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Abstract

A stratified charge engine employing the Texaco Controlled
Combustion System has been operated over a large range of load
conditions on iso-octane, methanol, and a wide boiling point
(100—600}"'F) residual fuel. Basic performance, emissions and
combustion parameters were measured over a range of overall
equivalence ratios from ¢ = 0.1 - 1.0 at three engine speeds;
1500, 2000 and 2500 RPM, The basic performance and emissions
data were found to vary little between iso-octane and residual
“uels, and to compare very well with similar data collected on
the same engine design at other research facilities. The engine
operation on methanol was not entirely satisfactory due to an
improper match between the specific fuel injection system used
for these experiments and the design requirements imposed by the

much lower heating value and higher stoichiometric fuel-air
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mass ratio of methanol.

A direct, online data acquisition system, based on a
Digital PDP 11/10 computer was developed to obtain accurate
pressure-crankangle data for further combustion and thermo-
dynamic studies. The acquisition program also computes a mean
pressure - crankangle diagram and the statistics associated
with cycle to cycle variation. The mean pressure - crankangle
data is then integrated to compute indicated mean effective
pressure. The opportunity to analyze pressure - crankangle data
in this way substantially improves the accuracy and speed of
data collection.

A simple thermodynamic model based on homogeneous charge
engine combustion has been modified to compute the heat release
and fuel fraction burnt from the pressure - crankangle data.

The problems associated with calculation of these parameters in
diesel or stratified charge engines are discussed. Recommendations
are made for further development of the online data acquisition

system and the thermodynamic model.

Thesis Supervisor: Dr. Joe M. Rife

Title: Lecturer, Department of Mechanical Engineering
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INTRODUCTION

A stratified charge engine is defined as a spark ignition,
internal combustion engine with a non-uniform fuel air mixture
in the combustion chamber, Stratified Charge engines have been
recognized for good fuel economy potential, low emissions and
the ability to burn a wide range of fuel types. (1)* In this
thesis, we analyse the performance of an engine based on the
Texaco Controlled Combustion System (TCCS),

Several features specific to this design make the engine
a strong candidate for small, low power applications. Load
control can be achieved by changing the amount of fuel in-
jected and inlet air throttling is unnecessary in most ap-
plications. As a result, the engine can be run at very lean
overall equivalence ratios giving excellent fuel economy and
low emissions. Fuel is injected late in the compression stroke
just before the combustion process and is ignited with a spark
discharge. The residence time at elevated temperatures is
therefore shorter than the time for compression ignition and
hence the engine does not display either octane or cetane require-
ments.

As illustrated schematically in Figure 1, the Texaco
Controlled Combustion System uses an open combustion chamber with

high air swirl, direct fuel injection and electronic ignition.

Air swirlis generated by the inlet air flow, and amplified

*Numbers in parenthesis refer to the bibliography at the end of
this paper.
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during the compression stroke by constraining the vortex in
the combustion chamber. The combustion chamber is essentially
a cup with a cylindrical upper section and a toroidal bottom
formed in the head of the piston. Fuel is injected with a
Roosa Master Pencil Nozzle with a flat seat and a single hole
orifice as shown in Figure 2, The positive ignition system

uses a high energy multiple spark unit with controlled duration. 2

The spark plug electrodes are carefully aligned to promote the

formation of a stable flame front.

High pressure injection of fuel into the swirling air
begins near the end of the compression stroke. Air swirl in
the combustion chamber promotes mixing and controls the pene-
tration and trajectory of the fuel spray in the cup. The com-
bustible fuel-air mixture formed by turbulent mixing and air
entrainment in the fuel jet is then ignited by the long duration
spark discharge and burns downstream of the spark plug as shown
in Figure 3.

Following B.C. Jain’s) we divide the combustion process
into three stages; a rapid combustion phase controlled by the in-
jection rate and a slower "burn up" phase which is controlled by
the rate on air entrainment and mixing of burning products and

air downstream of the spark plug, and a heat transferdominated phase

which follows after mixing is complete. This sequence is illustrated

on the diagram shownin Figure 4. During an isentropi¢ compres-—

sion or expansionofanideal gas the value of WY remains
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constant. After a delay covering the jet transit time for the
injector to the flame front, the value of PV’ rises rapidly.
This rapid combustion phase appears to be controlled by the in-
jection rate. After the last fuel injected passes the spark
plug, the rate of change of pv’ is substantially slower and the
rise is controlled by the rate of mixing of the plume of rich
products with the surrounding air and residual gas. This

phase ends when all mixing is complete or the exhaust valve

opens. Any fall in the PV’ curve prior to the exhaust valve
opening can be attributed to heat losses,
This research project is a part of a larger program which

includes work on a jet mixing model, a performance model and

photographic studies with a rapid compression machine. ¢ 4)
The following areas of research are covered in this thesis;
(1) The completion of the engine test setup and the

development of all necessary instrumentation to

record the variables of interest.

(2) TCCcs engine performance and emissions are pre-

sented for the three test fuels over a wide
range of operating conditions. Differences in

fuel characteristics are also presented.

(3) The problems associated with heat release cal-

culations in stratified charge and diesel engines
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reviewed, with the further development of an
existing thermodynamic model to predict heat

release and mass fraction of fuel burnt outlined.

(4) Log P vs Log V diagrams and plots summarizing the
output of the thermodynamic model are presented

for a matrix of comparable test data,

(5) The development of computer programs to process
raw data and accomplish online pressure data
acquisition, along with listings of all computer

programs are included as appendixes.
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IT TEST ENGINE AND INSTRUMENTATION

Single Cylinder Test Engine

The engine used in these experiments is located in the
Sloan Automotive Laboratory at MIT, and is arranged as shown
in Figure 5 . The single cylinder test engine is based on a
CFR — 48 crankcase that has been modified to accept a cylinder
sleeve assembly, head, piston, crankshaft and overhead cam and
valve train assembly for the 3 7/8 inch bore by 3 7/8 inch
stroke LIS - 183 TCCS geometry, as shown in Figure 6
Engine specifications and dimensions are shown in Table 1. The
engine is coupled to a dynamatic eddy current dynamometer
equipped with a hydraulic scale, as shown in Figure 7 . The
basic instrumentation is listed in Table 3 and whenever possible
redundant measurements have been introduced to provide alternate
data sources and to qualify experimental results.

The basic engine support facilities were constructed by
Lazarewicz' 3 )and follow standard practices as shown in Figures 8§
through 11. The engine cooling system is arranged to enable
heat rejection measurements. A rotameter and throttling valve
on the return line from the engine allows both flow regulation
and measurement while holding system pressure above 5 psig, as

shown in Figure 8 . Maximum water temperature at the engine cy-

linder outlet was held at 190 +5°F, The lubrication
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system shown in Figure 9 consists of two separate loops; a low
pressure circulating loop for temperature control and a high
pressure bearing feed and filter loop. The operating oil temp-
erature and pressure were held at 165°F and 42 psig respectively.
A pressure alarm incorporated in the filter system activates a
siren and cuts off the fuel supply and ignition system when
pressure falls below 20 psig. Inlet air flow is measured with
an ASME square edge orifice with flange taps and water manometers
as shown in Figure 10. Following recommendations made by
Lazarewicz, the inlet and exhaust systems were rebuilt and the
inlet settling tank and air heater were closely coupled to the

engine with a short inlet pipe.

Injection and Ignition Systems:

Fuel system specifications appear in Table 3 and fuel flow
is measured gravimetrically as shown in Figure 11. Transfer
pump pressure is held at 25 psig. puel injector leakoff and
the injector pump bleed are returned to the fuel reservoir mounted
on a standard laboratory scale.

Ignition and injection timing, intensity and duration
are monitored with a 565 Techtronix Oscilloscope. Ignition timing
can be precisely set by a means of a vernier scale and adjustment
arm. Injection timing is varied through the use of an American

Bosch TMB - 12 Manual Timing mechanism. A pressure transducer
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is mounted just ahead of the fuel injector in the high pressure
supply line and the Needle L.ift Indicator shown in Figure 12
has been developed to replace the standard fuel injector needle
lift and cracking pressure adjustment shwenbily’ &gt), Both
outputs are displayed on the oscilloscope cathode ray tube
along with the cylinder pressure crankangle markers and BDC
reference pulse as indicated in Figure 13. As presently de-
signed, resolution of fuel injector timing is limited to 2 cA®
by the time base necessary to include one entire revolution on
the CRT display. The first peak in the pressure trace cor-
responds to the point of initial needle lift, however; as in-
dicated by the needle lift trace, the injector does not open ap-
preciably for about 2 cA®. Determination of injector cutoff and
any secondary injection is only possible with the Needle L.ift
Indicator. Substantial signhal processing problems occur with the

linear displacement amplifier and a new design is

recommended.

Emission Sampling System:

Engine emissions are measured using the Sloan Laboratory
Exhaust Gas Analysis Cart (Table 3). The exhaust sample is re-
moved from an engine exhaust tank consisting of several cylinder
volumes and pulled through a heated teflon line and filter to the

Gas Analysis Cart. Stainless steel pipe is used between the



engine and exhaust surge tank to reduce the potential for
hydrocarbon reactions induced by "rust" and the elevated
temperatures of the exhaust flow. An additional spun glass
particle filter was installed in the sampling line when it was
discovered that at high loads and equivalence ratios near ¢ = 1.0,
the gas analysis equipment was severely contaminated with carbon.
This technique appears to have solved this immediate problem.
The development of a computer program to calculate basic
engine performance and emissions from the recorded data is
described in Appendix | with the complete program listing in

Appendix 111.

Pressure Volume Measurement:

Accurate combustion pressure and volume measurements are
absolutely required for mathematical engine simulation, cal-
culation of heat release rates, engine pumping losses and the
compiliatimof statistics associated with cyclic variations and
peak pressures. Acceptable pressure volume records can only be
obtained when the entire monitoring system receives careful

attention. First, high resolution signal recording equipment is re-

quired if the effort expended to obtain accurate pressure and volume
measurements is to be worthwhile. Oscilloscopes were used in these
experiments for qualitative analysis but they lack the accuracy
required for quantitative resolution. The real time digital

computer with analog to digital converters can provide the
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resolution necessary; and for these experiments, an online

digital data acquisition was developed for Sloan Laboratory

PDP 11 Computer Facility. The analog to digital converter
provides resolution to within 0.48 psi over a range of 0-1000 psia,
well in excess of current engine pressure transducer performance

as described in following paragraphs. The sampling intervals

were 5 CA°. Appendix Il provides details of the system hard-

ware and the development of the software used for online
computer sampling. Appendix 111 contains a listing of the
pressure-crankangle data management program and the assembly
language program that actually performs the data acquisition.

In these experiments the cylinder head geometry prevented
the use of a large diaphragm, water cooled pressure transducer
and a Kistler 609A piezoelectric pressure transducer was chosen.
Considerable experimental ave is required to obtain acceptable
performance from available pressure measuring equipment, in-
cluding this specific unit. For example, quartz piezoelectric
transducers are high impedance devices and contamination of the
electrical connectors can significantly degrade performance. All
connections must be thoroughly cleaned with a freon base solvent
and sealed with heat shrink tubing. Transducers are also subject
to the thermal cycling that is fundamental to the combustion

process in engines. In a chopped flame test by Jain and
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Lanarenion 5) the 609A transducer showed an apparent 6 psi

response when directly exposed to an acetylene flame at typical
engine frequencies. This response was reduced with a coated
diaphragm and a thin coating of silicone rubber was applied as

@G, 7D

i 2 H
recommended in the literature The transducer was in-

stalled in a recessed adapter inserted through the water jacket
of the cylinder head. The adapter cavity is designed to
minimize attenuation and protect the transducer from engine
temperature fluctuations. The engine coolant also serves to cool
the transducer.

Careful preparation of the transducer is wasted if the cylinder
volume is not known with similar accuracy. The cylinder volume
1s computed from engine dimensions and recorded crankangle data.
Cylinder clearance volumes were determined by careful measure-
ment of pertinent engine dimensions. The piston top dead center
was located and the flywheel position pointer adjusted with a
")

depth micrometer as recommended by Lancaster A crankshatft

driven rotary pulse generator, supplying 720 pulses plus a marker
every revolution was then aligned with the flywheel with an
accuracy of approximately 1/4 degree. The alignment was tested

by analyzing pressure crankangle diagrams and Log P - Log V plots
of motoring runs as shown in Figures 14, 15 and 16 . Lancaster
provides a detailed explanation and interpretation of the plot

(7)

orientations
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A clamped disk balanced pressure indicator was also
mounted through the engine water jacket to provide a technique
for dynamic calibration for the cylinder pressure transducer.
The balance pressure indicator is a pressure activated switch
with a reference pressure applied to one side of a thin membrane
disk and the cylinder pressure to the other. The balanced
pressure indicator is connected to the oscilloscope display as
shown in Figure 17. When the cylinder pressure rises above the
reference pressure plus the disk contact pressure, the disk is
deflected to ground the center electrode. The change in potential

is converted by the cathode ray tube grid modulator to momentary

changes in signal intensity on the oscilloscope display as shown

in Figure 13. These pulses are then used to dynamically

calibrate the signal from the piezoelectric transducer.
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[TT BASIC PERFORMANCE AND EMISSIONS

The multifuel capability of the TCCS engine was in-

vestigated using methanol, iso-octane and a wide boiling

point (100-600°F) fuel. Properties of these test fuels are
summarized in Table 4. Performance and emissions data in
Figures 18 through 39 represents engine operation over the range
of fuel-air ratios and engine loads summarized in Table 5. The
engine was naturally aspirated and exhausted to ambinet pres-
sure throughout the test series. All performance data was
measured with injection timing set for maximum brake torque

and ignition system timing set to commence 2 ca’ prior to the

start of injection. The injection duration exceeded the ig-

nition duration of 20 CA° except at light load. The overall
equivalence ratio was used as the absissa in Figures 18 through

38. The equivalence ratio was determined using two techniques;
a) the measured fuel and air flow and b) calculated from the
exhaust gas composition using the method of Stivender(®) Data
was considered reliable when the difference between these two
values was less than 0.025. A deviation greater than this was
always traced to operator error, air leaks or faulty equipment.
The engine was not operated at fuel air ratios above stoichio-
metric. Previous experience with this engine has shown ‘that any

performance gain above ¢ = 1.0 are achieved with substantially
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increased hydrocarbons, CO and degraded fuel RELA LC

Engine Performance with Iso-Octane and Wide Boiling
Point Fuel:

The indicated mean effective pressure (IMEP) versus
equivalence ratio for iso-octane and the 100-600, wide boiling
point fuel are shown in Figures 18 and 19. The maximum IMEP
is not developed, with either fuel, in the range of equivalence
ratios shown; rather, the effective upper limits for engine
operation are determined by a "smoke limit"” near ¢ = 1.0. In
addition, there is a distinct flattening of the power curve near
stoichiometric conditions. The secondary dependence on RPM
exhibited by the IMEP curves can be traced to several factors.
The volumetric efficiency increases with speed in the range
tested as shown in Figure 39. pv" plots also show a slight de-
crease in heat transfer with increasing speed during the heat
transfer dominated phase of combustion. As wvill be discusses in
the following chapter, the burning angle appears to decrease
slightly with increasing RPM, and this would also serve to in-
crease the IMEP. The data for iso-octane and 100-600 split

differently with speed. Similar results have been observed by

Pemane, This difference cannot be satisfactorily explained
with the basic data comparison presented in this thesis and ad-
ditional study to resolve this potential conflict is recommended.

The indicated specific fuel consumption (ISFC) is shown for
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iso-octane in Figure 20 and for 100-600 in Figure 21. The

data sets are of similar character with a clear minimum at an
equivalence ratio near ¢ = 0.3 and a steep rise at leaner
equivalence ratios. This rise in ISFC at lean fuel air ratios
is accompanied by increased cyclic variations and incomplete
combustion; and appears to be acharacteristic of the fuel
injection system used with this engine.

The indicated thermal efficiency (n.) provides the best
comparisonoftheactual combustion process since it properly
accounts for the different heating values of the three fuels
used in these experiments. The indicated thermal efficiency is
equal to the reciprocal of the ISFC x lower heating value and
the indicated thermal efficiency is equivalent for engine
operation on both fuels, with a miximum value of approximately
50% reached near ¢ = 0.3 as shown in Figures 22 and 23.

The volumetric efficiency (n) changes with load to re-
flect changes in the quantity, composition and state of the
residual gas in the combustion chamber as shown in Figures 22
and 23. The effect of engine speed is shown in Figures 22, 23
and 39. The effect of load is shown in brackets on Figure 39.

The exhaust temperature data follows the same trends as
described for the IMEP data as shown in Figures 24 and 25.

The friction mean effective pressure (FMEP) versus RPM
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for the single cylinder test engine is shown in Figure 39. This
data is representative and the actual FMEP showed little variation

throughout the test series.

Emissions with Iso-Octane and Wide Boiling Point Fuel:

The TCCSconcept is designed to burn the fuel immediately

after injection in a fuel rich, mixing controlled plume in
order to achieve multifuel capability and low emissions. In the
course of these experiments, it was consistently observed that
emissions, particularly hydrocarbon and carbon monoxide , are
more sensitive to small variations in engine operating conditions
than the basic performance data. Careful system timing is re-
quired to obtain satisfactory emissions levels and the convention
adopted places the start of ignition immediately ahead of in-
jection. However, if timing is adjusted so that fuel injection
preceeds ignition higher IMEP levels are achieved with a cor-
responding significant increase in hydrocarbon emissions at
equivalence ratios of g 0.6. This system sensitivity is thought
to be the source for data scatter at high load conditions and all
lines were drawn using a least square regression analysis
rechnique.

The increased cyclic variations and degraded emissions
observed at very low load test conditions are thought to be

caused by an injection - ignition system phenomena. Two
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potential mechanisms for cyclic variations are advanced. High
speed movies of TCCS combustion in a Rapid Compression Machine

show that the ignition arc discharge time is short compared

c1o>

to the - arc cycle tif'ne This ilgn.itiian Charactellisti»c:
suggests that the initial fuel jet may pass the spark plug in
the interval between ignition pulses and a stable flame front
may not be formed in the leading edge of the fuel jet. This
mechanism introduces the possibility of cycle variation in

the initial stages of combustion. At light load conditions
the injection duration is less than the ignition duration, and
with small injection quantities, the unburnt fuel vapor that
passes the electrodes before a stable flame front is formed can
rapidly mix to a fuel air ratio below the limit of combustion.
This mechanism may partially account for the degradation of
hydrocarbon emissions at low load.

A second possible mechanism is traced to fuel injector
characteristics. As indicated in Figure 13, needle lift is not
always crisp and there is often a 2 cA® period at the start of
injection when the needle opens only a small amount. This
starting transcient may have substantially influenced the
initial stages of fuel jet formation. As shown by Jain, a low
momentum jet would be swept outside of the electrode radius by
air swirl. The percentage of fuel vapor missing the plug

electrodes would increase for light load conditions with the
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smaller fuel quantities required. As in the previous case, this
phenomenon introduces a mechanism for cycle variation and
hydrocarbon and CO formation in the combustion chamber.

Carbon monoxide emissions are shown in Figure 26 for iso-
octane and in Figure 27 for 100-600. The lowest CO levels are
obtained at an equivalence ratio near ¢ = 0.45. The CO levels
observed with iso-octane are approximately 50% lower than observed
with 100-600 at a given equivalence ratio. The mean minimum
value observed with iso-octane 4 gr/ihp-hr or 3.5 gr/ihp-hr
less than that observed with 100-600.

The hydrocarbon emissions show a sharp increase at equiva-
lence ratios less than ¢ = 0.3 for both fuels, as seen in Figures
28 and 29. This sharp rise is accompanied by increased cyclic
variations which are attributed to the injection and ignition dynamic
effects discussed previously. A small rise in HC emissions is also
observed near stoichiometric equivalence ratios.

Nitric oxide emissions are shown in Figures 30 and 31. The
trends indicated by the data have the same characteristic shape
as demonstrated in homogeneous charge spark ignition engines;
however, the peak occurs near an overall equivalence ratio of
b = 0.6 whereas in a homogeneous charge engine the measured levels
are generally higher and the maximumlevel occurs near stoichio-

metric fuel-air ratios.
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Methanol Performance and Emissions:

Methanol was chosen as the third test fuel because it
represented a severe test of TCCS multifuel capability. The
fuel properties of methanol are significantly different from
iso-octane or the wide boiling point fuel. Methanol has a
much lower specific heating value and a higher stoichiometric
air-fuel ratio and thus requires injection quantities nearly
twice as large to achieve the same equivalence ratio. A
Bosch injection system was used in these tests and the pump and
nozzle geometry were selected for the reference fuels. No
attempt was made to modify the pump or nozzle for the methanol
experiments. As a result, the fuel system was operated off
design.

The performance and emissions data for methanol are pre-
sented in Figures 32 through 38. Since the fuel system was not
optimized for this fuel, wide scatter in emissions data was
observed. The basic performance plots in Figures 32 through 35
show the trends to be expected with a properly matched fuel in-
jection system. Figure 32 showing IMEP data exhibits no
sensitivity to RPM; however, "misfire" increased with higher
RPM at high load conditions. The indicated specific fuel con-
sumption, volumetric efficiency, and thermal efficiency data, as

shown in Figures 33 and 34 has trends very similar to the
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corresponding trends observed with oso-octane and 100-600 fuel.
The indicated thermal efficency (n,) is almost identical to
Figures 22 and 23; the maximum value of approximately 50% occurs
at an equivalence ratio near ¢ = 0.3. This demonstrates that
the Texaco controlled combustion process is compatible with
alcohol fuels; however, fuel system modifications are necessary

to properly match the engine with this fuel tvpe

comparison of M.I.T. and Texaco Data
The single cylinder engine emissions and performance data

compare favorably with the TCCS engine data observed at the

Texaco Engine Development toboratmy*?, The maximum IMEP
observed at MIT with 100-600 fuel exceeded the values observed
at Texaco by nearly 57 at a given equivalence ratio. The two

engines exhibited identical values of volumetric efficiency at

each given operating point. Comparative plots by Lazarewicz

showed good agreement with all emissions data except hydrocarbon
snlantons’. In these experiments, the level of hydrocarbon

emissions observed was considerably reduced when compared to

values obtained by Lazarewics; however,the level is still higher

than observed at Texaco. This difference in HC levels can be

explained by the different sampling techniques used at the two
Facilities. The Texaco data was acquired in bag samples before
analysis, while at the Sloan Laboratory a heated teflon line is

used to sample directly fromthe exhaust tank. The heated
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sampling line used at MIT eliminates the potential for con-
lensation of hydrocarbons, and in general, higher hydro carbon

levels are measured in experiments with a heated sampling ‘line.



IV ANALYSIS OF PRESSURE VOLUME DATA

Accurate records of cylinder pressure-volume data are an
important tool for evaluating performance. The indicated mean
effective pressure and pumping mean effective pressure can be
computed by integrating the average pressure-volume diagram.

In addition, logarithmetic plots of P, V data provide estimates
of the combustion delay time, the duration of effective heat
release, and the ratio of specific heats, v, during the
isentropic compression and expansion phases. Finally, pressure-
volume data is required as an input for the thermodynamic models

used to compute heat release and fuel burning rates.

Logarithmetic Pressure Volume Diagrams:

A matrix of comparable test data for engine operation on
iso-octane and 100-600 is presented in Table 6 and logarithmetic
P-V diagrams are shown in Figures 40 through 57. When pressure-
volume data is plotted on a logarithmetic diagram, the isen-
tropic portions of the compression and expansion process appear
as straight lines. The slope of the linear segments is equal to
(&t1) .yv, where y is the ratio of specific heats. The beginning
and end of combustion are marked by a departure from and return
to the straight isentropic compression and expansion lines:

since the effect of combustion is equivalent to heat being added
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with a consequent change in y. These points are indicated in
Table 6. The apparent burning time for the iso-octane and
100-600 fuels is nearly the same and decreases with increasing
RPM. The apparent average burning time is 5.2 ms at 1500 RPM,
3.5 ms at 2000 RPM and 2.7 ms at 2500 RPM. Decreases in
engine load only slightly decrease the time required for
burning.

The combustion delay time can be determined if the start
of injection is known. The injection is tabulated in Table 6
and indicated in each figure. In previous work, this delay has
been attributed to the required jet transit time of the fuel
from the injector to the stable flame front established at the
spark plug electrodes 3). However, as shown in Table 6 the fuel
used also influences the delay time. This indicates droplet
evaporation rates may also influence the combustion process.
The small dip in the log P log V diagrams during the injection
period also indicates the effects of fuel vaporization and this
dip is more pronounced when the engine is operated on iso-octane

due to its higher latent heat of vaporization.

Heat Release Calculations:
The rate of fuel burning is a basic parameter in most

engine models and techniques for calculating fuel burning rates

from engine pressure data have received considerable attention.

Jur understanding of combustion in homogeneous fuel air mixtures
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is well developed; however, the increased complexity of
heterogeneous charge engine combustion precludes a strictly
thermodynamic solution which does not account for mixing in the
combustion chamber. This statement applies to both stratified
charge and diesel engines and most of the previous

work has been done with diesel combustion systems. Until
recently, efforts to predict heat release rates in a diesel
engine were highly empirical. Lyn has developed relationships

to predict heat release rates in an open chamber diesel based

on the fuel injection rates, Borman and Kreigher have

developed a thermodynamic model to predict burning rates from
diesel engine pressure data 12), In the Borman model, the fuel
was assumed to be homogeneously mixed at each time step. This
assumption implies very lean equivalence ratios at the start

of injection which increase to the overall equivalence ratio.
This is physically inconsistent since mixing considerations of
the fuel jet imply initially rich combustion followed by pro-
gressive mixing down to the final lean overall equivalence ratio.
Still other investigations have assumed micro mixtures of
burning droplets in which all combustion takes place at stoichio-
metric considerations 43, The TCCS performance model developed
by Jain assumed that burning took place at equivalence ratios
determined by jet mixing and air entrainment and used a specified

constant equivalence ratio for the burnt products during its



rapid combustion phase °) These assumptions are critical and
control the shape of the burning rate diagram computed from
pressure-volume data.

The thermodynamic model used in these experiments to predict
the cumulative mass of fuel burnt from pressure-volume data is

an extension of the two zone homogeneous charge combustion model

as outlined below. The closed system is defined as all air,

residual gas and fuel vapor in the cylinder prior to ingition.

The mass conservation equation can be written as:

7z  ViIM = xv + (1-X)v to

and the first law as:

© HOW-QM = xe, + (I-x)e ho

where

X = charge mass burnt/total charge mass

E = total energy of the charge at time t,

M = the total charge mass. air + fuel + residual gas

Q = the cumulative heat since t,

v = the combustion chamber volume

W = the work done since T«

e = the average specific energy
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v = the average specific internal energies
e se, = the appropriate average specific volumes
vo\s/ = the appropriate average specific internal energies
Subscripts:

b refer to the burnt zone

u refer to the unburnt zone

"further more at a given equivalence ratio ¢:

— ™
\/840 Vl] (P’ u) fL
Vv. = W (- "
by
e.ld :ei (P’-!l-l) b
a P T |
8y, D) Yy
whe 2
P = the cylinder pressure
ToT = the appropriate average zone temperatures.

Assuming the unburnt zone undergoes adiabatic quasistatic

compression and expansion, T is calculated from:

7 oh
3p7s = [v(PT) - Go Yo | y
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Equations 4.1 and 4.2 can be combined to eliminate x, T is

then found by iterative technique. Once T, is known, X,

the mass fraction burnt can then be calculated from either 4.1
yr 4.2.

This model has been expanded by Martin for use in a
heterogeneous charge engine. The burnt zone is considered as

burnt products + residual gas uniformly mixed at an externally

designated equivalence ratio oy at each time step. The unburnt
zone is divided into two components; unburnt air + residual gas.
and the injected but unburnt fuel vapor. Heterogeneous com-

bustion models require a relationship between the fuel fraction
burnt and the charge mass burnt since combustion takes place at

other than the overall equivalence ratios. The following ratios

can be defined:

unburnt fuel mass/charge mass

<
1

z = fuel mass burnt/total fuel mass

The equation for specific volume and specific energy of the un-

purnt zones are then written as:

ot (1x-y)¥_)A(1-x) 4.8

) (ye - + (1-x-y) e J/(1-x) 1.9
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Equations for y and z are then expressed in dimensionlessratios.

Fpa-p) | THUR
o a.1(

+® 1+ RF$ + (1-R)Fo,

6, (1+) ]
¢ (IL+RF + (1-R)Fo.)

where

by the burnt zone equivalence ratio at time t

3 = the average overall equivalence ratio at time t

F = the stoichiometric fuel-air ratio

R = the residual fraction |

The computational procedures used to solve for x is the same
as in the homogeneous charge model; and z can then be found with
Eauation 4.11; however, particular attention must be paid to the
change in ¢ and 28 with time. The overall equivalence ratio only
varies during the injection process, and its change is directly
related to the fuel injected in each time step. But it will be
shown that proper selection of the burnt zone equivalence ratio
is not straightforward.

As originally developed by Martin, the modified model as-
sumed a constant unburnt equivalence ratio equal the final over-
all equivalence ratio and that fuel burned immediately upon in-

jection). Early efforts to use the model in this form with ¢,

neld constant predicted a slow start of combustion prior to



the actual rapid combustion phase, and a final burnt fuel

fraction greater than one. The model has been refined by in-
cluding the variations in unburnt equivalence ratio during
injection, and by assuming that the injected but unburnt fuel can be
created as fuel vapor. Procedures for allowing the burnt zone
aquivalence ratio to change with time have also been included

in the computer program.

Sensitivity of the thermodynamic model to by is shown in
Figure 58. These computations assume no mixing, and the burnt
gas equivalence ratio oy is held constant. The computations are
based on pressure-volume data and on overall equivalence
ratio of ¢ = 0.45 at 1500 RPM. Four values of dy are shown, the
overall average equivalence ratio, stoichiometric and two rich
mixtures. When burning is assumed to take place at the overall
equivalence ratio ¢ = 0.45, the fuel fraction burnt does not
reach 1.0 and the burning time is much larger than predicted
by the log P - log V diagram. This homogeneous premixed case is
clearly one limiting example. With either rich or stoichiometric
burnt gas equivalence ratio, the rapid combustion phase does not
significantly vary, however, the curves diverge widely and exceed
a value of unity during the mixing controlled combustion.

During this period, the mixing rates and burning rates are

comparable, by definition,and a mixing model is clearly needed
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to account for the change in oy due to air entrainment by the

burning plume if the mass burned is to be correctly related to
the physical processes in the engine:

The fuel-air mixtures in the combustion chamber is hetero-
geneous, and combustion is not limited, a priori to any single
equivalence ratio at a given time, the burnt and unburned gases
may continually mix throughout the combustion process. As
already noted the choice of 28 for each time step during the
mixing controlled combustion phase is important and an accurate

entrainment model is required. The air entrainment model pro-

posed by Blizard and Keck and developed for the TCCS engine by
jain?) is used to calculate the mass burned for the same PV
data used in the sensitivity study as shown in Figure 59. En-
trainment rates predicted by this model were high and the over-
all equivalence ratio was reached in 15 cA® introducing an
unrealistic dip in the mass fraction burnt curve. As indicated
by the two previous examples, the calculation of burning rates
in a stratified charhe engine requires additional development
to include mixing before plausible results will be obtained.

We postulate that a model developed to predict NO may serve as
a tool to aid in untangling the mixing phenomena. The mechanisms
of NO formation in homogeneous charge engines are relatively

well understood (14); and the extension of a homogeneous model to
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stratified charge engines appears to be plausible.

pv’ Results

An examination of the value of PV’ just before, during and
after combustion gives a very good idea of the net heat input
or output to the working fluid due to heat release as a result
of chemical reaction and/or heat loss*‘, Figure 60 is a plot
of PV for the same pressure time data as analyzed in Figures
58 and 59. The cylinder pressure and volume at the start of
injection is used as the reference (PV). The values of the
specific heat ratio before and after combustion were determined
from Figure 41. The solid line represents heat release at
constant Yq while the dashed line represents heat release at Ty,
When the end boundary conditions are applied, namely that the
process must start as unburnt and end with its maximum coinci-
dent with the burnt maximum, the lines define a very narrow
region within which the true heat release curve must fall. The
dotted line represents the results of the thermodynamic program
discussed in the last section with the burnt products equivalence
ratio held at stoichiometric. The rise of this line above the
peak value evident in the burnt curve is explained by the rise

in the value of fuel mass fraction burnt in Figure 58 to greater

than 1.0.

Several conclusions can be drawn from plots of this nature.
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The dip in the unburnt curve during the inj ection period pro-
vides further evidence of fuel vaporization, a fact also dis-
cussed in the section covering logarithmetic data plots. If the
above curves are normalized using the maximum difference in
burnt and unburnt curves, a line starting as unburnt and changing
to the burnt curve near TDC closely approximates the actual
cumulative fuel fraction burnt curve. PV’ plots with w de-
termined from log P, log V plots can be used to qualify results

from a more complete thermodynamic analysis. Note that when

normalized PV’ curves are compared to the results of the

Figure 58, only the fuel fraction burnt curves in which 0.95 i pé&lt; 1.1

during the rapid combustion phase fall within the defined
opoundary region.

The method discussed above can, with careful normalization,
provide a very good estimate of cumulative heat release. These
estimates can, by comparison with data from detailed thermo-
dynamic, be used to qualify assumptions made in the necessary

mixing models
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7 CONCLUSIONS AND RECOMMENDATIONS

The multifuel capability of the TCCS concept has been
demonstrated by tests with iso-octane, a wide boiling
point fuel and methanol. The thermal efficiency of the
engine is independent of the fuel used. However, proper
matching of the fuel injection system is required to

achieve satisfactory exhaust emissions levels.

The limits on engine operating range are determined

by hydrocarbon and CO emissions. The equivalence ratio

upper limit is determined by a "smoke limit" near stoichio-
metric and the lower limit near ¢ = 0.3 is determined by

cyclic variations and high hydrocarbon emissions.

Detailed emissions data has been acquired for the
three test fuels. Emissions with iso-octane and the wide
boiling point fuel exhibit similar trends and compares

favorably with previous available data.

Further research is required to explain the effects of
RPM and different fuel types on indicated mean effective

pressure at high load conditions with the TCCS system.
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Techniques for obtaining online digital data with a
small laboratory computer have been demonstrated. The

rressure-volume data obtained has been shown to be suf-

ficiently accurate for use in performance models.

It has been shown that accurate pressure-volume data

can be used to provide a good estimate of cumulative heat

release through the use of logarithmetic and pv’ plots.

The problems involved in predicting heat release rates
have been discussed and the importance of mixing in diesel
and stratified charge combustion clearly demonstrated. A
detailed thermodynamic analysis of burning rates wvill
require better modelling, both for the mixing of the fuel jet
with air before it is entrained in the flame front and for

“he entrainment of air by the burning plume.

It is recommended that a NO_ prediction model be
developed for this engine. This model will aid in under-
standing the role of mixing in stratified charge combustion
and can be used to qualify mixing models developed for heat

release calculations.
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Parametric studies involving off design operation are
required to explain the sensitivity of hydrocarbon emissions

to small variations in injection and ignition phasing.
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APPENDIX 1

PERFORMANCE AND EMISSIONS DATA REDUCTION PROGRAM

An interactive data reduction program was written for the
Sloan Laboratory PDP 11/10 dataanalysis facility, The program
consists primarily of 1/0 and is desighed specifically for the
TCCS engine; however, modifications for other single cylinder
engines are possible. All inputs are requested in the same units
that are used on the experimental data sheet. Equations used to
compute air flow rate in grams/second, coolant flow rate, vol=

umetric efficiency, brake horsepower, and engine emissions require

—larification.

Air Flow
The equation for the flow rate of air through the ASME square
edged orifice meter with flange taps is given by the following

aguation (15)

2 Po
w= 51.94 0) K\Y == Gy AP
w = mass flow rate grams/second
P, = orifice diameter inches
K = flow coefficient

Y = expansion factor

P, = static pressure before orifice in in. Hg

T, = temperature before orifice °R
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1

specific gravity of gas

y super compressibility factor

P

pressure drop across orifice in in. H,0

The computer form of this equation will work with two orifice

diameters D, = 0.515 and D, = 0,71. The program assumes the

following variable values:

7 . 7.3 x 10°" Ap

d1+w

Ber - Cary TH 608%

Tow
The maximum and minimum Reynolds number can be written as

functions of Y and D, with N= 0.85, RPM Max = 3000 RPM

Min = 1000, and inlet air temperature = 0AN&r

. 17%74.,72 Re 8701.3

min Maw

and appropriate values of K as a function of D, determined

= 0.6152 Ts

Coolant Flow Rates:

The equation for coolant flow rates was determined by linear
regression analysis of calibration data points. 46 F water was
ased and a density correction was applied to obtain the least

squared curve fit given below, good at 175%%



-48-

m= 0.0479 (h) - 0.0081

r = (0.994

m = lIbm/sec

h = rotameter height
r = goodness of fit

Volumetric Efficiency:
The engine volumetric efficiency is strictly a function of

angine dimensions and operating conditions as shown below:

. 30

P
m = air flow rate in lbm/min
N = revolutions/min

Pr = inlet air pressure

V = cylinder volume
R = specific gas constant

r. = inlet air temperature

after the inclusion of engine geometry and unit conversions

C 3TOTh (T +460)

N[0.0193'P__ - 0.361 P_]
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Engine Power Output:

The mean effective pressure and horsepower are determined

‘rom the following equations (16).

mep LAN
np

66000
hp NAh

After including specific engine geometry and an overall

dynamometer constant of [ = 6000

mep = 2.88847Ah

o _ NAn
P~ 5000

where

2

A = area of engine piston, i'n.
L = stroke, ft.
N = engine RPM

mep = mean effective pressure, psi.

Ah = dynamometer scale height, in Hg.

Specific Emissions:

The average exhaust composition is a function of the
equivalence ratio. A model developed by Stivender (8) is used
to determine the exhaust based equivalence ratio as a check of
the equivalence ratio measured from inlet flow rates; and to

compute the engine emissions in grams of pollutant/indicated
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horsepower hour. Required inputs are the indicated specific
fuel consumption (ISFC), emissions concentrations on a volume

basis and the fuel carbon:hydrogen ratio. The model as pre-

sented does not apply to alcohol fuels and a method presented by
Spindt (17) was used for the methanol experiments.
The model fits one undetermined equilibrium constant for the

water—-gas reduction to direct measurements:

M0l [col _ .
[co,7 [H]

The combustion reaction for a typical hydrocarbon fuel with air

may be expressed in the following form:

CH + (n) O, + (3.76nm)N, & (a) co, + (I-a-6c) CO +
+(b) H,0 + (c) Celis + (d) NO ~ (y/2-b-Tc)H, +

(n-a-(1-a-6¢)/2 - b/2 -d/2) 0, + (3.76 _-d/2)N,

The molecular weight of fuel as it appears in the above

aquation can be written as

] - 12.01 + s 08 ~»

The molecular weight of air is assumed as

25.96
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The air fuel ratio can then be written by a carbon and
oxygen balance as
[co] » [4,0] + [NO]

4 476 8 00] * 10) ——
M, [HC] + [co] + [cOo|]

The HC concentration is measured wet. All other pollutant
concentrations are dry and must be corrected by the following

relationship

ser “Lge (1{H,01)

An empirical correlation used to determine the exhaust water
concentration where the concentrations were wet and K = 3.8, as

shown below

5 (1CO,] - [co]
#01 = (0—rLCOL + 1)
3.8[co,]

Specific pollutant emissions can be written as

P . B X]et ISFC
< (grfihp-hr) = % e'i']%oT+Too,] |
where "X" is the species of interest, When the above equation is

used to indicate CH, emissions the ["X"] term is [HC]/6 since

[HC] is determined by a count of single carbons
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For output consistency fuel consumption is based on the
observed air flow and the equivalence ratio calculated from the
exhaust products. The computer program listing is included in

Appendix TTI.
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APPENDIX TI
ONLINE DIGITAL PRESSURE DATA ACQUISITION

Accurate pressure volume data was required and an online
digital acquisition system was developed for these experiments.
The advantages of direct data acquisition include improved accuracy
and speed. With these routines, a large number of data records can
be collected and statistically analyzed. Consequently, failure
of the experimental techniques can be detected by immediate review
and preliminary analysis of the digital data. The online data
acquisition system and program described in this appendix is based

on a Digital Equipment Company (DEC) 11/10 computer with 16 K of

sore memory, a DEC RK -05 random access disk, two teletype

terminals and the DEC Laboratory Peripheral System (LPS). The

DEC LPS consists of an 8 channel multiplexed analog to digital
converter with variable gain preamplifiers, and internal timing
clock, and two Schmidt triggers. This Syaten nai the capability
to sample each channel along with its multiplexed pair simul-
taneously and then perform sequential converstion on the two
signals. The sample window length is 5 nano-seconds and each
signal conversion takes 25 uS. Maximum sampling rate on a single
channel is 45 Hz, with 12 bit conversion.

A schematic of the data acquisition system is shown in

"igure 17. The reference marker pulse at the start of the compression
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stroke is input to channel 0 with the cylinder pressure input to

channel 10. Marker pulses every 5 CA® are used as an input to the
Schmidt trigger. It appears that further system refinements wvill
permit 1 ca’ sampling increments for a single pair of inputs.
Accurate pressure records must be matched with accurate
crankangle records to be of further use and variations in crank-
shaft angular velocity precludes accurate determination of the
cylinder volume when the pressure signal is only logged against
time. Consequently, combustion pressure and crankangle position
signals make up a data pair and are sychronized with the aid of
the Schmidt trigger. Each sample interval consists of 144 data
pairs comprising two engine revolutions. The actual crankangle
position is not known at the start of a sampling interval and

the sampled data is reordered at the end of each data sample in-

terval using a reference signal at 185° before top dead center.

Two techniques can be proposed for Sbtatning average engine
performance. The first involves a complete heat release
analysis of individual combustion records followed statistical
averaging of these results. The extended interval between
sampled data sets and the computational expense required by this
method precludes its use. Consequently, a second technique in-
volving the computation of mean cylinder pressure records from
consecutive data sets was used. These mean records are then

analyzed to obtain engine performance. If a Gaussian distribution
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is assumed, the probability density function can be expressed as:

-(3-2 )
— - exp [ _—

2To 7

'he following equations are used to calculate the statistical

yroperties of data variations from N records of data:

vean (u) TR =% Xs
ny,

X, represents the average value of the 1 the element of the data

vector X

Vdriance: (¢%) 87==Th1) | (X4 %)

f—=

Rearranging these equations, the standard deviation can be

computed with a single pass of the data:

N 2 -

JE & 0 (X “)

4 =

This routine permits calculation without an unmanageable number

of element arrays. However, the standard deviation as calculated

is not normalized and can only be expressed as a percent of the



observed element mean.

Assuming that we are sampling from a normal population
it is possible to construct exact confidence intervals for vy,
the true mean, even when ¢ is unknown, by use of the Student - t

distribution. A l-oa confidence interval for yu, is expressed as:

S. 31

@2 ¢ ) «H oL +ta2 JF
JN

For a large sample size the distribution of S, can be closely

approximated as normal and a 1- o confidence interval is:

it rv

. 2012

2N on

Ahere

S. - O,

5 - -

C(0/49)

In addition to the statistical information outlined above,
the outline data acquisition program integrates the mean pressure
volume diagram to calculate the indicated mean effective pressure

and the pumping mean effective pressure by using Simpson's Rule



for non evenly spaced ordinates as shown below:

ol (Vy (8) =V.(8) (SP.(8) +8P.(8) -P,,(O)]

i— 1.3.5..

Note that cylinder volume is a geometric function of crankangle
position.

Log P and Log V vectors are also displayed for cycle eval-
uation and the program listing containing in stream documentation
is dncluded in Appendix [Il1l. The assembly language commands

for the sampling subprogram are explained in Reference(8).
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APPENDIX 111

COMPUTER ANALYSIS PROGRAMS

Listings for all computer programs and subroutines used
in these experiments are included in this appendix. The programs
and subroutines can be grouped in four areas as indicated by
Tables A-1 through A-4. All programs contain in-stream
documentation of major equations and computational schemes
and each subroutine contains a brief section describing its
purpose, calling sequence, and the definition and dimensions of
arguments. All programs with the exception of subroutine

SAMPLE are written in ANS Fortran 1V. Subroutine SAMPLE is

written in DEC Assembly Language.



Table A-1

Summary of Interactivé Data Acquisition and Reduction Programs

Program Purpose

REZLTS Calculates basic performance
and emissiongfrom experimental data

Onl NE Performs online pressure data ac-
quisition and calculates mean pressure
crankangle statistics

Subroutine

SAMPLE Provides assembly language commands
used to control analog to digital
conversion



Program

ANALIZ

Subroutine

RECALL

XPRNT1,
XPRNT?2

STOR
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Table A-2

Summary of Pressure Crankangle Data
File Preparation and Control Programs

Purpose

Prepares pressure crankangle data
files and basic performance in-
formation for additional thermo-

dynamic analysis.

Returns pressure-crankangle data
from ONLINE for further calculations.

Provides printout of internal
variables in XCLC2 for each time
increment.

Provides file storage options
for output from ANALIZ.
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Table A-3

Summary of TCCS Combustion Analysis Program

Subroutine purpose

XC1,C2 Calculates fuel fraction burnt, and

PVYversus crankangle from pressure-
crankangle data

" ASVEH Calculates the average gas velocities
at the periphery of the piston cup*

dEAT2 Calculates heat transfer rate in
I'CCS engine during combustion

“1M> Calculates air entrainment rates
for burning gas plume**

i Appendix B, Reference (4).
*%Appendix 11, Reference ( 3).
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Table A-4

Summary of General Thermodynamic Property Subroutines*

Subroutine Purpose
AFTEMP Calculates adiabatic flame
temperature from given initial
State
CLDERD Calculates burnt gas properties

at low (&It;10000K) temperatures

DERIVS Calculates derivatives of
properties; for HPROD

wiry"” Calculates burnt gas properties
at temperatures &gt;11000K

TEMP Calculates T(h,P) for burnt eas

TSUBU2 Calcualtes T(P) from given initial
state of unburnt gas following an
isentropic process(assumes no
fuel vapor)

e ‘Pz Calculates properties of unburnt gas
(assumes no fuel vapor)

Appendixes C and D; Reference ( 4)



REZL.TS

- THIS FROGRAM WILL REDUCE THE EXPERIMENTAL DATA AS IT IS
2 REQUESTED. ALL INFUTS WILL BE FROMFTED.

DIMENSION T(5)y FULFLOCES)

INTEGER RUN

REAL MECEFFy NOy IHF IMEF ISFCe ITEFE
OATA DORF/Q.71 /

TYPE 500
0) CORMAT THE FOLLOWING INPUTS REQUIRED TO REDUCE THE” .
14 ENGINE DATA’)
TYFE 514
14 FORMAT ENTER THE FUEL DATA Tse THE

L/HIC RATIO?)
ACCERT L111yHCR

111 CORMAT CFLS.7)
TYFE 51%
G18 FORMAT (* WHAT 16 THE STOIC FUEL AIR RATIO?

ACCERT 111s STOIC
TYFE 516

516 TORMAT (7 WHAT 18 THE LOWER HEAT OF COMBUSTION?
ACCEFT Lily QC
TYRE 517

Wi TORMAT WHAT 18 THE FUEL SFECLFIC GRAVITY aT TEST

19 TEMP? 7)
ACCEFT 111,» SFGR
BO 11 I=1y 23

L1 TYRE 200
200 FORMAT (/)
RFEML. = 100,
1 ACCERT 5011s NULL
So11 TORMAT (1Z2)
TYRE 501

501 FORMAT ENTER THE RUN $122) oth



©

502

101

503

5304

205

102

506

103

307

104

S08

5G

510

ACCEFT 100y RUN

FORMAT (12)

IF ¢ RUN .EQ. O ) GO TO 99

TYFE 502
FORMAT (”

ACCEFT 101»

THE DATE(AB)
DAYTE

FORMAT (A4yA4)

TYFE 503
FORMAT (7
ACCEFT 101s
TYFE 504
FORMAT (/
ACCEFT 111s
TYFE 503
FORMAT (’
ACCEPT 102y
FORMAT (13)
FYFE 506
FORMAT (7
ACCEFT 103»
FORMAT (13)
TYFE SO7
~ORMAT
ACCEFT 104y

~ORMAT(14)
TYFE 508
FORMAT C!
ACCEFT 111s
TYPE $09
FORMAT (/
ACCEFT 102»
TYFE $510
FORMAT ¢/
ACCEFT 103y

THE FUEL USED (AB)

FUEL

ENTER THE RFM
RFM

THE INJECTION START +
INJS

THE END ¢ 5)
INJF

THE INJECTOR CRACKING FREGSURE (14)
INJF

THE AMOUNT OF NEEDLE LIFT ¥ or
NL

THE IGNITION START (13)
IGNS

THE END OF IGNITION (IZ) “v%)
IGNF

IF ( RFM EQ. RFML IGO TO 2

fyi



K=0

TYFE 511

311 FORMAT (Cf WHAT IS THE ATMOSFHERIC PRESSURE IN MM OF HG ‘ys4)
ACCEFT 111s FATM
TYFE 512

512 FORMAT (/ HOW MANY GRAINS

17 THERE “s9%0)
ACCEFT 111s WGR
TYFE S161
2161 FORMAT(7WHATIS THE FRESS INTO THE ORIFICE IN IN OF H20 ‘sP)
ACCEFT 111s FINOR
GO TO 3
K =1
3 RFML. = RPM
TYFE 5171

9171 FORMAT WHAT IS THE FRESS DROP ACROSS THE ORIFICE IN IN OF

LH20 794)
ACCEFT 111s FIDEL

TYFE 518

5:3 FORMAT(WHAT IS THE FRESS DROF IN THE INTAKE
170F H207  ‘yv4)

ACCEFT 111s FINL

S

TYFE S19
517 FORMAT C7 WHAT ARE THE IIYNO
1 FOR BRAKE  ‘v%)
ACCEFT 111s FDYE
TYRE $20
5320 ~ORMAT (/ FOR FRICTION
ACCEFT 111y PDYF
r'Yyre S21
321 FORMAT (/ FOR BRAKE ZERO
ACCEFT 111s FOYRZ
TYFE 522
el FORMAT (* FOR FRICTION ZERO

ACCEFT 111y POYFZ



Had

24

525

Deb

527

a8

529

LO41

530

12
LOS

331

TYPE 523 |

FORMAT ( / WHAT ARE THE FOLLOWING TEMPERATURES IN DEG F*/
{ WATER IN  '5%)

ACCEFT 111» TWIN

TYFE 524

FORMAT ¢ / WATER OUT ‘+4

ACCEFT 111, TWOUT

TYPE 52%

FORMAT ( / ORIFICE INLET “+4
ACCEFT 111, TORIN

TYFE 526

FORMAT ( / INLET MANIFOLD

ACCEFT 111s TAIRIN

I'YRE 527

FORMAT / EXHAUST  “»%)

ACCEFT 111s TEXH

TYPE 528

FORMAT ( / WHAT IS THE WATER FLOW RATE -SCOLE READLING~  “s#)
ACCEFT 111s WTRFLO

TYFE 529

FORMAT ¢ / HOW MANY FUEL CHECKS WERE
ACCEFT 1041, NCK

FORMAT (11)

TYPE 530 |

FORMAT’ ENTER THE FUEL FLOW DATAy MASS IN GRAMS: TIME IN SEC
1'FOR EACH CHECK (2F10.2)%)
00 12 I=1, NCK

ACCEFT 10%y FULFLOCIl)y TCI)

FORMAT (2F10.2)
TYFE 531

FORMAT ( WHAT ARE THE EMISSIONS DATA» HC IN FFMy NO IN
1'FFMy 02y CO2 AND CO IN % (F10.2/) *)

ACCEFT 111, HC

ACCEFT 11ly NO

ACCEPT 111s 02



ACCEFT 111y COZ
ACCEFT 111» CO

THIS EQUATION IS DERIVED FROM THE FAFER "THE METERING OF GASES
BY MEANS OF THE ASME SQUARE EDGED ORIFICE WITH FLANGED TAFS."

LEARY W. A.

W=31 § 76XNORFXKL 4 0366K ((FATMXO0 03937 ~FINORKQO 07369)
LXCCLs + WGRZ70004)/C¢tls + 1.608XWGR/7000.) YXFIOEL/
1(TORIN + 4460. ))IXXO0.,5

THIS CALCULATES THE AIR FLOW IN GRAMS FER SEC

T1=0,

Fo=Q,

00 13 I=1sNCK

Tl = FULFLOCH/TC()
Fo= F 4 TI

FM = F/ZFLOAT(NCK)

THIS 18 THE MEASURED FUEL FLOW RATE
SAR = FM/W

THIS IS THE MEASURED FUEL AIR RATIO
FHIM = FAR / STOIC

THIS IS THE MEASURED EQUIVALENCE RATIO
FPERST = FM X 120000.0/(RFM % SFGR )

THIS IS THE FUEL INJECTED FER STROKE IN MMXX3

CALCULATE THE WATER FLOW RATE USING A LEAST SQUARES
FIT FOR THE ROTAMETER CALIBRATION DATA ON 28 JAN 76



WTRFLO = 00,0479 % WTRFLO - 0.0081

HREJ = WTRFLO X 60, % (TWOUT-TWIN)
BMEF = 2.88847 X (FLUYR~-FUOYRZ)
FMEF = 2.88847 X (FDYFZ-FIOYF)

[MEF = BMEF + FMEF

BHF = RFM X (FOYR-FOYRZ)/6000.0
FHF = RFM X (FOYFZ-FIOYF)/6000.0
[[HF = BHF + FHF

MECEFF= RMEP/IMEF

JOLEFF= W % 3,707 % (TAIRIN + 460.)/(RFM X (FATM % 0.01934
L-FINL % 0.0361 ))

SAC =WX J6 00 ./ (A5 3 _592%IHF)

ALL EMISSION EQUATIONS ARE BASED ON SAE FAFER 710604
BY DI. Le. STIVENDER ~=—== NOTE THAT THE HC ARE MEASURE

IN TERMS OF CARBON ATOMS AND THAT AS MEASURED HC IS
WET WHILE ALL OTHER QUANITIES ARE MEASURED TRY.

= HC/10000.0
= NO/10000,0

“MWT = 12,01 + 1.008 % HCR

HC
NO

CH20 = HCR % 0.5 % (CO2 + CO)/(CO/(CO2 X 3.8) + 1.0)
CH20 = CHZ20/100.0

420 = CH20/(1.0 + CH20)

JOR = 1,0 — H20

420 = H20 % 100.0

AFR=4,76X (28. 26/FMUTI i ((C024+024+ (CONDI XO. 5)
LXWDRHO + SXH20) / (HCH (CO+C02) XWIR)

FAREX = 1.0/AFR

THIS IS THE CALCULATED FUEL AIR

FHIEX = FAREX/STOIC

OoN

hoe



5311

533

S34

zr

THIS IS THE CALCULATED EQUIVALENCE RATIO

CALCULATE THE FUEL CONSUMPTION BASED ON THE AIR FLOW
AND THE CALCULATED AFR TO MAKE THE EMISSIONS QUTFUT CONSISTENT.

FM = W X
SFC = FM
ISFC

RSFC

FAREX
% 3600.0/ IHF

SFC / 453.592
ISFC % IHF / RHF

ITEFF = 2545.0 / (ISFC
DEM = 1./C HC + CO XWDOR

% QC )
+ CO2%WIR )

[SCO = (28.01/FMWT) x DEM X WOR X CO % SFC

ISNO = ( 48.008/FMWT) XDEM XNO X WIR % SFC

ISHC = ( B3.25/FMWT ) X DEM % (HC/é6.) X SFC

COMMENCE QUTFUT

IX = 13+K%3

00 14 1=1,IX

TYFE 200

TYFE U311y RUNsy DAY TEs» FUy EL

FORMAT (7 FERFORMANCE SUMMARY FOR THE TCCS ENGINE'/
17 TEST RUN “»I2+3XryAdyAdy’ USING  “yAdyAdy7 FUEL")

TYFE 532 \

FORMAT (7 RFM INJ START INJ FINIGH INJ PRESS

LNEEDLE LIFT IGN START IGN FINISH’)

FYFE 533s RFMy INJSy INJFy INJFPy NLy IGNSy IGNF

FORMAT (7 TyFG Os 7X 13912Xy I3v1UXr LAs L2XyFO 3y LOK 13v12Xs 13)

FNYFE 534y FHIMy FHIEX

FORMAT (1 THE MEASURED EQUIVALENCE RATIO= “yFO.3y

L’ THE CALCULATED EQUIVALENCE RATIO= ‘yF3.3)

TYFE 535s IMEFy RBMEFs FMEF |

FORMAT (° IMEF= “"*vzv F— AL 10 1 2 & s 3B ><V"'FOIVBXYy'BMEJIF100



GX4

357

ne8

539

540

541

54%

1 3X "FSI 95Xy ‘FMEF="yF10.,2s3XyFSI’)
TYFE U36y IHFy RBHFy FHF

FORMAT (7 IHF = “yFl10.2s11XYy"BHF="yF110.29L1Xy"FHF=~
1 F10.2)

TYPE G37y MECEFFy ITEFFy VOLEFF

FORMAT (1 MECH EFF ='»F10.3y7 IND THERM EFF =’yF10.3y" VOLUME

17TRIC EFF='yF10.3)

TYFE 338s HREJy TEXH

“ORMAT( HEAT REJECTION TO H20='yF10.,2y’ BTU/MIN’»3Xs "EXH’
L"AUST TEMP='sF10.1+3Xs"LEGF’)

TYFE 539» FFERST

FORMAT’ THE FUEL INJECTED / STROKE = yFLIO+Gy3Xy MIAKS"

TYFE 540s ISFCy BSFCy SAC

FORMAT (/ ISFC="9yF10.39y3Xy "ROFC="yF10,.3y0Xy

1718AC="yF10.3y5Xy’ ( LEM/HF~HR )‘g

TYFE 541y ISCO» ISNDy ISHC £
FORMAT (1 I6CO="yF10.2y5Xy "IBNO="yF10.2y5Xy >
1718HC="»F10.2y3Xy'( GR/IHF-HR) 4 [
TYRE 542

FORMAT C’ NOX IS IN TERMS OF NO2 AND THE HC 186 IN

L*TERMS OF EQUIVALENT HEXANE 7)
NO 15 1=1,13

TYFE 200

CONTINUE

GO TO 1
5TOF
ENT



ONL.INE

: THIS FROGRAM IS DESIGNED TO COLLECT ON LINE DATA AND TO
FERFORM INITIAL DATA FROCESSING INVOLVING STATISTICAL ANALYSTS AND

N A WORK CALCULATION. THE FROGRAM FROVINES ROTH FRINT OUT AND DISK
oe STORAGE OFTIONS.

=2

1 =

DIMENSION IFRES(144)y IRUF(288)y FSTAT(14452)y DAT(3)s THIL(146)
REAL MEF» HF

CNTF IS THE CONTACT PRESSURE THAT IS REQUIRED TO CLOSE THE
RALANCE FRESSURE INDICATOR

ALL DIMENSIONS FOR THE ENGINE ARE IN CM AND CMé&amp%3

DATA CNTFy FSCALE/ O.O 200. /

DATA RORE» STROKEs CONLENy VUTDG/9.843y 9.843y 16.83 74.89 /
BATA FIOVRBYDTRYATMyYCCTINI/ 0.392699 0.017453 14.6969 0.06102 /

@ 1

op

VOL (THR) = UTDOC + RIX(R3- COS(THR)~ SQART( COSCTHR)YKK2 + B2)) '©

DUOTHR (THR) =R LK C C TINSXSINCTHR) YI(1,+C08(THR)/SQRT(COS(THR)KK24+t
Rl = FIOVR8 % HORE % STROKE XRORE
B2 = ( CONLEN X2. / STROKE )%%X2 ~ 1.0

c B3 = 1.0 + 2.0 % CONLEN / STROKE
TYFE 802

+00 FORMAT (7 PITWARNINGHE | /

17 THE 8T1 MUST BRE SET TO JUST FIRE RY SLOWLY INCREASING IT FROM»

LY THE LEFT STOF.’/” THE REF FULSE 18 THE SCOFE TRIGGER.
17 FULSE SET TO GO MAX AT ~-185" TOC’)

78 TYFE 800

300 FORMAT (/7 WHAT IS THE RUN NUMBER (12)
ACCEFT 801y IRUNs DAT(3)

RO1 FORMAT (12y 10Xy A4)

Call. ATEC(DAT)



807

808

oY

8111

3112
300
B12

813

B10

8131

8132

813%

TYFE BO4

FORMAT (/ WHAT ANGLE DOES THE BALANCE FRESSURE INDICATOR>»
L/ CORRESFOND TO (NEAREST 5 DEGREE) 7 (14) 5 $

ACCEPT 807s IRFI

FORMAT(14)

TYFE 808 |

FORMAT (/ WHAT PRESSURE |S THE BALANCE FRESSURE TNDICATOR»
14 SET AT 7 (F5.2) ‘4 Y%

ACCEFT 809, RFI

FORMAT(FS. 2)

RFI = BPI + CNTF

TYPE 8111

FORMAT (’WHAT IS THE REM 7
ACCEFT B112, RFM

FORMAT (F103)

TYPE 812 ‘J
FORMAT (/ ¢ HOW MANY SAMFLES 10 YOU WANT = 'It
ACCEPT 813, ISAMF

FORMAT (13)

I'YFE 810

FORMAT(” DO YOU WANT TO SEE
ACCEFT 906» LOOKL

TYPE 8131
FORMAT/
ACCEFT 8132, NULL
FORMAT(I2)
TYPE 8133

FORMAT ( / ONLINE SAMPLING UNDERWAY 10 NOT NISTURE’///)
ICOUNT = O

00 5 I= 1, 288
IRUF{) = 0
CONTINUE
DO 6 | = 1yl44
00 6 J 1,2
PSTAT(lvd) = 0.0



0]0)

(@]

(@)

OO N

HE|

CONTINUE

L.OOK=0
no 1 1=1,288
TRBUF (I )=0

JUMF ON ROARI! ANDI COLLECT SAMPLES FOR 2 REVOLUTIONS USING CHANNEL

0 AND 10 (OCTAL)

CALL SAMFLE(IBUFy144)
FIND THE REF FULSE ON CHANNEL 0

IR = 1

IMAX = TRUF(1)

00 2 1=3,287+2

[FCIRUF (1) JLT, IMAX) GO TO

IMAX = IRUF (1)
IR = 1
CONTINUE

REORDER THE FRESSURE DATA STARTING AT THE REF PULSE

IR = IR +1

J o= Q

O 3 I=IRy288,2

J=J+1

IFRESC@J) = IRUF()

0 4 I=2sIRs2

J=J+1

IFRESJ)= IRUF(I)

TCOUNT =ICOUNT + 1

[FCICOUNT LEQ. ISAMF) LOOK=LOOK+LOOK1

CALIBRATE THE DATA USING BFly IEFIs FSCALE ANI
COMFUTE THE FINAL PRESSURE STATISTICS

STORE THE ARRAY TO



IF(LOOK +EQ., 0 ) GO TO 41
TYFE 701y ICOUNT

701 FORMAT C(// 1 TCOUNT=  7413)
41 CONTINUE
I = (183 + IBFI ) 75 + 1
REBFI = (FLOAT( IFRES(1))=2047.)/409.5
TH=~185,0
OT= 5.0
DO 10 I= 2474
TH=TH + DIT
\=I1-1
TH1(K)=TH

FRESS= ((FLOAT(IFRESC(1))=2047.)/409.5~-REFI) % FSCALE + RFI
IF(LOOK EQ. 0 ) GO TO 42 1

TYFE 702y THs FRESS

702 FORMAT (C’ THETA= ‘yF5.0¢
1 FSIY)

AR CONTINUE
FSTAT(K2) = FSTAT(Ky2) + FRESS
FOSTAT(Ky»1)= FSTAT(Kyl) + FRESS)X%2

1 CONTINUE

TH=0,0-TH

00 11 1=75,144

Ke ~1
TH=TH + IT
TH1(K)=TH
FRESS= ((FLOAT(IFRES(1))—2047.)/409,G5-REFI) * FSCALE + RFI
PSTAT(K»2) = FSTAT(K»2) + FRESS
FETAT(Kyl) = FSTAT(Kyl) + FRESSKK2

IF(LOOK EQ. 0 ) GO TO 43
TYEE 702y THy FRESS

47 CONT INUE

11 CONT INUE
O 12 I=1s1



TH=TH +DT
FRESS= ((FLOAT(IFRES(1))~2047.)/409.5-REFT) * FGCALE + BET

TH1(K)=TH
FSTAT(K»2) = FSTAT(Ky2) + FRESS
FESTAT(Ksl) = FSTAT(Ksl) + FRESSk%?2

IF(LOOK EQ. © ) GO TO 44
TYFE 702s THy FRESS

14 CONTINUE
{2 CONTINUE
IF ( ICOUNT EQ. ISAMF ) GO TO 400

THIS CHECKS TO SEE HOW MANY SAMFLE DATA SETS HAVE BREEN COLLECTED
L IF NOT MAX COLLECT AGAIN

Le
»

GO TO 100

i FROCESS THE FSTAT ARRAYS TO DETERMINE THE FRESSURE STHTISBTICS

400 SAME = FLOAT (ISAMF)
no 30 1 = 1yl44
FETAT(ly 1) 8ART (ARS (1./ (SAMF~1 OX (FSTAT(ly 1) ~FSTAT (I v2) kk / SAME) 3)
FSTAT((»2) = FETAT(ly2)/SAMF
O CONTINUE

CALCULATE THE MEAN EFFECTIVE FRESSUREs LIST THE OUTFUT ANDY PREPARE
ATA FILES FOR STORAGE ON THE DISK.

THE FOLLOWING SECTION CALCULATES THE CYLINDER VOLUME ANIL THE WORK AT
EACH INCREMENT AND FROVILIES FOR FRINT QUT

VOSF = 2, X RI

TYFE 900
2 FORMATI/7TTTUN LINE DATA PROGRAM SUMMARY



TYFE 901» IRUNy DATC(l)y DAT(2)y DAT(3) yRFM

201 FORMAT( RUN NUMBER *“yI2s3XsA4yA4rAA» SXF 7.293Xy "RFMD
TYFE 902

902 FORMAT (/ THETA VOLUME/VOLUME MAX MEAN FRESSURE
17STAND DEVIATION LOG(VOL/ZVOL MAX) LOG(FRESS ATH)

6
[No 40 1 = 21973

CYVOL = VOL(THLICIYXDTRY /Z(VOSF+UTIC)
CYLN = ALOGL1OCCYVOL)

FRILN = ALOGLO(FSTAT(I»2)/ATM)
40 TYFE 903, TH1(l)y CYVOLy FSTAT(Is2)y FSTAT(Isl)y CYLNs FRLN
203 FORMATCOXFGeOVIOXsF7045 1. 2 XYy F 7e3 v 13 XsF 73513%FB.5vLOXERT)

IFC LOOK EQ. 0 ) GO TO 402
00 401 1 = 74,144

CYVOL = VOL(THL()XITR) /Z(VUNSF+UTOC)
CYLN = ALOG10(CYVOL.)

“RLN = ALOGI1O(FSTAT(«2)/ATM)
401 TYFE 903s TH1(l)y CYVOLy FSTAT(Is2)y FSTAT(Isll)y CYLNy FRLN
402 CONTINUE
W=0.0

00 51 |:1y71+2

VO1=VOL(TH1(l) XDOTR)r

VO2=VOL({THL{+2)XDOTR)

F=( YO02-VO1l YX CCTIN3/12.

\I7\</3F| g( (GOXFSTAT(ly2)+B8KFSTAT(I+1y2)~FSTATCI+252))
. el +

WF=0.0

00 52 1=73+141,2

VO1=VOL(TH1()XOTR)

/O 2 =\/OL_(THI(I+2)XDTR)

F=( V02-VO1l YX CCTIN3/12.

F=F X (SGXFPSTAT(ly2)4+BKFSTAT(I+HLy2)-FSTAT(1+252))
e WF=WF+F

JO1=VOL(TH1(143)Y%XDOTR)



VO2=VOL(THL1 (1) XDTR)
F=( VO02-VO1 YX CCTIN3/12,

F=F X (S.KKFSTAT(14392)+B.XFSTAT(14452)~FSTAT(Ls2))
WF=WF+F

FMEF=WF/(VOSFXCCTING)

MEF = W/(VNSPFXCCTINS)
HF. = WXRFM/792000.0
TYFE 904s MEFy FMEFy HF
DO FORMAT (/ THE IMEF = “yFé6.2¢s10Xs "THE FMEF = yF7.2510Xy
V'THE IHF = ‘yFb&amp;.3////17/7/7)
ISTR=1
TYFE 905
PO5 FORMAT (/// 1 DO YOU WANT TO
ACCEFT 906y ISTR
206 FORMATC(I1)
IF (ISTR EQ. 0 ) GO TO 97
TYFE 209
09 FORMAT (/ ASSIGN A FILE TO THE DATA» IN THE FORM UEVIRUNE.DAT’/)

CALL ASSIGN(11ly ‘DEVIFILE EXT y—1)
DEFINE FILE 11&lt;¢150s25UsIT)

L STACK ALL DATA INTO ONE ARRAY FOR 8 UKRAGE ON THE ISK

00 80 I=1,2
no 80 J=1,73
IX = J + 73%(l~1)
SE WRITE(L1171X) FSTAT(Jyl)
WRITE(117147) MEF
JRITE(11/148) HF

WRITEC(L1/149) RFM
WRITECL1L7150) FMEFR

GO TO 99
v7 I'YFE 910



710 FORMAT (/ [O YOU WANT TO COLLECT MORE DATAT 1=YES O=NQ'v$)
ACCEFT 906s ITALK

IF (ITALK EQ. 1 GO TO 500

ke 5TOF
END



S

eh?

TITLE

REGDEF
yCSECT SAMPLE
WPSANS=1 70400
LFOATIR=170402

FoT
MOV
MOU
CLE
CLR
MOV
TOTR
BRL
INC
MOV
TOT
BFL

MOV
EC

BET
CLR
CLE
RTS
+FND

(REY+

(RS)Y+s RO
BRS)Ey R2
@ELFSADS
QHLFSADR
#40020 CELFSADS
@CELFSALS

14%

@ELFSADS
@HRLFSAIRy (ROY+
@FLFSADS

2%

RRELFSALIRy (RO)+
R2

14%
CELFSADS

@ELFSADR
FC

ONLINE DATA ACQUISITION PROGRAM "SAMPLE"
yMOALL (il REGDEF

yOFEN CH 0210 DUAL SAMPLE iy HOLD + 8T1
WALT FOR THE FIRST SAMPLE CONVERSION

CONVERSION



m

po

D7

LG

101

ANAL TZ

THIS PROGRAM WILL FREFARE DATA FILES FOR XCLCG2

USING SUBROUTINE RECALL AND STORE &

LIS-183 ENGINE DATA

DIMENSION FCLOOYy THCLOOO)y ZCLOO)y WCLOO)y QUIOO)y FHITARCLOO)
DIMENSION F20LOO)y TH2C100)y GAMMACLOO)y FUG(LOO)

LOGICAL TALK
INTEGER UNIT
COMMON /CHARGE/

COMMON /ENGINE/ BORE STROKE»

RSURCy RTCAFy RTSMLy DSURCy WO»

COMMON /VERROS/ TALKy UNIT

COMMON /HTDATA/ Fly Tly Vly PM

COMMON /XFRNTC/PRESy THETA»

VRARy WOVRMy QOURM>

EUAVy ERAVy EBs TUy TEAUs TE

ATA NREADy NRITEy NFNCH / Gy 5

READ

CALL R EEC A\ L L_(F2yTH2RFM)

TYRE 107

FORMAT (7/1 WHAT
ACCEFT 201s XCR

DEL=1./XCR

TYPE 108

FORMAT (7 WHAT  T1868
ACCERT 201» QLOWER
TYFE 101

FORMAT? WHAT IS
ACCEFT 901s SFC
TYFE 102

FORMAT (7 WHAT I8

IS THE FUEL

FHIAVy DELy FSILy RESFRKy CHMASSy QLOWERs CFUEL
CONLENy VUTDCy HTICs VCUFy ACU,

RFMy TWALL

VUAVyY URAVs URy

IN FRESSURE DATA AND SET UF ARRAY OF CRANK ANGLES

THE LOWER HEATING VALUE FOR THE FUFL a"
THE ISFC
THE I1AC Ra

QOOO0OO0ED

QO000060
QO000HOO70

00000080
Q0QO000Y0

00000100
Q00C00L100

00000120
00000130
00000140
00000410
00000420
00000430



TYFE 103

‘N3 FORMAT ( WHAT IS THE MEASURED IHF “9h)
ACCEFT 9201s XHF

™
wi

C CALCULATE THE FUEL AND AIR MASS

FMASS =8FCXXHFX453,592/(30.kRFM)
AMASS = SACXXHFXA453.592/(30.XRFM)
BTOTC=C(12.01+1.008XXCR)/((1++XCR/4.)%137.96%5)
FHIAV=(SFC/SAC)/STOIC

20 TYFE 104
104 FORMAT (7 WHAT IS THE BURNT FRODUCTS EQUIVALENCE RATIO LA
ACCEFT 901s FHITER
FSI = 3.764 00000170
FUEL = 0.00038 00000210
0000220
BORE = 9.843 G00G00230
STROKE= 9.843 00000240
CONLEN= 16.83 GO0002G0
VTIOC = 74.89 000002460
HTDC = 4,124 A0000270
JOUR = 62.19 00000280
ACUF = 72.5 0000020
RGURC = 2.464 0000300
RTCAF = 1.346 Q0000310
RTSML. = 1.118 Q0000320
A SURE = 2,159 G0GO00G330
oa OGOGHIAO
TWALL = 400. QOOGOIE70
~ QOO0GOIEO
TALK = JTRUE. GOOGOI70
UNIT = 5 000000
TYFE 105

LOY FORMAT (C WHEN WAS THE START OF INJECTION =1



1050

106

LO
11

i2
13

ACCEFT 901s THINJ

I'YFE 1030

FORMAT( WHEN WAS THE END OF INJECTION 7 i

ACCEFT 901s EINJ

TYFE 106

FORMAT (7 WHAT DO YOU THINK THE RESIDUAL FRACTION WAS PLy,

ACCEFT 9201y RESFRK

RLOWER=QLOWER/1800.
WO = RFM X 0.37803832

CHMASS = AMASS+FMASS
CHMASS = CHMASS/(1.-RESFRK)

FIND THE START OF INJECTION AND THE NUMBER OF FOINTS REFORE
THE EXHAUST VALVE OFENS

00 10 1=1,73 k
IFCTH2C(®) JLT. THINJ ) GO 10
N = 1

GO TO 11

CONTINUE

00 12 I1=K,73

IF(TH2¢(@) JLT. 130.) GO TO 12
KN:=I

GO TO 13

CONTINUE

11=0

00 14 I=KskN

[1=T1+1

THCIL) =TH2()

FOIL) = F2CI)

CONTINUE

NFTS = 11

no 15 1=1,11

[FCTHCI) JE. EINJ ) GO TO 13
[3=]



LS

Ce
16

20

201
109

1000

GO TO 16
CONTINUE

INITIALIZE ARRAY CONTAINING BURNT FRODUCT FHI'S

DO 20 | = 1y NFTS
FHITAB() = FHITE
CONTINUE

Call. XCLC2 (Fy THs» FHITABy NPFTS, 13y Zy Wy Qr
FORMAT (F13.8)
TYFE 109

FORMAT (7/7)

CALL STORE(F»THyZyGAMMAYFHITAEYFUGYNFTS)
CALL EXIT

END

GAMMAY FUG

f

GOOQO0TGO0
GOOO0GGLO
GOOGOL20

DOGOGL30
VOGOOTGAG
00VOOGLTO
QOO00GAHO

GO0000600
GOO0O00AGLO

oC

NY



SUBROUTINE RECALL

THIS SUBROUTINE WILL RETRIEVE DATA FROM STORAGE FOR FURTHER
COMPUTATION AT A LATER DATE

USAGE
CALL RECALLC Fy THs RFM
RETURNS
FFo— AN ARRAY OF FRESSURE VALUES IN ATM
TH — AN ARRAY OF CRANK ANGLE DATA AT WHICH THE FRESSURES OCCUR

(DEG)
-RFM - THE ACTUAL CALCULATED RFM
SUBROUTINE RECALLC Fy THe RFM )
DIMENSION F(75)y TH(7S5)y FSTAT(73+2)
DATA ATMy DELTA / 14,696 5.0 / |

ou

TH(1) = —--180.0 hi

GENERATE THE THETA ARRAY

oo 1 1=2,73

TH{) = TH{-1) + DELTA
TYFE 10
FORMAT ( WHAT I[IATA FILE 10 YOU WANT TO USE’/)
CALL ASSIGN(12y ‘IIEVIFILE EXT’ y—1)
DEFINE FILE 120150¢2yUsIT)
(O 2 I1=1.2
00 2 J=1.73

IX = J + 73 x ((1-1)
READICLI27IX) PSTAT(JyID
REANC127147) XMEF
READCLIZ 7148) XHF
READCL27149)RFM

READCLI2150)FMEF
TYFE ©



L6
15

FORMAT (1 [O YOU WANT TO SEE THE IATA  YES=1 NO=0 AEN
ACCEFT By» MF

FORMAT (11)

IF(IMF «EQ. 0 9 GO TO Il

TYFE 11

FORMAT (/1 DATA SUMMARYT7I!

L THETA FRESSURE STANDARD DEVIATION?’)

TYFE 13y (TH()y FSTAT(I»2)y PSTAT(Isl)y [=1+73
FORMAT (BXyFo ely 7XyF7.2914XyF7.3)

TYFE 14y XMEFs FPMEFy XHPy» RPM
FORMAT (4 IMEF= ‘yF10.393Xy 'FMEF= “sF10.35.3Xy
LFL10.2y3Xe "RFM= *yF7.2)

CONVERT FRESSURE TO ATM

NO 15 I1=1+73
HCI) = PSTAT(«2)/ATM
RETURN

END



k

PRINT HEADER INFORMATION FOR THIS INVOCATION OF XOLEC

SUBROUTINE XPRNTL (ENOT

COMMON /XERNTC/ Fy Tir VOURMY WOVEFY GOURMY Vials VEAUs UE
EUAVy EBAUy Eis TUy TRAV TE

COMMON /VERBOS/ TALNy NRITE

GOOGLE
GOOG GG
GOVOUOH

GOVT HY
GOOOTOT

COMMON CHARGE, FHIly DELy FSly RESFRRy CHMASS, GLOWERy TREF» CFUELOOOOOOEO

WRITE (NRITE» LOO) FHIyCHMASS,ENOT
FORMAT CIHov "FHL = OS5, 2y 5X “CHARGE MASS = oF, 45

C O G RA N SCyHXINITIALENERGT=yFéais’CALIG7/7)

PRINT OUT TaBLE HEADINGS AND FIRST LIiNE

WRITE (NRITE 200)
FORMAT Chili v7 THETA v4Xy “Fy 6Xs "UM rBXy “W/H k6Xy G/F
GX VULAV pSX TUBA BX TEULAV 4X TERLAV Ts 4K
! GK TTRLAV BX GAMA y3X CFHIET axe PURG 5Ky
NNy, KDEGY) (ATHY (COAG) (CAL/G)  CCALAG)YTy
(CCAGY (LUG) (CALAGY (CAL/GY COED NI*
CORDES Ky
SETURN

INT

RINT PROPERTIES FOR MIXED CASE

SUBROUTINE XFRNTZ (Xs G AR F A>>PHITERYFUG
SUMMON /RFRNTCZ By Thy VOURMe WOURMy WQOVRMY VUAVY VEAVY Vit

EUAVY EBAUs Ely TUs TRAV TE
COMMON AVEREBOS/ TALKNy NRITE

VRN,

SO00 EH

GOTO LO

VIVIVIVIVEAY
GO0 LE

VIWIVIVIRZY

GOTO
GOOOOE LG
OOOOE20
DOOUD IE
GOGO
OOOOHEE

GOVE GO
GUOIOETO

TOUOTGE
TOOOOOGH
VIVIVIVIVIVIAY

COMMON ZCHARGES FHIy DELy FSI» RESFRNs CHMASSy QLOWER, TREFy CFUELOOOOOOHO

WRITE CNRITESO00) TH VOURM » WOVE ~ GOVERN » VUAV » VEOV EUR» EBAY »
TU TEA GAiiaFHTTERY FUG X

FORMAT CIH sFSelv 7 EVFB 2 BET 20FS Ly FT 29 3FTe iv 4F5 3)

RETURN
ERD

OOTOUE HO
HOOOOFE
SO00 GO
GOGO EE

GOOUO GTO

(o.



SUBROUTINE STORE(Fy THy Zy GAMMAy FHITAEy FUGy NFTS )

THIS ROUTINE WILL ASSIGN A FILE AND STORE THE OUTFUT FROM TEXJOR
AND XCLC2

KRACK HORROR KKK KKK il KK 3 3K KK ¥ 3K KK KK 0k KKK 3 ¥ 3K Kootk KooR KK KK AK KkokKo ok
SURROUTINE STORE(Fy THe Z» GAMMAy FHITARs FUGy NFTS )

DIMENSION F(350)y TH(SOO0)y Z(50)s GAMMAC(SO) SFHITARCSO)y FUG(SO)

TYFE 100
FORMAT (/ DO YOU WANT TO STORE THE IATA
ACCEFT 200» NO
200 FORMAT (IL)
[F(NO EQ. 0 ) GO TO 99
TYFE 101
101 FORMAT ( ASSIGN A FILE TO THE LATA//)

CALL ASSIGN(L13y ‘DEVIFILE EXT y~1)
DEFINE FILE 13(301s25UyIT)

XNFT = FLOAT(NFTS)
XNFT = XNPT + 0.01

s STACK ALL THE DATA

WRITECL3/1)XNFT

IX ="1
DO 10 I=1yNFTS
IX=T+1

LC WRITEC137IX) TH(I)
DO 11 I=1yNFTS
IX = IX + 1

1 WRITE(1371X) PCI)

NO 12 I=1sNFTS

10~



I

14

IX = IX + 1
WRITEC137IX)Y Z(1)

DO 13 I=1yNFTS

IX = IX + 1
WRITE(13/1X) FHITAR()
00 14 I=1sNFTS

IX = IX + 1
WRITE(137I1X) GAMMAC(I)
10 15 TI=1sNFTS

IX = IX + 1
WRITE(137IX) FUG(I)
RETURN

END



D R E= H E FIRFKRKKKVERSIONZ2.0Xk%k03-24-76 KKKKKAKK KKK LKKAKKKKKKKKKAKKKOOOCOO LO

00000020
SUBROUTINE XCLC2 GO000030
00000040
FURFOSE § 000000350
TO CALCULATE MASS FRACTION OF FUEL RURNED VERSUS CRANK 000000460
ANGLE FOR A TCCS STRATIFIED CHARGE ENGINE FROM GIVEN 00000070
FRESSURE-TIME DATA 00006080
000000%0
USAGE? 00000100
CALL XCLC2 (Fy TH» FHITARsy NPTSsy INJ»y 00000110
GOO000L20
DESCRIFTION OF FARAMETERS! 000006130
GIVEN? 00000140
- A VECTOR OF MEASURED COMRUSTION CHAMEBER FRESSURES Q000015G0
(ATM ARSOLUTE) QOGOOL60
A VECTOR OF CRANK ANGLES (DEGREES ATIC) AT WHICH 00000170
THE CORRESFONDING FRESSURE DATA FOINTS WERE TAKEN GO0001L8BO
VECTOR OF AVERAGE RURNT FRODUCT EQUIVALENCE RATIOS GO0QO120
CORRESFONDING TO THE ANGLES TH(I) DURING INJECTION 0GOGO200
NUMBER OF DATA FOINTS IN THE VECTORS Fs THy Xv Wy & Q 00000210

INJ = THE END OF THE INJECTION FERIOD
GIVEN IN COMMON AREA /CHARGE/ ¢ GOOOOR20
FHIAV - AVERAGE EQUIVALENCE RATIO OF THE CHARGE 00000230
CEL. = MOLAR C!H RATIO OF THE FUEL 00000240
Gl  ~ MOLAR N10 RATIO OF THE CHARGE (AFFKOX 3.76 FOR ATR) GOOOORGO
REGFRK~ MASS FRACTION OF THE CHARGE THAT 18 RESIDUAL 00000260
CHMASS- TOTAL MASS OF CHARGE (GRAMS) 00000270
QLOWER- LOWER HEATING VALUE OF THE FUEL (KCAL/G) AT 293 LEG K (03000280
CFUEL = SFECIFIC HEAT (KCAL/G~LEG K) OF THE LIQUID FUEL 00000290
GIVEN IN COMMON AREA /ENGINE/ 00000300
BORE - ENGINE RORE (CM) Q0000310
STROKE~ ENGINE STROKE (CM) Q0000320

t CONLEN- CONNECTING ROD LENGTH (CM) CENTER TO CENTER JO000330
- VvVTC - VOLUME OF THE CHAMBER AT TOC (CMAX3) 00000340

U'Om



OO = —

HTOC — FISTON CLEARANCE HEIGHT AT TOF DEAL CENTER (CM) 00000350
VCUF = CUF VOLUME (CMXX%3) 00000360
ACUF [CUF SURFACE AREA (CMX%?2) DOGGOI70
RSURC - CUR RADIUS (CM) 00000380
RTCAF — RADIUS FROM CUF CENTER TO CENTER OF TORUS CROSS 00GOGOI?0
SECTION (CM) 0G0O00400
RTSML — RADIUS OF TORUS CROSS SECTION (CM) GOOG0410
NSURC - CUR DEFTH FROM TOF TO TORUS MIDFLANE (CM) BOGOOA20
WO BOC SWIRL RATE (RAD/SEC) QO0G00430
RFM = ENGINE SFEED (REVOLUTIONS FER MINUTE) a0000440
TWALL - CYLINDER WALL TEMFERATURE (LEG K) OGOO00OATO
GIVEN IN COMMON AREA /VEREROOS/ ¢ GOO000AGO
TALK ~ A LOGICALX4 VARIAERLE » USED TO SET FRINTOUT MODE GOOO00A70
IF TRUEy DETAILED LISTINGS OF FROFERTIES OF BURNED AND 00000480
UNRBURNED' ELEMENTS WILL RE FRODUCED ON THE FORTRON FILE (QGO00A20
WHOSE NUMBER IS GIVEN RY THE VARIARLE "UNIT" 00000500
[FF FALSEy NO L_1ST I NN (S SSAREFRODUCED 00000510
AN INTEGERX4 VARIAERLE GIVING THE FORTRAN FILE NUMRER Q00G000G20
ro WHICH LISTINGS ARE TO RE WRITTEN 00GOOL30
RETURNS¢ 8@88%?#8
VECTOR OF CUMULATIVE MASS FRACTION BURNED AT TIME THCT YOOQQOGHO
VECTOR OF CUMULATIVE WORK DONE AT TIME TH() (CAL)Y 00000570
VECTOR OF CUMULATIVE HEAT 1.088 (CAL) OO0O000LBO
VECTOR OF AVERAGE BURNT FROUOUCT EQUIVALENCE RATIOS 00000190
SORRESFONDING TO THE ANGLES THI) 00000200
GAMMA ~ VECTOR OF WEIGHTED GAMMA
FUG ~ VECTOR OF FXVOLXXGAMMA
REMARKS ¢ 00000640
1) REFORT ANY FPRORLEMS TO GORDON MARSH AT 293-3356 OOGO006TO
2) BURNT ZONE ASSUMED UNIFORM (FULLY MIXED) QO00006HO0

3) ANY EGR ASSUMED TO RE AT AVERAGE EQUIVALENCE RATIO OF CHARGEOOOOOGE1

00000670
ODOO00HKBOO



= HFROly AFTEMF» UFROF2y ADCOMF, TSURU2y HEAT2y XFRINT2y GASVEL (0600650
- HOGOOTOO0

2 ?
METHOD? 00000710
c SIMPLE THERMODYNAMIC MODEL USING MASS AND ENERGY CONSERVATION 00000720
- WITH AN AFFROXIMATE FORMULA FOR HEAT TRANSFER (WOSCHNI'S 00000730
CORRELATION) 00000740

00000750
T E= EORIRORIOKKOKKOOKSK ORK KK KKK KKK KKSKOKK KKK RK RRR ROKROKK KK KK AK KK ok KKK KKK RKO 0000 7 0

SUEROUTINE XCLC2 (Fy TH» FHITAEs NFTSs INJr Zr Wy Qs GAOMMAY FUG ] 00000770

Oo0o0oo0o0o780

|
DIMENSION F(NFTS)y THINFTS)y Z(NFTS)y WINFTS)y QINETS) 00000790
K FHITAR(NFTS)»y GAMMA(NFTS)y FUG(NFTS) 00000800

COMMON /CHARGE/ FHIAV, DELy FSI» RESFRKy CHMASSs QLOWER, CFUEL 00000820
COMMON /ENGINE/ BORE, STROKE, CONLENs UTICy HTICy UCUFs ACUR 00000830
X RGUBCy RTCAFy RTSML, DSURCy WO» RFMy TWALL 00000840
COMMON /VEREOS/ TALKy UNIT 00000850
COMMON /HTDATAZ Fly TI» VIiy FM 000008460
COMMON /XFRNTC/ FRESs THETA» VEBARy WOVRMs QOURMy VUAVs UBAY, UEy 00000870

EUAVYy ERAV, EE» TU» TRAV» 00000880

h 00000890
00000900

0000091.0
00000920
00000930

00000940
COO0009THO
00000960
. 00000961
v 00000970
" 00000980
N 00000990
00001000
- 00001010
00001020
00001030



HTIOC + S1X(R3 ~ COSC(THR) = SART(COS(THR)XX2 + B2))
AMAX1(0.0 » AMINL(L.0sXX))

HT (THR)
CLIF(XX)

SET UP FARAMETERS FOR THE STATEMENT FUNCTIONS AND COMPUTE WORK
LONE

R1 FIOVRBXROREXBOREXSTROKE

4 = (CONLEN%262./STROKE)%%%2 ~ 1.0

R3 = 140 + 2.XCONLEN/STROKE

51 = STROKE/Z2.0

JAMMAR = O,

Wi = 0),

FLAST = P (1)XFSCALEXOVOTHRC(OTRATHC(1))

DO 10 I = 2, NFTS
7 = POINXKFSCALEXDVOTHR(DOTRRKTHC(I))
WOT) = WI = 1) + JOK(FLAST + FIXRK(THC(Y -= THC(-1))YROTR
FLAST = F

CONTINUE

COMFUTE AMASSy FMASSy AND RMASS

EFS  a (4, 0%XDELY/(1.0 + 4,040EL)
= e (B+XEFS + 4.)/(28.9%FS| + 32.)

AMASS = (1,-RESFRK)XCHMASS/( 1 +FHIAVXF)
FMAST = AMASS X F % FHIAV

RMASS = CHMASS —~ AMASS — FMAST

OMASS = FMAST / FLOATC(IND

RESID = RESFFKN

SET FMASS = THE FIRST INJCETION INCREMENT

FMASS = IIMASS

CHMASS = AMASS + RMASS + FMASS
RESFRRK = RMASS/CHMASS

00001040
00001050
GOOOLOAN
00001070
00001080
00001L00%0
COGOLLOO
00001110
00001120
00001130
00001130
00001140
00001150
00001160
00001170
00001180
00001190
00001200

QO00L21L00

00001350
0000 L3H



i

FHIAT = FHIAV

SET UF INITIAL VALUES REFORE LOOFING THROUGH TIME

c1) = oO.
RLY = O,

THETA = TH(1)

“HIB = FHITAR(L)
PRES = F(1)

CVOL = VOL(DTRXTHETA)
VRAR = CVUOL/CHMASS

INITIALIZE CONSTANTS RELATING Xs Ys» AND Z
CALCULATE INITIAL TEMFERATURE OF UNRURNED CHARGE

RHO ( AMASS + RMASS )/CVOL

TMOL. FSI + (1.0 = RESFRK)

IF (FHIAV LE. 1,0) TMOL = TMOL + (1.0 + FHIAVK(L EFS) JKRESFRK
IF (FHIAV GT. 1.0) TMOL = TMOL + (2.0 - EPS)XFHIAVKRESFRK
XMAV = (32, + 28.XFSI + (B%XEFS + 4.)2% FHIAVKRESFRK)/THOL

ru = FRESXFSCALEXXMAV/ (RHOXR)

GET INITIAL PROFERTIES OF THE FUEL

VUFAV TUXB2.057X0EL/(96.,08%DEL + 8.08)/FRES

EUFAV

GET INITIAL FROFERTIES OF UNRKURNED CHARGE

CALL UFROF2 (FRESy TUs FHIAVy DEL» FSI» RESID » ENTHLFEs CSURE

k CSURTy RHO» DRHOLTy DRHOIE)
EO = ENTHLFX1000. — FRESXFSCALE/RHO
vuav = 1,0/RHO

EUAV = EO

(ARS(QLOWER) — (115.596-21.542KEFS)/(B.KEFS + 4.))261000.

60001220
00001230
06001240
00001250
00001260
00001270
06001280
00001290
00001300
00001310
00001320
00001330
00001340
00001440
00001450
00001460
00001470
00001480
00001490
00001500
00001510
00001530
00001540
00001550
00001560
00001570
00001530
00001590
00001 EOO
00001610
00001620
00001630
00001631
GO00L632

10



GAMMAU = (TUXDRHOOTXORHODTXFSCALE)/(RHOKRHOX®RIdABESCSURE)
GAMMAU = 1.0 / (1.0 - GAMMAU) GOO00OLG70
GAMMA(L) = GAMMAU
FNOT = FRES
UNOT = CUOL
FUG(L) = 1,0
{F (TALK) CALL XFRNT1 (EO) 00001840

GET THE ACTUAL FHIAV AT CURRENT THETA

FHIAV = FMASS / ( AMASS % F )

Cl = (1.0 + FHIAUVXF)/((AMASS+FMABS) /CHMASS)
CEBAVE= (1.0 + FXFHIAVXRESFRK)/Z(1.0 ~ RESFRK) 00001380
C2 = CABAVE + FXFHIR
KI = FXFHIAV/CI
K2 = FXFHIR/C2
Kl = K2/K1
00001680
00001650
GOQOL700
F1 = FRES 00001710
Vi = CVOL 00001720
T1 = TU QO0C001730
FM = FRES 00001740
CALL AFTEMF (FRESy TUy TUs TUy 298.y CFUELy QLOWERy FHIKy DEL» 000017350
F8ly RESFRKy TRAV) GO001760
CALL HEATZ2 (FRESy THETA» TUsy TRAVy 0.0» DAROTLs DQAUDTL) 00001770
CALL HFROD (FRESy TRAV» FHIB» DELy FSI» ENTHLFy CSUEFy CSUEBTy RHO»00001780
ORHODTy DRHODF) 00001790
VRAV = 1.0/RHO 000018060
ERAV = ENTHLFX1000. — FRESXFSCALE/RHO Go001810
QOVRM = O. 00001820
WOVRM = O. 00G01La30
Q00001850

I'F (TALK) CALL XFRNT2 (Z{1)sGAMMACL) yFHITABCLY yFUGCLY)



Fyd

38
5?

START LOOF THROUGH TIME: INITIALIZE PROPERTIES CONSTANT FOR
GIVEN TIME

ARA SAEDIREAEE 1E A 1 4 Hes seve tors Sete open ores Sova sien S

00 200 1 = 2y NETH

CORRECT THE CHARGE MASS DURING INJECTION

[FCI GT TNGY BO TO 88

“MASS = FMASE + DIIMAGS

SHRALS = FHMASBS + AMASS + RIMFASGS
FHIAV = FASE, (AMASSXF)

RESGFRKN = RMABS/CHMALS
FHITARCOT) = FHITAB(-1)

Mak: = FrindS 7/ (PHITARCT AF)

[FCT WLTe CINJE3Y 3 GO TO 87

CHT = HTCOTRATH(I=L11)

G CLIP OX)

all. PLUMES CHT» DELTy VEBAVy VUAVY OXy AENT
MA = MAE + AENT

FHITARCT) = FMASS / (FMAEXF)

IE CFHITARCTY JLT PHIAT 3 FHITAR(L) = FPHIAT
CONTINUE

TRLAST = TRAV

RLAdbT = QI ~ LJ

FLAST = PRES

TULAST = TU

THETA = THM)

PRES = PCI)

DELT = (THETA = THC(-L2)/C60OKRFM)

GUUOLETO

DOOOLEYC
QUOGLYOO0
QOGUL?1LO0

GOQOLY.20

“*O0O0O0LY30

GOUOLY4Q
DOUOLY SO

QOQOL?60
QOOOLY 70
QUGULYEO
QUOVLYYO
QOOO0LOU00
QOGOIOLO
QOOOL02E0
QUUOIORO



ad

100

cvuoL
Pi
JEAR

WOURM
AOVRM

TU

TSURUZ (FRES»

VOL COTRETHETA)
FOLK OV L/C U O L_skAGARMAU

CUOLACHMASS

WT) /ICHRASS
(ALAST + DOBDTLADELT)/CHHASS

PLAST TULASTs ERIM)

JUFAV = TU Kk 82,057 it DEL/(96.0BADEL+8,06)/FRES
= PHITARCI)

= (Le + FHIAVAF 7 CAMASSHFHASS)/CHMASS)

CFHIB
Ci
CREAVE=
Ci
Kz
N3

CALCULATE AVERAGE FROFERTIES OF UNBURNED CHARGE

Call

VURY
EUAV =
VULTL=
VULTL=
EULTL=

EUZTL=
ERAOR =

= CRGAVE + FAPHIR
w FREFHIR/G2

2 (FHIB K CL)/FHIAVADS)

1, O/RHO
ENTHLFXLOOO,.

NLAVUFAV +

RIXVUFAV + (1.0
KIXEUFAY+ (1.0

(LO

= FRESXFSCALE/RHO

l

l

KEXEUFAV—+(LoO -
WOURM —

EO -

GQOVRH

(LO + FXPHIAVXRESFRNI/CLO-RESFRR)

UFROFZ (FRESy TUs FHIATy DELy FSle RESID
COURT RHOy DRHODTy DRHODF

KNL1RVUAY
R21) KVUAY
NL XEUAY
K2)XEUAV

SOLVE CONSERVATION EQUATIONS.
ITERATE TO GET AVERAGE BURNED GAS TEMPERATURE

FIRST

DO L130

DO 110 NCOUNT =

CALL HFROD (FRESy TELASTy FHIKs DELy PSI»
DRHODTy RHODE

IHEAT

OUBITE
DEBDTR

Ly MAXHTR

CHUBTy RHO»

Ly MAXITS

~ORADDT/ (RHOKRHO)

COUR

- FPRESAFSCALEADVRDTE

ENTHLFy CSUREF,

ENTHLFy CHURF

QUOOAGAG
QUQOIOED
GQOOLGHO

QOOOLOTO
QOOGZOBO

DUUO2GYO0

UOLO0

0000 LEO
GOOVRLLO
GOOLE
OOOORLEL
HOU LEO
GUOOLLEO
DOO LTO
GO0 1B

DOGG LO
HOVVEEQOD
00002L0
DOORL
SOO0R2LR
GOUORELE

GORE LA
SOU REEG
OOOURZA
GOO002IEO
OOGULZ60
GOVOR2TO
00002280
GOOLE
HOOO0ZFOO0
OGOOEE LO
OOOOIER
QUOODPED



LY.y

120

130

L50

200

VEAY " Lo ZARHO OQUOL3I30

TRAY i ENTHLFALOOG, — FRESKFSCALE/RHO OOO0G2E40

AGDTR = (VaR - VULTL)/ZCERAR -~ BEULTL A CURAV-VUITL)KIQYOIE70

¥COUBAY = VUZTLIRDERDTE - (ERAV - FEUZTLIADVERDTR) UOOOR3BO

(VBAaR ~ VULITLIYXERAV -~ EU2TILV/ VVWOOL

CREAR ~ EULTLYR((NEAV — VURTLLID =~ 1.0 GOOGE3T

TRAV = TRLAST — G/LGDTE Q0001400

[FC ABRS(L. ~ TEAV/TELAST) JLT. ERLIM) 60 TO L120 QGOOIALO

TBAV =oaraxl (TU y AMINL (TEMAXs TRAV) ) VIVIVIVICZ2 TON}

TRLAST"=TRAV QOOGLA2L0

CONTINUE QOUO0.2A30

TOOA440

THEN CALCULATE X DIRECTLY» AND UFDATE HEAT TRANSFER QUUOEATG

EO TIMATE QOVGEA4GEO

QOOQEAT

X = (UBAR — VULTIL)/(VEAV -~ VUZTL) QOOUE4EOD

CALL HEAT2 (FPRESy THETAs Tuy TRAV VEAVRCHMASSRGLTF((XD) QOOOE4TQ

OQAEROTy DQUDT) QOVOIEOO

ROLY = QLAST + JBCOARDT + DOBLTL) XDELT QO002GILO

QOVRM = QCD) /7CHMASS VOU EEE

ERalk = EQ — WOURM ~ QOVRM QOOOIHEO

TRLAST = TRAY QOAOIEAO

CONTINUE UOOOEG60
GAMMAR=TRLASTATIRHODTXDRHODTAFSCALECRtHtHXRHGXDRHODFXCSURE

GAMMAE = L. /{Le— GAMMAR) QOO0O0IL64

DQRBOTL = DQARDT QUOOLETO

ZCl) = NARXKFHASS/FMAST OOOOH

XF=CLIPCZTI)
GAMMACT) = (CL =XF ! XGA M M AU F-XTXGAMMAT)

FUGCTY = (FOL RCVOLXKGAMMACT)I/CFNOTXUNOTRRGAMMACT)
IF (TaR)Y CALL >< I FR PNI"T = (= <= IyGAMMACT)SRIIGARRQT)»FUGCT)

CONTIN oUUOIHOO0
QO HIW

RETHRN CGOUULH20)

aMm 0000 IEA

il

&t



THEFT RORRKRKORKKKKKKVERSION1.0KKK 11-03-74 KHIK AR O K K K A KRKKKKKKAARARARKAKKGO00010

GO00002¢
HOOO00030
0GO000040
QOO0000
00000060
0000070
00G000BQ
00000050
GOOOOL00
0000010
0000120
00000130
DOOOGLAO
0000 LO
000001 GO
OOOOLTO
0O00001LHO
GOOOGLRO
QOO000200
00000210
OOO0002RR0
Q0000230
00000240
GOOOORGO
GOOOO2E0
000002T0
OOOOH
OGOOORYO0
QOO00B0OO
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0000Q320
00000330
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QO0000GGO
QGOGOOGLO
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O00GOGLAO

GOOOGUGO
GOO00OLLHO
0O0000G70
DOOOGLEBO
GOOO000LTO
QOO00OHOO0
GOOGO061L0
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QOO00G700
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SINTH

TEMF

HT
VOL
VFRAT

X
RTOM2

SIN (DTRXTHETA)

GQRT (COSTHXCOSTH + MM)
LOVAFL - COSTH - 8

HTDC + +SKSTROKEXTEMF
UTIDG + SKSTROKEXF TRRYKRXTEMP
~ SINTHX(1.0 + COSTH/S8)/VUSCALE

HT/K
1.0/(EXR)

CALCULATE DIMENSIONLESS VELOCITY RATIOS AS IN NOTES

VRRAT
VZRAT

VTRAT

(BTOM2 — 1.0)XUFRATKRSUBC/(20KKKXKCL.0O+X0)
(BTOM2 ~ 10)XKVFRAT/((1.0 + X)K(1.0+ HKEKX))

BTOM2 ~ (BTOM2 = 1.0)YK(XKCL O4X0) | /(XOK(L O+X))

GET AFFROFRIATE MAXIMUM FISTON SFEED AND CALCULATE VELOCITIES

VEMAX
VR3
VT3
VZ3

RETURN

END

PIXRFMXSTROKEXVSCALE/Z30.,
URRATXVFMAX
UTRATXWOXRSURC
UZRATXVFEMAX

00GOG710
QOO0GT 20
DOGOO7EQ
GOOOGT 40
G00GOOT7 GO
GOOOO7AHO
Q0000770
Q0000780
DO0O007YO
00000800
CGGOOELO
QG000820
QO0OGHIO
QO0008B40
DOGGOBGO

00GOOBHO
QOGO087 (6
QOGO0Ba0

0000080

00GOPGO
OGOOP 1.0

000GOY20
QGOGOPIO
GGOOGY40

DOOOOPSO0

SO
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QO0CGOIO0

GOO001040
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000000460

0C000070
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00000170 P
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ril
Vi
=M
RETURNS?
UAROT

DQAUDT

l

(CAL/ISEC)

(CAL/SEL)

TEMFERATURE AT REFERENCE TIME (DEG K)
VOLUME AT REFERENCE TIME (CM&amp;%3)
EQUIVALENT FRESSURE

IN THE MOTORING ENGINE (ATM)

HEAT TRANSFER RATE FROM BURNED GAS TO THE WALL

HEAT TRANSFER RATE FROM UNRURNED GAS TO THE WALL

GOOOOFGHO
JO000370
HOOO0OIHO
00O00EFO
OOOO0O0A00
GOOOOALO
OOOOO0ARD
O0000ATO
00000440
00GOO0AO
00000460
00000470
00000480
00000450
00000LO0
00000510
0000COGRO
00600530

0000050

VARS gRoRR ORKKOR KKIKKA KKK KKK KKK KK KK AKil HK KK KKK KKK KK A KK if AKKK - AAR KR 0000O00

SURROUTINE HEAT2 (Fy THETA»
COMMON /ENGINE/ BORE, STROKE»

X

COMMON /HTDATAZ Fly Tir Vly PM

TUy TE, VOLE» DQROT, DOUDT)
CONLENs UTOCy

RSURCy RTCAFy RTSMLy DSURCS WO» KFMy TWALL

DATA FlI /3.14159265/y UTR /.01745329/
DATA FSCL /.967836/

DATA ERLIM /.005/s MAXITS /50/

lL

HTC: VCUFy ACUR

0000050
00000570

00000580
00000550

00000600

00000610
00600620
GOOOOHHO0
COGO00640
00000650
00000660
00000670
00000680
00000650
000007 GO

et
00
pt



VIISF =
HOSF =

STROKEXFIXBOREXRORE/8.0
STROKE/2.0

CALCULATE HEAT TRANSFER AREAS.

RADI =
CHT =
cvoL =
VE =
AREA =
AR =
IF (VE
au =

GET GAS VELOCITIES

CALL GASVEL (THETA» VOLE»

CALCULATE THE HEAT TRANSFER COEFFICIENT USING WOSCHMNI'S EQUATION
(CONVERT TO CAL/CMX%2 SEC DEG..K)

RORE/2.0

HT(LUTRXTHETA)
VOL(DTRXTHETA)
CVOL,»

AMINL ¢

ACUF

LE. VCUF)
AREA - AR

110.X(RORE/100.)XK (=2)K(FAPECLIYKK(8)
FACTRXC((CLXCM + C2XT1X(CVOL/VIIYXCOELF/FLY))KKCS)

AR

FOR NOWs USE SIMPLE AFFORTIONMENT

AMAX1(0.»VOLE))
ACUP + FIXRADX(RAD + 2,0%CHT)

= ACUPX(VR/VCUF)IXX.6866666666

INSIDE THE CUR

»

+ URIKVRI

0.

cl = 2.28
C2 = 3.24E--3

CM = JOLXSQRT(VUTIXVUTI

QELF = AMAXL(F - FM

FACTR =

FACTR =

HE = FACTRX(TEXX(-,53))/346000,
HU =

FACTRX(TUXX(=+53))/36000.

UR3y UT3s VZ3)

+ UZ3IKVZ3)

THEN CALCULATE HEAT TRANSFER RATES ANI RETURN

Q0000710
0000G720
00000730
QO0GO740
GOOOG7I0
GOO0G74H0
00000770
GOOGO7EO
Q0GO0G7 90
00000800
00000810
00VOOHE20
00000830
00000840
GOOOOES50
QOGOOBAHG
00000870
GoQo08B0O
0000080
GOO000700
GGOOOP 10
O000GY20
000007350
DO000P40
00QGOP50
GOO007HO

GOGOOQOY70

QGOGO0280
QO00GYP20
00GO1LO00
00001010
OO00O0L020
00001030
00GOL040
QOO0000LOGO
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DABDT
DQUDT

RETURN
END

ARXHRBX(TR
AUXHUX(TU

TWALL)
TWALL)

VOGOOLOAHO
GOO001070
COGOLOBO

O000L0%0
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RURVIRE ok €K O KORICRBOKMORKORCKNCAR K K Kioo e Haeovy | Kk sl ROIAR ok kk Ok Kk kok
SURROUTINE PLUME

THIS ROUTINE WILL CALCULATE THE AMOUNT OF AIR ENTRAINED

IN THE BURNING FLUME OF COMBUSTION FRODUCTS IN A TGCS ENGINE
USING THE MIXING MODEL FROFOSED RY JAIN.

USAGE $ \
CALL FLUMECCHTy DELTy URAVy VUAU,

DESCRIFTION OF PARAMETERS! \
GIVEN
CHT ~COMEUSTION CHAMBER HEIGHT
DELT ~TIME INTERVAL FOR ENTRAINMENT
VEAV =SFECIFIC VOLUME OF THE RURNT GAS ‘

VUAV =SFECIFIC VOLUME OF THE AIR AND RESIDUAL I
LX ~0 CLIFFED FRACTION OF CHARGE MASS BURNT

RETURNS
ALENT —THE MASS OF AIR ENTRAINED IN THAT TIME OTE

INTERNALLY DEFINED VALUES!
RGF =THE SFARK FLUG RADIUS
DUAL. THE INTAKE VALVE DIAMETER
Male THE INTAKE VALVE LIFT
IFFY THE AVERAGE VOLUMETRIC EFFICIENCY
ALPHA ~AN ADJUSTABLE ENTRAINMENT COEFFICIENT

OEE ROKR ROR OK KKSKKSK# KK KKK KKK KKSKK KKK KKXokk HK YE KK OKSKit SK

SUBROUTINE FLUMEC(CHTy DELT» URAV, VUAVY CXs AENT
COMMON/CHARGE /FHIAVY DEL y FST y RESFRK » CHMASS » QL OWER » CFUEL.
COMMONZENGINE/RBORE y STROKE y CONLENy UTHOC y HTC » VCUF y ACUF

X ROBURBRCYRTCAF y RTEML y DSUBC y WO j RFM j TWAILLL



LOO

000

REAL LVAL

RGF = 1,9
DUAN = 4,0

LUNAL = 1,558

EFFV = 0.87

ALFHA = 0.0%

FL = RSUDBC - RSP

DCF = 20% RSURC

RELL = pl

RELI = RSE

RPL3 = RORE/2., — RSF

VIL = 19.75 % RSF X FLXXD

i = 12,57 % CHT ¥ RSFx¥2 + 0.7834 X(RSURC = CHT)YKDCH%2
JIS = 0.785 x CHT X DOREX%2 + 0+ 785A (RORE/2 ! ~REFHFL~CHT)
JANICE

VIN = URAW x CHMASS X CX

[FC VEN LE, \WI1) GO TO 120

(FC ven WLE, VR2) GO TO 110

LEC Uy WLE. VE3) GO TO 100
WES 0 0.7834 X DCFX%?2

DL G13
BO TO 200
REEL, = NEL2HCRFL3=RFL2) % | (VRA=VED) / (URZ-UE2) ) KO, 333

SE = 6.20 % (RSF + RFL ) % CHT +0.7854 % DCFX%xD
50 TO 900

WFLo= RPFLL + (RFL2-RFLL)X(CURA=VEL) / (VE2-VUEL) ) k%0, 333
SE=61 20K (RSFHRFLYKCHT + 3,14 x (3X (RSF=RFL)*RSURC) % CRF LHF)

RIP. = SQRT(URA/ZL9,75%XRSF)

Hie = 39.4 X RSFX RPL

UE = 04 23XEFFUXSTROKEXRFMXROREXK2/ (DVALXLVAL ) %0.5
NENT = ALFHA X SART (1+/ (VEAVXVUAYV) ) XSEXUEXDELT
RETURN

"ND



CTT TTRR

ORKKKK  SKKKKK AKKAOK KK AK KARR KKK KKK KKK KA KAR AKKAFTF

AFT
aETE
AETE
AFTE
AFTE
ETF
aFTE
FTE
AFT
AFTF
GFT
AFTF
AFTF
SFTE
AFTFE
SFTF
GFTF
AFT
AFF
AFTE
ARTF
SETE
AFTF
AFTE
AFTF
AFTER
AFT
aFTF
GFTF
AFTE
ARTE
AFTF

AFTF
AETE

1.0

20

30

40

50

60

70

80

90
100
110
120
130
140
150
1.60
170
1.80
150
200
21.0
220
230
240
250
260
250
280
2590
300
31.0
320
330

340
S50

o0

TF



T

IN THE FRESENT IMFLEMENTATION THE ENTHALFIES OF FORMATION AETE 360
OF COzZ AND H20 ARE ASSUMED TO BE TEMPERATURE INDEPENDENT MET 370

mFTE 350
- mFTE 460

MET 310
3 mFTF 330

0 RAS ORRAKOK KKK KHOR3K KOK3K KOKOKSK KOK3BK X I KOK3KSK KOK3KOK A 3 % SK AcRSKA AKKKH  HK KA OO Ak 0 kkFT 430
SUBROUTINE AFTEMF (PsTAsTRy TFs TREFy CFUEL» QLOWER»FHIDELYFSTy METH 340
RESFRKy» TFROID AFTE 350
rlTF 460
DATA ROVRZ2/.99345E—~3/yCPGUES/ 30E~3/ AITRF 370
DATA DHCO2yIHH20/~94,.054y-57.,.798/ nFTF 480
mFTE 490
AFTER GOO
AFTER G10
aTH 520 da
AFT 3350 =
AFTHF 340
alTR GO0
FFTF 60
aFTF G70
o AFTER G60
- AFTER G%0

2%

v alTF 600
AFT GLO
MFTE 620
MEFTE G30
e AFTE G40
n AFTE SO0
ARTE 6460

AFTER S70
GET HEAT OF FORMATION OF THE FUEL AND ADD TOTAL FUEL ENTHALEY fETE S80

AFTER S50

OHFUEL = ABS(QLOWER) + (EFSXIHCO2 + 2.%K(L.~EFS)KIHH20) /ZFUELWTREHT AFT 700
HSURF = HSURF + (1.- RESFRK)X(DHFUEL + CFUELXTF)AFUELWT/TOTWT METER 710

<
Sm

=T’}

g% NI 2.

g



“ AFTE 720

5 SET FARAMETERS FOR TEMF AFTE 730
ATE 740
TGUESS = TA + ARS(QLOWER)/CFGUESKFUELWT/TOTWT AFTE 7050
ERMAX = OOL1 AFT 760
MAXITS = 50 AETE 770
AFTE 780
CALL TEMP (Fy TGUESSYPHIYDELy FSI stiSUR:  ROD ERMAX s MAKI TSs TER) AFTE 750
it AFT 806
RETURN AITE G10
“HT

ol g



TET TEORIOKIOKNORYOKKKVERSION1.1 Xkk 8/01/74 REKKKKKKKKHEARKKEKKKAKKKKAKCLLF10

SURROUTINE CLIFPRD

FURFOSE$
TO CALCULATE THE SFECIFIC ENTHALFY OF THE FRODUCTS OF HC-ATE

-OMRUSTION AT TEMPERATURES AND FRESSURES WHERE DISSOCIATION
OF THE FRODUCT GASES MAY RE IGNORED. THE DENSITY OF THE
“RODUCT GAS IS ALSO CALCULATED» AS ARE THE PARTIAL
UERIVATIVES OF ROTH OF THESE QUANTITIES WITH RESFECT TO
FRESSURE AND TEMPERATURE.

CLIFE
CLOF

CLIOF
CLIFF
cLl
CLLF
CLE
CLUE
CLIFF
CLIOF
CLIFF
CLlI
CLIFF
CLIFF
CLIFF
CLIFF
CLIO
CLIFF
CLIFF
CLIFF
CLIFF
CLIFF
CLIFF
CLIFF
CLIN
CLIF
CLIFF
CLIFF
CLIFF
CLIFF
CLIFF
CLIFF
CLIFF
cLl

20
30

40

GO

80

70

80

50
100
110
120
130
146
1350
18amp;0
176
180
190
200
210
220
230
240
2050
260
270
280
290
360
310
320
330
340
35950



I TER - FLAGy SET TO 1 FOR T&It;100 DEG K CLIOF 3460

C 2 FOR Tx 46000 DEG K CLIFF 370
C 0 OTHERWISE CLIOF 380

CLIFF 320
CLI 400
CLIFF 2410
CLIOF 420
CLIFF 436
CLIFF 440
CLIFF 400
CLIFF 460
CLI 470
CLIOF 480

CLIFF 490
CLIFF 500

(KHOR  OKOK MOK KHOR HIK KKKSOK KOK3K 3K KKK3K okl K KK Q0KKISI K41 4 ok HKOR ARGk AK 0ok KK ACKRKARC THE 5540
SUBROUTNE CLOFPRICFY TVYFH IyDELyFSTyENTHLFyCBURFyCSURTyRHO»CLIFFGZO

1 DRHODOTYRHODEYTER) CLIOF “G30
CLIFF 3540

CLIFF G50

CLOF 566

CLIFF G70

CLIFF 580

CLIFF 5%0

CLIFF  ampG6

CLIFF 610

CLIFF 620

CLIFF 650

CLIFF 640

CLIFF 600

CLIFF 660

CLIFF 670

CLIFF 680

CLIFF 690

Clk 700



,828001y0087670293, 1557
: 90434 0¢b7
A304 2y -1 1762305:6004832400y~

CLIFF 740

~ L
435925y,103637 CLIFF 7350
3457938y-,01396¢LIFF 760

o
o
0
0w
I\
=
00d)
=N
2 MO
N
X
=
o

6429-18785 01617021 -,21820719.29
6 295715y2,3883879~-.0314788y~
740921999 =1. 295825, 3.20688 ~1..20221

CLOF 770

RICH = FHI GT. 1.0 CLIFE 780
LEAN = NOT. RICH CLlI 720
EFS = 4 KDEL/(1. + 4.%XDEL) CLIFF 800
IER = O CLI 810
IF (T JLT. 100.) IER =1 CLIN 820
IF (T .GT. 6000.) IER = ~ CLIFF 830
IR = 1 CLIFF 840
IF (T JLT. 500.) IR = 2 CLIOF 850
CLIN 8460

GET THE COMPOSITION IN MOLES/MOLE OXYGEN CLIFE 870
CLIFF 880

IF (RICH) GO TO 10 CcLl 890
X(1) = EFSKFHI CLIFF 200
X(2) = 2,2(1,— EPS)KFHI CLIFF 921.0
X(3) i 0. CLIFF 920
xX@4 = O, CLI 930
X() = 1,- PHI CLIFF 340
GO TO 20 CLIFF 2350
Z = 1000,/T CLI 260
K = EXF(2.743 + ZX(-1.761 + Zk(—-1.611 + ZK.2803))) CLIEE 9461
ALFHA = 1, - K CLI 970
BETA = (2.K(1.— EFSXFHI) + KKE.K(FHI ~ 1.) + EFSKFHI)) CLIFE 9280
SAMMA = 2, XKXEPSKFHIX(FHI — 1.) CLIFF 290
C= ( - BETA + SQRT(BETAXKEETA + 4.2 ALFHAKGAMMA))/(2,KAEEdA) OGO
X(1) = EFSKFHI - C CLIFLGLG
X(2) = 2,2(U. - EFSXFHI) + C CLIF10Z0
X@) = C CLIOFLOSO
X@4) = 2ZKEFEHI — 1.) - CLIOFL040

=

=S O
=g



« 91 Eg

»

20

10

40

xX(3) = O.
X(6) = PSI
CONVERT COMFOSITION TO MOLE FRACTIONS AND CALCULATE AVERAGE
MOLECULAR WEIGHT
IF (LEAN) TMOLES = 1, + FSI + FHIX(L.~EFS)
IF (RICH) TMOLES = FSI + FHIX(2.-~EFS)
DO 30 J = 1+6
XC) = XJ)Y/TMOLES

MBAR = ((B.XEFS + 4.)%FHI + 32. + 28.2%PSI)/TMOLES

CALCULATE Hy CFy AND CT AS IN WRITEUFy USING FITTED
COEFFICIENTS FROM JANAF TARLES

ENTHLF = O,
CSURF o.
SOURT o,
5T = T/1000.
NO 40 J = 146
TH = ((C ACA4yJyIRIZAKST + AN C 1 = JrIRI/3.IXRST

+ DU~ IYIR)/24AIXETHA C L_JyIR)JIXST

TCP = (( AM@AYJIYTRIXST + A(3yJylR) YXKST
+ AC2vVJIYIR)IXST+ACLYJYIR)
TH = TH — ASyYJsIRY/ST + AACS=s=JyIR)
TCF = TCF + AN C = CS N IrTR)/I5TXRXK2
ENTHLF = ENTHLF + THXX(J)
CBURF = CSURF + TCFXX(J)
ENTHLF = ENTHLF/MBAR

CSURBF = CSURF/MRAR

NOW CALCULATE RHO AND ITS FARTIAL DERIVATIVES
USING FERFECT GAS LAW

RHO = 012187 XMEBARXF/T

CLIFLOGO
CLOF106G
CLIFLO7G
CLINF1080
CLLIF 1090
CLIF1100
CLUFLLLO
CLIFL12G
CLIF1130
CLIOFL140
CLIFL 150
CLIF1140
CLIUFLL70
CLIOFLLBO
CLOFLL?0O
CLI L200
CLIOFL210
CLIFL220
CLIOFL230
CLIFL240
CLIN L250
CLIFL260
CLOFL270
CLIFL280
CLOF1290
CLLOF1L300
CLOFL3LO
CLIFL320
CLIOFL330
CLIFF L340
CLIN L350
CLUF L340
CLINLI370
CLIFF 1380
CLIN1390



DRHODT
ODRHODF

ALL
RETURN
END

= -RHO/T
= RHO/F

TONE

CLIFF L400
CLIF1410
CLIOF1420

CLIOFL430
CLIIF1 A446
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SUBROUTINE DERIVS(F»TyFHIYEFSYFSIVAsXy Vo UrAMWT y CEURF s CBURT DRVS 010

1 DRHODT»DRHODF) RVG G20

RVG 030
THIS ROUTINE EXISTS SOLELY FOR USE RY HFROly MANY OF WHOSE LRVS 040
INTERNAL FARAMERERS IT USES. IT IS ESSENTIALLY USELESS FOR ANY ORVEG 000
DTHER FURFOSE. THE EQUATIONS USED CAN RE FOUND IN AFFENOILX 11 IRVS 060
OF THE WRITEUF DRVS 070

HRVS 080
LOGICAL RICHyLEAN [IRVUS 090
DATA ROVRZ/.99345/ ODRVS 100
DATA SCALF/41.29287/ ORVS 110

LRVES 120
RICH = FHI GE. 1.0 NRVES 130
LEAN = NOT. RICH RVG 140

RVES 150
C3 = (117. + 30.XEFS)YX1000. ORVS 160
C4 = 1.35EIXKEFS ORVE L170
CH = 2.0 - EFS + PsSI NRVS 180
C6 = 5,0 — 2+XEFS + 2 XPST [RVG 190

[RVS 200
DUDTFX = &amp;6.3E4XUITXxX2 LDRVE 210
QUDFTX = -U/F [RVEG 220
QUDXFT = =U/CXX{(. = 2.XEFS%XX)) [RVG 230

NDRVEG 240
DADTF = (3.4E4X2,/3:)%A/TKX2 [RVG 200
ADFT = —-A/(3.XFY [RVS 260

NRVS 270
AF = EFSXA RVG 280
TO = J.XC3 RVG 290
DXDA = TGXK(TS + 20KCOKAPI/(TIR(L, + 2.KAP) + 2. KCOKAFKK) KK URVS 300

IRVS 310
Z = (. = FHIy/X RVG 320
IF CLEAN) DYDX = (4, + «72%2Z)/(1l. + 36KZ)IRXD2 RVG 330

IFCRICH)Y DYDX = (Lle~ 1.28XZ + +POKZKKD2)/(Lo=0bAKZ + +IKZAKD)KK RVG 340
LNIRVES 350



L

DYDTF
OYDPT
QUOTE

DUDFT

DHFDFT
OCLDFT
QCIDFT
DHFDOTF
OQC2NOTF
DCLDTF

TVO =
EARG
TV =

(B000. ~ 2000.XEFSs + 300.20Fsl)/(L. = SGKEFS + ,09%KFSI)

DYDXXOXDAXDADTF
DYDXXDXDAXDALFT
DUOXFTXOXDAXDADTF + DUNTFX

DUOXFTXOXDAXDADFT + OUDFPTX

C3XOYDPT + CA4XDUDFT
—-2.X(3.XDYDFT + OUDFT)
S.XDYDPT + 33 XDUDFT
C3 % DYDTF + C4XDUDTF
-2,k(3.XOOYDOTF + DUDTF)
J.XDYDTF + 3.kODUNTE

EXF(TVO/T)

TUO/(EARG - 1..)

OTVIOTF

AMCF
Cl =
cz2 =

2

K(PST — J.2%xY
IF (LEAN) CI = CI +
IF (RICH) C1

IF (LEAN) C2
IF (RICH) C2

= TUOXEARG/(TX(EARG - 1.))%%2 XTVO

(B.XEFS + 4.)0XFHI + 32. + 28.,%F61
7.XFSI + G.XY + 3.%xU

W)
Cl +
cz2 +
cz2 +

7.
2. + 2.9%(7. =
2.

2.9%¢4. + (2. -

%(lls + (5, -

+ (9, ~ 8.KEFS)IKFHI

4. XEFS)XFHI
3. EFSYKFHI)
J.KKEFSYKFHI)

+ C2XDTUDTE + TUKIC20TH

ROVR2/AMCPX(TXDCLIDFT + TUKDC2OFT + DHFDFT)Y XSCALE

CSURF = ROVRZ/AMCFX(C1 + TXDCIOTF
+ DHFOTF)

CSURT =

IF (LEAN) G = 1. + (1.-EFSYXFHI +

IF (RICH) G = (2. EFS)YXFHI + FSI

G = -AMCF/GXX2

OMOTRF = GX(DYDTF + DULNTF)

IMOFT

GX(OYDFT + DULDPT)

FSI + Y + U
+ Y + U

LIRVS
IRVS
IRVS
DRVS
IRVS
IRYS
IRVS
IRVS
IRVS
ORVE
RUS
IRVS
IRVS
ORVS
URVS
ORVS
IRVS
IRVS
DRVS
IRVS
IRVS
DRYS
IRYS
TRUS
IRVS
IRVS
nRVUS

IRVS

IRVS
TRUS

URVS
URVE
[RVS
IRVS
RUS

360
370
380
390
400
41.0
420
430
440
450
460
470
480
490
500
51.0
520
530
540
550
560
570
580
590
600
610
620

630

640
650

660
670
680
650
700

k

Pr



DRHODT
DRHODF

RETURN
END

LQ12187%F/TX(OMOTF - AMWT/T)
,012187/TX(AMWT + FXOMOFT)

NRVS
LDRVS
DRVE

LGRVUS

710
726
730

740



CHITOKRRCKOIOIOKKCKRAOOR VERS TON 1,0 K40K 5/29/74 OK MRKKHOR OKO S &= A FRX Ik HEre

SFECTFLIC ENTHALEY OF THE FRODUCTS

CART LAL DERIVATIVE OF ENTHLE WITH RESPECT TO 7

AT CONSTANT

SARTLAL DERIVATIVE OF ENTHLE WITH RESPECT TO F

(CAal./G-DEG

AT CONSTANTT (GEAGD
QENSTITY OF THE FRODUCTS

CERT laL DERIVATIVE OF RHO WETH RESPECT TOT aT

CONSTANT F

PARTIAL DERIVATIVE OF RHO WITH RESFECT TO F aft

CONSTANT 7

(GIACC-THEG KD)

(G/CC~-ATM)

IK)

(LACED

(KREALAG)

HitRir
HERD
FRI
MIF
FR
HERI
HERI
HER
HERI
SERIE
ick
PHOTO
Helie
HIRE
FER
HE
Hin
FET
HERD
FIER
FERED

01.0
oo
020
040)
050
Oamp,0
3/0
GRO
020
100
LILO
120
1350
L140
LD)

1 bid
170
180
100
200
200
220

FHARLE2350

HERE
HERO
MEFFRIY
MERLE
MERIT
FE
MER
HER
MERGE
MERI
Hear
FIERCE

240
250
250
20
ERO
290
200
500
4000
580
340
350



HEL
Mikel
HEFT
BHI

348)
370
380
A350

Plena,

HET
BERLE
PHF
HERI
MET
FEE
HERI
HFRS
El ictl
TYROKN) RRRKKOKOKSKKKONE} SRIRAK KK ROKK KS SORSIOR 5 Ok ACRAACA RACKAARR RL
ERT
FU RCE
MFR
EAE
PHERCLE
HERD
FR
HERE
FER
HERE
Fhriet
FIRE
HERI
REECE
MERLE
ER
HT
BUTE
SER
Meter

ao
AE)
50)
ao
AGG
GO
420
Amo
A490
00
00.0
D026
5SA0
Velo)
50
560
S20
580
S590
AQ000
49.0
420)
&amp;30
a3
S50
PN)
S70
SE)
BBO
700



Rd

IF (NOTCLIDD GO TO 9

CALL CLIFRICFy Ty FHL y DEL y FST ENTHLF y COURF » CBURT » RHO » TIRMUGT »
L IRHOUE TER)

RETURN

CALCULATE EQUILIBRIUM CONSTANTS FOR DISSOCLATION
(NOTE THAT UNITS ARE INVERSE FRESSURE TO THE 1.2 POWER)

ARl = 33200 X EXE (= 3REFS + 34000./T)
ARD +13E~3 % EXPL 3REFS # 29000./T)

CALCULATE Ay Xy Yy ANI U AS IN NOTES
A= (Aa= EPS + FSD ZA KPFRARIRAKL)YR(433333333)

TI 2.- EFS + PSI

T2 le + 20XTI

T3 = EFSKA

X = AXC30RTL + T2KTI)/ (30k (Lad 20KTIORTL + 20kT2RTIKTS)

I = (e PHID/X
IF (RICHY Y = X/(Le— «BAKZ + 30X28)

TE CLEANDY Y= XK(Lot ZF G36RTRR2Y/CL + 34K) -~ (ds = #HID
Lom (2 = EPS 4 FSIIRCL 20 REFSKX) ZC OAR THAR ZKERX)

CALCULATE THE ENTHALFY OF FORMATION FOR THIS aFFROXEMOTE
COMPOSITION

ENTFOR = 1000 XKROVREXCOLL. + 30 KEFSYXY + 135 S5FEFSKUD
XH20 = 20% (Le EFSYXFHT

Tl = 7XPST + SY + X%kU
= = FST - J3.XY - U

IF (LEAN) GO TO 10

HERE
HERD
HE

HERE
HEF
HEEL
Mik
AFT
Hin
HER
HEIL
HE
MEL
LEE
HERI
AFT
HERS
HFT
HEEL
HF RE
HEFEL
APR
HER
HFRO
HERD
AFRI
MIFRE
HFT
HERI

710
720
740
750

10
750
570
i
770
300
30
820
850
340
B50
£40
B70
B60
850
700
510
20
5050
740
950
96,0
570
$80
950

MFOOO

MEFO

DEO

HF
HF

50

HER 040



oy

pov

20

ROUT w 2h 4 Zaks = 40REPSYRFHL + TH

ROVY = 4 4 (20 ZORERSYHPHT 4 02
XCO2 = Dy (Zo EFSYEFHI

XCO = 20% (PHL -~ 1.)

ENTFOR = ENTFOR = 1000 kROVR2KS SkK LMT
GO TO 20

RCUT = 70 4 {9 - BL.XEPSIKRPHIT + Ti
REOW = Le 4 Ca BOKERSYRPHT + T2

XCO = O.

XCOZ2 = LFRSXPHT

ENTFOR = ENTFOR + (XCOZ2¥AHFCOE + XKHIOXAHFH20 + XCkaHECO)

ADIL IN TRANSLATIONAL y VIBRATIONAL y AND ROTATIONAL TERMS 70 GET
TOTAL ENTHALPY

TV = (3000. 2000.%XEFS + 300,KEGI ID/L. WHREFS + SOK
TV = TUS EXFCTU/T) — 1)
AMCF = (8. XEPS + 4 0%FHT + 32, + 28.%KF61

ENTHLF = (ROVR2XCRCVTXT + RCUVXTUX2,) + ENTEFOR)/8MCE

CALCULATE AVERAGE MOLECULAR WEIGHT, AND GET DENSITY RY
USING THE PERFECT GAS LAW

IF (LEAN) AMWT = AMCF/CL. + (lo= EFSIYKFHI + PSE + ¥ + Lh
IF (RICH) AMWT = AMCF/ (C2,= EFSYKFHT 4# FST + Y + 1A
RHO = .01218972%AMWTXE/T

GET FARTIAL DERIVATIVES RY WaY OF A SUBROUTINE CALL

CALL DERIVE
DRHOOE)

s TYFHIVEFSYFSLr Av Xo Yo Us AMWT y CHUBRE y CSURT » TRHOLT »

HERD Gamp,G
ECE)
B M 80)

FEEL OS)
—E LG

HE Lo
FFF L220
BERL TSO
PRL AQ
FROL 150
HEEL LAO

bERULLSO

MERIT BO

ben LAG
BERTEL 200
HERI LO
MERCIO
HELL 230

BHAI40

FRET 250
Ebelwb0
HEROL 270
HERD 280

HEREC290

FHL EOO
MEF 51.0
PHL 300
FURIE X50
FIr 0320
M FLL SO
HEFL AAO
MEO AYO
MEd 360
AERLARO
FEIT AGG



Pr

ja)

IF CALCULATING FOR ad INTERMEDIATE TEMPERATURE USE A WEIGHTED
AVERAGE OF THE RESWL CS FROM THIS ROUTINE AND THOSE FROM THE

SIMPLE ROUTINE

IF (NOTWRM)Y RETURN

CALL CLUFRINCEy Ty PHY» BEL y FST THY TCE» TET» TREO» TORT» (TRE y TER
Wi = (T = TCOLDD/(THOT = TCOLID

w2 = 1.0 — Wi

ENTHLF = WIKENTHLF + W2XTH
COURF = WIXCSUBF + W2XTCRE
COURT = WIXCSURT + W2XTCT
RHO = WLKRHO + W2XTRHO
DRHODT = WLKORHODT + WaXTHRT
(IRHODF = WIXORHOOF + W2XTORF

RETURN
Ef

FHRL 410
MFR 4020
MERLL 450

HERI AAO
PFIE 50

MEF 440
PERL 470
HERO 2680
HR 470
CHR GO
FEEL 2 O
FET S00
FFE TSO
FELLS 0
MERLE
FRCL Teddi)
FEELS 20
FERED 0
FIERCE Dy)



CRTBRKIAOKIOKIOKKKKKRKKKVERSION1.0 kkk 5/29/74 KERKEKKKKKKKKKKKKEARERRARKKATEMF10

SURROUTINE TEMF TEE 20
TEM 350

FURFOSE ¢ TEM 10
TO CALCULATE THE TEMPERATURE OF THE FRODUCTS OF HC-ATR TEE GO
COMBUSTION, FOR GIVEN SPECIFIC ENTHALFY OF THE FRODUCTSy AND TEMF 40
FOR GIVEN ARSOLUTE FRESSURE TERE 70
TENE 80

USAGE? TEM  $0
CALL TEMP (Fy TGUESSyFHIs DEL y FST yENTHLF y Ty ERMAX y MAA TEMF 100
TEME 11.0

DESCRIFTION OF PARAMETERS? EMF 120
GIVEN? TEMF 130
F = ARSOLUTE FRESSURE OF THE FRODUCTS (ATM) TEM 140
TGUESS— INITIAL GUESS FOR T (IEG K) TEHF 1350
FHI ~ EQUIVALENCE RATIO OF THE FRODUCTS TEMP 160
DEL - MOLAR CliH RATIO OF THE FRODUCTS TEMF 170
81 = MOLAR N:O RATIO OF THE PRODUCTS TEMF 180
ENTHLF~ ENTHALFY OF THE FRODUCTS (KCAL/G) TEM 120
ERMAX - MAXIMUM ALLOWABLE RELATIVE ERROR IN RESULTANT T TEMF 200
MAXITS~ MAXIMUM NUMBER OF ALLOWARLE ITERATIONS WITHOUT TEMF 210
SUCCESS TEMPE 220

FLAGy SET TO 1 IF NO SUCCESS WITHIN MAXITS ITERATIONS TEMP 230

TEMP 240

TEMPERATURE OF THE FRODUCTS (DEG K) TEMF 2050

TEM 260

SUBROUTINES AND FUNCTION SURFROGRAMS REQUIRED EMF 270
HERO TEMP 280
FEMF 250

TEMF 360

TEMP 310

TEMP 320

L L RORK KAAOKAAR AK KOKA KKKKHOR HK AKO KKK KKA KKA KH KKKKKK Kotk KSAKAAK ok okTF! 330
SURROUTINE TEMP (Fy TGUESSy FHI y DEL s FST y ENTHLF » Ty ERMAX » MAXI TE» TER TEMP 340

T = TGUESS TEMP 350



[ER =

DO 10

CALL HFRODCFss TyFHI DEL yFSLs AHG» CSURF » COURT » RHO » DRHODT » DRHOTIE )

©

TOLD

F'=

T +

1yMAXITS

T

(ENTHLF = AHG)/(CSURF X 1.0E-3)

IFC ARSO(T -
{O CONTINUE

IER =
20 RETURN
END

1

TOLD/ TY)

JLE. ERMAX) GO TO 20

TEMP
TEMF
TEMF
TEMF
TEMF
TEMF
TEMF
TEMF
TENE
TEMF
TEME

360
370
380
390
400
410
420
430
440
450
440

pit
oD
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06000020
OOVOOEO
DOGOVOAQ
00000050
00000060
00000070
00000080
00000030
HO0000100
00000110
00000120
00000130
00000140
00000150
00000160
00000170
00000180
GO000150

00000200
60000210

00000220

00000230
00000240

00000250
00000260
00000270
00600280
00000290
00000300
00000310
00000320
GOOGOIFO
000GOGEAO
00000350



B) REFORT ANY FROELEMS TO MIKE MARTIN AT 2U3-2411
OR ROOM 3-339Dn gg%%%ﬁ%

000G0O380

GO000350

COOOGAO00
GOGOOALO

2 TRRRRKIC(;IORKI KRKOOKKRRKKOKK K KKRACKKIRRKKKAAKIRKAK

FUNCTION TSURUZ y FNOTy TNOTs EMAX) HOODOASO

COMMON /CHARGE/ FHI» DEL» FSly RESFRKy CHMASSs QLOWERy CRUEL G0O000440

HOOO00AGO

00000460

DOOO0OATO

00000480

o 00000490

) 00000500
o 00000510 it
00000520 i
GOOOOTSO g

00000540

DOO0OSHO

GOOOOTAO

0000GTTO

c OOOO0EBO

c 5000050

| 00000600

OGO00EGLO

00000620

00000630

00000640

0OO0GHO

GOOOOEGO

- GOOOOHTO

c GOOOOGHO

. 00000650

GO000TO00



N

>»

gt
Lo

{1

20 CALL UFROF2 (FOLD TOLDs FHI» DELy FSI» RESFRKs XH»

30

40)

X

k

RTs» RF)

Gi = (1+/RHO - CT)/CF

TSTAR = TOLD + DELFXGLXFSCALE

FNEW = FOLD + DELF

CALL UFROF2 (FNEWy TSTARs FHIly DELy FSI» RESFRKy XHy CFs CT RHO
RTs» RF)

G2 = (L+/RHO - CT)/CF

TNEW = TOLD + DELFXFSCALEX(GL + G2)/2.

ERROR = ARS((TNEW - TSTAR)/TNEW)

IF ERROR TOO LARGE, CHANGE STEFSIZE

IF (ERROR JLT. EMAX) GO TO

DONE = FALSE.
DELF = DELFX.8
GO TO 20

OTHERWISE, UFDATE F ANID

FOLD = FNEW
TOLD = TNEW
IF (NONE) GO TO 40

SEE IF ERROR TOO SMALL TO JUSTIFY THIS STEFSIZE

IF (ERROR GE. EMINY GO TO 10

IF 80y INCREASE STEFSIZE

DELP = DELPX1.25
GO TO 10
TSURU2 = TOLD
RETURN

END

CFs CTs RHO

QOGO00O7 1G
GOO0OT20
Q00GO730
0GOGO74G
000COGT7 HG
GOVOO7 60
G0000770
00GGO780
Q0000790
GOOOOBOO
GOOOGHILO
AOOOOB20
00GOOB30
00000840
QGO008GO
QOGOOBHO
00000870
00000880
0GOOGEO
00000200
00000910
HOOO00R20
00000230
000007240
G0000OYLO
QOGOO0Y40
QO0QOP70
GOOOOYEO
QO0000PPOG
00001000
00001010
00001020
00001030
QO00L 040

fmt
hy
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00000020
SURROUTINE UFROF2 GOOO0OO0F0

HO0O00040

00000050

00000060

00600070

00GOOOEHO

OOO000HPC¢

00000100

00000110

00000120

60000130

00000140

00600150

00000160 i

00000170

00000180 |

00000150

00000200

00000210

00000220

00000230

00000240

00000250

00000260

00000270

00000280

00000290
HOO000300

00000310
00000320
00000330
00600340
00000350



ROOM 3- il
(ROOM 3-339 Ii GOGO0340

DOGO0370

00000380

00000390

QOGOOAD0

Q0G00410

Q00G0420

FEKHARKAAAAAAKKKAKAAAARKK KAKA KAKA RAK IRKKAKKAAAK AK KKIA KA KAAK KAAKKKAA FKAKO 00430
SUBROUTINE UFROF2 (Fs Ty FHI» DELy FSI RESFRKy ENTHLFy CSUR 0000GGA40
CSUBTy RHO» DRHODTy DRHOUF) QOOOO0ATO

LOGICAL RICH LEAN GOOO00AGO
DIMENSION AC6v692)y X(6) GGGOOA70
DIMENSION A1(36)y A2(36) GOOOGABO
EQUIVALENCE (ALCL) sACLylyl))y (A2C1) yACLyly?2)) GOOGOATO
REAL. MRARYK HOGOOG00
0000010

INITIALIZE FARAMETERS, AND CHECK TO SEE IN WHAT TEMFERATURE QO0GOOL20
RANGE WE ARE $0 THAT THE CORRECT FITTED COEFFICIENTS WILL BE  00Q00GG30
USED. FLAG TEMPERATURES TOO RIG OR TOO SMALL GOOOGHAO

DATA AL/11.94033, 2.088581ly —0.47029, 2037 36 IO=08944797 141868000560

6.139094, 4,60783y ~,9356009r 06669498 +0335801Ly ~06.62088y 00G00GL70
74099506 1.275957 — 2877457, 1022356 ~15988696y ~27.73464y O00O0GEED

3.355680y 1.787191, —.2881342, 01951547, 1611828y 1 76498y GOOGOLTG
4 7.865847, (6883719 -—-.031944, -,00268708, —~ezZ013873y — BY3455y 00000600
3 64807771y 1.453404, -.32898%, ,0256103%, = 1189462 3318357 OOO0O0OALO

DATA AR/4.737305y 16.65283y -11.2325, 2.828, ¢QOE76702y ~93, 757939 00000620
7 74809672 ~,2023519y 3.418708y 1.179013, +00143629 ~07.08004y O0O0000H30
B 6.97393, ~.8238319y 2.942042) —1.,176239, +0004132409y 27,1959700000640
P6.991878y 11617044y —,2182071ly 2968197, =e QL62G234y —, 11818B%y 00000650
W 4.290715, 2.388387 -~.0314788, =+3267433 00435925 L103637 VOO006HO
70092199, —1.,29582%5, 3.,20688y ~1.202212, =e Q0034U7938y ~.013947/00000670
00000480

GO000670

Q0000700



22

EFS
IER

[F (T
[F (T
[R = 1
[F(CT

GET

FCTRES
FCTNEW

X(1)
x(2)
X3
x(a) =
X35)

GO TO

L

K
ALFHA
BETA
GAMMA

0
XD
xXC)
X(3)
X
X(G)
20 X(&amp;)

4 XDEL/CL. + 4.XDEL) 00000710
0

JLT. 100.) IER = | 8008&9773%8
«GT. 6000.) IER = 2 00000740
+L.Ts 500.) IR = 2 88888;28
00000770
THE COMFOSITION IN MOLES/MOLE OXYGEN 00000780
OGOO00THO

= RESFRK
= 1,0 -~ RESFRK 00000800
IF (RICH) GO TO 10 gggggggg
EFSXPHIXFCTRES gggo%%ilg
2.96(1,0 = EFS)XFHIXFCTRES GOO00BHO

O.

o | DO0GOBSO
(1+ = PHIYXPCTRES + FCTNEW 888883;8
20 GOO00BYO
0GOOOFO0

= 1000./T
00000910
= ZIXF(2.743 + ZK(=1.761 + ZR(~1.611 + ZK.2803))) GO006P20

= 1,0 = K
= 2.%K(Ls= EFSKFHI) + KK(2,%(FHI - 1.) + EFSKFHT) 8888%928
= 2 XKXEFSKXFHIX(FHI - 1.) GOOO0Y HO
= (RETA + SART(BETAXRETA + 4 KALFHAKGAMMAY)/(2KAL5E500960
(EFSXFHI C)YXFCTRES BOOOOY 70
(2,0%6(1, EPSXFPHI) + CYXFCTRES HOOOOFHO
CXPCTRES 00000990
'Eczz:roNc:)\A(/':Hl 1.) = C)YXFCTRES 00001000
PST 00001010
00001020
G0O001030
CONVERT COMPOSITION TO MOLE FRACTIONS AND CALCULATE AVERAGE OOO00LOAO

MOLECULAR WEIGHT

000010750



r=

2

30

40

IF (LEAN) TMOLES FSI + FCTNEW + FCTRESX(1. + FHIKCL o=EFS)

IF (RICH) TMOLES FSI + FCTNEW + FCTRESK( FHIK(2, - EFS)
00 30 J = 1y 6
>XJ) = X(@I)Y/TMOLES

CONTINUE
MBAR = ((8+XEFS + 4.)XFHI + 32, + 28,%FSI)/TMOLES

CALCULATE Hy CFy AND CT AS IN WRITEUFs USING FITTED
COEFFICIENTS FROM JANAF TABLES

ENTHLF = O,

CSURF = O,

CSURT = O,

ST = T/1000.

NO 40 J = 1y 6
TH = (CC AMA Jy IRY/Z4AXST + N C =3 ==JrlR)/3.VAST

fo Aly Js IRI /Z201% ST+ A C L_JrIR)Y|ST
T AN C= "~y ISTRIXST+AC 3O JIyIR)DXKST
—_.A\ =N JYIRIXST+tACLVJIYIR)

TH = TH = €= JYIRI/STtAC SIrIR)
TCR = cr + ASYyJrIR)/(STXST)
ENTHLF = ENTHLF + THXXQ?
CSURF CSURF + TCPXX(D

CONTINUE

ENTHLF = ENTHLF/MEAR

CSURF = CSURF/MERAR
NOW CALCULATE RHO AND ITS PARTIAL DERIVATIVES
USING FERFECT GAS LAW

RHO = WOI1lL2LB7XMBARXF/T

DRHODT = -RHO/T

ORHODF = RHO/F

QOCOL060
00001070
G0O001080
00001090
00001100
00001140
00001120
00001130
06001140
GOOOL 150
00001160
00001170
COOOL 180
00001190
GOOOL200
00001210
00001220
CO00L230
00001240
00001250
00001260
00001270
00001260
00001250
00001300
00001310
00001320

00001330

DO00L 340
00001350

06001360

00001370
00O0013H0

00001390
0GOO01LA00



ALL TONE
RETURN
END

GOOOLALO
00001420
GOOOLAZO
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Table 1

Engine Specifications

DTM INST ANS
baee

stroke

connecting rod

clearance volume

VALVE TIMINGS

OPENS

inlet valve 10 BTDC (1)

" )

&gtxhaust valve 55 BBDC (1)

45 )

(1) at 0.006 in, valve lift

fe

3.875 in.
3.875 in.

6.625 in.
4.570 in.°

CLOSES
55 ABDC (2)

45 Q)

10 ATDC (2)

0 (1)

(2) valve face flush with head

defined in Figure () and Appendix B of
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ETN 2

[nj ection System

Pyt
pump: APE - B Bosch
cam: 6/1

plunger: 7mm.

. 3
reaction valve: 20 mm

NC aradhai
nozzle: Roosa-Master XNM 1029
orifice diameter .023 in.
orifice L/D 1.0

nozzle cracking pressure 2000

needle 1lift 010 in.
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Table 3

Summary of Instrumentation

Air Orrifice Inlet

Air Inlet

Water Inlet

[Nnstrument - All

Chromel

Omega DS - 500

Resolution 1°7

[nlet Air
Crankcase Vacuum
Oil Pressure
Exhaust
Dynamometer Load

Injection Line

Combustion Chamber

Temperatures

Water Outlet Bearing Oil
Exhaust Fuel Inlet
Crankcase Oil Fuel Returns

Points

- Alumel Thermocouple

Digital Readout

Pressures

Method Resolution
Water Manometer 1 in.
Water Manometer in.
Panel Gage 2 1
Mercury Manometer A in.
Mercury Manometer 1 in.

Kistler 601 Piezoelectric

transducer, Kistler 504E 30 PSI*
Charge Amplifier

Kistler 609A Piezoelectric

Transducer, Kistler 503D .2 PST*%

Charge Amplifier



Air Inlet

B- 5
Cooling Water

Position

Crankangle

~135-

Table 3 (cont)

Flow Rates
Method Resolution

ASME Square Edged Orifice

with water manometers 0.05 g/sec
Laboratory Scale and Timer 0.01 g/sec
Rotameter .2 1bm/sec

Trump Ross Rotary Pulse Generator

720 pulses per revolution

plus Marker .2 CA’
Fuel Injector
Needle L.ift AVL NH1 - 100 B LDT L1
Gas Analysis Cart
Exhaust
Hydrocarbons Scott Model 215 FID HC Analyzer
Nitric Oxides TELCO Model 10 A Chemilumenscent NO Analyzer
Carbon Dioxide Beckman Model 315A NDIR co, Analyzer
Carbon Monoxide Beckman Model 315A NDIR CO Analyzer
Oxve.en Scott Model 150 Paramagnetic 0, Analyzer

* Accuracy is effectively limited by the system transfer

function and the

i See Text

565 oscilloscope
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Table 4

Summary of Fuel Properties

Methanol Iso-Octane Cross-cut

CH.OH Col, ¢ Distillate
Molecular Wit. 32 114 nv125
H:C Ratio ©) 2.25 1.328
Specific Gravity TQ4A . 692 .80
Boiling Point °F 149 211 (106-648)
Lower Heating Value (Btu/lbom) 8580 19080 T2038
Stoichiometric F/A Ratio 0.155 0.0665 0.0692

“TA » 7

Aromatics 29.5
Dlefins 3.0
Saturates 67.5
Octane No. RON 106 100 76.6

Cetane No.

28.13



DOM
fh 10 0.759
0.625

0.446

0.278

0.261

0.172

0.143

0.113

2000 0.828
0.650

0.475

0.348

0.218

0.161

IE, 0.811
0.639

0.524

0.371

0.249

0.193

0.124

0, = Start of Injection
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Table 5

24

~273

-23

723

-23

-23

-20

-29

-26

~-26

26

~24

24

-29

28

78

Ignition Always Preceeded by 2 ca’

ERHAr VIRSIHDS LORTIONG BF RSSIoR Resis

IMEP
104.7
93.2
81.9
56.8
53.6
30.1
24.7
17.5
122.2
108.9
91.3
73.1
mw,
25.9
130.3
119.3
105.4
82.0
55.5
38.1

21.7

ISFC
0.384
0,358
0.290
0.284
0.263
0.249
0.331
0.379
0.353
0.320
0.289
0.269
0.285
0.362
0.349
0.349
0.286
0.262
0.265
0.306

0.344



{E¥

by 10

2000

2500

3.924
0.762
0.600
0.442
0.426
0.282
0.211
0.129
0.927
0.859
0.692
0.472
0.334
0.258
0.180
0.184
1.000
2850
685
546
57
"gl
'12

N=...
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Table 5 (con't)

Cross Cut Distillate

-20
-19
20
-19
~190
-18
-25
-273
27
-23
-23
23
23
20
26
-26

-25

25
-76
7 -

sf

TMEP

112.1

105.4

893.0

79.7

76.3

555

41.3

22.8

112.9

112.4

98.5

88.4

63.6

51.4

34.9

32.4

122.5

120.7

108.9

95.6

69.3

56.6

39.7

11 A

ToFC
0.432
0.392
0.358
0.299
0.317
0.284
0,290
0.327
0.416
0.390
0.372
0.296
0.303
0.290
0.304
0.338
0.439
0.391
0,353
0.324
0.303
0.300
0.314

0. 387



RPM

500

2000

2500

0.767

0.636

0.486

0.394

0.324

0.261

0.219

0.811

0.741

0.654

0.591

0.504

0.414

1.364

0.291

0.221

0.696

0.641
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Table 5 (cont)

Metthanol

"5
-28
26
26
26
24
24
-28
-28
28

-28

278
-25
-25

25

Tv'P

106.9

101.7

89.0

717.7

66.4

50.8

40.7

108.9

106.9

104.6

100.5

92.7

84.6

72.5

58.6

26.9

106.3

102.3

ISF .

0.878
0.755
0.676
0.637
0.616
0.655
0,697
0.900
0.838
0.766
0,731
0.682
0.632
0.643
0.640
1.077
0.824

0.795



2PM

1500

ARTW)

»LN J

Subscript

0.77
0.46
0.29
0.83
0.49
9.22
0.78
0.52

0.25

Matrix of Averaged Pressure Crankangle

0.76

0.45
0.28

0.83
0.48

0.81
0.52

0.25

Nomenclature

0 =

bs =

be =
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Tabl:

©

[so~00Octane

TMEP
104.7
81.9
56.8
122.2
91.3
44,2
130.3
105.4

55.4

Observed from fuel

IMEP,
106.6

82.3

60.0

88.5
44.3
122.4

99.6

a7 . 4

air flow

24
-23

-23

-23

-29

-28

Measured from exhaust gas composition

Dynamometer measurement

Integrated average pressure data

Injection start

Injection end

%a

Start of heat release from Log P Log V plots

-12

~-12

-12

End of effective heat release from Log P Log plots

35

35

24

28

24

23

30

30

29



RPM

25450

50

0.76
0.43
3.27
0.87
0.49
J.26
0.83
0.52

J.29
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Table 6 (cont)

Cross Cut Distillate

b,

0.78
0.43
0.27
0.85
0.47
0.26
0.82
0.50

0.28

IMEP,

105.4

51.4
121.0
88.4
51.4
121.3
95.0

56.1

IMEP

99.2
73.3
47.2
114.6
84.9
46.5
124.8
100.1

59.7

fla
-20
-20

-20

~-24

-23

26

-26

80

10

-12

15

Os

11
-13
=11
-14
~=14

-15
-14
-14

-13

Ye
35
36
35

29

31
31
24

26
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