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AESTRACT
This study‘investigatés ;he development and adaptatioh
of a timed spérk dischafée system to éid» a mulfi—cylinder
ah;oﬁbti?e-type indirect injection (I;D.i.)'Diesei enginei

for lpw temperature starting. Its performance was compared

with factory installed glow plugs which'are commonly used on

N \

this type of engine.

Pressure and temperature measurements of the cylinder

~charge were taken during cranking with a high.speed computer

controlled data acquisition system. Thi; was doné to obtain
measurements of cylinder gas density in ambient temperatures
do%n to -33;C and to estimate heat transfef rates to the
cylinder during cranking. The haximum cyiinder gas density
needed fo ‘be identified in order to develop an ignition
system with High energy voltage capability to properly
breakdown the spark gaps. |

In order to perform breakdown voltage tests on spark
plugs, a ~high pressure ceil was designed and buift. 1t was
cylindrical in shape, 10 cm "long and 8 cm in diameter,
fitted with glass windows (2.44 cmvthick) on each énd. This

cell was capable of withstanding - sustained internal

'pressures of up to 2 MPa. The cell was also used in:

conjunctigni with a Schlieren systeff to show the effect of

’

S ¢ .
plug geometry on- spark kernel mobility. Here an orificed
plasma plug was used and photographs were taken to shd&\&fﬁf//) .
hot plasma plume generated within the plug cavity, as it

travels across the cell. The system' had sufficient

s



e

resolution _to be able to clearl§ see‘ the shock wave
travelling away from.the plug. | . |

For this ebginef access to the pre—cgamber; where~ the
spark plug§ were to .be ingialled, was so limited that
special experiméntal small diameter surface gap' plugs-
(Champion G508V) had to be'ih;talled inlihe engine.f

The timed spark dischargg system dévelqped and‘ édaptéd
to the tes; engine produced starts;in 30% to 40% of‘the
crankind time ;equired with the factory installed glow'blué.
Furthermore, only 50%~§f the total stgrting energy required
with the glow plugs'was used with the timed spark discharge

Aystem.

vi
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1. INTRODUCTION

1.1 Historical Review of Engine Starting Aids

‘Diesel engines have a reputatioh of being difficult to
start in low temperature¢enviroﬁents..This is é result of
not having the proper thérmodynamié conditions for
autoignition of the fuei in the cylinder when the fuel 1is
injected. To assist these engines, a variety of starting
aids are available for use. Amoﬁg, these are items like
electric ;biock heaters which are used to warm the engine to
improve cranking speeds.

L J

In the mid 1940's Schweitzer [26]' experimented with
introducing Diesel fuel vapors into the intake manifold. to
test the effect on startability of Diesel engines at room
temperatuge. He fohnd that it was not the vapour of the
highest. c;tane fuel (shortest ignition delay3 that produced
the best starts but the most volatile. While the results

were not spectacular, he found that introduction of the qul

during the intake process increased the time available for

vaporization and therefore promoted ignition of the regular

fuel. Carburetion of highly volatile hydrocarbons into the
intake manifold as a starting aid was also tried. Here
again, the qualification of a good starting fluid was that

it was a highly wvolatile 1liquid. In the courseé of

Schweitzer's study, Diethyl ether was wused to assist:

starting. It was so effective an aid that the method of

———— ey - - —— o~ - e ———

. 'Numbers in square brackets refer to references.

1



introduction (injection,. evaporation or carburetion) was
inconsequential. The principle disadvantages with Diethyl
ether are: . |
1. that it is a fire hazard.
2. the potential for violent explosions in the
ehgine exists with improper use.
Nevertheless, at that time the intfoduction of Diethyl ether
was the most effective way tQ start a Diesel in cold
weather. It is still the most common starting fuel wused
today. T
Austen and Lyn [4) later investigated the application
of heating aids to the cold - starting phenomena in Diesel
engines. Three main applicaticns were ;ested Y on an
automotive type 4-cylinder, 19 to 1 compression raﬁio diesel
engine, they were: |
1. Heating'of the intake air
(i) electrically at the air intake.
(ii)electrically at the inlet port.’
(iii) using a fuel burner in the intake manifold.
2. Fuel injector line heating. *
3.\Use of a heater (glow).plug in the prechamber.

With the intake air being heated, starts down io -15°C in 45
seconds of cranking were recorde8-using 2 kW of power on
average. The researchers found that "fuel line heating was
found to be ineffective as a starting aid beéause. of

excessive heat loss both before the fuel enters the chamber

and to the chamber wall due to impingement when it enters



the chamber". Lastly, they also d;termined .that "the main
function of the heater piﬁg was to provide a high
temperature ignition source rather than a heat source" [4,
p.111] :

Each of these aids has advantages and disadvantages and
they may be used to compliment one another on any particular

engine.

1.2 Timed Spark Discharge as a Starting Aid

A new starting aid should show some advantages when
compared with existing ones. The timed spark'discharge
system ?eveloped for lthis study 1s easily adapted to
pre—chamber.engines, produces rapid starts and requires less
energy than the factory installed Bosch 955 glgy plugs
: p

discharge as a starting aid %and to -pr«‘h&e basis for

' To evaluate the effectlveness pf heg timed spark
: \

comparison, ‘one would 1like to know for each system the
lowest starting temperature possible for a given fuel, the
time required to achieve the start, the energy consumed by
the aid and for the timed spark discharge how criﬁical ‘is
the timing, the spark location and the spark eﬁergy.

The timed spark discharge technigue used in this study
was originally used on an air cooled four cycle, single
~cylinder 1.D.1. Onan diesel engine [22]. The engine was
factory equipped with an electric glow plug: in the
pre-chamber and an electric air intaké heater. The total

electrical energy consumed by these aids waé 480 W. This



engine achieved 'starts at -40°C with the factory installed
glow plug aids, bpt it would néver warm up enough to run
unaideé at 7this tempgrature.‘However with thé timed spark
discharge the engine cobld be started at ;55°C in 3 s
cranking. : S ‘

The spark timing and thgﬁlocation of the spark plug 1in
the pre-chamber were both found not to be critical for
sfarting this engine. A minimum stored energy of 2 J was
necessary to>achieve these startsl |

The author is aware of oniy one other study that used a
timed spark discharge as a starting aid, that of Afwell,
Brwmback and Manthey [3]. In this case, a 1low voltage
ignitién system (approximately'4500'v) with shunted surface
gap spark plugs was tested in two diesel engines. One was a
single cylinder, 4-stroke, aire cooled 1.D.I. enging, the
other a 3-cylinder, 2-stroke, 1liquid cooled D.I. engiﬁe.
Both used JP-4 fﬁel. Starts at -31°C were achieved in 8 s to
10 s of cranking. They found both the spark timing and plug
location to be criticai‘in the I.D.I., but neither in the
D.I1. model. They further stated that the same minimﬁm amount
of energy was requifed for both engines, although no details
regarding stored spark energy or total energy wereé .given.

With the success of the singlé cylinder /starting tests
[22], ‘experiments were initiated to develop and study
further .the application of the timea spark discharée system

i

to a multi-cylinder automotive type diesel engine.
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A schematic of the electrical system wused to prodﬁce
the high energy spark discharge is shown in Figure 1.1. The
discharge consists of two components, a high voltage spark
(up to 30 kV) produceé with an aytomotive ignition coil, and
a low voltagé (600 V) diséharge»ﬁrom the étorage capacitors.
The high voltage,bgeaks¢down the air in the‘external g;p and
the spark plug. The resistance of the ionized air ther drops
drastically allowihg the charge stored in the main storage
cépacitors to discharge thereby producing a high cufrent
s}érk in the spark plug. The two discharges appear as a
single spark. High energy (1J to 2J per firing) was used in
£his appliﬁation instead of the low energy (50mJ) usually
associated with automotive sbark diécharges fbg two reésons:’
1. The spark volume increases as the‘stored |
energyJincreéses. .
2. The mobility of the spark kernel, from the plug
electrodes into £he charge increases
as the stored energy increases.
The spark volume as well as its mobility are important in
terms of enhahcing the charge ighition. Nevertheless, for
less severe conditions, i.e. at temperatures above -15°C,
use of the high voltage (low energy) discharge alone should
be adéquate fér startihg purppsés.
The primary.. objective of tﬁis investigatioh was to
adabt-a timed spark discharge to a four cjlinder p;é-chamber
Diesel engine. In ofder to do 56, knowledge of the pressure.

and temperature occuring 1in the cylinder during the
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‘“gglschaIQEd at the plug, is shown visually.
1 e

L]

compression process (without any aids) 1is essential

Knowledge of charge history is necessary because spark plu e——

breakdown voltage is a function of cylinder charge density
and cylfnder charge density is in turn determined by it

pressure, temperature and enclosed volume. These values o

density can then be used to‘determine the relative breakdovrz

voltage characteristics for spark. plugs of ‘yarielz
geometries and materials. These charaeﬁeristics aid  in th
circuit design. |

N In order to have this,.piug teif?%gf,capahility, th

»degngn and construction of a high3 pressure)/fell wa

hwghired this is outllneg in the flrst part of Chapter 3

n@gThe second part. of Chapter 3 d15cuSses the 1ntegrat10n c>f

&?he high pressure cell” into a Schlieren system. ;hi!

empha51zes another aspect of the problem of spark plu

selectlon, this time regardlng the potentfalﬁptﬁfluénce‘ o

ensuing combustion. phenomena when energy is discharge

AvaCFOSS the . electrodes. Here the effect of the energ

.
s < "

The main purpose of testing spark plugs  for'<§hei.

breakdown voltage dependence on ‘charge density, is to b=

able to choose the plug that has the: 19west ‘breakdowr

voltage, requirement at any charge den51ty Testihg an

selecéion of appropriate spark plugs for 'the Mercedes Ber1

engine - are discussed in Chapter 4. A major advantage c>

u51ng spark plugs with low breakdown voltage requlrements e

that *‘he de51gn of the discharge c1rcu1try (used to generat:

s
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t ; ‘ . )
“these electrical potentials) is simplified, less expensive

and inherently more rellable. This is because more commoniy
available components, operating at lower voltages can be
used,.probably with less shielding and grounding required
throughoué the entire system. |

This study is the first known time a timed spark

&) . . .
discharge aid has been ,adapted to = 4-cylinder, 4-stroke

Diesel engine. The engine selected for this research was an

OM636 Mercedes-Benz automo;ive tgpe o£43950‘s vintége, yet
guite représehtative of the general ap;roach used in thev
1980{5.3 The current trend, being followed or set by mai"
Wesf German and U.S. automotive manufacturers is to use
pre-chamber type engines for light vehlcle use. The results
of these startlng tests WIll be covered in Chapter 5.

The secondary goal in this study was to obtain an
appreciatidn for the"héaf transfé:' that occurs 1in the
cylinder during motofed oberation. The point of this is.to
use these results as a baseliné for future studies involving
computer‘ modelling ‘¢f Diesel engine starting performance,
with the assistance of starting aids. This is covered in
Chapter 2.

As preparation-of the Eharge for autoignition takes
placé' dufing thé compression process, and since this aspect

of the cyllnder heat loss phenomena was most important' to

PN

the cold starting ~problem, the heat transfer analy51s was

limited to this strdke. In order to determine the- cyllnder

' volume, measurement -of cylinder pressure, charge temperature



b

ohT

d

~

and knowledge  of 'piston location dyring the compression
stroke with respect to TDC were requireb
Lastly Chapter 6 contains a summary oﬁ\\:?e most

important results of this investigation.

ey L
-
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2. HEAT TRANSFER ANALYSIS

2.1 AnalytiCal'Approaches to Heat Loss Problem

Oéé aspect to tﬁis study of starting a.Diesel Engine at
loQ temperétures:’involved measuring the cylinder pressure
and charge temperatures during crénkihg while the engine was
being motored, in‘ order to estimate the <cylinder heat
transfer. |

Because this part of the sﬁﬁdy was of secondary
importance, it was decided to use a simple approach. A
common method used to measure heat transfer in an engine
cylinder 1is with a heat ilux probe. If heat flows in 6ne
direction only, then a temperature gradient is produced ‘in
the wall, The local wall heat.flow can.be easily calculated

from the thermal conductivity, K, and the temperature

gradient using Fourier's law as follows:

oTwall

ox

where aTwall/dx is the local temperature giédient.

S

In most cases, however, heat flows 1in engines are not
unf—@imehsionai due to construction characteristics-ana the
measurement location in the cylinder, therefore .a constant
temperature gradient does not exist. However, some research

facilities ~claim to  make probes which simulate

10
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uni-dimensional flow [11].”

An example of a study using a well instrumented engine
that provided data requiring simple analytical tools is that
of Annand's [2). The test cylinder was in a D.I.‘engine “and
had a flat top piston and head.

A thin film thermocouple as well as conventional
‘thermocouples, were inserted into tﬁe head to measure the
cylinder head.temperature and to pfovide evidenée that the
heat flux was one-dimensional and normal to the head. A fine
wire platinum-iridium alloy transducer that could be used
either as a hot wire anemometer or as a gas thermometer was
also mounted in the head. Two quartz-crystal pressﬁre
transducers were fitted to thé‘engine, one in the Head and
the other in the wall 1lining open to tﬁe crankcase to
provide a known reference pressure. The experimenfal data
was readily used to obtain a correlation ofﬁNu for observed
peak heat fluxes with the following expressions:

¢

Nu

n

(D/K)Q/AT

I

Re pvD/u

The work of Greif et al. [B8] is excellent for imparting
an app;eciation 0f the complexity of the cylinder heat
transfer problem and the sort of detailed analysis that 1is
sometimes fequired. Here a movable piston in a mock—up test
cylinder was used.-In the subseguent analysis the unsﬁeady

heat transfer to the sidewalls during piston compression of
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a single stroke was determined from the solution of the
laminar .boundary layer equatidon in the gas.

Faced with such an overwhelming selection of analytical
techniques, tools and appnoéches, ;nd as a result of the
relative importance of this‘part of the study to the whole,
it was decided to use the simplest method available.
Therefore, the analysis followed by Mertz [19] will, for the
most part, be used here. This desire to keep the -analytical
te;hnidues as simple as possible was further solidified when
the difficulty of adapting instrumjﬁtation to the cylinder,
by modifying the 'head without wegkening or affecting the
operation of the engine, was réalizea. This was because of

the ' limited space and complicated casting of the cylinder

‘head.

2.2 Instrumentation’

The éngine used " in this study was a Mercedes-Benz

OM636, liquid cooled, I{b.I. Diesel, its specifications are

listed  in Table 2.1.

)
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Table 2.1 Engine Specifications ([23])

4 Cycle

Engine Type

Number of Cylinders 4

Bore 75 mm
Stroke 100 mm
Displacement 1.767 L

Power output

Compresgion ratio
Clearqéﬁ%Q%ﬁIume

38HP (Din), @3200rpm
19:1

\ 23.5 cm?
Pre-chamber volume 9.6 cm?
Pre—cﬁamber surface area 23.7 cm?
I1dling speed 1250 rpm
Half-throttle 1500 rpm

2.2.1 Charge Temperature Measurements

As there were only two existing access ports to the
‘pre-chamber (and none to the main chamber), it was
neccessary to 1install the charge measuring thermocouples‘
where the fuel injector was ﬁormally f&tted and the pressure
‘transducer in the glow plug hole. The installations are
shown in Figure 2.1.

The use 'of two tHermocouples where each junction 1is
different in sizé from the other; was one of many available
techniques for measuring the charge temperature .in an engine
cylinder [19,21]). The thermocouple junctions were each made
by first butt welding fine copper-constantan wires together.
In one case 0.025 mm wire diameters were used, in the other
0.050 mm wire diameters. Spot welding of each junctibn onto
two relatively robust (0.5 mm diameter) copper-constantan

pins was then done as follows; copper onto copper and
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(ALL MEASUREMENTS [N mm's)

GAS TIGHT .
THERMOCOUPLE -
HOLDER ~~50°
LOCATION N\ °

SACER

AVL PRESSURE]
TRANSDUCER

M seacer

THERMOCOUPLES . ", -

CYLINDER
CAVITY

Figure 2.1 Cross-section of Engine Showing Location of

Thermocouples and Pressure Transducer
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3
constantan onto constantan. These pins were used to rigidly

position‘the junctions in the center of the pre-chamber. It
is worth noting here that although ideally the two‘junctions
should have occupied the same point 1in space (a physical
impossibility), in order to give more meaning to the
measurements, the construction technigue used resulted in a
.
lateral separation between the junctions of about 2.5 mm.
Because these two thermocouple junctions were different
in size, their ﬁass and hence their time response would also
'
be different. The measured temperature for each junction is
used (' to estimate the actual charge temperature that would
have been recorded by an ideal‘junction of zero mass and
time response. )
A quartic approximétion to the NBS Type T (copper
constantan) thermocouple data as a function af the measured

thermoelectric voltage, was usgd to obtain the corresponding

temperature[10]. The form of the expansion is:

>

4

T = ap, *+ a;e + ae? + aj,e’ + a,e'

° C. The maximum error

where e is in microvolts and T is in
incurred is approximately +/- 0.3 % C. in the -200°C to 0°C

range and +/- 0.17°C in the 0°C to 400°C range.

2.2.2 Pressure Measurement
A calibrated piezo-electric transducer, AVL Mbdel#

12QP3OOCVK' and Kistler Dual Mode " Differential charge
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amplifier, Model #507, were used to measure the «cylinder
pressure,
b

2.2.3 Data Acquisition

Figure 2.2. shows the set up of the data acquisition
system used for méasuring the temperatures and pressures
during the compression stroke. The .procedure used for
obtaining data at different temperatures and crankshaft
positions was quite simple. First of all the engine was
installed in a 1low temperature chambéf. This room was
maintained at the set point  temperature for at least 24
hours. Then the D.E.C. LSI 11 data acquisition system was
syﬁchronized to the starter motor engaging, té begin
sampling the first few seconds of éengine cranking data, at

-

1KHz /chanpel. .

Seven differght signals from the engine were input to
the computer. The pickup generating signals évéry 5° of
crankshaft rotation was fed to two consecutive A/D channels.
The A/D converter used in this D.E.C. LSI 11 system was a
Data Translation DT2782 board, with 16 single ended input
channels. Qf the seven types of signals, four were used
directly for analytical pﬁrposes,>They were the two charge
measuring thermocouples, the cylinder "pressure and the
engine rotational speed measured with a Servo Tek DC
generatér directly coupled to the flywheel. The remaining

three signals were used for timing purposes. They were TDC

of chinder #1‘(TDC1), TDC ©of cylinder #4 (TDC4), and pulses
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corresponding to every 5 degrees of crankshaft rotation
(5°). TDC4 pulse was used for marking the beginning of the
intake stroke on cylinder #1. N '

The 5° pulse was.obtained with a magnetic pickup that
sensed passing holes that were drilled iqto the flywheel.
These holes were previously drilled in the fly wheel every
5° of crankshaft rotation. The pickup was separated from the
fiywheel by about 6.15 mm.

A significant amount of hardware and software
conditioning was needed to produce usuable - timing marker
signals. On the hardware side, output signals for all three
timing magnetic pickups TDC1, TDC4 and 5° were fed ihto a
'Schmidt trigger which produced a square pulse of magnitude
9.6 V and length 1.05 ms for each of these inputé. This
magnitude was chosen as tﬁg acceptable signal,‘since the
input range to the A/D was 0 V to 10 V. The sampling rate of
1 kHz was chosen as a reasonable time frame for obtaining
more data than the ﬁinimum needed without running out of
memory space. Beéause of this sampling rate, 1 kHz/channel,
the timing signal pulse length required, had to ‘be greater
than 1 ms in order that the A/D would not miss any pulses.
However, to take 1into account the effect of rapid
acceleration of engine speed particularily at warm ambient
temperatures when the time between the end of a pulse and
the beginniﬁg of the next tends to decrease, possibiy to the
point of pulses overlapping, the pulse length had to be kept

to a minimum. A pulse length of 1.05 ms was chosen as a
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{

‘moderate solution to this problem. Although the problem of
pulses overl?bping applies only to the 5° pulses, for‘d;sign
simnlicity the other two timing pulges TDC1 and TDC4 were
both fixed at™he same value as the 5° pulse.

Double tracking of * the ©5° pulse to the computer waé
done to minimize the'effgct of a problem common to many A/D
" boards, that is the tendency to randomly.aséign a digitizéd»
count of zerkonen the input was greater than =zero volts
(i.é.L the correct count should have been greater thaniO).
However, sometimes both channels were assigned a count of
+ zero corresponding to "the same input pulse. This was
unfortunately unavoidable under tne present gxperimental
set-up 'ana fortunately’rare. At worst 1 pgises out of the -
sevenpy—twb 5° pulses were missed (of 1 = per engine
revolution). The number of missed 5° pulses/revolution couldv
have been further reduced by triple tracking the 5° pulse no
the A/D, however, because of the complication involvea,in
changing the SOftware‘zo.handle these modifications, it was
decided to liveiwith the situation. -

Conditioning of tfc. signals was also required .in the
"form of high gain (due to low signal strength) and effective
shielding from starter motor noise (rather than filtering
wvhich tends to distort fast signal cbmponents) to. get
meaningful signals to the computer. _ 0

Although data--was sampled at 1kHz/channel, dnly data

that was associated with a known cylinder volume was

retained, i.e. at each 5° pulse occurence.
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This increment in crank anéle of 5 degreeg in fact
determined the resolution that could be expected from the
‘subsequent analysis. Ideally if Shoulq have. been as small as
possible,,typically 1° or less '[11], but practicaily for
this system 5° was the minimum. This was because of the
minim;l spacé between drilled holes on the flywheel, and the
type of pickup used.

.Using known engine specifications.(stroke, crank radius
etc.), TDC1,TDC4 and the 5 degree pﬁlses for timing markers,
"a volume array was generated as a function of crankshaft
rotation.

A time base was easily extracted from the data as the
sampling rate was fixed at 1KHz/chanhfl(

The use of software wyth the D.E.C. LSI 11 Data
IAcquisition System isﬁ shown in Figure 2.3. The system was
used for recording raw data, sorting out the data 1in time
(using the timing markers), doing the analysis duriﬁq each -
coﬁpression strok; and plotting the‘résults. L

The intake air temperature. and: the water jacket
temperatg;e were»both continuously recorded with a dual
channel éhart recorder, Hewlétt Packard Model #17505A. In
this way, the engine core temperature history .with respecf
to the ambient temperature could be monitored and fhe period‘.
of time ‘the -engine was maintained at the cold ;oom
temperature' measured. Alsé the effect of the heat added to

\
the block during the data acquisition, by the cranking

action, could be assessed.
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2.3 Calculation of Charge Temperature using Two

4w

., Thermocouples with Differenfaqunction Sizes
It is“ well known that .the larger the thermecouple
(g.c.) junction mass.Ebe longer its response time. This
’p%ircipad ie used with the two t.c.s (with different masses)
loca.ec in the cenfer of the pre-ehamber, to qalculate the
charge temperature that wouid have been observed if a sinéle
t.c. of zero mass was used. B
| To do so appli the general heat exchange equation to a

t.c. junction (1),
Qconduction + Qradiation + Qconvect jon = gstored (1)

For the conditions occuring during crankiﬁg, the
raaiation error in the measured t.c. readihge should be less
than 1K, [21]. Similarily, depression of the max imum
L - measured temperature due \to‘ conduction losses should be_
around 1%, [21],-therefore both Qradiation and Qconduction
can be neglected. Equating the.cohvective heatrtransfer to
the change in internal energy.of the t.c.‘junctfan and then.
e#pressing in finite difference ferm one ebtains:

mC(T!*' - Ti)/iari*' = ha()Tair!*'= 1/2 (Ti*' + Ti))  (2)

n

s

specific heat of junction

where: C

m = mass of junction

A surface area of junction
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h

I

film coeficient of heat transfer
JTai/f'""v= temperature of air (charge) based on
t.c. #1 and t.c. # 2 values for time interval '
AT j to j+1
Ti, Ti*'=junction temperatures at the beginning and end of
time interval Ar
In order to simplify-équation (2) an expression for the
mass to surface area ratio for the thermocouble is now
defermined. Because the actual junction shape was somewhere
' petween that of a cylindér and a sphere, the analysis will
be done first based on the assumption that the junction is a
cylinder then it will be assumed it is a sphere.
1f one assumes that the <cylindrical thermocouple
junction (of diameter Djuhction) occupies the s&me' ﬁétal
Qolume and has the same length as the two pieces of wire (of
diameter‘DWiPe) from which it was made, then conservation of

volume -requires

7(Dwire)*L n(Djunct ion)*L .

2l | = A
4 4 ,
from this
Djunction = D = /g pwine

Neglecting the surface areas of the cylinder ‘'ends, an

expression for the mass to surface a -2 ratio is then found .

as shown: ' N
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m/A = pD/4 o | . (3)
substituting (3) into (2) produces

(pDC/4)(Ti*' = Tl)/Ar = h(lTairi*'- 1/2(T7!"' + T1)) (4)

/ - . : |
Applying equation’ (4) to two t.c.'s of different
junction diameters 1 and 2 and dividing- one by the other

results in:

D1(T1j‘1 _T1J) h1[Taf/"‘ 1/2(T1J‘1 +T1J)]

D, (T, "' = T,') = hy[Tair - 1/2(T;/*' + T,})] (5)
- in this case Tair, h,.and h, are unknowns

Assuming the junctions are sufficientlyvclose to each
other to claim that the charge properties are the same then

McAdams' correlation [17] of the average heat-transfer

‘coefficient for heating or cooling of air flowing

perpendicular to the axis of a single cylinder can be used.

This is in the following form:

Nu = (Re)"(Pr)*

hD/K = (pDv/u)" (Cpou/K)” . o (6)

Dividing the above expressing for junctidn 1 by that of

junction 2 one obtains:
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h] Dz t-n

h. D, . (7)

Substituting (7) into (5) and solving for Tair:

) o ; Dz 2.—n sz'1—T2‘| ) )
172 (T, 1™ +T ) | — — R L PR
. D~| ‘ T1j41_T1j

-

iTgipl*? =

-

Dz zZ-n sz’i'sz

D, T1j‘1"T1j

-

Here it should be noted that all the parameters.in (é)
are known except for n. This represents the average slope of
McAdams' correlatioh of Nu for flow over a single <cylinder
(see ‘Figure 2.4), over the range traversed during the
compression stroke. Nevertheiess, even though . tgé actual
operatiné conditions are not as yét known, this analysistwas‘
done in an iFerative fashion on the computer where a guess
of the éverage slope can be made and later checked.against
the actual slope based on calculated juhction heat-transfer
“coefficients using eguation (7).

The correlation of Nu for the flow of air ovér a single
cylinder (6), is shown in Figure 2.4, and can be subdivilled

into five sections for better accuracy. The usual form is to

write:
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Nu = ¢, Re"' pr'/?3

" taking Pr into consideration, assuming it remains constant

throughout the compression stroke. This can be expressed as:
Nu = c Re" : (9)

where the values of the.constant c and exponent n are listed
in Table 2.2.‘This assumption has 1little effect on the
subsequent . analysis, typically less than 1/2 of a percent.
"The properties in equation (9) are to be evaluated at the

film temperature of the fluid (in this case air) as follows:

Tfilm = (Tjunction + Tair)/2

Table 2.2 Coefficients for Calculation of Heat Transfer on
a Circular Cylinder with Air Flowing Normal to its Axis

(171

Nu Re C* n
0.65 - 1.41 0.4 - 4 . 0.891 0.330
1.41 - 3.42 4 - 40 0.821 0.385
3.42 - 29.3 40 - 4000 0.615 0.466
29.3 - 121 4000 - 40,000 0.174 0.618
121 - 773 40,000 - 400,000 0.0239 0.805

* taking into account Pr

Here because the t.c. junction mass 1is so small it is
assumed that the response time 1is negligible;and as a

result, the junction temperature is the same as the fluid
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temperature, or,

1
TFilm = Tair

It was estimated that this assumption on average. caused
a 10% reduction in charge velocity, as yet to be determined
at each point in the compression stroke.

Using the above assumed value of n, a value of Tair can.
now be determined during each time interval j to Jj+I
throughout the compression stroke, using fhe measured
readings from t.c. #1 and t.c. #2 both at the beginning and
end of these time intervals.

The results of Tair obtained from'(B)-were found to be
the "litmus" test for the qﬁality of the rest of the
analysis. By this, it is meant that if Tair did not meet
certain criteria to be "discussed later, the subsequent
analysis would be obviously in error, necessitating taking
moré data. A possible explanation for this ihvolves the
origin of the raw data, P, T and V, from which the
subsequent analysis is performed. While a high degree of
confidence is placed in the accuracy of the pressure\\and
yoluﬁe measurements, Ehis is not necessarily the situatigh
with the charge temperature results. T%ig Jis for-\séveral
reasons: |

1. This method of estimating the charge temperéﬁure was
only done in one chamber, the pre-chamber, and the

assumption was then made that the calculated Tair 1is
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representativé of the entire cylinder volume.

2. The sizes of both t.c. junctions may have been too
large. In this case 0.025 mm diameter wire was used to make -
one junctign and 0;05 mm diameter wire was used for the
bther, while Meyer [21] suggests wusing a maximum wire
diameter of less than 0.025 mm. |

Smoothiﬁg of the raw t.c. measurements was reguired
before. evaluation of Ehe_ charge temperature. This was
because each change in slope for both t.c. #1 and t.c. #2 as
functions of time (C.A.) would cause a corresponding change
2in slope for the Tair curve,;and as such causé a ripple
éffect throughout the rest of the analyéis. To some extent,
the method proposed.here to determine the dimensionless heat
tranéfer in the cylinder during the compression stroke, #s
analogous to repeatedly taking the derivative. of a curve
(due to the number of steps involved). Consequently
smoothing Qas used to control these intermediate states from
"blowing up!. The coafseness of each time interval, 5°C.A.;
(instead of the 1°C.A. maximum suggested [11]), probably
also contributed to the amount of smoothing required for all
-measured and derived'parameters} Althqugh this technique of
data maﬁipulating was not desirable, it was necessary.
Further justification 1is offered for its use with the
observation that general trends, which are the end results

here did not seem to be greatly affected by this amount of

smoothing.
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; 2.4 Cylinder Pressure Measurement

The following is an analysis of a compression stroke
from the intake valve closing (@130°BTDC) to TDC in cylinder
#1 of the test engine, at an ambient temperature of —26;5°C.

The cylinder pressure measured throughout the
compression stroke is shown in Figure 2.5. THe measured
cylinder peak pressure was 2200 kPa (gauge) for this test,
while showing some variability from test to test, waé not
significantly different from the manufaéfurers suggested
value of 2400 kPa considering that the test sites is 700 m
.above seé level. One would concluae from this that the
blowby losses are probably as low as other ~ferences have
suggested [9,13].

\

2.5 Determination of Isentropic Charge Temperature

The temperature history of the charge assuming an
isentropic process, usihg the measured pressures was then
generated as follows. Here an iterative process was used as
the deterﬁination of T, required knowledge 6f the ratio of
specific heats k; k is unknown but is.a function of T,.
Therefore initiallymall values of k were assuméd equal tg
1.40,'and

T, = Tair

@130°BTDC @130° BTDC

Using (10) an array of values for. T, was calculated.
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Tk 1=
igi

T = T)|— ' (10)

Using an expression for the internal energy of air as a
function of temperature,' derived from ideai gas
relationships, see Appendix A, the internalyenergy of the
charge at each pointh in the 1isentropic compression was
evaluated. An average vaer.of Cpoair for each 5° interval
of crankshaft .rotation was then obtained using the
previously calculated isentropic temperatures and the
associated internal energy corresponding to the beginning
and end of e;ch interval. A corresponding array of average
v;lues of k in each 5° interval was then generated, using
these new Cpoair values, also shown in Appendix A, as

follows,

2 .
iCpoair(T)i! : ,
JRi* = _ (11)

Icpoair(T)i*' -~ R

Experience revealed that four iterations were required to
produée convergence of k and T, to their final value. Figure
2.6 shows the charge temperature measured with t.c. . #1 and
~t.c. #2, calculated uéing t.c. #1 and t.c. #2 to obtain
Tair, and calculated using the measufed pressures (assumi;g

an isentropic compression) to obtain T,. Here one observes
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during the Compression stroke
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that all curves are basically smooth and increasing and that

in general
T, > Tair > t.c.#1 > t.c.#2

Theoretically this should alwayslbe the Fése. This was the
criteria for Tair previously ‘referred to as the "litmus"
test for acceptability of subsequent analysis. In fact,(this
proved very reliable, by simply observing thelrelative
values and shapes of the temperature records the £ype ‘of

results could be anticipated.

2.6 Charge Densify Determination

The charge density was derived based on the measured .
pressure, known volume. and calculated Talif assuming no mass
leakage from 130°BTDC to TDC, using the ideal gas law. This

was obrained as follows:

P

m
v R Tair

where:

m = charge mass (kg)
P = measured cylinder pressure (kPa)
V = known cylinder volume (m?)

R = universal gas constant (0.28703 kJ/kg-K)

Tair = calculated charge temperature (K)



This is shown in Figure 2.7.
2.7 Isentropic Work added. to Charge

: With the values for T, array the corresponding in xwmm
énergy can again be obtained, and used to determin e=

. incremental isentropic work added to the charge as fol =

iwl*'=n : (u,7*" = u, 1)
- @130°BTDC

In this case the mass is assumed constant thro..___

~

the‘ compression proéess,‘ although in fact there w I&e=
blowby losses t%rough the intake and exhaust valves anc—=
the - piston rings to the crankcase. This was done he ———
simplicity, although ihitiallya it was hoped that
pressure and temperature sensors would havé been suff a ___
to continuously monitor the cylinder mass at each stess==
theicompfession stroké; During the experimeﬁtal design
it,was.expected to be able to place at least one t.c. 4 ___
main chamber - via the pre-chamber as well as two 4
p;e-chambef. This would have gi&én a better represenf;;;:
of the charge temperature in both chambers. However, CHEE=
bhé small diameter of the pre-chamber orifice, 1locati
t.c. in the main chamber was not possible. The resimt-_
'instantaneous cylinder mass based solely on the pre-chx___
.t.c.é, were found tow vary sinuspidally througﬂout:

compression stroke., Due to the small amount of bl

ekpected, the cylinder mass should have virtually
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»

consfant. As it was, this was taken as an - indication that
the 'charge temperature was not as representative of the
entire cylinder volume as would have beenVAh;ped: This
assumption was not‘crucial to the results as "blqwby 1osses 
should not exceed 1/2 % of the engine swept volume under any

particullr operating conditions."[13].

2.8 Heat Lost from Charge
"The incremental heat 1loss from the charge to the
cylinder wall can now be determined, by using the first law

of.thermodynamics as follows:
dQ = du + 4dw ' ,

By subtracting from the incremental isentropic heat added to
the charge, the actual amount of heat added, the heat 1loss

is determined (13), see Figure 2.8.

igi=' = iwi+' - (vairpi*' - uaiFJ)v (13)
@130° BTDC
\

In order to get an idea of what percentage of the total
ehergy added to the charge is actually lost to the cylinder
walls, the cumulative isentropic work added and the

cumulative heat lost from the charge at each point in time
g

is plotted in pure 2.9. From this it appears that 75% of

‘the heat that was added is lost to the walls under these

test conditionsy a fairly substantial amount to lose:
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considering the difficulties involved in producing
autoignition conditions.
The heat loss from the c£harge to the cylinder as a

whole is actually comprised of many components

’

-

Qcyl inder = owall + Qp}ston + Qhead + Qpre-chamber (14)

. As there was no provision made for determining what
proportion of the total heat loss went to each sector, the
assumptlon will . ‘be made that it was uniform throughout the
cylinder (this includes all enclosing walls). If it 1is
further assumed that the heat flux 1is constant and the
charge temperature is representatiQe of the entire enclosed

chamber then is follows that:

©

Twall = Thead = Tpiston = Tpre-chamber = Tcylinder (15)

Furthermore, several researchers, [2,9], have found that the
cylinder wall temperature remains more or less constant
under - these sort of test conditions, i.e;, when the ehgjnei
is cranked for only a few seconds. Monitoring of thé;
Mercedes—Bénz's cooling water temperature showed thaé&a
minute of crankin? resulted in a temperature increase”Jéf
only a few degrees celsius. From this it is inferred that
the wall témperature should remain %irtually constant during*
the 3 seconds of cranking bwhen data 1is being sampled.

Therefore equation (15) becomes:
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Tcyl inder=Twal I =Thead=Tp iston=Tpre-chamber=constant

2.9 Average Cylinder Heat Transfer Coefficient
. .Using Newton's law of cooling and solving for hcyl, the
average cylinder gas film coefficient can readily be

obtained on-an incremental basis.

. ‘ocy 1!
fheyli-' = ,
: j -
iparie! [Z (AiATi)]
‘ R (16)
or
igeyli*!
Theyl!* ' =
' farit dacylit ' (Utair’t - Tcyl)
“where: .
incyli*'=iawalli* '+ Ahead + Apiston + Apre—chamber (17)

These resuits.are shown in Figure 2.10. The general shape of
the average. cylinder hg%t-transfer coefficient curve for the
Mercedes-Benz engine wused in this study was found to
resemble that obtained by Greif [8] in an analytical study

of heat losses from a compressed charge to a cylinder wall.
\
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2.10 Cylinder Nusselt and Reynolds Numbers

One would then like to express the results in
«

non-dimensional form of Nusselt and Reynolds . number, , which

a

are defined to be:

Nucy] hey1Dcy 1 /K

y

Recy] pvDcy]l/u //
Where hcy] was just determined, and K, p and u are
properties of the charge [1,2]. Expressions for the thermal
conductivity, K, and the absolute viscosity, u, for air as
functions of temperature were obtained using reference [30]

as follows:

0.6325(10'5)/§*418.68

K =
-(12/T)
245.4%10 .
1+ : (18)
. T - .
where:

K = thermal conductivity (W/m-K)
T = Temperature (K)

and:
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145.8 T%'*%
ux108 = — o (19)
T + 110.4 :

where:

absolute viscosity (kg/m-s)

®
1}

Q

-3
n

Temperature (K)

Therefore only. Dcyj, some charactefistic length of the
'}Cik%nder, and v (the charge velocity) are unknown. In some
Stééies Dcy] is set equal to the cylinder bore. However for
‘J%&His case as both the Nu and the Re will be determined on a
step by step basis throughout the compression stroke where
the cylinder volume changes Qith time it was thought best to
use a. characteristic length that also varied

representatively with time.

. Cylindef Volume
Dcyl’ = | :
Cylinder Surface Area (20)
_ i
_ veyl
Dcyli = | ——
Acyl

This leaves only the charge velq;ity as unknown. As
mentioned earlier, because of the space limitations of ﬁhe
cylinder head, hot wire probes were not installed for charge
velocity measurements. Therefore, in order to obtain some

sort of representation for the magnitude of charge velocity,
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an analysis of the flow over the thermocouple junctions
using Nusselt's expression for forced convection over a
‘single cylinder (and later for a sphere as well) was done.
Here it was assumed that the junction flow conditigns
can éSe modelled by flow normal to the axis of a single

34

cylinder. Equétion (9) is again expressed as follows:

i
[}

(hD/K) junction = c(pvD/u)" junction (21)

where both the values for c¢ and n depend on the range of

Re junction being used.
Using (4) the film coefficient for a particular

junction is obtained.

pCD/2(Ti* "' - Ti)

iarit ' (2iTairi*' = (T!) + TH))

where the above parameters refer to the thermodouﬁle
"

"junction. |

The gas film coefficient for eagh junction was then
evaluated throughout the compression §t{oke.'From ﬁhese, an
average film coefficient value fo! each junction over the
entire process was. determined. These results, while
important in determining the charge veloéity, can also be
used to check the validity of the value of n in équation
(21). This was previously assumed as an input to the charge

temperature (8). Using equation (7) n is obtained as

N
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follows: .

log(h™junctiont/h™junction2)

log(Djunction1/Djunct ion2) (23)

If the, assumed and actual wvalues of the slope n
differed, then the'process was repeated with another guess
into equation (8) until good aéreement was achieved. This
waé ;ne of the checks wused to 3judge the §alidity of
ﬁssumptions made and hence the overall analysis.

After this the Nujunction was determined making use of

" both junctions again throughout the stroke as' follows:":,

1/21[(hmD)junctfon1 + (h™D) junction2]’ "'

INujunctioni*' =
JRi-? ' (24)
With the known Nujunction, the cofresponding Re junction
can be determined and the flow velocity over the junctions
extracted, see Figure 2.11, The'assumption is then made that
this veloéity of ‘the charge flowing over the thermocouple
junctions was - representative of the charge flowing
throughout the: cyiinder as a whole. For this test at
~26.5°C, the assumed average Slbpe of the correlation of Nu
for flow over a cylinder, see Figure 2.1H, over the range
anticipated was n = 0.37, while the actual calculated slope
~was4n = 0.39. . R |
1f there was good agreement between the assumed n and

the: actual n, then'another check for the validity of this
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process was to see if the actual (or assumed) n (they should
be roughly. the same at this: point) oﬁcurfed around the -
>average Nujunction calculated for the entire compression
stroke. Here. the <calculated ‘average Nu for the entire
'compression stroke was Nu™ = 2.65. This is more or less in
the middle of the range 1.40 < Nu < 3.4 having an averagé
slope of 0.385, which is roughly what‘was guessed, |
Because the t.c.  junction was shaped somew%at like a
sphere and somewhat{like.a cylinder, the analysis was done
using both approaches. It should be,noted that the heat
transfer analysis done assuming tﬁe t;c. junction = resembled
a sphere,' followed the same method as outlined above. The
;e@uired correlation of Nu for fiow over a .spheré ~and the
¢orrespondihg coefficients for the rela;ionship are listed
in Aépendix B. The'major impact.’of thgse methods to ﬁhe
resﬁlts \Bgtained, was on the qharggzvelocities that were
extracted. In general it seemed that the velocities obtained
using Athe cylindrical junction approach may have been too
high, for example vmax (@ 130°BTDC, T=27°C) = 66 m/s.  Mertz
[19] performed a similar analysis on an i.D.I., 19:1
compression ratio Diesel engine at an amb{ent temperafure of
+13°C. Here he found that the maximum velocity bbtained,'
just after the intake valve closed was around 20 m/s. On the
other « hand, when a épherical junction was assumed the
resulting velocities seemed_low. For the test conducted at
T=-33°C,the average Rejunction obtained placed theventire

test in the région of 1 < Rejunction £ 3, of Figure 2.12



(from McAdams [17]),~i.e.,_heat conduction of a‘sphere > U
stagnant environment. This is clearly not true as the erssmm
cyclic speed, from which the charge motion in the.  cyl3i

is generated; is reduced by a factor of 3 from that at
temperature (+22°C), and not reduced to 0 rpm.‘

Nevertheless, it seems.that the calculated Nu for
conditions. in a cylinder (while the charge ié | =
compressed) was not greatly affecEed regardless of w—
flow conditions are assumed for the t.c. junction. Thisz==
observed in Figure 2.13 and 2.14, where the shapes of
curves are shown to be very similar. Furthermore, the Coew
of magnitude for the Recy] at each point in the proc
with either assumptioh,'is‘roughly the same.

Engine cranking data was collected for amboows
temperatufes of @.-33°C, -26.5°C, and +27°C. The results .
the flow conditions at T =\-33°C and T = +27°C assuminc
t.c. junétions are cylindrical in shape were compared tcs -
predicte@ (25), see [1,2] and shown in Figures 2.15 and
_respecti&ely. ' H

-

Nu = 0.3 Re®’

{:)
While the experimentally generated curves for the t
test temperature, shown in- Fiéures 2.13, 2,14, 2.15
2.16, do not precisely follow the‘predicted, the sc&ttét‘

the data is more or less symmetric about it)’

J,

exception for data taken at +27°C. Furthermore, -ﬁﬁg sh

with
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of the curves shown for tests conducted at -33°C and -26.5°C
are ver§ representaﬁive of the results obtained for most
teéts. |

S{nce the charge measuring thermocouples were located
in the pre-cﬁamber,‘andvtheir-resuits assumed to describe
characteristics of the chafge throughout the entire
cylinder, it seems reasonable to expect the Nucy] and Recy]
results derived to more closely match the expected at the
beginning and end of the compression stroke. This is Because
at these two point 1n the process, tﬁe measured temperatures
would be mére representative of the Eharge as a whole than'
during the intermediary points. At tﬁe closing of the intake
valve a unifovm“temperature distribution shdqld exist
throughout the cylinder, 1i.e., Tair = fwall as only the
induétion work was added to the charge up to this poiﬂt in
time. Similarily at TDC, because the t.c.é wouid be more
centrally located in the charge than at any - other time 1in
the process, Fheir.fresufﬁing gehpéfature, Tair, should be
fairly representative'of the overall charge. For most tests
this was found toybe the_casé,

- 9

A listingbof.tﬁe compuﬁhr program ‘used in ‘the heat’

TR

transferééﬁégysis, is foupd in Appendix C.

)
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3. HIGH PRESSURE CELL

3.1 Céll»Design .

3.1;1 gesign Cfiteﬂia
'}Lq_ ~order to successfully match spark plugs and
circuitry to ‘the engine it was' necessary to have ‘‘the
capability for testing the effect of ambient .charge density
on breakdown voltage Irequirement. To aéomplish‘ this a
combustien cell was designed and built.
The design criteria set down for the cell were:
1. the ability to withstand an internal pressure
of T MPa to 3 MPa,
2. to permit ingtallation of standard ;émM'spark plugé
for breakdown voltage and combustion testihg, |
3. to be integrated into an existing Schlieref set up,
4. to incorporate maximum diameter Schlieren
q&ality»windows on both ends for producing a
large photographic imége, |
5. té accept avpre—mixed gas/air stream for combustion
studiés and a port to exhaust the wastes,’
6. to have quick assembly capacity,

7. to have minimum cost.
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3.1.2 Cell Performance

‘The cell design interi¢r dimensions were 8.0 cm
diameter, 10.2 cm long with the window glass blanks being
15,2 cm diameter and_2.44 cm thick on each ‘end, this 1is
shown in Figure 3.1}ﬁThe recommended working pressure is 2
‘MPa, although higher pressures can be susfained for sﬁért
durat%ons. The maximum initial éharge dénsi;y -nould be less
thaﬁ seven times the atmosphefic densiéy. This assumes. that
. combustion of a stoichiometric mixture of methane and air,
$=1.0, initially pressurized to 700 KPa, does not cause the
'peak pressure to be more than 2.8 MPa and‘to be held at thaf'
value for more than a few seconds. Appendix D discusses this
more.: fully.

\

3.1.3 Cell Features

The cell body was machined but of type 304 stainless
steel for strength and carrosion resistance reasons. The
wall thickness of the cell was nominally chosen to be 1 cm
This was done to allow the firing end of a standard 18 mm
spark plug, with a short reach,'to‘slightly p;oject into the
cell. Here it was thought that having the plug. end visible
in the Schlieren photographs would be a good viewing aid for

doing subsequent analysis. The cell body was then mounted

onto an aluminum cradle, which was fastened to a table fixed

.:;4/_ ),
i i
to “‘the ground. This sort of care was required to maintain

the cell's alignment in the Schlieren system in the event it

was accidentally jarred. Aluminum was used for the glass

]
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retaining end caps because of its moderate éps; as well as

being dissiﬁilar to the cell body.nThis is often used to

prevent binding, when one side of tﬁg\mating thre?ds is made
of sfaihleés steel. The caps were then anodized flat black.
to reduce lighf reflection off its exterior éurfaces.

The ghread on clamping technigque was chosen for two
reasons:

1. to reduce the time required for cleaniﬁg combustion
products off glass and cell interior surfaces, that would
distort the Schlieren images,

[2. to provide a consistent méthod of,applying‘clamping
torque in order to reduce’the likelihood of local stress
concentrations. Glass windows retained with - bolted

~connectors reqguire special care because of this.

An  "O" ring was located hetween the glass and the cell
fo seal in the cell's gases. On the other side of the glass
a- 0.3 mm thiék paper gasket helped distribute tha.clampiné
force\ffom the end caps uniformly over the glass 'and‘ to
minimize scratching of the clamped surface of the glass. .

There were four access ports to the cell, not including
the glass ends. Of these two were 18mm spark plug threads
cut into the side of the cell while’ the two other' ports
desig&atéq ifor charge 'input and for combustion® products

=y -
exhaustiop, were drilled and tapped for 1/4" N.P.T.



'AU 60

A\

3.1.4 Pressure-Deflecti h,Testing

Of the entire gla¥s blank surface area only 28% is

—

. L N\ .
subjected to ditect 1nternancell pressure, the remaining

72% is used for supportlng this pressurized part. Each end
cap, used to clamp the glass blanks Q\to the cell was custom
machined to a specific blank ThlS ‘resulting tight fit,
typically.less than<3.0254mm along the blank's diameteré
coupled with .the' largé amoont of supporting'sprface area
ehould have provided a securely clamped situation.
Pressdre-deflection tests were done on the newly
machined cell. Grashof's formulas for the max1mum deflection
in circular ’plates, obtained by the theory of flexure for
ideal, elastic materials [27), was used to determxne the

expected behaviour for both the 51mply supported edge (25)

and the fixed edge (26) cases with uniform load

EDGE SIMPLY SUPPORTED:

Smax j 3/}6 (1-u) (5+u) wr*/Et? ' 5 (25f
O
EDGE FIXED!
dmax = 3/16'(7?u5) or"/Et3 © (26)
g /
where:

E = Young's modulus for glass, 69(10)° MPa

u = Poisson's ratio for glass, 0.21
r = unsupported radius, 4 cm
t = glass thickness, 2.44 cm



. found in APPENDIX B.

2

61

w = uniform internal pressure, MPa

_After performing:these tests, the results suggested that the

‘glass may not have truely been fixed after all}‘In.thiS<casé

it appears that théfe'may have been some bulk movement of
the “entire glass window outward along the cell's
longitudinal axis, compressing the paper gasket. The results
then are open to many interpretations, depending on the
assumptions made regafding the clamping conditions. However,
as if was desirable to compare the méasured experimentail
deflections to some theoretical standard, the bulk movement
of the glass was assumed to take place and the deflection of
the centre of the glass measured: relative to the 1inner
clamped edc .. '

" The results plotted in Fiéure 3.2, shoﬁf the ‘measdrqd
glass deflection <losely following ,'€:e ~ fixed end
configuration rather than the simply ;upportgd end case.
This was .important to know, 'as_ the typé“ of clamping
situation Hdrahatically -affects | the presﬁﬁre-déflection
behaviour of the glass and the maximum safe working pressure
in the cell. A factor of safeﬁy of . was used to account for
thew average -expected loading time, clamping conditions,"
mechanical surface treatment of ‘glasg and temperature

boundary conditions. Details of the cell glass design are” -

i
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3.2 Cell - Sch11eren System.. wj*:’;:
. 3.2.1 Schlieren Techn1que

Many methods have been developed for making fluid £
visible. Merzkirch [20] descr;bes many of these. In a
local - changes Cin. den;lltv, espec1ally the abrupt chem=—==-
occurring across a shock wave, may be made visible bec===—=
of an accompanying change in refractive index n. of£
three pr1nc1ple techni'ques u'tiliz.ing “this property,
Schlieren method wars used here In thia system, Figure

"light is collected by a lens and focussed onto a pintoce——

The emerging 1light beam 15 then collimated yce?“

mirror, CM,, passe‘d through the gas' in the cell, brough“*

a, focus by concave mirror, CMz, and then prOJected ont cc—————

camera phoeographlc plate. The He-ne ,laser was used

. )
initial alignment of the system. At the focal plane of=

-

where an image of the prnhole is formed, a kniﬂfe edgﬂ@x
introduced to cut off part of theérlight. If the gas derr———
is uniform within the beam, the illumination oh the., scxr——
although reduced by the knlfe edge is also unifQrm em —«—
however in any part of the gas a de‘n51ty gradient exls‘t::::
a dlrectlon perpendlcular to both the llght\ beam and t<—————
khlfe e’dge, more or less light is 1ntercepte_d.by the J==—=00—==
edge. .Corresﬁ"\onding parts of _the image of the ‘.t_est secc—————

on - the screen are therefore darker or brighter. The clt———

in brlghtness LS; proport1onal to the density gradient.

‘Q
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bﬁé ot.Ehe main purposes for this system was to‘study spark
kernel ‘motion and jet penetration‘ as a functioh of plug
geometry, ambient conditions\ andf!combust&on -cell ‘spark
discharge circuitry 'parametirSu'Therefbre, by ensuring the
»-'plune path was 'ordented'-in thef same direction as the

movement of ‘the knife edge, sen51t1v1ty to den51ty gradients

in thls dlrectton‘:was‘ achleved and adequate Schlieren N

»

photographs obtalned If radlal sen51t1v1ty 1s£f§ﬂu1red the
a .o

knife edge can be replaced w1bh a dot.

-

R
v

3.2.2 Cell-Schlieren Systemvlntegration ,;': - : 3 2
s .
~ Two spark plugs were used in this system, One ~as \a

Ll

‘microsecond allght source for flash photography and one for

produc1ng the obsarvable event 1n“the cell. There were also

N q . % .
&7 two o, corre pond@ng .sp@rk drébharge systems - Schlierep

~v$photographs were taken of a modlﬁyed champlon plasma plug

dischargingv into ¥ air . at 'atmospheric: pressure. These

photographs were taken”at different ‘time delays after the

e

Qinitiation of the event, i.e. pul' ng the cell spark plug,

'“u the development of

g5
Y

' Ideallvé%t would hﬁye been nice to ff;

‘.,-

event 1n time wath a hlgh speed c1ne camera, however,

) 3 ﬂp

eachy
by oo R AN *

* the exgﬁ@}ng equ1pmenn was capable oj taklng only single -

P photographs of hgﬁh speed events. Hence for each photograph
with a p;?‘-cular t1me,delay, apcorreZpondlng dlscharge; of
the ell spark plug was requ1red Neverthe1ess thé.process :

“Was, soagon51stenqi§hat “this approach was very acceptable for

' &
" the type of results regu1r;;:3;t should be recafled that thg

) ‘ ﬁ_

R . oo
; : AL
3 -7 % 2 w -
K o 7 . -
- N . T N
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| -
~initial ambient conditions in the <cell can easily be
¥ altered‘ Air 'and/or gas in various combinations and at

rdlfferent :initial pressures~ can be obtained. using an

;ﬁ§§

K

‘avallabl% gas/alr m*ver

3:2.3 Operation of the Sysiem- .

The' procedure used to obtaln instantaneous flasﬁ'
‘ photographs of events in the cell are as follows.

A time delay between the event and the flash ‘occurences

{ . - h

was -dialed 1into the Tektronics 555 Dual-Beam oscilloscope .
. which tHen sent the two puIses' ‘correspondingly- spaced in

time, to the two spark dlscharge sys&ems. Although the same

-

circuit design pr1nc1ples werte used for. both spark dlscharge
systems the requ1rements and capab111t1es of each were quite

dlfgerent; As . a resu}t tHE"components and asubsequent

operaticnal tharactexistits"of these discharge systems were

also different. This is.,. spown as follows. Using

5 “vd.,.

‘osc1lloscope to repetitively trlgger both dlscharges with a'

flxed t1me delay between theﬂpulses results 4n time delay-
; measurements .that are nergher the dlaled'ﬁin amount nor*’
.-Copsistent“erefore} in order to take thls :.int'oj account,
| photodiodes _were uSed 1n%€he measurlng of the.delays and

the scope/camera setup used ?o record them.

v'

. Recordlng the timing oéi;he cell spark plug f1r1ng was
kY v’ ' % Q‘ *. “ N
accompl1shed s1mgly by plac1ng the correspondlng photod1ode

"close :;uo‘} the park Source. 3" However, the amount Of.
. - ‘

;6e1ectromagneﬁﬁc radiation from.gpe phoeoqraphic :ffégh“'pluo

. . R + - e
\s . & ) -
o
Y
.
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required moving the photodiode several feet from the flash.

TN

Since the . flash source 'was eneloSed- in a s box and its

. _ ) & -
photodiode located outside, a fibre-optic cable was used to a&

[] .
transport -the light signal.

The flash and event spark discharge durations  were

approximately 30us and 20us respectlggly Here the shorter
duratlon discharge was used for the event and not for the

flash where it would have added approx1mate1y a 30%

. g
1mprovement in shock wave resolution. This.was done because

the high and 1low voltage settings for the event discharge

were adjustable, which is importaﬁt for testing purposes, -
.whereas? those of the flash were fixed. 9
Ab- ut 1.45 J of stored energy was discharged for each O

event sparkaplug firing whereas around 14 J was required for

the flash.

° The photoémaphs Figures 3.4 and 3.5 are
fepreseatative of the sert. of quality "and resolution
proﬁuced by this system The 115us delay prlnt Flgure /3.4, lé?
clearly shows the shock wave propagatlng from the event
spar& plug{on the rlght side. The spark plug used-jin these
phogognapgg“wi a plasma jet plug with an orifice fixed toA "“;é
itg emd?jThe plasma plug's 1nternal cav1ty volume was 30.2C o

ff'%£3’ wh;%g“ the orifice was 1. 4 mm in dlﬁmetéT ‘Note thit as R

R < @ v :
pfeyiousl%fmemtloned the system is .sens1t1ve51 @ens;tyvv
~gra§ients' in the difec ion of thebplumegéii_ lﬁetf-from : -~$&i

e
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side to 'side,_ 1f further 1mproveméﬁf ia 5the Egstem is
desirable, for;example, if resolv1ng the shock wave ‘becomes
iqportant the flash w1ll have to be shortened by a factor
of 10 to about 3us in duratlon R : '

- The second phqtograph, Figure 3.5, shows a much more
-developed plume, taken'1065us after the discharge of the
event plasha plug Here the advancing plume has penetrated

one third the dlstance across the cell after only 1 ms. This
% .

is the main feature of plasma jet 1gn1ters, the ability to 4,

‘propel a kernel of highly ionized gases into a dense medium.
Thfs will be discussed in more detail in Chapter 5.

These figures illustrate the usefulness of the
cell—Schlieren éﬁf'desighed.'w%he'{Eell's main use in this
study however was' for measuring voltage breakdown
, characterlstlcs of various spark plug conflguratlons for use

in the Mercedes Benz Diesel engine.

e ‘



4. SPARK PLUG SELECTION AND CIRCUIT DESIGN

a
3

4;1 ;Inf}uenceh of Charge Density and Plug Geometry on
”éreaidown Voltage : | -' »
A? thdrough study of the wvoltage requirements for
increasing ambient air density was necessary in order to
.select an approprlate plug type and geometry for dlscharglng
in the high pressures 1in kéhé Diesel engine, during cold
cranking. Measurements on the engine during these cranking
‘conditions showed that, as Wthe/ ambient temperature
decreased, the cylinder density at the -peak of  the
compression stroke increased, meaning that it would be more
" diffigult to discharge a spark across the gap as the‘amblent
'temperature was 'lowered The cyllnder density méasured
gdurlng crank1ng at -33°C 1s shown 1n“Flgure 4
' .There are two basic types of spark plugs for use in
‘englnes, the air gap and the surface gap types “ Flgure 4,2
shows cross- sectlons of both types of spark plugs. With the

air gap type, the spark jumps from the centre methl

-hae&?ctrode, through the .compressed. charge tc'Athe ground

%ﬁectrode, while with the surface gap type the spark runs

] >
round e&&ct&&deu'}‘wo types of surface galug,s 5are shobn

. LA

Flgure 4, 2‘ the first, a so- called plasma jet, plug has a
Y7 recessed cavity through which the‘fpmrk passes  to ground,

- k : '
. ‘(i’ whlle w;i;;t:h~ the second, the standard surface gap plug, the

S

- park t;avelsf radially outwards.. By using high energy

. As"g s .

71

- dgiser
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cavity can be rapidly raised to high temperatu}es and thus
createwia significant over pressure which jéts the'ionized
gases away from the plugfas wasfillustraﬁed fn‘ Figure' 3.5.
This *tybé of action allows one ‘to fnove ?the eﬁfectiye
1gn1tlon source away from tne spark plug NxThe: surface‘ gap
spark plugs also exh;plt some motion of the spark away from
the surface during discharge but to a much,.lesser extent
than the plasma‘jet plug. " |
JFor testing the breakdown charaqterlstlcs of different
. plug geometrlesp‘the high pressure cell descr1bed in Chapter

3 was.employed.

Each of the three types of spark plugs were tested for

their voltage breakdown charatteristics as the ambient gas

density was 1increased over the range from 0 tg, 40 kg/m?
) , ot ~ n* & Dugy

Figure 4:3 shows the results of these tests “for. typical

v

spark plugs &zne’a1r gap type show the steepest rise in the

voltage required gg\\breakdown w1th 1ncrea51ng gas den51ty

»-r
Ll ey

'le the %ecessed cav1ty plasma ]et plugs shﬁw a levelllng

The breakdown voltage charaqtefistics %% the air gap

plugs.fotlow Paschen's empirical law f29]. That %s,, the

ugfﬁyad gas is a function @f the gas

[
A uk
density and the; "( 3é§e spac1ng only Because the - geom%try

~of the surface - gap&plug differs from the air gap plug and
" the séakk travels aleng the ceramic surface, Paschen s law

does- not *apply to surface gap plugs. The standard surface

_discharg%s with plasma jg% spark plugs, the gas in the .

.the voltage reqdﬁrement aboverggas den51t1es of 10
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o

- l,: PO . .
gap plug exhi%ﬁ‘d the lowest breakdown voltage for a given
applied- gas density, ' Sy ‘

"I1f the: compre551on process in the engipe cylinder is

adiabatic, the max1mum gas density in the cylinder. is equal

~to the compre551on ratio multiplied by the :intake gas

__desirable‘feature for D1esel engine application.

density. For this Dlesel engine and the ambient conditions

used 1in this study, the cyllnder air den51t1es at the end of

the compress1on stroke were estlmated to be in the range of
20 to 30 kg/h In practice, measurements of in-cylinder
temperature and prescure shoued that the peak cylinder
densities ‘were about 20% less than the theoretlcal maximum.
This means that 1in order to have reasbnable breakdown

voltage reguirements, , only the plasma jet and the standard

surfa€e gap plugs would be suitable for -use in a Diesel

e . : , .
engine. Both types of plugs were utilized, but, because

Standard surface gap plugs have the louest breakdown voltage
and are very resistaht to fouling when short duration sparks
are used,,they were used for most of the starting tests.
Radial tracking of "the spark along the annular region

between the centre and ground electrodes tends to blow.  off

any .soot. that colltcts during »e?glne operat;on.'A very

" A POARN
.

o

- 4.2 Problems with Pre-Chamber ACcess.—_Speciar‘Designs

At the start of this four cylinderﬁghgine study} it was

decided to avoid any modifications toﬂthe‘engine; This was

h ~ ¢

done partly for the future benefit ot having the capacity to’

D

"



Sl

1.

¢

exa';sily retrofit other engines, possibly in the field

system that reqguires little modification °and P -

simplify. the " experimental setup-ij;_md “avoid ruin
L

cylinder head. {

With this izery restrictive design criteria of

any modification, the only option left for adapt i

'plugs to the engine‘ilsjiy;&lved using the existing glo -

!
dnstallation hole. Actess to the prechamber thro -

port was so.limited, in terms .0f.the hole size and
and distance from the head exterior to the pre-chamb = ———

k=] - .-
no commercially ava_,ilabl_e"surface gap plug was adeqguU s

"a result of this, surface gap plugs were.designed'a z

'usi'ng industrially aﬁ;ailable material. This appro oo

ult.imately discarded after much ;‘.futile effort,

“

" resulting manufacturing problems and poor per -

chrrzcteristics created more problems than it solved

After consultation with the Champion Spark Plug

/

(6], an experimental surface ‘gép plllg was SUQge mmmmmmm

these géfticulaf .;equire{r’}ents. Appendix C shows b e————
h_omeb—uiit plug and t‘hhe L‘mmodgi'fiéd Champion G508V. Be ————=—
the small diameter of the G5'08V spark plug, onl ~—>=—=————=
n'lodifi_"c'ation's. were required to allow installatio x———
eﬁg‘ine-. Here, the main body of the plug” was machin e=——=—=
eﬁoug’h to allow it 'to_ slip down the e_xis;cving‘-'g :

loﬂcation’,~('18"mm spark plug;}thr‘eat‘is’)’ a re?t;aitn’ing‘ —

thfen, threaded 1in after the plug, Figure 4.3 also s B——
YRR s ’ ’ ’ T L4 . :

Wkdown voltage requirement: as a function of

e - ¢ ’
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~densit-y,fc’»r‘thg homebuilt!as well as  the 'Champion G508V

‘plugs. Her;.it is seen thak}béfh fhe hoﬁebuilt and the G508V
surface gap,plugs perfofmed intermediate to fhe air gap plug
f.and\rthe plasma plug.iHowévegﬁ\the GSOBV plug.required less
voltagé than the homebuilt pldgé at algiven chargé déhsjty
and mofé’,importantly" thg_.GSOQV flattens out at about 27-
kg/m?'wheréas.the'homebui}ﬁlplug after a short levelling of f
“period continued to exhibit»aic gap cha;acferistfcs. This
figure does not présent ali the factors which are important
in overall perfdrmégce, though. As far as operéting
reliability, breakdown c;nsistency, centre electrode ergsion
rate, \ruggedﬁess - of - construction ﬁaterials etc. ;as
concerned; the G508V was far superior. It was used' 'in the

N

engine for all of the results reported here.’ ‘

4.3 Ignition System

!
!
[

;.5.1flntr$duction

. The ignition sYsteé for the four cylinder Diesel engine
- basically consists of four }ihgle cylinder ignition-units.
~ Each single ﬁnit is a'typical system previously described in
Chaptér 1 and capable of discharging up to'se@eral joules of
enefgy to each spark plug. A schemati? diagram is shown in
Figure - 4.4. ° Individual magnetic pickups- are used to

synchronize ignition system firing to cam gear rotation.
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74.3.2 Power Supplies
Figure 4.4 also sheqws the three power supplies
providing outputs of -600 V dc, ~-300 V dc and +5 V dc from a

12 wvolt battery,.Thé -600 V and -300 Vv sﬁpplies are typical. ‘
DC-DC inverters uSing toroidal Hammond tfansformers, while |

the +5 V output was obtained from an IC regula;or: The -600

N V dc and -300 V dc powers the hiéh voltage (low energy) and
the low véltage (high energy) circuits whered; the +5 V
supply“powers thg electropics of the ignition units. This is

shown. in more detail in Appendix-E, Figure E.1.

4.3.3 Trigger Circuits

. Fbur identical trigger circuits were used. Circuit
triggerihg wés obtained in the following way. When a signal”
from a magnétic‘pickup (Figurfe 4.5)»re§cﬁes a certain leJel.
a sqsarepbulge is produced that turns on an 'oﬁtiéaily
isolated SCR that in turn switches the main SCR on. Appendix
E, Figure E.2.shows a schématic of this. Clipping of. lafge
input signals, pulse streéching to eliminate the possibility
of mulfiple trigger signals (if the input signal is4noisy or
full of spikes), and tvo"opticai isolating—stages,were

incorporated to reduce the chances of signals coming back

from the output of the trigger circuit. \

v

4.3.4 SCR Switched Capacitor and Ignition Coil
When the main SCR is switched on charge stored in C,,

shown in'Figure 4.4, is discharged into the primary of a
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d@séharge.'C2 filters 'olut spikes coming'back from the toill
A% important modification .to the high volta;e side of the
s{mple circﬁit, Figure 1.1, involvés using the éaﬁacitor Cs
in “thé' locations ';hown in Figufe; 4.4, bn. sé;ves as a

temporary storage of energy from the coil as the voltage

builds up before heing dumped ih the plug gap when bréakdowns

.occﬁrs. Using C, in this way greatly increases the energy
delivered from the coil to the spark plug.

"If C, is typicaliy 0.0002uF and charged to 30 kv then

it delivers ‘about 90 mJ to the spark plug. A standard -

automotive ignition system delivers around 50 mJ spark plug.
4.3.5 Main Discharge Capacitor .
When the high vdltage (low energy) discharge from the

coil occurs, the main dfscharge capacitor, Cs, -charged to

-600 V also discharges, producing*a high current arc. Both’

this discharge and that from the voltage circuit appear as a

single spark at the plug because D,, a special high voltage,
‘ y

"high current diode,.énd“C;, a blocking capacitor, are used

to protect the respective circuits from discharges in the

wrong direction. For these starting tests a value of 8uF was

f.

used for_the main discharge capacitor Cs at 600 lv; which
produced a discharge energy of afdudd‘1.45 J/plug. Theréfore
tHe total spark discharge energy-ber‘ plug, adding- in the
contribution from the high'voltage (low energy) discharge of

90 mJ, was a little over 1.5 J.v

2

stﬁgdérd'automotive.ignition coil, -generating a high voltage.

AN

S
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‘The present multi-cylinder circuit design consumes
f

. about™ 50 watts per cylinder. This;is'typical of factory

: 4 : :

installed glow plugs used on similar engines.
LI . ')‘

!

4 BN

‘,

LY RN



5. STARTING EXPERIMENTS ~

5.1 Low Temperature Chamber

,J) Figure 5.1 1is a schematic of'ghé’Ma{cedes-Benz engine

-~

installed in a low temperature chamber (interior volume 20
) >, .

4/4m’? capable of maintaining témperatures down, to =-60°
’ celsius, +1° celsius. The controls for starting ifhé engine
"were se? up outside the low temperéture chamber, with an
umbilical cord used to cafzy signals back and forth between
the cohtrol panei, the engine'and the dual“chénnel chart
recorder, Héwlett-Parkard Model #17505A.
. .
5,2 Engine Modifications °
. Tﬁere _were two modifications to the 'MercedeQLBenz
engine. The first was fitting the timing'mechanism to the
'engihe. This was accomplished by. attaching a éircular fl;t
plate with a magnet bféssed into it on to the end of the
caﬁ;haft; Four mégnetic pfckupg, set at _90°‘ apart, were
mounted in the céméhagt housing parallél to but separated
from the rotating plate and magnet by about 9205 mm. This
mechanism was, designed;in such a way that the spark timing
éould be varied +30° of crankshaft ;ogatfén on either side
-»of;TDC. o L
Thevsec;;a\ﬁbdiiiqatibn involved.installiné-a Vay{dyne
pressure transducer (0 3 21 MPa FS) in the high pressure
fuel delivery line to the injector of cylinéer #1. This was

done at the start -of the study when there were questions of

84
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whether or not the fuel 'injecfion pump was dperaf&ng
prppérly, when did the'fuel'spray bégin“an@ for‘how long? |

The spark plugs were ’‘installed in the glow plug
locations, .as shown’in Figure 5.2 which is a cross section
of the enéine cylinder—prechambér. Here the axis of: the
spark plug ihterseéts the fuel injéctor axis at an angle of
about 50°. This means .that the lsurface where the spark
occurs on the surface gap plugis not direcqu ékpdsed to
the fuel spray. It is‘felt that not having control over this
" one paraﬁeter, the orientation of the spark plug Qith
' réspecf to the fuel sbray, prob?bly limited fhe success of

the study. A L,

o
A

5.3 éower Sﬁﬁbiies, Fuel and Lubrication
~ Two 12 V batteries were used for these starting tests.
"One was used to power the séarting motor and solenoid, while
the other was uéed to energize the fuel solenoid and_to run
either the glow plugs or spark discharge syétem, depending
'on'>hhich aid was insfalled iﬁ the éngine. Both batteries
were kept outside -the cold chamber in the +22°C room
envi;onmehtgi
‘Over the course of this three year study the fuel
acquired for; tﬁese starting tests was Artic (AA) Diesel.
Because of the time  scale involved, the physical
specifications changed somewhat from sample’tolsaﬁple. The

cloud points and pour points ranged from -45°C to -51°C.

These as well as other fuel specifications are listed in
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Figure 5.2 Cross Section of Engine Showing Fuel Injector and

Starting Aid Location
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Appendix D. For all starting tests the fuel was cold soaked)

with the engine. The crankcase o0il used in. the engine. was

Artic OW-30. y

As part of a regular preventative maintenance program, .
once every two weeks or ‘so, the engine was warmed up to room
temperature (+22°C) and run for 30 minutes to ensure proper

functioning.

5.4 Starting Pfocedﬁre

The starting proceduie followed was simply to crank the’
enéine until it started, or for a maximum of 60 seconds.
Extensive crahking tests révealed that the engine responded
best with the Champion G508v surface ‘gap plug§ when a plug
depth of 22 mm, measured from the sealing surface to the
firing end, (see Figﬁre 5.2) in cohbination with a 1/2
throttle setting was uséd. | ‘

Ih performing these starting tests, a simple definition

of .a start emerged. It was observed that if and when the

v

“engine cyclic speed reached 46¢ rpm, the starter motor

solenoid <could be diséngaged_and the engine wquld'continue
to acceleraté to the govérnor speed. This was fou;d to be a
reliable, unbiased criteria which was easy to imblemedtt
Furthermore, not once did the engine stall after it had
attained this mark, either with ;he.factory installed gloy'
glugs or the timed ;pérk diéchafge.»A 60 second pre-heat was

used for the glow plug starts, at temperatures above -34°C

and.90 seconds below this point.
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At each ambient temperéture the engine was cold soaked

for about 15 hours then a  quick timing sweep done with

starts every 2 1/2 hours to obtain the general dependenCy‘of

ﬁheA starting time on spark ‘timfnp., Logg’ duration ‘soak
periods (15 hours or mere) were then used to more accurately
défin§ thé. eﬁgine starting time dependénce on 'sbafki
discﬁaqge >timing. The total amount  of stored . energy
discharged per épark_plug was kept around }.5 J.

.

‘5.5 Results

The experiments witﬁ, the 4-cylinder  1.D.I.
Mercedes-Benz engiﬁe were done to de;onstrate the
applicatioh of Ehe timed spark discharge starting‘to'such an
engine and to compare it with the factory glowg'plug aid
under ideptiéal conditions. \_ | |

This; engine did not respond to the timed " spark
discharge aid as well as had been angi;ipa;ed, Preyiously;
this aid had been adapted to. two single .cylinder bﬁesel
engines, one a.direét injéctidn type, the other an iﬁdirect
injection model. With tﬁese‘engineé starts at the'fhel‘ pour
point temperature (about -50°C) were obtained w;th-only 3
seconds cranking. Nevertheless, with the 4 cylinder ‘engine,
improvéments in the starting times were Obtainéd.with the
timed spark‘ discharge aid over the'.factory installed
in-cylinderf%low plugs. '

At temperatures. down to -20°C almost instantaneous

starts resulted with use of either aid. This is shown in

\

\
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‘Figugg 5.3. However, below gifs boing"ﬁé engine took arquna
2 1/2 £Q‘3'times longer to sgarg with the Bosch 955 glow
plués ~than with thel.timed_sﬁark discharge aid. A certaih
amount of variability existed in the starfing test results.,
One notable  example of this involved a 6 1/2 s start after
the engine was cold soakéd at -35°C for 50 hours. This
represented a subsfantial improvement over the previous
timed spark dischargé'starts under idgntica%xconditipné.

' 'Figure 5.4 shaws tﬁe.efféct of ambient temperature on
the Eranking‘time as the spark timihg is varied. This shows
that it takes 1longer to start the engine as the ambient
- temperature decreases. However, one can also see that the
timing region where reasonable startg are' obtainable, i.e.
?cranking time less than 20 s, shrinks as well as becomes
ﬁore retarded in time, as the temperature drops. This can be
seen by notiné that for starts at =-20°C (with the engine
sbaked at .this temperature for.10 hours on average) this
region spanned 27° from TDC to 27°ATDC, while_ét -35°C (for
15 hours or more) it' was 4° in duration from 13°ATDC to
16°ATDC. From this it is easy to see how little chahée there
is of any startg below -35°C under the present experimental
. set-up. ‘ ‘

Figure 5.5 shows a start fepresentative of the engine
-behaviour when aided by glow;7lugs, after Beiﬁé at -34°C foé

18 hours. For this test a 90”s pre-heat period prior to the

VN .
initation of cranking, and a 67 s ,past-heat period, also

measured from -the start of cranking, .- were used. In the

-
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period of cranking, which lasted for 42 secénds, the quine
speed quickly rose to around 150 rpm, whereas the engine
cranking speed for this temperature without aﬁy aid is close
to' 100 rpm (see Figure 5.6).ﬂThe engine cfclic speed then
incréas;d slowly to about 350 rpm then quickiy accelerated
across the 460 rpm mark, where the starter motor is
disengaged, to the idling speéd ?§\1359'r9m.

A comparable starting - ruﬁninéﬁtrace with the spark
discharge aid fitted to the engine .is displayed 1in Figure
5.7. It is‘-seen from this that the engine speed for the
first few seconds was very close to  that measured without
any aid, 100 rpm. Quick acceleration to'arbund 300 rpm
followed by a matchingvaecelleration to slightly abqve‘ the
100 rpm mark. After a'fgw seconés} the engine speed Segan to
increase, somet imes guite rapidiy, to the running speed of
1500 rpm; The starter ﬁotor solenoid was disehgaged when the
engine speed was close to 650 rpm. Two subsequent attempts
were made to turn off the spark discharge aid at the 42 s
and 55 s points in the start. These.were both unsuccessful
as the engine was not warmed up sufficiently to run unaided.
At about the 70 s mark into the teét the spark discharge aid
was‘ finally turned off. and the engine left-to rup as a
Diesel. A\3SQ rpm drop in engine speed then ensued, which
required about 45 s of running time to regain. )
The engine takes subsﬁantially less time (a factor of 2
1/2 to 3) to start with the timed spark discharge aid than

with the glow plugs. The tendency to accelerate quicky, a

%
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L

few seconds into the start, is taken as evidence of the

-presence of partial combustion. Further substantiation of

this is offered by the fact ‘that starts in the order of 6 s
at -35°C for long durations were recorded with the timed

spark discharge aid. These were not representative, though,

of né%mal engine starting behaviour.

.~ One other point to note 1is the rapid. and smooth
acceleration of the engine when aided by the glow plugs, as
opposed to the more sluggish response when aided. by the
timed spark discharge aidf’/A trend similar tc this was -
noticed when'pe;forming starting tests with the timedl.sbark

discharge. It was -the tendency of the engine to accelerate
faster and-smoothér as the required cranking time increased.
It was also observed that'as the spark timing was advanced
the rate at which the'engine'qud up to its running speed
also increased. However, for this study, minimizing the

starting time was much more important than optimizing the

engine behaviour as it accelerated to governor speed.

5.6 Effects of Fuel Injection Timing on Ignition Delay

Figure 5.8 shows a pressure-time trace for fuel in the

’

injection pump delivery line to the injector for cylinder #1

during cranking at -34°C. Here it is seen.that at this

temperature the fuel delivery from the pump starts at about
28°BTDC, the bintle valve then opens when the line'pressure
is around 14 MPa (@ about B8°ATDC) spraying fuel into the

pre-chamber and closes at about 20°ATDC. In a sense the
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starting behaviour of the erigine at -35°C shown in Figure
5.4 maps out the timing and duration of the fuel spray. This
should not be very surprising as optimum starting.conditions
(from 13°C ATDC to 16°C ATDC @ -35°C) should be related to
; optimum fuel spray conditions (from 8° ATDC to 20° ATDC @
-34°C). |

| Figure 5.9 shows a pressure-time tface during the
compression and combustion expansion sfrokes for a
mechanical injection C.I, enginé running at full load [21].
_The four stages in the ignition procesg indicated in Figure
5.9 are shown in a little greater detail in Figure 5.10.

The period from the start of fuel injection until the
initiapioq\wof ignition 1is called the ignition'delay.ﬁThis
delay pe;iodAis comprised of two parts, the physical delay
and the chemical -delay. |

In the physical delay period disiﬁtegratioa of the fuel
spray, 'by high pressure étomization (AP across orifice=14
MPa) shown in Figure 5.11, foilowgd by turbulent mixing of

Y

,vaporizeaw fuel droplets and then the raisinqmof the mixture
teﬁperature takes pl§ce.v

During the period of chémical'delay the reaétions start
slowly ﬁhen acceleraté until ignition starts. Unlike the
homogeneous  charge S.I. engine, there is no orderly
propagation of a flame along a definite frame f;ont, but
flames appear in.many areas wherevcombustible.miktu}es form

7

and auto-ignition occurs. _ “
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Instead of relying on the conventional factory installed
glovw plugs as a starting aid, this study implemented a timed
spark aischarge system. Here, the initiation and propagation
~of combustion is directed to the initial stages of ignition.
Thie fs pos%ible beeadse in discharging the energy stored in
the capacitors across the surface ‘gap plug electrodes, a
high temperature plasma is created. The eoncentraﬁien of
active species present in the plaema is sufficient and/or
hot enough to promote chain branching reactions at a rate
which will maiﬁtain and extend the flame [7].r Because of the
_heterogeneous nature of the charge 'in C.I. enginei, regions
exist with droplets of fuel alone, with fuel vapor put not
air, with.air alone and with fuel and air 'mixtures. when
ign@tion begins in a region that centains both fuel and air,
the flame will propagate if the regiqnf of mixture is
continuous [24]. However, heat transferred from burning
regions to adjacent‘ones, on the verge of self-ignition, may
cause ignition. This points out the difficulfy in being able
to distinguish between flame propagation and self-ignition
thch is aided by adjacent high temperature regionsf
Therefore, in order to benhance the ignition process, a
system that can generate high eneréy diecharges to produce
the plasma as well as a means to .distribute the ignition
nuclei throughout the charge is required. Ideally the plasma
jet spark plug should be used in. this epplicationf because
ovef—pressurization of the plasma-genereting cavity causes

significant charge penetration by the plasma.  However
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beéause plasma jet igniters are succeptibie to fouling
problems, theh~iurface gap plug which \does not foul yet
produces some hotion of the_plasma away from 1its end as
chosen for this application. This has a two'pronged effé&g,

firstly the movement of ignition nuclei into the charge’

reduces the need for the mixture region, where ignition -

began: to be- gontinUous in order to promote flame
propagation, Segondly, because the number of. points of -
ignition has increased, more afé;s close to self . ignition
are adjacént to mdre burning regions. Thé net effect is that
more of the charge wil} bé'burned and in less time than
‘without any aid. This is very desirable as thé& more energy
liberated close to TDC the.gréater the amount of work that
can be done throughout the expansion stroke;

This mechanism‘ for enhancing ignition in' a Diesel
engine is what 1is thought to have occurred in the engine
cylinder during.cold starts. The best evidence to supﬁoft
this are the facts that in generél, starts with the timed
sparkvéischarge aia took only 30% -tb 40% of the time
required with the .glow plugs. More thaﬁ twice as much energy
vwas consumed with the glow'plugs than with the timed spark
discharge (as a pre-heat period was réquifed with the glow
'plugé). Also the starter motor consumed aBout twice as much
energy when the glow plugs were uséd than with the timed

spark discharge, as a result of £he longer cranking ”periods

required.

3
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6. SUMMARY

The results of this study 1nd1cate the degree to which
the timed sparh\dlscharge aid was sucessfully adapted to the
Mercedes-Benz 4 linder, 4-cycle, I. D I. automotive- type
Dlesel engine. Thelétarts .obtained with the t1med spark
dlscharge took on average 30% to 40% of the time required
with the glou plugs, and the electrical energy consumed by
the aid was less than 1/2 of that of the glow plugs.
Furthermore the starter motor used twice as much energy when

the engine was being aided by the glow plugs- compared with

" the timed park discharge. Therefore for thefovfﬁall‘starting
22 ;e(}’r 4 ‘/,4'1‘

process with the engine eduipped with ”gp&j~timed spark

discharge, the total energy consumed was onI§ ‘half of that

. x'” ]
normally used when startlng w1th the, factoﬁ%ilnstalled glow

.l

plugs.” - o 3
The timing window where the quic%ést starts were

obtained was faund\to shrink and become ‘ﬁﬁre retarded in

time as thé ambient temperature decreased ﬁplow -35°C thls'

window had more or less disappeared alto?%iher. This was
1nterpreted to show the effect of ambient temperature on the
phy51cal delay period during the 1gn1t10n process That is;
because of the adverse oond1t10ns at these temperatures the

time required to properly prepare the fuel for aut01gn1t10n

in th1s engine is so long that start1ng is v1rtually ruled‘

out. At one point in the study it was determined that 75% of

the total- heat added to the charge~during the compression

stroke at an ambient temperature of -26.5°C, was lost to the

— R »
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' cyiihderj walls. Nevertheless, the improvements in starting
times attambient temperatures down to —35°C are attributed
to the. way in which the ignition process in the engine was
enhanced. For this study, ’initiafion and propagation of
combustioﬁ was airected to the_-initial stagés of the
'ignition process,. particularly the chemical delay period. A
piasma was generatédkby diébhérging a ﬁigh.ﬁnef§y<across the
plug electrodes and in fhe process was prppelled somewhat

H

into the charge. This method of aiding Diesel engines during

the starting process exhibited partial combustion early in-

each)Asfart. The reasons for the absence of further ihitial
comszfion activity aﬁd guick acceleration to the governed
spe%d is open to speculatibn. Howéver, ghe following
expianaﬁion was put forward. Because of thé. limited access
to the pre;chamber, the spark plugs were installed in }he
existing glow plug locaﬁions. In this position the spark
plugs were oriented in such é way that ;he firing. end of the
plug was not directly exposed to the fuel spray. Not having
control 7over this vafiable, in this study, }s felt to be at
least'partly‘responsible for limiting its success.

A thorough study of the voltagel requirements for
increasing spark éischarges in ambient air densities was
%ecessafy in order to appropriately select a plug type and
geometry for diédharging in the high pressure envi%onment‘in
the Dieéél engine cylindefl IﬁAwas found that plasﬁa plugs
were ideal for creating a high volume spark kerﬁ;i and for
being able to effectively move the ignition source away from

c .
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the spark plug into the charge mediumi However, because

plaéma plugs are succeptible to fouli%g during engine

operation, surface gap spark plﬁgs (whicﬂvare non-fquling)

were best suited for ‘this application.\vChampion :GSOBV

sufface gap plugs were the only plugs tested tﬁat were

reliable and small enough to be installed 'in the engine.i
These plugs required ‘up to 30 kV to breakdown Munder

simulated eng%ne cranking conditions.

The ignition system used to develop the 30 kV,erquired
to breakdown‘the gap -under these adverée‘ conditions, was
'design?d as the spark plug testihg andiéelection proéess was
underway. This was because of the interdependence of these
two aspects of the system. The final version of the system
was found to be very reliable and consistently effective for
cold tempgraturé.>starting. The circuitry would diséhafge
several jou(g% of energy per firing at'up to 60 Hz (149%
rpm). This was the maximum rate at which the circuitry would
operate, fbrtunately by this time the engine would have been
warmed up and not have any further use for this aid. Both
" aids used énergy at approximately,the same rates, 50 W per
cylinder.

A high pressure cell was designed and built primarily

- Y
to faciliatate breakdown voltage testing of various spark

plug designs. The purpose of this exerc#&énwas for aiding in
the appropriate selection of spark Biﬁgs "to be used in

adapting the timed spark discharge aid to the engine.

e
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This cell was designed with the following criteria in
mind. |

To:

\\\; 1. have a working pressure of 2 MPa. . ' o

2. permit installation of standard 18 mm sparkiplugs

. for breakdown voltage and'cbmbustion studies.

3. be integraﬁed into an existing Schlieren set up.

4. accept a pre-mixed gas/air stream.

5. have guick-assembly capabiliﬁy.

Several‘methods were used to determine the glass‘window
dimensions needéd, in order to withstand the expected
stresses set up in the pressurized cell. The results éf
.theée indicated that a circular glass window 15 cm in
diameter and 2.44 cm thick, thre the innér B cm diameter
section would be subjected to the internalv cell 'presshre,
would be adequate.

| Preséure-deflgction tests were done 6n'the glass window
and these Qaluegvxcpmpared with theoretical predictions.
Althoud%, ideal clamping coﬁditions of the glass . was not
possible in practice, ‘the measured deflection showed good
agreement with predicted deflectiéns.

Additionally thé ceil was used, in conjunction with the
Schlieren,set up, ﬁo sﬁow how épark kernel motion " and jet'
pengtration ‘are  affected . plug geometry, ambient
conditions and discharge circuitiyg initial conditions. The
Schlieren. system set-up for thiélaﬁd future studies is a

simple way of photographing a single image, high speed event
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where density changes occur. It was fugther found to be ve}y
reliable, consistent and exhibited good photographic
"resolution. o

. The secondary aspect of this study involved estimating
the heat 1loss from the engine cylinder during - the-
compression stroke at various ambient temperatures. Here
cylinder charge pressure and temperatures were measured
along with the associated known cylinder volume. From this
raw data, charge density andvthe work added to and heét loss
from the charge were determinéd.’The charge velocity and an
average cylinder heat-transfer coefficient for the air flow

in the <cylinder during the compression stroke were used to

verify an accepted correlation of Nusselt's number, namely

Nu = 0.3 Re® 7
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APPENDIX A: Internal energy of air and ratio of specific

heats as a function of temperature

A.1 Determination of u = £(T)
A relationship for u = £(T) was needed that could be
used in the heat transfer analysis computer program. This

was required in order to know the state.of the charge during

the isentropic comprgssibn. Using the thermcdynamic
relationship | S /f\\ |
“ U =nh' - pv' ' (A,)

and substituting in the ideal gas law

Py’ RT S : (Az)

the following is obtained:

universal gas content

u=nh'" - RT, R

0.28703 kJ/kg-K . (As3)

Expressing the enthélpy of air on a molar basis, for each

constituent as
AR ='ZX,6R,, i = 1,3 (N,, O,, Ar) (Ag)

112
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then on a mass basis by dividing by the molecular weight of

air this becomes:

Ah; = Ah/mw (Asg)
Equation (A,) can be expanded to
(h,-h,) = XNz(Bzfﬁ1)Nz+g02(ﬁz'ﬁ1)02+XAF(EZ—B1{AP FAS)

AY

The physical properties of air used are listed below.

Table A.1 AIR COMPOSITION ([31])

- 4
GAS MOLECULAR WEIGHT % BY : MOLE

' EIGHT (mw) VOLUME FRACTION (X)
N, 28.0134 78.03 0.7803,,
0z  31.9988 20.99 ©0.2099""

Ar v 39.948 0.98 ' . 0.0098

From the definition
Cpo = (0h/3T)p , (A;)

the enthalpy can be obtained by integrating (A,), ideally

with the pressure held constant; this results in: ,

dh = CpodT ) o (As)
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-~ For this case the pressures during the compression process
are not constant but are low (less than 2.8 MPa). The error
incurred will be minimal because of these low pressures.

[®)

Therefore, integrating out (Ag) produces
h, - hy = J33 Cpo (T)AT

and by defining

6 = T/100, T is in Kelvin

this becomes:

hz - h1 = 18%100 (—:po(e)de ' (Ag)

The constant-pressure specific heats for the -ideal gases

that constitute air [31] are listed below.

cpoN2=f1(9)a39.06b-512.799-'-5+1o72.1g72—820.4oe-3
) ‘ (A1o)

Cpo0,=f,(6)=37.432+0.0201026"' -5-178.576" ' 5+236.880" 2
(A,,)

Substituting for each constituent into (Ag¢) and dividing by
1 4 : 4

the molecular weight of air as in (As), A h*air is obtained.

h” was then reﬁerenbed to the accepted ‘datum (of h'=300"

kJ/kg @ T=300 K) as follows

CpoAr = 0.5203 kJ/kg-K - A )

N
N
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h' = h* - 946 kJ/kg ) (Ays)
however as h' was only valid for 300K <.T < 3500K and as it

was necessary to know h' for T < 300 K
h' =T for 0 K < T < 300 K | (Aya)

Values of enthalpy, h', for air, from 0 K to 3000 K were
checked using reference [31], and they ' were' found to be
within +0.5%. The 1internal energy of air, u, was then

obtained using (A,s)
u = h' - 0.28703T ' . (Ays)

These results were also in good agreement with reference

[31].
A.2 Determination of k = £(T)

-It was also required to know the ratio of specific’
heats, k, between any two temperatures during the isentropic
compression process. However, these temperatures are
initially unknown as they were to be determined based on the
measured cylinder pressure values. Hence an iterative type
of solution was’ invoked four times as follows:

1. An average value of the ratio of specific heats k™

was initially assumed to be



% between all values of temperature (as yét to be détermined)f
in the isentropic compression. ~

2. The temperature hjstory based on the measured

pressure and the aésgmed‘values for k was then determined

using . X

(A1)

3. These T, resu}ts’were then used to determine a new
=
set of values for k.

k is by definition the ratio of specific heats

“

=
1}

Cpo/Cvy, . : ] (Ayq)

where:

Cpo - Cvo = R
or Cve = Cpo - R k (_Ala)

Substituting (A,;,) into (A,;) produces:
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k = CPo/(Cpo."R). “ (Ayg)
Iﬁ ordef to work out the isentropic ﬁemperature at the
beginning and end of eaéh 5° 1interval of crankshaft
rotation, it was neceésary to obtain an average value of the
ratio of specific heats for air, k™, ovér each interval -as

follows.

k™ = Cp™/(Cp™ - R) ; (Az0)

where:

Cpo = Cpoair

JF¥iCpo(T)AT / (T, - T,)

\

(hz' = hy") / (T, - Ty) (Azq)

Cpoair‘"‘

Cpoair™

By substituting (As) into (A:,) Cpoair™ can be
determined. This in turn cén be input into (A;o) and new
‘values of k" obtained. These updated .values for k™ are then
used in step 2 and the process repeated. This_was'done four
times in total. After this furtherAchanges in T, and k"

values were found to be minimal.



APPENDIX B: Correlation of Nu for Flow over a Single Sphere

i
& N

L \
; ‘ - : {
Table B.1. Coeffecients for Calculation of Heat Transfer
on a Sphere with Air Flowing over ‘it .

(taken from Figure 2,12)

Nu : .Re - C n

2.0 | 1 -3 - -
2.0 - 3.3 3 - 18.5 1.45 | 0.284 °
3.3 - 6.0 18.5 = 100. .10 T 470,410 L
6.0 - 100

100 - 10,000 ..0.37 T 0.6
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APPENDIX:C: ListingVof Heat Transfer Analysis Program;CYANAL

119



This data is arransied in 8 columns /96 rou{/ as Polfoul .

oooononOonoONOON0O000O00000O000N0ON0N0N0NN000000

oo 120

CYANAL cvole unllvqil

13 Decembder 84
John D. Wilson

This erosiram reads in data rreviously stored on binary data disKk#9
by mrogram ANDATA.

: COLUMNS
1 2 3 4 L B - 7 8-
Crank Cvlinder Loc. of 5 des. Ensgine Crvlinder T.C.#1 T.C.#2
Ansle Volume Sdes.rulse Pulses Seeed Prassure

(des.) {c.c.) (ms . #8) (volts) (rpa) (rain.) (dest.) (dex.)
The erosiram stores the Information in the arravs IBUF and ARRAY

The Heat Transfer analysis is done on & cvecle by cvcle basis
For the commression stroke. 2

Data wss samrled at 1kHz/Channel but only data at every S5 des. C.A.
was retained. For the first 360 des.C.A. there are therefore 73 of
these locations. Because the intake value closes at 130 des.C.A.
BTDC the analysis is rerformed betucgn 130 des. BTDC (J=47) and TDC
(J=73). !

To run this prosram iink with Subroutines TCHARG. INENRG and RSMOT

Subroutine TCHARG estimates the charsie temmperature that would have
been recorded if a t.c. of zero mass was used for the measurements.
This is done using two t.c.s of different mass and time resronse.

Subroutine INENRG determines the internal enersy of the charge,
as & functions of charse temrerature, using ldeal sas relations.

Subroutine RSMOT is smoothing function.

After the analysis is commpleted the results are written to Binary
Data Disk #10 for mlottina by INPLTY.

INTEGER#2 DIBUF1(129), IBUF(256) +FHJ2,LHJ2,FHw,LHW,FH1,LHJ1
INTEGER#2 Xa,Xb.Sraces,IDEL2(30),IDEL1(30)
INTEGER#2 DBLK(4),DALT(3) :

REAL ﬁ(?b)vNUJAUévREJAUE.RHIN(B).RHAX(B)
REAL DIR(128),H(73),U(73),MUA.MUB.KAYA,KAYB,KAYC -

REAL MU(73),KAY(73).NUJ(73),NUw(73) ,KAVE(73)
REAL Mass(73) /HtFlux(73),Hw(73),HJ2(73),H.i1(73)



40

30

60

NNN

.HJ1(J)=0.0

REAL CrAVE(73).deltak(73),cumk(73),Tair(94),Ts(73)
REAL deltaQ(73),cum@(73),Acr1(73).TIME(73)

REAL ARRAY(B,96),8cale(8)

REAL RE.J(73),REw(23),RHO(73)

REAL V(73),Dar1(73),CYLVOL(73),CYLsa(73).deltaT(73)

DATA DBLK/3RDYC 0.0,0/
DATA DALT/3RDYC 3RDY1,3RDL2/

EQUIVALENCE (DIBUF1(2).DIR(1))

DO 3 J=1.73
CrAVE(J)=0.0
Hw(J)=0.0
NUWw(J)=0.0
REw(J)=0.0 .

HJ2(J)=0.0 #3
NUJ(J)=0.0 Ll
REJ(J)=0.0 ‘
oumB(J)=0.0 ¢
V(J)=0.0 , A
KAVE(J)=0.,0 -

DO 4 I=1,8
DO 4 J=1.96
ARRAY(I,J1=0.0

TYPE 5
FORMAT(55( '~ ") /20X 'CYANL2 cvc&c analrsis ‘/55('~"))
TYPE 20 . .

FORMAT(’ Enter ineut device name

. , /
‘ O = to read data from DYO: */
‘ 1 = to read data from DYI1: - '/
! 2 = to read data from DLZ: T >’8)

ACCEPT 30, IDEV

FORMAT(I4) . _

IF (IDEV,LT.0.0R.IDEV.GT.2) GO TO .10
DBLK (1)=DALT(IDEV+1)

ICHAN=IGETC()
IERF=IFETCH(DBLK)
IERL=LOOKUP ( ICHAN,DBLK)
TYPE 40, ICHAN,IERF,IERL . '
FORMAT( ' ICHAN=‘13‘, IERF=‘I4', IERL='I14)

PAUSE ‘Insert Binary Data Disk #9 and rress RETURN
DO 60 1=1.126 ' .
DIR(I)=0.0

IERR1=ISPFNW(*377.ICHAN,O0.DIBUF1,+1)

121
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onon

onon

non

70

80
75

77

90

100

106
101

107
108

109

110

112

122

IF (IERR1.NE.O) TYPE 70.1ERR1

FORMAT(’ ISPFNW ERR=‘ 17)
IF (DIR(1)-9.) 50,80.50

Guessinsg an initial value , ‘Guessn’, for the correlation
of Nu for flow over a sinsle avlinder. . :

TYPE 75

FORMAT(’ .[Enter exronent n: from NUJ = ¢ # (REJ)##n D>'’S$)
ACCEPT#»,GUESBSN

TYPE 77,GUESSn

FORMAT(‘’ Exronent Guess is . n=’F272.3)

TYPE 90
FORMAT(’ Enter ist. Block to read (3 Blocks will be read)>’s)
ACCEPT 100,1FBLK1 N
FORMAT(IS) -
IF (IFBLKI{.LT.0.0R.IFBLK1.GT.970) GO TO 80
IFBLK2=IFBLK1 : ¢
po 10t J=1.,3
NBLOCK=IFBLK1+J-1
IERR=IREADKW (256, IBUF , NBLOCK . ICHAN)
DO 106 I=1.256,8
DO 1046 ICOL=1,8
IROW= (2564 (J-1)+1-1)/8+1
K=s(I-1)+ICOL
ARRAY(ICOL,»IROW)=IBUF(K)%0.1
CONTINUE

TYPE 108 ,IFBLK1,IFBLK1+2 :
FORMAT(‘ Read accomrplished from block # ‘I4‘ to block # ‘I4)

Because of max. inteser allowed "32,000 vector TIME
was attenuated by 10 durins read/write to disk

. DO 109 J=1.,73

TIME(J)=ARRAY(3,J)#10.
TIME(J)=TIME(J)/(B8.%1000.)

Retrieving Patm and ¥ of Sdesg.rulses ETDC1 info:

Pa=ARRAY(4.,1)

NSbtdc=ARRAY (4.,2)

TYPE 110,NSbtde . .

FORMAT(* ‘14’ _Sdes. rulses were Tecorded BTDC1 ‘)

TYPE 112 : -
FORMAT(/’ Enter Wall Temrerature, Twall (des.C.) >’S)
ACCEPT#, Twall .
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o0
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114

117

118
116

onoonn

120

0oo0on

onoon

134

139

>

TYPE 114, Twall
FORMAT(’ Twail = ‘F7.1’des.C’)
Twall=Twall+273.15

The subroutine RSMOT (real smoothing) is called to smooth
the endine sreed, crlinder eressure and temrerature
histories of T.C.#1 and T.C.#2. ‘

NPP=§4

DO 116 1s5,8 -
DO 117 J=1.96
A(J)=ARRAY (I, J)

CALL RSMOT(A,NPP)

‘DO 118 J=1,96

ARRAY (I.J)=A(J)
CONTINUE

The subroutine TCHARG (charse temr.) is called with
T.C.#1(column 7) and T.C.#2(colymn 8) ls inmuts and
charse teme. Tair(96) as outrut. \

I1=]

12=946

Convertins T.C.#1 and T.C.#2 readinss from des.C. to Kelvin

DO 120 I=7.8

DO 120 J=1,96
ARRAY(I,J)=ARRAY(1,J)+273.15 .

CALL TCHARG(ARRAY.Ii.IZ-Tlir.GUESSn)
Smoothing Tair in from O to 360 (des.)’

NPP=73 ' .
CALL RSMOT(Tair,NPP) .

Convertins wressure from Psia. to Kea.(abs.)

- TYPE 134.Pa

FORMAT(' Patm = ‘F6.1' mm. of Hx«. )
Patu=Pa#14.7/760.

DO 139 J-1.73

ARRAY (&, J) = (ARRAY (&, J)*Pltnfﬁb 89476

123

Working out mass (Kg) in cvlinder at each 5 des.location usinsg

the ideal sas law m=P#V/(R#T) ; R=287.03 J/Ku-K

3
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DO 140 J=1,73
140 Mass (J)=ARRAY (6, J}#ARRAY (2, J)/(Tair(J)#287.03#1000.)

.Determining charse density during comeression stroke

oaon

DO 145 J=«1,73
CYLVOL (J)=ARRAY (2, J)/(10.#%4..)
145 RHO(J)=Mass (J)/CYLVOL (J)

Working out theoretical teme. history Ts , durins
isentroric comeression mrocess, using measured Pressure
values. ' ,

Te(d+1) = Te(d) # ( P(J+1)/P(J) ran( (Kave-1)/Kave )

Starting with Te(47) = Tllf(")/ﬂlGOdol. BTDC/ and K(J) = 1,40

4 iterations are done on the temr. and the molytroric exronent
note. between Ts(J) and Ts(J+1) Kave s used

oooonaonNnonon

DO 150 J=47,72
150 KAVE(J)=1.40

c,
DO 155 J4=1,73 .
155 Ts(J)=0.0 /
c
ITER=1
160 CONTINUE - . :
C .

Ts(47)=Tuir(47)
DO 170 J=48,73
Ts(J)=Ts(J-1)#(ARRAY (&, J)/ARRAY (6, J=1) ) %% ((KAVE (J-1)=1.)/
ZKAVE (J-1))
170 CONTINUE

C
C Finding internal enersy during isentromric comPrress. mrrocess
Cc u - KJi/ks.
c .
CALL INENRG(Ts. H,U)
c

DO 180 J=48,73

IF (Ts(J).EQ.Ts(J-1)) KAVE(J)=]1,40

IF (Ts(J).EQ.Ts(J-1)) GO TO 180

CrAVE(J=1)a(H(J)=H(J=-1))/(Ts(J)=-Ts(J=-1))

KAVE (J=-1)=CeAVE (J~1)/(CPAVE(J~1)~0.28703)
180 CONTINUE

Cc
ITER=ITER+1
IF (ITER.LT.5) GO TO 160
c
TYPE 185 :
185 FORMAT(/’ Enter O = to mo on ‘7

2 ‘ 1 = to mPrint J,CA,.TC#1,TC#2,Tair.TS,P,H,U >’s$)



200

210

o000

240
241

(3]

245

252

254

noooa. 0

noaoon

4

ACCEPT 30,1G0°
IF (IGD.ER.0) GO TO 240

TYPE 190
FORMAT(/* J cA TC#1 TC#2 Tair 18
P H ©ou o
(des) - (desK) (desK) (desK)  (desK)
(kea) (KJ/K#)  (KJ/Ka) ')

DO 200 J=47,73
TYPE 210.J,ARRAY(1,J),ARRAY(7:J) ,ARRAY (8, 4) ,Tair(J) ,Ts(

ZARRAY(&:J),H(J) UL,

270 |

272

274

FORMAT(I4,8(1X,F8.2))

For rest of analysis assume crl. mass = gonstant
= mass (@130des.

TYPE 241.Mass(47)
FORMAT(/’ Initial mass (@130des. BTDC) = ‘E10.3 ‘Ksd.‘)

DO 245 J=48,73
delta(J-1)=Mass(47)#(UCJ)~-U(J~1))
NPP=26 .

DO 252 J=47,72

A(J-45)=deltal(J)

CALL RSMOT(A,NPP)

cum(446)=0,0

DO 254 JU=47.,72

delta(J)=A(J-46)
cum(J)=cumiW(J-1)+deltal(J)

Obtaining the internal enersty of the charse during the

actual comerression erocess (usins Tairv), u - Ki/Ks

CALL INENRG(Tair.H.U)

Evaluating the hest loss from zq- charge, a - (KJ)

< .

. DO 270 J=48,73

deltaG(Jel)=delta(J-1)-Mass(47)#(U(I)~UCI~-1))
NPP=26

DO 272 J=47,72

A(J-46)=deltal(J)

CALL RSMOT(A:NPB)

cumG(44)=0.0

DO 274 U=47,72

deltaG(J)=sA(J-46)

cumB(J)=cumB@(J-1)+delraQ@(J)

J)o

BTDC)

Calculating the isentromric work added to the charse, w - (KJ)

125
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Arist=44,179/10000,

Ahead=Arist

Arre=23,.66/10000.

DO 280 J=1,73

Acrl(J)=(0.5333% (ARRAY(2,J) - 24 54)47.940)/10000.

280 CYLsa(J)=Acrl(J)+Arist+Amrist+ArTre
[ o4 > .
[ Determining Heat Flux (W/m##2-gec) for esach Sdes. increment
C' HtFlux = delta@ / ( sve.CYLsa # deltaTIME
C

DO 283 Jj=47,72 ’ '
283 HtFlux(J)=delta@(J) #1000, /((CYLSI(J)*CYL:I(J+1))'0 S#
2(TIME(J+1)-TIME(J)))

nOaon

Determining drivins motential for heat transfer
deltaT = Tair(ave.) - Twall
DO 284 J=47,72 ; (\
284 deltaT(J)=Tair(J)-Twall .
c .
TYPE 285
285 FORMAT(/’ Enter O = to s0 OnN o/
rd e {1 = to mrint J,CA,deltal,cumk.deltaG,cumG. que'/
2 ’ _ HtFlux,deltaT . 5'e)
ACCEPT 30,160 .
IFf (160.EQ.0) GO TO 299
TYPE 293
293 FORMAT (/¢ J C.A. deltal cumh deltaQ
2  cum@ Time HtFlux  deltaT’'/15X, ‘(KJ) ‘. 7X,

2CKI) o BXy P (KG) AKX, (KJY o 7Ky “(seC) e 3X: ‘(W/muu2)* 1X, ' (deg.K) ")
DO 295 J=47.,72
295 TYPE 297.J,ARRAY(1.J) ., dtltaH(J).cumH(J) delta@(J),cum@(J),TIMEC(J)
Z HtFlux(J),deltaT(J)
297 FORMAT(1X,I4,1X,F5.0,4(1X,E10.3),1X,F7.4,1X,E10.3,1X,Fé6.1)

Determining the crl. sas film coef. Hu (W/mue2-K)

Exrressing crl, surface area ACYL=ACYL(theta) in terms of cvl.
volume ACYL=ACYL(cvlval), (m##2) ’

nonoonn

299 DO 300 J=48,73
IF ((Tair(J-1)-Twall).EQR.0.0) GO TO 300
HWw(J=-1)%1000.#del taQ(J-1)/((TIMECJ)-TIME(J-1) )
Y 2(Tair(J-1)-Twall)#((CYLsa(J-1)+CYLsa(J))/2.))
300 CONTINUE
Y -
Determining the sas Film coefs. HJl and HJ2 (W/m#*22-K) of
prre—chamber t.c.#1 and t.c.#2
Junction density RHOJ = B8,938. Kg/m#*3
Junction serecific heat CeJ = 0.3966 KJi/Ka—K

nooonn
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320

325

350

360

365

370

o
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380
398

420
425
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Usins Tair(J), T.C.#1/ARRAY(7,1)/ and T.C.#2/ARRAY(B,J)/

RHOJ=8938,

Cri=0.3966

DJ2=SART(2.)#(2./1000,)%#0.0254

DO 320 J=48,73

IF (ARRAY(8,J-1).EQ.ARRAY(8,J)) GO TO 320
Hi2(J-1)=1000.#0.5#RHO*Cr.j#DJi2% (ARRAY (8, J)-ARRAY(B,J-1))/

ZU(TIME(J)-TIME(J-1))#(2.#Tair(J-1)-(ARRAY (B, J)+ARRAY (B, J-1))))

CONTINUE .

DJi1=8GRT(2.)#(1./1000.)%0,0254

DO 325 J=48.73

IF (ARRAY(7,J-1).EG.ARRAY(7.,J)) GO TO 325
HJi1(J-1)=21000.%0.5#RHO.#CrJaDi1#(ARRAY(7,J)-ARRAY (7, J~1))/

ZO(TIME(J)-TIME(JU-1))m(2, GTlxr(J l)—(ARRAY(? J)+ARRAY(7,J-1))))

CONTINUE

Evaluating absolute viscosity ;HU Ks/m-sec and
thermal conductivity, KAY W/M-K of charse

MUA=145.8

MUB=110.4

DO 350 J=47.,73

MUCJ) = (MUA#Tair(J)#21.5)/((Tair(J)+MUB)I#10.#28,)

KAYA=0.4325# (10, ##(-5,))

KAYB=245.4

KAYC=12.

DO 3460 J=47,73
KAY(J)=(KAYA#418. 468+ (Tair(J)#80.5))/(1.+(KAYBs

2(10.##(~(KAYC/Tair(J)))))/Tair(J))

TYPE 365 ) :

FORMAT(/’ Enter O = to so on s
R 1 = to mrint J,CA,TAIR,MU,.KAY,RHD.MASS.VOL>‘S)

ACCEPT 30.1G0 .

IF (IGD.EG.0) GO TO 420

TYPE 370

FORMAT (/¢ J C.A Tair(K) MUKs/m-s) K(W/m-K) RHO

2(Kg/m##3) Mass(KG) VOLUME(M##3) ‘)

DO 380 J=47,72 .
TYPE 390, J,ARRAY(1,J) ,Tair(J) . MU(J) KAY(J),RHO(J) , Mass(J)

Z,ARRAY (2, J)/(10,4%6,)

FORMAT (1X, T4, 1X,F5.0,1X,F6.1.5(1X,E11.4))

TYPE 425

FORMAT(/’ Enter O = to %0 on s
‘ 1 = to erint J,CA,HIL1,HJI2+HW >’'8)

ACCEPT 30,1G0 i



430

440
450

noono

515
520

S22
521
523

524
525

530

532

535

550
545
540

5501

5503

IF (IG0.EG.0) GO TO 515
TYPE 430
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FORMAT (/- J C.A. HIL(W/m#82-K) HI2(H/me82~K) Hu(W/m*#2-K) ‘)

DC 440 J=47.73
TYPE 450, J,ARRAY (1, J) rHI1 () vHIZ2(J) o HW(J)
FORMAT (1X,14,1X,F5.0,1X,3{E10.3,2X})

After omitting visually observed weird HJI and HJ2 values,”

HJ1 lnd HJ2 are averased within a user chosen rln?e

TYPE 520

FORMAT(/ ' Enter 1st/last Hil (47t072) for ave. PTOCESS >-._;$)

ACCEPT#,FH 1 ,LHJ)

IF (FH.J1.EG.47) GO TO 521

‘DO 522 I=47,FHJ1-1

HJ1(I)=0.0

IF (LHJ1.EG.73) GO TC 524
DO 523 I=LHJ1+1.,73
HJ1(I)=0.0

TYPE 525 ,

FORMAT(’ Enter W of HJ1(l)s to onxt from ave. mrocess
ACCEPT 30.,NDEL1

IF (NDEL1!1.EG.0) GO TO 535

3

TYPE 530

FORMAT(’ Enter locations., I(from 47 to 72) to omit Dt

ACCEPT#+, (IDEL1(I),I=1,NDELL)’

DO 532 J=1,NDEL1
HJ1(IDEL1(J)N)=0.0

HJ1AVE=0.0
DO 540 J=FH.j1,LHJ1

IF (NDEL1.EG.0) GO TO 545

DO 550 I=1,NDEL!

IF (J.EG.IDEL1(I1)) GO TO 540
HJ1AVE=H.i1(J)+HJ1AVE

CONTINUE '
HJ1AVE=HJ 1AVE/FLOAT ((LHJ1-FH.i1+1)=NDEL1)

TYPE 5501

>.'%)

4

‘%) -

FORMAT(/’ Enter 1st/last HJ2 (47&072) for ave. erocess >_,_‘$)

ACCEPT®,FHJ2, LHJZ

IF (FHJ2.EG.47) GO TO 5502
DO S503 I=47,FHJ2-1
H.J2(I1)=0.0 N
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5502
3305

33504
5506

3508

5509

5507

5512
5511
5510

5513

553

NNNNN
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IF (LHJ2.EQ.73) GO TO 5504
DO 5505 I=LHJ2+1,73
Hd2(1)=0.0 , ‘ -

TYPE 5506

FORMAT(’ Enter # of HJ2(I)s to omit from ave. Process >-'%)
ACCEPT 30,NDEL2

IF (NDEL2.ER@.0) GO TO 5507

TYPE 5508 ) -
FORMAT(’ Enter locations, I(€rom 47 to 72) to omit >_i_s..'$)
ACCEPT#», (IDEL2(I),I=},.NDEL2) :

DO 5509 J=1,NDEL2

- HJ2(IDEL2(J))=0.0

HJ2AVE=0.0

DO 5510 JaxFHJ2,LHJ2

IF (NDEL2.EG.0) GO TO 5511

DO 5512 I=1,NDELZ

IF (J.EQ.IDEL2(I)) GO TO 5510
HJZAVE*H.j2(J) +H.iZAVE

CONTINUE
HJ2AVE=HJ2AVE /FLOAT( (LHJ2-FHJ2+1)-NDEL2)

ACTn=1,~((ALOG10(HJ1AVE/HJ2AVE) )/ (ALOG10(DJ2/Di1)))

TYPE 5513,HJ1AVE,HJ2AVE.DJ1:DJ2,GUESSn,ACTn

FORMAT( ' HJIAVE = ‘E10.3/
‘ HJ2AVE = ‘E10.3/ ) -
‘ DJ1 = ‘E10.3/
e ‘ DJ2 = ‘E10.3/ “
‘ GUESSn = ‘F7.3/
! ACTn = ‘F2.3)

1
Evaluating Junction(Nuslelt #, Reynolds # and charlq velocity

NUJAVE=0.0 ] o
REJAVE=0.0

ICOUNT=0

DO 552 J=47.,73 - :

NUJ(J) = (Hi1AVE+HJZAVE ) #0.5# (DJ1+DJ2)#0.5/KAY (J)

IF (NUJ(J).LT.(0.65)) GO TO S52 ,
IF (NUJ(J).GE.(0.65).AND.NUJ(J).LT.(1.41)) GO TO 553
IF (NUJ(J).GE.(1.41).AND.NUJ(J).LT.(3.42)) GO TO 554
IF (NUJ(J).GE.(3.42).AND.NU.J(J).LT.(29.3)) GO TO SS5
IF (NUJ(J).GE.(29.3).AND.NUJ(J).LT.(121.)) GO TO 556
IF (NUJ(J).BE.(121.).AND.NUJ(J).LT.(773.)) GO TO 557
GO TO 552

REJ(J)=(NUJ(J)/0.891)8%(1,/0,330)
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onnnn

554
S55
3356

557
559

552

560

S61
562
563

S64
565

590

600

&04

602

4

GO TO 559

REJ(J) = (NUJ(J)/0.821)#%(1./0.385)
G0. TO 559

REJ(J) = (NUJ(J)/0.615) 88 (1./0.466)
GO TO 559
REJ(J)=(NUG(J)/0.174)%8(3,/0.618)
GO TO 559
REJ(J)»(NUG(J)/0.0239)##(1./0.805) *
ICOUNT=ICOUNT+1
V(J)=REJ(J)#MU(J)/ (RHO(J) #(DJ1+Di2)#0.5)
NUJave=NUJ (J)+NUJAVE

RE JAVE=RE J ( J)+REJAVE

CONTINUE

NUJAVE =NUJAVE/ ICOUNT

RE JAVE=REJAVE/ ICOUNT

TYPE 560 : :
FORMAT(/’ Enter O = to s0 on s
‘ 1 = to rrint J,CA/NUJ,REJ,V >'8)
ACCEPT 30,1G0 :
IF (1G0.EG.0) GO TO 564
TYPE 561
FORMAT ( * J C.A. NUJ RE. U(m/sec)’)

DO 562 JU=47,73 .
TYPE S63,J,ARRAY(1,J),NUJ(J)Y,REJ(I) V(D)
FORMAT(1X,14,1X,F5.0,1X,3(E10.3.,2X))

TYPE 565,NUJAVE,REJAVE

FORMAT(/ NUJAVE = ‘E10.3/
‘ REJAVE = ‘E10.3/)

TYPE 590

FORMAT (/' Enter O = tgo so on . ‘/
‘ 1 = to iterate on n (guessed/actual) >'S)

ACCEPT 100, IGO0
IF (1GO.EG.1) GO 70 2

After omitting visuslly observed weird Hw values, linear
intermolation is used us a ‘ist. arrrox. to rerlace omitted
mroints, before they are smoothed.

TYPE 600 )

FORMAT(/‘ Enter ist/last Hu £47 to 72) for smoothins >_,_’$)
ACCEPT#,FHw,LHw

IF (FHw.EG.47) GO TO 602"

DO 404 I=47.FHw-1

~Hu(I)=0.0

IF (LHwW.EG@.73) GO TO &08
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608
610

&30

&50

&60

665

&70

640

620

(9}

680

0O oon

690

o000

692

o0
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DO 406 I=LHw+1,73
Hw(l)=0.0

TYPE 610 .
FORMAT(’ Enter # of Hw(l)s to aomit from smoothing >.'8)
ACCEPT 30.,NDEL

IF (NDEL.EG.O) GO TO 620

TYPE 430 .
FORMAT(’ Enter locations., I(from 47 to 72) to- omit D_sr_r..’8)
ACCEPT#, (IDEL2(1),I=1,NDEL) :

Xa=0
Seraces=2

DO 640 J=1,NDEL

IF (Xa.GT.0) GO TO 650

Xa=IDEL2(J)~1

IF (J.EQ.NDEL) GO TO 660 :

IF C(CIDEL2(J+1)-1IDEL2(J)). GT 1) GO TO &40 -
Sraces=Sraces+l

GO TO 640

Xb=IDEL2(J)+1
TYPE &65.J.5PACES

- FORMAT(’ HWw('I2‘) was dcloted/repllced. dap size =']J3’ spaces’)

del tHu= (HW(Xb) - HN(XI))/FLOAT(SPIC!I)
DO 670 I=1,Sraces-1
Hu(Xa+I)-Hu(X-+l -1)+del tHuw
Xa=0 N
Sraces=2
CONTINUE
NPP= (LHw-FHw+1)-NDEL

DO 680 JsFHw.LHw
A(J-FHw+1)sHW(J)

Callins Swoothins Subroutine RSMOT -
CALL RSMOT(A.NPP)
DO 490 J=FHuw,LHw
Huw(J)=A(J-FHw+1)}
Defining Deyl(i) = ovl. vaol.{(i) / cvl. surface area (i)

DO 692 J=1.73
Decyl(J)=CYLVOL(J)/CYLsa(J)

Evaluating the crlinder Nusselt # and Reynolds #
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700

710

715
720

750
760

765

770
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775
780

785

790
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DO 695 J=47,72 :
NUW(J) =Hw(J)#Dcy1CJ) /KAY(J) o
REH(J)-RHO(J)!Dcrl(J)GU(J)/HU(J)
CONTINUE 7

TYPE 700 °

FORHAT(/ Enter O = to a0 on ‘/
1 = to mrint J,CA,Dcr]l,CYLsa,Huw,NUW,REw >'‘s)

ACCEPT SOvIGO

IF (1G0.EG.0) GO TO 750

- TYPE 710

FORMAT (/' J C.A. Dcrl(m) CYLsa(m##2) Hu (W /meu2-K) NUw
REw’) :

DO 715 J=47, 73

TYPE 720.J,ARRAY(1,4), Dcvl(J).CYL:l(J).Hu(J).NUu(J) REw(J)

FORMAT(1X,I4,1X,F5.0,5(1X,E10.3)) ~

TYPE 760

FORMAT (/ Entcr -1 = to analiZe FIRST disk s
4 O = to 'stom ‘/
4 1 = to, write crunched data to Disk #10 >‘s)

ACCEPT 100.1G0 ) \

IF (IGD.EG.-1) GO TO 50[

IF (1GO.E@.0) GO TO 999

PAUSE ‘Insert Binlrv Datf Disk #10 and mress RETURN *

DO 770 I=1,128 .

DIR(I)=0.0 e j

IERR1=ISPFNN("377, ICHAN.O.DIBUF1,1)

IF (IERR1.NE.O) TYPE 70.1ERR{

IF (DIR(1)~10.) 765,775,765

Choosins scaling factors in order to make use of the naxxmum
maximux intesgers available, +/- 32000.

TYPE 780
FORHAT(’ Writing C.A.,deltaW/J/ . deltaQ@/J/ . Tair,.Ts.P,TCH#1.TCH2 "’ /

to disk #10')
DO 785 J=47,73
ARRAY(2,J)=deltal(J)#1000. . : ’
ARRAY(3,J)=deltal(J) #1000, \
ARRAY (4, J)=Tair(J) - '
ARRAY (S, J)=Ts(J) -
KCOUNT=0 . = ' ' "
GO TO 805 :

KCOUNT=1

DO 800 J=47,73



pw -

KPR, -

800

aos

810

820

830

840

ass
B850

860

880
870

890

900

DO 840 I=1,8

‘CONTINUE
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ARRAY (2, J)scum (J)#1000.
ARRAY (3, J) wcumG (J) #1000,

ARRAY (4, J)sRHO(J) - g%
“ ARRAY (5, J)=y(J) - N
ARRAY (b, J) sHW(J) . S
- ARRAY (7, J)Y=NUW(J) - ) -
ARRAY (B, J) »REW (J) £

DO 810 I=1,8
DO 810 J=1,46 . |
ARRAY (1, J)=0.0 v

DQ 820 I=i,8
DQ 820 J=74.96
ARRAY(I,J)=0.0

Do 830 I=1.,8
RMIN(I)=32000.
RMAX(1)=-32000.

DQ B840 J=1,96
RMINCI)=AMINI1 (ARRAY(I,J} RMIN(I))
RMAX(1)=AMAX1 (ARRAY(I1.,J) RMAX(I))

DQ 850 I=1,8
TYPE @55,I,RMIN(I),RMAX(])

FORMAT(’ CHAN¥ ‘I3’ ,MINz ‘F7.0°, MAX= ‘F7.0)
CONTINUE ‘

DO 870 I=31,8 ’

TYPE 880.1
FORMAT(’ Enter multimlier for ARRAY(’IZ >'8)
ACCEPT#.Scale(I) , _ i

Do 890 J=47.,73 . .
ARRAY (1, J)=ARRAY(1,J)#Scale(l) ) Y
ARRAY (2, J) =ARRAY(2,J)#Scale(2) i
ARRARY (3, J)sARRAY(3,J)#Scale(3) - ,

* . ARRAY (4,J)=ARRAY(4,J)#Scale(4) . .o £

ARRAY (5. J) sARRAY (5, J) #Scale(5)

ARRAY (6:J) sARRAY (&, J) #Scale(é) - .
ARRAY (7, J) =ARRAY (7. J)#Ecale(7) : s
ARRAY (8. J) sARRAY (B, J)#Scale(8)

DO 900 1I=i.8
RMIN(I)=32000.
RMAX(1)=0.0 /

Dd 910 I=1,8



910

930
' 920

940

‘943

945
950

955

960

970

975

DO 910 J=1,96
RMINCI)=AMINI (ARRAY (1,J4),RMIN(I))
RMAX (1)=AMAX1 (ARRAY (I,J),RMAX(1))

DO 920 I=1,8
TYPE 930.,1,RMIN(I).RMAX(I)

.FORMAT(* CHAN# ‘I3’ ,MIN= ‘F7.0’, MAX= ‘F7.0)

CONT INUE

TYPE 940

FORMAT(’ Enter O = to so-on v
‘ ! 1 = to chanse multiesliers >’8)

ACCEPT 1Q0., IGO
IF (IGO.EG.1) GO TO 860

IF (KCOUNT.EG.0) GO TO 94S
KBLOCK=KBLOCK+1
TYPE 943

FORHAT(' Writineg C. A..cumH/J/.cumG/J/ RHO:V,Hw,NUw,REwW‘/

to disk #10,
GO 70 955
TYPE 950
FORMAT ('’ Enter block# to write to . >’8) V
ACCEPT#,KBLOCK

JBLOCK=KBLOCK

DO 960 I=1,254,8

DO 960 ICOL=1,8

IROW=(1-1)/8+47

K=(I-1)+ICOL

IBUF (K)=ARRAY (ICOL , IROW)
IERR=IWRITE (256, IBUF, JBLOCK, ICHAN)
TYPE 970 .KBLOCK i
FORMAT (‘ Write mccomrlished in block ¥’ I5)

IF (KCOUNT.EG.1) GO TO 985 ' ‘
TYPE 975 . )
FORMAT(’ Enter O = to s0 an

o/

‘ 1 = to write C.A,cum/J/,cumB/J/,RHO,V,Hu,NUw "’/

‘ REw to Binarr'qltl disk #10 as well >'8)
ACCEPT#, 1G0 :
IF (IGO.EG.1) GO TO 790 . _
TYPE 990 s .
FORMAT(’ Enter O = to stor . ‘/

‘ 1 = to analvze Binary data disk #9 >’'s)

ACCEPT 100.1060

. IF (IGO.EQ@.1) GO TO 50

sTOP
END o o
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are present,'(Dz), and (D;).

APPENDIX D: Detailed Cell Design

In designing thé cell it was recognized that the gqlass
windows would be the most critical parts of the systemt as a
result of thi;, a 1 cm thickness was: chosen for the
stainless steel cylinder thicknes;rbased on thevthread reach
of a standard - 18 mm spark plug. Justification of this
assumed cell wall thickness_ will be done here before
description of the detailed glass design analysis. |

Popov [25,5Q< 290] suggesﬁs‘uging é thick cyiinder’wall
approach when fhe~;all.thiékness t, and the inside cell

radius r,, are related as foilows.'
t > 1/10 r; | | - (D))

Conéideriné ~an annular thin disk, the plane stress

condition (i.e.ro,¥O) governs. Furthermore at any/ point in

an elastic cylinder, radial or and tangential ot stresses

or = Ccy - Cz/rz ) . ’ (Dz)

ot = ¢, + c,/r? N . _ (D,)

- where:

135



136

inside.
outside

I n

For the special case here, where there 1is only internal

pressure P,

. Pir?
c, =
2 2
'y - ry
. 4
(Pir?rf)
& C, = - -
2 2
'y — I'j ,
2 2 .
pir~l rk .
or = ’ 1 - — (Dy)
re-ri r? :
i -
P,r? \ r
ot = : 15— (Ds)
rE_r% :V\ 2

r
\—/ s
L

%

Fot ductile mayérials such as stainless steél, which

fail in shear rather than in direct tension, the maximum

shear theory of fajlure should be used for design. This is
; ‘

rmax = = ‘ (D)

With internal pressure only, the maximum shearing stress

4

occurs on the inner surface of the cylinder. At this surface

both the tensile stress ot and the compressive stress or
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3
(a,) P - -
r’ max 1 __(al )max \

Variation of Variation of
radial stress tangential stress

Figure D.1!1 Variation of Radial and Tangenfial Stresses in a

Thick Wall Cylinder
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reach their maximum values, see Figure D.1. Substituting
into (D¢) the maximum and minimum principle stresses (D)

and (D,) respectively, (D;) is obtained.

- | o (D,)

solving for P;

oyp (rZ-r?)
Piz—___—'-—-

where:
oyp = 200 MPa (representative value for 300 series

stainless steel) [5, ﬁ. 370]
' s

cm

at
]
>

cm

]
[,

r,

This results in an internal pressure of 36 MPa required
for failure of the celi. Therefore, the wall thickness of 1
cm should bé‘very sufficient to handle the expected pressure
of 2 MPa even when allowances are made for the four access

holes drilled into the cell body and a factor of safety.

The design of the glass windows was, for the most part
based on a procedure outlined in the Glass Engineering
Handbook [28]. However, before proceeding, it is important

to appreciate some of the factors that affect the strength
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+ of glass.
’ First of éll, flat glass or sheet glass 1is
characterized by 3 elements of strenéth:

(i) The strength of the bulk .

(ii) The strength of the surfaces

(iii) The stréngth of the edges -

A sketch of the glass window is shown in Figure D.2.

.‘In general, mechanical surface treatment such as
sand-blasting, scratching, grinding, even polishing, reduces
the stfength of the glass from that with its natural surféce
intact. However, treating the surface chemically by etching
‘with Hydrofluoric acid followed by lacquering greatly
iﬁcreases the glass strength. ‘

The circumferential edge of the glass window has the
lowest strength of the three listed abon. Thjs is: because
the edge contains the most critical defects as a direct
result of its mechanical treatment, during grinding to
shape. The strength of the natural surface of the glass
which has beeﬁ vgrtically drawir occupies ‘an  intermediate
position between the strength of the edge and the inner
parts of the glass. Polishing these surfaces, while further
reducing its strength'somewhat, does not change its reiative
position of strength with respect to the edges and the bulk.
Another way of looking at this is to consider that the glass
surface layer (with its natural sﬁfface intact) éontains

defects of a higher criticality than the inner layers of the

glass but of a lower criticality than are the micro-cracks
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Circumferential
edge

Polished
surfaces

Figure D.2 Schematic of Glass Window
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on the surface of a mechanically treated giass, by polishing
for example. |

Thg  bulk strength obtaiﬁed can be more or less choseﬁ
by Knowlege of manufacturing and quality control ” procedures
used. |

Control over the strength of the edge 1is accomplished

in  much thé’éame fashion as: for the bulk strength. However,

depending\gp the design application, particularly in this
case because the edge is a minimum distancg{of 3.5 cm from
the loaded part of the glass, the effect oE £ﬁ§; edge being
the weakest part of the glass may:indeed:bé negligible. 
Furthermore, recalling &hat the clamping®**technique used
tends to distribute the clamping force .evenly over the fixed
region, the likeiihood of creaging a stress concentration in’
an alreédy weakened area such as the circumferential edge is
minimal. \ . A

Regarding the strength of the surfaces, one is given
cértain options. Two design criteria must be considered,
material strength and the need for some mechanical surface
treatmenf (poli;hing for example) to improve the
photographic image resolution.

One option available for,-increasing the strength of the
glass is tempering. This is a heat treatment technigue that
involves setting up high residual stresses and results in a
tempered strength usually 2 1/2 to 3 times the annealed

4

strength.
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In the final analysis .o  shing was aeemed an absolute
necessity in order to < ! eve the required photographic
gquality. However, its effect was two-fold, |

1. Tempering was automatically ruled out as hand
polishing, which is required for this sort of quality
opficél work, "~ wéuld have been Virtually imposs§£Ie after
heat tgeatment .of the glass. On the other hand, heat

treatment subsequent to polishing would have distorted the

smooth surface.

v . .
2. The act of polishing is known to reduce the strength

Qi\ihe glass somewhat from that with its vertically drawn

natural surface intact. Therefore, adequate strength is to

be found in designing.the glass thick enough to withstand
. .

the expected loads.

From the mechanical design saspect, the very minimum

criteria required for the cell was being able to withstand

the. effects of the cohbustion of a stoichiometric mixture of

a fuel 1like methane and air, initially at atmospheric
pressure. It is however very desirable to be able to first
pressutize the charge before igniting the mixtpre.k

Assuming the combustion takes place adiabatically with
Bo work added 6r changes in kineéic or.potential energy
involvea;'the femperature of the products is referred to .as
the adiabatic fiame femperature. This 1is the maximum
temperature that can be achieved 'forb any given réactants

when the "theoretical™” amount of air is supplied

f . . RO
(Stoichiometric Mixture, =1.0), i.e., complete combustion
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. | )
occurs so there will be no oxygen or CO in the combustion

products. Incomplete combustion is to be avoided as it tends
to lower the temperature of the products. The theoretical
maximum adiabatic flame temperature' for a stoichiometric
methane/air mixture ini;jally at 300 K, is 2249 K [14]. For
combustion in a constant-volume bomb, thé maximum.peak

pressure is found using (Dg)

pz (Tz/T])pz o - (Da)

P, (2240 K/300 K) P, S

pz = (7 Ind 8)p1

’
'

This shows that the expected peak pressure teéulting from
adiabatic combustion of me;hane/air mixture (& = 1.0) is
about 7 to 8 times the initial pressure.

/ﬁhowever, the measured peak pressure was approximately
four times the initial pressure. The lower values beipg a
result of heat losses which occur duriﬁg combustion. This
. prompts the following guestion? AWhat is the maximum
allowable initial pressure such that the resulting peak
pressure does not cause over stressing of the glass? As a
starting point it was decided to use a typical pressure-time
tracevobtained durigb the compression/ignition stroke, from

an unthrottled Qtto engine with a compression ratio of 10 to

1 (idealizedlgycle), Obert [24]. This was used to create a
\ . .

1
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pressure-time design curve for a constant-volume combustion
process like this, with an initial pressure of 2.07 MPa, the
expected peak‘pressure 8.3 MPa. Figure D.3 shows this design
Iloading-tiﬁe cﬁrve. |

For simplicity this loading time-curve is approximated
to act like an impulse of 6.2 MPa with duration of 0.5 s.

The Engineering Materials Handbook [16] suggests using
"the following for determining the strength of sheet glass

when subject to uniform pressure loading.

P= 3,12 Mtz/A (Dy)

" where:

P = internal pressure (6.2 MPa)

t = thickness (cm)

A = unsupported area (n(8)5/4 = 50;3 cm?)

M = modulus of rupturé (41.36 MPa for annealed

glass)

For the cell size the unsupported area of the glass
window is>50.3 cm?. Using a maximum internal design pressure
of 6.2 MPa, a modulus of rupture of 41.36 MPa (for annealed
glass - [16]) was used to solve (Dg) resulting in a minimum
required thickness of 1.4 cm. |

The Pressure Vessel Design Handbook [18] sugges?s using

equéEion (Dyo) for pressurized circular flat heads. -

£=dV0.2 P/S ’ | '(D1o)
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Figure D.3 Pressure-Time Trace used as the Starting Point in

.Glass Design
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where: ‘ . _
S - maximum aliowable stress value of material (MPa);
used modulus of rupture for apnealed giass
(41.36 MPa)I O |
P = internal design préssure (6.2 MPa)

d = inside diameter of shell (8 cm) , s i

't = minimum required thickness of head (cm) : ;
The result of this calculation was t = 1.4 cm

Finally using the theory of flexure to determine the
stress in a circular plate with simply supported edges [27]

gives:

o = 3/8 (3+u) w(r/t)? (D)
where: .
w = uniformly distributed load/unit. area (6.2 MPa)
t = thickness o£ plate (cm)
. ='unsgpported radius (4 cm)
o 0 = average bending stress at the surface of | _
the plafe at the diameter section (used modulus
of rupture for annealed\glass,‘41.36 MPa)

u = poisson's ratio for glass (0.21)

Solving for t gives a minimum thickness of 1.7 cm.
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';,w _ ; ;
From these three results, a glass thlckness of around 2

cm  is- suggested .without making any" substantlal allowances

for loading tame, clamptng condltlons, mechanxcal surface.

treatment of glaSs or temperature boundary cond1t1ons.

} -
Taklng into account the loading: t1me of 0. 5 s ‘%lth an
FL

internal pressure of 6.2 MPa, the allowable 1oad is’ reducedf

o

by one third to a steddy state load of 4.1' MPa. Making

'aIlowance‘ for all “other' previOusly mentioned effedts, a

J

PR

‘factof of safety of two was selected This results in a

recommended work1ng pressure of 2. 07 ‘MPa, wn1ch is tlose to

the 2.14. ‘MPa that the Glass <Engineering Handbook [28T

e . o -
suggests. Because - the cell will be exposed 'to a

pressureetime loading curve shé#ped similarly to »Figure D.2

and not to- a steadyrstate design pressuré, it .seems

'pertlnent to suggest a maximum value for the 1initial cell

Ne

‘pressure prlor &0 the 1n1t1at10n of combustion, bearing in.

mind the expzﬁégp peak ﬁk s§ure and overall vloading, time.
' *

There is suff1c1ent flex1b111t§p&lﬁ$teady State desugn.

‘pre5>ure of 2.1 MPa, to suggest thbt operat1on of xhe cell

i) ~ N

. 5
.‘..1 B

Ihltlally ‘ fﬂied w1th a charge of GéBQ MPa, and having the

pressure t1me trace shown in Flgure ﬁ 3 (note the 51m11ar1ty
.Ir.

'Vlthr F&gure D.2) should be safe for both the operator and

\_t

An initial cell pressure of 0.69 MPa translates into

the oapability to increase the_initiaiQdensity ‘to. about 7

_ times atmospheric which 1is equivalent to an engine with

compression ratio of 7 to 1.

S
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AN
It should be noted that this analysis was done assuming

a stoichiometric mixture of méthane and air, $=1.0. Here the

pressures and temperatures at the end of the .constant volume
ecombustion, accounting for heat loss, are the upper limits.
Therefore, if non-stoichiometric mixtures are ignited in the

[

cell, the initial pressure may be boosted, as long as the
resultipg peak pres;ure is not greater than 2.8 MPa for a
short ddration, i.e:, when the actual cell internal
pressure—time trace is similar in shape to that of Figure

D.3.
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Some Suggested Precautions When Using the Cell and Handling

§
tﬁe Glass

1. Apply a consistent torque that securely clamps the

glasses in place. This is important 1in order . to minimize

-

e
ERR 1

glass failure.

-2. At all costs avo{g‘touching the flat glass surfaces with
any thing other than lens paper, and then only for cleaning

purposes. It is easy to scratech .glass but expensive and time
. . N -

R B R
I3 : i3

consuming to repair. : N o A

3. Prompt evacuation of comBustion productsiis essential in
order to stay Qithin the design envelope.r This is because of
several reasons: " .

i) The material strength of glass is' inversely

“

proportional to, its Jém@ient «témper@ture. This trend

) Y.
increases if tﬂe?e‘%@ﬁa temperature differential across the
glass as is the case when combustion occurs 1in the cell
while the other sﬁrfade is exposed to room temperifuré.

ii) Glass_exhiBitg fatigue characteristics uﬁder static
loads as a function time, somewhat similar to how metals
behave under cyclic loads expressed as a. function of the

number of reversals. Hence reduction in loading .time tends

to increase the time until failure.
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4. It 1is important to minimize exposure of the glass
surfaces to the presence of moisture bearing atmosphere, as
fatigue is closely gassociated with adsorbtion of ~water

molecules.

Y

5. It is suggested that cell pressure-deflection tests be
done oncella vyear in order to build a case history of the

behaviour of the glass..

6. The Schlieren photographs can - be used to monitor the
glass bulk and surface conditions on an on going basis,
particularly for locéting‘.sUrface scratches and :internal

flaws.

s

1

&

>
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APPENDIX E: Surface Gap Plugs Used in Study

~ Figure E.1 - Homebuilt version

Figure E.2 - Champion G508V
AN
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'APPENDIX F: Ignition System Parts List K<::::>

aFor Figure F.!1 Schematic of Ignition Circuit
(a) DC - DC Converter
(b) Main Discharge Capacitor
(c) Ignition Coil

(d) SCR Switched Capacitof e

Resistors

R, 32, (10 W)

7R; | 5009, (2 W) :

R, 10 k& '”

R, 3.9 kQ .t ;’

R, 1.5 MQ g
SEo kesow

R, | 2 k@ (50 W — -

KQ&' ’ - 
)

‘Capacitors ‘ -
c, 1000kF S
C. © 100uF
C3 600 pF _ '4
Cq . 0.001uF (1000 V)

\
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600V
SQUARE

' +12 V
BATTERY

=800 y0oC

Gt

FROM
TRIGGER
CIRCUIT

156

o

TO EXTERNAL
GAP AND
SPARK PLUG

Figure, F.1 Schematic of 1Ignition Circuit (a) DC-DC

** Converter,(b) Main Discharge Capaci

(1 of 4),(d) SCR Switched Capacitor

ey

tor, (c) Ignition Coil

T

-9



Cs 10uF (1000.V)

Ce 4uF (1000 V)
C, ~ 0.005u4F (30 kv)
< Cy 0.00024F (30 kV)
Cs Main Dischqrge capacitor, 6uF (1000 V)

s
o
T,

SR
Transistors;
TS, Motorola MJ4502
{ - :
Transformers
TF, Toroidal Hammond T509
- TF, Accel automotive ignition coil
i . ﬂ{_~
Diodes T - _
D, N4007 . e
D, VARO H1480 (40 kv) 3
Dy, IN10D8 ' ,
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' Switch
S, | Main‘bowéruswitch (30A)
Others | ~; o -
Q, _ General Instruments Photo-SCR opto
"5 Isolator Mcs 2400 )
Qz General Electric SCR C137P§

v

For Figure F.2 Schematic of Trigger Circuit (1 of 4) (e)

. b IO . '
. ol -
N . -

R, 33 k@ .
47 kQ - .
0 + 1000 k® . |
o g
100 kQ
q° ' “Rs 22 k@
Re . 2.2 ke

>
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Diode

D,

Capacitors

Cy

[

Others
Q1
Q2
Qs

W

1N40O07

1uF
1uF
0.033uF -,

0.047uf

10uF

LM324
4N25
2N4401
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F.3 Schematic of +5

trigger circuit (f).
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on 10% bottom, ¥mass, max. O 15 D 524
_%mass, max. 0.01 » D 482
! o & e ~ -
o s 2 o ) . 3 ' “ l'ﬁ
Ignition Quality, Cetane No., min. 40 -~ -D 613,
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APPENDIX G: Technical Data on Diesel Fuel .

. The

, \llsted in Table G. 1.

spec1f1catlonsv\;or

the Arti¢~(AA) Diesel fuel is

whlle results of tests done by rvarious

\

laboratories are llsted in Table/G.Z ;i\f
°
[ICRN vy
""_qi' ’ . (
TABLE G.1 Diesel Fuel Specifications
. 5. v‘\
Type AA ASTM
o Method
o 3 4 ) ‘ : N
,Flash Point, °C, min. 40 ap D 93 or
: A ‘ D 3828
Cloud Point, °C, max.' -48 D 2500
Pour Point °C, max. N -51 .- D 97
- Kinematic VlSCOSlty 40“C iy ?:{ {. D445
mmz/s e e o .
min. . . 1.2 . '
max. ; L=
- : ®
Distidlation: 7 D 86
90% recovered, °C, max. 290
.~ Water and Sedimentgﬁ yol., max. 0.05 D 1796
Total Ecid Number, "ma'x‘.' g 0.10 D 974 . n
‘Sulphur, % %gss, max. Ce w 0.2 D 1552 %Y
-gP » i
Qopper Corr051on, 3 h 100°C, max. . No. 1 D 130"
Copper Residue tRamsbottom), ’4-m€ -




b Alberta Research Council

* R 164
. 3 J
w ' }
_ TABLE G.2 D1ese1 Fuel.plsgi latlons, Cloud Point
‘ and poun‘p01nt ¥F results ’ _
\ fuel' fuel
) AAa AADb
S
DlStl atlon Range . %
_Recotbed °C (ASTM D86) .
. ‘,5. )
IBP . Sy 154 ' 157
10% 175 176.5
50% Q) 202 204
30% - 235 236
FBP 250 249
B )
Cloud Point °C . 54 -51
-(ASTM D2500) =~ & ¢
Pour Point °C o -51 -51
(ASTM D97) o
: -3
a National Research Council .
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o
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Capacitors '
Cs TuF
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Cs 0.033uF -
Cu 0.047uF
Cs 10uF
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APPENDIX G: Technical Data on Diesel Fuel

P

.'J" -;’.}.", i ) ‘ L
plisped”in“Table G.1.

¥

“iaboratories aré listed in Table G.2

 The. specifications for the Artic (AA) Diesel fuel-is

<

‘while results of tests done by wvarious

. N "
: . T .
? <
e
vy
= » 2 e
TABLE G.1 Diesel Fuel Specifications
, | x 7 ) Type AA ASTM
. [ T Method
vy ' ;
Flash Point, °C, min. 40 D 93 or -
| \ N | D 3828
'© Cloud Point, °C, max.‘ -a8 < D 2500
A’PongPoint4v°C,\max." -51. ::D 97 ®
. - - . ¥ B
Kinematic Viscosity 40°C, : z. D. 445
mm?/s J .
min. 1.2
max. 4 -
3
i1 I S
Distidlation: ' N D 86
, 90% recovered,. °€, max. K i Ygf290 3
Water -and. Sediment, %wvol., maxd, . 0,0S D 1796 )
Total'Acid Number, max. * &ZTC . D 974
Sulphur, % mass, max. 0.2 D‘15§§
Copper Corrosion, 3 h .l max. No. -1 D 130
#. Cc3pper Resﬁdue (Ramsboftom),g~- N - ' o
on 10% bottom, %mass, max. ' 0.5 D 524
{Ash,u%mass,.maxﬁgg o 0.01 D 482
IgniEion Quality, Cetane No., min. = 40;;ﬁ'5g . D 613
163 )
e & - . Ty n;t
& .
i _‘
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. TABLE G.2 Dlesel ‘Fuel DlstlllatHOns, Cloud P01nt
and pour point test risults
” 9. A .
e ‘.éfuel _ fuel
”@Aav ' AAD
. UJ "P ' N
DlStlllathﬂ Range % el v o
Recovered °C (ASTM D86) B
_IBP . 154 157
10% 175 176.5
. 50% 202 .. 204 ‘
90% N 235 1236 -
FBP Iy ..250 : 243
Cloud Point °€ . - +¢'<" L T 1)
(ASTM D2500) (\u : v ’ N
S R, . ,
Pour P8int °C - =51 ' -51
(ASTM D97)

rd

+

a National Research Council

' b Alberta Research Council;-






