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This article examines the main factors that determine the thermal performance of a spark plug in the
temperature range from 300 to 2500 Kelvin. The optimal value of the temperature of the heat cone was
determined. A technique and algorithms for the numerical simulation of the thermal state of a spark plug
are presented. These made it possible to calculate the dependence of the thermal conductivity coefficient
of ceramic elements of a plug and the specific heat capacity of ceramic insulator on temperature. The
calculation of the working cycle in the engine cylinder was carried out. The calculation of the temperature
distribution of heat fluxes in the elements of the spark plug design was performed.

The assessment of the thermal characteristics of the spark plug is carried out by the method of numerical
modeling of the operating cycle of an internal combustion engine. The calculation of the instantaneous
temperature distribution in the body of the spark plug and on its surface is carried out. Calculations of the
intensity of heat fluxes between the spark plugs and adjacent parts of the working fluid were carried out.
The modeling of the operating cycle for various operating modes of the engine was made. The temperature
fields of the spark plugs were determined. An array of initial data for calculating the temperature fields
of the spark plug was formed. Dependences of the temperature of the working fluid in the vicinity of the
spark plug on the angle of rotation of the crankshaft are determined. The harmonic components of the
heat transfer coefficients between the working fluid and the cylinder fire guard (Voshni coefficient) are
considered. The harmonic components of the heat flux density are considered. Calculations of the heat
field of the spark plug are carried out for various operating modes of the engine, using the finite element
method. The calculation of the temperature field of the spark plug by the finite element method was
carried out using ANSYS, SolidWorks, Inventor, etc.
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Introduction

Heat flow power emitted by elements of its
design, such as the thermal cone of an insulator
and the central and side electrodes, to the adjacent
layer of the fuel—air mixture in the combustion
chamber of a gasoline engine at the compression
stroke primarily determines the thermal
characteristic of a spark plug (SP) [1]. Insufficient
flow power results in the formation of carbon
deposits. If its power is higher than a certain
critical value, then the pre-flame reactions
are sharply accelerated in the heated volume
of the mixture, and spontaneous combustion
occurs, which generates a self-propagating flame,
that is, potash ignition (PI) [2].
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Study aim

This article aims to investigate the main factors
that determine the thermal characteristics of a SP
at 300 Kelvin to 2500 Kelvin.

Main part

The minimum volume (AVf) of the flame
“germ” depends on the air—fuel mixture
composition and gas-dynamic  conditions

in the cylinder. AVf can be calculated using
the method proposed by B. Lewis and G. von
Elbe [3].

1 is the time required to heat this volume
to the temperature (7)) at which pre-flame
reactions are generated, which is calculated
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on the basis of the conditions of heat transfer
of the heated structural elements of the SP
of the air—fuel mixture in the cylinder, and pq
is the pressure in the cylinder at 1 [4]. Then,
the moment @) of PI occurrence, counted from
the moment of closing the intake valve, can be
calculated using the following equation:

ONYHT 3800
bign = A, +19.75(Wj D, " exp -

q
(1)9
where ON is the gasoline octane number.

The occurrence of PI in a gasoline-engine
cylinder is calculated on the basis of the evident
inequality Lot

180-¢, -6 N

t, 2),
n ign ( )

where ¢_ is the angle of the intake valve closing
lag, indicating the degrees of the crankshaft
rotation (CR); 9 is the ignition advance angle, and
n is the engine CR speed, min™.

Inequality (2) implies that spontaneous
combustion of the fuel-air mixture (PI) occurs
before the moment of spark formation.

A numerical simulation of the working cycle
of the internal combustion engine (ICE) is
required to evaluate the thermal characteristic
of the SP, accompanied by the -calculation
of the instantancous distribution of temperatures
Tx),z) in the SP body and on its surface
and the intensity of heat fluxes between the SP
and adjacent parts of the working body.

Full execution of this program requires
significant resources even for modern computing
aids. Therefore, for effective modeling of thermal
processes, the problem formulation should be
simplified.

Thus, we assume that the SP thermal
characteristics for the steady-state loaded
operating mode of the ICE must be evaluated, and
the solution of the numerical simulation problem
must be divided into two stages. At stage 1,
the working cycle in the engine cylinder is
calculated, and at stage 2, the temperature
distribution and heat flows in SP structural
elements are calculated.

In addition, the numerical simulation of
the ICE working cycle can be performed
because the temperature of the elements of
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the cylinder fire protection enclosure (cylinder
head, piston fire surface, and cylinder lateral
surface) do not depend on the CR angle, whereas
the temperature of the working fluid changes
by an order of magnitude from 7 ~300 K
to T ~3000 K.

Therefore, heat propagation is expressed as

follows:

pc% =div(AgradT) 3),
where p is the substance density, kg/m3; ¢ is
the heat capacity, and A is the coefficient of thermal
conductivity, W/m K.

Thermophysical parameters p, ¢, and A of metal
structural elements are almost independent
of temperature T [5]. Therefore, for the elements
of the fire protection enclosure of the cylinder,
Eq. (3) turns into a linear equation:

oT (o°T o&*T o*T
—( J @),

—= + +
o \ax* o o6z°

where x= A /(pc,) is the thermal diffusivity.

Based on the ICE theory, heat exchange
at the boundary between the working fluid
and the fire surface of the cylinder occurs
in accordance with Newton’s law [6]:

oT,
l “ = aW (TUJ - TCO) (5)9

on
where T is the surface temperature; T,
is the temperature of the working fluid

in the cylinder; 0/0n is the derivative along
the normal to the surface, and o, is the coefficient
of heat transfer (thermal emissivity) between
the working fluid and fire protection enclosure
of the cylinder.

The coefficient o is calculated in accordance
with the equation proposed by Professor Voshni:

aw _0.12793- 1073 Dcfo.z Tw70.53p0.8W0.8 (6),

where D_is the cylinder diameter, and p is
the pressure measured in bar. The W component

in Eq. (6) represents a complex function
of the engine geometrical and operating
parameters.

In the steady state, the working cycle duration
is ¢ = const. Therefore, o and the product o T
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are periodic functions of time, which can be
represented as Fourier series:

ay(t)=aw +

+Z?co:_oo [a,. j soc(kat)+a, j sin(kot)] N,

qw () =ayln =qw +

. 8),
+Zfz_oo[qc’ksoc(ka)t)+qc’k51n(ka7t)] ®

where ® = 2w/t is the angular frequency of the
working cycle.

For simplicity, neglecting the surface
curvature, Eqs. (4) and (5) can be rewritten as
follows:

or azrm
_0_x 9),
ot 8x2 ( )
or
A==, (OT, (L0) =g, () (10)

Let L be the conditional wall thickness, and
on the surface x = L, heat exchange occurs with
the cooling system, which has a temperature 7.
Therefore, the following equation is valid:

oT
o _ B _
A—=1 =, T, (,L)=T,), a, =const

ox
10).
The linearity of Eq. (9) and boundary
conditions under Egs. (10) and (11) enables

to write the solution to problem under Egs. (9) (11)
as follows:

T(x,0) = T(x)+ T(x,0) + T(x,0) 12)
where T(x) is the time-independent (constant)
T (x,t) is the
component, and T (x,t) is the forced pulsating
component.

The function T (x) is the solution to the problem:

component; free pulsating

d’T(x) 0
dx’ N
20 G TO)-q, | (3)
2 e, @) -T,
X
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This solution is expressed as follows:

;(x) =

MawT,, +o Ty )+Loywoy I —xowo (T, —17 )

Mo, +oy )+Loywo (14)

Given that T > T,, it is a decreasing linear
function of the x coordinate, that is, the distance
from the cylinder fire surface.

The pulsating components T(x,t) and T(x,1)
have the form of Fourier series:
T(.X,t) =
[Tc,n(x) cos(nat) + Ty (x) sin(nwt)]
(15),

=y®

n=1

T(x,0) =

_ zle[fc,n(x)cos(nmt) + 'i“c,n(x)sin(nwt)}
1e),

which no longer contain permanent terms.
By separating the variables to determine
the coefficients of series under Eq. (15), we obtain
the following system of equations:

7'7v ( ) ﬂ, dzf; n(x)
c,hol, , (x)=A————
p v c,n dx2
dr,,(x) . -
A ; |x:O: ach,n (0) + ac,nT(O)
dji‘ n(x) ad
—A ; |x:L =ap Tc,n @)
dx
8 d’T, ,(x)
—pe, naf,, (x) = A2 (7)
’ dx
arf,,(x)  _ - _
A—= lieo=a, T ,(0) +, ,T(0)
dr,,, (x) ;
—A— l=r= 0, T, (L)
n=12,3,...
Using symbolic mathematics software

packages such as Wolfram Mathematica or
Maple, an analytical solution to the system
of equations (17) can be obtained. Without writing
out the solution because of its cumbersomeness,
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we present the main result of analysis.

The functions T X and T _(x) decrease
exponentially in the direction from the fire
protection enclosure of the cylinder because they
are proportional to the following equation:

A(x)=exp (—x —W,J (18).

2\

The Fourier coefficients of expansion under
Eq. (16) satisfy the system of equations:

f ( ) }\ldzfcn(x)
[0 X)=A————
p v c,n dx2
dT. (x)
A—=0 ) =—q.
dx |x—0 qc,n
dT. (x
_;LL()LC:L:()
7 dz]:i n(x)
-pc,hol,  (X)=A—F— (19).
’ dx
dT. (x)
A—2 2 =—q.
dx |x70 qc,n
dT. (x
I
dx
n=123,...

The solution of the system of equations (19),
performed by using Wolfram Mathematica
package of symbolic mathematics, also exhibits
an exponential decrease based on the law
described by Eq. (18).

The abovementioned analysis shows that
when heat propagates in the elements of the fire
protection enclosure of the cylinder (cylinder
head, piston, and cylinder liner), a thermal
“skin effect” is observed, and temperature
pulsations are practically concentrated in a thin
layer of the protection enclosure material [7].
Based on the work data, the penetration
depth of temperature pulsations is 0.5 mm
for aluminum elements of the cylinder structure,
0.3 mm for steel elements of the structure,
and 0.15 mm for ceramic SP parts. Therefore,
when calculating thermal processes in the ICE
combustion chamber, with sufficient accuracy
for practice, the temperature of the surfaces
of the cylinder fire protection enclosure at steady-
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state operation mode of the ICE does not depend
on the rotation angle of the crankshaft, that is, it
is taken constant. However, the calculation of this
temperature requires the solution of the thermal
conductivity equations (3) or (4) the pulsations
of the working fluid temperature in the ICE
cylinder and operating modes of the cooling
system.

In contrast to the calculation of the temperature
field of metal elements, the ICE cylinder is also
designed, where the thermophysical parameters
of the material can be considered constant.
When calculating the temperature field of a SP,
the dependence of the heat capacity and thermal
conductivity coefficient of its ceramic parts
on temperature 7 can be observed [8]. Thus,
the dependence of the thermal conductivity
and specific heat capacity of corundum
ceramics on temperature is  presented
as follows:

1.063-10*

MT) = +0.420-8.08-10°T +

(20),
+4.35-107°7?

5
C(T) = 0.34; 10

+1.123+0.126-10°T (21).

Figures 1 and 2 present the graphs of these
functions.

A characteristic aspect of the y(7) function
is the minimum at a temperature of 7~1500 K.
The presence of this minimum ensures
the temperature stability of the heat cone
of the SP with fluctuations in the working fluid
temperature 7.

Further discussion of the properties of the SP
temperature field will be discussed below. Thus,
mathematical modeling of the ICE working cycle
should be performed.

When developing an algorithm for the
numerical simulation of thermal processes
in an ICE cylinder, attention should be paid
to two of these processes, namely, compression
and combustion expansion (Fig. 2), which are
characterized by the highest rates of change
in temperature, pressure, and thermophysical
parameters of the working fluid [9]. Experience
indicates that gas exchange processes have little
effect on the thermal characteristics of the SP,
and they can be neglected when simulating
the temperature field of the SP [10].
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Fig. 1. Dependence of the thermal conductivity
of the insulator ceramic k on the temperature T

Compression is based on the energy balance
equation in the ICE cylinder, which is written as
follows:

Macvuﬂ_Fp ad +iaw2?:1E(7;_Twi):O
de’ ~ do® 6n ’
(22),

where ¢°, deg., is the rotation angle of the
crankshaft; the index “u” (“unburned”) refers
to the unburned mixture; 7 = T(9°), K,
is the instantaneous temperature value
of the unburned (fresh) fuel-air mixture; p = p(9°),
MPa, is the instantaneous value of pressure
in the cylinder; V= M), m?, is the instantaneous
value of the cylinder volume; n, min!, is the CR
frequency; M , kmol, is the amount of the working
fluid in the cylinder; C, = C,, (T), kJ/(kmol x K),
is the heat capacity of the working fluid at constant
volume; T ., K, is the average temperature
of the i-th section of the cylinder fire protection
enclosure (block head, cylinder liner, and piston
fire surface); F, m?, is the area of the i-th section
of the cylinder fire protection enclosure.

The instantancous values of the cylinder
volume and area of its parts are considered as
given functions ¢°, and the heat capacity C,
is a given function of temperature, M = const.
The dependence of the heat transfer coefficient
a, on the process parameters is described using
Eq. (6). Thus, Eq. (22) comprises two unknown
functions, namely, p and 7. The differential form
of the Clapeyron—Mendeleev equation of state is
used to complete the definition of the problem:

dT 1 [V dp av

u + p
do° do°

= 23),
dp® M,R, j 23)

where R, is the universal gas constant.
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Fig. 2. Dependence of the specific heat capacity
of the insulator ceramic C on temperature T

The simplest model of combustion (Fig. 3)
in gasoline engines divides the working fluid
division into three zones:

e the zone of the unburned part of the charge
containing M, kilomoles of a mixture,
consisting of air, residual gases, and fuel vapors;
occupying volume ¥ ; and containing T';

e the area of the burned part of the charge
containing M, kilomoles of combustion
products and 7, and occupying volume V,;

« the zone of the flame front, characterized
by the adiabatic combustion temperature 7,
and volume Af as the depth of the flame zone
and Sf as its area.

The instantaneous value of gas mixture
pressure p(¢°) in all zones is equal.

If the x-th part of the charge has burned out by a
certain moment of time 7, then M is determined
using the following equation:

M,=(1-x)M,R,T

a tutu

24).

FUT i [

Fig. 3. Diagram of the combustion process
in a gasoline internal combustion engine: V, — area
of combustion products; Vu — area of fresh mixture;
AV, — burning out globule of the fresh mixture
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The equation of state of the gas mixture,
which forms the unburned part of the charge,
is expressed as follows:

pV,=0-x)M, R T, (25).
Performing logarithmic differentiation with

regard to the rotation angle (¢°) of the crankshaft,
this equation can be presented as follows:

p_l dp I/u ldV 7_1,4 1 dT (1 )_1 dx
do’ do’
(26).
Similarly, the number of kilomoles M,

of combustion products is determined using
the following ratio:

xMp =xpoM 27),
where i is the coefficient of molecular change in
the working fluid during combustion.

The equation of the gas mixture state
in the zone of the burned part of the charge is
presented as follows:

The differential form of this equation is as
follows:

~1dp  dVy, 19 _
0 t—0 o'b
do” do d¢? 29)
1 g 197 1M

do® do? b do®

In the presence of residual gases in the
unburned mixture, the coefficient of the molecular
change of the working fluid during combustion
can be written as follows:

M,
HO :M—a:
0,21(1—(1)L0+gi{ /[4=1/m. +v, ifo<l
(oL, 1 (147,)
mg
- aLO+%
1 Y ifax1
(oL, +—)A+7,)
mp
(30),

where m,, is the molar mass of the fuel, kmol.
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Eq. (30) uses the notations of L, as the
amount of air required for complete combustion
of 1 kg of liquid fuel, kmol/kg; a as the excess air
coefficient; g,, as the amount of hydrogen in 1 kg
of fuel; m,, as the molar mass of the fuel; and y as
the coefficient of residual gases.

For gasoline of standard composition,
g, = 0.145 kg, m, = 114 kg/kmol, and the balance
equation of gasoline is C8HS.

During combustion, when turning the
crankshaft through an angle d¢° the number of
kilomoles of aerated concrete mixture in the zone
of the unburned part of the charge changes by
value d[(1-x(¢°)M_ ]=—M dx(¢°), thereby changing
the enthalpy of this zone by —M H (T )dx(¢°).
Therefore, the power balance equation in this
zone is as follows:

dx d
H,(T)M,——=—+[M,1-x)U (T)]+
do” do
av, do,, ’
p + = =0
do’ do°
where 8Q_  is the elementary amount of heat lost

(received) by the zone from the fire protection
enclosure of the cylinder.

After performing some elementary
calculations, we obtain the following differential
equations:

ML= X NC, (TG ) T
¢
RIS T o) T,
de
0T,

do’

An elementary portion M dx(¢°) of the unburned
mixture, which have entered the flame zone,
burns adiabatically, turning into M, dx(¢°)
kilomoles of combustion products. Its combustion
time (6t) satisfies the condition 6t<<(6n)! do%
therefore, combustion can be considered as
instantaneous. The adiabatic flame temperature

(T /f;d) can be determined from the enthalpy

balance condition by wusing the following
equation:
dr, dT,"
C, (T)—~ T,"HY—L—=0 (32).
()doﬂopb( )dcp” (32
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The power balance equation in the zone
of combustion products is written as follows:

ad

AR
do’ do’
(33).

=io[be(<p°)Ub(7;,)]+
de

In classical combustion schemes for a gasoline—
air mixture, when a stoichiometric mixture
burns, only H,O and CO, molecules are obtained
(namely, complete combustion). Moreover, during
the combustion of nonstoichiometric fuel-air
mixtures, the coefficient of molecular change
does not depend on time (i.e., angle ¢°) but rather
on the excess air coefficient o. In this case, after
the necessary transformations, Eq. (33) can be
rewritten as follows:

beva(Tb)ﬁ+ 4,
s d(po d(po (34)
ad dx 6Wwb .
M,[U,(T,)-H,(Ty")]——+——==0
d o d(p()
In solving the abovementioned system

of equations, the equation of the burnout
of the air—fuel mixture proposed by prof. Vibe is
used, which is written as follows:

dx —6908m:1£(p jg j 1-x) (35),
do’ 0’z 0’z

where ¢ ° is the duration of combustion, measured
in degrees of CR; 9° is the ignition advance angle,
CR degrees, and m is the combustion indicator.

§Qw,u _ §Qw,b

o o

de @
the zones of the working fluid and elements

of the fire protection enclosure of the cylinder is
described using the following equations:

The heat transfer between

90,
0 o & Z iu(n_th’) (36)5
d > El
60,
—L=a, YL F,(T,-T,) 37
do
In these -equations, the heat transfer

coefficient o,
equation (6),

is calculated using the Voshni
and the function F, (¢°) and
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F,,(@°) denotes the areas of the i-th element
of the cylinder fire protection enclosure, washed
by the fresh mixture and combustion products,
respectively.

Research results
and their discussion
Based on the results of numerical modeling
of the operating cycle of the considered ICE,
the following values are calculated:
1) average indicator pressure of the cycle p;
2) approximation using a  trigonometric
polynomial of degree XV, that is, the working
fluid temperature in the vicinity of the SP:

T (¢°)=To+ Z,],V:I[an cos(n(p” ) +b, sin(n(p")]
(38);

3) approximation of the heat flux wusing
a trigonometric polynomial of degree N:

q,(9”°) =q,, + X [cncos(ne®) + dnsin(np®)] (39).

The coefficients of Eqs. (38) and (39)
are written in the form of tables suitable
for subsequent use in programs for the numerical
simulation of the SP field.

Conclusion

This study investigates the main factors
determining the thermal characteristics of the SP
and describes the methodology and algorithms
for the numerical simulation of the thermal state
ofthe SP. Numerical simulation of the ICE working
cycle has been performed. The article substantiates
the need to study the thermal diffusivity of the SP
ceramic elements to obtain information on
the properties of the temperature field of the SP
for analysis and calculation. The advantages
and disadvantages of the proposed algorithm
for calculating the thermal characteristics of a SP
are presented, and safe and optimal operating
modes of SPs have been developed.
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METOANKA ONMPERENEHUS TEMNEPATYPHbIX MOJIEN CBEYU SAKUTAHUA

K.T.H. Axymb A.P., k.T.H. ManeeB P.A., k.¢-m.H. 3yeB C.M., LLimatkos [0.M., Pa6bix E.A.
MockoBckuii nonutexHuyeckuin yuusepcutet, Mocksa, Poccus
eope@mospolytech.ru

B naHHOVi cTatbe nccienoBaHbl OCHOBHbIE (akTopbl, ONpPEeaEessoLmnNe TEMIOBYIO XapakTeEPUCTUKY CBEYN
3axuvraHus B gnanasoHe temnepatyp ot 300 ao 2500 rpaaycos KenbBuHa. OnpeneneHo onTumasabHOe
3HayeHve TemnepaTtypbl TErJI0OBOro KoHyca. [llpeactaBneHa MeToavka v aarOpUTMbl YUCIAEHHOrO
MOoenIMpPoBaHvs TEMNJI0BOr0 COCTOSIHUSI CBEYY 3aXUraHuvsl, KOTOPble M03BOJIA/IN BbIMOJIHUTL PacyeThbl
3aBUCUMOCTU KO3 PUUMEHTA TErnI0rnpPoOBOAHOCTY KEPaMUYECKUX OSJIEMEHTOB CBEYU U yAEsSIbHOU
TEMNJI0EMKOCT KepaMunKku U3o0saTopa oT Temrepartypsl. [lpoBeneH pacyeT paboyero uvkna B UWIMHAPEe
Asuvratens. BbinonHeH pacyeT pacnpeneneHvss Temrnepatypbl TErsoBbiX [OTOKOB B 3JIEMEHTax
KOHCTPYKLIMM CBEYU 3aXUraHusl.

lpoBeaeHa oLeHka TenI0BOM XapakTEPUCTUKN CBEYN 3aXNTraHUsi METOAOM YXCAE€HHOrO MOLAEINPOBAaHUS
paboyero uuvkaa ABUratenss BHYTPEHHEro cropanvis. poBeneH pacyeT MrHOBEHHOIO PacripenesieHus
TeMrneparyp B Tesle CBEYU 3aXUraHusi U Ha ee MoBepxHoCTu. [lpoBeneHbl pacyeTbli MHTEHCUBHOCTU
TErNJI0BbIX [IOTOKOB MEXAY CBEYel 3aXUraHusl n npuieranLumx K Her yacteii pabovero Tena.
lpoBeneHo moaenvpoBaHne pabo4yero LUnKa Anis PasandHbIX PEXUMOB paboTsl asuratens. OnpeneneHbl
TeMrneparypHble oJss cBe4veri 3axuvraHusa. CHopmMupoBaH MacCuB WMCXOAHbIX AAaHHbLIX [/ pacyera
TEMepaTypHbIX rosiei ceeun 3axuraHvs. OnpeneneHbl 3aBUCUMOCTY TeMIepaTtypbl paboyero tena
B OKDECTHOCTSIX CBEYM 3aXUraHusl OT yrsa rnoBopoTa KOJeH4aToro Basaa. PaccMoTpeHbl rapMoHnyYeckme
cocTaB/isioLme KO3pOUUMEHTOB Terionepegaqyn mexay pabo4yum TesiOM U OrHEeBbIM OrpaxpeHnem
unanHAapa (KkoagdpuumeHT BowHy). PaccMOTPEHbI rapMOHUYECKNE COCTaBSIIOLLME M/IOTHOCTU TEM/I0BOro
notoka. lpoBeaeHbl pacyeTbl TErnJ0BOro roJis CBeYU /1 Pas/InNgHbIX PEexumMoB paboTs aBuratess
C MCroJIb30BaHVEM MeTOAa KOHEYHbIX 3JIEMEHTOB. PacyeT TemrnepatypHOro roJis CBeYs MEeTOAOM
KOHEYHbIX 3/IEMEHTOB MPOU3BOANIICS C MCNosib30BaHnem riporpamm ANSYS, Solid Works, Inventor v ap.

KnioyeBbie csioBa: 4/C/IEHHOE MOAENMPOBaHNE, CBEYa 3aXWUraHus, TErJioBOE COCTOSIHWE, TErJioBble
XapakTepucTuKy, TeEMePaTypHOE rioJie.
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