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IGNITION AND COMBUSTION OF COAL-WATER SLURRY 
IN AN EXPERIMENTAL DIESEL ENGINE 

F. Robben, D. D. Brehob*, M. Namazian**, 
R. F. Sawyer*, and P. Sherman*** 

Applied Science Division 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, CA 94 720 

ABSTRACT 

Results of a study of the ignition and combustion 
of coal-water slurry in a small, experimental diesel 
engine are reported. A direct injection, square piston 
engine was motored at 900 RPM, fired for only a.single 
cycle, and operated with a heated engine block and 
heated intake air. The combustion pressure and injec
tion pressure were recorded and high speed movies of 
the combustion region were taken _through a tran
sparent cylinder wall. About 200°C higher compression 
temperature was required to obtain comparable igni
tion delay for the coal-water slurry as for diesel No. 2. 
To obtain an ignition delay of· approximately 3 mil
liseconds at 40 atm pressureba peak compression tem
perature of 1000°K ± 100 K was required. These 
results indicate that satisfactory ignition of coal-water 
slurry fuels in medium speed diesel engines can be. 
obtained, probably with little compression tempera
ture increase at full power, and with. up to 200qC tem
perature increase for low power operation. 

The overall prospects for the use of coal-water 
slurry as a fuel for medium speed diesel engines, of 
locomotive size and larger, are briefly reviewed. The 
operation of such engines on moderately beneficiated 
coal-water slurries should be economically attractive 
and technically feasible, but will require an extensive 
development effort, especially to findsatisfactory solu
tions to the material wear problems. 

1. INTRODUCTION 

Diesel engines provide energy for a wide variety of 
applications in the United States. For railroad and 
domestic marine transportation, diesels currently con
sume about 2.5 percent of the nation's oil supply. A 
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significant savings of oil would be made if a coal based 
fuel replaced the oil used in these engines. In addition, 
there is considerable potential for using lat ger diesel 
engines in the co-generation of electrical power, where 
the normally wasted exhaust heat is used for industrial 
and commercial process steam. It has been estimated 
that this application could involve as much as ten per
cent of present oil consumption. A very promising, 
economical coal based fuel is a coal-water slurry 
suspension of finely. pulverized coal. This would result 
in efficient use of the coal and preserve the advantages 
and safety of a liquid fuel. 

, The technical prospects for successfully operating 
diesel engines on a coal-water slurry appear promising. 
A broad based research and development program was 
carried out in Germany during the interval 1928 to 
1944 ori coalcfueled diesels, using dry pulverized coal 
as fuel. The· successful construction and operation of 
19 engines spanning the horsepower range from 10 to 
600 and engine speed from 160 RPM to 1600 RPM was 
reported. Many technological advances were made and 
it appeared that solutions had been found for the prob
lems of wear, fuel injection and combustion. However, 
none of these engines were commercially produced and 
there was considerable controversy over their techni
cal performance and economic viability. An excellent 
review of this work, based on both published papers and 
interviews with some of the engineers involved, has 
been reported {Soehngen, 1976). More recent reviews, 
which include consideration of the applications for 
coal-water slurry diesel engines and their economic 
performance, have also been carried out {Robben, 
1983; Caton, 1983b). 

The two principal technical problem areas in the 
operation of a diesel engine on coal-water slurry fuel 
are 1) the fuel injection and combustion, and 2) the 
wear ·on the cylinder rings, liners, and other engine 
components. Significant changes in existing diesel 
engine designs will be necessary to obtain satisfactory 
performance. These combustion and materials wear 
problems are technologically sophisticated. An 
improved understanding of the underlying physical 
phenomena is necessary to evaluate the feasibility of 
coal-fuel diesel engines and to develop advanced ideas 
and designs. 

The experimental work reported in this paper pro
vides data related to the combustion of a coal-water 
slurry under diesel engine conditions. This work is 
being carried out in an experimental diesel test engine, 



which is motored and fires for only a single cycle. In 
the following, some historical background on the early 
German development is first presented. A conceptual 
coal-fueled diesel engine design is proposed and the 
various problem areas and some possible solutions are 
discussed. The diesel test engine facility is described 
and some results on coal-water slurry combustion are 
presented. The implications of these results for practi
cal coal-fueled diesel engine design is discussed. 

2. PROSPECTS FOR COAL-FUELED DIESEL ENGINES 

2.1 Historical Background 

After some experiments in the 1890's that were 
not very successful, Rudolf Diesel abandoned the use of 
coal as a fuel and concentrated his work on petroleum 
liquid fuels. Serious work on coal-fueled diesel engines 
was renewed in 1911 by Rudolf Pawlikowski, a former 
co-worker of Diesel. He encountered many technologi
cal problems and developed a number of ingenious 
ideas and patents. In 1928 Pawlikowski announced that 
the major hurdles had been overcome and that his 
four-stroke, medium speed engine design was ready for 
commercial development and application. Four Ger- · 
man firms took up the development of the coal-fueled 
diesel, initially by taking options on Pawlikowski's 
patents, and in two cases by beginning with one of his 
engines. 

The most advanced program, at Erste Bruenner 
MFG in Czechslovakia, resulted in the development of a 
smaller engine intended for farm and construction 
equipment. This engine operated at 1000 RPM and used 
pulverized coal compacted into rods as fuel. In a 
recent interview with one of us, Professor J. Jehlicka, 
the leader of this project during the decade from 1934 
to 1944, stated that this engine had undergone exten
sive development and testing, had demonstrated satis
factory performance, and mass production was about 
to begin when the manufacturing facilities were des
troyed in 1944. In support of· his claims, J ehlicka pro
duced an unpublished report containing, among other 
results, figures giving piston ring wear for different 
materials and designs. The best design had a ring life
time in excess of 1000 hours. 

END USE 

BARGE 

L.gure 1. Projected coal-water slurry use cycle for 
diesel engine fuel. 
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2.2 Coal-Water Slurry Fuel 

Coal-water slurry appears to be the most desirable 
form of coal fuel for diesel engine applications as it can 
be inexpensive, safe to handle, and able to use a large 
part of the existing infrastructure for transportation 
and storage. A projected coal-water slurry use cycle is 
shown in Fig. 1. The coal is first mined, then pulver
ized, cleaned, and slurried with water in a coal prepara
tion plant. The liquid slurry is shipped to the applica
tion site by pipeline, rail, or barge, where it is used for 
rail and marine transportation, and for co-generation 
of electricity with the heat used for industrial pur
poses. Since neither the design nor the fuel require
·ments of a coal-fueled diesel engine have been deter
mined, the specifications of a coal-water slurry fuel can 
only be estimated. Based on the successes of the early 
German development which used pulverized coal with a 
substantial amount of foreign matter, and on calcula
·tions of the rate of pulverized coal comb11stion for 
diesel engine conditions (Caton 1983a), we propose that 
·a slurry with 55% coal by weight, 10 micron mean parti
cle size, and about 3 percent foreign matter is a good 
target fu~l specification. These fuel specifications are 
listed in Table 1. 

Stabilized Coal-Water Slurry 

Coal Mean Particle: 10 microns 

Maximum Particle Size: 60 microns 

Coal Fraction: 55% by mass 

Foreign Matter: beneficiated to ~3% 
·low abrasion and 
corrosion potential 

Coal Type: Bituminous or 
Sub-Bituminous 
medium to high volatile 

Table 1. Projected Coal-Water Slurry Spedfications 
for Diesel Fuel · - . 

~.3 Conceptual Coal-Fueled Diesel Design 

The conceptual design shown in Fig. 2 was created 
to illustrate some of the techniques which may be 
employed to improve the combustion of coal and 
minimize the erosion and wear. Table 2 gives the pro
posed engine specifications. The basic size and design 
is intended for railroad and marine application, assur
ing a substantial market in the U.S. To prevent coal 
and ash particles from getting into the engine lubricat
ing oil and bearings, a crosshead type connecting rod 
design is suggested. The combustion chamber would 
use heat insulating ceramics in order to operate at a 
high surface temperature, aiding in the combustion 
and minimizing particulate deposits. A superheated 
fuel injection system, described in the following, is 
used to improve the fuel atomization. A high tur
bulence, pre-combustion chamber design is shown to 
further improve the fuel atomization, ignition, and 
combustion. However, a direct injection design is 

• 
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Figure 2. Conceptual powerhead design for coal-water 
slurry fuel for locomotive applications. 1) 
Superheated, pressurized injection system. 2) High 
temperature, uncooled insulated ceramic combustion 
chamber surfaces. 3) High turbulence, low swirl 
precombustion and combustion chambers. 4) ·Hard 
ceramic coatings and inserts for control of wear and 
erosion. 

Four Stroke, Turbocharged 

Crosshead Type Connecting Rod 

Heat Insulating Ceramics 
for Combustion Chamber · 

Hard Coatings for Wear Protection 

Superheated Slurry Injection System 
for Improved Atomization 

Bore and Stroke: 25 em x 28 em 

Speed: 1000 RPM 

Power: 200 kW/cylinder 

Table 2. Projected Specifications for Conceptual Coal
Water Sturry Diesel Engine 
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inherently more effiCient and, based on our present 
results, may be preferred. Hard ceramic components 
and ceramic coatings are used to reduce wear and 
abrasion resulting from the coal ash. Finally, an 
effective exhaust cleanup system would be necessary 
to reduce the pollutant emissions. Further discussion 
of this engine design is given in the paper by Robben 
(1983)-

2.4 Superheated Fuel Injection System 

Fine atomization of coal-water slurry spray and 
rapid evaporation of the water will be very important to 
successful engine operation. Besides aiding in ignition 
and in mixing the fuel with air, fine atomization will 
minimi3e the tendency of the coal particles to 
agglomerate into larger sizes which would be slow in 
burning and would form large particles of slag and ash. 
To help accomplish this, the coal-water slurry can be 
preheated at high pressure to a temperature which is 
well above the normal boiling point of water. This will 
cause fiash:-.g, or very rapid boiling, of the water when 
it is injecteet into the combustion chamber. This boil
ing will occu.r preferentially at surface-liquid boun
daries and wiH begin as soon as the slurry has left the 
injection m>zzle and the pressure has lowered to that in 
the combustion chamber. The boiling should take 
place with an almost explosive effect, driving the water 
off the coal particles and separating the particles 
sufficiently to minimize the agglomeration. A 
schematic for'a superheated injector is shown in Fig. 3, 
and some relevant data for superheated water injection 
is given in Table 3. Further discussion is given in Rob
ben (1983). 

\. ~~h pressure 
\1 inlet 

High pressure bellows 

Injector oven 
T- 300°C 

Injection valve 
and seat, hardened 

Injection nozzle 

XBL 8311- 772 

Figure 3. Schematic injector design for superheated 
coal-water slurry. 



Critical point 
for water: 

Injector accumulator 
conditions 

Cylinder conditions. 

Percentage water 
which will flash 
to vapor 

Percentage water 
evaporated from 
heat 

~crit 
crit 

T 
pace 

ace 

p 
Tcyl 
sat 

= 374°C 
= 218 atm 

= 360°C 
= 240 atm 

= 38 atm 
= 248°C 

36% 

7% 

Table 3. Superheated Coal-Water Slurry Injection 
Conditions 

2.5 Applications 

Development work on coal-fueled diesel engines 
needs to be justified by the projected existence of a 
sizeable market. To compete in this market, coal
fueled engine~ must show promise of satisfying a 
number of economically related factors, resulting in 
reduced operational costs compared to present and 
future alternative power sources. In addition, the 
needs of the industry regarding reliability, maintaina
bility, part load operation, fuel availability, and capital 
investment must also be met. 

Coal-fueled diesel engines must substitute the use 
of coal for oil more efficiently than other alternatives. 
A thorough study of these issues would be valuable in 
defining the overall benefits that might be derived from 
projected coal-fueled diesel engine applications. On 
preliminary examination, as discussed earlier, these 
engines indicate the potential to displace from 2.5 per
cent to 10 percent of U.S. oil requirements. 

The railroads are a good candidate for the initial 
use of coal-water slurry diesel engin.es. The strong 
economic advantage of substituting coal for oil in rail
road applications is demonstrated in a study of fuel 
conservation measures for railroads {Liddle, 1981). 
The rail network has a fairly centralized fuel distribu
tion system which could accommodate both demons
tration of, and evolution to, coal slurry fuel. U.S. rail
roads presently use diesel engines, and the industry is 

· familiar with their operation and maintenance. Histor
ically, the railroads used coal; further, some railroads 
own large coal resources and are very interested in 
operating their locomotives on coal. Some railroads 
are actively pursuing the use of coal as a fuel. For 
example, the General Electric Locomotive Division, in 
cooperation with Burlington Northern, is investigating 
methods of using coal for locomotives. This includes 
some experimental investigation of the burning of a 
coal-water slurry in their type of diesel engine. 
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.;3. SINGLE-CYCLE DIESEL TEST ENGINE 

3.1 Experimental Facility 

An existing test engine which has complete optical 
access to the cylinder and combustion space was used. 
This engine had been designed and constructed for 
experiments on the fundamentals of lean combustion 
in spark ignition engines. It is equipped with a square 
piston and two quartz cylinder walls so that Schlieren 
photography, light emission photography, and other 
optical diagnostic techniques could be easily used at all 
positions within the combustion region. A schematic of 
this engine, as modified for compression ignition appli
cations, is shown in Fig. 4, and Table 4 describes its 
features. 

This engine is much smaller than used in locomo
tives; the cylinder displacement is only 0.64 liter, 
compared to the· 14 ·liters for a typical locomotive 
engine. This has two major effects on the ignition and 
combustion process, 1) the higher surface-to-volume 
ratio increases the effect of heat transfer and lowers 
the compression temperature, and 2) more of the fuel 
spray will interact with the cylinder walls, due to the 
smaller dimensions. These effects are more important 
in the case of harder-to-burn fuels, a category which 
includes coal-water slurries and heavy residual fuels. 
To partially offset these disadvantages, the engine can 
be operated high inlet air temperature, and the injec
tion nozzle is situated so as to use the maximum 
dimension of the cylinder for the spray. 

To keep the internal surfaces of the quartz 
cylinder walls optically clean and free of wear, the 
engine was designed to operate for only a few revolu
tions with one firing cycle during a test. The flywheel is 
brought up to speed by a motor and the engine is then 
rapidly engaged and disengaged by an electrically 
actuated clutch-brake mechanism. For 900 RPM opera
tion, the engine is brought up to speed within one revo
lution. In a typical four-stroke test cycle the engine 
would be rotated about eight revolutions, and one 
combustion event would be initiated following the 
second intake stroke. 

Pressure Transducer 

Intake Air Heater 

~--. /~;/ 
/ 

/ 

Image Plane of 
Combustion Region 

Electric Motor 

Electrically Actuated 
Clutch-Brake 

Syringe For Coal-Water Slurry 

Figure 4. Single-cycle, square piston diesel test 
engine. 

.-

• 



~· 

• 

Bore and Stroke: 8.9 em square by 8 .9 em 

Engine Speed: Variable from 400 RPM 
to 1800 RPM 

Compression Ratio : Variable from 5: 1 to 22:1 

Inlet Air Pressure: Variable from 1 atm to 4 atm 

Inlet Air Temperature: Variable from 20°C to 350°C 

Engine Block Temperature: Variable from 20°C to 120°C 

Fuel Injector: Modified Stanadyne 
with single orifice 

Fuel Injection Pump: Bryce size A modified 
for single injection stroke 

Photographic Recording: 1) High speed, 16 mm movie 
Single frame flash exposure 

Table 4 . Single-Cycle Test Engine Specifications 

The engine was constructed using a standard CLR 
(Coordinated Lubrication Research) engine base. The 
original piston was retained and used as a crosshead t_o 
drive the square piston, which is connected to the or.l
ginal piston by a rod with an adjustable leng.th . By th1s 
means the geometrical compression ratw can be 
varied from less than 5 to 1 to about 22 to 1. The top of 
the piston and the cylinder head are both fiat, so that 
the combustion region is rectangular in shape. The 
intake and exhaust valves fit tl.ush with the cylinder 
head surface and are rather small, occupying less than 
half of the cylinder head area. 

Figure 5. Square piston and graphite piston rings with 
overlapping corners . 
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The piston is constructed of aluminum with 
grooves for three seals. Originally tetl.on seals were 
used, but substantial wear and leakage problems were 
encountered. Further, the tetl.on tended to rub off on 
the ·quartz windows and create undesirable patterns in 
the Schlieren image. Graphite seals were adopted for 
dies e l use, following a design by Namazian (1980) . 
These seals are sectioned in the corners so that they 
overlap, as shown in Fig. 5 . Flat type springs are used 
to press the graphite seals against the cylinder wall. 
When the cylinder is under pressure additional sealing 
force is provided by the cylinder pressure acting on the 
back side of the seal, as is the case for the compression 
rings used in regular piston engines. 

The inlet air for the engine comes from an -electri
cal heater which also serves as an air reservoir . The 
volume of this reservoir is more than 20 times the dis
placement volume of the engine, so that the two inlet 
strokes in a test cycle reduce the inlet pressure only a 
small amount. This reservoir can be pressurized to 
several atmospheres, thus allowing the simulation of 
highly turbocharg ed operation with air heated to tem
peratures up to 350 C. The high inlet temperature can 
be used to compensate for the heat losses to the rela
tively cool engine block. The inlet air is heated up to 
the intake port on the engine head, and one intake 
stroke is sufficient to purge the remaining inlet pas
sage volume. However, the air drawn into the engine 
will be cooled by flowing through the low_er tempera
ture inlet passage. To reduce such cooling, the engine 
block, cylinder and inlet passage can be heated to 
about 100 C by flowing hot air from the heater through 
the engine, with both intake and exhaust valves held 
open. 

The ~njection system, shown both in Fig. 4 and in 
more detail in Fig. 6, consists of a standard Bryce size 
c pump. modified for single event injection, a modified 
Stanadyne pencil type injector with a single orifice , and 
a valve and syringe used to introduce the test slurry 
into the injection line. The cam for the pump is driven 
at the same speed as the crankshaft, as in a two-stroke 
engine, thereby increasing the injection rate and max
imum pressure. Solenoids are used to move the injec
tor rack from closed to open position and are timed so 
as to result m only one injection pulse, even though the 
pump is rotated several revolutions . 

Initially, a single orifice injector without a valve 
was used. This gave good results in bench tests for 
both diesel and coal-water slurry fuel, but resulted in 
rather poor, and variable, injection when used in the 
engine. This is believed due to the compressibility of 
the fuel in the injection line and the introduction of air 
into the line through the injector orifice on the 
compression stroke . The Stanadyne injecto.rs, which 
have an integral injector valve, have been found satis
factory. Little difficulty with sticking of the valve 
mechanism from the coal slurry has been encountered. 
The injector valve prevents air from the cylinder enter
ing the system, and also gives both a faster pressure 
rise at the injector orifice and prevents after-pulsing 
and dribbling at the end of the injection stroke. 

Since a single hole injection nozzle of the proper 
size could not b e obtained, new nozzle tips were fabri
cated to replac e the nozzle and valve seat of the origi
nal injector. In the design used, the small sack 
between the valve and the injector orifice was elim
inated. The injector valve needle was seated directly 
on the entrance of the injector orifice, which was 0.33 
mm diameter and about 0.6 mm long. It was necessary 
to harden the orifice section, after the hole was drilled, 
to prevent the valve needle from pushing out the 
orifice after a few cycles. 



As shown in Fig. 6, the test coai slurry is intro
duced into the injection line downstream of the injec
tion pump, thereby preventing damage to the close
fitting pump plunger assembly from the coal particles. 
Before each firing of the engine, the injector valve and 
syringe valve were opened and this portion of the injec
tion line was thoroughly flushed with the coal slurry 
from the reservoir. Rather than using the pressurized 
reservoir shown in Fig. 6, a hand operated syringe as 
shown in Fig. 4 has been found simpler and satisfac
tory. 

A multi-channel, programmable timer is used to 
control the engine clutch-brake mechanism, start the 
high-speed movie camera, and initiate other miscel
laneous equipment. A counter operating from the shaft 
encoder provides timing at one-half degree crank angle 
resolution and· is used to trigger the fuel injection, 
oscilloscope and data collection computer. An LSI-11 
computer records the experimental data~ which can 
then be processed and plotted through use of another 
laboratory computer. 

Both high speed 16 mm movies and single frame 
flash photographs can be taken of the engine cylinder. 
The Hycam movie camera is capable of speeds up to 
10,000 frames per second. To obtain pictures of the 
injection spray a simple backlighted shadow system 
has been employed with the camera focussed on the 
test region. The combustion radiation was recorded 
using a similar arrangement without backlighting. 

Pressur•z•ng 

"" 

--z:==---
.,;,or. Si..: ~o6c 

~l,...ctoon~Cem u 
1

. 

1 

·o-o .. (FromEnep:~e) 

· Solenood Elec:toonoc 
Control 
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Figure 6. Schematic of injection pump, coal-slurry 
reservoir, and control system. 
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·Rings 
(Graphite) 

New Rings 

Worn Rings 

Non-overlapping 
rings, square 
corner pieces 

Static Leak Rate Peak Motoring Pressure 
std.t/sec-a.tm a.tm 

0.32 30.3 

0.59 25.6 

0.64 22.7 

Table 5. Typical static leak rates and peak motoring pres
sures, for 1 atm and 20°C inlet, and ·16: 1 nominal com pres-

• sion ratio. 

3.2 Operating Characteristics 

There is a significant loss of compression pressure 
due to leakage past the piston seals, and considerable 
effort has been made to reduce this leakage. Routine 
measurements of the peak motoring pressure and the 
leak rate under static conditions have been carried 
out; typical data are shown in Table 5. Typically, the 
static leak rate was linear with pressure and, for most 
tests, had a value in the range of 0.40 standard 
liters/sec-atm. Assuming that this leak consists qf 
sonic flow through an orifi<z, the effective orifice area 
required is about 1.5 mm . If the leak were due to 
capillary type flow through a long passage, a larger 
effective leakage passage area would be required. The 
gaps and clearances between the graphite piston seals, 
piston and cylinder wall sh~ld result in a total leakage 
area much less than 1 mm . Careful shimming of the 
overlapping area between the rings in the corners has 
decreased the leak rate to about 0.2 std.l/sec-atm; 
however, this was not easily achieved. It was concluded 
that much of the leakage occured in the overlapping 
corner design of the seals. This is somewhat supported 
by the high speed movies of combustion which show 
burning gases being blown down the side of the piston 
to the first graphite seal, near one corner of the piston. 

An alternate graphite seal design, consisting of 
separate square corner sections and rectangular 
center pieces with no overlapping region, was tried . 
without improvement. In this case the pieces were 
fitted so that the effective leak~e path area should 
have been much less than 1 mm . In retrospect, the 
springs used to press the corner pieces against the 
cylinder were probably too weak, and it would be desir
able to try stronger springs. 

With a geometrical compression ratio of 16:1, used 
for all experiments reported, a typical compression 
pressure record for 900 RPM operation is shown in Fig. 
7, with ambient inlet conditions. The maximum pres
sure occurs about 5° btdc {before top dead center) and 
the pressure is considerably lower on the expansion 
stroke, indicating significant losses. This is partially 
due to heat transfer to the cylinder walls, and partially 
to leakage. Further, the effective compression ratio is 
less than 16:1 due to the closing of the intake valve 
after bottom dead center. It is difficult to determine 
the effective compression ratio, the piston seal leak
age, and the heat transfer, each affecting the compres
sion pressure and compression temperature. The stra
tegy adapted for determination of the temperature, 
described later, is to model the heat transfer and use 

-~ 
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the measured compression pressure to account for 
both the effective compression ratio and piston seal 
leakage. 

Some peak motoring pressures associated with the 
leak rates are given in Table 5; these pressures were 
obtained with 16:1 compression ratio and ambient con
ditions at the engine inlet port. A plug in the air inlet 
line, close to the engine, was removed for these tests. 
Although we do not have comparative compression 
pressure data associated with smaller static leak rates, 
a leak rate less than about 0.1 std.l/ sec-atm should 
result in a negligible loss·of compression pressure. 

Standard oil burning direct injection diesel 
engines require a compressed gas temperature in the 
range of 750°K or higher to obtain fuel ignition with an 
acceptable delay time. For testing coal-water slurry 
ignition and combustion a higher range of compression 
temperatures was considered desirable, which we 
estimated at up to 1200°K. lt is not practically possi
ble, by raising the compression ratio, to reach these 
temperatures with room temperature initial conditions 
because 1) the compression ratio becomes so high that 
there is a very small space available for the injected 
spray and combustion, 2) heat transfer to the walls 
severely reduces the temperature, and 3) the compres
sion pressures become too high for practical mechani
cal desi&n. In Table 6 the theoretical compression 
ratio p2 1 p 1 and pressure ratio PdP 1 are given for vari
ous final temperatures T2, assuming the initial tem
perature T 1 = 23~C. These were ca~culated. using the 
adiabatic, reversible thermodynamic relations. The 
ratio of the specific heat at constant pressure. to that 
at constant volume, '"f, was taken to be 1.37, which is 
approximately correct for air over this temperature 
range. 

The combination of heating and pressurizing the 
inlet air can be used to obtain the desired air density 
and temperature. For this engine with 16: 1 compres
sion ratio, the measured peak compression pressure 
ratio of about 25 will give a temperature ratio increase 
of about 2.3. Thus an iJlitial air temperature of 30~°C 
would give about- 1300 K, adequate for these studies. 

3~----------------r---------------, 

Pao 540 
Crank angle degreas 

Figure 7. Typical motoring compression pressure, 
with ambient inlet air temperature and pressure. 
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T2 P2/P1 P2/P1 
degrees compression pressure 
Kelvin ratio ratio 

700 10.2 24.2 
BOO 14.7 39.7 
900 20.2 61.4 

1000 26.8 90.7 
1100 34.7 129.1 
1200 43.9 178.2 

Table. 6. Theoretical compression ratio and pressure 
ratios necessary to obtain temperatures T 2, beginning 
with 23°C air ~emperature. 

However, the intake air is cooled by heat transfer to 
the walls on induction into the engine and a somewhat 
higher maximum intake temperature than 300°C was 
considered desirable. 

The compression pressure record shown in Fig. 7 
was taken with a plug, located in the intake line close 
to the inlet port, removed so that the pressure at the 
intake port is atmospheric. When the air preheater is 
used a fairly long tube, 25 mm diameter by 1.8 meters 
long, connects the intake port to the heated air reser
voir. The cyclic engine intake process sets up acoustic 
pressure waves in this tube and thus changes the 
effective intake charging pressure. For a given engine 
speed and intake temperature the peak compression 
pressure is proportional to the initial charging pres
sure. When the engine speed is varied the peak 
compression pressure varies in the manner shown in 
Table 7. The pressure at the inlet port was monitored 
for these measurements and showed a cyclic pressure 
variation, which was small at 400 RPM and approached 
1 atm at 1800 RPM. In addition, changes in the intake 
air temperature change the speed of sound and the 
resonant frequency of the intake tube, and thus also 
the effective engine inlet pressure. Since the inlet 
pressure and temperature can be adjusted, any desired 
initial air condition can be obtained. Measurement of 
the cylinder pressure early in the compression stroke 
could be used to determine the initial air charge pres
sure. 

Engine Speed Peak Motoring Pressure 
RPM atm 

475 45.9 

900 55.9 

1270 50.4 

1800 46.0 

Table 7. Variation of peak motoring pressure with 
engine speed, with 1.8 m long intake pipe. Intake air 
at ambient temperature and 2.2 atm. 



A more graphic representation of the compression 
pressure loss due to leakage and heat transfer is given 
by a p-V diagram on a logarithmic scale. As mentioned, 
the losses are larger when the inlet air and engine 
block are heated, as this reduces the air density under 
compression, the leak rate remains the same, and the 
heat transfer increases. Figure 8 shows a log p - log V 
diagram for heated inlet air and heated block, for the 
motoring pressure and the pressure when firing with a 
coal-water slurry. Under conditions· of adiabatic 
compression, without heat loss or leakage, the 
compression and expansion processes on the p-V 
diagram are identical and coincide, so that there would 
be only one straight line where slope would be -y, the 
ratio of the specific heats, approximately equal to 1.37 
for these temperatures. As can be seen from Fig. 8, 
there is a large loss in pressure on the expansion 
stroke, with only one-half the. compression pressure at 
twice the minimum volume. Further, the compression 
process is not represented by a straight line, and the 
slope is much less than 7 = 1.37. This very large loss 
prevents any positive work from being generated by 
the engine, but fortunately does not affect the purpose 
of the present study, which is to determine the 
combustion characteristics of coal-water slurry fuel 
under diesel engine conditions. 

An injection pressure record when using coal
water slurry is shown in Fig. 9, with a peak pressure of 
approximately 300 atm. This was obtained using the 
modified Stanadyne pencil-type injector with a single 
orifice, 0.33 mm diameter by 0.6 mm long. In this 
record the engine (and cam box) were operated at 900 
RPM, the injector valve was adjusted to open at 200 
atm. and a 6 mm diameter pump plunger was used. 
The pump was operated at ma~mum displacement and 
injected approximately 50 mm of slurry. The constant 
positive pressure after injection is due to the oil 
trapped between the injector valve and the injection 
pump check valve. The injection period is approxi
mately 2.0 ms long, corresponding to 10 degrees of 
crank rotation. Similar pressure traces are obtained 
with pure diesel oil. 
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Figure 8. Pressure-Volume diagram, on logarithmic 
scale, for motoring and coal-slurry firing cases. 
Upper branch of curves is the compression process, 
the lower branches are the expansion processes. The 
lower of the two expansion processes is the motoring 
case. Engine inlet temperature and pressure were 
300°C and 2.0 atm, block temperature was 80°C, and 
injection began at 334° crank angle. -
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Figure 9. Injection pressure record for coal-water 
slurry, using the modified Stanadyne injector with a 
0.33 mm orifice, and adjusted for 200 atm injector 
valve opening pressure. 

Comparative examples of high speed flash shadow'
graphs for diesel oil and for coal-water slurry are 
shown in Fig. 10. These were taken with injection into 
air at 15 atm pressure and 23 C temperature. The 
spray patterns are not very symmetrical, most likely 
due to the location of the injector valve needle at the 
entrance to the orifice as well as to the somewhat 
irregular shape of the drilled injection orifice. 
Insufficient data were taken to determine the spray 
characteristics, such as spray tip velocity, spread. 
angle and mean droplet size; however, the spray pat
terns appear to be fairly similar for slurry and diesel 
oil. However, the atomization of the coal-water slurry 
is not as fine as for diesel oil. In addition to these data, 
both flash shadowgraphs and high speed cine shadow
graphs (at 5000 fps) have been made of sprays injected 
into atmospheric pressure air. 

3.3 Fuels 

The three slurry fuels used were supplied to us by 
the diesel engine group at the National Institute for 
Petroleum Research (NIPER), Bartlesville, OK. The coal 
was cleaned by the Otisca process (obtained .from 
Otisca Industries) and the slurries were prepared at 
NIPER. The properties of the coal and slurries are 
.~;tiven in Table 8; the data given were taken from Gurney 
(1984), and Clingenpeel (1984). The coal in these slur
ries would settle noticeably in a day or so, and they 
were kept in suspension by rolling the containe:r;s on a 
rock polishing roller. The diesel fuel used was a stan
dard No. 2 fuel with a cetane number of approximately 
40. . 

4. DIESEL ENGINE COMBUSTION MODEL {COMOD) 

To analyze the pressure records and obtain the 
amount of coal which had been burned, it is planned to 
use an existing diesel engine numerical combustion 
routine called COMOD. This numerical combustion pro
gram was developed at Trondheim and tested by com
parison with the Bergen (Norwegian) medium speed 
engine ('l'eluan, 1981). The main features include calcu-
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(a) XBB 846-4531 

(b) 
XBB 846-4530 

Figure 10. Flash photographs of diesel No. 2 spray (a), 
and coal-wa t er slurry injection spray {b), taken with 
modified Stanadyne injector with 0.33 mm orifice. 
The air pressur e and temperatu r e were 15 atm a nd 
23°C, and the peak injection pressure was 300 atm. 

lation of the wall heat transfer using the formulat ion 
due to Pflaum (1977) and a zone model of fuel spray for
mation, evaporation and combustion. The zone 
combustion model separately follows fuel spray pack
ets inj ec ted at 1 degree crank ang le intervals, using 
emp irical formulas for droplet size, droplet evapora
tion, mixing with air, ignition delay and combustion 
rate . 

This numerical combustion program has b een 
modified in an effort to accomplish two tasks (Sarsten 
1984) . The fir st, to obta in th e amount of coal burned in 
the engine, required adding the effects of a leak r a te 
and the piston crevice volume to the program. In addi-
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Coal Properties 

Type: Pittsburgh se am HVA Bituminous , 
cleaned by the Otisca Process 

Heating Value: 
Fixed Carbon: 
Volatile Carbon: 
Moisture : 
Ash: 

14,000 Btu/ lb 
56% 
41% 

2.7% 
0.7% 

Elemental Composition 

Carbon: 
Hydrogen: 
Oxygen: 
Nitrogen: 
Sulfur: 

80% 
5.9% 

10% 
2% 
0.6% 

Coal-Water Slurry 

Heating Value: 
Mean particle size: 
Solids: 
Additives: 

A-23 
Surfynol 485 
Ucon 50 
Water soluble lubricant 

6400 Btu/ lb 
5 microns 

46% 
5% 

Coal-Diesel Oil Slurry 

Mean particle size: 
Solids: 
Additives: 

A-23 
Surfynol 485 

5 microns 
40% 

1% 
2% 

Table 8. Properties of coal slurries u se d in engine 
combustion studies. 

tion, the existing spray routine was modified so as to 
predict the evaporation of the water in the slurry, and 
the combustion portion was changed so that a given 
input schedule would specify the amount of fuel to be 
burned. For the intended experimental analysis of t h e 
amount of combustion as a function of crank angle, 
this input schedule would be varied until agreement 
between the pre dicte d and measured pressu re record 
was obtained. In this rather indirect manner the 
combustion of the coal, as a function of crank angle, 
can be determined. Unfortunately, the testing and 
application of this modified program has not been com
pleted. 



To dale, this combustion model has been used in 
the analysis of the experimental results by 1) giving an 
estimate for the reduction of the peak ~as temperature 
under motoring conditions, and by 2) modelling the 
diesel oil combustion pressure record. To estimate the 
reduction of the peak gas temperature under motoring 
conditions, the parameters of the model were changed 
to correspond to the. lest engine. The effect of heal 
transfer on the motoring pressure and temperature is 
shown in Fig. 11 for conditions representative of test 
engine operation. These results indicate areduction of 
7.4% in temperature and 6.2% in pressure below the 
value for adiabatic compression. These calculations do 
not include the effect of leakage, which will reduce the 
pressure and temperature but will not affect the 
theoretical adiabatic relation between the pressure 

• and temperature. This relation states that 

T2 = T1(p2/P1) (b-1)111 • (1) 

where subscript 2 indicates the peak motoring value, 1 
indicates the effective charging value at the beginning 
of compression, and, for adiabatic compression, b is 
the ratio of specific heat at constant pressure and 
volume, c /c , commonly denoted by -y. For the real 
gas conditi'on~ of diesel compression, -yR11.37; this value 
predicts the adiabatic ·curves of Fig. 11. It is fairly 
common engineering approximation to account for the 
etl'ect"of heat transfer by reducing the value of bin Eq. 
(1) below the adiabatic value. The results with heat 
transfer shown in Fig. 7 are predicted by Eq. (1) with b 
= 1.34. It is assumed that the ·effect of air leakage, 
which reduces the motoring pressure, will not appreci
ably alter the temperature-pressure relation of Eq. (1), 
when using b = 1.34 to account for the heat transfer 
loss. 

A second planned use of the numerical engine 
model, which has not yet been· completed, is to predict 
the performance of a typical locomotive size engine 
with coal-water slurry fuel. For this 'purpose the 
present fuel evaporation model is used for the water 
evaporation, while the coal combustion was modelled 
following the work of Caton (19B3a). This is a relatively 
straight forward formulation, using an ignition heat 
release to simulate the volatile release and combus
tion, followed by a fairly standard diffusion combustion 
rate for the coal char particles>: 
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Figure 11. Calc:;ulated ~ompre.ssion pressure records." 
using COMOD, with and without heat transfer, for 900 
RPM, 16:1 compression ratio and ambient intake con-
ditions. ' 
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Figure 1~. F.-c:ssure records for motoring and firing 
with diesel No. 2 oil. Engine conditions: 900 RPM, 16: 1 
compression ratio, 180°C and 2.0 atm inlet air, 
ambient engine block temperature, start of injection 
at 35° btrlc. 

5. COMBUSTION RESULTS 

5.1 Diesel No. 2 
With unheated inlet air and engine block, the igni

tion and combustion of diesel oil was not reliable. The 
engine was operated with 16:1 geometrical compres
sion ratio. Due to variations in the leakage, different 
motoring compression pressures could be obtained. 
With a pressure ratio of about 30, ignition could be 
achieved, while a pressure ratio of 25, which was more 
typical, did not result in sufficiently high temperature 
for ignition. This is not surprisin& since Eg. (1) gives 
compression temperatures of 700 K and 670 K, respec
tively, for these pressures. Diesel fuel. ignition delay 
correlations, such as in Wolfer (1938), predict an igni
tion delay of 13 msec for T = 670°K, too long for igni
tion at 900 RPM engine speed. 

When the compression temperature was raised by 
heating the inlet air, reliable diesel oil ignition and 
combustion was obtained. An example of the pressure 
record is shown in Fig. 12 for an inlet pressure and 
temperature of 2.0 atm and of 1B0°C. This was an early 
measurement and an open orifice injector was used, 
with about 120 atm injection pressure. The combustion 
model COMOD was used to fit the measured pressure 
and thus give the rate and amount of fuel burned. The 
achieved fit is shown in the figure; to fit the motoring 
pressure, the heat transfer coefficient was artificially 
increased to account for the air leakage. Only 14 mg of 
fuel were required to burn, while about 50 mg was 
injected, according to the pump calibration made for 
injection into atmospheric pressure. The overall 
equivalence ratio (fuel injected/fuel required for 
stoichiometric combustion) for 50 mg of injected fuel 
is about 0.9. Considering the thin, rectangular 
combustion chamber with a single spray, probably less 
than half the air is available for combustion. Further, 
the spray striking the cold walls may not burn; thus, 
the relatively small fraction of fuel burned is .under
standable. 

Pressure records for diesel oil combustion were 
obtained at different inlet air temperatures and injec
tion timing, and one high speed movie of the combus
tion radiation was made. The ignition del~y. defined as 
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the lime from the beginning of injection to the begin
ning of a pressure increase from combustion, was 
determined and the results are shown in Fig. 13 as a 
function of the injection timing. The beginning of 
injection was taken to be the point where the injection 
pressure reached 200 alm pressure, and the beginning 
of combustion when the cylinder pressure reached 1 
alm above the motoring pressure (no fuel injected). In 
spite of considerable experimental scatter, the ignition 
delay increases with early injection, and is rather simi
lar for inlet air temperatures of 225°C and 325°C. With 
an inlet air lemperalu~e of 125°C a longer ignition 
delay, of about 3.5 msec, is obtained. For ambient inlet 
air temperature ignition does not occur, indicating an 
ignition delay greater than about . 5 msec. These 
results support the temperature ratio predicted by Eq. 
(1). for motored engine operation, as discussed later. 
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Figure 13. Ignition delay for diesel No. 2 as a function 
of injection liming, for different inlet air tempera-· 
lures. The engine block temperature was 23°C, inlet, 
pressure 2.0 atm. speed 900 RPM .. Ten degrees of 
crank angle is approximately 2.0 msec. 

The movie record of diesel oil combustion showed 
the beginning of luminosity occuring about six degrees 
crank angle later than the increase in cylinder pres
sure, with ignition beginning near. the injector orifice 
and rapidly filling the combustion. chamber. Visible 
radiation from the combustion continued late into the 
expansion stroke, more than 30° after top dead center. 
It appeared that this combustion was controlled by the 
relatively slow mixing of the fuel with the remaining air 
in the chamber. Radiation from the combustion could 
be seen in the crevice volume above the top piston seal, 
the result of leakage past the piston seals. 

5.2 Coal-Diesel Oil and Coal-Methanol Slurries 

Figure 14 shows ignition delay limes for these 
slurries, plotted as a function of injec'l:.ion timing. 
These data were taken with the same engine parame
ters as for the diesel oil data just described. The igni
tion delay for the oil slurry is the same as for straight 
diesel oil. within the experimental error. The methanol 
slurries have ·a longer ignition delay lime, consistent 
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with the lower cetane number for methanol. For the 
coal-oil slurry, the high speed movies show the begin
ning of luminosity occuring later than the pressure 
increase, as observed for straight diesel oil. On the 
other hand, for the coal-methanol slurry it appeared 
that the beginning of luminosity preceded the pressure 
increase by a few degrees of crank angle. · Late in the 
movies luminosity from individual coal particles can be 
seen. In summary, ignition for these slurries appears 
to be controlled by the liquid fuel. Coal particle 
combustion was initialed, but the amount of coal 
burned could not be determined in these preliminary 
tests. 

5.3 Coal-Water Slurry 

. Ignition of the coal-water slurries required heat
ing.of the engine block, in addition to healing the inlet 

· air to approximately 300°C. Healing the engine block 
reduces the cooling of the inlet air by heal transfer to 
the inlet passage in the head, the intake valve, and the 
cylinder walls, resulting in a higher effective charge air 
temperature at the beginning of the compression 
stroke. The heal transfer to the cylinder walls during 
the compression stroke is also reduced. The principal 
effect of heating the engine block is to increase the 
compressed air temperature in the cylinder available 
for ignition of the injected fuel. 

Figure 15 shows a series of four pressure traces at 
·different engine block temperatures, demonstrating 
.the effect of increasing compressed air temperature on 
the ignition and combustion of coal-water slurry. The 
block temperatures given were measured on the out
side of the head, close to the intake port. The block 
temperature was not uniform; later measurements 
taken with a thin-walled plug located in the cylinder 
wall, opposite to the injector, indicated about 30% lower 
temperatures. These data were taken with 300°C and 2 
alm inlet air temperature and pressure, 900 RP~ 16:1 
compression ratio, and injection beginning at 335 CA. 

Each trace in Fig. 15 shows the cylinder motoring 
pressure (without fuel injection) and the cylinder pres
sure with fuel injection. The following discussion is 
based on the differences in cylinder pressure with and 
without fuel injection. With an unhealed block, the 
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Figure 15.· Coal-water slurry combustion pressure traces for varying engine block heating.· 
Temperatures are an outside reading on the cylinder head; near'the intake port. Engine 
speed 900 RPM, compression ratio 16:1, inlet air temperature and pressure 310 C and 
2.0 atm, respectively, start of injection was at 334 deg (26 deg btdc). Traces show 
motoring pressure (no fuel injected) and firing pressure. 
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result of coal-water slurry injection is an initial small 
drop in pressure, followed by a recovery to the motor
ing pressure. The pressure drop is expected as a result 
of the evaporation of the water in the slurry; calcula
tions for 50 mg of slurry (25 mg of water) give a pres
sure drop of 1.2 atm. in agreement with the measure
ment . The pressure trace indicates a small amount of 
combustion which begins after a delay period· of about 
6 msec, and is then quenched by the rapidly decreasing 
temperature on the expansion stroke. This could be 
the combustion of the additives in the slurry, used to 
decrease the viscosity and help keep the coal in 
suspension (see Table 8), or it could be the combustion 
of volatiles released from the coal. 

With increasing temperature, the pressure 
decrease due to the evaporation of the water is not 
observed, and an increase in pressure due to combus
tion appears. The amount of combustion increases, 
and begins earlier, as the temperature ipcreases. The 
maximum pressure rise obtained, of about 10 atm, 
indicates significant combustion of the coal. The rate 
of pressure rise, after ignition of the slurry, is rela
tively slow compared to that observed with oil and 
methanol, indicating that the rapid, almost explosive 
initial combustion associated with diesel fuel does not 
occur with coal-water slurry fuel. 

Several frames from a movie of the combustion 
luminosity, taken at 1000 frames per second, are shown 
in Fig . 16. The film was overexposed from the combus
tion radiation; however, this did give better sensitivity 
to the ignition and final combustion stages. In these 
photographs the combustion region, at top dead 
cente!", is a thin rectangular volume 6 mm high by 89 
mm square. Ignition begins near the injector, about 8 
ms after the beginning of injection. and fully envelopes 
the entire spray in 3 frames, or 3 ms. This is compar
able to the time required for the injection process, a 
bit more than 2 ms in this case. In the last frame 
shown, taken 9 ms later, the combustion rate is 
decreasing during the expansion process and indivi
dual burning coal particles can be seen in the region 
near the injector. 

It is interesting to compare the progress of the 
spray envelope across the combustion chamber with 
the spread of combustion. Although shadowgraphs of 
the spray during combustion were not taken, other 
measurements of spray tip penetration under diesel 
engine conditions can be used. This assumes that the 
characteristics of the slurry spray are reasonably simi
lar to a liquid spray, which is confirmed by our spray 
measurements on these fuels. According to Arai et. al. 
(1984), the spray tip will be about 50 mm from the 
orifice, or about 2/3 of the way across the cylinder, 
when ignition occurs at 2 ms after the beginning of 
injection. At 5 ms, when the luminosity has filled the 
combustion volume. the spray should have just about 
traversed the entire cylinder. Thus it appears that, in 
this case, combustion of the coal has spread over the 
entire spray before it reaches the opposite wall of the 
cylinder. 

Additional measurements of coal-water slurry 
combustion made at different engine block tempera
tures are in good agreement with the results quoted 
above. Additional movies of the combustion luminosity 
also show similar features of ignition and spread of 
combustion. Approximately 50 runs with coal-water 
slurries, and 8 high speed movies, were made. 

The maximum pressure increase and ignition 
delay taken from the data shown in Fig . 15 are plotted 
as a function of engine head temperature in Fig. 17. 
These show the expected behavior with temperature; 
however, higher temperature may be necessary to 
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Frame 1 21° btdc 

Frame 2 17.5° btdc 

Frame 3 14° btdc 

Frame 9 
~· : ,;.; 

}'igure 16. Movie sequence of coal-water slurry 
combustion. Engine speed 600 RPM, inlet air at 2.0 
atm and 315°C, head temperature 110°C, injection 
start 35° btdc. Peak firing pressure 43.3 atm, peak 
motoring pressure 34.6 atm. injector at right. 

reach '?- minimum ignition delay and maximum gres
sure nse. The minimum ignition delay of 12 CA 
corresponds to 2.2 msec. Also shown on the figure, for 
comparison, is the delay time for the observed pres
sure decrease with the unheated engine; this is also 2.2 
msec. Another series of measurements, where the 
engine block temperature was measured using a ther
mocouple r_nounted in a plug inserted into the cylinder, 
opposite the injector, gave similar results. However, 
for the same amount of engine heating, a temperature 
of 80°C rather than 115°C was recorded, indicating 
that the top region of the cylinder walls are not as hot 
as the region of the head near the intake port. 

The variation of ignition delay and maximum pres
sure with injection timing are shown in Fig. 18. These 
data were taken at nearly the same engine conditions 
as in Figs. 15 and 17. The minimum ignition delay 
occurs with injection at 334 °, the value used for the 
data in Figs. 15 and 17, and corresponds to an ignition 
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Figure .17. Ignition delay and increase in pressure due 
to combustion, as a function of engine block tempera
ture, for coal-water slurry. Inlet temperature was 
nominally 300°C, inlet pressure 2.0 atm, speed 900 
RPM, and injection timing 334 deg. Dotted square is 
delay time for pressure drop due to evaporation of 
water. 
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Figure 18. Ignition delay and increase 'in pressure due 
to combustion, as a function of injection timing, for 
coal-water slurry; Inlet· temperature was nominally 
300°C, and engine block temperature was 80°C as 
measured on the inside of the cylinder wall. The inlet 
pressure was 2.0 atm. and the engine speed 900 RPM. 
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Figure 19. Times (in crank angle degrees) for the 
peak of pressure rise and luminosity, and for the end 
of luminosity; as a function of injection timing, for 
coal-water slurry. Engin'e conditions the same as for 
the data in Fig. 18. · ' ' · 

delay of 2.8 ms. Also shown is the ignition delay based 
on the beginning of luminosity as recorded on a series 
of movies, taken at 2500 frames per second. Except for 
the latest timing, the beginning of luminosity is 
delayed by about 1 msec after the beginning of a pres
sure increase due to combustion. The probable errors 
in the determination of the times appear to be less 
than 0.5 ms; however, ·other films taken· with. similar 
engine conditions show ignition delays based on lumi
nosity both greater and less than the delay based on 
pressure. 

The maximum pressure inqrease shown in Fig. 18 
appears to be independent of the injection timing; over 
the range shown. This is not the i.naxirrium pressure 
recorded, but the difference 'with tpe motoring pres
sure at the same crank angle position, arid should be 
roughly indicative of the amount of fuel burned. 
Apparently this is not a sensil:ive function of theinjec-
tion timing. ' 

. The. log p - log V .diagram for slurry combustion 
with injection tirping of 334°, is shown i.n Fig. 8. This is 
the same case' as used for Fig. 17. · The effect of 
combustion has been to give about 25% increase in 
pressure on the expansion stroke. 

In Fig. ·. 1~. the . time . for the peak of p~essure 
increase, peak of luminosity and end of luminosity are 
shown as a function· of injection timing, Jor. the same 
measurements as used for Fig. lB .. The peak of lumi
nosity was determined by visual examination of the 
film, and occurs slightly. later than the peak pressure 
increase. Taking into account. possible errors, there is 
general agreement between these times. The end of 
luminosity is an indication of the end Of combustion, 
and increases with later injection time as does the 
beginning and peak values. The total combustion time, 
as measured by the luminosity, is about 30°, or 5.6 ms. 
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6. ANALYSIS OF RESULTS 

6.1 Fraction of Coal Burned 

To estimate the amount of coal burned, an approx
imate analysis of the pressure increase due to combus
tion has been carried out. The basic idea was to deter
mine the amount of coal which, when burned, would 
raise the pressure by the experimental measured 
value, taken from Fig. 17 to be 10 atm. The model con
sists of burning the coal instantaneously, and applying 
corrections for heat trarl'!;fer and leakage. An unknown 
correction is the effect of combustion after peak pres
sure has been obtained; this may be more important 
for later injection timing. Unfortunately, a full numer
ical analysis of the combustion pressure increase, as 
described in Section 4, has not been carried out. 

It was assumed that the coal would burn 
stoichiometrically in a fraction f b of the air in the 
combustion region, expandinga in volume and 
compressing the remaining air to the higher pressure. 
The initial temperature was taken to be 700°C, and the 
temperature of the combustion products of coal ~nd 
air was calculated as given by Field et. al {1973), Appen
dix C. The coal properties given in Table B were used, 
the pressure was extrapolated to 50 atm, moisture con
tent was 10%, and 20% radiative heat heat loss was 
assumed. This resulted in a temperature of 2530°K for 
the combustion products. From injection calibrations, 
approximately 50 mg of coal-water slurry was injected 
into the engine, with 23 mg of coal, 25 mg of water and 
2 mg of the additives. At 50 atm pressure the water will 
reduce the pressure by 1.6 at. As discussed previously, 
estimates of the leakage for motoring indicate about 
30% reduction in pressure, so it was assumed that 30% 
of the pressure increase due to combustion would also 
be lost due to leakage. Thus the experimental pressure 
increase, after correction for the .effect of water eva
poration and leakage, is estimated to be 17 atm. 

The fraction of air burned ·can be shown to be 
given by 

Pa.. Pcam 
fa.IJ = (Pm - 1) (p,. -Pcam) 

(2) 

where Pm is the air density for motoring conditions, p,. 
is the air density after combustion, in the zone where 
no combustion occurs, and Pcam is the density of the 
combustion products. All densities are at top dead 
center of the firing cycle. Using the expression for adi
abatic compression, and the combustion temperature, 
we find that Pa.l Pm = 1.30 and Pcam I Pm = 0.463. From 
Eq. (2) we find that fab = 0.17 which, from the mass of 
air in the edgine, gives 10 mg of coal burned. Thus we 
estimate that 40% of the coal injected was burned, for 
the engine conditions of Fig. 17. Considering that this 
engine geometry and operating conditions are far from 
ideal for diesel combustion, we interpret this result as 
indicating that good combustion of coal-water slurries 
will not be difficult to achieve. For instance, when 
operating with diesel oil, only about 14 mg of the 50 mg 
of fuel injected was burned. In addition, the engine is 
very small, the mixing is poor, probably more than half 
of the spray impinges on the piston and head surfaces, 
and there has been no effort to optimize the engine 
conditions for coal combustion. In spite of these draw
backs, combustion of a substantial amount of the coal 
has been achieved. 
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6.2 Compression Temperature and Ignition Delay 

In order to apply the results on coal-water slurry 
ignition and combustion to diesel engine performance, 
it is necessary to know the temperature of the air in 
the engine at the time of fuel injection, near lop dead 
center. There is no direct measurement of this tem
perature; however. it can be approximately found by 
makiQg several assumptions, and the error in these 
assumptions can be estimated. For the data on ignition 
delay and pressure increase shown in Fig. 17, we calcu
late a peak compression temperature of 1000°K ± 
100°K for the maximum block temperature of 115°C, 
and 970 ± 100°K for a block temperature of B2°C. The 
basis" for these calculations is outlined in the following. 

The .compression temperature T2 is calculated by 
first finding the effective air temperature before 
compression, T 1. and multi~lying this by the compres
sion temperature ratio T2f T1. The value of the ratio 
T2IT1 is found from Eq. (1) as discussed in Section 4. 
Using the peak motoring pressure of 40 alm, and 
assuming that the charging pressure p 1 =2 alm (the 
engine inlet pressure), we find that the pressure ratio 
p 2 I p 1 = 20. Due to the flow resistance in the intake 
port, p 1 could be smaller; on the other hand, it could be 
larger due to the acoustic resonance effects in the 
intake line discussed in Section 3.2. The pressure drop 
due to flow resistance is estimated to be small because 
the operating speed of the engine is less than half the 
normal operating speed. The pressure change due to a 
resonant intake effect is also estimated to be small 
since, at 900 RPM. removal of the intake pipe did not 
appreciably change the peak compression pressure. 
Further, since the value of the exponent {b-1)lb = 0.25, 
a 10%

0
error in p 1 would _only result in a 2.5% error in T 2. 

or 25 K. · · 
Another approximation in Eq. (1) is the effect of 

heat transfer on compression. The value of b was 
chosen to fit the computation discussed in Section 4. 0. 
The result shown in Fig. 11 indicates a decrease in peak 
temperature of 60°K due to heat transfer; an error of 
50% in this correction would give only a 30°K error in 
T . The temperature ratio is taken to be 
~IT1 = 2.13 ± 0.1, using Eq. 1 with P2IP 1 = 20 and b = 
1.34. 

The effective temperature before the beginning of 
compression, T 1. is the most difficult to estimate. It 
must lie between the inlet air temperature T. and the 
engine block temperature Tb' and can be ex~Pessed by 
the relation 

(3) 

where f represents the fraction of heal lost in the 
entire intake process to the colder engine block. Heal 
is lost to the inlet passage, 25 mm diameter by 20 cro 
long, to the intake valve, and to the cylinder walls. 
Further, the initial air drawn into the engine has been 
stagnant in the inlet passage since the last induction 
cycle; this represents about 15% of the charge air. A 
very rough engineering estimate of the heal transfer in 
the inlet passage and intake valve during average inlet 
flow gives a contribution of about 0.4 for f. Considering 
the remaining additional contributions to f, we esti
mate that f = 0.5 ± 0.25. This value and the error mar
gins are discussed further in the following. 



The blor,k temperatll:re ~b is not unifor~; for the 
value of 115 C recorded m Ftg. 17 the head mlet pas
sage and valve temperature certainly were higher (air 
at about 300°C was used to heat the engine). On the 
other hand, the temperatures of the engine cylinder 
and piston crown were lower, with about 80°C recorded 
on the inside of the ~per cylinder wall. Thus a mean 
value for Tb of 100 C for the highest temperature 
reached is used. · 

Wit~ Tb = 100°C, T2 / T1 = 2. ~3 _and f =. 0.5 ± 0.25, 
Eq. (3) gtves T2 = 1000 ± 100°K. It 1s mterestmg to note 
that 100% error margin on f, that is, 0 < f < 1, gives 
±200°K error margin for T . The final compression 
temperatures and ignition ~elay times are given in 
Table 9. These values have been derived from prelim
inary experimental data, and have large error margins; 
it would be desirable to have more definitive results .. 
However, we believe that they enc;:ompass a correct 
value of the ignition delay relation under diesel ehgirie 
conditions for our coal-water slurry. 

The lower temperature and longer ignition. delay 
was included in Table 9 -to indicate th~ sensitivity of 
ignition to temperature. Even though the temperature 
error estimates includes both values, the differential 
error is much smaller and indicates a considerable 
increase in ignition delay and burning· rate for about 
30°C drop in temperatuz:e. . . 

Additional evidence for the reasonableness of ·the 
calculated compression temperature can be obtained 
from consideration of the diesel oil ignition results. 
According to Wolfer (1938), an ignition delay correla
tion for diesel oil is given by 

. 0.44 4650 
'T;.g = ( 12) exp (-T-), 
- 'J1 . . 

(4) 

where 'T;.g is in msec, p--in ~tm and T in °K. ' SeveraL 
,values calculated from Eq. (4) given in Tal;>le 10., · ' 

Without heating of the inlet air, ignition of diesel 
oil was only observed under conditions of minimal pis
~on_ ~eal leakage, for p 1 = 2 atm. an~-p_2(p 1 R:l3Q. ~he 
1gmtwn delay was about:·4 msec, wtth tgmtwn occurmg 
near to peak motoring pressure. The J;>redicted tem
perature from Eq. (J) i~ 700°K, and Eq. (4) predicts 2.5 
msec for the ignition delay, smaller but in .reasonable 
agreement. When the piston seal .leakage was larger" 
with p 2 /p 1 = 25, ignition was not observed. For this 
condition Eq. (1) gives 666°K and Eq. (4) gives 'T;g = 4.3 
msec, which is consistent with the lack of ignition since 
we are using peak values and this delay corresponds to 
23° of crank angle; When the inlet air is heated reliable 
ignition of diesel fuel is obtained. The injection was 
quite early in most of the <;lata af?.d the i§nition delay. 
limes are somewhat scattered. With 105 C inlet tem
perature, the data was consistent with an ignition delay.
of about 3 msec. For these conditions Eqns. _{3) and (1), 
with f = 0.5, . predict T2 = 735°K and Eq. (4) gives 
'T;.g = 3.0 msec, which is fortuitously good agreement. 

6.3 Comparison Wtth Other Results 
The early German ~ork showed that the ig,nition 

and combustion of dry_; -pulverized coal could be 
achieved in diesel engines of that time. This was not a 
major problem. The question, then, is how much more 
difficult is coal-water slurry to ignite than pulverized 
coal. 

Ignition and combustion of coal-water slurry has 
been reported in a Sulzer slow-speed engine, operating 
with the standard compression ratio and at about 35% 
load (Steiger,1981). Pilot injection of a small amount 
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Tb T2 'T;.g 
block temperature peak compression ignition delay, oc temperature, °K lo-s sec 
'' ; 

Data in Fig. 15 

115 1009 ± 100 -- 2.5 ± 0.5 
82 970 ± 100 4.0 ±0.5 

' 

Tabl~ ~· . Peak cal~ulated · compression temperature 
and tgmtion del?.y times for coal-water slurry combus
t~on. En~ne condi~ons: 40 atm peak pressure, injec
t19nat 28 btdc 300 C and 2.0 atm inlet air, 900 RPM. 

of diesel- oil was tequired. ' Additional· results are 
expected shortly. 

Combustion of a number of ~oal siurry'fu~ls in a 
small Caterpillar test engine has been reported by Gur
ney (1984) and Clingenpeel (1984). Satisfactory opera
tion was achieved with coal~oil, coal-methanol, and 
coal-methanol-water sh,1rries. The engine used a 
precombustion chamber, had a glow plug to assist the 
ignition, was equipped w:ith a separate injection system 
for pilot injection of diesel fuel, and had the standard 
compression ratio of 16.5:1. However, they were not 
able to obtain satisfactory ignition and combustion 
when using a coal-water siurry alone. · 

The ignition delay for. coal-wat.er slurry under 
diesel engine conditions has · been measured in a 
combustion bomb by Siebers (1984) at the Sandia 
Combustion Research Facility; Their results, which 
were obtained y.sing the s~me .coal-water slurry as in 
the present experiment, indicate somewhat longer 
ignition delay time for the beginning of a pressure rise 
than our results, but within the range of error. For 
instance their dat~ pre1}cts about 7 msec delay for a 

. gas temperature qf 1025 K and 40 atm pressure. There 
are a number of differences in the experiments such as 
injection, turbulence, pressure, chamber size and 
method of determining. the ignition delay which could 
account for· the difference in results. Their tempera
ture is more precisely determined than iwour ·experi
ments, and the difference .in ignition delay' can be 
accounted for by our range of uncertainty in tempera
ture. They measured a luminosity delay which was con
siderably shorter than -the~ beginning' of th¢ pressure 
rise due to combustion, which we did not find. Also 
they measured a drop in pressure, due ·to evaporatio~ 
of water, before the rise in pressure due to combustion. 
A_t the hig~er temperature. and stio~ter ignition delay 
times, we did not observe such· a drop in pressure. 

: 

T2 . -rig 
OK '1073 sec 

temperature ignition delay 
•:; 

.893 1.0 
788 2.0 
705 4.0 

1'able 10. Predicted ignition delays for different 
compression temperatures, for 40 atm pressure. 

, Taken from correlation of Wolfer ( ] 938). 
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7. IMPLICATIONS FOR COAL FUELED DIESEL ENGINE 
DEVELOPMENT 

These results show that ignition and combustion of. 
a coal-water slurry can be achieved in a direct 
injection diesel engine with the normal combustion 
chamber design.· However, higher temperatures will be 
required for coal-water slurry in order to obtain 
equivalent ignition delay times to that for diese1 No. 2 
fuel. Our data are con!;istent with a compression tem
perature of 1000°K :!: lOOC>K for 2-4 msec ignition delay 
for our coal~water slurry, at a pressure o.f 40 atm. 
Compared to diesel No. 2 fuel, an increase ih tempera
ture of 200°K :!: 100°K was required. 

It is not practical to reach a compression tem
perature of 1000°K with room temperature initial con
ditions. Some heating of the air before compression 
would be the simplest and most practical method of 
obtaining the required temperature. This appears con
sistent with the development trends in modern 
medium speed diesel engines where heavy turbocharg
ing and lower compression ratio has led to high specific 
power and improved efficiency. In these engines the 
turbocharger cooler only reduces the inlet air tem
perature to the range of 60-80°C, and the intake air is 
further preheated by the higher temperature combus
tion chamber surfaces before compression. In these 
engines, which are designed to operate satisfactorily at 
part load and idle, the combustion chamber ternpera
.ture and pressure at full l0ad are well above that 
necessary for satisfactory ign.tion delay of diesel fuel. 

Full load compression temperatures and pres
sures in the range of 1000°K and 60 atm are typical in 
modern medium speed engines. Thus it appears that 
satisfactory ignition of coalcwater slurry may be 
achieved at full load. in an unmodified (as far as 
combustion is concerned} medium speed engine. How
ever., satisfactory operation ·on a coal-slurry fuel may 
'require somewhat higher temperature, to·obtain good 
ignition and combustion. The increased te-mperature 
would be in the range of l00°C at the start of compres
sion. Higher inlet temperature would certainly be 
required for part load and idle operation, where both 
the compression pressure and temperature; are .consid-
erably reduced. · 

Increased intake air temperature· at part load 
operation would require additional engine ancillary 
equipment to provide a controllable inlet air tempera
ture, but should not reduce the specific power or 
.efficiency at full load. Increased temperature at full 
load would, for the sam.e maximum firing pressure, 
reduce the speci~c power through reduced volumetric 
efficiency. Roughly, a 100°C increase in temperature 
at the start of compression would reduce the intake air 
mass by about 28%, with a corresponding reduction in 
specific power output. This intake air temperature 
increase at peak power would, however,. give about 
230°C increase in peak power compression tempera
ture, which seems to be well beyond any increase 
necessary to ignite a coal-water slurry. 

The use of heat insulating ceramic materials for 
the combustion chamber surfaces would also give 
increased compression temperature, without as much 
of a decrease- in volumetric efficiency as associa:tec' 
with direct heating of the intake air. Such heat insulat
ing combustion chamber surfaces are presently being 
developed for the beneficial effects they would have for 
oil burning diesel engines, and should be incorporate(: 
into the development of a coal fueled engine. 
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8. RECOMMENDATIONS FOR COAL-FUELED DIESEL 
ENGINE DEVELOPMENT 

This work, taken together with the recent meas
urements carried out at Sandia (Siebers, 1984), demon
strate that the ignition of coal-water slurry fuel in a 
diesel engine can be achieved in a practically satisfac
tory manner. ·However, these results need to be 
confirmed in more detail and with greater precision, 
and the behavior of different fuel characteristics needs 
to be explored. Further, the rate of combustion, the 
possible agglomeration of coal particles during 
combustion to form larger particles, and the degree of 
burnout achievable for larger particles, needs to be 
investigated. In order to carry out more definitive 
measurements an engine comparable in size to the 
intended locomotive application is desirable, due to 
heat transfer and other scale effects. Wear resistant 
~ncillary equipment would need to be developed to 
obtain satisfactory continuous operation of such an 
engine on co_al slurry fuel. resulting in an expensive 
and time-consuming experiment. As an alternative, 
single cycle operation of a motored one-cylinder 
engine, as was done in this study, would be an efficient 
way to obtain the important combustion data. 

Single cycle operation of a one-cylinder, highly 
instrumented test engine could simulate all the impor
tant features of full scale engine operation and give the 
data necessary for injection and combustion chamber 
design, and for the combustion aspects of fuel 
specification. Combustion chamber surface tempera
ture, inlet air temperature and pressure, and injection 
spray characteristics, to mention a few variables, could 
be readily varied to determine engine operating 
characteristics over a wide range of possible parame
ters. 

.The determination of the injection spray charac
teristics for coal-water slurry fuels is quite important 
and should be carried out in separate experiments. 
Both high speed photography and sampling techniques 
can be used in measurements carried out at elevated 
pressures. 

The greatest technical hurdles to be overcome for 
a practical coal fueled d~esel engine will be in the area 
of materials wear. Achieving acceptable wear rates for 
the piston ring and cylinder liner surfaces will prob
ably be the most difficult problem. Innovative prelim
inary investigation of the wear phenomena associated 
with possible designs would be most valuable for 
assessing the magnitude of the problems. 

SUMMARY AND CONCLUSIONS 

Based primarily on previous work on coal-fueled 
diesel engines, arguments are presented that such 
engines, of railroad locomotive size and larger, are 
technically feasible. Such engines could efficiently use 
U.S. coal reserves at a fuel price that is a fraction of 
that for oil. Further, there is considerable interest 
from the railroad industry in returning to coal as a 
fuel. A research and development effort to obtain the 
data necessary to evaluate the technical feasibility of 
coal-fueled· diesel engines appear justified. 

The principal technical problem areas for a coal
fueled diesel engine design are 1) the combustion of 
the fuel. and 2) the engine wear. In this paper, prelim
.inary data on burning coal-water slurry fuel in a small, 
.:...ingle-cycie direct injection research engine with tran
'..>arent cylinder walls is presented. These data indi

. ..tte that reasonably satisfactory combustion of the 
:.;lurry can be achieved at compression temperatures 



that are somewhat higher than required for diesel oil. 
In these experiments no combustion-assisting tech
niques, such as pilot injection, a pre-cm:nbustion 
chamber or a glow-plug were used, and the hot gas in 
the cylinder was sufficient to evaporate the water and 
initiate the coal combustion. The cylinder gas tem
petature required was estimated to be in the range e;f· 
1000 ± 100°K. 
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