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Internal combustion engines generate exhaust gases at extremely high temperatures and pressures. As these
heated gases exit through the exhaust valve, the valve and valve seat insert achieve comparable temperatures. To
avoid damage, heat is transferred from the exhaust valve to the valve seat insert as they come into contact with
each other during the opening and closing cycle. Modern engine management systems regulate the thermal process
throughcoolantand/or air� ow rates, fuel injection,and ignitiontiming,and exhaustgasrecirculation contributions
to achieve satisfactory tradeoffs between power, emissions, and ef� ciency for various engine speeds and loads. One
of the primary functions of the engine control unit is the prevention and detection of abnormal combustion to
prevent severe engine damage. The online estimation of cylinder component temperatures offers an opportunity
for greater engine control measures. A nonlinear dynamic thermal model is presented to describe the transient
and steady-state phenomena in the engine’s cylinder using a lumped parameter resistance–capacitance network.
The model prediction of the engine’s thermal behaviorestablishes a foundationto explore thermal periodic contact
issues. Representative experimental and numerical results will be presented and discussed.

Nomenclature
A = state matrix, cross-sectionalarea
Ac1 = internal surface area of lower section

of the cylinder wall, m2

Ac1e = external surface area of the lower section of the
cylinder wall exposed to air, m2

Ac1o = surface area of wall exposed to oil, m2

Ac2 = internal surface area of middle section
of the cylinder wall, m2

Ac2e = external surface area of middle section of the cylinder
wall exposed to air, m2

Ac3 = internal surface area of upper section of the cylinder
wall, m2

Ac3e = external surface area of upper section of the cylinder
wall exposed to air, m2

Aev = surface area of exhaust valve face exposed to
combustion chamber, m2

Aev-con = exhaust valve heat transfer contact area, m2

Aevf = surface area of exhaust valve � llet, m2

Aex = internal surface area of exhaust port of head
exposed to exhaust gas, m2

Agasket = surface area of head gasket, m2

AHin = internal surface area of intake port of head exposed
to intake gas, m2

AHm = surface area of head middle section, m2

Ahf = surface area of head � nned body, m2
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Ahv = area heat travels through in head, m2

Aiv = surface area of intake valve face exposed
to combustion chamber, m2

Aivf = surface area of intake valve � llet, m2

Aoil = surface area of oil exposed to oil pan, m2

Apistc = surface area of piston exposed to combustion
chamber, m2

Apisto = piston surface area exposed to oil bath, m2

Apistw = surface area of piston exposed to cylinder wall, m2

AR5 = surface area between intake port of head exposed
to intake gas and head middle section, m2

AR13 = surface area between exhaust node on head and head
middle section, m2

AR26 = surface area between upper and middle nodes
on the cylinder wall, m2

AR27 = surface area between middle and lower nodes
of the cylinder wall, m2

As = surface area, m2

Atube = surface area of head tubes, m2

Avc = surface area of valve cover, m2

Avg = cross-sectionalarea of valve guide, m2

Avs = cross-sectionalarea of valve stem, m2

B = input matrix
C = output matrix, thermal capacitance
Ccomb = capacitance of the combustion gases, J/K
Cc1 = capacitance of the lower node on the cylinder

wall, J/K
Cc2 = capacitance of the middle node on the cylinder

wall, J/K
Cc3 = capacitance of the upper node on wall, J/K
Cev = capacitance of the exhaust valve, J/K
Cex = capacitance of the exhaust gases, J/K
CHex = capacitance of exhaust node on head, J/K
CHin = capacitance of intake node on the head, J/K
CHm = capacitance of middle node on head, J/K
Cin = capacitance of incoming fuel/air mix, J/K
Civ = capacitance of the intake valve, J/K
Coil = capacitance of the oil, J/K
Cpist = capacitance of the piston, J/K
C1 = capacitance of the ambient air, J/K
cp = speci� c heat
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cp comb = speci� c heat of the combustion gas, J/kg ¢ K
cp1 = speci� c heat of the ambient air, J/kg ¢ K
D = output matrix, R p £ m

e = elemental errors
h = thermal convection coef� cient
hcomb = convection coef� cient of combustion gas, W/m2 ¢ K
hcontact = periodic contact conductance,W/m2 ¢ K
hex = convection coef� cient of exhaust gases, W/m2 ¢ K
hhf = convection coef� cient of ambient air and � nned

portion of head, W/m2 ¢ K
h in = convection coef� cient of incoming fuel mixture,

W/m2 ¢ K
hoil = convection coef� cient of piston to oil, W/m2 ¢ K
hop = forced convection coef� cient of ambient air and

oil pan, W/m2 ¢ K
h tube = convection coef� cient of ambient air through head

tubes, W/m2 ¢ K
h1 = convection coef� cient of ambient air, W/m2 ¢ K
K = combustion air-to-fuel ratio correction factor
k = thermal conductivity
kcyl = thermal conductivityof cylinder wall, W/m ¢ K
kgas = thermal conductivityof combustion gas, W/m ¢ K
kgasket = thermal conductivityof head gasket, W/m ¢ K
khead = thermal conductivityof cylinder head, W/m ¢ K
kvalve = thermal conductivityof valves, W/m ¢ K
kvg = thermal conductivityof valve guide, W/m ¢ K
L = length, m
Lgasket = length between cylinder wall and head, m
Lhv = characteristic length heat travels in head, m
L R5 = length between intake port of head exposed to intake

gas and head middle section nodes, m
L R13 = length between exhaust node on head and head

middle section nodes, m
L R26 = length between upper-middle wall nodes, m
L R27 = length between middle-lower cylinder wall nodes, m
Lvg = thickness of valve guide, m
Lvs = characteristic length valve heat travel, m
m = mass, kg
Pma = air mass � ow rate, kg/s
Pmfuel = fuel mass � ow rate, kg/s
Pmgas = total gas mass � ow rate, kg/s
PmA/F = air/fuel mixture mass � ow rate, kg/s
N = engine speed, rpm
Q = heat transfer, W
Qcomb = heat energy produced by combustion, W
Qcontact = valve seat heat transfer, W
Q in = heat � owing to the exhaust valve, W
Q low = heat of combustion of gasoline at air-to-fuel

ratio equal to 14.7, J/kg
Qout = heat � owing from the exhaust valve, W
Qvg = valve guide heat transfer, W
R = resistance
R1 = resistance between ambient air and intake node, K/W
R2 = resistance between intake side of head and

intake node, K/W
R3 = resistance between intake valve and intake

node, K/W
R4 = resistance between intake valve and intake part

of head, K/W
R5 = resistance between middle part and intake part

of head, K/W
R6 = resistance between combustion gases

and intake valve, K/W
R7 = resistance between combustion gases and middle

part of head, K/W
R8 = resistance between combustion gases and exhaust

valve, K/W
R9 = resistance between ambient air and exhaust

node, K/W
R10 = resistance between exhaust part of head and exhaust

node, K/W

R11 = resistance between exhaust valve and exhaust
node, K/W

R12 = resistance between exhaust valve and exhaust
part of head, K/W

R13 = resistance between middle part and intake part
of head, K/W

R14 = resistance between ambient air and intake part
of head, K/W

R15 = resistance between ambient air and middle part
of head, K/W

R16 = resistance between ambient air and exhaust part
of head, K/W

R17 = resistance between middle part of head and upper
part of cylinder wall, K/W

R18 = resistance between combustion gases and exhaust
node, K/W

R19 = resistance between combustion gas and piston, K/W
R20 = resistance between piston and oil, K/W
R21 = resistance between combustion gas and upper part of

cylinder wall, K/W
R22 = resistance between combustion gas and middle

part of cylinder wall, K/W
R23 = resistance between piston and middle part of cylinder

wall, K/W
R24 = resistance between piston and lower part of cylinder

wall, K/W
R25 = resistance between oil and lower part

of cylinder wall, K/W
R26 = resistance between upper part and middle part

of cylinder wall, K/W
R27 = resistance between middle part and lower part

of cylinder wall, K/W
R28 = resistance between ambient air and upper part

of cylinder wall, K/W
R29 = resistance between ambient air and middle part of

cylinder wall, K/W
R30 = resistance between ambient air and lower part of

cylinder wall, K/W
R31 = resistance between ambient air and oil, K/W
Rcontact = periodic resistance of valve seat, K/W
Recomb = Reynolds number for combustion gases
Rr = resistance of piston rings, K/W
Tc1 = lower cylinder wall temperature, K
Tc2 = middle cylinder wall temperature, K
Tc3 = upper cylinder wall temperature,K
Tcomb = combustion gas temperature,K
Tev = exhaust valve temperature,K
Tex = exhaust gases temperature, K
THex = head exhaust section temperature, K
THin = head intake section temperature, K
THm = head middle section temperature, K
Tin = intake gases temperature, K
Tinit = initial temperature, K
Tiv = intake valve temperature, K
Toil = oil temperature,K
Tpist = piston temperature,K
T1 = surrounding or ambient air temperature,K
t = time, s
t f = simulation end time, min
u = input vector
wR8 = uncertainty in R8

wpcr = periodic contact resistance uncertainty
x = state vector
Px = time derivative of state vector
y = output vector
1N = speed increment
1T = temperature difference,K
1t = integration time step
" = emissivity
"comb = emissivity of the combustion gases
"cyl = emissivity of the cylinder wall
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"head = emissivity of the head
"pist = emissivity of the piston
µ = crank angle, deg
¸ = air-to-fuel ratio
¹gas = gas viscosity, m2/s
º = frequency, 1/s
¾ = Stefan–Boltzmann constant, W/m2 ¢ K4

I. Introduction

I NTERNAL combustionsparkignitionenginesignitea cylinders’
air–fuel mixture, toward the end of the compression stroke, to

start the combustion process. In carburetoror fuel-injectedengines,
the gasoline is introduced into the intake airstream above the man-
ifold or near the intake valve. This air–fuel mixture then � ows into
the cylinder when the intake valve is open. The combustion event
generatesgasesat extremelyhigh temperaturesandpressures,which
transfer heat to the cylinder walls, piston, cylinder head, lubricat-
ing oil, and valves. As these heated gases exit through the exhaust
valve, the valve/valve seat insert achieve comparable temperatures.
To avoid damage, heat is transferred from the exhaust valve to the
valve seat insert as they come into contactwith each other during the
opening and closing cycle. The engine control unit (ECU) monitors
the coolanttemperature,engineload, throttleposition,enginespeed,
and knock sensor to regulate the fuel, spark, and cooling processes
(e.g., Kelly and Shannon1). The thermal management system for
air- and liquid-cooled engines relies heavily on forced convection
heat transferwith secondary conductionand radiationcontributions
to maintain an operating temperature within a speci� ed range (e.g.,
Heywood2). For air-cooled engines (Fig. 1), cooling � ns are man-
ufactured into the cylinder head. A fan, or � ywheel with blades to
create an impeller, is attached to the crankshaft and forces inlet air
through the engine compartment, or shroud, to remove heat gener-
ated during the combustion process. In this con� guration, the fan’s
speed is directlydependenton the engine’s speed,which leaves little
opportunity to adjust the air� ow rate per operationalneeds without
the introduction of an additional engine actuator. In liquid-cooled
engines, the heat removed is transferred to the coolant, which cir-
culates near the valve seat insert and throughout the block. In a
similar fashion, heat is removed from the cylinder wall and head to
the coolant. The internal combustion engine thermal management
system is evolving through the applicationof smart thermostats and
variable speed centrifugal water pumps (e.g., Visinic3 and Wagner
et al.4).

To better regulate the engine’s thermal ef� ciency, the ECU must
have availablea model that estimates the thermalbehaviorof engine
cylinder components.5 In other words, this can permit the realiza-
tion of higher operating temperatureswithin the cylinder for greater
overall engineef� ciencywithout damagingcomponents.Therefore,

Fig. 1 Air-cooled internal combustion engine thermal system.

a mathematicalmodel must exist that describes the thermal dynam-
ics of the exhaust valve, that is, hottest cylinder component, with
attention focused on the periodic contact resistance at the valve–

cylinder head interface. In this research, a nonlinear mathematical
model was developedto study the thermalbehaviorof internal com-
bustion engine components for improved temperature control. An
important contribution will be the investigation of surface contact
resistance at the exhaust valve interface.

The paper is organizedas follows. In Sec. II, a literaturesurveyof
thermal periodic contact is presented.A lumped parameter thermal
model for the engine cylinder is introduced in Sec. III to predict the
thermal behavior of exhaust valves. In Sec. IV, experimental and
numerical results are presented and discussed for a spark ignition
utility engine operating at various speeds under load. The investi-
gation of periodic contact resistance is presented in Sec. V with an
analysis that deducts the thermal periodic contact resistance from
numerically and experimentally gathered data for speci� c engine
locations. Finally, Sec. VI provides a summary.

II. Literature Survey on Periodic Contact
The contacts between the valve seat insert with the block and ex-

haust valve bevelwith the valve seat insert of an internalcombustion
engine, shown in Fig. 2, utilized extensively in aluminum engines,
present a signi� cant barrier to heat rejection. Heat transfer across
pressed junctions, for example, the valve seat insert/engine block
junction, is restricted because the real contact area is only a small
percentageof the apparent contact area, due to surface irregularities
such as surface roughness, limit contact to a relatively few small
spots. As a result, heat is constrained to pass primarily through nar-
row bridges of contact between the two surfaces. This constriction
is made evident by the signi� cant change in temperature across the
interface of the two surfaces.

When the exhaust valve bevel comes into contact with the valve
seat insert, a temperaturedrop occurs across the interfaceas a result
of surface imperfections. Because of the periodic cycle of contact
and the imperfections of the contact, the thermal contact resistance
playsan importantrole in determiningtheamountof heat transferred
from the exhaustvalve to the valve seat insert and then to the engine

Fig. 2 Con� guration of valve seat and engine block contact (Marotta
et al.20).



PARADIS, WAGNER, AND MAROTTA 359

blockandcoolant.The heattransferrate fromtheexhaustvalveto the
valve seat insert also determinestheoverall temperatureof the valve,
which subsequently dictates the overall ef� ciency of the engine. It
would be desirable to operate engines at higher temperatures while
maintaining the exhaust valve temperature as low as possible to
prevent surface ignition phenomena, increase fuel economy and
engine performance, lower exhaust emissions, and enhance engine
ef� ciency.

During the past three decades, the problem of heat transfer be-
tween two periodically contacting bodies has been the subject of
a number of theoretical and experimental investigations. Theoret-
ical studies with the assumptions of plane contact, low frequency
of contact, and quasi-steady periodic state under perfect contact
were conducted by Reed and Mullineux,6 Howard and Sutton,7

and Mikhailov8to predict contact conductance at these interfaces.
In later studies, Vick and Ozisik9 and Flach and Ozisik10 employed
the inverse heat conduction method for predicting time-dependent
thermal contactconductancefrom temperaturemeasurements taken
within the mediums.

Huang and Ju11 employed the conjugategradientmethod to solve
the inverse problem to determine the periodic thermal contact con-
ductance as a function of time between the exhaust valve and seat.
The conjugate gradient method utilizes ideas based on variational
principles,which transformsonecomplexinverseprobleminto three
simple problems that can then be solved using standard � nite differ-
ence techniques.Results indicate that the conjugategradientmethod
requires only a few iterations to obtain the inverse solution without
any prior knowledgeof the functionalformof the unknown quantity
and that the solution is insensitive to the measurement error of the
installed thermocouples.

Howard12 and Moses and Johnson13 conducted an experimental
studyof heat transfer throughperiodicallycontactingsurfacesunder
the assumptions of imperfect contact and constant thermal contact
conductance.Howard’s study12 describesexperimentsconductedin
which heat was transferredthrough the interfacebetween two solids
that were alternately brought into contact and then separated in a
continuouscycle. Their results showed that, despite large variations
in thermal contact resistance arising from the periodic contact, their
earlier theoreticalwork could predict the averagecontact resistance
due to periodic heat � ow at the surfaces.

Couedel et al.14 conducted an experimental study, which mea-
sured in situ the temperature � elds under periodic contact for an
actual valve–seat con� guration. Their experimental parameters in-
cludedperiodicfrequenciesthat rangedbetween5 and 25 Hz, which
corresponds to engine speeds between 600 and 3000 rpm. The re-
sults from theirexperimentalsetupindicatedthat the thermal contact
conductance was highly dependent on the rotational frequency of
the internal combustion engine and that the mean (time-averaged)
and periodic temperature � elds can be measured by the use of an
integratingvoltmeter and extremely fast (response time) instrumen-
tation. In addition, the thermocouples must be positioned close
to the valve–seat interface to obtain ef� cient measurement of the
oscillating temperature � elds.

The thermal contact resistance for two solids in permanent con-
tact can be estimated from data that include thermal and mechani-
cal properties. These data may include such parameters as surface
pro� les and material hardness, data on the interface temperature,
the apparent interface pressure that may exist, and data on the in-
terstitial � uid, which may be applied at the interface. From this
information, an estimate of the thermal contact resistanceof the in-
terface in permanent contact can be made. Fenech and Rosenhow,15

Fenech et al.,16 Fletcher and Gyorog,17 Cooper et al.,18 and Thomas
and Probert19 have conducted these studies. Marotta et al.20 exper-
imentally examined the usefulness of sintered copper coatings hot
pressed onto sintered ferrous valve inserts for enhancement of the
thermal contact conductance at the contact between the valve seat
insert and the block of an internal combustion engine.

To date, a comprehensive model to predict the heat transfer rate
across these junctions (periodic and permanent contacts) for an in-
ternal combustionengineeitherdoes not exist or is not readilyavail-
able due to its proprietary nature, that is, the prediction of dynamic

real contact area. Therefore, it is clear that, to improve ultimately
the engine’s performance and fuel ef� ciency, the heat transfer rate
across these junctions becomes of paramount importance. In addi-
tion, integrationof this thermal informationfor an onlineestimation,
that is, ECU-based calculations,of the in-cylindertemperatureswill
help to better regulate the cooling system for enhanced operating
temperatureswithout damage.

III. Engine Cylinder Thermal Model
A mathematicalmodel is presentedto describethe thermalbehav-

ior of the engine’s cylindercomponentsarisingfrom the combustion
process. A variety of researchers have proposed dynamic models,
including Shayler et al.,21 who derived and validated a lumped ca-
pacity engineblock and head model to study temperature,heat � ow,
and friction characteristicsduring warm up. Kaplan and Heywood22

alsodevelopeda detailedlumpedcapacitancecomputermodelusing
resistor–capacitor thermal networks to study the engine’s warm-up
process.Bohacet al.23 presenteda comprehensiveresistor–capacitor
(RC)mathematicalmodel to describethe theengineandexhaustsys-
tem, as well as physically estimate the gas-to-combustion thermal
resistances. Maloney and Olin24 developed pneumatic and thermal
state estimators for engine control; however, the thermalmodel only
considered four lumped capacitance, for example, intake manifold,
cylinderhead, engine block, and exhaust system. However, little at-
tention has been focusedon integratinga detailed descriptionof the
periodic contact resistance at the exhaust valves into a lumped ca-
pacitance thermal model to support online temperature estimation.
In other words, the transient and steady-state heat transfer in inter-
nal combustion spark ignition air-cooled engines will be modeled
to observe the temperature of cylinder components.

To describe the thermal behavior, a lumped parameter RC net-
work modeling strategy has been applied to the engine’s cylinder-
head assembly. One of the advantages of a lumped capacitance C ,
that is, single temperature for each node, and resistance R, that is,
conduction,convectionand radiation, formulation is the realization
of a nonlinear state-space representation.Table 1 lists the thermal
resistancesand capacitance (refer to Incropera and DeWitt25/. Note
that the thermal model’s effectivenessand accuracy is dependenton
the number of nodes, which help assure the Biot number criteria.

The thermal model has been developed for the air-cooled engine
cylindersystem shown in Fig. 3a. Bohac et al.23 had developedtheir
thermal network for a water-cooledengine.This diagram presents a
cross-sectionalview of the cylinder, displaying the piston, cylinder
wall, cylinderhead,valves, sparkplug,andoil reserve.The principal
engine components (e.g., cylinder wall, engine head, intake and
exhaust valves, piston, oil, surrounding air, and gases in the inlet,
exhaust, and undergoing combustion) have been selected as nodes
for the thermal model. The correspondinglumped capacitance,that
is, singletemperaturefor eachnode,and resistancenetworkhasbeen
constructed in Fig. 3b to describe the thermal paths in the engine.
The heat transfer between these nodes can be written as a set of
nonlinear differential equations.

The node designatedas Tcomb represents the combustiongas tem-
perature, and the governing equation becomes

Ccomb
dTcomb

dt
D ¡ 1

R6
.Tcomb ¡ Tiv/ ¡ 1

R7
.Tcomb ¡ THm/

¡ 1
R8

.Tcomb ¡ Tev/ ¡ 1
R18

.Tcomb ¡ Tex/ ¡ 1
R19

.Tcomb ¡ Tpist/

¡ 1
R21

.Tcomb ¡ Tc3/ ¡ 1
R22

.Tcomb ¡ Tc2/ C Qcomb (1)

where Q comb is the heat supplied to the cylinder by the combustion
and, in some descriptions, friction processes. This supplied energy
can be expressed either empirically (e.g., Taylor and Toong26/ or
analytically, respectively, as

Qcomb D 10:4¼Bkgas.Tcomb ¡ Toil/

³
Pmfuel.1 C AFR/

¼¹gas B

´0:75

(2a)
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Table 1 Summary of thermal resistances
and capacitance components

Thermal component Expression

Conduction resistance fL=Akg
Convection resistance f1=h As g

Radiation resistance

»
Ti ¡T j

As ¾ "Fi j

¡
T 4

i
¡T 4

j

¢
¼

Capacitance mcp

a) Nodal component diagram

b) RC network schematic

Fig. 3 Air-cooled engine.

Qcomb D K Pmfuel Q low (2b)

The variable air-to-fuel ratio (AFR), or ¸, is the air-to-fuel ratio of
the mixture entering the engine cylinder. The correction factor was
� rst incorporatedby Yoo et al.,27 which for this study was incorpo-
rated into the lumped model, and was methodologicallydetermined
to match the analytical lump model results to the experimentally
gathered data. Therefore, an expression for the correction factor K
may be written as

K D rpm=2000 C 1:65 (2c)

where 1.64 is the load-dependentfactor and 2000 correspondsto the
operating speed. In this analysis, Eq. (2b) will be pursued with the
assumption of stoichiometricconditions, that is, AFR D 14.7. Each
of the resistances, that is, R6¡8 , R18, R19, R21 , and R22 , describes the
modeof energy transferbetween the combustionnodeand thecorre-
sponding engine components. For instance, the resistor describing

the energy transfer between the combustion gases and the piston
is R19. This resistor represents two parallel resistances that corre-
spond to convectionand radiation heat transfer modes described by
Eq. (20d).

The inlet air–fuel mixture and the exhaust gases � owing in/out of
the engine nodes Tin and Tex may be expressed as

Cin
dTin

dt
D ¡ 1

R1
.Tin ¡ T1/ ¡ 1

R2
.Tin ¡ THin/ ¡ 1

R3
.Tin ¡ Tiv/ (3)

Cex
dTex

dt
D ¡ 1

R9
.Tex ¡ T1/ ¡ 1

R10
.Tex ¡ THex/

¡ 1
R11

.Tex ¡ Tev/ ¡ 1
R18

.Tex ¡ Tcomb/ (4)

The engine cylinderhead may be partitioned into three sections, for
example, inlet, middle, and exhaust sides, based on the incoming
gas � ow, combustion process, and exhaust gas � ow. The equations
for these nodes become

CHin
dTHin

dt
D ¡ 1

R2
.THin ¡ Tin/ ¡ 1

R4
.THin ¡ Tiv/

¡ 1
R5

.THin ¡ THm/ ¡ 1
R14

.THin ¡ T1/ (5)

CHm
dTHm

dt
D ¡ 1

R5
.THm ¡ THin/ ¡ 1

R7
.THm ¡ Tcomb/

¡ 1
R13

.THm ¡ THex/ ¡ 1
R15

.THm ¡ T1/ ¡ 1
R17

.THm ¡ Tc3/

(6)

CHex
dTHex

dt
D ¡ 1

R10
.THex ¡ Tex/ ¡ 1

R12
.THex ¡ Tev/

¡ 1
R13

.THex ¡ THm/ ¡ 1
R16

.THex ¡ T1/ (7)

The following two differential equations represent the energy
exchange that occurs at the intake and exhaust valve nodes:

Civ
dTiv

dt
D ¡ 1

R3
.Tiv ¡ Tin/ ¡ 1

R4
.Tiv ¡ THin/ ¡ 1

R6
.Tiv ¡ Tcomb/

(8)

Cev
dTev

dt
D ¡ 1

R8
.Tev ¡ Tcomb/ ¡ 1

R11
.Tev ¡ Tex/ ¡ 1

R12
.Tev ¡ THex/

(9)

The expressions that describe the exchange of energy for the piston
and lubricating oil are

Cpist
dTpist

dt
D ¡ 1

R19
.Tpist ¡ Tcomb/ ¡ 1

R20
.Tpist ¡ Toil/

¡
1

R23
.Tpist ¡ Tc2/ ¡

1
R24

.Tpist ¡ Tc1/ (10)

Coil
dToil

dt
D ¡

1
R20

.Toil ¡ Tpist/ ¡
1

R25
.Toil ¡ Tc1/ ¡

1
R31

.Toil ¡ T1/

(11)

Similar to the engine cylinderhead, the cylinderwall is also char-
acterized by three nodes, that is, Cc1 , Cc2 , and Cc3, that represent
the lower, middle, and upper portions of the cylinder side wall, re-
spectively. Again, the selection of these nodes corresponds to the
physical travel of the piston. For instance, node Cc1 is not exposed
to the combustion gases while it is exposed to the lubricating oil.
The differential equations may be written as
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Cc1
dTc1

dt
D ¡ 1

R24
.Tc1 ¡ Tpist/ ¡ 1

R25
.Tc1 ¡ Toil/

¡ 1
R27

.Tc1 ¡ Tc2/ ¡ 1
R30

.Tc1 ¡ T1/ (12)

Cc2
dTc2

dt
D ¡ 1

R22
.Tc2 ¡ Tcomb/ ¡ 1

R23
.Tc2 ¡ Tpist/

¡
1

R26
.Tc2 ¡ Tc3/ ¡

1
R27

.Tc2 ¡ Tc1/ ¡
1

R29
.Tc2 ¡ T1/ (13)

Cc3
dTc3

dt
D ¡ 1

R17
.Tc3 ¡ THm/ ¡ 1

R21
.Tc3 ¡ Tcomb/

¡ 1
R26

.Tc3 ¡ Tc2/ ¡ 1
R28

.Tc3 ¡ T1/ (14)

Finally, the effect of the engine components on the surrounding air
temperature becomes

C1
dT1

dt
D ¡ 1

R1
.T1 ¡ Tin/ ¡ 1

R9
.T1 ¡ Tex/ ¡ 1

R14
.T1 ¡ THin/

¡
1

R15
.T1 ¡ THm/ ¡

1
R16

.T1 ¡ THex/ ¡
1

R28
.T1 ¡ Tc3/

¡ 1
R29

.T1 ¡ Tc2/ ¡ 1
R30

.T1 ¡ Tc1/ ¡ 1
R31

.T1 ¡ Toil/ (15)

The resistive elements R1– R31 must now be consideredusing the
de� nitions of Table 1. The following eight resistances describe the
pure convection that occurs between the various engine nodes:

R1 D 1=C p1 PmA/F; R2 D 1=h in AHin; R3 D 1=h in Aivf

R9 D 1=C p comb PmA/F; R10 D 1=hex AHex; R11 D 1=hex Aevf

R25 D 1=hoil Ac1e; R31 D 1=hop Aoil (16)

Similarly, the thermal conduction resistance between the engine
nodes may be stated as

R5 D
L R5

khead AR5

; R13 D
L R13

khead AR13

; R17 D
Lgasket

kgasket Agasket

R26 D
L R26

kcyl AR26

; R27 D
L R27

kcyl AR27

(17)

To describe the contact resistance between two periodically con-
tacting surfaces, constant values have been used, in this instance,
the heat transfer between the valves and the valve seats, that is, R4

and R12, and the thermal � ow of energy from the hot combustion
gases to the exhaust node, that is, R18 . These resistive terms may be
expressed mathematically as

R4 D

"³
Lvs

Kvalve Avs
C

Lvg

Kvg Avg
C

Lhv

Khead Ahv

´¡1

C .Rcontact/
¡1

#¡1

(18a)

R12 D

"³
Lvs

Kvalve Avs
C

Lvg

Kvg Avg
C

Lhv

Khead Ahv

´¡1

C .Rcontact/
¡1

#¡1

(18b)

R18 D
³

1
PmC p

´
f .µ/ (18c)

The individual resistances between the piston and select cylinder
wall sections are

R23 D

(³
3
Rr

´¡1

C
µ

Tpist ¡ Tc2

Apistw¾ "pist

¡
T 4

pist ¡ T 4
c2

¢
¶¡1

)¡1

(19a)

R24 D

(³
3
Rr

´¡1

C
µ

Tpist ¡ Tc1

Apistw¾ "pist

¡
T 4

pist ¡ T 4
c1

¢
¶¡1

)¡1

(19b)

Note that these expressions are combinations of the radiation and
conductive resistance across the piston ring and oil � lm, respec-
tively.Last, the remaining13 resistancesare a summationof parallel
conductionand radiationthermalpaths that existwithin the engine:

R6 D

(³
1

hcomb Aiv

´¡1

C
µ
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¡
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(20c)
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Fig. 4 Heat source and valve motion indexed to the crank angle.
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The combustion gases convection coef� cient are calculated as
hcomb D 10:4.B¡1kgas/.Recomb/0:75 , where Recomb D Pmgas B=Ap¹gas

and Pmgas D Pm f C Pma .
The cyclicnatureof the internalcombustionengineprocessmeans

that the heatcreated is not constant throughoutthe720-degcrankan-
gle degreesof onecycle.Speci� cally, each sparkplug is periodically
� red once every two revolutionsof the crankshaft during its respec-
tive power portion of the cycle. For the hypothetical case shown
in Fig. 4, the combustion event occurs between 180 and 360 deg.
The intake and exhaust valve openings are also shown; they reg-
ulate the � ow of gases into/out of the cylinder. These three cyclic
events must be represented in the dynamic simulation to describe
fully the thermal behavior of the engine. If the engine is operating
at a speed of N D 2000 rpm, then this corresponds to a combustion
event between t D 0:015 and 0:030 s for a t D 0:06 s cycle.

The thermal differential equations (1–20) may be represented in
the state-space form of

Px D A.x; u; µ; Á/x C B.µ; Á/u (21a)

y D Cx (21b)

where x 2 R14 £ 1 , y 2 R14 £ 1 , u 2 R1 £ 1, and Á denotes model pa-
rameters. The state vector for the thermal model is x D [Tcomb;
Tin; THin; THm; THex; Tex; Tiv; Tev; Tpist; Tc1; Tc2; Tc3; Toil; T1]T , and
the output matrix C is the identity matrix.

IV. Experimental and Numerical Results
The target applicationis a four-strokeair-cooledinternalcombus-

tion spark ignition utility engine. These portable engines are used
worldwide for transportation, power generation, and � uid move-
ment systems. Recent hybrid electric vehicles, for example, parallel
con� gurationwith electricmotor and gasolineengine, have focused
on smaller displacementengines to augment the electricdrivemotor
to satisfy horsepowerrequirements(e.g., Smith and Franchek28). To

validate the mathematicalmodel’s estimationof componenttemper-
atures for a typical operatingcycle, representativeexperimentaland
numerical results will be presented and discussed.

The experimental activities have been conducted in the Automo-
tive Research Laboratory. A new overhead valve, 14.9-kW Briggs
and Stratton(Model351447)enginewas attachedto an International
Dynamometer Corp. (Model 500) power absorption dynamometer
and instrumentedwith a varietyof sensors.The cylinderhead, cylin-
der wall, and oil reservoir temperatureswere measured with T-type
“speciallimit of error”thermocouples(§0:5±C), and theexhaustgas
temperature was measured with K-type special limit of error ther-
mocouples(§1:0±C). The cylinderheadthermocouplewas mounted
on the rear side, that is, output shaft, of the cylinderbetweencooling
� ns 1 and 2 on the head along the bore’s centerline. The cylinder
wall thermocouple was placed on the same centerline in a recess
next to the sixth � n on the engine block. The exhaust thermocouple
was inserted into the exhaust stream at the beginning of an exhaust
manifold run, and the oil reservoir probe was attached to the dip
stick and inserted into the oil reservoir with the tip fully immersed
in the oil and not contacting the stick. These signals were logged
using an Omega thermocouple thermometer. Other engine instru-
mentation included a multipurpose data acquisition unit to provide
engine speed and dynamometer readings for the applied load. For
this engine, the maximum cylinder head, oil, and fuel temperatures
were factory rated at 277, 154, and 54.4±C, respectively.Data were
logged at an initial time interval of 30 s for the � rst 12 min and
then every 60 s as the engine approached steady-state operating
conditions.After 25 min, the engine was shut off, and temperatures
were logged for another 25 min during the cool-down period. For
this study, a series of six tests were conducted each at no-load and
load for speeds ranging 1600· N · 2600 rpm in 1N D 200 rpm
increments. The experimental results are presented in Fig. 5 for the
engine operating at 2000 rpm with 19.4 N ¢ m, that is, 27.3% of
full, load. As shown, the exhaust gases have the highest steady-state
temperature followed by the cylinder head, cylinder wall, and oil
reservoir.

A MATLAB®/SimulinkÔ simulation was created for the multi-
node thermalmodel.A Dormand–Prince integrationschemewas se-
lectedwith an integrationtime step of 1t D 0:001 s and a simulation
end time of t f D 50 min. The engine’s operating speed was selected
as N D 2000 rpm to allow computation of the crank shaft angle.
The initial conditions for the differential equations were selected at
the ambient temperature of 20.8±C. To conduct the numerical sim-
ulations, a number of system parameters had to be predetermined
such as the heat transfer coef� cient corresponding to the combus-
tion gases, for example, approximatevalue of 300 W/m2 ¢ K, engine
areas, for example, cylinder head, piston, cylinder wall, etc., and

Fig. 5 Experimental test results for an air-cooled engine operating
with load at 2000 rpm and ambient air temperature of 20.8±C.
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Table 2 Summary of thermal model parameters

Symbol Value Unit Symbol Value Unit

AFR 14.70 —— Cpist 1.3651e¡02 J/K
Ac1 2.8274e¡02 m2 C1 1.007e¡08 J/K
Ac2 2.8274e¡02 m2 cpcomb 1.918e¡03 J/kg ¢ K
Ac3 2.8274e¡02 m2 cp1 1.007e¡03 J/kg ¢ K
Ac1e 1.037e¡02 m2 hcomb 500.0 W/m2 ¢ K
Ac2e 2.367e¡02 m2 hcyl 110.44 W/m2 ¢ K
Ac3e 2.6360e¡02 m2 hex 3000 W/m2 ¢ K
Ac1o 3.9540e¡02 m2 hhf 107.72 W/m2 ¢ K
Aev 4.5239e¡04 m2 hin 200 W/m2 ¢ K
Aev-con 1.400e¡04 m2 hoil 240.0 W/m2 ¢ K
Aevf 6.7858e¡04 m2 hop 94.5 W/m2 ¢ K
Agasket 4.00e¡03 m2 htube 105.75 W/m2 ¢ K
Ahf 5.4300e¡02 m2 h1 50 W/m2 ¢ K
Ahv 1.3195e¡03 m2 K 0.9 ——
AHex 3.2987e¡03 m2 kcyl 180 W/m ¢ K
AHin 3.6128e¡03 m2 kgas 5.29e¡02 W/m ¢ K
AHm 3.0882e¡03 m2 kgasket 180 W/m ¢ K
Aiv 5.3093e¡04 m2 khead 180 W/m ¢ K
Aivf 7.9639e¡04 m2 kvalve 14.5 W/m ¢ K
Aoil 3.20e¡02 m2 kvg 14.5 W/m ¢ K
Apistc 4.0712e¡03 m2 Lgasket 1.50e¡03 m
Apisto 1.0179e¡02 m2 Lhv 5.00e¡03 m
Apistw 1.2441e¡02 m2 Lvg 2.00e¡03 m
AR5 7.00e¡03 m2 Lvs 1.00e¡02 m
AR13 7.00e¡03 m2 L R5 3.50e¡02 m
AR26 2.0106e¡03 m2 L R13 3.50e¡02 m
AR27 2.0106e¡03 m2 L R26 4.1667e¡02 m
Atube 1.8500e¡02 m2 L R27 4.1667e¡02 m
Avc 1.5600e¡02 m2 Pma 2.4667e¡02 kg/s
Avg 6.5973e¡04 m2 Pm f 1.6780e¡03 kg/s
Avs 3.8485e¡05 m2 PmA/F 2.6345e¡02 kg/s
Cc1 3.2324e¡02 J/K N 2.00e¡03 rpm
Cc2 3.2324e¡02 J/K Qcomb 6.6449e¡04 W
Ccomb 3.032 J/K Qlow 4.4e¡07 J/kg
Cc3 3.2324e¡02 J/K Rr 4.6672 K/W
Cev 1.3411e¡01 J/K t f 50 min
Cex 1.655 J/K 1t 1.00e¡03 s
CHex 4.5009e¡02 J/K ¹gas 3.274e¡05 m2 /s
CHin 4.5009e¡02 J/K ¾ 5.670e¡08 W/m2 ¢ K4

CHm 4.5009e¡02 J/K "cyl 0.64 ——
Cin 1.655 J/K "comb 0.10 ——
Civ 1.4496e¡01 J/K "head 0.60 ——
Coil 3.3348e¡03 J/K "piston 0.61 ——

various thermal conductivities including the periodic contact resis-
tance at the valve–valve seat interface. The thermal model parame-
ters are listed in Table 2. These values were analytically estimated
and validated through experimental testing with a 19.4 N ¢ m load.
Representativenumerical results are presented in Fig. 6 for periodic
combustion and intake/exhaust valve events. In Fig. 6, the cylinder
wall, cylinder head, valves, piston, oil, inlet, exhaust, and combus-
tion temperatures (±C) are displayed vs time (minutes). The AFR,
or Pmfuel, was adjusted in Eq. (2) to re� ect the dynamometer load ap-
plied to the engine.A limitationof this proposedmethodologyis the
required knowledge of the ECU-based fueling map and assumption
of stoichiometricoperating conditions.The numerical results agree
favorably with a 1.61% error for the middle cylinder head tempera-
ture THm , an error of 5.73% for the middle cylinderwall temperature
Tc2 , an error of 6.65% for the oil temperature Toil, and a 3.56% error
for the exhaust temperature, Tex. Overall, these numerical results
demonstrate the feasibilityof applyinga lumped-parameterRC net-
work strategy to estimate the in-cylinder temperatures. Attention
will now focus on calculating the periodic contact resistance across
the exhaust valve’s thermal junction.

V. Investigation of Periodic Contact Resistance
In many practical engineering problems, the heat transfer be-

tweenperiodicsurfacesoftenresultsin an imperfectthermalcontact.
Mechanicalcomponents in rotationaldevices,such as internal com-
bustion engines, have periodic heat transfer processes occurring
acrossnumerouscontactsurfaces.One fascinatingexample involves

Fig. 6 Predicted and experimental temperatures of an air-cooled en-
gine operating with load at 2000 rpm and ambient air temperature of
20.8±C.

the transfer of thermal energy across the beveled area of an exhaust
valve and the stainless steel seat insert located within some alu-
minum engine blocks. Substantial analytical and experimental in-
vestigationshave been conducted in the past to predict and measure
periodic thermal contact resistance. For instance, analytical com-
putations of the temperature distribution in periodically contacting
regions when the contact resistance was known has been exten-
sively studied.9;10;29 Finite difference equations were employed for
conditionsof perfect contact whereas the imperfect thermal contact
problem was solved with an integral transform technique.

The experimental efforts, involving periodically contacting sur-
faces, speci� cally focused on measuring a constant contact resis-
tance during the contact mode of a periodic contact/noncontact
operation.12;13;30 The experimental apparatus involved two one-
dimensional rods with each of the noncontacting ends held at a
closely controlled � xed temperature. The radial heat transfer com-
ponentwas negligiblebecauseinsulationwas placedaroundthe rods
so that the heat transfer was effectively one dimensional. The con-
tact resistancewas estimated from surface temperatureand heat � ux
values calculatedusing a linear, or quadratic,extrapolationmethod.
The goal of the present investigation was to determine the periodic
contact resistancebetween the exhaustvalveand cylinderhead from
experimentallygathered temperatures.Thermocoupleswere strate-
gically locatedonanair-cooledinternalcombustionenginesuchthat
the predicted component temperatures could be matched to the ex-
perimentally gathered data. This procedure allowed the determina-
tion of the nodal temperaturesbetween the exhaust valve and cylin-
der head that in turn allowed the computationof the thermal contact
resistance at the beveled valve-cylinderhead interface region.

The contact resistance between the valve and the cylinder head
was modeled for constant steady-stateconditions.The heat � owing
to the exhaust valve, Q in , can be expressed as

Q in D .1=R8/.Tcomb ¡ Tev/ (22)
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Heisler31 andYangetal.32 statethat, for steady-stateandclosedvalve
conditions,approximately76%of theheatin thevalvestem transfers
through the valve seat, that is, Q contact , whereas the remaining 24%
travels through the valve stem, that is, Qvg, or

Qout D Q contact C Qvg D 0:76Q in C 0:24Q in (23)

The 76/24% ratio split in heat transfer rate was taken from liquid-
cooled engine data with the assumptionsof solid valve stem, similar
valve–valve seat con� guration,andstandardproductionengine(two
cylinders). Except for the liquid-cooledengine condition,all others
were implementedintoourexperimentalinvestigation.Althoughthe
use of this ratio will introduce an error into our analysis, presently
very little information exists for air-cooled engines. However, the
error introduced should be small because the use of heat transfer
� ns, which are an integral part of the engine housing design, should
cause the paths to be similar to liquid-cooled engines. The detrac-
tors from Heisler’s investigation31 are the engine speed (3600 vs
2000 rpm) and AFR (13.5 vs 14.7) when compared to our study.
These parameters should not signi� cantly affect the outcome of our
results.

The heat transferred Q between two nodes of the lumped capac-
itance model was calculated as Q D R¡1.1T /, where 1T is the
temperature differential. Thus, the contact resistance for the valve,
Rcontact , may be initially expressed as

Rcontact D .1=Qcontact/.THex ¡Tev/ D .1=0:76Q in/.THex ¡Tev/ (24)

Finally,substitutingEq. (22) intoEq. (24)yields theperiodiccontact
resistance

Rcontact D
R8

0:76

.THex ¡ Tev/

.Tev ¡ Tcomb/
(25)

Note that the temperatures of the cylinder head, THex , exhaust
valve, Tev, and combustion gases, Tcomb, are each dependent on
time and the engine speed; however, for this investigation, steady-
state temperatures were employed for the calculation of peri-
odic contact resistance. In Fig. 7, the thermal contact resistance
is displayed for four different engine speeds, that is, N D 1500,
2000, 2400, and 3000 rpm, as a function of time. The numeri-
cally estimated resistance values begin at t D 0:40 s to account
for the small combustion temperature lag; before this time in-
stance, the values have been extrapolated. As expected, the con-
tact resistancemagnitudes decrease as the engine temperatures rise
based on the cylinder–head transient thermal response. Further-
more, the engine speed in� uences the contact resistance through
the exhaust valve opening/closing frequency and nodal tempera-
ture changes. The steady-state magnitudes for the periodic con-

Fig. 7 Numerically computed thermal contact resistance as a function
of time for four engine speeds.

tact resistance are in the range 1:75 · Rcontact · 1:85 (K/W) or
3:86 £ 103 · hcontact · 4:08 £ 103 .W/m2 ¢ K/.

For comparison purposes, Moses and Dodd33 studied peri-
odic contact across aluminum/stainless-steel surfaces at a contact
pressure of 85 kPa and mean temperature of 48.5±C. They re-
ported a quasi-steady-state thermal conductance value equal to
1:50 £ 103 .W/m2 ¢ K/. The difference between the present val-
ues and theirs may be primarily attributed to several application
speci� c factors. First, the mean interface temperature of the ex-
haust valve and cylinder head for this investigation was computed
to be 290±C. Thus, a larger convection coef� cient may be realized
due to the higher interface mean temperatures. Second, the applied
mean pressure due to cyclic in-cylinder gases34 and the exhaust
valve spring,actingat the valve’s contact interface,is approximately
3:25 £ 103 kPa. The larger applied loading provides an opportunity
for greater asperity deformation, thus greater contact area for heat
transfer.Next, the contact/separationinterval is a functionof engine
speed and ranges 0:04 · t · 0:08 s in contrast to the 15 · t · 120 s
interval of Moses and Dodd.33 Finally, a heat transfer rate of 76%
(24%) through the valve seat (stem) has been applied to compute
the contact resistance based on Heisler.31 However, these distribu-
tion values are certainly application dependent to some extent and
ultimately impact the computed periodic contact magnitudes.

The experimental study and analysis of valve-seat periodic con-
tact for an internalcombustionengine conductedby Couedel et al.14

gave an empirical relationship between frequency º and overall
mean contact resistance NRc as

NRc D 21:4=.1 C º=12:7/ (26)

If one applies their expression to conditions for this investiga-
tion, for example, 1500–3000 rpm, then the range of the computed
magnitude for the periodic contact resistance lies between 0.83 and
1.60 (K/W). The relative error for these computed values is 5.8%,
which is the stated error mentioned by the authors. If one considers
that the material set for the valve–valve seat contactmay notbe iden-
tical to the experimental engine employed presently, the agreement
is quite good.

The completion of an uncertainty analysis for this study embod-
ied the identi� cation and quanti� cation of errors. In this case, one
error source was considered the most decisive, that is, simulation
errors associated with the mathematical model, to gaining insight
into the uncertainty associated with the periodic contact resistance
calculations. The mathematical model requires a database of over
80 parameters ranging from engine nodal areas to convection heat
transfer coef� cients to gasket thickness, as listed in Table 2. The
basis for these parameters was either laboratory measurements or
published technical information. It has been dif� cult to quantify
the uncertaintyof each individual parameter; therefore,a concerted
emphasis was placed on the highest source of computationaluncer-
tainty, that is, the convective coef� cients employed for the model
predictions. These parameters consisted of the exhaust gases hex,
incoming fuel mixture hin , piston to oil hoil, ambient air and oil pan
hop , and ambient air through head tubes h tube.

The simulation model, described by Eqs. (1–20), was validated
using engine test data (Fig. 5). As reported, the percent difference
between the model estimated and experimentallymeasured temper-
atures ranged from 1.61 to 6.65% at the four temperature locations.
The periodic contact resistance was calculated using Eqs. (22–25),
which depends on the estimated temperatures,model database, and
the heat transfer paths for the exhaust valve at the valve seat and
valve stem. Therefore, a realistic estimate of the periodic contact
resistanceuncertaintywas computed with respect to the simulation
propagation errors using the rss method:

wpcr D §
q

e2
R8

C e2
THex

C e2
Tev

C e2
Tcomb

(27)

In other words, the elemental errors were computed using an rss
method with an underlying assumption that the errors encountered
tend to follow a Gaussian distribution. Therefore, the rss estimate
of all contributing errors provides a probable measure of the error
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of the periodic contact resistance.The uncertaintyof type T special
limit of error thermocouples used to measure the head exhaust sec-
tion THex and estimate the exhaust valve Tev temperatures is 0.4%.
The uncertainty with respect to the use of type K special limit of
error, which was employed to measure the combustion temperature
Tcomb via the exhaustmanifold stream is also 0.4%. The uncertainty
associated with R8 is similar to the uncertainty for the periodic
contact resistance; however, a few additional parameters must be
included, such as the uncertainty in the surface area of contact Aev

and emissivity "comb , which are equal to 4 and 10%, respectively.
The rss method may also be employed to R8:

wR8 D §
q

e2
hcomb

C e2
Aev

C e2
Tev

C e2
Tcomb

C e2
"comb

(28)

With theseparameters in mind, the uncertaintyin R8 was determined
to be 22.7% . The uncertainty in the periodic contact resistancewas
computed as 23%. Although this may seem a bit high, the largest
contributorto the uncertaintylies in the convectivecoef� cienthcomb,
which has been estimated to be roughly 20% (Ref. 26).

VI. Conclusions
In this paper, the thermalbehaviorof enginecylindercomponents

hasbeeninvestigated.To estimate the temperatureof exhaustvalves,
a 14 node nonlinear thermal model was derived using both analyt-
ical and empirical relationships. The 14 nodes include the engine
head, cylinderwall, intake and exhaust valves,piston,oil, surround-
ing air, and gases in the inlet, exhaust, and undergoing combustion.
Representative experimental and numerical results were presented
and discussed to demonstrate the validity of the lumped parameter
resistance–capacitance network modeling technique. A literature
survey of thermal periodic contact was presented with extension to
exhaust valves in internal combustionengines.The periodic contact
resistancebetween the exhaust valve and cylinderhead was investi-
gated for various engine operating conditions. This thermal model
will be the cornerstone of air and coolant � ow regulation strategies
in spark ignition and compression engines to enhance the thermal
management system’s functionality.
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