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Abstract:

The internal combustion (IC) engine is a heat engine that converts chemical
energy in a fuel into mechanical encrgy, usually made of available on a rotating
outpul shaft. The chemical energy of the fuel is converted to thermal cnergy by
means of combustion or exidation with air inside the engine. This thermal energy
raises the temperature and pressure of the gascs within the engine and the high-
pressure gas then expands against the mechanical mechanisms of the enpine, The
mechanical linkages ol the enpine to a rotating crankshaft convert this expansion,
which is the output of the engine, 1!

The aim of this project is to study the engine thermal loading specialized on the
engine head, this study is important to determine the thermal temperature distribition
on this component.

As a result of this sudy and according to the calculations und data specilied for any
cerlain engine head; it will be possible to apply the finite element analysis, CATIA
software and ANSYS software to analyze, design and draw the distribution of heat
flux on that specified engine head. Mareover, in this study, the pre-caleulared values
of eombustion parameters were put to finite element analvsis within the ANSYS

software to get the thermal stresses un the enging head. which is the outcome,

expected in this work,
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1.1 Overview

The enginc head (or, cylinder head) in the internal combustion engine are the
subject of this projecr.

For engine performance calculations, it is important to represent heat flux
versus Lme, beeause of its effects on the engine performance. The heat flux on the

cylinder head is variable with the engine desipn and operating condition.

In internul combustion engines there are three locations that have the
highest lemperature concentration due to many reasons related to the engine's design
himitations and lack of a sufficient cooling, thase »ones can generally be found around

spark plug, exhaust valve (with its seat) and piston face
piug P

In general, related studies uscd measurement devices ta mvestigale thermal
stress behavior in such critical zomes such as thermoconples and thin-fflm ganges.
This study used the finite element analysis to predict thermal stresses on & CATIA
designed model of cylinder head simulated by ANSYS to distribute pre-calculated
temperature values during hoth combustion und exhaust phases w get the final heat

distribution on the critical areas; namely hear the valves head and (he exhaust valve

scat.

k3

idi i i bbbl Bd

A Rat ot bl i Lk i R e R e ol b o i B ik ik




1.2 P'roject Prominence:

In u spark ignition internal combustion engine (SI ICE), the oplimum
performance is achieved by selling the engine's parameters to meet with the instant
operaling condition under which the engine is runming. Engine's paramsters include
variable quantities that are adjusted by the control unit ar any other contralling or
melering element; such as spark advance or retard. injection iming, injection duration

(quantity of injected fuel), valves timing, etc. .

Nonadjustable parameters including engine design also affects its operation,
hence; poor design will result a harmful mechanical and thermal stressss causing low

performance ur even engine failure.

The main goal in adapting all those parameters is that the maximum pressure
wave will be developed 10 to 20 degrees of crank angle afier the top dead center in
the power stroke, about ten degrees after, the maximum instantaneous heat release
occurs as the combustion chamber temperature reaches its pptimum. At such
condition, the volume of the chamber is still relatively smull so a grale thermal stress
will develop on the nearby parts; namely: cvlinder head. intake and exhaust valyes
heads, spark plug, cvlinder wall und piston crown. On the other hand: during the
exhaust process, a sudden exhanst pases blowdown through the exhaust port will
causc an intensive thermal stresses on the exhaust valve seat and the adjacent valve

bridges.

As a result: this study is implemented o conduct with thermal stresses on the
cylinder head. intake and exhaust valves heads and exhaust valve scal, laken as a

critically thermal loaded zones.

A previous study made by two of the PPU graduates two vears ago studied the
thermal loading on cylinder wall and piston face. The remaining parts after

campletion of this sludy are the spark plug and the valves. afler which a complete

view of the thermal loading on an 81 ICE will be developed.




L3 Chapter Tenor:

1.3.1 Chapter One "Introduction"

13,2 Chapter Two "PREVIOUS STUDIES "

1.3.3  Chapter Three "COMBUSTION AND HEAT RELEAS"
1.3.4 Chapter Four "HEAT TRANSFER”

1.3.5 Chapter five "THERMAL LOADING"

1.4 Projects Plane:-

* From the beginning of the first weck up to the end of the second week:
Registering the course of the praduation project and conducting
with the project supervisor to discuss the introduction paper
made in (he previous semester, rying to clarify and enhance the
{inal paper.

* From the heginning of the third week up to the end of the fifth week:

Completing the corrections made by the discussion committes
and documeniation

= From the heginning of the sixth week up to the end of the eighth week;
Looking for a model to work this project with, and taking
measurements. Designing a model an CATIA program to be
deait with and loaded by ANSYS.

¢ From the beginning of the ninth week up to the end of the eleventh week:
Conduct with ANSYS soflware and laking advises and
guidance from our supervisor and Dr Haitham.
* From the beginning of the twelfth week up to the end of the fifteenth
weck:

Completing the documentation work and writing the conclusion

in this projectl.
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2.1 Overview

Because of the prate importance of studying thermal loading on the
various engine parts, many analvtical and experimental studies were iniroduced.

Analytical studies, in pgeneral. used Fourjer series Lo solve the heat

equations to get a salisfactory heat (Tux model, still; those studies didn’t reach that
degree of satislaction due to many relevant shortcomings: take the resolution of

the outcome heat distribution as an example.

Experimental approach is used to actually study the changing heat flux and
emperature distribution during engine operating cyeles. The difficultics of having
the measurement devices installed on the various engine parts "as shown in later
sections in this chapter”, and because of the ot that those devives have a
relatively low response duc to there lower band width or any other criteria of the
device itsell] it would be useless to relay on there readings when a scrivus design
decision is to be made, especially in the presence of CAD based procedure aside

with finite clement analytical approach.

Loading a CAD madel on the computational fluid dynamics program of
ANSYS by the relevant heat and temperature quantities and relations can predict
the actual heat flux as implementad in this study,

2.2 Previous Studics

In this scction, a brief discussion illustrates some of the approaches used to

determine or predict engine head heat flux and some of the critical zone's thermal
loading.

The practical methods use measuring devices Lo determine the actual thermal

distribution and heat fluxes in the location where the device is installed.




2.2.1 Thin film ganges !'!

Heat transfer between the working fluid and the combustion chamber in an
internal combustion cngine is ane of the most important paramcters for tyele
simulation and analysis, Heat trapsfer influences the in-cylinder pressur: and
temperature levels, engine efficiency and exhaust cmissions. Tleat transfor is
determined using platinum thin film resistance thermometers cxposed (o the
combustion pases. These give a frequency response of greater than 100 kHez: hence
can (rack heat transler rate changes on the piston and ¢ylinder head surfaces
adequately. The thin film alEes uvercome the problems of low bandwidths and large

uneertainties associated with thermocouples,

Nearly all the reparted experimental studies of in-cylinder heal transfer have
been carried out with sparsely fitted fast response or croding type thermocouples:
however, even though many claim fto achieve higher frequency  responses,
thermocouples are limited to an absolute maximum bandwidth of 10 kHz with most
failing to achieve higher than 1 kb In addition these thermocouples are [ragile,
difficult to manufucture and difficull to replicate. Thin films therefore have abvious
advantages, apart from their higher response rates, including being robust, highlv
tepeatable, simple o instrument and calibrate and the ability to creale densel y packed
arrays to look at local heat transier rates.

In this study, a thin film gouge s attached to the cylinder heat as shown in
Fig, (2.1).

Flgure2, 1: A eyfinder head instramenterd with thin Mims




The measured surface lemperature history from 2 thin film fuuge and a
thermocouple from the cvlinder head are shown in Fig. (2.2). I'he dma have been
taken with the engine motored at 1500 rpm initially and then tired causing it to reach
a given speed. The peak surface temperature during the motored run is about 10 K
above the ambient temperature and rises to Just aver 120 K above ambient once the
engine is fired, The surlace temperature is lower for (he mitial two revolutions as the
engine speed increases, and then sertles at around 100 K above ambicnt; however,

some Nuctuations from cyele 1o evele are still noted.

I'he reasons for the initial few cycles having a lower peak temperature are due
o the engine being at a lower speed. Notably the minimum cvele temperature is
almost constant later in the run at around 40 K. The thermocouple mounted in the
cylinder head above the thin [ilm gauge shows a slow rise of a few degrees as the

cylinder head metal temperature rises.
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Figure2. 2: Measured temperatures from the thin film gauge and thermocouple.




222 Viiber optic instrumentarion (Y

Combustion is a highly complex process where the mechanism of fucl
oxidalion causes many different chemical species to emit light on specific spectral
lines; therefore. from a measured emission spectrum it is possible w infer the
chemical species present. Measurements of the spectral content (300 to 850 nm) of the

light intcnsities within the combustion chamber are presented.

In order 1 image the complete area of the combustion chamber, a transparent
cylinder head was manufactured from Perspex. Fig.(2.3). Although Perspex is a
thermaplastic material, the temperatures and periods of time for which the transparent
cylinder head was used proved sufficiently low to prevent permanent damage. The
spark plug thread was reinforeed with epoxy resin to prevent melting, A Kistler spark
plug was used without the fitted pressure transducer.

Figurel. 3: Optical cylinder head

Various studies Iooking at the mean light intensities and the Standard
deviations [rom the mean at each wavelength were perfurmed and ongoing research is
looking ar ways to gquamtity the variability, heat release and elliciency within an
engine, Fig.(2.4), shows the mean values of light intensity, averaged over 200 cveles
al each wavelength recorded, whereas, Fig.(2.5) shows the standard deviation from

the mean of the same eycles. also plotted agninst crank angle.
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3.1 Introduction

The combustion mechanism can be defined from the point of chemical
processes connected with formation of the combustion focus as a pre-oxidization

reaction as a consequence of high potential electric discharge ¥

3.2 Combustion course of spark ignition engines "

3.2.1 Normal combustion

The term “combustion” can be defined such course in which the
vombastion is realized by average velocity 20 — 30 m/s in the area . where the
pistun is at TDC |, the end of compression stroke, and at the heginning of

expansion stroke.

When the piston is at TDC, the cylinder pressure rises and reaches the
maximum value hy 12 — 15 — 20 crank angles after (op dead center “TDC™.

The combustion can be divided into three phases:

I. First phase — combustion delav: (The preparation of the
turbulent flame propagation).

This phase begins when the electric discharge crosses and ends in
the moment of the compression curve deflection from the COMpTession

curve without combustion.

2. Second phase — basic or main combustion: (The propagalion of

turbulent flame almost in the whole combustion chamber).

This phase occurs as a conseguence of burning ot the substantial

amount of mixture. It beping 4t the moment of the cylinder engine curve




deflection and ends at the moment when the cylinder pressure reaches ils

maximum value, i.e, about 20 degrees after TDC.

3. Third phase — fburning our: (The end of combustion of the
ndividual volumes of working charge in the front of the turbulent flame
and the combustion chamber walls),

It begins at the moment of maximum pressure and ends in the
indefinites area of cxpansion strake, The burning out velocity is aftected by
the twrbulent diffusion. physical and chemical propertics of working

TIixTIe.

The period of buming oul muost be small, because it's bulling
through the expansion stroke, the total efficiency of engine working cycle

2els wWorst:

From the ignition focus (centre), the combustion expands as the
Hame front propagates. ‘| he propagation velovity depends in the quantity of
the activate elemenl penetrating from the combustion zone to unburmed
mixture. The activated ¢lements penctration is alfected by the molecular
diffusion.

There are many factors that affect the combustion course in any
spark ignition infcrnal combustion engine; some dominant factors are
listed belaw:

1) Igrition timing.

1. Compression ratio (1,).

With the same ignition timing angle and higher r.. the combustion
delay (early flame development) is shorter which results in fasier flame
penetration and heat development. As a consequence of this |, pressure

increase faster , engine work is hard , the main combustion is shorter .

13




mMaximuim pressuce arc near top dead centre and pressure in expansion

stroke is lower .
2. Combustion chamber form:

The form of combustion chamber affocts the heat development,

combustion course and r,.
3. Lovation of spark plugs:

Spark plug is recommended (o0 be located at the centre of

combustion chamber and in the hottest position.
4. Swirl working mixture:

Increasing the mixiure turbulence accelerates the flame penetration

and combustion period becomes shorter.
3. Cylinder size.

In large engines, the thermal loading of c¥linder surface is higher,
which results in pre-oxidizing reaction. It also results in longer flame line,

which breaks the flame near evlinder wall.
6. Malterial of piston and engine head.

The thermal conductivily of marterial affeets the wall surface
temperature of combustion chamber, cylinder heuds from an aluminum
alloy with thermal conductivity about (K=221w/m>k) gives lower wall

temperature which gives possibility of using higher r..

2} Adfustable factors.
I.  Ignition timing (advancing) -

Ignition 1iming affect temperature and pressure of the combustion

start and intensity of mixture swirl . advancing ignition angle leads to

shear pressure increasing . especially in the flame propagation period




(phase) — p = near TDC. Small ignition advance causes a large thermal
lvading of eylinder group.

2. Enginespecd :

Engine speed changes allect (with the same ignition timing) the
pressure distribution in side cylinder engine, increasing speed causes
turbulence incressing, which leads 1o velovity increasing of flame

penctration,
3. [ngine loading :

With partial engine loading, ieniperanife and pressure decreaging,
carly flame development is longer which lcads to lower combustion

velocity, increasing exhaust gases ralio affects the active molecules.

The higher is loading, the optimum ignition timing is lower. with
partial loading its necessary to rich the mixture in order fo achieve the best
engine stubility, and ir is Aecessary to increase ignition angle.

4. Mixture composition -

The early comhbustion delay oceurs with mild mixture richness,

with rich or lean mixture, the combustion delay is longer.

Mixlure composition affects the exhaust gases formation (L0, T1C,
NQ.), with rich mixtures, a combustion velocity has a significant effect

(fuel evaporation).
5. Engine heat (thermal) state -

The lemperatures of eylinder head and cylinder wall affect the

combustion course , with cold cgine , the mechanical lusses are higher

and worse mixture preparation and more exhaust pollution (except NO,) .




6.  (Carbon seats :

The thermal conductivity of carbun is very high and it is abour 50
times higher than east iron. so the lemperaiure of mixture and combustion
products are higher (during combustion) and the passibility of combustion

detonation is higher.

7. Fuel properties,
8. Pressure . temperalure and humidity of air -

Charging tempernture and pressure increasing result in higher
pressure and lemperature of combustion hy which the possibility of

combuslion detonation is higher,

Air humidity with form of small drops. significantly affeel the

internal cooling.
Y. Inerl gases :

Inert gascs slowing the reaction processes of combustion which

decreases the possibilily of formation of combustion detonation.

3.2.2  Abnormal combustion ~ knocks and surface ignition

The two major phenomena of abnormal combustion pracesses are
1. Knocking, and

b. Surface ignition.

Abnormal combustion: o combustion process in which a Aame
front may start hol combustion chamber surfuce either prior or after spark

ignition. or & process in which some part or all of the charge may be

cansumed at extremely high rates.




#.  Knock phenomens

It 15 o noige transmitted through the engine struciure when

essentinlly spontancous ignition of a portion of the and gas occurs.

I'here is an extremely rapid release of much of chemnical
energy in the end gas, causing high local pressure and temperature and the
propagation of pressure waves of substantial amplitude a cross the

combuslion chamhber,

I'wo theories hiave heen proposed to explain the origin of

knock: &
I} The aute ignition theory

When the air — fuel mixture in the end pas region is
compressed 1o sufficiently high pressures and temperaturcs, the fuel
oxidation process starting with pre-flame chemistry and ending with rapid
energy release can occur spontancously in parts or the entire end ens

region.
2) Detonation theorv :

The advancing flame front accelerates to sonic velocity and

consumes the end gas ot a rate much faster than would aceur with normal

flame speeds.

b. Surface ipritine phenomena -

It is an ignition of fuel — air mixwre by a hot spot on the
combustion chamber wall as an over heated valves or spark plug , or

glowing combustion chamber deposit i.e. , by any means other than the

normal spark discharge.




3.3 Fuels

Any material which can be burned (o release energy is called a
fuel.

Familiar [uels consists primarily hydrogen and carban s thev are
called hydrocarbon fuels are denoted by the peneral formula ol | and

exist in all phases | some complex being coal . vasoline and natural gas,

Although liquid HC fucls are mixtures of many diflerent
hydrocarbons, they are usually considered to be g single HC for

convenicnce. For example:
“ Uasoline is treated as octane. CgH,s.
- Dicsel tuel as Dodecane, ¢ 12Hs.
Methy! aleohol, CH;OH.

A chemical reaction during which a fuel is oxidized and a lurge
quantity of energy is released is called "combustion”.

In the analysis of combustion processes, the Argan in the air js

treated as Ny, and the gases which exist in trace smounts are disregarded,

Then dry air can be approximated as 21% 0, and 79% Nz by maoles
numbers, therefore. each mole of 0 entering & combostion chamber will
be accompanied by 0.79/0.21= 3,76 mole 0l N, that is

1K, +3.76N, - 4.76K . Air

3.3.1 Spark — ignition engines fuels:

I- Gasoline -

Gasoline is a colleclive 1o denote  hydrocarhons of various
chemical structures, its produced by ecrude oil refining processes of

distillation, cranking, reforming. 1SO merization , polymerization.

18




2- Regular pasoline :

It’s & gasoline whose anti-knock qualities are sufficient for many

motor vehicle spark ignition engines.
3- Premium gasoline -

I's a mixture of highly knock- resistance components and its
higher anti-knock qualities than regular gasoline. See table 3.1 for

specification:

Tabled. I: Reguirements of regular and premium pasoline

Requircments Premium gasoline | Regular pasoline i
| Summer & winter | Summer & winter
Density al 15 C (kgl) | 0.73-0.78 0.715-0.754 ]
Anti-knock 974 91
guality{min) RON 4
(min) MON §7.2 82
_ Load content (gPh/) | 0.15 0.15
Boiling eurve:
| Total vapaorization
= Lipta 70 ¢ (vol.%) 15-40 & 20-45 15-40 & 2045
-Up to [00¢ (vol%) | 42-65 & 45-70 42-635 & 43-70
-Up o 180c (vol.%) 90 &90 90 & 90
Final boiling point | 215 215 ]
max. (¢} _
Dristillation  residue | 2 2
mix. (vol.™)
Reid wvapor pressure | 0.45-0.6 &0.6-09 | 045-0.7 & 0.6-0.9
{bar)
Existent gum:
Evaporation residue | 5 5
max. (mg/100ml)
' Sullur content max. | 0.1 0.1
| (% by wi) — ]
4-Ethanol:

It is technically a pure cthyl alcohol C;HOH, Produced by

fermentation .and it has high knocking resistance.




S-Methanol:

It is technically a pure methyl alcuhol CHLOII produced hy
synthesis and it has high anti-knock qualities.

6-liquified petraleum gas LPG:

It is a mixture of butane, propane, propylene, and it is oblained
trom natural, refinery and cracked gases, as well as by hydrogenation and

svnthesis,

3.3.2 Gasoline properties:
The following propertics are decisive for use in engines; wolatility

and mixture formation calarific valus.

The gasoline sold in the market is a blend of a number of products
n several processes By such blending, the properties of the fuel are
adjusted o pive the desired operating characicristics, and s
characteristies that are of special interest to the engineer. Thus, the

gasoline, irrespeetive of its origin should have the following properties:
|-Boiling curve and vapor pressure:

The boiling curve indicates the quantity of vapoerized in the hoiling
vessel ul a particular temperature.

With regard to behavior in the engine three regions on the boiling
curve are umportant, this can be characterized by the percentage vaporized
at three temperatures.

The vaporized volume up v 70 °C should he large to ensure casy

starling of the cold engine; it shouldn't however. be excessive so as 1o

prevent vapor lock with hot engine.

I'he vaporized volume up to 180 °C should not be o0 smull to

prevent dilution of lubricating oil, especially when engine is cold.




The vaporized percentage at 100 °C determines not only the
heating up behavior; in addition, the vapor pressure is also a measare of
the carburetion capability of fuel .Fuels with high vapor pressures can
form vapor locks in the flow line system and thus interrupt the fuel supply,
For this reason the vapor pressure is limited to = 0.7 bar in summer. it can

rise by = 0.2 bar in winter,

2-Heat evaporation:

The air — [uel mixture cools down due w evaporation ol the fuel,
which is initially is onlv atomized in the carburetor for racing luel the
high heat evaparation methanol and cthanal is utilized by increasing the
cvlinder charge.

3-Calorific value and heating power:

The specific calorific value Cy and the specific heating power C.,

are a measure of the encrgy content of fuels.

The calorific value is defined ns amount of energy released when
fuel is bumed compleiely in a steady flow process and the product are
returned to the state of the reactant.

4-Alr requirement:

The relationship between the actual quantities of air supplied for

combustion to theoretical air tequirements is called the excass air ratio.

The theoretical air requirements is the minimum gquantily of air
needed for complete combustion of fuel, in the case of the gasoline this
stoichiometric air - {uel ratio is approximately 14:1.

S-lgnition limits:

The richer or leance the air  fuel mixture, the harder it is to ignite

and the slower the combustion process.

21




At lower and upper ignition limits the mixture is no longer

ignitable,

The lower ignition limil often makes starling a cold gasoline

enpine more difficult due to an over lean mixture,
6-Auto ignilion lemperature;

It is the temperature al which the fuel in conmct with air iEnites
and continues to bum, this temperature is not physico- chemical constant
of the particular fuel, but is dependent upon the respective condition and is

severely affected by foreign martters.
T-Diensily:

Particular types of fuel or fuel component are designated on the

basis of their densitv; a lower density increases firel combustion,
3.4 Heat release analysis

After covering the factors affecting or relating to the combustion PTOCESS in
any spark ignition intermal combustion engine, it is intended now to determine
analytically the heat release sequence and Lo make a quantity solution of the actual
temperature produced in the combustion chamber during the sequenced events that
¢haracterize the comhbustion process. In later chapters the values of tamperature
calculated in this section, and [urther, analyzed using "Microsoft excel” with MAany
other parameters to get the combustion chamber temperature content at every crank

angle,

The first step is 10 calculate the air-fuel ratio (AJF), which is delined ta be the
quantity of air wanted to burn a possible guantity of fuel. The burning of gasnling
occurs according Lo the following equation: !

Cyoo 55 +12.135(0, + 376N, ) 5 8.26C0, + T.75H,0 +45.6272N,

AST = maoss of air / mass of fuel

Taking the molar weights ol cach above specics and element. we get




Mo =826 M, +155% M, =8.06%12+155%] - 1462 k¢
m.. :12.135*{1uﬁj+2*3.?ﬁ*_u_.l.J_— }E,I35"'(.'-."Iﬁ+2*3.‘?ﬁ*H]=16ﬁ5.ﬂ!}EHEe

syt 1600308
F 11462

807 14.54 mass of air is necded to completely burn 1 mass of gasaline fiel,

The lower heating value is defined as the amount of energy released when fuel
is burned completely; i.¢, air-fuel ratio is Ly in & steady flow process and products are
returned 1o the state of peactant )2

LHV=H_ .. 7 A

O-W=%Nplhi,” +5—)p -3 Neulh, 45— b
Where:

My: species molecular weight. .. Kg/Kmol

H is the embwipy. . &7/ kmol

Q is the heat conteme. ... &t kol

Wois the work..... &7/ kol |

Ny is the number of moles of products spevies.

Ny is the number of males MIXTUre species.

b, is the enthatpy of formation at the slandered roference state..... &/ / kma/ .

b e sensible enthalpy @l the specifiod reference state o 298 °K and loum. . LARE 7 T
h isthe enthalpy ai the reference sute.. . kJ / fanof |
Q- =(826*-393520+7.75* —285830) (- 294950)= 5215707.7k2 / kot

Hence:

a ﬂj‘ﬂfm*f = 45.5M0 (kg

i

LHV = (Q‘EW
g




During combustion, the value of adiabatic Name temperature, which oceurs in

the limit case ol no heat loss to surrounding (Q=0), the temperature of the products

will reach maximum.

The balanced equation for the combustion process with the theoretical

amounts of air is:
Cyaofliss +12.135(2, +3.76N, ) - 8.26C0, + 7.7511,0 + 45.6272N,

The adiabatic flame temperature relation in Lhis case reducas to:

ZNP{'EH +;I'—FJ_)F - Z ‘i!.,fm(gm:mu]: (rwr*“?.'ﬁ)r

ST

Since all the reactants are ar the standard relerence state and hf' = () tor Os
Eﬂd N:.

A,"and h values of various components at 298 K are illustrated in tahle 3.2,

Tabled. 2: Values of enthalpy of formatfion and sensible enthalpy of different specie

Substance " & kol Pos KJ £ Kool
Cyaalies -249950 )
0 0 8682
Na |0 2669
H,0 241820 9904
| C0: -393520 | 9364

Substituting the lasi equation, we get;

(8.26KmolCO, {[-393520 ¢ ., —9364 )/ HimolC(, ]
+(7.75kmolE,0)(- 241820+ 7, , —9904 7 / kol 0]
+(45.624emoiN, (0 + b, 86697/ knmolN:,]
+{lkmolC, , Hy, = 24:.;?5{111;;; kmolCy, H .. |

That vields;




8240, + 775k, , +43.62Th,,  =5424278 50447

A first guess is obtained hy dividing the righl hand term of this cquation hy
the total number of moles, which yields:

5424278.504

= BROO2.7332647 1 kol
.26+ 7.754+45.6276

This enthalpy valuc will correspond 1o ahout 2650 ok far N, 2100 ok for HaO
and 1800 k for CO4. Noting that the majority of moles are N, we see that Tprod. Will
be closed to 2600 k, but some where under it. Therefore. a good first guess 2400 ok
is. At this temperature:

8260, +1.7 Sh,, ., + 45,6276k, M
=8.26%125124 7.75*103508 +45.6276% 79320
=5455123.7524J

This value i3 higher than 5424278 504 kJ. Therefore, the actual temperature
will be slightly under 2400 k. Next, we choose 2350 k. It yvields:

8.26*122091 £ 7.75%1 00846+ 45.6276* 77496 — 5325984 65kT

Which is lower than 5424278504 k), therefore, the actual temperature of
products is between 2350 and 2400 ok. By interpolation, it is found to be

T s = 2394.5K
3.5 Conclusion

In this chapter, the study of the combustion process of all its courses and
factors that affect its development and quality, made it possible to imagine how it i
important to study the thermal loading on each zone an the combustion chamber since
the instantaneous rise in temperature is large enough 1o increase thermal stresses on a
specific critical areas which leads, if repeated, to material deformation or even

collapse,

In later chapters, an exact models and analysis of heat transfer and thermal

loading on eylinder head will be implemented.




Chapter Four

Heat transfer

4.1 Introduction

4.2 Heat Transfer Mechanisms
4.3 Parameters Affecting Engine Heat Transfer

4.4 Cylinder head heat transfer

4.5 Exhaust valves seat heat transfer




4.1 Introduction

In most common internal combustion engines, air-fiel mixture is the
medium used to produce mechanical work throvgh chemieal reactions. Tor typical
four-stroke reciprocaling engings, the mixture in the combustion chamber is
compressed and then ignited, resulting in a tremendous increase of pressure and
lemperature, Pressure dilference between the combustion chamber and the ambient
forces the piston 1o move up and down, producing mechanical work.

The second law of thermodynamics states that a certain amount of heat
generated from the combustion products must be rejected. Coolant is typically used
in the engine-cooling jacket as a medium of accommodating the heat rejection. An
insufficient heat removal rate could result in higher thermal stress in the engine.

An improved cooling svstem can potentially reduce the thermal stress,
especially on critical zones with insullicient cooling, resulting in a longer enpine
lifetime, A smaller electronically contralled pump, which requires less power, can
now be used to substitute the old inefficient mechanical pump to improve engine
efficiency. This can be accomplished by understanding the physical processes
oceurring in the engine itself Fast transient heat flux from the combustion products
ta the combustion chamber interior and transient heat loss to the cooling passages are
impurtant factors affecting the heat transfer process in IC engines. The ohjective of
this study is to predict transient thermal behavior in the solid part of the engine. It
should be noted that steady state condition would never be atlained in this vpe of
application duc to the moving pistons and valves; therefore. from an engineering
point of view, il is good enough o consider the eyelic or periodic thermal behavior in

the engine as an appropriate direction to look for hot spots,




The intemal combustion engine is a nch source of examples of almost
every conceivable type of heat transfer. There are a wide range of temperatures and
heat fluxes in the various components of the internal combustion engine. Internal
combustion cngines come in many sizes, from small model airplane engines with a
(.25 " {6 mm) bore and stroke to large stationary engines with 4 12" (300 mm).

Tn this chapter, the heat transfer is w be realized and studied over a
eylinder head model, 12mm thick and 80mm diameter, made from an aluminum
alloy pressed in the engine head. an intake and exhaust valves with valves head
digmeters of 35mm and 30.02mm respectively forged from cast iron and exhaust
valve seal is being eut in the eylinder head with an angle of 45" and 2mm width.

Fig (4.1) shows thermal nerwork model for wall heat transfer. Heat transfer
begin from the center of the combustion chamber it has high temperature values (Tg)
_ then heat transfers with convection (gus has convection heat transfer coefficient
(h,)) from the center of the combustion chamber to the piston face. cylinder head and
eylinder wall, then conduction throw walls with cylinder, piston and cylinder head
which have thermal conductivity (k). then conveetion from these walls to cooling

water into water juckets which have convection heat (ransfer cocfficient (he) and

the temperature of cooling water is (1) . then radiation to outer environment.
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Figure 4. 1: Thermal Netwark for wall heat transfer

4.2 Heat Transfer Mechanisms

In the internal combustion engine. there are three mechanisms ol heat
transfer:-

—
]

Convection

.
=,

3. Radiation

CUonduction




4.2.1 Convection

Wherne: -

Convection heat transfer is energy transport due to bulk fluid
motion. Convection heat transfer through gases and liquids from a solid
boundary results from the fluid motion along the surface,

Newton determined that the heat transfer/aren, Q/A, is proportional
to the 1luid solid temperature difference (T.-T. The lemperature difference
usually oceurs across a thin layer of fluid adjacent to the solid surface. This
thin Nuid layer is called a boundary layer. The constant of proportionality is
calted the convection heat transfer coefficient. h.

Newron's Equation: '

Q'A=h (T-1p)

3 hear transier cnery [w).
A mside surface sres of combustion chamber (m°).
h: convection heat transfor coc{licient (wm k),
(T, - Ty the fluid (gas) solid (wall) temperature difference (k).

The convection heat transfer coellicient depends on the type of
lnid {density) and the Nuid velocity. The heat flux depends on the area of
intercst cither the local or the average arca. The various tvpes of convection

heat transfer are usually categorized into the following areas illustrated in
table (4.1), I*!




Table 4. I: Convection rypes and typieal values

Convection  Description Typieal value of h
type (Wim'K)

natural Nuwd  motion  induced by density 10 (gas)
convection differences 100 (liquid)

forced fluid motion induced by  pressure 100 (gas)
conveetion differences from a [an or pump 1000 (liquid)

. fluid motion induced by a change of
boiling L§e 20,000 or greater
phase from liquid to vapor

Nuid motion induced by a change of
condensation X 20,000 or greater
phase from vapor Lo liguid

4.2.2 Conduction

Betore considering conduction heat transfer in engine, it will
lacilitate the discussion to first consider heat transfer within an infinite slab.
this can make the convection itself o be considered as conduction heat
transter, becanse the pases make boundary layers,

Conduction heat transter is energy transport due to molecular
motion and interaction. Conduction heat trunsfer through solids is due to
malecular vibration. Fourier determined that Q/A, the heat transfer per unit

area (W/m®) is proportional to the temperalure gradient dT/dx. The constant
of propartionality is called the material thermal conductivity k.




Ll B i T —

b unmland falr or walser)
1 h_y
R —l T
"rnl..' 'y
A \-——-T'.
e
Penmirntian
layier of Ut
dickness [ e

L ;
E.. - 74 €= el
1, = COMdUCHOr Sath resiEiarice 1o saelanl

Figure 4.2: A one-dimensional representation of the heat loss from the eylimder gns

" + i
Fourier's equation: )

[ A= frdT
L dy
‘h‘f’l‘tc‘.rf:

) heat transfer eneray (w),

A: inside surface arca of combustion chamber (1),
K thermal conductivity ol cylinder wall (wimk),
d1! wmperature diflerence (k).

dx: thickness oF evlinder wall (m),

2

ar den




The thermal conduetivily also depends somewhat on the temperature of the

material.,
—Ax—
T;-
I
o, |
Figure 4.3: Conduction heat transfer
4.2.3 Radiation

Radiation heat transfer is encrgy transport due to emission of
eleciromagnetic waves or photons from a surface or volume. The radiation
does not require a heat transfir medium and can occur in a vacuum. The heat
transier by radiation is propartional to the lourth power of the ubsolute
material temperature. The proportionality constant o is the Stefan-Bolizman
conslant which equals to 5.67 * 10¥ Win’K*. The radiation heat transfer also
depends on the material properties represented by £ the emissivity of the
malerial,

Q{‘A:EUT‘ e

Where:-
Q¢ hent mranster energy (w),
A outer area (m),
1 outer surface temperature (k).

o: is the Stcfan-Bolzman constant, equal 1o 5.67 ¢ 107 WimK",

£t il emissivity of the material (dimensionless),




4.3 Parameters Affecting Engine Heal Transfer

From the above discussion, it may be noted that the engine heat transfer
depends upon many parameters. Unless the eflect ol these parameters is known, the
design of a proper cooling system will be difficult. In this section, the effect of
various parameters on cngine heat transter is briefly discussed.

4.3.1 Fuel-Air Ratio

A change in F/A ratio will change the temperature of the cylinder
gases and affect the flame speed. The maximum gas temperature
will occur at an equivalence ratio of about 1.12 ie., al F/A ratio
about 0.075. At this I'/A ratio AT will be a maximum.

4.3.2 Compression Ratio

An increase in compression ratio causes only a slight
inerease in gas temperature near the top dead center; but, because aof
greater expansion of the gases. there will be a considerable
reduction in gas temperature near bottom dead center where a large
cylinder wall is exposed.

4.3.3 Spark Advance
A spark advance more than the optimum as well as less

than the optimum (retard) will result in increased heat rejection to
the cooling svstem. This is mainly due o the fact that the spark
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timing other than MBT (Minimum spark advance for Best Torgue)

will reduee the power output and thereby more heat is rejected

4.3.4 Pre-ignition and Knocking

Effect of Preignition is the same as advancing the ignition
timing. Larger spark advance might lead o erratic running and
knocking. Though knocking canses larger changes in local heat
transfer conditions, the over-all effect on quantitative information is
available regarding the effcet of Preignition and knocking on engine

hent transfor.

4.3.5 Engine Qutput

Engines which are designed for high mean effective

pressurc or high piston speed, heat transfer will be less. Less heat

will be lost for the same indicated power in large engines,




4.4 Cylinder head heat transfer

The air-tuel mixture entering a cylinder during the intake stroke may be
hotter or cooler than the cvlinder head, with (he resulting heal transfor being
possible in both directions, During the compression stroke, the temperature of the
gas inercases and by the time combustion starls, their already will be g
convection heat transfer 1o the cvlinder head. the temperature on the head can be

caleulated by using equation:

%:hx{r, —Tiias) &

Where
Q44 The conveetion heat flux (Wim’)
&: T'he convection heat wansfor coefficient | Winr K
Tg ~Thenq? the temperature difference between cylinder head and the combustion chamber [ag
content (L)
Considering the dimensions of the cylinder head, we get:

{T* 3 T' 'u'.:tu-
Qn.-s._},{; = ‘[J{'F; o T-_uf.-_.m} = S BT !
i : (R + R + R i)

Where:
R :Thermal Resistance
L

L .k

":i.'r-.-'w.:l
7 h

The gas convection resistance is a function of the convection heat transfer

for the gas. which is  function of the eramk angle 0, at (384 crank angel) the gas
emperature is (T=2564.3497 K), convection heat transfer (h=659.8405 W/m* K)




|
Biy =——— = 1515% 10" 02 2 4
"5 = 650.8405 ARV I

For the aluminum alloy cylinder head, the thetmal conductivity (221 W/m.K)™ and
its thickness o = 0,012  the conduction Ihermal resistance is:

"') (i
e = :::!;;z% =543%10 “mk /W

The thermal resistance for the Wwater coolant (T, g =1 462W/K.m* EZives:

l g i
Ry i =T4E=ﬁ,34xlﬂ m KW

G/ _ (25643497 350) T
A (15155107 + 543 %107 + 6847105 ~ 252 "

We can calculate the lemperature on the eylinder head. by using the heat flux
equation, lemperature on the C ylinder head pives:

Diowt =T, =0, iR, . =2564.3497 082 714 %10 *1L.315x10™ =1075.53799° K

The gas convection heat transfer coefficient hy, has a varied valie over the crunk
angle, due to variations in the gas properties and conditinns,
Eichelberg proposed a correlation that deseribes the effeets of the instantanenus
combustion chamber pressure P.. and temperature T, and the mean pision speed C,,
on the instantaneous h,, Ganesan mudified that relation 1o the following form 1]

{9
. * ( )2-”3 5 ( % )l 12
hg = 21- l C’” PE Ta_
Where:
Cy, i5the mean piston speed (misec), O =2% [ # p710

L connecting rod length (m}

Nrengine speed of ratation in iTps)




P! pressure al the crank angel position (kPay !

Vi R
Fn =R+ ———ar ey spng MPa
Pt Wy aC v .
R: Bore qm)

Ta temperarure al the crank ange) posilion (K}

£ LS I
L ;Q‘L___;;,{mm_...jm P47 3 I K

i

However, the pressure and the temperature in the combustion chumber both are
functions of crank angel. Moreover, the values of all parameters which appeared and
will appear in this chapter: namely, femperature, pressure. convection heat transfer
cocfficient, mean piston speed and combustion chamber volume all versus crank

angel, will be found in the appendix slarting on page 83
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4.5 Exhuaust valves seal heat transfer

During the combustion the valve seat is covered by the valve head. While
blowdown a sudden flow of hot cxhaust gases passes through the exhanst valve and
causes the valve scat W experience an enomous heal stress due to its narrow area
and its cooling limitations, The exbaust valve starts 1o open at about 310° Crank
Angel und the efieetive area exposed to the flowing gases from the sear increases as
well, until it reaches its maximum at about 625° CA and starts t0 decrease with valve
lifl decrenses, until the valve is fully closed about 740° CA: i.e. 20° after TDC.

The following relations describe the mentioned events.
Ay =ml L
where:

Ag: i the effective area of the seat(m”)

L: is the mean valve diameter (m)

L;: is the valve lift function

LI'.II:E% (1 + L.‘:}H{??-EI
.

Al [ﬁ'] =
where;

Ly max: is the maximum valve lifi. (achieved about 625° CA)

_x(EVO—EVC +20+540)
~ EVO+ EVC =180

where:
EV(: exhaust valve open angle; about 510° CA
EVC: exhaust valve close angle; about 740° CA
Now for heat transfer analysis, the valve seat is cooled by cooling passage thar is

omm away from the seat.
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For minimnm valve lifts and higher ¢xhanst gases temperature and pressure,
Eiehiclbery's formula of i, by Ganesan modification can predict the heat transler
coetficient value for a certain P, and i

Fig(4.6) shows the measured cylinder pressure and  caleulated exhaust yas

temperature Vs. CA for a certain 81 IC engine, P!
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Rﬂ'l_g = I_ _I_—;ﬂ'ﬂ Hﬂﬂﬁm‘]ﬁffw

b, 713088

K= E= ﬁ*m___—_z?.fs*lu'ﬁx.fw

23

R ot = 'ﬁ =6.84% 107 WK /W

Substifuting;
ARG (0.014005+ nfn?:ﬁ;* f 65?4, 0.684v107) I
And finally, for Ag=0,00000520321 m>:
[e=905,.54%
T omuten=350k
DNenoian=1462 Wim K
And  hy 6971584 Wim K

| 1
o -=0.014394m° K /I
-*—’ h, 6971584

] CE T :
R i = %'—-6—,’;?—:2?,15*1{}*5:'#;?'

I .
R = 6BA*I0 ik
T i

Suhﬂf‘tutlng:

(90554—1350)
). = 0.0000052032 = — _—4.88%T
Cra (0.014394=0.02715%107 + D68+ 107

Now, and after showing the actual heat transfer on both the engine head and exhaust
valve seat, it will be easier (o understand and illusirate the thermal stress
representation on the next chapter,
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Chapter Five

Thermal Loading

5.1 Introduction

5.2 Heat Equation

5.3 Piston and Cylinder Wall Thermal Loading




5.1 Inmtroduction

Internal combustion engines at best can (ransfer about 25 - 35 % of
chemical energy in the fucl into mechanical energy, about 35% of the heat generated
is lost 10 the cooling medium, remainder is being dissipated throush exhaust and

lubricating oil

During the process of combustion, the cylinder gas temperature aften reaches
quite high valuc. 4 considerable amount of heat is transferred to the walls of the
combustion chamber; Excessive thermal loading on critical regions may result in
material deformation or even destruction; abnormal combustion for instance will
result in 4 hurned exhaust valves due to exvessive heat rcjection on the blowdown
process. Further more; an erratic blowdown process will directly lead to serivus
damages in exhaust valve seat which will be sensed immediately as lake in engine's

POWET.

5.2 Heat Equation

Nomenclature:

e 1 thermal Diffugivity

ttimic

o sunknown ( Temp)

% :lengthe in catesian system

k -eoefficient of thermal conductivity
v iunokown 2

1z unit normal

i, j, & 1unit veelors in a cartesian coordinate system
& :central - difference operaters

(7 :amplefier vactor

iz convection heat transfer cocfficient
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The one dimension heat equation

— = — 4‘1

is a parabolic PDE. In its form. it is the governing equation for heat
conduction or diffusion in a 1-D isotropic medium. Tt can be used to "model” in a
simple fashion the parabolic boundary — layer equation for the initial condition
u(x.0)= f(x)
And boundary conditions
w00 =u(lr)=0
Is

u(x,t) = Z A,e i sin( Ax ) 42
n=|
Where

1
A, =2 [ (x)singir)dx

And k=nx . Let us now examine some of the most important finite-
difference ulgorithms that can be used Lo solve the heat cyuation,

5.2.1 Richardson's Method

Richardson (1910) proposed the following explicit one-siep three time
level scheme for solving the heat equation,
2y — i) +E g, —2u] +uy

Al (Ax)?
This scheme is second order accurate with 1,15 of Of(AL (Ax)']

4-3

Unfortunately this method was proved to be unconditionally unstable
and cannot be used to solve the heat equation, It is presented here for

historic purposes only.




322 Keller Box and Modified Box Method

The Keller box method, (Keller, 1970) for parabolic PDEs, is un
implicit scheme with second-order accuracy in both space and time.
This formulation allows for the spatial and temporal steps to vary
without causing deterioration in the formal sccond-order accuracy. The
scheme considerably difters from others, so far, system of first-order
equations result for the 1-D heal equation

éu @
&
We can define
cu
11 e i
X

so that the sccond-order heat equation can be written as a system of two

first-order equation:

'
——=v
&y
on o
g
gl o

Now we attemnpt to approximate these equations using only central

differences, making use of the four points at the corners of a "box" aboul

{n+ %,j —%} (sce fig 5.1). The resulting difference equations are

i ekl
i _Hr_[ j
o ! e 1Jr+1 L4
Ax, =
d 2
H,u-l —II" . ""“i .n-+_:
= e ﬂ"{_v! =)
2 2 - : 45
Ar Ax
] A

Where the difference molecules arc shown in fig 5.2 and fig 5.3.

; : : : =il
I'he mesh functions that contain a subscript or superseript — are defined

BE averapes.
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After substituling the averaged expressions inlo equations (5-4)
and (5-5) the new difference cquations become

a+l i n+l n=1

RS D DA
e 1 d4-0
Ax 2
w™ gt Vit =yt e
T . S 47
Al 15 A Ar,
n n+l
L &

Ax

J
J'—j-}- ®

o .

Figmre 4-1: Grid box scheme

n n+l

-1 e

Figure 4-2; Difference molecule for evaluation of v*7)
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Figure 4-3: Difference malccule for Fyg (5.5}

5.2.3 Crunk-Nicolzson Method

Crank and Nicolson (1947) used the following impl

icit algorithm to solve the
heut cquation

1 3N 3o e
rf.‘ ”J’ f’l-‘-' u.a' 1 al L
-

= 58
Af 2(Ax)

Ihis unconditionally stable algorithm has become very well known and

is referred to as the Crank-Nicolson scheme. This scheme makes use of wrapezoidal

differencing to achieve second-order accwracy with a T L of {}l{.ﬁf ) {.ﬂx]zl Once

again, a tridiagonal system of liner algebraic equation must be solve at each time
lovel 7+ 1. The modified equation for the Crank-Nicolson method is
; - . 1 ! .
= aiéx) U + in-“f.ﬁr]l Fr— Gl AR]
| S 12 S 360 :
The umplification factor

W, — et

4-9

_1-r{l —cosf)
. 1+r(1 - cos g) =i

By wlaadd LSS5 Daaly
=3 E Falesting Palyteahnle Unlyorsity
r {BPPU}
o e = lhe Library AdSll —
ABE. dﬁi?ij"-i i | i1
e b 8 et .““H‘.

=
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Figure 4-4: Amplification fucior for several methods

5.2.4 Methods for the Two Dimensions Heat Fquation

The 2-D heat eyuation is given

2y )
E &r: o FH_:: 4-11

Since this PDE is different from the 1-D equalion, caution must be exervised

e

when attempling to apply the previous (inite-difference methods in this
equation. The following two cxamples illustrate some of the difficulties. If we
apply the simple explicit method to the 2-D) heat equation, the following
algorithm resylis:

]

r+l ] #H n " n N | n
i H(a{, Wi et Ly o ey 2w, ul

: + :
At (Ax) (avy




Where x = iAv and y = jAy, the stability condition i

1 | el
M{{m}’ " (aF 1 3

If (Ax)" = (Ay) . the stability condition reduces to # < _]? which is twice as

i z 1 "
Tesimictve as the 1-D eonstraint » < = and makes this method even more

impractical.
When we apply the Crank-Nicolson scheme to the 2-D hesut equation, we
obtain

H.Hd:] _H:. o~ : :.,'E A
—=—|H a4

= Ly 4

At Ek 2l

(u,'f:' +u' | 4-13

Where the 2-D central-dilterence operators & and &* are defined by

5 S et e S el i )
1:I HJ. Ji= - [ 3 b, == 5 : 1
L (Ar) (ax)

As with the 1-Dicase, the Crank-Nicolson scheme is
uncenditionally stable when applied to the 2-D heal equation with perindic
boundary conditions, Unforiumately, the resulting system of linear alpgebraic

i+l

il
T - - u', u
equation is no longer tridiagonal because of the five unknowns "o Ml

adl oaad LEa

e Hit gnd Mis | The same is true for all the implicil schemes we have
studied previously. In order 1o examine this further, let us rewrite

Fquation.(5-13) ag

=l hy™

‘7”.-.; | T




Where

.
Ay 27
£l 1
BT

c=l+r +r,
o A
| LN (i a2 1 L]
dlu' _H'Inl + 2 [a’-l"ﬁ-r]ull.r

If we apply Eq.(5-15)to the 2-D (6x6) computational mesh shown
in fig.( 5-4), the following system of 16 linear alpebraic equation must be

solved at cach (n+1 lime level:

c b 0D 0 a0 0wt [, ]
b ¢ b a uf;j .II'T_;.
O b ¢ b o g -
I ) a i
a 0 ¢ u il (B 7
0 a h e b a ala | |
a b ¢ & 7 i dys
a b ¢ O a | |dg
a 0 ¢ B a ol il P
a - a usy di,
o h ¢ b a D z-.'::l o, .
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Figure 4-5: Two-dimensional computations] mesh

Where d = d —au,

e

d =d—bu,
d =d—(ai P,

A system of equation like Eq(5-16) requires substantially more
computer lime to solve than dose a tridiagonal system. [n fact, equations of
this type are often solved by ilerative methods.

Additionul Comment

T'he selecrion of a best method for solving the heat equation is made
difficult by the large variety of acceptable method. In general, implicit
mcthods are considered more suitable than explicit method. For the 1-D heat
equation, the Crank-Nicolson method is highly recommended because of its
sccond-order temporal and spatial accuracy. For the 2-D and 3-1D heat
equation, both the ADI schemes of Douglas and Gunn and the modified

Keeler box method give excellent resull.




3.3 Cylinder head thermal loading

The cylinder head with the valves seat and spark plug, all are exposed to
high temperature in both power and exhaust strokes. Poor design or erratic heat
release due to poor enginc operation will result in extrs thermal loading on certain

lacations during hoth sirokes of combustion and exhaust

Finite element analysis is used in this project, the meshing preprocessing
procedure in ANSYS divided the cvlinder head into triangular clements, see fig (5-
6): because the triangular clement has more accuracy than rectangular element in the
thermal analysis, the rectanpular element is divided into tow triangular clements,
Revalling that a triangular element is defined to have three nodes. on the other hand,
this will represent the variation of a dependent variable, Considering the nedal
lemperniures as shown in fig (5-6), the following condition must be satisfied:

=7 atX=X and¥=%¥
T=T atX=X andY=7, £17
=7, atX=X, and¥ =Y,

[
The temperature nodal values gives by equations:

{, =a, +a, X, +a¥
T =a +a,X +0Y, +18

Te=a,+a, X, i a),

L —— =

Figure 4-6 Triangulur element

Solving for @.a, unda,. we get
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Where A 1s the area of the iriangular element

Figure 4-7 Cylinder head 3-D mesh (6250 Nodes)




Fig (5-7) shows a cylinder head mesh, this part was used to caloulate the eylinder
head thermsl loading,

Employing the Gulerkin approach, the three residual equation lor & triangular
elemenL. in matrix form, are given by

j’[a][ ,‘ﬁ'ET_lij-m—-u

Dt ) 5-20
ﬁ'}.’ ar
Where
5, ]
[sT = 'S, 1 Where the shape functions §,, §/ and S,
18, )

As explained earlier, the convection boundary condition contributes to both
the conductance matrix and the load matrix. The convective boundary condition

contributes to the conductance matrices of elements (56, 1033, 1032, 1031, 1030,
1029......) aceording lo the relationship

Bl 0 0 0)2257

. T

[K]m OFMTE A — ; : {-I 2 ] 4
0 1 2| 81

The conductance matrix due to conduction in Iriangular element is given
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Where the B and ‘?terms are given by the relaion ol equation (5-21).

Because the £ and & terms are caleulated from the difference of the coordinates of

the involved nodes. it dose nol mauer where we place the origin of the coordinate

system X, Y.




For using ANSYS 1o calculate the temperature on the (625) crank angel, (1000 rpm)
motor speed and lambda (1), study on the 625 crank angel; becausc at this position
the combustion chamber have maximum temperature, the ouiput of ANSYS
(temperatures on nodes) gives: (nodes from 4235 to 6201 are eliminated to shorten the

table)
35 415.75
PRINT TEMP MNODAL SOLUTION PER 3 421.%4
NODE 37T 415.04
M 416.82
whiwdh  POSTI NODAL DEGRFEE OF 30 278.40
FREEDIM LISTING #o*is
LOADSTEP= 1 SUBSTFP= | wkEEY  POSTI NODAL DEGREE OF
TIME= 0454550-01 LOAD CASE= 0 FREEDOM LISTING ##3**
NODE TEMP LOAD STEP= 1 SURSTEP= |
1 409.4% TIME= ML45455E01 LOAD CASE= 0
£ 40512
3 410,30 NODE TEMP
4 39533 4 $17.65
5 409,49 41 411.%4
i 4046.8% 42 411.61
T 414.40 43 37T
8 411.48 44 417.85
9 419.64 45 38463
10 and4.34 46 414.36
11 421.32 47 40938
12 41516 43 41630
3 41508 49 371771
14 4567 a1 41736
15 40921 81 3208
16 304.64 82 411.82
17 41287 53 41856
18 40405 54 41150
19 41318 55 401.70
M 40990 50 41344
1 420.1% 57 405.8%
22 40924 54 40B.46
I3 41013 59 400.79
4 319621 a0 413.37
5 407607 61 3N7.99
26 35021 0l 369.41
27 417061 683 3IR4.77
28 8540 64 386.42
M 416,71 65 432,98
3N 38604 b IRLOS
31 406.60 67 39E16
32 4247 8 410461
33 4473 69 42933

3 42061 T 420,30




Tl 431.00 L16 431.61

71 430.M 117 379.92

Ty 432.43

T4 3%7.21 wknkes POSTI NODAL DEGREE OF

75 43561 FREEDOM LISTING ®inas

76 3R9.31

77 374.06 LOAD STEP= | SUBSTEP= |

78 431.47 TIME= (.45455E-01 LOAD CASE= 0
=tk pOST] NODAL DEGREE OF NODE TEMT
FREEDOM LISTING *##=« 118 37651

119 387.75

LOADSTEF= 1 SUBSTEP= 1 120 38837

TIME= 0.45455E-01 LOAD CASE= 0 121 431.01

122 38532

KODE TEMP 123 43513

79 393.28 124 431.56

B0 433.60 125 396.72

Bl 38502 I26 41932

B2 432.14 127 37104

B} 375.98 128 428.10

B4 386.54 129 d442.71

B85 37326 130 43801

B6 3AB6.LR 131 387.04

87 430.57 132 423.70

BS 439.72 133 42505

B9 43583 134 384.74

90 391.17 135 3087

91 435.95 136 425.24

927 423.75 137 385.03

93 423,27 138 3¥b.6Y

94 37145 139 432,12

05 424.53 140 38B.TI

o6 435.76 141 42972%

o7 43440 142 43218

O e 143 39752

o0 42952 144 42008

100 43352 145 30544

101 44038 146 3IR0.67

102 432.76 [47 430.50

103 382.65 148 387.16

164 3BR.19 149 436,46

ns 433.72 150 43346

106 390.71 1581 349114

167 435.52 152 432.06

108 428496 153 392.65

109 381.17 154 430,23

110 43365 IS8 423,66

111 43295 156 383.85

112 375.74

113 431.79 #wsns PONT] NODAL DEGREE OF

114 426.61 FREEDOM LISTING ###==

115 386.54
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LOAD STEP= | SUBSTEP= | 198 439,36

TIME= 0.45455K-01 LOAD CASE= 0 199 4231.44
200 42086
NODE TEMP 01 418.07
157 421.49 102 420.71
158 43598 203 377.%0
159 426.65 204 39125
160 42591 205 38489
161 40503 06 387.07
162 42851 207 426.59
163 3BS.4% 08 42054
164 43750 WY 430.24
165 421.27 210 JuN 73
166 427.60 211 30187
167 391.54 112 42075
I68 3B2.1B 213 4ZR.B6
169 427.49 214 38695
170 431.7 215 39647
| I71 4335 216 3IRS.30
172 386.74 217 3B56H
173 42560 218 427.04
174 388.76 219 3%3.51
178 39560 220 39449
176 426.52 221 30434
177 39OS5 222 30500
178 42723 2123 43101
179 39288 224 434908
130 42301 225 42643
181 393.79 226 3R6.80
182 427.78 127 38528
183 431.27 228 428.01
184 431.71 229 423125
185 427.12 230 423,31
186 30835 231 435887
187 430.00 2132 436.42
188 42080 233 43284
180 30592 234 42914
190 389.89
191 426.86 ety POST] NODAL DEGREE OF
192 391.51 FREEDOM LISTING *#wew
193 426.45
194 386,60 LOADSTEP= 1| SUBSTEF= 1
195 400.06 TIME= 0.45455F-01 LOAD CASE= 0
kReRé POST] NODAL DEGREE OF NODE  TEMP
FREEDOM LISTING #bias 235 42925
136 43220
LOADSTEP= | SUBSTEP= | 237 43247
TIMF= 0.45455E-01 LOAD CASE= 0 238 43103
139 426.31
NODF.  TEMP 240 43073
196 43431 241 434.17
197 43855 242 430.61

]




243 428,70 288 428.90
744 436,47 289 427.96
45 428.47 290 433,80
246 433.08 291 437.66

7 430.07 292 438.92
248 42931 293 364.17
249 435.19 294 442,96
250 43458 295 37561
231 439.74 296 28305
252 43284 207 379,77
283 430.00 298 446,58
254 430.63 299 39521
255 42058 300 384,46
256 389.92 301 38531
257 43230 302 397.30
258 39347 303 38132
259 432.74 304 400,10
260 399,80 305 37991
261 427.95 306 38012
262 405.65 307 38510
263 42673 08 379,84
264 41282 309 38110
265 431.21 310 447,00
266 436.84 31 3797
267 43341 312 38965
268 430.80
269 3IRL.53 ##s%% POST] NODAL DEGREE OF
270 426.70 FREEDOM LISTING *#+=+
271 437.57
272 43543 LOADSTEP= 1 SUBSTEP= |
273 400.64 TIME= 0.45455E-01 LOAD CASE= 0
*#&++% POSTI NODAL DEGREE OF NODE TEMP
FREEDOM LISTING ##%s 313 383,04
314 426,93

LOADSTEP= | SUBSTEP= | 315 30478

TIME= (.45455E-01 LOAD CASE= 0 316 377.31

317 38344
NODE TEMP 318 377.93
274 435.00 319 38383
275 392.97 320 367.59
276 430.53 321 4348.04
277 434.03 322 369.03
278 439.89 323 444,57
279 43096 324 38894
290 385.37 125 382,01
281 434.99 326 38148
282 40456 337 303.04
243 43781 328 403.00
284 432.08 329 405.06
285 425.95 330 393.00
286 434.48 331 38579
287 433.77 332 39166
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A33 37311 J78 27537

334 443.19 379 274.00
335 28047 80 27718
336 44542 381 27522
337 18617 382 27510
23R 385.40 3R3 27372
339 384499 384 269.97
240 449.85 JB3 270.44
341 2ATR.OR IRt 268.10
34z 379.53 347 270.62
343 370.86 388 270,90
344 38416 3R89 27144
35 37330 390 274.46
36 66240
3y 37538 ¥ebE3 POSTI NODAL DECREE OF
R 3. FREEDOM LISTING ####&
349 371.23
I50 447.74 LOADSTEP= 1 SUBSTEFP 1
351 36848 TIME= [(L45455E-01 LOAD CASE= 0
whidd POSTI NODAL DEGREE OF NODE TEMP
FREEIMYM LISTING #%#=+ 391 26955
392 27057
LOADSTEP= | SUBSTEP= | 393 266,98
TIME= DA4AS455E-D1 LOAD CASE= 0 394 2RR.07
95 26912
NODE TEMF ins 270.51
51 J69.BS g7 174.61
A53 268.55 38R 2806
354 39163 399 27R.03
355 37489 400 2V1.42 -
56 45405 4T 26921
33T 375231 402 Ze9.06
A58 37120 403 27040
A58 376.74 404 2RE.13
360 263,89 d0s 27821
361 269.5% 406 262,07
361 26035 407 27575
Je3 26412 408 2n6.74
Ja4 270.16 409 IT75.86
365 180,81 410 26843
366 27I1.11 411 27999
367 274.HZ 412 27911
o8 27414 413 27083
369 27012 414 27145
370 27161 415 266534
371 27119 416 26828
371 268.70 417 264.65
373 267.26 418 26038
374 271.40 410 261.94
37S 27594 420 114.59
Jla 174.95 421 o442
377 2181.30 422 11807




423 1439 6227 250.31

414 14640 2128 147.18
229 332403
6230 20757
kxrrx:  POSTTI NODAL DEGREE OF 6231 340N
FREEDOM LISTING =*=** 6232 J46.46
6233 348.09
LOAD STEP= 1 SUBSTEFP i 6234 34302
TIME= 043455E-01 LOAD CASE= 0 6235 187.49
6236 27R.3H
NODE TEMP 6237 37579
n202 20787 623R 11201
K203 201.29 6239 ZHK.M
604 20581 6240 29042
G205 26730
6206 232.7 #ERsw POST1 NODAL DECREE OF
6207 301.02 FREEDOM LISTING =#*==*
6208 206,70
620% 197.89 LOADSTEP= 1 SUBSTEP= 1
21 3ZR.56 TIME= 0.45455E-01 1L.OAD CAST= 10
6211 30941
nzl2 274.64 NODE TEMP
6213 32630 6241 388.91
6214 32986 6242 27586
G215 304,34 243 10L3As
6216 102.17 6144 322,91
6217 254.00 6145 19210
G218 05598 BI4n 11230
6219 76,803 6247 102.08
6220 6R.26(9 GZ4R IR9.3R
6221 231.26 6248 13440
6222 JB3.88 6250 F19:17
6223 37365
6124 37301 MAXTMUM ABSOLUTE VALUES
6235 15106 NODE A56
6226 24037 VALLE 454058
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Figure 4-9: Distributions emperature on the Cylinder 1zad ar 625 crank angel and 1000 rpm

In figare (53-9) we see the maximum temperalure on the cylinder head, the valves
which are made of cast iron experiences an extra loading duc 10 decreased

conductivity. Ln this figure the cylinder head is under combustion phase temperature.
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Figure 4-9: Distributions temperature on the Cylindeér Head at 625 crank angel snd 1000 rpm

Tn figure (5-9) we see the maximum temperature on the eylinder head. the valves
wiich are made of cast iron experiences an extra loading due 1o decreased

conductivity. In this figure the cylinder head is under combustion phase temperature.
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Figure 4-101: Distriburions temperilure on the cvlinder head at 700 crank angel amd 1000 rpm with
the exhausl vile opan

In the exhaust phase the nodal temperature tables indicates after solving in ANSYS
that the node number 125% experiences the maximum temperature loaded on it as
shown in Iigure 4-10 above and the following Lahles illustrates that:

(Nodes from 1270 to 4800 are eliminated to shorten the table),




PRINT TEMP NODAL SOLUTION PER
NODE LOADSTEP= 1 SLIBSTEP 1
TIME= (.649356-01 LOAD CASE= O
Fra%s MOST]I NODAL DEGREE OF

FREEDOM LISTING “t=re NODE TEMF
40 93152
L.OAD STEP | SUBETEP= | 41 93896
IiME= {.64935E-11 LOADCASE- [ 42 93506
43 041.55
NODE TEMP 44 U3IR.SH
1 911.05 45 093508
1 R9YE.RS 46 92707
3 90312 47 9218
4 9675 4% 9I51R
5 9M.58 49 917.66
O U845 50 91362
7 862.88 51 918.87
8 874.52 51 347
0 85894 53 93816
10 882.46 34 93408
11 87434 55 91734
12 839941 56 903,28
13 U166 57 .13
14 91558 53 023,89
15 81323 S0 92405
16 915329 Gl 916.96
17 91437 61 19573
I8 95138 62 540.37
{ 19 Y3562 63 39.95
20 947,99 64 4597
21 951.8h G5 433,55
22 w49.10 66 41534
| 23 923145 67 436.92
| 24 927.41 68 438,80
PR 60 44 41
26 RTR.O0 T 51438
17 87312 Tl 456.12
18 BBO0.18 72 441.76
29 H72.51 73 433,19
M0 88321 T4 A444.24
31 891,83 75 440,67
32 90304 76 456.62
33 D1R20 17T 510,06
34 00484 T8 201.31
45 03316
36 948.7B ERaeE POST] NODAL DEGREE OF
A7 O53.EK0 FREEDOM LISTTNG ®w& s
38 8330
39 94535 LOADSTEP= | SUBSTEP= |

TIME= 064935011 LOATY CASE= 0l

#EEEEPOSTI NODAL DOGREE OF
FREEDOM LISTING #r=** NODE TEMFP




TIME= 064935601 LOADCASE 0

PRINT TEMP NODAL SOLUTION PER
NODE LOAID STEP | SUBSTEPR= |
FEREPOSTI NODAL DEGREE OF

FREEDOM LISTING *F*** NODE TEMP
40 932.82
LOAD STEP- | SUBSTEPR= | 41 93856
[iME= LG4USSE LOAD CASE 0 42 935.06
43 941.55
NODE TEMP 44 U3R.58
1 921.95 45 u35.05
I 1 R9R.A8 de 92707
4 Ma.12 47 92250
4 916,75 4R 92518
5 M4.58 49 917.66
|I 6 M.45 50 913402
7 862.88 51 91887
i 87481 51 42347
b 85894 53 83810
10 88246 54 G348
11 87434 55 U17.34
13 899.41 56 90328
13 9166 57 00923
14 91558 54 92480
15 91323 59 92405
16 91524 60 916.96
17 91437 6l 19573
158 95138 02 S40L37
19 935.62 63 0955
20 94799 04 44597
21 O5L8h 45 43335
22 94910 66 42534
| 23 02265 67 436.92
24 927.61 68 438.K0
25 Y069y 69 446,41
I6 RTR9N 0 51438
27 87512 Tl 456,12
8 BBO.LR T2 #L76
29 HTL51 73 433.19
30 88321 Td 44424
31 B91.83 75 H6.67
+2 04 76 45662
33 91820 7 51006
34 9N4.84 78 20121
35 O3%16
36 946.78 RAmE POST] NODAL DEGREE OF
37 9S580 FREEDOM LISTING wees
38 93439
39 94535 LOAD STEP= | SUBSIEP= |

TIME- 064935501 LOAD CASE= 0
TEEEEPOSTI NODAL DEGREE OF
FREEDOM LISTING ===*= NODE TEMP

b6




J

70 202.19 124 3337
B 20821 125 35831
: Bl 206.03 126 372.01
i 8L 207.67 127 344 9y
B3 209.96 [28 370.53
B4 203.83 129 35593
8B5S 222.83 130 364.28
R6 211.28 131 395.65
87 225.04 132 34033
BS 217.22 133 34911
| B3 229.04 134 358,42
0o 23419 138 3%4.53
| o] 27992 136 317088
02 25727 137 342.64
D3 25830 138 353.90
04 28119 139 378,93
05 256,77 140 368.02
06 255.00 141 344,11
97 27527 142 354.05
0§ 253.587 143 381.82
09 25639 i44 377.66
1o 277.51 145 350.01
g1 259,57 146 35935
102 28801 (47 3#5.69
103 282,008 148 3H1.8%
104 26023 149 384,98
15 26209 150 363 85
106 287.06 151 39838
107 266.57 152 363.49
108 269.2% 155 328.77
10 297.97 154 M7.87
110 266.63 155 434.74
111 289.3§ 186 444.12
112 27111
113 30906 wrmsw DOCT | NODAL DEGREE OF
114 322.08 FREEDOM LISTING #=##»
115 32206
116 31682 LOAD STEP= | SUBSTEP= |
(17 314.35 [IME= 0.64935E-01 LOADCASE: 0
sanan POST] NODAL DEGREE QF NODE TEMP
FREEDOM LISTING **=** 157 446.75
158 430.20
L.OAD STEP- 1 SURSTER- | 159 419,41
ML= (.64535L-01 LUAD CASE= 0 160 414.59
161 410,85
NODE TFEMP 162 #1131
118 312.54 163 422 49
119 312.80 164 403.26
120 31K.74 165 5144
121 319.02 166 511.69
122 321.94 167 524.85
123 32496 168 54230




™ 202.19 124 33372

B 20571 128 35831

1 206,03 126 372,01

B2 20747 127 33499

83 209.u5 18 370.%3

o4 20383 129 35503

83 22283 130 364,29

86 221.18 131 39545

87 2504 132 380.33

88 22722 133 349,11

0 229.06 134 38842

M 234.19 135 38433

0 23993 I36 370.88

82 25797 137 342.64

93 25830 138 35304

94 2B1.19 139 37893

95 236.77 140 36802

Y6 2s5.00 141 34411

9T 17T 142 334,95

98 253.57 143 33182

99 25639 14 377.66

100 27751 145 350,01

101 259,57 146 359,35

102 254.0) 147 38360

103 282,40 148 381.8%

M 26023 149 35405

105 263.00 150 363.85

106 2%7.06 I51 39334

07 266.57 152 363.49

108 269.25 I53 32877

109 29797 134 367.87

e 266.63 155 43474

111 25926 156 44912

112 27111

13 209,04 "RES POST NODAL DEGREE OF

114 32208 FRELDOM LISTING #=es

115 323204

I 316.82 LOAD STER- SUBSTER- |

117 314.35 TIME= (0.64935E-0) LOUAD CASFE= ¢
*¥FEE POSTI] NODAL DEGREE OF NODE TEmp
FREEDOM LISTING #s#sx 157 446,75

158 430.26
LOAD STEP= | SUBSTLP= | 159 Ji19.4p
TIME=  0.649350.01 LOAD CASE= ¢ 160 414.50
161 41055

NODE TEMP 162 421,31

LI8 32,z4 163 42249

119 313.80 164 40334

110 318,74 165 5144

121 31942 66 51169

132 32194 167 524,85

123 324.96 168 34230
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169 S05.08 214 E3BA05

170 478.8% 218 £82.4%
171 49398 216 601.00
172 S05.44 217 59596
173 524.49 218 55738
174 491.94 219 367.26
175 467.43 220 619.82
176 487.16 221 608.66
177 S00.69 222 554.48
178 520.7% 223 564.51
170 48721 124 610.29
150 459.86 125 396.32
181 479,97 Iln 548.24
|82 49277 117 558.31
183 51590 IR 615,57
184 4RR.57 229 625.52
185 474,77 130 608.94
186 496.78 231 646.28
187 SD8.15 732 798.93
188 S30.21 213 TR7.80
[89 497.11 4 T46.43
o 474.87
191 493.66 s¥25% POST] NODAL DEGREE OF
192 503.32 FREEDOM LISTING *#+»*
193 3247
194 492,98 LOAD STEP= | SUBSTER~ |
195 441,99 TIME= 0.64935E-01 LOAD CASE= 0
rwkes POST] NODAL DEGREE OF NODE TEMP
FREEDOM LISTING ***** 235 742.04
236 734.92
LOAD STEP- 1 SUBSTEP- 1 237 127.53
TIME= 0.84935E-01 LOAD CASE= 0 238 74026
239 749.46
NODE TEMP 240 7207
196 459,17 241 T17.59
197 510.31 142 70821
198 S42.37 243 TN.E2
199 523.62 244 73369
200 542.9% 145 T34.41
201 567.23 146 76314
202 639.08 247 T67.M
203 608.29 248 T19.51
204 632.57 249 Ti9.6R
25 612.75 250 T09.00
206 36625 251 T4.80
207 372.61 252 73225
08 61239 253 732.49
200 5563 254 763.00
210 549.82 255 750.98
211 564.78 256 TN0.9R
212 606.90 257 697.40
213 590.22 258 678.36

o8




259 682.71 304 S3L0T

260 721541 s 57327
61 71731 36 629.51
02 731.9 Ju7 582.29
263 TRAAI g 53387
264 T19.69 300 S5H.01
265 71581 M0 63434
266 TI4.51 311 59183
267 T1592 J12 54735
268 T45.48
69 743146 weeer POSTI NODAL DEGREE OF
270 778.39 FREEDOM LISTING =5%%*
71 77T.A4
72 72721 LOAD STEP= | SUBSTEF- |
iT3 TS5 TIME= 0.64335E-01 [OAD CASE= U
*kEr: POST] NODAL DEGREE OF NODE  TEMP
FREEDOM LISTIME wewws 313 568.24
314 63B.S0
LOAD STEP 1 SUBSTEP= 1 J15 3296.581
TIME= D64935L-01 LOADCASE= 0 316 561.20
317 532.69
NODE TEMP MR 667.57
274 70563 319 620.58
275 T05.08 M 614,77
276 73718 311 67443
277 73505 312 479.8%
278 T5T.AM 323 453.44
279 75484 324 366.94
280 713 315 43837
281 TI285 326 41604
142 Y568 32T 43533
183 T06.07 JIR 41467
234 73509 329 42742
285 74114 330 40250
iB6 TRLYN 33 43224
I8T 77940 332 4#04.31
288 750.54 333 43515
289 740.34 334 4124
290 751.94 33 4.2
19] 76195 A3s 42662
102 42377 337 430.56
193 610.76 338 304.64
194 HE5.B6 339 37188
195 SE5.08 340 308.62
206 S45.4% M1 357940
297 567.99 2 30204
I98 A37.98 33 353D
299 S91.11 244 294.88
30 550.54 345 24493
301 ST546 346 205,55
T 65047 347 34994
305 59823 J48 299095

69




159 @ANZ.TI 34 551.67
260 72541 305 S73.27
2641 727.M 36 62951
2062 7519 307 sE2.20
263 75M.81 308 S533AT
264 719.69 309 s58.01
265 72542 310 B¥.34
266 Ti4.51 311 590.83
267 71592 M2 %4735
268 74544
260 TdA 16 ek BOST] NODAL DEGREEOF
270 77830 FREEDOM LISTING ##snn
271 T4
293 1272 LOAD STLiP= 1 SURSTEP= |
273 TI4.55 TIME ' 0.A4035F-01 LOADCASE= ()
*:24# POST! NODAL DEGREE OF NODE TEMP
FREEDOM TISTING *&++2 313 56H.24
34 63850
LOAD STEP= | SUBSTEP- | M5 596,81
TIMF= 0.84935E-01 LOAD CASE= 26 561.20
317 S§2.09
NODE TEMPF 3R 667.87
274 TO5.63 I 630.88
175 TOS.08 320 614.77
76 T37.1R 321 67443
277 73508 322 4790.8%
278 757.04 323 453.44
279 T54.88 324 30694
280 7T13.04 Jzs 43687
%1 TI2EG 326 41604
282 695.G8 A7 455383
283 TO6.07 AZR 414.67
Md 73500 329 427.42
285 741.14 330 40250
W6 TR0 331 43224
IRT TTOAD 332 40431
188 750,54 333 43518
IR0 740,28 354 di1z.M
290 75194 335 #H™.
291 762,98 336 426.62
493 62377 337 450.50
293 610,76 JIE 304.66
204 655.86 339 37288
295 38508 340 308.62
296 45 4% 341 35700
197 567.09 342 30204
298 637.9% 343 383
199 59211 334 29888
g0 S80.54 345 344.93
01 575,40 346 295.55
302 65047 347 34v.4
303 59828 348 299.94
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349 350.43

350 302.42 LOAD STEP= | SUBSTEP=
351 328.98 IME- 0.64935E-0] LOAD CASE= ()
*#¥2x POST | NODAL DEGREE OF NODE TEMP
FREEDOM LISTING *+#%= 391 953.66
392 951.00
LOADSTEP= | SUBSIEP- 1 393 967.41
TIMF= 0.64015E-0] LOAD CASE= 0 394 972,58
395 960,41

NODE TEMP 306 051.81

352 23114 397 y37.51

353 247.58 308 01654

354 23856 309 91711

355 23419 400 Y0803

356 233.6% 401 940.96

357 227.85 402 943.61

358 229.42 403 920,57

359 19555 404 944.84

360 9H5.57 405 92998

361 968.67 $6 953,92

362 955,63 407 943.63

363 94570 408 94746

364 937.12 409 908,99

365 92928 410 958.93

366 970.55 411 912.24

36T 996.24 412 909,03

368 Y063.03 413 918.14

369 1011.8 314 93798

370 948.57 415 945.02

371 997.43 416 993.60

371 98580 417 964.23

373 07260 418 94532

374 930.18 419 1001.5

375 1004.0 420 988.40

376 10152 421 96910

377 1027.8 422 998.04

378 1020.0 423 928.47

379 1026.9 424 949.38

380 10024 425 978.38

381 1033.3 416 986,71

352 10274 437 940.26

383 1046.5 428 948.74

384 10328 429 10184

385 1059,0

386 1024.5 #exes POSTI NODAL DEGRLL OF
387 1029.7 FREEDOM [ISTING #4424+
388 1019.4

389 090.13 LOADSTEP= | SUBSIEP= |
0 960,37 TIME= 0.64935E-01 LOADTASES 0
*+444 POST| NODAL DEGREE OF NODE TEMP
FREEDOM TISTING #4# =+ 430 900.66




431 1019.0 476 XYS.19

432 4YL.3h 77 SRQ.01
433 960.70 478 93582
434 1009.0 479 926,23
435 Y9876 480 931.46
436 97282 481 908,15
437 978.61 482 934,66
438 928,02 483 01242
430 984.66 84 9932
440 928.73 483 020,44
441 95137 486 877.08
2 99671 487 93734
343 941,76 488 877.13
444 949,67 489 900.07
445 1028.1 490 952.8%
146 969,34 491 RYB0I
447 10027 492 904,10
448 986,42 493 936.62
449 97524 404 889.70
450 996,31 495 931,54
451 Y7566 4% 011,48
452 96319 497 890,99
453 08227 498 930,68
454 92795 4949 91193
455 977.79 500 990012
456 918.23 501 948.69
457 941.55 502 876.54
458 977.21 503 903,94
450 91509 504  883.00
460 92202 S05 891,76
461 1004.2 506 93501
462 951,30 507 917.59
463 1000.9
464 97167 s2ex% POST] NODAL DEGRLE OF
465 942,66 FREFDOM LISTING =+#%4
166 991,78
467 9%7.59 LOAD STEP= | SUBSTEP= |
468 951.93 TIME= 0.64935E-01 LOAD CASE= U
s#es® POSTI NODAL DEGREE OF NODE TEMP
FREEDOM LISTING t#*** 208 930,41
209 93378
LOADSTEP= 1 SUBSTEP~ | 510 889,52
ML= (.64935E-01 LOAD CASE 0 E1l 94050
512 915,53
NODE  TEMP 513 £91.50
4649 Y6408 514 95127
470 §96.35 s5i5 919.29
471  MHI_40 516 905467
472 8777 517 941,65
473 886,99 518 921.96
| 474 913.96 519 929.34
475 893.62 €20 984.78
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521 92528 566 1U21.3
522 94281 567 L014.3
523 900.22 568 ODR1.97
524 94441 560 0%y
525 930LR4 570 97737
226 922,19 571 983.u5
827 007.58 572 1O7T.8
I8 O017.41 573 YH1.BT
510 0l 3y 574 10113
3 05612 2785 1027.7
531 §IT.60 276 1U3S
537 91817 877 10329
533 91%.22 578 10535
534 95108 579 10334
535 020K} SR80 10148
536 92499 5Nl 1MB3
| 537 939.05 582 10233
s34 U159 583 I0IR.4
539 03125 584 10293
540 027.68 385 157
541 904.25
541 925,46 =EE5% POST | NODAL DEGREE OF
541 830,80 FRELIDOM LISTING t#+=+
544 915.43
545 9037 LOAT SIEP= 1| SLUBSTEP= |
246 119.13 LIME= 0.640955E-0] LOADCASE= 0
*nmd POST 1 NODAL DEGREE OF NODE TEMP
FREEDOM LISTING ##++4 586 1015.6
S87 1019.8
LOAD STEP= | SUBSTLP= | SHE 10026
TIME= 0.64935E-01 [.OAD CASE= 589 994,04
500 976.00
NODE TEMP 501 UpH.H9
547 EET4R 02 1013.3
S48 91R.12 501 1069,9
249 937.81 504 1005.%
S50 902.87 05 072,12
£5]1 §E9.92 96 9324.71
551 971.43 07 946.23
553 Ypd.98 Euy 927.53
554 y3ls2 5899 911.56
555 038.1% 6 938,75
556 07728 601 96400
557 ONN.3S 602 977.70
554 967.41 603 925.79
520 94314 604 U41.82
360 991,15 65 033,68
261 979,13 606 930.42
562 96542 607 034,63
63 94925 608 930,10
564 9RL7G 609 96185

568 94545 Gl 988.36




GI1 962HK 636 UIRTG

612 937.44 657 995,63
G613 9R4d.nAS 658 07290
6l4 959.40 659 4K 90
al5 94621 66 D05 0%
616 20551 G661 96366
al7 956,54 662 96033
18 07805 603 996.65
619 1007.8
G20 1042.6 REmER POSTI NODAL DEGREE OF
(21 059,00 EREEDOM LISTING =hees
621 98537
623 9717 LOADSTEP= | SUBSIEP~
624 941.61 TIME= (.64935E-01 LOADCASE= 0
FHa¥S POST NODAL DEGREE OF NODE TEMP
FREFDOM LIST MGG #ress hid 94928
665 DE1.53
LOAD STEP~ | SIBSTEP= | 666 245.45
TIME- 0.64935L-01 LOAD CASD- ¢ 667 62,87
obY 971.42
NODE TEMP 669 955,75
615 979.64 670 964.86
620 959 U7 471 9HU.28
627 942.49 672 94123
628 98660 673 05813
629 957 40 674 949074
G0 942.41 675 234748
631 1021.7 676 975497
631 928 61 677 934.62
633 10223 678 936.57
634 951.99 679 97409
G35 087.80 680 957.72
36 10052 631 vus.95
637 Y6594 682 95270
638 GR0.06 643 97013
639 U665 684 973.06
G640 92978 G5 960,52
641 98575 66 95K 53
042 957.55 687 955.63
43 930.29 688 Bl661
44 985,95 689 92523
645 95588 690 916.83
646 943.89 621 910.00
647 E012.6 0% 950.10
648 95578 %3 950,93
649 10119 604 923606
G50 95355 695 955 84
ns1 97R.21 606 95420
G52 L99.64 607 95080
653 961.40 6UN D4Z.34
54 969,20 G99 94561
655 303 T00 94590




Tl 937.24 LOADSTEP= 1 SUBSTEP= |

02 930,51 MIME- 0,64935E-01 LOAD CASE= 0
“4xus POST| NODAL DEGREE OF NODE TEMP
FREEDUOM LISTTNG #* %4+ 742 955.40)

743 049,32
.OAD STEP | SUBSTEP= | 744 963,47
TIME= 0.64935F-01 1L.OAD CASE- 0 745 960,15
746 978,01

NODE TEMP 747 061.55

T3 96519 748 07934

704 937.90 40 97116

705 97930 TS0 964.22

706 961.80 781 944.91

™7 945.22 752 984.71

TO8 YB4.04 753 982.40

709 954,13 754 963,44

710 946.48 755 &5 7

711 U36.76 756 980,00

712 926,03 757 974,65

713 911.97 754 965.19

714 97314 780 952,45

715 92136 760 904.40

TI6 98000 761 922.50

71T 932.69 762 905.41

718 982.1R 63 911.07

T19 911,18 764 914.68

720 91191 765 920.17

721 93529 766 919.54

722 949,17 767 919.90

723 95160 768 922.48

724 943.51 769 924,53

728 047,10 770 927.04

726 93H.45 771 929.01

727 939.76 772 930.94

TI8 94741 773 03208

729 933.11 774 929,64

T30 924,52 775 929.08

731 923.01 776 927.77

732 942,70 77 929.57

731 925.68 778 ¥32.29

T34 964.58 779 929,36

735 935,59 RO 928.13

736 940.98

137 940,99 sa%%% POST| NODAL DEGREL OF

738 93623 FREEDOM LISTING #*##4

730 914.14

740 96608 LOAD STEP- | SUBSTLP= |

741 960.97 TIME= (.64935K-01 [.OAD CASE= 0
“«2£4 POST| NODAL DEGREE OF NODE TEMP
FREEDOM LISTING #=%%= 781 926.30

782 930.85




7RI 934,40 A8 960.50
T84 934403 I9 O9X1.3R
TS 92913 BM) 935.13
TR W3T.NS BM 9%57.54
TRT 92938 832 970.80
THE 928.6% 833 971,458
789 9542 B34 07454
790 922,77 B3S u77.12
i O [ B36 974.17
02 94177 37 976,42
703 946709 R3§ 92563
794 UYUGIS H3Y9 04636
795 1018.0 B4l 98465
e 16 841 951.13
97 1021.2 842 940.22
8 1027.4 843 9u413
T8 10253 844 96248
00 10318 4% o). 74
a01 102R.3 846 9EL00
802 10356 B47 9R0.1E
a03 1034 B8 97463
BU4 1038.2 9 97492
B80S 10336 B50 97587
06 10412 51 970.49
EO? 10369 453 957.70
K08 1041.% 853 966.51
509 10371 54 96181
Ri0 10434 H5% D71.32
4311 1N3s7 836 97310
812 1040.5 H37 074,50
813 10399 REN 97400
Bl4 10460.6
Eis 10402 “hatE POST] NODAL DEGREE OF
Bl6 10453 FREEDOM LISTIMNG *#¥ ¥
817 10382
RIf l04us IOAD STEP= | SURSTEP= |
®i0 10443 ME= 0.64935E-01 LOAD CASE= 0
*EEES POSTI NODAL DEGREE OF NODE TEMP
FREEDOM LISTING ®#*$= 859 97450
#ald 97940
LOADSTEP= 1 SUBSTEP= | a1 972.22
TIME= 0.64935C-01 LOADCASE= B62 9H4.51
863 077.56
NODE TEMP 854 u7d
820 1U4.1 865 9%9.un
321 10321 866 94847
422 104006 B67 92573
223 10330 B68 9INT3
224 1041.2 869 929.55
H2E 03254 870 926,80
816 946.60 71 92R.E7
X217 07930 872 92696




73 9JIEBS 28 1035.5

874 930.45 910 1031.2
§75 932.39 920 1032.6
B76 933.98 921 1025.1
877 934.86 922 10282
BTR 035,77 923 1019.9
879 933,23 924 1027.4
B30 S30.81 925 976.49
R41 028,87 926 920,10
842 92871 927 941.57
B33 92084 038 97572
884 02887 020 081.62
885 92793 O30 U73.58
886 927.88 03| 974.42
837 927.69 932 966.75
RRE 925.20 03} 96712
589 923.01 934 D60.86
o0 920.57 938 9279
a1 919.55 936 979.98
#u2  H6.53
893 012,62 k4944 POSTI NODAL DEGREE OF
94 000.68 FREEDOM TISTING #=+*=
B9S G04.15
896 10424 [OADSTEP- | SUBSTEP~ |
ROT 10341 TIME= D.64935E01 LOAD CASE= U
*e=#® POSTI NODAL DEGRLE OF NODE TEMP
FRECDOM LISTING *ve» 937 Y4363
Q3K 977.14
LOAD STEP- 1 SIIBSTEP- | 439 04607
TIME- 064935L401 LOAD CASE= 0 940 966.73
341 1004.2
NODE TEMP 942 996,17
808 1041.4 043 972,13
£00 103158 g4 07148
U0 10433 9435 980,19
901 10413 046 07692
902 10519 947 97524
903 10417 048 956.05
94 IN44.8 949 976.23
9US  T040.0 950 977,66
906 10457 951 973.0%8
N7 10425 952 97T8.32
BOE 10481 953 980.03
oo 10384 954 98231
ulD 10422 928 079,22
911 1033.7 056 973.82
912 10399 957 975,29
013 1040.0 958 97465
914 1041.0 959 972.64
915 1035.0 960 96806
916 1037.6 961 962.99
917 10325 962 967.97




963 94370 1008 19778

64 12631 [on9 (97,32
UGS 1A SHG Wi 149691
966 13.850 1011 196.43
a7 14275 12 450.90
968 14404 1013 441,53
269 14.7410 1414 38349
OT0 14.795
971 14.821 s34 DOST | NODAL DEGREE OF
aTr 4805 FREEDHIM LISTING *¥¥+%
273 14.687
274 (4923 [OAD STEP | SUBSTEP= |
975 14884 TIME= [(.64935F01 LOADCASE= 0
teaER POSTI NODAL DEGREE OF NODF. TEMP
FREEDOM LISTING =**=* 1015 452.51
I0lGg 53969
oAl STEr= 1 SUBSTER i 14017 201.44
TIME= ©64935E-01 LOAD CASE= D 1018 21061
1019 22331
NODE TEMP 1020 26550
376 14.94) 1021 65701
877 14881 |02 26065
978 14875 1023 213.60
970 14.829 1024 546,60
AR 14T 1025 39662
981 14.863 1016 464.59
982 14.723 1027 64338
933 208.91 1028 422.85
984 52237 1029 47587
915 G465 103 n26.nD
986 767.50 103 658,37
987 82478 1132 467.168
088 STH.GD 123 77544
R0 9216 1034 557.19
aop 151.61 IN3s 5R62H
991 497.99 136 553.465
992 #1329 IN37 554.74
993 747.14 1038 S44.17
994  806.79 1139 B65.85
995 B6l1.53 40 572.54
06 83438 1041 SE5.42
097 860,19 42 721.7a
o BRL.14 142 766493
DY 509.14 144 B67.11
1000 62664 45 84057
1001 200.78 1346 36496
1002 204.66 1047 56205
1003 22434 1048 71917
1004 22505 149 82801
1008 Z213.4K 1050 J25.24
e 211.01 13571 57158
1007 201.07 1052 759.3)




1053 X38.17 TIME— 0.64935E-01 LOAD CASF= 0
FERRT POST| NODAL DEGREE CF NODE TEMP
FREEDOM LISTING **%+# 1093 760,82
1094 7H9:41
LOADSTEP— 1 SIIBSTEP= | 1095 728.97
TIME= 064535101 LOAD CASE- 0 0% 41141
1097 T08.06
NODE  TEMP a8 733.65
[054 83874 1 433.43
IN55 867.50 1199 388,51
1156 B66.93 1161 379,55
IN57 B51.72 1102 405,92
1058 HE.ST 1103 322,43
L05% 71530 164 51590
s 735.00 1108 387.02
1061 B52.58 1106 14.729
1062 82600 1107 14.843
1063 BIR.19 T8 14.806
1064 B34.67 119 14.980
1065 837.B8 111D 14,880
166 725.93 i1 14.531
1067 B34.55 1112 14.915
G BG40 1113 14.7%9
1069 74943 14 14,924
070 623.47 L115 15111
1071 434.91 1116 14.910
1072 815.75 L117 14.734
1073 597.16 118 14781
1074 778.47 1119 14.870
1075 832.4] 1120 14385
76 814746 121 14046
37 75503 1122 13.R35
78 678491 1123 840,95
1079 RRO.7T 1124 870.57
1080 B&L.U1 1125 61983
81 /5468 1126 &26.35
1082 799.67 1127 210.05
10R3 BS6.42 1128 210.60
1084 B354 1129 IZ4.78
1085 777.46 1130 22537
86 806.97 1131 213.55
1087 83037
1088 70012 *e4=* POSTI NODAL DEGREE OF
1089 72488 FREEDOM TISTING =#++4
1090 796,52
1091 726.69 I.OAD STEP= | SUBSTEP= |
1092 7283 TIME= 0.63935E-01 LOAD CASE- ©
"EETE POST] NODAT DEGREE OF NODE TEMP
FREEDOM LISTING Tr%*" 1122 2179
1133 198.83
LOAD STEP- 1 SUBSTEP- | 1134 191.49




1135 188,93 1180 836.62

1136 H&.R3 1141 An5.45
1137 18493 LIB: H65.83
1138 42981 1183 H50,12
1139 46356 1184 R54.87
1140 375.85 1185 T13.HH
1141 463.61 1186 734.23
1142 355412 1187 ®52.22
1143 200.587 1188 B314.18
1144 21011 1189 52479
L1458 224,65 1190 §35.44
1146 26912 111 8319.53
1147 66348 1o 714.04
1148 269.82 1193 83837
1149 21309 1194 §760.42
1150 54536 1195 785916
1151 39523 1196 ®00.02
1152 46452 1197 H17.61
1153 64391 1198 §29,12
1154 423.19 1199 619.14
1185 478,40 1200 830,50
1156 62040 207 TTI1.24
1157 bBSN.44 1202 75731
1154 457.16 1203 8153
11589 77587 1204 HR222
1160 556.22 205 677.01
1161 54607 1206 654,43
1162 =35.09 1207 86238
163 54389 I208 BE53.50
1164 562013 114 796.92
1165 871.41
1M 573,10 EeerY POSTI NODAL DEGREE OF
1167 545085 FRECDHOM LISTING ®h=*s
1168 722.31
1169 769,11 LOAD STEP= | SUBSTEP= |
1170 N73.00 TIME- (0.64u35E-01 1.OAD CASE=
sssds OS] NODAL DEGREL OF NODE TEMP
FREEDOM LISTING #tt3% 1210 777.%s
1211 83563
LOAD STEP= 1 SIBSTE= | 1212 BU7.65
TIME= 0.64935E-01 LOAD CASE= 0 1213 R25.03
1214 70637
NODE TEMP 1215 716.08
1171 R41.15 1216 B0O1.92
1172 H37.91 1217 72132
1173 561,95 1218 704.28
1174 719.75 1212 T62.26
1175 B30.R7 1220 7THY.80
1176 B27.RR 1221 729.63
1177 572.06 1222 411.56
HT8 759.24 1223 T09.4%
1179 837.07 1224 733.81
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1225 434.2% sussE  POSTI NODAL DEGREE OF
1226 40494 FREEDOM LISTING **%#a
1227 365.53
1228 405.21 LOAD STEP= 1 SUBSTEP= |
1229 522.n4 TIME= 0.64935F-01 LOADCASE= 0
1230 522.12
1231 384.07 NODE TEMP
232 10515 4798 T14.54
1233 (0942 4799 K46.30
1234 He9.7 4800 269,14
1235 1076.2 4801 824.45
1236 10730 4802 63U33
1237 1087.10 4803 859,60
1238 1088.1 4504 #95.99
1239 10025 4805 809.56
1240 10969 4806 03550
1241 [099.9 4807 284.2%
1242 111405 AR08 RB31.5Y
1243 1161.4 4809 188 2=
1244 11019 4810 253.41
1245 11023 4511 298.60
1246 110624 4812 ¥3232
1247 1102.5 4813 731.22
1243 11026 4814 575.74
4815 832.40
AR POST 1 NODAL DEGRLEE OF 4816 53385
FREEDOM LISTING #=+%* 4817 67953
4818 B03.99
LOADRD STEP= | SUBSRTER= | 4819 92552
TIME= 0.64935E-01 LOAD CASF= 0 4820 N77.465
4321 75943
NODE TEMP 4832 RUT25
1249 1106 4823 R72.00
1250 1102.6 4824 99974
1251 11026 4825 Bo0.42
1252 11025 4816 B6d.36
1283 11025 4827 10200
1254 11023 4828 29446
1255 1102.1 4839 491,71
1256 1101.5 4830 925.57
1257 1101.2 4831 s23.24
1258 10997 4¥32 MI2.22
259 j103.1 4B33 ZRN.T2
1260 10964 4834 209,
1261 (00992 AB3S  Tol.ug
1262 1N08KR.3 4836 656.64
1263 10903
1264 [101.0 Rhwsd POST1 NODAL DEGREE OF
1265 1094.7 FREEIMMW LIS TING *++=+
1266 10983
1267 1999.7 LOAD STEP= | SURSTEP= |
1268 11009 TIME= 0,64935E41 LOAPD CASE= 0
1269 11015

&0




NODE TEMP X574 K3IZ33

4837 918.88 4578 T19.83

4835 BT

4839 540,95 ik POSTI NODAL DEGREE OF
4840 BO9.BN FREEDOM LISTING =*+**

4841 H59.80

4842 911.56 LOAD STEP- 1 SUBSTEP= 1
4843 305,30 TIME= 0.649335E-01 LOAD CASE= 1
4844 K410

4845 E43.21 NODE TEMP

d846 B69.03 4876 89908

JB47T  H49.51 7T 6265

4848 H38.01 4878 B92.14

4849 74045 4579 845.05

4R50 9530.61 4380 16150

4851 HML1I0 4581 K950

4852 Z13.95 4581 S554.93

4853 DiH.24 4883 903.90

4854 DO513 4884 AT6.B1

4855 190.49 4585 85537

4856 41.80 4386 921.89

4EST 94524 4847 69123

4858 91%.09 48588 911.81

4859 B84 37 4589 83111

4860 911.38 4890 832.07

il 919.93 4891 831.60

4862 8%.74 +542  86H.20

48R3 1051.3 4593 B7B.61

4864 U88.24 4594 269.09

4865 B3L.51 4595 210.29

4866 816.39 4806 281.37

4867 694.43 4807 310.83

4868 G55.60 4508 885,18

4869 87585

4870 10151 MAXIMUM ABSOLUTE VALUES
4871 R7STS NODE 1259

4872 301.54 VALUE 11031

487} 57563

8l




In figure 5.11 belaw it is obvious that the maximurn heat stress is found o he in a
region somewhere around the exhaust valve where a sufficient cooling is peeded.

figure 5.11: exhaust stroke thermal stesses around
exhaust valve seat




Appendix

Values ol hp Canesan. T and P Vs, crank angel in the combustion phase:

h sl Csan
T Win'K TK F, BBy
180 5388887 520.03870 0.1

181 53.69082 52024222 0.100008
182 53.69832 S520.97052 0.100024
183 5370685 S521.01272 0.100053
164 B3.7211 521.07182 0.100094
185 53.73825 52114787 0.100147
186 53.78147 521.24081 0100212
167 S3.78T768 521.33088 0100288
188 53:81814 52147818 0100378
189 53.85264 52162256 0.100479
190 53.89120 521.7842 0.100552
191 538341  521.8832 0.100717
1892 ‘5398112 6§22 15868 0100855
193 54.03238 652237371 0101005
184 5408788 52260545 0.101168
195 54.14771 GZ2.BEE03 0.101343
195 34 21188 52312258 0101532
197 5428046 52340826 0.107733
188 54.35348 523.71224 0.101%48
199 54.43101 52403468 0102178
200 54.51308 352437576 0.102418
201 54 58878 52473571 0102673
202 54.68115 52E11469 0.102943
203 54 78725 52551393 0.103227
204 54 BB81E 52553085 0103525
205 54898386 G2B.3EB0OB 0 10383H
206 551047 52882548 0104168
207 5522048 52730308 0.10451
208 5534138 82780115 0.1048e8
2089 5546747 52831858 0.105244
210 555388 52885883 0.105835
211 5573583 52042102 0.106043
212 5547789 B30.00283 0.10046H
213 S6.02572 53060852 0.10681
214 56,7824 53123563 2 0.10737
215 59.33856 531.88527 0.107847
216 56.50379 S53Z.55787 0.108344
217 5887504 353325376 0. 108858
218 b56.A5244 533 87338 0.1089384
219 5§7.03612 53471704 0.103845
220 5727282 53548515 0.110525
221 5742282 353827812 01111
222 EBT7.B2613 6B37.09835 0.111738
223 57.83B26 53784023 0112378

g3




224
225
226
227
228
228
230
23
232
233
234
235
235
237
238
238
240
241
243
243
244
245
248
247
248
248
250
251
233
253
254
255
256
287
258
258
260
261
2682
263

265
266
267

268
270
271
272
273

58.05337
BBZTTE
58 80914
S8.74814
S58.98475
B5. 2487
53.51184
5878235
B0.06126
B0.34885
B0.84523
60.95083
E1.26527
61.58838
g1.8232
B2 26685
§2.621
6288548
63.36074
5374704
B4 14488
B4.55387
54 97521
8540875
85.854%1
B6.31404
66.78652
67 2727
B7.77293
65 28778
65817448
6935255
59.92341
F0.50053
71.0944
71.7055
7233437
7298153
73.84754
74.33208
7503844
7278454
7651194
7728129
73.0733
76.85660
79.72818
B0.59258
B1.48264
B2.39934

535.81033
539.70897
540 83084
541 58182
547 FRDOY
543 5RBRE
544 68053
B45 6T148
546, 76771
E4T 80454
545,05254
550247277
E51 46433
552 714932
65400788
555 33058
556 63812
£58.08116
E59 51036
SED.97e43
SB82 48007
E64.02202
EE5 BO30T
EBY.22332
SEB. 68521
S70.588
572384
574, 12104
575.85798
577.82671
578.75211
§81.72112
5B3.7ATEE
585.80271
EE7.B1724
EGD.0R22A
g2 20885
504.56802
RO BOOAG
80, 2ER40
801.70204
804, 10268
EDR. 7416
808, 35001
612.01916
B14.76034
B17.54484
B20.40402
A23.32522
B25.32187

0.113041
0.113727
0.114438
0.11517
044502
0116715
0.117527
0118367
0118235
g120132
0.1210869
D.122017
0.123004
0.124024
D.125088
0128177
0.127305
012847
0. 129873
0.130916
0.1322
0.133525
0134806
0138312
0137774
0138285
0. 140845
0.142459
0.144126
0.145849
0. 147628
0.149469
0.151371
0.153338
0.165371
0167474
0.15588440
0.161898
0.164225
016832
0.169123
0171701
017437
0177133
0.179993
0.182956
0.1868025
0.189205
01925
0.195914

a4




274
275
278
277
278
275
280
281
282
283
284
285
286
287
2ad
288
280
291
232
293
204
285
295
297
288
298
200
301
302
303
304
308
308
207
308

310
a1
312
313
34
315
316
ny
318
319
320
321
322
323

B3 34341

B4.3158
B5 31745
86, 34034
87.41249
80.80795
89 63681
90.80023
91.999358
©3.23548
84 50885
8582378
87.17RART
g8 E75085
100.0171
10,5027
103.0373
104 6197
1068 2525
1079375
108.6767
111.4718

113.325
115.2384
11721389

119254
121.3608
123.5367
125.7842
128 1058

130.504
132.9815

135.541
1381853
140.8172
143, 7306
146 6555
149 6574
152. 7791

156.843
1593121
162.7304
168.2TTE
168.9302
173.8992
177.5874
181 5971
185 7306
180.9807

104,376

62638338
832:51523
B35, 71892
B38.989597
B42 34797

68457765
649.258321
65286877
G656, 53788
660.28828
SE4.12577
868.045913
BT2.06123
BTG 16384
E80.35817
B84 84887
689.03501

693 5186
8098.10466
To2. 78227
TO7.58445
T1Z2.48242
71748115

722.6099
T27.B4172
733 18677
73866318
74423707
740.94258
76577172
7TEB1.72658
Y67 80813
7740213
TBO. 36497
786 B41BE
T783.453656
500.20185
BOT.0EB7384
B14.11282
B21.27778
828.58348
B36.03045
843 614588
B51.34862
859.21818
BET 22458
B75.3TB38
BE3 BEIEE
BG2.08Z85
000 83272

0 199454
0203125
0205832

021088
0.214978
0.215228
D.223843
0.228225
0.232584
0.237528
0243064
0.248402
0.253851
0258721
02685722
0.271965
0278487
0.285277
0.282263
0. 2895085
0307232

0.31518
0323483
0332128
0.341144
0.350547
0.380357
0.370583
0.381277
0.292431
0 404078
0416242
0428348
0.442224
0.458007
0.470586
0.485751
0.501593
0.818155
0.535472
0.553576
0572506
0552256
0.612885
0634612
0.667214

068083
0705499
0.731258
0.758148




24
328
328
327
328
229

331
332
333
334
335

Sa7
338
235
340
341
342
243

345
248
347
348
345
350
351

ah2
353
354
355
356
a57
358
359
380
381
362
363
264
365
356
367
264
269
370
371

ara
373

1988206
203 5347

208,307
213.2088
2182375
223 3922
228 6604
234.0853
230.5746
2451509
250.8065
256.7118
262.5358
268 5455
274 5462
280 5809
286 6306
292 8743
298 6886
304.6479
310.5248
316 2891
3219101
327.3545
332.5881
337 5752
342 2824
345 6722
351.3873
356.9665
363.74B4
371.9797
3817 8321
303 4040

408.724
4217416
438 3331
456,326 1
4754584
4954275

§15.929
536 5751
557.0086
576.8725
595 8231
613.5518
629.7833
644 5102
65E.9448
BB7.5716

909.30833
918 10783
027.02289
5360476
545 17444
854 30482
953.59812
873.07352
882 50838
951.98814
1001.4871
1011.0178
1020.5306
1030.01a8
1039 4475
1048 80349
1053.0572
1067 1799
1078. 1302
1084.9056
1003.4448
1101722
1109.7014
1117.3461
1124 6189
1131 4826
11379
1143.8351
1151.4897
1182 66841
1178.31562
1193 4367
1226 5268
12589358
1280 8031
1346.0574
1308.4247
1456.4385
1519.4634
1586, 7089
1657 2745
1730, 1694
1804 3598
1878. 7998
1952 4676
2024 3850
2003 8985
2159.5007
2221 4042
2272 5058

0.78B82
0.81545
0.B45520
0877663
0.810676
0844084
09804
1.017524
1.065751
1.095284
1.136032
1178011
1.221141
1.266344
1.3105823
1.3665868
1.4033086
1.450802
1.498253
1. 54604
1.5953718
1.641018
1.687839
1.733266
1777561
1.820158
1.8680722
1 828852
1.937921
1880812
202935
2084853
2148248
2219872
2200058
2.288063
2.483109
2.583594
2 BBRTSY
2.796738
2.907698
3.007383
3107554
3.201074
3.285908
3.380649
3. 423666
3.474041
3.511128
3.534837

34




a7
375
378
arr
a7g
378
380
g1
282
83
384
ags
a85
gy
388
383
390
a1
392
383
394
385
396
397
398
399
400
401
407
403
404
406
406
407
408
400
410
411
412
412
414
415
416
417
418
418
420
431
4237
423

GG 121
EE2.5715
B86 5458
EBS_3051
BED 7431
E88. 3801
BE5.3564
BED.B265
874.0532
667.0028
B55.B405
§50.8267

B41.314
§31.1447
620.5485
608.8461
586.5388
BHT.Q1B8
578.0842
5684 8411

563.704
542 6376
531.8574

521.211
2107784

S00.578
“490.6173
480.9041
4774422
462 2328
453.2758
444 5681
436 1072
427 BAED
415.9086

412 181
404 8408
257.3424

28028
383.3877
3787197
ST0. 2504
2639737
207, Bode
2519762
346. 2442
240.6628
335 2868

330051
224.9704

Z330.7515
2377 5845
2418 8305
2454 7388
#4850818
25100419

2570 854
2544 9113
25554114
2561, 7524
25643497
2563.5689
2555.8146
2552.4T15
25449072
2534 4661
2522 4R52
28081315
2434 2006
2478.8166
2464.1335

2448016
2431.8029
24150088
2280.3276
2381.6353

2364.8532
2348.4454
2332.0327
2315.7823

2299.718
22838503
22681874
2252 THR1

2237 6683
2292 5904
2207 B575
2193 3538
2179.1007
2165.05601
2151.2977
2137 7528
2124 4847
2111.3704
2095:5238
2085 8203
2073 5388
2061 3861
2049 4587

2037.749

3.544617
3541415
1.525641
3488115
3450823
3.471888
1 355418
3201873
3221832
3.147083
3. 068436
2. 987003
2.903684
2.819313
2. 73622
2650242
2 AEETO4
2 434451
2403837
2 325141
o SABETE
2174283
2102354
2032941

196586
1.8901448
1.838384
1.779725
1.722419
1.667402
1.614607
1.563950
1.815382
1 4EB7S5
1.424133
1.281308
1.340247
1.,300877
1.283127
1.226%927

119221
1.158911
1.126967
1.086318

1.06691
1.038685

1.01158
0. 98E676
0.980594
0.838598




424
428
428
427
428
4249
430
431
432

434
435
436
437
438
439
440
441
443
443
444

448
447
448
449
450
451
452
453
454
456
456
457
458
453
480
451

453

4G5
466
46T
458
4E%
470
471
a7z
473

220.0402
3152556
3106121
306 1051
3017204
207 4836
2833609
288.3582
2854718
2B1.6979

276,033
2744737
271.0166
267 6585
264 3864
261 2273
2581482
2551583

252249
248 4237
246 6779
244 0002
241.4181
238.8235
236.4422
234.0581
231.7421
2284834
227 2388

225,169
223.0978
221.0336
218.1248
2172199
2153872
213.5654
211.8129
210.1084
208 4508
205.8382
205.2588
2037448

202261
200:8181
159.4147
198. 0458
186.7225
195.4317
1941764
1928558

20262605
2014 9383
20039297
1993.0818
1882 4418
1872.0067
16617736
1851.7282

1941.801
1832 2567
1822 8006
1913.5323
1904 4481

1865645
1RBE BZ01
18782704
18898031
1861.6854
1853 6443
1845 76871

1838.051
1830.4534
182350914
18158425
1808, 7441
1801, 7935
1754 9882
1788 3258
1781 8037
17754195
1789.1708
1763 0655

1757 071
1751.2151
1745 4857
1730 8804
1734.3672

1720.034
1722.7886

1718659
1713.6433
17087354
17038454
16899 2585
1684 6787
1690 2042
1685 8313
1681.5591

1677.386
1673.3102

D.913548
0.851394
0.B70103
0.848835
0. 820054
08311025
0.752815
O TT5254

(75643
0742187
0. 726566
Q711512

0.68701
0583037
05889572
0.B55592
0.644077
0e32008
C.E203638
0.e081a7
0.588301
0.587342
0677746
0,567938
0.558585
05494371

0:54071
0.532225
0.524024
0.516098
0.508437

0.50103
0.483867
0.486541
0.480241

047378

0.48744
0.461424
0.455553
0.449871
0.444372
0.439049
0.433885
0428906
0.424076
0.419308
0414868
0.410482
0408234

040212

38




474
475
478
477
478
474
480
481
482
483
44
485

4a7
488
453
430
481
497
493
484
495
456
497
493
439
500
a0
o0
03
504
505
508
507
508
509

191.7689
180.E148
1859483
18B 4023
1873421
1862115
185.31
184.3368
1832811
182 4723
181.5798
180.7129
1T8.8711
1780537
1782602
177 4907
176.7428
176.0177
1753145
174.8325
1739714
173.3307
17271
172.1088
171.5267
1709833
1704182
169.686811
169.3816
156, 6854
168.4141
167.96564
167.5129
187.0865
16B.ETET
166.2804

1669.3301

1665 444
16861 6503
1657.9478
1654 3341
1650 8084

1647, 368
1644 01458
1640.7434
1637.5543
1634.4455
1631.4168
16204657
1625.6812
1622.7922
1620.0674
1817.4155
1614.A355

1812.328
16809.8881
1807.5145
1608.2102
1802.8721
168007902
1688.6505
1586.6445
16848615
1562.7304
1590.8776
1589.0753
16673315
1585.6454
1584.0163
1582 4432
1580.9254
1570.46272

0358135
0354276
0350538
0:3BE917

0.38341
0.320014
0.378724
D.373538
0.370452
0.267464

0.3e457
0.2617E8
0.358055
0.356428
0.353885
0.351424
02348042
0.346738
0.344508
0342351
0.3402685
0.338248
0, 336280
0334415
0.332595
0 330837
0328130
0.3275
0.325921
0.324397
0322828
0.321513

0.32015
0.318838
0.317677
0.31636886

8y




Values of by Ganesan. T, P, valve lill and seat area Vi, crank angel in the exhaust phaze.
where:

EVO: exhaust valve open

EVC: exhaust valve closed

h, Ganasan

u T K PMPa Wim' K Ly, m As, me

EVD 510 1271.56 0.2 1188247 0 0
511 126671 04855 1182502 0.0001 63504 1.544TEE-06
512 125531 0.188 117.7564 0000327778 3.08523E-06
513 1265566 0.1885 1174332 000048158  4.63312E-06
ol4 125£.39 0.198 17137 0.0C0BS5E311 8. 17e16E-06
518 1250.15 0197 1167363 (0.000818908 T.71804E-08
516 1244 57 0.194 1155852 (0.0008682355 8.25847E-06G
817 124038 0191 1144838 0001145617 1.078TZE-0B
18 1236.84 0.188 113.42939 (.001308865 1.23338E-05
519 122938 0187 1127881 0.00147 147 1.38883E-05
520 122578 0186 1123198 0001634  1.54001E-05
521 1221.45 0.184 111.56164 [0.OD1T96225 1.6828E-06
22 121885 0181 110,386 0.001958145 1.84548E-05
A3 1211.33 0,179 1095341 0.002119839 1.98977T1E-05
524 1207.88 0178 109.0831 '0.002280760  2.14957E-05
25 1200.5 Q177 108.4325 0.0024471472 2.20103E-05
5268 1192.6%5 0173 106.8627 000260172 2. 45206E-05
527 1186.64 0.169 1053403 0002761483 2.60264E-05
o288 118075 0166 1041417 0002920731 2.TE2T2E-05
az8 117785 0164 1033765 [LOO3079433 2.9023E-05
gag 117006 0,163 1027278 0003237501  3.05133E-05
531 11671.6 0.16 101.4088 0003395085 3.19979E-05
g 1153.73 0157 100.1137 0.0035514978 3.34TA6E-05
533 114B.05 Q.154 9882207 0003708204 S 449E-05
B34 1140.38 0161 9761156 0.00386374 3.64149E-05
BERE 1135458 Q148 86 7867 0004018555 3. TRT4AE-05
EiE  112B.EE 0.145 95160854 0004172621 3 9326E-05
537 1118.03 0,141 9243772 0004325908 4.0770TEAQS
B3B8  1111.86 Q137 91.78488 0004478388 4 Z22078E-05
539 110B.E4 0134 80688132 0004630032 4 363TE-05
840 110054 0,132 BBEBER4E 0004780813 4 5D631E-05
B41 100436 0128 088.038268 0.004830702 46470BE-0S
542 10E7.15 0.124 B6.36651 0.00607E671 4. 7BF48E-LS
245 10681.95 0.12 B4.75504 QOQ0OG22TESZ2 4 02G0RE-0S
S 10764 0.118 B3.83389 0.008374737 5.0B55TELS
545 1070.63 0.116 B82.88732 0.00352078 5.20321EL5
546 1066 31 0113 8165311 Q005885783 5:33988E-05
547 1056 846 0.11 BO.28077 0.0058308740 5.475586E-05
548 105065 0,108 7823748 0005852621 H61021E-Q5
549 104411 0107 TE.6243 (0.006034383 5.74382E-05
550 1037 33 0105 7763274 (0.008235007 5.87B3ISE-05
it 1033 &4 0104 Tr1265 0006374469 6.007BE-05
RA2 1020 4 0102 TRZZ263 0008512741 a6 13811 E-05
553 10257 01901 TAT71164 0006649797 B 26T29E-0R

a0




B54
555
5B&
EE7
558
558
560
b&1

bh2
563

563
566
SET
568
568
570
&71
5¥2
573
§74
575
578
Tl
o7
a7s
280
581
582
683
Se4
B85
SBE
ERT
5Bg
589

531
592
593
554
e
586
2
5958
599
E00
601
BO2
B03

102277
1020 35
109921
1618.81
1017.33
1016.85
1015.458
1014.3
1013.53
1012 54
1011.39
1010.9
1010.64
1010:3
1009.8%
1009.28
1009.56
1008.73
100B 3
1007 85
1007.1
100781
1006.78
1006.3
10081
10058
1005 1
1604 6
10036
1002.94
1002 B4
1002.2
1001.75
1001.3
1000.75
10003
1000.07
808.56
288.3
8998.7
53541
9981
2987 61
H96.83
BEE.2
B85.68
B95.4
885,12
934,73
934 1

0009
0.068
b.ogy
0.098
0.085
0004
0093
0082
0.051
D.0s2
0053
0.084
0.085
0.098
0.097
0.098
0.096
0.084
0.088
0.1
0.102
G103
0101
0.099
0102
0103
0.10s
0.108
0.103
0.1
0102
0403
0102
Q.10
gA
0.099
0.0o98
o.oar
0.085
0.095
0.094
0.093
0.0e2
0.c93
0.094
0.095
0.092
0.09
0.094
0.085

7485113
¥4.3830R
7396214
73.56547
7312814
T2.72507
T2.2BV74
71.85697
7144177
71.80524
7214273
72.51189
72.88729
73.25758
73.6232
7197364
7323075
243412
73.84245
T4.67749
75.3825
75.78038
75.0101
T4 24601
75.35507
73.70473
TE.05243
78.36818
7562041
Td 48537
7522538
75.57664
7518199
74 80568
74.41399
74.02424
73.64106
73.24568
7285768
TZ.45548
T2.06264
7166718
T1.26333
T1.82157
71.968284
7235672
71.18425
7039645
71,82871
722584

91

0.006785614
D.00B920164
0.007053423
0.007185386
0.00731596%
0007445207
0.007573055
0.0076209491

000782449

0.00784803
0.00B0T00&ET
0008180838
0.00830084 1
0008427133
0.008543034

000865734
0.0087 70032
0.0083810&87
0 008250485
(.009088206
0.00920422%9
0.009308536
0.009411108
0.009511918
0.002610558
0.008T08204
0. D0SRN3B30
0009897244
0009988004
0,010078699
0.010166814
0.010253053
0.070337238
0.0104185815
0.0104859345
0.010578222
00106854623
0.010729035
00108014445
0.010871842
0.010840209
0.01100B536
0.011070808
0.011133018
0.011493148
0.011251188
0.0113071 34
£.011360964
2011412678
0011462263

B.3852%E-05

8 5221E-05
5.84780E-05
8.77205E-08
G.89514E-05
7.01694E-05
7.13744E-05

7 25BEE-05
7.37441E-05
7.490B4E05
7 A068RE-05
7T.71049E-05
7 83167E-05
7.84230F.05
8.05162E-06
8.15535E-05
B.2655EE-05
B.37023E-05
847339E05
8.5T485E-05
B.67T4TBE-DS
B.7T309E-05
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