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Analysis of Mixed Convection Heat Transfer in Arbitrarily Shaped Flat Tubes
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ABSTRACT: The flow and heat transfer characteristics for three-dimensional mixed convec-
tion flows in a radiator flat tube with U-shaped grooves are analyzed numerically. The flow
and temperature fields are calculated by using the modified SIMPLE algorithm for irregular
geometry. One tube specification among the various flat tube exchangers is recommended by
considering the heat transfer and pressure drop. The effects of variation of coolant flow con-
ditions and external air conditions on the flow and the thermal characteristics for the selected
tube are investigated. The results show that inlet velocity of coolant flow is the very impor-
tant factor in heat transfer and pressure drop, and top side is better position than the others

as fin cleave to the tube.
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Table 1 Average Nusselt numbers and pres-
sure drops for various tube specifica-
tions

case [|case Il|case Ill|case IV |case V

Ny | 612 | 793 | 1058 | 807 | 7487
AP[Pa) 0.0308 | 0.0312 | 0.0398 | 0.0318 | 0.0334
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Table 2 Geometrical configurations for case III

height (-} 38 {mm]
width {x) 11.36 {mm)]
length (2} 300 [mm]
number of grooves 10
groove diameter 0.6 fmm)
hydraulic diameter 5.735 [mm]
grid system 656%35x% 120
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this work
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(a) Velocity vectors

(b} Isotherms

Fig. 6 ({a) Velocity vectors and (b) isotherms in the X¥Y-plane at Z=100 mm for varicus Reynolds

numbers,

10, 50, 100, 223z 20090 S A wge] g
HT EH44e siigde HEte 494 2.62,
189, 2€lx 116w o =), =8 @248 Yo
55 A7 #% ¢ 24 vAE 9%
£ Reynolds 7} 3242 of 27 Yt o
<= Fig. 6(b)l A E%°| Reynolds 71 £7}1&4
= 2EE A ¥WY EAe B WUz ge vd
el F240] g desAs d4dezng ¢
F At 2Elm ANFoz Ay o exE
Ke=10%1 A Reynolds 91 A %7} g2 #A4n
oo REE % 5 Yt} ol 2REExan
Bl Reynolds 571 #48FE d ¥y ox9 2
Ll Z4asly] o) dHukzel oz gEke)
Zadds A& 428 £ sk = Reynolds
F7b 10, 50, 100, =332 2009 of Y7 Nus-
selt = 22k 424, 678, 755, LE]1 7843 4
FEoded, o8 BRE Re>100 ol 4o =y
Hades] Frlge) A U2 Holg} o=

2+ sled, o=HEE EFHe W Gras-
hof #7b Fulel § @ §5 S4o) o# ® e
FoE AR Al Heloh ole Az
WE Gr/REE neigto o 47 Auulolzt

Gr=10°, h=50W/m*C¥ | Revnolds ¢ ut
& 478 (4P)e] WalE Fig. 791 JeEugi
IYelA EXo] Reynolds 57} #ue] gt&zhs)
of HAE gyl WS 2L & + AUt F, g
FHEol 7Hd %e Re=1090 F%9 s17at
£ 061PaZ AU, o= Re=200{ P =
0.0156 Pa)d ol wlsled of 3ou) &L gho|ch
o] Fig. 614 ¢|n] dw&g]$£e] Reynolds $
7} Aol wel f&ol pAET FAH Ful
g FEAde] Frtalr) gBo|c} £ Eujzg
AL 3RHEY A5 FAFEHLPIG B A
F(£)9 ABAANYRN AP=fxpV? F=64/Re
% AYHoZ ui$ 2 XL Fig. 72 Ho



Ay ihE g gt Ae] L F 2AE 84 407
Y y y y 10 [mrrossy—rray—rresy—rrty-rr—r—rr—r—rr——rrr——r—y
(Y18 i .
s E
R E ik g
= o4l i
g 04 Gr= 10" h = 50 Wi °C ]
= 2
u E]
L
3 = 6t
:‘3 0.2pF gn
= 3
Du I I X vy 1 ‘ aaenil 2 assel aasemel s sssmel 2 sssd o osaaed s sl Aaml e
"o 50 100 150 200 4 i 5 : ;

Revnolds number

Fig. 7 Pressure drop versus Reynolds num-
bers.

3 3vh. Reynolds 7t 7Z1AA HA(F, Re>
100) 4P~ Re %49 71477} dA FLde 2
T g H2EE 4 5 sluh olE
ALH2RE o] dT79 ¢1aY Y WelM Reynolds
71 100 °]4e] HW Reynolds $7F 3o ¢
gste nAE 9% FAE A A

322 RH{ET2T) IE

W R FRES Y AFAY &
AzAd gt w2k o] GFoME Re=100,
R AAGAS(h)E 30 Wm Tl Feel A g
T Wzt 227 #uile 4 - /fF 46 0|
Ae %L FHE7 9389 Grashof =( Gr)E
Atg&ged, n2lg Grashof £t «F #Adl
FzAL TIEA(Gr=0 10° 10 2832 10°
ot} o] F Grashof £ W59 YFL=7}
17°C, 235T, 353, 2183 820Tl sAZ A

Fig. 82 Grashof #o| 12 #F Nusselt +8
vebd 9ol A7l E FAdFAE AuH
FEZRHAH AQAAFZ HolHE Re ¥ Grd
AAgGE 24z Re=100, Gr=10°019, o|a] Gr/
Re*2 100] €t} Fig. 8ollA 2 4 AZo| #F
Nusselt ¥ Grashof 71 Qo4 10'742E A9
A3zl glo] AAstiz 10° o] AREH FAY =
7b@ch AIR Grashof 4271 0, 10°, 10°, 10°, =
o 10° As-¢ BT Nusselt % 22 553,
554, 576, 755, a#l3 8322 AHAE elg
§t Nusselt 2] EXE Fig. 9ol4 oA dgg
o A o] o},

ol dgEE K] HFd % dIgEe

10 10

Grashof niumber

10 10 10
Fig. 8 Average Nusselt numbers versus Gras-—

hof numbers.

Wojaje] EEFulol] ofste]l et weps
Grashof 770l ©1& B Nusselt 78 3= W
Age F fEuUgore 2ERIE duay
4A ol#¥ + U Fig. 9= X =5mm 91 A4l
A Grashof 9] W3t wE& Fa&Me BXE
YZ-%9de] diste mAg Aoz Fig 8% %
48 fExA0Y Grashof #7F 10°B T FH2
A% Fig. 99 (@ % ()elA & 4+ A%e)
YZ-gReMe 2x& S wssA REs
itk o ZREH Gr<l0’ Ao dATEL 7

e =0
=0 2=

e e Ly
(b) Gr—10"

S T ——
—-&_ b =
() Gr=10°

Fig. 9 Isotherms at ¥Z-plane for various Gras—
hof number.



408 uhsg - w4

o] Wt glol 4AE Zelgn 4A A5 +
ged, ol FFEYHZ-F)o2e EFAFT
dgL£wrl Ao H&d B opuy, 4 9
3 23 #5eo wee] wif nnEy] Wit
ol#i st EalHql @S dAHe] HAd o3
AogEe FHAHo] =mmol AtA Fob T4
¥ Reynolds +¢ ® #%e] w19 % Grashof
7} o) v = gkl of % vivae, of
2 Qe Fxsk gRET o AL A
gef7t 57 gRZolh. 2dY Gr=10°] g9 @
& Grashof ol Hl&le] &= §& W37}
BARS Fig. HoOEREH & + Ak F, 524
o] Had Foio Ho YIAHA LEIHH, o
L2zt nlg- #& ouatn wEbM Nusselt
49 Heolo ¥ dfHel AdH2zZ vy 2
e As 2o

323 5 WMo Bk

WEFEdAe @ ¥ 53 g8z
g FAzdd 4dle FEFE Pe=d BE
ERUF 949 4L THEr]l dstd 99
LEZAL Bog o AL EE 2202 9
A fREhe st & #el AR g9 2
it o] @polAe o] ARAA] 7Y =
o] Qe Aol do BEAL Yot of
FAAzAL AEslejer @k AEAS 4
RrE7le dRdAgAs(he Ay 24
£xo uwg W@ o dPAME WFIAY
A+E 10, 50, 21 100 WmPC F A 7kA
e zsle] oS Bl 4@ YA
e MU E=10W/m'CTE: A
23 A AFEgn(E, AEart 94 sle 4
2), k=30, 100W/m*Ce #Z 3bkm/ss 72
km/sE &3 ol Azt dist dlFdAL AT
o}, =3 AEA £E7 72km/s 044l A5
ALY dALE(T.)E HE 2EAARYL
2 AHgsisio

Re=100, Gr=10°, k=067 W/mT 7% X
2 Y-3FA F4 Y4AAH FHEEYGS oE
T4 Nusselt 2 H3EE o= 717 diddgd
Ao thale] Fig. 10¢] JEi e} Fig. 109
(a), (b), 281 (0 44 A%, #5F, 2€x
seEd $4 HAMAe F2 Nusselt T4 &

Korr

—— A= 10
LLl o —a— k=50
—o— k=100
20k A —&— T =T,
TOP SIDE
-]
z
o . N . .
[ 50 100 150 200 150
z
(a) top side
15
—o— h = 10
nr —a— = 50
—0— i = 106
o} —a— T =7
= LEFT SIDE
4
o . . N .
o 50 100 150 100 250
z
(b) left side
20
15k —C— k=0
—a— - 50
—— = 100
12 —=— 7 =T,
= BOTTOM SIDE
z.

0 50 100 150 100 250

(c) bottom side

Fig. 10 Local Nusselt numbers for various
heat transfer coefficients at three dif-
ferent sides.

Zolgh Wdelde Afse A% HHIAALA
£7 Z7Vge) wek F7haw, olnl e vis
2ol Aeez dASA FAHE FH(T=T.)
7} e zAe) wate L Wud dagel
% w8 %ol Yok olAP Aze A
g3 &xe Frel d% dABor FTde



AABRE e AR A TP F gAY 409

10

Re=10.Gr=10

Average Nusselt number

4 —t i - N . 1 M
0 20 40 60 80 100

External heat transfer coefficient, Wim''c

Fig. 11 Average Nusselt numbers versus heat
transfer coefficients.

ok

715%9 F7H2 A3ty @3 a gRasE G
W57k H#al AL dAg st 257 o
o]t}y, 53] Fig. 109 (b)s} (c)oll A =& 2 3
Hol M e A Nusselt 529 2XE B9 ¢
50 b7t S0W/m°C o)l SHW( T'= T,
3 d7dge Wiyt A2 dasx g, o
oy dAGALI o= gk olAe} HE
e dAg E4dd nxRe 93] ¢ FHo
AL 2} BT THAM YE YRl
EE dde A7d(Z<5mm °lshdM s 3
Age 4% 9g2 osd Agdae] a7
s, olF WYWitgrt B{ Zoex FYuP
o mat dAge] Wate A vehiA gz o
BEA FA89L ¢ F A 283 TG 4D
ZHAAE FFEUAAMY dAde) g2 g
o wlste] Ml A ek A e 4
B, #& oen e #AF Nusselt
= Zb7} 1205, 524, 283 4.170|th). o)) § Ap
424 del A& 23 A4 ARy y
3gle] dAg WA AR f2stn 5830

AL ¢ 4 Y

AEF7S dAGAse WiEr W Nusselt
Fd vAE FFL Fig. 11} Vel olq
Re=1001M UnA] FE5Z2AL Fig. 107 Y
ot Fig. 10914 AF3AR], A7 Z7H5
wet dRgES FrHEAY A7 S0 W/mPT o
Aol Ha Aol @Er g oZRE AEAE
3bkmss olAte] 2 gAFA HA JrF7
Fe] Aoy & Fag o] A" Ag
FUE A gedn & +£ g2 Aol o

e

I 4 e

L
2

o e

Table 4 Pressure drop for various heat trans-—
fer coefficients

k [W/mPcll cool 10 50 100

0.0219 | 0.0221 | 0.0220 | 0.0219

35U AFAANA GRFIIEAAT)A
AR FHAGA )] FERT HAA FEHA
9 FEE ¥ 2xo bHEe HuHoz Fa
& a7t oldg & 4 Ak

Table 4= Fig. 107 43§ xAdM9 98
Ao did gHPEE el Ao
HeM & = dxeo] FAASAF7 Zohged
ozt of §- v AFA gEAgskt sl

4.8 E

T Y, 4Ty 243 € £%8) 29
o YRFIEA 5ol G&4F Y & fF &
del vAE WFE ¢Hor FAaEd 9
e AT iy g 8L dgt.

(1) =887 (Dy)el ¢ 52mm FF, 48
F i 104 9% AFEE dXsa gH
=7t 0°9) case 17} & #Alel Hlsle P
Nusselt T oS 3ZY, 4838t Frlgday
3 F7HeE oA 2] g,

(2) 43 g3tdel FH 2FHE o 51
dAags dHFAFE F2d Frhslgey o
gL vnsig .

o}4e] AEo=zHEH 1079 aFRE
case II18] FAlo] o] A tellA g thE &4
of HlFle] 713 AAHQ Falgoln], ol w
of ol UiH € 4 K% 5L 7HE AN
ZEE dg 2L & 2o

3y datgda dag 7@ d#Fsied nAe
14 FaF A WHdae dFExo)d

@) & g7 f£o] Frlald dAgL T4
= A%, Reynolds 71 100 o]4o) & 2 &7}
o] 8838 Pa3ta Ao g5y

(5) Wzte 257 2 A (Gr>10° o)
Ja5e L=t gAwe Y5 vAT 4¥L
ol & Zrk 28 Grashof 271 22 #H9e) o
HAEE Y W3 A9 ik

(6) 21E7)e] dAGASRI Zostol] e} g

of rr

*oex (r



410 2alg - WG - oA

Aol dAge FAEYAE, £ 0 W/m'T
Ei= 1 ool4de] HY ddeEEe] ds= A o
g skt 28 AFA7 HEFY o g
R Hsle @& HAA doyez F8
83 g2 AA AT

(D) Bl FRERL e dof watd AW
o Brp gus olFoixmz We B R

A% 713 ZRHA 9 4RERol o
F 7

o] AFE 19999 E Sistw HEEA o«
SHETae Ade) o3t FYHAon, o
A A ga FA=Eud

Huz2s

1. Achaicha, A. and Cowell, T. A., 1992, Heat
Transfer and Pressure Drop Characteristics
of Flat Tube and Louvered Plate Fin Sur-
faces, Experimental Thermal and Fhuid Sci-
ence, Vol. 1, pp. 147-157.

2. Davenport, C. ], 1983, Heat Transfer and
Flow Friction Characteristics of Louvered
Heat Exchanger Surfaces, Heat Exchangers:
Theory and Practices, Hemisphere Publi-
shing.

3. Sunden, B. and Svantesson, J., 1992, Cor-
relations of j and f Factors for Multilou-
vered Heat Transfer Surfaces, 1st European
Conference on Thermal Sciences, Vol. 2, pp.
802-811.

4. Suga, K., 1991, Numerical Study on Heat
Transfer and Pressure Drop in Multilou-
vered Fins, ASME/JSME Thermal Engi-
neering Proceedings, Vol. 4, pp. 361-368.

9. Farrel, P, Wert, K. and Webb, R, 1989,
Heat Transfer and Friction Characteristics
of Turbulent Radiator Tubes, SAE Techni-

10.

11.

12.

13.

cal Papers,

Shyy, W, Tong, S. S. and Correa, S. M.,
1985, Numerical Recirculating Flow Calcula-
tions Using a Body-TFitted Coordinate Sys-
tem, Numerical Heat Transfer, Part A, Vol
8, pp. 99-113.

Karki, K. C. and Patankar, S. V., 1988, Cal-
culation Procedure for Viscous Incompres—
sible Flows in Complex Geometry, Numeri-
cal Heat Transfer, Part A, Vol 14, pp.
295-307.

Choi, S. K., Nam, H. Y, Lee, Y. B. and
Cho, M., 1993, An Efficient Three-Dimen-
sional Calculation Procedure for Incompres-
sible Flows in Complex Geometries, Nu-
merical Heat Transfer, Part B, Vol. 23, pp.
387-400.

Partankar, S. V. 1980, Numerical Heat
Transfer and Fluid Flow, Hemisphere, Wa-
shington, D. C.

Thompson, J. F., 1980, Numerical Solution
of Flow Problems Using Body-Fitted Coor-
dinate System, in Computational Fluid Dy~
namocs, Yol. 85, pp. 1-98.

Rhie, C. M. and Chow, W. L., 1983, Nu-
merical Study of the Turbulent Flow Past
an Airfoil with Trailing Edge Separation,
AIAA ], Vol. 11, pp. 1525-1532.

Humphrey, J. A. C., Taylor, A. M. K. and
Whitelaw, J. H., 1977, Laminar Flow in a
Square Duct of Strong Curvature, J. of
Fluid Mechanics, Vol. 83, Part 3, pp. 509-
527.

Park, K. W, and Pak. H. Y., 2000, Flow
and Thermal Analyses for the Optimal
Specification of Flat Tube at Radiator,
Transaction of the Korean Society of
Mechanical Engineers(B), Vol. 24, No. 8, pp.
1046~1055.



