creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

&’ HZFEety SAEA

JEN NATIONAL UNIVERSITY LIBRARY



T IPN PN

o) TEF

&
&K

20184 8H



&G

TRE

B WA wmN e RIHT

S

o

20184 6H

nkIRHE O] TE LBy @S sRUES

oo
5
e

il

1k

il ¢

K

il

Lt

WK EE KB

20184 6H



Experimental and Numerical Investigation of
Condensation heat transfer on the Vertical Tube
under Natural Convection Condition

Yeong-Jun Jang

(Supervised by Professor Yeon-Gun Lee)

A thesis submitted in partial fulfillment of the requirement for the degree of
Doctor of Nuclear and Energy Engineering.

2018. 6.

This thesis has been examined and approved.

=

Thesis director, Yeon—-Gun Lee, Prof. of Nuclear and Energy Engineering

et

20 AL
@?x
b=

(Name and signature)

2018. 6.
Date

Department of Nuclear & Energy Engineering
GRADUATE SCHOOL
JEJU NATIONAL UNIVERSITY



o

11

vii

ot

1. A

0

o
W

12 A5 W8 3 =

10
10
16
18

ol
=

=
-

22 ¥ A

X
T
oo

—

<

20
91

o
=

o

3.1 40 mm
3.2 10 mm

41

3

SR RERES

]

A
&

PN
T

A}
~

[e)
ZA R4

53

mq

wE
e

oW
Ay

—

+

72

72

73

84

35



4.2 INU G2 AE A AT oo, 92

4.3 LBLOCA ZZ71 A1 2] PCCS FE G i, 102

4.4 LBLOCA ZZ7 A2 PCCS A% a4 AT o, 104
B, D B ettt st s st st st st 115
F T OB B s 119
B O B s 125
TEAFQ] S oo 128
] B s 130



LIST OF FIGURES

Fig. 2-1 Schematic diagram of JNU facility wsweeeseesesmssmsssssssssssnssissnnnnn. 9
Fig. 2-2 Locations of the thermocouples in the chamber ==:----sssseeeeeeeeeees 10
Figs. 2-3 Location of the thermocouples on the condenser tubes === 12
Figs. 2-4 Installation of the thermocouples in the condenser tube - 12
Fig. 2-5 LabVIEW program for condensation experiment -«::««:sxeeeee 15
Fig. 3-1 Condenser tube with 40 mm in outer diameter (O.D.) «eeeeee 22

Figs. 3-2 Condensate film on the vertical condenser tube captured by a
hlgh Speed COTTIET G *rrrrrerrerrrerreseessnestestaseaestntuntuttrtustaseestuesertostansasses 24

Fig. 3-3 Axial temperature distribution in the test chamber at 4 bar - 25

Fig. 3-4 Axial distribution of the coolant temperatures and wall
temperatures along the condenser tube at 4 bar, W,=0.6 - 26

Fig. 3-5 Heat transfer rate with pressure and air mass fraction === 28

Fig. 3-6 Heat transfer coefficient with pressure and air mass fraction
at 2 bar and 4 bar ............................................................................. 29

Fig. 3-7 Heat transfer coefficient with pressure and air mass fraction
at 3 bar and 5 bar ............................................................................. 30

Fig. 3-8 Heat transfer coefficient along the wall subcooling at 2 bar 32
Fig. 3-9 Heat transfer coefficient along the wall subcooling at 4 bar 33

Fig. 3-10 Comparison the heat transfer coefficient results between the
JNU experiment and existing correlations by Uchida, Tagami,
and Dehbl at 2 bar ............................................................................ 37

Fig. 3-11 Comparison the heat transfer coefficient results between the
JNU experiment and existing correlations by Uchida, Tagami,
and Dehbl at 3 bar ............................................................................ 38

Fig. 3-12 Comparison the heat transfer coefficient results between the
JNU experiment and existing correlations by Uchida, Tagami,
and Dehbl at 4 bar ............................................................................ 39

Fig. 3-13 Comparison the heat transfer coefficient results between the
JNU experiment and existing correlations by Uchida, Tagami,
and Dehbl at 5 bar ............................................................................ 40



Figs. 3-14 Condenser tubes with different diameters «weeeeeremereseereeens 42

Fig. 3-15 Temperature distribution in the test tank by using condenser
tUbe Wlth 10 mm in OD at 4 bar ............................................... 45

Fig. 3-16 Heat transfer coefficient along the air mass fraction by using
condenser tube with 10 mm in O.D. at 2 bar and 4 bar

Fig. 3-17 Heat transfer coefficient along the air mass fraction by using
condenser tube with 10 mm in O.D. at 3 bar and 5 bar

................................................................................................................. 4’7
Fig. 3-18 Comparison the heat transfer coefficient between the
condenser tubes with different outer diameters at 2 bar - 48
Fig. 3-19 Comparison the heat transfer coefficient between the
condenser tubes with different outer diameters at 3 bar - 49
Fig. 3-20 Comparison the heat transfer coefficient between the
condenser tubes with different outer diameters at 4 bar - 50
Fig. 3-21 Comparison the heat transfer coefficient between the
condenser tubes with different outer diameters at 5 bar - 51
Fig. 3-22 Ratio of the heat transfer coefficient from 10 mm in O.D.
tube to that fI'OI’Il 40 mm in OD tube ........................................ 52
Fig. 3-23 Annular finned tube used in the study of Liu with unfilled
gapS between the base tUbe and finS .......................................... 55
Fig. 3-24 Fabrication process of the annular finned tube ««weeeeeeeeeeeeees 56
Fig. 3-25 Photograph of the fabricated annular finned tube «:---ssseeeeeeeee 56

Fig. 3-26 Overall fin efficiency by using the heat transfer coefficient of
the bare tube Wlth 40 mm in OD ............................................... 5’7

Figs. 3-27 Visualization results of the liquid condensate on annular fins
when the air mass fraction is 0.447 at 4 bar «eeeeeeemeeeemeeeeee 59

Fig. 3-28 Typical temperature distribution by using annular finned tube
When air mass fraction iS 06 at 2 bar ....................................... 60

Fig. 3-29 Local heat flux along the tube height by using annular
finned tube when air mass fraction is 0.3 and 0.7 at 5 bar - 65

Fig. 3-30 Comparison of the heat transfer rates between the finned
tUbe and the bare tube at 2 'bar .................................................... 66

_iv_



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.

3-31 Comparison of the heat transfer rates between the finned
tube and the bare tube at 3 bar .................................................... 67

3-32 Comparison of the heat transfer rates between the finned
tUbe and the bare tube at 4 'bar .................................................... 68

3-33 Comparison of the heat transfer rates between the finned
tUbe and the bare tUbe at 5 bar .................................................... 69

3-34 Enhancement factor along the air mass fraction at 2, 3, 4,
and 5 bar .............................................................................................. ’70

3-35 Ratio of the condensation heat transfer coefficient along the
air mass fraction at 2’ 3, 4, and 5 bar ........................................ 71

3-36 Comparison of the heat transfer coefficients obtained by the
proposed correlation and JNU exXperiments «eeeeeeeeeeeeeeneeen 7

3-37 Comparison of the heat transfer coefficients obtained by the
proposed correlation and Dehbi’s experiments <« «weeeeeeeeeen: 78

3-38 Comparison of the heat transfer coefficients obtained by the
proposed correlation and Kawakubo's experiments with wall
Subcoohng 20 K at 4 bar ................................................................. 79

3-39 Comparison of the heat transfer coefficients obtained by the
proposed correlation and Kawakubo's experiments with wall
SubCOOhng 30 K at 4 bar ................................................................. 80

3-40 Comparison of the heat transfer coefficients obtained by the
proposed correlation and Liu's experiments at 3 bar -« 31

3-41 Comparison of the heat transfer coefficients obtained by the
proposed correlation and Su’s experiments at 2 bar ««eeeeeeeee 82

3-42 Comparison of the heat transfer coefficients obtained by the

proposed correlation and PNU’s experiments at 4 bar -« 33
4-1 Nodalization of the JNU condensation test chamber -----=eeeeeee 36
4-2 Mass flow rate of each single junctions when air mass

fraction iS 01 at 5 bar ..................................................................... 88
4-3 Pressure calculated by MARS-KS in the SV350 «weeeeeeeeeeeeeeeeees 39

4-4 Air mass fraction calculated by MARS-KS in the SV350 - 90
4-5 Condensate fraction calculated by MARS-KS in the SV400 - 91

Figs. 4_6 Sensitivity test fOI' area Change .................................................... 94



Figs. 4_7 Results Of area Sensitivity TOST srrrererereremermrrnrtiintii, 95
Figs. 4-8 Sensitivity test for SV3b0 with various volumes :-«xeeeeeeeeee 96

Figs. 4-9 Mass flow rate results of sensitivity test for SV350 with
VariOUS VOlumeS .................................................................................. 97

Figs. 4-10 Comparison results between the JNU experimental result
and numerical results using condenser tube with 40 mm O.D.
at 2 and 4 bar ..................................................................................... 99

Figs. 4-11 Comparison results between the JNU experimental result
and numerical results using condenser tube with 10 mm O.D.

at 2 and 4 bar ................................................................................... 100
Figs. 4-12 Comparison results between the proposed correlation and
COlburn_Hougen model for JNU reSUltS .................................... 101
Figs. 4-13 Nodalization scheme for containment with PCCS «-eeeeeeeeee 105
Fig. 4-14 Steam mass flow at multi—junction 427 «oeeeeeeeeeerreeeemnenee.. 106
Fig. 4-15 Air mass fraction at SV400, SV310, and SV320 «+-eeeeeeeeeeeeeen 107
Fig. 4-16 PCCT temperature and PCCHX temperature --=-s-sssoeeeeeeeeeess 108
Figs. 4-17 Mass flow rate of coolant and steam in the condenser tube
............................................................................................................... 111
Flg 4718 PCCT level durlng the LBLOCA ............................................... 112
Fig. 4-19 LBLOCA ME data and heat removal rate by PHS and PCCS
............................................................................................................... 113
Fig. 4-20 Containment pressure during the LBLOCA -eeeeeeeeeeeeeeeseeeeens 114

_Vi_



Table 2-1.
Table 2-2.
Table 3-1.
Table 3-2.
Table 3-3.
Table 3-4.

Table 4-1.

LIST OF TABLES

Specification of the condensation experimental facilities - 14

Specification of the measurement Instruments ----ssoeeeeeeeeee 15
Test matrix with 40 mm O.D. condenser tube -« weweeeeeeeees 22
Test matrix with 10 mm O.D. condenser tube -« -«eweeeeeeeees 44
TeSt matriX Wlth annular finned tube ...................................... 58
Conventional correlations for the degradation factor of the

in—tube condensation heat transfer coefficient «:--eeeeeeeeeereeeeees 74

Mass transfer coefficient in MARS-KS code «-=eeeeeermmmemeennes 85

- Vil -



SUMMARY

In the nuclear power industry, the importance of heat transfer by steam
condensation has been emphasized more since the Fukushima accident and
the earthquake in the Gyeong-ju, recently. Especially, development research of
Passive Containment Cooling System (PCCS) that maintains the integrity of
containment buildings centering on power generation companies is actively

underway.

The PCCS consisted of a heat exchanger consisting of a vertical tube
bundle and a cooling water tank. A passive containment cooling tank was
installed outside of the containment and heat exchangers were installed inside
of the containment. The heat source such as the steam generated from the
containment is condensed on the heat exchanger to maintain the integrity of
containment. Therefore, PCCS 1is a passive safety system to remove the
energy released to containment by using condensation heat transfer in case of
the accident such as Loss of Coolant Accident (LOCA) or Main Steam Line

Break (MSLB) and to guarantee the structural integrity of the containment.

In this study, to evaluate the heat removal performance of PCCS, the
condensation heat transfer coefficient according to the change of outer
diameter and heat transfer area of the condenser tube was studied. From the
results of the experiment, a new empirical correlation that could reflect the
geometric change of the condensation tube was proposed and verification
process was performed. The proposed correlation is applied to MARS-KS and
compared with the Colburn—-Hougen model. Finally, to evaluate the heat
removal performance of the PCCS installed in the containment, the

containment, and the PCCS were simulated and analyzed by using MARS-KS

- vili -



with the proposed correlation.

There are three main points conducting the experiments. The first is the
identification of the steam-air stratification inside of the test section. For this
purpose, the temperature of the gas mixture is measured in the axial and
radial directions, and it is confirmed that the distribution according to the
position is uniform. The second was the control of the condenser tube wall
temperature. By circulating the coolant in the tube at high speed, the axial
variation of the wall temperature was kept as small as possible. It makes the
uniform temperature over the effective heat transfer length, and to minimize
measurement errors that results from significant axial variation of wall
temperatures. Third, we tried to control the wall subcooling. In the previous
experiments, wall subcooling was recognized as a main variable for
condensation heat transfer. However, since the influence of this parameter
was not well understood, the wall temperature was controlled by using

coolant.

Based on the results, the trend of the condensation heat transfer is same
as those of previous work. The condensation heat transfer -coefficient
increased with increasing pressure and decreased with increasing air mass
fraction. The effect of wall subcooling showed that condensation heat transfer
coefficient tended to decrease as wall subcooling increased. The wvariation of
the condensation heat transfer coefficient using the condenser tube with
different outer diameter in similar conditions was also confirmed, but the
variation of the condensation heat transfer coefficient was independent of air
mass fraction. Therefore, further experiments and analyses will be necessary
for this part by using another condenser tube. Based on the experimental
results, a new empirical correlation that could reflect the effects of pressure,

air mass fraction, wall subcooling and outer diameter was derived and

_ix_



verification was performed. In the case of the finned tube, it was confirmed
that the condensation heat transfer increases with the increase of the
effective heat transfer area by the fin. It was found that this was due to the
geometrical effect of the annular pin. The applicability of the PCCS to the

annular finned tube was also evaluated.

To verify the model of Colburn—-Hougen, the condensation experiment
facility in Jeju National University(JNU) was simulated by using MARS-KS
with the proposed correlation. The JNU nodalization was designed to reflect
the natural convection flow which may occur in the test chamber. In the
comparison with the experimental results, the analytical results using the
proposed correlations are well predicted compared with the existing results.
From the results, to evaluate the realistic heat removal performance of PCCS
and thermal-hydraulic analysis, the actual containment with the PCCS were

simulated and analyzed by using MARS-KS with proposed correlation.

The condensation experiment database and the safety analysis of the
containment with the PCCS from this study are very useful value. Also, the
proposed correlations in this study are expected to be applied positively in
various fields because it reflects the various condition of steam-air mixture
and the various outer diameter of condenser tube. The results of the analysis
of the containment could also be applied to the present PCCS research and

development.
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Table 2-2. Specification of the measurement instruments
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@ 2~ 1] B INC.
<ot ROSEMOUNT B
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A 2~ 1] E INC.
A+ %A | TOSIBA INC. 0 ~ 6 m’hr +0.05% of span
NICE INC. 4916 ~ 1200 ke/h +0.5% of reading
. r
LS (315 ) & with 95% confidence
S ROSEMOUNT _
0 ~ 5000 kg/hr +1.0% of rate

INC. (A %)
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* e o T-:?Iw) T)s Te1 TG | 142.2
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w2 o Twuz'(c) XS Tez T¢ T% 2
187.8 62.5 A3 Tee
T3 o3 T(G) 1426
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¢ TKsTeaT(gl 13

512 || TaTess T
T*3 Tes Tecf 141.8
56.0. A

RG] )3 Tes (o 142.5

T (%]
1895 1117 536 Fggmﬂm
142.2
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42a 42,7
WAEIH . Aal

Fig. 2-5 LabVIEW program for condensation experiment.
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Table 3-1. Test matrix with 40 mm O.D. condenser tube

A 48 | 7] A EE Wall subcooling N 24
(Bar) (%) (K)
2
H-&=4 714 3
Co 10 ~ 80 40
ERTA R 4
5
Wall 2 61 20 ~ 60 CEA
subcooling 3=
_-‘ 4 35 20 70
a7
s s 27 ~ 76 20 ~ 47
93t dlo] ¥ 36 7 69 30 7 58
ki =l 18 © 87 20 7 70

Fig. 3-1 Condenser tube with 40 mm in outer diameter (O.D.).
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Fig. 3-5 Heat transfer rate with pressure and air mass fraction.
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Fig. 3-8 Heat transfer coefficient along the wall subcooling at 2 bar.
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Fig. 3-9 Heat transfer coefficient along the wall subcooling at 4 bar.

_33_



o
==

]

T

LA
A7 38 cm®

2531 9l Dehbil3], Uchidall], Tagamil2]¢]

}33t}. Dehbil3]
5 m, W74 0.45 me]

<]

°o]-&

ol

7ol

;Ot

e

7z
2

<]

ol A

Z

71 A 7}

744

=

o

H] 5

_q]

i

90 cm=

=

=

17]

719l
o] Eo]

140 mm, *°] 300 mm®] A}

Uchida®}

3z

=

-
-
s

T

Uchidal1]
vessel U] H-of A

Tagamil2]
9t Tagami®

IH
ol

B

el
il

ol A <)

Al
2]
A=A FAH, blowdown rate 5 =3

——
fite)

<

3Rt} Uchida, Tagami % DehbiZ} A <tsk

=]
RuUn

AldA A R= S7)7F

1
T

NAET=S] 2%,
ol 4]

3

o
h=

A

op

o)

—

o

»AO

oyl

X
fellt
o

mh
;OH

;Ot
N
Mo
7K

N
No

(3.1
(3.2)

|

1-w
w

—0.707
=
11.4+284(
- 34 -

h:379(

h



L"0°(3.7+28.7P)— (2438 + 458.3 P)log( W)

h=1.25x 3.3
(Too %)0.25 ( )
A7 Wl b, L, P, W, T, T,v 717t Ja @dGAF, dgae] do], &

7] A 28, AEE W] o] 2% S

A
i
[z
lo
1B
)
rfo
k1
il
o,
=
ol
O

2 7IAl ARl 1 bar A= A & Wl ddGAFE & AFAva Fh
wg vSEFA 7IAY ARFEEo] 1 bar oletE AT W= AEs A oS
stal &S EASHATh o]& HIE SR 2 bard] A@PAFRE} HwE fEUTE 2
baroll A H]-g-57d 7IAIQl &7]7F 1 bar WhE &A1 W] £&2 °F 61 %°|th
kA, HSSA 71Ae] dEEEol 60 T 80%° A Aot Uchidad =4
Hlagh A3, AgAdet= 3 %9 x5 Hola vk Wi H S 714
digtgol 1 barolstz EAlst= 77191 10 ~ 50%° A= 32%9] Hola ith

53], W54 71Ae] A2 &l 10%%] 4 91%9 2aE H

o

i&

O_u

=2 3

3, 4, 5 barol A ¢ HI&=4 7127} 1 bar ¥H& AAT wjo] AHFFE&S 747

45, 35, 29%°ltt. kA <] 2 bars} wRi7EA ) EM S sk, 242 15, 27, 28%

_35_



Al
A

Atk Uchida 7

N
T

K

~
file)

o
Gl

i

HAl =]

<]

o gt e

=y

Dehbi®] 2 €3} vl &

H7]

°©

el

R

¢+

iAo EuelA 2

)

olef st =jol

.

)

45%¢]  ©]

=
=

E

[¢)

[e)

ol

s

i=]
T

=
R

]6

A

o
A%

7o)

19

o] +q" AL FA Fig. 3-3
A
=

HA =, Al

o

sH7F A

=

of da& 1A . Dehbiel

AR e A

ol 5= o]

=

) 51

kel

o<

3 7IA AEEEel

N

o us

)

TK
wh

</

X

Aol A A

=

°F 35:10°]t}. Dehbio

21(L/D)

=

[€)

1

T

2] o
w1

g

o)

T
=4

]

=

A
[e)

_H A=

[

Wl W)

atol et 47kt Dehbiol

ot

o}

il

ot

My
ol

o] w7

)

o

el

_36_



1800

\ o\ O JNU EXP. with 40 mmO.D.
1500 o —— Uchida 4

1

:

Heat transfer coefficient (W/m’K)
8 8

0 — 71 r 1 T T T T T T T T
0.0 01 0.2 03 04 05 06 0.7 08 09

Air mass fraction

Fig. 3-10 Comparison the heat transfer coefficient results between the JNU

experiment and existing correlations by Uchida, Tagami, and Dehbi at 2 bar.
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Fig. 3-11 Comparison the heat transfer coefficient results between the JNU

experiment and existing correlations by Uchida, Tagami, and Dehbi at 3 bar.
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Fig. 3-12 Comparison the heat transfer coefficient results between the JNU

experiment and existing correlations by Uchida, Tagami, and Dehbi at 4 bar.
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Fig. 3-13 Comparison the heat transfer coefficient results between the JNU

experiment and existing correlations by Uchida, Tagami, and Dehbi at 5 bar.
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Fig. 3-15 Temperature distribution in the test tank by using condenser tube with 10
mm in O.D. at 4 bar.
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Fig. 3-16 Heat transfer coefficient along the air mass fraction by using condenser

tube with 10 mm in O.D. at 2 bar and 4 bar.
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Fig. 3-17 Heat transfer coefficient along the air mass fraction by using condenser

tube with 10 mm in O.D. at 3 bar and 5 bar.
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Fig. 3-18 Comparison the heat transfer coefficient between the condenser tubes with

different outer diameters at 2 bar.
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Fig. 3-19 Comparison the heat transfer coefficient between the condenser tubes with

different outer diameters at 3 bar.
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Fig. 3-20 Comparison the heat transfer coefficient between the condenser tubes with

different outer diameters at 4 bar.
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Fig. 3-21 Comparison the heat transfer coefficient between the condenser tubes with

different outer diameters at 5 bar.
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Fig. 3-22 Ratio of the heat transfer coefficient from 10 mm in O.D. tube to that from
40 mm in O.D. tube.
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Fig. 3-23 Annular finned tube used in the study of Liu with unfilled gaps

between the base tube and fins.
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Fig. 3-24 Fabrication process of the annular finned tube.

Fig. 3-25 Photograph of the fabricated annular finned tube.
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Fig. 3-26 Overall fin efficiency by using the heat transfer coefficient of the bare tube
with 40 mm in O.D..
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Figs. 3-27 Visualization results of the liquid condensate on annular fins when the air
mass fraction is 0.447 at 4 bar;(a—c)Flooding of the condensate captured with a time

interval of 10 ms;(d) Thick liquid film retained on the disk between flooding.
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Fig. 3-28 Typical temperature distribution by using annular finned tube when

mass fraction is 0.6 at 2 bar.
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Fig. 3-29 Local heat flux along the tube height by using annular finned tube when

air mass fraction is 0.3 and 0.7 at 5 bar.
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Fig. 3-30 Comparison of the heat transfer rates between the finned tube and the bare
tube at 2 bar.
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Fig. 3-31 Comparison of the heat transfer rates between the finned tube and the bare
tube at 3 bar.
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Fig. 3-32 Comparison of the heat transfer rates between the finned tube and the bare
tube at 4 bar.
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Fig. 3-33 Comparison of the heat transfer rates between the finned tube and the bare
tube at 5 bar.
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Fig. 3-34 Enhancement factor along the air mass fraction at 2, 3, 4, and 5 bar.
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Fig. 3-35 Ratio of the condensation heat transfer coefficient along the air mass

fraction at 2, 3, 4, and 5 bar.
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Table 3-4. Conventional correlations for the degradation factor of the in—tube

condensation heat transfer coefficient
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Fig. 3-36 Comparison of the heat transfer coefficients obtained by the proposed

correlation and JNU experiments.
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Fig. 3-38 Comparison of the heat transfer coefficients obtained by the proposed

correlation and Kawakubo's experiments with wall subcooling 20 K at 4 bar.
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Table 4-1. Mass transfer coefficient in MARS-KS code
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Fig. 4-5 Condensate fraction calculated by MARS-KS in the SV400.
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Figs. 4-6 Sensitivity test for area change.
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Figs. 4-10 Comparison results between the JNU experimental result and numerical results using condenser tube with 40 mm O.D. at
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PAszz.()x&:o.m (2.17)
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(2) & A& dolH

- A7 40 mm &5 FEE o|&8% &5 AT AdZ2H
Pressure fr eégon Tc out Tc in l\f/l[gés Mrev?]n M,F“Sn HTC
[bar] - [C] [C] kg/s [C] [C]  W/m*K
1 2 0.10 36.09 32.25 0.29 79.99 118.17 968.01
2 2 0.21 35.22 31.29 0.23 74.33 11552 718.15
3 2 0.31 39.04 35.34 0.19 71.13 112.76 571.98
4 2 0.41 26.98 22.61 0.13 66.68 109.33 453.48
5 2 0.51 26.35 21.35 0.09 64.85 105.18 364.32
6 2 0.60 30.57 23.12 0.05 61.11 100.73 306.98
7 2 0.71 27.96 22.93 0.05 53.10 93.36 205.54
8 2 0.80 26.06 21.22 0.04 43.75 84.30 146.98
9 3 0.10 42.48 37.43 0.27 89.09 131.29 1084.72
10 3 0.21 48.28 43.60 0.23 88.35 128.54 883.28
11 3 0.30 44.00 39.49 0.18 85.22 125.53 659.23
12 3 0.41 39.17 30.93 0.08 84.77 121.70 620.83
13 3 0.50 39.38 33.72 0.09 79.47 117.88 466.35
14 3 0.61 38.68 32.26 0.07 71.60 111.94 351.22
15 3 0.71 40.40 36.38 0.07 66.35 104.89 233.74
16 3 0.80 37.67 34.19 0.05 56.88 95.84 147.27
17 4 0.11 55.44 48.87 0.24 104.34 141.09 1421.51
18 4 0.21 61.69 56.56 0.23 102.11 138.34 1082.58
19 4 0.30 55.45 50.97 0.23 91.72 135.23 787.38
20 4 0.41 39.89 30.91 0.09 90.92 131.27 695.33
21 4 0.51 51.24 41.30 0.06 36.49 126.63 509.89
22 4 0.61 49.29 41.90 0.06 81.57 120.66 389.08
23 4 0.70 39.67 34.53 0.07 70.14 113.66 261.55
24 4 0.80 41.90 33.54 0.03 58.83 103.26 186.65
25 5 0.11 50.70 42.48 0.22 112.30 149.16 1642.15
26 5 0.20 51.40 44.38 0.19 103.26 146.42 1019.01
27 5 0.30 55.09 48.76 0.16 104.79 143.14 883.99
28 5 0.41 52.02 46.06 0.14 96.97 138.83 650.12
29 5 0.50 58.66 51.50 0.09 98.32 134.37 600.60
30 5 0.60 53.60 43.66 0.06 86.45 128.46 469.37
31 5 0.70 55.64 4991 0.06 81.01 120.48 277.86
32 5 0.80 56.00 54.71 0.11 71.25 109.99 123.00
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33 2 0.62 68.00 63.42 0.04 80.28 99.72 292.42
34 2 0.62 44.17 41.41 0.08 67.80 99.39 237.18
35 2 0.61 25.97 22.55 0.08 57.23 99.87 225.92
36 2 0.62 29.99 28.62 0.17 48.81 99.63 151.89
37 2 0.61 25.75 25.19 0.28 41.52 99.75 89.55
38 4 0.35 77.86 71.06 0.09 110.87 133.45 856.92
39 4 0.35 7791 74.97 0.22 100.99 133.47 664.83
40 4 0.35 63.11 58.91 0.21 92.18 133.48 719.95
41 4 0.35 33.82 29.00 0.19 82.17 133.59 601.90
42 4 0.35 29.08 24.81 0.22 75.48 133.46 533.91
43 4 0.35 23.99 21.21 0.32 64.85 133.57 432.36
44 2 0.10 45.77 41.61 0.26 85.06 118.22 1126.48
45 2 0.21 40.82 35.97 0.18 81.60 115.54 841.53
46 2 0.28 46.56 39.73 0.09 89.51 113.66 813.48
47 2 0.36 32.95 27.62 0.11 74.58 110.86 485.04
48 2 0.47 27.10 23.44 0.12 64.60 106.78 341.40
49 2 0.56 70.45 64.31 0.03 83.29 102.52 361.11
50 2 0.66 24.78 22.50 0.10 50.97 96.90 167.12
ol 2 0.76 23.24 22.03 0.10 41.53 88.51 86.31
52 3 0.11 55.37 50.34 0.26 98.63 131.06 1329.74
53 3 0.27 39.19 26.89 0.09 93.46 126.72 1154.88
54 3 0.31 46.47 40.43 0.13 92.70 125.32 800.65
55 3 0.36 33.41 30.55 0.25 65.05 123.61 415.01
56 3 0.38 48.73 43.11 0.10 91.84 12270 628.47
57 3 0.45 47.17 43.59 0.14 81.25 120.17 440.64
58 3 0.46 30.36 25.68 0.12 76.04 119.68 444.20
59 3 0.48 47.23 44.19 0.16 75.73 118.92 375.94
60 3 0.52 33.75 29.59 0.09 73.73 117.06 288.67
61 3 0.70 28.21 25.06 0.09 58.02 105.51 199.10
62 4 0.18 40.66 34.63 0.22 96.71 139.07 1051.81
63 4 0.27 38.30 29.20 0.11 99.15 136.29 919.95
64 4 0.36 36.00 32.85 0.28 73.60 133.16 492.03
65 4 0.39 23.59 21.09 0.32 61.74 132.07 378.41
66 4 0.45 26.78 20.39 0.12 81.84 129.20 525.51
67 4 0.47 26.25 20.26 0.12 80.07 128.27 484.31
68 4 0.73 26.16 25.26 0.23 44.28 111.34 104.22
69 4 0.76 26.20 22.32 0.07 96.97 108.38 183.83
70 4 0.76 25.61 25.28 0.29 38.70 107.76 45.96
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71 4 0.78 25.39 25.13 0.29 38.00 106.50 35.86
72 4 0.88 25.02 20.85 0.06 42.42 91.22 171.59
- A7 10 mm $% FHE o|§¥ $F dAwASF 29 A
Pressure fraAcgon Tc out Tc in l\f/llssvs Mf;n Mrﬁim HTC
[bar] - [C] [C] kg/s [c] [C] W/m™K
1 2 0.10 56.27 46.59 0.06 7692 11810  2021.19
2 2 0.30 60.92 52.22 0.04 7207 11276  1157.93
3 2 0.45 61.70 56.86 0.06 69.15  107.80  996.65
4 2 0.59 50.24 38.90 0.02 55.68 10095  632.23
5 2 0.75 43.79 41.44 0.06 47.53 89.94 441.24
6 3 0.10 81.49 72.16 0.07 100.75  131.17  2829.50
7 3 0.31 73.21 65.00 0.05 86.19 12548  1432.29
8 3 0.45 75.74 68.65 0.04 8394 11992 106559
9 3 0.60 63.05 51.40 0.02 69.03 11233  691.34
10 3 0.75 60.53 55.35 0.03 63.16 10092  494.21
11 4 0.10 80.29 72.84 0.11 103.89  141.17  2832.78
12 4 0.30 85.18 74.10 0.04 9765 13518 1477.84
13 4 0.46 72.66 64.63 0.05 83.11  129.08 1058.04
14 4 0.60 71.05 64.23 0.03 7794 12123  679.80
15 4 0.75 66.70 60.79 0.02 70.35  109.14 43542
16 5 0.10 91.56 80.33 0.07 114.13 14943  3094.24
17 5 0.30 94.41 87.09 0.07 108.05 143.22  1887.08
18 5 0.45 83.19 75.61 0.05 9426 13695 1216.85
19 5 0.60 73.04 68.07 0.06 81.33 12863  814.92
20 5 0.75 63.68 58.02 0.03 6857 11624  442.76
- B W-FHE 0§ $F AdAS 2P A
Pressure frzégon Tc out Tc in hf/llgsvs Mrﬁgn HTC
[bar] - [C] [C] kg/s [C]  W/m*K
1 2 0.31 41.51 37.45 0.25 112.58 525.43
2 2 0.40 41.34 37.91 0.22 109.76 399.77
3 2 0.50 38.79 33.15 0.12 105.61 339.09
4 2 0.60 37.61 34.51 0.14 100.57 223.98
5 2 0.71 39.07 36.44 0.13 93.67 166.66
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6 2 0.80 27.00 25.29 0.12 84.62 99.39

7 3 0.31 41.21 36.62 0.26 125.38 599.24
8 3 0.40 48.75 44.02 0.20 121.94 514.69
9 3 0.49 46.75 41.55 0.15 118.31 371.25
10 3 0.61 38.51 34.16 0.13 112.08 285.15
11 3 0.70 43.47 40.04 0.12 105.03 186.87
12 3 0.80 36.07 34.03 0.13 95.33 124.54
13 4 0.31 47.89 43.91 0.35 135.12 663.79
14 4 0.40 44.66 37.76 0.18 131.44 o577.88
15 4 0.50 53.93 48.71 0.15 126.98 346.03
16 4 0.60 44.76 40.44 0.16 121.10 317.22
17 4 0.70 95.85 52.39 0.12 113.65 188.37
18 4 0.80 34.18 31.32 0.12 103.46 148.70
19 5 0.29 61.78 56.41 0.31 143.60 901.45
20 5 0.40 49.05 42.55 0.21 139.16 631.49
21 5 0.51 65.81 61.77 0.23 134.11 462.58
22 5 0.60 52.43 47.60 0.14 128.27 336.00
23 5) 0.70 50.94 45.35 0.11 120.69 260.71
24 5) 0.79 41.30 38.01 0.11 110.80 153.34
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