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I. 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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<Axial void fraction in subcooled boiling> 
(Ha et al., ANE.2018)
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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)

SRL model Pe(=ࢌ࢑/ࢌ࢖ࢉࡴࡰࡳሻ ൑70,000 Pe>70,000

NVG

ݑܰ ൌ
௛ܦ௪ݍ

݇௙ ௦ܶ௔௧ െ ேܶ௏ீ௉
ൌ 455

※ Saha‐Zuber	model	ሺ1974ሻ

ݐܵ ൌ
ݑܰ
ݎܴܲ݁ ൌ

௪ݍ
௣௙ܿܩ ௦ܶ௔௧ െ ேܶ௏ீ௉

ൌ 0.0055 െ 0.0009 ൈ ௣௥௘௦௦ܨ

※Modified	Saha‐Zuber	model	ሺ1974ሻ

Wall evaporation

Γ௪ ൌ
௪ܣ௪ݍ
ܸ݄௙௚

1

1 ൅
௣௨௠௣ݍ
௘௩௔௣ݍ

ௌோ௅ܨ
ܯ ൅ ௣௥௘௦௦ܨ ࢓ࢇࢍࡲ െ ܯ

where,

݈ݑܯ ൌ ௛೗ି௛ಿೇಸ
௛೑ି௛ಿೇಸ

௚௔௠ܨ	, ൌ min 1.0	, 0.0022 ൅ ݈ݑܯ0.11 െ ଶ݈ݑܯ0.59 ൅ ଷ݈ݑܯ8.68
െ11.29݈ݑܯସ ൅ ହ݈ݑܯ4.25

.

※ Modified	Lahey’s	model	ሺ1978ሻ

<The package of SRL model > 
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Ⅱ. Assessment of the SRL model [1/3]

Deficiencies of the SRL model (1/3); Pe ≤ 70,000
• Velocity effect

- Void fraction vs. Length → Void fraction vs. ࢗࢋࢄ
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Ⅱ. Assessment of the SRL model [2/3]

Deficiencies of the SRL model (2/3);
• Hydraulic dia. effect 

<Large diameter; ܦ௛ ൌ 20, 21	݉݉>
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ݑܰ ൌ
ࢎࡰ௪ݍ

݇௙ ௦ܶ௔௧ െ ேܶ௏ீ௉
ൌ 455
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Ⅱ. 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.

<Pe=86,552><Pe=85,280> 
<Kim et al., 2015> <Dimmick and Selander, 1990>
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Ⅲ. Proposal of improved S∙B model [1/7] 

Collected the experimental data 
• Covers applicable range of the SRL model*

Experiment
No. of 
tests

Press.
(bar)

Heat flux
(kW/m2)

Mass flux
(kg/mଶ · sሻ

Pe
Geometry

Type
D୦

(mm)
Zeitoun 25 1.1~1.7 210~706 161~412 12,000~32,500 Annular 12.7
Mcleod 19 1.55 297~1186 65~480 3,600~26,600 Annular 8.9

Donevski and 
Shoukri

6 1.5~2.1 481~733 315~450 25,000~35,500 Annular 12.7

Dimmick and 
Selander

4 1.65 472~1164 620~1116 48,400~86,600 Tube 12.3

Evangelisti and 
Lupoli

3 1.2 446~885 607~1410 22,600~52,600 Annular 6

Kim et al. 4 1.3~1.7 97~259 334~653 44,000~86,000 Annular 21
Bibeau 6 1.55 300~980 67~252 3,800~14,200 Annular 9.1

Yun et al. 5 1.6~1.9 374~566
1104~207

5
175,200~329,30

0
Annular 25.5

Lee et al. 2 1.1~1.5 375~377 668~684 83,000~85,000 Annular 20
Umekawa

et al.
2 3.8~5.0 604~626 300 9,400~18,900 Tube 5,10

Ferrell
and Bylund

6 4.1~8.2 246~530 440~542 33,600~41,000 Tube 11.9

Rouhani 18 9.8~50 300~902 79~533 8,100~45,200 Annular 13

Christensen 3 28~69 355~497 880~940
125,100~135,90

0
Rectangular 17.8

Total 103 1.1~69 97~1186
65

~2075
3,600

~329,300
- 5~25.5

*Applicable range of the SRL model: 1.01 ൑ P(bar) ൑138,  5,000 ൑ Pe ൑ 345,000, & 4.0 ൑ ௛ܦ ൑ 13 mm
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Ⅲ. Proposal of improved S∙B model [2/7] 

Proposal of a new NVGP model [1/4]
• Some authors assumed that

- Single phase flow
- Temperature distribution (radial)

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

<Levy, 1967; Staub, 1968; Rogers et al., 1987>

ݑܰ ൌ ଶ
భభ
మరା∑ ஼೙௘௫௣

షഁ೙మೣ
ೝబ

భ
ು೐ ோ೙ ଵಮ

೙సభ

for laminar

ݑܰ ൌ 0.0243ܴ݁଴.଼ܲݎ଴.ସ for turbulent

ݑܰ ൌ 455 for Pe൑70,000

ݐܵ ൌ 0.0055 െ 0.0009 ൈ ௣௥௘௦௦ܨ
for Pe൐70,000

<Siegel et al., 1958>

<Dittus and Boelter, 1930>

ݐܵ ൌ
ݑܰ

ܴ݁ · ݎܲ

<Low velocity region>

<High velocity region>
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Ⅲ. 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)

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

<Levy, 1967; Staub, 1968; Rogers et al., 1987>

ݑܰ ൌ ଶ
భభ
మరା∑ ஼೙௘௫௣

షഁ೙మೣ
ೝబ

భ
ು೐ ோ೙ ଵಮ

೙సభ

for laminar

ݑܰ ൌ 0.0243ܴ݁଴.଼ܲݎ଴.ସ for turbulent

ݑܰ ൌ 455 for Pe൑70,000

ݑܰ ൌ 0.0055 െ 0.0009 ൈ ௣௥௘௦௦ܨ ܴ݁ · ݎܲ

for Pe൐70,000

<Siegel et al., 1958>

Use Re>10,000
Re>40,000

<Dittus and Boelter, 1930>

=
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Ⅲ. 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)

ݑܰ ൌ ଶ
భభ
మరା∑ ஼೙௘௫௣

షഁ೙మೣ
ೝబ

భ
ು೐ ோ೙ ଵಮ

೙సభ

for laminar

ݑܰ ൌ 0.0243ܴ݁଴.଼ܲݎ଴.ସ for turbulent

ݑܰ ൌ ଵ
଴.଴ଽ଴ଵି଴.଴଼ଽଷୣ୶୮ ିଵହ଼ భ

ು೐
for ݑ∗ ൑ 1.2

ݑܰ ൌ 1.09 ܲ݁ · ݎܲ ଴.ହ଼ଷଷ	for 	ݑ∗ ൐ 1.2

<Siegel et al., 1958>

Use Re>10,000
Re>12,000

<Dittus and Boelter, 1930>

=

∗ݑ ൌ ௨೔

ଵ.ହଷ ೒഑ ഐಽషഐೡ
ഐಽ
మ

బ.మఱ ൌ 1.2,

where, ݑ௜ ൌ ሶ݉ .ܣ௙ߩ/

<New NVGP model>

※ NVGP of 103 experimental cases was fitted.
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Ⅲ. Proposal of improved S∙B model [5/7] 

Proposal of a new NVGP model [4/4]
• Comparison of experimental NVGP and calculated NVGP
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Ⅲ. Proposal of improved S∙B model [6/7] 

Modification of wall evaporation model [1/2]
• Test loop and MARS nodalization

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

<Test loop of Zeitoun experiment > 
<Zeitoun, 1997>

<MARS nodalization> 
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Ⅲ. Proposal of improved S∙B model [7/7] 

Modification of wall evaporation model [2/2]
• Modification of ࢓ࢇࢍࡲ	

- Consider the effects of liquid velocity (ݑ∗) and hydraulic dia.(ܦ∗)
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Model ∗ݑ ൑1.2 ∗ݑ ൐1.2

SRL wall
evaporation

model

Γ௪ ൌ
௪ܣᇱᇱݍ

ܸሺ݄௚ െ ݄௙ሻ
ൈ	

1
1 ൅ ௌோ௅ߝ

ൈ ሺܯ ൅ ࢔࢓ࢇࢍࡲ െ ܯ ൈ ௣௥௘௦௦ሻܨ

࢔࢓ࢇࢍࡲ ൌ ݉݅݊ሾ0.0022 ൅ 	ܯ0.11 െ ଶܯ0.59 ൅ ଷܯ8.68 െ ସܯ11.29 ൅ ,ହܯ4.25 1.0ሿ

Modified
model

࢔࢓ࢇࢍࡲ ൌ min 1.0, ଶܯ0.9 ൅ ܯ0.1 ൅ ࢌ ∗ࡰ,∗࢛ sin ܯߨ

ࢌ ∗ࡰ,∗࢛

ൌ min ,మ∗ܦ଴.ଶ଺଺∗ݑ0.091959 1.0
ࢌ ∗ࡰ,∗࢛ =
min 0.43837ሺu∗െ1.2ሻ଴.ହସହD∗మ, 1.0

< ࢔࢓ࢇࢍࡲ 	vs.ܯ; SRL>

࢛∗ ൌ
௜ݑ

1.53 ௅ߩሺߪ݃ െ ௩ሻߩ
௅ଶߩ

	
଴.ଶହ

∗ܦ ൌ
.௥௘௙ܦ
௛ܦ

12.7mm
(0.5 inch)

< ࢔࢓ࢇࢍࡲ 	vs.ܯ; modified SRL>
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Ⅳ. Assessment of the improved S∙B model [1/5]

Velocity effect (Pe < 70,000)
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Ⅳ. Assessment of the improved S∙B model [2/5]

Hydraulic dia. effect

<Large diameter; ܦ௛ ൌ 20, 21	݉݉><Small diameter; ܦ௛ ൌ 5	݉݉> 
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Ⅳ. Assessment of the improved S∙B model [3/5]

Criterion for NVGP model
• Pe=70,000 → ࢛∗=1.2

<Pe=86,552><Pe=85,280> 
<Kim et al., 2015> <Dimmick and Selander, 1990>
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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
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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
No. of test

(No. of data point)

࢔ࢇࢋ࢓ࢿ

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 ଴.ଵ଴଼ି଴.଴଻ଵ
଴.ଵ଴଼

ൈ 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.

Q & A
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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
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