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THERMAL LOADING AND WALL TEMPERATURES AS FUNCTIONS OF PERFORMANCE

OF TURBOCHARGED COMPRESSION IGNITION ENGINES

INTRODUCTION
The first approach to turbocharging dates back to the early 1900
and some practical applications occurred at that early date. The demand
for high duty engines of the compression ignition type has increased enor-
mously since the end of World War II to such an extent that most engine
manufacturers now offer models equipped for tubo-charging. This develop-
ment has resulted due to the following factors:
1. The demand for higher power outputs at maximum-fuel economy.
2. The availability of improved heat resisting alloys and
technology which has resulted in exhaust gas turbine
chargers having the desired degree of reliability and
life for the service conditions to be encountered.
3. Improved engine materials, bearings and oils to carry the
extra loads, temperatures etc.
The factors which limit the output of the oil engine are many
and varied. A partial list would appear as follows:
1. Cycle of operations
2. Combustion system (open chamber, pre-combustion chamber, etc.)
5. Bearing capacities
L, Stress levels
5. Heat disposal

6. Breathing capacity
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7. Durability

8. Reliability

It is believed that the most important factors as regards output
are three in number viz:

- a. Mechanical stressing of parts and bearings

b. Oxygen content of cylinder

c. Internal temperature of working surfaces.

If the above three items are controlled in a satisfactory manner
little doubt exists that a successful engine can be built around these items.
Little need be said regarding item (a) it is well understood, much work has
been published regarding it.

Item (b) the oxygen content of the cylinder determines the amount
of fuel that can be burnt per cycle and thus the power output or indicated
mean effective pressure. It is here that the reason for turbo-charging is
found -- it is a means of increasing the oxygen of the cylinder at little or
no expense in burning some of this oxygen to supply the additional charge of
oxygen; the energy for supercharging is obtained from the exhaust gases, not
from the power output of the cylinders and thus the oxygen supply as in the
case with mechanically driven superchargers. This observation is true pro-
vided that the application of the turbine in the exhaust stream does not
impose power drop of any magnitude on the engine output.

The application of supercharging of itself does not assure increased
performance, the combustion process can change for the worse when, little im-
provement in output or economy is to be expected. Under such conditions,

resulting from poor combustion, the combustion extends late into the expansion
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stroke producing mainly an increased temperature of the parts and heat loss
to the jackets with failure of the lubricating oil film and piston seizure
to be expected.

If turbo-charging is applied correctly resulting in improved
specific fuel consumption the cylinder pressures and gas density increase,
as can also the maximum gas temperature. All these factors also lead to
increased heat transmission to the jacket, despite a reduction of the per-
centage heat loss to the coolant. It follows that the internal surface
temperature of the cylinder must also increase, reducing the margin of
safety provided by the oil film. It follows that the designer should have
means available for the calculation of heat flow problems as well as those
for pressure, power output etc.

As a result of a cycle analysis investigation carried out during
World War II a method was dveloped whereby the effect of heat transfer on
specific fuel consumption and power output could be calculated in a very
satisfactory manner for both spark and compression ignition engines(l).

As a further advance in the heat flow problem the authors loocked into the
possibilities of solving the problem of the actual surface temperature of
the engine cylinder in the hope of supplying means of determining this
important missing limitation on modern engine output which is not covered
at present. Then with the combination of modern stress calculation and
measurement accurate cycle pressure and temperature estimation plus working

surface temperatures it would be possible to predict all of the major para-

meters for any proposed engine design.
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It is too optimistic to conclude that this present attempt is the
final answer to the problem, however, it presents a method by which the inter-
nal surface temperatures of cylinder walls can be predicted from a knowledge
of the cycle pressure and temperatures when such is available, or by the use
of Reference 1, together with the present method it would be possible to
examine with some degree of accuracy the stresses, power possibilities and
heat limitations of any proposed engine type operating on any type of cycle.

The results presented here show reasonable agreement between the
calculated and measured mean surface temperature over a wide range of opera-
tion, so much so, that it is believed possible to predict limiting power
output due to heat flow if a maximum wall temperature is known or assumed;
at least for the type of engine tested.

The material to be presented is divided under three headings as

follows:

1. Iheory
a. Theory of heat transfer in an engine cylinder
b. Theory for the calculation of combustion chamber wall
temperature.

2. Experimental Data

a. Cylinder pressure recording

b. Instantaneocus wall temperature recording
c. Heat transfer to coolant

d. Experimental procedure and test results

5. Analysis of Experimental Results

&. Heat transfer

b. Calculation of wall temperature



¢, Calculation of total thermal load on engine

d. Effects of after cooling

Theory of Heat Transfer in an Engine Cylinder

The heat transfer to the coolant in an engine occurs in three
steps:

1. Heat transfer between the gases and the walls.

2. Heat transfer through the walls.

5. Heat transfer from the walls to the cooling medium.

In the following paragraphs the process of heat transfer in each

of these steps will be discussed separately.

Heat Transfer Between the Gases and the Walls

The rate of heat transfer between a gas and a surrounding surface
is, in general, a function of the surface area, the temperature difference
between the gas and the surface, and a coefficient of heat transfer. For
any internal combustion engine, these factors change from instant-to- instant
throughout the cycle.

The surface exposed to the gases in the cylinder varies from a
minimum at top dead center to a maximum at bottom dead center. When the
pisteon is at the top dead center, the surface exposed to the gases consists
of that of the combustion chamber plus the piston top. As the piston moves
toward the bottom dead center, the cylinder bore is exposed to the gases.
The surface area variation follows a curve similar to that of Figure 1.

The area during the intake and exhaust strokes includes those portions

of the intake and exhaust manifolds enclosed in the cylinder head casting



since these manifold walls transfer heat between the gases and the cooling
water during the corresponding strokes.

The temperature of the gases in the cylinder varies widely during
the different strokes. At the beginning of the intake stroke, the temperature
is that of the clearance gases, but falls rapidly as the fresh air is brought
in. It rises during the compression stroke, reaches its maximum at the end
of the combustion process, then decreases with expansion and drops rapidly
after the exhaust valve opens. There is a small drop in temperature during
the exhaust stroke.

It follows that the temperature of the inside surface of the
cylinder wall will also fluctuate during the cycle, following the variation
of the gas temperature. The wall temperature reaching its maximum at the
end of the combustion process, then drops continually during the exhaust
and intake strokes, and reaches its minimum during the early part of the
compression stroke. Figure 2 shows a picture of the wall temperature
variations for the whole cycle of the engine during one of the runms.

The change in the coefficient of heat transfer, during the cycle,
follows the variations in the gas temperature and pressure. At any instant
of the cycle this coefficient is a function of the instantaneous pressure

and temperature of the gas. This function was given by G. Eichelberg as,

o = 2.1 As ApT K. cal,
€ g hr. me. 6.
where ag = Instantaneous coefficient of heat transfer
S = Mean piston speed in m/sec
P = Pressure in atmospheres

Tg = Gas temperature in degs. Kelvin



Converting this equation into B. T. Us. and ft-1b units the

following is obtained

_ 3 B, T. U,
g = 0.0564 Vs AP Ty RTINS (1)
where S = Mean piston speed in ft per sec
P = Pressure in 1bs per sq inch

Tg = Degree Rankine

It follows that the equation for the heat transfer to a wall

becomes t
Q = f Qphg (Tg - Tyg)dt (2)
o]
where Ag = Area of wall on gas side
ng = Temperature of wall on gas side

This equation appliegs to that portion of the combustion chamber
wall continually exposed to the heat from the gases. At the same time heat
transfer is occurring to some part of the cylinder wall uncovered by the
piston. If it is assumed that ng; of Equation (2) can be considered con-
stant (its variation as compared with that of the gas temperature is neglig-
able as can be seen by inspection of the test results) then the overall

heat transfer can be represented by

Q@ = A; cn. Qm(Tmoeo - ng) (3)

where Ac ch = Total area of combustion chamber walls (including piston
) crown)

Op = Mean coefficient of heat transfer from gas to wall over
the whole cycle,

Ty e.= Gas mean effective temperature over the whole cycle.

) (ozg Ts)m

QO
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Heat Transfer Through the Walls.

The heat reaching the walls of the cylinder passes by conduction

through the wall by the following equation:

Q = Ay %? (ng - Tye) ()

]

where Ap Mean area of wall

ky; = Thermal conductivity of metal of wall
X = Thickness of wall

Tyc = Wall temperature on coolant side

For the reasons given above Tyg and Ty, can both be considered

constant.

Heat Transfer to Coolant

Heat transfer through the wall is followed by transfer to the

coolant which is mainly considered as convective when

Q@ = ok, (T - T ) (5)
where A, = Area of wall on coolant side
e = Coefficient of heat transfer from wall to cooling water
T, = Cooling water temperature

c

The value of (@, will be some function of the rate of flow of
the cooling medium, its physical properties, and the actual mechanism of
cooling. It was assumed that for a water cooled engine . can be calcu-

lated by using Nusselt's equation

2 o @



where D = Constant for a given engine

k = Thermal conductivity of water

V = Velocity of flow

p = Density

i = Dynamic viscosity

¢ = OSpecific heat

On the basis that (Vp) is proportional to the rate of flow of

the coolant and that k is a constant at the given temperature maintained

by the thermostat, then Nusselt's equation becomes

oo = o) (E) (7)

The values of the exponents m and n were given by B. Pinkel(z)
as m = 0.6 and n = 0.4 while the constant C; is to be determined for each
engine.

The heat flow to the wall from the gas, through the wall and to
the coolant is of constant magnitude. It follows that by equating and re-

arranging Equations (3), (4) and (5) Equation (8) is obtained

Combustion Chamber Wall Temperature

Examination of Equation (8) shows that if an imaginary thickness
k
<?ﬁ>, be placed on the gas side of the combustion chamber wall and another
A
one of thickness <§H> (??) on the colling side with the conductivity of
C c

these imaginary walls equal to that of the chamber wall, then a straight
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line between the mean effective temperature of the gas and cooling water
temperature, will intensect the wall at a temperature equal to that of

the wall as shown in Figure 3. The equation for this temperature is
%
Z
=) i)
+ =2 e+
oM oM

Z
z = £x + £ . EK

Am AC C‘C

While the thermal loed on the cylinder walls is given by the amount of

Twogo = TM.E. <
Z

where

heat transfer to the wall per unit time. viz:

e = AU (Ty g, - T)

where Ay = The mean effective area of heat transfer
U = The overall coefficient of heat transfer between the gases and
the cooling medium. U can be calculated from the following
equation:
1 _ 1,4 X2 A 1 (10)

Y O Ap Ky A, Qo

Similar equations were set up for the piston heat flow and

temperature.

Experimental Apparatus

A single cylinder, 4-stroke cycle, liquid-cooled Nordberg Diesel
engine was used in the experimental work. The cylinder had a bore of four
and a half inches, a stroke of five and & quarter inches and a compression
ratio of 14.5. The general test setup is shown in Figures 4 and 5.

The air intake system is shown schematically in Figure 6. Air

under pressure entered the system through a filter to eliminate entrained
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solids and then passed through an automatic pressure regulating valve before
entering the flow meter. This consisted of an A.S.M.E. sharp edged orifice

in a flange mounting. Air leaving the flow meter passed through an electric
heater to be raised to the required temperature. The heater had a capacity

of 3000 watts, with three coils connected in parallel through a switch which
allowed reduced power outputs of 1500 or 750 watts. A copper-wool chamber

and a surge tank were placed between the heater and the engine intake manifold,
to reduce pulsation to a minimum. The surge tank had a capacity of 40.5 times
the engine swept volume.

On the exhaust side of the engine a surge tank was connected between
the engine and the main conduit. The discharge pipe from the surge tank had
a 2-inch gate valve to throttle the exhaust gas flow thus building the required
back pressure.

The cooling water system was of the closed type, equipped with a
heat exchanger. It consisted of a pump driven by the engine, the heat ex-
chgnger, an automatic thermostatic gontrol with a manual temperature control
and a water flow meter. The manual control was set to keep the water
temperature at about 160°F as it entered the engine.

The fuel weighing system measured the time required for the engine
to consume definite weights of fuel. The system, consisted of a scale which
was equipped with a mercoid contactor. This operated electrical circuits
which started and stopped an elapsed-time electric clock, and a revolution
counter. The scale, clock and counter measured the time required for the
engine to consume a predetermined weight of fuel, and the number of revolu-

tions of the crankshaft during the same period of time.
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A D.C. electric dynamometer of the cradle type was used to start

the engine and absorb the power developed and measure the brake output.



THE GAS PRESSURE INDICATOR

This consisted of a pressure pick-up unit and a crank-degree
merking unit. The pick~up unit was of the two catenary shaped diaphragm
type. Its function was to convert the cylinder pressure variations into
corresponding voltage variations which were amplified and fed to a channel
of a dual beam oscilloscope.

The degree marks were produced by a steel disc 20 inches diameter,
1/8" thick, mounted on the engine flywheel. The rim of the disc was slotted
at three degrees intervals, with deeper slots at 45 degrees intervals. A
magnetic pick-up was mounted on the flywheel casing, with its pole close to
the rim. The current generated by the rotation of the disc was applied to
the other channel of the dual-beam oscilloscope used for the pressure measure-
ments. The corresponding figure obtained on the screen consisted of a serrated
line across the horizontal diameter of the screen. Every three and forty-five
degrees were thereby marked, and one of the deep forty-five degree slots in
the disc was alligned at the top dead-center, then the crank angle positions
along the indicator diagrma were directly determined. The traces of the gas
pressure and crank angles were photographed simultaneously by a polaroid

camera.

Combustion Chamber Thermocouple

To measure the rapid temperature changes of the combustion chamber
inside-surface, a special Nickel-Steel thermocouple, manufactured by the
"Detroit Controls Corporation"”, was used. As shown in Figure 7, it consists

of & "Tyni-couple" basic unit, "Tyni-couple"” mount, receptacle plug, and

-13-
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coaxial cable. The basic unit was mounted with its tip flush with the inside
surface of the combustion chamber. The thermocouple junction was at a distance
of 0.00025 inch from the tip. Figure 8 shows the details of the thermocouple
as it is mounted in the combustion chamber. The position of the thermocouple
was chosen in a part of the wall where the above mentioned heat transfer
anelysis and the resultant equations could be applied.

Shielded copper wires were used to carry the signal to a bridge-
amplifier, and a cathode ray oscilloscope. The layout of the temperature
recording system being used in the tests is shown in Figure 9. The oscillo-
scope trace together with the crank angles were photographed simultaneously
with a polaroid carera. The reference junction of the thermocouple circuit
was at the ambient temperature, which was measured for each test. A sample
of the puctures taken for the change in the wall temperature is shown at the
top of Figure 2. The lower trace in the same figure is the crank-angle merks.

The theoretical response time, as given by the manufacturer, (Time
to reach 62.3% of the imposed surface step change) = 4.5 microseconds., This
time is quite short as it is equal to the time required for the crank-shaft

to rotate 0.034 of a crank angle at an engine speed of 1200 R.P.M.

Experimental Procedure and Results

The tests covered fuel-air ratios from 0.0134 to 0.055, air mani-
fold pressures up to 45" mercury, air manifold temperatures up to 204° F
and engine speeds from 560 to 1770 revolutions per minute. The experiments
included two series of tests, each of them with one variable changed at a
time. The first series of runs was at variable manifold pressure; the mani-

fold temperature and engine speed were kept constant. The second series of
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tests was at variable manifold temperatures at another engine speed.

Since the engine was designed to run under natural aspiration
conditions, to avold troubles due to overloading by supercharging, the
following limits were observed. The exhaust temperature not to exceed
1000°F and the gas peak pressure in the cylinder not to exceed 1200 psia.
The engine at the end of the tests was in a satisfactory condition, with-
out any sign of failure in any of its parts.

For each test the data necessary for the calculation of the brake
output, fuel consumption, air consumption, cooling water losses, wall tem-
peratures at the different points in the engine, and the gas pressure inside
the cylinder were taken. Pictures for the following traces were also taken:

a) Gas pressure and crank angles for the whole cycle, a sample

is shown in Figure 10a.

b) Gas pressure and crank angles for the compression and ex-

pansion strokes, Figure 10b.

c) Combustion chamber wall temperature and crank angles for

the whole cycle, Figure 2a,
d) Combustion chamber wall temperature and crank angles for
the combustion period only, Figure 2b.
Some of the interesting experimental results is shown in form of graphs in
the figures included in this article. The following is some of the conclu-
sions reached from the experimental results:

1. The measured instantaneous change in the temperature of the

inside surface of the wall of the combustion chamber is very

small compared to the change in the temperature of the gas.
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For the picture shown in Figure 2, this change is 49°F while
the change in the gas temperature is 2167°F.

The indicated power output of the engine at a constant fuel-
air ratio changes in direct proportion with the intake air
pressure and inversely with its absolute temperature. When
the results shown in Figure 11 were reduced to the same pres-
sure and temperature they resulted in one curve shown in
Figure 12.

The heat losses change in direct proportion to the indicated
mean effective pressure at constant engine speed and intake
air temperature. Figure 13 shows the heat losses measured
for runs at variable manifold pressures but at constant

engine speed and manifold temperature.

At constant indicated mean effective pressure and engine speed,

the heat losses change in direct proportion to the intake air
temperature.

The colling losses change in proportion to the cube root of
the mean piston speed, with the other conditions kept constant.
Figure 14 is for runs at 1200 RPM and 36" mercury with air
temperatures ranging from 80°F to 200°F. These curves and
other results were reduced to an engine speed of 800 RPM and
air temperature of 80°F, and plotted in Figure 15. The curve
in the same figure is for another series of tests at the same

reduced conditiions, it is the curve of Figure 14.



HEAT-TRANSFER ANALYSIS OF THE EXPERIMENTAL RESULTS

The purpose of this analysis is to calculate the combustion-
chamber-wall inside-surface temperature and the thermal load on the cylinder
walls, and to check the calculated values with those measured. Equations
(.9) and (lQ) will be used for the calculations after finding a relation be-
tween, both the mean effective gas temperature and the mean coefficient of
heat transfer, and the running conditions of the engine, The running con-
ditions include the manifold temperature, the manifold pressure, the mean
piston speed and the indicated mean effective pressure.

The mean effective gas temperature (TM.E.)’ and the gas mean co-
efficient of heat transfer (oyy) were calculated for each run. For the
calculations, the temperature along the cycle was evaluated from the measured
gas pressure and the measured air and fuel consumption. This enabled the
coefficient of heat transfer (qg), to be calculated from Equation (1), for
the whole cycle as shown in Figure 16. The mean value of ag was then calcu-
lated from the same figure by integration. The mean effective gas temperature
could then be calculated by integration of the ang curve over the whole
cycle and Equation (4) see Figure 17.

The mean coefficient of heat transfer and the mean effective gas
temperature were then correlated to the mean piston speed, the manifold

pressure and temperature. The best correlation of the results was found

to give the following relation,

. ) T [14.71 + 0.235 (I.M.E.P.)] (1
M.E. 5me - T, [ 0.48 +0.00157(I.M.E.P.)] L)
oy = s A, T, [0.48 + 0.00157 (I.M.E.P.)] (12)

-17-
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The constant "C", of Equation (7) for the coefficient of heat tnansfer from

the walls to the cooling water was found experimentally to be equal to 3.15.

Calculation of the Combustion Chamber Wall Temperature

This temperature could be calculated for each run from the above
equations and the values for the air manifold pressure, air manifold temper-
ature, engine speed, indicated mean effective pressure, rate of flow of
cooling water, temperature of cooling water and other constants for the
engine. The mean effective gas temperature, calculated from Equation (11),
and the mean coefficient of heat transfer, calculated from Equation (12),
were substituted in Equation (9) to get the wall temperature.

When the calculated values of the wall temperature (Tw.g') were
compared with the Values measured by the thermocouple, they were found to
be in good agreement. The maximum error was 12.7% with an average of about
A%. Some of this deviation of the measured temperature from that calculated
was thought to be due to the following experimental errors:

a) The wall-temperature and the cooling water temperature were not
measured simultaneously and a change in the water temperature
might have taken place between the two readings. The change
in the water temperature could not be held less than + 5°F
during the run, a result of the thermostatic control being
not very sensitive.

b) The indicated mean effective pressure used to calculate the
wall temperature was evaluated by adding the friction load
measured at the end of the day's tests to the load for the

run. The friction load, being a function of the lubricating
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0il temperature, was not exactly constant for all the runs
of the day, with the result that small errors exist in the
indicated mean effective pressure.

c) The average cooling water temperature, used in the calculations,
would be lower than the water temperature near the combustion
chamber wall, resulting in the majority of the calculated wall
temperatures being lower than those measured by the thermo-

couple.

Calculation of the Thermal Load on the Engine

The thermal load’on the cylinder walls was also calculated, and
compared with the measured heat losses. As was to be expected, the calculated
thermal loads were in general lower than the measured cooling water heat losses.
Attention is called to the fact that thethermal load as defined in this paper
is not the same as the heat rejected to the coolant, since the latter includes
the friction heat. The following equation gives the relation between these
heat flows:

Thermal load + Friction heat = cooling water + Heat lost from engine
losses outside surface-

Again it is pointed out that the friction heat to be accounted for is not
equal to the motoring work. In these investigations the friction heat was
calculated by extrapolating the cooling losses curve to zero indicated mean
effective pressure as shown in Figure 15. This amounted to 3750 BTU/Hr,,
while the motoring work for the same series of runs was in the range of

6500 BTU/hr.
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The difference between the cooling water losses and the thermal
load as indicated from the above gquation equals the difference between the
friction heat and heat lost from the external surfaces of the engine. From
Figure 18 this difference amounts to 1250 BTU/Hre, from which the heat lost
from the engine outside surface was found equal to 2500 BTU/Hr. This value
was thought to be reasonable for the engine used in the tests.

Another way to check the derived equations was to reduce the heat
losses to the coolingwater, to the same conditions of manifold and engine
speed. From the previous equations the thermal load is proportional to:

A (g« Ty, - oy - Ty g )
Since Tw.g. is small compared to TM.E. and the change in the wall temper-
ature is negligible compared to that of the mean effective gas temperature,
the thermal load could be considered proportional to qM TM.E. or in terms
of the other varisbles
| QeC NS Ty (14,71 + 0.233 I.M.E.P.)

It can be seen then that Q changes in direct proportion to the cube root of
the mean piston speed and the manifold absolute temperature. These concly-

sions agree fairly well with the experimental results mentioned before.

Investigation on Effect of Aftercooling

An investigation was made to find the effect of aftercooling on
the engine operation. The arrangement on which calculations were based is
shown diagrammatically in Figure 19 . The conditions of operation assumed

were as follows:
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Compressor efficiency = 0.80
Atmospheric pressure = 30" Hg.
Atmospheric temperature = 80°F
Drop in pressure between compressor

and engine manifold = 0.5 psi.

The calculations were made for three aftercooler effectiveness O%, 50%
and lOO%. Other details and method of calculation are given in the
original thesis.

The results of the above calculations are shown in Figures 20,
21 and 22, To illustrate more clearly the effect of aftercooling, Figures
23, 24 and 25 were drawn.

The effect of aftercooling on the output (M.E.P.) is shown in
Figure 24. It is interesting to notice that the same mean effective
pressure could be obtained by supercharging to 45" Hg. without after-
cooling, or by supercharging to 41.2" Hg. with an aftercooler affective-
ness of 50%. This means that, it would be better, in ;he interest of
lowering the thermal load, to use an aftercooler with an effectiveness
50%, which might result in an additional pressure drop up to 3.8" Hg.,
rather than to exclude the cooler and keep the pressure at 45" Hg.

The effect of aftercooling on the thermal load is indicated
by plotting the intensity of the thermal load vs. the manifold pressure
for different effectiveness, (Figure 23). Supercharging at effectiveness
lOO% has a reducing effect on the thermal load, while supercharging without
aftercooling increases the thermal load under the conditions of test. The

increase in the air temperature, is seen to have a much greater effect on
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increasing the thermal load than the reducing effect of the increased
air pressure. An increase of 87°F due to turbocharging to 45" Hg. caused
an increase of 22.3% in the thermal load.

It is worthwhile to point out here that, for a mean effective
pressure of 140, and a speed of 800 RPM, the thermal load on the cooling
system, is reduced by an amount twice as much as the heat removed from
the air in the aftercooler. This is illustrated in Figure 25.

The effect of aftercooling on the piston maximum temperature
is shown in Figure 23 and 25, which indicate that the temperature drops
with aftercooling. A drop of 140°F is a result of aftercooling with

effectiveness 50% at a mean effective pressure of 140 and 800 RPM.

CONCLUSIONS

It was concluded that:

1) The thermal load and wall temperature of a turbocharged compression
ignition engine are primarily related to the indicated power output and
affected to a lesser degree by intake manifold conditions and the engine
speed. Results of this investigation show that:

a. The thermal load and wall temperature increase in direct

proportion to the indicated mean effective pressure.

b. For the same indicated mean effective pressure:

- Boosting the intake manifold pressure without a corresponding
heating of the air will reduce the thermal load and wall tem-
peratures.

- Raising the intake air temperature will increase the thermal

load and wall temperature.
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- Thermal load changes in direct proportion to the cube root
of the mean piston speed.

c. For the same intake manifold pressure the wall temperature

changes in direct proportion to the thermal loasding.
2) For the operation of turbocharged engines at constant power output and
no aftercooling, one of the following two conditions prevails:

a. High supercharging resulting in better fuel economy.

b. Low supercharging resulting in poor fuel economy, but

reduced thermal and mechanical loads, without any reduction

in the mean wall temperatures.
3) The turbocharged engine performance 1is improved by increasing the air
density and reducing its temperature in the intake manifold resulting in
higher specific power outputs and lower thermal loads and wall temperatures.
Aftercooling is one method used to increase air density by decreasing the
air temperature. Even though the pressure drop increases as the aftercooler
effectiveness increases, general engine performance will be improved by using
an aftercoolegr with high effectiveness.

It should be added here that the above investigation was done on
one type of combustion chamber. It is believed that similar types of engines
will give similar results. But for other types of engines & similar investi-

gation might be needed before using the derived formulae.

REFERENCES
1. Supercharging the Internal Combustion Engine, by E. T. Vincent, McGraw-
Hill Book Company.
2. Heat Transfer Processes in Liquid-Cooled Engine Cylinders, by B. Pinkel,

E.G. Mangancello and E. Bernardo. NACA, ARRNOE5 g31, 1955.
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Combustion Chamber+Piston Top
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Figure 1.
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Area of Heat Transfer.
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A. Wall temperature and crank angles
over the whole cycle (with 3 amplifiers)

B. Wall temperature and cramk angles for

the combustion period (with 3 amplifiers)
M

ML e e i d g I s s

Figure 2. Combustion Chamber Surface Transient-Temperature.
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Figure 3. Graphical Construction of the Imaginary
Walls for the Piston Crown.
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Vinyl Tubing

"Tyni-Couple"
.061_—.l %- .
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_/4 ——

Oxidized Nickel Wire
Swaged Into Body

Figure Ta.

n o
Tyni-couple Mount

The Basic "Tyni-Couple" Unit.

Receptacle

Mounting Threads

Figure Tb.

Plug

"Tyni-Couple" Assembly.

Coaxial
Cable
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A. Gas pressure and crank angles
for the whole cycle.

B. Gas pressure and crenk angles for the
compression and expansion strokes.

SRES S 23S ATEPE $ I SR IpPppd

Figure 10. Gas Pressure During the Cycle.
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Average Air Temperature: 80°F

0 Manifold Pressure
Manifold Pressure
Manifold Pressure

A
+
X Manifold Pressure
® Manifold Pressure
®

Manifold Pressure

: 30" Hg
: 33" Hg
: 36" Hg
: 39" Hg
: k2" Hg
: 45" Hg

0.0!

0.02 0.03

Figure 12.

0.04

0.05

=l

RATIO

0.06




- 36 -

*ur*bs/*sql d H'W TALYOIANI

*¢T 2an3Td

09l ovl ozl (o]0 08 09 ot (o4 o)
T T T 1 T T T T 1T T T ]
e
v
o 00001
000G
00002
v SH .o ¢ 2Jnssadd PIOJITUEN @
+ o SH .2% ¢ o2Inssatd PIOITUEBN @
SH ,6¢ ¢ sanssaxd PIOJTuey X
+ w.‘_. SH ,9¢ : aanssatd PTOJTUEBN + 000632
\\0 3y ,¢¢ ¢ sanssald PIOITUEH V
X v SH ,.0¢ : 2anssaid PTOJTUEBH O
£ d,08 ¢ sanyeisdws], ITY 989BISAY
X ‘W*'d*d 003 ¢ poadg a8vI9AY

SHINSSHId dTIOAINVIN SNOIYVA ¥0d

‘'d*E'W QELVOIANI *SA ¥ALVM DNITO0D OL SHSSOT LVHH

V SHIYHS

0000¢

*ay/ NtLd YATYM DNITO0D OL SHSSOT LYHH



- 37 -

‘ut+bs/°sqT ‘d°H'W TELVOIANI
09l ovl 0oz2l

*HT san3tdg

00l 08 09 ot

02

| |

4,002
d,04T

4,08

BH ,9¢
‘W'd°¥ 002T

faanqeradws], ITY aBIUT  +
! aangsasdwel ITY aBlul X
P eagersdwe] ITY aYBIUl o
aanssald ITY o9BISAY
paadg 28BI2AY

SHINLVIAINAL YIV EMVINI SNOIY¥VA H0Jd

*d°EW QEIVOIANI °SA ¥AZLVM DNITOOD OL SHSSOT IVHIH

g SHIYHS

000S

0000l

000¢I

00002

000¢%2

- 0000¢

“dH/'N°L°9 YILVM DNITO0D OL SESSOT LVAH



- 38 -

(£ 08 =
mAm..ﬁHH pUR pasdg aweg SY3 04 paonpsy .Hw

Ui 'bs 1ad 'sq|
OGl (0,74 ogl o2l Oll QC! 06 10]° (072

d'3IW QA3LVIIGNI
09

0og

00g = N) sangelsdwmal, ITV
M FUTTOO) 07 S3SS0T 1BoH

oY

)

*¢T 2814

(024

1 1 1] I [} { T I i

'SNOILIONOD Q30NQ3y

3AVS 3HL 1v S1S3l 40
S3IY3IS HIHIONV 4O 1INS3IH

(GGS1-99S) =

002i=
002! =

002l= N

[§

<

f

4008:=
40002=
40Pl =
4008 =

H

i 1

000&

0000!

000G!

00002

0006¢

C000¢

‘HH/'N18



*OT 2anSTdg

e re T
(GRS S

Sig 09¢

- 39 -

ANV uoTsurdxy o Tssaxduicn
ot e eant
SlE 012 g2¢ 08i 41 4] 06 154 0 St 06 Sel
i i § { i i ! T
02
0¥,
09
os
ool
ozt
— Obl
o9l
— 08l
66 tor Ty g, 002
9TnAy o I07
STTUM 02 S®H WOJq —
ATSTRIY, 18I JO QUSTOTIII0O) %
mb lws}
..D .
s 13
e
=
o]

Y




- ho -

SoTATY eIy

1 oneyy

*LT aam8tdg

rotsundxy notssaadmoy ayenuy
RFORARNs otata "0TatL "0tatd 0T A L
O9%€ SIE 0L2 g22 08I el 06 St 0 sb 06 S€l 08I 6§22 0L2 GlE 09¢
] 1 | I T I I - L . -
ol
0Z’]
o€
g ot
)
&
0S8 &
o
66 ‘oy uny jo Hw
aTofy oz 104 (81°9W) @ |
: e
o9}




- 41 -

*898807 J918M JUTTOO) PUB SPBOT TWISYL pPI1w¥INOTR) SY1 USaA1aq aos tredmo)

‘ur'bs sad sq 4 IW a3 LvOIaNI

o]ey] 0} 4 ogi oci Oh 0]} 0.5 08 0L o9 0,9 ot og

‘QT aam3Td

¥ ¥ 1 1 i 1 1 1 | ! 1 1 i

OH 2b=
‘OH | 9€=
OH LEE =

\ OH :Om =

4008 ¢ 'Wd¥ 008 = (LNVLSNOD) = N

Wy

Wy

Wy

4 %< o

610,00}

0.6, 01!

00002

000se

0000¢

HH/NL'g



- Lo -

Intake Exhaust
Manifold Mani fold/
«— Turbine Exhaust
L ——
Pm
Turbine ‘

; — Alr Intake
' ™, P

n Engine 1l
Compressor

\> =

Aftercooler

Figure 19. Diagram of Assumed Turbocharged C.I. Engine.
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