@ JAEA-Research
; 2024-010

DOI:10.11484/jaea-research-2024-010

Multi-Phase Flow Topology and Interfacial Area Model
for SIMMER-III and SIMMER-IV

Yoshiharu TOBITA, Satoru KONDO and Koji MORITA

Fast Reactor Cycle System Research and Development Center
Oarai Research and Development Institute

‘u——
>
[T
>
A
D
N
=
o)
ﬁ
®
-

October 2024

Japan Atomic Energy Agency | BARRT DHAZTRHAEMKRE




AR VAN — MIESIHFZERHTEE N B AR 7 e B B 2 S NS I8 1T 2 iR 5 T

AR AR — N OHEEE O ZFHERRITFF IR LETT , AL AN — FDOAFIWNCHFEORA (77— % 25 T)
iE. FRRE TRBHVWAEDETI,

ek, RUAR— FOE3T H AR IR Y = 79 1~ (https!//www.jaea.go.jp)

LV REINTHET,

ENZAFSEBR TS E N B AT JEEA s Hems  IFJEBA S HEMERD Bl BN TE HaR
T 319-1112 ISR ETARHIEAS R FASAL 4 2l 49
E-mail: ird-support@jaea.go.jp

This report is issued irregularly by Japan Atomic Energy Agency.

Reuse and reproduction of this report (including data) is required permission.
Availability and use of the results of this report, please contact

Library, Institutional Repository and INIS Section,

Research and Development Promotion Department,

Japan Atomic Energy Agency.

4-49 Muramatsu, Tokai-mura, Naka-gun, Ibaraki-ken 319-1112, Japan
E-mail: ird-support@jaea.go.jp

© Japan Atomic Energy Agency, 2024



https://www.jaea.go.jp

JAEA-Research 2024-010

Multi-Phase Flow Topology and Interfacial Area Model for
SIMMERC-III and SIMMER-IV

Yoshiharu TOBITA™!, Satoru KONDO™ and Koji MORITA™

Fast Reactor Cycle System Research and Development Center
Oarai Research and Development Institute
Japan Atomic Energy Agency
Oarai-machi, Higashiibaraki-gun, Ibaraki-ken

(Received June 6, 2024)

The multi-component, multi-phase flow topology and interfacial area model has been developed for
the SIMMER-III and SIMMER-IV computer codes, which have been extensively used in liquid-metal fast
reactor core-disruptive accident analyses. To systematically simulate complex flow topology, flow regime
maps are modeled, for both the pool flow and channel flow regimes, with smooth transition between flow
regimes. The interfacial area convection model was formulated to enhance the applicability and flexibility of
the codes, by tracing the transport and history of interfaces, and thereby better representing transient physical
phenomena. The changes of interfacial areas resulting from such as breakup, coalescence, and production of
droplets or bubbles were treated as source terms in the interfacial area convection equation.

In a multi-component system of SIMMER-III and SIMMER-IV, all the possible contacts between
components are taken into account, and the fluid-to-fluid and fluid-to-structure binary contact areas are
prepared for the calculations of heat and mass transfer processes and momentum-exchange functions.

The multi-phase flow topology and interfacial area model developed in this study was the first of a
kind as a fast reactor safety analysis code. The model has been extensively tested through the code assessment
(verification and validation) program, which has demonstrated that many of the problems associated with
simplistic modeling in the previous codes were resolved.
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si Structure density component i
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1. Introduction

The SIMMER-III and SIMMER-IV computer codes couple a two-/three-dimensional, multi-velocity
field, multi-phase, multi-component, Eulerian fluid dynamics module with a space- and time-dependent
neutronics model and a structure model"- 7). In order to model complex multi-phase flow physical processes,
mass and energy conservation equations are solved for the density components and energy components,
respectively. Here SIMMER-IV is the three-dimensional code, which retains essentially the same modeling
as two-dimensional SIMMER-III, except for fluid convection algorithm and additional structure wall
treatment in SIMMER-IV. In the rest of this report, only the code name SIMMER-III is referred to, unless
noted differently.

The codes have been used for simulating complex physical processes of dynamic multi-phase flows
during liquid-metal fast reactor (LMFR) core disruptive accidents (CDAs), such as boiling pool dynamics,
molten fuel relocation and freezing, and fuel-coolant interactions. These are the phenomena occurring
through local heat and mass transfer processes at the interfaces between different materials (or components).
The momentum exchange processes occur also at fluid-to-fluid and fluid-to-structure interfaces. These
interfacial phenomena are dominated by interfacial areas, which are primarily determined from geometrical

configurations (topology) and volume fractions of the fluid and structure components.

In the former SIMMER-II code developed at the Los Alamos National Laboratory®, a two-velocity code,
a very simple flow regime is modeled, i.e. a dispersed droplet flow is assumed regardless of void fraction,
except for a low void fraction range in which a bubbly flow is simulated. Interfacial areas are calculated
based on instantaneous local flow conditions alone. In the next step, a significant improvement was made in
the Advanced Fluid-Dynamics Model (AFDM) code ?), a three-velocity-field prototype code, in which the
convection of interfacial areas was modeled to better represent transient interfacial phenomena, and multi-
phase flow configurations are simulated by 12 flow topologies'?. This pioneering effort with AFDM has

been successful, even though the code is more or less a research tool and cannot be applied to reactor cases.

The SIMMER-III interfacial area (IFA) model is based on the AFDM approach. As a reactor safety
analysis code, full reactor materials are treated with the structure modeling that has been much improved
from SIMMER-II. The rather complex multi-phase flow topology treatment in AFDM is simplified to be
practicable; however, the treatment of flow regimes affected by structure (called “channel flow”) is modeled
in addition to “pool flow”. The IFA convection with source terms is modeled similarly to AFDM and is
extended to be consistent with the increased number of fluid components and comprehensive flow regimes.
Thus, the SIMMER-III IFA model has the following salient and advanced features:

(1) Multi-phase flow topology treatment: Both the pool flow and channel flow regimes are modeled as
flow-regime maps covering an entire vapor volume (void) fraction range from 0 to 1. In those flow
regimes for which it is difficult to draw the flow topology, a suitable interpolation procedure is

introduced to avoid any abrupt changes in flow properties upon flow regime transition.
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(2) Convection of IFA: When a fluid component flows from one cell to a neighboring cell, the surface of
the fluid flows as well. This is described by an IFA convection equation and thereby the history of

the IFA can be traced. A total of 11 convectible interfacial areas are treated.

(3) [IFA source terms: The surface areas of fluids change with time due to dynamic processes such as
bubble coalescence and hydrodynamic droplet breakup. The source terms of IFA are defined by an

equilibrium value and time constant, and are included in the IFA convection equation.

(4) Binary contact areas: With 8 fluid energy components (7 liquids and 1 vapor mixture) and 3 structure
surface components (5 for SIMMER-IV), there are possible 28 fluid-to-fluid binary contacts (28 for
SIMMER-1V) and 24 fluid-to-structure contacts (40 for SIMMER-IV). Thus, the total of 52 binary
contact areas are calculated in SIMMER-III (68 for SIMMER-IV).

The IFA modeling concept and an early version of the model for SIMMER-III was first documented in
the 1990s as an informal technical memorandum and a conference paper.!) The present report is intended
to be a full documentation of the IFA model including the latest improvements and the provisions for
SIMMER-IV. In the rest of this report, the fluid-dynamics model of SIMMERC-III is briefly presented in
Chapter 2 to understand the purpose and importance of the IFA model. The multi-phase flow topology and
flow regimes are described in Chapter 3. The IFA convection and source terms are formulated in Chapters 4
and 5, respectively. The binary contact areas for fluid-fluid contacts and fluid-structure contacts are defined
in Chapter 6. Although the details of the verification and validation (V&V) of the model is beyond the scope
of this report, the achievements of SIMMER-III assessment program with respect to IFA modeling are
summarized in Chapter 7. Additional detailed information with respect to the IFA modeling is available in

Appendices.
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2. Overview of SIMMERC-III and Purpose of Interfacial Areas

2.1. Overview of Fluid Dynamics Algorithm

The fundamental mass, momentum and energy equations are written in a differential form as follows.

For mass conservation,

"

where the mass is represented by the macroscopic density (mass per unit volume) p,, and I}, is the total

mass-transfer rate per unit volume from component m. The momentum equation is written as:
0PqVq V(553 Vb — 5.8+ KB " N
. T +(PmTq¥y) + aqVp — pad + KqsVg — aq’ (=Vqg) —VM,
q!

meq (2_2)
= = gt [H(Tyq )7 + H(Tyrg) 3]
ql
where the Kqs and K,/ terms on the left side¥,r are the momentum exchange functions that couple the
velocity field g to a different field or structure, and Wq is the virtual mass term. The energy equation is

written below with the energy represented by the specific internal energy of component M.

dpye ~ . Ja R
éwt M + Z V- (pmequ) +p [(’)_tM +V- (anq)]

meM

ﬁ = = - - - - - —_—
_ % Z Koq(g = V) - (Bg — Bgr) + Kosq - (B — Bys) + VM, 23)
q
(g - 17GL)] = Qn + Qu ) + Qu(h,a,AT),

where the terms on the right-hand side of the equation denote the specific energy sources due to nuclear
heating, mass transfer, and heat transfer to energy component M. The detailed explanation of these equations
is described in the SIMMER-III/SIMMER-IV report".

The most complex portion of the fluid dynamics is the model for intra-cell heat and mass transfers,
which describe the physical phenomena associated with multi-component, multiphase flows. Interactions
between different components having different energies take place locally at places where two components
come into contact. In the former SIMMER-II, heat and mass exchange rates were determined at the beginning
of time step, and the end-of-time-step updates due to convection were calculated assuming these exchange
rates stay constant during the time step. The approach taken by SIMMER-II is merited when relatively large
time step sizes can be used for quasi-steady-state problems. However, for highly transient cases with rapid
phase transition, non-linear phenomena such as vaporization and condensation cannot be accurately and

consistently treated. In the past, this limitation of the code produced serious stability and accuracy problems.
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The fundamental fluid-dynamics solution algorithm employed in SIMMER-III is time-factorization,
four-step method, first developed for AFDM code,'® in which intra-cell transfer is decoupled from fluid
convection. The complexity associated with modeling the various inter-related phenomena of heat and mass
transfer is the main reason of selecting this approach. Based on the successful implementation of the
algorithm in AFDM, the same solution procedure is adopted in SIMMER-III/SIMMER-IV with extension to
multi-component system with full reactor materials and structure configuration. In the four-step algorithm,
local phenomena or interactions are treated as intra-cell transfer processes in Step 1, which is decoupled from
the fluid inter-cell convection treated in Steps 2-4. Step 1 solves the mass and energy equations without
convection terms, and updates the end-of-time-step mesh cell variables resulted from intra-cell heat and mass
transfer. Also evaluated in Step 1 are momentum exchange functions to be used in fluid-convection
calculations. The individual models of Step 1 are programmed in a modular way such that future

improvement or replacement with new models can be implemented easily.
2.2. SIMMER-III/SIMMER-IV Components

All materials are represented by components: density components are used to calculate the mass
conservation equations; and energy components the energy conservation equations. The complete lists of the
structure-, liquid- and vapor-field components are shown in Tables 1 through 3. In these tables, the lower-
case subscripts denote density components while the upper-case subscripts denote energy components. The
fuel components are divided into fertile and fissile in their mass (density components) to represent different
enrichment zones in the core. However, the two materials are assumed to be intimately mixed, and hence the

single temperature is assigned (energy components).

It is noted the only difference between SIMMER-III and SIMMER-IV is the number of can walls; i.e.

the front and back can walls are modeled in a three-dimensional code in addition to left and right can walls.

2.3. Purposes of Interfacial Area Model

In the solution algorithm, the intra-cell heat and mass transfer terms are solved in Step 1. For
determination of the mass-transfer rates and energy-transfer rates appearing in Eqgs. (2-1) and (2-3), the
interface condition of the two components exchanging mass and energy is required. For example, the energy-
transfer rate due to heat transfer is determined from the binary contact area and the heat-transfer coefficient
between the two energy components, which are calculated in the IFA and heat-transfer coefficient (HTC)
models, respectively. The momentum exchange functions (MXFs) are also calculated based on the interfacial

area between two velocity fields or a velocity field and structure.

A simplified computational flow of Step 1 is depicted in Fig. 1. The IFA model has several purposes.
Based on the structure configuration and component volume fractions, a flow regime in each mesh cell is
determined. The convectible IFA resulted from fluid convection are updated for source terms. Then the binary

contact areas are calculated for all the fluid-to-fluid and fluid-to-structure interfaces.

Heat and mass transfer calculations are performed at each interface based on the calculated binary
contact area and the heat-transfer coefficient determined by other modules. The binary contact areas are also

used to calculate momentum exchange functions (fluid-to-fluid drag and fluid-to-structure friction), which
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are used in solving the momentum equation Steps 2 to 4. Thus, the IFA model is one of the most essential

models in simulating multi-phase flows.
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3. Multi-Phase Flow Topology and Flow Regimes

Before presenting the individual multi-phase flow regimes, a basic concept is described as to how
geometrical configuration (topology) of complex multi-flow flows is represented. Then the convectible
interfacial areas are defined, followed by the model description of flow regimes in pool and channel flow

topologies.
3.1. Basic Concept of Multi-Phase Flow Representation

In modeling a geometrical configuration of multi-phase flows in SIMMER-III, there are several
challenges to confront with. First, the geometrical configurations (topology) of multi-phase, multi-component
flows are complex and difficult to describe, and hence bold simplifications are necessary. Second, the model
should cover an entire void fraction range from a vapor flow to a single-phase liquid flow. Third, in
SIMMER-III, flow regimes are modeled for both a pool flow, in which the effect of the structure is negligible,
and a channel flow, which is confined by the structure. Smooth transitions between flow regimes are always

desired for avoiding any discontinuity or abrupt changes caused by inadequate modeling.

We will start with a pool flow topology, which is much simpler with no effect of structure. A basic
concept of representing the pool flow is a combination of the two flow regimes: a liquid-continuous bubbly
flow regime and a vapor-continuous dispersed (droplet) flow regime, as shown in Fig. 2. Between the bubbly
and dispersed flow regimes, the transition flow regime is defined to represent the conventional churn-
turbulent flow. The transition flow regime is assumed to consist of a bubbly flow region with its local void
fraction ap and a dispersed region with its local void fraction . The volume ratio of these two regions is
defined such that an averaged void fraction over the flow area equals the given flow void fraction. The liquid

component with the largest volume fraction is assumed to form a continuous phase in the bubbly flow region.
In Fig. 2, the effective void fraction is defined, in the SIMMER-III equation-of-state (EOS) model, by
Aepr = max[ag(1 — as), g pos + aolay + ap)], (3-1)

in calculating two-phase pressure. With this definition, smooth transition from a single-phase to two-phase

cell is ensured. Since @,fy is used in the heat and mass transfer model and hence it should be also used

consistently as the vapor volume fraction in the IFA calculation.
Equation (3-1) can be replaced, by a user input option, with the real gas volume fraction with a limiter:

g = maX[“G,EOS' aG,Min] , (3-2)

where @ i, are input limiters (10 ~ 102 may be appropriate as the default values). It is noted that, if we
use ag, problems may develop due to inconsistency between the interfacial areas and the volume fraction
A5y used in the calculation of heat and mass transfer. Therefore, after the calculation of momentum-
exchange functions, the binary contact areas between vapor and the other components are modified based on

Q.fr to keep consistency with the heat and mass transfer calculation. The modification procedure is
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Am
A ms = dmp + —(Aeperr —Acp), for m=1,2,3, (3-3)
L
where
agf Lfm 5 1s a contact area between vapor and the other component M in the bubbly region based on @,

ag,1m,p 1S a contact area between vapor and the other component M in the bubbly region based on a;;
Ag ey 1s the convectible area of bubbles based on @,sf, and is given by
AGeff

AG,B,eff=AG,B o -
G

This procedure violates the “summation rule” that the sum of contact areas over a component should be equal

to the convectible interfacial (surface) area of the component,

Ay = Z M.k (3-4)

K+M

where A is a convectible IFA area of the component M, and a,, i is a binary contact area of the component
M with the other component K. The inconsistency problem can be resolved by re-calculating binary contact
areas based on a,f after the momentum-exchange functions calculation. However, it is decided not to
implement this re-calculation in SIMMERC-III, unless the above violation is likely to affect the calculated

behavior significantly.
3.2. Definition of Convectible Interfacial Areas

A concept of the convection of interfacial area concentration (interfacial area per unit volume) was first
proposed by Ishii in the mid-1970s.!® To implement this concept in a multi-component system, three
convectible IFA were modeled in AFDM.'® In SIMMER-III, with the increased number of fluid energy
components, more convectible IFAs must be modeled in a physically consistent way. Before introducing the
IFA convection model in Chapter 4, the convectible IFAs of SIMMERC-III are defined in this section. The

structure surface areas are also described.
3.2.1. Convectible interfacial areas

A basic concept is the convection of the surface areas of associating fluid components. Out of 11
convectible IFAs per unit volume modeled in SIMMERC-III, 10 IFAs associating respectively to the energy

components are convected. As depicted in Fig. 3, these are:

Apmp, m=1,2,3 : the IFAs of real liquids (fuel, steel, and sodium) in the bubbly region,
Apmp, m=1,2,3 : the IFAs of real liquids in the dispersed region,

A, p=4,5,7 : the IFAs of fuel particles, steel particles and fuel chunks, and
Agp, . the IFA of the bubble in the bubbly flow region.

It is noted that the real liquids in the bubbly and dispersed flow regions are distinguished, but the solid
components (still in the liquid field) are not distinguished between the two regions. The IFA area for the

vapor mixture is treated only as bubble surface area in the bubbly flow region.
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In addition, the interface area between the bubbly and dispersed regions, Agp, is defined as an
additional convectible IFA. Because of the difficulty in defining a velocity and source terms for Ag p, it is
not convected actually and is to be defined based on the instantaneous local condition of the flow. A simple
approach for pool flow is to use an AFDM approach that Ag p should increase if the bubbles increase in the

bubbly region and the liquids increase in the dispersed region. The formula is

6
App = min(fp, fp)Cpp (AG,D + z ALm,D>' (3-5)

m=1

where f and fj, respectively denote the volume fractions of the bubbly (liquid-continuous) and dispersed

(vapor-continuous) regions, and Cp p is input multiplier (default value is one).

The IFA of the control particles is not convectible and is obtained instantaneously from the input radius

A = : (3-6)

The IFAs of particle and chunk components are assigned to the bubbly and dispersed regions using the
fractions defined later by Eqs. (3-22) and (3-23),

ALm,B = XpAim
for m=4,5,6,7 . (3-7)
ALm,D = XpAim

3.2.2. Surface areas of structures

SIMMER-III has three structure surfaces, i.e. the fuel pin (PIN), the left can wall (LC) and the right can
wall (RC). For SIMMER-1V, the front can wall (#C) and the back can wall (BC) are added. To make the
liquid film not working as an energy shunt between these structure energy components if SIMMER-III is to
possess only one energy component for a liquid material, the structure energy components are divided into
“film” structure subscripted by FS and “vapor” structure subscripted by V’S. The “film” structure is assumed
to contact the liquid film while the “vapor” structure not. The allocation of each structure component to the
“film” or “vapor” structure component is controlled by a parameter /LS. According to /LS, the “film”
structure is defined as follows in SIMMER-III:

ILS= 1:FS=PIN
2:FS=LC
3:FS=RC
4:FS =PIN and LC
5:FS = PIN and RC
6: FS =LCand RC

7: FS = PIN, LC, and RC
and in SIMMER-IV:

ILS= 1:FS=PIN



JAEA-Research 2024-010

2: FS = Can walls
3: FS = All structures

The default value of /LS is proposed to be 1. If a pin is not present or it breaks up, /LS should be changed

appropriately based on phenomenological consideration. Currently, /LS is assumed to change according to
the following algorithm in SIMMER-III:

(1)

)

€)

“4)
)
(6)
0

If a pin is not present when /LS=1, ILS becomes 2. In addition, if a left can wall is not present, /LS

becomes 3.

If a left can wall is not present when /LS =2, ILS becomes 1. In addition, if a pin is not present, /LS

becomes 3.

If a right can wall is not present when /LS =3, ILS becomes 1. In addition, if a pin is not present,

ILS becomes 2.

If a pin and a left can wall are not present when /LS =4, ILS becomes 2.
If a pin and a right can wall are not present when /LS =5, ILS becomes 3.
If left and right can walls are not present when /LS =6, ILS becomes 1.

If no structure component exists, the code will calculate a pool flow.

In SIMMER-IV:

(M
2

If a pin is not present when /LS=1, ILS becomes 3.

If can walls are not present when /LS =2, ILS becomes 3.

The surface areas of the “film” structure Agg and the “vapor” structure Ay are defined as follows,
depending on the value of /LS in SIMMER-III.

Apin D ILS =1
Ac D ILS =2
Apc cILS =3
Aps =< Apiy +ALc : ILS =4 ,and (3-8a)
Apiy + Agc D ILS =5
Ajc + Agc tILS =6
Apinv +Ac + Agc D ILS =7
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Asc + Are L ILS =1
Apiy + Age 1 ILS =2
Apiy + Ay 1 ILS =3
Ays =< Apc L ILS=4 . (3-8b)
AL ILS=5
Apin L ILS=6
\0 L ILS =7

The definitions of the “film” structure and the “vapor” structure in SIMMER-IV becomes as follows.

Apin LS =1

Aps = A + A + Apc + Apc : ILS =2 ,and (3-9a)
Apiy +Apc + Age + Apc + Age :ILS =3
Apc + Agc + Apc + Age 1 ILS =1

Ays = Apin DILS =2 . (3-9b)
0 : ILS =3

These surface areas are further divided into the bubbly and dispersed regions as follows:

Arsp = fpArs, (3-10)

Apsp = fpArs, (3-11)

Aysp = fpAys,and (3-12)

Aysp = fpAys - (3-13)
3.3. Pool Flow Topology

3.3.1. Pool flow regimes

The pool flow regime map modeled in SIMMERC-III is depicted in Fig. 4. As already explained, three
flow regimes are defined to cover an entire range of void fraction. The definitions of variables needed in this

modeling are as follows.

as = Total structure volume fraction

ar=1-—ag (3-14)
= Volume fraction available for flow
aL = a’L1 + O’,LZ + CZL3 (3—15)

= Total real liquid volume fraction. Only the liquid fuel, steel, and sodium components are included

in the summation and particles are excluded.

,10,
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ap = apy T s + ae + gz (3-16)
= Total particle volume fraction

ac=1—as—a;, —ap (3-17)
= Vapor volume fraction

ag

s P (3-18)

= (vapor volume)/(vapor volume + real liquid volume)
= Effective vapor volume fraction

a < ag describes the bubbly flow regime

a = ap describes the dispersed flow regime

ag < a < ap describes the transition regime

The volume fractions to describe the boundaries, az and ap, are input constants. For the pool flow, a
reasonable value of a is 0.3, whereas 0.7 appears appropriate for a,. For the channel flow, 0.8 may be
appropriate for aj, according to the experimental data.!¥) The effective vapor fraction with limiting values
is defined for use in the whole range of void fraction:

o = max[ag, min(a, ap)] . (3-19)

The flow area is then divided into two parts:

ap(a” — aB)} (ap —a’)
=41+ 3-20
L { ar(1—o*) J(ap —ap) ( )
= Volume fraction of liquid-continuous region,
and
ap(ap — 0(*)} (a" —ap)
=41- 3-21
o { ap(1—a*) J (ap —ap) ( )

= Volume fraction of vapor-continuous region.

The liquid components should be allocated to these two regions with the following fractions:

_ (1-ap) (ap—a’)

X, = (3-22)
5 (ap—ap) (1—a*)
= Fraction of Liquid components in liquid-continuous region, and
l1-«a O —a
x, - (=) (@ —ap) 523

(ap —ap) (1—a)
= Fraction of Liquid components in vapor-continuous region.

These fractions are determined to satisfy the following two requirements. First the liquid-continuous

(bubbly) region has a local effective vapor volume fraction of ag and the dispersed region ap. Second the

,11,
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real liquids and particles should be partitioned between the two regions with the same fraction. The derivation

of these fractions is described in Appendix A in detail.

Some additional definitions can be made using these fractions as follows.

arp = fpar (3-24)
= Volume fraction available for flow in the liquid-continuous region

arp = fpar (3-25)
= Volume fraction available for flow in the vapor-continuous region

Apmp = Xpayy ,form=1~7 (3-26)
= Volume fraction of liquid components in the liquid-continuous region

Apmp = XpQpm ,form= 1~7 (3-27)

= Volume fraction of liquid components in the vapor-continuous region

Qg for a<ag
Qg5 = { (3-28)
aglfs(1 — as) — Xgap] for ap < «
= Volume fraction of vapor in the liquid-continuous region
aglfp(1 —ag) — Xpap] fora<a
o n :{ BUp s p&p D (3-29)
ag for ap < a

= Volume fraction of vapor in the vapor-continuous region
3.3.2. Continuous liquid phase

The real liquid with the largest volume fraction is subscripted by m=CP. This liquid is assumed to form
the continuous phase in the bubbly flow region. The convectible interfacial area of CP in the bubbly flow
region is always set to be zero. To avoid oscillatory behavior resulting when CP changes on every other cycle,
a hysteresis should be formulated. Thus, the change of CP does not occur unless the following condition is

satisfied.

Acp(ota) < Cursmax{ai}, (3-30)

where Lk represents the other two real liquid components and Cyrs is a user defined constant less than unity.

If this condition is satisfied, a new CP is defined using
Acp(new) = maX{aLk} . (3-31)

To conserve the interfacial area upon a CP switch, the convectible interfacial area of the new and old

continuous phases in the bubbly flow region are exchanged by setting

ACP(old),B = ACP(new),B ,and (3-32)

,12,
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Acpnew)s = 0. (3-33)

3.3.3. Second continuous liquid phase

An abrupt change of IFAs may occur when a continuous phase changes to other components. To ensure
the smooth transition of CP in this situation, a real liquid that has the second largest volume fraction and
belongs to a velocity field different from CP is defined as the second continuous phase CP2. In order not to
introduce excessive complexity, the second continuous phase is calculated after all the convectible IFAs are
updated. The bubbly flow region is subdivided into the CP-continuous region (subscripted B1) and the CP2-
continuous region (subscripted by B2). The remaining real liquid is defined as the dispersed phase subscripted
by DP.

Based on the procedure described in Appendix B, the bubbly flow region is subdivided into two parts.
The B1 region has a local CP2 volume fraction of @z, whereas the B2 region has a local CP2 volume fraction
of ag,., where ap; and ag, are user specified input with the default values of 0.3 and 0.7, respectively. The
dispersed liquid components (m = DP, 4, 5, 6, 7) and the vapor component are assumed to distribute

uniformly in the bubbly region.

The convectible interfacial area of component CP2 in the CP-continuous region is assumed to be

proportional to the volume fraction as follows

A __ Ucp,B1
CP2,B1 =
ac

Acpog, (3-34)
P2,B

where a¢p 1 is the volume fraction of CP in the CP-continuous region, &¢p; g is the volume fraction of CP2
in the bubbly flow region and A¢p, p is the volume fraction of CP in the bubbly flow region. The interfacial
area between component CP and CP2 must be conserved. Hence the reasonable definition for the interfacial

area of component CP in CP2-continuous region is

Acp2,2 = Acp2, — Acpz,B1 - (3-35)

The IFA between CP-continuous and CP2-continuous regions is assumed to be zero. The remaining

IFAs of CP and CP2 are set to zero similar to Acp g. These are

ACP,Bl =0 ) and (3—36)
Acpap2 = 0. (3-37)

The convectible areas of dispersed liquid components and the surface areas of structures in the bubbly
flow region are divided into the CP-continuous and CP2-continuous regions using the fractions of CP-

continuous (B1) region and CP2-continuous (B2) region, fz; and fz,, respectively.

Arsp1 = fB14Fs (3-3%8)

,13,
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Aps2 = f24Fs » (3-39)
Ayspr = fp14vss (3-40)
Ayspa = fp24vse (3-41)
Apmp1 = fp1Aimp for m=DP 4,5,6,7 (3-42)
Apmp2 = fp2Armp for m=DP, 4,5,6,7. (3-43)

3.4. Channel Flow Topology
3.4.1. Channel flow regime map

Nine flow regimes are defined for the channel flow topology in SIMMER-III. The geometrical
description of the channel flow is shown in Fig. 5. The ordinate of Fig. 5 is a fractional amount of liquid

entrainment and the abscissa is the effective vapor volume fraction as defined in the pool flow topology.

The time-dependent entrainment fraction E,,. is introduced to avoid instabilities, which are anticipated if
the definition of flow regime is based on instantaneous quantities such as velocities!> 19, That is, the

evolution of E,. is calculated based on the differential equation:

9E, 1
= (E, - 44
5t = (Fu—ED, (3-44)

where E,, is the equilibrium entrainment fraction for given flow conditions, and
Tep 1s the entrainment time constant.
E, is the upper limit of the entrainment fraction. The proposed formalisms for E,., 7., and E,, are

described in Appendix C.

The bubbly regime, the dispersed regime, and the pool-type transition regime are treated similarly to the
pool flow. Thus, the new equations necessary for the channel flow are those which model the slug flow

regime, the annular flow regime, the annular-dispersed flow regime, and the interpolated regime.
3.4.2. Slug flow regime

The slug flow regime occupies a part of the flow regime map where ay < @ < ap and E,. = 0. The

schematic picture for the slug flow regime is shown in Fig. 6.

The flow area is divided into two regions, namely “film” and “channel” regions. The “channel” region
is further divided into “slug” region and “vapor” region. Some assumptions need to be made in modeling the
topology of this regime. First, as the annular flow approached, the bubbles are assumed to cross the interface
to the “vapor” volume and the volume fraction of bubbles is now assumed to be proportional to the fraction

of liquid continuous fluid in the flow volume:

,14,
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(aslug + aFilm)
(1—as)

The bubble volume fraction is then given by

a + ag;
Qg sr = Qg p —( Sl(uig_ a:)llm) ) (3-45)

where ag p is defined by Eq. (3-28).

Second, the amount of liquid in the “film” volume is assumed to be constant and the same as the value

at the transition point to the annular flow:

(ap+ap)rum =1 —ap(l—as—ap) —as = (1 —as)(1 —ap) — apap . (3-46)
Using Eq. (3-45), the “vapor” volume fraction is obtained as

QAyapor = g — Agsr = 1 — &g — Apjim — Asiug - (3-47)
From Egs. (3-46) and (3-47), we obtain

1-— as — Qg
Apitm + Aspyg = o ——— (1-as). (3-48)

The “film” volume fraction is the sum of the bubble volume in the film and the film volume at ¢ = a.

Arip QAFil
Apitm = Qg,sF m + (a, + ap)pim = g sF 1 — ZS + (ay + ap)riim - (3-49)
Algebraic manipulation of Eq. (3-49) yields
(ap + ap)ru
Apim = (1 — @) . (3-50)

1—as—agp
The “channel” volume is defined by

ap(l—as—ap) —agp

QAchannel = Xsiug + Avapor = 1—as—apgm = 1- 0(5) 1= — (3-51)
as — Qg
The “slug” volume is obtained by substituting Eq. (3-51) to Eq. (3-48) as
ap(l—as—ap) —ag
siug = (1 = as) ——— — (3-52)
Geometrical variables are defined using these volume fractions as follows.
Xp =0, (3-53)
Xg=1, (3-54)
App = Apiim + Asiug (3-55)

,15,
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OFrp = Qyapor » (3-56)
(4529
=, 3-57
CcErs G-37
fD=1_fB, (3'58)
Fmp = aLm} for m=1~7 (3-59)
orm=1~7, -
Apmp =0
dc B = %G sF, (3-60)
aG,p = QAyapor » (3-61)
ALm,B =Apm
for m=4,5,6,7, (3-62)
ALm,D =0
AFS,B = AFS, (3-63)
Apsp =0, (3-64)
a
Aysp = &Avs ,and (3-65)
Achannel
Aysp = Ays — AVS,B . (3-66)

Note that ag  is now re-defined by Eq. (3-60).
3.4.3. Annular flow regime

The annular flow regime occupies the part of the flow regime map where ap < a and E, = 0. The

conceptual picture for the annular flow regime is shown in Fig. 7.

The mixture of liquid components forms a liquid film on the structure and only the vapor occupies the
remaining flow channel. Because the annular flow is considered as a limiting case of slug flow with no “slug”
or vapor bubbles in the liquid-continuous region, the geometrical description is obtained by simplifying Egs.
(3-53) to Eq. (3-66). The geometrical variables are:

Xp =0, (3-67)
Xp=1, (3-68)
app =ap+ap (3-69)
app =1—as—app, (3-70)

,16,
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fo = 1a_p,25, (3-71)
fo=1-fz, (3-72)
ArmB = ALm
tmp = 0 } for m=1~7, (3-73)
agg=0, (3-74)
agp = Qg » (3-75)
Apmp = ALm}

for m=4,5,6,7, (3-76)
Aimp =0
Apsp = Ars (3-77)
AFS,D =0, (3-78)
Aysp = 0,and (3-79)
AVS,D = Ays - (3-80)

3.4.4. Annular-dispersed flow regime

The annular-dispersed flow regime is characterized by the film interface becoming unstable due to the
velocity difference between vapor and liquid film. When the flooding criterion is met, liquid momentum
coupling with the vapor increases by an order of magnitude. As the available pressure drop and velocities
increase, the dispersed flow is achieved. This regime occupies the part of the flow regime map where ap <
a and 0 < E, < E,,. The schematic picture for the annular-dispersed flow is shown in Fig. 8. This picture

shows wavy liquid film and entrained liquid droplets in the dispersed region.

Some definitions required to treat the annular-dispersed region are:

Xp=— (3-81)
= the fraction of liquid that is treated as the dispersed droplets,

XB = 1_XD (3'82)
= the fraction of liquid that is treated as the liquid film,

fs = Xp" (3-83)
= the fraction of structure area still in film flow, and

app = (a, + ap)Xp (3-84)

,17,
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= the volume fraction remaining in the structure film.

The remaining geometrical description can be obtained by the above definitions as follows:

app=1l—-as—arp, (3-85)
_ OFp

fe = a-a)’ (3-86)
fo=1-fg, (3-87)
Armp = XpApm

for m=1~7, (3-88)
Armp = XpApm
agp =0, (3-89)
aGp = Qg , (3-90)
Apmp = Xpim

for m=4,5,6,7, (3-91)
Apmp = XpQm
Apsp = fsArs (3-92)
AFS,D = (1 - fS)AFS' (3'93)
AVS,B =0 ) and (3_94)
Aysp = Ays . (3-95)

3.4.5. Interpolated regime

This flow regime occupies the part of the flow regime map where ay < @ < ap and 0 < E, < E,,. [FA
modeling is a formulation of the geometrical relations among the fluid components under given volume
fractions and flow conditions. If we are to interpolate variables between the two limiting flow regimes which
have different void fractions, we need to define the geometrical configuration of the flow similarly to the
slug flow or the pool transition flow. Because of the difficulty in obtaining a geometrical configuration for

this regime, a pure mathematical interpolation between the slug flow and the pool transition flow is performed.

The weighting fractions to interpolate between the two regimes are defined as

E

Xr = — ,and (3-96)
E,

Xe=1—Xr. (3-97)

Geometrical quantities are interpolated using these fractions. The quantities used in the right-hand side of the

following equations are the same as defined for the pool transition flow model or the slug flow model.

,18,
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Qpp = XS(aFilm + aSlug) + Xrf8.PoolQF » (3-98)
Qpp = QAp — Qfp, (3-99)
Amp = (Xs + XrXpg)am
form=1~7, (3-100)
Amp = XrXpApm
Ao = Xsgsp + Xrag|fppoo(1 — a5) — Xsap), (3-101)
Agp = Ug-0GB, (3-102)
Apmp = (X5 + XrXpg)Apm
for m=4,5,6,7, (3-103)
ALm,D = X1 XpAim
Apsp = (Xs + Xrf3.poor)Ars (3-104)
Apsp = Xrfp,poctArs (3-105)
aSlug
Aysp = | Xs + Xrf,poot | Avs ,and (3-106)
Xchannel
aSlug
Aysp = |Xs |1 = ———) + Xrfp,poot | Avs - (3-107)
Xchannel

Finally, the geometrical fractions used in Egs. (3-96) to (3-107) are re-defined to keep consistency with the

interpolated quantities as follows,

(1 —ap)(ap —a”)

Xpg=Xs+X ) 3-108
BT G, — e — @) G109
Xp=1-Xg, (3-109)
_ _%rpB (3-110)
fp= - ,and
fo=1-/p. (3-111)
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4. Convection of Interfacial Areas

4.1. Interfacial Area Convection Equation

In predicting the multi-component multi-phase thermohydraulic transients, the IFAs between
components play very important roles in determining the rates of heat and mass transfer as well as momentum
exchange. Although IFAs cannot be conserved in principle, a convection equation of an IFA per unit volume

(IFA concentration) is proposed by Ishii'® in a general form:
_+V (vq(l)A ) ZSlk, (4_1)

where 4; is the convectible IFA per unit volume of interface i,
ﬁq(i) is the velocity of interface i, and

S; . are the IFA source terms, which update the area of the interface i.

A total of 11 convectible IFAs per unit volume defined in SIMMERC-III was already introduced in
Section 3.1.1. The changes of IFAs resulting from breakup, coalescence, and production of droplets or
bubbles are treated as “source term” of IFAs in the convection equations. This treatment seems to be
appropriate, because: (a) the model is reasonably simple and concise with acceptable compromises in treating
extremely complex flow configuration in SIMMER-III; (b) smooth changes of physical properties of the flow
are guaranteed, such as IFAs and momentum exchange functions; and (c) current knowledge and technology
about multi-component multi-phase flows are limited, so that more detailed modeling is not necessarily

useful.

The additional terms are necessary to the above basic equation in order to calculate the IFA correctly
under the complex multi-phase flow situation to which SIMMER-III is applied. In the rest of this chapter,

the derivation of these additional terms will be discussed in detail.

4.2. Migration of IFA between Bubbly and Dispersed Flow Regions

In the present formulation of SIMMERC-III, the IFAs of real liquids are treated separately in the bubbly
and dispersed regions to take into accounts the difference of magnitude of the droplet radius between the two
regions. The volume fraction of each component is also divided into the two regions, while the dividing
fractions, Xp and X}, are determined by the local volume fractions alone. When one field with two regions
convects along the volume fraction gradient, the convectible IFAs must move through the boundary between
the bubbly and dispersed regions. This diffusion or transfer process, called a “migration” process in general,
is formulated in this section. There exist other migration mechanisms for IFAs due to physical phenomena
such as bubble migration or droplet entrainment/deposition. However, these mechanisms should be treated

in the source term modeling.
4.2.1. Formulation of migration terms

If the mass conservation equations are written for the bubbly and dispersed regions, the equations

respectively will become
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0pu _

OIZ + V- (Bgr)Pu,p) = Twz — Pu,sp »and (4-2)
05

bus =T + Pusn (43)

where p,, is the macroscopic density of component M
[y is the mass transfer rate of component M
Pm p-p 1s the transfer rate of macroscopic density from the bubbly region to the dispersed region,
and

subscripts B and D denote the values in the bubbly and the dispersed regions, respectively.

For the sake of simplicity of manipulation, the following operator is used hereinafter.
6
x(s) =— + V- (Us). (4-4)

The following relationships hold for y(s).

x(es) = cx(s), (4-5)
X(s1+52) = x(s1) + x(s2), (4-6)
X(s182) = s1x(s2) + s2(s1) + 515,x(1) ,and (4-7)
x(s™) =ns"x(s) + (n— Dx(1), (4-8)

where, py p and Iy p are assumed to be defined using a fraction {3 as follows,

Pup = CgPm ,and (4-9)

FM,B = {gly - (4-10)

Substituting Egs. (4-9) and (4-10) into Eq. (4-2) and rearranging, we obtain

Pmpop = fB(FM - X(ﬁm)) — pux({p) + pulpx(1) . (4-11)

The first term on the right-hand side of Eq. (4-11) is zero from mass conservation. Consequently, py p_,p 18

expressed as

Pm-p = —PuXx(p) + pulpx(1) . (4-12)

Assuming that a convectible area associates to the macroscopic density of the corresponding energy

component, the migration rate of IFA from the bubbly to the dispersed region, Ay p_,p, is obtained from

A A
ApmB-p = PmM,B-D _MB e [X({B) Gx(D)] = Aus [(XMBX((B) - aM,BX(]-)
pMj (B
= - a—' [x(aMB) — Cpx(an)] (4-13)
M,B
A 0
= — a:::z [ ;B +V- (vaM B) A (vaM)]
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for py p—p = 0. Similarly,

Aup [ a(D

AM.B*DZQ_ ay at +V- (UOCMD) (DV (UO(M)] (4'14)

forﬁM,B—)D <0 ,Where (D =1- (B'

Using Ay pp, the convection equations of Ay g and Ay p are written as

dA
aMB+V (VAms) = ZSMBR Ay -p,and (4-15)
dA
aMD"'V (PAmp) = ZSMDk+AMB—>D (4-16)

The fraction {p is

{g = Xp for the liquid components (M=Lm), and (4-17)
G.B

(g = o for the vapor (M=G). (4-18)
G

4.2.2. Implementation of migration terms

In the implementation of the migration terms Eq. (4-13) and Eq. (4-14), donor-cell differencing is used
in the view point of the consistency with the fluid convection differencing scheme. Here, the notation “~n”
means the value just after the heat and mass transfer calculation, and the notation “~n+1” means the value

just after the calculation of convection. Eq. (4-13) is finite-differenced as

An
Appop = — e [aMB)((ZB) —Qay B)((l)]
gB o (4-19)
= _ aZ:B [ aB +V- (vaM B) A (vaM)]

4.3. Compression of Fluid

Equation (4-1) has a difficulty in predicting the changes of IFAs due to the expansion or compression
of fluid components without their convection. This difficulty is pronounced for the IFA of bubbles. Let us
consider the situation in which a stagnant bubble is compressed rapidly by the liquid in-flow as shown in Fig.
9.

The bubble shrinks due to the liquid in-flow and then the surface area of the bubble decreases in
proportion to the 2/3-rd power of the bubble volume, but this change cannot be predicted by Eq. (4-1). A
possible remedy to this problem is to include the source term due to this mode of volume change. An attempt
was made in AFDM by updating the IFA by the following formula that takes into account the IFA change

due to mass transfer:
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3
AR = AR (o — ), (4-20)

where A% and ag are the current IFA of bubbles and void fraction, respectively,
At and a*? are the updated IFA of bubbles and void fraction, respectively, and
r is the bubble radius.

SIMMER-III uses a similar but improved expression:

n
G

2
Qg3 _
Az =Ag< | (421)
These remedies are applicable to the volume change due to mass transfer, but they do not necessarily
help the problem, in such a situation that a volume change of bubbles occurs only by the liquid convection
and the resultant bubble compression. The difficulty originates from the fact that we use Eq. (4-1) to follow
the space and time dependent change of IFA, actually IFA is not a conservative quantity. Instead of the IFA

per unit volume, the number density of bubbles is thought to be conserved through the convection.

on; R
=+ V- (Faomi) = z Snik (4-22)
k

where n; is the number density of component 7,
ﬁq(i) is the velocity of component 7, and
ﬁq(i) are the source terms of number density of component i.
Assuming the spherical shape for droplets and/or bubbles, the number density is related to the surface area

A; and volume fraction «; by the following equation:

"= 36na2

(4-23)

In the case of ellipsoidal shape, the constant 36 for sphere may be different but the functional form does
not change. Substituting Eq. (4-23) into Eq. (4-22) and rearranging, we get the following equation for the
convection of IFA.

24; a;?

XHA) =St x(@) = 12n°5 3 5, (424)

3ai Ai -

This is the IFA convection equation for the compressible fluid. The second term on the left-hand side takes
into account the effect of the change in specific volume. This term was implemented in SIMMER-III and

was validated by sample calculations, as detailed in Appendix D.
4.4. Discussion on Migrating IFA of Continuous Phase

As discussed in Section 4.1, the migration of components is considered across the boundary of bubbly
and dispersed flow regions according to the void fraction change due to phase change and convection. The

migration term of IFA of dispersed phase, such as droplets and bubbles, is clearly defined by Eq. (4-13) or
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Eq. (4-14). However, the IFA migration terms of continuous phase, A¢p g p and A p_,p still remain to be

defined, even when A¢cp g = Ag g = 0, to keep the smooth change of total IFA under transient conditions.

Let us consider the flow situation in Edward’s two-phase blowdown experiment shown in Fig. 10. The
void fraction at the location “A” and “B” are 30% and 50%, respectively. As time goes on, the flow situation
at “A” will become similar to “B” due to the increase in void fraction by flashing of water. The flow regime
at the location “B” is foamy flow, in which the bubbles generated by vaporization occupy the flow area as
shown in this figure. On the other hand, the flow regime model of SIMMER-III implies that the local void
fraction in bubbly flow region is kept to agy = 0.3 and hence some fraction of continuous liquid and bubble
is transferred to dispersed flow region. To keep the total IFA in the flow area, the newly created droplets

should have appropriate IFA. This is realized by assigning the following IFA to Acp p-,p in this case.

_ Agp
Acppsp = ®cpp>p——— - (4-25)
aG,B

However, this formulation may cause numerical problem upon transition from the transition flow regime to
dispersed flow regime. At this transition, the volume fraction of bubbly flow region fz is very small but the
surface area of bubble per unit volume of bubble A; 5/a; p can be very large due to the large velocity
difference between gas and liquid. This produces unrealistically large Acp 5—,p and results in a numerical
instability. To mitigate this problem, a remedy is introduced to multiply Eq. (4-25) by the volume fraction of
the bubbly flow regime f5 as follows.

Ag
Acppsp = Acppop— [ - (4-26)
ag.B

These formulations are optionalized by input parameter IFAOPT(3) for inter-cell convection and
IFAOPT(6) for intra-cell phase change. The default model uses Eq. (4-26). The same formulation is provided
for the IFA of bubble as,

Acpp
Agpop = Agpop——, (4-27)
COcp,B

which corresponds to Eq. (4-25), and

Acpp
Agp-s = p-s— fp) (4-28)
Xcp,B

which corresponds to Eq. (4-26). These are also optionalized by input parameters [IFAOPT(4) and IFAOPT(7).
The default model option uses Eq. (4-28).

4.5. Solution Procedure

The same differencing scheme as the fluid convection should be used for the sake of consistency. The

[I3RL
~

notation means the value just after the heat and mass transfer calculation, and the notation “~n+1” means
the value just after the calculation of convection. Equation (4-13) is finite-differenced by the first-order

donor-cell differencing in two dimensions for SIMMER-IIL.:
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n+1 _n ~n+1jn Sn+1 in
_ [ M.B; i 0 T SB\  ArPRRTrAY B);  ATRTIAY B);
Amp-p = — + +

(B ij At rpArl- AZ]
An (4-29)
) A; (rpun+1 g;.B)j A ( n+1 éWB>l
_ cg_ . B + B ,
LJ rpArl- AZ] |
where
ALy =1 =), (4-30)
Al = {f), I ), =y (4-31)
Sn+1 — pn+l Ssn+1 AN ~n+1 AN
(7] An B) = U4 i.j+% [H (vq i.j+%)AM'Bi.j +H( g i,j+%>AM'Bi,j+1]' (4-32)
Abs A&B AMBU+1
(ﬁl;l+1 ‘“_1;) 1 — ﬁl;H-l- 1 H (i}‘;”'l 1) _|_ H( n+1' . l>— , (4_33)
{n i+ Lj+s Ljts (B” Lj+3) (B L1
(TpﬁnglA’zb,B)H%J
— P ~n+1 n+1 An
EARTE YL [H( +;,,-)AM,BL-,J- (4-34)
~n+1 A
+ H( —Ug +%,j)AM'Bi+1,j] ,and
An
pmn+1MB
(rrug n )i+%.f
= rp un+1 1 H(a‘n+1 ) MB; iLj 4-35
2] q i+§'j q l+ ] (B ] ( B )
AMB
i+1,j
+ H( 2*1”1,,-)—{ l
2 Bit+1,j
Equation (4-14) is also finite-differenced as:
A Ay Dy j n+1i,j - Egi,j ArPaltt Ay D)] AT AY b)Y
M5-D = B At TP Ar; Az;
(A (rPii n+1A ) <~n+1 AMD) ) (4-36)
. R & L
_7n
S { rPAr; * Az

\ )
The finite-differencing for three-dimensional SIMMER-IV is formulated similarly to SIMMER-III and

consistently with fluid convection.
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A thought experiment may be useful to obtain some insight. Figure 11 illustrates the situation that L2
droplets in a dispersed regime cell flow into the neighboring bubbly regime cell filled with continuous phase
L1. In this case, VXp and v4(;2) are positive at the cell boundary (7, j+1/2). Consequently, p;; g_.p becomes
negative in the cell (7, j) and IFA of L2 will be transferred from the dispersed region to the bubbly region in
the cell (i, j). The transfer rate is calculated by Eq. (4-29) as

VA0 B I St 4-37
Al2pop = Az _XDi_j Az X = Az : (4-37)
J 4D j-1 ]

In other words, A;, p convected from cell (i,j-1) becomes A, p in the cell (i,/). This result seems reasonable.
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5. Source Terms for Interfacial Areas

The convection equations for a convectible IFA can be written with the general form

94, i
5 TV (Gandy) = Z St ~Afpen (5-1)
k

where A is the convectible IFA per unit volume of the associating energy component f,
Uq(r) is the velocity of the energy component f,
Stk are the IFA source terms, which update the IFA of the energy component /. and
Af pop 1s the migration rate of Ay through the boundary of the bubbly and dispersed regions.

The source term model is classified into three types by their formulations. The first type of the source
terms is modeled with an equilibrium value and a time constant:
Aek — Af

S, =—, 5-2
k Tk ( )

where A, is the equilibrium value, and
Ty 1s the time constant.

The second type of source terms is expressed with an exponent and a proportional constant:
S; = —A'T;, (5-3)

where p; is the index, and
[ is the proportional constant.

The third type of source terms is simply due to mass transfer or the change of microscopic density.

The IFA source terms are modeled separately for three situations of fluids: the bubbles in the bubbly
flow, the droplets in the bubbly flow, and the droplets in the dispersed flow. This is because the combination
of the physical properties and the flow configuration which dominate the source terms may differ

significantly in different situations.

The formulae of source terms were developed in the precious AFDM code especially for the pool flow
regime. Many of these are adopted for use in SIMMERC-III with some adjustment to fit in the code framework.
The source terms for the pool flow are discussed first in this chapter, followed by the channel flow, to which
many of the source terms for the pool flow are applicable as well. The remaining topics for the channel flow

will be discussed next.
5.1. Bubbles in Bubbly Region

For this situation, the convectible IFA is Ag 5. The source terms modeled are:
Sy :Bubble nucleation,
Swg : Weber number breakup of bubbles,
Srg :Turbulence breakup of bubbles,

Scp :Coalescence of bubbles,
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Sup :Mass transfer to bubbles, and
Scy : Volume change due to convection of other liquids.
In addition, a maximum A; p based on a user-input minimum radius (default: 10 m) and a minimum Ag g

based on Eotvos (E6) number of 40, user-input maximum radius, and hydraulic diameter are proposed. The

lower limit (minimum radius) of 10 ~ m is generally sufficient to force rapid equilibration. The discontinuous
phase with E6 >40 violates the multiphase continuity assumptions used to form the differential equations.

Finally, the bubbles cannot become greater than the hydraulic radius of the cell. The treatments of each source

term are given in the following sub-sections.

5.1.1. Nucleation

The source term is given by

A gy — A
Sepx = max (M , 0>, 54)
Tn
where the equilibrium area is
1 2
AGpn = (367TMb)§(aG,B)3; (5-5)

where M,, is the number of nucleation sites per unit volume.

There are two models implemented. The first and standard model based on AFDM gives M, as follows.
The liquid component with the largest dimensionless superheat is determined, assuming its nucleation should

suppress bubbles of the other components to nucleate. The dimensionless superheat is defined by

P H <0( —al )
TLm B Tsat (PGm) _ cre,m Lm N (5—6)
Tcrt,m maX[Pcrt,m - Psat(TLm): 10_20] ’

ﬁsup,Lm =

where  m=1, 2, 3 for three real liquids/vapor possibilities,
H(x) is the Heaviside function,
crt denotes the critical point,

sat denotes the saturation line, and
a ;] is the minimum volume fraction to participate in bubble nucleation (default: 10-2).
Then, m is determined as the liquid component having the largest superheat, 944y,

Opgx = Max [O' 19sup,Llr ﬁsup,LZ' l9sup,L3] .

The nucleation site density is given by
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0 for 95 <0
MminfB(]- - a’s) for 19max < 190 and
Pyt (Tym)<0.9Pre
My, =5 5 , (5-7)
Mmin + Mmax[l - eXp(—Cg [ﬁmax - 190] )] for 19max = 190 and
Pyt (Tym)<0.9Pre
(Mrin + Mmax)(1 — as)fp for Pogt(Tum)>0.9Pcrim
where 19, is the minimum superheat to participate in bubble nucleation (default: 2.0 X 1073),
M is the minimum nucleation site density (default: 10°),
M, 4, is the maximum nucleation site density (default: 10'!), and
Cy is user-input constant (default: 10°).
The time constant is given by
max[0, a — ayc]
Tn = TnuceXp (CNC max[a, —a,10-7] )’ (5-8)

where Tyyc is user-input (default: 10), and ay. is the effective void fraction above which bubble

nucleation cannot occur (default: 0.1).

The second model based on Riznic and Ishii!?), for bubble generation in flashing flow, is optionally
available (activated by IFAOPT(25)=1) and is used if T;,,, > T4t p¢- In this model, the time constant and the

equilibrium IFA are given by

1 Cyemax|0, a -«
Ty =—ce ( nemax[0, &gery ”C]> ,and (5-9)
fop maX[0.0l, Ane — aG‘eff]
e = {6aG,B/dDPX for Tym > Tsat.pe ’ (5-10)
o 0 for TLm < Tsat.PG
where fpp is bubble departure frequency given by,
1.18 (acpghp\*?°
f]_)p =d_( Cszp) ) (5_11)
pp \ Pcp

and dpp is bubble departure diameter given by

— Ocp 0.9
dpp = 2.64 x 107°C ’—R , 5-12
DP ANG gAp P ( )

where o¢p is the surface tension of continuous phase, G4y is the contact angle, and Ap and R, are defined

as
Ap = pcp — pg » and (5-13)

Ap
R, =—. (5-14)

Pa
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The effective nucleation density Xy is given by

(5-15)

Y 0.43 —a,
Yo 2.157 x 1077R,™**?(1 + 0.0049R,) ( 40cpTsat.pc ) a4
NB — 2 4

dpp dpp( Tym — Tsat.re)Pchic

where h is latent heat of vaporization, and. Ts,; pg is saturation temperature. The bubble number density

per unit volume M}, and the effective bubble radius dpy become

4Xyp(1 — as)
=———— ,and (5-16)
’ Diufy
6. \1/3
dppx = max (dnp: (—ﬂl\flf) > . (5-17)

Note that the use of an equilibrium value and a time constant in Eq. (5-4) may not be appropriate for
bubble nucleation, because IFA production due to actual bubble nucleation should result from vaporization
mass transfer. If the rate of mass transfer due to boiling is correlated to vapor volume change, the bubble IFA

can be updated by the following equation, which is obtained by differencing Eq. (5-5) with respect of time.

1
dAG,B,N _ (367TMb>3 daG,B (5-18)

dt agB dt

This equation is likely to underestimate the vapor-liquid IFAs and the mass-transfer rate upon boiling
inception. Since there little information available to justify the use of Eq. (5-18), the standard model with Eq.
(5-4) is simply used.

5.1.2. Weber number breakup of bubbles

The source term is given by

A% —A
Sg,pwp = Max <0, —CBWE 58 G'B>, (5-19)
TG,BwWB
where the equilibrium area is
3agp
AGpwe = SR (5-20)

The equilibrium radius is obtained from a user-defined critical Weber number for bubbles Wey as

Wegocp (WeB Ocp )2 7 He?
. Too M’ (5-21)
T6awWS 4pc Av? * 4pc Av? * 27 pepehv?

where Cpy is a user-defined multiplier of the viscous term (default: 10#), and

Av is the velocity difference between the vapor ant continuous liquid component given by
Av = max(107*, |Bycp) — g|) (5-22)

and p.;, is the microscopic density of a continuous phase,
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PL1

p for CP =1
11
PcL. = (5 = : (5-23)
+
(PL2 + P12) for CP # 1
(apx + a3)
The time constant is given by
A 1
16,8 < v ) <PG )2 -
= 2Cpp— 1, —, (5-24)
TG,B,WB FT Ap max Avpr) \pey

where Cpr is a user-defined constant (default: 1.0), and Avgr is a user-defined velocity difference to

accelerate the breakup at high velocity difference (default: 0.2 m/s).
5.1.3. Turbulence breakup of bubbles

The source term is given by

e
AT — AG,B)
T6,B,TB

SG,B,TB = max (O, (5'25)

A bubble can break up if its eigen-frequency corresponds to the frequency of the forces from turbulent eddies.

This criterion for the lowest eigen frequency is given by

2765 (5-26)
T = —, -
v
where v'v’ is square of turbulence velocity, and the time constant is expressed as
2
24 230_CP 1 (5_27)

Ters = 313p; + 2pcp V'V

Obtaining the quantity v'v’ is difficult, since the turbulent kinetic energy is not explicitly modeled in
SIMMER-IIIL. Thus, when the radial motion is possible, an analogy to Prandtl’s mixing length hypothesis is

used as follows.

2 2
v'v' = Crprg p? {[a(uaa—zucp)] + [a(vaa_r UCP)] } (5-28)

If the flow is restricted in a vertical channel, the turbulence breakup caused by buoyancy is modeled as

follows.

Crepac ( ag ) ( Pc )
v’y = 1- 1-—)g. 5-29
1-as 1-as Pcp g ( )

A larger of Egs. (5-28) and (5-29) is used.
5.1.4. Bubble coalescence

The formula developed for SIMMERC-II is used as:
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d (J)Bv’

aTG,B = m. (5-30)

where wp is coalescence probability per one collision, and
v’ is mean velocity fluctuation of bubble.

The rate of IFA change can be deduced from this equation as follows

d 3 d (IJBAG’BZU’

L ppg=—— L, = BT T 5-31
68 = T dt O T 2af,(1 - ap) 43D

dt

The velocity fluctuation v’ is assumed such that vv'v’ from the turbulence modeling might be used as v’ for
bubbles, because the specific turbulent kinetic energy for vapor is unknown.

5.1.5. Mass transfer for bubbles

During the heat and mass transfer calculations, the volume fraction of each component may change as
a result of mass transfer or temperature change. There are two cases with different update procedures. When

the bubble nucleation is occurring, the IFA is updated by the finite-differenced form of Eq. (5-5) as

1

36mM,\3

An+1 An  — b Fn+1 1 5-32

AG,B - G,B —_ ( a,n - aG’B - (ZG’B) ) fOI‘ (ZG‘B S aNC . ( )
G,B

Otherwise, the update equation is simply expressed by

An+1 &n+1 3

6B _ (%GB f > (5-33)

A‘n - am » Ior agp = Anc -
G,B G,B

5.2. Droplets in Bubbly Region

The convectible IFA is A}, . The source terms modeled are
Swp : Weber number breakup of droplets,
Srp : Turbulence breakup of droplets,
Scp : Coalescence of droplets, and
Sup : Mass transfer to droplets.

In addition, other mechanisms are also taken into account similar to Section 5.1.
5.2.1. Weber number breakup of droplets

Regarding droplet breakup due to hydrodynamic instability, two types of models are available and can
be selected by the input data. The first and standard model is the AFDM type model. The source term is given
by

Almpws — ALm,B) (5-34)

SLm,B,WB = max <O,
Trm,BWB

where the equilibrium area is
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3 mB

Almpwe = (5-35)

—.
TLm,BWB

If Weber number We is larger than the user-defined critical Weber number for droplets, We,, the increase

of convectible IFA by the hydrodynamic breakup of droplets is calculated by the models described below.

_ erm,BpCLAUZ
We = , (5-36)
(\/ Ocp — 4/ ULm)
where Av is the velocity difference between vapor and continuous liquid,
Av = max10 — 4,vq — vCP ,and (5-37)

Pc1, 1s the microscopic density of the continuous phase.

Two types of models are available for the time constant of breakup in the AFDM type model. The first

and standard model is Taylor-type correlation'® given by
Timp = CrwpBo™ %%, (5-38)

where Bo is Bond number given by

3
CppWe, (5-39)

Bo = —
°= 76

and Cpp is the drag coefficient between the droplet and continuous liquid,

24 0.72
—(1+0.125Re,*’?)  for Rep < 1000
CDD = ReD ) and (5'40)
2.5 for 1000 < Re,
2pc Avr,
Re, = —PoLVTimp. (5-41)
Hcp

The second and optional model based on Pilch and Eldman'® is also available as

6(We — Wep) 025 We, < We < 18
2.45(We — Wep,)025 18 < We < 45
Timp = | 14.1(We — Wep) %25 45 < We <351 . (5-42)
0.766(We — Wep)?25 351 < We < 2670
5.5 2670 < We

It is possible to consider the velocity decrease when the breakup completed. In this case, the velocity
difference Av is replaced with the modified velocity difference Av, in the evaluation of the equilibrium

radius.

Av
Av, = max (1074, ’ G4
1+ 0.75CDDCpTLm,B,WB

where C, is given by,
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P
C, = ’i (5-44)
Prm

The equilibrium radius and time constant are obtained as

2
CrppWep (\/ Ocp — 4/ JLm) and (5-45)

2pc Av?

e
TLmBwB =

2CrspTim,B
TLmBWB = T AvC. = TimB - (5-46)
D

Another optional model for droplet breakup due to hydrodynamic instability is the IFCI type model2?).

The source term is given by

_ PLm,BWB
SLm,B,WB - _ALm,B l—‘Lm,B,WB' . (5'47)

If Weber number We is larger than the user-defined critical Weber number for droplets, Wep, the increase

of convectible IFA by the hydrodynamic breakup of droplets is calculated by the models described below.

2 Avg?
We = Lm,BPFAVF _, (5-48)
(\/ Ocp — 4/ O'Lm)
where Avg is the velocity difference between vapor and continuous liquid,
_ 2 2
Avp = max<10 4 \/ (Vemer = Ver)” + (Upmer — Ucp) ) (5-49)
ApmVim + acpVep
Vv, = , (5-50)
Ler Apm + Acp
ArmUpm + acpU
Upn.cr = tmYim cPUcP ond (5-51)
Apm + acp
A mPLm t AcpPcp
Pr = , (5-52)

Am + acp

and subscript CP corresponds to the continuous phase. The coefficient and variable in Eq. (5-47) are given

by,

Prmpwe = 2,and (5-53)
—CeoAviC
limpws = —6 £ , (5-54)
Orm,B

where the coefficient C. is obtained by,
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Cco = 1 , 5-55
co ——  for Esprose type model 2V (5-53)
3TAL
T4, = 13.7Bo~%2% (5-56)
Bo = — CyW (5-57)
°= 16 2"
24 (1 + 0.125Re%72) for Re < 1000
Cp = iRe : ,and (5-58)
2.5 for 1000 < Re
2pcpAvET
Re = M. (5-59)

Hcp

5.2.2. Turbulence breakup of droplets

The experience in AFDM suggests that droplets coexisting with bubbles in a continuous liquid cell

should be fragmented with the same turbulence velocity. The source term is

_ Al mpre — AimB
Simpre = max| 0, . (5-60)
TLm,B,TB
Based on AFDM, this criterion for the lowest eigen frequency is given by
2 3
(24 230¢p 1 (5-61)
Terp =\ 57 Y
313ppm + 2pcp V'V
where v'v’ is the square of the turbulence velocity, and the time constant is given by
2r
Trp = (5-62)
v'v!
The same formulation as the bubble breakup is used for v'v'.
o(u Ucp) 2 o(v Vep) 2
ot — 2 Lm — Ucp Lm — Vcp i
v'v' = Crypp {[ 57 ] + [ 3 ] } (5-63)

If the flow is restricted in a vertical channel, the turbulence breakup caused by buoyancy is modeled as

follows

Aim Arm Prm
.1 C 2 (1 )(1 ) . -
v'v' = Crpp 1 . 1 s - et g (5-64)

A larger of Egs. (5-63) and (5-64) is used.
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5.2.3. Droplet coalescence

The SIMMER-II formula is used as

d va, (5 65)
—7 ==, -
de ™ T 8fp(1 - ay)
where wp is coalescence probability per one collision, and
v’ is the mean velocity fluctuation of droplet.
The rate of IFA change can be deduced from this equation as follows
d 3 d wpApm g’V
_A e e e — . 5-66
dt Lm‘B er‘BZ dt er,B 24fB (1 - 0(5) ( )

The velocity fluctuation v’ is assumed to be equal to Vv’v’ in the turbulence modeling in Section 5.2.2.
5.2.4. Mass transfer for droplets

During the heat and mass transfer calculations, the volume fraction of each component may change as

a result of mass transfer or temperature change. The update equation is:

2
An+1 ~n+1\3
Almp _ (¥mp\* (5-67)
A7L1m,B Ume)

For fuel and steel droplets or particles, the source terms due to the breakup of structure components also need
to be modeled. Although these source terms should be based on the breakup phenomenology, a preliminary
model uses user-defined constant radii r;,, pr. Assuming that the droplets and/or particles produced from the
breakup are distributed to the bubbly and dispersed regions in proportional to the volume fraction of each

region, the update equation is

- . 3AtT,
A?;l‘lB _ ?m’B n Lm,BRfB' (5-68)
PLm"Lm,BR

where I}, pg is the breakup mass-transfer rate.

5.3. Droplets in Dispersed Region

The convectible IFA is A}, . The source terms are:
Sg. : Flashing of droplets,
Swp : Weber number breakup for droplets,
Scp : Coalescence for droplets,
Sup : Mass transfer for droplets.

In addition, other mechanisms are also taken into account similar to Section 5.1.
5.3.1. Flashing of droplet

The source term is given by
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_ AfmprL — Armp
Stmp,rr = max| 0, ) (5-69)
TLm,D,FL
where the equilibrium area is
3 mp
AlyprL = : (5-70)
Ve, FL

An equilibrium radius is the maximum size of droplets that escape fragmentation. It is obtained from the

force balance of surface tension and pressure difference.

201m

B max(1078, P 1m — Pegrs)’

Te,FL (5-71)
where 0y, is the surface tension of the liquid,
Pgqt 1m 1s the saturation pressure of the liquid, and

Pcg1p 1s the cell pressure.

Jacob number Ja is used to assess the departure from equilibrium and hence the rate at which equilibrium

is obtained as follows:

Ja= Cp LmPLm

- Or T, —T. P ’ 5-72
o max (0, Tym — Tyatm(P)) (5-72)

where Cme is the constant pressure specific heat capacity,
Tsqt m 1s the saturation temperature of the liquid at the cell pressure, and
hig1m 1s the latent heat of vaporization.

The time constant for the breakup is

2
Cp meLm er,D

5-73
kim]a ( )

)

Terr = Cpr

where Cp; is the user-defined constant, and

k;m is the thermal conductivity.
5.3.2. Weber number breakup for droplet

Regarding droplet breakup due to hydrodynamic instability, two types of models are available and can

be selected by user input specification. The first model is the AFDM type model, in which the source term is

given by
A —A
Simpws = Max (0, 2.8 Lm’”). (5-74)
Tim,pWB
where the equilibrium area is
3a 6a Av?
A s = tmD _ ©%m,pPc . (5-75)

e
"om.D.WB Wepom
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If Weber number, We , is larger than the user-defined critical Weber number for droplets, Wep, the increase

of convectible IFA by the hydrodynamic breakup of droplets is calculated by the models described below.

2 Av?
We = M, (5-76)

Orm

where Av is the velocity difference between vapor and continuous liquid,
Av = max(107%, |3, — B¢|) . (5-77)
Two types of models are available for the time constant of breakup in the AFDM type model. The first
model is Taylor-type correlation'® given by
Tymp = CrwpBo™02%, (5-78)

Where Bo is Bond number given by,

3
Bo = ECDDWe » (5'79)
Cpp 1s the drag coefficient between the droplet and continuous liquid,
24 0.72
—(1+0.125Re,*”?)  for Rep < 1000
CDD = ReD ) and (5'80)
2.5 for 1000 < Rep
2pcAvr,
Rep = M. (5-81)
Hg

Another formulation by Pilch and Eldman'® is also available as

6(We — Wep) 025 We, < We < 18
2.45(We — Wep,)025 18 < We < 45
Timp = 4 14.1(We — Wep)025 45 < We < 351 - (5-82)
0.766(We — Wep)%2°> 351 < We < 2670
5.5 2670 < We

It is possible to consider the velocity decrease when the breakup completed. In this case, the velocity

difference Av is replaced by the modified velocity difference Av, in the evaluation of the equilibrium radius.

Av[1 = (0.375T 1 pws + 3 X 0.07587,, pws®)C,|  for Ma< 0.5
Av, = (5-83)

~av[1 = (0757, mpws + 3 X 01167, pw5%)C) for 0.5 < Ma’

where C, and Mach number Ma are given by,

c, = /p—G ,and (5-84)
PLm
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Av
Ma = : (5-85)
vsound,G

The equilibrium radius and time constant are obtained as

CrppWea;,
Tompws = “2ph? =, and (5-86)
2CpspTLm,p
TlmDWB =~ p = TLm,D - (5-87)
p

Another model for droplet breakup due to hydrodynamic instability is the IFCI type model 20. The

source term is given by

_ PLm,BWB
Stmpwe = —Apnp limpws - (5-88)

In this model, the increase of convectible IFA by the hydrodynamic breakup of droplets is calculated, if
Weber number, given by the following formula, is larger than the user-defined critical Weber number for

droplets, Wep,.

21y ,B,DFAUFZ
We = —= =, (5-89)
(\/ Ocp —+/ ULm)
where Avy is the velocity difference between vapor and continuous liquid,
Avp = max <1o—4, \/ (Vim,cr — VC,,)2 + (Upmycr — UCP)2> , with (5-90)
ArmVim + acpV,
Viw.cr = LmVim celcp (5-91)
apm + acp
ApmUpm + acpU,
ULM,(;F — LmYLm CPYCP ,and (5_92)
am + acp
pp = ALmPLm + AcpPcp (5-93)
F Amt+acp
and subscript CP corresponds to the continuous phase.
The coefficient and variable in Eq. (5-88) are given by
PLmpws = 2,and (5-94)
_CCOAVFC
limpws = 6—p, (5-95)
A1m,B

where the coefficient C.( is obtained by,
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Cco=19 1 , with (5-96)
0 — for Esprose type model 2!

314,
T4, = 13.7Bo™ %25, (5-97)
3
Bo = ECDWe, (5-98)

24
— (1 + 0.125Re%7?) for Re < 1000
Re ,and (5-99)

S
I

2.5 for 1000 < Re

20cpAVET
Re = 2PcPLVFTimB (5-100)
Hcp

5.3.3. Droplet coalescence

The SIMMER-II formula also used in SIMMER-III is

!
d wpv

- =—2" 5-101
dt 't 8fp(1 — as) ( )
where wp, is the coalescence probability per collision (default: 1.0), and
v’ is the mean velocity fluctuation of droplet.
The rate of IFA change is deduced from this equation as follows
d 3 d wDALm,Dzv’ (5-102)

—A = ———17 =<
dt’ Lmp Tmp?dt P T 24f,(1 — ag)

The velocity fluctuation, v, is difficult to obtain. Because the density ratio of the dispersed to continuous

phase is large, Vv'v’ of the continuous phase cannot be used as v’ for droplet. For the present modeling, it

is assumed that the ratio of velocity fluctuation is equal to the microscopic density ratio. Then, the velocity

fluctuation is given by
Vim=—"+VeV¢, (5-103)

where /v'; V' is the velocity fluctuation of the vapor calculated similarly to that of continuous liquid
component.

5.3.4. Mass transfer for droplets

During the heat and mass transfer calculations, the volume fraction of each component may change as

a result of mass transfer or temperature change. The update equation is
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2
Al _ (@mb)\? (5-104)
A?m,D amp)

For fuel and steel droplets or particles, the source terms due to the breakup of structure components also need
to be modeled. Although these source terms should be based on the breakup phenomenology, a preliminary

model uses user-defined constant radii 7;,, pr. The update equation is

_ _ 3ACT,
Ay = Ay + oolmprf, (5-105)
Prm¥Lm,BR

where I}, pg is the breakup mass-transfer rate.
5.4. Source Terms Specific to Channel Flow

Currently only the droplet entrainment in the annular-dispersed flow is modeled in SIMMER-III. Other
possible source terms in the slug flow and the other channel flow regimes are judged to be negligible or less
important,

Spe  : Droplet entrainment in the annular-dispersed flow.
Although turbulence breakup caused by wall shear stress may be considered here similarly to the previous

sections, this mechanism is not directly modeled in the current version of SIMMER-IIL.

In the annular-dispersed (flooding transition) flow regime, droplet entrainment or deposition (or de-
entrainment) occurs at the boundary of the liquid continuous region and the vapor continuous region. The
entrainment or deposition associates the production, loss, and/or diffusion of the convectible IFAs of droplets
in each continuous region. The entrained droplets are assumed to break up instantaneously by dynamic force
and hence the equilibrium radius defined by Eq. (5-75) for Weber number breakup is also used as the
entrainment radius 7, . The radii of deposited droplets are assumed to be equal to the values in the
dispersed region. Assuming that the fractions of the entrained components are proportional to the volume

fractions in the cell, the source terms are defined as follows:

SCP,B,DE =0 ,and (5-106)
(LdE3am . dE
de at =
Simb.DE =! iE ZE'WB iE for m#CP . (5-107)
_ r Lm,D for T < 0
i f, dt

These source terms are defined only for the real liquids (m=1, 2, 3) because the convectible IFAs of particles

(m=4, 5, 7) are not treated separately in the two regions.
5.5. Interfacial Area Update

The convection equation for a convectible IFA is shown again,

A i
5 TV Bapdy) = Z Stk ~Agpon (5-1)
k
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The convectible IFAs are updated in three steps. First, Eq. (5-1) is solved with source terms but without the
convection terms in fluid-dynamics Step 1. Second, after the heat and mass transfer operations, the same
equation is solved with additional source terms from heat and mass transfer. This is done at the very end of
Step 1. Third, the source terms are set to zero and the IFAs are convected with end-of-time-step velocities in
fluid-dynamics Step 4. The IFA of bubbles is also adjusted at the same time to take into account the change

of vapor microscopic densities.

Generally, the formulations of source terms in SIMMERC-III are written as

A — A
S = ‘”‘Tf or S =—APT;. (5-108)

In the update calculation using these source terms, an implicit algorithm is adopted to avoid overshooting of

the areas in the case of large A, or small 7). Making an approximation that
APl = An+1(An)pl—1 ) (5-109)

the updating formula is:

~ A 1
Antl — AP + At Z TL" / 1+ At Z ~+ Z(An)pz—l n|}. (5-110)
k Tk ;

Aek>Af Aek>Af

The equilibrium areas based on breakup criteria correspond to the maximum radius which can escape
fragmentation and therefore the mechanism which produces the largest area becomes dominant under the
equilibrium condition. Therefore, the source terms based on breakup criteria must not be averaged. Instead,
the breakup source terms of which the equilibrium area is smaller than the present convectible area are
excluded from the summation in Eq. (5-110) to prevent the convectible IFA from being dominated by the

source terms with small A, and small .
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6. Binary Contact Areas

To perform the heat and mass transfer operations and to calculate momentum exchange functions, IFAs
are needed for each of the 52 possible contact modes for seven liquid energy components, vapor components,
and three structure surfaces (a fuel pin, left can wall and right can wall) for SIMMER-III (68 contacts for
SIMMER-1V). Such binary contact areas are defined using the convectible IFAs, structure surface areas,
volume fractions, physical properties and input parameters. Figure 12 illustrates all the binary contact modes
treated in the present SIMMER-III model. In this chapter, the fluid-structure contact modes are described

first and the fluid-fluid contact modes second.

6.1. Fluid-structure Contacts

The present model calculates the fluid-structure contact areas based on the volume fractions of the fluids
and the “summation rule” that the sum of contact areas over a component should be equal to the convectible

IFA of the component,

Ay = Z Ak (3-4)

K+M

where A, is a convectible IFA of the component M, and

apy i 1s a contact area of the component M with the other component K.
Although there may exist some influences of the surface tension, fluid wetting characteristics, and other
physical properties, modeling these effects is judged to be beyond the scope of the current IFA and is left for
the future studies.

6.1.1. Droplet-structure contacts

The droplet-structure contact areas are assumed to be proportional to the volume fraction of the droplets.

The contact areas of dispersed liquid (m = DP, 4, 5, 6, 7) and “film” structure are

ArmB .
Amrse = Cums e mln(ALm,B' AFS,B) ) (6-1a)
F.B
Amrs1 = fB1QumFss (6-1b)
Arm,rs,p2 = fB2QLmFs,B » (6-1¢)
_ Amp .
armrsp = Cums a_mln(ALm,D' AFS,D) ,and (6-1d)
F.D
Arm,Fs = Armrs,B T Am,Fs,D » (6-1¢)

where Cp, s 1s an input parameter, with the default of 0.5 is suggested based on the AFDM formulation. The
contact areas of dispersed liquid (m = DP, 4, 5, 6, 7) and “vapor” structure can be obtained in the same way.

These are
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ArmB .
armyss = Cums P mln(ALm,B' AVS,B)» (6-2a)
F.B
Armys,1 = fB1Aimyss (6-2b)
Armys,pz = fB2QLmyss (6-2¢)
_ XLmp .
Armysp = Cums a—mln(ALm,D' AVS,D) ,and (6-2d)
Armys = Armyse T ALmys,p - (6-2¢)

The droplets of component CP exist in the CP2-continuous region and the dispersed region. Their

contact areas with the structure are calculated as

Xcp,B2

QacpFsB2 = CCP,Sf p min(Acp,32: AFS,Bz) ) (6-3a)
B2%F,B
Ocpp .
acprsp = Ceps P mln(ACP,D'AFS,D)' (6-3b)
F,
_ Acpp2 .
acpys,pz = Cep,s Fantt mln(ACP,BZ’AVS,BZ) ,and (6-3¢c)
B2UF,B
Ocpp .
Acpyvsp = Leps P mln(ACP,D'AVS,D)- (6-3d)

B

The droplets of component CP2 exist in the CP-continuous region and the dispersed region. Their

contact areas with the structure are also calculated as

Ocp2,B1 _ .
acparsp1 = Ceps 77— mln(ACPZ,Bll AFS,Bl) ) (6-4a)
fB1%F B
_ Acp2,p .
acpz,rsp = Ceps . min(Acpz,p, Asp) » (6-4b)
F.D
_ Xcp2,B1 . d
acpavse1 = Cepas f—a mln(ACPZ,Bll AVS,Bl) »an (6-4c)
B1%F,B
_ Acp2,p .
acpzvsp = Cepas P mln(ACPZ,D' AVS,D) . (6-4d)

)

6.1.2. Vapor-structure contacts

The vapor-structure contact mode in the bubbly region is the same as the droplet-structure contact and

hence the similar expression can be adopted. For the contact with the “film” structure,
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_ U .
agrsp = Cs _mln(AG,B' AFS) ) (6-5a)
OF B
agrsp1 = f1%.rsp ,and (6-5b)
ag rsp2 = fB2%G.FsB» (6-5¢)

where C; s is input parameters, with the default of 0.5.

On the other hand, the vapor-structure contact area in the dispersed region is obtained from the volume

fraction consideration and the limiting value which stems from the summation rule.

7
aG.p
agrs,p = Max <CG.5 P Apsp, Apsp — Z aLm.FS.D) : (6-6)
F,.D

i

m=1

The total vapor-“film structure” contact area becomes

agrs = Agrsp t AGFsp - (6-7)

The contact area of vapor and “vapor structure” is obtained similarly. These are

_ aep .
agyspe = CG,S_mln(AG,B' AVS,B)' (6-8a)
arp
agyvsp1 = fB1%Gvss (6-8b)
Agyspz = fB2%vsp (6-8¢)
7

aG,p

agysp = max| Cgs——Aysp, Avsp — Z Armys,p | »and (6-8d)
25:5)) —

agys = Agysp T Agysp - (6-8e)

6.1.3. Continuous liquid-structure contacts

The contact areas between the continuous liquids (m=CP, CP2) and the structure in the bubbly region

are defined in the same manner as the vapor-structure contact area in the dispersed region. Namely,

7
Xcp,B1
acprspr = Max| Ceps——Apsp1, Apsp1 — Arm,Frs,B1 — AG,Fs,B1 | » (6-92)
fB1%r B
L=1
Acp,rs,B = Acprs,p1 t Acprs,p2 » (6-9b)
Acp,rs = Acprsp t Acprsp s (6-9¢)
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7

Acp,B1

Qcpys,p1 = Max CCP,S AVS,Bl! AVS,Bl - Armys,B1 — AGgys,B1 |» (6-10a)

fe1%r B =

m#CP
Acpys,p = Acpys,p1 T Acpys,p2 » (6-10b)
Acpys = Acpysp t Acpys,p » (6-10c¢)

7

CP2,B2
Acpopspz = Max| Cepys 77— Apsp2, Arspz — Z A m,Fs,B2 — AG,Fs,B2 |- (6-11a)
fB2rp —=
m#CP2

Acpa,rs,B = Acpa,rs,B1 T Acpa,FsB2 (6-11b)
Acpa,rs = Acp2,rs,B T Acp2,Fs,D » (6-11¢)

7

CP2,B2
Acpays,pz = Max| Cepas 7 Avs,p2, Avspz — Z Armys,e2 — Agys,B2 |» (6-12a)
fB20r =
m#CP2

Acpays,p = Acpavs,pr + Acpays,pz »and (6-12b)
Acpayvs = Acp2ys,p 1 Acp2ys,p - (6-12¢)

6.1.4. Assignment to structure components

The fluid-structure contact areas are partitioned to the structure energy components based on the
fractions of their surface areas and parameter /LS (See Section 3.1.2). For example, the liquid-PIN structure
contact area in SIMMER-III is obtained from

(ALm,Fs (ILS =1
Apin
R EE——— ILS =2
Hamys Apiy + Age
Apin
Armys A—PIN e ILS =3
ArmpIN = 3 aLmF.S‘Api (ILS = 4. (6-13a)
' T Apiy + AL
Apin
_— ILS =5
@Lm,Fs Apiy + Agc
ALmys :ILS =6
Apin
a ILS =7
S Apy + Ape + Age

Similar expressions can be derived for a ,, 1.c, Apm re> A piNs A6,Lc> A0d Ag ge-
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The same procedure is applied to the partitioning of structure surface in SIMMER-IV based on the
fractions of their surface areas and parameter /LS (See Section 3.1.2). For example, the liquid-PIN structure
contact area in SIMMER-1V is obtained from

ArmFs (LS =1
AmpIN = umys HLS =2 . (6-13b)
Apin ILS =3

armys
"™ Apiy + A + Apc + Apc + Apc

Similar expressions can be derived for a;, 1.c, Apm res Amre, and Ay pe-

6.2. Fluid-fluid Contacts

The models to calculate fluid-fluid contact areas are commonly used in SIMMER-III and SIMMER-IV.
Five contact modes are considered for fluid-fluid contacts: the dispersed/dispersed fluids, the droplets/vapor,
the droplets/continuous liquid, the bubbles/continuous liquid, and the continuous liquid/vapor contacts. For
the fluid-fluid contacts between moving discontinuous components, a theory used in SIMMER-II? is used.
For the contacts involving continuous components, the contact areas are obtained from the volume fraction
consideration and the limiting value which stems from the “summation rule”. The effects of other physical
properties such as surface tension may exist, but inclusion of these effects is decided to be left for future

efforts.

The basic contact formula adopted for spheres of discontinuous components moving at a different or

same velocity and touching for a collision time is

A 6 amrAk R ™mr + TkR . 2
AmKkR =719 2 N 'MKR (6-14)
ApRr  TmprTx,rRMaX(Ty R Tk R
where
\ 2 _ TM,RzlﬁMl + TK,RzlﬁKl
rM‘K’R - ) and (6_15)

1
maX(WK — ul, Zlﬁl( + ﬁMl)

subscripts M and K denote the energy components M and K, respectively, subscript ' denotes the flow area,

and subscript R denotes the flow area to which this formula is applied.

Other formulas might be possible, particularly if the effects of velocity fluctuations are to be explicitly

accommodated by some turbulence modeling.
6.2.1. Contacts between dispersed fluids

The contact areas of dispersed phases (m = DP, 4, 5, 6, 7) with other dispersed fluids are based on the

contact formula and the limiting value determined from the volume fractions. These are described below.
For droplet-droplet contacts, for m=DP, 4, 5, 6, 7,

—C in( 4 Arm A 297/ 2N 6-16
Arm,k,e = CompkMIN Apgp——, Armp ——» ALm,Lk,B | » (6-16a)
(¢5:9:] (45291
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=C in(A,,p2m 4, S 4 6-16b
Arm,Lk,p = ComeMIN| Appep =, Apmp ——» ALmLkD | (6-16b)
Qrp ag,
Arm,ikB1 = fB1QLmLk,B » (6-16¢)
Arm,LkB2 = fB2LmLk,B » (6-16d)
. Orm AcpB2
QArm,cp,B2 = CLm,CPrnln (ACP,BZ P ALm,BZ - Qumecp,B2 | » and (6-16¢e)
Qar,B fB20r B
. Orm Xcp2,B1 4
Arm,cp2,81 = Crm,cpzmin <ACP2,31_'ALm,Bl + - Qumcp2B1 |- (6-161)
49:8:} fB19F B
For droplet-bubble contacts,
. X1m,B agp .
armc,e = Cumemin (AG,B yALmp » ALmG,B | » (6-17a)
58 OF B
Arm,cB1 = fB1%Umc.B (6-17b)
A1m,,B2 = [B20Lm,G,B » (6-17¢c)
. Xcp,B2 14263 : BN
acp,2 = Cepgmin (AG,BZ ———,Acpp2—— Qcpp2 | »and (6-17d)
fB2@F B OF.B
. Xcp2,B1 agp .
Acpz,6,81 = Cepa,gMin <AG,Bl—u cP2,B1 > Qcp2,G,B1 | » (6-17¢)
fB1QF B arp

6.2.2. Contacts between droplets and continuous vapor

There are two elements for a contact area between droplets and vapor. One is the contact area in the
dispersed region and the other is the contact area through the interface of the bubbly and dispersed region.

The former contact area is obtained by the summation argument with a limiter.

G,D
Apm,Gp = Max| Cyme P Aimer Atmp — Amps,p — Amys,p — Arm,Lk,D |- (6-18)
F,D
, k=1

for m =1 ~ 7. The droplet-vapor contact areas from the latter mode are obtained from the volume fraction
consideration, for m=DP, 4, 5, 6, 7,

ArmpB .
arm,Gr = Cume a mln(AB,D: ACP,B) ) (6-19a)
B

Arm,G181 = fB1Amc, »and (6-19Db)
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Armc,1,82 = fB20m,G.1 - (6-19¢)

The contact of CP droplets in CP2-continuous region and the contact of CP2 droplets in CP-continuous

region are obtained from:

Xcp,B2

acp182 = Cep f—B a min(fBZAB,D' ACP.BZ) ,and (6-20a)
Acp2,B1 .
acp2,6,181 = Cepg f—B mln(fBlAB,D' ACPZ,Bl) . (6-20b)
1

»

6.2.3. Contacts between droplets and continuous liquid

The contacts between droplets and continuous liquid mainly follow using the summation rules. Areas
from the CP-continuous region and the CP2-continuous region are summed to obtain the total area in the
bubbly region. These are defined, for m =DP, 4, 5, 6, 7, by

Xcp.B1
Armcppr = MaAX| Comep ———Apmp Armp1 — AmFs,e1 — Amys,B1-Am,G,1,B1

”

(6-21a)
7
— ALm,G,B1 — Arm,Lk,B1 |/
Lk=1
Lk#Lm,CP
Apm,cp,p = ALm,cpe1 t ALmcpB2 ) (6-21b)
_ Qcp2,B2 A A
Armcpzpz = MaAX| Crpepr ——— Apmp Aimpz — AmFs,p2 — Amys,B2—Am,G,1,B2
F,D
(6-21¢)
7
— AimGB2 — Apmikp2 | »and
Lk=1
Lk#Lm,CP2
A m,cp2,B = Armcp2,81 T Aum,cp2,B2 - (6-21d)

The contact area between component CP and CP2 is obtained similarly. The expressions are:

_ C Ocp,B1 A A
QAcp2,cp,p1 — Max| Lepycp f—a' cp2,81 Acp2,81 — QAcp2,Fs,B1
B1AF D
(6-22a)
7
— Qcp2,vs,B1-Acp2,6,1,81 — Acp2,6,81 — Qcp2,Lk,B1 |
Lk=1
Lk#CP,CP2
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_ QAcp2,B2 A A
Acp,cp2,2 = Max| Cepcpa f—(x cp,B2» Acp,B2 — AcpFs,B2 — Acp,vs,B2-AcP,G 1,82
B2XF D

(6-22b)
7
—QcpgGp2 — Acp,Lk,p2 | »and
Lk=1
Lk#CP,CP2
Acp,cp2,8 = Acp,cp2,B1 T Acp,cP2,B2 - (6-22¢)

6.2.4. Contacts between bubble and continuous liquid

The contacts of bubbles in the CP-continuous region and the CP2-continuous region follow using a

summation formula limited by the contact that should exists with the continuous phase based on the

continuous phase volume fraction. The areas from CP-continuous region and CP2-continuous region are

summed to obtain the areas in the bubbly region. The formulae are:

Xcp,B1

acpp1 = Max| Cepg Ag g Ac 1 — A rsp1 — AGvs,B1 — AmGB1 |, (6-23a)

aF‘D Lm=1

Lm=CP
acp,c,e = Acp,61 T Acp,GB2 (6-23b)

_ Qcp2,B2 A4
Acpa,gp2 = Max| Cepog G,B»A6,B2 — AgFs,B2 — AGvs,B2
F.D
(6-23c¢)
7
- ArmcB2 | »and
Lm=1
Lm=CP2

Acp2,6,8 = Acp2,6,81 T Acp2,6,82 - (6-23d)

6.2.5. Contacts between continuous liquid and vapor

The contacts of continuous liquids with the vapor through the interface of the bubbly region and the

dispersed region follow the summation formula limited by the contacts that exist with the interface based on

the continuous phase volume fraction. The areas from CP-continuous region and CP2-continuous region are

summed to obtain the areas in the bubbly region. The formulae are

Xcp,B1
acpgp1 = Max | Cepg ao Agp, fe1| ABp — Arm,G1 | — Acp2,6,1.81|» (6-24a)
F,B
, Im=1
Lm#CP,CP2
Acp1 = Acpip1 t AcpG B2 (6-24b)
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_ C QAcp2,B2 A A
QAcp2,6,1,82 = MaX | Lepag “an. CBD fB2 B,D — Arm,G,1
F.B Im=1
Lm=#CP,CP2 (6-240)
— acp1| ,and
Acp2,61 = Acp2,6,1,81 T Acp2,6,1,B2 - (6-24d)
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7. Verification and Validation

7.1. SIMMER-III Assessment Program

A V&V program for SIMMER-III has been discussed since the beginning of the code development
program. Furthermore so-called “developmental assessment” has been conducted as new models were
proposed and developed. A good example is the IFA model development, where a simple test code was first
developed and extensively tested for single-cell (zero-th dimension) problems before the models were
actually programmed in SIMMER-III. The fluid convection algorithm and boundary conditions were also

tested thoroughly in an early adiabatic version of the code without models for heat and mass transfer.

The SIMMER-III V&V program, called the “code assessment program”, was conducted in two steps,
Phase 1 and Phase 2.22-23 The Phase 1 assessment is intended to verify individual fluid-dynamics models
of the code, whilst Phase 2 is for comprehensive validation for integral and inter-related accident phenomena,
such as transient fuel motion during the transition phase and high-pressure CDA bubble expansion in the
post-disassembly expansion phase. Direct application of the code to complex accident phenomena involves
many inter-related processes to be solved simultaneously and is not always productive. Thus, the present
stepwise approach is advantageous, since in Phase 1 the coding is largely debugged and verified, and each

major model is validated separately.
7.2. Results of Phase 1 Assessment

In Phase 1 assessment®?, SIMMER-III is applied to a variety of fluid-dynamics test problems with the
objective that the individual models are validated separately as far as possible. The test problems therefore
are categorized as: fluid convection algorithm, interfacial areas and momentum exchange functions, heat
transfer coefficients, melting and freezing, and vaporization and condensation. In the Phase 1 report, the

results of assessment on the IFA modeling were summarized as follows.

The multi-phase flow topologies are modeled by a generalized IFA convection concept, which provides
a means to better simulate transient multi-phase flows because the flow history can be modeled more
mechanistically rather than determining properties from instantaneous local flow conditions alone. The IFA
convection model includes source terms due to liquid flashing, turbulence breakup, hydrodynamic breakup
(or fragmentation), bubble nucleation and droplet/bubble coalescence. Each source term is generally
characterized by an equilibrium value (for steady-state) and a time constant (for transients). These have to be

estimated from experimental data.

Most of the Phase 1 assessment Problems have examined steady-state IFAs. IFAs in pool flow are
discussed more fully above, with respect to the bubble column. The conclusions are that steady-state IFAs in

bubbly flow are satisfactory, but bubble break-up in transition flow is rather excessive.

The two-phase blowdown problems investigated IFA source terms under highly transient conditions.
SIMMER-III calculations of Edward’s pipe blowdown problem gave good agreement with experimental
results without modification, but it is considered that the result is very sensitive to input parameters. It was

also shown that SIMMER-III also calculates good agreement using a more physically-based bubble
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nucleation model. However, it is considered that the general applicability of this nucleation model is

insufficient to warrant its implementation in SIMMER-IIIL.

In general, the overall framework of I[FA modeling in SIMMER-III seems sound, though the assessment
has specifically identified the need to refine the model for bubble break-up in the pool transition flow regime.
The two-phase blowdown problems partly validated the IFA source term modeling, although further
validation of source terms is clearly desirable. Fragmentation in FCIs is a phenomenon which is sensitive to
the steady-state and transient IFA modeling. Not all the test problems studied in Phase 1 were satisfactory;

many problem areas were identified and the areas of model improvement were recommended.
7.3. Results of Phase 2 Assessment

In Phase 2 assessment?®), SIMMER-III is applied to test problems relevant to key accident phenomena
in LMFR such as: boiling pool dynamics, fuel relocation and freezing, material expansion, fuel-coolant
interactions, structure disintegration and disrupted core neutronics. In the synthesis compiled in the Phase 2
report, the results on the assessment of the flow regime and momentum exchange models are evaluated and

summarized as follow.

The multiple flow regime treatment in SIMMER-III is based on simple flow regime maps for describing
both the pool and channel flows as a function of vapor volume fraction. This simple treatment can still
represent a multi-component system reasonably. The Phase 1 and Phase 2 assessment programs have
demonstrated that the flow regime model is mostly appropriate for describing various multi-flow topology
over an entire void fraction range with smooth transition between flow regimes. The model improvement for

the bubbly flow regime after Phase 1 was implemented to take into account cap-shape bubbles.

The model for [FA convection is obviously a significant technological advancement from the previous
SIMMER-II. It allows us to trace the history of flow topology that changes with time and fluid flow, and
thereby to simulate the transient multi-phase flows. The model together with component volume fractions
provides basic information to determine the flow regime and binary contact areas between energy
components. It was evaluated that the IFA convection was successfully implemented in SIMMER-III and
that the application to a variety of complex multi-phase test problems was well feasible. It was recommended
that the models for IFA source terms be further validated, since the modeling of IFA convection with source
terms is on-going developing area and further advancement in simulation technique and experimental

measurement will be available in the future.

Even with a multi-component, multi-velocity-field framework of SIMMER-III, there is a fundamental
difficulty in representing an annular-dispersed flow, because a liquid component cannot be distinguished
between droplets and liquid film, which have the same temperature and velocity. Needs for tracing global
fluid surfaces have been desired in several areas. These include: jet or melt pour breakup in the pre-mixing
phase of FClIs; entrainment of liquid droplets into a large bubble; and the splashing of a liquid surface.
Modeling a global fluid surface of a length scale larger than a mesh cell size has inherent difficulty in
SIMMER-III where exchange processes are described only in Step 1 (intra-cell transfer) of fluid dynamics.
When such an effort is actually initiated, a modeling approach has to be carefully designed and the priority

and cost-effectiveness also have to be carefully considered.
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8. Conclusion

The multi-component, multi-phase flow topology and interfacial area model has been developed for the
SIMMER-III and SIMMER-IV computer codes, which have been extensively utilized in LMFR CDA
analyses. To systematically simulate complex flow topology, flow regime maps are modeled for both the
pool flow and channel flow regimes. For the pool flow, the bubbly flow regime, the dispersed flow regime,
and the transition regime containing both bubbly and dispersed regions are defined based on component
volume fractions. For the channel flow, four additional flow regimes, i.e., the slug flow, the annular flow, the
annular-dispersed flow, and the interpolated flow, are defined based on the volume fractions of components
and the liquid entrainment fraction. With modeling the transition regime and interpolated flow regime, any
transition between flow regimes is treated continuously and smoothly without abrupt change in flow
properties. In a multi-component system of SIMMER-III and SIMMER-IV, all the possible contacts between
components are taken into account, and the fluid-to-fluid and fluid-to-structure binary contact areas are

determined for the calculations of heat and mass transfer processes and momentum-exchange functions.

Based on the preceding AFDM study, the interfacial area convection model was formulated, to enhance
the flexibility of SIMMER-III by tracing the transport and history of interfaces, and thereby better
representing transient physical phenomena. The changes of interfacial areas resulting from breakup,
coalescence, and production of droplets or bubbles were treated as source terms of the interfacial area
convection equations. This is a significant advancement in multi-phase flow simulation technology over the
previous LMFR safety analysis codes such as SIMMERC-II, in which interfacial areas are calculated only

based on local instantaneous conditions.

Through the SIMMER-III assessment program, the code V&V effort, the interfacial area model was
extensively tested against a number of basic two-phase flow problems and complex and transient multi-phase
flow problems. It must be noted that the limitations of the present model have also been identified. Overall,
it has been demonstrated that the interfacial area modeling was successfully implemented in SIMMER-III
and SIMMER-IV and that the application to a variety of complex multi-phase problems and reactor cases is

well feasible.
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Table 1. SIMMER-III/SIMMER-1V fluid-dynamics structure-field components.

Density components (MCSR) Energy components (MCSRE)
S-II1/S-1V* S-I/S-1V*
s1 Fertile pin fuel surface node S1 Pin fuel surface node
52 Fissile pin fuel surface node
s3 Left fertile crust fuel S2 Left crust fuel
s4 Left fissile crust fuel
s5 Right fertile crust fuel S3 Right crust fuel
56 Right fissile crust fuel
--/s7 Front fertile crust fuel* --/54 Front crust fuel*
--/s8 Front fissile crust fuel*
--/59 Back fertile crust fuel* --/85 Back crust fuel*
--/510 Back fissile crust fuel*
S7/s11 Cladding S$4/56 Cladding
S$8/s12 Left can wall surface node S5/87 Left can wall Surface node
S§9/513 Left can wall interior node S6/58 Left can wall Interior node
s10/s14 Right can wall surface node S7/89 Right can wall Surface node
s11/s15 Right can wall interior node S$8/S10  Right can wall Interior node
--/s16 Front can wall surface node* --/S11 Front can wall surface node*
--/s17 Front can wall interior node* --/S12 Front can wall interior node*
--/s18 Back can wall surface node* --/S13 Back can wall surface node*
--/s19 Back can wall interior node* --/S14 Back can wall interior node*
s12/520 Control S9/515 Control
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Table 2. SIMMER-III/SIMMER-1V fluid-dynamics liquid-field components.

Density components “m” Energy components “M” Velocity fields “q”
(MCLR) (MCLRE) default recommended

/1 Liquid fertile fuel L1 Liquid fuel gl gl
12 Liquid fissile fuel ql ql
/3 Liquid steel L2 Liquid steel q2 q2
/4 Liquid sodium L3 Liquid sodium q2 q3
I5  Fertile fuel particles L4 Fuel particles ql ql
[6  Fissile fuel particles ql ql
[7  Steel particles L5 Steel particles ql q2
/8  Control particles L6 Control particles q2 q4
[9  Fertile fuel chunks L7 Fuel chunks q2 q5
/10 Fissile fuel chunks q2 q5
/11 Fission gas in liquid fuel ql ql
[12 Fission gas in fuel particles ql ql
/13 Fission gas in fuel chunks q2 q5

Table 3. SIMMER-III/SIMMER-IV fluid-dynamics vapor-field components.

Velocity fields “g”
(MCGR) (material component) * default recommended
gl Fertile fuel vapor GI Fuel vapor q3 q6
g2 Fissile fuel vapor q3 q6
23 Steel vapor G2 Steel vapor q3 q6
g4  Sodium vapor G3 Sodium vapor q3 q6
g5 Fission gas G4 Fission gas q3 q6

* All vapor components, behaving as a vapor mixture and having the same temperature, are

treated as a single energy component “G” and assigned to the same velocity field.
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Fig. 1. Roles of the IFA model in SIMMER-III/SIMMER-IV.
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Fig. 3. Convectible interfacial areas modeled in SIMMER-III.
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Fig. 4. Pool flow regime map represented in SIMMER-III.
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Fig. 7. Conceptual geometry of annular flow.

of annular-dispersed flow.
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Fig. 10. Transient flow situation in the blowdown of high-pressure water to atmosphere

(Edward’s pipe experiment).
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Fig. 11. Interfacial area convection between the cells with different topologies.
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Appendix A: Division of Flow Area

To smoothen the flow regime transition, the physical quantities divided into the bubbly and dispersed
regions must be appropriately averaged between the two. In the bubbly region, the liquid forms a continuous
phase, whereas the vapor forms a continuous phase in the dispersed region. The volume fractions of these
two regimes are determined from two requirements. First, the bubbly region has a local vapor volume fraction
of ap and the dispersed region aj, where ap and ap are user-defined parameters. The effective vapor

volume fraction is defined by

ag

a (A-1)

- 1 - as - ap '
Second, the real liquids and particles should be partitioned between the two regions with a same fraction.

The geometrical description of the division of flow area is shown in Fig. A-1. Two independent
parameters are required to meet the two requirements described above. These are

fg : the volume fraction of the bubbly region, and

Xp . the fraction of liquid components in the bubbly region.
The same fractions for the dispersed flow are obtained by subtracting these fractions from unity:

fo =1—fg : the volume fraction of the dispersed region, and

Xp =1—Xp: the fraction of liquid components in the dispersed region.

The requirements are described in the following equations:

fear — Xp(ay + ap) = ag(fgar + Xpap) ,and (A-2)

foar — Xp(ay + ap) = ap(fpar + Xpap), (A-3)

where ¢ is the total real liquid volume fraction,
ap is the total particle volume fraction,
o 1s the structure volume fraction, and

ap = (1 — ag) is the volume fraction of the area that is available for flow.

By solving Egs. (A-2) and (A-3), we obtain, after some algebraic manipulation,

_ [, ar(a” —ap)) (ap —a”)

Jo = {1 ¥ ap(l—a’) }((XD —ap)’ (A-4)
_ ap(ap —a*)) (" — ap)

fo= {1 T }(aD )’ (A-5)

_ (1-ap)(ap —a”)
o = @y —ap—an (-0
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_ (1—-ap)(a” —ap)

X =~ —a)’

(A-7)

where a* = max[ag, min(a, ap)] is defined to make these equations applicable to the whole range of

effective void fraction.

If solid particles are not present, Egs. (A-4) and (A-5) reduce to simple linear fractions. The deviation
from the simple linear fraction stems from the effective void fraction, which is defined as the vapor volume

fraction to the total volume fraction of vapor and real liquids.

Op l-a,

S Bubbly flow region

>

o | a, o Op-
o Dispersed flow region
4 | |

—
%p l-a,

Fig. A-1. The schematic picture of the division of flow area in SIMMER-III.
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Appendix B: Subdivision of Bubbly Flow Region

An abrupt change of IFAs may occur when a continuous phase changes to other components. To
ensure the smooth transition of CP in this situation, a real liquid that has the second largest volume fraction
and belongs to a velocity field different from CP is defined as the second continuous phase CP2. In order
not to introduce excess complexity, the second continuous phase is calculated after all the convectible
IFAs are updated and the bubbly flow region is subdivided into the CP-continuous region (subscripted
B1) and the CP2-continuous region (subscripted by B2). The remaining real liquid is defined as the
dispersed phase subscripted by DP. Figure B-1 shows the geometrical configuration of CP, CP2, and DP.

The definitions of the variables needed in this modeling are as follows.

a _ Ocp2,B (B-1)

CPeff = o 1 . s .
o Qcpp T Acp2p

= Local effective volume fraction of component CP2,

acp; = Max (0531: min(acpz,eff: aBZ)) ) (B-2)

= Local effective volume fraction of component CP2 with the limiting value,

Qcpaefr < apy  describes the CP-continuous regime,
Qcpaefr = Apz  describes the CP2-continuous regime , and

(g1 < Acpaerr < Ay describes the transition regime .

The volume fractions to specify the boundaries, ag; and ap, , are input data. From the experimental data
of water bubbling in mercury, the default value for ag, is set to be 0.3, whereas 0.7 appears appropriate

for ag,.

The bubbly flow region is divided into two parts:

Agy — Acp
for=—"7"7-—, (B-3)
Upy — Apy

= Fraction of CP-continuous (B1) region, and
Aipy — A
cP2 B1 (B-4)
= Fraction of CP2-continuous (B2) region.
The B1 region has a local CP2 volume fraction of ap; whereas the B2 region has a local CP2 volume

fraction of ap,. The dispersed liquid components (m = DP, 4, 5, 6, 7) and the vapor component are

assumed to distribute uniformly in the bubbly region.

Some additional definitions can be made using these fractions as follows.
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Qcp,B for acpyerr < apy
Xcpp1 = ) (B-5)
fBl(aCP,B + aCPZ,B)(]- — ) for acpyerr = ap1

= Volume fraction of CP in the CP-continuous region,

fB2 (aCP,B + aCPZ,B)(l — agy) for Acpreff < Qg2
QAcpp2 = ) (B-6)
Qcp,B for acpaerr > apa

= Volume fraction of CP in the CP2-continuous region,

Qcp2,B for acpaerr < apy
Xcp2,B1 = ) (B-7)
foi(@cpp + acpap) s for acpzerr > aps

= Volume fraction of CP2 in the CP-continuous region,

fBZ(O-’CP,B + “cpz,B)O—’Bz for Acpreff < Ap2
QAcp2,p2 = ) (B-8)
Qcp2,B for acpzerr > ap2
= Volume fraction of CP2 in the CP2-continuous region,
armp1 = fer@mp for m=DP 4,5,6,7, (B-9)
= Volume fraction of dispersed liquid components in the CP-continuous region, and
Apmp2 = fp2Qmp for m=DF 4,5,6, (B-10)

= Volume fraction of dispersed liquid components in the CP2-continuous region.

The convectible IFA of component CP2 in the CP-continuous region is assumed to be proportional

to the volume fraction as follows

A __ OcpB1
CP2,B1 =~
Qacp2,B

Acp2,B - (B-11)
The IFA between component CP and CP2 must be conserved. Hence the reasonable definition for the
IFA of component CP in CP2-continuous region is
Acpag2 = Acp2,s — Acp2,B1 - (B-12)
The IFA between CP-continuous and CP2-continuous regions is assumed to be zero. The same
procedure as used in defining Ap , is possible, but it is not applied to this case because the present

formulation is only a mathematical interpolation between the flow regimes with different continuous

phases. The remaining IFAs of CP and CP2 are set to zero similar to A¢p g. These are

ACP,Bl =0 ,and (B-IS)

Acpap2 = 0. (B-14)
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The convectible areas of dispersed liquid components and the surface areas of structures in the

bubbly flow region are divided into the CP-continuous and CP2-continuous regions using the fractions
fp1 and f;:

Arsp1 = fp14rsp (B-15)
Arsp2 = fB24Fs (B-16)
Ayspr = fp14vss (B-17)
Ayspa = fp2Avs (B-18)
Apmp1 = fp1Aimp for m=DP 4,5,6,7,and (B-19)
Apmp2 = fp2Armp for m=DP, 4,5,6,7. (B-20)

This second continuous phase modeling, with appropriate averaging procedure of momentum

exchange functions, can eliminate an abrupt change of flow properties at the continuous phase transition.

ag| 1—ap (Ot%( 1-a, 3
A A
S . - <ﬁ>
I3 UG5 crp | Epp |Yss fs Bubbly flow region
f Bubbly flow region %s
B2
Acps,

v - Yila, o, Lo a,-
< > I I
1—a,,la, Io Dispersed flow region

< > >‘
gp l-«a,

Fig. B-1. Subdivision of the bubbly flow area into CP-continuous and CP2-continuous regions.
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Appendix C: Entrainment Fraction

An approach, which formulates the flow regime transition based on a time-dependent entrainment
fraction E,. is proposed.!3-19) The stability upon the flow regime transition is significantly improved by
calculating the evolution of E,. expressed by a differential equation. An equation is proposed to have an

equilibrium value and a time constant,

0E, 1
=—(E,—E 3-44
5 = Ee— £, (3-44)

where E, is the equilibrium entrainment fraction for given flow conditions, and

Ten 18 the entrainment time constant.
Three regions are proposed to exist. The E, = 0 region corresponds to the bubbly, slug and annular flow.
The 0 < E, < E,, region corresponds to the bubbly, interpolated and annular-dispersed flow. The E,. =

E,, region corresponds to the bubbly, pool transition and dispersed flow.

The upper limit of the entrainment fraction E,, is defined as the fraction of the vapor-“film” structure

contact area to the total “film” structure IFA as

agFs
E, = T (C-1)
FS
where
aep .
agrs = CG,S_mln(AG,B' AFS)
(45:8:1
6 (C-2)
a¢,p A A C Aimp . A A
+ max |Cgs——Apsp, Apsp — Lm,S mln( Lm,D» FS,D) .
298] (25:8))

Lm=1

A simple flooding criterion is used, above which the entrainment is assumed to occur and Eq. (3-44)
is used to calculate E,.. The criterion is expressed in terms of a dimensionless number:”)
Qg

: - Pc
je = ——Ivgl

R C-3
1—-ag 9Dy (p1, — pg) ©3)

where g is the invariant gravitational acceleration,
Dy, is the hydraulic diameter,
P¢ 1s the microscopic density of vapor,

p;, 1s the average microscopic density of liquid, defined as
pL = Z Pum/(ay + ap) , and
m

Vg is the vapor velocity.
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It is proposed to formulate a hysteresis effect for stability, because the liquid-vapor coupling changes

more than an order of magnitude upon the flooding initiation. The proposed formulation is as follows,

E,=0-E >0  if j§ > jpegin = 1.2 (default)

. (C4)
E,=0«<E.>0 if j¢ < jstop = 0.4 (default)
Ishii and Mishima'> proposed the equilibrium entrainment fraction E, to be given by
E, = tanh(7.25 x 1077Wel-?5Re;**°) (C-5)

where We is Weber number for entrainment and Rey is the total liquid Reynolds number. These are
defined by

1
a 2 1 - Pc\3
We = pg (1__25 Iﬁal) Dhg(%>3 ,and (C-6)

3 _
melﬁLmth

Rers = ,
4 [t tim(1 — ag)

(C-7)
where o¢p is the surface tension of the continuous liquid phase,

Vm is the velocity of liquid-component m, and

Urm 1S the viscosity of liquid-component m (the particles are assumed to have an infinite viscosity

and excluded from the summation).

The hyperbolic tangent in Eq. (C-5) can be omitted because large vapor velocity is required to obtain
the upper limit of Eq. (C-2). In addition, E, should be multiplied by an additional factor to reach the

correct limit of the dispersed flow when only the particles exist. The proposed formula is

E C W CEZR 025/( aL )CE3 (C 8)
= e er -
e E1l f a, + ap
The time constant is adopted from Kataoka et al.'® as
_ Yim=1PLm ¢rDn\**°
Ten = CEq ) (C-9)
dr(a, +ap)agpin \ Ug
where p; is the vapor viscosity, and
6
o 1
b= PimlBiml——. (C-10)
.
Lm=1

The coefficients Cgq, Cg,, Cg3 and Cg, are user-defined parameters and their default values are Cgyq =
7 X 10_7, CEZ = 125, CES = 10, and CE4- = 45.
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Appendix D: Test Calculations of the Compression Term

As discussed in Section 4.2, IFAs may change with fluid compression. Equation (4-23) is implemented
to model the compression term in SIMMERC-IIIL. In this appendix, two sample problems are described to
confirm its validity and effect. The first problem is the collapse of a bubble due to the motion of a liquid slug.
A fuel vapor bubble in the liquid fuel pool was modeled as 1-D geometry with 2 axial mesh cells as shown
in Fig. D-1.

The lower cell contains a fuel vapor bubble with the volume fraction of 20%, the radius of 0.02 m, and
the IFA per unit volume of 30.0 m'!. The upper cell is filled with single-phase liquid fuel. The initial
temperature of the liquid fuel and vapor is 3200 K. A constant pressure of 1.0 MPa is applied to the top
boundary and then the bubble collapses within 35 ms by the downward fluid motion driven by the pressure
gradient as shown in Fig. D-2. Two parametric cases were run for this test case: the case with the proposed
IFA convection equation and the case with the original equation. The change of bubble radius and IFA were
plotted in Figs. D-3 and D-4, respectively, with the theoretical value which are deduced from the change of
volume fraction of the bubble. The bubble radius should be proportional to the 1/3-rd power of the volume
and the IFA to the 2/3-rd power. The results of the proposed equation show good agreement with the
theoretical values whereas the results of original convection equation give constant IFA and very small
bubble radius.

The second sample problem is the rise of a bubble by buoyancy. A bubble is placed at the bottom of a
single-phase pool and rises by buoyant force. This situation was modeled as 1-D geometry with 20 axial
mesh cells as shown in Fig. D-5. The bottom mesh cell contains a fuel vapor bubble with the volume fraction
of 20%, the radius of 0.02 m, and the IFA per unit volume of 30.0 m-'. The remaining mesh cells are filled
with single-phase liquid fuel. The initial temperature of the liquid fuel and vapor is 3200 K. The bubble rises
by buoyant force as shown in Fig. D-6.

Two cases, with the proposed convection equation and with the original equation, were run. The
calculated void fraction and the radius of the bubbles are averaged over the system and plotted in Figs. D-7
and D-8, respectively. The theoretical radius and IFA deduced from the change of bubble volume are also
plotted in these figures. The agreement between the theoretical value and the result of the original equation
is poor. The case with the proposed equation better follows the theoretical prediction of the increase of IFA
due to bubble expansion qualitatively. However, the case is not yet satisfactory, because the effect of

numerical diffusion cannot be eliminated even with the higher-order differencing scheme.
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Pressure B.C. :

1.0 MPa
3200K (Fuel)
cell 2 1.0 MPa
3200K (Fuel)
cell 1 0.1 MPa

void fraction 20%

Fig. D-1. Sample problem No.1: bubble collapse by liquid slug.
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Fig. D-2. Bubble collapse by liquid slug.
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Fig. D-3. Transient of bubble radius.
35
30 = -1 1 =l ]
* \ :
20 N ]
15 ]
10 —OS— with compression term i
—HB—w/o compression term 1
—>—theory E
5
n ’ ’ . ’ . ’ ’ . ’ . . ]
3 3 -
010 110 210 310 410
time (s)

Fig. D-4. Transient of bubble interfacial area per unit volume.
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Pressure B.C. :
0.1 MPa

3200K (Fuel)

0.1 MPa 20 cells ::>
AZ=0.1m

bottom cell
a=0.2

O=0=0=" )

Fig. D-5. Sample problem No.2: buoyant rise of a bubble in fuel pool.
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Fig. D-6. Transient change of the void fraction distribution.
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Fig. D-7. Transient change of the bubble volume.
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Fig. D-8. Transient change of bubble radius.
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