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ABSTRACT: The experimental heat transfer coefficients have been measured for two-phase
convective boiling in two circular microtubes with inner diameters of 430 um and 792 pm.
While the heat transfer was greatly affected by the heat flux in the low quality region, the
mass flux played a role in the high quality region. The smaller microtube had greater heat
transfer coefficients. When the heat flux is varied from 20kW/m’ to 30 kW/m’ at G=240
kg/mzs, the difference between the average heat transfer coefficients of the test tube A (D=
430 4m) and the test tube B(D;=792 um) changes from 325% to 52.1%. At G=370 kg/mzs,
the difference between the average heat transfer coefficients changes from 47.0% to 53.8%. A
new correlation for the evaporative heat transfer coefficients in microtubes was developed by
considering the following factors; the laminar flow heat transfer coefficient of liquid-phase
flow, the enhancement factor of the convective heat transfer, and the nucleate boiling cor-
rection factor. The correlation developed in this study predicts the experimental heat transfer
coefficients within an absolute average deviation of 8.4%.

Key words: Microtube(w}e] 22 #), Evaporative heat transfer(Z29x %), Heat flux(d-4%)
Mass flux(2 %), Correlation(4#4])
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Ad Yo dFe] £FE £ Ur] WEolth

wlelaz a4 Wolxe] g A 2 dde &
AE dotdte AL vwlojlma YWZAAH, vlo]
g dugr] & AAFE A EF4HA
Q4o AN o]H FaAdE B3t nf

S22 o

213
=

daz W WlNe) FLARL S43F BAY
d7e BRI Aol wed B AFdAE
W wlolazae AYRE 8%, R-134E o
4 NQHAZ ool vholzz Y4 WelMY F
YT 54 etk

2. METR A WY
21 AEFE=R

AT AHgE APAAY NFEE Fig.
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Fig. 1 Experimental test rig for the evapora-
tive heat transfer test.
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Table 1 Specifications of the test sections for
the evaporative heat transfer test

R

Table 2 Test conditions for the evaporative
heat transfer test

Test tube | D;( gm) & ( um) L (mm) Test tube G(kg/mzs) q’ (kW/mZ)
A 430 0.486 60 A 240, 370, 640 15~40
B 792 0.341 90 B 110, 240, 370 5~40
FegAGAFE A7 o), AR T}
Absolute Differential
%Pressure pressure Ae df5E HAALER v ot
transducer transducer
@ b=l W
— wi sat
=
Thermocouple
&S AR A 9% AEE JE
Moz yr #olv, €Y Fdxe AEF Uy
' Hexst AgFAY 22x Holoh AFH
DC power supply 9 WHHeEE Tyl Astel, WA AR 9
= L > Hde 249 GAYE Boo YHL=s 7

Fig. 2 Detailed view of the test section.

E d7dA AHEE AlgRE 97 1.59mm
9l 2717 Z {9 2HUH 2 "‘Q*‘Nllﬂ W3
430 pm, 792 ymol™, B =& 44 AFR
A, Betn g Zrzhe] Ao g FEE
Table 19 YehAT} Fig. 2014 241 uvls} 2
o] AR g S AX3lod Tt S
24 A, AEEe FHAF i FujA
o A d(fine thermocouple)E HF-#3to] 9o
258 2A4sA B dFdA AYHFAE F
LAF)7] flEtd AEE dad 29 Wgst &
o]t A 7tL(direct heating) #4& AH&3tgth
ANPRE ZE2- FAld ALHE /&S A/

HYTHE7E o83l 2R T, 4E¥H 2
2 A A& AAHASL
22 A=A % Az

FeddAg 544 4L vAE F8 AAE

ANgE WE 228 AE FA9 FFRS(mass
flux)¥ A gFo] 7HAE FHE(heat flux)ol
o wgx B Q7o AHEE 4 AEEe ds
A desd AFFES dsATIEA FEEd
g EAg n#FEHHR, 1 99E Table 29 Y
et et

33, A(2)e EAE 124 dAEHE 0|83
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o 49ste Wyol ovt, o BHHS AFF

SAGE RBL Fol mojzEy U9 Fud
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THLEE YR JudA gge 238 A
Fuzrgoad ¥y e Ansgon, o/F
7% IHgges v B4 AN TzadQ
REFPROP®'& ol 83le] X3 e58 Fath

AEE AR Ye s2= 449 duATY
2 olgstel AN HPAs) 2FNN Fu
el APRAT QG719 NPRA sdH
o} 244e7t B, o FFY 4dF3 A
$A7 9 9 YL nFstd AG)ol
A FolR wre o] AR EAHT

(V I+Vt I[/z)/m+szm

zfg t,in

ift in (3)
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8l Coleman and Steele®o] A& W9 mat
ME X 95%2] £34% 34 (uncertainty analysis)
€ T8 en, FF EHARE AER AD;
=430 gm)o] M 49%°A 155%, APE B
(D;=792 ym)ol A3l A= 2.7%°1A 17.9%0|t}.

3. 4¥dn 2 A
3.1 ololaza i SUANY A%

311 SedHe £Y

Fig. 391 & Ald% A(D;=430 gm)ol sl A
Axdstel f3 AALASFY AFE nFTh
AFHE0) 240kg/m’sY W, AEIL o 07 ol
ANE oo dAGASe] D e )
HolA gk i Wgle] BE JASASFSH
Aole LAER AFE ZNEY, gwHoez
4] F(nucleate boiling)S d-f%o] =1 AHFH
o] g o gust I8&0] 15kW/m’s 20
kW/m'd ol 30kW/m'el #lsix gl
A% Hu|S dxdol Burax )

AFHEo| 30kg/m’sY W FHIAGASF
o ¥ d4&e FFe AFHLo] 240kg/m’s
d wrc giaix] Rk =23 2UE JGA
E g gun e o8 d¥o Axst 27
442 AAYASLE ZH8T. diEo] 20kW/m’
g de dHGASE 0KkW/m'S 40kW/m'Y
Rt Zon olE e dfHoR Astd I
H|So] 27 BAHsER 2§ o),

20 :

Gg |
—o— (240, 15)
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Fig. 3 Evaporative heat transfer coefficients
versus quality for the test tube A.

A o] A E(transition quality)s SZEAE #A
Zo] 5o 28 A FFo] FJEN
WFH 5ol 93 dAgel FUdAGE AW}y
AREE AAE ovdith Fig. 344 oz
(transition quality)® AZFHRFol F7HEFE
As4ch AvjEed o3 Aol {AH7 4
M dAFTE ol4Yg HEndE(wall super-
heat)’} R =ojof &, o] FAA £E o
8] 5 A (suppression of nucleate boiling) 7}
dojut” wepd, AFRLol FHESES A
Ao g2 u)FH) % (convective boiling)ol 213 &A
o] gko] AF3ly, Hrh BE AR
H 5G| Z ojojx Hojrdxst welzrt

Fig. 49X NEFE B(D;=792 ym)oh thaiA
AxHge g ddgAsy AFE BAFEh
dREA T Axe g Fgge] dFd EHE5
Q&L Fig. 304 2 A¥g®y A(D;=430 um)
o A9 T4t A=t of 04 olFdAME &
f&o o] AR Fgo] AYPHo LA
A48 &9 de] Folurh

Ravigururajan & o] 270 ymolx ol7}
1,000 um?Q! mholm 2 Ad oA FiddAg A
PoAM Ad &FAE7 001994 0652 F718
g dAgAsE & 0% AT Y 3t
At B AdpgdMs YAz Axrt FUEsE
AdAGASTE F/ete 2EL BAY Ravigu-
rurajan”’e] A7l ALgE AFREE D Aol
old tadelsd, ol& Qs ohald el
A7t B dstA Buiso] dAGASTI FAaE
AoZ HAY, =3I Ravigururajan(s)i’»] & T

15
(G, q")
—a— (110, 5)
—F— (110, 10)
—A— (110,15) .
o - -® - - (240, 20) B
g 1 - - - - - (240,30) &
E ——A—-(240,40)’j -A
A
Z m A }"X
= 5 . - = T
0 i | i I

Fig. 4 Evaporative heat transfer coefficients
versus quality for the test tube B.
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Fig. 5 Evaporative heat transfer coefficients

versus quality at the heat flux of 30
kW/m” for the test tube A.

AE vlolzzsd U 2UgAgd g3 i
o 4ge Re)FA B3tk Lee and Lee =

o R-1132 AFGAZ A48 AZs wasd
Mg 2445 AAYL AT dide Zu
dHgol U AFe A9 nwdty, 2ARE 7
A o) F(two-phase forced convection)7} Z|u}A <]
W7 Zoltn gt ZAE AN A&
o] ZutdAgof tfFt JFo] vuEte AL ¢
A ANE 2 dye AdsE Aot A,
28E ARE 990X dis Al ne ¢
AgAse AgE HAFR Z3¢ch Lee and
Lee”s] 7ol df&e WE 298kW/m'ol
A 1495kW/m’S 2, #8159 A= (onset of nu-
cleate boiling)g & 4AFFY E/&E 9A
Gol ZLdAGY g dR49 GFol e
A e AeZ BT}

Fig. 50l A& Al@% A(D;=430 um)el| s+l
daol 0kW/m'd o, AFeS W] g
dAagAFe FA¢S RAFED A=t F 048
o e AAE YoM AFRE w3t 4
AgA S A A9 d¥e F4 gon, AE
7t 2852 ARHS W B2 QASAS
9 o]zt AR ol= Zo] FyH AEsL
Z74sd f A9 "HE &3t FUtEd, ZAd
F(forced convection)ol &3 GAGo] F718}7]
W) 2ot} Fig. 614 A¥% B(D,;=792 yum)°l
AN RSl 0kW/m'd o, AFHE s
o ¥ gdALGASTe FFL BAE Fig 5ol

A4
15 T I T T
G (kg/m’s)
—e— 110
- 10— B— 20
;> I —A— 370 7
E
2
s S5k ]
0 | | | i
0.0 0.2 0.4 0.6 0.8 1.0
Quality

Fig. 6 Evaporative heat transfer coefficients
versus quality at the heat flux of 20
kW/m2 for the test tube B.

M 23 vish o] AYE B(D,=792 um)l o
HNE FegAeel qF AFRE 9% A
o g AYE BAFT YT
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Table 39 A¥H A(D,;=430 ym)$t B(D;=
792 yum)ol WS BF AADAFY XolE YE
Welt dBeSo] 240kg/m’sol i, Aol 20
kW/mPol A 30kW/m’e.2 ud w) Ag8 A(D;
=430 ym)s} B(D;=792 ym) ~}ole] Ha AL
A%l 2ol 325%M 521%2 Z7Hch 3

§20] 370keg/m’sY Wl 47.0%014 53.8%
2 ANEE A(D;=430 ym)& B(D;=792 pm) A}
olel W7 AALASI Zrsach

E AT d& dAgASe Azt WA
775mm A@%el F Choi et al®ol @ @
AY AJAHE Fig. 794 vlastgz, AFR

Table 3 The difference between the heat trans—
fer coefficients for the test tube A and
the test tube B

G (kg/m’s)| ¢'* (kW/m?) —h—mhz—?l‘—mi x100 (%)
m, B
20 325
240 30 52.1
20 470
870 30 53.8
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Fig. 7 Heat transfer coefficients with respect

to the variation of the tube diameter at
¢’ =20kW/m’ and G=427kg/m’s for
Choi et al® and 370kg/m’s for the
test tube A and the test tube B.

BHo] FAolAFE wSH APRAGA 2 g
A48 7t8e ¢ 4 Atk Choi et al¥o] &
€ dAGAF uA AFE A(D,=430 ym)
¢ B(D;=792 um)= a7 171.8%, 849% =&
Wi dAGASE Az, £ B7o] FHold

Tddde B¢ AT 1119

+2 o)A (transition quality)?} 713l 8
H| 5o FEgdAgA o g v G 4
dHeg & A=A o]t

B dFe AgAFgME #Ho] FHolA4E
QAGAFI AJE EFEIHA 2dF 9o
dutdoz #AY FFEHALIAE €FF o
(heat penetration depth)e #¢ FAHES o)
e Abele] Azivr, mets Aol &L nlol
AZHL GAF o7t Hi, ol dH2d g
Ago] ALE u g}, EF vlo]AE FA4 U
oA A7= 7]E(bubble)e & FHAAAET A
dxdez o g2 W39 g A sH, 7%
ol A& (growth)®} o] ¥ (detachment)A] 2t} &
@A 7 JEYd F99 3 A A (superheated
liquid) Zele] FAME APEF- FHLE o|FAY
T U gEA, #Hol Fe ez E
QAGALFTE 71A3, ol B d79Y HA¥4dx

s g @k,
32 ZUHHT Any

& Ao Agel
4ol Ued 7)E

X

Table 4 Correlations quoted for comparing experimental heat transfer coefficients

Investigators Correlations
Gungor hy=E-h
and 0.75 0.41
Winterton™ E=1+3000 - Bo"®+1.12- ( lfx ) (%)

Jung et al.(m)

2.0—0.1- X708, Bo~%8(1,0<X<5.0)

F=2.37-(0.29+ )0’85

h=N-h,+F-h
X'Z. Bol'B¥(X<1.0)

x

(§89)

Ry, NBD

h = larger of {
tp, CBD

Kandlikar hygp=0.6683 - Co™%2+ (1~x)"%- f,(Fry,) * hy,+1058.0 - Bo®"« (1—x)"%- Fy- by,
hegp=1.136+ Co™%% - (1—x)°8 -+ fo(Fry,) - hy,+667.2+ Bo®" - (1—x)08- Fy- hy,
fo(Fr, )= Min(25 * Fr,, 1.0)
-0.4
Tran et ol h=(8.4x1079 - (Bo® - We)*3(££)
&
@ h=F-h
Lee and Lee

F=10.3- 30.398 . ¢)9.598
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Table 5 The deviations between the experimental heat transfer coefficients and the predicted heat

transfer coefficients

. Test tube A Test tube B

Correlation
[ O, g, O
Gungor and Wintgrton(g) -9282 28.2 -174 209
Jung et al.(l) -451 451 -332 337
Kandlikarmz) -69.7 697 -56.1 57.4
Tran et al.(lm -769 769 -56.7 56.7
Lee and Lee 162.2 1622 174.1 174.1

Ha, v AAE Table 591 JYEUNRUTE Lee
and Lee”s] A#4¢ AT ABAEL vlo]a
23 YoM FedAGASE B4 dSag
1, Gungor and Winterton®¢] ool Furd
AQASE ¥aA B Z8A} Lee and Lee”
o AEAL FHu7L Fe vlolm= A9
A¥ATHE vgoz ANHAUA A FF o
2}zkol 162.2% 9k 174.1%°] ol2#Ht}. Lee and
Lees) 4aaolxe vlojazald Wore o
Agd U dase T BAGAL, 49
ZA% B A7 AYARY gy 32 we I
e Be dego| 2HIY wEolt W
W, Tran et al'?o] FBHelME ALA S
gE AEFEe) 9ge TAstgon Ay o
T &7} oF 76.9%¢t 56.7%9 ol=% k. v It
A4 4B 2T g #Ho Fold4E A
A7 2748E & 4 A, ol #BAY W3
of hE Fa AAEe] A AP %)
29 Roz wug
2 A7 e AYAFIAE njolaz
gAY AdgSustd AuHoE Jge
H] 2] 8jl °d ¥ (nucleation-dominating region)

AF RS W Aoz JFgFe T o

g

o (I oy
b [

flo o Fr du & i =
D)
=
off
48,
g
3
<
[¢')
&
o
2
o
o
g.
5
=4
3
(=)
[}
&
1)
8
o
fru
-

A@sh gol ¥AE 5+ Ak

h-tp = Max{hco, hNB} @
= Max{F* h[, S . hpool}

heoe ZAAUNFEAGATE Quista, d49

HFdAG A+ g4A S (enhancement factor,

F)ste] Foz2 2@ 7 Uth 94 E dF9

aAgASGe HRnE d8 ALHAD 71E9
ABNEL F2 & AL 2= AYLE g
oz s AANHJT, A4 FEFHE IF
$ES YA waA, e dAgASE
F37) 918} Dittus and Boelter o] A#4] &
£ Gnielinski™ A#4& A&t A, o
olzaz ¥4 Yelde FEFHE grio 37
S50 APec S vlo)az dudsle 4
gHoz o7t #old, gALLH FFo| of
J w28 = (developing flow)ol® AAFol A%
a3 Qe Ao A Ao ward, 43 @
AgALE AN o A das 2AH T
2859 FAES A ¥y AP
Agstgon, 4G)d o]& YEhAT

_ 1
Nu,= Nu

1 & exp(—r2x*) |7
_—§m2=1 A7 ©

258l BAAN "W TFFhleigen value)
Table 69 Vel RATE

Chene ZHRde 7123 & 2445 4%
2e AXEAT ©1F, Chen'®e 27 #i4(mul-
tiplier)gt A3t¥ W F44A 5 (enhancement factor,

Table 6 Infinite-series—solution functions for
the circular tube

m A2 A,

1 25,68 7.630<10°
2 83.86 2.053x10°
3 1742 0.903x10"
4 1965 0.491x10°
5 4509 0.307x10°

For larger m, An=4m=+4/3, A,,=0.428 -4,
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Table 7 The coefficients of the proposed cor-
relation for the two-phase flow heat
transfer coefficients in this study

Constant Co Cl Cz C3 C4 C5
Value | 3.15 | 0.33 | 1.06 |—0.04| 1.00 | 0.18

F)7b o] tid dgednise 342 ¥d
2% 98¢ BQY A, B aFdAE 4
@)X st o) A} FAEAMSE Aol
ABBANE FIEn, YHEAuSE Hwang
and Kim" o] A& a&ﬂw < AHgatgdth

F=Cp (¢} ®6)

ADAA hyge HAulT EAGATE vy,
EH] %5 (pool boiling) BAGAF} ANT BAA
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Fig. 8 The comparison of the calculated two-
phase flow heat transfer coefficients
with the experimental two-phase flow
heat transfer coefficients.
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4.2 E

A7 2HL vpojazy Y FRIAY &
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