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Abstract-The purpose of this study is to examine the interaction of radiative and conductive transfer for a 
radiatively participating real gas stagnant in a cylindrical enclosure with gray diffuse walls. Consideration of 
reflecting boundaries represents an extension of previous black wall studies. Examination of radiative transfer 
was made by the zone method with gas radiative properties furnished by the weighted sum of gray gases model. 
Directed flux areas are expressed as the weighted sum of gray gas total exchange areas which are evaluated 
using the matrix formulation method from direct exchange areas. Axial and radial gas temperatures are 
examined along with wall heat flux or temperature for respective cases of either specified wall temperatures or 
heat fluxes. Emphasis is placed on examining results to show the effects of wall emittance and duct diameter. 

Results for heat generation within the gas are also presented. 

INTRODUCTION 

EXAMINATION of radiative heat transfer in a circular 
enclosure involving flow of a gas has been performed 
because of its wide applications to such systems 
as combustion chambers and furnaces. However, 
adequate two-dimensional heat transfer studies for 
systems containing stagnant real gases are lacking. 
Such systems occur when the process producing the gas 
movement is interrupted, or in nuclear reactor 
enclosures filled with steam. In most of these systems, 
the walls are not black but may be coated with deposits 
or may be exposed metal. Thus, there is need for 
additional studies on enclosures where the reflection 
from enclosure walls is accounted for. 

There are at least two distinct methods of approach 
to describe radiative transport in the presence of a 
participating medium. One is developed starting with 
the radiant transport equation, introduces band 
correlation models such as those developed by 
Edwards [l], and uses integrals to describe radiative 
transport. The other method called the zone method is 
oriented toward engineering analysis and is based 
mainly on the work of Hottel and co-workers [2,3]. 
The zone method is widely accepted for applications in 
energy generation systems [4163 because of its ability 
to include real gas and gray wall conditions and to yield 
results for multidimensional analyses. Thus, the zone 
method is adopted for this investigation. 

The purpose of the present study is to analyze energy 
transport mechanisms occurring within a system where 
two-dimensional radiant transport analysis is included 
along with reflecting boundaries. Results sought 
consist of axial and radial temperature profiles within 
the gas and heat flux or temperature distributions of 
surrounding surfaces for various values of the 
governing parameters. The present analysis and results 
could form the basis for a study involving fluid flow. 

ANALYSIS 

System description 
The system chosen for this study consists of a 

stagnant gas within a circular duct of diameter D and 
length L. The gas is assumed to be uniform in 
composition, to be isobaric, to have a refractive index of 
unity, and to have attained the steady-state condition. 
The gas emits and absorbs radiant energy, and in the 
absence of suspended particles in the gas, radiation 
scattering is neglected. Axial and radial components of 
heat conduction are considered and a constant thermal 
conductivity is specified for the gas. A volumetric heat 
source may be distributed within the gas in order to 
simulate additional heat sources. The surfaces are 
assumed to be gray, diffuse emitters and reflectors of 
radiant energy and are opaque. Axial conduction 
within the wall surface could be included but is 
neglected since it has been shown to be negligible [13, 
173. The wall surface may either assume a prescribed 
temperature or heat flux distribution. For reference 
purposes, the end surfaces at x = 0 and x = L are called 
the inlet and outlet ends, respectively. The inlet and 
outlet ends are maintained at prescribed temperature 
distributions. 

Application of zone method 
With the zone method of analysis, the cylindrical 

enclosure is subdivided into a number of volume and 
surface zones where each zone is isothermal with 
uniform properties. The gas is divided into volume 
zones with radial width B = Df2N and axial length 
H = L/M where N and M denote the number of 
radial and axial zones, respectively. Subscripts (i,j] refer 
to the zone under consideration and (k,f) are for the 
zones contributing radiant energy to (i, j). The first (i or 
k) and second (j or r) subscripts identify the radial and 

2269 



2210 T. K. KIM and T. F. SMITH 

NOMENCLATURE 

a, weighting factors for emissivity 
A surface area [mZ] 
B radial zone width [m] 
C coefficient in equation (12) 
D diameter of the duct [m] 
e coefficient in equation (12) 
EE end to end total exchange area 
4+- 
EE, EC, EW end to end, end to gas, and end 

to wall directed flux areas 
GG, GS gas to gas and gas to surface total 

exchange areas 
4+- 
CC, GS, GW gas to gas, gas to surface, and 

H 

k, 

L 
M 
N 
N _g 
N, 

P 

4 

4’ 
4’ 

q:, 

Q 

Q 

Q" 

Q: 

Q 

Q', 

gas to wall directed flux areas 
axial zone width [m] 

thermal conductivity of gas 

[Wm 1 -1 K-1 
length of tube Cm] 

number of axial zones, L/H 
number of radial zones, D/2B 
number of gray gases 
gas conduction-radiation 
parameter, k,K,,d4uTP 
pressure [atm] 
volumetric heat generation 
[Wm-“1 
net conductive transfer [W] 
radiant energy absorbed by the 
volume zone [W mm31 

radiant energy absorbed by the 
wall zone [W m-“1 
dimensionless heat generation, 
dD/oTf 
dimensionless heat flux at the 
surface, q”JoT: 
dimensionless conductive transfer 
to the volume zone, qCH/k,zB2T, 
dimensionless conductive transfer 
to the wall zone, qC/aB2uT: 
dimensionless radiant energy 
absorbed by the volume zone, 
q’/4K,aT: 
dimensionless radiant energy 
absorbed by the wall zone, 
q;/zB2aT4 
surface to gas and surface to 
surface total exchange areas 

SC, SS 

--_t ___-* 
SC, SS surface to gas and surface to 

surface directed flux areas 
T temperature [K] 
V 
a. 6% 

volume [m3] 
wall to gas and wall to wall 
directed flux areas 

x axial distance [ml. 

Greek symbols 

B relaxation factor 

Y 

emittance 

ratio of length to diameter, L/D 

? ratio of axial to radial zone width, 

HP 
0 dimensionless temperature, T/T, 
K absorption coefficient [m- ‘1 
c Stefan-Boltzmann constant, 

[Wm 1 -2 K-4 

7 optical thickness, KID. 

Matrix notations 
C coefficient matrix in equation (13) 
E coefficient matrix in equation (13) 

gg9 gs gas to gas and gas to surface 
direct exchange area matrices 

GG, GS gas to gas and gas to surface total 
exchange area matrices 

sg, ss surface to gas and surface to 
surface direct exchange area 
matrices 

SG, SS surface to gas and surface to 
surface total exchange area 
matrices 

x defined by equation (10). 

Subscripts 
e inlet 

g gas 
0 outlet 
r reference 
T total 

W wall. 

Superscripts 
m iteration number 
T transpose. 

axial zone locations, respectively. For an end zone, only zone &,j is written as 
a single subscript related to its radial position is 
assigned. Likewise, for a wall zone, the single subscript 4”,.i,j~,j’TT~,i,j_qf,j~j = &+4i,jK,j (1) 

describes the axial location of the zone. where the total absorption coefficient ICY is evaluated at 
the zone temperature ?&j, q’ is the volumetric rate at 

Governing equations which radiant energy is absorbed by the zone, qc is the 
Energy balance. The energy balance for a volume net conductive heat transfer to the zone, and 4 is the 
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volumetric heat generation. By introducing a reference 
temperature T,, dimensionless temperature 0 = T/T,, 
and dimensionless parameters and variables, equation 
(1) transforms to 

QF _ f2j - l)iz7r7iJ 84, 

I.1 M2N 8.W 
8 

= (2i - or27, 

M2N ( 

__z. .Q’._ei,, I., 1.1 (2) 

8 4 > 

where 15, is the gas conduction to radiation parameter 
based on T,. 7 is the optical thickness where subscripts 
(i, j) and r indicate that it is evaluated at T,j and T,, 
respectively. 

An energy balance for a wall zone A,,j is stated in 
dimensionless form as 

’ (3) 

In the above equation, the first term is the wall zone 
emission with E, denoting the wall emittance, Qa 
denotes the radiant energy absorbed by the wall zone, 
and QW represents the radial conduction from the 
adjacent volume zone. The last term is the imposed wall 
zone heat flux when 0, is sought or is the resulting wall 
heat flux when BW is prescribed. Further explanation for 
Q and Qc in the energy balances is required and given in 
the following discussion. An energy balance for an end 
zone can be written in a similar manner as that for a wall 
zone [17] and is not presented here. 

Radiant energy. The dimensionless radiant energy 
absorbed for a volume zone is written as 

1 . (4) 
k=l I=1 

Directed flux areas for end to gas, wall to gas, and gas to 
gas radiant energy exchanges are represented, respec- 

tively, by TG, wd , and ZG. 
The radiant energy absorbed by a wall zone is 

expressed by 

End to wall, wall to wall, and gas to wall directed flux 
areas are represented by G, fi, and s, 
respectively. In equations (4) and (5), directed flux areas 
have been normalized with the factor nB2 as found 
convenient [18]. The arrow over the directed flux areas 
indicates the direction in which radiant energy travels. 
Specification of the directed flux areas is given later. 

Conduction. Conductive transfer terms for volume 
zones are written in terms of dimensionless variables as 

Q& = 2iv2@,,i+ 1,,-ea,i.3 

+ 26 - mv++ l.j-eg.i,j) 

+ Pi L l)(e,,i,j- 1 + eg,i.j+ 1-2@,,i.j). (6) 

The first two terms on the RHS account for conductive 
transfer in the radial direction and the third term 
represents conduction in the axial direction. Special 
care must be taken to evaluate the conduction terms for 
volume zones adjacent to end and wall zones, on the 
cylindrical axis, and with a radial location of i = 2. 
Specific forms for the conduction terms for these special 
cases are given elsewhere [17]. 

The radial conduction from a volume zone adjacent 
to a wall zone is written as 

Qk,j = T(es,,,j-ew,j). (7) 
I 

RADIATION MODEL 

Total absorption coeficient 
The total absorption coefficient is derived by Smith 

[19] in terms of the weighted sum of gray gases model 
and expressed by 

icT = 5 a,,i(T)xi 
i=l 

(8) 

where ICY are the gray gas absorption coefficients. The 
temperature dependency of the total emission is given 
by the emissivity weighting factors a,, which are 
generally described in terms of polynomials in 
temperatures. Reported values [20] for the absorption 
and polynomial coefficients for carbon dioxide, water 
vapor and mixtures of these gases are used and consider 
all absorbing bands for these gases. 

Direct exchange areas 
Direct exchange areas are fundamental factors for 

the zone method and, for black surfaces, give the direct 
radiant exchange between surface zones and/or volume 
zones. In this study, direct exchange areas developed by 
Smith et al. [18] are used. 

Total exchange areas 
In an enclosure with gray walls, a portion of the 

arriving radiation at a zone may have undergone 
reflection, which contributes to the net radiant energy 
transport between zones. The multiple reflections are 
accounted for by the total exchange areas. Four types of 
total exchange areas associated with surface to surface 
(SS’), surface to gas (SG), gas to surface (GS), and gas to 
gas (CC) were obtained from the direct exchange areas 
using the matrix method reported by Noble [21]. For a 
non-scattering medium, these expressions are given in 
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matrix form as follows 

SG = &I*AI*X~‘*sg = GS’ (9) 

GG = gg+gs*pl*x~‘+sg 

where E and p represent surface emittance and 
reflectance vectors, respectively, and A is the surface 
area vector. Surface to surface, surface to gas, gas to 
surface, and gas to gas direct exchange area matrices are 

represented by ss, sg, gs and gg, respectively. I is the 
identity matrix. The matrix 1 is defined as 

1 = AI-ss*pI. (10) 

The matrix notation for direct and total exchange areas 

is a generalization of the scalar notation in ref. [3]. The 
matrix method allows the presence of black surface 
zones while the scalar method of ref. [3] is restricted to a 
completely gray enclosure. With the direct exchange 
areas specified, the total exchange areas take about 50 s 
on a Prime 850 to evaluate for each gray gas component 
and surface emittance for a zone pattern where N = 5 
and M = 20. 

Directedjhx ureas 
The total radiative exchange between zones is 

described in terms of the directed flux areas evaluated 
from the weighted sum of a gray gases model and total 
exchange areas [17]. Four types of directed flux areas 
introduced in this investigation are written in a similar 
manner as that suggested by Smith [19]. 

GjZZ f a,,DJ Ccisj)n 
!I=1 

szj = $ a&T, Tj)(SiGj), 
“=I 

czj = T a,,,(TJ(CliGj), 
II-1 

GjE z &.n(T, T) (sisj)n 
n=l 

(11) 

where, for example, (G,Sj), is the total exchange area for 
a gray gas with absorption coefficient K,. T is some gas 
temperature whose specific value is not a consequence 
of the analysis [19] and an average value of gas 
temperature separating zone areas Ai and Aj was 

employed. 

SOLUTION SCHEME 

For a particular location (i, j), the energy balance can 

be expressed as 

ei,j-leg,i,j-1 +ei-,,jep,i-l.j+ei,jH,,i.j 

+ei+l,j~*,i+l,j+ei,j+l”g,i,j+l = ci,j (I21 

where the coefficients of 0 include only the conduction 
parameters except ei,j which also carries the radiant 
emission term. The radiant emission has been 

linearized [22] as o4 = @0 where 0, is the previous 
iteration gas temperature at location (i,j). The 
advantages of using the linearization technique are that 
larger relaxation factors can be used, convergence is 

fast, and computer processor time is saved [ 16,221. This 
linearization scheme only applies to the numerical 
solution scheme, and the problem including all 

nonlinear effects due to large temperature differences is 
solved in its entirety. For all volume zones, the system of 
equations is written in the matrix form as 

E*U=C (13) 

where the matrix E is a function of zone geometry and 

the linearized radiant emission term and C includes 
terms associated with surface conduction, radiant 
energy absorbed by the gas, and heat generation. The 
system ofequations given by equation (13) has a banded 
coefficient matrix E and was solved using an IMSI. 
subroutine [23]. 

Basically, the solution scheme begins by providing 
initial estimates for the temperature profiles. The 
radiant terms are then evaluated and the elements of E 
and C are computed utilizing the required parameters. 
One ofthe elements in C contains the directed flux areas, 
which are temperature dependent. Thus, the numerical 
solution technique introduces two iteration schemes: 
external and internal [17]. The directed flux areas are 
updated at each external iteration but not at each 
internal iteration. The new gas temperatures are 
obtained by solving equation (13). The gas tempera- 

tures are then adjusted by a relaxation technique 
according to the following equation 

0y; ’ = OT, + a(@; ’ - tlyj) (141 

where m is the iteration number, /s’ is the relaxation 
factor, and 0 is the temperature evaluated from (13) 
before relaxation. The updated temperatures are 
utilized to calculate new radiation terms and to modify 
subsequently E and C. This internal procedure is 
continued until the differences between successive 
temperature results are within a relative error ofO.Ol”;,. 
The directed flux areas are then computed and the 
internal iteration is repeated. The scheme continues 
until convergence is achieved for both internal and 

external iterations. 

RESULTS AND DISCUSSIONS 

The analysis of heat transfer processes within a 
cylindrical enclosure containing a radiatively partici- 
pating stagnant gas introduced several parameters 
consisting of i, N,, se, ca, E,, 0, and gas radiative 
properties. Results are display&d for a reference 
temperature of 800 K since the radiant energy terms in 
the governing equations include the weighting factors 
represented by polynomials explicitly expressed in 
terms of the absolute gas temperature. Furthermore, 
since gas radiative properties are specified for certain 
ranges of partial pressure-path length product, the 
cylinder diameter was assigned a value of 1 m with a 
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larger value of 10 m considered in a limited number of 
results. The cylinder was chosen to have [ = 5. The 
characteristic length of the system is selected as the 
cylinder diameter. The gas is taken to exist at a total 
pressure of 1 atm and contains an equimolal mixture of 
carbon dioxide and water vapor each at a partial 
pressure of 0.1 atm. The conduction to radiation 
parameter N, is fixed once the gas species and reference 
temperature are specified. In this study, a value of 
N, = 0.001 is used. Wall emittance is specified at 
values from 0.0 to 1.0, and both ends are black. Uni- 
form end and wall temperatures are specified at 1.0 
and 2.0, respectively. A dimensionless wall heat flux of 
0.5 is prescribed when determining the gas and wall 
temperatures for specified wall heat flux case. The 
ranges for these boundary conditions are governed by 
the temperature range of 600 to 2400 K of available gas 
radiative properties. 

The analysis for demonstrating the effects of the 
above parameters is performed utilizing five radial and 
20 axial zones. Results reported here are in agreement 
with those for a finer grid [17]. Results for the pure 
conduction case were computed using the zone method 
and showed good agreement with those obtained from 
an analytical solution [17]. 

Wall emittance e$ect 
Representative results for gas temperature distri- 

butions are displayed by three-dimensional diagrams 
with radial, axial and temperature axes as shown in 
Fig. 1. The radial axis, r/D, ranges from 0 to 0.5 with the 
wall located at r/D = 0.5. As a result of symmetry the 
axial axis, x/D, acquires values between 0 and 2.5, with 
the end located at x/D = 0. The zone temperatures 
were computed for N = 5 and M = 20. The other 
temperatures were obtained from a Lagrangian 
interpolation of these results. 

The effect of wall emittance on gas temperatures for 
specified wall temperatures is illustrated in Fig. 1. Wall 
emittance varies from 0.01 at the top to 1.0 at the 
bottom. As E, increases, the gas temperatures rapidly 
approach the wall temperatures particularly for 
0.01 < E, < 0.1 and are relatively insensitive to wall 
emittance for 0.5 < E, < 1.0. One interesting observ- 
ation is that in an enclosure where the optical depth is 
small, there is negligible absorption of radiant energy 
within the gas. Since any location within the gas may 
transfer radiant energy to the surfaces without recourse 
to the other locations [24], a small temperature 
gradient exists due to conduction. This observation 
closely approximates the results in Fig. 2. Thus, the 
equimolal mixture ofcarbon dioxide and water vapor is 
considered to have a small optical depth. The total 
optical depth ranges from 1.06 to 3.13, which, based on 
the previous observation, implies an optically thin gas 
for a real gas. However, these values for optical depth 
are interpreted as intermediate optical depths for a gray 
gas. 

Representative wall heat flux distributions for 
conditions identical to those in Fig. 1 are examined by 

O=l m 8,=0.001 Tp=800 K PT=l atm Pr/Pc=l 

0.1 

0.5 

1.0 

FIG. 1. Effect of wall emittance on gas temperatures. 

0.0 0.5 1.0 1.5 2.0 2.5 
x/D 

FIG. 2. Wall heat flux results. 
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reference to Fig. 2. Results for E, = 0.5 are similar to 
those for E, = 1 .O and are not shown. Thus, the effect of 
E, is mostly when F, < 0.5. It is observed that Q, is 
nonuniform with the highest vaiues occurring near the 
end and decreases monotonically along the axial 
distance until x/D = 2.5. The effects of 6, are more 
clearly shown in Fig. 3 where Q, results are illustrated 
as a function of E, for x/D = 0.125 and 2.375. As t:, 
decreases,anearly uniform ~stribution for Qw is found. 
Wall heat fluxes near the end increase as E, increases 
and near x = L/2 increase as E, increases from 0.01 to 
0.1 but decrease thereafter. 

The effect of E, on the contribution of radiative 
transfer to the local wall heat flux is presented in Fig. 4 
where results are given for the ratio e;/Q,. These 
results are for specified wall heat fluxes where Qw- .= 0.5. 
As expected, this ratio increases as E, increases and the 
effect of E, on this ratio is small for E, zz- 0.5. Large 
values of this ratio are obtained even for 6, as low as 
0.01 where Q’,/Qw > 0.9. Thus, the effect of radiation is 
important when compared to conduction effects and 
wall heat fluxes due to conductive transfer are 
negligible when E, > 0.1. This is also illustrated by the 
small value of N,. 

Diameter eflect 
The dependency of gas temperatures and wall heat 

fluxes on cylinder diameter is illustrated in Figs. 5(a) 
and (b), respectively, for specified wall temperatures. It 
should be noted that the duct length also varies as the 
duct diameter changes to maintain [ = 5. Results are 
displayed for diameters of land 10m where E, = O.l,OS 

7.0 I 1 , I , T , ! 
D=l m, fi,= 0.001, T, = 800 K 

6.0 

0.0 0.2 0.4 0.6 0.8 1.0 

fW 

FIG. 3. Effect of wall emittance on wail heat fluxes. 

c T, = 800 K, PT = 7 atm, Pw/Pc = 1 -1 

0.92t 1 I 1 I L._l--Ii..i 
0.0 0.5 1.0 1.5 2.0 2.5 

x/D 

FIG. 4. Contribution of radiative transfer to wall heat fluxes. 

and 1.0. Gas temperatures are shown as a Function of 
the radial direction for an axial location of x/D = 0.125 
where the maximum difference occurs between cases 
of different diameters. These results show that gas 
temperatures are not sensitive to diameter. As expected 
from gas temperature results, wall heat fluxes are not 
sensitive to diameter, and only a small decrease in waI1 
heat fluxes is observed as the diameter increases. As 
noted in the previous discussion, the gas is considered 
to be optically thin which implies that the gas does not 
absorb its own emission although it absorbs radiant 
energy emitted by the surrounding surfaces. This is 
sometimes referred to as negligible self-absorption 
[24]. Consequently, the gas exchanges radiant energy 
with the wall without radiative interaction between the 
gas elements, that is, the wall can see the gas directly. 
Thus, gas temperatures and wall heat fluxes are not 
sensitive to diameter. 

Heat generation 
Gas temperatures with heat generation are presented 

in Fig. 6 where the radius of the heat generating core is 
equal to 0.2 of the cylinder radius and the heat 
generation is uniform within the core which extends the 
full axial length of the cyiinder. Wall and end 
temperaturesareequaltol.Owitho = 10andlOOforU 
=2 1 and 10 m, respectively. The values of 0 were 
selected such that the same volumetric heat generation 
exists for both values of the cylinder diameter. For each 
& results for E, = 0.1 and 1.0 are shown. Results for E, 
= 0.5 are similar to those for E, = 1 .O and, thus, are not 
shown. The view is through the cylinder from the inlet 
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h 
Pc=O.l atm 

1.8 
x/D = 0.125 

1.6 

0.50 0.25 0.0 0.25 0.50 

r/D 

(a 1 Gas temperatures 

I (I, I, I, I- 

- % =O.OOl, Tr=800K : 

6.0 _ PT’ 1 atm, &/PC’ 1, _ 

PC = 0.1 atm 

5.0 -- 

- 4.0 D=lm D-10m - 

c? 
3.0 

2.0 

1.0 u 0.1 0.1 

0.0 1.0 2.0 3.0 4.0 5.0 

x/D 

(b) Wall heat fluxes 

FIG. 5. Diameter effect. 

end with the cylinder wall along the axis. Gas more uniform. However, the axial variation of 
temperatures within the heat generating core are higher gas temperature is small and significant variation 
than those of the surrounding gas. As E, increases, the occurs in the radial direction, which indicates that the 
entire temperture level in the tube decreases since end effect on gas temperatures is relatively small. The 
the radiant energy absorbed by the wall increases, opposite trend for gas temperatures as that with 
and the axial variation of gas temperatures becomes increasing E, occurs as the diameter increases from 1 to 

fl,=O.OOl T,=800 K PT=l atm PJPc=l 

(a) D=l m, &lo 
(b) 0x10 m, &loo 

FIG. 6. Gas temperatures for heat generation. 
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t El,= 0.001, T,= 800 K 

PT = 1 atm, Pw/Pc= 1, Pc=O.l atm i 

XX 
xxxxxxxxxx 

X 
X 

EW = 1.0 

X 1 
X 

xXXx 

X 
xX0.1 

X 

X 
X 

X 

X 

X 

X - D= 1 rn,i=lO 

X xxx D= 10 m, i=lOO 

0.1 
I I 

I / I 

0.0 0.5 1.0 1.5 2.0 2.5 

x/D 

FIG. 7. Wall heat fluxes for heat generation. 

10 m. In this study, the ratio of length to diameter is 

fixed at ( = 5. Thus, the areas of the surrounding 
surfaces including the wall and both ends and the total 
heat generation increase with the second and third 
power of diameter, respectively. Consequently, the 

increase ofthe total heat generation is faster than that of 

the surface areas, which results in an increase of gas 
temperatures. 

Figure 7 shows wall heat fluxes for the identical 
parameters as those in Fig. 6. Since energy must be 
removed from the wall, negative wall heat fluxes are 
obtained. However, in this figure the absolute values of 
wall heat fluxes are implied and signified by Q,. Wall 
heat fluxes are smallest near the end and increase until 
x/D = 2.5. More uniform wall heat fluxes for x/D > 1 .O 

and steeper increases in wall heat fluxes near the end 
occur as E, increases since a smaller portion of the heat 
generation is removed by the ends. As the diameter 
increases wall heat fluxes increase significantly since 
more heat is generated within the core. 

CONCLUSIONS 

The objective of this study was to examine the 
interaction of radiative and conductive heat transfer for 
a radiatively participating real gas stagnant in a gray 
diffuse wall circular duct. Examination of the radiant 
exchange in this study was made by the zone method. 
Total exchange areas were introduced in the expression 

for the directed flux areas. Results for specified wall 
temperatures or heat fluxes are presented with several 
system variables. Emphasis is placed on examining the 
influence of wall emittance and duct diameter. 

Results for gas temperatures and wall heat fuxes 
demonstrate that the effect of the wall emittance on 

these results is significant when wall emittance is less 
than 0.5. Wall heat fluxes are nonuniform with the 

highest values occurring near the end and become more 
uniform as the wall emittance decreases. The effect of 

radiation on wall heat fluxes is important when 
compared to conduction effects. 

Gas temperatures and wall heat lluxes are not 
sensitive to diameter since the gas is considered as 
optically thin. Results for heat generation are presented 
where the uniform volumetric heat generation exists 
along the center axis zones. Higher gas temperatures 
are obtained as wall emittance decreases and/or the 
diameter increases. 
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TRANSFERT RADIATIF ET CONDUCTIF POUR UN GAZ REEL DANS UNE ENCEINTE 
CYLINDRIQUE A PAROIS GRISES 

RbumC-L’objectif de cette etude est d’examiner l’interaction des transferts radiatif et conductif pour un gaz 
reel au repos et semi-transparent dans une enceinte cylindrique a parois grises. La consideration de front&es 
reflechissantes reprtsente une extension d'etudes anterieures avec parois noires. Le transfert radiatif est 
considbr~parlam6thodedeszonesaveclespropritt~sdugazdonn~sparlasommepond~rtedumod~lede 

plusieurs gazgris. Les airesdufluxdirectionnelsont exprimkes commelasommepondbrkedesairestotales 

d'bchangedugazgrisquisontBvalu6esparlamithodedeformulationmatricielleBpartirdesairesd'~hange 

direct. Les temperatures du gaz sont considirees avec le flux ou la temperature a la paroi pour les cas respectifs 
soit de flux soit de temperature don& sur la paroi. On discute les resultats pour montrer les effets de 
l’emittance pariitaleet du diametre du tube. On presente aussi des resultats pour la generation de chaleur dans 

le gaz. 

WARMETRANSPORT DURCH STRAHLUNG UND LEITUNG FUR EIN REALES GAS IN 
EINEM ZYLINDRISCHEN HOHLRAUM MIT GRAUEN WANDEN 

Znsammenfassung-Zweck dieser Studie ist es, die Wechselwirkung von Warmeiibertragung durch 
St&lung und Leitung filr ein nicht diathermanes reales Gas, welches in einem zylindrischen Hohlraum mit 
grauen diffusen Wanden ruht, zu untersuchen. Die Beriicksichtigung von reflektierenden Begrenzungen 
bedeutet eine Erweiterung von frtiheren Studien, bei denen von schwarzen Wanden ausgegangen wurde. Die 
Wlrmeiibertragung durch Strahlung wurde mit der Zonen-Methode unter Beriicksichtigung der Eigenheiten 
der Gasstrahlung, welche iiber die gewichtete Summe von grauen Gasmodellen bestimmt wurde, untersucht. 
Die axiale und radiale Gas-Temperatur-Verteilung wurde in Abhangigkeit von der Wandwarmestromdichte 
oder der Temperatur untersucht, je nach dem, welche der GriiBen aufgepragt war. Der Schwerpunkt wurde 
auf Untersuchungsergebnisse gelegt, welche die Einflilsse von Wandemission und Zylinderdurchmesser 
aufzeigen. Die Ergebnisse hinsichtlich der Wiirmeerzeugung innerhalb des Gases werden ebenfalls 

priisentiert. 

PA~RAUHOHHbIti M KOH.4YKTMBHbIH HEPEHOC AJIg PEAJIbHbIX l-A30B B 
IDUIWH~PAYECKMX 3AMKHYTbIX IlOJIOCTIIX C CEPbIMH CTEHKAMM 

.hHOTaUHn-&nb pa6OTbI-HCCnenOBaHHC B3aHMOnCkTBHSI paIIRaunOHHOr0 I4 KOH~yKTIiBHOrO nepe- 

noca nnrr peanbuoro ra38 c pamiaunoHubIM nepeHocoM Tenna, noKosuIerocs B nanaHnpe~ecKofi 3aM- 

KHyTOti nOJIOCTn C CepbIMB LZn++y3HbIMA CTeHKaMA. PaCCMOTpeHRc OTpamaI‘,II,nX rpaHnn aBJIReTC% 

IIponon~eHneM paHeenpOBOAaMbIX accnenosaH~ir~ep~oiiCTCHKn.PanaauaOHHbIBnepeuoc~3y~ancnc 

nOMOIIIbIO 30HaJIbHOrO MeTO&l,IIpWieM pWAaUliOHHble CBOfiCTBa r838 6bIm lIOIIOnHeHb1 C nOMOIIrbI0 

B3BcILIeHHbIX CyMM Ha OCHOBe MOneJInCepOrO ra3a.30HbI HanpaBneHHOrO nOTOKa BbIpaxeHbI KaK B3Be- 

IIIcHHbIe CyMMbI 30H nOJIHOr0 06MeHa CepOrO ra3a, KOTOpbIe OneHnBaEOTCR C "OMOIIJbIO MaTuWIHOr0 

MeTona no 30Hab4 nprMor0 o6MeHa. AKCnanbHbIe II panaanbHbIe TeMnepaTypbI ra3a MCCne~OBannCb 

BMCCTC C TeWIOBbIM nOTOKOM y CTeHKM U TeMIIepaTypOfi,COOTBeTCTBeHHO,KaK nna CnyWeB 3anaHHbIX 

TeMnepaTyp, TPK A TenJIOBbIX nOTOKOB. Oco6oe BHnMaHne yJIeJIscTCn A3yYeHBIO BnnRHna CTcHKn II 

nnaMerpa KaHana.TaKmenpencTaenenbI pesynbTaTbIn0 BHyTpeHHeMy TennoBbInenemim ~ra3e. 
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