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EXECUTIVE SUMMARY
INTRODUCTION

The Fossil Energy Division of the U.S. Department of Energy, through the Morgantown
Energy Technology Center (METC) initiated a concentrated effort to develop coal burning
diesel and gas turbine engines. The diesel engine work in the METC sponsored program was
performed at Arthur D. Little (Cooper-Bessemer as subcontractor), Bartlesville Energy
Technology Center (now NIPER), Caterpillar, Detroit Diesel Corporation, General Motor
Corporation (Electromotive Division), General Electric, Southwest Research Institute, and
various universities and other research and development organizations. This DOE-METC coal
engine RD&D initiative which spanned the 1982-1993 timeframe is the topic of this review
document.

In terms of total investment and technical progress, it appears that the METC Program has
made more progress and successfully incorporated more diverse technologies than all of the
previous efforts over the period 1890-1980 to develop coal burning reciprocating engines. At
the outset of this METC program, it was clear that major technical hurdles had never been
satisfactorily overcome in the previous programs, using various standard engine technologies.
It was apparent that new engine component designs and new materials were needed in order
to design systems that had acceptable reliability and durability. New coal fuel forms with
lower ash and thus more compatible with the engine were also needed. Moreover, to meet
modern environmental standards, it would be necessary to add emission control technology to
make a coal engine competitive and attractive. As described in this report, the solutions
developed under the 1982-93 DOE program generally added some complexity and some
additional cost to the conventional diesel engine system. However, the METC program has
resulted in the development of coal-fueled engine systems that are expected to be competitive
with other fossil fuels once the price of the other fuels continues to escalate.

It now appears that in the 2005-2030 timeframe, that the prices of petroleum and natural
gas may ultimately increase to the point where the cost of direct coal utilization in engines will
be competitive. There are no required technical breakthroughs, and the coal-diesel technology
now appears ready for market introduction, although this must be confirmed by field
demonstrations of "base-loaded" engines. Coal-fueled engine technology will be competitive
in the market at that time. The accomplishments of the METC coal fueled diesel engine
program must therefore be preserved for use at that time. The objective of this report is to
provide a well defined starting point for future projects in the coal fueled diesel engine area.

Approach

First, the starting point for the METC program is identified in terms of the major technical
hurdles that had to be addressed. Then, the structure of the METC program to address these
hurdles is briefly described and the key participants identified for future reference. The
remaining sections, and the major portion of the report is devoted to discussion of the work




that was done in each problem area. Emphasis is placed on the status of the work as of 1993
and identification of the best starting point for continuation of the work in the future. The last
section of the report is a summary of the key design features that must be incorporated in a
successful engine, based on the current available technology. A reference list is included as
well as a complete bibliography of references that are related to the development of a coal
burning diesel engine.

Summary

The use of coal-water slurry in medium-speed engines has been demonstrated to be
technically feasible. This conclusion is based upon the use of well formulated coal-water
slurries (CWS) in the range of 45-50 weight percent coal loading, using bituminous coals
ground to 5-12 micron mean size particles, with a top size limit of 30-85 microns, and sulfur
and ash contents in the range of 1-2 percent each by mass. The ranges in coal specification
reflect the GE and ADL/Cooper engine test experience. Higher ash contents may be usable
in certain larger (and slower RPM) engines, but the technology for coal cleaning has advanced
to the point where 1-2 percent ash clean coal is reasonable to produce. .Approximately 1500
hours of engine operation with CWS have been achieved in the aggregate in the GE and the
Arthur D. Little/Cooper programs alone.

The current state of the technology is such that special engine and component design
maodifications for coal water fuels (CWS) can be very well defined for engines that operate in
the speed range below 1000 rpm. The design details of modifications for CWS needed for
higher speed engines are not as well defined, because the operating experience in these engines
is less extensive, '

The CWS fuel specification is somewhat dependent on the engine speed, in that the
operating experience indicates that the slower 400 rpm engines are somewhat less sensitive to
coal fuel characteristics than the 1000 rpm engine. The following specification therefore
represents an attempt to satisfy the requirements of the 400-1000 rpm engines, realizing that
the specified coal fuel will be marginally better than required for operation of the slower
engines.

CWS Specification{12%
Coal Bituminous
Mean Coal Size 5-12 Microns
Top Particle Size 15-85 Microns
Ash Content (dry coal basis) 1-2 Percent by Mass
Sulfur (dry coal basis) 1-2 Percent by Mass
Viscosity <300 Centipoise @ 1000 sec
Additive Dispersant
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Fuel System

Details of the CWS fuel system design are described as a major portion of this report. The
following are the salient points that are common to all CWS fuel system designs and should
be considered as the starting point for future work in this area:

(a) Piping - Smooth pipe, no dead volumes, no rapid changes in flow area

(b) Tank - Continuously recirculating, horizontal-cylindrical tank equipped with a floating
suction, and discharge through a manifold with exit holes designed to produce flow
with circulation.

(c) Injection Pump - Conventional diesel injection pump sized to inject the required
amount of slurry to achieve full load and coupled to the engine, supplying diesel fuel
pressure pulses to a shuttle piston assembly.

(d) Shuttle Piston Assembly - Conventional injection pump barrel and plunger assembly
design parameters of surface finish and clearances, titanium nitride coated, sized to
displace 150 percent of the required full load slurry flow, and with an L/D of
approximately 1.

(e) Nozzle Holes - Sapphire or diamond compact inserts.

(f) Needle Valve - Tungsten carbide plasma coated steel.

(g) Needle Valve Seat - Tungsten carbide seat insert

Combustion Chamber

The results of the METC Program indicate that conventional open chamber, direct
injection, low swirl combustion chambers are acceptable for operation on CWS. Combustion
efficiencies of 99 percent were routinely demonstrated in these designs if the intake air
temperature and pressure are made as high as practical within the mechanical limitations of the
engine components. The bowl shape can be either a shallow "Mexican Hat" design, as used
in the GE and SwRI/Detroit Diesel projects, or a shallow bowl as used in the Cooper engine.

Air Temperature

It is clear that turbocharging is required to achieve acceptable breathing characteristics,
especially with the higher manifold air temperatures required for operation on CWS. The
manifold air temperature should be at least 135°C and the pressure should be in the range of
300kPa.
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Pilot Fuel

While autoignition was demonstrated as feasible in the GE, the Cooper, Adiabatics, and
the Detroit Diesel engines, positive ignition timing control is essential for reliable and efficient
operation of these a CWS engine. Pilot injection of small quantities (1-5% of heating value)
of diesel fuel appears to be the best method of ignition control. It offers the opportunity for
cold starting and operation at the part load conditions, especially idle, where the demonstrated
experience on CWS indicates that the engine temperatures drop below the levels required for
reliable operation on CWS.

Rings and Liners

The rings and liners should be tungsten carbide coated and the lubricant should contain
high concentrations of dispersant additive to prevent excessive wear of these components. It
appears that filtration of the lube oil using the best available filter technology (pleated paper
filter with 5 micron pore size) is sufficient to control wear rates in the rest of the engine.
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INTRODUCTION

The use of coal as a fuel for diesel engines dates back to the early days of the development
of the engine. Dr. Diesel envisioned his concept as a multi-fuel engine, with coal a prime
candidate due to the fact that it was Germany’s primary domestic energy resource. It is
interesting that the focus on coal burning diesel engines appears to peak about every twenty
years as shortages of other energy resources increase the economic attractiveness of using
coal.

This periodic interest in coal started in Germany with the work of Diesel’? in the
timeframe 1898-1906. Pawlikowski carried on the work from 1916 to 1928. Two German
companies commercialized the technology prior to and during World War II. The next flurry
of activity occurred in the United States in the period from 1957-69, with work done at
Southwest Research Institute!?, Virginia Polytechnical University®™, and Howard University®.
The current period of activity started in 1978 with work sponsored by the Conservation and
Renewable Energy Branch of the U.S. Department of Energy. This work was done at
Southwest Research Institute and by ThermoElectron at Sulzer Engine in Switzerland. In 1982,
the Fossil Energy Branch of the U.S. Department of Energy, through the Morgantown Energy
Technology Center (METC) initiated a concentrated effort to develop coal burning diesel and
gas turbine engines. The diesel engine work in the METC sponsored program was performed
at Arthur D. Little (Cooper-Bessemer as subcontractor), Bartlesville Energy Technology Center
(now NIPER), Caterpillar, Detroit Diesel Corporation, General Motor Corporation
(Electromotive Division), General Electric, Southwest Research Institute, and various
universities and other research and development organizations. This DOE-METC coal engine
RD&D initiative which spanned the 1982-1993 timeframe is the topic of this review document.

In terms of total investment and technical progress, it appears that the METC Program has
made more progress and successfully incorporated more diverse technologies than all of the
previous efforts over the period 1890-1980 to develop coal burning reciprocating engines. At
the outset of this METC program, it was clear that major technical hurdles had never be¢n
satisfactorily overcome in the previous programs, using various standard engine technologies.
It was apparent that new engine component designs and new materials were needed in order
to design systems that had acceptable reliability and durability. New coal fuel forms with
lower ash and thus more compatible with the engine were also needed. Moreover, to meet
modern environmental standards, it would be necessary to add emission control technology to
make a coal engine competitive and attractive. As described in this report, the solutions
developed under the 1982-93 DOE program generally added some complexity and some
additional cost to the conventional diesel engine system. However, the METC program has
resulted in the development of coal-fueled engine systems that are expected to be competitive
with other fossil fuels once the price of the other fuels continues to escalate.

It now appears that in the 2005-2030 timeframe, when the supplies of petroleum and
natural gas recoverable at low cost begin to be limited and the prices begin to increase in
response to the normal supply-demand pressures, the accomplishments of the METC Program

. will be of very valuable in providing lower cost coal alternatives to oil and gas. It is therefore

very important that the accomplishments of this program be clearly documented, summarized,
and reduced to definition of the best available technology. The initial efforts in the current
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objective of this report is, therefore, to provide a well defined starting point for future projects
in the coal fueled diesel engine area.

The report is broken down into several sections. The next section contains a very brief
summary of the historical work done before 1979. Soehngen(l) and Caton and Rosegay(s)
provided excellent summaries of this work that will serve as the historical references. The
starting point for the METC program will be identified in terms of the major technical hurdles
that had to be addressed in each component area (fuel preparation and handling, fuel injection,
ignition and combustion, wear prevention, and emissions control). The structure of the METC
program will be briefly described and the key participants identified for future reference. The
remaining sections, and the major portion of the report will be devoted to discussion of the
work that was done in each component development area. Emphasis is placed on the status
of the work in 1993 and identification of the best starting point for continuation of the work
in the future. The last section of the report is a summary of the key design features that must
be incorporated in a successful engine, based on the current available technology. A reference
list is included as well as a complete bibliography of references that are related to the
development of a coal burning diesel engine.

BACKGROUND
Early German Work

An excellent summary of the avallable historical information on coal burning diesel engines
was prepared by E.E. Soehngen for the Office of Fossil Energy of the Energy Research and
Development Administration (ERDA), more recently the U.S. Department of Energy 'I‘Ius
report was summarized, along with several other publications, by Caton and Rosegay and
presented as a technical paper for the Society of Automotive Engineers.

The hlstory of solid fuel burning engines dates back to the work of the French scholar
Montgolfier® in 1780. Dr. Rudolf Diesel worked penodlcally on the concept for
approximately 10 years (1898-1908). Soehngen indicated that Diesel worked on the coal
diesel only because he had mentioned the use of coal in his basic engine patent. His tests were
apparently limited to fumigation of coal dust into the intake air. He observed high wear and
the accumulation of deposits on the piston and cylinder wall. He ceased working on the
concept after an accident (possibly a coal dust explosion) occurred during operation on coal
dust.

Pawlikowski, a co-worker of Dr. Diesel, apparently contmued the work using dry powder
coal until approximately 1928. As described by Soehngen there are apparently 30 patents
and 50 reports describing this work. The patents describe various concepts for introduction
of the coal powder in the engine and for the design of rings and seals to mitigated the wear
problems associated with the use of coal. The reports have apparently been lost and were not
available when Soehngen performed his review of the German work. While it may be of
historical value to have access to the reports and patents, it is likely that the material is of little
technical value because of the low firing pressures, low efficiencies, and matenal and
manufacturing limitations typical in that time frame.




Development of the basic Pawlikowski engine apparently continued in at least four
different industrial organizations in Germany, prior to and during World War IL Soehngen(l)
indicates that while these efforts may have had some qualified successful results, metered fuel
injection and engine wear continued to be major problems that were not permanently
overcome. It is likely that the results of these experiments would provide little new
information if details were available because the key issues remained to be engine wear, fuel
metering and injection, and fuel handling.

There were several major developments of this early work that have only partly been
exploited in the more recent coal fueled engine program. One key observation from the older
work is the fact that there were several patents developed for piston-cylinder concepts designed
to prevent contact of the coal dust on the oil wetted cylinder. This was a greater problem for
the early engine designs because most coal dust mixture preparation schemes did not confine
the coal to a wetted spray. These experiments verify what is intuitively clear, and that is that
coal particles that interact with the relatively cool lubricant film on the cylinder wall will most
probably not ignite and burn, and will definitely increase the cylinder liner and piston ring
wear rates. Coal particles must, therefore, be prevented from interacting with the lubricant film
in the engine (as much as possible). For example, fumigation of coal during the intake
process, or injection of coal fuel directly on the cylinder liner would accelerate wear rates.

Another important observation from this early work is a reference to the development of
hardened materials for use in the manufacture of the piston rings and cylinder liners. It
appears the German company Schichau Werke developed a material and process for hardening
cast iron liners and rings. The alloy composition is listed in Table 1, but no information was
available regarding the hardening process. It was clear that this process mitigated the wear
problem in the pre-war German engines, based on the fact that the process was sold to the
other coal engine manufacturers and that there were no more references to wear problems in
the remainder of the German work. Hardened rings and liners (or hard film coatings) are
therefore an essential element of a commercial coal fueled diesel engine.

Table 1. German Formulation of Hardened Materials!"

Liner Ring
Carbon 3-4% 2-4%
Manganese 2-7% --
Silicon 0.5-1% 1-2%
Nickel 0.1-1% 0.5-1.5%
Chromium - 0.3-0.7%

Coal dust fuel metering and coal dust introduction into the engines were continuing
problem areas in these early engines. Low-pressure intake of coal dust through an extra valve
and the use of pre-chambers were widely . attempted. It appears that the most successful
systems involved some form of air atomization. Erosion of internal passages, plugging and
sticking of coal-contacted moving components, and erosion and abrasion of seals and seating
surfaces were problems that were encountered in all of the early work. Several patents were




issued in this area, but no clear mechanical solution was obvious. It appears that the Germans
did some fundamental work to determine the basic mechanisms of the wear problems, but they
lacked the materials and the manufacturing technology required to solve these problems.

The Germans also did some fundamental combustion experiments that indicated that coal
ignition and combustion rates provide the fundamental limit of the speed of operation of a coal
fueled diesel. However, the experiments, as described in Reference 1, were performed in a
laminar flow system. The experiments showed that diesel fuel drops also burned at a finite
rate, which limits engine speed. It is almost certain, as will be discussed in some detail in the
sections describing the very recent work, that the turbulence levels in an operating diesel
engine are sufficiently high that the combustion rate (coal burn out rate) in the actual engines
is faster than the laminar flow experiments would suggest. Coal particle size and coal type
were shown to affect the combustion rate. The early data agrees with the more recent work
that indicates that coal particle size and volatility are extremely important (as will be described
in later sections).

U.S. Program to 1982

Work in the United States in the period from 1945 to 1978 was very limited and consisted
mainly of attempts to operate convention diesel engines on slurries of coal in diesel fuel oil.
The most notable of these efforts were those of Marshall and Shelton® and Marshall and
Walters®, Additional work on coal-oil mixtures was performed at the University of North
Carolina, Southwest Research Institute, and Howard University. The results of all of these
efforts are of limited use because the fuels were generally not characterized in terms of actual
particle size and flow characteristics. Because of the recent advances in preparing coal water
slurries, economic studies indicate that coal oil mixtures are much less economically viable.
However, the results of the coal-oil experiments did extend the findings of the German work
with dry powders. The results can be summarized as follows:

1. Fuel injection of coal-oil mixtures was a problem in conventional pump-line-nozzle systems
using the standard materials and the standard clearances. Sticking of components and
plugging could generally be reduced by increasing clearances, but long term durability and
fuel metering continued to degrade with time.

2. Cylinder liner and ring wear was reported to be a problem in most coal-oil mixture engine
experiments in which wear characteristics were examined.

3. Combustion rate and combustion efficiency were adversely affected by the presence of the
coal. However, the reduction in combustion performance may have been due to the effects
of the coal on the flow characteristics of the fuel and the resulting degraded atomization in
the engine.

Two programs, sponsored by the Office of Conservation and Renewable Energy of the U.S.
Department of Energy, were started in 1978 to study in detail the effects of various alternative
coal fuels on operation of diesel engines. One program, performed by Thermo Electron, was
focused on application in very large stationary engines. The other program, performed at
Southwest Research Institute (SwRI), was focused on use of coal fuels in smaller diesel
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engines used in transportation. The efforts in both projects involved the use of a variety of
fuels including slurries of solids in diesel fuel.

The Thermo Electron work”® was performed in a relatively large (900mm bore) 100-rpm
engine manufactured by Sulzer Brothers Ltd., of Switzerland. The fuels in the initial
experiments included coal-liquids and coal-oil slurries. The experiments were extended in
1982 to include the use of coal in water slurries. Four well-characterized coal slurries with
loadings of approximately 50 weight percent were studied. This represented the first detailed
characterizations of .these types of fuels and indicated the complex nature of the mixtures,
including the non-Newtonian behavior of some of the slurries. The engine design included two
complete injection systems, one for pilot injection of diesel fuel and one for the slurry. The
pilot system provided absolute control of the ignition timing. A special accumulator injection
system, developed on this project, apparently solved the fuel metering and injection problems
encountered on all of the prior slurry experiments.

The combustion and thermal efficiencies were generally somewhat lower with the slurries,
with the Otisca slurry demonstrating the same, or slightly higher thermal efficiency as
compared to the baseline. Particulate emissions appeared to be higher than the baseline, but
all other emissions were lower. Ring and liner wear rates were a factor of 5 greater than the
corresponding rates on diesel fuel.

A limitation of the usefulness of this work was the fact that Sulzer Brothers Ltd patented
the injection system design and this somewhat restricted its use in the other U.S. funded
projects.

The work at Southwest Research Institute®® was performed in a much higher speed
single-cylinder research engine manufactured by Laboratory Equipment Company. The initial
experiment consisted of screening tests of a very wide range of alternative liquids and solids,
generally mixed in various concentrations in diesel fuel to provide sufficient ignition quality
for auto-ignition in the test engine. The results of these experiments were presented in the
form of comparisons with diesel fuel. The slurries, formulated in the baseline diesel fuel,
included various biomass solids as well as coals, cokes, and carbon black. The injection
system was standard pump-line-nozzle technology with increased clearances to prevent sticking

and plugging.

The results of the experiments demonstrated the complexity of the rheological properties
of the slurries and interactions of these properties with the injection and atomization of the
slurries in the engine. A second project was initiated%!D to examine in detail the interaction
of the properties of the solids, the slurry properties, the injection and atomization
characteristics, and the combustion performance in the research engine. The solids used in
these experiments were various commercial carbon blacks and cokes that could be purchased
in a range of particle sizes and containing various quantities of volatiles. It was clear from this
work that the maximum solids loading in the diesel fuel were limited to 30 weight percent or
less due to the shear thickening nature of these mixtures. It was also clear that solid burnout
was directly related to the quality of the injection process.




Morgantown Energy Technology Center Program (1982-93)

The Morgantown Energy Technology Center (METC) initiated a coal-fueled heat engine
program in 1982 involving the use of coal, direct fired in both gas turbine and diesel engine
systems. The initial emphasis of the program was on use of coal-water slurries in gas turbine
engines, primarily because it was perceived that the continuous combustion systems in these
engines would be much easier to adapt to the use of coal than the intermittent combustion in
diesel engines. The ultimate successes of the diesel program and the very difficult problems
associated with erosion, corrosion, and deposition in the turbine engines focused added interest
on the diesels, and after 1988 the two programs became more competitive in funding levels
and in their approach to commercial development.

The gas turbine program provided significant contributions to the diesel program in the
way of fuel developments and emission-control technology options. These contributions will
be discussed in the appropriate sections of this report. The emphasis of this report is, however,
on the diesel program. It is important for future development of the coal-fueled diesel to have
a clear picture of the resources that were devoted to this effort in the period from 1982 to
1993. Table 2 is a summary of the approximate total DOE funding levels for the coal fueled
diesel program, the major participants in each year of the program, and a summary of the
activities in each project. '

The initial efforts in 1982 and 1983 consisted of laboratory experiments to explore the
feasibility of the use of coal-water slurry (CWS) and coal powders in diesel engines. The
results were promising, and a major procurement announcement was released by DOE-METC
in 1984. Three major feasibility studies were awarded in early 1985 to three leading medinm-
speed engine manufacturers (Cooper-Bessemer, GE, and GM Electromotive). The goal of these
feasibility studies was to identify the critical technical barriers impeding the development of
the engine systems, and to assess the relative difficulty of overcoming these barriers. The
focus of the Cooper-Bessemer project (Arthur D. Little as prime contractor) was the
development of a stationary co-generation engine system based on the 400 rpm LS engine
Model. General Electric and General Motors both focused on the deveélopment of railroad
locomotive systems based on engines designed for approximately 1000 rpm. All three studies
included economic assessments which identified the conditions under which coal diesel systems
could be competitive in the respective applications. Over the course of the project, new
technologies were developed and the economic assessments were reevaluated in terms of the
new information. The results of the GE and the Arthur D. Little feasibility studies both
indicated that relatively inexpensive clean coal slurries were feasible to produce. General
Motors, on the other hand, concluded that the Electro-Motive engines would require the more
expensive ultra-clean coals.

As shown in Table 2, a major procurement was issued in 1988 to support proof-of-concept
demonstration of full-scale coal-fired diesel systems with complete emission controls for both
the GE and the Cooper/Arthur D. Little technology. Work was halted on the General Motors
project because GM Electro-Motive continued the development efforts using only ultra-clean
coals, which was an approach that DOE economic studies had indicated was not economically
viable.




Table 2. DOE METC Coal-Fueled Diesel Engine Program

Part One (1982-1986)
Year Participants Activity
1982 SwRI (1) Effects of Temperature on CWS Combustion
NIPER (2) Preliminary Test of CWS in a Diesel Engine
1983 SwRl (1) Continued
NIPER (2) Continued
1984 SwRI (1) Continued
NIPER (2) Continued
Adiabatics (3) Coal Powder Combustion in a Diesel Engine (DOE #23006)
1985 SwRI (1) Continued
Adiabatics (3) Continued (DOE #23006)
GM/SwRI (4) Coal-Fueled Diesel Feasibility Study (DOE #22123)
GE (5) Coal-Fueled Diesel Feasibility Study (DOE #22181)
ADL/Cooper/MIT (6) Coal-Fueled Diesel Feasibility Study (DOE #22182)
1986 SwRI (1) Continued
Adiabatics (3) Continued (DOE #23006)
| GM/SwRI (4) Continued (DOE #22123)
GE (5) Continued (DOE #22181)
ADL/CooperMIT (6) Continued (DOE #22182)




Table 2. DOE METC Coal-Fueled Diesel Engine Program

Part Two (1987-1993)

Year Participants Activity DOE Funds “

1987 | Adiabatics (3) Coal Powder Diesel (DOE #23006) NA
GM/SwRI (4) Coal-Fueled Diese! Feasibility (DOE #22123) $2,494,000
GE (5) Coal-Fueled Diesel Feasibility (DOE #22181) $2,366,000
ADL/Cooper/MIT (6) Coal Diesel Feasibility Study (DOE #22182) $799,000

1988 | Adiabatics (3) Continued (DOE #23006) $68,000
GM/SwRI 4) Continuéd (DOE #22123) $304,000 I
GE (5) Continued (DOE #22181) l
ADL/Cooper/MIT (6) Continued (DOE #22182) $241,000
GE (7) System Development Demonstration (DOE #23174) $3,405,009
ADL/Cooper/CQ/AMBAC (8) System Development and Demonstration (DOE #25124)
Caterpillar (9) Gasifier Engine (DOE #25141) $714,000

1989 | GE - (7) Continued (DOE #23174) $5,000,000
ADL/Cooper/CQ/AMBAC (8) Continued (DOE #25124) $1,998,000
SwRI (10) Basic Wear Study NA
Adiabatics (11) New Injection (DOE #25132) $95,000
Caterpillar (8) Continued (DOE #25141) $1,492,000

1980 | GE (7) Continued (DOE #23174) $4,777,000
ADL/Cooper/CQ/AMBAC (8) Continued (DOE #25124) $3,243,000 ||
SwhlI (10) Continued NA "
Adiabatics (11) Continued (DOE #26305) Cs104000 ||
Caterpillar {9) Continued (DOE #25141) $1,200,000
DDC/SwRI (12) High Speed Coal Diesal (DOE #27222) $320,000

1991 GE (7) Continued (DOE #23174) $2,288,000
ADL/Cooper/CQ/AMBAC (8) Continued (DOE #25124) $4308000 |
SwRI (10) Conﬁn@ NA
Adiabatics (11) Continued (DOE #26305) $118,000
Caterpillar (9) Continued (DOE #25141) $953,000
DDC/SwRI (12) High-Speed Coal Diesel (DOE #27622) $503,000

1892 | GE (7) Continued (DOE #23174) $1,690,000
ADL/Cooper/CQ/AMBAC (8) Continued (DOE #25124) $3,497,000
SwRI (10) Continued -
Adiabatics {11) Continued (DOE #26305) -
Caterpillar (9) Continued (DOE #25141) $514,000
DDC/SwRI (12) Continued (DOE #27222) $410,000

1993 | GE (7) Continued (DOE #23174) -
ADL/Cooper/CQ/AMBAC (8) Continued (DOE #25124) $578,000
Catemillar (8) Continued (DOE #25141) -
DDC/SwRI {12) Continued (DOE #27222) -
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The Cooper/Arthur D. Little Project was focused on the continued development and
demonstration of technologies examined in the feasibility study. The goal was to demonstrate
these technologies on a multi-cylinder engine complete with emission controls at the Cooper
research facility in Mount Vernon, Ohio. This goal was achieved in 1993.

The GE Project also included continued development of the technologies introduced in the
feasibility studies. The goal of this project was to demonstrate these technologies in a multi-
cylinder GE engine operating a locomotive on the test track at the GE facility in Erie,
Pennsylvania. This goal was achieved in 1992.

Selection of the medium-speed engines as the focus of the program was based on some
modeling work done by Caton and Rosegay'!?, which indicated that the maximum engine
speed for burn-out of coal particles in the 10 micron size range was 1000 rpm. While these
model results were in agreement with modeling work done later>'¥, some preliminary
experiments reported by Kakwani(!® indicated that much higher engine speeds appeared to be
possible. These results were corroborated in a project with Detroit Diesel Corporation and
SWRIIS12), conducted in 1990-93, and performed in a 1900 rpm Detroit Diesel 8V-149 engine
used in mine haul truck applications.

A project was initiated in 1988 at Caterpillar(”'l%'lm to examine the use of a novel high
pressure gasifier system in conjunction with a large Caterpillar engine. The scope of the
project involved demonstration of operation of the engine on a gas mixture simulating the
gasifier output. The project also involved demonstration of the gasifier concept that included
the use of pre-loaded canisters of coal that undergoes gasification at elevated pressure.

None of the METC projects were continued after they ended in 1993, due in part to
successful demonstrations and in part to shifting METC priorities (e.g., toward natural gas
advanced technology). The emphasis of U.S. Government funding for alternative fuels R&D
in the 1993-2000 timeframe shifted to natural gas technology. The prices of gas appeared to
be low, domestic supplies appeared to be adequate for some time, and the low carbon content
appeared attractive from the standpoint of control of the greenhouse gas, CO,.

As indicated previously, the economics of clean coal engines will become favorable in the
future, as the supplies of the other energy resources are depleted or become more costly to
recover. The objective of this report is to provide a clear starting point for future work in coal-
fueled engines. The following sections contain detailed descriptions of the work that was done
in this program and specifications of the fuel and engine components.

FUEL SYSTEM DEVELOPMENT

Injection system development historically had been the primary obstacle to development
of coal-fired diesel engines, primarily because coal dust was the fuel form rather than coal
slurry. While dry powder coal was of primary interest in the early development work, it was
not emphasized in the METC Program. Not only are there fuel handling and safety issues
associated with the use of these finely divided powders, but micronized coal slurry technology
had been significantly advanced. The emphasis of the METC Program was centered on the
development of systems that could handle coal water slurries with mass loadings of

9




approximately 50 percent coal. It was quickly realized that conventional high pressure jerk-
pump injection systems could be used with coal-water slurry fuels with suitable nozzle
modifications. The development of the successful injection systems was actually tied very
closely with the development of the fuels. The particle loading, the particle size distribution,
the coal type, and the additive package all affected the flow characteristics of the resulting
slurry and, in turn, the operation and performance of the injection system. The emphasis of
this section will be on describing the efforts that went into development of the mechanical
components of the successful fuel systems. The resulting mechanical system specification
assumes that the fuel will meet the fuel specifications discussed in a later section.

Fuel Storage and Handling

Coal-water slurries will always be unstable if the viscosity of the base liquid is kept low,
and the particle loading is below the volume-filled condition, a situation where the particle
loading is high enough that the entire fluid volume is essentially filled with contacting
particles. In other words, if the slurry has the characteristic of a fluid of reasonable viscosity,
the density difference between the coal particle and the water will always cause settling.

Coal-fueled systems must therefore incorporate special features in the fuel storage and
handling systems that accommodate the separation problem. Piping systems should include
smooth internal flow passages, with no rapid volume changes, or changes in flow direction.
The goal in the design of the piping system is to eliminate components that allow the
formation of recirculation zones and volumes-where the flow velocities become very low, and
settling can occur. The piping system should also include allowances for flushing of the
system with water or other clear fluid prior to shut-down.

Progressive cavity pumps have been used to accomplish recirculation in fuel tanks and for
transport of the slurry from the tank to the engine.®82®  Another option is air-driven
intensifier pumps. Recent work at SwRI®D indicates that air driven intensifier pumps,
typically used in high pressure paint spray systems, can be configured with components
designed to handle abrasive materials. A pump in this configuration has operated reliably and
at much higher discharge pressures than can be achieved using a progressive cavity pump.

Storage of CWS in tanks presents a problem in that the coal will eventually separate if the
fuel is not continuously circulated throughout the tank. It is imperative, however, that the
agitation be accomplished using the lowest possible shear rates to prevent "working" of the
slurry and the increase in viscosity that can accompany the particle size reductions that occur
in "worked" slurries.

The basic concept for a storage tank system, shown schematically in Figure 1, is one of
removing fuel from the top of the tank and re-introducing it at the bottom through a manifold
designed to create two large counter-rotating eddies that flow outward along the entire length
of the bottom of the tank and down at the center. A floating intake always insured that the
pump removed slurry of the lowest concentration at the top of the tank. It was felt that this
was important for cyclic operation of the system, and for those situations where the circulation
system was shut-off for an extended period of time. In the worst case of total settling, the
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pump removes the water layer on the top of the tank and re-introduces it at the bottom, where
its kinetic energy is used to re-mix the slurry.

FLUSH WATER
INLET
| FLoATING PICKUP \
. - : PINCH
_____________________ VALVE
| /
FLOW DISTRIBUTION
MANIFOLD Y :
BOWIE SERIES
— 9500 PUMP
1 —— 11 — 1
FLOW
OUTLET
—— — < <
NOTE: ARROWS INDICATE
FLOW DIRECTION
PRESSURE
SENSOR

Figure 1. Coal-Water Slurry Storage Tank System

Computational fluid dynamics was used to design the manifold located at the bottom of
the tank and to select the appropriate flow velocities, and in turn to design the piping system
and select the pump. In non-dimensional form, the optimum design condition is one in which
RxH=5.7, where the Reynolds Number (R,) is based on the tank diameter and the flow
velocity at the exit of the manifold, and H is the ratio of the manifold discharge orifice
diameter to the tank diameter. A tank system designed to these specifications was used to
store a slurry of 51 weight percent coal for a two year period at SWRI. The system was
operated on a 15 minutes on/off cycle over that period. The only failure was with the first
gear pump. Subsequent experience with a rotating vane pump and progressive cavity pumps
indicate that these are better choices. Intensifier pump designs may also be a good choice
depending on the pressure requirements of the fuel system. The Cooper/ADL project had
similar successful coal slurry storage for two years in a 6000 gallon tank with periodic
recirculation. )

Injection System Design
Diesel fuel injection systems have three functions: (1) to meter the quantity of fuel needed
to maintain the engine speed and load, (2) to inject the fuel at high velocity into the

combustion chamber, and (3) to time the start of injection. Older designs include an injection
pump that is coupled directly to an output shaft on the engine. The pump simultaneously
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provides the fuel metering and high pressure pumping functions. The high pressure pulse of
fuel is supplied through a length of tubing to an injection nozzle that incorporates a needle
valve that opens in response to the fuel injection pulse. Fuel passes through the seating area
of the needle valve, typically forming a spray by radially flowing through several small
diameter holes and into the engine. The goals in designing the pumping element and the
nozzle hole configurations are to provide sufficient turn-down to operate the engine from idle
through full load, and to provide sufficient flow velocity in the fuel jets so that they penetrate
across the combustion chamber, in order to utilize all the air. Impingement on the combustion
chamber walls occurs in some design with satisfactory results.

Current designs for highway truck diesel applications are called unit injectors, and they
incorporate the pumping and metering functions inside the injection nozzle. New unit injectors
also incorporate an electrically actuated solenoid valve that is used to accurately control the
beginning and ending of injection over the entire speed-load range of the engine.

The manufacturing technology for injection systems have evolved to the point where
tolerances in the range of 2.5 to 25 microns are common in the barrel and plunger assemblies
and the needle valves of these systems. These clearances are smaller than the mean particle
size of most slurries, but the size distributions are typically Gaussian and contain a sufficient
number of very small particles that can enter the clearance and cause wear and sticking of the
elements. In addition, finite element analysis of the barrel assembly, performed at SwWRI as
a part of the work described in Reference 22, indicated that the barrel expands sufficiently
during injection to admit particles that are significantly larger than the static clearances. These
theoretical considerations were verified in several experiments as part of the feasibility projects,
where standard injection systems were used for testing slurries. Typical times to failure for
these tests ranged from instantly, to a few minutes. It was observed, however, that relatively -
long periods of operation could be achieved if the tolerances were actually increased and the
slurry was allowed to leak through the sealing areas.!®) It should be noted that failures, in the
form of increased leakage and decreased fuel delivery, always occurred with these systems,
even when sticking was not a problem.

Several different slurry injection system designs were evaluated in the various projects of
the feasibility study. The work at SwRI included examination of two different pump-line-
nozzle systems with increased clearances®%, a unit injector with increased clearance®, a
Cummins Pressure-Time system(zs), a unit injector equi gged with a diaphragm to separate
diesel fuel and slurry inside the injector (see Figure 2) ) and a pump-line nozzle system
equipped with a free piston located between the nozzle and the injection }l)ump, and separating
the slurr?' from diesel fuel that is circulated through the injection pump The initial efforts
at GE®® also involved the use of a diaphragm system, as well as an accumulator system that
used the diaphragm system as the pressurization system for the accumulator®”. The basic
layout of the GE diaphragm system is shown in Figure 3, and a cross-section of the
accumulator nozzle is shown Figure 4. The Arthur D.Little-Cooper-AMBAC team worked on
the development of a pump-line-nozzle system that incorporated a free ?1ston (called by
AMBAC a shuttle plston) to separate the two fuels rather that a diagram'*’, as well as a
common rail system® that was not pursued once the shuttle piston system proved reliable.
A shuttle piston system was also developed at SwRI for use in the High-Speed engine tests on
the DDC 8V-149 engme( 1
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Figure 3. General Electric Fuel System Schematic

It became clear from test results that it is essential that the slurry be separated physically
from the barrel and plunger assemblies of the injection system. Both the diaphram concept and
the shuttle-piston concept accomplish this objective. Other solutions such as increased
clearances in conventional injection systems, and conventional surface preparation did not
prove to be acceptable.

The shuttle-piston approach proved to be the "winner" because the design constraints on
the diaphragm systems tested in both by both GE and SwRI proved to be unacceptable.
Fatigue failure was a problem with diaphram systems, almost independent of the material
selection, if the diaphragm was made small enough to produce acceptable injection pressure
characteristics. Increasing the size of the diaphragm to reduce the magnitude of the deflections
resulted 1n a large increase in the volume of the high pressure section of the system. The GE
Team®® abandoned the diaphragm approach in favor of the shuttle piston concept.

The shuttle piston approach developed by the Cooper/Arthur D. Little Team (with
AMBAC) has evolved as the most reliable CWS injection system concept. Basically, the
injection system looks like a conventional pump-line-nozzle system, except that a free piston,
or shuttle piston assemble is installed in the injection line between the pump and the nozzle.
The section between the injection pump and the shuttle piston is filled with diesel fuel that acts
on one side of the shuttle during the injection event. Motion of the shuttle translates the
pressure pulse to the slurry that fills the other side of the system. The pressurized slurry then
opens the needle valve in the injection nozzle and slurry is injected into the engine. A drawing
showing some detail of the SWRI combined shuttle-piston-nozzle assembly is presented in
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Figure 5. Development of this technology and that used in the Arthur D. Little Project was
done with significant guidance from Mr. Jack Kimberley of AMBAC. The designs developed
in the other projects share the main features shown in the drawing.

The design details of the shuttle piston assembly are very similar to those use in standard
injection system barrel and plunder designs, in terms of the clearances (on the order of 2.5 to
25 microns clearance on the diameter) and the surface finish. The displacement volume of the
shuttle must be approximately 50 percent larger than the fuel delivery required for full load.
This excess capacity insures that the shuttle will not "bottom out" and will accommodate those
situations where the shuttle does not return completely. Durability of the shuttle piston
assembly is greatly improved if the shuttle is coated with titanium nitride and the barrel is
made of nitralloy. The GE Team developed a shuttle piston design in which the piston was
made from tungsten carbide. Durability of this system was also acceptable:.(31'128'1 2

Selection of the shuttle diameter and stroke is governed by the response time required for
return of the shuttle and the compressibility of the trapped fuel. The longer the stroke - the
longer the return time. The larger the diameter - the larger the trapped volume by the square
of the diameter. It appears that a good rule of thumb is that the diameter should equal the
diameter of plunger in the injection pump, and the length of the stroke should be as close to
the diameter as allowed by the 50 percent excess volume requirement.

Seal oil ports, shown in Figure 5, supply seal oil to the center of the shuttle piston stroke
and to the center of the guide area of the needle valve. The seal oil is usually supplied using
intensifier pumps operating with discharge pressures greater than the peak injection pressures.
The seal oil acts to lubricate the moving parts and prevent the passage of coal particles into
the tight clearances. The experience at SwRID and in the Arthur.D.Litte work®? indicated
that the seal oil must be supplied to both locations. Optimum operation of the shuttle piston
is accomplished if the piston is undercut in the region where the seal oil is introduced.
Experience at SWRI indicated that the method did not work as well if the flow clearance is
made in the barrel assembly.

The shuttle piston designs developed at Cooper/Arthur D. Little, SWRI, and GE all
emphasized the use of nearly conventional injection nozzles. The GE Team did some
preliminary development work on an accumulator design that was intended to be used in their
project on full scale locomotive demonstration of the system.(zs) Single-cylinder engine
experiments using the GE accumulator injection nozzle were very promising because the design
offered the opportunity for variation and control of the injection timing.®® A schematic of the
system, reproduced from Reference 30, is presented in Figure 4. The accumulator housing in
the injection nozzle was pressurized with slurry to injection pressure using a shuttle piston
injection system. Injection timing was controlled by an electrically actuated solenoid valve that
allowed high pressure hydraulic fluid to open the needle valve. Work was halted on
development of this design as the METC Program was coming to a close.

A schematic of the bench test fixture used in the SWRI shuttle piston work is presented in
Figure 6. The important features of this drawing are the piping diagrams for the injection
system. The most important details are the diesel fuel supply-line connection through a check
valve to the injection line and the slurry fuel supply line to the shuttle piston assembly. It was
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found that the diesel fuel supply pressure to the injection pump head and the injection line had
to be maintained at approximately 700 kPa in order to maintain the pressure above the
saturation pressure of the fuel in the injection line during the retraction of the shuttle piston.

The diesel fuel between the injection pump and the shuttle piston is captured in this section
of fuel line and undergoes repeated compression during operation of the system. Two
problems were observed in the work at SWRIL. The first problem was that it is somewhat
difficult to remove trapped air that affects the performance of the system. The second, and the
more important problem was the occurrence of cavitation during the return stroke of the
injection pump. This problem is compounded by the fact that the fluid gets very hot due to
the repeated compressions and the fact that the shuttle piston must retract at the same rate of
volume change as the injection pump plunger in order to maintain constant pressure. This
problem was not reported by the Arthur D. Little Team or the GE tecam, but they were
operating their systems at maximum speeds of 200 and 500 injections per minute, respectively.
The SwRI experiments were on an 1900 rpm two-stroke engine that required fuel injection
every cycle, almost an order of magnitude difference in speed of operation over the lower
speed four-stroke engine used in the Cooper/Arthur D. Little project.

The slurry is supplied through a special double check valve assembly to the shuttle piston.
Several iterations of the check valve design were performed as a part of the Cooper/Arthur D.
Litde project and the details are important for reliable operation of the fixture. The
configuration of the check valves as of mid-1993 is as shown in Figure 7, with spring loaded
poppet valves having very loose fits on the poppet stems and tapered seat faces with an angle
of 52 degrees. The poppet valve sedting face and the valve seats were both made of tungsten
carbide to prevent wear.
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Figure 7. Slurry Fuel Supply Check Valve
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The sturry supply pressure to the shuttle piston assembly must be high enough to overcome
the diesel fuel supply pressure and the friction forces on the piston so that the shuttle piston
will retract at the same rate as the injection pump plunger. Cavitation occurs on the diesel fuel
side if the shuttle does not retract properly and maintain pressure on the diesel fuel side.
Slurry supply pressure in the DDC/SwRI work was maintained at 2.1 MPa in combination with
the 700kPa diesel fuel supply pressure. The key issue in reliable operation of the system is
the balance between the baseline diesel fuel pressure and the baseline slurry pressure. The
actual values may vary depending of the specific design of the shuttle assembly and the speed
of operation of the system. :

Injection System Materials

As indicated above, wear prevention in the shuttle piston assembly is greatly improved by
the appropriate selection of materials and coatings. Two other significant areas for wear in the
injection system are the nozzle holes and the needle valve seat.

Nozzle Holes

Dunlay et al.®® reported significant nozzle hole wear in the Sulzer engine with
conventional steel nozzles after a few hours operation on a 34 percent coal in oil slurry.
Nydick(34) reported nozzle hole enlargement using sintered tungsten carbide inserts in the same
Sulzer engine. Based on results obtained from four different slurries, Nydick concluded that
the wear was more dependent on particle size than ash content. Ryan et al.® reported a
doubling of the nozzle hole diameter after 25 hours operation on a 50 percent CWS durin
bench tests using a conventional Cummins P-T nozzle made from carbonized steel. Hsu®
reported 10 percent decreases in the injection pressure after minutes of operation on CWS
using conventional carbonized steel injection nozzle tips. Schwalb et al.®V reported wear rates
of from 0.5 to 1.6 percent increase in the nozzle hole flow area per minute of run time, using
conventional steel alloys. Rao et al.® reportéd increases in the nozzle hole exit diameter of
up to 50 percent after less than one hour of operations on low ash (less than 2 percent) coal,
and substantially more wear with a 3.8 percent ash coal, a conclusion that is in direct conflict
with Nydick’s(34) conclusion regarding the importance of ash content.

Hard steel alloys, coatings of very hard materials, and monolithic ceramic and hardened
materials have been tested in both bench experiments and in actual CWS engine tests. Some
caution must be exercised in drawing absolute conclusions from the results of bench
experiments. Both the Cooper/Arthur D. Little®® and the GE®Y Teams reported significant
nozzle hole wear in conventional materials during engine tests with CWS. Both Teams
reported a wear pattern in which the entrance to the hole showed abrasive rounding, the exit
showed enlargement that greatly exceeded the entrance enlargement, and wear pattern in the
hole with a "trumpeting"” appearance (see Figure 8, reproduced from Reference 3).
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Figure 8. Injection Nozzle Hole Wear Pattern

Efforts to reproduce these wear patterns in continuous flow bench experiments were
unsuccessful at Arthur D. Little and SWRI®® and at GE®Y. The bench experiments were all
performed using continuous flow through an orifice assembly in which the materials and the
configuration of the hole could be easily changed. The two differences between these
experiments and the actual engine were continuous versus transient operation, and the
temperature. It was suggested that the trumpeted wear was due to cavitation of the CWS,
starting at the exit to the nozzle. It was hypothesized that the coal particles in the slurry
provided high density solids that enhanced the wear during collapse of the cavitation bubbles.
Temperatures in the test fixtures presumably were too low to support cavitation.

The hard materials that were tested in all of the studies as a means to reduce the wear ate
are listed in Table 3. The ranking of the materials are also listed as reported by the different
project teams. The GE rankings presented in the table are based on the results of bench
experiments.3) Another example of the problem of using bench experiments is the fact that
engine experiments at GE using the Kennametal K313 tungsten carbide indicated high wear
rates. The Cooper/Arthur D. Little data were all obtained during actual engine tests.

Despite the variation in results in Table 3, it is possible to select some of the more
promising hard materials. It is generally agreed that the best material choices are selected
formulations of tungsten carbide/cobolt, cubic boron nitride, diamond compact, and sapphire.

It appears that the performance of the tungsten carbides depends heavily on the
formulation, with the finer grain carbides demonstrating lower wear rates. The Cooper/Arthur
D. Little Team®® reported very low wears rates using a monolithic assemblies fabricated from
the Kennametal K714 formulation. The assembly consisted of a piece, called a button, that
contained the nozzle holes and that was held in place at the tip of the nozzle by compression,
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Table 3. Material Evaluated for Use in Injection Nozzle Holes

Relative Wear Rates
Cooper/
Materials Arthur D. Little | General Electric DDC/SwRI
Steel Alloys High High High
Titanium Nitride Coating High -- -
Stellite 6B - High -
Titanium Alloy/Titanium Diboride Coating High ‘ Low -
Carboloy 883 - Moderate -
(Tungsten Carbide/6% Cobolt Binder
Tungsten Carbide 6% Cobolt Binder - Low -
(Kennamental K313)
Tungsten Carbide/Cobalt Binder - - -
(Kennamental K714)
Cubic Boron Nitride - Low -
Silicon Carbide (Hexalloy SA) - Moderate -
Diamond Compact Low Low -
Sapphire Low Low -

using a screw on retaining nut. Based on observed wear rates after 150-200 hours of testing,
it was projected that these components would survive from 500-2000 hours of engine operation
on CWS. The GE team concluded that the tungsten carbide family of materials does not have
sufficient erosion resistance for use in the nozzle holes.®” The GE team did, however,
propose a similar approach to installing very hard materials in the location of the nozzle tip
holes, with the "button" actually fabricated as a small insert that is installed inside the tip in
the region of the holes.

Experience with the cubic boron nitride have been excellent, but the results with the
diamond compact material and the sapphire have been as good.(‘m) The diamond compact and
the sapphire offer a significant cost advantage over the ceramics in the fact that they are both
used commercially in the configuration needed for use in the nozzle holes. The diamond
compact is a composite that is commonly used in wire making dies. Commercial dies are
available with holes of dimensions typical of diesel injection nozzle holes. Sapphires are
available commercially as jewel bearings for mechanical chronometers and fine motors. They
are also available with holes of the appropriate dimensions. Both the sapphires and the
diamond compact dies are available in cylindrical geometries with the hole running through
the axis. :

Both the Cooper/Arthur D. Little and the GE teams have developed designs in which these
small cylindrical pieces are installed as inserts in the injéction nozzle tip in the locations of
each of the nozzle holes. The diamond compact inserts, a product of GE Specialty Materials,
. are brazed in a stainless steel nozzle tip usin% very precise control of the brazing temperature

to prevent graphitization of the diamond.®? The sapphires are swaged into a small metal
support that is in turn electron beam welded into the nozzle tip.G®

22




Needle Valve Seats

eration of conventional nozzles on CWS results in wear in two areas of the needle
valve®®53), even with seal oil supplied to the guide section of the needle. The leading edge
of the guide section of the valve becomes rounded after approximately 150 hours of operation.
The other area of wear is on both elements of the valve seat. The conclusion from both
projects is that the seat should be a tungsten carbide insert used in combination with a tungsten
carbide plasma coated needle valve. Not enough operating time was accumulated to determine
if the barrel (above the seat) also needs protection.

COMBUSTION SYSTEM DEVELOPMENT

Combustion of CWS involves several very complex processes that are occurring in the
combustion chamber once every engine cycle. The event begins with injection of the non-
Newtonian, two-phase fuel at pressures that can exceed 100MPa, into an environment of high-
temperature, high-pressure air and combustion products. The fuel jets, traveling with initial
exit velocities up to 300 my/s, entrain air and slow to 20-50 m/sec, and then traverse
approximate 7.5 to 20 cm prior to impacting in the combustion chamber. Conventional
wisdom suggests that the jets entrain and mix with air during'the 1-10 milliseconds that is
available before they impact on cold combustion chamber (piston) walls. Ignition of CWS is
generally thought to involve a three-phase process in which (1) the water evaporates, (2)
devolatization of the coal occurs, and (3) ignition of vapor mixture occurs. Theory also
suggests that combustion of the volatiles then occurs at the edge of the fuel spray, followed
by char combustion via carbon oxidation to CO on the surface and continued oxidation to CO,
in regions surrounding the char particles. The location of initial ignition of the spray is
obviously farther from the nozzle tip than when there is already a standing flame into which
the remaining spray is injected.

Estimates of the characteristic time of the overall mechanism of coal combustion in engines
suggests that CWS can be used only in medium-speed engines (e.g., 30 micron coal particles
can burnout within 40-50 crank angles at 1000 rpm. The results of both Kakwani et a1 and
Schwalb et al.?)), however, show that engine speeds up to 1900 rpm can be achieved with
acceptable coal combustion efficiencies, provided that most of the coal particles are
approximately 20 microns or less. One difference between the theoretical and laboratory
measured combustion rates and those observed in engines is the higher turbulence levels that
are present in engines (which might contribute to higher coal burn rates).

As will be discussed, the fuels are non-Newtonian and can shear-thicken during injection,
and possibly exhibit poor atomization characteristics. As the apparent viscosity increases, the
air entrainment rate can decrease with an accompanying increase in the jet tip velocity, and
increasing the probability of jet-wall interactions. Impingement of the unreacted air/slurry
plume on the solid piston surface enhances the mixing process through deflected plume mixing
and entrainment. Deposition of the coal on the relatively cool (500-800°F) combustion
chamber walls may occur temporarily, but Cooper observed no accumulated layer on the piston
after over 200 hours of operation. Coal type, source, processing, and particle size distribution
all contribute to the rheological properties of the CWS. In addition, these properties control
the ignition and combustion characteristics of the CWS both directly, through the volatile
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content and composition, and indirectly, through the atomization characteristics.

Direct impingement of CWS sprays on lubricant wetted surfaces (cylinder walls) is to be
avoided because it would lead to deposition of the unreacted coal on the surfaces, degraded
combustion efficiency, and greatly increased cylinder liner and ring wear. Based on test
results, it appears that the CWS can impinge on the piston crown with satisfactory atomization
and ignition characteristics. It is believed, however, that certain configurations of engine
designs and long duration CWS spray events used in the METC Program may have resulted
in some fuel impingement on the cylinder liner. Certain-engine designs incorporated very
shallow combustion chambers that may have allowed some fuel splash and direct impingement
on the liners, depending on the injection timing and the injection rate. The piston "uncovers"
the liner after several tens of degrees crank angle after TDC. In addition, suspended residual
traces of ash and unburned coal are available in the combustion chamber and no doubt
contributed to the ring and liner wear, even if the combustion efficiency was nearly 100
percent. This wear effect is believed to be greater when the coal/ash particles are smaller than
the diametrical clearance (piston liner).

The combustion system development work is discussed in terms of the basic coal
combustion considerations important to operation of CWS in an engine and the actual engine
development work. Each of these items are discussed in the following sections.

Basic Combustion Considerations

In addition to the injection studies, the ignition characteristics of dry coal and coal slurries
have also been examined. Clingenpeel, et al*D in experiments with slurries of 45 wt% coal
and nonpetroleum carriers, found that an engine run without a pilot injector and a glow plug
would suffer a torque loss of approximately 20 percent as compared to an engine run using
combustion assist mechanisms. It was also noted by Robben, et al.“2) that, without combustion
assist devices, significantly higher compression temperatures (1100 to 1200K) would be
required. Kamo, et al.“® conducted tests in which he fed coal powder with a maximum
particle size of 20 microns directly into the intake air manifold of a single-cylinder Caterpillar
engine. The engine was modified to an adiabatic design by coating the combustion chamber
with a ceramic coating and removing the water cooling system. These changes brought about
a 40 percent reduction in heat rejection by the engine. They found that powdered coal could
be run in the engine without the aid of a diesel fuel pilot. Exhaust unburned coal was not
measured, however.

Other researchers of coal ignition have concentrated on studying the ignition delay time.
Murdoch, et al.“® studied the ignition delay of coal/water slurries and found it to be a function
of water content, initial temperature, coal type, and particle size. They noted that the ignition
delay decreases with preheating of the slurry and with decreases in particle size, and that
ignition delay increases with the water content of the slurry. This increase is caused by the
extra time required to vaporize the water in the drop and expose the coal particle. Siebers and
Dyer(45) conducted tests in a constant-volume combustion bomb in which they compared the
ignition delay of a 46 wt.% coal/water slurry to diesel fuel (DF-2). They determined that the
ignition delay for the slurry was temperature and pressure dependent and increased by a factor
of 5 over that of DF-2 fuel.
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The combustion of coal is another area that has undergone a great deal of study. Research
has focused on basic combustion topics, such as particle reaction rate, and more applied topics,
such as defining required temperatures and pressures for coal slurry combustion in engine-type
environments. Sakai and Saito®® concluded that the combustion of coal slurry fuels is a two-
stage process consisting of gas-phase combustion followed by solid combustion. The first
stage, or physical stage, is for the vaporization of the carrier. The second stage, or chemical
stage, is the substantially longer period that is required for the coal agglomerate to react.
Szekely and Faeth®? found that the reaction of the agglomerate required 90 to 95 percent of
the lifetime of the particle, even where agglomerate reaction rates were at a maximum. They
added that the introduction of a catalyst increased agglomerate reaction rates, except at
diffusion-controlled conditions. Wells, et al® studied the chemical stage at various
temperatures by looking at the char reactivity. They determined that at low and medium
temperatures (550 to 750K and 1070 to 1270K, respectively) char reactivity was dominated by
parent coal type. However, they noted that char reactivity was dominated by the pore
diffusional resistance of the agglomerate at high temperatures (1300 to 1700K). Liu, et al.
conducted experiments in which they studied high-intensity pulverized coal flames with water
injection. They found that the water injection did not affect the coal reactivity, although it did
lower the flame temperature. However, they also demonstrated that "the controlling reaction
mechanism through the whole temperature range is physical (diffusion), not chemical (kinetic),"
this being in direct contrast to coal combustion behavior in normal intensity flames. Both Law,
et al.®® and McHale, et al.®Y in studies of coal/oil mixtures for furnaces and boilers (typical
droplet sizes 100-200 microns) found that internal circulation, or swirl of the secondary air is
an important factor in combustion. They reported that a high degree of swirl resulted in a
significant improvement in carbon burnout. If true for the much smaller drop size in diesels
(20 microns), this would lead to the hypothesis that increased furbulence within the cylinder
would similarly improve coal particle burnout in a diesel engine. However, droplets in the 20
micron size range quickly equilibrate to local flow velocities even in turbulent flow.

The time required for a particle of coal of a given radius to burn completely is known as
the coal-burning time. The faster the coal burns, the higher the allowable engine speed. Some
of the first studies of coal-burning times were conducted by Nusselt and Wentzel). They
performed tests on pulverized coal in pressurized combustion vessels to simulate engine
conditions. They concluded that coal particles in the 80-100 micron size range were slow
burning and that the maximum engine speed for which coal dust would be practical as a fuel
was 400 RPM. As a result of their findings, most of the early coal-dust-fueled engines were
designed for low-speed and low-power operation. It was not until later, when performing
similar tests on diesel oil, that it was realized their combustion vessel produced burning times
much longer than those in an actual engine due to the combustion vessel’s lack of turbulent
conditions that exist in the cylinder of an engine.

Essenhigh®? studied the burning times for ideal spherical particles in dust flames. He
based his study on two different means of reaction control: diffusion and chemical reaction.
He noted that when both mechanisms were present in particle burning, the effects of the two
were additive. He also realized that turbulence could reduce burning times, but felt the
decrease would be 50 percent at most, depending on particle size. Essenhigh and Yorke®>
conducted tests on the effects of coal particle shape and swelling on buming times. They
determined that shape had no significant influence on burning times, because irregularly shaped
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particles burn down to a spherical shape by the time they are half burned. They also found
that coal particles swell according to coal rank in two stages to a final diameter that is 1.5
times larger than the original diameter. When this swelling was taken into account, the values
they measured for burning times corresponded to those calculated using the Nusselt square law.
Both Essenhigh®? and Kanury®® presented combustion time data for coal and carbon particles
of various sizes. These data are summarized in Figure 9“%). Typical ideal combustion
duration for engines is 30 degrees of engine crankshaft rotation at rated power (more than 30
degrees and efficiency suffers). Based on this criteria, engine speed is plotted along the right
axis. The results in Figure 9 indicate that the size of the -dry particles must be in the range
of from 5 to 50 microns for engine speeds from 400-2000 rpm.
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Figure 9. Coal and Carbon Burnout time and Engine Speed Versus Particle Size

Rawlins, et al.® also studied coal particle burnout rates. They performed their tests in
a vertical laboratory-scale combustor on coal/water mixtures of 70 and 73 wt.% coal. The
mass-mean coal particle diameter of the slurry was about 20 microns, although due to swelling
and agglomeration, some of the particles reached 200 microns in a diameter. They found that
with secondary swirl the coal burnout was around 98 percent for average particle residence
times less than 100 ms (equivalent to 30 deg crank angle at 100 RPM). Holve®® used a
numerical model to determine that agglomeration increases burning time by a factor of four
to eight. His model also predicted that particles less than 30 microns should react completely
in less than 35 milliseconds (equivalent to 30 deg CA at 300 RPM), while those less than 10
microns would take less than 8 ms to burn out (equivalent to 30 deg CA at 1000 RPM). These
values are similar to those obtained by Essenhigh.®? Petela®? used a mathematical model
to analyze the combustion of a coal/oil droplet. He noted that the combustion of the oil part
of a coal/oil droplet takes less time due to the larger surface area of the oil. He went on to
predict that if small enough coal particles were used in the coal/oil mixture, and if
agglomeration could be prevented, then "the overall combustion time of a coal/oil mixture
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droplet can be shorter than that of a pure oil droplet of the same size." Kamo, et al.“®® also
predicted that the burning time of micronized coal dust should be short enough to allow engine
speeds up to 2000 RPM.

The size of the coal particles in the shurry may also have an effect on how well combustion
takes place, depending on whether the slurry droplets (clusters of coal particles) disintegrate
upon water evaporation. Caton®®® used an engine cycle simulation based on a thermodynamic
analysis with a particle combustion model to study the combustion characteristics of coal in
a reciprocating, locomotive engine. He found that engine efficiency decreased with increasing
engine speed. However, the decrease was less for smaller particles, and negligible with particle
diameters less than 20 microns for engine speeds of 250 to 1000 RPM. This finding is
approximately consistent with the GE engine test data if one assumes that the slurry
disintegrates into coal powder. Fu, et al.®? performed tests in an oil-designed 100-hp fire-tube
boiler to determine the effects of coal particle size on combustion properties of coal/water
fuels. They found that the use of micronized coal/water slurries did not provide a significant
increase in carbon burnout or boiler efficiency compared to coal/water slurries made with
larger coal particles. However, available combustion residence times for boilers are several
hundred milliseconds, so one would not expect to see any effect of particle size.

Other studies have focused on what conditions are required for effective combustion in an
engine-type environment. Siebers and Dyer™® conducted research comparing a coal/water
slurry with DF-2 in a constant-volume combustion bomb. The slurry was made up of 45.8
wt.% low-ash coal with 2 maximum particle size of 22 microns. They simulated diesel engine
conditions in the bomb by igniting a premixed charge of hydrogen, oxygen, and nitrogen.
They found that the rate of energy release during the coal combustion was slower for the slurry
than for DF-2. They also determined that the minimum temperature in the bomb at which a
significant portion of the slurry burned was 800K. Leonard and Fiske®560 also performed
experiments with coal/water slurries in a combustion bomb, using the ignition of a premixed
charge to simulate the conditions in a diesel engine cylinder. However, they used higher
injection pressure and gas density in order to best approximate combustion in a medium-speed
diesel engine at full power. They found that after ignition the coal/water slurry burned faster
than diesel at initial gas temperatures above 850K. At lower temperatures, the combustion
quality rapidly deteriorated. These results are clearly shown in Figure 10 where the percent
burned drops very quickly as the initial temperature approaches 850-900° C. They theorized
that below 850K, the cooling around the particle due to water evaporation inhibited complete
combustion of the coal. They also felt that some of the unburned coal in their tests was due
to the combustion bomb wall temperature being only 300K, as opposed to S00K for the walls
and piston in an engine. They felt this temperature difference would decrease the probability
that the coal that impinged on the wall would burn.

27




110

DENSITY - 24 KG/M*™3
a O ACCUMULATOR 12 KPS|
O DIAPHRAGM 11 KPS|

PERGENT BURNED
n
(=]
|

10F o
0.0 i ] ] i i | ] I
"800 850 900 950 1000 1050 1100 11500 1200 1250

TEMPERATURE (K)

Figure 10. General Electric Coal-Water Slurry Burn Rate Data

The conclusions that can be drawn from these basic considerations of coal combustion are
that the slurry properties must be tailored to meet the atomization and combustion requirements
imposed by the time available and the thermodynamic conditions of the engine environment.
The mean particle size of the coal in the slurry should probably be in the range of 10 microns
mean size, with a loading on the order of 50 percent by weight, and 95% of particles less than
30 microns. Particles larger than these take too long to burn at 1000 RPM, and particles much
smaller than these are too expensive to produce. The compression temperature must be as
high as possible in order to achieve ignition and acceptable combustion rates. In fact, pilot
injection of diesel fuel was suggested by the ignition temperature and combustion rate
measurements in the basic experiments. The validity of these conclusions in the engine
environment are discussed in the following section.

Engine Development

Coal-water slurries in the range of 50 percent by weight coal loading have been
successfully tested in ten different engines during the METC Coal Diesel Development
Program. Nelson‘®? performed experiments in a single-cylinder direct-injection engine
equipped with a pilot injection system and a standard diesel fuel pump-line-nozzle system for
injection of the CWS. Gume;'(sz) also performed experiments in a single-cylinder research
engine. Brehob and Sawye:r(63 observed slurry combustion in an optically accessible research
engine. Likos and Ryan‘® used both CWS and dry coal powder in a high-swirl, high-
temperature pre-chamber engine, as did Kakwani®*%), The vast majorit?l of the engine
experience, however, has been reported by Hsu et al. 36671 and Rao et al.,'®’? each using
two different 4-stroke medium-speed engines. Schwalb®V reported successful operation in a
2-stroke high-speed diesel engine operating in compression ignition mode. Basically, only
three different types of engine designs were considered in the METC program. The vast

28




majority of the engine development work was done in the four-stroke designs using very open
combustion chambers and very low swirl ratios. The General Electric and the
Cooper/Arthur D. Little engine development work were both based on this type of design. The
SwRI/General Motors and the SwRI/Detroit Diesel work were both performed using two-stroke
designs that incorporated the use of port scavenging and four exhaust valves. The combustion
chamber designs in these two-stroke engines were both very similar to the four-stroke engines,
in that they used the open, "Mexican Hat" designs, with very shallow bowls. Some limited
work was also done using divided combustion chamber designs at Adiabatics Inc.3% and at
SwRI(Z240),

As indicated above, the likelihood of fuel impingement on the piston crown was very high
in the open chamber designs used by GE and Cooper. In fact, Cooper found discoloration of
spots on the piston crown at the center line of the fuel spray jets. However, fuel impingement
was not associated with any problems, and in fact it may have been beneficial.

The goal of using a divided chamber design in the Adiabatics and SwRI work was to
separate the injection and early combustion from the cold, lubricant wetted walls of the
combustion chamber. These designs also offered the opportunity for utilization of thermally
insulated surfaces to achieve higher temperatures and correspondingly higher ignition and
combustion rates. Staged combustion for NO, control (via control of equivalence ratio) was
also an objective. These designs were not pursued in the latter engine development activities
primarily because they represented major changes in the head and piston designs of the
category of engines being considered in the METC Program. These design changes would
have required significant development work and would have also required very large
investments to implement in a commercial engine. In addition, engine experience with CWS
in the open chamber designs indicated that the combustion efficiencies were already very high,
with ring and liner wear rates that could be controlled by appropriate selection of materials.
Test results indicated that slurry fuel spray impingement on the piston crowns at GE and
Cooper was not a problem.

The approach that was taken in all projects involved significant injection system
development, followed by demonstration of operation on CWS in an engine, and then followed
by system optimization in either single cylinder engines, or one cylinder of the actual
development engine. The GE team and the Cooper/Arthir D. Little team both achieved several
hundred hours of operation on CWS in medium speed diesel engines. The Detroit Diesel/SwRI
Team achieved approximately 100 hours of operation in a high speed diesel engine. All of this
work was performed using basically the same type of CWS fuel, consisting of a coal loading
in the range of 50 percent by weight, with appropriate additives for control of sedimentation
and viscosity.

The GE team based their system development on the GE Model 7FDL engine, which is
a 1050 rpm engine with a bore of 229mm and a stroke of 267mm. Full scale engine
development and testing were performed late in the program in a Dash-8 locomotive equipped
with a 12 cylinder CWS engine. Cooper/Arthur D. Little performed the early (1985-91) system
. development work on a Cooper JS engine, which has a bore of 330mm, a stroke of 406mm,
and an operating speed of 450 rpm. In 1992-93, system demonstration tests at Cooper were
performed in a 6 cylinder LSC engine, which has a bore of 394mm, a stroke of 559mm, and
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a speed of 400 rpm. The high speed engine work at SwRI was performed in one cylinder of
a Detroit Diesel 149 Series engine, which has a bore of 146mm, a stroke of 146mm, and a
speed of 1900 rpm at rated power. The configurations of the two 4-stroke engines were very
similar, as can be seen in Figure 11, where cross-sectional schematics of both engines are
compared. The 2-stroke, 149 Series engine used in the high-speed work was port scavenged,
with four exhaust valves, a central injection nozzle location, and a shallow combustion
chamber. Each of the three manufacturers’ engine test series with coal slurry fuels is described
below.

General Electric

The initial engine experiments at GE were performed using a diaphragm separated fuel
injection system that produced injection pressures in the range of 40 MPa at full load. Engine
optimization included: variation in the intake air temperature from 85 to 110° C; variation of
intake pressure in the range from 112 kPa to 329 kPA; and, simultaneous variation in the pilot
and CWS injection timings. The early results indicated that combustion quality, based on coal
burnout, was best at the highest possible intake pressure and temperature. They also found that
the engine could be operated in compression ignition mode, but the performance was better if
ignition was initiated using a pilot injection of diesel fuel, timed slightly in advance of the
CWS injection.®® Coal burnout was reported to be in the range of 95 percent in these early
experiments.

The combustion efficiency was increased to 99 percent and the conclusions regarding the
injection timings were later modified after the compression ratio was increased to 13:1%®), and
the CWS injection pressure was increased to 83 MPa®) using an accumulator injection nozzle
(Figure 4), and the number of holes in the injection nozzle tip reduced from 10 to 8 with the
same total flow area®. It was concluded that it was best to inject the CWS as early as 35°
BTDC and to wait as long as possible to inject the pilot (12° BTDC) in order to allow time
for mixing and evaporation of the water from the slurry. As the load is decreased, however,
they found that the trend reversed, and it was better to inject the pilot before the CWS in order
to provide sufficient heat for evaporation of the water and ignition of the coal. Hsu™ verified
by in-cylinder, high-speed photography that the high injection pressure resulted in impingement
of the CWS on the hot piston crown, leading to improved atomization and more rapid
combustion, if the pilot injection was delayed until 15° BTDC.

It appeared that pilot quantities equivalent to 5-6 percent of the total energy input at full
load is required across the load range in order to achieve stable operation. Optimization of
pilot orientation and configuration resulted in the system shown schematically in Figure 11a.
The pilot nozzle utilized a tip configuration in which the outer two holes had smaller diameter
in order to maximize the interaction of the CWS jets with the pilot jets at the lowest possible
pilot flow rate.

The emission characteristics with CWS were generally the same in all GE engines, where
the NO, emissions were reduced due to the charge cooling effect of the water. The particulate
and the sulfur emissions were higher due to the presence of ash and sulfur, respectively, in the
fuel. An emission control system was developed by GE to reduce the SO,, the NO,, and the
particulate emissions. The GE system included injection of copper oxide sorbent for the SO,
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and ammonia for catalytic reduction of NO,, downstream of the turbocharger. A barrier filter
was installed at the end of the exhaust for removal of the particulate and the spent sorbent, for
later rcgeneration.(7°'131'132)

Cooper/Arthur D. Little

System optimization in the Cooper/Arthur D. Little program was performed in a single
cylinder version of the Cooper Model JS engine. The initial experiments were performed using
the shuttle piston injection system designed by AMBAC.2) Using this system, they were able
to achieve injection pressures in excess of 80MPa, even in the early work. Like the GE
engine, the Cooper engines are generally turbocharged and intercooled. The coal engine
configuration evolved to a system where the intercooler was bypassed so that the intake air
temperature was in the range of 145°C.¢2%) They found that increasing the intake temperature
beyond this level was effective in improving operation in compression ignition mode. They
also concluded, however, that pilot injection gave more reliable operation, and that the 145°C
intake air temperature was more than adequate when using a pilot to initiate combustion.

The optimum pilot characteristics in the Cooper 400 rpm engine are very similar to the GE
engine. It appears that the best pilot quantity is the equivalent of 2-6 percent of the total
energy input at full load. In this slower engine, they found that the best pilot timing is to
inject at the same time as the CWS, or at 18° BTDC. Duration of injection was approximately
30-40 degrees crank angle.

Injection system optimization work centered on development of reliable components and
optimum configurations for combustion. The effect of hole geometry was examined at
SwWRI™) in terms of the effects on atomization and mixing. Extensive engine experiments
were also performed by Cooper/Arthur D. Little to determine the optimum configuration for
durability of the nozzle and performance of the engine. These experiments included
~ examination of the effects of the hole size, number, and orientation in the nozzle tip. The
results showed that hole sizes from 0.4 to 0.65mm were acceptable, and the number of holes
could range from 12 to 20 for this size engine.

The Cooper experience in the JS engine was successfully transferred to the larger bore LSC
engine, and demonstrated in a 6-cylinder configuration. The LSB coal engine was
turbocharged without an intercooler so that the intake air temperature was in the range of
135°C, with an injection pressure in the range of 100MPa, and a CWS timing of 22° BTDC.
The pilot quantity was in the range of 2-4 percent of the full power energy input, and was
injected two points 180° apart. The timing was adjusted slightly in advance of the CWS
injection. :

The full scale LSC engine demonstration tests were performed using an extensive exhaust
aftertreatment system that included ammonia injection and Selective Catalytic Reduction of
NO,, sodium based sorbent injection and collection for SO, control, and the use of a bag house
for sorbent recovery and particulate removal.
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Deftroit Diesel/SwRI

Southwest Research Institute!® performed CWS experiments early in the METC program
in both a 71 Series Detroit Diesel high-speed engine and a General Motors, Electro-Motive
Division (EMD) 567 medium-speed engine. The Detroit Diesel engine is geometrically a one-
half scale version of the EMD engine. This early work, while limited in duration, pointed out
the temperature advantage of using a 2-stroke engine for operation on CWS. In addition,
Kakwani et al.1® were the first to point out that high speed engine can be operated on CWS
if the in-cylinder temperatures are sufficiently high at the time of CWS injection. Detroit
Diesel and SwRI, therefore, set out in 1990 to demonstrate that high-speed diesel engines could
be successfully operated on CWS.*%

An initial economic analysis indicated that the use of CWS in large mining equipment and
in select marine applications offered some potential economic advantage over the use of diesel
fuel. 1*¥)  The Detroit Diesel 149 Series engine, commonly used in these applications, was
selected for use in the initial feasibility experiments. This engine is geometrically very similar
to both the 71 Series and the EMD 567, except that it is generally equipped with electronic
unit injectors and incorporates, in its standard diesel fuel configuration, a ceramic thermal
barrier coating on the piston crown to allow the higher piston temperatures that accompany
high output. The engine is port scavenged through four exhaust valves. Scavenging is
accomplished using an engine driven blower and turbochargers. The air flow path is through
the turbochargers, an intercooler, the blower, and then into the air box that surrounds the intake
ports on each cylinder. The engine is equipped with a bypass valve that is used at some
operating conditions to bypass the blower and charge the air box directly through the
turbochargers. Control of the bypass rate affects the air box pressure, and in turn the
scavenging ratio, the residual exhaust gas left in the cylinders, and the temperature of the air
and residual gas charge in the cylinder at the start of the compression stroke. Controlling the
bypass ratio is a very effective way of increasing the compression temperature, and is the
primary design feature of this type of engine that has allowed Detroit Diesel to operate the
engine in compression ignition mode on methanol.

The CWS development experiments were performed using one cylinder of an 8 cylinder
engine. The head was modified to accept an in-cylinder pressure transducer, and the piston
was changed to increase the compression ratio from the normal 15:1 to 19:1, in order to
increase the compression temperature. This change was made based on modelling work that
indicated that the higher compression ratio was needed in order to achieve the ignition delay
times and combustion rates required for operation of the engine at 1900 rpm. A shuttle piston
injection system was also developed for operation at these higher speeds. It is important to
note the injection system on the 400 rpm Cooper engine operates at 200 injection per minute,
the injection system on the 1000 rpm GE engine runs at 500 injections per minute, while the
injection system on the DDC Model 149 engine had to operate at 1900 injections per minute,
or almost 10 times as fast as the Cooper system, and 4 times as fast as the GE system.
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The modelling work("® indicated that the compression ratio had to be increased and a pilot
injection of diesel fuel was required in order to achieve acceptable combustion rates and coal
burnout. The results of the experiments indicated that reliable auto-ignition of the CWS could
be achieved at the high load conditions if the intake temperature was made as high as possible.
This was accomplished in the experimental engine by closing the blower bypass (route all of
the air through the blower) and by stopping the flow of coolant to the intercooler. The
problem was one of balancing these conditions across the speed-load range of the engine, when
the in-cylinder temperatures tend to decrease as the load decreases. Injection timing was found
to be critical for operation in compression ignition mode, where the peak cylinder pressure was
excessive if the injection timing was advanced too far, and misfire occurred due to
progressively lowering temperature as the injection timing was either retarded or advanced to
far in the cycle. These results are demonstrated in Figures 12 and 13, where the cylinder
pressure and heat release rate data are presented for different injection timing settings.

The best combustion results were obtained with an injection timing of 20° BTDC and the
highest achievable air box pressure and temperature, or 125°C and 192kPa, respectively. These
conditions were limited by the constraints of the available hardware and were probably not
optimum. Under these conditions, operation at part load was erratic due to reduced
temperature, and the maximum load was limited by the fact that the peak pressures exceeded
the design limits of the engine. It is probable that higher temperature and pressure would have
improved the part load operation and reduced the ignition delay time and the high combustion
rates at the higher loads. Coal burnout under these conditions reportedly still exceed 99
percent at the maximum load condition.

CYLINDER PRESSURE (MPa)

40 DEGREE BOL
IND. POWER = 47 kW

CRANKANGLE DEGREES (0 DEG. = TDC)

Figure 12. Combustion Pressure Traces for the 149 Engine Operation on Coal-Water Slurry
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Figure 13. Heat Release Rates Computed from the Pressure Data Present in Figure 12

COAL-WATER SLURRY PROPERTIES

Coal-Water-Slurries (CWS) are two phase mixtures that generally exhibit complex flow
and combustion characteristics. Important characteristics of these slurries include flow at no, -
or low, shear for settling properties of the solids, flow at high shears normally encountered in
diesel injection systems, atomization and evaporation properties of slurry sprays, and ignition
and combustion properties at conditions normally achievable in engines. These properties of
the slurry are dependent on the coal rank and source, the particle size distribution of the solids .
in the slurry, the mass loading of the coal, and the types and concentrations of additives that
are used to improve stability, compatibility, and flow at high shear rate. This section is not
meant to be an all inclusive review of slurry technology, but rather a brief summary of the
findings of the METC Program related to the more important interactions of the slurry
properties and performance in the engine hardware.

There were at least eleven suppliers of CWS in 1985 (see Table 4). Otisca Industries,
AMAX, and United Coal were the main sources for the CWS used in the early METC
sponsored projects. Many of these companies were not in the slurry business by 1988, and
Energy International, University of North Dakota Energy & Environmental Research Center,
CQ Inc., and Otisca supplied most of the sturry for the work completed later in the program
(1989-93).

CWS preparation involves several steps, including mining, shipping, crushing, cleaning,
grinding, fine cleaning, and slurry preparation, additive blending, mixing, storage, and shipping.
All of these processes add cost to the resulting CWS. The Cooper/Arthur D. Little team
developed an economic model that the;f used to evaluate the different factors in the CWS
processing stream that affects the cost.’> While the cost of the raw coal and transportation
account for most of the cost of the CWS, coal cleaning and additive costs are significant.
Cleaning technologies that were examined in the METC program included heavy media
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Table 4. List of Suppliers

Advanced Fuels Technology AMAX

Attn: Seymour Mark ) Attn: Kurt Anast

618 Heron Drive 5940 Mcintyre Street
P.O. Box 339 CGolden, CO 80403
Bridgeport, NJ 08014 (303) 279-7636
(609) 467-411

Atlantic Research Corporation Coal Liquid, Inc.
Attn: Charles Chase Atin: David C. Fuller
5390 Cherokee Avenue Plainview Point
Alexandria, VA 22312 Suite 100

(703) 642-4089 . 10509 Timberwood Circle

Louisville, KY 40223
(502) 425-881/Telex: 204313

Foster Wheeler Energy Corp. Otisca Industries Limited

Attn: Gary T. Nedelka, P.E. Attn: Clay D. Smith

110 South Orange Avenue P.O. Box 127

Livingston, NJ 07039 Syracuse, NY 13208

(201) 533-2838 (315) 475-5543

OXCE Fuel Company Resource Engineering Inc.

Attn: Robert J. McCormick Attn: Norm Shapiro

1000 Prospect Hill Road 80 Bacon Street

Windsor, CN 06095 Waltham, MA 02154

(203) 285-9025/Telex: 99297 (617) 894-6720

Slurry Systems, Inc. ‘ Systematics General Corporation

P.O. Box 772 Attn: Robert B. Ryan

One President Street 20030 Century Blvd.

Athens, OH 45701 Suite 300

(614) 594-5194 Germantown, MD 20874
(301) 428-0905

United Coal Co.

Attn: John H. Looney

P.O. Box 1280

Glenway Ave.

Bristol, VA 24203

(510) 580-2108

separation, coarse flotation, fine flotation, oil agglomeration, and chemical cleaning. Several
different approaches to each of these techniques are possible, but the teams generally examined
only one example of the techniques that were available.

CWS property effects were examined as a part of the engine development activities at GE,
Cooper/Arthur D. Little, Detroit Diesel/SwRI, and Adiabatics Inc. The initial goals were
generally to improve the handling and combustion characteristics at a part of the engine
optimization. GE!') examined three different sources of bituminous and two different sources
of subbituminous coal. Blue Gem Seam of bituminous coal, chemically cleaned by Otisca to
less than 1 percent ash and sulfur, was tested in two different sizes and with two different
additive packages. Additives are generally used to control low and high shear viscosity, such
as xanthan gun and surfactant, respectively, and dispersants to prevent agglomeration.
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The results of the GE studies indicated that while smaller coal particles produced faster
burn rates, selection of the appropriate additive can be used to increase the burn rate of larger
particles, at least for the Otisca cleaned coal. Ammonium lignosulphonate produced slightly
faster burning than ammonium condensed naphtalene sulphonate dispersant.

They also found that there was not much difference in the burnout and burn rates of the
chemically cleaned bituminous coals. A physically-cleaned bituminous coal from a different
source (Kentucky Splint Seam) appeared to have a lower burnout than chemical cleaned coals.
However, this slurry also had a much larger particle size distribution (8.2 micron mass mean
particle size versus 4.6 micron).

The subbituminous coals generally burned slower than bituminous coals in the GE engine.
It should be noted, however, that the heating values of these fuels are lower and the injection
rates were not adjusted in the GE tests to account for the lower rates of heat addition to the
engine. There were also some difference noted in between performance of the various
subbituminous coals.

The results of the Cooper/Arthur D. Little fuel evaluations are summarized in Table 5.
It was generally noted that the lower speed 400 RPM Cooper engine was not very sensitive
to the CWS properties, as long as the slurry did not exhibit flow problems that prevented
operation in the engine.

Table 5. CWS Propertles Tested(™

Effect Coal Property Range Tested (3/28/90) Results
Combustion Volatile Content 27-41%
Performance Rank Bituminous/subbit.
Heating Value 12-15 kBtu/b (dry) All Okay
Particle Size : 10-85 p m Top Size
3-12 0 m Mean Size
Emissions Control Sulfur 0.7-1.0 <2% Okay
Cost Nitrogen 1.2-1.8% Needs More Testing
Handling Solids Content 48-55% All Okay
Viscosity 200-400 cp
Wear, CWS Cost Ash Content 0.5-3.8% <1.8% Okay
Hard Mineral Content - TBD

As shown in Table 5, particle-size distributions that have means in the range from 3 to 12
microns, and top sizes up to 85 microns are acceptable. The choice between coal ranks is also
open, except that the heating value does have an impact on the injection requirements, and
must be considered when designing the injection system. Viscosity in the range of 200-300
centipoise does not appear to be a problem, but GEY? reported that increased viscosity results
in increased pressure drops in the injection system, and lower injection pressures.

The rheological properties of the CWS fuels affect the sedimentation tendency of the solids
during storage, the flow characteristics during transport in piping systems and pumps, and the
injection and atomization in diesel engine injection equipment. CWS fuels are generally non-
Newtonian, exhibiting non-linear relationships between the shear stress and shear rate, so that
the viscosity is variable and dependent on mass loading and the shear rate. It should be noted

37




that the apparent viscosities of the CWS fuels are strongly affected by the mass loading of coal
in the slurry. Most CWS fuels exhibit a very dramatic increase in the apparent viscosity as
the mass loading approaches the 50 percent level, depending on particle size distribution.

The relationship between the apparent viscosity and the shear rate is shown in Figure 14
for slurries formulated at SWRI using physically cleaned coal supplied by AMAX. The results
are for three different size distributions, where "AR" designates "as received" with a mean size
of 10.2 and top size of 28 microns. "Ground once" (1X) had a mean size of 7.4 and a top size
of 18.5 microns, and "ground twice" (2X) had a mean size of 5.5 microns and top size of 12.5
microns. The high viscosity at low shear rate is desirable because this mmlmlzes
sedimentation. The slurries all exhibited shear thinning in the range from 1 to 30 s}, and
relatively constant viscosity in the range from 30 to 1000 s™. The low shear rheology is
advantageous for storage (high viscosity at no shear) and tmnsport through piping system
(shear thinning at low shear rate). The CWS with the larger particles exhibited shear
thickening tendencies beyond 1000 s, but the CWS with the smaller particles had nearly
constant viscosity beyond 10,000 g1 As will be shown in the next section, the high apparent
viscosities of the slurries at high shear rate have significant effects on the injection and
atomization characteristics relative to those observed with diesel fuel.

VISCOSITY (Polse)

1 10 100 1000 10000
SHEAR RATE (s)

Figure 14. Viscosity Versus Shear Rate for CWS’s with Different Mean and Top Particle Sizes
INJECTION CHARACTERISTICS

Initial efforts at injection system design were aimed at solving the reliability and durability
‘characteristics of the systems. It appears that the shuttle piston design offers the most promise
for providing the fuel pressures required for acceptable atomization. The conclusion of the GE
engine development work was that an accumulator nozzle design was required in order to
achieve acceptable performance in the 1000 rpm GE engine (500 injections/min). Detroit
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Diesel/SwRI and Cooper/Arthur D. Little found that high burnout could be achieved over a
very broad range of engine speeds, from 400 to 1900 rpm (200 to 1990 injections/min) using
high injection pressures in conventional injection nozzles. It is apparent that the conventional
nozzle approach with high injection pressure is acceptable for the lower speed (400 RPM)
Cooper engine. Here the engine bore size demands high penetration, the engine speed allows
time for this penetration, and the nozzle components are large enough to accommodate more
holes. The accumulator concept may improve the performance of the high speed DDC engine
(1900 RPM), but it is unclear if the accumulator pressure can be maintained at the higher
engine speeds.

Ignition and combustion of any fuel, including CWS, in a diesel engine are highly
dependent on the fuel injection characteristics of spray tip penetration rate, spray cone angle
(both of these reflect the air entrainment rate), and the drop size distribution in the spray.
Drop size distribution and the surrounding air temperature determines the evaporation and
heating rates of the fuel. Holve®® pointed out that fine grinding of coal is not beneficial
unless the injection system is capable of producing some drops that are smaller than the larger
solid particles in the slurry. He found("® that the particle size distribution in CWS sprays were
larger than the maximum size of the coal particles in the slurry. Morrisont” also noted that
small particle sizes are not always achieved during injection and combustion by having small
particles in the slurry. It is theorized that the coal particles agglomerate to form much larger
particles, up to three times the size of the original coal particles.(76)

Cheng("® indicated that the combustion efficiency in a rapid compression machine was
improved by using increased injection pressure. He theorized that these improvements were
due to increased atomization of the slurry in the fuel sprays. The experimental data, presented
in the form of high speed movies of the fuel spray, actually indicated a decrease in the jet
atomization, an increase in the penetration rate, the occurrence of over-penetration, and the
formation of a wall jet. Leonard and Fiske@® reported similar improvements in combustion
efficiency by using a high pressure accumulator injection system. They also theorized that the
higher pressure produced increased primary atomization. The actual atomization characteristics
in terms of penetration rate, cone angle, and size distribution were not documented in either
study. Ryan et al.>10 reported that the drop size distribution in slurry sprays were on the
order of 50 microns, while the corresponding diesel fuel sprays were in the range of 25
microns.

The engine experiments in the Cooper/Arthur D. Little project indicated that ignition and
combustion characteristics were only slightly improved as the fuel injection pressure was
increased in the 45-70 MPa range. The GE team observed similar results in their experiments.
The higher injection pressures, however, produced correspondingly higher velocities in the
injection nozzles and higher wear rates. It was theorized that the primary atomization could
be improved by modifications to the design of the nozzle holes, and thus allow the use of
lower injection pressure.

Dodge, et al.) examined the effects a wide range of different hole geometries on the
primary jet breakup and atomization. The hole geometries that were examined are described
in Figure 15. The measurements, performed in a high-pressure flow reactor, included cone
angle and drop size distribution by laser diffraction, with injection pressures in the range from
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40 to 100 MPa. The results, shown in Figure 16, indicated that the cone angles of the slurries
ranged from 2 to 10 degrees, over the pressure range of the experiments, while those for diesel
fuel were constant at 15 degrees over the same pressure range. Seshadri et al.™™ reported cone
angles of 11 to 16 degrees for CWS and 16 degrees for diesel fuel sprays from a standard GE
injection nozzle, using basically the same definition as Dodge et al. ™). Caton®® reported cone
angles of 14 degrees for the high pressure GE accumulator nozzle. The cone angle for these
experiments was defined as the arc tangent of the spray width divided by the axial distance of
this measurement location from the tip. Dodge et al.™ used a measurement distance of
177mm, Seshadri et al. " used 80mm and Caton et al.8? used 60mm.

As shown in Figure 17 from Dodge et al."’®, the mean drop size for the slurry sprays
ranged from 25 to 20 microns for various mass loadings of 15 micron mean size coal particles,
and from 45 to 30 micron drops for a 52 percent mass loading of 14 micron mean size coal.
The maximum coal particle size was 85 microns in these experiments. Kihm et al. 81 reported
mean spray drop sizes for CWS in the range from 30 to 100 microns for injection pressure in
the range from 28 to 110MPa, but interpretation of these measurements is complicated by the
fact that there was evidence in the data (high intensity signal on the inner ring detector of the
laser diffraction instrument) of window fouling. Dodge et al.(™ found that the hole geometry

has very little effect on the performance in terms of the cone angle and the drop size
distribution. .
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ENGINE WEAR

Injection system wear problems have been addressed in another section. The other major
wear problems in CWS engines occur in the ring and liner areas.” The work of Mayville et
al.®®), Tves34), and Schwalb et al.®%83) jn reciprocating wear fixtures indicate the ring and
liner wear is a combination of soft abrasive wear, due to the presence of coal in the wear
couple, and three-body wear associated with the ash particles that enter the wear region. The
three-body wear associated with the presence of the ash particles is a much more significant
contributor to the wear rate than the soft abrasive wear, but it should be noted that ring and
liner wear would still be a problem if unburned coal enters the wear couple, even if the ash
were totally removed from the coal. Increased surface roughness was found to increases the
thickness of the hydrodynamic oil film and detergent additives were found to minimize the
abrasive wear, suggesting that surface finish and lubricant formulation could be tailored to
minimize wear rates.®>

The magnitude of the ring and liner wear problem is demonstrated in Figure 18 from
Mayville et al.®?, where the ring wear rates on CWS are compared to that required to achieve
diesel fuel durability. Also shown on the figure are the wear rates for other material
combinations, indicating that the wear rates are greatly reduced through the use of hard
coatings.
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BENCHTOP WEAR TEST RESULTS
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Figure 18. Arthur D. Little Ring and Liner Wear Data®?

The hard coatings were examined in some detail by both the Cooper/Arthur D. Little team
and the GE team. The Cooper/Arthur D. Little work, performed by Mayville et al.®%,
indicated that tungsten carbide coated ring and liners exhibited acceptable wear characteristics
during operation on CWS. This conclusion is illustrated in the results shown in Figure 19,
where the end gap change is plotted versus run time for the coated and the standard
components. Similar data from the GE team, reported by Flynn et al.®D, are presented in
Figures 20 and 21, for the liner and rings, respectively. The material combinations that were
examined in the GE project are summarized in Table 6. The GE team also concluded that the
tungsten carbide coatings provided acceptable wear characteristics.

ENGINE MODELING

The purpose of this section is to review past activities on the modeling of coal-fueled
diesel engines. For the most part, these past activities are reviewed in chronological order. .
For convenience, these activities are discussed in three time periods (with some overlap): (1)

. pre-1981, (2) 1981-1990, and (3) 1987-1993.
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Pre-1981 Engine Modeling Activities

Although significant experimental work on coal-fueled engines was completed prior to
1981, only a few analytical studies (and no engine cycle simulations) were reported during this
time period. The earliest analytical studies were probably those of Nusselt in 1928 and Wentzel
in 1931 as reported by Soehngen!). These studies examined the ignition and combustion
processes of coal dust for fixed temperatures, pressures, and oxygen concentrations which were
selected to simulate engine conditions. Their work indicated that coal was a relatively slow
burning fuel and that a maximum speed of a coal burning diesel would be limited to less than
400 rpm.
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Figure 19. Ring and Liner Wear Rate Data for Conventional and Hard Materlals®®
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Table 6. Yanmar Engine Resuits®"

Run Number Ring Material Liner Materlal Ring Wear Rate
cc/hr

Uncontaminated Runs

50 Chrome Cast Iron 1.8E-5

51 WC+Co (ST) WC+Co (LPPD) 1.4E-5
2%-D4 Contamination

52 Chrome Cast Iron 415E5 -

53 WC+Co (ST) WC+Co (LPPD) 55.0E-5

54 WC+Co (PT) WC+Co (LPPD) 64.0E-5

56 WC+Co (K96) WC+Co (K703) 0.8E-5

57 WC_Co (ST) WC+Co (K703) 3.5E-5

58 Chrome WC+Co (K703) 7.1E-5

59 Chrome Cast Iron 28.8E-5

60 Cr3C2_Mo (K1008) WC+Co (703) 24.5E-5
Otisca Ash Contaminated

61 WC+Co (K96) WC+Co (K703) 1.43E-5

62 WC+Co (ST) WC+Co (K703) 7.00E-5

63 Chrome Cast Iron 250.00E-5

ST Serma Tech Plasma Sprayed

PT Plasma Technics Plasma Sprayed

LPPD CRD Low Pressure Plasma Deposited
K96 Kennametal Monolithic Carbide
K703 Kennametal Monolithic Carbide

More recent calculations of particle burning times in an engine cylinder are in rough
agreement with each other, although the complexity of the combustion process makes precise
determinations difficult. Rich and Walker™ completed simple coal combustion calculations in
addition to actual engine operation. In an effort to reduce the complexity of the mathematical
analysis, conditions of constant temperature, pressure and oxygen concentration were assumed.
With these simplifications, their results’ indicated, for example, that a 30 micron diameter
particle would require about 10 ms to completely burn at a pressure of 40.5 bars and a
temperature of 2273 K in an infinite excess air environment. For reference, 10 ms requires 60
degrees of crank rotation at an engine speed of 1000 rpm.

Saxton et al.®> provided a similar, simple analysis of coal particle combustion in engines
but they examined a wider range of fixed engine conditions. Barrett and Saxton®® presented
a subsequent paper that included the effect of time-variable particle temperature. Although
physically more meaningful, the calculated combustion times were essentially unchanged.
Again, these early studies did not simulate the actual engine cycle.
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Engine Modeling Activities 1981-1990

The first detailed cycle simulations specifically developed for coal-fueled engines were
published during 1982-1984 (Rosegay®”; Caton and Rosegay(u); Rosegay and Caton®).
Figure 22 is a schematic of the overall engine system and shows the major components of the
thermodynamic model of the cylinder gas. These components include the gas flows into and
out of the cylinder, the radiative and convective heat transfers to the cylinder walls, work
transfer to the piston, and energy release due to combustion. In these early simulations, a dry,
non-volatile coal particle was considered. Since the coal char burn-out was considered the
limiting step this was considered a reasonable first approximation. Figure 23 is a schematic of
the solid particle combustion model and shows the carbon (char) surface attacked by oxygen
and carbon dioxide producing carbon monoxide that is oxidized in the gas-phase away from
the surface. In this work, they developed submodels for the combustion, work, heat transfer
and mass transfer processes. These submodels were combined with a thermodynamic analysis
of the engine to yield instantaneous cylinder conditions and overall indicated engine
performance.
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Figure 22. Schematic of Engine Modelling Approach to CWS Combustion
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Figure 23. Schematic of the Solid Particle Combustion Model

The effects of engine parameters such as engine speed, injection timing and injection
duration and the effect of fuel particle size on engine performance were predicted using the
engine model. For example, Figure 24 shows predicted maximum indicated thermal efficiency
(MITE), injection ummg, and the unburned fuel mass fraction as functions of the initial particle
diameter for an engine operating at 800 rpm.

To obtain the predicted maximum thermal efficiency for each particle diameter, the
injection timing was advanced using the engine model as the diameter increased. As shown,
the predicted maximum thermal efficiency decreased and the unburned fuel mass increased as
the assumed initial particle diameter increased. For this case, the maximum particle diameter
that still predicted maximum thermal efficiency was predicted to be about 20 microns. For an
engine operated at 1500 rpm, particle sizes equal to or less than about 15 microns provided
maximum performance, according to the predictions. The combustion process (and, therefore,
engine performance) was primarily limited by diffusion rates, according to the assumptions
used. Initial and final reaction rates were, however, limited by the heterogeneous chemical
kinetic rates. A submodel for external (pilot) ignition was required due to the initially low
reaction rates (for the non-volatile fuel) and short available times.
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Figure 24. Effect of Particle Size on Thermal Efficlency, Injection Timing, and Unburned Fuel mass Fraction
for the Class B Engine

Using the engine cycle simulation described above, Caton®® reported on the predicted
combustion characteristics and overall engine performance of four engines operating on dry,
non-volatile coal particles. Four different engine sizes were selected to span the range from
low-speed (100 rpm) to high-speed (1500 rpm). For the cases examined, it was predicted that
autoignition of the particles did not occur, and a "pilot" fuel of about 10% of the overall fuel
energy was predicted to be needed to insure stable and consistent ignition. After ignition, the
particle combustion rates were predominately diffusion limited. Engine thermal efficiency was
predicted to be sensitive to engine speed. It was predicted that the high-speed engine operating
with 20 microns coal would suffer a 14% reduction in thermal efficiency as the speed was
increased from 1500 to 3000 rpm. According to the model, at high speeds, insufficient time
is available for complete combustion of the particle fuel.

Bell and Caton®® added the consideration of volatiles and volatile evolution from the coal
particles. Four devolatilization rate expressions for bituminous coal were selected from the
literature for use in this study. The coal was modeled as spherical particles composed of a
specified fraction of char and volatiles. The volatiles were assumed to jet away from the
particle and burn in the gas phase where instantaneous mixing with air was assumed.

The evolution of volatiles from the coal was found to have a significant impact on the
ignition and combustion processes in the engine. Figure 25 shows indicated thermal efficiency
as a function of the initial (at BDC) gas temperature for four different devolatilization rates and
for no devolatilization for a typical locomotive type engine. With rapid devolatilization of the
coal, no external energy source was necessary to ignite and completely burn the fuel for an
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initial gas temperature of 450 K at BDC (bottom dead center). In contrast, for no volatile
evolution, an initial gas temperature of 600 K was needed to" achieve maximum engine
performance.
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Flgure 25. Indicated thermal Efficlency Computed as a Function of the Gas Temperature at BDC

The previous cycle simulations were based only on dry particle fuel. Engine cycle
simulations developed for coal slurry fuels were first described by Bell and Caton(®*90:91.92),
They incorporated liquid droplet evaporation and vaporized fuel combustion. Two submodels
for the atomization process were developed and used. The first model assumed separate
spherical particles and droplets, and the second assumed concentric droplets around spherical
particles. They compared the predicted performance of an engine operating on dry coal
particles, dry char particles, coal-water slurries, coal-methanol slurries, coal-diesel slurries, and
diesel fuel. Figure 26 shows the predicted indicated thermal efficiency as a function of the
initial (at BDC) gas temperature for five different coal fuels for a typical locomotive type
engine. The fuels examined were a coal-water mixture (CWM), a dry char, a dry coal
(including volatiles), a coal-methanol mixture (CMM), and a coal-oil mixture (COM).

Depending on the fuel, the predicted maximum thermal efficiency under these assumptions
ranged from 39 to 49%. The initial (at BDC) cylinder gas temperature necessary to achieve the
maximum efficiency for each fuel was dependent on the fuel formulation. For example, for
the coal-diesel mixture maximum efficiency was obtained for an initial gas temperature of
about 370 K, whereas for the coal-water mixture the maximum efficiency was obtained for an
initial gas temperature of about 575 K. This latter, higher temperature was required to provide
for the water vaporization and to heat the coal particles to their self-ignition temperature.
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Figure 26. Indicated Thermal Efficiency Computed as a Function of the Gas Temperature at BDC for
Different Fuels

The previous cycle simulations were based on the simplification that the fuel and air were
instantaneously and uniformly mixed in the cylinder to form a homogeneous one-zone region.
Several papers were published in 1985 and 1986 that reported the addition of multiple zones
in the cylinder to account for fuel stratification and air entrainment into the fuel zones for coal
fueled engines. (1.93.94) The intent of these simulations was to include fuel-air stratification
in a realistic yet simple manner. This was accomplished by dividing the fuel requirements into
a number of packets as the fuel was injected. Each packet is identified by the time of entry
into the cylinder and by classification (rich to lean). Once injected, air from the "unburned
zone" is entrained into each of the packets or "burning zones," thus allowing fuel-air
stratification across the cylinder. The entrained mass is specified by an original entrainment
function that is a key feature of the model.®> This cycle simulation was used to explore the
operation of a locomotive engine using coal-water slurry fuels. One of these studies®®
provided results as a function of inlet conditions, particle sizes, fuel additives, and coal
properties. As an example, these results included the effect of particle size on ignition and
combustion. As the monosize particles were reduced from 30 to 5 microns, the initial gas
temperature required for peak efficiency decreased from 530 to 400 K.

This cycle simulation was used in a series of more exhaustive investigations of the ignition
and combustion characteristics of coal-water slurry fuels in a locomotive engine.%2697:9%)
These investigations included comparisons to experimental data for diesel fuel at two engine
load conditions. The investigators then used the simulation to examine the details of the
ignition and combustion of coal-water slurry fuel in this engine. They reported cylinder
pressures, overall heat release rates, droplet and particle diameters, local gas temperatures,
particle temperatures, and reaction rates as a function of crank angle for several cases.
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The above work was directed largely toward four-stroke cycle diesel engines using coal
fuels. Cycle simulations for two-stroke cycle, coal fueled engines were reported in 1985 and
1986. Kishan and Caton® described the results for a medium speed two-stoke cycle,
locomotive engine. This study included a detailed scavenging model and considered dry coal
particles with no volatiles. The predicted performance results for DF2 were compared to
measured diesel fuel operation data to validate the simulation. The potential for a two-stroke
cycle locomotive engine to use coal fuel appeared to be favorable. For an initial air
temperature of 400 K and 15 micron monosized particles, the simulation yielded an indicated
engine thermal efficiency of 45%. :

The above model was improved to include devolatilization and fuel air mixing, and was
extended to include a large, low-speed (120 rpm) two-stroke engineaoo'mz). The simulation
results were first compared to experimental data from a large, slow-speed engine using a
coal-water slurry fuel. Complete validation of the simulation was not possible due to the lack
of detailed experimental data, but comparisons are presented which indicated general agreement
between measured and computed values. The simulation was then used to predict the
performance of an engine representative of two-stroke cycle locomotive engines.

A study was published by Caton et al..9% which examined the autoignition of coal-water
fuels for engine conditions. They developed a numerical simulation of the ignition and
combustion processes of coal-water slurries for engine conditions. A% Since actual engine data
was not available, the authors compared their numerical predictions with data from a constant
volume vessel (Leonard and Fiske(®®). This study provided quantitative information on the
overall ignition delays, heterogeneous chemical kinetics, combustion rates, and burn-out
characteristics. The use of the heterogeneous chemical kinetics recommended by Smith(% for
coal chars provided good agreement between the computed and measured pressures in the
vessel.

Caton et al.(1%%) expanded their existing cycle simulations to include the calculations of
nitric oxide emissions from coal fueled engines. The calculations of the nitric oxide formation
and reduction reactions were based on the Zel’dovich%” mechanism. The computed exhaust
nitric oxide concentrations for both diesel and coal-water slurry fuels were in fair agreement
with available, limited experimental values from the literature for a locomotive engine
(Schmidt(mg)). The exhaust nitric oxide concentrations were lower for the coal-water slurry
fuels than for the diesel fuels. These lower concentrations were attributed to the lower gas
temperatures due to (1) the water vaporization, and (2) the leaner local mixtures due to the
longer ignition delays. In addition, the nitric oxide concentrations for the coal slurry fuels
were a strong function of the coal/water mass ratio for the conditions examined. Also,
preliminary estimates were completed which suggested the importance of the fuel nitrogen in
producing nitric oxide for the coal-water slurry fuels.

In this time period, additional investigators published work on results from cycle
simulations. Bell and Choi'®1® reported on a modified version of the above simulation that
was used to explore alternative droplet models and to examine the importance of the
carbon-water surface reaction. They reported that including the carbon-water surface reaction
did not significantly affect the predicted ignition, combustion, or engine performance.

53




Khandare et al.!!") reported on the development and use of a cycle simulation for a
coal-dust diesel engine. They assumed that coal particles were inducted into the engine
cylinder through the intake manifold. They considered dry, volatile coal particles as the fuel
for a pre-chamber diesel engine operating between 400 and 1000 rpm. They found that at an
engine speed of 550 rpm particles with diameters greater than 75 microns would not
significantly burn.

Bell and Choil*? continued their earlier work on evaluations of fuel atomization for a
coal-fueled engine. They examined four different models including secondary atomization for
the particles and liquid in an atomized coal-water slurry for a locomotive engine operating at
1050 rpm. They concluded that the peak thermal efficiencies were similar for all atomization
models, but that the ignition process can be significantly affected by the model.

Modeling studies at Morgantown Energy Technology Center supported engine testing as
well as providing assessments on engine performance, emissions, and economic incentives of
diesel systems fired with coal-derived fuels (Stone!'®)), The primary diesel engine modeling
tool was the model developed at Texas A&M University by Caton and coworkers (see above)
for the Morgantown Energy Technology Center. Also, special simulations for gaseous fuels
were provided(m) and used. Because diesel engines are part of total systems, the diesel engine
modeling work was integrated with modeling of other system units (e.g., gasification, sulfur
removal, and heat recovery). The major motivation of this work was to provide estimates of
engine performance and assessments of the overall economics when operating with alternative
coal fuels.

Engine Modeling Activities 1987-1993

Several studies were reported between 1987 and 1989 on the development and use of
advanced cycle simulations for coal fueled diesel engines.(1°6'114) Although previous engine
cycle simulations provided much needed insight and understanding of the ignition and
combustion processes of coal-fueled engines, several important features were lacking in these
simulations. For example, the earlier simulations used single, isolated droplet and particle
theories for the vaporization and combustion processes. Also, the previous simulations used
simple cylinder heat transfer models and provided no estimate of pollutant emissions. Some
of the advanced features that were included in this work were (1) a non-steady group
evaporation and combustion model for coal slurries, (2) detailed heat transfer and pollutant
models, and (3) low heat rejection engine models.

A major component of the above advanced cycle simulations were the group evaporation
and combustion models. These group models are rigorous formulations which account for
droplet and particle interactions.114119  The detailed heat transfer models included
fundamental analysis for each engine component (e.g., cylinder head, valve faces, cylinder
walls, and piston top) which coupled the gas-to-surface convective heat transfer to the
conduction heat transfer through the solid component. Pollutant formation models were
developed for nitric oxide, carbon monoxide, and particulates.

The detailed multiple-zoned cylinder heat transfer model was developed using seven
zones. 19117 The geometry, material properties, and coolant conditions could be specified

54




independently for each zone. By using a non-steady, one-dimensional, finite-difference
analysis of each zone, the model predicts spatial and temporal variations of cylinder wall
temperatures. A locomotive engine was examined with this simulation for both diesel and
coal-water slurry operation. Good agreement was obtained between the computed and
measured cylinder gas temperatures for both diesel and coal-water slurry fuel operation.

The cycle simulation then was used to examine low-heat-rejection engine concepts for coal
fueled engines. Five different insulation configurations were examined. Figure 27 shows the
indicated thermal efficiency for two cases examined (the base case and a super insulated case)
. as a function of the initial particle diameter. As shown, one of the findings of this study was
that the use of cylinder insulation could allow the use of larger diameter particles compared
to no insulation. For the conditions examined, the super insulated case not only provided
higher efficiency for any particle diameter, but also was less sensitive to increases in the
particle diameter. ‘
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Figure 27. Calculated Indicated Thermal Efficiency Versus Particle Size for Insulated Engines

Several papers were published on the development and use of an advanced cycle simulation
that included particle and droplet interactions, i.e., group effects. 118120 Two major effects
were studied: (1) the effect of droplets and particles on the local species concentrations and
. temperatures, and (2) the effect of exiting carbon monoxide, volatiles and water vapor that
block the incoming entrained air. The first effect was found to change the detailed process
characteristics and in-cylinder conditions, and moderately affected the overall engine
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performance for the cases studied. The second effect did not significantly affect the in-cylinder
processes or the overall performance of the engine for the ‘cases studied.

Wahiduzzaman et al.(*) reported on a comprehensive cycle simulation for a pilot-ignited,
coal-water slurry fueled locomotive engine. New and enhanced features of this simulation
included a fuel jet development, entrainment and mixing submodel, and a separate submodel
of diesel pilot fuel combustion. The combustion model is integrated with an advanced engine
design analysis code. The completed simulation was used to explore the effects of fuel
characteristics, fuel injection parameters and engine design.variables on engine performance.
In addition, the simulation was used to assess the effect of component design modifications on
the overall efficiency of the engine and on the degree of coal burn-out.

Preliminary validation of the simulation was reported with limited data, and the comparison
of measured and predicted cylinder pressure was good. The simulation was used to explore
the relative effects of the injection timings of the coal-water slurry and the diesel pilot fuels.
Pilot fuel energy amounts greater than 10% had little or no effect on improving burn-out, but
less than 10% resulted in decreasing burn-out.

- Wahiduzzaman, et al.® reported on more complete results using a modified version of
the above engine cycle simulation. The most significant modification was a more complete
pilot fuel capability. A careful validation of the cycle simulation was completed using nine sets
of experimental data for operation with coal-water slurry and diesel pilot fuels. The computed
and measured integrated quantities, such as indicated power, were within 7% of each other.
The simulation then was used to complete a parametric study. The parameters that were
examined included coal-water slurry and pilot fuel injection timings, fuel temperature,
coal-water slurry and pilot fuel properties, injection profiles, plenum pressures and
temperatures, valve timings, in-cylinder insulation, and intake swirl. Simulations were
completed to generate maps of fuel consumption rates and peak cylinder pressures for each
notch (speed and load setting). These maps allow the selection of the best combination of
coal-water slurry and pilot fuel injection timing under the constraint of maximum firing
pressure. In addition, the simulation was used to explore different operating strategies and the
. use of in-cylinder insulation and swirl.

Bunker(1?2), using the above simulation completed some additional computations on the
ignition and combustion characteristics of coal-water slurry fuel in a locomotive engine. These
computations concentrated. on engine operation without pilot to better sort out the effect of the
coal fuels. Figure 28 shows the indicated and brake thermal efficiency for to inlet air
temperatures (350 and 400 K) as a function of the initial droplet diameter (lower scale). The
corresponding initial diameter of the coal particle agglomerate is shown on the top scale. As
shown, as the initial droplet and particle diameter increases efficiency decreases. For the
higher inlet air temperature, maximum efficiency is achieved with 20 microns or smaller
diameter droplets. '
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Figure 28. Computed Indicated and Brake thermal Efficiency Versus CWS Drop Size

In this category of advanced models, an initial effort was reported by Gcntry(m) and
Gentry et al.'?% on the development of a complete multidimensional simulation for coal fuels.
This work involved the modification of KIVA (a code for conventional fuels) to include the
capability of using coal fuels. The simulation calculated the detailed in-cylinder gas dynamics,
spray motion, turbulence parameters, slurry evaporation, devolatilization of the coal particles,
char combustion, chemical reactions with heat release, and radiative transfer. They used the
simulation to solve one sample problem that was the ignition and combustion of a coal-water
slurry in a closed vessel as reported by Leonard and Fiske®®, They reported that the results
of the simulation underpredicted vaporization and that the next step in the simulation
development should be the improvement of the submodels (including vaporization and
devolatilization) and their interaction.

Engine Modeling Summary

With respect to the technology of coal fueled diesel engines, past activities have included
the use of analytical modeling, and the development and use of engine cycle simulations. Prior
to 1981, only a few analytical studies were reported on the ignition and combustion of coal
particles in engine environments, and no engine cycle simulations were reported. These
analytical studies estimated coal particle burn-out times, and compared these times with the
available times in an engine at different engine speeds. In general, these studies suggested that
for a 1000 rpm engine speed, coal particle diameters would have to be of order 30 microns or
less to completely burn within 60 crank angle degrees.
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Beginning in 1982, reports were available on the first detailed engine cycle simulations for
coal-fueled, reciprocating engines. These early simulations were developed to examine dry,
non-volatile coal particles and were based on a one-zone treatment. Through the 1980s, this
simulation continually was improved and enhanced. By the late 1980s, the simulation included
capabilities to consider a variety of volatile coals mixed with liquids with combustlon occurring
in multiple zones each at different mixture strengths.

In 1987, the first of a series of advanced cycle simulations were described. These
advanced simulations included group vaporization and combustion effects to account for droplet
and particle interactions, detailed heat transfer, and submodels that permitted the computation
of emissions. Comprehensive cycle simulations were introduced in 1990 that augmented the
above features and provided capabilities for detail design and evaluation for pilot-ignited,
coal-water slurry fueled engines. One study reported on the development of a dimensional
simulation that included detail treatments of spray development and turbulence.

From the initial elementary beginnings, cycle simulations for coal-fueled engines have
evolved into a powerful and comprehensive tool for both diagnostic and design operations.
For future coal-fueled engine research and development programs, the parallel use of these
cycle simulations with engine development should be most valuable and cost effective. The
preferred simulation codes are those developed in the 1987-1993 timeframe described above.
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CWS ENGINE STATUS - 1994

The use of coal-water-slurry in medium speed diesel engines has been demonstrated to be
technically feasible. This conclusion is based upon the use of well formulated coal-water
slurries (CWS) in the range of 45-50 weight percent coal loading, using bituminous and
subbituminous coals ground to 5-12 micron mean size particles, with a top size limit of 85
microns, and sulfur and ash contents in the range of 1 percent each by mass in the slurry (2%
ash on dry coal basis). Higher ash contents may be usable in the engines, but the technology
for coal cleaning has advanced to the point where 2 percent ash (dry coal basis) is reasonable
for many bituminous coals. Several hundred hours of engine operation have been achieved in
the GE program and over 1100 hours of testing was done in the Cooper/Arthur D. Little
program.

When the price differential between natural gas and raw coal increases to about $2.50 to
$3/million Btu, the economic factors will appear favorable for use of CWS-diesels after
accounting for the system capital costs, fuel, emissions control, parts replacement, and
operating costs. It appears that the proven level of exhaust aftertreatment based on test data
is adequate to meet current and future emission standards.

The current state of the technology is such that the engine designs can be very well defined
for engines that operate in the speed range below 1000 rpm (e.g., GE and Cooper-Bessemer
engines). For these engines, the next step is extended engine run times to demonstrate that
hard component replacement rates are acceptable. The design details for higher speed engines
are not as well defined because the operating experience in these engines is less extensive.
The purpose of this section is to outline the details of the current understanding of CWS
engines and by doing so, to clearly define the starting point when the fuel economics become
more favorable.

Fuel Specification for Coal Slurry

The coal slurry fuel specification is somewhat dependent on the engine speed, in that the
operating experience indicates that the slower 400 rpm engines are much less sensitive to fuel
factors than the 1000 rpm engine. The fuel specification in Table 7, therefore, represents an
attempt to satisfy the requirements of the 1000 rpm engines, realizing that the fuel will be
marginally better than required for operation of the slower engines.

Table 7. CWS Fuel Specification

Coal Bituminous

Mean Coal Size 5-12 Microns

Top Particles Size 15-85 Microns

Ash Gontent 1 Percent by Mass (2 percent dry coal)
Sulfur 1 Percent by Mass (2 percent dry coal)
Viscosity 300 Centipoise @ 10007'sec

Additive Dispersant
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Fuel System Design for Coal Slurry

Details of the coal slurry fuel system design can be obtained above, or form the cited
references. The following are the salient points that are common to all designs and should be
considered as the starting point for future work in this area:

Slurry Piping - Smooth pipe, no dead volumes, no rapid changes in flow area

Tank - Continuously recirculating, horizontal-cylindrical tank equipped with a floating
suction, and discharge through a manifold with exit holes designed to produce flow
with R _xH=5.7

Injection Pump - Convention diesel injection pump sized to inject the required amount
of slurry to achieve full load and coupled to the engine, supplying diesel fuel pressure
pulses to a shuttle piston assembly.

Shuttle Piston Assembly - Convention injection pump barrel and plunger assembly
design parameters of surface finish and clearances, titanium nitride coated, sized to
displace 150 percent of the required full load slurry flow, and with an L/D of
approximately 1. :

Nozzle Holes - Sapphire or diamond compact inserts

Needle Valve Seat - Tungsten Carbide seat insert

Needle Valve and Barrel - Tungsten carbide plasma coated steel
Engine Design for Coal Slurry Fuel

The results of the METC Program indicate that conventional open chamber, direct
injection, low swirl combustion chambers are acceptable for operation on CWS fuels.
Combustion efficiencies of 99 percent or higher were routinely demonstrated in these designs,
provided the intake air temperature is raised to 135-180°C. The bowl shape can be either a
shallow "Mexican Hat" design, as used in the GE and Detroit Diesel/SwWRI projects, or a
shallow bowl as used in the Cooper engine..

It is clear that turbocharging is required to -achieve acceptable engine efficiency and
breathing characteristics, especially with the higher intake air temperatures required for
operation on CWS. The intake air temperature should be at least 135°C and the pressure
should be in the range of 300kPa. While autoignition of coal was demonstrated in the GE, the
Cooper, Adiabatics, and the Detroit Diesel engines, positive and repeatable ignition timing
control with a pilot is essential for reliable and efficient operation of these a CWS engine.
Pilot injection of small quantities of diesel fuel (2-5% of total fuel energy) appears to be the
best method of ignition control. It offers the opportunity for cold starting and operation at the
part load conditions, especially idle, where the demonstrated experience on CWS indicates that
the engine temperatures drop below the levels required for reliable operation on CWS.
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The rings and liner should be tungsten carbide coated and the lubricant should contain high
concentrations of dispersant additive to prevent excessive wear of these components. It appears
that filtration of the lube oil using the best available filter technology (pleated paper filter with
5 micron pore size) is sufficient to control wear rates in the rest of the engine.
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