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SUMMARY

The impotance of the passive safety systems has increased to assure the
safety of the nuclear power plant after the Fukusima nuclear power plant
accident and recent earthquakes in South Korea. PCCS(Passive Containment
Cooling System), one of the various safety systems to be introduced into
next-generation nuclear power plant, ensures the safety of nuclear power
plant by condensation heat transfer phenomenon in case of a LOCA(Loss Of
Coolant Accident). This study focused on the experimental investigation of
the curvature effect about the rate the of condensation heat transfer on a
vertical condenser tube under natural convection condition. And, based on the
experimental data, we develop a correction factor that considers the effect of
tube diameter on the condensation heat transfer coefficient. Therefore, to
investigate the condensation heat transfer coefficient in the presence of a
noncondensable gas, an experimental study was performed on the single
vertical condenser tube with 21.5 mm in outer diameter, 5 mm in thickness
and 1000 mm in the effective heat transfer length. Experiment was measured
at the pressure ranging from 2 to 5 bar, and the air mass fraction ranging
from 0.1 to 0.8. Almost isothermal wall conditions are maintained and uniform
concentration of gas mixture is also kept during the experiments to reduce
the effect of noncondensable concentration along the height. The heat transfer
coefficients from experiments were compared with previous JNU experiments
on 40 mm in outer diameter and 10 mm in outer diameter, and the curvature
effect was investigated using SPACE, a thermal hydraulic system analysis
code. SPACE shows the predicted heat transfer coefficient constantly as the
diameter changes, indicating that the curvature effect is not reflected. And the

comparison Wwith experiments data results shows that the heat transfer
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coefficient increases with the decreases in diameter. These changes are
independent of air mass fraction and pressure, and there is a curvature effect

on diameter.
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[Fig. 1] Schematic diagram of PCCS [1]
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<Table 1> Previous empirical correlations for the condensation heat transfer coefficient
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<Table 2> Experimental apparatus features

Dehbi [5] Liu [6] Kawakubo [7]
Height of test
tank 45 3.4 2.7
(m)
ID. of test tank
0.45 04 0.5
(m)
Design pressure
- 5.17 5.0
(bar)
Length of tube
3.5 2.0 2.3
(m)
O.D. of tube
0.038 0.04 0.01
(m)
Heater capacity
36 27 12
(kW)

Measurement of

HTC

Measurement of

wall temperature

Calculation using
steam mass flow

rate

Guess from
overall HTC and
coolant HTC

Distinct feature

High aspect ratio

Saturated coolant

and boiling

No wall
temperature

measured
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<Table 4> Bias error of measurement instruments

Measurement

Instruments

Parameters

error

02 K

K-type thermocouple

Coolant temperature

11 K

K-type thermocouple

Wall temperature

Coolant mass flow

0.1 % of span

Electromagnetic flowmeter

rate

0.075 9% of span

Pressure transmitter

Total pressure
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<Table 5> Test matrix

Pressure Wall subcooling Air mass fraction
Program
(bar) (K) (%)
2 0.1-0.8
Effect of pressure 3 (215 & 40 mm)
and air mass 40
4 0.10, 0.30, 0.45, 0.60,
fracti
raction
0.75
g (10 mm)
Effect of wall 2 0.61
20-60 (215 & 40 mm)
subcooling 4 0.35

_2’]_



© A4 dHE7A T

N

)
@ dlelH

Hjj 7] 4

SED

d

A5

<
Ko

o
ol
<K
<

ml
=
il

oK

ol

M
klo

Ho

C S LMK FY

- d4dH g4 A /A

- 2FAZ B 7

T 5t&

opa|

160

Ly

[Fig. 14] Procedure of the experiment

_22_



B oAGE AgdFdd A4 40 mm FE dHolE, 74 10 mm FE dolH
of HEo] FEEHRE dolR7] 91 A4 215 mm FE HolH e F7F A3
o A4 215 mm FE dHolEo tig FA o] o]Folxl Fo HE & o] tisto
QFol Aot}

IR 1A eErh EREE o) gadte] AAGHE Past s
Aom, B Aol F7]9 exd va A7ke AAH HWA A4S B

3l S717F AAGHE s e $5o=
T AR A mRdA Fde E, A4 wHoR dEsta 3550 JH
] il

2 gWsl dojutt o] $E5E An w: o Fez BAY E

B AL SE0] WAT u AFRe] TS B Adwe] FHA

ahith. 19 16= AEd xHolAM9 §HAGS HIT

1o
olo
e
r {
5
o
N
>,
o i?i

15 mm H2 dole, A7 40 mm H2 dolge g o
A 7hA 3 Abdol | F ALH BE 4 barol A H]-$EA 7]A7F 1 bargolzt ¥
7 ABRE 035 2AAA ] 7HAE ARt o] 2AL ARmA =77} A

GAEWE F77F HE=E o AA 4= 4 bar o A9 dE WE 7Y 1 bar

g gstel QAs] WRelth #5944 215 mm FH delg ] 4% &
2471 3% owo] AGWe AANFoE Y3 Feela Aok AW A%A
0% &% ofue] A% e @] WEe AHow sl ol g G4

_23_



Fof oEre] wave

g o] &3

o WAt

el
A7 40 mm FE de]E 9]

1
.

ojvp wOo R

S A Ao

A =E7] FH=

=4
K3

7gol HwA o] Az o

e ge= e

R $557} o

[Fig. 15] Visualization of condensation phenomenon

[0
103
Klo
20
oK
o
IH

mo0
Kl

™
Mo

0
o

°]7]

HH

HEE

p—

Fed dlelEl e 4

o]
H

[e]

o] AAUYHS 4 barell A o

AE

[e)
e Ay

16

a4

_24_



H
daﬂ,ﬂ
@mMﬂ
]7‘1
fmif
o _§|H
i;ﬂmmwﬁlm
A_Z ﬂM B/
WOH;HTAwWIA
movﬂ@ooﬂ@
EfﬂwAﬂmﬂ@WM
7] — o
7ﬂ9|ocﬂoﬁ7 o
]. .O:A
qur@mwzw
— hUW L_L
%9@77%&%?
7Aixzo n ];oc
0 ﬂFT_ZT‘O
nbnﬁ_vu_uﬂ,?uvmoow
aﬁeﬁjmﬂ x P
QMWu%lemvie A
EEOEOﬂEﬂJHEINL ,,, .ﬂl]r
Eﬁﬂ%ggﬂ&ﬂ < N ﬂ%}
O‘f ‘LI‘OIOM,Ll\LOI\umOUT.E ,,,, i ‘mmEE,.#:A
EE%XEATVAOOQ 4 d de.o_u
J i = X j
o M%% No < ogw 1 | I ® E = mew
E‘_M%lobljll_ﬁlioh > v nv.lo. < ‘mwl 71_
ﬂ&l. uVﬂov_/ + +1 b urﬁ_li
ﬂﬂuwﬁ%iowzokmﬂ 3- m g_ﬂg_%
—_— o0 @ .I —
WOSLLILIMLOIOT#LOOIUW ‘r Oww) m EHOEO
Z?ztxuleufﬂldl@u 2+|6nmu 3 Eoﬁ ol
Hﬂan;ﬂ@u ﬂw“ 1 0.60.ﬂt g1eq
o QLZT]‘Miﬂ 0...% o LoVﬁ
o} ,|O O_Zoﬂ % + mum MﬂKJJ_Ml
£7m€iﬂﬁ 'y +|4m o u,moovc
?Sgurmfrﬂo | pr S'g = TR
_zmoL o 0.5..w o m.ﬂkﬂr
) AoEA 7 o c 5 Oﬂﬂﬂr
wir mE,I 3 A +|2¢%m = MW1
ﬂ S I «B 2 _:_ma
_ﬂaﬁ 3 ! [ 2 mﬂﬂloﬁ
f 8 SHIE ; WEQW
Am_ s mgm_m_
~ T =
D,)ain S o 2 N s e
E®|_|m .Qlu 7ﬂ_|mwci
S zoﬂo_.wom,r
2 ~ 5%
— EOEE‘_LI]
quM
wmlot_u
1M o)
%?W@
%ﬂg
@mﬁﬂr_
uhmﬁ
—_
o

s



120

110 -

. .\/\.\.\.

G 90 n v/'///"'\v#v\v
L
) | e ————— ¢
S 80+
© Ly
P . »777777
g
qE) 7 W
2 1

60 .//F/"\Q‘ﬁ—‘

50 W -—=—01--02-—4-03-v-04

0 1 —<4—05—>»-06——0.7—2—0.8
ofo ' ofz ' 0!4 ' 0!6 ' 0!8 ' 1!0

Distance from bottom (m)

[Fig. 17] Outer wall temperature on the condenser tube at 4 bar
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[Fig. 22] Comparison of condensation heat transfer coefficients according to

the tube diameter at 2 bar
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[Fig. 23] Condensation heat transfer coefficients according to the tube

diameter at 4 bar
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[Fig. 24] Wall subcooling effect at 2 bar
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[Fig. 25] Wall subcooling effect at 4 bar
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[Fig. 26] Variation of the heat transfer coefficient with the wall subcooling

on condenser tubes with different diameters at 2 bar: 21.5 mm and 40 mm.
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[Fig. 27] Variation of the heat transfer coefficient with the wall subcooling

on condenser tubes with different diameters at 4 bar: 21.5 mm and 40 mm.
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<Table 6> Mass transfer coefficient correlation in SPACE code

Flow pattern Correlation

Laminar flow

Sh = 0.023 e, ™ 5™
Rohsenow—-Choi (1961)

Turbulent vapor/gas flow h,,D,
Sh = =4.0
Gilliand (1934) D,,
1/6 2
Natural convection flow Sh=10.825+ 0.387(Gr » SC)/
0.492 \*/16]¥

Vapor-noncondensible mixture inside tube

el

Noncondensable boundary layer

Liquid film

Tube outer wall —pm . .
Film laminar fo turbulent transition

Cooling liquid

Total pressure. P;

Vapor partial pressure
I profile. P
‘ p' T Ppps

Vapor temperature

I profile. T, =T,
i g

Liquid-vapor/gas interface temperature. T,;
Liquid temperature profile. T

[Fig. 28] Film condensation schematic of RELAP5-3D [23]

1. Nodalization

T AdFX oA AFEE 18 299} 20| Nodalization 3ttt 57]7}F
wHE A7 &S Wil S7I7F #FoluA stHol FrbekA s Ut
= 72 AAZZA(TFBC : Temporal Face Boundary Condition)S A4 3l% S
W, 29 303 ol FUIFEE HANG FUI7F SRelA deste % PIPES

A= 27178 &7t UlE PIPE 28ln Ad#S 2o)3dt Heat structuresd

_35_



1]

S

[¢)

=

=

=

Fick. TFBC

°©

94

(¢}

3 PIPEE =

7 2

1.

<
=

g W
T %o
—_
® D
RN
M T
o
gy T
S
B £ e
i : e
A g _ & d E 3 &
. - =P o o
w N g 3U% S : 7
w7 ) z 1 .
o B g
Mow T B E 48 |9 Eg 4 28 G
i oo mm S| o8 239 68 ES §
N g
LR -] 2
YT <
N oF w z
M 2| =g 28 | -
* B ® 4 / z" A
i < -
W oy of 5
R W oy | -
=~ &
N
Mo o) o n:m
g ® )
H X "
w = s
g R
s X
W3 °
A 7 T

@@ Steam upward direction
®®@ Stearn downward direction
[Fig. 30] Separation of the steam flow path inside the test tank
- 36 -



3}o] Nodalizations 7!

[}

145 A

A

hpol

°©

3

o

1 9

[<]

Q.
b el
=

e
17-2] TFBC

o
H

Fai et

°

R

R A < T >
i ®Ow TEFTm Mg ERE T AT
b o 7 o5 T .
- oﬂ_w ) = S T @ W ° & ¥ mo FE T W
N - iy
e B %A S W M ~ ~+ NroR o Wy MM ok
R Ul < w E oy oHw e TR
TOH o il ~ ol oEs = = = R ] = -
o T W o o - M o m T R # F oo
T om T = & M = u o T Mo T
D f= ﬂ_om E = ' o R L - o w
e
= E T o o o O S . mm T % P W
& o oRox o~ O q ~ 25
o) m of = =N z N T =
T o N P T h
T g o ﬂgﬁ%hvﬂesv%@#ﬁr%
& E R oy om R RSy o B
= o T N o Ny = g =2 0w o pw X e
Nd S W iy M i 2 T80 ok &S iﬁw o) I
Lo B ol A S B A
m N ] B ST S W g Xom ROR oM gy
B o ) BoR R AE o] o
T ¥ ﬂ4ﬂwﬂ%@r1§1%ﬁ&9
o § m o = - o= =
t LD = BEEEEEEEE RN
o — B = S = R =T X il
X —
S To ™ B o~ 0 < S = B — o~ o g O
iy £ N <~ W o o <
X - mr Rl FL— i o A = ) o xR
L S Ezfofzgad@aly,
Mﬁ N mw & eyl Aw S w oz N wﬂ_ X2 e Tor g M ;mo_.
0 —_ =
E o W o ﬁolﬂ%@%ma%%@t%
Bom X oK M R NG S T TS & BRI t
L £l : B 3 e r 5 W =¥ A
wNE fils) o} ey _II.H N ﬁﬁ T O# ) 71_ iy < _Z_._v ,7A| A Al Mﬂ O#O <
=o — N 2 = G
o UWU 0 ._mE @ "5 z.fo ﬁﬁ ol Oﬁo Q i v ° o :;E O.._O
o) e || O 2q 2 > " OO X =y o X
= o T [ 2 ¥ F _F TE R oo o T
A n < o )T WO Ow W |
- < o 50 ~ _L EH ﬂ N oy o = ° o EE :.L
ST " B OB woor W o

_37_



3000

Pressure : 2 bar
— = Exp 0.1
S 2500+ e Exp 0.3
£ A Exp 06
= 2000 —v— SPACE 0.1
= iy —<«—SPACE 0.3
g —»— SPACE 06
& 1500 E
3
% 1000 - E #
C
©
= 500 l 3 s
© Y v
Ko, Fy
- —3
! »-
0 Iﬁ T T — T T I>
10 20 30 40
Diameter (mm)

[Fig. 31] Comparison of HTC experimental data and SPACE code by

diameter at 2 bar
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[Fig. 32] Comparison of HTC experimental data and SPACE code by

diameter at 4 bar
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