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ABSTRACT 

An internal combustion engine was instrumented in view of 

developing automatic diagnosis methods based on the analysis 

of PV diagrams. 

The pressur~ signal is unstable over successive cycles. 

consequently, pressure must be averaged over severa l 

consecutive cycles to produce valid data. 

Due to instrumentation problems the data obtained was 

insufficient to allow th, dovelopment of diagnostics. The 

investigatio:") reported in this work is thus limited to the 

development of a microprocessor-based system for the 

acquisition of pressure-volume data on high speed, spark 

ignition internal combustion engines. 

Several instrumentation prQblems were identified and 

solutions applied or proposed. Th~ information presented here 

can forrn the basis for further research on the original 

project. 
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SOMMAIRE 

Un moteur fut équipé d'un microprocesseur pour l'acquisition 

et l'analyse de diagrammes PV aans le but de développer de~ 

méthodes diagnostiques. 

Il existe une grande variabilité de la pression lors de 

cycles successifs. On doit calculer la moyenne des pressions 

sur plusieurs cycles consécutifs afin d'obtenir des données 

valables. 

A cause de problêmes d'instrumentation, les données obtenues 

furent insuffisantes pour permettre le développement de 

méthodes diagnostiques. Les travaux présentés dans ce rapport 

se limitent au développement d'un système de microprocesseur 

pour l'acquisition de données p-v d'un moteur à combustion 

interne à haute vitesse et à allumage par bougie. 

Plusieurs problêmes ont été identifiés et des solutions ont 

été adoptées ou suggérées. L'information contenue dans .;e 

rapport peut former la base d'un proj et de recherche sur le 

sujet original. 
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CHAPTER 1 

EXPERIMENTAL SYSTEM STRUCTURE 

1.1 General 

Microcomputers can he applied to many control and data 

acquisition problems. Their flexibility, computation capacity, 

low cost and small size ~ake them practical to replace custom­

built analog instrumentation by microprocessor based digital 

circuits. 

InternaI combustion engines 

controlled by mechanical 

have until recently 

control devices, such 

been 

as 

carburettors and ignition distributors. These devices if 

simply replaced by microprocessor-based systems, would allow 

the implementation of superior control algorithms to improve 

the operation of the engine. 

The pressure-volume (PV) diagram, also known as indicator 

diagram, has historically been used to observe the 

thermodynamic cycle taking place inside the vngine. 

The shape of this PV diagram depends on ignition, combustion, 

air-fuel mixture and also intake and exhaust systems including 

valve operation and piston sealing. The integral of the 

diaqram is directly proportional to the work done inside the 

engine. 
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The PV diagram contains information that can be used for 

control feedback as well as to identify and quantify various 

parameters, for diagnostic purposes, if it is interpreted 

correctly. 

Traditionally PV diagrams were obtained using a pen and drum 

mechanically linked to cylinder pressure and piston travel 

respectively. Such a system ls hardly compatible with modern 

high speed machinery. Pressure transducers and crankshaft 

position encoders are used to display PV diagrams on an 

oscilloscope. 

Today, PV diagrams can also be obtained with digital equipment 

which allows the implementation of software to analyse and use 

parameters of the diagrams for automatic control and/or 

diagnosis of engine operation. 

1.2 Review of preyious research 

1.2.1 Application of computers to PV diagram acquisition 

The fundamentals of internal combustion enqine pressure 

measurement have been covered by several researchers. 

In a paper published in 1961, W.L. Brown (3) analysed the 

requirements of the instrumentation used to measure pressure­

volume diagrams and discussed several possible sources of 

error. 
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This problem was reexamined in 1975 by Lancaster, Krieger and 

Lienisch (11), taking into consideration the technological 

advances in computers and instrumentation. They a150 stress 

the i:oportance of statistical fluctuations of the pressure 

curve over successive cycles. 

In 1973 an early application of an analog computer to the task 

of acquiring PV data was reported by Brown. Fisher and Macey 

(6) reported in 1975 software developed for the same purpose 

on a mainframe computer. Young and Lier,isch (22) reported in 

1975 on the use of this :system to obt~ .. in detailed combustion 

analysis from the measurement of pressure-time data. 

Oouaud and Eyzat (5) developed minicomputer software for PV 

diagram acquisition in 1977 and applied it to the experimental 

analysis of engine friction, cyclic variations and knock. They 

used a pressure transducer toqether with a crankshaft position 

encoder to trigger measurements every few deqrees (or fraction 

of a degree) of crankshaft revolution. A second sensor is used 

ta start measurements at TOC. 

Kaplan and Hawrylkiewicz (10) developed a similar sy~tem with 

a POP 11 in 1981 and applied the results to the calculatian of 

heat release. Hayes, Savage and Sorenson (8) reported in 1986 

the develapment of a system based on an Apple II computer; 

however, they indicate limitations on the ability of their 
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system to measure engine cycles at high RPM, due to computing 

speed. 

This research proj ect uses software based on the Automatic 

Engine Indicator (AEI) designed by Li Tian-Fu ut McGi11 (14). 

This system, applied to a medium speed diesel engine, is 

different from those described above in that it uses only a 

top de ad center (TDC) sensor, which greatly simplifies 

implementation. 

1.2.2 Automatic control and diagnosis of Ie engines 

Werson and stafford (21) developed in 1976 an analog closed­

loop control system that could adjust ignition timing to 

maximize the work done by the engine (measured by the area of 

the PV diaqram) while avoiding knock, also detected from the 

pressure measurements. 

Bhot and Quayle (2) replaced the traditional mechanical 

ignition timing control system with an open-loop digital 

system in 1982. This permitted them to program an advance 

profile that is cl oser to the ideal th an could be achieved 

with the traditional centrifugal mass-spring system. They also 

suggest using the angle of peak cylinder pressure for closed­

loop ignition timing control. 

Such a closed-loop system was built by Powell and Hosey (9) ir 

1979 with the addition of knock feeclback to retard the 
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ignition timing when detonation occurs. Of particular interest 

is the piezoelectric "ring transducer" they developed and used 

to obtain the pressure signal. This transducer simply replaces 

the spark plug washer. Its ease of application and low cost 

make it ideal for eventual production applications requiring 

cylinder pressure feedback. 

visual inspection of PV diagraEB with an oscilloscope has been 

used traditionally to observe engine condition in maritime 

applications. Warkman improved this technique (20) in 1983 by 

developinq flow charts and fault findinq tables for this 

purpose. These were used along with a dedicated mean indicated 

pressure calculator permanently installed to moni tOI' engine 

performance in a systematic manner. 

Uemukai, Higashino and Nomura (19) performed in 1982 

statistical analysis of pressure data to detect piston ring 

failures and worn ignition points by comparing peak cylinder 

pressure and location of maximum combustion pressure rjge 

with pr~-determined values obtained from an engine in opti2um 

operatir \g condition. 

In 1985 sood, Fahs and Henein (16,11,18) developed a 

microprocessor device to identify faulty cylinders in the 

operation of a multi-cylinder engine. They achieved this by 

observinq crank velocity fluctuations throuqh an 

autocorrelation analysis. 
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Finall} in 1982, Leung and Schira (12) described and 

demonstrated possible applications of engine speed and 

cyl ir,der pressure measurement for control and diagnostics. 

Considering the fact that the cyclic variations of the 

pressure signal are dependant on the air-fuel ratio, they 

defined a mathematical indicator based on statistical 

observation of the unsteadyness of the engine operation ta 

control the mixture in an electronic injection system. 

Leung and Schira also used the fluctuations in engine velocity 

as a function of timing in order to balance the mixture 

equally between the cylinde:rs. They also adapted Powell' s 

concept of closed-loop control of ignition timing using the 

point of peak cyl inder pressure to aperate wi th veloci ty 

fluctuation feedback. Finally they suggested that the Fourier 

transforrn of the angular crankshaft speed will have harmonies 

at the engine speed and at the speeds of the various rotating 

accessories that are driven by the engine. Each coefficient 

would permit to identify the relative amount of power taken by 

each accessory. Histarical changes could permit. early 

detection of problems arising in the operation of these 

accessories. 

1.3 Scope of the research project 

This research project was originally intended to develap 

diagnostic methods for internaI combustion engines. For this 
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task, it was expected that the Automatic Engine Indicator 

CAEI), as designed by Li-Tian Fu, could be used. However, the 

AEI had been developed for a medium speed Diesel eng ine. No 

existing instrumented spark-ignition engines were readily 

available. Apart from the task of developing an instrumented 

test bed, the adaptation of the AEI to a high speed spark 

ignition engine turned out to be more complicated than 

expected. 

Eventually, due to instrumentation problems the data obtained 

was insufficient to allow the developaent of diagnostics. The 

investigation reported in this work is thus 1 imi ted to the 

development of a microprocess~r-based system for the 

acquisition of pressure-volume data on high speed, spark 

ignition interna 1 combustion engines. The information 

presented here can form the basis f,~r further research on the 

original project. 

This report cons:s~~ of five main sections. Chapter 2 

describes the theoretical behavior of a spark ignition engine. 

Chapter 3 describes the construction of the test bed used in 

the tests. The instrumentation to measure the various 

parameters ls descibed in Chapter 4. The computer hardware and 

software are presented in Chapters 5 and 6 respectively. 

Chapter 1 discusses the analysis of the experimental results. 

Conclusions are presented in Chapter 8. 
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CHAPTER 2 

THEORETICAL BEHAVIOR 

2.1 General 

The various parameters of the otto cycle (temperature, 

pressure, enthalpy, entropy) can be estimated at any point of 

the cycle if certain assumFtions are made: 

-intake and exhaust are at atmosphcric pressure, 

-isentropic compression, 

-constant volume combustion, 

-isentropic expansion. 

This is defined as the ideal otto cycle. 

Calculations can be made using gas tables; however, charts 

known as Starkman-Newhall charts are available for this 

specifie purpose. Details of the calculations can be found in 

Appendix A. 

Note: The charts used for the calculations included in this 

part of the report can be found inm (15). 
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2.2 stoichiometric. rich and lean mixtures 

The calculations for these three cases have been made using 

all of the assumptions stated above. The mixture for the rich 

case has been set at 120% of the stoichiometric value: the 

lean case has been set at 80t. Results of the calculations 

are summarized in table 2.1. 

Experimental results should not differ much from these 

calculations except the peak pressure area. The "constant 

volume combustion" assumption is the one which is the 

furthest away from reality. Flame propagation speed has to be 

taken in consider~tion and is one of the major limits on the 

performance of high speed internaI combustion engines. 

consequently, peak cylinder pressure will oceur some time 

after TDC when the piston has moved and the volume i5 

increasing. It follows that the peak cylinder pressure will 

be considerably lower than following a constant volume 

combustion. 

In the absence of frictionless 1ucts, the intake and exhaust 

processes do not actually take place at atmopheric pressure. 

However, for an engine running at full load l the intake 

pressure can be very close to atmospheric and May even exceed 

it (*). 

(*) Laboratory tests of production engines have shown that 
proper use of pressure waves in induction manifolds can 
permit a slight supercharging effect at specifie engine 
speeds. 
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In the general case, it can be considered that both intake 

and exhaust pressures are close to atmospheric when the 

engine is operating at full load. The effect of varying these 

parameters will he exarnined in the next section. 

The hypothesis of isentropic compression and expansion i5 

fairly close to reali ty as can he seen from exp" rirnental 

data: drawing the log p-log v diagram is a good indicator of 

proper phasing of the PV data (11,23). By definition, the 

log-log diagram of an isentropic process is a straight line. 

A comparative graph of the stoichiometric, rich and lean 

cases is shown ir. fig. 2.1; a graph introducing throttling 

and exhaust losses is shown in fig. 2.2. 

Fig. 2.1 shows that the difference in peak pressure could be 

used to detect deviation from the Ideal mixture ratio. 

2.3 Intake throttling and exhaust back pressure 

Calculations were made for two additional cases: in the first 

one, we assume an intake pressure 50t helow atmospheric, due 

to throttling; in the second, we assume an exhaust back 

pressure in the order of atmospheric. The first case is 

typical of an engine operating under a light load, the second 

is exaggerated and intended to show the influence of back 

pressure on the Ideal cycle calculations. 
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It is readily seen from the results in table 2.1 that 

throttling reduces peak pressure and work to a great extent. 

Thrattling restricts the amount of fuel/air mixture admitted 

in the engine, reducing the work done during one cycle. For 

this reason, throttling has always been the means by which 

the power out.put af a spark ignition engine is controlled. 

Back pressure seems to have considerably less effect on the 

cycle. However, exhaust back pressure will cause the fraction 

of burned gas remaining in the combustion chamber to 

increase; this could very weIl decrease the quality of the 

combustion ta the point where calculations made from the 

charts are not realistic. It should be remembered that these 

charts are derived from experimental measurements. 

A PV diagram showing the deviations between "real" and 

"ideal" cycles is included in fig. 2.3. 

JQ 
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CALCULATION OF THE IDEAL OTTO CYCLE 

Normal Rich Lean Throttled w/Back 
Pressure 

p1(psi) 14.7 14.7 14.7 8.0 14.7 

P2(psi) 160.0 158.6 161.5 87.3 160.0 

P3 (psi) 756 852 620 421 743 

p4(psi) 91.5 104.0 95.6 49.5 91.5 

p5(psi) 14.7 14.7 14.7 14.7 30.0 
f .0'38 .040 .046 .063 .068 

~àTU/Cth. 111.4 113.1 109.5 119.7 111.4 Qty. ) 

~iTU/Cht. 214.0 205.0 211.5 214.0 214.0 Qty. ) 

CiTU/Cht. 
1441 1687 
Qty. ) 

1184 1409 1402 

ClTU/Cht. 
870 1085 745 860 860 Qty. ) 

Tl COR) 594 594 594 5'4 594 
T2 (oR) 1076 1068 1090 1076 1080 
T3 (oR) 4960 5345 4600 4890 4926 
T4 (oR) 3520 3650 3170 3480 3485 
tMEP 
cpsif 

36.4 36.6 36.0 18.0 36.4 

tMEP 
cpsif 

201.6 210.8 155.0 105.4 191.4 

tMEP 
cpsif 

0 0 0 15.6 12.7 

Net IMEP 16H.2 174.2 119.0 71.8 142.3 (psi) 

f 

DILI ail 
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CHAPTER 3 

TEST BEO DEVELOPMENT 

3.1 General 

To develop the data acquisition system described in this 

report, it was first necessary to design and fabricate a test 

bed on which an internal combustion engine could be installed 

and operated under controlled conditions. 

It was desired to have a portable test bed which imposed the 

choice of a small engine. It was also decieed to study a four­

stroke otto cycle engine as this i8 the moat popular type of 

engine in marine, industrial and automotive applications. 

The main purpose of the test bed is to provide a controllable 

brake loading so the engine behavior can be observed under 

unloaded as well as loaded conditions. The test bed must also 

provide cooling, noise reducti,n and fuel feed. 

Measurement of the following parameters must be incorporated 

in the design: 

-combustion chamber pressure, 

-piston position, 

-engine speed, 

-torque load, 

-fuel flow. 
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3.2 Design of the test bed 

3.2.1 Experimental engine 

The engine used for this study is a spark-ignition unit 

typically used in lawn-mowers. Its characteristics are 

described in Table 3.1. This engine is the smallest four 

stroke engine commonly available. It is air cooled and has an 

integrated fuel tank, which readily meets two of the 

requirements for the test bed. 

The particular engine used for the experiments was obtained 

second-hand and disassernbled for inspection. It was found to 

be in good condition and was reassembled wi thout any compement 

being replaced. 

While disassembled, the various components were measured and 

weighed, and moments of inertia were calculated from this 

data. The details of the calculations can be found in Appendix 

B. 

3.2.2 Test Bed 

The engine was mounted on a frame made of 25mm x 25mm section 

steel tubing. 

Noise reduction was achieved through the use of a standard 

muffler as supplied by the engine manufacturer. The test bed 

was installed near a window, to vent exha\.lst gases through a 

long exhaust pipe. The exhaust pipe was fitted with a valve to 

control the back pressure as an experimental parameter. 
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The frame was mounted on thick vibration absorbing pads. The 

whole assembly was firmly located to prevent vibrations from 

moving it on the workbench. 

The test bed and engit.e are illustrated in Figures 3. land 

3.2. 

3.2.3 Engine loading 

Torque loading is provided by a Prony brake. This brake was 

built by attachinq a steel cylinder to the power take-off end 

of the crankshaft; friction is generated by mechanically 

tiqhteninq a brake 11n1nq which surr.Junds this cylinder. The 

brake cylinder was machined to press-fit on the crankshaft: it 

is located by a set-screw and power is transmitted by a 

Woodruff key. 

The brake assembly was designed to minimize inertial load on 

the engine in order to better observe the fluctuation of 

velocity. No flywheel was installed to compensate for the 

inertia norma11y provided by the cutting blade. This turned 

out to be an unfortunate oversight. 

The brake itself is a steel tube with a 13 mm thick 1ining on 

i ts interna1 surface. The 1 ininq was made of p1ywood discs. 

This assembly is s10tted on one side; a tensioning screw is 

waldad on the outside of the tube. The design a110ws for water 

co011ng of the friction surfaces. 
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A 250 mm steel rod is welded perpendicularly to the wall of 

the brake tube and transmi ts the reaction torque from the 

brake to the engine frame through a cantilevered beam. 

An angular contact baIl bearing is mounted between the base of 

the brake cylinder and the engine frame. This bearing supports 

the vertical load that the weight of the brake cylinder would 

apply on the crankshaft. The brake assembly is shown in Figure 

3.2. 

The wooden brake lining was found to have inadequate wear 

characteristics. The lining was not adequately maintained in a 

concentric position relative to the brake cylinderi the 

resultant conical wear pattern caused the whole brake assembly 

to wobble at low settings, resulting in irregular loading and 

occasional stalling of the engine. A better type of brake (eg: 

electric) or at the very least a single piece lining made of 

hardwood or other friction materiul should be substituted in 

subsequent tests. 

Water cooling of the brake friction surface helped the brake 

run smoothly but could not be used during testing because of 

the water spray from the unsealed brake assembly. 

Consequently, the lining qu~ckly overheated after a few 

minutes of engine operation under load. This severely lirnited 

the possibility of obtaining data under constant conditions. 

Test runs were kept short (1-2 min.) to avoid this problem. 
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Table 3.1 EXPERIMENTAL ENGINE MAIN CHARACTERISTICS 

Make Briggs & Stratton 

Model 82902 

Cycle Four stroke 

Nominnl power 3.5 HP(2,5kW)@ 3500 rpm 

Coolin1 Air 

Piston axis Horizontal 

Crankshaft axis Verticèll 

Ignition Magneto 

Spark plug Champi'~n J8 

Combustion chamber 

Lubrication 

Piston material 

Side valves (L-head) 

splash feed 

Aluminum 

Cylinder materia~ Aluminum 

Fuel feed Vacuum pump 

Carburettor sidedraft 

Throttle control Governor 

Bore-nominal 60,325 mm 

Stroke-nominal 44,450 mm 

Displacement 0,127 l 

Compression ratio 6/1 

Mass of crankshaft 1341 9 

Mass of piston (w/rinqs and pin) 178 9 

Mass of connecting rod 87 9 

Mass of magneto/cooling fan 1112 9 

Mass of brake cylinder 1509 9 
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1 Engine 
2 Test bed frame 
3 Brake assembly 
4 Strain gauge beam 
5 Strain gauge bridge 

and battery 
6 Microvoltmeter 
7 Muffler and exhaust pipe 
a Back pressure control 

valve 
9 Auxiliary power supplies 

Experimental test bed 
Figure 3.1 
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CHAPTER 4 

INSTRUMENTATION 

4.1 General 

This chapter covers the development of the instrumentation 

used to measure the parameters enumerated in section 3.1: 

-combustion chamber pressure, 

-piston position, 

-engine speed, 

-torque load, 

-fuel flow. 

4.2 Instrumentation selection and develQpment 

4.2.1 Combustion chamber pressure 

Combustion c~.amber pressure is measured by a semiconductor 

strain-gauge type Kulite transducer, model ETM-375-1000 (*). 

The transducer is installed by the means of a special adapter 

spark pluq suah as the one shown in Figure 4.1. 

Brown (3) made recommendations reqardinq the ideal 

aharacteristics for pressure transducers used to measure 

(*) Two transducers were used for the experiments: seriaI 
numbers 3922-4-27 and 560-6-1. 
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combustion chamber pressure. These characteristics should 

guarantee reproducible measurements and were selected to 

reduce the error on IMEP measurements to about 1% 1 the 

maximum error level that can be tolerated for an accurate 

study. 

The Kul i te transducer i s compared to Brown' s " idea l 

transducer" in Table 4.1. It falls somewhat short of these 

recommendations. This transducer was used only because of its 

availability. 

The other sources of error mentioned by Brown are: phasing 

error, mounting strains, thermal strains and noise. 

Phasing errors have three major causes. The first one is a 

resul t of the inaccuracy of the sensors used to associate 

pressure measurements with crank angle. This will be covered 

in more detail in section 4.2.2. The crankshaft twist that 

can also contribute to the phasing error has, in the case of 

the single-cylinder test engine, been considered negligible 

particularly due to the very low inertial mass attached to 

the crankshaft. 

The second cause of phasing error is the delay occuring while 

pressure waves travel along the passage in the spark plug 

adapter. While this passage causes sorne damping of the 

response, Brown points out that acoustic theory is currently 

unable to predict the resonant frequency of passages. It is 
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preferable to mount pressure transducers flush with the 

combustion chamber, but this was not done to reduce machining 

costs and delays. Keeping the passage as short and narrow as 

possible will however minimize this phazing error. 
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The third cause of phasing error is instrumentation 1ag as 

introduced by the transducer and the amplifiers used to bring 

the signal to the proper level for the microprocessor. 

Mounting strains were not a problem: as pointed out by 

Lancaster, Krieger and Lienisch (11) su ch problems May be 

avoided by observing any changes in transducer output while 

the latter is tightened in its socket. No prob1em was 

observed on the test installation. 

To prevent thermal strains, the transducer was provided with 

water cooling. Tap water was circulated in a jacket around 

the socket of the spark plug adapter. 

The first experimental data sets obtained from the test bed 

were unrealistic. The pressure-time curve was offset in the 

Y-direction {pressure axis) by a OC voltage proportional to 

the load applied on the engine. 

This phenomenon was observed on an oscilloscope. The offset 

would appear instantly when the load was increased but would 

decay loqarithmically when the load was removed. 
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Elimination of possible causes suggested that this was caused 

by an abnormally high temperature of the gas at the pressure 

transducer. 

A thermocouple was installed in the pressure transducer 

adapter. This confirmed that the problem was related to 

temperature. Measurements obtained at the transducer socket 

varied from lOOoe at idle to more than aoooe at full load. 

The pressure transducer is designed for a maximum temperature 

of 125°C. 

The water coolinq provided to the transducer only lowered the 

maximum temperature to 600oe, which is still excessive. 

The installation of a brass radiation shield at the bottom of 

the transducer adapter socket proved effective in controlling 

the temperature. with the shield in place, the maximum of 

12SoC was naver exceeded. Details of the temperature 

measurements ara shown in Table 4.2 and Fiqurâ 4.2. 

We can therefore conclude that the problem was caused by 

radiation oriqinating in the area of the tip of the spark 

pluq, which ls the hottest point in a combustion chamber. 

The original pressura transducer was damaqed by the 

overheatinq and fal.l.ed completely shortly after the problem 

was found and solved. A new transducer was purchased to 

obtain further data. 



Some drift of the pressure signal was still observed under 

loading conditions. 
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Thermal strain problems in pressure transducers are weIl 

documented by Brown (3) and Lancaster, Krieger and Lienisch 

(11). The standard method used to shield the transducer from 

radiation is to coat its face with silicon rubber. A detailed 

procedure to achieve a durable coating is included at 

Appendix A of Lancaster, Krieger and Lienisch' s paper on 

"Measurement and Analysis of Engine Pressure Data" (11). 

Igni tion noise was another sourcf' of error that appeared 

during the experiments. Figure 4.3 is a photograph of the 

transducer output showing ignition noise. The spikes caused 

by magneto discnarge appear at every revolution because the 

ignition system of the test engine is a simplified design 

that fires both at the end of the compression stroke and of 

the exhaust cycle. 

These spikes are very narrow as seen on the pictures but 

their presence falsifies completely any lMEP calculations. If 

a pressure measurement happens to he triqgered at or near the 

location of the spike, the corresponding pressure value 

stored in the computer' s memory will he $FF (Hexadecimal 

notation). Numerical evaluation of lMEP nearly always 

includes a data point in the area of the spike. The resultant 

high pressure value recorded at this point times the volume 
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interval is often a number in the order of magnitude of the 

expected total IMEP. 

This problem was solved through the normal methods of 

shielding the cables and transducer and also by providing the 

engine assembly with a proper ground connection common to the 

instrumentation. These measures were sufficient to eliminate 

the problem. 

Transdueer calibration data is provided in Appendix C. 

4.2.2 Piston position and speed 

A dise, with a row of evenly spaced holes along its 

perimeter, is attached to the exposed part of the crankshaft, 

just above the brake assembly. optoelectronic sensors detect 

the passage of the holes and provide position signaIs. This 

arrangement is shown in Figure 4.4. 

The dise is made of sheet steel with 64 evenly-spaced holes 

of 1.5mm dia. The spacing of the holes was obtained by using 

a standard machine-shop dividing head mounted on a drill­

press. 

For programming reasons, the number of rneasurement intervals 

must be a power of 2. A minimum distance of 3 mm between the 

holes is necessary for proper optoeleetronics performance. 

Within these constraints, a dise with 64 holes provided the 

highest resolution within the available space. 
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The optoelectronic sens ors used are Texas Instruments TIL 

138. To obtain TTL-compatible output a SV input voltage is 

applied to the phototransistor. 

A second sensor is required to trigger the beginning of the 

measurements. A second TIL 138, installed to detect a slot 
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Iocated on the outside edge of the disc, is used for this 

purpose. 

The position of the sensor can be adjusted to synchronize 

this event wi th a particular point of the rotation of the 

crankshaft (e.g .. : Top Oead Center-*). The technique used to 

achieve proper synchronisation is described in Appendix C. 

The precision achieved with this system is about 0.1°. This 

is adequate if we calculate the precision requirements 

according to the equation relating OMEP and Du developed by 

Brown (3). These calculations are included in Appendix C. 

This Ievel of accuracy is also recommended by industrial 

researchers (23). 

The position of the piston is related geometrically to the 

crank angle and can be deduced mathematically from the 

signaIs provided by the sensors. 

(*) This sensor was actuaIIy set to trigger the beginning of 
the measurements 900 before TDC for reasons of accuracy. It 
will nonetheless be refered to in the text as the "TOC 
sensor". Software adjustments are made for the proper phasing 
of the measurements. 
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The angular speed of the crankshaft can be obtained by 

measuring the elapsed time between the occurence of two 

position signals. 

A bracket holds the TOC sensor at the proper peripheral 

location su eh that the start of the measurements is 

synchronized with TOC. The position sensor has to be 

maintained in a position such that its signal is in phase 

with that of the TOC sensor. At the same time, the position 

sens or must be held at the proper radial distance so that it 

is located exactly over the row of holes in the disc. 

Finally, both sensors must be centered over the dise (in the 

direction of the crankshaft axis). 

In practice, the mode of adjustment of the bracket (slotted 

holes, bolts and shims) is very crude for the degree of 

acc\.,racy required. This made the positioning of the sensors 

very tedious and the final settings obtained were always a 

compromise. 

This even resulted in contact between the dise and the 

sensor. The friction eventually wore out the plastic matrix 

of the sensors to a point where their operation was 

obstructed by the plastic dust. This implied that the sens ors 

had to be replaced oceasionally. 

Also, the best setting always puts the TOC sensor on the edqe 

of the rotating diGc. In principle this is not a problem as 
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the slot extended to the edge of the dise. In practice 

however, at high engine speeds, vibrations often caused the 

sensor ta move slightly off the dise whieh resul ted in a 

total 1055 of the TDC signal. 

In general, the current equipment does not provide the 

reliability and accuracy of the position meaf:.11rement as 

required, and must be improved in subsequent tests. 

4.2.3 Torgue measurement 

A small cantilever beam is mounted vertically on the engine 

frame such that the reaction torque from the brake is 

transmitted through this beam. strain gauges are mounted at 

the base of the beam; torque can be caleulated from the 

strain-gauge output by geometry. Ta maximize readings, the 

dimension of the beam was chosen such that y leld strength 

would correspond to the maximum nominal torque developed by 

the engine. 

Details of the torque calculation using the output of this 

gauge beam are included in Appendix D. 

A Hewlett-Packard model 425A microvoltmeter was used té 

measure the strain-gauge bridge output. 

The cantilever beam and strain gauges worked smoothly and 

without problem throughout the experiment. 
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4.2.4 Fuel flow 

The test engi~g has its carburator installed directly on l~e 

fuel tank. The tank has a constant-level bowl cast in its 

aluminum cover. 
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The rubber gasket between carburator and tank is partIy 

exposed to intake vacuum and is used as tho membrane ot a 

vacuum pump. Two flaps cut in the rubber qasket act as one­

way valves. This system pumps fuel from the main tank against 

a spring loaded section of the rubber gasket during the 

intake stroke; the fuel is pushed into the constant levei 

bowl at the end of the stroke. 

Overflow openings are provided to return fuel to the main 

tank when the correct level is reached. The carburator 

siphons fuel directly from the constant-Ievel bowl. 

It is not possible to install fuel flow measurement 

instrumentation in this very compact system. An attempt to 

measure fuel flov was made by removing the fuel tank. Only 

the cover vith built-in constant-level bowl was being used. 

Fuel was fed to the constant-level bovl from a burette. The 

overflow from the constant-level bowi was also recovered in a 

second burette. The difference in 

coming out over a measured time 

calculate net fuel consumption. 

fuel qoing in and fuel 

interval permitted to 
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In practice, the system of burettes would either flood the 

carburator and prevent the enqine from starting or would net 

supply enough fuel and stop the enqine in the middle of a 

measurement. 

This set-up proved to be extremely unpractical; the fuel flew 

would have had to be averaged over several minutes to be 

realistic. 

In view of this, the fuel flow could not be measured. The 

fuel tank was reinstalled for the experiments. 

33 

One set-up that could have been used to measure fuel 

consumption is illustrated in fig. loS. This would have 

involved attaching a burette to the fliler cap through a 

sealed tube. The fuel level would be kept above the filler 

cap, in the graduated portion of the burette. The fuel tank 

would need to be fitted with a vent tube and a drain cock te 

return the level below the cap while not experimenting. The 

difference in fuel level ceuld be read at any time; along 

with a stop watch this would give a measure of fuel 

consumption. 
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1 
lDEAL TRANSDUCER CHARACTERISTICS 

Suqqested (3) Actual 

Linearity <l' ±l' F.S. 
(.) 

Chanqe of pressure sensitivity 
with pressure: below 400 psi <l' nia 

above 400 psi <3' nia 

Repeatability, from room tempe O.!, ±3' F.S. 
to operatinq tempe rature /1000 F 

Frequency r~sponse OC-50 KHz DC-8I<Hz 

Thermal strain sensitivity <O.Olpsi/oR ±.03'loR 

Acceleration sensitivity <O.Olpsi/q 0.2psi/q 

Signal to noise ratio >3000:1 nIa 

Hysteresis <0.1' ±l' F.S. 
C·) 

Mountinq Flush Passage 

Water cooling Direct Throuqh 
adapter 

(*) Combined non linearity and hysteresis 

TABLE 4.1 
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TEMPERATURE AT TRAHSPUCER HQUSIHG 

Ambient temperature: 240C 
Water temperature: 100 e 
Battery voltage: 6.21V 

A) No cooling, no shield 

RPM 

2139 
2648 
2422 

Load 

0.2 IlV 
1.5 
2.8 

Torque CN-Il) 

0.29 
2.16 
4.03 

8) Water coolinq, no shield 

2151 
2611 
2363 

0.2 
1.5 
2.1 

0.287 
2.16 
3.88 

C) Water coolinq and shleld 

2141 
2613 
2318 
2482 

0.2 
1.5 
3.2 
2.5 

0.29 
2.16 
4.60 
3.60 

TABLE 4.2 

HP 

0.11 
0.80 
1.31 

0.11 
0.19 
1.29 

0.11 
0.19 
1.50 
1.25 

T(oC) 

215 
550 
840 

180 
510 
670 

15 
21 
49 
44 
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Figure 4.3: Pressure signal 
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CHAPTER 5 

COMPUTER HARDWARE 

5.1 Microcomputer 

Data acquisition in this project was performed using SWTP 

(South West Technical Products) Motorola 68xx based 

.icrocohlpu~~~S. Initially a system consisting of a MC6800 was 

used, identical to the equipment used by Li Tian-Fu (14) for 

the Automatic Engine Indicator. It comprises of: 

- 1KHz processor board with 4K EPROM, 

- 8K RAM board, 

- seriaI interface board, 

- parallel interface board, 

- custom built AOC, 

- CRT Terminal and digital pIotter. 

It quickly became evident that mass storage would be required, 

as data sets had to be stored and later manipulated and 

compared, unlike the AE! where only one set of data for a 

single PV diagram had to be kept in memory at one time. The 

system was replaced by an SWTP 6809 system with 56K of memory, 

the sarne interfaces and dual floppy dise drives. 
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A block diagram and photograph of the 6809 system are shown in 

Figures 5.1 and ~.2. 

5.2 Interface 

Data is transmitted from the test bed sensors to the computer 

through a custom-built interface card located in slot 0 (slot 

7 in the 6809) of the computer system. This interface card was 

designed by Li Tian-Fu for the original Automatic Engine 

Indicator (14) and was modified by the author to accomodate 

new and simplified data acquisition programs. Even though the 

card was designed for the 6800 system it was fully compatible 

with the 6809 system. 

This card operates in the following manner: 

The output of the pressure transducer is fed through an 

adjustable gain instrumentation amplifier and a sample-and­

hold amplifier to an a-bit successive approximation analog-to­

digital converter (AOC). 

The parallel output of t .... e AOC and the amplified signals trom 

the optoeleetronie sensors are connected to a single MC6821 

peripheral interface adapter (PIA). The interface circuit is 

shown in Figure 5.4. 

The sequence of events that leads to a pressure measurement is 

as follows: (with reterence to the block diagram of the 

interface, Figure 5.3) 
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l-PIA line CA2 is pulled lov when a pressure 

measurement is required. 
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2-Single shot *6 generates a lov pulse as a result 

of the low edge on CA2. 

3-This low pulse toggles the output of the SN7400 

which is wired as a flip-flop. 

4-The sample-and-hold is then turned into "hold" 

mode. 

5-The CA2 line is returned high by the next 

computer clock transition. 

6-This causes the single-shot " to issue a 

"start of conversion" signal ta the AOC. 

7-Upon completion of conversion, the AOC issues an 

"end of conversion" signal to single-shot *5. 

a-The single-shot generates a lov pulse vhich 

toggles the flip-flop output and returns the 

sample-and-hold into "sample" mode. 

A step-by-step procedure to operate the engine test bed 

appears in Table 5.1. 
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Table 5.1 Engine test bed starting and operation 

1- Turn power on: microvoltmeter 
terminal 
main power supply 
instrumentation amplifier 
computer & disc drives 
ADC board power suppl Y 

2- Check oil and fuel level in engine. 

3- Boot system and load data acquisition program 
(+++GET1.PR04.BIN). Return to monitor (+++MON). 

42 

4- Plug pressure transducer on power supply (Cannon connector) 
and turn power on. Do not install transducer on engine. 

5- Set program for measurement of one cycle (MOlOl:Ol). 

6- Set Prony brake for minimal friction. 

7- Start program (JOIOO). 

8- Slowly pull engine start rope until teletype starts 
printing registers (indicating program has stopped). 

Note: failure to stop after Ol1e or two pulls indicates 
software problems or problems with the optoelectronic TOC 
sensor. 

9- Examine the pressure data in memory (M0400) and note. 

Note: this output is a calibration measurement of atmospheric 
pressure. Non-constant output (memories 0400 tv 048F) 
indicates hardware problems. 

10- Adjust microvoltmeter zero with input ta ground. 

11- Connect 6V. battery to strain gauge bridge. Connect 
microvoltmeter to bridge. Balance bridge to zero output (make 
sure there is no load on the beam). Measure and note battery 
voltage using digital voltmeter. 

12- Turn transducer power off. Unplug transducer from power 
supply. Screw transducer head into adapter spark plug socket 
taking care not ta strain cable. Screw by hand until tight. 
Replug transducer to power suppl Y and turn power on. 
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13- Turn on coolinq water. Check for leaks and proper 
drainage. 
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14- Open back pressu~e valve completely. Start engine. Set 
speed, brake load and back pressure valve to desired 
conditions. 

Note: to start cold engine, prime carburator with fuel or 
ether before closing choke. 

15- Set program for desired number of measurement cycles 
(M0101:NN hex). 

16- Take measurements (J0100) and note microvoltmeter output 
for load. 

Note: do not leave engine runninq under load for more than two 
minutes at a time to prevent overheatinq of the brake lininq. 

17- Store contents of data memories: boot system (D) and save 
(+++SAVE 1.NAME.TXT 1000 128F). 

18- stop enqine by shortinq spart plug with insulated 
screwdriver. 

19- Turn power oft on all instruments. 

20- Remove pressure transducer. 

21- Turn cooling water off. 

22- Measure 6V. battery voltage and note. Disconnect battery. 
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l SWTP 6809 computer 

2 ADC board 

3 Instrumentation amplifier 

4 Main power supply 

5 Terminal 

6 Oscilloscope 

Legend of Figure 5.2 
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Figure 5.4: AOC interface 
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CHAPTER 6 

SOFTWARE DEVELOPMENT 

6.1 General 

A number of programs for data-acquisition, testing and 

debugging, and data analysis were written for this project. 

TWo data-acquisition programs were used with the experimental 

system. In the first one, the acquisition and storage of 

pressure data in memory is triggered by the position sensors . 

The second one is based on the original AEI data acquisition 

software (14), and requires only one position signal per 

revolution. Bath programs were originally written in 6800 

machine language and were later adapted ta 6809 assembly 

language. 

Also, a Fortran IV-G program and accompanying 6800 data 

acquisition program were written ta simulate the velocity 

fluctuation of the crank-;haft through a complete operating 

cycle. This program was also based on previous work done at 

McGill, in this case an Undergraduate Mechanical Laboratory 

project (7). This program was run on the McGill Computing 

Centre mainframe computer under MUSIC. 

, 
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Finally, a group of Fortran programs were written to analyse 

the data. The printed output of the 6800 data acquisition 

system was transposed into MUSIC files through a keyboard. 

It quickly became evident that this last procedure was not 

adequate to handle the amount of data necessary to obta in 

valid conclusions. The 6800 system was repldced by a SWTP 6809 

system with dual floppy disc drives for data and program 

storage. Since BASIC was available on this machjne, the data 

analysis programs were rewritten in this language. This 

allowed data acquisition, storage and processing to be 

performed by the same machine. The custom buil t data 

acquisition interface card (described at paragraph 5.1.2) was 

fully compatible with the 6809. 

§.2 Data acyyisition programs 

6.2.1 Constant interval data acquisition 

The original AEI software was designed to accept variable 

engine parameters as inputs. By setting these parameters as 

constants in a program written for the specific engine being 

tested, the amount of code was reduced by a factor of about 

75%. 

This program measures the average speed of the engine over one 

revolution and then stores pressure measurements triggered at 

specified time intervals. The time intervals are calculated to 
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correspond to an exact fraction (such as 1/64) of one 

revolution at the average speed. Measurements can be obtained 

for one or several consecutive cycles. A block diagram of this 

program 1s shawn in Figure 6.1. 

In the first step, the PIA is initialized for output. The CA2 

line is used as an output ta control the interface and is set 

in "handshake" mode. The CAl line is used to receive the 

signal from the single-hole sensor. 

Counters are set for the number of cycles to be measured and 

for the number of measurements per cycle. The storage files in 

memory are cleared. 

The time interval between two succesive measurements is 

calculated by measuring the time between two subsequent CAl 

signaIs. This, divided by 64, gives the number of computer 

clock cycles that have ta elapse between measurements. Slnce 

the shortest delay loop that can be programmed is 6 cycles 

long, three different data acquisition subroutines are used, 

differing in length by 2 cycles. Thus, by selecting the proper 

subroutine, a precision of 1 cycle can be obtained in the 

timing of the measurements. At a typical engine speed of 2000 

rpm, this amounts to an error of 0.22%. 

When a cycle of measurernents is cornpleted, the time interval 

is stored, the data is transfered from the "work" memories to 

the main files and the counters are reset. It 15 then too late 
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to start a new cycle of measurements, therefore another delay 

loop synchronizes the next cycle of measurements by skipping 

two revolutions. 

A listing of this program is shown in Appendix E, p.A-36. 

6.2.2 Triggered data acquisition 

This program triggers and stores a pressure measurement each 

time a signal is received from the position optoelectronic 

sensor. Measurements can be made for one engine cycle or for 

several consecutive cycles. A block diagram of this program ls 

shown in Figure 6.2. 

In the first step of the program, the PIA is initialized for 

input. The CA2 line is used as an output to control the 

interface and is set in "handshake" mode. The CAl line is used 

to receive the signal from the single-hole sensor, while the 

CBl line is used for the position sensor. 

Counters are set for the nuœber of cycles to be measured and 

for the number of measurements per cycle. 

Once the "start" signal is received from the CAl line, the 

program goes through a loop which triggers but does not store 

measurements for the 15 next signaIs (or 1/4 of a revolution, 

including the first signal). As the single-hole sensor ls 

positioned such that it corresponds to a quarter of revolution 
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before TOC (see Appendix C), this delay is necessary to 

trigger the first measurement at TOC. 

In the next loop, 128 pressure measurements are read and 

stored. Reading the ADC output through the PIA data register 

triggers the CA2 signal (see parag. 5.1.2), sa reading a 

measurement triggers the next one. The pressure measurement 

that should actually be associated with TDC is thus the second 

one to be stored. Before stopping the program, the last 

measurement triggered has to be stored separately. Finally, a 

subroutina converts the data to ASCII characters for disc 

storage. 

A listing of this program appears in Appendix E, p.A-40. 

6.3 System debuq programs 

The interface card depends on software signaIs to issue the 

proper hardware control signaIs to the ADC and sample-and-hold 

circuitry (see parag. 5.1.2). A program must be active ta 

examine the interface card for proper operation. 

'1he program "1.PRO.TXT", included in Appendix E, p.A-42, was 

written to verify that the TOC signal is received by the 

interface cardo The program waits for transitions to occur on 

the CBl line connected to the TOC sensor. Upon such 

transitions, the program goes through a delay loop and issues 

a control pulse on the CB2 line which can be monitored with an 



1 

l 
i 

54 

oscilloscope. The trace should show TTL pulses at a frequency 

equal to engine speed. 

The program "1.PR02.TXT", also included in Appendix E, p.A-43, 

was written to permit verification of the vacious triggering 

components of the interface cardo While running, this program 

issues control pulses on the CA2 1ine at a frequency of about 

50 KHz. This program does not depend for its operation on the 

reception of the TOC signal by the interface cardo 

6.4 Velocity fluctuation progra~ 

This program simulates the velocity fluctuation of the engine 

through a cycle of two revolutions by calculating the forces 

and acceleration of every moving component. 

The velocity is calculated a~ a function of the crank angle by 

an iterative process staT'ting at ignition top de ad center 

(ITOC). A block diaqram of this program is included in Figure 

6.3. 

Actual velocity measurements are used by this program for 

comparison. A machine language proqram was written for the 

acquisition of the required data. This program stores in 

computer memory the pressure signal and time elapsed for each 

position signal, startinq at TOC for one engine cycle (two 

revolutlons). The pressure and velocit~ data lS converted into 
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decimal, taking into account the pressure transducer 1 s 

calibration. 

An initial value of the velocity at ITDC is assumedi rapid 

convergence is usually obtained if this value is assumed at 

95% of the experimental average velocity. From this starting 

point, the energy balance is calculated for each increment of 

the crank angle. The resulting average value of the velocity 

is calculated and compared to the experimental value: if they 

do not correspond, the initial value of the velocity at ITDC 

is corrected and the program retur:1S to the starting point and 

iterates until both average val.ues are equal within a preset 

error. 

Both the experimental and simulated velocity-versus-crank 

angle curves are plotted using the system subroutir.e "DDPLOT". 

As it was found that the experimental curve was very unsteady, 

a subroutine was written to smooth the data and the resulting 

curve was also including in the plot. Results of this analysis 

as weIl as sample outputs are included in the next chapter. 

A listing of this program appears in Appendix E, p.A-48. 

Details of the force calculations are included in Appendix B. 

6.5 Data analysis program 

Two data analysis programs were written. The first was written 

in Fortran and ran on the McGi11 Computing Centre mainframe. 



1 

t 

56 

This program reads the digital pressure data and converts it 

to pressure units. A plot of pressure versus crank angle was 

then made through the system subroutine "DDPLOT". Pressure 

data is interpolated at constant volume intervals and 

separated into four series to correspond with the four strokes 

of the cycle. Plotting these four sets of data through DDPLOT 

draws a PV diagram. The diagram is integrated numerically to 

obtain the indicated work. 

A second data analysis program was written in Basic for use 

with the 6809 data acquisition system. The program converts 

the pressure data converted to ASCII characters by the data 

acquisition program into pressure decimal values. Once again, 

an interpolation subroutine converts the data to constant 

volume interval values. This converted data is then separated 

into four sets corresponding to the four strokes of the cycle. 

The subroutine Basgraph developed at McGill is used to plot 

the resultant PV diagram on the CRT. The plot can be observed 

ta verify its validity. Several display options are 

incorparated in the program. It is possible to select log-log 

scales which permits detection of phasing errors. Other 

options affect the scale of the diagram on the screen. 

A listing of this program appear~ in Appendix E, p.A-S6. 
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CHAPTER 7 

EXPERIMENTAL ANALYSIS 

7.1 General 

The experimental analysis was planned to be presented in two 

separate parts. The first part evaluates the performance of 

the test equipment; the second part would present an analysis 

of the experimental data obtained under various operating 

conditions which would have resul ted in t:he development of 

diagnostic methods. 

The performance of the test equipment proved to be 

unsatisfactory. Instrumentation problems have been described 

in previous sections. Sorne other problems of a conceptual 

nature are described in this chapter. 

The data abtained from the experiments were insufficient to be 

able to develop a set of diagnostic methods as originally 

foreseen. The description in this chapter is therefore limited 

to an analysis of the results pertaining to the concept of 

data acquisition on a high speed single cylinder reciprocating 

engine. 

7.2 Velocity fluctuation analysis 

The data sets obtained with the triggered data acquisition 

program resulted in plots with a high degree of dispersion 
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(Figure 7.1). Data sets were obtained that could be used with 

the velocity fluctuation program (see section 6.3) for three 

consecutive cycles. The plots shown in Figure 7.2 and rneasured 

velocities in Table 7.1 show that the dispersion pattern is 

repeated over successive cycles. 

The obv ious cause of this problem is that the holes in the 

perforated disc are not evenly spaced, due to the tolerance of 

the rnethod used to drill these holes. 

To compare t.his scattered data with the simulated curves, a 

data-smoothing routine was used. 

This subroutine calculates a weighted average for a data point 

using both the previous and the following one. This algorithrn 

does not change the average value of the data set. The data 

was smoothed twice by this process before the resulting curve 

was regular enough to allow cornparison with the simulated 

curve. 

It can be observed that the simulated curve agrees quite weIl, 

Figure 7.3, with the smoothed experimental data except at the 

end of the cycle. At this point, the simulated velocity is 

higher and does not match the initial velocity. This behavior 

of the model indicates that the calculated energy balance is 

higher at the end than at the beginning of the cycle. This 

could mean that the energy lost in friction is greater than 

estirnated. 
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7.3 Constant time interyal data acgyisitioD 

The assumption of a constant speed fails on this particular 

low-inertia, single cylinder engine: the average engine speed 

can fluctuate by as much as 15\ between subsequent cycles. 

As a result, if the time interval calculated from the average 

speed of one cycle is used ta acquire data in a subsequent 

cycle, the measurements are nat triggered at the right moment. 

The resultant PV diagrams are distorted and cannot be used for 

analysis as shawn in Figure 7.4. If the engine slows down 

after the speed has been measured by the computer, the 

subsequent pressure measurements will be associated with crank 

angle positions later than the real values, as the engine has 

not rotated by an angle as great as calculated from the 

average speed in the given time span. This results in a "fat" 

PV diagram where the peak pressure point is shown m'Jch later 

than TOC. 

If the engine accelerates after the speed has been measured by 

the computer, the opposite error is incurred. This results in 

a PV diagram where the expansion curve crosses the compression 

curve as the peak pressure point is shown before TOC. Another 

symptom of speed fluctuation is the crank angle at which the 

compression and exhaust curves cross. The actual cross over 

should occur at a crank angle corresponding to about V,.. 2/3 

vmax • In the case of the accelerating engine, the crossover i8 
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shown at an earlier location, cl oser to Vmax . In the case of a 

decelerating engine, the crossover is shown h.ter, closer to 

Vmin. This can be observed in the output of experimental data 

obtained using the constant speed data acquisition program, 

included in Figures 7.5 a, band c. 

This velocity fluctuation has been studied using a simple 

program measuring the time elapsed between the occurence of 

TOC signaIs. The engine ~peed was measured and stored for each 

of 255 consecutive revolutions. 

The resulting data was th en analysed to obtain average speed, 

variance and minimal as weIl as maximal speed within the data 

set. The test was repeated under different speed and loading 

condi tions. The resul ts are shown in Table 7.2. It appears 

that engine speed stability increases with higher speeds but 

decreases under load. 

The source of instability i5 a function of the combustion 

process itself. The combustion is dependant on several 

factors: this i5 best summarised by Amann (1): 

"The susceptibility of an engine cylinder to 

combustion variability from cycle to cycle is 

influenced by a variety of factors, both chemical 

and physical. In a given engine, spark scatter 

(random variations in ignition timing) and 

inconsistencies 

from 

in mixture composition and/or 

cycle to cycle have often been preparation 

suspected. However, even when a single-cylinder 
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engine was run at full throttle with carefully 
controlled spark timing on a stoichiometric mixture 
of propane and air that had been thoroughly mixed by 
passing it down a 3-m long pipe packed with marbles 
en route to the intake port, combustion variability 
persisted. It is generally acknowledged that after 
aIl other potential contributors to such variability 
have been brought under control, the remalnlng 
variation in combustion is attributable primarily to 
randomness in mixture motion in the vicinity of the 
spark plug at the time ot ignition." 

Consequently, the constant time interval data acquisition 

algorithm cannot be used on this particular engine. Sinee the 

error involved by using the triggered data acquisition method 

is known and constant, this method was chosen as the one more 

likely to permit the obtaining of valid experimental data. 

It is thus necessary to average pressure data obtained over 

several consecutive cycles to obtain data sets that are usable 

for further analysis. Amann (1) suggests that a number of 

measurements in the order of 100 consecutive cycles is 

required to secure a reliable sample size. 

Lancaster, Krieger and Lienisch (11) give typical values of 40 

cycles for highly stable engine operating configurations, up 

ta 300 for conditions of higher variability. Industrial 

researchers average measurements over as many as 500 

consecutive cycles (24). This involves a great deal of 

confidence in the reliability of the instrumentation. The 
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current test equipment did not have this degree of 

reliability. 

7.4 Validity of pressure data 

Lancaster, Krieger and Lienisch (11), Brown (3) and other 

researchers (23) point out the need to validate the pressure 

data prior to analysis. They suggest obtaining "motored" (*) 

data that should be examined prior to the analysis of fired 

data. This can lend information regarding phasing and scaling 

error, because the pressure signal obtained from a mctored 

engine is not subjected to the instabilities that affect the 

fired signal. 

Unfortunately, no provision had been incorporated in the test 

bed design ta motor the engine. It is nonetheless necessary to 

examine carefully the pressure data to determine its validity. 

Brown (3) states: "consistency is no indication of accuracyll, 

meaning that data that looks right is not necessarily right. 

7.5 Data acquisition chronology 

Several data sets were obtained before the thermal strain 

problem was identified and understood (see section 4.2.1). 

These data sets were submi tted to the Fortran data analysis 

routine. The shape of the PV diagram was the only indication 

of the validity of the measurements. 

* Pressure data obtained while the engine is rotated by an 
external source of power. 
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As was explained in section 4.2.1, one symptom of this problern 

was that the intake and exhaust pressure for datasets obtained 

under loading conditions did 

pressure. Sample outputs of 

not correspond to 

the data analysis 

atrnospheric 

program are 

shown in Figure 7.5. These and other data sets obtained prior 

to the solution of the thermal strain problem were discarded. 

By then it had become evident that the rnanual transfer of data 

between the data acquisition system and the mainframe computer 

for data processing was inadequate for the amount of data 

required for analysis. At this stage, the 6800 computer was 

replaced by the 6809 system, as described in section 5.1.1. 

These and subsequent data sets were ontained using the 

constant time interval data algorithm and were thus subject te 

distortion, as shown in Figures 7.4 and 7.5. The pos i t ion 

sens ors are unreliable and their signals l'lad to be upgraded 

through the use of Schmidt triggers before data sets could be 

obtained using the triggered data acquisition algorithme 

At this stage, the data sets provided seriously distorted and 

attenuated PV diagrarns. A sarnple of such a diagram is included 

as Figure 7.6. This phenomenon delayed work for a few weeks 

but eventually disappeared. The source of the distortion was 

identified as th,:! presence of liquid in the passage c..: the 

pressure transducer adapter. This problem is described by 

Brown (3). The liquid was most likely fuel condensed by the 
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low tempe rature of the water-eooled transdueer adapter. At the 

time this problem oeeured, the water inlet temperature was 

about 100 C. 

Finally, an apparently correct data set was obtained. The PV 

diagram obtained from the single valid dataset is shown in 

Figure 7.7. The log-log plot of these data is shown in Figure 

7.8. 

It can be seen that the intake and exhaust strokes are 

represented by straight lines on the log-loq plot, indicatinq 

a polytropic process. This corresponds to the theory of the 

four-stroke cycle. The slope of the compression curve is about 

1.25, which is a realistic value of the pOlytropic exponent. 

The expansion curve has a slope of about 0.5, which is not 

correct. 

The general shape of the diaqram is correct (the four strokes 

are weIl defined) but the maximum pressure area close to TOC 

has a more pointed shape th an typical PV diaqrams. This cannat 

be explained by combust~on phenomena. 

Sinee the pressure transdueer failed catastrophically (a burst 

diaphragm) after this data was obtained, the validity of this 

PV diagram i5 at best suspect as the transducer was very 

likely already damaged. Within the available time, a third 

'~ransducer could not be obtained for further work. 

1 
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velocity over three consecutive cycles 
as a function of crank angle "phi" 

Table 7.1 
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Load RPM std. dev. Slowest Fastest 
No 1550 6t -16% +11% 
No 2500 2' -4% +5% 
Yes 2280 3' -8\ +6% 
No 3430 1% -2\ +2% 
Yes 2165 3' -5% +4t 

Average speed variation 
Table 7.2 
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Velocity fluctuation analysis 
proqram output 

Figure 7.3 
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Enqine running slower than average speed 

Engine running faster than average speed 

PV diagrams distorted by average speed variation 
Figure 7.4 
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CHAPTER a 

CONCLUSION AND RECOMMENDATIONS 

fi.l General 

The goal of this research project, to establish diagnostic 

methods for a (!ombustion engine via the PV diagrams has not 

b,een reached. The major cause was that the task of 

instrumenting a spark ignition internal combustion engine had 

been severely underestimated. 

The problems that were encountered while attempting to obtain 

experimental data have, for the Most part, been weIl 

documented by professional researchers. However, as this was 

originally theught of as a straightforward task, the 

literature survey was limited to topics regarding automatic 

engine diagnosis and pressure volume diagram analysis. A new 

survey covering internal 

was done on1y after a 

combustion eng ine instrumentation 

considerable time was spent in 

understanding data acquisition problems and after acquiring 

much invalid data. 

As was stated earliElr, this report is intended te assist 

future researchers who would 1ike to continue work on the 

nriginal project. 
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8.2 Recommendations for future work 

The reliability of the test equipment has been the major 

problem in ~btainin~ experimental data. The pressure signdi 

from a spark ignition, internal combustion engine has a 

random character. To make valid observations on the pressure­

volume diagram as a tool for engine diagnosis, severai 

hundreds of data sets consisting of averages of at least one 

hundred successive engine cycles each are required. To obtain 

reliability to such an extent that such an amount of data can 

be acquired, a few aspects 1.. f the apparatus need to be 

revised. Thes~ will be described in this section. 

8.2.1 Test bed 

The test bed itself has been reliable throughout the test 

period. The brake lining needs to be replaced with a more 

heat resistant material in view of the need to average 

measurements over several consecutive cycles. The current 

lininq overheats after a few seconds of operation at high 

load and the resultant engine condition i8 not stable as the 

brake load decreases gradually. 

validatinq the data is recognized by profassianal researchers 

as an extremely important task. Ar. electric mator shouJ d be 

incorporated in the test bed such as to allow the acquisition 

of motored pressure data. The power rating of this electric 

motor should he hiqh enough so that the spged of the engine 



1 

7 

82 

remains fairly constant through the four strokes. A large 

inertia, auxiliary, declenchable flywheel on the motoring 

unit is aiso deemed advisable in this regard. 

8.2.2 Instrumentation 

The prt:;ssure transducer recommended by most reseaJ:chers ü\ 

the piezo-eleetric type. specifie transducers are 

manufactured by Kistler and AVL for internaI combustion 

engine applications. Such transducers can provide reliable 

data within the required margins of accuracy. These 

transducers are provided with integral internaI water 

cool ing f which permi ts their installation directly in the 

cylinder head. It should be noted however that the capillary 

cooling tubes have a tendency to plug up. Ideally, a 

recirculating water cooling system should be designed, 

allowing the use of distill~d water as a coolant. 

In view of the problems inherent in the passag-= type of 

installation, modifying the cylinder head to install the 

pressure transducer directly should he considered. 

The possibility of using the "ring transducer" described by 

Powell and Hosey (9) should also be investigated. 

The design of the position sensors needs improvement. It is 

suggested that the position sensor and TDC sensor be 

installed on separate brackets mounted on different sides of 
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the test bed frame. The designer should ensure that the 

brackets are sufficiently rigid to resist motion due to 

engine vibrations. The new brackets could retain the current 

adjustment techniques for height (shims) and radial position 

(slotted holes). However, slotted holes are not adequate for 

the adjustment of the angular position of the sensors. Sorne 

form of screw adjustment should be provided to ensure proper. 

synchronization of the sensors. 

commercial shaft encoders are available and may be cast 

effective compared to the fabrication of accurate mounting 

brackets. Their accuracy is better than that of the locally 

fabricated perforated discs. There does not seern to be a 

simple way to incorporate such a position encoder in the 

current test bed design. The benefits to be derived from 

accurate position measurements may justify an extensive 

rebuildinq of the test bed. 

8.2.3 Computer system 

The SWTP 6809 system has adequate capacity for the data 

acquisition tasks: however, it is essentially an obsolete 

machine. The existinq systems at McGill are little used any 

more and are replaced by IBM PC, or compatible, systems. 

Replacinq the 6809 with a PC should be considered in view of 

standardizinq the type of equipment not only for use in the 

laboratory but also to be compatible wi th external 
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installations. This will involve redesigning the custorn 

interface cardo 

8.2.4 Laboratory space 

Any further 

environment. 

work 

The 

should be perforrned in 

test bed was installed 

a more reliable 

throughout the 

experiments in room 263B, an Undergraduate laboratory rnainly 

used for the "Measurernent Laboratory" course. This room was 

not adequate for experirnents involving the operation of an 

internaI combustion engine. The location of the engine and 

test equipment shouid be guided also by safety considerations 

something that due to the lack of adequate space was ignored 

in this set-up. 

8.3 Conclusion 

InternaI combustion engines are subj ect to severe cycle-to­

cycle combustion variability. Obtaining pressure measurements 

for the developrnent of diagnostic methods will involve sorne 

forrn of statistical analysis to even out this variabili ty. 

This, in turn, implies a rigorous approach where each data 

set used is an averagE' obtained ov€r several consecutive 

cycles. 

Consequently, the experimental apparatus bas to have a very 

high level of reliability: the Prony brake must control 

engine loading to a constant levei over long periods; the 
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pressure transducer must survive a harsh envirenment and has 

te be immune from errors su ch as caused by thermal strain or 

ignition noise. The pressure measurement system has to be 

coupled to a reliable and accurate crank angle sensor as 

errorn in the association of crank angle and pressure 

measurements cancel the care with which the pressure 

measurements were obtained. 

The test bed built for this research project did not have the 

reliability required for the obtention of the required data. 

Severa! problems relating to the accuracy and the reliability 

of the pressure and crank angle measurements have been 

identified and possible solutions proposed. 

This project was an extension of research done at McGill on 

an Automatic Engine Indicator. Adaptation of this system to a 

high-speed spark ignition engine revealed a conceptual 

problem in the data acquisition algorithm. A different 

algorithm was used to overcome the error caused by the high 

cyclic variation of the revolution speed of this type of 

angine. The Automatic Engine Indicator software was a Iso 

simplified in view of a future single-chip computer 

implementation. 

The author is confident that once the reliability problems 

have been resolved, the original task of developing the 

diagnostic methods will be a straightforward one. 
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Appendix A 

C.llculation of ideal Otto cycle 

These calculations are based on the ideal cycle assumpt ions madt' in Chdpt('r 
2. The objective is to observe PV behaviour when specifie parameters of the cvelt' 
are changed: 

- fuel-air mixture 
- intake air pressure 
- exhaust back pressure 

The calculations are made following the procedure in reference (15). Thermo­
dynamic data is from the Starkman-Newhall charts supplied in this reference. 

Calculatio:1 ar~ included for the following cases: 
stoichiomet ,'ie mixture 
rich mixture (20% excess fuel) 
lean Ullxture (25% excess air) 
throttled 
excessive exhaust back pressure 

t 



1 
G-:se # 1: stoichiometric mixture 

assume f == 0.038 
compression ratio: 6: 1 
intake temperature: 57°C == 594 0 R 
mtakP pressure: 14.7 psia 

From chart "B" (15) : 

V _ R 1.0 TI .379 x 594 cu.ft. 
1 - = == 15.3---

PI 14.7 cht.qty. 

Ut = 111.4 BTU !cht.qty. 

1 -- 2 compression (isentropic) 

n( Sv )s94 = .076 BTU r R-cht.qty. 

n(S\Jh~ = .076 + .07011n(6) = .202 BTGrR-cht.qty. 

From chart "B" : 

T2 = 1076° R, U2 = 214 BTU jcht.qty. 

KT2 1076 . 
P2 = -v. = .379 x / = 160 psta 

2 15.3 6 

2 -+ 3 constant volume combustion 

C3 = (1 - .038)1275 = 1227 BTU Icht.qty. 

U3 == C3 + U2 ;;;;: 1227 + 214 = 1441 BTU 1 cht.qty. 

Va = V2 = 15.3/6 = 2.55 cu.ft.jcht.qty. 

A-'2 
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From chart "D" : 

P3 = 756 psia, T3 = 4960° R 

• S3 = 2.218 BTU t R cht.qty. 

3 -+ 4 isentropic expansion 

From chart "D" 

U4 = 870 BTU jcht.qty. 

4 -- 5 isentropic exhaust 

From chart "D" 

compression work 

S5 :=: S4 Ps = 14.7 psia 

Vs = 66.6 

2.55 
f = - = .038 as assumed 

66.6 

Summary 

U2 - u} = 214 - 111 = 103 BTU jcht.qty. 

expansion work 

U3 - u. = 1441 - 870 = 571 BTU jcht.qty. 

A-3 



1 
Conversion to indicated mean effective pressure (IMEP) 

w ( BTU ) x ~ (Cht.qty.) x 778 lb-ft x Isq.ft. = IMEP ~ 
cht.qty. V cu.ft. IBTU 144sq.in. sq.in. 

103 778 . 
Compression NEP = - y - = 36.4 PSI 

15.3 144 

571 778 . 
expansion IMEP = - x - = 201.6 pSI 

15.3 144 

net IMEP = 201.6 - 36.4 = 165.2 psi 

A-4 



Case # 2 : rich mixture (1.2) 
assume f == .040 
other conditions as # 1 

From chart "B" : 

.382 x 594 1 

VI = :::: 15.43 cu.ft.j cht.qtv. 
14.7 . 

u} = 113.1 BTU Icht.qty. 

1 -+ 2 isentropic compression 

n( Sv )&94 == .0792 BTU;o R-cht.qty. 

n(Sv)T2 = .0792 + .07061n(6) = .205 BTU IOR cht.qty 

From chart "B" : 

T2 = 1068
0 R, U2 == 217.5 BTU / cht.qty. 

P2 = KT2 == .382 x 1068 == 158.6 psia 
V2 15.43/6 

2 -+ 3 constant volume combustion 

C3 == (1 - .040)1530 == 1469 BTlïcht.qty. 

Ua = Ca + U2 == 1469 + 217.5 = 1687 BTUjcht.qty. 

From ch art "E" : 

P3 = 852 psia,T3 == 5345° R 

S3 == 2.326 BTU r R cht.qty. 

A-5 



A-6 

1 
3 ---+ 4 isentropic expansion 

From chart "E" 

P4 = 104 psia,T4 = 3650° R 

U4 = 1085 BTU !cht.qty. 

4 -> 5 isentropic exhaust 

85 = 84 Ps :: 14.7 psia 

Form chart "E" 

Vs = 64.9 cu.ft.jcht.qty. 

2.57 
f = 64.9 = .040 as assumed 

Summary 

compression work 

U2 - UI = 217.5 - 113.1 = 104.4 BTU j cht.qty. 

expansion work 

U3 - U4 :: 1687 - 1085 = 602 BTU jcht.qty. 

Conversion to JMEP 

P 104.4 778 6' Compression IME = -- x - = 36. pSI 
15.43 144 

602 778 . 
expansion IMEP = -- x - = 210.8 psI 

15.43 144 

net IMEP = 210.8 - 36.6 = 174.2 psi 
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Case # 3 : lean mixture (0.8) 
assume f = .046 
other conditions as for # 1 

From chart "B" 

v _ .378 x 594 
} - 14.7 = 15.3 cu.ft.jcht.qty. 

u} = 109.5 BTU jcht.qty. 

1 -+ 2 isentropic compression 

n(Sv}r:) = .075 + .0698In(6) = .200 BTU;oR cht.qty. 

From chart "C" 

T2 = 1090
o R,u2 = 211.5 BTU jcht.qty. 

KT2 1090 . 
1'2 = \1.

2 
- = .378 x j = 161.5 pSla 

15.3 6 

2 -+ 3 constant volume combustion 

C3 = (1 - .046)1020 = 972 BTU jcht.qty. 

U3 = C3 + U2 = 972 + 211.5 :=: 1184 BTU jcht.qty. 

From chart "C" : 

S3 = 2.140 BTU;c R cht.qty . 

.. 

A-7 



1 3 -. 4 isentropic expansion 

From chart "C" 

U4 = 745 BTU /cht.qty. 

4 -. 5 isentropic exhaust 

55 = 54 P5 = 14.7 psia 

From chart "C" 

Vs = 55 cu.ft.jcht.qty. 

2.55 
f = 55 = .046 as assumed 

Summary 

compression work 

U2 - Ul = 211.5 - 109.5 = 102 BTU Icht.qty. 

expansion work 

U3 - U4 = 1184 - 745 = 439 BTU /cht.qty. 

Conversion to IMEP 

102 778 . 
Compression IMEP = - x - = 36.0 psi 

1.~.3 144 

439 778 . 
expansion IMEP = - x - = 155.0 pSI 

15.3 144 

net IMEP = 155 - 36 = 119 psi 

A-a 
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Case -# 4 : stoichiometric ITÙxture, throttled 

assume f = .063 
intake pressure: 8 psia 
other conditions as Case # 1 

From chart "B" : 

, .379 x 594 "1 = ---- == 28.14 cu.ft./cht.qty. 
8 

1 -+ 2 isentropic compression 

n( Sv )594 = .076 BTU;o R cht.qty. 

n(Sv)Tz = .076 ..... 0701 ln(6) = .202 BTU/oR cht.qty. 

From chart "B" ; 

T2 = 1076°R, U2 = 214 BTU /cht.qty. 

p. _ .379 x 1076 
2 - 28.14/6 = 87 psia 

2 -+ 3 constant volume combustion 

Ca = (1 - .063)1275 = 1195 BTl' fcht.qty. 

U3 = Ca + U2 = 1195 -.- 214 = 1409 BTU/cht.qty. 

Va = V2 = 28.14 = 4.69 cu.ft.jcht.qty. 

From chart "D" 

S3 = 2.259 BTU 1° R cht.qty. 

A-9 
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3 -. 4 isentropic expansion 

From chart "D" : 

u" = 860 BTU /cht.qty. 

4 ..... 5 isentrooic exhaust 

From chart "D" : 

From table A (15) : 

55 = 54 Ps = 14.7 psia 

Vs = 74.4 cu.ft.jcht.qty. 

4.69 d f = - = .063 as assume 
74.4 

Us = 630 BTU jcht.qty. 

FiA = .066 

Hair = 124 BTU lib 

Hfuel = -24 BTU lib 

A-10 
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( )( ) 8(28.14 - 4.69) 
ul = 1 - .063 124 - .066 '" 24 - .063 x 6.10 - ----ns------ -'" 1.1.t 

= 119.; BTe ,'cht.qty. 

Summary 

compression work 

U<) - Ul = 214 - 120 = 94 BTU jcht.qty. 

expansion work 

U3 - U4 = 1409 - 860 = 549 BTU /cht.qty. 

pumping work (intake) 

144 
(28.14 - 4.69) x (14.7 - 8.0) ;( 718 = 29.1 BTU /cht.qty. 

Conversion to IMEP 

Compression IMEP 94 
-- )t 

28.14 
778 . 
- = 18.0 psi 
144 

549 778 . 
expansion IMEP = -- )t - = 105.4 psi 

28.14 144 

29 778 . 
pumping IMEP = 28.14 x 144 = 5.6 psi 

net IMEP = 105.4 - 18.0 - 5.6 = 71.8 psi 

A-lI 
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Case # 5 : stoichiometric mixture, back-pressure 
assume f = .068 
other conditions as Case # 1 

From chart "B" : 

.379 x 594 
VI = == 15.3 cu.ft. / cht.qty. 

14.7 

UI = 111.4 BTU jcht.qty. 

1 --f 2 isentropic compression 

n(Sv)s94 = .076 BTU;oR cht.qty. 

n(Sv}T:: = .076 ~ .0701 ln(6) = .202 BTU;oR cht.qty. 

From chart "B" : 

T2 = 10760 R, U2 == 214 BTU jcht.qty . 

. 379 x 1076 . 
P2 = / == 160 psla 

15.3,6 

2 -> 3 constant volume combustion 

Ca = (1 - .068)1275 = 1188 BTU /cht.qty. 

Ua = Ca + U2 = 1188 + 214 = 1402 BTU /cht.qty. 

From chart "D" : 

P3 = 743 psia, Ta == 4927° R 

S3 = 2.215 BTU;o R cht.qty. 
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3 -> 4 isentropic expansion 

From chart \ID" 

P4 = 91.5 psia.T4 = 3485"R 

U4 = 860 BTU jcht.qty. 

4 -+ 5 isentropic exhaust 

From chart IID" 

compression work 

55 = 54 Ps = 30 psia 

Vs == 37.4 cu.ft.jcht.qty. 

2.55 
f = -- = .068 as assumed 

37.4 

Summary 

U2 - Ul = 214 - 111.4 = 1026 BTU /cht.qty. 

expansion work 

U3 - U.j = 1402 - 860 = 542 BTU / cht.qty. 

pumping work 

cu.ft. ) lb 1 
(15.3 - 2.55) h x (30 - 14.7 -.- x 144 x 778 

c t.qty. sq.m. 

== 36.1 BTU / cht.qty. 

" 

A-IJ 
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t net work 

542 - 103 - 36 := 403 BTU jcht.qty 

Conversion to IMEP 

103 778 
Compression IMEP = - "" - = 36.4 psi 

15.3 144 

542 778 . 
expansion L\1EP := - X - = 191.4 PSI 

15.3 144 

36 778 
pumping IMEP = - x - = 12.7 psi 

15.3 144 

net IMEP = 191.4 - 36.4 - 12.7 = 142.3 psi 
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Appendix B 

Physical properties of engine components 

In the mst section, the moments of inertia of the internai t:'ngine components 
are calculated from the geometry of the parts. The dimensions havt' be('Jl obt.ained 
by measurenwnts of the actual components. 

In the second section, the dynamic equations of the reciprocating 1 rotating 
components (piston, connecting rod, crankshaft) are developed 

~oments of inertia and dynamic equations are required for the Vt'IOClty flu('tu­
ation program (see section 6.4). 
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Calculation of Moments of Inertia 

Connecting Rod 

Material: Aluminum Mass (W IBolts) 87g 

Part 1 (Base) m = pt(r; - r~)7T ICG = W(r~ T rf) 

SEc.."T'. A-A 

ml =: 2,711 x 1O-3qlmm3 x 22.2mm x [{38/2)2 - {25.4/2)2]mm2 = 37.8g 

ICG. = 37.89/2 x [(38/2)2 ~ (25.4/2)2} mm 2 = 9862gmm2 

Part 2 (Rod) rn = plA ICG = rnJ2 /12 

1 = 79,375 - [(38/2) + (19/2)] = 50, 875mm 

A = 2 x (3 x 12)mm 2 
-1- 3mm x (19mm - (2 x 3mm)) == 11lmm2 

m2 = 2,711 x 1O-3g/ mm3 x lllmm2 x 50, 875mm = 15,3g 
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1 
ICG~ = 1/12{15.3g x 50, 875mm2) = 3300g - mm:! 

Part 3 (Head) m = pt{r2 - r2 )'ll' le' = !ll (r~ ~ r2 ) 
01 {., 2"'1 

ICG:: = 9,5g/2 x [(19/2)2 + (12,7 /2)2J mm2 :::. 620g - mm 2 

Part 4 (Bolts) 

2m4 = mtotal - (ml -+- m2 + m3) = 87 - (37,8 + 15,3 ...... 9,5) = 24.4g 

IIl.t = 12,2g ICG = 0 

Summary - Connecting Rod 

Location of C.G. 

Part Mass XCG YCG Mass x X Mass x Y 

1 37,8 g 0 0 0 0 
2 15,3 g 0 44.4 mm 0 679,32 g-mm 
3 9,5 g 0 79,4 mm 0 754,30 g-mm 
4-1 12,2 g -16,3 mm -16,3 mm -198,86 -198,86 g-mm 
4-2 12,2 g 16.3 mm 16.3 mm 198,86 198,86 g-mm 

Total 87 g 0 1433,62 g-mm 

Y - 1433,62g - mm 16 I:.mm XCG = 0 
CG - 87g =,0.1 
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Moment of Inertia 

Part X Y x- XCG y -YCG R mR2 

9862 0 0 0 -16,5 16,5 10291 
2 3300 0 44.4 0 27,9 27,9 11907 
3 620 0 79,4 0 62,9 62,9 37586 
4-1 0 -16.3 -16,3 -16,3 32,8 36,6 16343 
4-2 0 16,3 16,3 16,3 0,2 16,3 3241 

g - mm2 " mm mm mm mm mm g-mm-

R2 = (X - XCG)2 + (Y - YCG)2 

Itotal = LI + mR2 = 93160g - mm2 = 9316 x 10-
6 Kg - m 2 

Radius of gyration I!; = 0,032'7m 
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Brake Cylinder 

-- ----- ---------

Material: Steel Mass: 1509g 

Part 1 m = pl{r~ - rt) ICG = T(r~ + rf) 

ml = 7,813 x 1O-3g/ mm3 x 82,6mm x (25,42 -15,92)mm2 x 1T = 796g 

ICG , = 796g/2 x (25,42 + 15,92 )mm2 
::: 357392g - mm2 

Part 2 m == pl(r; - rn ICG = ~ (r~ + rf) 

ICG~ = 713g/2 x (25,4 2 + 11, 12)mm2 ::: 273924g - mm2 

ICGTu.a' = 631316g - mm
2 

Aluminum - Mass = 1112g 
2 

Part 1 Dise r = 70mm t::: 6mm m =ptr2 ,T ICG = m; 
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l 
ml ::= 2,711 y 1O-3 gjmm3 x 6mm x (70mm)2 = 250g 

ICG J = ~50g x (70mm)2/2 = 612500g - mm2 

Part 2 Ring rI) == 70mm rI == 5/mm ICG == ~ (r~ + rn 
m2 == mTot - ml = 1112 - 250 == 862g 

ICG T",,,. == 3232931 + 612500 == 3844431g - mm2 

Crankshaft 

~t,.J. ~ 
'7.1 ~ 

~2'2.Z. 
'-l.t 

".". il!" ;/2~ .. 
... • ~ 

l~ IUJ 1 'U 1"., Il 1,1 lnl 1 
ll~.:' M ..... 3~.q -''' ~ 

U ) 

Mtl : Steel Mass == 1341 g 

AlI cylindrical sections: m =p1I'!'21 ICG == mr2 /2 

1- m = 7,813 x 1O-3g/ mm3 X1!' x (22,2/2)2mm 2 x (114,3+34,9)mm = 451g 

ICG = 451g x (22,2/2r~mm2 /2 = 27797g - mm 2 

2 - m = 7,813 x 1O-3 g/ mm3 x 1f' x (38,1/2)2mm2 x 9,5mm = 85g 
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Ice = 85g x (38, 1/2)~mm~,'2 = 15355g - mm:.! 

3 - m = 7,813 x IO-3 g/ mm3 '~ 1T 'x (28,6/2)Zmm2 ;., (4,8+ 3,O)mm == 399 

5 - m = 7,813 x IO-3 g/ mm3 '< 1T x (22,2/2)2mm 2 :x. 22, 2mm ::::. 67g 

Ice = 67g x (22, 2/2)2mm2 /2 = 4134g - mm 2 

1 = ICG + md2 = 4134g - mm2 + 67g x 22. 22mm2 == 37224g _ mm 2 

7 - m = 7,813 x 1O-3 gjmm 3 x 1T x (15,9j2)2 mm2 x 12,7mm == 20g 

6 - m - e!!!(D2 + dD + d2 ) - 12 
1 - 3m R!, -r:' 
CG - ïO R3 -r3 

7,813 X 10-- 3 9 
m = -:...---- --3 x 19mm x (22,22 + 22, 2 x 15,9 + 15,92 )mm 2 == 43g 12 mm 

1 - 3 x 439 x (22,2/2)5 - {15,9/2)5 mm2 = 2025 _ mm 2 
CG - 10 (22,2/2}3 - (15,9/2)3 9 

4 - Treated as two separate parts: 

1 - a sect or of a cylinder (v = 22.2) covering an arc of 160° 

160° 
m = -- x 7,813 x 1O-3 g/ mm3 x 1T x (11,1 + 22,2)mm x 22,22mm 2 = 1799 360° 

mr2 

1 = T = 179g x 22, 22mm2 /2 = 44118g - mm2 
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1 
2 - remaining portion considered parallepiped 38 mm high 

m = 13419 - L ml = 4179 

location of CG is 17 mm from crankshaft axis 

= 2090259 - mm3 

Icranksha.ft = L Il = 3409949 - mm3 

Radius of gyration R = If = 15,95mm 

YCG =0 
2r sinx 

XCG 4 _1 = 3"7 = -1,81mm XCG._ 2 = +17mm 

XCGTut..1 = 13~19 (179 x (-1,81) + 417 x 17)g - mm = +5,04mm 
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Kinematics . 

Piston Reaction 

Dynamics of engine components 

define ,X = f 
sinX = >'sin4> 

cosx = yI - ,X2sin 2cP 

x ::: (l + r) - (1 cos X + r cos 4» 

= (1 - cos 4» + 1(1 - JI - ,X2sin2<J>} 

X ::: wR (sin 4> + ~ sin 2 4» 

x ::: w2 R (cos rP + ,X cos 2 rP) 

where w = rP 

F = pA - (F R + Fw) 

Fw = p,y'W2 + (mpg)2 2:: #LW 

W = RlsinX 

MpX = F -. RI cosX 

use RI cosX == RI 

RI = F - MpX = pA - (FR + p,W) - MpX 

::: pA - FR - J.LRlsinX - MpX 

RI (1 + J.lSinX) = pA - FR - MpX 

RI =pA-Fn - MpX _ pA-Fn - MpX 
(I+~smx) - l'''''~''SID4J 
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1 }œaction in Cgnnecting Rod 

MR (Î)X = RlcosX - R2cosX 

R2 = RI - MR ( 1) x (cosx ~ 1) 

YI = w 2 rsin4> 

Xl = w2 rcosl/> 

m'Y 1 = -R2sinx + Pl cos</> - P2 siIl </> 

mX 1 = R2COSX - Pl sin</> - P2cos4> 

mYlsin4> = mw~rsin24> = 
- R2sinxsin4> -r PI cos</> 4> - P2sin24> 

mXlcOS4> = mw2rcos24> = 
R2cosxcosIP - f'lsin4>cost/> - P2cos24> 

mw2r = mw2rsin 24> + mw 2 rcos2</> = 
R2 (cosxcosl/> - sinxsin4» - P2 

P2 = -mw2 r + R2 (cos xc ost/> - sinxsin4» 

= -mw2r + R2(cos</> - Âsin24» 

using COsx =:: 1 sinx = Àsin4> 

mY1sin4>cos2 </> = mw2 rsin 2 <Pcos2 t/> = 

- R2 sinxsin4>cos2 If> + Pl cos3 tl>sinl/> 
- p2sin2 cPcos 2 r/J 

mX1cost;f>sin2 tj> = mw2rcos2tjJsin2t/> = 

R2cosXcosr/Jsin2r/J - Pl sin3 4>cost/> 

-P2cos2~in2</> 

m YI sinl/>cos2 <1>- mX 1 cos</>sin2 4> = 0 = 

--R2 (sinxsin4>cos2 4> + cosxcos4>sin 24» 

...... Pl sinxcos4> 

Pl = R2 sin1/>{ 1 + Àcos<p) 
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Reaction at Crankshaft 

P3 == Pl 

fficdw2 = P4 - Pz 

P 4 == P2 + Il1cdw 2 

1 cx:= Plr - Mf - MI 

1 
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Synchronization of TDC Sensor and Error Calculation 

ln the first section is shown that crank position <1> = 90° before TOC can be 
located with greater accuracy, with the same instruments, than position <1> = 0° 
(TDC). 

ln the second section, calculations are made from an equation developed by 
reference (3) relat ing position signal accuracy and error in IMEP calculatins. The 
values obtained are compared to the author's (3) recommendations. 
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Precision reguired from TOC and positIon signais 

From Brown (3) 

where: 

PI = intake pressure, psia 

ilmep = error in mep, psi 

Pm == maximum cy linder pressure, psia 

Pc = maximum compression pressure, psia 

r = compression ratio 

To obtain valid imep measurements, t1mep must be kept below 1.0%. 

Using data from Appendix "A" 

(case 2): 

(case 4): 

6.mep = 1.25 x 10-2 x 6 x 14.7( 852 + 1) == 7psi 
6.1> 159 10 

6.mep 7 
= - = 4% ~ errorof.25°tolerable 

netimep 174 

6.mep ( 421 ) 5.7psi -- = 1.25 X 10-2 x 6 x 8.0 - ~ 1 == __ 
6.4> 49.5}O 

Âmep 5.7 
--- = -- == 8% =? errorof.125°tolerab~e 
netimep 71.8 

Using a ~orst case" approach, it is concluded that an a.ccuracy of better th an 
0.125° is required. 
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Error on 'l'DC location 

r :cc: .875" (22.225 mm) 

1 ::.: a.125ft (79.375 ITlm) 

x =- 1 + r - rcosfjJ -- 02--- r2 sin 2 fjJ 

at fjJ=-O x==o 

with ~x = .0000017"(43.2 x JO-9 m) 

~x == .00017"(43.2 x lO-G m) 

~x = .0006"(15.2 x lO-G m ) 

The accuracy with which TDC can be located using a dial gauge having a 
precision of .001" (.025 mm) is worse than 2°. This is not acceptable. 

at x =- 1" 

~x = .0015"(38.1 x 1O-6 m ) 

ft is then possible to locale crank angle rP == 90° with an accuracy of better 
than 0.1 0 using the sarne dial gauge. 

The sensor will then be synchronized with this crank angle since it can be 
measured more accurately. 
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The TDC sensor will actually be set to issue a signal at a ('Tank angle tP ." ~)' 
before l'DC, to optimize the accuracy of the setting. Adjustmenb will be mad(' 
within the data acquisition software to properly phase the pressure data with l'De 

Procedure: 

- Install dial gauge (50 mm stroke) with extension stem and special adaptt'r in 
place of spark plug. 

- Connect oscilloscope (twin trace) to the outputs of TOC and position sensors. 

- Bring engine to TDe by hand, observing dial gauge indication. Adjust dial to 
zero at TDe. 

- Turn engine backwards by hand one fourth of a revolution, until di al gauge 
reads 1.000" (25.4 mm) 

- Adjust position of both sensors such that they are both triggered at this exact 
crankshaft position. 
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Appendix Q 

This section contains calibration data on the instrumentation 

- theoretical and experimental calibration of the strain gauge beam used to mea­
~urc torque 

- calcu\ation of torque from strain gauge output 

- calibration data on A/D converter and instrumentation amplifier 

- calibration data on pressure transducer. 
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Calibration of strain gauge bearn 

Theory 

Cantilever beam ~th = 6 b~~ E 

where: 

Experimental 

Two adive arms brige 

where: 

Results 

Load Force 

100g .98N 

200g 1.96N 

300g 2.94N 

400g 3.92N 

500g 4.90N 

lOOOg 9.81N 

1500g 14.71N 

2000g 19.62N 

2500g 24.52N 

F = force applied on bearn, N 

L = 178 mm 

b = H = 6.3 mm 

E = 206 X 106 N/mm 2 (mildsteel) 

EAC = bridge output, V 

EBAT:::: battery voltage = 6.07V 

GF = gauge factor = 2 

EAC êth X 106 

.125rnV 20.3 

.240rnV 40.6 

.360rnV 60.9 

.480rnV 81.2 

. 590rn V 101.5 

1.20rnV 203.1 

1. 78rnV 304.7 

2.35rnV 406.3 

2.95rnV 507.9 

A-3I 

ê exp X 106 ~ê% 

~.6 +1.5 

39.5 -2.8 

59.3 -2.7 

79.1 -2.7 

97.1 -4.5 

197.6 -2.8 

293.2 -3.9 

387.1 -5.0 

485.9 -4.8 
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f 

T --- Fd 

where F = EbH
2
c 

6L 

cl = lellgth of reaction arm = 190mm 

Combining with ê: 

T 
_ EbH2 cl 2 ~AC 
- ---- - -- ---

6 L GF EBAT 

applying the proper values 

T = 20Gx 10" x(G 3)J (190) ~ 
G 178 EDAT 
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1 
Calibration of A!D converter & amplifier 

Input Amplifier AID Decimal Equivalent 
V oùtput V output HEX value V 

0.000 0.000 00 0 0 
0.123 0.999 19 25 1.00 
0.249 2.00 32 50 2.00 
0.498 3.99 64 100 4.00 
0.375 3.00 48 75 3.00 
0.624 5.00 70 125 5.00 
0.751 6.01 96 150 6.00 
0.876 7.01 AF 176 7.04 
1.000 8.00 C8 200 8.00 
1.126 9.01 El 225 9.00 
1.122 8.98 EO 224 8.96 
1.247 9.99 F9 249 9.96 
1.270 10.17 FE 254 10.16 
1.273 10.19 FF 255 10.20 
1.271 10.18 FE 254 10.16 
1.249 10.00 FA 250 10.00 
0.873 7.00 AF 176 7.04 
0.872 6.99 AE 175 1.00 
1.000 0.123 19 25 1.00 

The A/D converter has a ra.nge 0 - 10.20V in FF or 255 steps of 0.04V. 
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1 
Equipm('nt used: Dead Weight l'ester 

pSI V 

0 0.147 
20 0.251 
40 0.350 
60 0.450 
80 0.549 

100 0.649 
120 0.749 
140 0.850 
160 0.950 
180 1.050 
200 1.150 
220 1.250 
240 1.351 
260 1.451 
280 1.552 
300 1.653 
320 1.754 
340 1.855 
360 1.956 

v = (psig x .005) + .147 

( 
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Appendix E 

This section contains listings of the programs written for this project: 

- Constant time inter val data acquisition program 

- Triggered data acquisition program 

- System test and debug programs 

- Ve)ocity fluctuation program 

- Data analysis pro gram 
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Constant time interval data acquisition program 

0100 FE 0600 
0103 FF 031E 
0106 5F 
0107 F7 8001 
OlOA F7 8000 
0100 86 3E 
OlOF B7 8001 
0112 86 2J~ 
0114 B7 8001 
0117 86 18 
0119 B7 0310 
01lC CE 03FF 
011F 6F 00 
0121 08 
0122 8C 0526 
0125 26 Fa 
0127 CE 0000 
012A B6 8000 
0120 B6 8001 
0130 2A FB 
0132 C6 OF 
0134 5A 
0135 26 FO 
0137 B6 8000 
013A SF 
013B B6 8001 
013E 2B OC 
0140 SC 
0141 Cl FF 
0143 26 F6 
0145 08 
0146 8C 0500 
0149 26 EF 
014B 3F 
014C 7F 0300 
014F F7 0301 
0152 FF 0302 
0155 CE 0300 
0158 86 00 
015A C6 10 
015C BD 0330 
015F FF 0300 
0162 B6 0300 
0165 F6 0301 
0168 CB 72 
016A 89 00 
016C B7 0300 
016F F7 0301 
0172 CE 0302 

LOX #$0600 
STX $031E 
CLR B 
STA B PIA AC 
STA B PIA AD 
LDA A #$3E 
STA A PIA AC 
LDA A #$2E 
STA A PIA AC 
LDA A #$18 
STA A #0310 
LDX #$03FF 
CLR O,X 
INX 
CMP X $048F 
BNE (OllF) 
LDX #0000 
LDA A PIA AD 
LDA A PIA AC 
BPL (0120) 
LDA B #$OF 
DEC B 
BNE (0134) 
LDA A PIA AD 
CLR B 
LOA A PIA AC 
BMI (014C) 
INC B 
CMP B #$FF 
BNE (013B) 
INX 
CMP X #$0500 
BNE (013A) 
SWI 
CLR #$0300 
STA B $0301 
STX $0302 
LDX #$0300 
LDA A #$00 
LDA B #$10 
JSR MULT 
STX $0300 
LDA A $0300 
LDA B $0301 
ADD B #$72 
AOC A #$00 
STA A $0300 
STA B $0301 
LDX #$0302 

Set first transfer address 

Set PIA for DOR access 
Set DOR as input 
00111110 
Reset CA2 
00101110 
Set CAl and CA2 control 
24 
store number of cycles 
Set first storage address 
Clear memory 
Increment memory address 
Compare with last address 
Return if net finished 
Clear X register 
Reset CAl 
Check for CAl-TOC signal 
Return if no signal 
Set B for delay loep 
Decrement B 
Return if net zero 
Reset CAl 
Clear B for counting loop 
Check for CAl-TOC signal 
continue if signal 
Count number of loops 
Compare B reg. with max. value 
Return if less 
Count major loops 
Compare X reg. with max. value 
Return if less 
stop if too slow 

Store counters 

Load X with address of B count 
Load A and B with 0016 

Multiply B count*16 
Store result 

(B count*16)+ll4 
B+114 
A+carry 
Store result 

Load X with address of X count 



1 0175 86 OF 
0177 C6 FD 
0179 BD 0330 
017C FF 0304 
017F CE 0300 

0182 A7 02 
0184 E7 03 
0186 A6 04 
0188 E6 05 
018A EB 01 
018C A9 00 
018E A7 04 
0190 E7 05 
0192 A6 02 
0194 E6 03 
0196 C9 00 
0198 89 00 
019A A7 02 
019C E7 03 
019E 86 00 
OlAO C6 40 
01A2 CE 0302 

OlAS BD 0359 
01A8 86 0323 
OlAB 81 20 
01AO 20 01 
OlAF 08 
OlBO FF 0306 
01B3 86 92 
01B5 87 030E 
01B8 B6 0306 
01BB F6 0307 
01BE CO 20 
01CO 82 00 
01C2 CE 030A 
OlCS 6F 00 
01C7 6F 01 
01C9 A7 02 
OlCB E7 03 
OlCO 86 00 
01CF C6 06 
0101 BD 0359 
0104 FF 0300 
0107 CE 03FE 
010A B6 0323 
0100 81 01 
OlOF 20 OB 
01E1 81 03 
01E3 20 22 
OlES 81 05 
01E7 20 3A 

LDA A #$OF 
LDA B #$FD 
JSR MULT 
STX $0304 
LDX #$0300 

STA A 2,X 
STA B 3,X 
LDA A 4,X 
LDA 8 S,X 
ADD B l,X 
AOC A O,X 
STA A 4,X 
STA B S,X 
LDA A 2,X 
LDA B 3,X 
AOC B '$00 
AOC A '$00 
STA A 2,X 
STA B 3,X 
LDA A '$00 
LDA B #$40 
LDX #$0302 

JSR DIVIDE 
LDA A $0323 
CHP A '$20 
BLT (0180) 
INX 
STX $0306 
LDA A #$92 
STA A $030E 
LOA A $0306 
LDA B $0307 
SUB B ~$20 
SBC A *$00 
LDX f$030A 
CLR O,X 
CLR l,X 
STA A 2,X 
STA B 3,X 
LDA A *$00 
LDA B *$06 
JSR DIVIDE 
STX $0300 
LDX ~$03FE 
LDA A $0323 
CHP A #$01 
BLT (OlEC) 
CHP A #$03 
BLT (0207) 
CHP A '$05 
BLT (0223) 

A-37 

Load A and B with 4093 

Multiply X count*4093 
store result (last two bytes) 
Load X with address of 
(B count*16)+114 result 
store result (first two bytes) 

(4093*X)+«16*B)+114) 

store result (last two bytes) 

store result (first two bytes) 

Load A and B with 0064 

Load X with address of last 
result 
{4093*X)+«16*B)+114)/64 
Load A with rest 
Compare rest with 32 
Skip next step if less 
Round up result 
store result 
146 
Set nb. of measurements count 
Load A and B w. nb. of cycles 

Substract length of subroutine 
of 32 cycles 
Set registers for division 

Divide nb. cycles by 6 
Store result 
Set first storage address 
Load A with rest of division 
Select proper data acquisition 
subroutine for proper interval 



A-38 

1 01E9 7C 0301 INC $0301 Round out 5/6 to l 

OlEC B6 8000 LDA A PIA AD Reset CAl 
OlEF B6 8001 LDA A PIA AC Check for CA1-TDC signal 
01F2 2A FB BPL (OlEF) Return if no signal 
01F4 B6 8000 LDA A PIA AD Trigger pressure measurement 
01F7 A7 00 STA A O,X store last meas. in memory 
01F9 F6 0301 LDA B $0301 Set B for delay loop 
OlFC 08 INX Increment storage address 
01FD 7A 030E DEC $ 030E Decrement nb. measurements 
0200 27 3E BEQ (023F) Continue if zero 
0202 5A DEC B Delay loop 
0203 26 FD BNE (0202) Return if not zero 
0205 20 ED BRA (01F4 ) Take next measurement 

020'1 B6 8000 LDA A PIA AD Reset CAl 
020A B6 8001 LDA A PIA AC Check for CA1-TDC signal 
0200 2A FB BPL (020A) Return if no signal 
020F 86 8000 LDA A PIA AD Trigger pressure measurement 
0212 A1 00 STA A O,X store last meas. in memory 
0214 F6 0301 LDA B $0301 Set B for delay loop 
0217 08 INX Increment storage address 
0218 01 NOP Extra delay 
0219 7A 030E DEC $030E Decrement nb. measurement 
021C 27 22 BEQ (023F) Continue if zero 
021E 5A DEC B Delay loop 
021F 26 FD BNE (021E) Return if not zero 
0221 20 EC BRA (020F) Take next measurement 

0223 B6 8000 LOA A PIA AD Reset CAl 
0226 B6 8001 LDA A PIA AC Check for CAl-TOC signal 
0229 2A FB BPL (0226) Return if no signal 
022B B6 8000 LDA A PIA AD Trigger pressure measurement 
022E A7 00 STA A O,X Store last meas. in memory 
0230 F6 0301 LDA B $0301 Set B for delay loop 
0233 08 INX Increment storage address 
0234 01 NOP Extra delay 
0235 01 NOP 
0236 7A 030E OEC $030E Decrement nb. measurements 
0239 27 05 BEQ (023F) Continue if zero 
023A 5A OEC B Delay loop 
023B 26 FD BNE (023A) Return if ~ot zero 
0230 20 EB BRA (022B) Take next measurement 

023F C6 1F LOA B i$lF Set B for delay loop 
0241 5A OEC B 
0242 26 FD BNE (0241) Return if not zero 
0244 B6 8000 LOA A PIA AD Reset CAl 

{ 0247 B6 8001 LDA A PIA AC Check for CAl-TOC signal 
024A 2A FB BPL (0256) Return if no signal 
024C C6 1F LDA B i$lF Set B for delay loop 



A-39 

1 024E 5A DEC B 
024F CE 0410 LDX #$0410 Return if not zero 0252 7F 031F CLR $031F Transfer memory 0255 A6 00 LOA A O,X Load data 0257 E6 01 LOA B l,X 
0259 FF 031C STX $031C store source address 025C FE 031E LOX $031E Load destination address 025F A7 00 STA A O,X Store data 0261 E7 01 STA B l,X 
0263 08 INX 
0264 08 INX 
0265 FF 031E STX $031E 
0268 FE 031C LOX 031C 
026B 08 INX 
026C 08 INX 
0260 8C 048F CMPX $048F Check for end of data 0270 26 E3 SNE (0255) 
0272 7A 0310 DEC $0310 Decrement nb. of cycles 0275 27 03 BEQ (027A) Continue if zero 0277 7E 0127 JMP $0127 Return to measurement loop 027A FE 0304 LOX $0304 Time measur. in X 0270 3F SWI Stop 



0100 SF 
0101 F7 8001 
0104 F7 8000 
0107 86 3E 
0109 B7 8001 
010C 86 2E 
010E B7 8001 
0111 B7 8003 
0114 CE 01FC 
0117 B6 8000 
011A C6 03 
OllC F7 01F9 
011F C6 82 
0121 F7 OlFB 
0124 C6 OF 
0126 F7 01FA 
0129 B6 8001 
012C 2A FB 
012E C6 IF 
0130 SA 
0131 26 FD 
0133 B6 8002 
0136 B6 8003 
0139 2A FB 
013B 7A 01FA 
OllE 26 EE 
0140 B6 8000 

0143 A7 00 
0145 E7 01 
0147 08 
0148 08 
0149 7A 01FS 
014C 27 11 
014E C6 OF 
0150 SA 
0151 26 FD 
0153 B6 8002 
0156 5F 
0157 SC 
0158 86 8003 
015B 2B E3 
0150 20 Fa 
015F 7A 01F9 
0162 27 OB 
0164 C6 80 
0166 F7 OlFS 
0169 C6 DA 
016B 6F 02 
0160 01 
016E 20 El 
0170 C6 OF 

A-40 

Triggered data acquisition program 

CLR S 
STA B PIA AC 
STA S PIA AD 
LDA A #$3E 
STA A PIA AC 
LDA A #$2E 
STA A PIA AC 
STA A PIA BC 
LDX #$OIFC 
LOA A PIA AD 
LDA B #03 
STA B $01F9 
LDA B #$82 
STA B $OlFB 
LDA B #$OF 
STA B #$OlFA 
LDA A PIA AC 
BPL (0129) 
LDA B #$lF 
DEC B 
BNE (0130) 
LOA A PIA BD 
LOA A PIA BC 
BPL (0136) 
DEC $OlFA 
BNE (0136) 
LDA A PIA AD 

STA A O,X 
STA B l,X 
INX 
INX 
OEC $OlFA 
BEQ (015F) 
LOA B #$OF 
OEC B 
BNE 0150 
LOA A PIA BD 
CLR B 
INC B 
LDA A PIA BC 
BMI (0140) 
BRA (0157) 
DEC #OlF9 
BEQ (0170) 
LDA B #$80 
STA B $OlFS 
LDA B #$OA 
CLR 2, X 
NOP 
BRA (0150) 
LDA B #$OF 

Set PIA for DDR access 
Set DOR as input 
00111110 
Reset CA2 
00101110 
Set CAl and CA2 control 
Set CB1 control 
Load first storage address 
Reset CAl 

Store number of cycles 
130 
Store number of measurements 
15 
store nb. of pre-TOC signaIs 
Check for CAl-TOC signal 
Return if no signal 
Set B for delay loop 
Decrement B 
Return if not zero 
Reset CB2 
Check for CB1-position signal 
Return if no signal 
Decrement nb. pre-TOC signaIs 
Return if not zero 
Trigger pressure measurement 
and read previous one 
Store pressure measurement 
store time interval 
Increment storage address 

Decrement nb. measurements 
Continue if zero 
Set B for delay loop 
Decrement B 
Return if not zero 
Reset CBl 
Clear B register 
Count number of loops 
Check for CS1-position signal 
Return to measure if signal 
Return te count if no signal 
Decrement nb. of cycles count 
Continue if zero 
128 
Reset number of measurements 
Set B for delay loop 
Delay instruction 
Delay instruction 
Return to measurement loop 
Set B for delay loep 

, 

" 
1 
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, , 

1 0172 SA 
0173 26 FD 
0175 B6 8000 
0178 A7 00 
017A 3F 

DEC B 
BNE (0172) 
LDA A PIA AD 
STA A O,X 
SWI 

Decrement B 
Return if not zero 

A-4l 

Read last pressure measurement 
store pressure measurement 
stop 



PlAAC 
PlAAD 
PIABC 
PlABD 

A 
B 

C 

ORG $0100 
EQU $E07l 
EQU $E070 
EQU $E073 
EQU $E072 
CLR B 
STB PlAAC 
STB PlAAD 
LDA #$3C 
STA PlAAC 
LDA #$2C 
STA PlAAC 
STA PlABC 
LDA PlABD 
LDA PlABC 
BPL B 
LOB #$OF 
DEC B 
BNE C 
LDA PlABD 
BRA A 
SWI 
END 

A-42 

1.PRO.TXT 

lnitializa Pl~ 

Reset CBl 
Check CBl for position signal 

Delay loop 

Return 



1 

PlAAC 
PlAAD 

A 

ORG $0100 
EQU $E071 
EQU $E070 
CLR B 
STB PlAAC 
STB PlAAD 
LDA #$3C 
STA PlAAC 
LDA #$2C 
STA PlAAC 
LOA PlAAD 
NOP 
NOP 
NOP 
NOP 
BRA A 
SWI 
END 

1.PR02.TXT 

Initializa PIA 

Reset CA1-trigger SOC 
Delay 

Return 

A-43 



( 

PlAAC 
PlAAD 
PIABC 
PIABD 
PDATA 

Al 

Bl 

Cl 

A 
B 

C 
o 

CONV 

ORG $0100 
EQU $E071 
EQU $E070 
EQU $E073 
EQU $E072 
EQU $FDAE 
LDA #$82 
STA $0300 
CLR B 
STB PlAAC 
STB PlAAD 
LDA #$3C 
STA PlAAC 
LDA #$2C 
STA PlAAC 
STA PIABC 
LDA PlAAD 
LDA PlAAC 
BPL Al 
LOX #$0000 
LDA PlAAO 
LDA PlAAC 
BMI Cl 
INX 
BRA Bl 
STX $0302 
LOX #$03FF 
LOA PlAAO 
LOA PlAAC 
BPL B 
LOA PIABD 
LOA PIABC 
BPL 0 
LOA PlAAO 

STA O,X+ 
OEC $0300 
BNE C 
LOX '$0400 
LDY '$1000 
LOA O,X 
JSR CONVHL 
LOA O,X+ 
JSR CONVHR 
LOA O,X 
JSR CONVHL 
LOA O,X+ 
JSR CONVHR 
LDA 1$00 
STA O,Y+ 
LOA t$OA 

A-44 

1.PR03.TXT 

Set number of data points per cycle 

Initializa PIA 

Reset CAl 
Check CAl for TOC signal 

Clear timer 
Reset CAL 
Check CAL for TOC signal 

Count loops 

store time for one cycle 
Set memory address for data 
'Reset CAl 
Check CAl for TOC signal 

Reset CBl-trigger first measurement 
Check CBl for position signal 

Trigger measurement-read previous 
one-reset CBl 
Store measurement 
Decrement number of measurements 

Set memory addresses for data 
conversion ta ASCII 
Convert left half of first byte 

Convert right half of first byte 

Convert left half of second byte 

Convert right half of second byte 

Issue "Return" 

Issue "Line Feed" 



CONVHL 

CONVHR 

OUTCHA 

STA 0, Y+ 
LDA *$04 
STA O,Y+ 
CPX #$0500 
BNE CONV 
LDX $0302 
SWI 
LSRA 
LSRA 
LSRA 
LSRA 
AND A #$F 
ADD A #$30 
CMP A *$39 
BLS OUTCHA 
ADD A *7 
STA 0, Y+ 
RTS 
END 

A-45 

Issue "EOT" 

Check if all data converted 

Put first data point in X 

Conversion subroutine 
Prepare left half for conversion 

Convert hex value to ASCII 

Store converted character 



1 

PIAAC 
PIAAD 
PDATA 

Al 

START 

Bl 

Cl 

CONV 

CONVHL 

ORG $0100 
EQU ~Œ07l 
EQU $E070 
EQU $FOAE 
LDA #$FF 
STA $0300 
CtR. B 
STB PIAAC 
STB PIAAD 
LDA #$3C 
STA PIAAC 
LDA #$2C 
STA PIAAC 
LDY #$0400 
LDA PIAAD 
LDA PIAAC 
BPL Al 
LDX *$0000 
LDA PlAAD 
LDA PlAAe 
BMI Cl 
INX 
BRA Bl 
STX O,Y++ 
DEC $0300 
aNE START 
LDX #$0400 
LDY #$1000 
LDA 0, X 
JSR CONVHL 
LO) 0, X+ 
JSR CONVHR 
LOA 0, X 
JSR CONVHL 
LDA O,X+ 
JSR CONVHR 
LDA '$00 
STA 0, Y+ 
LDA '$OA 
STA 0, Y+ 
LDA '$04 
STA O,Y+ 
CPX '$0500 
BNE CONV 
LDX $0400 
LDY $04FE 
SWI 
LSRA 
LSRA 
LSRA 
LSRA 

1.PR04. TXT 

Set number of cycles to be timed 

Initializa PIA 

Reset CAl 
Check CAl for TDC signal 

Clear timer 
Reset CAl 
Check CAl for TDC signal 

Count loops 

Store time for one cycle 
Decrement number of cycles 
Return if not zero 
Set memory addresses for data 
conversion to ASCII 
Convert left half of first byte 

Convert right half of first byte 

Convert left haIt of second byte 

Convert right half of second byte 

Issue "Return" 

Issue "Line Feed" 

Issue "EOT" 

Check if aIl data converted 

Put first data point in X 
Put last data point in Y 

Conversion subroutine 
Prepare left half for conversion 

A-46 



1 CONVHR 

OUTCRA 

AND A #$F 
ADD A #$30 
CMP A #$39 
BLS OUTeRA 
ADD A #7 
STA O,Y+ 
RTS 
END 

A-47 

Convert hex value to ASCII 

store converted character 



A-48 

Velocity fluctuation program 

( 



';o,'-':;~"'- - - ... 
FORTRAN IV GI 

0001 

0002 
0003 
0004 

0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 
0014 
0015 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
0028 
0029 
0030 
0031 
0032 
0033 
0034 

0035 

0036 
0037 
0038 
00.19 

"- 0040 
0041 
0042 
0043 
0044 
0045 
0046 
0047 
0048 
nn4Q 

~---,o, 

-
.8ATCH FTG1CG F8GLOOO FaGL. C 010. 020 • .......................................................................... 

~ELEASE 2.0 ''''' 1 N DATE c 85103 201'29/iS 

REAL L. "UP. MU2P."U3 P.NU. Nl • M2. JO ... CK. MA. NP."C 129 •• XC 129 •• w< (774 •• 
_O"EGA( 129 •• 1. A .. eD4· ... GA .~OAD.I N.I NR .MAVG. SMOO TH C 129 •• e (128.3 •• 
• OATA1(2.129 •• 0ATA2C2.129t.WORK(2.1291 

INTEGEA ICHAR(]. 
INTEGEA.2 DATA. INPuTe 128 •• INPUT2C 128. 
DIMENSION TCI29'.CPHICI29 •• SPEEDCI29 •• SPEED1(129 •• 

-SPEEDZC 129,.YMAX(3,.YMIN(3. 
DATA ICHARI'·O •••••• ·S·I' 
MCI<= 1 • .141 
MA=O.087 
MP=0.178 
R=O.022225 
LaO .079375 
SCKzO.00504 
SR=0.OI65 
LAM 80A:K RI'L 
1 N=O. 003847849 
INRaO.00009316 
A=O .0028581 
FRING=7.S0 
MUP=O.0009 
MU2P=0 .0005 
MU3P=O.00005 
MU=0.30 
LOAD-O. 
REAOC5.100)(IHPUT(I •• I=I.128. 

100 FORNATCZ2,127'I'.Z2U 
CALL RPMCSPEED.INPUT. 
ANP-O. 
DO 2 1=1,129 
AMPaAMP+SPEEO" , 
XC l'a( 1-1 •• 5.625 

2 CONTINUE 
AMP=AMPI' 1 29. 
OMEGAM=.\MPt< 3.141593 n o. 
OMEGA' 1 '=OMEGA"*0.95 
CALL AV ERAG(SPEEO. SMOOTH. 

C _RI TE (6.101 t 
101 FORMATC'I'.6X,'PHI·,IOX,'F·,9X,'R· ,9X,·I»·.9)(,'O',9X,·""',9K,·"G' 

• ,8X " X') 
00 10 1 al, 129 
REAO(5,IOZ.DATA 

102 FOAMAT(Z2) 
VOL T=04T4.0.04.1'7. 5 
PRESS&«VOLT-O.l5 • .I'O.00539l 
IF (I.LT.33. GO TO 6 
IF Cl.LT.65' GO TO 5 
IF CI.LT.97. GO TO 6 

S SIGN-I. 
GO TO 7 

6 SJGN=-I. 
7 F='PRESS.A.6895.)+(F~ING.SIGN' 

PHI= CI -1 • *0.09817 
xPP = (ONEG~ .... '>,. o. trnr , ou. , ... Aun"''' .,."r . .. _ .... · 

:t>' 
1 
~ 
\0 
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0050 
0051 
0052 
0053 
005. 
0055 
0056 
0057 
0058 
0059 
0060 
0061 
0062 
0063 
0064 
0065 
0066 

0067 
0068 
0069 
0070 
0071 
0072 
0073 
007. 
0075 
0076 
0077 
001'8 
0079 
0080 
0081 
0082 
0083 
ooa. 
0085 
0086 
0087 
0088 
0089 
0090 
0091 
0092 
0093 
009. 
0095 
0096 
0097 
0098 
0099 
0100 
0101 
0102 

C 
103 

10 

106 
12 

15 

107 

108 

16 

109 

18 
IIU 

20 

AI= (F-"~XPP'/ (J-NU*L _804*5 INC~H Il.S IGliit t 
R2aRl-(NR.XPP.SR/L. 
Pa- -(MA., I-SA /L'.( O .. EGA .... 2 t .Rh (RZ. C I-LA"ElOA. C SI N (PHI ".2 ••• 
PlaR2.SINCPHI'.'I+LA .. SDA.COS(PHI •• 
P-SQRTCCPlee2.+(P2.ez •• 
Q'.P2-' .. CK.SCK.O .. EGA .... 21 
Q-SQAT«Ql •• Z.+(Pl •• Z •• 
PO=5.625.C 1-1' 
Ml-MUP·Q.0.OOOI27 
M2=NU2 P.P*O.OOD 12 7 
M3=MU3peA ,eo. 0000762 
SKAT=SQAT CC CL/R)eez)- CS IN(PHI .**2 J t 
RK=R.SIN(PHlleCCCOS(PHI./SKRT.+lt 
MGR=Rl*RK 
N",=NGR-Ml-M2-M3-LOAC 
COSCHI=SQATCCLe*2.-,CR.SINCPHII'.*21. 
xx .. A* CI-COS (PHI' • +C L.-COSCHI • 
_AI TEe 6.103. PO.F. RI .P. o ... , 1 •• MGA. xx 
FORMAT C5X.F7.3.6(2X.F8.1'.2X.F9.6. 
CPHll·(MP+MR'.CR •• 2'.C(SI~'PHI.+CLAM8DA.~.S.SIN(2.P~I.') •• Z. 
CPHI2-( (MA.(R •• 2 •• CL-$R.I+INR •• CCLAMBOA.COSCPHI •••• 2. 
CPH 1( 1 .= IN+CPHII +CPH12 
CONTINUE 
_AI TEC 6.106. 
FOA"ATC·l·.1UX.·THEORETICA~· •• X.·AVERA~; O .. E~A(lt·' 
SUN·OMEGA(I. 
ENERGY-CPHI« 1 • ec OMEGA( 1 , •• 2' 
00 15 1 =2.129 
M4VG-CM'I,.MCI-I.J/Z. 
ENERGV=ENERGV ... AVGeO.09817 
ONEGA( 1 )=SQRT CENEAGY/CPHI( ... ) 
SUM=SUN+OMEGACI' 
CONT INUE 
AVG =su M'12". 
WA 1 TE' 6. 107. A VCà • a ME Cà A (t • 
FORMATC25X.2CF10.3" 
IFCABS(OMEGAM-AVG'.LE.I.O) GOTO 18 
IFCCOMEGAM-AV(à •• GE.O •• GOTO 16 
OMEGA(1 '=OMEGA(I'-I.O 
IFIOMEGAC1I.LE.SO.' WAITEI6.10al 
FORMATC1X.'OMECàA(1. LE 80'. 
IF COMEGA(I •• LE.80.t STOP 
GOTO 12 
OMEGA(l.=OMEGACI'+I.O 
IFCOMEGACl '.GT.450.' WfUTE'6,109. 
FORMATe IX.'OMEGACI' GT 450" 
IF(OMEGACI '.GT •• 50 •• STOP 
GOTO 12 
.. R 1 TEe 6.llb'OME~AN 
FOAMAT C' EXPERIMENT AL AV ERAGE' .3X, F9. 2. 
00 20 J=I .129 
OMEGA'J I=OMEGACJ'.30.'3. 141593 
CONT INUE 
Ofi'lEGAM= C"'EGAM. 30. /3.141593 

l_n1b.!,nftwnrtr. wr scbnbiitMt:'5tt'7tft-' *?»1W\ t'1.ispnt..fv ..... % nh&'. t""J' f S ~! 

> 
1 
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0103 
0104 
010~ 
0106 
0107 
oloe 
0109 
0110 

0111 
0112 

0113 
0114 
0115 
0116 
0117 
Olle 
0119 
0120 
0121 
0122 
0123 
0124 
0125 
0126 
0127 
0128 
0129 
0130 
01.11 
0132 
0133 
0134 
0135 
0136 
0137 
0138 
0139 
0140 
0141 
0142 
0143 
014. 
0145 
0146 
0147 
0148 
0149 
0150 
0151 
0152 
0153 
0154 

112 

2!5 

113 
114 
115 

116 

117 
JO 

35 

VIIIO ~ 100 •• 1 NT(OMEGAIII/i 00 •• 
VillA xc 1 _.YIIIOY+ aoo. 
VIIII NC 1 t aV IIIOY-eGO. 
YIIIAX( 2' =YMAX (l' 
YMINC21=YMIN(I. 
V MA XC 3 t =Y MAX CI' 
YMI NC 31 =YMI NC 1. 
C~L OOPLOTC3.129.0.0 •• 5.625.IC~~R.Y~AX.~~IN.ONEGA.5P:EO.5NOOT~. 

• Y4. YS. Y6. 
WR 1 TE ( 6 • J 12. 
FORMAT "1 PHI SPEEO O~EGA SPEEo-O~EGA (5-01/5 >:Ll OEL2 

• 01-02 (01-02./02" 
AYY-O. 
00 25 '-1.129 
IPtti-C 1- U.5. 625 
RTyaOMEGACI' 
RTV2aSPEEDCJI-ATV 
RTV3aRTV2/SPEEO(I. 
OELI-SPEEDCI'-AMP 
OEL2-RTY-AMP 
OEL 3=OEL I-OEL2 
OEL4=OEL3/DELI 
AyyaAVV+ASS(RTY3. 
wRITEC6.113. IP~I.SPEêOCI' .ATY.RTY2.ATV).DELI .OEL2.DEL3.0EL. 
OAT AI , 1 .1 '=5PEEOC 1 , 
OAT Al C 2 .1 • aO. 0 
OATA2Cl.l,aOMEGAC!' 
OAT.\2C2.1 ,aO.O 
CONTINUE 
AVV._ VV/129. 
"AI TE C 6.114. 
WRI Tt;; (6.115. AVV 
FORMA te IX. 15. 3F 9.1. Fa. 3. 3F9. I.Fa. 3_ 
FORMATC' MEAN ABSC&S-O"S'" 
FORMATC IX.Fa.3. 
CALL FOURTC DATAI. 129.1.-&.'1 •• ORK .129. 
CALL FOUR1(OATA2 .129 .1.-I.I.WCRK.1291 
WR 1 TE C 6. 1 16. 
FORMATC'I'.IOX.'I'.6X.'TRANSFaR~ sPE:D·,12X.·OME.A·' 
DO 30 '-1,129 
WRI1E(6.117. 1.,ATA1CI.l.,DATAIC2,1 •• DATA2Cl.II.OATA2C2.1. 
FOAIIIAT(8x.13.4C3X.F9.3tt 
CONTINUE 
00 3S la9.129 
OAT Al (1 .1 • =0. 
DATAI( 2.1 '=0. 
DAT A2C 1.1.-0. 
OAT A2 (2 .1 ) sO • 
CONTINUE 
CALL FOURTCDATA1.129.1.1,I.WORK.129' 
CALL FOURTCOATA2.129.I.l.I •• ORK.129' 
00 40 J = 1,129 
SPEEOH I=OATA1( 1.11/129. 
OMEG_CI.=OATA2Cl.I./129. )1 

1 
UI 
~ 
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40 CONTINUE 0155 
0156 

0lS7 
0lS8 

C4LL ODPLOT'3.129.0.0 •• S• 6 2S.ICHAA.VMAX.VMIN.OMEGA.SPEEO.SNOOrH. -V4.VS.V6. 
STOP 
END 

-OPTIONS IN EFFECT. NOTEAN.ID.EBCDJC.SOURCE.NO~JST.NJDECK.~040.~lNAP.~OTEST -CPTIONS IN EFFECT. NANE. NAIN • LINECNT • 56 
.STATISTICS. SOURCE STATENENTS ;: 158.PAtlGR.,. SIZE • 17608 
-ST.TISTICS. NO DIAGNOSTICS GENERATEO 

1_ ~ ...... ~ .. ~~~_ ...... h ...... __ ~.L._._ 

).1 
1 

lJ1 
I\J 
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FORTRAN IV GI RELEASE 2.0 RPM 
000': 
0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 
0014 

15 

'lOG 

SU8ROUTINE APMeSPEED.INPUT' 
INTEGER*2 INPUTe 128) 
REAL SPEEDe 129' 
00 15 "=1.128 
SPEEDC .... INPUTC~ •• I. 
CONT INUE 
00 no K=I.128 
TIME=el .. SPEEOCK'+142'.1.04E-6 
SPEED (K .=60./( T IMe.6" • 
CONT INUE 
SPE EO' 1 • = « SPE EtH 2 ... SPEE 0 CI 28. t,2. 
SPEEO Cl 29 .=SPEEO' Il 
RETURN 
END 

DATE· 85113 

.OPTIONS IN EFFECT* NOTERM.ID.E8COIC.SOURCE.NOLIST.N~OEC~.L04D.NOMAD.~DTEST 

.OPTIONS IN EFFECT. NAME. RPM • LINECNT c 56 

.STATISTICS. SOURCE ST4TEMENTS = ' •• PROGR4M SIZE _ 536 

.STATISTICS. NO DIAGNOSTICS GENERATEO 

~ 

21'29'15 

> 
1 

VI 
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FORTRAN IV Gl RELE4SE 2.0 AVER4G DATE z S5U3 

0001 
0002 
0003 
0004 
OOOS 
0006 
0007 
oooe 
0009 
0010 
0011 
0012 

0013 
0014 

10 

20 

C 

5UBROVTINE 4VER4GCSPEEO.SNODTH' 
REAL SPEEO(129 •• SMOOTHel29,.INTEACl29' 
INTERC 1t=SPEEOCI '.O.75+SPEEO(2'.~.2S 
DO ID la2.128 
INTER,I'=SPEEOCI-lt*0.25+SPEEOCI.*0.S+SPEEOCI ••• *0.25 
CONTINUE 
INrER(129'=SPEEO(1281*0.25.5PEE~(129'*0.75 
SMODTHCI.-INTERC1'.O.7S+INTERC2t.0.25 
DO 20 1=2.128 
SMOOTHrll=INTERel-l •• o.25.INTERCI.*0.5.I~TER'I.ll.0.25 
CONTINUE 
5MOOTH'1291=5MDOTH(128 •• 0.25.5MOOTHel,.0.75 
D4T. 
RET~N 
END 

*OPTIONS IN EFFECT* NOTERM.10.E8COIC.SOURCE.NOLIST.NOOECK.L040.NOM4P.NOTEST 
.CPTIOHS 1 N EFFECT* NAME = AvER4G • L INECNT = S6 
.5'1ATI STI CS- SOURCE STATEMENTS = ' •• PROGRAM S IZE.., 1110 
*STATISTICS. NO ~JAGNOSTICS GENERATED 

*STATISTICS* NO DIAGNOSTICS THIS STEP 

VS LOADER 

OPTIONS USED - PRINT.NONAP.NOLET.CALL.NORES.NOTERN.SIZE.204800.NA~E=**GO 

TOTAL LEHGTH EA28 
ENTAY AOORESS 1J80lU 

lt/IItr 

ZD'Z9'15 

»1 
1 

01 
,j:>. 



.... 

THEORETICAL 

EXPERIMENTAL AVERAGE 

AVERAGE 
211.560 
210.6.10 

210.29 

OMEGAC 1 » 
199.778 
198.778 

-

~ 
1 

(JI 

U1 
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1.GRAPH.BAS 
Data analyEis program 

10 DIM 0(129) ,01(4,33) ,05(4,33) ,02(129) ,T(15) 
12 PRINT "DATA FILE TO BE ANALYZEO:" 

REM INPUT NAME OF FILE TO BE PROCESSED 
13 INPUT F$ 
14 PRINT "DO YOU WISH TO SHIFT DATA? ANSWER BY 0, N (LEFT) 

OR -N (RIGHT)" 
15 INPUT N1 

REM SHIFT TO CORRECT PHASE ERROR 
16 PRINT "DO YOU WISH A VERTICAL OFFSET? ANSWER BY 0 OR N 

(LOWER) Il 

17 INPUT N3 
REM OFFSET AND SCALE TO OPTIMIZE OUTPUT 

18 PRINT "INPUT SCALE FACTOR (NORMAL=1)" 
19 INPUT N2 
20 PRINT "DO YOU WANT NORMAL (N) OR LOG (L) PLOTTING?" 
25 INPUT G$ 
26 OPEN OLO F$ AS 1 
30 INPUT t1,A$ 

REM READ AND DISPLAY TITLE OF FILE 
40 PRINT A$ 

REM READ HEX DATA AND CONVERT TO ASCII 
50 FOR 1=1 TO 129 
60 INPUT t1,B$ 
70 D(I)=HEX(B$) 

REM COREECT INVALIO DATA 
80 IF 0(1)=0 TH EN 0(1)=0(1-1) 
100 NEXT (1) 

REM PERFORM SHIFT TO THE RIGHT 
101 IF N1=0 THEN GOTO 129 
102 IF N1>0 THEN GOTO 114 
103 FOR 1=1 TO -NI 
104 T(I)=O(I) 
105 NEXT l 
106 FOR 1=1 TO 129+N1 
107 D(I)=D(I-Nl) 
108 NEXT l 
109 FOR I=129+Nl+1 TO 129 
110 D(I)=T(I-(129+Nl» 
III NEXT l 
113 GOTO 129 

REM PERFORM SHIFT TO THE LEFT 
114 FOR I=129-N1+1 TO 129 
115 T(I-(129-N1»=D(I) 
116 NEXT l 
117 FOR 1=129 TO (N1+1) STEP -1 
118 D(I)=D(I-N1) 
119 NEXT l 
120 FOR I=N1 TO 1 STEP -1 
12 1 0 ( l ) =T ( l ) 
122 NEXT l 

REM BREAK DOWN DATA INTO FOUR STROKES 
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129 IF 0(1)=0 THEN 0(1)=0(129) 
130 FOR L=1 TO 33 
140 11=66-1:12=64+1:13=130-1 
150 01(1,1)=0(1) 
160 01(2,I)=0(11) 
170 01(3,1)=0(12) 
180 01(4,1)=0(13) 
190 NEXT 1 
195 FOR J=l TO 4 
200 GOSUB 1000 

A-57 

REM SUB 1000 CONVERTS PRESSURE-ANGLE DATA 1NTO PRESSURE­
VOLUME DATA 

205 NEXT J 
210 GOSUB 1500 

REM SUB 1500 REAS SEMBLES THE FOUR STROKES INTO ONE 
VARIABLE 
REM INVOKE "BASGRAPH" TO 01SPLAY P-V DIAGRAM 

215 HT%=2 
220 CO%=O 
230 XV=O:YV=O:GOSUB 30000 
240 CO%=2 
250 XV=2:YV=1:GOSUB 30000 

REM PLOT FIRST STROKE 
260 FOR 1=1 TO 32 
270 CO%=3 
275 IF G$="L" THEN 292 

REM NORMAL PLOTTING 
280 YV=N2*D2(I)+1-N3 
290 XV=XV+0.08 
291 GOTO 300 

REM LOG PLOTT1NG 
292 YV=N2*LOG(D2(I»+1-N3 
294 XV=3.66*LOG(I*0.0258+0.1742)+6.5 
300 GOSUB 30000 
310 NEXT 1 

REM PLOT SECOND STROIŒ 
320 FOR 1=33 TO 64 
330 CO'=3 
335 IF G$="L" THEN 352 

REM NORMAL PLOTTING 
340 YV=N2*02(I)+1-N3 
350 XV=XV-0.08 
351 GOTO 360 

REM LOG PLOTTING 
352 YV=N2*LOG(02(I»+1-N3 
154 XV=3.66*LO~«65-1)*0.0258+0.1742)+6.5 
.J60 GOSUB 30000 
370 NEXT 1 

REM PLOT THIRD STROKE 
380 FOR 1=65 TO 96 
390 CD%=3 
395 IF G$="L" THEN 412 

REM NORMAL PLOTTING 
400 YV=N2*D2(I)+1-N3 



l 

1 

410 XV=XV+0.08 
411 GOTO 420 

REM LOG PLOTTING 
412 YV=N2*LOG(02(I))+1-N3 
414 XV=3.66*LOG«I-64)*0.0258+0.1742)+6.5 
420 G05UB 30000 
430 NEXT l 

REM PLOT FOURTH STROKE 
440 FOR 1=97 TO 128 
450 COt=3 
455 IF G$="L" THEN 472 

REM NORMAL PLOTTING 
460 ~V=N2*02(I)+1-N3 
470 XV=XV-0.08 
471 GOTO 480 

REM LOG PLOTTING 
472 YV=N2*LOG(02(I»+1-N3 
474 XV=3.66*LOG«129-I) *0.0258+0.1742)+6.5 
360 G05UB 30000 
370 NEXT l 
500 CLOSE 1 
505 XV=2"YV=0:GOSUB 30000 
510 INPUT C$ 
520 CO\=4 
530 XV=2:YV=0:GOSUB 30000 
540 IF C$="YE5" THEN GOTO 12 
550 STOP 

SUBROUTINE 1000 

10000S(J,1)zOl(J,l) 
1010 OS(J,2)z.815*01(J,4)+.185*01(J,5) 
102005(J,3)=.46l*01(J,5)+.538*01(J,6) 
103005(J,4)-.391*01(J,6)+.609*01(J,7) 
104005(J,5)-.471*01(J,7)+.529*01(J,8) 
105005(J,6)-.640*01(J,8)+.360*01(J,9) 
106005(J,7)-.868*01(J,9)+.132*01(J,10) 
1070 05(J,8)-.147*01(J,9)+.853*~1(J,10) 
108005(J,9)-.461*01(J,10)+.539*01(J,11) 
109005(J,10)-.793*01(J,11)+.207*01(J,12) 
110005(J,11)-.146*01(J,11)+.354*01(J,12) 
111005(J,12)-.515*01(J,12)+.485*01(J,13) 
112005(J,13)=.890*01(J,13)+.110*01(J,14) 
113005(J,14)=.273*01(J,13)+.727*01(J,14) 
114005(J,15)=.659*01(J,14)+.341*01(J,lS) 
115005(J,16)=.045*01(J,14)+.955*01(J,15) 
116005(J,17)-.428*01(J,15)+.572*01(J,16) 
117005(J,18)-.808*01(J,16)+.192*01(J,17) 
11800S(J,19)=.179*01(J,16)+.821*01(J,17) 
119005(J,20)=.537*01(J,17)+.463*01(J,18) 
120005(J,21)-.886*01(J,18)+.114*01(J,19) 
12100S(J,22)=.214*01(J,18)+.786*01(J,19) 
1220 OS (J, 23) =.518*01 (J, 19) +.482*01 (J, 20) 
123005(J,24)=.800*01(J,20)+.200*01(J,21) 

• 
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1240 OS(J,25)=.050*01(J,20)+.950*01(J,21} 
1250 OS(J,26)=.249*01(J,21)+.751*01(J,22) 
12600S(J,27)=.399*01(J,22)+.601*01(J,23) 
1270 05(J,28)=.481*01(J,23)+.519*01(J,24) 
1~80 05(J,29)=.472*01(J,24)+.528*01(J,25) 
1290 05(J,30)=.331*01(J,25)+.669*01(J,26) 
1300 OS(J,31)=01(J,27) 
1310 OS(J,32)=.220*01(J,28)+.780*01(J,29) 
1320 OS(J,33)=01(J,33) 
1330 RETURN 

1500 FOR 1=1 Ta 33 
1510 02(1)=05(1,1) 
1520 NEXT l 
1530 FOR 1=34 Ta 65 
1540 J=66-1 
1550 02(1)=05(2,J) 
1560 NEXT l 
1570 FOR 1=66 TO 97 
1580 J=1-64 
1590 02(I)=05(3,J) 
1600 NEXT l 
1610 FOR 1=9& TO 129 
1620 J=130-1 
1630 02(1)=05(4,J) 
1640 NEXT l 
1650 RETURN 

SUBROUTINE 150Q 
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