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Abstract

Many researches were carried out to estimate heat transfer rate on a circular cylinder in a

uniform flow. Various empirical correlations were suggested in the past through expermental
studies, however there are considerable discrepancies in the estimated values of heat transfer
coefficient. Effects of variable properties of fluid on the heat transfer between a circular cylinder
and the external uniform flow were numerically investigated in the present study. The flow and

temperature fields were solved using a finite volume method for the uniform flow temperature of
200-900K and the wall temperature of 300-900K. The cold as well as the hot cylinders in the
uniform flow of constant temperature were investigated. A unified correlation was obtained for

the both cases.
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Table 1 Summany of correlations of heat transfer
Author (ref.) Fluid 1/D (Td T Re correlation
heat transfer from cylinder to fluid
King (3) air 1290-1520 273 0.055~55 a
Hilpert (15) air 5120 1.14 04~4 b
4 ~40 [

Collis and Williams (1) air 2070-8660 1.50 002~44 d

Fand (16) water 7.8 1.01 01~10" e

Hatton et al. (2) air- 96-1190 1.34 0.6~45 f

Churchill and air and liquid - - less than 4000 ¢

Bernstein (9)
heat ransfer from fluid to cylinder

Amad (3) hot gas 0.875 4 <Re <40 h

* for both case

*Zhukauskas (4) air and liquid 8.3 1.18 1 <Re <40 i

*Chang and Finlayson (6) liquid 14 - Re <50 j
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Fig. 1 Predicted heat transfer coefficients by several
correlations over a circular cylinder
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Table 2 The effect of computational domain and number of grids

number of grid points Min. C, Stag. C, Max.C ,«fR—e Nu
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123 x 51 -0.93 1.20 3.59 3.28
Experiment by Grove etal. " - 0.90 1.20
Experiment by Acrivos et al. 371
Exp. corr. by Collis and Williams 3.16
Exp. corr. by Hatton et al. * 3.30
Calculation by Badr * 3.50
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Fig. 3 Vorticity distributions on a cylinder surface
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20 1. . ! L !
0 30 60 90 120 150 180
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Table 3 Separation angle, separation length and average Nusselt number
with Reynolds number
Re 10 20 30 40
Separation angle (degree)
Exp. by Coutanceau and Bouard 4
blockage=0.07 159.0 1377 131.0 127.2
blockage=0.0 147.5 135.2 129.9 126.5
Cal. by Dennis and Chang ¥ 150.4 136.3 126.2
Present calculation 149.8 137.5 132.0 128.2
Separation length (/D)
Exp. by Coutanceau and Bouard 92
blockage=0.024 0.28 0.87 1.46 2.04
Present calculation 0.27 0.87 1.50 2.06
Average Nusselt Number
Exp. by Collis and Williams 1.82 2.40 2.83 3.19
Exp. by Hatton et al. @ 1.98 255 297 3.32
Cal. by Badr “¥ - 254 - 3.48
Present calculation 1.86 2.46 291 3.28
Hoz g dAYctn ¢ 4 Uk AW w2 A4 Az} vlmsich Resrt mobxw %
4 FaFAEsE UL HolA B AFAS Aol R olBekn AEd d4el Zolst 7
o AR} wimeldch(Fig. 6). 25 F9F  ofAW, FAFAESE FLdo o A=
74 %% Holu, Denniset Chang'eo] Al4abzdziel  AFHoz AY =l AlbAAe} of ¢ & dxjgch
7z Ao, olelgt FEEA R FEE o8 FdM =
FH dolE2sE ARAARY §F R £xE A 2ED ¢ L 2FeldE GFA g%n, o
ZE B8k Table 3ol wejzd=z, Az ub o] 2 4B £ Aol &g FiA wieol
5o AE® dol¥ 44 o Dennissh Chang'® A% 237} 383 339 & 4 ek



1590 BAY - 271Y - 2T

3.2 Edxiol Wsy} Aol OixlE FB  gggog AAAo 2 Jehdoh o 2o)zy

AN ST 2T o AL AT o gane @Al He A (Tu< T cold
#A] Collise} WilliamsV7} A|qkgk A1-& mko] 2} cylinder, o] %ol AYE +dskx UGLL)o)
A 2 7oA e de & delA 99 L v game aola Aee Moo oA A 4

FAAL A7} AR 22N AT AR pe gz T} BL4E T ResE 2
Aol Asts elmds dATREA e A B o Nust T T 845 A4S ool
2o W3}l o)wA AL W Aldol 9ake o

AErlets Ao AlS Rl Aaide AAL dALdA T h=—kw<aT
10 pm, $%59 £52 2m/sg nAA7Z A§F A"

9 &% T, 200K~900K, Ac] wwe & € dTelAde eA4A9 s 5 B 94w
= TuE 300~900Ke wYolA wskA7=dA A ol vlAE siste] A% AR, 2 g &
AL 944190k FAE T8 daez s, A Te7h 300, 500, 700K =) Tyuoll wd el

Fig. 7ol Twot Teoll o3} dALAS b 2 315 Fig. 8] velidel, 7o 713511 47}
Nu#9) #8% Collise} Williams®7} #lotgt 4 7Fdeh Tu7b 748t AA4A47 S8, Re
o ol& Azts} vimsted vebldeh As AAE TV FHobA AAZl FAYAN LxFue F4
e ol ok 5% A9 xolE Jehz gle T (Fig. 9), zev A g Az
o, ol& ¥ Adst A ANEE vehie, 19503 F7F TUHEE o] ETwle zaokuc 2y
ol 43 Agoe] ol AYstn AA YA 4 Wil Ao dALAsE Fstdel Sy

Iﬂ

ofN

".I . = \1\ s 7
r TS / ! N TR 05
8 7. ly II' / /[ \:£\ X ™ \ o~ 0.0
/ N ﬁ? SRR RS (v)
S II 7 /’ Y, p; X S S NS
200 / A fy A7 \‘\&‘\X\\\\ -2.5 0.0 :c/D 10.0
300 7, 900 300 T.
o - 900 (@) T,=300K
a
) (b) (b) T,=600K
Fig. 7 (a) Contours of heat transfer coefficient, % (b)
Nusselt number, Nu..(——) present calcula- Fig. 9 Calculated temperature contours at T,=100K
tion, (------ ) Collis and WilliamstV
8000 ——— . . 8000 -
7000 |- 7000
wo "
6000 I 6000
e cold cylinder } [ .
[ - i ] L =77 cold cylinder ]
5000 ot N I TR R 5000 L ! I i N
0 200 400 600 800 1000 0 200 400 600 800 1000
T, T,
Fig. 8 Variations of heat transfer coefficient with Fig. 10 Variation of heat transfer coefficient with air
wall remperature at air temperature: 7, =300, temperature at wall temperature, 7,=300,

500. 700K 500, 700K



9l
3.0
y/D
0.0
-3.0 -
-2.5 0.0 J:/D 10.0
Fig. 11 Calculated temperature contours at 7,=
600K. (a) T,=100K, (b) 7,=300K
T, 300, 500, 700Ke2 mAstn T8 =3l
94& kel WHE Fig 100] epiadsh AF5E

o & Tot F74ekd hoh a4k Tt 371
3 F5 A AAASF7E FoAE, Res7t

Aohd AAZel FAUAY LETHE Fagc

(Fig. 1), 22y A-AE Heields) dHEAS
£ A9 FYE wEol AgHoz dADATE
ageh ek oot Tudl HFes Tnd Hs

A fAEE T.& F7HA70c HHdTxel A4
Alge F7hstn dRfEelAe] A4dAss A
Hoz 7+4A% Ao|ty, olu] Fig 120 vtebd v}
ol ke Twdl F7iel webd Frtdch £
d Ay Twe Z7H714d AfR5d 2= T.&
} 4514 =k weta Fig 130 vpebd wiel 72

T.7b Axstd dADA 4 Fo154A "o
7t AF}ER Ackd: o] HAAS
Fig. 140l 4] A% FA= &
wlo| Ao AR = A 49
Al 84 g,

AA A A o} 1

=

e

1.0
E

To—To%

ekl AA 5o ARAs
wrebd F3E & Holeh Taol —#3}“#
4 F7hsh, deleas, AAZY FA A &
EPule Zagch a2y ddesd] Frled o
£ 9AE A9 F7h7k $AE Fig 15014 <
AGASTE dAd o2 Fopgeh, 22y 225471

200, 300, 400Ke) 7#$ HF £x7} e 9ol

1
=7
7

1__

=

A

£ odle dWPASY Aok Wz He WY
& Y 4 Ytk ol of Fedol4 HAZe| F
Aol webs LEFW ashe &3 2Ae 4
Aol el dazA+e Fohe & 5 AF L=
o) Rash AREAS 7 44d 939 4
5 ol o8 AAPALE FFLEY Frbol
wel Zashe A9E AbssA P vehdeh @

1591

7000

5000 tm——m o L . 1 i.;l...
0 200 800

1000

Fig. 12 Variations of heat transfer coefficient with
wall temperature at the mean temperature, T},
=500, 600, 700K

8000 e
7 J S
h
6000 ——het-cylinder —
L cold cylinder i
5000 ! L I i
0 200 400 600 800 1000
T

a

Fig. 13 Variations of heat transfer coefficient with air
temperature at the mean temperature, T,=
500, 600, 700K

3.0
y/D
0.0
(b)
-3.0
-2.5 0.0 z /D 10.0
Fig. 14 The effect of air and wall temperature on
thermal field at (a) 7T,=400K, 7,=600K (b)

T.=300K, T,,=700K

H 59 LEAelold AAs} A% K5l o
A4 Fhds e Ao WA Ao YA
47 4d 24 % 4 ek dARE 3
A5 Ao welel AAH oz HrdolAls A
A% 20 AFEEolA BAALI A7) W
of AH AAZY FAL Aoidoz g, ww



1592 701-/(‘17%] .
8000 — —
7T, iT,-T,
—o— 100 - - 100
L —o— 200 » 200
Lo . =300 e =300 ]
7000 e e 300
h
6000
soo0 Lt b
0 200 400 600 800 1000

Fig. 15 Variations of heat transfer coefficient with
mean temperature for T, — T,=100, 200, 300,
400K

3.0

vD

0.0

(b)

-3.0
-2.5 0.0 oD 10.0

Fig. 16 Calculated temperature contours for T,— T,
=300K: (a) 7,=300K, T,=600K (b) T.=
400K, T.,=T700K
16.0 ——— : ——r

7, s | 800 i
i i r 1800 | 500 |
120 ——t i ® ky ]
S i —O—h —
h x 102 g o~ | ,
k x107? : |
. :
4.0
. .
0.0 i 1 AR i 5 el b e . y
0 30 60 90 120 150 180
[¢]

Fig. 17 Heat transfer coefficient, temperature gradi-
ent on the cylinder surfacce and thermal con-
ductivity at the wall Tn=650K, [Tw—Tul=
300K

A8 2ETule Adldez = (Fig. 16, 17),

aevt Hele] AAEAFr Awd] 27w

3T 9 FLAAIA4E L5 S0,
olshre] LA} AM BHAL We ol

T Afele #5245 £xgel 42 A9 =13

7 Aol HE $52e AL Yl Re 4

ez 90 4E 49 47 9o weby
Nuk 9 18} 250l we W5 4L & Aol
]

A8} o] Z7
Tas jé'&’?:—rx;— Tm U;‘l ‘\9:37" ITw—Tal-oﬂ] 476!'?‘_1
yro] Azksie o) EdAolzha Azu,

34 XY A

Collissh WilliamsVe] o727 A48 S
FAAL FAAAL Ao} viad o dHDA-E
gz dFsre s lEgdez Ay
7} ZtdElE 7390l (cold cylinder) & = £38)7] 7}
offche TAHEE HEZZ &L AANA AH
g ovhel oy 2 o AolA AEG ulet o)
Adee] 257t Aff5d €25 AFslo 2E
A dAe AL o] Elojo} §o cloddic)
v FokAl 9 Age] e AR Awkg

920l Wl AFAA 5 AT $Ae 2T
AF A% gl webd 4248 ABE o
s AdHs} sl mE WAHE A% FAl
A8E 4 e VAL FHLE e 2 dFe

= & FAle dfatelt), o]z /‘]—‘T——T‘:— =8 4
A AL A AulAo] TAZE Fojoldlc 1950
WAool 485 Colliset Williamse] Ao, A
Y 2AE HEE dFEUe oy fy, 289 A
ol A= W9 £xn), 53 A} P43
+ 7% (hot cylinder)oll 4= &L 2HT o

FAALS AHE olgsiel YA DAL F
Auels & A7) AEE AL E 740]4
AAelA ofeizbel ezl ool AuL A

YA 5 Nu-Resl BAZ Fig. 184] 45}»]13}1:]-
o 714 f‘*ﬂl‘— HEEEolAY geoz oy
ZAAE He EAA wstol g XA ey
dalF3z ek, Collise} Williams7} A g3l &5
2A4E 4884 Fig 1944 T,>T, A% &, A
Wizt Y2E o (hot cylinder) ol =&
7} & FAo fEsz gleoy, Addr stdd
o (cold cylinder), & T,<T., A$ole Awtd
FAbsl 2 Qlek, wheld Tu< Tue) A$odles oE
Ag AEE £+ gles ¢ 4+ U 2
Agol T,>T.o A3 Aolglemz gdd
Astetn A", Fig. 200]& Amad®7} ) qba)
2AZ 3 A () FYAsY vz ¥y
o, orlele 259 Hl2 FAasigg) ubdlg
AEgS 2rh &, Amade] AN T,<T.9

ol

L g

s

o



A HalE e FTYRT Tl
0'5 i T T T T T |
L o hotcylinder
os L ° cold cylinder
03 - T =200
a
logNu o2 L
T =900 "
01+ @ . S
00 LT I L e
.0.1 A TR R
4] 02 04 06 08 1 1.2 14
log Re
Fig. 18 Variation of the calculated Nusselt number

with Reynolds number showing residual effect
of temperature loading

0.5 — T3 T T
o hot cylinder
0.3 _a__cold cylinder — o ,?...__.J
@
o
log Nu* [}
0.2 r—- I U Rﬁ - —
a?
8"
0.0 |- - : ]
i Nu*=Nu (T,/T) " ]
0.1 | L ! 1 I
0.2 04 0.6 0.8 1.0 1.2 1.4
log Re

Fig. 19 Variation of the calculated Nusselt number
with Reynolds number using temperature

loading of Collis and Williams

ASolE FEE 7 dot Tu>T,.8 75

HgatA s & 5 ek o] =Y 29 A4Y
Tw< Ta 7ol F2EALN 7[alste Zolzta
2 4 ot o9} ol Lx A} & Aol ofF
A To> Todt Tu<Ted F A5 &4l A%
4 g d4Add BAAL ol

Fig. 210+ Collise} Williams7} A ok3l & %.of
gk YA (Tn/ T3 Amadst Apg 23
F(Tn/ To) e JEPAREE 2537 S5 2
A= ARL ¢ 5 Ut 2 T=T.% 7
Azdtel BAgre] 7]1€7]7F A5 o] Hy &8
Ao g e}sial ¥ AAE volmw gloh oA
Advrt d4E ool FldE oo xR Ao
pE 77 oE A4 sgichedd 2 Hde] o
ow] B A9 dlojEe o ¥4sjr=l Fig. 22
9} 7ol pr To/Tedll webd As] WS o
= Ak To/T.7F 371845 A zast

3 o

o]

iyt

,‘:_

1_

A Al FH9 2F 2HdF 1593
0.5 — T T T T T T
o hot cylinder
03 o cold cylinder o g_o,
8
e 8
log Nu* 0.2 QE g
gee*
cceggggg
0.0 M
Nu*=Nu(T,/T, y026
0.1 [ R |
0.2 0.4 0.6 0.8 1.0 1.2 1.4
log Re

Fig. 20 Variation of the calculated Nusselt number
with Reynolds number using temperature
loading of Amad’s®

12 e
o calculated data o J
o 11 b
S
()
[
]
s 1.0 -
%
Q
P, -
< 09 |- -
z /' cold cylinder
ST 03
08 Lovoutun i | (T"‘iﬂ). 1 il
0.0 0.5 1.0 1.5 2.0 2.5 3.0
T IT
m a
Fig. 21 Temperature loading as a function of T,/ T.

with different power index, which shows the
inadequacy of parameter 7,/ 7.

w, ole}d} 7382 Morgan®o] King® s} Hilpert
B9 folE & B4 3 Ay HdH Fr19 &

=37 AAGE po] o] Frlddtn AFE A
& "iole] Ao}, Fig. 21, 22614  Re™ =
Collise} Williams," Amad® % Andrews” 359

A qtel wE Holvl A 0. 22 0 582 wlolele]
FARE 28 FAlel Tu= uq,] Lx R
2% Nu/(A+B Re™) =1 oo] 54 2 3oy T3
ot =@y Fig 220 vhebd wlel Zo] prt

Tn/ To8] 47} o)) thgpalez FHEH7] wffol
gk FAAA S shErlele o BAbekeh

B AdFoiMEe 25 AR T,/ T. Al T/
T8 342 33 A7 A% gt 2 A&
& Fig. 236 el gl 73 Sole Tw>T.
o} Tu<Ted A 2% oﬂoﬂoﬂ el Ass o
49 4 4% 4 dglen p =g Lxd ¥4

s obd A4ghel 0.1138 7T 4 Uk %A

ol



1594 BAY -3

04 T
L p = log[Nw(0.22+0.58Re )} / log T,/ T,)

0.5 1.0 1.5 2.0 2.5 3.0
T IT
m a

Fig. 22 Power index of temperature loading as a func-
tion of T/ T,

1.3 \RREERSS T
o 1calculaled data ' |
i !

[N I S

Nu / (0.22+0.58Re?43 )

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Tw/Ta

Fig. 23 Temperature loading as a function of T,/ T,
for the entire range of temperature

3.0 : : e
o calculateddata ;
Nu"‘-Nu(I' T,y -0.113 g.,.o":
I ' .o_-
2.0 L-— —— 5
. s T
" » | M ]
L0 |———= = : 4
; IS Nut=0.22+0 58RO
O.OL'—A (PR SO o]
0.0 1.0 2.0 3.0 4.0
Re0.45
Fig. 24 Proposed correlation for both hot and cold
cylinders

2A8 NuF% Resd 43 vetldd Fig 24

9} 72 dlejE e FAtol 714 ui | ohg9) Alel

o8 wi$ A ST YL £ olch
=(0.22+0.58Re™®) (Tw/ Ta) ™' N

24 S
. .'." °
------- present calculation PLTe
b Lo a
XV I T— — AL O —
&

[ Collis and Wﬂhams(” Gy

Nu J—
i hot 1
cyli:ider Cylmder
° . o)
a -3
N B
2.0 2.5
Nu, present

Fig. 25 Comparison of Nusselt numbers between pres-
ent calculation and experimental correlations

Fig. 2501 & AFolA 77 ANl 8 <
¥ Nuss} Collise} Williams, % Amade] #H=}
vl gt el i}, Collisel Williamsz}
S AYPAL Tw>Ted A5 ol 5% HY ol
2 ATt Astet dAsn Yoyt Tu/Ted
Sole 237 84 AAE 4 4 Uk Amad
Ae B ofF ol olet Colliset Williamse}
Azt & HAE Bo|w 53 TL>T.9 AL
of & wiol®l o] #FAatel i A=l ik

4. 48 &

2 dTlAE FURE Fo Yt 4Y 4AY
749 2% 249 TAAY WS eisk]
goiuget, & A7 AEL Sobd e 2

A‘Z.oiir_&.mlm

g

o,

W) T. 949 A% Twh Aol @et bt
Aok To 949 ASE Tt 37 bk %
2qd, £Y Twol AT Aol LEA7 A
Aol we} hE Tu>Teol® 37h Tu<Teol” 2
sobu LE3rt YA Aol YeldE Twol F
e b B8 A A e,

@ dALA+ hE To 2 Tl 33& Aol



A4 WaE 2y TLRF

=
94 oglr) AR £EuAE A HeW ¢
T Me Tu/Ta Al Tw/Ted 52 2=
He wozA AYHA e A A
A% 54 442 4+ JE $9Y 942 B

AnEH

(1) Collis, D. C. and Williams, M. J., 1959, “Two-
Dimensional Convection from Heated Wires at
low Reynolds numbers,” J. Fluid Mech. Vol. 6,
357

(2) Hatton, A. P. James D. D. and Swire, H. W.
1970, “Combined Forced and Natural Convection
with Low Speed Air Flow over Horizontal Cylin-
ders,” J. Fluid Mech. 42, pp. 17~31

(3) King, L. V. 1914, “On the Convective Heat
Transfer from Small Cylinders in a Stream of
Fluid. Determination of Convective Heat Trans-
fer from Small Cylinders in a Stream of Fluid.
Determination of Convective Constants of Small
Platinum Wires with Application to Hot-Wire
anemometry,” Phil. Trans. R. Soc. 214A, pp. 373
~432

(4) Zhukauskas, A. and Ziugzda, J. 1985, “Heat
Transfer of a Cylinder in Cross Flow,” Hemis-
phers Pub.

(5) Amad, A. M. 1968, “Forced Convective Heat
Transfer to Cooled Cylinders,” CADRE TR 588/
68

(6) Chang, M. W and Finlayson, B. A, 1987, “Heat
Transfer in Glow Past Cyllinder at Re<1507,
Part I, II. Numer. Heat Transfer, Vol. 12, pp.
179~195.

(7) Andrews, G. E, 1972, “Hot Wire Anemometer
Calibration for Measurement of Small gas
Velocities,” Int. J. Heat Mass Transfer Vol. 15,
pp. 1765~1786

(8) Morgan, V. T, 1975, “The Overall Convection
Heat Transfer from Smooth Circular Cylinders,”
Advances in Heat Transfer, Vol. 11, pp. 99~264

(9) Churchill, S. W. and Bernstein, M, 1977, “A
Correlating Equation for Forced Convection
from Gases and liquids to a Circular Cylinder in

of A€ 4Y Ay Fole F dAH 1595

cross flow,” Trans. of the ASME Vol. 99, pp. 300
~306

(10) Chen, C. H. and Weng, F. B, 1990, “Heat
Transfer for Incompressible and Compressible
Fluid Flow over a Heated Cylinder,” Numer.
Heat Transfer, Vol. 18, pp. 325~ 342

(11) De-Xuan Wang, 1990, “Effect of Variable
Thermophysical Properties on Laminar Free
Convection of Gas,” Int. J. Heat Mass Transfer,
Vol. 33, No. 7, pp. 1387~139%5

(12) Coutanceau, M. and Bouard, R, 1977, “Experi-
mental Determination of the Main Features of
Viscous Flow in the Wake of a Circular Cylinder
in Uniform Translation,” Part 1 Steady flow, J.
Fluid Mech. Vol. 79, pp. 231 ~256

(13) Dennis, C. S. R. and Chang, G. Z, 1970,
“Numerical Solutions for Steady Flow Past a
Cylinder at Reynolds Number up to 100,” J. Fluid
Mech. Vol. 42 pp. 471~489

(14) Grove, A. S. Shair. F. H, Peterson. E. E, and
Acrivos. A, 1965, “An Experimental Investiga-
tion of the Steady Separated Flow Past a Circu-
lar Cylinder,” J. Fluid Mech. Vol. 21, 737

(15) Hilpert, R, 1933, “Warmeabgabe von Gehe-
izten Drahten und Rohren in Luftstrom,” Forsch.
Geb. Ing. 4, pp. 215~224

(16) Fand, R. M, 1965, “Heat Transfer by Forced
convection from a Cylinder to Water in Cross
Flow,” Int. J. Heat Mass Transfer 8, pp. 995
~1010

(17) Acrivos, A, Leal, L. G, Showden. D. D. and
Pan. F. 1968, “Further Experiments on Steady
Separated Flows Past Bluff Objects,” J. Fluid
Mech. 34, Part I, pp. 25~48

(18) Badr, H. M. 1983, “A Theoretical Study of
Laminar Mixed Convection from a Horizontal
cylinder in a Cross Stream,” Int. J. Heat Mass
Transfer 26, pp. 639~653

(19) Suhuh, M. J. 1987, “Numerical Prediction of
Fluid and Particle Motions in Flow Past Tubes,”
Ph.D. Thesis, University of California, Berkeley.

(20) A, 1991, "7} A F99 dAds
Aol vlAe dol #F AFH AF 7 A
71 A% 8] EAISE s =53 pp. 316~319.



