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ABSTRACT

THERMAL LOADING AND WALL TEMPERATURES AS
FUNCTIONS OF PERFORMANCE OF TURBOCHARGED
COMPRESSION IGNITION ENGINES

by

Naeim Abd&ou Henein

Turbocharging is one method used to increase the specific
power output of the compression ignition engine. The increase in
power is limited by the mechanical and thermal loading of the engine
and its wall temperatures. This dissertation is concerned with the
thermal losding and combustion-chamber wall temperatures of the
engine as functions of the principal variables which affect the
engine output.

The work includes both theoretical and experimental data.
The theoretical part consists of an analysis of the process of heat
transfer from the gas to the cooling medium. The experimental data
were obtained fram tests made on a four-stroke, single-cylinder
Nordberg Diesel Engine having a bore of 4-1/2 inches, a stroke of
5-1/4 inches, and & compression ratio of 14.5.

Air was delivered to the engine from & compressed air
source and provision was made for heating the air before its entry
into the engine intake manifold. The tests cdvered the following
ranges: manifold absolute pressures up to 45 inches mercury,
mnifold temperatures up to 204°F, éngine speeds from 560 to

1770 R.P.M., and indicated mean effective pPressures up to 152 1bs.
8qQ.1in.




Since the engine was designed to run inder naturelly aspirated coam-
ditins, the exhaust temperature was limited to 1000°F and the gas

Peak pressure in the cylinder to 1200 1lbs. » to avoid troubles due
8q.

to overloading by supercharging.

The transient temperature of the combustion chamber wall
inner surface was measured by a special high response thermocouple
having a theoretical response time of 4.5 microseconds. It is be-
lieved that this is the first time these transient temperatures were
accurately measured. The gas Pressure inside the cylinder was
measured by a strain-gage tyre pick-up and oscilloscope.

The experimental results showed that fhe thermal efficiency
is improved by supercharging, for a given power output, due to in-
creased air-fuel ratio. The heat ione. to the cooling water at
any intake manifold pressure changes in direct proportiom to the
indicated mean effective pressure » 1f the manifold temperature is
kept constant. The exhaust 828 temperature at constant engine
speed is primarily a function of the fuel-air ratio, with minor
change due to variation in the manifold pressure and texperature.

The mean coefficient of heat transfer from the gas to
the cylinder wvalls, and thé 28 mean effective temperature were
calculated for many mms with different operating conditions. These
| vere used to derive equations for the combustion chamber wall tempers-
ture and the therml loading in terms of the manifold wmuro and
temperature, mean piston speed, indiocated mean effective prcuure,
and other constants depending on the cooling mechanism.



The formulae developed were used to predict the merits
of aftercooling as a means for increasing the specific power out-
put, and for reducing both the thermal loading and wall temperatures
of the engine.

It was concluded that the thermal loading and wall
temperatures are primarily functions of the indicated mean effective
pressure and are affected to a lesser degree by intake manifold
conditions and the engine speed. Higher specific power outputs and
lower thermsl loadings and wall temperatures can be achieved, at
constant fuel-air ratios, by increasing the intake air density
while keeping its temperature as low as possible.

Aftercooling permits increasing the air density by de-
creasing its temperature. The theéis provit!ea quantitative in-
formation cancerning the relative effects upon the engine, caused
by engine inlet air temperature reduction and pressure losses re-

sulting from the use of an aftercooler.
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I. INTROIUCTION

The purpose of this investigation was to studx the performance
of the turbocharged compression ignition emgimes with emphasis on the
fusl economy amd the heat problem.

The maln idea of turbocharging is to compress air into the
engine cylinder to increase 1its abllity to burn more fuel; thus increas-
ing its power output. The energy in the exhaust gases 1s used to drive
a turbine which, in turn, drives the compressor. Tue to compression,
the alr temperature rises to values higher than atmospheric. In some
turbocharged units an after-cooler cools the alr after it leaves the
compressor to get more power from the engine,

Zesides increasing the engine power output turbocharging
improves its efficiency; however, higher gas pressures and temperatures
are reached in the cylinder. These tend to increase the mechanical
locads on the engine parts and the thermal locads on the coolling system
while the temperatures of the engine parts go up. These tewmperatures
are a major factor in the engine operation because:

a. High local temperatures in some hot spots in the
com®ustion chamber‘or plston-top, causing excessive
heat-stresses, might end with cracking.

b. The temperatures of the piston and cylinder walls
might get high enough to cause rapid evaporation of
the piston lubricating oil film, thus injuring the
piston and cylinder surfaces,

c. The pisten ring-temperstures might get high ensugh

to cause them to stick or loose their springy action,

-le
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The above conditions pointed out the need to study the factors
affecting the thermal loads and.the wall temperatures, as well as inves-
tigating the way engine performance and fuel economy are improved.

For this purpose a new single cylinder C.I. ﬁngine at the
Automotive Laboratory was chusen to be supercharged. Since applying
a turbocharger to thils engine was impossible; it was deéided to inves-
tigate, individually, the effect of the different variables on the engine
operation. Air from a compressed—iir line was delivered to the engine,
while am electric heater served to he~: the air before itentry intx the
intake manifolad.

Besides the measurements necessary to study the engine performance;
it vas of interest to measure the transient surface temperature of the com-
bustion chumber. A thermocoiuple manufactured tv meusure th.fpore temper-
ature of gun barrels was used for this purpose. Pictures for the surface
transient-temperature and the gas pressure during the cycle were taken
for each run.

As a result of this study some formulae were derived to calculate
the power output, wall inside surfuce temperature, and intensity of thermal

"f.i“ of the turbecdarged engine. The covbwstion elisuber Lenperatuivd. i SRR
the heat losses caloulated from the derived f-xn vere cowpared vith those
measured.

Applying these formulae an investigation was made of the effect

of aftercooling on the turbocharged engine power output, thermal 1‘.“.‘5

and wall temperatures.


terteeMre.fi

IY. THEORY OF
HEAT-TRANSFER IN THE ENGINE-CYLINDER

The heat transfér in the engine-cylinder occurs in three steps:

A. Heat transfer from the gaées to the walls.

B. Beat transfer through the walls.

C. Heat transfer from the Qalls to the cooling wmedium.
In this chapter, the process of heat transfer in each of these steps
will be discussed separately. The final equation for the overall heat
transfer will be used to find the combustion shamber wall temperature.

Other =2quations will be given for the maximum temperature
£ the piston top, the intensity >f thermal loading on the combustion

chamber walls, and the thermal loading on the :ylinder walls.

A. Heat-Transfer from the Gases to the Wall:

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

a. Surface Area Variations:

The surf;ce exp.sed to the gases in the cylinder varies
from a minimum at top dead center to a maximum at bottom
dead center. When the piston 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 gaseas.

45
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The surface area variation of the engine, used in tests,
is given in figures (2) and (54). The aréa during the
intuke and exhaust strokes includes the portions of the
Intake and erhaust manifolds enclosed in the cylinder
head respectively. These manifold walls transfer heat
between the gases and the :zooling water during the
corresponding strokes.

Gas Temperature Variations:

The temperature of the gases in the cylinder varies
appreziubly during the different strokes. At the be-
ginning of the intake stroke, the temperaturg is that

of the clearance gages, but falls ruapidly as the fresh
ailr is brought in. It rises during the compression
stroke, reaches its meximum at the cnd of the combustion
process, then decreases with expansion and drops rapidly
after the exhaust valve opens. There is a small drop in
the temperature during the exhaust stroke.

Wall Temperature Variations:

The temperature of the inside surface Jf the cylinder

wall fluctuates during the cycle following the variation

of the ga$ temperature. The wall temperature goes to its
maximum at the end of the combustion process, then drops
continually @uring the exhaust and intake strokes, and
reaches its uinimum during the early part of the pompresaionA
stroke.

Figure (21) shows a picture of the wall temperature varia-

tions for the whole cycle of the engine during run No. 95,
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whose conditiuns are given in Appendix A.

da. Coefficleny >f Heat Transfer Variations:

The change in the coeffizlent of heat transfer, during

the cyzle, follows the variutions in the gsas pemperature
and pressurec. At'uny instant of the cycle this coefficient
is a function of the instantaneous pressure and tempersture

A a3
of the gas. This function was given by G. Eichelbe;g;9":

a, = 2.1 4s VI K. cal.

& g hr. m2. °C
vhere 8§ is in meters per sec.
P in atmospheres.
T, in degrees Kelvin.

g

This equation was put in B.T.U.5 as follows:

a, = 0.056k4 ?J"SJ‘P!‘ B.T.U.
8 ‘ hr. sq. ft. °F,

[2.1]

4here S is in feet per se:x.
P in 1bs. per sq. in.
T_in degrees Rankine.

g
ggpation of Heat Transfer:

The heat transfer fpom the gas to'
the cylinder walls is .Su- »w,

Q= fa A. (Tg-‘rw'g')dt

Writing this equation for each stroke:

* References are glven in Bibliography.



(1) Intake Stroke: t

1
(Ax.zn. + Ap.T. + AInt.Man.]J[}IS(Tg‘Tw.g.)dt

1 o
+ fAbDre g (Tg-Ty g, )dt [2.2]
(11) Compression Stroke.

Q= [Ac.:h. + AP T. ]d/\ a (T Tw )dt +J/~ Abore a (Tg Tw 2. )dt

Y [2.3]
(i11) Expansion Stroke: \\
3
[A;.zn. *+ Ap.7.] g (T g~ Tu.g.)dt + Abore Qg (Tg-Ty, g. )at
T2 2 [2.4]
(iv) Exhaust Stroke: ty ‘
“ -

— %3
Aoore % (Ts"rv.c.)“ .
t3 [2.5]

Since heat transferred during the sycle = the sum of heat transferred
during the four strokes, then by adding equations [2.2], [2.3], [2.4])
and [2.5] we get:

Equation of Heat Transfer to the Combustion Chamber Walls:

tll» Vs

Q.ch. = Ac.ch.of ag (Tg-Ty.g.)dt r [2.6]

and the mean heat transferred

L
= Ac.ch.
ty, of % (Tg-T, g.)at

In this integral the wall temperature Tv.g. can be considered as

constant, and the equation becomes:



Gas Temperature

|

Cylinder Wall Temperature

| Intake Campression | Expansion

Figure 1. Gas and Cylinder Wall Temperatures.

haust Manifold

Combustion Chamber+Piston Top

. Intake |Compression

Expansion

Figure 2. Area of Heat Transfer.
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Qe.ch. ™ Ac.on. [(agTo)y - Oy Ty 4.
= Ac.ch. o [Tz, - Tu.g.) [2.7)

where

T, g = the mean effective temperature = (“s‘r ™ [2.8]
B. g

au = the mean coefficient 61’ heat transfer from
the gases to the wvalls.

B. Heat Transfer Through the Walls:
The net heat given by the gases to the surrounding surface
is transferred by conduction through the walls.

The equation of heat transfer by conduction is,

Q= Ay xH (Tw.g.’ Ty.c.) {2.9]

and T, g can be considered constant as in eguation [2.6].

I R a7 A

C. Beat Transfer to

The heat conducted through the walls is transferred to the
cooling medium, mainly, by convection. The equation of heat transfer

by convection is,

Q=a, A, (,v.c. - Te) {2.10]

where a. is a function of: the rates of flow of the cooling medium;

its physical properties, and the mechanism of cooling. For sn engine



cooled with water, @, can be calculated by using the Russelt's equation:
v e
-y (TR Sy

For any engine: D, is constant; and vg, is proportional to the rate of
flow of the cooling water. If the cooling water temperature is thermo-

statically controlled; K will be constant, and Nusselt's equation will

take the form:

\,
a = ¢ P (@° [2.11]

c
- (31)
The values of the exponents m and n were given by B. Pinkel :

m = 0.6, n = 0.4 and C 1s a constant of each engine.

Equation for the Combustion Chamber Wall Temperature:

Equaﬁing for Q from equations [2.7], [2.9] end {2.10] we

get: Ag . oy [Ty g - Twgl
= Ay . %} [Tw.g. -T w.c}

= A . a [Ty e - Te ]

These equations can be arranged in the following form,

ky* - (fB) N X . (fﬁ) . ;EV
ay [Ty.g.-Tw.g-]  Am' (T g -Ty o) A Qe [Ty o.-Ts]

[2.22]

Equation [2.12] is represented graphically in figure (3), by the.gj?##ﬂ

of the straight line between '1‘M E and Tc.



and 8 =

the following equation can be derived from figure (3):

-7 . - T‘!.:.& -7
m‘!"amx*'aca!' [ahx+achi]'

(2]

Let Z-[amx‘&acé]

and the equation of combustion-chamber-wall inside-surface t

will be:

A
- J
(x- 24
Tc
GAS SIDE WATER SIDE

IMAGINARY WALL
(u) (_kL.
. X %

IMAGINARY WALL

Y sy 4

i -
L Ty 2

ture



Tw.g. = TM.E. [—T] + T ['+z] ' [2.1‘&]

%

Intensity of the Thermal loading on the Combustion Chember Walls:

This is given by the amount of heat transferred to the walls

per unit area per unit time.

qQ=U(Ty g - T,) (2.15] .
where U 1is the overall coefficient of heat transfer between the gasesg
and the cooling medium, and can be calculated from cquations [2.7],
(2.9] and [2.10] as,

l ‘._x-. ‘-}_
- = +“m, kw + ac ac [2.16]

Thermal lLoad on the Cylinder Walls:

This is given by the heat transferred per unit time to the

engine walls surrounding the gases.

Q = AW [Ty g.- T] [2.17]

where Ay is the mean effective area for heat transfer, and 15 given by
‘t& . e
AT, -

| a )n | |
AM - -J.———Mﬁ-‘ ‘ . ) . ' . [2.18]
[, @en, 7“‘ o

Q

and U is the same as that in equation [2.16].



I - Lines of Constant
1 Temperature

'ii’:ih

Figure (4,a) Temperature Field in the Piston-Crown.

A}

Figure (4,b) Graphical Construction of the Iuginu-y
Walls for the Piston Crown.
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Equation for Piston Top Maximum Temperature:

Part of the heat transferred from the hot combustion gases
to the piston top, goeg to the mixture of the hot air and oil vapor
on the other side of the crown. The rest gbes to the cylinder liner,
through the piston rings and the lubricating oil film. This is
illustrated in figure (4,a) by the temperature fields calculated for
similar types of pistons.(9) The maximum piston temperature occurs
at the center of the piston-crown, as it is the point fartherest
from the cylinder liner.

Applying equation [2.f5] to aismall area at the center,

with a, in place of a., we get:

T -7 T -7

—_ M.E. a = D.E. a
AT Y
% P Ay Gy Ay P Ay g A

[2,19]

To get 2: and 2: » the temperature field in the crown has to be

calculated. Since the surface temperature is changing for each cycle,
these calculations will turn out to be very complicated. Yet for the
purpouse of comparison between the piston temperatures at the different

turbocharging conditions, the following assumptions will be nihe:

f‘ = 1 and %f f 1

™

Then equation [2.19] becomes:

[2.20]




5 L

.
Y,
14

vhere x, and k, are constants for any engine, and a, 1s constant for

zonstant crank o0il temperatures

Let Y z-bxp]

W, Ta; _ S,
[%‘i—YJ FragZe)

And the equation for the maximum temperature of the piston-crown will

k,
- T X P o
Tp.g. M.E. [ Y + E 1 + 7, § o+ Y) [2.21]

The wall temperatures of other parts orﬁhecylwrmbo
evaluated by a similar t’nl.lyou 1f their cocling mechanisa is known.

For the asbove analysis the gas mean effective tempereture sand
the gas mean coefficient of heat transfer were evalusted, from the cyele
analysis, as functions of the following performance conditions:

a - The indicated mean effective pressure.

be:

b - The intake manifold pressure.

¢ - The intake manifold tempereture.

4 - The mean piston speed. _ :
mmmmmwmm-nnmmum
mu&mw&unmﬁ-,umummm



III.

A single-cylinder ,‘?‘ljf“_v _ ,
‘m uMas used in the experiml m The cylimhr had a m ;:f'
of & m MB, a stroke of 5 l/h inches, and a compression r-tio |

of 14.5, (Other engine specifications are given in Appendix I.).
The general test setup is shown in fiMs (5), (6), (7) ana (8).

The various systems are described in the following paragraphs.

A. Alir Intake §xstem:

The air intake system is shown schematically in figure (9).
Air under pressure entered the system through a filter to eliminate
entrained solids, and then passed through an automatic pressure-
regulating valve before entering the air flowmeter. This consisted
of an A.S.M.E. sharp-edged orifice in a flange mounting, figure (6).
The orifice disc wvas of stainless steel and the orifice vas O. 7018
inch dj.ameter. The conduits on both sides of the orifice disc were
of stainless steel tubing of 2.0052 inches inside diameter. The
length of the straight tube ahead of the orifice was 36 inches and .
vas used to secure a fairly uniform velocity profile in the approach-
ing stream. - - N
Air leaving the flow meter passed through an eloctri.c-hentlr
- €0 be heated to the required temperature. The heater shown in H.guro:
(5), (6) ana (8) has a capacity of 3000 watts. It had 3 coils ccmnoctnd
in parallel through a switch, which allowed reduced power ocutputs 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(
-15- |
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Instrumentation

Figuore 7.



Genexral View of the Oscilloscope and Amplifiers
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oo Wool chamber vas 4 inches in diameter and & inches

long. The surge tank was 15 inches in diameter and 19 inches long; with
a volume 40.5 times the engine swept volume.
The air pressure was measured before the flowmeter and: 1 e

4
(A

surge tank by & mercury manometer. The pressure drop across ‘£

vas measured from two flange tape aonn-ccﬁcﬁ&to 2 vater napoueter. .‘~
eir temperature was measured by iron-m thermocouples, placed

e

at the flowmeter and in the intake manifold of the engine .

B. Exhaust System:

For most of the runs a flexible exhaust pipe was connected
bretween the engine exhaust manifold and the main exhaﬁst underground con-
duit. For runs requiring back pressures, a surge tank was connected
between the engine and the ma.in. conduit. The discharge pipe from the
surge tank had a 2 inch gate valve to throttle the exhaust gases flow;
thus building the required gas pressure.

The pressure in the surge tank was measured by a mdrcury
manometer. The gas temperature was measured by a chromel-alumel
thermocouple placed in the exhaust manifold just after it leaves the

cylinder head block.

C. Cooling__slstem:

A cooling water closed system, equipped with a heat egchahgef,
was used to cool the engine. It is shown schematically in figure (10);'
It consisted of a pump driven by the engine, a heat exchanger, an &\i‘t'o-
matic thermostatic control with a ml"fmtm cantrol, and t

water flow meter.
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The manual tempereature control was set to keep the water
temperature at about 160°F, as it entered the engine. A 2 imsh
A.S.M.E. sharp edged orifice, similar to that used in the air inlet
system, was used to measure the water flow rate. The temperature of .
the water was wmeasured before entering and after leaving the engine,

and in three passages leading from the gylinder barrel to the cylinder
head to separste barvel and h-llollu.‘,
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Fuel We;gpigg_glstem:

The fuel weighing system measured the time required for the
engine to consume definite weights of fuel. The system, figure (11),
consisted of a scale which was equipped with a werccid contactor. |
This operated electrical circuits which started and stopped an elapsed-
time electric clouck, and a revolutlon counter. The scale, clock, and
counter measured the time required for the engine to consume a pre-
determined weight of fuel, and the number of revolutions of the crank
shaft during the same period of time. This system had been used at
the Automotive Laboratory, University of Michigan.

Power Absorbing Unit:

A cradle type direct current dynamometer, was used to start
the engine and absorb the power developed. When operated as a generator
1t measured the power input and turned it into electrical emergy, which
was converted into heat in loading resistance grids. !!p powr-ves -
engine speed. '



-25-

§90TASQ DUT3UNOD UOTINTOARY puv TuTySToM Tang oTjemOsNy 7T aamIrg

OA OTT
OA OTT

autdug o3 Arddng Tang
-

= _ﬂ
_n. uopc:oosuop:soo

_w; /M”wa _w._coauzdo>om M
o .

s ®1 /
== 1O (A~

XOf TOJ3U0)

J030"v3U0)
1 CLEET

UOTSUIIXY

sT330d Hmﬂm\

Juel Tang

3Jeys gajsmomeulp 3y3 uo

93pTa3a80 O73euBem WoOII Paod UoTSUIIXF

r——



Gas Pressure Indicator:

i
A cathode ray indicator was used to odtain a prulure-tt—

(dlagram of the gas pressure in the cylinder. The electrical circutt
‘consisted of:

1. The pressure pick-up unit,

2. The degree merking unit.

1. The Pressure Pick-Qp}Unit:

This was of the two catenary sheped diaphragm type. Its
function was to convert the cylinder pressure variétions into cdrrespond-
ing voltage variations which were applied to the input of a bridge-ampli-
fier. The output of the amplifier was fed, through a switch, to channel
A of a dual beam oscilloscope, figure (15). The trace obtained on the
screen was photographed by a polaroid camera attached to the oscilloscope.

2. The D_eixiee Marking Unit:

The degree marks were prciuced by a steel disc, 20 inches
diameter, 1/8 inch thick, mounted on the engine flywheel. The rim of
the disc was slotted at 3° intervals, with deeper slots at 45° interveals,
figure.(12). A magnetic pick-up was mounted on the flywheel casing,
with its pole close to the rim. The alternating voltage generatedkby
the rotation of the disc was applied to channel B of the dhal‘ﬁet-
oscilloscope of item 1. The corresponding figure obtained on the screen
consisted of a serrated line across the horlzonfal diameter of the screen.
Every three and forty five degrees were thereby marked, and one of the
deep 45° slots in the disc vas ma at the top dead-center, then the
crank -angle positions along the Ihdiaator dlegram vere directly determined.

L
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Combustion-Chamber 'J.‘hemocouzle H

To measure the rapid temperature w of the Mtlon-
chamber-inside-surface & speci.al Nickel-Steel ‘therw

tured by the Detroit Controls Corporatieom, UQIvnliib As. llnll 1n
figure (14), it consisted of a: "Tyni-couple" basic unit; "Tyni-couple"
mount, receptacle, plug, and coaxial cable. As described by the mami-
facturer, the basic unit, figure (15), was constructed by taking a
0.010" diameter nickel wire, applying a 0.00015" Aielectric surface
coating by oxidation, and swaging the wire into a olightly tapered
hole in & small steel supporting body, thereby giving the assembled
unit the ability to withstand very high pressures. The tip of the
body and end of the wire were polished and plated with a 0.00025"
thickness of nickel. The interface between the nickel plate and the
steel body thus became the therﬁocouple Junction. The basic unit was
held in a steel mount, figure (14). The mount vas equipped with ex-
ternal threeds which were used to mount the unit on the cylinder head
as shown in figure (16) and (17). 8ince the only electrical contact
desired between the nickel and the steel was that exiétlng at th§ hot

Junction, the internal nickel lead wire was insulmted]Adiroughio

length from the steel parts of the thermocouple byra(v&qfl{wh s
The atokel wire wes soldered to the fitting in the reeeptacle. Shiold.dT
copper wires vere used to carry the signal to the bridge-unplitior, thonj'
to the switch and the cathode ray oscilloscope. The 1ayout of the/t’np-
erature recording system being employed in the tests is shown in figure
(13). The oscilloscope trace was photographed with a polardtd»cnpara.

The reference junction of the thefmogoqple circuit vas at the ambient

temperature.
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Vinyl Tubing

Oxidized Nickel Wire
Swaged Into Body

Figure 15. The Basic "Tyni-Couple" Unit






38—

S — el e et o

~ *a7dNOSOWIN], IIQEEYJ-UOTISTIGMO) JO UOTITS0d Bupaoug PeaH-13puylAD JO UOTIASTZ TEUOTIoeE LT aandiy

Z9qEeY) [ UOTIINQUOD

FN0IONYIL

o . .
VIENVNO ‘0. 90 D

IaeuI

8O




-3h-

R e e =

(J0ino0uow Kq  pessaiiep e:nby woy Kdoo)
JHMBROONNIHL ¥3GMWHD NOILSNGNOD 3HL ¥O4 3A¥RD NOILVNGITWD 8I9id
b ., ('A'N) J9VL0A

VINNOAITVO ‘ALID GOOMAIY
NOISINIG HOWVISIV
d¥0D S$T0WINOD 1I0WL30

INIISRY
(9,08 - dn3aL DNINIIIN)

0021

ANNLIVNIINIL

(J%) LANIIENVY 3A08YV 3IONINILIIG



Piston at Bottom Degad Center

Figure 19. Thermocouples Positions on the Cylinder-Liner Walls -

a.w“
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For the W, the thecretical response time, (time
to reach 62,3§ of fmposed surface step change) = .5 miowoseconds.
This time equals that required for the crank-shaft to rotate 0.034
crank-angle st an engine spesd of 1200 R.P.M. Figure (18) shows &
cowatmmhnttuémtam’w,_um»m

Engine Walls Thermocouples:

The thermocouples measured the surface temperétures of the
liner, exhaust wmanifold, and the engine outer surface.

The liner wall coolant side temperature, was measured at
three points in a vertlcal plane perpendicular to the crank shaft.
One of the thermocouples measured the wall temperature near the T.D.C.;
the other at the B.D.C.; and the third, midway between the qther two.
The positions of these thermc;couples are shown in figure (19) :ﬂ |

The exhaust manifold wall temperature was measured on the
coolant side at a point wmidway between the exhaust jralve and the
manifold exit from the cyltad.r head. This temperatuss -ﬂﬂn
liner temperatures were used to calculate the coefficients of
‘ ieat transfer from the gas to the walle, and from the waJ.la to
the cooling vnter. L o <

a
BN i T

d ﬁﬁve

The engine outer surface temperature was Wi
points: two on the cylinéer head, one on the cylinder barrel ’ and

two on the crank case. They were connected in parallel to give the

average surface temperature.



IV. EXPERIMENTAL PROCEDURE

Procedure of Tests:

The engine was started, and after the necessary warming

up period, the following data were taken for each run:

Air pressure in the surge tank of the intake system
Alr pressure at the inlet tap of the orifice meter
Differential pressure across the air orifice

Differential pressure across the cooling water
orifice

Air temperature at inlet to orifice meter

Alr temperature at the intake manifold

Lubricating oil temperature in crank case

Wall temperature of the exhaust manifold

Wall temperature of liner at T.D.C.

Wall temperature of liner between T.D.C. and B.D.C.
Wall temperature of liner at B.D.é.

Engine outer surface temperszture

Total rise in cooling water temperature

Cooling water temperature at inlet to the engine

Cooling water temperature at inlet to the cylinder
head

Cooling water tempersture st exit from the engine
Exheust gas temperature
Time for consumption of L 1b. of fuel

10
Revolutions of the crank shaft for the same period

of time, ¢

Brake load
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Plctures of the following traces:

Gas pressure and crank angles for the whole cycle.

Gas bressure and crank angles for the compression
and expansion strokes.

Calibration of the gas pressure trace.

Combﬁstion chamber wall temperature and crank angles
for the whole cycle.

Combustion chamber wall temperature and crank angles
for the combustion period.

Calibration of the tempersature trace.

A sample of these d=ta is given in Appendix A, and a sample of the
pictures is shown in figures (20), (21), (22) and (23). A few rums
vere made with the back pressure tank between the engine and the main
exhaust conduit. These were 0 find the effect of the back pressure
on the brake mean effective pressure. |

Other data taken but not used in the calculations or results
included lubricating oil ‘pressure, lubricating oil temperatures before
and after the cooler, current in the electric circuit of the air hcator,
air pressure after the reduelns valve, and the'5155f5§ ftml of llﬂ'
Many of these were recorded for precautionary measures since by auper-
charging, the engine was overloaded beyond the design conditions.

The usual friction run was made at the end of each lly't

testing. For the brake horse power the formula was:
i
B.H.P. = ‘gi

where N - revolntions per uinute

LOOO = constant for the dynamometer
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The indicated horsepower was obtained by adding, the brake horsepowver
at any given speed, to the friction horsepower at the same speed.

The cooling water temperatures at the inlet and exit from
the engine were measured by two thermocouples connected to an ordinary
"Leeds and Northrup" potentiometer. The difference between these two
temperatures was also measured by two other thermocouples, connected
to a potentiometer of the same type, but with greater precision
reading temperatures down to 0.03°F. Four readings were taken for
each run, and their average was used to calculate the heat logses to
the cooling water. The water temperature was also measured at three
of the four openings between the cylinder and cylinder head. During
the first few runs, it was found that these three temper;tures were
almost equal. It was decided then, to connect the thermocouples in
parallel, to get an average rclling. The results given in Appendix%?g
show the total rise in the cooling water temperature, the temperatufésu
at the inlet to cylindervhead and at the exit from the engine. |
The Tests Covered the Following Ranges:

% ratios from .0134 to .055

Alr manifold pressures up to 45 inches mercury.

Air manifold temperatures up to 204°F.

Engine speeds from 560 to 1770 R.P.M.
Since the engine was designed to run under natural aspiration conditions,
and to avoid troubles due to overloading by superzharging, the following
limits were consideread:

Exhaust temperatures not to exceed 1000°F.

Gas peak pressure in the cylinder not to exceed 1200 —1bs.

8q. in.
The engine at the end of the tests was in a satisfactory condition,

without any sign of failure in any of its parts.



Calibration of the Combustion Chamber Thermocougle:

The'calibration curve for the nickel-steel thermocouple,
which was used to measure the combustion chamber wall temperature,
was furnished by the menufacturer [ Detroit Controls Corporation ],
and is shown in figure (18). To calibrate the temperature trace on
the oscilloscope screen, the engine was stopped, and while the
cylinder was still hot, the voltage produced by the thermocouple
was measured by a precision potentiometer. At the same time a
picture of the calibration trace was taken. The trace as shown in
figure (23), 1s in the form of two parallel dashed linés; the vertical
distance between them being equi#alent to the voltage produced by the
thermocouple. The reuding of the potentiometer wus in millivolts,
and was convertcegd to degrees fahrenheit by using the calibration
curve fugure (13). The scale of the temperuture trace wés then

calculated from the calibratlion trace and the reading of the potentio-

meter.
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A. Ges pressure and csrank angles
for the whole cycle

B. Gas pressure and crank angles for the
compression and expansion strckes

Figure 20. Gas Pressure During the Cycle.



A. Wall temperature and crank angles
over the whole cycle (with 3 amplifiers)

B. Wall temperature and crank angles for
the combustion period (with 3 amplifiers)

Figure 21. Combustion Chamber Surface Transient-Temperature

1y
A
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A. Wall temperature over the wvhole cycle and thb
atmospheric temperature. (With 3 amplifiers)

B. Wall temperature over the vhole cycle (With
2 amplifiers)

C. Wall temperature over the vhole cycle and the
atmospheric temperature. (With 2 amplifiers)

Figure 22. Combustion Chamber Surface Transient-Temperature.
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Pressure, (right): Deflection corresponds to 231.3

Temperature, (left): Deflection »orreuponds to? ” ek
a. Deflection with 2 amplifiers (the two middle lines)

b. Deflection with 3 amplifiers (the two outside lines).

Figure 23. Pressure and Tempecrature Calibration Traces.



V. EXPERIMENTAL RESULTS.
The results shown lIn this sectlon covered the following
range:

Series A. Runs At Variable Manifold Pressures:

Figures (24-32): '
Average Speed = 800 R.P.M.
Average Manifold Temperature = BO°F
Manifold Pressures = 30" Hg - 45" Hg.

% Ratios : J0L34% - .055

Series B. Runs At Varlable Manifold Temperatures:

Figures (33-38):
Average Speed » = 1200 R.P.M.
Manifold Temperatures = 80 - 204°F
Average Maﬁifold Pressure = 36" Hg.
E Ratios : .0213 - .0468
These results are also given in tables (b;ll). Other runs
were made at different engine speeds and were used only to check the
temperatures of the combustlon chamber calculated from equation [2.14].
The results of these runs'are shown in tables (12 and 13). Other set
of runs was mede before supercharging the qngine to check the engine
conditions while 1t was naturally aspirated. These are not of interest

in the present investigation and their data are not given in this re-

port.
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SERIES A
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EFFECT OF £ RATIO ON LME.P FOR VARIOUS MANIFOLD PRESSURES
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ERAKE SPECIFIC FUEL CONSUMPTION 1bs./B.H.P. hr.
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Average Intake Temperature : 80°F

O Manifold Pressure : 30" Hg
4 Manifold Pressure : 33" Hg
4 Manifold Pressure : 36" Hg
X Manifold Pressure : 39" Hg
® Manifold Pressure : L2" Hg
@ Manifold Pressure : 5" Hg

SERIES A

B.S.F.C. V5. F RATIO FOR VARIOUS MANIFOLD PRESSURES
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MECHANICAL EFFICIENCY %
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Average Speed : 800 R.P.M.
Average Air Temperature - 80°F
0 Manifold Pressure : 30" Hg
& Manifold Pressure : 33" Hg
+ Manifold Pressure : 36" Hg
¥ Manifold Pressure : 39" Hg 7
® Manifold Pressure : k2" Hg
® Manifold Pressure : 45" Hg

SERIES A

MECHANICAL EFFICIENCY VS. F RATIO
A -

FOR VARIOUS MANIFOLD PRESSURES
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2000 }—

SERIES A

HEAT LOSSES TO COOLING WATER VS. F RATIO
A

FOR VARIOUS MANIFOLD PRESSURES

Average Speed : 800 R.P.M.

Average Air Temperature : EO'F
Manifold Pressure : 30" Hg
Manifold Pressure : 33" Hg
Manifold Pressure : 36" Hg

Manifold Pressure : 39" Hg
Manifold Pressure : 42" Hg
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FIGURE 29
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EXHAUST GAS TEMPERATURE °F

o

. SERIES A

EXHAUST GAS TEMPERATURE VS. %RATIO FOR VARIOUS MANIFOLD PRESSURES

Average Speed : 800 R.P.M.
Aversage Air Temperature : B80'F
© Manifold Pressure ! 30" Hg
4 Manifold Pressure : 33" Hg
+ Manifold Pressure 36" Hg
X Manifold Pressure 39" Hg
® Manifold Pressure 42" Hg
© Manifold Pressure 45" Hg
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BRAKE MEAN EFFECTIVE PRESSURE

1bs./sq.in.

140
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mmmm!ssmvs.{_muo

FOR VARIOUS INTAKE ATR TEMPERATURES

Average Speed
Average Air Pressure

O Intake Air Temperature: 80°F
X Intake Air Temperature: 140°F

4+ Intake Air Temperature: - 200°F
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FIGURE 33




INDICATED MEAN EFFECTIVE PRESSURE

lbs./sq.in.
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INDICATED MEAN EFFECTIVE PRESSURE VS. {_ RATIO

SERIES B

FOR VARIOUS INTAKE AIR TEMPERATURES
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SERIES B
E.M.E.P. . lVS. F RATIO FOR VARIOUS INTAKE AIR TEMPERATURES
A
Average Speed : 1200 R.P.M,
Average Air Pressure : 36" Hg
O Intake Air Temperature: B80°F
X Intake Air Temperature: 140°F
+'Intake Air Temperature: 200°F
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FIGURE 35
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BRAKE CPECIFIC FUEL CONSUMPTION

lbs./B.H.P. hr.
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EXHAUST GAS TEMPERAIURE F

1000

SERIES B

EXHAUST GAS TEMPERATURE VS. i‘_ RATIO

FOR VARIOUS INTAKE AIR TEMPERATURES

Average Speed : 1200 R.P.M. X
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O Intake Air Temperature: 80°F
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VI. DISCUSSION OF EXPERIMENTAL RESULTS

Series A. Runs At Variable Manifold Pressures:

Eff'ect of % ratio on B.M.E.P. for Various Manifold Pressures,
Figure 24:

The B.M.E.P. of the engine increases with increaseing %

ratios and supercharging pressures. The lncrease in the power output
is mainly due to the increase in the amount of fuel used by the engine.
This can be achieved elther by incrcasing the fuel-air ratio at a
constant intake manifold pressure, or by increasing the intake manifold
pressure at constant fuel-alr ratio. However, the power output obtain-
ed by using equal amounts of fuel at high manifold pressures is more
than thot obtained if the same amount were to be used without super-
charging; therefore it would be better to increase the output by
pressure charging rather than by increasing the % ratio. This feact

is illustrated by cross plotting the lines of constant fuel consump-
tion per hour on the same figure. These lines show also that super-
charging results in a rise in the B.M.E.P. up to a limiting pressure
of sbout 40" Hg, beyond which there is no further increase; eventually.
there is a decrease. Some factors which might affect this limiting
Pressure are the fuel injection system design and timing, type of

combustion chamber, and the inlet and exhaust valve timing.

Effect of E ratio on I.M.E.P. at Various Manifold Pressures,
Figure 25: :

The engine I.M.E.P. curves £0llow the same shape as those
for the B.M.E.P. But a sharp rise in the I.M.E.P. is noticed by

comparirig the it.o!;h.rtq aspirated ocutput with that obtained at

:ﬁlri_
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33" Hg manifold pressure. This is malnly due to the better
scavenging efficiency resulting from eny slight supercharging.

The sharp rise in powver output is not noticed in the B.M.E.P.
curves, due to the relatively poor mechanical efficiency of the engine
at low supercharging pressures.

[ I.M.E.P. x 1&.7 X qﬁ 1 vs £ ratio for Varlous Manifold
Pressures, P 540 Figur® 26:

It is noticed that practically all the points of figure
(25) are well correlated by a single curve except for scme of the
runs at naturally aspircted conditions. This deporture from the
commen curve is duz> to the poor scovenglng efficlency of the engire
et these conditi-nu. From this figure it can be concluded that for
zny fuel-air ratlo the pover output varies in direct proportiocn to
the weight of the alr used by the engine.

B.S.F.C. vs % for Various Manifold Pressures, Figure 27:

The bettcr brcke specific fuel consumption of the super-
charged engine is due to its higher mechﬁnical and indicated thermal
effiziencies. Alsc, s will be shown later, the heat rejected to
the cooling water 1s lcss, thus more of the fuel heat is left to be
converted into net engine output.

Mechaniczl Efficiency vs % ratio for Various Manifold
Pressures, Figure 28:

The mechsnical efficlenzy of the supercharged engine is
higher than that of the naturally aspirated engine simply because
the mechanical losses increase very little with increased engilne

output and percentage-wise become much smaller.
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Heat losses to Cooling Water vs % ratio for Various
Manifold Pressures, Figure 2G:

The %eat losses to theé coolling water increase with both
fuel-air ratio and intake manifold pressures. These losses consist
of the direct heat loss from the gases, and the friction heat. The
direct heat loss is a function of the gas temperature and the co-
effisient of heat transfer, which is discussed ln detail in Chapter

VII.

Heat Loasses to Cooling Water vs I.M.E.P. for Varlous
Menifold Pressures, Figure 30:

From this figure it can be concluded that the heat losses
2t any supercharging vpressure and % ratio is a function of the
I.M.E.P., 211 other :onditions being held constant. Also for the
same B.M.E.P. the heet losses decrease with supercharging.

Exhaust Cas Temperatures vs

E: ratio for Various Manifold
Pressures, Figure 31:

>

The exhaust gas tempersture is mainly a function of the
fuel-air ratio, but for manifold pressures higher than 33 inches
mercury the exhaust gas temperatures are slightly higher than those
for normal atmospheric operation. This is due to the relatively

higher temperatures reached in the cycle with boosted inlet pressures.

Indicated Thérmaljggficienqy vs I.M.E.P. tot"!ﬁigu;;lﬁnifold.
Pressures, Figure 32: ‘

Althouzh the points for each manifold pressure do not fall
on a smooth curve, yet from the average curves drawn for the different
pressures 1t can be noticed that at high I.M.E.P.'s the thermal effi-
ciency of the supercharged engine is better than that of the naturally
aspirated engine. This is due to the fact that the supercharged engine
operates et a lower fuel-alr ratio and with a better scevenging

efficiency. The slight drop in the indicated thermal efficlency of
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naturally aspirated engine, as the I.M.E.P. increases, 1s caused
by the high fuel-air ratios used and the high gas temperatures
reached at the beginning of the compression stroke.

Series B. Runs At Constant Manifold Pressures And Variable Manifold
' Temperatures:

Effect of E ratio on Power Output for Various Manifold
T~mpereturés, Figures 33 and J4:

The heating of the air before it enters the englne causes
a drop in the power output. This is mainly due to the drop in the
mass-rate of air fluw caused by an increase in the specifilc volume
of the alr at the time the}Lnlet valve closes.

As the cycle starts from a higher initial temperature the
gas temperatures throughout the cycle are increased, causing some
decrease in the indicated thermal efficiency, accompanied by &an

increase in the heat lost tu the cooling water.

[I.M.E.P. x Sgg ] vs % ratio at Various Manifold Temperatures,
Figure 35: a

This figure confirms the conclusion reached from figure (26),

‘L.@., With constant-% ratio, the power output varies in direct pso-

portion to the wieghit of air used by the engine.

B.S.F.C. vs»% for Vurious Manifold Temperatures, Figure 2§:

The poor fuel economy ut hig ;her manlfald temperatures is

caused by the drop in the thermul efficiency as explained ian the
diSeuSSLQn for§7f\' .

: (53) i

Heat Losseo to Gooling Water
Temperatures, F;ggre 37

i Various Manifold

The heat losses to the cooling water increase with an in-

crease in the manifold tempersture. This is due to the high temperatures
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A Y
and coefficients of heat transfer reached du®ing the cycle.

Exhaust Gas Temperatures vs % ratlio for Various Manifold
Temperatures, Tigure 38 b

The exhaust gas temperature is a function of the fuel-air

ratio for all intske menifold temperatures.



VII. HEAT-TRANSFER ANALYSIS OF THE
EXPERIMENTAL RESULTS.
The purpose of this analysis is to apply equation [2.1k4]
and [2.17] to celculate the combustion-chamber-wall inside-surface
teu.persture and the thermsl loading on the cylinder walls, and to

.

check the volues calculated, with thdigi;iiimiii;ﬂkis analysis was

made in the following steps:

1. Study of the effect of the manifold pressure and
temperature, and the mean piston speed, on the gas
mean effective temperature, and coefficient of heat
transfer.

2. Evaluation of some constants for the engine,.
5. Cclculation and check on the wall temperature.

4, Cealculation and check on the thermsl loading.

l. Effect of Png Tmte.nd 8 on TM.E. and Qyy:

TMJE. and aﬁ are the mein fectors affecting the process
of heat transfer from the gas to the walls. The following procedure
was followed to find an equation for them in terms of Py, Tp, S and
the I.M.E.P,
a. Calculation of the gas pressure all around the cycle
from the pictures taken for each run. A sample is
shown in figure (20).
b. Calculation of the gas temperature all around the cycle
from the weights of air and fuel consumed for eech run.
c. Substituting in equation (2.1], the values of the

pressure and tempcrature previously caluclated, and
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the value of the mean piston speed measured during
the tests; to get the coefficients of heat transfer.
d. Plotting thevvalues of g against the crank angles,
(as in figure 52) and by grephical integration getting
the mean value of ag, kpown as Qy.
e. Cslculating OgTg all around the cycle by multiplying
the instantaneous value of @, with the corresponding

8
value of Tg.

f. Plotting ang against the crank angles, (as in figure
53) and by graphical integration getting the meen
value of gTg, known as GJgTS)M.

8. Using equetion [2.8] to calculate the gas mean
effective temperature over the cycle.

A sample of these calculations 1s given in Appendix A. This cycle-

analysls was made for many runs covering the following range:

P,: 28.75 - ki 25 inches Hg.
Tt 73.5 - 204 °F
s 11.3 - 17.97 fr.
sec.
N . - 1251 R.Pou.

ji@qre given in tdblesS;S)_Qﬁﬁ (1f):

The best correlation for these results was found by

D
x Y vs I.M.E.P. Figure (39)
g’t - Fhrm

%M- . IME. vs  I.M.E.P. Figure (40)
Js T
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The relation between these variables were found to be of the form:

1

%3/% Y P,Ty

= 0.8 + 0.00157 (I.M.E.P.)
and
%‘n_ x IME. . 14.71 + 0.233 (I.M.E.P.)
Vs Tm '

From these two equations:

T 14.71 + 0.233 (I.M.,E.P.)
™.E. = X o 0.48 + 0.00157 (I.M.E.P.) [7.1)

and

oy = Vs x W’éj; [(0.48 + 0.00157 (I.M.E.P.)] [7.2]

The values of Ty o and ay calculated from equations [7.1]
and {7.2)] were plotted against those found from the cycle-analysis,
in figure (41). The maximum errors in Ty p and ay ere T7.2% and L5$

respectively.

2. Evaluation of Some Constants for the Engine:

e. Constant C in equation [2.11].

C* =% %

G B

W. was taken from the cooling water flow rates
measured for each run.
a c,u, and k ware evaluated st the aversge
" ture of the cooling vater. ,
Qe was calculated from: Q, the heat carried by "

i
ViR

the cooling wvater; A"‘c » the area of cylinder
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walls in contact with coolant; and the mean
temperature difference between the walls and
the water. The .area of cylinder walls, Aw.c.
consiets of:
(1) the barrel area
(11) the cowbustion chamber area
(111) the exhaust manifold area enclosed in
the cylinder head.
The mean average temperature for these areas was
calculated by adding the multiple of each peart by
its temperature, then aversging the sum over the whole
area.
Since the flow of water past the surface was a mixture
of parallel, counter, and cross flows; a, vas calculat-
ed in terms of the arithmatic mean temperature differ-
ence between the surface and water.
A sample of these calculations is shown in Appendix B. The results
of similar calculations for other runs asre tabulated in tables (14)
and (15), and were plotted in figure (57).

From figure (57)

C for the engine = 3.15 [7.4]
Thus '

a, = 3.15 (%)0.6 (%)O.h

b. Area factors for the combustion chamber:

The shape of the combustion chamber is shown in

figures (16) and (17). To evaluate the area factors,
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the combustion chamber wall was considered as
cylindrical, with un inside diameter of 2 inches,
and an outside diameter of 2.56 inches.

Mcan area factor ap:

2
am = %‘i = —-82.2 a= .877 [7-5]

Cooling area factor a,:

8, = B - -2 . e [7.6]

X = ry lnﬁ;
2+ g 26 Xx 1ln g*gé = 0.282 inech.
[7.7]
c. Thermal conductivity of the metal:
k: = 27 B.T.U. (7.8]

hr. sq. ft. (:_g)
ft

3. Calculstion and Check on the C. Chamber Wall Temperatures:

By equating the values of: Ty g , equation [7.1.];~au,
equation [7.2] and the constants, equations [7.4] to [7.8]; in
equation [2.14]; the values of Ty.g. could be calculated from:
P,TysS, I.M.E.P., W, ch and the engine constants.

Using this procedure, Ty . was calculated for several

runs covering thce following range of operating conditions:

# (Reference Ni. 33)
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Py 28.75 - Ly .7 inches Hg.

Tm: T2 - 204 °F

N : 789 - 1769 R.P.M.
lbs.

]
I.M.E.P.: 51.3 152

5q. in.

The results are shown in tables (13) and (19). These calculated
temperatures werc compared with those measured by the thermocoupleA
and were found to be in fair agreement. The moximum error is 12.7%.
The values measured are shown also in tables (18) and (19). The
deviation of the measured temperature from that celculated is due
to the following experimental errors:

2. The time when the picture of the wall-temperature
was taken was not exactly the same time the cooling water was
measured, during which a chunge in the water temperature might
have taken place. The chunge in the water temperature was within
+ 5°F during the run and 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 mbaéured
at the end of the day's tests to the brake load for the run. The
friction louad, being a function of the lubricating oil temperature,
was not constant for all the runs of the day, and caused an error
in the indicated mean effective preasure.

¢c. The cooling weter temperature Tc5, used in the calcula-
tions, belng lower than the water temperature near the combustion
chamber wall, coused the majority of the calculated wall temperatures

to be lower than those measured by the thermocouple.
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4., Calculation and Check on the Thermal lLoading:

By equating the values of: Ty g , equation [7.1); ay,
equation (7.2] and the constants, equations[7.4] to [7.8); in equations
[2.16), [2.17) and[2.18]; the thermal loading could be calculated from
Pny Tps S, I.M.B.P., W, (Eﬂ'—;&’l) and the engine constants. Equation
[2.18] was simplified by assuming the mean effective area equal to the

mean arithmatic area, therefore

Apore
A= Accn,t App, *

Aex_h;kman.

Atnt man

+

> ]

= 32.5 ¢ 15.9 + 37.1 + [22:3326:0) _ 1057 oq.4ns.

The results of the calculations are shown in Tables (20) and
(21) as compared with the measured cooling water heat losses. The cale
culated thermal loedings are in general less than the measured heat
losses which included part of the friction heat. The deviation between
the calculated and measured values increases at high engine speeds due
to the increase in the friction heat. Another factor wvhich affects the
messured losses is the heat losses from the outer surface of the engine.
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VIII. INVESTIGATION ON THE EFFECT OF AFTERCCOLING

To investigate the effect of aftercooling on the operation
of the turbocharged engine, the following calculutions were made,
based on the conzlusions reocched from the experimental work. The
power output, the maeximum temperature of the piston crown and the
intensity of thermzl loading were calculated for different degrees
of aftercooling.

The arrungenent on which culculations were bused is shown
diagrammatizally in figure (42). The conditions of operation assumed
wvere az followz:

Compressor Efficiency = 80%

Atmospheric Conditions

Pressure

30 inches Hg.
Temperature . = B0 °F

Drop in air pressure between the compressor outlet

0.5 __1b
sq. in.
0, 50% and 100%

and the engine manifold

Aftercooler Effectiveness

Method of Calculation:

a. Calculation of I.M.E.P. for different aftercooler effectiveness:

After belng compressed in the turbocharger, the air will be at
a temperature higher than that of the atmospheric. If an aftercooler is
used between the compressor and the engine, the air temperature will
drop to a value depending on the aftercooler effectiveness; and the power
output will be greatly affected. It was found from the results of the i
experiments that the I.M.E.P. isfigy§t-01;;proportional to the absolute

manifold temperature. Thus the power of the turbocharged engine, sat \



Intake Exhaust

Manifold Manifold ]
——
12 m
& Turbine
T
o Engine
\ i —
Aftercooler

«— Turbine Exhaust

Alr Intake
Tls Py

T2 Compressor

Figure 42. Diagram of Assumed Turbocharged C.I. Engine



any manifold pressure and with any aftercooler effectiveﬁess, can
be calculated by multiplying the I.M.E.P. from the test-results

[figure (25)] by a temperature factor 2;9. The test-results were

. m
considered (after being corrected to a manifold temperature of
540°R and manifold pressures of 30 to 45" Hg) to represent the
engine perfcrmance with 100% aftercooling effectiveness. These

are shown in figure (43).

b. Calculation of the maximum temperature of thq_giston-crown:

For these calculations, the following constants were eveluated:

X : the thickness of the piston-crown = % inch

B.T.U.
hr, sq. ft. (:E)
ft

coefficient of thermal conductivity = 27

the temperature of the hot gases in the crank case = 160°F
a,: coefficient of heat transfer from the bottom of the

crown to the hot gases, calculated from equation [2.1)

with
P = 1bk.7
T = 460 + 160 = 620 R
s . at 800 R.P.M. = 11.672 -E:_c.:.
. a = 12.22 B.T.U.

hr. sq. f£t. °F

c. Calculation of Intensity of thermal loading on the

combustion chamber walls:

This was calculated from equation [2.15]:
qQ=1U (TM.E.'TC)
U was calculated from equation [2.16] by using
equations [7.2], [2.11]) and [7.4] to [7.8] and TM.E. vas calculated

from equation [7.1].



A sample calculations for the effect of aftercooling on
the engine performance, piston-crown maximum temperature and intensity
of thermal loading is given in Appendix G. The results of similar
calculations are given in tablesl(aa), (23) .g‘»(zk). They are
prlotted in the following figures:

Figures (43), (60) and (61) for 100% afterczooler effectiveness.
Figures (44), (62) and (63) for 50% afterzooler effectiveness.
Figures (45), (64) and (65) for 0% (No aftercooling).
Figures (43), (44) and (45) illustrate the engine performance for
conditions of, constant manifold pressures, piston-top maximum
temperatures, and Intensities of thermal loads. The curves for

the indicated nean effective pressures were calculated from figure
(h}) and the temperature factors. The other curves are cross plots
from figures (60) to (65).

At the end of this chapter calculations were made, to find
the effect of aftercooling on the intensity of thermal loading, pistom
maximum temperature, and power output, at a manifold pressure of kS inghes
Hg. The results are shown in figures (46), (47), (u8), (49), and (50).

Discussion of Results of Calculations:

Performance with 100% aftercooler effectliveness, figure 43:

This figure shows that increasing the power output at any
supercharging pressure causes an increase in both the thermal loads
and the piston temperatures. This is mainly due to the increase in
the amount of fuel used per cycle. Also, the thermal loading and
Piston temperatures at high supercharging pressures and low % ratlos,

are lower than those at lower supercharging pressures and higher %
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ratios. Thus for equal power outputs it is better to operate the
engine at the highest supercharging pressure, with the lowest -}
ratio. This will also result in the best fuel economy.

Performance with 50% 'mrcoolu effectivensss, figure bi:

This figure also shows that for any supercharging pressure,
both the thermal loads and piston mntmi increase vith the
pover output. In this case, the thermal loads are functicns, omnly,
of the I.M.E.P., for any -:- ratio or supercharging pressure. For the
same I.M.E.P. the piston maximum temperature drops with supercharging.
For any brake mean effective pressure, it is still better to run the
engine at the highest supercharging pressure, since the thermal load-
ing and the piston temperature will be lower.

Performance with Of aftercooler effectiveness, figure U5:

Here also both the thermal loads and piston temperatures

increase with the engine output.

Although the same I.N.E.P. could be reached st lover 7
rastios with supercharging, yet the thermal loads increased and the
piston maximm temperatures remsained constant. Hovever, for equal
brake mean effective pressures, the piston temperatures will de-
crease with supercharging and the thermal loeding will remeain
constant.

For the turbocharged engines without aftercooling we
have -to choose either, the lov efficiency and low mechanical loeding
of the lov supercharged engine, or the higher efficiency but higher

mechanical loading of the higher supercharged engine, without any
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reduction in its thermal loading.

Engine performance with different aftercooling effectiveness,
figures 46 and 47:

Both figures are for a constant manifold pressure of 45
inches mercury, with the variables arranged in two different ways.
It can be notliced that:

&. The wall temperatures and intensities of thermal loading
are functlons, not only of the fuel-air ratios, but also of the l!%.igf
cooler effectiveness. For the same fuel-air ratio the thermel lnldiyg{
and wall temperatures decrease with better aftercooling.

b. The fuel-air ratic required for equal pover outputs
decreases with better aftercooling, resulting in a reduction in the

thermal loading and piston temperatures, and a better thermal efficiency.

E:fect of aftercooling on thermal loading:

Figure (M8a) shows the intensity of thermal loeding with
different superzharging pressures and aftercooling effectiveness,
for an indicated mean effective pressure of 150 1bs. per sq. in.,

with a compressor efficlency of 30%.

Curve for € = 100%:

This is the case of supercharging and cooling to &
constant manifold temperature of S40°R, (this is the condition of
series "A" of the experiments). The thermal loeding decreases
continuously with supercharging. That is to say, the increasing
manifold pressure has a reducing effect on the thermal loading,

& pressure rise of 15" Hg causes a reduction of 7.7%. This reduc.
tion is not nuticed i figure (50), because the manifold temper-. |

ature and the friction heat vere not constant for all the runs.
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Curve for ¢ = Of:
This curve represents the case of turbocharging wvithout

sftercooling. The increase in the thermal loading with turbocharging
is mainly due to the increase in the manifold temperature, vhich has &
much greater effect on mmutns, the thermal loading than the reducing
effect of the increasing manifald pressure. An increase of 87°F due to
turbocharging to 45" Eg, caused an incresse of 22.3% in the thermal

loading.
If the thermal loading was not permitted to increase by

turbocharging, it would be better to use lov manifold pressures
with better aftercooling than to use high manifold pressures and
poor aftercooling. In other wvords, an effective cooler which might
cause a bigger pressure drop, will be preferred to an uneffective
cooler vhich will cause a small pressure 4drop.

It is vorthvhile to add hu'e that, for an I.M.E.P.
of 140, the thermal loading cn the engine-cooling-system, is ,redu?d
wmmmm»umcnummtwmwmmm»*
aftercooler. This is illustrated in ﬂ.gu.re‘ (50).

Effect of aftercooling on tbhe maximun temperature of the
piston-crown

Figure (48,b) shows the pistom-crown '-sn- temperature
for different supercharging pressures {amll ! aftercoaling effectivensss
and an indicated mean effective pressure of 150 lbs. per sq. in., with
a compressor efficiency of 80%. It indicetes that the piston temper-
ature drops vith better aftercooling for any supercharging pressure.
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of on 2 \ 3]

Figure (49) shows the increase in the pover cutput by
supercharging and dmorent degrees of aftercooling.

A horizontal dotted 1line representing an I.N.B.P. of
129 1bs. per sq. in. vas drawn to intersect vith the limes of
€ = 0, 50 and 1005. This line indicated that vith better cooling,
lover manifcld pressures are required to give the same I.M.B.P.
This means that, wvith an air preasure of 45" Hg at the exit from
the compressor, it would be better, in the interest of lovering
the thermal loading, to use an aftercooler with ¢ = 50%, vhich
might cause a pressure drop up to 3.8" Hg, rather than to exclude
the cooler and keep the pressure at 45" Hg.
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IX. CONCIUSIONS AND RECOMMENDATIONS

Conclusions:

From the foregoing analysis it is concluded that:

1. The thermal losding and wall temperatures of a turdbocharged
compression ignition engine are primarily related to the indicated
pover output and are affected to a lesser degree by intake manifold
conditions and the engine speed. Results of this investigation show

that:
8. Thermal loading and vall temperstures increase in direct

propotion to the indicated mean effective pressure.

b. For the same indicated power output:
(1) Boosting the intake manifold pressure without
beating the air will reduce the thermal loading and
vall temperatures

(11) Raising the intake manifold temperature will
increase the thermal loading and wall temperatures

(111) Thermal loading changes in direct proportion
to the cube root o: the mean piston speed.
c. For the same intake manifold pressure the vall temper-
ature changes in direct proportion to the thermal loading.
2. PFor the operation of turbocharged engines at constant power oute
put and no aftercooling, one of the following two conditions prevails:
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a. High supercharging résultm in better fuel economy
b. Low supercharging resultina 1n poor fuel econcq but
reduced thermal and mechanical lseliags, vitheut ewy

reduction in the wall tapcr.turcs.

3. The turbocharged engine performance is improved by increasing

the air density and reducing its temperature in the intake manifold
resulting in higher specific power outputs and lower thermal loadings

and wall temperatures. Aftercooling is cne method used for increasing
air density by decreasing the air temperature. BEven though the pressure
drop increeses as the aftercooler effectiveness increases, general bnune
performance will be improved by using an aftercooler with high effective- -
ness., Improving the compressor efficiency will also increase the
specific power output, and reduce the thermal loading and wvall temper-
atures.

- b, Aftercooling is necessary if high power cutputs are to be obtained
at high turbocharging pressures. ‘

Recommendations:

It i3 recommended that further investigations be made along
the following lines:
1. Apply the equations derived in this work to turbocharged engines
operating with aftercoolers and, for tezts at high supercharging
pressures, compare the measured values for the engine performance,

thermal loading, and wall temperatures, with those predicted from
these equations,



2. 8tudy the relationship between aftercooler pressure-drop and
effectiveness required for maximum air-density and minimm air-
temperature in the intake manifold. These two conditions will

give maximum specific power output und mimimum thermal loadimg)sdd |

wall temperatures.

3. Nake a study of possible methods for effectively cooling the

air alter its compression in the turbocharger.

4, Investigute the effect of valve timing and exhaust manifold
pressure and bocth the cylinder wall temperature and energy of the

exhaust gases necessary to drive the turbocharger.

2. Study the distribution of the heat losses during the cycle, over

the cylinder of the turbocharged engine.



APPERDIX A

SAMPLE CAICVULATIONRSB

Run Nusber 95
Test Conditions:
Pb Carometric pressure = 29,52
Ph Alr gauge pressure at the intake
manifold in surge tank = 3.1
Pa Air gauge pressure at inlet tap
of orifice meter = 3.7
APa Differential pressure across the
alr orifice = T.05
APC Differential pressure across the
cooling water orifice = 8.3
Ta Air temperature at air orifice = T9
Ty  Alr temperature at intake manifold= 90
T, Oil temperature in crank case = 164
Tvw.ex Exhaust manifold wall temperature= 202
T, Liner wall outer side temperature
1 at T.D.C. = 225
Tz Liner wall outer side temperature
2 between T.D.C. and B.D.C. = 201
Tz Liner wall outer side temperature
3 at ®.D.C. = 161
TS Average temperature of the engine
outside wall = 141
AT, = (To_-T..): Rise in water temper-
3 "1 ature = 9.95
T°2- Cooling water temperature at
inlet to barrel ) = 167
T, Cool(ng water temperature at
5 exit from cylinder head
| - = 173

inches

inches

inches

inches

inches
°F
F m
°F

°F

°F

°F

°F

°F

°F

°F

°F

Hg.

Hg.

Hg.

water.

water.

550°R



Toyxp, Exhaust gas temperature = 875 °F
tF Average time for comsumption of

0.1 1b of fuel = 1.433 minutes
NtF Tachometer reading for the time tF= 1176.8 revolutions
Wy  Brake load = 42.9 1bs.
Wp Friction load = 13.06 1bs.
N Revolutions per minute = 1%1%;% = 821

... 2LN_2 x 5.25 x 821  _ £t
] Mean Piston speed = 5~ 5% &0 11.98 Seo
H.V. Heating Value of fuel . = 19500 B.T.U.
1bs.

Air Flow Rate:
Dl Actual inside diameter of 2" pipe = 2.0052 inches
A, Area of the 2" pipe = 1’-} X (2.0052)2 = 3.16 saq. ins.

D, Diameter of the sharp edged orifice = 0.7018 sq. ins.

A.2 Area of the sharp edged orifice = f x(0.7018)2 = 0.387 sq. ins.

Py Absolute air pressure at inlet tap of
orifice meter =29.52 + 3.7 = 33.22 inches Hg.

_ 7.05 62.2 . 1bs.
&Py =15 1hklh 0.25h sq. in.
APy - Q.254
Py 33.22 x 0.49 = 0.0156
Assume the Reynold's number = 14,300
*
K (2) Flow coefficient [ for %g = g'og;g = 0.35 ] = 0.6155
l .
E (2) Aree multiplier for thermal expansion of the
orifice plate (stainless steel) =1
Y (@) Eumperical expansion factor [ fox %;g = ,0156] = 0.995
a
Ca Density of air at inlet to orifice
o Pg . 33.22 x 0.49 x 1bk = 0.0816 —1b- )
RTq  53.34 (460 + 79) - cu, ft.

* References are given in Bibliography.

T e s e



o (@)

. _ .
" Air flow rate = 0.668.A,.K.E.Y. VFgAP, 128
= 0.668 x 0.387 x 0.6155 x 0.995v0.0816 x 0.25k
= 0.0228 1bs -
s3ec
Alr flov rute = 0.02275 x 3600 = 82.1 1bs
hr
Check on Reynold's Number:
Re = %——
n air

G = Air flow rate per sq. ft. hr.

Hair = Absolute viscosity of air -
ft. hr.

Re: 82.1 x 14k x 2.0052
3,16 X 12 x 0.0438

= 1%,300

Cooling Water Flow Rate:

The orifice meter used for measuring water flow rates had
the same dimensions as that for air. Using the same symbols used

for the air flow rate, the squatien for the rates of coolimg water

flow is
CD(, = 0.668 A,e.K.E. J?_«APC ibs.
- SeCO
Assume the Reynold's Number = 19700
K = 0.6123

E at T = 163°F for stainless steel = 1.0011

, 1bs.
coat T = 163°F =61 oFET
_ 8.3, 62.2 _ 1b.
AP, S xS 0.2986 v T
Ay = 0.387 sq. ins.

We = 0.668 x 0.387 x 0.6123 x 1.0011 VY61 x 0.2686 = 0.676 %Eé

= 0.666 x 3600 = 2435 %EE



Check on Reynold's Number:

lb'

u water at 163°F = 0.944 Tt sea.
Re = 2435 x 14 x 2,0052 . 19.650

3,16 12 x 0.944 9,65

Fuel Rate of Consumption:
P - - 0.1 0.1 -

Consunption per hour = tp X 60 = .33 * 60 = 4.19 1ps.
F. Fuel uir ratio = b.29 _ 5,051
A 82.1

Power Output:

The equation for the engine horse power as measured by the

dynanometer is:

B.H.P.

B.M.E.P.

Wx N
Horse Power = 5000
where W = loud on the dynuuometcer arn.
N = revolutions per minute.
4000 = a constant for the dynamometer.
Brake h ' “x N
rake horse power =
P 4000
= 1&2. X 82l - 8 8 H.P
Looo ) o
Indicated lcad = Wg + Wp =42.9 + 13,06 = 55.96 1bs.

Brake mean effective pressure

= B.H.P, x ‘22%99 X % x 12

s
where V5 is the swept volume = 33.48 in.>

B.M.E.P. (uncorrected) = 8.8 x %%Qgg X Egi x 12 = 101.9

Correction factor of the B.M.E.P. for the effect

of bazk pressure. = 0.6
B.M.E.P. = 10l.9 - 0.6 = 101.3 —1bPS..
. sq. in.
= 101.3 x 83.45 , 821 1 = 8.76

33000 2

8q.

5q.

1bs,

in.

1bs.

in.



L2,
™ Mechanical efficiency = % -5 = T76.7 %
- . lop.3 - 1lbs.
I.M.E.P. T 2
K.P. ‘- 83.48 81 1 . .P.
I.K.P _ 132 x 3 > 15 11.%2 H.P
B.S.F.C. Brake specific fuel consumption
4.19 : —_ 1P,
8.7 = 0.M7 FEF. br.
1.8.7.C. - ko - 0.3663 —1b:
¢ 11.42 0.3663 I.H.P. hr.
3., = Brake thermal efficiency
- 8.76 x 550 x 60 x 60 x 100 - 27‘55 ‘
) 778 x 4.19 x 19,500
M1.7Th. = Indiceted thermal efficiency :
"B.Th 27.35 _ .
qm 0.767 - 35-62 ’

Heat to cooling water = @, x sp.ht. xv&e

=235 x 1 x 9.95 = akaao 5‘-;-’;'-,-"—
(P-Y) smd (Wall Temperature-Crank Angles) diagreme:

Scale of _pressure

1b
8q. in.
This corresponds to a calibrating resistance of % ohm

Calibration pressure = 231.3

in the "Bridge-Amplifier"

Deflection on the oseillogreph sareen, figure (23)
= 4.5 screen divisions,

Scale of trace = 231.5 = 51.5 ~bs. per division.
4.5 sq. in. -

Scale of temperature

Voltage across the thermocouple ends .x.wm,d S
(as measured by the precision potentiometer) = 0905 wu.v. |

| o TR e




«100-~

Voltage corresponding to 100°F temperature |
difference between thermocouple Jjunction
and referenze Junction temperatures
(In the range of 40°C to 150°C, figure (18)

Temperature difference corresponding toz»

Corresponding deflecction on the oscillograph
screen

Scule of trace = i,

Weight of the Reslduesl Guses in the Clearance Volume:

Ascume the pressure at the end of the exhaust stroke = 14.7 EE;E§§

Jlearance volume = 6.393 zu.ins.

R : Gas.constant f.r exhaust geses (20) = 53.175 fv. b,

ex’ 1b. °F.
Wt. of residual gases = PV 1h.T x 144 x 6.393 = 000109 1b.

per >ycle RT 53,175 x 14k x 12

Wt. of s:avenging uir per sec. =. ,00764 2:1 x 237 = 0.00526 %Eé ;

(Appendix F) 6.3 550 : |
Time for scavenging per cycle = 60 x 36 = 0.00731 sec.

821 x 360

i
0

Wt. of scavengzing air per cycle 0.00526 x 0.00731 = 0.0000385 1b.

Wt. of fresh air trapped in the cylinder per cycle

82.1 x 2
6o x go1 - 0-000038
= 0.003,33 - 0.000,039 = 0.00329 1b.

Wt.ofzggses duriggﬁthe comg;essicn stroke

= 0.00329 + 0,00011 = 0.0034 1b.

Wt. of fuel used per cyzle = EE%ng——
TX6O

0.00017 1b.

Wt. of gases during the egggpsion stroke = 0.0034 + 0.00017 = 0.00357 1b.
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ulm.

For any point on the compression stroke,

_ PxV _ = )
T = 9553534 x 0.0056 0.458 P.V.

For any p:int on the expansion stroke,

PxV —
T = 15°%x353.175 x 0.00357 0.438 P.V.

To draw the pressure-crank angles diagram near B.D.C., allow for all

the runs, 0.75 lb.per.sq.in.drop in alr pressure belcw the monifceld

pressure at the time the I.V. closes.

« Pressure at close of I.V. = 32.62 x 0.45 - 0.75 = 15.27 —i0e_
sq. in.

Allow, for 211 the runs, 20°F drup in gas temperature between the end

of the expansicon stroke and the measured exheust temperature,

~ T at the end of cxpansion stroke = 875 + 20 = 895°F

= 1355°R

& P at the end of expansion stroke = 1325 = 34,4 _1bs.

0.438 x 89.67 3. 1n.

1#
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Heat Transfer Analzsis For The gxcle:

Equation [2.1]:

ag = 0.0564 Vs JPr

for this run

2IN _ 2x5.25 . &1 .

thus ag at any crank angle where the gas is at a pressure P and

temperature T

= 0.0564 ¥11.98 VPT

= 0.1291 VBT _
The values of Ot and (ag.Tg) for the compression and expansion strokes
are shown in tables (1) and (2). For the intake and exhaust strokes,
the method used is as follows:

Intake stroke:

For the intake stroke the effective gas temperature
was celculated by equating the heat gained by air

to the heat transferred from the walls.

@ X cp X At = Ay X Odg X (T'.s.-TE) (10.1]

where At is the temperature rise in the mixture of air and residual
gases, &ue to the heat from the walls. The temperature of the mixture

of residual exhaust gases and air was calculated from the following

equation:

(@gyr + By, ) Bpyy, = @ x by + @y X Bexh.
hg st 90°F = 13146 2:T:U-

hexh, at 875°F = 321.5 B.T.U.
1b.

—
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-00333 x 131.46 + .00011 x 321.5 B.T.U.
hmix. = .00333 + ,00011 157.4 1b.
Tmix. = 115°F

Temperature of the gases at the time when I.V. closed

N 15.27 x 144 x 82.97
@R 14k x 12 x 0.0034 x 53.34

= 582°R = 122°F

Rise in gas temperature due to heat from walls

= 122 - 115 = T°F
75% of this heat was assumed to be gained during the intake stroke,
and the rest during the compression stroke before the inlet valve
closed.

Heat gained during the intaoke stroke = 82.1 x 0.24 x 7 x .75 = 103.5

B.T.U.
.hr.

Mean wall temperature during the suction stroke = 212°F
(Appendix E)
To get the coefficlent of heat transfer between the gases and wall,

assume 1 1b. per sq. in. drop in air pressure below the manifold

pressure during the intake stroke.

“P=32.62x .49 -1 = 15.02 —208:
8q. in.

Average gas temperature = lggﬁ%—lli = 118.5°F = 578.5 °R

oy = 0.1291 ~15.02 x 578.5 = 12.02 B.T.U.

hr. sq. £t. °Fr
Ay = Comb® ch. erea + % liner ares + intoke manifold area

= 48.14 + .7%.3 .+ 34,3 =119.8 sq. ins.
From equation [10.1]
Ty.g.-Tp = 023X 1bh = 10.35°F

12.02 x 119.8
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Tg = 212 - 10.35 = 201.65°F = 661.65°R
ayTg = 12.02 x 661.65 - 0.79 x 10%
Bxhaust stroke:
The gas pressure during this stroke is; assumed to be

1b. - . - - 1bs.
1 5q. ino higher than the atmosphic presaure 4.5 + 1 15.9% e is.
Exhaust gas temperature = 875 + 460 = 1335°R

B.T.U.
ay = 0.1291 YJ15.5 x 1335 = 18.56 — S TTF
T = 18.56 x 1335 = 2.k8 x 10%
At the end of the expansion stroke the pressure was considered half
way between the exhaust pressure and that from extrapolation of the
expansion curve. The temperature was found by extrap.lation.
Values Of oq And Ty g _As Calculated From Figures 52 and 53:
Stroke Intake Compression Expansion Exhaust Total Cycle
aM 12.02 26.55 70.3 18.56 31.86

“M™.E.| 0.796 x 10*| 2.415 x 10*]| 15.5 x 10* | 2.48 x 10* | 5.298 x 10*
TM.E. R| 661.7 910 2205 1335 1660
Ty.g.°F| 201.7 450 1745 875 1200

Pl
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TABLE I

Heat Transfer Analysis For The Cycle: (Run #95)

Crank flection Gauge P v T
Stroke |Angles | of trace|Prescure|Absolute| Volume |Temper-| VPT o, |2g-Tg
gl.‘g?c. sereen 1bs. | 1bss wore “ | x 10
divisions|sq. in. [sq. in. jzu. ins. °R

0 l0.2 520 534.5 6.393 1552 | 910 117.6] 18.25

3 8.3 428 Lh2.5 6.47h4 1305 | 760 98.1] 12.8

6 7.3 376 390.5 6.675 1186 | 680 87.8] 0.4

9 6.8 350 36L4.5 7.031 1166 | 652 84.2 s.8

12 6.2 319 333.5 7.613 1157 | 620 80.1 9.27
15 5.45 281 295.5 8.158 1098 | 570 73.6 8.08

18 L.8 247 261.5 8.946 1063 | 528 68.2 7.26

21 3.9 201 215.5 9.6 gh2 | k52 58.4 5.5
g 24 3.25 167.3 | 181.8 }10.887 899 | Lok 52.2 L.69
% 27 2.7 139 153.5 }11.998 837 | 358 L6.3 5.88
(33 36 - - 108 16.175 9% | 293 37.8 3.03
L5 - - 78 21.22 754 | 242.5| 31.38) 2.36
63 - - 45 33.3 682 | 175 22.6 1.54
T2 - - 36.6 |39.95 666 | 156 20.16] 1.3%
90 - - 25.8 |53.32 626 | 127 16.4 1.03
108 - - 20.2 [65.72 60k | 110.4] 14.28] 0.86
126 - - 16.8 |76.05 581 98.8] 12.76] o.Ts

142 - - 15.25 18.97 575 93.7{ 122.11] 0.7
180 - - 15.02 189.87 573 ge.8) 12 0.69
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TABLE II

Heat Trunsfer Analysis For The Cycle: (Run #95)

Crank flectin] GQeuge P \'4 T
Stroke |Angles | of trucePressure |Absolute| Volume |Temper-| VPT | a. |og.Tg
0., | screen 1bs. Preizgfe wrure 10°4
division| sq. in. |3q. in. j3u.ins. °R
0 10.2 520 534.5 6.393 1552 | 910 {117.6 | 18.25
3 12.7 654 668.5 6.474 1890 |1123 |145.2 | 27.42
6 15.55 800 81k4.5 6.675 2377 {1390 |172.6 | 42.6
9 16.2 835 849.5 7.031 2610 |1490 [192.5 | 50.3
12 15.5 798 812.5 | 7.613 2706 {1482 |191.4 | %1.9
18 13.3 685 699.5 8.946 2740 11385 1178.8 | W9
21 12.25 631 645.5 9.60 2710 [1320 |[17C.5 | LE.2
27 9.8 505 519.5 | 11.598 2720 {11688 |153.3 | k1.7
36 6.9 355 369.5 | 16.175 2612 | 98 (127 33.17
! 45 4.9 252 266.5 | 21.22 2475 | 812 (105 26
48 .15 | 214 228.5 | 23.103 - - - -
3 51 3.6 185.5 200 2L.993 - - . | -
54 3.3 170 184.5 | 27.013 2180 | 634 61.6 | 17.8
5T 2.95 152 166.5 | 29.073 - - - -
60 2.6 134 148.5 | 31.163 - - - -
63 - - 137 33.3 1992 | 522 67.5 | 13.45
T2 - - 107 39.95 1868 | uu7 57.86 | 10.8
90 - - T2.5 | 53.32 1690 | 350 L5.2 7.65
108 - - 55 65.72 1580 | 2g94.2} 38 6
126 - - 45 76.05 1497 | 259.5| 33.5 | 5.01
135 - - L2 80.24 1475 | 248.5] 32.151 4.74 |
| 180 - - 25 89.87 1355 | 184 | 23.75{ 3.22
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APPEN_IX 3
CAICULATION OF CONSTANT "C"
OF EQUATION (2.11]
Run 95:
Area of liner in zontact with water = 133%.3 s5q. ins.
Area of zombustion chomber in c.ntact with water = 29.0 sq. ins.

Area of exhaust manif,ld in contact with water = U46.9 sq. ins.

T.otal area = 209.2 sqQ. ins.

Heat carried by cooling water (table 5) a 24200 = '?'

Aversge wall temperature figure (55) = 199 °F

Averuge water temperature = 168 °F

(Twall av.-Twoter av.) = 199-167.56 = 31 °F

s 209.2 x 31 hr. sq. ft. °F
1b.

4 water at the average temperature - 0.905 ———=—
ft. sec.

i#) water at the average temperature = 2.4

Wa

(f)0.6 = 115

(%)0.1# , = 1.42

(2-3)0'6 x (iu)o'“ - 163.2

Similar calculati.ons were made for Jther runs at various speeds,
these are shown in tubles (14) and (15). The value .f the constant

C was calculated from the slope of the line in figure (57) and was

found to be equal Lo 3.15

Lo = 3015 ()00 (g

b4

-
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230)
220 |

210 -
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140 | ‘g i’fé ? i 2
. | g
: :
! M 33
Liner Comd. |Exh.Menifold | Aree Sa.ins.
Chamber

CALCULATION OF THE AVERAGE WALL TEMPERATURE

FOR RUN NO. 95
FIG. 55



APFENI'IX C

CALCULATION OF THE COMBUSTION CHAMBER
WALL TEMPERATURE FOR RUN NO. 95

1. Using equation [2.14] for the c.mbustion chamber temperature

Z z
Tv.g. = TM.E. [T;-gy:] + Tq [—"'T:"z re v]
M O

where T‘ . T 14.71 + 0.233 I.M.E.P.
M.E. EI;EE; 0.48 + 0.00157 I.M.E.P.

1750 R = 1290°F (Table 16)

i

_ B.T.U.
O = BT T eq. fo. °F (Teble 16)
- Av.g. Av.g. | kv

Y D Qe
x = 0.282 1in.

ot ﬁrA-m& - 0.877
ag: ke o .72
.T.U.
k, =27 hr. sq. ft.(;%)

a, = 3.15 (££)0-6 x (s#)0.4
3 m X

u and %5 were evaluated at ch

oy =315 (3489)°° x (2.3)0

B.T.U.
515 hr. sq. ft. °F

* Z = 0.738
T, was evaluated at exit from engine = 633 °R.
~ Ty.g. = T09.3 °R = 249.3 °F
Tc be compared with Ty o measured from figure 22, which equals
= 243.6°F
$ error = 2.34 %
-113-



To drew figure (56) for the imaginary walls on the gas
and coolant sides of the wall, the following was calculated for
run number 95:

Effective combustion chamber wall thickness =

x - ﬁwA'.;L = 0.282 x 0.8T7 = 0.247 in.

Thickness of the imaginary wall on the gas side =

k 2 12

—-!- = -l—x—_-—- == Y 1 ino

ay - 2.7 92

Thickness of the imaginary wall on the cooling water side =

ky . MNg. = 27.Xx12 x 0.782 = 0.491 in.
a. Ay e, 515

2. Piston Crouwn Maximum Temperature:

Piston crown thickness = 0.75 1ins.

B.T.U.
hr. sq. ft. (:!)
£t

k: thermal conductivuty = 27

a, = 0.0564 VB JPT
where P = 1h.7
T (0oil in crank case) = 16L°F = 624°R

- £t.
s 11.97 £

oy o B.T.U.
gt 12.38 hr. sq. ft. °F

Thickness of the imaginary wall on the crank case side =

X . 21 x -
p- —172—-3-? 26.2 1ins.

a
Figure (56) drawn with the calculated imaginary walls thickness, shows
that the pist on-crown maximum temperature equals 990°F compared to

250°F for the combustion chamber walls.
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APPENDIX D

CALCULATION OF INTENSITY OF THERMAL LOAD
ON THE COMBUSTION CHAMBER WALILS.

&
For Run Number 95:

Using equation [2.l6]

1 1 x 1
i‘j = a; + am X ‘k: + 8 X a;‘
1 8 .282 -
%7 + 877 x > 13 + .78 x 515
= .0329
U= 30.4% B.T.U.

hr. sq. ft. °F

Sibstituting in equation [2.15]

=V (Ty g -T.)

= 30.k (1290 - 170)

B.T.U.

34050 hr. 3q. ft.

«116-



TARS 11t
Nuna ot P 30° M, o & GOT, N a 500 RPN,
Run Musber 1 2 3 5 15 8s o 1Y/ 148

R ins. Ny. 29.15 29.18 28.96 28.96 29.42 29.3%6 29.52 26.96 26,96
Y ins. Ng. 28.75 28.78 28.%6 26.56 29.00 29.01 29.95 28,56 28.5
N °r 8s o ™ ) 7.5 & 9 76 76

N R.P.N, 8ot 800 800 a0 a5k TS &6 803 a3

T, r 13 LT 15 w 13 153 166 146.5 W7
Tv.exn. 7 in 197 9.5 200 167 187 193 164 157

T P 184 207 201 207 18 206 219 AT 169
L 173 188 186 188 179 19 199 168 n
Ty T 168 180 178 179 170.5 185 188 165 166

T, b J 126 us pRTY u7v.s 13 180 124 127
s, - (r,,-r,l) 5.7 T.88 6.50s 8.82 5.27 7. 8.8 b3 5.78
T, 7 12,86 - 155. - - 156 162 - -
Ty 7 146.2 161.7 158 161.6 163 152.7 169 155.5 151
Texn. °7 138 Th? 658 ol 368 603 856 348 307

Vo bs./ur. 70.6 69.7 69.7 69.3 75.6 (=) 69.6 7.8 73.8
V,  de./ar. ah12 2400 2000  2keb 2asko 2302 2%60  2%00 2520

v, ve./ur. 1.843 3.22 2.668 5.66 1.470 2.38 5.%9 1,363 1.1%%
?/A  Batio -0261 .0hE3 .0383 K., ] .019% L0348 L0518 .019 01566
3.R.P. 2.75 6.% 5.1% 7. 1.7 .29 7.5 1.5 79
B.M.E.P. 32.35 75.3 (3% ] 18.9 %.3 & 15.8 (R
Taead. ¢ 52.9 T2.5 68.6 75.7 39.2 6s.6 ™.6 35.1 2.1
L.us.p. ook 61.2 101 88.9 116.2 88.3 81 112.5 s3 38
3.8.r.C. ;—ﬂ-—; 671 .508 .52 8T .867 555 0.491 1.02% 1.0,
1.8.7.C. T 355 368 <957 .369 3 .358 .366 .339 .35
.. ¢ 19.55 25,7 25.1 26.8 15.05 23.% 26.38 12.7% 8.24
u.m. § 3.77 5.5 3.6 35.4 38.4 36.4 35.6 36.6 37.2%
Scortng ALl 13900 18900 W0 8RN0 13400 17200 21650 10970 9380
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Engine Test Results - Series A

TABIR VIII.

Runs st P R L5" Bg, Ty~ 80°F, K% 800 R.P.N.

Mun Muber T2 73 Th 3 76
n ins. Ng. 29.45 29.45 29.45 29.43 29.48
ins. Ng. k.25 uL.25 44,05 k.93 Lk, 7

L R 7 83.5 8s 8 89.5 %

| RPN a3 &9 o3 as a3

3 e d 15 154.5 158.5 160 18
Teer 7 159.5 179 178.5 1B, 193.5
n °ry 178 199.5 201 208 a6.5 |
s r 169 188 187 191 198

'r‘, °r 166 181 18 18 109.5%
T, °y 128.% 133 8 157 18

on - (!,5-1',,1) 5.19 5.k 9.19 9.21 10.5
Top °r 146 - 156 160 163

'1"=5 e J 149 162.5 163 167 170.5
Toxh. e J 290.5 %86 L 5% 668

v, l.ls 16.3 116 ur.e 12.3 10.8
v, s, 2bsk e "o 2430 2430
Veuel P. 1.788 2.007 3.00 3.98 .96
{ Ratle .01538 .0ROP3 .GR965 .0300 .0357
3.L.D. 3.0 .96 6.78 8.13 9.8%
3.M.8.P. 35.1 56.6 T7.5 9.6 110.%
».M.E.P. Corr 33.4 55.1 76.2 935.4 109.%
Tech. ¢ 57.6 68.6 75.2 78.6 1.1
I.N.E.P. 58 80.4 $8.6 118.6 135.2
».8.7.C. ;h 618 .505 .51 h2p .9
1.8.7.C. x—l‘?"i 356 -85 .3%9 3517 e
B.m. ¢ 21.12 23.8 28.9 30.92 n.e

L & T 36.65 37.62 38.45 39.3 90.43
%ooling Rafalls 12720 13330 22800 2200 25500
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Bogine Test Results - Series B.

Runs at Paw36" Bg, Ty & 140°F, N & 1200 R.P.M.

Run Mumber 122 126 127 128 i
1§ ins. Hg. 29.27 29.42 29.42 29.28 29.03
Pa ins. Hg. 35.63 35.72 35.845 35.78 35.56
Ty °F 137 We 15 1bb 151
N R.P.M. 1201 1216 1216 1204 1204

? r 176 173 175 173 178

Ty, exh. T 18 183 184 175 199
e, r 208 208 an 199 224
Teo ’r 191 1% 188 187 200
'r‘} b 166 184 178 1680 190

T, °F 145 1h4 145 1k 148
aT, - (ch-wcl) . 6.6k 7.05 8.52 6.35 9.08
Ten °F - 158 - 156 160
Tey °F 166 164 157 162 168
Texh. °F 640 697 865 514 920

Vg gh- 125.1 126.7 125.2 126.2 122.4
Ve . 3535 3585 3585 - 3550 3530
Veuel M 3.76 3.9 497 3.00 5.73%
I ratto .0301 .0311 .0397 .0239 .0u68
B.H.P. 7.78 8.54 11.55 5.125 12.58
B.M.E.P. 61.6 66.75 90.4 k.4 99.2
B.M.E.P. Corr 60.4 65.55 89.45 55.9 75.9
mech. % 65.6 67.8 Th 55.9 75.9
I.M.E.P. ® 96.7 120.8 70 129.8
BArC. FtE g3 ATL 4372 .6075 459
I.l.r,c,..,--‘%. g1 319 3215 .339 348
., m. $ o 26.5 27.75 30 21.5 15.57
w3 40,4 40.9 40.6 38,5 20.55
%eoling Rl 23450 25300 30580 - 22530 32200




Runs st Py JE" Bg, Ty~ 200°F, ¥ & 1200 R.P.N.

«18J-

TABIE XX.

Test Results - Series B

123 124 123 1% 133
P, ins. Ng. 29.27 29.27 29.27 29.12 29.12
Py ins. %g. 33.65 5.8 3.70 35.75 3.6
r 193 1968 198 197 204
N R.P.N. 1212 1251 1212 21 1216
To r 177 176 175 178 178
Tw. exh. °F 186 200 187 17h 186
Tg ’r 214 230 213 199 213
Tsp ’r 195 206 196 186 190
Tey r 188 195 187 180 180
T, °r 148 148 146 18 150
AT, = (ch-'rcl) T.13 9.02 7.25 6.19 T.97
Tep °F - - - - 154
Ty °F 168 AT3 165.5 163 159.5
Texh. °F 688 N9 700 MT5 8ot
v, g.l_ 110 109 109.2 119.9 118.5
ve . 3565 - 3617 3565 3558 3580
Veuey jbe. 3.675 k.98 3.69 2.555 b.355
I Ratio .033h .OU57 .0338 .0213 .0367
B.H.P 7.68 11.62 7.83 3.755 9.76
B.ME.P. 60.2 89.6 61.25 29.42 76.25
B.M.E.P. Corr. 59.1 88.8 60.15 27.% 75.2%
Twech. ¢ 6.7 73.5 65.2 47.2 69.8
I.M.E.P. 91.4 119.4 9.3 59.2 107.8
B.8.7.C. ﬁ.‘ ,87 432 .488 .T12k 521
I.8.r.C. ;.ﬁ%_ 315 .3178 .518 .336 152
m ¢ 26.8 30.2 27.23 18.2 28.9
w4 b1.5 k1.1 41.87 - 38.6 hl.A
Qooling R.LU, 25420 32600 25850 22000 2650
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TABLE XIII.

Test Results
Extra Runs Referred To In The Calculations

Run Number 10 53 57 108
.8 ins. Hg. 29.34 29.% 29.68 - 29.25
ins. Hg. 27.34 36.12 34,38 - 35.4
Ty ¥ T2 - 81 7 &
) | R.P.M. 17h0 %5 656 1760
T, °r 184 153.5 188 196
Tv. exh. °F 194 184 168 18k
Ty, e 4 201 199.5 178 206
Tey r 183 189 173 189.5
L r 175 18 170 181
T, °r 119.5 17.5 126 159

AT, = (T°5'T°1) 5.76 8.86 h.62 6.115

Top r - 158 157 -
Toy r 162 165.9 159.6 - 158.1
Texsh. T k2 509 318 ™6
V, e 137.1 63.9 7.5 197.5
v, g ‘ 5140 1730 1960 =m0
Vruey fRA. 5.46 2.16 1.217 5.72
E Ratio .0398 .0338 .o1Ton .0289
B.E.P. 6.46 8.2 1.615 9.1
3.M.B.P. 35.3 70.5 .23.6 5e.5
B.M.E.P. Corr. - 69.4 22 51.2
Taech. % 6.4 7.5 4.5 5h.5
I.M.E.P, 76.2 S b b7.4 oh
Bsro. Fbl— .8u5 se2 .802 .60k
I.8.7.C. T.'il.%..'?. .39 .38, 372 3295
nw ¢ 15.45 25 16.3 21.6
T.Aa. % 33.3 ) ] 35 39.7

" -Quooling ALl 29600 15340 9159 32000
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3.

APPENDIX E

CALCULATION OF THE MEAR WALL-TEMPERATURES
FOR RN NO. 95

Wall temperature over the whole cycle.
Wall temperature at any crank angle.

Mean wall temperature during the intake stroke.

1. Well Temperature Over The Whole qlgle:

The areas enclosing the gas consist mainly of the combustion chamber

and the cylinder liner areas.

al

The combustion chamber area equals 48.4 sq. ins. and
its meen temperature was calculated from figure (22)
= 243.6'F

The cylinder liner area equals 74.2 sq. ins. and its
temperature at T.D.C. equals that of the combustion
chamber and changes to lower values toward the B.D.C.
This change was calculated from the readings of the
three thermocouples measuring the liner outside sur-

face temperature, and the temwmperature drop AT through
the liner valls.

. D,
'Qyn
m_g

Q = heat gained by water in the engine darrel

where

=W, x sp. ht. x (Tca-Tcl)

= 2435 x U = 9740 'LE;—'H'
b, = 5,065 ins.
Dl = u.5 ins.

-131-



-132-

ky: thermal conductivity of the wall = 27

L a stroke = 5.25 ins.

AT = . = 15.6 °F
X X D¢

This temperature drop was added to the reading of the
thermocouple midway between the T.D.C. and the B.L.C.,

and the curve a b c 4, figuré (58), representing the

liner inside wall temperature was drawn.

2. Wall Temperaturc At Any Crank Angle:

The curve a b ¢ 4, figare (58) represeniing the liner temperature was
extended to point ¢ which represen’s the liner temperature at a point
beyond the first piston-ring, and this temperature was assumed constant.
At any crank angle, the temperature of the wall could be found by draw-
ing a curve between point e and the temperature of the combustion
chamber at the same angle.

3. Mean Wall Temperature During The Intake Stroke:

The wall temperature during the intake stroke was found by using the
method under item No. 2. Th2 mean combustion chamber temperature
during the suctlion stroke = 23E°F.

The mean temperature of the combustion chamber and liner,

(tigure 58) = 224°F,

The mean area of the combustion chamber and liner,

(rigure 54) | = 122.6 sq. in.

During the intake stroke the air is in contact with the intake manifold,
whose area equals 34.3 8q. ins., and at a temperature of 170°F, assumed
equal to that of the cooling water in the cylinder head.

J. Mean temperature of the walls during the intake stroke =

224 x 122.6 + 34.3 x 170
122.6 + 34.3

= 212 °F
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TABLE XVI

QM = Mean Coefficients of Heat Transfer and

TM E. ™ Mean Effective Tempevratures

8q. in.

Run Number 1 9k 30 95 96 62 97 70
) 2 ——s;?sin_ 14.08 14.48 15.82 16.02 17.59 19.30 18.86 20.56
Tn °R 543 550 533.5 550 548 539.5 543 5u8.5
N R.P.M. 807 826 793 821 840 817 814 815
Ft. _
EEZ‘. 11.77 12.03 11.55 11.97 12.23 11.9 11.87 11.88
Intake 11.42 11.8 12.3 12.02 13.13 13.58 12.72 14.28
Compression 26.2 28 28.15 26.55 33.3 31.6 32.6 32.8
Expansion 51.8 68.1 52.7 70.3 76.4 69.! TT-4 79.6
& Exhaust 16.1 18.6 14.9 18.56 18.95 16.9 17.37 17.85

Total

Cycle 26.38 31.63 27.01 31.86 35.45 32.87 35.02 36.13

Intake .688 Th .T767 . 796 .811 821 .797 .895
=
g| compression 2.3 2.85 2.57 2.115 3.4 3. 3.38 3.23
MlExpansion  8.97  15.k 9.7h 15.5 18.18  14.88  17.86  17.78
2 Exhaust 1.535  2.415 1.32 2.48 2.48 6.1 2.2 2.27
? Total

Cycle 3.373 5.351 3.624 5.298 6.218 5.121 6.0k 6.0L44
Ty.x. °R 1278 1690 132 1660 1755 1557 1722 1670
M calculated 25.85  30.2 27.22 3.7 34.8 32.5 3u.30  36.95
T,
M.E. °R ,

Caloulatea 380 1718 1381 1750 1738 150k 1646 1700
I-T;E-P 61.2 112.5 70.0 132 2.2 107.8 132.5 152
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8q.

in.

TABIE :.II
., = lean Coefficients of _eat Transfer and
Ty, = ''ean Tffective Temperatures
—
Run Number b 89 T2 Th 127 131 124 133 |
1bs. %
P, 8q. in. 20.24 20.5 21.68 21.6 17.58 17.42 17.4 17.146
T °R 546 545 543.5 548 605 6C1 657 6k i
N R.P.M, 305 105 823 332 1215 1204 1231 1214 '
S —s-:-’g—- 1.72 11.3 12 12.12 17.72 1.5 17.9” 1.1
Intake 14,10 13.97 14.58 13.9° 15.33 15.22 15.9 15.7 '
Compression 36.6 34.3 35.25 33.5 36 34.9 34 34.3
Zxpansion 54,6 50 57 68.4 83.1 87.7 81.7 78.4L %
& |“xhaust 14 14,42 14 16 21.35 21.5, 22.1 20.55 |
Total |
Cycle 29.85 30.67 30.215  32.97 38.95 39.85 38.1.- 3.3
#nta.ke 902 87 . 393 912 975 1.0 1.005 1.083 :
"’g Compression 3.5 3.31 3.48 3.25 3.3°2 3.725 3.615 3.9 ,
MExpansion 9.0 11.35 8.94  13.43 19.4 22.0 19.6 18.15
f_;:FE:xhaust 1.082 1.30 1.068 1.503 2.88 2.96 3.13 2.64
% Total .
| Cycle 3.621 L.21 3.595 hoT7h 6.784 7.421 6.856 6.416
Ty.g. °R 1212 1372 1190 1448 1740 1862 1782 1720
M g B .5 9.8 B2 3860 20  ¥9.53 3857 !
Typ., Op 1202 1358 1178 1422 1757 1792 1852 1790 ;
Calculated . '
I-'l“l;i:l’- 57.3 83 58 98.6 120.8 129.8 119.4 107.8




COMBUSTION CHAMEBER WALL TEMPERATURES

136

TABIE XVIII

CAICULATED AND MEASURED

Em mzﬁeslg Tm N jg' W E:i!\'x- :35&« Error % Error
o. absolte ©°F R.P.M Ratio sq. in. J.n.g;d oy OF
. 28.75 83 8o7 .0261 61.2 9.5 212.8 20.3 9.5
28.78 8h 800 .ok63 101 225.2 2.9 6.7 2.9
29.55 90 a6 .0515 112.5 273.8 24% -28.8 -1.7
28.56 T2 810 .0528 116.2 251 258.3 7.3 2.8
32.84 8 196 .0205 56.4 198.5 219 20.5 9.4
32.55 87.5 832 +OhSS 118.2 261.8 237.9 23.9 -10
32.3 87 790 .Ollily 121.5 237.2 231.6 -5.6 2.4
w62 90 & .0511 13 9.3  2u3.6 5.1  2.34
H: 37  31.93 7 830 .0546 141.6  242.7  21.6 -1 -0.5
= 1% 35.12 73 8e8 0179 51.3 188.2 200.4 12.2 6.1
W1 35.25 80.5 850 0431 129 2k0.8 227.2 -13.6 -6
& 35:17 81 847 .0519 145.7  250.8  229.7 21.1  -9.2
§ 3 38.56 87 @0 .0L7h 53.3  200.4  208.5 8.1 3.9
éﬂ% 7 38.47 83 8 .0412 132.5  250.1  237.9 ‘2.2 -5.1
| . B4 39.24 ;-] 807 .ou2h 146.5 241.8 246.2 b 1.8
B 39.27 90 789 .oku8 149 255.2  260.7 5.5 2.1
h1.b7 76 8et 0154 54.8 193.1 206.7 13.6 6.6
oy 90 41.8 T2.5 837 .0336 116 234.3 845 10.7 b.h
o9 w72 86.5 805 .035 127 2L0.5  252.2 1.7 W6
Hg 70 K1.97 88.5 815 .0k3k 152 262.5 260.4 -2.1 -0.8
L T2 L4 .25 83.5 823 .0154 58 186.6 811.1 24.5 11.6
Tl uuos 88 832 .0257 98.6  220.2  QWk.9 2h.7  10.1
5175 bk .55 89.5 815 030  118.6  234.2  25k.6 20.4 8
L) 6 w90 815 0357 135.2  237.7  250.4 2.7 5



TABIE XIX

COMBUSTION CHAMEER WALL TEMPERATURES
CAILCULATED AND MEASURED

~ Py n ~ F  IL.MI.P. T, . Ty .
IR RS @ afa neso e Gmes T T Ramor
% . oF
2 98 35.5 78 993 .0217 70.5 203.2 232.8 29.6 2.7
éh 106  35.33  89.5 1001 .0483 147 255 259.6 4.6 1.8
E 99  35.25 82.5 1240 .02u6 81.5 215.7 235.4 19.7 8.4
» (113 35.66 g2 1257 .0328 109 229.3  236.9 7.1 3
%,3120 35.0b 79.8 1270 .0336 109.2  225.2  255.5 31.3 12.2
&.85 10 35.61 76 1315 .0165 52.7  190.9  187.9 -3 1.6
S 3576 83 1362 .0307 loh.2  232.8 215 12 s
}f‘ 105 35.25 88.5 121 .0379 123.8 233 257.2 24.2 9.4
o8 101 34.97 8 1555 .0287 93.9 220.2 243 22.3 9.4
115 35.38 86 1769 .0315 103.3 218.7 248 29.8 11.8
o4 35.45 920.5 1197 .0362 122 243.8 260.5 16.7 5.4
35.48  gp.5 1223 .038 123.1  226.5 264 27.%  10.4
35.83 80 1190 0451 145.9 240.8  2u6.2 5.4 2.2
35.78 144 1204 .0239 70 215.4 223 7.6 3.4
35.72 1kl 1216 .0311 96.7 230.2 240.9 10.7 b.u
35.85 145 1216 .0397 120.8  239.4  2k2.7 3.3 1.4
35.56 141 1204 .0468 129.8  251.8  247.5 43 -1.7
35.64 193 1212 .033k 91.k  238.h  241.5 3.1 1.3
35.71 198 1212 .0338 92.3  238.8 2u8 9.2 3.7
35.62 204 1214 .0367 107.8 2u2.T  228.5 -1h.2  -6.2
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TABLE XX

CAICULATED THERMAL LOADINGS AND MEASURED HEAT LOSSES TO COOLING WATER

.o
o b

b

Run n—g_u bucglted Measured Error % Error
No. . 8q.ft. B.T.U. B.T.U. B.T.U,
1 24.36 13350 13900 350 2,52
2 26.4 19100 18300 -200 -1.06
] ou 28.1 21270 21650 380 1.75
S 27.6 21250 22400 1150 5.15
81 24.65 11720 15000 3280 21.85
93 29.4 21900 21650 -250 =1.15
a [V] 36 29 22200 21300 -900 k.23
g 7|9 30.4 23900 24220 320 1.32
b .
g 37 30.4 25050 26280 1230 L.68
S
i‘ L7 25.3 10670 12420 1750 4,1
° #?51 31.4 22700 21600 1900 7.73
8 52 31.95 25600 27800 220¢ 7.9
3. 83 26.3 10770 12300 1530 12.4
5 oy 97 31.63 22860 24200 1340 5.55
i
§ J:. 64 32.7 24500 26500 1900 7.16
71 32.7 25370 28800 3430 1.9
66 26.9 10470 12800 2330 18.2
gl 90 31.38 19650 21200 1550 7.3
'; 69 31.95 21900 24000 2100 8.75
8 70 33.9 25750 29550 3800 12.87
72 27.8 11200 12720 1520 11.94
i T4 30.93 17520 22800 5280 23.2
" 32.4 20400 22400 2000 8.95
H 76 33.5 22900 25500 2600 10.2



TABIE XXI
.CAICULATED THERMAL IOADINGS AND MEASURED HEAT IOSSES TO COOLING WATER

' 3 3 ,
T.U. Calculated Measured Eréor
hr_g,__h sq.fc. B.T.U. B.T.U. B.LU.
. TR hr. hr,
28.5 14680 1785% 3170
3.1 27800 31900 4100
31.6 17800 22000 k200
33.9 23100 25100 2000
33.86 22630 25020 3190
29.95 12670 15400 2730
- 3.k 22200 27790 5590
36.45 26500 31810 4910
35.1 21880 27670 $990
3tk - 2uT70 32600 - 7830
34.37 ~ 2u850 24750 100
.56 25300 27620 2320
3% 26750 30250 3500
.6 ‘ 18250 22550 4300
33.7 23500 25300 1800 7.1
35.62 28500 30580 2080 6.8
36.4 29650 - 32200 2550 7.92
34.15 25000 25420 120 1.65
34.23 25500 25850 3595; 1.35
35.6 . 29300 28520 -780 2.7h




_APPENDIX F

SCAVENGING AIR FLOW-RATE

For the engine used in experimental work, the opening of the
inlet valve and the closing of the exhaust valve allowed a period of
overlap of 36 crank angles.

Air flowing during this period through the exhaust valve does
not teke part in the combustion process. For the purpose of comparison
between the operating conditions studiecd it was assumed that the sair
flﬁw rate is function only of the square root of the difference in
pressure head between the inlet and exhaust manifolds.

While the englne was at rest the alr pressure in the intake
surge tank was kept constant at 6" Hg sbove the atmospheric, while the
back pressure was atmospheric, the air flow rate was measured for differ-
ent crank angles over the scavenging period. The results are shown in

the following table and in figure (59).

Crank angles 6.5 5.5 L

. 2. 0.
before T.D.C. 3-7 1 9

Flow rate izz- .00495| .0071 |.01005| .0112 | .0127 | .0185

Crank angie .

aftor T.%.C? 0.6 2.4 3 6.8 8.2 9.7 11.3
Flov rate 223- .0224 | .0256 |.0258 | .0196 | .o049 | .00115 | .00075

From figure (59) the average flow rate of the scavenging'air,

=140-
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-2

(st A P =6" Hg. and Ty = T7°F) = 0.764 x 10 lbs. per sec.

For any run with the air at Py and T, the average flow rate

during the scavenging period was calculated from

W= 0.764 x 1072 J(lhﬁfxll x %21 lbs. per sec.

m
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APPENDIX G

SAMPLE CAL& LATIONS FOR THE EFFECT OF AFTERCOOLING

Assumed Operuting Conditions:

Aftercooler effectiveness, € = 50%
Air pressure at the intake manifold = 45 ins. Hg.
Pressure drop between compressor and engine = 0.9 56524—
P,: Pressure at compressor outlet = 45 x 0.49 + 0.5 = 22.5 "qlbﬁ
Py: Pressure at compressor inlct = 14,7 —mmiBs
1 sag. 1
T): Temperaturc at compressor inlet = 54L0O°R
L Compressor efficiency = £0%
Calculations:
h * - 129.1 B.T.U.
1 9 1b.
Prqy = 1.38
, 22.5
P =1 .:./‘ X = .
ro 350 x 75 2.12
" = o B.I.U.
Yy 145,C T
Ah lsentropic = hyr- hy = 145.8 - 129.1 =* 16.7 B.T.U.
h.' b ! 1b.
hp-hy = —E—t =  20.86
i B.T.U.
h. = 140,96 ===
2 7 1b.
T, = 627 %
T2'Tm
€ : Aftercooling cffectiveness = g = 50 %
2 1
VT = 583.5 °R
~ . , T; =
Correction factor for th: I.M.E.P., T% = 0.925

*
Keenan und Kaye Tables, Reference No. 20.
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The power output of the turbocharged engine was calculated
from the I.M.E.P. Values of 45 ins. Hg. of figure (25), and the correc-
tion factor 0.925. The calculatlions will be continued for an output

of 140 1lbs. per sq. in.

TM.E calculated from equation [7.1] = 1682 °R

o : . - B.T.U.
aM calsulated from equation [7.2]) 37.3 TV L
ky = 27 B.T.U.

hr. sq. ft.(;gj

Equating in ecquation [2.21] we get
Tp g’ Piston-Top maximum temperature = 965 °F

For the 2alculations of the iantensity of thermal loads the

following conditions were considered:

T,: cooling woter temperature = 160 °F

W.: cooling water flow rate = 2400 %%%*
Substituting in equations {2.11], ve get o, = 500 E;j—ggfzf%f—vp
8,, from equation [T.5] = 0.877

a,, from equation [7.6] = 0.732

x, from equation [7.7] = .282 1in.

By substitution in equation [2.15], the B.T.U
intensity of thermal load = 36490 ——y
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APPENDIX 1

CORRECTICON FACTOR FOR TIE B.M.E.P.

.

he effect of the back pressure on thc B.M.E.P. wes not fully
investigated. Sonme teéts wvere made at different back pressures, and
y

the B.M.E.P. was not affected until the back pressure was boosted +o
valves near the inlet ménifold pressure. This indicaoted that the
friction load, oa the single cylinder engine used for the tests, was
1ot very sensitive Lo the increase in the back pressure and the drop

in the powcr’oﬁtput was rather due to tho poor scavenging efficiency

at these céuditions.

: el r 3 ()) H . 1 P Pm—P(“"(‘
T.c szavenging efficiency ls function on the ratio B _=fi- |

Py

To zet the drop in the B.M.E.P. duc to increase in the back pressure for
an =2qual scavenglng efficiency, a value of, 0.04, was used for the above
ravio. This low valve was chosen, because of the relatively low supcr-
thavging pressures reached in the tests. Few runs werc made at an
average intale wanifold pressure of 35.6" Hg. The back pressurc was
changed from atrospheric {0 34%.2, with the E sonstant Table . The

& P ) x )

drop in B.M.E.P. is shown in figure (67).

-lss-f
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CORRE('TION FACTOR FOR THE B.M.E.P.

.0l

.02 .03 .04 .05

FIGURE 67

.06

F
A Ratio



APPENDIX I

ENGINE SPECIFICATIONS

Manufacturer: Nordberg Mfg. Co., Milwaukece, Wisconsin, U.8.A.

Number of =ylinders: 1

Cycle: ’ L strokes per cycle
Compression ratio: 14.5

Bore: 4 1/2 inches
Stroke: 5 1/4% inches

Piston Displucement: 03.48 cubic inches.
Combustion Chamber Type: Encorgy Cell

Engine Timing, Cran Degrees

Fuel pump port closing: 30° before T.D.C.
Injection begins (approximately): 19° bvefore T.D.C.
'Ezhaust valve operns: 45° vbefore B.D.C.
Exhaust valve closes: 20° ' after T.D.C.
Intake valve opens: 16° tcfore T.D.C.
Intake valve closes: 38° after B.D.C.

.157.
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