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EXECUTIVE SUMMARY

This report, entitled "Novel Injector Techniques for Coal-Fueled Diesel

Engines," describes the progress and findings of a research program aimed at

development of a dry coal powder fuel injector in conjunction with the Thermal

Ignition Combustion System (TICS) concept to achieve autoignition of dry powdered
coal in a sinle-cylinder high speed diesel engine. This work was performed under

the U.S. Department of Energy, Morgantown Energy Technology Center (DOE-METC)
Contract Number DE-AC21-90MC26305.

The basic program consisted of concept selection, analysis and design, bench

testing and single cylinder engine testing. An optional task for multi-cylinder

engine testing was part of the program. However, the option was not funded.

The coal injector concept which was selected was a one moving part

dry-coal-powder injector utilizing air blast injection. Adiabatics has had

previous experience running high speed diesel engines on both direct injected

coal-water-slurry (CWS) fuel and also with dry coal powder aspirated into the
intake air. The Thermal Ignition Combustion System successfully ignited these

fuels at ali speeds and loads without requiring auxiliary ignition energy such as

pilot diesel fuel, heated intake air or glow or spark plugs. Based upon this prior

experience, it was shown that the highest efficiency and fastest combustion was
with the dry coal, but that the use of aspiration of coal resulted in excessive

coal migration into the engine lubrication system.

Based upon a desire of DOE to utilize a more modern test engine, the previous

naturally-aspirated Caterpillar model IY73 single cylinder engine was replaced with

a turbocharged (by use of shop air compressor and back pressure control valve)

single cylinder version of the Cummins model 855 engine. Baseline testing of the

engine with a standard diesel fuel injection system confirmed that the engine

performed properly and provided baseline emissions information. The

dry-powder-coal injection system was extensively analyzed, designed and redesigned

multiple times, manufactured and installed on the engine.

The engine did run self sustained briefly (five minutes) on I00 percent

dry-powdered-coal and the TICS chamber was self heating.
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1.0 INTRODUCTION

This final report entitled "Novel Injector Techniques for Coal-Fueled Diesel

Engines," is submitted to the U.S. Department of Energy, Morgantown Energy

Technology Center (DOE/METC), to fulfil] the requirements for Contract Number

DE-AC21-90MC26305. lt describes the results and findings of a research program

aimed at the development of an air°blast-atomized dry-coal-powder fuel injector

developed in conjunction with the Thermal Ignition Combustion System (TICS.) to

achieve autoignition of coal fuel in a high speed diesel engine.

The U.S. Department of Energy, Morgantown Energy Technology Center, has

" sponsored many research programs for the development of coal-fueled diesel engines
[i-2]-. Most of these programs utilized coal-water-slurry (CWS) as the fuel form

and relied upon pilot injection of diesel fuel to ignite the CWS irl rather

conventional diesel engines. The key demonstrator programs have been a CWS fueled

locomotive developed by General Electric [3-4] and a stationary CWS fueled diesel

power plant developed by A.D. Little/Cooper Bessemer [5-6]. Both of these programs

utilize very similar high pressure CWS fuel injection systems with electronic

control. One of the major problems identified during these programs has been

excessive wear of fuel injection nozzle spray holes [3-5] and other fuel and fuel

system related problems. To provide additional research into the fuel injection

portion of the program, DOE-METC published a Program Research and Development

Announcement (PRDA) on "Novel Injector Techniques for Coal-Fueled Diesel Engines"

on August 28, 1989 to which Adiabatics, Inc. submitted a proposal on October ii,

1989. Based upon the proposal, Adiabatics, Inc. was awarded a two year contract on

September 26, 1990 with an option for one additional year of effort.

I.i BACKGROUND ON COAL INJECTION SYSTEMS

Research into coal injection systems for diesel engines started with the

inception of the diesel engine by Rudulph Diesel [7] and continued virtually

continuously in Evrope over a period of approximately fifty years culminating in
successful coal-fueled diesel engines [8]. These efforts were terminated by the
start of World War II and were not resumed after the war.

Following worldwide energy disruptions in the seventies, the United States

government started efforts to provide increased utilization of its most readily

available (and lowest cost) fuel - coal. lt was believed that coal could be an

ideal fuel for diesel engines provided that several key technology problems were

overcome; i.e., clean coal preparation and formulation, fuel injection, combustion,

engine wear and exhaust gas cleanup. Programs were started to address each of

these areas. The early participants in the fuel injection area were Southwest

Research.Institute, NIPER, Energy and Environmental Research Corporation and work

in Europe by Sulzer. These programs and success in each of the other areas led to

full scale coal-fueled diesel engine demonstration programs by General Electric,

A.D. Little/Cooper Bessemer and EMD/SWRI.

i.i.i CWS Injection System by General Electric

The investigation of CWS fuel combustion in the GE-TFDL research engine has

used three types of CWS injection systems [3-4]. They are described as follows:

* Numbers in parentheses designate references listed at the end.
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o System I fuel injection equipment (FIE) consists of a modified standard size

diesel fuel FIE with a CWS isolation pump placed between the high pressure pump

and the injector to prevent injector pump plunger sticking. Due to the low

energy density of CWS compared to diesel fuel, the engine was operated at only

1/3 of full load with 40 Mpa maximum injection pressure.

o System II FIE was an upsca].ed version of System 1 FIE capable of supplying CWS

for the full load engine operation.

o System III FIE consists of an accumu]ator based CWS injection system with high

injection pressure at the start of the injection cycle and operates independent

of engine speed and load with electronic control of injection timing and flow.

This injection system has been found to improve CWS burnout considerably at

both full and part engine loads.

The system III FIE accumulator injection system uses a conventional jerk pump

to pump diesel oil to a diaphragm pump. The CWS on the opposite side of the

diaphragm is thereby pressurized and pushed into the accumulator injector. The

accumulator volume of this injector is about 325 tc. The system has been sized to

inject 3 gm of CWS per injection, with the injection pressure falling from 70 to 48

MPa as injection occurred. GE gas evaluated a number of different nozzle

geometries - I0 to 12 holes and 0.39 to 0.51 mm hole diameter. The CWS fuel engine

test results with this injector have been presented by Hsu et al. [4].

i.i.2 CWS Injection System by A.D. Little/Cooper Bessemer

Two different types of CWS FIE have been designed and operated on the Cooper

JSl engine [5-6]. The first was a jerk pump based system using a unique AMBAC

injector design. The jerk pump, which handles only diesel fuel, provides the fuel

metering function and hydraulic pressure required for the injection. The AMBAC

injector provides a barrier between diesel fuel and CWS and uses a multihole nozzle

for atomization. CWS fuel was supplied either from a pressurized tank or from a

holding tank using a Moyno pump. This system was very similar to GE's first two

systems.

The second system is based on the Cooper-Bessemer common rail fuel system.

Pressurized CWS is supplied by an accumulator and fuel metering is handled by

Cooper -Bessemer's common rail unit.

Initial tests with the jerk pump system were plagued by mechanical jamming of

the moving parts in contact with CWS. Systematic design modifications during Phase

1 JS testing have solved early problems and CWS tests were conducted for as long as

two hours continuously. Most of the injection system development and Phase 2

testing have been with the jerk pump system, while the common rail system remains

the backup approach.

,p

i.i.3 Dry-Powder Coal Injection

Reference 7 provides an excellent discussion of dry-powder coal injection as

developed and refined in Germany prior to World War II. This work thoroughly

describes the development of many different types of dry-powder "Dust" injectors

including injectors which used compressed air to atomize and inject the coal.

1.2 TICS CONCEPT FOR COAL-FUELED ENGINES

Adiabatics, Inc. has successfully completed five programs relative to

coal-fueled diesel engines. Adiabatics' first government contract
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(DE-AC21-84MC21099 - 1985) was an i.nvestigation on "Combustion Characteristics of

Coal Fuels in Adiabatic Diesel Engines" for DOE/METC. This study produced some

extremely interesting results [9-i0]. The original program goal was to ignite

fumigated powdered coal of about 5 micron average partic]e size by means of diesel

pilot injection, lt was found in the adiabatic, prechambered-engine, that the coal

powder was able to ignite without aid from the diesel pilot. The investigation led

to a simple, fumigated, coal burning engine without spark plug or diesel injection

system that will thermally ignite powdered coal in the engine. The engine operated

from one quarter to full load without a throttle valve in the intake system. U.S.

" and European patents have been gra,_ted to Adiabatics, Inc. for the Thermal ignitioi_

Combustion System (TICS) concept discovered during this program (U.S. Patent No.

4,738,227).

The second coal-fueled engine program (DE-AC21-86MC23258, September 1986 to

September 1988) was designed to fuether the development of a dry coal powder engine

by resolving issues left open at the end of the first program. The most difficult

problem (ignition timing control) was addressed by optimization and control of the

precombustion chamber temperature, and by adding and controlling exhaust gas

recirculation (EGR). An improved coal feed system for the fine coal powder was

designed, fabricated and tested. This consisted of a one moving part device and

resulted in consistent fuel metering and delivery for the coal-fueled engine

operation. The test engine was run on 100% coal powder without any diesel pilot or

heated intake air from 800 to 1800 rpm and idle to full load engine conditions.

The coal-fueled engine was operated with three types of coal: Micronized

Bituminous coal, ] micron mean size; nonbeneficiated ].6% ash content Bituminous

coal, 21.3 microns mean size; and 7.1% ash content North Dakota Lignite coal, 29

microns mean size. Also, cold starting of the test engine was achieved on coal

powder fuel only. The major problem observed with fumigation of coal powder to the

intake air manifold was the inability of the piston rings to prevent excessive coal

contamination of the lubricating oil. The lubrication system was, however,

improved to separate coal particles from the contaminated lubricating oil and the

wear on the ceramic coated piston rings and cylinder liner was found to be minimal

ill-12].

The third program was a subcontract to Allison Gas Turbines (Contract No.

DE-AC21-86MC22123) to perform an experimental investigation to determine the

friction and wear (tribological) characteristics of a selected group of candidate

piston ring and cylinder liner materials suitable for their EMD 16-1710 coal

burning diesel engine [13].

The fourth program was "Fluidic Fuel Feed System" Contract No.

DE-AC21-86MC23006 which attempted to develop a practical CWS injector using i00

percent fluidic (no moving part) technology. An injector was developed and engine

tested; however, it was necessary to add at least two check valves to the injector

to permit it to effectively operate in the engine. This "hybridization" of the

fluidic injector eliminated the main advantages it might have had over conventional

" CWS injectors.

The fifth program which was highly successful was "Innovative Coal-Fueled

"- Diesel Engine Injector," Contract No. DE-AC21-88MC25132 which utilized an

innovative low pressure CWS injector to inject CWS directly into the TICS

combustion chamber. Optimization of the TICS chamber geometry and injection

characteristics has resulted in the ability to operate very efficiently over the

entire operating range of the engine from idle to full load using only CWS fuel and

maximum injection pressures of less than 3,000 psi compared to over i0,000 psi for
ali other researchers.
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The experience of performing these five coal-fueled diesel research programs

has taught the staff of Adiabatics, Inc. innumerable lessons concerning how t:o

conduct research with these fuels. Systems are in place to specify, procure, ship,

store, handle, mix, inspect, filter, and measure both dry coal powder fuel and CWS

fuel. This experience did not come easily. Many difficulties have been overcome

and each day of operating with these fuels provided new challenges. One major

difficulty in working with coal fuel of any type is repeatability, lt has been

impossible to obtainconsistent coal quality from any supplier and becausethe raw

coal basestock has such wide variability, it is unlikely that the situation will

ever be significantly improved. For this reason, it is important that the fuel

handling and introduction systems and the engine combustion system be made tolerant

and insensitive to large variations in fuel properties.

1.3 PROGRAM OBJECTIVES

The stated objective of the program is to develop new and novel injection

techniques which will reduce or eliminate the present wear problems associated with

the injection of coal-water slurries. The new and novel method will result in

combustion and cylinder wall ash deposition which is comparable to current

oil-fired configurations.

2.0 PROJECT DESCRIPTION

A program with two tasks was generated and performed as specified in the
contract as Part III, Section J, Attachment A "Statement of Work". The first Task

- Preliminary Engineering - consisted of subtasks to generate a Management Plan, to

select a concept and generate a Test Plan, to conduct single cylinder experimental

work and submit a topical report (this document). Task 2 - Development Engineering

- was an optional task to apply the concept to a multi-cylinder engine and generate

a final report. Per the direction of DOE/METC, Task 2 is not funded and will not

be contracted. Therefore, the Topical Report from Task 1 is the Final Report for
this contract.

2.1 TECHNICAL APPROACH

Based upon the successful results with the TICS combustion system used for all

of the engine testing in the programs performed at Adiabatics and because it was

the only combustion system which has demonstrated operation at all load and speed

conditions without requiring diesel pilot fuel injection, it was decided to retai,i

this concept for this program Experience has shown us that coal fuel can be

successfully introduced and burned in three distinct manners in the TICS diesel

engine as follows"

Mode I - Fumigation Either CWS or dry powder coal can be atomized in
the intake air in the intake manifold and later

ignited by the TICS chamber. The first programs

at Adiabatics demonstrated this technique with

dry powder coal. The CWS approach is probably

best utilized in turbocharged engines which can _-
use the elevated intake manifold temperature to

evaporate the water from the slurry before it
enters the combustion chamber. Fuel introduction

can be either continuous or timed

(intermittent). Ignition timing is accomplished

by controlling the temperature of the TICS

chamber and by use of controlled exhaust gas
recirculation.
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Mode 2 - Early Cycle In this second approach either type of fuel is injected
directly into the TICS chamber early irlthe compression

stoke after the intake valve(s) close. The advantage of

this approach over fumigation is that less raw fuel will
be deposited on the cylinder liner and the intake valve

seat and valve guide area will not be exposed to coal

particles, lgnition timin_ control will be the same as

for fumigation.

Mode 3 - Late Cycle The last approach is injection of either type of fuel

directly into the very hot TICS chamber just before

engine top-dead-center. This approach has been

successfully demonstrated with CWS. With this approach,

there is no need for control of either the temperature

of the TICS chamber or to use EGR to control timing.

Based upon the experience with running both dry powder coal and CWS fuels in a

diesel engine, a strong bias towards the use of dry powder coal has been
established at Adiabatics. This bias is based upon the fact that dry powder coal

burns faster resulting in higher efficiency in medium and high speed engines and

because CWS has proven to be extremely difficult to work with on a day by day
basis.

The selection of injection mode favors late cycle injection over either

fumigation or early cycle injection. The reason for this is the ease of control of

ignition timing by directly controlling injection timing. Also it is believed that

late cycle injection will significantly reduce the amount of coal which bypasses

the combustion process and ends up contaminating the lubricating oil because the

particles are not exposed to the oil cylinder which traps particulates in the

boundary layer during compression.

The selection of dry powder coal as the fuel and late cycle injection required

a new injection technique. As mentioned previously, Rudulph Diesel and others had

perfected dry powder coal injection and used a system shown schematically in Figure

2.1-i. In this basic system, three valving functions must be performed in a

prescribed timed sequence as illustrated in the figure. The first valve (A)

performs the function of metering the powdered coal from the supply tank into the

injector cavity (D). To maintain inherent safety in the system, the supply tank is
sealed and uses an inert cover gas (such as nitrogen) over the coal at a pressure

slightly over atmospheric. After valve (A) closes and seals off the supply tank,
valve (B) opens and pressurizes the cavity (D) with air from a reservoir to a

higher pressure than peak cylinder pressure. At about i0 to 30 degrees before top
dead center (TDC) crankangle, valve (C) opens and the powdered coal is injected

through valve (C) into the engine cylinder where it ignites and burns. Valve (C)

is held open throughout the exhaust stroke so that the pressure in cavity (D) can

" be reduced to essentially exhaust manifold pressure. Valve (B) is closed late in

the engine combustion to allow additional air to flow through cavity (D) to purge

it of residual coal and to also provide additional air to the combustion chamber to

-- improve the overall combustion efficiency. While it was possible to build

injection systems based upon this schematic, most of those which were built looked

like Rube Goldberg inventions, lt is recognized that building a dry coal injector

with three independent valves operating at different times is not practical and

would not have a high chance of commercial success.



1 CHAMBER D

AIR SUPPLY TO COMBUSTION
CHAMBER

AIR SUPPLY

3000 /;--_....

__ CHAMBER D
u_ 2000 ...... "7w \
e. COMBUSTION \::3
m 1000 CHAMBER / /
u)
W

i'_'_'-
i I I

VALVE L C

ANGLE A 1

TDC BDC TDC BDC TDC -"

INTAKE COMPRESS. POWER EXHAUST

Figure 2.1-1 DRY COAL POWDER INJECTOR BASIC SCHEMATIC
6



2.2 DRY-COAL INJECTOR CONCEPT

Adiabatics produced a novel injector concept which performs ali of the

functions shown in Figure 2.1-1 with a simple one moving part device. The injector

concept, shown schematically as Figure 2.2-1, consists of a plunger which is used
to meter the fuel into a metering chambL_ and seal it off from the combustion
chamber, lt then moves and seals off the fuel supply and opens a valve port to

pressurize the chamber with air. lt then opens a port to allow the air to push the
fuel into the combustion chamber. The _igure shows the concept as applied to the

Cummins NT855 diesel engine cylinder head with the Thermal Ignition Combustion

System (TICS). The figure shows a side section and a top view. Looking at the
section view. each component in the system is labeled. A description of each

component follows"

Injector Valve

As sho_, the "Injector Valve" is a cylinderical member which is close]y fitted

to a cylindrical bore in the "Coal Injector." The "Injector Valve" has a

groove machined into its periphery which has one or both of its sides machined
at an angle as shown on the left side of the groove to form a helix shape. The

"Injector Valve" is both rotated and moved axially to accomplish injection

metering and timing and ali of its sealing functions. As shown the "Injector
Valve" is in the "Metering" position at the left hand end of its axial travel
and is rotated to the zero or no fuel flow position. To increase fuel flow,

the "Injector Valve" is rotated such that the left side of the groove opens the

port to the "Coal Supply" passage. The amount of coal metered will be

dependent upon the area opened by rotating the "Injector Valve": by the

pressure difference between the "Coal Supply" and the groove in the "Injector
Valve"; and by the length of time which the area is open. The "Injector Valve"

is moved by the engine camshaft through a linkage similar to that used to
actuate the conventional diesel fuel unit injectors. This approach gives a

constant metering time (at any fixed engine speed) which decreases as engine

speed increases. For a fixed speed and a fixed "Coal Supply" pressure, the
metered flow is dependent only upon the open angle of the "Injector Valve."

To start the injection process, the "Injector Valve" is moved axially, to the

right, by the engine camshaft until the left hand side of the groove seals off
the coal supply port. lt then continues to move until the right hand side of

the groove uncovers the passage leading to the "TICS Chamber" and then opens

the passage to the "Air Blast Storage Volume", which is at a higher pressure

than the pressure in the "TICS Chamber." With both of these ports open, the
air in the "Air Blast Storage Volume" flows through the groove in the "Injector

Valve" and carries with it the coal fuel into the "TICS Chamber."

The "Injector Valve" is held in the injection position until late in the engine
exhaust stroke at which time it is slowly moved to the left--first closing the

passage to the "Air Blast Storage Volume" and then the passage to the "TICS
Chamber." The "TICS Chamber" is closed last to enable the pressure in the

groove to drop to the pressure level in the "TICS Chamber" which at this point
in the cycle will be lower than that in the "Air Blast Storage Volume" to
enable the use of lower "Coal Supply" pressures for metering. The "Injector

Valve" then proceeds to move to the left until it uncovers the "Coal Supply"

passage and metering starts again.
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Coal Supply

The "Coal Supply" is a passage in the injector which contains the dry powdered

coal. Based upon our experience with this fuel type, it is necessary to

continuously flow the coal powder through this passage at ali times to prevent

passage plugging, lt was planned that a centralized, sealed, coal hopper would
be used which had an inert cover gas (such as nitrogen) to prevent the

formation of explosive mixtures in the hopper. The coal was to be withdrawn

from the hopper by a screw type feeder which was to continuously pump the dry

powder coal through a single "Coal Supply" passage which was to flow through

each "Coal Injector" in the engine. Following this circuit through the engine,

the dry powder coal was to be either dumped back into the hopper or
reintroduced directly into the screw type feeder. An alternative approach

using a fluidized-stream and a gas powered ejector to flow the coal through the

injector was to be explored, if necessary.

Air Supply

The air which is used to transport and atomize the coal is provided by a

conventional three stage, intercooled piston type compressor at constant

pressure (2,000 to 3,000 psi).

Orifice

Connecting the "Air Supply" to the "Air Blast Storage Volume" is an orifice
which restricts the air flow. The purpose of the "Orifice" is to reduce the

total air consumption used by the injector. This is accomplished by sizing the

"Air Blast Storage Volume" and the "Orifice" such that the pressure in the "Air

Blast Storage Volume" can be from zero to working pressure while the port is

closed, and to limit the flow during the time the port is open.

One variation which was explored, but not utilized, was to incorporate an

"Orifice" which is opened and closed by the motion of the "Injector Valve" such

that the orifice is open during metering and closed during injection. This

approach is the most efficient and results in the minimum air consumption and

highest injection pressures. This could have been accomplished by adding an
additional groove to the "Injector Valve" which opened a passage connecting the

"Air Supply" to the "Air Blast Storage Volume."

Air Blast Storage Volume

The "Air Blast Storage Volume" is sized such that it contains only enough air

to blast the fuel into the "TICS Chamber" and to purge the "Injector Valve"

groove. The pressure in this volume will increase from approximately engine
exhaust pressure at the end of the injection cycle to slightly below "Air

Supply" pressure during the metering cycle.

2.3 TEST ENGINE AND INSTRUMENTATION

As mentioned earlier, the test engine for this program is a single cylinder

version of the Cummins NT855 family of engines which is also referred to as the NH

engine family. The engine from which the single cylinder engine is derived is a

six cylinder heavy duty truck engine with a displacement of 14 liters. Table 2.3-1
is a listing of the key specifications of the single cylinder engine. Key portions

of the engine including the block, crankshaft and balancer box were purchased from

Cummins Engine Company by Adiabatics several years before the start of this

program.
9



Table 2.3- 1

NH-1 Single Cylinder Engine Specifications
i _ iii J[i I iii i i i iii i i i li _ [ i iii I iii i i

Bore 140 mm 5.5 inches

Stroke 152 mm 6.o inches "

Displacement 2.34 liters 142.5 cu in

Rated Speed 2,100 rpm

Valve Number 4 (Two Intake- Two Exhaust)

Rated Power 55 kW 74 bhp

Aspiration Turbocharged and Aftercooled

Compression Ratio 16:1

Piston Aluminum with Thermal Barrier Coating

Liner Cast Iron with Ceramic Coating

Head Cast Iron with Thermal Barrier Coating

Top Ring Cast Iron with Wear Coating

Intermediate Ring Cast Iron With Wear Coating
,.e

Oil Ring Standard
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Figure 2.3-1 is a photograph showing the engine at the start of this program.

The engine required several modifications to prepare it for coal fuel operation.

The first was to fabricate an isolation oil pan to separate the engine crankcase

from the balancer box crankcase, The standard engine utilizes a single crankcase.
The oil from the engine drains directly into the balancer box. Since the coal

fueled engine has the potential to contaminate the oil and since the balancer box

is an expensive one-of-a-kind mechanism with roller bearings, it was decided to

completely separate the oiling systems. Figures 2.B-2 and 2.3-3 are photographs

showing the isolation oil pan first mounted on the balancer box and then mounted on

the bottom of the engine. To provide lubricating oil to the engine, the lube oil

package which was developed for the Caterpillar IY73 single cylinder engine with

the dual centrifugal filters to separate out the coal and ash particles was

utilized as shown in Figure 2.3-4. A separate lubricating oil supply pump and

filter was mounted on the engine base next to the balancer box te provide oil to

the balancer box as shown in Figure 2.3-5. Also visible in this photograph is the

intake air heater shown mounted on the wall at the right hand side, the air intake

surge plenum mou_,ted behind the engine, the enBine flywheel (adapted from the

Caterpillar IY73) and the oil, intake and exhaust plumbing.

Figure 2.3-6 is a photograph showing the installation of the coal hopper
mounted above the Eaton eddy current dynamometer. Also visible are the coal supply

and return augers which will be discussed later. Visible at the front of the

engine are several of the instrumentation items, including the crankangle encoder

and the thermocouple for liner temperature.

Figure 2.3-7 is a photograph of the insulated engine components including the

cylinder head, liner and piston which enable the engine to be operated without any

cooling water, The liner is run dry without any fluid on the outside of the

liner. The cylinder head is also run dry with no fluids in the normal water

cooling passages. Visible on the surface of the cylinder head on the left side

cylinder (which is the only one used on this engine) is the inlaid thermal barrier

coating which consists primarily of densified zirconia. The right side is

standard. Figure 2.3-8 is a closeup of the piston showing the densified zirconia

thermal barrier coating on the crown. The top piston ring is coated with a chrome

carbide ceramic wear resistant coating. The second ring is coated with an

alumina-titania matrix. The oil ring is a standard part.

Figure 2.3-9 is a photograph of the cylinder liner and piston following the

baseline testing on diesel fuel. As can be seen, the cylinder bore is glassy

smooth with a chrome-oxide ceramic coating for wear resistance.

Table 2.3-2 is a listing of the instrumentation which was used for this program

showing each of the major items. A Dyn-loc IV digital dynamometer controller was

utilized to provide the field excitation to the eddy current dynamometer to provide

precise speed and load control. A data acquisition computer was used to acquire

- and record the test data. Figure 2.3-i0 shows the control console with these two
items and miscellaneous amplifiers and instrumentation systems. Figure 2.3-11 is a

photograph of the emissions cart which houses the analyzers and systems to zero and

span each analyzer before and after each test run. Figure 2.3-12 is a photograph

of the particulates analyzer showing the compressors on the bottom and the gas flow
meters in the middle with the timers and dilution tunnel temperature controls on

the upper level, The actual tunnel is mounted next to the engine exhaust outlet to
minimize line losses. A precision microbalance is used to weigh the 8mount of

particulates collected on a Millipore filter mounted at the exit of the dilution
tunnel.

11



Figure 2.3- 1 NH- 1 Single Cylinder Engine
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Figure 2.3-2 Isolation Oil Pan Mounted on Balancer Box
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Figure 2.3-3 Isolation Oil Pan Mounted on Engine

14



. Figure 2.3-4 Engine Lubrication Supply and Filtration System
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Figure 2.3-5 NH-1 Balancer Box Lube System
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Figure 2.3-6 NH-1 Engine Installation
e,
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Figure 2.3-7 Insulated Engine Components
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Figure 2.3-8 Piston
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Figure 2.3-9 Cylinder Liner "
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Table 2.3- 2

Test Instrumentation
i i i

I i 1
Q

Variable Type

Engine Speed 60 Tooth Wheel and Magnetic Pickup
Load Strain Bridge Load Cell

Crank Position BEI Optical Encoder

Cylinder Pressure AVL 8QP500CA Pressure Transducer
Ambient Air Temp. Thermocouple

Air Temp. at Orifice Thermocouple
Intake Air Temp. Thermocouple

Exhaust Temperature Thermocouple

TICS Wall Temp. Thermocouple

Oil Temperatures Thermocouples
Ambient Pressure Recording Barometer

Humidity Recording Humidistat
Airflow ASME Sharp Edge Orifice Plate

Pressure at Orifice Bourdon Tube Pressure Gage

Orifice Pressure Drop Manometer

Exhaust Pressure Manometer

Blow-by Orifice and Manometer
Smoke AVL BOSCH Type Sampling Meter

Particulates Dilution Tunnel and Gravimetric

• Supply Air Pressure Piezoresiative Transducer
CO Emissions Beckman 870 NDIR Analyzer

- CO2 Emissions Beckman 870 NDIR Analyzer

HC Beckman 400A FID Analyzer

NOx Beckman 955 Chemiluminescent Anal.
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Figure 2.3-10 Control Console
.o
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Figure 2.3-1 1 Emissions Cart
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Figure 2.3-12 Particulates Analyzer
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2,4 COAL FUEL SPECIFICATION

Following the approval of the selection of dry powdered coal as the fuel of

choice for this program by METC, a search was started to locat_ a reliable source

of dry powdered coal. The traditional sources were solicited including AMAX,

Otisca and EERC. After very little success was encountered, it was suggested by

the COTR that he had recently seen a demonstration c_f "Mulled" coal presented by

. Energy International and that consideration of this new fuel type should be

included in the study. Energy International was co,tacted about the process of
familiarization with this new rue] and Adiabatics obtained samples. "Mulled" type

coal is a granular material of uniform particle size with a moisture content of

approximately 35%. The very first samples which we te shown to us at the

Contractors Conference in July of 1991 were very free flowing and exhibited very

favorable characteristics such as no misting and freedom from explosion hazards,

For a more complete description of "Mulled" coal technology, please refer to the

papers published by Energy International at the International Coal Conferences
[14].

Additional samples and the final batch for engine testing were not as "dry" as

the original "Mulled" material. Each additional batch had a wet, sticky

consistency and would not free flow. The analysis of the final batch of "Mulled

Coal" which was used for the engine testing is included as Attachment i.

3.0 RESULTS AND DISCUSSION

The following paragraphs discuss the program results including ali of the

design, analyses, bench test and engine test results. The original schedule for

accomplishing this work as submitted in the Test Plan is shown as Figure 3.0-1.

The actual program took one month longer and was completed the end of July 1992.

As the schedule shows, the program was quite ambitious with many simultaneous tasks

including engine modification, test cell modification, diesel fueled engine tests.

injector bench tests, injector analysis and injector design and fabrication ali

occurring in the first seven months. Figure 3.0-2 shows the actual program

schedule plotted on top of the original plan.

In addition to the hardware portion of the program, there were two major

presentations conducted during the execution of the program. The first was a paper

and poster session presented at the Eighth Annual Contractors Review Meeting [15]

and an A.S.M.E. paper presented at the 1992 E.T.C.E. meeting in Houston [16].

3.1 INJECTOR ANALYSIS RESULTS

A spreadsheet type dynamic analysis of the fuel injection system was generated

to size system components and to determine the air requirements to operate the

, injector. The results of this analysis were documented separately and submitted to

the COTR in January 1991 as "Air Requirements for 'Air Assist Fuel Injector'" which

is included as Attachment 2. This simulation provided ali of the basic sizing data

. for each of the injector components including flow areas, volumes and passage

lengths.

3.2 INJECTOR DESIGN

Two generations of injector design were generated and fabricated during this

program. The first design is shown in Figure 3.2-1 as it would be installed in the

engine. The key features which should be noted from this original design are the
following:
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Figure 3.2-1 First Generation Injector Design
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o Standard fuel injector push tube and two new rocker arms to move tile injector

plunge r.

o The use of a gear rack to rotate the injector plunger to vary tile fuel

injection quantity.

o The use of air pressure to preload the plunger against the rockers and

" eventually the camshaft. This eliminates the need for a return spring.

o The use of a horizontal fuel supply passage which traverses the length of the

, engine and incorporates a continuous flexible auger running through the

injector. This feature is highlighted irl a cross section showing the injector
and the coal feed system, Figure 3.2-2.

o The use of bellville washers to load the injector and TICS chamber against the

bottom of the cylinder head. The washers are designed to compensate for

thermal expansion without excessively loading the head or injector.

o The design required the use of "guideless" crossheads for the engine intake and

exhaust valves because the fuel supply passage went through the engine area

where these components are normally located. The use of this design was not

considered risky as Cummins has introduced this design on their latest engines.

The key parts of this first design including the injector body, air blast

storage volume and injection plunger were fabricated and used for the bench test

portion of the program.

Several design deficiencies were discovered during the bench testing program

which required major changes in the injector design and forced a new generation to

be designed. At the same time, several design deficiencies were corrected. The

second generation design is shown as Figure 3.2-3. Key differences between the two

designs are as follows:

o The rocker system to move the plunger was redesigned to move the plunger from

the opposite end. This enabled the injector pushtube to be installed

vertically instead of at an angle which would have caused sideload and

clearance problems.

o The fuel supply passage was brought in vertically with a single passage for

each injector. As will be shown later, we were unable to make the other

approach work. A schematic showing the vertical fuel feed and its attachment

to the coal hopper is shown as Figure 3.2-4.

This design was fabricated completely and was used for the engine testing. A

" photograph of the second generation hardware including the TICS chamber is shown as

Figure 3.2-5. In order to fit this new hardware into the engine, we designed and
fabricated a modified rocker housing and cover. Figure 3.2-6 is a photograph

- showing the standard rocker housing on the left and the modified housing on the

right showing the extension for injector clearance. Figure 3.2-7 shows the
modified cover sitting atop the modified rocker housing. Figure 3.2-8 shows the

two components assembled.

Figures 3.2-9 through 3.2-11 are three different views showing the second

generation injector installed on the engine.

29



COAL HOPPER COAL INJECTOR

. AIR SUPPLY

INERT GAS

COAL FUEL PRESSURE TRANSDUCER

SCREW FEED

PRESSURE TRANSDUCER

INJECTOR PLUNGER INJECTOR BODY

Figure 3.2-2 Coal Feed System and Injector
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Figure 3.2-4 Second Generation Coal Feed System
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Figure 3.2-5 Second Generation Injection System Hardware
g
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Figure 3.2-6 Standard and Modified Rocker Housings
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Figure 3.2-7 Modified Rocker Hot
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Figure 3.2-8 Assembled Rocker Housing and Cover
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Figure 3.2-9 Injection Installation,m
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Figure 3.2-10 Injector Istallation
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Figure 3.2- 1 1 Injector Istallation
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The last major item which had to be designed for the coal injection system was

the coal supply system. As will be discussed in the bench test section, this item

proved to be extremely difficult and frustrating to make work effectively. The

final design consisted of using our existing coal hopper and screw feed system

(Figure 3.2-12) to basically store and provide a continuous flow of the "Mulled

Coal" to a second conical hopper located immediately above the fuel injector.

Unfortunately, the coal at this point had agglomerated and was in chunks. To

restore flow to the coal, a rotary sifter (similar to a flour sifter) was installed

in the hopper directly below the coal inlet. A second screw feeder was positioned

in the conical hopper below the sifter to maintain a constant coal level in the

hopper. The conical hopper and the two screw feeders are shown in Figures 3.2-13
and 3.2-14 both with and without the tubes on the screw feeders. In the second

photograph, the drive end of the sifter is visible as is an auxiliary air driven

vibrator which was installed to improve flow. The two feeders are the same

diameter and are driven at different speeds with the return feeder rotating faster

than the supply feeder.

3.3 TEST RESUI.TS

As mentioned in the executive summary, the program did not result in successful

running of the engine with the novel air blast injector. Therefore, this section

of the report is centered upon providing results from the coal fuel testing and

bench testing portions of the program as well as the limited attempts to run the

engine on coal and the changes made to the injector during the engine testing
phase.

3.3.1 BENCH TESTS

The bench testing consisted of two distinct series of tests. The first was

testing of the coal fuel to select a fuel and determine its behavior. The second

was bench testing of the complete injector assembly.

The first coal test was to utilize the existing variable speed screw feeder to

determine how far dry powder coal fuel can be forced through a tube. The test was

conducted using an Otisca prepared Blue Gem seam coal powder. The screw feeder was

able to force the coal only 15 centimeters down a 3.2 centimeter diameter tube

before the flow stopped. Thi_; computes to be a length to diameter ratio of less
than five.

Continuous flow tests, using the auger system to drop coal into a pan, were

conducted next as a function of coal type and moisture content, lt was observed
that the flow rate decreases as the moisture content increases and that the coal

becomes progressively more lumpy.

To provide a means of determining flow of the coal, simple slump tests were

conducted on a variety of coals. The test consisted of slowly dropping the coal on

a flat plate until a pile with a diameter of about 5 centimeters was achieved. The

height of the pile was then measured to determine slump height. Since the .

diameters were not always equal, to compare different results the ratio of height
to diameter was used--the smaller the ratio, the better the flow. Test results are

as shown in Table 3.3.1-1 and Figure 3.3.1-1. This data shows that the Otisca dry

powder coal and the "Mulled Coal" from Energy International were very sJ.milar. The
the best flow was achieved at about 15% moisture, lt also shows that the worst

flow is with very dry coal.
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" Figure 3.2-12 Coal Hopper and Screw Feeders
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Figure 3.2-13 Conical Hopper and Screw Feeders
u
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. Figure 3.2-14 Conical Hopper and Screw Feeders
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Table 3.3.1 - 1

COAL SLUMP TESTING RESULTS

I i ii i i i ii ii i i i i

DATE COAL MOISTURE DIAMETER HEIGHT RATIO H/D
,)

percent mm mm

4-4-91 Otisca 35 63.5 30.2 0.47
4-4-91 Otisca 31 63.5 26.2 0.41
5-21-91 Otisca 30 50.8 23.0 0.45
5-21-91 Otisca 35 50.8 23.8 0.47
6- 12-91 Mulled 30 50.8 23.8 0.47
6-12-91 Mulled 25 50.8 21.4 0.42
6-12-91 Mulled 20 50.8 21.4 0.42
6- 12-91 Mulled 15 50.8 19.1 0.38
6- 12-91 Mulled 10 50.8 25.4 0.50
6-12-91 Mulled 5 50.8 28.6 0.56
7-26-91 Mulled 38 50.8 20.6 0.41

...... Mulled . Otisca
0.6 .....

, ,,

0.5

• ,,ps

O "" " %
• " . •

o 04 - ......,--- , % •p

o

3 I I I . I u iii

0 10 20 30 _0

Moisture Percentage

Figure 3.3.1-1 Coal Slump Testing Results
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Figure 3.3.1-2 is a p}iotograph of the top view of the injector bench test rig

which consisted of a cam ,_rldcam driven system with a variable speed motor (shown

on the left), a cam follo_zer (center) and the coal injector with auger feed

(right). An extensive series of tests were run on this rig using both coal and

also water as the fuel. Many failures were also encountered on this rig, such as:

Failure of the cam lobe (_lhich was resolved by increasing lubrication): seizure of

the injector plunger in the injector body (which llecessitated making several

plungers with progressively harder coatings): and failures of the coal feed systems.
g

The first bench testi1_g started on July 25, 1991 and stopped the same day due

to cam failure. The cam _ras ha_d surfaced with a chrome oxide coating and the cam

, box was flooded with lubricant. On July 29, 1991, bench testing resumed and the

cam quickly failed when t|_e coating spalled off. Testing continued with a maximum

injection frequency of I,(!50 cycles per minute being achieved (this is equivalent

to rated engine speed) wi,hout fuel. On August 23td, a new cam was received and

bench testing started wit}, coal. Dry coal was injected for about fifteen minutes

at low air blast pressure (i00 psi). With higher air pressure, the coal blew

backwards out of the coal feed auger. At this point, the injector body was

modified to correct a mac}_ining error to correctly align the air passage and the

passage to the combustion chamber. On September 3rd, the injector was run at 800

rpm with 600 psi air pressure and successfully pulsed coal powder out of the

outlet. After this test, the plunger seized which required extensive cleaning. On

the llth and 12th of September, the rig was operated with water as the fuel and ran

for about three hours at pressures between 1,000 and 2,000 psi. The system worked

very well and the flow tale was easily varied using the helix on the plunge,'. Or,

the 18rh through the 20rh of September, the rig was operated using CWS fuel at

pressures up to 2,000 psi successfully. Additional testing was then conducted

using dry powder coal. W}Lile the testing was successful, the injections were

erratic, lt was obvious ,.hat the feed system was not working properly. Many

variations of the feed ge_,metry were then tried, including restricting the outlet

and installing a 90 degree, turn on the outlet. During this testing, the plunger

seized permanently and pu, a stop to the bench testing.

3.3.2 ENGINE TESTS

The results from the _aseline diesel fuel testing of the Cummins NH-I are

included as Attachment 3. This includes data at two injection timings (the engine

is equipped with a mechan cal variable timing device) and has a repeat run of the

second timing with partic_late measurements.

The engine was started on aspirated diesel fuel. lt was recognized that the

engine would experience m_ch more detonation on diesel fuel, but it eliminated the

possible hazard of an explosion in the intake surge tank (which could have happened

if the propane system failed to close), lt was originally planned to start the

coal engine testing by first starting the engine on aspirated propane to preheat

" the TICS chamber. Howeve,, following a safety review, it was decided that this

introduced too large of a safety hazard, lt was therefore not used.

- The first series of t,_sts with the coal injector installed were run without

coal in the hopper (again for safety reasons in the event of excessive backflow

into the coal system). The engine started easily on aspirated diesel fuel. We

made several runs refining a procedure for heating the TICS chamber. On the final

run, the detonation becam,_ severe and blowby increased dramatically. The engine

was stopped, lt was foun,| that the cylinder head had failed both on the combustion
surface and where one of _.he bolts retained the coal injector mounting plate.
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Figure 3.3.1-2 Bench Test Rig
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A new cylinder head was prepared for the coal injector and testing resumed.

This time, to prevent a recurrence of the previous failure, we started with

motoring tests with coal in the injector. The first tests revealed that the

injector sealing was not adequate--coal was being blown backwards into the hopper.

To improve the sealing, square section teflon seal rings were installed in grooves
which were machined on the injection valve (Figure 3.3.2-I). Testing with the seal

rings showed that the leakage was slowed, but that there was still too much leakage
to allow adequate coal to meter into the injector.

The injector was then hybridized by adding a solenoid controlled high pressure

valve to time the air blast injection and shut off the air positively at ali other

times. This system, including the driver electronics, was installed on the engine
Q

and injector as shown in Figure 3.3.2-2. Motoring tests showed that this stopped

the leakage, lt showed that coal was being injected into the engine. On July 24,

1992, an attempt was made to _art the engine using lO0 percent dry powdered coal,

using only heated intake air (93 C, 200 F.) to assist combustion. The engine ran

self sustained at 320 to 360 rpm for five minutes after the starter was turned

off. The prechamber outer wall temperature rose steadily to 182 C. (360 F.). At

the end of this run, it was discovered that the drive motor had failed on the coal

feed system which meant that the sifter was not running.

On July 31st, a new drive motor was installed. The testlt_g was restarted

using only coal fuel. This time the engine did not start. Therefore, a small
am_ount of aspirated diesel fuel was used to fire the engine, lt was then noticed

that coal was being forced backwards into the hopper. The test was terminated.

Inspection of the injector and engine revealed that the seals on the injector had

failed. Also, the cylinder head was again cracked on the upper surface allowing

the injector and TICS chamber to become loose (Figure 3.3.2-3). The testing was

terminated due to the lack of time and funding, as well as no replacement cylinder
head.

4.0 SUMMARY AND CONCLUSIONS

A novel air blast coal injector with only one moving part was designed,

fabricated and engine tested. However, the program did not meet ali of its goals

as adequate engine testing was not completed, lt is still believed that the

injector concept is sound but that further refinement including either additional

measurement equipment to assure that the desired dlametral clearances are achieved

in the test hardware or a design change to incorporate positive metal to metal

sealing is required. The use of ceramic coatings on the injector valve eliminated

scuffing of the valve with the Mulled Coal. The use of Teflon and rings is not

recommended as failures were experienced with this approach.

lt is also concluded that the Mulled Coal is currently not adequate for use as

a dry powder coal fuel as it was too difficult to transport, dispense and meter.

The Mulled Coal did eliminate the explosion and aspiration hazard, and its

properties did not appear to change during prolonged storage exposed to the

. atmosphere. Previous experience with dry coal highlighted the fact that the coal

would pick up moisture from the atmosphere and become too sticky to flow.

Because there was no significant engine running on the coal fuel, no conclusion
can be drawn relative to the effectiveness of the TICS combustion system when run

on direct injected dry powdered coal. However, based on previous successful

programs with aspirated dry coal and direct injected coal-water slurry, it is

strongly believed that TICS will work with direct injected dry coal powder fuel.
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5.0 RECOMMENDATIONS FOR I"UTURE WORK

5efore additional work is done with dry coal injection systems, it is

recommended that additional work first be done to generate an acceptable |:uel. A

free flowing fuel (like dry sand) is required while retaining the non-mis/ing

characteristics of the Mulled Coal. The novel fuel injection system is available

for future work both with and without the air solenoid valve. It is believed that

with only a small amount of additional development, the original program goals can
be achieved.

48



Figure 3.3.2-1 Injector Valve with Teflon Ring Grooves
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Figure 3.3.2-2 Gas Solenoid Valve

50



i

Figure 3.3.2-3 Failed Cylinder Head
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Attachment I

ENERGY INTERNATIONAL CORPORATION
" 135 William Pitt Way

Pittsburgh, PA 15238
FAX # (412) 826-5378

DATE I M_rch 12, 1992 I ', 4' 45 PNl
SENT ' I TIME SENT , ,I

I

' SENDER's I (412) 826-5364 ,' George Allison ,FROM ,
I ' PHONE # ' '
| ---- I I I

TO" (name of personi company, address) ...........Yeiefax-_,_mber'

Mr', Pat Bageley (812) 3/2-4470
Adiabatics
Columbus, IN Receiver's voice line

I

# =

NUMBER OF PAGES FOLLOWING THIS ONE _b____
..... ,.

-oT'HER hES§XGES,"NoTEs'I"hEFERENGES ETdIfromSENdER: ..... ', I
I

OeBr Pat,

Here is particle size data (from our Microtrac analyzer)
on the mulled coal sample identified as UE3-381.-MLD-E.

al,_ _/+A =,a Iy_=( d,_ _r "h'._._C_=d coo 6 u_3 -Z_'_-bc.c
If you have any questions about this data, call me.

George Allison

If transmission is interrupted or incomplete, please contact
our Facsimile operator at (412) 826-B355.

To Reply by FACSIMILE please dial (412) 826-5378, fadiabat' RWG02119
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' ch-top %pass :_-ch : summary data
"up to 10 chL_rs : 704 O0 100 0 0 0 : dv: 0.0108

' 497 80 100 0 O. 0 ' 9_10: 2.92
MMMMMMMMMMMMMMMMMMMM,_iMMMAIM_IMf4_I_IHHHMN9 352 O0 100 0 0 0 : _50: 8.89

NICROTRAC DATA: DATA BASE UPDATE : 248 90 100 0 0 0 • 9(90: 24,56 .
measurem't/present'n#: 964 - 1: 176 O0 100 0 0 0 : my: 11.58
7997 0.69-704. SRA res: NORHAL : 124 45 100 0 0 0 : cs: 0,959
than select bounds: 0.69- 704.00 : 88 O0 100 0 0 8 :
progression: geom/sqrt2 # chans:20 : 62 23 99 2 0 1 : sd: 8.14
sample date/time: 02/27/92 14:24 : 44 O0 99 2 2 8 : ma: 6.25
sample ident: ADIABAT]CCS, INC, : 31 11 96 4 8 9 LMNNMMMMMMMMMMMMMMM
sample ID : MULLED COAL : 22 O0 87 5 11 3 : parameters
lot code: UE3-381-HLD-E : 15 56 76 2 15 0 : name val'ue
account #:48791 printer: OFF: 11.00 61 2 17.1 :smpl amt 0.000
run time: 10 sac. run #: 100/ 3 : 7,78 44 1 15,2 :disprsnt
sample preparation code: 0 : 5.50 28 9 11.8 :disp amt 0.000
notes: : 3.89 17 1 8.4 :disp rned

: 2.75 8.8 5.9 :dined amt 0.000
: 1 ,94 2.9 2,0 :agitat'n
: 1.38 0,9 0.9 :agit tim 0
: 0.97 0,0 0.0 :circul 'n
: :circ tim 0

: :param #I 0.000
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Esc-exit F2-commands : :param II3 0,000
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file'coalid Sample Identification No." UE3-363-DCC-H No.: 353

G/_TPLE INFORHATION PROXIMATE ANALYSIS (dry basis)

Bed Name: UDDer Elkhorn #3 Moisture 0.00 %

Bed No." 151 Volatile Hatter 36.87

Loca] Name" Taggart seam Fixed Carbon 61.55
I

Mining Co,: Westmoreland Coal Co. Ash 1.58

Mine Name" Wentz #1 Sulfur 0.61

Wash Plant: Wentz Btu/lb 15,187
15,431MAF

State" Virginia ULTIMATE ANALYSIS (dry basis)

County: Wise Carbon 84.84

Amount" " 3 tons Hydrogen 5.05

Date ShOd: June 26, 1991 Nitrogen 1.57
%0 pulverizer.

ASH CHEMISTRY ASH FUSION TEMP.: REDUCING

Si02 41.01 • Initial deg. F

A1203 34.61 • Softening deg. F

TJ02 1.52 • Fluid deg. F

Fe203 11.72
FREE SWELLING INOEX;

CaO 3.37

NgO 0.70
HARDGROVE GRINDABILITY:

K20 0.94

Na20 1.00
FORM OF SULFUR

S03 2.07
Pyritic 0.06

P205 0.21
Sulfate 0.01

" 3rO 0.52
Organic (diff.) 0.54

BaO 0.47 •

Nn304 0.06 • Of 60 tons clean coal produced June
19-21 from samDle IO# UE3-354-WRH-H,

BA. Ratio" 0.23 3 tons were shipped to be pulverized
to 70_ -200 mesh, then delivered to

T-250 TEMP. 2652 deg. F PETC.
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Attachment 2

ADIABATICS, INC.

Contract No. DE-AC21-90MC26305
t

The purpose of this report is to expand upon the design of the
novel coal injector which was disclosed to METC via a Technical

" Progress Report dated January 17, 1991. The area which is addressed
in this report is specifically the parasitic power requirements for

the air powered injector. In a previous program to develop a fluidic
injector, an air-operated vortex valve approach was developed and
engine tested. This program was terminated because the parasitic
power required to compress the air was excessive and amounted to about
25 percent of the total power output of the engine.

In summar3r, the result of a detailed analysis of the novel "Air
Assist Fuel Injector" is that providing the air will require 2.7
percent of the net engine power at rated speed and load. This power
level is acceptable and it is recommended that METC agree to the
proposed concept selection so that Adiabatics can proceed to the next
task (test plan).

In order to prepare this power requirement estimate, it was

necessary to model the complete engine and injection system and
perform a dynamic simulation. A "spreadsheet" type simulation
approach was utilized which permitted the optimization process to be

expedited by using on-line graphics. The followingparagraphs and
their references, tables and figures, provide documentation for the
model and show the results of the optimization process:

MODEL: ENGINE: The "TICS" prechamber type engine was modeled as
two distinct volumes. The "MAIN" volume

(consisting of the volume enclosed by the
cylinder wall, piston crown and cylinder head)
varies as the crankshaft turns based upon the
kinematics of the slider crank mechanism. A set
of initial conditions for this volume is

generated based upon empirical test data and

geometric constraints. By specifying the
compression and volume ratios of the TICS
chamber to the total clearance volume, a
clearance volume for the "MAIN" volume is

. established. Initial conditions for the

pressure and temperature in the "MAIN" volume at
the point of intake valve closure are used as
variables to control the amount of air available

" for the combustion process. The second volume
is the "TICS" volume (consisting of the

precombustion chamber). While the physical
volume of this space is fixed, there are two
different flows into and out of its boundaries.

The first is the fuel injector, which provides
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air and coal to the chamber (described in the

following paragraph) and the "TICS" chamber
throat, which is a fixed orifice that
commumicates flow from the "TICS" chamber to and
from the "MAIN" chamber. Both of these flow

passages conduct a mixed flow consisting of
either air or air and coal. In the case of the

fixed orifice between the prechamber and the °
cylinder, flow first starts as compressed air
flows from the engine cylinder into the "TICS"
chamber. Later in the cycle, a mixture of air

and coal and products of combustion flows into
the cylinder, where it continues combustion. In
each of the flow cases, the model calculates the
flow of the compressible gases based upon either
subsonic or choked flow.

A simplified burning and heat release model is
utilized to simulate the heat addition from

burning the coal in bQth the "TICS" and "MAIN"
volumes. This model was generated and optimized

to properly predict peak cylinder pressures and,
approximately, the correct shape of the cylinder
pressure history.

INJECTOR: The air blast portion of tile injector was
modeled as a fixed volume (consisting of a

cylinder of a given diameter and length) which
is precharged to a fixed pressure. At a preset
crankangle position, the volume is connected to
the "TICS" chamber by a fixed orifice. At a

later preset crankangle, the orifice is closed.

By keeping track of the amount of air which
flows through the orifice during the valve open
time, it is possible to quickly calculate the
total amount of air required from the compressor

system.

COMPRESSOR: The air compressor system is modeled as a three
stage compressor with intercoollng between the
first two stages.

INPUTS:

TABLE I is a listing of the inputs to the program including sample
values for the optimized full power operating condition: NOTE -
Highlighted values are computed within the program.

a

VARIABLES:

TABLE 2 is a listing of the variables which are computed, compiled

and listed in the spreadsheet at each even crankangle position, o
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OUTPUTS:

A set of sample output plots from the simulation is shown for the
optimized rated power condition (corresponding to the inputs shown in
TABLE I) as follows:

Figure I Pressure history of the MAIN and TICS chambers plotted
as a function of HAIN volume. This Js the classic

. engine indicator card for the closed portion of the
cycle (intake and exhaust valves closed). The bottom
set of curves going from right to left traces the
compression cycle and shows how the TICS chamber

pressure lags the main chamber pressure. Once
combustion starts the pressure in the TICS chamber

becomes higher than in the HAIN chamber and stays higher
through the expansion cycle. The indicated power shown
in TABLE I is derived by integrating the area under the
MAIN PV diagram.

Figure 2 This plot is the same as FiguKe 1 except that the log of
the pressures is plotted against the log of the volume.
On this curve the inflection points showing the start of
injection and the start and end of combustion are

clearly noticeable.

Figure 3 This plot shows MAIN and TICS chamber pressures as a
function of crankangle (180 degrees Js top-dead-center)
and also shows the pressure history in the Blow Down

chamber. The injector is timed to begin injection at
160 crank degrees (20 degrees before TDC) and ends 25 to
30 degrees after TDC to provide for purging of the
injector. The initial pressure and the volume of the
Blow Down chamber were selected to permit the pressure

in the injector to fall to about I00 psi above the peak
pressure in the prechamber to prevent backflow.

Figure 4 The flow rates through the TICS chamber throat and
through the injector are shown on this graph. This

graph illustrates that about one half of the air from
the injector (and virtually all of the fuel) flows into
the TICS chamber before the flow through the throat of
the TICS chamber reverses and allows flow into the MAIN
chamber.

. Figure 5 This plot shows the weight of various substances in each
chamber of the engine. The top curve is the total

weight in the MAIN chamber. This value is essentially
constant until the TICS chamber starts filling towards

- the end of the compression stroke. During combustion
the total weight increases until it reaches a high point
equilibrium after combustion is over. The TICS chamber

.. weight is very small until it starts filling with air
from the MAIN volume and further increases as air and

coal are injected into it. Its weight then decreases as
it loses product to the MAIN chamber. The weight in the
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Blow Down chamber is essentially constant with only a
small portion of its capacity being used during each
injection. The last cnrve shows the cumulative coal
injected into the engine.

Figure 6 This plot is the same as Figure 5 except that the MAIN
chamber is excluded and the vertical scale is expanded.

Figure 7 This curve shows the velocity of the air flowing through
the orifice in the injector leading into the TICS
chamber. The velocity is plotted Jn inches per degree'
to impart a feeling as to the distance which the air
(and fuel) will travel during each crank degree. The

top portion of the trace shows a flat which occurs
during the sonic (choked) portion of the flow history.

A velocity of one inch per degree will require us to
make the injector as close as possible to the TICS
chamber to maximize the crispness of the start and end
of injection.

Figure 8 This plot is the same as Figure 7 except that the flow
is plotted as inches per second. The velocity of the
air during the time when the coal is being injected is
about 11,500 inches per second which is 650 miles per
hour. This velocity should be more than adequate to
transport the coal powder out of the groove in the valve
plunger and to thoroughly scrub out all of the residual
fuel.

OPTIMIZATIONS:

As previously mentioned each parameter of the design was iterated

to find optimal values which resulted in obtaining adequate airflow at
minimum power consumption. Two of these results at the engine rated
power point are shown graphically as Figures 9 and I0. Figure 9 is a

plot of compressor power expressed both as horsepower and percent of
engine power as a function of Blow Down volume initial pressure. This
plot shows the importance of keeping the pressure level as low as
possible. The 2100 psi level was selected as being the lowest level
which would maintain choked flow during the first part of the

injection and also have adequately high velocities when the peak
pressure in the TICS chamber reached its anticipated level of 1900
psi.

Figure I0 is a plot of compressor power requirement versus
effective flow diameter for the air path in the injector. This shows
the extreme sensitivity of this parameter as enlarging the orifice

from 0.060 inch to 0.080 inch almost doubles the compressor
requirement.

Table 3 is a compilation of some of the optimization data and

includes engine operation at part loads and also reduced speed, o
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T.__A_ E____.__

IN__pUTS:

BORE 5.5 inches

STROKE 6.0 inches
STROKE/ROD [,ENGTI[ 0.5

• COblPRESSION RATIO 16.5
TRAPPED PRESSURE 33.9 psia

TRAPPED TEMPERATURE 210.0 degrees F

TICS VOL/CLEARANCE VOL 0.28

" THROAT DIAMETER 0.2 inches

THROAT AREA 0.0314 square inches

TURBO PRESSURE RATIO 2.306

ENGINE DISPLACEMENT ].42.55 cubic inches

PISTON AREA 23.76 square inches

CLEARANCE VOLUME 9.197 cubic inches

WEIGHT OF AIR - MAIN 0.012 lbs

RATIO OF SPECIFIC IIEATS 1.4

TICS VOLUME 2.575 inches

ENGINE SPEED 2100 .. rpm

BRAKE MEAN EFFECTIVE PRESS 173.1 psi

DRY COAL IIEATING VALUE 14100 BTU/Ib

AIR/FUEL RATIO - DIESEL 30

AIR/FUEL RATIO - DRY COAL 22.74

COAL FLOW RATE 0.000535 lbs/injection
COAL }[EAT FLOW 7932.2 BTi]/minute

BRAKE TIIERMAL EFFICIENCY 35 percent

BRAKE POWER OUTPUT 65.4 horsepower

INDICATED POWER OUTPUT 91.9 horsepower

BLOWDOWN CAVITY LENGTH 2.0 inches

BLOWDOWN CAVITY DIAMETER 0.75 inches

BLOWDOWN CAVITY VOLUME O.884 cubic inches

B.C. PRESSURE - INITIAL 2100.0 psi

B.C. TEMPERATURE - INITIAL 660.0 degrees F

B.C. AIR WEIGHT - INITIAL 0.00259 ]bs

AIR CONSUMPTION - TOTAL 0.00019 ibs per injection

WEIGHT AIR/WEIGHT FUEL 0.356

COMPRESSOR EFFICIENCY 60.0 percent

B.C. AIRFLOW 12.O Ibs/hour

COMPRESSOR INLET TEMPERATURE 60.0 degrees F

PER STAGE PRESSURE RATIO 5.23

COMPRESSOR POWER/STAGE 0.595 horsepower

TOTAL COMPRESSOR POWER 1.785 horsepower

" COMPRESSOR/ENGINE POWER 2,73 percent

COMPRESSOR OUTLET TEMP. 583.5 degrees F

' DIAMETER OF INJECTOR ORIFICE 0.07 inches

" AREA OF INJECTOR ORIFICE 0.003848 square inches

DISCHARGE COEFFICIENT 0.6
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TABLE 2

VARIABLES

CRANKANGLE (degrees)
CRANKANGLE (radians)
MAIN C][AMBER VOLUME

MAIN CHAMBER PRESSURE

MAIN CHAMBER TEMPERATURE

WEIGHT OF AIR AND COAL IN MAIN CHAMBER

TICS CHAMBER PRESSURE

TICS CHAMBER TEMPERATURE

WEIGHT OF AIR AND COAL IN TICS CHAMBER

FLOW RATE BETWEEN TICS AND MAIN CHAMBER

COAL FLOW RATE

CUMULATIVE COAL FLOW

HEAT RELEASE

WEIGHT OF AIR IN MAIN CHAMBER

WEIGHT OF COAL IN MAIN CIIAMBER

WEIGHT OF AIR IN TICS CHAMBER

WEIGHT OF COAL IN TICS C}{AMBER

WEIGHT OF AIR IN BLOWDOWN CHAMBER

PRESSURE OF AIR IN BLOWDOWN CHAMBER

TEMPERATURE OF AIR IN BLOWDOWN CHAMBER

FLOW RATE BETWEEN BLOWDOWN CHAMBER AND TICS CHAMBER

PRESSURE RATIO BLOWDOWN CI[AMBER TO TICS C|[AMBER

PRESSURE RATIO TICS CHAMBER TO MAIN CIIAMBER

DENSITY OF AIR IN BLOWDOWN CHAMBER

FLOW VELOCITY THROUGH INJECTOR ORIFICE (inches per second)

FLOW VELOCITY TI[ROUGH INJECTOR ORIFICE (inches per degree)

0 .

I
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TABLE 3

ENGINE ENGINE BLOWDOWN COMPRESS PERCENT LBS AIR/ AIR ORIFICE

" SPEED POWER PRESSURE POWER OF SNG. LBS COAL VELOCITY DIAM.

{bhp] _psi] (bhp_/_._ P____R__ (%_ {_D/deg_ __liDl___

• 2100 24 i000 0.95 3.96 63.0 0.86 0.070

2100 42 1500 1.48 3.47 49.4 0.92 0.070

2100 65 2100 1.78 2.73 35.5 0.92 0.070

1500 17 I000 0.93 5.40 85.0 1.21 0.070

1500 31 1500 1.46 4.70 67.0 1.29 0.070

1500 47 2100 1.73 3.69 48.0 1.29 0.070

2100 65 2100 1.78 2.73 35.5 0.92 0.070

2100 66 2300 2.26 3.44 43.0 0.92 0.070

2100 66 2500 2.66 4.04 50.5 0.92 0.070

2100 66 3000 3.55 5.37 64.0 0.92 0.070

2100 65 2100 1.37 2.10 27.0 0.92 0.060

2100 65 2100 1.78 2.73 35.5 0.92 0.070

2100 66 2200 2.54 3.85 49.0 0.92 0.080
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NOVEL COAL INJECTOR

; ' LOG (VOLUME (cubic inches))

Figure 2
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CRANKANGLE (degrees)

Figure 3
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NOVEL COAL INJECTOR
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NOVEL COAL INJECTOR

WEIGHT HISTORIES
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NOVEL COAL INJECTOR
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NOVEL COAL INJECTOR
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NOVEL COAL INJECTOR
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NOVEL COAL INJECTOR

AIR COMPRESSOR POWER REQUIREMENT
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NOVEL COAL INJECTOR

AIR COMPRESSOR POWER REQUIREMENT
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Attachment 3
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