INTERACTION OF RADIATION AND CONVECTION IN
COMBINED HEAT TRANSFER IN A SHORT CHANNEL

V. I. Shcherbinin, A, Kh. Bokovikova, UDC 536.3:536.25
and F. R. Shklyar

The composite heat transfer and the effect of radiation on convective heat transfer in the
cooling of a laminar flow of gray medium in a short cylindrical channel were investigated.
The energy equation was solved numerically in a wide range of characteristic parameters
with radial and longitudinal radiant fluxes taken into account.

Several studies of combined heat transfer in channels have been made in recent years [1-7], but the
problem of the interaction of heat conduction, convection, and radiation in combined heat transfer has not
yvet been adequately investigated. The existing theoretical investigations usually contain rather drastic
simplifying assumptions, which are introduced in the calculation of the divergence of the radiant flux., In
particular, in calculations of the radiative transfer in combined heat transfer the axial temperature dis-
tribution in the channel and the presence of axial radiant fluxes are usually ignored [1-6]. An exception is
[7], where the case of heating of carbon dioxide in the entrance region of a round tube was investigated.
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Fig. 1. Radial temperature distribution near wall for different values of
mgand x = 1,5, Lo =18, my= 0.034, Pe =1000: 1) 73 = 0; 2) 0.25; 3)4.0.

Fig. 2. Dependence of Qg on m, 3, and 8, for Pe = 1000, Ly = 12: a)
8y, = 0.2; b) 0.5; ¢) 0.8; 1) ¢y = 0.01; 2) 0.02; 3) 0.04; 4) 0,06.
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Fig. 3. Dependence of Nus against my, 3, and &, for
Pe = 1000, x =6, Ly = 12: a) 3y =0.2;b) 0.6; 1) w5 =
=0; 2) 0.2; 3) 0.4; 4) 0.6; 5) 1,0; 6) 1.4; 7) 1.8; 8)2.0.

In the present work we investigate the interaction of radiation and convection in the case of combined
heat transfer in a short round cylindrical channel through which flows a gray, radiating and absorbing, non-
scattering medium. The side walls of the channel are black and have a constant temperature throughout.
The entrance and exit ends of the channel are closed by porous black disks with constant, arbitrarily as-
signed, temperatures. The gas temperature at the entrance to the channel is constant over the cross
section and can differ from that of the entrance disk. The flow of the medium throughout the length of the
channel is steady and laminar. The case of cooling of the flow is considered.

The energy equations for an elementary volume with the longitudinal heat conduction of the medium
ignored and the boundary conditions in dimensionless form are
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The dimensionless bulk density of the incident radiation at a given point in the medium is given by
the expression
/2 J't Sy
Ype = 2 j j [Bw exp (— n,Sw) - ,—n”;— 5 94 (s) exp (— 71,5) ds]sin 0d0dy. (5)
—/2 0 : b
Taking (5) into account we solved equation (1) numerically with boundary conditions (2)-(4), using
a finite-difference method based on a implicit six-point symmetric scheme, and the pivot method in con-
junction with the method of successive approximations [12]. As the zero approximation we used the tem-
perature field obtained on solution.of the problem of convective heat transfer in the entrance region of
the tube. To solve equation (1) we used a regular orthogonal grid. To select the number of intervals
between the nodes on the radius we compared the results when the radius was divided into 8, 16, and 32
intervals. The main calculations were made with the radius divided into 16 parts. To save machine time
we calculated expressions (5) and (8) at the nodes of an irregular grid. The number of intervals on the
radius in this case was five, and the number of intervals on the length was six. The values at the remain-
ing nodes, which are required for the solution of equation (1), were found by the method of quadratic in-
terpolation. When the results of an iteration were used directly to calculate the next iteration the conver-
gence wag poor, and in some cases the results even diverged. To obtain more rapid convergence in the
calculation of the temperature fields we used the lower relaxation method [11]. We took the parameter as
0.5. This shortened the calculation when the changes in the relative temperatures ¢ in the iterations ‘
were less than one per cent. This usually required 4~6 iterations. To reduce the number of iterations in
several cases we obtained initial conditions by solving problems in which the values of the characteristic
parameters were close to the considered value. As a result of the solution of equation (1) we obtained
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the temperature distribution in the volume of the channel in the case of combined heat transfer, which
depends on the main parameters of the problem:

8 =9(r; % ng ny; Pe; 8y Lo (6)

The results discussed in the present work were obtained for channels with a length of 12 and 18 dia-
meters.

The investigation of the distribution of axial radiant fluxes over the length of the channel showed that
their value changed significantly only in regions of length 1.5 D-3.0 D at the ends of the channel. Over the
whole remaining length their value was practically constant and, hence, had no effect on heat transfer by
radiation between the gas volumes.

From the obtained temperature distribution (1) we found the longitudinal distribution of the local
values of the mean-flow temperature, the convective heat flux to the wall Q, and the heat flux conveyed to
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The total heat ﬂuxes to the side wall of the whole channel due to radiation Q% , convection QC, and
the total resultant flux QC were found by integration of the corresponding local values over the length of
the channel.

The error of the results Nug = Pe Q,/§—d,, in the numerijcal solution of the problem of convective
heat transfer in the entrance regmn of the gxbe (laminar flow) in accordance with the algorithm used was
less than 19 when x> 0.5. A comparison was made with the exact solution [9]. The accuracy of the algo-
rithm used to calculate the resultant radiant fluxes in the volume and on the walls was checked by comparing

the emissivity of an infinite cylinder with cold black walls,
£ -

2 - - filled with a gray medium, for values of 7; up to 7.0, with the
' / exact values given in [10]. The error was less than 1.5%.
oo ///‘/9_4 | To obtain the relationships shown in Figs. 2-4 we used
’ / L~ /'—— the method of orthogonal compositional experimental design [8].
/ / / -7\ The variable factors were my, 73, and #_. The error of the
P empirical relations obtained by treatment of the results of our
/ //l/l - calculated variants by the method of [8] was as follows: for the
40 7 / " /’_\_ mean-flow temperature § less than 4.5% for Q}J and Nug less
1 ] than 7% and for QF less than 10%,
(0] 0
/ / The conducted calculations showed that the dependences of
407 b ] . 6; -~ the local and resultant radiative heat transfer on the wall tem-
/ —1 % perature have a maximum. The position of the maximum de-
b %;—-—%: pends on the specific conditions, i.e., on 7y, m, Pe, and L
/%.—-————-—*.\ For instance, when 3 = 0.5, m =0.034,Pe = 2000, and L -(ie
G 73 =S the maximum radiative heat transfer was obtained when 19 ~0.4,
& =1 ™~ With change in the Bouguer number from 0 to 4.0 the total
/ radiant flux Q% also passed through a maximum in the region of
[ m = 1.0-2.0. The precise position of the maximum depends on
Gorqz a6 0 7 1T the values of the other parameters (m, Pe, &, Lg).

Fig. 4. Dependence of QZ on ry, 7,
and &, for Pe = 1000, Lo =12: a)
S = 0.2; b) 4, = 0.85 1) m = 0.01;
2) 0.02; 3) 0.03; 4) 0.04; 5) 0.05;

5) 0.08,

The dependences of the local convective heat fluzes Qg in
each cross section of the chamnel on 73 have a minimum, The
closer the section to the entrance, the lower the value of me at
which the minimum occurs. We reported similar relationships
in a slotlike channel [1]. They can be attributed to the different
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nature of the radiant interaction between the hot core of the cooled flow and the colder layers at the wall

in a weakly absorbing and strongly absorbing medium. Figure 1 shows the transverse distribution of tem-
perature of the medium near the side wall for 73 = 0, 0.25, and 4.0. Figure 1 shows that in a weakly ab-
sorbing medium an increase in the Bougner number leads to 2 more rapid cooling of the wall layers of the
stream than in a diathermal medium, whereas in a strongly absorbing medium the cooling of the wall layers
is retarded. The intensive radiative interaction of the different volumes of medium leads to a leveling out
of the transverse temperature field and to an increase in the transverse temperatvre gradient at the wall
with increage in the Bouguer number. .

The total convective heat flux to the channel wall also passes through a minimum with increase in
the Bouguer number. Figure 2 shows QC as functions of ; and my at different wall temperatures. As Fig,
2 shows, the relative effect of 7; and 7 on Q( is more pronounced at high wall temperature, when the con-
tribution of convective heat transfer is reduced. The conducted calculations showed that the effect of the
Bouguer number on Qq and QE is more pronounced, the greater the value of the Peclet number. An in-
crease in Pe from 500 to 2000 leads to a reduction of the contribution of convective heat transfer by 50-609%,
while the contribution of radiative heat transfer increases by 30-50%. The effect of m; and m; on the con-
vective heat transfer coefficient (NuC) at different wall temperatures is illustrated in Fig. 3, which shows
that in combined heat transfer the convective heat transfer coefficient is not a function of the Peclet number
alone, but depends significantly on all conditions (m, 73, $w, L), Our calculations showed that in condi-
tions where Pe = 1000, Sy = 0.2-0.8, L =12, and m = 0.01 the local values of Nug change by 6-20%
when 7, increases from 0 to 2.0. In the same conditions with m; = 0. 06 the local values of Nug change by
15-40%. It should be noted that the effect of m; on Nus is greater at larger Pe values.

At low wall temperatures with increase in the Bouguer number from 0 to 2.0 in channel sections close
to the entrance Nu _, passes through a minimum, which lies in the region of small values of 73 (~0.2). With
increase in wall temperature this feature is observed also in channel sections far from the entrance. For
instance, Fig. 3 shows that with 4, = 0.6 in cross section x = 6 the convective heat transfer coefficient in
an absorbing medium for m = 0.2, 0.4, and 0.6 has lower values than in a diathermal medium in the same
conditions. The effect of the main parameters of the problem on the total radiative-convective heat trans-
fer is of interest. Figure 4 shows the dependence of the total heat flux transmitted to the side wall of the
channel by convection and radiation on 73, my, and &, (for Pe = 1000; L, = 12). This figure shows that when
the Bouguer number changes from 0.2 to 2.0 the total heat transfer passes through a maximum whose posi-
tion on'the w3 axis depends on the other parameters of the problem. Our calculations showed that the total
heat transfer (convection + radiation) coefficient, like the total resultant heat flux on the side wall, depends
significantly on all the main parameters of the considered problem,

NOTATION
¢ =W/W is the velocity at given point of channel relative to mean-flow velocity w
over cross section of channel;
4=T/T, is the dimensionless temperature relative to stream temperature T, at
entrance to channel;
Sy is the dimensionless wall temperature;
3 is the dimensionless mean-flow temperature of stream at given cross

x=xc/Dandr=rc/R

section x;
arethe dimensionless longitudinal and radial coordinates, respectively;

Pe = WDc,p/A is the Peclet number;

= UOT% wce o° is the reciprocal of Boltzmann number;

Cps P and A arethe specificheat, density, and thermal conductivity of medium, respec-
tively, independent of temperature;

m3 = kD is the Bouguer number;

K is the absorption coefficient of gas;

1
Mine = 7o ) Bdor
4

BW
QR and Qg

QF. QF. andQ¥=QF +QF
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is the dimensionless ircident bulk radiation density at given point;

is the brightness of effective emmision of wall relative to ooT8s

arethe dimensionless local resultant heat fluxes due to radiation and con-’
vection. respectively, in relation to (wcppTo),

arethe dimensionlesstotal convective, resultant radiative, and total heat
flux onto side wall of channel;



SNy is the distance from considered point to wall of channel in direction of
beam S in relation to Dy

dw is the elementary solid angle;

D =2R is the channel diameter;

Lo is the length of channel in relation to D;

Nu c is the local Nusselt number calculated from Q.
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