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The Numerical Analysis of Heat Transfer

Combined with Radiation and Convection*

( 1st Report, The Effect of Two-dimensional Radiative

Transfer between Isothermal Parallel Plates )

By Masayoshi KOBIYAMA**_  Hiroshi TANIGUCHI*** and Takeshi SAITQ****

A numerical analysis on heat transfer

combined with radiation and

convection is performed by means of two-dimensional radiative transfer

in case that

a radiative medium is flowing between isothermal parallel

plates. The numerical methods are discussed, and the characteristics of
heat transfer are investigated with laminar and turbulent flow models.

between the results
show that

Comparisons
dimensional radiation

of one-dimensional
the differences

and those of two-
between temperature

profiles are considerable in the entrance region of the heating zone.

1. Introduction

It is important to study the character-
istics of heat transfer of the radiative
mediums and the walls when heat transfer in
high-temperature heat exchangers such as fur-
naces, boilers and various types of heat-
ing equipment with flame or gases is investi-
gated. If the contribution of convection can
not be neglected, heat transfer about these
equipment cannot but be analyzed as a com—
bined heat transfer with simultanous radi-
ation and convection‘!’.

Although a number of
bined heat transfer as to
equipment have been performed, the radiative
heat flux was approximatelvy expressed as
one-dimensional propagation'®’, and the propa-
gation of thermal radiation into a non-heat-
ing region, in which the temperature of the
wall is lower than that of the heating wall,
has not been considered except in a few
studies(3h because the energy equations gov-
erning combined heat transfer constitute
integro-differential equations with high or-
der nonlineality on temperature and seem to
be too formidable to be solved.

In this paper, the authors investigated
the characteristics of two-dimensional prop-
agation of radiative heat transfer to dis-
cuss chiefly the assumption of one-dimension-
al radiative transfer with a heat transfer
model composed of two flat plates and a radi-
ative medium flowing between them. As the
methods for numérical calculation of com-
bined heat transfer, the finite-differential
method was adopted for the calculation of
convective heat transfer and the Monte Carlo
method was adopted for that of radiative
heat transfer. For the Monte Carlo method,
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the authors suggested a new method to reduce
the calculating time and to improve the accu-
racy of probable calculation.

Nomenclature

A : area of calculating zone
a,b: lengths of front and rear adiabat-
- ic zomnes
¢t value that gives the
energy of a bundle
¢y ¢ specific heat of fluid at constant
pressure
E,; E,: emissive powers =oT,', oT.'
AE,, JE, ¢ difference between emissive powers
defined by Eqs.(18) and (19)
¢- : heat flux of wall

radiative

H.: dimensionless heat flux of wall
defined by Eq.(9)
k : absorption coefficient of fluid

length of calculating zone

length between volume elements
length between wall and volume
elements

length between wall elements

total number of radiative bundles
numbers of radiative energy bun-
dles assigned to an element
N.s.Nuo* ¢ local Nusselt number ( for convec-

tive heat transfer ) o Ngesiye
ATwo—Tn)

(4¢ex ¢ convective heat flux of wall)
local equivalent Nusselt number (
for combined heat transfer )
=gs[yo/A(Two —Tm) ( ¢ : heat flux of
wall for combined heat transfer
with radiation and convection )
Nr : conduction-to-radiation parameter
=Ak/40T wo®
P, : Prandtle number of fluid =c,0ov/2
Ro,R/,Ra : probabilities used  in determina-
tion of integral length
Ryq. Rug, Ryw, Ruw ¢ absorbable probabilities of
radiative energy
R.: Reynolds number =uayo/v
S : radiative energy of a bundle
T, : temperature of walls and fluid at
X=—0d
u : velocity
¢ dimensionless velocity =u/v7./e

~
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=¥ : co-ordinate of flow and transverse
directior
X.Y : dimensionless co-ordinate
=x/x0, Y/Yo
z : length of heating walls
% : distance between walls
¥~ : dimensionless length =yv7./p/v
¢ : angle between direction normal to
wall and direction to element
g : Stefan-Boltzman constant
st emissivity of fluid
ev.ci; eddy diffusivity of momentum, eddy
diffusivity of heat
7+ thermal conductivity of fluid
v : kinematic viscosity of fluid
7o: representative optical distance
=kyo
cw: shear stress at wall surface
p: density of fluid
9 : dimensionless temperature defined
by Eq.(8)
Suffixes
s : laminar sublayer t ¢ turbulent core
g: fluid w: wall
m: mean n : number of itera-
tion

1: wall at y=0

o

wall at y=y
2. Analytical model

Fig.l shows an analytical model which
consists of two flat plates. The plate length
in z-direction perpendicular to =z-y plane is
infinite, and the length in r-direction 1i.e.
flow direction is divided into three zones,
i.e. a heating zone with length x and two
adiabatic zones with semi-infinite length
over front and rear of the heating zone. A
steady and fully developed laminar or turbu-
lent flow " ‘is considered at x=-a, and the
physical properties of the radiative gray
flowing medium are assumed to be uniform.

Heating walls are maintained constant at the
same temperatures, and the walls are black
and diffuse for thermal radiation.
3. Basic equation
3.1 The laminar flow model : The velo-

city profile for the fully developed laminar
flow between parallel flat plates can be ex-
pressed as follows:

;_s(y_y ) e (1)

The energy equations for fluid and wall

are reduced as follows:

—4kE, +kf f 4kE,

{ ~o0 c—kl i
X “[_w _ﬁd }dydz+ki ~ Ewl

0T,
oue, 2L 3(&T2
ox

x{f‘ e ey cos¢dz>dx+f Ew,

» 7l

Yo
q,.:,(oj;" —Ew|+f f SRE,

. ox ] [j 42-1'" cos Odz} dyd;r+.J

e

® {.["‘ < cos ?’dz}d:c‘ (flutd) eeeee (2)

P

T st galds Cann) e(3)

In the energy equations, the integral terms
involve the infinite integral region in z-
direction, because two-dimensional propaga-
tion of radiation 1is taken into account and
the emissive power of fluid and walls vary

with an independent variable =z.

3.2 The turbulent flow model : The shear
stress at the wall surface can be calculated
with the following Blasius' equation.

7w =0.039 35 PUp2(1/RM4) coeverrineirnnnns (1)
where
3x 100 < R, < 10*

The profiles of wvelocity and (ex/v) are
reduced in the case of a two-layer model as
follows.

In the laminar sublayer:

wer, () () (L)

In the turbulent core:

e =7.99(y*)V7,

B 1
( :),= (dut/dy*) -1

Assuming that ez is equal to ex, the ener-—

gy equation for fluid can be expressed as
follows.
puc, % ——p ,,, {( -ray) } 4RE,
Vo
+k f f aE,| [T dzlauix

v gokir L
+k1f E.,‘{f 7rl’2 cosq?dzjd:r
+f+wE‘,g{f e 7 cosédz}dx (7))

The energy equation for the wall is
expressed with an equation similar to Eq.(3).
The following dimensionless variables
are used in expressing the calculating re-

sults.
_ Ty—Ty \
G Ty T (8)
Ho— lga}
where
Eq:l_e—l.akh
Especially, the dimensionless value H. is

defined to express the heat flux at the wall,
for the combined heat transfer with radiation

and convection without wusing the Nusselt
number generally used, because the Nusselt
number does not include the heat quantity

by radiative heat transfer in the denomi-
nator. In other words, the value H. expresses
the relation between the simplified heat flux
in combined heat transfer system ( a denomi-

Heating zone Rear adiabatic /e
heating wall (Black) Auwua'lv viall Hlauk;

“ront adiabatic zone
adiabatic wall (Black)

2.z Y =23
- l4=Ty(z.4) .
L 377301 X
u=const 3 ERERRE gl
u=u(4) ,
.7 |
- « -0 b -
w=To Tw=Twx)  [y= Ty, =const Te=T,0

Fig.l Analytical model and co-ordinate
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nator of Eq.(9)) and the obtained heat flux
(4:). But this expression of the heat flux at
the wall is not always convenient so it must
be discussed further.

4. Analytical method ~

Because Egs.(2),(3) and (7) include the
integral terms whose integral length are
infinite in #z-direction, and the memories
of the computer are limited to finite value,
it is necessary to introduce a proper nume-
rical method to determine the integral length
in flow direction.

The calculating area 1is divided into
small elements in which the flow, the tempe-
rature and the properties such as the absorp-
tion coefficient, the emissivity and

are assumed to be constant.
The heat transferred by radiation is

calculated by the Monte Carlo method and that
by convection and conduction is calculated by
the finite-difference method. The solutions
of the basic equations are obtained by the
iterative means. :

SO on

4.1 The determination of the 1integral
length : The probability R that a radiative
flux passes through the length « is expressed
as follows:

Re=e*t,  a=—10gRajk -oreereeveerenen (10)

The probability R,/ that a radiative flux
is absorbed at distance ¢ and is re-emitted
at the same point, and then the flux returns
to the initial emitted point, is expressed as
follows:

Therefore the probability R, , when the error
of radiative heat transfer with the length ¢

is estimated as an integral length, is given
as follows:

Ro=1—Ry=1—e 3 0=1—R,> --oreeereerens (12)

For determining the length 4 of the rear adia-

batic region, it must be taken into account
that the temperature rise in the region due
to convection may become larger than that in

the front adiabatic zone. Then the integral
length determined by the above mentioned
procedure must be checked for appropriateness.
In this paper, this check was performed with
the heat balance in the heat transfer system,
to confirm the agreement of the total heat of
the walls with the heat absorbed by the fluid.

From this consideration, the following equa-
tion can be obtained.
B 2]0 gzdx )
1’"5=.T°+W6pllm ....................... k]j)
4.2 An application of the Monte Carlo
method to combined heat transfer : The inte-

gro-differential equation can be solved with
numerical means. There are many numerical
method available for evaluation of the heat
transferred by thermal radiation, and these
methods are classified into two: the first
is, a probability method i.e. the Monte Carlo
method used by J. Howell(7l H. Taniguchi(sx
®)and others and the second is a non-probabi-
lity one i.e. thﬁ numerical integration us%%
by R. Viskanta °, Y. Kurosaki R. Echigo

and others. By the Monte Carlo method, the
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heat transfer through thermal radiation can
be easily calculated even if the geometry of
the system is complex and the radiative pro-
perties are not uniform. But the accuracy of
the results obtained 1is affected by the num-
ber of the radiative bundles used in a cal-
culation. If high accuracy is needed, there-
fore, it will be necessary to take longer
calculating time even if a simple model is
analyzed.

In this paper, the authors proposed a
method i.e. a modified Monte Carlo method [
abbreviated as DPE method ( Differential
emissive Power Emission method )] to reduce
the calculating time and to obtain higher
accuracy than that of the usual Monte Carlo
method [ abbreviated as N method ( Normal
method )]. 1In DPE method, not only positive
radiative bundles but also negative bundles
are used, and the number of bundles emitted
from the control element is proportional to
the difference between emissive powers by
two succesive iterative times.

Assign the suffix 0 to the wvariables

belonging to the controle element, that is
En » Pp and Hy refer to the controle volume
dA, » and Ew , P, and Hw refer to the con-

trol area dx , then Eqs.(2),(3) and (7) can
be rewritten as follows:

2 -
ARE o= ﬁ ARE Ry A+ T _JLE‘,[RMd1+HN=P,u+ng (1014)

E,,0=j ARE Ryud A+ [ EuwrRuwdt+Huo=Puo+Hyuo  (vall}
A4 JIL
N

.............. (15)

where

+ o0 ke—kl
R”=f;m o dz

400 keAkl'
R”,zj:m T cos §dz

400 -kl
R,w:f AR cos $dz

47l’?

+ o0 efkl" ¢
R :f ———— cos? Pdz
e w2

H,,o:).( 0T, ) oT

,puc,T; ( laminar flow }

v oyt
PSR VA alﬂ_o Ty
Hyo=p0¢5 a;,l(P, ‘5”) oy | T o

( turbulent flow )

Huo=4 (%’) .

— gzl
o
. .
P’“=J:| RE Ry A+ 3, jL EuwiRusdx
Pur= | CARE,Rpwd A+ ( EvysRuudx
oA JL
(a) N method ( usual Monte Carlo method
): At first, the O-th order approximations
with the temperatures, 7,° and 7, , are assum-—
ed, and with these temperature 4kE,, E.°, H,°
and H,’ can be calculated. By iterative pro-
cedure, n—-th approximations can be given from
the following equations.

RE 0" = }AME,,“RMMA

+ & [ Bt Rz By (0hute)
i=1JL

Ew= ’44kE,"“Rw"dA

4 B Rowdet Ha ™ (et
L

where
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(b) DPE method ( modified Monte Carlo
method suggested in this paper ): Define gE,*!
and 4E."' by the following equations.

AE," 1 =AkE "' —4kE,"-? (£1ugd)  ..e.e-(18)

+(19)

AE ' T=E VBt (wall) e

where

nz2
As J4E' cannot be calculated from Eq.(18) or
(19), the first approximation has to be given
with N method as follows:

Pot= j "ARE Ry d A+ f EufRug'dx  (Elutd)
A JL

By iterative procedure, n-th approximations
can be obtained with 4E as follows:

Py'= j AE" Ry d A
A

22
+fAE,,,""Rw,"dx+Pgo"“ J (2
L
ARE o™= Pyo" + Hoo™* (f1u1d)

Pui={ 4B RordA
(e

+ f AEw"" Ruw"d + P}
A

Ewo" = Puo" + Huwo" ! (wall)

(c) Comparison between N method and DPE
method Flow charts for the calculation pro-
cedure of N method and DPE method are shown
in Fig.2. With N method, P*' is set at zero
for each iterative turn and dependent varia-
bles are calculated from Eq.(16) or (17). By
means of DPE method, P! and E£": are memo-
rized and with these values 4E" and depen-
dent variables are calculated from Eq.(18),
(19),(22) or (23). 1In this case, the radia-
tive energy of a bundle s, is determined by
the following equations.

b vo b

j Ewdx+[‘ J 4kE,dxdy

K A L
N,

where 722, cpzl

N method

DPE method

Fig.2 Flow chart

It is possible to make $" smaller with the
progress of iteration so as to make the ac-
curacy of the probable calculation higher.

In order to compare the number of bun-
dles used in the calculation by DPE method
with that by N method, the control factor of
S§ is set at wunity, and then the number of
bundles emitted from control element, N, , is
calculated from the following equations.

Ngo" ( N method ) =4kE "~ 'dxdy/S! | .
Nud® ( N method ) =Euo"'dx/S' | @9
Ngo™ ( DPE method ) =| JE,o"~!|dxdy/S*
=|4kEgo" ' —4kE " |dxdy/S!
Nwo™ ( DPE method ) =] AEwo™ ! |dx/S!
=Byt —Ew"2|dz/S'

where
S=81=8'=...=g" )

In N method, N, is proportional to E, even
if the solutions nearly converge. On the
contrary, in DPE method, N, approaches zero
as the solutions converge, as presumed in Eq.
(27). The calculating time for combined heat
transfer, therefore, is reduced remarkably
by the adoptation of DPE method.

In Eqs.(22) and (23), it is assumed that
the number of radiative bundles is large
enough to express the probability and the
following relation holds, for verifying an
identity of N method and DPE method.

Ri= R=...=R"
Then Egs.(22) and (23) are reduced to Egs.
(28) and (29) which are the same equations as
Egs. (16) and (17). :

Pyt f 4kE,"~'R“"dA+j Eu"Ruy'dx )
Ja L .

dRE 0" =Pgo" + Hyo"! (f1uid)

Pogt= j SRE," 'Ry "d A + f Eu*1Ryu"dx l
A IA

Eo™=Puo"+Huw" ! (wall)

In the actual calculation, as the bundle

number 1is limited, then the actual calcula-
ting time has to be cleared. The numerical
results are shown as follows. Fig.3 shows

the cup-mixing mean temperature as an ex-
ample of the results with DPE and N method.

600 — O O+ —OFIOH
X
.E
Fso0
® N method
O DPE method (Cfg=10)
400 +DPE method (Cy5=15)
300 Lo : '
-05 0 05 10y 15
( a ) laminar flow model
<600 oorre]
g ol
L
500 /
7 e N method
200 | o DPE method (Cys=1.0)
y, + DPE method (Cy=1.5)
300 Pl I Il L !
-0.5 0 05 10« 15

( b ) turbulent flow model

Fig.3 Cup-mixing mean temperature
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The differences between both the methods are
hardly recognized. Fig.4 shows the bundle
number and the radiative energy of a bundle
used for each iterative process for the tur-
bulent flow model. The total iterative num-
bers and the calculating times with FACOM
230/60 at the Computing Center of Hokkaido
University were 8 times and 735 seconds in N
method, 6 times and 119 seconds in DPE method
with and 6 times and 141 seconds in
DPE method with then it can be reco-
gnized that DPE method is useful for reducing
the calculating time. The convergent process
for each iterative time is shown in Fig.5.
It can be found from the convergent process
that the positive bundle ( Fig.5-b ) and the
negative bundle ( Fig.5-a ) are used and that
the locus of the convergent process of DPE
method is smoother than that of N method.

In order to check the accuracy and the
validity of the numerical procedure for the
present study, the numerical results on the
temperature profiles and the heat transfer
characteristics with the method used in this
paper were compared with those of the already
reported studies (2) , and this comparison
yielded good agreement within the allowance
of the numerical calculation.

The main parts of the computing program
used here are shown in Fig.6 as aid for under-
standing of the calculation procedure.

cep=1,
cp=15 3

5. Results and discussion

There are many parameters that may
affect the characteristic performance of
combined heat transfer with radiation and
convection, for example, the optical distance,
Reynolds number, the length and temperature
of the heating wall and so on. In this paper,
the assumption of one-dimensional propaga-
tion of radiative heat transfer is discussed

100
2
80 S(DPE)/S(N)
ocjyzmo
650 +(gs=15
40 *\Ntwm/mm
+, /
/
20 LN,
0

12 4 6 8

Fig.4 Number of radiative bundles and
radiative energy of a bundle
( turbulent flow model )

1 6n ®

Ca) (b)

Fig.5 Convergent process
( turbulent flow model )
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chiefly based on the numerical results com-
pared with two-dimensional radiation.

In practice, the gradient of radiative
heat flux exists not only in the transverse
direction but also in the flow direction if
the present model were used. If large tempe-
rature changes occur in the flow direction

as boundary conditions, for example, at the
entrance of the heating zone, the analysis
of the combined heat transfer is unsatis-

factory with the assumption of one-dimensio-
nal propagation of radiation.

The conditions of the heating walls are
the same and the constant temperature i.e.
Two =Two =Tw ., The velocity profiles of
the laminar flow and the turbulent flow are
shown in Fig.7.

5.1 The Taminar flow model

5.1.1 Temperature profiles : When the
treatment of radiative heat transfer is two-
dimensional, it is important to make clear
the profiles of temperature in both v and
X —-direction. The temperature profiles of
fluid at the center of the distance between
walls and the profile of the wall surfaces
are shown in Fig.8. It is recognized that
there are considerable differences in tempe-
rature profiles depending on the treatment of

500 @GT=0.
DO 44 Jy=1.my
DO 44 IXx=1vMxTOT
IFCITRY.E@41)5704575
570 EGCIXaJY)I=SIGMa( (CTGCIX4JY) 72000) 2#4))
GO TO 580
575 EG(leJY)‘SIGM*(((TG(IX-JY)/lOO')ﬂlA)"((TGD(IX‘JYJII.OO-)'W"))
580 QGT=QGT+4.®AK®ABS(EGCIXsJY) ) #DV
44 CONTINUE
73 DO 72 IX=1yMXTOT
DO 72 ‘JY=14MY
TGOCIX JY) =TGCIX VYD
CONTINUE
DO 74 Iw=142
DO 74 IX=14MXTOT
TWOCIXs IW) =TWCI X 1)
CONTINUE
IFCITRYWEQe1)4004410
S=(QGT+@WT) /FLOAT(NT)
GO TO 420
410 S=ABS(S)/CFS
420 DO 50 IX=1.MXTOT
DO 50 Jy=lsMY
S=ABS(S)
NO=4 s xAK% (ABS(EGC1X+JY))I#DV/S
IFCEGCIX1JUY)oLT404)52+53
52 S==1.4S
NO=1ABS (NO)
GO TO 54
53 s=§
54 CONTINUE
DO 50 N=l.NO
IFCNOE@<0) GO TO 50
CALL SUB400CIX+JY12G+Q@WsNRANYS 1 AK MY MXTOT 1DX4DY)
50 CONTINUE

7

~

7

>

40

S

SUBRCUTINE SUB40OCIX*JY+QG+OWINRANIS ¢AK MY 4MXTOT +DX4DY)
CALL SUB1CO(NRANYRAN)
RANR=RAN
CALL SUB100 (NRANVRAN)
RANC=RAN
CALL SUR100(NRANsRAN)
RANY=RAN
COSC=14=2.#RANC
C=ARCOS(COSC)
Y=2.%3.1616%RANY
R==ALOG (1+=RANR) 7AK
GX =R#SINCCI®SINCY) /DX+FLOAT(ix)=1./24
CALL SUB900(GX+1GX)
GY =R#COSC/DY+FLOAT(JY)=1./2. ( SUB900 does cut short )
CALL SuB900(GYJGY)
30 TFCJIGYI 40140450
40 WA =(=1)ECFLOAT(UY) =14 /20 I%TANCCOI #SINCY ) /DXDY 4 FLOATCIX) =172,
CALL SUKGOO (WX s 1WX)
TFCOIWXLLT A1) L0R CIWKWGT W MXTCTY) GO TO €9
AwClaxa1)=ew(lnxa1)+S
GU TO 1C
50 IF(MY=JGY)60465.65
00 WX =CFLOAT(MY=0¥)+1. /2., ) % TANCCI #S1i4(Y) /DX DY+ FLOAT(IX) =1 /24
CALL SUB9OO WX+ 4X)
IFCCIWRLLTL 1) LOR. CIWX L GTMXTOT)) G0 7O &0
GWCIRX 2 =GW (T WX 2) +5
GO TC 10
65 [F(1GX)B0BGHTS
75 1F(MXTOT=16X)80.70,70
70 QRG(IGX+JGYI=RG(1GX 4 JGY)+S
G0 TC 10
80 GOUT=GOUT+S
10 RETURN
END

SUBRCUTINE SUE100(NRANJRAN)
NRAN=MOD (23#NRAN+10000001)
RAN=FLOAT(NRAN) #1,E-~7
RETURN

£nND

Fig.6 Computing program ( main parts )
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thermal radiation. In convection only, there
is a potential core at the exit of the heat-
ing zone. In combined heat transfer the tem-
peratures calculated are almost the same as
the wall temperature at the middle part of
the heating zone. But with two-dimensional
radiation, the temperature at the rear adia-
batic zone descends slightly from that at
the exit of the heating zone, owing to radi-
ative heat transfer into the lower tempera-
ture region i.e. the front adiabatic zone.
This tendency of temperature descent can not
be made clear from the analysis with one-
dimensional radiation even if the length of
the heating wall is shorter. At X=0, the en-
trance of the heating zone, the dimension-
less temperature (§ 1is set at zero in the
analysis with one-dimensional radiation, but
the temperature analyzed with two-dimensional
becomes high as shown in Fig.8.

In order to make clear the difference
of the fluid temperatures at Y=0.5, two
dimensionless parameters are used here; the
first is X, defined as the length z-divided
by the distance *: to the position’ where the
gradient of fluid temperature seems to be
zero, and the second is 6. defined as the
ratic of the dimensionless temperature ana-.
lyzed with the one-dimensional radiation to
that with two-dimensional radiation. As shown
in Fig.9, especially, in the small X. region,
g, takes a small value. Therefore, it is
important to analyzed the radiative heat
transfer in the system as a two-dimensional
radiation. The temperature g, approaches uni-
ty with an increased X.. ’

Fig.1l0 shows the temperature profiles
in v-direction. The temperature with two-
dimensional radiation has a higher value even
at X=0.025 .

1.0
< Turbulent
T tlow
208
o
Laminar
flow
06 H
0410t
0.2 F
] I | |

0 01 02 03 04Y05

Fig.7 Velocity profiles

1.0 r- ——===
?)‘q : Two dimenaioml |
08 radwdlmr\
| Re=2000 e dimensional !
06 ] Pr=0.693 radiation |
- I T, 20m —-— Conveclion only \
! Yo: Im --= Wall .
0.4 lwto - Twze™ fwe=2To !
Ng -4.071-10°
02 (o Ryo=10
Rq=0.01
J TS R I W L !

0
04 -02 0 02 04 06 08 10 1251 I

Fig.8 Temperature profiles of fluid
at center of both walls and
of wall in x-direction

5.1.2 Heat transfer : The characteristics
of heat transfer of the wall are presented
by the dimensionless heat flux H. and by the
Nusselt numbzf refer to the results of
other report

Fig.1ll shows the relation of the dimen-
sionless heat flux vs. x under the same con-
ditions as in Fig.8. The local Nusselt number
N.. and the equivalent local Nusselt number
N.* are shown in Fig.12. The heat fluxes H.
are nearly unity, though H. with two-dimen-
sional radiation 1is slightly greater than
unity in the region of X=0.4.

1.2

Samie. conditions as in Fig. 8
&
1.0 |
0-8

Be= 8 (One-dimensional )y -y./2

8 (Two-dimensional)y-y /2

0.6 I | | |

0 02 04 06 08y |

Fig.9 Profiles of 6. at center of
both walls

'y radia tion
\ —— One -dimensional
radiation
0.2 \\ = Convection onlv ‘
”\(i’\\)\:p
)

‘
UHO ;
|

\ \ 'd ‘
\\\\\ s

0 [\l 07 0q [MY s

Fig.10 Temperature profiles in Y-direction

Same conditions
9 asin Fig. 8

1 ;/<

—— Two- dimensional
radiation

—— One-dimensional
radiation

~-~ Convection only

10 F

0 02 04 06 08y !

Fig.ll Profiles of H:
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6. Conclusions

Heat transfer combined with radiation
and convection in a model where a radiative
medium is flowing between parallel and iso-
thermal flat plates has been theoretically
investigated by using two-dimensional radia-

Same conditions as in Fig. 8

2| . .
10 _Trwa%:g'i‘é‘gns‘onal tive heat transfer. The methods to determine
—— One ~dimensional the integral region and to reduce the calcu-
Cradlatlgr;n ol lating time were studied. The following con-
10 ~<_— onve 7 clusions have been obtained.
e— e — .
N
ux 1 '2
1 | i I | ) )
0 02 04 06 08y 1 o | Same conditions a5 in Fig .1
Fig.12 Profiles of MNu*and Nus
1.0

5.2 The turbulent flow model

In the turbulent flow model, the velo-
city gradient near the wall is larger than
that of the laminar flow model. To get higher 0-8 K
accuracy of the calculation, two calculating

elements were assigned to laminar sublayer. _ 8(0ne-dimensional) y-y,/2

O5

5.2.1 Temperature profiles : The pro- ~ 6 (wo-dimensional) y-y, /7
files of dimensionless temperature of fluid 0.6 ! L L L
at the center of the distance between walls 0 02 04 06 0By I

and those of wall surfaces are shown in Fig.
13. The difference between one-dimensional
and two-dimensional radiations appears more
clealy than that in the laminar flow model.

#: shown 1in Fig.l4 1indicates the same
tendency as that of the laminar flow model.

Fig. 15 shows the temperature profiles .
in Y -direction. In this model, the contri- %mnw&ﬂmm
bution of convection to combined heat trans- a5 big. 12
fer is larger than that in the laminar flow
model, because there is no potential core of
the temperature calculated as convection only. k

5.2.2 Heat transfer : Fig.16 shows the \\_T:Z‘)afﬂ@ﬁ“smk
profiles of H: . In the neighborhood- at Xx=0, —‘Qzﬁwgmmﬂ
the fluid temperature with two-dimensional ’ --= Convection only
radiation, is higher than that with one-
dimensional radiation ( see Fig.l4 ) but there
is no remarkable difference as to H.. From
these results, it is clear that the radiative
heat from the wall analyzed as two-dimensio-
nal radiation is greater than that as one-
dimensional radiation even if the temperature
differences between walli and fluid are small,
that is, the radiative heat has to be analyzed
with the actual phnomenon. The higher the

Fig.l4 Profiles of #. at center of
both walls

temperature is, the smaller the difference ol 01 02 03 04y 0b
of temperatures depending on the treatment of
radiation becomes, consequently the differ- Fig.15 Temperature profiles in Y-direction

ence of H. becomes small, and H. as combined
heat transfer 1is slightly 1less than unity

except in the outlet region = of heating zone 10 .- T
in the case of two-dimensional radiation. . \as'“r'n(“or‘di'of‘s
el ‘q-
1.0 T ' 1
@ : — To-dimensionat | &d
08 | . radiation — Two-dimensional
| Re=10 — One-dimensional radiation
06 | Pr=0.633 radiation | 19" — One-dimensional
I 3o=’220"' --= Convection only | \ radiation
o= cm -==W. PP H
04 | ” TmrlI:TWm::l:ﬂe:zT?/ all Convection Only
/ Ny-a0T0" ~
L / T,=kyo=10 . 2|
02 / Ry=001,” 10 — ]
_ -
0 " —1 | L | A S
-04 -02 0 02 04 06 08 10 12x 14 16 »3 1 x 1
10 L
Fig.13 Temperature profiles of fluid 0 02 04 06 O‘BX 1
at center of both walls and
of wall in X-direction Fig.16 Profiles of H.
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(1) Heat transfer model consisting of two (4) There is no remarkable difference be-
parallel plates divided into a heating zone tween the heat fluxes of the wall presented
with finite length and adiabatic zones with with the dimensionless value H: in spite of
infinite length at front and rear of the a considerable difference between the temp-
heating zone 1is set to make the treatment rature profiles by the treatment of radiation,
of radiative heat transfer two-dimensional. because a large quantity of heat is trans-
In the numerical calculation, a probable ferred to the front adiabatic zone by two-
method for the determination of the length of dimensional radiation.
flow direction for integration of radiation
was suggested, and the propriety of this Finally, the authors would like to ex-
method was confirmed with the agreement of press their sincere gratitude to Mr. K. Sugi-
the total heat flux of the heating walls with yama, Faculty of Engineering, Hokkaido Uni-
the heat absorbed by the fluid. versity, who gave advice, Mr. E. Sakurai, Mr.

(2) The Monte Carlo method is wuseful for F. Suenaga and Mr. S. Miyamae, graduates from
the calculation of thermal radiation, but Hokkaido University, who gave assistance.
this method needs a longer calculating time The authors are also greatly indebted to the
if higher accuracy of calculation is required Computing Centers of Hokkaido University and
because a numerouse radiative bundles are Tokyo University for the computation.
needed. In this paper, the authors suggested
a modified Monte Carlo method in which the References
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