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NOMENCLATURE
a area, m>.
A pre-exponential factor, msec-atm?-. .
ATDC  after top dead center.
BDC bottom dead center.
C specific heat of thermocouple bead, J/kg-K.
CAD crank angle degree.
Cp discharge coefficient.
CR compression ratio.
C, specific heat of air at constant pressuré, J/kg-K.
C, speéiﬁc heat of air at constant volume, J/kg-K.
C,-Cs constants in polynomial fit for C,.
D cylinder diamet_;.e}.,,mm.
E, activation ené._rg&, kJ/kg.
EVO exhaust valvé opening.

\ h convective heat transfer coeflicient, W/ m"?le._
Hgr enthalpy of. reaction, MJ/kg. |
ID ignition delay, msec..
IL integrated needle lift, mm-msec.
IVvC intake valve closing.
k thermal conductivity, W/m-K.
K adjustable leak rate coefficient.
L connecting rod length, mm.

‘m mass, gm.
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< a =38

L
© .

measured static leak rate, grﬁ/atm-sec. :
Nusselt number.

pressure, atm.

Prandtl number.

heat transferred, J.

crank radius, mm.

gas constant for air (universal gas constant divided
by the molecular weight of air), J/kg-K.

universal gas constant, J/kgmole-K.
time, sec.

_terﬁperature, K.

activation temperature, K.

internal energy, J.

volume in combustion chamber, ma.
average piston velocity, m/sec.

work, J.

distance betwegn :head and piston top, mm.
ratio of speciﬁ’c-i.:.h'eats.

efficiency. |

dynamic viscosity, kg/m-sec.

density, kg/m?>.

" time constant, sec.

crank angle rotation, deg.



Subscripts and Superscripts

cr

"

combustion.

crevice.

of fuel.

in gas.

(superscript) constant in ignition delay equation.

(subscript) nth calculation step.
at thermocouple.

at wall.

effect of heat transfer included.

effects of leakage and heat transfer included.

vi
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- COMPRESSION IGNITION OF COAL SLURRY FUELS

Diana D. Brehob

ABSTRACT

About half the oil consumed in the United States must be imported. From an
economic and national security viewpoint, it is desirable to replace petroleum usage
with domestically available energy sources such as coal. Slow and lmedium speed
compression ignition engines are dAevices-with the potential for conversion to coal
fueling. Severe injection, safety, and handling problems arise with coal dust.
Consequently, recent 'work focusses on coal slurried in a liquid carrier. Engine
studies on coal slurry to date have investigated the slurrries’ wear, thermal
efficiency, and injection performance. Previously lacking information. on the
compression ign.ition characteristics of coal slurries, specifically, the ignition delay

times and conditions for ignition of 45 mass % coal in methanol, oil, and water are

compared to methanol and diesel No. 2.

The slurries are evaluated using a 900 rpm, direct injection, square piston
engine simulator operating for one combustion cycle per experiment. Both 16:1 and
22:1 compression ratios are used with inlet air temperatures from ambient to
250°C and 2 atm abs. supercharge. The square geometry accommodates windows
on two opposite walls of the combustion chamber for complete optical access. High
speed Schlieren, shadowgraphic, and direct cinematography show the qualitative

features of the motoring and combusting cycles.
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The pressure and luminosity defined ignition delay times are 0.7 to 10 msec’

for the conditions of thev experiment. All of the test fuels except coal/water slurry
ignited at the operating conditions attainable in the engine simulator. The
temperature at time of injection réquired to obtain ignition is approximately 680 K
for diesel No. 2 and coal/diesel slurry, 725 K for coal/methanol slurry, and 825 K
for neat methanol. Activation temperature, E a/R, in the Arrhenius type expression
relating temperature, pressure, and delay time, is found for the test fuels: 5559 K
for diesel No. 2, 7685 K_ for pxethanol, 3541 K for coal/diesel, and 5330 K for
coal/methanol by the pressure delay meth'od and 4357K for diesel No. 2, 3926 K
for coal/diesel, and 5510 K for coal/methanol by the luminosity delay method.
Neat methanol combustion emits about five times less radia.tion than the other
fuels making determination of start of éombustion by photodetector response
unreliable. The results establish the compression ignitability of the coal/methanol
and coal/dieselbslurry fuels at conditions appropriate to medium speed diesel

engines.
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1. INTRODUCTION

1.1. PURPOSE

Presently the United States impdrts_ -45% of the petroléum products it
consumes crea,ting a tré.de deficit with oil producing nations. Thus, the U.S.
economy and national se’cﬁrity are highly vulnerable to fuel embargos. If petroleum
burning systems could be converted to operate on coal, the situation would be
eased. The U.S. energy consumption is about 2.5 X 10'7 J/day according to Penner
and Icerman’s (1981) text. The major components of the supply are: oil at 47%,
gas at 27%, and coal at 20%. RoBben (1983) proposes that it may be technically
feasible to burn coal for railroad and domestic marine transportation instead ot; |
petroleum products currently uéed. These consume about 2.7 X 10%° J/day, ‘z'.e.,
approximately 19 of the U.S. daily energy consumption or 2% of the petroleum
consumption. If a 2% reduction in petroleum usé,ge is achieved, a‘4% reduction in

imported oil results.

The costs of ‘diesel No. 2 and No. 6 fuels are $10.00 and $7.60, respectively, for
10° J compared to $1.70 for 10° J of coal according to Liddle, et al. (1981). Robben
(1985) estimates that a stabilized, benificiated coal/water slurry may cost

approximately $4.00 per 10° J. If realized, the coal/water slurry gives almost a 2 to

1 economic advantage over No. 6 oil based on fuel costs.

Most of the work on coal fired diesel engines before 1945 was conducted by
German industry using coal dust. However since that time, the majority of the -
coal fueled diesels have used coal slurries: various percentages of coal in oil, water,

methanol, ethanol, or mixtures of the liquid carriers. The existing fuel storage and



transportation infrastructure for diesel engines is desigﬁé&i-lfOr liquids. Thus,
conversion to slurry usage would present fewef difficulties comp@re_d to pulverized
coal. Other points of comparison outlined in Table 1.1 indicate that slurries give
advantages in the areas of fuel handlingl safety and fuel injection control and
reliability with slight cost disadvantages and an ignitability disadvantage for

coal/water slurry only. Coal slurried with water, methanol, and oil are the test

fuels for this study.

1.2. LITERATURE REVIEW

1.2.1. Coal Burning Compression Ignition Engines

Pre-WW II Work

The concept of a diesel engine which burns liqui"d..'_’nd'-'.solid fuels was first

Kt

described by Rudolph Diesel in his 1892 patent of al ‘s If-ignition’’ internal

combustion engine. Soehngen (1976) reports that Diesc;l";'cjuickly diséontinued.
experiments on pulverized coal after finding heavy deposits of unburned coal in his
engivne.after seven minutes of operation. The following account is based on
Soehngen’s comprehensive summary of available information on coal burning diesel

experiments conducted in Germany before 1945.

A one time co-worker of Diesel’s, Rudolf Pawlikowski, was instrumental in
promotiﬁg the Aidea of ‘a coal fired diesel engine. Pawlikowski’s company, the
Kosmos Machine Works, worked on coal buring internal 'cqmbustion engines in
1911 and pronounced the idea ready'for commercialization in 1923. Under

Pawlikowski’s stewardship, progress was made in the areas of fuel feeding and



Table 1.1 General Performance and Economic Comparisons of Three Coal
Slurries and Pulverized Coal for Use in Compression Ignition Engines

Coal/ | Coal/ Coal/ | Coal
. - _| water | methanol | diesel | dust
Handling safety VG G G VP
Ea.se of transportation F F VP
Ignitability VP F G VP
Low additive cost:. - | F F F G
Low total cost | - G G ¢ | va
Ease of injection P P P | vp

Key: VG - very good,'fG - good, F - _fair, P - poor, VP - very poor.



control systems, seals, lubrication, and wear. His original engines used high
' pressure injection into the cyliﬁder. Later designs employed a prechamber with low
pressure fuel injection. Due to the longer residence time of the fuel in the
prechamber compared to the direct injection system, the coal/air mixture is more
reactive upon introduction into the main combustion éhamber. Despite
technological advances made by the Kosmos company, operation ended in the late
1930’s with only one majér sell: Hanomag in Hanover, Germany bought a license’
in 1934. The Hanomag Co. had a very modest program which met with difficulty

providing reliable injection.

The I.G; Farben company worked on coal Iﬂed diesel through 1925-29. The
Farben Co. concentrated more effort on the wear problem. They iﬁstituted several
clever lubrication, piston, and piston ring schemes to reduce wear. But, the
program was discontinued due to failure to realize the goal of déveloping an engine
which could be readily commercialized and because of impeﬁding patent problems
with. Pawlikowski. The Farben Co. primarily burned lignite coal because of its
higher volat.ility.‘ Unfortunately, several severe accidents occurred in handling the

explosive coal dust.

Signiﬁcaﬁt accomplishments in the areas of engine wear and fuel feeding were
made by Schichau Werk during the 1930—39 period. Selection of new materials for
engine components was important in reducing wear rates by 90% (as claimed 5y
Schichau). Schichau’s economic evaluation of the coal-burning engine concluded

that further work was not warranted. The program was subsequently terminated.



The highest level '. of achievement was made by the I Bruenner
Maschinenfabrikes - Ges. from 1930-45. The project was signiﬁcaﬁﬂy aided by the
Technical University at Dresden, Germany. In 1935 Prof. Jehlicka headed the
development which was strengthened considerably by fundamental scientific
reseal;ch programs. Ignition,.combustion, fluid mechanical, and wear problems were
addressed on a more fundamental basis than c;th.er programs, i.e., theoretical and
éxperimenta.l work outside the engine were carried out. In cooperation with
Schichau Werk, 1. Bruenner developed materials which alledgedly gave comparablé
wear results w1th 6il‘-vﬁr‘ed engines. Engine and combustion vessel experiments led
to the result that pulvvexl‘iz_ed coal may burn nearly as fast .as:.-_oil_droplets under
optimization of cbmbustiqn chamber geometry, fuel distributi§n,_ and turbulence.

- The project was terminated as a result of the end of World War IL. |

Both indirect injection and direct injection engines were successfully operated
on coal dust. In addition to these accomplishments, fuel property requirements
-were defined:

e Ash number must be less than 140 to prevent abrasive and erosive

wear from engine components. (The ash number is defined as gm-

ash per 10,000 kcal.)

e Coal particle size must be less than 75 ym mean diameter to- keep_-'
burn out time reasonable. '

e Moisture content must be kept low to prevent a.gglomeratlon in
transport and in the fuel system. ‘

e The softening temperature must be greater than "'2(.)0°'C
Otherwise, softened coal tends to stick to engine components
causing malfunctions.



e The volatility of the coal must be in a moderate range. High
volatility is desirable for improving the coal’s ignition
characteristics and low volatility for preventing unwanted
combustion in fuel handling.

The German’s did not realize their goal of developing a commercial 'eﬁgine to
operate on coal dust due to the remaining problems of engine wear, fuel induction,
and engine speed control. However, new materials were developed which
significantly re.duced wear rates and patents were awarded for improved control
over the fuel injection. Many hours of engine operation on coal dust were logged
providing information on thermal efficiency and approximate engine conditions for

coal dust combustion. In addition, fuel property requirements were specified.

Post-WW II Work

Many researchers have investigated using coal to fuel compression ignition.
engines since Wo‘-rld War II. The majority of the fuels tested were coal slurries
instead of the;_'égal dust used by the Gérman researchers. The advantages of
slurries over-:_;xeat .coal is discussed in SecAt.'i:ofn 1.1. A summary of these studies,
partially taken from Tables 2 and 3 in Cﬁtoﬁ‘_.band Rosegay’s (1983) review paper, is
given in Table 1.2. The engine tests_aﬁplined in the table provide valuable
information concerning engine modifications to enhance slurry combustion and
engine and injection performance with slurries. However, more fundamental
combustion informatioﬁ is contained in the work by Siebers and Dyer (1985) in a
constant volume bomb. The pressures and temperatures necessary to simulate
diesel engine conditions are achieved by inducting and. burning a lean, premixed
charge of H2, 02, and N2 which is O2 enriched. The fuel is injected into the hot

combustion products. The 50 mass % coal in water slurry evaluated by Siebers



Table 1.2 Summary of Work on Coal Fired Diesel Engineé from 1945 to Present

Investigators

Engine and Fuel

Conclusions

Hanse (1949)
Univ. of North
Carolina

Tracy (1957)
Southwest Research
Institute

Marshall and
Selton (1959)
Virginia
Polytechnic
Institute

Rich and Walker
(1969)
Howard University

Marshall and

Walters (1977)»_:;""':‘ o

Virginia
Polytechnic
Institute

Tataiah and Lestz
(1979)

Southwest Research
Institute

4 cyl., 4 stroke, IDI,
800 cc, 1200 rpm
Injection: Mechanical

Fuel: 20% coal slurried =

in diesel oil
Coal size: < 75 pm

1 cyl., 4 stroke, DI,
3400 cc, 1000 rpm
Injection: Mechanical
Fuel: 30% coal in oil
Coal size: > 20 um

1 cyl., 4 stroke, IDI,
1400 cc, 1750 rpm
Injection: Diesel fuel
injection plus coal dust
induction

Coal size: > 45 um

1 cyl, 4 stroke, IDI,
1400 cc, 1000 rpm
Injection: Diesel fuel
injection plus coal dust
induction

Coal size: < 75 pm

1 cyl., 4 stroke, IDI,

1400 cc, 1000-1800 rpm.

Injection: Mechanical
Fuel: 15% Solvent
Refined Coal in diesel
Coal size: 2 um

1 cyl., 4 stroke, IDI,
600 cc, 1200-2400 rpm
Injection: Mechanical
Fuel: 10 and 20% coal
in oil slurry

Coal size: > 10 um,

2 pm mean.

. Fuel injection operation was
" not reliable, injector nozzles

seized; engine performance was
erratic; engine efficiency
continually decreased during
slurry operation.

Fuel injection equipment
repeatedly failed; severe
engine wear; engine efficiency
continually decreased during
slurry operation.

Severe engine wear during 45
hr. test; exhaust valve
seizures; engine oil became
contaminated; engine efficiency
decreased from 18 to 13%.

Engine operation for 100 hrs
with three overhauls; severe
engine oil contamination (even
though oil capacity and filtra-
tion were increased); engine

efficiency down to 1195 from 27%.

Fuel injection equipment
frequently seized; engine
efficiency decreased from 21%
to 179; conventional fuel
injection systems incompatible
with slurry fuels.

Engine and fuel injection
system wear; reduced engine
efficiency; increased
emissions.



Table 1.2 (continued)

Investigators

Engine and Fuel

Conclusions

Tataiah and Wood

(1980)

Southwest Research

Institute

Dunlay, et al.
(1980)

Thermo Electron
Corp. and Sulzer
Bros., Ltd.
Winterthur, Swit.

Marshall, et al.
(1981)
Virginia
Polytechnic
Institute

Clingenpeel,

et al. (1984)

National Institute

~ for Petroleum
Research

Nelson, et al.
(1984)

Energy and
Environmental
Research Corp.

4 cyl., 4 stroke, DI,
3800 cc, 1000 rpm
Injection: Mechanical -
Fuel: up to 40% coal in
diesel fuel

Coal size: >10 pm,

2 pm mean.

1 cyl.,, 4 stroke, DI,
703000 cc, 120 rpm
Injection: Accumulator
system for slurry
compatibility

Fuel: 31.6% coal in oil
Coal size: < 10 pm,
2um mean.

1 cyl., 4 stroke, IDI,
1400 cc, 1409 rpm
Injection: Mechanical
Fuel: up to 40% coal in
diesel fuel

Coal size: 2-11 yum mean

1 cyl., 4 stroke, IDI,

2000 cc, 750-1200 rpm

Injection: Mechanical
Fuel: 45% coal slurried
with oil, methanol, and
water

Coal size: 5 um mean

1 cyl., 4 stroke, DI,
2330 cc, 300-1200 rpm
Injection: Mechanical
and air blast atomizer
Fuels: Coal/oil, coal/
methanol, coal/water,
coal/methanol/water
Coal size: , 20 pm,

5 ym mean.

Significant ring wear during
11 hrs of operation; engine
efficiency decreased as percent
coal increased; fuel injection
was unreliable.

Conventional, unmodified,
injection nozzle frequently
failed; thermal efficiency
decreased during 20 hrs of
operation due to ring wear;
brake thermal efficiency
near 39%

Only 32 to 88% of diesel fuel
performance was obtained;
rapid piston ring wear; higher
emissions; apparently no coal
was burned.

Ignition assist (glowplug or
pilot injection) required for
low cetane carriers; thermal
efficiency reduced by about
11% over diesel fuel; wear
was 100 times higher with
slurries than with diesel fuel.

No coal/water results because
of injection problems; com-
bustion efficiency drops off

at speeds above 800 rpm;
engine unstable on slurries;
slurry atomization poor,
improved with air blast
atomizer.

Abbreviations: DI-direct injection, IDI-indirect injection.



and Dyer is identicz;l to the slurry used in the present work. They conclude that
tl;e ignition delay is approximately five times longer for coal water slurry than
diesel fuel. (This is the pressure recovery delay which is defined in Section 1.2.2.)
Also, the minimum temperatures for significant coal slurry combustion is
approximately 800 K. In addition, they report that the ignition delay time has
Arrhenius type behavior as a function of tem.perature as well as inverse

proportionélity to pressure.

1.2.2. Fuel Performance Analyses in Compression Ignition Engines

Ignition Delay

A suitable fuel for diesel engines is one with a short autoignition delay under
compressioﬁ ignition conditions. 1gnition ‘delay is the time between fuel delivery
into the combustion chamber and the start of combustion. (Definition for start of
combustion and injection are discussed below.) Sta.rkma,n.(1946) postulates that
the delay period is comprised of ovérlapping physical and chemical periods:
vaporization and mixing for the physical delay and initiation reactions building a
radical pool for the chemical delay. During the delay interval,'the fuel becomes
‘“‘prepared” for combustion, s.e., vaporizes and comes in contact with sufficient air
to be flammable, as discussed by Lyn (1969-70). At the onset of ignition the
premixed fuel burns ra_pid]y. If the ignition delay is too long, a large portion of the
fuel is prepared for>combustion before ignition and the pressure rise associated with
the premixed combustion is excessive fesulting in uncontrolled combﬁstion and
diesel knock. High cyiinder préssures subject engine components to high stresses

which is undesirable from an engine designer’s point of view.
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Due to the higher viscosity of coal slurries, the droplét sizé distribution issuing ’
froh the fuel injector nozzle is larger than for the liquid component alone. Nelson,
et al. (1985) verify that coal/water slurry drpplet sizes are larger than diesel fuel as
measured by a Malvern laser diffraction analyzer at atmospheric pressure. Figs. 15
and 16 from their baper are replotted in Fig. 1.1. The droplet disﬁribut-ions are
vastly different as 90% of the mass of diesel droplets are contained in droplets less
than 100 pm. But, less than 20 mass % of the coal/water slurry spray is composed
of drops less than 100 um. Nelson and coworkers also report on high resolution
shadowgraphs of diesel and coal/diesel fuels. The maximum droplets observed in
the developed region of the spray are approximately 650 um and 250 pym for
coal/oil slurry and neat diesel fuel, respectively. Larger drob size distributions
prolong the physical 'd‘elay period. Nelson, et al. (1984) report that the ignition
- delay times for coal/oil and coal/methanol slurries are acceptabiy short, 0.5-2.0
msec. However, no inforfnation is provided comparing slurries to the neat fuels or
on air temperatures in the engine. The slurry fuels may exhibit longer ignition
delays than. their cdrresponding reference fuels without coal due to the longer

physical delays.

The ignition delay inter;'al is dependent on mé,ny variables: air temperature,
alr pressure, turbulence levels, .and fuel injection paré.meters such as spray
formation, jet breakup, ana impingement on combustion chamber surfaces, to name
a few. For a given fuel, Lyn and Valdamis (1966-67) report that temperature is the
vdominant factor with pressure also playing a role. Henein and Bolt (1967)

summarize the functional relationships historically used to relate ignition delay to
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Figure 1.1. Fuel droplet size distributions for diesel No. 2 and coal/water slurry as
reported by Nelson, et al. (1985).
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pressure, temperature, and engine rpm. (E‘hgine rpm is used in the correlation of

Tsao, et al. (1962) only.) An Arrhenius type expression is the most widely used:

A E,
D = A exp(=
pr *P(gr)

where ID is the ignition delay in msec, A the pre-exponential factor in msec-atm”, P
the pressure in atm, E, the activation energy in J/kg, R the universal gas constant
in J/kgmole-K, and T the temperature in K. -The term activation energy strictly
corresponds to an elementary reaction. For this system, the Arrhenius type
expression is used.”tb aescribe an extremely complex set of reactions. To emphasize
the empirical nature of the a_g:_ti,i\.'ationbenergy coh‘cept appliedv to corlnpression
ignition of high molecular wexghtfuels, Parker, et al. (1985) define E,/R as an
activation temperature. From constantvolume bomb studies with induced -
turbuience, Wolfer (1938) in an earlystudy proposed the following constants for

diesel fuel:

ID =

0.44 4650)
pLio exp( T /-

The value of the constant, n is not believed to be a fuel dependent parameter.

There is, however, considerable disagreement concerning the value of n:



E
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Reference. . - ' System I !

Wolfer (1938) ‘ Heated constant 1.19
volume bomb

Mullins (1953) Flow reactor 1.0

Henein and Bolt (1969)  Indirect injection  1.46-1.78
engine

Kuniyoshi, ef al. (1980) Heated constant 0-1
: volume bomb

Spadaccini and , Flow reactor 2.0
TeVelde (1982)

Parker, et al. (1985)" Heated constant 0
volume bomb

'fbtz-pressure delay and about one for luminosity delay. Henein and
Bolt report tha.tn increases with increasing turbulence levels, t.e., ehgine rpm.
Thus, they found n is 1.46 at 600 rpm and 1.78 at 1000 rpm. For this work at

900 rpm with relatively low turbulence levels, n of 1.5 is assumed:

A T,

The ignition delay characteristics of the fuels, described by A and T, are found for
the coal slurry fuels in this study. Also, the values for .the reference fuels are

compared to published results.

Two definitions are used for the beginning of injection: needle lift and optical

.determination of fuel injection into the engine.. The latter method requires optical

access perpendicular to the fuel jet at the injector orifice. A parallel light beam
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aimed across the orifice outlet to a photodetector is broken during injection. This
technique provides a more direct measure than needle lift of fuel flow into the
engine. However, because of experimental complications, most researchers define
start of injection as the time when the injector needle leaves the seat. The needle

lift technique is also used in this study.

The start of combustion (end of ignition delay interval) is defined in a number
of ways:
e pressure recovery delay--point in the cycle where the pressure
history with combustion recovers to noncombustion pressure
history after reduced.pressure from enthalpy absorption of fuel. .
e pressure delay--the point in the combusting cycle where the slope of
the pressure-time curve exceeds that of o corresponding

noncombusting case.

e illumination delay--significant light emission iz detected by a-
photodetector

e temperature delay--temperature rise due to combustion is
measurable

e fuel consumption delay--a small percentage of the energy content of
the injected fuel is released. '

The pressure recovery delay is primarily used in constant volume studies,:"',;g.,
Siebers and Dyer (1985). The start of combustion is rarely deﬁned’-‘“l;yv £he
temperature delay due to the experimental difficulties in accurately measurmg
highly transient temperatures in the range encountered in firing engines. F:or tli:_'e'

purposes of this work, both the illumination and pressure delays are measured.

The final measurements necessary for insertion into the ignition delay relation

are the air temperature and pressure. (The measurement techniques employed are
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discussed in Chapters.2 énd 3.) The temperature and pressure change significantly
throughout the delay interval. Tsao and coworkers (1962) use the temperature and.
pressure at the time of first injection; whereas, Henein and Bolt (1967, 1969) use
the mean temperature and pressure dﬁring the delay period. Using a linear formula
to éompﬁte mean qﬁa.ntities is only an approximation to the true case which has
nonlinear depéndencies: _ |
In (ID) ~ 1/T and In (ID) ~ -n ln (P).

Tsao, et al. (1962) argue that temperature measurements during the delay interval
are of questionable accuracy. In addition, the t;ellnper‘a.tpre is nonuniform due to
the latent enthalpy éf vaporization of the fuel-caﬁsing temperature decreases in the
fuel cloud. Thus, an average bulk gas temperature may not accurately describe the
temperatﬁre at the ignition sites in the fuel cloud. In the present work, the
injection timing is.h%%i'd"nearly constant for the majority of the tests. Therefore, for
experiments with different inlet temperatures, the temperature histories during the
delaj interval are nearly parallel, but offset. Computing an :ivera.ge ‘value for the
quantities is more important under a wide variety of injection timings: fuel injected
very early experiences rapid .heating; whereas, ihe temperature profile is nearly flat
or decreasing slightly for late fuel injection (near TDC). The ignition delay is less
sensitive ‘to the pressure than to the temperature. The additional .accuracy
obtained by computing an average pressure throughout the delay period is
unw#rranted because it is a second order effect. the temperature and pressure at

the start of injection is the quantity inserted into the Arrhenius type relation in the -

present work.
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Combustion Performance

The pressure-volume indicator diagram is a useful tool to compare engine
operating variables such as fuel type according to Taylor (1977). By integration

over the cycle, the work is computed:
W = f PdV .

The thermal efficiency, 7, is evaluated from the work, W, the mass of fuel injected,

my, and Hg, the enthalpy of reaction of the fuel:

w
m¢ Hg

f’=

Thermal efficiency is an important engine performance criterion as it relates to the
economics of operating an engine. The majority of the investigators testing coal

slurries evaluated thermal ei"iciency (summarized in Table 1.2).

Information about the combustion progress is obtained via calculation of the

energy release rate. It is based on a first law analysis:
Q=U+W=mC,T +PV,
“where Q is the energy release during combustion, U is the internal energy of the

system, and W is the work performed on the system boundaries. Differentiating

with respect to engine rotation, 6:

dQ _ d av
0~ g mGT+P .

Using the ideal gas relatioh,
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So, Miyamoto and Muryama (1979) conducted analyses on the sensitivity. of the
energy release rate on the calculation technique. They argue that dv/df is much
smaller than dP/d® or dV/df and can be neglected. Also, the complication
introduced by computing the time varying value of « is not warranted because of

the small error from using an average value for k. Using v equal to 1.32:

dQ dv dP
49 _4y3p 4V L3y3v P
B B P g TRV

By integrating dQ/d6, the total energy released over the cycle is computed.

For combustion of. l:o-w quality fuels such as coal slurries, combustion efficiency
is a measure of the.:j fré,ction of the chemical en.:'e.»"r‘fgy input of fuel consumed.
Combustion eﬂ'icienc;, 7., 1s defined as the energy. r_'.el__gased, Q, divided by the fuel

enthalpy injected:

Q

m¢ Hg

e =

From the combustion efficiency, the percentage of coal burned in the slurry fuels is

estimated.
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1.3. OBJECTIVES

Most of the engine researchers burning coal report experiences with engine and
fuel injection equipment wear problems. It is not, however, in the scope of this
work to cover the wear characteristics of the coal slurries. In addition to the wear
difficulties, reduced thermal eﬂiciencies and unreliable ignition are reported.
Detailed information about the combustion characteristics of coal slurries in diesel
engines is not available currently. Therefore, it is the objective of this study to

provide the following information on the test fuels:

e qualitative analysis of combustion by high speed cinematography.

e igniton delay characteristics of the three coal slurries tested.

e engine conditions required for slurry combustion.
These measurements are used to evaluate slurry performance compared to die.el
No. 2 as the reference fuel.- Also, the coal slurry ignition data are compared with

measurements made in a constant volume bomb.
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2. EXPERIMENTAL APPARATUS AND TECHNIQUE
2.1. ENGINE TEST FACILITY

2.1.1. History and Purpose

Direct photographs of the combustion radiation have been taken in
conventional engines fitted with quartz windows in the cylinder head starting with
Rasweiler and Withrow (1938). The method ﬁrovides information about the flame
location in spark ignition engines and area inflamed and intensity of radiation for

‘compr..ession ignition engines. However, to elucidate the details of the flow and
density fields through the engine cycle, the Schlieren technique must be employed.
_Optical access on opposite sides of the combustion chamber or access on one side

with a mirrored opposite surface is required for observation of the Schlieren effect. ..

Taylor, et al. (1950) presented frames from Schlieren movies of a rapid
compression machine fitted with a quartz cylinder head (no poppet valves) and a
mirror on the piston head. This provides a view para.llel to the cylinder axis.
Oppenheim, et al. (1976) made the first Schlieren high speed movies in a square
piston rapid compression and expansion machine with a view perpendicular to the
cylinder axis. The piston trajectory, the fluid motion induced by the piston travel,
and the density gradients caused by tvhe combustion were filmed using a square
engine simulator geometry. These experiments did not,. however, simulate the
intake and exhaust processes of a conventioné.l engine. Thus, two laboratories have
built square piston engines incorporating conventional poppet valves, bore and

stroke dimensions, and piston trajectory. Namazian, et al. (1980) obtained
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Schlieren data from a square piston engine built on top of a CFR (Cooperative Fuel
Research) test engine. Edwards, et al. (1985) reported on Schlieren motion pictures
from a square piston engine built on a CLR (Coordinated Lubrication Research)
test engine. The following details about the engine’s fluid mechanics are resolved
by the Schlieren movies: jet flow through the intake valve, large scale rotation in
the cylinder during the intake and compression strokes, flow out of the crevices,

and the thermal boundary layer thickness.

.2.1.2. Engine Simulator

A single cylinder, CLR engine, commonly used for evaluation o‘f engine
lubricants is used as the base for the square piston engine simulator. The CLR’s
cylinder head is removed and replaced with a square ‘“cylinder’ and piston. The
square 'and CLR pistons are attached by an adjustable connecting rod which
permits compression ratios of 4.75:1 to 24:1 to be attained. Lateral or thrust forces
are absorbed by the CLR piston acting as a crosshead. The cross-sectional area of
the two pistons are identical: D = 97 mm for the round piston and L = 86 mm for

the square piston.

A square geometry is chosen to provide large flat surfaces for mounting
‘windows for optical access. Two of the “cylinder” walls and the head are made of
stainless steel. Quartz windows or ;s,luminum flats (24.9 cm X 8.5 cm X 5.1 cm) are
installed in t.he other two walls depending on the experimental techniques
employed. One quartz window and adjacent stainless steel wall are shown in

Fig. 2.1.
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The square piston engine simulator is a 4-stroke, direct injection""evngineA
scavenged by the CLR inlet and exhaust valves installed in the square head. The
valves are opened and closed in the conventional manner: opened by the camshaft

on the CLR engine (with extended push rods) and held closed by valve springs.

The square piston desigﬁ' is similar to the piston described by Namazian, et al.
(1980). A sketch of the piston and sealing rings is shown in Fig. 2.2. Each of the |
‘three grooves contain four piston ring sections which overlap in the corners.
.Copper leaf springs placed behind thevpiston rings aﬁ the back of the grooves forcé

the rings against the cylinder walls.

Both the piston top and cylinder head are flat except for t..h_e4the valves and
pressure transducer located ih the head. Therefore, the clearanc'tei~;"i"t;..1:lilﬁl.e is nearly
a parallelpiped, i.e., the piston area times the clearance height. Mostofthe tests
are conducted with a 16:1 compression ratio. With a swept volume of 700cm3 and
a piston cross-sectional area of 73.3 cm?, a clearance height of 6.35 mm is fequired
for 16:1 CR. However, the volume between the piston crown land and the cylinder:

3

walls is 4.0 cm®. Since this space must-be considered part of the clearance volume,

the clearance height to achieve 16:1 compression ratio is 5.80 mm. Other crevices
present in the head cannot be measured. So they are disregarded for purposes of
setting the compression ratio. The clearance height for 22:1 compression ratio is

4.00 mm. A summary of the salient features of the square piston engine simulator

1s contained in Table 2.1.

As indicated in Section 1.1, a slow or medium-speed compression ignition

engine is preferred over high-speed engines for burning coal fuels because of the



Figure 2.2. Isometric sketch of square piston and graphite ring pack.




Table 2.1 Description of Square Piston Engine Simulator

Single cylinder

Direct injection into parallelpiped shaped
combustion chamber

86 mm X 86 mm Asqubare cross-section piston
-94.5 mm stroke

700 cm3 displacement

900 rpm

2 atm supercharge

16:1 and 22:1 compression ratio

24



25

- longer residence time for more complete coal burnout. The vast majority of these
engines are superéharged or turbocharged which raises the inlet air pressure and
temperature. Thus, the square piston engine facility is equipped with a 12 kW air
heater which is connected to compressed air. A pressure of 2 atm abs at the heater
is maintained for all the experiments. Air temperatures of ambient to 375°C can
be delivered tb the. inlet of the engine. The heater and a.ssoc:iated equipment are
shown in Fig. 23 In most of the exﬁeriments the engine block is unheated. Even
when the block is preheated (maximum temper;ture of 150°C), the cylinder
temperatures are below normal 'operating tgmperatures in a convenﬁional engine.
Géorgi (1950) gives temperature rangeé for engine components: 100-375° C._f_qr the
cylinder head and upper portion of the wall and 425-825° C for the exhaust rva.lve.
~The temperature maps for »threé piston shapes plotted by Roehrle (1978) show
maximum piston top temperatures are between 300 and 400° C. In this experimeﬁt
the inlet air is heated to compensate for heat transfer losses to the cold block so
that the peak_compression temperature is comparable to conventional engines. -
Two typical values are 850 K reported by Tsao, et al. (1962) and 1000 K reported

by Lyn and Valdmanis (1966-67).

Each experiment consists of approximately ten revolutions with data collected”
during two revolutions (one firing event). The synchronous electric motor shown m -
Fig. 2.1 rotates at 1800 rpm. For the purposes of simulating slower speed diesel
engines, a speed of 900 rpm is chosen. The electric motor is turned off bafter‘the _
fiywheel and ‘motor are rotating at 1800 rpm. The flywheel and motor spééd"..

reduces to 1200 rpm within one minute. The clutch is rapidly engaged bringing the
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engine to 900 rpm within one revolution. After approximately 0.7 sec the clutch is

disengaged and the brake is applied.

2.1.3. Data Acquisition and Control

A schematic of the engine simulator éontrol 'elect;r01.1ics is shown in Fig. 2.4.
Two time bases are used to manage the engine facility: real time and engine time or
CAD. Real time events are controlled by a programmable 6 channel Xanadu UP-
Timer (model M78-100) containing reed relays. The engine is equipped with an
optical shaft encoder which gives two signals: one at every TDC crossing and one
‘at_ each one—hali’ CAD. Data collection of other eventé are clocked based on engine

time using a digital counter.

The data are collected via a LSI-11 microcomputer. The LSI-11 and
intertv'a‘cing electronics are shown in Fig. 2.5. The measuring equipment and the
com_p'u._ter communicate via a Data Translation DT2872 direct memory access
a_n.ﬁiog-digital (A/D) board,. a_v‘Digital Equipment Corporation (DEC) KWV-11C

clock board, and a DEC DRV{ll parallel port.

Before data taking comxﬁénces, the computer measures flywheel speed and
reports- it to the user via the terminal. An inductive pickup is situated_slighbly
above a hole in the flywheel surface. The proximity of the pickup is adjusted to
give a maximum signal of 5 volts at 1800 rpm. (As the flywheel slows the pickup’s
'signa..l strength is reduced.) The raw signal from the pickup is nearly symmetrical
with positive and negative going spikes. The flywheel pulses are detected by the
parallel input port. Because the parallel port requires signals in the 0 to +5 volt

range, the signal’s negative spike is clipped by placing a diode in parallel with the
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parallel port. Flywheel rpm is computed from the number of clock ticks counted
(10 kHz clock rat-e) between the one flywheel pulse per revolution coming in to the
parallel port. When the desired speed is reached (1200 rpm ﬂywheel speed to give
900 rpm engine speed), the operator initiates the data taking by starting the UP

timer program.

The digital counter (designated index and pulse train in Fig. 2.5) has two
functions.  First, the number of TDC crossings is counted. Data collection does not
begin until TDC has been reached a preselected number of times. At TDC of the
desired revolution, the counter enables the A/D clock, i.e., the one-ﬁalf CAD pulses
from the shaft encoder are sent to the A/D clock. If the A/D clock on the counter
is connected to the A/D board RTC trigger, each dne-half CAD triggers an A/D
conversion. Switches inside the counter allow for one, two, three, or four pulses per
one-half CAD to be sent. This is useful for multichannel data collection. Secondly,
a LED counter on the front panel of the counter .unit displays the number of CAD
elapsed from the occurrence of TDC of the revolution set point. Four
independently adjustable trigger outputs rise from ground to 5 volts at the selected

CAD. The output stays at 5 volts until manually reset.

An 8 channel, direct memory a.<;cess_ A/D convertor is operated in the
autoincrement mode, i.¢., sampling channels O th‘rough 7 in order, wrapping frc;m 7
to 0, and repeating. For two channel operation, the output from the cylinder
pressure charge amplifier is connected to channels 0, 2, 4, and 6 and the differential
amplifier output from the cylinderb thermocouple to odd ‘channels. Similarily,

cylinder pressure, injection line pressure, injector needle lift, and combustion
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luminosity are connected to every fourth channel for four channel operation. Data
is collected on four channels at one sample per CAD on each channel or on two
channels at one-half CAD intervals. The subroutines in the four channel program

are:

m2ch4.c -send operation to subroutines.

mkst4.c -set or change input parameters such as data file name
: calibration factors of transducers, etc.

input.c -routine for inputting data into mkst4.c.
fwrpm.mac  -assembly language routine for measuring the fiywheel rpm.

ad2ch4.mac  -assembly language routine overseeing A/D conversions.

draw4.c -plot the data on the screen for viewing.
bxtik4.c -draw box and ticks.
wr4.c -write data to a file.

A listing of the subroutines is contained in Appendix A.

The cylinder pressure is measured using an AVL piezoelectric pressure
transducer (model 12QP505clk) installed in the spark plug hole in the cylinder
head. A Kistler 5004 charge amplifier is used to increase the signal to the 0 to 5

volt range for maximum sensitivity of the A/D converter.

Combustion luminosity is detected by an Applied Solar Energy Corp.
photodiode (model 33PVO5M) with an active area of 4 mm? placed behind a
plexiglas plug in the wall. The axis of ‘thie photodiode is perpendicular to the axis
of the injector to provide an unobstructed view of the fuel cloud. The plexiglas

plug is 6.4 mm in diameter. by 12.7 mm in length subtending a solid angle of
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0.186 steradians (sr). The luminous combustion occuré. along the axis where the |
fuel is injected. The cylinder head reduces the actual view angle of the detector to
0.120 sr. Likewise, the angle is further reduced when the piston is at TDC, eg.,
0.062 sr with 16:1 compression ratio. The photodiode’s position allows for 25 mm
of the 89 mm across the piston to be detected. This does not limit the ability to
' detect start of c§mbustion because of the high reflectance of the internal
combustio‘n chamber surfaces. The photodector responsivity Vas shown in Fig. 2.6
shows high infrared and low UV sensitivities. Infrared radiationbis emitted well
into the expansion stroke even éftér' the combustion ceases due to CO2 .emission. :
Therefore, the measurement of the end of combustion 1s not accurately measured
with the photodiode. However, the compréséeéli{faip,_‘iﬁjecﬁed fuel, and internal
combustion chamber surfaces are expected to en.x':i'lt'-;;i;;‘;_si'igniﬁcant radiation befofe
ignition. Thus, a precise measure of the start of combustlon is detected by the

photodiode.

‘Ampliﬁcation of the photodiode’s signal is accomplishéd by the signal
conditioning circuit in Fig. 2.5. The amplified signal is sent to the A/D converter.
In addition, it is compared to an adjustable threshold voltage. When the signal is
greé.ter than the threshold, a 5 volt signal is sent to the parallel port. Similarily, a
grouﬁd 1s sent to the parallel port when the phot,odiode’s signal falls below the
threshold. .The same circuit exists for the injector needle lift transducer in the
signal conditioning module. When the parallel inpuﬂ_ ports are sampled, the

beginning and end of the needle opening and combustion luminosity can be
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detected. Since the fuel injection system and measuring equipment are discussed in v

Sections 2.2.2 and 2.2.3, the descriptions are omitted here.

2.1.4. High Speed Cinematography

Three photographic techniques are employed in the square piston engine
‘simulator to visualize the injection, fluid motion, and combustion processes. Air
motion during scavenging and compression in a motored engine is observed with
the aid of Schlieren cinematography. A .shadowgraphic technique is used to observe
the injection and combustion in the engine simulator. And, direct photographs of’

the combustion process result from emission from the combustion event.

The Schlieren setup is shown in Fig. 2.7. The point light source, a xenon arc
lamp, is placed one focal length (3.95 m focal length rﬁirror) from the spherical
mirror. The collimated light from the mirror passes through the test section and is
collected by another spherical mirror. An iris is placed at the focal point of the
second mirror. Lbcal density gradients in the engine combustion cha.-mber change
the gases’ index of refraction causing the collimated light to be bent. The Schlieren
stop or iris will not pass bent light rays making a pattern of light and dark on the
image plané. The diameter of the iris opening det.ermines the Schlieren sensitivity.
The image is focussed ontb t(he film plane of a Hycam motion picture camera
operating at 5000 frames per se'cond. Films of fluid motion in a moﬁored engine’
with ambient inlet conditions, preheated inlet air, and 2 atm inlet pressure were
taken. Because the Schlieren images are monochrome, Kodak’s 7278 Tri-X reversal

black and white film of tungsten ASA 160 is used.
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To take high speed shadowgraphs, the equipment is identical to that described
above except that the Schlieren stop is removed. High speed shadowgraphs of the
injection and combustion of diesel No. 2, methanol, coal/diesel, and coal/methanol
slurries have been taken. When injection éccurs the high density of the fuel
completely blocks out the light source. During the combustion interval, the visible
radiation is collected onto the film plane directly. The light source provides white
ligh.t which is distinguishable from the orange light of the radiating fuel particles
during combustion. Thus, Kodak 7251 color film with tungsten 100 ASA film is

used. -

Direct cinematography of the combustion event is-ﬁlmed with t‘he Hycam
camera placed at the image plane shown in Fig. 2.1. The engine is illuminated with |
two flood lafnps so that the piston motion can be observed before and after tﬁe
combustion. The light emitted from the. combusting fuel is focussed directly on the
film plane gré .recorded at at 5000 framg; per second. Movies using both the black

and'whitev“and color films described above”.ére taken.
2.2. INJECTION SYSTEM

2.2.1. Test Fuels

The performance of coal/water, coal/diesel, and coal/methanol slurry fuels is
compared to two reference fuels: diesel No. 2 and pure methaﬁol. The fuel industry
standard engine test for evaluating ignition and combustion performance of diesel
fuels yields a cetane rating. Roughly speaking, the lower cetane numbers indicate

longer ignition delays and poorer engine performance. The cetane number for



37

diesel No. 2 is 40; and Ullman, et al. (1982) report that methanol has a cetane

number of 3. Cetane ratings of coal slurry fuels are not available in the literature.

The coal slurries used in this work We':'e’ pt_'epared by the Department of
Energy’s Bartlesville Energy Technology Center (noyv National Institute for
Petroleum and Energy Research). They are 45 mass % subbituminous, pulverized
coal (Pittsburgh seém HVA) suspended in water, diesel No. 2, and methanol. The .
0.7 mass % ash coal is cleaned by the Otisca process, a hot acid wash. The coal is
ground by conventional technology to approximately 70 pm. Further grinding of
‘the coal to 5 um mean diameter is accomplished by a ball mill after the dry coal
" has been added to the liquid carrier. The largest coal particles, as obsefved under
300 power stereo microscope, are 40 um. The elemental composition for this low
ash coal is given in Table 2 of a paper by Gurney, et al. (1984): 79.7% C, 5.9% H, |
12.9% O and N, 0.6.% S, and the remainder is ash. The coal contains 40.7% .

volatiles, 55.9% fixed carbon, 2.7% moisture, and 0.7% ash.

In z.a.ddition..to the coal and liquid carrier, the fuels contain additives.
Surfactants, d':igpé'rsants, viscosity improvers, and lubricants with a maximum total
dosage of 5 m@ % are added to the fuels. The surfactants and dispersants
maintain the coal suspension. However, these agents thicken the slurry making
viscosity improvers necessary. Lubricant is added to the water and methanol

slurries to provide lubricity for improving the injection equipment performance

with slurries.

The calculated enthalpies of reaction and the specific gravity of the test fuel_sA

are:
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Fuel Enthalpy of Specific
reaction MJ/kg|]  gravity
Diesel No. 2 43.3 0.82
Methanol 199 0.80
Coal 32.5 1.80
45% Coal/55% Oil 38.4 1.09
45% Coal/55% Methanol 25.6 1.07
45% ‘Coal/55% Water 146 1.25

The slurry supplier can not reveal the details concerning the dosage level and
chemistry of the additives by agreement with the additive manufacturers. Thus,
the slurry properties listed above are derived mathematically from the fuel

components without taking account of the fuel additives.

2.2.2. Injection Equipment

A Stanadyne pencil type injector (model 20071) is used for injecting the coal
and reference fuels. The injector nozzle as received from.vS't;;ax'xadyne has one orifice
of 0.71 mm diametér. This injector is made for. inf‘:li:i'rect ‘engines where high
velocity, high atomizgtion spréys are of lesser importance than in direct injection
engines. For the purposes of research in a direct injection engine, the nozzle tip is
removed and replaced wi:th a single orifice made of hardenable steel. A range of
orifices, 0.25-0.76 mm diameter, were fabricated to determine the optimum size for
providing a suitable compromise between good atomizat‘ion and minimal plugging

with coal slurries.
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The high pressures required to open the fuel ihjector and to maintain a high .
velocity spray duringvthe injection interval is provided by a .6 mm Bryce (A size,
model 99-65010) jerk pump. The pump is a.ctua.t)edv by a cambox d?iven off the
engine crankshaft sprocket as shown in Fig. 2.1. Normally on a 4-stroke engine the
fuel injection rate is one-half engine speed,v eg:, 450 injections/min for a 900 rpm
'engine. However, since the square piston enginé is a single combustion cycle device
and the highest‘ pumping pressures are desired, the sprocket ratio between the
‘éngine’s ca.msha.ftvsprocket ratio between the engine’s camshaft and the cambox is
2:1 making the pump frequency 900 injections/min. It is necessary to ‘avoid
iﬁjection during the scavenging stroke before combustion as this is .a. form of pilot
injection which Obert (1973) reports is an ignition aid. Tﬁerefore, solenoids on
each end of the rack pull it open é.nd closed for one stroke only. The solenoid
timing sequence is set by the solenoid control module. The detail necessary to
show thg solenoids and control box is not feasible in Fig. 2.1. However, they are

shown in Fig. 2.8 in a schematic of the injection equipment on a bench test rig.’

2.2.3. Injection Testing Outside Engine

Before attempting to compression ignite the test fuels in the square piston
engine siinulator., the injection equipment performance is evaluated on a bench rig
outside the engine. A schematic of the system except the computer interface is
shown in Fig. 28. The LSI-11 microcomputer and electronic control and

measurement equipment are shown in Fig 2.9.

The motor rotates the cambox at 900 rpm as on the square piston engine.

The 6 mm injection pump rack is pulled open and closed by solenoids timed
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externally by the the solenoid control module. The rack opening sequence is
coordinated with the cambox rotation angle via pulses from an inductive pickup
sensing a bolt on the cambox pulley. The enablihg, conditioning circuit in Fig. 2.9
is reset by the operator. Immediately afterwards one inductive pickup pulse is sent
to the solenoid control module and to the KWV-11C clock. From the trigger to the
injection control box, the solenoids open the rack within 25 msec. After the rack is

open for approximately 75 msec, the rack is closed.

The inductive pickup pulse comes in on the number 2 Schmitt trigger on the
clock panel. The injection stroke begins approximately 60 msec after this inductive
pickup pulse. Therefore, a delay loop of 55 msec is imposed' before sampling by the
direct memory access A/D converter commences. After the delay, the KWV-11C is
programmed to provide a 40 kHz pulse train to the A/D RTC trigge-r. The needle
lift and injection line pressures are sampled by the FA/D converter at 20 kHz
sa.mpléé/channel. The signal conditioning circuit in Fig. 2.9 (same as in Fig 2.5)
receives the raw signal from the needle lift transducer oscillator demodulator. The
signal is amplified to the O to 5 volt range required by the A/D converter. An
adjustable threshold voltage in the conditioning circuit is compared to the amplified
oscillator demodulator signal. When the ﬁeedle lift voltage exceeds the thfeshol_d
voltage, the co~mpa.ra.tor circuit output gives 5 volt. The output returns to ground
when the needle lift signai falls below the threshold. In this.way the square wave
signal which goes to the parﬁliel input port is produced. By checking the parallel
input port continually and storing the occurences of high and low inputs, the times

of needle opening and closing are stored in memory.
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The injection line pressure is sensed by a 10 mm AVL piezoelectric pfeséure_
transducer (model 8QP500C) with a Kistler 5004 charge amplifier. The fuel
injection interval is detected by measuring the position of the injector needle. The
needle is forced against the oriﬁ?:_e by a spring. Injection begins when the pressure
acting to open the needle exceeds the spring force. The injector body is modified to
" hold an aluminﬁm target which moves with the geedle. A Kaman KD-2300-1‘SM
proximity detector located approxim_ately two millimeters from the target provides

a signal proportional to the needle position.

A listing of the data acquisition software is con_tained in Appendix B. The
program consists of three parts: the main program (inject.c) which communicates to
the user and sends control to the subroutines, the assembly routine (inj.mac) which
provides a delay interval and collects the data, and several subroutines for drawing

the data on the terminal screen.
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3. DATA ANALYSIS AND DISCUSSiON

3.1. MOTORING CYCLE

3.1.1. Temperature Measurements

The ignition delay characteristics of fuels are important comparison
parameters to evaluate fuel performance. The Af:x‘henius expression relates the fuel
properties (activation temperature and pre-exponential factor) with the ignition
delay, air temperature and pressure. Thg ignition delay and cylinder pressure are
measured directly on the engine simulator. However, the temperature is not
measured directly. Because the exponential of the temperature appears in the
Arrhenius relation, it is the most critical parameter to determine accurately.
Information concerning air temperaturgs for conventional engines is obtained from
the literature or is estimated from simple cycle calculations. However, the engine
simulator suﬂ'ers{from higher leak and heat t'ransfér rates than the engines covered
in the literature due to the square cross-sectio-n: and unheated combustion chamber
surfaces. Thus, the temperature is estimated in two ways: computer modelling of
motoring cycle (discussed in Section 3.1.2) and inference from fine wire

thermocouple measurements which is discussed here.

A 0.013 mm chromel-alumel thermoc_ouple is installed in the east combustion
chamber port as shown in Fig. 2.3. The thermocouple leads are threaded through a
ceramic insulator. The thermocouple junction protrudes from the ceramic plug

approximately 10 mm which protrudes from the cylinder wall approximately 5 mm.
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Therefore, the thermocouple bead is exposed to the bulk gas rather’ than the'

boundary layer.
Cylinder gas temperatures are measured for the folloWing conditions:

Air temperature Air pressure  Cylinder temperature

at IVC. [°Cl - [atm] - [°C]
Ambient 1 - Ambient
Ambient | 2 Ambient
100 - 2 - Ambient »
125 2 Ambient
170 2 Ambient
195 2 Ambient
245 2 | 150

A two channel data acquisition routine is used for' collecting temperature and
pressure measurements at one-half CAD intervals. Measurements are made only at
16:1 compression ratio as cyfinder clearance does not accommodate the
thermocouple probe at 22:1 compression ratio. Figures 3.1 and 3.2 show both
cylinder pressure and thermocouple temperature as a function of CAD. The
cylinder pressure peaks well before the thermocouple temperature due to the heat
transfer time lag for the thenﬁocouple to attain the gas temperature. The gas
temperature peak occurs before the pressure peak because both quantities drop
linearily with heat .loss, but pressure is rising with the volume ratio to the 1.4
power whereas temperature rises with volume ratio to the 0.4 power. (The values

of 1.4 and 0.4 are approximate values for air.) Thus, as the rate of volume change
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Figure 3.1. Thermocouple temperature and cylinder pressure for ambient inlet
temperature and nominal 2 atm abs inlet pressure motoring cycle on the square
piston engine simulator at 900 rpm and 16:1 CR.
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Figure 3.2. Thermocouple temperature and cylinder pressure for the square piston
engine simulator motoring cycle at 900 rpm and 16:1 CR. The block temperature,
inlet temperature and pressure are: 150° C, 245°C, and 2 atm abs, respectively.
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decreases on compressidn, the losses due to heat transfer outweigh the gains due to
volume change earlier for the temperature. In Fig. 2 of Henein and Bolts’ (1969)
paper, the peak temperature precedes the peak pressure in a motored engine. The .
thermocouple temperature lags Behind the bulk gas temperature due to the finite

thermal capacity of the bead.

The magnitude of the thermocouple’s time delay is estimatable from a heat

transfer analysis. Writing a first law energy balance:

dQ, dU,

dt dt

or, in words, the heat transfer rate to the thermocouple is equal to the rate of
internal energy gain. The mode of heat transfer is by convection. Gaseous
radiation from air at the temperatures attained in the cylinder is negligible.
Conduction down the the thermocouple wires is insignificant for a wire diameter of
0.013 mm and lead length more than 3 mm according to Bradley and Matthew

(1968).
The convection to the thermocouple is described by:

dQ,
—- =DbA(T,-T).

The rate of internal energy gain is:
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So,
dT

hA(T, - Ty) = Cip,V _(Tt_i :

Rearranging,
CypV dT,

TR wm

or
dT,
Tg =T bdt -+ Tt, (31)

where the factor

CipV -7
hA

The constant, 7 (units of time), varies throughout the cycle because h is a function
of piston velocity, gas density, gas temperature, etc. However, since several heat
transfer parameters are not known accurately, computing a time varying value of h

is not warranted. Instead, an average value for h is found.

The thermocouple supplier claims the bead is nearly spherical with diameter
approximately three times the wire diameter, 0.038 mm. Standard tables do not
contain properties fof chromel-alumel. Thus, average values for specific heat and
Aensity of metals are used:

C, = 200 J/kg-K and p, = 8000 kg/m?3.
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The heat transfer coeflicient, h, is related to the Nusselt number:

For forced convection over a sphere,
Nu == 2.0 + 0.236 Re%88 pr03

according to Raithby and Eckert’s (1968) correlation. The Prandtl number is

about 0.69 for air. The Reynold’s number is:

vy D pg
By

Re =

It is not well understood how the gas velocity relates to t;ile driving force, the
piston motion. In addition to this uncertainty, the piston velocity is not constant
throughout the cycle. For simplicity, the gas velocity is taken to be the average
piston velocity. At 900 rpm with a piston linear displacement of approximately
0.1 m, the average piston velocity is 3 m/sec. The gas density varies between twice
ambient density ‘.to about 20 times ambient density. An average value of 10 times
ambient density is used, 12 kg/m® Gas properties at an average temperature,
500 K, are used:
pg = 2.8 X 10~ kg/m-sec and kg - 43 mW/m-K.

With the foregoing assumptions, h = 4.7 kW/m%K. Thﬁs, the time constant is

approximately 2.2 msec.

The bulk gas temperature is inferred from the thermocouple temperature
records through Eqn. 3.1. The computation of the derivative of temperature in

Eqn. 3.1 is extremely sensitive to digitizing error or other system noise. Thus, the
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raw data are smoothed using an allowable rms error of 5 inserted into Reinsch’s
(1967) spline smoothing routing. Because of the high degree of uncertainty in
estimating the time constant, a range ‘of values are tested. In Figs. 3.3 and 3.4, two
thermocouple temperature records are shown with time constant corrections of 2, 4,
5, 6, and 8.msec. To satisfy the condition that temperature peaks before the
pressure, thé time const;mt is evidently greater than 4 msec. As the time constant
becomes large, as for 8 msec in Figs. 3.3 and 3.4, the correction is exaggerated and
exhibits unexpected behavior on the expansion stroke, eg., the temperature at 90
CAD is lower than the temperature at 180 CAD indicating that an 8 msecec time
constant overcorrects. After evaluating several temperature records, a compromise
of 5 msec for the time constant is found to be most suitable. The computed data
for a variety of inlet conditions are shown in Fig. 3.5. The data are displayed for

the injection and delzy interval, 45 °BTDC to 15° ATDC.

The air temperature at the elbow directly upstream of the intake valve
(Fig. 2.3) is recorded before each experiment. The temperaturev of the air
introduced into the engine is different from the measured elbéw temperature for
two reasons. The intake passages and cylinder walls are at ambient temperatures
(less than inle_t air temperature when preheating the block) allowing for heat
transfer losses before compression begins at IVC. Secondarily, the air temperature
is increased due to induction work as discussed by Tsao, et al. (1962). This effect is

distinguishable only in the case with ambient inlet air temperature.

The temperature at IVC is read directly from the raw thermocouple

temperature record. This temperature need not be corrected as the intake process
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Figure 3.3. Thermocouple temperature for a motoring cycle in the square piston
engine simulator (16:1 CR, 900 rpm) with ambient inlet temperature and 2 atm abs
inlet pressure is plotted with five estimates (time constant corrections) of cylinder
gas temperature.
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takes 25 msec, sufficient time for thermocouple response. The relation between the
elbow temperature and IVC temperature is shown in Fig. 3.6. A least squares fit of
the data indicates a temperature rise at IVC of about one-half degree for each

degree the inlet temperature is raised.

The peak compression temperature as a function of the inlet ﬁem_pera.ture is
Shown in Fig. 3.7. A least squares analysis shows that each additional degree of
temperature preheat corresponds to about 0.86 degree higher peak compression
temperature. The variation of the data from the least squares correlation in
Fig. 3.7 indicates the limitations of the correction technique. Any temperature
nonuniformities due to large scale structures are magnified in the temperature
correction routine. The uncertainty is reduced by averaging the temperature for
several runs at the same temperature. However, the uncertainty in the

measurement is on the order of + 25 K.

In addition to uncertainties in the cylinder gas temperatures due to
. measurement/correction problems, the temperature is not uniform throughout the
combustion chamber. From the Schlieren movies two examples of the

nonuniformaties are evident:

e thermal boundary layer on combustion chamber surfaces.
e large scale vortical structures with density gradients within the
vortex indicating large scale turbulence and limited mixing on a
fine scale.
Fuel injected into hot pockets ignite more rapidly than an overall temperature

measure would indicate. On the other hand, fuel droplets in cold pockets or near

the combustion chamber surfaces experience a longer ignition delay or do not ignite
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in the time available even though the bulk gas temperature may be high enough for.

shorter ignition delays.

The air temperature used in the Arrhenius correlation is the temperature at
the time of fuel injection. Thermocouéle measurements are available for several
inlet temperatures only. But, the combusting tests are run at any temperature in
the range. Thus, the temperature is interpolated linearly between two cases with

the nearest inlet temperatue.

3.1.2. ENGINE MODELLING

Introduction

In the previous section the importance of estimating the gas temperature at
thve time of injécl;ion is discussed. Temperatufg measurements are available for the
16:1 compression ratio motoring cycle. But, it is ixnpossiblé with the current piston
and combustion chamber head configuration and the measuring equipment
described in Secfion 3.1.1 to measure the temperature at 22:1 compression ratio. A
model of the motoring cycle is developed to p;ovide a check of the thermocouple
temperature corrections and to provide estimates for the cylinder conditions for the

higher compression ratio cycle.

Information available iﬁ the literature about bulk gas temperature in a
motored engine does not apply to the engine simulator. The.squa.re cross-section of
the piston does not allow the use of conventional pistoq rings thereby allowing
significant leakage past the riﬁg pack. The piston sealing is accomplished with four
graphite sections in each ring groove which overlap at the corners. Figure 2.2 -

shows a sketch of the piston and ring pack. Behind each of the four graphite
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sections is a copper ieé.f spring which forces a seal against the “cylinder” wall
surfaces. Due to the lack of lubrication and the sealing diﬂ'iculties a;t the corners,
the leakage is much higher than a conventional engine: a.pproxiina.tely one-third
mass loss in one compression-expansion stroke in the square biston engine compared
to mass loss of a few percent in a circular piston engine. Begeman (1962) reports
1-1.5% minimum blowby for spark ignition engines. Georgi (1950) indicatés that
blowby is approximately 1000 cm3/sec in a diesel engine, roughly thé same
percentage as a sbark ignition engine.

Description of Model

Injection occurs just before TDC on the compressioﬁ “stroke. Thﬁs,
computations commence when the inlet process is complete. and cease before
exhaust blowdown. The cylinder is cut off from the inlet line at IVC (intake valve
closing) on the compression stroke, 150°BTDC. The expansion ceases at EVO,
135° ATDC, on the following revolution. Therefore, the computer simulation

covers 285 CAD or 570 one-half CAD steps.

The temperature, pressure, mass, and volume are related by the ideal gas law.
The volume above the piston is known from engine geometry. The combustion
chamber of the engine simulator is a parallelpiped with a fixed cross-sectional area.
Therefore, volume above the piston is the cross-sectional area times the distance
between the piston top and the head, y. Engine CAD is related to piston position
through the crank radius (r.) and the connecting rod length (L), 47.6 mm and

165 mm, respectively.
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. 2r
y =L +r, - (L% - r%in%0)"® - r.cosf + -C-‘R_i-l- '
where 8 is the crank angle, r, is the crank radius, and CR is the compression ratio.

All experiments in the compression expansion apparatus and the computer

simulation use 16:1 CR.

The .initia.l témperature (at IVC) is measured by a thermocouple in the
cylinder. The initial pressure is assumed. (Determination of initial conditions will
be discussed in detail later.) From these initial conditions and the volume, the mass
is computed using the idea.l. gas law. The adiabatic temperature and pressure are

found from the volume through the isentropic relations:

vV v _ Vv 7-1
P,=P,(—2) and T, =T,_(—=1
a n-1 Vn) n ] l( Vn )

The ratio of speciic heats is a weak function of temperature in the temperature
range of the motoring test. However, because the volume ratio is raised to a power
of the ratio of spe_cific heats, this slight variation has a large effect oﬁ the resulting
values for the isentropic temperature and pressure. The ratio of specific heats is

calculated by the following:

where C, is a polynomial in temperature.

The compressed air supply to the compression expansion apparatus is wet. By
assumption, the air is composed of 2 mass % water vapor in air. McBride, et al.

(1963) provide polynomial relations for C, as a function of temperature for several
P p
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pure gases. The relation for C, of the mixture is the summation (over N2, 02, and

water) of the mass % of the component times the polynomial expression for the

pure component. The resulting form of the equation is:

C, = Cp + C,T*% + C,T% + C;T + C,T'® + C;T2 + CeT 3.

The amount of heat transferred per calculation step is found using the

Woschni (1967) correlation:
Q =K D—0.2 P0.8 T—053 vp0.8 a (T8 _ ‘Tw) At .

One of the terms in Woschni’s correlation is deleted here because it only applies to
a combusting cycle. Benson and Whitehouse (1979) report that K = 26.6 for a
four-stroke, medium-speed diesel engine. Kays and Crawford (1980) define a
hydraulic diameter to use for geometries other than circular. The hydraulic
diameter is four timc;s the flow area divided by the pei’iﬁxéter. For the squal";
piston engine the hydraulic diameter for use in the above equation is the piston side
dimension.

The Woschni heat transfer correlation yields a steady state result, i.e.,
averaged over the cycle. The heat transfer from the gas to the cylinder occurs
primarily during the compression and expansion strokes near TDC. The
compression-expansion period is less than one-third of two revolutions for each
power stroke, the heat transfer rate in the model is increased over the Woschni
correlation by a fa.cfor of four. The temperature at the wall, T,, is assumed

constant throughout the computation. The corrected values of temperature and
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pressure are:

Qn

my,C, Tn

Tn' =T, -

Mass leakage is assumed to be sonic, i.e., leakage is proportional to the
pressure in the cylinder. The flow is not somic below a critical pressure which
depends on the downstream pressure (atmospheric pressure in this caSe). However,
the mass leak rate is estimated to be proportional to the cylinder pressure at all
pressures for convenience. Because the leakage is insignificant at low pressures, this

assumption introduces negligible error. The leak rate is:

dm MK dP’ .

dt - dt

The coeflicient M is the static leak rate measured on the engine with the piston
stationary. At pressures between 2 and 6 atm gauge, M was approximately
0.5 gm/atm-sec. The leak rate varies depending on the condition and fit of the
piston and rings. Because the static value may be significantly different from the
dynamic value, a second constant, K, is introduced which is 'a,djusted to match
experimental results. The effect that leakage has on the cylinder content properties
is that of an isentropic expansion:
"

Pn" = Pnl (mn) ')”.
m

Similarly, temperature including leakage effects is computed.

The one zone model described above is found to be unsa.tisfa.ctory‘ when

comparing model and experimental temperatures. The model predicts higher
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temperatures than those measured as demonstrated in Figs. 3.8 and 3.9. In
addition, the modelled pressure curve closely matches the experimental curve only
at the beginning and end of the compression-expansion cycle and at the peak where

it is forced to fit.

High speed Schlieren movies of the motoring cycle indicate that there are
small crevice areas é.round the head. They fill during compression and are observed
emptying during the expansion. From the inconsistency between experimental and -
model temperatures and the sugg‘estion of crevices in the head, a two zone model is

developed.

The two zone model consists of the bulk gas at uniform conditions as
described above and an additional crevice zone containing air at cylinder wall
temperature and bulk gas pressure. The volume in the crevices is a parameter
varied in the calculation; but, it is constrained by matching the experimental

temperature.

The two zone model differs from the one zone model in two ways. The
volume above the piston is enlarged by the amount of the crevice vqlume. Thus,
pressure is calculated as follows:

Pn = Pn—-l [

(Vn-l + Vcr) 7
(Va+ Va) |

Similarly, temperature is computed. Secondly, heat transfer from the bulk gas to

the walls is greater because all the gas compressed into the crevices attains wall
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Figure 3.8. Air temperatures and pressures as measured and modelled (one-zone)
for 16:1 CR, 900 rpm square piston engine for a motoring cycle with ambient inlet
temperature and 1.65 atm abs actual pressure at IVC.
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Figure 3.9. Air temperatures and pressures as measured and modelled (one-zone)
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temperature:

ch = Mg Cp (Tn” - Tw)

where
Pnll
me = Vg RT 7
n
Results

The computation interval is one-half CAD to match the experimehtal data
taking interval. Test cases of the simulation at one-quarter, one-half, and one CAD

step size give identical results. Thus, one-half CAD is sufficiently small.

The input parameters which are varied are inlet pressure (discussed below),
mass leakage factor, crevice volume, and block temperature. The crevice between
the piston crown and cylinder wall is discussed in Section 2.1.2. The crevices
discussed here are gaps between the head and walls from ﬁhich outgassing is
observed in the Schlieren movies during the expansion stroke. In the case of no
supercharge and no air preheating, the two unconstrained input paraxﬁeters are
crevice volume and leakage factor, K. The independent variables are the
temperature and pressure; K is varied from 0 to 3 and V; from 0 to 3 cm3. The
resulting peak pressures and tempefatures are plotted in Fig. 3.10. Many
combinatidns of K and V, satisfy either .tempera.ture or pressure. The solutions
are plotted in Fig. 3.11. A value of K = 1.65 and V,, = 2.4 cm?® satisfies both

temperature and pressure requirements. These values for K and V., are used for all
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the subsequent cases at 16:1. The comparison to the experimental results is shown.

in Fig. 3.12.

~ The supercharge pressure is set at 2 atm abs. f‘or the remaining tests.
However, because a large plenum chambér or reservoir is not available on the inlet,
the pressure fluctuates a significant amout due_ to the periodic suction of the engine
intake stroke. Pressure waves are established in the inlet lines. Measurements of
the inlet system pressure for a motoring cycle show a peak-to-trough variation of
0.7 atm. Thus, inlet pressures between 1.5 and 2.0 atm were modelled. Figure 3.13
shows that an inlet pressure of 1.65 atm satisfies the temperature and pressure

requirements. The agreement between model and experiment is shown in Fig. 3.14.

Four cases with  inlet air preheat were investigated. The fine wire
thermocouple measurement at BDC of the mbtoring cycle (discussed in Section
3.1.1) is the initial temperature for the model calculations. Thus, for these cases,
no parameters are unconstrained. Two examples of the results are shown in

Figs. 3.15 and 3.16.

To attain the highest compression temperatures, the engine block is preheated
by forcing 300° C air through the open valves. During the preheat process the fine
wire thermocouple plug is replaced with a thermocouple plug in which the bead is
slightly below the plug surface. The thermocouple indicates temperatures just over
100° C. However, the wall containing the thermocouple plug is furthest away from
the va.lvgs where the heated air is introduced. Thus, the average block temperature

could be considerably higher. Of the cylinder wall temperatures modelled, 150° C
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provides the best compromise at fitting the temperature and pressure. The results

are plbtted in Fig. 3.17.

Coal/water slurry does not ignite at 16:1 compression ratio with inlet air and
block preheating. Therefore, a compression ratio of 22:1 with a heated engine block
is attempted. - The lower surface of the thermocouple probe is located
approximately 5 mm below the cylinder head. Temperatures cannot be measured
at 22:1 as the clearance height is 4.0 mm. So, the model is used to estimate the
motoring temperatures. Using.the crevice volume of 2.4 cm?®, an inlet pressure of
1.65 atm, and mass leak factor of 1.65, the model’s peak motoring pressure is
significantly higher than the experimental peaks, demonstrated by the dashed and
solid lines in Fig. 3.18. But, the dash-dot curve in same figure for a mass leak rate
of 2.25 closely aligns with the least squares fit of the experimental data. The piston
is séverely scuffed (metal transfer between sliding surfaces from adhesive forces)
after experiments with a preheated block. Metal particles lodge in between the top
piston ring set and the groove preventing free movement. The rings stick in place
and are no longer pushed out (by the leaf springs) against the walls f'or sealing. In
light of the lower sea]ing. capability of the piston rings after block preheating, it is

reasonable to use the higher leak rate coefficient.

The temperatures for three inlet temperatures with no block heating and two
temperatures with block heating are shown in Fig. 3.19. Thebdiﬁerence in the
general shape of the unheated versus heated block temperature profiles arises from
the inclusion of a crevice zone in the model. At 22:1 the crevice accounts for 10%

of the combustion chamber volume at TDC. Because the temperature in the
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crevice is less than the bulk gas zone, more than 10% of the mass is in the crevice
zone. An increase of the mz;ss in the crevice affects the temperature profile similar
to that of a reduction in compression ratio. The 150° C crevice rétains less mass
‘than the ambient crevice. Therefore, the heated block cases show steeper slopes on
both sides of TDC. Also, ther higher pressures wiﬁh block heating result in higher
mass leakage which accounts for the heated block temperatures going below
unheated block temperatures on the expansion stroke. The temperatures in

Fig. 3.19 are used for the Arrhenius relation computations.

The leak rate from the combustion chamber is estimated for purposes of
temperature prediction. As a consequence, mass in i:he cylindér as a function of -
CAD is also known. The experimental values of temperature, pressure, and volume
also give an estimate of the mass in the cylinder. Both model and experimental
computations of mass are plotted in Fig. 3.20. Both experiment and model results
indicate that approximately 30% of the mass is lost in each compression-expansion

cycle for this case with ambient inlet conditions.

The case with ambient temperature and a nominal 2 atm of supercharge is |
compared in Fig. 3.21 with an adiabatic, no leak run at the same inlet conditions.
The pressure is reduced by about 30% from adiabatic whereas the temperature is
reduced by about 15%. The effect that the mass loss has on the temperature and
pressure is modelled as an adiabatic expansion. Since the pressure ratio is raised to
the power of the specific heats ratio and the temperature ratio to the specific heats

ratio minus one power, the pressure drops faster than the temperature. The model
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predicts a 40% mass loss in one cycle for 2 atm inlet pressure. This is consistent

with the 30% loss shown in Fig. 3.20 with no supercharge.

3.2. COMBUSTING CYCLE

The definition for ignition delay is discussed in Section 1.2. To apply
Eqn. 1.1, the folloﬁ'ing quantities must be known: air temperature and pressure at
the time of injection, the time of the start of injection, and the time of the start of
combustion. The temperature at injection is taken from corrected thermocouple
measurements for 16:1 CR and from the engine model (Section 3.1.2) for 22:1 CR.
Pressure is directly measured by a piezoelectric transducér._ The beginning of the
ignition delay interval is defined by the injector needle opening. The end of the
luminosity and pressure delay times are known by measuring the initial combustion
radiation emitted and the pressure rise, respectively. The combusting pressure rise
is compared to a run at the same condition without fuel injection and combustion
to determine when significant pressure rise from combustion occurs. An example of

the ignition delay measurements is shown in Fig. 3.22.

The analyses to compute work and rate of energy release are discussed in
Section 1.2. Due to higher leak rates encountered in the square piston engine
simulator compared to engines with cylindrical geometry, the work and energy
release calculations are indexed by a comparable motoring cycle. That is, work is

computed by subtracting motoring cycle work (always a negative quantity) from
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the combusting cycle:

W = [ PeompdV = [ PpodV .

dQp
dé

d
Also,Q=f-%°§ﬂdo-j * 46.

The same holds true for calculating the energy released as shown in the above

equation.

In a conventional engine, efficiencies are measured by adjusting the jnjection
timing and fuel delivery rate to provide a given power level and rpm. The injection
timing is optimized to minimize the fueling rate without incurring diesel knock.
The square piston engine simulator makes this measurement difficult because of the
single event nature of the combustion. The shaft power from a conventional engine
on a dynamoneter is measured continuously. The only measure for power for the
square piston engine simulator is the indicated power. Indicated power is computed
from the work per cycle and is greater than the shaft power by the amount of
power absorbed by engine friction.’ The amount of fuel injected and the injection
timing are measurable on the square piston engine simulator. But, they cannot be
controlled to tight tolerances. Due to the 5 CAD range in injection timing and the
5 mg range in fuel rate at the same settings, the number of tests required to
evaluate the true thermal efficiency at each condition is prohibitively large. Even if
the efficiency is measured, the knocking limits can not be determined. Diesel knock
is normally detected by listening to an engine running at steady state. Knock can
also be ej}aluated by comparing rate of pressure rise in the cylinder to known

knocking and nonknocking cases. Knocking operation is not detectable in the
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square piston engine because of the highly unsteady manner of opei‘a.tion. Because
of these difficulties, a complete analysis is not presented; sample values of the

thermal and combustion efficiencies are presented in Section 4.4 below.
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4. RESULTS AND DISCUSSION

4.1. FUEL INJECTION

Previous researchers report problems injecting coal slurries. Therefore,
preliminary injection tests on the bench facility (Section 2.2.3, Fig. 2.8) were
conducted and reported by Dicks;on (1983). Injection line pressure and
shadowgraphs of the spray were used to evaluate the spray atomization and
injection equipment reliability for the slurries. The engine block was heated for
coal/water engine experiments. To determine the effect heating had on the water
slurry, additional tests were conducted with a heating coil placed around the
injector. The injection parameters varied were: needle opening pressure (75-
200 atm), nozzle orifice diameter (0.254-0.635 mm), and rack setting (8-20 mm? or

5-60 mm3). Dickson concluded that:

e the atomization improved with smaller nozzle diameter.

e the slurries frequently plugged with an orifice less than 0.33 mm
diameter.

e the atomization improved with higher needle opening pressures.
e opening pressures above 200 atm damaged the orifice.
e moderate rack openings gave the best atomization.

e the atomization of coal slurries was poorer for slurries than diesel
fuel as observed by shadowgraphs.

e it was not possible to inject coal/slurries when they attained
temperatures above 100 ° C because they became extremely viscous.
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The 0.33 mm diameter orifice and 200 atm needle opening pressure is used for all

the engine studies. Also, the water slurry temperature is held below 100° C.

. The mass of fuel injected per stroke is also mgasured on the bénch test. A
paper cup with loose cotton placed in the bottom is used to catch the fuel issuing
from the nozzle. Diesel fuel and coal/diesel slurry injections into atmospheric air
and into a pressure vessel at 25 atm are collected and weighed. During the engine
tests, the mass of fuel is computed from the injection line pressure or the needle lift
records; sample traces are shown in Fig. 4.1. (Both the pressure and needle lift
have negative values in Fig. 4.1. The negative needle lift is caused by vibrations
giving erroneous readings. The pressure in the injection line remains above
atmospheric between tests. Piezoeleétric pressure transducers do not provide an
absolute measure of pressure, but, relative pressurés instead. The data taking

routine arbitrarily assumes the pressure at time 0 is O atm gauge.)

The rate of fuel injection relates to the line pressure through Bernoulli’s

relation. An empirical discharge coefficient, Cp, is inserted:
l’hr == CD aVv2p AP

where m, is the mass of fuel injected, a the nozzle area, p the fuel density, and AP
the pressure difference. To compute the mass over the injection interval, integrate

over time:
mf=CDa.\/-2-/;f VAP dt

(The pressure is integrated only for the shaded region in Fig. 4.1.). Austen and

Lyn (1960-61) report that the discharge coefficient for hole type nozzles is
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approximately 0.7. To check this value for Cp, the actual mass and the calculated

mass if Cp equals one are shown in Fig. 4.2. A least squares analysis indicates that:
m; = 0.57 a v2p [ VAP dt + 129 [mg] . (4.1)

Thus, Cp is found to be approximately 0.57. If the actual diameter of the nozzle is -
smaller than that mA_easured under a stereo microscop.e (eg, due to blockage) then
the computed Cp will be smaller than expected. As little deviation as 5% or 0.02
mm accounts for the discrepancy. Normally, a zero intercept in Fig. 4.2 is
expected. But, in this case with a spring loaded needle pressed against the orifice,
the pressure builds before fuel is injected and the needle covers the orifice before
the pressure drops fully. Thus for this system, the calculated mass overpredicts by

12.9 mg.

Integrating the expression in Eqn. 4.1 above to determine the mass of fuel
injected is somewhat cumbersome. Also, the injection line pressure was not
measured for all the tests in the engine. Therefore, a correlation between the
injector needle lift and the measured mass is desired. The needle lift integrated
over time versus actual mass is shown in Fig. 4.3. (Integration is performed for the
shaded area only in Fig. 4.1.) Results_ from three cases, diesel fﬁel and coal/‘diesel
(corrected for difference in specific gravity) at atmospheric pressure and diesel fuel
at 25 atm, show a strong correlation between the integrated lift and the mass
injected. The correlation is very strong at the higher values of mass injected which
corresponds to the majority of the cases tested in the engine. Neither the fuel type

nor the pressure in the vessel affects the relationship between these quantities:
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m; = 14.5 IL + 3.8 [mg], : _ (42)

where IL is the needle lift integrated over time in mm-msec. Two sample traces are
shown in Figs. 4.4 and 4.5: one with a small quantity and one with a large quantity
of fuel injected. The weighed fuel is given along with line pressure and needle lift
estimates for mass injected from the correlations of Eqns. 4.1 and 4.2, respectively.
The mass of fuel injected into the engine is com;;uted from the integrated lift

equation in all cases.

4.2. CONDITIONS FOR IGNITION OF FUELS

The longest ignition delays measured in ‘the square piston engine simulaﬁor at
900 rpm are less than 10 msec (54 CAD). f‘or injection at about 20°BTDC,
ignition occurs as late as 35‘°ATDC. After this CAD, §he lower temperatures and
pressures from expansion do n.ot permit substantial chemical activity. Ignition #t
35°ATDC is not of practical significance; it does, however, provide information

concerning the ignition characteristics of the fuels.

Ignition of coal/water slurry is not possible under the condition; attainable in
the square piston engine facility under the current configuration, t.e., up to
22:1 CR, 150°C block temperature, and 250° C inlet temperature at IVC. The
temperatures a.xid pressures attained at the time of coal water slurry injection for
16:1 and 22:1 CR tests are shown in Fig. 4.6. Neither pressure rise nor significant
luminosity are observed at any of the these conditions in the approximately

10 msec available for combustion.
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Henein and Elias (1978) discuss using inlet air preheat to extend tﬁe cetane
scale. For evaluating diesel No. 2, methanol, coal/oil, and coal/methanol slurries,
the inlet air temperature is increased, per Henein and Elias, ﬁntil ignition is
obtained. The minimum temperatures required for combustion at 16:1 CR are

(approximately 30 atm pressure at the injection timing of 20 ° BTDC):

Fuel Temperature Temperature at
at IVC [K] time of injection [K]
Diesel No. 2 ‘ 320 675
Coal/diesel 325 685
Methanol 450 825
Coal/methanol 360 725

The temperatures above are only approximate due to the errors in measurement -

and the unrepeatable nature of ignition near the limiting temperature.

The temperatures for coal/diesel ignition are nearly the sam.e as those for
dicsel No. 2. Coal/methanol and methanol fuels both require higher temperatures
than diesel fuel for ignition as expected due to the low cetane number of methanol.
However, coal/methanol ignites at texﬁpera.tures Qell below those required for neat

methanol.

The autoignition of coal/methanol slurry at lower temperatures than neat
methanol‘ is either due to the additive package iln the slurry or the coal. As
mentioned in Section 1.2.1, coal additién to the liquid carrier increases the viscosity
dramatically causing the fuel droplets injected to be larger than with neat liquid
fuel. Thus, any physicz;l effect of the coal on the autoignition is most probably
detrimental. Thurgood and Smoot (1979) summarize data from 24 experiments in

which the gaseous coal pyrolysis products are measured. Twenty of the reported
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experiments are conducted at rapid heating rates, i.e., greater than 104 K/sec. The
products of devolatilization depend on coal typé, heating rate, final température,
and other factors. But, average values of the various components are: 3% CO2,
15% CO, 53% H,, 14% CH,, 10% C,Hg, and 5% of other C, molecules. The final
temperatures of the coal in these experiments is 1000 K or higher. The fuel at the
peripvhery of the spray cone injected into the square piston engine simulator
experiences very high heating rates: on the order of 105-K/sec. However, if the
temperature at the time of injection is 725 K, the final temperature is below 800 K.
. Kimber and Gray (1967) report that at 1050 K final temperatufe and a reaction
time of 70 msec, less than 25% of the coal’s volatile matter is removed. Thei‘efore,
it is unlikely that enough combustible gas is devolatilized during the ~5 mseé
ignition delay to ignite the mixture. The more plausible explanation for the

} « v
autoignition characteristics of coal/methanol is that the additive package contains

-

chemicals which ignite more readily than methanol.

4.3. IGNITION DELAY

The end of the ignition delay is measured in two ways: emission of light from
combustion and measurable pressure rise compared to the motoring trace. The
amount of light emitted from methanol combustion is much less than that emitted
from the other fuels as demonstrated By sample luminosity traces in i’ig. 4.7. To
obtain adequate sensitivity from the photodiode, the gain is raised by a factor of
five for methanol tests. At this high gain'with engine block heating and high inlet

temperatures, the photodetector senses the infrared radiation from the warm =
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surfaces giving erroneous ignition readings. Thus, only the pressure rise

detefmination at start of combustion is used for methanol.

The reciprocal temperature at the time of injection is shown with the
corresponding pressure delay time for methanol in Fig. 4.8. By neglecting the
pressure dependence of ignition delay in Eqn. }.1, the delays at 16:1 CR are longer
than at 22:1 CR. This confirms that pressure does play a role in the ignition delay
times as the 22:1 CR results are at higher pressures than those at 16:1 CR. The
data are plotted in Fig. 49 with ‘the reciprocal temperature plotted against the log
of delay time times the pressure to the 1.5 power. The data for the two

compression ratios are indistinguishable. The activation temperature for methanol

is 7685 K.

Methanol is compared with coal/methanol in Fig. 4.10. Coal/methanol
combusts at lower temperatures than neat methanol as discussed in Section 4.2.
Therefore, the coal/methanol data cover a larger interval in temperature. The
actual delay times for the two fuels are similar. However, the coal/methanol
activation temperature at 5330 K is much lower than that of methanol at 7685 K.
A statistical analysis at the 90% confidence level indicates that the uncerﬁainties on
Ta are + 2080 K and + 645 K, for methanol and coal/methanol, respectively. The
90% confidence bands for the two fuels are shown in Fig. 4.11. The middle line of
each set of three is the least squares fit given in Fig. 4.10. The upper‘a.nd lower
lines indicate bounds at 90% certainty for the ingition delay as a function of
temperature. Because of the high degree of uncertainty in the methanol Ta’ the

differences between the two fuels in Fig. 4.10 are indicative of trends only.
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The diesel No. 2, coal/oil slurry, and coal/methanol slurries pressure and.
lurriinosity delay results are shown in Figs.. 4.12 and 4.13, respectively. The
coal/methanol tests tend to give higher ignition delay throughout the temperature
range. However, the 90% confidence level bands on the least squares correlation in
Figs. 4.14 and 4.15 indicate no statistical difference between the delay periods for

these three fuels.

The uncertainty on the activation temperatures and pre-exponential factors
for the data in Figs. 4.10, 4.12, and 4.13 are contained in Table 4.1. The folloWing
differences are significant at the 90% confidence level:

e coal/diesel has a lower activation temperature than diesel No. 2,

coal/methanol, and methanol fuels by the pressure delay

measurement.

e coal/diesel slurry has a lower activation temperature than
coal/methanol when considering the luminosity delay.

No differences between the luminosity delay and pressure delay results are found

within the measurement precision of these tests.

In both the luminosity and pressure delay analyées the activation temperature
for coa.i/diesel is lower thén diesel fuel pointing to the same trend noticed in
Fig. 4.10: the neat fuel has higher Ta. than its coal slurry. The ignition delay
interva.l‘ is comprised of overlapping physical and chemical periods. El.Wakil, et al.
(1956) present calculated physical delay times for 2 20 um decane droplet in Fig. 7

of their paper. They also report that physical delay times are proportional to the
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Figure 4.12. Diesel No. 2, coal/diesel, and coal/methanol ignition delay results
based on pressure delay and the least squares fit indicating the activation

temperature.
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Figure 4.13. Luminosity delay measurements for diesel No. 2, coal/diesel, and
coal/methanol with the activation temperature as computed from a least squares

analysis.
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Figure 4.14. Least squares analysis on Arrhenius type plot of pressure ignition
delay for diesel No. 2, coal/diesel, and coal/methanol indicating the bands of 90%

confidence on the results.
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Figure 4.15. Upper and lower bounds at 90% confidence of the least squares
correlation between reciprocal temperature, pressure, and luminosity delay time for
diesel No. 2, coal/oil, and coal/methanol fuels.
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Table 4.1 Activation temperatures and pre-exponential factors for the pressure and

luminosity igntion delay periods for diesel No. 2, methanol, coal/oil slurry,
and coal/methanol slurry and the uncertainties associated with the

correlations at the 909 confidence level.

T,, K] A, [msec/atm "] Measurement _

Fuel n | (uncertainty) (uncertainty) technique

Diesel No. 2 1.5 5559 0.348 Pressure
(5106-6012) | (0.328-0.370)

Methanol 1.5 7685 0.097 »
(5605-9765) | (0.096-0.110)

Coal/diesel | 1.5 3541 5.31 »
(2899-4183) (4.86-5.80)

Coal/methanol | 1.5 5330 1.21 »
(4885-5975) (1.13-1.30)

Diesel No. 2 1.5 4357 0.520 Luminosity
(3783-4931) | (0.481-0.563)

Coal/diesel 1.5 3926 3.25 ”
(3205-4647) (2.95-3.59)

Coal/methanol | 1.5 | 5510 0.988 ?
(4810-6210) (0.921-1.06)

| Diesel No. 2 0 4345 0.0077 Pressure

(4062-4628) | (0.0075-0.0080)

Coal/diesel 0 3783 0.0207 »
(3272-4294) | (0.00193-0.0222)

Coal/methanol | 0 5030 0.0081 ”
(4240-5820) | (0.0075-0.0089)

Diesel No. 2 0 3142 0.043 Luminosity
(2681-3423) | (0.041-0.044)

Coal/diesel 0 3487 0.032 »
(2912-4062) (0.030-0.034)

Coal/methanol | 0 4375 0.019 ”
(3493-5257) (0.017-0.021)




droplet diameter to the 1.75 power.

constructed:
Physical delay time in msec
20 um | 50 pgm | 100 pm | 200 pm
700 K 0.13 0.65 2.2 7.3
800 K 0.08 0.37 1.3 4.2
900 K 0.05 0.25 0.8 2.8

110

From their findings, the following table is

In Fig. 1.1, taken from Nelson, et al. (1985), 10% of the mass of diesel fuel droplets
are contained in droplets less than 20 um in diameter. In contrast, 109 of the
masé of coal/oil droplets are found in 100 pm drop size or less. The physical delay
for 20 pum droplets is almost negligible throughout the temperature range.
Howevér, at 100 um, ‘the physical delay interval is a sizeable portion of the total
delay period. Temperature plays a less important role in determining the physical
delay period compa.ed to droplet diameter. Therefore, the lower Ta of coal/oil
slﬁrry may be due to a relatively long physical delay interval which is less sensitive

to temperature than the chemical delay.

Data for n equal to 0 (n is the pressure exponent in the Arrhenius type
expression, Eqn. 1.1) for diesel No. 2, coal/oil, and coal/methanol fuels are plotted
in Figs. 4.16 and 4.17 and summarized in Table 4.1. Ignition delay results for n
equal to O are computed for comparison purpdses with results available in the

literature (discussed in Section 4.6).

4.4. COMBUSTION ANALYSES

As discussed in Section 3.2, the square piston engine is a useful tool for testing

ignition processes. However, due to its high leak rates, accurate measurement of
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Figure 4.16. Log of pressure rise delay interval as a function of reciprocal

temperature for Diesel No. 2
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coal/diesel, and coal/methanol with the least squares
fit indicating activation temperature.
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thermal and combustion efficiencies is not possible. An estimate of the work and
energy released per cycle is calculated for purposes of estimating the fraction of coal

burned of the slurry fuels.

An example of a detailed accounting of the ignition and combustion for a
single cycle is shown for each of the four fuels combusted: diesel No. 2 in Fig. 4.18,
methanol in Fig. 4.19, coal/diesel in Fig. 4.20, and coal/methanol in Fig. 4.21. The
end of the pressure delay is found by comparing the motoring and combusting
pressure curves at the top of the figure. The work is computed by integrating the
pressure volume curves (not plotted in the figures) and computing the difference
. between the combusting case and the reference motoring case. The middle curve
on the figures represents the needle lift; the start of injection is taken from this
.trace. The rate of energy release for a motoring and combusting cycle are shown in
the bottom of the figures. By integrating the combusting rate of energy release and’

subtracting the reference motoring energy, the energy released is computed. -

As a point of comparison, Fig. 2 of Miyamoto and Muryama’s (1979) paper is
presented in Fig. 4.22. The shape of the rate of energy release curve is vastly

different for a conventional engine than the square piston engine simulator.

In the representative cases shown in Figs. 4.18-21, the energy release is just
over 50% of the estimated amount of fuel energy injected. Although it is possible
that under all engine conditions and fuel types tested less than 75% of the fuel
energy is consumed, it is proposed that the energy release calculations are
consistently low by about 75%. An alternative explanation is incomplete burnout.

For a high quality distillate fuel such as diesel No. 2, possible reasons for
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Figure 4.18. Cylinder pressure, needle lift, and rate of energy release as a function
of CAD for a representative Diesel No. 2 run in the square piston engine simulator.
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Figure 4.19. Cylinder pressure, needle lift, and rate of energy release versus CAD

for combustion of methanol.
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Figure 4.20. Cylinder pressure, needle lift, and rate of energy release versus CAD
for a sample run with coal/oil slurry.



Crank angle degrees

117
-45 0 o 45
100 | l { | 1 B
Fuel: Coal/methanocl Time of ignitioﬁ:
80F~ 16:1 CR, 900 rpm Pres: 10.5° BTOC
| P =2 atmabs “Lum  9.5° BTOC
I B Work: 110 J
= .
t
3
© 40
&
—1.0
20
E
Time of injection: ::
O 23.0° BTOC do.s =
Ignition delay: o
2.5 ms (pres) - }%
2.3 ms (lum) ‘ =
. had -0
e
§§ 100+
= | ~ Fuel injected: 26.8 mg
9 B Energy input: 713 J
o
=~ 50} |
C Energy released: 385 J
>
| S
g
« 0
d
s I
50 1 1 | L 1
=45 0 45

Crank angle degrees

Figure 4.21. Cylinder pressure, needle lift, and rate of energy release as a function
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incomplete burnout are: insufficient time at a given temperature, spray. _
impingement on a cold combustion chamber surface, or insu_ﬁicient oxygen.
However, the peak temperatures attained(at the higher inlet temperatures tested
are certainly high enough to expect complete fuel consumption in the relatively
long time interval at 900 rpm. A significant amount of fuel impiﬁgement is not
observed from high speed shado&graphic movies nor is excessive‘ fuel buildup found
on combustion chamber surfaces even after many tests. The amount of excess air
in the cylinder is between 100% and 500% depending on the inlet air temperature
(density), the amount of fuel injected, and the fuel enthalpy of reaction. Therefore,
the overall stoichiometry is lean in all cases with excess oxygen availé,ble for

complete burnout.

Analysis of the thermal efficiency provides an additional piece .of evidence
corroborating the conjecture that the energy release calculations are in error. The
thermal efficiency is normally computed by dividing the work by the fuel enthalpy
injected. But, at low combustion efficiencies (these low energy releaée values
indicate combustion efficiencies of less than 60%), it is useful to evaluate the
efficiency by comparing the work to the energy released. For the case summarized
in Fig. 4.19, the overall thermal efficiency is 0.32 compared to an efficiency of 0.53
based on the energy release. The highest efficiencies attaihed on an optimized
diesel engine are less than 0.45. Therefore, the 0.53 efficiency is in error and points

to the conclusion that the energy release calculations are low.
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The amount of the error in the energy release computations is postulated to

be about 75%. For illustration purposes only, the data from Figs. 4.18-21 are

corrected:
Fuel Enthalpy of Energy Released Energy Released
Type Fuel Injected [J] | (uncorrected) {JI (corrected) [J]
Methanol 645 345 605
Diesel No. 2 - 1220 645 1130
Coal/oil 865 440 770
Coal/methanol 715 385 , 675

If the true value of the energy released is near the values contained in the table
above, the combustion efficiencies are 90% or higher. If 90% of the slurries’ energy
is consumed, the worst case analysis puts the coal burnout at 759%. In any case,
the combustion efliciencies for the four fuels are in the same range regardless of the
argument about energy release. This also suggests that the majority of the coal in

the coal/methanol and coal/oil slurries is consumed.

4.5. OBSERVATIONS FROM HIGH SPEED MOVIES

Schlieren movies of the motoring cycle were taken at atmospheric pressure
and 2 atm abs. supercharge inlet pressure with temperatures between ambient and
450 K at IVC. The framing rate of 5000 frames/sec corresponds to one frame per
CAD. Figures 4.23-25 are taken f_rom a Schlieren movie of a motoring cycle with
150° C and 2 atm abs. inlet air conditions. The open intake valve and jet flow past
the valve on the inlet stroke are seen in the upper left corner of Fig. 4.23.
Capturing the large scale swirling air motion on a single still frame is impossible.
Thus, even though the movie indicates vortical motion paralle] to the axis of view

during the compression stroke, only small structure can be identified in Fig. 4.24.
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Figure 4.23. Schlieren photograph of square piston engine simulator during intake
stroke with intake valve open.



XBB 8512-10191

Flgure424 Schlieren photograph of square piston engine simulator early in
compression stroke.
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Figure 4.25. Schlieren photograph of square piston engine late In compression
stroke.
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Further into the compression stroke, the single large vortex breaks into two smaller
vortices in most of the movies. As the piston compresses the gas further, the small
scale density gradients become more pronounced as in Fig. 4.25. Also, the sharp
difference between the dark edges of the cylinder and piston and the illuminated
combustion chamber is not as discernable because the density gradients between
the compressed gas and the cooler air in the boundary layer. next to the walls are
greater causing more light to be deflected. They are large enough at TDC to

blacken the entire combustion chamber.

Both direct and shadowgraph cinematographic techniques are used to film the
combustion event. Sample photographs of combustion from the movies, Figs. 4.26-
28, are from direct movies with the piston and block illuminated by two flood

lamps. Thus, the piston and the graphite rings appear as light and dark stripes.

The first combusting frames of coal/methanol and coal/diesel movies are
shown in Fig. 4.26. In these movies and the vast majority of the movies, ignition is
observed within 2 cm of the injector orifice. The larger fuel droplets penetrate
further across the chamber. Conversely, the smaller droplets which ignite more
readily remain closer to the nozzle tip. The flame spreads across the chamber as in
the top of Fig. 4.27. Within several CAD of ignition, the entire chamber is
engulfed in flame. In the lower photograph in Fig. 4.27, leakage from the
combustion chamber is observed as combusting particles flowing down the piston

along the crown land (right side of the photo).

The luminous combustion period persists well into the expansion stroke. The

last observable frames with luminous combustion for diesel No. 2 and coal/diesel
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Figure 4.26. Photographs of coal/diesel (top) and coal/methanol (bottom) ignition
In square piston engine simulator.
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Figure 4.27. Photograph of coal/methanol flame progressing across combustion
chamber (top). Photograph of diesel No. 2 combustion with combusting particles
leaking down edge of piston (bottom).
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Figure 4.28. Photographs of the final movie frames of combustion in the power
stroke for diesel No. 2 (top) and coal/diesel (bottom).
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movies are shown in Fig. 4.28. The piston has retreated out of the viewing window
for the diesel fuel (top of Fig. 4.28). But, the combustion does not extend as long
into the expansion stroke for coal/diesel as shown in the bottom of Fig. 4.28.
Coal/methanol luminous combustion ceases earlier in the expansion stroke than
coal/diesel which ceases earlier than neat diesel fuel. The films of methanol

combustion show less visible radiation is emitted than with the other fuels.

4.6. COMPARISON TO REPORTED RESULTS

Siebers and Dyer (1985) report ignition delay results from coal/water slurry
combustion in a constant volume bomb using vitiated air (described in Section
1.2.1). They define three delays: luminosity delay, pressure recovery delay, ‘and
pressure deficit delay (the point of lowest pressure after injection before pressure
rises from combustion). Their results and the least squares fit of their data are
shown in Fig. 4.29. The data are replotted in Fig. 4.30 along with dotted lines
demarcating the operational limits of the square piston engine simulator. The
maximum temperature attainable in the engine simulator is approximately 1100 K.
The maximum delay time possible in the engine simulator is 10 msec because the
temperatures become too low, due to expansion, for significant reaction to occur.
The delay time most relevant to the square piston engine simulator, is the pressure
recovery delay. As seen in Fig. 4.30, the pressure recovery delay curve does not
pass through the shaded region, i.e., the conditions achievable in the engine

simulator. Siebers and Dyer’s results are consistent with the findings of the present
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Figure 4.29. Ignition delay measurements of coal/water slurry from a constant

volume bomb from paper by Siebers and Dyer (1985).
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work that coal/water slurry ignition is not possible in the engine simulator with the

current configuration.

Coal/water luminesity is not observed in the engine simulator. But, Siebers
| and Dyer (1985) present luminosity delay measurements for coal/water slurry in the
range of conditions available in the engine bsimulator. The discrepancy between the
present work and Siebers and Dyer’s work may be due to the inability of the
photodiode to discriminate between infrared radiation from hot combustion
chamber surfaces and the weak radiation from coal/water slurry combustion
" (Siebers and Dyer’s apparatus is not heated). The level of block radiation is shown
in Fig. 4.7. Siebers and Dyer do not present illumination intensity comparison data
for coal/water slurry and diesel fuel to .conﬁrm this conjecture. Another possible
explanation is that Siebers and Dyer inject the coal/water' slurry into vitiated air,
t.e., products of combustion of O2 enriched, lean mixture of H2 and air. The
illumination detected could be due to radicals from the combustion before fuel
injection. The difference in the luminosity delay measurements is less important
than the pressure delay results from an engineering point of view because

combustion luminosity without substantial energy release is of no practical use.

The exponent on the pressure in Eqn 1.1 is 1.5 for the anaylsis of Section 4.3. .
Howeyer, other researchers use very different values, as summarized in Section
1.2.2. To compare between the different results, a pressure of 30 atm is assumed in
all the correlations eliminating the pressure dependency. In Fig. 4.31, three
correlations for diesel No. 2 are compared to the present study: Tsao, et al. (1962)

do not use an Arrhenius type expression to explain their results from an indirect
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injection engine; Wolfer (1938) and Kuniyoshi, et al. (1980) present correlations
found from work in a heated constant volume bomb. Kuniyoshi and coworkers do
not provide a value for the pre-exponential factor, only an activation temperature.
Therefore, .only the slope of the Kuniyoshi data is known in Fig. 4.31. Both the
magnitude and slope of Wolfer’s and the slope of Kuniyoshi’s results are very
similar to the square piston engine simulator results. Although the magnitude of
the results from Tsao and coworkers is similar to the present work, their delay

times are less sensitive to temperature than any of the others plotted in Fig. 4.31.

Luminosity delay results from Kuniyoshi, et al. (1980) are shown in Fig. 4.32.
These measurements are in good agreement with those obtained from the square

piston engine.
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Figure 4.32 Luminosity delay versus reciprocal temperature comparisons for diesel
fuel.
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5. CONCLUSIONS

1.} A one-zone model of the motoring cycle in the éngine simulator is
inadequate for predicting the temperatures and pressures in the combustion
chamber. Two zones, a bulk gas zone isentropically compressed and a crevice zone
isothermally compressed, are modelled. providing predictions of the cylinder
conditions which agree with piezoelectric pressure transducer and fine wire

thermocouple measurements.

2.) A system for injection of coal slurries is developed. The atomization of the
coal slurries is noticeably poorer than for diesel fuel from shadowgraphs.
Repeatable single injection performance is not provided by this system. It is

suggested that a pressure accumulator type system be used for future work.

3.) The integrated needle lift is a satisfactory method for computing the mass

of fuel injected.

4.) Coal/methanol slurry combusts at significantly lower inlet temperatures

than neat methanol: 360 K versus 450 K.

5.) Methanol compression ignition combustion emits low levels of light making

it difficult to obtain accurate luminosity delay measurements.

6.) The activation temperatures for the test fuels are:

Fuel I T, (Lum) T,(Pres)
Diesel No. 2 4360 K 5560 K
Methanol - 7685 K
Coal/diesel 3925 K 3540 K

Coal/methanol 5510 K 5330 K
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The activation temperature for coal/diesel is lower than diesel and coal/methanol

based on the pressure delay at the 90% confidence level.

7.) The pressure and luminosity delay intervals are not different within the

precision of the measurements in the square piston engine simulator.

8.) The square piston engine simulator is a suitable tool for measuring ignition
processes. Because of the high leak rates past the square piston, the combustion
and thermal efficiencies cannot be determined accurately. Therefore, coal burnout

can only be estimated.

9.) A rough analysis of energy release indicates that approximately 75% or

more of the coal in the slurry combusts.

10.) The onset of combustion is observed near the injector in nearly all of the

high speed movies.
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APPENDIX A.

m2chd .c

finclude (stdio.h>

fidefine CLKRT 19000 . /* Clock rate. =/
fdefine SECMIN 82. /* 80 seconds per minute. s/
#define INERAT @©.782 /* Ratio of inertias between flywheel
& motor and flywheel, motor & engine.s/
fidefine OFFSET 15, /* Offset to compensate for slow down

of engine during test. s/

~/* M2ch4 is a data taking program for the Mark II research engine in

Hesse Hall. User interface and parameter setup is handled by the
C programs:

m2ch4.c--main controlling program

mkst4.c-parameter setup

input.c~~I/0 interface

wrd . c--write data in output file

lookd .c---look at the maximum pressure

drawd .c---draw dats on screen

The first thing to sccomplish is setting the parameters to the right values
using the program, markst. Data taking is done by invoking the data
command. This sends the control to two assembiy Ilanguage routines.

The first routine computes the flywheel rpm during coastdown and displays
the value on the screen., After the desired rpm is reached, the operastor
initiates the test by starting the engine clutch brake and at the same
time the computer is sent to the second assembly program awaiting pulses
from the shaft oncoder at the engine. This second assembly program is
called addat. It takes four channels of data at one CAD intervals for
two full revolutions. This is done by a Dats Translation A/D converter
which runs in the DMA mode. In addition this routine monitors and
records the timing of the start and end of injection and combustion.

In addition, a precise measure of engine rpm is computed. s/

static char cmdtab[]="sedalowrdrhequ®;
static char prompt[]="§#";

double rpm = 900., comprat = 16., psc = 2.9;
double calfac[] = {20., 50., ©.254, 1000.)};
char dfile[15] = "dyl:gorfit.dat";

char date([18] = "91/01/88"%;

int addat[2884] = @;

int count(19@] = ©;

_main() /e Main is the controlling program which calls ali the

other subroutines. These other subroutines are calied by
using two letter codes which sre described in the help
list., o/

int emd=9;

int ij, fwrpm();
flost fwspeed;

FILE efopen(), fp;

/* Set up forever loop and wait for commands. The only way out
is thru case 1 - qu = quit command. If a return is typed it
sits and waits for a resl command, if sn illegal command is
typed it prints error message and waits for a legal command,
if » legal command is typed it executes that command and then
waits for the next command. e/
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/* Initialize the data array to zero. s/

for (ij =@; i) € 2884; ij ++)
addat{ij] = ij;

for (i) =0; 1] < 10; 1) ++) ’ u
count [ij] = -1; .

while(l)
cmd=getcmd (cmd, cindtab,prompt) ;
switch (emd)

case @ : break;
case 1 : set();
break;
case 2 :
/* Compute the desired flywheel| speed, compare it to the actual
measurement. Continue until the proper speed is obtained. =/
fwspeed = (rpm + OFFSET) / INERAT;
fwrpm() ;
while ((CLKRT & SECMIN / fwrpm()) > fwspeed)
{ printf ("%4.8f rpm.\r", CLKRT & SECMIN /
fwrpm());
for (ij =8; i) € 10; ijee+)
fwepm() ;
printf ("\n");
printf (" Go for it!\n%);
/¢ Initialize the event array before each data run. s/
for (ij =@; i) < 18; ij ++)
count [ij] = -1;
/* Send contro! to the data taking routine ad2ch4. Two pointers
are sent: the one for the dats and the one for the event timing. «/
ad2ch4 (addat, count);
printf ("\n"); .
printf ("Data location in %o and events in %o octal\n",
addat, count);

break:
case 3 : look();

break;
case 4 : wr();

break;
case 5 : draw();

break;
case 6 : help();

break;
casse 7 : exit();

break;
default: printf("getcmd returns bad value\n");

. break;

}
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’

input.c
#include (stdio.h)
#idef ine MAXLINE 190

/* Al|l subroutines that use these input routines must
®"include® input.d, which contains extern declaration
of level and definition of nest. The include is not
nescessary for the main program. s/

int level=0; /e level keeps track of command nesting s/

static int c=’a’; /e ¢ is the last character read,
and must be known to all the input routines s/

getcmd (cmdtab,prompt)

char ecmdtab; /e table of two letter commands «/
char prompt(]; /e prompt to be printed by getcmd s/

{

int j,n,i,k,};
char curcmd[2]; /* contains current command »/
int emd; /* numerical value of command =/ -

/e initialize and loop until valid input found s/

i=1;
while () '= @)
{
/* print prompt unless |ine contains more input e/
if (¢ == ") leveles;
else printf("%s",prompt);

/e read in first two letter command, eating leading
blanks, and stopping at trailing blanks and
newline »/

n=0;
c=getchar();

while (¢ != ’\n’) /e stop st newline s/

if (¢ == ' ') e=getchar(); /* eat bianks e/

else
for (1=0;1<2;1+9) /e read in command e/
e(curcmd + 1) = ¢c;
c=getchar();
nNee
if (c == ' ') break; /e stop if blank follows e/
}
}

/e if first character was s newline set cmd=0,
and set valid command flag e/

143
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if (c == ’\n’ 88 n == @)

cmd=9;
j=8;

else
/* transiate letter command into numerical command ‘/.
for (i=@;cmdtabi] != ’\8’;i=i+2)
{

if ((scurcmd == s(cmdtab + i)) &%
(s (curcmd « 1) == e(cmdtab + i.+ 1)))

cmd=(i+2)/2;

§

. ;f ¢ !l 2) printf("invalid input\n™);

return(cmd) ;

tinput(point,j)

double epoint;

int j;

int n=@;

do {
/

/* float input acquisition routine =/

/* srray pointer to variable to be read s/
/e array size s/

e if the input is » number, read it.
if it is a ",", lesve old value.
if it is a return, leave old value(s).
eat blanks and extra input e/

c=getchar();

it (c !? '’ &8 c = '\n’ BB c =’ * 88 n C })

ungetc(c,stdin);
scanf ("X1f", (pointen));
Nee

c=g‘tchar();

else if (c == *,’) ne+e;

}
}

getstat ()

return(c)

iinput(point,j)

int j;

ihil. (e '= ’\n’);

’

/% integer variable input scquisition routine s/

/o array size o/.



int epoint; /* pointer to array to be read s/

{

int n=0;
do { : .
/* if it is » number, read it.
if it is a ™,", leave oid value.
if it is a return, leave old value(s).
eat blanks and extra input e/
c=getchar();
if (cl="',"88c!="\n" 88 c!=""88n ¢ j)
{
ungetc(c,stdin);
scanf ("%Xd", (pointen));
ﬂ’#;
c=getchar();
olse if (c == ’,’) nes;

} while (c != ’\n’);
}

sinput (point)
char spoint;
{

do {
c=getchar();

if (¢ !'="'"\n” 88 ¢c =" ")
‘ {

ungetc(c,stdin);
scanf ("%Xs" ,point);
c = "\n’ ;
}

} while (c = ’\n');

/* This routine uses sinput to read in filenames s/

filename (name)

char name[];

ff ( getstat() == * ' ) sinput(name);

olse
printf("filename = Xs : ",name);
sinput (neme) ;

return;

}

/* This is a version of finput that resds data from files.
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filefin(point,j,infp)

double spoint;

int j;
FILE einfp;
int ¢;
int n=0;
do - {
c=getc(infp);
if (cl=","88c!="'\n" 88 c!=""'" Mn<j)
ungetc(c,infp);
fscanf(infp,"%XIf", (pointen));
n’#;
5
else if (c == ", ) nee;
} while (¢ !'= ’\n’ );
> _
strcmp(s,t) " /e return <@ if s(t, @ if s=t, >0 if s>t o/

char ss, et;

for( ; s == st ; e+, btes )
if (s == "\@’ )

return(9);

return(ss-et);

comment (name)

char name(];

{

FILE efopen(),sfp;

char 1ine[MAXLINE];

if ( (fp=fopen(name,®a™)) == NULL )

printf(“"can’t open %s !\n" ,name);
return;

print?(';');

while( (c=getchar() ) !'= ’\n’ )
ungetc(c,stdin);
fgets (1 ine MAXLINE,stdin);

fputs(iine,fp);
printf(">");

fclose(fp);
}



e we WL e Wy We Ws W e We we

147

.TITLE FWRPM
.GLOBL FWRPM

This program will indirectly give the speed of the flywheel for the
compression expansion experiment. The positively going signal from

the inductive pickup mounted on the fiweheel is sent to bit 2 of the
parallel port. A loop is set up to start the clock when a high comes in.
A following loop waits until the tick goes low. Then, when another tick
comes in the clock is stopped. The contents of the counter are put into
CKBPR where the are subsequentiy read by R@.

The clock rate will be set at 10 kHz. Thus, the flweeh rpm will be
10,900 (cliock rate) X 80 (conversion between min and sec) / pulses in int.

CKCSR = 170420 ; Clock status register.
CKBPR = 170422 ; Clock buffer preset register.
DRCSR = 1877190 ; Parallel port status register.
ORINBUF = 187714 ; Parslle!l port input address.
FWRPM: NOP
CLR QfCKCSR ; Clear the status register.
BIS #39, O#CKCSR ; Clock rate is 19 kHz.
BIS #4, OfCKCSR ; Set up for mode 2 operation of clock.
6N: BIT #4, GHORINBUF Test for a positive signai at paraliel port.

LOOP: BIT #4, O#DRINBUF

If not, loop.
If so, turn on clock.
Wait until signal goes low.

BNE ON
BIS #1, OfCKCSR

BEQ LOOP If not, keep looping.
OFF: BIT #4, OfORINBUF Wait for another high to turn off clock.
BNE OFF If not, loop.

Set bit 9 in the status register. It will
simulate an ST2 signal which will cause the
contents of the counter to go to BPR.

Put the clock count in R®.

Turn off the clock.

BIS #1000, OfCKCSR

MOV 8#CKBPR, R@
CLR OG#CKCSR
BR EXIT

We W W W We W Ve We ws We W we

EXIT: RTS PC

.END
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.TITLE AD2CH4
.GLOBL AD2CH4

DRCSR=187710 ; Parallel board status register.
DRINBUF=187714 ; Parallel port input address.

! CKCSR=170420 ; KW-11C clock status register.
CKBPR=170422 ; KWV-11C buffer count register.

’ ADCSR=170400 ; A/D status register.
ADBUF=170402 ; A/D buffer register.
DMAWCR=170404 ; DMA word count register.
DMACAR=170408 ; DMA current address register.

psr = 177684

pdr = 177668

This routine is designod for the following:

-A/D conversions twice st each 1/2 CAD in the auto increment mode.

Thus, for four channel operation at 4 conversions per crank angle degree,
signal 1 should be connected to inputs & and 4, sngn.l 2 to inputs
1 and 5, signal 3 to inputs 2 and &, and sngn.l 4 to inputs 3 and 7.

-The numbor of convorsaons is for tvo revolutions: 2884 data points.

-When 2884 conversions sre completed, the A/D will interrupt to exit to the
controlling program.

-The time for the injection needie opening, the beginning of ignition as
measured by luminosity, and the end of burning again measure by luminosity
will be recorded. The clock ticks will be stored in memory for later
processing. .

D2CH4: NOP
MOV 2 (SP) ,88DMACAR ; Pop the value of the address where
; the first data conversion is to go.
MOV 4(SP),R0O ; Pop the value of the address where
; the CAD occurence of needie |ift and
; luminosity are to go.
; .
MOV Q#ADBUF, R1 ; Clear out a/d buffer by reading it.
MOV #-2884. ,08§DMAWCR ; The A/D converter will make 2882 measmnts.
CLR O#ADCSR ; Clear status reg before settung bits.
BIS #19, O#ADCSR ; -Auto increment mode
BIS #4090, ORADCSR ; -RTC trigger enable
BIS #3400, Q#ADCSR : -Start with channe!l 7.
BIS #2, O#ADCSR ; -DMA operation
CLR Q#CKCSR ; Clear clock status reg before setting bits.
BIS #4, OHCKCSR ; ~Mode 2 operation.
BIS #3909, Q#CKCSR ; -10 kHz clock rate.
H]
MOV RO, R1 ; The address in the account srray for the
ADD #12, R1 ; number of clock ticks will be at R1.
s
LOOP: TSTB QfADCSR ; Don’t start clock until an A/D conversion
BPL LOOP ‘ ; has taken place.
BIS #1, Q#CKCSR ; Turn on the clock.
LOOPA: TST O#DMAWCR ; Esch of the loops will contain a check
BPL EXIT ; to determine if an A/D done interrupt has
; occurred. If so, exit.
BIT #1, O#DRINBUF ; Check for needle |ift to be set high.
H

BEQ LOOPA If not, keep looping for another check.



MOV G#DMAWCR, (RO)+

mov #141, char
jsr PC, putchar
BR LOOPB1

»
LOOPB1: TST O§DMAWCR
BPL EXIT
8IT #1, O#DRINBUF
BNE LOOPC1
MOV Q#DMAWCR, (R®)+

mov #1422, char

jsr PC, putchar

mov #61, cher

jsr PC, putchar
BR LOOPC2

00PC1: TST GHOMAWCR
BPL EXIT
BIT #2, Q#ORINBUF
BEQ LOOPB1
INC RO
INC RO

MOV Q§DMAWCR, (R®)
mov #143, char
jsr PC, putchar
mov §61, char
jsr PC, putchar

e

BR LOOPB2
LOOPC2: TST G4IMAWCR

BPL EXIT

BIT #2, Q#DRINBUF

BEQ LOOPC2

MOV QH#DMAWCR, (R®)+

mov #143, char
jsr PC, putchar
mov #62, char
jsr PC, putchar
BR LOOPD1
EXIT: NOP
BIS #1000, Of#CKCSR

MOV G#CKBPR, (R1)

CLR O#CKCSR
CLR O#ADCSR

RTS PC
LOOPD1: TST G#DMAWCR

BPL EXIT

BIT #2, ORORINBUF

BNE LOOPD1

MOV Q#DMAWCR, (R@)
mov #144, char

e wo we we
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If so, store the timing in the first
location in the array, and then increment
the address.

Check for A/D done again.

Check for a low for needle |ift.

If not, check for a high in loop C1.
If so, store the timing in the next
location in the array, increment.

Check for A/D done again.

Check for a high on the luminosity.

If not go back to check needle |ift detector.
If luminosity begins before needie I|ift

is over, the event timing must be put

in the proper location in the array.

If so, store event timing in array.

Look for needle |ift signal in another loop.
Check for A/D done agasin.

Check for a high on the luminosity detector.
If not, keep checking for a high.

If so, store the event timing in the array
snd increment the sddress.

Set a maintensnce bit in the clk status
register so that the counter can be
indirectly resad through the CKBPR.

Send the number of clock ticks for the

two revolution interval into the count array.
Turn off clock.

Turn off a/d converter.

Check for A/D done again.
Check for a low on the luminosity detector.

If not, kkeep looping.
If so, store the event timing in the array.



jsr PC, putchar

mov #61, char

jsr PC, putchar
BR LOOPEX

14

LOOPB2: TST Q#DMAWCR
BPL EXIT
BIT #1, G#DRINBUF
BNE LOOPD2

DEC RO
DEC R®
MOV O#DMAWCR, (RO)-+

mov $#142, char

jsr PC, putchar

mov #82, char

jsr PC, putchar
BR LOOPD3

»
LOOPD2: TST QHDMAWCR
BPL EXIT
BIT #2, OA#DRINBUF
BNE LOOPB2
INC RO
INC RO
MOV QR#DMAWCR, (R3)
mov ##144, char
jsr PC, putchar
mov #8682, char
jsr PC, putchar
BR LOOPB3

LOOPB3: TST QH#DMAWCR
BPL EXIT
BIT #1, Q#DRINBUF
BNE LOOPB3
DEC R®
DEC RO
MOV OQ#DMAWCR, - (R9)
mov #142, char .
jsr PC, putchar
mov #63, char
jsr PC, putchar
BR LOOPEX

»
LOOPD3: TST Q#OMAWCR
BPL EXIT
BIT #2, Q#DRINBUF
BNE LOOPD3
INC RO :
INC RO -
MOV Q#DMAWCR, (RD)
mov f#144, char
jsr PC, putchear
mov #683, char
jsr PC, putchar
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All done, go to exit loop to wait for
A/D to finish conversions.

Check for A/D done again.

Look for & low on the needle |ift detector.
If not, look for a low on the luminosity
detector.

Need to get to proper address to write

this event. .

If so, store the event timing in the array.’
Increment the address.

The only thing to look for is a low on
the luminosity detector.

Check for A/D done agsin.

Look for low on luminosity detection.
If not, go back to check needle |ift.
If so, increment sddress counter before

storing event timing.
Store event timing.

Last event to detect is needle |ift closing.
Check for A/D done again.

Check for low on needle 1ift detector.

If not, keep looking.

Get address counter to correct location

in array.
Store event timing.

All done, go to loop to wait for A/D done.
Check for A/D done again.

Check for » low on luminosity detector.

If not, loop back until it is low.
Get sddress counter to correct location
in array.

Store event timing.
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LOOPEX: TST Q#DMAWCR ; Check for A/D done.

BMI LOOPEX ; If not, keep looping.
BR EXIT ) ; If so, exit.

éutchar:tstb_ﬂ*psr

bpl putchar

mov char, Ofpdr

rts PC

éh.r: .byte "

.even

.END



wré4.c

152

finclude <stdio.h)
#include (math.h)

#define ADCONV 0.001227 /¢ A/D ¢onversion factor. =/

f#define CONV -4.0 /* Conversion factor between the DMAWCR reg
and the asctual CAD. e/

#def ine TWOREY 720. /* Number of degrees in two revoliuytions. s/

fdefine TICKCONV 1,2e88 /* Conversion between ticks counted at 1€ kHz

and rpm for the two rev sampliing period. e/

extern double psc, rpm, comprat, calfac(];
extern char dfile[], date(];
extern int addat{], count

wr ()
{

int ij, ki;

int pmax = @;
float deg = 9;
FILE efopen();
register FILE efp;

it ((fp = fopen (dfllo "w")) == NULL)
{ printf ('Fnlo not opened for wrnt«ng raw dats.\n");
return (8); )
forintf §fp;A'# Xs\n', date) ;
fporintf (fp, "# Calibration factors:\n");
fprintf (fp, "\tX4_ 1F\tX4. 1F\tX6.3F\tX4 1f\n",
ecalfac, e(calfac + 1}, e(calfac « 2), s(calfac + 3));
fprintf (fp, "# P inlet in atm abs =\n");
fprintf (fp, "\tX4.1f\n", psc);
fprintf (fp, "# Rack opening and closing in CAD asre at:\n");
fprintf (fp, "\tX5.1f\t\tX5.1f\n",
TWOREY -~ (float) scount / CONV,
TWOREY - (flost) e(count + 1) / CONV);
fprintf (fp, "# Luminosity in CAD begins and ends at\n");
fprintf (fp, "\t%5.1f\t\t%5.1f\n",
TWOREY - (float) e(count + 2) / CONv,
» TWOREV - (float) s(count + 3) / CONV);
fprintf (fp, "# Actual rpm =\n");
fprintf (fp, "\tX56.0f\n", TICKCONY / (float) s(count + 4));

Ior (ij =0; 1) € 721; ijee)
if (-(-dzat +« ij &« 4) > pmax)

pmax = e(addat + ij e 4);
kl = ij;
}

}
fprintf (fp, "# Max pressure of X4.1f atm at %3d deg.\n",
(pmax - e(addat + 728)) & ADCONV ¢ ecalfac + psc, kl);
fprintf (fp, "#\n");
fprintf (fp, "# Integer counts st 189 CAD (in decimal).\n");
fprintf (fp, "\tXd\tXd\tXd\t%d\n",
e (addat + 720), e (addat «+ 721), s (addat + 722), e(addat + 723));

fprint?f (fp, "# Cyl pres In pres Nd |ift Lumcnoslty (in hex):\n%);

for (ij = @; 1) € 721; ij+s) ..
fprintf (fp, '\t x\t%x\t%x\t%x\n e(addat «+ ij » 4),
» (addat IJ e« 4 + 1), o(addlt + i) = 4 +2),

es(addat + ij = 4 + 3));

fclose(fp); '

b4



153

#include (stdio.h>

fidefine X& 83
fdefine YO 50
f#define XTIK 4
fdefine YTIK 18

I R D T e s s/
/*
/¢ BOX(): clears screen, draws box, and puts ticks on box
-
R Rt T ./
bxtik()
S
int 1, x, y;
fprintf (stdout, "\@32\r"); /¢ clear screen o/
vector (stdout, Y9 ,X0,Y0, X0+999) ; /* bottom e/

vector (stdout,Yd,Xd + 900,Y0 + 700,X0 + 928); /* RHS ./
vector (stdout,Y® + 790,X0 + 900,Y0 + 700,X0); /* top s/
vector (stdout, Y8+ 700,X0,YD,X0); /* LHS o/

/e Now draw the ticks. s/
for (i = 1; i < XTIK; iee)
x = X0 + i « 990 / XTIK;
vector (stdout,Yd,x,Y8+15,x);
for (i = 1; i ¢ YTIK; i ) /s y-axis ticks o/
{ .
y = Y0 + i e« 700 / YTIK;
vector (stdout,y X0,y ,X0+10);

if (i == 4 || ) == I 7 == 12)
vector (stdout, y, X0, y, X@ + 20);

y }

R T e o/
/: ERASE(): clears text’and graph off screen

/: ----------------------------- e s S LSS L L PR s/
erase()

fprintf (stdout, "\0365\033\014\0368\238\r");
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drawd.c

#include (stdio.h)
#include (input.d>

#define XBEGIN 380 /* Plot data from this number in data file. »/
#def ine XEND 1089 /® Stop plotting at this point in data file. e/
fdefine X0 68 /* X graph offset. s/

#define YO 60 /s Y graph offset. o/

f#define XMAX 990 . /e X graph size. s/

f#define YMAX 700. /e Y graph size. s/

extern int addat[];

"prinndluboerheen®;

static char emdtab
"draw)";

static chsr prompt

draw()

double x1, x2, yi1, y2, yrange, rflov, xfango = 720.;
int emd = 0, ij;

while(1)
{

cmd = getcmd (emd, cmdtab, prompt);
:witih(cmd)

case @: break;

case 1: /e Plot the ¢ylinder pressure dasta. ¢/
rflev = (double) addat ([720] - 82;

yrange = 3277.;

x1 = 9.;

yl = YMAX . ((doublo)addat[72ﬂ] - rflov) / yrange;
for (i] z XBEGIN; ij < XEND; i) = ij +

x2. = x1 « 2.;

y2 = YMAX o Z(doublo) addat[ij ¢« 2 « 4] - rflev) / yrange;

vector (stdout, Y& + (int) yl,(int) (XMAX ¢ (X& + x1) / xrange),
YO « (int) y2,(int) (XMAX e (X@ + x2) / xrange));

x1

1

x2;
¥2;

bresk; \

case 2: /o Plot the injection |ine pressure data. e/
rflev = (double) addat [721];
yrange = 65563.;

o x1 = 08.;
yl = YMAX e ((doublo)lddat[721] - rflev) / yrange;
for (i} z XBEGIN; ij < XEND; i) = ij « 2)

x2 = x1 + 2.

y2 = YMAX e ((doublo) ‘addat(ij *» 2 + 6] - rflev) / yrange;

it (y2 < g ) o

voctor(sedout Yﬂ + (int) y1,(int) (XMAX ¢ (X@ «+ x1) / xrange),
Yo + (int) y2, (lnt) (XMAX & (X8 « x2) / xrange));

x1

;1

x2;
¥2;
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break;

case 3: /e Plot the needie |ift data. o/

rflev = (double) addat [722];

yrange = 258B0.;
xl = @.;

y1l = YMAX » ((doublo)addat[722] - rflov) / yrange;
for (ij = { XBEGIN; ij ¢ XEND; ij = ij + 2)

x2 = x1 + 2,
= YMAX » ((doublo) addat{ij ¢ 2 + 8] - rflev) / yrnnge,
.f(y2<o)
y2 = ©.

voctor(stdout YG + (int) yl1,(int) (XMAX ¢ (X8 + x1) / xrange),
. Y@ + (int) y2, (unt) (XMAX & (X@ + x2) / xrange));

1 x
1 y2;

x
b4
}
break;

case 4: /= Plot the iuminosity. s/

rflev = (double) addat [723];

yrange = 49095.;

xl = 8.;

y1 = YMAX » ((doublo)-dd.c[7231 - rflev) / yrange;
for (ij = XBEGIN; ij ¢ XEND; ij = ij + 2)

1 2.;
y2 :MA; . ((doublo) sddat[ij « 2 + 7] - rflev) / yrange;
vector (stdout, Y& + (int) yl,(int) (XMAX ¢ (X& + x1) / xrange),
Y8 + (int) y2,(int) (XMAX o (X8 + x2) / xrange));

x2

x1l = x2;
;1 = y2;
break;
case 5: bxtik();
break;
case 8: erase();
break;
case 7: drhelp();
nest
break;
case 8: return;
break;
default:printf ("getcmd returns basd value\n");
- break;
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#include <(stdio.h)

/8 =mecmececcecmcmcemaaane —————e- o/
/[ '

/* VECTOR(): draws a line on screen between specified points

-

I e ———tee -~ u/

vector (fp,yl,x1,y2,x2)

FILE eofp;
int y1,x1,y2,x2;

gutc( 1\035°, fp)

14
putc( yl / 949 + 948 ,fp);
putc( y1 % 040 + 0149 ,fp);
putc( x1 / 940 + 040 ,fp);
putc( x1 % 940 + 01029 ,fp);
putc( y2 / 940 + 940 ,fp);
putc( y2 X 040 + 9140 ,fp);
putc{ x2 / 948 + 040 ,fp); .
pute( %X 940 + 0100 ;

x2
,;prlntf(fp,'\937\033\")?

r fink
dyl:m2ch4=dyl:m2ch4/B:7500,//
dyl:mkst4
dyl:input
dyl:look4
dyl:wr4
dyl:ad2ch4
dyl:fwrpm
dyl:bxtik4
dyl:vectr
dyl:draw4s
dyl:help4
chdr

phil
clib//

o
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#include (stdio.h>
help()

pr‘ntf(':oo Help list for Mark II data scquisition program ses\n");
printf("\n");

printf (" Logal options are:\n");

printf ("\n");

printf (" se enter set mode\n");

printf (" da take data\n");

printf (" to look at maximum cyl!inder pressure\n");

write rew data in a file\n");

draw any of the four quantities on screen\n");
ersse the screen\n");

print this list\n");

quit main program\n%);

printf (" wr
printf (" dr
printf (" er
printf(® he
;rintf(' qu

seheip()
{

printf("Help list for SET, lega! commands are:\n");
printf("\n");

printf("rp
printf("cr

set rpm\n%);
set compression ratio\n");

printf("ecf = set calibration factors\n®);
printf ("df = set data file name\n");
printf("da = set date\n");

printf ("pr = set the supercharge pressure in atm abs\n");
printf("he = prints this list\n");

printf("en = returns to main level\n");

grintf('\n');

drhelp()
{

printf ("bo
printf (“pr
printf (“in
printf ("nd
printf ("lu
printf ("er
printf ("he
printf (“en

draw box and ticks\n");

draw cylundor pressure (80 atm f.s. I\P");

draw injection |ine pressure (490 atm f. s.)\n'),
draw needie lift (8.8 mm f.s.)\n");

draw luminosity (arbitrary uncts)'),

ersse screen\n");

print this list\n");

return to main levei commands\n");
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APPENDIX B.

inject.c

#include ¢stdio.h>

fdef ine
fdefine
#def ine
#define

f#define

fdefine

SAMPLES 2400 /* Number of data points to take. s/

ADCONYV 9.901221 /* Volts per integer count. ¢/

CALFAC1 100. /* Atm per volt for inj |ine charge amp.e/

CALFAC2 ©.264 /* Millimeters per volt for proximity
detector. e/

FREQ 9.9026 /* The clock frequency is 4@ kHz making

the conversion between clock’
ticks and 0.925 msec. s/
XPLOT 400 /® The number of data points plotted. s/

int adconv([2500] = &, event[10] =

main()
int rflevl, rflev2, ijsave;
char dfile [15];
FILE efopen(), efp, efq;
int ij, ed, de = 'y’;
while (de == 'y’ || de == ’Y’)

‘rflev2 ; (adconv

{ /» Before taking data initialize variables. s/
rflevl = 9; rflev2 = 8;
ijsave = @;
for (ij = @; ij <= SAMPLES; ij «+)
adconv [ij] = @;
for (ij =0; ij <= 18; 4100)
event [ii] = &;

/* Take the data. s/
inj (adconv, event);

/¢ Find the interesting portion of the dats by locating
the pressure rise. The A/D bosrd is fiaky so the first
data points can be erroneous so start looking at point 108.e¢/
i\j = 109;
winlo (|* (= 2300 & ijsave == 0)
{if ((udconv[n; - 20] - adconv [ij]) ) 2508)
ijsave = ij;
1400' )
ijssve = ijsave - 10;
/e Find reference ilevels on both channels we!l before dats
taking begins. e/
rflievl = (adconv [ijsave - 58] + adconv Eiisavo - 48)) / 2;
ijsave - 49] + adconv [i)save - 47]) / 2;

/e Draw the data. (Draw only the first half of written data.) e/
erase();
if ((fq = fopen(®tt:", "w®)) == NULL)
{ printf ('Fnlo not opened for drawing. \n')
exit(®); }
bxtik (fq);

for (ij = ijsave; ij <= XPLOT + ijsave; ij = ij + 2)
dr.-d (faq, 1}, r!lovl, ijsave, qu.vo * XPLOT / 2);
for (ij = ijsave « 1; ij (= ijsave + XPLOT, ij=ij « 2)
drawp (fq, ij, rflev2, ijsave, ijsave « XPLOT / 2);



fclose (fq);

printf ("Write results? y or n\n'),
scanf ("Xs", &cd);
if (ed ==y’ || ed == ?Y?)
{ printf ("Datas file name for wrntung results?\n");
scanf ("%Xs", dfile);

if ((fp = fopen (dfile, "w")) == NULL)
{ printf (“File not opened successfully.\n");
exit(®);}

ij =
le

whi ’(.vone[.J] 1= 9 &8 ij < 10)

{ fprintf(fp, "# Needle opens st Xd, %X4.1f msec.\n",

event[ij] + SAMPLES - ijsave,
(doublo) ((event[ij] + SAMPLES - ijsave) ¢ FREQ));

IJOQ

fpruntf (fp, "# Needlie closes st %d,%4.1f msec.\n",

event[ij] + SAMPLES - ijsave,

(double) ((event[ij] +« SAMPLES - ijsave) = FREQ));
fprintf (f;{ '#\tTlmo\tPressure Posltuon\n'),
fprintf (fp, '#\t(msoc)\t (atm)\t (mm)\n");

for (ij = ijsave; ij (= ijsave + XPLOT; i = tJ + 2)
fprintf (fp, "\tX5.2f\tXE.1f\tX7.3f\n",
((i) - ijsave) / 40.),

(adconv IJ] - rflevl) « ADCONV « CALFAC1,
(adconv([ij + 1] - rflev2) s ADCONV CALFAC2);
fclose (fp); )
printf ("Take more data? y or n\n%);
scanf ("%s", &de);
}

159
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inj.mac
.TITLE INJ
.GLOBL INJ
! CKCSR = 170429 ; Clock contro! status register.
CKBPR = 170422 ; Buffer/preset register address.
’ ORCSR = 187710 Parallel port status register.

.. we

DRINBUF = 187714 Parallel port input sddress.
A/D status register.

A/D buffer register.

DMA word count register.

OMA current address register.

ADCSR = 170400
ADBUF = 170402
DMAWCR = 170404
DMACAR = 1794086

ws we ws ws

Inj is the program which collects data for the injection bench
rig outside of the engine. It runs in the following way:
a.) The operator enables the signal conditioning box so that
a pulse from the inductive pickup on the cam pulley triggers
the injection control box. This puise is also detected by the
ST2 of the clock board on the computer.
b.) Dasta taking is delayed for 30 msec as the injection occurs
on the next revolution.
c.) Data taking commences after the delay. :
d.) The clock will be run in mode 1 to produce » pulse train.
The clock frequency will be 1 MHz. A clock overflow will occur
every 26 counts (-26 will be loaded into the buffer preset reg).
o.) Data conversions will be taken at each clock overflow pulse.
Two channels will be sampled over the 80 msec test period.
Thus, 2408 samples total!l (1200 on esch channel) will be taken.
eo.) At bit #1 the needie |ift open and close wiil be detected.
Look for & high when it is open and 8 low when it is closed.

The clock count will be read into memory when these things occur,
g.) Similarily, bit #0 will be sampled to detect the inductive
pickup pulse. The needle opening and closing wil! be judged

relative to this marker.

Prd%e e %o e e We We W Mo W W Vo W4 W WE Ve Wh W W Wo Wo Vs We We

NJ: NOP

MOV 2(SP), O#DMACAR The starting sddress for the data
conversions is passed via the stack.
The address for the array for the event

MOV 4(SP), Re
timing messurements comes off the stack.

s We ws we

The time delay from TDC on the motor and
when data will be taken is 30.0 msec.
Clear clock before setting up:

-ST2 go ensbile. (#20000)

-10 kHz clock rate. (#30@)

-Mode @ operstion. (#9)

MOV §-300., O#CKBPR

" CLR OfCKCSR
BIS #20000, Q#CKCSR
BIS #3909, Q#CKCSR

e we msws W we

CLR G#ADCSR
BIS #408, QFADCSR

BIS #2, OG#ADCSR

BIS #108, ORADCSR

MOV O#ADBUF, R2

MOV #-2400., ORDMAWCR

Clear A/D register before setting bits.
Set bit for RTC trigger enable.
Set bit for DMA enable.
Autoincrement mode.

Read buffer to clear it out.
Take 2400 data points, 1208 on each chan.

DELAY:TSTB Of#CKCSR

-

Test clock overfiow for end of delay



BPL DELAY
CLR Q#CKCSR

BIS #2, QH#CKCSR
BIS #10, G#CKCSR
MOV #-26., Q#CKBPR

BIS #1, O#CKCSR

OPEN:  TST Q#DMAWCR
BPL EXIT
BIT §#2, OFDRINBUF

BEQ OPEN

MOV OfDMAWCR, (R®)+

CLOSE:TST G#DMAWCR
BPL EXIT
BIT #2, GRDRINBUF

BNE CLOSE
MOV QGFDMAWCR,

OPENX: TST O#DMAWCR
BPL EXIT
BIT #2, OADRINBUF

BEQ OPENX
MOV OfDMAWCR,

(RO) +

(RE) +

)

CLOSEX:TST QRDMAWCR

BPL EXIT

BIT §2, OADRINBUF
BNE CLOSEX

MOV O#DMAWCR, (R®)+
BR OPENX

»

EXIT:  NOP
CLR O#ADCSR
CLR O#CKCSR
RTS PC
.END

s We wme s we we We

e wa e we Wma We we W

e We we we wa W

we we we We Wi e W

we W we W ws W
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period.

If not, keep looping.

Reset clock for the following:

Mode 1 operation.

1 MHz rate.

Only every 25th clock puise wiil cause
an A/D conversion,

Turn on the clock.

Test for A/D overflow.

If so, exit.

Look for a low on the needie |ift
transducer.

If not, keep looping.

If so, write the address into the array.
Then, increment the asddress.

Check again for A/D done.

If so, exit.

Look for a high on the needle |ift
detector.

If not, keep looping.

If so, store the timing.

Check again for A/D done.

If so, exit.

Look for a low on the needle |ift
detector. Looking for bounce.

If not, keep looping. :

If so, write the address into

the array.

Check again for A/D done.

If so, exit.

Look for a high on the (ift detector.
if not, keep looping.

If so, store the timing.

Look for more bounces.

Turn off A/D.
Turn off clock.



" bxtik.c
finclude (stdio.h)

#define x@ 209
fidefine y? 160
fdefine XTIK 4
fdefine YTIK 15

bxtik (fp)
FILE ofp;

int &, x, y;

fprintf (fp,"\832\r");

vector (fp,y?,x0,yd, x0+709) ;

vector (fp,y0,x0+7080,y0+6080,x0+7909) ;
vector (fp,y0+600,x0+700, yd+600,x9) ;
vector (fp,y0+800,x0,y0,x0) ;

/¢ Now draw the ticks. s/

for (i = 1; i ¢ XTIK; ies)
{ .
x = x@ + i o 700 / XTIK;
vector (fp,yd,x,y8+15,x);
}

for (i = 1; i ¢ YTIK; i ++)
{

y = yd + i s 800 / YTIK;
vector (fp,y,x®,y,x@+10);
if (i == Il i == 10)

/e

vector (fp, y, x0, y, x@ «

D
}

erase()

FILE efopen(), efp;

it ((fp = fopen ("tt:", "w")) == NULL)
printf ("Open file error.\n");

return; }

forintf (fp, "\B35\833\014\036\030\r");

tclose(fp);
)}
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clesr screen s/
bottom s/
RHS ./
top s/
LHS ./
y-8xis ticks e/

29) ;
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indrw.c

#include (stdio.h>

fdefine X& 200 /e X graph offset. s/
fdefine YO 160 /* Y graph offset. ¢/
f#def ine XMAX 700. /* X graph size. s/
fdefine YMAX 700 . /+ Y graph size. s/

extern int adconv(];
drawd (fp, ij, rflevl, xmin, xmax)

FILE efp;
int ij, rflevl, xmin, xmax;

/¢ draw pressure data «/
double x1, x2, yl, y2, xrange, yrange;

Xrange = xmax - xmin;
yrange = 2468, ;

x1 = (int) ((ij - =xmin) / 2);
x2 = (int) ((ij - xmin) / 2) « 1;
yl =

adconv [i)] - rflevl;

y2 adconv [ij + 2] - rflevl;

vector (fp, Y@ + (int) (YMAX = yl / yrange),
X8 + (int) (XMAX e x1 / xrsnge),
Y@ « (int) (YMAX e y2 / yrange),
X@ + (int) (XMAX s x2 / xrange));

} .

drawp (fp, i}, rflev2, xmin, xmax)

FILE efp;
int ij, rflev2, xmin, xmax;

/e draw needle |ift data ¢/
double x1, x2, yl1, y2, xrange, yrange;

xrange = xmax - xmin;
yrange = 4840.;

x1 = (int) ((ij - xmin) / 2);
x2 = (int) ((i) - xmin) / 2) + 1;
yl =

sdconv [i)] - rflev2;

y2 adconv [i] + 2] - rflev2;

vector (fp, Y8 + (int) ((YMAX e yl1) / yrange),
X@ + (int) ((XMAX & x1) / xrange),
Y8 + (int) ((YMAX e y2) / yrange),
XB + (int) ((XMAX & x2) / xrasnge));

}

vectr.c
#include (stdio.h>
vector(fp,yl,x1,y2,x2)

FILE ofp;
int y1,x1,y2,x2;

{



putc (’\035’,fp)

putc(
pute(
putc(
pute(
pute(
pute (
pute(
pute(

;printf(fp,'\637\030\r'

dyl:inject=dyl:inject/B:4008,//

yl
yl
x1
x1
y2
y2
x2
x2

b St SN A

inject.tkb
r link
dyl:inj
dyl:bxtik
dyl:vectr
dyl:indrw
chdr

phil
clib//

9490
240
040
240
040
040
040
049

LR R B K BRI A

>

840 ,fp

0140

040 ,fp);

0129
040
0140
0490
8100

2

fo);

P);
);
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