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Abstract—Simultaneous nongray radiation and thermal diffusion in a thermally and hydrodynamically
established laminar or turbulent pipe flow with uniform internal heat generation is treated. The governing
integro-differential thermal energy equation is solved using the Galerkin technique for the laminar case and
finite difference and numerical iteration techniques for turbulent flow. Solutions are presented for
radiative and convective Nusselt number as a function of the radiation to molecular conductance ratio
N,, the optical depth 7 along the radius at a photon wavenumber spectrally located at the head of an
exponential-tailed absorption band, and a turbulent Reynolds number R,. The radiative Nusselt number
is found to increase almost linearly with N,,, and linearly with 7z at small 7z but approximately
logarithmically at large 75. The radiative transfer also increases with increasing turbulence R,, as the
turbulence improves the effective wall layer gas transmissivity,
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B,,  derivative of B, with respect to r; Y dIStal‘l‘?e from the wall (R—7);
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M, momentum;
m, molecular;
R, radiative;
T, total;
t, turbulent, transition;
v, volume average;
w, wall;
v, spectral.
Superscripts
* dimensionless quantity;

+, dimensionless turbulent quantity.

INTRODUCTION

IN ENGINEERING practice, it is often necessary to esti-
mate the heat transfer to the walls of a reactor or a
combustion chamber or to the melt surface in a furnace.
Turbulent diffusion and thermal radiation, which are
the two major mechanisms, serve to transfer heat from
hot combustion gases to cooler regions. One is
interested in knowing how much does a cold gas layer
adjacent to a wall reduce the heat transfer to it. Heat
transfer also affects the combustion process, because
heat release and removal rates fix the combustion gas
temperature, which in turn influences the thermo-
dynamic and kinetic parameters. For example, forma-
tion of nitric oxide in the gases of fossil-fuel-fired
boilers and internal combustion engines is strongly
affected by combustion temperature [1,2]. The
quenched layer adjacent to the cooled walls in internal
combustion engines contributes to incomplete combus-
tion. Incomplete combustion is wasteful of energy, and
the unwanted hydrocarbons and carbon monoxide
exhaust products pollute the atmosphere or add to the
problem of heat removal from a catalytic after-burner.
The thickness of the quenched layer is strongly affected
by simultaneous radiation and turbulent transport. In
addition to the abovementioned applications, heat
transfer by simultaneous radiation and convection
appears in almost any engineering system operating at
high temperatures, for example an arc or plasma.

Viskanta {3] studied the interaction of conduction,
laminar convection, and radiation in a plane layer of a
radiating fluid. Other good reviews for the case of pure
convection {or laminar Couette flow) and gray radia-
tion can be found in papers by Cess [4] and Viskanta
[5]. Einstein [ 6] considered radiant heat transfer in an
absorbing-emitting gray gas flowing within a black-
walled cylindrical pipe. Nichols [7] studied the in-
fluence of the absorption of radiation on the tempera-
ture profile and heat transfer to an absorbing medium
flowing turbulently in an annulus. deSoto and Edwards
[8] predicted the radiative interchange between a black
tube wall and a nonisothermal nongray gas with
prescribed temperature. deSoto [9] investigated the
coupling of radiation with conduction and convection
in a nonisothermal, nongray gas flowing in the entrance
region of a black-walled tube in a purely numerical
approach. Kesten [10] presented the equations for the
spectral radiant heat flux distribution in an absorbing-
emitting gas contained in a long cylinder whose internal
surface is black.

A. T. WasseL, D. K. EDWARDS and I. CATTON

Landram et al. [ 11] studied heat transfer in turbulent
pipe flow with optically thin radiation. Habib and
Greif [ 12] investigated nongray radiative transportin a
cylindrical medium. Tiwari and Cess [13] examined
heat transfer to laminar flow of nongray gases through a
circular tube. These latter two analyses [12,13] are
based upon an approximation suitable only for the
optically thick limit [14,15] and are thus of limited
validity for a molecular gas having radiation transfer
occurring in optically thin band wings. Edwards and
Balakrishnan [16,17] used a slab band absorptance
function to investigate simultaneous radiation, turbu-
lent transport, and internal heat source in plane parallel
ducts. They treated both linear and nonlinear cases.
Wassel and Edwards [ 18] formulated the radiative flux
in a cylinder in terms of an axial band absorptance
function. Closed-form expressions for this latter
quantity were obtained for cases when gas properties
can be represented by the exponential-winged band
model.

It is the purpose of this paper to investigate the inter-
action of the different modes of energy transfer, hence,
to modify the commonly-used well-stirred model [19],
where the total heat transfer is computed by adding an
isothermal-gas—radiative flux to a convective one. A
laminarly or turbulently flowing radiating gas with a
constant volume heat source and enclosed by a black-
walled cylinder is considered.

MATHEMATICAL FORMULATION
Radiative flux
For black walls the radiative flux can be written as
follows [18]:
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The axial band absorptance function 4¥; was approxi-
mated as follows [18]:
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AX (x) = Inx;+ E,(3nx,/8) +y,+In2—3,
x; > 038 (5b)
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The parameters of 5 and ¢ take the values +1.

Equation (5) holds for gases whose spectral absorption

coefficient, k,, can be represented by the exponential-

winged band model, that is,

k
%
k=Y ki k= ZO—eXp[-(V;—V)/we}, V<
i=1 i

where «; is the integrated intensity of the ith band, w;
is the band wing decay width and v, is the spectral
location of the band head [20].

Governing equation and boundary conditions
The thermal energy equation describing a thermally
established, laminar or turbulent, radiating gas with a
volume heat source, Jy, can be written as follows
pC, d dT} 1d .
—_— — ] —— =0. (6
T dr [(%‘*‘83)?' i C @ (rgr}+ Qv (6a)
For a laminarly flowing gas the turbulent heat diffusi-
vity gy is zero, leaving only the molecular coefficient o,,.
The above integral-differential equation is subject to the
boundary conditions

daT

r=0:—=0; r=R:T=T,. (6b)
dr

The first term of equation (6a) represents the laminar
and turbulent diffusion which depends on the molecular
properties of the fluid, flow conditions and local
temperature gradient. The second term represents the
radiative flux which depends on the fluid properties and
the overall temperature field and is given by equation
(1). The eddy diffusivity for heat, ey, is described by a
model of turbulence. Assuming a constant Jy, integrat-
ing equation (6a), making use of the symmetry, and
rendering the equation dimensionless yields
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The parameter N,, measures the pongray radiation
conductance to molecular conductance. The dimen-
sionless weighting parameter, #7, can be viewed as a
measure of the fraction of the total radiative energy
transfer contributed by the ith band of a multi-band gas
in the large-path-length limit.

The dimensionless energy equation, equation (7), is
subject to the boundary condition

*=1:T*=0 (12)

and is to be solved by an appropriate method. If only a
single band is considered, the summation over the
bands disappears, and the weighting parameter %
becomes unity.

Eddy diffusivity model

The turbulent form of equation (7) can be solved only
if one makes an assumption regarding ¢*. The turbulent
Prandt! number, Pr,, relates ey to the eddy diffusivity
for momentum, &y, which can be described by one of
many eddy viscosity models. The model used here is a
two-layer model, which involves a near-wall region
formulation and another formulation for the outer
wake-like region. The inner wall region is described by
the van Driest model of turbulence [21] modified by
Patankar and Spalding [22]. In this model the local
damping is affected by the local shear stress rather than
the wall value. In the outer part of the flow the mixing
length is taken as uniform and proportional to the
cylinder radius.

d
= K2y [1—exp(= y(e/p)n A" [

for O0<y<y (13a)

d
eq=ARMS for y,<y<R  (13b)

where y is the distance measured from the wall
{y = R—r)and y, is a transition distance at which the
above expressions match. The velocity gradient, du/dy,
and the local shear stress, 7, are determined by solving
the momentum equation for a hydrodynamically estab-
lished flow,

1

du
pdz r 5[(VM+SM)r*dr] (14)
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where dP/dz is the pressure gradient along the cylinder
axis. Equation (14) is subject to the boundary condi-
tions

du
r=0:—=0; r=R:u=0
dr

15)
Integrating equation (14) and making use of the sym-
metry yields

1 dpP

d
pa " (vm+eM)-£- = (tu/o)(—1/R)  (16)

where
du
(t/p} = ~ (Vm+8M)a~-
’

The momentum equation, equation (16), the eddy
diffusivity expression, equation (13}, and the no-slip
boundary condition at the wall, equation (15), can be

rewritten as follows:
+

(e S = — 1R, (17a)
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where

ut = u/(Tw/p)%; rt= r(fw/p)*/vm = Rt—y+
R = R(Tw/p)*/vm

and r' is a transition radius at which the eddy
viscosity given by equations (17b) and (17¢} have the
same value. The quantity K = 04 is von Karman’s
constant, A" = 30is a universal constant, and A = 0-075.
The values of the above empirical constants were re-
evaluated by numerical experiments to match available
data of skin friction and dimensionless velocity profile
[21~25]. The turbulent Reynolds number, R, is related
to the Reynolds number, based on the cylinder diameter,
through the relation

R, = (C;/8)*Rep (18a)
R,

Rep = V2R = 4 J uttytdrt (18b)
m t 4O

Cr = (1 /p)/3V? = 8(R//Rep)*. (18

The quantity r* is related to r* through the relation
Pt = Rr*, (18d)

Note that R, is r* at r = R, or what one might denote
as R*.

The system of equations, (17a)-(17d), are solved first
by a numerical iteration procedure to yield the ey (r*)/ v
distribution, hence the £*(r*) profile with parameter R,
or Rep.
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Nusselt numbers, average temperature, and effective
transmissivity

The average temperature considered here is the
volume average temperature defined as

R ! PR
(T,,—T,J:f (T—Tw)2nrdr/j 2ardr.
(4] !

o

(19)

From the definition of the dimensionless temperature
T*, equation (8c), equation (19) can be rewritten as

1
Tr=2 f T*(r*)r* dr*. 20)
4]
The convective Nusselt number is defined as
dow 2R dT*
Nigp == —o = =2 T*. 21
ARG e = I o
The radiative Nusselt number can be written as
4qRr,w 2R
Nug = ———" = 2q%(r*=1)/T*. 22
= e = =T (@)
The total Nusselt number is the sum of Nue and Nug,
NuT=NuC+NuR. (23)
The peak to average temperature ratio is given by
o=t T i 24)
- ,T” — Tw - cf/ v (

The wall layer effective transmissivity, 7.4, is also of
interest and is defined as follows:

qr,w _
g0 T 0,08

qr,w

k
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25

Twt =

where 4; = w; A¥ is the mean band absorptance and is
given by [18]

/2
A= w; J A} {(2tg,;cosy)cosy dy (26)
=0

Linearizing equation (25) and introducing the radiative
Nusselt number, Nug, allows the wall layer transmissi-
vity to be written as follows, provided a single band
{or a number of identical bands} is considered.
T = H{ Nug/A*][(kn/R)(©» dB, /dT)]

= %NuR/[Z*Nrm] (27)
Values of A* as function of 1z can be found in
reference [18].

METHODS OF SOLUTION

The laminar case
The solution to equation (7) with ¢* = 1 is obtained
by the Galerkin technique. The temperature T*(r*) is
expanded in a series of the form
N
T*r*) = 3" + 3 a, TH). (28)
n=1

One substitutes the above into equation (7) to obtain

N dTx dT*
"gl a, {'a';‘{ — Nym G (TR; r¥, E_T)}

dT¢ a1
= e {r* + drz — N,..G¢ (rR, r¥, E;%)}
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where G§ and G} are the parts of the function G* that
depend on dTg/dr* and dT}/dr* respectively. If the
above equation is multiplied by T*(r*) and volume-
integrated, there results

N
Za,,B,,j=D}- j=12,...N 29
n=1
where
1 (dT* dTx\
By = L {dr* — Nom G (TR, ¥, a};‘)} TFr*dr*

1 a7 a7z
Df = — Jﬁ {P‘* -+ _é_r_*— - N,.,,, Gg (’ER,F*,E;‘ }T}'r*dr"‘.

The coefficients q, are found by inverting the matrix
B,; The number of terms in the series expansion,
equation (28), is increased until a convergence of the
solution appears. Seven terms were found adequate.
Numerical integrations involved in the Galerkin
scheme were performed by the Simpson rule, where the
domain of integration is divided into N equal steps. The
trial functions that are found to be appropriate are

T = 1=r3 T = 1-r2n,

It is to be noted that the parabolic profile considered
is the solution to the laminar energy equation for the
case of no radiation.

The turbulent case

Toavoid needing a large number of terms to describe
properly the behavior of a turbulent sublayer, the solu-
tion. to the turbulent energy equation is obtained
adopting a numerical iterative scheme. The interval
(0,1) is divided into N unequal steps where many node
points are stacked near the wall in a logarithmic
fashion appropriate to turbulent flows. By locating the
node points at equal steps in the z*-plane, the
corresponding locations in the r*-plane can be found,

) B
*=In[1+KR(I-r]; rFf=1-——(&"~1),
z* =In{ R(A-rM]; r KR,( )

where i denotes the ith node point. Fifty-one node
points were used.

Having established the node point distribution, the
momentum equation is solved first for a given value of
the turbulent Reynolds number, R,, hence establishing
the ¢*(r*) profile. The energy equation is then solved
iteratively. Iteration is repeated until a maximum
difference between two successive iterates is less than
some prescribed value. After one establishes the
dT*/dr* profile, the temperature profile can be
extracted by making use of the boundary condition at
the wall, ie. T3, ({r*=1) = 0 and integrating.

RESULTS AND DISCUSSION

Results for turbulent flow

Table 1 gives computed radiative, convective and
total Nusselt numbers, centerline temperature to
volume average temperature ratios and the wall layer
transmissivity for R, = 200, 500, 1000 and 2000 respec-
tively and Pr, = 0-9. Tabulations are for values of N,,
from 0 to 100 and for t from 1 to 200,
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It can be seen from the table that at low values of
N, turbulent transfer dominates, while at large values
of N,,, radiation contributes markedly to the total heat
transfer. The radiative flux measured by Nup increases
in approximately a linear fashion with N,,. It can also
be seen that radiative fluxes increase with 1y, first at a
high rate then at a lower rate at high values of
g for given values of R,, which characterizes the tur-
bulence, and N,.,, which characterizes the nongray gas
radiation.

Increasing the turbulent Reynolds number R,
increases markedly the convective transfer to the wall.
For example, increasing R, from 500 (Rep = 16901) to
2000 (Rep = 80650) increases the convective Nusselt
number from 499 to 161-2. As a result of the convective
phenomena a thin cold layer adjacent to the wall is
formed. This thin boundary layer partially shields the
wall from the full hot core radiation, and the thicker
the layer the less radiation is transferred to the wall.
Increasing R, thins the layer. The resulting effect on
radiative transfer can be seen when comparing the
results of Nuy at different values of R,.

To see the effect of coupling of radiation and
turbulence on convective transport consider the values
of Nu. at constant tg. Increasing N,, does increase
convective transfer significantly at low values of R,
where higher temperature gradients as well as lower
volume average temperatures are obtainable. At high
values of R, convective Nusselt number decreases very
slightly due to radiation lowering temperature
gradients at the wall. At high values of R,, the convec-
tive Nusselt number can be estimated by the convective
empirical correlations without the need to account for
the interaction between radiation and turbulence. From
Table 1 for R, = 2000 and tx = 50 it can be seen that
the value of convective Nusselt number at N,,, = 100
is only 7 per cent below its value of N,,, = 0.

Radiative transfer decreases the difference between
the centerline and wall temperatures for the same
amount of heat released, because the radiative
mechanism increases the heat transfer to the wall.
Figure 1 shows plots of temperature profiles normalized
by the volume average temperature. The temperature
profiles intersect because of the normalization of the
same (unit) volume average temperature. The centerline
(peak) to volume average temperature ratio increases
with increase in N,,. The temperature in the outer
region decreases as N, increases (except in the region
very close to the wall where a slight increase in the tem-
perature gradient may occur, depending upon the value
of R,), and a higher temperature is obtained in the
central region. The opposite, however, is found in the
optically thin limit or at low values of Tz with low tur-
bulence (R, = 200). Table 1 and Fig. 1 show that the
centerline-to-volume-average-temperature ratio de-
creases with increase in N,,, because the temperature
in the region near to the wall increases with increase in
N,m, thus requiring a lower centerline temperature in
order to have the same normalized volume average
temperature. The decrease in the peak-to-average-
temperature ratio becomes less with increase in R,.
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Table 1. Turbulent flow results
Ny =1 g =10 g = 50 T = 100 T = 200
R, = 200(Rep, = 5693)
00 Nuc 24-468 24468 24-468 24-468 24-468
Nug 00 0-0 00 00 00
Nuy 24-468 24-468 24-468 24-468 24-468
T 1439 1-439 1-439 1439 1439
01 Nuc 24-495 24:530 24:538 24-541 24-544
Nug 0-244 0-566 0-662 0-678 0-686
Nuy 24739 25096 25:200 25219 25-230
T 1-438 1-439 1440 1-440 1-440
Tt 09710 0-8179 0-6530 0-5884 0-5314
10 Nuc 24736 25081 25-164 25197 25230
Nug 2:441 5663 6614 6768 6849
Nup 27177 30-744 31-778 31:965 32:079
¥/ T* 1-432 1437 1-445 1-446 1-445
T 09714 0-8183 0-6524 0-5873 0-5305
100 Nuc 26:988 30-155 31-140 31-446 31721
Nug 24-455 56:877 65938 67-417 68:245
Nup 51-443 87-032 97-078 98-863 99966
/1Y 1:379 1-426 1-465 1-468 1466
T 09732 0-8219 06504 0-5850 0-5286
100-0 Nuc 42702 62:555 68293 69-491 70-395
Nug 246361 579017 670651 687-002 697-284
Nuy 289-064 641-572 738944 756493 767-679
T3/ T* 1222 1-396 1-464 1-469 1-468
Tt 0-9804 0-8367 0-6616 0-5962 0-5401
R, = 500{Rep = 16901)
00 Nu¢ 49-873 49-873 49-873 49-873 49-873
Nug 00 00 00 00 00
Nur 49-873 49-873 49-873 49-873 49-873
/T 1354 1354 1354 1354 1354
01 Nuc 49-889 49-896 49-885 49-884 49-884
Nug 0246 0-596 0732 0-760 0775
Nur 50-135 50-492 50-617 50-644 50-659
TH/T 1354 1-354 1-355 1-355 1-355
Tyt 09790 0-8612 07221 0-6595 06003
10 Nuc 50-025 50-095 49-999 49-987 49995
Nug 2-459 5955 7-300 7-577 7725
Nuy 52:484 56:050 57-299 57-564 57720
T*/T* 1-352 1-356 1-361 1-362 1362
Twy 0-9786 0-8605 07201 0-6575 0-5984
100 Nuc 51-345 52:196 51:772 51-809 51-963
Nug 24-598 59-319 71-685 74-099 75-400
Nuz 75943 111:515 123-457 125-908 127-363
T3/ T* 1-332 1-368 1-400 1-405 1405
Tt 0-9789 0-8572 07071 0-6430 0-5840
100-0 Nuc 61-969 73-246 77-048 78-428 79-683
Nug 246882 589-182 691-350 709971 721-443
Nuz 308-851 662-428 768-398 788:399 801-126
T*/T* 1-232 1-381 1449 1-454 1-453
Tl 09825 0-8514 0-6820 0-6161 0-5588

One may compare the predicted convective Nusselt
number based on volume average temperature with
that of turbulent pipe flow for a transparent gas of
Pr=07. At low values of R, the computed Nuc is
within 20 per cent of the modified Dittus—-Boelter
formula Nuc = 0-023Red8Pr%33. At higher values of
R, the predicted Nu. is within 7 per cent of the
empirical formula. Although the results are for a

uniform heat source, they are in fair agreement with
pipe flow predictions.

Table 1 shows that the wall layer effective transmis-
sivity, 1, can assume a value as low as 0-53 at low
R, and high . Transmissivity does increase with
increasing the turbulent Reynolds number R, due to
less blockage of radiation caused by the cold gas layer
adjacent to the wall. Transmissivity decreases with
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Table 1 (continued)

Nym tg=1 =10 =150 g = 100 g = 200
R, = 1000(Rep = 37 185)
0-0 Nuc 88-961 88961 88961 88-961 88961
Nug 00 o0 00 00
Nur 88961 88961 88961 88-961 88961
THT* 1-314 1314 1-314 1314 1-314
o1 Nuc 88-971 88963 88942 88935 88932
Nug 0247 0611 0775 0-816 0-841
Nur 89218 89-576 89717 89751 89-773
THTr 1-313 1314 1314 1-314 1-314
Towi 0-9830 0-8829 0-7645 0-7081 0-6514
10 Nu¢ 89063 89-006 88-780 88714 88-680
Nug 2-466 6-107 7735 8-136 8-385
Nur 91-529 95-113 96:515 96-850 97-063
T3/ T* 1312 1-315 1-319 1-319 1-320
Tot 09814 0-8825 0-7630 0-7060 0-6495
100 Nuc 89967 89-546 87777 87-319 87-132
Nug 24-664 60-851 76-110 79-665 81816
Nur 114-631 150:397 163-887 166984 168948
T 1-303 1-329 1-354 1-359 1-361
Tot 09815 0-8793 07508 06913 0-6337
100-0 Nug 97763 99939 97-459 97-660 98-428
Nug 247-174 599724 717902 740-806 754-458
Nur 344937 699-663 815361 838-466 852:886
YT 1-242 1-365 1-435 1-443 1-444
Twi 09837 0-8666 0-7082 0-6429 0-5844
R, = 2000(Rep = 80650)
00 Nuc 161-181 161-181 161-181 161-181 161-181
Nug 00 60 00 00
Nur 161-181 161-181 161-181 161-181 161181
X/ T* 1-282 1282 1-282 1-282 1-282
o1 Nuc 161-188 161175 161-142 161-129 161121
Nug 0247 0-623 0-809 0-863 0900
Nuy 161435 161-798 161951 161992 162-021
T3/TF 1-282 1-282 1-282 1-282 1-282
Tt 0-9830 09003 0-7980 0-7489 0-6971
10 Nuc 161-253 161118 160-791 160-670 160-585
Nug 2473 6223 8083 8613 8980
Nur 163726 167-341 168-874 169-282 169-565
TX/T* 1-281 1-283 1-285 1-285 1-286
Tl 0-9842 0-8993 07973 07474 0-6956
100 Nuc 161893 160-649 157-729 156692 156-002
Nuyg 24731 62056 79903 84-795 88-114
Nup 186-625 222-705 237632 241-487 244-116
T/ T 1-277 1-293 1-310 1-313 1:316
Tt 09842 0-8967 0-7882 0:7358 0-6825
1000 Nug 167-721 161380 148744 145-598 144-265
Nug 247-486 611-010 752:527 784-364 804-291
Nuy 415207 772390 901-271 929-962 948-556
3/ TF 1-244 1-339 1-403 1-413 1-417
Tot 0-9849 0-8829 0-7423 0-6807 06230

increasing optical depth . The low values of transmis-
sivity show that the cold gas layer absorption can
exert a significant influence upon the radiant heat
transfer to a reactor wall and hence upon the reactor
gas temperature.

Edwards and Balakrishnan [16] investigated com-
bined turbulent diffusion and radiation with an internal
heat source in a plane parallel duct. They too found

that radiation contribution grows nearly linearly with
N... and at high values of N,, radiation dominates
the total transfer. Increasing R, increases markedly the
convective transport at the wall and significantly raises
the radiative transport. They also showed that the peak
to volume average temperature ratio increases with
increase in N,,. In addition to this qualitative agree-
ment, excellent quantitative agreement exists between
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flow (R, = 1000, 75 = 50). {(tr = 50).
Table 2. Laminar flow results
Nom =01 =1 g = 10 Tz = 50 g = 100 g = 200
0-0 Nuc 80 80 80 8-0 80 80
Nug 00 0-0 0-0 0-0 0-0 0-0
Nur 80 80 80 80 80 80
T*/T* 2:0 20 20 2:0 2:0 20
01 Nu¢ 8013 8099 8-266 8-296 8297 8296
Nug 0-038 0-237 0-485 0-533 0-544 0-552
Nur 8051 8336 8751 8-829 8-840 8:848
¥/ T 1-998 1988 1974 1974 1974 1974
Tyt 1-00 09432 0-7008 0-5258 04721 04276
1-0 Nuc 8-129 8937 10-308 10-500 10-481 10-459
Nug 0-378 2:380 4990 5-565 5700 5797
Nur 8:507 11-317 15-295 16065 16:181 16256
T3/ T* 1-984 1-895 1-819 1-824 1-826 1-826
T 09963 0:9472 0-7211 0-5490 0-4946 0-4490
10-0 Nuc 9-206 14666 20-827 19-920 19255 18-793
Nug 3779 24-122 54246 63-607 65664 67-027
Nur 12-986 38788 75073 83-527 84920 85-822
T3/ T* 1-861 1-511 1-532 1-582 1-591 1-596
Tyt 0-9960 09600 0-7839 06274 0-5698 05192
100:0 Nuc 16181 36-542 39-443 29-264 26-998 25639
Nug 37-844 247070 602-874 710-959 729-428 741134
Nur 54-024 283-612 642:316 740-223 756426 766773
¥/ T 1:403 1222 1-419 1-504 1-519 1-527
Ty 09975 0-9832 0-8712 0-7013 0-6330 0-5741

the present predictions and those of [16] when one
compares on the basis of equal optical depths for the
geometric mean beam length and equal Reynolds
numbers based upon the hydraulic diameter. The optical
depth for geometric mean beam length 7, is related to
g in this work by tx = 47, and 7, is related to t for
the channel half width in the previous paper [16] by
Ty = 371

Edwards and Balakrishnan [17] showed that at low
values of the optical depth at band head and low
turbulence, the centerline to volume average tempera-

ture ratio decreases with increasing N,,. The same
behavior was noticed by Landram et al. [11].

Results for laminar flow

Similar to the turbulent case, radiative transfer domi-
nates the total transfer when the radiation conductance
to molecular conductance ratio, N,,, becomes large.
Table 2 shows that radiative Nusselt number grows
nearly linearly with N, at small values of tx and
deviates from the linear increase at high 75 as well as
high N,,. Increasing radiation, measured by N,,,
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increases markedly the convective transfer at the wall
from a value of 8 to a value as high as 5 times that
when N,,, is increased from 0 to 100. This behavior
is similar to the low turbulent case, but more marked,
and is opposite to the highly turbulent case.

Radiation decreases the volume average temperature
by decreasing the difference between the centerline and
wall temperature for a given amount of heat release
Qv. Therefore higher values of N,,, lead to higher con-
vective Nusselt numbers. Figure 2 shows that higher
normalized temperature gradients at the wall are
obtained with higher N,,. The outer region (near to the
wall) becomes hotter with increase in N,,, and the central
region becomes colder in order to maintain the same
volume average temperature. The peak to volume
average temperature ratio decreases with increasing
N,., for small as well as large values of 7. Recall that
for the turbulent case the centerline-to-average-
temperature ratio decreases with increase in N,,, only
at low values of R, and in the thin limit of radiation.
For the laminar and low turbulence cases the
normalized temperature gradient at the wall increases
appreciably with increasing N,,, thus leading to the
above observation. It is to be noted that the curve
marked N,,, = 0 in Fig. 2 represents the exact solution
to the energy equation for a laminar transparent
medium and is given by T* = 4(1—r*?). The center-
line to volume average temperature ratio in this case is
2:0.

The effective layer transmissivity, t,,;, varies between
1-0 and 0-43, and decreases with increasing the optical
depth, 14, similar to the turbulent case.
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RAYONNEMENT MOLECULAIRE DES GAZ ET DIFFUSION THERMIQUE LAMINAIRE
OU TURBULENTE DANS UN CYLINDRE AVEC GENERATION INTERNE DE CHALEUR

Résumé—L’article traite du rayonnement non gris et de la diffusion thermique simultanés dans I'écoule-
ment en conduite thermiquement et hydrodynamiquement établi laminaire ou turbulent avec génération
interne uniforme de chaleur. L'équation fondamentale intégro-différentielle de I'énergie thermique est
résolue a Paide de la méthode de Galerkin dans le cas laminaire et a P'aide de méthode numériques de



1276

A.T. WasseL, D. K. EDWARDS and 1. CATTON

différences finies et d’itération dans le cas turbulent. On présente des solutions donnant le nombre de
Nusselt de rayonnement et de convection en fonction du rapport des conductances de rayonnement et de
conduction N,,,, de la profondeur optique g le long du rayon pour un nombre d’onde de photon localisé
dans le spectre au début d’une bande d’absorption a décroissance exponentielle, et d’un nombre de
Reynolds de turbulence R,. I est trouvé que le nombre de Nusselt de rayonnement augmente presque
linéairement avec N,, et linéairement avec 1z aux faibles valeurs de 1z, mais de fagon a peu pres
logarithmique aux grandes valeurs de tx. Le transfert par rayonnement augmente aussi avec le niveau
de turbulence R,, puisque la turbulence améliore le coefficient de transfert efficace de la couche
gazeuse pariétale.

MOLEKULARE GASSTRAHLUNG UND LAMINARE ODER TURBULENTE
WARMEDIFFUSION IN EINEM ZYLINDER MIT INNERER WARMEQUELLE

Zusammenfassung—Es wird gleichzeitige nicht graue Strahlung und thermische Diffusion in einer
thermisch und hydrodynamisch ausgebildeten laminaren oder turbulenten Rohrstromung mit gleich-
formiger innerer Wirmeerzeugung behandelt. Die maBgebliche thermische Integro-Differential-Energie-
gleichung wird gelost, wobei fir den laminaren Fall die Galerkin-Technik und fiir den turbulenten Fall
die finite Differenzen- und numerische Iterationstechnik verwendet wird. Es werden Losungen mitgeteilt,
bei denen die Strahlungs- und die konvektive Nusselt-Zahl eine Funktion ist; 1. des Verhiltnisses N,,,
von Strahlung zu molekularem Leitvermogen, 2. der optischen Tiefe tg lings des Halbmessers bei einer
Photonen-Wellenzahl, die spektral aus exponentiell geschweiften Absorptionsbéndern bestimmt wird,
3. einer turbulenten Reynolds-Zahl R,. Es zeigt sich, da die Strahlungs-Nusselt-Zahl linear zunimmt
mit N,,, und mit tx bei kleinen Werten von tg, aber nahezu logarithmisch bei groBen Werten von .
Der Strahlungsaustausch nimmt auch zu mit gréBer werdender turbulenter Reynolds—Zahl, da die
Turbulenz die Gasiibertragbarkeit der effektiven Wandschicht verbessert.

JIMOJIEKYAPHOE T'A30BOE U3/1IYYEHHUE U JIAMUHAPHAS
WU TYPBYJEHTHAA JUdPY3NUA TEIUVIA B UWIUHAOPE
C BHYTPEHHUM UCTOYHUKOM TEITIA

AnHoTauus — B pa6oTe paccmaTpuBaeTcs Hecepoe HinyueHHe M nuddy3us Temna, NPOHCXOIALIHE
OAHOBPEMEHHO NPH TEPMHYECKH U FMAPOIMHAMMYECKH YCTAHOBHBILIEMCS JIAMHHApDHOM HJIM Typ-
Oy/IEHTHOM Te4eHUH B TpyOe C OAHOPOAHBIM BHYTPEHHHM HCTOYHHKOM TeEILIa.

OcHOBHOE WHTerpo-auddepeHuHanbHOe ypaBHEHHE TEIJIOBOH JHEPrHU PpeEIAETCs METOAOM
[CanepkuHa aAns cnyvas JHaMHHAapHOIO TEYEHHS M METONAMHM KOHEYHBIX PA3HOCTCH M 4HCIEHHOM
UTepauru 11 TypOyJeHTHOrO TedeHHus. PellieHHs npencTaBieHs! AJf JIyYHCTOrO ¥ KOHBEKTHBHOTO
uncen Hyccenbra kak GyHKiUHS OTHOWEHHS M3TyY€HUsE K MOJIEKYIAPHON IPOBOANMOCTH N,,, ONTH-
4eCcKo# rNyOUuHbI T BAOJbL paauyca NpH (GOTOHHOM BOJIHOBOM YHCJIE, CIIEKTPAILHO PACMONIOKEHHOM
B IOJIOBHOM YacTH 3KCMOHEHUMAbHO 3aTyXatollel IMoNochkl IOIIOIEHHs, U TypOy/IeHTHOTO 4ucna
Peiinonbaca R;. Haitneno, yto nyuuctoe ydcno HyccenbTa yBemMuHBaeTCs NIOYTH JIHHEHHO C YBEH-
YeHHEM N,,, U JIMHENHO C YBEJIHYEHHEM Tg IIPU MaJbIX 3HAYEHUAX 7, HO IPHMEPHO JTorapupMUYecKH
npy GONbWKMX 3HAYEHHAX Tg. BenMunHA NYYHCTOTO HEpeHOca Takke pacTeT ¢ POCTOM TypOyneHT-
HOCTH R,, Tak Kak 1ociaenHsas yny4dwiaer 3¢h¢ekTHBHbIA KOYPPUIMEHT NIPONYCKaHHA CJlOs rasa Ha

CTEHKE.



