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Effect of Operating Pressure on Flow Boiling Heat

Transfer in a Microchannel

Tae-Young Yoon

Department of Refrigeration & Air—Conditioning
Engineering

Graduate School, Korea Maritime University

Abstract

As faster computing speed has been increasingly demanded, the
industry has been seeking for a newer cooling device with
substantially improved cooling performance. One of the plausible and
practical solutions can be a closed-loop with microchannels embedded
within the chip. Both single phase convective heat transfer and
two—phase flow boiling can be considered as the heat transfer mode
in the microchannels, the latter having an advantage of larger
temperature difference. Given the maximum allowed temperature in
the chip for the safe and reliable operation and water being the fluid,
the operating pressure should be subatmospheric for flow boiling heat
transfer mode, i.e., 31 kPa for 70C of inlet water temperature.

The objective of the present work is to experimentally investigate
the effect of operating pressure on flow boiling heat transfer and
pressure drop in a single microchannel. The experimental apparatus

consists mainly of  Peristaltic pump, preheater, test section, and



vacuum chamber for control of operating pressure. De-ionized water
1s used as the working fluid. The test section 1s a round
microchannel of 310 m inside diameter, made of 304 stainless steel.

The experiment has been performed for the conditions of heat flux
from 35 to 86 kW/m® mass flux from 203 to 305 kg/m’s ( 168 to
254 of liquid Reynolds numbers), and the average operating pressure
from 11 to 19 kPa.

The measured flow Dboiling heat transfer -coefficients in the
microchannel were in the range of 3 to 27 kW/m” and the
experimental showed that the flow boiling heat transfer coefficients
in microchannel were affected by the wall heat flux and the
operating pressure, while slightly dependent on mass flux. One of the
major findings was that the trend of the wvariation of the heat
transfer coefficient in terms of wall heat flux (or vapor quality) was
largely changed by the operating pressure. At the lower operating
pressure (~ 11 kPa) the heat transfer coefficient increased as the
wall heat flux increased, but at the higher operating pressure (~19
kPa ) it decreased as the wall heat flux increased. The cause of
such opposing trends by the operating pressure can be attributed to
the role of the liquid film 1in the flow Dboiling pattern in
microchannels and the variation of relevant physical properties such

as latent heat of vaporization.
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Table 2.1

Table 2.2

Table 3.1
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Summery past work on single-phase convective heat

transfer in small diameter tube

summery of past work on flow boiling in small -

diameter tube

Dimension of the test tube
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Fig. 2.1 Schematic diagram of closed micro cooling system
Fig. 2.2 Photograph of microchannels
Fig. 2.3 Friction factor v.s. Re number for 0.29 mm tube
( Bucci et al., 2003 )
Fig. 2.4 Nu number v.s. Re number for 0.29 mm tube
( Bucci et al., 2003 )
Fig. 2.5 Effects of surface roughness on friction factor
( Wu and Cheng, 2003 )
Fig. 2.6 Effects of surface roughness on Nusselt number
( Wu and Cheng, 2003 )
Fig. 2.7 Re number v.s. f Re for 0.3 mm tube
( Lelea et al., 2004 )
Fig. 2.8 Re number v.s. Nu number for 0.5 mm tube
( Lelea et al., 2004 )
Fig. 2.9 Circular-tube(R-12) local heat transfer coefficients for

various combination of mass flux at three constant
values ( Tran et al., 1996 )

Fig. 2.10 Heat transfer coefficient v.s. quality
( Bao et al., 2000 )

Fig. 2.11 Heat transfer coefficient v.s. quality
( Lin et al., 2001 )

Fig. 2.12 Heat transfer coefficient v.s. quality
( Choo & Bang , 2004 )

Fig. 2.13 Heat transfer coefficient vs quality

( Yen et al., 2002 )
Fig. 2.14 Test section

( Steinke & Kandlikcar, 2003 )



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

2.15

2.16

2.17

2.18

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

3.11
3.12
3.13
3.14

Heat transfer coefficient vs. quality
( Steinke & Kandlikar , 2003 )
Test section

( Qu & Mudawar, 2003 )
Test section

( Qu & Mudawar, 2003 )
Heat Transfer coefficient v.s. quality

( Qu & Mudawar )

Schematic diagram of test apparatus

Photograph of pump

Photograph of pre—heater

Photograph of test section

Schematic diagram of test section

Schematic diagram of poly-ethylene block apparatus
Photograph of test tube

Photograph of flange and micro O-ring

Photograph of vacuum chamber

Photograph of rotameter

Photograph of pressure measuring apparatus
Photograph of pressure transducer
Thermocouple signals at the time of electric heater on

Friction factor v.s. Re number
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Heat transfer coefficient v.s. heat flux
( G = 203 kg/m’s, Pou = 11.20 kPa )
Heat transfer coefficient v.s. heat flux

( G = 253 kg/m”s, Poy = 11.18 kPa )
Heat transfer coefficient v.s. heat flux

( G = 305 kg/m”’s, Pow = 11.04 kPa )
Effect of mass flux heat transfer coefficient v.s. heat

flux ( G = 203 / 253 / 305 kg/m’s, Pou = 11.04 kPa )
Heat transfer coefficient v.s. heat flux

( G = 203 kg/m’s, Pour = 14.66 kPa )
Heat transfer coefficient v.s. heat flux

( G = 203 kg/m’s, Poy = 1954 kPa )
Effect of exit pressure on heat transfer coefficient

Schematic diagram of three-zone Heat transfer Model
( Thome et al., 2004 )

Evaperation of the film in elongated bubble flow

( Thome et al., 2004 )

Heat transfer coefficient v.s. saturation pressure

( Thome et al., 2004)
Heat transfer coefficient v.s. heat flux

( Thome et al., 2004 )
Heat transfer coefficient v.s. vapor quality for different

diameter ( Thome et al., 2004 )
Heat transfer coefficient v.s. quality
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Pressure drop vs heat flux(mass flux effect)
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23 MYy / violaz A

drtda myAg, 22a vpolaw A Wy SRS oA @
oA Rk H 2o FEAA DY 7Ieo2 3 A9 T+ °] Mehend
-al(2000) 2} Kandlikar(2003)oll 2]3l] A A] = o X8} )

Mehendal(2000) 22 4 (D)ol o1& o] 22 ol e 4714
= JEek i

- Conventional channels : Dy > 6 mm
- Macro channals : 1 mm < i < 6 mm
- Mesochannels © 100 m < Dp < 1 mm

+ Microchannels : 1 m < Dy, < 100 m

Mehendal®] =8 A74 <fgt AEe &2 Bubble departure
diametero] 7]%3}3 At}. Bubble departure diameter”’} =2 2 7% ¥t}

A Microchannels= A 9Jstar, 2 Hktle] 7 $-+= Mesochannels= #

osta Stk g = 0.02080] )2

a
P = Py)
Fritz(1935)2) ol ¢]3}™ Bubble departure diameter(dpu, r)T

(2.6)

2 o o] 710 ? 2 = 7}
= o-%ﬂoixlu‘ji R: 2-(]p,—epr,)0 d:j,f = 0Ceola HZZ(contact angle)

S 225 °% VA ‘?:_ Pq1 Bubbf departure diameter= 0.67 mm 7} ¥ i

qgte] A olejel 2 HHW 4G AL

(2.7)
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2127 o8] A4l B bubble departure diameter’} 0.05 mm
7F ®h 819 AstolA HE npel o] Mehendale FX W74 1 mm

£ 7] 2 2 Mesochannels®} MicrochannelsE TF+&3F %

Kandlikar®] 7%+ 944 DOpel 93 A2 35 57HA=2
w5kl vt
u
- Conventional cllllannels : Dy > 3 mm
* Mini-channels * 200 ym < Dn < 3;mm
« Micro-channels : 1 m <uDy < 200 mm
+ Transitional channels @ 0.1 m < D, <M10 m
- Transitional Micro-channels 1 m ¢ Dy < 10 m

- Transitional Nano—channels : 0.1 m < Dp < 1 m

- Molecular Nano—channels : D, < 0.1 m

2 pemdg
Kandlikar?] @Y 7152 Bnudsen numberdl] 7] &1 ¢t}

A= M
pV2RT (2.8)

(2.9)

u
2 AoEy 7)1t sl A 300 K ¢ Air, Helium, Hydrogen, Nitrogen

< 71722 Kn < 0.001 ( Continuum flow )7} %= =27 o] 200
m THo|th kA Kandlikare W74 200 mE 7I£o= vy d
nfol a2 A& S5 AL, Steinke(2003)9F A W7 200 m FTH
oA Fagk dFHlsEA o] S A=A

_12_



24 WY / vholaz Adel el ByuFAADe o
294 AT

ny /o mlolA R oA dARE AT =4S vEASF, FF
oA o] dH=el oy, el Nu Fo|th Table 212 FHAA 1

mm °]st #olA B2 HF AR S W Tl A

1o

o
=)
(-
X,

S5k Nu 79 49A%E ABA o &N Avst mus B Aol
2

HEAQ o2 MARS FAP AFS Holt AE AW, BAY B
e A% ol Y /ulolZw AdelAe 2AY LS ofF BB

o
flo
do
=
2
o
2
i
N
N
ofr
o
g
2
2

R EAEEAE AT 7oA Nu

Fo 4% A9 AAE otde dAA (21003 Hlas] B +30 %

o
=
=2
X
o,
FHU
:1
1t
ued)
i)
&
N
N
i
e
i
o
e
-
¥°
v}
fA
o

F mlolax
Ad ek vl we dHAet ® ddG A W Ava 2

st 9l

_ Dy osi, Hy —019 5 0625 173
«=10.1165 ( Wc) ( W) Re' " Pr (2.10)

Adams et al.(1997)¢] A% &5 e FA=Z st WA 76 me 109
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Yol dAd EAS =AHsAY. A A= 2(2.11) Gnielinski A&

Ak vus e, el os) o F® Nugiu svhal ®ais)

_I

=

(/18)(Re—1000) Pr (2.11)
1+ 12.7(48) Y2(Pr #3—1)

=

Harms et al.(1999) &< ZHeFA=Z 3dtod A2 9o]H (silicon
wafer)E o] g3l =827 404 mo AtZAEe o] &3 vlojar &
13 7] (rectangular microchannel heat exchanger)S A 2bsto] 23S

FRAT. vEEASS Nuss 4(2.12a)3 2(2.12b),4(2.12c)4) o]

=29 v dxshepal Haska Q)

Nu=5.39 x* ) 0.1 (2.12a)
Nu=5.16+0.02(x") = 10% 0.01 ¢ x+ < 0.1 (2.12b)
Nu=1.17(x") ~ 080 pp ~004 0001 < xx < 0.01 (2.12¢)
= e o P ’

Qu et al.(2000)8] A% =& FeFA=Z st A2 9 o]H (silicon
wafer) 9o F=EAZ 51 ~ 161 m 9 A9y mlojlmz A

(trapezodial microchannel)< 7} 3t S /79 FolA d=E74stE =48t

At dAs 24 APANE AEAA FRAE |EAd e =
i, A Re & 4YolAE Re o) wao] wel ggaist A@soz

_14_



L

W3lslth 7k, Re S£7F 500 o] 49l oA Re ¢ Z7to] ulat
Pi—Re 7} @ Aoz Watgvta yeha o

Jiang et al.(2001)9] A2 F5FAE EF 3lo], Pure Copper PlateZ

d

o] &35t 7= 600 m, A= 200 m Zo] 21 mme 387 AEdL 7t

3t wlol 32 d w37 (microchannel heat exchanger)E o] -&3&o] npz

ATt NusTgs SAGoH, o HAAZAXE oo 2 (2.13a)

(2.13b) ¢ vl S S wf + 10% WA & gttt e 9l
N

N #=0.52(RePrD ] x 062 xx < 0.05 (2.13a)

u=2.02(RePrD ,J» ¥  xx> 005 (2.13b)

Bucci et al.(2003)2 #&FAE == o] WA 172 / 290 / 520 m,
Zo]l 70 mm, A A Heating Z©°] 26 mm® Stainless steel ANSI 316L
FHE o]&35to] Re & 100 ~ 6000 o] HH oA, 57 &= (vapor con

~densation)& ©]&3 UdAH FTHILLE X

A
=2
2
w2
1
N
o~
ol
28
h=t
o
N

o Al
=2 =

ki)

= A
Fig. 235 X ™ Re 1000 v vFe] WHY oA wlZA 4= 64 / Re 9 %
dxst= AL B 4 Qi Re 1000041 2000 el A= 64 / Re BT}
e elA SREC Hel= Re 7 2000
YEb AL glar, B ol whelk S ol A
Bastal vk dgol Ao mf
ZA = 719 Colebrook o a2y 2 dATE & F U
Nu 9 4¢ ZA4AE F7 WA= 2(2.14)9 Hausen® 434

I FFHY A= 2](2.15) Gnielinski®} 2](2.16) Adams(developed

)

microtubes) 4| 3} W8] =dl, Fig. 24014 Hi= vpep o], S/

A= Re 7} S7IE+5E Nu & dSAHY A3ddoe=z 2

Y
tlo

_15_



et Ao, dRH YA s Adamse] g3 dxgS e 4 9l
o}
N
0.19( Rer D ,) 2 ) °*
= (2.14)
“=3.66+ 1+0.117(Rer D ;) L ) 4
N
/=(1.82 log Re—1.64) °
N”Adms: Nu G‘m’e/z’;méz(l_{—ﬁ) (216)

F=T.6x10 "R —(DI D)2

Wu and Cheng (2003)2> A2 2 % o] (silicon wafer)’dol W A=
717 ot 13709 mhola R AES vted H, gol2FE AT HAR
sto] Re &+ ®Wstel ofgh wh2A S (friction factor)$t Nu ] ¥l o
gb A AFE AASAT. o] AP Ao wEW Bottom-to-Top
width ratio, Height-to-top width ratio, 2% 1 Length-to-diameter
ratio ¢ W3alel| we} FHFoIA Nu F9 vl A 4= (friction factor)7}
A WH3tgctay ®uskal glow Fig. 253 Fig. 26004 X uvpep 7
o] ¥ AH7 F7tel wet FFolA wHE A S (friction factor)®t Nu
7 A SshAgE & 5 3

Lelea et al.(2004)= W7 / ¢74 05/ 07, 03 / 05, 0.1254 / 0.3
mm, F4°] / 7FE Aol 600 / 252, 123 / 95, 70 / 53 mm ¢l 304 SS

=

tubed} ZF HFAZE FH5(distilled water)E o] €3] Re 4= W3}l
]

mE b stel Nu o WaE SAsdch stde el A4 AFE
Zd Jtdete wAE 9893, ¢de 1Y AW E ol &l "ddS



d 43+ Fig. 279 Fig. 2.8914 ® 3= nje} 7ro)
ZH A 4= (friction factor) ¥ Nu & 7|<9 AF
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251 vy Ad(+=H A3 1 mm o)A o
vy /o wpolam Aol A o] tf 7]

25 7Y / wtela = QoA el o

—

U

=K

Po

o] it}

Ty
;OO
.y
OO

)

()
i

o)
i
of
B

k!

N

s
.vOO
e
OO

ol

o
7

o
H
4r
\.mmo

ox

el
N

—_
o

e

ol

W7 246

s

£3] <

A

=
=

FHAEAN R-12

Z}
Z}

ol

Tran et al.(1996)

o] AFET 44 ~ 832 kg/m’s,

©

mm, 9274 240 mm?¢l A}z 3ol o

i

]

L7F 2775C
Aol gAHH, oluyg =

=)

=

[ex

Fig. 2.9 # ey

1

R

2 3}

B

ofp
ol
zel

o

vyl
3

X
i

BN

—~
o

BK

H
=

Fed, W7 1.95

°

Q.

o
L= 0~ 099

A}

o

=

Bao et al.(2000)2 #%-fA = R-11, HCFC123
9o A, A0 5 kW/m” ~ 200 kW/m 2. 2

kg/m’s ~ 1800 kg/m°s® W& A 7]

=

i
Mo

oy
dr

T2 &= (copper block)

)

ot

o
o
“oH
U

ox
o

3] €] (electrical band heater)E A}-&

A7 =

3

5')4

I

7}

7

NJo
o

Fig. 2.10°] ‘et

=
=
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o %

Re ¢ 9A

1} O
R

= %

W
=

=

S

ol

=
T

300 ~ 2000 kg/m’s, 9520 10~ 1150
#(test tube)= AFZ+3 FF(rectangul

3

o
s

Al B

s

RI41bE A fA s Agsta, W4 11 mm

[e]

fu

Al & H-(test Section)

Lin et al.(2001)

1}tk
—ar cavity) 4 ol

9

N

Mo
N

o

BR

—_
o

<

oy
B

e

—_
o

=
o 5 2

(rectangular cavity)W 9 & 7]

Fol 41484t

°©

exo e WAR TR

—_
o

Kl

L=
S

(electrically heated tube)=

B

=
T

HE W74 1.67 mme]i, Zo]7} 300

& A A

u

2 % (water tank)=

5}

of we} o

CE
7+

[¢}

=

7t
Choo & Bang(2004)2 R-22 4
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T
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Nlo
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&
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9ol A,
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252 WYy /volaz AA(58 A7 1 mm °]3})olA <

Fousddg A st Uy 4¥H A7

Yen et al.(2002)= HCFCI23= ZtEfAlZ Abgsto] WA / 974 o
0.19 / 041 mm, 0.3 / 055 mm % 051 / 081 mm, Z°] 285 cm

304SS EHE A1 43le] AFET 50 ~ 300 kg/m’s, S 546 ~
26.9 kw/m’, A% 0.0014 1.0¢] W9elA dFusddIAFE 43

Ak AlFHY ¥ 2% FAHL o] 285 cm Test Al@ o] 127] 9]
K-type @A S 124d%=4 27 Z(highly conductive silicon)2 ©]-&3}

i

AHEH AE QoA 032 WA= Axrt F7tske] wet tFH 5
AALA =7 8000 W/mol A 4000 W/m’ e 2 F2A3 7as & A%
03 o] Jdo = HFHSTEALAF 7 A2 F71d uel &gt

3 Fads B F dv B dfEol UM uwEt dRnleEde

Steinke & Kandlikar(2003)% @ ©] &5 (deionized water)E AF-& 3},
Fig. 2.14 ¥ %] Copper Substrate?]ol ¥ 214 m, #°] 200 m, (
A% 207 m ), Ao] 61468 mm©e| 6702 wiolAxE AES ThEoho,
A< 5591 ~ 898.08 kW/m®, AH& = 157 ~ 1782 kg/m’se] ¥ 9l

1
A ARNELALAFE SAS £F A9S RAsanh. S A

a8 % Y 9 23 Ald el A Nucleating Boiling, Bubbly

_20_



flow, Slug flow, Annular flow with Nucleation in the thin film ¥}

Chun flow®} Dry-Outs ##3 4 Qv aegla gAd vlola=z &

¥

W7o A Kol 9+ dFE I HAT
Qu & Mudawar(2003)= Eo]-2<(deionized water)S A}-83}9], Fig
2163 Fig. 217004 ®E=Hnte} o] B 10 cm, Zo] 448 cm 9

Oxygen—free copper$lol <% 231 m, Z°] 712 m =7]2 21712 A

5

38 bgetel, A¥E% 135 ~ 402 kg/m’s, =79 117 Bar, ¢
S5 30 7 60T F AR Agel dalA AEe AAGAT 1 2
A= Fig. 2.189] YeRY S Th.

Fig. 218& ¥ BEW 4+ de7t dAT v AdFE5H7 S71Eed o
g RS ARAFI RS B 4 don, AFEEs} AR o)

o= A7 A&7k Skl wel dFusEd AT HagE = o
o]
==
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Tran et al.(1996)> ®lH HALE7} 275T

Bk

&

ey

o3
=

i
&

Ulo

o

BK

b= dddoel A, ojliy F e
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el
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OO

ol

(2.17)

ol A o] Weber

1
.

boiling number =4 q"/hi G ©] 3L, We;

number2A4 G'd/ | 0.2 Aol st} 9o F

-

R

po

1714 Bo

o
—_

DS

I
T

J)
)

el

A8S A2 1990 o o] o

J

°
=4

Al
=

AT A5

=

fu—

Kandlikar(2003)=

i

Gl

o)
o
.

Bl
27

T
2
o

0

x
o

T

ol

o

o] &

A
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t} & Kandlikar7} Al A& 272 o]t}

2 70 vBD
4 rp= larger o
% 75 cop (2.18)

% rpamp= 0.6683C0  "2(1—2) " £o(FT 1007 10
+1058.080 " (1 — ) "} £ zts ;0 (2.19)

/ TP, CBD — 1.1366070'9(1—/”() 0'8f2(Ff LO)éLO
+667.280 " (1—2) " F ote 10 (2.20)

o] 71 A,

e oPt (A2 #E D)

= ¥ 4 < 6
7207 4 12.7( Pr ) (A2) O for10 < e 1<5x10

( ]ljelo_ 1000) Pr L(ﬂz)( /éL/D)

< <101
1+12.7( Pr %) (12)°° for 3000 < Ae o= 10

% 0=

So( Fr ;) © 124 FoAA= gholil, Frio2 Fluid Parameter®

Kandlikar(1990)7} A A8ttt NBD:= 31u] S o] =u) Aol 23S wa)

gt BlE 7S A Avd we dAdLSAsE JEWa, Bos

boiling numberE el Kandlikars 2] (2.19), (2.20) oA & 3

|

S e A& A48T AL, Reao = 1008 4% 4 (219% 483

A& A A8
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w3 Kanldlikar(2004)= Lin et al.(2001)3 Yen et al.(2002)2] A Re
T 9ol A ( Re<1600 )oll A o] AFuelHE v oZ 7]E9 A

Hestlom, o] B hos A (2194 (220)%= 2 (221)& AHEst

Nk

hro D, for Re < 1600

(2.21)
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Table 2.1 Summery of past work on Single-Phase convective heat transfer

m—smralltdrameter—tube
n
D, Cross
Authors Flaid - T Re Nu
( m) section|
Rahman and Gui.
79 |- 325 Water Trap =~ ﬁ
(1995 )
Peng et al.
133| - 367 Wat Tre
(1995 ) aer P n u
Yu et al.
19 |- 102 Water Rect n 1
(1995 )
Harms et al.
404 |- 1923 Water Trap ~ ~
1999 )
Celate et al.
130 Water | Reet—Tri = “
(2000 )
Debray et al.
590 (= 2218 | Water Rect ~ n
(2001 )
_}laug et—ak
800 Water Rect
(2001 ) n H
Kandlikar et all ]
620 |- 1067 | Water Circ 1 1
(2001 )
Gao et al.
199.2 - 1923 | Water Rect ~ 1l
(2002 )
Qu and Mudawd4r.
849 Water Rect ~ =
(2002 )
Bucci et al. )
290 Water Circ =~ =~
(2003 )
1254,
Lelea et al. .
300 Water Cicr ~ =~
(2004)
500

17 : Higher than the Conventional Theory
Il : Lower than the Conventional Theory

~ . Agrees with the Conventional Theory
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Table 2.2 St

mmery of past work on flow boiling in small-diameter tubes

D.. el v’” N
Authors mm) Fluid (ke/m?s) | (/m?| L (mm) Remarks
Sy mEge s 3
HS3Hd w ddeE7
Fe dRse 9Be
Lazargk Copper  wrom, shuyl vl %484
& Black 31 R-113 125~750 | 14~380 / d=7b S7hgd we
#2438 Zrhed Qaw
(1982) 126 HAT SR @4
A7 x5k v 53 E A
v d=e FasA o
ekl
. Lazarek & Black(1982)
Stainl
Wambsganss S AT Ane 9w
8.8~ Steel
et all 2927 R-113 30~300 Aol A= ol /4 5 5
o5 NBA -/ gr ausa w9y
B0 o) g WA
AALAFE A5
FFE Weol Wwom A
wol wegHE Ao W
Round & 54 eg wwdae
Tran et al. |2.46 rect.  7}275CE 7lELm
R-12  44~832 [36~129 Brass Htt A< wiE oFn
(1996) 2.4 Sl =g o gio
€] I T —CT = =2 2 ]
900 PAHEH, olrT} Fuje=
AH& JFL W
Aul5o] FEaE A4
ol Y49
df %ol 5 kW/m’3
By AR BldFs
AARASFT B}, A
%ol 5 kW/m™o|4Ql 7
Van & lLin Copper  § A%l Hold+%
20 R-134a 50~200 5~20 / dAgAF7 22T
(1998) 200 +9 A7e°] 80 mm °
el #EIH wur o
&3 dEs} me A
+5 Adsue 2
2 g
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Table 2.2 (Cont.) Summery of past work on flow boiling in small-diameter tubes

T\U ral v’” Tab
Authors mm) Fluid (ke/m?s) | (i/mD| L (mm) Remarks
dAGAFTE AE
upbel Al WA eFal
W HAwl A A
: 92 dfEg JdFS
Kim, M. S. Stainless s HLQ‘TF o ©
Steel woloEE
et all 22 R-134a 380~570| 19~64 ) Aol ofs] Aozl At
(1999) £ Gungor & Winterton
- B (1987)0] A A& 44
I wjaste] A At
ol &3 FrEt 50% o]’
=A 54
dAGATFTE €759
Kuwahara Stainless o3 gfukg Wk zlo] o}
£ 1 20 n_194 E1/aVaWRPATaYaY 116~ Steel L]E]— é%h%—/—':: R AR
Tl d]] 08 T 1o9dd  1IUU \OAVAV) 468 / Oﬂ ]:HZ“T_].— Oé —O}E %2‘1,1
(20000 ggp  AETE FUEEE 94
YAFE 2749
Lazarek & Black(1982)
o Ans YAYE w
Fed, adgAFTt
gt oo 2 A3
R’ll Copper "’}‘ [e) Oo‘ bl Oﬂ }\1 \ = —‘i—_]_'
Bao et al. FholF E3 G A A
1.95 CEC_50~1800| 5~200 s 01 1 Ch o o=
(2000) o gAY, dHdGAT
1 06 4 gaasd 9ge wo)
W o]AZ= Wambs
ganss(1993)¢] At} o
A
#70] Zzdo e
dHg T8l 10% A%
Oh ot al. 1.77 R-9 Copper A€ S Holx, i
3.36 R-134 200~400 5~30 / 7 5TCd ARG
(20000 535 a 2000 0T A$ol ddw %
Hol i w& o=
L ERE
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Table 2.2 (Cont.) Summery of past work on flow boiling in small-diameter tubes

D _ O q” Tyl
Authors mm) Fluid (ke/m?s) | (i/mD| L (mm) Remarks
Ausgo BEe AS
Round & gxgs)4e agan
Kim, J.| M. rect. o] ApzFA| o] wlE] A
1.67 R-22 384~570| 4~10 Brass =9 w& =LA ZF7}ts
(2000) = Agg Holw A&
300 0.8e1 A4 o 14 =4
Yepy
5 7o Kim, M. S. et al.(1999)
Kim, K| Y. Aluminum & Wa{nbsgass(1993) _?
16 |R-22 184~378| 2~4 o A9 Adel wmst
(2000) o] @As vopx A
00 aAase vew
SEEETE LI
Kim, J]'S: Bronze — 2}oll olal ©glo] o} %
1.0 . |R-22 160~500| 1~5 / of AT{RTY A= o
2000) 2000  ANA vehdtia ww
3t
AAE oA es 4
FEEY YA o]
dHgAFd WA= 9
Stainless o] wlm s} 0.30] A9
Yoon et al. | 1.8 R-22 Steel A= el = A
R 1 300~600| 5~15 / Aoz nFHFEE=YSF
(2009 © T 1500, %, WAel #Hess o
3000 AagAs7t Frhe A,
dAGAF7E AA A=
FAol A wFEART
A3 g
dAdgATFE A=Y
Aggae GFge e
Brass  wrx grom dfo
Park et al. Aluminum ¢Jgo] x|m]& <. L3
1.67 R-22 300~600 10~20 5 .
(2002) / A8 zA WelA  alumi

=
300 num¥ ©] brass¥ol 1] 3|
A 50% A= w2 94

o= y

:L
)
¥
i
T
Rull;
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Table 2.2 (Cont.) Summery of past work on flow boiling in small-diameter tubes

D _ o) & i Tyl
Authors mm) Fluid (ke/m?s) | (i/mD| L (mm) Remarks
: SRR REs
Linetjal | | 300~ | 10~| A7 A Zrhatol
(2001) ' 2000 | 1150 00 ek dAgAFTE
A% 0014 0.3AFo] ol A
0.19 THE = oddgAse w49
Yen et|al. | 03 HCFC 20 ~300 546 ~| 304SS #2422 Yegum Y,
2002 051 123 269 ol JAoA =
285 a4k fBArE Koz
0] o
AP
671 9|
Steinkq & o Vg | 949 amsd zress 4
Kandlikar [0.207 |water By A Copper HAEGAFE FAsHA L,
! Lol e nn
(2003> / ar = 0 © =1
57.15
o s Awsk Frhgel we
- Copper — IAEAZTF s,
Mudawar |0.712 Water 135~402 N / dAEATY Wztes 4
2009) A} 7} 448  FrEEGE AFHEe
FIRE} W ste] o] ATk
Brass  agangs= g3 2
Choo & Aluminum & AgEe A4
Bang 167 R-22 600 5~30  Copper 3%S wx i I
(2004) / &0l wWsle] o] A
q o)
300 HHX—I =
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Fig. 2.2 Photograph of microchannels
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01 . i : i

D =0.290 mm
Fluid: water | |

fL

B4/Re

Colebrook [21]
— — - Blasius
0.01— | J +
2000 3000 4000
Re []

Fig. 2.3 Friction factor v.s. Re number for 0.29 mm tube

( Bucci et al., 2003 )

10—
= = - Dittus Boelter|

Gnielinski

N VS
10 FBD'_:I,

Nu []

: ‘' D=290um

1000 10°

Fig. 24 Nu number v.s. Re number for 0.29 mm tube

( Bucci et al., 2003 )
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Nu

40 —

Fig. 25 Effects of surface roughness on friction factor

A 4 KDh-S87E3 |

—&——— #7. WDh=3.26E-5

——%—— #10, kDh=1.00E-2 /A
— & #B. WDh=3.62E.5

=
i e o
X
‘i‘fr/
W e o
T '[ T 'l T l T
(4] 400 800 1200
Re

1600

5

4 —&—— #9, KDh=687E-3

Yo, A

SURNPTE o0 PEDOH

——sh——— #7 WDh=326E-5
—————— #10, k'Dh=1.08E-2
—%—— #B KWDh=3.62E-5

Fig. 2.6 Effects of surface roughness on Nusselt number

400 200 1200 1600

Re

( Wu and Cheng, 2003 )
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i ! ! \ !

1 Q=1W(exp.)
Q=2Wiexp) |
Q=1W{num) __|
Q=2W (num,)
'l

70 _...................j.._...._.._._......._...._...._.._...._...

0 200 400 600 800

Fig. 2.7 f Re number v.s. Re for 0.3 mm tube

3 I i I . ’
¢ ; ' 0= 500 m 8, Q=2W(xp)
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( Lelea et al., 2004 )
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Fig. 2.9 Circular-tube (R-12) local heat transfer coefficients for

various combinations of mass flux at three constant values
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Fig 2.10 Heat transfer coefficient v.s. quality ( Bao et al., 2000 )
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Fig 2.11 Heat transfer coefficient v.s. quality ( Lin et al., 2001 )
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Fig. 2.12 Heat transfer coefficient v.s. quality ( Choo & Bang, 2004 )
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1. Mounting Phenolic, 2. Top Copper Cover
3. Top Cartidge Heater, 4. Copper Substrate Only
one channel shown 5. Bottom Cartridge

6. Insulating Phenolic
Fig. 2.14 Test section (Steinke & Kandlikar, 2003)
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Fig. 2.15 Heat transfer coefficient v.s. quality
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Table 31 Dimensjon—of thetesttubes———
T =i S
Tube matefial 304 SS
Inside diamgter 0.31 £ 0.01 mm
Outside diarheter 051 = 0.01 mm
Tube length 75.74 mm
Heating length 53.39 mm
Total hedting
400—mm
wire length
Tead heating
) 50 mm
wire length
Company (Country) Winnertechworld ( Korea )
Web address http://www.winnertechworld.com
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Preheater
Working .
fluid Sight
. Glass
Container

Pump

Vacuum
Chamber

Fig. 3.1 Schematic diagram of test apparatus

Fig. 3.2 Photograph of pump
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Fig. 3.3 Photograph of pre-heater

Fig. 3.4 Photograph of test section
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Fig. 3.5 Schematic diagram of test section
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Fig. 3.6 Schematic diagram of poly—ethylene block apparatus
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Fig. 3.8 Photograph of flange and micro O-ring
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Fig. 3.10 Photograph of rotameter
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Fig. 3.12 Photograph of pressure transducer
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Fig. 3.13 Thermocouple signals at the time of electric heater on
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Mass flow rate error (%)

44 Average Mass flow : 12.48 g / min
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Fig. 3.15 Mass flow rate error v.s. time
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Fig. 3.16 Heat into fluid v.s. input power
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FET = 1170 ~ 2700 kg/m’s ( Re 400 ~ 1000 )] W 9o A, 942
L 40 ~ 90 kW/m® ( 2.37 ~ 4.46 W )2] HolA A8 Az
= s OlEMpﬂﬂ% olzl o] (4.1), (4.2)°] o3l A=l sFA .
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