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Development of subcooled nucleate
boiling model: oty

— The modified RPI wall boiling model
— Extensions to the RPI model

3.750e-02
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Boiling Flow Applications

Steam
Generators
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Wall Boiling Modeling

Why special modeling for wall boiling?

* For subcooled flows with superheated walls, standard thermal phase
change models for bulk boiling/condensation will underpredict mass
transfer rates T jj

 Accounts for steam bubble growth T L1
on nucleation sites and bubble departure if

» Mechanistic model for wall driven boiling 1 )

Model outline:

« Mechanistic wall heat flux splitting ,,, Vi
—> convective heat transfer, I 1= i : ||
evaporation, guenching |

» Empirical submodels required for closure i RET )
« Available for different BC's: L

prescribed T, Or 4, CHT walls B
 Activated per boundary patch with individual T, Or d,q

e
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Multiphase Flow Regimes for

Boiling Water Flow

subcooled  bubbly annular spray
flow flow slug flow flow flow
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Flows with Subcooled Boiling (DNB) - ANSYS

RPI-Wall Boiling Model

Mechanistic wall heat partioning model:
anII — QF + qQ T QE
1 ~

convective heat flux quenching heat flux
szAl-hF-(TW _TL) do = A, -hy - (Ty, = T,)

Convective heat

Quenching heat

i';X@ DdHe D01 6L

m m m t
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RPI-Wall Boiling Model -

Submodels for Model Closure

Submodels for closure of RPI wall boiling model:
— Nucleation site density: Lemmert & Chawla , User Defined

— Bubble departure diameter:
Tolubinski & Kostanchuk, Unal, Fritz, User Defined

— Bubble detachment frequency:
Terminal rise velocity over Departure Diameter, User Defined

— Bubble waiting time:
Proportional to Detachment Period, User Defined

— Quenching heat transfer: Del Valle & Kenning, User Defined
— Turbulent Wall Function for liquid convective heat transfer coefficient

« Correlation for bulk flow mean bubble diameter required:
- e.g. Kurul & Podowski correlation via CCL

e Supported combination of wall boiling & CHT in the solid
— GGI & 1:1 solid-fluid interfaces

© 2010 ANSYS, Inc. All rights reserved. 7 ANSYS, Inc. Proprietary



RPI Wall Boiling Model in the

ANSYS CFX-Pre 12.0 GUI

. . Option RPI Model -
Basic Settings ] Fluid Madels ] Fluid Specific Models Fluid Pair Madels ) Initialisation ] g | -
W Fizxed Yplus For Liquid Subcooling =

Mass Transfer

Fixed Yplus [250.0
i Phase Change i
Opkion | 4 J ¥ Mass Source Under Relaxation B
I

Phase Change Mode Mass Source Linder Rel [0.1

Option Thermal Phase Change ﬂ [+ Bubble Departure Diameter =]

@ Saturation Temperature = Cption |T0|ubin5ki Kostanchuk j

Saturakion Temp. |SaturTemper ( I Ref. Departure Diam. | 0.6E-3 [m]

" Manc. Departure Diam. |1.4E-3 [rn]
@ Wall Boiling Mad

el
Liquid Subcaolimg Seale |45.E| [K]
Option RPI Madel j
v W all Mucleation Site: Density =]
[ Fized ¥plus for Liguid Subcoaling
Option |Lemmert Chawla ﬂ
[ Mass Source Under Relaxation
Site: Density |?.938495 [m*-2]
[ Bubble Departure Diameker
Reef. Wiall Superheat | 10.0[K]
[ wall Nucleation Site Density
Power Law Indesx |1.8l35
[ Bubble Detachment Frequency
[v Bubble Detachment Frequency =
[ Bubble Waiting Time _ _ -
Option |Term|na| Welociky over Departure Diameter j
[ Liguid Quenching Heat Transfer Coefficient
Draqg Coefficiznt | 1.0
[ Bubble Diam. Influsnce Fackor
[v Bubble Waiting Time =]
I Max, frea Frac, of Bubbls Influance . - -
Option |Proportlonal to Detachment Period j
—
P ' 0E
Ml Trarsiey ‘Waiting Tirme Fraction |
N v Liguid Quenching Heat Transfer CoefFicient =
Opkion |TI.-'-.I|:| Resistance ﬂ
Option |Del valle Kenning ﬂ
Liquid Heat Transfer
¥ Bubble Ciarn. Influence Fackor =
i Ranz Marshall -
Option | J Factor [z.0
VapourHeat Transfer W Max, Area Frac, of Bubble Influence =

Option |Zero Resistanice = Max. Area Fraction 0.5
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ANSYS Fluent 13.0

Wall Boiling Modeling

e ANSYS Fluent 13.0:

- 3.73e-01 -
3.54e-01 -
»

3.36e-01

— Based on same RPI = ::o R
nucleate boiling & y
heat flux partitioning B > .
model B 2

1.4gejg: ; | ‘
— Non-equilibrium A ’L\

9.32e-02

subcooled bolling N
— Supports super- ﬁ e
heated vapor |

(convective heat
flux to vapor)

~

Contours of Volume fraction (vapor) Apr 15, 2010
ANSYS FLUENT 13.0 (3d, dp, pbns, eulerian, rngke)

Contours of vapor volume fraction
in a heated rod bundle
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ANSYS CFX R&D
Development Work In Progress

NNSYS

* Ongoing R&D and development:
— Provide more user interfaces to the RPI boiling model
— User defined area fractions A; and A,

— User defined terms for convective, quenching and
evaporative heat fluxes Qg, Qq, Qg

— User defined 4th component of wall heat partitioning,
e.g. convective heat flux to vapor

— CFX5Pre GUI extension
— Extended output to CFD-Post
— Coupling of RPI wall boiling & MUSIG

* All extensions are part of a collaborative R&D
prOJect with FZD - Customlzed CFX solver

© 2010 ANSYS, Inc. All rights reserved. ANSYS, Inc. Proprietary



New Capabilities: CCL Access to

Area Fractions

NANSYS

MAZE TEANSFER:
Option = Phase Change
FHAZSE CHANGE MODEL:

Option = Thermal Phase Change

WaTLL BOILING MODEL:
Bubble Diameter Influence Factor = 2.0
Fized ¥plus for Liquid Bubcooling = 250.0

Maximum Area Fraction of Bubble Influence = 1.0
Option = Model
EUBELE DEPARTURE DIAMETER:
Liguid Subcooling S8cale = 45.0 [K] [
Maximum Departure Diameter = 1.4E-3 [m]
Option = Tolubinski Kostanchuk
Reference Departure Diameter =
END
BEUBELE DETACHMENT FEEQUENCY: [}
Drag Coefficient = 1

0.68E-3 [m]

Opticon = Terminal Velocity over Departure Diameter

END

BUBELE WAITING TIME:
Option = Proportional to Detachment Period P
Waiting Time Fraction = 0.8

END

LIQUID QUENCHING HEAT TEANSFER COEFFICIENMT:
Opticon = Del Valle Eenning
END

PARTITIONING ARE2 FRACTIONS:
Convective Area = al
Evaporative Zrea = al
Option = User Defined
Quenching Area = aZ

END

WALL NUCLEATION SITE DENSITY:

Opticon = Lemmert Chawla
Power Law Index = 1.305
Eeference Nucleaticon Site Density =
Reference Wall Superheat = 10.0 [E]
END
END
END
FHNT

0.9922E+06x0.8 [m~-Z]

© 2010 ANSYS, Inc. All rights reserved. 11

- WALL BOILING MODEL

PARTITIONING AREA
FRACTIONS

Option = Standard /
User Defined

Under User Defined
convective, quenching
and evaporative area
can be introduced
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New capabilities:

CFX5Pre GUI Extension

File Edit Session Insert Tools Help
S S, @ e S8R X EHMA O L AN E  BEES

Outling  Domain: Default Domain } B 4| oeaae
Details of Default Domain in Flow Analysis 1 View 1 v

Basic Setiings | Fluld Models | Fluid Specific Models  Fluid Pair Models } Initialization | g\m
Option |RPIMadel B N L
wi2.1

¥ Bubble Diam. Influence Factor =

Valug [2.0

¥ Max Area Frac. of Bubble Influence =2

Max Area Fraction |1.U

v Fixed Yplus for Liguid Subcooling a

Fixed Yplus [2500

™ Mass Source Under Relaxation

2]

W Bubble Departure Diamster =]

Option |Tulubinsk\ Kostanchuk j

Ref. Departure Diam. [0.6E-3 [m]

Max. Departure Diam. |1 4E-3 [m]

Liguid Subcooling Scz |45.0 ]

v Wall Mucleation Site Density a

Option |Lemmen Chawla J

Site Density |U.9922E+UE"U.8 [m*2]

Ref Wall Superheat |WU.U K]

Power Law Index |1 805

¥ Bubhle Detachment Frequency =
Option |Te|m|na\ “elocity over Departure Diameter j
Drag Coefficient |1

v Bubble Waiting Time a
Option [Proportional to Detachment Period -]

Waiting Time Fraction [0.8

¥ Liquid Quenching Heat Transfer Coefficient =

v Partitioning Area Fractions

0 0.400 0.800 [m) I x
Option |

]
0.200 0.600

Convective Area

Quenching Area Automatic generation of default interfaces is not currently active. This feature can be activated via either the 'Edit > Options > CFX-Pre = General' editor or the ‘Case Options > General'

editor in the outline tree

InAnalysis FlowAnalysis 1'- Domain 'Default Domain': Plzase note thatthe Grace Drag Force model is only valid for bubbly flows. This implies that the density ofthe particulate phase it

—] “ fluid pair 'Gas | Liguid' should be significantly smaller than the density of the continuous phase.
ile rePhysics cel, CFXPreGui.cel from d ‘fotthome1

Evaporative Area

Heal
Qption Two Resistance

Gas Heat Transfer =

0K | Apply | Close ‘ 4 | 2

© 2010 ANSYS, Inc. All rights reserved. 12 ANSYS, Inc. Proprietary




CL & User Routine for 4th Wall
ANSYS

eat Partitioning Component

Option = Fluid Dependent
END
END
FLUID PARIR: Gas | Liguid
INTERPHASE HEAT TRANSFER:
Option = Two Resistance
FLUID]l INTERPHASE HEAT TRRENSFER:
Option = Zero Resistance
END
FLUIDZ INTERPHASE HEAT TRANSFER:

T * Introduction of 4th

END

INTERPHASE TRANSFER MODEL:

Interfacial Zrea Density = AreaDensity C O I I I O n ent Of th e
Maximum lume Fraction for Area Densi =
Minimum Volume Fraction for Area Densit MinVFforArea

Engtion = Particle Model Wal I h eat fI u X

MRESE TRAMNSFER:
Option = Phase Change

PHRSE CHAENGE MODEL: r I I n I n VI L
Option = Thermal Phase Change

WALL BOILING MODEL:
Bubble Diameter Influence Factor = 2.0

Fixad Ypius for Liquid Sub:oling; 250.0 . Or User FO rtran

Option = RPI Model

Term = USERPARTTERM(Gas | Liquid.Bubble %
Departure Diameter,Gas | Liguid.Nucleation Site Density, Gas | \
Liguid.Temperature Superheating, Gas | Liguid.Temperature \
Subcooling, Gas.Density,Gas | Liguid.Bubble Detachment
Freqguency, Gas.HLV)

BUBBLE DEPARTURE DIAMETER:
Liguid Subecooling Scale = 45.0 [K]

Maximum Departure Diameter = 1.4E-3 [m]

Option = Tolubinski Kostanchuk

Reference Departure Diameter = 0.6E-3 [m]
END

BUBBLE DETACHMENT FREQUENCY :
Drag Coefficient = 1
Option = Terminal Velocity over Departure Diameter
EMND
BUBBLE WAITING TIME:
Option = Proportional to Detachment Period
Waiting Time Fraction = 0.8
EMND
LIQUID QUENCHING HEAT TRANSFER COEFFICIENT:
Option = Del Valle Kenning
END
FARTITIONTING I
Convective
Evaporative
Option = User Definesd
Quenching Zrea = a2
END

© 2010 ANSYS, Inc. All rights reserved. 13 ANSYS, Inc. Proprietary




CL & User Routine for 4th Wall
ANSYS

eat Partitioning Component

Sessicn Insert Tools Help
b Z @ 9e 58500 % &AW A e
Cutline Domain: Default Domain I

Details of Default Domain in Flow Analysis 1

Settings I Fluid HNodels Fluid Specific Models Fluid Pair Model

Option ‘Thermal Phase Change j
[T Heat Transfer Coefficient Under Relaxation Factor L] =
rimatil Soiting woter " o C u S t O I I I I Zatl O n Of
Opticn |RPI HModel j
¥ Bubble Diam. Influence Factor =]
vale [0 I X5I Fe 10r t e
¥ Max. Area Frac. of Bubble Tnfluence =
.
e T extension of the RPI
¥ Fixed ¥plus for Liguid Subcooling =]

Fixed Yplus |250 .0

wall heat flux

[~ Ma== o

[ Cnset of Boiling Superheating

Py [l [l [} .
¥ User Partitioning Term g
e partitioning algorithm
[¥ Bubble Departure Diameter =

———— - -> 4th component of

Ref. Depart |D.6E-3 [m]

Max. Depart |1.4E-3 [m]

- the wall heat flux

W Wall Mucleation Site Demsity 5]

. ]
Opticn |L.e'mmert Chawla J S I I tt I n
Site Densit |0.99221~:+06»0.s [m-2] p g

Ref. Wall 8 |10.0 [K]

Power Law I |1.805

¥ Bubble Detachment Frequency =]

Opticn |Teminal Velocity over Departure Diamete J

Drag Coeffi |1

¥ Bubble Waiting Time =]

Opticn |Froporticmal to Detachment Period j

Waiting Tim |o.s

W Liguid Quenching Heat Transfer Cosfficient =]

Opticn |De1 Valle Kenning j

OK Epply ‘ Close |
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Extended CFX5Post Output

& CFD-Post (on ottclifante2): /otthome1/clifante/Software/FZD-BMBF-Energie-2020+/v2.0/test/quserd_002.res - X

File Edit Session Insert Tools Help
EZ %m0 | Broation - [ QEEZ ¢ SHIPO *PEEEAD |(Oms 2 A0 Ew

Outline 1

ariables I Expressions I Calculators I Turbo} *1% o s @ Q

Liguid.lucleation Site Denszity

=]
= [g) cases || view 1 ¥
= @ qusero 002
v
OPt symmetryaxis
Ofs warn
Opt inlet
Oft outlet
+ g8 Mesh Regions
- i Tner oostime and Plote
¥ Default Transform _ Gas | Liquid.Evaporative Area =]
[}i Default Legend view 1 "y = " =t
[ Wireframe Gas | Liquid.Fluidl Heat Transfer Coefficient
@] Report Gas | Liguid.Fluid2 Heat Transfer Coefficient
Bl Title Pags Gas | Liquid.Heat Flux to Liquid = =
+ Wg» File Report | Gas | Liguid.Heat Flux to Vapour FI u I d al r
Details of Symmetry Gas | Ligquid.Interfacial Area Density
|
|

View .

Eefle= 1 Render | View | Gas | Liquid.Quenching Area

node  [Fariomns g o Tre e e variaples
Gas | Liguid.sSurface Tension Coefficient

Variabl ‘pressure j Gas | Liguid.Temperature Superheating

Gas | Ligquid.User Partitioning Term

Range ‘Glabal

as . la
Min -0.0389534 [Pa] Gas.Conservative Fraction
Tien 3076.43 [Pal Gas.Conservative Fraction.Beta
Gas.Conservative Fraction.Gradient
Boundary Data & Hybrid " Conservative Gas.Conservative V Fraction.Gradient X
: Gas.Conservative Fraction.Gradient ¥
Color 8 ‘Lunear j
Gas.Conservative Fraction.Gradient Z

Color M

Default (Rainbow) j @ Gas.Courant Number
Gasz.Density
e | Gas .Density. Beta
Gas.Density. Gradient
Gas.Density.Gradient X
Gasz.Denzity.Gradient ¥
7

Gas.Density.Gradient

Gas.Dynamic Viscosity
Gasz.Eddy Viscosity j

0 0.200 0.400 {m)
I 1

0.100 0.300
Reset Defaults g - n 7 5
3D Viewer Table Viewer Chart Viewer Comment Viewer Report Viewer

© 2010 Al . . . Inc. Proprietary




Coupling of RPI Wall Boiling Model
NS 2 TS

with Homog./Inhomg. MUSIG

Bubble breakup
& coalescence
(MUSIG Model)

Condensation
(MUSIG
extension)

0 000 obee

e

(Future model extensions:

* Bubble departure diameter
computed from equilibrium
of forces

\° Include further phenomenaj

Bubble departure
Wall Boiling Model
(RPI)

© 2010 ANSYS, Inc. All rights reserved. 16 ANSYS, Inc. Proprietary



CFX5Pre Customization:

Inhomogeneous MUSIG & RPI

CFX-Pre (on ottclifante2): rpi_musig_inh_red & CFX-Pre (on ottclifante2): rpi_musig_inh_red <
File Edit Session [nsert Tools Help File Edit Session Insert Tools Help
TH S g e s D S xR A =N ST I s L= A - N O = = =
Outline ~ Domain: Default Domain outline  Domain: Default Domain ] (x|

Details of Default Domain in Flow Analysis 1 SRS e (e M T G el

e

Fluid Pair Models

¢ Seftings | Fluid Models | Polydispersed Fluids | Fluid Specific Models B || AMOCTRTED || GRGFFCEr EAT (| FT i (]

Fluid Pair
Gas | Lig

Fluid Pair

'Gas2 | Lig

Gas | Lig Standard RPI Coefficient
[~ Surface Tension Coefficient . .
configuration,

Mass Transfer =

Option |PhaseChange jj But for tWO % e Change j
phase pairs! P

Option |Therma| Phase Change j |Therma| Pha® Change j
¥ Heat Transfer Coefficient Under Relaxation Factor 5| W Heat Transfer Coefficient Under RelaMsgon Factor =]

. ~a—

FPhase Change Model

Heat Transfer Coeffici |1 Z Heat Transfer Coefficir |1

W Wall Boiling Madel = v Wall Boiling M

Option |RPIMOdeI v Option |F{PIMudeI j
[~ Bubble Diam. In ce Factor [~ Bubhle Diam. Influ
[~ Max. Area Frac. of Bubble InioeT [~ Max Area Frac. of Bubble Influence

I~ Fixed Yplus for Liquid Subcooling

i3]
=

=
=

i3]
=

I~ Fixed Yplus for Liguid Subcooling

=

[~ Mass Source Under Relaxation

&3]

[T Mass Source Under Relaxation

=

[~ Onset of Boiling Superheating

=

[~ Onsetof Boiling Superheating

¥ Bubhle Departure Diameter = W Bubble Departure Diameter =

Option |TOIubinski Kostanchuk j Option |TOIubinski Kostanchuk j

Ref Departure Diam. |M0d WaBo BDepD Tolukosta RefDepDia Ref. Departure Diam. |ru10d WaBo BDepD ToluKosta RefDepDia

Max. Departure Diam. |M0d WaBo BDepD Tolukosta MaxDepDia Max. Departure Diam. |M0d WaBo BDepD ToluKosta MaxDepDia

Linnid Siheanling Sez [Mod WaRno BDenD Tolukosta | inSubScals ﬂ Linnid Suheanling Sez [Mod WaRn BDenD ToluKosta | inSubSeals ﬂ

Ok | Apply | Close QI | Apply | Close |
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Investigated Boiling Testcases

NANSYS

- Bartolomei et al. (1967,1982)

Gas.Volume Fraction

5.000e-01

2m
0.57MW/

q
m2

Z:

AAAAAAAAAAAALAAAALAAAAAAAALL

AMAppase

Gi,=900 kg/(s m?)

* Leeetal. (ICONE-16, 2008)

Gas Wokame Fractien
F o35

026

"y ' Gid
oo L9 ] i id2. Flui
§ 8 - - —— Grid3, Fluid Temperature
Py
3i _— -
SE : ; Fluid Domain|—
a0 45 ‘ : .
x ‘
\
3700 Unheated 4
365.0 “Cladding”
360.0 T T
0.00 5.00 10.00 15.00

Radius [mm]

© 2010 ANSYS, Inc. All rights reserved.

 Bartolomei with recondensation
“H (1980)

02

Gas.Volume Fraction
Plane 1

4.800e-01

Experiment 3

3.600e-01

’ I 2.400e-01

- 1.200e-01

0.000e+00

e OECD NEA PSBT subchannel
benchmark (1987-1995, 2009)

Steam IAPWS.Volume Fraction
Plane 1

F 5.000e-01

3.750e-01

Heater
(Inconel)

i 131

2.500e-01

Insulator 1.250e-01
(Alumina)

0.000e+00

ANSYS, Inc. Proprietary



— Model VValidation -

The Bartolomej et al.
Testcase with

Recondensation
(Bartolomeij et al., 1980)

© 2010 ANSYS, Inc. All rights reserved.



Avalilability of Testcases to

ANSYS Customers

« ANSYS maintains a database of validation
testcases (not only for multiphase flows)

 Bartolomel, Lee & FRIGGS testcases are
available to ANSYS customers through ANSYS

customer support

« Datasets of the testcases include:
— Mesh hierarchy
— CFD setup (baseline & parametric studies)
— Basic post-processing and comparison to data
— Documentation (report, paper or PPT)

© 2010 ANSYS, Inc. All rights reserved. 20 ANSYS, Inc. Proprietary



Geometry & Flow Parameters ANSYS

 Geometry f
— Pipe flow; axial symmetry T 11 outlet

— Inner radius of pipe R =6.015 mm N
— Total pipe length L;= 1.4 m
— Heated section length L,,= 1.0 m |

.—— Adiabatic Wall

Symmetry Axis
* Flow parameters
— Upward directed water flow <q
— Pressure @Inlet p;, = 6.89 Mpa Ll Ly | "
— Parameter Investigation Heated Wall
e Mass flux @Inlet G .
 Liquid Temperature @Inlet T, ()

e Wall heat flux q,, 4

© 2010 ANSYS, Inc. All rights reserved. 21 ANSYS, Inc. Proprietary



Testcase Parameters

 Measurement data of zonal-averaged cross-sectional
steam volume fraction distribution over pipe length are
available for 3 different parameter setups:

ExpeNrci)r.nent Qwar [MW m~-2] | Gy, [kg m”*-287-1] | Ty, [K]
2 1.2 1500 495
3 0.8 1500 519
5 0.8 1000 503

© 2010 ANSYS, Inc. All rights reserved.
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Experiment No. 3 (Mesh01)

 Distribution of water temperature and steam volume

fraction
ANSYS ANSYS

Liquid. Temperature 7 Gas.Volume Fraction izl
Plane 1 Plane 1
. 5.590e+02 . 4.800e-01

- 5.490e+02 ‘ - 3.600e-01

- 5.390e+02 - 2.400e-01

- 5.290e+02 - 1.200e-01
' 51 9oe+02 0 0.005 (m) L ' 000061-00 0 0.00% (m) L
[K] 0.0025 0.0025
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Experiment No. 3 (Mesh02)

 Distribution of water temperature and steam volume

fraction
ANSYS ANSYS
Liquid. Temperature “4 Gas.Volume Fraction vi2il
Plane 1 Plane 1
. 5.590e+02 . 4 .800e-01
- 5.490e+02 T - 3.600e-01
- 5.390e+02 - 2.400e-01

- 5.290e+02 - 1.200e-01

I 51 9oe+02 0 0.005 {m) L I 00006+00 0 0.005 (m)

I I
[K] 0.0025 0.0025

=

© 2010 ANSYS, Inc. All rights reserved. 24 ANSYS, Inc. Proprietary



Experiment No. 3 (Mesh03)

 Distribution of water temperature and steam volume

fraction
ANSYS ANSYS
Liquid. Temperature “4 Gas.Volume Fraction vi2il
Plane 1 Plane 1
. 5.590e+02 . 4 .800e-01
- 5.490e+02 ‘ - 3.600e-01
- 5.390e+02 - 2.400e-01

- 5.290e+02 - 1.200e-01

I 51 9oe+02 0 0.005 {m) L I 00006+00 0 0.005 (m)

I I
[K] 0.0025 0.0025

=
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Experiment No. 3 (Mesh04)

 Distribution of water temperature and steam volume

fraction
NANSYS NANSYS

Liquid. Temperature 7 Gas.Volume Fraction 1zl
Plane 1 Plane 1
. 5.590e+02 . 4.800e-01

- 5.490e+02 ‘ - 3.600e-01

- 5.390e+02 - 2.400e-01

- 5.290e+02 - 1.200e-01
I 51 9oe+02 0 0.005 (m) L I 000061-00 0 0.005 (m) L
[K] 0.0025 0.0025
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Experiment No. 3

« Comparison of cross-sectional averaged steam volume
fraction to experimental data

Experiment 3
0,2

0,18
0,16
0,14
0,12

0,1

Void Fraction [-]

Z[m]

—Mesh01l —Mesh02 —Mesh03 —Mesh04 e Experiment
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Interface Heat Transfer Models ANSYS

 Investigation of the influence of different interface heat
transfer models for liquid phase

— Ranz-Marshall (Baseline Setup)

Nu=2+0.6 Re*>Pr®®
— Hughmark

Nu=2+0.6 Re’’Pr’® 0<Re<776.06
Nu=2+0.27 Re’Pr®* 776.06 <Re

— Tomiyama
Nu=2+0.15Re"°Pr°°
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Interphase Heat Transfer Model ANSYS

Experiment 3 on Mesh02
0,2

0,18
0,16
0,14
0,12

0,1

0,08

Void Fraction [-]

0,06

0,04

0,02

Z[m]

——Ranz Marshall ——Hughmark ——Tomiyama < Experiment

© 2010 ANSYS, Inc. All rights reserved. 29 ANSYS, Inc. Proprietary



FRIGG-6a Test Case
(Anglart & Nylund,
1967, 1996 & 1997)
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FRIGG-6a Test Case

Description

Adiabatic
Wall

 Geometry (FT-6a)

— Six electrically heated
rods placed in a vertical
adiabatic pipe

e Flow Parameters

— Upward directed Heated
Rod
subcooled water flow
— Mass flux @Inlet — Rod wall heat flux
G;,= 1163 kg m2s-t Jrog = 0.522 MW m-?
— Pressure @Inlet — Liquid subcooling @Inlet

p., =5 MPa T, = 4.5 K

© 2010 ANSYS, Inc. All rights reserved. 31 ANSYS, Inc. Proprietary



FRIGG-6a Test Case

Experimental Data

e Determination of Zonel

experimental data by
gamma ray attenuation
method:

— Measurements of area
averaged gas volume
fraction In different
cross-sectional zones
along the test section

Zone2

Zone3

Defintion of Zones:
o Zonel (r < 14.6 mm)
e Zone2 (14.6 mm <r < 28.6 mm)
e Zone3 (r > 28.6 mm)
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FRIGG-6a Test Case

Mesh Refinement Hierarchy

MeshO1 Mesh02 Mesh03
699 x 150 2796 x 300 11184 x 600
No. Elements
(104 850) (838 800) (6 710 800)
No. Nodes 116 421 884 639 6 892 869
Max y* 180 94 51
i Mg 51.9 50.4 49.64
[deg]
Min
Determinant 0.84 0.91 0.98
Numerical ~ 90 minutes ~ 17 hours ~ 6 days
Effort @ 6 CPU's @ 16 CPU's @ 40 CPU's
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FRIGG-6a Test Case

Baseline Setup: SST

Gas.Volume Fraction
700001 5
P~ - |

% B

\ '~-.__H-- ST )

b

- 5.250e-01

- 3.500e-01

- 1.750e-01
|
I' 0.000e+00

Plot of gas volume fraction (Mesh03, SST)

Outlet

0 0.02 (m)
|
0.
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Gas.Volume Fraction
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Two cross-sectional distributions of gas
volume fraction (Mesh03,SST)
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FRIGG-6a Test Case

Baseline Setup: SST

ANSHS NANSHS
V12 V121

Liquid. Temperature Liquid.Temperature
- 5.4009+02_)_,,.f—————=-?_‘ ' 5.4009+02/f=———=7\x

i

% e | =
L b )
\\. \\ . & H“‘x.ﬁ\
- 5.3800402 - 53800402 N s
.\-\'\ : \“ - = S
LY i e ,-'l
- 5.360e+02 - 5.360e+02 = =
N \'\_ l,f'.
- 5.340e+02 - 5.340e+02
T
. . Outlet
- 5.320e+02 . 202 i - 5.320e+02 . 2 i ‘\j
EK] _u o1 1 [K] —um 1
Plot of liquid temperature (Mesh03,SST) Two cross-sectional distributions of liquid

temperature (Mesh03,SST)
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FRIGG-6a Test Case

Mesh Comparison

0,7

o o o o
w N w o)

Gas Volume Fraction [-]

o
[

0,1

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8 2
Z[m]

—Mesh01 —Mesh02 —Mesh03 e Experiment
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Turbulence Modeling in Rod

Bundles

« So far good comparison, but...

— Wall friction in rod bundles leads to
secondary flows

— Anisotropic turbulence
— SST = BSL RSM

— Does not influence so much cross-sectional averaged
flow properties

— Secondary flows affect steam & temperature
distributions on wall surfaces
- Can be relevant for safety!
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FRIGG-6a Test Case

Turbulence Model Comparison

Zonel (Mesh02)
0,7

o o o o
w N w o)

Gas Volume Fraction [-]

o
[

0,1

0
0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8 2
Z[m]
—SST —k-epsilon —BSLRSM (Mesh01) e Experiment
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FRIGG-6a Test Case

Turbulence Model Comparison

SST model BSL RSM model

ANSYS ANSYS
Gas.Volume Fraction Gas.Volume Fraction
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Plot of gas volume fraction
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FRIGG-6a Test Case
Turbulence Model Comparison

PlaneLiquidVelocity p 7%/,1 Gas.Volume Fraction T
™= Felo U ’-—E_—’:f;{; FiL0 / - 7.000e-01
A -
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i \ :
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- 3.000e-02 e - 1.750e-01

14’
Fi (/ 4
;w \::f-é//
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[m SA'” 0.005 0.005

Plot of gas volume fraction (Outlet) Contour plot of gas volume fraction (Outlet)
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FRIGG-6a Test Case

Turbulence Model Comparison

« BSL RSM model - secondary flows

viz1 T e v1Z.1
_ gy
PlaneLiguidVelocity Gas.Volume Fraction W
m 1-200e-01 *\\\ B 7.000e-0f1 B
/ = 4
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'| . |
/ !
/ J
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| sn” :“/'/ —
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Plot of gas volume fraction (Outlet) Contour plot of gas volume fraction (Outlet)
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DEBORA Testcase
- RPI & MUSIG -

ed.
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DEBORA Testcase: RPI & MUSIG | ANSYS

dashed lines — dg=f(T,,-T,) ; solid lines — dg as mean Sauter diam. from MUSIG group
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Modeling, Simulation & Experiments for

Boiling Processes in Fuel Assemblies of PWR

» Ultrafast electron beam X-ray CT (ROFEX) of heated rod
bundle in titanium pipe on TOPFLOW @ FZD:

Principle Setup High resolution volume fraction & velocity measurements

/

Images by courtesy of U. Hampel, F. Fischer, FZD
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Summary & Outlook

e Overview on ANSYS CFD boiling model
development and validation

e Continuous effort in model improvement, R&D

« Emphasis in validation on BPG, comparison to data,
geometry & grid independent modeling

 Complex MPF phenomena
- number of uncertainties remaining & requiring
further investigations > detailed experiments

e QOutlook:

— Ongoing & customer driven CFD model development
— Research cooperation with Industry & Academia

— Extension of the wall heat partitioning in wall boiling model
— Increase range of model applicability
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