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ABSTRACT

The sound velocity method for instantaneous tempe-
rature measurement in the end gas region of a spark igni-
tion engine 1s described. Curves of tip temperature mea-
sured by thermocouprles and end gas temperature measured
by sound velocity method at various gage length of the
coupling rod and at different material of coupling rod,
respectively, were calculated =nd plotted. The details
of operation and conversion of data are given.

End gas temperature in motoring and firing runs are
reported. The effect of using different materials for the
coupling rods 1in the transducer on the temperature measure-
ment are discussed. The effect of varying the gage length
of the transducer bar on the temperature measurement are
being discussed too.
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IN TRODUC TION

The need of instantaneous and continuous temperature
data throughout the combustion process in internal-combus-
tion engines has long been recognized. Combustion rates,
chemical equilibria, fuel vaporization, ignition lag, and
heat transfer are 21l affected by temperature. It was ex-
pected that knowledge of such temperature would shed impor-
tant light on cuestions of charge density-volumetric effi-
ciency, composition-residual gas vercentage, and combustion-
flame sveed =z2nd knock.

The measurement of the instantaneous gas temperature
inside the combustion chamber of a spark ignition engine
is a difficult task, due to the extremely high rate of
temperature change, the wide range of temperature encount-
ered and the large temperature gradient. Even in motored
engines, or before the charge is ignited in firing en<ines,
there is non-uniformity of temperature so that perfect gas
law can only zive an average reading but not the tempera-
ture of the portion in question. Therefore the instrument
developed for this purpose must be accurate over the whole
range of temperature, able to measure the local temperature
at the point of interest, and must have a response fast
enough to follow the high rate of tempersture change.

The temperature of the unburned gas in an engine,
especially that of the "end gas" or the last part of the
charge to burn, is of great interest. This region is the
last to be consumed by the flame front. The unburned mix-
ture in this region has experienced a history of induction,
mixing with residuals, heat transfer, compression by the
plston, and a further elevation in temperature z=nd pressure
by the earlier bdurning portions of the charge. It is also



in this region where detonation or "knock" reactions occur.
Therefore, it is quiie degirable to develop a2 suitable me-
thod to measure the instantaneous temperature cf the end
Zas region. »

The study of possible technigues to neasure instan-
teneous end gas temperature in engines were four: (Ref. 1)

a) Thermocouple technigue,

b) Absorption method,

¢) Infrared radiation method, and

d) Sound velocity method

The author uses the sound velocity method in the
temperature measurement of the spark ignition engines since
1t has been designed =nd developed here at M.I.T. and the
apparatus 1s availa»le for the project.

The sound velocity method is based on the relation
a® = kRT (1)

where a = velocity of sound,
k = specific heat ratio, = cp/cv
R = perfect gas constant,
T = absolute temperature

This ecuation relates the velocity of small wave
propagation in a perfect gas to its temperature. 2y mea-
suring the velocity of sound wave in the end zas at a
certain point of the cycle, the instantaneous temperature
can be determined, with some knowledge =nd reasgonable
assumption about the composition znd vroperties of the
end gas.

The sound velocity method involves transmitting an
acoustical impulse tharough a gas path of known length and



measuring the time of propagation through the gas. Such
a measurement will yield a value for the average velocity
of sound in the path.

By varying the gage length of the transducer bars,
we try to optimize the zage length and find out itg effect
on the temperature measurement. We also try to find the
ideal length that will yield a less error in the sound ve-
locity method in temverature measurement. The works also
cover the varying of the materials used for the transducer
bars and find out its effect on the temperature measurement.




SECTION I

THE TEST ENCGINE AND INS TRUMENTA TION

ENGINE SPECIFICATIONS:

The engine used is a modified CFR single cylinder
spark ignition engine with a variable-compression ratio
cylinder barrel and a removal head. Between the head and
the cylinder is a "sandwich" formed by three steel plates.
The space enclosed in this "sandwich" between the piston
and the cylinder head forms the combustion chamber. Figure
1 show the combustion chamber used, it 1s a open chamber.

The dimensions and specifications of the engine are:

Manufac turer: Waukesha Motor Company

Bore 3-1/4 inches

Stroke 4-1/2 inches

Compression ratio Variable, aporoximately 3 to 6.

Displacement 37.33 cubic inches

Connecting rod 10 inches long (center to center)

Inlet valve 1lift 0.265 inch 2t 0.008 inch valve
clearance

Valve por* diameter 1.187 inches

Combustion chamber Special

Piston Special

Spark Plug Special, 1/4" spark plug

Figure 3 show the engine set up used. The engine 1s
connected to a dynamometer of the eddy current type with
an absorbing capacity of 50 horsepower and a cranking a.c.
motor of 10 horsepower. Fuel and ailr are metered separate-
ly and mixed in a heated tank before entering the inlet
port. Inlet and exhaust pressures can ve controlled by the

gsuPer-charged and vacuum pumps in the latoratory. The inlet,
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jacket, -and oil temperature can be controlled with steam
and cooling water in heat exchangers.

ENGINE INS TRUMEN TA TIONS:

~

The engine speed was indicated by two means: an
electric tachometer ziving the apvroximate rpm and a stro-
boscope flashing at 60 cps indicating the exact hundred-
rpm when the white paint markers on every other 5 degrees
on the flywheel appear to stand-still. \

The inlet and exhaust pressures were measured at the
inlet and exhaust tanks by mercury manometers. The inlet
temperature is measured at the entrance to tne inlet port
with a thermometer. The Jjacket and oil temperature were
both measured by thermometers too.

The air flow was measured by an A.S.M.E. orifice
meter. (Ref. 9) The orifice has a diameter of 0.515 inch.
For this meter, the air flow in 1lb/sec is calculated by

w = 0.0182 v P_ Mo/ T (2)

where w = air flow in lb/sec
PO = pressure before orifice in inches of mercury,
To = temperature before orifice in degree Rankine,
Ap = pressure drop across orifice in inches of water.

For convenient, a chart of A4p against w were plotted
for Po and Tb. A correction factor was used Tor a measured
pressure and temperature at a certain standerd. P, is 29.92
inches of mercury and T, is 518.4°R. The correction factor
is

CF = v (P/25.92) (518.4/T) (3)

Therefore, )
w = w(CF) (%)
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where W, is the actual air flow.
The fuel flow was measured by a calibrated rota-

meter. Calibration curve was obtained as shown in Figure
26.

The brake torque of the engine was measured by a
hydraulic scale which indlcates the scale load on a mer-
cury manometer.

A protractor disc with 1 degree crank angle marks
mounted concentric with the crankshaft was used to indi-
cate the position of tne spark, the time of triggering of
sound signal in the sound velocity method, =nd the time
at which the flame front passed an ionization g£ap.

The cylinder pressure was studied with the M.I.T.
balanced pressure point-by-point indicator. (Ref. 10 )
The indicator is used with a free-diaphragm pickup unit.
The free-diaphragm unit has the advantage of being unlike=-
ly to give a constant error in pressure as the clamped-
diaphragm units often do. The indicator cards were all
teken with a 100 psi per inch zpring, =nd the maximum
error about + 17%.

ENGINE CONDITIONS:

All the data were taken after the engine had been
running steadily at a set of conditions For at least 10
to 15 minutes or more.

The speed of the enzine could easily e maintained
exactly at the desired value during date taking. The speeds
used were 1000 and 2000 rpm.



The inlet, o0il and jacket temperatures were maintained
2t 160, 150 and 180 degrees Fanrenheit regpectively in all
the runs. They were meintained within + 2°F during data tak-
ing. '

The inlet pressure and exhaust pressure could be main-
tained within + 0.1 inch mercury of the desired value. In-
let and exhaust pressures were maintained a2t 28 inches of
mercury and 31 inches of mercury respectively in all the
runs.

The fuel rate could be s=t quite accurately. The
variation was less than 1%. The fuel-zir ratio was main-
tained at 0.08 in all the runs. Iso-cctane was used for
its stability, anti-knocking quality, absence of pre-flame
re-rctions, etc. .

The sngine valve clearance were set at 0.006 inch
and 0.025 inch at standstill for inlet znd exhaust valves
respectively.

The engine is running at a spark advance that would
give the begt power.

TAKING INDICATOR CARDS:

Simultaneous with the readingz of sound velocity over
the cycle, one or more indicator cards for ezch run were
taken. The M.I.T. balanced pressure indicator was used. A
100 psi per inch spring with a free-diaphragm pickup unit
were used in all the runs. A sample indicator is shown in
Figure 2.

VARIABLES INVES TIGATED:

The engine conditions were maintained constant in all
the runs. The only varieble considered were:



a) Gage lenzth of the coupling rods. Sizes of 1/8,
1/4, 1/2 and 5/8 inch were being used and they were all .
made of brass. They were measured both by sound veloclity
method for the gzas temperature and by thermocouple for
the tip temperature. The effect of varying the zage length
on temperature measurement were to be investigated.

b) A fixed zage length of 1/4 inch were used. The
variable were the material of the coupling rods. Stainless
steel and brass were being used znd the effect of materials

of coupling rod on temperature measurenent were to be inves-
tigated.



SECTION 2

THE SOUND VELOCITY METHOD

THEORE TICAL FOUNDA TION:

For practical purposes and as far as the present
measurement problem is concerned, it can be stated that
the sound velocity method is convenient to measure engine
gzas temperature between 450 and 2000°R witzin a few tens
of microseconds. Also, measurements can be made in hot,
burned products of combustion at temperature 1in excess
of 4000°R, but the accuracy of these measurements is not
vet established, since it zives quite a scatter.

We can called the propagation to be linear if:

a) the propagating medium acts as a perfect gas,

b) the pressure and temperature changes caused by
the sound are negligible, and

c) the sound excitation is a pure sinusoidal pressure
chanze at each point in the propagation path.

The propagation velocity is defined by

2 _
a® = K, /f (5)
and K, = cpKt / c, = kv(—ép/év) (6)
m=mn 1l
but -;pév = RT 72 (7)
Therefore, _a _ o mRT 1
M )°v2
a® = kRT (8)
where Ke = Iso-entropic stiffness
Kt = Isoshermel stiffness
a = propagation velocity of sound
k = cp/cv = specific neat patio
v = volume
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P = pressure

R = perfect gas constant
R = R/M

m = mass

M = molecular mass

f = specific mass

The velocity of sound a is a function of the thermodynamics
coefficients, moleculzr constants and absolute temperature
T only and its measurement can be therefore used to deter-
mine the temperature of any gzas if the other constant are
known.

Thus the determination of gas temperature by sound
velocity method envolves:

1) the measurement of sound velocity in the zas, and

2) the determination of the value of kR to be used.

A scheme of direct measurement by employing the gage
length and transit time is used in measuring the sound ve-
locity in the end gas. A transient sound pulse is generated
and detected inside the test chamber. The transit time 1is
defined as the intgrval between corresponding points of the
transmitted and detected siznal and is measured by means
of calibrated electronic circuits. The simultaneocus know-
ledze of the transmission zage length and of the transit
time yilelds the velocity of sound. And the temperature can
be calculated by using the value of kR and eguation (8).

PRINCIPLE OF OPERATION:

The schematic arrangement of the apparatus used for
sound velocity measurement in the end gas 1s shown in
Figure 5.



The breaker BR on the engine distri5ution snaft makes
a contact every complete engine cycle ( 2 revolutions ).
The timinz of the contact can be manually adjusted to any
position of the engine cycle.

As a contact is made by the breaker, the synchronizer
SY sends a square pulse to the synchroscope which in turn
sends out a triggering pulse to the transmitter =ircuit TR.
Tre transmitter at the time to = 0, then provides a driv-
ing pulse voltage to the transmitting crystal, XTR. On re-
ceiving the electric impulse, the crystal sends an acoustic
"signal' through the coupling rod, CRl. This signal is pro-
pagated from the end of the transmittinz rod through the
gas path to the receiving rod, CR2. It travels through the
receiving rod and gzeneretes an electric voltage in the re-
celving crystal, SRC. This voltage is picked up and ampli-
fied by the receiver circuilt, RC, which is directly connec-
ted to the A-R scope signal input, delay however by the re-
ceivers own delay tRc The calibrated delay circuit PO of
the synchroscope 1s used for transit time determination.

The "received" pulse comes back to the s nchroscope
after some delay around the entire path. This delay includes
the time taken from :he synchroscope to i2e transmitting
crystal, the time for the acoustic siznal to travel through
the coupling rods, and the time for the acoustic siznal to
20 across the gas path. The length of the gas path is called
the gage length. The delay from the input of the square
pulse send by the synchronizer to the start of transmission
across the gas path is of the order of 30 micro-seconds and
is assumed to be constant while the gas path varies. The
gas path delay 1is the transit time of interecst. The gage
length divided by the transit time gives the velocity of
gsound in the gas.

11



The start of the synchroscope trace across the
screen can be delayed after the pulse input. The delay
time is controlled by a high precision delay circult and
can be adjusted by a calibrated potentiometer, PO. When
the potientiometer is adjusted so that the start of the
synchroscope trace coincides with the first rise due to
the received siznal, the potentiometer dial reading re-
presents the total delay =2s the signal goes around the
entire path. A siznal travelling through a gas patn of
one temperature or composition will zive one reading for
total delay, and one travelling througzh a gas path of
different temperature or composition will give a different
reading. The difference in transit time in the iIwo cases
can be obtained by tzking the total delay readings and sub-
tracting one from the other.

Terefore, if some Xnown gas at an accurately known
temperature is introduced between the sound transmitting
and receiving surfaces, the gas path delay can be calcu-
lated from the known zage length and sound velocity. Thls
procedure is called the reference callbration. A dial
reading for this zas is taken. Then when a gas with known
composition but unknown temperature is between the gage,

a dial reading can azain be taken, and the difference in
transit time can be calculated. Knowing the first itransit
time, the uninown transit time can be obtained by subtract-
ion. The sound velocity in the gas of unknown temperature
is obtained by dividing the zage length by the transit
time. With the a2id of a sound velocity vs. temperature
curve for this zas, i1ts temperziure can be found. Avpendix
I will show how tnose working curve wWere obtained. Flzures
13-A, 13-8 and 14 shows those curves.

12



COMPONENT OF THE SOUND VELOCITY APFPARATUS:

1.) Mechsznical Arrangement:

a) Combustion Chamber

- In order to have a well defined end gas and to
apvly the sound velocity measuring device, a
svecial combustion chamber was designed to fit
the laboratory engine. It is made by "sandwich"
construction with gaskets between the steel
members to reduce the transmission of sound
energy via this path from transmitter to re-
celiver.

b) Piston and Piston Rings:

- The piston was specially cesigned witn a crown
to block off the back part of the combustion
chamber a2s can be seen in figure 1. This reduces
the clearance volume, and should make the flame
to spread from the spark plugs toward the front
of the chamber, and the charge in the end cavity
should be the last part to burn.

For minimum leazkage and oil control in both
motoring and firing runs, the piston was made
with five compression rings and two oil rings.
A low heat exransion coefficient alloy was used

ag material.

¢) Coupling rods:

- Brass couvling rods which provide the mechani-
cal link between the barium titanate crystals
and the inner surface of itre test zone, zare
clamped into position as snhown in figure 5 and
are ovrovided with additonal acoustical isolat-
ion for the purpose of interruoting alternate
path transmission throuzh the metal parts.
Figures 4 and 6 show the different sizes of
couplinz rods used.
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2.) Electronic Apparatus:

a) The synchronizer:

- To determine the point in the sngine cycle at
which the mezsurement is to be performed, a
synchronizer is used. This can be any electri-
cal siznal controlled by the engine crank or

=
T

other shaft.

b) The trigger:
- The trigger, which initiates the electrical
vulse driving the sound generator. The pulse
provided by the trigger is of the DuMont 256-F

oscilloscope has been used.

¢) The pulser, driven by the trigger:

- A nydrogen thyratron (3C45) is suitable because
of short rise time and accurate triggering. The
zrid is maintained around -50v in absence of
trigger. The plate voltage 1s adjusted between
0 to 30C0 volts, for practical purposes, how-
ever, the plate voltage has been consistently

1imited to 1600 volts.

d) The crystal transducers:

- They are longitudinelly excited disks of barium
titanate with fired-on slectrodes and a natural
frequency of about 2 to 2.5 Mcps (mega-cycle per
second). Fizure 4 shows the crystzl iransducer.

The above component composed the sound generator or
transmitter. Figure 7 show the circuit diszrem of the trans-

mitter.

The output voltage is limited only by the ability of
the transducer crysials to withstends the peak voltages.
3rezzdowns have often occurred when the plate voltage of
the outout stage was in emcess of 2200 volts. In addition,



little actual increase in the signal power was obtained
with voltage above 1600 volts. Therefore, in the used of-
the electronic ecquipment, the voltage is always keep be-
low 1600 volts. '

e) The Receiver:

The receiver is a low-nolse, high-gain control
ané a marker generator. The noise Tigure is kept
low by means of the zrounded-cathode iriode-
grounded grid triode arrangement. A stabilized
power supply and thorouzh shielding are employed.
Figure 8 show the circuit diagram for the re-
ceiver.

f) Synchroscope - time measuring device:

The time interval 1s measured by means of a ca-
librated sweed oscilloscope (DwMont 256-F). The
trigger pulse senerated by this synchroscope
starts the acoustical signal in the sound gene-
rator and, at the same time, triggers the scope
sweep. This sweep is delayed through a calibrat-
ed circuit so that the sweep on the CR screen
will start at an arbitrary adjusted time inter-
val aftér the trigzer. The recelved (or its trans-
lation in & marker pulse) is connected to the
vertical edge coincides with tne sweep origin,
the vealue indicated on the delay calibrations

is equal to the transit time of the electro-
acoustical signal, which includes all the elec-
trical time lags introduced by the trigger,
generator znd recelver circuilts.

The synchroscope used 1s a type 25¢-F, A-R

scope, DuMont made. This scope does two things

in response to the signal:

1) It starts the operation of a "delay circuit",

2) It concurrently sends out a pulse which
"rires" the transmitting circuit.

15



It has the following features:

1) Output trizger 100 volts, rise time less
+han 0.05 second, used to trigger the
transmitter. ’

2) Video amplifier, 300 cps to 10 Meps to 6 db.

3) Calibrated sweep (A-sweep) three ranges
with speeds from approximately 30 micro-sec-
conds psr inch to 1125 micro-seconds per
inch.

4) Expander and calibrated delays (R-sweep),
the sweep speed can be increased by factors
of 5, 10, and 25 to give rates of 1.2, 3, 6,
12, 30 and 60 micro-seconds, per inch. Cali-
brated delays are available on all R-sweep.

Fizure 9 show the electronic equipment used.

CURVES OF SOUND VELOCITY VS TEMPERA TURE:

In order %o calculate and convert the measured sound
velocity into temperature, the curves of sound velocity vs
temperature should be used. Appendix I will show how those
working curves were being obtalned.

These sets of curves were used in converting sound
velocity date into temperature. The vercent residuals in
+he runs were estimated, based on z comparison with a few
runs in which the residual percentage vere calculated by
the methods to be described in Apovendix IT.

OPERA TING PROCEDURE:

In order to avoid any change in the electronic ins-
tpuments due to insufficient warmup, all the electronic
circuits were turned on at least half an hour before any



reading was taken. It was observed that after the equip-
ment was well warmed up, there was no drifting in many
hours.

Te reading before the run starts (with air at known
temperature and pressure in the gas path) is called the
reference reading. Its accuracy has great importance on
the accuracy of the tempereature measurements. Therefore,
every precaution for preventing error in the reference
reading was taken. Since the signal was small at atmosphe-
ric pressures due to poor acoustic power transmission in
the poorly matched system of brass bar and low density alr,
1t was found desirable to increase the air density while
taking the reference reading. Since pressure has no effect
on the sound velocity in the range of operation, compressed
air up to 100 psia was used to charge the cylinder when
the engine was standing still with everything at room tem-
perature. The hlghest sweep rate of the scope was used to
zive an expanded time scale. The internal triggering was
used. The calibrated delay potentiometer was then adjusted
until the first rise of the received signal coincides with
the start of the sweep. The dial reading and the air tem-
perature were recorded.

The cooling water on the coupling rods Wwas turned on
with the same flow rate in all the runs. This would equal-
176 tne effect on cooling the rods in different runs. A
test during which the temperature of the brass bars was
chenged showed no detectable effect on the sound velocity
reading. Figure 10 show a detalls of a transducer and fi-
gure 11 show the transducer mounted on the cylinder nead.

A position-indicating circuit was connectied to the
oreaker. This circuit included a thyratron operzted spark
zenerator which producesg a spark at a spark plug when the
signal from the breaker was fed into tue circuit. Te tim-
ing of the spark was jndicated by the flashing of a neon

17
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light on the crankshaft through a slit in a cover plate
and the crank position at which the light flashed was
read from a stationary proteactor disc concentric with
the crankshaft. A selector switch connected the breaker
either to the position-indicating circuit or to the tri-
ggering circuit of the synchroscope.

To take data, the breakér was first set to the
desired crank anzle. The selector switch was then turned
to the reading side so that the breaker started to trigger
the pulse generating circuit. The delay vpotentiometer dial
was turned until the beginning of the received signal coln-
cides with the start of the sweep. The dial reading was
recorded.

Reading were taken at different crank angles along
the part of the cycle of interest.

When a set of dial readings and crank angzles was
recorded, the following steps were employed to get the
temperature:

1) Determine ihe gzas path delay at reference tempe-
rature by dividing the known gage length by the
sound velbcity in air at that temperature.

2) Determine the delay in the circult other than
the zas path by subtracting the gZas path delay
a2t reference iemperature from the total delay
reading from the diszl at reference point.

%) Subtract the result of step 2 from tne readings
obtained at various crank angles to zlve the gas
path transit time at each measurement.

4) Divide the zage length by the trzansit time to
obtain the sound velocity.

5) Used the sound velocity vs. Temperature curves
to obtain the temperature.



Te choice of the correct curve to dse involves a
knowledze of this fuel-zair ratio and the residual per-
centage. The fuel-air ratio 1is easily obtainable from
the zir a2nd fuel flow measurements, dut the residual
content is more difficult to determine. Prior to this
time, the residual percentage has been either arbltra-
rily assumed or estimated by means of fuel-zir cycle
calculations. Taese methods are not very satisfactory.
See Appendix II for the calculation of residual content.

Since the residuals do not have a large effect on
gound velocity, especially in a lean mixture, an assumed
estimates of 10 to 15% can well serve the purpose of help-

ing the selection of the appropriate sound velociiy vs.
temperature curves.
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SECTION 3

RESULTS AND DISCUSSIONS

GENERAL SCHEME:

In all the runs made, the engine condition were

maintained at a predetermined value that will give a
good engine performance. (Refs. 2, 3, 4, 6, 7, 8) The
only variable was the speed. The engzine condition was:

Fuel - Iso-octane

Spark advance - BPsSA¥

Inlet temperature, T - 160°F

Jacket temperzture, TJ - 180°F

01l temperature, T, - 150°F

Exhaust pressure, Pe - 31 inches of mercury abs.
Inlet »pressure, Pi - 28 inches of mercury abs.
Fuel-air ratio, F = 0.08

Compression ratio, r - 6

For the investigztion of the bar tip temperature

by thermocouple and end gas temperature by sound velo-

city method, the following runs were made and plotted

into curves in the following Ffigures:

I. FPigure 15
a) 0.598" Gap Speed Runs

1000 rpm - F 5, 43, 52

1000 rpm - M**® 10, 53, 56
2000 rpm - F 17, 55
2000 rpm - M 11, 54

# BPSA - best power spark advance

#%¥ F
#xx M

- firing
- motoring
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b) 0.476" Gap

Speed
1000 rpm -
1000 rpm -
2000 rpm -
2000 rpm -

c) 0.230" Gap

Speed
1000 rpm -
1000 rpm -
2000 rpm -
2000 rom -~

d) 0.102" Gap

Speed
1000 rpm -
1000 rpm -
2000 rpm -
2000 rpm -

II. Figure 16
Speed
2000 rpm -~
1000 rpm -~
2000 rpm -
1000 rpm -

M

M

M

M

M

33,
32’
30,
319

64,
70,
75,
73,

Runs

26
27
29
28

Runs

35, 39,
34, 42,
36, 41,
37, 40,

68, 76,
T4, T8,
82, 87,
85, 90,

51
50
49
48

79
89
92
95
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III. Figure 17, 1000 rpm Motoring

Gap

0.598"
0.476"
0.230"
0.102"

IV. Figwe 17-A,

Runs

73, 105
91, 95
86, 90
81, 85

0.102" Gap, 1000 ropm Motoring

- Runs 85, 81, 77

V. Figure 18, 2000 rpm Motoring

Gap
0.5908"
0.476"
0.230"
0.102"

Y
n

75
92
87

VI. Figure 19, 1000 rpm Firing

Gap
0.598"
0.476"
0.230"
0.102"

VII. Figure 20, 2000 rpm Firing

Gap

0.598"
0.476"
0.230"
0.102"

runs

76
64
68
79
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VIII. Flgure 21

Gap 1000 rpm - F 2000 rpm - F

0.598" T4 76
0.476" 70 64
0.230" 89 68
0.1l02" 78 79

IX. Figure 22 Runsg 111, 112, 113, 114

X. Figure 23 Runs 120, 121, 127, 129

XI. Figure 24 Runs 122, 123, 128, 130

he runs listed above are the productive runs only,
many other runs were made, but found unacceptable or were
used as trial runs to get the engine and auxiliaries un-
der normal operszsting conditions.

The bar tip temperature were measured directly by
means of thermocouvle. The temperatures of the end gas
were computed from the gap transit at various crank angles
before and after top center, for unburned and burned gases.
The result of these computation were plotted in the graphs
Just mentioned above.

In all the exﬁeriments, performed to determined the
effect of varying the gas path on temperature measurement,
the transducer configuration used was that shown in figure
1. The horizontal bar was not changed, the four straight
"vertical" bars of different tip length were used. Thege
were made in pairs one for sound velocity measurements, the
other drilled for a thermocouple soldéred to the tip for
tip temperature measurement. The four bar length used gave
gas path length of 0.102, 0.230, 0.476, 0.598 inch, resg-
pectively. These arrangement were tested at two speed,
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1000 znd 2000 rpm with the engine motorinngith air, and
at ne same speeds with the engine Tiring. The results

eare sumnarized in Fizure 15 to 24.

SAMPLE CALCULATIONS OF END 3AS TEMPRATURE BY SOUND
VELOCITY METHOD: '

RUN 85:

Reference Point:

Sweep delay =51 usec®

Air (room) temperature = 79°F (539°R)
Air pressure = 25 psig (2.7 atm. abs.)
Gage length, L = 0.102" = 0.0085 ft.

a® = 1138.2 ft/sec (frem fizure 13-B)
a®/a = 0.9994 (from figure 12 )
a = 1138.2/0.9994 = 1138.9 ft/sec

t = L/a = 0.0085/1138.9 = 7.46 usec

Fixed delay = 51.00 - T7.46 = 43.54 usec

Engine Conditions:

Speed - 1000 rpm Motoring
Barometer reading - 763.8 mm Hg.

Pi = 28 inches of mercury Pe = 31 inches of mercury
L = 160°F TJ = 180°F
T = 150°F r =256

o .
Ap = 3.75 inches of water

From fizure 25
w = 0.00825 1b/sec of air
CF = ¥ (P/29.92)(518.4/T)
= v (30.02/25.92) (518.%/539)
= 0.9844
w, = w(CF) = 0.00825 (0.9844) = 0.0081 1b/sec of air

-6
#¥ usec¢ = micro-seconds = 10 second
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8
(dez)

301
306
311
316
321
326
335
336
341
34
351
257
360

2
8

o
o W

@ W

I L Y I GV I (O B IV
W &;\N @ W

(SJERV)
(0s]

Reading
(usec)

49.68
49.55
439.50
49.33
49.27
49.20
49.10
49.02
48.97
48.90
48.86
48.81
48.82
48.81
48.88
49.00
49.02
49.15
459,22
49.37
49.49
49.66
49.81
49.90
50.02

TABLE I

usec

6.14
6'01

WM

W NN D w
3 0 0

GERER

O OV OV Oy U1 U1 UL UYTUTUY U UL U orulur Ul Ul
L] L] L] L) . L] L] . . L)

AN L&

(1)

é(2) 2(3) éi[é(4) a®
(107 sec) (fps)(atm.abs)

1384.4
1414.0
1436.2
1453.0
1482.0
1501.8
1528.8
1551.1
1565.4
1585.8
1593.2
1606.8
1609.8
1610.2
1591.8
1556.8
1551.1
1515.2
1496.5
1458.0
1429.0
1388.0
1355.7
1335.2
1211.7

2.18
3.30
3.60
4.15
4.70
5.45
6.05
6.95
7.35
8.70
9.25
9.60
9.65
9.65
9.50
9.20
8.45
7.62
6.60
5.80
5.10
4.63
4.00

0.9992
0.9950
0.9988
0.9975
0.9970
0.9968
0.9965
0.9960
0.8955
0.9950
0.9950
0.9945
0.9945
0.9945
0.9950
C.9950
0.9955

(fps)

1383.3
1413.0
1435.0
1449.4
1478.2
1497.0
1523.0
1544,9
1558.4
1577.9
1585.0
1597.9
1600.9
1601.1
1583.8
1549.0
1544,1
1509.1
1490.8

r (5)
(°R)
800
838
858
881
918
942
978
1007
1025
1052
1065
1080
1084
1085
1059
1012
1005
958
954
884
850
800
765
T40
716

(1) usec =reading - fixed delay

(2) a =

L/usec

(3) P, obtain from the P-8 indicztor card
(4) a°/a, from fizure 12

(5) T,

from fizure 13-A
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RUN 74

Reference Point:

Sweep delay = 84.78 usec

Air (room) temperature = T8°F (538°R)
Air pressure = 40 psig (3.7 atm. abs)
Gage lenzth, L = 0.599" = 0.0499167 ft.

a® = 1137.2 ft/sec " (from figure 13-B)
a®/a = 0.9972 (from figzure 12 )
a = 1137.2/0.9972 = 1140.4 ft/sec

t = L/a = 0.0499167/1140.4 = 43.77 usec

Pixed delay = 84.78 - 43.77 = 41.01 usec

Enzine conditions:

Speed - 1000 rpm Firing
Barometer reading - 759.37 mm Hgz.

Py = 28 inches of mercury asbsolute

Pe = 31 inches of mercury absolute

m o= o - °

= 160°F Tj = 180°F

To = 150°F F = 0.08

r =6 Ap = 3.9 inches of water

rotameter reading = 4.3 S.A.T = 35°BTCH®

From fizure 25,
W = 0.00865 lb/sec of air
CF = /(29.85/29.92) (518.4/538) = 0.9813

W, = w(CF) = 0.00865(0.98313) = 0.00848 1b/sec of air

From figure 26,
Wo = 0.68 x 10-3 tb/sec of Iso-octane
F = 0.68(10"°) / 0.00848 = 0.0801

¥ S.A. - sperk advance
xx BTC - before top center



TABLE II

@ Reading usec a P a’/a a’ T -
(deg) (usec) (10 Csec) (fps)(atm.abs) (fos)  (°R)
320  T4.10 33.09 1509 4.53 0.9970 1504 1042
325  73.70 32.69 1528 5.06 0.9970 1523 1073
330 73.25 32.24 1548 5.67 0.9965 1547 1103
335  72.80 31.79 1570 6.26 0.9960 1562 1134
340  72.35 31.34% 1591 7.20 0.9955 1585 1170
345  71.90 30.89 1616 9.00 0.9952 1609 1206
350  71.40 30.39 1640 10.33 0.9950 1633 1253
355  T70.90 29.89 1670 12.72 0.9930 1659 1287
360  70.00 29.09 1716 15.56 0.9920 1700 1364

5 59.70 28.69 1740 19.67 0.9905 1723 1397
10 69.20 28.19 1770 23.94 0.9890 1749 1445
15 6.8.80 27.79 179 25.90 0.9880 1772 1489

6 Reading usec 2 T
(deg) (usec) (10~%sec) (fps)  (°R)
15  56.60  15.59 3201.8 4665
20  56.60  15.59 3201.8 4655
25 56.70 15.69 3181.4 4595
30 56.90  15.89  3141.4 4465
35 57.20  16.19 3083.2 4280
40 57.30  16.29 3064.3 4220

¥ Figure 14 was used to obtained the turned gzas temperature
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cp/cv ) /

R = perfect zas constant,

-3

a7 = absolute temperacure

28
EFFECT OF SPEED:

Under the conditions of the runs shown in fizures
15 to 24, an increase in speed cause an increase 1in end
zas temperature. This is caused by two effects:

1. There is a2 reduction in heat loss per unit mass
as speed increases, due to the shortened time for heat
transfer.

2. There is an induction work effect which will
cause an incrsase in compression temperature. The tem-
perature of the charge is lowered by the work done on
the piston during the inlet stroke. As speed increases,
this work decreases, due to increasinz opressure 4ron
throuzh the inlet valve, This effect is vrobably consi-
derably more important than the heat loss effect.
EFFECT OF TEMPERA TURS GRADIENT: 4

. _ /

a® = KRT_ (8) A /

a = /T (9) /
where C = YkR = constant // '—Dw

= sound velocity 'T
k¥ = specific hezt ratio, // ‘

measured by sound veloclty.

Figure 2
Assume the temperature zradient is linezr and cons-
tant. Frem fizure 27, we have

o = AM/Ax = To = Ty (10)
L



Wwhere T&): temperature of gas at free Streém,
Tw = temperature of wall or tip temperature.

Therefore,
a = C(’J:w + bx)l/2 (11)
t = transit time
distance
velocity
_ dx
dt = Y 72
G Tw+bx)
' _ 1 -1/2
t = 5 (Tw+bx) dx
25 Tw+bx)1

= gs((Tw+bL)l/2 - T&/EI

From equation (10)
o= (T - T,) / L

Substitute to equation (12), we nave

% £ = —2L T,/z Ti/2)

; a:Tw
t E—L(F'L'/—_—) (13)
: TCD+ .Lw
If no temperature gfradlent,
t = L/a = L/G/T;; (14)
Equating ecuations (13) to (14), we have
I IV S (15)
sv ~ & oo t VN
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The maznitude of this effect is believed to be
smeall, but its evaluation in the engine experiments is
difficult because of the unknown zas transpert veloci-
ty vattern within the test chamber.

RESULTS AND DISCUSSIONS:

The effect of gzage lenzth on bar tip temperature
was shown in figure 15. It can be seen that for any par-
ticular length of transducer bar tip, the tip temperature
will be a function of engine conditions, in this case, it
is the speed. It is also evident that the thermal conduc-
tivity of the bar will change the slope of the curves of
Tizure 15, as can be seen in fizure 22.

The effect of zage length on end gzas temperature
was shown in fizure 16. The curves in figure 16 indicates
that the transducer bar tips are probably cooling the gas
when the zas 1s much hotter than bar as at top center,
or vise versa, when the zas is cooler than the bars. From
fizure 16, 1t also apvears that with a larze enough gap,
1/2 inch or more, the boundary layer is thin enough so
thet influence of the wall is negligzible.

It was experienced during the exveriments that if
the path is short, a more readable signal results, this
1s due to tne fact that attenuation of the signal in
the gas 1s reduced. With the small zap, the scatter of
points 1s not appreciably worse than with the larze zap
as shown in fizure 15. Also, it was possible to read
sigznals at a nuch lower zas density - as earlry zs 120
degrees before top center, as shown in figure 17-A. But,
on other hand, the time for the sound pulse to provagate
the gap 1s reduced, the errors in time mezsurements zare
more significant. And a sli:zht error committed in ga

g
r in sound

(¢}

length measurement will zive 2 zrezter err
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velocity (i.e., temperature) measurement for a small gap

than the large one. With the large gap, the signals were

tco poor to read earlier than 60°3TCT or. sometimes 40°BTC
if the engine is firinz at 2C00 rpm.

From fizures 17, 18, 19 =znd 20, the temperatures
measured is 100 dezrees a2t 30°BTC and 150°F at top center,
respectively, lower with ithe small zap. Thals could pro-
bably be due to the coolinz effect of the bars.!/

To determine the optimum lenzth of gas path to Dbe
used 1s therefore a compromise between tie siznal read-
ability and the accuracy of the time measurement, atten-
uation of sigznal, overatinz temperature of the transdu-
cer bar tip, 2nd the resultinz effect of thermal boundary
layer on the internretation of temper=ture measured from
the sound measured. Therefore, we can set a desizn crite-
ria for the transducer: a) The transducer rod tilps must
be sufficiently cooled. This reculrement means tnat the
bars snhould not project unnecessary fzar into the crarber,
b) The lenzth of the zas pzth used must be larze enough
so that transit time can te mezsured with sufficient accu-
racy.

Fizure 22 shows the effect of varring transducer
var material on tip temperature. The O=r has & fixed
path, 0.23 incn 2nd the =snzine conditions were maintained
the same for both the brass dar and zteel dDar measurement.
It was indicated in fizure 22 thzat the s
540°F a2t 1000 rpm T °=
resnectively, hizhe
steel bar zzve a 130°F different =2t

smec 1

roo motorinzs respectivel;. The fact thint the steel dar zave

#¥ BTC - cefore top center
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ould be due to ithe lower tner-
pared with the brass. For a
constant heat Tran

t

fer, the temperature seems to vary

inversely as ths ihermal conductivity of the material.
Tizure 23 and 24 shows the effect of transducer

ver mazterial on the end zz:z temperzture measured by the

sound velocity method, »oth 2t engine firing and engine

motoring, respectively. As was expe

that the steel bvar

cted, it indiceates
Zave a nizher end zas temperaiure.

The temverature difference was about 200 to 250°R at top
center. This could possidly be due to the fact that sound
travels faster in steel at elevated temperature than at

room temperature, wnile the reverse is true for drass in

the temperzture ranges encounter in these experiments.

Ae nave *the zZeaneral wave nropazation eguation,

V2¢ = az' %%2 (16)

X2+ FDYE + Dz (17)

=

where AV

g is a function of the position coordinstes (x,y,2)
t is the time

a 1s the veloclity of the propazating vave

If we consider the longitudinal sropazation only,

then we have a one-dimensional wave equatlcr

2 é;s
<L - 3% Ge)

»
-

®¥ Thermal conductivity for

£

n o
ct '3
[ IS
O m
= 0
S
! }
[Ead \V]
L] L]
H
[0)
=
Lol
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ct ¢t
ct
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\ -
]
) !
| [
o
Q
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Let us consider a solid deformed along its axis, x.
Hooke's law then takes tre form:

- _pm Su
F, = -AE & (19)
where A is the cross sectiion of the bar,

du/dx is the longitudinal strain '

.- . u —>{U+rdy
E is the Zoung's modulus

[}

U is a function of x. [ 1
Let us take a section dx. 1 | Al

1 X+t
The force at X is Ft and the v e

force at x + dx is
Figure 28
F, + aF, = F_ + (OF /dx) dx (20)

With the use of eguation (19) the net force will
then be:

‘;F
3— dx = -AE ya dx (21)

This elastic force will be in dynamic equilibrium
with the inetial reaction of the mass element fDAdx:

-AE éau dx_fA (22)

waere.f is the density of the material.

which reduces tc:

j%%a%“ %_egﬁo (23)

Comparing eguation (23) with ecuation (18), we
find for the extensional bar veloclity, ag

ag = &7/-.7_ (24)



Equation (24) holds true only for bar with lateral
dimensions small compared with wavelength.

3y considering wave transmission in a general medium

by means of Christoffel's method and reducing the number
of constants to correspond with isotroplc symmetry, two
types of wave can be propazated, namely, longitudinal
waves in thne direction of propazation znd transverse
or shear waves transverse to the direction of propagat-

ion. These two waves propagate with velocities:

*
a; = YA+ 2R)/p (25)
as :V}L?r (26)
where a;, = longzitudinal velocity
a = transverse velocity

= Lam® constant

near modulus

-—bz>’m
H

= density
TABLE III-a®%
Yound's Shear Lamé PoissoN's
Material Modulus Modulus Constant ratio
Brass 10.4 3.8 11.3 0.374
Stainless =
Steel 16.6 7.57 11.3 0.300

TASLE III-b™"

‘ . . Lenzitudinal Snear Extengional

Material  Density velocity Velocity velocitiy
Brass 8.6 4,700 2,110 3,480
°g%§2iess 7.91 5,790 3,100 5,000

% EZquations (25) and (26) nas deen derived in Ref. (26)
Pages 368 -773.

#¥x# Datz used in Tanle III-a and Izble III-0 were taken
from ref. (27).

34



34

Equation (24) nolds true only for bar with lateral
dimensions small compared with wavelength.

3y considerinz wave transmission in & genersl medium
oy means of Crristoffells method and reducing the number-
of constants to correspond with isotropic symmetry, two
types of wave can ve propazated, nemely, longitudinsal
waves in the direction of propazation and transverse
or shear waves iransverse to the direction of propagat-

fon. These two waves propagate with velocities:
*
a; = /(S 2ﬂ)/f (25)
o (
ag /); 7f: (26)

where a, = longitudinal velocity

®
t
!

\—bT=:>/m
i |

transverse velocity
= Lamé& constant

N

shear modulus

= density
TABLE III-a™"
- Yound's Shear Lané PoissolN's
Material {foduius Modulus Constant Tatlo
Brass 10.4 3.8 11.3 0.374
Stainless =
Steel 19.6 7.57 11.5 0.300

TABLE III-b™

y . . Lenzitudinal Snear Extensional

Material Density velocity Velocity velocity
Brass 8.6 4,700 2,110 3,480
Stainl - = -
Stalnless  7.41 5,790 3,100 5,000

% Zquations (25) and (25) has been derived in Ref. (26)
Pazes 3568-3T73.
xx Data used in Tanle III-a and Tzble IIT-o were taken
from ref. (27).



Units used in Table III-a a2nd Teble III-b:

Young modulus, E - MNewtons/m® x 10710
Snear modulus, M - Newtons/m® x 10730
10

Lamé constiant, N - Yewtons/m® x 10~
Longitudinal velocity, a; - n/sec
Snear velocity, ag - m/sec
Zxtensional velocity, a_ - m/sec

Density, j9 - g/cm®

Table III snow the different velocities for brass
and steel. As shown, the sound velocity propagation is
v

fa.ter in steel than in b

The density for steel <Jecreases as the temperature
increase while the density for brass doesn't vary as much
25 the steel a2t elevated temperature (Ref. 29). The Lamé
constant and shezr modulus doesn't vary too much at ele-
vated temperature. Therefore, the sound velocity at ele-
vated temperature travel faster in tne stesl bar than the
bracs bar as can be sesn in equation (25). The difference
of sound velocity between calidbration (room) temperature
and test (elevated) iemperature has been worked oul ex-
perimentally. (Ref. 28).

The difference for bar-transit-time shift between
calibration and operation may be corrected by trying to
solve the total delay shift of a damped Dpressure wvave
train's time to pass tahru a

(921

iven bar by intezratinz the
delay shift per inch of the D¢ held at some temperature

ar
t a2bove the calibration temperature. (Ref. 28).

The Zeneral Zlectric Company have a drcject on thig
and tre results yielded a # 0.08%4 micro-seconds total de-
lay shift for the Ddrass bars and a =-0.25 micro-seconds
for the stesl bars. Thus, if we add a 0.25 nmicro-seconds
to the total opersaiinz pulse-delay time in the steel »ar,

or

and subiract 0.084 micro-seconds in ss der to correct

(O]
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for the bar-trar :it-time shift between calibration and
overation. This was done on the runs and the results

Zave a difference of 80-120°R still, instead of 20C-250°R
a2t top center.

Te large temperature difference obtzined from
sound velocity measurement using brass bar and steel
oar could be cdue to the hez2t transfer between the zas
and the bar. As shown in fizure 22, the steel bar gave
a muen hizher tip temperature, it is hotter than the

Zes even Dbefore comdustion. It is nossible that the bar
is heatinz the z£=s 2nd the revercse is true for the brass
bar. It is delieve that using/a 1/2 inch or larger gap,

a2 smaller temperzture difference mizht result as shown
in fizure 16, the end zas temperzture at 1/2 inch or
er zep seems 10 ve lessg alffectsd by the dar tip tenm-

[

r

M

o

erature. 3ut, still there will De 2 temperzture diffe-

g

3

ente czused by the difference in density 2ad thermal

-

T
onductivity of the material used. The only way to correct
o

c
the difference is to rrect the bDar-itransit-time snift
in the bar between calidbration z2nd operazticn.

ection of the

’Jo
1]

»-
o)
}Jc
[¢]
W
ct
o
0
ct
5
0]
ct
ck
oy
0]
0]
M
l.—l

An znal s
oest Dar nmaterizl from the point af minimizing bar-tran-
sit-time shift would be obtained by rlotting the recipro-
cal of the product of the thermal conductivity of the bar
metal and the difference 2etween the sound velocity of

4

the bar metal a2t some elevated temmer=zture 2nd that of

room texmperature versus elevated temversture.

3]

Figures 19, 20 and 23 shows that %he curves seems to

13

terminzte a little sooner (Flame arrival) in the oven
fzct that the

spark plug location did not quite vlace ihe end-gas in

ct
)
(0]

chamber used. This i1g due either to

the measuring zone, or to the longer flame travel required

with the pocketed chamver, (Ref. 4), or both..



i
|

A 1/2 inch zep should be tested with cdifferent
a2l tc zive 2 clearer picture as to the effect of
par materizl in ifemrerature measurement since 1/2 inch
zap is lecs affected by tip temperature. The work of
s uses a 1/8& inch za2p instead of a 1/2 inch

nzlly planned due %o the mistake made in

a ion of the transducer bzr. But even with
ne 1/4 inch zap, the effect of the bar material on

temperature measurement can De seen.
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CONCLUSIONS

The sound velocity method can be ussd for ne. .su-
ring the zas texzperature in a spark iznition engine if

n 2nd the riznzti trans-

-

p lenzth in the sound velocity method 1is
or to be conslder. Incrfease in gap
nducive to attenuation beyond the practi-

o =P

oo 3
=3

(CT I

2|

'd

0o

3

t

S

ts of the detection ~nd zmplification devices
e, wnile reduction in zap length results in an

in "wall effects" on the gas temper-tiure. Also

'3
[}
o
=
o o

n in transit time for short zzp increases the
ztive importence of tne absolute errors present in
the time mezsuring device. Hence we can‘determine the
proper lengzth of the zap thot would Ye installed and
operated in such a menner as to produce za minimum of
interference with the temperature thaot a zaze length
of 1/2 inch to 5/8 inckh would seem tc be the idezl one.

Wle could zlso determine the best bar materizl to
be used by zlotting the reciprocal of the product of the
hermal conductivity of the bar net:l =2nd the difference

between the sound velocity of the bar zetal =t some ele-

vated temperature and that of room temperaiure versus
elevated temperaziure.

W7ith correct zzp lensth a2nd 2ar materizl, the sound
= b

velocity method can ve fairly accurate texmrerzture
n

=i
measurement a2t hizh temperature znd preszure, even at
er

-

low %temperszture a2nd
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With the avalilability of socund velocity method for
temperature measurement, we can analysis the engzine cy-

cle, it can be used in snzgine heat tranafer studies and

for construction of a fuel-z2ir cycle. It can be used for

zolytropic exponent determin=ztion, estimation of residual

zas present in 2n engine, cstudy of knock etc...
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APPENDIX I

OBTAINING THE WORKINZ CURVE OF
SOUND VELOCITY VS. TEMPERA TURE

The end zas in an spark ignition engine is composed
of air, fuel and residual gases. Since there 1s no pub-
lished data on the exact tnermodynamics properties of such
mixtures at different temperatures, it is necessary to
make certain assumptions about the mixtures. The impor-
tant assumption mzde is that the end zas ia a mixture
of verfect gases. For most of the constituents of the
end zas, this is certainly a good assumption. The main
portion consists of nitrogen and oxygen. They have very
low critical temperatures and rather high critical pres-
sures so that in the range encountered in an engine, 2
perfect gas assumption holdes quite well. The most possi-
wle constituents to deviate from a perfect gas 1is the
fuel in the mixture. But, the fuel-air ratio used in
the enzine is usually low (around or less than 0.08),
the partial pressure of which is a very small fraction
of the iotal pressure. Taus, in an engine, the fuel va-
por pressure is a very small fraction of its critical
pressure.

The range of temperature and pressure of an end gas
je about 600 to 2000°R and 1 to 50 atms (total pressure).
The following is a list of the critical values of gome
of the components of the end zas (Ref. 14). A zeneralized
F chart from the same reference shows 10w well the per-
fect-gas law holds at low pressures and hizh temperatures
with respect to the critical values.




T (critical) P(critical)
Oxygen 278°R 50 atm
Nitrogen 227°R 35.5 atm
CO, 548°R 73 atm
N-heptane 972°R 27 atm

Wwith the mixture considered 2s one of the perfect
gases, 1ts thermodynamic properties at various~temperat-
ure can be calculated from the data on each constituent
with the laws governing perfect gZas mixtures. Data on

these constituents are available in published data.

In order to obtain the curves of sound veloclty Vs
temperature, the following steps were carried out:

1) For air, plot ¢ vs T from data given in Keenan and Kaye:
wgag Tables", for zir at low temperature.

2) For fuel-air mixture with no residuals:

a) Find Cp for air and fuel (08H18 or C7H16) at
various temperature (500 to 2000°R) .

c _E __
+ Up(fuel)” 1 + F

o) Co(mix) = Co(air)® 1 + F
C) 1 <+ F

M(mix) =1/Mair + l/M‘fuel

) Rpiy) = L5344/ M(nix)

e) Cv(mix) = Cp(mix) - R(mix)/J

£) Kmix) = Cp(mix)/cv(mix)

g) ¢ = /K (1544/M) (32.2T) (211 refer to mixture)

Go through (a) to (g) at each temperature. The above
equations follow the Gibbs-Dalton Law.




3) For product of combustion:

a) Find the composition of the product for the
gziven fuel-air ratio from Taylor and Taylor
"Internal Combustion Engines'. '

b) For various temperatures find Cp for each com-
ponent from the published data.

C) Cp(pr‘Od) = Cplwl + Gp2w2 + o e @ o 0 00 0 00

where Wl, wz, .... are percentage DY welght of
the components

da)

M _ 1
(prod) = (W /M) + (Wo/My) 4 eeeens

£) Oy (proa) = Cp(proa) ~ R(prod)’/J

g) ¥(proda) = Co(prod) / Sy (prod)

h) ¢ = /R (1544/M) (32.2) for the product

Go througzh (a) to (h) for each temperature.

4) For mixture of air, fuel and residuals, &© through
steps outlined in (3), treating the mixture as com-
posed of two perfect gZases: the fresh fuel-air mix-
tupe and residual. ilheir percentage DY weight in the
mixture are l-f and f respectively. f is the percent
residuals.

The results of these calculations are shown in
figures 12, 13-4, 13-3, and 14. These sets of sound Ve-
locity vs temperature curves wepre used in converting
sound velocity data into temperscture.
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APPENDIX II

ESTIMATING AND MEASURING RESIDUAL PERCENTAGE

The amount of residuals as 2 perceﬁtage present in
the cylinder could not be determined accurately for there
was no way of determining the residual gas temperature.
so, the residual percentage has been either arbitrarily

assumed or estimated with the following theoretical me-
thod.

This method uses the theoretical fuel-air cycle
calculations. First, & temperature for the residual 1s
assumed. Calculate from this temperature, exhaust pres-
sure, and clearance volume, the mass of residuals. Mix
this with the fresh charge measured by the rotameter to
obtain state 1 of the theoretical cycle. GO through a
tneoretical cycle calculation, using the Hottel charts.
Arrive at state 5, which 1s the end of the expansion
down to the exhaust pressure. The temperature at 5 may
not agree with the aasumed temperature. AnN iteration
process is then used until the temperature at state 5
agress with the assumed residual temperature. This me-
thod does not take 1into acoount the effects of neat
transfer, and it uses the theoretical cycle, wnich is
different from the sctual cycle. Therefore the result
cannot be accurate. The residual percentage estimated
by this method will be too low, as heat transfer will
produce a denser residual zas.

S5ince the development of the sound velocity method,
there is a tool to measure the gas temperaiure along the
cycle. Thus it is no longer necessary to guess at the
temperatures. 1ihe Adirect way to measure residual percen-
tage would be: At some point on the exvansion stroke

before the exhaust valve opeans, take a sound velocity



reading. Convert it into temperature, using the curve
for products of combustion. From the temperature, the
pressure from the indicator card, the cylinder volume
corregponding to the crank angle, and the composition
of the product of combustion, the total mass in the
cylinder can be calculated with the perfect gas law.
subtracting the fresh charge per cycle from the total,
the amount of residuals can be found. '

The reading of sound velocity is sometimes diffi-
cult on the expansion stroke due to turbulence. There-
fore a scheme using the temperature on the compression
stroke is devised. First, agsumed a residual percentage,
Using the curve for fresh charge plus this percentage of
residuals, obtain the temperature at a point on the com-
pression stroke where the temperature 1s likely to be
uniform throughout the cylinder. Calculate the total mass
in the cylinder from the perfect gas lawv, using a gas
constant computed for this perticular mixture. The resi-
dual mass is again obtained by subtracting the fresh
charge from the total. If this amount does not agree with
the first assumption, use an jteration process until the
assumed percentage is correct.

The percentage of residuals present in the cylinder
can be calculated by the following equation:

.. _M( + F)RT
£ =1 - Bagm

where T

mass residuzl gas per mass charge

M - mass of alr entering cylinder during one in-
duction stroke

F - fuel-air ratio, Dby welzght

R - universal gas constant

T - absolute temperature
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P - absclute pressure
V - volune
m - molecular weight

Tne accuracy of this method of calculation of resi-
duals depends not only on tre accuracy of measurement of
£, V, ¥ and T, but on the assumption average temperszture
in the cylinder. As can be seen from tae equation above,
if the measured temperzture is lower than the average
tempersture, the velue obtained for the percentzge of

residuals is zreater than the correct value.
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Figure 3 Front View of Sloan Automotive and Air-
eraft Laboratory Standard Enzine set-up
used for this thesis work.
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Flgure 5

Gas Path
|\ R
XIR
-

SY
——

Principie of the Apparatus Used

XRC

] =
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Scope
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S  Engine Distribution Shaft

BR Breaker
SY Synchronizer
TR. Transmitter

XTR Transmitter Crystal

XRC Recelver Crystal
RC Recelver

CRL Coupling Rod 1
CR2 Coupling Rod 2
PO Calibrated delay
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Equipment

S The Electronic

Figure



Coaxial Cable To

Transmitter
{1
Compression HH
Spring Ground
Baré§§s§ifanate X Bekelite Insulation
N

Thermocouple wire

ocoling Water

Hexagonal Nut Combustion

Chamber Wall

Brass Coupling Red

Figure 10 DETAILS OF TRANSDUGER
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