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‘A new approach to the thermal loading problem is to apply a thin layer of
a ceramic insulator to combustion chamber surfaces thereby reducing heat
transfer and metallic component temperature. The following document describes
the results of a test program to evaluate engine performance for engines
having ceramic coatings. Both spark and compression ignition performance
was examined. -
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INTRODUCT ION

The following document is a final report for Grant Number DAAG29-76-G-0263

funded by the U.S. Army reserve office. This Project was started June 1, 1976

and had a duration of two years. In general, the scope of this Project was to

investigate engine performance and emission characteristics resulting from the

application of both ceramic and catalytic combustion chamber surfaces.

ThEORETICAL SAC KGROUND

Purpose

In general , heat engines are devices that transform a portion of high

t emperature heat energy into work and reject the remaining energy as a waste

product at a lower temerature . Most theoretical engine cycles employ adia-

batic processes for expansion and compression of the contained gases. Typical

analyses for simplified Teciprocating spark-ignition (S-I) and compression

ignition (C-I) engines will indicate that approximately two-thirds of the energy

input can be theoretically transformed into work while the remaining one-third

will be rejected as waste heat. This wasted energy is contained in the exhaust

products leaving the engine.

Real engines not only lose approximately one-third of the input energy in

the exhaust but they also employ non adiabatic processes that waste approximately

another third of the energy supplied .

Since metallic engine parts are in continuous contact with the working fluid

at elevated temperature they absorb heat from the fluid and tend to increase in

temperature. Structural and lubrication requirements necessitate that component

temperature can be controlled to reasonable values by cooling with a heat trans-

fer to either the cooling jacket or lubricating oil.

This heat transfer theoretically represents an energy loss from the engine

1
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that could otherwise partially be converted into useful work .

Since the temperature of the metallic engine components results from an

intimate contact with a high temperature working fluid it is theoretically

possible to control and decrease heat transfer and thus metallic temperatures

by incorporating a coating of an insulating material on combustion chamber

surfaces. Theoretically if the heat transfer is reduced the engine performance

and efficiency should improve.

Several ceramic substances have been developed in the last few years that

exhibit excellent insulating properties. These substances can be sprayed on

metal surfaces by flame or plasma methods and also can be applied by a device

known as a detonation gun. Some properties of various coatings and metals

follow in Table 1.

_ _- _ _  _ _ _ _ _ _ _
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Table I
PHYSICAL PROPERTIES

COE F F IC I EN TTHERMAL BULK SPECI FIC MELTINGOFCONDUCTIVITY DENSITY HEAT TEMPER ATURE
MATERIAL 

_ _ _ _ _ _ _ _ _ _ _ _ _  

EXPANSION — 
_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _

BTU 
___ x 10~~ 

_____  

- 

°Fhr ft °F in° F cm 3 *OF

cal cm lo 6 )
_ _ _ _ _ _ _ _ _  ~ Sec cm C~ cmC ~cmC~

ZIRCONIUM
0.67 5.4 5.2 0.175 4500

OXIDE
_ _ _ _ _ _ _ _ _ _ _ _  

(2.77 x 10 3) (3 . 0) - (6 . 018) (2482)

ALUMINUM 1.58 4.1 3.3 0.28 3600
OXIDE (0 . 01) (2 . 28) (0 .028) (1982)

- CHROME
1.50 5.0 4.6 0.20 3000

OXIDE (0 . 01) (2. 78) (0. 020) (1649)

A L U M I N U M  120 13.0 2.7 0.22 1220
(0 . 50) (7 . 22) (0 . 022) (660)

CAST IRON 27 6.5 7.88 0.11 2800
(0.11 ) (3 .61) (0 . 011) (1538)

SOUR CE : “ ROKIDE CERAMIC SPRAY COATING” .
THE NORTON COMPANY, 1911.

_ _ _  . -~~~~~~~~~
-

~~~~~~.-- - ---~~~~~
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It can there fore be stated that theoret ical ly  the application of a rela-

tively thin layer of a ceramic insula t ing  material should reduce heat transfer ,

reduce meta l l ic  structural temperature , and increa se engine efficiency.

From a combu stion standpoint , the ele vated ceramic surface t emperature in

conjunction with an expected catalyt ic effect should assist combustion especially

for lean mixtures. This factor should enhance preflame reactions and promote

better engine performance on low grade fuels for C-I operation.

Finally, it is expected that decreased metallic structural temperatures

should allow component redesign to reduce weight and increase reliability.

Coating Selection and Application

As previously mentioned several insulating coatings have been developed in

recent years. Among these are aluminum oxide , zirconium oxide, zirconium sili-

cate, chrome oxide , and magnesium aluminate.

To reduce heat transfer in an engine cylinder, two physical coating prop-

erties are of prime importance. First, the material must adhere to the metallic

subsurface without any significant intersurface stress over a wide range of

temperature . This necessitates that the coefficient of thermal expansion of

the coating should be of the same order of magnitude as the base structure.

Second, it should have as low a thermal conductivity as possible in order to

S 
effectively control heat transfer.

Prope rti es of lesser impor tance are specific hea t, compressive strength,

and adherence.

Of all the coating materials investigated yttria stabilized zirconium oxide

best f i t s  the requirements for engine combustion chamber insulation. Adherence

of plas ma and flame sprayed zirconium oxide to cast iron and aluminum surfaces

is, however, in some cases not good and coating separations will  occur if proper

techniques are not observed.

-0 _ _ _ _ _ _ _ _
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Before coating metallic surfaces they should be clea’~ and free of oil. In

some cases it may be necessary to preheat cast iron surfaces to expel residual

oil from machining processes. To promote good bonding, it is suggested that

metallic surfaces be grit blasted and given a flash coat of nickel alumináte

before application of the zirconium oxide coating.

Engine Model

A more indepth theoretical study was performed by the author in 1976 to

quantify the expected performance changes of insulated versus non-insulated

engines. This study was undertaken at the National Aeronautics and Space

Administration--Johnson Space Center (NASA-JSC). The outcome of this study ~~

a computer model to predict heat transfer, engine operation parameters, and

component temperatures as a function of coating conductivity and thickness.

The model utilized a modified otto cycle analysis with variable specific

heats and variable polytropic exponents for compression and expansion. The

quantity of exhaust residual, intake properties, compression ratio, bore,

stroke, air fuel ratio, engine speed and percent of throttle could be varied.

Processes considered in the model included residual gas expansion, intake,

compression, combustion, expansion, blowdown, and scavenge.

Cyclic heat transfer was calculated by summation of the instantaneous

heat transfer for each unit of engine rotation, (do) or

Tg 
- 

Tw 
~~ + 2
,5 

Tg T0 dO

Where Tg is the working fluid bulk temperature, Tw is the cooling water temper-

ature, T0 is the lubricating oil temperature and R is the combined convective

and conductive heat transfer resistance.

The convective resistance is controlled by the film coefficient (h) and

the exposed surface area (A) which includes the circular cylinder head and

- - - _ _ _.- - - . . . —
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and piston surfaces as well as the variable cylindrical surface area of the

eng ine cyl inder 0 is cyclic crankshaft rotation.

Recent work by several authorities has yielded valuable insight into

engine combustion processes and the resulting values for the convective film

coefficient (1,2,3). The relationships chosen for the film coefficient in this

model are those by Woschni as follows:

(K\(BPV~ 0.8
h = 0.035 ~L?’h u7

Where K is the thermal conductivity, B is the cylinder bore, u is the viscosity,

p is the density and V represents gas velocity as a function of mean piston speed

V~ and varies from process to process as follows:

V = 2.28 Vp (compression and intake)

V = 6.18 Vp (scavenge and blowdown)

V = 2.28 Vp + 0.00324 
V
s 
T
1 4 p (combustion and scavenging)

pl y1

Where V3 is instantaneous cylinder volume P1, T1, and V1 are inlet closure prop-

erties and hP is the difference between instantaneous pressure and unfired engine

pressure at the same crank angle. Neither combustion kinetics nor an expected

reduction in lubricating oil temperature with reduced heat transfer were accoun-

ted for in the model.

Results of this model for various coating thickness are displayed in Figures

1-3. Note that as coating thickness increases:

1. Exposed coated surface temperature increases rapidly
for combustion and expansion ,

2. Metallic piston intersurface temperature decreases and

3. Overall cyclic efficiency increases.

One important outcome of the mathematical analysis as shown in Figure 4 is that

convective resistance to heat transfer predominates throughout the cycle except

— ___
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during combustion and early expansion where turbulence is significant. During 
- -

this critical time the convective resistance is lost and the conductive resis-

tance of an insulating coating becomes a sizeable benefit. This is also the

time of high working fluid temperature where the greatest power production can

be expected if heat transfer can be minimized by the insulation .

PRELIMINARY TESTING

The above theoretical expectations appeared sufficiently optimistic that a

sequence of engine test were performed by NASA-JSC in which the author parti-

cipated. Objectives of these tests were to identify performance changes and to

establish if flame sprayed ceramic coatings could in fact endure the torturous

environment of a reciprocating I-C engine combustion chamber. Figure 5 illus-

trates the NASA-JSC test facility with the four cylinder 153 cubic inch S-I

Chevrolet test engine in place. Figure 6 and 7 portray the ceramic coated

cast iron cylinder head and aluminum pistons respectively coating thicknesses

were a nominal 0.51 to 0.76 mm (0.020 to 0.030 inch).

Results of the NASA-JSC tests indicated that yttria stabilized zirconium

oxide would adhere to aluminum , steel, and cast iron engine parts for at least

the one hundred plus hours of test operation without separation from the metallic

subsurface and would not display visible degradation of the ceramic structure.

Performance observations resulting from these tests were somewhat inconclu-

sive, some areas of operation showed slight efficiency and power improvements
S 

while others showed a small sacrifice. In general non-knocking power and

efficiency was somewhat higher but combustion knock, and the resulting perfor-

mance decrease appeared to be promoted by the ceramic surface.

COMPREHENSIVE TESTING

As previously stated the preliminary test at NASA-JSC proved that zirconium

- . . _ _ _ _-. - - —~~~~~~~~~~~~~~~
--,-- - - —
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Figure 5

.

S

NASA Engine Test Cell

Figure 6

Multi-Cylinder Cylinder Head
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Figure 7
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oxide coatings could withstand the harsh S-I engine environment and in some cases

yield a performance improvement. Based on these early tests the U.S. Army re-

search office issued a grant to fund a two year effort at Oklahoma State

University to further investigate coated engine performance. This work consis-

ted of two phases. First to document engine performance for both S-I and C-I

ceramic coated engines and second to investigate emission and performance char-

acteristics for zirconium oxide coated engines with and without catalysts applied

to the exposed ceramic, in other words, an in situ catalytic reactor.

TEST APPARATUS

The engine test laboratory used for the above test program is shown in

Figure 8. Principle items of laboratory equipment for the OSU project can be

divided into two categories, the engine with its associated instrumentation and

the emission analysis apparatus.

Analysis Apparatus

A Cooperative Fuel Research (CFR) low speed crankcase engine was used for

all tests. This engine was equipped with the split head cylinder that allowed

compression ratio testing capability between 4 and 18 to one. Figures 9 and

10 show the confi guration of this cylinder head and piston with and without a

ytt ria stabilized zirconium oxide coating, respectively. Coating thickness

for all tests was 0.64 mm (0.025 inch).

Note in Fi gure 10 that for C-I operation the spark plug has been replaced

by an adapter that holds a pencil type injector for open chamber operation.

This inj ector as well as the adaptor were designed solely for this project

and are shown in Figure 11. A typical inj ection spray pattern is illustrated

in Figure 12.

-— 
_ _ _ _ _ _ _ _ _ _  — — __-
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Figure 8
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O.S.U. Engine Test Laboratory
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Figure 9
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Cylinder Parts Without Ceramic Coating
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Figure 10
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Cylinder Parts With Ceramic Coatink
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Figure 11

Injector Adaptor Exploded View
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Figure 12
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Inj ection Spray Pattern
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A schematic of the engine and its associated equipment is shown in Figure

13. Combustion air was forced through an ice tower to remove excess moisture

and then flowed through a laminar flow element flowmeter. Mass rate of air

flow was regulated by a throttle valve preceding a surge tank that reduced pul-

sations for the flowmeter. For S-I operation , fuel was sprayed into the

airstream and the mixture heated to standard temperature before entering the

engine . S-I fuel was drawn from a graduated flask and then flowed through a

rotameter for redundant flow measurement. Indolene clear (98 octane) was used

as S-I fuel.

C-I fuel was also drawn from a graduated flask for a known time to estab-

lish primary flow measurement. Back up flow was determined by a micrometer

controlled rack on the Bosch injection pump. A pressure transducer on the in-

jection line produced an electric signal used to establish injection timing.

Injection timing was adjustable within limits by a micrometer adjustment on

the injection pump . The fuel used for C-I operation was I-H cat diesel fuel .

The engine was cooled by a boiling water jacket and lube oil temperature

was controlled by an electric heater.

An AVL 14DP24OC strain gauge pressure transducer and two photocells pro-

vided signals to an indicated power meter of the modified Phillips design (4).

The output of this transducer was also used for oscilloscope observation of

engine performance. A photographic display of pressure time (P-T), injection

• time , spark time , and crankshaft angular position were taken to document timing
S 

and combustion delay information .

Gas temperatures were monitored by thermocouples in the exhaust pipe

and intake man i fold.

Emission Apparatus

Three substances were analyzed in the exhaust of the test engine , hydro-

_ _ _ _ _ _ _
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carbons (HC) , carbon monoxide (CO), and oxides of nitrogen (NOX). Hydrocarbon

concentration was observed by flame ionization detection (FID) using a sampling

apparatus illustrated in Figure 14. HC concentration was reported as parts per

million carbon as related to a propane (C3 H8) calibration gas. A non-dispersive

infrared analyzer (NDIR) was used as a back up HC instrument. This same de-

vice monitored CO as illustrated in Figure 15. The sampling system and the NDIR

used for NOX measurement is shown in Figure 16.

TEST PROCEDURE

Each sequence of testing was preceded by an engine tune-up that included

a cylinder deglaze, installation of new piston rings, valve lapping and mea-

surement of clearance volume for compression ratio determination. All instru-

mentation was given a major calibration before each test sequence and a minor

calibration periodically between test runs. An engine break in was performed

followi ng each engine assembly.

S-I Tests

Before each sequence of S-I tests the fuel and ignition system performance

and calibration was verified. The engine was started and brought to operational

temperature on natural gas fuel to avoid combustion chamber deposits.

Engine runs were started at low values (6 to 1) of compression ratio (CR)

and progressed to higher values. Initially, it was intended to secure data

between 4 and 14 to one CR but low performance and violent knock necessitated

a smaller CR range.

Air fuel ratios ranging from lean misfire (18 to 1) and rich misfire (14

to 1) were tested for each compression ratio.

Spark timing was adjusted to minimum advance for best torque (MET) for each

.5.—. ______________ --——--- — —-——-- —
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data run. Several minutes (5 or more) of engine operation elapsed to establish

equilibrium on each run before data was recorded. Ignition delay was measured

as the crankshaft rotation between the spark pulse and significant cylinder

pressure rise.

Before each data run all emission filters were changed, air and fuel flow

rates were re-established and intake air fuel mixture temperature was adjusted

to 305K (8SF).

C-I Tests

In general, C-I tests were similar to S-I tests, however, natural gas

could not be used as a warm-up fuel. Compression ratios between 14 and 18 to

one were investigated for air fuel ratios ranging from 19 to 34 to one. It was

found that CR lower than 14 to 1 resulted in misfire and A-F richer than 19 to

one produced such high concentrations of soot that emission filters were plugged

in a few seconds of operation. A-F ratios leaner than 34 to one resulted in

significant misfire.

C-I engine tests started at low values of CR and progressed to higher

values. A-F ratios progressed from rich to lean. Inlet air temperature was

regulated to 322K (l2OF) for all C-I tests.

Injection timing was adjusted to MBT whenever possible, however, the max-

imum advance was 53 degrees and many tests had not reached best torque at the

maximum advance limit.

Ignition delay was determined by measuring the difference between the in-

jector transducer pulse and the point of significant pressure rise in the

combustion chamber.

• Preliminary Test

A complete set of performance data was taken during the projects first

~
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year. No emission data was taken, however, since the in situ catalytic project

had not been formulated. Once the second year in situ study was approved it

was realized that all tests would need be rerun to include emission profiles and

combustion delay. These last two items are a key indicator of how the catalyst

is effecting combustion, performance, and emission.

Since test procedures and instrumentation were significantly changed after

the first year and since some first year data had wide variation this data will

not be included in this document.

CATALYSTS

Selection

Theoretically catalytic surfaces can be expected to influence chemical

kineti cs prior to , during , and following combustion . Catalysts by their nature

form chemical bonds of varying degrees of stability with other atoms or groups.

Although one must hope ultimately to explain the chemical behavior of a metallic

catalyst in purely quantum mechanical terms, this objective still remains largely

beyond reach and one is left with the construction of essentially emperical

correlations (5).

It can be expected that the material of an engine combustion chamber must

catalytically influence the rate and path of the reactions leading to combustion

products. When aluminum and cast iron combustion chamber surfaces are replaced

by yttria stabilized zirconium oxide it is reasonable to expect a change in

reaction time and composition of exhaust products. An expansion of this idea

would predict a further change in combustion characteristics if active catalytic

substances such as platinum and cerium were introduced.

To pursue this principle a program wss undertaken during the second year of

the U.S. Army grant to identify the affect of various catalytic substances on

.5 -~~ 
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engine performance and emission. Initially, six metals (platinum, palladium,

cerium, nickel, tungstan, and titanium) were selected as possible candidates.

Of these, two, platinum and cerium, were applied to the zirconium oxide com-

bustion surface and subjected to a sequence of engine tests. It was expected

that these substances would yield: 1) a reduced tendency to knock, 2) a de-

crease in preflame chemical and physical delay time, 3) a reduction in exhaust

emissions, and 4) a more favorable engine tolerance to low grade fuel (6).

Application

Metallic catalysts are not usually applied to a surface in the pure metal

state. A common procedure is to dissolve a salt or metallic compound in a

solvent, distribute this solution on the surface and then chemically reduce the

dried film to the parent metal. This above procedure was used for both catalysts

that were applied for this test.

Preparation of a platinum catalyst solution consisted of dissolving 1.2

grains of dihydrogen hexachioroplatinate IV (H2 Pt Cl6 .6H20) in 2.0 grams of

distilled water. This solution was spread over the polished zirconium surfaces

with a glass rod and then allowed to dry in air for 24 hours prior to a final

oven drying at 422K for 12 hours.

Reduction of the dihydrogen hexachloroplatinate to platinum black was

achieved by placing the surfaces in a sealed steel box and placing the box in

an electric oven. Before heating, the box was purged of air by flushing with

dry nitrogen for several minutes. The nitrogen in turn was forced from the box

by a flow of gaseous hydrogen entering at the top and pushing nitrogen out the

bottom. Hydrogen flow was controlled to 17 cubic centimeters per hour and

continued throughout reduction. Reduction was completed by maintaining a 533K

temperature for 24 hours. Figures 17 and 18 show the platinum surfaces after

reduction.

• -Th1 ~~~~~~
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The procedure for cerium application was quite similar to that for platinum.

The solution was prepared with 15.1 grams of cerium (III) 2,4 pent-anedionate

Ce (C5 H7 O2)3.XH2O in 59.1 grams of absolute alchohol. Initial hydrogen re-

duction temperature was 450K. This reduction was followed by a second applica-

tion of solution and a final hydrogen reduction at 589K. Figure 19 illustrates

the cylinder head surface after reduction with a cerium catalyst.

Production of a satisfactory surface and reduction was much more difficult

with cerium than platinum. Refusal of the coating to reduce, poor adherence,

and blistering were common problems. Figure 20 portrays a typical unsatisfactory

cerium surface.

DATA AND ANALYSIS

Raw data was recorded manually during each engine run on computer format

forms. After data acquisition all information was transferred to punch cards

and processed in an IBM system 370 computer. A copy of the program is listed

in the appendix.

Table 2 following tabulates all reported data, while Figures 21. through

76 display the graphical behavior of non-coated, coated, and catalytic engine

performance for both S-I and C-I operation.
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Figure 19
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S-I Data Analysis

Figures 21 through 23 illustrate the relationship of indicated power to

air fuel ratio for the various engine configurations. Note, that power in

general shows a significant improvement for zirconium coated S-I engines as

compared to non-coated. This trend, however, reversed at 10 to 1 CR for mid

range A-F. Severe knock accounted for this power loss. The uncoated surfaces

resisted knock presumably because of the lower surface temperature of the bare

metal.

In opposition to expected results, a power sacrifice was observed for cat-

alytic operation. In general, all S-I data indicated that both cerium and

platinum inhibited combustion and reduced engine performance.

Indicated specific fuel consumption (ISFC) trends are portrayed in Figures

24 to 26, where as expected, the zirconium coated engine showed superiority

until severe knock destroyed power output at a CR of 10.

As expected, ignition delay is much less for zirconium coated performance

(see Figures 27 through 29) no doubt caused by the fuel-air mixture having con-

tact with a hotter surface during its residence on the intake and compression

strokes.

Unexpectedly, the catalytic coatings do not appear to initiate preflame

reactions that reduce ignition delay.

Exhaust gas temperature (EGT) portrays the usual decline with an increase

of CR as shown in Figures 30 to 32. The typical peak temperature on the lean

side of stoichiometric is present, as is the increase in temperature with a

reduction in heat transfer for the coated engine. Note that the combustion

inhibiting phenomenon of the catalytic surfaces delays and reduces the peak EGT.

HC and CO emissions are generally similar for zirconium coated and non-

coated performance while catalytic surfaces tended to produce somewhat higher

. 5 . 5  
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cancentrations as shown in Figures 33 to 38. Again, th is trend indicates that

the catalytic surfaces acted as a deterrent to preflame reactions and inhibited

complete combustion.

Oxides of nitrogen concentration is much the same for non-coated and cat-

alytic performance (see Figures 39 to 41) with a large increase shown for coated

operation. The expec ted peak concentration on the lean side of stoichiometric

is found only for coated zirconium performance. The behavior of this data places

some doubt on its validity even though it was repeatable and consistent. Addi-

tional tests may be justified and may point to an unexpected problem with sample

handl ing.

C-I Data Analysis

Engine power is significantly reduced for C-I operation with zirconium or

catalytic coatings as shown in Figures 42 to 46. This unexpected event could

be the resul t of several factors , the most no table being : 1) an increased

heating of the new air charge during the intake and compression strokes resul-

ting in an increase in negative compression work, 2) a change in precombustion

(catalytic) reactions at the surface that delay and inhibit combustion, and

3) an absorption of impinging fuel into the porous ceramic coating causing late

and incomplete combustion.

While all of the above factors probably play a role in the poorer coated

and catalytic performance , it is believed that the third is the most influen-

tial. Impingement has been a significant problem in C-I operation due to the

open chamber design. The small bore cylindrical shaped combustion chamber as

well as the side location of the injector produces some degree of impingement

even with an improved injector hole arrangement. This impingement is far more

critical on a porous ceramic surface where a portion of the fuel can be absorbed

than on a smooth metal where it remains in intimate contact with the combustion

- - —~~~~~~~~~-~~~~~~~~~~~~~~~~~~~~~ -—----- . -- --- - ——-~~~ --~~~~~~~~—- - -—-  . 5—--  — -- .5-
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air.

It seems likely that modifications in combustion chamber and injection

design can promote better combustion and produce increased power. An open

chamber with a central injector location or a pre-combustion chamber design

should prevent impingement and combustion problems and produce the performance

improvements seen in S-I operation and predicted by theory.

Figures 47 to 51 portray fuel consumption characteristics for C-I opera-

tion . The greater power output of non-coated operation produces the lowest

fuel consumption that in turn correlates with the above discussion on engine

output.

Compression ignition exhaust gas temperature characteristics (see Figures

57 to 61) for coated, non-coated, and catalytic performance follow expected

and predictable trends with non-coated operation generally at the lowest value.

This behavior would agree with and compliment the above discussion relating to

delayed combustion caused by impingement and catalysts. Note, that as the A-F

becomes quite lean the EGT suddenly increases dramatically. This phenomenon is

explained by a weak combustion process that propagates a delayed inflammation

that, in turn, exists into the exhaust valve opening interval.

Hydrocarbon emissions generally indicate that the catalytic surfaces are

effective in reducing exhaust contaminants as shown in Figures 62 to 66.

This trend in conjunction with the CO emissions of Figures 67 to 71 and

the EGT data indicates that the zirconium and catalytic surfaces do not pre-

vent complete combustion they only slow down the rate, producing generally

higher ECT with lower contaminant concentrations downstream at the exhaust gas

sampling station .

Nitric oxide emissions (see Figures 72 to 76) are much less in C-I than

in S-I operation, with catalytic exhaust still producing dramatically lower
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emissions. Again, this data should be viewed with some question as with the

S-I data. The data was reproducible and consistent, however, the large differ-

ences between different operational modes remains largely unexplained. Further

examination into this phenomenon is warranted.

t
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SU?44ARY AND CONCLUSIONS

A study into thermodynamics, heat transfer and engine operational theory,

indicates that thermal insulation on combustion chamber surfaces should:

1) increase engine efficiency, 2) decrease component metallic temperature

thereby promoting lighter, stronger engines, and 3) increase engine tolerance

to low grade fuel. The engine test program described in the preceding sections

verified some of the above expectations in certain modes of operation and dis-

proved them in others.

Additional areas of importance were: 1) the affect of catalytic surfaces

within the combustion chamber, and 2) the endurance characteristics of zircon-

ium oxide plasma sprayed coatings within an engine.

Little doubt exists as to the endurance of the zirconium oxide coatings;

they can survive under severe engine conditions for extended time intervals

with little or no deterioration. Figure 7~ illustrates one such piston sur-

face that survived over 100 hours of S-I and C-I operation with intermittent

violent knock. The only deterioration to this surface is a slight feathering

or rounding of the coating on the perimeter. No coating separations or failures

occured during this entire U.S. Army funded project. Coatings were applied to

both cast iron and steel.

In general, it was determined that the placement of platinum and cerium

catalytic surfaces into an engine combustion chamber inhibited or delayed com-

bustion. While the chemical reaction tended towards completion, the rate of

combustion was slowed producing poorer performance and efficiency.

Non-knocking S-I engine power and efficiency showed a significant improve-

ment with the addition of a yttria stabilizing zirconiwn oxide costing to all

combustion chamber surfaces.
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Figure 77
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Zirconium coated engines encountered knock at a lower compression ratio

and knocked more severely than did non-coated engines.

Compression ignition engines encountered a performance degradation with a

zirconium coating; both power and efficiency were reduced significantly. This

unexpected result did not agree with theory and is believed to be primarily a

result of combustion chamber design rather than an outcome of the coating itself.

It is apparent from this study that ceramic surfaces offer promise in

future engine technology but much research and testing is necessary before they

can be fully understood and utilized.

-
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