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Abstract 

The energy demand worldwide is increasing at rapid rate; therefore it is necessary as better and effective utilization of 

available energy by use of appropriate technology at minimum cost. The internal combustion engines have found wide 

application in transportation. In the present paper, Comparative study on low heat rejection engine (LHRE) using two 

different better thermal barrier coating (TBC) ceramic materials. Considerable efforts were made to develop advance 

adiabatic engine and aim to reduce heat lost. Experimental investigation is carried out under different load condition on a 

twin cylinder, water cool, and constant 1500 rpm speed diesel engine. The plasma spray coating technology is used for TBC 

for diesel engine combustion chamber. The one set of combustion chamber inner walls of diesel engine are thermally 

insulated by top coat of Metco 204NS yttria stabilize zirconia (YSZ) /(Y2O3ZrO2) with thickness of 350 mm and 150 mm thick 

bond coats of AMDRY 962 Nickle chromium aluminum Yttria (NiCrAl) respectively. The another set of diesel engine 

combustion chamber top coat by MgZrO3Y with 350 mm thickness and 150 mm thickness of bond coat by NiCrAlY. The 

results were compared with base engine and two different LHRE. The MgZrO3Y coated LHRE found better combustion, 

performance and emission characteristics. The noise level was found satisfactory without knocking in LHRE. 
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Introduction 

The main focus areas of today’s in IC engine are higher thermal 

efficiency with minimum emission. The amount of total energy 

developed during combustion in I.C. engine is not fully 

converted in to useful work. In I. C. engine about one-third of 

the total energy use in brake power while about 30-33 % energy 

is lost in cooling water and the rest in exhaust gases. The heat 

lost from engine boundaries due to radiation, convection and 

conduction. Further in case of auto vehicle only about 10-15 % 

of energy is effectively use to propel the vehicle out of about 

33% available energy. Hence in overall there is a large amount 

of energy loss from engine. A key role is performed by lubricant 

oil in diesel engine to improve mechanical efficiency. Many 

research development programs have been arranged in world 

during the 40-years to improve the efficiency of the IC engine, 

particular diesel engine. The adiabatic engine is one of the 

programs to develop an engine with higher efficiency
1-14

. 

 

Adiabatic engine: In thermodynamics, adiabatic processes 

defined as a no-heat loss process (Q=0). An adiabatic engine is a 

system where Q=0 when the system is working. Walls of diesel 

engine combustion chamber insulated by ceramics is considered 

as Low Heat-Rejection (LHR) engine. The adiabatic engine has 

been conceived basically to improve fuel economy by removing 

the conventional cooling system and converting into shaft work 

from some part of the exhaust energy using the turbocharged 

system. The feature of an adiabatic engine is that the 

combustion takes place in an insulated cylinder and the engine 

works at considerably higher temperature then conventional 

engine. This reduces the loss of heat going to outside the engine 

and can also be converted into useful work. A diesel engine is 

analyzed by number of studies based on structure performance 

and durability of the adiabatic engine. In spite of promising the 

results of the investigations have been somewhat mixed. Most 

have observed reduction in heat transfer, improvement in 

thermal efficiency and availability of energy in the exhaust are 

increased by insulators. An attempt will also be made here to 

study the past studies to anticipate into future possibilities of the 

adiabatic engine based on combustion, heat transfer and 

emission
15-20

. 

 

Thermal barrier coating: The most commonly used TBC is a 

ceramic-based material that’s applied to the top surface of the 

piston valve faces and the cylinder head. The TBC holds more 

heat in the chamber, instead of letting it dissipate through the 

piston, valves and head. The hot or insulated high temperature 

component includes piston, cylinder head, valves, cylinder liner 

and exhaust manifold. Additional power and improved thermal 

efficiency from an adiabatic engine are possible because, 

thermal energy, normally lost to the cooling water and exhaust 

gases, is converted into useful power through the use of high 

temperature materials and a small gas turbine. This theoretically 

increases cylinder pressure and pushes harder on the piston, 
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making more power. The TBC also protects the aluminum 

piston from the intense heat, so the air/fuel mixture can be 

leaned slightly for maximum power without burning through the 

piston. And, since the amount of heat radiated into the rest of 

the engine is reduced operating and oil temperatures of the 

engine come down. This is also beneficial to the piston rings, 

improving their radial tension and sealing ability. TBCs are also 

used on intake and exhaust ports and headers to improve 

scavenging and lower the under hood temperature. They are also 

used on the underside of an intake manifold to keep hot oil from 

elevating the intake charge temperature. The most success full 

methods for TBC are using plasma spray coating technology
21-28

. 

 

TBC Materials: Ceramic offers a wide range of mechanical, 

chemical and thermal properties. The ceramic materials are 

divided into two groups: oxides and non-oxides. But hear our 

area of interest in component for diesel engine is oxide that 

includes zirconia, alumina, magnesia and other refectory oxides. 

Low thermal conductivity is the key factor of the TBC materials 

over metals, so it is possible to achieve highly effective thermal 

insulation. Zirconium dioxide may be used for self-supporting 

components due to its higher strength. Moreover, this ceramic 

has a high hardness which might yield better wear resistance in 

sliding contact with metal surface. So, these ceramic can be 

used as structure materials for components which are under high 

thermal and mechanical stresses. After above all description of 

ceramic material we come to the point that zirconium oxide 

(ZrO2) is the best ceramic material for coating as it having 

properties like good mechanical strength, good wear and 

corrosion resistance, high thermal expansion, low thermal 

conductivity, low coefficient of friction and high temperature 

performance than any other ceramic materials. Components are 

made from solid ceramic is not the best way to eliminate 

corrosion or wear problems. In most cases, another solution to 

this problem is using original part with applying coating. The 

range of layer thickness varies from a few to several hundred 

microns and using different deposition methods. The factor 

which considered to decide the coating, its thickness and means 

of deposition is final use of the components and working 

environment. Zirconium is a chemical element in the modern 

periodic table that is assigned the symbol Zr and has the atomic 

number 40. Zirconia (Zirconium dioxide,ZrO2) is a refectory 

oxide (melting point, 2680
0
C) obtained chiefly from abundant 

zircon sand. In its pure state it has three different crystal 

structure: cubic above 2370
0
C, monoclinic below 1170

0
C and 

tetragonal between those temperatures. The cubic structure is 

the well-known fluorite type in which zirconium atoms in a face 

centered array are coordinate by eight oxygen atoms at the 

corner of a cube: the other two structures are distortion of the 

cubic form. The transition from tetragonal to monoclinic, which 

occurs on cooling from above 1170
0
C, is martensitic and cannot 

be suppressed by quenching. Further work it is accompanied by 

a volume increase of around 4% and angular shear of 9
0 

and this 

destructive transition make it impossible to fabricate articles 

from pure zirconium. Moreover hard and brittle materials like 

ceramics cannot be sprayed in the pure form, but may be applied 

as composites with a ductile matrix phase. Hence superior 

properties attainable by adding stabilizer (binder) like alumina, 

magnesia, silicon carbide and silicon nitride. In the present days 

of advanced technology, the industry generates environment, 

which are very severe for metallic materials. As the 

consequences there has been a considerable increase in the use 

of ceramic materials. But the letters have poor mechanical 

properties in bulk. Therefore, the good mechanical properties of 

metal and alloys are combined with good corrosion, wear and 

high temperature resistant properties of the ceramic in 

composite system where ceramic surface coating is given on 

metallic substrate. Plasma spraying of ceramic powders on 

metals and alloy provides such a coating. It is used to impart 

typical properties to the surface of material such as hardness, 

resistance to oxidation, abrasion and wear and electrical and 

thermal insulation
29-36

. 

 

Plasma spraying process: Plasma spraying is a process of 

producing high quality surface coating using what is considered 

as the fourth state of matter “gas plasma” which is completely 

different from other states such as solids, liquids or gases. This 

extremely hot state consists of free electrons, positive ions, atom 

and molecules. This occurred when gas passing through a 

constricted electric arc gets ionized and dissociates. Under such 

condition temperature of the order of 15000
0
C and higher are 

generated at the heart of plasma gun. As the plasma leaves the 

gun, powdered material is introduce in the stream in controlled 

amounts. The material caught up in the high temperature stream 

becomes molten and is projected against the surface being 

coated. When an individual particle impacts against the surface, 

thermal and mechanical energy is transferred to the surface, 

causing plastic deformation on the local surface area. This 

produces forces which favor inter-atomic bonding. The high 

temperature and velocities results in a dense well bonded 

coating and combined with the use of inert gases; minimize 

oxidation and contamination thus resulting in a high 

performance coating. The inert gas most commonly used in 

plasma gun is argon, all through nitrogen could be used to 

reduce the cost of processing. In order to increase the core 

temperature, a small percentage of hydrogen is incorporated. If 

hydrogen embrittlement is problem, helium can be used. 

Evaluation of the service condition and the operating 

environment is extremely important before selecting a suitable 

material. Though a variety of materials are available to meet 

these requirements, the following classes of powders can take 

care of just about any application
1
. 

 

i. Wear Resistance: Carbides and Oxides, Tungsten Carbide, 

Cobalt + Chromium Carbide, Composite. ii. Corrosion 

resistance: Oxide Ceramic. iii. High Temperature: Zirconium 

Oxide. iv. Resistance: Magnesium Zircon ate
1-30

.  

 

Methodology 

Experimental setup used for the investigations on conventional 

diesel engine and LHRE is shown in Figure-1. Base engine had 
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a piston of aluminum alloy with a bore of 80 mm and a stroke of 

110mm. The rated output of the engine was 7.36 kW at a speed 

of 1500 rpm. The compression ratio was 16.5:1 and 

manufacturer’s recommended injection timing was 26
o
 BTDC 

and injection pressures was 200 bar. The fuel injector had 3-

holes of size 0.25-mm. The combustion chamber consisted of a 

direct injection type. The engine was connected to dynamometer 

for measuring its brake power. The naturally aspirated engine 

was provided with water-cooling system by adjusting the water 

flow rate. Exhaust emissions of engine were recorded by Netal 

smoke meter and Netal Chromatograph gas analyzer at various 

values of load. Piezo electric transducer was fitted on the 

cylinder head to measure pressure in the combustion chamber 

was connected to a console, connected to computer. TDC 

encoder provided at the extended shaft of the dynamometer was 

connected to the console to measure the crank angle of the 

engine. A special P-V and P-Ɵ software package evaluated the 

combustion characteristics such as peak pressure, time of 

occurrence of peak pressure, maximum rate of pressure rise and 

time of occurrence of maximum rate of pressure rise from the 

signals of pressure and crank angle at the peak load operation of 

the engine. Pressure crank angle diagram was obtained on the 

screen of the computer. 

 

Experimental investigation carried out for LHRE coating with 

two different TBC materials as MgZrO3Y2 and YSZ as 

mentioned in the Table-1. To evaluate the effect of TBC on 

diesel engine, the engine combustion chamber components such 

as cylinder heads, piston top surfaces and valves were having 

coat thickness of 0.35 mm of MgZr2O3 with bond coat thickness 

of 0.15 mm of NiCrAlY. The another experimental on same 

diesel engine carried out for LHRE coating with yttria stabilize 

zirconia (YSZ) as mentioned in the Table-1. To evaluate the 

effect of TBC on engine, the engine combustion chamber 

components such as cylinder heads, piston top surfaces and 

valves were having coat thickness of 0.35 mm of Y2O3ZrO2 

with same bond coat thickness of 0.15 mm of NiCrAlY. The 

experimental investigations were carried out in base engine and 

LHRE with two different TBC materials. The engine was 

operated with diesel fuel. The performance data were analyzed 

from the graphs recording power output, specific fuel 

consumption and emissions pollutant for all loads of the 

engine
37-38

. 

 

Results and Discussion 

Diesel engine cycle analysis: In case of MgZrO3 coated LHRE 

engine, the pressure volume and pressure crank angle are 

slightly advanced relative to the YSZ coated LHRE and base 

engine test. The Figure-2 shows that 38 bar peak pressure 

produce by base engine at rated power conditions. The Figures-

4 and Figures-6 shows that 42 bar peak pressure produce by 

MgZ rO3 coated LHRE and 40 bar peak pressure produce by 

YSZ coated LHRE. Due to effect of TBC combustion chamber 

critical cylinder pressure increase up to 1-4 bar. The decrease in 

drop size cause quick vaporization hence better mixing in 

cylinder and better combustion can found in LHRE engine. Heat 

release rate is shown better in Figure-5 i.e.; -58J/deg CA to 

12J/deg CA in MgZrO3 coated engine and from the Figure-7 

shows -51 J/deg CA to 11 J/deg CA in YSZ coated engine. The 

Figure-3 shows that during suction the exhaust process that the 

peak heat released is -33J/deg CA to 10J/deg CA in base engine. 

This indicates that, TBC can increase temperature level and 

decrease ignition delay and combustion going towards complete 

combustion. The better engine cycle found in MgZrO3 coated 

LHRE engine. 

 

 
Figure-1 

Experimental setup for diesel engine 
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Table-1 

Plasma spray coating specification 

Ceramic TBC Materials MgZrO3+NiCrAlY (YSZ) Y2O3ZrO2+ NiCrAl 

Material specification -140Mesh + 10 Microns -140 Mesh +270 Mesh 

Stabilizer agents Bond coat NiCrAlY NiCrAlY 

Coating thickness 500 Microns 500 Microns 

 Power required 38-42 kW 40 kW 

Voltage 64-70 V 74-80 V 

D. C. current 500 Amp. 500 Amp. 

Plasma generating gas Argon (Ar)/Hydrogen(H2)/ Nitrogen(N2) Argon (Ar)/Hydrogen(H2)/ Nitrogen(N2) 

Powder deposition distance 64 mm 127 mm 

Powder feed rate 90 Grams/Min 60 Grams/Min. 

 Pressures 120 Psi. 120 Psi. 

Plasma process type D. C. Arc D. C. Arc 

 

 
Figure-2 

Volume v/s cylinder pressure : BE 

 

 
Figure-3 

Crank angle v/s heat release : BE
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Figure-4 

Volume v/s cylinder pressure : TBC : MgZrO3Y 

 

 
Figure-5 

Crank angle v/s heat release : TBC : MgZrO3Y 

 
Figure-6 

Volume v/scylinder pressure : TBC : Y2O3ZrO2 

 

 
Figure-7 

Crank angle v/s heat release : TBC : Y2O3ZrO2 

Specific Fuel Consumption (SFC): The Figure-8 shows 

variations of break specific fuel consumption in base engine, 

MgZrO3 coated LHRE and Y2O3ZrO2 coated LHRE engine. The 

trend of SFC was found higher at lower load conditions and it 

gradually decreases when the load gradually increases in all 

engine operations at all load conditions. The specific fuel 

consumption was reduced by 20.58 % at full load condition and 

power improved from 5.6 KW to 7.33 KW in MgZrO3 coated 

engine. The 11.76% reduction of SFC found in case of 

Y2O3ZrO2coated LHRE engine. It may happen due to increase 

in temperature of the combustion chamber as heat insulation and 

heated nozzle orifice tip result in the reduction of fuel viscosity. 
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Brake Thermal Efficiency (BTE): The Figure-9 shows that 

initially there is less improvement of BTE then after at higher 

load condition the improvement of BTE in coated engine, it is 

higher than the base engine. At full load condition there is 

improvement of BTE from 25.29 % to 31.90 % which shows 

BTE increases 26.13 % more compared to base engine. In 

MgZrO3Y coated engine about 34.86% more heat is used in 

break power as compared to base engine at rated power. Which 

is also shows in YSZ coated engine 13.23 % increase in BTE 

compared to base engine. The reason for this increase of BTE in 

coated engine is the formation of fine spray and more 

vaporization of the injected fuels in the hot environment of the 

combustion chamber. There is greater availability of engine 

energy in the combustion chamber. 

 

 
Figure-8 

Comparisons of BP v/s SFC 

 

 
Figure-9 

Comparisons of BP v/s BTE 
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Heat Balance Sheet: MgZrO3Y coated LHRE: It was found 

from the Figure-10 that the heat used in brake power is 

improved by 34.86% due to TBC engine. At rated condition 

6.89 % less heat is lost in cooling water as compared to base 

engine. Heat lost by radiation and unaccounted losses are 

reduced by 60.86%. Heat lost in exhaust gas is increased by 

44.23% compared to base engine. YSZ coated LHRE: It can 

found that heat used in brake power is improved about 13.44% 

in TBC engine. It can be also seen that at rated condition, nearly 

same heat loss is suffered in cooling water. Heat loss in exhaust 

gas is increased by 46.15% compared to base engine. Heat lost 

by radiation and unaccounted losses are reduced by 56.52% in 

coated engine. 

  

This is due to more operating temperature of coated engine and 

saving of radiation losses. Also due to the thermal barrier 

incorporated in order to save the heat flow from the combustion 

chamber.  

 

Smoke Density: It can be seen from the Figure-11 that there is 

variation of smoke level for LHRE engine and base engine. It 

was observed from the graph that the smoke level increases with 

increase in load in all load conditions. There was reduction in 

smoke level in all load conditions of coated engine. At full load 

condition smoke density level is reduced from approximately 

14.11% to 19.60% in MgZrO3Y coated engine. There is also 

reduction in smoke level in all load conditions of Y2O3ZrO2 

coated engine. At full load condition smoke density level is 

decreased about 5.88% to 11.76% in YSZ coated engine. 

 

 
Figure-10 

Comparisons of Heat balance sheet at rated load conditions 

 

 
Figure-11 

Brake Power v/s smoke density 
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Emission Test: It was seen that from Figures-12 and Figure-13 

that emission increases with the increase in brake power. The 

colorless, odorless, poisonous gas generated in an engine whose 

emission is reduced in LHRE engine almost at all load condition 

compared to base engine. Carbon dioxide (CO2) and 

Hydrocarbon (HC) emissions are also reduced in LHRE engine 

compared to base engine. It can indicate that combustion 

improved in LHRE engine. 

 

Nox Emissions: The Figure-14 shows that the variations of 

NOX emission levels were increased in the exhaust with brake 

power for both LHRE engine and Base engine. It was increased 

in all load condition for both engines. At lower load to higher 

load, the NOX emissions were higher in MgZrO3Y coated 

engine. At rated power condition the NOx was increased from 

640ppm to 1505ppm. At over load condition it was increased by 

1735ppm in base engine and by 2511ppm in MgZrO3Y coated 

LHRE engine. At rated power condition the NOx level was 

640ppm in base engine whereas in YSZ coated engine it was 

1050ppm. It was due to higher operating temperature of engine. 

However the NOx emission was reduced by introducing EGR 

system. 

 

 
Figure-12 

Brake Power v/s Carbon Monoxide 

 

 
Figure-13 

Brake Power v/s Hydrocarbon 
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Noise level of diesel engine: As shown in the Figure-15 the 

Noise level limit between minimum to maximum at full load 

condition in all the engines is increased. Minimum to maximum 

noise level in base engine was 92.2 db to 103.3 db, in MgZrO3 

coated LHRE engine was 94.1 to 104.5 db and in YSZ coated 

LHRE engine was 93.2db to 103.9db. It was observed that the 

engine was running under safe conditions without any knocking 

and with allowable vibrations. 

 

 
Figure 14 

Brake Power v/s Nitrogen Oxide 

 

 
Figure-15 

Noise level at rated power condition 
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Conclusion 

The combustion, performance parameters and exhaust emissions 

were investigated experimentally in two different TBC LHRE 

diesel engines. The following were main conclusions drawn: i. 

The specific fuel consumption is reduced by 20.58% and 

11.60% at full load condition in MgZrO3Y coated LHRE and 

YSZ coated LHRE engine respectively. ii. The brake thermal 

efficiency increase by 26.13% and 13.23% in MgZrO3Y coated 

LHRE and YSZ coated LHRE engine respectively. iii. The 

10.50% and 5.26% higher peak cylinder pressure produce in 

MgZrO3Y coated LHRE and YSZ coated LHRE engine 

respectively. The better combustion characterizes found in 

MgZrO3Y coated LHRE engine. iv. Heat used in brake power 

of LHRE engines are better than the base engine. The heat lost 

in exhaust gas and heat lost in cooling water was found more in 

LHRE engine than the base engine. Heat loss as an unaccounted 

was reduced by 55% in LHRE engine. After all heat balance 

sheet improved in LHRE engines. v. CO, HC, smoke density 

level reduced and NOx level found higher in LHRE engine. vi. 

Noise level was found satisfactory in both type of LHRE 

engines. vii. Comparatively MgZrO3Y coated LHRE engine 

found better combustion, performance and exhaust emissions. 
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