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Investigation of Coal-Water Slurry Fuel Combustion in 
Reciprocating, Internal Combustion Engine 

G. H. Choi* and S. R. Bell** 
(Received January 31, 1994) 

Coal-water slurry(CWS) engine tests designed to investigate the ignition and combustion 

processes of the fuel are described in this paper. The effects of three different parameters, namely, 

(a) needle lift pressure, (b) fuel injection timing, and (c) percent coal loading in the slurry fuel 

are studied in detail. Successful operation of the engine using the coal water slurry required 

modifications to the engine and support systems. The physical trends of combustion under single 

parametric variations are presented in terms of the cylinder pressure, heat release rwtes, and 

cumulative heat release curves. The major conclusions of the work include : (a) higher needle lift 

pressures led to shorter ignition delay times for the CWS fuel ; (b) the ignition delay time of the 

advanced injection start was little different from that of retarded fuel injection timing due to 

poor atomization : and (c) dilution of the slurry with water can significantly affect the combus- 

tion processes and ease of fuel handling. 

Key Words: Coal-Water Slurry(CWS), Needle Lift Pressure, Fuel Injection Timing, Percent 

of Coal Loading, Heat Release Rate 

1. Introduction 

The development of alternative fuels for inter- 

nal combustion engines is motivated by economic 

and strategic advantages offered by these fuels 

over petroleum fuels. New engine emission stan- 

dards also motivate investigations using alterna- 

tive fuels as a potential means of meeting the 

more strict pollutant emission requirements. One 

promising alternative fuel is coal which has had a 

long history of being a primary energy source. 

Earlier attempts to operate a coal particle 

fueled piston engine were made nearly a century 

ago by Rudolf  Diesel in Germany. Coal fuel 

handling, safety, and ash deposition problems 

discouraged Diesel from his pursuit of coal as an 

engine fuel. Coal fuel testing in compression 
ignition engines continued through 1944 with the 

work of Pawlikowski, but this testing was inter- 
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upted with the end of World War 11. Since World 

War II, most coal-fuled engine research and 

development in the United States has been con- 

ducted using coal slurries. Within the past decade, 

most activities(Hsu et al., 1992; Kakwani and 

Winsor, 1992; Doup and Badgley; 1992) with 

coal-fueled engines have focused on direct inject- 

ed locomotive engines and stationary power 

production engines. Problems associated with 

injection equipment, fuel atomization, and igni- 

tion of the slurry fuel have been reported in such 

studies. The objectives for the work reported here 

were to operate an engine using CWS fuel and 

investigate the impact of  several operating param- 

eters on the ignition and combustion processes of  

the fuel in the engine. Subsequent sections sum- 

marize the facilities and results of this work. 

2. Exper imenta l  Setup 

The engine used in this work was a single 

cylinder prechamber type diesel engine which 

required several modifications before it could be 

operated successfully with CWS. These modifica- 
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tions included : (a )  a fueling system for operat ing 

tile test engine ~i lh ( ' W S  ; (b)  fuel CLllll and cam 

shaft aherat ions t\+r changing static fuel injection 

t i n t i n g s  (c) an inlet air  heater to obtain higher 

temperatures t\~r inlpro,,ing tile processes of  e~ap- 

oration of  water, and de ' ,ohit i l izat ion and igni- 

tion of  tile coal particles ; ( d ) m o d i l i c a t i o n  o f  tile 

needle ' , ahe  ilt the in,jector to pre~ent ( W S  from 

migrating into the upper part ol ' the needle \al~e : 

and (e) a cool ing system on the injector body to 

help prevent CWS from drying and clogging in 

the injector prior to injection. 

A schematic of the test engine ~,ettip is shm~n in 

Fig. I and specillcations of  this engine are listed 

in Table  I. As seen in tile Figure.. the test engine 

was coupled to a ~vaterbrake dynanlometer.  The 

dynamometer  torque ~ as nleasured using a slrain 

gage load cell and the speed xsas moni tored using 

a 60-tooth gear assmnbly. The intake air tempera- 

ture ',sas measured do,anstream of t i le heater and 

displayed on a digital readout, Pressure measure- 

ment was made in tile main combust ion chamber  

using a pressure transducer inserted into a water 

cooled adaptor.  An incremental  ~,hal't encoder ~ as 

coupled to the engine crankshaft  to trigger the 

presstire data collection. 

Ad~anced static fuel injection timings ~ere  

achieved by modifying tile fuel cam and fuel 

Fig. 1 

Table I 

m H 

r 

Schematic of  test engine selup 

Specifications of the test engine 

Type 

Bore • stroke 

Compression ratio 

Air-cooled, 4-siroke 

prechamber, single, diesel engine 

102 mm:* 106 mm 

19.5 

Displacement volume 0.866 liter 

Max. power 18 HP/2400 rpm 

BSFC 204 g/(BHP hr) 

pump cam shaft. When the prominent  point of  the 

fuel cam meets the plunger head. the fuel inside 

fkiel pump is pressurized and injected. To obtain 

earlier fuel injection, the prominent  point of  tile 

canl ~as  arranged to meet the plunger earlier than 

normal by combining  new key' notches in tile fuel 

cam and key ~ays in tile cam sllal't. f i l e  fuel 

injection tinling 'aas changed statically by 10 and 

20 degrees ad'~ance using these mc, difications. The 

static in`jection timing ma$ be somewhat  different 

from the actual needle lili time because of" fluid 

dynantic effects in the line, hox~e,~er, the rehitive 

conlparisons ntade here should remain x, alid. 

Pre : ious  ~ork  b3 other in '~estigations(Leonard 

and Fiske, 1987; Bell and ( ' l i o n ;  1988) identified 

the inlet air temperature as an important  parame- 

ter l\~r ignition characterization,  Therefore,  a 

heater was designed and installed in the intake air 

p~pe to a l lo~  ' ,arying the intake air temperature 

lk>r this ~o lk ,  Four  660 watt heating elements 

were mounted in tile heater enclosure which  ,xas 

mounted on tile intake air duct. Wi:h one electric 

coil. tile intake air temperature could be increased 

by a round 18C at 1400 re~olut ion  per 

nlinutes(rpm). The test engine prechamber wall 

,aas also coated with a thernlal barrier plasma 

spra)  o l  zirconia tO increase tile gas temperature 

al lhe time of  fuel injection by loi ter ing tile heat 

losses in t i le prechamber during the compression 

stroke. Again, ignition of  the slurry was a concern 

based on prexious reported work and plasma 

coatings had been used by others tbr improving 

slurl)  ignit ion(Badgle~ and Doup,  1991 ). 

[--or CWS fueling, tile needle x a h e  in the in- 

jector ~as  also modified. T ~ o  o-rings were incor- 

porated on the needle shaft to prexent slurry fuel 

from migrating into close tolerance areas which 

nfight result in needle seizure. Early work b', 

Nelson and Seeker(1985) of  EER identified nee- 

dle clogging and sticking as a problem in testing. 

Al though the solution applied here is not a design 

intended for long term applicat ion,  needle seizure 

was avoided for the majori ty of  testing with this 

modil ' ication. Finalll,,  a cool ing system was 

designed into the in,jector body which held the 

pintle nozzle. The bottom part of  the in,jector 

body was machined to serve as a coolant  reservoir 
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to cool the pintle nozzle, thereby easing slurry 

drying and clogging problems. The modifications 

described above allowed repeatable operation of 

the engine with CWS. 

3. Results  and Discuss ion 

In analyzing the processes that occur within the 

cylinder of the engine, the principal diagnostic 

parameter was the measured time history of the 

cylinder gas pressure. The cylinder gas pressure 

was measured by a piezoelectric pressure trans- 

ducer mounted in the main combustion chamber. 

The heat release rates from the measured cylinder 

pressure as a function of crank angle were calcu- 

lated using a heat release simulation developed 

for this work. The simulation includes an one- 

zone description of the combustion chamber. The 

model assumes uniform thermodynamic prop- 

erties in the engine and the energy release rate is 

calculated according to the first law of ther- 

modynamics for a single combustion zone as 

proposed by Heywood(1988). As discussed in 

Heyv, ood, the one chamber assumption may lead 

to discrepancies in the heat release rate magnitude 

early in the cycle. However, for this work compar- 

isons or relative heat release data was sought 

between the diesel and CWS results. The instanta- 

neous cylinder heat transfer rate was calculated 

using a correlation developed by Woschni(1967). 

As presented in subsequent paragraphs, a 

modified cycle simulation(Bell and Choi, 1990: 

Choi, 1992) for a coal-fueled engine was also 

used for comparing the experimentally deter- 

mined pressure-time data and for further investi- 

gation of the detailed combustion processes. The 

cycle simulation developed earlier by Bell and 

Caton(1988) included individual models for de- 

scribing the fuel-air mixing process, cylinder heat 

transfer, droplet evaporation, particle devolatil- 

ization. For this work, the simulation was 

modified for convection heat losses to the pre- 

chamber walls and geometrical modifications for 

the test engine. 

Pressure data from the experimental engine 

using CWS fueling are shown for different inlet 

air temperatures ranging from 400 K to 440 K in 
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Fig. 2. Inlet air temperature variation was 

achieved using the inlet air heating system de- 

scribed earlier. Below an inlet air temperature of 

around 390 K the coal-fueled engine misfired. 

Other operating parameters were static fuel injec- 

tion start of 28 crank angle degrees before top 

dead center(bTDC), engine speed of t300 rpm, 

and coal loading in the slurry fuel of 51.6 percent. 

Work by Leonard and Fiske(1987) using a special 

combustion bomb apparatus designed to simulate 

an engine combustion chamber also showed a 

threshold temperature effect. Below approximate- 

ly 1000 K (temperature at injection), combustion 

and ignition characteristics rapidly deteriorated 

with gas temperature. Hsu(1988) varied the inlet 

air temperature in a locomotive engine using coal 

slurry fuels and also noted a degradation in the 

combustion characteristics of the slurry with 

lowered air temperatures. 

To examine the issue further, the inlet air tem- 

perature was varied in the engine simulation 

program. The simulation input variables were set 

to correspond as closely as possible to the operat- 

ing conditions of ihe test engine. Similar to exper- 

imental data shown in the previous figure, Fig. 3 

shows that the effects of increasing inlet air tem- 

perature were to increase the peak cylinder pres- 

sure and shift the peak cylinder pressure to the 
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pressure 

left. I=rom the detailed reaction rate infbrmation 

provided by the simulation, the increase in inlet 

air temperature serves to aid in the ignition 

process of the coal and thereby increasing the 

overall combustion rate of the fuel. As examined 

with the simulation, this increasing combustion 

rate is achieved as the higher inlet air temperature 

allows faster evaporation of water from the fuel 

and, secondly, faster heating of the coal to the 

ignition temperature for coal particle surface 

reactions and devolatilization. For the simulation 

result:+, the critical inlet air temperature for 

achieving ignition was approximately' 380K, 

close to the experimental value. This temperature 

was also seen to be sensitive to simulation input 

data such as the atomized droplet size and atom- 

ization configuration (number of particles in a 

droplet, etc.) for modeling injection. 

3.1 Effects of needle lift pressure 
The needle lift pressure was varied to influence 

injection pressure in this work. The needle lift 

pressure were set to 11.7 and 14,5 MPa by shim- 
ming the needle body in the injector. In an engine, 

a higher needle lilt pressure retards the fuel injec- 

tion timing and shortens the fuel injection dura- 

tion as well as increasing the pressure during 

injection. The engine operating conditions chosen 

were : static fuel injection start of 18 crank angle 

degrees bTDC, inlet air temperature of 440 K, 

and a coal mass loading in the fuel of 51.6 

percent, Under these operating conditions, a clog- 

ging problem in the fuel passages in the injector 

nozzle occurred with the higher needle lilt pres- 

sure after about 10 minutes with the fueling 

method described earlier. Figure 4 shows the 

cylinder pressure as a function of crank angle for 

the two needle lift pressures. The predominant 

effect of increasing the needle lift pressure was to 

increase the peak cylinder pressure. The peak 

pressure was also shifted to the left by about 6 

crank angle degrees. For the lower injection 

pressure, the combustion rate was so retarded as 

to almost lead to a dual peak in the pressure-time 

data. 
111 Fig. 5, the heat release rates are shown as a 

function of real time for differer~t needle lift 

pressures. The real time converted from the slight- 

ly different engine speeds of each case represents 

a time basis to compare ignition and combustion 

processes. The zero real time in this figure corre- 

sponds to the static fuel injection start, 18 crank 

angle degrees bTDC. The effect of increasing the 

needle lilt pressure was to shorten the ignition 

delay time by about 0.4 millisecond(ms). This 

may be explained by the fact that the higher 

injection pressure, which was achieved at the start 

of injection with higher needle lift pressure, ini- 

tially led to smaller injected slurry ,droplet sizes. 
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Smaller slurry droplet,, ,aould ha~e ~,horter igni- 

lion delay times because v, ater e,,aporation of 

smaller droplets ~ould take less time than that of 

larger droplets. That is, the higher injection pres- 

sures led to mlpro',ed atomizat ion v, hich resuhed 

in earlier igni t ion l ind combu:,tion. The peak heltt 

relea~,e rate.,, for tile 11.7 lind 14.5 MPa needle lift 

press t i re  v .ere  0.034 MW at 3.5 ms lind 0.030 M ~  z 

tit 2.3 ms after the fuel injection start, respectixel3. 

This ma? be explained b3 the fact that more 

fuel-air i-nixture is a \a i lab le for burning ~i th 

longer ignition dela} times. Figure 6 sho~AS the 

cumulati,,e heat release as a function of real time 

lbr different needle lilt pressures. The figure indi- 

cates that the kinetic burning region is l\lstet" than 
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Fig. 6 Effects of needle lift pressure on cumulative 
heat release rate as a function of real time 

that in the diffusion burning region for higher 

needle lift pressures. This may be explained by the 

fact that combustion of the CWS ,xhich has mixed 

\vith air within the flammability limits during the 

ignition delay period occurs rapidly in the kinetic 

burning period 

3.2 Effects of fuel inject ion t iming 

The effect of the CWS injection timing on the 

ignition lind combustion processes was investigat- 

ed in this work b.,, changing the relative angle 

betx~een the cam shaft and fuel cam. Static fuel 

injection timings of  8, 18. and 28 crank angle 

degrees bTDC x~ere investigated for this 'aork. 

Results of 18 and 28 crank angle bTDC fuel 

injection timings are presented in this section as 

the coal-fueled engine misfired ~ith 8 crankangles 

bTDC fuel injection timing. Inlet air temperature, 

needle lift pres~,ure, and coal loading in the fuel 

~ere 182<( ' ,  11.7 MPa, and 51.6 percent, respec- 

tixely. Figure 7 sho~s the cylinder gas pressure as 

a function of crank angle t\)r different static fuel 

injection timings. The figure shows that earlier 

introduction of the fuel to the cylinder leads to 

the higher peak cylinder pressure. This would 

occur because the earlier injection allows time for 

fuel and air mixing befc~re ignition is achieved. 

Thus, more premixed reactants are present at 

ignition leading to faster burning and higher 

pressures. Perhaps more important is that the 
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advanced timing directly advances the combus- 

tion event relative to TDC. Therefore, the peak 

pressure is shifted close to TDC and increases the 

magnitude as combustion occurs in a smaller 

volume. /--or different fuel injection timings, the 

heat release rates as a function of real time are 

shown in Fig. 8. The zero real time correponds to 

the static fuel injection timing of each case. The 

figure shows that the ignition delay time of the 

advanced injection start was little different from 

that of 18 crank angle bTDC fuel injection tim- 

ing. 

3.3 Effects of percent coal loading 
The effect of diluting the CWS with additional 

water was studied in this work. The CWS used 

was prepared by OTISCA Industries and the coal 

was cleaned to contain 1.25 weight percent ash 

and micronized to a mean particle size of 3.42 

microns. The slurry fuel also contained 1.0 per- 

cent ammonium condensed naphtalene sul- 

phonate as an additive which lowers slurry viscos- 

ity to improve transport property in the fuel 

supply system and for improving atomization 

quality. 

The viscosity index of the slurry is determined 

from the elapsed time by the use of ASTM test 

(1944). in Fig. 9, the viscosity index number as a 

function of coal loading in CWS is shown. The 

figure shows that the effect of diluting CWS is to 

lower viscosity index number. From results of this 

work, it could be deduced that the lower viscosity 
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Fig. 9 Viscosity index as a function of coal percent 
in slurry fuel 
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slurry fuel by diluting could ease the fuel handl- 

ing in the fuel line and improve the fuel atomiza- 

tion, but further diluting the slurry fuel, such as 

below 46 percent coal loading, might result in 

misfiring in the engine. Also, the clogging prob- 

lem in the injector occasionally occurred with 

51.6 percent coal loading in the fuel. 

The base slurry was diluted to form two addi- 

tional slurries of 47.4 and 46.4 weight percent 

coal. Since the engine often misfired with 46.4 

percent coal loading, only results of 51.6 and 47.4 
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Fig. 11 Effects of coal loading in the fuel on heat 
release rate as a function of real time 

percent coal loading are presented in this section. 

Figure l0 shows the cylinder pressure as a func- 

tion of crank angle for different coal Ioadings. 

The static fuel injection start was set to 28 crank 

angle degrees bTDC, the needle lift pressure was 

11.7 MPa, and inlet air temperature was 420 K. 

The figure shows that the peak pressure was 

lower for the diluted slurry case, however, 

because of the governor mechanism of the engine 

the amount of fuel supplied to the engine was not 

constant for the two cases. This is more evident 

from the instantaneous and cumulative heat 

release schedules calculated from the pressure 

data. Heat release rates from the different coal 

loadings as a function of real time are shown in 

Fig. 11. From the figure, the effect of diluting the 

slurry fuel is moderate for these two cases keeping 

in mind that misfire occurred in a third slurry 

mixture of 46.4 percent coal loading. 

4. Summary and Conclusions 

A prechamber type diesel engine was used for 

investigating the effects of needle lift pressure, fuel 

injection timing, and coal loading on ignition and 

combustion processes in a coal-fueled engine. A 

brief summary of the results and conclusions from 

this work include. 

(1) Operation of the engine proved to be diffi- 

cult using the coal slurry without engine modifi- 

cations due to clogging and misfire. 

(2) Higher needle lift pressure for injection led 

to shorter ignition delay times for the CWS com- 

bustion. This may be explained by the fact that 

the higher injection pressure, which was achieved 

at the start of injection with higher needle lift 

pressure, initialy led to a smaller injected slurry 

droplet size. Smaller slurry droplets would have 

shorter ignition delay times as a result of higher 

water evaporation rates. 

(3) The peak heat release rate for the lower 

needle lift pressure was higher compared to the 

higher needle lift pressure since more fuel-air 

mixture was available for burning with longer 

ignition delay times. 

(4) The ignition delay time of the advanced 

injection start was little different from that of 

retarded fuel injection timing. This may be a 

result of poor atomization with the retarded fuel 

injection timing case. 

(5) Dilution of the slurry can significantly 

affect the combustion processes and fuel handling 

in the slurry line. Below some dilution ratio, 46 

percent coal loading for this work, the combus- 

tion properties were sufficiently diminished to 

result in misfire. Above this dilution ratio, the 

impact on the combustion process was dimini- 

shed. Although not verified here, it is expected 

that a second critical dilution ratio exists on the 

upper end in which the viscosity is increased with 

high coal loading such that poor atomization or 

possibly clogging would occur leading to poor 

performance. 
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