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Experimental Study of Flow Boiling of FC-72 in
A Vertical Rectangular Channel

Student: Yuan-Yuan Hsiao Advisor: Ding-Chong Lu

Institute of Mechanical Engineering
National Chiao Tung University

ABSTRACT

The goal of this thesis 1s to investigate the flow boiling phenomena of di-electric liquid
FC-72 in a vertical rectangular channel by experimental method. At a state of fully
developed flow, the boiling heat transfer of the FC-72 flow through a smooth heated
copper block which surface area of 10mm square is analyzed. The experimental test
section is a rectangular channel with a cross section of height of 3 mm, width of 12
mm, the hydrodynamic diameter ot 4.8 mm. The operation conditions of FC-72 in the
experiment are 1 atm > fluid Reynolds number 800 > 1600 > 2400, and subcooled
temperatures of 23°C - 28°C » 33C .

The results of the flow boiling experiment show that hysteresis of boiling curve
always exists. At the region of single phase heat transfer and partially developed
nucleate boiling > increasing both subcooled temperature and fluid velocity would
reduce the wall temperature gradually. All boiling curves of different subcooled

temperature and Reynolds number almost coincide near the onset of nucleate boiling.
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In the region of fully developed nucleate boiling > the influences of both Reynolds

number and fluid subcooled temperature are reduced gradually. Besides » both the

critical heat flux and the heat transfer coefficient increase with increasing fluid

subcooled temperature and Reynolds number - but the heat transfer coefficient would

decline severely in the vicinity near the critical heat flux.

Key words : flow boiling ~ velocity ~ subcooled temperature
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McGillis et .al [25]2 R-113 {5 4 & > v f7 R N0ng 2 6 03 B

&%) 5 0.0mm ~ 0.8mm ~ 1.6mm » 2.4mm (8 {7 =8 EA) R g A ER o0 &
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95%5
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Gersey and Mudawar [26] & * FC-72 5 1 18,48 > #-4 %f 10mm*10mm £

N
At}

do R B AR Y R ERPIEIAERB DT ROBREL PRI

i w2 RAB ARG lmmo SR B R S 20mm o B R F R R 4
B ¥ ﬁ’gﬁ‘b HATig = 7?2—%5 gy BT Eé”}’?ﬁuiﬁ o PFE AL PR ﬂ'l/;lﬁ + m PF

2 % % {Ap i o McGillis et al. [25]» 35 Pt B BT 0 Ay B TR A

FE A Y RN A LR Api e

F_L



1-3-3 §RA #4id £
Galloway and Mudawar [27~28 | #& 1§/ #13d & 2 841 > 4oBB] 1-5 #771 o
B 1-5°¢ 2 +fchkEa 8% @ 2 5 5B Ba > a2 inie - BEA S

R T R b b

y.
&
ix]
P
=1
‘-\-'
g
[
\-4-

# i 7U& (wavy vapor layer) » & 18

Yo ogo it e R ARG E AV § T - 1 RE S (wetting front) 7 i

4*»

2 A 2 A REROTIEE S E s e TESE o a ek Bl B

1f“b

FH5 A b e eyl 7] A R R SUR B S e B STR RO TRR BT B4

WL PR AR EF RE O RFRES R B o T pkftie 5 3B
BRREFATRE o B2 TR B0 BB A Y a2 et

RoghEd iR o § alg LB kTR i B RB G P R

(Taylor instability) » % o 5& + &2 &4 2 T 7 o & a/g=1 PF > & 7% S ¥

£ R B 5 1A B 7 42 2(Helmholtz instability ) » ¥ B i# & pF

2 Ed B 2 T R MR TR S S B AR PR ER

Zhang , Mudawar and Hasan [29]:2 FC-72 5 1 %748 » A48
o ’J\—l e A £ ’\fém LB *E:f”/ﬁﬁ“ ﬂ’gﬁl__f‘ﬁ"ff'm ’*J:\Z‘ = /é\/n

FEHTER BB PR AL AR %Y B PTRA R

1“‘\‘-'3

F AL T

% o ~» % 5 & 4 (body force) ~ % & % 4 (surface tension force) % | 24 (inertia)



1-3-4 § & i grins A 45
Zhang , Mudawar fr Hasan [29] ™ FC-72 % 1 i%/i48 &4 6 ## Smm X
2.5mm B R ¢ nEs o 7 e foik 2 S TR R TR B B g
R BB LG R ER T e e e e A S EE S e kT

S 2 A X AR e o
BSOS o FE R R AR ST Rl 201 ms -
02m/s ~0.5m/s~ 1.0m/s 2 1.5m/s 5k R en%dic » & fok 5 56.6C » <4
©23CE 30T 5 Fheo ihe Ul X s 00 0 HipFEE R4 450 L - BiEe o de
Bl 1-6 7 » A & A5 45590 135% . 180" » 2255 270° » 315°
A4 R L 30°C, @A L 05ms i T o 1-7 977 0 A 0=315%500>
O P pomrse g fonif Tl AN RELE AT A R a0 F e MR

HEEFRBRAGRE VUG L AREY T B E T RERELFE o ¥ A

_—

0=90" > 135° > 180° 2 225 pF » pLpE4c G B bEbr A ARy b 2o Foe A 3

LA A RREF AR e F R A G R &t h 0315 O pEeng

w
A
=

B 0=270"pF > g AF S Fie o S LMAMT L BAG o AR
ARL30C, A 1L0ms iR T o TR R e o L4 L 4o K H B
FRLO0Sms PFANEE § o FERM P EAERE S 15ms iERT 5 hof]
1-8 “57h »  H0ik B H e 0 F e T AP PABIE] 0 F LB akE LA 5 o h

ARLIC #AL01Im/s FEET o 4B 1-9 #77 o & 0=31550°45° g »



fr‘é/g—*{g E;kiii.m.wr}g-.lmé_ﬂl Eli_“g'}, é_/;'ﬁl‘gp\gg]’qtl\‘:_r ;f' 5 ’éLJ"

ﬂ:’;

Fm b 5 0=90">135° B F e & B X FF itk o 21805 225°5 270" pF
AFEREABRST AR IR G H G A K (stratification) TR % > F e A = w0
(film boiling) e i + #c TEA £ B4l - F @ RH TR B LS mls
P 4ol 1-10 977 - H e ¢ T ap R ARRZ] > 2 Fks L 2 5 BRI 18 -
o e fri kBT o B P FELSGRARRAAEE AN P 2 T PR R
B2 o 4B 1-11 - 2 & ¥ & 5~ fak s 0 L E § & (wavy vapor layer) ~ =
"#( pool boiling) ~ 7 F ik ¥+ 2 4 K (stratification of vapor above liquid) ~ 7 F
7% (vapor stagnation)~ 7 # i7 @ s (vapor counterflow)~ 7 # 4 #tk < jii(separated

concurrent vapor flow) °



B 11 F5d F ARc# s 3 (2]

Slot for pnmary

haat oipe

lL Siot for secongany |
heat pipe =

Hinged Connector

Heat Source
\heat biock and TCP)

Heat pipe ~
connector

W12 Hd s 3]
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High-power chip

W13 Fd #ad Bk 5 [4]

B 1-4 FFd FC-72 E i A ek 3

11



s

- Vapor

Liguid

— Dy surface

-~ Wetting front

AR I I I I IIIEII I

B 15 HGRZEF Ai-F a4 o afRh #3i £ (CHF, critical heat flux)2

Liw bR BRI G  MEES BL - BEA B [27-28] ¢

12



Downward-facing heater 0—’—- Upward-facing heater

6 = 80"

135° T 45° 1 g

Upflow

T
|

180 0=

Downflow

/// N\
225* W J15°

270°

Bl 1-6 %1 (F/ng FC-72 tinif ¥ eh A it mo it X2 v 23 00 &
Borigpats 450 L - @oae o 4w i 452905 135%5 180022552700 5

315% Bt £ w ) 0°[29] -
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6 =90°

180" ™

270"

Bl1-7 51 feimd FC-72 himif @ 2 ~ fhin chj e insd» BiE i 250 B

% 30°C » @ gmig 5 0.5m/s [29] o
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B 1-8 51 i/t FC-72 inif ¥ 2 ~Mdine eng ek > Hixt £ =04 R

» 30C > @ i

5 1.5m/s [29] -
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180°

270°

Bl 1-9 51 (e b FC-72 tuimif @ 2 A fimw eng e ins o B 5 £ 0 B

5 3C o @mimiE s 0.1m/s [29]
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Bl 1-10

270°

50T FC-72 dinsg @ 2o Ml ang e i > HiE D

3°C » @ jmiE 5 1.5m/s [29] o

ETRY
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Durarraand-Aamng heatar == Lpsand-lecing hoatar

STE uyms)

15

135 [ . d5°

x\x e o ”}..

Wiy Vapor Loy

. —tus fﬁ.l'.l.-.,ﬁ.'-.lmmu:.m

.,

Drownliow

Y Sepora:d Comeiom
R .-_,.-' . Woapas Pl "
e . i 18"
W Wapor Layy

270

B 1-11 51 ®RMFC-T72 i P "gF 2 b B2 £ 82 MNaiie ahg @i

FH o7 HiE i A TR £10 § (CHF, critical heat flux), 47 feiik

& [29]
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CEE IS Y T C TR

2-1 Hipp#@Lo4s

Bhowmik and Tou [30] ™ FC-72 2 1 {T/n48 » ## 7 % CPU & 5 fgduain
B R S o J1* - BB FIAR S ON & OFF » $f- 7w %7 10mm*10mm

fo & A Smm*20mm e4EA) R iE -8 o i (TR s 4 ¥ £ @ (transient forced

convection heat transfer) it & & 47> #-F 7 RET A o B 41 T % FC-72 iniE4E

254 i (e o 3 d(Re)f Bl 5 800~2625» H #43E % F 5 1~7 W-em

v HaE
e E AR B SN T
Nu=0.776 Per Fo e e (2-1)
NUEhVKEG VKT yati=Tin) oo (2-2)

Pe=Re/Pr Re=UlNV Fo=at/H?

‘—_l I ,?/n“ HBB ?‘ﬁ”’#f}i’{%fﬁ » h 7:‘:-7}(‘57,7%%?@ iﬁ"ﬁt’k ;‘—;r BBB ?ﬁ‘»’%ﬁf@%ff‘@:’

Toan 5 4 R AER B A Tin 2 RIREECEA > @75 BT £ 00 5 B3I

VadE#gkFd HLZHPER -

2-2 # W R

Nukiyama [31] % 1934 & vk T 6 & 553 » k@ 4e 4 (048R 8 0 975 )

Bl HERR AT 0 A, S B REA N A HEARA R (single

19



phase nature convection region) ~ 1% i % T (nucleate boiling region) ~ 3% 4 3 %
(partial film boiling rejion) ~ %% %= % (film boiling region) » 4§ 2-1 #777 -
A-C: Hipp BR¥in %

P e BUREEEG S BT A AR M R Z 0 o YR R A 0 T

Mg RAEAM AL P RET O P ERRER TR FIEAES o

FRETEN - L L ERF TR AL §Fe(CB) ! FPERE A
AEERR O EFRE B R 0 F R - TRAF BER AR (TearTa) % 2
W R TRERR ) R AR A VR P BBIDE)-
FFCRER ERAFE R B EH MR- BR AL DF e BT ERE
BB o ERR E AE N L o

FRHE LT RABLEER)

E-F @ #5694 %

MoAr B EER PR - B FERIARPI R FFEIEHEE AL BT

A
(g

B B A EF P OB E R PR EARAARA AL LAk

2N
i
e
N

LpE g Gl A AR (RS

=
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E-D-B-A @ ¢4 7% 3R % (boiling hysteresis)
FEDTRABLLFE > E ARG Do I RIEY W7 g B e

EEg Se et Fond RE & o IR R 5 BRI R % (boiling hysteresis)

2-3 ¥ P EH DS
Bar-Cohen and Rohsenow [32] 235 % # ¢ d % o YL > R MM #E d & R4

~ R e BB 0 & 0 EHR A 5 o X 5 A B 0T hp

C AT ! o o i -C
q {( 0.5 70.33 1 17 ~p, ]1.7

( P ):Cs[
h, ' -y g(o-0,) k,

HeY Cyr Gk ¥ P fia 21 502 Fa l o FaEfF NGk
B0 ERZE T 0013
Katto , Yokoyo and Teralka [33] #% ! = 5 #cp &2 £ @ @ W > el

iR g FF I AELR O BRILRERFEI > FlAaRIEL [ A g e

Efn oo ffe kA G R PR A AN RE LS o

2-4 e A A 4
Bl 2-2[34] 5 g oninde A ET LBl 0§ e AUREHERG B de e U 0 SRR
ToiBEm Bk g BER B R 2 T B RBRETIGfOR AR > & AR

Pt A E AR TR F RO AL L R E o Be g A ETARE
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BARAZAERG > R AT R BAEIABER RIS PR A B A
LEA A F AT IR RS 0 A oR B LG R R AR R T

Fleefrif B0 PIFE R G fofiind A8 SEF R BB R YA 3 0 €4
4 4 kK (stratification) o % > R EEE F - AR m FRIAE S P LRE 0 TR
F = B RF o AL R R F i (drop flow) o gt RS IR B AT R g
Rl ey B A R 2 5 TR i (annular flow) » 2 IR SR B2 % & N F BRI o

¥ ‘/'n‘Li%l’f -F;'//xi’%—gil'\j\i\m X Rl éfﬁ %“'m;\.l} B PR N

it (dryout point) i F|fe-f £ € > A nd A LB S x = 5 HApin o

2-4-1 it B 5 A R g

Zhang , Mudawar f= Hasan [20] ' FC-72 & 1 {¥/n 48 &8 6 f# Smm X
2.5mm HEEA] R ¢ R0 i T Aok e & S04 TRk TR A B aun e A
ERHER BB LI FOEET oy e s B s G E 2w s oK
T x AL B E AR S 5 o F] 2-3()% B 2-3(b)A W 5 4 R 3CE 29
T2 72 g e 2 £ 85 SR F My 1S Bl 4 Rfs
FoRAtome 2l Rh AL R AN LRI BTSSR F R

R R SRR R w TR B R R A R o T ART

i EET

[

TR B B o w R 2-3(a) 2 Bl 2-3(b)F B R gt H 0 B R

AR R ARE AR
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Peng ~ Wang and Peterson [35] % 1998 # # - B R &2 ind i
RGBT EEP AR PR ERR M ERGRERR SR REE LR
% j4-Z_o Tso, Tou, and Xu [36]4 FC-72 5 1 1%/ 48 » #i# 7 "% CPU & ¥ g
a2 ﬁv’-’ﬁ‘* o A1 * - Flw 3E 10mm*10mm d F ARk F B mdE 2w
i R B 4T o A WS B RET G & (flush-mounted chip) 2 R J1 R @

(protruded chip):& 4 & /& FC-72 jni4Ea5nif » T E2H HER 2 X4 R HTR

\\\
5

Fr &l

V“\ﬂ

s S B9 B PRI E ARB) S 2mm o jh i §E R & 4.2~78cm)s
T 78 1000~30000 » =4 R R 15C~33C » T/ DT B
1. 1{4‘_%&?}7\); £ /ani: i‘a‘ét e ’gy_m 1 ,, /o }i I/% ];1UU ]1‘L %\ ‘i’ /E&—T K§ ; ?’k"ﬁ tt?t.

BPAgps o a2 gk A RE D S GRS ER -

2. fRi Bl

(g

§EF

Frk SRR UK 4w %A (e i B MY 20cm/s 2
HmTREED 4 o
3.0 BRNHEPAER & FRETRNRE DA G BRI H P RNIEE LG R

B d bz 2FEPAER  DEELHL ST A0 BAML DR TLE

4, H PRI EZRABAE T ER TR TR L RABELE -
Mudawar and Qu [37] % 2002 £ 2_ F 2k % % % R 0 MR ® 2 Sk
I F R F T MAEE TR 0 M BT R Dl e § ERAZIAEREE

g k/ fgl /HLS.E}%U! ﬁéﬁ‘ﬁ{mﬁa
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2-4-2 1 iEinREA A ?'rmg
Bergles ~ Bakhru and Shires [38] 7 1988 # i {7467, ¢ i p H F4e # 5 ch=t

A AR S BRI SR S A RS 54 R BEAE -

2-4-3 7 R F W
Wu and Simon [39] % 1994 £33 4 Aa  ade Rl ? > H TN 2 3 RS
FAR T e AR A RS R FRFCT2 A7 F PR ME G

o ERBE BARIRT  HA Y R E G PR LR A AR

<
s
=
(i
5
E
-

b

M3 5 B R F G RTER cn ng Ad

lﬁ‘iﬂ

ARG R o TR AR

RS A R R M D BRA BT R R 10% ¢

2-4-4 Pl B 2 BB o

Peng ~ Wang and Peterson [35] #1998 # 2. B 5% % % I > M 4r &7 0nsg ¢ 0
ol B R S G P SRR R R G A 2B Gk

T ARE R

FEFEAALER M EFRABGEED - Bl B D - By K

B @B PR RS §RERA DG 0 A D g e BDRRG EE h AR



R CRALPEEFARER DI R FAEM P BRI RET R
Foomb AR BRI L RE RO ARG A AT BB

1. &tz 184 (DNB - departure from nucleate boiling)

BorB A G AP ER MAF IR ST L RBPAER S e A

=)
=
B\
IRy
~=h
S
“
“\r‘W

;? A o R E A L R ’“F/}J AL e Y g

‘.

TS BN TR

=7

34

" |’5 :%'J:fff‘ l’»)i m/w—ﬁv ﬂv’;ﬁ H %#B/;ﬁ

AR 5 TR TR A B 0 4 & FUR g i o Al s f?—ﬁbfﬁm'ﬁ?'%’ﬂ

HR I REE o BPCHE 7 B9 850 6 A a4 > ¢ 45 ¢ 4 (body

force) ~ imik ~ 4 B ~ & @ 3k 4 (surface tension) » % §z & (quality) °

Ma and Chung [40] # 2001 + 2 FC-72 5 1 17048 > 27 i & 4
(microgravity) ™ hag 1 ¥t g2 F St RA Al £ R H Bk PR ke
421 h e R E 4 (terrestrial gravity) e T a0 HiRh A B € K o

Mudawar , Howard and Gersey[41] # 11 AiTZ$2 4% T » S F % ki »
ZAvFidom D o SRR e B RETX E A B2 Y €7 B il e
BREEA R AFRABRELERESPE

Howard and Mudawar[42]3%. 5 4 & = P2 sa ¥ i il £2 2584 5

= f&12) © 17k T w } (near-horizontal upward-facing) > 1T %% (near-vertical) , and

w T (downward-facing) o f&3i7-k T s F jRRT 5 g B2 54 (buoyancy)Z-E

=~ 7] =
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JHpR A e [43] e T ERRT o FE AR F B LG P E 0 AR
15 enfelt Bl ZRFI2Z b A o d e TR R Kb id e b F R
Koo TV TR A E [44~49] -

Mudawar and Maddox [11] ~ Lee and Simon [22] ~ Samant and Simon [23]3% &
M AENE P RE - A R ASRRT R R gEF MR R E X
A B2 B 4e @ K 4e s Willingham and Mudawar [50] > McGillis et al. [25] 325 & %
go F R DERT o R B B IR R 2 TSR 2 e d e o

Yu ~ France ~ Wambsganss and Hull [51] % 2002 & 2_ 9 %% &8 52 & i

MO RABRE R §IEF R L A5 B e -

2-6 in g A 4

Dukler and Taitel [52] 4 47 BE4p s 2o iis¥ > B i @ ey Leynds 3]

o=l
oy
Tk

& e i (bubbly flow) ~ 3% /it (slug flow) ~ #4200 (churn flow) ~ Z& A0
(annular flow) ;% j# = (drop flow) » 4o B 2-4 #1777 o B @ e /&R F i it A
Foin(dispersed flow) @ f & 2% i ~ dr i F ey 4B § i ? o @ RS0 (annular
flow) & _— f& 4 k& i (stratification flow) » i #8 7 ¥ ¢ &= i (liquid film) 3] £ 7
B FAER) A BLen? A RE o B F TR A EILE AL F B R
A AT TRl B B 0§ BT X - F e (vapor film) 0 A 7 & 453) e

F Z&A 5 (inverted annular flow) o @ 38 /i (slug flow)* £ 8k o i 88 4o+ SHAL
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% 5B o 305 (churn flow) & — figd 7 4E T e o sk in s ok 2
[tz gt i
Ghristopher fr Mudawar[53]i¢ FC-72 fi k- 452503 & (7 inds AR 5 0 T
BURIE Rle o2 F e S L AR i o niE £ 5 5 5.0mmx2.5mm >

SvEig &R

i

101.6mm » % & % Smm > 1 (TR 8875E # F 5 0.25m/s T 10m/s -
FAEREZICAI6C29C S5 BREFF AR ZLERZBREIFF D> w
Bx o RMEFLEINE AR E R 2 R4 d R o BB 2-5 YTk § e S
Lnpe o (TS 3CE 200 B4 B R finiE 5 Los B2 F 7% ol o
BAmiE iR T 3 25mm A® 4 R 3TC 2 RN At g je Aol @ AR H0

G EMEF F CARILT NG F e BT 4R

e
o
__:\
@.
i
-
¥
SHy
,ﬁ
[t
y
i
oy
A
okt

FEEG 0 R RRA B R E T AcE G L
FobhaRkTmARfd B~ &6 iUk A WHIEERMEY B 2 2
B R Gl R G AR SR G T AR o 1 TR R S 29T PE
2 Fe R RN E A R ICEE Y Apin > R A F LM g e F e A2 o

HP ikt K f e dfie KB R ERRL 0 2 E RS R -
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| |
| |
| : I
partial | film

film 4
|
: boiling lbmlm_

smgle phase
nucleate |

natural et

convection

Bodmg
Hysteresis

|
Boiling |
Bezms

Twa]l £F, Ts at

Bl 2-1 4 % sr 3 W [31]
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single Phase

Vapor

Liquid
Deficient

Region

Dryvout
Point

Forced
Convection
Heat Transfer
Through
Liquid Film

v 3

Saturated
Boiling

le’-‘l = Tsat *

Subcooled
Boiling

Single Phase

Liquid ,
Lo =

llq in

Drop
Flow

Flow Direction

B 2-2 w2 E# T L [34]
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—U=0.1m/s
——U=02me

Bl 2-3(a) Zhang , Mudawar and Hasan [29],, FC-72 &=t 4 B 3CH » ~ 67 F

o 20 ad B A 8 M R
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—m— U=05m's
——U=1.0m's
——U=15m's

@ 2-3(b) Zhang, Mudawar and Hasan [29] , FC-72 &=t /4 & 30CPF > ~ 67 I

o 20 ad B A 8 M R
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|-°.- e
8 's
ey -

Bubbly Flow Shig Flow Churm Flow Drop Flow Annular Flow

4

A

B 2-4 3 nif 2 i [52]
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12-5(a) Ghristopher §Mudawar [53] - k% 4B2 53 & 7 =04 B 3°C2imikdp ik

101.6

0
—
F—= 2 (mm) U=1ms' |, ATypo=29°C 5 mm

12-5(b) Ghristopher = Mudawar [53] fir k- 48751 38 72004 B 29°C2 ik 4p ik
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l‘g"-._
S

il
wff
AR
%
3%
N id
iy
\_.
Jut

A @ FCT2 51 (Find By inig ¥ 2L %

) -
5\
=G
k-
e
I
rfﬂﬂ
a8

AR ¢ ol - A 5 10mm*10mm*Smm hE ¥ AR 0 TF L BORT e

CPU f % o A TR FC-72 te— * § BT N s # 5 2P F oo i 3-1 [7]477 ©

Aid R ER BRI R A 5 D TP PaTR kS RIRRECUREE K S TR AL

Tk AR UETR kB BB K BB HER %A B % B o] 341 47

1IERMEZ BRI ALATRAGDRERER A AEE 7RG

<

RAEERE RO S RERE B RS LR AR 341 T o kb2 Va7

)
=8

R ERG IS oL~ LB

I

—\

HIE AT RF EHRAN &

Bon B g

"*‘T

TRE A TR B B TR RE » PIRRE T AT & che 4 0 SRR

REE 7R BB BB B TS B E v F R DA e R

i

R GRE P S - B kS AR T T ARG - SR TR

- BB R F O R BIREL RS o R RS e R R



(v

& Cole-Parmer fir#h #53% & jf > SERFREA TR ATRDE S > Jhd LR 8

B KR R R T SRS BRI S L g

3-1-2 P& ;/:SE & S
20 A Rk FC-72 & » iR Eing B, & = 24 B i (fully developed

flow) » %A L35 k4 B ER L, #5194 4 3-2[54]
L, =0.075 - Re-D,  eooveeoeeeeeeeeeeeeeeeeeeeeeeee, (3-1)

# ¢ Re & If 124 (inertia force)¥? Ak 4 (viscosity force)z & F]= S8t & > Dy

4 » T
EN A B i

v

Ac i £ % # 3mmx12mm > P 5 A e 4F ¥ L 30mmo k4 B EPFE RS
4.8mm o

% #cRe T& 5 ¢

HP VIATR2LTERE v 5 E®ERF %lic(kinematic viscosity coefficient) »

AP HRT EHB L 5 24000 kA B EERI U & 864mm o A F Bk 2 PEN
FRIFE ARG 1000mm ~ £ 6 5 F 12mmxF 3mm BT RE o d P T A g g
B TR § A F (plexiglass) T A o R R (PR TALIALE - RER A DR

:/n lE)‘r« /5‘3\'-& m,]d’_r} ’ T' #F’%/n F'E ° P*F L_IPJN%‘/” lﬂﬁfn#]g ”ﬁ Pﬂdh—‘é;}:ﬁ‘lﬁ
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FRRREREEENT o TEF LA * > AT A AT - £ 1000mm ~ 7
12mm ~ 7% 3mm EH 0 E P R 8T 5 F R PRERINE o BT K
oRiE Aom JEHLIE U 5H 804mm k0 Fo- F UHECEER Fade B2 & 10mm ~ % 10mm
v ig o JEFHRTEORELE o AFHRZPREETARE H R G A
4o@] 3-2 2 @] 3-3 97 o v # e B el de@] 3-4a 2 B 3-4b Aror 0 AL * R AT

Rironge » P iEmizid - £ 10mm~ & 10mm ® 7 5

.|
@z
s
i

f% ~& 10mm-~ % 10mm~ B Smm> H 5 5 £ F 4répH. TP Al giark

ey
Fpe
A}

13;
L
~=y
|
>3
=N
‘-\-'

At B R R  NALF L R o B 0T
25 T 2mm}%@)§.£:_’ﬁ AT ALT M R S AU AR BB R R e R
BGIAFRT A EY EF2 T L0 R T AT A G bl oo S
10mmx10mm 77 4e$ B > B fd pd b T S E’f 4+ £ 78mm ~ % 40mm -

% 28mm 2 484 AT 0 RO BEATA T F ¢ 0 4oB] 3-2 AoF o

3-1-3inig 4= FE EHEPIAR T

Rl R B A MRIR B (T R e o R A Y G 3
B B PRV -PERPFERMEL PO FFGF 2T TR IE &
E-F e DA R ELPIART LG 0 s BLBIF e T 3@ AR R L
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Properties FC-72
Average Molecular Weight 340 kg / kgmole
Critical temperature » T 178°C
Saturation temperture > Ty 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/kg
Thermal diffusivity of liquid > o 3.064 x10° m*/ s
Kinematic viscosity of liquid » v 2.729 x10" m?*/ s
Prandtl number of liquid - Pr, 8.900
Coefficient of thermal expansion of liquid » 3 -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 )

%31 AR FCT2 - X § B2 P RET (7]
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Hydrodynamic entrance length L, and thermal

entrance length L«

for laminar flow inside ducts

Lt/ Dn
Pe
y L/ Dy Constant wall Constant wall
Geometry Re temperature heat flux
SR O,
2b 0.011 0.012

TN 0.008

@ 0.056 .033 0.043

2b
e

a / = ]

Lb=ozﬁ \ 0075 0.054 0.042
\ - -

-%—=050 0.085 0.049 0.057
2 100 0.090 0.041 0.066

%32 k4 BFEER L [54]
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1 atm h & subcoaled relationship
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1 atm subcooled=23 orientation: 90
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CHF  (kvvm?)

1 atm CHF & Re relationship
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1 atm Twall & He relationship
93 1 1 1 1

0 Re=800
g7k & Re=18600 A
O  Re=2400

91 o Tw=91 -

O Tw=20.2
AT ekl A Tw=898

o Tw=89.2

T
i

89

1L =h

Tuwvall

BB D II‘l :51\.

87

86 o Tw=86 i

85 1 | | |
15 20 25 30 35 40

subcooled

Bl 4-45 fB- 5 R2GRREL

[

. ) 5 s N 2z
LI Hé}?ﬁ’. wall—,b:‘vz Fﬁ??’?@:i Fﬁg ':‘F_g]

112



1 atm subcooled=33  orientation: S0

BO0 T . . T T
—H— expermental U=0.04m/s (Re=800)
550 F —— gyxpermental U=0.08m/s (Re=1600) |7
—&— expermental LU=0.13m/s (Re=2400)
a0, - Tso,TouXu U=0.04m/s T
50 | ——Teo Tou ¥u U=0.08rm/s ]
Tso,Tou#u U=0.13m/s

1
25 30 35 40
Tweall-Tsat

B 4-46 +F %2 Tso> Tou v Xu [36]17 7 I ifid ff% A (s 1 fefh il £ 274

W S

113



b (o)

1 atm sub=23 orientation:90

1 I:II:II:":I T T T T T T T T T

—&— Re=2400

9500 k —&— Fe=1600 | |
—HB— Re=500

9000 - -

A500 - -

o @/@v/@ 4 i

Se——m - ﬁ.:;_.
7500 F1 a E !
&j _ BB T q"'=247
7000 | < L h =739 .
n =135
B500 =5 = -
h =710
G000 L

" (KWme)

B447 - <5 BR~ZAR23C~£E 0w

114

| | | | 1 | 1
100 1200 1400 1800 180 200 ZA0 240 260 230 300

P 3 I el 8 o )



b (o)

1 atm sub=28 orientation:90

1 I:II:II:":I T T T T T T T T T
—&— Re=2400
9500 k —f— Re=1600 |
—H&— Re=800
9000 - -
8500 - -
8000 - -
7500 Mﬁ ; -
I T | | n=7524 |
A '=2419
, =7420
6500 - p -
h =7298
EI:II:":I 1 1 1 1 | 1 | 1 1 1
100 120 140 160 180 200 220 240 260 280 300

" (KWme)

B448 — < 5 B~ =0h B 28°C ~ £8 907w B 0 7 e 3 sl #1418 ot )

115
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1atm h & Re relationship
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