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SUMMARY

The combustion chamber of a single-cylinder, direct injected, diesel engine was insulated to
determine the effect of low heat rejection (LHR) operation on engine performance, emissions, and
combustion.

The insulated engine was assembled using a ceramic-coated fire deck, intake valves, exhaust valves,
piston crown, and top portion of the cylinder liner. The stock aluminum piston was modified so a
steel piston crown could be bolted to the piston for coating with ceramic material. The fire deck,
intake valves, exhaust valves, and piston crown were coated with a 0.762 mm (0.030 inch) thick
coating of yttria stabilized zirconia (7% Y2 0., 93% Zr0,). The top 21.6 mm (0.85-inch) of the
cylinder liner (above top ring reversal location) was coated2 with 0.635 mm (0.025 inch) of the yttria
stabilized zirconia and then 0.254 mm (0.010 inch) of chrome oxide coating to resist piston-liner
scuffing.

The engine was installed in a test cell and connected to an eddy-current motoring dynamometer. Two
Roots blowers mounted in series were connected to the intake air system to maintain baseline air flow
rates during LHR engine tests. The engine coolant system was modified to incorporate separate
cylinder head and cylinder block cooling circuits. Thermocouples were mounted in the tip of the fuel
injector holder and just below the cylinder liner surface to measure fire deck and cylinder liner
surface temperatures, respectively. Gaseous emissions measurements were made using a 13-Mode
emissions cart. Gaseous emissions included unburned hydrocarbons (HC), carbon monoxide (CO),
and nitrogen oxides (NO,). The particulate emissions were measured using an exhaust gas dilution
tunnel.

Engine tests were conducted at speeds of 1400, 1700, and 2000 rpm for loads of 33%, 66%, and 100%
of full power. The all-metal engine was first baseline tested with 82°C and 104°C coolant
temperatures at the standard injection timing of 24.0 degrees before top dead center. The engine was
then insulated and tested at baseline conditions. High temperature LHR engine tests were then
conducted with the insulated engine by replacing the cylinder head coolant with a regulated supply
of compressed air. The cylinder liner remained cooled with ethylene glycol at 121°C. LHR engine
tests were performed at standard, retarded, and advanced fuel injection timings. The LHR engine
tests were conducted by repeating the baseline data points using the same fuel flow and adjusting
the boost pressure to maintain the baseline air-fuel ratios. The full-load air-fuel ratio was 25:1. The
exhaust gas back pressure was adjusted to maintain a constant pressure ratio across the cylinder head
of 1.0. The intake air temperature was held constant at 82°C for all engine tests.

Analytical work was subcontracted to Integral Technologies Incorporated (ITI). ITI modeled the
engine to predict engine component surface temperatures and assist in analyzing the experimental
performance data.

The experimental results showed that the addition of ceramic insulation and subsequent reduction of
heat transfer to the coolant did not improve engine performance relative to the Baseline Metal engine.
At 2000 rpm full load, the indicated thermal efficiency was reduced by 3.4 percentage points for (7.4
percent) the LHR engine compared to the Baseline Metal engine. In general, the LHR engine had
higher full load smoke and particulate emissions, lower full load NO_ emissions, higher full load CO
emissions, and lower unburned hydrocarbon emissions across the loacf(range compared to the Baseline
Metal engine. The LHR engine’s reduced thermal efficiency and change in exhaust emissions was
attributed to degraded combustion. The LHR engine combustion had less premixed burning, lower
peak heat release rates, and longer combustion duration compared to the Baseline Metal engine. The
degraded LHR engine combustion was thought to be the result of poor fuel-air mixing.

ITI simulated the insulated engine assuming baseline combustion and predicted an increase in
indicated thermal efficiency of 0.9 percentage points (2.0 percent) with a 30 percent reduction in heat
transfer to the coolant.




I. INTRODUCTION

Insulating the combustion chamber of an internal combustion engine theoretically results in improved
thermal efficiency according to the Second Law of Thermodynamics. The Second Law of
Thermodynamics stipulates that all heat engines operating on continuous cycles require a heat
rejection process as part of the cycle. In typical internal combustion engines, the heat rejection
process involves an energy loss that is larger than theoretically required by the reservoir temperatures.
The quantity of heat rejected from the working fluid is larger than required due to the engine’s
limited expansion stroke and thermal limitations of current materials and lubricants. Insulating an
engine’s combustion chamber represents an effort to recover more of the heat energy in the working
fluid rather than rejecting such a large portion (approximately 30 percent of the fuel energy) to the
coolant system.

The terms adiabatic, insulated, ceramic, uncooled, and low heat rejection have all been applied to
engines designed to minimize the heat rejected to the coolant. The term adiabatic however is
incorrectly used to describe these engines because by definition adiabatic means that no heat is
transferred to or from the working fluid. A true adiabatic engine is impossible to achieve because
it requires perfect insulation and an engine material with infinitely small heat capacity to keep the
combustion chamber surfaces the same temperature as the working fluid during the cycle. An
adiabatic engine is theoretically impossible because heat must be transferred to and from the working
fluid to complete the thermodynamic cycle. The so called "adiabatic" engines therefore are engines
designed to reduce heat transfer to the coolant not to and from the working fluid. The increased
energy of the working fluid in these engines does not result in significant thermal efficiency gains
because of the piston engine’s limited expansion stroke. Thermal efficiency gains can perhaps be
achieved by expanding the hotter exhaust gases through a bottoming cycle device such as
compounded turbine.

The U. S. Army initiated the development of the low heat rejection engine. The Army’s objective
was to eliminate the engine’s conventional cooling system to reduce engine maintenance and reduce
combat vehicle vulnerability. The Army was willing to sacrifice other engine qualities such as engine
life to obtain this objective.

Cummins Engine Company (ref. 1-6) has been working on low heat rejection engines since 1975.
Cummins was selected by the U. S. Army to design and demonstrate a low heat rejection engine.
Cummins made extensive use of ceramic materials to insulate the engine’s combustion chamber.
Ceramics were chosen as an insulating material because certain ceramic materials have low thermal
conductivity. Unfortunately, the low thermal conductivity ceramic materials are also very brittle.
Because of the extensive use of ceramics in the Army/Cummins program, the terms ceramic and
adiabatic became synonymous when describing low heat rejection engines.

The results of the Army/Cummins program showed that there are two major problems with low
heat rejection engines. The first problem was maintaining an oil film on the cylinder liner for
suitable lubrication at high temperature. Both Cummins and SwRI (ref. 7) have shown that 320°C
top ring reversal temperature is about the upper limit for current liquid lubricants. SwWRIshowed that
lower volatility lubricating oils produce troublesome oil deposits while more volatile lubricants cause
excessive oil consumption. The second problem was poor durability of the ceramic insulation
material. Quality control of ceramics is a major problem. Ceramics have a high probability of
failure that increases with increasing part size. Ceramic component failures in low heat rejection
engines are common and often lead to catastrophic engine failures. Ceramic failures are attributed
to the brittleness of most insulating ceramic materials due to the small flaw size that can initiate
brittle fracture. The two most common forms of ceramics in LHR engines include monolithic
ceramic components and ceramic coatings which are applied to existing engine components. In recent
years, partially-stabilized zirconia has become a popular ceramic material for use in LHR engines
because it provides good insulation and has a thermal expansion coefficient and elastic modulus
similar to iron and steel. LHR engines can also be designed using conventional metal materials and
air gaps to provide insulation. However, even if engine durability is improved using conventional
metal materials, the lubrication problem in LHR engines still exists.
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The devélopment of LHR engine technology has occurred in such a way that the combustion and
emissions aspects of these engines have not been adequately investigated. The reasons for the
deficiency in emissions and combustion data stems from the fact that much of the LHR engine
development effort has, by necessity, been devoted to the development of ceramic materials and
coating technologies (ref. 8-18).

To date, there have been conflicting results published concerning the effect of LHR engine operation
on engine performance, emissions, and combustion. Both efficiency gains (ref. 6, 19, 20, 21, 22) and
losses (ref. 4, 23, 24) have been reported. In practice it is difficult to realize improvements in
thermal efficiency due to the complex nature of diesel combustion systems and the thermal
limitations of current materials and lubrication. Conflicting data has also been published concerning
the effects of LHR engine operation on engine emissions and combustion (ref. 4, 6, 23, 25, 26) The
conflicting results are probably due to the infinite number of possible LHR engine configurations,
test conditions, and analysis techniques used.

The objective of this investigation is not to end the debate on how LHR engine operation affects
engine performance, emissions, and combustion, but simply to add the test results for a specific
direct-injected diesel engine to the LHR engine database.

This report covers the results of LHR engine experiments conducted at Southwest Research Institute
(SWRI). SwRI insulated and tested a single-cylinder, direct-injected diesel engine that was
representative of a heavy duty truck engine. The SWRI LHR engine was assembled using a ceramic
coated fire deck, intake valves, exhaust valves, piston crown, and top portion of the cylinder liner.
The engine coolant system was modified to incorporate separate cylinder head and cylinder block
cooling circuits. LHR engine tests were conducted by replacing the cylinder head coolant with a
regulated supply of compressed air. The cylinder liner remained cooled with ethylene glycol at
121°C. An intake air blower was used to maintain baseline airflow rates during LHR engine tests.
Baseline tests were first conducted with the cooled engine. LHR engine tests were then performed
to determine the effect of LHR engine operation on engine performance, emissions, and combustion.




II. EXPERIMENTAL _ SETUP

In this section, the SWRI Low Heat Rejection (LHR) Engine Test Facility and its supporting systems
will be described. The supporting systems include the intake air system, cooling system, oil system,
fuel system, and exhaust system with all relevant instrumentation. .

A. Engine Installation

A Caterpillar 1Y-540 single-cylinder engine was selected as the test engine. The Caterpillar engine
was selected because it was considered to be representative of an on highway, heavy-duty, truck
engine. The Caterpillar 1Y-540 engine is essentially one cylinder of a Caterpillar 3406 truck engine.
The test engine was installed in Test Cell No. 3 located in SWRI’s Engine and Vehicle Research
Division. The engine specifications are given in Table 1.

Table 1. Caterpillar 1Y-540 Single-Cylinder Engine
Specifications

Bore Diameter 137 mm
Stroke 165 mm
Displacement Volume 2.4 liter
No. of Intake Valves 2
No. of Exhaust Valves 2
Diameter of Intake Valve 45.0 mm
Diameter of Exhaust Valve 41.9 mm

Fuel Injection System

Jerk Pump, 6 hole nozzle .27 mm Diameter
crack pressure = 15,170 Kpa

Length of Connecting Rod 262 mm
Piston Pin Diameter 50.8 mm
Rod Journal Diameter 97 mm
Main Bearing Diameter 108.2 mm

The engine and dynamometer were mounted in the test cell as shown in Figure 1. Figure 2 is a
photograph of the engine installed in the test cell. The engine was rigidly mounted on a 4,800 kg
concrete inertia block. The concrete block was mounted on tunable spring pads to isolate vibration.
The spring pads were bolted to the test cell floor. The concrete block weight and stiffness of the
spring pads were selected so that the resonant vibration frequency of the inertia block and engine was
located outside the engine operating speed range. A driveshaft and two flexible couplings were used
to connect the engine to an eddy current motoring dynamometer. The two flexible couplings con-
sisted of a universal joint that connected the driveshaft to the dynamometer and a thermoid disk
used to connect the other end of the driveshaft to the engine. The dynamometer was mounted on a
dynamometer base so that the engine crankshaft and dynamometer driveshaft could be properly
aligned.
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FIGURE 2. PHOTOGRAPH OF SINGLE CYLINDER,
DIRECT-INJECTED DIESEL TEST ENGINE



B. SwRI LHR Engine Support Systems

A detailed description of the six engine support systems is as follows.

1. Intake Air System

The schematic for the engine intake air system is shown in Figure 3. Air entered the intake system
through a paper element air filter. A 400 CFM laminar flow element (LFE), was used to measure
air flow. The pressure drop across the LFE and the LFE static pressure were measured using inclined
manometers and electric pressure transducers. Air then entered a series of two roots blowers. The
two roots blowers were used to simulate turbocharged engine conditions and also to maintain baseline
air flow rates during LHR engine tests. An exhaust back pressure valve was used to maintain a
constant pressure ratio of 1.0 across the cylmder head during boosted conditions. Each blower had
a capacity of 200 kPa at a flow rate of 7.0 m>/min. A heat exchanger was used between the blowers
to reduce the inlet air temperature to the second blower. A heat exchanger was also used after the
second blower to further reduce the inlet air temperature if required. A pneumatic control valve
regulated the boost pressure. The valve served as a bypass valve and allowed excess air to return to
the inlet of the first blower. Pressurized air then entered the intake air surge tank. Twelve 15-kW
electric heating elements were installed inside the surge tank to preheat the intake air before it
reached the engine. A temperature controller regulated the intake air temperature. Thermocouples
were used to measure the air temperature before the laminar flow element, after each heat exchanger,
and in the intake air manifold. The intake air boost pressure was measured using an electric pressure
transducer and gages mounted in the engine control console. The output signals from the electric
pressure transducers and thermocouples were recorded by the data acquisition computer.

2. Fuel System

The fuel system is shown in Figure 4. Fuel was pumped from the fuel supply tank to a mass fuel
flow meter. The fuel then entered a pressure regulator which reduced the fuel pressure to 40 kPa
before it entered the day tank. The fuel passed through the fuel filter and into the injection pump.
Excess fuel that did not pass to the fuel injector returned to the day tank as shown in Figure 4. An
air cylinder was used to control the fuel injection pump rack position. An air control valve regulated
the pressure to the air cylinder. A fuel injector from a Caterpillar 3406 truck engine with six 0.27
mm diameter holes was used to inject the fuel.

3. Lubricating Oil System

The lubricating oil system is also shown in Figure 4. The engine oil pump circulated oil from the oil
sump through an oil filter and into a heat exchanger. The heat exchanger was used to cool the
lubricating oil. The oil then passed through another oil fifter and back to the engine. Oil filters
were installed before and after the heat exchanger to eliminate the possibility of contaminating the
heat exchanger with foreign particles in the event of an engine failure. Oil pressure and tempera-
ture were recorded with the computer data acquisition system.

4. Cooling System

The test engine cooling system was modified to incorporate separate cylinder head and cylinder block
cooling circuits as shown in Figure 5. The cylinder head cooling circuit was connected to a
compressed air supply during LHR engine tests. Air was flowed through the cylinder head cooling
circuit to achieve higher cylinder head temperatures during LHR operation. Two centrifugal water
pumps circulated the coolant through each cooling circuit. Shell-and-tube heat exchangers provided
heat rejection for each coolant circuit. Pneumatic control valves regulated the flow of cooling water
through each heat exchanger to independently control the temperature of the head and block cooling
circuits.
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5. Instrumentation System

A schematic of the engine instrumentation is shown in Figure 6. Pietzoeletric pressure transducers
were used to monitor cylinder and fuel injection pressures. A shaft encoder was connected to the
engine crankshaft to detect crank angle position. The shaft encoder used a light source and photo
diodes to produce two signals. One signal was a Z pulse which occurred every revolution and was
aligned with engine top dead center. The other signal generated 720 pulses per revolution, which
provided a time base for the high-speed data acquisition system. High-speed data which included
cylinder pressure and fuel injection pressure were recorded for each pulse or every one-half degree
crank angle. The fuel injector needle lift position was not recorded because a reliable needle lift
probe could not be found that would work with the engine’s unique fuel injector.

The cylinder liner temperature was measured at six locations as shown in Figure 7. K-type thermo-
couples using 0.127 mm diameter wires were mounted at the top ring reversal location, at the bottom
ring reversal location, and at the middle of the cylinder liner on the thrust side. These thermocouples
were mounted 0.381 mm away from the inside of the liner. Identical thermocouples were also
mounted on the outside of the liner surface in these three locations so the temperature gradient
through the cylinder liner could be determined. Two K-type thermocouples were also installed in
the tip of the fuel injector holder to measure the fire deck temperature as shown in Figure 8.

The oil pressure and fuel supply pressure were measured using gauges mounted in the control panel.’
Both of these pressures were also recorded using electric pressure transducers connected to the
computer. All gaseous emissions and exhaust opacity measurements were recorded using the data
acquisition computer.

6. Exhaust System

The exhaust system for the engine is shown in Figure 9. The exhaust gases exited from the exhaust
manifold and entered a steel surge tank through 7.6 cm diameter exhaust tubing. A pneumatic
control valve was used after the surge tank to regulate exhaust gas back pressure. The exhaust back
pressure valve was required to maintain a constant pressure ratio of 1.0 across the cylinder head
during boosted conditions. Just after the back pressure valve, a line was inserted into the exhaust
system for sampling the gaseous exhaust emissions. Gaseous emissions measurements were made
using a 13-mode emissions cart. Gaseous emissions included HC, CO, and NO,. The exhaust gases
then passed through an in-line smoke meter which measured exhaust gas opacxty Two control valves
were located after the smoke meter. One valve allowed the exhaust gases to pass out to the
environment; the other valve directed the exhaust gases to pass into an exhaust gas dilution tunnel
for particulate measurements.

C. Insulated Engine Components

The insulated engine was assembled using a ceramic coated fire deck, intake valves, exhaust valves,
piston crown, and top portion of the cylinder liner. A 0.127 mm super alloy bond coating (NiCrAlY)
was first applied to these engine components. The fire deck, intake valves, exhaust valves, and piston
crown were then coated with a 0.762 mm thick coating of yttria stabilized zirconia (which is 7
percent Y,05 and 93 percent ZrOz) The top 21.6 mm of the cylinder liner was coated with 0.635
mm of the yttrla stabilized zirconia and then 0.254 mm of chrome oxide coatmg to resist plston liner
scuffing. Only the top 21.6 mm of the cylinder liner was coated with ceramic material to improve
engine durability by preventing the piston ring from traveling on the ceramic coating. The 21.6 mm
distance from the top of the liner corresponds to approximately 35 degrees crank angle after top dead
center which should insure that the combustion gases are surrounded by ceramic coated surfaces
during most of the combustion period. The entire engine liner was not coated because SWRI decided
to cool the cylinder liner during LHR engine tests.

The stock aluminum piston could not be coated with ceramic material due to the difference in
thermal expansion between aluminum and zirconia. Initially SwRI investigated using a ductile iron
piston because ductile iron has the same coefficient of thermal expansion as zirconia. Upon further
investigation, however, it was found that the quotes to procure a ductile iron piston were excessive.
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As an alternative to a ductile iron piston, SWRI designed a composite piston using a stainless steel cap
bolted to a modified stock piston using the stock piston aluminum skirt and piston pin bosses. The
stainless steel cap was then sprayed with partially stabilized zirconia to provide insulation. The
composite piston was designed and fabricated with a compression ratio, ring height, and bowl volume
equivalent to the stock aluminum piston. The steel cap was bolted to the piston using six counter
sunk socket head cap screws located around the circumference of the piston bowl. The counter sunk
socket head cap screws were then welded over and the piston crown was machined flat as shown in
Figure 10. Two large bolts and a support plate were also used to hold the steel cap on from
underneath the piston. The two large bolts and support plate are shown in Figure 11. Copies of the
engineering drawings for these piston modifications are shown in Appendix A. The composite piston
was then stress tested in the engine by motoring the engine at 2500 rpm without a cylinder head to
maximize the piston mechanical stress loading. After passing the stress test, the SWRI designed com-
posite piston crown was coated with ceramic material. The stock aluminum piston (left) and modified
coated piston (right) are shown in Figure 12. The plasma sprayed zirconia coated fire deck, intake,
and exhaust valves are shown in Figure 13.
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FIGURE 10. PHOTOGRAPH OF STEEL PISTON CROWN
BEFORE COATING WITH CERAMIC MATERIAL
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FIGURE 11. BOLTS AND SUPPORT PLATE USED TO ATTACH
STEEL PISTON CROWN VIEW FROM PISTON BOTTOM
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FIGURE 13. CERAMIC-COATED FIREDECK, INTAKE
VALVES (LEFT), AND EXHAUST VALVES (RIGHT)
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III. TEST PROCEDURE

A. Baseline Engine Tests

Baseline engine tests were first conducted with the all metal (uninsulated) engine. Data points were
recorded at speeds of 1400, 1700, 2000 rpm for loads of 33, 66, and 100 percent of full power as
shown in Figure 14, The boost pressure was adjusted to obtain an air/fuel ratio of 25 to 1 at the 100
percent load conditions. The exhaust gas back pressure was adjusted to maintain an intake air
manifold to exhaust manifold pressure ratio of 1.0. The intake air, cylinder block coolant, and head
coolant temperatures were held constant at 82°C. The oil sump temperature was not allowed to
exceed 121°C and was lower than this value at lower engine speeds and loads. The baseline fuel
injection timing was 26.0 degrees before top dead center at 2000 rpm, 100 percent load.

Engine temperatures, pressures, speed, load, air flow, fuel flow, exhaust opacity and gaseous
emissions measurements were recorded at each test point using a low-speed data acquisition
computer. A high-speed analog-to-digital converter in conjunction with a digital computer was used
to record cylinder and fuel injection pressures every one-half crank angle degree for 100 engine
cycles. The 100 engine cycles were then averaged to provide one cycle for combustion analysis. The
fuel injector needle lift position was not monitored with a needle lift sensor because a reliable needle
lift sensor could not be found that would work well with the engine’s unique fuel injector. The high-
speed cylinder pressure and fuel injection pressure data were used for combustion analysis. The
SwRI pressure analysis program (PANAL) was used to calculate the combustion parameters that are
presented in the results section of this report. Gaseous emissions measurements were made with a
13 mode emissions cart. The emissions included hydrocarbons, carbon monoxide, oxides of nitrogen,
oxygen, and carbon dioxide. The particulate emissions were measured using an exhaust gas dilution
tunnel.

After completing the baseline data points (designated Baseline Metal test condition), the all metal
engine was tested using an elevated cylinder head and cylinder block coolant temperature of 104°C.
These increased temperature tests were conducted to see the effect of increased coolant temperature
on engine performance, emissions, and combustion without the additional variable of ceramic
insulation. The baseline fuel flow and air fuel ratio were held constant for all subsequent tests.

Three data points were also collected at 2000 rpm, 100, 66, 33 percent load with 180°F coolant and
140°F intake air. These data points were collected to simulate air-to-air after-cooling.

B. Insulated Engine Tests

The ceramic coated fire deck, intake valves, exhaust valves, cylinder liner, and piston were then
installed in the engine. The compression ratio was checked by measuring the piston-to-head
clearance and observing the log pressure versus log volume motoring diagram to insure that the
insulated engine compression ratio was equivalent to the Baseline Metal engine compression ratio.
The baseline data points were then repeated with the insulated engine to see the effect of insulated
engine surfaces on engine performance, emissions, and combustion without the added variable of
increased coolant temperature. These tests were referred to as the "Baseline Ceramic" test condition.

High temperature engine experiments were then conducted with the insulated engine to determine
the maximum coolant and engine component temperatures that could be obtained. The maximum
head coolant temperature that could be achieved at 2000 rpm, 100 percent load was 142°C using pure
ethylene glycol. The measured maximum fire deck temperature at this condition was 343°C. The
ethylene glycol was then drained from the cylinder head coolant circuit and replaced with a regu-
lated supply of compressed air to achieve higher fire deck temperatures. Air flow through the
cylinder head was adjusted to maintain a measured maximum fire deck temperature of 482°C. The
fire deck temperature was measured with thermocouples mounted in the tip of the fuel injector
holder on the surface exposed to the combustion chamber. The 482°C fire deck temperature could
not be achieved at some part load conditions. The cylinder liner coolant temperature was increased
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to 121°C which resulted in a measured maximum top ring reversal temperature of approximately
204°C. The cylinder liner remained cooled with pure ethylene glycol at 121°C for three reasons:

° Cooling the cylinder liner resulted in improved engine durability by maintaining an
oil film on the cylinder liner.

° Previous studies at SwRI (ref. 26) have shown that increased cylinder liner
temperature has no beneficial effect on indicated specific fuel consumption.

It was assumed that a cooled cylinder liner would help to reduce the problem of
increased particulate and unburned hydrocarbon emissions due to burning oil on the
cylinder wall of LHR engines.

The LHR engine tests conducted with compressed air as the cylinder head coolant and 121°C
ethylene glycol block coolant were referred to as the "Hot Ceramic" test condition. The Hot Ceramic
engine tests were conducted at standard, retarded, and advanced fuel injection timings. The Hot
Ceramic engine tests were conducted at 1400, 1700, and 2000 rpm 100 percent load. The 67 and 33
percent load points were also recorded at 2000 rpm. The part load data points were not recorded at
some 1400 and 1700 rpm test conditions to reduce the total number of Hot Ceramic engine data
points. This abbreviated test procedure still showed the effect of engine speed and load while
reducing the total number of data points. The total number of Hot Ceramic engine data points was
reduced to ensure getting the most useful data at various timings during the suspected short life of
the insulated engine operating at increased temperature.

The Hot Ceramic engine tests were stopped during the advanced timing test at 1400 and 1700 rpm
when it was noticed that engine blowby increased. It was suspected that the increased blowby was
due to a scuffed piston and liner. However, upon engine disassembly, it was found that the fuel
injector holder O-ring gasket had melted and was allowing the cylinder head coolant (compressed air)
to leak into the engine crankcase resulting in an apparent increase in engine blowby. Engine tests
were stopped after this tear-down because it was noticed that some of the ceramic coatings had come
off of the engine piston and valves.

The engine test conditions are summarized in Table 2.

C. Test Fuel and Qil

A reference grade diesel fuel was used for all engine tests. The fuel specifications and distillation
curve are given in Appendix B.

The lubricating oil used for this investigation was Valvoline Turboguard 5. High temperature
lubrication requirements were discussed with personnel from the Belvoir Fuels and Lubricants
Research Facility (BFLRF) at SwRI concerning the latest information available on lubricants for LHR
engines. Lubricant recommendations were made based upon an SwRI report entitled "High-
Temperature Lubricants for Minimum-Cooled Diesel Engines," (ref. 7). The BFLRF personnel stated
that there are three problems with selecting a lubricant for LHR engines:

° Oil thickening
Qil consumption
Qil deposits, which cause ring sticking.

According to the BFLRF personnel there is currently no commercial oil that solves all three problems.
The recommendations for the best commercially available oil at the time of these experiments
included Mobil No. 245 (a turbine engine oil with no diesel additive package and no API rating for
diesels), and Valvoline turboguard 5. The Valvoline turboguard 5 oil was selected because it has an
API rating of CD and was thought to provide the best overall cost effective performance for the LHR
engine. The Valvoline oil was also representative of oils with wide spread commercial availability.
The Valvoline oil, however, has a tendency toward oil thickening and may require frequent changes.
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The replacement intervals for the oil were determined by oil sampling to monitor the increased oil
viscosity and increased acid number. The Valvoline turboguard 5 oil specifications and sample oil
analyses are included in Table 5, found in Section IV of this report. The oil analyses results are
discussed in Section IV.

Table 2. Engine Test Conditions

Block Head Injection Intake

Coolant Coolant Timing Air

°C °C (°CABTDQC) °C

Baseline Metal 82 82 26.0 82
Baseline Metal 104 104 26.0 82
Baseline Ceramic 82 82 26.0 82
Hot Ceramic Standard 121 Air 26.0 82
Hot Ceramic Retarded 121 Air 26.0 82
Hot Ceramic Advanced 121 Air 28.0 82
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1V. EXPERIMENTAL __ RESULTS

The engine test results are discussed in terms of engine performance, emissions, temperatures, and
combustion. For reference purposes, the six engine test conditions are listed in Table 2. All of the
engine performance and emissions data are included in Appendix C.

A. Performance and Emissions

The performance and emissions results for the three engine test speeds of 2000, 1700, and 1400 rpm
are shown in Figures 15 through 20. All curves with dashed lines correspond to insulated engine
tests.

The performance and emissions results at 2000 rpm are shown in Figure 15. Figure 15 is a plot of
indicated thermal efficiency (ITE), smoke opacity, and particulates versus indicated power.
Increasing the Baseline Metal engine coolant temperature from 82°C to 104°C had no measurable
effect on indicated thermal efficiency while slightly increasing the low load smoke and full load
particulate emissions. The insulated engine at baseline conditions (Baseline Ceramic) had
significantly lower ITE, with higher smoke and particulate emissions, especially at full load,
compared to the Baseline Metal engine. Increasing the coolant temperature of the ceramic insulated
engine (Hot Ceramic) slightly reduced the ITE at full load, and increased the lowest load particulate
emissions compared to the Baseline Ceramic engine. Advancing the fuel injection timing 2 degrees
for the Hot Ceramic engine had no measurable effect on ITE while slightly reducing the smoke and
particulate emissions compared to the Hot Ceramic engine at standard injection timing. Retarding
the fuel injection timing by 6 degrees reduced the ITE and significantly increased smoke and
particulate emissions. The most significant result of these tests is that the addition of ceramic
insulation and subsequent reduction of heat transfer to the coolant did not improve engine
performance relative to the Baseline Metal engine.

The performance and emissions results at 1700 and 1400 rpm are shown in Figures 16 and 17. In
general, the same trends were observed at these two lower engine speeds.

The gaseous emissions results at 2000 rpm are shown in Figure 18. In general, insulating the engine
and then increasing the coolant temperature reduced the HC emissions across the load range while
slightly reducing the CO emissions at part-load. The CO emissions increased at the full-load
condition. The NO_ emissions for the Baseline Ceramic engine were the same as the Baseline Metal
engine at low load and were slightly reduced at the full load condition. The NO_ emissions were
higher across the entire load range for the advanced fuel injection timing. The NO, emissions were
significantly reduced at retarded fuel injection timings but only at the expense of increased
particulate emissions as shown in Figure 15.

The gaseous emissions results at 1700 and 1400 rpm are shown in Figures 19 and 20. In general, the
same gaseous emission trends observed at 2000 rpm were preserved at the lower engine speeds. The
NO, emissions were significantly reduced at retarded fuel injection timings but only at the expense
of increased particulate emissions. The trade off between the particulate and NO emissions for the
three fuel injection timings at 2000 rpm is shown in Figure 21.

Flgure 21 is a plot of particulates and indicated specific fuel consumptlon (ISFC) versus NO,
emissions for the Hot Ceramic engine at 2000 rpm full load. The curves in Flgure 21 show that
retarding the fuel mjectnon timing significantly increased the particulate emissions and ISFC while
reducmg the NO_ emissions. Advancing the fuel injection timing slightly reduced the particulate
emissions and ISEC while significantly increasing the No_ emissions. The curves in Figure 21 are
significant because they show that the Baseline Metal engine particulate and NO, emission levels of
0.12 and 6.6 (g/ihp- hr) respectlvely, could not be reached in the Hot Ceramic engme by advancing
or retarding the fuel injection timing.

The effect of reducing heat transfer to the engine coolant on engine performance is shown in Figure
22. Figure 22 is a plot of indicated thermal efficiency, NO, and particulate emissions versus
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PERFORMANCE AND EMISSIONS, 1700 RPM

55
50 F 7
~~
3 45 | N
N’
= 40 -
- —{3— BASELINE METAL 82°C COOLANT
—O— BASELINE METAL 104°C COOLANT
35 | - - BASELNE CERAMIC 82°C COOLANT g
~4-- HOT CERAMIC STANDARD
- 4 - HOT CERAMIC 6° RETARDED
-4@-- HOT CERAMIC 2° ADVANCED ]
30
~ 67 .
X 55¢F i
N 5 | ]
> L -
- 4.5
S 4 F .
< 3.5} .
a 3} 4
Cas} . .
L 2L Ll P Mma" -0 4
5] .. gt -
= 1 b .'-°:="-:::::_* ___________ . -
(V2 .5 - H ‘!:‘_.=: —f) -
ot J
o
-lc 8Br 1
3 .7r
4
N 8r
S st A |
v  4r 1
=3
I e
5
S5 2 °F 1
Q
= R J
0 4
< O . ~ 1 L
o 10 20 40 50 60

30
POWER (ikw)

FIGURE 16. PERFORMANCE AND EMISSIONS RESULTS, 1700 RPM

29



PERFORMANCE AND EMISSIONS, 1400 RPM
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GASEQUS EMISSIONS, 1400 RPM
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measured fire deck temperature for the insulated engine at 2000 rpm full load. The fire deck
temperatures of approximately 230 and 480°C corresponded to the Baseline Ceramic and Hot Ceramic
engine test conditions, respectively. The curves in Figure 22 show that, as the heat rejection to the
coolant was reduced and as the fire deck temperature increased, the ITE was reduced, NO, emissions
increased, and the particulate emissions remained about the same.

B. Temperatures

The measured fire deck, top ring reversal, and exhaust gas temperatures versus indicated power are
shown in Figures 23 through 25 for the 2000, 1700, and 1400 rpm test conditions respectively. All
three temperatures increased with indicated power. At 2000 rpm increasing the Baseline Metal engine
coolant temperature from 82°C to 104°C increased the top ring reversal temperature by approxi-
mately 17°C and had little effect on the fire deck and exhaust gas temperatures. Insulating the
engine with ceramic coatings reduced the fire deck and top ring reversal temperatures while
significantly increasing exhaust gas temperature. The fire deck and top ring reversal temperatures
were reduced due to the Baseline Ceramic engine’s degraded combustion as explained in the next
section. The exhaust gas temperature increased due to reduced heat transfer to the coolant and also
because of combustion occurring late in the cycle.

All three temperatures increased for the Hot Ceramic engine as shown in Figure 23. At 2000 rpm,
the fire deck temperature increased by approximately 167°C for the Hot Ceramic engine compared
to the Baseline Metal engine. The increased temperatures were attributed to the removal of liquid
coolant from the cylinder head. Changing the fuel injection timing had little effect on these three
temperatures except at the full load condition where the exhaust gas temperature increased for the
retarded fuel injection timing. These same temperature trends were observed at the lower engine
speeds of 1700 and 1400 rpm as shown in Figures 24 and 25.

Integral Technologies Incorporated IRIS engine model was used to predict average engine component
surface temperatures based on thermocouple, engine performance, and combustion data. The IRIS
model predicted an average fire deck temperature of approximately 650°C, an exhaust valve
temperature of 730 °C, piston bowl temperature of 480°C, and a top ring reversal temperature
greater than 343°C for the Hot Ceramic engine at 2000 rpm, full load.

C. Combustion Analysis

Combustion in a direct injected diesel engine is a complex process involving fuel injection,
atomization, evaporation, and auto-ignition. The premixed fuel auto-ignites after the ignition delay
period and initiates diffusion burning of the injected fuel. It is expected that the LHR engine’s
higher component and gas temperatures will have a significant effect on fuel spray penetration,
atomization, and combustion. High speed combustion data were collected and analyzed to interpret
the LHR engine performance and emissions trends.

The combustion analysis was based upon the acquisition of cylinder pressure and fuel injection
pressure data every one-half crank angle degree for one-hundred engine cycles. The one-hundred
cycles were then averaged to obtain one cycle for analysis.

The cylinder and fuel-injection pressure data were reduced using the SwRI Pressure Analysis
Program (PANAL). The output of the PANAL code included the calculation of the parameters
shown in Table 3.

The start of fuel injection and fuel injection duration were defined by the crank angle where the fuel
injection pressure equaled the fuel injector crack pressure. While this method of measuring injection
duration was not completely accurate (because the needle crack pressure is not equal to the closing
pressure), it was a reliable and repeatable substitute in the absence of needle lift data. The point of
ignition was defined as the crank angle where the heat release rate curve became positive after a brief
negative excursion due to fuel vaporization. The ignition delay period was the difference between
the start of fuel injection and point of ignition. The end of combustion was defined as the crank -
angle where 95 percent of the peak cumulative heat release occurred. The combustion duration was

36



TEMPERATURES, 2000 RPM
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TEMPERATURES, 1700 RPM
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TEMPERATURES, 1400 RPM
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the difference between the point of ignition and end of combustion. The premixed combustion
fraction was calculated by determining the magnitude of the cumulative heat release (or area under
the heat release rate curve) at the crank angle corresponding to the end of the premixed spike as
shown in Figure 26. The crank angle corresponding to the end of the premixed spike was determined
by the point where the derivative of the heat release rate crossed the abscissa for the second time
after the point of ignition. The diffusion burn fraction was the difference between the peak
cumulative heat release and the premixed burn fraction.

Table 3. Combustion Analysis Parameters

Parameter Units
Indicated Power kW
Injection Timing degrees
Injection Duration degrees
Point of Ignition degrees
Ignition Delay degrees
Combustion Duration degrees
Total Heat Release J
Premixed/Total Heat Release Ratio
Peak Cylinder Pressure MPa
Peak Rate of Pressure Rise kPa/deg
Angle where Peak Cylinder Pressure Occurs degrees
Angle where Peak Rate of Pressure Rise Occurs degrees

High speed combustion data were recorded for all test conditions except for the Hot Ceramic engine
at advanced and retarded fuel-injection timings (Test Conditions numbers 5 and 6) where an
instrumentation failure occurred. The combustion analysis parameters shown in Table 3 are included
in Appendix D. High-~speed data plots showing fuel injection pressure, cylinder pressure, heat
release rate, and cumulative heat release versus crank angle for all the high speed data points are
included in Appendix E.

D. Combustion Analvsis Results

The poor LHR engine performance and emissions were attributed to degraded combustion. Figure
27 is a plot of apparent heat release rate versus crank angle comparing the Baseline Metal engine with
the Baseline Ceramic engine results at 2000 rpm, full load. Combustion in the LHR engine was
characterized by less premixed burning, lower heat release rates, and longer combustion duration
compared to the Baseline Metal engine. This same combustion trend was preserved when the coolant
temperature was increased in the LHR engine as shown in Figure 28,

Figure 28 is a plot comparing the apparent heat release rates of the Baseline Ceramic engine with the
Hot Ceramic engine at 2000 rpm, full load. The + and * symbols in Figures 27 and 28 designate the
heat release rate centroids for the different test conditions as shown in the Figures. The centroid for
the Baseline Ceramic engine in Figure 27 shifted to the right due to the reduced premixed burning
and longer combustion duration. The centroid for the Hot Ceramic engine in Figure 28 was also
shifted to the right compared to the Baseline Ceramic engine centroid. Studies (ref. 28) have shown
that engine efficiency is maximized when the heat release rate centroid corresponds to engine top
dead center. A shift in the heat release rate centroid away from top dead center, therefore results
in an efficiency reduction. The longer combustion duration for the LHR engine also resulted in re-
duced thermal efficiency because engine thermal efficiency is reduced as the heat release process
(heat addition to the system) deviates from the ideal constant volume process.
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The obvious question is, why does the LHR engine have prolonged combustion? One might first
suspect that the prolonged combustion is the result of increased fuel injection duration. The fuel
injection pressure versus crank angle curves corresponding to the heat release rate curves shown in
Figures 27 and 28 are shown in Figures 29 and 30, respectively. Figure 29 is a plot of fuel injection
pressure versus crank angle for the Baseline Metal and Baseline Ceramic engines at 2000 rpm, full
load. The fuel injection curves are essentially identical for the two test conditions. The fuel rate was
held constant for the two test conditions shown in Figure 29 so the increased LHR combustion
duration can not be attributed to increased fueling,

A comparison between the Baseline Ceramic and Hot Ceramic fuel injection pressure curves is shown
in Figure 30. The cracking pressure for the fuel injector was approximately 16 MPa; therefore, the
start of fuel injection was the same for both engine configurations. The fuel injection pressure curve
was shifted to the right and peak pressure was reduced slightly for the Hot Ceramic engine compared
to the Baseline Ceramic engine as shown in Figure 30. The change in fuel injection pressure
characteristics was attributed to changes in fuel viscosity with temperature. The fuel temperature
at the point of fuel injection was not measured; however, the temperature at the tip of the fuel
injector holder increased by approximately 250°C for the Hot Ceramic engine compared to the
Baseline Ceramic engine. This increase in holder temperature should be indicative of the increase
in fuel temperature since the engine does not have a recirculating fuel system. At 2000 rpm, full-
load, the fuel injector holder temperature increased from 233°C for the Baseline Ceramic engine to
481°C for the Hot Ceramic engine. After completing the LHR engine tests, the fuel injector was
bench-tested. The cracking pressure was 16 MPa (the same as Baseline) and no visual degradation
in fuel spray formation was observed.

The shift in the Hot Ceramic engine fuel injection pressure curve resulted in a slight increase in fuel
injection duration of approximately 3 degrees crank angle at 2000 rpm full load. The increase in fuel
injection duration partially explains the increase in combustion duration for the Hot Ceramic engine
compared to the Baseline Ceramic engine. The increase in combustion duration will be discussed
further in Section VII.

A summary of the combustion analysis results for the three test conditions of Baseline Metal, Baseline
Ceramic, and Hot Ceramic at 2000 rpm, full load are shown in Table 4. As shown earlier, the fuel-
injection duration was unchanged between the Baseline Metal and Baseline Ceramic engines. The
fuel-injection duration increased by 3 degrees for the Hot Ceramic engine as shown in Table 4.

The ignition delay was reduced only slightly for the insulated engines because the intake air
temperature was held constant at 82°C for all test conditions. Further analysis using the IRIS engine
model showed that the unburned gas temperature during the ignition delay period was only 10°C
higher for the Hot Ceramic engine compared to the Baseline Metal engine. The premixed burning
was reduced and the combustion duration increased as the engine was insulated and the coolant tem-
perature increased. The longer combustion duration resulted in lower peak cylinder pressures and
lower indicated thermal efficiencies as shown in Table 4.

Selected results of the high-speed data analysis for all three load conditions are shown in Figures 31
through 33. Figure 31 is a plot of fuel injection duration, ignition delay period, and combustion
duration versus indicated power for the engine at 2000 rpm. The results in Figure 31 show that the
fuel-injection duration for the Baseline Metal and Baseline Ceramic engines were identical. The
fuel-injection duration increased slightly for the Hot Ceramic engine with a maximum increase of
3 degrees occurring at full-load. The longer fuel-injection duration for the Hot Ceramic engine was
attributed to changes in fuel viscosity with temperature. The increased fuel-injection duration was
not attributed to increased fueling since the fuel flow was held constant at each load setting for all
three test conditions.

The ignition delay period was identical for all three test conditions at the lowest load condition. The
ignition delay period was reduced at the full load conditions for the insulated engine test conditions
as shown in Figure 31 and Table 4. The change in ignition delay period amoung the three test
conditions were small because the intake air temperature was held constant at 82°C.
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COMBUSTION RESULTS, 2000 RPM
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COMBUSTION RESULTS, 2000 RPM
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COMBUSTION RESULTS, 2000 RPM
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Table 4. Combustion Analysis 2000 rpm, Full Load

Fuel Peak
Engine Inject. Ignition Combust. Cylinder Indicated
Test Duration Delay Duration Premix/Total Pressure Thermal
Condition (Degree) (Degree) (Degree) Heat Release (MPa) Efficlency
Baseline
Metal 36.0 12.5 40.5 0.09 11.34 45.7
Baseline
Ceramic 36.0 12.3 61.2 0.07 10.06 43.1
Hot
Ceramic 39.0 11.9 83.6 0.05 9.63 42.3

The combustion duration increased when the engine was insulated and run at Baseline conditions as
shown in Figure 31. The combustion duration increased even more for the Hot Ceramic engine.
Other researchers (ref. 6, 19, 20, 26, 28, 29) have observed prolonged combustion duration in LHR
engines. One researcher (ref. 26) hypothesized that the prolonged combustion was due to an increase
in the fuel-injection duration although there was no evidence to support this theory since the fuel-
injection period was not measured. SwRI, however, has shown that in this case, only a very small
portion of the prolonged combustion duration is due to increased fuel-injection duration.

The effect of prolonged combustion duration on the peak cylinder pressure and peak rate of pressure
rise is shown in Figure 32. The insulated engine’s reduced premixed burning and longer combustion
duration resulted in lower peak cylinder pressures and lower pressure rise rates compared to the
Baseline Metal engine.

The effect of the prolonged combustion duration on the premixed/total heat release ratio and
indicated thermal efficiency (ITE) is shown in Figure 33. The LHR engine’s reduced premixed
burning and longer combustion duration resulted in a lower premix/total heat release ratio and lower
ITE. Engine thermal efficiency is reduced as the combustion period deviates from the ideal constant
volume process.

E. Effects on Cylinder Pressure

The peak firing pressure was reduced for the LHR engine compared to the Baseline Metal engine as
shown in Figure 34. This reduction in peak cylinder pressure can be partially attributed to the LHR
engine’s reduced premixed combustion and longer combustion duration. However, a reduction in
peak cylinder pressure was also observed for the insulated engine during motoring tests, as shown in
Figure 35. There are several possible explanations for the observed reduction in peak cylinder
pressure that will be presented in the Discussion section (Section VII) of this report.

F. Insulated Engine Durability

The objective of this project was to determine the effect of LHR engine operation on engine
performance, emissions, and combustion. The objective was not to develop an LHR engine but
simply to construct one that would have sufficient durability to complete engine testing.

The LHR engine was constructed using a ceramic coated fire deck, intake valves, exhaust valves,

piston crown, and top portion of the cylinder liner. Figures 36 through 39 are photographs of these
components after 95 hours of insulated engine tests. Figure 36 shows the fire deck, intake valves,
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FIGURE 36. PHOTOGRAPH SHOWING CERAMIC-COATED
FIREDECK, INTAKE VALVES, AND EXHAUST VALVES
AFTER 95 HOURS OF LHR ENGINE TESTS

53



OF POOR QUALITY

ORIGINAL PAGE IS

SLSAL ANIONA
dHT1 40 SHNOH 56 AALAV (MIIA IAIS) NMOUD NOLSId
TALVOD-DINVIID DONIMOHS HAVIOOLOHd "Lf HANDIA

‘x‘&%%@ﬁnw/%/ﬁy&a
|
H
e

54



ORIGINAL PAGE IS
OF POOR QUALITY

S1SAL ANIONH

¥HT J0 SUNOH 6 ¥ALA
AALVOD-DINVUAD ONIAO

Vv (MTIA JOL) NMOAD NO.LSId
HS HAVIDOLOHd “8¢ TANDOIL

55




IS

€1

3
1

ORIGINAL PA

OF POOR QUALITY

S.LSHL ANIONAT dHT 40 SUYNOH $6 YA LAV
TVIMALVN DINVIID HLIM ALVOD AANIT HdAANTIAD
40 NOLLYOd dOL DNIMOHS HAVIDOLOHd “6€ HIN0D14

56



and exhaust valves. Ceramic material was missing from both exhaust valves, one intake valve, and
from 75 percent of the second intake valve. The fire deck ceramic coating remained intact. The
piston crown is shown in Figures 37 and 38. After 95 hours of operation, ceramic material was
missing from the piston bowl and from one thumb sized spot on the piston top as shown in Figure
38. The top portion of the cylinder liner is shown in Figure 39. Only the top 21.6 mm of the liner
was coated with ceramic material and a 0.254 mm thick coating of chrome oxide. No ceramic
material was missing from the top portion of the liner as shown in Figure 39. The chrome oxide
coating may have improved the durability of the ceramic coating.

After 95 hours of insulated engine operation, the engine tests were stopped because of an apparent
increase in blowby. The increased blowby was thought to be the result of a scuffed liner or blown
head gasket. The engine was torn down and inspected. The head gasket and cylinder liner were both
in good condition. The cause of the increased blowby turned out to be a melted fuel injector holder
O-ring gasket as shown in Figure 40. The melted O-ring gasket allowed compressed air (used as the
cylinder head coolant for the Hot Ceramic engine tests) to leak from the cylinder head and pressurize
the engine crank case causing the apparent increase in blowby. The two thermocouples shown in
Figure 40 were mounted in the tip of the fuel injector holder to measure fire deck temperature.

The time(s) that the ceramic material was lost from the combustion chamber is (are) not known. It
appears that the ceramic coating broke off in large chunks although an in-depth failure analysis was
not conducted.

G. Qil Analysis

Valvoline Turboguard 5 oil was used for all engine tests. The engine oil capacity including heat
exchanger and filters was approximately 10 liters. Oil was sampled and analyzed before each oil
change. The results are shown in Table 5. The zero hour test (Column 1) was conducted with new
oil. Baseline Ceramic engine tests were conducted before the oil changes that occurred at 41.3 and
62.9 hours of operation. Hot Ceramic engine tests were conducted between the 62.9 and 94.7 hour
oil changes. As shown in Table 5, the oil properties did not change significantly during the 31.8
hours of Hot Ceramic engine tests. Oil viscosity was reduced only 1 or 2 percent during this period.
The small change in oil properties was probably the result of frequent oil changes, large oil capacity,
and the relatively low oil temperature that was not allowed to exceed 121°C.
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Table 5. Engine Oil Analysis

New Oil Baseline Ceramic Tests Hot Ceramic Tests
Engine Hours 0 41.3 62.9 94.7
TAN 1.96 1.86 1.73 1.14
TBN 7.27 5.82 5.66 4.54
V 40°C, ¢St 104.04 100.82 98.92 102.13
Vis 100°C, ¢St 11.93 11.96 11.71 11.79
C-Pentane Insols, % wt 0.03 0.04 0.05 0.04
Yttrium, ppm 1 1 1 1
Iron, ppm 4 24 17 1
Chromium, ppm 1 2 1 1
Lead, ppm 1 1 | 1
Copper, ppm 1 10 23 22
Tin, ppm 17 15 22 23
Aluminum, ppm 1 1 1 1
Nickel 1 1 1 1
Silver 1 4 1 1
Manganese 1 1 1 1
Silicon 5 8 7 9
Boron 1 | 1 1
Molybdenum 2 5 1 1
Magnesium 456 423 441 437
Barium 2 2 2 2
Phosphorous 1121 1030 1061 1002
Zinc 1344 1109 1247 1226
Antimony 1 1 1 1
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V. ANALYTICAL INVESTIGATION

A. Engine Stimulation

Analytical work for this project was subcontracted to Integral Technologies Incorporated
(ITI). The objective of the subcontract was to use ITI’s IRIS code to predict combustion
chamber surface temperatures for the metal and ceramic insulated engines. A joint objective
of the ITI subcontract was to use the IRIS code to interpret the SwRI experimental data
concerning the effect of insulated surfaces on engine performance.

B. Model Description

The ITI IRIS code is an engine performance and thermal analysis model that includes the
following features pertinent to calculation of component temperatures:

Two zone combustion and thermodynamic simulations

A zonal radiation model that accounts for the effects of temperature, soot particle
concentration, percent burned volume, and instantaneous view factors.

A spatially resolved flow/convection model that accounts for local effective
velocities due to squish, swirl, and turbulence.

A structural heat conduction model that employs a thermal resistance network
with programmable dimensions, properties, and insulation strategy.

A cylinder friction model based on hydrodynamic and boundary layer lubrication
for the ring-liner and piston skirt-liner interfaces.

The input data required for the IRIS code includes engine design, performance, and
temperature data. The input design data used for this project is included in Appendix F.

C. Baseline Engine Simulations

Baseline Metal engine performance data at 2000, 1700, and 1400 rpm for 100, 67, and 33
percent load was supplied to ITI for calibration of the IRIS engine model. The initial
Baseline simulations were carried out with constant intake manifold pressure assuming no
significant pressure dynamics between the plenums and the cylinder head. The initial
simulation results showed that the predicted airflow rates and peak cylinder pressures were
consistently lower than the SWRI measured values. The predicted exhaust gas temperature was
also higher than the measured exhaust temperature. The discrepancy between predicted and
measured quantities was attributed to pulsations in the intake piping that resulted in higher
effective pressures in the intake port at the time of intake valve closure. The engine intake
system was then modeled to predict the effective intake pressure. Engine simulations were
then carried out with the IRIS code using the adjusted intake air manifold pressure. The
results of the corrected simulation, presented in Figures 41 through 46, compare the measured
and predicted air flow rate, IMEP, peak cylinder pressure, surface temperatures, and exhaust
gas temperature. The agreement between measured and predicted values was quite good. The
predicted exhaust gas temperature was slightly higher than the measured values, but
considered within the range of experimental accuracy of exhaust gas temperature measure-
ment. Measured exhaust temperatures tend to be lower than predicted values because of
radiative heat loss from the hot thermocouple to the exhaust port walls.

The agreement between the IRIS and SwRI experimental results for the Baseline Metal engine
was considered sufficiently accurate to provide confidence in predictions of temperature, heat
transfer, and performance of the insulted engine.
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D. Insulated Engine Simulations

The SwRI insulated engine data, supplied to ITI, included engine performance, temperature,
and combustion results from the insulated engine test conditions. ITI used this data in
conjunction with the IRIS code to predict ceramic coated combustion chamber surface
temperatures, cyclic component temperatures, heat transfer rates, and engine performance
parameters.

1. Engine Component Temperatures

Two engine test configurations were simulated to predict ceramic and metal combustion
chamber surface temperatures. The first engine configuration simulated corresponds to SwRI
run numbers 87 through 96 (Test condition No. 4 found in Appendix C) for the insulated
engine with 82°C intake air and coolant temperatures. The second engine configuration
simulated corresponds to SWRI run numbers 103 through 112 (Test condition No. 7 found in
Appendix C) for the increased temperature insulated engine with 121°C coolant in block and
no coolant in the head. The network heat conduction model used during the Baseline Metal
calculations was used again with the following physical properties for the Zirconia ceramic
coating:

k = 0.87 W/mK
Cp= 2.4x10°)/m3k

Figures 47 and 48 show a comparison between the ITI predicted and SWRI measured top ring
reversal and fire deck center temperatures, respectively, for the Baseline Metal engine
configuration. The fire deck center temperature was measured with thermocouples mounted
on the exposed surface of the fuel injector holder. As shown in Figures 47 and 48 there is
good agreement between predicted and measured results.

Ceramic coated surface temperatures at the piston bowl, top portion of the cylinder liner
(between the top ring reversal location and top of the cylinder liner), fire deck, exhaust valve,
and intake valve, not measured with thermocouples, were predicted for the same run numbers
87 through 96 (test condition No. 4). The results are shown in Figures 49 through 53.

A comparison between the predicted and measured top ring reversal and fire deck
temperatures for the Hot Ceramic insulated engine configuration are shown in Figures 54 and
55 respectively. There was good agreement in liner top ring reversal temperature as shown
in Figure 54. The predicted fire deck center temperature was lower than the measured value
which appeared to show no sensitivity to engine speed. The predicted combustion chamber
surface temperatures at the piston bowl, top portion of cylinder liner, fire deck, intake, and
exhaust valves locations for the Hot Ceramic engine configurations are shown in Figures 56
through 60. The effect of the higher block coolant temperature and absence of coolant in the
cylinder head had the most pronounced effect on the ceramic fire deck surface temperature
which increased by 177°C at 2000 rpm, full load. The ceramic coated valve, liner, and piston
temperatures were affected less by the increased coolant temperature, but also rose by 35°C
to 95°C. These temperature changes can be seen by comparing Figures 49 through 53 (run
numbers 87 through 96) with Figures 56 through 60 (run numbers 103 through 112).

In general, the predictions showed that the target wall temperatures of 700°C and 350°C (for
fire deck and top ring reversal location, respectively) were approached for the Hot Ceramic
engine (run numbers 103 through 112) at high speed and load. These temperatures were
achieved because of the absence of head coolant and relatively low air-fuel ratio of 25:1. The
peak combustion chamber surface temperature, occurred at the exhaust valve with a peak
temperature greater than 700°C for the 2000 rpm, full load condition.
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2. Cyclic Variation of Relevant Parameters

Adding ceramic insulation to the engine combustion chamber affects both the mean and
transient parameters such as intake air flow rate, cylinder pressure, heat transfer rate, and
component temperatures. The crank-angle by crank-angle (or cyclic) variation of intake air
mass flow rate, cylinder pressure, heat transfer rate, and component temperatures for the
2000 rpm, 100 percent load condition are shown in Figures 61 through 65. In each figure two
curves are included, one for the Baseline Metal engine (test condition No. 1) and another for
the insulated engine with 121°C block coolant and no coolant in head (test condition No. 7).
The intake air mass flow rate over the engine cycle was the same for both test conditions as
shown in Figure 61. This was achieved be slightly increasing the boost pressure for the hot
insulated engine in order to maintain Baseline Metal engine air flow rates.

A comparison between the cylinder pressures of the two simulated test conditions is shown
in Figure 62. The peak cylinder pressure in the insulated engine was considerably lower than
in the Baseline engine due to less premixed burning and longer combustion duration in the
insulated engine. However, in contrast to the experimental results, the decrease in cylinder
pressure occurs only after the beginning of combustion. Further, during the compression
stroke there is a small increase in pressure due to the increased heat transfer from the hot
cylinder walls to the gas. The cyclic variation of heat transfer rate for the two test conditions
is shown in Figure 63.

The effect of ceramic insulation on predicted piston surface temperature transients is shown
in Figures 64 and 65. The heat transfer predictions (shown in Figure 63) included the
calculation of cyclic surface temperature transients (transient heat conduction in the coating).
By comparing Figures 64 and 65, it can be seen that the predicted piston surface temperature
transients (temperature swing) were substantially higher for the ceramic surfaces compared
to the metal surface. Despite the larger negative excursions from the mean surface
temperature during the compression stroke, the ceramic wall temperatures were at all times
much higher than the metal surface temperatures which resulted in heat transfer from the hot
wall to the cylinder gas. These results suggest that the measured lower pressure during the
compression stroke of the test engine (assuming the same trapped mass, compression ratio,
and blowby) cannot be caused by the ceramic insulation and its direct effects on transient
heat transfer.

E. Effect of Insulation and Heat Release on Engine Performance

The IRIS code was used to predict engine performance parameters based on input data from
SwRI engine tests. The experimental data showed that engine performance was reduced when
the engine was insulated and then operated at increased coolant temperatures. The reduced
engine performance was attributed to degraded combustion but engine performance must also
have been influenced by the ceramic insulation. By analyzing the experimental data, we were
unable to separate the effects of combustion and insulation on engine performance. However,
it is possible through simulation to differentiate between combustion and insulation effects
on engine performance by inputting the experimentally obtained heat release rates into the
IRIS codé. The effect of insulation alone can be observed by inputting the Baseline Metal
engine heat release rate into the IRIS code used to simulate the insulated engine. The result
of this simulation allows the calculation of insulated engine performance assuming no
combustion degredation.

The IRIS code was used to predict engine performance at 2000 rpm, full load for the
following three conditions:

1) Baseline Metal engine using heat release rate extracted from the Baseline Metal
engine pressure data (test condition number I, run number 59).

2) Hot Ceramic engine using heat release rate extracted from the Hot Ceramic engine
pressure data (test condition number 7, run number 110).
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3) Hot Ceramic engine using heat release rate extracted from the Baseline Metal
engine pressure data (test condition number 1, run number 59).

Simulation numbers 1 and 2 above were carried out to establish a good correlation between
predicted and measured results. The experimental apparent heat release rate curves used in
the above analysis are shown in Appendix E. The apparent heat release rate curves were
smoothed and corrected for heat transfer before being entered into the IRIS code. Simulation
No. 3 was carried out to see the effect of insulation alone on engine performance assuming
no combustion degradation. A comparison between the predicted and measured results at 2000
rpm, full load is shown in Table 6.

The predicted results were obtained by inputting actual heat release data (as measured from
cylinder pressure data) into the IRIS engine model. The measured results were obtained from
actual engine tests. The first two columns in Table 6 show a comparison between the SWRI
measured results and the IRIS predicted results for the Baseline Metal engine. The measured
and predicted results show good agreement in indicated horsepower (IHP), indicated thermal
efficiency (ITE), top ring reversal temperature (TRR), and fire deck temperature. The
percent heat transfer was calculated by the IRIS engine model and corresponds to the percent
of fuel energy transferred to the coolant by the combustion chamber surfaces. The third and
fourth columns in Table 6 correspond to the Hot Ceramic engine test. Again there was good
agreement between measured and predicted results. The IRIS model predicted a decrease in
indicated thermal efficiency of 3.6 (8.0 percent) percentage points for the Hot Ceramic engine
compared to the SWRI measured decrease of 3.4 percentage points (7.4 percent). The IRIS
model also predicted a 30 percent reduction in heat transfer to the coolant for the Hot
Ceramic engine compared to the Baseline Metal engine. Experimental heat transfer
measurements were not made to compare with this predicted reduction in heat transfer. The
baseline heat release was then input into the insulated engine model to simulate Hot Ceramic
engine performance with no degradation in combustion, as shown in the last column of Table
6. The result was a predicted increase in ITE of 0.9 percentage points, with a 28 percent
reduction in heat transfer to the coolant.
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Table 6. SwRI Measurements and IRIS Simulation Results for Baseline
Metal Engine and Hot Ceramic Engine With and Without the
Adverse Effects on Combustion (2000 rpm, Full Load)

Baseline Hot Hot
Metal Ceramic Ceramic
Baseline Degraded Baseline
Combustion Combustion Combustion
SwRI RIS SwRI [RIS IRIS
Indicated Power (kW) 523 522 488 48.4 53.6
ITE % 45.7 45.1 42.3 41.5 46.0
Brake Power (kW) 428 443 39.4 39.5 45.7
Air Flow (kg/hr) 239.0 238.5 241.7 235.8 238.5
A/F 246 24.6 246 238 24.1
% Heat Transfer --- 1292 --- 9.0 9.27
Exhaust Temperature
°C) 562 654 649 760 722
TRR Temperature
°C) 171 161 200 202 200
Firedeck Temperature
°C) 310 299 481 493 471
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V1. DISCUSSION OF RESULTS

The experimental results of this investigation showed that, under the given test conditions,
the addition of ceramic insulation and subsequent reduction of heat transfer to the coolant
did not improve engine performance relative to the Baseline Metal engine. The reduction in
thermal efficiency and change in exhaust emissions was attributed to the LHR engine’s
degraded combustion.

The experimental results presented in Section 1V raised two important questions:

1) Why is the insulated engine combustion characterized by less premixed. burning
and longer combustion duration compared with the Baseline Metal engine?

2) Why is the compression pressure lower for the insulated engine?

In this section, an attempt will be made to answer these two questions and to discuss the
impact of insulation engine performance and emissions.

A. Combustion

Combustion in a diesel engine is the mechanism by which the fuel chemical energy is con-
verted into heat energy or what is commonly referred to as heat release. Before discussing
the combustion or heat release (the two terms will be considered synonymous in this section)
characteristics of the LHR engine compared to the Baseline Metal engine, it is important to
define the different stages of combustion. During the combustion period there are three
distinct stages of combustion (ref. 30). In the first stage, the fuel that is premixed during the
ignition delay period ignites resulting in a very high rate of heat release. This "premixed"
stage of combustion lasts for approximately 5 degrees crank angle and results in rapid cylin-
der pressure rise. The second stage of combustion results from diffusion flame combustion
and is characterized by lower rates of heat release. The second stage of combustion lasts
approximately 40 degrees crank angle. The third stage of combustion corresponds to the "tail"
of the heat release rate curve. This stage of combustion results in small rates of heat release
that occur during the expansion stroke. Approximately 10 to 20 percent of the total heat is
released during the third stage of combustion (ref. 27). The three phases of combustion will
be referred to as premixed combustion (stage 1), diffusion combustion (stage 2) and
combustion tail (stage 3).

Combustion in a direct-injected diesel engine is controlled by the rate and quality of fuel air
mixing. The fuel-air mixing is controlled by the fuel injection characteristics and air motion
within the combustion chamber. Since the test engine uses a quiscient combustion chamber,
the fuel-air mixing is primarily controlled by the fuel injection characteristics such as fuel
injection timing, duration, and fuel spray parameters. A fuel spray can be described in
terms of the following parameters:

° Break-up length

° Spray angle

° Spray tip penetration

° Droplet size distribution

The break-up length is the length of the fuel-spray before it begins to break-up or
disintegrate. The spray angle is the included angle formed by the edges of the spray. The
spray tip penetration is the furthest distance reached by the spray. The droplet size
distribution is usually described by the Sauter Mean Diameter which describes the fuel
droplet size. All of these spray parameters are a function of the difference between the
cylinder gas and fuel injection pressures, the density of the fuel and air during injection, and
nozzle geometry. Fuel spray penetration is reduced with increasing gas temperature, lower
fuel pressure, shorter injection duration, and smaller nozzle hole diameters.
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A comparison between the combustion characteristics of the Baseline Metal and Hot Ceramic
engine test conditions is shown in Figure 66. Figure 66 is a plot of heat release rate versus
crank angle at 2000 rpm, full load. As shown in Figure 66, the Hot Ceramic engine had less
premixed burning as evidenced by the smaller premixed combustion spike. The reduced
premixed burning can be attributed to the Hot Ceramic engine’s 0.6 degree (5 percent) shorter
ignition delay. Less fuel accumulated in the Hot Ceramic engine combustion chamber during
the shorter ignition delay which resulted in less premixed burning and the smaller premixed
spike as shown in Figure 66. The reduced premixed combustion in LHR engines has been
well documented (ref. 6, 14, 26, 31).

The Hot Ceramic engine also had lower rates of heat release during the second stage of
combustion (which occurs between crank angles of approximately 175-210 degrees) and a
longer heat release "tail." The Hot Ceramic engine’s lower rates of heat release are probably
the result of poor fuel-air mixing. The Hot Ceramic engine's increased gas and fuel
temperatures had an adverse effect on the fuel spray penetration. In Section IV it was
mentioned that the fuel injector holder temperature increased by 250°C which is an
indication of the increase in fuel temperature for the Hot Ceramic engine compared to the
Baseline Metal engine because the test engine does not have a recirculating fuel system. The
fuel temperature increase lowers the fuel viscosity and density which causes reduced fuel
spray penetration. The Hot Ceramic engine’s higher fuel and air temperatures cause shorter
fuel spray break-up length, larger spray cone angles, and smaller droplet sizes all which
contribute to reduced fuel spray penetration and poorer fuel-air mixing. The poor fuel-air
mixing for the Hot Ceramic engine also resulted in a longer combustion "tail" since the fuel
that did not burn during the second stage of combustion burned later in the cycle as shown
in Figure 66.

The Hot Ceramic engine's increased wall and gas temperatures also contribute to the
prolonged combustion. The increased gas temperature causes faster droplet evaporation and
burning of fuel closer to the injector. Burning fuel close to the injector reduces fuel spray
penetration and air utilization resulting in prolonged combustion.

The prolonged combustion duration for the Hot Ceramic engine versus the Baseline Metal
engine is partially due to the Hot Ceramic engine’s increased fuel injection duration as shown
in Figure 67 and Table 4. However, the change in fuel injection duration of 3 degrees is
small compared to the change in combustion duration of 43.1 degrees. An increase in
combustion duration was also observed where the fuel injection duration remained constant.
The combustion duration increased by 20.7 degrees for the Baseline Ceramic engine versus
Baseline Metal engine while there was no change in fuel injection duration.

The combustion duration increase of 43.1 degrees or 106 percent for the Hot Ceramic engine
compared to the Baseline Metal engine appears to be dramatic. While this combustion
duration increase is substantial, the increase occurs mainly during the third stage of
combustion where only 10 to 20 percent of the fuel is burned. The combustion duration was
defined as the crank angle increment between the start of combustion and the crank angle
where 95 percent of the peak cumulative heat release occurred. The cumulative heat release
curve (as shown in Appendix E) approaches its maximum value asymptotically. Therefore,
a small change in the slope of the cumulative heat release curve results in & large increase in
combustion duration,

In summary, the LHR engine’s reduced premixed combustion was attributed to shorter
ignition delays. The prolonged combustion was primarily the result of poor fuel-air mixing
due to degradation of the fuel spray. A small portion of the Hot Ceramic engine’s increased
combustion duration was due to a 3° increase in fuel injection duration. It is obvious from
these combustion results that the fuel injection system must be optimized for LHR engine
operation.
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B. Peak Pressures

The second question resulting from the experimental data is; why is the compression pressure
lower for the insulated engine? The compression pressure and peak cylinder pressure were
lower for both the firing and motoring LHR engine test conditions, as shown in Figures 34
and 35 respectively.

Figure 35 is a plot of cylinder pressure versus crank angle for the motored engine at 2000
rpm. Each motoring trace was recorded immediately after the firing engine test condition.
The intake air blowers were bypassed and the engine was motored in the naturally-aspirated
mode. As shown in Figure 35, the peak cylinder pressure of 3.33 MPa for the Baseline
Ceramic engine was 12 percent lower than the Baseline Metal engine peak pressure of 3.78
MPa. The Hot Ceramic engine peak motoring pressure of 3.24 MPa was 14 percent lower
than the Baseline Ceramic engine pressure.

The peak cylinder pressure may have been reduced due to changes in engine:
° compression ratio

blowby

heat transfer

o

o

The change in peak pressure for the Baseline Metal and Baseline Ceramic engine conditions
corresponds to a compression ratio reduction of approximately 1.3 assuming the polytropic
exponent remains constant at 1.353. The peak motoring pressure for the Hot Ceramic engine
test was 3.24 MPa which corresponded to a compression ratio reduction of 1.6 compared to
the Baseline Metal engine.

When the insulated engine was assembled, every effort was made to assemble the engine with
the Baseline Metal engine compression ratio of 14.5. The piston bowl volume and deck height
were measured and found to agree with the Baseline engine. At the conclusion of the
insulated engine tests, the engine was disassembled and inspected. Ceramic material was
missing from both exhaust valves, one intake valve, 75 percent of the second intake valve,
and from a portion of the piston bowl. Unfortunately, the time the ceramic material was lost
from the combustion chamber is not known. The volume of ceramic material missing was
determined by measuring the volume of the piston bowl and by measuring the area where the
ceramic material had flaked off. The total volume of missing ceramic material increased the
engine clearance volume by approximately 8 cc. The 8 cc change in clearance volume re-
duced the engine compression ratio from 14.5 to 13.9. This change in compression ratio of
0.6 partially explains the reduced peak pressures for the insulated engine.

No evidence was found to explain the remaining difference in peak motoring pressure.
Unfortunately, blowby was not recorded during motoring conditions. Blowby was recorded
during firing conditions and was actually lower for the Hot Ceramic engine compared to the
Baseline Metal engine. The calibration of the cylinder pressure transducer was also checked
to see if a change in calibration could explain the reduced peak pressures. The cylinder
pressure transducer calibration was checked during the project and only changed by 1.2
percent from the beginning of Baseline Metal to end of Hot Ceramic engine tests. The effect
of the ceramic insulation on heat transfer should have resulted in a slight increase in peak
motoring pressure for the insulated engine. The only other possible explanation for a change
in peak pressures may have been a change in valve timing resulting from the higher engine
temperature. Although valve lash was not measured immediately following a Hot Ceramic
engine test, valve lash effects should not have been significant during motoring tests or
during Baseline Ceramic engine tests where engine component temperatures were not
significantly higher than Baseline Metal engine temperature. Airflow was not recorded
during motoring tests to verify that the trapped air mass was the same for the Baseline Metal
and insulated engine motoring tests.
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Figure 34 is a plot of cylinder pressure versus crank angle for the firing engine at 2000 rpm,
full load. The three curves in Figure 34 correspond to the three motoring test conditions
shown in Figure 35. As shown in Figure 34, the cylinder pressure during the compression
stroke was lower for the insulted engine. The change in engine compression ratio partially
explains this difference, but the remaining difference in compression pressures is currently
unexplained. An increase in engine blowby for the insulated engine could explain the
reduced compression pressure, but the blowby for the insulated engine was not significantly
different from the baseline engine, as shown in Appendix C by comparing Run Nos. 59, 94,
and 110. At 2000 rpm, full load, the blowby for the Baseline Metal Baseline Ceramic and
Hot Ceramic engine test conditions were 11.8, 12.4,and 11.5m /hr respectively. The intake
air flow rate and pressure ratio across the cylmder head were also held constant for all three
test conditions as shown in Appendix C. The trapped air mass for all three test conditions
should therefore be the same. The remaining variable amoung the three test conditions shown
in Figure 34 is the ceramic insulation. The insulated engine should have a slightly higher
cylinder pressure during the compression stroke due to heat transfer from the Hot cylinder
walls to the intake charge. However, the insulated engine had a lower compression pressure.
Integral Technologies Incorporated simulated the Baseline engine and Hot Ceramic test con-
ditions using the IRIS engine simulation code. The result shown in Figure 62 shows that the
pressure during the compression stroke should be higher for the insulated engine.

The peak firing pressure was also reduced for the insulated engine. The lower insulated
engine peak firing pressure was due to less premixed burning, longer combustion duration,
and lower compression ratio due to lost ceramic material from the combustion chamber.

The insulated engine’s lower peak firing pressure may also be the result of increased heat
transfer from the gas to the wall. Woschni et al. (ref. 24) contend that the heat transfer
increases during the first stage of combustion according to the "convection vive" heat transfer
phenomenon. The "convection vive" phenomenon is described as follows. A flame or
combustion chemical reaction will come closer to the cylinder wall as wall temperature
increases. When the flame comes closer to the wall the temperature gradient across the thin
boundary layer increases and the heat transfer increases. Woschni claims that insulating a
combustion chamber under certain high temperature conditions will actually increase the heat
transfer from the gas to the wall. The effect of reducing the temperature gradient from the
gas to the wall by insulation is overcome by the effect of increased heat transfer as described
by the "convection vive" phenomenon. A modified combustion term has been added to an
equation for heat transfer in internal combustion engines to account for the "convection vive"
phenomenon (ref. 32).

No direct evidence from the SWRI experimental results exists to support the "convection vive"
phenomenon in explaining the reduced LHR engine peak firing pressures. The insulated
engine’s lower peak firing pressure was attributed to shorter ignition delays, poorer fuel-air
mixing with degraded combustion, and a lower compression ratio due to lost ceramic material.
Approximately 40 percent of the reduced insulated engine motoring pressure was the result
of the lower compression ratio. The remaining cause for the LHR engine reduced motoring
pressure remains unexplained.

C. Thermal Efficiency

Insulating the combustion chamber of an internal combustion engine theoretically results in
improved thermal efficiency according to the second law of Thermodynamics. However; the
addition of ceramic insulation and subsequent reduction of heat transfer to the coolant did
not improve engine efficiency relative to the Baseline Metal engine. The experimental results
showed that the indicated thermal efficiency (ITE) for the Baseline Metal, Baseline Ceramic,
and Hot Ceramic test conditions at 2000 rpm, full load were 45.7, 43.1 and 42.3 respectively.
The reduction in ITE was attributed to the insulated engine’s degraded combustion and lower
compression ratio due to lost ceramic material. The degraded combustion was due to poor
fuel-air mixing that resulted in less premixed burning and longer combustion duration.
Engine thermal efficiency is reduced as the heat release period deviates from the ideal
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constant volume process. The effect of combustion duration on indicated thermal efficiency
was investigated by Lyn (ref. 27) using a heat release simulation model. Lyn showed that a
significant loss in thermal efficiency results when the heat release duration is extended
beyond 50 degrees crank angle. For example, Lyn calculated a reduction in ITE of 3.8
percentage points when the heat release period was increased from 30 to 50 degrees crank
angle. These results were obtained assuming a right triangular heat release shape and a 15:1
compression ratio. Lyn was also able to show that engine cycle efficiency is maximized when
the centroid of the heat release diagram coincides with top dead center. The LHR engine’s
prolonged combustion caused the heat release diagram centroid to shift away from top dead
center resulting in a loss of engine efficiency for the insulated engine compared to the Base-
line Metal engine.

The insulated engine’s lower compression ratio also helps to explain the reduced thermal
efficiency. During the insulated engine tests approximately 8cc of ceramic material was lost
from the combustion chamber. The loss of ceramic material caused the compression ratio to
decrease from 14.5 to 13.9 or a 4.1 percent. Using an engine model, Lyn (ref. 27) estimated
that thermal efficiency is reduced by .7 percent per ratio in a compression ratio range of 15:1
to 20:1.

Other researchers have reported efficiency gains (ref. 6, 19, 20, 21, 22) and losses (ref. 4, 23,
24) in LHR engines. The conflicting results are probably due to the large number of possible
LHR engine configurations, test conditions, and analysis techniques used. A comprehensive
review of the literature concerning the effect of LHR operation on engine thermal efficiency
can be found in reference 26.

During engine test runs, no attempt was made to optimize the combustion system for LHR
engine performance. The fuel-injection timing and spray penetration could perhaps have
been modified to obtain Baseline Metal engine combustion in the insulated engine. As
mentioned in Section V, ITI simulated the case of Baseline combustion in the Hot Ceramic
engine and predicted an increase in ITE of .9 percentage points or 2 percent.

The extra exhaust gas energy (due to an increase in exhaust gas temperature) was not
accounted for in the efficiency calculation. The higher exhaust gas temperature would have
resulted in improved thermal efficiency for a direct-injected diesel engine with a bottoming
cycle device such as turbo compounding. The higher exhaust gas temperature was partially
due to insulating the combustion chamber and partially due to combustion occurring later in
the cycle.

D. Emissions

The emissions results presented in Section IV show that the insulated engine had significantly
higher smoke and particulate emissions compared to the Baseline Metal engine. The full-
load exhaust smoke opacity and particulate emissions increased by as much as 300 and 500
percent respectively for the Hot Ceramic engine compared to the Baseline Metal engine.
Although the exact mechanism for the formation of smoke and particulate emissions is
unknown, it is expected that the LHR engine’s higher component and gas temperatures will
have a significant effect on smoke and particulate emissions. It is expected that exhaust soot
should increase in the LHR engines because exhaust soot is formed at high temperature in the
absence of oxygen where pyrolysis of the fuel vapor takes place. Conversely, less smoke and
particulates may be formed in an LHR engine where the high gas temperature delays
quenching of the flame reaction which allows more carbon particles to be oxidized resulting
in less smoke and particulates. It is the authors opinion that the increase in smoke and
particulates emissions was due to poor fuel air mixing and higher gas temperatures which
increased pyrolysis of the fuel.

The increased smoke emissions may also be attributed to the LHR engines prolonged

combustion duration. Hiroyasu et. al. (ref. 33) reported a correlation between increased diesel
engine smoke emissions and combustion occurring late in the cycle.
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A soluble extraction was conducted on the particulate samples for the 2000 rpm, full-load test
conditions. The results of the extraction for the Baseline Metal, Baseline Ceramic, and Hot
Ceramic test conditions are shown in Table 7. These results show that the soluble organic
fraction (SOF) was low which means that most of the particulate consisted of insoluble fuel
or dry soot. The particulate level for the Hot Ceramic engine increased significantly
compared to the Baseline Metal engine while the SOF was reduced. Therefore, the increase
in particulate emission for the Hot Ceramic engine is attributed to insoluble fuel or dry soot
formation. The particulate level of the Baseline Ceramic engine increased by 161 percent
while the SOF increased by only 14 percent.

Table 7. Organic Soluble Extraction, 2000 rpm, Full-Load

Particulate Soluble Organic
Run Number Test Condition (g/TKW-HR) Fraction %
59 Baseline Metal .1697 14
94 Baseline Ceramic .443 16
110 Hot Ceramic 450 9

Increased smoke and particulate emissions in LHR engines is often attributed to increased oil
consumption due to oil burning on the hot cylinder walls and leakage caused by liner
distortion. Although oil consumption was not measured during these tests, the soluble organic
fraction results in Table 7 suggest that the particulate increase for the insulated engine was
fuel rather than oil derived. During the Hot Ceramic engine tests, the block coolant
temperature was maintained at 121°C to minimize the contribution of oil to the total
particulate emissions.

The gaseous emissions results presented in Section IV showed the following trends for the
insulated engine compared to the Baseline Metal engine. The insulated engine had:

1) reduced full-load ISNO_ with a slight increase at low loads
2)  increased full-load 1ISCO
3) reduced ISHC across the load range

NO_ emissions are formed in a diesel engine when nitrogen and oxygen in the air react at
higﬁ temperature. NO, emissions are a strong function of gas temperature. It is expected that
LHR engines should produce higher NO_ emissions due to increased in-cylinder gas
temperatures. The experimental results, however; showed that the full load (25:1 air-fuel
ratio) NO_ emissions were lower for the insulated engine compared to the Baseline Metal
engine. The reduction in NO, may actually be due to lower full-load gas temperatures in the
insulated engine. Just because the engine component temperatures are higher, it doesn’t mean
that the peak in-cylinder gas temperature is significantly higher in the insulated engine.
The lower insulated engine gas temperature may be the result of lower initial rates of heat
release and the increased combustion duration. The peak firing pressure was consistently
lower for the insulated engine which means that with the same trapped air mass the peak gas
temperature must also be lower. Kamo et al. (ref. 4) measured a distinct increase in NO,
emissions for an LHR engine across the load range except at the highest load condition
corresponding to a fuel-air ratio of approximately 23:1. Thring (ref. 26) also showed that
NO, emissions are sensitive to air-fuel ratio in an LHR engine as liner temperature is
increased. At air-fuel ratios in the range from 33 to 32:1 the NO, emissions began to
decrease instead of increase with increasing liner temperature. However; Thring concluded
that there were no clear trends in NO, emissions since the results were not consistent at other
engine speeds. Bryzik et al. (ref. 6) found that the NOX emissions from an LHR engine were

“lower than the standard engine when the injection timing was retarded to obtain the same

fuel economy. Alkidas (ref. 26) also showed that the LHR engine NO, emissions were about
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the same as the standard engine emissions at full-load. Alkidas attributed the low NO,
emissions to combustion occurring later in the cycle for the LHR engine.

The experimental results showed that the carbon monoxide emissions increased at full-load
(25:1 air-fuel ratio) for the insulated engine compared to the Baseline Metal engine. Carbon
monoxide is oxidized to carbon dioxide at high temperature in the presence of oxygen. The
increase in full-load CO emissions is the result of poor fuel-air mixing and lower peak gas
temperatures for the LHR engine due to degraded combustion.

The LHR engine unburned hydrocarbons were reduced across the entire load range compared
to the Baseline Metal engine. The LHR engine’s higher fire deck and piston crown
temperatures may have reduced quenching of the oxidation reactions near the combustion
chamber surfaces resulting in reduced hydrocarbon emissions. The LHR engine’s increased
exhaust gas temperature may also have contributed to the oxidation of hydrocarbons. Alkidas
(ref. 26) measured an increase in LHR engine unburned hydrocarbons that was attributed to
oil burning on the hot cylinder walls. This was not a problem with the SWRI experiment, as
shown by the soluble organic fractions particulate results because the liner was cooled during
LHR engine tests. Kamo (ref. 4) measured no consistent differences in HC or CO emissions
from insulated and cooled engines. Cole et al. (ref. 25) using an air gap insulated piston
measured HC reductions from 0 to 40 percent depending on the test conditions.
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VII. CONCLUSIONS

The following conclusions were drawn from this investigation that used a single-cylinder,
direct-injected diesel engine:

1. Adding ceramic coatings to the combustion chamber significantly reduced heat transfer
to the engine coolant. The IRIS engine model predicted a 30 percent reduction in heat
transfer to the coolant for the Hot Ceramic engine compared to the Baseline Metal engine
at 2000 rpm, full-load conditions (25:1 air-fuel ratio). Experimental heat transfer
measurements were not made.

2. Insulating the combustion chamber reduced the engine’s ITE. An ITE decrease of 3.4
percentage points (7.4 percent) was measured at 2000 rpm, full-load for the Hot Ceramic
engine compared to the Baseline Metal engine.

3. The full load smoke and particulate emissions were higher for the LHR engine compared
to the Baseline Metal engine. The full load smoke and particulate emissions increased by
as much as 300 and 500 percent respectively for the Hot Ceramic engine compared to the
Baseline Metal engine.

4. The LHR engine hydrocarbon emissions were lower across the load range, the CO
emissions increased at full load and NO,_ emissions were reduced slightly at the full-load
condition compared to the Baseline Metal engine.

5. The NO, and particulate emissions were very sensitive to fuel injection timing. The lower
baseline particulate and NO, emission levels could not be reached in the Hot Ceramic
engine at 2000 rpm, full-load by advancing or retarding the fuel injection timing.

6. The Hot Ceramic engine had significantly higher engine component and exhaust gas
temperatures compared to the Baseline Metal engine. The increase in exhaust gas
temperature was partially due to the insulation and combustion occurring later in the
cycle.

7. The LHR engine combustion was characterized by less premixed burning, lower peak heat
release rates, and longer combustion duration compared to the Baseline Metal engine. The
combustion duration increased by 51 percent for the Basetine Ceramic engine and 106
percent for the Hot Ceramic engine compared to the Baseline Metal engine combustion
at 2000 rpm full load. A small portion (3 degrees crank angle) of the increased
combustion duration in the Hot Ceramic engine was attributed to longer fuel injection
duration.

8. The LHR engine’s reduced thermal efficiency and changed exhaust emissions were
attributed to degraded combustion. The degraded combustion was thought to be the result
of an unoptimized LHR engine fuel injection system that resulted in poor fuel air mixing.

9. The Hot Ceramic engine fuel injection duration increased and the peak fuel injection
pressure was reduced compared to the Baseline Metal engine. The change in fuel
injection pressure characteristics was attributed to changes in fuel viscosity with
temperature.

10. Volumetric efficiency was reduced in the LHR engine. The boost pressure had to be
increased during LHR engine tests to maintain Baseline Metal engine air flow rates.

PRECEDING PAGE BLANK NOT FiLMED
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VII. RECOMMENDATIONS FOR FURTHER RESEARCH

1) The LHR engine combustion system should be optimized to see if baseline metal engine
combustion and emissions can be obtained. Specific combustion system modifications
should include the following components:

a) High pressure fuel injection pump
b) Fuel injection nozzles with different hole diameters
c) New piston bowl

2) Conduct LHR engine tests to see if combustion degradation is due to high combustion
chamber temperatures or surface composition effects. The porous ceramic coatings may
have a catalytic effect on combustion, change wall wetting characteristics, or influence
radiative heat transfer. The LHR engine combustion chamber surface composition may
be changed by:

a) Constructing an air-gap insulated engine with smooth metal
combustion chamber surfaces

b) Coating the ceramic coated parts with a layer of chrome oxide
A comparison between the two surface finishes at the same temperature should help to
determine if surface finish (smoothness, roughness, porosity, etc.) has an effect on LHR

engine performance, emissions, and combustion.

3) An experimental energy balance should be conducted on the engine to verify the
analytical heat transfer predictions.

4) Investigate the combustion and emissions characteristics of synthetic fuels and water/oil
emulsions in LHR engines. The high temperatures should help to reduce these fuel's
longer ignition delays.

—_— -
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FUEL SPECIFICATIONS

FUEL TYPE: DF-2

API GRAVITY = 34.00 AT 60°F

SPECIFIC GRAVITY = 0.8550 AT 60°F

CETANE NUMBER = 41.3

CETANE INDEX = 43.7

40°C VISCOSITY = 2.50 CST.

PERCENT SATURATES = 60.8

PERCENT AROMATICS = 39.2

PERCENT SULFER = 0.12

MONO PERCENT AROMATICS = 8.34

DI PERCENT AROMATICS - 5.69

TRI PERCENT AROMATICS = 1.21

PERCENT CARBON = 86.99 * .18

PERCENT HYDROGEN = 12.70 + .00

GROSS HEAT OF COMBUSTION = 19384, BTU/LB
NET HEAT OF COMBUSTION = 18227, BTU/LB
STEAM GUM = 2.2 mg/100 ml

FLASH POINT = 134°F/57°C

PRECLEING FAZE BLAMK NOT FILMED
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DISTILLATION CURVE

% ___ IBP 3 10 15 20 30 49 S0 60 79 80 20 95 EP
COND. F 360 391 407 418 430 450 473 494 514 538 564 597 624 658
COND.* F 362 393 409 420 432 452 475 497 517 541 567 600 627 658
EVAP.* F 362 393 409 420 432 452 475 497 517 541 567 600 627 658
TIME **
*CORRECT TO 29.92" Hg
** SUCCESSIVE INCREMENTS IN MIN. AND SEC.
ROON TEMPERATURE 73.4°F
— e — . - y
- 650
7
.7"4*
7
7.
- 600
It A
e i '/
4
. T
= —
Z —
— — 550
o P_.W— —_
- o]
+ 7
500 < 500
T <
Y T
7
o]
>
450 —y
" >
r
400 < 70 80 90 100
Z
L7
e ;
% T
T
350 -
AR )
Ry S 1
t ____+__ - - _ L
300 Room | | Smrm et
s 18 40 ) 50
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Test Run

Number Condition Numbers
1 Baseline
Metal: 82°C Coolant, 82°C Intake Air 53 - 61
2 " 104°C Coolant, 82°C Intake Air 64 - 72
3 " 82°C Coolant, 60°C Intake Air 74 - 76
4 Baseline
Ceramic: 82°C Coolant, 82°C Intake Air 87 - 96
5 " 104°C Coolant, 82°C Intake Air 97 - 99
6 " 82°C Coolant, 60°C Intake Air 100 -~ 102
7 Hot
Ceramic: 121°C Block Coolant, 82°C Intake
Air, Coolant Drained From Head 103 - 112
8 " Same as No. 7 but with retarded
fuel-injection timing 117 - 121
9 " Same as No. 7 but with advanced
fuel-injection timing 122 - 124

Three plots are shown for each run number. The top plot is fuel injection pressure versus
crankangle. The middle plot is cylinder pressure versus crankangle. The bottom plot displays
both heat release rate and cumulative heat release versus crankangle. The cumulative heat
release curve is the smoother of the two heat release curves and does not have any spikes.
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TEST #1

RUN NUMBER

DAY Cjulian)
TIME (military)

ENGINE HOURS
ENGINE PARAMETERS

ENGINE SPEED (rpm)
TORQUE (N-M)
POWER (kw)
BSFC (9/kw-hr)
BMEP (bar)
BTE %)
INDICATED PARAMETERS

POWER (ikw)
ISFC (g/ikw-hr)
IMEP (bar)
ITE,actual (%)
ITE, theoretical (%)

RATIO, actual/theoretical
ENGINE FLOW PARAMETERS
FUEL FLOW (kg/hr)
AIR FLOW (kg/hr)
AIR FUEL RATIO

CHEMICAL AIR FUEL RATIO
EQUIVALENCE RATIO
APPARENT BLOWBY (m**3/hr)
SMOKE OPACITY (%)

53
7083
1354
50.9

1401
204.1
30.0
220.2
10.4
38.6

34.9
189.0
12.1
44.9
55.8
.806

6.6
161.7
24.5
27.1
.5863
10.4
.5

TEMPERATURE PARAMETERS (deg.c)

COOLANT IN BLOCK
COOLANT OUT BLOCK
COOLANT IN HEAD
COOLANT OUT HEAD
OIL TO COOLER

OIL TO ENGINE
FUEL

INTAKE AT PORT
LFE INLET

EXHAUST PORT
LINER INSIDE #1
LINER INSIDE #2
LINER INSIDE #3
LINER INSIDE #4
LINER INSIDE #5
LINER INSIDE #6
LINER OUTSIDE #7
LINER OUTSIDE #8
LINER OUTSIDE #9
LINER OUTSIDE #10
LINER OUTSIDE #11
LINER OUTSIDE ¥12
FIRE SURFACE ¥1
FIRE SURFACE W2
PRESSURE PARAMETERS

olL (kpa)
FUEL (kpa)
BOOST (kpa)
EXHAUST (kpa)
EMISSION PARAMETERS
PARTICULATES (g/kw-hr)
BSHC (9/kw-hr)
BSCO (9/kw-hr)
BSNOX (g/kw-hr)
co2 %)
02 (%)
PARTICULATES (g/ikw-hr)
ISHC (g/ikuw-hr)
Isco (g/ikw-hr)
1SNOxX (g/ikw-hr)
AMBIENT PARAMETERS
BARO.PRESSURE (mm.hg)

RELATIVE HUMIDITY %)

80
82
79
. 82
92
91
33
83
20
503
151
151
120
121
19
118
135
135
106
10
109
108
307
302

37.4
3.1
6.7
6.7

.0595
.6498
1.4172
17.857
8.0
8.8
L0511
5579
1.2168
15.332

734.5
25.7

*EA*NASA PROJECT 03-8966 ****

54
7083
1519
52.2

1400
135.7
19.9
229.5
6.9
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21
401
149
148
115
116
17
116
132
131
102

98
107
106
261
257

37.2
23.3
4.5
4.6

.0908
.8426
1.1526
19.925
6.7
1.3
.0728
.6752
.9236
15.968

733.9
30.9

55
7083
1644
53.6

1403
68.2
10.0
271.7
3.5
31.3

15.

95
93
99
99
205
204

38.3
23.5
2.3
2.3

.1842
1.5845
2.7913
21.401

4.5
14.2

.1228
1.0614
1.8698
14.336

733.9
30.4

118

56
7084
1232
56.9

.0938
.4878
1.0359
14.102
8.2
9.3
.0782
.4070
.8642
11.764

738.4
31.2

57
7084
1414
58.6

1703
136.4
24.3
227.9
6.9
37.3

31.5
175.8
9.0
48.3
57.2
.844

19
421
145
146
116
118
117
17
130
130
104

99
108
106
263
259

40.4
24.4
5.1
5.1

-1307
.9281
1.3712
16.416
6.5
11.5
.1007
.7160
1.0578
12.664

737.5
35.7

58
7084
1539
59.9

1701

n
o
oubon W

32

16
562
171
17
128
131
129
128
150
148
m
105
116
114
315
305

44.3
22.6
8.8
8.9

.2072
L4422
1.6821
10.837
8.3
9.2
L1697
.3618
1.3764
8.8682

739.6
44.5

60
7085
1430
66.1
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102
36

19
461
153
153
121
123
124
123
136
134
107
101
13
110
a7
263

43.0
23.8
5.9
5.9

.1836
.8863
1.5185
12.847

1.4
.1378
.6644

1.1384
9.6309

737.9
42.2

61
7085
1617
67.7

2000
67.8
14.2
281.4
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355
139
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112
114
116
116
125
125
101

97
108
105
218
213

bb.1
26.2
2.9
2.9

.5027
1.7577
3.8010
12.459

4.7
13.9

.3004
1.0539
2.2789
7.4699

737.1
36.9
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TEST #2

RUN NUMBER 64
DAY (julian) 7089
TIME (military) 1511
ENGINE HOURS 5.3
ENGINE PARAMETERS

ENGINE SPEED (rpm) 1405
TORQUE (N-M) 203.8
POWER Ckw) 30.0
BSFC (g/kw-hr) 212.8
BMEP (bar) 10.4
BTE (%) 39.9
INDICATED PARAMETERS

POMER (ikw) 34.7
ISFC (g/ikw-hr) 183.7
IMEP (bar) 12.0
ITE,actual (%) 46.2
1TE, theoretical (%) 55.9
RATIO, actual/theoretical .827
ENGINE FLOW PARAMETERS

FUEL FLOW (kg/hr) 6.4
AIR FLOW (kg/hr) 159.8
AIR FUEL RATIO 25.0
CHEMICAL AIR FUEL RATIO 26.5
EQUIVALENCE RATIO 5746
APPARENT BLOWBY (m**3/hr) 10.2
SMOKE OPACITY (%) .3
TEMPERATURE PARAMETERS (deg.c)
COOLANT IN BLOCK 103
COOLANT OUT BLOCK 105
COOLANT IN HEAD 103
COOLANT OUT HEAD 104
OIL TO COOLER 103
OIL TO ENGINE 101
FUEL 34
INTAKE AT PORT 82
LFE INLET 15
EXHAUST PORT 505
LINER INSIDE #1 165
LINER INSIDE #2 166
LINER INSIDE #3 132
LINER INSIDE #4 135
LINER INSIDE #5 133
LINER INSIDE #6 132
LINER OUTSIDE #7 151
LINER OUTSIDE #8 150
LINER OUTSIDE #9 119
LINER OUTSIDE #10 119
LINER OUTSIDE #11 123
LINER OUTSIDE #12 122
FIRE SURFACE #1 307
FIRE SURFACE #2 301
PRESSURE PARAMETERS

OolIL (kpa) 35.6
FUEL (kpa) 22.7
800ST (kpa) 6.4
EXHAUST (kpa) 6.4
EMISSION PARAMETERS

PARTICULATES (g/kw-hr) .0594
BSHC (g/kw-hr) .5275
BSCO (g/kw-hr) 1.0957
BSNOX (g/kw-hr) 17.538
co2 (%) 8.2
02 (%) 9.4
PARTICULATES (g/ikw-hr) .0512
ISHC (g/ikw-hr) 4554
1sco (g/ikw-hr)  .9460
ISNOx (g/ikw-hr) 15.140
AMBIENT PARAMETERS

BARO.PRESSURE (mm.hg) 745.7
RELATIVE HUMIDITY (%) 13.9

****NASA PROJECT 03-8966 **w*

65 66 67 68
7089 7089 7089 7089
1636 1749 1414 1551
76.6 77.8 82.9 84.5
1398 1397 1701 1701

135.4 68.4 203.6 135.2
19.8 10.0 36.3 26.1
223.1 259.8 216.8 225.1
6.9 3.5 10.4 6.9
38.1 32.7 39.2 37.7
24.6 14.7 43.3 31.1
180.2 176.5 181.5 174.1
8.5 5.1 12.4 8.9
47.1 48.1 46.8 48.8
57.1 58.6 55.9 57.2
.825 .821 .837 .853
4.4 2.6 7.9 5.4
137.3  114.0 197.5 170.4
31.0 43.8 25.1 31.4
33.3 46.9 26.3 334
L4632 .3281 .5730 4576
8.8 6.5 10.0 8.6

b .4 .5 .6

103 103 102 103

104 104 105 105

104 102 102 103

104 102 105 104

100 96 101 100

99 95 98 99

34 33 38 37

81 81 85 84

15 14 22 23

404 302 536 430

160 143 185 161

159 143 185 162

126 118 138 129

128 120 141 131

127 120 138 129

127 119 136 128

147 134 164 147

145 134 162 147

115 m 120 116

115 m 118 115

120 114 122 119

118 114 124 119

267 217 315 273
263 218 304 265
36.1 36.8 40.3 40.4
22.9 22.9 23.7 24.4
4.2 1.7 7.3 4.9
4.2 1.8 7.2 4.8
.0834 1787 .1090 .1169
L7657 1.5100  .4084  .8657
1.2065 2.6551 1.0216 1.3003
20.699 22.241 14.596 16.949
6.5 4.5 8.3 6.5
11.6 14.2 9.2 1.5
.0674  .1209 .0913  .0905
L6183 1.0261  .3419  .6696
L9742 1.8042 .8553 1.0058
16.714 15.114 12.220 13.110
745.5 745.5 744.5 743.6
14.5 16.7 19.7 20.1

119

69 70 7 72
7089 7090 7090 7090
1718 129 159 1658
85.9 89.5 92.3 94.0
1702 2001 1999 2001
68.6 204.3 134.9 67.9
12.2 62.8 28.3 14.2

261.2 228.0 235.6 279.0
3.5 10.4 6.9 3.5
32.5 37.2 36.0 30.4
19.3 52.3 37.7 23.7
165.6 186.6 176.4 167.3
5.5 1.7 9.2 5.8
51.3 45.5 48.1 50.7
58.6 55.8 57.1 58.6
.874 .816 .843 .866
3.2 9.8 6.7 4.0
141.6 239.5 207.2 173.6
44.3 24.5 3141 43.8
46.5 25.9 33.2 46.5
3246 5860  .4619  .3287
6.9 13.6 1.9 9.8
.5 1.2 1.1 1.8
103 102 102 103
104 105 104 104
101 102 103 104
101 105 104 104
100 99 105 105

99 93 102 104

38 38 41 40

85 84 84 82

22 23 25 25

326 579 464 357

148 186 173 157

149 187 173 157

123 138 132 126

124 140 133 127

124 135 132 128

123 134 131 127

137 167 156 143

138 164 153 144

113 121 118 114

12 118 14 113

115 121 120 118

116 122 120 118

222 322 rig4 228
218 311 267 223
40.4 45.6 43.0 42.9
25.1 23.0 23.8 24.6
2.3 8.8 6.1 3.1
2.2 8.8 6.1 3.2
3114 .2834 2208 .5134
1.5110 .3943 .7785 1.7182
3.0311 2.0323 1.4842 3.7788
16.328 11.065 12.838 12.216
4.6 8.4 6.5 4.6
14.1 9.1 11.6 14.2
L1972 2320 .1654  .3083
.9583  .3227  .5829 1.0306
1.9223 1.6635 1.1112 2.2665
10.355 9.0570 9.6121 7.3270
743.1  742.1  739.1 T737.8
20.3 21.1 22.7 19.0
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TEST #3

RUN NUMBER 74
DAY (julian) 7114
TIME (military) 1235
ENGINE HOURS 102.0
ENGINE PARAMETERS

ENGINE SPEED (rpm) 2004
TORQUE (N-M) 204.4
POWER (kw) 42.9
BSFC (g/kw-hr) 225.5
BMEP (bar) 10.4
8TE (%) 37.7
INDICATED PARAMETERS

POMER (ikw) 52.8
ISFC (g/ikw-hr) 183.2
IMEP (bar) 12.8
ITE, actual (%) 46.3
ITE, theoretical (%) 56.0
RATIO, actual/theoretical .827
ENGINE FLOW PARAMETERS

FUEL FLOW (kg/hr) 9.7
AIR FLOW (kg/hr) 247 .1
AIR FUEL RATIO 25.5
CHEMICAL AIR FUEL RATIO 26.7
EQUIVALENCE RATIO .5633
APPARENT BLOWBY (m**3/hr) 13.2
SMOKE OPACITY (%) 5.4
TEMPERATURE PARAMETERS (deg.c)
COOLANT IN BLOCK 79
COOLANT OUT BLOCK a3
COOLANT IN HEAD 78
COOLANT OUT HEAD 83
OIL TO COOLER 103
OIL TO ENGINE 104
FUEL 43
INTAKE AT PORT 62
LFE INLETY 27
EXHAUST PORT 542
LINER INSIDE #1 165
LINER INSIDE #2 166
LINER INSIDE #3 127
LINER INSIDE #4 129
LINER INSIDE #5 127
LINER INSIDE #6 126
LINER OUTSIDE #7 146
LINER OUTSIDE #8 143
LINER OUTSIDE #9 106
LINER OUTSIDE #10 101
LINER OUTSIDE #11 M
LINER OUTSIDE #12 11
FIRE SURFACE #1 2Nn
FIRE SURFACE #2 285
PRESSURE PARAMETERS

oIL (kpa) 49.4
FUEL (kpa) 22.7
BOOST (kpa) 8.5
EXHAUST (kpa) 8.3
EMISSION PARAMETERS

PARTICULATES (g/kw-hr) .3323
BSHC (g/kw-hr)  .5460
BSCO (g/kw-hr) 1.8491
BSNOxX (g/kw-hr) 8.7105
co2 %) 8.1
02 %) 9.6
PARTICULATES  (g/ikw-hr) .2698
ISHC (g/ikw-hr)  .4436
1sco (9/ikw-hr) 1.5023
1SNOX (g/ikw-hr) 7.0772
AMBIENT PARAMETERS

BARO.PRESSURE (mm.hg) 742.6
RELATIVE HUMIDITY (%) 40.1

*#*#%NASA PROJECT 03-8966 ***=

Ie 76
7114 M4
1351 157

103.2  104.4
2002 2002
136.0 68.5
28.5 14.4
234.3 282.6
6.9 3.5
36.2 30.0
38.4 24.3
1764.0 167.4
9.3 5.9
48.8 50.7
57.2 58.5
.853 .867
6.7 4.1
210.6 174.2
31.5 42.9
33.2 44.5
4562 .3352
10.2 9.3
5.2 5.4

79 81

83 83

79 80

82 81

103 103
104 104

44 41

62 60

28 23

443 343
152 141
153 142
121 114
123 116
123 118
122 117
135 126
134 126
103 100

99 96

108 105

108 105

237 194
248 200
49.3 49.2
23.5 24.2
5.6 2.5
5.7 2.5
L3205  .7126
L8474 1.7551
1.6452 4.1655
10.160 10.541
6.5 4.8
n.7z 14.1
.2378  .4232
.6292 1.0394
1.2214 2.4670
7.5430 6.2430
741.6  741.7
36.5 65.3
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TEST #4

RUN NUMBER

DAY (julian)
TIME (military)

ENGINE HOURS
ENGINE PARAMETERS

ENGINE SPEED (rpm)
TORQUE (N-M)
POWER (kw)
BSFC (g/kw-hr)
BMEP (bar)
BTE (%)
INDICATED PARAMETERS

POMWER Cikw)
1SFC (g/ikw-hr)
IMEP (bar)
ITE,actual %)
1TE, theoretical (%)

RATIO, actual/theoretical
ENGINE FLOW PARAMETERS
FUEL FLOW (kg/hr)
AIR FLOW (kg/hr)
AIR FUEL RATIO

CHEMICAL AIR FUEL RATIO
EQUIVALENCE RATIO
APPARENT BLOWBY (m**3/hr)
SMOKE OPACITY (X)

TEMPERATURE PARAMETERS (deg.c)

COOLANT IN BLOCK
COOLANT OUT BLOCK
COOLANT IN HEAD
COOLANT OUT HEAD
OIL TO COOLER

OIL TO ENGINE
FUEL

INTAKE AT PORT
LFE INLET

EXHAUST PORT
LINER INSIDE #1
LINER INSIDE #2
LINER INSIDE #3
LINER INSIDE #4
LINER INSIDE #5
LINER INSIDE #6
LINER OUTSIDE #7
LINER OUTSIDE #8
LINER OUTSIDE #9
LINER OUTSIDE #10
LINER OUTSIDE #11
LINER OUTSIDE #12
FIRE SURFACE #1
FIRE SURFACE #2
PRESSURE PARAMETERS

oIL (kpa)
FUEL (kpa)
BOOST (kpa)
EXHAUST (kpa)
EMISSION PARAMETERS

PARTICULATES (g/kw-hr)
BSHC (g/kw-hr)
BSCO (g/kw-hr)
BSNOX (g/kw-hr)
co2 (%)
02 (%)
PARTICULATES (g/ikw-hr)
ISHC (g/ikw-hr)
1sco (g/ikw-hr)
ISNOX (g/ikw-hr)

AMBIENT PARAMETERS
BARO.PRESSURE (mm.hg)
RELATIVE HUMIDITY (%)

83
100
100

38

82

27
544
147
148
120
119
121
119
129
117
"1
108
100
107
221
219

45.3
23.0
6.7
6.9

2721
.3500
3.9190
13.364
9.0
8.2
.2259
.2910
3.2583
1.1

743.8
57.3
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TEST #5

RUN NUMBER 97 98 99
DAY (julian) 7160 7160 7160
TIME (military) 1623 1750 1856
ENGINE HOURS 32.0 33.4 3.5
ENGINE PARAMETERS

ENGINE SPEED (rpm) 1402 1700 2001
TORQUE (N-M) 185.7 185.0 184.6
POMER (kw) 27.3 32.9 38.7
BSFC (g/kw-hr) 240.2 241.5 250.4
BMEP (bar) 9.4 9.4 9.4
BTE (%) 35.4 35.2 33.9
INDICATED PARAMETERS

POWER Cikw) 32.5 40.3 48.8
ISFC (g/ikw-hr) 201.6 197.2 198.8
IMEP (bar) 11.2 11.5 1.8
1TE,actual (%) 42.1 43.0 42.7
1TE, theoretical (%) 55.8 56.0 55.8

RATIO, actual/theoretical .755 .769 766
ENGINE FLOW PARAMETERS

FUEL FLOW (kg/hr) 6.5 8.0 9.7
AIR FLOW (kg/hr) 161.7 201.6 237.8
AIR FUEL RATIO 24.7 5.3 2.5
CHEMICAL AIR FUEL RATIO 3.7 2.7 2.
EQUIVALENCE RATIO .5823  .5676 .5863
APPARENT BLOWBY (m**3/hr)  12.8  12.4  11.5
SMOKE OPACITY (%) 1.7 2.0 2.8
TEMPERATURE PARAMETERS (deg.c)

COOLANT IN BLOCK 17 120 120
COOLANT OUT BLOCK 120 123 122
COOLANT IN HEAD 130 135 136
COOLANT OUT HEAD 134 140 142
OIL TO COOLER 103 103 103
OIL TO ENGINE 104 104 104
FUEL 42 43 4
INTAKE AT PORT 82 83 83
LFE INLET 26 25 26
EXHAUST PORT 560 575 628
LINER INSIDE #1 175 184 134
LINER INSIDE #2 175 185 191
LINER INSIDE #3 140 145 147
LINER INSIDE #4 140 145 146
LINER INSIDE #5 137 141 143
LINER INSIDE #6 136 140 142
LINER OUTSIDE #7 160 167 172
LINER OUTSIDE #8 143 148 147
LINER OUTSIDE #9 135 139 140
LINER OUTSIDE #10 133 137 138
LINER OUTSIDE #11 125 127 127
LINER OUTSIDE #12 127 129 125
FIRE SURFACE #1 313 337 345
FIRE SURFACE #2 307 351 363
PRESSURE PARAMETERS

oIL (kpa)  44.0  49.2  53.7
FUEL (kpa) 22.8 23.9 22.5
BOOST (kpa) 7.0 7.7 8.9
EXHAUST (kpa) 6.8 7.6 9.0

EMISSION PARAMETERS
PARTICULATES (g/kw-hr)  .2641 .3128 .5230

8SHC (g/kw-hr)  .2423 2027 .1571
BsCo (g/kw-hr) 3.7091 2.9677 2.8028
BSNOX (9/kw-hr) 13.987 12.442 10.246
co2 (%) 9.1 8.8 9.0
02 (%) 8.1 8.6 8.3
PARTICULATES  (g/ikw-hr) .2223  .2555 .4150
ISHC (9/ikw-hr)  .2034  .1656 .1247
Isco (9/ikw-hr) 3.1134 2.4239 2.2246
1SNOx (g/ikw-hr) 11.741 10.162 8.1317

AMBIENT PARAMETERS
BARO.PRESSURE (mm.hg) 738.4 737.9 738.0
RELATIVE HUMIDITY (%) 87.7 79.6 79.9

122



TEST #6

RUN NUMBER

DAY (julian)
TIME (military)

ENGINE HOURS
ENGINE PARAMETERS

ENGINE SPEED (rpm)
TORQUE (N-M)
POWER (kw)
BSFC (g/kw-hr)
BMEP (bar)
BTE %)
INDICATED PARAMETERS

POWER (ikw)
ISFC (g/ikw-hr)
IMEP (bar)
1TE, actual (%)
1TE, theoretical (%)

RATIO, actual/theoretical
ENGINE FLOW PARAMETERS
FUEL FLOW (kg/hr)
AIR FLOW (kg/hr)
AIR FUEL RATIO

CHEMICAL AIR FUEL RATIO
EQUIVALENCE RATIO
APPARENT BLOWBY (m**3/hr)
SMOKE OPACITY %)

100
7166
1323
38.0

2001
184.8
38.7
251.8
9.4
33.7

49.1
198.5
1.9
42.8
55.8
767

9.8
240.2
24.6
26.2
.5839
1.1
3.0

TEMPERATURE PARAMETERS (deg.c)

COOLANT IN BLOCK
COOLANT OUT BLOCK
COOLANT IN HEAD
COOLANT OUT HEAD
OIL TO COOLER

OIL TO ENGINE
FUEL

INTAKE AT PORT
LFE INLET

EXHAUST PORT
LINER INSIDE #1
LINER INSIDE #2
LINER INSIDE #3
LINER INSIDE #4
LINER INSIDE #5
LINER INSIDE #6
LINER OUTSIDE #7
LINER OUTSIDE #8
LINER OUTSIDE #9
LINER OUTSIDE #10
LINER OUTSIDE #11
LINER OQUTSIDE #12
FIRE SURFACE #1
FIRE SURFACE #2
PRESSURE PARAMETERS

oIL (kpa)
FUEL (kpa)
BOOST (kpa)
EXHAUST (kpa)

EMISSION PARAMETERS
PARTICULATES (g/kw-hr)

BSHC (g/kw-hr)
BSCO (g/kw-hr)
BSNOX (g/kw-hr)
co2 (%)
02 %)
PARTICULATES (g/ikw-hr)
1SHC (g/ikw-hr)
1sco (g/ikw-hr)
1SNOX (g/ikw-hr)

AMBIENT PARAMETERS
BARC.PRESSURE (mm.hg)
RELATIVE HUMIDITY €3]

78
82
78
83
103
104
47
61
33
595
157
159
125
123
124
122
136
108
15
108
96
91
2
281

54.4
23.1
7.9
8.0

.5427
.1807
2.9807
7.8791
9.0
8.4
.4273
L1424
2.3496
6.2110

738.2
46.9
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TEST #7

RUN NUMBER

DAY (julian)
TIMNE (military)

ENGINE HOURS
ENGINE PARAMETERS

ENGINE SPEED (rpm)
TORQUE (N-M)
POWER (kw)
BSFC (g/kw-hr)
BMEP (bar)
BTE (%)
INDICATED PARAMETERS

POWER (ikw)
ISFC (g/ikw-hr)
IMEP (bar)
ITE,actual (%)
ITE, theoretical (%)

RATIO, actusl/theoretical
ENGINE FLOW PARAMETERS
FUEL FLOW (kg/hr)
AIR FLOW (kg/hr)
AIR FUEL RATIO

CHEMICAL AIR FUEL RATIO
EQUIVALENCE RATIO
APPARENT BLOWBY (m**3/hr)
SMOKE OPACITY %)

11.9
1.9

TEMPERATURE PARAMETERS (deg.c)

COOLANT IN BLOCK
COOLANT OUT BLOCK
COOLANT IN HEAD
COOLANT OUT HEAD
OIL TO COOLER

OIL TO ENGINE
FUEL

INTAKE AT PORT
LFE INLET

EXHAUST PORT
LINER INSIDE #1
LINER INSIDE #2
LINER INSIDE #3
LINER INSIDE #4
LINER INSIDE #5
LINER INSIDE #6
LINER OUTSIDE #7
LINER OUTSIDE #8
LINER OUTSIDE #9
LINER OUTSIDE #10
LINER OUTSIDE #11
LINER OUTSIDE #12
FIRE SURFACE #1
FIRE SURFACE #2
PRESSURE PARAMETERS

OIL (kpa)
FUEL (kpa)
BOOST (kpa)
EXHAUST (kpa)
EMISSION PARAMETERS

PARTICULATES (g/kw-hr)
BSHC (g/kw-hr)
BSCO (g/kw-hr)
BSNOX {g/kw-hr)
co2 %)
02 (%)
PARTICULATES (g/ikw-hr)
ISHC (g/ikw-hr)
1sCO (g/ikw-hr)
ISNOX (g/ikw-hr)

AMBIENT PARAMETERS
BARO.PRESSURE (mm.hg)
RELATIVE HUMIDITY (%)

120
123

21
17
112
113

44

3.1138
14.598
9.2
8.1
.2487
.2148
2.6067
12.220

740.3
63.1
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TEST #8

RUN NUMBER 117
DAY (julian) 7195
TIME (military) 101
ENGINE HOURS 82.1
ENGINE PARAMETERS

ENGINE SPEED (rpm) 1399
TORQUE (N-M) 186.8
POWER (kw) 27.4
BSFC (g/kw-hr)  240.1
BMEP (bar) 9.5
BTE (%) 35.4
INDICATED PARAMETERS

POWER (ikw) 32.5
ISFC (g9/ikw-hr) 202.5
IMEP (bar) 11.3
ITE, actual (¢3) 41.9
ITE, theoretical (%) 55.8

RATIO, actual/theoretical .752
ENGINE FLOW PARAMETERS

FUEL FLOW (kg/hr) 6.6
AIR FLOW (kg/hr)  161.6
AIR FUEL RATIO 24.6
CHEMICAL AIR FUEL RATIO 24.8
EQUIVALENCE RATIO .5848
APPARENT BLOWBY (m**3/hr) 13.2
SMOKE OPACITY %) 1.9
TEMPERATURE PARAMETERS (deg.c)
COOLANT IN BLOCK 119
COOLANT OUT BLOCK 122
COOLANT IM HEAD 40
COOLANT OUT HEAD 216
OIL TO COOLER 112
OIL TO ENGINE 13
FUEL 43
INTAKE AT PORT 82
LFE INLEY 27
EXHAUST PORT 606
LINER INSIDE #1 190
LINER INSIDE #2 192
LINER INSIDE #3 144
LINER INSIDE #4 143
LINER INSIDE #5 139
LINER INSIDE #6 138
LINER OUTSIDE #7 173
LINER QUTSIDE #8 145
LINER OUTSIDE #9 132
LINER OUTSIDE #10 121
LINER OUTSIDE #11 122
LINER OUTSIDE #12 120
FIRE SURFACE #1 479
FIRE SURFACE #2 485
PRESSURE PARAMETERS

oIt tkpa) 42.7
FUEL (kpa) 23.9
BOOST (kpa) 7.4
EXHAUST (kpa) 7.6

EMISSION PARAMETERS
PARTICULATES (g/kw-hr)  .4178

BSHC (g/kw-hr) .2104
BSCO (g/kw-hr) 2.7788
BSNOX (g/kw-hr) 10.931
co2 (%) 8.7
02 (%) 8.2
PARTICULATES (g/ikw-hr) .3525
ISHC (g/ikw-hr) .1774
1sco (g/ikw-hr) 2.3433
ISNOX (g/ikw-hr) 9.2183
AMBIENT PARAMETERS

BARO.PRESSURE (mm.hg) 742.3

RELATIVE HUMIDITY (¢9) 77.0

*AUNASA PROJECT 03-8966 *¥**

118
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1155
84.0
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55.9
747
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25.1
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.5723
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TEST #9

RUN NUMBER 122 123 124
DAY (julian) 7196 7196 7196
TIME (military) 1316 1452 1613
ENGINE HOURS 90.6 92.1 93.5
ENGINE PARAMETERS

ENGINE SPEED {rpm) 1997 1996 1997
TORQUE (N-M) 188.9 127.6 64.2
POWER (kw) 39.5 26.7 13.4
BSFC (g/kw-hr) 246.9 250.5 295.7
BMEP (bar) 9.6 6.5 3.3
BTE %) 34.4 33.9 28.7
INDICATED PARAMETERS

POWER Cikw) 49.0 36.2 23.0
ISFC (g/ikw-hr) 198.9 184.6 173.0
IMEP (bar) 11.9 8.8 5.6
ITE, actual (%) 42.7 46.0 49.1
ITE, theoretical (%) 55.8 57.1 58.5
RATIO, actual/theoretical .766 .806 .838
ENGINE FLOW PARAMETERS

FUEL FLOW (kg/hr) 9.8 6.7 4.0
AIR FLOW (kg/hr) 239.4 205.6 171.5
AIR FUEL RATIO 24.5 30.7 43.2
CHEMICAL AIR FUEL RATIO 24.8 31.0 42.8
EQUIVALENCE RATIO .5861 4677 L3332
APPARENT BLOWBY (m**3/hr) 16.7 10.7 9.8
SMOKE OPACITY (%) 2.1 1.6 2.1
TEMPERATURE PARAMETERS (deg.c)

COOLANT IN BLOCK 118 119 119
COOLANT OUT BLOCK 122 122 122
COOLANT IN HEAD 34 52 48
COOLANT OUT HEAD 192 142 120
OIL TO COOLER 120 121 118
OIL TO ENGINE 21 122 120
FUEL 47 48 48
INTAKE AT PORT 82 84 82
LFE INLET 30 30 30
EXHAUST PORT 646 536 415
LINER INSIDE #1 200 183 168
LINER INSIDE #2 201 183 168
LINER INSIDE #3 152 144 139
LINER INSIDE #4 151 143 139
LINER INSIDE #5 148 143 139
LINER INSIDE #6 146 141 138
LINER OUTSIDE #7 178 167 157
LINER OUTSIDE #8 148 143 139
LINER OUTSIDE #9 134 131 129
LINER OUTSIDE #10 120 11 121
LINER OUTSIDE #11 123 123 123
LINER OUTSIDE #12 120 120 121
FIRE SURFACE #1 476 427 350
FIRE SURFACE #2 482 137 129
PRESSURE PARAMETERS

oIL (kpa) 50.2 49.8 50.5
FUEL (kpa) 22.8 23.7 24.5
BOOST (kpa) 9.1 6.2 3.2
EXHAUST (kpa) 9.2 6.2 3.2

EMISSION PARAMETERS
PARTICULATES (g/kw-hr)  .4917 2711  .4833

BSHC (g/kw-hr) 1154  .4348 1.1635
BSCO (g/kw-hr) 2.7727 2.0400 3.1130
BSNOX (g/kw-hr) 12.485 15.915 17.432
co2 ¢3) 8.8 7.0 5.0
02 (€3] 8.3 10.9 13.6
PARTICULATES  (g/ikw-hr)  .3966 .1997  .2824
ISHC (g/ikw-hr) .0930 .3206 .6806
1sco (g/ikw-hr) 2.2339 1.5035 1.8211
[SNOX (g/ikw-hr) 10.059 11.729 10.197

AMBIENT PARAMETERS
BARO.PRESSURE (mm.hg) 740.7 740,2 739.6
RELATIVE HUMIDITY %) 71.8 63.6 60.6
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IDLE TEST #1,2,4

RUN NUMBER 62
DAY (julian) 7085
TIME (military) 1731
ENGINE HOURS 68.8
ENGINE PARAMETERS

ENGINE SPEED (rpm) 1003
TORQUE (N-M) 19.4
POWER C(kw) 2.0
BSFC (g/kw-hr) 478.6
BMEP (bar) 1.0
BTE (%) 17.7
INDICATED PARAMETERS

POWER (ikw) 4.9
ISFC (g/ikw-hr) 200.8
IMEP (bar) 2.4
1TE,actual (%) 42.3
ITE, theoretical (%) 59.9
RAT]O, actual/theoretical 706
ENGINE FLOW PARAMETERS

FUEL FLOW (kg/hr) 1.0
AIR FLOW (kg/hr) 65.9
AIR FUEL RATIO 67.5
CHEMICAL AIR FUEL RATIO 74.0
EQUIVALENCE RATIO .2130
APPARENT BLOWBY (m**3/hr) 4.5
SMOKE OPACITY (%) 1.8

TEMPERATURE PARAMETERS (deg.c)

COOLANT IN BLOCK 79
COOLANT OUT BLOCK 80
COOLANT IN HEAD 3
COOLANT OUT HEAD 72
OIL TO COOLER 78
OIL TO ENGINE 77
FUEL 32
INTAKE AT PORT 82
LFE INLET 20
EXHAUST PORT 196
LINER INSIDE #1 102
LINER INSIDE #2 103
LINER INSIDE #3 92
LINER INSIDE #4 92
LINER INSIDE #5 93
LINER INSIDE #6 93
LINER OUTSIDE #7 97
LINER OQUTSIDE #8 98
LINER OUTSIDE #9 87
LINER OUTSIDE #10 86
LINER OUTSIDE #11 89
LINER OUTSIDE #12 89
FIRE SURFACE #1 138
FIRE SURFACE #2 140
PRESSURE PARAMETERS

OIL (kpa) 341
FUEL (kpa) 21.5
BOOST (kpa) -.2
EXHAUST (kpa) .5
EMISSION PARAMETERS

PARTICULATES (g/kw-hr) 2.9647
BSHC (g/kw-hr) 8.4283
BSCO (g/kw-hr) 14.903
BSNOx (g/kw-hr) 47.353
co2 (%) 2.8
02 (%) 16.5
PARTICULATES (g/ikw-hr) 1.2315
ISHC (g/ikw-hr) 3.5368
1sco (g/ikw-hr) 6.2536
1SNOX (g/ikw-hr) 19.871
AMBIENT PARAMETERS

BARO.PRESSURE (mm.hg) 737.3
RELATIVE HUMIDITY (%) 40.0

***ANASA PROJECT 03-8966 *ww+

3 90
7090 7156
1815 151
95.3 16.9
1001 1004
19.3 16.7
2.0 1.8
460.6 543.5
1.0 .8
18.4 15.6
4.6 4.8
201.1  198.5
2.3 2.3
42.2 42.8
59.9 59.9
.704 714
.9 1.0
65.1 65.7
69.7 68.8
77.6 69.8
.2062  .2089
3.4 6.0
1.7 .8
89 81
90 82
85 81
84 81
84 90
83 89
37 40
82 82
24 29
195 221
115 106
116 106
100 98
101 97
101 100
101 99
108 99
110 96
95 94
9% 93
97 91
97 94
149 128
151 130
33.3 40.3
21.8 21.7
-.2 -.2

4 4

2.1651 2.8264
7.4847 7.6460
13.217 19.244
44.655 58.910
2.7 3.0
16.6 16.3
L9629 1.0599
3.2679 2.7931
5.7706 7.0192
19.497 21.520
737.5 T42.7
23.5 49.5
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COMBUSTION ANALYSIS SUMMARY
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Test Run

Number Condition Numbers
1 Baseline
Metal: 82°C Coolant, 82°C Intake Air 53 - 61
2 " 104°C Coolant, 82°C Intake Air 64 - 72
3 " 82°C Coolant, 60°C Intake Air 74 - 76
4 Baseline
Ceramic: 82°C Coolant, 82°C Intake Air 87 - 96
5 " 104°C Coolant, 82°C Intake Air 97 - 99
6 " 82°C Coolant, 60°C Intake Air 100 - 102
7 Hot
Ceramic: 121°C Block Coolant, 82°C Intake
Air, Coolant Drained From Head 103 - 112
8 " Same as No. 7 but with retarded
fuel-injection timing 117 - 121
9 " Same as No. 7 but with advanced
fuel-injection timing 122 - 124

-
n
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LEGEND

10

11

12

13

14

Run No.

RPM

Indicated Power (kw)

Injection Timing (degrees, 180 = TDC)
Injection Duration (degrees)

Point of Ignition (degrees)

Ignition Delay (degrees)

Combustion Duration {degrees)

Total Heat Release [Chr (max) - Chr (ign)] (J)
Premixed/Total Heat Release Ratio

Peak Cylinder Pressure (MPa)

Peak Rate of Pressure Rise (kPa/deg.)

Angie where Peak Cylinder Pressure Occurs (degrees)

Angle where Peak Rate of Pressure Rise Occurs (degrees)
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APPENDIX E

HIGH SPEED COMBUSTION PLOTS
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Test
Number

Baseline
Metal:

(]

Baseline

Ceramic:

"

"

Hot

Ceramic:

Condition

82°C Coolant, 82°C Intake Air
104°C Coolant, 82°C Intake Air
82°C Coolant, 60°C Intake Air

82°C Coolant, 82°C Intake Air
104°C Coolant, 82°C Intake Air
82°C Coolant, 60°C Intake Air
121°C Block Coolant, 8§2°C Intake
Air, Coolant Drained From Head

Same as No. 7 but with retarded
fuel-injection timing

Same as No. 7 but with advanced
fuel-injection timing

Run
Numbers

53 -61
64 - 72
74 - 76

87 - 96
97 - 99
100 - 102
103 - 112

117 - 121

122 - 124

PRECEDING PAGE BLANK NOT FILMED
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RUN #53, 1400 RPM, 100 % LOAD
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67 % LOAD

RUN #54, 1400 RPM,
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Injection Pressure (MPa)

Cylinder Pressure (MPa)

RUN #55, 1400 RPM, 33 % LOAD
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1700 RPM,100 % LOAD

RUN #56
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#57, 1700 RPM, 67 % LOAD

RUN
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RUN #58, 1700 RPM, 33 % LOAD
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RUN #59, 2000 RPM,100 % LOAD
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67 7% LOAD

2000 RPM,

RUN #60
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2000 RPM, 33 % LOAD
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LOAD

RUN #64, 1400 RPM, 100 %
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(r) @spajay IpsH 8ARDINWNY

1400 RPM, 67 % LOAD

’

RUN #65
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RUN #66, 1400 RPM, 33 %
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1700 RPM,100 % LOAD

RUN #67,
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67 % LOAD

RUN #68, 1700 RPM
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1700 RPM, 33 % LOAD

RUN #69
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RUN #70, 2000 RPM,100 7%
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