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Abstract A review of research on low heat rejection engines, to incorporate various systems of ceramic materials in
intermittent combustion engines, and on the use of ceramics in these engines is presented. The reduction of heat loss from the
combustion chamber of diesel engines improves fuel efficiency only by 3 or 4 per cent. Some other gains may be possible
from a smaller cooling system, recovery of exhaust energy, and improvements in aerodynamics. The use of thermal barrier
coatings (TBCs) to increase the combustion temperature in diesel engines has been pursued for over 20 years. Increased
combustion temperature can increase the efficiency of the engine, decrease the CO and (possibly) the NOx emission rate.
However, TBCs have not yet met with wide success in diesel engine applications because of various problems associated
with the thermomechanical properties of the coating materials. Although, the in-cylinder temperatures that can be achieved
by the application of ceramic coatings can be as high as 850-9000C compared to current temperatures of 650-7000C. The
increase in the in-cylinder temperatures helped in better release of energy in the case of biodiesel fuels thereby reducing
emissions at, almost the same performance as the diesel fuel. The purpose of this paper is to explain the effect of insulation on
engine performance, heat transfer characteristics, combustion and emission characteristics. Many researchers have carried
out a large number of studieson Low Heat Rejection Engine (LHRE) concept. Some of them are experimental work and many
are theoretical studies. In the case of LHR engines almost all theoretical studies predict improved performance but many
experimental studies show different picture. This paper analyses the reason for this deviation. The operating conditions, under
which the experimental and simulation studies are carried out, have been clearly discussed. The factors, which affect thermal
efficiency, combustion, and exhaust emissions in LHR engine, are deduced and their influences discussed.
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by 15-20% and increase the exhaust gastemperature 200K [5].
Although several systems have been used as TBC for dif-
ferent purposes, yttria stabilized zirconia with 7-8 wt. %
yttria has received the most attention. Several important
factors playing important roles in TBC lifetimes including
thermal conductivity, thermal, chemical stability at the ser-
vice temperature, high thermo mechanical stability to the
maximum service temperature and at last but not least the
thermal expansion coefficient (TEC).

The diesel engine with its combustion chamber walls in-
sulated by ceramics is referred to as Low Heat-Rejection
(LHR) engine. The LHR engine has been conceived basi-
cally to improve fuel economy by eliminating the conven-

1. Introduction

Energy conservation and efficiency have always been the
quest of engineers concerned with internal combustion en-
gines. The diesel engine generally offers better fuel economy
than its counterpart petrol engine. Even the diesel engine
rejects about two thirds of the heat energy of the fuel,
one-third to the coolant, and one third to the exhaust, leaving
only about one-third as useful power output. Theoretically if
the heat rejected could be reduced, then the thermal effi-
ciency would be improved, at least up to the limit set by the
second law of thermodynamics. Low Heat Rejection engines

aim to do this by reducing the heat lost to the coolant.
Thermal Barrier Coatings (TBCs) in diesel engines lead to
advantages including higher power density, fuel efficiency,
and multifuel capacity due to higher combustion chamber
temperature (900°C vs. 650°C)[2,3].Using TBC can increase
engine power by 8%, decrease the specific fuelconsumption
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tional cooling system and converting part of the increased
exhaust energy into shaft work using the turbocharged sys-
tem.

A large number of studies on performance, structure and
durability of the LHR engine have been carried out since
Kamo and Bryzik[6] presented a new concept of the LHR
engine combined with the turbocompound system. Although
promising the results of the investigations have been
somewhat mixed. Most have concluded that insulation re-
duces heat transfer, improves thermal efficiency, and in-
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creases energy availability in the exhaust. However contrary
to the above expectations some experimental studies have
indicated almost no improvement in thermal efficiency and
claim that exhaust emissions deteriorated as compared to
those of the conventional water-cooled engines.

Plasma spray is the most common method of depositing
TBCs for diesel applications. It creates a splat structure with
10-20 % volume fraction of voids and cracks[7]. High po-
rosity of this structure makes it an ideal choice for TBC.
Widespread application has been limited by insufficient
lifetimes and the cost.

TBCs for diesel engines have generally been accepted to
improve engine thermal efficiency and reduce emissions as
well as specific fuel consumption because of their ability to
provide thermal insulation to the engine components. The
generally known principle that increased operation tem-
peratures in energy conversion systems lead to an increase in
efficiency, fuel savings and reduced emissions as particles,
carbon monoxides (CO), hydrocarbons (HC) and limited
reductions of NOx emissions have, over many decades,
promoted R&D activities in the field of TBCs develop-
ment[8].

2. TBC in Diesel Engine vs. Turbine
Blade

Recently, much attention has been focused on TBCs for
turbine engines. However, the service environment of the
coating in the turbine is markedly different than in the diesel
engine. In the former, the service temperature is high
(1000-1100°C). The super alloy substrate’s maximum ser-
vice temperature is about 800°C. The thickness of coating is a
few hundred microns and is applied to protect against oxi-
dation, hot corrosion, thermo-mechanical fatigue and creep.
Due to the high substrate temperature, oxidation of the bond
coat plays a major role in coating failure. On the other hand,
in the diesel engine the gas temperature, currently less than
750°C, would ideally approach 900°C. The substrate tem-
perature is limited to approximately 200°C, and therefore a
thick coating (at least Imm) is required which leads to a high
thermal gradient. In a thick thermal barrier coating (TTBC)
the bond coat temperature is too low for severe oxidation and
creep[7].

Recent work shows that inelastic behavior of the TTBC
ceramic material and its unique microstructure determines
the failure mechanism. In a thick thermal barrier coating,
when the surface of the YSZ coating is heated, a compressive
stress is developed in the surface which will be relaxed after
two hours of steady state heating. Upon cooling, the stress
becomes tensile and initiates cracks. Due to the mismatch in
thermo mechanical properties of the top coat and bond coat,
this interface is a source for cracking and delamination|[8§].

3. Alternatives

As mentioned above, conventional YSZ coatings have not
proven successful for TBCs in diesel engines. There is a
great thermal expansion coefficient match between YSZ,
bondcoat and substrate (10.7x10-6 k-1 vs.17.5x10-6 k-1for
NiCoCrAlY and 16x10-6 K-1 for IN737)[7]. Good
thermo-mechanical performance and fair oxidation resis-
tance are other properties of YSZ as a TBC. A number of
materials have been proposed in the literature as possible
alternative to YSZ for diesel engine applications. Each has
advantages and disadvantages when compared with the
standard coating.

3.1. Zirconates

Zirconates have drawn the attention of several research
groups as a promising alternative to YSZ. These materials
with a pyrochlore structure [12] have a fair TEC (in the range
0f 9-10 x10-6 K-1) which is comparable with PSZ. The main
advantages of zirconates are their low sintering activity, low
thermal conductivity (20% lower than PSZ), and good
thermal cycling resistance[13,14]. The main problem is the
high TEC which results in residual stress in the coating, and
can cause coating delamination. Some materials in this
category; e.g. BaO'ZrO,, SrOZrO,, and La,0;2Zr0O,, un-
dergo phase transformation or become non-stoichiometric
during heating. The total porosity in plasma sprayed zircon-
ates is less than 10%[12] which is lower than the porosity in
plasma sprayed PSZ. As the porosity has a vital role in
thermal insulation, process modification is required to in-
crease the level.

3.2. Other Potential Alternative Ceramic Materials to
PSZ

» Garnets

» Al)05.510,.MgO system
» Cordierite

» Forsterite

» Spinel

> Mullite

4. Multilayer System

In a thick TBC, a low TEC is desirable for the hot surface
to minimize thermally derived stresses and sensitivity to
thermal shock. A large TEC mismatch with the metallic
substrate limits coating adhesion. A multi-layer system may
permit these opposing requirements to be satisfied. A set of
chemically compatible materials have been identified which
offer a range of TECs and acceptable thermal conductivities.
Coupled analysis of the temperature and stress distribution
through the thickness of the multi-layer coating is underway
to evaluate stress levels in the coating during and after
deposition and under service conditions. The goal is to op-
timize the thickness of each layer to minimize the stress in
the coating under service conditions.
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5. Experimental Studies on LHR Diesel
Engine

The motivating force behind the low heat rejection (LHR)
engine has been the prospect to decrease of cooling load.
Cooling system 1is there to keep engine-operating tempera-
tures down to levels tolerated by currently used construc-
tional materials and lubricants. If the energy normally re-
jected to the coolant could be recovered instead on the
crankshaft as useful work, then a substantial improvement in
fuel economy would be obtained. Increased thermal
efficiency and elimination of the cooling system are the
major promises of the LHR engine[15]. On the other hand,
the LHR engine designs promise to meet the increasingly
stringent regulations in the areas of fuel economy and per-
missible emissions levels[15,6]. At the same time, exhaust
energy rise, which accompanies this, can be effectively used
in turbocharged engines. Higher temperatures in the com-
bustion chamber can also have a positive effect on diesel
engines, due to the self-ignition delay drop[16,17].

Can Hasimoglu at al[18] conducted various experiments
on a turbocharged direct injection diesel engine coated with
CaZrO; using diesel and biodiesel fuels and reported that
with the LHR diesel and STD diesel conditions the brake
thermal efficiency was increased approximately 3%, 4% and
6.5%, respectively as shown Fig.1, compared to STD diesel
condition. This can be explained as follows: although there is
a difference between fuel’s lower heating values of ap-
proximately 14%, the engine power and torque decrease to a
maximum of 4.5%. It is estimated that these circumstances
increased the brake thermal efficiency in STD biodiesel
condition. In LHR biodiesel and LHR diesel conditions due
to the reduction of specific fuel consumption, the brake
thermal efficiency was increased.
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Figure 1.
garnets

Experimentally measured thermal conductivity of different

The volumetric efficiency change versus engine speed is
seen in Fig. 2 for each condition. In STD biodiesel condition,

the volumetric efficiency was increased from 16.8% to 5.5%
at low engine speeds (1100-1600 rpm), at medium engine
speeds (1800-2000 rpm) the volumetric efficiency was not
changed but at high engine speeds (2200-2800 rpm) it in-
creases from 9.2% to 2.4%. In LHR biodiesel condition, the
volumetric efficiency was decreased from 2.6% to 8.3%
during all operating range of the engine. In LHR diesel
condition, the volumetric efficiency was increased from
8.7% to 15.5% during the all operating range of the engine.
As the heating value of biodiesel is lower than that of diesel
fuel, in-cylinder combustion temperatures becomes lower
compared to diesel fuel operation. So less heat is transferred
to engine parts like intake manifold. This decreases intake air
temperature compared to diesel fuel and the volumetric
efficiency increases. It was measured that while intake line
temperature changes between 54 and 99 1C in STD diesel
operation, it changes between 44 and 86 1C in STD biodiesel
operation. In LHR biodiesel operation, because of increased
wall temperatures and decreased exhaust gas temperatures
before the turbine inlet, the volumetric efficiency decreases.
In LHR diesel operation, the exhaust gas temperature before
the turbine inlet increased to maximum level during the tests.
Consequently, more air was introduced to cylinder and
volumetric efficiency.
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Figure 2. The changes of brake thermal efficiency according to engine
speed
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Figure 3. The changes of volumetric efficiency according to engine speed

Exhaust emissions and fuel economy should be consid-
ered together. The regulated emissions include unburned
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hydrocarbons (HC), carbon monoxide (CO), oxides of ni-
trogen (NOx), and exhaust particulates (or in some cases,
smoke). Of these, only CO is not a potential problem for the
diesel, because of the overall lean stoichiometry it employs.
One might expect lower HC from LHR diesel because the
shortened ignition delay associated with higher temperatures
decreases the opportunity for over mixing of fuel beyond the
lean combustion limit and because the general higher cyl-
inder-gas temperature during the expansion stroke should
encourage oxidation of any unburned fuel escaping the pri-
mary process. However, a review of thelimited published
data on measured emissions from LHR diesel shows that
while there are instance where HC did decrease, there are
others where it increased.

The exhaust gas temperature (before the turbine inlet)
variations of all conditions are seen in Fig. 4. In STD bio-
diesel condition, the exhaust gas temperature (before the
turbine inlet) was decreased from 12.8% to 2.7% at low
engine speeds (1100-1400 rpm), at medium and high engine
speeds (16002800 rpm) the exhaust gas temperature (before
the turbine inlet) was decreased from 1.6% to 18.9%. In LHR
biodiesel condition, the exhaust gas temperature (before the
turbine inlet) was decreased from 14.7% to 2.12% at low
engine speeds (1100-1600 rpm), at medium and high engine
speeds the exhaust gas temperature was decreased from
8.3% to 18%. In LHR diesel condition, the exhaust gas
temperature (before the turbine inlet) increases by 13% at all
engine speeds. As mentioned before the lower heating value
of biodiesel is lower than diesel fuel approximately 14%,
consequently the exhaust gas temperature becomes lower in
STD biodiesel condition. In LHR biodiesel condition as if
the temperature becomes higher due to heat insulation, the
increase in temperature is limited because of lower heating
value of biodiesel.Figs.5 and 6 show BSFC and NOx emis-
sions trade-off for various brake mean effective pressures at
2400 rpm for original engine with 20° BTDC and the LHR
engine with 20° BTDC, 18°BTDC, 16° BTDC at 2400 rpm

_ Lo
? ;
o= .
£z N

. U
g 0, 0 A
R Q. i
3£ 270 g -1
= 3 q;E' ___._,_- - ﬁ -&1 -
ol : ek i
PPN == s
R e
v 8 'Y 4 LR Biodiesel OLIIR Diesel
- = |
ER- 4 STD Bindiese] mSTD Diesel
P
- J{H) T : T I : I - : I

00 300
Engine Speed (rpm)

Figure 4. The changes of exhaust gas temperatures according to engine
speed
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Figure 6. Variation of NOx emissions with brake mean effective pressure
for original engine with 20 BTDC and LHR engine with 20°BTDC,
18°BTDC, 16°BTDC at 2400 rpm.

For 18° BTDC injection timing, a relative reduction of
1-2.8% in the specific fuel consumption was recorded. In
addition, at 2400 rpm and 8.2 bar BMEP, the deterioration in
the fuel consumption for 20°BTDC was seen to disappear for
18° BTDC. However, 16° BTDC of injection timing has
been observed to increase the brake specific fuel consump-
tion despite reduction in NOx emissions at the same condi-
tions. Thus, the 18° BTDC could be regarded as the optimum
setting for the LHR engine.

The experimental investigation of W.R.Wade et al[19] on
an uncooled, single cylinder DI Diesel engine with ceramic
coated cylinder head and valves, a heat insulated steel topped
piston and a short, Partially Stabilized Zirconia (PSZ) cyl-
inder liner in the area above the piston rings provided 4 to
7% improvement in fuel consumption at operating condi-
tions typical of the EPA CVS driving cycle for light duty
vehicles relative to the baseline water cooled engine. A
comparison of the measured, Indicated Specific Fuel Con-
sumption data for the uncooled and water-cooled engines is
shown in fig.4. In their investigation, airflow into the insu-
lated engine is matched to the level of the baseline wa-
ter-cooled engine and a constant air-fuel ratio is maintained
for the insulated and non-insulated engine to ensure similar
combustion.

Experimental Investigation of Y.Miyairi et al[20] using
single cylinder DI diesel engine indicates improved engine
performance, reduced HC emissions but increased Nitric
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Oxide emission and decreased volumetric efficiency. They
also report reduction in BSFC by 7% under naturally aspi-
rated conditions. They attribute this to more efficient use of
the in-cylinder air. The engine used for investigation is se-
lectively insulated with monolithic ceramics such as Partially

Stabilized Zirconia (PSZ) and Sintered Silicon Nitride (SSN).

In the experiments, the fuel injection system and the fuel
injection amount are kept the same as that of the base engine.
Temperatures of the jacket cooling water and the lubricating
oil are maintained at 80°C throughout the experiments. The
cylinder liner is water cooled to prevent the sliding surface
suffering tribological problems and to prevent the deteriora-
tion of volumetric efficiency caused by the liner surface
getting too hot.

The most important factors in determining the NOx
emissions produced by the combustion process are stoi-
chiometry and flame temperature. If combustion took place
at the overall lean stoichiometry in the engine cylinder, the
NOx problem might be relieved, but it does not. Because of
the diffusive mixing of fuel and air occurring along the spray
envelope, combustion is dominated by near-stoichiometric
burning, where production of nitric oxide is high.

The flame temperature has a particularly strong effect on
the production of nitric oxide, and the higher combustion
temperature of the LHR engine would be expected to in-
crease NOx emissions. In nearly all published experiments,
higher NOx emissions have indeed been measured. Bryzik
and Kamo[6] showed, however, that in lowering flame
temperature by retarding injection timing, NOX emissions
could be reduced to the level of the conventionally cooled
base line engine. Delaying combustion from the optimum in
this manner sacrifices some fuel economy, of course, but at
the selected operating point in their engine, there was still
gain in fuel consumption relative to the conventionally
cooled baseline. At Hino, experiments were conducted on
five different LHR configurations of a heavy-duty diesel, in
each case with the injection retarded in this manner to give
same NOx emissions as a cooled base line engine.

One of potential techniques for NOx emissions reduction
from diesel engines is injection-timing retard[21-23]. In the
LHR diesel engines, injection-timing retard decreases NOx
emissions without increasing fuel consumption and particu-
late emissions. Bryzik et al.[6] and Alkidas[24] reported that
NOx levels with an LHR engine were lower when on NOx
emissions versus brake specific fuel consumption (BSFC)
trade off was made. Delaying combustion from the optimum
in this manner sacrifices some fuel economy, of course, but
at some specific operating conditions, there was still a gain in
fuel relative to the original engine. Suziki et al.[15] conduct-
ed experiments on five different LHR configurations of
heavy-duty diesel engines in order to obtain the same NOx
emissions as that of the cooled baseline engine with retarded
injection in the same manner. Delaying combustion from the
optimum in the manner mentioned above sacrifices some
fuel economy. However, for the selected operating condit-
ions, they reported that there was still a gain in fuel con-
sumption relative to the conventionally cooled baseline en-

gines.

Kamo et al.[6] aimed at experimental determination
whether a thin layer thermal barrier coated engine could
improve its performance when a high pressure injector unit
was used and found that the current trend toward high
pressure fuel injection system was apropos, while they un-
derlined that a thermal barrier coating (TBC) offered higher
efficiency by 5—6% compared to the standard engine. They
also reported significant improvement in fuel economy by
insulating the diesel combustion chamber.

In the diesel engines, particulate and NOx emissions are
very important parameters. They mainly depend on oxygen
concentration and cylinder gas temperature. For a detailed
assessment, injection timing known as pump injection timing
was retarded from 20° to 16° (BTDC). The brake specific
fuel consumption, NOx emissions and injection timing were
considered as the key parameters of the LHR engine for the
experimentations. When the LHR engine was operated at an
injection timing of 20° BTDC (the optimal value for the
original engine), it was found that NOx emissions increased
about 9%. When equivalence ratio was increased, brake
specific fuel consumption (BSFC) values lowered for the
whole engine operating conditions. At the equivalence ratio
of particularly 0.6, BSFC decreased rapidly for both 20°
BTDC and 18° BTDC of the LHR engine. Thus, by retarding
the injection timing, an additional 1-2.8% savings in fuel
consumption was obtained. 11% lower NOx emissions were
reported to have obtained than that of the original engine for
18° BTDC injection timing.

6. Effect of Insulation on Engine
Performance

6.1. Volumetric Efficiency

Volumetric efficiency is an indication of breathing ability
of the engine. It depends on the ambient conditions and
operating conditions of the engine. Reducing heat rejection
with the addition of ceramic insulation causes an increase in
the temperature of the combustion chamber walls of an LHR
engine. The volumetric efficiency should drop, as the hotter
walls and residual gas decrease the density of the inducted air.
As expected all the investigations [D.Assanis et al[28],
J.A.Gatowski[25], R.H.Thring[26], Miyairi et al[20], Suzuki
et al[27] and others] on LHR engine show decreased volum-
etric efficiency. The deterioration in volumetric efficiency of
the LHR engine can be preventedby turbocharging, and that
there can be more effective utilization of the exhaust gas
energy.

6.2. Thermal Efficiency

Thermal efficiency is the true indication of the efficiency
with which the chemical energy input in the form of fuel is
converted into useful work. Improvement in engine thermal
efficiency by reduction of in-cylinder heat transfer is the key
objective of LHR engine research. Much work has been done
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at many research institutes to examine the potential of LHR
engines for reducing heat rejection and achieving high
thermal efficiency. Researchers such as C.H.Moore et al[28§],
A.C.Alkidas[24], R.H.Thring[26], T.Morel et al[29], and
many others have reported improvement in thermal effi-
ciency with LHR engine. They attribute this to in-cylinder
heat transfer reduction and lower heat flux. How- ever in-
vestigations of others such as W.K.Cheng et al[30],
G.Woschni et al[31], S.Furuhama et al[32], D.W.Dickey[35]
and some others report that thermal efficiency reduces with
insulation. They all attribute this to an increase in the conve-
ctive heat transfer coefficient, higher heat flux (increase in
in-cylinder heat transfer) and deteriorated combustion. The
in-cylinder heat transfer characteristics of LHR engine are
still not clearly understood. Thus the effect of combustion
chamber insulation on reducing heat rejection and hence on
thermal efficiency is not clearly understood as on date.

6.3. Fuel Consumption

Numerous investigators have modeled and analyzed the

effects of in-cylinder thermal insulation on fuel consumption.

Researchers such as R.Kamo et al[33], V.Sudhakar[34],
T.Yoshimitsu et al[45], W.R.Wade et al[40], K.L.Hoag et
al[37] and T.Morel et al[29] have reported improvement in
the reduction of fuel consumption in LHR engine. The level
of improvement that has been predicted ranged from 2 to
12 %. They attribute this to insulation of in-cylinder com-
ponents. It has been predicted that insulation of in-cylinder
components is a more effective means of reducing heat re-
jection and reducing fuel consumption. The investigation of
R.H.Thring[26] indicates reduction in fuel consumption, and
attributes this to reduced friction due to increased wall
temperature. He also states that there is no measurable im-
provement in fuel consumption based on the thermodynam-
ics involved.

7. Effect of Insulation on Emission

7.1. Unburned Hydrocarbon

The emission of unburned Hydrocarbon from the LHR
engines is more likely to be reduced because of the decreased

quenching distance and the increased lean flammability limit.

The higher temperatures both in the gases and at the com-
bustion chamber walls of the LHR engine assist in permitting
the oxidation reactions to proceed close to completion. Most
of the investigations show reduction in HC level. However
investigations of Wade et al[19] and S.Hen- ningsen[36]
indicate increased level of HC emissions. They attribute this
to deterioration in diffusion combustion. The burning of
lubricating oil due to high wall temperature is believed to be
the other reason for increased UBHC level.

7.2. Carbon Monoxide

NOx is formed by chain reactions involving Nitrogen and
Oxygen in the air. These reactions are highly temperature

dependent. Since diesel engines always operate with excess
air, NOx emissions are mainly a function of gas temperature
and residence time. Most of the earlier investigations show
that NOx emission from LHR engines is generally higher
than that in water-cooled engines. They say this is due to
higher combustion temperature and longer combustion du-
ration.

The Investigation of Alkidas[24] reports an increase in the
LHR engine NOx emissions and concluded that diffusion
burning is the controlling factor for the production of NOx.
Almost equal number of investigations report declining trend
in the level of emission of NOx. For example the investiga-
tions of Wade et al[19] indicate reduction in NOx level. They
reason this to the shortening of the ignition delay that de-
creases the proportion of the premixed combustion.

7.3. Smoke and Articulates

It might be expected that LHR engines would produce less
smoke and particulates than standard engines for reasons
such as high temperature gas and high temperature combus-
tion chamber wall. Earlier investigations show that smoke
and particulates emission level increased in some cases and
decreased in a few others. The results obtained by Wade et
al[19] show significant reduction in smoke emission. They
attribute this to enhanced soot oxidation, which was made
possible by both the high combustion temperature and the
intense turbulence created by the reversed squish. However
investigations carried out at SWRI show increased level of
smoke. They attribute it to increased oil consumption re-
sulting from the loss of oil control at the higher temperatures.
Factors such as short ignition delay, poor air-fuel mixing are
also responsible for the formation of smoke and particulates.

8. Simulation Studies

In the case of the insulated engine, cycle simulations are
often used as predictive tools allowing an indication of the
performance potential of a given design prior to conducting
costly experiments. Numerous simulation studies have been
carried out to analyze the performance of the insulated en-
gine. These simulation works predict definite improve- ment
in the thermal performance of Low Heat Rejection engines
over the conventionally cooled engines.

In most of the cases simulations are performed on turbo-
charged, heavy duty, high speed and multicylind- erdiesel
engines. In some cases simulations arecarriedonsingle cyl-
inder, light duty and direct injection diesel engines. Some of
the simulations have included turbocomp- ound systems and
Rankine bottoming cycle (Heat recovery systems).

All the simulations are run at different load conditions and
different level insulations starting from no insulation (cor-
responding to a base line engine) to perfect insulation (cor-
responding to a perfect LHR engine). Not only that in all
these investigations, a constant air-fuel ratio is maintained
for both LHR engine and as well as non-insulated (base line
or conventionally cooled) engines to ensure compatible
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combustion. Also in most of the cases the peak pressure is
maintained constant between insulated and non-insulated
engine.

The results consistently show an improvement in the
thermal efficiency of insulated engines compared to that of
baseline engine at all loads and speeds. The percentage of
improvements increase with the degree of insulation. Heat
recovery systems such as Turbo compound system and
Rankine bottoming cycle additions have further improved
the efficiency as expected. The specific fuel consumption
varies from 2 to 17 %. This variation is mainly due to dif-
ferent amount of reductions in-cylinder heat rejections ef-
fected by degrees of insulations and different quantities of
energy recovered from the exhaust.Y.Miyairi’s[20] Low
Heat Rejection diesel cycle simulation consists of a gas flow
model, a heat transfer model and a two-zone combustion
model. The heat transfer model is used to determine con-
vective and radiative heat transfer between the gas and the
cylinder valve. Using combustion model the temperature and
the chemical equilibrium compositions are determined. The
gas flow model is used to determine the gas flow rates be-
tween the intake system, the cylinder and the exhaust system.
The simulation has run at different loads, speeds and with
different insulation materials such as Iron, PSZ and ZrO,.
The investigation indicates improved thermal efficiency
ranging from 2 to 2.7% compared to the base line engine.
The gain in thermal efficiency due to insulation varies with
different insulation materials. The investigation also indi-
cates materials which are low thermal conductivity and
lower heat capacity are advantageous in the tradeoff between
thermal efficiency and NO emission. It also indicates in-
creasing adiabaticity increases the emission of NO.

The simulation of K.L.Hoag et al[37] has clearly shown
improvements in fuel consumption, volumetric efficiency
and exhaust temperature. The simulation is carried on 450
KW Cummins V903 engine with various levels of insula-
tion. . The Partially Stabilized Zirconia (PSZ) is used as
insulation material. The improvement in fuel consumption,

volumetric efficiency and exhaust temperature with respect
to degree of insulation are shown in figures 1, 2, 3. Similar
trends exhibited in an earlier work by Annand[40] and in
recent ones by Morel et al[29]. Some of the important ex-
perimental results are listed in Table 1.

T. Morel et al[29] have developed a comprehensive ana-
Iytical methodology describing the heat transfer process in
reciprocating engines. It models convection and radiation
heat transfer, friction-generated heat, transient and steady
state heat conduction through engine structure and couples
all of these with a thermodynamic cycle model. The meth-
odology has been applied to a matrix of insulated diesel
engine designs to make an assessment of the effects of
various insulating strategies, utilizing the state of the art
ceramics as well as hypothetical material of very low con-
ductivity. Their investigation indicates substantial reduc-
tion in combustion chamber heat transfer and considerable
improvement in brake specific fuel consumption.

J.F.Tovell[38] has developed a computer simulation for a
highly rated turbocharged diesel truck engine. In this inves-
tigation comparisons are made between standard engine and
engines with exhaust port, cylinder head, piston and cylinder
liner insulated individually or in combination. The investi-
gation indicates reduction of fuel consumption by about
7.5% at the expense of high exhaust temperatures and cyl-
inder pressure. He attributes this to reduction in heat loss to
the coolant by insulating the piston crown and cylinder.

9. Conclusions

In this paper, the advantages and disadvantages of several
materials for use as thermal barrier coatings in diesel engines
were reviewed. A multi-layer system is a promising ap-
proach to satisfy the competing requirements of the coating.
The thicknesses of the different layers must be optimized to
minimize the stresses under service conditions.

Table 1. Comparison of experimental results of low heat rejection (LHR) engine with those of original engines
. Thickness of . . Performance of LHR engine compared to
Investigator(s) Test model . Operational constraints .
coating standard engine
. Single cylinder, direct 500 pm and Constant load and various 10% improvement in BSFC; on average 15%
Assanis et al.[1] L . ) )
injection diesel engine 1000 pm speeds for both increase NOx
Single cylinder, two stroke Constant BMEP and vari- 5% decrease BSFC; 3% increase exhaust gas
Kvernes et al.[9] ) . 500 pm
diesel engine ous speeds for both temperature
. . Constant air/fuel ratio and 9.2% increase HC emission; NOx emissions
Sudhakar{10] Turbocharged diesel engine 600 pm

different speeds for both

don’t change; 1.7%improvement BSFC

Morel et al.[11]

Turbocharged heavy duty
and light duty engines

Different levels

of insulation

Constant peak pressure and

air/fuel ratio for both

Thermal efficiency increased with the level of
insulation at all loads for both heavy and light
engines; brake thermal efficiency improves 8%
which groves to 13% with Rankine bottoming

cycle for truck engine
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Various researchers have carried out a number of simula-
tion as well as experimental investigations. Although prom-
ising, the results of the above investigations have been
somewhat mixed. Most of these studies investigated, modi-
fied conventional direct injection diesel engines. Most have
concluded that insulation reduces heat transfer. None have
produced exceptional gains in efficiency and performance.
In fact, a few have shown that the addition of insulation, the
elimination of cylinder coolant degrade, performance and
increase cylinder wall heat flux. The question of whether
insulation actually increases heat transfer at high tempera-
tures as held by some must be settled. The conflicting results
are probably due to the large number of possible LHR engine
configurations, test conditions and the analysis techniques
used.

Various theoretical analysis of LHR engines stress that an
increase of adiabaticity directly resulted in an improvement
in thermal efficiency. However the combustion model used
in simulations cannot sufficiently simulate a stratified
combustion process of a diesel engine.

The use of reduced heat rejection in diesel engines is least
useful in naturally aspirated engines, more useful in
Turbo-charged engines. In order to obtain better perform-
ance over a wide range of engine loads it becomes necessary
to match the engine with a Turbocharger.

The higher temperatures of the combustion chamber sur-
faces of LHR Engine deteriorate the properties of lubricating
oil. Hence one of the maindirections of the research in
adiabaticengines should be development of lubricating oils
capable of retaining satisfactory viscosity at the higher
temperatures encountered in the engine.

The need to satisfy emission regulations must be ad-
dressed.

The objectives of improved thermal efficiency, improved
fuel economy and reduced emissions are attainable, but
much more investigations under proper operating constraints
with improved engine design are required to explore the full
potential of Low Heat Rejection engines.
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