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Nomenclature

A, cross-sectional area [m’]
A, manifold cross-sectional area [m’]
Bd Bond number, Bd=(p,—p,)9D}/c
Bo Boiling number, Bo=q"/Gh,
Co Convection number, Co= [(1—x)/x]0'8[pv/p,]0'5
C Chisholm parameter
¢, specific heat capacity at a constant pressure [J/kgK]
D, hydraulic diameter [m]
E empirical coefficient
F empirical coefficient [-]
heated area(chapter 3) [m’]
Fr Froude number, Fr= G?%/ pQQDh
f Fanning frictional factor
Sapp apparent friction factor for developing flow
G mass flux [kg/ m’s]
H height [m]
hy, latent heat of vaporization [J/kgK]
I current [A]
Ky, loss coefficient at a 90° bend
K, contraction loss coefficient due to an area change
K, expansion loss coefficient due to an area change
K(z) Hagenbach’s factor
k thermal conductivity [W/mK]
L length [m]
m mass flow rate [kg/s]
N empirical coefficient
number of channel(chapter 3,4)
Nos confinement number, N, = \/o/g(p,—p,) /D,
Nu Nusselt number, Nu=hD,/k
P pressure [Pa]
P critical pressure [Pa]
Py wetted perimeter of channel [m]
Py, heated perimeter of channel [m]
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Suratman number, Su= poD, /i’

temperature K]
thickness of copper block [m]
mean flow velocity [m/s]
voltage [V]
dimensionless velocity(chapter 4) [-]
Width [m]
uncertainty

Weber number, We = GQDh/ po

Lockahrt-Martinelli parameter

thermodynamic equilibrium quality

stream-wise coordinate [m]

Greek symbols

Qo
g
Iy

ng

SR

void fraction
channel aspect ratio(3 < 1)
deposition mass transfer rate per unit channel length

evaporation mass transfer rate per unit channel length

emissivity

viscosity

density

surface tension [N/m]
Stefan-Boltzmann constant(chapter 3) [W/m’K'|

two-phase friction multiplier
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Subscripts

3 based on three-sided heat transfer in rectangular channel
4 based on four-sided heat transfer in rectangular channel
a air

acc accelerational

ave average

cb forced convective boiling

ch channel

exp experimental

f frictional

grav gravitational

in inlet

l liquid phase

lo liquid only

nb nucleate boiling

pred predicted

v vapor phase

o) vapor only

sat saturation

sp single-phase

tp two-phase

tt turbulent liquid-turbulent vapor
tv turbulent liquid-laminar vapor
vt laminar liquid-turbulent vapor
vV laminar liquid-laminar vapor

w wall



A Study on the Heat Transfer and Pressure Drop
for Two-phase Flow Boiling of FC-72 in

Micro-channels

Choi, Yong Seok

Department of Marine Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

With the development of electronic equipment industry, the systems
and components are pursuing high-performance and high-efficiency, and
the size of system is gradually downsizing as well. Furthermore, the
development of technology that can efficiently eliminate the heat
generated inside a miniature system is demanded. Thermal and fluidic
characteristics in micro-channels used by heat sink have been proved by
many experimental studies and can be applied to various areas.

This study analyzed the characteristics on heat transfer and pressure
drop of FC-72 in parallel micro-channels through an experimental study.
Parallel micro-channel is 450pm in width, 200pm in depth, 60mm in
length, and has 15 channels.

Before the experiment, the shape of the manifold, length of the
channel and the flow field based on inlet condition are analyzed using

CFD. The parallel micro-channel to be used in the experiment was designed

_Xi_



based on the analysis results. The experiment is conducted at the mass
flux of 100.3-408.5 kg/mzs and heat flux of 3.2-49.0 kW/m’ and the
vapor quality at this time is within the range of 0.00-0.96.

The total pressure drop in the channel is expressed as the sum of
frictional pressure drop and the accelerational pressure drop. Since the
frictional pressure drop is considerably larger than accelerational pressure
drop in most cases, it is essential to precisely calculate the frictional
pressure drop in order to predict the total pressure drop. Frictional
pressure drop is usually calculated by using the homogeneous model
and the separated flow model, the frictional pressure drop obtained from
the experiment is compared to those calculated by the homogeneous
model and the separated flow model. In order to accurately predict the
frictional pressure drop, this study expresses the two-phase friction
multiplier as the function for Reynolds number, Weber number, and
Martinelli parameter to develop a new correlation that considers the
inertial force, viscous force, and surface tension of fluid. The new
correlation predicts well the frictional pressure drop obtained in this
study within 5.5% MAE.

The flow boiling heat transfer in the channel is known to occur by
nucleate boiling and forced convective boiling. In the region where
nucleate boiling dominates the flow, heat transfer usually occurs from
the creation and breakaway of bubbles, and the flow pattern in such a
region indicates mainly bubbly and slug flow. Also, the heat transfer
coefficient normally depends on the heat flux, but is not affected too
much by mass flux and vapor quality. In contrast, in the region where
the forced convective boiling dominates, most of the flow pattern is
annular flow, and the heat transfer wusually occurs through the
evaporation of the thin liquid film around the heating surface. The heat
transfer coefficient usually depends on the mass flux and vapor quality
in this region, and is nearly unrelated to the heat flux. The heat transfer

mechanism in micro-channel is being reported differently by researchers.
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According to the result of this experiment, in the region of lower
vapor quality, nucleate boiling plays a role as the main mechanism of
heat transfer. The influence of nucleate boiling gradually decreases as the
vapor quality increases. As the effects of forced convective boiling
gradually increases, nucleate boiling and forced convective boiling occur
compositively. Based on such a mechanism of heat transfer, a new
correlation to predict heat transfer coefficient is developed. A new
correlation obtained in this study considers the effects of both nucleate
boiling and forced convective boiling, and predicts the result within 4.6%
MAE.

KEY WORDS: FC-72; Flow distribution % ¥&4l; Heat transfer coefficient &%

2 Al Micro-channels PFo| 22 A|d; Pressure drop & 73}.
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g ®31313 9™, Lockhart and Ma rt1nelh(1949)-/] oS EUQIE sho
Chisholm & 71&Y 5% & °

ol FE AA(FL Ade FHAA) B @Ti B olshed .

o
o
ol
o
f
HU
o
1o
r

N
o
1>
=
=
k)

C: 21<1 _ 6*0.333D)

(13)
CO= 21<1 . 670.319D,,)
Mishima and Hibiki®] 43242 2de] A7 oj&st= uj$ sk FE



o A4 o) A%, o) ol mlo| 2z Aol FHE AFSoNA ThE AR S
of Hlg] HHtHoR o dF9 HIYEE Hola Jri(lee and Lee, 2001a;
Qu and Mudawar, 2003; Kim and Mudawar, 2013a).
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#BA g FABe] 4 (149 2L FBAL ALshATh

C 1
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'RBU o4 11—z 0-5
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Qu and Mudawar(2003a)= ZxZ 0|7} 231x713 pym<l 21719 WE AEd=
TAE mlola=m J|EAINA &5 AFHAZE ARESIY 24 & dHA skl
3 A4S FA5HY. Qu and Mudawar+ vlo]l3 2 Hl5 Ao #A3h
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flow model)< AF3HA ™ Qu and Mudawar(2003c)o] @m=H mlo]a= =g
ANM BlE dAEL FF 9 siPste DA dF Blsel F2 WAYSE
o7 A{F{rha FAsIATh 24 FFF 2o MdAQ] =43t= Fig 50
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Entrained liquid droplets
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Fig. 5 Qu and Mudawa’s Annular flow model(a) Schematic of annular
flow pattern in micro-channel heat sink, and (b) idealized annular flow
region(Qu and Mudawar, 2003a)

O=21[1— 700D (. 00418 G+0.0613) (15)

Lee and Mudawar(2005a)= Qu and Mudawar(2003a, 2003b)<} &d g w}o]
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c,=2. 16R6O 047W O 60 (liquid : laminar, vapor : laminar)

(16)
C,=145 Re?n'25 V[/'e?f?’ (liquid : laminar, vapor : turbulent)

Lee and Mudawar= 7] 24olA BE= vle} o] 4o Mgy sHAY
< F2 159 o, 53
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number®] FF = THAEH

Aot
Kim and Mudawar(2012a)= 17572 ZtErAlol dis] &2 dolgE g
o2 ddFHA MY 2475 S5 Al FRSASA AEE F A RS
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2?1, confinement number, Neonrs AFH83}¢]
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Fig. 6 Schematics of flow regimes, wall dryout and variation of heat

transfer coefficient a long wuniformly heated channel for (a) nucleate
boiling dominant heat transfer and (b) convective boiling dominant heat
transfer(Kim and Mudawar, 2013b)
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Nu, = 8.235(1—1.8836+ 3.7673 — 5.8144° +5.3613' —2.05) (22)

Nu, = 8.235(1—2.0428+3.0855 — 2.4776° +1.0583' — 0.1865°)

Shah(1982)& #4lel A% A7 (Shah, 1976)914 Atk 34 & HF3 e
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1.8 0.5 —0.15
For N<0.1, S=—— Nog’ E=FBo " exp (2 TAN )



F=14.7(Bo > 11x10" %) or F=15.43(Bo < 11x107%)
(23)
N= Co (Fr, = 0.04) or N=0.38Fr, “*Co (Fr; < 0.04)
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Co > 0.65 — nucleate boiling
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ARG ASE 27 AT Sl weh dasigon, AFgso] F7heol
tel Z7leid oleld WS BAF oA "ol 4 HAd o
deoz Uepde, ogd BAF JddAe f5L s s ded
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Fig. 7 Schematic of experimental setup
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Table 1 Specifications of test section

Channel width x depth [z m] 450 x 200
Channel length [mm] 60
Number of channel 15

Copper thickness [mm] 1.5

200, [{HHAT

‘n, 450pum

H

‘

Fig. 8 Photograph of micro-channel on copper block taken by

microscope



Outlet

—>
Polycarbonat
olycarbonate heat sink

Film heater

Insulating layer

Thermocouple

(b) Geometry of parallel micro-channel with manifolds

Fig. 9 Schematics of test section



Table 2 Specifications of experimental equipments

Micro gear pump

Model ISMATEC, REGLO-Z
Pump head GA-T23, PFS, B
Speed 50-5,000rpm

Max. differential pressure

5.2 bar

Data Acquisition Equipment

Model

Yokogawa, GP-10

Scan intervals

500ms

Input channels

10 channels

20 mVDC

Input type 6VDC

RTD Pt100

£(0.01% of rdg. +5uV)

Accuracy | £(0.01% of rdg. +2mV)

£(0.02% of rdg, +0.27)

Differential pressure transducer

Model Setra, 230
Pressure range 0-5 psi (0-34.47 kPa)
Output 0.05-5.05 VDC

Supply 24 VDC
Accuracy +0.25% of full scale

Absolute pressure transducer

Model Setra, 280E
Pressure range 0-50 psi (0-344.7 kPa)
Output 0.03-5.03 VDC

Supply 24 VDC
Accuracy +0.11% of full scale
Flow meter
Model McMillan, 101
Flow range 20-200mL/min
Output 0-5 VDC
Supply 12 VDC
Accuracy +1.0% of full scale
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AL AR Aol ABRA W ) Y $E2E AAS s
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A" & A=F HPom, APrel FFHE AW FHA AZ 000% P2
o2 2ARYT. ol FFL vlolIZ s|oPEEY rpme ZUSFPOM, ¥
AL T3 SAFAL. 4%, 25 23 Aol sl APEst FH A
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&8 4P=AL Table 30 Fe]ste] UEh)AT)

Table 3 Experimental conditions

Parameter Value
Working fluid FC-72
Mass flux [kg/ m’s] 100.3 — 458.0
Heat flux [kW/m’] 32 — 49.0
Inlet pressure [kPa] 105 - 110

Vapor quality 0.00 — 0.96
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Table 4 Operating and boundary conditions for CFD

Parameter Value
Working fluid Water
Length of channels 5, 10, 40mm
Hydraulic diameter 300 #m
Inlet mass flux 200, 400 and 600kg/m’s
Outlet pressure 1 atm
Flow regime Laminar

Fig. 10 Geometry of micro-channels with manifolds
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Table 5 Properties of FC-72

Boiling point(1 atm) 56 C
Liquid density 1,680 kg/m’
Kinematic viscosity 3.7x107 m’/s
Specific heat at a constant pressure 1.1 kJ/kg'k
Latent heat of vaporization 88 KkJ/kg
Surface tension 0.012 N/m
Thermal conductivity 0.057 W/m'K
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Table 6 Mean absolute error for frictional pressure drop

Correlations MAE(%)
Homogeneous model 65.2
Lockhart and Martinelli(1949) 249.2
Muller-Steinhagen and Heck(1986) 66.6
Mishima and Hibiki(1996) 39.2
Sun and Mishima(2009a) 65.2
Qu and Mudawar(2003a) 489
Kim and Mudawar(2013a) 91.5
Hwang and Kim(2006) 15.6
Choi et al.(2014) 12.0
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Warrier et al.(2002) 95.5
Sun and Mishima(2009b) 42.6
Oh and Son(2011) 85.4
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