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Abstract

As per the second law of thermodynamics the dffigi®f the engine depends upon the extraction of against the heat supplied.
Minimisation of heat rejection leads to increase thork. Heat rejection takes place through the eagiiston, valves and cylinder
heads to the surroundings. The aim of the studyp isinimise this heat rejection to the surroundingeat transfer through the
engine parts is minimised by applying the thernaatier coating materials on the top surface of #gine piston, cylinder heads
and valves. In this study an attempt is made tocedhe intensity of thermal and structural streske using a layer of the ceramic
material, like Yttria stabilized zirconia (YSZ) whihas low thermal conductivity, high thermal ré&smice, chemical inertness, high
resistance to erosion, corrosion and high strengts selected as a coating material for engine carepb This study present the
effect of coating on the piston and the perforoeanf modified four stroke petrol engine and thession characteristics of the
exhaust gas.
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INTRODUCTION

Energy conservation and efficiency have always bten
quest of engineers concerned with internal combnsti
engines. Even the petrol engine rejects about hivdg of the
heat energy of the fuel, one-third to the coolant one third
to the exhaust, leaving only about one-third afuligmwer
output. Theoretically if the heat rejected could feduced,
then the thermal efficiency would be improved. Ldéveat
Rejection engines aim to do this, by reducing teatHost to
the coolant.

Thermal Barrier Coatings (TBCs) in petrol enginead to
advantages including higher power density, fuelciffcy,
and multi fuel capacity due to higher combustiorarober
temperature. Using TBC can increase engine power an
decrease the specific fuel consumption and increthse
exhaust gas temperature. Although several systawvs lheen
used as TBC for different purposes, yttria stabdizirconia
has received the most attention. Several imporfaotors
playing important roles in TBC lifetimes includirtgermal
conductivity, thermal, chemical stability at the nsee
temperature, high thermo mechanical stability ®rfaximum
service temperature and the thermal expansion icuseft
(TEC) [4]

The petrol engine with its combustion chamber wiaksilated
by ceramics is referred to as Low Heat-RejectiotRl.

engine [7]. The LHR engine has been conceived bkgito
improve fuel economy by eliminating the conventiona
cooling system and converting part of the increasdiaust
energy into shaft work using the turbocharged syste

This study presents effect of Zirconia coating ba piston,
cylinder head and valves on the performance ofntbdified
four stroke petrol engine and emission charactesisif the
exhaust gas.

THERMAL BARRIER COATING:

Thermal barrier coatings (TBCs) have been succigsfu
applied to the internal combustion engine, in patér the
combustion chamber, to simulate adiabatic engingse
objectives are not only for reduced in-cylinder thegection
and thermal fatigue protection of underlying métadurfaces,
but also for possible reduction of engine emissionke
application of TBC reduces the heat loss to theénengooling-
jacket through the surfaces exposed to the haaferasuch as
cylinder head, liner, piston crown and piston ringhe
insulation of the combustion chamber with ceramiating
affects the combustion process and hence the peafoze and
exhaust emissions characteristics of the engirles [2

A typical TBC system consists of (i) the top coaCj, a
porous ceramic layer that acts as the insulatjrthé bond
coat (BC), an oxidation-resistant metallic layetwsen the
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substrate and the TC and (iii) the super alloytbeomaterial
substrate that carries the structural load [6].
THE TOP COAT:

The top coat provides thermal insulation for thelenying
substrate. The specifications for this coating mega material
that combines low thermal conductivity and a caésfit of
thermal expansion (CTE) that it is as similar assifae to that
of the substrate, so that generation of stresseagithermal
cycling can be minimized. The preferred material fhis
application is zirconia. Zirconia may exist as thrsolid
phases, which are stable at different temperatusss.
temperatures up to 1200°C, the monoclinic phasegstable.
Zirconia transforms from the monoclinic to the agional
phase (t) above 1200°C and above 2370°C to the qiidse
(c). Transformation from m to the t phase hasssociated
volume decrease of 4% . To prevent catastrophickirg as a
result of the volume changes accompanying themt
transformation, which occurs at temperatures witherange
of the working environment in gas turbines, stakils are
added to the zirconia. These stabilize zirconia it# cubic or
tetragonal phases. Early attempts used MgO to lig@bi
zirconia in its cubic state, by adding 25 wt% MgO.

However, during heat treatment the zirconia reveotsits
monoclinic form and the stabilizing oxide precipés out
from solid solution, affecting the thermal conduityi.

Zirconia can be fully stabilised to its cubic phdseadding
20% yttria by weight. However, such fully staksiiszirconia
coatings perform very poorly in thermal cycling tges

Typically 7-9wt% yttria is used to partially stiabe zirconia,
although other stabilizers have been used as w@ther
stabilizers include CaO, MgO, Ce02 Sc203. The badieria
for the selection of a suitable stabiliser incluaesuitable
cation radius, similar to that of zirconium, andubic crystal
structure. Inspite of the addition of a stabilizerorder to
ensure phase stability of the top coat, phase d@saimgthe top
coat might still be induced during service.

An important aspect of the performance of top coaterial is
its sintering behaviour. After prolonged heatingridg
service, sintering of the top coat can occur. Wilsresult in
healing of the micro cracks and pores that wiltim reduce
the strain tolerance of the coating and increasdikelihood
for spallation.

BOND COAT:

The bond coat protects the underlying substrata fogidation
and improves adhesion between the ceramic and #tal.m
Oxidation occurs due to oxygen reaching the bonat ¢y
diffusion through the lattice of the top coat arerrpeation
through the pores. The yield and creep charatitzrisf the
bond coat are thought to be significant for thefqremance of
the TBC system.

Commonly used bond coats can be divided in twogcates:
MCTrAlY (where M= Co or Ni or both) and Pt-modified
aluminides. These coatings were developed for use a
protective coatings against oxidation and hot com. When
exposed to an oxidizing environment, they formadbl&t dense
alumina layer in preference to other oxides. THismina,
often termed the thermally grown oxide (TGO) prdsen
further attack of the underlying material, duetslow oxygen
diffusivity and its good adherence. MCrAlY bond toare
usually deposited by low —pressure plasma spraygngd
consist of two phase$-(NiAl and eithery-Ni solid solution or
v'Ni3Al). Small amounts of Y are added in order toprove
TGO adherence .Yttrium additions have been founichit
void formation at the TGO/BC interface. In additjor-rich
oxide protrusions are formed in the oxide that naedtally
pegs the oxide to the alloy. Furthermore, yttrilwas the
effect of decreasing the grain size of the TGO thd raising
its mechanical strength.

Pt-modified aluminides are wusually fabricated by
electroplating a thin Pt layer on the superalloyd ahen
aluminizing by chemical vapor deposition or pack
cementation.  These coatings usually consist @ingle-
phase$ with Pt in solid solution. Platinum additions
improve the spallation resistance of conventioamanide
coatings. However, the mechanisms by whichdbaurs are
not fully understood.

Optimum adhesion between the bond coat and thedapis

attained differently in plasma sprayed and EB-P\@atmgs.

In plasma sprayed coatings, it is achieved by mechha
interlocking of the two interfaces, so the surfageghness of
the bond coat is an important parameter. In cehtéeB-PVD

coatings achieve maximum durability when applied ao
smooth (preferably polished) surface, free of dbsdrgases
or loose oxides. Asperities in the BC/TGO interfazee

thought to serve as nucleation sites for crackd taase
coating spallation when they coalesce.

MCTrAlY bond coats creep at temperatures above 800AC
this temperature, stresses in the BC are relienddtas non-
load bearing. The creep behaviour of the BC canehav
significant influence on the stress state of th&€Teé®d thus on
the failure mechanisms [8].

NICKEL BASED SUPERALLQOYS:

Superalloys have been described as “alloys devdldpe
elevated temperature service, usually based onpgxtUA
elements, where relatively severe mechanical $tgss
encountered and where high surface stability igjueatly
required”. Progressively higher amounts of Alummiu
Titanium and associated compositional modifications
increased the temperature capability of the alldy&kel
based superalloys can currently operate up to hmgools
temperatures of 1100°C.
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Nickel provides a face-centered cubic(FCC) lattiarhich
has a high modulus, 5 independent slip systems lanwd
diffusivity for substitutional solutes. The formati of
coherent gamma prime precipitates and carbides tead
strengthening. Advanced piston materials have atively
high volume fraction of gamma prime (Ni3Al), aroufi%.
Aluminium forms a stable alumina scale during expesto
high temperature and also strengthens the alloyobying
gamma prime[6].

Superalloys were conventionally produced by casting
methods. However, superalloys produced by castiathods
often did not exhibit consistent creep propertigss problem
led to the development of directional solidificatidDS),
which produces castings with grains aligned indinection of
maximum stress and few grain boundaries normalhts t
direction. Directional solidification is achievedy ensuring
that the heat during solidification of the castisgemoved in

a direction parallel to the desired growth direatiovhile a
liquid/solid interface perpendicular to the solicition
direction is maintained. DS resulted in a significencrease in
the creep strength of these superalloys, relatice t
conventionally cast alloys, and led to an increasethe
temperature capabilities of superalloys [8].

A further important development in the processing o
superalloys was the production of single crystatiogs. This
technology was achieved by extending the DS teciyyohnd
adding a simple modification to the casting mowddher a
crystal selection device or a “seed” crystal. Singlystals
have improved creep properties relative to DS saljosss.

COATING SYSTEM:
Plasma Sprayed Coatings.

A characteristic of all thermal spray processes isighly
concentrated power source, to which the coatingerizdtis
fed in the form of powder, wire or rod. The coatmgterial is
melted and accelerated to the substrate, formiagctating.
The coating is formed of many overlapping splatéidgying
one after another and locking one to another. Duie high
kinetic energy of the droplets, the splats spreadr che
substrate, forming a pancake. It is widely used tfe
production of TBCs.

PS-TBCs have the necessary strain tolerance refgrenost
of the applications in which such coatings are enity
applied. This is largely a consequence of the piesef many
fine micro cracks and pores in the microstructusdich
results in low stiffness. This low stiffness pretserarge
stresses from being generated in the top coat. tléemal
conductivity of plasma sprayed coatings range fil@m1.4
W/mK, which is lower than corresponding valuesE®-PVD
coatings The microstructure of PS TBCs exhibitsepoand

grain boundaries aligned perpendicular to the tdoamf heat
flux.  Grain boundaries and pores hinder heatsfiex. The
shape and orientation of porosity with respectt lieat flux
are more critical factors than the total amounpaofosity for
the thermal conductivity of PS coating. EB-PVD tings
offer benefits over PS coatings in terms of thesiem
resistance. In PS coatings, the erosion oceutlse form of
removal of the mechanically bonded splats by thesiee
material. Since intersplat porosity is already prgs the
energy required for this process is low.

The low cost associated with the PS process compareB-
PVD makes PS TBCs is the more attractive. However,
applications that require excellent strain toleeangood
surface finish and erosion resistance, such agrofails and
aero-gas turbines, EB-PVD coatings will be favoured

THE PLASMA SPRAYING PROCESS:

The Plasma Jet:

Plasma Spraying, first conducted by Reinecke in919@as
advanced in the late 50’s by several other sctentSince
then, it has become increasingly sophisticatedi@ndwadays
widely used in surface technology.

The plasma spraying gun consists principally of two
electrodes.

Voltage Powder & Carrier Gas

_‘ P Spray Depos .
| Spray Stream

Substrat

Insulator Nozzle

Schematic diagram of Plasma spray gun

Figure shows a schematic of the plasma spray gith, the

thoriated tungsten cathode inside the water-coaepper
anode. A gas, commonly a mixture of argon and duyeln, is
injected into the annular space between the twostaa the
process, a DC electric arc is stuck between thestectrodes.

The electric arc produces gas ionisation, i.e. gjasns lose
electrons and become positive ions.  Electrons enwith

high velocity to the anode, while ions move to tiaghode. On
their way, electrons and atoms collide with neugraé atoms
and molecules. Hence, the electric arc continyocshverts
the gas into a plasma (a mixture of ions and eactf high

energy). The plasma is on average, electricaytral and
characterized by a very high temperature. Thetld energy
of the plasma (mostly carried by free electronsgasverted
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into thermal energy during collisions between ioglgctrons
and atoms. In this way, the plasma is capable oiyming
temperatures up to approximately 104K. The hotegyds the
nozzle of the gun with high velocity.

Powder material is fed into the plasma plume. Tbheder
particles are melted and propelled by the hot ga® the
surface of the substrate. When individual moltartiples hit
the substrate surface, they form splats by sprgadiooling
and solidifying. These splats then incrementallyilcbuhe
coating.

Plasma plumes exhibit radial temperature gradiekithereas
particles that pass through the central core ofpthema tend
to be melted, superheated or even vaporised, |esrtibat
flow near the periphery may not melt at all. Thidl affect

the final structure of the coating, which may cimtaartially

molten or unmelted particles. Voids, oxidised et and
unmelted particles can appear in the coating . heffects
may be desirable, or they may be unwanted, depgratirthe
requirements of the coating.

Coatings Microstructure and Properties.

Plasma sprayed coatings are built up particle bstigha
Molten droplets arrive one at a time and impacthwihe
underlying material, which consist of previouslylidified
droplets (splats), and there they solidify. Hendbge
microstructure of the PS coatings is different fritvat of most
other materials.
homogeneous, layered structure, consisting of sphath a
pancake-like shape. Also, partially molten mdes, oxides
and voids are present in a typical PS structure [1]

Porosity levels in plasma sprayed ceramic coatiags
generally in the range 3-20%. Porosity might béhimform of
inter splat porosity (fine gaps between one lameifed
another) or larger irregularly shaped void whickute from
incomplete conformation of splats to the topograpifithe
impact site. For thermal barrier coatings, highgsidy may be
desirable, since the thermal conductivity of theatow is
decreased by the presence of porosity.

Plasma sprayed coatings also have different mechlani
properties from corresponding bulk material. Sgthrvalues
of the coatings are usually only a small fractidrthe values
of corresponding dense materials. The Young's meadwf
metallic coatings obtained by plasma spraying hesntfound
to be of the order of 1/3 that of bulk materialpulgh ceramic
coatings gives lower modulus. For PSZ, typical galwof
Young’s modulus for as-sprayed coatings are 10-#& @
comparison to 210 GPa for dense zirconia. The therm
conductivity of PS coatings is usually lower than
corresponding values for the bulk material. The tioga
exhibit pores and planar defects which inhibit higanhsfer.
The coefficient of thermal expansion, however, ist n

Plasma sprayed coatings have a non

influenced by the coating morphology since pores aoids
do not contribute to expansion.

Adhesion of plasma sprayed coatings to the undweylyi
substrate is achieved mainly by mechanical inté&rag
Therefore, the surface roughness of the substftda plays a
role in interfacial adhesion.

During plasma spraying, stresses are generatdueiicdating
as consequence of the rapid solidification of theltem
droplets (quenching stresses) and during subsequoelihg as
a result of mismatch of the thermal expansion ¢cieffts of
substrate and coating.

Advantages of Plasma Spray Coating:

It can deposit metals, ceramics or combinationthesge, since
the high plasma temperatures permit the sprayinpairials
with high melting points. High particle velocitiggsult in
generating microstructures with relatively low psitp and
high bond strength. It is a Economical process l&eat is
conducted in atmospheric condition. When comparéith w
EB-PVD coating, the thermal conductivity of plassmayed
coating ranges is low.

Fig.1Engine parts after coating

EXPERIMENTAL SETUP:

A Honda GK 200 engine was tested with brake druad.lo
Table 1 tabulates the specification of the engiffee engine
tests were conducted in single cylinder, air coofgzhrk
ignition engine at constant speed of 2500 rpm. Types of
test were conducted namely base line test and c¢gaston
test by the following procedure. The load was giasn20%,
40%, 60%, and 80% and full load and the reading® waken.
For each load the time taken for 10CC of fuel waasured.
The exhaust emission and smoke parameter was nedaswyr
exhaust gas analyzer and smoke meter. Initiallglings were
taken normal (uncoated) piston. After taking thadiegs, the
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engine parts were dismantled. Cylinder heads, mpistealls chamber and reduces the heat loss from the engdine.
were coated with YSZ. The coated parts of the ergyiare various parameters which were affected by zircaroated
shown in the fig.1. Same procedure was repeatpdetdict the piston is discussed below:-

performance of the engine with the coating. Fidaves the

schematic diagram of the experimental setup.

25
TABLEI m

Specification of the engine

Brake powerin KW

Make Honda GK 200 1
Type single cylinder, 4 stroké 05 e
cooled, horizontab#. .
Displacement 197CC o 1 2 3 4

Bore x stroke 67 mm x 56mm
Compression ratio 4.5:1

Load in kg

Load Vs Brake power

== UNCOATED PISTON
~—f— COATED PISTON

Fuel petrol )

Rated brake power 2.28 KW at 3600 rpm. Fig.3

Max.torque 0.8kg-m/2500rpm

Ignition system fly wheel magneto Load Vs T.F.C

Ignition timing  20° BTDC (fixed) 1

Air cleaner oil bath type g B A

Dry weight 18 kg El W

Dimensions 338mmx404mmx423mm 200

Starting recoil start g gg —e— UNCOATED PISTON

Dynamometer arm length  0.195mm 20 - COATED PISTON
2 01

Load in kg

L ENGINE Fig.4
2 FUEL TANK
3. BRAKE DRUMLOAD
2 4 DIAL GATGE
(LOAD DNDICATOR) Load Vs S.F.C
g 5. FUEL FLOW MEAS UREMENT

25

6. GAS ANATYSER
7. SMOKEMETER

0

1
05 A‘ﬁ

= o

Specific fuel consumption in kg/kw-hr

Loadin kg

| ‘ Fig.5

Fig.2 Schematic diagram of the experimental setup

RESULTSAND DISCUSSION:

The low heat rejection (LHR) engine concept is Hase
minimising this heat rejection to the coolant aedavering
the energy in the form of useful work. Zirconia aslow
thermal conductivity material. It will act as a bar for the
heat transfer to the surroundings from the engicefabustion

== UNCOATED PISTON
—f—COATED PISTON
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Load Vs N,..ch Load Vs NOX emissions
80 700
70 600 A
60
- ﬁ g so0 —./.,A.ﬁr
% w0 = a00
:E 30 4.;/ —4—UNCOATED PISTON g 300 —e—UNCOATED PISTON
20 ——COATED PISTON 2 200 @ COATED PISTON
10 100
0
0 1 2 3 4 5 0
0 1 2 3 4 5
Load in kg
load in kg
Fig.6 Fig.10
Load Vs Ng Brake Power (B.P):
” Fig.3 shows the comparison of brake power for verimads.
* 77 . ;‘. The parameters affected the brake power are tlygieoand
£ the speed. The testing was carried out for thetaohspeed of
S —+—UNCOATED PISTON 2500 rpm for both coated and uncoated piston. dhdd are
5 ——COATED PISTON taken as 20%, 40%, 60%, 80% and full load conditawrboth
0 the case. Therefore brake power is same for betlcake.
0 1 2 3 4 5
Load in kg Total Fuel Consumption (T.F.C):
. Fig.4 shows the variations of total fuel consummptiaf the
Fig.7 standard engine and compared with coated pistois. dtear
that the total fuel consumption of the engine atteating is
Load Vs CO % reduced. This will increase the brake thermal efficy of the
is engine. This is due to the reduction of heat loss t
P v surroundings from the engine. From that it is obsidhat
> Ju—— I there will be an excess heat in the engine, whenpaoed
= 25 ~—" with the amount of heat in the engine without aogtithereby
8 2 . . . e . .
. —"—a o ——UNCOATEDPISTON increasing the brake thermal efficiency of the argi Also it
1 ——COATED PISTON is observed that TFC is reduced up to some extedtitais
e increased for higher power requirement. It is Iqggva 60% of
o 1 2 3 a4 s the load and then it is increases.
Load in kg

Specific Fuel Consumption (S.F.C):

Fig.8 From the fig.5, it is clear that SFC is high fomltoads and it
is decreasing when the load increases. Moreover stmm

Load Vs HC emissions coated and uncoated pistons, but at the highersload
significant change in SFC occurs in coated pistohise
00 e reduction of SFC is 0.25 kg/kw-hr at 80% loads #n@3
o kg/kw-hr at full load condition for coated pistal.is due to
£ oo —— . that the TFC increases for higher load conditions.
; igg —#—UNCOATED PISTON A L.
200 ——COATED PISTON M echanical EffICIGncy:
100
0 From the fig.6, it is observed that the mechanitfitiency is
o 234 increasing for the coated piston from low load dtiads to a
loadin ke higher load conditions. The efficiency is alway®digher in
the coated piston from low load to a higher loa@ do the
Fig.9 increases of indicated power in the coated pistdmerw

compared with uncoated piston. The parameters taffeihe
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indicated power are brake power and friction powérough
the brake power is same for both the cases abatlsl, the
friction power is 0.6kw higher in the uncoated @is.
Therefore the mechanical efficiency is always higimethe
case of coated piston.

Brake Thermal Efficiency:

Fig.7, shows that brake thermal efficiency is law the both
the cases, because of the low brake power at ladsloThen it
is increases due to the brake power increasesg#ifisant

improvement is observed at the full load conditiche brake
thermal efficiency is increases above 3% in thdembaiston.
It is due to the TFC of coated piston is 0.131kdgls than the
uncoated piston at the full load

NOX Emissions:

From the fig.10, it is clear that there is a greasgluction of
oxides of Nitrogen due to coating because of nédrodpas
observed by zirconia. Generally oxygen availabiléyigh in

petrol, so at high temperature nitrogen easily doe with

oxygen, but availability of nitrogen is less duectmating and
therefore forms less NOX. It is observed that th©XN
emissions are slightly increased for with and withooating

up to 60% of the load and then these emissionscesdup to
full load. The difference level is 150ppm at lovatband then
it is slightly decreases when the load increasedppih

difference is observed at full load conditions fmth the case
of the piston.

Unburned HC Emissions:

The measured unburned HC emissions for uncoated and

coated engine pistons are shown in fig.9.The HGsimms are
reduced when the engine running with coated pidd@tause
at high temperature, engine will have sufficientoamt of
oxygen, which mixes with HC emissions. As a regd(t, will
split into H and C, which mixes with O2, therebgueing HC
emissions. The difference levels are approximat8@ppm at
low load and 150ppm at full load.

CO Emissions;

Fig.8 shows the emissions of CO for various lodtds. found
that the CO is decreased after coating due to atepl
combustion. At high temperature C easily combinés W2
and reduces CO emission. At low load CO emissioaslal
% (by volume) less than the uncoated piston. Taigye of
difference is maintained up to 60% of the load #meh the
CO emissions are increased in the uncoated pistanfull
load the differences reaches 2.5%.

CONCLUSIONS

As the zirconia is a low thermal conductivity maeér it
reduces the heat loss from the cylinder to theosmdings.

Therefore the efficiencies are increased and thisstoms are
reduced because of various chemical reactions tplese
inside the cylinder at high temperature. Brake riadr
efficiency and mechanical efficiency of coated gistare
increased by the average value of 9% and 25% rigplgc
7% reduction in total fuel consumption and 6% reiuncin
specific fuel consumption were achieved with theated
piston. 14% of NOX emissions were reduced due ttiicg
because of nitrogen has observed by zirconia. 28%
unburned HC emissions were reduced by using théedoa
piston. CO emissions are reduced by 48% because fifjh
temperature C easily combines with O2 and reducés C
emission.
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