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Study of pool boiling heat transfer of dielectric fluid FC-72

with dissolved gas in a vertical narrow rectangular space

Student: Ke-Min Wu Advisor: Ding-Chong Lu

Department of Menchanical Engineering
National Chiao Tung University

Abstract
Experiments were conducted to investigate the pool boiling heat transfer

of dielectric fluid FC-72 under 1 atmosphere with dissolved gas in a vertical
narrow rectangular space. The heated surface is a smooth, 10 x 10 mm copper
surface. Gap sizes (S) and gassy-subcooled are 3, 2, 1, 0.5 mm, and 0, 10, 20
and 30K respectively. Results: showed that ‘heat transfer coefficients were
enhanced with increased dissolved gas .under- low heat flux, because the
dissolved gas reduced the inCipient surface superheat. Under middle and high
heat flux, the liquid was degassedwith the tesult that the boiling was pure
liquid nucleate pool boiling, and, hereafter, the heat transfer coefficients could
not be raised with increasing dissolved gas. The heat transfer coefficients
increasing with decreasing gap sizes in low heat flux, because the smaller gap
sizes, the greater the liquid superheat in the narrow space, and incipient boiling
might occur more easily. On the contrary, under middle and high heat flux, the
heat transfer coefficients decreased with decreasing gap sizes because vapor
film might cover on heated surface more easily. The critical heat flux (CHF)
also decreased with decreasing gap sizes. In the experiment, we also took
photographs of the bubble growth from low to high heat flux in order to
observe the bubble characteristics in the pool boiling phenomena. A correlation
was proposed to predict the critical heat flux and was compared with measured
results which showed that the correlation deviated quite obviously in small gap

sizes.
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FC-72
Vapor + Gas(Air)
Py =P, + P,
Tsys = Tsat (Psys)

(A) & i (B) =4 i (C) # #éiriy

B 2-1 1 fEinmleandd B RGO FC-72 5 6)) - (A4 Fris 5 (B)= 4 f&
(C)# ® 4 =i - (Hong et al., 1997) [31]

s

Vapor-gas Phase

To=Tg,sat (F; )

=Tgat )

Tw surface ;
a b =Fwtig

B 2-2 §F We&fok ek § A0k &7 LW (You et al, 1995) [29]
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% 3-1 4 €% FC-72 énde foip B F (R4 =1 atm) [44]

B FC-72
T 324 + £ (Average molecular weight) 340 kg / kgmole
f=f 8 B (Critical temperature, T 178 °C
4 {8 B (Saturation temperature, T,) 56.6 C
%42 R (Density of liquid, p) 1600 kg / m’
#;1 % & (Density of vapor, p,) 13.39 kg / m’
7% # (Heat of vaporization, hy,) 94790 J / kg
#. 1% & % (Thermal conductivity of liquid, k) 0.0538 W/ m’k
L 4 (Specific heat of liquid, Cp)) 1102 J/kg

#5575 (Thermal diffusivity of liquid, o)

3.064 x 108 m? /s

# 4k 2 8 (Kinematic viscosity of liquid, v;)

2729 x 107" m* /s

4 % #F#c (Prandtl number of liquid, Pr)) 8.900
# 9E % #ic (Coefficient of thermal expansion —0.001639 K™
of liquid, B))
# w % # (Surface tension ofliquid, ;) 0.008348 N/ m
i % ¥ # (Dielectric constant, 25°C,, 1KHz) 1.76
fi % 3 & (Dielectric strength, KV; 2.54mm gap) 42
¥z & 9% f2& (Solubility of air, ml'gas/ 100ml 48

liquid)
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%32 2 BB L

SAFER | FREL @ 7 R

Za(Am) | 1001 0.13 +7.69%

7 & (Volt) +0.1 1.3 +7.7%
#:31 £ (kW/m’) 1.69 +5.91%

#1374 (%) 0.01% 0.1% +10%
WER(C) $0.05 1.64 13.04%
FAALEVARE S 0.713 +13.84%

(kW/m*C)

FHz E(Cg +0.0001 0.0016 +6.25%
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% 33 #IFAFriER

Z 4 B (ATw)(C) 0 10 20 30
S i
Tiiquia('C) (7 488 &) 56 46 36 26
Q input(kKW/m’) (85 » 3 ) 206 230 253 277
%CHF (Tf #1: §) 99 99 99 99
Twan(C) (B2% 8 /&) 80 80 80 82
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AN

MAY 31 Z00&

AREAS
17:06:29

TYPE NITH
: 4& L %‘*.

1 mm
20 mm

50 mm

heat loss

T
W 3-14 #dF 4 7553
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HODAL SOLUTION AN

s MAY 31 2008
e 16:43:19
TINE=1

TEME (AVE)

R3T3=0
SMN =56
S =30

=1 61.333 66,667 7e TY.333
55.667 64 69.333 74.667 =]u]

heat loss

W 3-15 A2 el flsigudp 4

HODAL JOLUTION AN

ST MAY 31 Z00&
ey 16:53:16
TIME=1

TEMP [AVE)

R3T75=0

SMN =46

M =80

£l 53.558 61.111 65667 TH.ZEZ
49,778 S7.333 64,889 Ta .34 an

heat loss

B 3-16 =4 & 10Ceh#dg 4
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HODAL SOLUTION AN

s MAY 31 2008
e 16:59:44
TINE=1

TEME (AVE)

R3T3=0
SMN =36
S =30

36 45.778 55.53¢6 65.333 75,111
40.88% 50. 667 60. 444 T0.z222 =]u]

heat loss

\

B 3-17 A R20C ch#dg 4

HODAL SOLUTION AN

s MAY 31 2008
e 17:02:34
TINE=1

TEME (AVE)

R3T3=0

SMN =26

S =82

26 38,444 So.ge8 63.333 75,778
32,222 44. 667 57.111 69.556 =

heat loss

B 3-18 =4 & 30 Ceh#dg 4
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3 41 FEE TR

B M.~ - (S)
;? ig:i‘ ;é\ )i (ATsub,gassy)

S (mm)

0K (Cg=0)

Open, 3,2, 1, 0.5

10 K (Cg = 0.0016)

Open, 3,2, 1,0.5

20 K (Cg = 0.0029)

Open, 3,2,1,0.5

30 K (Cg = 0.0038)

Open, 3,2,1,0.5

GL:4ce#g 522 90°; SERM ] ;Cg sV i3fEs % 7 £ moles gas / mole liquid)

42 v EA

Case | Touk ATsup,gassy Pv=Psae(Toun) Py P, C,
C) (O (kPa) (kPa) (kPa) (moles gas/ mole liquid)
1. | 56.6 0 101.3 101.3 0 0
2. | 46.6 10 71 101.3 30.3 0.0016
3. |36.6 20 48.5 101.3 52.8 0.0029
4. |26.6 30 32.1 101.3 69.2 0.0038

(% ° Touk=RBE R > ATabgasy= # H7 4 B> Pi=PoulTou)=# 107 Tz § » B> P=
BB P,=F A% F WAR > Cu=F 55 WER)
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2 43 PR FRIASREFFER ] 2 FC-T72 i iy v 1 2

P 'd B4 # G  14.(S) =3 mm
F ¥4 R (ATaw) F =54 R (ATaw)
OK 10K 20K 30K [0K 10K 20K 30K
ATgong(K)  |12.45 1026 7.05 132 [1252 662 524 -4.23
g ons(kW/m?) 19.52 2132 26.68 25.52[1221 17.1 27.84 23.1
ATgonr (K)  |23.86 2444 2625 2586257 24.82 2672 6.96
QCenr(kW/m?)  |176.4 2093 230.1 240.4[1822 208.5 2352 456
> Hc ¥ 14.(S) =2 mm ¥ 14.(S)=1mm
FRE= L B (ATgp) F AU L B (ATg)
OK 10K 20K 30K [0K 10K 20K 30K
ATgong(K)  |11.65 1021 738 339 [7.18 9.12 676 3.3l
g ons(kW/m?) 1036 2132 23.1 28.52[6.09 17.76 26.68 25.52
ATgcnr (K)  |24.31 248 2951 30104 [25.04 24.98 27.61 31.09
QCenr(kW/m?)  [150.8  189.1° 215187237.04125.1 1522 186.0 214.1
P 'd B 14 (S) = 025 mm
F A4 B(ATgp)
0K  10K" 20K 30K
ATgons(K)  |8.89 957  “7179-++529
g ong(kW/m?) 832 144 220 29.14
ATgonr (K)  |23.03 2643 27.82 29.03
qQenr(kW/m?)  [109.8 1393 169.5 189.6
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300 ————r—————————
[ —— Open (Cg=0) [ T

] CHF=277

%

250 | —*— Open (Cg=0.0016) [ = ] CHF=253 4
| —=— Open (Cg=0.0029) [ 7 | prooz0 af ]

t —— Open (Cg=0.0038) [ " ] ]
200 - ™ CHF )
* ONB % CHF=206 ]

100 |

Heat Flux, q" (kW / m2)
—
hn
[—]

n
=

-30 -20 -10 0 10 20 30
Surface Superheat, AT, (K) (T wan - T sat)

@
Pure Liquid Boiling
q = AT3-7 to AT43

>Y ["Closed Symbols - 1 atm i

40 : -
£ - :
A Gas Assisted Boiling _ ' ‘
% 30F g = AT2 to AT26 ; [
B i b
E ..l TR
20} i ' R12 / CHF=213
g | W
e ; ; R10/CHF=15.8

10}

| Natural Coavection
0 'i i ! ,—.’.q. e 1

80 60 40  -20 0 20 40 60 80
Wall Superheat (°C)

(b)

B 4-1 KT B dcdc g T b A Ed SLF - (a) & 5 R RS M
(b) You % % #5faehid e #[31] -
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Heat Flux, q" (kW / m%)

Heat Flux, q" (kW / m%)

200 T T T T T
(a) AT sub, gassy = 0 K
—4— Open (Cg =0) [Increase]
150 F —v— Open (Cg=0) [Decrease] 4 -
®  CHF s
* ONB >
z
<
100 | 1 =
=)
2
=
g
50 F { =
0 L L
0 5 10 15 20 25 30
Surface Superheat, AT (K) (T ,,,,- T .,)
250 T T T T
(C) AT sub, gassy = 20 K
200 F —=— Open (Cg = 0.0029) [Increase] ]
—v— Open (Cg = 0.0029) [Decrease] -
m  CHF g
* ONB =
150 | 0 1 2
=
g
100 | 1 =
5
=
50 F 1
0 L
-20 -10 0 10 20 30
Surface Superheat, AT, (K) (T - T )
= 2 - 2 £
W 4-2 L5 B3t #ha 0 273 Fj
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250

200

(b) AT sub, gassy — 10K

—a— Open (Cg =0.0016) [Increase]
—v— Open (Cg =0.0016) [Decrease]
m  CHF

* ONB

25 30
Surface Superheat, AT (K) (T ., -T )
300 T T T T T
(d) AT g, gassy = 30 K
250 _a— Open (Cg = 0.0038) [Increase] 1
—v— Open (Cg =0.0038) [Decrease]
B CHF
200 1
* ONB
150 | 1
100 | 1
50 ]
0 L L
-30 -20 -10 0 10 20 30

-
—A

Surface Superheat, AT, (K) (T, -T )

ART B4R § B
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[ —e— Open (Cg 0. 0016) [=H ] CHF=230.1 S |
200 Open (Cg=0.0029) [ Z I ]  CHF=209.3 j ]
g - —*— Open (Cg =0.0038) [ = [ ] :
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Z 100 | ]
s I
= i 1

50 | ]
0 [ 3 2 2 2 2 2 2 2 2 2 2 2
-30 -20 -10 0 10 20 30

Surface Superheat, ATgq¢ (K) (T wag - T gat)

Bl 4-3 L2 Biciedia oA Rg =04 R Y SRLE o

[
e [—
e p—p—p——

=)
e p—p—

Heat Transfer coefficient, h (kW / mZK)

—+— Open (Cg=0) [ T‘El ]
—o— Open (Cg =0.0016) [ = i
—e— Open (Cg = 0.0029) [ ﬁl

. T Open (Cg 0 0038) [ = ﬁ .

m\ U, Ut

1
I
| |

50 100 150 200 250
Heat Flux, q" (kW / m?)

W 4-4 £ Bacsied 0 % b f WA R OB GEGEY AH -
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Heat Flux, q" (kW / m’)

Heat Flux, q" (kW / m?)

200 T T T T T 250 T T T T T T T

(a) AT sub, gassy = 0 K (b) AT sub, gassy = 10 K
—=— S =3 mm (Cg = 0) [Increase] 200 b —*— S=3mm(Cg=0.0016) [Increase]
150  —*— S =3 mm(Cg=0) [Dectease] 4 - —v— S =3 mm (Cg=0.0016) [Decrease]
m  CHF “g m  CHF
* ONB ; * ONB
Z 150 |
100 1 =
g
Z 100 |
g
50 | { =
50 |
0 L L 0 L
0 5 10 15 20 25 30 -10 25
Surface Superheat, AT (K) (T, -T ) Surface Superheat, AT, (K) (T, -T )
250 T T T T 300 T T T T T
(©) AT ub, gassy = 20 K Vs (d) AT gup, gassy = 30K
200 F —— $=3 mm (Cg =0.0029) [Increase] N i 250 —a— S=3 mm (Cg=0.0038) [Increase]
—v— S =3 mm (Cg=0.0029) [Decrease] g —_ —v— S =3 mm (Cg=0.0038) [Decrease]
m  CHF £ 200 F ®  CHF
* ONB > * ONB
150 | 4 E
= 150 f
g
100 | 1 =z
= 100 |
]
=
50 | 1 sof
0 L 0
-20 -10 0 10 20 30 -30 -20 -10 0 10 20
Surface Superheat, AT, (K) (T, -T ) Surface Superheat, AT, (K) (T, -T )

B 45 L3 4edio FHEO)E3mm: 7 Ff B4 RT > 84 #
# R R R R Y AR -
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250 F—— S=3mm (Cg=0)[ =7 | CHF=2456 1
[—e— S=3mm (Cg=0.0016) [ = | CHF=2352 ;
~00 F = S=3mm (Cg=0.0029) | =Z [ ] cHF=2085 ]
& f—¢— S =3 mm (Cg = 0.0038) [ [{I] .
E | = CHF CHF=182.2
Z1s0] * ONB ]
=C"
-]
= 100 i i
3 [
m L
50 i i
0 [ Il Il Il Il [
-30 20 -10 0 10 20 30

Surface Superheat, AT ¢ (K) (T wan - T sat)

Bl 4-6 LEc#a - FHO)F3Imm» 27 kb § W4 R FAES R

E] o
10 | L) L) L) L) L) ]
N L ]
(g\] | .
£ i ]
~~ 8 N -
Z | )
= I I
= 6 .
S -
2 3 -
b L .
[-%] - J
S 4} -
| .
%]
[P
= —— S=3mm (Cg=0)[F{ ]| ]
s 2 —e— S=3mm (Cg=0.0016) [ =i ]
= —=— S=3mm (Cg=0.0029) [ = ||
= —— S=3mm (Cg=0.0038) [ = i ]
0 2 2 Il 2 2 2 2 Il 2 2 2 2 Il 2 2 2 2 Il 2 2 2 2 Il
0 50 100 150 200 250

Heat Flux, q" (kW / m2)

Bl 47 23 485 > FHO): 3mm: &7 b f 54 R ch# @t
Hcd AE o

o

2
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Heat Flux, q" (kW / m?)

Heat Flux, q" (kW / m?)

200 T T T T T 200 T T T T T T T
(a) AT sub, gassy = 0 K (b) AT sub, gassy = 10 K
—a— S =2mm (Cg = 0) [Increase] —4— S =2mm (Cg=0.0016) [Increase]
150 F —v— S=2mm (Cg=0) [Decrease] 4 ~ 150} —v— S=2mm(Cg=0.0016) [Decrease]
m  CHF “g m  CHF
* ONB ; * ONB
<
100 - {1 = 1o}
A
=
=
g
50 | { = 50 |
0 L 0 L L
0 5 10 15 20 25 30 -10 -5 0 5 10 15 20 25
Surface Superheat, AT (K) (T, -T ) Surface Superheat, AT, (K) (T, -T )
250 T T T T T 250 T T T T T T
(©) AT ub, gassy = 20 K (d) AT gup, gassy = 30K
200 F —a— S =2mm (Cg=0.0029) [Increase] x ] 200 F —4— S =2mm (Cg = 0.0038) [Increase]
—v— S=2mm (Cg=0.0029) [Decrease] Ve —v— S =2mm (Cg=0.0038) [Decrease]
m  CHF g ) s CHF
* ONB ; * ONB
1 Z 150 |
=
g
1 & 100
g
==
- 50 -
L 0 L
30 40 -30 -20 -10 0 10 20 30
Surface Superheat, AT, (K) (T, -T ) Surface Superheat, AT, (K) (T, -T )

B 4-8 L3 4edit c FHEO)E 2mm &7 kf XA RT > # 4 #
# R R R R Y AR -
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[ —— S=2mm (Cg=0)] T‘ﬁl ] CHF=237 ]

[ —e— S=2mm (Cg=10.0016) [ =} | _
200 | —=— S=2mm (Cg=0.0029) [ = [ | : .
[ —— S=2mm (Cg= 0.0038) [ = [ ] p I
" CHF g CHF=189

- % ONB .

[y
N
(—]

100 |

Heat Flux, q" (kW / m2)

n
[—}
o p—p——

-30 -20 -10 0 10 20 30
Surface Superheat, ATg,¢ (K) (T wan - T sat)

W 4-9 L3 4 #d o FH(S)H2min, b F F F W4 R it gy &R
]i] o

[y
(=]

(=) -}
e ———

N
p—p———

S—me(Cg—O)[T‘Tﬁl]
—o— $=2mm (Cg=0.0016) [ =fI |
—=— S=2mm (Cg=0.0029) [ = [ |
—+— S=2mm (Cg=0.0038) [ =} ] ]

100 150 200 250
Heat Flux, q" (kW / m?)

W 4-10 L2 4e# G > FH(S)Z 2mm > &3 kb § W4 R R BEG
Hod S

()
il

Heat Transfer coefficient, h (kW / mZK)

<

=}
[9)]
=}
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Heat Flux, q" (kW / m%)
IS > % = ] =
(=1 (=] (=] (=] (=] (=1

[N]
S

200

150

Heat Flux, q" (kW / m%)

T T T T T
(a) AT sub, gassy = 0 K
- S =1 mm (Cg = 0) [Increase] E
—v— S=1mm (Cg=0) [Decrease] R
[ m CHF 1 &
* ONB =
z
s 1 =
=
A
I 1 =2
=
5
r 1 =
A L L
0 5 10 15 20 25 30
Surface Superheat, AT (K) (T - T )
(C) AT sub, gassy = 20 K
—&— S =1mm (Cg=0.0029) [Increase]
F —v— S=1mm/(Cg=0.0029) [Decrease] 4 ~
®  CHF g
* ONB I~
Z
=
A
2
=
5
=
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160
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