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Nomenclature

A pipe cross—sectional area m
Co distribution parameter
F quantity

pipe wall friction factor

g gravitational acceleration m/s’
hig evaporation heat k]J/kg
j superficial velocity m/s

K form loss coefficient

m total mass flow rate kg/s
P pressure N/m”
Q volume flow rate m’/s
q'’ heat flux W/m*
t time sec

u velocity m/s
Ugi drift velocity m/s
z quality

Z axial coordinate m

Greek symbols

a void fraction

volumetric fraction of gas
p density kg/m’
Ap density difference between phases kg/m3
L viscosity kg/m-s
o surface tension N/m
&, wetted parameter m
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Subscripts

f liquid phase

g gas phase

1 component

m mean mixture property

k k phase

ori value at the orifice

tur value at the turbine flow meter
W value at the wall

Superscripts

average value
Mathematical symbols

<D area average over the cross—section area

S void fraction-weighted mean value
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Summary

During a severe accident, when a molten corium is relocated in a reactor
vessel lower head, the RCF(Reactor Cavity Flooding) system for ERVC
(External Reactor Vessel Cooling) is actuated and coolants are supplied into a
reactor cavity to remove a decay heat from the molten corium. This severe
accident mitigation strategy for maintaining a integrity of reactor vessel was
adopted in the nuclear power plants of APR1400, AP600, and AP1000.

Under the ERVC condition, the upward two-phase flow is driven by the
amount of the decay heat from the molten corium. To achieve the ERVC
strategy, the two-phase natural circulation in the annular gap between the
external reactor vessel and the insulation should be formed sufficiently by
designing the coolant inlet/outlet area and gap size adequately on the
insulation device. Also the natural circulation flow restriction has to be
minimized. In this reason, it is needed to review the fundamental structure of
insulation. In the existing power plants, the insulation design is aimed at
minimizing heat losses under a normal operation. Under the ERVC condition,
however, the ability to form the two-phase natural circulation is uncertain.
Namely, some important factors, such as the coolant inlet/outlet areas, flow
restriction, and steam vent etc. in the flow channel, should be considered for
ERVC design.

T-HEMES 1D study is launched to estimate the natural circulation flow
under the ERVC condition of APR1400. The experimental facility is
one—-dimensional and scaled down as the half height and 1/238 channel area
of the APR1400 reactor vessel. The air injection method was used to simulate
the boiling at the external reactor vessel and generate the natural circulation

two-phase flow.



From the experimental results, the natural circulation flow rate highly
depended on inlet/outlet areas and the circulation flow rate increased as the
outlet height as well as the supplied water head increased.

On the other hand, the simple analysis using the drift flux model was
carried out to predict the natural circulation flow rate and estimate the
pressure drop distribution from the momentum equation. The calculated
circulation flow rate was similar to experimental results within about 15%
error bound. Also the effect of the turbine flow meter, which was installed to
measure the circulation flow rate, was found that the natural circulation flow
rate decreased due to the form loss of the turbine flow meter. And the
simple analysis without the pressure drop of the turbine flow meter was
performed to estimate the natural circulation phenomena under the actual

ERVC condition.
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separator), vFzrA g ZAWH (friction valve), %8 (expansion tank)® T4

AYE o= 7tEFHATY Vtee Aed @ dgae 3
A ol di5S FAsIa, dFste] U-bendol ¢ol2A4 ®oh. 2 & 7faEE"=a
(gas separator)oll Al 7k2= ofF-2 WEo] Hal Wi Acdets e 7
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5 21% 5 7] (flow oscillation period)ES =743} t}.

AAdest 5SS F59%2 o] churn-turbulent % .t} bubbly %Y 7%
o =2 vepgdoh B3, MAFAY, tardga £, vEAY 2H8 9

Table 1. Parameter range of Argonne experiments.

Experimental parameters
Gas flow rate(cm/sec) 0~50
Friction valve opening 1, 1/4, 3/16, 1/8
Separator water level(cm) 18, 45, 80
Horizontal section length(cm) 0, 15, 91
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Fig. 8. Schematic diagram of natural

circulation loop.

2 A7l sudSEY B4age] opdEel mek Al E = (natural

Table 2. Parameter range of KAIST experiments( 1 ).

Experimental Parameters

Heat Flux 0~ 45kw/m”
Coolant Inlet Subcooling 0~45T
o _ Coolant Inlet(Kj;) 7.7, 134
Frictional Resistance
Coolant Outlet(K.) 41, 134
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Fig. 9. Typical instability map(H=15cm, K;=134, K.=41).
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Fig. 10. Effects of flow restriction on flow instability.
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Table 3. Parameter range of KAIST experiments(II).
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S
= %)
ap) o
34
LS
—
= 10
N <
<
Rz
Bl ~| 2|8 E
S| 2| B |WJIDB
IR Y R
S A I
O S T = B
> 5 |8
~Oﬂa S | @
o VVk
- | v | €
ebn
£ 38
S| = |-S
S e | &
s <2 g
O | 9 | X
O | m
& ©
2 g £
3 3 —
<5z
217 g ©
Fﬁ o ~
t —
gl = T 5
— (=} B
T S 2
5 8 |&
3 E o
S =

(periodic circulation) &2 o]

= e}

717t e v

==
T

i

0
-

N

4

8

S
Hls, &=l ¢

oA},

JE] 5

2
¢}

~
;OO

ol

"
.

EIRseasg ) o\ ¢

=
AN

wmo
go

o)

)0
(=
o
3l

ox

¢+
ol
!
ol
el

ol
8

)
file)

T
O
o7

il

TR

B

fite)
el

o

ol

©% olgud

_16_



RI

mr

ol

81

il

tHARIL A

)

,_—ll.

S|

ki3

ol

A== &7 Y ZHERVCO)

-
1

Bl

3k o2

3

dE At A

o~
T

o
N
o)

& el EAwh

o1

i

)
A

1% AFolA AW uhe} 7ol

, R AlTHE

}(flow restriction)

<

A

[e)
IT

A=

i

Gkl

=
L

ol

A7F F&A

S|
=

o

9
A2 47 S A

22 G A

i

A 9w @

i

i

g

o] 9}

X

I

s

A ARolo A

oJ
=

14 2 9]

[e]
£
fins

< o] APRI1400

e
A}

1/238 =719 1

Z o
o A

o] 172, 1¥jal f=e |

=
L

1% E3}o]
7ol =),

shairh

3

KeX
=

Z 2~ 2 d(dfift flux model)

=
=

—
fite)

IE15
=

1 of] A

Az 9

il

_17_



A4 9

APR1400

_18_



A3 R 4925

1. T-HERMES-1D AlE & x|

AARZ &7 ¥z 214 Ade 5 BrEer] 9@ APR1400€ 7
2o 3 Cheung® AAFsiA[F. B. Cheung and L. C. Liu, 1999]% 712 & 3}
o T-HERMES-1D(Thermo-Hydraulic Evaluations of Reactor vessel cooling
Mechanism by External Self-induced flow-1 Dimension) A& FXE F=3t%
o AR =olot AR L9} A Aole] WAL zkzh APR14009 A} &
o 172, 1/238=2 Z4as9len, =®ast FH4dF9 AR 7l =€ N

& FZ A~ (open loop system)©]

2~ 5 Q) 5 o 5 =
o AATd ol frsel A4S AFFA
2o o 5 37 E £0]lgle= P Xe: 5 == 00 =
B2 A9 Yol 715 Fdste WHeR it Ad WMae AT ET
57 == = Sy, N [
v, 37159, e ¥ol, 28a ¥EFFel™ I =7]= Table 4 o
gt 9k
Rectangular Cross Section: 0,153 X 0.1m
Main Tank Test SCCV
5
Water Level: 0, - 0.81m ey B
.\\\ Auxiliary Tank 2
\ Coolant Outlet Area: 1,78, 3.57 ( x10-*m?)
N | __t+— Outlet Height: 3.738, 2.613m from the coolant inlet
Y il i /
X hotida g o
'\d)l [ ————]
P |
2 ]
i I <3
Ll J 3
= Air Injection Rate: 5.7 ~ 28.5 ( x10°m*/sec)
" +1
P
O
]
] o
] & Coolant Inlet Area: 0.201 ~3.57 ( x10*m?)
|
Joox=
.,/ _ Circulation Flow Rate: Water Flow Meter
§ ® Void Fraction: DP Transmitter

® Temperature: Thermocouple
:m: e Pressure: Pressure Transmitter

- 2 L

Fig. 12. Schematics of T-HERMES-1D Facility (Unit: mm).
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Table 4. Range of T-HERMES-1D experimental parameters.

Experimental
Size Base
Parameter, Unit
L 0.201, 0.314, 0.630, 1.05,
Inlet Area, x10 “m -
1.89, 3.57
Outlet Area, x10°m’ 178, 3.57 -
. 0.354m Upper Point from
Outlet Height, m 3.384, 2.259
the Coolant Inlet
Air Injection Rate, % N0~ B0, 100%=0.0565m"/sec
Liquid Level in Water 0.354m Upper Point from
3.571, 2.761
Tank, m the Coolant Inlet

4PN e FxE Fig 129 2ol 7 4PH, 93, T/NFAAFLR v

/718 ddA Atelo oA AAwEE ojdFEes EYsr] 9%
FAZ W7 FAdTAATY s T A7 F A Folth

3717F 0.153x0.1m¢l AAAE fF2E= AAded oldfse F298E 3=
Aoz ado 748 Cheungd A A[F. B. Cheung and L. C. Liu, 1999],
5 AR RS 128 F2E ¢ 4% AL 52 1/V2® Fh|oF &
T AAMES ol &3te] 0.163me] Z7|E AL, YHrls AA=E9 ] Zo
£ 0.1m= dAsI 129 o2 AAsGh

o] A% Eold wE fRo WA A¥EW Fig. 1339 Zow, x4z Ay
A= dA4E golvh. 22y A= Sk FZol M= EmolWFoR {4
=] Aolvt A wajorstAwr AAl AA Al APHoR W= Ao
st webA shear key7b AAH o] e AF(H2ZF=AFDE] k=] 7

Zow 1 A7)E 0.058me] T}
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Fig. 13. Channel area distribution of T-HERMES-1D test section.
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(2) =%

A4 BdA wel WAE Epooe eE] A% Aoz F APyu
#E WAl & F BYAS nx B9 24E AANFORH AQF 55 F
A

a9 Rel FHIES AT o F wx BUAE QAP FE FAE o

it

& 3, Fol7l e EESE(foat) B 2717k AR 27449 Ad F917)
5

A RgA oldfFsel 97 s (luctuation)gel weh
H

Table 5. Calculation of air injection rate from using MAAP4 results[]. W.
Park, D. W. Jeong, 1997].

Height | Area |Heat Flux |Heat Power| Air Injection |No. of Air
Angle 3 3 .
(m) (m%) | (MW/m") (kW) Rate(m®/min)| Injector

0~45.7 0.385 0.0385 0.2140 8.239 0.0062 2
45.7~706| 0.468 0.0468 0.5904 27.63 0.0201 2

70.6~79.11 0.182 0.0182 0.7943 14.46
0.0296 3

79.1~88.3| 0.205 0.0205 1.2717 26.07
Total 1.240 76.40 0.0565 7
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Fig. 14. Schematics of air injection system.
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Rz A ok o] AANAM WAF Fdg Aol 24X E Turbine type?
= FEAE ol&ste] sl =9 Yo FAHINANY o = FEFAY sHAR
HE A2 AL WML 57~6380LPM, &2 9k 0~5 Volts, 4%
20% ottt el AR SAE Volts © W= 0~5 Voltse]aL, o] 7] A4
o] W9lE 57~630LPMol gt AL S o] &3le] Eq. (2)F o]&3t4th

[

+

o

Q(LPM) = (Vi — Offset) x (Quax -~ Quv) / Vumax — Vi),
Qumax = 680 LPM, Qwin = 5.7 LPM, (2)
Vymax = 5 Volts, Vun = 0 Volts.

2 B9 A% DASE ol §ste] AuE & F¥S W
g (0~55LPM) At xe] Hujgke] 2.6%°]al, o]xit dfdd u o3+ 7
rdtE Zo® Hrb A

2 T 54
AXge 2437 98 AAE ALNOPDE 370tk 27t A¢rE A

2
2 6mmel GEGET 207t AGAA FAFFon AFH Y3, 1 1+

< Rosemount S3051S Differential Pressure Transmitter2 >AH$E -4.75
inH,O oA +4.75 inf,OolW, AY2 DC 24Veltt, 183 £33 4~20 mA=
A Volts @< HEWs DASS d4dstr] 98] 250Q A &= ol&ste] 1~5
Volts2 ##siar, DAS Add 3442 Eq. 3l oJsix Aoz gt
s
Vor = [AP(inchH,O) + 4.75] x 2 / 475 + 1,
AP(inHxO) = (Vpp — 1) x 475 / 2 - 4.75, (3)
Vor : DP &8 A4 (Volts), AP : 2}
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Flow meter® ALy} &4 217 AC 220Volts, 4~20mAco]t}. mlz7FA &2 250

Q AYger FHE 1~5bvolts 2 W&t 499 = 0~10,000LPM L2 &

7158 SHEWFAS Wl =AY AA Gl ofF 22 Ao w yEut LA

g It A T Aol ojElete] BAG A, EH gkl dig 3] e B84
2 Eq. ©)o =z FojH .

V., (output volts) < 1000
25042

A (I/min) = 363.855 < (mA)—1432.185 5)
a8 AH FEAE AAste] 8l o FUFHS SAsE A
Fig. 184 & YeElwtom, 37|32 #Algko] |WH vol WS 4 gle gho]X|qh
DASY| AAE = #2 =8 dg(Volts) 22 Eq. B5)E A &3lo] 377552 ALl
315 T}
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“4) 49

N
S

N
33
o
B

Outlet Port

Orifice
: Coolant Inlet

Pressure
transmitter tube

H
......

‘ Turbine Flow
Meter

DP1

0.75m

Fig. 19. Measurement of the pressure drop due to

the orifice and turbine flow meter.
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At Al ghqk2

VP_ Vofj%ez‘:O‘S + 545 XP( bar) VP:05 % —245 XP(ch?’) v VOf]%et (8)

Pbar) — 2-5[<VP—4%ﬂf@9—o.a

_31_



r
!
ol
<

—_
o

Table 4ol AA|H Z}z}eo] WHI=of Tj

o

o
=0

o

i)

FAMA wEEu

=
oy

A= A

s}
ol

My

—

[e)

¥ 0](3.384m) &

F0)

Bz 93 £9(3571m)< Al

=0.0565 m®/sec)

10% ~50%(100%

ok
2f

| (b= W=+

9]

Fo] ®kt}. Fig. 21

gt9ls

2 asAgel ne Aded K

I\
Mo

ﬂo

—

o

[aN]

o] 3.57x10 °m

&

X
B

=
T

719l

MElg Ao etk E3 37

=

+

o

A
el
K

i

—
fite)

:.._ « v/ v y
|

A o I
S f
™
> | ,
= \ ,
™
_nr < N
m /
..nl,m ox >« A
3s
O N

=

e

CnawdIS N

XL X838 &K 4

EB<<330

o

L 2 0 I 2 4
==
2 7
B A
o |
~ ,
~ |
_nr « vy *
@
N ,// /
H /.v/* A
= —~
5
o8

4

(oas/bBy)a1ey MOJ4 SSEI\ UOiEBINJIID

0.02 0.03

0.03 0.00 0.01

0.01 0.02

0.00

3

Air Injection Rate(m’/sec)

3

Air Injection Rate(m/sec)

Fig. 21. Effect of air injection rate on circulation mass flow rate at

various inlet areas.

_32_



Attt Fig. 219 (a)= wWE&79 WAL 128 =2 Aot} nirA=E 37|F

Fol ARl Wt FAFFE FARYTL, FAT WAl AL A9 1 F71
a3

X

ol

_—

o] 22 EHS E 4 9k aga
Fittingd+ Z3 2 =1 A& Table 6°] A|AEITh o] AL 2 A
Aol 73S 10%, 20%, 30%, 40%, 50% <} o] A3 ur= 4 ¢l o]
ol A =8fFe AAtsty] $18 Beolth Fitting Curvest 44

Fig. 229} o] <F 10%°] Wl o] t}.

35
m )
g A
— Y <
2 30 < 2.
= /.

/ [ ] .

g ) 9
© A b "
¥ | Ve ¥ e
w At 0%
€ 2.0- o
= /,,ﬁ"
L /
>
o 15- /}//
2 s 4
© 2L A
14 /6/} -

1.0+ 4
w £F.
c
o 0.5 ﬁfﬁ
c_.._“a ), % 2
=}
e
(3 0.0 T T T T T T T T T T T T

0.0 0.5 1.0 1.5 20 25 3.0 35

Experiental Circulation Flow Rate(kg/sec)

Fig. 22. Error bound of circulation flow rate between fitting

equation and experimental data.

_33_



Table 6. Curve fitting results for air injection rate.

Fitting Equation : CF= Al[l-exp(-BxAR)]
CF=Circulation Flow Rate(kg/sec)
AR=Air Flow Rate(m®/sec)

Case
Inlet Area Outlet Area A B
(%10 °m”) (x10 °m”)

0.20 3.57 0.8086 194.790
0.314 3.57 1.1175 211.354
0.630 3.57 2.0403 189.265
1.052 3.57 2.5502 202.025
1.892 3.57 2.8846 198.199

3.57 3.57 3.0668 206.522

0.20 0.1785 0.7826 250.173
0.314 0.1785 1.1307 247.24
0.630 0.1785 1.8683 203.100
1.052 0.1785 2.2697 259.94
1.892 0.1785 2.4762 279.297

3.957 0.1785 2.5240 288.757
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Eq. (9)°ll A

REST G

I Eq. (10)°] & W F p, py, 2, D

)% 9§13
9
0z

goll stA Ao davk i

3

’ <ag>’ COV(ak;pk;uk;uk:>a <p7n>! K Oﬂ jﬂ'

HA =

£

CEER

(1

o) 7128 B (smooth wall) &2 714 3}o]

A=

o] 7%= Darcy friction factore} W< 4

Al O
1=

Blasius

O -
T

3} -t} [Neil E. Todreas, Mujid S. Kazimi, 1989].

; laminar flow

(11)

; turbulent flow

Aol A

(12)

- @=m,fm).

x 11—z
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M"L
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i

Drift flux model®l 4]
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= () )= <5
= ((u )+ (G = 1)< (13)

AellA (Cuyyek G A% void  fraction-weighted mean  velocity,
distribution parametero]th. ({(u,»»e C, o A7 ol FEe 54 webA
otk Ao oo wep Addro] A7 EAgth 2 AFtel A= Isao

Kataoka & Ishii®] ¢1+Z2 3} Isao Kataoka and M. Ishii, 1987]& ©]&3}% 1 Eq.
(14), (15)¢} 2ot

o 1/4
<<ugj>>=3{ 2o } |

2
Py

(14)

G =1.2—024/p,/p; . (15)

T-HERES 1D2 g9 ## A3 {§599L2 cap bubbleo] F7]8o =2 23}
+ churn—turbulent flow= #ZZF At W&k Eq. (14), (15)& ol g3}

FBAHORA 0 AVE FE BEA F, AL GH A7} T|E g 9

rr

N

98§19 FOEWE TS ANT F WES T3y, ofes 42 o

(dy»
(a,)= Gt (16)
Py = Cayyp,+ (1=, ))py. (17)

(4) Covariance term

e &5 BEAA drift flux modelol 4] YEFLU= covariance termS Eq.
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o [}

(19 ex Aot o714 Adel AZel AAY, fEo dFd A5

Lo
i

WA -H o &% (area—average velocity) 9t = 4% % (local velocity)7F A2l 2o

=

2 TAY 5 ek

COV(akpkukuk) = <akpkuk(uk — () >) ) (18)
ANy, — ((uy, ) )=0. (19)

(5) FAZAFK)
FYAGARERORE F29 Jek8s I 0 f2 W59 skl o}F 27

23t A A, Turbine F3A1Y A S

a—

o

WEse gow F9T fE
nesgeh Aoz FPAGel 9@ FAFSHE B9l Eq 20)sh 2ol F

o)t}

Y AN 4. (20)

7L w4 e 2 A0 I4AT
FAT, MET 2 HAa=9 44382 Handbook of hydraulic resistance

Fusgrh #UTS FETE 292

filo

3rd edition’ =& [LE. Idelchik, 1996]
(orifice) 2, #HAZF=-2 diffusere} conversing =&
of E3o AAIH ot o] S o] &3t

* Coolant Inlet (Shape: Entrance into a Tube through a Orifice)
P (21)

K= (1.707— 2

e Coolant Outlet (Shape: Discharge from a Tube through a Orifice)

=

(22)

K=
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e Minimum Gap (Shape: Diffuser and Conversing Nozzle)
K=A (k1k2C1 + A() (23)

k=1, k=066 (¢ =~015 A=11 AC=0.

9] Eq. (23)el A vElE W 35S T-HERMES-1D A& A xe +2& 3

DR AAH FEae] AER Afolth

L. Turbine ##7A1¢ &34

A A & FFes A e AAT Turbine # %A= 274 ¢l 50mm
24 AA s EAeA gevh 28lal 9 T (orifice) o] AW AA
| 20mm ~ 674mm%Y<S nHHE ul, Turbine F+#A7F 555 wajzt 2

T doers JAATE agsteof . & ATolM = o REHSFAT L

FAS] AL AFE Adsdd. 1

kol tsle] Fittingg 3t'd Eq. (25)

ftlo
ne
ftlo
»
o,
fu)



A
K _ AP

(u= flow velocity at turbine).
2o

(24)

m

itti ion: K=238. ) — 25
Fitting Equation: K = 8.59792+ 5.76495exp 508391 kg /5oc] (25)

e FA4S Fato] FUAT, METF, A4S, Turbine F3FA18 A A5
o] AXA = Table 7 #| A &k ch.

= AASA FAHIL, B AAHHolmnr AY
Hol| Ao A stHEy Bl 4=F7} golop st} wlEgbd FF9 ZFHE
et FH7 7= A

AEdH = UE Eq. (2605

/dPt(st section AP, = const.

tank

o] &35 ot

(26)
Table 7. Calculation results of form loss coefficient.
Area/Annular Form loss
Area(x10°m”)
section area(%) coefficient(K)
Inlet 02 ~ 357 1.3 ~ 233 26~29
Outlet 1.785, 3.57 11.7 ~ 233 2.62~2.77
Minimum Gap 58 37.9 0.1
Turbine flow meter - - Eq. (25)
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Fig. 27. Calculation flow chart of circulation mass
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Fig. 34. Pressure drop distribution by calculation without

turbine flow meter pressure drop in various inlet areas.
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