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BackgroundBackground

Efficiency of power generationEfficiency of power generation

Development of next generation reactorsDevelopment of next generation reactors

Design and operation of chemical processing Design and operation of chemical processing 
equipment equipment 

Increasing safety requirements Increasing safety requirements 

Needs for advanced twoNeeds for advanced two--phase flow phase flow 
modeling methods and computational modeling methods and computational 
tools: tools: 
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Multiphase Flow Multiphase Flow 
Modeling IssuesModeling Issues
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Mechanistic Multidimensional Mechanistic Multidimensional 
Modeling of Multiphase FlowModeling of Multiphase Flow

Direct Numerical
Simulations

Eulerian
Framework

Eulerian-Lagrangian
Framework

Averaging concepts used
to predict fluid/fluid interactions

Modeling concepts
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Mechanistic Multidimensional Modeling of Mechanistic Multidimensional Modeling of 
Multiphase Flow  (Multiphase Flow  (continuedcontinued))

Two-Field (Two-Fluid)

Three-Field

Four-Field

N-Field

Multifield Conservation Equations

Time-averaged

Space/volume-averaged

Ensemble/statistically-averaged

Local Closure Laws

Multifield Modeling Concept
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Steps Toward Multiphase Model Steps Toward Multiphase Model 
DevelopmentDevelopment
Understand dominant Understand dominant 
physical phenomenaphysical phenomena

Identify interface Identify interface 
tracking methodtracking method

Use appropriate Use appropriate 
averaging conceptaveraging concept

Dispersed “particle” flow

Deformable interface flow 

First-principle “virtual” data
base
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Multifield Conservation EquationsMultifield Conservation Equations
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Major Interfacial Transfer MechanismsMajor Interfacial Transfer Mechanisms
Interfacial mass transfer:  Interfacial mass transfer:  
-- bubble coalescence and breakupbubble coalescence and breakup
-- droplet entrainment and depositiondroplet entrainment and deposition
-- particle/particle collisionsparticle/particle collisions

Interfacial momentum transfer:  Interfacial momentum transfer:  
-- turbulence (particleturbulence (particle--induced)induced)
-- interfacial forces: drag, virtual mass, lift,   interfacial forces: drag, virtual mass, lift,   

turbulent dispersion (diffusion), wallturbulent dispersion (diffusion), wall--induced, induced, 
““particleparticle””--rotationrotation--rotationrotation

Interfacial energy transfer:  Interfacial energy transfer:  
-- (turbulent) heat convection (turbulent) heat convection 
-- local phase change (evaporation/condensation)local phase change (evaporation/condensation)
-- inelastic collisionsinelastic collisions
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Major Multiphase Flow Modeling IssuesMajor Multiphase Flow Modeling Issues
Consistency of formulation  Consistency of formulation  
-- Interpenetrating media vs. dispersed particle Interpenetrating media vs. dispersed particle modelsmodels
-- Force balance at equilibriumForce balance at equilibrium
-- Limitations of Limitations of Eulerian/EulerialEulerian/Eulerial frame of referenceframe of reference

Flow regimeFlow regime--dependent closure laws  dependent closure laws  
-- local vs. local vs. ““particleparticle””--sizesize--scale modelsscale models
-- flowflow--regime transitionregime transition
-- coupling between flow topology and heat transfer coupling between flow topology and heat transfer 

modes (CHF)modes (CHF)

Multiscale phenomenaMultiscale phenomena
-- thin liquid filmthin liquid film
-- gas/liquid/solid interactionsgas/liquid/solid interactions
-- effect of surfactants and effect of surfactants and nanoparticlesnanoparticles
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SingleSingle--Phase Flow Modeling IssuesPhase Flow Modeling Issues
Turbulence  Turbulence  
-- PrandtlPrandtl mixing lengthmixing length
-- High High Re Re kk--εε
-- Low Low ReRe kk--εε

Effect of variable fluid propertiesEffect of variable fluid properties
–– Flow and heat transfer at supercritical pressure:Flow and heat transfer at supercritical pressure:

ρρ, , µµ, , ccpp, k, Pr, k, Pr

Compressible flowCompressible flow
–– Critical flowCritical flow
–– Wave propagationWave propagation
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Computational IssuesComputational Issues
Convergence and robustness of numerical solversConvergence and robustness of numerical solvers
-- residual trackingresidual tracking
-- consistency of numerical vs. physical limitations consistency of numerical vs. physical limitations 

Multiple field modeling capabilities   Multiple field modeling capabilities   
-- maximum number of fieldsmaximum number of fields

Accuracy and duration of simulations for transients Accuracy and duration of simulations for transients 
and oscillatory flows and oscillatory flows 
-- dual timedual time--step convergence criteriastep convergence criteria

ComputationalComputational--gridgrid--independence of results independence of results 

Ability to capture flow in complex geometriesAbility to capture flow in complex geometries



Center for Multiphase Research
Rensselaer Polytechnic Institute

CMR
CMR
CMR

NPHASE CodeNPHASE Code
NPHASE  is  a  pressureNPHASE  is  a  pressure--
based finite  volume  CMFD based finite  volume  CMFD 
(Computational Multiphase (Computational Multiphase 
Fluid Dynamics) codeFluid Dynamics) code
Development  focused   on Development  focused   on 
improving  robustness  and improving  robustness  and 
convergence characteristics convergence characteristics 
of multiphase flow of multiphase flow simulasimula--
tionstions
BuiltBuilt--in generic interfacial in generic interfacial 
closure laws (on RHS of closure laws (on RHS of 
discretizeddiscretized equationsequations
Arbitrary (N) number of Arbitrary (N) number of 
fieldsfields

Major features of NPHASE:Major features of NPHASE:
choice of either segregated or  choice of either segregated or  
coupled solverscoupled solvers
primitive variables are: primitive variables are: 
pressure, velocity, enthalpy, pressure, velocity, enthalpy, 
turbulent kinetic energy, and turbulent kinetic energy, and 
turbulence dissipation rateturbulence dissipation rate
artificial dissipation used to artificial dissipation used to 
control numerical pressure control numerical pressure 
oscillationsoscillations
continuity satisfied through continuity satisfied through 
pressure correction equation, pressure correction equation, 
based on SIMPLECbased on SIMPLEC
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Recent Upgrades of NPHASERecent Upgrades of NPHASE

Implementation of efficient and accurate Implementation of efficient and accurate 
models of the properties of models of the properties of supecriticalsupecritical
water and COwater and CO22

Encoding and coupling with NPHASE of a Encoding and coupling with NPHASE of a 
modified Levelmodified Level--Set  Method Set  Method 

Encoding and coupling with NPHASE of  Encoding and coupling with NPHASE of  
spacespace--dependent model of reactor dependent model of reactor 
neutronicsneutronics
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Other CFD Codes Used in the Past by Other CFD Codes Used in the Past by 
CMR ResearchersCMR Researchers

PHOENICSPHOENICS

FIDAP FIDAP 

CFXCFX

FLUENTFLUENT
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Illustrations of Recent Illustrations of Recent 
Advances*Advances*

__________________________________________________________________________________________________

(*)(*) details of recent research accomplishments at CMR can details of recent research accomplishments at CMR can 
be found in the papers listed at the end of this presentationbe found in the papers listed at the end of this presentation
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Consistency of Multifield Consistency of Multifield 
Model Formulation for Model Formulation for 
Dilute Dispersed FlowsDilute Dispersed Flows
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p
p p p p p c p

d
V

dt − −ρ = ρ + −
v

g F F

Formulation of Fluid/Particle Model (Podowski, 2006)Formulation of Fluid/Particle Model (Podowski, 2006)

Particle motion (Particle motion (LagrangeanLagrangean frame of reference)frame of reference)

average flow 
direction

uniform average flow conditions
(no lateral velocity gradients)

( ) ( ) ( ) ( )tot tot ic c c
c c c c c c c ci c c c c c c c c cp p p

t
− −+ ∇ ⋅ = − ∇ ∇ + ∇ ⋅ + ∇

∂ α ρ
α ρ α − α α ⋅ α + α ρ

∂
+g Mv v v τ τ τ

( ) ( ) ( ) ( )tot tot id d d
d d d d d d d di d d d d d d d d dp p p

t
− −+ ∇ ⋅ = − ∇ ∇ + ∇ ⋅ ∇ +

∂ α ρ
α ρ α − α α + ⋅ α α ρ

∂
+g Mv v v τ τ τ

Averaged equations (Averaged equations (EulerianEulerian frame of reference)frame of reference)

Typical twoTypical two--fluid fluid 
formulation, formulation, 
applicable to applicable to 
packed particlespacked particles
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Dilute particles do not constitute a complete Dilute particles do not constitute a complete ““fieldfield””

p
p p p c p

d
V
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ρ ρ −= −

v
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can be obtained if extra terms are defined as can be obtained if extra terms are defined as 
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uniform average flow conditions
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FullyFully--Developed Dispersed Particle FlowDeveloped Dispersed Particle Flow
((TiwariTiwari et al., 2003)et al., 2003)

(a) NPHASE result using standard Two(a) NPHASE result using standard Two--Field Model (with Field Model (with ττdd = 0)= 0)

Radial velocity profiles: Radial velocity profiles: vvll , , vvpp
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(b) NPHASE result with correct dispersed field model: (b) NPHASE result with correct dispersed field model: vvpp = = vvll
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Example: RELAP5/MOD3.3 1-D model of gas/liquid vertical flow 
Operating conditions: 
G = 1000 kg/m3-s, D = 2 cm,

RELAP wall-friction partitioning

Predicted wall partitioning

Correct wall shear partitioning

Impact on 1-D Simulations (Podowski, 2004)
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Modeling of Modeling of 
Gas/Liquid/Solid Gas/Liquid/Solid 

InterfacesInterfaces
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LevelLevel--Set/NPHASE Simulation of Cap Bubbles Set/NPHASE Simulation of Cap Bubbles 
in Airin Air--Water Systems (Water Systems (WierzbickiWierzbicki et al., 2006)et al., 2006)

st 6.0=st 2.0= st 4.0=
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Bubble Rising in Converging Channel     
((WierzbickiWierzbicki et al., 2006)et al., 2006)

Velocity vectors and
zero level set 

Unstructured grid and
transition region
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Inclination Effect on Maximum Bubble Rise Velocity at 
Small Inclination Angle (Wierzbicki et al., 2006)

Air – glycerin system, 2D simulations

s
cmu 25.14= s

cmu 02.15=

st 4.0= st 8.0= st 4.0= st 8.0=
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Importance of Understanding Dominant Importance of Understanding Dominant 
Physical PhenomenaPhysical Phenomena

Long air bubble flowing in distilled water along inclined tubeLong air bubble flowing in distilled water along inclined tube

Clean inner tube surface (uB=10 cm/s) Nano-particle coated surface (uB=8 cm/s)

ExperimentExperiment

LevelLevel--Set/NPHASE Set/NPHASE 
SimulationSimulation
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SuperSuper--Thin Liquid Film on Inclined Wall Thin Liquid Film on Inclined Wall 
(Podowski & (Podowski & KumbaroKumbaro, 2004), 2004)

Film momentum equation isFilm momentum equation is ( )yx
x

K g
y x

∂τ ∂ σ + Φ
= − + ρ
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g
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2 3/ 2
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K δ
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+ δ n

B
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Hamaker constantHamaker constant
where:where:
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Effect of Wall Velocity on Thickness of Effect of Wall Velocity on Thickness of 
Moving Film (Podowski & Moving Film (Podowski & KumbaroKumbaro, 2004), 2004)
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0UCa µ
=

σ

 g
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∆ = = δ
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Liquid film profileLiquid film profile

( )0.542 0.834 Ca∆ =

wherewhere

Simplified model (Simplified model (ProbsteinProbstein, 1994):, 1994):

Complete flow model (Podowski & Complete flow model (Podowski & KumbaroKumbaro, 2004):, 2004):
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Theoretical Predictions of Droplet ShapeTheoretical Predictions of Droplet Shape
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((VafaeiVafaei & Podowski, 2004; 2005)& Podowski, 2004; 2005)
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Multidimensional Modeling Multidimensional Modeling 
of Particulate Flows in of Particulate Flows in 
Complex GeometriesComplex Geometries
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NPHASE Predictions of Velocity Field and Particle NPHASE Predictions of Velocity Field and Particle 
Concentration in UConcentration in U--Bend (Bend (TiwariTiwari et al., 2004)et al., 2004)

without gravitywithout gravity

(a) (b) (c)

(d) (e) (f)

with gravitywith gravity
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33--D Simulation of Particle Flow in Helical D Simulation of Particle Flow in Helical 
MicroMicro--Tube (Tube (TiwariTiwari et al., 2006)et al., 2006)
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Multidimensional Modeling Multidimensional Modeling 
of Flow and Heat Transfer of Flow and Heat Transfer 

in Supercritical Fluidsin Supercritical Fluids
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Typical Property Variation in a Heated Channel Typical Property Variation in a Heated Channel 
with Supercritical Water (with Supercritical Water (GallawayGallaway et al., 2006)et al., 2006)

Density [kg/m3]  Temperature [oC] Specific heat [J/kg-oC] 
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Multidimensional Modeling of Multidimensional Modeling of 
Various Flow RegimesVarious Flow Regimes
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Predictions of Void Distribution in 
Adiabatic Bubbly Flow               
(Anglart & Podowski, 1999)
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3-D VOF Predictions of Slug Flow (Anglart & 
Podowski, 2001)
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of Slug Flow of Slug Flow 

((Podowski at al., 2004Podowski at al., 2004))

TaylorTaylor--bubble/liquid forcebubble/liquid force

BubbleBubble--induced turbulenceinduced turbulence
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Annular Flow in BWR Fuel Assembly Annular Flow in BWR Fuel Assembly 
(Antal & Podowski, 1999)(Antal & Podowski, 1999)
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Effect of Local Flow ObstaclesEffect of Local Flow Obstacles
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BubblyBubbly--toto--ChurnChurn--Turbulent Turbulent 
Flow Regime TransitionFlow Regime Transition
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Chimney of Advanced BWR (Antal et al., 2005)Chimney of Advanced BWR (Antal et al., 2005)
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MultipleMultiple--SizeSize--Group Model of Group Model of BoilingBoiling ChannelChannel
((KumbaroKumbaro & Podowski, 2006& Podowski, 2006))
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ThreeThree Component Flow Component Flow 
(Gas/Liquid/Solid)(Gas/Liquid/Solid)
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NPHASE Prediction of Volume Fractions in Bubble Column

Tank 
Centerline

liquid bubbles solids

(Antal et al., 2000)(Antal et al., 2000)
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Flow in Branching ConduitsFlow in Branching Conduits
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Direction
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Direction

Gridgen Grid of 3D Equal Diameter Tee 
(Antal & Podowski, 2001)
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3D Simulation of Flow in 90o Tee                     
(Antal & Podowski, 2001)

Branch facing upward Branch facing downward
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Modeling of ForcedModeling of Forced--Convection Convection 
LowLow--Quality BoilingQuality Boiling
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(a) local void and temperature distributions along the channel ((a) local void and temperature distributions along the channel (KurulKurul et al., 1996),et al., 1996),
(b) comparison between calculations and data for radial distribu(b) comparison between calculations and data for radial distributions of majortions of major

parameters at channel exit (parameters at channel exit (AlajbegovicAlajbegovic et al., 1996)et al., 1996)

Predicted and Measured Local Hydrodynamic and Thermal Predicted and Measured Local Hydrodynamic and Thermal 
Parameters for Parameters for SubcooledSubcooled Boiling in Annular Channel Heated Boiling in Annular Channel Heated 
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CHF in CHF in SubcooledSubcooled BoilingBoiling

Flow visualization near heated (Flow visualization near heated (MoudawarMoudawar et al., 2002)et al., 2002)
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Predictions using ThreePredictions using Three--Field ModelField Model
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Steam/Water Mixture Injection Steam/Water Mixture Injection 
into Large Liquid Poolinto Large Liquid Pool
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APAP--600 Reactor System600 Reactor System
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33--D Model of IRWST PoolD Model of IRWST Pool
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Prediction of Pool Temperature in IRWSTIRWST
Following Steam/Water Injection through Sparger

(Antal et al., 2000)
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33--D Void Profiles in IRWST (Antal et al., 2001)D Void Profiles in IRWST (Antal et al., 2001)

CFXCFX NPHASENPHASE
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PlanaryPlanary Velocity Profiles in IRWST Velocity Profiles in IRWST 
Calculated by CFX, Fluent and NPHASE  Calculated by CFX, Fluent and NPHASE  
for 40% Inlet Vapor Volumetric Fraction for 40% Inlet Vapor Volumetric Fraction 

(Antal et al., 2001)(Antal et al., 2001)
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NPHASE Simulation of VHTR Outlet Plenum NPHASE Simulation of VHTR Outlet Plenum 
((GallawayGallaway et al., 2007)et al., 2007)
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Transients and InstabilitiesTransients and Instabilities
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DensityDensity--Wave Oscillations in CoreWave Oscillations in Core--Riser of BWRRiser of BWR
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Coupled ThermalCoupled Thermal--Hydraulics/Hydraulics/NeutronicsNeutronics ModelModel
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SummarySummary

Selected multiphase flow modeling and Selected multiphase flow modeling and 
computational issues have been discussedcomputational issues have been discussed

Details can be found in published papersDetails can be found in published papers

MostMost--recent results have been submitted recent results have been submitted 
for publication (journals and/or 2007 for publication (journals and/or 2007 
conferences)conferences)
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