whole
cycle. Losses at other ratios were assumed to be in linear proportion on the
basis of the two conditions given in the table. This is only an assumption,
but is considered reasonably close for the present purpose. Actually it is
believed that as boost increases, these losses decrease fairly rapidly at
first and then tend to level off,

By use of the results thus gained and of the charts already mentioned
we determined the value of n in PV': constant. This is the compression for
the heat loss assigned over compression ratios of 13 to 17:1, for which the
charts were originally designed. The result is plotted as the solid line in
Figure 2, in which straight lines were obtained; these were extrapolated over
the range of ratios from 9:1 to 22:1, shown by the dotted lines, Examination
of Figure 2 reveals that n changes from an average of 1.36L4 to 1.377 over the
total range of ratios at the normal air inlet temperature of 600° and from
1,355 to 1.368 at asbout T07°, the gas temperature value employed for high boost
with aftercooling. In view of this modest change, and its small effect on
the cycle, a constant value of 1.363 was finally used for all cases. For ex-
pansion after combustion the value of n varied even less, so that it was taken
as 1,265,

The heat addition during the cycle was calculated as a heat addition at
constant volume but variable specific heat from the end of compression to the
maximum cylinder pressure, followed by heating at constant pressure until the
total 700 Btu per b of air had been accounted for, either as state change or
as the result of heat loss tc coolant.



HEAT LOSS=21 — = ——— —--—-
1.39+ PEP STROKE2.§ — — — — — — = = —

1.38
1.37

1.36

1.35—

1.34—

Value of 7 in P.V7=Const.

| | 1 ] 1
1.3 10 12 14 16 18

C.R

|

22

Figure 2, 1Index of compression.

With this information the work done, heat added, change of volume, etc.,
were obtained, and the ideal cycle efficiency, IMEP, IHP/1b of air, SFC/1lb/
IHP/hr, etc., were calculated for the complete range of boost and compression
ratios desired. The results so obtained represent the practical ideal cycle
without allowance for volumetric efficiency, mechanical losses, rounded cor-
ners of indicator diagram, etc.



IV. IDEAL PERFORMANCE

The results obtained are recorded in Table II for a limiting Ppgyx of 2000
psi and in Table III for 3000 psi. They are plotted in Figures 3 and 4.

Using a naturally aspirated engine with 22:1 ratio, for easy starting,
and a Pmax/Pcomp = 1.5, the boost was increased until Ppox = 2000 rpm at a
ratio of 22:1, After this point the compression was reduced as boost in-
creased; as before, Ppax was held at 2000 psi and Pmax/Pcomp at 1.5, Simi-
lar methods were employed for maximum pressure of 3000 psi. Note that the
rpm of the engine enters into these relationships only indirectly, in the air
flow. The data of Tables II and III, as far as IHP, etc., are concerned, are
based upon an air flow of 1 lb/sec, which means that the rpm varies with cyl-
inder displacement. To obtain the actual output per cubic inch of displace-
ment for a given engine, the value given in the tables must be multiplied by
the 1b/sec of air flow and the ratio of total volume to displacement volume.

It must be remembered that the above results are for a volumetric effi-
ciency of 100%, with no dilution by retained exhaust gas. In other words,
we assumed that the clearance is scavenged perfectly, so that one pound of
air completely fills the volume of displacement plus clearance.
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V. ENGINE PERFORMANCE

The above ideal performance characteristics include an approximation for
the cyclic heat losses, as they affect power output and fuel economy. To ob-
tain a description of an actual engine that can be compared with variable-com-
pression-ratio tests, the results of dilution of the charge by exhaust left
over from the previous cycle must be allowed for, as must the rounded (rather
than square) corners of the indicator diagram, the effects of volumetric ef-
ficiency, and the mechanical efficiency of the engine. For convenience, the
performance was based upon results reported here.

CHARGE DILUTION AND VOLJMETRIC EFFICIENCY

The actual cylinder charge is a mixture of air, fuel, and exhaust gases
left in the clearance space from the preceding cycle, The amount of re-
sidual gas present is difficult to determine, for it varies greatly with valve
overlap, pressure difference between inlet and exhaust manifold, dynamic ef-
fects of the inlet and exhaust system, etc, To approximate this value for an
engine with well designed manifclds, valves, etc,, we have assumed that scav-
enging of the clearance space is uniform, leaving 25% of the residual gas trap-
ped, The maximum air charge in the cylinder, then, is given by Equation (1),
for a total cylinder volume containing 1 1b of air:

Air charge per cu ft+ = 1.0 -
of total volume

x 0.75 1b (1)

1.0 - 212 1y

where R = compression ratio.

It is recognized that the above equation includes no factor for the vary-
ing boost ratio, which tends to improve scavenging as it increases. However,
as the boost increases, the compression ratio decreases; hence the clearance
volume to be scavenged increases, and the air flow must be greater during
valve overlap to scavenge the agsumed 25% of the clearance. Thus it is hoped
that between these two effects—boost ratio and clearance volume—a good
approximation will be obtained.

The effect of volumetric efficiency is mainly one of pressure reduction
and temperature increase between the atmospheric conditions and the charge
in the cylinder when the engine is operating naturally aspirated. For the
unboosted condition, atmospheric pressure in the cylinder was assumed to be
14,7 psi, and the temperature 100°F, If at BDC these values become 13,7 and
150°F, then without scavenging the maximum volumetric efficiency is

12



1, = Hxloo = 85.5% (2)

welght trapped in cylinder

Now engine tests indicate that 1, increases with boost, to over 100% at
high ratios. We will assume that 7, reaches 98% at a boost ratio of 5:1, and
that it changes linearly with ratio. Thus Figure 5 would represent an approx-
imate plot of n, vs. boost. The relation between 7, and x for this line is

120 —
<
=®»

- X
5110 x/
g X/

S —
£100 — x/
=3 /
§ 90— /
2 )e/
&)L 1 | | | | | 1 ]
1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Boost Ratio x

Figure 5, Volumetric efficiency and boost ratio.

given by

T = 3.25x + 8L.75 (3)

It follows that the new air change in 1b per cycle will be given approx-
imately by

air change = (1.0 - QEZ%) (3.25x + 81.75) 1b/cycle (%)

Equation (4) applies to a cylinder which contains 1 1b of air per cycle when
scavenging is complete.

The results of plotting Equation (3) against boost ratio are also shown
in Figure 5. Note that when the boost ratio is 9:1, 7y, calculated normally,
is 111%. This may seem high, but at such a high ratio the pressure at the
inlet and exhaust manifolds will differ by about 20 psl when normal pressure
drop for turbocharging is used. With valve overlap, good scavenging of the
clearance space is then possible., If the compression ratio is 8:1 for a boost

13



ratio of 9:1, a volumetric efficiency of 115% could be achieved.

From Figure 5, in conjunction with Equation (4) and the boost-compression
relationship of Figures 3 and L4, we have calculated the expected mass air flow
for a cylinder having a total capacity of 1 1b of air per cycle. The results
are shown in Figure 6, for a Ppax ©of 2000 psi, and in Figure 7 for 3000 psi.

= Prmox= 2000 psi
—~ 100}
g \‘\.\)l(
49 E\ Volumetric Efficiency %
2c olumetric Efficienc
22 0 x\x\x '
SE I !
(F8]
S K] oV ——O Vo VS
E{‘é sk Total Air Charge -
© 2
R

| ] ] | ] ] | l
6.0 80 100 120 140 160 180 2.0 220
Compression Ratio

Figure 6. Cyllnaer alr charge, P

nax - 2000 psi.

120 -
Paax= 3000 psi
s |\
(1] X
- f
4% k
&a 9
=3
55 ol
E3 X
Total Air Charge
m —
| ] | ] | ] ] |

6.0 8.0 100 120 140 160 180 2.0 22.0
Compression Ratio

Figure 7. Cylinder air charge, Ppgx = 3000 psi.

These values Wwere calculated as follows:

Example. Let boost ratio be .l.4:1 at a compression ratio of 22:1, cal-
culate the mass of new air inducted per cycle.

1h



From Figure 5 or Equation (3), volumetric efficiency = 86.2 = N, This
is based upon the usual definition for ny and thus refers to the engine dis-
placement volume, not to total volume.

Translated to total cylinder volume, Equation (4) gives

air change

(1.0 - g:%i) (3.25x + 81.75)

(1.0 - 95%2) 86.2 = 0.96L4 x 86.2

83.2%

For a total cylinder volume equal to 1 1b of air per cycle, then, the
volumetric efficiency becomes (83.2 x 22)/21 = 87%, rather then 86.2% as given
by Equation (3).

The correction for clearance volume scavenging is seen to be small in
this case, where the boost ratio is low and the compression ratio high. From
Figure 6 for Ppax = 2000 psi the difference becomes (100.3 - 98.2) = 2.1% when
the boost ratio is 5.55:1 and compression ratio is 8:1, whereas at Ppayx = 3000
psi with 8,17:1 boost and compression of 8:1, the difference between the values
in 5 and 7 becomes (110.5 - 108) = 2,5%

It is now possible to obtain the effective air charge to the cylinder for
all the supercharge ratios used over the range of compression ratios given by
the VCR piston.

The results of these calculations are given on lines 6, 7, and 8 of
Table IV, Line 9 gives a correction factor, necessary because up to this point
the indicator diagram has been assumed to have square corners rather than the
actual rounded ones., The correction factor has been set at 95% for a naturally
aspirated engine, and increases, with the diagram area, up to 99% at high boost
ratios, By this means results predicted for the engine were calculated; they
are given on lines 10, 11, and 12 for Pmax = 2000 psi, and on lines 22, 25, and
2h for Ppgy = 3000 psi, All these figures, as corrected, are diagrammed in
Figures 8 and 9.

PERFORMANCE OF VCR ENGINE

Let us now compare the predicted performance characteristics with the
results of engine tests. These data are given in two different ways:

1. Engine performance was obtained with the piston locked at a series

15
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Figure 8, Corrected performance, P .. = 2000 psi.
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of fixed compression ratios, for various injector adjustments at each position.
The results thus represent the best performance, the average, and the worst,
obtainable for the given combustion shape at each compression ratio.

2. Engine performance was obtained with the VCR piston in operation, so
that the ratio was varied automatically with load; the same fixed-injection
system characteristic was used for all ratios and loads. In other words, the
second set of results is for normal operation of the VCR system.

Figure 10 shows the results of the first series of tests in which com-
pression ratios of 11.7, 1k.1, and 16.1 were used, with the engine set for a
gas pressure of 2000 psi, Each graph consists of three lines, a solid one
and two broken ones, The solid line is drawn through the points obtained by
averaging all the data available for different injection characteristics, etc.;
the lower broken one is drawn through the best specific consumption data, and
the upper one through the worst,

Figure 10 is not exactly comparable with Figure 8, because of variations
in F/A and turbocharger ratio in the VCR engine tests, but the points are
shown in Figure 8. 1In general the F/A ratio is higher than the theoretical
curves because the latter are obtained for complete combustion whereas the
former is naturally affected by some incomplete combustion products. If fol-
lows that for any given turbocharger ratio the IMEP developed will be some-
what less then the calculated values even if the F/A ratio is same.

The next step was the combination of the data on the VCR engine in normal
operation with the data of Figures 8 and 10. The results are shown in Figure
11, together with some material on a smaller engine. On this diagram the per-
formance of the test engine has been plotted at the IMEP of the engine test;
the mean pressure curve of the theoretical calculations was used to locate
the point. This was necessary because the engine-compression ratio was not
known exactly, being a variable affected by many factors. Hence the ratio
scale of Figure 11 is not exactly true except for the ideal case, but it is
considered approximately so. The results shown are thus a first indication
of the effect of an automatically variable compression ratio on ideal engine
performance. Note that Figure 11 gives the average F/A ratio for the test
results; it is considerably higher at 410 IMEP than that obtained in the ideal
calculations, approximately the same at 300 psi, and lower at 200 psi and 140
IMEP; these differences, and their effect upon MEP, account for the change of
slope of the curves.
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Figure 11. Comparison of ideal and engine results.
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VI. DISCUSSION

This report is summarized in Figure 11, a comparison of the performance of
the normally operating VCR engine, the fixed-compression-ratio engine, and the
ideal one., To this diagram have been added Mansfield's results for the Gardner
engine (Ref. 3), converted to IMEP as closely as possible. This engine was oOp-
erated as a fixed-ratio one, with an injection characteristic carefully developed
to suit the combustion chamber. It is seen that the results line up quite well
with those for the assumed fixed-ratio engine, considering that the F/A ratio
is different and that Ppgx = 1,600 psi rather than 2,000 psi.

The ideal data, at a F/A ratio of 0.038, naturally give the lowest SFC.
The ratio between the ideal and fixed-ratio engines has an average of 0.80 when
based upon the mean SFC curve for fixed ratios, and of 0.86 when evaluatéd from
the minimum SFC curve, When the VCR engine curve is examined, this ratic ranges
from about 75%, at F/A = 0.043, to 85%, at F/A = 0.027. Where the VCR engine
F/A ratio is the same as the calculated results, the engine data roughly corre-
spond with those for the fixed-ratio tests. Correction of the engine results
at F/A = 0.043 to F/A = 0.038 gives a SFC of 0.36 1b/IHP/hr, which also gives
substantial agreement with the fixed-ratio results.
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VII. CONCLUSIONS

It can be concluded that:

1. As the compression ratio changes from 22:1 to 12:1, ideal thermal ef-
ficiency for the cycle decreases by about 11%, resulting in an increase of SFC
from 0,258 to 0.292 lb/BHP/hr. In view of the great change in inlet air den-
sity, heat loss from cycle, volumetric efficiency, etc., accompanying this
change of ratio and IMEP from 140 to 400 psi, the change in cycle efficiency
is considered small.

2, The engine data for different fixed ratios shows the same general
trend as the theoretical calculations. An efficiency ratio of about 0.86 is
shown when based upon the performance of the best fixed-ratio engines.

5. The VCR engine results examined had a widely varying F/A ratio over
the range of compression ratios employed, so that direct comparison with the
theoretical data was difficult. However, correcting the VCR data in direct
proportion to the F/A ratio in the high-power range resulted in substantial
agreement with the results for the fixed-ratio engine.

L, In the present engines, it can be concluded, little performance (pos-
sibly lO%) is lost when the injection characteristics are correctly adjusted
to allow for the great change in chamber shape that occurs as the compression
ratio varies.

5. Eliminating the multi-fuel requirement, or even Jjust gasoline start-
ing, would permit a lowering of the maximum compression ratio from 22:1 down
to 17 or 18:1;this would be a considerable improvement in the usable mean
pressure, and smaller changes in SFC. Further, mean effective pressures of
500-600 psi could at least be considered. Probably no increase in peak cyl-
inder pressure would occur in the process.

6. The increased SFC at full load and speed (about 10% because of the
use of the VCR principle) has an extremely small effect upon the overall fuel
consumption per 24 hr when the engine is operating on the present duty cycle
since the VCR engine is more efficient at part load than is the standard one.

7. Increasing the maximum cylinder pressure from 2000 to 3000 psi would
reduce the variation in SFC with compression ratio. It would also make pos-
sible an IMEP of T700-800 psi, if the necessary cooling and injection systems
and turbochargers could be developed.
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