CYLINDER WALL TEMPERATURE MEASUREMENT IN AN

AIR-COOLED TWO-STROKE CYCLE S.I. ENGINE



ABSTRACT

The cylinder wall surface temperature of an engine
has effects on lubrication, on pollution, on heat transfer
and on engine operating problems. An experimental study of
the cylinder wall surface temperatures on an air-cooled
two-stroke cycle S.I. engine was conducted to determine the

effects of speed, load and fuel-oil ratio on the cylinder wall

surface temperature.

A suitable engine was coupled to a dynamometer
and instrumented to provide data on interior and exterior
cylinder wall temperatures, engine speed and load, and fuel
and air flow rates. Three co-axial surface thermocouples,
having a thermal junction 6 microns below the combustion
chamber surface were used to measure the time averaged
cylinder wall surface temperature at various operating
conditions. From the results of this experiment, it was found
that cylinder wall surface temperature increases with speed
and load, though in the latter case it decreasés when load
ig increased above half the maximum brake mean effective
pressure. 1t was also found that as bsfc increases the

cylinder wall surface temperature decreases.
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CHAPTER 1

INTRODUCTION

The development and application of air-cooled
two-stroke cycle S.I. engines have been carried ocut for the
last few decades. Although in former years, no substantial
problems regarding piston wear, ring gumming, scuffing and
piston seizure etc. resulted froﬁ the operation of the
engine, to-day the modern high speed air-cooled two-stroke
cycle engines are experiencing these problems at an
increasing rate. This could lead to serious operational
disturbances, if not to the total deterioration and

destruction of engines.

Tt is to be pointed out here that a multituwde of
factors affect these problem areas such as breakdown of
lubricant film, inadequacy of fuel oil mixing, shortage of
additives and high cooling air temperature. These prcblems
could be understood better if more investigations were to |,
be carried out. Apart from the material structure of the
engine, the engine design criteria and lubricant properties,
temperature measurement of the cylinder walllsurface is
considered one of the essential factors contributing to

these engine problems.

The purpose of the present investigation is to
develop a method to measure the cylinder wall surface

temperature (abbreviated as CST henceforth) of an air-cooled



two-stroke cycle engine. This method could hopefully be
ultilized in industry where engineers are currently using
subsurface thermocouples embedded as close to the cylinder
wall surface as possible. It is also expected that the
development of this method will facilitate further studies
in the areas of: CST effects on lubricant film, QST effects
on cylinder and piston‘wear, 0ST as a means to calculate
heat flux, and the CST influences on exhaust hydrocarboﬁ

concentration of this type of engine.

During the course of this investigation, a Kohler
air-cooled two-stroke cycle S;I. engine was employed. The
engine was mounted on a gspecially built test bed wifh its
power output absorbed by a Heenan & Froude hydraulic
dynamometer. CST measuring methods were reviewed. Rendersky
type (1)* co-axial thermccouples were chosen to be installed
on the cylinder wall to render direct temperature measure-
ments. Details of this type of thermocouple are given in

chapter 2.

A brief description of the CST effects based on &

literature survey is discussed in the following paragraphs.

Bffect of C3ST on lubricant film

In the case of engine lubrication, ordinary
hydrodynamic lubrication theory is not directly applicable.
0ST measurement shows that the lubricant film eiperiences a
peak temperature exceeding its recommended temperature

range which is 250°F %o 400°F (2).

* Numbers in parenthesis designate references on p. 107.



The questions arising here are how to maintain a
steady lubricant film on the cylinder wall liner and how
this lubricant film behaves in the actual running condition?
What temperature range is the lubricant film facing in the
air-coolgd two-stroke cycle S.I. engines? Will the lubricant
£ilm have enough time to degrade or decompose and consequently
lose its lubricating properties? These questions are not

clearly understood and should be the subject of future

studies.

Generally speaking, through the maintenance of the
Jubricant film on the cylinder wall liner, many operating
problems such as piston seizure, piston ring wear, cylinder
liner wear, and scuffing are avoided. This is discussed in
detail in appendix A where base oils, additives, fuel-o0il
- yatio and their influences on engine operating problems are

outlined.

Lubricant film thickness has been measured in many
past experiments. Various methods were discussed by Poppinga
(3). Contradicting regsults were published by using the
electrical and optical approaches (4) and (5). Shaw and
Nussdorfer (45 concluded in their work that the lubricant
£i1m is continuous, but Courtney, Pratt and Tudor (5) said
that the lubricant film never exists continuously throughout
the entire cycle of operation. Nevertheless, the dependence
of ¢he lubricant f£ilm on CST is obvious. Poppinga (3) in his
book noted that the temperature jnfluences the thermal



conductivity of the lubricant film existing in the cylinder
chamber considerably. He also mentioned that thermal des-
truction of the lubricant film exists at both extremely low

and high cylinder wall liner temperatures.

rabor (6) concluded that the temperature at which
boundary lubrication occurs could be a measure of'the
strength with which the lubricant f£ilm adheres to the
surface, the higher the temperature, the more strongly is
the film adscrbed on the surface. Here, of course, the rate
of oxidation and thermal deterioration of the lubricant film
should be carefully observed and studied to prevent failure
of the lubricant film at extremely high temperatures as was
pointed out by Courtney Pratt and Tudor (5). They revealed
that a great amount of deterioration in the lubricant film
resvlted as the temperature of the component parts of the

engine increased.

Effect of CST on cylinder and piston ring wear

The probiém of wear is approached, in many cases,
through discussion of those conditions most closely associafed
with wear; the temperature of the moving parts, their
material and design, and the characteristics of the lubricant

used on these surfaces.

Nutt, Landen and Edgar (7) discussed the effects
of surface temperature on wear of diesel engine cylinders

and piston rings in detail. Although their work 1s not



expected to apply to all other conditions and engines, a
similar correlation may prove to be adequate to derive the
condition of cylinder wear., It is shown in their work that
the wear rate of the piston is high at low cooling jacket
temperature (which is a linear function of the liner tempe-
rature in their case), it decreases as the cooling jacket
temperature increases and again rises while cooling Jjacket
temperature rises still higher than 175°F. A coincidence |
in Poppinga's book (3) pointed out that wear at low CST
(70°F, say) is very high, it soon drops down as CST increases.
But this wear rate again increases when the CST reaches
436°F. He also mentioned that there is an increase in wear
in the upper part of the cylinder as well as in the case of
the uppermost piston rings when subjected to high CST.

It is of no doubt that wear is a most undesirable
aspect of engine operation. It is realized that CST is not
the sole factor that governs this ﬁroblem, yet, more

research in this area should be promoted to clarify the

gsituation.

'CST_as_a means_ to find heat flux

Heat flux at the surface of cylinder wall could
be computed with the aid of CST measurement. The basic

equation for this computation (neglecting heat radiation)

ls -

() = B (1) (2,(8) = T, () (1.1)



Such work has been carried out by numerous
regsearchers on various types of engines (see reférence 8,9,
40 and 11). Evaluation of the average heat flux could be
achieved with the help of equation (1.1). Also, the instan-
taneous heat flux could be evaluated by measuring the
instantaneous CST with a high speed recording system as done

by. LeFeuvre, Myers, Uyehara and Snipinski (12).

The heat flux thus obtained could possibly be
verified from heat transfer across the cylinder wall by
assuming one~dimensional heat flow through the cylinder wall.

This is given below as:
20/5t = 221/2%° (1.2)

The heat flux solved from egquation (1.2) at X = O,
i.e. at the gas side surface should equal the hgat flux
computed by equation (1.1) using empirical data suggested
by Annand (8), Nusselt (8), Eichelberg (9), Overbye (10) and
LeFeuvre (11). . ' ‘

csST influences the heat transfer coefficient

Jaklitsch in the discussion section of Vincent and
Henein's paper (13) stated clearly the dependency of heat
transfer coefficient of convection between gas and cylinder

wall., The equation given is as follows:
h, = 23500 p/(RT,) + 4.9 To/Ty (1.3)

From the above equation, jt can be observed that the

heat transfer coefficient of convection is inversely



proportional to the CST and hence the influence of CGST should

not be overlooked in determining the heat transfer coefficient

of convection.

Effects of CST on exhaust hydrocarbon concentration

Two-stroke cycle engines are contributing signifi-
cant hydrocarbon pollutants. Early investigationg about engine
variable effects on exhaust hydrocarbon concentration ({4),
(15) founa that an increased coolant temperature reduced the
exhaust hydrocarbon concentration. Also Wentworth (16)
revealed that increasing the combustion chamber surface
temperature lowers the exhaust hydrocarbon concentration and
he finally concluded that the exhaust hydrccarbon concentra-

tion is a function of the average surface liner temperature.

Analyses of the cylinder and the exhaust gas
compuvgition could possibly be carried out in a émall two-stroke
cycle S.I. engine as was suggested by Ohigashi and .Hamamoto
(17). The relationship betwéen the hydrocarbon concentration
and the CST could therefore be established for two-stroke

cycle S.I. engines with the help of this investigation.



CHAPTER 2

EQUIPMENT AND INSTRUMENTATION

The equipment and instrumentation which were used
in the present investigation are described in this chapter.
Details of the test bed, engine, dynamometer, their arran-

gement, and the measuring instrumentation are described in

the following sections.
2.1 Test bed

Engine vibration was found a major problem in
running two-stroke cycle engine tests by N.R.C., Nortran
and Kohler of Canada. This vibration problem was also noted
by Kagzzard (18). In order to eliminate this problem, a heavy
test block should be used 80 as to provide a low natural
frequency of oscillation of the base. Since the vibration
tranamission is depended on the ratio of natural frequency

to applied frequency (19), i.e.,
Pransmissibility = 1/((f/fn)2 - 1) (2.1)

the transmissibility could be reduced by using a heavy ©tlock
. for the same applied frequency and therefore restricts the

running dynamic amplitude of the unit.

The test bed installed is of the concrete block
type. A schematic diagram of the test bed installation is
shown in Fig. 2.1. I-bz=ams were émbedded in the concrete
block to accommodate future changes of set up. This was done

with great care especially in leveling the surfaces of the



I-beams. Adjustable stands were made to supported the I-beams
before pouring the concrete. Leveling was checked before and
after the completion of the test bed. It was so arranged that
two sets of I-beams were separated to allow independent
mounting of the engine and the dynamometer. This has the
advantage that the dynamometer is not sub jected to engine

vibrations which may be deleterioﬁs to the torgque measuring

mechanism and affect its accuracy.

2.2 Engine

.The engine chosen for the present investigation is
a Kohler K440-2AX model air-cooled two-stroke S.I. engine.
Specification of this engine is given in mable 2.1. Other
engines such as a chain saw engine and a lawn mover engine
have also been considered. As a result of the growing market
of snowmobile engines (19), it was decided that investigation

on this particular engine seemed appropriate.

2.2.1 Modification of engine ignition system

An electric starter was added to the manual start
Konhler engine in this investigation. The detailled wiring
diagram per Kohler service manual is shown in Fig. 2.2. A
rpm meter was connected to the ignition coil as well. The
engine was timed by a dial indicator to the manufécturer's
specification. Ignition at 20° BTDC was set (without
automatic spark advancing mechanism). Braker-point gaps and

gspark plug gaps were gset to 0.016 in. ard 0.020 in. respectively.
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2.2.2 Muffler system

An ACS 1804-31A muffler was used for this engine
according to the manufacturer's recommendation. The muffler
was connected to the engine through a Y manifold and was

supported by a stiffener to avoid vibration caused by the

unsteady exhaust flow.

2.2.3 Engine power data

Power data supplied by Kohler of Canada was checked
' %0 assure engine performance. Results shown are satisfactory
after the engine was timed to the appropriatg point.of
ignition. This is shown in Fig. 2.3. Values at speeds higher
t+han 5,500 rpm were difficult fo obtain due to the back

pressure built up in the exhaust system existing in the test

cell.

2.3 Dynamometer

A Heenan & Froude hydraulic dynamometer model D.P.
X.0. was selected for the present investigation. The advan-
tages of using this dynamometer are: its comparatively low
cost, minimum maintenance required, and it covers all ranges

of operating speeds and power output for this engine.

Specification of the dynamometer is given in Fig.
2.4. Water inlet pressure was measured by a pressure gage
made by Webster Air Equipment Ltd.. The water outlet tempe-
rature was read through a thermometer installed in the out-

let water passageway. Both of these measuremenis were used
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as indications for the standard operating condition of the

dynamometer.

2.4 Arrangement of engine, carden shaft, coupling and the

dxnamometer

The dynamometer is connected to the engine by a
carden shaft and a flexible coupling. A photograph of this
arrangement is shown in Fig. 2.5. In addition, a schematic
diagram is given in Fig. 2.6. The design of this arrangement
was based on the recommendation suggested by the dynamometer

manufacturer to give the least misalignment and whirling.

2.5 Instrumentation used for measurement

2.5.1 Speed measurement

A Hewlett Packard 5310A electric digital counter
was used to read the engine speed. Signals were directed
from the dynamometer shaft by a magnetic sensing element.

A supplementary rpm meter was also used for speed indication,
this rpm meter was connected to the primary ignition coil of
the engine ignition system.

2.5.2 Fuel flow measurement

The fuel flow is measured by using a "Manostat"
(variable area flow meter) made by Fisher Scientific Co.
Phe fuel-oil mixture flows from the gasoline supply line
through the Manostat into the carburetor aii consequently
shows a reading on the Manostat. The reéding will then be

converted into flow rate by using an appropriate conversion
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curve (see Fig. 2.7) which was obtained with help of fuel-oil

density and viscosity measurements.

Steps to obtain these conversion curves are :-

(a) to measure the viscosity of the fuel-oil
mixture; a "Temp-Trol" bath and a 50/D489
viscometer from Precision Scientific Co. were
used to find the viscosities of the fuel-oil
mixture as is shown in Fig. 2.8. This instru-
ment allowé the calculation of a viscosity
influence number which relates to the fuel-oil
flow rate.

(b) to measure the density of the fuel-o0il mixtures
the density of the fuel-oil mixture was
determined by weighing a known volume of the
mixture on an electric balance made by E.
Mettler Zurich Co.

(¢) to compute the flow rates versus "Manostat"
readings according to supplier's catalog.
Petails of the computation are given in

appendix B.

Direct measurements were taken in order to check
the accuracy of the conversion curves. A comparison between
the direct measurements versus nManostat" readings and the
computed curve shows an average deviation of approximately

1% for fuel-oil ratio at 20:1. This is shown in Fig. 2.9.
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2.5.3 Air flow measurement

Intake air to the carburetor was measured by an

orifice-type air container. Details are given in appendix C.
2.5.4 Temperature measurement

The null methcd was adopted for the temperature
measurement in the present investigation. T type (copper-
-constantan), J type (iron-constantan), K type (chromel-
-alumel) and spark plug gasket thermocouples (T type) were
used for temperature measuremenf ét the exterior cylinder wall
surface, thé cylinder wall inner surface (csT), exhaust
manifold and spark plug gasket respectively. Their location
and installation are given separately in the following

paragraphs.

(a) T type thermocouples (copper-constantan): The
T type thermocouples were made to acquire
jnformation on the external cylinder surface.
A Dynatech 416 Td welder made by Precision
Scientific was used to weld these thermocouples.
Sixteen thermocouple junctions were held on
the external cylinder surface by plastic
aluminum. Outputs of these thermocouples were
connected to a selector switch, to permit
readout with a potentiometer.

(b) J type thermocouples (iron—constantan): Special

Bendersky type (1) thermocouples were chosen
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to measure the CST. These thermocouples allow
the direct measurement of the cylinder wall
surface temperature. A sketch of this type of
co-axial thermocouples from Midtherm Co. is
shown in Fig. 2.10.

mhis Bendersky type thermocouple was selected
for its similarity in material (iron sleeve)
with the cylinder sleeve. This limits the change
of heat transfer phenomena through the cylinder
wall as much as possible.

The co-axial surface thermocouples were mounted
flush to the cylinder surface. However, there
existed a slight difference between the co-axial
thermocouple surface and the cylinder wall
surface. This is due to the curvature of the
cylinder wall surface. Calculation showed the
difference is approximately 0.0007 in. and is
therefore negligible.

During installation, it was intended not to
change.the feature of the original design,
hence, the disturbance to the fins was minimal
as shown in the installation detail in Fig. 2.11.
Special bushings were made to ensure locking

of the co-axial thermocouples which were
threaded into the cylinder block. Graphite

powder was employed for easy replacement.



15

The graphite powder was also used to seal the
clearance between.the threads to avoid any
leakage of pressure caused by the installation
of the thermocouples. The leakage was shown to
be negligible both analytically (appendix D)
and experimentally (Fig. 2.3).

(c) Location of the J type and the T type thermo-

(a)

couples: The regions of highest suspected tem-
perature on the cylinder surface were selectéd
to locate the J type co-axial thermocouples.
They are on the first cylinder which is the
one closest to the air shroud exit since this
cylinder generally runs hotter. Three spots
gelected are ¢ A - 24° from TDC, B - 128°
from TDC (close to BDC) and C - 86° from TDC
(near the exhaust port) as shown in Fig. 2.12.
External surface thermocouples of T type were
located at various places on both cyiinders.
Efforts were made to locate some of the T type
thermocouples (No. 1,.2, 4 and T7) in the
vicinity of the co-axial J type thermocouples.
Detail locations are shown in Fig. 2.12 and
Fig. 2.13, .

Megopak K type thermocouples: Two Megopak K
type thermocouples from Honeywell Co. were
used to measure the exhaust temperature of

both cylinders. To allow installation,
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additional plates were welded onto the exhaust
pipes. Both thermocouples were threaded into
the insulated exhaust pipes and their sensing
junctions were set at the centres of the
exhaust pipes. .

(e) Spark plug gasket thermocouples: Two spark plug
gasket thermocouples were installed to check
the spark plug temperatures which should not
exceed 500°F during engine operation. Readings

are shown directly on temperature indicators.

The outputs from the J type and XK type thermocouples
were connected to a multichannel recorder, model MC 611, made
by Watanabe Instruments Corp. The outputs from the T type
thermocouples were connected to a potentiometer made by
Leeds & Northrup Co. These two recording devices gave the

same mv reading when subjected to the same input.

The J type, K type and T type thermoéouples were
checked before installation. The calibration check was mainly
to determine the emf developed by these the:mocouples as a
function of the temperature difference between their measuring

junctions and a cold junction at the ice point, i.e. 32°F.

A comparison technique (20) was adopted as the
standard calibration method. Measurements were taken from a
low temperature to the boiling point of water. They were
compared with standard thermometer readings. A constant

temperature water bath was used for this calibration. Results



were found satisfactory and they are shown in Table 2.2.
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CHAPTER 3

EXPERIMENTAL DATA AND RESULTS

Preliminary test runs were performed after the set
up was completed. The engine was run continuously for break-
-in at the rated power of 6 Bhp at 3,000 rpm for one hour
and followed by another hour at 8 Bhp at 4,000 rpm according
to the 'Safety Standards for Small craft" (21).

Engine performance was agssured after the break-in
as was noted in section 2.2.3. A total of eighty hours test-
ing was carried out and 141 successive data points were
collected in this experiment. pifficulties were experienced
while tests were tried at speeds higher than 5,000 rpm. At
nigh speeds, it was found difficult to maintain either the

speed or the load for a period long enough to obtain a steady
CSTe.

During the investigation, the author has a chance
to observe the cylinder wall surface after fourty hours of
test run. There was no signs of significant wear or scuffing.
This observation was made during the replaqement of one of

the co-axial thermocouples which was accidentally broken.

The parameters selected for investigation, test
run procedure and precautions, the repeatability of the
experiment as well as the accuracy of experimental results,
and the experimental results themselves are presented in the.

following sections.

i8



3.1 Parameters

In the present investigation of CST, engine
speed (from 3,000 rpm to 5,000 rpm) and bmep (from 5 psi
to 60 psi) are the two major parameters. Another parameter
considered is the fuel-oil ratio; which is varied from

20:1 to 60:1.

3.2 Test Runs

A fuel-oil ratio of 20:1 was first selected to
perform the constant load and constant speed test. This
was followed by fuel-oil ratio.of 40:1 and then 60:1. For
each change of fuel-oil ratio, the crankcase was drained
by removing the cover at the bottom of the engine. A
two-hour test run at 4,000 rpm, 5 1lbs loading was performed.
since there is no guideline to be followed (14, 21, 22 and
23), it is believed that a two-hour test run would wash
away the residual fuel-o0il mixture remaining in the
crankcase, combustion gas chamber and the.carburetion

system,

Tor each test run, the engine opefating condition
was kept steady for a period long enough to allow constant
outputs from the thermocouples. It was usually from 10
minutesvto 15 minutes after a warming up period of 20

minutes. Precautions for teat runs are listed in Table 3.1.
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3.3 Repeatability of results'

The repeatability of the present investigation

was checked by repeating a standard condition at random

intervals.

In Table 3.2, test runs No. 7, 16, 29,.30, 31,
52, 62, 64, 101 were performed to obtain CST versus bmep
curve at 3,600 rpm and a fuel-oil ratio of 20:1, while
test runs No. 102, 104, 111, 117 and 129 were performed
later at the same speed and the fuel-oil ratio. The results
reveal that both test run data fell on the same curve for

211 three co-axial J type thermocouples as shown in Figure

3.1,

%2.4 Sources of grror

There always exists possible errors in the
experimental results. In the presént experiment, however,
a2 theoretical analysis of .the overall effects of all
possible errors on the experimental results of CST is not
applicable. It is therefore important to know the limits
of error of every individual portion that affects the
results. The sources of error, in this experiment, are
the water pressure, the room temperature, the engine speed,
the accuracj of thermocouples, the multichannel recorder

deviation and the visual mistakes.

(a) Water pressure - There is some flutuation

on the water supply pressure. kEven though the

fluctuation is not severe and sometimes hardly



21

noticeable, still, it has some effect during
a steady run. In order to eliminate this
problem, inlet water pressure to the dynamo-
meter was always kept at maximum allowable
pressure of 40 + 2 psi.

(v) Room temperature - The test cell room tempera-
ture is controllable by means of air dampers
located in the ceiling of the cell to the
extent of maintaining thé day-to-day room
temperature. It was found impossible to change
the room température as desired.

(c) Engine speed - Fluctuation of engine speed was
observed during the test runs. Maximum fluctua-
tion was + 20 rpm.

(d) Accﬁracy of thermocouples — The limits of error
of the thermocouples are shown in Table 33

- (24).

(e) Multirecorder error - The linearity of the
multirecorder is + 0.3% at full scale according
to the manufacturer's manual.

(£f) Visual mistakes - Visual mistakes in reading
all instruments are inevitable. These were

minimized by double checking the readings.

3.5 Experimental results

Experimental results are tabulated in Table 3.4,
Table 3.5 and Table 3.6 where operating conditions for test
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runs, test data of CST and exhaust gas temperature and the

external cylinder surface temperature test data are listed

in detail.



CHAPTER 4

DISCUSSION AND CONCLUSIONS

The present investigation demonstrates a method of
measuring cylinder wall surface temperature on an air-cooled

two-stroke cycle S.I. engine. This is the first time that

this method of {ST measurement has been used to determine

+he lubricated wall temperature of a two-stroke cycle engine.

The CSTs obtained at the three locations mentioned
in section 2.5.4 show some differences. It was found that
the highest temperature occurs near the TDC at the air shroud
exit side as compared with the other two locations near BbC

and the exhaust port. The highesf CST experienced was appro-
ximately 510°F.

In this chapter, the CST dependency on bmep, On
speed and on fuel-o0il ratio are discussed. The néture and
the trend of curves showing CST versus various parameters
are plotted and studiled. The external cylinder surface tem~-
perature and exhaust gas temperature are also discussed.
Several conclusions are drawn from experimental rgsults at

the end of this chapter.

All curves shown in this chaptef (éxcept those
specified) are for the co—axial thermocouple A which is
located 240 from the TDC. Other curves showing similar
results (co-axial thermocouples B and C) are given in

Fig. 4.10 to Fig. 4. 24.

2%
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4.1 CST and its bmep dependency

Figures 4.1, 4.2 and 4.3 show the CST versus bmep
at various constant speeds for fuel-oil ratio at 20:1, 40:1,

and 60:1 respectively.

It is interesting to note that CST increases as
the bmep increases initially, but this increase iévfollowed
by a decrease at high bmep values. This could be observeé
from all the three figures presented. Similar results were
found by Underwood and Catlin (25) in their measurements on
piston crown temperature of a six cylinder two-cycle diesel
engine. Despite the difference in measuring positions in the
engine, this trend of decreasing cylinder chamber surface
temperature at high loadings is a very interesting phenomena
to be studied. More about this phenomena is discussed in

section 4.4.

4.2 CST and its speed devendency .

Plots of CST versus speed are shown in Figures 4.4
where various constant bmeps were congidered at a fuel-oil
ratio of 20:1. From Fig. 4.4, it is observed that as the
speed increases from 3,000 rpm to 4,000 rpm, CST rises
fairly slowly but starts to accelerate when the speed
jnecreases from 4,000 rpm to 5,000 rﬁm. The reason for this
change is not clearly understood although it could possibly
be caused by the reduction of 0il film thickness due to

higher piston speed as was pointed out by Poppinga (3).
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However, the increase of CST is explainable. Since
as the speed of an engine incréases, the cylinder surface is
subjected to more frequent sliding contacts which in turn
produces more heat and consequently increases the_wall liner
temperature. Moreover, more energy would be released from the
combustion in order to achieve higher speeds. Works presented
by Poppinga (3), Underwood and Catlin (25) and Wentworth (16)

on other types of engines showed a common agreement on this

speed dependency.

4.3 COST and its fuel-oil ratio dependency

Pata obtained from this experiment showed & general
jncrease in CST as the fuel-oil ratio increases. Obviously

thie does not include extremely lean fuel~-o0il mixtures such

as a fuel-oil ratio of 100:1. This is because t00 lean

a fuel-oil ratio mixtures will cause unsteady engine

performance and result in severe operating problems such as

wear, scuffing and breakdown of 0il films.

Figures 4,5vand 4.6 show the CST versus bmep at
various fuel-oil ratios of 20:1, 40:1 and 60:41 at 3,600 rpm
and 4,000 rpm respectively. These two figures reveal that
GST does increase as the fuel-oil ratio increases but the
magnitude of such increase is only.in the order of few
degrees F. This is quite peculiar considering the basic
heat conduction through the oil £ilm, for the same operating
conditions but different fuel-oil ratios. The oil film

thickness apparently remains almost the same while the
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amount of oil supplied differs'appreciably. It is suspected
that the gasoline particles in the mixture impinging on the

cylinder wall liner may also possibly act as a lubricant.

4.4 Bsfc and its effect on CST

Bafc values were computed from fuel flow meaeure-
ments and the corresponding operating conditions. It was
discevered that the bsfc for this engine increased
tremendously at high bmep values. This is shown in Fig. 4.7
and Fig. 4.8 where CST curves are also drawn. It can be seen
from these two figuree that as the ‘bsfc increases sharply,
the CST drops simutaneously in all cases. Since a higher
bsfc designates more fuel per stroke consumed for the same
horsepower output, the author believes that higher bsfc will
reduce the combustion gas temperature and consequently affect
the CST. As a matter of fact, from the results of the measure-
ment of the exhaust gas temﬁerature (which could be an
indication to the combustion gas temperature) higher bsfc
values usually lowered the e;haust gas temperature. This 1is
also shown in Fig. 4.7 and Fig. 4.8. Nevertheless, the
exhaust gas temperature 1tself should not be used to predict
the CST history simply because there does not exist any

linear relationship between them.

In conclusion, the variation of bsfc in the
operation of this engine is found to be one of the reasons
4hat might contribute to the complex, phenomena of CST
discussed in section 4.1. This is to say that if the bsfc



wmmmvyymwﬂ_.ﬁ»_,‘_ e

27

can possibly be controlled at &onstant value, there might be
no CST drop at high bmep values. This would, of course, be
undesirable in the sense of increasing the possibility of
the thermal degradation of lubricanté. However, -it seems
jnpractical to control the bsfc without affecting the actual

operating conditions of this engine.

4.5 External cvlinder surface temperature and the CST

The external cylinder gurface temperature was
previously used to.predict the cylinder wall surface tempera-
ture. Linearity was then established between them and used to
predict the GST by applying one-dimensional heat conduction
equations, references (7) and (13). In references (7) and (13),
the heat flux from the external wall surface to the coolant
was determined and then used to predict the cylinder wall
gurface temperature. HoweverT, the present jnvestigation

showed that unless & gteady coolant temperature was maintained,

thie linearity is not necessarily true.

In this experiment, 2 cooling air shroud was
provided to ensure forced—convection. Air became much hotter
as it approached the cooling shroudlexit. The external
cylinder surface temperature will be différent everywhere
in accord with the 1ocal coolant temperature. 1t is obvious
that the external surface temperature:thus measured should
no longer be used to predict the 'csT of this engine despite
the fact that 1%t might affect the CST to a_certain extent.

in addition, the cooling air flow rate, governed»by the fan
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speed which is a function of engine speed, further restricts

the use of external cylinder surface temperature to predict
the CST.

Fig. 4.9 shows the external cylinder surface tem-
perature at five different locations. No., 9 and No. 11 are
on the cylinder closest to the cooling fan and No. 1, 6 and
No. 7 on the other cylinder. The significant difference of
the external surface temperature between the two cylinders
can be seen. The temperature on the cylinder closest to the
cooling fan is much lower because of the lower coolant
temperature. CST curves for co-axial thermocouples A, B and
C are also drawn in Fig. 4.9 to be compared with external
surface temperatures at Nos. 6, 1 and 7 respectively; It can
be seen that high CST at A did not generate high external
surface temperature at No. 6 as compared with the other two

locations.
4.6 Conclusions

The following conclusions were drawn from this

investigation.

(a) This experiment suggests a better method to
determine the CST for air-cooled two-stroke

cycle S.I. engines.

(b) The direct measurement of CST enables further
studies on the influences of CST on engine

operating problems, on the 1ubricant film
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itself, on unburned hydrocarbon concentration
in the exhaust, on cjlinder wear, and in
determining the heat transfer through the
cylinder wall for this type of engine.

CST increases with bmep up to approximately

50% of maximum bmep value and then‘decreéses
as the bmep keeps increasing in this expefif
ment. This decrease is believed to be due to
the influence of the bsfc on the CST. As was

observed, CST varies inversely with the bsfc.

CST increases with engine speed in this

experiment.

Exhaust gas temperature should not be used as

an indication of CST.

External surface temperature should.not be

used to predict the CST.

CST differs from place to place on the
cylinder wall liner, the highest CST in this
experiment was experienced near the top
portion of the cylinder farthest from the
cooling fan.

Fuel-0il ratio haé 1ittle influence on the

csT, its effect on CST can be neglected.



CHAPTER 5

PROPOSALS AND SUGGESTIONS FOR FURTHER STUDIES

The present experimental set up was designed to

accommodate future modifications to cover as many other

parameter studies as possible. Parameters to be studied,

_suggestions of test cell controls and other instrumentation

are proposed in this chapter.

5.1 Other parameters to be studied

(a)

(v)

(c)

Cooling air flow rate - the cooling air effect
could possibly be controlled by additional
cooling controll devices such as fang, blowers,
and air temperature regulatipg devices. This
parametei is considered important in CST

studies.

Lubricants and additives - the effect of various
lubricants and additives as well as their
mixing rate might be another significant factor
jn CST studies. This factor is discussed in
appendix A.

Spark timing - CST might be analysed further
through the change of spark timing. It is
generally expected that advancing the spark
$iming (earlier ignition) will decrease the

CST due to the change of combustion gas
temperature, although this is not clearly known

30
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and should be the subject for future studies.

Free-convection - it might be meaningful to
measure the CST without the cooling fan and the
cooling air shroud from the view point of
practical application of this type of engine.
The application of this type of engine iﬁ the
snowmobile industry sometimes does not include

the use of cooling fans.

5.2 Test cell controls

(a)

(v)

Test cell temperature - the test cell tempera—
ture should be controllable. This might require
modifications to the existing test cell tempe-
rature control system. It could also be achieved
by the installation of an ajir-conditioner in
the test cell. Neither of these methods, of
course, could be used to reduced the cell
temperature to simulate winter conditions. A
simple way to simulate the winter conditions

$s to induct cooling air from outside the
building. With this control available, it would
be possible to study the ambient temperature
effect on the CST.

Exhaust system - the existing exhaust system
is not sucking gas from engine exhaust. Unless

a fan is installed in the exhaust system, other
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approaches should be considered.

5.3 Instrumentation for further studies

(a) Engine analyzer ~ an engine analyzer and its

(b)

(c)

accessories such as a rotational function
generator, a pressure transducer, a charge

amplifier etc. should be provided for better

performance analysis.

Viscometer and oil bath - it will be most
convenient to have this kind of equipment for
the study of two-stroke cycle engine lubrica-

fion problems and fuel flow measurements.

Air-flow measuring device - intake air
measurement was a problem in the present
investigation. This is discusséd in detail in
appendix C. It is therefore suggssted that a
carefully selected air-flow meésuring device

be added to give accurate air-flow measurements
at all operating conditions. The device thus
gelected should include a big pressure damping
chamber and a large outlet to avoid an inade~
quate intake-air supply and/or interference

with the engine performance.



APPENDIX A

SOME FINDINGS ON ENGINE OPERATING PROBLEMS AND THEIR

RELATIONSHIP WITH LUBRICANT AND CST IN TWO-CYCLE S.I. ENGINES

In past years, oil companies and engine manufac-
turers have been looking for the ideal lubricant to be used
in two-cycle S.I. engines. This lubricant must reduce siiding
£friction of the working parts to a minimum. 1t must have good
load-carrying properties at high temperatures. It must have
"wetting" properties and it must form an adsorbed film to
seal the piston rings and prevent blow by. It must burn
cleanly, leaving minimum deposits which should be soft. For
these purposes, different base stocks were tested and various
additives were added to investigate their effects on two-cycle
S.I. engine problems. In the following paragraphs, 2 list of
engine operating problems, their reiations with lubricants

and additives, and the temperature effects are given.

A.1 Piston seizure

As the temperature of cylinder wall increases, the
temperature of theAlubricant film increases &as we}l and its
viscosity and load carrying ability drop. This tfend leads

to the point of surface contact. The increased friction
| causes the engine speed to decrease and generates additional
heat in rubbing surfaces which in turn accelerates the over-
all process. This condition is threshold to seizure and is

vreferred to as piston seilzure.

33
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A.1.1 Lubricant and piston seizure - The viscosity of the
lubricant at 400°F or above obviously affects piston seizure.
In order to maintain sufficient viscosity at these high
temperatures, V.I. improvers or other additives should be

added to prevent piston seizure.

A.1.2. Tightening temperature and piston seizure - Higher
tightening temperature prevents piston seizure to a great
extent. It was found that oils with higher viscosity are
more desirable. The behavior of oils showed that in general
a higher oil viscosity results in a higher tightening tem-
perature (26).

A.2. Piston varnish

The oxidation of a lubricating oil often leads to
the formation of oil-insoluble products. These products are
sometimes found as particles which settle from the oil in
the form of sludge, or as lacquer, OT varnish like, coatings
on the piston surface. Moreover, the composition of the fuel

also plays a major portion in the formation of oil-insolubles.

A.2.1 Lubricant composition and piston varnish - Lubricants
high in aromatics and sulfur form more insoluble oxidation
products. This is particularly true of highly polar aromatics
having a condensed ring structure (27). Various additives

also affect the formation of insolubles.

A.2.2 Temperature as 2 role in piston varnish - The effect

of temperature upon the formation of oil-insolubles from the
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0il can be explained by the well known exponential relation
between temperature anrd the rate of oxidation. From this

standpoint, low operating temperatures are desirable.

A.3. Piston wear

The undesirable separation of materials caused by
sliding friction is called wear. This type of fricfion.
usually proceeds in accord with Coulomb's law of dry friction,
which is wholly independent of surface péessure and sliding
velocity and only dependent on the condition of the sliding

surface.

A.3.1 ZIubricant film and piston wear - The lubricating oil
which impinges on the cylinder walls being swept by the

piston must retain its film strength sufficiently to lubricate
gsatisfactorily the piston skirt proper and, also, to lubricate
the piston rings in their facial contact with cylinder wall

in order to avoid wear caused by dry friction.

A.3.2 CST and piston wear = The CST is often at a high level,
which will definitely cause degradation or decomposition of
the lubricating oil that impinges on the wall and this will
cause wear. To overcome this problem, oils with good thicken-
ing properties and strong chain construction of molecules

were recommended by Hass (22) and McReynolds and Holman (23).

A.4 Ring gumming (or ring sticking)

The ring being held and prevented from fully per-

forming its function as a gas seal leads to excessive blow-by
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and loss of power. Experiments conducted by Pugh (28) revealed
that ring gumming was accelerated at high piston temperature.

A.5 Spark plug misfire (or spark plug fouling)

Colyer and Sieker (29) mentioned that high power
output leads to high CST. This might consequently increase
the tendency for spark plug misfire.

In general, leaner fuel-oil ratios lessen spark
plug misfire (30). Additives or unleaded gasoline could also

be used to eliminate misfire.

The spark plug gasket temperature could be a very

good indication for the spark plug misfire.

A.6 Exhaust port plugging (or exhaust port elogeging)

Ssytz and Izumi (31) believed that the engine
deposits sould be related to port plugging. Deposits arise
mainly from oil and fuel degradation which are due to the
high CST. Additives could be used to eliminate the cause of

deposition.

A.7 Preignition

High combustion chamber temperature often causes
~ preignition. Haas (22) mentioned that deposits remaining on
the piston crown tend to produce preignition. He suggested
the use of ashless additives in base stocks in the SAE 30

to SAE 50 range to eliminate the preignition problem.

The spark plug gasket temperature, pressure
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transducer and cylinder combustion chamber gas temperatures

might be used to indicate preignition.




APPENDIX .B

CONVERSION CURVES FOR FUEL~OIL FLOW MEASUREMENT

The equations for the calculation of the conversion

curves for fuel-oil flow measurement from "Manostat" catalog

are: |
Net weight of immersed float:
F = w(ff 'f)/ff (B.1)
Viscosity influence number:
N =/ (2p)? (3.2)
Constant C: .
¢ = 453.6 D(FP)E/P, (3.3)
Standard ml/min for each value of K, the rate of
flow:
Vv, = CK (B.4)
where ¢ 1is the density of fluid in gms/ml at condition
of flow.
fs is the density of float in gms/ml from Manostat
catalog.

f, is the density of fluid in gms/ml at standard
condition (70°F).

W is the weight of float in gms from Manostat
catalog.

Dy js the diameter of float in inches from Manostat
catalog.

By knowing N from Eq. (B.2), K values against the
tube readings could be determined from a predictability

38
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chart supplied by the manufacturer. Again, from Eq. (B.4),
the flow rates corresponding to the tube readings were
computed and plotted. The detail computation for various
fuel-o0il ratios is summarized in Table B.1 and Table B.2.



APPENDIX C

AIR FLOW MEASUREMENT

An attempt is made to measure the intake air for
the Kohler K440-2AX engine during the present investigation.
The equipment being used is an orifice type air-container.
Air flows through the orifice opening to the container.and
finally goes to the carburetor for mixing. The pressure
difference across the orifice plate could then be read by
a manometer and thereafter converted to flow rate (see

Fig. C.1).

The conversion of the manometer reading to CFM was
then calibrated by the traversing pitot tube method. Direct
measurements of the velocity profiles in a fully developed
region were obtained. A plot of one of these velocity profiles
is shown in Fig. C.2. Two sets of readings from two identical
pitot tubes were obtained and showed only slight deviations.
This calibration was done on an instrument set up by Dr. S.

D. Park of our department as shown in Fig. c.3 (32).

It was subsequently found during the running of
the éngine tests that the air container used is insufficient
in volume to provide adequate pressure damping for the engine
at outputs higher than 10 Bhp. However, the intake air flow
rates were recorded at low speed and low bmep. They were used
to find the air fuel ratios at various loadings and speeds.

The results are shown in Fig. C.4.
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Modification on the existing air container is not
practical. Owing to the limitation of time, it was not
feasible idea to buy another instrument such as the Go-power
measuring device, orifice type meters etc. Other methods
have also been taken into consideration. A wet test meter and
a vane type mean velocity instrument both appeared unfeasible

when applied to a discontinuous flow measurement.,



APPENDIX D

POSSIBILITY OF PRESSURE LEAKAGE THROUGH THE CYLINDER

WALL DUE PO INSTALLATION OF CO-AXTAL THERMOCOUPLES;

The cylinder wall was tapped for the installation
of the co-axial surface thermocouples. Hence, thefe_exists
a possibility of pressure leakage through the tolerance
between the internal and external threads. In order to elimi-
nate this possibility, graphite powder was used to seal the
tolerance. A calculation based on an energy balance was done
andAthe result shows negligible leakage. This was confirmed
when the author was measuring the engine performance as
mentioned in section 2.2.4.

The model used for this calculation is a stretched
passageway with its length equal to the length of the helical
passageway between the cylinder block and the co-axial
surface thermocouple threads. The energy balance equation

used is (known as Bernoulli's equation) as follows:

2°/9° + V02/2¢ = p'/p' + V'?/ 28 + hegle, (D1

where o designates the conditions at the inside wall
surface. i
¢ designates the conditions at the outside wall
surface.

P is the pressure.
¥4 is the density of the lubricant being pushed
through the tolerance

hf is the friction head which is given in the
equation below.
h, = 641v' 2 / (R D2¢) (D.2)

42
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Where L is the equivalent length of the helical
passageway.
D is the equivalent diameter of the area between

the internal and gxternal threads.

This calculation is based on extreme conditions
such as maximum pressure, maximum area, straight passageway
and so on. Result shows velocity at exit is about 1,500 in/sec,
i.e.
' 2 2112 %
V' = (=324L/(fD°) + ((-324L/(§D°))"+ 2ap/(fg))") x &
£ 1,468 in/sec

Data for the above calculation is listed below.

£ = 0.0298 1b/in’
L = 3.91 in.
M= 3231.25 lb—sec/in2
D = 0.7562 x 107> in.
Ap = 485.3 1b/in°

g = 386.4 in/sec’

Multiplying the velocity obtained by the
cross-sectional area of the passageway, the volume flow

rate is obtained.

Volume flow rate = V' X A = 0.066 in3/sec.

For engine running at 1,000 rpm or 1,000/60 cycle/sec,
the leakage flow per cycle is 0.0033 in3/cyc1e..This is
approximately 0.03% of the volume of the cylinder, there-

fore the pressure leakage can be neglected.



Pable 2.1 Engine Specification (Kohler K440-2AX)

MODEL:

MAX. Bhp at rpm:
DISPLACEMENT:
BORE:

C.R.:

CYLINDERS:

IGNITION:

CARBURECTOR:

DIRECTION of
Rotation :

FUEL USED:
FLYWHEEL RING
GEAR :
ELECTRIC STARTER:

MUFFLER:

Xohler K440-2AX air-cooled,
two~-stroke, loop scavenged.

36/6500
26.6 cu. in., 436 ccm
2.677 in., 68 mm
7.8 : 1

Die cast aluminum with cast
iron sleeves, two cylinders.

Low tension flywheel magneto
with external high tension
coils.,

Walbro model WR

CCW view from P.T.O.

Fina regular plus Fina Poly-B
snowmobile oil.

Yes.

12 Volt Bendix starter and
rectifier.

ACS 1804-31A with Y manifold.

44
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Table 2.2 Calibration of Thermocouples

P¢ TC READ CONVT READ CONVT READ CONVT READ CONVT READ CONVT

TYPE No. nmv °F mv Op nv op mv Op ﬁv op

J A 0O 32 3.01 136.4 3.65 158 4.25 178.2 5.21 210.2
B 0O 32 2.99 135.6 3.65 158 4.26 178.4 5.21 210.2
c 0O 32 3.00 136 3.64 157.6 4.26 178.4 5.23 210.7

K 1 0 32 2.34 136 2.85 158 3.32 178,5 4.05 209.8
2 0O 32 2.34 136 2.84 157.6 3.30 177.8 4.04 209.6

Ui 1 0.01 32.3 2.37 135.9 2.91 158.2 3.41 178.2 4.23 210.2
2 0 32 2.36 135.4 2.92 158.5 3.40 177.7 4.22 209.7
3 0.02 32.5 2.39 136.8 2.92 158.5 3.43 178.8 4,22 209.7
4 0 32 2.35 135.2 2.90 157.7 3.40 177.7 4.22 209.7
5 0.02 32.5 2.36 135.4 2.92 158.5 5. 39 177.3 4.23 210.2
6 0 32 2.37 135.9 2.92 158.5 3.41 178.2 4,22 209.7
7 0.01 32.3 2.37 135.9 2.92 158.5 3. 4 178.2 4.22 209.7
8 "0:01 32.3 2.37 135.9 2.90 157.7 3.40 177.7 4.24 210.6
9 0 32 .2.39 136.8 2.90 157.7 3.40 177.7 4,22 209.7
10 0.02 32.5 2.34 134.7 2.92 158.5 3.40 177.7 4.21 209.4
11 0.02 32.5 2.36 135.4 2.90 157.7 3.41 178.2 4.22 209.7
12 0.01 32.3 2.36 135.4 2.92 158.5 3.40 177.7 4.23 210.2
13 0.01 32.3 2.37 135.9 2.92 158.5 3. 42 178.5 4.23 210.2
14 0 32 2.36 135.4 2.89 157.3 3.40 0 177.7 4.23 210.2
15 0 32 2.36 135.4 2.92 158.5 3.41 178.2 4.22 209.7
16 0 32 2.36 135.4 2.92 158.5 3.41 178.2 4.23 210.2

STANDARD

TEMPERATURE 32 136 158 178 210

Note: Standard temperature 1is measured by thermometer made by
Fisher sScientific. Deviation of the thermometer reading
is ,5 of the sub-division (33). In this experiment, .5 Op.
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Table 3.1 Precautions for Engine Tests

Before starting the engine

(a) water supply to keep at 40 & 2 psi.
(b) set dynamometer at no load.
(c¢) water outlet to be at almost closed position.

(4) set the potentiometer.

During engine test run

(a) keep spark plug temperature below 500°F.
(b) Xkeep dynamometer outlet water below 135°F,

Aftef engine shut-off

(af unload dynamometer.
(b) open drain cock on dynamometer.

(¢) turn water supply valve off.
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Table 3.2 An Example of Repeatability of CST Data

TEST No.
.- A
T 419
16 346
29 302
30 326
31 388
52 410
62 394
64 403
101 419
102 415
104 399
111 306
117 375
129 384
Note:

TC TYPE

T
J
K

These test data were obtained at engine speed

CO-AXIAL TC

B

363
323
276
301
352
362
366
346
364
380
378
278
342
348

(°F)
C

380
325
282
311
362
373
365
356
386
381
384
290
344
356

of 3,600 rpm and F/0 = 20.

Table 3.3 Limits of Error for Thermocouples

TEMPERATURE RANGE (°F)

+200 -=- +T700
0 --- +600
530 =--= 2300

STANDARD LIMIT OF ERROR

<

3/4 %

3/4 %



TEST
No.

49
41
12
61
131
42
132
133
56
134
45
34
35
118
130
57
103
60
50
58
38
40
29
11
- 30
16
117
129
31
52

Table 3.3

F/0

20
20
20
20
20
20
20
20

20

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

SPEED

rpm
3000
3000
3000
3000..
3000
3000
3000
3000
3000
3000
3000
3400
3400
3400
3400
3400
3400
3400
3400
3400
3400
3400
3600
3600
3600
3600
3600
3600
3600
3600
3600

Operating Conditions for Test Runs

LOAD BHP
1b hp
2.1 1.58
2.76 2.07
4.3 3.23
6.2 4.65
6.5 4.88
6.7 5.03
8.1 6.08
9.35 7.01
10.6 7.95
10.9 8.18
12.8 9.6
2.4 2.04
5 4.25
5.8 4.93
6.1 5.19
6.6 5.61
7 5.95
8.3 7T.06
8.7. 7.4
10 8.5
11.4 9.7
14 11.9
2 1.8
2.1 1.89
3 2.7
4.1 3.69
5.37 4.77
5.7 5.13
6 5.4
6.6 5.94
7 6.3

FUEL FLOW
ml/min
12
13.4
18
23
30
31
40
55
64
84
93
15
28
29.3
34
26.5
44
42.7
60
T2
81
108
8
10
14
23
29
33
37
38.3
39.4

BSFC
1b/hp-hr

o O
. e o o o .0
OO U O
v = O O P W

- 0000000
o

o

e ©
<0 O 0O
N OV [0

o

o
O\
(9

0.59
0.65
0.47
0.73
0.6

0.81
0.84
0.83
0.9

0.45
0.54
0.52
0.63
0.6

0.64
0.68
0.64
0.62

Min
%
18 -
21
24
27
22
22
21
17
17
13
14
19
21
23
21
29
18
22
17
16
16
15
30
25
26
21
22
21
20
21
22

BMEP
psi

T7.84
10.27
16.01
23.07
24.19
25
30.15
34.8
39.65
40.38
47.64

8.75
18.61
21.4
22.7 .
24.56
26.05
30.71
32.4
37.22
42.43
51.93

7.36

7.82
11.33
15.38
19.73
21.21
22.33
24.56
26,05
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cont.

Pable. 3.4 Operating Conditions for Test Runs (cont.)

TEST SPEED LOAD BHP FUEL FLOW BSFC N4, BMEP
No. ¥/0 rpm 1b hp ml/min 1b/hp-hr % psi
101 20 3600 T.1 6.39 41 0.63 21 26.54
102 20 3600.. T.6 6.84 50 0.73 18 28.29
104 20 3600 9.4 8.46 101 1.18 11 34.98
62 20 3600 10.5 9.45 108 1.13 12 38,91
64 20 3600 13 11.T 120 1.01 13 48.38
413 20 4000 2.2 ' 2.2 16 0.7 19 8.23
116 20 4000 4.4 4.4 27 0.61 22 16.5
128 20 4000 5.3 5.3 29 0.55 24 19.61
125 20 4000 6.3 6.3 37 0.58 23  23.5
46 20 4000 6.5 6.5 38 0.58 23 24.19
29 20 4000 6.7 6.7 39 0.57 24 25
119 20 4000 7.7 7.7 43 0.55 24 28.66
47 20 4000 8.2 8.2 59 0.71 19 30.63
54 20 4000 8.9 8.9 97 1.08 12 33.31
1219 20 4000 9.5 9.5 92 0.96 14 35.36
112 20 4000 10 10 93 0.92 15  37.22
105 20 4000 10.9 10.9 133 1.21 11 40.57
18 20 4000 13 13 155 1.18 11 48.38
115 20 4200 4.5 4.73 29 0.61 22  16.75
79 20 4200 5.9 6.2 34 0.55 24 21.59
109 20 4200 6 6.3 35 0.55 24  22.15
126 20 4200 6.3 6.62 38 0.57 24  23.45
20 20 4200 7.5 7.88 43 0.54 25  27.93
85 20 4200 8.2 8.61 61 0.7 19 30.52
67 20 4200 9.2 9.66 81 0.83 16  34.06
86 20 4200 10 10.5 116 1.1 12 37.22
106 20 4200 11 11.55 139 1.19 11 40.94
87 20 4200 13 13.65 134 0.97 14  48.38
89 20 4200 14.3 15.02 133 0.88 15 53.28

114 20 4500 3.8 4,28 28 0.65 21 14.14



TEST
No.

110
108
22
73
74
99
91
90
81
98
96
77
65
24
76

97
55
100
84
95
88
94
75
83
92
93
216
202
220
203
223

Table 3.4 Operating Conditions for Test Runs (cont.)

F/0

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
40
40
40
40
40

SPEED LOAD BHP? FUEL FLOW
ml/min

rpm

4500
4500
4500
4500
4500
4500
4500
4500
4500
4600
4600
4600
4600
4600
4600
4600
4600
4600
5000
5000
5000
5000
5000
5000
5000
5000
5000
3400
3400
3400
3600
3600

1b

- =d b
WD VWA WSO 0O ® O
e [ ] [ ] [ ] [ ] [ ]
DN U WO N

9.4

hp

4.84
7.09
7.76
8.21
9.56
10.13
12.26
14.63
15.75
4.72
6.21
7.82
9.43
10.24
10.93
13
14.95
16.68
4
6
10
11.75
12.5
18.75
19.25
20
22.1
5.1
6.55
9.18
5.135
6.53

31
39
40
41
55
60
87

152

160
28
39
52
65
63
66

135

163

177
33
45
65
81

103

181

182

202

223
23
37
85
28

32

BSFC
1b/hp-hr

0.63
0.55
0.51
0.5

0.57
0.59
0.85
1.03
1.01
0.58
0.63
0.66
0.68
0.61
0.6

1.03
1.08
1.05
0.81
0.75
0.64
0.68
0.82
0.96
0.94
1.0

1.0

0.45
0.56
0.92
0.55
0.49

Ntn
%

21.

24
26
27
24
23
16
13
13
23
21
20
20
22
22
13
12
13
17
18
21
20
16
14
14
1%
13
30
24
15
24
27

BMEP
psi

16.08
23.45
25.8
27.16
31.63
33.5
40.5
48.41
52,11
15,2
20
25,31
30.4
33
35.3
42,2
48.38
54.1
11.91
17.87
29.89
35
37.22
55.83
57.32
59.55
63.27
22.15
28.7
40.27
21.33
27

- 50



Pable 3.4 Operating Conditions for Test Runs (cont.)

TEST SPEED LOAD BHP FUEL FLOW BSFC nth BMEP
F/0

No. rpm 1b hp ml/min 1b/hp-hr % psi
208 40 3600 7.8 7.02 37 0.52 26° 29,03
219 40 3600 *0.8 9.72 86 0.88 15  40.2
213 40 4000 4.8 4.8 27 0.56 24 17.87
204 40 4000 5.3 5.3 28 0.52 26 19.73
207 40 4000 6.6 6.6 42 0.63 29 24.75
210 40 4000 7.4 T.4 43 0.57 24  27.73
209 40 4000 7.6 7.6 44 0.58 23 28,21
241 40 4000 9.1 9.1 74 0.81 17  33.87
218 40 4000 10.5 10.5 99 0.94 14 39.15
214 40 4200 4.9 5.15 28 0.54 25 18.2
205 40 4200 5.2 5.46 32 0.59 23 19.54
206 40 4200 6.5 6.83 34 0.5 27 24.27
224 40 4200 T.4 T.77 45 0.57 24 27.73
212 40 4200 8.9 9.35 82 0.87 15  33.12
297 40 4200 10.2 10.71 106 0.98 14 37.78
313 60 3000 3.2 2.4 19 0.8 17 11.91
309 60 3000 5.6 4.2 26 0.61 22 20.84
317 60 3000 6.8 5.1 29 0.57 24 25.35
326 60 3000 7.3 5.48 36 0.65 29 27.24
323 60 3400 1 0.85 8.7 1.02 13 3.72
324 60 3400 2.5 2.13 17 0.81 17 9.31
325 60 3400 5.1 4.34 24 0.55 24 18.98
327 60 3400 7.4 6.29 40 0.63 21 27.54
3208 60 3400 8.3 T7.06 45.5 0.64 21 30.89
'312 60 3600 3 2.7 18.8 0.69 19 11.17
308 60 3600 5.3 4.77 31.3 0.65 21 19.73
216 60 3600 6.5 5.85 33 0.56 24  24.21
303 60 3600 7.1 6.39 48 0.75 18 26.453
329 60 3600 7.7 6.93 41 0.59 23 28,66
241 60 4000 1.7 1.7 14 0.82 16 6.33
306 60 4000 4.5 4.5 31 0.68 20 16.75



Table 3.4 Operating Conditions for Test Runs (cont.)

TEST SPEED LOAD BHP FUEL FLOW BSTFC nth BMEP
No. F/0 rpm 1b hp ml/min 1b/hp-hr % psi
305 60 4000 5.6 5.6 33 0.59  23. 20.84
315 60 4000 6.2 6.2 35 0.56 24 23,11
301 60 4000 7 7 40 0.57 24 26,05

334 60 4000 8.1 8.1 57 0.7 19 30
304 60 4000 8.5 8.5 61 0.71 19 31.64
336 60 4000 9.1 9.1 85 0.93 15 34
331 60 4000 10.3 10.3 98 0.94 14 38.5
321 60 4000 12 12 113 0.93 14 44,66
307 60 4200 4.8 5.04 22 0.65 21 17.87
314 60 4200 6 6.3 A0 0.63 21 22.33
302 60 4200 6.7 7.03 47 0.66 20 24.94
337 60 4200 7.8 8.2 59 0.71 19 29
310 60 4200 8.9 9.33 75 0.8 17 33.13
330 60 4200 9.4 9.87 91 0.91 15 35
318 60 4200 10.2 10.71 105 0.97 14 37.96
320 60 4200 12 12.6 130 1.02 13 44,66
322 60 4600 4.5 5.18 35 0.67 20 16.75



53

Table 3.5 Test Data of CST and Exhaust Gas Temperature

TEST CO-AXIAL SURFACE TC (°F) EXHAUST GAS TC (°F)
No A B- C 4st CYL. 2nd CYL.
t 49 287 276 270 811 778.
41 302 290 288 842 879
12 338 320 315 926 920
61 381 342 343 995 968
131 386 345 347 1010 990
42 389 347 352 985 997
132 403 362 358 1020 989
133 408 367 360 992 946
56 393 358 355 901 885
134 388 354 354 895 866
45 392 378 373 925 925
34 296 282 280 858 879
35 368 333 334 1018 1031
118 382 342 345 1010 1000
130 386 344 347 1074 1033
57 400 351 359 1043 1036
103 403 357 360 1094 1110
60 418 374 376 1099 1099
50 417 377 380 1100 1100
58 404 386 386 1133 1133
38 394 375 376 977 963
40 404 372 355 845 854
29 302 276 282 863 820
111 306 278 290 883 840
30 326 301 311 926 973
16 346 323 325 1011 1011
117 375 342 344 10731 1031
129 384 348 356 1074 1074
31 388 352 362 1052 1112
52 410 362 373 1094 1094

77 419 363 380 1112 1112
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Table 3.5 Test Data of CST and Exhaust Gas Temperature
(continuation)

PEST CO-AXIAL SURFACE TC (°F) EXHAUST GAS T¢ (°F)

No. A B C 1st CYL. 2nd CYL.
101 419 364 - 386 1137 1115
102 415 380 381 1122 1094
104 399 378 384 1031 1010
62 394 366 365 951 942
64 403 346 356 924 903
113 312 290 293 883 883
116 360 330 337 1025 1025
128 . 382 346 350 1112 1098
125 408 363 369 1158 1158
46 415 372 376 1112 1145
21 420 379 379 1128 1196
119 453 385 396 1179 1163
47 446 388 394 1121 1128
54 424 382 385 1098 1086
121 . 405 378 380 1074 1074
112 395 371 373 1060 1080
105 405 364 364 1010 1010
18 399 360 357 1052 1052
115 366 338 342 1031 1031
79 398 352 362 1086 1086
109 402 358 367 1179 1137
126 416 370 374 1158 1158
20 438 390 397 1124 1158
85 462 396 399 1205 1191
67 430 385 386 1187 1184
86 402 367 369 1031 1002
106 402 358 362 1012 1010
87 422 375 381 960 935
89 444 378 365 995 971

114 363 326 334 968 989



rable 3.5 Test Data of CST and Exhaust Gas Temperature
(continuation)

TEST CO-AXIAL SURFACE TC (°F) EXHAUST Gas T¢ (°F)

No. A B C 1st CYL. 2nd CYL.
110 375 338 347 1037 1031
108 . 420 378 390 1079 1185
22 443 394 399 1133 1193
73 457 399 403 1158 1178
74 470 413 416 1158 1193
99 475 419 420 1203 1210
91 455 391 400 1150 1150
90 430 378 386 1120 1420
81 423 382 385 952 952
98 398 338 342 956 956
96 432 375 383 1158 1150
77 466 406 401 1196 1167
65 474 420 426 1205 1148
24 480 427 428 1225 1225
76 476 425 424 1205 1158
9 442 390 385 1133 1133
97 425 394 383 1124 1120
55 432 387 390 1021 990
100 426 380 381 990 985
84 454 405 410 1124 1149
395 501 432 430 1222 1232
88 508 434 435 1261 1261
94 504 432 435 1232 1258
75 433 389 399 1011 1011
83 431 384 390 995 995
92 454 370 381 980 1023
93 466 380 373 993 993
216 384 340 350 1074 1052
202 414 362 369 1120 1052
220 376 327 337 980 910

203 386 350 354 1094 1074



Table 3.5 Test Data of CST and Exhaust Gas Temperature
(continuation)

PEST CO-AXTIAL SURFACE T¢ (°F) EXHAUST GAS TC (°F)

No A B c 1st CYL. 2nd CYL.
223 422 375 383 1124 1120
208 420 382 384 1137 1108
219 380 352 356 989 960
213 376 343 347 1100 1100
204 383 350 356 1115 1115
207 422 382 384 1158 1137
210 450 389 396 1208 1201
209 460 392 400 1201 1190
211 434 379 380 1150 1137
218 393 356 359 1066 1035
214 384 346 354 1120 1115
205 396 352 360 1118 1121
206 439 380 386 1179 1185
221 462 392 399 1208 1208
212 442 385 330 1145 1141
217 396 366 370 1076 1052
313 310 283 295 930 950
309 362 328 340 1052 1052
317 397 342 350 1094 1052
326 405 360 363 1137 1074
323 259 239 244 528 536
324 297 276 278 824 820
325 367 332 334 994 968
327 414 365 365 1074 1028
328 440 380 383 1052 989
312 323 308 314 925 950
308 381 352 356 1061 1080
316 410 370 380 1098 1094
303 425 377 386 1115 1104
329 433 384 385 1158 1074

311 290 280 285 883 905
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Table 3.5 Test Data'of.CST and Exhaust Gas Temperature
(continuation)

PEST  CO-AXIAL SURFACE ¢ (°F) EXHAUST GAS TC (°F)

No A B C 18t CYL. 2nd CYL.
306 370 340 346 1094 1115
305 396 362 370 1120 1140
315 420 376 386 1130 1162
301 443 400 407 1185 1185
334 457 398 404 1203 1209
304 451 394 396 1158 1162
336 428 386 386 1099 1093
331 390 359 364 1104 1104
321 393 336 340 1010 1010
307 386 346 354 1094 1108
314 430 380 387 1137 1158
302 446 385 402 1222 1203
337 461 406 417 1209 1209
310 445 400 409 1150 . 1179
330 422 390 392 1092 1092
318 396 370 370 1080 1080
320 399 358 367 1031 1000

322 425 375 378 1110 1115



Pable 3.6 External

TEST
No

49
41
12
61
131
42
132
133
56
134
45
34
35
118
130
57
103
60
50
58
38
40
29
111
30
16
117
129
31
52

101

EXTERNAL

1 2

254 258
274 274
297 299
306 318
315 323
323 323
322 331
324 332

33247333

310 317
345 345
268 267
308 304
306 316
316 324
328 335
326 338
326 338
344 350
335 345
342 340
343 341
258 255
265 266
284 283
298 297
303 311
319 323
320 320
325 328
338 340
338 340

3

252
283
306
324
324
336
332
332
339
318
358
271
318
322
330
344
346
348
337
353
354
356
266
275
296
308
314
322
334
329
351
348

4

261
283
304
320
324
333
331
331
331
313
347
277
317
325
328
346
346
348
356
348
346
341
263
283
297
305
324
334
337
336
351
357

Cylinder Surface Temperature Test Data

CYLINDER SURFACE THERMOCOUPLES (OF)

5

192
191
214
222
234
226
228
230
235
203
234
191
214
221
235
240
244
240
250
246
232
232
190
196
206
209
215
217
225
226
237
236

6 T

241 262
272 276
297 302
302 317
303 322
330 327
313 328
316 329
321 331
302 311
369 354
266 271
306 311
330 323
304 326
326 342
321 342
329 339
337 355
337 347
355 340
357 335
256 266
252 278
287 294
295 301
295 320
304 329
324 329
331 332
348 348
340 357

9

229
226
254
272
281
267
267
273
285
265
274
234
257
268
272
284
283
286
297
296
283
286
222

235

248
250
262
262
271
283
291
301

10

258
276
295
328
330
337
336
340
342
344
371
275
320
327
337
348
355
360
364
363
368
385
273
281
297
302
301
326
340
343
361
361

11

211
201
243
257
264
260
262
266
272
261
280
218
249
255
271
274
280
277
288
284
265
280
212
220
228
238
248
251
256
272
284
286

12

240
254
283
285
290
294
301
301
296
294
302
250
284
295
300
306
306
312
318
310
306
307
238
248
267
276
281
287
299
298
317
322

13

261
312
306
316
324
326
333
330
327
333
357
275
318
326
330
338
340
337
350
341
339
340
265
286
296
306
314
325
333
332
351
344

14

253
271
294
311
322
325
330
328
323
328
340
265
304
310
324
343
338
338
347
343
338
338
261
280
291
293
306
317
327
338
343
350

15

241
256
277
284
306
302
310
311
298
295
317
249
286
301
310
312
316
310
322
315
342
311
243
258
265
275
289
308
302
308
311
321

58

16

241
2560
294
297
310
314
319
323
317
310
353
253
289
297
308
320
320
323
336
337
335
341
243
260
268
2856
296
303
312
324
338
338



Table 3.6 External Cylinder Surface Temperature Test Data
(continuation)

TEST

No

102
104
62
64
113
116
128
125
46
21
119
47
54
121
112
105
18
115
79
109
126
20
85
67

86.

106
87
89

114

110

108
22

345

333

320
321
265
303
314
323
340
351
348
345
345
342
337
321
326
304
322
312
330
357
345
332
331
328
344
329
296
305
343
369

2

346
339
332
323
272
311
324
332
347
347
358
350
355
346
343
323
342
313
323
321
343
355
356
344
333
330
350
339
305
316
351
376

EXTERNAL CYLINDER SURFACE THERMOCOUPLES (OF)

3

347
344
317
329
263
301
317
325
329
365
353
360
358
340
338
317
348
327
332
335
345
372
365
354
341
336
341
346

292
322
358
372

4

346
343
328
329
278
327
336
341
345
365
351
365
355
347
344
323
332
329
337
335
355
363
367
354
340
339
341
346
312
326
368
380

5

241
243
217
227
196
201
213
216
219
247
243
245
2573
250
244
219
224
220
231
238
240
244
250
250
226
225
237
240
242
245
266

275

6

330
318
293
312
253
292
303
333
340
360
343
358
350
338
327
313
334
293
309
297
321
371
347
350
334
299
333
323
285
294
312

395

7

350
348
332
328
274
324
332
340
350
360
368
359
356
352
343
321
334
324
330
331
351
368
368
350
338
340
358
338
315
322
368

377

9

298
280
267
274
229
243
252
258
263
293
288
283
299
278
271

266.

266
260
272
272
279
288
294
292
288
278
272
274
265
271
298

316

10

347
340
319
345
273
310
322
327
335
370
375
380
375
370
366
354
331
339
343
342
357
364
380
368
353
335
358
383
304
310
343

373

1

275
256
248
268
206
243
251
268
279
284
280
277
294
292
282
278
260
251
278
282
274
283
293
287
268
268
270
286
256
261
297

318

12

312
305
282
287
244
275
281
288
288
320
314
311
319
319
305
298
298
292
303
315
319
321
328
319
315
285
299
298
283
292
326
338

13

338
319

309

319
265
302
311
317
323
356
355
352
350
347
323
312
323
335
333
340
346
356
361
352
343
341
330
333
320
329
356
380

14

345
325
300
314
260
295
304
310
320
348
347
325
348
342
319
312
325
325
329
336
342
357
367
352
340
336
348
332
297
310
344
366

15

308
300
274
287
248
286
301

308
292
327
328
324
327
322
315
306
300
300
308
315
318
331

340
326
309
312
326
310
294
300
338
353

59

16

317
308
292
309
253
302
300
311

301

342
348
337
343
342
337
321

320
303
304
313

326
347
343
329
326
326
343

326
295

305

340
363



Table 3.6 External Cylinder Surface Temperature Test Data
(continuation)

TEST

No

13
74
99
91
90
81
98
96
17
65
24
76

97
55
100
84
95
88
94
5
83
92
93
216
202
220
203
223

357
366
375
365
344
338
309
348
343
384
392
389
357
357
346
348
351
378
378
350
356
346
335
354
307
337
301
321
324

EXTERNAL CYLINDER SURFACE THERMOCOUPLES (OF)

2

368
370
376
372
350
349
314
349
346
390
406
404
358
362
355
349
365
381
384
366
360
354
342
361
313
339
298
331
329

3.
360
364
366
360
362
345
318
350
350
389
404
401
371
364
361
342
375
368
381
368
356
354
357
369
320
337
307
338
332

4

386
384
388
378
362
361
320
357
352
393
405
394
366
362
358
337
381
371
376
368
373
366
359
355
325
346
310
335
334

5

248
248
251
252
257
239
203
252
265
280
306
299
253
266
252
263
274
299
310
288
248
244
240
258
200
238
225
238
240

6

357
363
369
370
356
325
287
325
344
381
394
402
378
330
343
347
360
354
355
362
343
341
335
348
286
321
277
317
318

7

380
380
389
374
360
360
318
350
358
389
397
400
369
358
358
349
382
371
375
372
363
362
358
358
328
340
312
332
332

9

288
286
270
284
286
277
254
273
275
310
329
324
302
302
301

255

298
314
314
306
302
315
299
297
220
268
231
268
268

10

380
383
386
362
358
328
311
357
357
381
390
382
365
358
338
350
386
375
380
372
373
375
369
399
338
351
327
348
348

11

311
331
340
337
312
295
257
274
278
325
341
338
327
329
298
306
316
354
366
337
308
301
295
312
252
277
248
274
279

12

334
344
350
342
321
316

283

319
339
362
356
357
329
333
319
311
328

13

381
374
376
378
354
344
325
369
366
390
389
394
373
364
351
349
365

3493377

350
343
324
323
320
324
271
297
270
294
295

382
356
350
340
335
341
328
329
298
327
327

14

368
366
370
360
340
333
314
353
353
382
394
382
352
350
353
333
369
378
380
351
349
340
336
345
328
331
310
333
335

15

340
349
368
341
339
325
303
341
340
380
387
387
347
349
328
327
356
351
354
344
330
322
316
338
303
313
298
314
309

60

16

349
352
372
357
340
330
308
348
344
388
395
389
362
361
345
340
358
351
348
347
349
348
330
341
305
321
300
216
309



Table 3.6 External Cylinder Surface Temperature Test Data

TEST

No

208
219
213
204
207
210
209
211
218
214
205
206
221
212
217
313
309
317
326
323
324
325
327
328

312

308
316
303
329
311

352
328
305
325
345
350
350
348
332
310
328
342
360
357
335
262
301
310
324
2224
249
299
329
343
277
320
346
329
342
260

(continuation)

EXTERNAL CYLINDER SURFACE THERMOCOUPLES (3F)

2

360
332
313
334
354
356
356
348
338
318
335
351
368
366
343
267
310
319
328
228
255
307
337
351
285
328
354
341
353
267

3

349
339
321
340
362
369
376
366
340
323
545
361
370

4

366
339
328
330
368
379
381
358
338
329
341
365
374
374
352
278
318
324
339
232
259
313
339
356
296
335
364
350
362
265

5

245
236
231
242
252
260
260
257
244
230
246
250
279
248
231
199
225
232
240
176
188
222
244
260
216
249
261
248
261
204

6

320
305
300
318
346
348
332
347
315
301
319
340
335
336
313
254
296
310
324
215
230
312
329
354
271
317
338
335
348
251

7

358
338
326
335
363
367
375
357
336
328
347
364
372
371
350
275
313
322
331
231
257
312
337
356
294
333
360
345
358
275

9

283
271
258
273
283
293
288
278
262
259
280
285
301
279
263
219
248
250
266
186
207
245
266
282
239
275
288
266
283
223

10

363
351
346
353
375
382
389
368
341
329
355
369
381
368
356
278
324
349
360
233
262
320
365
386
296
345
%368
378
370
276

11

282
279
255
276
292
292
294
298
274
271
304
285
300
294
297
224
258
272
283
192
210
254
287
290
242
281
330
292
325
226

12
306

302

285
302
317
316
315
325
307
297
339
316
325
316
316
243
275
282
293
209
231
272
298
309
260
298
317
298
313
246

13

340
344
329
333
348
358
380
362
341
350
340
351
381
357
343
268
305
313
326
223
250
300
327
340
285
326
345
330
345
268

14

340
346
335
338
365
360
379
357
343
350
332
361
376
357
344
274
314
325
335
230
254
305
341
355
290
335
357
347
331
273

15

316
320
300
317
339
342
345
340
326
307
317
336
350
349
333
263
297
305
315
222
243
2838
300
332
278
320
338
322
335
262

61

16

314
324
303
316
348
348
347
343
330
308
316
338
356
353
334
258
303
312
328
222
245
299
337
3573
273
318
344
336

340 -

258



e

Pable 3.6 External Cylinder Surface Temperature Test Data

(continuation)

TEST EXTERNAL CYLINDER SURFACE THERMOCOUPLES (°F)
No 1 2 3 4 5 6 T 9 10 11 12 13 14

306 317 323 327 329 239 296 326 265 336 268 293 322 329
305 337 340 354 354 255 332 352 285 359 288 311 342 354
315 338 344 353 369 260 333 366 288 366 293 313 345 353
301 379 382 388 388 283 369 386 314 391 320 343 379 368
334 385 385 390 389 300 370 382 314 388 322 339 381 370
304 356 362 364 368 255 353 365 299 362 301 317 350 350
336 338 340 344 346 250 335 347 280 350 284 298 332 334
331 315 318 323 320 246 309 312 275 318 275 281 308 308
321 305 314 320 315 221 294 323 246 337 261 274 302 313
307 323 328 337 329 249 315 325 276 348 280 305 334 340
314 344 354 357 361 258 330 358 288 267 294 315 349 354
302 344 362 360 372 265 340 372 286 380 300 326 361 362

337 386 385 390 392 287 317 385 312 386 321 355 380 362

310 378 386 380 386 294 366 384 304 391 333 358 374 381
330 350 355 358 358 2611343 352 285 355 309 334 346 357
318 335 342 347 354 247 355 353 274 359 285 300 333 330
320 328 335 344 346 243 330 347 269 358 284 295 326 333
322 319 322 333 337 230 306 319 251 351 268 291 322 337

15

309
332
335
364
372
347
329
312
294
322
337
348
377
379
355
321
315
315

62

16

~307

334
332
368
372
351
330
315
305
318
333
344
380
375
352
327
326
316



Pable B.1 Calculation Results of Fuel Flow Rates

FUEL-OIL RATIO

£ gﬁ/ml
gm/ml
o &m/ml
L4 en
De in
t sec
poise/100
P gn
F  gn’/ml
(¢ )*
N
Cc

60:1
2.28
0.7031
0.7031
0.3055
0.25

113.3

0.3306
0.2113
0.1486
0.3854
0.8577
62.1648

40:1
2.28
0.7177
0.7177
0.3055
0.25

125.2

0.3729
0.2093
0.1502
0.3876
0.9620
61.2468

20:1
2.28
0.7497
0.7497
0.3055
0.25

136.8

0.4256
0.2051
0.1537
0.3921
1.0855
59.3056

63




Table B.2 Fuel Flow Rate Conversion

TUBE
READING

20
18
16
14
12
10

R G - T I

v

60:1

307.72
273.53
236.23
198.93
164.12
131.17
97.6
82.06
66.52
50.35
35.43
21.45
10.26
2.11

o

CK ml/min

40:1

297.05
266.42
226,61
191.09
159.24
126.17
93.7M
78.4
61.86
47.47
33.07
19.6
9
1.84

20: 1.

284.67
250.86
213.5

182,66
150.04

- 118.61

88.37
72.95
56.34
43.89
30.54
17.2
7.89
1.6
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Rectifier

. - . with 2 fuses
~—Ccpatitor 5 ) 53
_E: a___ f - yellow Gauge 2 ;}}:FF._
Lighting coil A i .
Breaker yellow o 12 53
points % d s1
Primary .
generating O
coils am
Breok
po'i:\?s er ork plug Spark plug
Switch positions:
Copgciter 0 Ignition off
1 ' I tights on
blue I ! R 5 . It Lights off
. Wl Starting
Secondary winding
Primory wi ndx!g 78 |
0
r_\_._\ . . ] g G 3¢ 12
Nt ] ’ \
!
S L :
31 . 53a
L—9 WP \
¥ = |
Ignition-light-starting switch ‘
$tarting motor DD 12V 0.4 PS )
Positive shift J
" : = Y P | -
T° W&Gw .
¥ Gouge few nama . «
Hold-in coit B
50 Bottery:
‘E Gouge 8o 12 Volts 32 Amp. hrs. |
'
™, Polt-in cail
i~ 1]

it
|-
|

So_lgn?:d switch

Fig. 2.2 Wiring Diagram for Eleoctric Starting
System of K440-2AX Engine



BRAKE HORSEPOWER

38 ' l
34 [ -
30 |- -
26 |- _
2z I KOHLER K4 40 -2AX -
SPARK TIME=20 B.T.D.C
Ww.0.T.
18 L F70=20 _
———SUPPLIED DATA
{ x TEST DATA
ot :
10 | |
14000 5000 6000 - 7000
ENGINE SPEED (rpm)
. Fig. 2.3 Engine Power Data Curve
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Fig. 2.5 Arrangement of Engine Test Set-up
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TUBE READING

FUEL/0IL

- 20:1

40:1

60:1

Fig.

2.7

100 150 200 250 300
FLOW RATE (ml/min)

Fuel-0il Flow Rate Conversion Curves
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easurement Device ("Temp~Trol"
Bath and 50/D489 Viscometer)

Fig. 2.8 Viscosity M



TUBE READING

20
18

16

14

b

X EXPERIMENTAL DATA

COMPUTED DATA

Fuel-o0il Ratio 20:1

50 100 150 200 250 300

FLOW RATE (ml/min)

Fig. 2.9 Comparison Between Computed Flow

Rate and Direct Measurement
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2-56 NC THREAD CHROME PLATING

" HEX DETAIL SHOWN
BELow-—'\ 6 + 1 MICRON THICK
T TR

FIRST TC ELEMENT
(IRON SLEEVE)

C LEADS

SECOND TC ELEMENT
(CONSTANTAN WIRE)

A
P TITOIPOI I
P e Lokl

\ .
“\\ CHROME PLATING

Fig. 2.10 Co-axial Surface Thermocouple
(TCS-101, Midtherm Co.)

INSTALLATION DETAIL

ORIGINAL

Fig. 2.11 1Installation of Co-axial TC on Cylinder
Block (not to scale)
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RATURE (°F)

CYLINDER WALL SURFACE TEMPE

550

450

350

250

TEST DATA
a A
4 A

o]

ENGINE SPEED = 3600 rpm

REPEATABILITY TEST DATi-

LOCATION A
LOCATION B
LOCATION C

Fig.

3.1

BRAKE MEAN EFFECTIVE PRESSURE (psi)

Repeatability of CST Measurement

20

40

60
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CYLINDER WALL SURFACE TEMPERATURE (°F)

550

450

350

250

! |
5000 rpm

* A 4000 rpm
© 4600 rpm » 3600 rpm
A 4500 rpm ® 3400 rpm
@ 4200 rpm A 3000 rpm

TEMPERATURES MEASURED BY CO-AXIAL
THERMOCOUPLE AT LOCATION A

| 1

20 40

BRAKE MEAN EFFECTIVE PRESSURE (psi)

Fig. 4.1 CST as 2 Function of Bmep (F/0 =

60

20)
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CYLINDER WALL SURFACE TEMPERATURE (°F)

450

350

250

|
X 4200 rpm
o 4000 rpm

i
A 3600 rpm
e 3400 rpm

TEMPERATURES MEASURED BY CO-AXIAL
THERMOCOUPLE AT LOCATION A

PFig.

20

BRAKE MEAN EFFECTIVE

4.2 CST as a Function of Bmep (F/0 =

40

PRESSURE (psi)

60

40)
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550

CYLINDER WALL SURFACE TEMPERATURE (OF)

450

350

250

X 4200 rpm -0 3600 rpm

® 4000 rpm A 3400 rpm

A 3000 rpm
TEMPERATURE MEASURED BY

CO-AXIAL THERMOCOUPLE AT LOCATION A

| |
0 20 40 60
BRAKE MEAN EFFECTIVE PRESSURE (psi)
Fig. 4.3 CST as a Function of Bmep (F/0 = 60)
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CYLINDER WALL SURFACE TEMPERATURE (°F)

| |
o bmep = 30.5 psi A bmep = 20 psi
250 - ® bmep = 26 psi A bmep = 13 psi
TEMPERATURE MEASURED BY CO-AXIAL
THERMOCOUPLE AT LOCATION A
450 =
350 - -
250 ! '

3000 4000 5000

ENGINE SPEED (rpm)

Fig. 4.4 CST as a Function of Speed (F/0 = 20)



CYLINDER WALL SURFACE TEMPERATURE (°F)

550

450

350

250

83

= ° FUEL-OIL RATIO

! T

60:1
X FUEL-OIL RATIO = 40:1
A FEUL-0IL RATIO = 20:1

TEMPERATURE MEASURED BY CO-AXTAL
THERMOCOUPLE AT LOCATION A

ENGINE SPEED = 3600 rpm

20 40

BRAKE MEAN EFFECTIVE PRESSURE (psi)

Fig. 4.5 Effects of Fuel-oil Ratio on CST

60



CYLINDER WALL SURFACE TEMPERATURE-(OF)

| |
A PFUEL-0IL RATIO = 60:1
o FUEL-OIL RATIO = 40:1
x FUEL-OIL RATIO = 20:1
TEMPERATURE MEASURED BY CO-AXTAL
THERMOCOUPLE AT LOCATION A
ENGINE SPEED = 4,000 rpm
450 — -
350 |— —
| i
250
> o) 20 40 60

BRAKE MEAN EFFECTIVE PRESSURE (psi)

Fig. 4.6 Effects of Fuel-oil Ratio on CST
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s=====<=" IZXHAUST GAS TEMPERATURE - 1.3
————  CST AT LOCATION A
BSFC (1b/hp-hr) —— 1.2
ENGINE SPEED = 4600 rpm
x ENGINE SPEED = 4000 -1
A ©TNGINE SPEED = 3600 —1.0
— 10,
/0 = 20 °
o 008
- 007
b 0.6
— 0.5
B e EE
/ \\
o ; N \\
/ / ' \ \‘o-”»
/ ,",4’3\\\
4 Y g ) .
. c/ /x/ \&", \, -«
V'
11300
Rl
11200
S /'I/ L.-=O" —:;.o. —--O-\\ 1
o = WA S.
/f LAY e T ‘o-...-.q\ —1100
V4 . Pid \\‘\&
,\//‘ e \‘A*\ = \‘o—-— 1000
-, ,5’.’:"’6 W\ X —
| - 1 :2,{//8 k\‘~—-A__.. _ 900
| | 800
20 40 60

86

BSFC (1b/hp-hr)

EXHAUST GAS TEMP, (°F)



csT (°F)

EXTERNAL CYLINDER SURFACE TEMP (°F)
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400 |-

350 |—

300 -

280 |-
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200 |—

! |
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Fig.
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4.9 External Cylinder wall Temperature
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CYLINDER WALL SURFACE TEMPERATURE (°rF)
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450 -
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|
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CYLINDER WALL SURFACE TEMPERATURE (°F)

[ |
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350 p—
250 ¥ |
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Fig.
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350
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| |
X ENGINE SPEED = 4200 rpm '
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A 3600 rpm
® 3400 rpm
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Fig. 4.13 CST as a Function of Bmep (F/0 = 40)
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4.16 CST as a Function of Speed (F/0 = 20)
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Fig. 4.19 Effects of Fuel-oil Ratio on CST

97



CYLINDER WALL SURFACE TEMPERATURE (OF)

450

W
1%
o

250

| . |
© FUEL-OIL RATIO = 60:1
X 40:1
A T 20:1

PTEMPERATURE MEASURED BY CO-AXTAL
THERMOCOUPLE AT LOCATION B ]

ENGINE SPEED = 4000 rpm

20 40 60

BRAKE MEAN EFFECTIVE PRESSURE (psi)
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CYLINDER WALL SURFACE TEMPERATURE (°F)
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Fig. 4.23 Effects of Fuel-o0il Ratio on CST
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