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National Chiao Tung University

Abstract

Experiments were conducted to investigate the fully developed flow boiling heat
transfer of dielectric fluid FC-72 in a horizontal small-gap rectangular channel under
1 atmosphere. The heated surfaces were smooth.and fin structure type. The channel
was constructed with the height,of 2 mm and the.width of 10 mm, to attain a hydraulic
diameter of 3.33 mm. The testing parameters are: Reynolds number in the range of
500 to 2000 and subcooling température 10°C to.30°C as well.

Results showed that flow velocity and the heated surface temperature are the
major factors that would influence the onset of nuclear boiling, and the narrowness of
the narrow gap would attenuate the boiling hysteresis. As the boiling mode reached
partially developed nuclear boiling, subcooling temperature and flow velocity started
to lose their influence on the wall temperature and finally disappeared on CHF
(critical heat flux). The CHF always increased as the values of subcooling and flow
velocity increased. The wall temperature of the fin heated surface before CHF could
sustain a higher temperature than that of smooth heated surface, therefore the CHF
could also be promoted. Different gap size of rectangular channel would lead to
different on set boiling mode, in which boiling in small gap channel could be formed

gradually while boiling in large gap channel would break out suddenly.
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NOMENCLATURE

heat transfer area of heated surface

cross—-section of channel

C. g . .
boiling number ° Bo::G : » dimensionless

i
constant number
specific heat

hydraulic diameter

bubble departure diameter

GZ

—  ~— > dimensionless
pr +9-Dy

Froude number - Fr=
mass flux
acceleration due-to gravity
heat transfer coefficient
channel height

measured current from DC power supply

P 'Cp 'ATsat
Py 'ifg

Jakob number > Ja= » dimensionless

thermal conductivity

hydrodynamic entrance length

hD
Nusselt number ° Nu= k » dimensionless

total side length

XV

J/kgC
mm

mnm

kg/m2s
m/s2
W/m2°C

mm

W/mC

mm

mm



Tsat

V

system pressure

-C
Prandtl number - Pr:'uk ® , dimensionless
heat transfer rate
heat flux

G.-D
Reynolds number ° Re= h

» dimensionless
temperature

boiling point temperature of FC-72

distant from thermal couple to chip surface

measured votage from DC powér. supply

Greek symbols

AT temperature difference

0 density

U viscosity

€ heat loss proportion

Subscripts

ave average

fg difference between liquid and vapor phase
g vapor

sub subcooled

XV

kpa

W/m2

kg/m3

N-s/m?2
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%21-1 2% FC-72 *— < % @Liﬁlﬁ—l‘]ﬁ?‘r °
Properties FC-72
Average Molecular Weight 340 kg / kgmole
Critical temperature > Ty 178°C
Saturation temperture » Tgy 56.6C
Density of liquid > py 1600 kg / m’
Density of vapor > py 13.39 kg / m’
Heat of vaporization > hg, 94790 J / kg
Thermal conductivity of liquid - k; 0.0538 W/m-k
Specific heat of liquid.» Cp 1102 J / kge k

Thermal diffusivity of-liquid > oy

3.064 x10% m?/ s

Kinematic viscosity of liquid >

2.729 X107 m?/ s

Prandtl number of liquid > Prj 8.900
Coefficient of thermal expansion of liquid > B -0.001639K ™!
Surface tension of liquid > o) 0.008348 N/m
Dielectric constant » 25°C ( 1KHz) 1.76
Dielectric Strength » KV (2.54mm gap ) 42
Solubility of Air' 48
( ml gas/100ml liquid )
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2 12 Hip#da il o

>k 1 iE Al BE 1% 5V
Incropera et al. [2] ‘K B FC-77 Nu, =0.13Re}™* Pr*®(u, / p,)*>
Maddox et al. [3] FC-72 Nu,=0.237Re}* pr’¥
Heindel et al. [4] ‘KB FC-77 Nu,=CRe)” P’
C=1.89~1.32
Gersey et al. [5] FC-72 Nu,=0.362Re)*" Pr’»
Samant and Simon [6] | R-113¥2FC-72 | Nu,=0.47Re}* Pr"’
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(a) (b) (©)
B 1-1 Thorncroft et al.[20]% F jnds enf] fE P > F 7@ 3= 4% a3 5

oG B E o (a) S FEmak ;s (b) 2 AL 1SmmT e (c)

= AE30mmT T ©

(©)
®1-2 Thorncroft et al.[20]® ™ /i # Al fx ¥ > § 7@ IH 3L 5 ht T 9% 4 RE

& & o (a)G=246kg/m?s ; (b)G=315kg/m?s ; (c) G=666kg/m?s °
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1

110 mm

Flow

B 1-3 Gersey etal.[21]% ¢ & B 4cf B ¢ FC-72 w F €38 jid ¥ 23T

Tl £l FpF2 %0 1F* % o (a)l0mm ; (b)30mm ; (¢)110mm o
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! [ 1
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wave
wetting
2hieT & front Flow
F Asymptofic
Lz=60 mm wavelangth
A
L ;
- 1 Wave stretching and
Lg=J0mm I:ﬂc {- drag-induced marging
.
2bheT ) Genaration of
| Ly=~20 mm }:E*c - Vapor waves with

2} wavelsngth

- ——

rel——

h-l
&

B 1-4 Gersey et al.[21];%F 52 (Wetting Front) & §E7 T 25 £ o
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30 mmj

\hpstraam

lift off blanket
t=0ms t=3ms 1=6ms t=9ms 1=12ms 1=15ms t=18ms
I ‘ ~— | lsading edge of vapor blanket
Flow Time - = - | dowinstraam wetting front

B 1-5 Gersey et al.[21]+4c %;‘; + ,%%%m/ﬂ rﬁi’-‘sﬂ/ﬂﬁj" FERER (LY
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Flow Direction Flow Direction
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A 75% CHF

"

f PR, L
CELm liI iiﬂ . i i.ﬂ-i:ﬁ.i

AT =3 °C AT = 29 °C
(a) (b)
® 1-6 Christopher et al.[22] FC-72 ji#+ AR H % X4 BT »

EERL B R SR T2 B e ()% L B 5 3C (D)% L R 5 29T o
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Flow Direction Flow Direction

Wave-like Formation Overhanging Formation
(a) (b)
B 1-7 Christopher et al.[22] (a)i XKk 5 & 5 (b)R ¥k 5 72 o

a » o
i LR
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£2-1 T FcHa doo oA

Surfeorder SE1 700
DATE 5/ 3/10
TIME 11:24:28
Mspead : 0.05mn/s
Stardard : ANSI
Cut off : Ac  0.800mm
E Length : 4.000mm
Ra ; 0.0614 m
Ral : 0.0600 £ m
Ra? i D.06Bpxm
Ra3 } 0.0594 pm
Rad : 0.0593 #m
Rab : 0. 0628 1« m
Ramax i 0. 0628 4 m
Ramin : 0.0890;:m
Rz ’ 0.2500 & m
Rt1 : 0.3C0um
Rt2 ; 0.2500 1 m
Rt3 : 0.2000 1 m
Rt4 ’ 0.35C0 1 m
Rto 4 0.2000 1 m
Rtmax : 0.3500 ¢ m
Rtmin % 0.2000 3 m
Hmax 2 0.3500um
sm ¥ 0. 1206&mm
Fc 40.0800.010um : 12
Pc

Surfeorder SEE L 700
DATE 6/ 3/10
TIME 11:28:48
M speed : 0.050m/s
Standard : ANSI
CuUt off : aac  0.800mm
E Length 1 4.000mm
Ra : 0.059]) am
Ral X 0,0547 pm
Raz ! 0.0617/ #m
Ra3 : 0.0581 am
Ra4 : 0.05164m
Rab 1 0. 0580 &m
Ramax $ 0.087/ am
Ramin 2 0.05164m
Rz t 0.3500 4 m
Rt $ 0.2500 4 m
RL2 : 0.2500um
Rt3 : 0.3000 = m
Rtd : 0.2000 ¢+ m
Rts : 0.4000 um
Rimax 5 0.4000 um
Rtmin § 0.2000 4 m
Rinax 4 0. 4000 um
Sm : 0. 0280mm
Pc +0.080-0.010um 16
Pc +0.200-0.080 .k m 0
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%2-3 kA FELER

Hydrodynamic entrance length L, and thermal
entrance length L, for laminar flow inside ducts*®

Lt [}h
Pe

Ly,/ Dy, Constant wall ~ Constant wall

Geometry Re temperature heat flux
0.056 0.033 0.043
OOOOAAOOOE

:‘! 2b 0.011  0.008 0.012

2a

2b

a
k_'r =0.25 0.075 0.054 0.042
0.50 0.085 0.049 0.057

1.0 0.09 0.041 0.066
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£2-4 7 BR A

Parameter Uncertainty

Channel Geometry

Length, Width and Height (%) +0.5%

Simulated Chip Geometry

Thickness (%) +0.5%
Area (%) +1.0%

Parameter Measurement

Temperature, T (‘C) +0.2
Temperature difference, AT (C) +0.2
System pressure,P (%) +0.2%

Flow Boiling Heat Transfer

Mass flux of FC-72,G (%) +2%
Imposed heat flux,q (%) +10%
Heat transfer coefficient,h (%) +17.5%
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(a) (b)

10

10

0.5

12

Bl 2-4 PLEHCERS ()T F e #ha  (b)i ¥ 4 # (X = mm)
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