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[. Introduction [1/2]

€ The subcooled boiling

» Onset of Nucleate Boiling (ONB)
- by Rousenow, 1964; Davis and Anderson, 1966., etc.

* The point of Net Vapor Generation (PNVG)
- by Levy, 1966; Staub, 1968; Saha-Zuber, 1974
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I. Introduction [2/2]

€ The subcooled boiling in MARS

» Consists of PNVG, wall evaporation, interfacial condensation, etc.

» Use “Savannah River Laboratory (SRL) model” as a default model

- Consists of PNVG and wall evaporation models (Thurston, 1992)

<The package of SRL model >

SRL model Pe(=GDyc,ps/ks) <70,000 Pe>70,000

qwDn Nu Aw
Nu = = 455 St = =
kf(Tsat — TNVGP) RePr chf (Tsat - TNVGP)
NVG = (0.0055 — 0.0009 X Fypeqs)

% Saha-Zuber model (1974) % Modified Saha-Zuber model (1974)

_ QwAw 1 B
lw = Vhsg <1 n Apump FSR[,) (M i Fpress(Fgam M))

evap

Wall evaporation where,

hi—hnve .
Mul = ——, F, = min
he—hyyg ~94M

% Modified Lahey’s model (1978)

1.0,0.0022 + 0.11Mul — 0.59Mul? + 8.68Mul3]
—11.29Mul* + 4.25Mul® '
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Void fraction

Q
a
wn

. Assessment of the SRL model [1/3]
@ Deficiencies of the SRL model (1/3); Pe < 70,000

o i P, L
Velocity effect (hin + TE22) = hy o
- Void fraction vs. Length — Void fraction vs. X,

Xeq (L) =

hfg

A
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Experiment . MARS calculations
1 Hydraulic dia.: 12.3~12.7 mm E t 1 1 Hydraulic dia.: 12.3~12.7 mm MARS
c 0.5 Pressure:1.1~1.7 bar Xperl men i c 0.5 Pressure:1.1~1.7 bar
(o) Heat flux: 446~508 kW/m? (@) | Heat flux: 446~508 kW/m?
© — 1 Inlet liquid velocity(m/s) [Ref.]: ] Inlet liquid velocity(m/s) [Ref.]:
e _ 04 © 0.16[Zeitoun] v 0.30[Zeitoun] o i o 044 —o—0.16 [Zeitoun] —¥—0.30 [Zeitoun] -
(O o 0.22[Zeitoun] ¢ 0.35[Zeitoun] o O 5 ——0.22 [Zeitoun] —— 0.35 [Zeitoun]
m ‘g A 0.28 [Zeitoun] € 0.41 [Donevski and Shoukri] m g —/—(.28 [Zeitoun] —<—0.41 [Donevski and Shoukri]
e & 0.3 > 0.67 [Dimmick and Selander] - =034 —»— 0.67 [Dimmick and Selander] i
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Xeq (dimensionless) ,
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. Assessment of the SRL model [2/3

@ Deficiencies of the SRL model (2/3);  nu=——Pr 455

* Hydraulic dia. effect

0.7
1 Experiment and MARS calculation
0.6 4 Hydraulic dia.: 5 mm

| Pressure: 1.13 Bar

0.5
| Heat flux: 446kW/m? ]

04 Mass flux: 607 kg/m’s

1 Re: 13,567 n
0.3

Void fraction

| = Evangelisti and Lupoli u - ./

—=— MARS /
0.2 1 u /
n

NVGP,, o NVGP,,,.J

Inlet liquid velocity: 0.64 ]

Pe: 22,635 L] J
/

°‘1': y.' | J-M/A?

0.0 : T : T T
-0.06 -0.05 -0.04 -0.03 -0.02 -0.01
Xeq

0.7

0.00

Experiment and MARS calculation L]
0.6 Hydraulic dia.: 5 mm

Pressure: 3.8 bar

Inlet liquid velocity: 0.32 m/s

059 Heat flux: 604 kW/m?

Pe: 9,400

0.4 4 Re: 7,754 u

n
03] " MARS

Void fraction

0.2 1
NVGP
oo ™ NVGP,,,.

0.1+ * . ‘

= Umekawa et al. /

0.0 m ]
. T T T T T T T T T T
-0.06 -0.05 -0.04 0.03 -0.02 -0.01

<Small diametét; D, = 5 mm>
<Evangelisti and Lupoli, 1969; Umekawa et al,, 2015>

0.0C

Void fraction

kf (Tsat _ TNVGP)

0.7
{ Experiment and MARS calculation

064 Hydraulic dia.: 20 mm

Pressure: 1.37 Bar

Inlet liquid velocity: 0.70

Heat flux: 376kW/m?

Mass flux: 668 kg/m?s

Pe: 83,035 o

Re: 51,897

0.5

| = Leeetal
—e— MARS

Nvep

MARS

Length (m)

0.6
Experiment and MARS calculation

Hydraulic dia.: 21 mm
0.5 Pressure: 1.5 bar -
Inlet liquid velocity: 0.35 m/s

Heat flux: 135.5 kW/m?

0.4+ Pe: 43,800 B
Re: 27,900

= Kimetal.

031 —+—MARS

Void fraction

0.2

0.1+

0.0 r-—— :
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. LD
<Large diameter; D, = 20,21 mm>
<Lee et al, 2017; Kim et al., 2015>
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. Assessment of the SRL model [3/3;

@ Deficiencies of the SRL model (3/3)

 Criterion for NVGP model
- Pe=70,000?

« Some authors have proposed criteria lower than 70,000
- Kalitvianski, (2000), Ha et al. (2004), and Ha et al.(2018), etc.

0.6 0.6
Experiment and MARS calculation { Experiment and MARS calculation
Hydraulic dia.: 21 mm Hydraulic dai.: 12.29 mm
0.5 0.5
Pressure:1.7bar Pressure:1.65bar
Inlet liquid velocity: 0.68 m/s 1 Inletliquid velocity: 1.18
. 044 Heat flux: 259.09W/m? c 04 Heatflux: 1,164kW/m”
2 Pe=85,280 2 | Inlet sub. temp.:38°C
8 Re=56,500 8 Pe=86,552
o 937 . 5 9371 Re=56,000
S m Kim et al. S
> 1 = MARS > 1 = Dimmick and Selander
0.2 1 0.24—=— MARS
0.1 JNVGP_, 0.14NVGP, -
v o lf*H/./[ i - NVGP ppa—— .
0.0 T T T T T T T T T T T T T T T 0.0 T T T T T T T T T T
0 10 20 30 40 50 60 70 80 0.00 0.05 0.10 0.15 0.20 0.25 0.30
L/Dp, Length (m)
<Pe=85,280> <Pe=86,552>
<Kim et al.,, 2015> <Dimmick and Selander, 1990>
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. Proposal of improved S-B model [1/7]

@ Collected the experimental data
« Covers applicable range of the SRL model*

Donevski and

Shoukri
Dimmick and
Selander
Evangelisti and
Lupoli

Bibeau

Yun et al.

Lee et al.
Umekawa
et al.
Ferrell
and Bylund

Christensen

Total

*Applicable range of the SRL model: 1.01 < P(bar) <138, 5,000 < Pe < 345,000, & 4.0 < D, <13 mm
11/25
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tests bar kW/m?2 kg/m? - s Type mm
25

11~17  210~706  161~412
19 1.55 297~1186  65~480
6 15~21  481~733  315~450
4 165  472~1164 620~1116
3 1.2 446~885  607~1410
4 13~17  97~259  334~653
6 1.55 300~980  67~252
5 16~19  374~566 11045”207
2 11~15  375~377  668~684
2 38~50  604~626 300
6 41~82  246~530  440~542
18  98~50  300~902  79~533
3 28~69  355~497  880~940
103 1.1~69 97~1186 05
~2075

12,000~32,500 Annular 12.7

3,600~26,600 Annular 8.9
25,000~35,500 Annular 12.7
48,400~86,600 Tube 123
22,600~52,600 Annular 6
44,000~86,000 Annular 21

3,800~14,200 Annular 9.1
175’2000~329’30 Annular 25.5
83,000~85,000 Annular 20

9,400~18,900 Tube 5,10
33,600~41,000 Tube 119

8,100~45,200 Annular 13
125'1000~135’90 Rectangular 17.8

3,600 505 &
~329,300 '



. Proposal of improved S-B model 12/7
& Proposal of a new NVGP model [1/4]

« Some authors assumed that
- Single phase flow

- Temperature distribution (radial)
<Levy, 1967; Staub, 1968; Rogers et al., 1987>

* We assumed that
- Related to the local Nussel number for laminar and turbulent flow of single phase

2

Nu = — — for laminar = Nu = 455 for Pe<70,000
£+ZW%; <Low velocity region>

<Siegel et al., 1958>

Nu = 0.0243Re°8Pr%* for turbulent - St =(0.0055 — 0.0009 X F, )

<Dittus and Boelter, 1930> Nu for Pe>70,000
St = o Py <High velocity region>
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. Proposal of improved S:-B model 3/7]
& Proposal of a new NVGP model [2/4]

« Some authors assumed that
- Single phase flow

- Temperature distribution (radial)
<Levy, 1967; Staub, 1968; Rogers et al., 1987>

* We assumed that
- Related to the local Nussel number for laminar and turbulent flow of single phase

2

Nu = > for laminar = Nu = 455 for Pe<70,000
£+ZM =g JRn (D)

<Siegel et al., 1958>

Nu = 0.0243Re%8Pr%4 for turbulent - Nu = (0.0055 — 0.0009 X F,¢55)Re - Pr

<Dittus and Boelter, 1930> for Pe>70,000
Use Re>10,000 p
Re>40,000

PN U, the Premier! Nuclear Systems Major, School of Mechanical Engineering, Pusan National University 13 / 25



. Proposal of improved S-B model 4/7
& Proposal of a new NVGP model [3/4]

» Criterion issue
- Kalitvianski, 2000; Ha et al., 2004; Ha et al., 2018

» Used the criterion by Ha et al. (2018)

* Ui _
u* = 55z = 1.2,

1_53<ga(pL2—pv)>

PL

where, u; = m/prA.

<New NVGP model>

2

Nu = — > for laminar — Ny = — foru* < 1.2
- - - — <
§+ZW%W; 0.0901-0.0893exp(—158--)

I
I
I
<Siegel et al., 1958> :
I
I

|

|

|

|

|

|

— . 0.5833 * |

Nu = 0.0243Re%8Pr0* for turbulent —1 Nu =1.09(Pe - Pr) for u* > 1.2 :

<Dittus and Boelter, 1930>

I
Use Re>10,000 Re>12,000

X NVGP of 103 experimental cases was fitted.
PN U, the Premier! Nuclear Systems Major, School of Mechanical Engineering, Pusan National University 14/ 25



. Proposal of improved S-B model (57

cpf (Tsar — Tnvep)

& Proposal of a new NVGP model [4/4]  *eanver = -

» Comparison of experimental NVGP and calculated NVGP

-0.15 - R T T e = -
. : 1
= zetoun  SRL model : = zeton  New model |
® Mcleod v. e Mcleod .
» Bbeaw RMSE: 0.015 ' + sbeaw RMSE: 0.010 l
v Rouhani ! v Rouhani +0.015 :
= * I =~
§-0.1o— u S 12 | 5 -0.10+ [
o
€ I £ |
7 13 [
@ 1 £ !
2 12 I
><%»’-0.05— I 580054 I
| |
I |
| I
| |
0.00 . . . . . | 0.00 T T T T T |
0.00 -0.05 -0.10 -0.15 I 0.00 -0.05 -0.10 015
Xeq,NVG 1 Xeq,NVG 1
0.15 ) I 0.15 I
- Zeitoun SRL model . = zeitoon  New model oo I
¢ Mcleo e Mcleod I
4 Donevski RMSE 0017 : A Donevski RMSE 0012 I
v Dimmick I v Dimmick +0.015 I
=~ * —
3 -0.10+ u > 12| 3 -0.104 [
g g I
4 - oz . !
%) ¢ Evangelisti I Z ¢ Evangelisti I
] <« Kimetal. | o < Kimetal. |
% 0.05 » Umekawa f.,f.o 05 - » Umekawa |
< e SUBO o™ e SUBO
*  Rouhani ! * Rouhani !
* Ferrell and bylund ! * Ferrell and bylund |
o JNU 1 e JNU 1
% Christensen 1 % Christensen [
0.00 . T . . I 0.00 . ; . ; . I
0.00 -0.05 -0.10 0.15 I 0.00 -0.05 -0.10 015
X qnva(Experiment) Lo _ _ _ _ _ _ __ XquwelExperment) I
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. Proposal of improved S-B model (/7]

€ Modification of wall evaporation model [1/2]
» Test loop and MARS nodalization

- SRL Wall evaporation model was empirically modified through several times MARS cal.

I B !
1 Qu > : TDV140 : Component
I ]
: : *<)135 : TDV - Time dependent volume
: 11 i | sv 130 |1 TDJ - Time dependent junction
— | I
41 H%I | SJ125 1 | sV -Single volume
*— :; 4 3 : I SJ - Single junction
I
| KOAC N, ‘ | Cole e
— |
- -4 = | I : AN - Annulus
1- Test section &g’gg:‘g : : HS - Heat structure
! I # - Component number
2- Gamma densitometer 1 I
HS1201 I P or AN 120
3- Temperature measurements I |
4- Pressure measurements ! [
5- Preheater : :
6- Flowmeter 9- Holding tank : 4
7- Pump 10- Tank cooler : I
8- Tank heater 11- DC power supply I — JI
<Test loop of Zeitoun experiment > <MARS nodalization>

<Zeitoun, 1997>
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Proposal of improved S:-B model 7/7

€ Modification of wall evaporation model [2/2]
Modification of F 4.,

- Consider the effects of liquid velocity (u*) and hydraulic dia.(D*)

— f(U*,D*)=0 PR .
— -f(u*,D¥), 7 c 7
0.8 0.8 f(u*,D*), ‘ . 7
| /,/ . . 7
L4 L /
;oo ‘ o S
. & - -
0.4 0.4 ;. / P
0.2+ 0.2 ,/. ‘ ‘/ s n .
/e F gam=0.9M2+0.1M+f(u*,D*)sin(r:M)
1,c%7 f(u*,D*), < f(u*,D*), < f(u*,D*), |
0.0 T T 0.0 T T T T T T
0.0 0.2 0.6 0.8 1.0 0.0 0.2 0.6 0.8 1.0
M= (hf—hcr)/(hfsat her) M= (hf-hcr)/(hfsat her)
< Fgam vs.M; SRL> < Fgm vs.M; modified SRL>
Model u* <1.2 u* >1.2
SRL wall q" Ay 1
. I, = X XM+ (F%,,,— M) XE " Uj
evaporation Y V(hg = hy) 1+ £gpy ( ( gam ) press) = l

model | FZ,,, = min[0.0022 + 0.11M — 0.59M? + 8.68M3 — 11.29M* + 4.25M5,1.0]
Fggm = min[1.0,0.9M? + 0.1M + f(u*, D*) sin(zM)]
Modified
model  |f(u*,D*) f(u,D*)=
= min[0.091959u*°2%¢D**,1.0] | min[0.43837(u*—1.2)*5*5D**, 1.0]

0.25
153 [ga(pL —p) ]

Dref._> 12.7mm
Dy, (0.5 inch)

17/25
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Void fraction

IV. Assessment of the improved S-B model [1/5]

@ \elocity effect (Pe < 70,000)

0.6
Experiment M
1 Hydraulic dia.: 12.3~12.7 mm EXPerlment
0.5 4 Pressure:1.1~1.7 bar -
Heat flux: 446~508 kW/m?
1 Inlet liquid velocity(m/s) [Ref.]:
c 044 O 0.16[Zeitoun] Vv 0.30 [Zeitoun] ©
o O 0.22[Zeitoun] ¢ 0.35[Zeitoun] 2
‘g A 0.28 [Zeitoun] <€ 0.41 [Donevski and Shoukri]
& 0.34 » 0.67 [Dimmick and Selander] o
'-g }4 AN
> »> ©
0.2- ,’. . oA .
M‘OO =
“ > g‘@& I
e
0.0 . —w .
-0.06 -0.05 -0.04 -0.03 -0.02 -0.01
. Xeq ,
(dimensionless)

PNU the Premier! Nuclear Systems Major, School of Mechanical Engineering, Pusan National University eq

0.00

Void fraction

Void fraction

Void fraction

Void fraction

0.6

0.5 1

0.4

0.3

0.2 1

0.1 1

0.0

MARS calculati o o
1 Hydrauﬁggraé:I102n.?3~12.7mm0r|g|na| MARS

Pressure:1.1~1.7 bar o A

Heat flux: 446~508 kW/m’
| Inlet liquid velocity(m/s) [Ref.]:
—v—0.30 [Zeitoun] E
——0.35 [Zeitoun]

——0.16 [Zeitoun]
—0—0.22 [Zeitoun]
—/— .28 [Zeitoun]

-0.06

0.7

=T T
-0.03 -0.01

Xeq

-0.02

0.6

0.5

0.4 1

0.3 1

0.2 1

0.1

] Equivalent dia.: 12.3~12.7 mmImproved MAR_

| Pressure:1.1~1.7 bar

] Low velocity group High velocity group

1 —2—0.28 [Zeitoun] —+—0.41 [Donevski and Shoukri]

Improved MARS caclulations

Inlet liquid velocity(m/s)[Ref.]: R

—o—0.16 [Zeitoun] —v— 0.30 [Zeitoun]
—0—0.22 [Zeitoun] —#— 0.35 [Zeitoun]

—— 0.67 [Dimmick and Selander] -

0.0

-0.06

T
-0.02

003

0.00

S

0.00

(dlmensmnless) 19/25



IV. Assessment of the improved S-B model [2/5]

€ Hydraulic dia. effect

0.7
Eixze”r?erg_an% MARS calculation Eyars = 0-250 * Experiment and MARS calculation
ydraulic dia.: 5 mm ) _ g -
0.6 4 € =0.180 0.6 Hydraulic dia.: 20 mm . _
Pressure: 1.13 Bar Improved MARS F Pr i Eyars = 0-147
o o i essure: 1.37 Bar ~
05 :_r;let I'f?u'd:fé‘;w}" 9'64 /ll/ 05| Inletliquid velocity: 0.70 Emproved wars ~ 0-076
7 Heat flux: m L] /7 =] . 2
c Mass flux:: 607 kg/m?s - 5 Heat flux: 376kW/m 2
S oal po - 9 i Z o4 Mass flux: 668 kg/m’s
g 047 Pe: 22635 . g °*7 Pe:83,035 )
‘:: u*: 2.68 - "’_é u*: 2.95
3 034 = E listi and Lupoli . . S 0.3
S | = M\fgge ISt and Lupol L] > | ® Leeetal
0.24 —— Improved MARS n / - MARS
: / 929 —a— Improved MARS =
NVG " ’ 1
exp. n
011 n NVGImproved MARS MAR 7 014 {
1V o
0.0 T T T LA S S — T 0.0 +4—4— T T T T T
-0.06 -0.05 -0.04 -0.03 0.02 -0.01 0.00 0.0 0.4 0.8 1.2 1.6 2.0
07 Xeq 06 Length (m)
{ Pressure: 3.8 bar Eyars = 0.307 ] 1 Pressure:1.5 bar €uars — 0.157
0.6 Heat flux: 604 kW/m? b e =027 05| Heat flux: 135.49 W/m? Eumoroned ars = 0097
1 Mass flux:: 300 kg/m’s g . ] mass flux: 334.59 kg/m’s
054 Inlet sub temp.:61.78 °C A 1 Inlet sub. temp.:13.6 °C
_ | Pe=9400 ] S 04+ Pe= 43,754
S g4 u=140 L] B | u=1.47
B %] /] g
g = Umekawa et al. . 5 034 = Kimetal
o34 = MARS - S | = MARS
§ |—®— Improved MARS —e— Improved MARS
0z ] 0.2 -
0.1 * i 0.1
[ |
0.0 tM—= - T T T T 0.0+ = T T T
-0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0.00 0 10 20 30 40 50 60 70 80
Xeq L/Dp,

<Large diameter; D, = 20,21 mm>
<Lee et al,, 2017; Kim et al., 2015>
20/25

<Small diameter; D, = 5 mm>
<Evangelisti and Lupoli, 1969; Umekawa et al., 2015>
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Void fraction

IV. Assessment of the improved S-B model [3/5]

& Criterion for NVGP model
e Pe=70000 — u*=1.2

0.6
| Experiment and MARS calculation
Hydraulic dia.: 21 mm
Pressure:1.7bar

1 Inlet liquid velocity: 0.68 m/s

0.4 Heat flux: 259.09W/m?

Pe=85,280

| u*=2.87

0.3

€ =0.176

MARS

€ =0.089

0.5+ Improved MARS

= Kim et al.
1—=—MARS
0.24 —®— Improved MARS

NVGPImproved MARS
_ I"/"./l///

0.14NVG Pcal.

0.0+
L/D},
<Pe=85,280>
<Kim et al., 2015>

PN U, the Premier! Nuclear Systems Major, School of Mechanical Engineering, Pusan National University

Void fraction

0.6
Experiment and MARS calculation Eyars = 0-038
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IV. Assessment of the improved S-B model 4/5]

€ Quantitative assessment [1/2]
Comparison of measured data and predicted void fraction

0.6

0.5
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IV. Assessment of the improved S-B model [5/5]

€ Quantitative assessment [2/2]
* A reduction of the void fraction error by 3.7 %
* A reduction of the relative error by 34 %

Experiment N O ezt “moe
(No. of data point) | MARS |Improved MARS

Zeitoun 25 (308) 0.068 0.048
Mcleod 19 (239) 0.079 0.052
Donevski and Shoukri 6 (62) 0.061 0.041
Dimmick 4 (59) 0.069 0.041
Evangelisti and Lupoli 3 (44) 0.212 0.173
Kim et al. 4 (6) 0.173 0.093
Bibeau 6 (39) 0.074 0.055
Yun et al. 5 (16) 0.045 0.029
Lee et al. 2 (3) 0.147 0.086
Umekawa et al. 2 (16) 0.263 0.145
Ferrell and Bylund 6 (30) 0.099 0.078
Christensen 3 (36) 0.071 0.052
Rouhani 18 (67) 0.029 0.031

Total 103 (925) 0.108 0.071 0-10081_005;071 X 100 =34%
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V. Summary

& Assessment of the subcooled boiling model in MARS
« Velocity effect

« Hydraulic diameter effect

 Criterion (Pe=70,000) issue for low- and high velocity

@ Proposal of the improved subcooled boiling model

« Collected the experimental data (103 experimental cases in 13 experiments)
* Proposed a new NVG model based on the local Nusselt number

« Modified SRL wall evaporation model

@ Assessment of the improved subcooled boiling model

« Improvement of deficiencies related to velocity/ hydraulic dia./ criterion issue

« Quantitative assessment — a reduction of relative void fraction error by 34 %
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Thank you for your attention.
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IV. Assessment of the improved S-B model [6/6]

& Future plan

« How can the improved S-B model be utilized for the safety analysis?
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The end




