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PART I

SUMMARY"






I. BACKGROUND

A program of activity to study the combustion process in supercharged
diesel engines has been developed at The University of Michigan. This pro-
gram is primarily concerned with the ignition delay and the effect of the
several parameters on it. A gspecial concern is given to the effect of the
pressure and temperature of the cylinder air charge and engine speed on ig-
nition delay. The program also includes the study of the effect of these var-
iables on the other combustion phenomena such as smoke, rate of pressure rise,
and maximum pressure reached in the cylinder.

The different types of delay have been studied in detail and an emphasis
is made on the pressure rise delay and illumination delay. The instruments
needed for the measurement of these two delay periods have been developed and
a continuous effort is being made to improve their accuracy.

This research is being made on two experimental diesel engines. One is
the ATAC high output open combustion chamber engine, and the other is a Lister-
Blackstone swirl combustion chamber engine. Three fuels have been used in
these tests.



IT. OBJECTIVES

To study how gas pressure at the time of injection affects ignition delay
and combustion. The effects are to be studied at pressures ranging from
approximately 300 to 1000 psia.

To study how gas temperature at the time of injection affects ignition de-
lay. The temperature ranges from approximately 900°F to 1500°F.

To study various combinations of pressures and temperatures to determine
whether density is an independent variable affecting ignition delay.

To conduct all these studies with three funels: CITE refree grade (Mil-
F-45121) fuel, diesel no. 2 fuel, and Mil-G-3056 refree grade gasoline.

To study the effect of engine speed on the ignition delay and the other
combustion phenomena. The engine speed covered a range from 1000 rpm to
3000 rpm.

To study the effect of the coolant temperature on the combustion process
and the wall temperatures. Coolant temperatures range from 150°F to 300°F.

To study the effect of anti-smoke additives on the combustion process and
the smoke. The anti-smoke additive is Lubrizol barium compound.



ITI. CUMULATIVE PROGRESS

A. LISTER-BLACKSTONE ENGINE

Cumulative progress has been made in the following areas:

oW

Review and analysis of previous work

Theoretical analysis

Experimental work on Lister-Blackstone engine

Comparison between the present work done on the Lister engine and
previous work in bombs and engines

B. ATAC-1 OPEN COMBUSTION CHAMBER ENGINE

The cumulative progress made on ATAC-1 engine can be devided into three

major areas:

1.
2.
3,

Engine instrumentation
Experimental work
Theoretical work

1. Engine Instrumentation

The engine has been instrumented and all the instruments calibrated to
measure the following:

FRmoe e o

[

Power output and engine speed

Gas pressure during the cycle

Illumination due to combustion

Wall surface temperature during the cycle

Wall temperature in the fire deck near the inlet and exhaust valves
Fuel pressure before the injector

Injector needle 1lift

Air flow rate into the engine and its temperature and pressure be-
fore the inlet valve

Fuel flow rate

Intensity of smoke in the exhaust gases, their temperature and pres-
sure

2. Experimental Work on ATAC

Experiments were made on the ATAC engine to study the effect of temperature



on ignition delay and combustion characteristics of the following fuels:

a. CITE refree grade (Mil-F-45121) fuel
b. Diesel no. 2 fuel
c. Mil-G-3056 refree grade gasoline fuel

The experimental results of this part were given in Progress Report No. 8,
under A2A, A2B, A2C, and A2D geries.

3. Theoretical Analysis

A thermodynamic analysis was made to study the different types of energy
and processes taking place during the ignition delay, and to compare between
the different definitions used in the literature for the ignition delay. This
study will be published in an SAE paper which will be presented in the Inter-
national Meeting in Detroit, on January 17, 1969.



IV. PROGRESS DURING THIS PERIOD

During this period the experimental and analytical work on the ATAC engine
has been completed, as follows:

a.

A comparison between the combustion phenomena and the rate of heat
release for the following fuels, under naturally aspirated conditions.
The series of tests conducted for this comparison is referred to as
series AT.

1. CITE refree grade (Mil-F-L45121) fuel
2. Diesel no. 2 fuel, and
3, Mil-G-3056 refree grade gasoline fuel

The experimental work demonstrated that it was difficult to burn
gasoline in the ATAC engine with its present compression ratio of
16.7:1, under naturally aspirated conditions. The heat release com-
putations were therefore only made for CITE and diesel no. 2 fuels.
The several computer programs made-for these elaborate computations
proved to be very successful, and can be used in future heat release
computations under any set of running conditions.

Effect of engine speed on the ignition delay and other combustion
phenomena. Engine speeds covered a range from 1000 rpm to 3000 rpm.

Effect of coolant temperature on the combustion process of CITE fuel.
The coolant used for these tests was ethylene glycol at temperatures
up to 305°F.



V. CONCLUSIONS

The conclusions are stated under the following headings:

A. Effect of type of fuel on I.D. and heat release rate
B. Effect of engine speed on I.D. and other combustion phenomena
C. Effect of coolant temperature on the different combustion phenomena

A. EFFECT OF TYPE OF FUEL ON I.D. AND HEAT RELEASE RATE

The results of the heat release computations, for the diesel no. 2 and
CITE fuels, showed that the following processes occur during the ignition de-
lay before the pressure rise due to combustion is detected:

1. A negative heat release at the beginning of the ignition delay, due
to fuel evaporation and the endothermic reactions that take place shortly after
fuel injection. The negative heat release is observed for the two fuels during
a major part of the ignition delay.

2. The negative heat release is followed by very slow reactions causing
a slight increase in the rate of heat release. The end of the pressure rise
delay measured from the pressure trace, coincides with the end of these slow
reactions, before the start of the very high speed reactions.

The negative heat release period as well as the total ignition delay pe-
riod are shorter for diesel no. 2 fuel than for CITE fuel. These results sup-
port the previous conclusions reached,l* that the activation energy for diesel
no. 2 fuel is smaller than that for CITE fuel, causing the preignition reac-
tions for the diesel fuel to be faster and the delay period shorter than for
the CITE fuel.

The ignition delay is followed by a perlod of very rapid or explosive type
reactions during which the energy of reaction of the fuel is released. These
reactions occupied a relatively short period compared with the total ignition
delay.

The maximum rate of heat release for the diesel fuel was found to be about
75% of that for CITE fuel.

*Numbers refer to list of references.



B. EFFECT OF SPEED ON IGNITION DELAY, SMOKE, WALL TEMPERATURE, AND THERMAL
LOADING

1. Effect of Engine Speed on Ignition Delay

The apparent effect of the increase in engine speed is to decrease the
ignition delay. However, if a correction is made for the effect of increase
in the charge temperature with speed, the ignition delay was found to increase
with speed. The conditions of the tests carried out to study the effect of
speed on ignition delay were carefully adjusted to eliminate the change in any
parameter other than the engine speed.

2. Effect of Speed on Smoky Intensity
An increase in speed from 1500 rpm and 3000 rpm caused an increase in the
smoke intensity from LO to 60 Hartridge units.

3, Effect of Speed on Wall Temperatures

The increase in speed produced the following effects in the wall tempera-
ture at the different locations in the cylinder head.

a. The wall surface temperature in the valve bridge of the fire deck in-
creased at a high rate with the increase in speed from 1000 rpm to
2000 rpm, after which the temperature leveled off. At 1000 rpm the
surface temperature was 435°F and reached 509°F at 2900 rpm.

b. The swing in the surface temperature decreased from 37°F at 1000 rpm
to 13°F at 2900 rpm.

c¢. The wall temperature at the midpoint between the gas side and coolant
side in the fire deck showed a different trend.

(1). near the exhaust valve the temperature increased from 326°F
at 1000 rpm to 360°F at 2900 rpm.

(2). near the inlet valve the temperature remained constant at
about 267°F.
L. Effect of Speed on Thermal Loading
The thermal loading which is equal to the sum of the heat lost to the

water jackets and lubricating oil increased with speed. However, the thermal
loading as a percentage of the heat input in the fuel decreased from 20% at



1000 rpm to 1L% at 2900 rpm.

C. EFFECT OF COOLANT TEMPERATURE ON COMBUSTION PHENOMENA

1. Effect of Coolant Temperature on Ignition Delay
The increase in the coolant temperature from 156°F to 305°F did not affect

the ignition delay. The value of I.D.p over the whole temperature range at a
mean pressure of 700 psia was 0.680 millisecond.

2. Effect of Coolant Temperature on Thermal Loading

The increase in coolant temperature reduced the percentage heat loss to
the coolant and lubricating oil from 17.7% at 156°F to 13.8% at 305°F. The
total heat loss decreased from 1660 Btu/hp. hr. at 156°F to 1230 Btu/hp. hr. at
305°F.
3, Effect of Coolant Temperature on After Ihjection

The increase in coolant temperature caused the after injection to decrease
till a temperature of about 230°F, after which it increased again.

10



VI. PROBLEM AREAS AND CORRECTIVE ACTIONS

A. FUEL LEAKAGE PAST PUMP-PLUNGER

Problem: Excessive leakage of CITE fuel past the pump plunger and dilu-
tion of the lubricating oil in the sump.

Corrective Action: A new pump was installed.

B. FAILURE OF PRESSURE TRANSDUCER

Problem: Failure of fuel line pressure transducer type 601H.

Corrective Action: To avoid any delay in the progress of the experimental
work a dummy transducer was made and installed.
C. SURFACE THERMOCOUPLE FAILURES

Problem: Failure of surface thermocouple.

Corrective Action: Design and manufacture of a new adaptor to relieve
the tightening stress in the thermocouple body. The assembled body of a new

thermocouple and adaptor were installe d in the cylinder head with the thermo-
couple surface flush with the inside wall surface.

D. ENGINE VIBRATION

Problem: Excessive vibration of the engine was noted at high speeds (above
2800 rpm).

Corrective Action: The balancing weights were checked and the left balanc-
ing shaft found 90° ahead of the position indicated in the drawings. The front
plate of the auxiliary drive was taken off and the shaft position adjusted to
conform with the engine specifications.

11



VII. FUTURE PLANS

A. NEXT PERIOD

1. Experimental. Run tests on ATAC open chamber engine to find the effect
of anti-smoke additives on the ignition delay and the rate of heat release.

2. Publication of part of the results in national meetings. To prepare
a paper to be presented to the SAE on "Correlation of the Air Charge Temperature
and Ignition Delay for Several Fuels in a Diesel Engine." Permission for this
publication has been requested from ATAC.

B. OVERALL

1. Experimental. To complete the runs on the effect of gas pressure on
the ignition delay and other combustion phenomena.

2. Analytical. To study the effect of pressure on the ignition delay, and

to compare the results obtained on the ATAC engine and the results of previous
work done in bombs and engines.

12



VIII ~ SIGNIFICANT ACCOMPLISHMENTS

The paper presented before the Society of Automotive Engineers in January,
1967, covering the experimental results on the Lister-Blackstone engine will be
published in the SAE Transactions of 1968. The title of this paper is "Ignition
Delay in Diesel Engines," by the suthors of this report.

The computer programs made for the calculation of the rates of heat release
proved to be successful. The results reached reflect the accuracy with which

the experimental and analytical data have been taken.

These computer programs are now ready to study the effect of fuel additives
on the combustion process and rates of heat release.

13






PART IT
INSTRUMENTATION, EXPERIMENTAL, AND ANALYTICAL RESULTS
Additional instrumentation made during this reporting period has included
means to measure the wall temperatures, thermal loads on the cooling and lubri-
cating systems, including the high coolant temperature running conditions.
The experimental and analytical results covered the following areas:
A. Heat release computations and results.

B. Effect of speed on ignition delay and other combustion phenomena.

C. Effect of coolant temperature on ignition delay and other combustion
phenomena.

15






I. INSTRUMENTATION

During this period the engine was instrumented to measure the following:

A FIRE DECK WALL TEMPERATURE

The temperature of the metal midway between the gas and coolant sides of
the fire deck was measured by an iron-constantan thermocouple. Two thermocouples
were used, to measure the temperature at a radial distance of 1/8 in. from the
exhaust the inlet valve inserts. The position of these thermocouples is shown
in Fig. 1.

B. COOLANT FLOW RATE

The cooling system piping was changed to allow the use of a closed system
with a heat exchanger, as shown in Figs. 2 and 3. The coolant flow rate was
measured by a standard ASME sharp edge orifice as shown in Fig. 4. The coolant
used was ethylene-glycol.

C. TEMPERATURE RISE OF COOLANT ACROSS THE ENGINE

The rise in the coolant temperature from its entrance to the exit from
the engine was measured by two iron-constantan thermocouples. This temperature
rise and the coolant flow rate were used to calculate the thermal load on the
cooling system.
D. LUBRICATING OIL FLOW RATE

The rate of flow of the lubricating oil was measured by a turbine type
meter. The oil was cooled in a heat exchanger to a constant temperature of
200°F. The oil cooling system is shown diagramatically in Fig. 5.
E. TEMPERATURE DROP ACROSS THE OIL COOLER

The increase in oil temperature across the engine was measured by two iron-

constantan thermocouples. This was used to calculate the thermal load on the
lubricating system.

17
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Fig. 4. Photograph of the coolant flow meter.
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Fig. 5. Lubricating oil cooling system.
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IT. FEAT RELEASE COMPUTATIONS AND RESULTS

The rate of heat release in the ATAC engine, during the combustion proc-
ess was calculated for diesel no. 2, and CITE fuels, under the following run-
ning conditions:

Fuel Diesel No. 2 CITE (Mil-F-L5121)

Pressure in surge tanks, in. Hg

absolute 29.3 29. L
Inlet air temperature, °F 96.0 9k. 0
Fuel-air ratio 0. 0301 0. 0299

Injector opening pressure, psia
(static) 3000. 0 3000. 0

Injector timing, (dynamic) degrees

before T.D.C. 20.2 20.%
Engine speed, rpm 2001.0 2000.0
Coolant temperature at outlet, °F 1740 170.0

The following traces were observed on the oscilloscope screen and photo-
graphed by the polarcid camera.

a. Gas pressure-——crank angles
L. Fuel pressure——crank angles

¢. Needle lift-—crank angles

Cus

Surface wall temperature-——crank angles

The gas pressure-—crank angles trace was *taken for the whole cycle and
for successive divisions of the cycle. The duration of each divisicn deperd on
the events taking place in the cycle during this division. In some cases a
photograph was taken for the details of the pressure trace over a periocd of six
or nine crank angles only during the ignition delay and the rapid pressure rise
periocds. The gas pressure at any crank angle was calculated from these “races
by a statistical aijustment of the values obtained from the sequence of pressure

23



traces and that from the trace for the whole cycle.

The statistically adjusted values were used to plot the pressure trace for
the whole cycle or any part of it by the computer. A sample trace for the pres-
sure trace plotted by the computer for the engine running on CITE fuel is shown
in Fig. 6. The points shown on this trace correspond to the reference points
on the pressure frace taken for the whole cycle.

The corresponding traces plotted by the computer for the needle 1ift and
fuel pressure are shown in Fig. 7. It shows that the needle 1ift started at
20.3° before T.D.C., when the fuel pressure was %650 psia. The fuel pressure
reached a maximum value of L4200 psia at 18.3° crank angles before T.D.C., while
the needle 1ift was 2/1000 in. After this point the fuel pressure dropped due
to the discharge of the fuel into the cylinder. The maximum needle 1ift was
15.3/1000 in., at an angle of 13.5° before T.D.C. The needle was completely
closed, at zero lift, at an angle of T.4° before T.D.C. At this crank angle
the fuel pressure was about 1550 psia. The fluctuations in the needle 1ift
trace after its closure are due to the bouncing of the needle on its seat.

The theoretical rate of fuel injection was calculated from the equivalent
area for fuel flow, the difference between the fuel and gas pressures. The
coefficient of discharge was assumed constant during the injection period and
was computed from the ratio of the actual fuel consumption and the theoretical
accummulated fuel. The equivalent area for fuel flow was calculated from the
needle seat area and the holes area, as shown plotted in Fig. 2% and tabulated
in Table k.

The rate of fuel injection, the accummulated fuel injection, and the per-
centage of injected fuel are shown plotted by the computer in Fig. 8. The
maximum rate of fuel injection was 370 1b per hour at an angle of 15.5° before
T.D.C. At this location only 2%2% of the total fuel injection was accummulated
in the cylinder. When the needle was first closed, 95% of the fuel was injected
into the cylinder. This means that the after injection amounted to 4% of the
total fuel. In this test the end of the pressure rise delay was at 4.5° before
T.D.C. after almost all the fuel has been injected into the cylinder. The total
amount of fuel injected per cycle is 79.5 x 107" 1lbm.

The detailed pressure trace during the ignition delay and the rest of the
combustion process is shown in Fig. 9. The pressure fluctuations in this trace,
near the maximum pressure, were smoothed by taking their averages, and used for
the heat releage computations. The heat release diagram calculated for this
cycle is shown in Fig. 10. This figure shows that the preignition reactions
occur in two distinct stages:

1. The first stage from the start of injection at 20.3%° before T.D.C. to

6° before T.D.C. During this stage negative heat release occurs and is believed
to be due to the fuel evaporation and the endothermic reactions,

2L
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2. The second stage is from 6° B.T.D.C. to 4.5° B.T.D.C., during which
very slow reactions occur resulting in a small rate of heat release. These
slow reactions are followed by explosive type reactions, resulting in a max-
imum rate of heat release of 0.28 Btu per crank degree. It is interesting to
note that the ignition delay period was 15.8°, while the following rapid com-
bustion process lasted only for about 4.5°.

The two stage preignition reactions were also observed in the heat release
diagram for diesel no. 2 fuel shown in Fig. 11. In this case the ignition de-
lay was shorter and the maximum rate of heat release was 0.21 Btu per crank
degree, or 75% that of CITE fuel. The two stage preignition reactions in the
combustion of hydrocarbon fuels were observed by other investigators as Jost,2
Andreev,3 and Aivagov and Neumenn. *

COMPUTER PROGRAMS MADE FOR THE HEAT RELEASE CALCULATTIONS

The following computer programs were used for the cycle analysis and heat
release computations made for the ATAC engine.

Program No. 1: Heat release calculatioens
Program No. 2: Sequencial cycle data analysis
Program No. %: Curve fitting

Program No. 4: Cylinder volume and gradient
Program No. 5: Cylinder gas properties

Program No. 6: Engine data reading and printing
Program No. 7: Engine data calculations

The detail of each of these programs is given in Appendix A.
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ITI. EFFECT OF SPEED ON IGNITION DELAY AND OTHER COMBUSTION PHENOMENA

To study the effect of speed on ignition delay and the other combustion
phenomena, two series of runs were made, covering a speed range from 1000 rpm
to 2900 rpm. One of these series was at a mean pressure of 500 psia and the
other at 700 psia.

The change in engine speed was found to cause changes in other parameters
that affect the combustion process, like cylinder pressure and temperature, and
injection timing. To study the effect of speed alone on the combustion phenom-
ena, experimental adjustments were made to eliminate the effect of these param-
eters or to correct for their effect on ignition delay. The injection timing
was manually adjusted so that the needle 1ift would start at a constant crank
angle before the T.D.C., at all engine speeds. The mean cylinder pressure dur-
ing the ignition delay was kept at a constant value of 500 psia or 700 psia,
by changing the pressure in the surge tank. The effect of the change in the
mean temperature during the ignition delay was corrected for by using a correc-
tion formula based on the previous experimental results on the ATAC engine, with
the same fuel under the same mean pressure ‘during the ignition delay.

Al. EFFECT OF SPEED ON I.D.p AT MEAN PRESSURE = 500 psia

Conditions of Test

Fuel: CITE refree grade (Mil-F-45121 fuel)
Mean pressure during I.D.p = 500 psia
Inlet air temperature = 80°F
Fuel-air ratio = 0.0315
Injector opening pressure = 3000 psia
Injection timing (start of needle 1lift) = 20.9° B.T.D.C.
Cooling water at outlet = 176°F
Variables
Engine speed: from 1000 to 2800 rpm

Inlet air surge tank pressure: from barometric to 10.7 in. Hg boost
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Results

The effect of speed on ignition delay is shown in Fig. 12. The measured
pressure rise delay I.D.p decreased from 1.567 millisec at 1000 rpm to 1.1L9
millisec at 2800 rpm. The illumination delay I.D.q1, was always longer than the
pressure rise delay, and decreased from 1.883 millisec at 1000 rpm, to 1.525
millisec at 2800 rpm. Under the test conditions the observed change in igni-
tion delay with engine speed is due to variations in air velocity and air tem-
perature. To eliminate the effect of the change in the air temperature on igni-
tion delay, a correction formula based on Arrhenius equation was used.

D.
corrected u ref. m
= e

"measured

where
E = activation energy
Ru = universal gas constant
ref. = a reference temperature to which the ignition delay is corrected
= 1619°
TM = the mean temperature during ignition delay.

The value of the activation energy E was determined for CITE fuel under a
mean pressure of 700 psia, and found equal to 10430 Btu/lb mole. The details
of this work is given in Ref. 1. Upon using this value of E in Eq. (1), it was
noticed that the corrected ignition delay increased with speed as shown in Fig.
13. Since this result seemed to be contrary to previously published data for
the effect of speed on ignition delay, it was decided to repeat this series of
runs with a mean pressure during the ignition delay at 700 psia, the pressure
at which the activation energy was determined.

A2. EFFECT OF SPEED ON I.D.,, MEAN PRESSURE - 700 psia

P
Conditions as in Al, except that the mean pressure during I.D.P = 700 psia.
Variables

Engine speed: from 1000 rpm to 2900 rpm

Inlet surge tank pressure: from 22.9 in. Hgg to 10.6 Hgg.
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Fig. 12. Effect of engine speed on ignition delay at a mean pressure of
500 psia.
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Fig. 13. Corrected ignition delay versus engine speed (reference temperature
= 1619°R).
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Under the above conditions the mean temperature during the ignition delay
changed from 1436°R at 1000 rpm to 1707°R at 2900 rpm. The ignition delay was
corrected for the change in temperature by using Eq. (1). The reference tem-
perature, T p, Was chosen to be the mean temperature during the ignition delay
at 2000 rpm which is equal to 1557°R.

Results

Effect of speed on I.D.p. The results of the ignition delay in crank
angle degrees and in milliseconds are plotted versus engine speed in Fig. 1k.
The ignition delay is T7.2° at 1000 rpm, and has increased to 15.9° at 2900 rpm.
However, in terms of milliseconds, the ignition delay has dropped from 1.2
millisec at 1000 rpm, to 0.91k millisec at 2900 rpm.

The drop in the ignition delay with the increase in speed can be attributed
to either the increase in turbulence with speed, or to the increase in the mean
temperature during the ignition delay with speed.

The mean gas temperature, is shown in Fig. 15, increased from 1L36°R at
1000 rpm, to 1707°R at 2900 rpm. This is an increase of 271°F. To correct for
the effect of temperature on the ignition delay, Eq. (1) was used, and the re-
sults are plotted in Fig. 1L. These values of ignition delay can be considered
to be at the same mean temperature and pressure, and the only variable is the
engine speed. From Fig. 14, it can be concluded that the increase in speed
from 1000 rpm to 2900 rpm caused an increase in the ignition delay from 0.9
millisec to 1.2% millisec.

Similar observations concerning the increase in ignition delay with speed
were reported by Small.>?

The reason for the increase in the ignition delay with speed may be attrib-
uted to the increased leanness of the fuel-air mixture, in the region where com-
bustion starts in the combustion chamber. Photographic studies on diesel com-
bustion677:8 showed that ignition starts in the pheriphery of the fuel spray,
where the fuel droplets have access to the oxygen. The change in the mixture
strength in this region is expected to affect the rate of reaction between the
oxygen and fuel.

An increase in engine speed is expected to reduce the physical delay, which
is the time required for the fuel to evaporate and form a combustible mixture.
So if the physical parameters are the main controlling factors in the length of
the ignition delay, it would be expected that an increase in engine speed would
reduce the length of the ignition delay. However, the present experimental re-
sults show that the ignition delay increases with the speed. This might be an
indication that the chemical processes, rather than the physical processes, are
the main controlling factors on the ignition delay.
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B. EFFECT OF SPEED ON SMOKE INTENSITY

The results of smoke intensity in Hartridge Units are plotted versus en-
gine speed in Fig. 16. Below 1500 rpm, there is one data point at 1000 rpm,
which shows a heavy smoke intensity reading. The trend of change in smoke in-
tensity between 1000 rpm to 1500 rpm cannot be concluded from the data point
at 1000 rpm. But between 1500 rpm and 2900 rpm, the smoke intensity is shown
to increase with speed. The increase in speed is expected to improve the mix-
ing between the fuel and air, and increase the combustion efficiency. However,
at higher speeds the time available for the chemical reactions to take place,
at a certain temperature level, is reduced. Thus the carbon particles formed
during the combustion process will have a shorter residence time, at the tem-
perature below which they cannot combine with the oxygen.

From these experimental results it seems that the process of mixing is
not the controlling process for carbon formation, but rather the temperature
level and time available for the chemical reactions to take place are the main
factors that affect carbon formation and removal, and thus the smoke intensity
in the exhaust.

C. EFFECT OF SPEED ON COMBUSTION CHAMBER WALL TEMPERATURES

The wall temperatures are measured in the fire deck at three different
locations:

1. The surface of the combustion chamber in the midpoint between the
inlet and exhaust valves.

2. The wall temperature at a radial distance of 1/8 in. from the inlet
valve insert, and 1/4 in. from the gas side.

3. The wall temperature at a radial distance of 1/8 in. from the exhaust
valve insert, and 1/4 in. from the gas side.

The temperature of the fire-deck wall, at the three different locations,
is plotted versus engine speed in Fig. 17.

The surface temperature in the valves bridge increased from 425°F at 1000
rpm to 509°F at 2900 rpm. The increase in surface temperature occurred between

1000 rpm and 2000 rpm, and was very little between 2000 rpm and 2900 rpm.

The wall temperature near the exhaust valve increased from 326°F at 1000
rpm to 360°F at 2900 rpm.

The wall temperature near the inlet valve was almost constant all over the
whole speed range, at about 267°F.
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The swing in the surface temperature decreased from 37°F at 1000 rpm to
13°F at 2900 rpm.

It is to be noted that all the above variations in temperature occurred
with the following parameters kept at a constant value: fuel-air ratio, coolant
temperature, injection opening pressure and timing, mean pressure during delay,
and inlet air temperature. Thus the changes in the wall temperatures can be
attributed only to changes in the heat transfer phenomena associated with engine
speed.

D. EFFECT OF SPEED ON THERMAL LOADING

The heat lost from the gases to the combustion chamber walls, is transferred
to the jackets cooling water or to the lubricating oil heat exchanger. Figure
18 shows that the heat lost to the water jackets increased slightly from L4.0
Btu/sec at 1000 rpm to 4.1 Btu/sec at 2900 rpm, and reached a maximum of 5.8
Btu/sec at 2500 rpm. The heat lost to the lubricating oil was 0.5 Btu/sec over
a speed range from 1000 rpm to 2000 rpm, after which it increased gradually
ti11l it reached 2.8 Btu/sec, at 2900 rpm. The sum of the heat lost to the coolant
and lubricating oil showed a continuous increase with speed.

The thermal loading as a percentage of the heat added in the fuel is plot-
ted in Fig. 18. It shows an increasing trend in the percentage heat lost to
the lubricating oil with speed. The percentage heat lost to the coolant and
the total losses showed a continuous decrease with speed. About 20% of the heat-
ing value of the fuel is lost at 1000 rpm and it decreases to 14% at 2900 rpm.

The results of this series of runs are shown tabulated by computer in
Appendix B, Tables 1 and 2.
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IV. EFFECT OF COOLANT TEMPERATURE ON IGNITION DELAY
AND OTHER COMBUSTION PHENOMENA

This series of tests was run to study the effect of coolant temperature
on the combustion process in the ATAC engine, in an effort to evaluate the
possibility of running coolant systems at temperatures higher than the present
temperature levels of about 200°F. The increase in the coolant temperature
results in an increase in the temperature differential between the coolant and
air, and reduce the size of the radiator for a certain cooling load. At the
present time, it seems that the radiator size might limit the increase in power
output of diesel engines, specially in some military applications. In the pres-
ent experimental study the thermal loading was measured, and the coolant used
was "ethylene glycol."

The tests covered a range of coolant temperatures from 150°F to 300°F.
The temperature of the lubricating oil in the crankcase was kept at a constant
level of 200°F. This limitation was made to avoid any trouble that might occur
due to the increase in the lubricating oil temperature.

Conditions of the Test

Fuel - CITE refree grade (Mil-F-L45121)
Pressure in surge tanks = barometric
Inlet air temperature = 81°F
Fuel-air ratio = 0.0313
Injector opening pressure = 3000 psia
Injecﬁor timing (start of needle 1ift) = 21° B.T.D.C.
Lubricating oil temperature = 200°F
Engine speed = 2000 rpm
Variables
Outlet coolant temperature: 156°F-305°F
Results

The results for the effect of coolant temperature on the different
combustion phenomena are given in Table 3 in Appendix B.
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A. EFFECT OF COOLANT TEMPERATURE ON COMBUSTION PHENOMENA

The pressure rise delay did not change with the increase in coolant tem-
perature. The average value for the ignition delay for seven runs was 0.681 s
sec, the maximum ignition delay was 0.709; or L% above the average. The minimum
ignition delay was 0.667; or 2% below the average. These changes in ignition
delays can be considered as random changes.

The experimental results showed no effect for the coolant temperature upon
the compression pressure, maximum cycle pressure and rate of pressure rise.
The exhaust gas temperature increased with the coolant temperature. At a coolant
temperature of 156°F the exhaust temperature was 846°F, and increased to 950°F
at coolant temperature of 305°F.

B. EFFECT OF COOLANT TEMPERATURE ON THERMAL LOAD

The thermal load can be considered to be composed of heat losses to the
coolant, and heat losses to the lubricating oil. The variation in these heat
losses with coolant temperatures in shown in Fig. 19. The increase in tempera-
ture from 156.6°F to 305°F reduced the total thermal loading from 30,600 Btu/hr
to about 20,500 Btu/hr. This is mainly due-to the reduction in the temperature
difference between the gases and the walls. The corresponding thermal loading
as a percentage of the power output is 1660 Btu/B.H.P. hr and 1240 Btu/H.P. hr
respectively.

The percentage heat loss to the coolant, shown in Fig. 20, decreased from
15.3% at 156°F, to 8.4% at 305°F. For the lubricating oil the percentage heat
losses increased from 2.4% at 156°F to 5..4% at 305°F. The percentage total
heat losses to the coolant and the lubricating oil decreased from 17.7% at 156°F
to 13.8% at 305°F.

C. EFFECT OF COOLANT TEMPERATURE ON INJECTION PROCESS

‘No effect was observed for the coolant temperature on injection timing,
the period of main injection or the period of after injection. The only ef-
fect on the injection system was observed in the amount of after injection.

The needle 1ift during after injection shown in Fig. 21 was observed to de-
crease with the increase in coolant temperature up to 230°F, after which it in-
creased again. Figure 22 shows the needle lift diagrams at coolant tempera-
tures of 217°F and 304.3°F. It is noticed that at the higher temperature the
needle 1lift, was approximately twice as much as that at the lower temperature.

b5



HH/'N'1'9 ‘avol TVYINY3HL

*SuTpeOT TBWISY] UO sangeiadwag qUBTOO0D JO 9993FH 6T °*ITd

4o £ AYNLIVHIAIWIL LNVI00D

=
>
20021 2
00002 |- -|jeosl |2
m
/ ~oovi @2
R ¢ ° v
00022} —oogI |7
C
/ o~ —{oo91 |8
. O_ o
o =002l
e fes)
]
3% e
00092 |- E|
=
(JUD}SU0D)
~ 40002 :dwy) nogny O
00082~ |00K|9 auajAy}] :}uDj00) -
ISd OOl - d3' N8
“ Wdd 000z : paads
O000% I~ 3N 19N3 ¥3IEWVYHO NIJO JVLV

L6
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(a) Coolant temperature = 217°F

(b) Coolant temperature = 304, 3°F

. 22. Needle 1ift diagrams with coolant temperatures of 217°F and 304.3°F.
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V. PISTON AND LINER INSPECTION AFTER THE HIGH COOLANT TEMPERATURE TESTS

To check the condition of piston, liner and valve seats after the comple-
tion of the high coolant temperature tests, the cylinder head was removed. The
liner, piston and valves were examined and found in a fair condition without
any sign of overheating. The piston rings and valves were replaced with new
ones. The new valves were lapped on the seats.
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APPENDIX A

COMPUTER PROGRAMS

1. MAIN COMPUTER PROGRAMS

These computer programs are written in the Michigan Algorithm Decoder (MAD)

language which is the language used at The University of Michigan Computing

Center.
Program
1. Heat Release Calculations
2. Sequential Cycle Data Analysis
%, Engine Data Reading and Printing (ENGDAT)
L. Engine Data Calculations (ENGCAL)
5. TFuel Injection System Analysis
6. Equivalent Area of Injection as a Function of Injector-Needle Lift (AREAS)
7. Integration of Given Data (INTDER)
8. Best Straight Line to Fit a Group of Points (BLINE)
9. Curve Fitting (DBLT11)
10. Cylinder Volume and Gradient (CYLVOL, CYLGRA)
11. Cylinder Gas Properties (BBCFAC, BBRAN, BBFAR, BBLFT3)
12. Title Printing (TITLE)
13. Fuel Properties (FULHCR, FULDEN, FULFLO)
14. Coolant and 0il Properties (COLID, OILID, COLDEN, OILDEN, COLCP, OILCP,
COLNU)
15. Calculation of the Integral Mean Value of Given Data (MEAN)
16. Interpolation (INTERP)
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17. Air Flow Rate (AIRFLO)

18. Average Values and Errors (AVEERR)

19. Cylinder Wall Temperature from Millivolt Readings (THERMO)
20. Check on Missing Data (LACK)

21. Rounding of Numbers (IROUND)

2. DATA PLOTTING ROUTINES
Program
22. Axes Plotting (AXIS)
23. Curve Plotting (GRAPH)

2L, Results Punching (PUNCH)
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Computer Program 1

Title: Heat Release Calculations
Purpose: To calculate the net heat release from the combustion reactions over

a range of crank angles starting from the point of injection to near the end
of the combustion process.

Ingut:

1. Cylinder pressure obtained and punched from the program, "Sequencial
Cycle Data Analysis"

2. Engine test data
Procedure:

1. Read cylinder pressure, from the program, "Sequencial Cycle Data Analysis',
‘program 2.

2. Interpolate and determine the pressure every one-eighth of a crank-angle
degree.

3. Calculate the mass of the charge in the cylinder by using the program
"ENGCAL", program L.

L, Calculate the average temperature of the gases from their pressure, volume,
and mass, by using the "Beattie-Bridgeman" equation of state. The subroutine

used for these calculations is given in program no. 11.

5. Calculate the rate of change of temperature (dT/de), w.r.t. the crank angles,
by using the program 9.

6. Calculate the volume gradient (dV/d6) by using the program 10.

7. Calculate the rate of doing work at any crank angle O,

5w -Lav
— = 1.07116 —
50 116 x 10 x 39

where dV/d@ is the change in cylinder volume w.r.t. the crank angles.

8. Calculate the change of the internal energy, dU, by using the following
equation:
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du = Mxc X aI
de v de

where c, is the specific heat at constant volume,

) 36.1 2387 . 905000
e, = (786 - - =T

)

Calculate the rate of heat release from

8 _ U, ow
86  d® 06

where Q 1s heat transfer

List of Assisting Subroutines:

1.

2.

Program to calculate the mass of the charge and the fuel-air ratio (name:
ENGCAL) program L.

Program to calculate the hydrogen to carbon ratio of the fuel (name: FULHCR)
program 135.

Program to round out numbers (name: I ROUND) program 21.
Program for interpolation (name: INTERP) program 16.

Program to calculate the temperature in degrees Rankine (name: BBRAN) pro-
gram 11.

Program to calculate the temperature gradient (name: DBLT11) program 9.
Program to calculate the cylinder volume gradient (CYLGRA) program 10.
Program to punch the results (PUNCH) program 2L.

Library ploting subroutines (PLTPAP., PLTMAX, PLTOFS., PLINE., PLTEND).
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LOOP1

LOOP?

Computer Program 1

Heat Release Calculations

D'N SPEC(18), 1D(3), DATA(21), CALC(20),

!

(DBTDC, CPy Ty DW, DU, DT, STURE, DOJ(I0Z%]
I'R IROUNDsy NUMDAT, ENDDAT, NUMSEQ, ENDSEQ, I

ENGCAL.(1,SPEC,ID(IT,DATATIT,CALC(L))
GAS = CALC(5) + CALC(T)

1

RGAS = (CALC(57*.,37I110 + CALC(7)*({.371110 + CALC(4)/
(3757 + 4,4769/FULHCR.(SPEC(4))))/(1 + CALC(4)))/GAS

DU = GAS/28.966

GAS = GAS*1728.

RVT $S15,F16.10,5S5,F16.104S7,F16.10%%, BEGIN, EVERY, END

NUMDAT = 1 + IROUND.((END-BEGIN)/EVERY)
ENDDAT = 1 + 8%NUMDAT

NUMSEO = ENDDAT - 8

ENDSEQ = NUMSEQ + 1

DELSEQ = EVERY/8.

DBTDC = BEGIN = DELSEQ
(I =14 1y T .E. ENDSEO,

1
2

DBTDCUTI) DBTDC + TXDELSE®R,
DBTDC(I) = 0. + DBTDC(I)).

RTT $ST0, [OF7.3%%, (I = Iy By I <E. ENDDAT, CP(IT)
INTERP . (NUMDAT 4DBTDC (1) 48,CP(1))

DW = 1.7.3676/14.,696/1728.
T'H LOOPly FOR I =14 14 I .E. ENDSEQ

DBTDC = DBTDC(T)
CP = CP(I)

I = BBRAN,TCP,GAS/CYLVUL. TDBITUCTyRGAS])
Ty =7

DW{TI) 1.0711T6E-4*CP*CYLGRA. {DBTDC)
DU(T) DU% (7,864 — 36,1/SORT.(T) — 2387./T + 905000./T/T)

won

1

DB&TIT. (NUMSEQ,-DELSEQ, 1, TTI),STORE(L1),DT{1),
STORE(1),STORE(1),STORE(1))

TTH LOOPZ, FOR T =1y, I, T .E. ENDSEQ
DU(I) = DUCI)*DT(T)

DOTT)Y = DW(T) + DU(I)
READ DATA

PYT $(IAL/IAO54(/F10.4,2F10. 1y 3P4F10. 27T %5,

1 (I =1, 1y I <E. ENDSEQ,
Z DBTDC(TY, CP(IJy TUIT, DW(IT, DUlI), DOTTIJ,
3 DO(I)*EXP.(SLOPE/T(I)))

PUNCH.(ID(1),%$DQ $,1,NUMSEQ,1,DQ(1))
PLTPAP.($400$%)

PLTXMXTT4.90)
PLTOFSe(21e9=209—e29.0666666666Tye655041)

PLUINE.(DBTDC(I),DOTTI) s NUMSEQs+14040y91.)
PLTEND.

T'0 AGAIN
E'M

25



Computer Program 2

Title: Sequencial Cycle Data Analysis

Purpose: To determine the cylinder pressure during the cycle from the time of
inlet valve closing to the exhaust valve opening.

Input: Data points measured from a group of traces taken for different inter-
vals during the cycle from the inlet valve closing to exhaust valve opening.

Procedure:
1. Read a sequence of data points as indicated under "Input".

2. Statistically adjust the data giving adjusted values, errors, deviations,
and probabilities.

5. Curve fit the adjusted values by applying a fourth degree polynomial curve
through eleven consecutive points. The program for this step is known as
DB4UT11 program.

L. Print, punch or plot the results.

List of Assisting Subroutines:

1. Program to print the title (name: TITLE) program 12.
2. Program to curve fit the adjusted values (name: DB4T11) program 9.

3. Program to use the program in (2), for the required number of times and
for interpolation (USEDBL, INTERP) program 16.

L. Program to calculate cylinder well temperature from milivolt readings of
traces (THERMO) program 19.

5. Punching, plotting and graphing programs (PLOT, GRAPH, PUNCH) program 23%
and 2L.

NOTE: This program was used to calculate cylinder gas pressure as shown in
Fig. 6.
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IXTSET

Computer Program 2

Sequential Cycle Data Analysis

D'N CM(1689), (DBTDC, DATA, BEST)(1441), (COMMON, ERRCOM)
] (498), . (MVCM, CMREF, ERRREF, UNITCM, BTDC, REF, REFERR,

? ° RLD, RLOERR, ADJ, ADJERR)(250), SPEC(19), YTITLE(L1T7),

3 HEAD(16), VALUES(7), SCALES(5), NUMBER(3)

EQUIVALENCE (DBTDCs UNITCM), (BESTy REFERR),
1 (REST(251), BLO), (BEST(502), BLOERR), (BEST(753), ADJ),

) AREST(1004), ADJERR)
I'R TITLE., LINE, NUMBER, P, COMMON, BGN, END, LAST, OBS, FV,

1 Ty Jy LINES, SPEC, NUMDAT, YTITLE, HEAD, IROUND., DEL,
2 BCDRIN

R'N EXACT, DOPLOT, DOGRPH, DOREAD, DOPRNT, DOPNCH, DOTELL,
1 DIDDR4, WT

FIE FV .
LINE = TITLF.(1,SPEC)

RFAD DATA
SPACE(LINE,6,24)

P'T $10H=-DATA SFT C&,9H3 RUN # C4,15H: RESULTS SET Cé444H HA
1S14,23H PHOTOS (SCALE FACTOR =FJ11ls6,30H UNITS/MV)3; DATA TAKE

2N @ EACHFR,2,6H DRTDC*S$,
3  SPEC...SPEC(?), NUMRER, VALUES, VALUE%(Z)

UNITCM(1) = VALUES®*MVCHM(1)
ZERNG (COMMON, END4REF(1),BLO(1))

BTNC(1) = VALUFES(1)
REFFRR = UNITCM(1)%*ERRRFF(1)

REFERR(1) = REFERR*REFERR
RLOERR(1) = REFERR(1)

T'H PHOTOS, FOR P = 2, 1, P .G. NUMBRER
UNITCM =" VALUES*MVCM(P)

UNITCM(P) = UNITCH
COMMON = COMMON + 1

BGN = COMMON(COMMON)
W'R RGN NE. END + 1, ERROR,

RGNERR = UNITCM*ERRCOM(COMMON)
COMMON = COMMON + 1

END = COMMON(COMMON)
"ENDERR = UNITCM*ERRCOM(COMMON )

LAST = P - 1.
RTDC(P) = BTNDC(LAST) + (END - BGN)*VALUES(2)

REF(P) = UNITCM(1)*(CMREF(P) - CMREF(1))
REFERR = UNITCM(1)*ERRREF(P) : :

REFERR(P) = REFFRR*REFERR :
RLO(P) = BLO(LAST) + UNITCM*(CM(END) — CM{BGN))

SHOTOS

RLOERR(P) = BLOERR(LAST) + ENDERR*ENDERR + BGNERR*BGNERR
T'H ADJUST, FOR P = 1, 1, P .Go NUMBER .

EXACT = OR
ADJ = 0.
ADJERR = 0,

T'H ORSERV, FOR OBS = 1, 1, OBS .G. NUMBER

NUMER = REF(OBS) + BLO(P) - BLO(OBS)

DENOM = REFERR(OBS) + .ABS. (BLOERR(P) — BLOERR(OBS))
W'R DENOM +E. O, .
W'R EXACT

WIR +ARS. ((ADJ - NUMER)/UNITCM(P)) .G. <005, ERROR.
L 0'E

EXACT = 1B
ADJ = NUMER

ADJ(P) = NUMER
ADJERR(P) = 0.
ErL
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Computer Program 2 (Continued)

NIR ,NOT, EXACT

AN = ADJ + NUMER/DENOM
ADJFRR = ADJERR + 1./DENOM
Fry

C'F

WIR (NOT. EXACT
ADJ(P) = ADJ/ADJERR

ADJERR(P) = 1./ADJERR
Eri

ADJUST

PRINT

C'E
P'T TOP

VIS TOP = $132H0I--SEQUENTIAL PHOTO ANALYSIS DATA (#1 = REFER
1ENCE FOR SEQUENTIAL RLNOWUPS)==| PERCENT ‘REFERENCE

2 RLOWUPS ADJUSTMENTS/104H PHO  MV/CM  DBTDC ON 1 ERR SEQ
BUENTIAL CENTIMETER MEASUREMENTS ON THE BLOWUPS PROBAB FACTOR

4 UNTTS ERR2(14H UMITS ERR)*§
P'T 4H 1F9,.3%%$, MVCM(1)

P = .
FV_ = 5 — NUMBER(1)

POINT,.
LINE = LINE + 8

COMMON = 0
I =1

J =1
DATA(1) = ADJ(])

TiH PRINT, FOR P = 2, 1, P +G. NUMBER
COMMON = COMMON + 1

RGN = COMMON(COMMON)
. RGNERR = ERRCOM(COMMON)

COMMON = COMMON + 1
END = COMMON(COMMON)

LINES = 4 + (END - BGN)/10
LINE = LINE + LINES

W'R LINE .G. 60
P'T $1H1/1H-/1HO*$

PIT TOP
LINE = 12 + LINES

E'L
LLAST = P =1

ADJ ADJ(P) = ADJ(LAST)
BLO BLO(P) - BLO(LAST)

FACTOR = ADJ/RBRLO
UNITCM = FACTORX*UNITCM(P)

DATA = ADJ(LAST) = UNITCM*CM(BGN)
(I =1+ 1y 14, I «G. END,

1 J = J + NUMBER(3),
2 DATA(J) = DATA + UNITCM*CM(I))

PYT $F27e2/144F943,S65,F6e24F8.3%$,
RGNERRy P, MVCM(P),

1
2 100.%(le = ERFe(<ABS.(BLO = ADJ)/SORT. (2%
3

RLOERR(P) = BLOERR(LAST) + ADJERR(P) + ADJERR(LAST))))),
4 100.%(FACTOR - 1.) ' :
W'R LINES o F. 4

P'T $1H+S26410F5.2%%y CM(BGN).e o CM(END)
0'E )

P'T $1H+S26410F5.2/(S27410F5.,2)%%y CM(BGN) 4o s CM(END)
E'L

P'T $F27.2%%, ERRCOM(COMMON)
POINT,

DOPLOT = SPEC(3) «E. $PLOTS
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Computer Program 2

Sequential Cycle Data Analysis

D'N CM(1689), (DBTDCy DATA, BEST)(1441), (COMMON, ERRCOM)

] (498), (MVCM, CMREF, ERRREF, UNITCM, BTDC, REF, REFERR,
2 °  RLD, RLOERR, ADJ, ADJERR)(250), SPEC(19), YTITLE(17),
3 HEAD(16), VALUES(7), SCALES(5), NUMBER(3)

EQUIVALENCE (DBTDC, UNITCM), (BEST, REFERR),

1 (REST(251), BLO), (BEST(502), BLOERR), (BEST(753), ADJ),

AREST(1004), ADJERR)

-I'R TITLFey LINE, NUMBER, P, COMMON, BGN, END,y LAST, OBS, FV,

1 Iy Jy LINES, SPEC, NUMDAT, YTITLE, HEAD, IROUND., DEL,
2 BRCDBIN,

R'N EXACT, DOPLOT, DOGRPH, DOREAD, DOPRNT, DOPNCH, DOTELL,

1 DIDDR4, WT

F'E FV
LINE = TITLE.(1,SPEC)

READ DATA
SPACEL(LINE,6424)

P'T $10H-DATA SFT C&,9H: RUN # C4,15H: RESULTS SET Cé4y4H HA
1ST4423H PHNTOS (SCALE FACTOR =F11.6,30H UNITS/MV)s DATA TAKE

2N A EACHFR,2,6H NDRTNDC*$,
3 SPFCessSPEC(?2), NUMBER, VALUES, VALUES(2)

UNITCM(1) = VALUESHMVCHM(L)
ZERDL (COMMON, END4REF(1),BLO(1))

BTDG (1) = VALUES(1)
REFFRR = UNTITCM(1)*ERRREF(1)

REFERR(1) = REFERR*REFERR
RLOERR(1) = REFERR(1)

T'H PHOTOS, FOR P = 2, 1, P .G. NUMBER
UNTITCM = VALUES*MVCM(P)

UNITCM(P) = UNITCH
COMMON = COMMON + 1

BGN = COMMON(COMMON)
W'R RGN NE, END + 1, ERROR,

RGNERR UNTTCM*ERRCOM(COMMON)
COMMON = COMMON + 1

END = COMMON(COMMONY)
"ENDERR = UNITCM*ERRCOM(COMMON)

LAST = P - 1 -
RTDC(P) = BTNC(LAST) + (END - BGN)*VALUES(?2)

" REF(P)

UNITCM(1)*(CMREF(P) - CMREF(1))
REFERR = UNITCM(1)*ERRREF(P) :

REFERR(P) = REFERR*REFERR :
RLO(P) = BLO(LAST) + UNITCM*(CM(END) — CM(BGN))

PHOTOS

BLOERR(P) = RLOEFRR(LAST) + ENDERR*ENDERR + BGNERR*BGNERR
T'H ADJUST, FOR P = 1, 1, P +Go NUMBER .

EXACT = OR
ADJ = 0.
ADJERR = 0,

T'H ORSERV, FOR OBS = 1, 1, OBS .G. NUMBER

NUMER = REF(OBS) + BLO(P) - BLO(OBS)

DENOM = REFERR(OBS) +  ABS. (RLOERR(P) - BLOERR(OBS))
W'R DENOM +E. O, '
W'R EXACT

WI'R ARS. ((ADJ = NUMER)/UNITCM(P)) +G. 005, ERROR.
L 0'E

EXACT = 1B
ADJ = NUMER

ADJ(P) = NUMER
ADJERR(P) ‘= 0.

ErL
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Computer Program 2 (Continued)

NYR ,NDT, EXACT

ADG = ADJ + NUMFR/DENOM
ADJFRR = ANDJERR + 1./DENOM

o
C'E

W'R NOT. EXACT
ADJ(P) = ADJ/ADJERR

ADJERR(P) = 1./ADJERR
Eri

ADJUST

PRINT

C'E
P'T TOP

1

VIS TOP = $132H0|-=-SEQUENTIAL PHOTO ANALYSIS DATA (#1 = REFER
ENCE FOR SEQUENTIAL RLAWUPS)==]| PERCENT ‘REFERENCE

2
3

RLOWUPS ADJUSTMENTS/104H PHO MV/CM DBTDC ON 1 ERR SEQ
UENTIAL CENTIMETER MEASUREMENTS ON THE BLOWUPS PROBAB FACTOR

4

UNTTS ERR2(14H UNITS - ERR)*$
P'T 4H 1F9.3%%, MVCM(1)

P = .
FV = 5 = NUMBER(1)

POINT,
LINE = LINE + 8

COMMON = 0
I =1

J =1
DATA(1) = ADJ(1)

T'H PRINT, FOR P = 2, 1, P‘.@s NUMBER
COMMON = COMMON + 1 :

RGN = COMMON(COMMON)

_RGNERR = ERRCOM(COMMON)

COMMON = COMMON + 1
END = COMMON(COMMON)

LINES = 4 + (END - BGN)/10
LINE = LINE + LINES

WIR LINE .G. 60
P'T $1H1/1H-/1HO*$

PIT TOP
LINE = 12 + LINES

E'L
LAST = P -1

ADJ ADJ(P) - ADJ(LAST)
BLO = BLO(P) — BLO(LAST)

[}

FACTOR = ADJ/RLO
UNITCM FACTOR*UNITCM(P)

n

DATA = ADJ(LAST) = UNITCM*CM(BGN)
(I =1+ 1y 1, T +G. END,

1
2

J = J + NUMBER(3),
DATA(J) = DATA + UNITCM*xCM(I))

PYT $F27e2/144F9.34S65yFbe243FB.3%$,
RGNERRy Py MVCM(P),

100e*(le = ERFe(oABS.(BLO = ADJ)/SORT.(2e%(
BLOERR(P) — BLOERR(LAST) + ADJERR(P) + ADJERR(LAST))))),

o N =

100 (FACTOR - 1)
W'R LINES +FE. 4

PIT $1H+S26,10F5.2%6, CM(BGN)...CM(END)
0'F :

P'T $1H+S26,10F5.2/(S27410F5.2)%%, CM(BGN)e+ CM(END)
E'L

P'T $F27.2%%, ERRCOM(COMMON)
POINT,

DOPLOT = SPEC(3) E. $PLOTS
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Computer Program 2 (Continued)

DNGRPH = SPEC(4) +E. $GRPHS
DNREAD = DOGRPH ,0OR,. NDOPLOT
NDOPRNT = SPEC(5) .E. $PRNTS
DOPNCH = SPEC(6) oFo $PNCH$
DOTELL = DOPNCH J0OR. DOPRNT

W'R NDOTELL .0OR, DOREAD
DELINT = VALUES(2)/NUMRER(3)

P'T $26H-DATA WILL BE CURVE FITTEDI2,23H TIMES, SHIFTED SO TH

1ATFR,2,10H DRTDC HASF10.44,20H UNITS, INTERPOLATEDI3,11H TO 1

- 2(EACHF12.64,7H DRTDC )%,

3 NUMBER(2)s VAIUES(3), VAIUES(4), NUMBER(3), DFI INT

NUMDAT = 1 + (J = 1)/NUMBER(3)
DRTINDC(1) = RTIDC(1)

DRTNDC = BTNC(1) = DELINT
(I = ].7 17 I .G \]y

1 DRTNC(T) = DRTNC + I*DELINT)
USENR%, (NUMDAT, VALUES(2) 4 NUMBER(3) 4 DATA(1),BEST(1),

1 NUMRER (2) y NODR4 )
DIDNR4 = 1A

TERM = VALUES(4) = TARS(VALUES(3),DBTDC(1)4sBEST(1)yNUMBER(3),

1 NUMBER(3) 454 NUMDAT 414 )
T'0 SKIP
“MODR4 NDIDDR4 = 0B , - '
TERM = VALUES(&4), = TAR.(VALUES(3),DBTDC(1)4DATA(L)yNUMBER(3),
] NUMBER(3) 45, NUMDAT 414 )
SKIP WT = SPEC(2) oRS. 24 F. $0000MT$
WIR TERM NE. 0,
WIR NOGRPH
T'H SHIFTR, FOR P = 1, 1, P .G. NUMBRER
RFF(P) = REF(P) + TERM
SHIFTR WIR WT, REF(P) = THERMO.(REF(P))
FrL »
T'H SHIFTDy, FOR T = 1, MUMBER(3), I «Ge J
DATA(T) = DATA(I) + TERM
W'R DIDDR4, REST(I) = REST(I) + TERM
WIR WT
DATA(I) = THERMO, (DATA(I))
WYR DINDR4, REST(I) = THERMO,.(BEST(I))
SHIFTD Fri
Fr

INTERP . (NUMDAT4NDRTNC (1) y NUMBER(3)4DATA{1))

W'R DINDR4, TIMNTERP.(NUMDAT,DRTDC(1),NUMBER(3),BEST(1))
W'R NOREADN

XTITLE = $F4$
XTITLE(1) = 23

VIS XTITLE(2) = $CRANKANGLE DEGREES RTDCS$
READ DATA

WYR DOPLOT
WYR DIDNB4 ¢

PLOT.(SCALESyXTITLE,YTITLE,HEAD,J,DRTDC(1),BEST(1))
0'E

PLOT « (SCALES XTITLE,YTITLE,HEAD,JoDBTDC(1),DATA(L))
E'L

E'L
W'R DOGRPH

GRAPH. (SCALES,XTITLE,YTITLE,HEAD)
PLINE. (BTDC(1)REF (1) NUMBERy1y=151,1.)

I = 1e + 406%,ABS.(SCALES(1)/SCALES(2)/DELINT)
J=1+ (J - 1)/1

PLINE.(DRTDC(1),DATA(1)1J;I'010v1.)
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WIR DINNR%,

Computer Program 2 (Concluded)

PDSHLNG (DRTDC (1) 4BEST(1)9JyTyea05491e)

PLTEND,
Eri

B
WIR NOTFLL

W'R DINDR4&
TELL.(RFST)

n'e
TELL.(DATA)

L
Fri

Fre
T'O MXTSET

Trs POTNT,
Drj §F1R.2,

FS.Z,F4.2,551,F6.2,S6,3(F8.'FV',F6.'FV')*$,

RTDC(P),
(REF(P)

= ADJ(P))/SORT (24 (RFFFRR(P)

FRRREF(P), 100.%(1. - ERF.(.ABS.
+ ADJERR(P)))) ),

CMREF(P),

REF(P),

1
2
3
4 ADJ(P),

SORTL(REFERR(P)),
SORTL (ANJERR(P))

BLO(P)y BORT.(BLOERR(P)),

Frn
F'N

TN
RGN

TELL . (DAT) _
1 + IROUND. ((VALUES(5) = VALUES(1))/DELINT)

DEL

NUMDAT = 1

TROUND ¢ (VALLIFS(A)/DELINT)

+ TROUNDG ((VALUES(7) = VALUES(5))/DELINT)/DEL

END
FV

RGM + NUMDATDFL
FV 4+ 2

WIR WT, FV

WYR DOPRNT,

= FV - 1
P'T $1H1/1H-5(F13.'FV',2H AF10.4y1Hy)/(S145(F13."

TRV, 2H AF10.4,1H, ) ) kS,

2 (1 RGN,

DEL, T E. END, DAT(I), DRTDC(I))

WIR DOPNCH
SPEC(1)

RCDRN, (SPFC(1))

1.16.10,5H RTDC:::S;’

FORF16.10,7H, END aF

SPEC(1), SPEC(2), DBTDC(BGN),

?

DRTDC(DEL)

- DRTNC,y, DRTDC(END = DEL)

PUNCHS (SPEC(1),SPEC(2),7T-FV,NUMDAT,DEL4DAT(BGN))

ErL
F N

FIN
Etm-
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Computer Program 3

Title: Engine Data Reading and Printing

Purpose: To read engine data and specifications, calculate the mean values
and root mean square errors, and tabulate the experimental observations.

Input:

A. Engine Specifications and Conditions of Test

1. Runs identification

2. Fuel used

3. Injector opening pressure
L. 0il used

5. Coolant used

6. TFuel consumption weight

7. Air flowmeter orifice

B. Engine Data
1. Engine speed in rpm
2. Load in 1lbs
3. Fuel consumption time in minutes
L. Fuel leakage past injector needle in liters per hour
5. Air pressure before air flowmeter orifice, in psia
6. Air temperature before air flowmeter orifice, in °F
T. Blowby rate, in ftB/min
8. Barometric pressure, in in. Hg

9. Air surge tank gauge pressure, in. Hg
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10.

11.

12.

135.

1k,

15.
16.

17.

18.
190
20.

21.

22.

23.

ol

Procedure:

Cylinder pressure at the time of I.V. closing above the air surge
tank pressure, in psi

Cylinder pressure at the point of injection above the cylinder
pressure at I.V. closing, in psi

Cylinder pressure at the end of ignition delay, I.D.p above the
pressure at start of injection, in psi

Crank angle at the start of needle 1lift, in degrees
Crank angle at the end of ignition delay, in degrees
Crank angle at the start of illumination, in degrees
Inlet air temperature, degrees Fahrenheit

Minimum surface temperature of the combustion chamber wall, in
millivolts

Surface temperature swing due to combustion, in millivolts
Exhaust gas temperature, in degrees ‘Fahrenheit
Smoke meter reading, in Hartridge units

0il temperatures at inlet and outlet of the oil cooler, in de-
grees Fahrenheit

0il flowmeter reading, in cycles per sec

Coolant temperature at inlet and outlet from engine, in degree
Fahrenheit

Pressure drop across the sharp edge orifice of the coolant flow-
meter, in in. Hg

1. Read and print the engine specifications, conditions of runs, and data, in
tabulated form.

List of Assisting Programs:

L. Program to print a title (TITLE) program 12.

2. Program to calculate the averages and errors (AVERMS) program 18.
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NOTE: Items 10, 11, 12, 13, 1L, 15, 17, 18 are obtained from the different
oscilloscope traces photographed for the cycle.
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NOGODD

- Computer Program 3
Engine Data Reading and Printing (ENGDAT)

EXTERNAL -FUNCTION ENGDAT.(USING,SPEC,ID,DATA)

I"R TITLE., LINE, BCDBN.y N, SPEC, MAX, USING, USE, USEZ,
1 USE3, USE20, END20, END26, Ry Sy IDy END, BGN

BTN MORE, LACK. t
LINE = TITLE.(1,SPEC)

N = BCDBN.(SPEC(1Y))
SPEC(1) = N

TMORE = N .G, I
W'R MORE

MAX = N + 2
O'E

MAX =1
E'L

USE = USING
W'R N L. 1 JOR. MAX .G. USE

ERROR RETURN
E'L

USE2
USE3

USE + USE
USE2 + USE

USE20 20%*USE

END20 USE20 - 1

END26 26%USE -1
RYT $1442CL9F54F4014F3429F2e29F3.14yF242F2.14F4.14F3414F4,F3,3

IF4.14F34F3.14F3.24F4,F2/14,F4.T,F3.19F3,F4,1,2F3.T%S,
2 (R =20y 1y R ¢Es Ny ID(R), ID(USE+R), ID(USE2+R),

3 (S =R, USEy, § .G. END20, DATATS)),
4 ID(USE3+4R), (S = S, 'USE, S .G« END26, DATA(S)))

T'H CHANGE, FOR R =0, I, R .E. N
S = USE3 + R :

WIR ID(S) .NE. ID(R), T'0 NOGOOD
S =S + USE2

TORF = DATATS) )
W'R oNOT. LACK.(TORF) o AND, TORF oLe 404,

1 DATATS) = 100, + TORF
S =S + USE2

PBAR = DATA(S)
W'R NOT. LACK.(PBAR)

WIR PBAR .G. 2.
PBAR = 20, + PBAR

0'E
PBAR = 30, + PBAR

ETL
DATA(S) = PBAR

VHANGE

ETL
W'R MORE

COLMNS

T*H COLMNS, FOR S =0, USE, S .G. END26
AVEERR. (N4DATA(S))

MORE1L

ETL
BGNEND . (LINE,6,MAXyBGNyENDyDONEL)

W'REND .G. N, END =N
P'T $10H-DATA SET C4,4H HASI5,12H RUNS. THE C4,9H ENGINE (C4

1,14H SLEEVE, IVC aC&4,13H DBTDC) USED C4,7H FUEL (C&,7H PSIY,
2C4,10H OILy AND C4,9H COOLANT.%*$, SPEC...SPEC(8)

P'T $114HO FOR USE SPEED LOAD FUEL AIR BLOW ROOM
1-SURGE-@IVC-2INJ-RIS DBTDC AT START OF AIR MILLVOLTS EXHAUS
2T/114H RUN W O RPM LBS MIN L/HR™ PSIG F CFPM INHG T

3NHG PST PSI PSI LIFT RISE ILLUM F MIN INC F  HU/(
41592(STyCI) 9F8yFbel9F5e24F4e24Fbel FayFa,1,2F6 1 4F5e14F5yF4yF
57¢192F6.1yF54F5,1,F5.24F5,F3)%$,

& (R'=BGN, I, R .E. END, ID(R), ID(USE+*RT, TDIUSEZ+RT,
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Computer Program 3 (Concluded)

7 (S = Ry USEy, S «G. END20, DATA(S)))

DONE1

70 MORET :
WIR MORE, P'T $5H MEANF124F6¢14F5:23F4.24Fbs19F44F4,142F6.1,F

I5el9FDyFayFlelyZ2F6e19FDyFDelyF5429F59yF3/5H ERRSFIZ4F6e14F5.2,
2F4024F601yFayF4el42F6019F5.19F54F49FTe192F6414F54F5.14F5.2,F5

34F3%%, (R = Ny, I, R JE. MAX,
4 (S = Ry USEy, S .G. END20, DATA(S)))

TMOREZ

RGNEND TUINE,y 43 MAXy BGNy ENDy DONEZT
W'R END Go Ny END = N

~ PYT $37H- FOR CRANKCASE UILS COULANT SYSTEM/38H RUN OUT(F

1YINC CPS OUT(F)INC INHG/(I54FT7elyF5elyF4yFT7ely2F5.1)%$,

2 TR ="BGN, T, R .E. END, ID(R7,
3 (S = USE20+R, USE, S .G. END26, DATA(S)))

DONE2

170 MUREZ
W'R MOREy P'T $5H MEANF7.14F5.14F44F7e142F5.1/5H ERRSF7.1,F5,

T1,F4,FT T,2F5.1%%, (R = Ny Iy R <E. MAX,
2 (S = USE20+R, USE, S .G. END26, DATA(S)))

FYN TINE

EN
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Computer Program k4

Title: Engine Data Calculations

Purpose: To calculate the different parameters of interest in the study of
the combustion process.

Input: Same as ENGDAT (engine testing data and specifications) see ENGDAT input.
Procedure:

The following calculations, together with their mean values and root mean
square curves are calculated.

1. Brake horsepower

2. Brake mean effective pressure, in psi

3. Brake specific fuel consumption in lb/hp/hr

L. TFuel-air ratio

5. Inlet air/cycle in lbm/cycle

6. Air blowby per cycle in lbm/cycle

7. Residual exhaust gas in lbm/cycle

8. Surge tank pressure in psia

9. Volumetric efficiency in %
10. Temperature at inlet valve close in degrees Farenheit

11. Average index of compression from inlet valve close to beginning of
injection

12. Pressure at start of injection, psia
13. Density at start of injection, lbsm/ft5
14. Temperature at start of injection, degrees Rankine

15. Average index of compression during delay
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16. Average pressure during delay, psia

17. Average density during delay, lbm/ft5

18. Average temperature during delay, degrees Rankine

19. Pressure rise delay in Msecs

20. TIllumination delay in Msecs

21. Minimum cylinder wall temperature in degrees Farenheit
22, Maximum temperature swing during combustion in degrees Farenheit
23. Lubricating oil flow rate in gallons/min

2k. Rate of heat loss to oil in Btu/sec

25. Percent of heat loss to oil

26. Coolant flow rate in gallons/min

27. Rate of heat loss to coolant in Btu/sec

28. Percent of heat loss to coolant

List of Agsisting Programs:

1. Program DBLT11 (9)

2. Program CYLVOL, CYLGRA (10)

%, Program BBRAN, BBLFT3, BBFAR (11)

L. Program ENGDAT (3)

5. Program INTDER (7)

6. Program TITLE (12)

7. Program FULHCR, FULDEN, FULFLO (13)

8. ©Program 14 (coolant and oil properties)
9. Program MEAN (15)

10. Program AIRFLO (17)
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11.

12.

1%.

Program AVEERR (18)
Program THERMO (19)

Program LACK (20)
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Computer Program k4

Engine Data Calculations (ENGCAL)

EXTERNAL FUNCTION ENGCAL.TUSING,SPEC, ID,DATA,CALT)
D'N STORE(54), (DAT, CAL)(28),4 (P, Dy T)(10)

IR ENGDAT., LINE, SPEC, N, MAX, USING, USE, USE22, ENDZ2Z,
1 END28, E, BCDBN.,y, Ry Sy I, 1Dy RUNy, END, BGN

B'N MORE, LACK., LACKZ2., LACK3., LACK4.
LINE = ENGDAT.(USING,SPEC,ID,DATA)

N = SPEC(I)
MORE = N .G. 1
W'R MORE

MAX = N + 2
0O'E

MAX = 1

ETL

USE = USING

T USE22 = 22%USE
END22 = USE22 -1

" ENDZ8 ="728B*USE =1
V'S DYNAM = 3000., 3571.

VYS BMEP = 3,689, 3.187
V'S EFF = 2414.,38, 2483.,42

~ WYRTSPEC(ZY E. $ATACS
E=0

OvE
E =1

ETC
RATIO = COMRAT.(VCLEAR,SPEC(2),SPEC(3)).

TCLEAR = VCLEAR71728.”
IVC = BCDBN,.(SPEC(4))

TIVCTE =0, IVeTT T
VIVC = CYLVOL.(IVC)

DEN60 = FULPRU.{SPEC({5),HTOC,HETVAL)
RVAPOR = 1,/(17.908 + 1.503%HTOC)

KEXH =" 3757 + 4,47697HTOC
OILID.(HAVDIL,SPEC(7))

COLID,. (09 SPEC(S )’Iﬁv—-_.,_,_
DENBO 3 COLDEN.(SO.)

FUELQ = HETVAL/360000,
HEAD = 70.3863/DEN80 - .08333333333

TYH COMPUT, FOR R"= 0, Ty R ,E. N
S =R

(I =1, 1Ty T WEs 29, DATTUT)T = DATATS),
1 CAL(I) = - 0.y S = S + USE)

WTR «NOT. LCACK,TVCLEAR]
W'R oNOT. LACK.(DAT(1)), CAL(1) = DAT(1)%*DAT(2)/DYNAM(E)

CAL(2) = BMEP(ET*DAT(2)
ETL .

S =USE+ R
FUEL = FULFLO.(ID(S),DAT(3)4DAT(4))

ATR = AIRFLU.TIDUS+USET,DAT(6T,DATI{STsDAT(8TsDAT(9]]
W'R NOT. LACK.(FUEL)

~ CALT3Y = FUEL/CALTI)
CAL(4) FUEL/AIR

non

ETL
. PRAR «4911570%DAT(8)

VINJ CYLVOL.(DAT(13))
W'R (NOT. LACK2.(PBAR,DAT(9))

CAL(8) = PBAR + ,4911570%DAT(9)
WIR oNOT. LACK.(DAT(10))

~ CAL = CAL(B) + DAT(10)
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Computer Program 4 (Continued)

W'R NOT. LACK.(DAT(11))

CAL(I2) = CAL + DATI(Il)
W'R o NOT. LACK2.(VIVCyVINJ),

1 CAL(ITY = ELOG.(CAC(12)/CALY/ELOG.(VIVC/VINJ)
E'L

ETL
E'L

WYR <NOT. CACK.TDAT(I))
CYCLES = 30.%DAT(1)

CAT(5Y = AIR/CYCLES
RUN = ID(R)

WYRRUN GE. 1T AND. RUN .LE. 74 .AND. LACK.(DAT(21))
TBLO = DAT(24)

R
TRLO = DAT(21)
B T
WIR oNOT. LACK.(DAT(7))y CAL(6) = 16.408644%
| SORT. (BBLFT3.(TBLO,PBAR,.371110) ) *DAT(7)/CYCLES
EfL ‘

WTRJNOT. LACKZ.(VCLEAR,CAL(8))
W'R (NOT. LACK.(CAL(5)),

I CAL(9Y = EFFTEY*CAL(5)/BBLFT3,(DAT(16),CAL(8)4.371110)
WYR NOT. LACK2.(CAL(4),DAT(19))

REXH = 1,371110 + CAL(4)/KEXH)/(1I. + CAL(4))
CAL(7) = BBLFT3.(DAT(19)+75.,CAL(8)4REXH)*CLEAR

WYR NOT. LACK.(CAL(D)]
GAS = CAL(5) + CAL(T)

TTRGAS = (CALTB)*,371110 + CALT7)*REXHY/GAS
GAS = '1728.*GAS

CAL(10) BBFAR. (CAL,GAS/VIVC,RGAS)
CAL(13) GAS/VINJ

upuw u

CAL(I4) BBRAN, {CAL(IZ2),CAL(137,RGAS)
W'R NOT. LACK3.(DAT(12),DAT(14),CAL(14))

P CAL(12)
D CAL(13)

iwou on

T CAL(14)
DEL = (DAT(14) - DAT(13))/10.

FUELIN = 1728.%FUEL/CYCLES
GASR = GAS*RGAS

T'H DELAY, FOR T = 10y -1y I «E. O
VAPOR = PART(I)}*FUELIN

TVYSTPART(1) = .025, 050, 075y «100y 125, 150y 4175y .200,
1 225y +250

MIX = GAS + VAPOR
RMIX = (GASR + VAPOR#*RVAPOR)/MIX

V= CYLVOL.(DAT(13) + I=*DEL)
D(I) = MIX/V

WIR' T .E. 10

P(10) = CAL(12) + DAT(12)
TTTI0)Y = BBRAN.(P(IOJT,D(I0),RMIX)
INDEX = ELOG.(T(10)/T)/ELOG.(VINJ/V)

CAL(15) = 1. + INDEX
K = T*VINJ.P.,INDEX

OvE
T(I) = K/V.P.INDEX
P{T)Y = DUTT*RMIX*T{IV*BBCFAC.{D(I),TUI),RMIX)
DELAY E'L
CAL(16) = MEAN.(11,P,STORE)
CAL(17) = MEAN.(11,D,STORE)
T CAL(18) = MEAN.(11,T,STORE)
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Computer Program ¥ (Continued)

W'R oNOT. LACK.(DAT(13))
CA =166,6666667/DATI(I) A
WI'R NOT. LACK.(DAT(14))y CAL(19) = CA*(DAT(13) - DAT(14))
WYR .NOT, CACR.(DAT(I5]J, CAL(20) = CAX(DAT(I3] = DAT(I5]]
E'L
CALT21) = THERMO,(DAT(IT7Y) ‘
WI'R NOT. LACK2.(CAL(21),DAT(18)),
I CALT22) = THERMU,(DATUIT7T)+DAT(IBTT = CAL(ZI)
CAL(23) = .071165%DAT(23)
WTR «NUT. LACKR3. (DATTZIT,DAT(ZZ2T,HAVOILT, CALTZ24T = ,002228%
1 OFLDENG.(DAT(21)-DAT(22))*CAL(23)*
Z T OILCP.(DATUZIV=DAT(Z22V72T*DAT(2Z22Z)
W'R o NOT. LACK4,(DENBO,DAT(24),DAT(25),DAT(26).)
TCOLIN = DAT(Z24) - DATI(25)
ROOTH = SORT.(.1666666667 + DAT(26)*HEAD)
NUCOL = CULNU.(TCOLIN) _
CAL(26) = 6,15836*%R0O0OTH*(,5 +
1 SORT. (.25 + 010205*%NUCOL/RO0OTHY)
RN = 4391,.75%CAL(26)/NUCOL
WIR RN .G. 2000.
CAL(27) - = .002228%COLDEN, (TCOLIN)*CAL(26)%*

I COLCP. (DATTZ&T=DAT(Z5772< T¥DAT(Z5]
0'€E :
CALTZ6) = =0
E'L
ETT _
W'R .NOT. LACK.(FUEL)
TOFUEL = FUELQ®FUEL
CAL(25) = CAL(24)/0FUEL
CAL(28Y = CAL(Z7V/0FUEL
E'L
S =R
COMPUT (I =1y 1y, I .E. 29y CALC(S) = CAL(I)y S = S + USE)
WYR MOURE
T'H COLMNS, FOR S = 0, USE, S .G. END28
COLWNS AVEERR. (N, CALC(ST)
E'L
MORET BGNEND, (LINE, &, MAX; BGNy END, DONET]

W!'R END .G. Ny END = N
PYT $12H-ENGINE WITHF6.2,12H/T RATIO HASFT7.4,27H CUIN CLEARAN
1CE. FUEL WITHF6.3,12H/1 RATIO HASF6.2929H LBM/CUFT (260) AND
2 LIBERATESF6,9H BTU/LBM.*$,
3 RATIO, VCLEAR, HTOC, DEN60, HETVAL
P'T $129H0 FOR BRAKE BMEP BSFC FUEL/ CYCLE(LBM/1000) SURGE
1 EFF @IVC AT START OF INJECTION AVERAGED DURING DELAY DELA
“ZYTMSECYT WALLTFJ/IZ9H RUN HP PST #/HRHP AIR ATR BLO
3W EXH PSIA PCT F INDEX PSIA #/CUFT R INDEX PSIA #/CU
4FT R PRISE TLLUM MIN INC/UI542F6e19Fb6e39Fb6e43y3PFTe243P2F5
5e29F5e19F6e1yF492(FTe33F5,F6e39F5)3FTe39Fb6e39F5,F4)%$,
6 (R = BGNy, I, R .E. END, ID(RJ,
7 (S = Ry USE, S «G. END22, CALC(S)))
TTO MORET
DONE1 W'R MORE, P'T $5H MEAN2F6e14F6e34F6e493PFT7.243P2F5.24F5.14F6.
114F442(F7.34F54F6¢34F5)4yF7434F6.34F54F4/5H ERRS2F6.1,F6.3,F6.
24 93PFTe293P2F542yF5e19Fbel9F4y2(FTe39F54F6434F5)9FT7.3,F643,4F5
3,F4%%$, (R = N, 1T, R JE. MAX,
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Computer Program 4 (Concluded)

4 (S = Ry USEy S «Ge. END22, CALC(S)))

MORE? BGNEND,., (LTNE, 4, MAX,BGN,END,DONE2)
WI'R END .Go Ny END = N

VIS 0UT2 = $37H- FOR™ CRANKCASE OILS COOLANT SYSTEM/5H RUNZ
1(16H GPM BTU/SEC$, 601260346174Ky $159F6.292F5.19Fb6e19y2F5.1%

2%
P'T OUT2, (R = BGNy 1y R +E. END,y ID(R),

T (S = USEZZ2+R, USE, S .G. END28, CALC(S)))
T'0 MORE2

DONE? WYR MORE, P'T $5H MEANF6.2y2F5.19F6.142F5.1/5H ERRSF6.2,2F5,1
1yF6.142F5.1%%y, (R = Ny 1y R .E. MAX,

Z2 (S = USEZ22+R, USE,y, S .G. - END28, CALC(S)))
F'N LINE

ETN



Computer Program 5

Title: Fuel Injection System Analysis

Purpose: To calculate the fuel mass flow rate, the accumulated injection and
the average coefficient of discharge over the injection period.

Input: A sequence of needle 1ift, cylinder pressure, and fuel pressure, over
the period of injection (are fed from oscilloscope traces).

Procedures:

1. Use ENGDAT to calculate the engine parameters

2. Use program AREAS to calculate the effective area of fuel flow

3. Calculate theoretical mass flow rate of fuel

@ = A‘Jég(Pfuel-Pcyi.)/pfuel

L. Calculate the theoretically accumulated injection over the injection period

5. Knowing the actual accumulated fuel/cycle from ENGCAL and the theoretical
accumulated fuel/cycle, therefore an average coefficient of discharge is
calculated.

6. Calculate the actual mass flow rate over the period of injection

T. Gives a printed, punched or plotted values of mass flow and accumulated in-

jection over the injection period
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Computer Program 5

Fuel Injection System Analysis

D'N SPEC(19), ID(3),.DATA(21), CALC(20), (DBTDC, NL, FP, CP,
1 SAVE, AREA, LBMHR, DO, D1, D2, D3,y D4y LBM)(1000),

2 .. STORE{5000) v
EQUIVALENGE (SAVE, AREA), (STORE, DO, LBM), (STORE(1000), D1)

1 » (STBRE(2000), D2)y (STORE(3000)s D3), (STORE(4000), D4)
I'R TROUND.y NUMDIV, BCDBN., NUMINT, NUMDAT, ENDDAT, NUMSEQy .

1 ENDSEQ, .I, FV, FVF, J, LINE, START, STOP, SPEC
F'E FVF :

AGAIN

ENGCAL(i4SPEC,ID(1),DATA(1),CALC(1))
P'T $1H-/1HO*$

AREAS1. _
DENFUL = FULDEN. (SPEC(4),DATA(9))

FUEL = FULFLO.(ID(2),DATA(3),DATA(4))/DATA(1)/30,
R'T $S154F16.10,S5,F16.10,S7,F16,10%%, BEGINy EVERY, END

~ NUMINT = BCDBN.(SPEC(T7))
NUMDAT = 1 + TROUND.((END - BEGIN)/EVERY)
ENDDAT = 1 + NUMINTHNUMDAT
NUMSEQ = ENDDAT — NUMINT

W'R NUMSEQ .G, 1000, T'0 FIN
ENDSEQ = NUMSEQ + 1

DELSEO EVERY/NUMINT
DRTDC = BEGIN - DEILSEQ

(I =1y 1y I .E. ENDSEOQ,
1 DBRTDC(I) = BBTDC + I*DELSEQ)

READ. (NL,2)
READ. (FPy4)

READ.(CPy4)
LBMHR = SORT.(DENFUL)/415,53855

LBM = LBMHR/-21600./DATA(1)
(I = 1, 11 1 .E. ENDSEQ,

1 P =FP(I) - CP(I),
2 SAVE(TI) = P/SORT.(.ABRS.P),

3 LBMHR(I) = AREAS3.(NL(I))*SAVE(I)) -
AREAS2,(FUEL/MEAN. (NUMSEQ, 1 BMHR(1),STORE(1))

1 /(DBTDC (NUMSEQ)-DBTDC(1))/LBM)
(I = ].9 17 I .E. ENDSEQQ

1 AREA = AREAS3.(NL(I)),
2. LBMHR(T) = AREA=®*SAVE(I),

3 AREA(I) = AREA)
NB4T11, (NUMSEQ,DELSEQ,1,LBMHR(1)4D0O(1),sD1(1),D2(1),03(1),

1 T D4(1))
LRM(1) = =0,

(I = 2, 1, I .E. ENDSEQ,
\J=I—19 :

LRM(I) = LBM(J) + INTDER.(DBTDC(J),DBTDC(1),DBTDC(1),

1

2 .

3 NUMSEO,DELSEQ.14LBMHR(1),D1(1),
4

D2(1)4D3(1),D4(1)))
COEFF = FUEL/LBM(NUMSEQ)/LBM

P'T $1H-/42HOFUEL DENSITY (@ TEMPERATURE OF COOLANT) =F6.2,43
1H LBM/CUFT, = TOTAL FUEL INJECTED PER CYCLE =6PF7.2,12H LBM/10,

200000/1H-/50H-INTEGRATION OF DATA GIVES DISCHARGE COEFFICIENT
3 =F7.4%$, DENFUL, FUEL, COEFF

LBMHR = COEFF*LBMHR
LBM = COEFF*LBM

FUEL = FUEL/100.
(I =14 14 I +E. ENDSEQ,

1 LBMHR(I) = LBMHRXLBMHR(I),
2. LBM(I) = LBM*LBM(I))

LINE = 60

Th



MORE

Computer Program 5 (Concluded)

RGNEND.(LINE,é,NUMDAT,START,STOP,DONE)

ENDDAT = 1 + NUMINT*STOP
P'T $1H-S8,48H|-===DATA FROM SEQUENTIAL PHOTO ANALYSIS——=-|

1113 (1H=)30HINCLUDES DISCHARGF COEFFICIENT12(1H=)1H|/132H0 A
2T NEEDLE LIFT FUEL PRESSURE CYLINDER PRESSURE EQUIVALENT

3 AREA  RATE OF INJECTION ACCUMULATED.INJECTION FRACTION INJ
4ECTED/TH DRTDCS644HMILSS1044HPSTIASI244HPSTAS10,13HSQ IN/1000

500087, 8HLRM/HOURS12,4 LIHLRBE/LO00000S1443HPCT/(FTe143F10e24F14,F
6176192F184146PF21424F21.2)%8%,

T {1 =1 + NUMINT*START, NUMINT, T .E. ENDDAT, :
8 DRTDC(T)y, NL(I)y FP(I)y, CP(I)y, ARFA(I), ILRMHR(TI), LBM(I),

9 LRM(I)/FUEL)
T'0 MORE

NONE WIR SPEC(R) JE. $PNCHS$ _
PUNCH FORMAT $14,6HINJECT,5HBGN AF16.1045H, FORF16410,7H, END
1 AF16.10,5H RTDC*$, ID(1)y, DRTDC(1), DELSFO, DBTDC(NUMSEQ)
PUNCHG (ID(1) 4 $#/HR$ 434 NUMSED, 1, LBMHR (1)) .
PUNCH. (ID(1) ¢ $#ACCSy=3 4 NUMSFEO, 1, LBM( 1))
FrL
TVO AGAIN
T'N READL(DAT4FV)
FVF = 7 - FV
R'T $S10,10F7.'FVF'%$, (I = 1, NUMINT, I .E. ENDDAT, DAT(I))
INTERP o (MUMNAT 3 DBRTNC (1) y NUMINT 4 DAT (1))
FUn
ETN
FIN Frm
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Computer Program 6

Title: Calculation of Equivalent Area of Injection

Purpose: To calculate the effective area of injection at any needle 1ift,
where effective area is the area to which we can write

AP
= A —
9 Calers. V28 7,

Input:
1. Needle 1lift
2. An assumed value of coefficient of discharge

Procedure:

The pressure difference between fuel at inlet to injector and fuel out of
the injector is measured. Due to the change in area between inlet and outlet
an effective area was derived using the energy equation.
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Computer Program 6

Equivaelent Area of Injection as a Functlon of Injector-Needle ILift (AREAS)

C'F »
EXTERNAL FUNCTION (ARG)
NN DIM(4)

PR PI(3.141592654)

E'0 AREAS1. ,
RY'T $4F10,5,F10e2,F10,4%%, DIMeosoDIM(4), COEFF

AHOLES = PIXDIM%DIM*1.E6
ABODY = PIADIM(1L)*DIM(1)*.,25E6h

TAN = (DIM(2) = DIM(1))/2./DIM(3)
ALPHA = ATANL(TAN)

COSINE = COS.(ALPHA)
RETA = DIM(4)*PI/360.

DIF = RETA - ALPHA
RATIO = SING(RETA)/SINL(DIF)

K1 = PI*DIM(1)*DIFRATIO*®1000, ,
K2 = 2.%PIx*(DIF*COSINE®*TAN + fﬂ%.(BFTA) — COSINE)*RATIO*R TIO

P T $132H~-RATE DF INJECTION = QISCHARGE COEFFICIENT & EOUL VAL
1ENT AREA % SORT,(FUEL DENSITY * |FUEL PRESSURE - CYLINDER PRE

2SSURE|) / 415.53855/14H (LBM/HOUR)S32,413HSO IN/1000000S11,
310H(LRM/CUFT)S8yAH(PSTA)S12,6H(PSTA)/18HOINJECTOR HAS FOURFT7.

454,43H INCH HOLES, CONTACT SURFACE HAS DIAMETERS F7.542H &F7.

55,11H AND HEIGHTF7.5,15H, TIP~ANGLE I1SF7.2,8H DEGREES/132HOE

6QUIVALENT AREA = 1/SORT.(1/(DUTLET AREA FOR NEEDLE & SEAT).P.
72 + 1/(AREA OF HOLES)eP.2 - (DISCHARGE COEFFICIENT/AREA OF BO

B8DY)ePa2)/S31y6HMILS*(Fbely2H —F7,4,6HXMILS)F21, 17F44 1%$,
9 DIMseoDIM(4),y, K1, -K2, AHOLES, ABDDY

T'0 SKIP
E'D AREAS2.

COEFF = ARG
SQUARE COEFF/ARODY

win

SQUARE 1./AHOLES/AHOLES - SQUARE*SQUARE
F'N

E'O AREAS3.
MILS = ARG

W'R MILS JLE. O.
F'N 0.

0'E
AQUT = MILS*(K1 + K2*MILS)

FIN 1./SORT4(14/A0UT/AQUT. + SQUARE)-
E'L '

E'N

T



Computer Program T

Title: Integration of a Given Data Y(x)’ Taken at Equal Intervals of x
Purpose: To apply numerical integration

Input:

1. Data to be integrated

2. Adjusted values of data and derivatives from applying DBUT11l (curve fitting
program)

Procedure:
The given data are curve fitted with the best 5th degree polynomial for

each point, the derivatives are found and used in expressing the function accord-
ing to a Taylor series expansion that help in performing the integration.
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Computer Program T

Integration of Given Data (INTDER)

L'F

1

EXTERNAL FUNCTIDN INTDER. (FROMyTOyBGN.yNyDEL y ADD
' DO4yD14D24D34D4)

TR LOWERT, UPPERT, N, ADD, ADDS, ENDI, I, AT
DELX = DEL

LOWERZ = (FROM - BGN)/DELX
UPPERZ = (TO - 3GN)/DELX

WYR LOWERZ .G. UPPERZ

ANSWER = LOWERZ
LOWERZ = UPPERZ
UPPERZ = ANSWER
ANSWER = =1,

0'E

ENSWER = +1.

E'L

LOWERT = LOWERZ + .5
UPPERI = UPPERZ + .5

W'R LOWERT .L. 0O .OR, UPPERT .G+ N - 1, ERROR RETURN
LOWERZ = LOWERZ - LOWERI

UPPERZ = UPPERZ - UPPERI
ADDS = ADD

LOWERT = LOWERTI*ADDS
UPPERI = UPPERI*ADDS

ENDI = UPPERT - ADDS
ZERO. (SUMO,SUM2 4 SUM4)

1

(T = LOWERT + ADDS, ADDS, T .G. ENDI, SUMO = SUMO - + DO(T1),
SUM2 = SUM2 + D2(1), SUM4 = SUM4 + D4&(1))

1

F'N ANSWER*(ENDS.(.5,LOWERT) - ENDS.(LOWERZ,LOWERT) + DELXx*
(SUMO + DELX*DELX*(SUM2 + DELX*DELX*SUM4/80.)/24.) +

2

ENDS. (UPPERZ,UPPERT) - ENDS.(-.5,UPPERT))
I'N ENDS.(Z4AT)

L*DELX
AT

X¥(DO(I) + X*(DI(I) + X*(D2(I) + X*(D3(I) + X*D&4(1)
/5e)/44)/34)/24)

[a—
m m T =<
21 n

=2 Z
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Computer Program 8

Title: Best Straight Line to Fit a Group of Points

Purpose: To curve fit the given data Y according to the relation Y = A+Bx
and to give A, B, standard error in A, standard error in B, an estimate of
standard error in data, standard errors in calculated values, adjusted values

of Y, deviations of data from adjusted values and probability of occurrence of
deviations.

Input: A sequence of Y data points at equally spaced intervals of x.
Procedure:

A least square best fitting straight line technique is applied to the
given data.
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Computer Program 8

Best Straight Iine to Fit a Group of Points (BLINE)

AD (06 JAN 1967 VERSION)} PROGRAM LISTING eee sse soe

BLINE., CLINE,, ELEINE,, PLINE,, OLINE,, WLINE,

EXTERNAL FUNCTION {NyRESULTyX,Y)
INTEGER N, GOGCD, LAST, I, TYPE, BAD
BOOLEAN NOPTSy SAMEX, NOERRS, LACK.
DIMENSION ANSWER{5)

ENTRY TO BLINE.

GCGD = N

LAST = 606D - 1

LERDO« {SUMXy SUNMY  SUMXX 9 SUMXY 3 SUMYY)
NOPTS = 1B

SAMEX = 18

THROUGH SUMS,y FOR I = 0y 1y I «Ge LAST
XI = X{tn

YI = Y(I)

WHENEVER LACK.(XI) .ORe. LACK.{YI)
GO0D = GOOD - 1

OTHERWISE

SUMX = SUMX + XI

SUMY = SUMY + YI

SUMXX = SUMXX + XI*XI
SUMXY = SUMXY + XI*Y]
SUMYY = SUMYY + YI*Y]

WHENEVER SAMEX
WHENEVER NOPTS
NOPTS = 0B
XFIRST = XI
OTHERWISE ‘
SAMEX = XI +Ee XFIRST
END OF CONDITIONAL
END OF CONDITIONAL
SUMS END OF CONDITIONAL
NuM = GOGD
DEL = NUM#SUMXX - SUMX*SUMX
WHENEVER DEL .E. 0. .0R. SAMEX, ERROR RETURN

ANSWER{1) = {(SUMY*SUMXX — SUMX*SUMXY)/DEL
ANSKWER(1) = 0. + ANSWER(1)

ANSWER(3) = (NUM¥*SUMXY - SUMX*SUMY)/DEL
ANSWER(3) = 0. + ANSWER(3)

NOERRS = GOOD .E. 2
WHENEVER NOERRS

0B8S = -0.

CTHERWKISE

0BS = (SUMYY - (SUMY%SUMY + ANSWER(3)*ANSWER(3)*DEL)
1 /NUM) /7 (NUM - 2.)

0BS .= 0. + CBS

END OF CONDITIONAL
CAL = OBS/NUM

AVE = SUMX/NUM

MU = DEL/{NUM%NUM)

ANSWER(Q) = SQRT.(2.%CAL)

ANSWER{2) = SQRT.(CAL*{1l. + AVEXAVE/MU))
ANSWER(4) = SQRT,(CAL/MU)

ANSWERI5) = SQRT.{0BS)

MOVER « {ANSWER ¢ s ANSWER{5) yRESULT 4 s « RESULT(5))
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BEGIN

NOMAX

..ENTRY TQ DLINE.

Computer Program 8 (Continued)

_FUNCTION RETURN e, i
VECTOR VALUES, FUNCT(1) = 0B, 0B, 0B, 08, 0B

__ENTRY. TO CLINEs. . . .
TYPE = 1 : '
_TRANSFER TO BEGIN

ENTRY TO ELINE.
TYPE = 2

TRANSFER TO BEGIN

TYPE = 3
TRANSFER TO BEGIN o R
ENTRY TO OLINE. ' :

TYPE = 4 e - .

TRANSFER TO BEGIN

__ENTRY. TQ WLINEae . . N

TYPE = 5 : _
NOPTS = 1B - i
FUNCT(TYPE) = 18
LAST = N - 1 L
WHENEVER .NOT. (FUNCT(1) .OR. FUNCT(3)) .AND. NOERRS

WHENEVER FUNCTI(5) . +
YDEV ‘00 )

CALC = -0. . U
BAD = -0 :
TRANSFER TO ENDS - e e
OTHERWISE

SPRAY.e (—04 yRESULT « « «RESULTALASTA) . .

TRANSFER TO END

END OF CONDITIONAL

END OF CONDITIONAL

THROUGH ALLPTS, FOR I = 09 1y I «Ge LAST
XI = X{I)

. WHENEVER LACK.(XI) . . __. ... .. _ S

CALC -0 .

OTHERWI SE : S
YCAL = ANSWER(1) + ANSHER(3I*XI

YCAL = 0. + YCAL

WHENEVER FUNCT(1)

CALC_ = _YCAL
OTHERMISE

WHENEVER .NOT. FUNCT(3)

ERR = XI - AVE :

ERR = CAL*(1l. + ERR®ERR/MU) . . . ... .
END OF CONDITIONAL '

.. WMHENEVER FUNCT(2) .. . . . R et e e,

CALC = SQRT.(ERR)

CALC = 0. + CALC e e e e e e
OIHERHISE

Yi = y(1) e e e
HHENEVER LACK.(YI)

CALC = _—-0.

OTHERWISE

~¥YDEV. = YI = YCAL . _ —

YDEV = 0. + YDEV

WHENEVER FUNCT(3) B

CALC = YDEV '

.. OTHERMWISE . et i e e e
DEV = YDEV*YDEV/(OBS + ERR)

-WHENEVER FUNCT(4). e
CALC = 100.%(1. - ERF.{SQRT.(DEV/2.)))
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Computer Program 8 (Concluded)

OTHERWISE
WHENEVER NOPTS
NOPTS = 08
OTHERWISE
WHENEVER DEV .L. MAXDEV, TRANSFER TO ALLPTS
END OF CONDIT IONAL
MAXDEV = DEV
BAD = 1
TRANSFER TO ALLPTS
END OF CONDITIONAL
END OF CONDIT IONAL
END OF CONDITIONAL
END OF CONDITIONAL
END OF CONDITIONAL
END OF CONDITIONAL
RESULT(I) = CALC
ALLPTS CONTINUE
WHENEVER FUNCT(5)
WHENEVER NOPTS, TRANSFER TO NOMAX
YDEV = Y(BAD) - ANSWER(1) - ANSWER(3)+:ii34D)
YDEV = 0. + YDEV
CALC = 100.%(1. = ERF.(SQRT.(MAXDEV/2.)))
Y(BAD) = -0.
END5 FUNCT(5) = 0B
RESULT(0) = YDEV
RESULT(1) = CALC
FUNCTION RETURN BAD
OTHERWISE
END FUNCT(TYPE) = 08
FUNCTION RETURN
END OF CONDITIONAL
END OF FUNCTION

[ )
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Computer Program 9

Title: Curve Fitting (DBLT11)

Purpose: To reduce the effect of random errors in data.
Input: Data points at equal intervals

Procedure:

1. Read data

2. Statistically adjust the data to fit a Lth degree polynomial through 11
consecutive points by the use of Taylor's expansion up to the 5th term.

3. Give adjusted values of the middle point and the derivatives up to the

Lth derivative. These derivatives are used for another program for in-
tegration.
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Computer Program 9
Curve Fitting (DBATIL)

L'F
EXTERNAL FUNCTION DB4T114(NyDEL,ADDyDATA,D0,D1,02,D3,D4%)

I'R Ny NUM, ADD, ADDS(5), I, J,y STOP, P
DN (DELX,FACTOR,C)(4)y (SUM,DIF)(5), K(A)

R'N REGIN
NUM = N

WIR NUM ,L..11, ERROR RETURN
REGIN = 18 :

V'S DELX = 1.
V'S FACTOR = 1,

ADDS(1) = ADD

I =1
J =0 _
CONSTS DELX(I) = DEL*DELX(J)
FACTOR(I) = IXFACTOR(J)/DFELX(1)
J =1
I =1+1
ADDS(T) = ADNS(J) + ADNS(1)
WIR T .L. 5, T'0 CONSTS
STOP = (NJM = A)%ADDS(1)
T'H TWPTS, FOR P = ADDS(5), ADDS(1), P .G. STOP
NRS = DATA(P)
(1 = 1y 15 1 4Ga 5, SUNM = DATA(P + ADDS(I)), DIF =
1 DATA(P = ADDS(I)), SUM(I) = SUM + DIF, DIF(I) = SUM = DIF)
Cl4) = (6.%(SUM(5) = SUM(4) = SUM(3) + ORS) - SUM(2) +
1 4,%SUM(1)) /3432,
N&(P) = FACTOR(4)*C(4) !
C(3) = (30.%DIF(5) = AJEDIF(4) = 22.%PIF(3) = 23.%DIF(2) -
1 14.5NTF (1)) /5148,
N3(P) = FACTOR(3)*C(3)
Cl2) = (15.%SUM(5) + Ak(SUM(4) — SUM(2)) = SUM(3) -
1 9,%SUM(1) = 10.%0BS)/R5R. — 25.%C(4)
D2(P) = FACTOR(?2)%C(2)
Cl1) = (5.,%DIF(5) + 4.%DIF(4) + 3.%DIF(3) + 2.%DIF(2) +
1 NIF(1))/110. = 17.8%C(3)
N1(P) = FACTOR(L)%C(1)
C(0)Y = (SUM(5) + SUM(&4) + SUM(3) + SUM(2) + SUM(1) +
1 NRS)/11e = 10EC(2) = 1784%C(4)
NO(P) = C(0)
W'R REGIN, T'Q ENDPTS
INPTS C'E
P = STOP
ENDPTS K(0) = FACTOR(4)%C(4)
K(1) = 24%C(2)
K(2) = 3.%C(3)
K(3) = 4.%C(4)
K(4) = 6.%C(3)
"K(5) = 12.%C(4)
K(6) = 24 .%C(4)
T'H SERIESy, FOR I = 1, 1, I «G. 5
WIR REGIN
7= -1 .
J = P - ADDS(T)
n'E
7 =1
J = P + ADDS(T)
ErL
D4(J) = KI(D)
N3(J) = (K(&) + Z%K(6))/DELX(3)
N2(J) = (K(1) + Z%(K(4) + Z%K(5)))/DELX(2)
DI(J) = (C(1) + Z%(K(1) + Z*(K(2) + Z%K(3))))/DELX(1)
SERIES DO(JY = CIN) + Z%(C(1) + Z%(C(2) + Z%(C(3) + Z*C(4))))
WIR .REGIN )
BRFGIN = 0OR
~v0 INPTS
FrL
FIN
EIN
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Computer Program 10

Title: Cylinder Volume and Gradient

Purpose: To calculate the cylinder volume and cylinder volume gradient at any
crank angle.

Input: Crank angle to give corresponding cylinder volume and cylinder gradient.
Procedure:

A mathematical formula was derived including the effect of a slight wrist
pin offset (center line of the wrist pin is offset from center line of the

cylinder).

List of Assisting Program

1. Program to check for missing data (LACK)
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Computer Program 10

Cylinder Volume and Gradient (CYLVOL, CYLGRA)

CTF
EXTERNAL FUNCTION (ARG1,ENGINE,SLEEVE)

I'TROENGINE, Sy, SLEEVE
B'N HAVEID, VOLUME, LACK.

VCLEAR = 44,5610y 5.377y 0.
RATIO = 16.69197512, 13.94055545, -0.

wn

DEL = ,00533335856, O.

R «006666666667, 0.
K1 183,.,4819679, 175.3861518

K2 35.78470367y 34.,79068412
K3 143.1388147, 135,2184669

K4 «624560900, 607211986
COMRAT,

ma<ds<<gd<sdg

douvwnmuAadunmunomulon

- @ W @ w w® @ e - -

W ENGINE +E. $ATACS

m o

>NGINE «Ee SLISTS AND. SLEEVE E. $NU.1$

=~ u
s

N

po
I—III'HH

HAVEID = S .NE. 2

ARGI = VCLEARTS)
F'N RATIO(S)

E'0 CYLGRA,
VOLUME = OB

EYO CYLVOL,.
ALPHA = ARGl

WYR HAVEID AND. NOT. LACK.TALPHA)
ALPHA = ,01745329252*ALPHA - DELI(S)

SALPHA = SIN, (ALPHA)
CALPHA = COS.(ALPHA)

SBETA = A(S)*SALPHA + BI(S)
CBETA = SORT.(1le. = SBETA%SBETA)

WTR VDLUME :
ANSWER = K1(S) - K2(S)*CALPHA - K3(S)*CBETA

OTE

ANSWER = K&4(S)*(SALPHA + CALPHA*SBETA/CBETA)

ETL
O'E

ANSWER™
E'L

- 0.

VUOLUME 1B
F'N ANSWER

E'N

87



Computer Program 11

Title: Cylinder Gas Properties

Purpose: To calculate the compressibility factor, temperature, and density of
the gas, using the Beatti-Bridgeman equation of state.

Input:

1. Cylinder gas pressure and density, in order to calculate the average gas
temperature.

2. Culinder gas pressure and temperature, in order to calculate the gas dens-
ity.

Procedure:

1. To estimate the gas temperature at any crank angle, from the measured
pressure, mass and cylinder volume, by wsing the perfect gas law.

2. To use the above estimated temperature to calculate the compressibility
factor as obtained from the "Beatti-Bridgeman Equation"

P = pRT(l—e)(l+Bp)-Ap2

where:

P = absolute cylinder pressure in psia
o = mass density in lbsm/ft5

R = gas constant

T = gas temperature in degrees Rankine
€ = Cp/T5

B = Bo(l-bp)

A = Ao(l—ap)

The constants for dry air are obtained from "Fundamentals of Classical
Thermodynamics" by G. J. Van Wylen, and Richard E. Sonntag, John Wiley and
Sons, Inc. New York, 1964, and converted to the British system as follows:
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L

C=14.0 x 10
B = 0.02550

(0]

b = -0.0006089
Ao = 5,8L83

a = 0.01068

R* for shop air = 0.3%71110 psi/(lbm/ft5)°R

The value of Z from the above equation is as follows:

_ Cp o
z = (1- T5)(l+(BO-BObp)o)-(AO-AOap) T

%. To use the above calculated compressibility factor to check temperature
calculated in step 1.

L, To iterate the above steps until the final gas temperature calculated ful-
fills the Beatti-Bridgeman equation

List of Assisting Programs:

1. Program to check for missing data (LACK)

*The shop air is supplied at 98 psig and 80°F and assumed saturated with water
pressure of 0.5 psi, i.e. water mole fraction of 0.00445L. The correction due
to water vapor is 0.2%
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Computer Program 11

Cylinder Gas Properties (BBCFAC, BBRAN, BBFAR, BBLFT3)

[7F

EXTERNAL FUNCTION (ARGLyARG2,RGAS)

BTN LACK3.; FAREN

'0 RRCFAC.

ARGT

ARG2

RGAS

R LACK3.(D,T4R), T'O NOGOOD

TCOMFAC. -
ANSWER = Z
“TYO RETURN
F'0 BRLFT3.

ARGT

m

" o

=343

R L FO B 1] e}

T
ARG?
“RT="RGAS
/'R LACK3.(T,P4R)y T'O NOGOOD

T =T + 459,69
DIDEAL = P/R/T
D= DIDEAL
COMFAC.

"DNEXT IUAST =7
D = DIDEAL/ZLAST
COMFAC.
W'R (ARS.(Z - ZLAST) .G. 2E-8, T'0 DNEXT
ANSWER = D
T'0 RETURN
E'0 RBRAN,
FAREN = OB

P
R™

=

T'0 SKIP
E'0 BRFAR.
FAREN = 1B
SKIP P ARG1
D ARG?2
R RGAS
WYR LACK3.(P,D,R), TTO NOGOOD
TIDEAL = P/D/R
T = TIDEAL
COMFAC.
TNEXT ZLAST = ¢
T = TIDEAL/ZLAST
- COMFAC,
W'R oARS.(Z = ZLAST) .G. 2E-8, T'0 TNEXT
WTR FAREN, T = T - 459,69

ANSWER = T
o TV0 RETURN
NDOGOOD ANSWER = - 0,
RETURN FTN ANSWER

I'N COMFAC.

7= (1. = 14.0F&%D/T/T/TT*( 1. # (02550 + <0000I553%D1#0] =
1 (5.8483 = .06245%D)*D/R/T :
FN
EIN
BN
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Computer Program 12

Title: Title Printing (TITLE)

Purpose: To print a title and read specifications to be used by other programs.
Input:

1. Required title

2. Specifications

Procedure:

The title and specifications are read according to a certain format
the title is printed according to another format.
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Computer ‘Program 12

Title Printing (TITIE)

MAU (17 MAY 1967 VERSION) PROGRAM LISTING eee oo eoe

AGAIN

H N -

_DIMENSION ID(3), REMARK(19) __

_IDL1) = 88.40)

. WHENEVER SPEC

TITLE .

EXTERNAL FUNCTION TITLE.(JOB,SPEC)

BOOLEAN START, JOB, SPEC

NORMAL MODE IS INTEGER
WHENEVER START

START = 08 S S

VECTOR VALUES ID =1

TODAY.(ID(2),1ID(3))
ID(2) = ID(2) .LS. 18 «V. I0(2) «RS. 24 .V. $000 00$

OR WHENEVER J0OB
ID = 1D +1

END OF CONDITIONAL

PRINT_FORMAT $1H1/1H-S16,98HDIESEL ENGINE IGNITION AND COMBUSTION:

JA

Y A. BOLT, N. A. HENEIN: COMPUTER PROGRAM BY A. SNIVELY/88H
ARMY CONTRACT NO. DA-20-018-AMC-1669T: ORA PROJECT 067203 C

OMPUTER PROJECT NO. S986F:13,8H OF JOB C6,15H: COMPUTED ON C
631HsC5%$, IDes.ID(3) R

LINE = 8

READ FORMAT $19C4+C3,11%$, SPEC...SPEC(19), MORE

_ WHENEVER MORE .G. 0 e

READ FORMAT $11,19C4,C3%$, SPACE, REMARK...REMARK(19)
HEAD = CARCON(SPACE)

VECTOR VALUES CARCON = $S1H+$, $1H $, $1HOS, $1H-$, S1H-/1H$

. VECTOR_VALUES HEAD(1) = $ S26,19C4,C3%$

PRINT FORMAT HEAD, REMARK...REMARK{19)
LINE = LINE + SPACE

MORE = MORE -1
TRANSFER TO AGAIN o

END OF CONDITIONAL

..END_OF CONDITIONAL

FUNCTION RETURN LINE

END OF FUNCTION
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Computer Program 13

Title: Fuel Properties
FULPRO (FUEL, HTOC, HETVAL)

FULDEN (FUEL, FAREN)
FULFLO (WEIGHT, MINUTS, LEAK)

Purpose:
FULPRO, to compute fuel properties
FULDEN, to compute fuel density
FULFLO, to compute rate of fuel flow

Usage:

A call on FULPRO, or FULDEN, must come first

Arguments:

FUEL = fuel identification (L4 letter BCD)

HIDC = H/C atom ratio
HETVAL = heating value in Btu/lbm

FULPRO = fuel density at 60'F in lbm/ft5

FAREN = fuel temperature in °F
FULDEN = fuel density in lbm/ft5

WEIGHT = timer weight identification (1 letter BCD)
MINUTS = fuel consumption time in min

LEAK = fuel leakage in liters/hr
FULFLO = rate of fuel flow in lbm/hr

Formulas:

p60° = 8824.90/(API + 131.5), p = p60°F-Ax(t-60)
flow = LBM x 60/MINUTS - .035315L2 x LEAK x pB80°F

Constants:

FUEL HTOC HETVAL API
$SHOP$ 1.837 18370 3. 79
$N0.2$ 1.827 18500 39.51
$MILGS 2.141 18905 60.89
$CT13$ 1.992 18705 49.37
$CT19$ 1.999 18700 hg.2

95

.0235
.0239
.0247
L0252
.0252

WEIGHT

$A$
$8$
$c$
$D$
$ES
$7$

LBM

06262
.12667
25247
. 5007
9985
. 006262



Computer Program 13

_ Fuel Properties (FULHCR, FULDEN, FULFIO)

MAD (17 MAY 1967 VERSION) PROGRAM LISTING coe ecee aee

FULHCR, , FULDEN,, FULFKLO,

EXTERNAL FUNCTION(IDyVALUELl,VALUE2)
INTEGER S, ID -
BOOLEAN LACK., LACK2.y NOFUEL - .
VECTOR VALUES FUEL = $SHOPS, $NO.2%, $MILGS$, $CT1l3s, $CT19$
VECTOR VALUES API = 34.7S, 39.51ly 60.89y 49.37y 49.2 T
VECTOR VALUES T50 = 3744y 5l6ey 220ey 370.4 342.
VECTOR VALUES DEL = .0235, .0239, .0247, .0252, .0252 T
VECTOR VALUES LBM = 3.7572, 7.6002, 15.1482, 30.042, 59.910, .37572
ENTRY TGO FULHCR. [
FINDS. : ‘
FUNCTION RETURN {1.5%API(S) - T50(5)/20. + 47.)eP..3333333333/2.3498
ENTRY TO FULDEN. :
FINDS. ' )
WHENEVER LACK.(VALUEL), TRANSFER TO ERRORS
FUNCTION RETURN DEN60 - DEL(S)*(VALUEL - 60.)
ENTRY TO FULFLO.
WHENEVER LACK2.{VALUEl,VALUE2) .OR. NOFUEL, TRANSFER TO ERRORS
S = ID «RSe 30 - 17 ‘
HHENEVER S CG. - 1 .AND- S QL- 6
ANSWER = LBM(S)/VALUEL - VALUE2*DENSO
OTHERWISE

ERRORS ANSWER = - 0.
END OF CONDITIONAL
FUNCTION RETURN ANSWER
INTERNAL FUNCTION FINDS.

NOFUEL = 08B L e
THROUGH FUELS, FOR S = 0y 1y NOFUEL .OR. ID «E. FUEL(S)
FUELS NOFUEL = § +G. 4 '

WHENEVER NOFUEL, TRANSFER TO ERRORS
DEN60 = 8824.90/(API(S) + 131.5)

DEN8B0O = .03531542#%*(DEN60 - 20.*DEL(S))
FUNCTION RETURN
END OF FUNCTIGN
END OF FUNCTION
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Computer Program 14

Title: Coolant and Oil Properties

COLID (FAREN, ID)
COLNU (FAREN)
COLCP (FAREN)
COLDEN (FAREN)
OILID (FAREN, ID)
OILCP (FAREN)
OILDEN (FAREN)

Purpose:

COLID, OILID to find identification of coolent and oil respectively
COLNU, to find coolant kinematic viscosity

COLCP, OILCP to find specific heat for coolant and oil respectively
COLDEN, OILDEN to find density of coolant and oil respectively.

Usage:

A call on COLID must come before a call on COLNU or COLCP or COLDEN.
A call on OILID must come before a call on OILCP or OILDEN

Arguments:

FAREN = temperature in °F

$EGLY$ for ethelene glycol

$MDV3$ for present oil DELVAC 1330

COLNU = coolant kinematic viscosity in centistokes

COLCP = coolant specific heat in Btu/lbm

COLDEN = coolant density in lbm/ft)

OILCP = oil specific heat in Btu/lbm

OILDEN = oil density in lbm/ft3

ARGL = 1 if proper identification was used, = -0, if wrong identification,
to be used by LACK.

ID = identification of coolant or oil.

11

I

Formulas:
For kinematic viscosity v, 1lnln(v+.6) = Aln(FAREN+L59.69)+B

For specific heat CP, CP = C+D*FAREN
For density p, p = E+F¥FAREN
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Constants:

D A B C D E F
$EGLY$  -L.782178  31.1L45L3  .51895%  .0006237276  T72.546342 -.025%698
$MDV3$ ——— - 540 .000 56.694196 -.0200661
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Computer Program 14

Coolant and 011 Properties (COLID, OILID, COLDEN, OILDEN, COLCP, OILCP, COLNU)

MAD (17 MAY 1967 VERSION) PROGRAM LISTING ecee aee eee

CO0LANT AND OIL PROPERTIES

EXTERNAL FUNCTIDN(ARle[D)
INTEGER 1D, COL, OIL, S

300LEAN HAVCOL, HAVOIL, COOLER, NU, CP, LACK.
VFCTOR VALUES A = -4.782178, 31.144543, 518933, .54y .0006237276y .0,

1 : 72.546342y 56.694196, —.0253698, —.0200661
VECTOR VALUES HAVCOL = 08

in

VECTOR VALUES HAVOIL 08
ENTRY TO COLID. '

WHENEVER ID +E. $EGLYS
cCoL =0

OTHERWISE
COL = 1

END OF CONDITIONAL
HAVCOL = COL .NE. 1

FUNCT ION RETURN
ENTRY TO OILID.

WHENEVER ID +E. $MDV3$
oIt = 1

. ARG1 = 1.
NOTHERWISE

OIL = 2
ARG] = -0,

END OF CONDITIONAL
HAVOIL = OIL NE. 2

FUNCTIDON RETURN
ENTRY TGO COLNU.

COOLER = 18

NU = 18

TRANSFER TD BEGINZ2
ENTRY TQ cCOLCP,

COOLER = 18
TRANSFER TO SPHEAT

ENTRY TO OILCP.
COOLER = 0B

SPHEAT cp =18
TRANSFER TOQ BEGINI

ENTRY TO COLDEN.
CODLER = 18

TRANSFER TO DENSTY
ENTRY TO OILDEN.

) CROLER = 08
DENSTY cP = 0B

BEGINI1 NU = 0B
BEGIN2 , T = ARG1

WHENEVER {(COOLER JAND. HAVCCL .0R. oNOT. COOLER. .AND. HAVOIL)
1 «ANDo. oNOT. LACK.(T) :

WHENEVER COOLER
S = COL

OTHERWISE
S = OIL

END OF; CONDITIONAL
WHENEVER NU

ANSWER = EXP. (EXP.{A(S)*ELDG.(T + 4535.69) + A(S+1))) = b

TRANSFER TO END

OR WHENEVER CP

S =5 +2
OTHERWI SE
S =S +6

END OF CONDITIONAL
ANSWER = A({S) + A{S+2)*T

OTHERWISE
ANSWER = -0,

END OF CONDITIONAL
END FUNCTION RETURN ANSWER
END -OF FUNCTION
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Computer Program 15

Title: Integral Mean Value of Given Data
MEAN (N, VALUES, STORE)

Purpose: To calculate the integral mean of a sequence

Arguments:

N = no of values (integer)

VALUES = sequence of valueg

STORE = region to store DO, D1, D2, D3, DL
MEAN = integral mean
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Computer Program 15

Celeulation of the Integral Mean Value of Given Data (MEAN)

MAD (17 MAY 1667 VERSION) PROGRAM LISTING eee oee ose
MEAN.

" TEXTERNAL FUNCTION MEAN.(NyVALUES,STOREJ
_ NORMAL MODE IS INTEGER =
FLOATING POINT INTDER., TO

NUMBER = N

- BGN2 = NUMBER + NUMBER T
BGN3 = BGN2 + NUMBER

" BGN4 = BGN3 + NUMBER T

_ DB4Til.(NUMBERy1lsy1,VALUES,STORESTORE (NUMBER), STORE(BGNZ).

1 STORE(BGN3) ySTORE{BGN4))
TO = NUMBER -1

" FUNCTION RETURN INTODER. (0.170'0.9NUMBE~;J;,lyVALUES,STORE(NUHBER).
1 STDRE(BGNZ),STDRE(BGN3)¢5?ORE(BGN4)lITO

" END OF FUNCTIGN
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Computer Program 16

Title: Interpolating Program and Successive use of DBLT11 for Curve Fitting
(INTERP), (USEDBk4)

Purpose:

1. INTERP to give an interpolated value between data points
2. USEDBL to use DBLUT11l as many times as needed

Procedure:

A library subroutine is used for interpolating and an itterative use of
DBLUT11 is used for USEDBL.
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Computer Program 16

Interpolation (INTERP)

MAD (06 JAN 1967 VERSION) PROGRAM LISTING «.. ces eae

use D4,  INTERP,

EXTERNAL FUNCTION (NyX,ADDyCATAsBEST,NUMDB4)
INTEGER NUMDB4, No NUMDATs A0D. NUMINTo ‘1o NUMBER, STOPAT
ENTRY TO USEDB4.
WHENEVER NUMDP4 oGa O S
NUMDAT = N .
DEL = X
NUMINT = ADD

—  DB4T11.(NUMDAT,DE(,NUMINT,DATA,REST,BEST,BEST,REST,REST)
THROUGH MORDB4y FCR I = 24 1y 1. «G. NUMDB4 , '

__ MORDB4  DB4T11.{NUMDATDELNUMINT,BEST,BEST 4BEST 4BEST4BEST,BEST)
FUNCTION RETURN
QTHERWISE R
ERROR RETURN
END OF CONDITIONAL
ENTRY TO INTERP.
NUMINT = ADD . —
WHENEVER NUMINT +G. 1
NUMDAT = N P
NUMBER = (NUMCAT - 1)*NUMINT
LHROUGH USETAB, FOR I = 1ydy | oG. NUMBER
STOPAT = I + NUMINT - 2

_ THROUGH USETAB, FOR I = I, 1, 1 .G. SIOPAT

"USETAB DATACI) = TABo(X{I)yXyDATA;NUMINT NUMINT,5, NUMDAT y1.)

END OF CONDITIONAL .
FUNCTION RETURN
END OF FUNCTICN
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Computer Program 17

Title: Air Flow Rate

ATRFLO (ORF, TORF, PORF, PBAR, PINLET)
Purpose: To calculate rate of air flow
Arguments:

ORF = identification of orifice combination (1 letter BCD)
TORF = upstream temperature (before orifice) in °F

PROF = upstream pressure (before orifice) in psig

PBAR = barometric pressure in in. Hg

PINLET = pressure after orifice in in. Hg gauge

AIRFIO = air flow in lbm/hr

Formula:
iy flow = B (upstream pressure in psia - DEL)
Jﬁpstream temperature in °R
Constants:
ORF B DEL
$1$ =41 L.21L 1.20
$2$ = 42 8.255 0
$3$ = 43 17.06% 0
$hd = #4 %0 .6L2 0
$5$ = 45 67.45 0
$6$ = #5 and #1 T1.67 .070
$7¢ = #5 and 42 75.71 0
$8$ = #5 and #3 84.52 0
$9$ = #5 and #4 100.10 0
$A$ = 3/%2 12.766 1.72
$B$ =1/8 23.229 1.61
$c$ = 3/16 5L.74 .96
$D$ = 7/32 68.35 0
$E$ =D and A 81.11 .270
$F$ =D and B 91.58 409
$6$ =D and C 120.08 113
$H$ =D and C and A 132.85 .5k
$I$ =D and C and B 143.31 .61
$J$ =D and C and B and A 156.08 .70
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MAD (17 MAY 1967

ERRORS

QN

Computer Program 17

Air Flow Rate (AIRFIO)

VERSION) PROGRAM LISTING coe cos oo

AIRFELO.,
EXTERNAL FUNCTION AIRFLC.{CRF,TORF,PCRF,PBAR,PINLET)
INTEGER ORFy S
BOOLEAN LACK4.y LAST, ATAC :
VECTOR VALUES B = 4+214y 8.255y 17.063y 32.642y 67.45, 1T1.67,
75.71y 84,52, 100.1Cy 12,766y 23,229y 51e74y
68.35, 81.11, Gl.5€, 120.08, 132.85, 143.31,
156.08
VECTUR VALUES DEL = 1.261 009 0.1 0" 0-, 00109 Ooi Oo‘ 0.!
1.721 1.611 096' 0.' 02701 04"091 '413, ‘54'
61y 70
P = PORF
BAR = PBAR
WHENEVER LACK4.(TORF,P,BAR,PINLET), TRANSFER TG ERRORS
P =P + .4911570%BAR
WHENEVER P oL. .930%(PINLET + BAR), TRANSFER TC ERRORS
S = ORF .RS. 30 -1
LAST = S oE. 32
ATAC = LAST .OR. S +Ge. 15 .AND. S oLe 25
WHENEVER ATAC
WHENEVER LAST

S =18
OTHERWISE
S$=8§-17

END OF CONDITIONAL

END CF CONDITIONAL ' .
WHENEVER S +G. — 1 +AND. S oL« 9 .OR. ATAC
FLOW = B{S)*(P — DEL(S))/SCRT.{TORF + 459.69)
OTHERWISE

FfLOW = -0.

END GF CONDITIONAL

FUNCTION RETURN FLCW

END OF FUNCTION
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Computer Program 18

Title: Average Values and Errors

AVE (N, VALUES)
RMS (N, VALUES)
AVEERR (N, VALUES)

Purpose:

AVE, to find the arithmetic average of a sequence
RMS, to find the RMS average of a sequence
AVEERR, to find the standard deviation of a sequence

Arguments:

N = number of values (INTEGER)

VALUES = sequence of values

AVE = arithmetic average of the nonlacking

RMS = square root of the mean of squares of the nonlacking
standard deviation of the nonlacking

AVEERR = VALUES (N) = AVE
VALUES (N+1) = AVEERR
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Computer Program 18

Average Values and Errors (AVEERR)

MAD (17 MAY 1967 VERSION) PROGRAM LISTING eee ocoe oo

SKIP1
SKIP2
BEGIN

SUM

ERRORS

AVE, , RMS, AVEERR,

EXTERNAL FUNCTION (N,VALUES)
INTEGER N, LAST, GOGD,y S

BOOLEAN RMSERR, SQUARE,s LACK., OKAY
VECTOR VALUES RMSERR = (OB :
ENTRY TO AVEERR.

RMSERR = 18B

TRANSFER TO SKIP1

ENTRY TO RMS.

SQUARE = 18

TRANSFER TO SKIP2

ENTRY TO AVE.

SQUARE = 0B
LAST = N
GOOD = LAST
ANS = - 0.

THROUGH SUM, FOR S = 0y 1y S +E. LAST
VAL = VALUES(S)
WHENEVER LACK.(VAL)
GOOD = GOOD -1
OTHERWISE

WHENEVER SQUARE, VAL.
ANS = ANS + VAL

END OF CCONDITIONAL
OKAY = GOOD .G« O
WHENEVER OKAY

ANS = ANS/GOGD
WHENEVER SQUARE, ANS
ANS = 0. + ANS

END OF CONDITIONAL
WHENEVER RMSERR
WHENEVER oNCT. SQUARE
VALUES(LAST) = ANS
WHENEVER oNOT. OKAY, TRANSFER TO ERRCRS

MEAN = ANS

SQUARE = 18

TRANSFER TO BEGIN

OTHERWI SE

ANS = SQRT.{.ABS. ((ANS - MEAN)*(ANS + MEAN)))
VALUES(LAST+]1) = ANS

RMSERR = 0B

END OF CONDITIGNAL

END OF CONDITIONAL

FUNCTION RETURN ANS

END OF FUNCTICN

VAL*VAL

SCGRT. (ANS)
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Computer Program 19

Title: Cylinder Wall Temperature from Millivolt Readings

THERMO (MVOLTS)

Purpose: To find the Farenheit temperature corresponding to a millivolt read-
ing of an iron-constantan thermocouple with reference at 32°F.

Arguments:
MVOLTS = millivolt difference from reference
THERMO = temperature in °F

Formula:

DB4T11, was used on data from the West Instrument Corporation to find the
following formula (good within * .1°F in the range from 32°F to 1015°F)
°F = 508.7948 +32L4.372% x (Av) +2.1981 x (Av)° +1.L4488x (av)3 - 2.022k x (Av)“

where Av =(millivolt - 15)/10.
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Computer Program 19

Cylinder Wall Temperature from Millivolt Readings (THERMO)

MAD (11 MAY 1967 VERSION) PROGRAM LISTING eoe eee oo

THERMO,

EXTERNAL FUNCTION THERMO. {MVOLTS)

BOOLEAN LACK., '

MV = MVOLTS

WHENEVER LACK.(MV)

FAREN = - 0.

OTHERWISE

MV = (MV - 15.)/10.

FAREN = 528.7948 + MV*{324.3723 + MV%(2.1981 + MV%
1 (1l.4488 - MV%2,0224)))

END OF CONDITIONAL

FUNCTION RETURN FAREN

END OF FUNCTION
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Computer Program 20

Title: Check on Missing Data

LACK (VALUEL)

LACK2(VALUELl, VALUE2)

LACK3 (VALUEl, VALUE2, VALUE3)

LACKL (VALUEl, VALUE2, VALUE3, VALUEL)

LACK5 (VALUE1l, VALUE2, VALUE3, VALUEL, VALUES)

Purpose: To test for lacking values (i.e., a value of -0).

Action:

1B if any arguments are lacking

1 f functi
Value of function OB otherwise (none lacking)
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MAD (17 MAY 1567 VERSIDN)

Computer Program 20

Check on Missing Data (IACK)

PROGRAM LISTIN

eo e

LACK, , LAEGK2. , LACK3,, LACk4. , LAcrS,
T EXTERNAL FUNCTION (VALUEI,VALUE2,VALUE3,VALUE4,VALUES)
DEF INE UNARY OPERATOR .LACKS., PRECEDENCE SAME AS .E.

MODE STRUCTURE Z = LACKS. 0
JMP *+]18,AC o %k+]
JMP ¥+1Z,MQ %+1
JMP *+1 LA %+18
JMP FF+L,BT, %+8 0 T
LAS =4K11
TRA LOC+2 - -
TRA LOC+3
PXD T 0,0 T
TRA LOC+2
“CLA =1
ouT AC
SLW T
JMP *+8
JMP ¥+1,BT,%+3
XCA
JMP *+6
STQ T .
JMP *+3 i -
JMP *42 BTy %+1
STO T
CLA B8 s
CAS =4K11 o
TRA LOC+2
TRA LOC+3
PXD 0,0
TRA LOC+2 }
CLA =1
ouT AC ) - T i
END
ENTRY TO LACKS. T
WHENEVER «NOT. .LACKS. VALUES
. TOLACKa e 2
WHENEVER .NOT. +LACKS. VALUE4
T TTENTRY TOU CACK3. ~— — o
WHENEVER .NOT. «LACKS. VALUE3
WHENEVER «NOT. .LACKS. VALUE2
T ENTRY 7O CACK., 7/
FUNCTION RETURN +LACKS. VALUE1
END OF CGNDITIONAL
END OF CONDITIONAL
OF Co NAL T T
END OF CONDITIONAL
T FUNCTION RETURN I® 7 77
END OF FUNCTION ,
: _ ‘ MYE 2 = .TACKS. O 003
(THE NUMERIC FORM OF THE OPERATOR-MODE ARGUMENT IS 11400 ) :
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Computer Program 21

Title: Rounding of Numbers

RNDOFF (VALUE, TD)
IROUND (VALUE)

Purpose:

RNDOFF, to find a round off of a value
IROUND, to find the nearest integer of a value

Arguments:

VALUE = value to be rounded

TO = precision of the round off (e.g. 1.0, .5, .1)
RNDOFF = rounded value

IROUND = nearest integer
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Computer Program 21

Rounding of Numbers (IROUND)

NAD (17 MAY 1567 VERSIGN) PRUGRAM LISTING ees eoe oo

RNDOFF, ) I ROWND,

EXTERNAL FUNCTIGN (VALUE,TG)
INTEGER WHOLE

BOCLEAN FLGAT

ENTRY JG RNOCFF.

FLCAT = 1B

RONDTO = .ABS. 10

TRANSFER TG SKIP

ENTRY JG IRGUND.

FLCAT = 08
RONDTO = 1.
3KIP ANSWER = VALUE

WHENEVER ANSWER oNE. O.

WHGLE = ANSWER/RCNDTO + .ABS. ANSWER/(ANSWER + ANSWER)
WHGLE = O + wHCLE

WHENEVER oNUT. FLOAT, FUNCTION RETURN WHOLE

ANSWER = WHGLE*RCNDTO

END GF CUNDITIONAL

FUNCTIEN RETURN ANSWER

END OF FUNCTICGN
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Computer Program 22

Title: Axes Plotting
AXIS (X0, YO, AXLTH, THETA, AXSCAL, HGTH, TITLE)

Purpose: To either plot an axis (with tic marks) (with or without numbering)
or to plot a centered title or both/neither.

Arguments:

X0, YO = coordinates in in. of the beginning of the axis
AXLTH = magnitude is the length of the axis in in., if positive, it is
plotted from beginning to end, if negative, it is plotted from end to
beginning.
THETA = counterclockwise degrees inclination from horizontal
(0) = value of axis variable at beginning of axis
AXSCAL (1) = increase of axis variable per tic mark
(2) = in. per tic mark on axis™.
HGHT = magnitude is height of numbers and letters in in. if positive, they
are above the axis, if negative, they are below the axis
O to delet axis

—~
(@
~—
i

TITLE (D) = format for axis numbering (2-5 character BCD)
(1) = no. of characters in title (INTEGER)
(2)... = title to be plotted (BCD string)
Graphics:

Tic marks will be .075 in. on the side opposite title. Centerline of num-
bering will be HGHT from axis. Centerline of title will be 2.5%HGHT from axis.
The numbering is centered about the 3rd position from left.

112



Computer Program 22

Axes Plotting (AXIS)

‘MAD (17 MAY 1967 VERSION) PROGRAM LISTING eoe oo oo

AXI S,

EXTERNAL FUNCTION AXISe(XO,YO,AXLTHyTHETA,) AXSCALyHGHT,TITLE)
INTEGER NUMDIV, TITLE, FMT, NCHAR, CENTER, I
BOOLEAN PLTAXI, PLTNMR, PLTBCD, BGNEND, LACK.
FMT = TITLE

PLTAXI = FMT .NE. O

HEIGHT = HGHT

PLTNMR = HEIGHT .NE. 0.

WHENEVER PLTNMR

NCHAR = .ABS. TITLE(1)

PLTBCD = NCHAR .G. 0

OTHERWISE

PLTBCD = 08

END OF CONDITIONAL

WHENEVER PLTAXI .CGR., PLTBCEC

LENGTH = AXLTH

DELREL = AXSCAL{(1)
DELTIC = AXSCAL{2)
BGNEND = LENGTH «Le. O.
WHENEVER BGNEND
LENGTH = - LENGTH
DELREL = - DELREL
DELTIC = - DELTIC

END OF CONDITIONAL

DEGREE = THETA

RADIAN = DEGREE/57.295779F1
SINE = SIN.(RADIAN)

COSINE = COS.(RADIAN)

XABS = X0
YABS = Y0
XEND = XABS + LENGTH¥*COSINE

YEND = YABS + LENGTH*SINE

NUMDIV (LENGTH + ,0001)/ .ABS. DELTIC
ABSHGT = .ABS. HEIGHT

WHENEVER PLTBCD

CENTER = (NUMDIV + 1)/2
XDEL = - (NCHAR/2)%,8571428571%ABSHGT
YDEL 2¢5%HEIGHT - .5%ABSKGT

XBCD «5%( XABS + XEND) + XDEL*COSINE - YDEL*SINE
YBCD «5%(YABS + YEND) + XDEL*SINE + YDEL*COSINE
END OF CONDITIONAL

WHENEVER PLTAXI

WHENEVER PLTNMR

XDEL = - 2.%ABSHGT

YDEL = HEIGHT - . S*ABSHGT

XNMR = XDEL#CCSINE - YDEL*SINE
YNMR = XDEL*SINE + YDEL*COSINE
XREL = AXSCAL

FMT = FMT .RSe 6 LS. 6 Ve $00000%$
END OF CONDITIONAL
XTIC = .O075%SINE

YTIC = - JO75%COSINE
WHENEVER LACK.{HEIGHT - HEIGHT)
XTIC = - XTIC

113



Computer Program 22 (Concluded)

YTIC = - YTIC
END OF CONDITIONAL
XDEL = DELTIC*COSINE
YDEL = DELTIC#SINE
1=0
WHENEVER «NOT. BGNEND
PENUP. (XABS ,YABS)
OTHERWISE
PENUP. (XEND,YEND)
NUMBER = NUMDIV
WHENEVER PLTNMR, XREL = XREL - NUMBER*DELREL
XABS = XABS - NUMBER#*XDEL

_ YABS = YABS - NUMBER*YDEL

NXTDIV PENDN. ( XABS, YABS)
END OF CONDITIONAL
PENDN. (XABS+XTIC,YABS+YTIC)
WHENEVER PLTNMR _
PNUMBR. (XABS+XNMR s YABS+YNMR y ABSHGT ¢ XREL y DEGREE , FMT)
XREL = XREL + DELREL
WHENEVER I +E. CENTER <AND. PLTBCD
PSYMB. { XBCD y YBCD ¢ ABSHGT o TITLE (2) yDEGREE, NCHAR)
PLTBCD = 0B
END OF CONDITIONAL
END OF CONDITIONAL
PENUP. { XABS 4 YABS)
WHENEVER I L. NUMDIV
I=1+1 '
XABS = XABS + XDEL
YABS = YABS + YDEL
TRANSFER TO NXTDIV
END OF CONDITIONAL
WHENEVER .NOT. BGNEND, PENDN.{XEND,YEND)
OTHERWISE
PSYMB. (XBCD,YBCD,ABSHGT,TITLE(2) yDEGREE, NCHAR)
END OF CONDITIONAL
END OF CONDITIONAL
FUNCTION RETURN
END OF FUNCTICN

[}
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Computer Program 23

Title: Curve Plotting

GRAPH (SCALES, XTITLE, YTITLE, TITLE)

Purpose: To prepare a graph for data plotting, including output media specifica-
tions, coordinate system quantification axes with respective titles and numbering
at tic marks, and an overall title.

Arguments:
SOATES (Q), (1), (2) = AXSCAL for X ax%s
(3), (4), (5) = AXSCAL for Y axis see
XTITLE = TITLE for X axis AXIS
YTITLE = TITLE for Y axis
TITLE (0) = no. of characters in overall title (INTEGER)
(1)...(N) = overall title (BCD string)
Graphics:

The axes are chosen to begin at (.65, .41) in. No. of X divisions are such
as to use most of 14.000 in. No. of Y divisions are such as to use most of
10.%3% in. The border with tic marks is completed on the other 2 sides. Number-
ing and lettering are done with a height of .13 in. TITLE is treated as a 2nd
YTITLE. The above restrict XTITLE to 125 characters (23 words), YTITLE to 92
characters (18 words), TITLE to 92 characters (17 words).
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Computer Program 23

Curve Plotting (GRAPH)

MAD (17 MAY 1567 VERSION) PRCGRAM LISTING vee oes sas

GRAPH, R

EXTERNAL FUNCTION GRAPH.(SCALES, XTITLE,YTITLE,TITLE)

VECTOR VALUES YFMT(1) = O =

INTEGER NUMDIV, NCHAR, YTITLE, TITLE

PLTPAP.($400¢%)

PLTXMX. (14.90)

XTIC = SCALES(2) o

YTIC = SCALES(5) :

PLTOFS. (SCALESySCALES(1)/XTIC,SCALES(3),SCALES(4)/YTIC,.65,
4l

NUMDIV = 14.,0C01/XTIC

XLTH = NUMDIVAXTIC

NUMDIV = 10.3234/YTIC

YUTH = NUMDIVHYTIC

YEMT = YTITLE | o

AXTISel 4659041 3XLTHCuySCALES y=o13,XTITLE) ,

AXI So(XLTH+465,441,YLTH,90. y SCALES(3)4=413,YFMT)

AXISele65yYLTH+441,=XLTHyOuy SCALES) 04y XTITLE)

AXI Sl 4655441 y=YLTH9904, SCALES(3),4413,YTITLE)

NCHAR = TITLE o

WHENEVER NCHAR 4G. Gy PSYME4(4195,.41+YLTH/2.=(NCHAR/2)*%

«11142857144 413, TITLE(1),90,,NCHAR)

FUNCTICN RETURN
END CF FUNCTICN
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Computer Program 2k

Title: Results Punching (PUNCH)
Purpose: To punch a given sequence of points according to a given format.

Input: Sequence of values that are required to be punched.
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Computer Program 24

Results Punching (PUNCH)
‘MAD {17 MAY 1967 VERSIUN) PROGRAM LISTING eee oes osos

PUNCH ,

EXTERNAL FUNCTION PUNCH.{RUN,ID,BEFORE,NyADD,VALUES)

NORMAL MODE IS INTEGER

'FORMAT VARIABLE FV

ADDS = ADD

ADDTEN = 10*ADODS

IEND = N*ADDS

FV = 7 - BEFORE

PUNCH FORMAT $14,12,4C4,'FV'PLOFT*3$,
1 {1 = 0, ADDTEN, I .GE. IEND, RUN, CARD.(I), ID,
2 (J =1, ADDSy J «E. JEND, VALUES(J)))

FUNCTION RETURN

INTERNAL FUNCTION CARD.

JEND = I + ADDTEN

WHENEVER JEND .G« IENDy JEND = IEND

"FUNCTION RETURN 1 + I/AODTEN

END OF FUNCTION

END OF FUNCTION
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APPENDIX B

TABLES
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APPENDIX C
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