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A radiation heat transfer analysis has been formulated for the space inside an internal 
combustion engine cylinder using the principles of the Hottel zone and transformational 
zone methods. The space analyzed has a variable length resulting from the piston 
movement. The analysis presented here is for radiation in piston-cylinder systems of known 
temperatures of radiation gas, and internal surfaces of cylinder, head, and piston. Radiative 
emissions of the radiation gas in the shape of rings were determined on the basis of 
Stasiek's principle of surface transformation. The results obtained demonstrate the present 
approach satisfactorily, both qualitatively and quantitatively. Moreover, the division of the 
analyzed volume into infinitely small elements along the axial direction has significantly 
simplified the calculations in comparison with the conventionally employed classical Hottel 
zone method. 
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I n t r o d u c t i o n  

The prediction of the thermal performance of fossil-fueled 
energy units, such as furnaces and combustion chambers, is 
dependent on an accurate calculation of radiant exchange 
between the combustion products, walls, and head within the 
heating or cooling chamber. It often involves the analysis of 
convective and radiative transfer in a cylindrical system. This 
may be based on solutions of the governing integrodifferential 
equations, which use exponential wide-band models, 4'~ flux 
methods, 7 two-flux spherical harmonics methods, 14 or zone 
methods. 1°'x1'17-2° The zone method has a wide range of 
application to energy generation systems, exhibits an ability to 
predict real gas behavior in multidimensional systems, and has 
been successfully employed to examine temperature distributions 
and heat transfer rates in furnaces and circular enclosures. 1°'17.19.20 
It has been applied in the present study. 

This paper reports an analysis of the radiation heat transfer 
inside a combustion engine cylinder of a variable length 
resulting from the piston movement. With respect to an 
arbitrary location of the piston, the volume under consideration 
is divided radially into a finite number of rings but axially into 
infinitely small elements. The rings of axial thickness dX 
obtained in this way are characterized by appropriate radiative 
properties that can vary depending on the successive positions 
of the piston. 

The current analysis deals with radiation heat transfer in a 
combustion engine cylinder of a known initial temperature field 
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of the radiation gas and the internal surfaces of cylinder, head, 
and piston. The emissions of the radiation gas volumes in the 
shape of rings were determined on the basis of Stasiek's 21-23 
principle of surface transformation. The division of the volume 
under consideration into infinitely small axial elements of 
surface and volume leads to a differential equation describing 
in a continuous way the heat flux on the cylinder wall (liner). 
Calculation of the heat fluxes was possible from the 
experimental data and was carried out for various piston 
positions and emissions of cylinder walls and the radiation gas. 

The proposed method makes it possible to determine the 
maximum heat fluxes on the walls in a pseudodynamic manner, 
i.e., the assumption of instantaneous thermodynamic equi- 
librium is made. This is consistent with the quasi-steady 
thermodynamic-based models discussed by Heywood and 
Cohen s and Wisniewski. 25 The calculated results presented 
justify both quantitatively and qualitatively the theoretical 
approach and, moreover, the division of the volume analyzed 
into infinitely small axial elements has significantly simplified 
the calculations in comparison with the classical Hottel zone 
method. Although the analysis presented is for pure radiation, 
it would be a straightforward development to include 
convection effects, which can be accommodated in a fairly 
comprehensive manner. 

T h e o r e t i c a l  ana lys is  

The system to be analyzed is shown schematically in Figure 1. 
An optically active medium (i.e., radiation gas) at a specified 
temperature profile flows into the tube under steady-state 
conditions. The cylinder wall is cooled on the outside with a 
nonuniform heat flux qR(X). The outer surfaces of the 
piston-cylinder system (head and piston) are perfectly insulated 
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Figure I Schematic diagram of piston-cylinder system 

E 

and black (ei = e, = 1 ), and each of them has a temperature 
profile: Tu(r  ) for head and Ti,e(r) for piston. The inner surface 
of the liner is diffuse-gray of emissivity e. The radiation gas 
absorbs and emits thermal radiation with temperature and 
pressure (i.e., path length) dependent radiative properties 
described by the weighted sum of a gray gases model 4's'ls and 
soot flame radiation, s'~s Axial and radial conduction within 
the gas and duct wall are assumed to be negligible. It is also 
assumed that the Planck mean volume absorption coefficient 
:t is constant for each position of the piston given by L = L (X) 
and the optical thickness x(S)<< 1. The nonisothermal gray 
gas is divided along the axis into elementary (infinitely small) 

sections each of length dX. Each of these sections is divided 
into (in this case) five coaxial cylindrical rings in such a way 
that the radius of the innermost cylinder shell and the distance 
between one cylinder shell and the next are equal and constant 
with value B. The apparent emissivity of the radiation gas in 
the form of an elementary ring is assumed to be as for a circular 
slice, giving a shape factor Z of 1.5. 21"22 Calculations were also 
made for Z = 2.0. 

Energy  ba lance 

An analytical relation between temperatures and heat fluxes 
can be obtained from an energy balance on an elementary 
surface dA. According to the net-radiation method of Poljak 3° 
and other work 13'21'22 the energy balance for an elementary 
surface of wall dAx a distance X from the cylinder head is 
written as 

qR(X) = q * ( X ) -  qo(X) (1) 

where 

qe(X) = outward heat flux from surface element (wall heat 
flux) 

q* (X) = radiative heat flux incident on surface element 
qo(X) = radiative heat flux leaving surface element 

In Equation 1 according to Siegel and Howell, 1~ Perlmutter 
and Siegel, 13 and Stasiek 22'23 the radiative heat fluxes leaving 
a surface element are calculated as follows: 

qo(X) = etrT~(X) + (1 -- e)q*(X) (2) 

The incident radiative flux on the elementary surface q* (X) 
consists of three components : 

• the radiation incoming from the five surfaces of the cylinder, 
head, and piston; 

N o t a t i o n  

A 
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Area or constant of Equation 22 
Constant of Equation 22 
Constant of Equation 21 
Cylinder diameter 
Energy emitted per unit time 
Emissive power 
Geometric configuration factor, Appendix 1 
Free term in Equation 14 
Enthalpy flux 
Geometric configuration factor between elements 
on inside of cylinder wall or constant 
Dimensionless radiation gas absorption coefficient 
Length of cylinder wall 
Dimensionless length 
Modulus of Equation 14 
Refractive index 
Heat added per unit area and time 
Heat flux 

Short record, Equations 20a and 20b 

Radius of a circle 
Coordinate along path of radiation 
Temperature 
Dimensionless temperature 
Volume 
Axial length coordinate measured from cylinder 
geometry 

x Dimensionless coordinate 
Y Dummy integration variable 
y Dimensionless heat added per unit area 
Z Shape factor 

Greek symbols 

Absorption coefficient 
e Emissivity of surface 
d(ep, i) Apparent emissivity of radiation gas body* 

Dimensionless dummy integration variable 
x(S) Optical thickness of layer of thickness S 
x Extinction coefficient 
~r Stefan-Boltzmann constant or scattering 

coefficient 
Transmissivity 

Subscripts 

b Black body 
e Surface of piston 
g Gas 
i, j Surface of cylinder head or number of volume 

zones with radial and axial width 
m m of surfaces 
R Radiant 
n n of volumes 
s Scatter 
w Wall 

* Following Siegel and Howell TM we have used the term radiation 
gas for one with an absorbing, emitting, and scattering medium. 
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• the radiation arriving as a result of the outward radiation 
from the other elements of the internal cylinder wall ; 

• the radiation arriving from the elementary cylinder shell 
rings. 

These quantities can be written, respectively, as 
i=5 

q~'(X) = az(X) ~ T~.iFdx_i,i(X) 
i = l  

i=5 

+ az(L -- X) ~ T~.eFdx_i,~(L - X) 
i = I  

_(Xqo(Y)dFdr_ax(X-  Y ) z ( X -  Y)  + 

_f~ qo( Y)dFar-ax( Y - X)'r( Y - X )  + 

+ a ~  4 Tg,i(Y)d(epd)Fax_rd(X- Y ) z ( X -  Y) 
i=l  

Equation 3 has been derived by making use of reciprocal 
configuration and the principle of enclosure. 2'~5'21 After 
appropriate combination of Equations 1-3 we obtain a relation 
between qR, Tw, and Tg as follows: 

-e)l[~Xq.(Y)dF~r_~x(X-Y),(x-Y) q / d X ) - ( 1  

f i=5 = ea z ( X )  2 T ~ i F a - i . i ( X -  Y)  
i=l 

i=5 1 + z(L - X )  ~ T~.F,x_i.e(L - -  X )  
i=1 

+ ~a r~(Y)dF~r_ex(X  - Y ) z ( X  - Y)  

+ f; T~w(Y)dFar-a(Y - X)z(Y- X)] 

+ ea Z T~.i(Y)d(%.i)dF, x _ r . i ( X -  Y ) z ( X -  Y) 
i=1 

+ f ~  T a i ( Y , d ( ~ p . i , d F d x _ r . i ( Y - X , z ( Y - X , ]  (4, 

Equation 4 permits the calculation of the wall heat flux from 
the surface element for a specified position of piston L, 
emissivity values for the liner internal surface e, and the 
radiation gas and liner temperature fields. 

We now introduce dimensionless quantities defined by 

X Y L 
x = - - ;  ~ - - D ;  l = - - ;  D D 

( 5 )  
dX dY 

k = ~D; dx - ; d~ - 
D D 

and appropriate values of the magnitudes that appear in 
Equation 4, namely 2~-23 

dFar_nx (X-  Y ) =  K ( X -  r ) d X  (6) 

dFar_ax(r - X )  = K ( Y  - X ) d X  (7) 

z ( X )  ~ e- 'X; z(L - X )  ~ e - 'a '-x)  (8) 

d(ep . i )  = Z~idX (9) 

F d x _ Y , i ( X  - -  Y )  -~- Fr,i(X -- Y); 
(lO) 

Fdx_Y.i(Y - X )  = Fy,i(Y -- X )  

Fdx_i. i(X)=Fi.i(X); F d x _ i . e ( L - X ) = F i . e ( L - X  ) (11) 

K ( X ) ~ - e - 2 X ;  K ( L - X ) ~ e  -2tL-x) (12) 

Hence the following equation for qR(X) is obtained from 
Equation 4 

[ fo qR(x) - (1 - e) e -(2+k)x q~(~)e(2+kgd~ 

+ e~2+k)xfl qR(~)e-(2+k)~d~ + eirT~(x ) 

= ea. T~iF,.i(x) + e -k('-x) 2 T~..F,.~(I - x)  
i=1 

e(2+k)~' .If T~(~)e-(e+kgd~ + 

i=l 

T r a n s f o r m a t i o n  to a d i f f e r e n t i a l  e q u a t i o n  

Integral-differential equations can be treated by applying 
various methods. ~5 In this paper the method used is of 
differentiating the initial equations to be transformed, so that 
the original differential-integral form is replaced by a differential 
one. 

By differentiating Equation 13 twice and then transforming 
with a simultaneous application of relationships for approxi- 
mate values of the configuration coefficients (specified in 
Appendix 1), it is possible to obtain from Equation 13 the 
following differential equation in a dimensionless form: 

d2y m2y = f ( x )  (14) 
d x  2 

where 

qR(x). 
y-~- 

q 

F(x)  
f ( x )  = - -  - 

q 

m = J [ K  2 - 2K(1 - e)] (15, 16) 

r 2(at.  2 d%]_ 
- eKkt:  - e  l~_12twj~-Y~._.. + 4t 3 d x 2 j  2ZKeRi 

(17) 

U K = (2 + k ) ;  t = r ( 1 8 )  

In the above, q has an arbitrary constant value (for instance 
qa(0)), which will be attached later (see below). 

Boundary conditions 
The boundary conditions for Equation 14 are found from the 
integral Equation 13 by evaluating it at two points. Two 
convenient conditions are those at the beginning and end of 
the piston cylinder. 
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at x = 0  

dy(0) = Ky(O) + Ket$(0) - 4eta(0) dt.(O) _ 2Ke/~, 
dx ~=o dx 

and for x = l 

fo y(l) -- (1 -- ~)e -~z y(~)eXCd~ 

= ef-t~(1) + e-mRi + R~ 

ZkFe -K' f' e - "  f '  
+ L3] -Jo  Pe"(~)eKed~ + 10 -Jo  t~'2(¢)eK¢d¢ 

e ,fo + ~ t. 4,3(~)ex¢d~ + ~ -  taa,a(~)er~d~ 

e - m ; i  ] f l  } + - i f -  t~4~(¢)e'~:d~ + e -~" t'(~)eK~,i~ 

where 

t 4 t 4 t 4 t44,i t 4 Ri = ~'l,i ~_ ~2,i ~L 3,i .~_ - -  d~- 5,i 

32 10 8 4 6 

(19) 

(20) 

(20a) 

(20b) 
t 4 t 4 t 4 t,~ 

R e  ~1,~ + t4,~ + _ _  + _ _  = _ _  ~3,e ~ 4-,e 5,e 

32 10 8 4 6 

where the approximation 8 and 12, and configuration factors 
from Appendix 1, have been used for ~, K, and F. The 
procedure, which yields boundary conditions 19 and 20, is 
presented in Siegel and Howell, 15 Perlmutter and Siegel, 13 and 
Stasiek, 2~-23 although, for each trial solution a value for y(0) 
is approximated. Since the Equation 13 at x = 0 has been used 
to derive Equation 19, this boundary condition is automatically 
satisfied by using the constants Cz and C2 defined by Equation 
21 for each trial value of y(0) and we have only to satisfy 
condition 20. This condition will be satisfied when the correct 
value for y(0) is found by interpolating over several 
trials.13,15, 2z 

Analytical investigations 

A general solution of the differential Equation 14 is the sum of 
solutions of a homogeneous and of a particular equation. If 
the solution of the homogeneous equation can be presented in 
the following form: 

y = Ct exp(mx) + C2 e x p ( - m x )  (21) 

the solution of the particular Equation 14 depends on the form 
of the free term f (x ) .  In this work, treating f ( x )  takes into 
consideration the substantial magnitudes of the temperature 
field occurring during a specific operation cycle of a given 
combustion cylinder. The dimensions are piston diameter 
D = 1 0 0 m m ,  L = 1 2 0 m m ,  and stroke s = 1 0 0 m m  ( x =  
0.2-1.2). The quoted values from Wisniewski, 25 Heywood and 
Cohen, s and Woschni and Fieger zs in Table 1, refer to the 
surface temperatures of the head and the piston, the internal 
cylinder surface, and the exhaust smoke. The temperature 
distributions of the cylinder internal surface and the smoke 
have been approximated in terms of exponential functions and 
expressed in a dimensionless form assuming that q = 
10,000 W/m 2. Of course, it is worth stressing here that q is 
arbitrary, and any desired value may be attached to it. 

According to the data given in Table 1, the free term f ( x )  
defined by Equation 17 takes the form: 

6 

f ( x )  = ~ a i e x p ( - B i x  ) (22) 
i = l  

where 

A 1 = e [ K k -  16~2]t~(0); B 1 = 1.6 (23) 

A 2 = -T~6ZKket~,i(O); B 2 = 3.2 (24) 

A a = -½ZKket~.2(O); B 3 = 3.16 (25) 

A4 = -¼ZKket~,3(O); B 4 = 3.16 (26) 

A 5 = -½ZKket~.4(O); B s = 3.2 (27) 

A6 .1_ 4 = - 3ZKketg.5 (0); B 6 = 3.28 (28) 

It has been assumed according to the form of Equation 22 
that the numerical values of coefficients B~ are not roots of a 
homogeneous equation. Thus, the solution of Equation 14 can 
be presented in the following way: 

A, 
y = - -  exp( -B tx  ) + C1 exp(mx) + C 2 exp ( -mx)  

,=1 ( 8 2  - m 2)  

(29) 

Then, using Equations 29 and 19, it is possible to determine 
constants Cz and C2 with the assumption that for 
x = 0 y(x) = y(0). These are obtained as 

,{ C1 = ~m y (0 ) [K  + m] + t~(0)[Ke + 4am] - 2KeR i 

+ ~  ( B , - m )  } 
,=z ( ~  S ~ - )  A' (30) 

T a b l e  I Experimental temperature data for a given piston-cylinder arrangemenP 'zS'ze 

T , ( O )  551K 
t.(o) 0.85 
Ts. , 550K 
ts, i 0 . 849  

T4,1 650K 
t4.i 1 .003 

T3. , 800K 
t3. j 1 .235  

7"2, ~ 650K 
tz, 1.003 

7"1. ~ 600K  
tl~ 0 .926  

T w (551 *-, 3 6 9 K )  
tw = 0 .85  exp - 0 .4x = tw(O ) exp -our 

To, 5 ( 1 , 7 0 0 , - *  7 5 0 K )  
to. 5 = 2 .623  exp - 0 . 8 2 x  = to.5(O ) exp - f l sx  

To. 4 ( 1 , 9 0 0 , - ,  8 5 0 K )  
to, 4 = 2 .932  exp - 0 . 8 x  = ta,4 ( 0 )  exp - f l 4x  

To. 3 ( 2 , 2 0 0 , - ,  1 ,000K)  
to. 3 = 3 .395  exp - 0 . 7 9 x  = to.3 ( 0 )  exp - f l ax  

To,2 ( 2 , 1 0 0 , - ,  9 5 0 K )  
to, 2 = 3.241 exp - 0 . 7 9 x  = to.2(O ) exp - f l p r  

To. , ( 2 ,000 , -~  90OK) 
to. 1 = 3 .086  exp - 0 . 8 x  = to, 1 ( 0 )  exp - f l l x  

369K 
0 .525  

570K 
0 .880  

600K 
0 .926  

620K 
0 .957  

650K 
1 .003  

650K 
1 .003  

Tw(/) 
tw(/) 
Ts,, 
ts,, 

T4,, 
t4,° 
T3,° 
t3.o 

Tz° 
t2,° 

TI.° 
tl,, 
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C 2 =  --~m { y ( O ) [ K  -- m] -- t~(O)[Ke + 4~(el + 2KeR, 

+ ~. (B'+m) A'~ 
i=x ( B ~ _ m 2 )  i j  (31) 

The boundary condition for x = l  is appropriately 
transformed to relationship 32. 

y(1) - (1 - e)e -x l  Ai 
i (K - BI)(B~ - m z) 

× [exp(K - B i ) l -  1] 

C1 Cz 
+ - - [ e x p ( K  + m ) l -  11 + - -  

(K + m) ( K - - m )  

× [exp(K - m ) l - -  1]~ 
) 

= e [ - t ~ ( 0 ) e x p ( - B l l  ) + e x p ( - K I ) R  i + R, 

. . . . .  f t,',,(o) 
+ Zk  e x p t - h t ) )  32(K _ B=) [ exp (K  - B2) l  - 1] 

+ tg4'2(0) [exp(K - Bs) l  - 1] 
10(K - Bs) 

+ tg*.3(0) [ e x p ( K -  B , ) l -  1] 
8(K - B,) 

tgg"(O) Bs)I  1] + 4 ( ~ - ~ 5 )  [exp(K -- -- 

t:,5(o) 
-I- 6 ( ~ 6  ) [exp(K - B6)l - -  1]} 
+ t4 (0 )  ~_ ff~iexp(-Kl)[exp(K - B1)l- 1]] (32) 

It is then necessary to solve Equation 29, i.e., to determine 
the dimensionless heat flux on the cylinder wall (liner) y ( x )  as 
a function of the local piston position (determined by the 
dimensionless length l). The procedure is based primarily on 
the temperature field assumption (here we are using exponential 
relations), dimensionless absorption coefficient k, assumption 
of preliminary value y(0) for x = 0, and calculation of C, and 
Cz. Having determined the distribution of the dimensionless 
heat flux y ( x )  from Equation 29, it is then necessary to satisfy 
the relationship given by Equation 32. The iterative process is 
carried out until an appropriate convergence of the solution is 
obtained. 

Calculated results and discussion 
The heat transfer between a radiation gas and internal 
piston-cylinder surfaces is predominantly by forced convection 
and radiation. The proportions of the two modes differ 
considerably between spark-ignition and compression-ignition 
engines. In the former, homogeneous combustion proceeds 
entirely in the gaseous phase, and radiation is correspondingly 
limited. Although the latter may reach about 20 percent of the 
total transfer within the cylinder, it is commonly subsumed into 
the convective transfer by adjustment of the appropriate 
coefficient, s'2s'26 In the compression-ignition (diesel) engine, 
on the other hand, heterogeneous combustion necessarily 
proceeds through a stage in which soot flame particles are 
produced, and the radiation from these is strong. For a 

long time, the radiant heat transfer was considered to be a 
small proportion of the total heat transfer in accordance with 
the estimate provided by Nusselt's equation for calculating the 
heat transfer rate. s'12'25 More recently, however, it has become 
increasingly accepted that radiant heat transfer is important in 
diesel engines. For example, Butler (William Doxford Co., UK) 
predicted that the radiation component would account for 75 
percent of the total heat transfer in very large (marine) diesel 
engines of 1,000-mm bore. t2 The radiation from soot particles 
in the diesel engine flame has been shown to be about five times 
that from the gaseous combustion products, s'25'26 

Research on heat transfer in internal combustion engines 
has been made by various pioneers and is still being 
pursued. Results are given in numerous research 
papers, l'3,6`8A2A6`2s'26,2s Recently, Alkidas and Myers, 1 Dent 
and Sulaiman, a Flynn et al., 60gur i  and Inaba, 12 and Heywood 
and Cohen 8 presented the results of local measurements of 
radiative heat flux and the radiation intensity of flame soot as 
a function of load conditions, crank angle, engine boost pressure 
and speed, speed fueling, etc. In the measurements of Flynn et 
al. 6 peak equivalent gray-body emissivities around 0.8 ~ 0.9 were 
calculated; this gives an absorption coefficient c( i ~ 22 ~ 33 l/m. 

Figure 2 shows sample results for radiation heat flux as a 
function of crank angle for a DI diesel engine at four different 
speeds. 6 Oguri and Inaba 12 described measurements made in 
diesel engines to obtain both the instantaneous radiation of 
heat transfer and its ratio to the total. Figure 3 shows radiation 
(surface) heat flux for two different speeds (revolutions per 
minute). 

The radiant heat flux was extracted from the above- 

qR MW/m2 
1.5L Speed RPM 

/ . . . . . . . . . .  1 0 0 0  
i "  . . . . . .  ts.oA 
,!/Tk_ zuuu 
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°'F/iV 
0.0 ::r . . . . . . . . . . . . .  ~ : . . ~ . i . ~ . . . . =  , 

Figure 2 
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mentioned total flux by using a thermocouple covered with a 
sapphire window. 12 It will be noticed from Figures 2 and 3 
that the experimental maximum value of qa ranges from about 
0.4-1.3 MW/m 2. This range is a consequence of the differing 
test conditions, and it will be seen below that predicted 
maximum values lie within this range. 

Finally, the following variables affect the magnitude of the 
heat flux to the different surfaces of the engine combustion 
chamber and the temperature distribution in the components 
that comprise the chamber: engine speed, engine load, overall 
equivalence ratio, compression ratio, spark or injection timing, 
swirl and squish motion, mixture inlet temperature, coolant 
temperature and composition, wall material, and wall deposits. 
The comments that follow apply primarily to spark-ignition or 

compression-ignition and have been summarized by Heywood 
and Cohen. s 

In the present study we have used a range of values of the 
parameters consistent with the quantitative results of 
experiments presented above. The analysis used appears 
satisfactorily to accommodate such a range of parameters. 

For the temperature field inside the cylinder-piston system 
given in Table 1, calculations were carried out for the heat flux 
density y(x) as a function of piston position I (related of course, 
to crank angle) varying from 0.2 (TDC) to 1.2 (BDC); these 
results are given in Figure 4. The effect of parametric variables 
other than piston position was also investigated, namely, 
dimensionless absorption k (0.00-0.1, i.e., values of ~t = 
0.00-1.0 l/m), and surface emissivity ~ = 0.4 and 1.0. When 
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Figure 5 Average variation of (dimensionless) wal l  radiation heat 
f lux distribution (=~ = 0.0, 0.5, 1.0 and s = 0.4, 1.0) 

the wall emissivity is decreased the radiant heat flux decreases 
too. This is because, assuming equilibrium, reduced absorption 
means increased emission, hence more extraction of heat at the 
cylinder wall, hence less radiation. 

Figures 5 and 6 give the (more customary) results for the 
mean heat flux density Y°v as a function of the piston position, 
absorption coefficient (~i = 1.0; 15.0 and 20.0), and surface 
emissivity (e = 1.0 and 0.2). The results obtained are both 
qualitatively and quantitatively compatible with values 
obtained experimentally. 1'3"6'8'12"2s'28 The character and 
values of the dashed line (in Figure 6) are much the same as 
the curve in Figure 3 obtained experimentally by Oguri and 
Inaba. 12 For  example, ( 1 ) for the case of ~+ = 1.01/m (k = 0.1 ) 
the maximum value of Y=v is 2.01 or in dimensional terms 
qR = 20,100 W/m2 (Figure 5), (2) for =i = 20.0 l /m (k = 0.2) 
maximum is 24.0 or dimensionally qR = 240,000 W / m  2 <Figure 
6, point no. 5). However, the local radiation heat flux reached 
values of more than 300,000 W / m  2 during computation for 
=+ = 20.01/m and 403,000W/m 2 for =t = 30.01/m. These 
maximum values are quantitatively consistent with experi- 
mental data of Figure 3. Further confirmation is provided by 
Dent and Sulaiman, 3 whose piston-cylinder geometry was 
very close to that treated in this work. The radiation component 
of their measurements reached a maximum of around 
300,000 W / m  2. 

In order to check the accuracy of the analytical/numerical 
solution used, as well as the surface transformation concept for 
radiation gas bodies, the piston-cylinder system used for our 
example has also been solved by Hottel 's zone method. T M  

The results of these check calculations (for e = 1.0) are 
presented in Figure 7. Additionally, one set of results obtained 
by the Monte Carlo method is presented in Figure 7 as well. 27 
They show slight divergences in what are three approximate 
methods, although it is apparent that the Monte Carlo results 
and those obtained using the surface transformation methods 
are much closer near TDC. This is because the Hottel method 
in this region and along the liner is less accurate than the Monte 
Carlo method, but of course such an interpretation requires 
confirmation from additional Monte Carlo and Hottel data, 
which, it is hoped, will eventually become available. The novelty 
of this solution is in providing both local and temporal heat 
flux data, assuming instantaneous thermal equilibrium, and 
here an exponential distribution consistent with experiment. 

C o n c l u s i o n s  

A flexible and reliable analysis is presented for radiation heat 
transfer in an internal combustion engine cylinder. The Hottel 
zone and transformational zone methods have been used, 
together with treatment of gas radiation by elemental rings 
using Stasiek's principle of surface transformation. Results are 

•av 
26.0 

2~.0 

2 2.0 

20.0 

1 8,0 

16.0 

1 $.0 

1 2.0 

10.0 

8.0 

6.0 

4.0 

2.0 

5 ~= 1.0 

~ C~[I/m 
-.< 

I 

/ "1 

I " °  1 "  10.0 \ " "  " " ~ " - -  
I t "  I . . . . .  - _--%. " \ - - - -  ._. 

. . . . .  

/ i " ' ~  i w i I - - "  
0 .0  0.2 0.4 0.6 0 .8  1.0 1.2 

TC t BC 
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line was calculated in case variable parameter = i=  ¢i(I) (line 
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consistent with check predictions both using Hottel's method 
and a Monte Carlo approach. 

For the system with a transparent medium (~ = 0) the 
solutions would have agreed more closely if the better 
approximations for configuration factors (as given by the first 
alternatives in Equations 38-42)  were used. The exponential 
approximations actually used, namely the functions e - " ,  
Equations 38-42,  resulted in a surprisingly simple solution, 
however, although some inaccuracy has resulted. 

It is worth stressing that the new method is relatively simple, 
less laborious, and more accurate than that of Hottel. 
Moreover, the solution is continuous. It is more adaptable, 
also, to being treated by computers or scientific calculators. 
Finally, the method can readily incorporate convective effects, 
and future work will address this issue. 
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A p p e n d i x  1 : A n g l e  ( c o n f i g u r a t i o n )  f a c t o r  
d e r i v a t i o n  

The four elementary configuration coefficients used in Equation 
4 can be calculated by applying the differentiation of the known 
factors and the configuration factor algebra. 2J5 

In compliance with Figure 8 the equations for configuration 
coefficients are ~ 

1 F,_ 2 = ~ [R2 + R2 2 + X 2 _ x / (R  2 + R 2 + X2) 2 -  4R2R 2] 

(33) 

~--~2[x/ (R2 + R2 + X2) ] 
Fd2-z = [ ( R ~  + R 2 + X 2 )  2 --  4R2R 2] - -  1 (34 )  

for R 1 = R 2 = R 

[- ½ + x  2 ] e -2= 
- (35)  

F, J2- ,  = LJ(1 + ~ )  ~ ~ 2 

where x = X/D. 
As presented in Figure 8 the configuration between the 

elementary surface of the ring dA2 and band A~ is 

Fd2-i = Fi = Fd2-r, -F2-1 (36) 

or 

~, + ~ + ~2 
F,2_ , = x  x / [ ( r ,  ,2 + r2 2 + x2 )2  _ 4r 2,r  2]  

r~ + r 2 + x 2 1 (37) 
~ / [ ( r t  2 + r~ + x 2 )  2 - -  4r2r22] J 

where 

Ri R r  R2 X 
r / = ~ ;  r r  = D - ;  r2=-- ;D X=--D 

In accordance with the dependence 37 and the calculation 
model adopted, the equations for the configuration coefficients 
become 

e-  2x [- 0 . 2 6  J r  x 2 - 1 ~ (38) 
fl" '  = FI'" = xL/[(0.26 + x2) 2 - 0.01] 3 2  

[- 0.29 + x 2 
F2,, = F2.e = x L / U 0 . 2 9  + x2)2 _ 0.04] 

0.26 + x 2 I ~ e-2~ 
- ~/[(0.26 + x2) 2 - 0.01] = 10 (39) 

l 0.34 -.~ 3( 2 

Faa = fa. ,  = XLx/[(0.34 + x2)2 _ 0.09] 

0.29 + x 2 1 e-2x 
- x/[(0.29 + x2) 2 - 0.04] -- 8 (40) 

[- 0.41 + x 2 

F4a = F4,e = XLj[(o.41 + _ 0 .16 ]  

_ 0.34 + x 2 I e -2X (41 )  
x/[(0.34 + x 2 )  2 - 0.09] ~ 4 
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Figure 9 Configuration factors between a differential surface dA~ 
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V 0.5 + x 2 

XL,/[(o.5" Jr- X2) 2 - -  0.25"] 

0.41 + x 2 -] e -2x 

- J x/r(0.41 + X2) 2 -- 0.16] 6 (42) 

These are shown in Figure 9 as functions of piston position 
x. The approximate values of the configuration coefficient in 
the form of exponential functions are correct for values of 
x > 0.2 and B = 0.01, as well as D -- 0.1 m .  

Appendix 2: Governing equations for zone 
m e t h o d  

The zone method consists of dividing an enclosure into a 
number of volume and surface zones where each zone is taken 
to be isothermal with uniform properties. The gas, then, is 
divided into volume zones with radial width B = D / 2 i  and axial 
length H = L / j ,  where i a n d j  denote the number of radial and 
axial zones, respectively. 

Once the total-exchange or directed-flux have been obtained 
for a gas enclosure, an energy conservation statement 
concerning each zone is made. This yields a set of equations 
that can be solved for the unknown temperatures and fluxes. 

According to the Hottel zone method 9'1°'~s and Figure 10, 
conservation of energy in the gas takes the form 

Hi + Ri + H,.i = He.i + Qh,i + E~o,, (43) 

or  

j = n  _ _  j = m  _ _  

SjGieb./ "P ~ ,  GjGiebg,j - -  4=,Vfbo,, 
./=l j = i  

Net enthalpy flux Net convective heat transfer 

into i across from contiguous surface + + 
its boundaries zones, if any 

H,,i -- He., Qh., = hiAi( Tg., -- T,.,) 

combustion in zone i 
+ = 0  

1-i, 
(44) 

Figure 10 Heat flux densities of surface and volume elements for 
the Hottel zone method 

The corresponding equation for a surface i is 

Ri + Qh.i = Ei .-I- Qi (45) 

or 
j = m  _ _  j = n  _ _  

Q, = Q,,,,, = ~ GjSiebj-F ~ Sj~lebj 
. / = 1  j = t  

-- At~,tebi -I- hiAi( Tg.i - T,.i ) (46) 

where j includes i, and 

SjSj = the surface-surface total exchange area 
S:GI = the surface-gas total exchange area 
G. /G~ = the gas-gas  total exchange area 

Hottel and Sarofim 1° show how matrix theory can be used 
as a computational tool in the zone method using total exchange 
area. In this paper the cylindrical and hence gas geometries are 
divided into voume and surface zones with dimensions 
B = H = 0 . 0 1  m .  
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