THE UNIVERSITY OF MICHIGAN

COLLEGE OF ENGINEERING
Department of Mechanical Engineering

Technical Report

THE TURBO-SUPERCHARGED SPARK IGNITION ENGINE WITH VARIABLE COMPRESSION RATIO

E. T. Vincent
Kamalakar Rao

ORA Project 05847

under contract with:

U. S. ARMY TANK-AUTOMOTIVE CENTER
PROPULSION SYSTEMS LABORATORY
CONTRACT NO. DA-20-018-AMC-0729-T
WARREN, MICHIGAN

administered through:
OFFICE OF RESEARCH ADMINISTRATION ANN ARBOR

April 1966






TABLE OF CONTENTS

Page
LIST OF FIGURES v
LiST OF TABLES vii
ABSTRACT ix
I. OBJECT 1
IT. INTRODUCTION 2
ITI. METHOD OF CALCULATION >
Method 1 5
Method 2 !
IV. PROCEDURE

Method 1 G
A. ©Standard Engine 10:1 Compression Ratio 12

B. Turbocharged Engine with VCR Pistons and 1.5:1
Boost Ratio, Without Aftercooling 16
V. RESULTS 20
Method 2 3L
Effect of Fuel-Air Ratio L2
Equivalent L-141 Engine Performance Lo
Turbocharger With Aftercooling 53
Comparison With Standard Engine 54
Method 2b 58
Y1, DISCUSSION 66
VII. RECOMMENDATIONS 68
VIII. REFERENCES 69

iii






Figure

10.

llo

12,

150

1k,

15,

LIST OF FIGURES

Specific volume vs. pressure.

Manifold pressure vs. rpm curves,

Naturally aspirated cycle for 10:1 ratio.
Supercharged cycle for boost ratio of 1.5:1.

Specific performance of turbocharged system without
aftercooler.

Specific performance of turbocharged system with after-
cooler.

Specific performance of directly driven charger without
aftercooler,

Specific performance of directly driven charger with
aftercooler,

Compression ratio and maximum pressure without after-
cooling.

Manifold pressure vs. speed data.

Specific performance at full power operation, for
F/A = 0,0782,

Reciprocal of knock-limited manifold pressure vs. com-
pression ratio, for 83-octane fuel.

Knock-limited temperature vs. density relationship
without aftercooling.

Knock-limited temperature vs. density relationship
with aftercooling.

Compression vs. boost ratio obtained with and without
aftercooling.

Page

10
13

16

25

25

27

29

31

32

35

36

57

Ll

b3



LIST OF FIGURES (Concluded)

Figure Page

16. Frictional losses and correction factors for 80.6 cu in.

engine, L8
17, Gross BHP for 80.6 cu in. engine. 50
18. SFC curves for 80.6 cu in. engine at different F/A. 51
19. 8FC curves for 80.6 cu in. engine at different F/A. 52
20, Net performance. (a) BHP. (b) SFC. 55

2l. Fuel flow vs. net BHP for turbocharged engine without
aftercooler, o7

22, End gas temperature vs. density relationship. 58

25, Knock-limited end-gas temperature vs. density for
8%-octane fuel. 59

vi



Table

IT.

III.

IV,

VI.

VII.

VIII.

IX.

XI.

XITL.

XIII.

X1V,

XV,

XVI.

XVII,

XVITII.

LIST OF TABLES

Assumptions Employed

Specific Performance of Turbocharged Engine Without
Aftercooler, for Constant End-Gas Density

Specific Performance of Turbocharged Engine with After-
cooler, for Constant End-Gas Density

Specific Performance of Directly Driven Supercharger Without
Aftercooler, for Constant End-Gas Density

Specific Performance of Directly Driven Supercharger with
Aftercocler, for Constant End-Gas Density

Specific Performance and Manifold Pressure

Throttled Operation of Engine

Knock-Limited Density-Temperature for 83-Octane Fuel
Knock-Limited Density Versus Boost Ratio, Without Aftercooler
Knock-Limited Compression Ratio, Without Aftercooler
Knock-Limited Density Versus Boost Ratio, with Aftercooler
Knock-Limited Compression Ratio, with Aftercooler

Constant End-Gas Density for Part Load Performance

Estimated Engine Performance

Comparison of Standard and Turbocharged Engines on Pavement
in Fourth Gear and on Soft Ground

Knock-Limited Curve for 83-Octane Fuel
Knock-Limited End-Gas Density for Various Boost Ratios

Compression Ratio for End-Gas Temperature-Density Condi-
tion with No Aftercooler

vii

Page

11

20

20

21

21
22
3k
35
39

39

Lo
Lo
L2

Lé

58
61

62

65



LIST OF TABLES (Concluded)

Table Page

XIX. Compression Ratio and Boost Ratio for End-Gas Knock-
Iimited Condition with No Aftercooler 65

viii



ABSTRACT

This report discusses the use of a turbocharger, rather than a throttle,
to vary the power output of a spark-ignition engine using a variable-compres-
sion-ratio piston. Performance data are established for use in comparing the
L-141 engine having 141 cu in. displacement (used in the M-151 vehicle) with
a supercharged version having 80.6 cu in. and developing the same maximum net
power, 61 BHP at 3600 rpm. Systems with and without aftercooling are considered.

Three methods of limiting knock are used. The results show fairly close
agreement; hence they can be considered accurate enough for this preliminary
examination.

The results indicate that fuel consumption at vehicle speeds of 35 mph or
less can be reduced, at the expense of a small increase at higher speeds. As
with all other turbocharged engines, there will be a lag between throttle opera-
tion and the speed-up of the turbine.

The problem of matching the turbocharger and the engine has not been in-
vestigated.
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I. OBJECT

The object of the study reported here was to predict the performance charac-
teristics of a turbocharged spark-ignition engine fitted with a piston having
an automatically variable compression ratio. The power output is varied by
changes in the degree of supercharge rather than by a throttle, so that pumping
losses and engine size are reduced and economy is increased. The results obtained
are applied to the L-141 engine, used in the M-151 vehicle, for comparative
purposes.

The problem was proposed to the writers by Mr. Floyd Lux of the Power
Flant Laboratory at the Army Tank Automotive Command.



IT. INTRCDUCTION

Most spark-ignition engines are controlled by a throttle valve which regu-
lates the mass of mixture to suit the load on the engine. The procedure with
which the present invéstigation is concerned is to vary the air mass flow over
as wide a range as possible by using a variable-speed turbocharger to change
the inlet manifold pressure, resorting to throttle operation only when the
required manifold pressure falls below atmospheric pressure.

The cutput of the spark-ignition engine is limited primarily by the detona-
tion characteristics of the fuel; any degree of supercharging of a normally
designed engine demands that the usable compression ratio be reduced to limit
detonation. It follows that any engine fitted with supercharging must lose
some fuel economy as increased supercharge is applied, but gains in power out-
put; these conditions are well known. As a result of the reduced compression
ratic, light-load fuel performance is also adversely affected. Hence super-
charging of normal engines is resorted to only when power output is the most
important consideration, as with racing engines and aircraft.

The development of the Continental Aviation and Engineering Corporation's
variable-compression-ratio (VCR) piston has created the possibility of modify-
ing the cperation of an engine according to the load of the vehicle. For a
heavy lcad, the needed large power output would be provided by operating the
engine with supercharging and low compression ratio; for light load, fuel
economy would be increased by operating at a compression ratio higher than
normal. Fuel consumption would then depend on the operating schedule. If
the engine had long periods of idling and low-power operation, and only short
pericds cf full-power operation, it would use less fuel than a standard one.

The range of ratios might be roughly as follows:

Compression Ratio

Standard engine Supercharged engine
Idle 7.5:1 15:1
Light lcad 7.5:1 15 to 10:1
Light to medium load 7.5:1 10 to 7.0
Medium to heavy load 7.5:1 7.0 to 4.0

With such a wide operating range, the engine should be adjusted to be at
its optimum point for all loads. This is usually the condition in which the



engine is at the point of detonation at all times.

For strictly comparative purposes, this proposed power plant for the M-151
vehicle should have a maximum output comparable with that of the standard engine,
61 BHP net at 3600 rpm. This output could be secured by using as high a super-
charge ratio and compression ratio as possible without detonation; from these
two ratios the mean effective pressure (MEP) for each cycle can be deter-
mined, and then the engine displacement can be calculated. The displacement
will of course be much less than that of the present engine; therefore losses,
etc., will also be less. Thus the increases in specific fuel consumption (SFC)
resulting from the reduced compression ratio at heavy loads, when supercharg-
ing occurs, will be offset to some extent.

As the load is reduced, a condition will eventually be reached at which
no supercharging is necessary. The engine will then behave as a naturally
aspirated one, but will use a high compression ratio as a result of the VCR
piston. With further reduction in load, a throttle will have to be provided
to reduce menifold pressure still further, and thus air flow. Pumping will
then cause some power loss, but much less thanina conventional engine throttled
over the whole - power range. This reduction in losses due to pumping will also
result in some improvement in light-load operation, by reducing the fuel flow
requirements. At the same time the piston will adjust the compression ratio
at a considerably higher ratio than in the standard engine, and cycle efficiency
will be higher. ‘

The sum of these gains and losses could result in improved engine operat-
ing conditions under the most common Army operating conditions, the loss at
heavy load being more than offset by the gain at light load.

If the scheme fulfills expectations, it will have the following advantages
and disadvantages:

The engine will be smaller and lighter.

The range of operation for a given fuel supply will be greater.

Little maximum vehicle performance will be lost.

Acceleration will be slightly reduced, because of the longer time

required to speed up the charger.

5. The manifolding of inlet and exhaust pipes will be some what com-
plicated.

6. The reduced size and bulk will reduce basic engine costs.

T. The application of the turbocharger will increase the basic cost
slightly.

8f A carburetor to handle the combined manifold conditions will need to
be developed.

9. The material and structure of the exhaust valves might need some im-
provement. :

10. The structure of the engine might need some strengthening if high peak

£ W o -



11.

12.

pressures are encountered. The calculations to be carried out will
determine whether this change is necessary.

Since the maximum output will remain unchanged, the present cooling
system will probably be adequate for such changes in heat rejection
as will occur.

The use of a variable compression ratio, with its accompanying
lubrication problems, etc., will cause some complications.



ITI. METHOD OF CAILCUILATION

The most important part of this problem is to determine a method of pre-
dicting the characteristics of an engine which will approach the conditions
of detonation at all times. Such a prediction will mske it possible to com-
pare the turbocharged engine with the standard one; and, if the turbocharged
engine shows enough promise to warrant further research, the prediction will
provide a bagis for that research.

The problem of detonation is quite complicated, and most methods of
studying it are not generally applicable to all sizes and shapes of engines.
The most favored one is that based on the fuel octane requirements of an
engine; the engine is adjusted to the desired fuel, usually on the basis of
the results of bench and road tests. In the case to be examined it seems
that the engine's performancé must be predicted on the assumption that the
standard 83-octane military fuel, MIL-G-3056A, will be used. Therefore
relative compression ratios must be determined for a series of manifold pres-
sure ratios at each of which it is possible to approach detonation with equal
closeness at all times, by automatic adjustment of the variable-compression-
ratio (VCR) piston. In an actual engine test thig is readily done by advanc-
ing the spark, adjusting the F/A ratio, etc., as appropriate for any given
lcad and speed, since the VCR piston will respond to a near-detonating condi-
tion by adjusting the ratio downward until detonation is suppressed. Without
suct. engine tests the conditions must be determined by calculation; it is here
that more information is needed.

It 1s proposed to follow two broad methods, as follows:

1. Take as the limiting condition the state of the end-gas portion of
charge just before detonation (Ref. 1).

2. Take as the limiting condition the ratio of air density to compres-
gsion temperature (Ref. 2).

METHCD 1

The first method involves the assumption that the combustion of a few
molecules of gas occurs slowly enough that, during normal burning,pressure
is uniform throughout the combustion chamber. As a result, the molecules
combining at any instant, being an extremely small fraction of the total
in the cylinder, burn at almost constant pressure. As they expand, they com-
press the unburned mixture ahead of the flame front, increasing its pressure
and temperature until it reaches the detonation point. Then all the rest of



the mass undergoes instantaneous combustion, or else the flame front passes
through it completely before detonating conditions are reached, giving normal
engine combustion. If detonating conditions are reached before combustion is
complete, the amount of charge that detonates burns at constant volume, since
under detonating conditions the rate of combustion is many times faster than
normal flame propagation and pressure equilibrium throughout the cylinder is
not established. The result is an instantaneous increase in the pressure in
the pocket of charge, which therefore detonates, producing a shock wave which
travels across the chamber and is responsible for knock.

This process can be represented by a specific volume-pressure relation-
ship as shown in Fig. 1,

Psi =73
P, =P,

Pp

[ V]

]

W

o A

Al

Specific Volume

Fig. 1. Specific volume vs. pressure.

where O represents the specific volume of the charge at the beginning of com-
pression, and O-1 represents the compression process reaching the compression
pressure P, at 1, the TDC of the engine. The first few molecules that com-
bine, releasing heat, do so at approximately constant bressure, the specific
volume of the element changing along the line 1-1'. 1In the gradual combus-
tion process, as heat is released and pressure is increased, the unburned

gas is compressed ahead of the flame front. As a result, the unburned mix-
ture continues to undergo the compression process along the line 1-2, reach-
ing the maximum firing pressure Pr at 2; at this point, if combustim is nor-



mal, the last elements of the charge burn along the line 2-2'. But if detona-
tion occurs when the pressure has reached Pp at 3; the whole remaining portion
will ignite so rapidly that its volume will remain constant volume along the
line 3-3', reaching a higher pressure Psz:. Detonation will therefore occur

at some pcint such as 3, depending upon the state of the unburned mixture.

It has been established (Ref. 1) that this process does not violate the
usually accepted principles of thermodynamics, cycle efficiencies, mean pres-
sures, etc.; combustion is considered tc occur at TDC with the piston sta-
tionary, but even this limitation is not a necessary condition.

The problem under consideration can be solved by assuming that a small
amount of charge, say 5%, reaches the state of detonation during the standard
ideal cycle of the engine. Hotteli's Charts can be used, within the range of
their applicability, to determine the effects of various mixture ratios,
chemical equilibrium, etc. If this last 5% 1s brought to the same state, or
subjected to the necessary combination of factors, for each of the various
cycles to be investigated, it should be possible to compare the cycles and
thus determine the detonation point for each.

The calculations herein are based on two assumptions: (a) that detona-
tion always occurs at the same density, and (b) that there is a relationship
between the density of end gas and the temperature at which detonation will
occur (see Ref. 2); calculations based on this assumptioniare considered below
at Method 2b. On the basis of these assumptions, cycles having various super-
charging ratios were studied to determine, for each one, the compression ratio
at which the last 5% of the mixture would detonate. From the results the
IMEP, ISFC, etc., were then obtained.

METHOD 2

In Calculations by the second method the work of Ref. 2 was applied
irectly, by constructing diagrams showing the reciprocal of the knock-
limited manifold air pressure versus compression ratio for 83-octane fuel,
as well as a plot of knock-limited compression density versus calculated com-
pressicn temperature. In this application, Siegel considers that the pres-
sure and temperature at the end of the compression stroke, rather than at the
end of combustion, will define the detonation limits and determine the limit-
ing performance of the engine. Since the actual portion of the charge that
detonates is the last porticn to burn, there is considerable doubt about
whether this theory applies to all engines. Siegel, however, reports results
obtained from his test unit which more than suggest that it does. We have
therefore applied his theory in calculating engine performance, as an alter-
native procedure to show the combined effects of compression temperature and
density of the charge on the limiting compression ratio.



Three slightly different approaches, then, have been employed to deter-
mine the possible operating compression ratio as the degree of supercharging
changes. They are based, respectively, on the following criteria:

1. The last 5% of the end gas has a constant density at the pcint of
detonation.

2. The end-gas density and temperature have a certain relationship.

5. The compression gas density and temperature have a certain relation-
ship.

It is hoped that by this means the actual engine conditions have been
bracketed closely enough to give a reliable picture of the process being
investigated.



IV. PROCEDURE

METHOD 1

The end-gas method of calculation was applied to the L-141 engine in the
following manner. First, the ideal standard engine cycle of the L-1k41 engine
was examined on Hottel's rich mixture charts for compression ratios of 7.5:1
(standard) and 10:1. The latter ratio was predicted as a possible upper limit-
ing condition for the highly supercharged engine, since that engine's displace-
ment will be considerably less than that of the standard L-141. A redesigned
head would be needed to obtain the maximum possible ratio. It is of considerable
importance that the unsupercharged ratio be as high as possible; otherwise in-
tolerable conditions will arise when the engine is supercharged at the reduced
ratios resulting from use of the VCR piston.

When these ideal cycles were known, the pressure, temperature, density,
etc., of the last 5% of the end gas in the cylinder were determined and used
as the factors limiting the compression ratio for a ‘turbocharged engine.

In the second step, the compression ratio that produces the same end-gas
conditions as in the first step was determined for supercharge ratios of 1.5,
2.0, 2.5 and 3.0:1, to be supplied by the turbocharged with and without
aftercooling.

The engine with aftercooler was taken to have an effectiveness E of 70%.
The necessary solutions for the compression ratio were obtained by trial and
error; information from the combustion charts was used in order to include
chemical equilibrium, etc., in the solution.

Where the method of compression gas density-temperature relationship was
used, it was found more convenient to employ the method described in Ref. 2.

In all cases the cycle was analyzed for the output per pound of air supplied
to the engine. The IMEP, thermal efficiency, IHP/1b of air/sec, specific fuel
consumption in 1b/IHP/hr, etc., were obtained. In tests of an actual engine
these results would have to be adjusted for the effects of volumetric efficiency,
frictional losses, pressure losses between atmosphere and engine manifold, etc.

Since the pressure drop between the atmosphere and the manifold, and the
temperature change caused by fuel addition, hot-spot heating, etc., are fairly
stnadardized, the values referring to the inlet air were modified to give the
analysis a closer approach to reality. The losses were estimated as follows:



Air cleaner and carburetor
pressure drop at
full speed (3600 rpm)

2.0 _}_)Si

Air cleaner and carburetor
pressure drop at
800 rpm

0.75 psi

Temperature drop due to

fuel addition -Lo°F

Temperature increase due to
hot spot

+80°F

Calculations using the above values result in a manifold pressure and
temperature of 12.7 psi and 580° abs for an ambient condition of 14,7 psi
and 80°F at full speed when naturally aspirated, and 19.95 and 580° abs at low
speed. At intermediate speeds the manifold pressure for the naturally
aspirated engine was taken as proportional to the speed change; it is repre-
sented by the conditions in Fig. 2.

13.95 L e e Boosgt Ratio 1.0:1

T 112.7 psi
|
|
{
1

O e o o e g

800 3600

Fig. 2. Manifold pressure vs. rpm curves.
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Other importent assumptions about the engine conditions investigated are
given in Table I.

TABLE I

ASSUMPI'IONS EMPLOYED
Maximum Power A/F Ratio = 0.0782
Ambient Pressure and Temperature, 14.7 psia and 540° abs

Supercharger ratio 1:1 1.5:1 2.0:1 2.5:1 3.0:1

Fraction of exhaust gas (f)

in new charge 0.035 0.0%2 0.0% 0.029 0.028
Temperature of exhaust

(°F at TDC) 1600 1650 1700 1750 1800
Inlet manifold pressure at

full load and speed (psi) 12.7 20.1 27.4 34.8 Lo.2
Exhaust manifold pressure

when turbocharged (psi) k.7 17.1 23.3 29.6 35.9

For an engine operating with any form of charger, the temperature of the
air supply to the carburetor was calculated by the following eguation:

T, - Ta[1+nl—c(3—£— 1)1 (1)
where Tp = temperature of air leaving charger ( °abs)
T, = ambient air ( °abs)
Ne = compressor efficiency
R = compressor ratio
k = 1.k

This delivery temperature T_ was then corrected for fuel addition and hot-
spot heating, as already mentioned, and the inlet manifold conditions Pp, T,
obtained.

The next step in the operation of the engine is to mix the new charge with
the f 1b of exhaust gas remaining in the cylinder. During this step the exhaust
gas is first compressed to the pressure of the air inlet manifold, changing its
temperature slightly. Then the inlet charge is mixed with this gas under constant
enthalpy conditions. The cylinder then contains f 1b of exhaust gas, consisting
of f 1b of burnt air and (F/A) f 1b of burnt fuel, plus (1 - f) 1b of fresh air
and (1 - £)F/A 1b of unburnt fuel, giving an overall weight of (1 + F/A) 1b per
cycle at Py and Ty.

11



The final cylinder charge conditions P, and T; were calculated by use of
the energy equation, and from the results state 1 of the cycle was located on
the charts. From this point the whole cycle was determined.

The procedure of calculation can be illustrated by analysis of two examples.
In the first analysis, the density at which the end gas detonates in a standard
engine with a compression ratio of 10:1 will be determined. In the second, the

compression ratio &t which the same end-gas density is achieved in a turbo-
charged engine with a boost ratio of 1.5:1 will be found.

A. Standard Engine 10:1 Compression Ratio
Assumptions

Ambient air 14,7 psia and 80°F

Exhaust dilutant f = 0.035

Exhaust temperature T,° = 2060° abs

Menifold pressure Py, = 1.5 x k.7 - 2.0
= 20.1 psia

Menifold temperature T, = 540 - 40 + 80

580° abs

H

Assume that P, and P, the pressure at the end of the exhaust stroke in
the naturally aspirated engine, are equal. Then

Enthalpy of mixture = Enthalpy of + Enthalpy of
new charge exhaust gases

T +(1L+F/AfC T
w t (L F/arCe T

(1L + F/A) Cp Tu= (1 + F/a)(L - fey,

e

T

C. Ty = (1 - f)Cmem + T Cpe Te

By

Using gas tables for the values of the specific heats at the various temperatures
gives

(1 - 0.0%35) x 0.242 x 580 + 0.035x 0.295 x 2060
0.247

628°R

Thus the starting point of the cycle is Py = 12.7 and Ty = 628°R. The cycle
is shown in Fig. 3. The chart for F/A = 0.782 gives the following values for
points 1-5:



\

Fig. 3. Naturally aspirated cycle for 10:1 ratio.

Point 1

Py =12.7, Ty =628, V; = 18.5, Ey = 23, S; = 0.1125

where V; = volume in cu ft of (1 + 0.0782) 1b of mixture
E; = Internal energy of mixture (Btu)
S1 = Entropy of mixture

Point 2
S2 = 0.1125, Vo = V;/CR = 18.5/10 = 1.85

P> = 280, Tp = 1315°, Ex = 178

1507 (1 - £) + 300 f

i

Energy of Combustion E.

= 1465 Btu
Point 3
Eg = Eo + E, = 1643 Btu V3 = vo = 1.85
Ps = 1180, s3 = 0.525, Tz = 5110° abs

13



Point L

Va

18.5, 84 = 0.525

P, = 66.0, E, = 925, T, = 2920
net work = (Eg - E;) - (Es - Ey)

718 - 155
563 Btu

net work/heat added
563/1465 = 38.4%

cycle efficiency

Il

"

IMEP = work done/change of volume
= 563 x 778/(18.5 - 1.85) x 1kk psi
= 182.6 psi
Horsepower = work x 778/550 (1 - f)/lb of air charge/sec
= 563 x 778/550 x 0.965
= 826 hp/lb air/sec
Fuel flow = 0,782 x 360

28z 1b/hr

SFC = 282/826 = 0.3L41 1b/IHP/hr

The above values represent ideal performance for a given manifold pressure
and temperature. A well developed actual engine operating under these conditions
would develop an IMEP of about 165 gross mean pressure, indicating a relative
cycle efficiency of about 0.90 and & BMEP of 135 psi at 81.5% mechanical ef-
ficiency. This compares with 109 psi for the L-141, indicating a meximum
volumetric efficiency of about 80%; however, when heat losses are also included
a value of 70% seems closer to the mark. Conversion can be made in this manner
for actual output BHP, etc., when desired.

In this analysis it is proposed to employ the ideal cycle analysis since
relative results will make it possible to evaluate the basic principle being
examined.,

It is now necessary to establish the state of the 5% of end gas which is
to be considered at the detonating point. In Ref. 1, it is established that
the pressure rise due to combustion at any instant, P - Po, is proportional
to the amount of charge burnt. It follows that Pp, the detonating point of
the 5% (see Fig. 1), is given by

1k



P2 + 0.95 (P53 - Py)

as)
(w)
|

280 + 0.95 (1180 - 280)

1135 psia

The 5% of unburnt charge then, has been compressed from pressure P; to Pp,
isentropically in the ideal case. This operation cannot be read off the mixture
chart, because the range of the chart is too small. Hence the desired value
was found by obtaining from the gas tables the average values of k for the process,
and using them in the following equations:

k h
PVy = Pp Vp (2)

Ty = T1 (Pp/Py) (k-1)/k (3)

The results obtained when k - 1,324 satisfied the temperature range from
T, = 630 to Ty = 1895; solving then showed that v, is

Vp = 0.623 cu ft
When the density at detonation is considered constant, then,
p = P/RT = constant

Therefore,

constant

[}

Pn/Tp

and

1135 x 1hbk
Pp/Tp = -——%ggg“—— = 86.2

Thus the density at detonation must be held as close as possible to 86.2
at all times for all the other cycles having varying degrees of supercharge.

15



B. Turbocharged Engine with VCR Pistons and 1.5:1 Boost Ratio, without Aftercooling
Assumptions
Ambient Air 14.7 psia and 80°F

Exhaust dilutent £ = 0.032
Exhaust temperature To° = 1650°F

= 2110°R
Menifold pressure = 1.5 x 14.7 - 2.0
= 20.1 psia
Temperature after compressor = T,

[}

T, {1+ ﬁ% [R (k-1/k) - 1])

T, = Ambient air = 540° abs
Ne = Compressor efficiency = 0.70
P = Pressure ratio = 1.5:1
Tp = 540 {1 + 1/0.70 (1.5 .286 - 1))
= 635°R
Menifold temperature T = Tp - 4o + 80
= 675°R

With supercharging at 20.1 psia and exhaust manifold at 17.1 psia (see
Table I), the indicator diagram is as shown in Fig. L4, where it is seen that

3
2

N
7___ ‘o 1
é P,

Fig. 4. Supercharged cycle for boost ratio of 1.5:1.

16



the exhaust dilutant 1s compressed from Pg to P, increasing its temperature
and pressure by the addition of work. The mixture temperature is then given
by

Cp, Ta = (1 -f)Cp, T+ % [Cp.T, - cve(T.e7 - Tea)] (L)
k-1/k
Te, = Te, X (Pm/Pe) (k = 1.35 for Tg = 2110)
= 2110 x 1.0L43
= 220°R

From the gas tables, COp, = 0.242, Cp, = 0.312, Cp_ = 0.25 and Cy_ = 0.245.
. . . 1 e
Substituting in Eq. (2) gives

Temperature of charge T, = T16°R
Point 1
P, = 20.1, T, = 716°, V; = 13.5, E; = 39.0, S, = 0.11
Foint 2
Since the compression ratic that will produce PD/TD = 86.2 is unknown,

the only known fact about point 2 is that the heat of combustion released
at this pcint is given by

=
1]

1507(1 - f) + 300f

1468 Btu

A trial-and-error solution is resorted to, a compression ratioc is assumed,
and the calculaticns are completed to obtain PD/TD. The compression is then
charged until PD/TD = 86.2, as nearly as possible.

When a ratio of 7.1l:1 was employed, the following data were cbtained:

17



13, )
Vo = ES10] = 1.9 cu ft, Ps

71 = 270 psi
To = 1300°R, Ez = 174, S5 = 0.11
Point 3
Vg = Vg =1.9, Eg =17k + 1468 = 1642, P53 = 1160 psi, Ty = 5120°R
Point 4
vV, = 13.5, S, = S5, Py = 100 psia, T, = 3220°R, E, = 1013
Pp =Pz + 0.95 (P53 - P2)
= 0.95 P3 - C.05 Ps
_ 111k psi
0.2L
Ty, = T1 (Pp/F1) = 1880
= Pp/Tp = 85.5, close to the desired 86.2.
Work done = (Eg - Ey) - (B2 - Ey) + (Pm - Pe)(Vy - Vo) x 1k

778

3.0l x 11.6 x 1hbL

I

(1642 - 101%) - (17h - 39) +

778
= 500.4 Btu

Thermal efficiency = 590'4 = 35.3%

1468
TMEP - 5C0.4 x 778 = 2%5 psi

(13.5 - 1.9) x 1Lk

500.21L x 778 ~ ./
h = 2228 X (I8 = 73] hp/lb airy

P 550 x 0.968 T3 p/ air/sec

Fuel flow = 282 1b/hr
SFC - 282 . 0,386 1b/1HP/ur

T34

It is true that the value of PD/ID is not exactly the desired value, but
it was impossible to read the charts accurately enough to obtain exact equality.
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The actual difference in ratio between 85.5 and 86.2 is small and will of
course be meaned out by plotting the results obtained in the subsequent
diagrams.

By proceeding in the above manner for the variocus supercharging ratios
a series of results was obtained for the constant density relationship.

In the case in which aftercooling was employed, it was assumed that a heat
exchanger with an effectiveness of 0.7 was employed. That heat exchanger is
defined by

Tp - Ty

Exchanger effectiveness ¢ = TE*jﬁfa

where Ta = temperature after exchanger and before carburetor

TO - ambient air temperature

. T

i}

g = Tp - 0.7 (TT - TO)

0.3 Tp + T,

With the fuel addition and hot spot effects, Ta changes as already de-
fined and the manifold temperature becomes

=
It

Ta—40+80

]

Ta + 40O
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V. RESULTS

The data obtained when the value of PD/TD was held approximately constant
are shown in Tables II-V for the various cases indicated by the table headings.

TABLE II

SPECIFIC PERFORMANCE OF TURBOCHARGED ENGINE WITHOUT AFTERCOOLER,
FOR CONSTANT END-GAS DENSITY

(A/F = 0.0782; Ty = 540°R; Py = 14.7)

Boost Ratio L:1 1.5:1 2.0:1 2.5:1 3.0:1
Work (Btu/cycle) 5%63.0 500. 4 452 440 L7
Thermal efficiency (%) 38.k4 35.3 30.8 29.9 28.3
IMEP (psi) 182.6 235 267 300 335
IHP/1b air/sec 826 731 660 641 607
SFC 1b/IHP/hr 0.3k41 0.386 0. k1l 0.4k 0.465
Compression ratio 10:1 7.1:1 6.0:1 5.5:1 4.8:1
Py/Tp 86.2 85.5 85.9 86.3 86.6
Py 12.7 20.1 7.4 3L, ho.2
Tn 628 675 748 812 877

TABLE IIT

SPECIFIC PERFORMANCE OF TURBOCHARGED ENGINE WITH AFTERCOOLER,
FOR CONSTANT END-GAS DENSITY

(A/F = 0.0782; Py = 1L.7; Tg = 540°R; € = 0.70)

Boost Ratio 1.0:1 1.5:1 2.0:1 2.5:1 3.0:1
Work (Btu/cycle) 563.0 Lé7 L.L 367 o7k
Thermal efficiency (%) 38.4 31.8 28.1 2k.9 18.6
IMEP (psi) 182.6 251 307 352 3h7
IHP/1b air/sec 826 683 603 535 399
SFC 1b/IHP/hr 0.341 0.413  0.467 0.528 0.707
Compression ratio 10:1 6.1:1 4.3 3.6 3.0
Pp/Tp 86.2 86.2 86.0 87.0 87.0
Pp 12.7 20.1 7.4 34.8 ho.2
T 628 608 630 649 666
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TABLE IV

SPECIFIC PERFORMANCE OF DIRECTLY DRIVEN SUPERCHARGER WITHOUT
AFTERCOOLER, FOR CONSTANT END-GAS DENSITY

(F/A = 0.0782; Py = 14.7; T = 540°R; n, = 0.70; € = 0.70)

Boost Ratio 1.0:1 1.5:1 2.0:1 2.5:1 3.0:1
Work (Btu/cycle) 563 483.0 Lo6.7 k16 375
Thermal efficiency (%) 38,4 32.9 29.0 28.3 25.5
IMEP (psi) 182.6 205 2502 o8l 302
IHP/1b air/sec 826 705 622 607 546
SFC 1b/IHP/hr 0.341 0.40 0.453 0.465 0.516
Compression ratio 10:1 7.1:1 6.0:1 5.5:1 4L.8:1
Pp/Ty 86.2 85.5 85.9 86.3 86.6
P 12.7 20.1 27.4 34.8 k2.2
T 628 675 748 812 877

TABLE V

SPECIFIC PERFORMANCE OF DIRECTLY DRIVEN SUPERCHARGER
WITH AFTERCOOLER, FOR CONSTANT END-GAS DENSITY

(F/A = 0.0782; Pg = 1h.7; Tg = 540°R; 1, = 0.70; € = 0.70)

Boost Ratio 1.0:1 1.5:1 2.0:1 2.5:1 3.0:1
Work (Btu/cycle) 563 LL8 385 328 225
Thermal efficiency (%) 38.4 30.5 26.1 22.3 15.3
IMEP (psi) 182.6 241 286 315 285
IHP/1b air/sec 826 655 561 Y77 328
SFC 1b/IHP/hr 0.3h41 0.431 0.502 0.591 0.851
Compression ratio 10:1 6.1:1 L.3:1 3.6:1 3.0
Pp/Tp 86.2 86.2 86.0 87.0 87.0
P, 12.7 20.1 o7. 4 34.8 Lo.2
T 628 608 630 649 666

When a direct-drive charger was used, the necessary adjustments 