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Abstract

The present report gives the SIMMER-III/IV heat- and mass-transfer model describing
melting/freezing (M/F) and vaporization/condensation (V/C) processes in multiphase,
multicomponent systems. The heat- and mass-transfer processes are modeled in consideration
of their importance in and effects on the behavior of reactor-core materials in the fast reactor
safety analysis. Applying equilibrium and non-equilibrium transfers generalizes the phase-
transition processes except for the structure breakup transfer. The non-equilibrium phase-
transition processes occurring at interfaces are described by the heat-transfer limited model,
while the mass-diffusion limited model is employed to represent effects of noncondensable
gases and multicomponent mixture on the V/C processes. The implicit solution algorithm of
V/C calculation is tightly coupled with the analytic equation-of-state (EOS) model. The use
of this approach successfully solves numerical problems, which were mainly introduced by

thermodynamic inconsistencies in EOS, encountered in previous codes.
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Chapter 1.  Introduction

The heat- and mass-transfer model for the SIMMER-III/IV codes was developed to
alleviate some of the limitations in the previous SIMMER-II code [1, 2], and thereby to
provide a generalized modeling of heat- and mass-transfer phenomena in a multiphase,
multicomponent system for more reliable analysis of core disruptive accidents (CDAs). The
scope of the model development effort was determined primarily from the viewpoint of needs
in accident analysis. The outcome and experience gained in course of the AFDM
development [3] were used to maximum extent. The advanced features of the model must
resolve many of the problems associated with SIMMER-II. The present model development
was intended to provide a generalized model that is useful for analyzing relatively short-time-
scale multiphase, multicomponent hydraulic problems on the basis of phenomenological

consideration of flow regimes and interfacial areas, and heat- and mass-transfer processes.

Reviews of previous models and methods on the heat- and mass-transfer processes in
multiphase, multicomponent flows provide background in selection of an appropriate
approach for the SIMMER-III/IV model. In the SIMMER-II heat- and mass-transfer model
[2], several methods were applied to transfer mass and energy between reactor-core material
components. The first was through phase-transition processes occurring at interfaces. These
are called non-equilibrium transfers because the interior component (bulk) conditions are
generally not at the transition temperature. The second method of mass and energy transfer
was through equilibrium melting/freezing (M/F) processes, occurring when the bulk
temperatures of structure or particles exceed the solidus temperature or when liquid bulk
temperatures drop below the liquidus temperature. Equilibrium melting can occur as a
consequence of nuclear heating as well as heat transfer. A third method of mass and energy
transfer was through models representing structure breakup and/or transfers into the particle,
liquid, and vapor components. SIMMER-II represented both pin and crust breakup under
some circumstances, and possessed a user option to allow particle transfer to be associated

with melting.

The initial SIMMER-II code calculated heat transfers between liquid and liquid, and
liquid and structure implicitly by solving 11 equations simultaneously for the end-of-time-
step component (bulk) temperatures. The vaporization/condensation (V/C) processes
occurring at interfaces between vapor and liquid, and vapor and structure were then
determined as non-equilibrium transfers. Finally, heat and mass transfers through equilibrium

M/F processes were calculated. Non-equilibrium M/F processes were treated to contribute the

1=
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fuel crusts formation on structure.

The SIMMER-II code has played a pioneering role especially in studying the CDA
phenomenology, but at the same time extensive code application revealed several limitations
due to the code framework as well as needs for model improvement. The extensive use of the
SIMMERC-II code indicated several problem areas in the heat- and mass-transfer modeling.
The greatest difficulties with SIMMER-II framework of multifield, multicomponent fluid
dynamics arose from the heat- and mass-transfer treatments, particularly from the V/C
modeling. Thermodynamic inconsistencies in the simple analytic equation of state (EOS)
introduced difficulty in determining vapor temperature at high pressure, resulting in
numerical problems. In addition, numerical instability upon single/two phase transition due to
EOS inconsistency could lead to the nonphysical motion of fluid. Since the saturation
temperature of a vapor component and the vapor mixture temperature were coupled tightly,
the SIMMER-II numerical scheme resulted in slow convergence. No condensation process of
fuel or steel vapor on other colder liquids caused a problem of nonphysical presence of
supersaturated vapor. The V/C operation removed energy from a bulk component undergoing
phase transition at the interface value, or saturation value. This could lead to artificial heating

or cooling of the bulk fluid.

In the AFDM code, a heat- and mass-transfer model similar to SIMMER-II was
formulated and implemented [4], but many modifications to the SIMMER-II approach were
made based on the difficulties that had been encountered. Two ways of specifying EOS were
tried in AFDM: simplified analytic expressions and a tabular EOS model [5]. Both the EOS
models attempted to resolve the problems present in the SIMMER-II EOS. A new implicit
solution algorithm was also developed to solve multicomponent V/C mass-transfer rates
simultaneously with liquid and vapor heat-transfer rates. A homogeneous vapor condensation
term was included in the V/C to remove supersaturated vapor. The basic V/C equations were
changed such that energy associated with mass transfer was removed from a component at
the bulk value, not the saturation value, with an effective latent heat to conserve energy. This

eliminated spurious bulk temperature changes when coolant was vaporizing rapidly.

The use of new approaches in the AFDM heat- and mass-transfer algorithm solved some
SIMMERC-II problems successfully. However, it was found that further model improvement
was necessary. The tabular EOS model was not successful due to the combined effects of
time—consuming table search/interpolation and intended iterations to obtain mechanical

equilibrium. The homogeneous condensation term proved insufficient/inappropriate to treat

2
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supersaturated fuel vapor upon significant exposure to cold sodium. Numerous special case
treatments were required to solve numerical difficulties in the V/C algorithm, especially when

the simplified analytic EOS model was used.

Although the original objective of the present model was primarily to resolve some of
the key CDA issues in liquid-metal cooled fast reactors (LMFRs), its flexible framework
enables us to apply the model to various areas of interest which are consistent with the
modeling framework. Therefore, the model application could include: accident analyses of
any types of future or advanced liquid-metal cooled reactors, steam-explosion problems in
current- and future-generation light water reactors, and general types of multiphase flow
problems. The development of SIMMER-III has reached a stage, where all the models
originally intended are made available [6, 7] and integral calculations with the code can be
made. In parallel to the code development, an extensive program has been performed for
systematic and comprehensive code assessment under the collaboration with
Forschungszentrum Karlsruhe (FZK), Germany, and Commissariat a I'Energie Atomique

(CEA), France [8].

The present report describes the models and methods employed in the heat- and mass-
transfer model of Version 3.A of SIMMER-III and Version 2.A of SIMMER-IV released in
March 2003. Here, the description of models and methods is mainly concerned with the two-
dimensional code, SIMMER-III. For the three-dimensional code, SIMMER-IV, additional

can-wall surfaces are treated in the same manner as SIMMER-III.
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Chapter 2.  Basis for heat- and mass-transfer modeling

2.1.

Basic assumptions

The SIMMER-III/IV heat- and mass-transfer model is based on the technologies

developed and experience gained in the former SIMMER-II and AFDM. The followings are
the basic assumptions used in the SIMMER-III/IV model:

1.

Each energy component interfaces with the other energy components simultaneously,
and each interface has a uniquely defined interfacial area. Energy transfers between
components are based on the interfacial area and heat-transfer coefficients determined
from engineering correlations. Mass-transfer effects on vapor-side heat-transfer
coefficients are not included at this level of approximation. Non-equilibrium M/F and
V/C models are applied to treat the phase transitions occurring at the interfaces. The
former non-equilibrium M/F model is used especially for proper calculation of

insulating fuel crusts on can walls.

Each possible interface is assigned a specified temperature to calculate heat flows
from/to each interface into/from the respective bulk materials. These heat flows are
summed to give the net interfacial energy loss or gain. An interfacial energy loss is
defined as positive and means condensation or freezing must occur to conserve (provide)
energy. An interfacial energy gain is defined as negative and means the energy is going

into vaporization/melting.

Equilibrium M/F transfer is modeled to eliminate subcooled liquid or metastable solid as
the result of heat transfer or nuclear heating. The equilibrium melting of solid
component occurs when its bulk energy exceeds the solidus energy, and the equilibrium
freezing of liquid component occurs when its bulk energy falls below the liquidus
energy. The equilibrium mass-transfer rate is determined from the bulk energy level

exceeding the phase-transition energy.

In a single-phase cell, a small vapor volume fraction is assumed to always exist for
numerical purpose, and hence its density and energy must be calculated reasonably to
avoid numerical difficulties. In AFDM, initialization of this so-called O, volume was
performed with an "equilibrium" approach. However, this formalism was not necessarily
satisfactory because it did not allow vapor to function as a heat-transport medium (for
example, it ignored vapor/structure contact). Thus, different from AFDM, an approach

more consistent with the two-phase V/C treatment is adopted in SIMMER-III/IV. The

4
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V/C mass transfer associated with energy transfer in single-phase cells is required only

to initialize the fictitious vapor volume for numerical convenience.

5. The film-boiling heat transfer is considered through a special heat-transfer coefficient. In
a case of film boiling predicted by a criterion for minimum film boiling temperature, the
heat-transfer coefficient is evaluated to represent conduction and radiation heat transfer
across a vapor film surrounding a hot droplet or particle in a continuous-phase coolant
liquid. In the heat- and mass-transfer model, energy transfers are based on this heat-

transfer coefficient determined from a semi-empirical correlation.

6. The numerical solution procedure treats the vapor and the liquid coolant implicitly, but
the other liquids and structures are solved explicitly. In particular, in the V/C heat- and
mass-transfer calculation, the energy- and mass-conservation equations are tightly
coupled with EOSs [9] and are solved iteratively. This is because of strong non-linearity
in V/C processes and a probable large change in the vapor thermodynamic state.
Numerical limits on the interfacial areas or heat-transfer coefficients are also imposed in
the formation of an algorithm to avoid numerical difficulties. These are defined based on

suitable physical justification to the extent possible.

7. The heat-transfer limited model describes the non-equilibrium processes occurring at
interfaces, while the mass-diffusion limited model is employed to represent effects of
noncondensable gases and multicomponent mixture on V/C processes. These models are
designed to predict not only the suppression of condensation by noncondensable gases
such as a fission gas, but also the phase-transition rate for a vapor component

condensing on the surface of a different material.

2.2. Mass-transfer paths

Two steps are applied to transfer mass and energy between reactor material components
except for the step representing structure breakup. The first step calculates the phase-
transition processes occurring at interfaces, described by a non-equilibrium heat-transfer
limited model. This is a non-equilibrium process because the bulk temperature does not
generally satisfy the phase-transition condition when the mass transfer occurs at the interface.
The second step of mass and energy transfer is through an equilibrium process occurring

when the bulk energy satisfies the phase-transition condition.

In the case of the two-dimensional code, SIMMER-III, there are 52 binary contact

interfaces among eight fluid energy components (liquid fuel, steel, sodium; fuel, steel and

_5_
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control particles, fuel chunks; and vapor mixture) and three structure surfaces (a fuel pin, and

left and right can walls). The eight fluid energy components have 28 binary contact modes,

and each fluid component can interact with the three structures. As shown in Table 2-1, there

are possible 48 mass-transfer paths for V/C and 75 paths for M/F at these 52 interfaces. These

include less important mass-transfer paths, which have only minor or negligible effects on

key phenomena directly relevant to the accident sequences of a CDA. The key phenomena

include boiling pool dynamics, fuel relocation and freezing, material expansion (through a

channel and into a pool), and fuel-coolant interactions (FCIs). Therefore, the number of mass-

transfer paths can be limited by eliminating some non-equilibrium mass transfers in less

important situations. The basic assumptions used for this limitation are as follows:

1.

Eliminate non-equilibrium vaporization and melting caused by solid particles or
structures. Sodium, which is the most volatile liquid, has a high thermal conductivity,
and hence the film boiling on solid surfaces could be expected to be minimal. Other

cases appear either to produce second-order effects or to be seldom needed.

Eliminate non-equilibrium M/F caused by vapor. SIMMER-III/IV does not model the
boundary layer, in which heat production appears resulting from kinetic energy
dissipation. In addition, SIMMERC-III/IV has no component that is assigned to fuel crusts
on liquid droplets.

Eliminate non-equilibrium freezing of a liquid by a more volatile (but colder) liquid. To
represent FCIs in LMFR, the sodium interface should be at the sodium saturation

temperature.

Eliminate non-equilibrium M/F at a fuel pellet surface. It can be assumed generally that
the fuel pellet might be molten by internal energy generation. Non-equilibrium freezing

should be limited because of the low thermal conductivity of ceramic fuel.

Eliminate non-equilibrium transfers at liquid-steel/solid-fuel surfaces. These simply
appear to be second-order effects even if steel could freeze/vaporize or fuel could melt

under such contacts.

Eliminate non-equilibrium melting caused by liquid sodium. Although sodium could
become hot enough to heat up cladding, the resultant melting of cladding due to the heat
transfer from sodium can be treated as an equilibrium transfer to avoid the metastable

solid state.

Eliminate non-equilibrium freezing caused by control particles. Control particles are

—6—
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usually less in the flow field, and hence computations involving their effects should be

minimized.

Using these simplifications, the total number of non-equilibrium processes results in 33
for V/C and 22 for M/F, as shown in Table 2-2. These include the mass-transfer paths
required to represent essential phenomena. Typical mass-transfer paths are illustrated in Fig.
2-1 among a vapor mixture and three liquid components. The liquid vaporization can occur at
the liquid/liquid interfaces as well as at the vapor/liquid interfaces. Note that in the V/C
transfers condensation processes of fuel or steel vapor on other colder liquids are included to
avoid a problem of nonphysical presence of supersaturated vapor. The vapor condensation on
particles and structures are also treated in the V/C transfers. Typical mass-transfer paths are
illustrated in Fig. 2-2 for binary contacts with fuel and steel droplets. The non-equilibrium
M/F transfers include the crust formation on a can wall that furnishes thermal resistance, and
steel ablation and particle formation that contribute to fluid quenching and bulk freezing. The
M/F transfers at the liquid/particle interfaces are also included which is analogous to the

liquid/structure M/F transfers for consistency.

In addition, nine (and three optional) equilibrium M/F transfers are performed to
eliminate subcooled liquids or metastable solids as the result of heat transfer or nuclear

heating. These include:

*  Melting of left and right fuel crusts into liquid fuel,

*  Melting of left and right can-wall surfaces into liquid steel,

*  Melting of fuel particles, steel particles and fuel chunks into liquid,

*  Freezing of liquid fuel and steel into particles, and

*  Freezing of liquid steel onto cladding and can-wall surfaces (optional).

It is noted that the liquid transfers to structure components are not modeled by equilibrium
transfers but treated as non-equilibrium processes, except for the equilibrium freezing of
liquid steel to be treated optionally. Other possible equilibrium transfers such as pin-fuel
melting into liquid fuel, cladding melting into liquid steel, and bulk can-wall melting into

liquid steel are treated by the structure breakup model.

For the three-dimensional code, SIMMER-IV, additional front and back can-wall
surfaces increase the binary contact areas and the mass-transfer paths to be treated. There are

68 binary contact interfaces among eight fluid energy components and five structure surfaces.
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As the result, six V/C paths, ten non-equilibrium M/F paths, and four equilibrium M/F paths
are considered additionally. Modeling of these processes are identical with the treatment of

left and right can walls in SIMMER-III.

2.3. Non-equilibrium transfers

2.3.1. Basic interface equations

The basic concept of the non-equilibrium mass-transfer model is described using Fig. 2-3,
in which a binary contact interface of the energy components A and B is shown. This is a
heat-transfer limited process where the phase-transition rate is determined from energy
balance at the interface. For example, Fig. 2-3 (a) shows interface (A, B) where the interface
is undergoing a net loss energy to component B. This energy is either coming from
condensation or freezing of component A. The resulting product will be either more of
component B, or component C depending on the process involved. Fig. 2-3 (b) shows
interface (A, B) where the interface is gaining energy from component A. The
melted/vaporized component B will either be more of component A, or component D, again

depending on the process. The heat transfer rates from the interface are:

Ong = aA,BhA,B(TAI,B —T,) into component A, and (2-1)
Osp = aA,BhA,B(TAI,B —Tg) into component B. (2-2)
The net energy transfer rate from the interface is defined as:

Oae =CGae *Goa- (2-3)

If the net heat flow, qL\,B, is zero, sensible heat is exchanged without phase transition. If qL\YB
is positive, namely the energy is lost at the interface, either a liquid component freezes or a
vapor component condenses. Then the mass-transfer rate for this case is determined from:

q

Mag = Rug i+E;' if the component formed by the phase transition is B, or (2-4)
A B
|
F,'A’C =R.g i q’iEf, if component C formed by the phase transition is not B. (2-5)
A C

If qL\YB is negative, on the other hand, namely the energy is gained at the interface, either a

solid component melts or a liquid component vaporizes. Then the mass-transfer rate for this

case 1s determined from:
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Oa

FE';’ A="Rg T _’E; if the component formed by the phase transition is A, or (2-6)
A B
ql

FE';’D =-Ryg 1 /iEf if component D formed by the phase transition is not A. (2-7)
D B

The right sides of the above four equations are multiplied by a correction factor Ryg
introduced to take account of effects of noncondensable gases and multicomponent mixtures
on vaporization and condensation at the vapor/liquid and vapor/solid interfaces. The
procedure to determine Ry g based on the mass-diffusion limited processes is discussed later.
It should be also noted that the latent heat of phase transition is defined here as the difference
between the enthalpy at the interface and the bulk enthalpy of a component undergoing a
phase-transition process. More correctly, the bulk enthalpy should be replaced by the
interfacial one. However, SIMMER-III/IV does not calculate temperature gradients in liquid
and vapors. Besides, the experience from the previous codes [3, 10] suggests that better
results are obtained with this definition of effective latent heat. When the phase transition is
predicted, the interface temperature, TA',B, is defined as a phase-transition temperature such
as melting point and saturation temperature. For the case of no mass transfer, the interface
energy transfer is zero and hence the equivalent interface temperature is defined as

TI — hA,BTA + hB,A-I-B
A,B
hA,B + hB,A

(2-8)

2.3.2. Effect of multicomponent mixture

The physical model to represent the effect of noncondensable gases and multicomponent
mixtures on V/C processes is based on a study performed originally for SIMMERC-II [2]. The
equations for this model were obtained by considering the quasi-steady, stagnant Couette-
flow boundary layer, as shown Fig. 2-4, to relate the mass and energy fluxes to the overall
forces driving heat and mass transfer. This classical Couette-flow model has been shown to
provide a good engineering model for single-component vapor condensation in the presence
of noncondensable gases, thus confirming the adequacy of its theory for incorporation in two-
fluid computer codes [11, 12, 13]. In SIMMER-II, the model extended to multicomponent
systems was designed to predict not only the suppression of condensation by noncondensable
gases such as a fission gas, but also the phase-transition rate for a vapor component
condensing on the surface of a different material. However, this previous effort was not

successful for the practical use of the code because its solution scheme was incompatible with

—9_



JNC TN9400 2003-047

numerical algorithms applied to SIMMER-II multiphase-flow modeling. Here, extensive
modifications were made as necessary in order to make it suitable for implementation on

SIMMER-III/TV.

The physical model and coordinate system are shown in Fig. 2-4. A multicomponent
vapor mixture at temperature Iy and mass fraction @, (k = 1...N) is under the phase
transition on a liquid or solid phase, which is maintained at a constant temperature T,. Here,
the conservation of each vapor species can be described based on multicomponent diffusion
law given, for example, by Bird et al. [14]. Assuming that mass diffusion due to thermal and
pressure gradient is negligibly small, the mass-transfer rate of vapor component k at the
interface i, defined positive for condensation, is governed by

N
M= + Zﬂ. (2-9)
Z

This equation includes both diffusive and convective contribution.

The heat flow per unit volume at the interface should include contribution of heat

conduction, bulk convection, and diffusion, that is
daT N
q = —a,.Kd—‘i - le Ci;. (2-10)

Thus, approximating the temperature gradients by overall heat-transfer coefficients energy

balance applied to the interface yields
* N N -
a1hg(T| _Tg)_zrjlj,g = _aiho(Ti _To) _erlj,oa (2'11)
=T =T

where h; is the vapor-side heat-transfer coefficient in the presence of mass transfer, and then

the effect of mass flow through the boundary layer can be accounted for by

N
Ny > 3

g =~ (2-12)

expg- % rc, ]/a, th—

Equation (2-11) represents that the heat flow at the interface equals the sum of the latent heat

flow and the sensible heat flow through the interface.

The second term on the right side of Eq. (2-11) is simplified by introducing the mass-
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transfer coefficient in a manner analogous to the heat-transfer coefficients, that is

oD dow,

9 —"kg dy = _kk(wk,i _a‘?(,OO)y (2-13)

i
where the mass-transfer coefficient k; in the presence of mass transfer is also modeled by

N
I'j/a,.

=
ex%;ri/"’“kﬁ' 1

Employing the heat- and mass-transfer analogy, the vapor-side mass-transfer coefficients K,

(2-14)

independent of mass transfer can be found as a function of the Sherwood number from the
empirical correlations developed for sensible heat transfer. For example, correlations for

forced convection are generally in the forms:

h L
NUQZKLZ f(Re,,P), and (2-15)

g

Sh,= KL = f(Rg ,Sg). (2-16)
pngg

In summary, the interface equations of the mass-diffusion limited model to be solved are

described by

rk = _a1kl:(wk,l - (A‘?(,co) + a&,i zrj ’ and (2-17)
IE

z Mg, :a[h;(ﬂ =T5) +h(T, ‘To)], (2-18)

£

where I is the latent heat of vaporization as the enthalpy difference between Iy and i,, but
is replaced with the effective latent heat as already discussed. Equations (2-17) and (2-18) can
be integrated into the following single algebraic equation:

N

N * - 1 N - * *

Z kj (a)JI - (’-{oo)hg,j +w_ ij,illg,j z kj (w“ - O‘j,oo) = —[hg(Ti _Tg) +ho(Ti _To) > (2-19)
1= ng J=L 5

where @,q is the mass fraction of noncondensable gases at the interface defined by

N
W, =1~ z w,;. (2-20)
I
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The mass fraction @y ; of the vapor component k at the interface is determined by the

relation between mass and mole fractions:

W, = X Wi
i~ N
, , (2-21)
Z Xi,i\Nj + Xnang
BN
where X4 is the mole fraction of noncondensable gases at the interface defined by
N
Xy =1~ z Xj;. (2-22)
=1

The mole fractions of vapor component at the interface are obtained by assuming a constant
pressure through the boundary layer to the interface. In addition, the condensed phase at the
interface is assumed to be in saturated thermodynamic equilibrium with the vapor component,
of which saturation pressure in the immiscible system is independent of its concentration in
the condensed phase. Treating the vapor components and noncondensable gases as a mixture
of ideal gases, the mole fraction X; of vapor component k at the interface is related to the

interface temperature T, according to

T
x,, = PeaslT) (2:23)
Py

where Psati(T) is the saturation pressure of a phase-transition component at the interface and
Py is the total pressure. The total pressure Py is expressed as the sum of Pey(T) and the

partial pressure of the noncondensable gases at the interface:
N

pg = z psat,j(Ti) + png,i- (2'24)
IEn

In the presence of noncondensable gases, a solution of Eq. (2-24) in terms of the interface
temperature T; can be obtained iteratively because there are nonlinear thermodynamic
relationships between T; and the partial pressures of vapor components. For the case of no

noncondensable gas, T, is evaluated as an iterative solution of Eq. (2-24) with Pngi = 0.

As previously mentioned, the correction factor R is introduced into the heat-transfer
limited model to represent the mass-diffusion limited behaviors for each mass-transfer rate at
the vapor/liquid and valor/solid interfaces. To recast both heat-transfer and mass-diffusion
limited processes in a mathematical form compatible with the V/C numerical solution

algorithm described in Chapter 5, R, for the component k undergoing phase transition is
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defined as a correction for the mass-transfer rate of pure vapor:

r(T)
R o

_a[h (T -T,) +h(T, - T) "

gk

r(T) (2-26)

[, (= T+ T Y

gk

I_k (Tsat,k) = (2-27)

The mass-transfer rate I, (T;) is defined as a function of T;, which is a solution of Eq. (2-24),
while Iy (Teai) is the mass-transfer rate obtained assuming that the interface temperature is
equal to the bulk saturation temperature Tei(Pi) and that the vapor-side heat-transfer
coefficient is independent of mass transfer. The correction factor R, could be treated to be
constant throughout the implicit calculation of V/C conservation equations, even though Eq.
(2-24) coupled with nonlinear equations should be solved iteratively in advance at each vapor
interface. This semi-implicit scheme would be advantageous because a simultaneous solution
of Eq. (2-20) and V/C conservation equations might be complex and inefficient numerically.
However, it was found that constant values of R, would lead to convergence problem in the
V/C iteration especially for a small amount of vapor component undergoing phase transition.
To avoid this numerical problem, R, devoted to each process are also related to the partial
pressure of a vapor component undergoing phase transition:

R = fk&, (2-28)
Py

where f, is the fractional effect on the mass transfer rate normalized by the pressure ratio,

and Py is the total pressure. Based on the definition of R, f, can be expressed by

r(m) p
f — k\ i g9 ) 2-29
“ rk (Tsat,k) pk ( )

In the V/C numerical solution algorithm, the values of f, determined using beginning-of-
V/C-calculation values are treated to be constant during the V/C iteration, while R, depends

on variable pressures during the V/C iteration.
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2.3.3. Detailed interfacial treatments

To complete the equations in Section 2.3.1 for allowed/excluded interfacial processes,
expressions are needed for R, a, h and T'. The interfacial area and heat-transfer coefficient
models define a and A, respectively, and are discussed in other documents. Detailed
expression for the non-equilibrium mass-transfer paths at each of the 52 interfaces are

presented as follows:

Vapor/Liquid-fuel interface: At the interface between vapor and liquid fuel, only fuel is

allowed to condense or vaporize. The correction factor for the mass-transfer rates is

calculated by

Rort = fornret, (2-30)
Ps

where fci.; is the fractional effect of non-condensable gas on the fuel condensation and

vaporization at this interface, and P is the total pressure:

4
Pe= > Pom- 2-31)
m=1

The following correction has to be defined for heat-transfer terms appearing in energy
conservation equations:

RG4,L1 =1- RGlLl- (2-32)

When the fuel vaporizes or condensates, the interface temperature is defined as the saturation
temperature of fuel vapor. Otherwise, in the case of no mass transfer, Eq. (2-8) is applied to

the interface temperature. Therefore, the interface temperatures can be expressed by
T(;l,Ll = Tsaya- and (2-33)
T(;4,L1 = Tovss (2-34)

where the interface temperature, Tg, ,, with no mass transfer is given by

h,.T,,+hs T
T - L1,G "L1 G,L1°G _
GL1 hLlG + hGYLl (2 35)
Then, the interfacial energy transfer rate can be evaluated:
QCIBJ.,Ll = aG,L]J:hL lG(T(élL 1 TLl) + hG,L i(T(la 1L l_TG)] . (2_36)

The mass-transfer rates at the vapor/liquid-fuel interface are expressed by
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|
r(I31,L1:RG1,L1- ciG-l'Ll > Q(Ial,L1>Oaand (2-37)
la1 ~ loona
ql
Mie=Raui o,  Guu<O. (2-38)
IVap,G. |L1

Vapor/Liquid-steel interface: At the interface between vapor and liquid steel, fuel vapor can

condense on liquid steel and steel can either condense or vaporize. The correction factors for

the mass-transfer rates are calculated by

Rem2 = me,Lz%, m=1and 2, (2-39)

G

where fomio (m =1 and 2) is the fractional effects of non-condensable gas on the fuel- and
steel-vapor condensation at this interface, respectively. The correction for heat-transfer terms

appearing in the energy conservation equations is
2
Reaa=1- Z RemL2- (2-40)
m=1

When the phase transition occurs, the interface temperature is defined as the vapor saturation
temperature of a phase-transition species. Otherwise, in the case of no mass transfer, Eq. (2-

8) is applied to the interface temperature. Therefore, the interface temperatures can be

expressed by

Terro = Max(Toy 00T o2, (2-41)
Teor2 = Tsayes and (2-42)
Tea2 = Touon (2-43)

where the interface temperature, Tg, ,, with no mass transfer is given by

h,.T,+hs T

T - L2G L2 GL2'G _

oL hLZ,G + hG,L2 (2 44)
Then, the interfacial energy transfer rates can be evaluated:
Q(IBm,LZ = aG,LZ[hL ZG(T(l;m,LZ ~Tim) + hG,L Z(T(l;m,L ,~Te)],m=1and 2. (2-45)
The mass-transfer rates at the vapor/liquid-steel interface are expressed by

|

r(ISZ,Lm = RGm,inq%, Q(I;m,La >0, and (2-46)

Gm ICon,Gm

—15—



JNC TN9400 2003-047

_ q
M5 = ~Reaor 2%, Otp5<0. (2-47)

IVapGZ —I L2

Equation (2-46) for m = 1 and 2 is used for fuel and steel condensation, respectively, and Eq.

(2-47) is used for steel vaporization.

Vapor/Liquid-sodium interface: At the interface between vapor and liquid sodium, fuel and

steel vapor can condense on liquid sodium and sodium can either condense or vaporize. The

correction factors for the mass-transfer rates are calculated by

Romis = fomis ppG =1,2and 3, (2-48)

G

where fomi2 (m =1, 2 and 3) is the fractional effects of non-condensable gas on the fuel-,
steel-, and sodium-vapor condensation at this interface, respectively. The correction for heat-

transfer terms appearing in energy conservation equations is

Ross=1- milRvaLz. (2-49)
Similar to the vapor/liquid-steel interface, the interface temperatures can be expressed by

Temis = MaX[Tgy gm T 6zl m= 1 and 2, (2-50)
Tclgs,Ls = Tsatce> and (2-51)
Tears = Tows, (2-52)

where the interface temperature, Tg, 5, with no mass transfer is given by

hL3,GTL3 + hG,L 3TG

Toa= -

o hL3,G + hG,Ls (2-53)
Then, the interfacial energy transfer rates can be evaluated:
Q(IBm,L3 = aG,L3[hL 3G(T(l;m,L3 ~Tim) + hG,L B(T(l;m,L3 —Tg)l, m=1,2and 3. (2-54)
The mass-transfer rates at the vapor/liquid-sodium interface are expressed by

ql
Meim = Romis T, Gomus >0, and (2-55)
IGm - ICon,Gm

r 13 R; qG3 L3 | < O

L3G — 33" P Oss.i3 . (2-56)

IVapGB —I L3
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Equation (2-55) for m = 1, 2 and 3 is used for fuel, steel and sodium condensation,

respectively, and Eq. (2-56) is used for sodium vaporization.

Vapor/Solid-component interfaces: At the interfaces between vapor and solid components

such as particles, fuel chunks and structures, fuel, steel and sodium vapor can condense on

their surfaces. The correction factors for the mass-transfer rates are calculated by

Remkwm = me,K(k)%, m=1, 2 and 3, (2-57)

G

where K(k) for k = 1 — 7 represents L4, L5, L6 and L7 for particles and fuel chunks, and k1,
k2 and k3 for structure surfaces, respectively, and fomw (m =1, 2 and 3) is the fractional
effects of non-condensable gas on the fuel-, steel-, and sodium-vapor condensation at the
vapor/solid interfaces, respectively. The corrections for heat-transfer terms appearing in

energy conservation equations are

3
Roaxw =1~ Z Rem.ko- (2-58)
=

When the condensation occurs, the interface temperature is defined as the vapor saturation
temperature of a condensate species. Otherwise, in the case of no mass transfer, Eq. (2-8) is

applied to the interface temperature. Therefore, the interface temperatures can be expressed

by
T(;m,K(k) = maX[I—Sa’[,Gm1TGK(k)]7 m= 1, 2 and 3, and (2-59)
T(la4,K(k) = Tokg» (2-60)

where the interface temperatures, Tk, with no mass transfer are given by

T — hK(k)TK(k) + hG,K(k)TG

GKK) — hK(k) + hG,K(k) (2-61)
Then, the interfacial energy transfer rates can be evaluated:
Q(IBm,K(k) = aG,K(k)[hK(k)(T(?lm,K(k) _TK(k)) + hG,K(k)(T(‘lm,K(k) _TG)] ,m=1,2and 3. (2-62)
The mass-transfer rates at the vapor/solid-component interface are expressed by
|
rIG(!(Bm = RGm,K(k)-qu—K(k)a (2-63)

IGm - ICon,Gm

where I(k) for k = 1 — 7 represents 14, 15, 16, 17, 129, 137 and 145, respectively. Equation (2-
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63) form =1, 2 and 3 is used for fuel, steel and sodium condensation, respectively.

Liquid-fuel/Liquid-steel interface: At the interface between liquid fuel and liquid steel, steel

vaporization should occur if the net heat flow is negative at the interface. In this case, the
interface temperature is defined as the saturation temperature of steel vapor. Otherwise, in the
case of no mass transfer, Eq. (2-8) is applied to the interface temperature. Therefore, the

interface temperatures can be expressed by

TLI],LZ = maXI.TSat,G27TL1L2]= (2'64)

where the interface temperature, T,y ,, with no mass transfer is given by

— hLLLZTL1+ h_ 2 1-II-_ 2

T = s * Ny s (2-65)

Then, the interfacial energy transfer rate can be evaluated:

Aro= A Ny AT T +h, (T 7T Y. (2-66)

The steel vaporization rate at the liquid-fuel/liquid-steel interface is expressed by

MSe= —M. (2-67)
lap,ce ~ 12

Liquid-fuel/Liquid-sodium interface: At the interface between liquid fuel and liquid sodium,

sodium vaporization can occur if the net heat flow is negative at the interface. Similar to the

liquid-fuel/liquid-steel interface, the interface temperatures can be expressed by

TLI],L3 = maXFSat,Ga,Tule, (2-68)

where the interface temperature, T,y 5, with no mass transfer is given by

— hLLL3TL1+ h_ 3 1-II-_ 3

Topys= (2-69)
sk hLl,L 3 + hL 3L1

Then, the interfacial energy transfer rate can be evaluated:

qlLlLs =a dhy iTLl,J_ ;=T +h , (Tl_l,ll TN (2-70)

The sodium vaporization rate at the liquid-fuel/liquid-sodium interface is expressed by

I
Qs

19 _
r|—3yG - |

(2-71)

Vap,G3 —I L3

Liquid-steel/Liquid-sodium interface: At the interface between liquid steel and liquid sodium,
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sodium vaporization can occur if the net heat flow is negative at the interface. Similar to the

liquid-fuel/liquid-steel interface, the interface temperatures can be expressed by

TLI2,L3 = maXD-Sat,G3’TL2L3]a (2-72)

where the interface temperature, T, 3, with no mass transfer is given by

T _hL2,L3-rLl+h_3_2-II-_3
L .

= (2-73)
e hL2,L3+n&2

Then, the interfacial energy transfer rate can be evaluated:

qll_2,L3 =a 4, T 2 a-T)th 4 (1’ e TN (2-74)

The sodium vaporization rate at the liquid-fuel/liquid-sodium interface is expressed by

|
M, = -2 (2-75)

IVap,GB —I L3

Liquid-fuel/Fuel-particle interface: At the interface between liquid fuel and fuel particles,

melting of fuel particles should occur if the interfacial heat flow is still negative at the fuel
liquidus temperature. Freezing of liquid fuel is the preferred path if the interfacial heat flow is
still positive at the fuel solidus temperature. Otherwise, if neither of these conditions is
satisfied, Eq. (2-8) is applied to the interface temperature. Therefore, the interface

temperatures can be expressed by

L
TLlL4 - mln[TLiq,l’ maX(TLJL 4 ’TSoI,l )]7 (2'76)
where the interface temperature, T,y 4, with no mass transfer is given by

— I'-]L].,L4-I-Ll+ h_ 4-II-_ 4

Tys= (2-77)
Hh hLZI.,L 4 + n 4
Then, the interfacial energy transfer rate is given by
Q|I_lL4 =8y Ih 1L 4(TL|,]_ ST th (TLIJL ~TO (2-78)
The mass-transfer rates at the liquid-fuel/fuel-particle interface are expressed by
|
FHOL = .q# , q'LlL >0, for fuel freezing, and (2-79)
It~ soin
1o _ _ qll_lL4 I .
M= ———, Q14 <O, for fuel melting. (2-80)
ILig1 " ILa
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Liquid-fuel/Fuel-chunk interface: At the interface between liquid fuel and fuel chunks,

melting of fuel chunks should occur if the interfacial heat flow is still negative at the fuel
liquidus temperature. Freezing of liquid fuel is the preferred path if the interfacial heat flow is
still positive at the fuel solidus temperature. Otherwise, if neither of these conditions is
satisfied, Eq. (2-8) is applied to the interface temperature. Therefore, the interface

temperatures can be expressed by

TLIlL 7 = min[TLiq,l’ maX(TL]L 7 ’TSoI,l )]7 (2_8 1)
where the interface temperature, T,y ;, with no mass transfer is given by

— hLl,LYTLl+ h_ 7-II-_ 7

T, = (2-82)
T hLZI.,L 7 + n 7
Then, the interfacial energy transfer rate is given by
QII_],LY =8 1h 1L {IT_I,J_ ~T ) +h {TLI,I]. ~ T (2-83)
The mass-transfer rates at the liquid-fuel/fuel-particle interface are expressed by
|
FL'llsU = .qL#, q'LlL ,>0, for fuel freezing, and (2-84)
IL1 " sois
113 _ _ qll_lL 7 I .
M ,=————, Q17 <0, for fuel melting. (2-85)
Iig1 " ILa

Liquid-steel/Steel-particle interface: At the interface between liquid steel and steel particles,

melting of steel particles should occur if the interfacial heat flow is still negative at the steel
liquidus temperature. Freezing of liquid steel is the preferred path if the interfacial heat flow
is still positive at the steel solidus temperature. Similar to the liquid-fuel/fuel-particle

interface, the interface temperatures can be expressed by
T|_Iz|_5 = min[TLiq,Z’ Max(, y 51502 )], (2-86)

where the interface temperature, T, s, with no mass transfer is given by

T — hL2,L5-I-L2-I-h_5-ll-_ 5
L

= (2-87)
e hLZ,L 5 + n 5

Then, the interfacial energy transfer rate is given by

qll_2,L5 =a, 40 4 T 2 s~ T ) +th (T p s 1L M. (2-88)

The mass-transfer rates at the liquid-steel/steel-particle interface are expressed by

20—



JNC TN9400 2003-047

|
rl16 — qLZLS
L2L5 H

= ) O,.5>0,  forsteel freezing, and (2-89)
I 2 7 lsol2
ql
Ms2=~ 2,  ,5<0, forsteel melting. (2-90)
lig2 ~ s '

Liquid-fuel/Steel-particle interface: At the interface between liquid fuel and steel particles,

steel particles can be melted or fuel particles can be formed. In reality, simultaneous fuel
freezing and steel melting might be expected upon contact in many situations. The interfacial
energy transfer rate gives insufficient information to furnish the rates for both phenomena.
The current model defines the interfacial temperature by an instantaneous contact value that

ignores phase transitions:

T = (yKoC) 1T, + (VKOC), 5T, 5

= (2-91)
T (koo + (JKoe), s
Then, the interfacial energy transfer rate is given by
QII_],LS =8 4h 1L E(-IT_I,J_ s—T ) +h gTLI,I]. s~ T M. (2-92)
The mass-transfer rates at the liquid-fuel/steel-particle interface are expressed by
|
M= iq%iw’ Ois>0, for fuel-particle formation, and (2-93)
L1 Soll
1 _ _ qII_lLS I . )
Ms2= T O15<0, for steel-particle melting. (2-94)
Lig,2 ~ L5

Liquid-fuel/Pin structure interface: For a cladding surface, cladding can be ablated or fuel

particles can be formed. This process is treated similarly to the liquid-fuel/steel-particle

interface, and hence the interface temperatures can be expressed by

(ko)L T+ (JKPC) T,

R (Jkoe), + (ke

; (2-95)

where k1 is active for the cladding surface, SK(1) = S4. Then, the interfacial energy transfer

rate is given by
QII_lkl =a . h JS(TLI w1~ Ted +hy (T w1 (2-96)

The mass-transfer rates at the liquid-fuel/cladding interface are expressed by
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|
r 130 _— qukl
LLL 4 :

S q'lel >0, for fuel-particle formation, and (2-97)
L1 Soll
|
Mars = -iq%, 01.<0,  for cladding ablation. (2-98)
Liql,2 k1

For a pin-fuel surface, the case of no mass transfer is applied to the interface between liquid

fuel and pin structure. Therefore, the interface temperature is given by

h..T.+h.T
TI - L1S "L1 k1'k1 (2_99
. hLlS + hkl )

where k1 is active for the pin-fuel surface, SK(1) =SI.

Liquid-steel/Pin-structure interface: For a cladding surface, non-equilibrium M/F of steel can

occur. This process is treated similarly to the liquid-steel/steel-particle interface, and hence

the interface temperature can be expressed by
TI_IZKl = min[TLiq,21maX(TL2k1 ’TSoI,Z )], (2-100)

where k1 is active for the cladding surface, SK(1) = S4. The interface temperature, T, 1,

with no mass transfer is

h ,sT, , +hT,
T - L2S L2 k1 k1 _
L2k1 Ns + Ny (2-101)
Then, the interfacial energy transfer rate is given by
QII_Z,kl = aLZk][hL ZS(TLI a1~ I ) +h (TLI x 1 Tk A (2-102)
Once the interfacial energy transfer rate is known, the mass-transfer rates are
ql
Ff’zlkl =_—+t2d qle,kl >0, for steel freezing, and (2-103)
I 2 = lsol2
ql
Mi=——2—,  0,u<0, forcladding melting. (2-104)
Liq,2 k1

For a pin-fuel surface, the case of no mass transfer is applied to the interface between liquid

steel and pin structure. Therefore, the interface temperature is given by

TI — hL2,STL2 + hlekl
L2kl — i
hL2,S + hkl

(2-105)

where k1 is active for the pin-fuel surface, SK(1) = S1.
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Liquid-fuel/Can-wall (or fuel crust) interface: For a crust surface, non-equilibrium M/F of

crust can occur. This process is treated similarly to the liquid-fuel/fuel-particle interface, and

hence the interface temperatures can be expressed by
TLIlkm = min[TLiq,DmaX(TLl(m 1T50|,1 )], (2-106)

where km for m = 2 and 3 is active for the left crust surface, SK(2) = S2, and the right crust
surface, SK(3) = S3, respectively. The interface temperatures, Ty, with no mass transfer

are given by

h.,.T,,+h T
T - —_Lis'L1 km " km (2_107)
- hLlS + hkm
Then, the interfacial energy transfer rates are given by
QII_lkm = alem[hLls(TLllkm =T.) +he, (T, P ) (2-108)
Once the interfacial energy transfer rate is known, the mass-transfer rates are
ql
ri(lk&m = q'lem >0, for fuel freezing, and (2-109)
11~ Isoiz
Ik)y — _ qll_lkm | .
I—km,l_‘l. - | _ | ) qu,km < O, fOI‘ crust meltlng, (2_1 10)
Lig,1 km

where I(k) for k = 2 and 3 represents 138 and 146, respectively.

For a can-wall surface, a can wall can be ablated or a crust can be formed. This process is
treated similarly to the liquid-fuel/steel-particle interface, and hence the interface

temperatures can be expressed by

T = (yKPC) 1 T4 *+ (WKOC )i T

T (Jkoe) L + (JKEC )

: (2-111)

where km for m = 2 and 3 is active for the left can-wall surface, SK(2) = S5 or S6, and the
right can-wall surface, SK(3) = S7 or S8, respectively. Then, the interfacial energy transfer

rates are given by
qllem = alem[hLls(TLllkm —T.) +he, (T P ) (2-112)
Once the interfacial energy transfer rate is known, the mass-transfer rates are

I
re OL1km
LLSK(K) — 3 .

) qll_lkm >0, for crust formation, and (2-113)
I1 ™ lson
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|
Ik — _ qukm
I_km,L2 H

] , q'lem <0, for can-wall ablation, (2-114)

Liq,2 - Ikm
where SK(k) for k =2 and 3 is the energy component of crust fuel, S2 and S3, respectively.

Liquid-steel/Can-wall (or fuel crust) interface: For a can-wall surface, non-equilibrium M/F

of steel can occur. This process is treated similarly to the liquid-steel/steel-particle interface,

and hence the interface temperatures can be expressed by

TI_IZKm = min[TLiq,Z’maX(rLZKm Tso2 )], (2-115)

where km for m = 2 and 3 is active for the left can-wall surface, SK(2) = S5 or S6, and the
right can-wall surface, SK(3) = S7 or S8, respectively. The interface temperature, T, 5., with

no mass transfer is given by

—_ hLZ,STLZ + hkakm

T - -
L 2km Ngs + Ny (2-116)
Then, the interfacial energy transfer rate is given by
QII_Z,km = aLka[hL ZS(TLIka =T.) +ha (TLI 2%m Tl (2-117)
Once the interfacial energy transfer rate is known, the mass-transfer rates are
ql
rli(g)km = 2 a, 2km > 0, for steel freezing, and (2-118)
I 2 7 lsol2
0 — __ km | : :
Mo = = -, A okm <0, for cladding melting, (2-119)
ILiq,2 - Ikm

where I(k) for k = 2 and 3 represents 139 and 147, respectively.

For a crust surface, the case of no mass transfer is applied to the interface between liquid

steel and can wall. Therefore, the interface temperatures are given by

h..T..+h T
T| i — L2S"'L2 km " km (2-120)
L2k hLz,s +h,

where km for m = 2 and 3 is active for the crust surface, SK(2) = S2 and SK(3) = S3,

respectively.

Interfaces without non-equilibrium mass transfer: According to the limitation of non-

equilibrium mass transfer, only the case of no mass transfer is applied to the following

interfaces. At these interfaces, the interface temperature with no mass transfer, which is

24—



JNC TN9400 2003-047

defined by Eq. (2-8), is assigned.
For liquid-steel/fuel-particle interface

TI - hL2,L4-I-L2-I-h_4-ll-_4
Feke hL2,L4 + hL4

For liquid-steel/fuel-chunk interface

TI — hL2,L7TL2 + hL7-I-L7
L2,L7 =
hL2,L7 + hL7

For liquid-sodium/fuel-particle interface

TI - hL3,L4TL3-I-h_4-ll-_4
ke hL3,L4 + hL4

For liquid-sodium/steel-particle interface

TI — hL3,L5TL3+h_5-II-_ 5
L3L5
hL?:,L5 + n 5

For liquid-sodium/fuel-chunk interface

TI — hL3,L7-I-L3 + hL7-I-L7
L3,.L7 —
hL3,L7 + hL7

For real-liquid/control-particle interface

-I-I - hLm,LGTLm + hL 6TL 6
Lm,L6 h + hL6

,m=1, 2 and 3.

Lm,L6

For particle/particle and particle/fuel-chunk interfaces

TLI — hLmTLm + hLméI-Lm@

m,Lme~—
hLm + hLm©

For particle/structure and fuel-chunk/structure interfaces

-I-I — hLmTLm + hkm(ka@
Lm,km@©— h + h
Lm km®©

,m=4,5 6and 7,and m'= 1, 2 and 3.

For liquid-sodium/structure interface

hLSSTL3 + hkakm
=— ,m=1,2and 3.
th,s + hkm

|
TL 3km

—25—

,m=4,5 6and 7,and m'=4, 5, 6 and 7 (m' # m).

(2-121)

(2-122)

(2-123)

(2-124)

(2-125)

(2-126)

(2-127)

(2-128)
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2.4. Equilibrium transfers

The equilibrium mass-transfer rate is determined from the bulk energy level exceeding
the phase-transition energy. The freezing rate is proportional to the difference between the
liquid energy and its liquidus energy. The melting rate is proportional to the difference
between the solid energy and its solidus energy. In the case of freezing, the remaining liquid
energy is assumed to be at its liquidus energy, and the solid energy is calculated to ensure
energy conservation in the liquid-solid system. Similarly, in the case of melting, the
remaining solids have its solidus energy. The nine equilibrium mass-transfer rates are defined

as follows:

for fuel crust melting

1 &n ~ Esomism)=
SEH(TD,LI =N = SoE )pSma €m > eSoI,M(Sm) m=2and 3, (2-130)
At hf,M(Sm)

for can-wall surface melting

1 &~ Esomism)=
rSEn?LZ = Kt = h SIS )pSma €m > eSoI,M(Sm) m=5and7, (2-131)

f,M(Sm)

for fuel particle melting

1 €4~ Esomus) =
rlEl?Ll = E : h S Pa, €4 = Esoim(La), (2-132)
f M(La)

for steel particle melting

1 - €&, _
I_ES(?LZ = Bs ~ S Pis, €5 ~ Csolmes) (2-133)
At hf,M(L5)

for fuel chunk melting

1 - €&, _
I_E7(?Ll = Br ~ Saven) P, €7 > Csomwr)s (2-134)
At hf,M(L7)

for fuel particle formation

1€, €1
|_E1?L4 = — ety - Pi1, €1 < €igmuy), and (2-135)
At hf,M(Ll)

for steel particle formation

1 €igmer) G2 -
[EQ — _— Ha (L2)
L2L5 = At h P2,

£ M(L2)

€2 < CligmL2), (2-136)
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where the heat of fusion, Ny, is defined by €igm ~ soim.

If the optional paths, freezing of liquid steel onto cladding and can-wall surfaces, are

considered, the following equilibrium mass-transfers rates are defined:

for steel particle formation

1 i - _
LEZ(,?LS = Biamen ~ G2 P, 1= Xg), € < €ligmL2, and (2-137)
At hf,M(LZ)

for steel freezing onto structure surfaces

[EQ - 1 Cigmer ~ &2 DX A 25m

L2sm =~ At h , € <€igmu2), (2-138)

f,M(L2) f

where m =4, 5 and 7 are for cladding, and left and right can-wall surfaces, respectively. Here,

Xg is the fraction of liquid steel component in the continuous region of liquid steel, and 8
= z A 2sm) is defined as the total contact area between the liquid-steel continuous phase
m

and the structure surfaces. It is noted that the continuous liquid-steel mass transferred is

partitioned among the three structure components based on their fractional surface areas.
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Table 2-1. Possible non-equilibrium mass-transfer processes.
ID Interface Process Mass-transfer rate
11 Liquid Fuel * Condense Fuel Vapor r(';lyu
_Vapor * Form Fuel Particles rﬁyu
* Vaporize Liquid Fuel Mic
2 Liquid Steel « Condense Fuel Ceim
-Vapor and Steel Vapor (m=1and 2)
* Form Steel Particles rng,LS
* Vaporize Liquid Steel M2
3 Liquid Sodium * Condense Fuel, Steel, Coim
-Vapor and Sodium Vapor (m=1, 2 and 3)
* Vaporize Liquid Sodium M5
14 Fuel Particles « Condense Fuel, Steel, Coim
-Vapor and Sodium Vapor (m=1, 2 and 3)
* Melt Fuel Particles rL'iLl
I5 Steel Particles * Condense Fuel, Steel, r('fLm
-Vapor and Sodium Vapor (m=1, 2 and 3)
* Melt Steel Particles rL'f-,,Lz
16 Control Particles * Condense Fuel, Steel, r('fLm
-Vapor and Sodium Vapor (m=1, 2 and 3)
17 Fuel Chunks  Condense Fuel, Steel, Fng
-Vapor and Sodium Vapor (m=1, 2 and 3)
* Melt Fuel Chunks rL';Ll
18 Liquid Fuel * Form Fuel Particles FEM
-Liquid Steel * Vaporize Liquid Steel FSG
19 Liquid Fuel * Form Fuel Particles FBM
-Liquid Sodium * Vaporize Liquid Sodium M5
110  Liquid Fuel » Form Fuel Particles M.
-Fuel Particles » Melt Fuel Particles rL'le
I11 Liquid Fuel * Form Fuel Particles rﬁ,lu;
-Steel Particles » Melt Steel Particles rL'i-,,le
112 Liquid Fuel » Form Fuel Particles M
-Control Particles * Vaporize Liquid Fuel rﬂfe
I13  Liquid Fuel * Form Fuel Chunks e,
-Fuel Chunks » Melt Fuel Chunks r&su
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Table 2-1. (CONT)

1D Interface Process Mass-transfer rate

114  Liquid Steel » Form Steel Particles rL'?LS
-Liquid Sodium * Vaporize Liquid Sodium rL';f‘G

115  Liquid Steel » Form Steel Particles rL'f’LS
-Fuel Particles * Vaporize Liquid Steel rﬂfe

* Melt Fuel Particles rL'le

116  Liquid Steel » Form Steel Particles rL'fLS
-Steel Particles » Melt Steel Particles rﬂi—,iz

117  Liquid Steel » Form Steel Particles FL'ZLS
-Control Particles * Vaporize Liquid Steel FSTG

118  Liquid Steel » Form Steel Particles rL'fLS
-Fuel Chunks * Vaporize Liquid Steel FS?G

* Melt Fuel Chunks rSil

119  Liquid Sodium * Vaporize Liquid Sodium r&fe
-Fuel Particles

120  Liquid Sodium * Vaporize Liquid Sodium rﬂé?e
-Steel Particles » Melt Steel Particles rL'E?LZ

121 Liquid Sodium * Vaporize Liquid Sodium réle
-Control Particles

122 Liquid Sodium * Vaporize Liquid Sodium FSZG
-Fuel Chunks

123 Fuel Particles * Melt Steel Particles re,
-Steel Particles

124 Fuel Particles * Melt Fuel Particles A
- Control Particles

125  Fuel Particles * Melt Fuel Particles A
- Fuel Chunks » Melt Fuel Chunks FL'ijL

126  Steel Particles » Melt Steel Particles rL'E?LZ
- Control Particles

127  Steel Particles » Melt Steel Particles rL'?LZ
- Fuel Chunks

128  Control Particles » Melt Fuel Chunks FE‘L

- Fuel Chunks
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Table 2-1. (CONT)
1D Interface Process Mass-transfer rate
129 Pin « Condense Fuel, Steel, Cetm
-Vapor and Sodium Vapor (m=1, 2 and 3)
* Melt Cladding A
* Melt Pin Fuel rslzf,’u
130 Pin * Form Fuel Particles rﬁb
_Liquid Fuel « Melt Cladding P
* Melt Pin Fuel rslic,)u
* Vaporize Liquid Fuel 5%
131 Pin * Freeze Steel to Cladding rL';lszl
-Liquid Steel * Melt Cladding Fenio
* Vaporize Liquid Steel Mo
* Melt Pin Fuel rsli,lu
132  Pin * Vaporize Liquid Sodium r5
-Liquid Sodium * Melt Cladding Fers
133  Pin * Melt Cladding rs':sz
-Fuel Particles » Melt Fuel Particles FL'le
134 Pin  Melt Steel Particles rL'?Lz
-Steel Particles
135 Pin * Melt Cladding rs'iiz
-Control Particles « Melt Pin Fuel S
136 Pin * Melt Cladding rs':sz
-Fuel Chunks * Melt Fuel Chunks rLI36L1
137  Left Can Wall or Crust » Condense Fuel, Steel, F('g’j[m
-Vapor and Sodium Vapor (m=1, 2 and 3)
* Melt Can Wall Moz or Teais
* Melt Crust Fs"?u
138  Left Can Wall or Crust  Form Crust M,
Liquid Fuel » Melt Crust Moou
* Melt Can Wall Moz or Mears
139  Left Can Wall or Crust * Freeze Steel to Can Wall FS?SE, or FS?SG
-Liquid Steel » Melt Can Wall Feas or Mool
* Vaporize Liquid Steel F5%s
* Melt Crust rslgé?u
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Table 2-1. (CONT)
1D Interface Process Mass-transfer rate
140  Left Can Wall or Crust * Vaporize Liquid Sodium FL";?G
-Liquid Sodium » Melt Can Wall Fearz O oo
141 Left Can Wall or Crust e Melt Can Wall rs'gle or rs"é,le
-Fuel Particles
142  Left Can Wall or Crust » Melt Steel Particles FL";?LZ
-Steel Particles
143  Left Can Wall or Crust » Melt Can Wall rslé,ng or rslé,st
-Control Particles * Melt Crust Cepit
144  Left Can Wall or Crust e Melt Can Wall rs"éiz or rs"éiz
-Fuel Chunks
145  Right Can Wall or Crust * Condense Fuel, Steel, Cotm
-Vapor and Sodium Vapor (m=1, 2 and 3)
* Melt Can Wall Ferz of Meato
* Melt Crust rslfu
146  Right Can Wall or Crust « Form Crust %
Liquid Fuel » Melt Crust Mot
* Melt Can Wall Fezor Tegrs
147 Right Can Wall or Crust * Freeze Steel to Can Wall Mo or T5ks
-Liquid Steel » Melt Can Wall Fero0r Tegis
* Vaporize Liquid Steel FSTG
* Melt Crust Fs"éfu
148 Right Can Wall or Crust * Vaporize Liquid Sodium rﬂf@
-Liquid Sodium * Melt Can Wall Fersor Tear
149  Right Can Wall or Crust » Melt Can Wall rs";iz or rs";?Lz
-Fuel Particles
I50  Right Can Wall or Crust * Melt Steel Particles e
-Steel Particles
I51  Right Can Wall or Crust * Melt Can Wall Mo or Taans
-Control Particles » Melt Crust Mot
I52  Right Can Wall or Crust * Melt Can Wall Fe, or oo
-Fuel Chunks
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Table 2-2. SIMMERC-III non-equilibrium mass-transfer processes.
ID Interface Process Mass-transfer rate
I1 Liquid Fuel « Condense Fuel Vapor r(';lyLl
-Vapor * Vaporize Liquid Fuel F&G
12 Liquid Steel ¢ Condense Fuel rng
-Vapor and Steel Vapor (m=1and 2)
* Vaporize Liquid Steel FEYG
I3 Liquid Sodium ¢ Condense Fuel, Steel, r('g’ij
-Vapor and Sodium Vapor (m=1, 2 and 3)
* Vaporize Liquid Sodium FSG
14 Fuel Particles * Condense Fuel, Steel, r(';Lm
-Vapor and Sodium Vapor (m=1, 2 and 3)
I5 Steel Particles * Condense Fuel, Steel, rém
-Vapor and Sodium Vapor (m=1, 2 and 3)
16 Control Particles * Condense Fuel, Steel, r('fLm
-Vapor and Sodium Vapor (m=1, 2 and 3)
17 Fuel Chunks * Condense Fuel, Steel, Fng
-Vapor and Sodium Vapor (m=1, 2 and 3)
I8 Liquid Fuel * Vaporize Liquid Steel FSG
-Liquid Steel
19 Liquid Fuel * Vaporize Liquid Sodium rL'Z,G
-Liquid Sodium
110  Liquid Fuel « Form Fuel Particles M.
-Fuel Particles * Melt Fuel Particles rL'le
I11  Liquid Fuel  Form Fuel Particles r&lu;
-Steel Particles * Melt Steel Particles rL'i-,?Lz
113 Liquid Fuel » Form Fuel Chunks rﬁi7
-Fuel Chunks » Melt Fuel Chunks rﬁil
114  Liquid Steel * Vaporize Liquid Sodium rL';f‘G
-Liquid Sodium
116  Liquid Steel * Form Steel Particles FS?LS
-Steel Particles * Melt Steel Particles rﬂi—,iz
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Table 2-2. (CONT)

ID Interface Process Mass-transfer rate
129  Pin « Condense Fuel, Steel, Cetm

-Vapor and Sodium Vapor (m=1, 2 and 3)
130 Pin * Form Fuel Particles M

-Liquid Fuel * Melt Cladding rS'i?Lz
I31  Pin * Freeze Steel to Cladding s

-Liquid Steel * Melt Cladding Fenio
137  Left Can Wall or Crust  Condense Fuel, Steel, F('g’j[m

-Vapor and Sodium Vapor (m=1, 2 and 3)
138 Left Can Wall or Crust  Form Crust Fa%,

Liquid Fuel » Melt Crust Moou

* Melt Can Wall Moz or Tears

139  Left Can Wall or Crust * Freeze Steel to Can Wall FS?SE, or FS?SG

-Liquid Steel » Melt Can Wall Feazor Mool
145  Right Can Wall or Crust * Condense Fuel, Steel, Cotm

-Vapor and Sodium Vapor (m=1, 2 and 3)
146  Right Can Wall or Crust « Form Crust %

Liquid Fuel » Melt Crust Mssut

* Melt Can Wall Fezor Tegrs

147 Right Can Wall or Crust * Freeze Steel to Can Wall Mosor T5ks

-Liquid Steel » Melt Can Wall Fero0r Tegis
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Figure 2-1. Mass-transfer processes among liquid and vapor interfaces.
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Strocture
Fuel particles
(L4}
M/F
Liquid fuel (Fuel crust)
Freeze
(Can wall)
Steel particles '
[LE::I [Clﬂddil’lﬂ}

Liguid steal

MIF
(L)
(Can wall)
[Cladding)
Figure 2-2. Interface contacts and mass-transfer processes for fuel and steel

droplets in non-equilibrium M/F model.
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(a) Mass-transfer possibilities at an (A,B) interfaces with net heat flow
to the interface toward Component B—— Component A condenses or freezes

(b) Mass-transfer possibilities at an (A,B) interfaces with net heat flow
to the interface from Component A—— Component B vaporizes or melts

Figure 2-3. Basis of heat-transfer limited process.
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Figure 2-4. Basis of mass-diffusion limited process.
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Chapter 3.  Overall solution procedure

3.1. Mass- and energy-conservation equations
Once expressions for the heat and mass-transfer rates are known at each interface and/or
component, the overall mass- and energy-conservation equations can be written for structure,

particles, vapor, and liquids.

The mass-conservation equations for the structures are

ap.
05: © = Z [anE SK(K) rSNKE(k) Lm z rSK(k) Lm> (3-1)

where SK(k) for k = 1, 2 and 3 represents the energy components of pin, left and right can-

wall surfaces, respectively, rl\'mE sk 18 the non-equilibrium mass-transfer rate due to liquid
freezing, FSNKE(k)YLm is the non-equilibrium mass-transfer rate due to structure melting, and

FSE,SK)YLm is the equilibrium mass-transfer rate due to structure melting.

The mass-conservation equations for the fuel, steel particles and fuel chunks are

0P,
me Z [rli\lrrlf@_m r NELmé) + z[er@Lm _r I_Err?Lm (3'2)

mel me&l

where Lm for m = 4, 5 and 7 represents the energy components of fuel, steel particles and

fuel chunks, respectively, rl\'mE Lmc 18 the non-equilibrium mass-transfer rate due to liquid
freezing, rl\'mE@Lm is the non-equilibrium mass-transfer rate due to particle and chunk melting,
an?LmdS the equilibrium mass-transfer rate due to liquid freezing, and er@Lm1s the

equilibrium mass-transfer rate due to particle and chunk melting.

The mass-conservation equations for the real liquid components are
ame I—NE r NE r NE r NE +|— NE _r NE
z [ SK(k),Lm SK(k)] Z [ LmELm Lm& L7,Lm Lm,L7

+Z I_SEK(k) Lm + z [er@Lm _rLErr?LmA +r L7 Lm _er L7 H gEm + II\In:EGa (3'3)

where Lm for m = 1, 2 and 3 represents the energy components of liquid fuel, steel and
sodium, respectively, rgfm is the mass-transfer rate due to condensation, and rLNmE c 1s the

mass-transfer rate due to vaporization.

For the three condensable vapor components only non-equilibrium mass transfer occurs.

—38—



JNC TN9400 2003-047

The mass-conservation equations are

9Pem _

ot = ime ~Toiim: (3-4)

where Gm for m = 1, 2 and 3 represents the material components of condensable vapors, fuel,

steel and sodium, respectively.

The energy-conservation equations for the structures are written in terms of specific

enthalpy as follows:

apSK(k) SK(K) — r NE —[NE
Z [ msK(Isol,mMLm) ~ 1 sk, LmlSK(K

[Enthalpy gains from non-equilibrium M/F transfer]

2
- EQ i
Z I_SK(k),LmI Lig,M(Lm)
m=1

[Enthalpy gains from equilibrium M/F transfer]

+ Z . SK(K) SK(k) Lm(TLm SK(K) SK(k))]

[Heat transfer from liquid components]

4
[
+ Z [ RGm,SK(k)aG,SK(kh SK(k),c(T G,SK(K) TSK(k))]
m=1

[Heat transfer from vapor field]
+Q|nt,SK(k) + QN,SK(k)
[Heat transfer from structure interior] + [Nuclear heating]

0
g 0_? . (3-5)

[Enthalpy gain from changing pressure]

The energy-conservation equations for the particles and fuel chunks are written in terms

of specific enthalpy as follows:

Gp mlm - :
——n = z [er@_m Sol,M(Lm® -r NELméJLm]

mel

[Enthalpy gains from non-equilibrium M/F transfer]
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+ Z [er@Lm Sol, M(Lm@ Lm Lméhq M(Lm)]
mel

[Enthalpy gains from equilibrium M/F transfer]

;
+ z [aLm,Lm@Lm,Lm@gTle,Lm©_ TLm)]

mel
m@&m

[Heat transfer from other liquid components]

+ Z [aLm SK(k) Lm SK(k)(TLm SK(K) T )]

[Heat transfer from structures]

4
+ Z [RGm@m aG,LmhLm,G(Tém@m - TLm)]

me&l

[Heat transfer from vapor field]

9p

+QN,Lm +aLm at .

(3-6)

[Nuclear heating + Enthalpy gain from changing pressure]

The energy-conservation equations for the real liquids are written in terms of specific

enthalpy as follows:

apL iL : NE H NE R NE
(;’lt = Z[FSK(k),LmILiq,M(SK(k)) r SK(k)ILm] + Z[er@Lm Lig,M(Lm© r Lmé]_m]
k=1
NE NE
+rL7 Lm Lig,M(L7) er L7 Lm

[Enthalpy gains from non-equilibrium M/F transfer]

E . . .
+ Z I_SK(k) Lm Lig,M(SK(k)) + z [er@_m Liq, M(Lm@ Lm LméBoI M(Lm)]

+rI_E7 Lm.qu M(L7) rLlf’n L7 Lm
[Enthalpy gains from equilibrium M/F transfer]

NE NE
+rG Lm Con,Gm r Lm, C—!-Lm

[Enthalpy gains from V/C transfer]
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;
+ z [aLm,Lm@Lm,Lm@gTle,Lm©_ TLm)]

mel
m@&m

[Heat transfer from other liquid components]

3
!
+ Z [aLm,SK(k)hLm,SK(k)(TLm,SK(k) T )]
k=1

[Heat transfer from structures]

4
+ Z [RGm@m aG,LmhLm,G(Tém@m - TLm)]

me&l

[Heat transfer from vapor field]

op

+QN,Lm ta, a (3'7)

[Nuclear heating] + [Enthalpy gain from changing pressure]

The energy-conservation equation for the vapor mixture is written in terms of specific

enthalpy as follows:

00l 3 . .
ac; €= z [rL’\lmE,dVap,Gm ol gl,ELanm]
=1

[Enthalpy gains from V/C transfer]

+ z Z [RGm,LméG,LmQ G,LméTIG,Lm©_ G)]

m&lm=1

[Heat transfer from real liquids, particles and fuel chunks]
3 4
|
+ Z Z [RGm,SK(k)aG,SK(kh G,SK(L&T G,SK(k) TG)]
k=1 m=1

[Heat transfer from structures]

op

+QN,G +GGE- (3-8)

[Nuclear heating] + [Enthalpy gain from changing pressure]

3.2. Numerical algorithm
After the interfacial areas and heat-transfer coefficients are obtained, the conservation

equations without convection are solved for intra-cell heat and mass transfer using a multiple-
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step approach because a simultaneous solution of them would be complex and inefficient.
Actually, the equations presented in the previous section are not directly solved for all the
modes of heat and mass transfers to obtain the end-of-time step variables. Instead, they are

treated stepwise in the following procedure.

First, the M/F rates are determined based on the departure from equilibrium resulting
from the heat transfer calculation. Second, the V/C rates are determined simultaneously with
the intra-cell liquid and vapor heat-transfer rates. Third, the equilibrium model obtains the
rate of M/F. Finally, velocity fields are updated from mass transfer. In these operations, the
fuel and steel components in particles, liquids and structures are treated explicitly, and the

liquid sodium and the vapor field are treated implicitly.

In the V/C calculation, the energy- and mass-conservation equations are solved implicitly
and simultaneously with the EOS. This is because of strong non-linearity in V/C processes
and a probable large change in the vapor thermodynamic state. In the V/C iteration, based on
a multivariate Newton-Raphson method, five sensitive variables (three condensable vapor
densities, coolant energy and vapor temperature) are updated implicitly, whereas the
remaining less sensitive variables are updated explicitly following the convergence of the
iteration. In a single-phase cell, vapor is assumed to always exist in a non-zero small volume,
0,(1-ag), and its density and energy are calculated consistently with two-phase cells to
avoid numerical difficulties. The single-phase V/C calculation is performed using the same
procedure as two-phase cells except for the energy transfer between liquids. At a liquid/liquid
interface in a two-phase cell, vaporization can occur, and the interface temperature is defined
as the saturation temperature of a vaporizing material. However, in a single-phase cell, the
interface temperature of the liquid/liquid contact is defined such that the energy transfer
between the liquids causes no vaporization. Instead, phase transition occurs only when the

liquid temperature increases sufficiently to cause vaporization at a liquid/vapor interface.

The M/F calculation is based on the two modes: non-equilibrium and equilibrium
processes. The former is similar to the V/C processes; however all the variables are updated
explicitly except for the coolant energy, which is identified as sensitive. After calculating
nuclear heating, heat and mass transfers resulting from non-equilibrium processes, and
structure heat transfer, the equilibrium M/F rates are determined by comparing the updated

component energy with its liquidus energy for freezing or its solidus energy for melting.
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Chapter 4.  Non-equilibrium M/F transfers

4.1. Mass- and energy-conservation equations

The non-equilibrium M/F operation performs particle-liquid-structure heat transfer with
non-equilibrium M/F, which does not involve the V/C. The mass- and energy-conservation
equations to be solved are written for three structure surfaces, three real liquids, and three

solid particles.

The mass- and energy-conservation equations for structure surfaces are
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where 0 is the Kronecker symbol. When a fuel crust is newly formed on the can-wall surface,
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the crust mass and energy equations are
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The mass- and energy-conservation equations for particles and fuel chunks are
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The mass- and energy-conservation equations for real liquids are
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4.2. Solution procedure

In the non-equilibrium M/F operation, the mass- and energy-conservation equations are
solved explicitly using beginning-of-time-step values except for liquid sodium. The implicit
treatment of sodium energy could mitigate its excessive change due to high thermal
conductivity. The solution procedure is to update first the macroscopic densities of structure
surfaces, solid particles, and real liquids. Second their energies are evaluated using the

updated densities.

The finite-difference representations of the mass-conservation equations to be solved are
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Here, the mass-transfer rates in Egs. (4-25) — (4-32) are evaluated using beginning-of-time-

step values of temperatures, and then these equations are solved with respect to ﬁf"ﬂ.

are

The finite-difference representations of the energy-conservation equations to be solved
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Equation (4-8) is expanded further with respect to € using the following relation:
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The resulting expression to update the sodium energy is
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n |
At§ A3im L3 Lm(TLI3 Lm L3) + z A, |_3 L3, S(Tkm L3~ LB)H
=
O

ﬁLn3 + At%i%p ilakm,LShLS,S + mz:4 aL3,Lm hL3,Lm H

Equation (4-44) is evaluated first such that the temperatures are to be obtained implicitly, and

=t (4-44)

then Eqgs. (4-33) — (4-41) are solved with respect to ¢"*'. The interface temperatures in Egs.
(4-33) — (4-42) are evaluated using beginning-of-time-step values of temperatures except for

the liquid sodium.

When a fuel crust is newly formed on the can-wall surface, the crust mass and energy are

evaluated by
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4.3. Special case treatments

4.3.1. Heat-transfer coefficients

To achieve numerical stability in the explicit solution, some limiters for heat-transfer
coefficients are defined based on the thermal capacity. For liquid-fuel and liquid-steel side
coefficients, each heat-transfer coefficient is reduced proportionally such that the following

inequalities are satisfied:
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For particle side, the following inequalities are assumed sufficient:
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4.3.2. Overshooting of updated macroscopic densities

It is unlikely but possible that an updated macroscopic density becomes negative

(4-52)

(4-53)

(4-54)

(4-55)

(4-56)

(4-57)

(ﬁfn+l <0), because the mass-transfer rates depend on conditions on both sides of an interface

and the heat-transfer coefficients have only been limited on one side. To avoid the

overshooting of the updated macroscopic densities, the relevant interfacial areas are reduced

roportionally such that P""=>¢@p", where @ is a constant specified by input PHI in
prop y

NAMELIST /XHMT/. Then, the mass-transfer rates in Egs. (4-25) — (4-29) are evaluated. If

pﬁ””z go‘f)” are still not satisfied after the reduction of interfacial areas, all appropriate

interfacial areas are reduced using a minimum of the reduction factors that restrict the

fractional decrease in densities to 1—@.
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Chapter 5. Non-equilibrium V/C transfers

5.1. Mass- and energy-conservation equations

The non-equilibrium V/C operation performs liquid-vapor-solid heat transfer with non-
equilibrium V/C, which does not involve the M/F. The mass- and energy-conservation
equations to be solved are written for vapor mixture, three real liquids, and seven solid

components.

The mass-conservation equations for solid components such as a structure surface and

particles are

aF_)K(k) -

0, 5-1
3t (5-D

where K(k) for k = 1 — 7 represents L4, L5 and L6 for particles, L7 for fuel chunks, and k1,
k2 and k3 for structure surfaces, respectively.

The mass-conservation equations for real liquids and vapor mixture are

0P _

o Motm —Mme m=1,2and 3, and (5-2)
55
—g‘;m =me ~owms (5-3)

where the mass-transfer rates are given by

7
Mo =Ten+Tentou* D et (5-4)
=
7
Moz =T tTown + Y Mares (5-5)
=
7
Mot =Tow+ Y Maas (5-6)
(=
rLNll,EG = r&,ea (5-7)
rLNZI,EG = rng,G +rL|g,G= and (5-3)
rL'\;EG = rng,G +rL|g,G +rng,le- (5-9)

The energy-conservation equations are expressed in terms of specific internal energy:

for solid components
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for vapor mixture
3

00.E5 :
(;31: Zri\lmEG Vap,Gm rgLanm
m=1

+Z I:\)Gm Lm GLm GLm(TGm Lm )
+RGl,L2aGL2hG,L2(T(I31,L2 G) + Z RGm L3aG L3h G, L3(TGm L3

4 7
+ Z Z RGm ks, K(k) G K(k)(TGm K(k) TG)- (5-14)

m=1k=1

The mass-conservation equations are multiplied by the component energies and
subtracted from the energy-conservation equations to obtain expressions only involving the
energy time derivative. The resulting system of energy-conservation equations to be solved

1S:
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for solid components
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for real liquids
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+ z aLm,Lsth,Lm (TLIm,LS L3) + z RGm 1386, L3h L3, G(TGm L3~ L3)7 and
m=1

for vapor mixture

ape

€, ot [erG(IVame eG) r m(iGm _ee)]

m l
+Z FeGmLm G,Lm GLm(TGm Lm )

+RGl,L2aGL2hG,L2(T(I31,L2 ) + Z RGm L3aG L3h G, L3(TGm L3

4 7
+ Z Z RGm ks, K(k) G K(k)(TGm K(k) TG)-
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(5-15)

(5-16)

(5-17)

(5-18)

(5-19)

Note that the above energy-conservation equations of the real liquid energies are derived on

the assumption that i, €. This means that terms I'\;s(i., —€.,) appearing on the right

side of the energy-conservation equations are ignored.
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5.2. Solution procedure

To solve Egs. (5-3) and (5-15) — (5-19), two types of variables are defined: "sensitive"
and "less sensitive." The sensitive variables are comprised of the condensable vapor
densities, the coolant energy, and the vapor temperature. Vapor components participate
directly in mass transfer. Changes in their values were judged to be best evaluated implicitly.
The liquid fuel, liquid steel, particle and structure energies are the less sensitive variables.
The procedure is to finite-difference Egs. (5-3) and (5-15) — (5-19) and then solve first for the
sensitive variables using a multivariate Newton-Raphson method. Once convergence is
obtained, an explicit solution procedure is used for the less sensitive variables. The finite-

difference representations of Egs. (5-3) and (5-15) — (5-19) are

ﬁnﬂ. ﬁGm — rNE |— NE

Lm,G G, Lm’
At

=1,2and 3, (5-20)
A e )

+ZaL (T, —11‘“*1)+ZRG s s (T =T (5-21)

3,Lm L3 Lm Lm,L3 L3 m,L3%G,L3 "L3,G\ " Gm,L3 L3 s
CI: T = z [er G ap Gm - +l) ré\lELm (@r;l ¢2+1)]
+ z RGm Lm G Lm G, Lm(TGm Lm -Ifn+l)
+ T =T + he AT o= T
RGl LZaGLZ G, L2( G1,L2 ) Z I:\)Gm L3aG L3''G, L3( Gm,L3 )

4 7
+ Z Z RGm ks, K(k) G, K(k)(TGm K(K) -pgm) ) (5-22)

m=1k=1

e S R

3
+ z 1 mMisim (TI_Il,Lm =T5)
m=2
+ RGl,LlaG,Llh L1,G(T231,L1_ -nlg_nl) + RG4,L1aG,L1h Ll,G(Tg4,Ll_-|ir;L) > (5-23)

n+ ¢E+l_e{] _ fn+
ﬁLZ lT - rcla\l,ELz("éonl,Gz_ érz)
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+aL2,Lth2,L1(TLIZ,Ll -lfz) + A, 13 L2 L3(TLI2,L3 _-Ianz)

+ Z RGm 1286, L2h L2, G(TGm L2 -|7|F_2) + RG4 129, L2h L2, G(TG4 L2 -ﬂTz) ,and  (5-24)

" - .
ﬁK(k) (k) At © = Z RGm K3G,KK) K(k)(TCI-m K(K) -If«k)) k=1-7. (5-25)

The energy-conservation equations (5-23) — (5-25) for liquid fuel, liquid steel, and solid

components are explicitly solved with respect to ¢"** after the convergence of V/C iteration.

The objective of the multivariate Newton-Raphson method is to perform iteration until
convergence is achieved. The approach is first to perform an expansion of Egs. (5-20) — (5-
22) with respect to the sensitive variables, keeping only the linear terms. The sensitive
variables are then updated using the five "fundamental" variables APg;, APg,, DPss, A€,

and AT as follows:

pgr;l ﬁém +Amev = 17 2 and 3a (5_26)
=€ tAe;, and (5-27)
TEM =TS +AT,, (5-28)

where K is the initiation index. The liquid-density changes are determined from
AP, = -Aps,, m=1,2 and 3. (5-29)

The solutions to the finite-difference representations of Eqgs. (5-20) — (5-22) are

At =lim(p5Y), m=1, 2 and 3, (5-30)
St =lim(e"), and (5-31)
T = lim(T5 ). (5-32)

The less sensitive variables remain constant during the iteration process.

The expansion representations of Eqs. (5-20) — (5-22) result in
me + Ame ﬁGm = At(er G +Ar|j\‘r’rl1EG _rgim -Ar g,ELm)a m= 17 2 and 3a (5'33)

ﬁLn3 (ef3 + AeL3 - éfs) = At(r(';\‘; +Arg,lig)(il((:on,e3 +Ai Con,G3_é< L3 -Ae L)

2
+At Z a1_3’|_m hL3,Lm (TLIm,LS + ATLIm,Ls - T|1(3 _ATL3)
m=1

— 55—



JNC TN9400 2003-047
4
| | K
+Atz Rom:@6, s Tomist ATemis ~Tis ~ATj;), and (5-34)
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106 + D= ) =803 [T 071500 iy —sBe
(5 +BM 8T (& +Dig, ~€ ~Deg)]
+Atz (Remim + ARgm i@ il 6.0 T amimt ATamim ~Ta —ATg)
+0Y(Ry 1 + DRey )86 N 6, AT on o ATey 1, ~TE —ATY)|

+Atz (Romus *ARgmdac, 6, LiT Gm, L3+ATGIm,L3 -Tg —ATy)

7 4

+At Z Z (RGm ki T ARem K(k)) ag, K(k) G, K(k)(TGm ki T ATCLm,K(k) _Té _ATG) . (5-35)

k=1 m=1

The expressions of Algr., AMs, ATen e ATemskie LRomum and ARgq o are given

by
3 ar NE _ ar NE a NE
Aré\lfm Z aG Lm ApGI a;I_Lm Ael_ a?er AT (5-36)
3 ar NE ar NE ar NE
AanE — imG A_ Lm,G A Lm,G AT , 5_37
LmG ~ Zl ap@ Pol aeL €t OTG G ( )
3 9T, a T! oT!
ATIm - —_ Gm, Lm@A_ Gm, Lm©A Gm, Lm@AT , 5-38
Gm,Lm@ ; apGI p aeLS eL3 aTG G ( )
3 aTlm _ oT Im
Blnw = 2 aG_GIK‘k’ ADy + ;T KU AT,, (5-39)
F\>Gm Lm®©, F\)Gm Lm®©,
AR, —=Npy +——— AT, and 5-40
RG L © ; apGI pGl aTG G ( )
RGm IMemkK AA RGm,K(k)
ARs k0 = Z 7l Apg aT. ATs. (5-41)

The derivatives on the right side of Egs. (5-36) — (5-41) are defined in Appendix A. The
variables, AT, Aes, Aig,, Alyapem and Diconm are further expanded into the

fundamental variables. The expressions of AT ;, A€z and Alig, are given by
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aT,
AT, =—2A -
4~ e, €, (5-42)
:de, ,_ Oe
Ne, = ;ﬁApGI + ﬁATG, and (5-43)
A = iaiﬂAr) o(m,I) + Oig, AT, (5-44)
e =1 apGI ¢ ’ a-l-G “

As discussed later in Section 5.7, to adjust the effective latent heats Ivapem and Iconcm are
replaced with variables i\*,apyem and i::on,Gma respectively. The resulting expressions of

A'Vap,em and Alg,, cm are given by

3 i di. di,
Al - Vap.Gm pm 4 Vap.Gm Ao 5 m,3) + —Vap.em AT , and 5-45
Vap,Gm ; 0 Pai de,, €;0(m,3) oT, G ( )
- 3 di _ i
AICon,Gm = Z 5T’Gm ApGI + SOTnme ATG (5-46)
=1 Gl G

5.3. V/C iteration scheme

5.3.1. Linearized equations to be solved

By differencing Egs. (5-33) — (5-35), we construct a linear system of five equations in
five unknowns, which can be represented by the following matrix equations:

FAYOSIN

Pea]

[B] gmesgz {g, (5-47)

[Aes

FATe 5
where [B] is a 5%X5 matrix and {C} is a column vector. Significant algebra is required to
obtain the expressions for the elements of [B] and {G . The derivation is described in
Appendix A. Here, only the results are given. The first three rows of matrix Eq. (5-47) are
obtained by differencing the mass-conservation equation for each of the condensable vapor-

density components.
Form=1,2and 3

Brgt, orned
B(m,1)= 6 (m,1)+ At —2tm — — LmG 5-48
H0pe  0pu (49
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[BrNE arNE |:|
B(m,2)=d(m,2)+ Atg—2tm — —_LmG
(m2)= 5(m,2)+ argoin - S

EBrNE arNE |:|
B(m,3)=0(m,3)+ Atg—=2tm — — LmG
(m,3)=56(m,3) Ea 30,

NE NE
]
B(m,4): AtéBrG Lm _ aer G
oe, 08

o

[Br NE ar NE |:|
E GLm _ Lm,G H, and
oT,  oT,

C(m) ﬁGm me _At(rG Lm _rNEG)

B(m,5)= At

(5-49)

(5-50)

(5-51)

(5-52)

(5-53)

The fourth row of matrix Eq. (5-47) is obtained from the energy equation for coolant:

[or N= i on,
B(4,1)= _Atﬁﬂ(lmn 3~ L3) rGL3 C— G36(| 3)

(100, ’ 0P
2 aTl .
_Atz aL3,Lm L3,Lm 6_3 —2Ang (l 3)
m=1

Atz RGm L3

£ 1[] apGI aG L3 L3, G(TGm 3~ II(B)

oT.
+RGmL3 GLShLBG aGmead(ml)Dl—l 2 and 3,

. for NE O
B(4,4) = ﬁLB - AtDﬁUcOngs_ e{(LQ) - rg‘ieﬂ
[0€, C

EBTLI3,Lm _ aTLS O

2
_Atz aLS,LmhLS,LmH de, de, E
m=1 3 3

[BT(lam,L3 _ aTLS O

4
—-At z Rom 1386, L3,GW oe E’
=1 3 ®

NE

B(4,5) = _Atljﬁ(lcmes_ €l +T gELs (';:?rn GSD
U C

a-I-I_I?: Lm
0T,

2
—At z A3im hL3,Lm
m=1
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At RGm L3

z 0 a-l- aG L3 L3, G(TGm L3 TII(3) + RGm L3 G, L3h
m=1

C(4) = ﬁan ({]3 - e{ig) + Atrg,li:a(i::on,ea _é(Lé')

2
+At Z a1_3,Lm hL3,Lm (TLI3,Lm - T 3) +At Z I:\)Gm L3aG L3h L3, G(TGm L3 I_KS) . (5'57)
m=1

The energy-conservation equation for the vapor field gives the coefficients for the fifth row

of matrix Eq. (5-47).

de 3 0 . o de. 0 or\e
B, =pa—2-AtS m)E Vanom 5y~ 2 LG (7 am— €
& iﬁG 0Pg mz:@L 'GH 0P (ml) 0 GIE 0Pq (Vp'G <)
5] de. O 6FNEm _ O
% Gl Gl Gl

aT l RGm Lm

-At —S&mlm 5m —TK
ZaGLm GngeGmLm 9P, (ml)+ 3P, (I-GmLm )D

O oT! 0 «
Atae L2lla, Lzmel L2 a;l = o(l,1) + ;R;;Lz (I-Gl L= Ts )D

aTIm m, K
_AtzaGLB GL3|ﬁGmL3 ° L36( 1)+ RG LS(TGImLS_T )D

ope 0P

0Tgp,
_AtE Z 8 koM, K(k)URGm K(K) aef);(k) o(m,I)

0 O
RG_’“ “O Tk =Te)aI=1,2and3, (5-58)
00 L
S o e, .
B(5 4) - _Atz Lme (IVap,Gm G) - & Gm G)D
eL €s
4 aTlm
—A’[Z a5 13N6 1 Roms aG =, (5-59)
=1 €s

Biyapom 060 O g
H oT, aTGH oT, (epom = o)

B(5,5)= ﬁGaT—Atz unme

[Big,, 0e,0 orgt, . O
rNE Gm _ G,L (Gm_ G)D

cnfr. " oT.H ot
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(BT, 0 0Romun

3 B 0
—At h Gm,Lm _ Tl _ TK
mzzlaG,Lm G.Lm %?Gm,LmE oT, ]H oT, (Tomim = To )E

O 09T 0 0R, O
_AtaG,LZhG,LZSRGl,LZE OEELZ_]H"' aTZLZ (TG|1,|_2_TG )E
4 7 N [BTI ]
—At h Gm,K(K) _
mz:lglae,r((k) G,K(k)éRGm,K(k)W 1%
0R;

U
+ m,K(k) (Tlm _TK)D
aTG Gm,K(k) G [

[=1,2and 3, and

3
C(5) = (65 ~€) + ALY [T (v om —€D) ~T 25105 —€0)
m=1

3

+At Z I:\)Gm,Lma'G,LmIﬂI G,Lm(TIGm,Lm - Tg )
m=1

+AtRGl,L2aGL2hG,L2(T(I31,L2 - Té )

2
+At Z Rom 138, G,L3(TIGm,L3_ Ts)
m=1

7 4

+At Z Z Rem,K(k)aG,K(k)hG,K(k)(Ttlsm,K(k) - Tg ) .

k=1 m=1

(5-60)

(5-61)

The linearized equations (5-48) — (5-61) can be further expanded using the definition of

derivatives and mass-transfer rates. The detailed equations are described in Appendix B.

5.3.2. Numerical treatments in V/C iteration

To obtain the solution of linearized matrix Eq. (5-47), some special numerical treatments

are required not only to avoid numerical difficulties, but also to get physically appropriate

quantities. Some of the treatments used in the AFDM code are extended to SIMMER-III/IV.

The following three operations are performed before judging the convergence.

First, to mitigate excessive predictions by Eq. (5-47), C(m) are multiplied by relaxation

coefficients on the first three iterations. The coefficients are specified by input FUND in

NAMELIST /XHMT/. This operation is repeated every seven iterations if convergence has

not occurred.

— 60 —



JNC TN9400 2003-047

Second, all changes in sensitive variables are reduced by the same or a proportionate
factor to avoid excessive predictions by Eq. (5-47). In particular, although all the liquid can
vaporize, convergence should be achieved with some positive finite vapor density. The

reduction factors are determined so as to satisfy the following conditions:

- fRGﬁGm < A:5(3m < mea m=1, 2 and 3, (5-62)
- fEL|eL3| <le, < fEL|eL3 , and (5-63)
~freTe SATg < il (5-64)

where frg is the maximum fraction of vapor mass that can condense in one iteration, and
fe, and fig are the maximum fractional changes of coolant energy and vapor temperature
allowed in one iteration, respectively. The inputs for these fractions are FRG, FEL and FTG
in NAMELIST /XHMT/. A minimum value in the three factors obtained by Eq. (5-62) is used

commonly for changes in vapor densities.

Third, the five sensitive variables updated by iteration are adjusted by Steffensen's
acceleration method whenever oscillations are detected. If Aps,, APs,, APgs, A€ and

AT obtained by iteration K are represented by Af*, the formula is given by

A — Af<T
A= —————— 5-65
Af K Af K -1 ( )
The oscillation is detected when the following condition is satisfied:
VRSN
ERTTE 10° and Af*Af**<0. (5-66)

This approach appears to be successful in limiting problems that can result from the several

"on-off" decisions existing in the current modeling.

Once the new densities, coolant energy, and vapor temperature are obtained, iteration
with matrix Eq. (5-47) continued until convergence is obtained. There are three sets of
convergence criteria. First is the absolute convergence criterion for the residual error in mass

and energy conservation:
|C(m)| < AVC,RG) m= 17 2 and 32 |C(4)| < AVC,E?n and |C(5)| < AVC,TG) (5_67)

where Aycre, Dveesand Aycre are specified by inputs DVCRG, DVCE3 and DVCTG in
NAMELIST /XHMT/, respectively. Second is the relative convergence criterion for the

residual error in mass or energy conservation:
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C(m)| _ C(5)
ﬁGm 7G_

where €ycre, €vces and Eyc1e are specified by inputs EVCRG, EVCE3 and EVCTG in

)|

Evcre M= 1,2 and 3, Evc s and

S évc e (5-68)

NAMELIST /XHMT/, respectively. Third is the relative convergence criterion for the change

of sensitive variables:

AP | ATg
ﬁGm 7Gn_

where fycre, fuces and fucrc are specified by inputs FVCRG, FVCE3 and FVCTG in
NAMELIST /XHMT/, respectively. Although Eq. (5-69) is not a necessary mathematical

Aes|

< fucrem=1,2and 3, < fyces and < fveres (5-69)

condition for the convergence in the Newton-Raphson method, the achievement of
convergence is judged if at least one of the above three sets is satisfied. If the V/C
convergence is obtained without excessive change of vapor temperature, the liquid fuel,
liquid steel, particle and structure energies are calculated explicitly from the finite difference

representation of Egs. (5-23) — (5-25) using the converged variables.

5.4. Treatment of supersaturated vapor

Vapor that is supersaturated below its equilibrium saturation temperature may exist in a
non-equilibrium condition, which is referred to a metastable state. In this metastable state,
generally, supersaturated vapor immediately undergoes phase transition (homogeneous
condensation) and then its thermodynamic state becomes stable. In the non-equilibrium heat-
transfer limited model, supersaturated vapor can be transferred into liquid phase only if vapor
contact areas are available for condensation and the vapor satisfies the phase-transition
condition at these contact areas. However, for example, extremely supersaturated vapor could
be produced if other liquids cool vapor far removed from condensation sites such as a
structure surface. Even if condensation is possible on the condensation sites, its rate may be
too small to achieve a stable state immediately because only heat transfer controls the phase
transition. In SIMMER-III/IV, the following mass-transfer operation is adapted to
compensate the shortcoming in the non-equilibrium heat-transfer limited model. This

operation is performed after the convergence of V/C iteration.

If a vapor component satisfies the condition of Pgm > Psaem a part of its vapor is
transferred into the liquid phase so as to get rid of the metastable state. The new vapor

temperature is evaluated by solving the following equations:
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peds = S;miﬁe”m o (V2 0L

+ 3 [P T80 cn(Te?) + 0nsain(e™)]  and (5-70)
metastable
mm = @m - Zéat,Gm(-lfgrl , M= 1= 2 and 37 (5-71)

where ~ n and ~ n+1 mean the values after the convergence of V/C iteration and the updated

value in this operation, respectively, and and Z are the summations for the
stable metastable

stable and supersaturated vapors after the convergence of V/C iteration, respectively.
Equation (5-70) is implicitly solved with respect to 11;”“ using the Newton-Raphson method.
After obtaining '@ﬂ, the new vapor and liquid densities, and liquid energy for the initially

supersaturated components are updated by

o= Poaen(Te, (5-72)
Bt =, + 0@, and (5-73)
+ 1 n n+
¢:ml = W[ﬁLmé[lm + mmeSat,Gm(-lfG l)] 5 (5-74)
Lm

where m = 1, 2 and 3. The updated values are the final quantities in the V/C calculation. The

above operation can be controlled by input HMTOPT(9) in NAMELIST /XCNTL/.

5.5. Treatment of single-phase V/C

In the two-phase V/C treatment, the mass transfer is obtained from the heat-flux balance
at an interface. Heat-transfer calculations are performed simultaneously. For single-phase
cells, the initialization of the so-called O, volume is performed consistently with the two-
phase V/C treatment. This is done by calculating the interfacial areas based on the effective
vapor volume fraction, Og=Maxady(1-aJ,1-a s=(1-0 P ], and then providing
reasonable liquid/vapor interfacial area even for a single-phase cell. It seems that the effect of
this treatment for low-void-fraction flow is negligible as far as the minimum vapor volume
fraction 0, is small enough, e.g. O, < 0.01, where O, can be specified by input ALPHAO
in NAMELIST /XEOS/.

The single-phase V/C calculations are performed using the same procedure as two-phase
cells only for the mass and energy transfers between the same material vapor and liquid

component. Therefore, at liquid/vapor interfaces, the interface temperature is defined as the
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saturation temperature. At the other interfaces, the interface temperature is defined as no
mass-transfer temperature defined by Eq. (2-8). For example, in two-phase cells vaporization
can occur at the liquid/liquid interface such as fuel/sodium contact, and hence the interfacial
temperature is defined as the saturation temperature of vaporized material. On the other hand,
in single-phase cells the interface temperature of liquid/liquid contact should be independent
of the vapor state. Therefore, no vaporization due to the energy transfer between the liquids is
allowed in a single-phase cell. In addition, the incipient boiling superheat can be treated in
single-phase cells. The superheating at liquid/vapor interfaces is considered by simply

assuming the vapor superheat temperature Isupm such that the interface temperature is

Tsatom ™ T supmem The value of Tsypm is specified by input TSUP in NAMELIST /XHMT/.

5.6. Time step control

If convergence is not obtained after the specified number of iterations, the time-step size
is halved for the next cycle. The criterion is specified by input HMTOPT(10) in NAMELIST
/XCNTL/. If the number of iterations exceeds a maximum value, and hence non-convergence
occurs, the same cycle is recalculated with a halved time-step size. The maximum is specified
by input MIVC in NAMELIST /XHMT/. On the other hand, the user can optionally select an
operation to skip the V/C calculation for cells with non-convergence. This option becomes
active by input HMTOPT(8) in NAMELIST /XCNTL/. In this case, the next cycle should be
calculated with a halved time-step size according to input HMTOPT(10).

The code recalculates the same cycle with a halved time-step size if excessive change of
vapor temperature is predicted finally. This is useful to avoid the prediction of unphysical
vapor temperature. The fractional change of vapor temperature allowed in one time step due

to V/C calculation is defined by

- < f (5-75)
—-v;n_— DTG, max’

where  fore max is specified by input FDTGMX in NAMELIST /XHMT/.

5.7. Special case treatments

5.7.1. Initial vapor and liquid states
Before starting the V/C iteration, the initial vapor and liquid sates are adjusted to reduce

numerical difficulties in the V/C iteration. There are three initial operations. First, if a vapor
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component is missing although the same material component of liquid exits in a cell, a part of
the liquid is transferred into the vapor field. The amount of the liquid transferred is evaluated
from the saturated vapor density at the liquid temperature. Second, supercritical liquid, of
which internal energy exceeds the critical energy, is transferred into the vapor field. Finally,
liquid components with a negligibly small mass are transferred into vapor field to avoid
ineffective numerical calculations. The criterion for “negligibly small” mass is defined by

Bl < fruigPo, where frug is specified by input FMTLG in NAMELIST /XHMT/. After

these adjustments, new vapor temperature is evaluated implicitly as the initial value of the

V/C calculation, using the updated vapor energy and densities.

5.7.2. Heat-transfer coefficients and interfacial areas
To achieve numerical stability in the explicit solution, some limiters for heat-transfer

coefficients are defined based on the thermal capacity. The limits are

5 [(be, O
G%TGEUG ,m=1,2and3, (5-76)

Atag

hG,Lm < CG,Lm

5 (e, O
6%5 k=1-7, (5-77)

hG,K(k) < Co ke Ata,
,K(K)

oot O
e Lm
Aobie H ,m=1,2and3, (5-78)
Atag .,

hLm,G < CLm,G

. =1
P ko
“Hde,H k=17, and (5-79)

h.,. <c
K(K) K(K) At aG’K(k)

-1
_ Lt 0
me%E ,m=1,2and 3,andm'=1,2 and 3 (m' # m), (5-80)

< C —_—
Lm,Lm©&= ~Lm,Lm©
‘ : Ata,
m,Lm©

h

where Cgim, Coki» Cime, Ckig and Cimimc are the multipliers of limiters for heat-transfer
coefficients. The inputs for these multipliers are CHGL, CHGK, CHLG, CHK and CHLL in
NAMELIST /XHMT/, respectively.
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If the V/C convergence is not obtained after a specified number of iterations, the heat-
transfer coefficients only for the explicitly updated component are reduced to satisfy the
above conditions, and then the V/C calculation is repeated. The criterion for the number of
iterations is specified by input HMTOPT(5) in NAMELIST /XCNTL/. Optionally, the
limiters can be applied to both implicitly and explicitly updated components, or interfacial

areas can be reduced based on the following conditions:

U D
< minl¢ EBT .C Ed_ Om=1,2 , 5-81
aG,Lm E G,Lm A hG - E Lm,G AthLm o E g and 3 ( )
D o, e O Do LT 00
< min¢ e, K& w? g k=1-7,and 5-82
As k) S % G.K(K) AthG » Eé E Cxo AthK(k) Bl e E g ( )
O
H me EUT D me@
< minl¢ ,C
aLm,Lm@- E Lm, Lm@AthLm Lm@EdeLm B Lm&Lm AthLm@Lm Ebel_m u

m=1,2and 3,and m'=1, 2 and 3 (m' # m). (5-83)

In general, the vapor side heat-transfer coefficients are smaller than the liquid and solid sides,
and hence Egs. (5-76) and (5-77), and the first terms in the parentheses of Egs. (5-81) and (5-
82) would be unlikely to contribute to the limits.

The above two options are controlled by input HMTOPT(6) in NAMELIST /XCNTL/.

5.7.3. Effective latent heats
The effective latent heats are defined by

hVap,Gm =i Vap,Gm e Lm and (5_84)
hCon,Gm = I Gm_i Con,Gm (5'85)

where m = 1, 2 and 3. These cannot be negative during the V/C iteration. The minimum
values allowed over the first four iterations are 10°, 10°, 10* and 10° J/kg, respectively. The
minimum beyond the fourth iteration is 10> J/kg. The initial high values are to lower
excessive mass-transfer predictions. The value of 10 J/kg is to prevent oscillation. In
addition, if the number of iteration exceeds a criterion, which is specified by input IVCHLG
in NAMELIST /XHMT/, a larger value, 10° J/kg, is applied to the minimum value of
effective latent heats. To realize these limits, the following variables are used instead of

IVap,Gm and ICon,Gm:

— 66 —



JNC TN9400 2003-047

i\*/ap,Gm = eLm + max[hVap,Gm1hlg,min]a and (5'86)
i::on,Gm = iGm - maX[hCon,Gm’h Ig,min]a (5'87)

where m = 1, 2 and 3, Ngmin is the minimum value of the effective latent heat, and can be

specified by input HLGMIN in NAMELIST /XHMT/.

5.7.4. Saturation temperature

The saturation vapor pressure and the saturation properties such as density and energy
are generally defined between the liquidus and critical temperatures. However, when the
vapor partial pressure becomes extremely low or high during V/C iteration, the corresponding
saturation temperature could be beyond the temperature range of saturated liquid. To perform
the V/C calculation reasonably even below the liquidus temperature, the EOS function
Tsarem(Pem is normally fitted over the temperature range above 0-9Tiqm by extrapolating
the saturation vapor pressure curve below the liquidus temperature. In addition, during V/C

iteration the saturation temperature is limited to the following range:
fst,ITLiq,M < TSat,Gm( FY(Gn) < f st,;r Crt,M (5'88)

where m = 1, 2 and 3, fg, and fg, are the lower and higher multipliers for saturation
temperature, respectively. The values of fg, and fg, are specified by inputs FTSTTL and
FTSTH in NAMELIST /XHMT/, respectively.

During the V/C iteration, the saturation temperature could oscillate due to successive
"on-off" of phase transition. Therefore, whenever the oscillation is detected after 20 V/C
iterations, no mass transfer is imposed for the component involved in the iteration to avoid

non-convergence in the V/C iteration.

5.7.5. Missing component

In a cell where a liquid component exists, the same material vapor component must exist.
When the vapor density becomes extremely low, further condensation must not be allowed in
order to avoid non-convergence of V/C iteration due to a missing vapor component. In
addition, if the vapor pressure is very low or the vapor density is very small, the value of the
derivative of saturation temperature with respect to density becomes very large. This affects
the off-diagonal terms of [B] in Eq. (5-47), resulting poor estimation of ATg, and leads to

the convergence difficulty of V/C iteration. To avoid these numerical difficulties, if
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Psm < O2m and DOgpn < Pgmmin N0 mass transfer is allowed for the component m at the
iteration step K. The criteria Psmmn is specified by input RBGMIN in NAMELIST
/XHMT/.

If a liquid component is completely missing and no condensation is predicted, the heat-
and mass-transfer operation is excluded for this component at the iteration step concerned.
This is done by setting the diagonal elements to one, the off-diagonals to zero and the
respective {C} to zero to negate the appropriate density and energy equations contributing to

matrix Eq. (5-47).

5.7.6. Overshooting in explicit solution

Using Egs. (5-23) and (5-24), the internal energies of liquid fuel and steel, and structure
components are explicitly updated after the convergence of the V/C iteration. However, the
explicit solution sometimes causes overshooting of updated liquid energies. The probable
cause of the overshooting is the condensation of vapor with low enthalpy. The sum of the
heat-transfer terms in Eq. (5-23) or (5-24) also tends to be negative especially in the case of

V‘C”o+nme < ¢, and hence the unphysically low liquid energy could be predicted. To avoid this

problem, the following equations to update the liquid energy are used instead of Egs. (5-23)
and (5-24) when the overshooting is predicted:

A e )
2 I
+ z 1 Mg im (Tinim — 1)
m=2
+R(;1 LlaG L1 L1, G(TGl L -V(l) + RG4 119G, L1 L1, G(TG4 L1 -Ifl) and (5-89)
IR ST
+aL2,L1hL2,L1(TLIZ,Ll -lfz) + A, 13 L2 L3(TLI2,L3 _-Ianz)

+ Z I:\)Gm LZaG LZI"I L2, G(TGm L2 -Ifl_2) + RG4 L2aG L2h L2, G(TG4 L2 -IfI_Z) . (5_90)

These can be arranged as

At 1
+1 NE ifn+1 +_—Hn
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3
| n
+ z A Nt (T m = )
m=2

I
+ RGl,LlaG,Llh Ll,G(TGl,Ll_ -ITI(_nl)

+RG4,L1aG,Llh L1,G(T134,L1_ Tanl } , and (5-91)
. At f+ 1 4,
, = m @_Q,Ez"::onl,ez + Ktﬁl_zéfz

+aL2,L1hL2,L1(TLIZ,Ll - -lanz) + aL2,L3hL2,L3(TLI2,L3 _-Ianz)
2
| n
+ Z RGm,LZaG,LZh L2,G(TGm,L2_ L2)
m=1

+RG4,L2aG,L2h LZ,G(TIG4,L2_ -Ianz)} . (5-92)

Equations (5-91) and (5-92) do not fully-implicitly update the liquid energy because the ~n
values of the liquid temperature are used in the heat-transfer terms. In addition, the use of the
above equations is not consistent with the energy conservation in the V/C operation.
Nevertheless, Egs. (5-91) and (5-92) could be useful to avoid the overshooting of updated
liquid energies. The updated liquid energies are recognized to be overshot when the change of

liquid temperature in one V/C operation exceeds input DTLMAX in NAMELIST /XHMT/.
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Chapter 6. Equilibrium M/F transfers

6.1. Mass- and energy-conservation equations

The equilibrium M/F operation calculates equilibrium processes resulting from the non-
equilibrium heat and mass transfer. The equilibrium transfers for fuel-pin structure and can-
wall interiors are treated by the structure breakup model. The mass- and energy-conservation
equations to be solved are written for can-wall surfaces, fuel crusts, fuel and steel liquids, and

fuel and steel particles.
The mass- and energy-conservation equations for fuel crusts are

apSm - _r EQ

at Sm,L1>

and (6-1)

0Ps:E5m
% = _rSErT?,LleLiq,M(Sm)’ (6-2)

where m = 2 and 3 are for left and right fuel crusts, respectively.

The mass- and energy-conservation equations for can-wall surfaces are

agim — _rsErr?,LZ’ and (6-3)

% = _rSErT?L26Liq,M(Sm)7 (6-4)

where m = 5 and 7 are for left and right can-wall surfaces, respectively.

The mass- and energy-conservation equations for fuel particles are

)
0_tL4 = r,_El?M - I_,_Eﬁl, and (6-5)
)
% = LEl(,gL4eSOI,M(L4) -I 5? L€ligma) - (6-6)

The mass- and energy-conservation equations for steel particles are

)
O_ILS = |_LEZ?L5 - rLE;?LZ, and (6-7)
)
B—SteLS = LEZ(,?LSeSOI,M(LS) -I LEsQ,LzeLiq,M(Ls) . (6-8)

The mass- and energy-conservation equations for fuel chunks are
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9y -T5°,, and (6-9)
ot '

)

#eu = _rLE7(,?L1eLiq,M(L7)' (6-10)

The mass- and energy-conservation equations for fuel liquid are

ap

3tLl =1 SEZ(,?Ll | SE3(,?L1 + LEle H LE7?L1 ol LEl(,gL47 and (6-11)
0P r r r r r 2
— ;tl - ( sEz?Ll + SE3?L1 LE4(,?L1 I_E7(?Ll)eSOI,M(L1) I_El(,DL4eLiq,M(L1)' (6-12)

The mass- and energy-conservation equations for steel liquid are

a0

a_lt_z = rsEs(,?Lz + rSE7(,DL2 +rLES(,gL2 - LEZ(?LS’ and (6-13)
00,6

% = (rsE5?L2 + rSE7(,gL2 +rLES?L2)eSOI,M(L2) - ILEZ(,?LSeLiq,M(LZ) . (6-14)

If the optional paths, freezing of liquid steel onto cladding and can-wall surfaces, are

considered, the mass and energy equations for equilibrium freezing of steel are

P o T T T S (6-15)
Pon=riz, 610
B - reg,, (617
Pz = (TR e 4T s A o (6-18)
P = 150, .y and (6-19)
P = 1 s (6:20)

where m =4, 5 and 7 are for cladding, and left and right can-wall surfaces, respectively.

6.2. Solution procedure
In the equilibrium M/F operation, the mass- and energy-conservation equations are

solved explicitly using macroscopic densities and energies following non-equilibrium transfer
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updates. Here, a multi-step approach is used to update the mass- and energy-conservation
equations. First, the equilibrium melting of fuel crusts, fuel particles, fuel chunks, can-wall
surfaces and steel particles are evaluated. Second, the equilibrium freezing of liquid fuel and

liquid steel are evaluated.

The finite-difference representations of the mass and energy conservation for equilibrium

melting of fuel crusts, fuel particles and fuel chunks are

n+l
ﬁ ﬁsm =- Sm Lp Mm=2and 3, (6-21)
ﬁnﬂ _ —n
La - ﬁu =T, (6-22)
n+l
b ifu - ree (6-23)
ﬁSr; m ﬁSmégm — _|— =2and 3 6-24
At Sm Llequ M(Sm)° m an > ( )
+1: n+1
: A ﬁué& = I_|_4 L1€Lig,M(La) > and (6-25)
+1: n+1 ﬁ
! At .7, 12 I_L7 L1€lig mL7)’ (6-26)

where ﬁg" and ¢" are the values following non-equilibrium transfers. The positive

equilibrium-melting rates are determined form

EQ _ 1 @m eSol M(Sm)ﬁ

SmLl ™ At hf o 'Sm> égm > €sol,M(smp M = 2 and 3, (6-27)
M(Sm
1¢, -6
rLEle = At h ML) ﬁu > ¢F4 > Esol,M(La)> and (6-28)
f,M(L4)
14 -8,
rI_E7?L1 = E h ML) ﬁu > ¢F7 > eSoI,M(L?)- (6-29)
fM(L7)

The resulting mass and energy-conservation equations to be solved for liquid fuel are

represented by

ﬁ"”’l ﬁl — rEQ +r EQ +|— EQ +|— EQ

S2,L1 S3,L1 L4,L1 L7, Ll’
At

and (6-30)
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ﬁLnf ﬁué& _ (l— EQ LrEQ ,[EQ L EQ

At S2,L1 S3,L1 L4,L1 L7 Ll)eSoI,M(Ll)'

(6-31)

The finite-difference representations of the mass and energy conservation for equilibrium

melting of can-wall surfaces are

ﬂf”” i’Zm e and (6-32)

Sm L2

ﬁsm mA ﬁsm@m =~ Sm,LZeLiq,M(Sm)’ (6-33)

where m = 5 and 7, and for equilibrium melting of steel particles are

ﬁnﬂ. ﬁj — I—EQ

L5, L2’

and (6-34)

+1 n+1 ﬁ ¢{1
5 L5715
A I_L5 L2€0ig,M(Ls) -

(6-35)

In Egs. (6-32) — (6-35), ﬁg” and ¢" are the values following non-equilibrium transfers. The

positive equilibrium-melting rates are determined form

1 @m eSO m
SEr‘r?,LZ = At h—IM(S)ﬁSma ¢gm > €sol,M(smp M = 5and 7, and (6-36)

f,M(Sm)

s ~ &
rI_ES?LZ = Eh—mwﬁwa ¢F5 > eSoI,M(LS)- (6'37)

f,M(L5)

The resulting mass- and energy-conservation equations to be solved for liquid steel are

represented by

ﬁnﬂ ﬁLz_I—EQ +EQ_4rEQ

ssi2 sz Tl 51208
At

and (6-38)

ﬁg ﬁLzéfz _( [EQ 4rEQ 4reE

At S5,L2 S7,L2 L5 LZ)eSOI,M(LZ)'

(6-39)

The above finite-difference representations, Egs. (6-21), (6-22), (6-23), (6-30), (6-32),
(6-34) and (6-38), of mass conservation for equilibrium melting are solved with respect to
ﬁf"”, and then the representations, Egs. (6-24), (6-25), (6-26), (6-31), (6-33), (6-35) and (6-
39), of energy conservation are solved explicitly with respect to ¢"** using the updated
densities ﬁf"ﬂ. The updated macroscopic densities and energies are called ~n values in the

following finite-difference representations for equilibrium freezing of liquid fuel and steel.
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The finite-difference representations of the mass and energy conservation for equilibrium

freezing of liquid fuel are

ﬁnﬂ. ml — rEQ

L1, L4’

and (6-40)

ﬁl?; ﬁL 1{11 — r

At L1, L4eL|q M(L1)? (6-41)

where ﬁg" and ¢" are the values following equilibrium transfers of fuel-crust and fuel

particle melting. The positive equilibrium-freezing rate is determined form

18 ¢
rl_El?L4 = At %ﬁua ¢, < €lig.mL1)- (6-42)

fM(L1)

The resulting mass and energy-conservation equations to be solved for fuel particles are

represented by

ﬁnﬂ ﬁu —[EQ

L1, L4’

and (6-43)

n+1 ﬁL4¢TJ4 — r

A L1, L4eSOI M(L4)" (6-44)

The finite-difference representations of the mass and energy conservation for equilibrium

freezing of liquid steel are

ﬁnﬂ. ﬁl — I—EQ

L2, L5’

and (6-45)

ﬁl?; ﬁLZ ¢I?2 — r

At L2, LSequ M(L2)? (6-46)

where ﬁg" and ¢" are the values following equilibrium transfers of can-wall surface and

steel particle melting. The positive equilibrium-freezing rate is determined form

18 ¢
rI_EZ?LS = At %ﬁua ¢, < €ligML2)- (6-47)

f,M(L2)

The resulting mass and energy-conservation equations to be solved for steel particles are

represented by

ﬁnﬂ. ﬁj — I—EQ

L2, L5’

and (6-48)
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+1: n+l
5 ﬁLSérS — |—

A L2, Lsesm M(L5)" (6-49)

If the optional paths, freezing of liquid steel onto cladding and can-wall surfaces, are
considered, the finite-difference representations of the mass and energy conservation for

equilibrium freezing are

ﬁnﬂ ngz_ [EQ _[EQ _[E _rEQ

At L2ts 1284 ! L2ss 1 L2 (6-50)
n+1
B -, =r5,.m=4,5and7, (6-51)
At
n+1
A, iﬂs _ree (6-52)
ﬁLn; 2+1_ ﬁanéfz = —(FEQ rEQ FEQ 4 EQ 6-53
At =—( Los tlioss T oss L287)eLiq,M(L2)’ (6-53)
+1: n+1
m A ﬁsm@m = FLZ snSsolmesmy M = 4,5 and 7, and (6-54)
+1- n+1 ﬁ ér
. A L = rL2 158501 M(L5Y (6-55)

where ﬁg" and ¢" are the values following non-equilibrium transfers. The positive

equilibrium-melting rates are determined form

1€,
LEZQLS = Mﬁ (1- XB) ¢|T_12 < €LigM(L2) > and (6-56)
’ At hf M(L2)

[EQ _ieLiq,M(LZ) _fz ﬁn X A5 sm
1278

Lsm= AT p , €5 <€igm.m=4,5and 7. (6-57)

f,M(L2) f

The above finite-difference representations, Egs. (6-40), (6-43), (6-45), (6-48), (6-50),
(6-51) and (6-52), of mass conservation for equilibrium freezing are solved with respect to
ﬁﬁ"”, and then the representations, Egs. (6-41), (6-44), (6-46), (6-49), (6-53), (6-54) and (6-
55), of energy conservation are solved explicitly with respect to ¢"*! using the updated
densities ﬁﬁ"ﬂ. The updated macroscopic densities and energies are the final values in the

equilibrium M/F operation.
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Chapter 7.  Discussion on model and method

The assessment study of the developed model integrated into the SIMMER-III code has
demonstrated that the generalized heat- and mass-transfer model provides a sufficiently
flexible, and often indispensable, framework to simulate transient multiphase phenomena [15,
16, 17]. The experience and knowledge from the assessment study were applied extensively
to analyses of key phenomena of CDAs in LMFR [18]. These applications have also revealed
potential applicability of the present model to integral multiphase, multicomponent thermal-
hydraulic problems. The developed model advances satisfactorily the analytical technologies
and understanding of the physical phenomena of multiphase, multicomponent flows involved
in the LMFR safety analysis. Beside, the assessment study and the applications to the key
phenomena of CDAs were valuable in highlighting the problem areas, as discussed below,

which will guide our future model improvement and validation:

*  The present non-equilibrium model does not allow both melting and vaporization or
freezing and condensation at an interface. For example, at the liquid fuel/coolant
interface, fuel particle formation relies on the equilibrium process because only coolant
vaporization is treated at this interface. To solve this problem, additional information
must be utilized, such as the relationship of the vapor saturation temperature to the

(liquidus/solidus) temperature, to determine which non-equilibrium process is preferred.

*  The SIMMER-II/IV non-equilibrium M/F model can represent an important sequence
of fuel relocation and freezing processes: the crust formation on a can wall that furnishes
thermal resistance, and steel ablation and particle formation that contribute to fluid
quenching and bulk freezing. However, a more sophisticated treatment is required for
general modeling of molten fuel/structure interactions. The status of the improved fuel-

freezing model is described in another document.

*  The film-boiling process can be treated through a reduced heat-transfer coefficient
considering a vapor film surrounding a hot droplet or particle. However, the vapor film
cannot be differentiated from bulk vapor. This limitation is the same with condensate
films. Although additional components improve these phenomenological treatments, the

flow regime modeling could be more complicated.
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Chapter 8.  Concluding remarks

A closed set of the heat- and mass-transfer modeling for SIMMER-III/IV was described
in the present report. The generalized modeling of heat- and mass-transfer phenomena for
more reliable analysis of CDAs was developed on the basis of phenomenological
consideration of heat- and mass-transfer processes in a multiphase, multicomponent system.
The numerical simulation of complex multiphase, multicomponent flow situations in a
reactor core is essential to investigate CDAs in LMFRs. The present model alleviates some of
the limitations in the previous SIMMER-II code and thereby provides a generalized modeling
of heat- and mass-transfer phenomena in a multiphase, multicomponent system for more
reliable analysis of CDAs. It is believed, therefore, that the future research with SIMMER-

III/TV will improve significantly the reliability and accuracy of LMFR safety analyses.
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Appendix A. Definition of derivatives used in V/C iteration

A.1. Mass-transfer rates

The derivatives of mass-transfer rates with respect to the sensitive variables POg;, Pgo,

Pss, €5 and T are expressed by

ar(’;\‘ [ I . Ik
L1 _
ox = NXgy, + /\XGLll +/\XGL1I + z/\XG(L)l,l > (A-1)
! k=1
arg,liz — Ayl2 '3 I(k)
ox NXgLoy + NXgpp) + Z NXar, » (A-2)
|
CLRS 13 y Ik
GL3 _
T - /\XGL3,I + Z /\XG(L)S,I ) (A-3)
! k=1
or )y,
o = e, (A-4)
|
arLNZI,EG — Ay2 I8
o NX56) +N\X 56, , and (A-5)
|
arLN3I,EG — Ay3 114
ox = NXige, + /\XL3GI +NXize), (A-6)
|

where X, for [ =1, 2, 3, 4 and 5 means Pg, Ps, Pss, €5 and Tg, respectively. The

variables, AXglm (m = 1,2 and 3), AXdy,, AXGay, AXgn (m =1, 2 and 3), AXg,),

NX(me) (m =1, 2 and 3), AX5s,, AX3s, and AX's, are the derivatives of each mass-

transfer rate, and they are given as a function of the intermediate variable set.

Vapor/Liquid-fuel interface: The mass-transfer rates are calculated by

rlell_l RGl L1 hGl = > Q(I31,L1 >0, and (A-7)
Con,G1
r& G~ _RGl L1 hGl = > Q(I31,L1 <0, (A-8)
Vap,G1
where
Q(IBl,Ll A, Ll[hLl G(TGl L1 -Ifl) + hG Ll(T(IBl,Ll _-Itzr,]ﬂ)] . (A-9)

The derivative of mass-transfer rate, Eq. (A-7), is given by
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Aré:LLl ZAXGLlIApGI +/\XGL14 eL3 +/\XGL1 SATG’ (A_IO)

where

|
h
K = AR e (T, et i, Ty 5 )

ap 1,L1 a— Con,G1 a—
Gl
[=1,2and 3, (A-11)
NXG 14 =0, and (A-12)
RGl L1 | a-I-(lsl L1 ahCOn Gl
=N\R; =+ AT, =+ ATy +Ahg,, : (A-13)
GLl 5 1,L1 OTG Gl,L1 aTG G Con,G1 a-l-G

The expressions for intermediate variables, ARg11, ATg; ., ATgand Aheg, ey, in Egs. (A-
11) and (A-13) are given by

aG Ll[hLl G(TGl L Ll) + hG,Ll(T(|31,Ll _TG)]

AReys = - H(e). (A-14)
Con,G1
(h,c+h
/\T(_lul,Ll — aG,Ll hLl,G G,L]) H (rlel,u), (A-15)
Con,G1
h
/\TG —_ a?\,Ll LLG Y (F(';Ll), and (A-16)
Con,G1
rll
/\hCon,(31: _%- (A_17)
Con,G1

The derivative of mass-transfer rate, Eq. (A-8), is given by

ArIFISI-. G~ ZAXLlG IApGI +/\XLlG4 eI_3 +/\XL1G SAT67 (A-18)
where
oT, oh,,
/\ LlGI /\RGl L1 apl Ll (/\TCLl L1 aEl‘Ll + /\hVap,Gl aV_P»Gl)5(|,1) )
[=1,2and 3, (A-19)
NXi64 =0, and (A-20)
RGl L1 | a-I-(lal L1 ahVap Gl
=AR; == + AT, =+ AT, +Ah,, —. (A-21)
LZI.G 5 1L1 OTG G1l,L1 aTG G Vap,G1 a-l-G
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The expressions for intermediate variables, /ARy 1, /\Tél,u, AT and APy, in Egs. (A-
19) and (A-21) are given by

[hy,o(Te ) +hei(Tera = To)l
/\RG]_'L]__ aGLl L1,6\ ‘e Ll G,LI\ "G1,L1 G

E H(M ), (A-22)
Vap,G1
as(h,cs*+h
/\T(;l’Ll — RGl L1 G\Llil.]( L1,G G, L]) H (rLl R (A-23)
Vap,G1
a h
NTe = w H("}¢), and (A-24)
Vap,G1
r 11
— ,G
/\hVap,Gl_ h = . (A-25)
Vap,G1

Vapor/Liquid-steel interface: The mass-transfer rates are calculated by

rlezl_z Rez L2 hG2 L2 > Q(Izz,Lz >0, and (A-26)
Con,G2
q|
I—Ig,G = _RGZ, L2 hGZYL2 ) qIGZ,LZ < Oa (A_27)
Vap,G2
where
QGz L2~ G, L2[hL2 G(TGZ L2 -Ifz) + hG LZ(T(IBZ,LZ _-@ﬂ)] . (A-28)

The derivative of mass-transfer rate, Eq. (A-26), is given by

réZLZ ZAXGL2|ApG| +/\XGL24 eL3 +/\XGL2 ATG7 (A_29)
where
oT. ohe,,

X, GL2I =ARs,.0 6p2 2+ (/\Telz L2 aEZ'LZ +/\hCOn,Gz ac_ '62)5“72),
[=1,2and 3, (A-30)
NXG,4 =0, and (A-31)

R0 | aTéz L2 ohc, o
=AR; == + AT, ==+ A\Ts +Ahe, o (A-32)
GL25 2,02 oT, G2,L2 oT, G con,G2 aT,

The expressions for intermediate variables, ARy, ATg, 1, AT and Aheg, e in Egs. (A-
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30) and (A-32) are given by

_aglho(Th =) + hg (Te, =)

hCon,GZ

AR5 = H(G)., (A-33)

a.(h,s+th
/\-l-(.l’2 " = RGZ,LZ GL2 L2,G G,LZ) H (r(lSZ’LZ)

A-34
hCon,GZ ( )
ag .h
/\TG - — RGZ,LFZI GL2"'L.2,G H (r(l-"Z’Lz)’ and (A-35)
Con,G2
ML
NNeon 2 ' (A-36)
hCon G2
The derivative of mass-transfer rate, Eq. (A-27), is given by
Arlﬁ G~ z /\XLZG IApGI +/\XLZG A eI_3 +/\XLZG BATG H (A_37)
where
oT, oh
AX/ =A 22 L (AT G2L2 4 A Vap,G2 .2
L2G| RGZ L2 ap ( G2,L2 apGl h\/ap,GZ apel ) ( )
[=1,2and 3, (A-38)
NX364 =0, and (A-39)
0 oT, oh,,,
I T~ (A-40)
G G G

The expressions for intermediate variables, /\Rg, 15, /\TéZVLZ, AT and Ay o in Egs. (A-
38) and (A-40) are given by

8N o(Teae— T0) + e b(Tes — T ™)

ARez2 = . H(e), (A-41)
Vap,G2
as H(h
/\TG|2’|_2 - — RGZ,LZ G,L;( LZ,G G L) H (rL2 . (A-42)
Vap,G2
ac, ,h
AT, =2 ) ang (A-43)
Vap,G2
r|2
2,G
Ao 2= 1= (A-44)
Vap,G2
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At this interface the condensation rate of fuel vapor is calculated by

r(I32L1 RGl L2 hGl =2 q(l31,L2 > Oa (A'45)
Con, Gl

where

Gorie = 8ol ao(Ters= %) +ho ATew o~ T2 (A-46)

The derivative of mass-transfer rate, Eq. (A-45), is given by

ATE = ZAXGLllApGI +AXGLDE 5 FAXE AT, (A-47)
where
Xy = ARoyis “’(;";;Lz R +/\th“,@1‘9“‘1;;'61)5(|,1)
[=1,2and 3, (A-48)
AX& 1, =0, and (A-49)
NXe 15 = ARgy 2 + TS, |, a;‘“ 2+ AT +Ahe,, Glag‘}"” &l (A-50)
e

The expressions for intermediate variables, ARy, ATg; 1, ATg and Aheg, ey, in Egs. (A-
48) and (A-50) are given by

ag lho(Te o= T5) + hg (e, =T

/\RGl L2~ H (r(IBZ,Ll) s (A_Sl)
hCon,Gl
a. (h,sth
/\T(_l,J_’LZ - |:2(31,L2 G,LI‘?( L2,G G,L?) H (r(lSZ’Ll), (A-52)
Con,G1
a,
/\TG — RGler] GL2 L2 G H (I—G Ll) and (A-53)
Con,G1
r 12
/\hCon G1 h St (A'54)
Con,G1

Vapor/Liquid-sodium interface: The mass-transfer rates are calculated by

r(I33L3 Res L3 Gg = > Q(I33,L3 >0, and (A-55)

hCon G3
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rlg G~ _Rss L3 hG3 = > Q(I33,L3 <0, (A-56)
Vap,G3

where

U5 = ool Mo o(Tars= 5™ + e 1o(Tds s = T5 ™). (A-57)

The derivative of mass-transfer rate, Eq. (A-55), is given by

ré3L3 ZAXGL3IApGI +/\XGL34 eL3 +/\XGL3 SATGv (A-58)

where

aT, dhg,,
AX, GL3I /\Res L3 6p3 2+ (/\Tels L3 a;;u +/\hCon,Gs 0(;_) '63)5“73),
Gl Gl

/=1,2and 3, (A-59)
oT
NXgiss =N\Ty aTz and (A-60)
oT! oh
/\ GL3 5 /\RGS L3 213 /\TC:3 L3 663 = + /\T +/\ hCOn G3 ac-lo-n == (A_61)
G

The expressions for intermediate variables, ARszis, ATz ATs, ATg and ANggyes in

Egs. (A-59) — (A-61) are given by

_ag ol o(Ths s T0) + hg o(Tas s = T )]

hCon,GS

/\RGS L3~ H (rgjLB) s (A_62)

/\-l-(.l’3 5= RG3 L3aGL3(hL3 G G,L3) H (r(I;jL3)

A-63
hCon,G3 ( )
a. N
/\TL3 — RG3,L; G,L3 "'L3,G H (r(l_:ng) ’ (A-64)
Con,G3
as, sh
/\TG [ RG3,L; GL3"'L3,G H (ré?:l_s)’ and (A-65)
Con,G3
r 13
G,L3
NNonc3= ~ h - (A-66)
Con,G3

The derivative of mass-transfer rate, Eq. (A-56), is given by
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Arlg G~ Z /\XL3G IApGI +/\XL3G 4 eL3 +/\XLSG BATG s (A_67)

where

9 oT, oh,,
L3G| /\RGS L3 RG3 = + (/\TC!G L3 — + /\h\/ap G3 . G3)6(| 3)

0Pg " 0py 0Py
/[=1,2and 3, (A-68)
o o,y
/\XII_336,4 =AT, rei + /\hVap,Gsﬁa and (A-69)
_ O0R; oT, oh,.,
L3GS =ARss 15 OTZLS +/\TGI3,L3 a(-Bl-zL3 + AT +Ahygpes (;/TZG3' (A-70)

The expressions for intermediate variables, ARszis, ATz AT, ATg and ANyges in

Egs. (A-68) — (A-70) are given by

AN o Teas= T5™) +hg o(Tea s — T2

/\RG3,L3 = h H (rI13 G) (A_71)
Vap,G3
as 5(h
/\T(;3’|_3 - — I:QGS,L3 G,I;:( L3,G G L:) H (r|_3 . (A-72)
Vap,G3
a
AT, = R@L;—G'ﬁhm, (A-73)
Vap,G3
ac s
AT, = BB ) ang (A-74)
Vap,G3
r 13
L3,G
ADyap 3= 1 (A-75)
Vap,G3

At this interface the condensation rates of fuel and steel vapor are calculated by

Meim = Rams hG’“ . Oenie>0,m=1and2, (A-76)
Con,Gm

where

Q(IBm,L3 = aG,L3[ hL 3G(T(l;m,L3 - -nI(_TSJrl) + hG,L 3(T(l;m,L 3 _-@ﬂ)] . (A-77)

The derivative of mass-transfer rates, Eq. (A-76), are given by
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Arng z/\XGLm IApGI +/\XGLm4 eL3 +/\XGLm SATG7 (A'78)
where
a m, a-I-II'T'I a on,Gm
GLmI /\RGm L3 aR; = + (/\Telm,L3 ai = +/\hC0n Gm ac— = )5( )
Gl
/=1,2and 3, (A-79)
oT,
NXGima = NTi 3 elj , and (A-80)

ahCon,Gm
0T,

0 oT.
GLmS_ARGmLS RC-;F]LS + AT GmL3+/\T +/\hC0n,Gm

Gm,L3
G 0T,

(A-81)

The expressions for intermediate variables, ARgmis, ATgnis AT, ATgand Aheg, g, in

Egs. (A-79) — (A-81) are given by

_ L3[hL3 G(TGm L3~ -pf_naﬂ) + hG,LS(T(IBm,LB _-pg]ﬂ)]

/\RGm 3= H (résLm) 5 (A_82)
hCon,Gm ’
e s(hseth
/\Tc;m,Lsz RG L3 G,I|:13 L3,G G,L?) H(r(ISS,Lm) (A-83)
Con,Gm
m, a h
AT, = -emfeilooy ey, ) (A-84)
Con,Gm
a,
AT, = Ren i JELET SR (A-85)
Con,Gm
r|3
/\thn,Gm - _ - G,Lm ) (A-86)
Con,Gm

Vapor/Solid-component interfaces: The mass-transfer rates are calculated by

F = Romka 2‘3'“"“”, Osmkg >0, m=1,2and 3, and k = 1- 7, (A-87)
Con,Gm

where

Q(IBm,K(k) = aG,K(k)[hK(k)(T(‘lm,K(k) -If:(n(k)) + hG,K(k)(T(lJm,K(k) _-l@ﬂ)] . (A'88)

The derivative of mass-transfer rates, Eq. (A-87), are given by
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3
Aré(kgm = zAXlG(t)m,IA[_)GI +AX(I§IE)m,4AeL3 +/\XIG(kL)m,5ATG= (A_89)
=1
where
R, T, ONcon om
/\th)m,l :/\RGm,K(k) ap(:(k) +(/\TG|m,K(k) ;ﬁ—)(:(k) +AhCon,Gm ach’IG )5(m|)’
/=1,2and 3, (A-90)
AX$0 4 =0, and (A-91)
R, 0T, ONcon om
/\ch-(‘lt)m,&s = /\RGm,K(k) OT:(k) +ATGIm,K(k) ;T:(k) +N\Tg +/\hC0n,Gmg#G’G' (A-92)

The expressions for intermediate variables, ARgmis, ATgnis ATs and ANgonem, in Egs.

(A-90) and (A-92) are given by

/\RGm,K(k) — aG,K(k)[hK(k)(TGIm,K(k) B -plg(n(k)) + hG,K(k)(TGIm,K(k) _-@ﬂ)] H (rle(kL)m) , (A-93)

hCon,Gm

AT (; k= RGm,K(k)aG,K(k)(hK(k) + hG,K(k)) H(T I(K) ),

hCon,Gm etm (A-94)
h
/\TG - _ RGm,K(k)aG,K(k) K(k) H (r(l3(k|zm) , and (A-95)
hCon,Gm Y
16
Ahggn gm= =725 (A-96)
hCon,Gm
Liquid-fuel/Liquid-steel interface: The mass-transfer rate is calculated by
re —_ qll_l,LZ I <0
L2,G — h ’ qu,L2 > (A_97)
Vap,G2
where
dho=an Ny AT, =T +h o (T -0 (A-98)
The derivative of mass-transfer rate, Eq. (A-97), is given by
3
AMo6= ) MXGa Py +AXGe A6 +AX G AT, (A-99)
=1

where
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oT, oh,,
/\Xll_sze,l = (AT|_|1,|_2 — ANyap, 62 2203(2,1), 1= 1,2 and 3, (A-100)
P 0P
A5, =0, and (A-101)
oT, oh,,
/\Xll_gze,s = AT|_|1,|_2 a#(':z +Ahygp 2 aTZGZ- (A-102)

The expressions for intermediate variables, /\TLIl,LZ and APy in Egs. (A-100) and (A-

102) are given by

h,,+h
/\Tl_ll,LZ - _ CRRPL L PPRALPYD)) H( e

h 2.6), and (A-103)
Vap,G2
_ Moo
ADyap o= 1= (A-104)
Vap,G2
Liquid-fuel/Liquid-sodium interface: The mass-transfer rate is calculated by
ql
Moe=~1 " G <0, (A-105)
Vap,G3
where
s T Ay gy T o= D) +hu (T =750 A-106
quLS aI_J,L L L1 3 L1 L3,LI\'L 1 3 L3 . ( )
The derivative of mass-transfer rate, Eq. (A-105), is given by
3
AM56= D M6 BBy +AXGe e +AXGe ATe, (A-107)
=1
where
oT! oh,,
Pl = (NTiy 5 5o+ Ay o5 2)0(1,3), 1= 1, 2 and 3, (A-108)
Gl Gl
0T, oh,
AXSo, = AT =2 +Ah,, PE2 and (A-109)
L3G4 L3 ae|_3 Vap,G3 aeLS
oT! oh,
AXos = ATy a2 + AN, o, (A-110)
L3G,5 L1,L3 aTG Vap,G3 a-I-G

The expressions for intermediate variables, AT, 5, AT and Ahyges in Egs. (A-108) —

(A-110) are given by
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h,.th
/\Tl_ll,L3 - _ CRRE P ERALEY)) H (rng,G),

A-111
hVap,GS : ( )
h
AT, = % H("56), and (A-112)
Vap,G3
r 19
— L3,G
Ayapa=1 . (A-113)
Vap,G3
Liquid-steel/Liquid-sodium interface: The mass-transfer rate is calculated by
ql
Me =1, Gl <0, (A-114)
Vap,G3
where
qll_2,L3 =a , 3[hL 2L {I-Ll 23 -Iinz) + hL3,L2(TLI i 3_-Ifl_r;>+1)] . (A-115)
The derivative of mass-transfer rate, Eq. (A-114), is given by
3
A6 =D MXe BBy +AXGe D85 +AXe ATe, (A-116)
=1
where
oT! oh,,
/\XII_134G,| = (/\TLIZ,LS aiZ’LS + /\hVap,G3 a\/_p'G3)5(|’3), l: 1) 2 and 32 (A_117)
Gl pGI
aT ahVa ,G3
NXisss =N Tig Tej Ahy,, G3ﬁv and (A-118)
oT! oh,
/\X|l4 /\Tl L2,L3 + /\h . ap,G3 (A-llg)
L3G,5 L2,L3 aTG Vap,G3 a-I-G

The expressions for intermediate variables, AT, .5, AT and Ahygpes in Egs. (A-117) —

(A-119) are given by

(h +h, )
/\TI_|2,L3 == Aoty I:Z'B BESH (rllé‘,le , (A-120)
Vap,G3
Ay13N00s 114
AT = h— H (rLS,G), and (A-121)
Vap,G3
i
ADyap 3= 1= (A-122)
Vap,G3
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A.2. Interface temperatures

Vapor/Liquid-fuel interface: The interface temperatures are calculated by

I _ A+l
TGl,Ll = -lfSat,G]: and

n n+1
- hLl,G-Ile + hG,LlTIEB
hLl,G + hG,Ll

|
TG4,L1

The derivatives of Egs. (A-123) and (A-124) are given by

aT(lal,Ll - aTSat,615(| 1),/=1,2and 3
o op o ’
aTtlal,Ll - 0Tsa61
0T, 0T
ey

=0,/=1,2and 3, and
0P

a-I-(;4,Ll — hG,Ll
aTG hLl,G + hG,Ll

Vapor/Liquid-steel interface: The interface temperatures are calculated by

| —_ n+1l
TGZ,LZ = -lfSat,Gz and

| — n+1l
TGl,L2 =max Sat,GITGLZ]a
where Tg, is calculated by

n n+1
T — hL2,G-Ifl_2 + hG,L2T’:3
GL2 — .
hL2,G + hG,L2

The derivatives of Egs. (A-129) and (A-130) are given by

aTclgz,Lz - aTSat,G25(| 2),]=1,2and 3
o og o ’
aTéz,Lz - 05162
0T, 0T’
aT(lal,LZ — aTS

oL G5 D)H (&, ,,), [=1,2 and 3,
aﬁ)l ag G1,L2
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(A-128)
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0Te1 10 - 0561
0T, 0T,

h
H (EGl,LZ) + % H (_EGl,LZ) >

hL2,G hG,LZ

where g1 .2 is
_qfn+l _
EGl,LZ_-IfSat,Gl TGLZ'

Vapor/Liquid-sodium interface: The interface temperatures are calculated by

| — +1
TG3,L3 - -fsr;t,eaa and

| —_— +1
Tomis = MaX[Vsy g Tors], m =1 and 2,
where Tg 3 is calculated by

n+l n+l
T — hL3,G-If:_3 + hG,LSTI:B
GL3 .
hL3,G + hG,L3

The derivatives of Egs. (A-137) and (A-138) are given by

aT(laB L3 aTS t,G3
2SS = —=8225(1,3), /=1, 2 and 3,
op (oJel
a-I-(133,L3 - O
e ’

0Tes1s - 0Tsa65
dT, T,

aT(lam,L?: - aTSat,Gm
op, op

5(1L,MH (&5n1), 1= 1,2 and 3,

aTGI L3 hL3 G a-l-L3
s = : H(=¢5,,.3), and
ae|_3 hL3,G + hG,L3 aeL3 emts

aT(;m,LB — aTSat,Gm
dT, 0T,

h
H (EGm,LB) + % H (_Eem,Ls) >

hL'E‘;,G hG,L3

where &g 3is
_qfn+1
EGm,LS - -IfSat,Gm TGLS .

Vapor/Solid-component interfaces: The interface temperatures are calculated by

[ — n+l
TGm,K(k) = max Sat,Gm’TGK(k)]a and

—9] -

(A-135)

(A-136)

(A-137)

(A-138)

(A-139)

(A-140)

(A-141)

(A-142)

(A-143)

(A-144)

(A-145)

(A-146)

(A-147)
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T(l,4,|<(k) = Tekws
where k =1 — 6 and Ty is calculated by

-Ifn +1

G.K(K) "G

n
T _ hK(k)-If((k) +h
GK(K) — h

K(K) + hG,K(k)
The derivatives of Egs. (A-147) and (A-148) are given by

aT(lam,K(k) — aTSat,Gm
P e

8(,MH (Egmuge), 1= 1,2 and 3,

aT(; K(k) aTs t,G hG K
m, — at,Gm |y + K(K) H (-
GTG OTG (EGm,K(k)) hK(k) + hG’K(k) ( EGm,K(k))a

Mousta ~ g 4ng

o)
aT(;4,K(k) - hG,K(k)
aTG hK(k) + hG,K(k) ’

where EGm,K(k) is
— afn+l
EGm,K(k) = -IfSat,Gm_ TGK(k)-

Liquid-fuel/Liquid-steel interface: The interface temperature is calculated by

| — n+l
TLl,LZ =max Sat,GZTLlLZ]v

where T, is calculated by

n n
— hLl,LZ-VI:_l + hL2,Ll-I1I:_2
TL1L2 - .
hLl,LZ + hLZ,Ll

The derivative of Eq. (A-155) is given by

aTLIl L2 aTS t,G2
L2 = — SalGe (| YH (&, ,,), [=1, 2 and 3, and
ai)l am L1,L2

0T\ s - 0Tsa 62
0T, 0T,

H(L12),

where le,LZ is

— 1
5L1,L2 = -n(SnaJtr,GZ_ TL1L2-

—9

(A-148)

(A-149)

(A-150)

(A-151)

(A-152)

(A-153)

(A-154)

(A-155)

(A-156)

(A-157)

(A-158)

(A-159)
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Liquid-fuel/Liquid-sodium interface: The interface temperature is calculated by

Tl s = maxl o Ts), (A-160)
where T; is calculated by

n n+1
— hLl,L:B-p(I:_l + hL3,L1-I1Ir_3

T,5= (A-161)
HE hLl,L3 + hL3,Ll
The derivative of Eq. (A-160) is given by
a-I-I_Il L3 a-I-S t,G3
== = —2225(],3)H ,[=1,2and 3, A-162
al_)| aﬂ (1,3 (ELl,L3) an ( )
oT! h oT,
L1,L3 - L3,L1 L3 H (_€L1VL3), and (A-163)
aeL?: hL1,L3 + hL3,Ll ael_?:
aTLIl L3 aTS t,G3
L3 — 7 satG3yy A-164
oT, 0T, (o) ( :
where le,L?: is
Sl = -0(511163_ T (A-165)
Liquid-steel/Liquid-sodium interface: The interface temperature is calculated by
TLI2,L3 = max Sr;thr,lC53TL2L3]v (A-166)
where T ,5 is calculated by
heos ¥ + g T
T|_2|_3 - L2,IF]’> L2 " l“I]_S,LZ L3 ) (A-167)
L2,L3 L3,L2
The derivative of Eq. (A-166) is given by
a-I-I_IZ L3 a-I-S t,G3
= = —=2=25(1,3)H , A-168
7 = SO H (Eara) (A-168)
a-I-LIZ L3 hL3 L2 a-I-L3
=== : H(-¢.,.3), and (A-169)
aeL?: hLZ,L3 + hL3,L2 aeI_3 L
a-I-I_IZ L3 aTS t,G3
L3 _ at,G3 4 A-170
oT, 0T, Czis), ( :
where €53 is
$ors = -0(511163_ Tos- (A-171)
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A.3. Correction factors

The following quantities are defined:

n+1

Rom = =, m=1,2,3 and 4,

G

where iz are calculated by

n+1 z Fﬁg )
The derivative of Eq. (A-172) is given by

al:\)Gm 1 apGI
b (B op

ORss _ __ ey 0Py
op (") op

aRGm —_ 1 D n+1 ame +1 apG

[=1,2and 3,

a-l- (mnﬂ)z G m a-l- Ev and
aRG4 —_ 1 n+1 ap(34 +1 ap(;

T, (P Em Wi 51 B
where

9P _ < Pen

0Ts 4= 0T;

Vapor/Liquid-fuel interface: The correction factors are calculated by

RGl,Ll = fG:LLlRGla and
RG4,L1 =1- RGlLl-

The derivatives of Egs. (A-179) and (A-180) are given by

0Rs11 _ 0R;,
L— f —
FTe Gl"laﬁ ,/=1,2and 3,
al:eGl,I_l - f aRGl
0T, Rl ] P

alQG4,L1 - _aRGl,Ll
P, P

,/=1,2and 3, and

—94 —

[ a(m)- B3], 1= 1,2 and 3,

(A-172)

(A-173)

(A-174)

(A-175)

(A-176)

(A-177)

(A-178)

(A-179)

(A-180)

(A-181)

(A-182)

(A-183)
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aRG4,L1 — _aRGl,Ll
0T, 0T,

Vapor/Liquid-steel interface: The correction factors are calculated by
RGl,LZ = fGl,LZRGb

Reoz = fez,LzRez, and

RG4,L2 =1- RGlLZ - RGZL 2

The derivatives of Egs. (A-185) — (A-187) are given by

aRGl L2 aRG

—t = f —= [=1,2and 3,
0P Ltz oo

aFeGl,LZ - f aRGl
aTG G1,L2 aTG 9

aRGZ L2 aRGZ

—==fs,,—=",I=1,2and 3,
0Pg) 2 0pg,

aRGZ,LZ = f aRGZ
aTG G2,L2 aTG s

al:2(3-4,L2 - _aRGl,LZ _ aFQGZ,LZ

,/=1,2and 3, and

0P Jo8 00
0Rs4.2 - _ORs1, ORsp10
0T, 0T, 0T,

Vapor/Liquid-sodium interface: The correction factors are calculated by

RGl,L3 = fGl,L3RGb

Rezs = foaisRea

RG3,L3 = fG3,L3RG?, and

Rests =17 Reys = Rezs ~Resra

The derivatives of Egs. (A-194) — (A-197) are given by

0Rs1.15 R,
—E = f —1 /=1,2and 3,
0Pg) M= ap,

aFeGl,L?; = f aRGl
aTG G1,L3 aTG s

—95_

(A-184)

(A-185)

(A-186)

(A-187)

(A-188)

(A-189)

(A-190)

(A-191)

(A-192)

(A-193)

(A-194)

(A-195)

(A-196)

(A-197)

(A-198)

(A-199)
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0R:,.5 0Rs;

—===f —= [=1,2and 3,
00q cals 0P

0R:2.5 - 0Rs,
aTG G2,L3 aTG s

0Rs3.5 0Rs;

——===f — [=1,2and 3,
oo e 0Pq

0Rs3.5 _ f 0Rs;

aTG — 'G3,L3 aTG D

aRG4,L3 — _aRGlLs _ aRGZ,LS _ aRGS,LS

,/=1,2and 3, and

P ap ap an
aRG4,L3 — _aRGlLs _ aRGZ,LS _ aRGS,L3
0T, 0T, 0T, 0T,

Vapor/Solid-component interfaces: The correction factors are calculated by

Rem,K(k) = me,K(k)RGm, m= 1, 2, 3 and 4, andk=1-7.
The derivative of Eq. (A-206) are given by

ORsmk _ 0Rsm
W = me’K(k)ﬁ’ [=1,2and 3, and

aRGI’T‘I,K(k) — f aRGm
0T, emi® 9T, -
A.4. Effective latent heats

The effective heats of vaporization, hVap,Gm, are calculated by

.k

hVap,Gm =1 Vap,Gm_ ¢[Im , M= 1 and 27 and

-k
h i "

vap,63 = lvap,ca™ %3 »
where Iy, cm is given by
-k — n+1 _ _
IVap,Gm - ¢[Im + max[":/ap,Gm él?m’hlg,min]a m= 1 and 23 and
- n+l

* — g+l _m+l
IVap,G3_ 3 +maX[II:/ap,G3 3 ’hlg,min]-

The derivatives of Egs. (A-209) and (A-210) are expressed by

— 906 —

(A-200)

(A-201)

(A-202)

(A-203)

(A-204)

(A-205)

(A-206)

(A-207)

(A-208)

(A-209)

(A-210)

(A-211)

(A-212)
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0 0l
hva_p,em: “ENS(ml), m=1,2 and 3,and /=1, 2 and 3,
ap, op

ahVap,G:% _ alVap,G3

+1, and
oe, oe,
ahvap,em _ ai:k/ap,Gm m=1.2and3
AP |

The derivatives of iVap,Gm are given by

ai;K/ap Gm aiVap Gm
Sf = S H ,m=1,2and3,

ame ame (EVap,Gm) " o
ai;‘/ap G3
—BE = (- , and

aeL3 ( fVap,GS) an
ai;K/a ,Gm _ aiVa ,Gm

O-FG B G-FG H(évapom)> m = 1,2 and 3,

Where EVap,Gm IS

EVap Gm ™~ (If\r};; Gm  ¥im ) hIg min

The effective heats of condensation, Nconam, are calculated by
hCon,Gm = If(rl;r;l - iz:on,va m= 17 2 and 3a

where icon om is

— ifn+l n+l _
ICon Gm — I’:‘;m maX[ on, Gm’ hlg,min] .

The derivatives of Eq. (A-220) are expressed by

ah(:on Gm _ EBIGm _ oi
op, Eag

ConGmEé(ml) m=1,2and 3,and /=1, 2 and 3, and

. %
ahCon,Gm — ale _ alCon,Gm

oT, 9T, 0T,

The derivatives of gy, gm are given by

o o By e
mon - Femon e )42
00sm  Pem  C o)

—H (=€, and
ame cmon)

—-97 —

(A-213)

(A-214)

(A-215)

(A-216)

(A-217)

(A-218)

(A-219)

(A-220)

(A-221)

(A-222)

(A-223)

(A-224)
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ai::on Gm aiCon Gm alG
Gm — ~ConGm | +—8m H (- -
aTG aTG (ECon,Gm) aTG ( fCon,Gm) ’ (A 225)

Where ECon'Gm IS

ECon,Gm = (I Gm_i Con,Gr) - h Ig,min (A-226)

A.5. EOS variables

The saturation temperature is defined as a function of the vapor partial pressure. Its

derivatives are

aTSat,Gm - ame aTSat,Gm
a[_)Gm a:[_)Gm ame

, and (A-227)

aTSat,Gm - 9Pgm aTSat,Gm (A-228)
0Ts  0Tg OPgn

where m=1, 2 and 3.
The condensate enthalpies are defined by
iCon,Gm = eCon,Gm+ P el Con,GmIM = 17 2 and 3, (A-229)

where €congm and Uconem are defined as a function of saturation temperature. The

derivatives of lcongmare

oi on,Gm 6Ta maeon m 0 m aTa maU on,Gm
conom = & saiom Tonem o, OPom  py  Lsaen Clenen g (A-230)
ame ame aTSat,Gm ame ame aTSat,Gm
aiCon,Gm - 6TSat,Gm aeCon,Gm +U ame p aTSat,Gm aUCon,Gm (A-231)
aTG aTG aTSat,Gm conem aTG e aTG aTSat,Gm .
The vaporization enthalpies are defined by
iVap,Gm = eVap,Gm+ Pk Vap,Gm M = I, 2 and 3a (A'232)

where €apem and Uyapem are defined as a function of saturation temperature. The

derivatives of lvap,om are

Olyanom  0Tsr o 0€van.om 0 05 0m OYvap.om
vap.em _ 9 'sat.6m Sapc + UVap,Gm@ + Py —kem _VEEM o nd (A-233)
0Pam 0Psm aTSat,Gm 0Pem o aTSathm
aiVap’Gm - aTSat,Gm ae\,ap’Gm +U ame + p aTSat,Gm aUVap,Gm (A 234)
Gm i

aTG aTG aTSat,Gm vepem aTG aTG aTSat,Gm .
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The vapor enthalpies are defined by

iom = €gm + Ponl) om m =1, 2 and 3. (A-235)
The derivatives of Ig, are

dig 0€s 0Ps 0ge

=ty = Py — 5, and (A-236)
Pon Pon " 0Pem " (Pom)’

alGm - aeGm +U ame (A-237)

0T, 0T, " oTy -
During the V/C operations, the vapor volume in a cell is assumed constant, and hence the

derivatives of €g, and Pg, with respect to the macroscopic density of vapor component are

calculated by

ame _iame

aF_)Gm age ame ’ and (A-238)
Ot _ 1 Oeyy (A-239)

aF_)Gm age ame ’

where m=1, 2, 3 and 4.
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Appendix B. Matrix equations to be solved in V/C operation

The final matrix equations to be solved in V/C operation are expressed in this appendix.

All the definition of derivatives are shown in Appendix A.

The elements of [B] matrix are
B(m,1)=d(m,1)+ At[f\xGLm1 + Z AXED T =X
HAXE 1, +AXE )M +AXE,.8(m2)}, m = 1,2 and 3, (B-1)
B(m,2)=d(m,2)+ Atu'\xGLm2 + z/\xgkgmz X/

+(/\XGL1 2 + /\X(|33Ll,2)5(m11)

HXE 5~ AXEos )O(M2)}, m=1,2 and 3, (B-2)
B(m,3)=9(m,3)+ AtDI\XGLms + Z /\XICEIE)m 3~ LmG3

+H(A\Xe 1 5 + AXG 1 5)O(MI) +AXG,, ,0(M,2)
~(AX5es + AXa: )M}, m =1, 2 and 3, (B-3)
B(m, 4)= A{AxZ,, ,8(m1) +AxE,,,8(m?2)
X =AM 4 = AKX s —AXE )3(M, 3, (B-4)

B(m,5)= AtDI\XGLm st Z /\X(I_‘-(;kL)m 57 LmG 5

H(AXi1s + M Xa116)8(MD) +(AXG 5 = AXios,5)0(M2)

~(AX%6s + AX5 (M3}, m=1,2 and 3, (B-5)

7
..
B(4 l) = _At% GL3,| Z/\ngl SICon,GS_ L3)
=1

on, aTI m
§GL3+ZF§& st 3)+zamm sin e 509
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Zﬁ%a@ LallLs, G(TGm 3~ LKs)
=] 90q

oT, [
+Romis s 6 a%m’La 5(”1')% /[=1and 2,
Gi

B(4 4) ﬁL3 Atl:y\xGL34('Con G3 L3) % G, L3 (IE-(kB3E

EBTLI3,Lm _ aTLS O

2
+mzzla1_3,Lm hL3,Lm H aeL3 aeL3 E

[BT(lam,L3 _ aTLS m

4
+ a. h %7
nZlRGm,w G,L3' 'L3,G] aeL3 aeL3

7
0.
B(4,5) = _At%'\ GL35 Z /\Xle(g,sg%on,es_ e((LQ)
=

00 . 2 oT!
I(k) Con,G3 L3,Lm
%G L3 G L3 GT +mz:laL3,Lm hL3,Lm GTG

aG L3 L3, G(TGm 3~ I_K3) + RGm,LSaG,L3h L3,G

m= 1D aT
O oi S o1, .0
B(S,l) = l-tl - Atg_(rclsz,u +ré3|_1 apGGll + mzzzae Lth LmRGl Lm %1@'; c

iy,
B(5,2)=H, Atmxmz(wapez e“)+rL2GC.,VT”GZ

a-l-(é‘Z,Li?» D

3 |
rtls L2 6—62 +aG,L3hG,L3RG2,L3 o0

N

a a
B(5,3 = H, At[(/\XLses MK i 5 ~€5) +(1S o 4T /14y Zeepcry

apea C

B(54) = _At{ (/\XL3G 4 /\Xll_gse,zt +AX ||_134@ 4)(|Vap G3 e(é;)

GIN
19 1L IVap,G3
+(r|_3 st I_|.3 G +r|_3 G)

08
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S u aT(;m L3 O
- z AXGLm 4(|Gm é(e) + Z aG,LshG,LsRGm,Ls =[] and (B-12)
m=1 m=1 eL3 [
aeG

B(5,5) = 756

2 U [Bi, de U
Aty XM (i +rim Vap.om _ 0€
[l :15 LmG,S( Vap,Gm G) ﬁ GTG aTGE

i O Big,, aeGED

GLm 5 Z /\Xglt)m 5g|em —€) - @G L3 s L3 aT GT%
G
+/\X|I_826 5(|Vap o~ &) + (AXE L3G,5 +/\XII_134G,5)(i:/ap,GS —¢o)

|:BIVap,GZ ae

[Di. de.
r +r| Vap,G3 _ G
B GTG aT E ( L3,G LSG) o

Hot, oT.H

17
+rL2,G

|3 - K
(/\XGLl 5 + /\XGLl,S)(Iél G) /\XGLZ 5 IG2 G)

LDi de, [ LDi de, [
(T2 +r" Gl r G2
( L1 el EéTG oT, E GLZ% aT, E

+ilae,Lth,Lm ZGTm (T = TE) + R, Lmép% %
+mZ:ae,Lth,Lm Rosim (Team=T&) +Rss ng%:n _%

+ag N6 O l;?rl 2 (T -T&) + Ry, Lzéﬁ% - %

+nZil%,L3hG LPRG”‘ S (Temis = T8) + Rom ng% _%

Zlmz_lae ol K<k>5%( omki ~ 16) * Rem,K(k)émgl%:(b —1% (B-13)

The quantities I-fl in Egs. (B-9) — (B-11) are expressed by

H, =y 2%

oo
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2 0 9 de, O .
Ay 07 2R 3 (my 1) = —S o+ AX™ o (e om —
géwm‘ )" ap, 1 Vel

% l(k) |) - D
G,.Lm G Lm %5 a_GI E
0., 0
GLmI Z /\th)m,l glem - éé)%

oe;
0Pq

M6 +T 56 +T 150 —C 2, & &)

[(/\XGLll +/\X(I33L1,I)(iél €) +AXG1, (G, _é(e)]

€)

: ) O 1\
+Z aG,Lth,Lm RGm = (Telm Lm T ) + RGm Lm Sm.L 6( )[
m=1

6ﬁG| 0P

a m K
+ZaGLm G,Lm l;\)C—SM (TGI4,Lm_TG)

0 . 2 R, K
+aG'L2hG,L2 REl,L2 (TCLZL,LZ - TG ) + z aG,L3hG|_3 Sl L3 (-I-C!‘m’Ls _ TG )
] < Ds

4 7 OR,
+ h m,K(k) TI .
mzlglaG’K(k) G,K(k)W( ek~ Ta),

oT,
tRomkw 32 —nkl o(m, |)% /[=1,2and 3.

0Pg
The elements of column vector {C} are

C(m) = B — P
7
AtBLG i+ 3 T T e 0 T8
=1

HME,-T5)0M2) - ([ 56+ 3%)3(m3),

C(4) = ﬁfs (€5 —€5)

[k
+At%e L3 G LB%ICon Gs~ L
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2
K K D
+ z RGm 1386, L3h L3, G(TGm L3 TLs) + Z A3im hL3,Lm (TLIS,Lm - TLs)El and (B-16)
m=1

C(5) = Ba(d - &)
I(k) K O
+At m_Lm G(IVap Gm e{<G) G Lm G Lm E(IGm é(G) D
U
rﬂz G(IVap G2 e((G) + (r I|?3,G +rllg,lG)(ii/ap,63 _é(G)

_(rG ut rtlasu)('él —€5) T g,Lz(iI((;z —€%)
+Z a5 1mhe, Lm[ Gm, Lm(TGm m~Ts) * Rea, Lm(TG4 m ~ To )]
+8g 1,6 Rey, LZ(TGl = Ts)

+ Z RGm 1386, L3hG L3(TGm L3~ TK

4 7
g
+ Z Z RGm k2, K(k) G, K(k)(TGm K(K) —Ts )El

m=1k=1
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Nomenclature
a binary-contact area per unit volume (m™)
g binary-contact area of the A/B interface per unit volume (m™")
a; total contact area between liquid-steel continuous phase and structure surfaces
per unit volume (m™)
c specific heat (J kg™ K™)
Cp specific heat at constant pressure (J kg’ K™
Dy binary diffusivity of component k in a multicomponent mixture (m* s™)
e specific internal energy (J kg™)
f fractional effect of noncondensable gas normalized by pressure ratio
H(x) Heaviside unit function
h heat-transfer coefficient (W m> K™
h', h ?eat-transfer coefficient with and without mass transfer, respectively (W m? K
)
has heat-transfer coefficient for side A of the A/B interface (W m™K)
Neon effective latent heat of condensation (J kg™)
hyap effective latent heat of vaporization (J kg™)
g latent heat of vaporization (J kg™)
I con specific enthalpy of saturated (condensate) liquid (J kg™")
Ivap specific enthalpy of saturated (vaporization) vapor (J kg)
[ specific enthalpy (J kg™)
k', k mass-transfer coefficient with and without mass transfer, respectively (kg m™s™)
Nu Nusselt number
N number of condensable gases
P pressure (Pa)
Pr Prandtl number
Qe heat transfer rate from structure interior (W m> )
Qu nuclear heating rate (W m™)
q heat transfer rate (W m™)
qL\YB net heat-transfer rate at the A/B interface per unit volume (W m™)
R correction factor for mass-transfer rate
Re Reynolds number
Sc Schmidt number
Sh Sherwood number
T temperature (K)
t time (s)
T,\"B interface temperature at the A/B interface (W m™)
Xg fraction of liquid steel component in liquid steel film
W molecular weight (kg mol™)
X mole fraction
y coordinate normal to interface (m)

Greek letters

a, minimum vapor volume fraction

g vapor volume fraction (= 1-ag—a )

Uge effective vapor-volume fraction (= max{ay(1-agy),1-as—(1-a,p 1)
a, volume fraction of liquid field
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ag volume fraction of structure field

At time step size (s)

o Kronecker symbol

K thermal conductivity (W m™ K') or index of iteration step
r mass-transfer rate per unit volume (kg s’ m™)

F,LYB mass-transfer rate from component A to B (kg s m™)
H viscosity (Pa s)

K thermal conductivity (W m™ K)

p microscopic density (kg m™)

P macroscopic (smeared) density (kg m™) (= ap)

w mass fraction

Subscripts

A, B, C,D labels of energy components

Con saturated liquid

Crt critical point

G, 9 vapor mixture

Gm material component m in vapor field

m=1 : fuel,
m=2 : steel,
m=3 : sodium, and
m=4 : fission gas
[ interface quantity

K(k) solid energy component contacting to fluid representing L4, L5, L6, L7, k1, k2
and k3 for k =1 — 7, respectively.

Kk species in multicomponent systems

km energy component of structure surface
m=1 : pin,

m=2 : left can wall, and
m=23 : right can wall

Liq liquidus point
Lf liquid steel film on structure components
Lm energy component m in liquid field

m=1 : liquid fuel,

m=2 : liquid steel,

m=3 : liquid sodium,

m=4 : fuel particles,

m=5 : steel particles,

m=6 : control particles, and

m=7 : fuel chunks

M material component
M=1 : fuel,
M=2 : steel,
M =3 : sodium,
M =4 : control, and
M=35 : fission gas
ng noncondensable gas
o condensation site

Sat, sat saturation
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Sm energy component m in structure field
=1 : pin-fuel surface node,

=2 : left crust fuel,
m=3 : right crust fuel,
m=4 : cladding,
m=35 : left can-wall surface node,
m=6 : left can wall interior node,
m=7 : right can wall surface node,
m =8 : right can wall interior node, and
m=9 : control
Sol solidus p01nt
SK(k) energy component of structure surfaces

k=1 : fuel pin (SK(1)=SI or S4)
k=2 : left can wall (SK(2) = S2, S5 or S6)
k=3 : right can wall (SK(3) = S3, S7 or S8)

Sup superheat

Vap saturated vapor

co bulk quantity

Superscripts

EQ equilibrium mass transfer

I interfacial quantity

I(A/B) interface identification of the A/B binary contact

I(k) interface identification of solid-vapor contact representing 14, 15, 16, 17, 129, 137
and 145 for k = 1 — 7, respectively.

NE non-equilibrium mass transfer

+ lack of pressure dependence

~n initial value

~n+l updated value
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10.
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