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I. INTRODUCTION 

A very large portion of the domestic energy resources of the United States occur 

in nature as solid materials, such as coal and various biomass and waste materials. 

Development of modern transportation systems, however, have been dependent on 

supplie~s of liquid fuels tailored to meet the specific needs of a variety of heat engine 

systems. This dependence on liquid fuels has, of course, resulted from the convenience 

of plentiful su.pplies of petroleum. Because petroleum is a mixture of hydrocarbon 

liquids it can be easily recovered from nature, transported, and converted to liquid 

fuels. 

The shortages of petroleum which have occurred over the past 10 years have 

strengthened, at least within the technical community, the realization that the world 

petroleum reserves are very limited. As a result of this realization, a great deal of 

work has been devoted to the development of fuels from other natural resources 

includIng those mentioned previously plus oil shale and tar sands. A vast majority of 

this work has involved the development of liquid fuels which are very similar to those 

produced from petroleum. In some cases, such as the oil shale and the tar sands, the 

liquefaction is a natural step in the processing of the raw material. In other cases, the 

processing to liquid fuels may not be the most efficient way to utilize the raw 

materials. It appears that the most efficient use of coal would involve direct 

utilization in some form of in situ combustion process to produce thermal energy. The 

opposite extreme appears to be the synthesis of hydrocarbon liquids which resemble 

gasoline and/or distillate fuels. Obviously, the direct application of coal to self

contained transportation systems requires, as a minimum? the removal of the coal 

from the earth. Additional processing could involve washing, grinding, ash removal, 

and sulfur removal. The types and the degree of processing depend on the application 

and the time frame of interest. For instance, dry-powder coal has and can be used as 

a fuel for such Rankine cycle applications as railroad and waterway transportation 

systems. A similar application to highway transporta. tion is difficult to envision 

because of the volume requirements of the fuel handling and heat transfer equipment 

used in the Rankine systems. 

Direct utilization of dry-powder coal in internal combustion engines has 

historically been of interest to engine deSigners and researchers. The earliest 

recorded attempt at the design of a solid fuel engine was in 1780.(1)* Dr. Rudolf 

*Numbers in parentheses designate entries in the reference list. 



Diesel was most probably the first researcher to actually attempt the operation of an 

internal combustion engine on coal powder. Pavolikowski(2) and Morrison(3) both 

published articl~s describing their work with the German "Rupa" engine; a slow speed 

engine designed to operate on coal dust. Soehngen(4) presented an excellent review of 

the German work done on the development of a coal dust diesel engine. The 

conclusiol)s drawn from the review indicate that high-speed coal dust engines are 

possible. A similar review of the literature by Rich and Walker(1) resulted in the 

development of a low-compression ratio coal dust diesel engine which used a pilot 

injection of diesel fuel and fumigation of the coal into the intake air. The test results 

were less than satisfactory due to coal delivery problems and what appeared to be the 

relatively large size of the coal particles (large percentages in excess of 200 mesh). 

In 1978, the U.S. Department of Energy initiated a program at Southwest 

Research Institute to investigate the potentials of minimally processed and hybrid 

fuels for highway transportation'<5) As a part of that work, a variety of solid 

materials were considered, first, for direct application, and then as components in 

slurries. Early in the project it was realized that the direct utilization of any solid in 

highway transportation systems (high-speed diesel engines) would require major 

hardware development efforts in three areas: 

1. Fuel preparation and on-board handllng systems; 

2. Fuel metering and injection systems; and 

3. Pistons/combustion chambers/rings designed to segregate the dispersed dry 

powder from lube oil wetted surfaces. 

In conjunction with the hardware-related efforts, more basic studies were required in 

order to define the powder fuel requirements in terms of particle size, composition, 

contaminant concentrations, moisture content and energy content. Based upon these 

considerations, it was felt that the utilization of dry-powder fuels in highway 

transportation diesel engines represented a very long-term approach to the utilization 

of solid fuels. On the other hand, the use of slurry fuels appeared to be a logical 

intermediate step in the utilization solid form energy sources, intermediate between 

dry powder and liquefaction. Marshall and Walters,(6) Tataiah and Wood,(7) Marshall, 

et al'(8), and Ryan, et al.,(5,9) have reported results of engine experiments with a 

variety of slurries. 
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A 15.·percent slurry of sol vent,-refined coal in JP-4 was produced and tested in a 

prechamber engine by Marshall and Walters.(6) The combustion and engine efficiency 

data were not presented, but it appears that satisfactory performance was obtained 

using the slurry fuel. Although it was not indicated in the paper, the refined coal was 

apparently SRC-I. The particle size was not reported. The authors indicated that 

some difficulties were encountered with fouling and sticking of the injection system. 

Possible causes for these problems were excessive particle size and/or melting and 

refusion of the SRC-I solids in the tight clearances in the system (fusion temperature 

of SRC-1 is 1770 C (3500 F). 

Tataiah and Wood(7) recently tested 10-, 20-, and 30-percent coal slurries in a 

four-stroke, direct injection diesel engine. The suspended coal particles were reported 

to be 100 percent below 10 microns. Heat release calculations, based on the pressure 

diagrams, indicated that the coal was either not undergoing complete combustion or 

that the heat transfer to the coolant was increased due to radiation from the solid 

particles. These data were obtained at 800 rpm in the test engine. At the test 

conditions, there is a maximum (based on 900 of revolution for combustion) of 18 msec 

available for combustion. From well stirred reactor data, E;ssenhigh(10) indicated that 

the maximum coal particle size which will burn out in 18 msec is approximately 10 

microns. It should be realized that the actual time available for useful combustion is 

much less than that based on 900 of revolution. It is possible that the incomplete com

bustion observed by Ta taiah and Wood(8) was due to particle sizes too large to burn out 

in the time available. Marshall, et al.(8) reported the results of experiments with 20 

to 40 weight-percent slurries of raw coal in No. 2 diesel fuel (DF-2). The authors 

reported high wear rates, incomplete combustion, and degraded performance. The 

coals used in the experiment were apparently untreated and probably had relatively 

high ash and sulfur contents; ash contents were not reported. In addition, it appears 

that a large mass fraction of the particles had large diameters (greater than 7 

microns). The large particles may not have had sufficient time to burn out during the 

combustion process. Incomplete combustion in conjunction with high ash content could 

have resulted in the high wear rates observed during the experiments. 

Ryan, et al'<5) reported results of experiments in which a variety of slurries were 

tested in a single cylinder, four-stroke, direct-injection engine. The results of the 

experiments indicated that slurries could be made to work efficiently in high speed 

diesel engines (greater than 1000 rpm) if the slurries are formulated using the proper 

material and the proper size distribution. This work was extended by Ryan, et al.(9) in 

3 



a series of experiments in which a variety of carbon blacks were used to determine the 

range of properties (particle size, surface area, and porosity) and engine/fuel system 

modifications required for satisfactory performance of slurry fuels. 

The past experience with the preparation and testing of number of different 

slurries(5,9) indicated that there are basically five areas of concern in formulating 

slurry fuels for diesel engines. They are: 

1. Grinding and/or dispersion characteristics of the solid component; 

2. Flow and stability characteristics of the slurry; 

3. Injection and atomization characteristics of the slurry; 

4. Injection system and engine durability characteristics with the slurry; and 

5. Engine combustion characteristics of the solid component and the slurry. 

All of the above mentioned areas are affected by certain basic properties of the solid 

component. Hardness of the solid determines the type (grinding, homogenation, 

dispersion, etc.) and the degree of processing required to produce the desired particle

size distribution in ~he slurry. The particle-size distribution, in turn, affects the 

rheological, the stability, and the injection and atomization characteristics of the 

resulting slurry. These characteristics are also affected by the surface area of the 

particles which, in turn, is related to the porosity as well as the size distribution of the 

particles. Injection system and engine durability are also affected by particle hardness 

and particle-size distribution as well as by contaminants such as ash and sulfur. The 

engine combustion characteristics are affected to some degree by all of the properties 

mentioned above. In addition, the combustion process is affected by the density, heat 

of combustion, and the composition of the solid component. 

A necessary step in the advancement of new fuel concepts is the development of 

a preliminary specification of the fuel for a specific application. Ideally a fuel 

specification limits or controls all of the properties which affect the performance of 

the fuel in the specific type of engine. Such an ideal specification for slurry fuels 

would include specific limitations on the properties of the solids, such as hardness, 

surface area, particle-size distribution, and contaminant concentration of the solid 

component of the fuel. Processing techniques such as those used in the preparation of 

carbon black could theoretically be used to produce the ideal solid component. Such 

an approach may not be practical since one of the attractions of the slurry concept is 

the potential for minimizing the processing requirements of energy resources such as 

4 



coal. Therefore, it appears that a realistic approach would involve the specification of 

certain general slurry properties such as the mean particle size, apparent viscosity, 

stability, and asb and sulfur contents. The simplistic approach is especially important 

if one considers that all of the more basic properties (particle-size distribution, 

particle surface area, etc.) interact with each other and with the various processes 

(injE!ction, atomization, and combustion), such that a specification based on these 

properties may be impossible to apply to practical solid fuel components. There is, 

however, an obvious need for a preliminary specification encompassing the current 

knowledge and experience with slurry fuels. It is felt that such a specification would 

serve as the basis and provide Ii guide for future development of slurry-:fuel 

technology. 

5 



II. OBJECTIVE 

Based UpOI} the above considerations, the overall objectives of this work were: 

1. To develop a number of different slurries using solid components representa

ti ve of the various sources; and 

2. To define a preliminary specification of slurry fuels for conventional diesel 

engines. 

The work required to meet the overall objectives is most conveniently considered in 

terms of four major work areas or tasks. They are: 

1. Selection of representative solid components; 

2. Formulation and characterization of slurry test fuels; 

3. Characterization of the injection and atomization properties of the fuels; and 

4. Characterization of the engine performance and combustion characteristics 

of the test fuels. 

The experimental apparatus, procedures and results are discussed separately in 

the following sections. The results are discussed in terms of the overall objectives in 

the Summary section. 

6 



Ill. COMPONENT SELECnON 

A literature review resulted in the development of a list of 31 different potential 

components. The list, compiled in Table 1, includes materials derived from biomass 

and biomass waste, petroleum by-product, and a large number of materials produced 

from coal.. The selection criteria included availability, economics, and the properties 

of the materials, mainly the ash and sulfur contents. 

Eight materials were selected from the list for formulation of test fuels. The 

final selec:tion of test materials for this work was based primarily on the properties 

with some consideration for the source (biomass, by-product, or coal). Table 2 is a list 

01' the eight materials by name, an indication of the source, and the various references 

in which the various processes are described in detail. Appendix A contains synopses 

describing the various processes and a supplemental reference list relevant to the 

carbonaceous materials. As can be seen, the sources include natural gas, by-products 

from petroleum processing, biomass, coal, and a number of processed coals. All of the 

components were obtained in either pebble form or as dry powders. 

As indicated previously, complete descriptions of the processes used in producing 

the variolls solid materials listed in Table 2 are presented in Appendix A. In order to 

provide a "better feel" for the variolls materials each is described very briefly in terms 

0:[ the source, the processing, and the visual appearance. 

Mogul L is a carbon black produced from petroleum residual oil and natura.l gas 

using the furnace process. It is considered to be a high quality black, used mainly as 

pigment in printer ink. The visual appearance is a. very fine powder, flat black in 

color, indicating a very porous surface. The Mogul L was selected as the baseline solid 

material to act as a reference and to provide continuity with the previous work.(5,9) 

Petroleum coke is a by-product of modern petroleum refining technology 

resulting from cracking of the residual oil. It is removed from the coker in large 

pieces which are relatively easy to grind or fracture to coarse powder which is flat 

black in color. 

The k-Fuel used in this study was produced from wood by controlled pyrolysis. 

The process can be adapted to any solid carbon aceous material. The dark brown 

7 



TABLE I SUMMARY CHART 
Slurry Fuel Material Screening 

Type of Raw Advantages &. Estimate of Characteristics of 
Ref.4::) No. Benefication Material Status Brief Descri2tion of Process Disadvantages Process Enerla: Final Product 

Solvent Coal Pilot Raw coal pulverized to minus 1/8" x 0"; slurried with Converts high Not available Ash, 0.2 wt% I, 
Refined Plant with solvent, heated (4500 F and 2000 psi g) and com- sulfur, high- Sulfur, 0.7 wt% 12 
Coal bined with H2. Heat increased to 7500 F and pumped ash coals to (organic) 
(SRC-I) to dissolver. At 840-8700 F, coal is hydrogenated &: low sulfur and Density, 1.2 g/ml 

polymerized causing dissolution of coal. After re-
moval of solvent and undissolved solids, residue (SRC- I) 

low ash coals HV, 16,000 Btll/lb. 

is recovered. Carbon, 88 wt% 
Hydrogen, 5.9 wt% 
Nitrogen, 2.2 wt% 
Fusion Pt. 35()O F 

2 Hydrothermal Coal Miniplant Crushed and mixed with a leaching fluid (10% NaOH Remove all in- $.5.5.90/Ton(a) Inorganic sulfur 2, 
(Battelle) 0.25-0.33 and 2% Ca(OH)2 in H20) to form slurry. Trans- organic sulfur &. reduced 80-90%. 3, 18 

ton/day ferred to pressure vessels, held for 30 minutes at half organic sulfur. Organic sulfur 42 
3.50-2.500 psi and 437-6620 F. The chemicals are Coal is impregnated reduced 10-30%. 61 
filtered off, regenerated and recycled. Coal is washed with alkali which 
and dried. probably would be 

harmful if run as 
(Xl fuel in a diesel 

engine. 

3 High Coal Pilot Coal is diamagnetic, pyrite is paramagnetic. Fluidized Produce Estimated cost Remove up to 90% 1.5, 
Gradient plant bed is subjected to a high-gradient magnetic field relatively about $0 • .50 pyrite sulfur 16, 
Magnetic (now which enables the paramagnetic pyrites to be separated low-sulfur, low in a .500 ton/hr 17, 
Separation closed from the remaining coal. ash product. plant. 25,61 

down) 

4 Koppelman Wood Pilot Advanced form of pyrolysis. Feedstock is restructured Attains high Competitive Typical from .5,6, 
Process waste; Plant in the reactor, under controlled high temperature and thermal effi- w/conventional brown coal: 7,8, 

peat; pressure. Process temperatures depends on type of ciency; uses energy sources. Ash, 8.24 wt% 9, 
lignite; feedstock used and product desired. Removed during aqueous slurry S, 0.85 wt% 10, 
brown coal; the chemical restructuring are the products of feed; can process HHV, 13,2.50 Btu/lb. II 
subbitumious chemical decomposition. High carbon fuel remains. wide range of 
coal; sea- Yield depends on moisture and oxygen content of particle sizes; 
weed; etc. feedstock. reduces sulfur 

content. 

(a) Product cost includes a cost of coal (1977 dollars) 
(b) Processing costs (1979 dollars) - costs associated ""ith process and does not include initial coal cost. 
(c) Reference numbers refer to supplemental ref~rence list in Appendix A 
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No. 

5 

6 

7 

Type of 
Benefication 

Raw 
Material 

Solvent Coal 
Refined 
Coal 
Two-stage 
Liquefaction 

Chemical 
leaching 
(Meyer'S 
Process) 

Eureka 
Process 

Coal 
containing 
pyritic 
sulfur 

Canadian 
Oil Sands; 
vacuum 
resid. 

Status 

Demon
stration 
plant being 
built, opera
tionallate 
1984. Pilot 
plant currently 
operational. 

Process 
Dev. unit 
(8 tons 
a day) was 
being 
built for 
EPA in 
1975. Now 
dormant. 

Pilot plant 
using Canadian 
oil sands; 
20,000 B/D 
commercial in 
Japan since 
using vacuum 
resid. 

(a) Product cost includes cost of coal (1977 dollars) 

Brief Description of Process 

Similar to SRC process described in No. I except it 
has LC-Finer or referred to as two-stage lique
faction (TS U. 

Process steps are crushing, chemical treating, 
sulfur removal &. solution regeneration. Aqueous 
ferric sulfate is used to oxidize seiectively 
the pyritic suifur. The iron sulfate product 
dissolves in solution &. free sulfur is removed 
by solvent extraction or vaporization. The 
oxidizing agent is regenerated with air or oxygen 
and recycled. Iron sulfates are removed by liming 
and/or crystallization. 

The feed (usually vacuum tower bottoms) goes to a 
preheater prior to it entering bottom of fractionator 
and is mixed with recycle oil from the above. The 
mixture is fed to a charge heater and then to the 
reactor system. Superheated steam is injected into 
the reactor to strip cracked product and to supply 
20% of heat required for the reaction. The pitch is 
drawn off and pumped to flaker where it is solidified 
and flaked. 

Advantages &. 
Disadvantages 

TSL solids has 
a lower sulfur 
&. lower ash 
than the typical 
SRC-I. 

Physical 
form remains 
unchanged. 
Wide appH-
cability for 
converting 
u.s. coal 
reserves to 
a sulfur level 
consistent 
with present 
&. proposed 
gov't. sulfur 
oxide emission 
standards. 

Homogeneity of 
pitch permits 
handling in 
molten state. 
Less coke is 
formed (compared 
to delayed coker) 
as products are 
removed as soon 
as formed. Re-
action temp. is 
relatively low. 

Estimate of 
Process Energy 

Estimated to 
cost $3.25/MM 

$43.40/Ton(a) 

Not available 

Characteristics of 
Final Product 

Suiiur, o. i5-0.3% 
Ash, 0.2% 
HHV, 16,250 Btu/lb. 

Removes 90-95% 
pyritic sulfur 

Using vacuum 
resids. of Middle 
East crudes: 
Sulfur, 6% 
Ash,0.2-0.3% 

Ref. 

22, 
23, 
38, 
45, 
61 
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Type of Raw Advantages &: Estimate of Characteristics of 
No. Benefication Material Status Brief Descri~tion of Process Disadvantages Process Energ~ Final Product Ref. 

8 Gravimelt Coal 10-200 ib Molten sodium hydroxide &: potassium hydroxide Very low ash $2.80/MM Btu; Ash, 0.20-0.40 51, 
range are used to remove organic sulfur from coal and sulfur. $20tTon (b) Sulfur, 0.25-0.64 52, 

Coal and above mixture are heated. Salts 53, 
react with sulfur-bearing compounds to form 61 
sulfides; these are removed. 

9 Dry table Coal In The dry table is designed so that size &: bulk Simplicity Not available Reduction in the 4 
develop- density separations take place. Incoming feed pyrite sulfur and 
ment stage causes the overturning of the bed and a flow ash content 

away from the feed, resulting in a helical 
motion. Particles migrate according to size, 
shape and density. 

10 Otisca Coal 125TPH The process exploits the gravimetric differences Can handle Low process Sulfur reduced 60% 57 
Media plant between coal and its impurities in a static "friable" or heat require- Ash reduced 90% 
Process constructed bath of organic, low viscosity liquid. soft coals. ments; low 

and tested. High energy maintenance cost; 
5-IOTPH content yields. $0.30/million 
pilot plant Btu including 
operational. capital recovery 

>-' II Otisca Coal 2001b/hr Grinding to 15 microns; agglomeration. Recovers Extremely Ash, I % or less 58 
0 T-Process pilot plant almost 100% efficient. 

underway. of the energy 
Expected content of the 
start up feed. 
mid 1982 

12 Microwave Coal Laboratory K" size coal particles are subjected to microwaves Potential of undetermined Inorganic sulfur 54 
Process This converts pyrite to FeS, which have strong meeting reduced 85%. 61 

magnetic properties. Crushing the coal further environmental Organic sulfur 
00-100 mesh) and further microwave treatment com- requirements reduced 60%. 
bined with NaOH treatment can remove 80-90% of for burning 
sulfur from coal. coal. 

13 Chemical Coal Laboratory Treatment with liquid ammonia causes coal to fracture $37.00/Ton (a) Sink float products 19, 
Comminu- in higly selective manner. Breaks Occur in those had 55% reduction in 20, 
tion internal boundaries that had previously been weakened ash, and 73% 61 

by infiltration of pyrite, ash, and other minerals. reduction in organic 
sulfur. Capable of 
removing up to 80% 
inorganic sulfur. 

(a) Product cost includes cost of coal (1977 dollars) 
(b) Procesing costs (1979 dollars) - cost associated with process and does not include initial coal cost. 
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No. 

14 

15 

16 

17 

18 

19 

Type of 
Beneficiation 

Flash Desul
furization 

Low-Temper-
ature Chlori-
nolysis 

Electronic 

Microbia! 

Microbial 

Magnex 

Raw 
Material 

Coal 

Coal 

Coal 

Coal 

Coal 

Coal 

Status 

Work on 
process 
stop-
ped. 
Bench 
scale. 

Process in 
early stages 
of development 

Bench scale 

Laboratory 

Laboratory 

Development 
Stage 

(a) Product cost includes cost of coal (! 977 dollars) 

Brief Description of Process 

Oxidative pretreatment to eliminate coking and 
assist in subsequent hydrotreatment (7500 F and 
I ft/sed. Tests in batch reactor were at 
1400-15000F and near-atmospheric hydrogen pressure. 

Scission of carbon-sulfur and sulfur-sulfur bonds 
take place and the organic sulfur is converted to 
sulfonate sulfur and sulfate sulfur using chlorine. 

ihe coal is finely ground and is introduced into an 
ionization chamber by means of a carrier gas. The 
particles are charged, kept separated, and sent to 
an electrostatic separator. The pyrite and ash are 
thus removed • 

Microorganisms oxidize organic sulfur to soluble sulfates. 

Microoganisms oxidize pyrites. 

Ground coal is contacted with vapors of iron carbonyl. 
The pyrites in the coal react with the carbonyl 
to form magnetic iron sulfide that can be separated 
separated magnetically. 

(b) Processing costs (1979 dollars) - costs associated with process and does not include initial coal cost. 

Advantages & 
Disadvantages 

Still high 
in ash 

Still high 
in ash 

Does not 
remove 
organic 
sulfur 

Estimate of 
Process Energy 

Not avaHable 

At 12,500 tons 
of coal/day 
$9-IO/Ton 
of coal 

Reported to 
be 25-50% 
that of FDG 
See Ref. 70 • 

Not available 

$5-14/T on(b) 

$40.70!Ton(a) 

Characteristics of 
Final Product 

Apprcx. 25-30% coal 
sulfur is removed 
during pretreatment. 
Final product - as 
much as 98.6% sulfur 
removed. 

Sulfur reduction 
of 51 %. Reduced 
concentration of 
toxic trace 
elements such as 
Pbs, Va, P, Li, 
Be, As, etc. 

Total sulfur 
removal 33-68% 

95% of dibenzo
thioohenes can be 
con~erted to soluble 
material 

Can remove up to 
90% of inorganic 
sulfur 

Removes 80% 
inorganic sulfur 

Ref. 

32 

(33) 

61,68 
69,70 

61 

61,66 
59, 

56 



No. 

20 

21 

22 

..... 23 
N 

24 

25 

Type of Raw 
Beneficiation Material 

Coking Coal 

Combination Coal 
Heavy media, 
vibrating table 
flotation cells 

Anthracite Premium 
anthracite 
coal 

Linear Coal 
Acceleration 

Liquid Coal 
5°2 

Froth Coal 
Flotation 

Status 

In use 

In use 

In use 

Lab 
stage 

Under 
develop-
ment 

Under 
development 

Brief Description of Process 

Conventional process for making metallurgical 
coke and used by U.S. Steel. 

A heavy medium is used to separate the coarse coal 
out. A vibrating table is used to make the size 
separation and flotation cells are used for the "fines". 

"Rice coal" (5/16" x 3/16"). 

The coal is pulverized by hot high-velocity gas 
(5,000 it/s). Ash is removed by centrifugal force. 
A chemical process involving fluorine can follow. 

Liquid S02 is contacted with coal under pressure and 
at a temperature of 3000 F. The S02 attacks the 
co-valently bound organic sulfur compounds and permits 
them to be extracted. 

Process exploits the differences in the surface properties 
of the coal and the refuse particles. Coal is sized down 
to 1/32" or smaller and placed in a large mixing tank 
(flotation cell). Contents of tank are mixed with special 

Advantages de 
Disadvantages 

Well-known 
technology 

Low ash, 
Low sulfur, 
High fixed 
carbon 

Many unknowns 

agents added to promote bubbling and the attachment of coal 
particles to these bubbles. The bubbles (with coal particles) 
rise to the surface and coal is removed. The pyrite and ash 
are left behind in suspension. 

Estimate of 
Process Energy 

Commercial 
Feasible 

Not available 

\1ining and 
cleaning 
expense 

Estimated at 
$1.48 million 
Btu 

Not available 

Not available 

Characteristics of 
Final Product 

Volatile matter 
reduced to 6.9% 
Ash,5.5% 
Sulfur, 0.63% 

Analysis not 
available 

Volatile matter, 4.0% 
Sulfur, 0.6% 
Ash,8.5% 

Sulfur, 0.50-0.5% 

Removal of 
50-60% sulfur 

Reduced ash 
and inorganic 
sulfur content 

Ref. 

39 

61 

61 

21 
26 
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Vol 

No. 

26 

27 

28 

29 

30 

Type of Raw 
Beneficiation Material 

Oxidiation 

Oxygen 
Leaching 

Coal 

Coal 

Oil Coal 
Agglomera-
tion 

Coal-pyrite 
flotation 
process -
u.S. Bureau 
of Mines 

Oxydesul
furization 

Coal 

Coal 

Status 

Bench 

Postponed 

Japanese-
10 Ton/hr 
Research in 
U.S., Ca'1ada, 
and India 

Laboratory and 
pilot-plant 

Laboratory 
scale 

(a) product cost includes cost of coal (J 977 dollars) 

Brief Description of Proces 

Coal is dried and pulverized followed by treatment 
with hot N02 gas. The sulfur compounds are oxidized 
with some of the sulfur being removed as SOb and 
and some as sulfates. 

The coal is ground and then leached in an acidic 
solution or in ammonia. 

Removes fine particles from suspension by selective 
wetting and agglomeration with oil. 

Two-stage froth flotation process removes pyrite sulfur 
from fine-sized coals. First stage standard coal 
flotation step to remove high-ash refuse and coarser 
pyrite as tailings. First stage is treated in second 
bank of flotation cells in presence of a coal depressant 
and xanthate flotation collector to selectively float 
remaining pyrite. 

Coal/water slurry and compressed air is heated to 3000 F. 
The sulfur is removed as soluble compounds. 

Advantages &:. 
Disadvantages 

Estimate of 
Process Energy 

$47.50/Ton(a) 

$46.90/Too(a) 

Highly selective N.A. 
and capable of 
cleaning -200 
mesh material 

Looks promising Not available 
for removal of 
sulfur from coals 
containing finely 
disseminated or 
unliberated pyrite 
that cannot be 
removed adequately 
by other flotation 
methods 

$51.60/T oo(a) 

Characteristics of 
Final Product 

Inorganic sulfur 
reduced 95-100%. 
Organic sulfur 
reduced 30-70%. 

Removal of 9()"lOO% 
of the inorganic 
sulfur 

Ref. 

6i 

Reduces Ash: 2 
40% to 4% for 
Coal (80% > 75 llm) 
58% to 18% for 
Coai (42% > 75 ~m) 
20% to 30% for 
Coal (70% > 75 llm) 
16% to 8% for 
Coal (100% > 75 \l m) 

90% of pyrite 
removed 

Inorganic sulfur 
reduced 80-90%. 
Organic sulfur 
reduced 20-50%. 

28 
29, 
30 

24 
61 
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No. 

31 

32 

Type of Raw 
Beneficiation Material 

Convertol Coal 
Process 

Using a Coal 
heavy organic 
liquid 
(gravity 
separation) 

Status 

Commercial 
in Germany 

Laboratory 

Brief Description of Process 

The coal is slurried in water to 40-45% solids. 
Oil is injected into the slurry under 
vigorous agitation. Coal particles agglom
erate; are washed, dewatered, flocculated, and 
centrifuged. 

Separation using heavy organic liquid -(perchloro
llylene) 

Advantages de 
Disadvantages 

Large oil 
consumption. 

Estimate of 
Process Energy 

Economically 
feasible when 
coal product 
is for metal
lurgical coke 
prodoction. 

N.A. 

Characteristics of 
Final Product 

Ash content 
greatly reduced 

Low ash 
Low sulfur 

Ref. 

41 

31 



Table 2. Components Selected for 
Slurry Fuel Formulation 

Name Source Ref. 

Mogul L Carbon Black Residual Oil! 11 
Natural Gas 

Petroleum Coke Residual Oil 

k-Fuel Wood 12-18 

Clean Coal Coal 
(Bituminous) 

Fairless Coke Coal 19 

Otisca-T Coal 20 

SRC-I Coal 21 

Eureka Residual Oil 22 

15 



material used in this study came as small non-uniform pieces which were extremely 

easy to reduce to coarse powder. 

The clean bituminous coal was a non-uniform coarse powder. The coal was 

supplied as representative of a low-sulfur, low-ash coal typically supplied to a steel 

mill for coke production. 

Fairless coke, typical of most low sulfur metallurgical cokes, was produced by 

conventional means at the U.S. Steel Fairless Works. It was supplied as a coarse flat

black powder. 

The Otisca-T process has been designed as a means to remove ash from coal. In 

the process, coal is ground to approximately 15 microns by conventional means. Ash 

removal is accomplished by washing the coal in two immiscible liquids which 

selectively collect the ash or coal due to differences in the surface properties of the 

ash and coal. The resulting material is a very fine powder with a flat black 

appearance. 

The SRC-I is the residue remaining after the solvent refining of coal. The SRC 

process is designed to remove sulfur and ash by solvent extraction. The SRC-I solid is 

recovered as large chunks of glossy brown material which fracture easily. 

The Eureka process was designed to recover hydrocarbon liq4ids from vacuum 

tower bottoms, oil sands and possible coal tar pitch. The solid material recovered in 

this process is glossy black in appearance and is generally supplied as uniform size 

pebbles which are easily fractured to powder. 

The key properties of the various solid components are listed in Table 3. Also 

included in Table 3 is an indication of the form, dry powder or pebble, of the various 

materials as received for use in this work. As experience was gained with the various 

materials, it became obvious that other properties are important. These observations 

will be discussed further in later sections of the paper. 

Examination of the data in Table 3 reveals fairly broad ranges in the composition 

of the various materials. Carbon content varied from 70.9 to 92.3 percent, hydrogen 

from 0.6 to 6.7 percent, oxygen from 2.6 to 19.ft percent, nitrogen from 0.4 to 3.6 

percent, sulfur from 0 to 3.5 and ash from 0 to 7.6 percent. The gravimetric heats of 
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Table 3. Physical Properties and Composition of the Solid Components 

Gross HC 
Material Form %C %H %0 %N %5 % Ash mJ/kg 

Mogul L Powder 92.3 0.6 5.2 0.4 1.0 0.4 31.2 . 
Petroleum Coke Powder 86.7 3.8 3.3 1.8 3.5 0.0 34.7 

k-Fuel Pebble 70.9 4.6 19.4 0.8 0.0 3.8 26.7 

Clean Coal Pebble 85.1 4.9 4.8 2.7 0.7 0.0 35.9 

Fairless Coke Powder 82.3 0.8 5.3 3.6 0.5 7.6 29.5 

Otisca-T Powder 79.9 5.9 9.7 .3 0.6 0.9 34.4 

SRC-! Pebble 85.4 6.7 ., r:: 
J./ 

.., Q 

.... J 0.6 0.0 38.1 

.- Eureka Pebble 84.8 5.8 2.6 2.7 0.1 0.2 36.9 
-.....l 



combustion varied from 27 to 38 mJ/kg. With some exceptions, the sulfur and ash 

contents were low. Petroleum coke had high sulfur and low ash content while the k

Fuel had low sulfur and high ash contenL The Fairless coke had low sulfur content, 

but the highest ash content of the test materials. The ash and sulfur contents were 

not considered as a limiting factors because the primary concern in this study was 

engine combustion and performance. In addition~ it was realized that current diesel 

fuel specifications for sulfur and ash contents are most probably applicable to slurries 

due to limitations of current conventional equipment. Since it was not possible to 

control the history and thus the exposure of the various materials to the atmosphere, 

all probably contained water. This is reflected in the oxygen contents, and somewhat 

in the hydrogen contents, of the various materials. 
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IV. FUEL FORMULA nON AND CHARACTERIZA nON 

Fuel forrnulation was performed in two phases. In the first phase, two 

concentrations each (10 and 20 percent by mass) of Mogul L, SRC-I, k-Fuel and Otisca

T were formulated in the baseline specification DF-2. After the first group of fuels 

were tested, the clean coal, the Eureka material, Fairless coke and petroleum coke 

were all used in the second phase to produce 30-percent slurries in the baseline fueL. 

The purpose for splitting the fuel formulation task was to use information gained 

during the testing of the first group of fuels to modify and thus improve the formu·· 

lation of the second group of fuels. Preliminary work was also performed on the 

development and testing of a high-concentration carbon black slurry. Since this work 

was of a preliminary nature, the fuel description and the engine test results ar~~ 

presented in Appendix E. 

The actual procedures used in preparing the test fuels varied somewhat from fuel 

to fuel depending upon the form and the properties of the particular material. Certain 

genera.l procedures were, however, followed for all of the fuels. The fuels were always 

prepared well in advance of testing. This insured that the materials were thoroughly 

wetted by the carrier liquid (baseline DF-2). All fuels were homogenized for one hour 

prior to testing to insure homogenity of the sample and to break-up agglomerations 

formed during storage. All of the fuels, except the Mogul L slurries, were prepared in 

a rolling ball mill, where particle size reduction was accomplished. The baseline 

particle size ()f the Mogul L carbon black was small enough that direct formulation 

was possible. 

The rolling ball mill used to prepare the test fuels consisted of a 56 liter, 

cylindrical, stainless steel vessel which could be mounted on a variable speed drum 

roller" The ball charge consisted of 90 kg of 3 mm and approximately 9 kg of 12 mm 

diameter carbon steel balls. The capacity of the mill was approximately 18 liters of 

balls, 18 liters of slurry, and 18 liters of void space. The design speed of rotation was 

45 rpm. In general, standard practice was followed in the design and operation of the 

mill. It was found, however, that the performance was improved by installation of 

four 3.& cm wide baffles paraliel to the axis of rotation in order to prevent slippage of 

the charge and thus improved the tumbling action. 

As indicated previously, some of the solids were in the form of pebbles. The 

first step in the blending process was to dry-grind the pebbles to approximately lj.0 
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microns before mixing with the diesel fuel. The coarse blends were placed in the ball 

mill and rolled until there were no particles larger than 10 microns, as indicated by 

microscopic analysis of the slurries. This criterion was subsequently made more 

stringent by attempting to limit the Sauter mean diameter (SMD) to 0.5 microns. This 

limit was generally approached if microscopic analysis indicated that there were no 

particles larger than 5 microns. Table 4 is a listing of the grinding times and the SMD 

of the slurries produced from the various solid materials. 

The properties of the various slurries were, in many cases, very similar Q Table.5 

is a listing of some of the more commonly measured fuel properties for all of the 

slurries produced and tested in this project. The carbon and hydrogen contents are all 

very similar, with reduced hydrogen contents as compared to the base fuel. The 

heating values vary somewhat due to the relatively large variations in the heating 

values of the solid materials. The volumetric heating values were included to show 

that, on a volumetric basis, the slurries have higher energy contents than the base 

fuel. This is an important consideration because the fuel delivery capacity of typical 

diesel injection systems are limited by volume constraints. Assuming that the slurries 

would burn in the same fashion as the base fuel, higher engine output could be obtained 

with the slurries because more energy can be introduced with each injection. 

Overfueling in this situation would be somewhat compensated for by the reduced 

oxygen requirement resulting from the lower hydrogen content of the slurries. 

Another consideration with the high volumetric energy content is the potential for 

increased range in those vehicles which have volume constraints on fuel storage 

capacity. 

The iron concentration data in Table 5 provides an indication of the contamina

tion introduced by attrition of the ball charge in the ball milL Some of the solids had 

high iron concentrations before processing. In such cases y the iron was not necessarily 

introduced in the ball mill; for instance, the iron in the k-Fuel slurries could be 

accounted for in the unprocessed solids. The two coke slurries, on the other hand, had 

very high iron contents due to the long grinding times which are, in turn, an indication 

of the relative hardness of the various solids. 

The pentane insolubles were determined using ASTM 0893. The objective of 

performing this test was to verify the solid concentrations of the various slurries. In 

most cases, the desired and measured concentrations were very similar; the exceptions 

were the two SRC-I slurries. Application of extraction procedures using diesel fuel 
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Table 4. Grinding Time and SMD [)ata 
for the Eight Test Materials 

Test Material 
Mogul L 
SRC-I 
Otisca-T 
k-Fuel 
Clean Coal 
Eureka 
Fairless Coke 
Petroleum Coke 

Grinding Time 
(hours) 

21 

o 
12 
38 
20 
32 
34 

208 
110 

SMD 
(microns) 

0.5 
0.7 
1.0 
1.4 
0.5 
0.5 
0.3 
0.3 



Table 5e Selected Slurry Fuel Properties 

%C %H Fe Pentane Insols Gross Heat of Combustion 
Fuel (wt%) (wt%) .PE!!!. (wt%) mJ/kg mJ/liter 

Baseline DF-2 86.7 13.0 0 44.8 38.1 . 
10% Mogul L 86.8 11.5 0 10.1 44.3 39.7 

20% Mogul L 87.4 10.4- 0 20.2 43.2 41.0 

30% Mogul L 87.9 9.5 0 28.8 41.3 39.2 

10% SRC-I 86.6 12.1 0 7.1 44.6 40.0 

20% SRC-I 86.7 11.6 66 14.5 43.6 41.4 

10% k-Fuel 85.4 12.2 925 8.1 43.9 39.4 

IV 20% k-Fuel 83.3 11.1 1940 19.9 42.0 39.9 
IV 

10% Otisca-T 86.2 12.1 141 9.4 44.5 39.9 

20% Otisca-T 85.9 11.5 177 19.9 43.4 41.2 

30% Petroleum Coke 85.9 10.1 2100 29.7 41.8 42.2 

30% Fairless Coke 86.5 10.0 9652 27.6 41.6 42.0 

30% Clean Coal 86.6 10.7 767 29.7 42.2 42.6 

30% Eureka 86.4- 10.9 78 26.2 43.1 43.6 



and various solvents revealed that th~~ large discrepancies in the SRC-I slurries were 

due to extraction of soluble material from the SRC-I by the diesel fuel. 

Determination of the flow proPE~rties of the various slurries was made difficult 

by the fact that all of the slurries exhibited non-Newtonian fluid behavior, necessi

tating the use of a viscometer that provides a known and constant shear rate, such as a 

rotational "Cc)Uette" viscometer. Preliminary analysis indicated that the slurries are 

thixotropic, demonstrating shear stress dependence on time and shear rate. The shear-

rate depend~mce is shown clearly in Figure 1, which is a log-log plot of relative 

apparent viscosity (wrt baseline fuel) versus shear rate for the 30-percent slurries. 

The lower concentration slurries demonstrated similar behavior, but to a lesser extent. 

As can be seen in the figure, the apparent viscosities vary from slurry to slurry and as 

functions of shear-rate. More detailed analysis of the 30-percent Mogul L slurry 

(carbon black) indicated that the rhe()l()gical characteristics of the slurries are very 

complex. For example, at low shear rate (below 50 sec-i), the Mogul L slurry 

demonstrated flow characteristics typical of slip. The importance of slip was 

established by the fact that the apparent viscosity decreased with gap size in the 

viscometer at low (less than 50 secl ) shear rates.(23) At moderate shear rates (50 to 

1000 sec- l ), all of the slurries exhibited shear thinning as shown in Figure 1. At the 

high shear rates (greater than 1000 sec-i), it appears that the apparent viscosity 

increases with time and shear rate. 

One of the most interesting aspects is the appearance of structure forming 

tendencies and the strong particle-to-particle interactions demonstrated by these 

slurries. The phenomena are demonstrated by the fact that viscosity ratios of the 

slurri~~s are typically an order of magnitude larger than the theoretical value for the 

same concentrations of solid spheres.(24) 
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V. INJECTION AND ATOMIZA nON STUDIES 

5.1 INJECTION BOMBS - The injection and atomization studies were performed 

using Cl device described in earlier publications.(9,25) Basically, the apparatus consists 

of a high-pressure, high-temperature cylindrical bomb equipped with quartz windows 

which allow direct visual observation through the bomb. Figure 2 is a cross-sectional 

schematic of the bomb showing the location and orientation of the two different types 

of injc~:ction nozzles which were used in this study. As will be described in another 

section, two different engine configurations were used during the engine tests; a 

direct .. injection configuration (DO and a pre-chamber configuration (101). A four-hole 

injection nozzle was used in the 01 engine tests while an inward-opening throttling 

pintle nozzle was used in the 101 engine tests. 

The bomb was designed to allow direct observation of the characteristics of 

diesel··type fuel injection sprays in a high-temperature and high-pressure environment. 

The design temperature and pressure arE~ 5000 C and 4.1 MPa, respectively. Electrical 

resistance heaters are used to maintain the temperature of the bomb and the inert 

nitrogen atmosphere which was used to prevent ignition at the higher temperatures. 

A jerk pump plunger and barrel (8 •. 5 mm diameter) was installed in a special drive 

system. The drive system consisted of a pump cam driven at constant speed by an 

electric motor. A latching mechanism on the cam follower made it possible to bring 

the cam up to speed before engaging the follower. The number of injections was 

variable from 2 to 10. Both nozzles were equipped with needle-lift and line-pressure 

transducers. The transducer signals were used to trigger the various diagnostic 

systems and to verify that the system dynamics were similar to those of the equivalent 

systems installed on the test engine. 

Two different systems were used to examine the injection characteristics of the 

various test fuels. A high-speed motion-picture camera was used to determine the 

global characteristics of the fuel jets while a high-resolution camera system was used 

to examine the micro-structure of the jets. 

5.2 HIGH •. SPEED MOVIES - High-speed movies were taken using a Hycam II, 16 rnm 

high .. speed motion-picture camera equipped with a C()m-Nikor lens (focal length of 

88 mm f/2.O, fixed magnification of O.2X) and a quarter framing head which allowed 

framing rates of up to 44,000 quartet" frames per second. The camera was positioned 
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such that the lens was focused on the center of the spray. Back-lighting was provided 

using a lOOOw Tungsten-Halogen light. All movies were taken at 25,000 quarter 

frames per seco.nd providing a temporal resolution of 40 /J. s. (Examples of several 

frames of high-speed movie can be seen in Reference 9.) 

Data obtained from the movies consisted of the penetration distance versus time 

and the spray cone angle. Penetration rate is defined as the time rate at which the tip 

of the spray advances away from the injection nozzle. Cone angle is defined in terms 

of th~~ angle lencompassed by the spray with the apex located inside the injection 

nozzle due to the fact that the jet has a. finite diameter at the nozzle exit. The data 

was rE~duced from the movies using a Vanguard motion analyzer. The penetration data 

was reduced in terms of the length of the spray in each quarter frame. The cone-angle 

data was obtained by averaging over 10 to 15 frames, the angle formed by two lines 

drawn tangent to the nozzle orifice and edge of the spray at approximately 13 mm 

from the nozzle. 

1-iigh-Sp~~ed Movie Data - The conditjons at which each of the fuels were tested 

in the spray bomb are outlined in Table 6. The table is also a summary of the cone 

angle data for the various test conditions and test fuels. As can be seen, the high€:r 

concentration slurries were all tested using the pintle nozzle. Attempts to run the 

Otisca-T and k-fuel slurries through the four-hole nozzle during tests in the DI engine 

were unsuccessful due to problems with deposit formation on the inside of the nozzle 

orifice and due to sticking of the needle valve in the nozzle. As will be described i.n 

more detail in another section, one or the other of these problems would appear within 

minutes of switching to fuels formulated using either of these solids. The pintle 

nozzle performed much better with these fuels but nozzle failures were still a problem 

which made it impossible to obtain either spray or engine data for fuels formulated 

with either the Otisca-T or k-Fuel. The experiences with the fuels did, however, 

indicate that the pintle nozzle was much more tolerant of the slurries. It was for this 

reason that the second group of fuels, the higher concentration slurries, were tested 

using the pintle nozzle and the IDI engine. 

General characteristics of the sprays produced by each of the nozzles were 

readily apparent in the movies. The four-hole nozzle produced a flow which is typical 

of the classic jet break-up, with a solid core of fuel issuing from the orifice. Moving 

away from the nozzle, the jet widens due to air entrainment and the jet ultimately (25 

to 40 mm from the nozzle) breaks up into what could be described as a spray with no 
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Fuel 

Base 
10% Mogul L 
20% Mogul L 
10% SRC-I 
20% SRC-I 

I'V 
00 

Base 
30% Mogul L 
30% Fairless Coke 
30% Eureka 
30% Petroleum Coke 
30% Clean Coal 
20% Mogul L 

Table 6. Spray Cone Angle at 13 mm from Nozzle; 

PBomb=MPa, TBomb=oC 

Bomb Conditions 
P=4.23 P=2.17 P=1.67 P=0.55 
T=470 T=470 T=26 T=470 

4-Hole Nozzle 

10.7 8.6 9.7 5.1 
9.1 

7.9 8.2 8.0 
8.4 

9.2 7.5 

Pintle Nozzle 

12.4 
8.2 
8.0 
6.0 
5.7 
5.9 
8.8 

P=O.I P=O.1 
T=470 T=26 

5.4 

4.9 

21. 7 
22.6 
17.1 
14.1 
14.6 
14.7 
19.3 



obvious core of liquid. The movies of the pintle nozzle revealed characteristics 

typical of inward-opening, throttling pintle nozzles. (26) The initial jet issues from the 

nozzle with little or no break-up as it travels away from the nozzle. As the pintle 

moves in, a sE~cond spray develops at the nozzle which appears to be a hollow cone 

spray with sheets of fluid traveling for several millimeters from the nozzle bdore 

breaking into CL dispersed spray. 

Examination of the cone-angle data presented in Table 6 reveals several facts. 

For the four-hole nozzle, the density of the environment has a stronger effect on the 

cone angle than temperature. This is indicated by the very similar results for 

corresponding tests at P=4.23 MPa, T::4700 C and P=1.67 MPa, T=260 C, conditions at 

which the densities of the environment are nearly equivalent. On the other hand, 

holding the temperature constant while decreasing the pressure (and therefore the 

density) of the environment results in a very apparent decrease in the cone angle, as 

shown for both the baseline fuel and the 20 percent Mogul L slurry. This is in 

agreement with theory, which indicates that as the density of the environment is 

increased the cone angle increases and the penetration rate decreases. The 

penetration-rate data for the base fuel is presented in Figure 3 for the same 

temperature at three different pressures. The results do show that the penetration 

decreased with increases in the density of the environment. 

At the higher temperature, the 20 percent SRC-I slurry had a larger cone angle 

than the corresponding Mogul L slurry~ even though the apparent viscosity of the SRC

I slurry was higher than the Mogul L slurry. It is difficult, however, to interpret the 

results based on viscosity because of the non-Newtonian behavior of the slurries 

combined with the fact that it is difficult, if not impossible, to define the character

istic shear stress encountered by the fuels in the injection system. 

As indicated previously, the pintle nozzle performed much differently than the 

four-hole nozzle. The cone-angle data presented in Table 6 for the pintle nozzle is the 

data for the second jet, the one which resembled a hollow cone spray. For this nozzle, 

the cone angle decreased with increasing pressure (density), the opposite of the results 

observed for the four-hole nozzle. Swirl atomizers produce sprays which are affected 

the same way by increases in the density of the environment. The effect of density on 

penetration rate is shown in Figure 4 for the baseline fuel. Increasing the density 

resulted in a decrease in penetration rate, a result which is also noted in swirl 

atomizers where the change is observed as a decrease in the volume of the spray. The 
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implications of these observations as they relate to spray modelling are discussed in 

other sections. 

The penetration rates of the slurries were always slightly higher than the base 

fuel in the four-hole nozzle. The results do not appear to be strongly affected by 

concentration, as shown in Figure 5, for the SRC-I slurries; the Mogul L slurries 

showed very similar results. For the baseline fuel, there was some temperature 

dependence, with an apparent decrease in the penetration rate with an increase in the 

temperature of the environment. The result is most probably due to vaporization and 

thus disappearance of the liquid fuel. The slurries did not exhibit the temperature 

dependence because the solid component would remain and be visible even if the liquid 

component vaporized. 

At the lower environment density, the penetration rate for the pintle nozzle was 

affected by the composition of the fuel, as shown in Figure 6, for the 3D-percent 

slurries. There does appear to be some relationship between apparent viscosity, the 

cone angle, and the penetration rate in the pintle nozzle. The 30-percent Mogul L had 

the lowest apparent viscosity (Figure 1), the lowest penetration rate (Figure 6), and 

the largest cone angle. The 30-percent petroleum coke, on the other hand, had the 

highest apparent viscosity, the highest penetration rate, and the equivalent of the 

smallest cone angle. The other slurries follow approximately the same trends with an 

increase in apparent viscosity resulting in an increase in penetration rate and a 

decrease in the cone angle. The penetration-versus-time data is presented in 

Appendix B for all of the fuel/test condition combinations • 

.5.3 HIGH-RESOLUTION PHOTOGRAPHY - The diesel spray was "frozen" with the 

use of a laser strobe and a large format 4" x 5" camera. The camera consisted of a 

Sinar system with extra bellows arranged for 5X magnification using a Com-Nikor 

88 mm focal length f/2.0 high-resolution lens. The camera was shutterless and 

operated in a dark room with a laser as a strobe. An aperture of f/2.8 or f/4.0 was 

employed for most photos, representing a compromise between the best modulation 

transfer function (MTF) and sufficient energy to expose the film. Survey-type work 

was performed with Polaroid Type 55 Positive/Negative film, and high resolution 

images were recorded with KODAK 50-253 holographic type film. Normal processing 

was used except that the 50-253 was push-processed in a few cases. The Polaroid 

Type 55 film is the highest resolution "instant film", while the 50-253 has substantially 

more resolving capabilities but requires full processing. 
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A Nd:YAG laser model DCR-l manufactured by Quanta-Ray was used as the 

laser strobe. It was frequency-doubled from a wavelength of 1064 nm (near infrared) 

to 532 nm (greel) using standard crystals and the 1064 nm pump beam was separated 

and dumped while the 532 nm was llsed for the photography. Q-switch operation with 

a single pulse was used for all pictures. Flashlamp energies of 60 Joules were used 

with the Polaroid film, while full Uashlamp energies of 90 Joules were used fo[, the 

high resolution film, producing a laser pulse of 6 ns and 22 MW. The 6 ns pulse was 

sufficiently fast to stop all spray movement. The laser beam was expanded wi.th a 

nel;ative lE~ns and diffused with a ground glass and used as back-lighting. 

Synchronization electronics were constructed which allowed for the proper 

timing of the laser pulse relative to the injection event. The laser operates most 

reliably and with the most power if pulsed regularly at about 10 Hz. With the Q

switch off, the flash lamps were pulsed at 10 Hz (100 ms between pulses) until a button 

was manually pushed to begin the timing process. A 100 ms delay after the button was 

ac:tivated allowed the flash lamp capacitors to fully recharge, and then a puls€~ was 

sent to thE~ injection system to initiate injection at the next cam rise. Needle lift was 

d€!tected electronically and a signal was sent back to the electronic synchronization 

box. After a delay adjustable in 0.1 ms increments from 0 to 9.9 ms, the flashlamps 

w~~re fired, followed after 0.27 ms by the Q-switch and laser pulse. Thus, the 

minimum delay between the onset of needle lift and the laser strobe flash was 0.27 ms 

and the maximum was 10.17 ms. 

Hig!\-Resolution PhotographL Data - As mentioned previously, two types of 

injectors were used in the engine experiments and these were duplicated in the spray 

photography. The spray characteristics were very different. Some of the observations 

described in this section and based on the still photographs are very similar to those 

described in the previous section which were based on high-speed movies. The four

hole nozzle produces a solid jet that breaks up into a fairly narrow cone angle of 

about 12(). Most of the cone is composed of ligaments and large drops which break 

into smaller drops on the order of 10 micrometers in diameter at the edge of the 

spray. The spray is mostly uniform in cone angle and appearance during the injection 

process. The throttling pintle nozzle, on the other hand, is not uniform but has two 

separate types of spray action. At the beginning of injection, the fuel comes out as a 

jet which, at atmospheric conditions, does not disperse or break-up at all. As the air 

density is increased to that typical of an engine, the jet does disperse somewhat. 

During the main part of the injection process, where most of the fuel is injected, the 
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spray is a hollow cone type with a cone angle of about 300 • Most of the fluid appears 

to be concentrated near the outer edges of the cone. As was the case for the four

hole nozzle injector, the majority of the fuel in the 25 mm long region of the 

photograph was in the form of ligaments and large drops. As air was entrained and 

mixed with the spray, these ligaments would leave the main body of the spray and 

break into small drops. For the throttling pintle nozzle, these drops were mostly in 

the size range from 5 to 25 micrometers. The slurries, particularly Mogul L, exhibited 

some much larger drops or particles which escaped the main spray region. 

For each fuel type, high-resolution pictures were recorded at atmospheric 

conditions, and at an environment pressure of 1.67 MPa and a temperature of about 

250 C. This elevated pressure condition produced an air density equivalent to that of 

engine compression conditions, with air compressed to 4830 C and 4.23 MPa. For the 

four-hole nozzle, photographs were also recorded at this elevated temperature and 

pressure condition. High-speed movies indicated that penetration was determined by 

the air density alone with the temperature increase from 250 C to 4700 C only affecting 

vaporization of the tip. This implles that in this high Reynolds number regime the 

increased air viscosity, by a factor of about 1.6, at the higher temperatures does not 

affect penetration rates. Increased temperature did have an effect on the drop-size 

distribution. 

Three fuels, the base fuel (112 diesel), a 20 percent Mogul L slurry, and a 20 

percent SRC-I slurry were tested with the four-hole nozzle. At all conditions, the 

sprays appeared to be constant in terms of cone angle and form throughout the spray 

process with this nozzle. At atmospheric conditions, the air density was sufficiently 

low to examine some of the spray cone over the 25 mm region shown on the 

photographs. Contrary to the predictions made by some workers modelling diesel 

injection processes(27), the cone was not composed solely of very fine drops on the 

order of three micrometers in diameter, but rather consisted of ligaments and large 

drops with dimensions on the order of tens and hundreds of micrometers, as shown in 

Figure 7. The spray was a solid cone with an angle of about 120 , and along the edge of 

the cone the ligaments and drops seemed to shear into smaller drops. Examining the 

drop-size distribution along the edge of the spray by number (rather than weight or 

volume) showed that the great majority, approximately 75 to 95 percent of the drops, 

to be in the range of 5 to 10 micrometers. Drops smaller than five micrometers could 

not be resolved. Outside the dense central spray, there were few, if any, drops larger 

than 15 micrometers. Drop-size data are reported here only along the periphery of the 
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spray because the central spray was too dense to record images of individual drops, 

and because ignition occurs along the edge of the spray where the fuel and air are well 

mixed. 

At atmospheric temperature (250 C), but elevated pressure 1.67 MPa, all fuels 

showed an ,increase in drop sizes along the edge of the spray. For the base fuel and 20-

percent SRC-I, the majority of the drops were still in the 5- to 10-micrometer range, 

but there were more drops in the larger size classes, but few if any, larger than 25 

micrometers. For the 20-percent Mogul L, the majority of the drops or particles were 

larger, in the 10- to 15-micrometer range, and a few drops were as large as 50 

micrometers. 

At elevated temperatures, 4700 C and pressure 4.25 MPa, the base fuel and 20-

percent SRC-I showed about 85 to 90 percent of the drops along the periphery of the 

spray to be in the size range of 5 to 10 micrometers. For the 20-percent Mogul L, the 

size distribution was similar to that at 1.67 MPa, with a peak in the 10- to 15-

micrometer range, but with no drops larger than 25 micrometers. 

Seven fuels were tested with the pintle nozzle, the baseline fuel, 3D-percent 

Mogul L, 20-percent Mogul L, 30-percent Fairless coke, 30-percent petroleum coke, 

30-percent Eureka, and 3D-percent clean coal. As mentioned previously, the throttling 

pintle nozzle operates in two distinct modes. This is demonstrated in Figures 8-10, 

which show the beginning of injection for 3D percent Mogul L slurry. As the pintle 

begins to retract into the nozzle, the spray comes out as a narrow stream, with 

surface tension forces probably limiting the dispersion. At an engine speed of 750 

rpm, the initial jet lasts about 0.4 ms and then the spray abruptly changes into a 

hollow cone spray with a cone angle of about 300 • The hollow cone spray exhibits 

much better dispersion than the central jet, but large ligaments are still evident as 

shown in Figure 11. The base fuel appears to atomize more finely than the slurries 

during the hollow cone portion of the spray, as shown in Figure 12, comparable in time 

and bomb conditions to those of Figure 9 for the 3D-percent Mogul L. 

The break-up of ligaments into drops at the edges of the spray occurs for all the 

fuels studied at both atmospheric air density and the density at injection in an engine. 

Some examples at atmospheric density are shown for 3D-percent Fairless coke .in 

Figure 13, where the enlargement is of an area located 1.4 em from the nozzle on the 

fringe of the spray. At densities equivalent to those in the engine at the time of 

injection, the spray is much denser, most being too opaque to see any details within 

the spray, but the edges still show ligament breakup into drops as shown in Figure 14 
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FIGURE 8. HIGH-RESOLUTION PHOTOGRAPH, PINTLE NOZZLE, P = 0.1 MPa, 
T = 26°C, at 0.27 ms, 30% MOGUL L 
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FIGURE 9. HIGH-RESOLUTION PHOTOGRAPH, PINTLE NOZZLE, P = 0.1 MPa, 
T = 26oC, at 0.37 ms, 30% MOGUL L 
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FIGURE 10. HIGH-RESOLUTION PHOTOGRAPH, PINTLE NOZZLE, P = 0.1 MPa, 
T = 26oC, at 0.47 IDS, 30% MOGUL L 
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FIGURE 11. HIGH-RESOLUTION PHOTOGRAPH PINTLE NOZZLE, 5X MAGNIFICATION 
OF' FRINGE, P = 0.1 MPa, 260C at 0.37 ms,---3go/~.ke&tJt L 
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FIGURE 13. HIGH-RESOLUTION PHOTOGRAPH, 187X 30% PETROLEUM 
COKE SLURRY, P = 0.1 MPa, T = 26°C 

FIGURE 14. HIGH-RESOLUTION PHOTOGRAPH, 197X, 30% FAIRLESS 
COKE SLURRY, P = 167 MPa, T = 260C 
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for 30-percent Fairless coke 1.4 cm from the nozzle exit. Theoretical models for 

spray processes should recognize the existence of these ligaments. 

Outside the most dense part of the spray, the pintle nozzle produces drops or 

particles that range in size from 5 to 25 micrometers with some larger structures 

evident blJt apparently unstable as they are generally parts of ligaments or double 

drops undergoing fragmentation. Detailed size analysis has not been performed to 

compare the fuels, but the two Mogul L slurries show some larger structures than the 

other fuels. 
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VI. ENGINE EXPERIMENTS 

As indicat~d previously, the engine experiments were performed using two 

different configurations of the CLR single-cylinder research engine. The objectives of 

the engine experiments were to determine combustion characteristics, the perform

ance characteristics, and the operational characteristics of each of the test fuels. The 

performance characteristics relate to the efficiency of conversion of the fuel 

chemical energy to mechanical work. The operational characteristics relate mainly to 

the ability to deliver the fuel to the combustion chamber. The equipment used in 

these experiments are described and the results and observations are presented and 

discussed in the following sections. 

6.1 TEST EQUIPMENT AND PROCEDURES - A single-cylinder, four-stroke CLR 

research engine was used for these experiments. Two different heads and pistons were 

available for the engine so that it was possible to assemble it as a direct-injection 

engine or as a prechamber, or indirect-injection, engine. In the direct-injection 

configuration, a four-hole injection nozz~e was installed in the head such that the 

sprays were located symmetrically in the "Mexican hat" combustion chamber machined 

in the piston. The head for the indirect-injection configuration was equipped with a 

Caterpillar-type prechamber, and an inward opening, throttling pintle injection nozzle 

was used in this configuration. The piston had a shallow dish machined in the crown 

and located symmetrically at the discharge from the prechamber. The specifications 

for both configurations are listed in Table 7. 

The same (jerk-pump type) injection pump (CAY Minimec P4862/9A) was used for 

both engine configurations. An 8.5 mm diameter barrel-and-plunger assembly was 

used for all tests. Both nozzles were equipped with needle-lift sensors and line

pressure transducers which were used to monitor the performance of the injection 

system during the tests. 

The engine was directly coupled to a motoring eddy-current dynamometer which 

was used to start, motor, and control the engine. The dynamometer controller was 

designed for speed control to within::!: 5 rpm of the set point. Torque was measured 

using a strain gage load cell. 

Fuel flow rate to the engine was measured gravimetrically using an electronic 

weighing platform. Inlet air was supplied through a pressure regulator from a large 
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Bone (em) 
Stroke (em) 
Rod Length (em) 
DispiacemEmt (cm 3) 
Compression Ratio 
Combution Chamber 
Injection Pump 
Injection Nozzle 
Opening Pressure (MPa) 
Injection Timing (OBTDC) 

Table 7. CLR Engine Specification 
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DI 

9.65 
9.53 

17.46 
697.4 

14:1 
"Mexican Hat" 
CAV-8.5 mm 
Bosch 4-hole 

27.6 
16.0 

IDI 

9.65 
9.53 

17.% 
697.4 

20:1 
Pre-Chamber 
CAV-8.5 mm 
Bosch Pintle 

20.7 
7.5 



tank connected to the shop compressed air system. The pressure and temperature of 

the air was controlled for constant mass flow rate, which was monitored using a 

precision rotameter. The relative humidity of the inlet air was limited to 30 percent. 

A water-cooled piezoelectric pressure transducer was installed in the head of the 

test engine to monitor the instantaneous cylinder pressure. The cylinder pressure 

signal was supplied to a high-speed A/D which was triggered every 0.7 degrees of 

crank shaft rotation using an optical rotary switch. The pressure records from 10 

cycles were averaged and used to compute the heat release rate, the indicated power, 

and various combustion parameters (Qb "6, Q) described in previous papers'<9,Z5) 

Briefly, Qt provides a measure of combustion efficiency while 0', Q, the center of 

area of the heat release diagram, provides an indication of the timing and duration of 

the combustion process. 

The gas phase emissions (CO, C02, 0Z, NO/NOx, and unburned hydrocarbons) 

were measured mainly as a diagnostic of the combustion process. The emissions data 

was used to calculate the overall air-fuel ratio. These calculations were generally 

within five percent of agreeing with the air-fuel ratio determined from the fuel and 

air flow measurements. 

The amount of filterable material in the exhaust was determined by measuring 

the weight change of a filter through which a measured volume of exhaust was passed. 

The objective of the determination was solely to provide an indication of the amount 

of unburned solids in the exhaust not as an absolute measure of the particulate 

emissions. 

All of the fuels were tested at three different steady-state conditions -- three 

loads at 1500 rpm. The loads were defined as 50, 75, and 100 percent, where 100 

percent was the load at 20:1 air-fuel ratio using the baseline fuel. The engine was 

started and warmed-up using the baseline fuel before switching to the test fuel. The 

engine was al10wed to run on the test fuel for at least one hour before taking data. It 

was during this period that operational problems were observed and corrected when 

possible. 

The data set consisted of fuel consumption, air flow, exhaust emissions, and 

cylinder pressure data. The heat release rates and the combustion diagnostic 

parameters were calculated on-line during the data acquisition process. The fuel and 
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energy consumption data was reported on a brake as well as an indicated specific 

basis. 

6.2 EXPERIMENTAL RESULTS - As indicated previously, the baseline fuel and six 

slurries, 10-· and 20-percent Mogul L, 10- and 20-percent SRC-I, 20-percent !.,.Fuel, 

and 20-percent Otisca-T, were tested in the DI engine. Operational problems with 

Otisca-T and k-Fuel could not be overcome, therefore combustion and performance 

data are not available for these fuels. 

The slurries produced using both of these materials all exhibited the same types 

of operational problems. In the standard injection system, the needle valve would 

begin to stick shortly after switching to the test fuels. This would be followed 

immediately by sticking of the injection pump plunger in the barrel. These problems 

were overcome by increasing the clearances in these two areas, thus allowing higher 

leakage rates which tended to prevent sticking of the parts. The increased leakage 

rate was overcome by using a larger diameter barrel and plunger. Tests with the 

modified system were only slightly longer in duration than the previous experiments 

due to the onset of rapid deposit formation on the inside of the holes of the injection 

nozzle; deposits typical of those of thermally unstable fuels. Based on the results of 

the pentane insoluble tests (Table 5), it appears that very little of these solid 

components went into solution with the baseline fuel. It is possible that some 

components did go into solution and greatly reduced the overall thermal stability of 

the fuel. It is more likely, however, that the problems are associated with melting of 

the solid components (possibly at temperatures as low as 3500 C). 

The SRC-I and Mogul L slurries were tested using the standard barrel-and

plunger and a nozzle in which the needle valve clearance had been increased by 0.025 

mm, a clearance found to be acceptable in previous experiments'(9) Under these 

conditions, the operational characteristics of these slurries were excellent. A 

standard gea.r pump was used to transfer fuel from the fuel tank to the injection pump 

at the standard supply pressure of 0.74 MPa. This type of pump was subsequently 

found to be inadequate for the higher concentration slurries which were tested in the 

IDI engine. 

As indicated previously, the switch to the inward opening pintle nozzle was an 

a ttempt to use a system which, because of its design, appeared to be self-cleaning. 

This necessitated switching to the IDI--engine configuration, a configuration which in 
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previous work(25) was shown to be more fuel tolerant than the DI configuration. The 

k-Fuel and Otisca-T slurries would run slightly longer in the pintle nozzle/IOI engine 

configuration, but the nozzle deposit problem was still severe enough to stop the test. 

All of the 30-percent slurries were tested in this configuration with no apparent 

operational problems. 

The performance and emissions data for both engines are presented in 

Appendix C. The heat-release diagrams for all of the test fuels and both engines are 

presented in Appendix D. 

DI Engine Test Results - Examination of the data for each fuel over the load 

range revealed that the performance data for each fuel could be compared based on 

the averages over the load range. The indicated specific energy consumption OSEC), 

defined as the time rate of fuel energy consumption per unit power (indicated) 

produced, is used as an indication of the overall efficiency. Figure 15 is a bar chart 

comparing the SRC-I and the Mogul L slurries to the baseline fuel. The 10 percent 

slurries compared very well with the base fuel. The 20-percent slurries, however, had 

average specific energy consumptions whiCh were slightly higher (5 percent for 

Mogul Land lj. percent for SRC-I) than the baseline fuel. As in previous experi

ments(9), the Mogul L slurry did have lower specific energy consumption than baseline 

fuel at some operating conditions. 

The heat-release rate diagrams indicated that there were some differences in 

the combustion of the slurries as compared to the baseline fuel. Deviations from the 

baseline fuel performance are due to either lower overall combustion efficiency, 

incomplete combustion of the solids, or burning late in the cycle. 

The total heat release shown in Figure 16 was, on the average, very similar for 

all of the fuels. In addition, the apparent combustion efficiency, which is based on the 

total heat release, was very similar for all of the fuels. The angular center of area of 

the heat release rate diagram, 7f, is a good indicator of the timing of the combustion 

event. This is obvious in Figure 17, heat-release rate diagrams for the SRC-I slurries 

and the baseline fuel, where the 20-percent SRC-I is burning much later in the cycle 

than the base fuel, 7f of 378 degrees for the 20-percent SRC-I as compared to 373 

degrees for the baseline fuel. 
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On the average, the emissions of solids in the exhaust were higher for the 

slurries than for the baseline fuel, the most notable increases occurring with the SRC-I 

slurries. The solid emissions in all cases represent a small fraction (less than six 

percent in the worst case) of the total mass of solid introduced into the engine In the 

fuel slurry. The small mass fraction, in turn, represents less than one percent of the 

total fuel energy content, a change too small to be reflected in the combustion 

efficiency or the specific energy consumption. The emissions data for all tests are 

tabulated in Appendix C. Based on these considerations, it appears that most of the 

solid components is burning in the engine. Therefore, deviations from the baseline fuel 

performance are most probably due to late burning of either or both components of the 

fuel, with incomplete combustion of the solid contributing in a minor way to lowering 

the thermal efficiency. 

101 Engine Test Results - As with the DI engine results, averaging the IDI engIne 

performance and efficiency data provides a good indication of the overall performance 

of the test fuel. The average ISEC data for all of the fuels tested in the IDI engine are 

presented in Figure 18. The 30-percent Fairless coke had an overall efficiency 

equivalent to that of the baseline fuel. All of the other slurries performed, on the 

average, less efficiently (higher ISEC) than the baseline fuel, as shown in the figure. 

The apparent combustion efficiencies of all of the test fuels, except the 30-percent 

petroleum coke, were very similar to that of the baseline fuel. The low combustion 

efficiency for petroleum coke slurry is reflected in the low total heat release as shown 

in Figure 19. The total heat release was very similar for all of the other fuels. The 

solid emissions in the exhaust were also highest with the petroleum coke slurry, 

approximately three times as much solid in the exhaust as with the baseline fuel (see 

Appendix C). Even with the worst case condition for the petroleum coke slurry, the 

solid loading in the exhaust is less than 10 percent of the total solids introduced in the 

fuel slurry. This, in turn, represents less than three percent of the total energy 

content, not enough to account for a 15-20 percent lower combustion efficiency 

observed with the petroleum coke slurry. This indicates that the combustion 

efficiency of the liquid component of the fuel was affected by solids. 

The timing of the combustion process, as indicated by 0", was somewhat 

advanced for the petroleum coke. ThIs approach toward constant volume combustion 

may have somewhat offset the other effects and prevented a more dramatic 

difference in the overall efficiency, as indicated by ISEC. 
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The Fairless coke slurry had the highest overall efficiency, being equivalent to 

the baseline fuel. As would be expected, the combustion characteristics and solid 

emissions were similar for both fuels. 

The heat release rate diagrams for the baseline fuel, the 3D-percent petrc!eum 

coke, and the 3D-percent Fairless coke are presented in Figure 2D for the full load test 

condition. As can be seen, the Fairless coke and the baseline fuel have the same 

ignition delay time and similar premixed combustion and diffusion combustion phases. 

The plf~troleum coke, on the other hand, had a longer ignition delay time followed by a 

very large premixed phase with very high heat release rates, approaching constant 

volume combustion. The combustion characteristics of the other test fuels were 

similar to those of the baseline fuel. Differences in performance (as indicated by 

ISEC) could generally be attributed to variations in the combustion timing, as 

indicclted by value of "0. 
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VD. DISCUSSION 

7.1 COMPONENT SELECTION - The solid fuel materials used in this program were 

selected as representative of the large family of high-carbon content solid fuels. 

Guidelines used in the selection process included economic potential, abundance of 

supplY1 and quality of the material. The last criteria stemmed from the fact that the 

fuels were to be developed for, and tested in existing, or slightly modified equipment, 

thus pAacing limitations on the sulfur and ash content of the test fuels. It is realized 

that there are othel processes in various stages of development which could result in 

solid fuel components which have as much, or more, potential as those tested. It is 

also envisioned that advancements in engine design, especially in the fuel injection 

area, would greatly extend the list of materials and could possibly reduce the 

processing requirements. 

7.2 FUEL FORMULATION - The fuel formulation and engine test experience has 

pointed out a number of fuel properties which are important. The hardness of the solid 

component must be considered in the design and operation of the grinding/fuel 

processing procedures. In addition, the hardness could be directly related to fuel 

system and engine durability. The internal injection system deposits observed during 

the engine experiments with some of the fuels indicates that the fusion temperature 

and solubility of the solid component in the base liquid are important properties. The 

pentane insolubles determination (ASTM 0893) could possibly be used to provide a 

measure of the solubility of the solid component. The ASTM procedure for determin

ing the fusibility of coal and coke ash (01857-68) could possibly be adapted to provide 

a measure of the fusibility of the solid component of slurries. It appears that proper 

specification of the fusibility and solubility of solids could prevent the deposit 

problem. 

As indicated previously it appears that an SMO of less than 0.5 microns is 

necessary for proper operation of slurry fuels. There is some question, however, 

concerning the applicability of currently available particle sizing procedures due to 

the high dilutions required for these techniques. It is conceivable that the dilution, in 

some cases up to 1,000,000: I dilution ratio, could result in changes in the size 

distribution. These considerations apply equally for optical microscopy and the various 

laser techniques. Based upon the results of these experiments, however, an SMO of 0 •. 5 

microns (using a Hiac-Royco PC-320 analyzer) corresponds to finding nothing larger 

than 5.0 microns using optical microscopy, and appears to be a reasonable limit for 
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proper operation in existing engine systems. The optical microscopy technique is a 

convenient and rapid means of monitoring the size distribution as the slurry is being 

processed. 

As indicated previously, the particle-to-particle and liquid-to-particle interac

tions greatly complicate the relationship between shear stress and shear rate, even in 

the simple flow field encountered in a rotational viscometer. Since the apparent 

viscosities of the slurries are both time and shear rate dependent, it is important that 

slurries be handled in a standard fashion so that all are exposed to the same shear 

history before characterizing the flow properties. It is apparent that non-Newtonian 

behavior stems from structure formation and destruction. It is possible that these 

structure-forming tendencies could be indirectly assessed by measuring porosity and 

surface area of the solid particles, if such measurement could be made with the 

particles still in the slurry. Currently, the procedures are designed for dry powders. 

Another problem area involves characterization of the shear history of a fuel in a 

diesel injection system; this information is required in order to specify the appropriate 

apparent viscosity. 

7.3 INJECTION AND ATOMIZATION - Briefly considering some general observations 

of the injection process, it became apparent from these studies that the four-hole 

nozzle produces a jet which appears to interact with the environment as a classical jet 

break-up. Observations also indicated that the transients, in terms of tip velocity, 

cone angle, and drop size, die out very quickly, within the first 150 microseconds, and 

the jet then behaves in steady-state manner for several milliseconds. In the pintle 

nozzles, the transient nature is even less apparent, as shown in Figure 4- by the fact 

that the penetration distance is nearly linear with time. In addition, the cone angle 

and penetration rate both decrease with the pintle nozzle as the density of the 

environment is increased, effects which are also observed in swirl atomizers. In the 

four-hole nozzle, the cone angle increases and the penetration rate decreases as the 

density of the environment is Increased. 

The results of the high-speed movies and the high-resolution work may point out 

the best approaches for modelling diesel injection. The differences in the spray 

characteristics of the two nozzles are related to the fact that two different 

mechanisms are controlling in the atomization process. It appears that the atomiza

tion process in the four-hole nozzle would best be modelled as a jet break-up problem, 

where the jet issues from the orifice as a solid core of liquid. A tomiza tion occurs 
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away from the nozzle due to air entrainment in the fringes of the jet. Fuel in droplet 

form is observE~d only in the fringes, at some distance from the nozzle and late in the 

injection event far down stream of the nozzle. It appears that the pintle nozzle 

behaves and could be modelled as a swirl atomizer where a sheet of fluid leaves the 

nozzle, breaking into ligaments which ultimately break into drops. It appears that 

both nozzle types can be modelled as steady-state systems. 

The high··resolution photographic data indicates that the drop sizes produced by 

both nozzles are similar, 5-25 microns, and that both are affected somewhat by the 

fuel type, although correlations between the drop/particle size and specific fuel 

properties were not apparent. In general appearance, there appeared to be more 

"debris" in the fringes and the surroundings of the slurry sprays. These particles 

appeared to have sharp corners indicating that there is some separation of the liquid 

and s91id particles occurring with the slurries. 

Although the injection and atomization processes are normally thought to be 

affected by fuel viscosity, it did not appear that the injection characteristics of the 

four-hole nozzle were strongly related to the apparent viscosity. It is possible, 

however, that the poor correlation results from the inability to characterize the flow 

field encountered by fuel in the injection system. 

There does appear to be a correlation between the apparent viscosity of the 

slurries and the spray characteristics in the pintle nozzle. As indicated previously, 

there are apparent differences in the basic processes involved in the operation of the 

two nozzles. 

7.4 ENGINE EXPERIMENTS - The performance of the slurry fuels are governed by 

the interaction of a large number of parameters including the fuel properties, the 

injection and atomization characteristics, and the ignition and combustion character

istics of the fuels. The global performance, in terms of thermal efficiency or specific 

energy consumption, is controlled not only by the combustion efficiency but also by 

the rate and phasing of the combustion process. These considerations also involve the 

assumption that the injection system is not malfunctioning due to deposits, sticking of 

parts, or wear. 

In the DI engine, the performance of the slurries was very similar to that of the 

baseline fuel. The slightly lower thermal efficiencies (higher ISEC) most probably 
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resulted from late burning of both components of the fuel, as reflected by differences 

in the rate of heat release and in the angular center of area (timing) of the heat 

release diagrams. These differences could, in turn, be related to differences observed 

in the drop size distributions of the slurries and the baseline fuel, where the larger 

drops with the slurries increased the overall burning time. Differences between the 

slurries were small and could not be related to specific properties of the solid 

components. 

In the lOI engine, there appeared to be both a best (30-percent Fairless coke) and 

a worst (30-percent petroleum coke) fuel. Differences between the other fuels were 

small, and compared to the baseline fuel, were apparently due to small variations in 

the combustion phasing. The degraded performance of the petroleum coke could be 

related to poor fuel atomization (narrow cone angle and high penetration) which, in 

turn, appeared to be related to a high apparent viscosity. 

In all cases, it should be noted that the combustion efficiency of the solid 

components of the slurries were very high, typically higher than 90 percent. One 

factor which has not been discussed is the possibility of increased heat transfer to the 

cylinder walls due to increased flame radiation from the burning solids. This does not 

appear to be a major factor, however, since many of the fuels performed very similar 

to the baseline fuel and slurry-to-slurry differences in radiative heat transfer are 

probably small. 

The operational problems with the slurries can be overcome by proper design and 

selection of the fuel handling system and components. Some general "rules of thumb" 

developed in this work include: 

1. Avoid dead volumes and attempt to streamline all flow passages; this will 

prevent separation and packing of the solids. 

2. Use pumps with large clearances to prevent wear. 

3. The fuel supply pressure to the injection pump should be increased above 

normal to insure that the increased pressure drop at the fill port is overcome. 

Most of these requirements can be met by using a large capacity transfer pump in 

which the clearances have been increased. The same rules apply to the fuel injection 

pump where increased clearances, higher flow rates, increased leakage rates, and 

increased capacity have been successfuJJy used to overcome injection pump problems. 
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Although durability tests were not performed in this study, injection pump and engine 

wear were not observed during the performance tests of the slurries. 

7.5 PRELIMINAR Y SPECIFICA nON - As indicated previously, specifications 

involving details of the structure of the solid particles in the slurries, such as sudace 

area or porosity, would be prohibitive due to the difficulties involved in making the 

measurements and in controlling these properties during the grinding process. In 

addition, it is felt that stringent compositional requirements would be unacceptable 

because of the large variations in the composition of coals. It appears that a 

reasonable specification would involve such properties as ash content, sulfur content, 

metals content, particle size distribution, stability, particle hardness, particle abra

siveness, particle fusion temperature, solubility of the s()lids, the slurry viscosity, and 

the slurry lubricity. Several of these properties were found to be important during this 

study. As a results of the fact that this is new information, very little data is 

available for formulation of a specification. The properties which fall into this 

category are particle hardness, abrasiveness, fusion temperature, and solubility in 

diesel fuel. 

The viscosity and lubricity requirements are dependent on the hardware which is 

used. In addition, it is envisioned that the most efficient utilization of the slurry fuels 

will involve modifications to the fuel transfer and injection equipment. It is felt that 

specification of these slurry fuel properties will change considerably as the systems 

are developed specifically for the slurries. Future specifications could even involve 

some guidelines for acceptability in terms of limitations on the shear thickening 

tendency (non-Newtonian behavior) of the slurries. 

Table 8 is a listing of a preliminary specification for slurry fuels. It should be 

noted that the limi ta tions are based on slurries formula ted using diesel fuels which 

meet the DF·-2 specification, and for use in conventional engine systems. It is felt 

that the specification can be applied to fuel slurries in which other carrier fluids are 

used. It should also be realized that the various requirements are subject to the 

limitation discussed above and that the specification will be modified considerably in 

the future as additional information is developed. 

The first three requirements in Table 8 deal with the contaminant level of the 

solid components. The limitations represent large deviations from the current diesel

fuel specification (ash = 0.01 percent, sulfur = 0.5 percent). It should be noted that the 
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Table 8. Slurry-fuel Specification 

Solids Specification 

Ash Content (wt96 - max) (0 3180) 

Sulfur Content (wt96 - max) (0 3177) 

Metal Content (wt96 - max) (X-Ray) 

Hardness (Hardgrove Index - min) (0 409)* 

Abrasiveness (0 409 (min) or 0 3402 (max) or* 
D 1367 (max) 

Solubility (wt96 - max) (ASTM 0 893) 

Fusion Temperature (OC - min) (ASTM D 1857-68)** 

Slurry Specification 

Stability (wt% - max in 48 hrs)*** 

Lubricity (mg - max) (D 1367) 

Particle-Size Distribution (microns SMD) 

Viscosity (cSt at 4-00 C and 100 -1) s 

1.0 

1.0 

0.2 

70 

70/20.096/50 mg 

1.0 

350 

0.1 

50 mg 

0.5 

300 

* 
** 
*** 

These three requirements may not be compatible for some materials. 
Based on the maximum expected temperature of injection nozzle. 
Two-day quiescent storage in fuel tank. 
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metals content represents a part of the ash limit and is not meant to be added to it. 

The limitations were selected based on observations made in this study, and also based 

on the fact that the solids will be blended with liquid carriers which will have much 

lower concentrations of these contaminants, resulting in a dilution of the concentra

tion of the contaminants in the solids. 

The hardness and abrasiveness limitations are designed to minimize the grinding 

or particle-size reduction requirements and also to limit or prevent wear in the 

injection system. The limits presented are somewhat arbitrary, being in the mid

ranges of various ratings. ASTM D 409 and D 3402 are grinding tests in which the 

particle size reduction in a specified grinding apparatus is determined by seive 

procedures. ASTM D 409 is designed specifically for coal, while D 3402 is designed for 

coke. As indicated, the limits listed in Table 8 represent moderate ratings in terms of 

hardness or abrasiveness. It should be realized that the actual specification of these 

properties will require extensive durability testing. 

Specification of the solubility and fusion-temperature limitations are based 

mainly on experience developed in this project, although the data is very limited. The 

solubLlity requirement allows some solubilization of the solids, but not to the extent 

observed with the SRC-I slurries. The fusion-temperature requirement is based on 

reported fusion temperature of SRC-I. It is felt that this would also represent the 

maximum sac-·volume temperature that would be encountered in an injection nozzle in 

an operating engine. 

It is felt that the specification of the slurry properties will be expanded as 

additional experience is gained with these fuels. The properties and limitations listed 

in Table 8 for the slurries are viewed as minimum requirements for successful testing 

in conventional equipment. 

The stability requirement consists of a maximum settling rate over 48 hours. 

This accounts for the 24-hour soak period required for proper wetting of most powders, 

and an additional 24 hours for testing. Future stability requirements will be governed 

mainly by the constraints of the fuel transport and storage systems. 

The lubricity requirement was included mainly to handle those situations in 

which non-diesel fuel carriers are used. ASTM D 1367 is suggested as a basis for 

development of a new standard procedure for assessing the lubricating qualities of the 
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slurry fuels. It is felt that the 50-mg limitation, listed in Table 8, represents a fairly 

stringent requirement for slurry fuels. 

The particle-size distribution requirements, listed in Table 8, have been 

discussed extensively in previous sections. Based on experience developed in this 

project, refinement of this specification will consist of, or result from, improvements 

in rapid in situ particle-sizing instrumentation. 

The viscosity requirement is based on the use of fairly conventional fuel-tank 

and fuel-pump designs. It should be realized that the use of flow-improving and 

stability additives will necessitate refinements of this requirement. It appears that 

major advancements in slurry-fuel technology will occur with the development of an 

understanding of the flow properties and the interactions of the various components of 

the slurries. This information will be useful in controlling stability in maintaining a 

fluid state for transport, and in controlling the injection and atomization character

istics of the slurry fuels. 
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vm. SUMMARY 

As in the other sections of the paper, the results of .the different types of 

experiments are summarized by experiment. 

8.1 FUEL FORMULATION - The important observations of the fuel formulation 

experiments can be summarized as follows: 

1. Several properties of the solid components are important for both fuel 

formulation and performance; these include hardness, fusion temperature, 

and the ash and sulfur contents. 

2. The particle-size distribution in the slurry is important for proper perform·· 

ance in the engine. A limit: on the Sauter mean diameter (SMD) of 0.5 

microns appears to be an acceptable limit. There is some question concern·· 

ing the accuracy of existing sizing techniques, but it is felt that they do 

provide a good relative measurement. 

3. The rheological properties of the slurries are very complex with the apparent 

viscosities being both time and shear rate dependent. 

4. The slurries have higher volumetric energy contents than the base liquid, 

This means that engine derating does not necessarily result from the use of 

slurries. 

8.2 INJECTION AND ATOMIZATION - The injection and atomization studies 

produced both general results as well as results specific to slurries. 

1. The spray from a multihole nozzle behaves as a jet break-up problem. 

2. A pintle nozzle produces a spray which resembles and behaves in the same 

fashion as a swirl atomizer. 

3. The transient part of the injection represents a small fraction, in both time 

and mass of fuel injected, of the total injection process. 

4. The spray characteristics (cone angle and penetration rate) of the four-hole 

nozzle were not as fuel dependent as those of the pintle nozzle. 

5. The drop size distribution of both nozzle types was affected by the presence· 

of slurry although specific property relationships were not apparent. 

6. In general, the drop sizes for the baseline fuel range from 5 to 10 microns 

while the drop sizes for the slurries range from 5 to 25 microns. 
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8.3 ENGINE EXPERIMENTS - The results of the engine experiments can be 

summarized as follows: 

1. Fuel delivery problem can be prevented by system design changes which allow 

for higher leakage rates, minimum dead volumes, increased supply pressures, 

and increased clearances. 

2. It appears that a large percentage (90 percent or more) of the solid 

component of the slurries is burning in the engine. 

3. The performance of properly formulated slurry fuels is very similar to that of 

the baseline fuel. Proper fuel formulation involves meeting the requirement 

described previously. 

4. It appears that the combustion of both components of the slurries are coupled 

such that incomplete combustion and late burning involve both components 

rather than just the solid. 

5. It appears that slurry fuels are technically viable with proper formulation and 

using fuel delivery systems designed specifically for slurries. 
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SRC-l PROCESS (1) 

The coal is pulverized to less than 1/8", mixed with a process-derived solvent, 

and fed into the reactor systems as a slurry. The slurry is mixed with hydrogen 

(4500 F; 2000 psig), then heated to near the desired reaction temperature (700-7500 F) 

in a preheatE~r. The coal apparently swells and softens very rapidly during its short 

stay in the preheater, becoming a viscous gel and transforming bituminous coal into 

pyridine soluble or cresol soluble materials. 

The mixture is then sent to the reactor vessel (dissolver) which is maintained at 

an optimum temperature of 8400 -870oF for 20-60 minutes. The coal is hydrogenated 

and thus depolymerized here in the reactor, causing the dissolution of the coal. 

Hydrogen is 1transferred from the solvent to the coal. The coal molecule is cleaned 

due to the heat and the hydrogen transfer. The organic sulfur reacts to form hydrogen 

sulfide. The solvent is also subjected to hydrocracking during this time, yielding lower 

molecular weight hydrocarbon ranging from light oil to methane. The hot effluent 

from the reactor is sent to a series of high-pressure separators, where gases and low 

molecular weight hydrocarbons are rE:moved as vapor. The liquid slurry stream which 

remains is suitable as solvent. Liquid hydrocarbons are recovered from the vapor 

steam by condensation. The liquid slurry goes through a mineral separation step which 

removes the undissolved solids with the process solvent being recovered from the coal 

via distillation, after which it is recycled to slurry additional coal feed. The residue 

remaining is SRC-l. 
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HYDROTHERMAL PROCESS (BATTELLE)(2X3X42) 

The raw coal is crushed or ground to a particle size suitable for desulfurlzation 

(usually 70 percent - 200 mesh or 100 percent - 28 mesh). A physical benefication step 

can be inserted here to remove some of the mineral matter present, including a 

portion of the pyritic sulfur. 

The coal is sent directly to a mixing tank where it is slurried with the leachant 

(usually an aqueous solution of up to 10 percent sodium hydroxide and about 2 percent 

calcium hydroxide). 

The slurry is heated in an antoclave to 250-350oC (steam pressure 600-2500 psig) 

in order to extract out a significant amount of the sulfur and mineral matter. After 

cooling, the slurry is pumped into a receiving tank where the desulfurized coal is 

separated from the leachant and is water-washed. Drying of the desulfurized coal is 

optional. 

The spent leachant can be regenerated for recycle by several methods. 
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1-UGH GRADIENT MAGNETIC SEPARATION(l 5)(1 6)(1 7)(25) 

The principle of the process is that most mineral impurities in c:)~lthat 

contribute to the pyritic sulfur, sulfate sulfur, and ash content, are paramagnetic. If 

liberated as discrete particles, they can be separated from the diamagnetic coal by 

magnetic techniques. This has been successfully done in the processing of kaolin. A 

typical system is capable of a field intensity of 20 kOe distributed uniformly 

throughout the working volume. When the ferromagnetic packing materials are placed 

in the field, thus increasing and distorting the field around them, large field gradients 

of thE! order 1-10 kOel m can be produced. 

The feed containing the magnetic contaminants are pumped through the 

stainless-steel wool packing of the separator from the bottom while the magnet is on. 

The magnetic materials (mags) are "captured" and retained inside the separator matrix 

while the nonmagnetic material (tails) pass through the separator matrix and are 

collected from the top of the magnet as the beneficiated product. When the separator 

matrix is filled to its loading capacity, the feed is stopped and the separation matrix is 

washc:!d with water. The magnet is turned off and the mags in the separator matrix are 

backwashed and collected and the procedure continues in a cyclic manner. 

This process is very similar to the process High Extraction Magnetic Filtration 

(HEMP). 
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KOPPELMAN PROCESS (5)(6)(7)(8)(9)(10)(11) 

This process converts low grade carbonaceous or cellulosic materials to high 

heating value, stable solid fuels with considerable energy value enhancement. 

The cellulosic material (biomass) is fed as a slurry into the reactor. Under 

intense heat and pressure (to 100 atmosphere), the feedstock is converted to a solid, 

clean-burning fuel resembling coal, and containing low ash and low sulfur. 

The feedstock can be wood waste, peat, lignite and brown coal, coal fumes, 

subbitumious, seaweed, etc. The process is essentially one of advanced pyrolysis 

where the feedstock is restructured under controlled conditions of high temperature 

and pressure. The cost of the process makes it competitive with conventional sources 

of energy. 
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TSL SOLIDS (SOLVENT REFINED COAL)(I) 

A SRC-I Demonstration Plant being built in Newman, Kentucky and scheduled to 

be opl~rationa! in later 1984, incorporates a first-stage liquefaction section (SRC-I), 

followed by an LC-Finer referred to as two-stage liquefaction (TSL), and a delayed 

coker and calciner. The plant will produce two types of SRC-I solids. The "Classic" 

SRC solid, similar to those described in synopsis No.1, and TSL solids. The TSL solids 

are those solids remaining after ther molten SRC solid has been processed through the 

expanded-bed hydrocracking (LC-fining) stage. They contain lower sulfur and lower 

ash. 
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TR W MEYERS PROCESS FOR DESULFURIZA TION(22,23,38,45) 

This process has application for converting coals with relatively high pyritic 

sulfur and low organic sulfur content, such as those found in Appalachian coals, to 

coals that have sulfur levels that will meet governmental sulfur oxide emission 

standards when used as a fuel. The pyrite sulfur in the coal is oxidized selectively 

using an aqueous ferric sulfate solution at 90-130oC, to ferrous sulfate and free 

elemental sulfur. 

FeS2 
Pyritic Sulfur 

+ 4.6 F32(S04)3 
Ferric Sulfate 

10.2 FeS04 + 4.8 H2S04 
Sulfuric Acid Ferrous Sulfate 

+ 

+ 0.8S 
Elemental Sulfur 

The ferrous sulfate dissolves in solution and the free sulfur is removed from the coal 

matrix by either solvent extraction or by vaporization. The oxidizing agent is 

regenerated at similar temperature with air or oxygen and thus can be recycled. 

9.6 FeS04 + 2.4 02 + 4.8 H2S04 

4.8 Fe2(S04)3 + 4.8 H20 

The ferrous sulfate can be removed by liming and/or crystalization. In a survey of 35 

coals, the average coal contained 2.02 percent pyrite sulfur and 3.05 percent total 

sulfur. In regard to trace element removal, the results varied greatly from coal to 

coal, but some general conclusions can be stated. 

(a) As, Cd, Mn, Ni, Pb, Zn were removed to a greater extent by the Meyers 

Process than by the physical cleaning process. 

(b) Li and F are partitioned better by the physical separation procedures; Ag 

and Cu removal had a slight preference for the float-sink separation. 

(c) Cr and V removal was about the same by both processes. 
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EUREKA PROCESS(4) 

The feed is usually vacuum resid~ although the process has possible application to 

Canadian oil sands. After the feed is preheated, it enters the bottom of the 

fractionator and mixed with the recycle oil that comes :from the above. This mixture 

is transferred to the charge heater and fed via an automatic switching valve to the 

reactor system. This system consists of two reactors, operating alternately. The 

cycle time is about four hours. Superheated steam is injected into the reactor and 

supplies approximately 20 percent of the required heat for the reaction. The steam 

also strips the cracked product out of the reactor. As the reaction proceeds, the pitch 

(bottom material) becomes viscous due to a poly-condensation reaction and the degree 

of this reaction is measured by the softing point (SP). At a predetermined SP, the 

reaction is quenched with water. The pitch is still a viscous liquid and can be 

trans:Eerred to the pitch stabilizer (usually every two hours). The pitch is pumped to 

the flaker where it is solidified and flaked. The effluent from the reactor goes to the 

lower section of the main fractionator and the small amount of entrained pitch is 

removed. The upper section is ordinary fractionator, where the heavy cracked oil 

(CHO) is removed. The lighter cracked oil (CLO) fraction is usually obtained from the 

overhead drum. 
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TRW GRAVIMELT PROCESS(51)(52)(53)(61) 

In the Gravimelt Process, molten sodium hydroxide and potassium hydroxide are 

used for the removal of organic sulfur from coal. The laboratory runs were made in 

stirred reactors, the dimensions of which were 3 inches in diameter and 12 inches in 

height. Kentucky No. 11 coal was reduced in sulfur content to a level of 0.10 lbs of 

sulfur/l06 BTU with an ash content of 0.21% in a cumulative reaction time of 60 

minutes. This process is under development and is being funded by DOE. 
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DRY TABLE (4) 

Coarsely-ground coal is fed into a wedge-shaped shaker table. As the coal is fed 

into the longest side of the unit, it is moved toward the backwall by the conveying 

force. With a large pile of particles formed against the backwall and filling all of the 

trough, the particle on the pile's surface is moved down the open slope by gravity. The 

under'lying material is still driven against the backwall and causes a continous 

overturning of the bed. As the incoming feed causes the overturning of the bed and 

flow across the deck away from the feed, a helical motion results. As these actions 

are taking place, size- and bulk-density separations are occurring in the bed, with the 

low-density and large particles moving into a spiralling path. The particles migrate 

toward the toe of the pile while the high-density or small particles move into a smaller 

spiral. These particles tend to concentrate towards the backwall. The particles that 

are both low density and large (coal) move past the large and high-density particles 

(rock and pyrite) and concentrate at the toe of the pile. The small particles of pyrite 

tend to conC4~ntrate at the backwall in preference to small coal particles. There is 

also a "discharge lip", an attached downward sloping surface to the nearly horizontal 

deck from which the particles are discharged. This lip causes further separation based 

on the particle shape, resiliency, and surface roughness. Thus the tabular rock and 

pyrite particles are stable when the unit is vibrating and the cubical coal particles are 

unstable. The latter will be discharged by rolling off the lip; the tabular rock and 

pyrite are taken back up the lip and into the pile. The roughness of the rock and pyrite 

causes them to be conveyed back into the deep particle bed while the rather smooth 

surface coal slips off the lip. Since the coal also has more resiliency, the conveying 

vibra.tions cause them to bounce and assure their instability on the discharge lip. 
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OTISCA MEDIA PROCESS(57) 

The process exploits the gravimetric differences between the coals and the 

impurities contained in the coal. A static bath containing a low-viscosity organic 

liquid is employed. Depending on the coal treated, BTU recoveries greater than 90 

percent have been achieved and with reductions in the sulfur content exceeding 60 

percent. 
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onSCA T -PROCESS (58) 

The coal is ground to 15 microns by conventional means. It is then agglomerated 

with the almost lOO-percent recovery of the BTU's in the coal feed and with less than 

l-percent ash. The ground coal can be recovered as a dry powder or in a water or oil 

slurry. 
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MICROW AVE PROCESS(54X61) 

A laboratory-size flow reactor (l00 g per batch) is being used, and with 

modification, can run continuousiy (500 g to 1000 g per minute). The coal (~" size 

particles) are subjected to microwavetadiation which results in the conversion of 

pyrite to FeS, the latter having strong magnetic properties. If the coal is crushed 

further (30-100 mesh) and subjected further to microwaves combined with a NaOH 

treatment, the sulfur content can be reduced 80-90%. 
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CHE.MICAL COMMINUTIONU 9) 

Chemic:al comminution is the pulverizing, or reducing, to powder by chemical 

means. Studies at Syracuse University Research Cc)rporation indicate that liquid 

ammonia is probably the most effective chemical found thus far for this task. 

When c:oal is treated with liquid ammonia it is fractured in a highly selective 

manner, with the breaks occurring in those internal boundaries that were previously 

wea~:ened by infiltration of pyrite, ash, and other mineral constituents. Analyses of 

the sink-float products after chemical comminution show that the float fraction had 

about 55 percent less ash and 73 percent less pyrite sulfur. 
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IGT FLASH· DESULFURIZA TION(32) 

The process is based on both chemical and thermal treatment of the coal to be 

desulfurized. The coal 15 subjected to hydrogen treatment at elevated temperatures 

and near-atmospheric pressure. The coal had a pretreatment to prevent it from coking 

and to enhance the overall sulfur removal. 
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COAL DE~SULFURIZATION BY LOW-TEMPERATURE CHLORINOLYSIS(33) 

The reaction of pyritic sulfur with chlorine is shown by the reactions: 

FeS2 + 2Cl2 -_ .. Fe:CI2 + 52Cl2 

2FeS + 7Cl2 .. 2FeCl3 + 4SCl2 

If water is present and the temperature is 7500 C, the 52Cl2 formed in the first 

reaction can readily be converted to H2S04 and HCI 

If no moisture is present and the temperature is 500 C, the S2C12 may react with 

other organic compounds to form organo-sulfur compounds. 

---+-.. RS2 CI + HCl(slow) 

The chlorinated coal can be heated (3000 - 5500 C) to remove hydrogen chloride. 

Fe++C12 + 2H20 - .... 2HCl + Fe++(OH)2 

Fe+++C13 + 3H20 - .... 3HCl Fe+++(OH)3 
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MAGNEX (.56) 

The "Magnex" process is a four-step process involving crushing, heating, carbonyl 

treating, and magnetic separation. The coal is crushed to minus 14 mesh, followed by 

heating to 170oC. To improve the selectivity, the coal can be exposed to steam 

during the heating process. The coal is then exposed to vapors of iron pentacarbonyl. 

This decomposes in the presence of the hot coal as represented by the simpified 

equation 

Feo + 5CO 

The reaction between iron pentacarbonyl and the ash in the coal has been difficult to 

establish, but it is believed that atomic iron forms crystallites which are attached to 

the ash particles. 

Fe(CO)5 + Ash--.. ~ Fe Ash + 5CO 

Measurements of the magnetic susceptibility show the presence of super paramagnetic 

iron crystallites in the magnetic refuse. 

The reaction between the iron pentacarbonyl and the pyrite can be represented 

by the equation below. 

FeS2 -I- Fe(CO)5--....... 2Fel_xS + 5CO 

The iron pentacarbonyl decomposes when it comes in contact with the pyrite 

surface and is thought to be converted into a pyrite-like material. 

The pyrite and ash can be separated from the clean coal by commercial low-to

medium intensity induced magnetic-roll separations having field strengths between 

8000 to 12,000 gauss. 
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FROTH FLOT A nON (21X26) 

The froth flotation process uses the differences in the surface properties of the 

coal and the refuse particles in its operation. The coal is usually sized down to 

particles l/n of an inch or smaller and placed in water in a large mixing tank 

(flotation CE!ll). The contents of the tank are mixed, usually by pneumatic or 

mechanical stirring, followed by addition of special reagents to promote bubbling and 

the attachm~~nt of coal particles to these bubbles. When this is accomplished and is 

introduced into the flotation cell, the coal particles attach themselves to the bubbles. 

The bubbles with the coal particles attached rise to the surface where the coal is 

remclved. The pyrite and ash are left behind in the susp«~nsion. 

The process has not been developed to a point where the ash and pyrite sulfur 

particles are rejected completely while all the coal particles are caused to float; but 

research continues. 
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OXIDA nVE DESULFURIZA nON (24) 

Of the several techniques for removing sulfur from coal by oxidative means, the 

one using air and water appears to be the most feasible. It removes both pyrite sulfur 

( 90%) and organic sulfur ( 40%). 

An aqueous slurry of coal is contacted with air at pressure up to 1000 psi and 

temperatures of 140-200oC. Table 1 shows the organic sulfur removal from various 

coals using oxidative desulfurization. 

Seam 

Bevier 
Mammotha 

Table 1. Organic Sulfur Removal from Representative 

Coals by Oxydesulfurization 

Temp Organic Sulfur (wt %) 
(OC) State Untreated Treated 

Kansas 150 2.0 1.6 
Montana 150 0.5 0.4 

Wyoming No. 9a Wyoming 150 1.1 0.8 
Pittsburgh Ohio 180 1.5 0.8 
Lower Freeport Pennsylvania 180 1.0 0.8 
Illinois No. 6 Illinois 200 2.3 1.3 
Minshall Indiana 200 1.5 1.2 

aSubbi tuminous 
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CONVERTOL PROCESS(f~n 

In this process, droplets of dispersed oil are intimately contacted with the solids 

suspended in the coal slurry. As a result, the oils displace the water on the surface by 

preferential wetting, after which the coal particles are allowed to agglomerate. This 

permits their' removal from the slurry using centrifugal filtration. Since clay and 

other particles of mineral matter that are suspended in the slurry do not have the 

affinity for elil that the coal particles have, the oil treatment is preferential to the 

coal particles. These coal particles are permitted to agglomerate by gentle stirring in 

a conditioner to form floes. The agglomerated coal is washed and partially dewatered 

by using a vibrating screen. The washed flocculate is further dewatered using a high 

speed screen basket centrifuge or a solid bowl centrifuge. 
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PETROLEUM COKE VIA. DELAYED COKING(50) 

Coking has been described as a severe thermal cracking process. The heaters are 

designed to raise the temperature of; the' residual stock above the point at which 

coking occurs by having a minimum retention time. This is achieved by having high 

velocities in the heaters. An insulated surge drum on the heater effluent permits a 

time delay sufficient enough to allow (delayed) coking to occur before subsequent 

processing takes place. 

In the delayed coking process, the hot fresh liquid feed enters the fractionator 

two to four trays above that of the vapor zone. This allows the hot vapors from the 

coke drum to be quenched by the' cooler feed liquid and thus prevent any sizable 

amount of coke formation. At the same time, this permits the high boiling material to 

be condensed and recycled. If any undesirable light boiling material is present, it can 

be vaporized from the feed which is further preheated in the fractionator. The 

remaining fresh feed liquid is combined with the condensed recycle and pumped from 

the bottom of the fractionator to the coker heater. It is partially vaporized and sent 

to one of the two coke drums. 

The velocities are usually controlled by the introduction of steam in the heater 

tubes, thus keeping the coke deposition at a minimum. The unvaporized portion from 

the heater effluent settles out in the coke drum because of temperature and retention 

time effects, thus resulting in coke formation. The gaseous material consisting of 

thermally cracked products (gas oils, naphtha, gas) and steam from the top of the coke 

drum are sent to the bottom of the fractionator and travel upward through the quench 

trays. Above where the fresh feed enters the fractionator there are several additional 

trays below the gas oil drawoff tray. These are refluxed with partially cooled gas oil 

in order that a fine control of the gas oil end point can be maintained and entrainment 

of any fresh feed liquid or recycle liquid into the gas oil product can be minimized. 

The conventional six-to-light-tray stripper is used on the oil side draw. Steam is 

introduced under the bottom tray to vaporize the light end in order to control the 

initial boiling point of the gas oil. The steam carrying the vaporized light ends are 

sent from the top of the stripper to the fractionator about two trays above the draw 

tray. Once the coke drum is filled, it is isolated from the system, steamed to remove 

hydrocarbon vapors, cooled by filling with water, opened, and the coke is removed. 
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APPENDIX B 

Spray Penetration Versus Time Data 

B-1 



.Table BI. Data for Four Hole Nozzle 
Using Basefuel. 

T=470 C 
p=4.23 MPa 

Time 
(usee) 

0.00 
36.42 
76.85 

117.28 
157.71 
198.14 
238.57 
279.00 
319.43 
359.86 
400.29 
440.72 
481.15 
521.58 
562.01 
602.44 
642.87 
683.30 

B-2 

Distance 
(mm) 

0.00 
4.08 
8.42 

13.25 
16.37 
17.50 
18. 12 
19.79 
21.32 
23.47 
24.77 
25.94 
27.74 
29.39 
31.55 
34. 12 
36.10 
37.64 



.Table B2. Data for Four Hole Nozzle 
Using Basefuel. 

T=470 C 
P=:2.17 MPa 

Time 
(usee.) 

0.00 
18.76 
58.51 
98.26 

138,.01 
177.76 
217.51 
257.26 
297,,01 
336.76 
376.51 
416.26 
456.01 
495.76 
535.51 

B-3 

Distance 
(mm) 

0.00 
3.08 
9.97 

16.42 
21. '90 
26. 15 
27.01 
27.83 
29.06 
31. 00 
32.69 
34.65 
36.07 
38. 15 
39.64 



Iable B3. Data for Four Hole Nozzle 
Using Basefuel. 

T=470 C 
P=0.55 MPa 

Time 
(usee) 

0.00 
7.93 

48.18 
88.43 

128.68 
168.93 
209.18 
249.43 

B-4 

Distance 
(mm) 

0.00 
1. 43 
7.53 

14.44 
21.61 
29.55 
36.87 
37.60 



.Table B4. Data for Four Hole Nozzle 
Using Basefuel. 

T=470 C 
P==0.10 MPa 

Time 
(usee) 

0.00 
8. 17 

48.55 
88.93 

129.31 
169.69 
210.07 

B-5 

Distanee 
(mm) 

0.00 
2. 12 
8.37 

17.43 
26.47 
35.57 
37.40 



Xable B5. Data for Four Hole Nozzle 
Using Basefuel. 

T=26 C 
P=1.67 MPa 

Time 
(usee) 

0.00 
18.76 
59.21 
99.66 

140.11 
180.56 
221.01 
261.46 
301.91 
342.36 
382.81 
423.26 
463.71 
504.16 
544.61 
585.06 
625.51 
665.96 

B-6 

Distance 
(mm) 

0.00 
2.13 
6.99 

11. 54 
15.27 
18.20 
20.18 
23.10 
25.63 
27.88 
29.70 
31. 01 
32.92 
34.63 
35.59 
36.60 
36.98 
37.05 



.Table B6. Data for Four Hole Nozzle 
Using 10% Mogul L. 

T=26 C 
P'=1.67 MPa 

Time 
(usee) 

0.00 
19. 14 
59. 13 
99.12 

139.11 
179.10 
219.09 
259.08 
299.07 
339.06 
379.05 
419.04 
459.03 
499.02 
539.01 
579.00 
618.99 

B-7 

Distanee 
(mm) 

0.00 
2.79 
7.32 

13.27 
17.95 
21. 68 
24.28 
24.67 
26. 15 
27.66 
28.44 
29.80 
31. 75 
34. 12 
36.52 
38.21 
39.24 



.Table B7. Data for Four Hole Nozzle 
Using 20% Mogul L. 

T=470 C 
P=4.23 MPa 

Time 
(usee) 

0.00 
13.74 
54.06 
94.38 

134.70 
175.02 
215.34 
255.66 
295.98 
336.30 
376.62 
416.94 
457.26 
497.58 
537.90 
578.22 
618.54 

B-8 

Distance 
(mm) 

0.00 
1. 78 
8. 14 

13.26 
14.45 
16.80 
19.69 
22.51 
24.63 
26.33 
27.47 
29.14 
31.75 
34.05 
35.48 
36.63 
37.75 



.Table B8. Da.ta for Four Hole Nozzle 
Using 20% Mogul L. 

T=470 C 
P=2.17 MPa 

Time 
(usee) 

0.00 
7.53 

47.136 
88. :L 9 

128.52 
168.85 
209.18 
249.51 
289.84 
330.17 
370.50 
410.83 
451.16 

8-9 

Distance 
(mm) 

0.00 
1. 15 
7.01 

13.08 
18.98 
21. 71 
25.19 
27.65 
30.44 
32.71 
35.40 
37.00 
38.29 



3able B9. Data for Four Hole Nozzle 
Using 20% Mogul L. 

T=470 C 
P=0.10 MPa 

Time 
(usee) 

0.00 
17.95 
58.37 
98.79 

139.21 
179.63 
220.05 
260.47 

B-10 

Distance 
(mm) 

0.00 
2.63 
9.57 

15.28 
21.54 
26.47 
34.55 
38.05 



T.a hle B10. Data for Four Hole Nozzle 
Using 20% Mogul L. 

T=26 C 
1'=1.67 MPa 

Time Distance 
(usee) (mm) 

0.00 0.00 
18.21 1. 34 
58.67 4.46 
99.13 7.41 

139.59 11. 70 
180.05 15.32 
220.51 19.29 
260.97 22.76 
301.43 25.05 
341.89 26.47 
382.35 27.54 
422.81 27.97 
463.27 29.07 
503.73 29.73 
544.19 31 .73 
584.65 33.91 
625.11 35.58 
665.57 36.18 
706.03 37.30 
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T.a hIe B11. Data for Four Hole Nozzle 
Using 10% SRC-I. 

T=26 C 
P=1.67 MPa 

Time Distance 
(usee) (mm) 

0.00 0.00 
28.02 4.18 
67. 91 10.52 

107.80 16.31 
147.69 19. 15 
187.58 19.55 
227.47 20.22 
267.36 20.90 
307.25 22. 13 
347.14 24.23 
387.03 26.55 
426.92 29.08 
466.81 31. 49 
506.70 34.25 
546.59 36.30 
586.48 37.85 
626.37 38.07 
666.26 39.32 

B-12 



~able B12. Data for Four Hole Nozzle 
Using 20% SRC-I. 

T=470 C 
1'=4.23 MPa 

Time 
(usee) 

0 .. 00 
9.61 

50 .. 06 
90.51 

130.96 
17 L 41 
21 L 86 
252.31 
292.,76 
333.21 
373 .. 66 
414 .. 11 
454.56 
495.01 
535.46 
575.91 
616.36 
656.81 

B-13 

Distance 
(mm) 

0.00 
1. 35 
4.76 
9.81 

14.58 
18.14 
20.69 
22.29 
23.46 
25.59 
27.85 
29.55 
31 .58 
33.21 
35.02 
36. 77 
37.63 
38.36 



Table B13. Data for Four Hole Nozzle 
Using 20% SRC-I. 

T=470 C 
P=2.17 MPa 

Time 
(usee) 

0.00 
28.23 
67.90 

107.57 
147.24 
186.91 
226.58 
266.25 
305.92 
345.59 
385.26 
424.93 
464.60 
504.27 
543.94 

B-14 

Distance 
(mm) 

0.00 
3.72 
8.78 

14.06 
18.25 
20.98 
23.81 
26.06 
27.75 
28.87 
31. 13 
33.33 
35.78 
38. 13 
39.40 



Xable B14. Data for Four Hole Nozzle 
Using 20% SRC-I. 

T=470 C 
P=0.10 MPa 

Time 
(usee) 

0.00 
17.95 
57.52 
97.09 

136.66 
176.23 
215.80 

B-15 

Distance 
(mm) 

0.00 
3.51 

11.09 
18.86 
23.99 
32.39 
39.32 



T.a hIe B15. Data for Four Hole Nozzle 
Using 20% SRC-I. 

T=26 C 
P=1.67 MPa 

Time Distance 
(usee) (mm) 

0.00 0.00 
12.92 1. 91 
52.92 8.27 
92.92 14. 17 

132.92 18.63 
172.92 21.44 
212.92 23.61 
252.92 25.58 
292.92 26.79 
332.92 28.56 
372.92 29.64 
412.92 30.37 
452.92 31.60 
492.92 32.68 
532.92 34. 11 
572.92 34.67 
612.92 36.10 
652.92 38.07 
692.92 38.66 

B-16 



Table B16. Data for Four Uole Nozzle 
Using 20% SRC-I • 

T",26 C 
P=:1.67 MPa 

Time Distance 
(usee) (mm) 

0.00 0.00 
33.64 4.49 
73.40 10.66 

113.16 15.51 
152.92 18.51 
192.68 19.41 
232.44 21.55 
272.20 23.20 
311.96 24.94 
351. 72 26.83 
391.48 28. 12 
431.24 30.31 
471.00 32. 19 
510.76 34.25 
550.52 35.97 
590.28 37.58 
630.04 37.88 
669.80 39.40 

* indicates duplicate data. 

B-17 



Table B17. Data for Pintle Nozzle 
Using Basefuel. 

T=26 C 
P=I.67 MPa 

Time 
(usee) 

0.00 
17.78 
57.87 
97.96 

138.04 
178.13 
218.22 
258.30 
298.39 
338.48 
378.57 
418.65 

B-18 

Distance 
(mm) 

0.00 
1. 37 
5.03 
7.98 

12.80 
16. 17 
20. 16 
24.51 
29.43 
34.71 
39.53 
44.00 



Table B18. Data for Pintle Nozzle 
Using Basefuel. 

T=26 C 
P=O.lO MPa 

Time 
(usee) 

0.00 
27. 12 
67.14 

107.17 
147.20 
187.22 
227.25 
267.28 
307.31 
347.33 
387.36 

B-19 

Distance 
(mm) 

0.00 
3.52 
9.23 

14.22 
19.72 
23.94 
28. 17 
32.96 
38.82 
42.74 
44.00 



Table B19. Data for Pintle Nozzle 
Using 30% Clean Coal. 

T=26 C 
P=1.67 MPa 

Time 
(usee) 

0.00 
4.72 

45.06 
85.41 

125.75 
166.10 
206.44 
246.79 
287.14 
327.48 
367.83 
408.17 
448.52 
488.86 
529.21 
569.55 
609.90 

B-20 

Distance 
(mm) 

0.00 
1. 17 
1. 92 
5.75 
8.37 

10.66 
13.62 
16.60 
19.86 
22.96 
26.69 
30.05 
33.76 
36.58 
39. 77 
42.27 
44.00 



Table B20. Data for Pintle Nozzle 
Using 30% Clean Coal. 

T=26 C 
1'=:0.10 MPa 

Time 
(usee.) 

0.00 
22.51 
62.86 

103.20 
143.55 
183.90 
224.25 
264.60 
304.95 
345.30 
385.65 
426.00 

B-21 

Distance 
(mm) 

0.00 
1. 15 
2.33 
4.46 
6. 17 

10.34 
15.50 
21.46 
27.85 
31.43 
39.29 
44.00 



Table B21. Data for Pintle Nozzle 
Using 30% Eureka. 

T=26 C 
P=1.67 MPa 

Time Distance 
(usee) (mm) 

0.00 0.00 
14.38 1. 51 
54.93 2.79 
95.48 6.41 

136.03 9.70 
176.57 13.36 
217.12 17.78 
257.67 22.06 
298.22 28.42 
338.77 34.56 
379.32 39.71 
419.86 44.00 

B-22 



Table B22. Data for Pintle Nozzle 
Using 30% Eureka. 

T=26 C 
P=().10 MPa 

Time Distance 
(usee) (mm) 

0.00 0.00 
7.88 1. 72 

48.2t. 5.57 
88.61 12.44 

128.97 17.65 
169.3 t• 23.26 
209.7() 29.56 
250.06 34.90 
290.43 39.49 
330.79 42.63 
371.15 44.00 

B-23 



Table B23. Data for Pintle Nozzle 
Using 30% Fairless Coke. 

T=26 C 
P=1.67 MPa 

Time 
(usee) 

0.00 
16.46 
56.67 
96.88 

137.09 
177.30 
217.52 
257.73 
297.94 
338.15 
378.36 
418.57 

B-24 

Distance 
(mm) 

0.00 
1. 44 
4.52 
8.06 

12.02 
16.53 
21. 51 
26.39 
31.50 
37. 1 7 
42. 18 
44.00 



Table B24. Data for Pintle Nozzle 
Using 30% Fairless Coke. 

T=26 C 
P=O.lO MPa 

Time 
(usee) 

0,,00 
11..09 
51.26 
91.. 44 

131.61 
171.78 
211..96 
252,,13 
292.30 
332,,48 
372.65 

B-25 

Distance 
(mm) 

0.00 
1. 42 
6.56 

11 .70 
17.17 
22.25 
27. 11 
31. 51 
35.86 
40.51 
44.00 



Table B25. Data for Pintle Nozzle 
Using 20% Mogul L. 

T=26 C 
P=1.67 MPa 

Time 
(usee) 

0.00 
29.04 
69.23 

109.41 
149.59 
189.78 
229.96 
270.14 
310.33 
350.51 
390.69 
430.88 

B-26 

Distance 
(mm) 

0.00 
3.03 
6.08 

10.55 
14.49 
18.50 
22.33 
25.97 
30.78 
35.92 
40.75 
44.00 



Table B26. Data for Pintle Nozzle 
Using 20% Mogul L. 

T=26 C 
P=0.10 MPa 

Time 
(usee) 

0.00 
30.21 
70.38 

110.56 
150.73 
190.90 
231.08 
271.25 
311.42 
351.60 
391.77 
431.94 

B-27 

Distance 
(mm) 

0.00 
2.88 
6.74 

10.54 
14.33 
19.68 
22.72 
30.30 
33.95 
38.59 
42.38 
44.00 



Table B27. Data for Pintle Nozzle 
Using 30% Mogul L. 

T=26 C 
P=1.67 MPa 

Time 
(usee) 

0.00 
29.84 
69.89 

109.94 
149.99 
190.04 
230.09 
270.14 
310.18 
350.23 
390.28 
430.33 

B-28 

Distance 
(mm) 

0.00 
2.62 
5.99 
9.55 

13.25 
17.28 
21.33 
26.76 
31 • 91 
37.46 
42.56 
44.00 



Table B28. Data for Pintle Nozzle 
Using 30% Mogul L. 

T=26 C 
P=0.10 MPa 

Ti.me 
(usee) 

0.00 
39.99 
80.11 

120.23 
160.36 
200.48 
240.60 
280.73 
320.85 
360.98 
401..10 
441..22 
481.35 

B-29 

Distance 
(mm) 

0.00 
3.70 
7.69 

11.26 
16.58 
21.20 
24.99 
29.02 
33.68 
36.98 
40.65 
42.85 
44.00 



Table B29. Data for Pintle Nozzle 
Using 30% Petroleum Coke. 

T=26 C 
P=I.67 MPa 

Time 
(usee) 

0.00 
38.13 
78.28 

118.43 
158.58 
198.73 
238.89 
279.04 
319.19 
359.34 
399.49 

B-30 

Distance 
(mm) 

0.00 
3.71 
7.33 

11.37 
15.07 
19.31 
24.48 
29.65 
34.80 
39.74 
44.00 



Table B30. Data for Pintle Nozzle 
Using 30% Petroleum Coke. 

T=26 C 
P"O.10 MPa 

Ti m(~ 
(usee) 

0.00 
10.05 
50.67 
91.28 

131.90 
172.52 
213.13 
253.75 
294.37 
334.98 

B-31 

Distance 
(mm) 

0.00 
1. 57 
7 • 1 7 

13.38 
19. 16 
25.23 
31.25 
36.76 
42.99 
44.00 
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APPENDIX C 

Engine Performance and Exhaust Emissions Data 

C-l 



Bhp 
Ihp 
BSFC 
ISFC 
BSEC 
ISEC 
XBAR 
YBAR 
QTOT 
EGT 
AFIN 
AFEX 
BSNOX 
BSHC 
BSCO 
PART 

NOMENCLATURE 

Brake Power 
Indicated Power 
Brake Specific Fuel Consumption 
Indicated Specific Fuel Consumption 
Brake Specific Energy Consumption 
Indicated Specific Energy Consumption 
Angular Center of Area of Heat Release 
Energy Center of Area of Heat Release 
Total Heat Release 
Exhaust Temperature 
Air-Fuel Ratio Measured 
Air-Fuel Ratio From Exhaust Gases 
Brake Specific NOx Emissions 
Brake Specific HC Emissions 
Brake Specific CO Emissions 
Solids Loading in Exhaust 

C-2 



Table C 1. Engine Performance Data for Direct-Injected Engine 

Fuel Run Bhp Ihp Bsfc Isfc Bsec Isec Xbar Ybar Qtot 

(Hi) (kW) (kg/kW-hr) (Yw/kW-hr) (GA deg) (N-m/deg) (N-m) 

lO%MOGUL L 33.000 4.9609 7.0199 .33379 .23590 13.948 9.858 372.60 41.893 967.5 
lO%MOGUL L 34.000 3.7300 5.6323 .33805 .22374 14.120 9.352 372.80 38.594 773.1 
lO%MOGUL L 35.000 2.4916 4.4536 .37878 .21219 15.830 8.862 371.00 28.663 602.7 
10%MOGUL L 36.000 4.9609 6.8557 .32042 .23226 13.40l 9.708 375.50 39.927 966.8 
10%MOGUL L 37.000 3.7300 5.6621 .33987 .22374 14.205 9.360 374.40 34.877 776~6 
10%MOGUL L 38.000 2.4916 4.4536 .39520 .22131 16.531 9.246 370.50 24.347 604.9 
10%SRC 1 39.000 4.9609 6.9602 .32893 .23469 13.825 9.861 374.40 43.746 979.1 
lO%SRC 1 40.000 3.7300 5.7442 .33562 .21766 14.096 9.151 372.20 41.836 785.4 
lO%SRC 1 41.000 2.4916 4.4984 .39094 .21645 16.420 9.103 371.40 30.019 613.2 
10%SRC 1 42.000 4.9609 6.7811 .32954 .24138 13.853 10.137 374.80 39.227 954.9 
10%SRC 1 43.000 3.7300 5.6920 .33562 .22010 14.116 9.240 373.80 38.662 788.7 
10%SRC 1 44.000 2.4916 4.6103 .39702 .21462 16.684 9.016 372.30 27.014 638.8 
20%MOGUL L 27.000 4.9609 6.9676 .33440 .23834 13.667 9.742 373.50 44.492 964.2 
20%MOGUL L 28.000 3.7300 5.7144 .35775 .23347 14.634 9.553 372.50 35.498 778.5 
20%MOGUL L 29.000 2.4916 4.4014 .42621 .24138 17.424 9.871 369.50 30.561 576.8 
20%MOGUL L 30.000 4.9609 6.8035 .33622 .24563 13.757 10.044 373.70 41.543 941.6 
20%MOGUL L 31.000 3.7300 5.7218 .36298 .23651 14.850 9.683 372.60 35.114 788.2 

() 20%MOGUL L 32.000 2.4916 4.6998 .42682 .22618 17.453 9.250 368.80 30.945 621.3 
I 20%SRCI 15.000 4.9609 6.8408 .34838 .25293 13.833 10.018 378.70 34.493 972.8 \.» 

20%SRCl 16.000 3.7300 5.7069 .36419 .23834 14.437 9.439 379.40 28.042 815.9 
20%SRCI 17.000 2.4916 4.4089 .41283 .23347 16.415 9.270 377 .50 20.506 620.1 
20%SRCI 18.000 3.8792 5.7442 .35021 .23651 14.436 9.367 379.20 32.538 809.4 
20%SRC1 19.000 4.9609 6.8632 .34899 .25232 13.857 10.018 379.70 32.696 986.7 
BASELINE 2.000 4.9609 6.7811 .33926 .24806 14.375 10.511 378.20 19.094 963.0 
BASELINE 3.000 3.7300 5.5950 .32832 .21888 13.912 9.274 373.90 23.183 762.6 
BASELINE 4.000 2.4916 4.5357 .37453 .20550 15.871 8.708 367.10 25.319 595.6 
BASELINE 5.000 2.4916 4.3939 .38547 .21888 16.333 9.274 370.60 24.133 617 .4 
BASELINE 6.000 3.7300 5.4010 .34534 .23834 14.634 10.099 376.10 24.234 774.4 
BASELINE 7.000 4.9609 6.7513 .33622 .24746 14.246 10.485 377.10 20.122 969.3 
BASELINE 8.000 4.9609 6.7364 .34109 .25110 14.453 10.639 378.40 19.410 952.6 
BASELINE 9.000 3.7300 5.6696 • 34413 .22618 14.582 9.584 374.50 23.918 776.6 
BASELINE 10.000 2.4916 4.4760 .34413 .20854 15.896 8.837 366.40 23.760 583.7 
BASELINE 11.000 2.4916 4.4909 .37149 .20611 15.740 8.733 371.60 22.065 610.0 
BASELINE 12.000 3.7300 5.7964 .33513 .21566 14.170 9.069 374.50 23.861 794.1 
BASELINE 13.000 4.9609 6.8334 .32893 .23882 13.938 10.124 378.00 17.817 971.7 
BASELU,TE 20.000 4.9609 6.7513 .31190 .22922 13.242 9.738 377 .10 29.974 951.8 
BASELINE 21.000 3.7300 5.7218 .31738 .20672 l3.448 8.759 372.30 32.606 787.7 
BASELINE 22.000 2.4916 4.6177 .36541 .19760 15.510 8.373 367.90 30.561 6l3.3 
BASELINE 23.000 4.9609 7.0273 .29914 .21098 12.676 8.940 373.40 38.221 965.1 
BASELINE 24.000 3.7300 5.7517 .31373 .20368 13.294 8.630 370.00 36.696 764.9 
BASELINE 25.000 2.4916 4.4909 .36541 .20246 1 c; c; 1/i 

iJ • ...J.J..V 8.605 368.70 35.363 599.6 
BASELINE 26.000 4.9609 6.8334 .30157 .21949 12.779 9.274 374.40 36.673 945.0 



Table C2. Engine Performance Data for Prechamber Engine 

Fuel Run Bhp Ihp Bsfc Isfc Bsec Isec Xbar Ybar Qtot 

(kW) (kW) (kg/kW-hr) (MJ/kW-hr) (CA deg) (N-m/deg) (N-m) 

20%MOGUL L 81.000 4.9236 7.2362 .36358 .24740 14.873 10.120 382.70 11.592 1005.2 
20%MOGUL L 82.000 3.7300 6.1172 .39374 .24010 16.107 9.822 377.90 12.891 817.1 
20%MOGUL L 83.000 2.5289 4.9161 .46798 .24077 19.144 9.848 373.40 13.987 633.7 
30%CLEAN 101.000 4.9609 6.9900 .38164 .27086 15.217 10.799 383.20 10.055 999.6 
30%CLEAN 102.000 3.7300 5.7591 .40949 .26521 16.326 10.574 376.10 11.292 766.9 
30%CLEAN 103.000 2.4916 4.8714 .46938 .24010 18.715 9.572 373.80 12.270 644.0 
30%CLEAN 104.000 4.9609 6.9080 .39210 .28156 15.633 11.227 383.60 10.134 977.2 
30%CLEAN 105.000 3.7300 6.1097 .36820 .22478 14.681 8.963 375.50 12.304 80h4 
30%CLEAN 106.000 2.4320 4.9236 .48780 .24095 19.449 9.606 372.60 12.835 644.6 
30%EUREKA 93.000 4 • .9609 7.3556 .37276 .25177 15.182 10.255 383.00 10.914 1025.0 
30%EUREKA 94.000 3.7300 6.0426 .40748 .25153 16.597 10.245 377 .20 12.484 815.0 
30%EUREKA 95.000 2.4916 4.8490 .49655 .25208 20.223 10.267 373.20 13.060 630.7 
30%EUREKA 96.000 4.9609 7.3257 .40760 .27603 16.601 11.242 384.10 11.027 1052.7 
30 %EUREKA 97.000 3.7300 6.1396 .41380 .25141 16.854 10.239 375.50 12.450 820.0 
30%EUREKA 98.000 2.4469 4.9460 .50276 .24946 20.476 10.160 373.90 12.292 649.6 
30%FAIRLESS 84.000 4.9684 7.3481 .36516 .24691 14.381 9.724 382.60 11.761 1017.9 
30%FAIRLESS 85.000 3.7300 6.1097 .37909 .23378 14.930 9.207 375.80 12.857 809.0 
30%FAIRLESS 86.000 2.4916 4.7520 .45484 .23852 17.912 9.394 376.20 12.032 616.2 
30%FAIRLESS 87.000 4.9609 7.2959 .37660 .25609 14.831 10.086 381.60 11.795 993.5 
30%FAIRLESS 88.000 3.7300 5.9605 .36079 .22575 14.209 8.890 377.00 13.219 781.8 

() 30%FAIRLESS 90.000 2.4916 5.0131 .48871 .24290 19.247 9.565 373.90 12.755 653.4 I 30%MOGUL L 75.000 4.9982 7.2362 .35799 .24727 14.045 9.701 380.50 13.535 981.3 ~ 
30%MOGUL L 76.000 3.7225 5.9680 .41909 .26138 16.442 10.255 378.60 13.625 809.7 
30%MOGUL L 77 .000 2.4916 4.6998 .48421 .25670 18.998 10.071 374.80 13.942 620.7 
30%MOGUL L 78.000 4.9609 6.9602 .40475 .28850 15.879 11.319 382.90 12.541 969.6 
30%MOGUL L 79.000 3.7300 5.9158 .40912 .25797 16.052 10.121 379.60 13.659 806.6 
30%MOGUL L 80.000 2.4916 4.7520 .49613 .26016 19.465 10.208 373.80 14.879 609.4 
30%PETCOKE 53.000 4.9609 5.9904 .29524 .24466 11.709 9.703 310.40 30.708 299.3 
30%PETCOKE 54.000 4.4014 6.7140 .33993 .22283 13.482 8.842 385.20 14 a 665 1045.7 
30%PETCOKE 55.000 3.7300 6.3559 .38638 .22660 15.324 8.987 376.90 17.263 843.2 
30%PETCOKE 56.000 2.4916 5.0952 .47491 .23238 18.835 9.216 356.70 31.216 498.1 
30%PETCOKE 57.000 3.7300 5.9307 .40055 .25171 15.886 9.983 361.80 28.866 609.0 
30%PETCOKE 58.000 4.9609 7.2511 .42998 .29445 17.052 11.678 377 .30 15.727 890.1 
BASELINE 59.000 4.9609 7.1765 .32935 .22788 14.058 9.727 367.40 14.134 790.3 
BASELINE 60.000 3.7822 6.0202 .35434 .22265 15.125 9.503 355.80 21.059 598.2 
BASELINE 61.000 2.4916 4.7147 .43685 .23098 18.645 9.858 346.10 31.928 422.7 
BASELINE 62.000 4.9609 7.2586 .32723 .22368 13.967 9.547 368.90 16.224 800.4 
BASELINE 63.000 3.7300 5.8934 .35094 .22143 14.979 9.451 359.60 23.771 601.2 
BASELINE 64.000 2.4916 4.8042 .43533 .22605 18.580 9.649 350.40 34.289 434.1 
BASELINE 65.000 4.9609 7.1019 .33258 .23244 14.195 9.921 378.10 12.168 951.7 
BASELINE 66.000 3.7300 5.9605 .36054 .22557 15.390 9.628 375.50 12.710 780.7 
BASELINE 67.000 2.4916 4.8117 .44074 .22818 18.812 9.739 372.90 14.518 629.8 
BASELINE 69.000 4.9609 7.1914 .32759 .22605 13.983 9.649 378.30 12.688 964.0 
BASELINE 70.000 3.7300 5.9829 .35246 .21973 15.044 9.379 376.60 14.043 790.1 
BASELLNE 71.000 2.4916 4.7893 .42688 .22222 18.221 9.485 372.80 15.072 622.6 
BASELINE 72.000 4.9609 7.1094 .31701 .22131 13.530 9.447 379.70 11.829 966.7 
BASELINE 73.000 3.7300 5.8710 .33774 .21444 14.416 9.154 375.50 12.970 780.2 
BASELINE 74.000 2.4916 4.7595 .41460 .21700 17.696 9.263 373.10 13.433 605.9 



Table C3. Emissions Data for Direct-Injected Engine 

Fuel Run Bhp E.G.T. AFIN AFEX BSNOX BSHC BSCO Part. 

(kW) (deg C) --- (g/kW-hr) --- (g/liter) 

10%MOGUL L 33.000 4.9609 482.22 19.900 20.940 4.155 2.145 17.292 .00163 
10%MOGUL L 34.000 3.7300 410.00 26.400 26.800 4.155 2.011 9.383 .00128 
lO%MOGUL L 35.000 2.4916 337.78 35.640 37.140 4.290 2.279 1.072 .00126 
10%MOGUL L 36.000 4.9609 482.22 20.550 21.160 3.887 1.877 13.539 .00168 
lO%MOGUL L 37.000 3.7300 412.78 26.090 26.540 3.619 2.011 10.054 .00165 
10%MOGUL L 38.000 2.4916 337.78 33.840 33.970 3.753 2.011 9.517 -1.00000 ¥ 
lO%SRC 1 39.000 4.9609 493.33 20.080 20.410 3.753 1.877 34.316 .00452 
lO%SRC 1 40.000 3.7300 412.78 26.460 26.380 4.290 1.475 12.064 .00163 
lO%SRC 1 41.000 2.4916 346.11 34.370 33.920 4.021 1.475 10.724 .001l2 
10%SRC 1 42.000 4.9609 487.78 19.980 19.990 3.619 1.877 43.298 .00214 
10%SRC 1 43.000 3.7300 404.44 26.500 26.120 4.290 1.475 13.003 .00120 
10%SRC 1 44.000 2.4916 346.11 33.700 33.290 3.887 1.609 10.456 .00067 
20%MOGUL L 27.000 4.9609 482.22 19.850 20.780 4.021 2.681 13.137 .00200 
20%MOGUL L 28.000 3.7300 407.22 24.950 26.370 4.290 2.413 9.383 .00174 
20%MOGUL L 29.000 2.4916 337.78 31.800 33.000 5.094 3.083 11.796 .00171 
20%MOGUL L 30.000 4.9609 487.78 19.760 20.480 3.619 2.547 15.147 .00285 
20%MOGUL L 31.000 3.7300 410.00 24.730 25.440 4.155 2.279 10.188 .00215 

() 20%MOGUL L 32.000 2.4916 337.78 31.750 33.010 4.290 2.547 11.260 .00210 
I 20%SRC1 15.000 4.9609 504.44 18.820 19.320 3.351 .938 49.196 .00533 VI 20%SRC1 16.000 3.7300 443.33 24.140 24.400 3.753 4.692 25.067 .00244 

20%SRC1 17.000 2.4916 371.11 32.060 30.840 4.021 3.753 12.198 .00106 
20%SRC1 18.000 3.8792 437.78 24.190 24.110 3.485 4.290 19.169 .00255 
20%SRC1 19.000 4.9609 515.56 18.740 18.720 2.681 4.290 49.330 .00338 
BASELINE 2.000 4.9609 504.44 19.730 20.070 2.279 1.475 63.941 -1.00000 
BASELINE 3.000 3.7300 404.44 27.290 27.960 3.351 1.877 18.633 -1.00000 
BASELINE 4.000 2.4916 321.11 36.150 37.360 4.021 2.145 10.456 -1.00000 
BASELINE 5.000 2.4916 326.67 35.340 36.010 4.826 2.547 11.126 -1.00000 
BASELINE 6.000 3.7300 415.56 26.040 26.370 3.485 2.145 24.933 -1.00000 
BASELINE 7.000 4.9609 504.44 19.830 20.170 2.279 1.609 57.507 -1.00000 
BASELINE 8.000 4.9609 504.44 19.580 19.640 2.145 5.496 67.694 .00262 
BASELINE 9.000 3.7300 415.56 26.040 26.440 .804 3.217 26.810 .00111 
BASELINE 10.000 2.4916 332.22 35.950 36.430 1.072 3.083 10.054 .00053 
BASELINE 1l.000 2.4916 326.67 36.340 35.070 .804 2.815 9.383 .00052 
BASELINE 12.000 3.7300 421.11 26.650 26.740 .536 1.609 17.962 .00093 
BASELINE 13.000 4.9609 515.56 20.020 21.220 2.860 1.340 68.633 .00209 
BASELINE 20.000 4.9609 493.33 21.460 21.270 2.815 2.279 16.220 .00120 
BASELINE 21.000 3.7300 398.89 28.250 28.280 3.753 2.0ll 7.641 .00045 
BASELINE 22.000 2.4916 315.56 37.060 37.180 4.424 2.011 6.836 .00037 
BASELINE 23.000 4.9609 471.11 22.270 22.050 3.619 2.011 15.818 .00060 
BASELINE 24.000 3.7300 382.22 28.450 28.350 4.960 1.743 6.568 .00048 
BASELINE 25.000 2.4916 310.00 36.870 37.080 4.155 1.877 10.992 .00049 
BASELINE 26.000 4.9609 471.11 21.960 21.790 4.021 2.011 14.075 .00073 

* -1.000 indicates missing data. 



Table Cit. Emissions Data for Prechamber Engine 

Fuel Run Bhp E.G.T. AFR AFEX BSNOX BSHC BSCO Part. 

(kW) (deg C) ---- (g/kW-hr) --- (g/liter) 

20%MOGUL L 81.000 4.9236 426.67 18.490 18.520 3.485 .402 1.743 .00157 
20%MOGUL L 82.000 3.7300 326.67 22.740 23.730 5.094 .402 1.206 .00058 
20%MOGUL L 83.000 2.5289 276.67 28.270 28.850 4.290 .536 1.475 -1.00000 * 
30%CLEAN 101.000 4.9609 421.11 17 .650 17.710 3.887 .268 4.021 .00136 
30%CLEAN 102.000 3.7300 337.78 21.960 22.360 6.032 .536 3.619 .00019 
30%CLEAN 103.000 2.4916 254.44 29.280 28.380 6.032 .536 3.887 .00077 
30%CLEAN 104.000 4.9609 421.11 17 .170 17.800 3.753 .536 4.021 .00044 
30%CLEAN 105.000 3.7300 337.78 24.440 22.660 4.826 .804 3.351 .00027 
30%CLEAN 106.000 2.4320 254.44 28.600 28.290 4.424 1.206 3.887 .00019 
30%EUREKA 93.000 4.9609 426.67 17.900 17.270 3.351 2.0ll 3.485 .04168 
30%EUREKA 94.000 3.7300 343.33 21.990 22.000 5.228 1.743 3.619 .00130 
30%EUREKA 95.000 2.4916 276.67 27.660 27.560 5.764 1.609 4.290 .00090 
30%EUREKA 96.000 4.9609 432.22 16.410 17.320 3.619 .938 4.021 .00183 
30 %EUREKA 97.000 3.7300 337.78 21.780 22.040 5.228 1.072 3.619 .00088 
30%EUREKA 98.000 2.4469 271.11 27.410 27.850 5.362 1.206 4.290 .00021 
30%FAIRLESS 84.000 4.9684 415.56 18.500 17.990 3.217 .268 1.072 .001l7 
30%FAIRLESS 85.000 3.7300 332.22 23.180 23.050 4.155 .268 1.206 .00068 
30%FAIRLESS 86.000 2.4916 260.00 29.530 29.320 4.424 .268 1.340 .00047 
30%FAIRLESS 87.000 4.9609 421.ll 17 .580 18.090 3.217 .268 1.475 .00150 
30%FAIRLESS 88.000 3.7300 332.22 24.530 23.240 4.155 .268 1.072 .00063 
30%FAIRLESS 90.000 2.4916 271.11 27.450 28.720 5.228 .536 1.206 -1.00000 

() 
30%MOGUL L 75.000 4.9982 415.56 18.390 17.930 3.753 .268 1.475 .00023 

I 30%MOGUL L 76.000 3.7225 332.22 21.360 22.480 4.558 .268 1.743 .00008 
0'\ 30%MOGUL L 77 .000 2.4916 260.00 27.680 28.450 4.692 .536 2.0ll .00025 

30%MOGUL L 78.000 4.9609 426.67 16.290 18.030 3.753 .402 1.877 .00094 
30%MOGUL L 79.000 3.7300 337.78 21.650 22.840 4.155 .402 1.609 .00010 
30%MOGUL L 80.000 2.4916 265.56 26.880 29.040 4.290 .268 2.145 .00004 
30%PETCOKE 53.000 4.9609 498.89 21. 730 15.500 1.340 .268 2.279 .00067 
30%PETCOKE 54.000 4.4014 498.89 21.290 15.770 1.340 .268 7.105 .00188 
30%PETCOKE 55.000 3.7300 498.89 22.590 18.630 1.609 .268 2.0ll .00227 
30%PETCOKE 56.000 2.4916 215.56 27.500 23.820 1.877 .268 2.279 -1.00000 
30%PETCOKE 57.000 3.7300 354.44 21.300 19.140 2.145 .268 2.279 .00480 
30%PETCOKE 58.000 4.9609 454.44 14.650 14.850 1.609 .134 4.826 -1.00000 
BASELINE 59.000 4.9609 404.44 20.270 21.410 2.011 .536 1.609 .00065 
BASELINE 60.000 3.7822 315.56 24.810 25.520 2.413 .402 1.877 .00061 
BASELINE 61.000 2.4916 254.44 30.570 30.990 2.815 .402 2.279 .00048 
BASELINE 62.000 4.9609 393.33 20.850 20.740 2.011 .402 1.475 .00057 
BASELINE 63.000 3.7300 310.00 25.600 25.990 2.413 .402 1.877 .00047 
BASELINE 64.000 2.4916 254.44 31.070 32.740 2.815 .402 2.413 .00035 
BASELINE 65.000 4.9609 382.22 20.440 21.330 4.826 .536 1.609 .00050 
BASELIl'.'E 66.000 3.7300 310.00 25.100 26.500 5.630 .402 .938 .00042 
BASELINE 67.000 2.4916 248.89 30.960 32.810 6.032 .402 1.609 .00028 
BASELINE 69.000 4.9609 390.56 20.560 20.920 4.424 .402 .804 .00031 
BASELINE 70.000 3.7300 312.78 25.590 26.260 6.300 .670 .938 .00025 
BASELINE 71.000 2.4916 257.22 31.540 32.070 5.496 .804 1.340 .00020 
BASELINE 72.000 4.9609 393.33 20.900 20.600 4.155 .268 .938 .00033 
BASELIl'.'E 73.000 3.7300 315.56 26.250 25.840 4.960 .268 .938 .00022 
BASELINE 74.000 2.4916 257.22 32.210 32.130 5.228 .134 1.475 .00015 

* -1.000 indicates missing data. 
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Heat Release Rate Diagrams 
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As indicated in the text, preliminary experiments were performed involving the 

formulation and testing of a high-concentration slurry fuel. Carbon black (Mogul L) 

was selected for these tests because it was used as the basis for development of the 

low and moderately-loaded slurries, and because there was considerable experience 

with this material. 

Initial attempts to formulate a 50-wt percent slurry were unsuccessful due to the 

extremely high viscosity and the dry appearance of the mixture. The use of dispersing 

agents did not alleviate the problem. 

A fluid slurry was produced, however, when the carbon black concentration was 

reduced to 40-wt percent. These results would tend to indicate that the vast majority 

of the carbon black particles in the slurry are in the 0.5 micron size range and that the 

particles are very porous. Spherical particles in the 1.0 micron size range would not 

be expected to reach this volume-filled situation until the concentration is in excess of 

60-wt percent. 

Even though the 40-percent slurry was fluid, a special pressurized fuel supply 

system was required in order to force the slurry into the injection pump. The 

pressurized fuel system could not be installed on the electronic weigh base due to its 

excessive weight. Mass fuel flowrate measurements were therefore not possible with 

this fuel system. Heat-release rate data was obtained at three different load 

conditions. Figure El is a plot of the heat-release rate diagrams for the 100-, 75-, and 

50-percent load test conditions. During these runs, the engine appeared to be 

performing fairly well in terms of injection nozzle performance. The heat-release 

rate diagrams showed, however, that the early stages of combustion were extremely 

slow, indicating degraded spray quality. The later stages of combustion appeared to be 

E-2 



normal except that the total heat release was below normal. Reliable fuel delivery to 

the injection pump was a problem resulting apparently from the high viscosity of this 

slurry. Possible solutions include the use of additives and/or development of, or 

adaptation ()f slurry pumping equipment. 
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