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Perspectives of applying of water-coal emulsion in heavy duty 

stationary diesel engines 

 
Large deposits of coal and lignite in the world enable to utilize as fuel in different thermal machines, espe-

cially in internal combustion engines. A carbon powder containing small molecules about 5–10 micrometers 

dissolved in water is good fuel for applying in large capacity engines in electrical plants. Aqueous emulsion of 

coal has possibility of good cooling of injectors cooling and has also good lubricity. The paper gives necessary 

information about obtaining of water-coal emulsion, its physical properties and technical realization of fuelling 

system. Initial experimental tests indicate a higher thermal efficiency of engine fuelled by water coal emulsion 

than engine fuelled by diesel oil and also gas turbine driven by gas from coal gasification technology. The in-

creased emission of CO2 can be reduced in the plants simply by chemical reduction. The paper explains thermo-

chemical processes taking place in the engines during combustion process. The work parameters results ob-

tained from calculations were compared with those obtained from CI engine fuelled by diesel oil. The paper is a 

certain challenge for finding a new fuel sources as a competition for crude oil and allows to get acquainted with 

new engine fuelling technology. 
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Perspektywy zastosowania emulsji węglowo-wodnej w wyskoobciążonych stacjonarnych 

silnikach o zapłonie samoczynnym 
 

Duże pokłady węgla kamiennego i brunatnego na świecie umożliwiają wykorzystanie jako paliwa w 

rozlicznych maszynach cieplnych, szczególnie w tłokowych silnikach spalinowych. Sproszkowany wegiel 

zawierający małe drobiny około 5–10 mikrometrów rozpuszczony w wodzie jest dobrym paliwem do 

zastosowania w silnikach Diesla o dużej pojemności w elektrowniach. Wodny roztwór węgla umożliwia dobre 

chłodzenie wtryskiwacza oraz wykazuje również dobrą smarność. Artykuł podaje niezbędne informacje o 

otrzymywaniu emulsji węglowo-wodnej, podaje jej właściwości fizyczne oraz techniczną realizację takiego 

systemu zasilania. Wstępne badania doświadczalne wykazały większą sprawność cieplną silników zasilanych 

taką emulsją niż silniki zasilane olejem napędowym oraz turbin gazowych zasilanych produktami zgazowywania 

wegla. Większa emisja CO2 może być zredukowana w elektrowniach przez chemiczną redukcję albo 

sekwestrację. Artykuł wyjaśnia procesy termochemiczne występujące w procesie spalania takich silników. 

Parametry robocze silnika zasilanego emulsją węglowo-wodną otrzymane z symulacji zostały porównane z 

parametrami silnika zasilanego olejem napędowym. Artykuł jest próbą znalezienia nowego źródła paliwa jako 

konkurenta w stosunku do ropy nafowej i pozwala zaznajomić się nową techniką zasilania silnika spalinowego.  

Słowa kluczowe: transport, silnik Diesla, zasilanie, emulsja węglowo-wodna, spalanie   

 

1. Introduction 

In order to decrease the dependence of numer-

ous countries on petroleum, many works have been 

done on heavy duty diesel engines fuelled by coal 

or water-coal emulsion. The engines are designated 

for production of electricity working at lower rota-

tional speed (below 1000 rpm). The works done by 

General Electric on two cylinder test engine fuelled 

by micronized coal-water-slurry (CWS) with very 

small diameter of pulverized coal (d<5 μm) was 

very successful, but the engine required a new in-

jection system. An application of such engines is 

possible when a good fuel atomization with good 

penetration of coal molecules will be assured. The 

process should enable repeatability and durability 

of engine parts particularly of injectors. Many prob-

lems appear with applying of CWS concerning 

exploitation and wear of the engine parts. Due to 

predominant of coal atoms in the fuel such engines 

emit also higher amount of carbon dioxide to at-

mosphere in comparison to engines working on 

diesel oil at the same power. The main benefits is 

cheaper fuel and high enough caloric value of coal 

in comparison to gaseous fuels or alcohols. Coal 

occurring in large quantity in the world enables 

delivering of energy for centuries. For that reason 

research works should be done for preparation such 

engines working with coal-liquid emulsions and 

applying them in future. Several industrial applica-

tions were done in Australia at CSIRO [2, 7]. Also 

many research and theoretical studies were done 

with diesel engine fuelled directly by coal or by 

coal-water mixture [3, 4, 5]. Combustion process of 

CWS was considered by Mochalov et al [6] and 

Redkina et al [8]. The First stage of early work with 

coal fuel was led by Diesel and then by his co-

worker Pawlikowski [11], with engines running for 
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many years on dry solid fuels (dust firing) ranging 

from lignite to coke. A big study on fuelling of 

diesel engines with coal fuels was done by Wilson 

[2] and team for U.S. Department of Energy Na-

tional Energy Technology Laboratory  

2. Combustion of coal-water slurry 

Combustion of coal in piston engines differs 

from that in the boilers. The injected pulverized 

coal with water forms a mixture flowing into the 

cylinder through the injector nozzles. The nozzles 

should have higher diameter than for diesel oil. For 

that reason usually the DICEengines have higher 

cylinder capacity. The injection of the mixture 

occurs at high temperature of the compressed air. 

When a CWS drop gets in a hot combustion 

chamber there is immediate warm-up of the drop 

surface and water evaporation from the drop sur-

face. Inside the drop there is gradual warming and 

as the temperature is increasing the moisture evapo-

rates from the interior of the drop [6]. The process 

of water evaporation can be described by the fol-

lowing equation: 

H2O = {H2O}   (1) 

At high temperature, which still increases there is 

the process of thermal destruction (pyrolysis) of 

organic matter on the surface of CWS drop, accom-

panied by release of volatile substances. The mole-

cules of coal quickly are destroyed and go into 

volatile as CO, CO2, CH4, H2 and N2, because bi-

tuminous coal and lignite contain those substances. 

The following equations describe the release of 

volatile substances: 

CO + 0.5 O2 = CO2    (2) 

CH4 + 2 O2 = CO2 + 2 H2O  (3) 

H2 + 0.5 O2 = H2O    (4) 

Combustion of coal molecules in existence of water 

occurs in another way due to heat evaporation of 

water, which decreases gas temperature. Coal un-

dergoes the gasification process and direct oxida-

tion. The processes can be written as follows: 

C + 0.5 O2 = CO     (5) 

C + H2O = CO + H2    (6) 

C + O2 = CO2     (7) 

Combustion of surfaces of coal molecules takes 

place together with water evaporation. 

3. Preparation of coal-water fuel 

The present requirement for DICE is to pro-

duce pulverized carbon with <2% mineral ash and 

this specification is mostly based on targets used by 

the US DOE. As this is 10 times the ash content of 

normal fuel oil, company MAN would prefer 1% 

ash, but this requirement was largely driven by the 

desire to undertake engine trials with the absolute 

minimum of engine modifications. MRC can be 

produced from black coal by a range of commercial 

processes, all well known to the coal industry.  

One suitable process is by micronising fol-

lowed by flotation. The actual process configura-

tion will depend on the properties of the feed coal, 

and how the MRC process is integrated into the 

value chain. When tailings are used as the feed, the 

MRC process would be undertaken in 2 or more 

stages to minimize micronising ash. The process of 

obtaining of CWS is presented in Fig. 1 proposed 

by Japan Coal Fuel (JCF). 

 

 

Fig. 1. Adapted JCF Process from Ueno demon-

strated at APEC Clean Fossil Energy Seminar, 

Fukuoka 2010 [7] 

Coal technology enables to obtain different sort of 

fuel together with synthetic gasoline and diesel oil. 

Today many research works are concerned to ap-

plying of coal as a source of fuels in energetic and 

transport sectors. Figure 2 presents coal chemical 

processes in Japan  

 

Fig. 2. Coal chemical processes in Japan [10] 

4. Diesel engines in energetic sectors 

Nowadays heavy duty diesel engines can be 

applied in energetic sector for different tasks. A co-

generation system is one of most promising pro-

cess, where a system using a common energy 

source to produce both electricity and thermal ener-

gy for other uses, characterizes in increased fuel 

efficiency. Co-generation systems are roughly di-

vided into two types. One is a type that powers a 

diesel engine, gas engine, gas turbine, or other 

motor to generate power while recovering the waste 

heat from the motor as hot water or steam through a 

thermal exchange at a boiler. A typical co-

generation system with diesel engine fuelled by 

coal-water fuel is shown in Fig. 3. The main eco-

logical problem of engine with direct CWS injec-
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tion is higher emission of CO2 than conventional 

diesel engines. 

 

Fig. 3. Overview of a typical diesel/gas co-

generation system [10] 

Figure 4 presents possibility of applying of differ-

ent sort driving systems in dependence of power 

and their influence on green gas emission (GGE). 

Nowadays the DICE are proposed in the range of 

power 0 – 200 MW. Engines with high power work 

at lower rotational speed. Their CO2 emission is 

lower than for the system IGCC (integrated gasifi-

cation combined cycle). 

 

Fig. 4. Application of coal technologies in different 

thermal machines 

5. Fuel injection system 

In CSIRO a novel injection system has been 

developed for brown coal pastes involving ultra-

efficient blast atomisation. This system promises to 

reduce wear of atomiser nozzle by at least an order 

of magnitude, and allow the use of higher solids 

(i.e. more viscousand paste) like brown coal MRC. 

Example jets of viscous brown coal MRC paste 

both without and with blast atomisation (at 10 MPa 

test chamber pressure) are shown in Fig. 5. 

 

Fig. 5. Air blast atomization of highly viscous 

brown coal (2000 MPa) MRC at 7 MPa chamber 

pressure (left without blast, right with) 

Because of solid fuel and friction the holes of injec-

tor are destroyed. Therefore the researchers are 

looking for a new injection system for CWS. One 

of the proposed systems is given by Wilson [2] and 

repeated by Rao [9] shown in Fig. 7. Since the coal-

water fuel consists of hard particles that would 

cause erosion and seizure in any close-tolerance 

moving parts such as these, a novel approach was 

necessary to create similar injection events with 

coal-water fuel. The technology included a shuttle 

piston operating on “harmless” diesel fuel which 

produced the dynamic volumetric displacement 

events required to inject the CWF. The use of a 

shuttle enabled to operate the diesel pump indirect-

ly. 

 

Fig. 6. General Layout of CWF Injection System 

with shuttle piston [2][9] 

The injector tips should be very hard and simple. 

Figure 7 presents two types of the injector tips 

proposed by TIAX LLC [2]. For that reason a ce-

ramic tip (on left side) enables simplicity and long-

er work than the tip shown on right side with sever-

al additional parts.  

   

Fig. 7. Monolithic ceramic button injector tip (on 

left) and encapsulated sapphire type injector tip (on 

right) [2] 

6. Design requirements of DICE 

During last century and nowadays many en-

gines fuelled by coal was tested, however none of 

them has been work for a long period. Mastery of 

the combustion process and part wearing (injector, 

cylinder liner, CWS fuel pump and valves) are the 

general problems staying before researchers. Sever-

al disadvantages were overcome by applying of 

modern technologies. Australian company CSIRO 

has built up the modern diesel engine with direct 

746



 

 
 

 

        

 

injection of coal water slurry fuel shown in Fig. 8 

with some assemblies decreasing engine wear and 

better fuel injection. 

1

2

3

4

5

 

Fig. 8. Adaptation of MC-type engines [7]: 1- dou-

ble pump volume/twin pumps with seal oil protect-

ed shuttles/plungers, 2 - diamond compact fuel 

valve tips and carbide valve seats, 3 - armoured 

liner and ring pack (coarse carbide embedded 

sprayed matrix), 4- de-gritting and ash removal 

from exhaust, 5 - low BN cylinder oil, with grunge 

oil removal/filtration 

American company TIAX LLC tested two cylinder 

engine with direct coal-water fuel (CWF) and pre-

sented many results of their work. In respect to 

injection system very important is injection timing. 

Figure 9 shows the period of CWF injection at 

maximum pressure 75 MPa and at 17% of engine 

load. The engine was equipped with two injectors 

(main and pilot). The main injection of CWS begins 

at 340 deg CA and finished at 376 deg CA. 

 

Fig. 9. Injection pressure trace for CWF in test 

engine [2] 

Combustion of CWS is like in conventional diesel 

engine. Experimental work done on the test engine 

Bessemer LSVB-20 enabled to obtain heat release 

during combustion process (Fig.10). The fuel deliv-

ered by the main injector gave 87600 J and by pilot 

injector 10200 J. Combustion period lasted to 430 

deg CA, so the whole cycle lasted 90 deg CA. The 

engine operated at 400 rpm has indicated power 6 

MW with total efficiency 48%. 

 

Fig. 10. CWF two cylinder test engine, 17% Load, 

1.272 bar BMEP, 1.08 kg/kWh of bsfc for one 

cylinder percent consumed energy release for ten 

consecutive cycles [2] 

The following requirements are defined for DICEn-

gines [7]: 

- extension of life of the injection valves. Valves for 

gas engines initially had a service life of only 1-

2,000 hours (around 2005). After several years of 

development these valves now achieve over 

16,000 hours.  

- increasing of lifetime of the atomiser nozzles for 

coal water minimum 10,000 hours - current GE 

designs last over 1,200 hours. 

- increasing of lifetime of the injector tip – within a 

few years this life had been extended to over 

2,000 hours. 

- stainless steel fuel system 

- dual fuel – starting and optional pilot injection 

with lighter fuel/gas  

- injection profile for optimal efficiency 

DICE is a good option for gas and steam turbine: 

1. Step-change reduction in carbon emissions for 

electricity generation 

− 50% reduction versus current brown coal 

− 35% reduction versus current black coal 

2. Commercially superior to other fossil and renew-

able alternatives 

3. Excellent match for electricity grid with/without 

high renewable penetration now and in the future 

4. Able to further reduce carbon footprint by man-

aging:  

– fuel inputs (use of renewable carbon such as 

bio-char) 

– carbon emissions (use of capture with 30-

40% cost abatement advantage) 
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7. Simulation of coal-water slurry  

combustion in diesel engine 

Direct injection of coal-water slurry in CFD is 

defined as multiphase flow, because there is one 

gaseous phase consisting with many simple gases 

such as oxygen, nitrogen, carbon dioxide and water 

vapours. On the other hand the injection of mi-

cronized refine coal as a solid fuel (second phase) 

and water in the liquid form (third phase) deter-

mines evaporation of water, diffusion and volati-

lization of coal. Interaction between three phases 

can be solved by CFD computer program with 

taking into account dynamic motion of the piston 

(dynamic meshing). The author applied Ansys-

Fluent program [12] for determination of thermo-

dynamic parameters of the diesel engine with direct 

coal-water slurry (CWS) with simple geometry of 

engine. Main engine parameters are given in Table 

1. 

Table 1. Main geometrical parameters 

Parameter Value 

Cylinder diameter 79.5 mm 

Stroke 94.2 mm 

Compression ratio 15.5 

Engine rotational speed 1000 rpm 

The mesh of engine model contains 85920 

hexahedral cells at BDC. The amount of cells de-

creases during piston motion by applying of layer-

ing method in dynamic mesh option. Simulation of 

injection and combustion processes in naturally 

aspirated DICE engine with vertical and central 

position of the injector was carried out at following 

assumptions: 

- start of injection CWS – 330 deg CA 

- duration of injection  – 30 deg CA 

- amount of injector nozzles – 4 

- coal mass rate in each nozzle – 0.007 kg/s 

- water mass rate in each nozzle – 0.005 kg/s  

- diameter of pulverized coal – 5 μm. 

Heat exchange between gas and cylinder walls was 

modelled by assumption of walls temperature. 

Combustion process of coal takes place when it is a 

volatile form and kinetic chemical reaction has the 

following form: 

Cvol + O2 -> CO2    (8) 

The precise combustion model will be published in 

future. Gasification process of coal occurs in high 

temperature (endothermic reaction between coal 

and water). For simplicity formation of nitrogen 

oxides was not taken into account. 

8. Results of simulation 

Coal injection parameters determine an excess 

air ration in the cylinder. During injection process 

the coal molecules transfer into volatile form due to 

high temperature and small diameter. Technical 

problems of CWS were not considered (flow 

through the nozzles).  

Engine work is assesses on the base of pressure 

course in the cylinder. In DICE engine at assumed 

injection parameters maximum of pressure reaches 

value 120 bars at 7 deg CA ATDC (Fig. 11). Such 

high pressure induces also a high mean indicated 

pressure. Simulation of engine work was carried out 

at air excess ratio λ=1.5. 

 

Fig. 11. Simulated cylinder pressure [bar] in DICE 

engine 

Temperature inside the cylinder is not so high in 

comparison to engine fuelled by diesel oil. Figure 

12 shows course of mean temperature during com-

pression combustion and expansion processes. The 

initial period of coal combustion characterizes fluc-

tuation of temperature due to coal volatilization and 

water evaporation, which decreases temperature. 

Highest mean temperature reaches value 1500 K at 

12 deg CA ATDC. 

 
Fig. 12. Simulated cylinder temperature in DICE 

engine 

Observation of temperature in the cylinder space 

gives information where the combustion process 

begins. Initial flame is observed in the coal-water 

jet as in diesel engine. Contours of temperature in 

central cross area at 348 deg CA are shown in Fig. 

13, wherein 360 deg CA corresponds to TDC. At 

this moment maximum of temperature amounts 

1600 K, but outside of the flame amounts only 800 

K. 
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The next figure (Fig. 14) presents a distribution of 

charge temperature at 500 deg CA. The central core 

of the charge has highest temperature, but in the 

bottom (near piston crown) temperature has value 

almost the same as walls temperature. 

 
Fig. 13. Contours of temperature in cylinder at 348 

deg CA 

 
Fig. 14. Contours of temperature at 500 deg CA 

Formation of carbon dioxide is a result of combus-

tion process. It corresponds to higher temperature in 

such regions. Initial formation and distribution of 

CO2 is shown in Fig. 15, where in the water-fuel jet 

the combustion process begins. After full combus-

tion of coal molecules whole space is filled with 

CO2 and nitrogen. Contours of CO2 in the cylinder 

at 500 deg CA are shown in Fig. 16. Distribution of 

CO2 can be compared with distribution of tempera-

ture (see Fig. 13) 

 

Fig. 15. Contours of CO2 at 348 deg CA 

 

Fig. 16. Contours of CO2 at 500 deg CA 

The model has not taken into account gasification 

process, therefore all liquid water is in gaseous 

form. After CWS injection and combustion pro-

cesses water vapours constitute a big mass ratio of 

the combustion gases. Contours of water vapours 

mass ratio at 398 deg CA are shown in Fig. 17, 

where almost whole space is filled homogeneously 

with this component. Water vapours constitute 

almost 17% of whole mass of the charge. 

After combustion process distribution of water 

vapours changes. Figure 18 shows contours of wa-

ter vapours at 500 deg CA with higher concentra-

tion near the cylinder head and the piston bowl. 

 

Fig. 17. Contours of water vapours mass ratio at 

398 deg CA 

Formation of CO2 is contrary to disappearance of 

oxygen. Contours of oxygen mass ratio for initial 

period of combustion process at 348 deg CA are 

shown in Fig.  The initial mass ratio in the cylinder 

was assumed as 0.23. After combustion process a 

highest amount of oxygen is near the piston crown 

as is shown in Fig. at 500 deg CA. The cylinder 

contains a big amount of oxygen due to high value 

of air excess coefficient, but in the piston bowl 

almost whole oxygen was consumed during com-

bustion process. 
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Fig. 18. Distribution of water vapours mass ratio at 

500 deg CA 

 

Fig. 19. Contours of oxygen mass ratio at 348 deg 

CA 

 
Fig. 20. Contours of oxygen mass ratio at 500 deg 

CA 

Coal water slurry injection causes an increase of 

gas velocity in the core of fuel jet. Gas velocity 

reaches value almost 50 m/s at 348 deg CA as 

shown in Fig. 21 Near walls gas velocity reaches 

smaller values. 

 
Fig. 21. Mean gas velocity [m/s] at 348 deg CA 

The kinetic rate of CWS at the beginning of com-

bustion process is shown in Fig. 22 at 338 deg CA. 

The rate is not so high but it is almost symmetrical. 

 

Fig. 22. Kinetic rate of coal slurry combustion pro-

cess [kmol/(m
3
 s)] at 338 deg CA 

The results of simulation enable to assess physical 

and chemical processes taking place in direct injec-

tion of coal engine. Simulation results of injection 

and combustion processes are one of the first pub-

lished in literature. Therefore they give information 

what to do in order to optimize engine work. 

9. Conclusions 

Review of till now designed engine with direct 

coal-water slurry injection system and own input in 

a form of simulation results give certain remarks: 

1. Heavy duty diesel engines with MRC (CWS) 

injection system are designated for energetic 

plants. They enable efficient work with total 

efficiency near 48%. 

2. Combustion of coal takes place together with 

water evaporation and at high temperature a 

gasification process is observed. 

3. Combustion of CWS in diesel engine is more 

efficient and ecologic (lower GGE) than for 

other energetic thermal machines (steam and 

gas turbine). 

4. In the era of future fuel crisis replacement of 

diesel oil by coal fuel is a promising solution 

due to large coal in the world. 
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5. MRC method of coal processing required a 

financial support and new technology. 

6. The CWS diesel engine should be equipped 

with new resistive on corrosion and friction 

injection system and valve system.  

7. Fuel injection process should be optimized in 

respect to exclude a penetration of coal mol-

ecules into cylinder sleeve. 

8. Combustion process begins in the fuel jet 

shortly after beginning of fuel injection. Pro-

portion of carbon mass to liquid water mass 

should be higher as possible but enough for 

lubrication of injector. 

 

Nomenclature/Skróty i oznaczenia 

DICE Direct Injection Carbon Engine/Silnik z 

bezpośrednim wtryskiem węgla 

CWS Coal Water Slurry/wodna zwiesina węgla 

CWF Coal Water Fuel/paliwo węglowo-wodne 

CA Crank Angle/kąt obrotu wykorbienia 

MRC Micronised Refined Carbon/mikro-

rafinowany węgiel 

CCS Carbon Capture and Storage / 

wychwytywanie i magazynowanie węgla 

CSIRO Commonwealth Scientific and Industrial 

Research Organisation/Wspólnotowa Organ-

izacja Naukowo-Przemysłowo-Badawcza (w 

Australii) 

JCF Japan Coal Fuel/ japońskie paliwo z węgla 

BMEP brutto mean effective pressure/średnie 

cisnienie efektywne 

bsfc brutto specific fuel consumption 

/jednostkowe zużycie paliwa 

CCGT -combined cycle gas turbine/ kombinowany 

cykl pracy turbiny gazowej 

DCFC Direct Carbon Fuel Cells/węglowe ogniwo 

paliwowe 

US DOE United States Department of Energy/ 

Departament Energii Stanów Zjednoczonych 
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