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Conjugated heat transfer on convection heat transfer from a
circular tube in cross flow
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Abstract

The convection heat transfer on horizontal circular tube is studied as a conjugated heat
transfer problem. With uniform heat generation in a cylindrical heater placed in a cross
flow boundary condition, heat flow that is conducted along the wall of the heater
creates a non-isothermal surface temperature and non-uniform heat flux distribution. In
the present investigation, the effects of circumferential wall heat conduction on con-
vection heat transfer are investigated for the case of forced convection around horizon -
tal circular tube in cross flow of air and water. Non-dimensional conjugation parameter
K* which can be deduced from the governing energy differential equation should be
used to express the effect of circumferential wall heat conduction. Two-dimensional
temperature distribution T(r,6) is presented. The influence of circumferential wall heat
conduction is demonstrated on graph of local Nusselt number.

NEMY ——m a”, @' FA AT 48% Wm®
g’ /R REHANAN T4 UF AR W/m?

b QA FA, m g’ ¢ 9T UREANM F& IHE WmP
D 939 9%, m g 98l AEg QLAe Winm'
h A dF dAEAS WmP- T R Q89 4Rayd m
k 1 8Ax A Wim- T R 99 YENHE, m
r6 R Q5N 3F
T 12X T

* A9, BAdskw ) Aeehe NN
~ BageE 717;}77%@%% T, :9®(zA) 99 ex

vt st skl VA AT Tu :9FE=



54 olF% - o] - F2y

V i H%E m/s

FooRR WA, /R

T 749 24 FURE, [(T,(R,0)— Tw)
/[TAR, 60— Tl

Th: 49 99 7319 €5, [(T.(7, 6 — Tl
/TR, 0)— Tl

K* B3t B39 A=, kR/kob
Nu : F4 FAESF
Pr :Z3&
Re :#ojsx &
AR}
- 3y
SHHX}
f A

in : A8 Uy 29
s 48 9% B
st AT AR

w - AWIA) e
©  AH-F
1. M 2

A7\AYIIE, BAYE, dE B9 gol 7Y
3+ ¥ko] wlAl(constant heat generation)dHs
A3 922 K53 FAAloY dAE EAlE
F8H o2 gt §85EE Hobolez ge A
g A7) olFolA sith AFY F waky w
8h=(cross-flow) %53 ol v 9T EW
A9 B dHE AG(ZL BT Nusselt )&
HilpertV5o] Agket AgAA 4o ()7 ol
Reynolds ¢} Prandtl 49 932 ¥ 49
ez BZA= oA ft

%2 Ny=cRe"Pr" 1)

7HEsE 4 F96A  Y9F(circumferential)
Wegoz gAY ez FAV f5E de B
7350l APA - siAE ApoA Al FAZ)
A 2%(constant temperature) 3-& YAE
d&<(constant heat flux)2&2 7F4sigc. &
dz Giedt?E e UIE E(FA=0002")%
el HHger ol ArFezm AY 71gs)
o AL F5F UoA difF ddg 4¥e 3
st 2 4R AE ER)Y v)iAHd] o
UA 2EYAE AL I4 dHg AFE @
T, 459 Ak I FAY
A& HF Atk BA3Yh

a3t} Sunden®& Reynolds 427} w9 @e
735-ol disled, 43 iR FHd YA} =&
R YBAUGE ddeE FA] 4 whPes
dA7sld YHaA) EFF A dAEAT
Hlky/k) 7t 9B F4 diF SA9(Nusselt )
o) Q&e v¥e BTk Davis$t GillYe v}
& PHE Alol9) 27 Couette #-50) N o+
dAG AT, Hye] FAet doj9 w(8y/L)
o} A nAH Y EAEAFY viksk)E
o|Fojn FAYS A(=k:8v/kiL)7} F3ke]
Axet 2 difF 4349 Ag Tl 9FE I
& R4k

Leest Kakade®& 3 7] Asrde] ot
o] go] FFEE ATl g F7) SelMe) A
Uf 94ug Ade FYsich 25L& VRN
o] LETFHlE FABlL d#Y] SEREE AFY
Fgow 1xH ez JHA% J4 AR BT
sged, 289 AdD FAY 9 F99 uF
gAY T4 LEEFY FIgS njYE ¥
=3 Igbal 5%¢ 2§ EF dF Y9N A1Z
gEe ddg FAE MHeE 47 E e
o, QA AT ul(ku/k)S Ade) FAL 59
3t A9 vl w/D)dl WwE FAY Al K(=
wko/DkpE AYsld, E39 AZASF K 3ol
T4 B RERXS Fi dHGAg 9FS
o3 Btk T8): Lee 572 43 9% F
71 2)E(film pool boiling) A" #F 34
A dAdA, e dAEAAHE Yghle
2394 H gol 342 4%, 37 9454 a8



A F919) diF GAE WP B IdE

I PGF gAE A Sol F3¢L uIL wHuch
o] 14 Aol Ax dAEH {4 FYf
A oF Fxdol BiA(conjugated) 2 E FAY
o] HE-tF dAGo] A EAse dHg &
Az gEgozA A9 gdgd ABE AT
7ol Yehtx gtk a8y AFRA7E He-o
F 2% g9 nixle 9ol dig 7 AY
g Aotk 53] A 479 9RE 3§
73$-2] By Al uigt 7 uHE A¥%F
9} AU APE 8757 gEo] F3] As
o gtk

B AP fA7F dBe Y-8 AW
o2 5E 79cross flow)ol, 943K 9)2] A
= ddgo] AN dif ddgd vHE
gake B4 A9 #Al(conjugate heat transfer
problem) 24 A3} 9j3le, 4@ T, I3
aga FAFFAE dugrlea ®ol AMgshes
B3 3719 2714 AR gEiste ZAANE &
Ag AYg Y5t 2A9Hog A3ty B3
2} gy,

2. O|EX2l uig

AAe] BE& FTEHAHA LA Ado] el
FAE 7H 79, Aa {5 AT FE3
I e FAY st 4FUge R vigiAo)
7) wiie] 4T ER AR(6)ol wEA UF 4@
Ag =70 YA Fxn EFYF EH =8
EE AR wea] o] £x tole] oA A
T gHoAM dFHEHg)og Ax gAd 4]
A71A =3, 4% d¥ YR LEE¥EE FAY
SEEX} FEAH H43 g&EA gk 1 &
#2 @] FHLEV} YA E 3, F4 O
F EEE 943 @4 9k FigleoA @9
do] 71§2e2 W7ol Roli FAP7T bR o dHQ
2dg B3Fa Qiok

gurzoz A vls] Zolrt Ax Y] F
AB)E 7HAE Y] 99 uiolr & X
23 Tu(r,0)2Z 7H3E & ok 1A uy #
dF doA7t B (source= )& AS$o] 3
A As(Le dA)lA ZAGAE 23 2T

Fluid Flow

Fig.1 Idealized test model

Tulr, )0 B Sd= AN L gy 2.

T, 10T, 1 *Tw, g
o7 7 or T 98 Tk 0

)

A (2ol T, tiAlel] B39 25 T,E A9
3t FEE HA 9% UFe] vpgEHAA F
A2 Agd g% grhs duR REY (rDg.”
= nDbg)& AH3HE, T o] 249 T4
QAT oz Yebd 4 glok

*TL 1 aTh . 1 8T}

a7t VT T T g

+4 K Na=0 &)
4714,

pro Ln0-Te .,

TSR O-T.' R

kR - _hD
=S
K== Ne=—

HE WY )2 B3 FA9 AF K H
# Nusselt & (Nw) 283 ZAZAB.CI 9
M FaAd LERE (TF)7 24398 o9lect
K*'e 97348k el diF 9ddel i {3ug
(0)9] A= ALY FFS Y= T8 73
A Wolm, fAlet o] AT A ullig/k,)
o} dzte] wtAz FAY vl(R/b)2] F(product)E



ojFoi Utk & ATolAE BT Nusselt 7}
A9 BUdT A 231 EAE WAYE A
Z233% 87 A FAL AFK'Y 9% B
az g

3. AY TRt AEu
3.1 ESAE(WIind tunnel test)

B AFoM AHERE EE(Fig2 #R)e /3=
&Y FYHoz Ag7o] FHE ofzYR §
o] glon], ¥ do] A7)= 151mm X64mmo)
2 Zolx 200mmelth. #YH F5& 47l 93
o $%7] g7l YAKmesh)7} AAEHNR EF
e 71442 4$37] Holl dAE 3xd 9
o) JIEE AR23ld ZAY £ ok APt
£&522 Calibratorell ¢]slA 2AE I-Probed
g3l CTAYY I 542 SAsi9ed o
FAE(TwE 3% oldolth. FR&4kxx JEE |
Bgl nle)aE threrlHE ZRHAC. IR
(Fig4 #2)9] A% 1.0x107°V7AA &Ho] 7}

t———sm———,
T
100 160 Contraction
& Pitot Tube | pigital
660 Manometer
200 O | Test Section
650
240 Diffuser
1 Fan
Q Exhaust
Air
Motor

Fig.2 Schematic diagram of wind tunnel
(unit=mm)

°lF% - oldF - ALy

T dAd MgAlel ddsl &Asta, Afe
FE2(shunt)7} ¥3d HFA0~200A) ¢+ He| &
EnglE A3l S AF A9 33719
£ 100kW o]delth

AP F79 £EE 10~30m/s HSolA %
& F A¥EYe] I 943 A, RS
oA A¥e w8 3Pl AP L HAPE A
Fude] T4 2EEF 379 2=+ 0T ~200T
Alojo] HelellA 001TCe Edlsez FHE +
Qe &% 2R (Digistrip 45PLUS, Kaye, 32
isolated status input)24 &A3lal PCE &3
A A%

3.2 Fs4AH(Water tunnel fest)

Fig.39 & Agaxe W73 39xle 2dgx
293 AZTFEER £RFE AAHE o]F o
AHE(ISHP, A717E EEHZE FAIE AL
AEHAle F o8I0y FF ASFA, 60kW
£33 qIdAx]9} AP (test section)E T3}
o 22 dwr)(condenser)®} 713 AAFAde-
gassing chamber)& E3}3le HIELZ Fo}Q )
Hth $58 9% dudrle 4-F8 ud #
Z(single tube pass), W3F(counter flow)¥Ho]
t}. ojF-EdolEl(accumulator)®] %4FH-E 2,100kPa
7R A" 4= 93, 18kW &332 3§} R
Slo} QoM & =AY 4 gk 3713747, 27,
3°)9] WiFe] FE(FH:0~32liters/s)°] AT &
gugr)el Ux ¥ & vwhkenlee Ad5H
test section YT FE& FAHAY F Utk A
25 g9 7]+ 178mm X76mmeoli, o)
£ 760mmeolt}t. Lexan A F93 2719 %
(115mm X253mm, $7 37mm)e] oA PR
g9 7HAF FEo] sbsdi APE dTels ¢
FAEE a7 938 SEEXE A §
YZ(honeycomb)3} &AM HIQ)(straightening vane)
o] AL APRWE AF AVIAY 71Estd
dag FF37l slstd 200kW7HR] ALFFol
7P AF AY TFEAE AL

Age A4 v 8 g A% A/E FIF
FAE) &9 71AE AAB7) Y3l oFEH o
B U9 A5rt2e) ¢EE o 171 AER /A



2 799 oiF Qe UY BG 99

AN

—

e 7
!

—7.7"—

Control
|~ Test Model

T

Varigble
Power
Supply
200kwW

for
Test Model
(Heater)

y

o)/

, Test
N Section

Pre—heater
ST ATITID

Controller
60KW

T

—_—— _D_ —_
Degassing
Condenser Chamber

Cooling

Water

527

Storage
Tank

Bypass Line ——

l Vacuum Pump

—

3 Accumu—|
lator

18kW

Air
Cylinder

vi |

lav e

Fig.3 Schematic diagram of water tunnel

A dEFR Y &5 dAfr)E o]fsle ]
23 $%2 BAld e AYL wrEaw AeH
Aol Folg| 71A7}F 714 AAGX]e] RolA
I JFHEE dFst] AR oF 10417 A=
o} #<Y(degassing) & WHERITL AHAFHA9 &%
v F <8 9u(v1)el vlojdla MB(V2)e)
Neg 2AFoH wim, I3 93FF
% &% dudvle] Wi §% 281 ofFEd
olE] ARl F YL zAHIHM AFHAY &
29 $%(water tunne)® ¢4FHE& Ak &
A & Lx a3 4HE wFE F AY
2d(Fig4 Fx)9] 37 E3F& dAstn, ALY
HolA ZAUF ALY 4PE uhE £ysid A
P48 I HE Nusselt FE 3719 A9

& xPoz wWRy] iy #& V=0.15m/s
(Re=4,000)9] 2N S8t APrde] =
2 LEE, §A9 % 12lm AY . ARE X

AP TS Fu2 S8
3.3 4 =9 gHRTo £3

AgEde 97%o] 15mms} 19Smmeolx, F77}
0.8mm$}t 1.0mm¢l 4 93e AHgsigch 34
A71A% 7tge] 7Fsdtes 2HA#Hx ZWSUS
304, k,=13.98W/m -K) AAL A3l 5719
A7) 7149 APREE A ckFigd =)

SEZRL e HIRPEe] FHAA FH&5 ¥
& 30° Aoz, YIHL A3 A3y ¢
Hhe 60° IHFHSE T-type(copper-constantan,
36 Gage)d E4d Y/IE 4# ER 4FUE
o7 RAHACE dAGE & £oA AP FAL
E &Ho| 7FesEE WUaet A713 dde] 7t
5813, E3F GAETIt & A=A #A(OMEGA
BOND #0B-200)8 AM8-3le 43 FWH] 23
319K Fig.4(c) 3=). 4¥8=ds T8 A5%{(co-
pper electrodes)S HEAYES HAsdP| st
S8 H(silver solder)22 ATt dAAZA
£ MRS ARSI UiR RN ddzds B
Bk A7) /14 dndex FFd 43S
ZA37] A3t 49 FACERE HS 30mm,
$2 30mm & 60mm2| HFA AYEZAE 9
3 GREA 2709 HE A iF H{de] FeA
(spot welding)2 & }-3+s}s3ch

AFed 5719 APRAEL Table 19 8oF3}
o 712389t A¥Ed 1~38 5 (wind tunnel)
oA, aga APEY 49 5+ F5(water tunnel)
ol ZAdF ddgd A8 +gsich HT Nu-
sselt & W= 74.7 Axo|th

Fighe AZHAE E(water) ¥} 37(air)9 271
A2 A% 7ol ST AYHA dFEH )
o F4& W 2EEEE BaFa ok [ O

=
il



528 olgE - ol - ey

Unit = mm

TH [T,

oT— - 10

2
:W_
0 23— \ —
Stainless steel 304

Copper electrodes

{a) Test model for wind tunnel

1210 Js 178

H
ot B, T s |
£ TSR, * "

1 y =
= e TG T
L2 \ 70 5
Stainless steel 304 ,:——105 3

Copper electrodes

o . 1,2,...8:
/ i@ ¥ Locations of thermocouple juctions
4
p 1001
z

1 Locations of tops for meosuring voltage

A~w——e A

Crass section of Center

Fluid

(b) Test model for water tunnel

Model Thickness

08, 1.0 mm Thermocouple Junction

Thermal Epoxy
T-Type Thermocouple

(c) Junction in heating tube wall

Fig.4 Details of test models and thermocouple
juction

BAE AEo] A¥dAM A FAF Lxolx, 9
o] el el EU2E H¥Jl yiAYS B
gFa ok AXn FAE FFE 2EEY FHg
oM AxdHz d=dye Hsigo] g &4
g wEsta, Ao Agdybre shitTolx ¥R
5o didojebs AAIZA-L W53 Spline B3
Aoz FAH Lot} FHLEELS 4T oA
9] 2219 SERX o AAXHLE AMSHD.
ES AFTHAZ AT e B FAd As
K*(=kR/kyb)?} 37100 nlgle ez &
& F 3t} o]AL Bo] AL B4 U7t
AFAY AR, 9FUKe)e A= 8d
goll dig WA oifF Eddge] e
2 ARE Toth A9 FY¥ Ny @A =
A EUSE BY¥E AEHAst 89 3 B A
b A Ae)x HAZE BoFm Qo o 120°
BadA g BoiFa ok

LT
i y//\q -"" \‘\
- \n..
K = 0.3445 Nu = 74.99 Water 7 ©

584 o =

|
: Flow—

oK' = 0.0132 Ru = 74.43. Air

Temperature[ T]

60 90 120 150 180 210 240 270 300 330 380

6 [degreel]

Fig.5 A typical circumferential surface
temperature distribution

Table 1 Specifications of test models and
experimental conditions
N Symbol Test model No.
ame.

“ w1 ] 23] 416
Ouside } D 1 o) i5 | 19| 15] 15
diameter | [mm]

Thickness b 10 | 08108 | 10 [ 08
[mm}
Reynolds R Air | Air | Air |Water|Water
number | 0 |15700|15700{15700| 4000 | 4000
Average
Nusselt | Nz | 7443|7472 | 7438 | 7499 | 75.09
number
Conjugation "
K* {00132(0.0165{0.020910.3445(0.4307
Parameter

4, Y chH Uifte] 2X1 BEFE2| iy

dAx w4 )= U upg FUI AF
HRHNA Lxo] #AF FAxHe] AFPHer F
oA FFEF (@0l AW L& Wi ZE
238 S RBE¥r) 239 AERPAYY e
Z £ eSS =3tk 4 (2)F E7] YA 99y
g FR(r=R)MY AAZAc=2 YA 3
A ZA% FULere B7biow A3 W 2
= TJ{6)8 A8




248 F99 dF ddgd g B3 gde 529

TSR =T, (0 ((0<8<2x) (4)

L) WF BH(r=R)IM Y BAzAL 9
z7h08 7HRsAh

T (R, 6)

~ky ar =0

(0=6=<2x) (5

AFENIH 0) AAxAcZE YT Yoo vad
9] HE RYA, o8 BH =09 =27(R;
<r<R) 99 HdFFHeE FU AH] 9
Fol § AH9 &9 259 wWIe(F d¥g
£)o] e ALY FAXAE o848 + 3
=

T(7,0)=T,(r,2n) (6)

2o (r. =202 (7,20 ©
274 Agelol ouA(AE) WAL Patan-
kar®7} AHe f-¥A 4 U (finite volume method)
& Fgslen, At A48 FAAS+E R/bY
ol wet Aol7} gtk § AE R/b=752] AS-
ol ARGE rx 6 Wiow 15%X7208 ARSI
T} o]Akg} WAL He¥(line-by-line method)
& o]83 TDMAE H&3l= A4 Wie A}
£33l A7 9 LEEYE ¥ £ Uk
23 =42 dif dAge A He xgs)
A e 4] F-EA(r=R)NA HALEH(con-
trol surface)ol Wigt oujal BE Wi 93ty
T8 4 Utk & 4] d(wall) WFelA A}
FEA7HA] AE EHEQ ) S BT HHA
FAHE A" NF R o) 2TE A7]9)
/‘1 EAl A FASIG R, 99 FHAA F

2 9% A8 g7 RE A2E YshiR nes
24
0=~k TERED -1

®

27390 A= FALE FAL F o 7}
A A, T2 UF IS o7 9AR B
2 7hn,

a. = gb= constant 9

4 @)l ¢ % &3 U Ao, F2
@01M F& diF S ¢ 0] AY A,
FAUF EHEAT hE YU 228X TH(6)%
A Ga3 o] WrkE £ Qo

u

_ dc
— kD
Nu= k, an
B Nusselt & Nux 989 gFugos
a4 Nusselt 78 A2go=zy 3¢ 5 ok

5. #n « 1#
5.1 X8 34 moRs T

Fig.6< M7 Nusselt 71 A9 A Ao,
A E23F AFWKH 6)o) wE T4 F4
BEALE T =(T.(R 60— T.)/(TAR,6)
— Tw)]E B29F2 g 97)1M B 119 A
F K* #%9] 32 $493 RdFa gled, of

T.'= (1,-T.)/T.~T.)

1.3 4 6
Flow——
1.2 H 8
1.1
) s & 3
& 0 o @
oolg % ?

0.8 1

0132 NU=74.437
0.7 - 0165 NG =74.72 |Ar
s o
4 u = .
1307 R = 75.09)Water
.

) T —T
120 150 180

cabuno
RARRR

0.6

o
[%3
(<)
fu
o
w0
O

8 [degree]

Fig.6 Non-dimensional circumferential surface
temperature distribution



Air

Te= 13.28°C
Vo= 15.63 m/s

Air 39.43°C a

To= 13.00C
Vo= 1243 m/s

530

K* go] % 9379l 8 73 EHdx
o] wispyl AL & 4 ok = F7) FEul
i EdEI B LoA difF dxdy A2 2
A /A2 FEE & Jded, K* @l & 89
5ol 45 e P FHLES w3}
3719 ARt oo & RAFH ik
%, 2 479 HYdre 9489 FAbLY 3
(D)9] ¥z} B EHLE F= Gl vs
o ZERA(E7IG B FA4Y EULno] &
Jko] AiF oz F& & F Aok AFHAE &
2 AHEINE A90), FERAE TV AME
£ A58, A dif 4dge] did 4F
Wake] Ax GAYY] o] Yoz FolFo
2 749 ¥dexe Wit =i vyeEhn IS
< ¢ F AUk

Fig.7(a) Distribution of isothermal lines
(D=15.0mm, b=1.0mm)

Fig.7(c) Distribution of isothermal lines
(D=19.0mm, b=0.8mm)

ojF% - ol - ALY

52 2x¢ x8x T.(7r 6)

SN oz 23] LREX T (7, )& +3
A7E Fig.7(a)~(e)ol E=ASATE 54L& 01T
HF oz FAEALE Fig.7(a), (b), ()X K*
grol 28 3719 ZA9(K*=0.0132, 0.0165, 0.0209)
o] VEh = §249 EXE nu 9Fwskon
o] LERIE AolE BYFI el niskd
A o2 LERIE Aoyl Ao
o} waba o] A9l %o ¥ dFuEtoz
o] 149 LEEXE T,(0)d 71 SL249 2
oA AE AL Hoek 29 110° #2
oA Adt AAHCIANARH I L ARAHA A
Wihog FEL & F Utk K* o] E B9
A9(K*=0.3445, 04307)2 R4Fn & Fig?

To= 13.48°C
Vo= 15.63 m/s

Distribution of isothermal lines
{(D=15.0mm, b=0.8mm)

Fig.7(b)

Water  59.00C

To= 50.00C
Vo= 0.15 m/s

Distribution of isothermal lines
(D=15.0mm, b=1.0mm)

Fig.7(d)



To= 50.00°C
Vo= 0.15 m/s

A F90] diF dded dig B3 9 531

Re = 4,000
K® 0.4307

g
W 49.32°C v‘id K
oter ! Nu = 75.09

at 0.1°C

Distribution of isothermal lines
(D=15.0mm, b=0.8mm)

Fig.7(e)

(d), (e)olMe, A0 SxTuljet W3HEe]
2ETFHL B ZUkEle §24 AR 2Yst
3, 2394 2 ¥, Tulr, )8 3%l t
Fasict oz AW FAH(6=0°) F2, Hd
2E $2(6=115°)7 ¥ AAH(6=180") ¥
ol waugko g 139439 LEEXE Tu(n)
o] NujHYL B 5 o} ol FAFHAV EY
Aol 45 Az FAde] g W
o] dF ddge] F719 A¢EG diFHes F
7tstes, AFEHQ 2x4YAA L=EX Tu(r,6)
g HoFch

5.3 [T FXEo| if 2ol ojxle I

fFugke] Ax dAdo] wgEe] F4 o
F QA viXE 9% P=E gotrr] Ast
o] Baughn@o] AM&d A3 $AHEE 7de) B}
9 4 (12)& Aostd 53 7Y A5 K* &
o] weld EAF AAE Fig8iA HAFI g]
o A (12)914 AHRSE 713 FiglolA Aos}
At

o

g’ —ab _ 4" —a’
gb ab

(12)
B a7 WeelNe ¥ 4 (¢.” —qb)/ gb
gol F71%F &9 F 7MA B4-2 FHEA 7
25 B F Aok Fig8lA wtawae] F4 diF
A i AFe] A dAGe GFol
K* o] FoldSE Jyez Frhslo, 3

]

00132 Nu = 74.43

oK = =
0.6 aK' = 0.0165 Nu = 74.72 |Air
.| 2Kl = 00209 N = 74.38
054 oK = 03445 Nu = 74
oK' = 04307 Ro = 7509 JWoter

Q" —a”
qb
o
N

ab

)
N ~0.1
[
L]
G|
Qe

-0.2 4

-0.34

-0.44

-0.5

-0.6 T T T T ¥ T T
0 30 60 90 120 150 180

6 {degree]

Fig.8 Effect of wall conduction on convection
heat transfer

A A (g, —qb)/gb 7ol Wt ARE B £
itk B3] K* gtol 22 F719) Aol A -
AN 229 AL OF AL 9A(6=110° ¥
DyolA PFuste] AE AALY Jgo] FL &
4 AT, B 50% olielth K* grol & &9 A
2o, Frlol sl AuFez A AW
ggpo] 222 & F AUx, F7I% PAZ Ha
UF 949 99((0=115° £2)IH Hys B
ol uigF 15% ool

5.4 R4 Cff @Y A

Fig9(a)~(e)olMe Al el AF3K 4)
o2 Ax dAdHqg”, ¢, Figl F2)& 123k
2 7ol T4 Nusselt 9 5o Ax o
AEE FAIRE A5q" =constant)®] =4 Nu-
sselt 8 A= vaste ZAIBIYT AFake]
A @ALE T8, T4 dF 98/% ¢ 7t
A F(AF)E 7HAA HER 34 FELET
o 9ty diF dAG AF7t AT, 2 9
FHrgke] Ax dAGLS 1T Aol AL d
Age] dgoz 3l T4 dF i ¢
Z5( )9 Frolm, T4 EHLES IFgE 7
yholA] 24 Nusselt 9] W37l 24 98 &



532 olFE - ol - FLY

150.0 150.0
| Air Air
K = 0.0132 Nu = 74.43 K' = 0.0165 Nu = 7472
120.0 120.0
. a
. A
[ ] A
50.0 90.0 -
5 [s] o Y - a A A
A
= ° =] o ; ° z “ a A a 4
0.0 - 60.0 -
. . . a
1
30.0 30.0 A .
® Considering wall conduction 4 Considering wall conduction
1 o Neglecting™ wall conduction 1 & Neglecting™ wall conduction
. T T 0. T :
003 o 60 S0 120 150 180 ° 3 3 60 % 120 130 180
6 [degree] 0 [degree]
Fig.9(a) Local Nusselt number distribution Fig.9(b) Local Nusselt number distribution
150.0 150.0
Air . Water
K' = 00209 Ru = 74.38 K' = 0.3445 Nu = 74.99
120.0 1 120.0
* *
8
90.0 * 90.0 "
-4 x o n
E] * * = o
z « N « # Z .
60.0 60.0 : o
" - »
30.0 30.0
4
» Considering wall conduction » Considering wall conduction
#« Neglecting” wall conduction 1 o Neglecting™ wall conduction
007 30 60 90 120 150 180 007 3 60 g0 120 150 180
8 [degree] 8 [degree]
Fig.9) Local Nusselt number distribution Fig.9(d) Local Nusselt number distribution

Utk Figd? (@), (b), @A B¢ AL A% 2 4 Aok FHLAE Figd@el Z9o 120° %
K* @ @ 3009 Ase wadge) 9dg M o 5%s Adle ReFn em,
(Be U 2ADol UE VWY AT FAL  Figd0)e) APolE 120° F2olN o 45%) A
o Qo] YUMoz AU U AFYF  olg nelzc)

o A% gAZe nAR A4S AN BE A K glo] 2 el AE U Fig9d (d),
$o) Z2 Nusselt #& Aol AE & 5 AL, ()old, UF Dugol ZEHA7F T/Y Bl
K* @0l ALSE 5714 299 Aot HolAE  ulsid 2A) Freked wAYRe oE AR



4 F99 UF G qE 5§ dde

150.0
Water

K" = 0.4307 Nu = 75.09
120.0 4

20.0 4 *

Nu
<@

60.0 2

30.0 1
* Considering wall conduction

0 Neglecting™ wall conduction

007 3 60 90 120 150 180

8 [degree]

Fig.9(e) Local Nusselt number distribution

e 4] Ax dAdge] nXE Fge] &
Rz zt uebr AFEFEe Ax FGHES
aHE A9 ;A ge HEY F4
Nusselt 2] o]z} F7je] vlsix] Aoz
ZA5g¢ BgFa e, Figddd 235l 3o
A= 120° H20A 13% Axolth

6. & B

B Ao a7 dad] Ausld 38 A
o, FUF FPo| LAk Aol i3t A
OF 94" 49e SRl 4B AP £
A 2n FBEAT7IY BE st A
FHerE AW =AYt AE-uF FAgol
ENol doid ASol, ZUG ABe] FALEE A
AzAoz Agsle] 4@ vde LEREE 2%
Aoz B AFuge AT ddde) v
Parel olE gdgel nxE Jae AT
D E a7 wgleNe ASRA(TS B)
7 9ue FAT SANY 24 FH LEET)
nXE g FRHATE TAY T4 FHLE
THe 2719 8o A$E 2/ 2252 Yehio)
9) B3 29 A% K*(=kR/kob) Fo] Ze
F7) #5Ue Aol O ZAUE dADA,

A8 9ol 2% E¥E= 4FYE )9 1xd &
T B30 /R AL BHAFI Utk o] A%
o wtAulakel oiF FAGFel Bistd AFWEFS]
Az dAagPo] ARNEZ, AFWFge A= I

& mg A9 a2 ¥L ATy 34
Nusselt 572 £Z= & X}o]E Bt

3) E§ £ A K #el 3714 vjsio
AHes & B £9 g Wig AAuF 4
Ago) A, wrdEte] oiF gAade] we I dof
doz dFutge] Az ddgHo] dF gdg
Fol| nisle} JdiFos A aHEZ AFWE
9] Ax dAdE nF A9 uBlER gL
7Z9-2] FA Nusselt 9| B¥XE= & AolE Ro]
7] gt aea 9N En dAge] F7)d v
gl AA F/RRIEE, 47 9He &k RE¥ETE
Ak wbgukage] 23 5 X Tulr,
0)g RoFc

2o

re

1. Hilpert, R., 1993, “Experimental study of
heat transfer of heated wire and pipe in
an air current”, Forschung auf dem Ge-
biete des Inginieurwesens, Vol. 4, pp. 215
~224,

2. Giedt, W, H., 1949, “Investigation of vari-
ation of point unit heat transfer coeffi-
cient arround a cylinder normal to an air
stream”, Trans. ASME, Vol. 71, pp. 375~
381.

3. Sunden, B., 1980, “Conjugated heat tran-
sfer from circular cylinders in low rey-
nolds number flow”, Int. J. Heat Mass
Transfer, Vol. 23, pp. 1359~1367.

4. Davis, E. J. and Gill, W. N,, 1969, “The
effects of axial conduction in the wall on
heat transfer with laminar flow”, Int. J.
Heat Mass Transfer, Vol. 13, pp. 459~
470.

5. Lee, Y. and Kakade, S. G., 1976, “Effect
of peripheral wall conduction on heat tran-



°leF - ol - FLy

sfer from a cylinder in cross flow”, Int.
J. Heat Mass Transfer, Vol. 19, pp. 1031
~1037.

. Igbal, M., Aggarwala, B. D. and Khatry,
A. K, 1972, “On the conjugate problem of
laminar combined free and forced convec-
tion through vertical non-circular ducts”,
Trans. ASME, J. Heat Transfer, Series C,
Vol. 94, pp. 52~5T7.

. Lee, Y, Zeng, Y. and Shigechi, T., 1990,
“Conjugated heat transfer of nucleate pool

boiling on a horizontal tube”, Int. J. Mul-
tiphase Flow, Vol. 16, No. 3, pp. 421~
428,

. Patankar, S. V., 1980, Numerical Heat

Transfer and Fluid Flow, Hemisphere Pu-
blishing Co.

. Baughn, J. W., 1978, “Effect of circumfe-

rential wall heat conduction on boundary
conditions for heat transfer in a circular
tubes”, Trans. ASME. J. Heat Transfer,
Vol. 100, pp. 537~539.



