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ABSTRACT

A comprehensive single cylinder engine test program
to evaluate Lean Supercharged Operation (LSO) for spark
ignition engines was conducted. The evaluation involved
an experimental program studying the power, emissions, and
efficiency of a single cylinder engine. The relationships
between engine power, efficiency, and emissions and the
engine operating variables such as absolute intake manifold
pressure, Exhaust Gas Recirculation rates, and spark timing
were studied.

Results of the experimental work indicated that LSO
has the potential of improved engine efficiency and NOX
emissions comparable to, or lower than, the naturally
aspirated engine. For equal power output from the engine,
efficiency increases of 14% were accompanied by reductions
in Brake Specific NOX (BSNOX) emissions of approximately
76%. For a case of equal BSNOX emissions, an efficiency
improvement of 6.4 points or over 40% was observed. The
combustion process is improved and the lean misfire limit
is extended with Lean Supercharged Operation. The hydro-
carbon and carbon monoxide emissions are not significantly
different, from the naturally aspirated engine, by operation

at realistic lean supercharged conditions.
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I. INTRODUCTION

Increased concern about air pollution in the 1960's
led to federal regulations restricting crankcase and exhaust
emissions from all 1968 and later model year light duty
vehicles. Two studies conducted by the National Research
Council between 1971 and 1974 contributed to current crank-
case and exhaust emissions regulations for light duty
vehicles. The exhaust emission requirements for the 1981
and the 1982 model year vehicles are 0.41/3.4/1.0 grams per
mile for HC/CO/NOx respectively. Exhaust emission require-
ments for the 1981 model year are to be met at all possible
idle mixtures and choke settings. For the 1982 model year,
the exhaust emissions requirements are to be met for all
possible settings of idle mixtures, idle speeds, spark

timing, and choke settings.

Due to the recent shortage of petroleum fuels, beginning
with the 1978 model year, the automobile manufacturers are
required to meet "Corporate Average Fuel Economy" (CAFE)
requirements, in addition to the crankcase and exhaust
emissions requirements. The CAFE requirement for 1981 is
22 miles per gallon, an improvement of 83% compared with
the 1974 average fuel economy for the United States (1).

To meet these increasingly severe fuel economy and exhaust
emissions requirements the need for a clean, efficient engine
appears to be mandatory. Currently the automobile manu-
facturers are using and investigating various techniques

to improve vehicle fuel economy and exhaust emissions.
Techniques include: the use of lightweight materials to
produce a lighter vehicle, aerodynamic refinements to reduce
alr resistance, lock up torque convertors to improve trans-
mission efficiency, and engine modifications for improved
efficiency. Spark ignition engine modifications being

investigated include: computer control of the engine,



electronic fuel injection, combustion chamber design, reduc-
ing internal friction, variable displacement engines,

turbocharging engines, and lean operation.

Some extensions of the lcan limit of a naturally
aspirated engine were accomplished by increased compression
ratio and increased air inlet temperature in work conducted
by Quader (2). Turbo-supercharging (turbocharging) the spark
ignition engine generally increased the effective compression
ratio and inlet air temperature. The study of previous
investigators work indicates that lean operation with super-

charging would provide extensions of the lean limit.

The intent of this study was to examine the extension
of the lean 1limit by supercharged operation of a spark
ignition engine. The intake manifold pressure and tempera-
ture, and exhaust pressure were controlled to simulate the
addition of a turbocharger to the engine. Estimates were
made to determine if sufficient energy existed in the exhaust
to operate an exhaust turbine for turbocharging under lean
operation. The effects of spark timing and EGR were examined
for supercharged operation. Also, pressure-crank angle data

were obtained to allow a simplified cycle analysis.



IT. REVIEW OF LITERATURE

A. TURBOCHARGING

The invention of turbocharging is credited to Dr.
A. J. Buchi. 1In 1905, Buchi received a patent (U.S.
#1,006,902) which describes a combustion engine equipped
with an axial compressor on the intake system, an axial
turbine on the exhaust system, and the three units mechan-
ically coupled together with a common shaft. Dr. Buchi
received another patent in 1915 (U.S. #1,138,007) which
removes the mechanical connection between the engine and
the compressor-turbine assembly establishing the principle
of exhaust turbocharging as it is used today (3). The first
use of the turbocharger was in the late 1920's on marine
and railroad engines. Increased use of the turbocharger
occurred in the 1940's with the application to diesel truck
engines and airplane engines. Historically, turbocharging
of spark ignition engines has been primarily for racing and
high performance applications. Limited applications of
turbochargers were made to production automobile engines
in the 1960's. However, the turbocharging of the spark
ignition engine is receiving renewed interest with the advent
of increasingly stricter governmental regulations regarding

exhaust emissions and fuel economy for the automobile.

Several authors have investigated the use of a turbo-
charged engine to obtain lower exhaust emissions and improved
fuel economy. Schweikert and Johnson (4) examined a turbo-
charged thermal reactor system with a multi-cylinder engine
coupled to an engine dynamometer. These investigators
studied a naturally aspirated engine and a turbocharged
engine, each equipped with thermal reactors and secondary
air injection. The nominal engine air/fuel ratio investigated
was between 12 and 14 to one. With this rich engine opera-

tion, there was little difference in fuel economy and exhaust



emissions between the two engines. Schweikert and Johnson
predicted better fuel economy and reduced mass emissions
with the use of a small displacement turbocharged engine
to replace a larger naturally aspirated engine with

equivalent power output.

Engine operation near stoichiometric conditions with
a 4-cylinder engine equipped with a turbocharger-thermal
reactor system was investigated by Goggard, et. al. (5).
These investigators were primarily concerned with developing
the thermal reactor system for the turbocharged engine.
They found the addition of secondary air injection to the
thermal reactors provided rapid reactor warm-up, a reduction
in exhaust emissions, and a torque increase. The best
secondary air injection settings were found to be those which
provided 2-3% excess oxygen in the exhaust to achieve rapid
warm-up and reduction in exhaust emissions. The torque
increase was obtaincd from the higher mass flow through the

turbine providing a higher boost from the compressor.

Initial vehicle test results were reported by Emmenthal,
et. al. (6) using small displacement turbocharged engines
for improved fuel economy. Two engines were selected and
installed in test vehicles, a 4-cylinder 1.6 L engine and
5-cylinder 2.2 L engine. Boost pressure was controlled by
a wastegate, with 40 kPa to 50 kPa maximum boost pressure.
The engines were equipped with two-stage feedback carbur-
etors. The jets were selected to provide a slightly lean
air/fuel mixture. The air/fuel mixture was enriched to
stochimetric by throttling the bleed air for idle, first
stage, and second stage systems of the carburetor. An oxygen
sensor provided the necessary feedback signal to the exhaust
treatment. The exhaust emissions did not meet the engin-
eering goals of 0.41/3.4/1.0 gpm HC/CO/NOX. The investigators
suggest the addition of secondary air and a clean-up catalyst.
The fuel economy was approximately 33 mpg for a 100 HP/3000
1bm inertia weight vehicle.



Recently some of the automotive manufacturers have
started manufacturing and installing small displacement
turbocharged engines (7,8,9) in automobiles. The manufac-
turers have given special attention to the problems of
turbocharger lag and engine detonation. The problem of
turbocharger lag has been minimized by careful matching of
the turbocharger unit and careful selection of the nominal
engine compression ratio to provide good part load engine
operation. The nominal compression ratio ranges from 7.1
to 9.1 with maximum boost pressures from 80 kPa (11.4 psig)

to 40 kPa (5.5 psig) respectively.

To avoid detonation in the combustion chamber of the
engine, Porsche uses a lower nominal engine compression
ratio and an after-cooler on the air system (8). The tech-
nique used by Ford and Buick is to control the spark timing
advance. Ford's spark timing advance control system uses
a dual mode ignition module and a conventional breakerless
distributor with mechanical and vacuum advance. The dual
ignition module retards the spark timing based upon signals
recceived from intake manifold pressure sensors. The
ignition module retards the spark timing a preset amount
in two steps (9). Buick's spark timing advance control
system uses an electronic spark control with detonation
feedback and a conventional breakerless distributor. Two
special components are used in the electronic control system
a detonation sensor and a controller. The detonation sensor
is mounted to the intake manifold and provides an electrical
signal corresponding to the intake manifold vibrations.
Normal engine vibrations are treated as background noise
by the controller. The controller continuously monitors
and updates the background noise information. When cylinder
detonation occurs, the sensor produces a voltage signal
proportional to the intensity of the detonation. The con-

troller compares the detonation voltage signal and the



engine background noise voltage signal to determine the
amount of spark retard, which is transmitted to the distrib-
utor. The spark timing is restored at a fixed predetermined

rate.

To control the maximum intake manifold pressure manu-
facturers are using a wastegate on the turbocharger turbine
(7,8,9). Basically the wastegate is a valve, which permits
a controlled amount of the exhaust gas to by-pass the tur-
bine. This allows the turbocharger speed, and thus the
intake pressure, to be controlled. The wastegate is operated
by a spring-loaded diaphragm actuator connected to the intake
manifold pressure.

B. LEAN OPERATION

Theoretically, the lean operation of the spark ignition
engine has two advantages: the thermal efficiency of the
engine is generally higher and the oxides of nitrogen (NOX)
emissions are lower at leaner air/fuel ratios. A consider-
able amount of investigation has becn performed on operating
the spark ignition cngine in the lean region and on extend-
ing the lean misfire 1limit. These studies have examined
primarily two areas: spark and flame characteristics, and

mixture turbulence and preparation.

Several investigations have been performed studying
spark and flame characteristics to improve lean operation
of the spark ignition engine. Tanuma et. al. (10) examined,
modifications to both the ignition and intake systems. The
study was performed on a 4-cylinder 1982 cc displacement
engine. Various spark plug modifications were examined.
The spark gap was varied from 0.5 to 2.5 mm, the center elec-
trode diameter from 0.5 to 2.9 mm, and the gap projection
from 3.5 to 13 mm. Spark energy effects were examined at
values of 30 and 100 millijoules, and the intake system was
modified by the addition of 6 vanes to the intake valve seat



to increase mixture turbulence. In this case, increasing
the spark energy, gap projection, and center electrode diam-
eter improved the lean operation of the engine. The lean
limit was also cxtcnded by the addition of the intake valve
seat vanes to increase mixture turbulence. Ryan, et. al.
(11) further examined ignition and intake system modifica-
tions using a single cylinder CFR engine equipped with a
removable dome head. Two types of ignition systems were
used, a typical automotive inductive discharge system and

a Texaco ignition system. The Tecaco ignition system
provided a high energy a-c, controlled duration spark. These
investigators ranked, in descending order, the ability of
the various modifications toward extending the lean limit

as follows: increased gap width, increased spark duration,

increased gap projection, and increased mixture turbulence.

Novel ignition systems designs have also been investi-
gated. The testing and development of a plasma jet ignition
system is described by Wyczalek, et. al. (12). This ignition
system was tested on both a single cylinder and a 4-cylinder
engine which was equipped with a transparent piston. The
photographs showed that the plasma jet provided an ignition
source which traveled ahead of the initial flame front. 1In
some recent work performed by Quader (2), extensions of the
lean misfire 1limit were obtained with a more central spark
plug location and multiple spark plugs. A dual spark plug
ignition system was examined by Oblander, et. al. (13).

Tests were performed on both a single-cylinder and a
6-cylinder engine. The dual spark plug ignition system
gnerally allowed leaner operation by 0.1 to 0.15 air/fuel
equivalence ratios. Also, the two plug ignition system
provided lower fuel consumption, lower exhaust emissions,

and less tendency for engine knock.

Quader (14) reported the results of two single cylinder
engine experiments investigating flame initiation and flame



propagation under lean operation. The first experiment
investigated flame initiation by advancing and retarding

the spark timing from MBT spark timing. The advanced spark
timing allowed determination of an ignition limit or failure
of flame initiation to occur. The retarded spark timing
provided a partial burn limit where failure of the flame

to propagate occurred. The flame propagation experiments
were conducted by the addition of an instrumented spacer
installed between the cylinder block and the head. Quader
concluded that both the flame initiation and the flame propa-

gation constrained the spark timing in an engine.

Another area of investigations has been mixture turbu-
lence and mixture preparation. The effects of various
engine variables on lean engine operation were examined by
Quader (2). Quader obtained extensions of the lean misfire
limit by increasing the mixture homogeneity, increased com-
pression ratio, increased air inlet temperature, decreased
charge dilution, and decreased engine speed. The generation
of a vortex to improve the lean operation of the spark igni-
tion engine was examined by Lucas, et. al. (15). These
investigators found that the vortex generator improved lean
operation and that a variable vortex generator would be
desirable to replace the throttle. Recent work conducted
by Peters and Quader (16) investigated the mixture prepara-
tion for leaner operation. A heterogeneous mixture and a
homogeneous mixture were examined. The heterogeneous mixture
and a homogeneous mixture were examined. The heterogeneous
mixture was obtained by port fuel injection and the mixture
was changed by varying the injection timing with respect
to the intake valve opening. The homogeneous mixture was
obtained by premixing and fully vaporizing the air/fuel
mixture. The results showed that the heterogeneous charge
allowed leaner engine operation than the homogeneous charge.

John discussed the current design and development of various



manufacturers' carburetor and intake manifolds intended for
lean operation (17). Adam, et. al. (18) discuss the develop-
ment and operation of an intake manifold, termed a Turbulent
Intake Manifold. The manifold was designed to improve

mixing and distribution of the air/fuel mixture. The study
included the equipping of various automobiles with the
Turbuient Intake Manifold and carburetors adjusted for lean
operation. The results indicated lower exhaust emissions,
improved fuel economy, cylinder to cylinder mixture varia-

tions reduced by two-thirds, and good driveability.
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I1T. EXPERIMENTAL APPARATUS AND PROCEDURE

A single cylinder engine was selected in preference
to a multicylinder automotive production engine for several
reasons. The single cylinder engine allows better control
of engine variables so the variable of interest can be held
constant or changed. The amount of fuel needed is sub-
stantially less, and air/fuel distribution problems are
climinated.

A. SINGLE CYLINDER ENGINE APPARATUS

The test engine used was a split-head Cooperative Fuel
Research (CFR) engine with a high speed crankcase. The
cylinder bore of 82.6 mm (3.25 in) and a stroke of 114.3 mm
(4.50 in) provided a displacement volume of 0.611 L (37.33
cu.in). The engine was equipped with a shrouded intake valve
installed to provide a counter-clockwise swirl inside the
combustion chamber. A standard breaker-point ignition system
was used with a Champion type D-16 spark plug. The engine
was coupled to a 11 Kw dynamometer which provided engine
load and speed regulation. Dynamometer control was accom-
plished by using a Digalog Corp., Model 1022, Dynamometer
Controller regulating the dynamometer field voltage. A
60-tooth gear mounted on the dynamometer shaft and a magnetic
pick-up provided the necessary shaft speed input. Intake
mixture and exhaust temperatures were measured with chromel-
alumel thermocouples. The intake mixture thermocouple was
located approximately 40 cm (15.7 in) upstream of the intake
valve, and the exhaust thermocouple was located approximately
9 cm (3.55 in) downstream of the exhaust valve. The intake
manifold pressure was measured with an absolute pressure
gauge connected approximately 9 cm (3.55 in) upstream of
the intake valve. The exhaust pressure was measured down-

stream of the exhaust valve approximately 60 cm in a 13.55 L
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(827 cu.in) stilling chamber. A control valve installed
downstrcam of the stilling chamber provided exhaust pressurc

control. A schematic of the test set-up is shown in figure 1.

B. AIR AND FUEL METERING

An air system, shown in figure 1, supplied dry, oil
free air to the intake manifold through a calibrated critical
flow nozzle. This arrangement allowed engine operation with
vacuum or boost pressure in the intake manifold. The air
system was equipped with a normally closed solenoid valve
and a normally open vent valve. With the valves energized,
the engine air flow passed through the critical flow nozzle.
With the valves de-energized, the intake manifold was vented
to the atmosphere, and the engine air flow entered through

the vent valve.

The fuel was metered using an American Bosch injection
pump, Type APE, driven by the camshaft. The injection pump
was equipped with a modified 5 mm plunger and barrel assem-
bly. The fuel was delivered to an American Bosch injector,
Model Akb50563p, which was mounted for port injection. The
injection timing was set at 102.5 ATDC on the intake stroke
to provide the best lean limit operation following the ideas
of Peters and Quader (16). The fuel flow rate was determined
on a gravimetric basis using a digital stopwatch, a precision
balance, and calibrated weights.

C. EXHAUST GAS RECIRCULATION

Exhaust Gas Recirculation (EGR) was provided by stain-
less steel tubing, 12.7 mm o.d. (0.5 in), installed between
the exhaust stilling chamber and the intake manifold, as
shown in figure 1. The stainless steel tubing was connected
into the intake system approximately 88 cm upstream of the
intake valve. A needle valve allowed control of the amount
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of exhaust gas recirculated. The percent EGR was determined
from the intake manifold carbon dioxide (COZ) concentration
and the exhaust CO2 concentration. The carbon dioxide con-
centration in the intake manifold was mcasured approximatcly
48 cm (19 in) upstream of the intake valve. Appendix B
details the EGR calculation.

D. EXHAUST EMISSIONS SAMPLING AND INSTRUMENTATION

The exhaust emissions were sampled from the stilling
chamber located approximately 60 cm (24 in) downstream of
the exhaust valve. A schematic of the exhaust emissions
bench is shown in figure 2. The exhaust sample was passed
through a condenser to trap any water present before passing
through the following equipment: Beckman Model 864 Non-
dispersive infrared (NDIR) analyzers for carbon monoxide
and carbon dioxide, a Thermo Electron Model 10A chemilumin-
escent analyzer for oxides of nitrogen, a Beckman Model 742
polarographic analyzer for excess oxygen, and a Scott Model
116 Flame Ionization Detector (FID) for unburned hydro-
carbons. The instruments were calibrated with certified
standard span gas mixtures. Dry nitrogen was used for zero

gas. The instrument calibrations were checked before each
data run.

Special attention was given to the sampling of oxides
of nitrogen (NOX). Usually the nitrogen dioxide level from
the spark ignition engine is less than 10 ppm and nitric
oxide is assumed the major component of the oxides of nitro-
gen. However, with very lecan engine operation the potential
for higher nitrogen dioxide emissions exists. Since nitrogen
dioxide (NOZ) is very soluble in water, the water in the
exhaust sample must not be allowed to condense and possibly
remove some of the NO,. To minimize this problem, a heated
sample line, operated at 100°C, and a separate sampling pump

were installed between the exhaust stilling chamber and the
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NOX analyzer. To prevent the problem of condensate build-up
inside the NOX instrument, the instrument lines were wrapped
with heat tape and the heated sample was obtained in a grab

sampling technique.

To determine the percent EGR, the carbon dioxide con-
centration in the intake manifold was required. A sample
was obtained from the intake manifold at approximately 48 cm
(19 in) upstream of the intake valve. The sample was passed
through a separate condensate trap and pump. A 3-way valve
on the carbon dioxide instrument allowed selection of intake

or exhaust sample for COZ measurement.

E. CYLINDER PRESSURE CYCLE MEASUREMENTS

The engine was instrumented to provide acquisition of
pressure-crank angle data. A schematic of the pressure-crank
angle instrumentation is shown in figure 3. A quartz pres-
sure transducer, Kistler Model 601A, was installed in a
water cooled adaptor. The transducer and adaptor assembly
was mounted in the detonation access hole in the cylinder
head. The pressure transducer was connected to a charge
amplifier, Kistler Model 566. A Trump-Ross shaft encoder,
Model UM-0360-5se-1, was coupled to the engine crankshaft.
The shaft encoder provided two channels of output. One
channel, referred to as the clock channel, produced one
electrical pulse per degree of rotation and the other channel
produced an electrical marker pulse once per revolution.

The marker pulse was statically aligned with TDC of the
engine. The charge amplifier and the shaft encoder outputs
were connected to the data acquisition system of a Data
General Nova 3 Minicomputer. A Fortran callable assembler
subroutine was used to acquire the pressure-crank angle data.
The assembler subroutine waits for the marker pulse when

the cylinder pressure is low. This point corresponds with
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the beginning of the intake stroke. From this point the
computer takes a pressure reading each degree of crankshaft
rotation, based upon the input from the shaft encoder clock
channel. Each pressure rcading is stored in the memory of
the computer. When the data acquisition is complete, the
data is written into a disk data file. Due to the memory
size of the minicomputer, only 30 consecutive engine cycles
were obtained for each operating point. The analysis of
the pressure-crank angle data will be discussed in a later

section.

F. TEST PROCEDURE

After an initial warm up, the engine was operated at
the conditions listed in table I using a test condition
selected from those listed in table II. The supercharged
operating points listed in table II were based upon pre-
liminary vehicle tests conducted on a chassis dynamometer
at the University of Missouri-Rolla with a 1979 Buick
Century with a 3.8 L turbocharged V-6 engine and from engine
data provided by the Buick Division of General Motors

Corporation.

The intake manifold pressure was controlled by adjusting
the upstream air pressure of the critical flow nozzle. The
air/fuel ratio was controlled by adjusting the fuel delivered
to the injector from the injection pump and was varied from
slightly rich to the lean limit. In addition to using air
flow and fuel flow measurements, the air/fuel ratio was
determined from the exhaust emissions using a carbon and
oxygen balance procedure (19). The lean misfire limit for
this study, lacking the instrumentation to determine the
misfire frequency, was the operating point at which both
hydrocarbon emissions and obvious misfires of the engine
indicated engine operation was unstable.
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TABLE I - ENGINE OPERATING CONDITIONS

Compression Ratio 8.0 to 1
Engine Spced 1200 RPM

0il Temperature 65 * 1°C
Coolant Temperature 98 * 1°C
Spark Plug Champion D-16
Plug Gap 1 mm

Fuel Type Indolene H.O.
Fuel Temperature 40°C Nominal

TABLE II - ENGINE TEST CONDITIONS

INTAKE
MANIFOLD MIXTURE EXHAUST ASSUMED *
PRESSURE TEMP. PRESSURE COMPRESSOR
(kPa) (°C) (kPa) EFFICIENCY
(%)

68.9 52 119.3 .-
89.6 52 119.3 ----
112.4 76.7 133.0 50
126.4 91.1 146.8 60
140.0 115.6 153.7 55

*Compressor efficiency used in estimating mixture temper-
atures for given intake manifold pressures.
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Three possible spark timing settings were used during
the test procedufe. The spark timing settings were: Minimum
spark advance for best torque, 5% power loss spark, and knock
limited spark. Minimum spark advance for Best Torque (MBT
spark) is the spark timing which provides the maximum torque
output. A detailed procedure for determination of MBT spark
is given in Appendix - A. Knock Limited spark (K.L. spark)
is the spark timing achieved by retarding the spark timing
two degrees from the timing which produced steady audible
knocking. This timing was used in cases where knocking was
produced before the spark timing could be advanced to achieve
MBT spark timing. 5% power loss spark timing (5% P.L.) 1is
the spark timing, retarded from MBT or Knock Limited spark,
that produces 5% less indicated power output from the engine.
Engine torque, airflow, exhaust emission concentrations,
and pressure-crank angle data were obtained at spark settings
of MBT (or K.L. spark) and 5% power loss. Also, with the
spark timing set at MBT, the fuel flow was shut off and the
engine motored to determine the frictional losses and obtain
motored pressure-crank angle data. After obtaining a com-
plete set of data, the air/fuel ratio, EGR rate, or manifold

pressure were changed and the procedure repeated.
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IV. EXPERIMENTAL RESULTS

Because of the high frictional losses inherent in the
CFR crankcasc, indicated power is often usced to report
results of single cylinder studies using the CFR engine.
However, for this study it was decided to report the results
on a brake power basis since supercharging can substantially
alter pumping and frictional losses in the engine. The
exhaust emissions data were reduced to a mass specific basis
using a carbon balance technique developed by Stivender (19),
and were expressed as micrograms of constituent per joule
of energy output produced by the engine. The air/fuel
equivalence ration, wAF’ used in this study is defined as:

_ Actual Air/Ratio

gAF Stoichiometric Air/Fuel Ratio

This gives qAF a value greater than one for lean operation.
Most of the results examined were at MBT or Knock Limited

spark timing.

Two intake manifold pressures were selected to simulate
naturally aspirated engine operation: moderate load opera-
tion, 68.94 kPa (10.0 psia), and full load operation,

89.6 kPa (13.0 psia). This is referred to as the base

engine operation and is used for comparison purposes. Three
intake manifold pressures were selected for supercharged
operation at lean air/fuel mixtures: 112.2 kPa (+2 psig),
126.2 kPa (+4 psig), 140 kPa (+6 psig). The operation of

the engine with a lean mixture and positive manifold pressure

is referred to as Lean Supercharged Operation (LSO).

A. ENGINE POWER EFFICIENCY, AND EXHAUST EMISSIONS

The power, efficiency, and emissions data are graphi-

cally presented in figures 4 to 12 with the intake manifold
parameter. Each figure, divided into three parts, shows the
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data for 0%, 5%, and 10% EGR rate to illustrate the effects

of EGR on the engine operation.

Brake Power produced by the engine as a function of

the air/fuel equivalence ratio is shown in figure 4. The
decrease in brake power output with increasing gAF is predic-
table. Since the frictional losses and the charge volume

are essentially fixed, decreasing fuel energy input leads to
reduced brake power. The base engine brake power output,

at 0% EGR, ranged between 0.55 Kw and 2.08 Kw. The LSO
engine brake power output, at 0% EGR, ranged from 1.53 Kw to

3.07 Kw, an increase of approximately 48% over the base engine.

Engine efficiency is shown in figure 5 as a function of

GAF' When compared with the base engine at full load and

0% EGR, an increase of approximately 28% in the brake effi-
ciency was observed with LSO. The decreasing brake efficiency
with increasing gAF is due to the lower energy input and

the fixed frictional and pumping losses in the engine. The
base engine at part load showed a decrease in brake efficiency
with the addition of EGR. However, the naturally aspirated
engine at full load and the LSO engine showed less than 5%

decrease in the brake efficiency with the introduction of EGR.

MBT spark and Knock Limited spark timing data are shown

in figure 6 as a function of QAF' The data are provided to
show where Knock Limited spark timing was used (which will
effect the exhaust emissions) and to show the effects of
intake manifold pressure and EGR on the spark timing. The
increased spark advance with increased gAF’ at fixed intake
manifold pressure, was anticipated due to the slower combus-
tion and longer flame kernel formation times for lean mixtures.
at fixed gAF’ the degrees of spark advance were reduced with
increasing intake manifold pressure, primarily due to the
increased charge density and resulting faster flame speed.
The addition of EGR produces a diluting effect and reduced

flame speeds requiring more spark advance for MBT timing.
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Carbon Monoxide as a function of QAF is displayed in

figure 7. Generally, the results are those anticipated

in that the Brake Specific Carbon Monoxide (BSCO) is pri-
marily a function of ¢AF and little else. BSCO emissions

are very high for rich operation (ﬁAF=1.O] and reduce sharply
to a low value for lean operation. For the lean operation
data shown in figure 7, a significant increase in BSCO
emissions can be observed for the naturally aspirated engine
operating at part load. A similar, but less pronounced,
trend can be observed for the full load and LSO data as well.
This effect is assumed to be due to a combination of decreas-
ing brake power output and a deterioration of combustion

at the leaner air/fuel conditions. Other than reducing the
lean limits of operation, EGR flow seemed to have little

effect on the BSCO emissions.

Unburned Hydrocarbon emissions data are presented in

figure 8. The Brake Specific Hydrocarbon (BSHC) emissions
were significantly changed by increased intake manifold
pressure. The reduced BSHC emissions shown in figure 8 are
due to two major effects: improved combustion due to
increased charge density, and increased engine power causing
a reduction in BSHC in addition to the reductions in the
concentration of hydrocarbons in the engine exhaust. This
change in the BSHC emissions due to changes in the engine
power can also be seen in the gradual increase of these
emissions with increasing QAF’ in that the reduced power
associated with increasing QAF contributes to the apparent
increase of these emissions. Near the lean misfire limit,
deterioration of the combustion process also contributes

to the rate of increase of the BSHC emissions.

Oxides of Nitrogen emissions as a function of ﬁAF are
presented in figure 9. The oxides of nitrogen emissions
follow typical data with the peak BSNOX at about 10% lean
(gAF = 1.10). For a constant EGR rate, both the naturally
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aspirated and LSO data tend to follow the same curve. The
addition of EGR has a substantial effect in reducing the
BSNOX emissions for QAF between 1.00 and 1.3; however, for
equivalence ratios greater than about 1.3, EGR has little
effect upon the BSNO emissions. Some of the deviations
in the BSNOX emissions data can be traced to variations in
engine test conditions. In particular, deviation of the
actual EGR rate from the desired value, and Knock Limited
spark timing rather than MBT operation. The BSNOX emissions
appear to have substantial sensitivity to EGR rates when
operating at an equivalence ratio near peak NOx‘ Spark
timing appears to have an influence on NOX emissions at

virtually all lean operating conditions.

Further analysis of the exhaust emissions data involves
some crossplots of the data (figures 10 to 12). The BSHC
emissions as a function of the brake efficiency are shown
in figure 10. The trend of the data follows a negative
slope as the intake manifold pressure increases. The trend
indicates that the best operating conditions for lower BSHC

emissions and higher engine efficiency are in the LSO regime.

Figure 11 is a crossplot of BSNOX emissions and brake
efficiency. Two points can be illustrated by this figure.
First, for a given level of BSNOX emissions, LSO provides
definite gains in the efficiency. For example, at an BSNOX
emission level equal to 10.0 ug/J, the base engine at full
load has an efficiency of 16.2%. For LSO with 0% EGR,
efficiency ranges between 18.1% and 21.%, an increase of
11 to 29 percent. Second, several possible LSO operation
points have higher brake efficiency and lower BSNOX emlssions

than the base engine, even with EGR.

Figure 12 is a crossplot of BSHC and BSNOX emissions
for lean operating conditions. This plot is included to
examline the typical inverse relationship between BSNO,, and

BSHC emissions. The relationship between these variables
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is dependent on both the manifold pressure (i.e. charge
density) and the air/fuel equivalence ratio. Figure 12
clearly shows that the manifold pressure has a significant
influence in reducing BSHC for a given level of BSNOX. In
fact, at the LSO conditions, BSHC emissions change very
little from the range of 1.0 microgram per joule for a wide
range of BSNOX emissions. It is also obvious that the BSNOX
emissions are virtually independent of manifold pressure
and highly dependent on the air/fuel equivalence ratio,
particularly at the LSO test conditions. EGR flow has a
detrimental effect on the BSHC emissions for the two lower
manifold pressure conditions representing the naturally
aspirated engine. Howcver, the influence of EGR flow on
the BSHC emissions for the LSO conditions seems to be neg-
ligible. From these data it is apparent that Lean Super-
charged Operation reduces the inverse relationship between
BSHC and BSNOX emissions. BSHC emissions are stabilized

in a range near 1.0 microgram per joule and BSNOX emissions

are strongly dependent on the air/fuel equivalence ratio,

B. ENERGY AVAILABILITY IN EXHAUST GASES

An objective of this study was to determine available
exhaust gas energy for possible turbocharger operation.
Estimates of the compressor power needed to provide LSO and
the power available from an exhaust driven gas turbine were
calculated. Thesec calculations provided data regarding the
conditions for which LSO would be possible with a turbo-
charger. A description of the calculation is given in
Appendix - C. Figures 13 and 15 show the necessary com-
pressor power and available power from a turbine at MBT
spark and 0% EGR.

The compressor power was calculated for two inlet air
pressures: 89.6 kPa and 98.6 kPa. These two compressor

inlet air pressures were used to simulate having the
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compressor located upstream or downstream of the throttle
plates in calculating the compressor power. Current practice
is to locate the compressor downstream of the carburetor.

The major reason for this location is to avoid having the
carburetor operate under postive pressure, requiring shaft
seals, and more complicated fuel metering due to a wide

range of operating pressures.

The exhaust turbine power was calculated for three (3)
efficiencies, 50%, 75%, and 85%. The 50% efficiency value
was used as the worst possible efficiency, and the 75% and

85% efficiencies were used as more realistic values.

The addition of EGR decreased the needed compressor
power slightly (approximately 5% for 10% EGR) due to reduced
mass airflow needed by the engine at constant equivalence
ratio. This condition is correct only in the case where
the EGR does not flow through the compressor. Should the
EGR flow through the compressor, the compressor power needed
will be the same, with or without EGR. Also, the addition
of EGR decreased the availablc power from the exhaust tur-
bine due to lower cxhaust temperatures. The 5% P.L. spark
timing slightly increased (approximately 4%) the available
power from the exhaust turbine due to higher exhaust temper-

atures.

Assuming a downstream compressor location, the compres-
sor power required for LSO (0% EGR, MBT spark) is between
0.24 Kw and 0.57 Kw for intake manifold pressures of 112.2
kPa and 140 kPa respectively. To obtain this power from
an exhaust turbine requires a turbine efficiency between
64% and 80% respectively. Thus, a turbine efficiency of

80% would be needed to provide a maximum manifold pressure
of 140 kPa.

C. CYCLE ANALYSIS DEVELOPMENT

The fact that lean operation of the spark ignition
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means that any approach to lean operation must in some way
attempt to cxamine the bchavior of the combustion process.
In this work, pressure-volume data from the single cylinder
engine operating at lean supercharged conditions are used
to obtain information about the combustion process. The
instrumentation used in gathering pressure-crank angle data
for analysis was described in an earlier section of this
thesis. The purpose of this section is to describe the

methods used in analyzing these data.

Since several different steps are involved in the
reduction and processing of the pressure-crank angle data,
a flow diagram for the process is shown in figure 16. Each
of the blocks in the diagram represents a data reduction or
presentation step and the names in the blocks are for the
computer programs used. The first block at the top of the
diagram represents the pressure-crank angle data files pro-
duced by the minicomputer data acquisition system. The first
use of this information is in the laboratory using program
PRELIST. This program prints out the pressure data for the
first cycle (720 points) of the 30 consecutive cycles stored
in the data file to determine if any obvious problems exist
in the data. Since this step is done while the engine 1is
running, additional data sets may be taken to insure that

a good set is obtained for further analysis.

Once a satisfactory set of pressure-crank angle data
has been taken, data reduction and analysis proceed with
the calculation of the average and standard deviation across
th

cycle. The average and standard deviation cycles calculated

]

30 cycles at each of the 720 crank angle degrees in a

in this step are then stored in individual data files. Two
primary reasons for averaging the pressure data are given

by Lancaster, et. al. (20). The first is that the engine

is an averaging device which responds to mean values of fuel

and air flows in delivering power output. The second reason
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is statistical: For a given crank angle, the pressure
averaged across many cycles is a better estimator of the
nominal cylinder pressure than any individual cycle measure-

ment.

In order to make pressure-crank angle information more
useful, several computer programs were written to plot the
data in different formats. The three most valuable forms
of the graphical presentation used in this work were produced
by the computer programs named CAPLOT, PVPLOT, and LPVPLOT.
These three programs are shown as output blocks in figure
16. The program CAPLOT was used to plot any number of the
30 original data cycles. This information was useful in
tracing down any discrepancies in the results that might
be attributable to a problem in the original data, such as
complete misfires. Figure 17 is an example of this type
of information. As shown in figure 18, the PVPLOT program
was used to obtain a classical P-V plot from the average
pressure-crank angle cycle. LPVPLOT was a modified version
of PVPLOT that produced Log-pressure vs. Log-volume plots
for use in final calibration and correction of the pressure-
crank angle data. Figure 19 is an example of the graphical
output from this program.

Before the averaged data can be used quantitatively,
they must be properly scaled and phased. A detailed descrip-
tion of pressure data scaling, phasing, and analysis was
made by Lancaster, et. al. (20) and those techniques have
been used in this work. The pressure scaling involves con-
verting the binary number stored in the average data file
to a relative pressure using the calibration factors for
the pressure transducer and data acquisition system. The
relative pressures are then shifted by a constant to obtain
absolute cylinder pressures. This constant is a reference
pressure assigned to one point in the cycle where an accurate

estimate of the absolute cylinder pressure can be made. For
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this case, the intake manifold absolute pressure was assigned
to the point corresponding to Bottom Dead Center of the
piston on the intake stroke. Once this reduction of the
average data was complete, a plot of Log-pressure vs. Log-
volume was made. From this graphical output of the data,
corrections to the assigned reference pressure were made

to obtain a straight line for the compression stroke of the
Log-pressure vs. Log-volume plot. The lower reference
pressure obtained using this procedure was assumed to have
been due to a pressure drop across the shrouded intake

valve.

A second correction to the pressure-crank angle data
was a '"'phasing'" adjustment to insure that the pressure and
crank angle information were concurrent. This correlation
is extremely important since minor errors in the pressure-
crank angle relationship can produce significant errors in
later calculations based upon areas under this curve. The
phasing correction is necessary even though great care was
exercised in calibrating the engine crankshaft position
encoder to identify TDC for the piston. The elastic behavior
of the engine parts under load, changes in bearing clearances,
and dynamic effects can cause the location of piston TDC
to vary a few degrees from that indicated by the crankshaft
encoder. The correction for these effects is determined
by using a Log-pressure vs. Log-volume plot for motored
(non-firing) cycle data. The compression-expansion portion
of the motored cycle should contain almost zero area. The
pressure-crank angle data were shifted to produce a minimum
area between the compression and expansion lines of the
Log-pressure vs. Log-volume plot for the motored data. For
the test conditions examined in this project, this shift

was determined to be 2 crank angle degrees.

Once the average pressure-crank angle data file had

been fully calibrated and corrected, useful information from
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this data could be obtained. The final four blocks in figure
16 are to identify the data analysis programs which use the
final pressure-crank angle data. These programs are MEPS,
DEVMLEP, HEATREL, and MFBPLOT. Numerical integration of the
arca under the P-V data using program MEPS provides indi-
cated pumping, and frictional mean effective pressures for
the average cycle data examined. The definitions of
Lancaster, et. al. (20) were used for these computations.
The program DEVMEP provides average and standard deviation
values for indicated and pumping mean effective pressures.
HEATREL is a program for the approximate calculation of heat
release rates and mass fractions burned from the P-V data
and other operating conditions. MFBPLOT is a plotting pro-
gram to graphically display the useful results from the heat
release calculations.

In examining the data from these analysis programs,
several interesting results were observed. The results from
the MEPS program using the pressure data were consistently
lower (3 to 6%) than the estimate of Indicated Mean Effective
Pressure from the engine dynamometer data. Lancaster,
et. al. (20) state that this slight discrepancy is primarily
due to the non-zero value of the motoring IMEP (the area
between compression and expansion lines for the motored
engine), which is assumed to be zero in the computations.
The consistent correlation between IMEP calculated from the
pressure-crank angle data and that estimated from the dyna-
mometer results was considered to have an important bearing
on the validity of the heat release and mass fraction burned
computations. A poor correlation would certainly cast some

doubt on the usefulness of computations based upon the data.

Cycle-to-cycle variations in the P-V data for the engine
are indicative of the quality of the combustion process.

The smaller the variation between cycles, the more consistent
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the quality of the combustion. Program DEVMEP finds the
standard deviation of the indicated and pumping mean effec-
tive pressures for the 30 data cycles. Variations in the
[MEP are indicative of combustion quality, partial burns,

and misfires. The standard deviation for the IMEP as a
function of QAF’ for the range of conditions examined in

this program, is shown in figure 20. The data follow roughly
the same trend for full load naturally aspirated operation

or Lean Supercharged Operation. As QAF increases, the stan-
dard deviation increases, indicating increased cyclic varia-
tions and deterioration of the combustion process. Although
not shown in figure 20, the use of EGR and the 5% P.L.
condition with retarded spark also contribute to the increase
of the standard deviation of the IMEP and therefore they

also contribute to degrading the combustion process.

An approximate heat release curve was calculated from
the pressure data following an empirical technique described
by Young and Lieneson (21). The authors indicate that the
resulting curve compared favorably with detailed heat release
analysis, particularly for mass burned fractions of 1less
than 50%. Figure 21 is an example of the Mass Fraction
Burned (MFB) results from this approximate heat release
computation. The slope of the MFB curve is also presented
since it i1s a measure of the heat release rate, and thus
indicative of the flame speed for the charge. A more
detailed discussion of the meaning of this information is

contained in the following section.

D. CORRELATION OF CYCLE ANALYSIS AND ENGINE PERFORMANCE

The Mass Fraction Burned (MFB) rate provides an indi-
cator for changes in the combustion process. For this reason,
it was anticipated that examination of the MFB rates would
provide some explanation of the observed engine performance

for Lean Supercharged Operation. Because MFB rate varies
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continuously as a function of crankshaft rotation, arbi-
trary single point for comparisons was selected. The point
chosen was the MFB rate that corresponded to a Mass Fraction
Burned of 25%. This choice was based upon the fact that

the approximate heat release calculation used was known to
be reasonably accurate for MFB's less than 50%. Also, this
choice was at a point where the flame is fully established
and partial burns and wall quenching effects should be mini-
mal. Figure 22 shows the influence of air/fuel equivalence
ratio and supercharge conditions on the MFB rate at the 25%
MFB point. The conditions presented in this figure are for
MBT spark timing and no EGR flow.

The trends demonstrated in figure 22 are those antici-
pated from the inception of this program and from the engine
performance data. Basically, the MFB rate decreases with
increasing QAF’ a condition expected due to the slower flame
speeds associated with lean combustion. However for a fixed
value of gAF’ the MFB rate increases with increased intake
manifold pressure. This is a clear sign that the increased
charge density at the supercharged condition is contributing
to increased flame speed. This conclusion is reinforced
by both spark timing and efficiency data. Figure 6, in sec-
tion IV-A illustrates that increased intake manifold
pressure at a fixed value for gAF’ reduces the spark advance
needed for MBT conditions. This effect implies a more rapid
combustion process near piston TDC, or increased flame speed.
Since the increased flame speed allows more of the combustion
process to take place near piston TDC, more energy should
be extracted during the expansion process and improved ther-
mal efficiency should result. Figure 5 in section IV-A
shows that the thermal efficiency is indeed improved as

intake manifold pressures are increased at constant GAF:

In figure 22, the data for the 140 kPa intake manifold

pressure do not follow the general trend in increasing the
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MFB rate. This discrepancy can be attributed to the fact
that virtually all the data at the 140 kPa test condition
were taken at knock limited, rather than MBT spark condi-
tions. The effects due to this retarded spark timing are
also noted in section IV-A for figure 5 and 6. It should
also be noted that the data for operation with EGR flow
and/or 5% P.L. spark timing show decreases in the MFB Rate

and comparable changes in engine efficiency.

One additional trend that should be noted from figure
22 is that the increased charge density due to supercharging
allows extension of the lean operation limits. The data
in this figure clearly show that the engine is operating
at significantly lower MFB rates for Lean Supercharged
Operation than are possible for the naturally aspirated

engine.
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V. CONCLUSIONS

The results of this experimental study of Lean Super-

charged Operation of a spark ignition engine have been

positive.

Many of the assumptions made concerning how

supercharged operation with lean mixtures would influence

efficiency and emissions have been verified. Specific

conclusions are as follows:

1.

Brake Power - Increases in the brake power output
were obtained for supercharged operation, even at
very lean operating conditions. The power available
from the lean supercharged engine was at least

equal to that available from the naturally aspirated
engine. For the more realistic operating conditions,

the power output from the lean supercharged engine

was greater than that from the naturally aspirated
engine.

Engine Efficiency - One of the major incentives

for examining Lean Supercharged Operation of the
spark ignition engine was the potential for
increased engine efficiency. The results from
this single cylinder engine test program indicate

that, if the engine is operated at high intake

manifold pressure conditions, significant increases

in engine efficiency are possible. These gains

are particularly impressive for conditions that
have equal NOX emissions rates, as illustrated in
figure 23.

HC and CO Emissions - The HC and CO emissions pro-
duced by the singly cylinder engine operating at
lean supercharged conditions were comparable to
those for the naturally aspirated engine operating
at normal lean air/fuel ratios. As expected, CO

emissions were primarily a function of the air/fuel
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equivalence ratio. HC emissions were a function
of both the equivalence ratio and the intake mani-
fold pressure for supercharged operation. Greater
supercharge (increased manifold pressure) reduced

BSHC emissions. Generally, operation at lean

supercharged conditions produced CO and HC emissions

that were comparable to or less than the naturally

aspirated engine operating at nominal lean conditions.

Figure 23 demonstrates this effect for operation

at equal NOX levels.

NOX Emissions - The second major incentive for
examining Lean Supercharged Operation of the spark
ignition engine was the potential for a reduction
in NOX emissions at lean operating conditions. The
results of this program have clearly shown that,
for MBT spark timing and fixed EGR flow, operation

at lean supercharged conditions (QAF>1.4) provides

greatly reduced NOx emissions at high engine

efficiency. This fact is illustrated in figure 24

for equal engine power levels.

Exhaust Energy - One of the major concerns of simu-
lating lean turbocharged operation with a single
cylinder engine was that conditions not represen-
tative of turbocharger operation might be used,
leading to erroneous conclusions. The exhaust
energy studies performed at the lean supercharged
conditions selected for testing indicate that

sufficient exhaust energy is available to power

a typical automotive type turbocharger.

Combustion Analysis - The analysis of the pressure-
crank angle data to gain information as to how Lean
Supercharged Operation influences combustion was
very useful. The Mass Fraction Burned rates con-

firmed that supercharging at lean conditions
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improves the flame speed, probably due to increased

charge density. This conclusion was reinforced

by the behavior of spark advance and efficiency

data for the lean supercharged conditions.

Lean Supercharged Operation of the spark ignition engine
has the potential of improved efficiency and reduced NOX
emissions when the operational range of the engine utilizes
the higher intake manifold pressures. The combustion process
it improved and the lean misfire limits are extended with
Lean Supercharged Operation. HC and CO emissions are not
greatly changed by operation at realistic lean supercharged

conditions.
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APPENDIX A

DETERMINATION OF MBT SPARK TIMING FOR SINGLE CYLINDER ENGINE
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The following empirical technique was used to determine
MBT spark timing: The spark timing was incremented in 2
degree intervals over a 10 to 12 degree range in the region
where MBT spark timing was thought to exist. Dynamometer
scale force and spark advance were recorded for each incre-
ment. A motoring run was performed to determine the motoring
dynamometer scale force for the engine. A graph of the spark
timing scale force was constructed from these data. (A more
rigorous technique would use indicated power instead of scale
force. However, with the test conducted at constant speed,
the indicated power and scale force were directly propor-
tional). Figure 25 1is a typical graph for these data.
Using the peak firing force to determine a 99% indicated
force term. This 99% indicated force point was located on
the graph and the associated spark advance noted. The MBT
spark timing was arbitrarily set equal to this crank angle
plus 5 degrees.
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The exhaust gas recirculation (EGR) rate was determined
by a Carbon Dioxide Tracer Technique described by Wiers and
Scheffler (22). The equation development to determine the
percent EGR follows:

Nomenclature:
a Moles of exhaust CO2 in intake manifold
b Moles of exhaust HZO in intake manifold
C Moles of exhaust 02 in intake manifold
d Moles of exhaust N, in intake manifold

2
ECO2 Measured exhaust carbon dioxide (dry)

ICO2 Measured intake carbon dioxide (dry)

m Mass of constituent

M Moles of constituent
Subscripts:

A Air

E Exhaust

F Fuel

I Intake manifold

The percent EGR was defined as:

(moles exhaust in intake charge)
% EGR = x 100 (B-1)
(Total moles in intake charge)

Which can be written as:

% EGR = x 100 (B-2)

The molar chemical description of the engine intake charge,

including EGR, can be written in the following terms:
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(ME)CH 0 +(a)CO,+ (b)H,0+(c)0,+ (d)N,+z (0,+3.76N,)  (B-3)

where: z = moles 02 in air/fuel mixture.

The moles of intake charge can be expressed as:

MI =a+b+c+d+ 4,76z + MF (B-4)
The measured intake CUZ’ on a dry molar basis, 1is:
a
1Co, = (B-5)

a+c+d + 4,76z

Substituting equation B-5 into equation B-4 yields an expres-

sion for the moles of intake charge.

a

M =

I + b + M (B-6)
Ico

F
2

Assuming that the measured (dry) exhaust CO2 can be expressed
as:

) a
ECO2 = - (B-7)
a+c + d

an expression for the moles of exhaust in the intake charge
can be determined:

a
Mp = — + b (B-8)

ECO2

From equations B-1, B-6, and B-8:

1co, 1 + (b/a) ECO,

EGR = . (B-9)
ECO,/ 1 + (b/a) ICO, + (Mg/a) 1C0,
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In this equation, ICO, and ECO2 are the measured quantities
and (b/a) and (MF/a) must be evaluated before EGR can be
determined. If ideal combustion is assumed, the reaction

of a typical hydrocarbon fuel can be written in the form:

CH O + z(0, + 3.76N)) ———= (B-10)

Co, + (y/2) H,0 + (3.762) N, + (z -1 y/4 + x/Z)OZ.

2
The reaction products are the engine exhaust. The molar
ratio of HZO to COZ in the exhaust should be the same as
the molar ratio of H,0 to COZ in the exhaust gases in the
intake manifold due to EGR. Therefore:

b/a = y/2. (B-11)

In the ideal combustion equation, B-10, one mole of fuel

is assumed. Thus,
M., = 1. (B-12)

In order to use equation B-9 to calculate EGR, the moles
of exhaust co, in the intake manifold, a, must be found.

The quantity, a, can be expressed as:

moles of CO2 in Exhaust

a = v ME’ (B-13)
Total moles of Exhaust

For the one mole of fuel assumed in equation B-10, one mole
of CO2 will be produced in the exhaust. Also, the total
moles of exhaust can be taken from the products in equation

B-10, yielding:

1
a ( )-ME. (B-14)
1 +y/4 + x/2 + 4,76z
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Noting that

MA = 4,76z,

equation B-14 can be expressed:

1
a = M. (B-15)
1 + y/4 + x/2 + M,

In order to evaluate a using this relationship, MA and
Mg must be determined. Taking the expression for air/fuel
ratio (A/F),

M molecular wt. of air
A/F = — » , (B-16)

A
MF molecular wt. of fuel

and rearranging it with the substitution of appropriate

molecular weights yields:

12.01 + 1.008y + 16.0x
M, = (A/F) . (B-17)
28.96

Since A/F can be found from the measured exhaust constituents
and y and x for the given fuel are known, equation B-17 can
be used to evaluate MA' In order to find ME’ equation B-2

can be expressed for EGR in decimal form as follows:

EGR = . (B-18)

Since MF is taken as one and MA can be found using equation
B-17, Mg can be expressed as:

EGR (1 + Mp)
Mg = : (B-19)
(1 - EGR)
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Substitution of B-19 into B-15 gives the following expression

for a:

EGR (1 + Mp)
a = (B-20)
(1 - EGR) (1 + y/4 + x/2 + MA)

Using MA from equation B-17, equation B-20, and b/a = y/2 in
equation B-9, EGR can be evaluated. Since EGR must be known
in order to evaluate a, an interactive process is used to
compute EGR starting with a value EGR = ICOZ/ECOZ. The
iteration is continued until the value of EGR changes less
than 0.001.



70

APPENDIX C

COMPRESSOR AND TURBINE POWER CONSIDERATIONS FOR TURBOCHARGING



71

From the initiation of this program, one of the objec-
tives was to examine the limits of Lean Supercharged Operation
due to insufficient rccoverable exhaust energy for operating
a turbocharger. The basic problem was to insure that the
energy in the exhaust gases was sufficient to drive a single
shaft turbine and compressor, with appropriate efficiencies,
such that the compressor output would supply the needed
intake engine mass flow. The engine test conditions, dis-
cussed in section IV-F and listed in table II, were selected
to simulate the addition of a turbocharger by adjusting both

the intake manifold conditions and the exhaust pressure.

A computer program entitled ENERGY was written to per-
form two sets of calculations in evaluating the potential
for exhaust turbocharging. One set of calculations was used
to determine the power necessary to operate a cCOmpressor
to obtain the desired LSO. This calculation was performed
for two compressor inlet pressures to determine the power
needed for locating the compressor either upstream or down-
stream of the throttle plate(s). The second set of calcula-
tions was used to estimate the possible exhaust turbine
output. This calculation was performed at three turbine
efficiencies; 50%, 75%, and 85%, to bracket reasonable
operating regions. The general equations and constants used
to compute the exhaust turbine power available and the com-
pressor power required are given by Taylor (23). The follow-

ing equations and information were drawn from this source.

Nomenclature:

1]

CP Specific heat at constant pressure

Ratio of specific heats

[}

Mass flow rate through device

Absolute pressure

Absolute temperature

[}

3 =3 9 =2 =
i

Efficiency
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Subscripts:

1 = Inlect

2 = Outlet

¢ = Compressor

e = Exhaust

I = Intake

t = Turbine
Constants:

CPE = 1.128 kJ/kg °K

CPI = 1.003 kJ/kg °K

J = 2390 CAL/kJ

kE = 1,343

kI = 1.40

The power required to drive the compressor can be written:

PC = J MC CPI T1 YC/nC (C-1
Where:
b kI-l
2 kI
Y =| — -1 (C-2)
c
Pl

The available power from the exhaust turbine can be written:

Pt = J Mt CPE T1 Yt nt (C-3)
Where:
kE—l
P2\ kg
Y, =1 -] — (C-4)
t p
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Comment statements were used in each individual program to

provide necessary and useful program documentation. The

first part of each program listing includes: a brief

description of the program function, author(s), loading

information, and variable name nomenclature. The following

is a number system used for program statement numbers.

100
300
400
500
600
700

99
299
399
499
599
699
799

Program Branching

Do Loops

Format
Format
Format
Format

Format

Statements
Statements
Statements
Statements

Statements

for
for
for
for

for

console input

program printed output
file input/output
plotter

line printer control
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C XKk CAPLOT . FR FRORRKKNRRONRODO KRR KR KOO R K

¢

L THIS FROGRAM IS DESIGNED TO PILOT PRESSURE VS. CRANK ANGLE
C INFORMATION FROM A FILE CONTAINING VOLTS (PRESSHRE) ~

C CRANK ANGLE DATA.

R. T. JOHNSON

MECHANICAL ENGINEERING DEPARTMENT
UNIVERSITY OF MO - ROLLA

ROLiA, MO 65404

(314) 341 4661

R. SCHMID
MECHARTEAL ENGINEERTNG DEPARTHENT
UNIVERSITY OF HISSOURT - ROLLA
ROLLA, MO 65401
REVISION HISTORY:
NAL FROM PUPLOT FR

z 161
12/4/80 - DEVIATION PLOTTING ADD

T
>
=
—
x
=
b

LUADING INFORMATION
RLDR CAPLOT SHIFT GRID VECTR.LE FORT.LE

. DEFINITIONS:
BORE = ENGINE BRORE (IN.)
CALE = CALIBRATION FACTOR (PSI/ZVOLT)
LR = COMPRESSION RATIO
DFILE = FILENAME OF DEVIATION DATA FILE
IFILE = FILENAME OF PRESSURE DATA
PREF = REFERENCE PRESSURE
PRES = CALIBRATED PRESSURE DATA
R = ENGINE CRANK THROB (IN.)
RL = CONNECTING ROD LENGTH (IN.)

CICICI eI YO T T O O T O e O R T SO T

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx*xx**
DIMENSION IFILEC10), HEADR (40), IDATA(720),40LT(720)
DIMENSION DFILE(10},JHEADR(40) , IDEV(720)
COMMON /PDATA/ PRESL(720,2),PRES(720,2)

C
CURVE = §
CALE = 91.274
§0kE 2 3,250
R = 2.250
RL = {00
) [R=870
{1 CONTINUE
WRITE(10,400)
400 FORMAT(/,4X," INPUT FILE " 1)
READ(11,300) IFILE(4
ALL FOPEN(D,IFILE)
READ BINARY (8) IHEADR,ICYGLE
300 FORMAT (518)
WRITE(10,401) A
A0t FORMAT(/ 1 x L ABSULUTE REFERENCE PRESSURE (KPA) : *,7)
READ(11, 301"
304 FORHAT(ﬂb °>
WRITE(10,4
402 FORMAT(/ ] x =/ PRESSURE SHIFT (DEGREES) :*,Z)
ACCEPT JbEG

WRITE(10,403)
403 FORMAT(/ 1X," PLOT CRANK ANGLE 180-540 DEGREES
& (1-YES;0- Na
ACCEPT IC

76



444

485

C

L kExax
C

15

410

411

115

£
C %ExRk
£

600
30

ICA = ICA+

WRITE(10,404)

FORMAT(/,4X," PLOT DEVIATION DATA 2(1-YES,0-ND) *,7)
ACCEPT I1PL

IF (IPLOT.EQ.0)G0 TO 15

WRITE(40,205)

FORMAT(/,1X," DEVIATION FILENAME :*,7)
READ(11,300)DFILE (1)

CALL FOPEN({,DFILE)

READ BINARY (1) JHEADR,JCYCLE
WRITE(10,410) THEADR (1), JCYCLE

JCYCLE=1

NUM={
GO TO 16
WRITE FILE HEADER AND DESCRIPTIVE INFORMATION %k%kX

CONTINUE

WRITE(10,410) IHEADR(1),ICYCLE

FORMAT (/) 10X,578,//,10%,12," CYCLES RECORDED™)
WRITE(10,411) _

FORMAT(/,1X," NUMBER OF CYCLE TO BE PLOTTED = 7 *,2)
ACCEPT JCvcle
WRITE(10,412)
FORMAT(/ 71X, NUMBER OF CYCLES TO BE PLOTTED = *,2)
ACCEPT NiM

TYPE * ¥
TYPE" READING DATA FILE"

READ AND SCALE PRESSURE DATA XXxx

FACTOR = (CALB/3276.6)%6 89S
NCYCLE = JCYCLE-1
DO 100 J=1 NCYCLE
D0 140 I=1,720
READ BINARY(D) IDATACI)
CONTINUE
CONTINUE
D0 112 KK=1,NUM
1=1 720
INARY(0) IDATACI)
) = FLORT(IDATALI))
) = (PRES(1)-310. JXFACTOR

PRESC = PRES(i80)-PREF
20 720

PRES(I) = #RES(I)-PRESC
CONTINUE

IF(KK.GT. 4360 TO {1

WRITE(40,420) |
FURMAT(//, X, " 4RKRNK TURN ON PLOTTER %kbex *,/)

p=4
==}
(S
X
fond
]
-

IF(MCURVE .EQ.1)G0 TO 11
DRAW GRID ¥¥¥xx

WRITE(10,600)

FORMAT (1, "(33)CT 40 75 ™)

GO T0(30,40)ICA

CALL GRIDCO.0,720.0,180.0,1,0.0,5000.0,1008.,1,150,

4900,130,730,1,1)
60 70 '50

40

CALL GRID(180.0,540.0,90.0,1,0.0,5000.0,1000.0,1,158,

8900,130,730,1,1)

50
C

CONTINUE
CALL ANMDE(580,470)

77



WRITE(10,610) IFILE(1)
610 FORMAT(LX,"INPUTFILE: *,5if)
CALL ANMDE (580,540)
WRITE(10, 641 )PREF , A
611 FORMAT(1X, "MANIFOLD PRESS. (KPA) *,F§.2)
CALL ANMDE(430,75)
WRITE(10,512)
612 FORMAT(EX,"CRANK ANGLE DEGREES")
WRITE(10,683)
613 FORMAT(1X,*(33)CT 90 ")
CALL ANMDE (50,275)
WRITE(10,614)
614  FORMAT(1X "PRESSURE (KPA)")
, WRITE(10,615)
615  FORMAT(1X,"(33)CJ o™
i CONTINUE

C
% ¥xx%k% READ AND SCALE DEVIATION DATA XXAXX

IF (IPLOT EQ.8)G0 TD 22
Do 130 I=4,720

READ BINARY{(1) IDEV(D)
PRES(I,2) =(FLOAT(IDEV(1)))/3

)1/32767 1)
_ PRES(I,2) = PRES(I,2)%PRES(I,{)

130 CONTIMUE

%? CONTINUE

CALL SHIFT(JDEG)
GO TO(35,45)1CA

c

C

C 00K PLOT PRESSIRE VS CRANKANGLE DATA Kxnt

35 CALL DPORT(150,900,130,730,0.0,720.0,0.0,5000 0)
T

TOP = 7.0
PRES2 = PRES({,1)
CALL,MO%FA(O‘G,PRESE)

50 70 5
45 CALL DFORT(150,900,130,730,180.0,540.,0.0,5000.6)
ISTART = 181
I5TOP = 540
PRES2 = PRES(180,1)
} CALL MOVEA(180_0,PRES2)
55 CONTINUE
DO 140 I=ISGTART,ISTOP

K-

CA = FLOAT(K)

PRESY=PRES(I, 1)

CALL DRAWA(CA,PRESY)
140 CONTINUE

IF(IPLOT .EQ.0)GO TO 25

L
% xkkx¥ PLOT (+) DEVIATION FROM THE AVERAGE PRESSURE DATA %xxxk

YDATA = PRES(180,1)+PRES(180,2)
CALL MOVEA(180 .0 YDATA)

DO 150 1=180,540

K=I-1

CA=FLOAT(K)

YDATA = PRES(I,1)+PRES(I,2)

CALL DRAWA(CA,YDATA)
150 CONTINUE

% XXxk% PLOT (-) DEVIATION FROM THE AVERAGE PRESSURE DATA Xx&kx
YDATA = PRES{180,1)-PRES{180,2)

CALL MOVEA{Li&0 ,YDATA)
D0 160 I=180,540
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K = I-1
CA = FLOAT(K)
YDATA = PRES(I,1)-PRES(I,2)
‘ CALL DRAWA(CA,YDATA)
o0 CONTINUE

2 CONTINUE

{12 CONTINUE
CALL MVARS(150,130)
REWIND 0
CALL FCLOS(0)
IF(IPLOT.ER. 0360 TO &0
REWIND f

CALL FCLOS(1)
60 CONTINUE
CALL MVAES(0,0)
WRITE(4D,601)
801 FORMAT (1%, "(33) CN")
CALL ANHDE(0,0)
ACCEPT FAKE
C ¥%x STOP TO TURN OFF PLOTTER Xki
C XXx HIT RETURN TO COMFLETE PROCRAM XXXX
' WRITE(10,430) |
430 FORMAT(1%," PLOT A SECOND CURVE ? (ND-0,YES-1)*,)
_ READ(11,330)HCURVE
330 FORMAT (1)
IF (MCURVE .£Q.1)60 TO 10
WRITE(10,431) -
434 FORMAT(/,1X," REPEAT PROGRAM 7 (NO-0,YES-1)",2)
READ (11,331 NCON
33 FORMAT(I1)
IF (Ncon.aab%)co T0 13

WRITE(10

440 FORMAT(IX,"(330(14)")
GO 10 10

i3 CONTINUE
5TOP



KKK CFRCALC PR OXKRRXXNKRKKRRRNTKRROKRO0000000O000 KR KRR KRR KK

DATA REDUCTION PROGRAM FOR SINGLE CYLINDER ENGINE DATA.

AUTHOR - R.T. JOHNSON
MECHANICAL ENGINEERING DEPARTHENT
UNIVERSITY OF MISSOURI - ROLLA
ROLLA, MO 65401
(314) 341 4661

K.R. SCHMID |
HECHANICAL ENGINEERING DEPARTHENT
UNIVERSITY OF WISSOURI - ROLLA
ROLLA, MO 65401

REVISION HISTORY:
4/15/79 - CREATED ORGINAL A
12/10/79 - REVISED FOR LEAN SUPERCHARGE STUDY
07/12/8f - SUEROUTINE EGR ADDED

LOADING INFORMATION:

RLDR CFRCALC EGR FORT.LE

NOMENCLATURE :
AFLOW = MASS OF AIR FLOW,LB/MIN
AFS = STOICHIDMERTIC A/F
EFUEL = BASE FUEL NAME, 8 CHARACTERS
BPRES = BAROMETRIC PREGSURE, IN HG.

BRFR = KEAM FORCE WHEN FIRING,LE
BTEMP = BAROHETRIC TEMPERATUREF

CO =  CAREON MONOXIDE 2
€02 = CARBON DIOXIDE.Y
CR =  COMPRESSION RATIO

A
EFF = INDICATED DR KRAKE EFFICIENCY
FUFL = MASS FUEL FLOW, LE/MIN

HC =  HYDRUCARONS, PPM (PROPANE)
IW =  INDICATED OR BRAKE POWER, KW

ISCO = INDICATED OR BRAKE SPECFIC CO, ueH/J

ISFC = INDICATED OR BRAKE SPECIFIC FUEL CONSUMPTON, GM/KJ
ISHC = INDICATED OR BRAKE SPECIFIC HC, UGHM/J

ISND = INDICATED OR BRAKE SPECIFIC NOX, UGMN/J

LKV = LOWER HEATING VALUE OF FUEL, BTU/LEM
HCO2 = INTAKE MANIFOLD €02, % _

MPRES = INTAKE MANIFOLD PRESSURE, KPA .
WTEMP = INTAKE MANIFOLD TEMPERATURE, DEG F
WTRFR = MOTORING KEAM FORCE, LB

NOX = OXODES OF NITROGEN, PPH

NOZZLE = NOZZLE NUMEER

NPRES = CRITICAL FLOW NOZZLE PRESSURE, PSIG
NTEMP = CRITICAL NOZZLE TEMPERATURE, beg F
02 = DXYGEN, %

OTEMP = O1IL TEWPERATURE, DEG F

PHIC = CARRON BASED A/F EQUIVALENCE RATID
PHID = OXYGEN BASED A/F EQUIVALENC RATIO
PHIX = EXPERIMENTAL A/F EQUIVALENCE RATIO

RPM =  ENGINE SPPED, RPM _

RUNNO = RUN NUMBER, 8 DIGIT NUMBER, 1ST & DIGITS = HO/DAY/YEAR
LAST 2 DIGITS = RUN FOR DAY

56 =  SPECIFIC GRAVITY OF FUEL, FM/ML N

SPKT = SPARK TIMING, DEG ETDC, ENTER DATA TN WHOLE DFGREE IDENTIFY
MET BY ADDING DECINAL LA A0 EXANPLE: 315 INDICATES nBT
SPARK TIMING OF 31 DEGREES. 20 0 = RON MET SPARK TIMING

80



40440

15

560

81

OF 20 DEGREES.
WTEMP = CODLANT TEMPERATURE, DEG. F
XTEMP = EXHAUST TEMPERATURE, DEG F

XPRES = EXHAUST PRESSURE, KPA
X = MOLAR 0/C RATIO OF FUEL
Y= MOLAR H/C RATIO OF FUEL

FORMAT FOR DATA ENTRY INTO FILE SCD-:

BFUEL

LHV,AFS,Y,X,56,CR ,RPH, NPRES HTEMP, OTEMP ,WTEMP  XPRES, ND7ZLE
RUNND, BPRES RTEMP’ NPRES, NTEMP , FUFL, SPK T BKFR , HTRFR
HC,NOX,C02,£0,02, HCO2 X TEMP

RUNND, KPREG PTERP, NPRES, NTEMP FUFL ,SPKT, BKFR , MTRFR

HC,NOX €03, 60,02, HCo2 X TEMP

0.50.,0.,8° 0,0 ,0.,0.,0.

(ZEROS ARE PLACED AT END OF FILE AS END OF FILE INDICATORS)

}

peiteseetstiteedbetotovetiotoetttostoesnscettoeroptetetoneeitetvate ettt

DIMENSION BFUEL(3),FNAME(6),RNAME(4), IDATE(10),KDATE (3)
DOUBLE PRECISION RUNND )

COMMON 74/ CO2,MCO2,CORK, AFC,AFD, XHF, Y

REAL IKW,ISCD,1SHC,1SFC,[SND,LHV, MTEMP MTRFR ,NOX, HPRES, HCO2
REAL WPRES,NTEMP ,NDZ2LE

TYPE * TYPE IN THE INPUT FILENAME:",

READ(11, 300 FNAME (1)

FORMAT(S10)

TYPE * TYPE IN THE QUTPUT FILENANE:*,
READ(11,300)RNARE (1)

CALL CFILW(RNAME 2, TER)

1F(IER ER.1)60 TH 15

WRITE(10,400)

E%fﬁ%fg‘i'" FILE ALREADY EXISTS :*,820)

CONT INUE

CALL OPEN(16 FNAME {,TER)

CALL FOPEN(17 RNAME)

READ(16,500) BFUEL(1)

FokMAT (58)

READ(16) LHV,AFS,Y,X,56,CR,RPH,MPRES, NTENP ,OTENP  WTEHE,

&XPRES,NOZZLE

419
316
320
35

709

C

C RKHkX
L

36

438

WRITE(10,410)

FORMAT(1X,//80X, "POWER ? (1~ERAKE,0-INDICATED : )",2)
READ(11,310) IPOWER

FORMAT (

WRITE(10,420) .

FDRMAT(iiglfiox " QUTPUT DEVICE (10-CONSOLE,$2-PRINTER): *,2)
READ(11,320) 100t

FORMAT ([2) .

IF (J0UT.EQ.10.0R.I0UT EQ 12060 TO 35

G0 10 7

CONTINUE

IFCI0UT . EQ. 10360 TO 36
WRITE(12,708)
FURHQT(ii,“(33)(46)(153)(62)4123)“)

DUTPUT HEADER XXkkx

CONTINUE ”

CALL FGTIM(IHR,IMIN,ISEC)

CALL DATE(KDATE, IER) ,
WRITE(IOUT,430)KDATE(4) ,KDATE(2) ,KDATE(3)  IHR, IMIN, ISEC
FORMAT(///7/,400X, "DATE - ¥, 12, 7/% T2 /% ¥ 7 100X,

P

ATINE 12,4 12,4 12, /0707)

434

WRITE(T0UT,431)
FORMAT(//* 'FUEL CHARACTERISITICS :*)
WRITECIOUT,432)BFUEL (1), LHV,AFS, Y X, 56



505
433

434
435

434
437

440

82

FORMAT(/SX, "BASE FUEL *,11%,58,/,5X, "L OWER HEATING VALUE",2X,
AF6.0,7,5X, "STOICRIOMETRIC A/F °, BX,F6 3,/ 5%, "FUEL MOLECULE ™
47, ;tfﬂ("Fé.z,nm“,Fs.s,")",/,sx,"épem‘xé GRAVITY",5X,

AF5.3,7)
WRITECIOUT)" ENGINE TEST CONDITIONS" .
WRITE(17,505)CR RPN, HPRES  XPRES, HTEMP , DTENP , WTENMP

FORMAT(1X,7F10 . 4) ,
WRITECIOUT,433)CR RPM,HPRES XPRES, HTEHP ,OTERP WTEMP
ORMAT (7, 5K, "COMPRESSTON RATID ¥ 14X F4'1 7,5K "ENGInE
&SPEED,RPM * 16X,FS 0,7,5X,"INTAKE MANIFOLD PRESSURE ,KFa
5 " 4X,F6.2,7,5X, "EXHAUST PRESSUKE, KPA *,14X,FS.2,/°5X
s*MIXTURE TEMP_, 'DEG. F *11X,F4.0,/,5%,"0fL TEWP 0EC ¢
& “16X,F4.0,/,5%, "CODLANT TEMp DEE F»,17%,F4.0,/)
WRITE(I00T,434)
WRITECIOUT,435)
WRITE(IOUT,436)
WRITE(IOUT)427)
FORMAT(*1"," INPUT DATA *//)
FORMAT(1X, "RUN NOD®,4X, "ATh. * 84X, "ATH. " 4%, "NOZZLE",4X , "NDZZLE",
84X, "FUEL" 4%, *SPARK " /4X, "BRAKE" 4X *MOTOR® 4%, "HC*, 4%, NOX"
&, 4%, "CO2* 4X’, “T0"  4X ”D?"&éx\“INTARE“ ax, "EXHAUST ")
FORMAT (X, {0X, "PRESS *, 8% “TEMP . * 3% "PRESS.* 4x "TEWP ¥,
ASX, "FLOW" 4% “TIMING*, 3X, “FORCE", 4X, "FORCE™ 46X, *TEWP ")
FORMAT (X, {0X, "IN HG *.2X "DEG-F",3X,"PSIG* 6X "DEG-F* 5X,"LB/M",
55X, *DEG. ®, 5%, "L, 7X, "LEY, 6% PPN, BX, MPPN 5K, M 5K,
&6X, 1", 5X, 5CA2-%" ) 4X ) *DEG-F T

CONTINUE

READ(16JRUNND, BPRES  BTEHP ,NPRES,NTEMP , FUFL , SPKT , EKFR ,MTRFR

IF (RUNND.LT.10.0D0)G0 T4 59

READ(16)HC,NOX,C02,C0,02 MCO2 XTENP »

WRITECIGUT, 4403 RUNND, bPRES  KTEMP  NPRES, NTEHP ,FUFL,5FKT, BKFR,
&MTRFR, HC,NOX €02 ,C0, 02, MCOZ, XTEMP i

FORMATL/, 1K F1b. 0, 1X,FS 23X, F3.0,4X,F4.1,5X,F5_0,5X,F5 . 4,4X,
AFS.2,4%,F5 2, 4%,F4.{,5¢ F4.6,1X,Fe.0,25,F4 §, 2% Fa. 3, 0% F5 2,
A3X,F4.2,5%,F5 1)

L
g XXX BARDMETRIC PRESSURE CORRECTION AND ATR FLOW CALCULATION kXk¥x

a1
4z

C

Ci=(9.0BE~S)¥(RTENP-2B_63)
L2=1+(1. 04E-4) ¥ (BTEMP-32)
CORR=(C1/CZ)XEPRES
ATH=(EPRES-CORR) KD . 49076

= (NTEMP+450 . 0)%k0 .S
1F (NOZZLE .EQ.2)G0 T0 41
%EL%%;%é217SX((ATH+NPRES)X*1.0315)/D
AFLOW=0 868X ((ATM+NPRES)KK1 . 066)/D
CONT INUE
AFMASS=AFLOW/FUFL
PHIX=AF HASS/AF §

% KXKKX EXHAUST EMISSIONS AIR/FUEL CALCULATIONS

XHC=HC/18000.0

XNO=NOX/10000.

XN=100. /(3 XXHC+C0+L02)

HZO = (50 0%Y/XN-4 XXHC) 7 (CO/(3.BXCO2)141 )

XMF = 12 01+1 00BRY+i6 kX

A = (3.XXHC-CO/Z +1 SKH20)KXN/100.
AFC = (28 97/XHFIR(XN+A-(Y+X)/2 )
PHIC = AFL/AFS

B = C02+C0/2. +H20/2 . +XNO/2 . +02

C = (BRXN/1DD.)=X/2.

AFD = 4.76K28.97/XNFXC

PRID = AFO/AFS

C
% kxkkx CALCULATION OF SPECFIC EMISSIONS

IF(IPOMER .EQ.0) GOTO 44



44
45

45

C
510
515
50

[or 1o Y o S o

TKW=(BKFR)XRPNXD . 746/5250
GO 10 45

IKW=(BKFR+MTRFR)XRPHX0 . 746/57250

ISFC = (FUF1.X4.535E05)/(60. 0%IKW)
EFF=((IKW¥3412 §4)/(LHVAFUFL %60 0))%100 .0
AD = ISFC/(XMFX(3 XXHC+CO+C02))
ISHC = 3. %XMFAXHCKAD
ISND = 46 0¥XNDXAD

= 28 014COXAD

ISPK = SPKT
SPKTL = ISPK
DIFF = SPKT-SPKT{
IF(DIFF LT.0.00)60 1O 46

XMET = SPKTY
RELMET = SPKTl XMET
HPRESY = MPRES/6.894
DENSITY = (MPRES1) /(640 X(MTEMP+460.0))
THEAIR=33 . 330XRPMXDENSITYX0.S
VOL = (AFLOW/THEAIR)¥100.

CO2E = 460.0
CALL EGRXEER)

WRITE(17, SﬁG)RUNNU

FORMAT (F10

WRITE(17 Si:;PHIX PHIO,PHIC,RELMET XEGR , ISHC, 1SC0, ISNO, IKW,
&15FC,EFF, bl

Foénar(ix {2F10.4)

conrruue
RUNND = 1.0D0

WRITE(17,510) RUNND
CALL CLOYE(1s,IER)

REWIND 17

L ¥XkkX QUTPUT DATA ¥XKXKX

WRITECIOUT 448)FNAME(1) RNAME (1)
TF (IPOWER.EQ.1)60 T0 60
WRITE(IOUT,450)

WRITE(10UT451)

WRITE(IOUT 453)

o 10 of

CONTINUE
NRITE(IDUT 449)
WRITE(IOUT, 45:
wRITE(IDUT 453
CONTINUE

FORMAT("1* " RESULTS CALCULATED FROK DATA IN FILE: *,510,"ARE
% STORED IN FILE: *,510,//)
FORMAT(1X, " Powﬁﬁ ASE USED - ERAKE *
FORMAT(1X,* POWER e usrn - Hteaed - /)
FORMAT(1X, "RUN NO* 9% "PHI" 6X, "PHI" 6X,"PHI" oX,"MET* 6X,"EGR"
&, ax,'ggrc* J6X, *15C0*, 6X, " 15N0" , 6K, "POWER ', aX, "IF L™ 6X, "EFF
}

58
rﬁRHhT(iX SRUN NO®,9X, "PHI",6X, "PHI" 6%, "PHI* 6X, "MET" 6X, "EGR"
bst, "S?HC; (bX,, "BSCO™, 6X, "BSNO™, e& “pOUER"" 6X, "BEFC™ ux, “EFF
1] L"
! réRHAT<°5x "2 78, "N 6 "RELY X VL0 X, UG/ 6K, UG
K6X, "UG/T B KW 7X, UG/ 3, 7%, R BY

READ(17, SGS)CR RPH,HPRES, XPRES, MTENF ,OTENP , WTENP
READ(17,541)RUNND
IF(RUNNd LT 1 6D0)G0 TO 65

&ISREAD(17Q%{S)PHIX ,PHID,PHIC ,RELMET  XEGR , ISHE, ISCO, ISNG, K,

uRfTE(faur 460)RUNNU PHIX,PHIO, PHIC,RELHBT, XEGR, ISHC 1500, ISND

&, IKW, ISFC,EFE, V0L

83



460
65
£

704
702
bb

70

FORMAT(/,F10.0,5X,F5.3 X FS.3 AX F5.3 4K F5 13X F5 2,6
5F4.2,5%,F5 2, 5%, F8. B BIOFS B ek Fa. B 3OS L e ke 1
6070 64
CONTINUE

REWIND 17
CALL FCLOS(17)

LECTOUTEQ 40160 T0 66
WRITE(12,704)

FORMAT (1X,"(33)(147*)
WRITE(12,702) . .
FORMAT (41X, "(33)(46¢153)(60:¢123)™)
CONTINUE

STOP
TYPE * ERROR FOR OUTPUT DEVICE CODE®
REWIND 17

CALL CLOSE(i6,IER)

CALL FCLOS(17

STOP

END
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C xixeky CROSSPLOTI.FR KXRKKXRXRRROXRERRREORKERIXRRRKRRRER KR DR R KKRAK

G

€ THIS PROGRAM IS DESIGNED TO READ THE RESULT FILE CREATED
C BY THE PROGRAN CFRCALC.FR AND PLOT THE DATA.

C  AUTHOR K.R. SCHHID

C HECHANICAL ENGINEERING DEPARTHENT
C UNIVERSITY OF MO - ROLLA

C ROLLA, MO 65401

C

C REVISION HISTORY:

C 6/30/80 - CREATED DRIGINAL

C 8/15/80 - SUBROUTINE GRID ADDED

¢ 10/7/85 ~ HODIFIED TO DO 3 PLOTS
¢

C LOADING INFORMATION

RLDR CROSSPLOT SYMBOL GRID TITLE VECTR.LE FORT.LE

KR OO OO R OO OO
DIMENSION RFUEL(3)
DOUBLE PRECISION RUNND
COMMON 1POWER )
REAL KTRFR,MTEMP ,OTEMP NOX,MPRES,NCO2,NPRES,NTEMP
REAL IKW,15C0, ISHC,1SND, 1SFC, LAV, NOZZLE
agggﬁﬁgeinare,YnATA,Raréirrnfnc,fnxv

RATE = 0
10 CONTINUE
© WRITE(40,400)
400 FORMAT(1X,"(33rdidr™)
) WRITE(10,401) _
401 FORMAT(/,4X," POWER BASE (0-BRAKE POMER;1-INDICATED POWER

&) *.7) '
READ(11,300) IPOWER
300 FORMAT (I1)
‘ WRITE(10,402) _ o )
462 FORMAT(1X,/," KXKKX WANIFOLD PRESSURE ¥XKKK » // 10X, CHANNEL § =
5 10.0 PSIA*,/%10X," CHANNEL 2 = 13.0 PSIA*,/, 10X, CHANREL X = 16 3 FS1a*,/,
510X," CHANNEL ‘4 = 18.3 PSIA*,/,10X,* CHANNEL'S = 20.3 PSI&",/)
,‘ WRITE(10,403)
403 FORMAT(1X,* MANIFOLD PRESSURE CHANNEL :*,7)
READ(11,503)]
303 FORMAT(ID)
WRITE(10,404)
404 FORMAT(/,1X, “SPARK TIMING (1-5% POWER LOSS;0-MET SPARK
TINING)*, 2)
, READ(11,304) TIMING
304 FORMAT(I1)
IF (MPOINT .€§.0)B0 TO 15

Iy

WRITE(10,430)
PAUSE
i CONTINUE
% KKKKX OPEN RESULT FILES FOR READING Xkix

IF(IPOWER .EG.0)GO TO 20

TF(J.EQ.1)CALL OPENCY, "RSLTINDIDY, 1, 1ER)
IF(J EQ.2)CALL OPEN(2)"RSLTIND{3" 1, IER)
IF(J.EQ.3)CALL OPEN(, "RSLTIND16",1)IER)
e arcaLl OPEN(4, "RSLTIND18" 1, TER)
TF(T.EQ. S)CALL OPEN(S, "RSLTIND2D", 1) IER)
GO T0 30

20 CONTINUE
IF(J.EQ.1)CALL OPEN(L,"RSLTBRK10",1,IER)
IF(JEQ.2)CALL OPENCZ, "RSLTBRK13", 1) IER)
IF (J.ER.Z)CALL OPEN(3,"RSLTERK16" )1, TER)
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IFCT.EQ.4)CALL OPEN(4, “RSLTBRK18",1,IER)
IFCT.EQ.S)CALL OPEN(S,"RELTHERK20",1,IER)

30 CONTINUE

L(; = %1'20 ]

GO TO (41,42,43,44,45)]
s DAL OPENCE PDATARG TC* 1, TER)

4

42 %%L%DUF;EGN(QE,"DATAiE.TC",l,IER?
43 %g}%{?i%N(23,'DﬂTAib.TC“,i,IER)
44 %%L%OUP‘;EUN(E{,"DATAiB.TC",i,IER)
45 CALL OPEN(25,“DATAZ8.TC",1,IER)

40 CONTINUE

) READ(K,505) BFUEL (1)

505 FORMAT(SS) . ‘
READ(K)LHY,AFS,Y,X,56,CR RPN, MPRES, HTEMP ,OTEMP , WTEHP,

&XPREsﬂNOZZLE

READ(J,500)CR,RPM,HPRES , XPRES, HTEMP ,0TENP ,WTEMP
gua FORMAT(1X,7F10.4)

J&YM = J
IF(J.EQ.53J5TH = §

IF(MPOINT .GT.0)GO T0 S50
IF(RATE.EQ.5)G0 70 &0
IF(RATE EQ. 10060 TO 70

£
%*XHX INPUT DATA CHANNEL Xkxxx

L
% FRKKE X - AXIS INPUT DATA ¥okXxx

WRITE(10,406)
406 FORMAT(LX,/," ¥XKXK X-AXIS DATA INPUT ¥XKKX * //)
WRITE(L0,40%)
467 FORMAT(10X," CHANNEL 1 ISHC “,/,10X,* CHANNEL 2 ISCO *,/,10%,
A" CHANNEL 3 1SN0 *,/,10X,* CHANNEL 4 POUFR *,7,10X
5" CHANNEL S A/F EQ. RATIO *,7,10%,* CHANNEL & EFFICIENCY. *,/,
%10, " CRANNEL 7 SPARK TIMING®/,10X," CHANNEL 8 EXHAUST TeeP /)
WRITE(10,408)
498 FORMAT(1X,* INPUT DATA CHANNEL :*,2)
ACCEPT XDATA
WRITE(10,409)
409 FORMAT(1X,* X-AXIS STARTING COORDINATE =7",2)
ACCEPT XMIN
WRITE(10,410)
410 FORMAT(AX" AXIS FULL 5CALE = 7°,D)
ACCEPT XMAX
WRITE(10,411)
411 FORMAT(1X," AXIS DIVISION INCREMENT =1,7)
ACCEPT XINC

C
% ¥R¥XX Y-AXIS DATA INPUT (07 EGR) kXX

WRITE(10,420)
424 FORMAT(/,1X," ¥XKKK Y-AXIS DATA INPUT XHXKK *,//)
WRITE(10,407)
WRITE(10,408)
ACCEPT YbaTA
WRITE(10,419)
419 FORMAT(1X," Y-AXTS STARTING COORDINATE = 7*,2)
ACCEPT YMIN
WRITE(10,440)
ACCEPT YMAX
WRITE(10,411)
ACCEPT YINC
WRITE(10,430) ,
430 FORMAT(/,"* SXKXKXXK TURN ON PLOTTER KKAXXKXK *,/)
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c PAUSE
% Xxxix DRAW GRID LINES kkkxk

WRITE(10,600)
600 FORMAT(1X"(33)C140 75 ™)
CALL GRID(XMIN,XMAX,XINC,1,YNIN,YNAX,YINC,0,200,
4608, 508,700, 0, 1)
CALL MvaRS(300,700)
CALL DWABS(200’780)
CALL DWAES(600,7810)
CALL DWAES(400,700)

- KKXK¥ LABEL AXIS XXX

CALL TITLE(XDATA,0,275,50)
CALL TITLE(YDATA,1,120)300)

¢
g $E0xx WRITE OUT ENGINE TEST CONDITIONS XXXkx

CALL ANMDE(250,660)
TF (TIMING EQ. OOWRITE(10,5620)
IF (TIMING .EQ. £ JNRITE(10,401)
b2 FORMAT (1X, "MET™)
621 FORMAT(£X)"57 P L. *)
CALL ANNDE(220,760)
WRITE(10,623)
623 FORMAT (1%, "MANIFOLD PRESSURE®)
CALL HVABS(230,740)
CALL SYMBOL(JSY¥M)
CALL ANMDE(250,735)
WRITE(10,624) MPRES
624 FORMAT(1X,F7.2," KPA")
CALL ANMDE (500 660)
WRITE(10,623)RATE
622 FORMAT (1%, "EGR=", 11, "%")
G0 10 75

e gy

C
C xxxxx Y-AXIS DATA INPUT (S % EGR) *¥¥xX

t
60 CONTINUE
CALL GRID(XMIK,XMAX,XINC,1,YMIN,YMAX,YINC,0,200,
%600, 300,500

30 .
CALL ANMDE (250,460) -
TF(TIMING EG.0YWRITE(10,620)
IF (TIMING .EQ.{WRITE(10,621)
CALL ANNDE(500,450)
WRITE(10,622)RATE
60 T0 75

C
C xkkxx INPUT Y~-AXIS DATA (10X EGR) XXX
0 CONTINUE

CALL GRID(XMIN,XMAX,XINC,i,YMIN,YMAX,YINC,0,200,
4600, 100,300, 1,0
CALL ANMDE(ZS0,260)
IF (TIMING .ER. 0IWRITE(10,620)
IF(TIMING .EQ.L)WRITE(10,621)
CALL ANMDE(500,260)
WRITE(10,632)RATE
632 FORMAT (1%, "EGR=",12,"2")
B0 T0 75

50 CONTINUE
IF(RATE EB.S.OR
i

e

T
T
T

Q4060 TO 7S

21
22

WRITE(10,600)
IF(MPOINT EG.
IF (MPOINT EQ

o m

.RA
G0
GO

e

2



IF (MPOINT .EG.3)G0 TO 23
IF(HPOINT.EQ 4)GO TO 24
G0 70 25

24 CONTINUE
CALL MUABS(230,715)
CALL SYMBOL(ISYM)
CALL ANMDE(250,740)
WRITE(4D,624)MPRES
GG 10 25

) CONTINUE
CALL MVAES(425,765)
CALL SYMEOL(J5YM)
CALL ANMDE (445.760)
WRITE(10,624)WPRES
GO T0 25

23 CONTINUE
CALL MUABS(425,740)
CALL SYMROL (J5YM)
CALL ANMDE (445 ,735)
WRITE(10,624)HPRES
g0 10 25

24 CONTINUE
CALL MVABS(475,715)
CALL SYMBOL(JSYM)
CALL ANMDE(445,710)

WRITE(40,624) HPRES
%§ CONTINUE
% XAKKX PLOT DATA ¥¥XKXX
75 CONTINUE

READ(J,510) KUNND

540 FORMAT(Fi0.0)
IF (RUNNO.LT.10.0D0)GO TO 95
READ(J,511)PHIX,PHIO, PHIC,RELMBT EGR, ISHC, ISCO, ISNO, IKW,

 AISFC,EFF, VO

511 FORMAT (X, 12F 10, 4) _ _
READ(K) RUN,BPRES ,BTEMP ,NPRES,NTEMP ,FUFL,SPKT , ERKFR  HTRFR
READ(K) HC,NOX,C02,C0, 02,8002 XTENP

. ISPARK = IFIX(SPKT

% XXKX CHECKING SPARK TIMING POINT ¥xxx¥

IFCTIMING .€Q.0)G0 TO 8%
IF(RELMET NE.0.0)ED TO B2

G0 10 75

81 IF(RELMBT EQ.0.0)G0 TO 82
GO 70 75

82 CONTINUE

L
% ¥xxkx CHECKING EGR RATE X¥¥kx

IF(RATE .EQ.0)G0 TO 85
IF(RATE EQ.5)G0 T 86
%%(EGRigE.7.B‘AND.EGR.LE.ii.O)GO T0 90

10
85 IF(EGR EQ.0.01)GD TO 90
G0 TO 75
86 IF(EGR .GE .3 .0 AND.EGR.LE .6.500)60 TO 90
60 10 75
%P CONTINUE

E xkxkx DETERMINE X DATA POINT FOR PLOTTING ddekx

LF(XDATA EQ.41XPOINT = ISHC
IFCXDATA Q. Z)XPOINT = IS00
LF(XDATA EG.3)XPOINT = I6NO
IFCXDATA EQ. 4)XPOINT = IKY
1F(XDATA E@.SIXPOINT = PHIO
IF(XDATA.EQ.6)XPOINT = EFF



N 0244
C

95

F{XDA 7IXPOINT = IGPARK
IF¢XDA CBIXPOINT = XTERP

DETERMINE Y DATA POINT FOR PLOTTING XXxx%
IF(YDATA. EQ IYPOINT = ISHC

VYPOINT = ISCO
ISND

YPOINT
)YPOINT ISPﬁRK
JYPOINT = XTEWP

IF(RATE.EG.0) CALL DPORT(200,400,500
IF(RATE.EG.5) CALL DPORT(200’600" 300
IF(RATE EQ.10) CALL DPORT( end ,600,10
CALL MOVE EACXEOINT, YPOIND)

CALL SYMEEL CTorH)

G0 10 75
CONTINUE

REWIND K

CALL CLOSE(K, IER)
REWIND J

CALL CLOSE(J,IER)

CALL ANMDE(O 0)

RATE= RATE+S

IF(MPOINT 67.0. AND RQTE LE.40)G0 TO 1%
IF(RATE. LE 1060 T 1

ACCEPT FAK

v""vvv
g’
e
]
—t
2
—
R LTI LR TR TR U}
i
>
=

,700, XHIN, XNAX, THIN, YHAX)
500" RMIN, XMAX, YHIN, YHAX)
d)znd,xnxn XMAX, YHIN, YHAX)

C ¥xxxx STOP 10 TURN OFF PLOTTER ¥xkxx

C kxxxx
450

96
444
440

97

HIT RETURN KEY TO COMPLETE PROGRAM XXXX
WRITE(40,450)

FORMAT(1X,* PLOT MORE POINTS 2(0-NO,1i-YES)*,Z)
ACCEPT Moke

IF (NORE .EQ0)60 T0 96

npoxur NPOINT+1

RATE =

G0 Tﬂ 10

CONTINUE

HRITE(iO ,440)

FORMAT (1%, "<13>cn">

WRITE(10,4

FORMAT(/ 1x 0 REPEAT PROGRAM ? (ND-0,YES-1)",2)
ACCEPT NEON

IF (NCON.EQ.0)G0 TO 97
HPOINT = 0

RATE = 0
50 70 10

89
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C %kxkk DEVMEP FR XXEKKXXXERKONREKXKXRARKRRKKOKRERO KRR E KRR XX RRRRARE XK

i

{ THIS PROGRAM IS DESIGNED TO CQLCULQTE DEUIATION oF

C THE MEAN EFFECTIVE FRESSURES FRON TH S5URE DRANK
C ANGLE DATA GENERATED BY PRESFILE .FR DR PRFSAVE FR AND

g SHIFT THE DATA 1N THE PROCESS.

C AUTHOR: K.R. SCHMID

L MECHANICAL ENGINEERING DEPARTHENT

C UNIVERSITY OF MISSOURI - ROLLA

g ROLLA, MISSDURI 65404

% REVISION HISTORY:

C 07/14/80 - CREATED ORIGINAL

C 07/25/80 - REVISED FOR MULTIFLE RUNS

¢ 12/29/80 - STANDARD DEVIATION ADDED

L 03/88/81 - STANDARD DEVIATION CHANGED TD X
% 07/12/84 - SUBROUTINE EGR ADDED

% LOADING INFORMATION:

% RLDR DEVUMEP EGR PHASE FORT.LE

% DEFINITIONS:

C AIMEP = AVERAGE INDICATED MEAN EFPELTIUE PRESSURE
C APMEP = AVERAGE PUMPING 1.GOP

L ATHEP = AVERAGE THERﬂDDYNAﬂIC ﬂEP

£ RORE = ENGINE BORE (IN

C CALR = CALIBRATION FAFTOR (PSI/VOLT)

L CR = COMPRESSION RATID

L FIMEP = FIRING INDICATED MEP

C FIWK = FIRING INDICATED WORK

C IDATA = BINARY VOLTAGE DATA

C IFILE = FILENAME OF PRESSURE DATA

C PMEP = PUMPING MEP

C R = [RANK THROW (IN

£ RL = CONNECTING ROD LENGTH (IN

C SDIMEP = STANDARD DEVIATION OF FIRI&G INDICATED MEF
C SDPHEP = STANDARD DEVIATION OF PUMPING MEP

L SDTHMEP = STANDARD DEVIATION OF THERMODYNAMIC MEP
% THEP = THERMODYNAMIC HEP

L SET IFIRST = § 50 RESULT FILE WILL BE CREATED

g SET IFIRST = 2 TO APPEND EXISTING FILE

£ ***XXX*X*XX*i***XXXXX*#X#XKX*X*X*XX#X*X*XXKK***#*X*XX*X**X*X#*X#X*Xt#*#***

DIMENSION 1FILE(10),AFILE(10) DFILE(iO) WFILE(10)
DIMENSION FILE(10),IDATE(10) KDATE(10
DIMENSION KFUEL(3) IHEADR(#BS%IDATA(7°0) RFILE(10)
DIMENSTON VOLT(7205, TESTFILECS0) FIKEP (30) ,PNEP (30) , THEP (30)
DOUBLE PRECISION RUN,RUNMD
COMMON /A/ CO2,KC02,C02B,AFC,AFD, XNF Y
COMMON /PDATA/ PRE81(7°03 PRES(7R0) '
REAL HCO2 NPRES,NTENP NOZZLE

. REAL LHV,HTEMP HTRER,MPRES, ISMEP, NDX

R
RL = 1
(R=8.10
WRITE(10,400)
400 FORMAT (1X, “FILENAKE OF DATA:",Z)

READ(11 sdn)F TLE(4)
300 FORMAT (518)
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CALL OPEN(O,FILE(1),IER) _
IF(IER.NE.4)TYPE* FILE OPEN ERRGR CHAN 0°,TER
READ(0)NUM,PREF (JCYCLE,I0UT, IFIRST
READ(D,S10VTESTFILE()

READ (0.510) RFILE(1)

540 FORMAT (§18)

CALL OPEN(3,TESTFILE,t,IER)
READ(3,S00)BFUEL (1)

500 FORMAT($8)

READ(3)LHV AFS,Y,X,56,CR ,RPH, NPRES , HTEMP ,OTENP,
AWTENP, XPRES  NOZZLE

CALL FGTIM(IHR,TMIN,ISEC)

CALL DATE(KDATE, IER)

C
% KXX¥¥X READ AND WRITE HEADER INFORMATION X¥kXk

, WRITE(IOUT,410)0KDATE(1) ,KDATE(2) ,KDATE ¢3) , IHR , ININ, ISEC
410 FORMAT(7777/ 400X "DATE % 12, %/% T2,%/" 12, /', 100X
STIME . *, 12, 12,%.%12,///1/8
WRITE(I00T,410)
411 FORMAT(//" 'FUEL CHARACTERISITICS :*)
WRITE(IOUT,412)BFUEL (1),LAV,AFS,Y,X, 56 _
44 FORMAT (/SX, “BASE FUEL “,iiX,SBs},gx,“LOHER HEATING VALUE®,2X,
AF6.0,/,5X, *STOICHIOMETRIC A/F * 2X F&.3,/,5%, "FUEL MOLECULE ™,
7%, “CHCPFS 3, 9)0(% 5.3, %)%, 7,54, "dPECFIC "GRAVITY ", 6X,
5FS.3,/)
_ WRITE(IOUT,413)
413 FORMAT(1X," ENGINE CONDITIONS")
WRITE(IOUT,444)CR ,RPH,MPRES, XPRES, HTEMP ,0TEMP , WTEHP
444 FORMAT(/,SX, “COMPRESSION RATIO *,14X,F4’1,/5X, "ENGINE
& SPEED,RPM '* 16X,F5.0,/,5X, " INTAKE MANIFOLD PRESSURE KPA
& *ax ke 2, /0 5%, "EXHAUST PRESSURE, KPA *,11X,FS5.2,/,5%,
*MIXTURE TEMP, 'DEG.F "12X,F4.0,/,5X, 0IC TENP . BEC. F
& "15X,F4.0,/,5%,"COOLANT TEMP " DEG.  F*,12X,F4.0,/)

C
% KXKXX WRITE OUT HEADER X¥¥kx

WRITECIOUT,420)
WRITE(IOUT, 421)
420 FORMAT("1")/// 3X,"RUN NO" SX,"DATAFILE"5X, "PHI" 6X, “EGR"
a6X, *THEP* 4,7 BEV. », 6% *Pikp™ 3X, "7 DEV b5k *THER* 3,2 bEv. )
821 FORMAT (27X 0XY" 7%, "2, 7X,*KBA" 17X, "KPA®, 15X, "KPA®/)

IF(IFIRST .ER.2)60 T0 S

CALL_OPEN(4,RFILE, 2, 1ER)

IF (TER.NE.1)TYPE “FILE OPEN ERROR - CHAN 4*,TER
WRITE(4,411)

WRITE(4,412) BFUEL(1) ,LHV,AFS,Y,X,56

WRITE(4',413)
WRITE(4,414)CR,RPH, MPRES, XPRES , MTEMP , OTENP , WTEMP
WRITE(4),420)

WRITE(4,421)

60 10 &

CONTINUE

CALL APPEND(4,RFILE,2,IER)

IF(IER.NE. 1)TYPE "FILE APPEND ERROR - CHAN 4, IER
CONTINUE

KxkEk CALCULATE VOLUME XxxXX

VOLD=BOREXX2K0 . 7854%RX2
VOLC=VOLD/ (CR~1. )
VOLHAX=VOLD+VOLC

D0 120 I=1,720

J=1-1

CA = FLOAT(])
CA=CAX( . §1745
SINA=SIN(C#)
CO5A=COS¢CA}
AP=(BOREX*2) X0 .7854

2

[x%

[R]

iRl
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SINZA=SINAXXZ

RL2=(R/RL)X%2

GNT=(1 -RL2ZXSINZAIXKG .5
VOL=APX(RX({ -COSAY4RLX(L -GNT))
VOLT(T)=(VOL+VOLC)X0. (0004638
CONTINUE

C
E X¥kx READ ENGINE DATA FILE & CAILCULATE AIR/FUFL RATIO XXX

iS

520
i6

[N]
[}

KXXKX

A0 o

104

110
C

CONTINUE ]
READ(6,520)RUN, IFILE(L) , AFTLE(S ), DFILE 1), MFILE (1)
FORMAT(F10.0,512,512,512,512) N
READ(3)RUNNO  BPRES  BYEMP |NPRES, NTEMP ,FUFL, SPKT,BKFR HTRFR
IF (RUNNO. LE 10 ODOYGO 1D’ 35

READ(3)HC ,NOX,C02,C0,02, KCOZ, XTENP

IF (RUNNO he RUMOGD TH 1k

XHC = HC/10000 .6
XNO = NOX/10000.0
XN = 100 /(3 kXHC+C0+C02)

H20 = (50 0KY/XN-4. KXHC)/(CO/(3.8%C02)+1.0)
XMF = 12 01+1 008KY+i6. 0KX

A = (3 XXHC-CO/2.+1.SKHR0)KXN/100. D

B = CUAC0/2 +Hal/2 +XNO/2. +02

C = (BKXN/100.)=X/2

AFD = 4.76K28.97/XNFXC

PHIO = AFO/AFS

COZ2E = 460.0
CALL EGR(XEGR)

CALL FOPEN (1,IFILE) _

READ BINARY (1) IHEADR,ICYCLE
WRITE(10,425)THEADR (1), ICYCLE ,
FORMAT(5X,540,5%,12, * EYCLES RECORDED*,//)

SCALE PRESSURE DATA ¥XXkxX

DO 200 J={,JCYCLE

DO 100 1=1,720

READ BINARY(1)IDATA(I)
FACTOR = (CALE/3276.7)%6. 895

PRES(I) = FLOATCIDATA(I))
PRES(I) = (PRESC1)-310)XFACTOR
CONTINUE )
PRESC = PRES(180)-PREF

D0 110 1=1,720

PRES(I) = PRES(I)-PRESC
CONTINUE

% X% SHIFT PRESSURE DATA BY THE AMOUNT IDEG

¢
L ¥Xxxx
C

130

140

CALL PHASE (2)
CALCULATE WORK XXXk

WKL2T=0.0

D0 130 1=1,179
WK12=(PRES{T) +PRES(I+4) ) R(VOLT(I+1)-VOLT(I)) /2.0
WKLBT=WK1 2+UK 12T

CONTINUE

WK23T=D. 0

DO_140 I=180,359

WK23=(PRES (I} +PRES(I+1) )RCVOLT(T+4)=VOLT(I)) /2.0
WK23T=WK 23 HIKZAT

CONTINUE

WK34T=0. 0

DO_150 I=360,539 _

WK34=(PRES (T I ¥PRES(I+1) )R(VOLT (T+1)-VOLT(I))/2.
WK34T=WK34+WK34T

92
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150 CONTINUE
WK417=0. 0
DO 160 I=540,719 ,
W41=(PREG(IJ+PRES(I+1) )R(VOLT(I+1)-VOLTI)) /2.
WKA1T=NKI1+K 41T

160 CONTINUE
DEN = VOLD0. 00001638

L
% KX3%x CALCULATIONS FOR FIRING DATA

FINK = WK3IAT+WK23T

PAK = WK44T+UK1ET
FIMEP(J) = FIWK/DEH
PMEP(J) = PUK/DEM
THEP(J) = (FIWK+PWK)/DEM

L

200 CONTINUE
REWIND §
CALL FCLOSE (1)

X
% KRXEK FIND THE AVERAGE AND STANDARD DEVIATION

SUM = 0.0
SUMg = 0.0
SUM2 = 0.0
SIMEP = 0.0
SPMEP = 0.0
STMEP = 0.0
DO 240 I=1,JCYCLE
SIMEP = FIMEP(I)+5IMEP
SPMEP = PMEP(1)+SPHER
STMEP = TMEP(1)+GTMEP
410 CONTINUE
AIMEP = SIMEP/JCYCLE
APMEP = SPMEP/JCYCLE
ATMEP = STMEP/JCYCLE

Do 220 I=1,JCYCLE
SUM = ((FIMEP(I)-AINEP )X%2) +5UM
SUME = ((PMEP(I)-APMEP)XX2)+5UM4

= JCYCLE-{

= {SUM/NCYCLE)X¥D .5
SDPMEP = (SUMi/NCYCLE)XX(.S
SDTMEP = (SUM2/NCYCLE)¥%0.5

C
% ¥x%%% CALCULATE % STANDARD DEVIATION Xkxkx

SDIMEP = (SDIMEP/AIMEP)X100.0
SDPMEP = (SDPMEP/(-1.0XAPHEP))X108.0
SDTHMEP = (SDTMEP/ATHEP)X100.0

L
% XXxxx WRITE OUT RESULTS xk¥xx

_ WRITECIOUT,430)RUNNG,IFILE(L) ,PHIO,XEGR ,AINER ,SDINER ,APHEP,
4SDPHEP , ATHEP , SDTHEP o , ,

430 FORMAT(iX,F10.0,1X,5484,3X,F5.3,2X,F6.2,5X,Fb.1,2X,F6.2,5%,F6 1,
w2X,F6.2,5% Fe 1,2X,F6. 3,/

WRITE(4,430)RUNND, IFILE({) ,PHIO, XEGR ,ATHER ,SDINEP,
AAPNEP , SDPNER , ATHEP , SDTHEP ‘

C
NN+
IF (N £Q NUNGO T0 25
60 10 15

25 CONTINUE
REWIND 0
REWIND 3

REWIND 4
CALL CLOSE(H,IER)



IF{IER.NE. 1)TYFt"FILE CLOSE ERROR CHAN i*,IER

CALL CLOSE(3,IE

ER)
IF(IER.NE. i)fYPE FILE CLOSE ERROR CHAN 3°,IER

CALL CLOSE (4, IER

IFB%ER NE. 1)fYPE "FILE CLOSE ERROR CHAN 4", 1ER

CONTINUE
CALL RESET

%ALL CLOSE(D,
ALL CLUSE(3

TYPE * RUN M.
stop

END

1ER
IER
MEBE

NBT FOUND"
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C XKKKK ENGPLOT.

FROOERKKKROOOROOROROOOOCOORR ORI R

£
[ THIS PROGRAM I35 DESIGNED TO READ THE DATAFILE OF ENGINE DATA

C AND CALCULATE

THE AMOUNT OF AVIALABLE EXHAUST ENGERY TO PDSSIELE

C DRIVE AN EXHAUST TURBINE. THE DATAFILE HAS THE SAME FORMAT AS THE

C DATAFILE USED

IN THE PROGRAM CFRCALC.

K.R. SCHMID o
MECHANICAL ENGINEERING DEPARTHENT
UNIVERSITY OF MISSOURI - ROLLA
ROLLA, MO 65401

04/15/79 - ORGINAL CREATED

12/40/7% - REVISED FOR LEAN SUPERCHARGE STUDY
11/14/80 - ENGERY.FR CREATED FROM CFRCALC FR
07/12/81 ~ SUBROUTINE EGR ADDED

09/19/84 - MODIFIED TO PLOT DATA

RLDR ENGPLOT EGR GRID SYMBOL VECTR.LE FORT.LB

MASS OF AIR FLOW,LB/MIN
STOICHIOMERTIC A/F

BASE FUEL NAME, 8 CHARACTERS
BARDMETRIC PREGSURE, IN.HG.

BEAM FORCE WHEN FIRING,LB
BAROKETRIC TEMPERATURE F
COMPRESSOR EFFICIENCY (%)
COMPRESSOR INLET PRESSURE (PSIA)
CARBON WONOXIDE %

CAREON DIDXIDE,Y

COMPRESSOR OUTUET PRESSURE (PSIA)
EXHAUST SPECFIC HEAT

INTAKE SPECFIC HEAT

COMPRESSION RATIO

MASS FUEL FLOW, LE/MIN

HYDROCARONS, PPM™ (PROPANE)
COMPRESSOR INLET TEMPERATURE DEG. R
EXHAUST SPECIFIC HEAT RATIO

INTAKE SPECIFIC HEAT RATIO
LOWER HEATING VALUE OF FUEL, ETU/LEM
MASS FLOW THROUGH THE COMPRESSOR AND TUREINE
INTAKE MANIFOLD (02, %

INTAKE MANIFOLD PRESSURE, KPA
INTAKE MANIFOLD TEMPERATURE, DEG F
KOTORING BEAM FORCE, LB

OXIDES DF NITROGEN, PPM

= NOZZLE NUMBER USED 'FOR TEST

CRITICAL FLOW NDZZLE PRESSURE, PSIG
CRITICAL NOZZLE TEWPERATURE, BEG F

XYGEN, %

0iL TEMPERATURE, DEG F

KILOWATTS NEEDED O DRIVE COMPRESSOR

CARBON BASED A/F EQUIVALENCE RATID

OXYGEN BASED A/F EQUIVALENC RATIO

EXPERIMENTAL A/F ERQUIVALENCE RATID

KILOWATTS DEVELDPED Y EXHAUST TURBINE @ S0% EFF.
KILOWATTS DEVELGPED RY EXHAUST TURBINE @ 75% EFF.
KILOWATTS DEVELOPED BY EXHAUST TURRINE @ §S% EFF.

C

C

C AUTHOR:

C

C

C

¢

C REVISION HISTORY.
L

C

C

C

C

[

¢

C LOADING INFORMATION.
;

G, NOHENCLATURE
C AFLON =
C AFS =

C BFUEL =
C BPRES =
C BRFR =
C BTENP =
C CEFF =
C CIP =

C Co =

C £o2 =

¢ COP =

C CPE =

C CPI =

C iR =

C FUFL =
C HC =

C ITEMP =
C KE =

C KI =

C LHY =

C HASS =
¢ HCD2 =
C KPRES =
C HTENP =
C HTRFR =
C NOX_ =

C NOZZLE=
C NPRES =
C NTENP =
C b2 =

€ OTEMP =
C PC =

C PHIC =
; PHID =
C PHIX =
C PTS0 =
C PI75 =
C P85 =
C RPH =

ENGINE SPPED, RPM

95
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400
404
300
411

96

RUNND = RUN NUMBER, 8 DIGIT NUMBER, 1ST & DIGITS = MD/DAY/YEAR
LAST 2 DIGITS = RUN FOR DAY

§6 =  SPECIFIC GRAVITY OF FUEL, FM/ML

SPKT = SPARK TIMING, DEG KTLC, ENTER DATA TN WHOLE DEG. IDENTIFY
BT BY ADDING DECIMAL § 0.1, EXAMPLE: 31.5 INDICATES MRT
§E§§éEgIMING OF 34 DEG. 20. =  NON MET SPARK TIMING OF 20

TIP =  TUKRRINE INLET PRESSURE (PSIG)

WIEMP = COOLANT TEMPERATURE, DEG. F
XTEMP = EXHALST TEMPEKATURE, DEG F
XPRES = EXHAUST PRESSURE, KPA

X = MOLAR D/C RATIO DF FUEL
Y HOLAR H/C RATIO OF FUEL

FORMAT FOR DATA ENIRY INTO FILE SCD-:

BFUEL

LHY,AFS,Y,X,5G,CR,RPH, HPRES, HTENP , OTEN? ,WTEMP  XPRES , NOZZLE
RUNND, BPRES” BTEMP’ NPRES, NTEMP, FUFL , 5PKT  BKFR , HTRFR

W, NoX €02, €0, 02, KCo2 , X TENP

RUNNG, BPREL PTEMP, NPRES, NTEMP , FUFL ,SPKT, BKFR , HTRFR
HC,NOX,C02 ,€0,02, MCo2, X TENP

S05,0.,00,0.,0.,0.,0.,0.

(ZEROS ARE PLACED AT END OF FILE AS END OF FILE INDICATORS)

beettrteltfosrordettsttrresidbethotestotottesetbiedtettptorsecitodeett]

DIMENSION HFUEL(3),FNAME(4),RNAME(4), IDATE(10),KDATE(3)
DOUBLE PRECISION RUNND

COMMON /A/ CD2,NC02,C02K, AFC,AFO, XHF, ¥

REAL IKW,ISCO,1SHC,ISFC,ISND,LHY MTEAP MTRFR,NOX,HPRES,HCO?
REAL NPRES,NTEMP,NDZZLEKE KT, MASS, ITERP

CONTINUE

WRITE(10,400)

FORMAT(1X, “(33¢14)")

WRITE(10,401)

FORMAT(/,5X, "INPUT ENGINE DATA FILENAME:*,Z)
READ(11,300)FNAME (1)

FORMAT(840)

WRITE(10,411)

FORMAT(/ /5X , “COMPRESSOR OUTLET PRESSURE (PSIa) :*,2)
ACCEPT COP

WRITE(10,412) o

FORMAT (/5X, "COMPRESSOR EFFICIENCY (%) 7
ACCEPT chFF

WRITE(10,411) ) ]

FORMAT(/.5X, "TURBINE INLET PRESSURE (PSIG) T
ACCEPT TTP

WRITE(10,420) A )

FORMAT(/)5%, "SPARK TIMING (i-S% PDWER LOSS,0-MET SPARK

& TIMING) *,1

)
ACCEPT TIMING

WRITE(10,421)

FORMAT{/,5X, "EGR RATE (0,5,10 %) = 2*,2)
ACCEPT RATE

CALL OPEN(16 ,FNAME,1,IER)
TF(IER.NE.1)TYPE"FILE OPEN ERROR CHAN 16,IER
CALL OPEN({S,"TEMPOL",3, TER)

IF(IER.NE. )VYPE “FILE LPEN ERROR ChAN 15*,IER



L
506

97

READ(16,500)BFUEL (1)
FORMAT (58)
READ(i&)LHU AFS,Y,X,SG,CR RPN, HPRES, MTENP ,OTEMP , WTEMP

AXPRES,NOZZLE

C
L kXKKXK
¢

32
33

¥XXEX

303y

L
% £ 304 41

X*KX*

ey T3

CONTINUE

NUM = NUN+4

READ(ib)RUNNﬂ EPRES, BTEnP NPRES,NTEMP FUFL ,SPKT,BKFR ,KTRFR
F (RUNNG LT 10 6D0YGD Tu' 60

READ{{6)HC NOX,C02,C0,02 hCDL,XTEnP

BAROMETRIC PRESSURE CORRECTION AND AIR FLOW CALCULATION XXX

C1=(9 0BE-S)X(RTEMP-28.63)
C2=1+(4 01E-4)X(BTEMP-32)
CORR=(C1/C2)KRPRES
QTN (BPRES-CORR) X0 . 49074
= (NTEMP+460 0)X%8. 5
IF(NOZZLE EQ.2)60 T0 3
AFLOW=0 . 2175*((ATM+NPRES)¥XI 0315;/D

GO T0 33
AFLOW=0 . 468% ((ATH+NPRES)XX1 . 866)/D
CONTINUE

AFMASS=AFLOW/FUFL
PHIX=AFMASS/AFS

EXHAUST EMISSIONS AIR/FUEL CALCULATIONS

XHC=HC/10000.0

XNO=NDX/10000 .

XN=100. /(3 $XHC+CO+CO2)

H20 = (S0 0XY/XN-4.XXHC)/(CD/(3.BKCOZ)+1.)
XMF = 2. 01+1 . 008%Y+16 %X

A = (3 XXHC-CO0/2.+1 . SXHED)KXN/LUB.

g = (2% 97/%§F)X(XN+Q (Y+X)/2.)

%% +00/2 +H20/2  +XNO/2 . +02

T

XXN/10D . )-X/2.
4 76328 97/ XMFXC
AFO/AFS

CALCULATION OF COMPRESSOR AND TUREINE POWER
XTEMP = XTEMP+460.0

MASS = (PHIOUXAFS+i 0)XFUFL

YC43 = ((COP/CIPL3)RX{(KI-1 0)/KI))~1.0

YCi4 = ((COP/CIPLA)XK((KI-1. 0)/KI))-1 1)

YT = 1.0~-((14.3/(TIP+i4 3))¥K((KE-1 . 0)/KE))

PLI3 = MASS*CPI*ITEMPXYF13X(1 0/CEFT)X(778.0/33000 .0)%0.746

PL14 = MASSXCPIRITEMPXYC14%(1 . 0/CE FF)X 778.0/33000.0)%0.746
Py = HASSXFPE*XTEMP*YT*(/?B 0/33000.0)%5.746

PTSO = PTX0.5

PT75 = PTXO,7S

PT85 = PTX0.85

MBT SPARK TIMING CHECK

ISPK = SPKT

SPKT1 = ISPK

DIFF = SPKT-SPKT1
IF(DIFF.LT.0.01760 TO 35
XHET = SPKT1

RELMBET = SPKTi-XMET



C %xxkx EGR CALCULATION
£

CO2E = 400.0
CALL EGR(XEER)

C
% Xxxxx STORE DATA IN FILE (CHAN 15)

WRITE(45,501)RUNND, PHIX,PHIO, PHIC,RELMRT, XEGR , HASS ,PL13,PC14,
&PTSO,PT7S,bTE5
504 FORMAT(fX,12F10 &)

GO 10 30
CONTINUE
CALL CLOSE(16,IER}

WRITE(10,480)
480 FORMAT(//,1X,* XRRKK TURN ON PLOTTER ¥XKEKE®,//)

REWIND 15
CEFF = CEFFX100.
WRITE(10,600)
600 FORMAT(1X,*(33)CI 40 75 *)
CALL GRID{1.0,2.0,0.20,1,0.0,1.0,0.20,1,150,900,130,730,1,1)

L
% KXExx LABEL AXIS

CALL ANMDE(400,75)
WRITE(iD,610)
610 FORMAT(1X,* AIR/FUEL EQUIVALENCE RATIO™)
WRITE(10,611)
611 FORMAT (1 "(33)CT 90 )
CALL ANMDE (70,350)
WRITE(10,613)
612 FORMAT (1X, " POWER - KW")
WRITE(10,643)
513 FORMAT(1X,"(33cT 0 ™)

CALL ANMDE(2810,485)
WRITE(0,620) ,

620 FORMAT(1X, "TEST CONDITIONS:")
SICOP = Chpxé.B9%
CALL ANMDE(280,660)
WRITE(10,4621)51C0P )

621 FORMAT (41X, “COMP QUTLET PRESS =",Fb.1," KPA™)
CALL ANMDE(280,635)
WRITE(L0,622)CEFF

622 FORMAT(1X,°CONP EFF. = *,F4.1," 1)
CALL ANMDE (280,610) )
TFCTIMING . EQ. OWRITE(10,6723)
IF (TIMING .EQ. 1)WRITE(10,424)

623 FORMAT(1X,"MBT SPARK TIHING")

624  FORMAT(iX,"S % POMER LOSS")
CALL ANMDE(280,585)
WRITE(10,625)RATE

525 FORMAT(LK,"EGR = ",F4.1,"%")
CALL ANMDE (25,689)
WRITE(10,626)

626 FORMAT (1X, "EXHAUST TURBINE EFF")

D0 100 I=1,3

GOTO (&5,66,67) 1

65 1SYM = 640
IPERCENT=50
GO T0 70

b6 ISYH = 635
IPERCENT=7S
60 TO 70

67 1SYM = 610
IPERCENT=85

70 CONTINUE

bl



CALL MVAES(675,15YM)
CALL SYMBOL(I)'
ISYM = ISYH-5
CALL ANMDE(705,15YM)
WRITE(10,630) IPERCENT
630 FORMAT(1X,12,% 2 )
100 CONTINUE
CALL ANHDE(&“S 580)
) WRITE(10,635)
635 FDRnAT(iX e INLET PRESS")
CALL MVABS(&75,560)
CALL SYMBOL (1)
CALL ANMDE{705,555)
WRITE(S0,636)
536 FORMAT (1%, "B 6 KPA")
CALL PWRBS(675,575)
CRLL SHAESL S
CALL ANMDE(705,530)
, BRITE(10,637)
437 FORMAT(1X, 798 6 KPA®)

gmnmmmm

TN
READ(1S, SUf)PUNND PHIX,PHIO,PHIC,RELMET , XEGR , HASS,PC13, PLI4,
&PT50,PT75,P185

Kkxxx CHECK SPARK TIMING

IFCTIMING EQ 0260 1O 40
IF(RELMBT NE.D)GOD TO 44

60 10 110
40 TF (RELWET EQ.0.0)G0 10 41
60 70 440
41 CONTINUE

L
C Xkxxx CHECK EGR RATE
C

IF(RATE .EG.0)G0 10 80
IF(RATE.EG.5)60 10 81
IF(XEGR GE 7.0 AND XEGR.LE.11.8)60 TO 85

(3Ll

6o T0

80 I%(§%PR1EQ 6160 70 85

81 IF(XEGR.GE.3. 0. AND.XEGR .LE . 6.50)60 TO 85
GO TO 114

%? CONTINUE

% ¥X¥kx DETERMINE Y-DATA POINT FOR PLOTTING
IFCIDATA . EQ. 1) YPOINT=PTSO

1Y

IF(IDATﬂ EQ.2IYPOINT=PT75
IF (IDATA.EG.3)YPOINT=PT85
904

3
CALL DPORT(150 £30,736,1.0,2.0,0.0,1.0)
CALL novzatpﬁzb,Prﬁ
CALL SYMROL(1)

CALL MOVEA(PHIO,PT7S)
CALL SYMROL(2)
CALL MOVEA(PHIO,PTSS)
CALL SYMRBOL(3)
CALL MDUEA(PH10 PCi3)
CALL SYMEOL(1)
CALL HOVEA\PHID PCi4)
- CALL SYMEOL
140 CONTINUE

%QLL,ANMDE(O;G)
EWIND 15



44D

450

90

CALL CLOSE(4S,IER)
TF(IER .NE 1) T{PE'FILE CLOSE ERROR CHAN 15, IER
CALL DFILW(TENPOA*, IER)

IF (IER.NE. ) TYPE“FIVE DELETE ERROR CHAN £5,IER
WRITE(10,440)

FORMAT (41X, "¢ 33)CN")

ACCEPT FAKE

WRITE(10,450}

FORH%T(éﬁ}x,“ REPEAT PROGRAM 7 (0-NO;1i-YES)",Z)

ACCEPT NCON

IF (NCON.EQ.0)60 TO %0
GO TO S

CONTINUE

sT0P

END

1060
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AUTHOR

L

. THIS PROGRAM IS DESIGNED TO DETERMINE AND WRITE OUT _

NUMERLCAL RESULTS FOR AN APPROXTMATION OF THE HEAT RELEASE FOR A SPARK
IGNITION ENGINE FROM PRESSURE (VOLTAGE DATA) V5. CRANK ANGLE DATA
ORTAINED FROM_ THE ENGINE LAE AND STORED ON DISK DR FLOPPY. THE

. PROGRAM WAS DEVELOPED FROM A CONCERT GIVEN IN SAE PAPER NO. 780967.

K.R. SCHMID ,
MECHANICAL ENGINEERING DEPARTHENT
UNTVERSITY OF MWISSOURI-ROLLA
ROLLA,NISSOURT 65401

REVISION HISTORY

8/1/80 ORGINAL CREATED
%/13/80 REVISED FOR MULTIPLY RUNS
7/42/81 SUBROUTINE EGR ADDED

LOADING INFORMATION
RLDR HEATREL EGR PHASE FORT.LE i12/C

DIMENSION UﬂLT(?°8) RATE(720))

DEFINTIONS:
IFILE = FILENAME
IDATA = BINARY VOLTAGE DATA
PRES = CALIBRATED PRESSURE DATA
CALE = CALTERATION FACTOR (PS1/VOLT)
BORE = ENGINE BORE (
R = ENETNE TRARK ThRbW (1N )
RL = CONNECTING ROD LENGTH (IN.)
CR = COMPRESSION RATIO
COLOPE = SLOPE OF CONPRESSION LINE (L0G-LOG PLOT)
DSLOPE = SLOPE AT DATA POIN
ESLOPE = SLOPE OF EXPANSION e
iGN = SPARK TINING
IGNt = 20 DEGREES BEFORE SPARK TIMING
EV0 = EXHAUST VALVE OPENING
EV01 = 20 DEGREES BEFORE EXHAUST VALVE OPEN )
CPOINT = EXTRAPOLATION OF COMPRESSION LINE TO ORDINATE AXIS
DPOINT = DATA POINT A
EPOINT = EXTRAPOLATION OF EXPANSION LINE TO ORDINATE AXIS
COMB = COMBUSTION DURA{ION
MEB = MASS FRACTION BURNED
START = START OF COMBUSTION
FINISH = END OF COMBUSTION
R R VI B
DINENSION RFILE(10), IHEADR (40) , IDATA(72D) TESTFILE(2 i
DIMENSION IFILE(10),AFILE(SD), ﬂFILE(iO) MWEILE(10)

XMFE(720)

DIMENSION IDATE(10) KDATE(3) ﬁFUhL(3) FILEC20)

DOGUBLE

PRECISION RUN,RUN
COMMON /6/ C02,KCO2, 6028

GFC AFO XMF Y

COMMON /PDATA/ PRESY (7200 ,PRES(720)

REAL MCOZ,NPRES, NTEMP

NDZZLE LHY MTEﬁP MTRFR ,HPRES,NGX

INTEGER EUD,EVDY,5PARK,START,FINYSH, CONE

CALB = 91.274
BORE = 3.2%0
R =2.250

RL = 10.0

CR =8.90

EVD = 500
EVOL = 480
MCURVE = 0



400
366

510

504

[ Rl

700
b
404

402
403

404

405
406

07
08

e Ty ) e >

READ (1
FORMAT (5

A

(10,400
Tk
300)
18)

FILE
£

ACCEPT"OUTPUT DEVICE

I
CALL OPEN(O,FILE(Y
IF(TER.NE. 4 JTYPE*F

READ(0)NUM , PREF
READ(D,S$0) TESTFILE(1)
READ(0’ 510 RFILE(1)
FORMAT($18)

CALL OPEN(3,TES
IF (IER.NE.1)TYPE

)
“FILEN??E OF DATA:*,2)

CODE(18-CONSOLE;12-PR

TFILE, 1, IER)
“FILE DPEN ERROR - CHAN 3°,1FR

CALL OPEN(4,RFILE,2, TER)
1FCIER.ME. 1) TYPE*FILE DPEN FRROR - CHAN 4°,IER
READ(3,500)BFUEL (1)
FORMAT(58)
READ(3)LHV,AFS,Y,X,S6,CR RPN, MPRES , HTERP ,0TEHP
XPRES ,NOZZLE

AWTENP,

CALL F

CALL DATE(KDATE, IER)
TFCIER.NE.4) TYPE® ERROR IN CALLING THE DATE®

TECIOUT E
WRITE(IOU

GTIN(IHR, TMIN, ISEC)

FAkkkx READ AND WRITE HEADER INFORMATION Xkkkxkx
g.iG)GO T0 &
700)

FORMAT(1X, 4(33)(46)(153(62)(123)")
WRITE(I0UT, 401)KDATE(1) ,KDATE (2) KDATE(3),IHR, IMIN, ISEC

ngégAT(///}/,iuox,"onTE N1
WRITE

L

»Ta e,

(10T ,4

w12, 12,7/710)

03

FORMAT(//," FUEL CHARACTERISITICS :*)

WRITE(I0UT

,403)BFUEL (1) ,LHV,AFS,Y X,56

FORMAT (/5X, "BASE FUEL ",11X,983?,§X§“LDWER
&F6.0,/,5X, "STOICHIONETRIC 'a/F " 3% F6 3./ 5X
&7x,"tH;",ﬁs.3,">o<",F5.3,">",/,§x,"SPEc£1& &

AFS.3

& SPEED,RPN * 46X ,FS9
v ' A F6.2,/

RPM, MPRES , XPRE
gessfon ratig »

/
WRETECIOUT) " ENGINE TEST CONDITIONS *
WRITE(IOUT,404)CR
FORMAT(/,5X, "COMP

X, "INTAKE WANTFOLD

16X,F5 0,7
5X, "EXHAUST PRESSURE, KPA * 11X
& *#YXTURE TEWD”

, DEG.F ", 12X,F4.0 /,SX?“OiL T
&,15X,F4.0,/,5%, "COOLANT ‘TEMF ., DEG. F¥,12X,F4.0,/)

INTERY ", 10UT

), IER) ‘
IUE OPEN ERROR CHAN *,IER

{12,070, 12,7,100%,

HEATING VALUE*,2X,
“FUEL MOLECULE '™,
RAVITY", 86X,

S, MTEMP, OTEHE , WTERF
{ax . F4’1, /5%, "ENGINE

PREGSURE KP4
FS.2,/,5X,
Ewp. DG F

X, v 5k, "PREESURE ", 2%, “5LOPE*, 3X, “5LOPE", 3X

“TIMING*,4x,"STaRT"

WRITE(IBUT, 409)

WRITE(IOUT,405)

WRITE(IDUT,405)

WRITE(10UT,407)

FORMAT(4X, “RUN NO" 4X, "PHI",SX,“EGR" 4X, "EXHAUST” 3, ,
&“COMP ¥ 4x3"kx9" 5X, "RESTDUAL ', 3X, "TRAPPEDY  3X, *TRAPPED® , 5X, "HEAT"
55X, "SPARK Y 5X, “COMB" X “COMBS SX *COMBY)

FORMAT (15X, 0xY" 6
&"MASS* 7X, "MASS* ,6X , "FUEL" 6X , "RELEASED* 3¥,

%,4X, "FINISH", 2X, "DURATION ")
FORMAT (31X, “KFA" 21X, "FRACTION® 3% , “GRAMS*

FORMAT ("1 ///, 60X, ¥

WRITE(4,402)
WRITE(4;403)BFUEL (1) ,LHV,AFS, Y, X,56

WRITE(4)"EN

GINE TEST

Xxx RESULTS xxx,/7/7)

XXk OQUTPUT FILE HEADER TO RESULT FILE

conbITTbng"

,5X, "GRAMS", 8%, "KJ", /)

102



103
WRITE(4,407)

L
% xkx OPEN TEWPORARY STORAGE FILES

-

CALL OPEN(16,“TEMPOL",3,IER)
TR CIER e $)TYPEFILE' TPEN ERROR CHAN 16° TER

% Xuxx CALCULATE VOLUME XX%¥x

KKKKX

(¥ al

I ey

526
i6

¢
% ¥REKK

VOLD = BOREXXZ. 0%0.7854%Rx2 .0
VOLC = VOLD/(CR-1.0)

VOLMAX = VOLD+VOLE

?01190 1=1,720

CA = FLOAT(])

CA = CAX0.0§745

SINA = SIN(CA)

Co5a = COS(CA)

AP = (BOREXX2) k0 7854
SINZA = 8] A*XZ

RL2 = (R/RL)XX

BNT = (1.0- RLE*&INPR)XR& 5

VOL = APK(R¥(1i. 0-COSA)+RLX(1 0- %NT))
?gkg(l) T(VDL+UULC)/U0LHAX)Xi .
VOLT(I) = ALDGLB(TEMP)

CONTINUE

LHY = LHVx{ (%4

READ ENGINE DATA FILE & CALCULATE AIR/FUEL RATID X¥XXK¥
CONTINUE

MFB25 = EVO

MFBS0 = EVO

HFR7S = EVD

START = EVO

FINISH = EVD

COMB = EVO

sSuM = 0.0

READ(D,520)RUN, IFILE(L) AFILE(i) DFILECL) ,MFILE(1)
FORMAT(F10.0,512,512,512,54

%%ﬁ%i?1§PT§P BPRé fEﬁP NPRES NTEMP ,FUFL,SPRK ,BKR , HTRFR
READ(3)HC , NOX cug,co 02 ncoz XTEMP

16N = IFIX(SPRE)

IF CRUN NF . RUNND)GD 0 16

XHC = HC/40000.0
XNO = NOX/10000.0
XN = 100.0/(3. 0xXHC+CO+C02)

HED = (50 0%7/XN-4. 0*XHC)/(L0/(3 8xC02)+1.0)
XMF = $£2. 01+ 00B%Y+16 04X
g = (3 OXXHC-CO/R. 044, SXHZO)XXN/iﬁO ]

€02+C0/2 . 0+H20/2. 04+XND/2 . +02
(BXXN/100.)-X/2. 0

AFU = 4 76328 97/XHF¥C

PHID = AFO/AFS

CO2B = 400.0

CALL EGR(XEGR)

READ AND WRITE FILE HEADER kXXX

CALL FOPEN({,AFILE)

READ BINARY (1) THEADR, ICYCLE
WRITE(10,410)THEADR(1) , ICYCLE

FURHAT(S& 5a0,5%,12,” tYcLES RECORED", /)

FACTOR = (CALR/3276.7)%6 895



20
READ BINARY (1) IDATACD)
PRES(I) = FLOAT(IDATA(T))
PRES(I) = (PRES(I)-310.)XFACTOR

110 CONTINUE

120 CONTINUE

% KXkk SHIFT PRESSURE DATA BY THE AMOUNT IDEG
IDEG = 2

CALL PHASECIDEG)

CALL FCLOSE(D)

e o

SPARK = IGN
IGN = 366-1GN

XMFB(IGNL) = 0.0
XHFRCIGNi+{) = §.0

CSLOPE = (PRESCIGNL)-PRES(IGN))/(VOLT(IGNL)-VOLT(IGN))
(PRES(EVO4)-PRES(EVD) )/ (VOLT (EVOL ) -VOLT(EVD) )

ESLOPE
CPOINT
EPOINT

~(CSLOPE)X(VOLTCIGN) -1 . 0)+PRES
-(ESLOPE) X(VOLTC(EVD)-1. 0)+PRES
DIFF = EPDINT-CPOINT

D0 $30 K=588,720
SUM= SUM + PREG(K)

130 CONTINUE
AVEEXH = SUM/141 0
VOLS = ((AVEEXH-EPDINT)/ESLOPE)+1 .0
UOLS = ((10. GXKVOLS)XUOLMAX) /1000
RES = DLC/VOLS
AVEEXH = 10. 0¥¥AVEEXH

nlln

xm

TRAPE = (FUFLX2.0)%453 6/RPH
THEAT = TRAPFALHV
TRAPH = (TRAPFX(Y. 0+AFD))/ (1 0+RES)

DO £35 I=IGNi,EVD
DSLOPE = CSLOPEX(Y.0-XMFB(I-1))+ESLOPEX
DPOINT = ~(DSLOPE)¥(VOLT(I)-1. 0)4PRES(]

XMFB(I) = (DPOINT-CPDINT)/(EPQINT-CPOIN

X

% £X¥% DETERMINE HEAT RELEASE RATE #kkx

c RATECI) = XMFB(I)-XWFB(I-1)

% kXk% DETERMINE SELECTED POINTS AND FLAG Xkkkx

IF(XMEBCL) LE.0.000S)XMFBCT)=0.0000
IF(XMFBCT) GE.0.9995)XMFE(I) = 1. 0600
IF(XMFBCT) LE.0.020 -AND . XMFR(I) . GE 0.00
IF(XMFB(I) LE.D. 9“0 AND XmFB(I) . GE.0.8
IF (XMFRCT) LE.0.275 AND . XMFR(I) .GE.0.22
IF (XMFR(T) . Lg .525 AND XMFR(I) .GE.0.47
IF(XNFBCI) LE.0.775 AND XMFB(I) .GE.0.72

135 CONTINUE
COMB = FINISH-START
1GN = IGN-360
CA2S = FLOAT(NFB°S)
CASO = FLOAT(

MFBR0)
CA7S FLOAT(MrB?S)

¢
C ®xxxx DUTPUT NUMERICAL RESULTS xkkkx
¢

"

X*Xt* CALCULATE APPROXIMATE HEAT RELEASE CURVE xkix

{IGN)
(EVD)

gXHFB(I~1))
T

GSISTART=1-360
U)FINISH=I-351
SINFBR2S =
SINFESE = 1
SIMFR7S = 1
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35
25

144
C

429
434

434
432
433

701

WRITE(IOUT ,473)RUNND PHIO, XEGR
&TRRPF,THEAT%iGN,START,FINISR comh

WRITE(4,423)RUNND, PHIO  XEGR , AVFEXH, CSLOPE  ESLOPE ,RES, TRAPH,
LTRAPF, THEAT, 16N, START, FINIGH, COME

5
FORMAT(2X,F10.0,1X,F6.3,1X,F6.2,3X,Fh.1,4K,F5.2,3%,F5.2,3x,
4F6.3,5X,F7.4,3X,F7.4,3X,F7 3,5X, 13,6%,13,6x,13,6X,13,/)
Y

WRITE BINARY(L4)RUNNG,PHIO,XEGR ,CARS,CASE,CATS , RATE (HFR2S),

ARATE (MFES0) , RATE (NFETS)
N = N+
IF(N.EQ.NUMIGO TO 25
G0 T0 15
TYPE"RUNNG NOT FOUND"
CONTINUE
REWIND 16
WRITECIOUT,429)
WRITE(IOUT,430)
WRITE(IOUT)431)
WRITE(IOUT,432)
WRITE(4,429)
WRITE(4,430)

WRITE(4,431)
WRITE(4,432)

DO 140 I=1,NUM
;Rgpigg RINARY(167RUNND,PHIO, XEGR ,CAZS ,CASU,CA7S,RATERS RATEST,
WRITE(LOUT,433)RUNND, PHIO, XEGR ,CA2S,RATERS, CASO,RATEST,
ACA75,RATETS
WRITE(4,433)RUNND, PHID, XEGR, CARS, RATERS, CAS( , RATEST,
ACA7S, RATETS
CONTINUE

FORMAT("$",///,40X," #¥X MASS FRACTION BURN RATE XXX ///)

~

FORMAT(3X, “Run’ NO. ™ ,5X, *PH1",5X, “EGR* ,4X, "---- 25% MFk —---7)
55X, "=~== S0 NFB ---=" GX *—=-2 787 WFR -—i-*) N
EORMAT (15X, “DXY ", 6X, %" X, "CRANK " , 4X, “MFB RATE®,5X,

} 3

8“CRANK" ,5X, "HFB RATE" SX, “CRANK™ 4X, “MFR RATE")

FORMAT (30X, “aNGLE® X, *4/LEG", 7X, "ANGLE ™, 5X, "1/BEG ™,
8%, "ANGLE ", 4X  *1/DEG®,/ i n
&4X¢2%r%¥g&ﬁ%§f%.%&Eétf%.iiix,kb.E,Sx,FA.0,3X,F8.S,7X,F4.U;

fr (1007 €q.10%60 10 7’

WRITECIOUT, 704)

FORMAT (£X, %¢33) (46)(153)¢60)(123)")

CALL RESET
CALL DFILW("TEMPOL" IFR)
TF(IER.NE.1)TYPE'FILE ERROR (DELETE)®
STOP

END

AVEEXH,CSLOPE ESLOPE,RES, TRAPH,
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THIS PROGRAM IS DESIGNED TO PLOT LOG-PRESSURE VS LOG-VOLUME
DATA FROM A FILE CONTAINING VOLTS (PRESSURE) VS CRANK ANGLE DATA.

AUTHOR - R. T. JOHNSON

WECHANICAL ENGINEERING DEPARTHENT
UNTVERSITY OF MO - ROLLA

ROLLA, MD 65401

c

y

€

C

C

C

C

C

C

¢ (314) 341 4641

G K_R. SCHHID

¢ MECRANICAL ENGINEERING DEPARTHENT
C UNIVERSITY OF MISSOURI - ROLLA

¢ ROLLA, MISSOURI 65401

€ REVISION HISTORY:

C 10/13/79 - CREATED ORIGINAL

C 10/15/79 - UPDATE DRIGINAL i
C 7/12/80 - UPDATE WITH SUBROUTINE PHASE
£ 8/13/B0 - UPDATED WITH SUERGUTINE GRID
C

€

C

c

¢

C

C

C

t

C

C

C

C

C

C

L

C

LOADING INFORMATION
RLDR LPVPLOT PHASE GRID VECTR LB FORT.LE

DEFINITIONS:
BORE
CALE
CR
IDATA
IFILE
SRES

RL

ENGINE BORE(IN.)

CALIERATION FACTOR{PSI/VOLT)
COMPRESSION RATIO

BINARY VOLTAGE DATA
FILENAME OF PRESSURE DATA
CALIERATED PRESSURE DATA
ENGINE CRANK THROW (IN.)
CONRECTING ROD LENGTH

TR L TR L TR LI 1O 1

Epsretertitee e rtbotieeetobibeseeteteteetttbesiosttistbeotatesests
DIMENSION IFILE(10),IHEADR(40),IDATA(720) VOLT{720)

COMMON /PDATA/ PRES{(730) ,PRES(720)

L
i EPNTINUE

400 FORMAT
404 FORMA
304 FORMAT (S
402 FORMAT(/ .1
302 FORMAT(F
403 FORMAT(/ 4%, PRESSURE SHIFT (DEGREES) :*,I)

READ(11,303) JDEC
303 FORMAT(11)

CALL FOPENCD,IFILE)
READ BINARY (0) IHEADR, ICYCLE

C
C %x¥xx WRITE FILE HEADER AND DESCRIPTIVE HEADER ¥¥k¥x

INPUT FILE :",2)
TFILE(L)

. “?Z)
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WRITE(10,404) IHEADR(1),ICYCLE
404  FORMAT(/7,40%,578,//,40%,12,% CYCLES RECTKDED®)
‘ WRITE(10,405) )
405  FORMAT(//,iX,"NUNKER OF CYCLES TO PLOT = 7 *,I)
ACCEPT JccLt
_ WRITE(10,410)
410 FORMAT(/7,1X," ¥RKKKK TURN ON PLOTTER XH$0X *,/)

PAUSE
IF(MCURVE .EQ.1)60 TO 14
XXk CALCULATE VOLUME XkkXx

VOLD = BORE¥X2. 0X0.7854KR%?
VOLC = VDLD/{Ck~1.0)

VOLMAX = VOLD+VOLC

Do 160 1=, 720

CA = FLOAT(I)
CA = CAXD. 01745
SINA = SIN(CA)
COSA = COS(CA)
AP = (BOREXXZ)X0.7845
SINZA = SINAKYD
RL2 ™= (R/RL 1K
QT = (1 -RL2XSINZAIXKD .5
UOL = APK(RK (1 -COSA)+RLK(L ~GNT))
VOLT(I) = ((VOLC+VOL)/VOLHAK)X100. 0
TEAP = YOLT(I)
VOLT(I) = ALOG10(TENP)
100 CONTINUE

C
C Xxxkx DRAW GRID XHkkx
£

WRITE(10,600)
800 FORMAT(1X,"(33)CI 40 75 *) | o
CALL GRID(1.0,2.9,0.2,1,1.0,4.0,1.0,1,150,900,130,730,1,1)

CALL ANMDE(S80,670)
WRITE(40,640) IFILE(1)

640 FORMAT(iX,"INPUTFILE. *,518)
CALL ANMDE (580 ,640)
WRITE(10,611)PREF ,

611 FORMAT(1X, "MANTFOLD PRESS. (KPA) “,F8.2)
CALL ANMDE (430,75)
WRITE(10,612)

612 FORMAT (1X, “LOGED - % OF MAX. VOL. ")

_ WRITE(10,613)

613 FORMAT(1X, “(33)CT 90 )
CALL ANMDE(SD,300)
WRITE(10,614) )

614 FORMAT(1%,"LOGE0 - PRESSURE (KPA)™)
WRITE(10,615)

615 FORMAT(EX, *(33)CT 0%)

L
% RXKKk PLOT PRESSURE VS. VOLUME DATA XRkxx

{1 CONTINUE
CALL DPORT($50,900,130,730,1.,2.,1.,4.0)
FACTOR = (CALB/3276.7)%6 &Y
DO 200 J=1,]CYCLE
D0 240 1=1'720

oy Ere

READ BINARY(G) IDATA(I)
PRES(I) = FLOAT(IDATA(I))
PRES(I) = (PRES(I)-310. )XFACTOR
210 CONTINUE
PRESC = PRES(180)-PREF
D0 220 I=1,720
TEMP = PRES(I)-PRESC
PRES(I) = ALOGLU(TEMP)
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3
"
<«

CONTINUE
CALL PHASE(JDEG)

VOLT2=VOLT (1)
PRES2=PRES( 1)
CALL HOVEA(VOLTZ,PRES2)
D0 225 I=2,720
YOLTX=vOLT{D)
ERESY=PRES(])
CALL DRAWACVILTX,PRESY)
205 CONTINUE
. CALL MVARS(150,130)
260 CONTINLE
CALL FCLOSE(07
CALL NVABS(0,D)
© WRITE(L0,6015
601 FORMAT(1X,*(33) CN")
CALL ANMDE(G,0)
ACCEPT FAKE
C %K0Kk STOP TO TURN OFF PLOTTER XK¥i%
C ¥¥XXx HIT RETURN KEY TO COMPLETE PRUGRAM KKKXX
WRITE(10,430) ] _ _
430 FORMAT(/,4X," PLOT A SECOND CURVE 7 (NO-0,YES-1)",7)
- READ (11, 330 HCURVE
330 FORMAT(11)
TF (MCURVE (EQ.1)60 TO 10
WRITE(10,435)
435 FORMAT(/,1X," REPEAT PROGRAM ? (NO-0,YES-1)",7)
T READ(11,335)NCUN
335 FORMAT(L1)
IF(NCON.E@.1)G0 T0 10
5TOP

END

[
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KXXKX MEPS FR XKRRXOCORROORERO0OGOO KRR R XK RREE R RO ROk K
T

THIS PROGRAM IS DESIGNED TO CALCULATE VARIDUS INDICATED

[ MEAN EFFECTIVE PRESSURES FROM THE PRESSURE - CRANK ANGLE
DATA GENERATED FROM PRESFILE OR PRESAVE. THE DEFINITIONS
FOR THE TERMS WERE BASED UPON 5.A.E PAPER NO. 7580026.

AUTHOR - R. T. JOHNSON ) ,
; MECHANICAL ENGINEERING DEPARTHENT
UNIVERSITY OF MISSOURI - ROLLA
ROLLA, MO 65401
(314) 341 4661

K.R. SCHMID
NECHANICAL ENGINEERING DEPARTHENT
UNIVERSITY OF KISSOURI - ROLLA
ROLLA, MISSOURI 65401
REVISION HISTORY:
7/14/80 - CREATED ORIGINAL
7/25/80 - REVISED FOR MULTIPLE RUNS
\ 7/13/81 - REVISED T0 STORE RESULTS IN DATAFILE
LUADING INFORMATION:

RI.DR MEPS SHIFT FORT.LRB £1/C

. DEFINITIONS:
IFILE = FILENAHE
IDATA = BINARY VOLTAGE DATA
PRESS = CALIBRATED PRESSURE DATA
CALE = CALIBRATION FACTOR (PSIZVOLT)
BIORE = ENGINE BORE (IN.)
R = ENGINE CRANK THROW (IN.)
RL = CONNECTING ROD LENGTH (IN.)
CR = COMPRESSIDN RATIO
BSMEP = BRAKE MEP (SCALE)
IGHEP = INDICATED MEP (SCALE)
FIWK = FIRING INDICATED WORK
PuK = FIRING PUMPING WCRK
FIMEP = FIRING INDICATED MEP
PHEP = FIRING PUMPING MEP
FMEP = FIRING FRICTIONAL MEP
SMMEP = MOTOR MEP (SCALE)
XTWK = WOTORING INDICATED WORK
XPUK = HOTORING PUNPING WORK
XIMEP = MOTORING INDICATED MEP
XPMEP = MOTORING PUMPING MEP
XFMEP = NOTORING FRICIONAL MEP
S8ET IFIRST = 1 TO CREAT A RESULT FILE

SET IFIRST = 2 TO APPEND A EXISTING RESULT FILE

KRRROEOOOOO OO0 OO RN R K
DIMENSION RFILE(10),FILE(10),TDATE (10) KDATE (1)
DIMENSION IFILE(10),AFILE(10S,DFILE(i0),MFILECI0)
DIMENSION BFUEL(3),ﬁHEABR(40)3ﬁHEADR(4O5,IDATA<720)2)
DIMENSION VOLT(720)  TESTFILE(20)
DOUBLE PRECISLON RUNND%RUN
COMMON /PDATA/ PRES1(730,2) ,PRES(720,2)
REAL MCU2,NPRES,NTEMP,NOZZLE
REAL LHY,HTENF  MTRFR ,HPRES, TSHEP ,NOX

N =
CALR = 94 274
RORE = 3.25%0
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RL = 109
LR =

WRITE(10,400)
460 FORMAT(1X, "FILENAME OF DATA:*,2)
READ(11,300)FILE(L)
300 FORMAT(518)
CALL OPEN(O,FILECE), IER)
1F (IER.NE. 1)TYPE® FILE OPEN ERROR CHAN ", TER
READ(1YNUM, PREF , IFIRST
READ(0,510) TESTFILE(D)
READ(0,510)RFILE({)
510 FORMAT(518)
CALL OPEN(3 TESTFILE,1,TER)
READ(Z, SO0 HFUEL(1)
560 FORMAT(S8)
READ(3)LHV,AFS,Y,X,55,CR ,RPM, HPRES, HTEMP , DTENR,
WTENP, XPRES , hUZZLE
CALL FGTIN{IHR,THIN,ISEC)
CALL DATE(KDATE, IER)

C
% KEKXK READ AND WRITE HEADER INFORMATION sokk¥x

WRITE(12,410)KDATE(L) KDATE(2) KDATE(3) , THR , ININ, ISEC
410 FORMATC///7/ 400X, "DATE . » 18 %7+ 12 /% 127 10bX,
&°TIME -*,12,%:4,12,%.%,12,///17%
WRITE(12,411) _
At FORMAT(//* FUZL CHARACTERISITICS :")
WRITE(12,417)BFUEL (1), LRV, AFS,Y,X,56 o
41 FORMAT (/5X, "BASE FUEL *,11X,58,/,5X, "LOWFR HEATING VALUE®,2X,
5F6.0,/,5X, "STOICHIOMETRIC A/F ™, BX F&’ 3,7, 5%, "FUEL HOLECULE' ™,
47K, "CH('FS 3, 0(" F5.3,)",/,5X, "SPECFIC GRAVITY" 6,

3
WRITE(12)* ENGINE TEST CONDITIONS
WRITE(12,413)CR RPH, HPRES, XPRES MTENP ,OTEHP , WTENP
413 FORMATU(/,SX,"CONPRESSION RATIO ¥,14X,F4.1,/5, "ENGINE
4 SPEED RPM'® 16X FS 0 /,5X, "INTAKE' MANTFOLD' FREBSURE K
& ¥ 4X.Fb.2,/,5%, "EXHAUST PRESSURE, KPA *,11X,F5 . 2,/,9X
& dIXTURE TEMP " DEG.F "12X,F4.0,/,5X, 010 Tene, DEG F
b 1SXF4 0, 7,5X, “CO0LANT TEN? ., 'DEG. 'F,12X,F4.4,/)
WRITE(12)420)
WRITE(12,431)
WRITE(12,452)
420 FORMAT("{* 3X,"RUN NO",5X,“PHI", 17X, "SCALE",28X,
&"FIRING",20%, “WDTORING" ) )
421 FORMAT(21X,"BRAKE",3X,"MOTOR" 4X, "MMEP® SX,“INEP",5X,"IMEF®,SX,
&"PHEP® SX, "FHEP® 5K, "IHEP" SX, "PrER* ox *FiEP+) .
422 FORMAT(31%,"FORCEY 3x,“FARCE" aX {Pa‘ bX, *KPA",6X,"KPA",6X,
5*KPA™,6X, "KPA* bX, "KPA® 6X, “KPa™ , 6k, "KPAY, /)

C
% ¥k¥ WRITE HEADER INFORMATION TO THE RESULT FILE #%xX

IF(IFIRST.E6.2)60 T0 S
CALL OPEN(4,RFILE,2,IER) )
IF(IER.NE 1) TYPE* FILE OPEN ERROR - CHAM 4", IER
wRITE(4,4%?}KDATE<1),KDATE(E),KDATE(E),IhR,iﬂIN;ISEE
} .

JALD)BFUEL (L) LHY, AFS, Y, X, 56

) ENGINE TEST CONDITIONS™

,413)CR,RPH, MPRES, XPRES, HTEMP , OTENP , WTENP

o]

5 CONTINUE -
CALL APPEND(4,RFILE,2,IER)
IFCIER NE.1)TYPE "FILE APPEWD ERROR - CHam 4", IER

¢
] CONTINUE
L xxxx CALCULATE VOLUME XXXEX



120
C
L kkRK
L.
15

5210
16

100

110
115

C
L ¥xaxx
L

111

YOLD=BOREXHZKD . 7854KR¥?
VOLC=VOLD/{CR-1.)
VOLKAX=VDLD+VOLE

D0 120 1=1,728

J=1~4

CA = FLOAT(D)

CA=CAKD . 01745

SINA=SIN(CA)

COSA=COS(CA)
AP=(BOREX2) k0. 7854
SIN2A=5TNAKKZ

RL.2=(R/RL ) X2
GNT=(1 . -RL2XSINZA)KX0 .5
VOL=APK (R¥ (1 . -COSA) +RLX (L. -GNT))
VOLT(1)=(VOL+VOLL) k0. 06001638
CONTINUE

READ ENGINE DATA FILE & CALCULATE ATIR/FUEL RATID X¥k¥X

CONTINUE

READ(D,520) RUN, IFILE(i) AFILE(i) DFILECH),MFILE(H)
FORMAT(F10.0,612,512,5

READ(3)RUNND /EPRES BfEMP NPREa NTEMP  FUFL,SPKT,BKFR MTRFR
TF (RUNND LE 10, ooo>uo 1o’ 45

READ(3)HE NOX, 02, C0, 02, HC02, XTERP

TF CRUNND _ NE auN>rh ™ 1b

XHC = HL/4080C .0
XND = NOX/10000.9
XN = 100. /(3 kXHC+CO+COR2)

H20 = (50, 0XY/XN-4. *XFF)/(LD/(B 8xC02)+1 0.
XMF = 2 0441 008HY+16 O%X

A = (3 RXHC-C0/2. +1 SEHZO)XXN/100 ¢

B = CO2+C0/2 +H20/2 +XNG/2 . +02

L= (B XN/LGD. ¥ -X/72.

AFQ = 76!98 97/XMFX?

PHID = AFD/

READ AND WRITE ENGINE PRESSURE FILE HEADER X¥¥¥X

CALL FOPEN(L,AFILE)
CALL FOPEN(Z,MFILE)

READ BINARY (1) IHEADR,ICYCLE
READ BINARY (2) NHEADR HCYDLE

WRITE(40,425) IHEADRC1) , ICYCLE
FDRMAT(SX 560,5%,12," EYELES KECORDED", /)

SCALE PRESSURE DATA x¥kkdk

DO 115 J=1,2

b0 itd 175z

READ BINART(T)IDATA(I,T)
FACTOR = (CALE/3276. 7):6 895
PRES(L, ) = FLOAT(IDATA
PRES(I,J = (FRES(T,J)- 1h )*FACTUR
CONTINUE

PRESC = PRES(180,])-PREF

D0 110 1=1;7ao

PRES(I,J) = PRES(I,J)-PRESC
CONTINUE

CONTINUE

CALL SHIFT(2)
CALL FCLOSE(4)
CALL FCLOSE(Z)

CALCULATE WORK XXKXxX



DO 125 J = 1,7

WKi2T=0.0

DO 130 I=4,179

WKA2=(PREGLT T)+PRESC(I+1) , TR VOLT(I+I-VBLT(I)) /2.0
B WK12T=WK 1 2+WK1 2T
13 CONTINUE

PRESCCIHD) , T VOLT(T+0-V0LT(IN /2.0

140 CONTINUE
WK34T=0 0
DO 150 [=360,539 o _
WK38=(PRES (T, D +PRES((T+1), 1) IRCVOLT{T+1)-VOLT (1)) /2
WK34T=WK34+Wk 347
150 CONTINUE
WK417=0. 0
DO 160 1=540,749
WKAL=(PRES (T, 1) +PRESC(T+1),J) MR(VOLT CT+1)-Y0LT(T1)/2.
WAL T=u At +ukatr
168 CONTINUE
DEM = VOLDX( 00001638
TF(J EQ.2)G0 70 18

C
% £Akxx CALCULATIONS FOR FIRING DATA

RSMEP = BKFRX27 89

ISHEP = (BKFRTMTRFRIX27. 59
FIWK = WK34THIK2IT

PUK = WKALT+ak02T

FIMEP = FIWK/DEM

PHEP = PUK/DEM

FHEP = -BSHEP +F IHEP+PHEP

C
C ®%xx% CALCULATIONS FOR MOTORING DATA XXxkx
€

{0 CONTINUE
SHMEP = MTRFRY27 .89
XIWK = WK34T+HIK23T
XPUK =
XINEP = XINK/LE
XPMEP = XPWK/DEN
XFHEP = SMMEP+XIMEP+XPHEP

5 CONTINUE
KRERK WRITE DUT RESULTS XXk

WRITE (42, 430)RUNNG ,PHIO, BKFR , NTRFR , SHNEP , ISHEP ,FIHEP , PREP
&,FHEP, KINEP , XPHER , XFHEP | )
WRITE(4,430)RUNND, PHIO, BKFR , MTRFR , SHNEP , TSHEP , FIMEP ,PHEP
&,FHER, XINEP, XPHEP , XFNEP )
430 | FORMAT(X,F10.0,2X,FS.2,3X,F5.2,3%,F5.2,3%,F6.2,3%,Fh.2, 3%,
AF6.2,3%,F6. 03X Fb. 23 Fh. 2 3K Fh . & 3K Bk .20 /)
C

N=N+
IF(N.EQ.NUMIGD TC 25
50 10 15
CONTINUE
REWIND 0
REWIND 3
REWIND 4
CALL RESET
_ ST0p
35 CONTINUE
REWIND 0
REWIND 3
REWIND 4
CALL RESET
TYPE* RUN NUMSER NOT FOUND"

e
i2
¢
£
"

T
(¥
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S10P
END
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KKKRK MFBPLOT FR ¥R00RKRORNRXERRNOONORODOOOOKECRRRR R KRR KRR KKK

THIS PROGRAM IS DESIGNED TO DETERMINE AND PLOT THE
APPROXINATION OF TrE MASS FRACTION CURVE FOR 4
SPARK IGNITION ENGINC FROM A FILE CONTAINING
VOLTS(PRESSURE) V5 CRANK ANGLE DATA. BLEVELOPED
FROM CONCEPT GIVEN IN S.A.E. PAPER NO. 780967.

ALITHOR :

K. R. SCHMID

MECHANICAL ENGINEERING DEPARTMENT
UNTVERSITY OF MISSOURI-ROLLA
ROLLA,MISSGURT 65401

REVISION HISTORY

08/1/80 ORGINAL CREATED
11/22/80 PLOTTING ADDED
§7/12/81 SUBROUTINE EGR ADDED

LOADING INFORMATION:
RILDR MFRPLOT GRID EGR PHASE VECTR.LE FORT LB

DEFINTIONS:

BORE
CALE
COME
CPOINT
CSLOPE
R
DPOINT
DSLOPE
EPOINT
ESLOPE
EV0
FINIGH
IDATA
1GN
IFILE
HFR
PRES

R

RL
START

LETEte ettt toe e et e sb et e o et be e v et ettt et et e ttitestoectsati

ENGINE BORE (IN1

CALTERATION FACTOR (PSI/VOLT)

COMRUSTION DURATION

EXTRAPOLATION DF COMPRESSION LTKE TO ORDINATE AX1S
SLOPE OF COMPRESSION LINE (LOG-LOG PLOT)
COMPRESSION RAT10

DATA POINT

5.0PE AT DATA POINT (LUG-LOG_PLOT) )
EXTRAPOLATION OF EXPANSION LINE TO ORDINATE AXIS
SLCPE OF EXPANSION LINE (LGE-LEG PLOT)

EXKAUST VALVE OPEN

END OF COMBUSTION PROCESS

KINARY VOLTAGE DATA

SPARK TIMING

FILENAME OF PRESSURE DATA

HASS FRACTION BURNED

CALIERATED PRESSURE

ENGINE CRANK THROM (TN.)

CONNECTING ROD LENGTH (IN.)

START OF CONBUSTION

Hypy gt g pgp Mg gt gty UpH

H

DIMENSION IFTLE(10), IHEADR(40), IDATA(720), TEGTFILE(20)
DIMENSION VOLT(720),RATE(720) XMFR(720)
DIMENSION IDATE(10) KDATE(3),BFUEL(3) FILE(20)

DOUBLE PRECISION RUN,RUNND

COMMON /87 C02,MCOR tozg,nFc2AF03xmr,r

COMMON /PDATA/ PRESE(720) PRES(730) _ ,
REAL NCOZ, NFRES,NTEMP ,NOZZLE ,LHY HTEMP , nTKFR,NPRES 40X
INTEGER EVD,EVDL,SPARK,START,FINISH, COKR
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363
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FORMAT (41X, "(333¢14)")

WRITE(10,401)

FORMAT(/,1X, "FlIENAMt OF DATA:*,Z)
READ(11,301)FTLE(1

FORMAT{518)

CALL OPENCO,FILE(1),I

IF (IER.NE. 1)T¥PF“FILE nprn ERRDR CHAN 07, TEK
WRITE(L0,402)

FORMAT(/ 1X, "RUN NUMEER OF DATA:",7)

ACCEPT RUN

URITE(iB 403)

FORMAT(/ .4, "PRE s RE DATA FILENAHE:*,7)
READ(11,3635 FILE(Y)

FURﬁAT(éiB)

WRITE(10,404)

FORMAT{/ 1x “PkFtRENCF PRESSURE (KPAY-",Z)
ACCEPT PhiF’

READ(D, 500 BFUEL(1)

FORMAT(58) }
READ(0)LHY A*SLE ,X,SC,CR,RPH, HPRES, MTEMP ,OTEMP,

&UTENP, XPRES, hozZ

e ey

16y

X#X*X

CREITIy

Lol ]

X¥kkk CALCULATE VOLUSE X%XXX

VOLD = BORERAD 0X0 7854%R%2.1

YOLC = VOLD/(CR-1.0)

YOLNAX = VOLD#VOLE

DO 100 1=1,720

J=1-1

CA = FLOAT()

CA = CAXD. 01745

SINA = SIN(CA)

LUSA = COS(CA)

AP = (BOREXX2)X0 7854

SINZA = SINAKED

RL2 = (R/RL)KAD

BT = (L0 5
V0L = APK(RK(1. 0~COSA)+RIR(1 0~GNT))
LT, = (CVOLHVOLE) /VOLMAX X100

TEMP = VOLT(D)

VOLT(I) = ALOGS0CTERP)

CONTIN

LHY = LHU¥1,054

READ ENGINE DATA FILE & CALCULATE AIR/FUEL RATID kokkkxx

MFERS = EVO
MFESD = EVO
MFE7S = EUD
START = ELO
FINISH = EVO
COME = EVO
SUM = 0.0
CONTINUE

READ(D)RUNNO BPRES,BIEMP , NPRES, NTEMP ,FUFL ,SPRK , BKR , HTRFR
TF(RUNNO.LF 10 0DOIGU T 30

READ(0)HC ,NOX, C02,£0 oﬂ nuaf,ernP

TF (RUN.NE' RUNNDOED Th 16

16N = IFIX(SPRK)

XHC = HC/10000.0
XND = NDX/40000 .0
XNC= 1000/ (4 DXXHCHCO+CO2) _
HZ0 = (50 0KY/XN-4. UKXHE)/ (CO/{3.BRCOZ)+1 .0
XMF = 12 01+ 00BKY+ih 01XX

3, 0KAHC-C0/2. 0+1 . SXHEN ) RXN/100. 0
02+C0/2 T+H20/2 0+XND/2 +07

A
B
C RXXN/100.)-X72.0

nu

oo
~F o W



C okxxix R
L

410

110

farler¥atoad
rJ
[

C
C ¥XK%¥

138

¥REKR

. KXKKK

CyE ey ey Oy

116

AFD = 4 7682897/ XNFXC

PHIO = AFO/AFS

CO2E = 4000

EALL EGR(XEGR)

READ AND WRITE FILE HEADER XXX
CALL FOPEN(1,IFILE)

L Bhar ) IHEADR ILYCLE
WRITE(10,410) THEADR (1}, ICYC)
FORMAT (/" 5X, 560, 7/ ,5X iﬂ,‘ CY(LEa RECORED®, /)
FACTOR = (CALB/3274 7)%6 895

D0 150 I=1,720

READ BINARY (1) IDATACL)
PRES(I) = FLOATC(IDATA(T))
PRES(I) = (PRES(I)-310.)XFACTOR
CONT INUE

PRESC = PRES(180)~PREF

D0 120 I=1,720

TEMP = PRES(D) ) -PRESE

PRES(I) = ALUGLDCTEMP)

CONT INUE

¥E¥X SHIFT PRESSURE DATA BY THE AWOUNT IDEG

IDEG =2

CALL PHASE(IDEG)
CALL FCLOSE(4)
CalL RESET

CALCULATE APPROXIMATE HEAT RELEASE CURVE X¥¥X

SPARK = IGN

IGN = 360-1GN
iGN = IGN-20
XMEB(IGNL) = 0.0
XMFBIIGNI+1) = 0.0

CSLOPE = (PRESCIGNL)-PRES(IGN))/CVOLTCIGNLI-VBLT(IGN))
ESLOPE = (PRES(EVOL)-PRES(EVD) ) /CUBLY RV ) -VELT (EVY)
CPOINT = -(CSLOPEYR(QOLT(IGN) -1 G)+PRESCIGN)

EPOINT = -(ESLOPE)RCVOLT(EVD) -1, 0)+PRES(EVD)
DIFF = EPDINT-CPGINT

DO 130 K=580,720

SUM= SUM + FRESUK)

CONTINUE

AVEEXH = SUM/141 .0

VOLS = ((AVEEXH-EPDINT)/ZESLOPE)+1 §
S = ((10. 0KXVOLS I RVOLKAX)/$00.0

RES = VOLC/VOLS

AVEEXH = 10 0¥KAVEEXH

TRAPE = (FUFLX2 0)%453.6/RFH
HEAT = TRAPFXLHY
TRAPH = (TRAPFX(S O+AF() )/ {1 0+RES)

D0 135 I=IGNY,EVO )

DSLOPE = CSLOPEX(Y . 0~XMFE(I-1))+ESLOPEX(XNFE(I-1))
DPOINT = —(DSLOPE)K(VOLT (1)-1. J)+FRES(I)

XMFB(I) = (DPOHINT-CPOINT)/(EFQINT-CPGINT)
DETERMINE HEAT RELEASE RATE kKX

RATECD) = XMFBCD)-XMFE(I-1)

DETERMINE SFLECTED POINTS AND FLAG KKK

IFCXMFRCT) LE. 0. 0005) XeFR(T)=0. 0000
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IFCXMEB(T) GE. 0 F995)XMFB(1) = 1. 000D
[F(RATE(T) LE 0 0BOSIRATECT)=0.06000
135 LONTINUE

. T = - SPARK
WRITE(10,4117

411 FORMAT(/,1X," %Kk TURN ON PLOTTER ®HIXX ")
PAUSE

;
% KXRXK PLOT MASS FRACTION BURNED RESULTS HXXAX
WRITE(1D,600)
600 FORMAT(1X,"<33)CT 40 75%) _ N
CALL GRID{-60.0,140.0,20.0,1,0.0,1.0,.20,1,140,866,130,730,1,1)

4

YNUM = 0.0

DY 140 1Y = 130,730,420
E(sae 12Y)

et oy bt

=

D
2Y = IY-5
CALL ANMD

WRITE (10,5610 YNUH
610 FORMAT(1iX,FS. %)

YNUM = YNIM+0. 01
140 CONTINUE

G
C #kx¥ LABEL AXIS kXXX
"

CALL ANMDE (380,90
WRITE(10,620) o
620 FORMAT{LX, "CRANK ANGLE DEGREES")
WRITE(1D,421)
521 FORMAT{LX,"(33)CT 90 ")
CALL ANMDE (40,300)
WRITE(10,622) | -
622 FORMAT(1X, "RASS FRACTION KURNED™)
CALL ANMDE (966,300}
WRITE(10,623)
623 FORMAT(LX,"MASS BURNED RATF -1/DEG")
WRITE(10,524)
624 FORMAT(AX,"(33)C 0 )
CALL ANNDE(175,700)
WRITE(1l,630) IFILE(1)
630 FORMAT(1X, "DATAFILE: *,518)
CALL ANMDE(175,675)
~ WRITE(10,630)XEGR ‘
631 FORMAT(LX,°EGR RATE =*,F4.1,"%*)
CALL ANMDE(175,650)
_ WRITE(10,632)PRI0 _
632 FORMAT(iX,"EQ. AIR/FUEL = *,F5 3)
CALL ANMDE(175,625)
) WRITE(10,633)5kARK
33 FORMAT{LX,"SPARK TIMING®,I3)

Kk PLOT DATA BXHKX

CALL DPORT(140,860,130,7%0,-60.0,140.0,0.0,1.0)
[a = FLOAT(S)
YDATA = XMFBCIGN)
CALL MOVEA(DA, TDATA)
DO 210 I = JGN,EV0
YDATA = XMFE(I)
CALL DRAWA(CA, YDATA)
CA = A+
210 CONTINUE

12
% KKkkE PLOT MASS BURMED RATE XRXkN

CALL DPORT(140,860,130,730,-60.0,140.0,0.0,0.05)
A = FLOAT(S)

YDATA = RATECIGN)

CALL MOVEA{CA,YDATA)

DO 220 I=IGN,EV0

L—
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34

YDATA = RATE(1)

CALL DRAWA(CA,YDATA)

LA = CA+.

CONTINUE

CALL MVAES(D.0)

WRITE(10,601]

FORMAT (1%, "{33)CN *)

CALL ANMDE(D,0)

ACCEFT FAKE

WRITE(10,430)

FORMAT(/,1X," REPEAT PROGRAM ? (NO-0;YES-1):",2)
ACCEFT nCow'

IF(NCUN EQ 0)5TOP

GO TO 4

LUNTlNUh

REWIND 0

CALL CLOSE(D,I

%k(IER NE . 1JTYPE "FILE CLOSE ERROR CHAN 0 IER

E i "
gYPE * RUN NUMBER NOT FOUND *
WRITE(10,430)
ACCEPT NEON
IF (NCON.EQ . 075T0P
GO 10 10
END
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C Xxxxx

o~

O3 e T ey i e O D e R e D e CE O M e T ey T ey T O

PRESAVE .FR FRROOREMRRERRARXOORRRRRORRRERRR KRR KRR EOORKR R

THIS PROGRAM IS DESIGNED TO CALCULATE THE AVERAGE

AND STANDARD DEVIATION FOR THE PRESSURE DATA ORTAINED
FROM THE PROGRAM PRESFILE. THE PROGRAM IS STRUCTURED
S0 THAT SEVERAL PRESSURE - CRANK ANGLE DATA FILES

CAN BE PROCESSED.

AUTHOR - R. T. JOHNSON

HECHANICAL ENGINEERTNG DEPARTHENT
UNIVERSITY OF HWISSOURT - ROLLA
RGLLA, WISSOURT 65401

K.R. SCHMID ) _
MECHANICAL ENGINEERING DEPARTAFNT
UNIVERSITY GF MISSOURI - ROLLA
ROLLA, MISSOURT 45401

REVISION HISTORY:

12/2/79 CREATED ORIGINAL
8/20/80 ORGINAL UPDATED FOR mULTIPLY RUNS

LOADING INFORMATION:

RLDR PRESAVE FORT.LR

TESTFILE FORRAT:

NUM,PREF
DATA FILENANE
AVE. DATA FILENANE
DEV. DATA FILENAME

MR sereetititet et etttoreecectitetttest e eeipore oo titiriioti

DIMENSION TESTFILE(ID)

DIMENSION IFILE(10),0FILEL(10),0FILE2{20) PRESAV(720),

&PRESUAR(?ZD),IHEADRI(40),IHEADRD(43))IHEADRb(4ﬁ)

400

360

C
14

Sfu

L

L REKKK
e

WRITE(10,400)

FORMAT (1%, " FILENAME OF DATA :*,2)

READ(11 , 300) TESTFILE(S)

FORMAT (518) i

CALL OPEN(3,TESTFILE(1),IER)
TF(IER.NE.$)TYPE™ FILE DPEN ERRUR CHan 3
READ(IINUH, PREF

CONTINUE
READ(3,500) IFILE(1)
READ(Z,500) OFTLEL (4
READ(3,SU0)OFILE2(
PREF=PREF¥5. 207
FORMAT(S18)

OPEN DATA AND RESULT FILES ¥XXxX

CALL OPEN (0,IFILE,1 IER)

IF (IER.NE 1) TYPE “FILE OFEN ERROR CHAN 0 *,IER
CALL OPEN (1,0FILEY,3,IER)

TF (IER.AE. 1) TYPE "FILE OPEN ERROR Cred 1 ", IER
CALL OPEN (2,0FILE2,3,IER) |
TF (IER.ME 1) TYPE “FILE CPEN ERROR [HAW 2 *,1ER
READ BINARY (0) THEADRI,ICYCLE

WRITE(10,425) IHEADRI(1),ICYCLE.

FORMAT (1X,//,1X,878 /71X, "NO. OF CYCLES = *,12)
WRITE KINARY' (1) TREADRIICYRLE

J
)
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L
L XRXXX
L

100

11d
126

1348

b ,
L RKKRX
C

148

WRITE BINARY (2) IHEADRI, ICYCLE
CALCULATE AVERAGE CYCLE ¥kkx¥

ACYCLE=FLGAT(ICYCLE)
ACYCLE{=ACYCLE-1

DO 100 I=1,720

READ BINARY (0) IDAT
DAT=FLOAT (IDAT)

PRESAV(1)=DAT

CONTINUE

PRESC= PRESAU(iBG) ~PREF

D0 110 1

PRESQV(I) #RFaAv(t) PRESC-PREF
CONTINUE

TIPE “END OF FIRST CYCLE AVERAGE"
1CYELES=1CYOLE-1

D0 120 I=1,ICYELEY

10 120 J=1)72p

READ BINARY (07 IDAT
DAT=FLOAT(1DAT)
DAT4=DAT-PRESC-PREF
PRESAV(J)=PRESAV(T)+DAT1
CONTINUE

D0 130 I1=1,720
PRESAV(1)=PRESAV(1)/ACYCLE
TEMP=PRESAV (1)
ITEMP=IFIX(TEMHP)

WRITE BINARY (1) ITEMP
CONTINUE

TYPE "END OF AVERAGE FILE WRITE, BEGIN DEVIATION"

CALCULATE DEVIATION x¥¥%ix

REWIND 0
REWIND 1
READ BINARY (0) IHEADRI,ICYCLE
READ RINARY

(07
Y (1) IHEADRG ICYCLE
DO 148 1=1,720

READ BINARY (1) ITEMP
TEMP=FLOAT (ITEMP)
FRESAVIT)=TERP

READ BINARY (D) IDAT
DAT=FLOAT( IDAT)
DAT=DAT-PRESC-PRE

PREGUAR ()= BAT-FRESAV(1) ) K2
CONT INUE

€ END OF FIRST UARTANCF CALCULATION

po 150 1 LFYCLEi
BO 150 J= i 72
READ BINARY \0) IDAT
DQT—FLG TCIDAT)

DAT=DAT- PRESC PRFF
DIF2=(DAT-PRESAV(T) ) ¥¥2
PRESVAR(Jj=PREGVAR (J)+DIF2
CUNTINUE
DO 160 I=1,720

PRtSVAR(I) =( (PRESVAR (1)) /ACYCLEL)¥%0 .S
TEMPi=(PRESYAR(1)/{PRESAV(I1)+PREF))¥32748 .

IPRESV=IF IX(TENP1)
wRITE BINAKY (2} IPRESV
CONTINUE

REWIND 0

REWIND 1

REWIND 2

CALL CLOSE(0,IER
CALL CLOSE (1) 1ER)
CALL CLOSE(Z,TER)
N=fi+
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IF(N.ER.NUMWIGE TO 25

50 TO 10

CONTINUE

REWIND 3

CALL CLOSE(3,IER)

TIF(IER .NE. 1) TYPE® FILE CLOSE ERROR CHAN 3"
STUP

END
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C X%k PRESFILE.FR OGRRROKKRKRRREROEKROOO RO RO o0

§
£
€
C
C
¢
C
C
C
C
¢
C
t
L
g
C
C
C
C
C
L
¢

5
447
300

THIS PROGRAMN 15 DESIGNED TO ACRUIRE *ICYCLE™ (1-36)
CYCLES OF PRESSURE - CRANK ANGLE LATA. N
DATA 15 TAKEN AT ONE CRANK ANGLE DEGREE INCREMENTS.

AUTHIR R.T.

JOMNSON
MECHANILAL ENGINEERING DEPARTHERT
UNTVERSITY OF MWISSOURI - ROLLA
ROLLA, MISSOURT 45404
(314) ‘341 4bb1

DEFINITIONS:

IDATA = DATA ARRAY ‘
200 = TRIGGER THRESHOLD (RTNARY)

NUMRER OF CYCLES ]
DESCRIPTIVE INFORMATION FOR FILE

3200 =
ICYCLE
THERDR

[T ]

LOADING INFORMATION:

RLDR PRESFILE GETCYCLE RB FORT LB 2/K

bedtsereerevettoesiteestiiseesreiotittiteeitreestioctetiyss

XXX
DIMENSION IDATAC720,30), IFILE(LD),IHFALR(40)
CALL DSTRT(IER)

TF (IER .NE. 1) GOTO 10

WRITE(10,400)

FORMAT (1K, "FTLENAME « *,2)

READ(11,380) TFILE(1)

FORMAT (530) i

CALL CFILW(IFILE,2,IER)

TF (IER .EQ. 1) b0 T0 2B

WRITE(L0,430) IFILECE)
FORMAT (1X, "FILE ALREADY EXISTS . ",520)

G0 70 S
CALL FOPEN(,TFILE)

WRITE(10,415)

FORMAT (1% "DESCRIFTIVE TATA . ,2)
READ(11,3{5) THEADR(1)

FORMAT (578)

WRITE(10,420) 4
FORMAT (1%, "NUMBER OF CYCLES (1-30) = *.7)
READ(11,320) 1CYCLE

FORMAT (12) _

WRITE BINARY (0) IHFADR,ICYCLE

1CNT = ICYCLEX720

CALL GETCY(IDATA(H,1),3200,ICNT) o
TYPE “DATA TAKEN - REETONING WRITE T0 FILE™
DO 100 I=1,ICYCLE

D0 100 J=1,720

WRITE RINARY(0) IDATACJ,I)
CALL FCLOS(A)

GO TO 14

TYPE "DSTRT ERROR®
CONTINUE

510pP

END
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% XRKKK PRESREAD FR HAXKXKKXKKRXXXXXRARKKRXOIKNNXNKERRRRERARRRRKKKARAX
C THIS PROGRAM IS DESIGNED TO QUTPUT THE CONTENTS OF A PRESSURE-
g CRANK ANGLE DATAFILE TO EITHER THE GONSOLE (R | INE PRINTER .
€ AUTHOR: R.T. JOHNSON
C MECHANICAL ENGINEERING DEPARTMEAT
C UNTUERSITY OF MISSOURT - ROLLA
iy ROLLA, MISSUURL 5404
% (314) 381 4661
£ K.R. SCHMID
iy UNTVERSITY OF MISSOURI ~ ROLLA
% ROLLA, MISSOURI 65401
¢
% REVISION HISTORY:
% REV DATE COMMENTS
[N — —
C 01 9/17/79 INITIAL REVISION _ , ,
Loz 10/28/79 REVISED 70 INCLUDE MULTTPLE FILES WITH READERS
C 03 11/4/79 REVISED T0 SEPARATE CYCLES
C 64 01/3/80 REVISED T0 INCLUDE LINE NUMEER
C
C
€ RRREOEOOOOOO RO OO R KRR
DIMENSION IFILE(10), ICHAN(1D),PVOLT(10), TREADR(40)
WRITE (10,400
400 FORMAT (1K, 13X, "INPUTFILE . *, 1)
READ (i1,388) TFILECH)
300 FORMAT (518)
CALL FOPEN (0,IFILE)
WRITE (10,410) ‘ B
414 FORMAT(1X /10X, "0UTPUTFILE ($0-CONSOLE, 12-PRINTER: . *,7)
ACCEPT TabT
IF (I0UT.EQ.10.0R.IOUT.EG.12)60 TC &
GO T0 S
6 CONTINUE ‘ -
READ BINARY (07 IHFADR,ICYCLE
WRITE (10,420) IREADR(1),ICYCLE o
424 FORMAT (/,10%,860,7/,40%,12," CYCLES RFCORDED")
WRITE(10,430) i
430 FORMAT(/ /10X, "NUMBER OF CYCLES TO BE OUTPUT : *,2)
READ(11,330) 1CYCLE]
330 FORMAT(2)
IF(IDUT‘Eg.iGJ G0 TGO 7
WRITE(12 440)IFILE(1)
440 FORMAT(10X,518,/)
WRITE(12,450) THEADR(1)
450 FORMAT (10X ,578,/)
7 "ONTINUE
NUM=1
DO $00 K=i,ICYCLEY
WRITE (10UT,460) NuM
460 FORMAT (/,30X," CYCLE *,I2,/)

NUM=NUM+
DO 101 I=1,72
DO 102 J=4,10
READ BINARY () ICHAN(])
PVOLT(J)=FLOAT(ICHAN(]))
PVOLT(J)=PVOLT(]) /3276 7

162 CONTINUE

470

101

104

WRITECTOUT,470) (PYOLT(D) ,T=1,10),1
FORMAT(1X,10(2X,F5.2),4X,12)
CONTINUE

CONTINUE

CALL FCLOS(0)
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510P
TYPE " ERROR FOR QUTPUT DEVICE CODE *
Cf’?kd!l._ FLLOSECD)

END



CXXRRE PUPLOT .FR KRGO RO OORR R KRR KRR R RR

THIS PROGRAM IS DESIGNED TO PLOT PRESSURE V5. VOLUME
£ gﬁgf%FggggA FILE LONTAINING VOLTS (PRESSURE) - CRANK

“

C
C
C

i
b
Y
C
€
L
t
C
&
C
C
C
C
C
C
C
L
C
C
C
C
C
C
£
C
C
C
&
C
C
C
C
C
G
L

o

C AUTHOR: R. T. JOHNSON

MECHANICAL ENGINEERING DEPARTHENT
UNTVERSITY OF MO - ROLLA

ROLLA, MO 65401

(3(4) "341 4661

K.R. SCHMID

MECHANICAL ENGINEERTNG DEPARTHENT
UNIVERSITY OF MISSOURI - ROLLA
ROGLLA, MISSOURI 65404

REVISION HISTORY:

10/43/79 - CREATED ORIGINAL
18/15/7% - UPDATE DRIGINAL

7/12/80 - UPDATE WITH SUBROUTINE PHASE
8/713/80 - UPDATED WITH SUBROUTINE GRID

LOADING INFORMATION

RLDR PYPLOT PHASE GRID VECTR.LE FORT.LR

DEFINITIONS:
RORE = ENGINE BORE (IN.)
CALE = CALIBRATION FACTOR (PSI.IN)
R = COMPRESSION RATIO
IDATA = BINARY VOLTAGE DATA
IFILE = FILENAME OF PRESSURE DATA
PRES = CALIBRATED PRESSURE DATA
R = ENGINE CRANK THROW (IN.)
RL = [ONNECTING ROD LENGTH (IN.)

DIMENSION TFILECA0),THEADR(40)
COMMON /PDATA/ PRESi(?EH),PRtS(?EO)

HCURVE = ¢
CALE = 91.274
BORE = 3.250
R = 2.250

RL = 10.0

kR =81

CONTINUE

WRITE(LD,400)
FORKAT (11, " (31 (14)")
WRITE(L0,404)

FORMAT(1X,* INPUT FILE :",Z)
READ(11,3b4) TFILE(D)
FORMAT (518)

WRITEC10,407)

FORMAT(/,1X," ABSOLUTE REFERENCE PRESSURE (KPA)

READ(11,302) PREF

FORMAT(F6.2)

WRITE(10,403) 5

FORMAT{/,1X," PRESSURE SHIFT (DEGREES) :*,7)
READ(11,303)JDEG

FORMAT(L1)
CALL FOPEN(,TFILE) )
READ BINARY (G) THEADR,ICYCLE

P resasbisietotecrieibeehotteheseetti s svisierttpereeeertieettts]
IDATACZ720) ,VOLT(T20)

125



126

E XEXKK WRITE FILE HEADER AND DESCRIPTIVE HEADER ¥RXKX

WRITE(10,404) IHEADR(1) ICYCLE
404 FORMAT(/7,40X,578,//,40%,12, " CYCLES RELGRTED")
, WRITE(10,409) i
405  FORMAT(//,1X, "NUMBER OF CYCLES TO PLOT = 7 *,2)
ACCEPT JoYoLE
WRITE(10,410)
410 FORMAT(/7, 1K, BRRRKK TURN ON PLOTTER XKKEK *,/)

. IF (MCURVE .EG.1)60 TO 14

G XKHRK CALCULATE VOLUKE ¥rexy
YOLD = BOREXX2, 0X0.7854%RX2
YOLC = VOLD/(CR-1.D)

b0 100 1=1,720

CA = FLOAT(D)
CA = CAXD. (1745
SINA = SIN(CA)

C0SA = COS(CA)

AP = (BOREAK2)0.7845

SIN2A = SINAKK?

RL2 = (R/RL)KX2

GNT = (1. -RLZXGINRAIRXD .S

Vil = APR(RK(L.~COSA)+RURCE. ~GNT))
| VOLT(I) = (VOL*OLT)¥i6 387

100 CONTIMUE

% XXX DRAW GRID XKRKX
RITE(L0,600)
600 ORt %(1&,"<33>c1 40 75 %)

CALL GRID{0.0,1000.0,200.0,1,0.0,5000.¢,1000.0,1,150,
&500,130,730,1,1)

CALL ANMDE(580,670)
WRITE(10,64071FILE(1)

610 FORMAT(LX,"INPUTFILE: *,518)
CALL ANMDE (580 640)
WRITE(10,611)PREF

611 FORMAT(1X, “MANIFOLD PRESS. <KPA) *,FB.2)
CALL ANMDE(430,75)
WRITE(10,612)

617 FORMAT(LX,"VOLUME - CU. CH. “)

_ WRITE(10,413)
613 FORMAT(1X *(33)CT 90 *)
CALL ANNDE (50,27%)
WRITE(10,614)
614 FORMAT(1X, "PRESSURE (KPA)*)
, WRITE(10,415)
515 FORMAT(1X,(3DCT 4"

% KEXX PLOT PRESSURE VS. VOLUME DATA XXXk

£ CONTINUE
CALL DPORT(150,900,130,730,0
FACTOR = (CALB/327b.7)%6 . BYS
DO 200 J=1,JCYCLE
D0 210 I=1720
READ BINARY(D) IDATACI)
PRES(I) = FLOAT(IDATA(I))
F PRES(I) = (PRES(I)-310.)XFACTOR
210 CONTINUE
PRESC = PRES(1B0)~PREF
DO 220 I=1,720
PRES(T) = PRES(I)-PRESC

CONTINUE .
CALL PHASE(JDEG)

.0,1000.0,0.0,5008.0)

0
et
=3



(o]

225
auh

601
L EXKLX
C kkkxx
41§
3346

415
335

VOLT2=V0LT (1)
PRES2=PREG{ 1)

CALL MOVEA(VOLT2,PRES?)
B0 225 1=2,720
YOLTX=VaLT(1)
PRESY=PRES (1)

CALL DRAWACVOLTX,PRESY)
CONTINUE ‘

CALL MVARS(150,130)
CONTINUE

CALL FCLOSE(D)

CALL VARS{D,0)
WRITE(10,601)
FORMAT (1%, ¢33y CN")

CALL ANADE(D,0)

ACCEPT FAKE .

STOP 10 TURN OFF PLOTTER XKXKXX

HIT RETURN KEY TO COMPLETE PRUGRAM ¥¥¥k&
WRITE(10,430)

FORMAT(/11X," PLOT A SECOND CURVE 7 (ND-D,YES-13*,1)
READ(11, 330 HLURVE

FORMAT([1}

IF(MCURVE .E8.1)60 TO £D

WRITE(10,435) o

FORMAT(/,1X," REPEAT PROGRAM 7 (ND - 0,YES-1 )",I)
READ (11, 335)NCON

FORMAT(1)

IF (NCON.EG.1)G0 T0 10

ST0P

END
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SUBROUTINE EGR(EGRCAL)
C RN KRR OO OO0 RO

EXHAUST GAS RECIRCULATION CALCULATION BASED UPON EXHAUST
GAS EMISSIONS AND INTAKE MANIFOLD CAREON DIOXIDE.

K.R. SCHMID

ECHANTCAL ENGINEERTHG DEPARTHENT
UNTVERSITY OF MISSOURI - ROLLA
ROI.LA, MO 65401

REVISION HISTORY:

. . 7/12/81 - CREATED ORIGINAL
NOMENCLATURE:

= AIR/FUEL AVERAGE BASED ON EMISSIONS
AFC =  CARBON BASED AIR/FUEL
= OXYGEN BASED AIR/FUEL
= CARRON DIOXIDE,Y
CO2B = BACKCROUND £O2'IN aze PPN
MCO2 = INTAKE MANIFOLD €02
Y = HOLAR H/C RATIO OF ﬁUEL

I L—yr}nf’.\mﬂmﬁﬁmnnnnﬁmmlﬁﬁmf‘lmﬂﬁ

R Yottt itteeetibito ettt rtiiisoreeciteeiioeititittetis
COMMON /A7 CO2,MC02,C02R,AFC,AFO, XNF,Y
REAL MCOZ,IC02

LF(HC02.LE 0.000)60 T0 35
ECO2 = (EO2-CO2EX0.0001)/100.
= (HC02-COZBA0.0001) /100,

= IChR/ECDR

= (AFC+AFD) /2
A AR AKAHE /28, 96

= (XMFAXEGR1) /(1. -EGR1)

- St i
XA = XNE/XHME

= (ICOA/ECO2)R(L.+Y/PRECOR)/ (1 +Y/2XICO2+IC02/XA)
DIF = EGRI-EGR

ADIF = ARS(DIF)

EGRY = EGR

EGR = EGRX100.

TF(ADIF GT.0.3001) GO 10 15

60 10 25

25 CONTINUE
EGRCAL = EGR
RETURN

35 CONTINUE
EGRCAL = 0.5400
RETURN
END

fand

Paa Lowd
il wind

=3
MPU

><
mm-n:bx-

15

><
e 4
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; GETCYCLE

CDDE FOR PRESSURE-CRANLANGLE DATA AC UISITION
; FROM MECHANICAL ENGINEERNG ENGINE LA

JTITL GETCEY

(ENT GETCY, DSTRT
'EXTN .UIEX, .IXMT, .REC
CEXTD "CRYL, [FRET

.NREL
ADSLOT=0
DISLOT=4
DaC=44 i DEVICE CODE FOR DGDAC,
CP=1El ; CLEAR PENDING FLAG

, Al
] ROUTINE TO ACCESS THE A/D CONVERTOR
; CALL AICICHAN,IDATA,IER)
’ WHERE -
ICHAN 1§ THE INTERGER CHANNEL 1OUR WISH TO ACCESS (0-31)
IDATA 1S AN INTEGER IN THE RANGE OF -32768 10 +32768.
" 1ER IS THE RETURNED ERROR CODE, § SYSTEM OK.
d:: STA 3 AIRTN ; SAVE RETURN
; READ CONTROLLER STATUS
DIA 0 DAC
STA 0 OLDSTAT ; SAVE IT
; SELECT AND START A/D CHANNEL

AISTRT: LDA {4 ADRCNTX ; GET ADDRESS/CONTEXT WORD FOR A/D
NIOS DAC ; SET CONTROLLER BUSY

DOA 1 DAC . SELECT A/D CONVERTER

LDA 0 MXPIO

DOB 0 DAC ; SELECT PI0 AND MUX BUS FOR A/D
SUB 0 0 . GET CHANNEL

LDA 1 HUXNG ] GET i okedn "

ADD 1 0 . ADD TO CHANNEL NO

DIA 2 DAC ; GET PRESTART STATUS

DOCS 0 DAC . SELECT CHANNEL_AND STAKT CONVERSION
DIA 0 DAC ! GET MODULE STATUS

LDA i CMODE ' GET CM_BIT

AND# 0 & SZR  ; SKIP IF HODULE MODE

JHP_ AISTRT . SLIPPED OUT OF MODULE MODE
WOVZL 0 0 SZC | SKIP IF BUSY

JHP_AIDK . Al STARTED OK

HOVZL 0 0 SNC  ; SKIP IF DONE

JHP AISTRT . NOT BUSY OR DONE

WAIT FOR DONE

AIOK:  SKPDN DAC
JHP -4

JSR DACIN ; CHECK REASON FOR DONE
JHP AIOK ; JUST A CHASSIS IRPT, IGNORE IT
STA 1 IDATA ; SAVE DATA

; RETURN TO CALLER AFTER RESTORING ORIG STATUS
LDA 0 OLDSTAT
LbA 1 C37
AND {0 ; MASK OFF ALL BUT Ci AND ADDR BITS
DOA 0 DAC ; RESTORE OLD STATUS
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LDA § IDATA ; GET DATA
JMP RAIRTN ; AND RETURN
IDATA: &
AIRTN: 0
ADRCNTX: ADSLOT
ULDSTAT: b ‘
MXPIO:  iBi ; MUX BUS BIT FOR SPEC CONV INSTRUCTION
MUXNG: OB
CHODE: 1Bif
£37: 37
MSG:  +d
MSG: B
ADINP: 0 ; ANALOG INPUT DATA
Dagog: 4000, " OFFSET FOR CONTROLLER MODE INTERUPT ADDRESS

; CONTROLLER MODE INTERUPT - ERROR

; DSTRT

THIS ROUTINE MUST BE CALLED TO IDEF DEVICE FOR RDOS BEFORE ANY OTHER
; DGDACPAC ROUTINES ARE CALLED.

! CALL DSTRT(IER)

i

DSTRT:

; WHERE IER = 1 IF ALL WENT 0K

J+SYSTEN ERROR CODE IF NOT 0K

|
JSR @ .CPYL ; GET ARG LIST
Lg?sgnbvﬂDE ; IDENTIFY DEVICE TO RDOS

.DEBL
JHP SYSER

LDA 1 .DCT
.SYSTH

.IDEF

INP SYSER

LDA 8 C77

DERL ; ENABLE CPU INSTR

; THE FOLLOWING SETS THE INTERUPT MASK EITS
LDA { CMODE

DoA 1 DAC ; SELECT CH MODE
SUB 0 90

DOE § DAC ; SPECIFY MODULE SUBMASK
LDA 0 CHASK

DOC 0 DAC ; SPECIFY CONTROLLER SUBRMASK

; RETURN WITH ERROR COLE = 1 (0K)
SURZL 0

SYSER -

]
STA 0 €-167 3 ; RETURN CODE =
JHp @ FRET ; RETURN

LDA 0 C3

ADD 0 2

STA 2 8-167 3 ‘

JHP 8 FRET ; RETURN WITH ERROR CODE IN IER

13R7+1B18 ; OTMP,Y-AD,Y-RY,Y-TH
3

77

DAC

.+
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0 , DAC DCT
1KS

+{

JSR DACIN

TP+

UTEX

; DGDAC 'DONE’ Cg

K _ROUTINE
; CALL TO CHECK

EC
EASON FOR ‘DONE’ SET

; (Cabale 1RPT
; CA/D IRPT) (DATA TN ACD)

DACIN: DIAP 0 DAC , IDENTIFY SUBSYSTEM INTERUPT
DIA § DAC " FIRST DI4 IS GLD STATUS
LDA 2 CMDINT
ANDE 2 § SZR  ; SKIP IF NOT CHASSIS INTERUPT
JMP CHISV . GO SERVICE CHASSIS
LDA { ADRCI
D0A § DAC ; SELECT A/D AND CP
DIBC { DAC % GET DATA AND CLEAR A/D
LDA 2 C37
AND 2 0 , MASK OFF ALL BUT CM AND ADDR BITS
DOA 0 DAC " RESTORE ORIG STATUS

DACSM: JMP { 3 ; RETURN, CALL+2 WITH DATA IN ACH
; ACTIVE DONE IS ONLY ALLOWABLE CONTROLLER IRPT

" JUST RESTART BUSY AND DISMISS INTERUPT
EMISV:  NIOS DAC
INP 0 3 ; RETURN CALL+
L2 2
CMDINT: B4
ADRCL: CP+ADSLOT ; SELECT A/D AND SET CLEAR PENDING FLAG
3 DI

* CALL DICIDATA)
, FUNCTION: TRANSFER 16-BIT DIGITAL INPUT WORD TO IDATA

; DUE_TO PECULIARITY OF 4294 DIGITAL INPUT MODULE, THE WORD

UHICH IS TRANSFERED TO IDATA IS THE STATE OF THE DIGITAL InPut

; LINES AT THE TIME DF THE PREVIDUS CALL TO DI. THE ‘5’ PULSE
ACTUALLY CAUSES THE DATA TO BE LATCHED IN THE INPUT BUFFER REGISTER.
CDNEE&%E?T&gLIJDU WILL NEED TO CALL DI ONCE BEFORE THE DATA

DI: DiA {1 DAC ; GET OLD STATUS
NIOS DAC ; BUSY CONTROLLER
LDA § ADRC3
04 8 DAC ; SELECT DI AND MODULE MODE
DIBS 0 DAC GET DATA AND LATCH IN NEW DATA FOR NEXT TIME
g2 ; ' RETURN WITH DATA IN AC2
Lba 0 C37
AND 1 0
DOA 0 DAC ; RESTORE OLD STATUS
MOV 2 0 ; RETURN WITH DATA IN ACO TOO
JMP 8 3 i ' RETURN
ADRC3:  DISLOT ; DI SLOT

; GETLY
; ROUTINE TO WAIT FOR TRIGGER PULSE, THEN GET (RAPIDLY)



; KNT SAMPLES AND STUFF THEW INTO IARAY
o CALL GETCY(IARAY(1),ITHRSH,KNT)

; WHERE :

IARAY I5 DATA ARRAY DIMENSIONED ‘KNT’
KNT IS5 NUMBER OF SAMPLES TO TAKE
ITHRSH IS5 A/D THRESHOLD AT WHICH SAMPLING BEGINS

GETCY WAITS FOR BIT TRANSITION ON DI LINE 0,
1F A/D CHANNEL ZERQ IS BELOW THRESHOLD, SAMPLES
AND STORES KNT SAMPLES IN SYNCRONISM WITH TIMING

GETCY IS DESIGNED TO BE USED

L M v L

~

MARK ON DI EIT

; WITH ENGINE PERFGRHANCE SYSTEM.

GETCY:

3

J5R @.CPYL
LDA 0 -167 3
STA 0 .ARAY
LDA 0 8-166 3
5TA 0 THRSH
LDA § 8-165 3
STA 0 KNT
INTDS

; 3 ARG
GET ADDRESS OF ARRAY
GET ARRAY ADDRESS

S £ IT
; GET THRESHOLD

THEN

; SAVE IT
; GET # [F SAMPLES 10 TAKE

INIT COUN

NTER
; TURN OFF THE LIGHTNING,
; GETCY GETS KNT SAMPLES STARTING WITH AN INDEX HARK ON DI BIT 0

IGOR

; SAMPLES ARE TAKEN WHEN BITY MAKES 1-0 TRANSITION

UFTh:

GETSMPL:

SUSHP

GETNX:

JSR @ DI
MOVZL 0 § SiC
Jup -2

J5R @.Al

LDA { THRSH
SUBZL# 1 0 SHC
JMP WFTM

5TA 0 B ARAY
ISZ _ARAY
DSZ KNT

JHP GETNX

INTEN

JHP ®.FREY
J5R ®.DI
MOVZL 0 0
MOVZL 0 0 SNC
JMP GETRX

JSR @.D1

; GET DIGTAL INPUT
; SKIP IF TIMING MARK
UAIT FOR IT

; GET SAMPLE

; GET THESHHOLD

; SKIP IF BELOW THRESHULD

NAIT FOR ANOTHER TIMING MARK

; SAVE IT

}

;

H

DDNE?

NOPE
J YUP, LET EM RIP
RETURN

WAIT FOR A 1 TIME MARK

WAIT FOR A 1-0 THANS

GET SAMPLE
SAVE SANPLE
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SUBROUTINE GRID(XSTART ,XSCALE, XINC,NXTIC,YSTART,YSCALF, YINC,

AVTIC, IXE,TX2, 174, 1Y2, KRDM K TOP)
¢ *Axxx#xx*ix*xixxxﬁxxxixxx&xxxxixxxxxxxxxxxxxxxxxxxxxxxxxxxxx414xx*x

\

KRKKK

ﬁﬁ(ﬁﬁﬁ(ﬁmmmmﬁnhﬁpf)mﬁ:‘]mt"-rﬁt“vnﬁﬁr“ﬁF‘i:—;ﬂﬁr;f’:mt‘:nnnmpc‘_r’

C
C okkax
L

AUTHOR -

THIS PROGRAM 15 DESIGNED TO DRAW THE GRID
FiR PLOTTING GF DATA . THE PROGRAM WILL
gsﬁﬁgﬁﬁIAXIS AND LAREL WITH NUMBERS THE TICK

K.R. SCHMID |
HECHANICAL ENGINERING DEPARTHENT
UNTVERSITY OF MISSOURI - ROLLA
ROLLA,HISSOURT 45404

REVISION HISTORY:

8/44/80 - ORGINAL CREATED

DEFINITIONS:

IXDIV = X-AXIS SPACING OF NUMBERS IN SCREEN COORDINATES
ATIC = X-AXIS SPACING OF TIDK MARKS

XSTART = X-AXIS STARTING COORDINATE

XSCALE = X-AXIS§ FULL SC&LE COORDINATE

XINC = X-AXIS NUMERICAL INCREMENT o

NXTIC = X~AX15 NUMBER OF TICK MARKS EETWEEN NUMEKIALS
VDIV = Y-AXIS SPACING OF NUMBERS IN SCREEN COORDINATES
IYTIC = Y-AXIS SPACING OF TICK MARKS

YSTART = Y-AXIS STARTING COORDINATE

YSCALE = Y-AXIS FULL SCALE COORDINATE

YINC = Y-AXIS NUMERICAL INCREMENT

NYTIC = Y-AX1S NUMBER OF TiCK MARKS BETWEEN NUNMER1ALS
IXi = X-AxIS LOWER LEFT SCREEN COORPINATE

IX2 = X~A(15 UPPER RIGHT SCREEN COORDINATE

I¥s = Y-AXIS LOWER LEFT SCREEN COORDINATE

Ivz2 = ¥=AX1S UPPER RIGHT SCREEN COGRDINATE

K1ap = DRAW GRID TOP LINE (4-YES)

Knut = WRITE X-AXIS NUMERICALS (1-YESH

pesteertbpessiositreiisse ottt eatite sttt tatosvtrivibsisbseeriss

CALCULATE CONSTANTS XX¥¥X

IXDIV =(Ix2~IX1)/ ¢ (XSCALE-XSTART)/XINC)
IYDIV = (1¥2-TY1)/{(YSCALE-YSTART)/YIRG)
IXTIC = IXDIV/ (NXTIC+{)

IYTIC = IYDIV/(NYTICHL)

ITiX = IX145

112X = IXp-5

IT1Y = IYi+5

1127 = 1¥2-5

IYi = IYLFIVTIC

e = 1¥2-IyTiC

IX{ = Ixg+IXTIC

X2 = IXe-INTIC

KY{ = [¥1-20

KXt = IX§-70

DRAW GRID LINES X¥kix

CALL TKINI(LG,11)

CALL MVAES(IXY,Tvi)
CALL DWARS(IXZ,TYL)
CaLL DHABS(IX° V&)
TF(KT0P.EQ.0)CALL MVARSCIX{,IY2)
IF(KTOR EG. 1)CALL DUARS(TY1)TY2)



160

110

Lyp ] apc

prtes

610

150
154

160

CALL DWABS(IX{
B0 100 17 = JYL,JY2,IVTIC

CALL MVABS(IXL,fY)
CALL DWAES(IT1X,IV)
CONTINUE

DO 110 IX = JXi,JX2,IXTIC
CALL MVABS(IX,1Y2)

CALL DMABSCIX,ITAY)
CONTINUE

D0 120 Ix = JXi,IX2,IXTIC
CALL MVAES(IX,1¥1)

LL DWARS(IX,ITLY)
%%Nh?w% S,
DO 130 1Y = Jyi,Jv2,IXTIC

CALL MVAES(Ix2,1Y)
CALL DWARS(IT2X, 1Y)
CONT INUE

Iv4)

LAREL AXIS KKXkx

XNUM = XSTART

IF (KNUM.EQ. 060 T0 151
D0 150 IX=IXi,IX2,IXDIV
12X=1X-35

CALL ANMDE(I2X,KY1)
WRITE (10,6100 XNUM
FORMAT (1X,F6.1)

XNUM= XINE+XNUM
CONTINUE

CONTINUE

YNUM=YSTART

DO 160 IY=IY1,JY2,1YDIV
12Y = IY-5

CALL ANMDE(KX1,12Y)
WRITE(1D,610) YhUM
YNUM=YNUM+YINC
CONT INUE

RETURN

END
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SURROUTINE PHASECIDEG)
% pritetessratrobissetrtettereceisivtittetitectsteittvettoteseyivect st

€ THIS PROGRAM IS DESIGNED TD SHIFT PRESSURE DATA.
L THE AMOUNT OF THE DATA SHIFT 15 LEFIMED BY THE TERM

% IDEG

C AUTHOR: K.R. SCHMID

L MECHANICAL ENGINEERING DEPARTMENT

C UNIVERSITY OF MISSOURI-ROLLA

g ROLLA,MIGSOURT 65401

% REVISION HISTORY:

% 07/16/80 - ORGINAL CREATED

L

RS s sttt dsasttsdtlesdassteitssevitissceteveeetotstestttietstseesees

COMMON /PDATA/ PRES1(720),PRES(720)

DO 100 J=1,IDEG

K = IDEG-J |

PRESE(T) = PRES(720-K)
160 CONTINUE

Ki = 720-1DEC

D0 110 J=1 K1
| PRESL(J+IDEG) = PRES(I)
110 CONTINUE

pO 120 I=1,720
- PRES(I) = PRES1(I)
120 CONTINUE

RETURN

END

b
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SURROUTINE SHIFT(IDEG)

% KRR RO KRR RR KR KRR K
C THIS PROGRAM IS DESIGNED TO SHIFT THE PRESSURE DATA.
C THE AMDUNT OF ThE DATA SHIFT 1S DEFINED BY THE TERM
% DG
C AUTHIR K _R. SCHMID
C RECHANICAL ENGINEERING DEPARTMENT
L UNIVERSITY OF MISSOURI - ROLLA
g ROLLA, HISSOURT 65404
€ REVISION HISTORY:
[N
% 07/10/80 - ORGINAL CREATED
C AR RO AR RO KK
. COMMON /FDATA/ PRES1(720,2) PRES(720,2)

DO 100 KK =

DO 110 J=f, xpéc

K = IDEG-T’

, PRESL(J) = PRES(720-K)

140 CONTINUE

Ki = 720-1DEG

%0 120 It ki i
, PRESLUIVIDEE) = PRES(T)
2o LONTINUE
B0 130 I=1,728
PRES(I) = PRES1(I
130 CONTINUE
{00 CONTINUE
RETURN
END



137

SUBROUTINE SYMBOL (IGYM)
pepsecstbiietir et iittseeotistitietobesteereritesibeseiteieiis

¢
THIS PROGRAM IS DESIGNED TO DRAW SYMBOLS FOR
PLOTTING DATA PUINTS.

AUTHIR - K.R. SCHMID
MECHANICAL ENGINEERING DEPARTHENT
UNIVERSITY OF MISSOURI-ROLLA
ROLLA,HISSOURT 65404

REVISION HISTORY:

47/17/80 - ORGINAL CREATED

SYRBOLS -
CIRCLE = 4
BOX = 2
TRIL = 3
TRIZ= 4

C
¥
[
C
¢
C
C
C
C
C
¢
¢
£
C
C
C
C
C
C
C
C

KRR OO RO OO RO
TFCISYN.EQ. 1)60 10 18
IF(ISYH EQ.2)60 TO 20
IF(ISYN.EG.3)G0 T0 30
IF (ISYM.EQ.4)60 TO 40

S KREkk CIRCLE skkkty

CONTINUE

CALL DWREL(1,0)
CALL DWREL(D.-1)
CALL DWREL(-1,0)
CALL DWREL(q,{)
CALL MVREL(3,7)
CALL DWREL(4,-4)
CALL DWREL (0 ~6)
CALL DWREL(-4,-4)
CALL DWREL(-6,0)
CALL DWREL(~4,4)
CALL DWREL(0,4)
CALL DUREL(4,4)
CALL DWREL (&) 0)
RE TURN

e
oi":'("’l

L KRXKR BOX KkKx

G CONTINUE
CALL DWREL(1,1)
CALL DWREL((;-1)
CALL DWREL(-1,0)
CALL DWREL(0,{)
CALL MVREL(-7,7
CALL DWREL (14,07
CALL DUKEL (0,-14)

T2 o

CALL DWREL(~{4

CALL DWREL(0,14)
: RETURN
% KXEXK TRIANGLE POINTING UPWARD ®XXRKX
30 CONTINUE

CALL DWREL(i,0)
CALL DWREL (D -1)
CALL DWREL(-1,0)
CAlLL DUREL(D, 1)
CALL MVREL (2. 9)
CALL DWREL(~7,-14)



C kidkx
C
40

CALL DWREL(14,0)
CALL DUWREL (- 7 14)
RETURN

TRIANGLE POINTING DOWNWARD XXX%¥X

CONTINUE
CALL DWREL(Y,0)
CALL DUWREL(Q,~1)
Cacl DWREL¢-1, D)
CALL DWREL(0,1)
CALL MVREL(0,-10)
CALL DWREL(-7,14)
CALL DWREL(14,0)
CALL DWREL(-7,-14)
chu N
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C
C
C
C
C
C
C
C
C
C
C
C
C
»
C
C
C
C
b

SUBROUTINE TITLECIDATA,IROTATE X, Y)

X*X*KX**%X*X*****X***X*X*XKX*X**X#**Qx*#****x*****X*K**K**#*Xt**K***

THIG PROGRAM IS DESIGNED TO TITLE THE AXIS OF SEVERAL
PLOUTTING PROGRANS.

AUTHOR -

. SCHMID

UNIVERSITY OF MISSOLRI - ROLLA
HECHANICAL ENGINEERING DEPARTHENT
ROLLA, MWISSOURD 65431

DEFINITIONS

IPOWER = DESIGNATES THE POWER BASE

IDATA = D ATA CHANNEL 70 BE PLOTTED

IROTATE = DETERMINES IF THE LETTERINF IS T0 ROTATED
94 BEGREES (1~YES;0-N0)

REVISION HISTORY:

47/07/86 - GRGINAL CREATED

£
L RO KRR R RRRRR OO OO ROk Rk

103

[ ey

D e SR e Fr oy SR e
O T fu Lo e g SN0 W s

FaTO o T rg T 02 g b

(o]

COMMON_ [POWER

IFCIROTATE EQ. DIWRITE(LG,600)
CALL ANMLE(X,Y)

IF (IPOWER .ER 0G0 TO 19

IF(IDATA.EQ. L)WRITE(10,104)
IF (IDATA EQ. 2)WRITE(40] By

IF (IDATA EQ DWRITE(10,103)
TF(IDATA EQ. 9)WRITEC10,10%)
IF (IDATA.EQ.SIWRITE(10,105)
IF (IDATA £ B RITECET, 100)
LECIDATA EQ. 7IWRITE (10, 07)
IF(IDATA EQ &)WRITE(10)108)
GO 10 20

CONTINUE )

[ (IDATA £ DWRITECLE,208)
IF(IDATA EQ. 2)WRITE(10,202)
IF (IDATA .EQ.3IWRITE(10,203)
1F(IDATA.EQ. $)WKITE(10)204)
IF (IDATA EQ.SIWRITE(10.30S)
1F(IDATA.EQ. )WRITE(10)306)
L (TDATA £Q 7 WRITE(10,107)
IF(IDATA EQ. BIWRITE(10),108)

CONTINUE
IF(IROTATE EQ. LYWRITE(L0,610)
RETURN

FORMAT(1X, "¢ 35)CT 90 ")

FORMAT(iX "{33)C] §

FDRMQT(iX * INDICATED SPFCFIL HC - UG/JT™)
FBRNAT(iX * INDICATED SPECFIC CO - UG/1")
FORMAT(1X, ,» INDICATED SPECFIC ND - UG
FORMAT(1X, * INDICATED POWER -

FORMAT (41X, v AIR/FUEL E UIUﬁ!ENCE RATID *)
FDRHAT(iX " INDICATED EFFICIENCY - 7™}
FORMAT(iX * SPARK TIMING - DtFREES"
FGRHAT(iX * EXHAUST TEMP ")
rURﬂAT(iX " BRAKE SPECFIC HC - UG/I™)
FGRMAT(iX ° BRAKE SPECFIC CO - UG/J™)
FORMAT(1X," BRAKE SPECFIC NO - UG/J™)
FDRMQT(iX " BRAKE POWER - KW'")

FORMAT (X, 'v AIR/FUEL EQUIVALENCE RATIU *)
gﬁgnAr<1x * BRAKE EFFICIERCY - X*
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