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Abstract

The cooling problem of the hot internal pipe flow has been investigated. Simultaneous conduc-
tion, convection, and radiation were considered with azimuthally varying convective heat loss at
the pipe wall. A complex, nonlinear integro-differential radiative transfer equation was solved by
the discrete ordinates method (or called Sy method). The energy equation was solved by control
volume based finite difference technique. A parametric study was performed by varying the
conduction-to-radiation parameter, optical thickness, and scattering albedo. The results have
shown that initially the radiatively active medium could be more efficiently cooled down compar-
ed with the cases otherwise. But even for the case with dominant radiation, as the medium
temperature was lowered, the contribution of conduction became to exceed that of radiation.

2lEMY Re ' Reynolds 4

a0 AY vIEUA ARHAEF Al T =

C e FAle dAHA XA v &=

I 3ARs z 39 e

I, EAEAAE a A BtALA
CAER-BAL AlS 8 ALz} A 4=

n EAE € - BW AR

Nu : Nusselt 4~ 7 & HEEEZ AYO)

Pe ' Peclet 6 uHAuE 3sE

g 9¥% o ubsizbuer warAlE
M o R e i - 3 2 A T AARAS

oA Akl £ 4 8 A} ¢ : Stefan-Boltzmann A}4-

R34, FFHYrIed ¥I3FIEH oo ARRHAS



2996 e
w o EAREEA

o AU GYRE
wo 1AM

C Ax

R BA

A o L
T A5

w

g e
o I FES] HF

)
i
R0
e
&,
>

LM &

QB FAHFA G WEFEY FAwD
(thermal development) % HAF =29 Aw3
-r*ll— 304 28999 Sz ol 2

S8 A el seigkel,
oas,-wl WG nee) 1A A
AlA A& dm3tr], ng dartaz Hee
2%, A LAd: @ukgrlel Yz w
MCVD (modified chemical vapor deposition) 2} 2
Aol v FAF Az o)2rA 2 A&y
A7k BEAse] A 4 497 F BE AFA 4
P et 2olols BAGAR 4 Yades
olste] e TS T Y A7) 2
Hou, HT HAFEY T4l gl 3o o
27bA] Agstel A BAld g WAL, F4 o Abarel
< Ao g AT7HAFo] Ba=z gk Y
W) A Fol 93 9= 9] (thermal entrance) o]
A b ubake] 124 Bald A o] oddkel] A A
F07h ge AFASel S 4% 6 3z,
e BAdAe JPE naY AT
LE =AU oY ZE AFEL Yyl 2
27 AASA FARAY, dhelAe) dmgatol
VAR A4 FoRo] FhHo] o, xd o
ol FUALLE AR Y AN AT oo,

debd oz mAoiEe B 2o
¢ Fedch 2y FAA D4 (radiative
transfer equation) o] H|A¥ s{HEubA g 3Py

% %ol

ofm & ol9f AT AAHE FiE AL Eis

3, @ AS A

AL FARLEAAS B8 olo] HuEs} Ee

Aba g o] Afbe ol ol

o}, o|A A bR H e

(dlscrete ordinates method)& gzl Sy =4l
o

O
)
ox
jo

nl o
B

Au Ts}zhszm 741}74154 LY ARANA A

2ol Fsstel 2 B84el wohz UeiA Yot
TEEFAYe Mddeze o4 A (mult
flux model) ¢ A Zo]ni, AL 7} = (radiative

intensity) & A x| <A 7 (solid angle) 4ol o3}
of FAe F&Te o] kel FrhEaA

S8 Fhdhe ool £AHLE GATe, o o
A2 B4 2led BAGez AdsE 7
$A4Ede) dAA4Y ¥EE Cawsian %49

?ﬂﬁ%&iﬂéa@»ﬂﬁaa&%ﬂﬁﬁ.%%
& z7] FAAAGuA A (neutron trans-
port equation) 9] s 4ol £xle] ALg5|gdon], D
o ¥ AFAEe] 3to] Fa DR
Aol G0 AFert qJF=Ada, 2ol
= uEdAd Ao deHFEA N 7 ST

LN L
AFe el o] B AFASe ofste] By
AANF o AEdAs Fohy By 3
R RIS B e e
o ERAA ¥ wholl B BFE UE
wpsich, Eajo] ofsh: nee wae] 2k
#ol A7HE 35 (crossflow) & s}z Ae] FoIgle
w4 BE el A 9 Bﬂ%ﬁf—*‘% 9] 7+ (azimuthal
angle) o] =iz}l M3l kg 77
A5 °éz4&g% S0448 442 Az o
Eo—]x]u]-
054 oé;dul.cl-_p]_ _‘4_5_
o2 Asle] o] F A=z
HECEDIEMEER X
sh mg4qel 2 FEIAYCD AHalgen o

4
.|

ko
15 o

dzrk‘;‘mh-!

0:

r_a..

SRR e RS -.°r ‘Pz}
Hhetol 9lem g )4 Abe
FHgA oz = 24A 3
‘“%5] A CJ-J_(hydrodynamically fully developed)
M st olBH ez TR+

sEacugE ¢

delgich Be 2E ojRe) deixe BEsh
FAjel oo el ez ALun HFz 9



2. O| &34

£ ATelA etz sk Eeld mdd 3
3AZ Fig lol =A38tgch, z8lo]l Jebd sle}
7ol Ao Afrt AAFHE 523, YA
v Habel diste] Fo, wAb W AbbEE
3]} A (gray medium) o] FHTH oz hA¥ %

2
25 £EEZ, «=2(1-rH9 Y= #sz
ok oz d Astsleld HFAAL HiF, A=
o Eapd A el o) sted wb W o Ag e &
ETuE 2o Addwe s dhe, £/ 527 =
o}, &=, Sparrowe} Cess™& chg3 e 27
oM Fulgkel EBapdALE FAE 4 LS
HojFgla, B AT olzidl ZAo] utEg
= EeAE mdz AAsigch
uZo (1)

160 T'al384 7 1
AdAez Sav 4 o w94 e 249
A4S st 3% Reynoldsse] = uj&
ulelzbel 3tz yehipe fabe] A g] é—"’:—

"\ 1.=05 ¢=05

4 experimental data reported
by Eckert & Soehngen
7 (adopted for circumfarential boundary condu.ion)

0 —T T T ™
0 'n/ﬂ n/3 n/2 21r/3 511/6 "

e
Fig. 1 Schematic of the problem and crossflow local
Nusselt number for the circumferential bound-
ary condition

stol 4] LA Eajol Bofshe wj A FFo-

2997

A&l Nue(6)c AHAE
Fig. 1ol xA)38}g o}, A A4 (stagnation point) o]
A dgde] st 2n TRelMes GBI HAA
f-522] (separation) 9} ofe]l W& ShfollA £
o] xR JEATgo] vtk F/HE R FEo)

2+ AFolA AMakdl EYAE Aude FaYs
" elvAgAg AL chgat 2o

A3t em ol

aT 1 9( 07T, 1 &T
“oz T {rar[ 37’]+ z 807}
?(1—wo) a_ 1
N [ ¥4 Id.Q]
Q=4n
2)
of W 48R FAYASE o lAEEEL e
7ol AHostgeom, & Axde wH4E ou
},

r=7/Po 2=23/FoPe, u=d/u

ﬁdA/ﬂ?g, TZT/Tim I= i/i{;o

q=q7a/A Tlnr Ibo on Tm‘/7r
N= AB/‘;O'W Tm , To=RB7 0y Wo= O'D/B
Pe=27,i/a (3

dFellAe 2 wiAdo] foleuz i8] o3
€ 12 44 fAEH F FAZAAE
. 5 7HA ok she, A9 FAE F39
sto] oAl ddge TR

3 B FAzke) dmde Fig. 1<>ﬂ
v 72 Nusseltgo] 2J5le] Agslaz
o e Hee] AAzRAE L4 4 gl

0lo= 0o+ ¢flo="5Nuta(To— T) @)
A (W9 ARA T, C, RS 27 AA, A= 9
2AES ofulstn e FAle PR AL,
c= Am/ﬂg’} o‘l’]“" TX}'T_‘%E—’ T P—l:l— 0 541

FAZ ARk, Aze AL d4EL e

7o] @A

T C R
e
ge qe de

_9oTr
or T 1 H

= +F—— 2
_1 %g N 4ﬂg=4n{v} )
v



 Tu= [Tt (6)

A A Y] A
t}oat 72+e 533 Nusselt45

[(aSlo+qflu) a6
7!'(T“ Tw)

AT wish o) A (o] 4YIY ALY

e 0 3 el dse 2% a4

A7 Ho} 3 2e Fa FAADY
=¢ 4 gt

NuT=Nut+ Nuf=

O

1 {,u a(rl)

wlr or

1 3(nl) +_7[31}+1
4 340.0

S

— _ 4, Wo —.I_b_. ’ ’
=(1-w) T +47f,,,=f,,,@(9 dHrde  ®
ol A9 O(T—B)E AY uFUA AAN4TF
(linear anisotropic scattering phase function) 2.4
e I EEL
O—3)=1+aouy' +nn' +£E) (9)
of A9 e QAREE oeis] WA
(direction cosine) & 77t t}gAeg FHsw 3
2 Q% Fig. 1o =A% vlo} 22 wakg e
de HEAT ulge
#=sinfocos @g, 7=sinfesinggs, &§=cosbfa
(10)

(ao—0)4 .

*}7‘1‘%“&7@41@] o & 7374]—7-:7\1% &+ Ao F

AR L BA 2 ST =12 ot

I=r with §=—" (for x4>0) at »=0
/( lj,I,dQ/

I=EwTw4+(1“€w)—a=_2”’—’_
/ #/er

Q=27

2!

{(for £<0) at r=1 (11)

BARTRAY (B) S FEERYL AL A

SELE

At 2o A% HE2} HHe A
Z4 ) F0e)) £Zglo] gloeme ubE
B Addgg Az, FEEFae AL
BE7re s st

&-L

irE wet S, Si Se Ss
24 Soz AA U4} BE4E Ads

7t Fohgeh 2 dFoAdE Sp, S Se Ss TAHY
4714 = 7‘4] Asigen, o2 Az S, Ao
Ao Yoz Tt 2L A
<+ Hoside A 2EAT
Se Aoz FY83r, o
(2)& FEFFEFHY AAY A4

N
_
_t..

l—J

A4

< 9ot maMFL SRozdE ST
2 Apsie] Asgeh Fuels B
$Azges 21xsrel 9 ARAE Adge
o, Fugere zHWaH YA e5E =Y

Ao RFol A

o s
AL Hile

1><874 AAAE

01% ol3}e]a,

W 3] 7]+ 4°J:IL«] HAE
olZzm sl 0.01%  ol3tel 4. ol 1y 2] ub A 4] &

Crank-Nicolson Wt o g AAFSIE L B-Abol] 2ho]

e B A4Y AFHEE saslen, S
Zd%ﬁolzm ®)3F dAstel = Aol mF +3Y

b2 AR,

of o3 ] FaAle v FHA
Bale] g3g nAsy] 93k
EQBeTA, o W ARk
wWo 2 AT 47FA =@ o
AHAE sk en 47hA 23, (@) N
=0.1, =1, w,=0.12 o] ¥ aexe A
Aoz FAslgden, (b) N=0.02, ro=1, wo=
0.12 aol st AE-HAAGS FFE 22
7] 9% Aoz Aoz Jehdgdm, () N=0.
1, 7o=5, wo=0,1% aol wh%t '—5."3}@1"‘?‘”119] 3
kg nAs7] A Ao MR =453
(d) N=0,1, ©o=1, w,=0.8% (a)

o e
o

offt

b b of

P

I U}ZI“W.

of g ARgulze FFE 2} AL Ao
2 011#41*19_& e ek
Fig. 2& ddeiywel AFfa S2A <24



=77 A5, o)k ALY Ae] o] X
AA A AR A Ede deldt 2
FARE BFe FFAdez ATHA EAD
o,

HE-2A4, Ne| d9e nads] fadd a
s b vlmabe] 2,

AgYeiol Weh F, FAF nefAle ool ¥
Aol gfatel AR AH A2 4 Ak N
o it B4 3o B%E HRAIH, o] A
> AFE A FAADYoE WEFAE DA
of AH BARY WAe] oFoiH WHelAe &

A [s]

L..=0.988
..=0.822

Re,=120
7.=0.5
€=0.5

neln.

)4 A Eded ARG QB $Aol Bk AP FF

flow direction 2=0.03

L=0.877
Tn=0.897

thermally developing procedure

»=1.801
(a) N=0.1, =1, w,=0.1

2999

2 % ZolEeh SABHTA, 9l dBe ash
% ulmal & 4 ek mel FAE oidel
Aol digtel H% AHAL Aelshed o= <3
of w7 dwd shsd wE (emittance) o] F
AaAsel WAL Hg e Aes @l 43
o Aedel Frad, & ARWAE, 07t 37}
e wlde] SAd F4E oA PAEE
e WAEgol doiAu, oF ash do
2z BAY 4+ Yk

AAGT AgHe JALEET AN A3

L FAF 48R Guiold, 97 0l a7tA
o @we £x9} AN LEEIE 247
Fig. 3¢ #$o] =Asgeh, 249799 (=0,
033} z=0.186)l & = bel A L=Tos}
A% Ak ot ARl @ d&Ael Y A%
g oelteh, zehd dAUgel A #YW 2=
L601oIHS A iAe LxE o AT AR
2o %, RAe URE HRAE AR A&

T=0.973
70=0.889

AT=0.025

£=0.03
La=0.82%
Ln=0.747

0.8

3=0.188
Ts=0.602
T=0.564

2=0,705

T=0.518
Ta=0.500

£=1.801
(b) N=0.02, =1, wo=0.1

Fig. 2 Continued



3000 e - e
Tou=0.980 To=0.993
Ta=0.871 Taia=0.800
Re =120
1..=0.5
€=0.5
w2,
flow direction £=0.03 £=0.03
To=0.838 Taea=0.908
T=0.731 L..=0.885
[}
E
g 0.825
[3]
-]
b
B
- 5=0.188 =0.188
]
B 1..=0.814 T.=0.677
o To.=0.562 T =0.585
M
L3
2
]
g £=0.705 £=0.705
g1
Tou=0.521 Tau=0.544
T=0.510 =0.515
m -
£=1.801 £=1.601
(C) N=01) To=51 wo=0-1 (d) N=01y To=1v (Do:O-S
Fig. 2 Thermally developing isothermal contours
4ol F2 Eael 3ol AYsine LTt 4 ARGAD] AWHelmz 4Rz %A
AdH oz Aol ASAEAL U AEAAA Aol Fasr] WTol 2E A Hl 2>3
oh, WAL A Bape] FAdgHEAo o3t olml wiAY &£x& AFH FRFEY £ 0.5
Wedoz AP AMEL e YAEg F 2 4yw,
2% 4 4 Yok Aoz BURA Aol wsizel B ez AA U A=A
A Belshs ohdeld s EAbRAgel & WHE Fig 59 H9o] 247 vepidnt, d¢
YAEEe A sl2alAde BAW 4 9l A YFol &% Nusseltso] ¥xoj we} A
o 2E A% 49 AL e AGFEHFE AHold A3 23 BEAL B BaY F o
A7t ooz 4udozr Axe) GFel AN & Frehk ARE BodFch el Fabo) U
EFu7t FAGE BelFch bst co] 2 A4Fel GAYFAdolAdE BApd
2% 2E $5UT GATDl GE YAE  f4o] ARAFL vele gdez At o
o dEAES 2AS] At A B2 AT ey ojeAdE A" F(2=0.7051€ 2= 4
TR L=} Wy HFLEE Fig 4o =4 Fol wlalsle wAe) EAld wAle) FHe] R4
et olm] mAGE wpel o] HALY o dke] z Ho] AAdEAL AEe] AulS A o,
WAY4E YAEge) Fonz TYYFLES  Fig 62 559 dAUTol 4E A Nusselt
olg] g 7AdE HojFcoh, vt ¥wel HFLE 4, NuTe 2o AAdAe o A=dAY
+ dFHYTAYGeAe 258 W E el o] ®lQl NuS/Nu™e] $ZE =A% Aoz, A}
AL WHZHNME ANABGFAI} gl F o) by =a o)A bel AS A LD



LJNLER B B N o B S G B B e

n/2

] r

Fig. 3 Azimuthal variation of the wall temperature
and radial temperature variation at =0 and

15)
0.7 4

0.6 -

0.5 RN o 2 22) e o ) M M R e S R R

0.001 0.01 0.1 1 10
z

Fig. 4 Streamwise variation of mixed mean tempera-
ture and azimuthally averaged wall tempera-
ture

E3d Nu'o} b a2k, ey s e] YAEe
el Ao g ool A (7)o FRol Jebhd
Lxite] A go] dEAES 2348 M= o}
Al Frhsta A s sl o] oAk HEelx| &
Erh Nu€/Nu™9 ¥XZojA £ F 5] Y4&E
goll wlAle BAke) d3ke bl A ARE et
vz del 49 Ha= Jebdoh, Ne/NuTe o
HAukedol APEv ww2H o L= url ol
of wel Zastm, dFg ulel Fo] WYzto| A
o] wfde] Halbd wpale] FHo] i o4

e Ae B o & o o4d Fow
wipo] glowl HAd $ZE vhehdch Ake

1
ol 2 do] A9 BAbel RASHe] Aol

3001

-

T T T

L 0.1
r Q
S
F i
- 0.01
LIRLINL N B e B e o o e R 0 K
n/2 " 8/2n 2n

o

Fig. 5 Azimuthal variation of wall total as well as

conductive heat fluxes at four different axial

positions

3 T T T T 0.0

0.001 0.01 0.1 1 10
z

Fig. 6 Streamwise variation of the total mean Nus-
selt number and the ratio of conductive to
total wall heat flux

=9 Ggo] Aol He},

4. 4 B
+egdoz dAds 42l BHFEY dE,
Az W Fabol o3 vEulA A uAAg
43 ABAo e FREAHor 434

Ade 4498 A%E A% 32 e 2
< dgieh,
AHeT 27 A4HE WA w2 A



3002 7

)

TELEE FHE B29 o4 RS 35T
o siAel Eajo] wIE4E, F AL-EAAS
7h &g dv SAFEFA F oW SAbe A
FEAZ Qste] YRAEER Fobxlw A= o
Sx Tz ZotAlch, AlteHlEst 2w o)A
A el ol Yol Admich A
2 &27]9 dFAdel s BAY gFe] axqt
W7ol Zeso] A EAG WA sheAe] ¥
ofAW AAAEA L Axe FH Auj 5 derh

D23

(1) Tamehiro, H., Echigo, R. and Hasegawa, S,
1973, “Radiative Heat Transfer by Flowing
Multiphase Medium-Pt. [[. an Analysis on Heat
Transfer of Turbulent Flow in a Circular Tube,”
Int. J. Heat Mass Transfer, Vol. 16, No. 6, pp.
1199~1213.

(2) Azad, F. A. and Modest, M. F., 1981, “Com-
bined Radiation and Convection in Absorbing,
Emitting and Anisotropically Scattering Gas-
particulate Tube Flow,” Int. J. Heat Mass Trans-
fer, Vol. 24, No. 10, pp. 1681 ~1698.

(3) Tabanfar, S. and Modest, M. F., 1987, “Com-
bined Radiation and Convection in Absorbing,
Emitting, Nongray Gas-particulate Tube Flow,”
J. Heat Transfer, Vol. 109, No. 2, pp. 478~484.

(4) Chiou, J. S. 1992, “Combined Radiation-
convection Heat Transfer in a Pipe,” J. Thermo-
physics, Vol. 7, No. 1, pp. 178~180.

(5) Huang, J. M. and Lin, J. D., 1991, “Radiation
and Convection in Circular Pipe with Uniform
Wall Heat Flux,” J. Thermophysics, Vol. 5, No. 4,
pp. 502~507.

(6) Kim, T. Y. and Baek, S. W., 1992, “Axisym-
metric Analysis of Thermally Developing

Poiseuille Flow with Radiation,” 3»d UK

%

s

National Conference Incorporating 1st European
Conference on Thermal Science, Vol. 1, pp. 675
~681.

(7) Carlson, B. G. and Lathrop, K. D. 1968,
“Transport Theory-the Method of Discrete Or-
dinates,” In Computing Methods in Reactor
Physics (Edited by H. Greenspan, C. N. Kelber
and D. Okrent), pp. 165~266, Gordon & Breach
Press, New York.

(8) Fiveland, W. A., 1988, “Three-dimensional
Radiative Heat-transfer Solutions by the
Discrete-ordinates Method,” /. Thermophysics,
Vol. 2, No. 4, pp. 309~316.

(9) Kim, T.Y. and Baek, S. W., 1991, “Analysis of
Combined Conductive and Radiative Heat
Transfer in a Two-dimensional Rectangular
Enclosure Using the Discrete Ordinates
Method,” Int. J. Heat Mass Transfer, Vol. 34, No.
9, pp. 2265~2273.

(10) Baek, S. W., Kim, T. Y. and Lee, J. S., 1993,
“Transient Cooling of a Finite Cylindrical
Medium in the Rarefied Cold Environment,” Int.
J. Heat Mass Transfer, Vol. 36, No. 16, pp. 3949
~3956.

(11) Jamaluddin, A. S. and Smith, P. J., 1992,
“Discrete-ordinates Solution of Radiative Trans-
fer Equation in Nonaxisymmetric Cylindrical
Enclosure,” J. Thermophysics, Vol. 6, No. 2, pp.
242~ 245,

(12) Sparrow, E. M. and Cess, R. D., 1978, Radia-
tion Heat Transfer (Augmented Ed), pp. 273
~274, McGraw-Hill Press, Washington.

(13) Eckert, E. R. G. and Soehngen, E., 1952, “Dis-
tribution of Heat Transfer Coefficients Around
Circular Cylinders in Crossflow at Reynolds
Numbers from 20 to 500,” J. Heat Transfer, Vol.
74, pp. 343~347.



