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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
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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

SIMMER-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

SIMMER-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
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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 à l'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.

2. 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.

3. 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.

4. 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 α 0 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
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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
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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.

2. 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, SIMMER-III/IV has no component that is assigned to fuel crusts

on liquid droplets.

3. 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.

4. 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.

5. 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.

6. 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.

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

q a h T TA,B A,B A,B A,B
I

A= −( ) into component A, and (2-1)

q a h T TB,A A,B A,B A,B
I

B= −( )  into component B. (2-2)

The net energy transfer rate from the interface is defined as:

q q qA,B
I

A,B B,A= + . (2-3)

If the net heat flow, qA,B
I , is zero, sensible heat is exchanged without phase transition. If qA,B

I

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:

ΓA,B
I

A,B
A,B
I

A B
I=

−
R

q

i i
 if the component formed by the phase transition is B, or (2-4)

ΓA,C
I

A,B
A,B
I

A C
I=

−
R

q

i i
 if component C formed by the phase transition is not B. (2-5)

If qA,B
I  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 is determined from:
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ΓB,A
I

A,B
A,B
I

A
I

B

= −
−

R
q

i i
 if the component formed by the phase transition is A, or (2-6)

ΓB,D
I

A,B
A,B
I

D
I

B

= −
−

R
q

i i
 if component D formed by the phase transition is not A. (2-7)

The right sides of the above four equations are multiplied by a correction factor RA,B

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 RA,B  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
I , 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

T
h T h T

h hA,B
I A,B A B,A B

A,B B,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 SIMMER-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
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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/IV.

The physical model and coordinate system are shown in Fig. 2-4. A multicomponent

vapor mixture at temperature Tg and mass fraction ωk,∞  (k = 1…N) is under the phase

transition on a liquid or solid phase, which is maintained at a constant temperature To. 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

Γ Γk i g kg
k

i

k,i j
j 1

N

= +
=
∑a D

d

dy
ρ ω ω . (2-9)

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

q a
dT

dy
ii i

i

j j
j 1

N

= − −
=
∑κ Γ . (2-10)

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

balance applied to the interface yields

a h T T i a h T T ii g
*

i g j
j 1

N

j,g i o i o j
j 1

N

j,o( ) ( )− − = − − −
= =
∑ ∑Γ Γ , (2-11)

where hg
*  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

h

c a

c a h
g
*

j p, j
j 1

N

i

j p, j
j 1

N

i g

= −
−







−

=

=

∑

∑

Γ

Γexp 1
. (2-12)

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

ρ ω ω ωg kg
k

i

k
*

k,i k,D
d

dy
k= − − ∞( ) , (2-13)

where the mass-transfer coefficient kk
*  in the presence of mass transfer is also modeled by

k

a

a k
k
*

j
j 1

N

i

j
j 1

N

i k

= −
−







−

=

=

∑

∑

Γ

Γexp 1
. (2-14)

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

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:

Nu Re ,Prg
g

g
g g= =

h L
f

κ
( ) , and (2-15)

Sh Re ,Scg
g

g kg
g g= =

k L

D
f

ρ
( ) . (2-16)

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

described by

Γ Γk i k
*

k,i k, k,i j
j 1

N

= − − +∞
=
∑a k ( )ω ω ω , and (2-17)

Γj
j 1

N

lg, j i g
*

i g o i o
=
∑ = − + −[ ]i a h T T h T T( ) ( ) , (2-18)

where ilg  is the latent heat of vaporization as the enthalpy difference between ig and io, 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:

k i i k h T T h T Tj
*

j,i j, lg, j
j 1

N

ng
j,i lg, j

j 1

N

j
*

j,i j,
j 1

N

g
*

i g o i o( ) ( ) ( ) ( )ω ω
ω

ω ω ω− + − = − − + −[ ]∞
= =

∞
=

∑ ∑ ∑1
, (2-19)

where ωng is the mass fraction of noncondensable gases at the interface defined by

ω ωng j,i
j 1

N

= −
=
∑1 . (2-20)
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The mass fraction ωk,i of the vapor component k at the interface is determined by the

relation between mass and mole fractions:

ωk,i
k,i k

j,i j
j 1

N

ng ng

=
+

=
∑

x W

x W x W , (2-21)

where xng is the mole fraction of noncondensable gases at the interface defined by

x xng j,i
j 1

N

= −
=
∑1 . (2-22)

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 xk,i  of vapor component k at the interface is related to the

interface temperature Ti  according to

x
p T

pk,i
sat,k i

g

=
( )

, (2-23)

where p Tsat,k i( ) is the saturation pressure of a phase-transition component at the interface and

pg is the total pressure. The total pressure pg is expressed as the sum of p Tsat,k i( ) and the

partial pressure of the noncondensable gases at the interface:

p p T pg sat, j i
j 1

N

ng,i= +
=
∑ ( ) . (2-24)

In the presence of noncondensable gases, a solution of Eq. (2-24) in terms of the interface

temperature Ti  can be obtained iteratively because there are nonlinear thermodynamic

relationships between Ti  and the partial pressures of vapor components. For the case of no

noncondensable gas, Ti  is evaluated as an iterative solution of Eq. (2-24) with png,i = 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, Rk  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

Tk
k i

k sat,k

=
Γ

Γ
( )

( ) , (2-25)

where

Γk i

i g
*

i g o i o

lg,k

( )
( ) ( )

T
a h T T h T T

i
=

− + −[ ]
, and (2-26)

Γk sat,k

i g sat,k g o sat,k o

lg,k

( )
( ) ( )

T
a h T T h T T

i
=

− + −[ ]
. (2-27)

The mass-transfer rate Γk i( )T  is defined as a function of Ti , which is a solution of Eq. (2-24),

while Γk sat,k( )T  is the mass-transfer rate obtained assuming that the interface temperature is

equal to the bulk saturation temperature T psat,k k( ) and that the vapor-side heat-transfer

coefficient is independent of mass transfer. The correction factor Rk  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 Rk  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, Rk  devoted to each process are also related to the partial

pressure of a vapor component undergoing phase transition:

R f
p

pk
k

g
k = , (2-28)

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

and pg  is the total pressure. Based on the definition of Rk , fk can be expressed by

f
T

T

p

pk
g

k

=
Γ

Γ
k i

k sat,k

( )
( )

. (2-29)

In the V/C numerical solution algorithm, the values of fk determined using beginning-of-

V/C-calculation values are treated to be constant during the V/C iteration, while Rk  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 I . The interfacial area and heat-transfer coefficient

models define a and h, 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

R f
p

pG1,L G1,L
G1

G
1 1= , (2-30)

where fG1,L1 is the fractional effect of non-condensable gas on the fuel condensation and

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

p pG Gm
m =1

4

= ∑ . (2-31)

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

conservation equations:

R RG ,L G ,L4 1 1 11= − . (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 TG ,L
I

Sat,G1 1 1= , and (2-33)

T TG ,L
I

GL14 1 = , (2-34)

where the interface temperature, TGL1, with no mass transfer is given by

T
h T h T

h hGL
L ,G L G,L G

L ,G G,L
1

1 1 1

1 1

=
+
+ . (2-35)

Then, the interfacial energy transfer rate can be evaluated:

q a h T T h T TG L
I

G L L G G L
I

L1 G L G L
I

G1 1 1 1 1 1 1 1 1, , , , , ,[ ( ) ( )]= − + − . (2-36)

The mass-transfer rates at the vapor/liquid-fuel interface are expressed by
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ΓG,L
I

G1,L1
G ,L

G Con,G
1

1 1 1

1 1

=
−

R
q

i i

I

, qG ,L
I
1 1 0> , and (2-37)

ΓL ,G
I

G1,L1
G1,L1
I

Vap,G L
1
1

1 1

= −
−

R
q

i i
, qG ,L

I
1 1 0< . (2-38)

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

R f
p

pGm,L Gm,L
Gm

G
2 2= , m = 1 and 2, (2-39)

where fGm,L2 (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

R RG ,L Gm,L2
m =1

2

4 2 1= −∑ . (2-40)

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

T T TG1,L
I

Sat,G1 GL2 2= max[ , ], (2-41)

T TG ,L
I

Sat,G2 2 2= , and (2-42)

T TG ,L
I

GL24 2 = , (2-43)

where the interface temperature, TGL2, with no mass transfer is given by

T
h T h T

h hGL
L ,G L G,L G

L ,G G,L
2

2 2 2

2 2

=
+
+ . (2-44)

Then, the interfacial energy transfer rates can be evaluated:

q a h T T h T TGm,L
I

G,L L ,G Gm,L
I

Lm G,L Gm,L
I

G2 2 2 2 2 2= − + −[ ( ) ( )] , m = 1 and 2. (2-45)

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

ΓG,Lm
I

Gm,L2
Gm,L
I

Gm Con,Gm

2 2=
−

R
q

i i
, qGm,L

I
3 0> , and (2-46)
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ΓL ,G
I

G ,L
G ,L
I

Vap,G L
2
2

2 2
2 2

2 2

= −
−

R
q

i i
, qG2,L

I
3 0< . (2-47)

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

R f
p

pGm,L Gm,L
Gm

G
3 3= , m = 1, 2 and 3, (2-48)

where fGm,L2 (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

R RG ,L Gm,L2
m =1

3

4 3 1= −∑ . (2-49)

Similar to the vapor/liquid-steel interface, the interface temperatures can be expressed by

T T TGm,L
I

Sat,Gm GL3 3= max[ , ], m = 1 and 2, (2-50)

T TG ,L
I

Sat,G3 3 3= , and (2-51)

T TG ,L
I

GL34 3 = , (2-52)

where the interface temperature, TGL3, with no mass transfer is given by

T
h T h T

h hGL
L ,G L G,L G

L ,G G,L
3

3 3 3

3 3

=
+
+ . (2-53)

Then, the interfacial energy transfer rates can be evaluated:

q a h T T h T TGm,L
I

G,L L ,G Gm,L
I

Lm G,L Gm,L
I

G3 3 3 3 3 3= − + −[ ( ) ( )] , m = 1, 2 and 3. (2-54)

The mass-transfer rates at the vapor/liquid-sodium interface are expressed by

ΓG,Lm
I

Gm,L
Gm,L
I

Gm Con,Gm

3
3

3=
−

R
q

i i
, qGm,L

I
3 0> , and (2-55)

ΓL ,G
I

G ,L
G ,L
I

Vap,G L
3
3

3 3
3 3

3 3

= −
−

R
q

i i
, qG3,L

I
3 0< . (2-56)
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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

R f
p

pGm,K(k) Gm,K(k)
Gm

G

= , m = 1, 2 and 3, (2-57)

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 fGm,K(k) (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

R RG4,K(k) Gm,K(k)
m =1

3

= −∑1 . (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 T TGm,K(k)
I

Sat,Gm GK(k)= max[ , ], m = 1, 2 and 3, and (2-59)

T TG ,K(k)
I

GK(k)4 = , (2-60)

where the interface temperatures, TGK(k), with no mass transfer are given by

T
h T h T

h hGK(k)
K(k) K(k) G,K(k) G

K(k) G,K(k)

=
+

+ . (2-61)

Then, the interfacial energy transfer rates can be evaluated:

q a h T T h T TGm,K(k)
I

G,K(k) K(k) Gm,K(k)
I

K(k) G,K(k) Gm,K(k)
I

G= − + −[ ( ) ( )] , m = 1, 2 and 3. (2-62)

The mass-transfer rates at the vapor/solid-component interface are expressed by

ΓG,Lm
I(k)

Gm,K(k)
Gm,K(k)
I

Gm Con,Gm

=
−

R
q

i i
, (2-63)

where I(k) for k = 1 – 7 represents I4, I5, I6, I7, I29, I37 and I45, respectively. Equation (2-



JNC TN9400 2003-047

– 18 –

63) for m = 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

T T TL ,L
I

Sat,G L L1 2 2 1 2= max[ , ], (2-64)

where the interface temperature, TL L1 2, with no mass transfer is given by

T
h T h T

h hL L
L L L L L L

L L L L
1 2

1 2 1 2 1 2

1 2 2 1

=
+
+

, ,

, ,

. (2-65)

Then, the interfacial energy transfer rate can be evaluated:

q a h T T h T TL ,L
I

L ,L L ,L L ,L
I

L L ,L L ,L
I

L1 2 1 2 1 2 1 2 1 2 1 1 2 2= − + −[ ( ) ( )] . (2-66)

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

ΓL ,G
I8 L ,L

I

Vap,G L
2

1 2

2 2

= −
−

q

i i
. (2-67)

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

T T TL ,L
I

Sat,G L L1 3 3 1 3= max[ , ], (2-68)

where the interface temperature, TL L1 3, with no mass transfer is given by

T
h T h T

h hL L
L L L L L L

L L L L
1 3

1 3 1 3 1 3

1 3 3 1

=
+
+

, ,

, ,

. (2-69)

Then, the interfacial energy transfer rate can be evaluated:

q a h T T h T TL ,L
I

L ,L L ,L L ,L
I

L L ,L L ,L
I

L1 3 1 3 1 3 1 3 1 3 1 1 3 3= − + −[ ( ) ( )] . (2-70)

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

ΓL ,G
I9 L ,L

I

Vap,G L
3

1 3

3 3

= −
−

q

i i
. (2-71)

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

T T TL ,L
I

Sat,G L L2 3 3 2 3= max[ , ], (2-72)

where the interface temperature, TL L2 3, with no mass transfer is given by

T
h T h T

h hL L
L L L L L L

L L L L
2 3

2 3 1 3 2 3

2 3 3 2

=
+
+

, ,

, ,

. (2-73)

Then, the interfacial energy transfer rate can be evaluated:

q a h T T h T TL ,L
I

L ,L L ,L L ,L
I

L L ,L L ,L
I

L2 3 2 3 2 3 2 3 2 3 2 2 3 3= − + −[ ( ) ( )] . (2-74)

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

ΓL ,G
I14 L ,L

I

Vap,G L
3

2 3

3 3

= −
−

q

i i
. (2-75)

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

T T T TL ,L
I

Liq,1 L L Sol,11 4 1 4= min[ ,max( , )], (2-76)

where the interface temperature, TL L1 4 , with no mass transfer is given by

T
h T h T

h hL L
L L L L L

L L L
1 4

1 4 1 4 4

1 4 4

=
+
+

,

,

. (2-77)

Then, the interfacial energy transfer rate is given by

q a h T T h T TL ,L
I

L L L L L ,L
I

L L L ,L
I

L1 4 1 4 1 4 1 4 1 4 1 4 4= − + −, ,[ ( ) ( )] . (2-78)

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

ΓL ,L
I10 L ,L

I

L Sol,
1 4

1 4

1 1

=
−

q

i i
, qL ,L

I
1 4 0> , for fuel freezing, and (2-79)

ΓL ,L
I10 L ,L

I

Liq, L
4 1

1 4

1 4

= −
−

q

i i
, qL ,L

I
1 4 0< , for fuel melting. (2-80)
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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

T T T TL ,L
I

Liq,1 L L Sol,11 7 1 7= min[ ,max( , )], (2-81)

where the interface temperature, TL L1 7, with no mass transfer is given by

T
h T h T

h hL L
L L L L L

L L L
1 7

1 7 1 7 7

1 7 7

=
+
+

,

,

. (2-82)

Then, the interfacial energy transfer rate is given by

q a h T T h T TL ,L
I

L ,L L ,L L ,L
I

L L L ,L
I

L1 7 1 7 1 7 1 7 1 7 1 7 7= − + −[ ( ) ( )] . (2-83)

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

ΓL ,L
I13 L ,L

I

L Sol,
1 7

1 7

1 1

=
−

q

i i
, qL ,L

I
1 7 0> , for fuel freezing, and (2-84)

ΓL ,L
I13 L ,L

I

Liq, L
1 7

1 7

1 4

= −
−

q

i i
, qL ,L

I
1 7 0< , for fuel melting. (2-85)

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 T T TL ,L
I

Liq,2 L L Sol,22 5 2 5= min[ ,max( , )], (2-86)

where the interface temperature, TL L2 5, with no mass transfer is given by

T
h T h T

h hL L
L L L L L

L L L
2 5

2 5 2 5 5

2 5 5

=
+
+

,

,

. (2-87)

Then, the interfacial energy transfer rate is given by

q a h T T h T TL ,L
I

L L L L L L
I

L L L L
I

L2 5 2 5 2 5 2 5 2 5 2 5 5= − + −, , , ,[ ( ) ( )] . (2-88)

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



JNC TN9400 2003-047

– 21 –

ΓL ,L
I16 L ,L

I

L Sol,
2 5

2 5

2 2

=
−

q

i i
, qL ,L

I
2 5 0> , for steel freezing, and (2-89)

ΓL ,L
I16 L ,L

I

Liq, L
5 2

2 5

2 5

= −
−

q

i i
, qL ,L

I
2 5 0< , for steel melting. (2-90)

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
c T c T

c cL ,L
I L L L L

L L
1 5

1 1 5 5

1 5

=
+
+

( ) ( )

( ) ( )

κρ κρ
κρ κρ

. (2-91)

Then, the interfacial energy transfer rate is given by

q a h T T h T TL ,L
I

L ,L L ,L L ,L
I

L L L ,L
I

L1 5 1 5 1 5 1 5 1 5 1 5 5= − + −[ ( ) ( )] . (2-92)

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

ΓL ,L
I11 L ,L

I

L Sol,
1 4

1 5

1 1

=
−

q

i i
, qL ,L

I
1 5 0> , for fuel-particle formation, and (2-93)

ΓL ,L
I11 L ,L

I

Liql, L
5 2

1 5

2 5

= −
−

q

i i
, qL ,L

I
1 5 0< , for steel-particle melting. (2-94)

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

T
c T c T

c cL ,k
I L L k k

L k
1 1

1 1 1 1

1 1

=
+
+

( ) ( )

( ) ( )

κρ κρ
κρ κρ

, (2-95)

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

rate is given by

q a h T T h T TL ,k
I

L ,k L ,S L ,k
I

k k L ,k
I

L1 1 1 1 1 1 1 1 1 1 1 1= − + −[ ( ) ( )] . (2-96)

The mass-transfer rates at the liquid-fuel/cladding interface are expressed by
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ΓL ,L
I30 L ,k1

I

L Sol,
1 4

1

1 1

=
−

q

i i
, qL ,k

I
1 1 0> , for fuel-particle formation, and (2-97)

Γk ,L
I 3 L ,k

I

Liql, k
1 2
2 1 1

2 1

= −
−

q

i i
, qL ,k

I
1 1 0< , for cladding ablation. (2-98)

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

T
h T h T

h hL k
I L S L k k

L S k
1 1

1 1 1 1

1 1
,

,

,

=
+
+ , (2-99)

where k1 is active for the pin-fuel surface, SK(1) =S1.

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

T T T TL ,k1
I

Liq,2 L k Sol,22 2 1= min[ ,max( , )], (2-100)

where k1 is active for the cladding surface, SK(1) = S4. The interface temperature, TL k2 1,

with no mass transfer is

T
h T h T

h hL k
L S L k k

L S k
2 1

2 2 1 1

2 1

=
+
+

,

,

. (2-101)

Then, the interfacial energy transfer rate is given by

q a h T T h T TL ,k
I

L ,k L ,S L ,k
I

L k L ,k
I

k2 1 2 1 2 2 1 2 1 2 1 1= − + −[ ( ) ( )] . (2-102)

Once the interfacial energy transfer rate is known, the mass-transfer rates are

ΓL ,k
I31 L ,k

I

L Sol,
2 1

2 1

2 2

=
−

q

i i
, qL ,k

I
2 1 0> , for steel freezing, and (2-103)

Γk ,L
I31 L ,k

I

Liq, k
1 2

2 1

2 1

= −
−

q

i i
, qL ,k

I
2 1 0< , for cladding melting. (2-104)

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

T
h T h T

h hL k
I L S L k k

L S k
2 1

2 2 1 1

2 1
,

,

,

=
+
+ , (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

T T T TL ,km
I

Liq, L km Sol,1 1 1 1= min[ ,max( , )], (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, TL km1 , with no mass transfer

are given by

T
h T h T

h hL km
L ,S L km km

L ,S km
1

1 1

1

=
+
+ . (2-107)

Then, the interfacial energy transfer rates are given by

q a h T T h T TL ,km
I

L ,km L ,S L ,km
I

L km L ,km
I

km1 1 1 1 1 1= − + −[ ( ) ( )] . (2-108)

Once the interfacial energy transfer rate is known, the mass-transfer rates are

ΓL ,km
I(k) L ,km

I

L Sol,
1

1

1 1

=
−

q

i i
, qL ,km

I
1 0> , for fuel freezing, and (2-109)

Γkm,L
I k) L ,km

I

Liq, km
1

1

1

( = −
−

q

i i
, qL1,km

I < 0, for crust melting, (2-110)

where I(k) for k = 2 and 3 represents I38 and I46, 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
c T c T

c cL ,km
I L L km km

L km
1

1 1

1

=
+
+

( ) ( )

( ) ( )

κρ κρ
κρ κρ

, (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

q a h T T h T TL ,km
I

L ,km L ,S L ,km
I

L km L ,km
I

km1 1 1 1 1 1= − + −[ ( ) ( )] . (2-112)

Once the interfacial energy transfer rate is known, the mass-transfer rates are

ΓL ,SK(k)
I k) L ,km

I

L Sol,
1

1

1 1

( =
−

q

i i
, qL ,km

I
1 0> , for crust formation, and (2-113)
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Γkm,L
I k) L ,km

I

Liq, km
2

1

2

( = −
−

q

i i
, qL ,km

I
1 0< , for can-wall ablation, (2-114)

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

T T T TL ,km
I

Liq,2 L km Sol,22 2= min[ ,max( , )], (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, TL km2 , with

no mass transfer is given by

T
h T h T

h hL km
L S L km km

L S km
2

2 2

2

=
+
+

,

,

. (2-116)

Then, the interfacial energy transfer rate is given by

q a h T T h T TL ,km
I

L ,km L ,S L ,km
I

L km L ,km
I

km2 2 2 2 2 2= − + −[ ( ) ( )] . (2-117)

Once the interfacial energy transfer rate is known, the mass-transfer rates are

ΓL ,km
I k) L ,km

I

L Sol,
2

2

2 2

( =
−

q

i i
, qL ,km

I
2 0> , for steel freezing, and (2-118)

Γkm,L
I k) L ,km

I

Liq, km
2

2

2

( = −
−

q

i i
, qL ,km

I
2 0< , for cladding melting, (2-119)

where I(k) for k = 2 and 3 represents I39 and I47, 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

T
h T h T

h hL km
I L S L km km

L S km
2

2 2

2
,

,

,

=
+
+ , (2-120)

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
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defined by Eq. (2-8), is assigned.

For liquid-steel/fuel-particle interface

T
h T h T

h hL L
I L L L L L

L L L
2 4

2 4 2 4 4

2 4 4
,

,

,

=
+
+ . (2-121)

For liquid-steel/fuel-chunk interface

T
h T h T

h hL2,L7
I L2,L7 L2 L7 L7

L2,L7 L7

=
+
+ . (2-122)

For liquid-sodium/fuel-particle interface

T
h T h T

h hL L
I L L L L L

L L L
3 4

3 4 3 4 4

3 4 4
,

,

,

=
+
+ . (2-123)

For liquid-sodium/steel-particle interface

T
h T h T

h hL L
I L L L L L

L L L
3 5

3 5 3 5 5

3 5 5
,

,

,

=
+
+ . (2-124)

For liquid-sodium/fuel-chunk interface

T
h T h T

h hL3,L7
I L3,L7 L3 L7 L7

L3,L7 L7

=
+
+ . (2-125)

For real-liquid/control-particle interface

T
h T h T

h hLm L
I Lm L Lm L L

Lm L L
,

,

,
6

6 6 6

6 6

=
+
+ , m = 1, 2 and 3. (2-126)

For particle/particle and particle/fuel-chunk interfaces

T
h T h T

h hLm,Lm©
I Lm Lm Lm© Lm©

Lm Lm©

=
+
+ , m = 4, 5, 6 and 7, and m' = 4, 5, 6 and 7 (m' ≠ m). (2-127)

For particle/structure and fuel-chunk/structure interfaces

T
h T h T

h hLm,km©
I Lm km© km©

Lm km©

=
+
+

Lm , m = 4, 5, 6 and 7, and m' = 1, 2 and 3. (2-128)

For liquid-sodium/structure interface

T
h T h T

h hL km
I L S L km km

L S km
3

3 3

3
,

,

,

=
+
+ , m = 1, 2 and 3. (2-129)
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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

Γ
∆Sm,L1

EQ Sm Sol,M(Sm)

f,M(Sm)
Sm=

−1
t

e e

h
ρ , e eSm Sol,M(Sm)> , m = 2 and 3, (2-130)

for can-wall surface melting

Γ
∆Sm,L2

EQ Sm Sol,M(Sm)

f,M(Sm)
Sm=

−1
t

e e

h
ρ , e eSm Sol,M(Sm)> , m = 5 and 7, (2-131)

for fuel particle melting

Γ
∆L4,L1

EQ L4 Sol,M(L4)

f,M(L4)
L4=

−1
t

e e

h
ρ , e eL4 Sol,M(L4)> , (2-132)

for steel particle melting

Γ
∆L5,L2

EQ L5 Sol,M(L5)

f,M(L5)
L5=

−1
t

e e

h
ρ , e eL5 Sol,M(L5)> , (2-133)

for fuel chunk melting

Γ
∆L7,L1

EQ L7 Sol,M(L7)

f,M(L7)
L7=

−1
t

e e

h
ρ , e eL7 Sol,M(L7)> , (2-134)

for fuel particle formation

Γ
∆L1,L4

EQ Liq,M(L1) L1

f,M(L1)
L1=

−1
t

e e

h
ρ , e eL1 Liq,M(L1)< , and (2-135)

for steel particle formation

Γ
∆L2,L5

EQ Liq,M(L2) L2

f,M(L2)
L2=

−1
t

e e

h
ρ , e eL2 Liq,M(L2)< , (2-136)
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where the heat of fusion, hf,M , is defined by e eLiq,M Sol,M− .

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

Γ
∆L2,L5

EQ Liq,M(L2) L2

f,M(L2)
L2 B=

−
−

1
1

t

e e

h
Xρ ( ), e eL2 Liq,M(L2)< , and (2-137)

for steel freezing onto structure surfaces

Γ
∆L2,Sm

EQ Liq,M(L2) L2

f,M(L2)
L2 B

L2,Sm

Lf

=
−1

t

e e

h
X

a

a
ρ , e eL2 Liq,M(L2)< , (2-138)

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

XB is the fraction of liquid steel component in the continuous region of liquid steel, and aLf

(= aL2,Sm
m
∑ ) is defined as the total contact area between the liquid-steel continuous phase

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

I1 Liquid Fuel • Condense Fuel Vapor ΓG,L1
I1

-Vapor • Form Fuel Particles ΓL1,L4
I1

• Vaporize Liquid Fuel ΓL1,G
I1

I2 Liquid Steel • Condense Fuel ΓG,Lm
I2

-Vapor and Steel Vapor (m = 1 and 2)
• Form Steel Particles ΓL2,L5

I2

• Vaporize Liquid Steel ΓL2,G
I2

I3 Liquid Sodium • Condense Fuel, Steel, ΓG,Lm
I3

-Vapor and Sodium Vapor (m = 1, 2 and 3)
• Vaporize Liquid Sodium ΓL3,G

I3

I4 Fuel Particles • Condense Fuel, Steel, ΓG,Lm
I4

-Vapor and Sodium Vapor (m = 1, 2 and 3)
• Melt Fuel Particles ΓL4,L1

I4

I5 Steel Particles • Condense Fuel, Steel, ΓG,Lm
I5

-Vapor and Sodium Vapor (m = 1, 2 and 3)
• Melt Steel Particles ΓL5,L2

I5

I6 Control Particles • Condense Fuel, Steel, ΓG,Lm
I6

-Vapor and Sodium Vapor (m = 1, 2 and 3)

I7 Fuel Chunks • Condense Fuel, Steel, ΓG,Lm
I7

-Vapor and Sodium Vapor (m = 1, 2 and 3)
• Melt Fuel Chunks ΓL7,L1

I7

I8 Liquid Fuel • Form Fuel Particles ΓL1,L4
I8

-Liquid Steel • Vaporize Liquid Steel ΓL2,G
I8

I9 Liquid Fuel • Form Fuel Particles ΓL1,L4
I9

-Liquid Sodium • Vaporize Liquid Sodium ΓL3,G
I9

I10 Liquid Fuel • Form Fuel Particles ΓL1,L4
I10

-Fuel Particles • Melt Fuel Particles ΓL4,L1
I10

I11 Liquid Fuel • Form Fuel Particles ΓL1,L4
I11

-Steel Particles • Melt Steel Particles ΓL5,L2
I11

I12 Liquid Fuel • Form Fuel Particles ΓL1,L4
I12

-Control Particles • Vaporize Liquid Fuel ΓL1,G
I12

I13 Liquid Fuel • Form Fuel Chunks ΓL1,L7
I13

-Fuel Chunks • Melt Fuel Chunks ΓL7,L1
I13



JNC TN9400 2003-047

– 29 –

Table 2-1. (CONT)

ID Interface Process Mass-transfer rate

I14 Liquid Steel • Form Steel Particles ΓL2,L5
I14

-Liquid Sodium • Vaporize Liquid Sodium ΓL3,G
I14

I15 Liquid Steel • Form Steel Particles ΓL2,L5
I15

-Fuel Particles • Vaporize Liquid Steel ΓL2,G
I15

• Melt Fuel Particles ΓL4,L1
I15

I16 Liquid Steel • Form Steel Particles ΓL2,L5
I16

-Steel Particles • Melt Steel Particles ΓL5,L2
I16

I17 Liquid Steel • Form Steel Particles ΓL2,L5
I17

-Control Particles • Vaporize Liquid Steel ΓL2,G
I17

I18 Liquid Steel • Form Steel Particles ΓL2,L5
I18

-Fuel Chunks • Vaporize Liquid Steel ΓL2,G
I18

• Melt Fuel Chunks ΓL7,L1
I18

I19 Liquid Sodium • Vaporize Liquid Sodium ΓL3,G
I19

-Fuel Particles

I20 Liquid Sodium • Vaporize Liquid Sodium ΓL3,G
I20

-Steel Particles • Melt Steel Particles ΓL5,L2
I20

I21 Liquid Sodium • Vaporize Liquid Sodium ΓL3,G
I21

-Control Particles

I22 Liquid Sodium • Vaporize Liquid Sodium ΓL3,G
I22

-Fuel Chunks

I23 Fuel Particles • Melt Steel Particles ΓL5,L2
I23

-Steel Particles

I24 Fuel Particles • Melt Fuel Particles ΓL4,L1
I24

- Control Particles

I25 Fuel Particles • Melt Fuel Particles ΓL4,L1
I25

- Fuel Chunks • Melt Fuel Chunks ΓL7,L1
I25

I26 Steel Particles • Melt Steel Particles ΓL5,L2
I26

- Control Particles

I27 Steel Particles • Melt Steel Particles ΓL5,L2
I27

- Fuel Chunks

I28 Control Particles • Melt Fuel Chunks ΓL7,L1
I28

- Fuel Chunks
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Table 2-1. (CONT)

ID Interface Process Mass-transfer rate

I29 Pin • Condense Fuel, Steel, ΓG,Lm
I29

-Vapor and Sodium Vapor (m = 1, 2 and 3)
• Melt Cladding ΓS4,L2

I29

• Melt Pin Fuel ΓS1,L1
I29

I30 Pin • Form Fuel Particles ΓL1,L4
I30

-Liquid Fuel • Melt Cladding ΓS4,L2
I30

• Melt Pin Fuel ΓS1,L1
I30

• Vaporize Liquid Fuel ΓL1,G
I30

I31 Pin • Freeze Steel to Cladding ΓL2,S4
I31

-Liquid Steel • Melt Cladding ΓS4,L2
I31

• Vaporize Liquid Steel ΓL2,G
I31

• Melt Pin Fuel ΓS1,L1
I31

I32 Pin • Vaporize Liquid Sodium ΓL3,G
I32

-Liquid Sodium • Melt Cladding ΓS4,L2
I32

I33 Pin • Melt Cladding ΓS4,L2
I33

-Fuel Particles • Melt Fuel Particles ΓL4,L1
I33

I34 Pin • Melt Steel Particles ΓL5,L2
I34

-Steel Particles

I35 Pin • Melt Cladding ΓS4,L2
I35

-Control Particles • Melt Pin Fuel ΓS1,L1
I35

I36 Pin • Melt Cladding ΓS4,L2
I36

-Fuel Chunks • Melt Fuel Chunks ΓL7,L1
I36

I37 Left Can Wall or Crust • Condense Fuel, Steel, ΓG,Lm
I37

-Vapor and Sodium Vapor (m = 1, 2 and 3)
• Melt Can Wall ΓS5,L2

I37  or ΓS6,L2
I37

• Melt Crust ΓS2,L1
I37

I38 Left Can Wall or Crust • Form Crust ΓL1,S2
I38

-Liquid Fuel • Melt Crust ΓS2,L1
I38

• Melt Can Wall ΓS5,L2
I38  or ΓS6,L2

I38

I39 Left Can Wall or Crust • Freeze Steel to Can Wall ΓL2,S5
I39  or ΓL2,S6

I39

-Liquid Steel • Melt Can Wall ΓS5,L2
I39  or ΓS6,L2

I39

• Vaporize Liquid Steel ΓL2,G
I39

• Melt Crust ΓS2,L1
I39
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Table 2-1. (CONT)

ID Interface Process Mass-transfer rate

I40 Left Can Wall or Crust • Vaporize Liquid Sodium ΓL3,G
I40

-Liquid Sodium • Melt Can Wall ΓS5,L2
I40  or ΓS6,L2

I40

I41 Left Can Wall or Crust • Melt Can Wall ΓS5,L2
I41  or ΓS6,L2

I41

-Fuel Particles

I42 Left Can Wall or Crust • Melt Steel Particles ΓL5,L2
I42

-Steel Particles

I43 Left Can Wall or Crust • Melt Can Wall ΓS5,L2
I43  or ΓS6,L2

I43

-Control Particles • Melt Crust ΓS2,L1
I43

I44 Left Can Wall or Crust • Melt Can Wall ΓS5,L2
I44  or ΓS6,L2

I44

-Fuel Chunks

I45 Right Can Wall or Crust • Condense Fuel, Steel, ΓG,Lm
I45

-Vapor and Sodium Vapor (m = 1, 2 and 3)
• Melt Can Wall ΓS7,L2

I45  or ΓS8,L2
I45

• Melt Crust ΓS3,L1
I45

I46 Right Can Wall or Crust • Form Crust ΓL1,S3
I46

-Liquid Fuel • Melt Crust ΓS3,L1
I46

• Melt Can Wall ΓS7,L2
I46  or ΓS8,L2

I46

I47 Right Can Wall or Crust • Freeze Steel to Can Wall ΓL2,S7
I47  or ΓL2,S8

I47

-Liquid Steel • Melt Can Wall ΓS7,L2
I47  or ΓS8,L2

I47

• Vaporize Liquid Steel ΓL2,G
I47

• Melt Crust ΓS3,L1
I47

I48 Right Can Wall or Crust • Vaporize Liquid Sodium ΓL3,G
I48

-Liquid Sodium • Melt Can Wall ΓS7,L2
I48  or ΓS8,L2

I48

I49 Right Can Wall or Crust • Melt Can Wall ΓS7,L2
I49  or ΓS8,L2

I49

-Fuel Particles

I50 Right Can Wall or Crust • Melt Steel Particles ΓL5,L2
I50

-Steel Particles

I51 Right Can Wall or Crust • Melt Can Wall ΓS7,L2
I51  or ΓS8,L2

I51

-Control Particles • Melt Crust ΓS3,L1
I51

I52 Right Can Wall or Crust • Melt Can Wall ΓS7,L2
I52  or ΓS8,L2

I52

-Fuel Chunks
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Table 2-2. SIMMER-III non-equilibrium mass-transfer processes.

ID Interface Process Mass-transfer rate

I1 Liquid Fuel • Condense Fuel Vapor ΓG,L1
I1

-Vapor • Vaporize Liquid Fuel ΓL1,G
I1

I2 Liquid Steel • Condense Fuel ΓG,Lm
I2

-Vapor and Steel Vapor (m = 1 and 2)
• Vaporize Liquid Steel ΓL2,G

I2

I3 Liquid Sodium • Condense Fuel, Steel, ΓG,Lm
I3

-Vapor and Sodium Vapor (m = 1, 2 and 3)
• Vaporize Liquid Sodium ΓL3,G

I3

I4 Fuel Particles • Condense Fuel, Steel, ΓG,Lm
I4

-Vapor and Sodium Vapor (m = 1, 2 and 3)

I5 Steel Particles • Condense Fuel, Steel, ΓG,Lm
I5

-Vapor and Sodium Vapor (m = 1, 2 and 3)

I6 Control Particles • Condense Fuel, Steel, ΓG,Lm
I6

-Vapor and Sodium Vapor (m = 1, 2 and 3)

I7 Fuel Chunks • Condense Fuel, Steel, ΓG,Lm
I7

-Vapor and Sodium Vapor (m = 1, 2 and 3)

I8 Liquid Fuel • Vaporize Liquid Steel ΓL2,G
I8

-Liquid Steel

I9 Liquid Fuel • Vaporize Liquid Sodium ΓL3,G
I9

-Liquid Sodium

I10 Liquid Fuel • Form Fuel Particles ΓL1,L4
I10

-Fuel Particles • Melt Fuel Particles ΓL4,L1
I10

I11 Liquid Fuel • Form Fuel Particles ΓL1,L4
I11

-Steel Particles • Melt Steel Particles ΓL5,L2
I10

I13 Liquid Fuel • Form Fuel Chunks ΓL1,L7
I13

-Fuel Chunks • Melt Fuel Chunks ΓL7,L1
I13

I14 Liquid Steel • Vaporize Liquid Sodium ΓL3,G
I14

-Liquid Sodium

I16 Liquid Steel • Form Steel Particles ΓL2,L5
I16

-Steel Particles • Melt Steel Particles ΓL5,L2
I16
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Table 2-2. (CONT)

ID Interface Process Mass-transfer rate

I29 Pin • Condense Fuel, Steel, ΓG,Lm
I29

-Vapor and Sodium Vapor (m = 1, 2 and 3)

I30 Pin • Form Fuel Particles ΓL1,L4
I30

-Liquid Fuel • Melt Cladding ΓS4,L2
I30

I31 Pin • Freeze Steel to Cladding ΓL2,S4
I31

-Liquid Steel • Melt Cladding ΓS4,L2
I31

I37 Left Can Wall or Crust • Condense Fuel, Steel, ΓG,Lm
I37

-Vapor and Sodium Vapor (m = 1, 2 and 3)

I38 Left Can Wall or Crust • Form Crust ΓL1,S2
I38

-Liquid Fuel • Melt Crust ΓS2,L1
I38

• Melt Can Wall ΓS5,L2
I38  or ΓS6,L2

I38

I39 Left Can Wall or Crust • Freeze Steel to Can Wall ΓL2,S5
I39  or ΓL2,S6

I39

-Liquid Steel • Melt Can Wall ΓS5,L2
I39  or ΓS6,L2

I39

I45 Right Can Wall or Crust • Condense Fuel, Steel, ΓG,Lm
I45

-Vapor and Sodium Vapor (m = 1, 2 and 3)

I46 Right Can Wall or Crust • Form Crust ΓL1,S3
I46

-Liquid Fuel • Melt Crust ΓS3,L1
I46

• Melt Can Wall ΓS7,L2
I46  or ΓS8,L2

I46

I47 Right Can Wall or Crust • Freeze Steel to Can Wall ΓL2,S7
I47  or ΓL2,S8

I47

-Liquid Steel • Melt Can Wall ΓS7,L2
I47  or ΓS8,L2

I47
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Figure 2-1. Mass-transfer processes among liquid and vapor interfaces.
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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

∂
∂

= − −
= =

∑ ∑ρSK(k)
Lm,SK(k)
NE

SK(k),Lm
NE

m
SK(k),Lm
EQ

mt
[ ]Γ Γ Γ

1

2

1

2

, (3-1)

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

wall surfaces, respectively, ΓLm,SK(k)
NE  is the non-equilibrium mass-transfer rate due to liquid

freezing, ΓSK(k),Lm
NE  is the non-equilibrium mass-transfer rate due to structure melting, and

ΓSK(k),Lm
EQ  is the equilibrium mass-transfer rate due to structure melting.

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

∂
∂

= − + −
= =

∑ ∑ρLm
Lm©,Lm
NE

Lm,Lm©
NE

m©
Lm©,Lm
EQ

Lm,Lm©
EQ

m©t
[ ] [ ]Γ Γ Γ Γ

1

2

1

2

, (3-2)

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

fuel chunks, respectively, ΓLm,Lm©
NE  is the non-equilibrium mass-transfer rate due to liquid

freezing, ΓLm©,Lm
NE  is the non-equilibrium mass-transfer rate due to particle and chunk melting,

ΓLm,Lm©
EQ is the equilibrium mass-transfer rate due to liquid freezing, and ΓLm©,Lm

EQ is the

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

The mass-conservation equations for the real liquid components are

∂
∂

= − + − + −
= =

∑ ∑ρLm
SK(k),Lm
NE

Lm,SK(k)
NE

k
Lm©,Lm
NE

Lm,Lm©
NE

m©
L7,Lm
NE

Lm,L7
NE

t
[ ] [ ]Γ Γ Γ Γ Γ Γ

1

3

4

5

+ + − + − + −
= =

∑ ∑Γ Γ Γ Γ Γ Γ ΓSK(k),Lm
EQ

k
Lm©,Lm
EQ

Lm,Lm©
EQ

m©
L7,Lm
EQ

Lm,L7
EQ

G,Lm
NE

Lm,G
NE

1

3

4

5

[ ] , (3-3)

where Lm for m = 1, 2 and 3 represents the energy components of liquid fuel, steel and

sodium, respectively, ΓG,Lm
NE  is the mass-transfer rate due to condensation, and ΓLm,G

NE  is the

mass-transfer rate due to vaporization.

For the three condensable vapor components only non-equilibrium mass transfer occurs.
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The mass-conservation equations are

∂
∂

= −
ρGm

Lm,G
NE

G,Lm
NE

t
Γ Γ , (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:

∂
∂

= −
=

∑ρSK(k) SK(k)
Lm,SK(k)
NE

Sol,M(Lm) SK(k),Lm
NE

SK(k)
m

i

t
i i[ ]Γ Γ

1

2

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

−
=

∑ΓSK(k),Lm
EQ

Liq,M(Lm)
m

i
1

2

[Enthalpy gains from equilibrium M/F transfer]

+ −
=

∑[ ( )]a h T TLm,SK(k) SK(k),Lm Lm,SK(k)
I

SK(k)
m 1

7

[Heat transfer from liquid components]

+ −
=

∑[ ( )]R a h T TGm,SK(k) G,SK(k) SK(k),G G,SK(k)
I

SK(k)
m 1

4

[Heat transfer from vapor field]

+ +Q QInt,SK(k) N,SK(k)

[Heat transfer from structure interior] + [Nuclear heating]

+
∂
∂

αSK(k)

p

t
. (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:

∂
∂

= −
=

∑ρLm Lm
Lm©,Lm
NE

Sol,M(Lm©) Lm,Lm©
NE

Lm
m©

i

t
i i[ ]Γ Γ

1

2

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

∑ [ ]Γ ΓLm©,Lm
EQ

Sol,M(Lm©) Lm,Lm©
EQ

Liq,M(Lm)
m©

i i
1

2

[Enthalpy gains from equilibrium M/F transfer]

+ −
=
≠

∑ [ ( )]a h T TLm,Lm© Lm,Lm© Lm,Lm©
I

Lm
m©
m© m

1

7

[Heat transfer from other liquid components]

+ −
=

∑[ ( )]a h T TLm,SK(k) Lm,SK(k) Lm,SK(k)
I

Lm
k 1

3

[Heat transfer from structures]

+ −
=

∑ [ ( )]R a h T TGm©,Lm G,Lm Lm,G Gm©,Lm
I

Lm
m©1

4

[Heat transfer from vapor field]

+ +
∂
∂

Q
p

tN,Lm Lmα . (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:

∂
∂

= − + −
= =

∑ ∑ρLm Lm
SK(k),Lm
NE

Liq,M(SK(k)) Lm,SK(k)
NE

Lm
k

Lm©,Lm
NE

Liq,M(Lm©) Lm,Lm©
NE

Lm
m©

i

t
i i i i[ ] [ ]Γ Γ Γ Γ

1

3

4

5

+ −Γ ΓL7,Lm
NE

Liq,M(L7) Lm,L7
NE

Lmi i

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

+ + −
= =

∑ ∑Γ Γ ΓSK(k),Lm
EQ

Liq,M(SK(k))
k

Lm©,Lm
EQ

Liq,M(Lm©) Lm,Lm©
EQ

Sol,M(Lm)
m©

i i i
1

3

4

5

[ ]

+ −Γ ΓL7,Lm
EQ

Liq,M(L7) Lm,L7
EQ

Lmi i

[Enthalpy gains from equilibrium M/F transfer]

+ −Γ ΓG,Lm
NE

Con,Gm Lm,G
NE

Lmi i

[Enthalpy gains from V/C transfer]
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+ −
=
≠

∑ [ ( )]a h T TLm,Lm© Lm,Lm© Lm,Lm©
I

Lm
m©
m© m

1

7

[Heat transfer from other liquid components]

+ −
=

∑[ ( )]a h T TLm,SK(k) Lm,SK(k) Lm,SK(k)
I

Lm
k 1

3

[Heat transfer from structures]

+ −
=

∑ [ ( )]R a h T TGm©,Lm G,Lm Lm,G Gm©,Lm
I

Lm
m©1

4

[Heat transfer from vapor field]

+ +
∂
∂

Q
p

tN,Lm Lmα . (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:

∂
∂

= −
=

∑ρG G
Lm,G
NE

Vap,Gm G,Lm
NE

Gm
m

i

t
i i[ ]Γ Γ

1

3

[Enthalpy gains from V/C transfer]

+ −
==

∑∑ [ ( )]R a h T TGm,Lm© G,Lm© G,Lm© G,Lm©
I

G
mm© 1

4

1

7

[Heat transfer from real liquids, particles and fuel chunks]

+ −
==

∑∑ [ ( )]R a h T TGm,SK(k) G,SK(k) G,SK(k) G,SK(k)
I

G
mk 1

4

1

3

[Heat transfer from structures]

+ +
∂
∂

Q
p

tN,G Gα . (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,

α α0 1( )− S , 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.



JNC TN9400 2003-047

– 43 –

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

∂
∂

= − −
ρ δk1

L2,k1
I31

k1,L2
I30

k1,L2
I31 SK(1),S4

t
( ) ( )Γ Γ Γ , (4-1)

∂
∂

= −
ρ δk2

L1,k2
I38

k2,L1
I38 SK(2),S2

t
( ) ( )Γ Γ

+ − − +[ ]( ) ( ) ( )Γ Γ ΓL2,k2
I39

k2,L2
I38

k2,L2
I39 SK(2),S5 SK(2),S6δ δ , (4-2)

∂
∂

= −
ρ δk3

L1,k3
I46

k3,L1
I46 SK(3),S3

t
( ) ( )Γ Γ

+ − − +[ ]( ) ( ) ( )Γ Γ ΓL2,k3
I47

k3,L2
I46

k3,L2
I47 SK(3),S7 SK(3),S8δ δ , (4-3)

∂
∂

= − +[ ]ρ δk1 k1
L2,k1
I31

Sol,M(k1) k1,L2
I30

k1,L2
I31

k1 SK(1),S4
e

t
e eΓ Γ Γ( ) ( )

+ −
=

∑a h T TLm,k1 k1 k1,Lm
I

k1
m

( )
1

7

, (4-4)

∂
∂

= −
ρ δk2 k2

L1,k2
I38

Sol,M(k2) k2,L1
I38

k2 SK(2),S2
e

t
e e( ) ( )Γ Γ

+ − +[ ] +[ ]Γ Γ ΓL2,k2
I39

Sol,M(k2) k2,L2
I38

k2,L2
I39

k2 SK(2),S5 SK(2),S6e e( ) ( ) ( )δ δ

+ −
=

∑a h T TLm,k2 k2 k2,Lm
I

k2
m

( )
1

7

, and (4-5)

∂
∂

= −
ρ δk3 k3

L1,k3
I46

Sol,M(k3) k3,L1
I46

k3 SK(3),S3
e

t
e e( ) ( )Γ Γ

+ − +[ ] +[ ]Γ Γ ΓL2,k3
I47

Sol,M(k3) k3,L2
I46

k3,L2
I47

k3 SK(3),S7 SK(3)e e S( ) ( ) ( , )δ δ 8

+ −
=

∑a h T TLm,k3 k3 k3,Lm
I

k3
m

( )
1

7

, (4-6)

where δ 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

∂
∂

= −[ ]ρ δS2
L1,S2
I38 SK(2),S2

t
Γ 1 ( ) , (4-7)

∂
∂

= −[ ]ρ δS3
L1,S3
I46 SK(3),S3

t
Γ 1 ( ) , (4-8)

∂
∂

= −[ ]ρ δS2 S2
L1,S2
I38

Sol,M(S2) SK(2),S2
e

t
eΓ 1 ( ) , and (4-9)

∂
∂

= −[ ]ρ δS3 S3
L1,S3
I46

Sol,M(S3) SK(3),S3
e

t
eΓ 1 ( ) . (4-10)

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

∂
∂

= − + +
ρ δL4

L1,L4
I10

L4,L1
I10

L1,L4
I11

L1,L4
I30 (SK(1),S4)

t
Γ Γ Γ Γ , (4-11)

∂
∂

= − −
ρL5

L2,L5
I16

L5,L2
I11

L5,L2
I16

t
Γ Γ Γ , (4-12)

∂
∂

=
ρL6

t
0, (4-13)

∂
∂

= −
ρL7

L1,L7
I13

L7,L1
I13

t
Γ Γ , (4-14)

∂
∂

= + +[ ] −
ρ δL4 L4

L1,L4
I10

L1,L4
I11

L1,L4
I30
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L4(SK(1),S4)
e

t
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+ −
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∑a h T TLm,L4 L4 Lm,L4
I

L4
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1
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, (4-15)
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, (4-16)
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∂
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e

t
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5
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, and
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(4-17)

∂
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ρL7 L7
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I13
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e
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e eΓ Γ
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The mass- and energy-conservation equations for real liquids are

∂
∂

= + − − − − −
ρL1

L4,L1
I10

L7,L1
I13

L1,L4
I10

L1,L4
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I38
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∂
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=
ρL3

t
0, (4-21)
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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

ƒ ƒ
( ) ( )

ρ ρ δk1
n 1

k1
n

L2,k1
I31
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I30
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+ −
= − −

∆
Γ Γ Γ

t
, (4-25)
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I38

k2,L1
I38 SK(2),S2

+ −
= −

∆
Γ Γ

t

+ − − +[ ]( ) ( ) ( )Γ Γ ΓL2,k2
I39

k2,L2
I38

k2,L2
I39 SK(2),S5 SK(2),S6δ δ , (4-26)

ƒ ƒ
( ) ( )

ρ ρ δk3
n 1

k3
n

L1,k3
I46

k3,L1
I46 SK(3),S3

+ −
= −

∆
Γ Γ

t

+ − − +[ ]( ) ( ) ( )Γ Γ ΓL2,k3
I47

k3,L2
I46

k3,L2
I47 SK(3),S7 SK(3),S8δ δ , (4-27)

ƒ ƒρ ρ δL4
n 1

L4
n

L1,L4
I10

L1,L4
I1

L4,L1
I10

L1,L4
I30 (SK(1),S4)

+ −
= + − +

∆
Γ Γ Γ Γ

t
, (4-28)

ƒ ƒρ ρL5
n 1

L5
n

L2,L5
I16

L5,L2
I11

L5,L2
I16

+ −
= − −

∆
Γ Γ Γ

t
, (4-29)

ƒ ƒρ ρL7
n 1

L7
n

L1,L7
I13

L7,L1
I13

+ −
= −

∆
Γ Γ

t
, (4-30)

ƒ ƒ ƒ ƒ ƒ ƒ ƒ ƒ ƒ ƒρ ρ ρ ρ ρ ρ ρ ρ ρ ρL1
n 1

L1
n

L4
n 1

L4
n

L7
n 1

L7
n

S2
n 1

S2
n

S3
n 1

S3
n+ + + + +−

= −
−

−
−

−
−

−
−

∆ ∆ ∆ ∆ ∆t t t t t
, and (4-31)

ƒ ƒ ƒ ƒ ƒ ƒρ ρ ρ ρ ρ ρL2
n 1

L2
n

L5
n 1

L5
n

Sm
n 1

Sm
n

m 4

8+ + +

=

−
= −

−
−

−∑∆ ∆ ∆t t t
. (4-32)
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Here, the mass-transfer rates in Eqs. (4-25) – (4-32) are evaluated using beginning-of-time-

step values of temperatures, and then these equations are solved with respect to ƒρn 1+ .

The finite-difference representations of the energy-conservation equations to be solved

are

ƒ ƒ ƒ ƒ
( )ƒ ( )

ρ ρ δk1
n 1

k1
n 1

k1
n

k1
n

L2,k1
I31

Sol,M(k1) k1,L2
I30

k1,L2
I31

k1
n SK(1),S4

+ + −
= − +[ ]e e

t
e e

∆
Γ Γ Γ

+ −
=

∑a h T TLm,k1 k1 k1,Lm
I

k1
n

m

( ƒ )
1

7

, (4-33)

ƒ ƒ ƒ ƒ
( ƒ ) ( )

ρ ρ δk2
n 1

k2
n 1

k2
n

k2
n

L1,k2
I38

Sol,M(k2) k2,L1
I38

k2
n SK(2),S2

+ + −
= −

e e

t
e e

∆
Γ Γ

+ − +[ ] +[ ]Γ Γ ΓL2,k2
I39

Sol,M(k2) k2,L2
I38

k2,L2
I39

k2
n SK(2),S5 SK(2),S6e e( )ƒ ( ) ( )δ δ

+ −
=

∑a h T TLm,k2 k2 k2,Lm
I

k2
n

m

( ƒ )
1

7

, (4-34)

ƒ ƒ ƒ ƒ
( ƒ ) ( )

ρ ρ δk3
n 1

k3
n 1

k3
n

k3
n

L1,k3
I46

Sol,M(k3) k3,L1
I46

k3
n SK(3),S3

+ + −
= −

e e

t
e e

∆
Γ Γ

+ − +[ ] +[ ]Γ Γ ΓL2,k3
I47

Sol,M(k3) k3,L2
I46

k3,L2
I47

k3
n SK(3),S7 SK(3)e e S( )ƒ ( ) ( , )δ δ 8

+ −
=

∑a h T TLm,k3 k3 k3,Lm
I

k3
n

m

( ƒ )
1

7

, (4-35)

ƒ ƒ ƒ ƒ
( ) ƒ

e e

t
e eL4

n +1
L4
n 1

L4
n

L4
n

L1,L4
I10

L1,L4
I11

Sol,M(L4) L4,L1
I10

L4
nρ ρ+ −

= + −
∆

Γ Γ Γ

+ −
=

∑a h T TLm,L4 L4 Lm,L4
I

L4
n

m

( ƒ )
1

3

+ −
=

∑ a h T TLm,L4 L4 Lm,L4
I

L4
n

m

( ƒ )
5

7

+ −
=

∑a h T Tkm,L4 L4,S km,L4
I

L4
n

m

( ƒ )
1

3

, (4-36)

ƒ ƒ ƒ ƒ
( )ƒ

ρ ρL5
n 1

L5
n +1

L5
n

L5
n

L2,L5
I16

Sol,M(L5) L5,L2
I11

L5,L2
I16

L5
n

+ −
= − +

e e

t
e e

∆
Γ Γ Γ

+ −
=

∑a h T TLm,L5 L5 Lm,L5
I

L5
n

m

( ƒ )
1

3

+ −a h T TL4,L5 L5 L4,L5
I

L5
n( ƒ )

+ −
=

∑ a h T TLm,L5 L5 Lm,L5
I

L5
n

m

( ƒ )
6

7

+ −
=

∑a h T Tkm,L5 L5,S km,L5
I

L5
m

( )
1

3

, and (4-37)
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ƒ ƒ ƒ ƒ
( ƒ ) ( ƒ )

ρ ρL6
n

L6
n +1

L6
n

L6
n

Lm,L6 L6 Lm,L6
I

L6
n

m
L7,L6 L6 L7,L6

I
L6
ne e

t
a h T T a h T T

−
= − + −

=
∑∆ 1

5

+ −
=

∑a h T Tkm,L6 L6,S km,L6
I

L6
n

m

( ƒ )
1

3

, (4-38)

ƒ ƒ ƒ ƒ
ƒ

e e

t
e eL7

n +1
L7
n 1

L7
n

L7
n

L1,L7
I13

Sol,M(L7) L7,L1
I13

L7
nρ ρ+ −

= −
∆

Γ Γ

+ −
=

∑a h T TLm,L7 L7 Lm,L7
I

L7
n

m

( ƒ )
1

6

+ −
=

∑a h T Tkm,L7 L7,S km,L7
I

L7
n

m

( ƒ )
1

3

, (4-39)

ƒ ƒ ƒ ƒ
( ) ( )

ρ ρ δ δL1
n 1

L1
n +1

L1
n

L1
n

L4,L1
I10

L7,L1
I13

k2,L1
I38

k3,L1
I46

Liq,M(L1)SK(2),S2 SK(3),S3
+ −

= + + +[ ]e e

t
e

∆
Γ Γ Γ Γ

− + + + + +[ ]Γ Γ Γ Γ Γ ΓL1,L4
I10

L1,L4
I11

L1,L7
I13

L1,L4
I30

L1,S2
I38

L1,S3
I46

L1
n(SK(1),S4)δ ƒe

+ −
=

∑ a h T TL1,Lm Lm L1,Lm
I

L1
n

m

( ƒ )
4

7

+ −
=

∑a h T TL1,km L1,S L1,km
I

L1
n

m

( ƒ )
1

3

, (4-40)

ƒ ƒ ƒ ƒ
( ) ( )

ρ ρ δL2
n 1

L2
n +1

L2
n

L2
n

L5,L2
I11

L5,L2
I16

k1,L2
I30

k1,L2
I31 SK(1),S4

+ −
= + + +{e e

t∆
Γ Γ Γ Γ

+ + +( )[ ]Γ Γk2,L2
I38

k2,L2
I39 (SK(2),S5) (SK(2),S6)δ δ

+ + + }( )[ ]Γ Γk3,L2
I46

k3,L2
I47

Liq,M(L2)(SK(3),S7) (SK(3),S8)δ δ e

− +{Γ ΓL2,L5
I16

L2,k1
I31 SK(1),S4δ( )

+ +[ ]ΓL2,k2
I39 SK(2),S5 SK(2),S6δ δ( ) ( )

+ +[ ]}ΓL2,k3
I47

L2
nSK(3),S7 SK(3),S8δ δ( ) ( ) ƒe

+ −
=

∑ a h T TL2,Lm Lm L2,Lm
I

L2
n

m

( ƒ )
4

7

+ −
=

∑a h T TL2,km L2,S L2,km
I

L2
n

m

( ƒ )
1

3

, and (4-41)

ƒ ƒ ƒ
( ƒ ) ( ƒ )ρL3

n L3
n 1

L3
n

L3,Lm L3,Lm L3,Lm
I

L3
n 1

m
km,L3 L3,S km,L3

I
L3
n 1

m

e e

t
a h T T a h T T

+
+

=

+

=

−
= − + −∑ ∑∆ 4

7

1

3

. (4-42)

Equation (4-8) is expanded further with respect to ƒeL3
n 1+  using the following relation:

ƒ ƒ (ƒ ƒ )T T
T

e
e eL3

n 1
L3
n L3

L3
L3
n 1

L3
n+ += +

∂
∂

− . (4-43)

The resulting expression to update the sodium energy is
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ƒ ƒ
( ƒ ) ( ƒ )

ƒ
e e

t a h T T a h T T

t
T

e
a h a h

p

L3
n +1

L3
n

L3,Lm L3,Lm L3,Lm
I

L3
n

m
km,L3 L3,S km,L3

I
L3
n

m

L3
n L3

L3
km,L3 L3,S

m
L3,Lm L3,Lm

m

= +
− + −









+
∂
∂







+








= =

= =

∑ ∑

∑ ∑

∆

∆

4

7

1

3

1

3

4

7

ρ
. (4-44)

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

then Eqs. (4-33) – (4-41) are solved with respect to ƒen 1+ . The interface temperatures in Eqs.

(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

ƒ ( )ρ δS2
n 1

L1,S2
I38 SK(2),S2+ = −[ ]∆ Γt 1 , (4-45)

ƒ ( )ρ δS3
n 1

L1,S3
I46 SK(3),S3+ = −[ ]∆ Γt 1 , (4-46)

ƒ ( ) ( )e e HS2
n 1

Sol,M(S2) L1,S2
I38 SK(2),S2+ = −[ ]Γ 1 δ , and (4-47)

ƒ ( ) ( )e e HS3
n 1

Sol,M(S3) L1,S3
I46 SK(3),S3+ = −[ ]Γ 1 δ . (4-48)

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:

ρL1 L1
+

L1
L1,Lm L1,Lm L1 Lm

m 2
L1,km L1,km L1 km

m 1∆t

dT

de
a h H T T a h H T T







≥ − + −
−

= =
∑ ∑

1 7 3

( ) ( ) , (4-49)

ρL1 L1
+

L1
L1,Lm L1,Lm Lm L1

m 2
L1,km L1,km km L1

m 1∆t

dT

de
a h H T T a h H T T







≥ − + −
−

= =
∑ ∑

1 7 3

( ) ( ) , (4-50)

ρL2 L2
+

L2
L2,L1 L2,L1 L2 L1 L2,Lm L2,Lm L2 Lm

m 3∆t

dT

de
a h H T T a h H T T







≥ − + −
−

=
∑

1 7

( ) ( )

+ −
=

∑a h H T TL2,km L2,km L2 km
m 1

( )
3

, and (4-51)
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ρL2 L2
+

L2
L2,L1 L2,L1 L1 L2 L2,Lm L2,Lm Lm L2

m 3∆t

dT

de
a h H T T a h H T T







≥ − + −
−

=
∑

1 7

( ) ( )

+ −
=

∑a h H T TL2,km L2,km km L2
m 1

( )
3

. (4-52)

For particle side, the following inequalities are assumed sufficient:

ρL4 L4
+

L4
L4,Lm L4

m 1
L4,Lm L4

m 5∆t

dT

de
a h a h







≥ +
−

= =
∑ ∑

1 3 7

, (4-53)

ρL5 L5
+

L5
L5,Lm L5

m 1
L5,Lm L5

m 6∆t

dT

de
a h a h







≥ +
−

= =
∑ ∑

1 4 7

, (4-54)

ρL6 L6
+

L6
L6,Lm L6

m 1
L6,L7 L6∆t

dT

de
a h a h







≥ +
−

=
∑

1 5

, (4-55)

ρL7 L7
+

L7
L7,Lm L7

m 1∆t

dT

de
a h









 ≥

−

=
∑

1 6

, and (4-56)

ρLm Lm

Lm
Lm,r Lm,S

r k

k3

∆t

dT

de
a h

+ −

=









 ≥ ∑

1

1

, m = 4, 5, 6 and 7. (4-57)

4.3.2. Overshooting of updated macroscopic densities

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

( ƒρn 1+ < 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

proportionally such that ƒ ƒρ φρn 1 n+ ≥ , where φ is a constant specified by input PHI in

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

ƒ ƒρ φρn 1 n+ ≥  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−φ.
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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

∂
∂

=
ρK(k)

t
0, (5-1)

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

∂
∂

= −
ρLm

G,Lm
NE

Lm,G
NE

t
Γ Γ , m = 1, 2 and 3, and (5-2)

∂
∂

= −
ρGm

Lm,G
NE

G,Lm
NE

t
Γ Γ , (5-3)

where the mass-transfer rates are given by

Γ Γ Γ Γ ΓG,L1
NE

G,L1
I1

G,L1
I2

G,L1
I3

G,L1
I(k)

k

= + + +
=

∑
1

7

, (5-4)

Γ Γ Γ ΓG,L2
NE

G,L2
I2

G,L2
I3

G,L2
I(k)

k

= + +
=

∑
1

7

, (5-5)

Γ Γ ΓG,L3
NE

G,L3
I3

G,L3
I(k)

k

= +
=

∑
1

7

, (5-6)

Γ ΓL1,G
NE

L1,G
I1= , (5-7)

Γ Γ ΓL2,G
NE

L2,G
I2

L2,G
I8= + , and (5-8)

Γ Γ Γ ΓL3,G
NE

L3,G
I3

L3,G
I9

L3,G
I14= + + . (5-9)

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

for solid components
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∂
∂

= −
=

∑ρK(k) K(k)
Gm,K(k) G,K(k) K(k) Gm,K(k)

I
K(k)

m

e

t
R a h T T( )

1

4

, (5-10)

for real liquids

∂
∂

= −
ρL1 L1

G,L1
NE

Con,G1 L1,G
NE

L1

e

t
i iΓ Γ

+ −
=

∑ a h T TL1,Lm L1,Lm L1,Lm
I

L1
m 2

3

( )

+ − + −R a h T T R a h T TG1,L1 G,L1 L1,G G1,L1
I

L1 G4,L1 G,L1 L1,G G4,L1
I

L1( ) ( ), (5-11)

∂
∂

= −
ρL2 L2

G,L2
NE

Con,G2 L2,G
NE

L2

e

t
i iΓ Γ

+ − + −a h T T a h T TL1,L2 L2,L1 L1,L2
I

L2 L2,L3 L2,L3 L2,L3
I

L2( ) ( )

+ −
=

∑R a h T TGm,L2 G,L2 L2,G Gm,L2
I

L2
m

( )
1

2

+ −R a h T TG4,L2 G,L2 L2,G G4,L2
I

L2( ) , (5-12)

∂
∂

= −
ρL3 L3

G,L3
NE

Con,G3 L3,G
NE

L3

e

t
i iΓ Γ

+ −
=

∑a h T TLm,L3 L3,Lm Lm,L3
I

L3
m

( )
1

2

+ −
=

∑R a h T TGm,L3 G,L3 L3,G Gm,L3
I

L3
m

( )
1

4

, and (5-13)

for vapor mixture

∂
∂

= −
=

∑ρG G
Lm,G
NE

Vap,Gm G,Lm
NE

Gm
m

e

t
i iΓ Γ

1

3

+ −
=

∑R a h T TGm,Lm G,Lm G,Lm Gm,Lm
I

G
m

( )
1

3

+ −R a h T TG1,L2 G,L2 G,L2 G1,L2
I

G( ) + −
=

∑R a h T TGm,L3 G,L3 G,L3 Gm,L3
I

G
m

( )
1

2

+ −
==

∑∑ R a h T TGm,K(k) G,K(k) G,K(k) Gm,K(k)
I

G
km

( )
1

7

1

4

. (5-14)

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

is:
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for solid components

ρK(k)
K(k)

Gm,K(k) G,K(k) K(k) Gm,K(k)
I

K(k)
m

∂
∂

= −
=

∑e

t
R a h T T( )

1

4

, (5-15)

for real liquids

ρL1
L1

G,L1
NE

Con,G1 L1

∂
∂

= −
e

t
i eΓ ( )

+ −
=

∑ a h T TL1,Lm L1,Lm L1,Lm
I

L1
m 2

3

( )

+ − + −R a h T T R a h T TG1,L1 G,L1 L1,G G1,L1
I

L1 G4,L1 G,L1 L1,G G4,L1
I

L1( ) ( ), (5-16)

ρL2
L2

G,L2
NE

Con,G2 L2

∂
∂

= −
e

t
i eΓ ( )

+ − + −a h T T a h T TL1,L2 L2,L1 L1,L2
I

L2 L2,L3 L2,L3 L2,L3
I

L2( ) ( )

+ −
=

∑R a h T TGm,L2 G,L2 L2,G Gm,L2
I

L2
m

( )
1

2

+ −R a h T TG4,L2 G,L2 L2,G G4,L2
I

L2( ) , (5-17)

ρL3
L3

G,L3
NE

Con,G3 L3

∂
∂

= −
e

t
i eΓ ( )

+ −
=

∑a h T TLm,L3 L3,Lm Lm,L3
I

L3
m

( )
1

2

+ −
=

∑R a h T TGm,L3 G,L3 L3,G Gm,L3
I

L3
m

( )
1

4

, and (5-18)

for vapor mixture

e
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==

∑∑ R a h T TGm,K(k) G,K(k) G,K(k) Gm,K(k)
I

G
km

( )
1

7

1

4

. (5-19)

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

the assumption that i eLm Lm≅ . This means that terms ΓLm,G
NE

Lm Lm( )i e−  appearing on the right

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

To solve Eqs. (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 Eqs. (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 Eqs. (5-3) and (5-15) – (5-19) are

ƒ ƒρ ρGm
n +1

Gm
n

Lm,G
NE

G,Lm
NE−

= −
∆

Γ Γ
t

, m = 1, 2 and 3, (5-20)

ƒ ƒ ƒ
(ƒ ƒ )ρL3

n L3
n 1

L3
n

G,L3
NE
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n 1

L3
n 1e e

t
i e

+
+ +−

= −
∆

Γ

+ −∑a h T TL3,Lm L3,Lm Lm,L3
I

L3
n +1

m =1

( ƒ )
2

+ −
=

∑R a h T TGm,L3 G,L3 L3,G Gm,L3
I
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n +1

m 1

( ƒ )
4

, (5-21)
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1

7
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, (5-22)
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+ − + −a h T T a h T TL2,L1 L2,L1 L2,L1
I

L2
n

L2,L3 L2,L3 L2,L3
I

L2
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I
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n( ƒ ) ( ƒ )

2

, and (5-24)

ƒ ƒ ƒ
( ƒ )ρK(k)

n K(k)
n +1

K(k)
n

Gm,K(k) G,K(k) K(k) Gm,K(k)
I

K(k)
n

m

e e

t
R a h T T

−
= −

=
∑∆ 1

4

, 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 ƒen 1+  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 Eqs. (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 ∆ρG1, ∆ρG2, ∆ρG3, ∆eL3

and ∆TG as follows:

ρ ρ ρκ κ
Gm Gm Gm

+ = +1 ∆ , m = 1, 2 and 3, (5-26)

e e eL3 L3 L3
κ κ+ = +1 ∆ , and (5-27)

T T TG G G
κ κ+ = +1 ∆ , (5-28)

where κ  is the initiation index. The liquid-density changes are determined from

∆ ∆ρ ρLm Gm= − , m = 1, 2 and 3. (5-29)

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

ƒ lim( )ρ ρκ
Gm
n 1

Gm
+ += 1 , m = 1, 2 and 3, (5-30)

ƒ lim( )e eL3
n 1

L3
+ += κ 1 , and (5-31)

ƒ lim( )T TG
n 1

G
+ += κ 1 . (5-32)

The less sensitive variables remain constant during the iteration process.

The expansion representations of Eqs. (5-20) – (5-22) result in

ρ ρ ρκ
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NE
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. (5-35)

The expressions of ∆ΓG,Lm
NE , ∆ΓLm,G

NE , ∆TGm,Lm©
I , ∆TGm,SK(k)

I , ∆RGm,Lm© and ∆RGm,K(k) are given

by

∆Γ
Γ

∆
Γ

∆
Γ
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l e
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, (5-36)
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. (5-41)

The derivatives on the right side of Eqs. (5-36) – (5-41) are defined in Appendix A. The

variables, ∆TL3 , ∆eG, ∆iGm, ∆iVap,Gm and ∆iCon,Gm, are further expanded into the

fundamental variables. The expressions of ∆TL3 , ∆eG and ∆iGm are given by
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As discussed later in Section 5.7, to adjust the effective latent heats iVap,Gm and iCon,Gm are

replaced with variables iVap,Gm
*  and iCon,Gm

* , respectively. The resulting expressions of

∆iVap,Gm
*  and ∆iCon,Gm

*  are given by
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. (5-46)

5.3. V/C iteration scheme

5.3.1. Linearized equations to be solved

By differencing Eqs. (5-33) – (5-35), we construct a linear system of five equations in

five unknowns, which can be represented by the following matrix equations:

B

e

T

C[ ]










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
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

= { }

∆
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∆
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∆

ρ
ρ
ρ

G1

G2

G3

L3

G

, (5-47)

where B[ ]  is a 5×5 matrix and C{ }  is a column vector. Significant algebra is required to

obtain the expressions for the elements of B[ ]  and C{ } . 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.

For m = 1, 2 and 3
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The fourth row of matrix Eq. (5-47) is obtained from the energy equation for coolant:
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The energy-conservation equation for the vapor field gives the coefficients for the fifth row

of matrix Eq. (5-47).
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. (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.
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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:

− ≤ ≤fRG Gm Gm Lmρ ρ ρ∆ , m = 1, 2 and 3, (5-62)

− ≤ ≤f e e f eEL L3 L3 EL L3∆ , and (5-63)

− ≤ ≤f T T f TTG G G TG G∆ , (5-64)

where fRG is the maximum fraction of vapor mass that can condense in one iteration, and

fEL  and fTG 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 ∆ρG1, ∆ρG2, ∆ρG3, ∆eL3 and

∆TG obtained by iteration κ  are represented by ∆f κ , the formula is given by

∆
∆ ∆
∆ ∆

f
f f

f f
κ

κ κ

κ κ= −
− −

−

1

1 . (5-65)

The oscillation is detected when the following condition is satisfied:

∆ ∆
∆

f f

f

κ κ

κ
−

>
−

−
−

1

1
610  and ∆ ∆f fκ κ − <1 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 VC,RG≤ ∆ , m = 1, 2 and 3, C( )4 ≤ ∆VC,E3, and C( )5 ≤ ∆VC,TG, (5-67)

where ∆VC,RG, ∆VC,E3 and ∆VC,TG 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( )
ƒ

m

Gm
n VC,RGρ

ε≤ , m = 1, 2 and 3, 
C

e

( )
ƒ

4

L3
n VC,E3≤ ε , and 

C

T

( )
ƒ
5

G
n VC,TG≤ ε , (5-68)

where εVC,RG, εVC,E3 and εVC,TG are specified by inputs EVCRG, EVCE3 and EVCTG in

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

of sensitive variables:

∆ρ
ρ

Gm

Gm
n VC,RGƒ ≤ f , m = 1, 2 and 3, 

∆e

e
fL3

L3
n VC,E3ƒ

≤ , and 
∆T

T
fG

G
n VC,TGƒ ≤ , (5-69)

where fVC,RG, fVC,E3 and fVC,TG are specified by inputs FVCRG, FVCE3 and FVCTG in

NAMELIST /XHMT/, respectively. Although Eq. (5-69) is not a necessary mathematical

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 Eqs. (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 p pGm Sat,Gm> , 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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ƒ ƒ ƒ ƒ ( ƒ , ƒ )ρ ρ υG
n

G
n

Gm
n

Gm
n +1

G
n +1

Gm
n

stable

e e T= ∑

+ +[ ]∑ ρ δρSat,Gm G
n +1

Sat,Gm G
n +1

Lm Sat,Lm G
n +1

metastable

( ƒ ) ( ƒ ) ( ƒ )T e T e T , and (5-70)

δρ ρ ρLm Gm
n

Sat,Gm G
n +1= −ƒ ( ƒ )T , m = 1, 2 and 3, (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 
stable
∑  and 

metastable
∑  are the summations for the

stable and supersaturated vapors after the convergence of V/C iteration, respectively.

Equation (5-70) is implicitly solved with respect to ƒTG
n +1 using the Newton-Raphson method.

After obtaining ƒTG
n +1, the new vapor and liquid densities, and liquid energy for the initially

supersaturated components are updated by

ƒ ( ƒ )ρ ρGm
n +1

Sat,Gm G
n +1= T , (5-72)

ƒ ƒρ ρ δρLm
n +1

Lm
n

Lm= + , and (5-73)

ƒ ƒ
ƒ ƒ ( ƒ )e e e TLm

n +1

Lm
n +1 Lm

n
Lm
n

Lm Sat,Gm G
n +1= +[ ]1

ρ
ρ δρ , (5-74)

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 α 0 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, α α α α α αge S S Lmax= − − − −[ ( ), ( ) ]0 01 1 1 , 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 α 0 is small enough, e.g. α 0 < 0.01, where α 0 can be specified by input ALPHA0

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 TSup,M such that the interface temperature is

T TSat,Gm Sup,M(Gm)+ . The value of TSup,M 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

ƒ ƒ

ƒ
T T

T
f

G
n 1

G
n

G
n DTG,max

+ −
≤ , (5-75)

where fDTG,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

ƒ ƒρ ρLm
n

mt,lg G
n< f , where fmt,lg 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

h c

e

T

taG,Lm G,Lm

G
G

G

G,Lm

G≤

∂
∂







ρ
υ

∆
, m = 1, 2 and 3, (5-76)

h c

e
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taG,K(k) G,K(k)

G
G

G

G,K(k)
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∂
∂





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ρ
υ

∆
, k = 1 – 7, (5-77)

h c
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taLm,G Lm,G

Lm
Lm

Lm

G,Lm
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



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+ −

ρ
1

∆
, m = 1, 2 and 3, (5-78)

h c
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+

K(k)
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






−

ρ
1

∆
, k = 1 – 7, and (5-79)

h c

dT

de

taLm,Lm© Lm,Lm©

Lm
Lm

Lm

Lm,Lm©

≤





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+ −

ρ
1

∆
, m = 1, 2 and 3, and m' = 1, 2 and 3 (m' ≠ m), (5-80)

where cG,Lm , cG,K(k), cLm,G, cK(k) and cLm,Lm© 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:

a c
th

e

T
c

th

dT

deG,Lm G,Lm
G
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υ
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, m = 1, 2 and 3, (5-81)
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min ,
ρ ρ

∆ ∆

1 1

,

m = 1, 2 and 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 Eqs. (5-76) and (5-77), and the first terms in the parentheses of Eqs. (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

h i eVap,Gm Vap,Gm Lm= − , and (5-84)

h i iCon,Gm Gm 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 106, 105, 104 and 103 J/kg, respectively. The

minimum beyond the fourth iteration is 102 J/kg. The initial high values are to lower

excessive mass-transfer predictions. The value of 102 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, 108 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:
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i e h hVap,Gm
*

Lm Vap,Gm lg,min= +max[ , ], and (5-86)

i i h hCon,Gm
*

Gm Con,Gm lg,min= −max[ , ], (5-87)

where m = 1, 2 and 3, hlg,min  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

T pSat,Gm Gm( ) is normally fitted over the temperature range above 0 5. TLiq,M  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:

f T T p f Tst,l Liq,M Sat,Gm Gm st,h Crt,M≤ ≤( )κ , (5-88)

where m = 1, 2 and 3, fst,l and fst,h are the lower and higher multipliers for saturation

temperature, respectively. The values of fst,l and fst,h 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 ∆TG, and leads to

the convergence difficulty of V/C iteration. To avoid these numerical difficulties, if
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ρ ρκ
Gm Gm

n< ƒ  and ρ ρκ
Gm Gm,min< , no mass transfer is allowed for the component m at the

iteration step κ . The criteria ρGm,min 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 Eqs. (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

ƒ ƒi eCon,Gm
n 1

Lm
n+ < , 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 Eqs. (5-23)

and (5-24) when the overshooting is predicted:
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. (5-90)

These can be arranged as
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n( ƒ ) , and (5-91)

ƒ ƒ
ƒ ƒ ƒe

t

t
i

t
eL2

n +1

L2
n

G,L2
NE G,L2

NE
Con,G2
n 1

L2
n

L2
n=

+
+




+∆
∆ Γ

Γ
∆ρ

ρ1

+ − + −a h T T a h T TL2,L1 L2,L1 L2,L1
I

L2
n

L2,L3 L2,L3 L2,L3
I

L2
n( ƒ ) ( ƒ )

+ −
=

∑R a h T TGm,L2 G,L2 L2,G Gm,L2
I

L2
n

m 1

( ƒ )
2

+ − }R a h T TG4,L2 G,L2 L2,G G4,L2
I

L2
n( ƒ ) . (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, Eqs. (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/.



JNC TN9400 2003-047

– 70 –

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

∂
∂

= −
ρSm

Sm,L1
EQ

t
Γ , and (6-1)

∂
∂

= −
ρSm Sm

Sm,L1
EQ

Liq,M(Sm)

e

t
eΓ , (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

∂
∂

= −
ρSm

Sm,L2
EQ

t
Γ , and (6-3)

∂
∂

= −
ρSm Sm

Sm,L2
EQ

Liq,M(Sm)

e

t
eΓ , (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

∂
∂

= −
ρL4

L1,L4
EQ

L4,L1
EQ

t
Γ Γ , and (6-5)

∂
∂

= −
ρL4 L4

L1,L4
EQ

Sol,M(L4) L4,L1
EQ

Liq,M(L4)

e

t
e eΓ Γ . (6-6)

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

∂
∂

= −
ρL5

L2,L5
EQ

L5,L2
EQ

t
Γ Γ , and (6-7)

∂
∂

= −
ρL5 L5

L2,L5
EQ

Sol,M(L5) L5,L2
EQ

Liq,M(L5)

e

t
e eΓ Γ . (6-8)

The mass- and energy-conservation equations for fuel chunks are
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∂
∂

= −
ρL7

L7,L1
EQ

t
Γ , and (6-9)

∂
∂

= −
ρL7 L7

L7,L1
EQ

Liq,M(L7)

e

t
eΓ . (6-10)

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

∂
∂

= + + + −
ρL1

S2,L1
EQ

S3,L1
EQ

L4,L1
EQ

L7,L1
EQ

L1,L4
EQ

t
Γ Γ Γ Γ Γ , and (6-11)

∂
∂

= + + +( ) −
ρL1 L1

S2,L1
EQ

S3,L1
EQ

L4,L1
EQ

L7,L1
EQ

Sol,M(L1) L1,L4
EQ

Liq,M(L1)

e

t
e eΓ Γ Γ Γ Γ . (6-12)

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

∂
∂

= + + −
ρL2

S5,L2
EQ

S7,L2
EQ

L5,L2
EQ

L2,L5
EQ

t
Γ Γ Γ Γ , and (6-13)

∂
∂

= + +( ) −
ρL2 L2

S5,L2
EQ

S7,L2
EQ

L5,L2
EQ

Sol,M(L2) L2,L5
EQ

Liq,M(L2)

e

t
e eΓ Γ Γ Γ . (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

∂
∂

= − − − −
ρL2

L2,L5
EQ

L2,S4
EQ

L2,S5
EQ

L2,S7
EQ

t
Γ Γ Γ Γ , (6-15)

∂
∂

=
ρSm

L2,Sm
EQ

t
Γ , (6-16)

∂
∂

=
ρL5

L2,L5
EQ

t
Γ , (6-17)

∂
∂

= − + + +
ρL2 L2

L2,L5
EQ

L2,S4
EQ

L2,S5
EQ

L2,S7
EQ

Liq,M(L2)

e

t
e( )Γ Γ Γ Γ , (6-18)

∂
∂

=
ρSm Sm

L2,Sm
EQ

Sol,M(Sm)

e

t
eΓ , and (6-19)

∂
∂

=
ρL5 L5

L2,L5
EQ

Sol,M(L5)

e

t
eΓ , (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

ƒ ƒρ ρSm
n 1

Sm
n

Sm,L1
EQ

+ −
= −

∆
Γ

t
, m = 2 and 3, (6-21)

ƒ ƒρ ρL4
n 1

L4
n

L4,L1
EQ

+ −
= −

∆
Γ

t
, (6-22)

ƒ ƒρ ρL7
n 1

L7
n

L7,L1
EQ

+ −
= −

∆
Γ

t
, (6-23)

ƒ ƒ ƒ ƒρ ρSm
n 1

Sm
n 1

Sm
n

Sm
n

Sm,L1
EQ

Liq,M(Sm)

+ + −
= −

e e

t
e

∆
Γ , m = 2 and 3, (6-24)

ƒ ƒ ƒ ƒe e

t
eL4

n +1
L4
n 1

L4
n

L4
n

L4,L1
EQ

Liq,M(L4)

ρ ρ+ −
= −

∆
Γ , and (6-25)

ƒ ƒ ƒ ƒ
)

e e

t
eL7

n 1
L7
n 1

L7
n

L7
n

L7,L1
EQ

Liq,M(L7

+ + −
= −

ρ ρ
∆

Γ , (6-26)

where ƒρn  and ƒen  are the values following non-equilibrium transfers. The positive

equilibrium-melting rates are determined form

Γ
∆Sm,L1

EQ Sm
n

Sol,M(Sm)

f,M(Sm)
Sm
n=

−1
t

e e

h

ƒ ƒρ , ƒe eSm
n

Sol,M(Sm)> , m = 2 and 3, (6-27)

Γ
∆L4,L1

EQ L4
n

Sol,M(L4)

f,M(L4)
L4
n=

−1
t

e e

h

ƒ ƒρ , ƒe eL4
n

Sol,M(L4)> , and (6-28)

Γ
∆L7,L1

EQ L7
n

Sol,M(L7)

f,M(L7)
L7
n=

−1
t

e e

h

ƒ ƒρ , ƒe eL7
n

Sol,M(L7)> . (6-29)

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

represented by

ƒ ƒρ ρL1
n 1

L1
n

S2,L1
EQ

S3,L1
EQ

L4,L1
EQ

L7,L1
EQ

+ −
= + + +

∆
Γ Γ Γ Γ

t
, and (6-30)
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ƒ ƒ ƒ ƒρ ρL1
n 1

L1
n 1

L1
n

L1
n

S2,L1
EQ

S3,L1
EQ

L4,L1
EQ

L7,L1
EQ

Sol,M(L1)

+ + −
= + + +( )e e

t
e

∆
Γ Γ Γ Γ . (6-31)

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

melting of can-wall surfaces are

ƒ ƒρ ρSm
n 1

Sm
n

Sm,L2
EQ

+ −
= −

∆
Γ

t
, and (6-32)

ƒ ƒ ƒ ƒρ ρSm
n 1

Sm
n 1

Sm
n

Sm
n

Sm,L2
EQ

Liq,M(Sm)

+ + −
= −

e e

t
e

∆
Γ , (6-33)

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

ƒ ƒρ ρL5
n 1

L5
n

L5,L2
EQ

+ −
= −

∆
Γ

t
, and (6-34)

ƒ ƒ ƒ ƒe e

t
eL5

n +1
L5
n 1

L5
n

L5
n

L5,L2
EQ

Liq,M(L5)

ρ ρ+ −
= −

∆
Γ . (6-35)

In Eqs. (6-32) – (6-35), ƒρn  and ƒen  are the values following non-equilibrium transfers. The

positive equilibrium-melting rates are determined form

Γ
∆Sm,L2

EQ Sm
n

Sol,M(Sm)

f,M(Sm)
Sm
n=

−1
t

e e

h

ƒ ƒρ , ƒe eSm
n

Sol,M(Sm)> , m = 5 and 7, and (6-36)

Γ
∆L5,L2

EQ L5
n

Sol,M(L5)

f,M(L5)
L5
n=

−1
t

e e

h

ƒ ƒρ , ƒe eL5
n

Sol,M(L5)> . (6-37)

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

represented by

ƒ ƒρ ρL2
n 1

L2
n

S5,L2
EQ

S7,L2
EQ

L5,L2
EQ

+ −
= + +

∆
Γ Γ Γ

t
, and (6-38)

ƒ ƒ ƒ ƒρ ρL2
n 1

L2
n +1

L2
n

L2
n

S5,L2
EQ

S7,L2
EQ

L5,L2
EQ

Sol,M(L2)

+ −
= + +( )e e

t
e

∆
Γ Γ Γ . (6-39)

The above finite-difference representations, Eqs. (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

ƒρn +1, and then the representations, Eqs. (6-24), (6-25), (6-26), (6-31), (6-33), (6-35) and (6-

39), of energy conservation are solved explicitly with respect to ƒen 1+  using the updated

densities ƒρn 1+ . 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

ƒ ƒρ ρL1
n 1

L1
n

L1,L4
EQ

+ −
= −

∆
Γ

t
, and (6-40)

ƒ ƒ ƒ ƒρ ρL1
n 1

L1
n +1

L1
n

L1
n

L1,L4
EQ

Liq,M(L1)

+ −
= −

e e

t
e

∆
Γ , (6-41)

where ƒρn  and ƒen  are the values following equilibrium transfers of fuel-crust and fuel

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

Γ
∆L1,L4

EQ Liq,M(L1) L1
n

f,M(L1)
L1
n=

−1
t

e e

h

ƒ
ƒρ , ƒe eL1

n
Liq,M(L1)< . (6-42)

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

represented by

ƒ ƒρ ρL4
n 1

L4
n

L1,L4
EQ

+ −
=

∆
Γ

t
, and (6-43)

ƒ ƒ ƒ ƒe e

t
eL4

n +1
L4
n 1

L4
n

L4
n

L1,L4
EQ

Sol,M(L4)

ρ ρ+ −
=

∆
Γ . (6-44)

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

freezing of liquid steel are

ƒ ƒρ ρL2
n 1

L2
n

L2,L5
EQ

+ −
= −

∆
Γ

t
, and (6-45)

ƒ ƒ ƒ ƒρ ρL2
n 1

L2
n +1

L2
n

L2
n

L2,L5
EQ

Liq,M(L2)

+ −
= −

e e

t
e

∆
Γ , (6-46)

where ƒρn  and ƒen  are the values following equilibrium transfers of can-wall surface and

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

Γ
∆L2,L5

EQ Liq,M(L2) L2
n

f,M(L2)
L2
n=

−1
t

e e

h

ƒ
ƒρ , ƒe eL2

n
Liq,M(L2)< . (6-47)

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

represented by

ƒ ƒρ ρL5
n 1

L5
n

L2,L5
EQ

+ −
=

∆
Γ

t
, and (6-48)
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ƒ ƒ ƒ ƒe e

t
eL5

n +1
L5
n 1

L5
n

L5
n

L2,L5
EQ

Sol,M(L5)

ρ ρ+ −
=

∆
Γ . (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

ƒ ƒρ ρL2
n 1

L2
n

L2,L5
EQ

L2,S4
EQ

L2,S5
EQ

L2,S7
EQ

+ −
= − − − −

∆
Γ Γ Γ Γ

t
, (6-50)

ƒ ƒρ ρSm
n 1

Sm
n

L2,Sm
EQ

+ −
=

∆
Γ

t
, m = 4, 5 and 7, (6-51)

ƒ ƒρ ρL5
n 1

L5
n

L2,L5
EQ

+ −
=

∆
Γ

t
, (6-52)

ƒ ƒ ƒ ƒ
( )

ρ ρL2
n 1

L2
n +1

L2
n

L2
n

L2,L5
EQ

L2,S4
EQ

L2,S5
EQ

L2,S7
EQ

Liq,M(L2)

+ −
= − + + +

e e

t
e

∆
Γ Γ Γ Γ , (6-53)

ƒ ƒ ƒ ƒe e

t
eSm

n +1
Sm
n 1

Sm
n

Sm
n

L2,Sm
EQ

Sol,M(Sm)

ρ ρ+ −
=

∆
Γ , m = 4, 5 and 7, and (6-54)

ƒ ƒ ƒ ƒe e

t
eL5

n +1
L5
n 1

L5
n

L5
n

L2,L5
EQ

Sol,M(L5)

ρ ρ+ −
=

∆
Γ , (6-55)

where ƒρn  and ƒen  are the values following non-equilibrium transfers. The positive

equilibrium-melting rates are determined form

Γ
∆L2,L5

EQ Liq,M(L2) L2
n

f,M(L2)
L2
n

B=
−

−
1

1
t

e e

h
X

ƒ
ƒ ( )ρ , ƒe eL2

n
Liq,M(L2)< , and (6-56)

Γ
∆L2,Sm

EQ Liq,M(L2) L2
n

f,M(L2)
L2
n

B
L2,Sm

Lf

=
−1

t

e e

h
X

a

a

ƒ
ƒρ , ƒe eL2

n
Liq,M(L2)< , m = 4, 5 and 7. (6-57)

The above finite-difference representations, Eqs. (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

ƒρn +1, and then the representations, Eqs. (6-41), (6-44), (6-46), (6-49), (6-53), (6-54) and (6-

55), of energy conservation are solved explicitly with respect to ƒen 1+  using the updated

densities ƒρn 1+ . 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-III/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/IV 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 ρG1, ρG2,

ρG3, eL3  and TG  are expressed by

∂
∂

= + + +
=

∑Γ
Λ Λ Λ ΛG,L1

NE

GL1,
I1

GL1,
I2

GL1,
I3

GL1,
I(k)

kx
x x x x

l
l l l l

1

7

, (A-1)

∂
∂

= + +
=

∑Γ
Λ Λ ΛG,L2

NE

GL2,
I2

GL2,
I3

GL2,
I(k)

kx
x x x

l
l l l

1

7

, (A-2)

∂
∂

= +
=

∑Γ
Λ ΛG,L3

NE

GL3,
I3

GL3,
I(k)

kx
x x

l
l l

1

7

, (A-3)

∂
∂

=
Γ

ΛL1,G
NE

L1G,
I1

x
x

l
l , (A-4)

∂
∂

= +
Γ

Λ ΛL2,G
NE

L2G,
I2

L2G,
I8

x
x x

l
l l , and (A-5)

∂
∂

= + +
Γ

Λ Λ ΛL3,G
NE

L3G,
I3

L3G,
I9

L3G,
I14

x
x x x

l
l l l , (A-6)

where xl  for l = 1, 2, 3, 4 and 5 means ρG1, ρG2, ρG3, eL3  and TG , respectively. The

variables, Λx lGLm,
Im  (m = 1, 2 and 3), Λx lGL1,

I2 , Λx lGL1,
I3 , Λx lGLm,

I(k)  (m = 1, 2 and 3), Λx lGL2,
I3 ,

Λx lLmG,
Im  (m = 1, 2 and 3), Λx lL2G,

I8 , Λx lL3G,
I9  and Λx lL3G,

I14  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

ΓG,L1
I1

G1,L1
G1,L1

Con,G1

= R
q

h

I

, qG1,L1
I > 0, and (A-7)

ΓL1,G
I1

G1,L1
G1,L1
I

Vap,G1

= −R
q

h
, qG1,L1

I < 0, (A-8)

where

q a h T T h T TG1,L1
I

G,L1 L1,G G1,L1
I

L1
n

G,L1 G1,L1
I

G
n +1= − + −[ ( ƒ ) ( ƒ )] . (A-9)

The derivative of mass-transfer rate, Eq. (A-7), is given by
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∆Γ Λ ∆ Λ ∆ Λ ∆G,L1
I1

GL1,
I1

G GL1,
I1

L3 GL1,
I1

G= + +
=
∑ x x e x Tl l
l

ρ
1

3

4 5 , (A-10)

where

Λ Λ Λ Λx R
R

T
T

h
h

ll
l l l

GL1,
I1

G1,L1
G1,L1

G
G1,L1
I G1,L1

I

G
Con,G1

Con,G1

G

=
∂
∂

+
∂
∂

+
∂

∂ρ ρ ρ
δ( ) ( , )1 ,

l = 1, 2 and 3, (A-11)

ΛxGL1,
I1 =4 0, and (A-12)

Λ Λ Λ Λ Λx R
R

T
T

T

T
T h

h

TGL1,
I1

G1,L1
G1,L1

G
G1,L1
I G1,L1

I

G
G Con,G1

Con,G1

G

=5

∂
∂

+
∂
∂

+ +
∂

∂
. (A-13)

The expressions for intermediate variables, ΛRG1,L1, ΛTG1,L1
I , ΛTG and ΛhCon,G1, in Eqs. (A-

11) and (A-13) are given by

Λ ΓR
a h T T h T T

h
HG1,L1

G,L1 L1,G G1,L1
I

L1 G,L1 G1,L1
I

G

Con,G1
G,L1
I1= −

− + −[ ( ) ( )]
( ) , (A-14)

Λ ΓT
a h h

h
HG1,L1

I G,L1 L1,G G,L1

Con,G1
G,L1
I1=

+( )
( ) , (A-15)

Λ ΓT
a h

h
HG

G,L1 L1,G

Con,G1
G,L1
I1= − ( ), and (A-16)

Λ
Γ

h
hCon,G1

G,L1
I1

Con,G1

= − . (A-17)

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

∆Γ Λ ∆ Λ ∆ Λ ∆L1,G
I1

L1G,
I1

G L1G,
I1

L3 L1G,
I1

G= + +
=
∑ x x e x Tl l
l

ρ
1

3

4 5 , (A-18)

where

Λ Λ Λ Λx R
R

T
T

h
h

ll
l l l

L1G,
I1

G1,L1
G1,L1

G
G1,L1
I G1,L1

I

G
Vap,G1

Vap,G1

G

=
∂
∂

+
∂
∂

+
∂

∂ρ ρ ρ
δ( ) ( , )1 ,

l = 1, 2 and 3, (A-19)

ΛxL1G,
I1 =4 0, and (A-20)

Λ Λ Λ Λ Λx R
R

T
T

T

T
T h

h

TL1G,
I1

G1,L1
G1,L1

G
G1,L1
I G1,L1

I

G
G Vap,G1

Vap,G1

G

=5

∂
∂

+
∂
∂

+ +
∂

∂
. (A-21)
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The expressions for intermediate variables, ΛRG1,L1, ΛTG1,L1
I , ΛTG and ΛhVap,G1, in Eqs. (A-

19) and (A-21) are given by

Λ ΓR
a h T T h T T

h
HG1,L1

G,L1 L1,G G1,L1
I

L1 G,L1 G1,L1
I

G

Vap,G1
L1,G
I1= −

− + −[ ( ) ( )]
( ) , (A-22)

Λ ΓT
R a h h

h
HG1,L1

I G1,L1 G,L1 L1,G G,L1

Vap,G1
L1,G
I1= −

+( )
( ) , (A-23)

Λ ΓT
R a h

h
HG

G1,L1 G,L1 L1,G

Vap,G1
L1,G
I1= ( ) , and (A-24)

Λ
Γ

h
hVap,G1

L1,G
I1

Vap,G1

= . (A-25)

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

ΓG,L2
I2

G2 L2
G2,L2

Con,G2

= R
q

h

I

, , qG2,L2
I > 0, and (A-26)

ΓL2,G
I2

G2 L2
G2,L2
I

Vap,G2

= −R
q

h, , qG2,L2
I < 0, (A-27)

where

q a h T T h T TG2,L2
I

G,L2 L2,G G2,L2
I

L2
n

G,L2 G2,L2
I

G
n +1= − + −[ ( ƒ ) ( ƒ )] . (A-28)

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

∆Γ Λ ∆ Λ ∆ Λ ∆G,L2
I2

GL2,
I2

G GL2,
I2

L3 GL2,
I2

G= + +
=
∑ x x e x Tl l
l

ρ
1

3

4 5 , (A-29)

where

Λ Λ Λ Λx R
R

T
T

h
h

ll
l l l

GL2,
I2

G2,L2
G2,L2

G
G2,L2
I G2,L2

I

G
Con,G2

Con,G2

G

=
∂
∂

+
∂
∂

+
∂

∂ρ ρ ρ
δ( ) ( , )2 ,

l = 1, 2 and 3, (A-30)

ΛxGL2,
I1 =4 0, and (A-31)

Λ Λ Λ Λ Λx R
R

T
T

T

T
T h

h

TGL2,
I2

G2,L2
G2,L2

G
G2,L2
I G2,L2

I

G
G Con,G2

Con,G2

G

=5

∂
∂

+
∂
∂

+ +
∂

∂
. (A-32)

The expressions for intermediate variables, ΛRG2,L2, ΛTG2,L2
I , ΛTG and ΛhCon,G2, in Eqs. (A-
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30) and (A-32) are given by

Λ ΓR
a h T T h T T

h
HG2,L2

G,L2 L2,G G2,L2
I

L2
n

G,L2 G2,L2
I

G
n +1

Con,G2
G,L2
I2=

− + −[ ( ƒ ) ( ƒ )]
( ) , (A-33)

Λ ΓT
R a h h

h
HG2,L2

I G2,L2 G,L2 L2,G G,L2

Con,G2
G,L2
I2=

+( )
( ) , (A-34)

Λ ΓT
R a h

h
HG

G2,L2 G,L2 L2,G

Con,G2
G,L2
I2= − ( ) , and (A-35)

Λ
Γ

h
hCon,G2

G,L2
I2

Con,G2

= − . (A-36)

The derivative of mass-transfer rate, Eq. (A-27), is given by

∆Γ Λ ∆ Λ ∆ Λ ∆L2,G
I2

L2G,
I2

G L2G,
I2

L3 L2G,
I2

G= + +
=
∑ x x e x Tl l
l

ρ
1

3

4 5 , (A-37)

where

Λ Λ Λ Λx R
R

T
T

h
h

ll
l l l

L2G,
I2

G2,L2
G2,L2

G
G2,L2
I G2,L2

I

G
Vap,G2

Vap,G2

G

=
∂
∂

+
∂
∂

+
∂

∂ρ ρ ρ
δ( ) ( , )2 ,

l = 1, 2 and 3, (A-38)

ΛxL2G,
I2 =4 0, and (A-39)

Λ Λ Λ Λ Λx R
R

T
T

T

T
T h

h

TL2G,
I2

G2,L2
G2,L2

G
G2,L2
I G2,L2

I

G
G Vap,G2

Vap,G2

G

=5

∂
∂

+
∂
∂

+ +
∂

∂
. (A-40)

The expressions for intermediate variables, ΛRG2,L2, ΛTG2,L2
I , ΛTG and ΛhVap,G2, in Eqs. (A-

38) and (A-40) are given by

Λ ΓR
a h T T h T T

h
HG2,L2

G,L2 L2,G G2,L2
I

L2
n

G,L2 G2,L2
I

G
n +1

Vap,G2
G,L2
I2= −

− + −[ ( ƒ ) ( ƒ )]
( ) , (A-41)

Λ ΓT
R a h h

h
HG2,L2

I G2,L2 G,L2 L2,G G,L2

Vap,G2
L2,G
I2= −

+( )
( ) , (A-42)

Λ ΓT
R a h

h
HG

G2,L2 G,L2 L2,G

Vap,G2
L2,G
I2= ( ) , and (A-43)

Λ
Γ

h
hVap,G2

L2,G
I2

Vap,G2

= . (A-44)
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At this interface the condensation rate of fuel vapor is calculated by

ΓG,L1
I

G1,L
G1,L
I

Con,G1

2
2

2= R
q

h
, qG1,L

I
2 0> , (A-45)

where

q a h T T h T TG1,L
I

G,L L ,G G1,L
I

L2
n

G,L G1,L
I

G
n +1

2 2 2 2 2 2= − + −[ ( ƒ ) ( ƒ )] . (A-46)

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

∆Γ Λ ∆ Λ ∆ Λ ∆G,L1
I2

GL1,
I2

G GL1,
I2

L3 GL1,
I2

G= + +
=
∑ x x e x Tl l
l

ρ
1

3

4 5 , (A-47)

where

Λ Λ Λ Λx R
R

T
T

h
h

ll
l l l

GL1,
I2

G1,L2
G1,L2

G
G1,L2
I G1,L2

I

G
Con,G1

Con,G1

G

=
∂
∂

+
∂
∂

+
∂

∂ρ ρ ρ
δ( ) ( , )1

l = 1, 2 and 3, (A-48)

ΛxGL1,
I2 =4 0, and (A-49)

Λ Λ Λ Λ Λx R
R

T
T

T

T
T h

h

TGL1,
I2

G1,L2
G1,L2

G
G1,L2
I G1,L2

I

G
G Con,G1

Con,G1

G

=5

∂
∂

+
∂
∂

+ +
∂

∂
. (A-50)

The expressions for intermediate variables, ΛRG1,L2, ΛTG1,L2
I , ΛTG and ΛhCon,G1, in Eqs. (A-

48) and (A-50) are given by

Λ ΓR
a h T T h T T

h
HG1,L2

G,L2 L2,G G1,L2
I

L2
n

G,L2 G1,L2
I

G
n +1

Con,G1
G,L1
I2=

− + −[ ( ƒ ) ( ƒ )]
( ) , (A-51)

Λ ΓT
R a h h

h
HG1,L2

I G1,L2 G,L2 L2,G G,L2

Con,G1
G,L1
I2=

+( )
( ), (A-52)

Λ ΓT
R a h

h
HG

G1,L2 G,L2 L2,G

Con,G1
G,L1
I2= − ( ), and (A-53)

Λ
Γ

h
hCon,G1

G,L1
I2

Con,G1

= − . (A-54)

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

ΓG,L3
I3

G3,L3
G3,L3

Con,G3

= R
q

h

I

, qG ,L
I

3 3 0> , and (A-55)
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ΓL3,G
I3

G3,L3
G3,L3
I

Vap,G3

= −R
q

h
, qG ,L

I
3 3 0< , (A-56)

where

q a h T T h T TG3,L3
I

G,L3 L3,G G3,L3
I

L3
n +1

G,L3 G3,L3
I

G
n +1= − + −[ ( ƒ ) ( ƒ )] . (A-57)

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

∆Γ Λ ∆ Λ ∆ Λ ∆G,L3
I3

GL3,
I3

G GL3,
I3

L3 GL3,
I3

G= + +
=
∑ x x e x Tl l
l

ρ
1

3

4 5 , (A-58)

where

Λ Λ Λ Λx R
R

T
T

h
h

ll
l l l

GL3,
I3

G3,L3
G3,L3

G
G3,L3
I G3,L3

I

G
Con,G3

Con,G3

G

=
∂
∂

+
∂
∂

+
∂

∂ρ ρ ρ
δ( ) ( , )3 ,

l = 1, 2 and 3, (A-59)

Λ Λx T
T

eGL3,
I3

L3
L3

L3

=4

∂
∂ , and (A-60)

Λ Λ Λ Λ Λx R
R

T
T

T

T
T h

h

TGL3,
I3

G3,L3
G3,L3

G
G3,L3
I G3,L3

I

G
G Con,G3

Con,G3

G

=5

∂
∂

+
∂
∂

+ +
∂

∂
. (A-61)

The expressions for intermediate variables, ΛRG3,L3, ΛTG3,L3
I , ΛTL3 , ΛTG and ΛhCon,G3, in

Eqs. (A-59) – (A-61) are given by

Λ ΓR
a h T T h T T

h
HG3,L3

G,L3 L3,G G3,L3
I

L3
n

G,L3 G3,L3
I

G
n +1

Con,G3
G,L3
I3=

− + −[ ( ƒ ) ( ƒ )]
( ) , (A-62)

Λ ΓT
R a h h

h
HG3,L3

I G3,L3 G,L3 L3,G G,L3

Con,G3
G,L3
I3=

+( )
( ) , (A-63)

Λ ΓT
R a h

h
HL3

G3,L3 G,L3 L3,G

Con,G3
G,L3
I3= − ( ) , (A-64)

Λ ΓT
R a h

h
HG

G3,L3 G,L3 L3,G

Con,G3
G,L3
I3= − ( ) , and (A-65)

Λ
Γ

h
hCon,G3

G,L3
I3

Con,G3

= − . (A-66)

The derivative of mass-transfer rate, Eq. (A-56), is given by
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∆Γ Λ ∆ Λ ∆ Λ ∆L3,G
I3

L3G,
I3

G L3G,
I3

L3 L3G,
I3

G= + +
=
∑ x x e x Tl l
l

ρ
1

3

4 5 , (A-67)

where

Λ Λ Λ Λx R
R

T
T

h
h

ll
l l l

L3G,
I3

G3,L3
G3,L3

G
G3,L3
I G3,L3

I

G
Vap,G3

Vap,G3

G

=
∂
∂

+
∂
∂

+
∂

∂ρ ρ ρ
δ( ) ( , )3 ,

l = 1, 2 and 3, (A-68)

Λ Λ Λx T
T

e
h

h

eL3G,
I3

L3
L3

L3
Vap,G3

Vap,G3

L3

=4

∂
∂

+
∂

∂
, and (A-69)

Λ Λ Λ Λ Λx R
R

T
T

T

T
T h

h

TL3G,
I3

G3,L3
G3,L3

G
G3,L3
I G3,L3

I

G
G Vap,G3

Vap,G3

G

=5

∂
∂

+
∂
∂

+ +
∂

∂
. (A-70)

The expressions for intermediate variables, ΛRG3,L3, ΛTG3,L3
I , ΛTL3 , ΛTG and ΛhVap,G3, in

Eqs. (A-68) – (A-70) are given by

Λ ΓR
a h T T h T T

h
HG3,L3

G,L3 L3,G G3,L3
I

L3
n +1

G,L3 G3,L3
I

G
n +1

Vap,G3
L3,G
I3= −

− + −[ ( ƒ ) ( ƒ )]
( ), (A-71)

Λ ΓT
R a h h

h
HG3,L3

I G3,L3 G,L3 L3,G G,L3

Vap,G3
L3,G
I3= −

+( )
( ) , (A-72)

ΛT
R a h

hL3
G3,L3 G,L3 L3,G

Vap,G3

= , (A-73)

Λ ΓT
R a h

h
HG

G3,L3 G,L3 L3,G

Vap,G3
L3,G
I3= ( ) , and (A-74)

Λ
Γ

h
hVap,G3

L3,G
I3

Vap,G3

= . (A-75)

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

ΓG,Lm
I

Gm,L
Gm,L
I

Con,Gm

3
3

3= R
q

h
, qGm,L

I
3 0> , m = 1 and 2, (A-76)

where

q a h T T h T TGm,L
I

G,L L ,G Gm,L
I

L3
n +1

G,L Gm,L
I

G
n +1

3 3 3 3 3 3= − + −[ ( ƒ ) ( ƒ )] . (A-77)

The derivative of mass-transfer rates, Eq. (A-76), are given by
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∆Γ Λ ∆ Λ ∆ Λ ∆G,Lm
I3

GLm,
I3

G GLm,
I3

L3 GLm,
I3

G= + +
=
∑ x x e x Tl l
l

ρ
1

3

4 5 , (A-78)

where

Λ Λ Λ Λx R
R

T
T

h
h

ll
l l l

GLm,
I3

Gm,L3
Gm,L3

G
Gm,L3
I Gm,L3

I

G
Con,Gm

Con,Gm

G

= m
∂
∂

+
∂
∂

+
∂

∂ρ ρ ρ
δ( ) ( , ),

l = 1, 2 and 3, (A-79)

Λ Λx T
T

eGLm,
I3

L3
L3

L3

=4

∂
∂ , and (A-80)

Λ Λ Λ Λ Λx R
R

T
T

T

T
T h

h

TGLm,
I3

Gm,L3
Gm,L3

G
Gm,L3
I Gm,L3

I

G
G Con,Gm

Con,Gm

G

=5

∂
∂

+
∂

∂
+ +

∂
∂

. (A-81)

The expressions for intermediate variables, ΛRGm,L3, ΛTGm,L3
I , ΛTL3 , ΛTG and ΛhCon,Gm, in

Eqs. (A-79) – (A-81) are given by

Λ ΓR
a h T T h T T

h
HGm,L3

G,L3 L3,G Gm,L3
I

L3
n +1

G,L3 Gm,L3
I

G
n +1

Con,Gm
G,Lm
I3=

− + −[ ( ƒ ) ( ƒ )]
( ) , (A-82)

Λ ΓT
R a h h

h
HGm,L3

I Gm,L3 G,L3 L3,G G,L3

Con,Gm
G,Lm
I3=

+( )
( ), (A-83)

Λ ΓT
R a h

h
HL3

Gm,L3 G,L3 L3,G

Con,Gm
G,Lm
I3= − ( ), (A-84)

Λ ΓT
R a h

h
HG

Gm,L3 G,L3 L3,G

Con,Gm
G,Lm
I3= − ( ), and (A-85)

Λ
Γ

h
hCon,Gm

G,Lm
I3

Con,Gm

= − . (A-86)

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

ΓG,Lm
I(k)

Gm,K(k)
Gm,K(k)
I

Con,Gm

= R
q

h
, qGm,K(k)

I > 0, m = 1, 2 and 3, and k = 1– 7, (A-87)

where

q a h T T h T TGm,K(k)
I

G,K(k) K(k) Gm,K(k)
I

K(k)
n

G,K(k) Gm,K(k)
I

G
n +1= − + −[ ( ƒ ) ( ƒ )] . (A-88)

The derivative of mass-transfer rates, Eq. (A-87), are given by
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∆Γ Λ ∆ Λ ∆ Λ ∆G,Lm
I(k)

GLm,
I(k)

G GLm,
I(k)

L3 GLm,
I(k)

G= + +
=
∑ x x e x Tl l
l

ρ
1

3

4 5 , (A-89)

where

Λ Λ Λ Λx R
R

T
T

h
h

ll
l l l

GLm,
I(k)

Gm,K(k)
Gm,K(k)

G
Gm,K(k)
I Gm,K(k)

I

G
Con,Gm

Con,Gm

G

= m
∂

∂
+

∂
∂

+
∂

∂ρ ρ ρ
δ( ) ( , ),

l = 1, 2 and 3, (A-90)

ΛxGLm,
I(k) =4 0, and (A-91)

Λ Λ Λ Λ Λx R
R

T
T

T

T
T h

h

TGLm,
I(k)

Gm,K(k)
Gm,K(k)

G
Gm,K(k)
I Gm,K(k)

I

G
G Con,Gm

Con,Gm

G

=5

∂
∂

+
∂

∂
+ +

∂
∂

. (A-92)

The expressions for intermediate variables, ΛRGm,L3, ΛTGm,L3
I , ΛTG and ΛhCon,Gm, in Eqs.

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

Λ ΓR
a h T T h T T

h
HGm,K(k)

G,K(k) K(k) Gm,K(k)
I

K(k)
n

G,K(k) Gm,K(k)
I

G
n +1

Con,Gm
G,Lm
I(k)=

− + −[ ( ƒ ) ( ƒ )]
( ) , (A-93)

Λ ΓT
R a h h

h
HGm,K(k)

I Gm,K(k) G,K(k) K(k) G,K(k)

Con,Gm
G,Lm
I(k)=

+( )
( ) , (A-94)

Λ ΓT
R a h

h
HG

Gm,K(k) G,K(k) K(k)

Con,Gm
G,Lm
I(k)= − ( ) , and (A-95)

Λ
Γ

h
hCon,Gm

G,Lm
I(k)

Con,Gm

= − . (A-96)

Liquid-fuel/Liquid-steel interface: The mass-transfer rate is calculated by

ΓL2,G
I8 L1,L2

I

Vap,G2

= −
q

h
, qL1,L2

I < 0, (A-97)

where

q a h T T h T TL ,L
I

L ,L L ,L L ,L
I

L1
n

L ,L L ,L
I

L2
n

1 2 1 2 1 2 1 2 2 1 1 2= − + −[ ( ƒ ) ( ƒ )] . (A-98)

The derivative of mass-transfer rate, Eq. (A-97), is given by

∆Γ Λ ∆ Λ ∆ Λ ∆L2,G
I8

L2G,
I8

G L2G,
I8

L3 L2G,
I8

G= + +
=
∑ x x e x Tl l
l

ρ
1

3

4 5 , (A-99)

where
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Λ Λ Λx T
T

h
h

ll
l l

L2G,
I8

L1,L2
I L1,L2

I

G
Vap,G2

Vap,G2

G

= ( ) ( , )
∂
∂

+
∂

∂ρ ρ
δ 2 , l = 1, 2 and 3, (A-100)

ΛxL2G,
I8 =4 0, and (A-101)

Λ Λ Λx T
T

T
h

h

TL2G,
I8

L1,L2
I L1,L2

I

G
Vap,G2

Vap,G2

G

=5

∂
∂

+
∂

∂
. (A-102)

The expressions for intermediate variables, ΛTL1,L2
I  and ΛhVap,G2, in Eqs. (A-100) and (A-

102) are given by

Λ ΓT
a h h

h
HL1,L2

I L1,L2 L1,L2 L2,L1

Vap,G2
L2,G
I8= −

+( )
( ) , and (A-103)

Λ
Γ

h
hVap,G2

L2,G
I8

Vap,G2

= . (A-104)

Liquid-fuel/Liquid-sodium interface: The mass-transfer rate is calculated by

ΓL3,G
I9 L1,L3

I

Vap,G3

= −
q

h
, qL1,L3

I < 0, (A-105)

where

q a h T T h T TL ,L
I

L ,L L ,L L ,L
I

L1
n

L3,L1 L ,L
I

L3
n +1

1 3 1 3 1 3 1 3 1 3= − + −[ ( ƒ ) ( ƒ )] . (A-106)

The derivative of mass-transfer rate, Eq. (A-105), is given by

∆Γ Λ ∆ Λ ∆ Λ ∆L3,G
I9

L3G,
I9

G L3G,
I9

L3 L3G,
I9

G= + +
=
∑ x x e x Tl l
l

ρ
1

3

4 5 , (A-107)

where

Λ Λ Λx T
T

h
h

ll
l l

L3G,
I9

L1,L3
I L1,L3

I

G
Vap,G3

Vap,G3

G

= ( ) ( , )
∂
∂

+
∂

∂ρ ρ
δ 3 , l = 1, 2 and 3, (A-108)

Λ Λ Λx T
T

e
h

h

eL3G,
I9

L3
L3

L3
Vap,G3

Vap,G3

L3

=4

∂
∂

+
∂

∂
, and (A-109)

Λ Λ Λx T
T

T
h

h

TL3G,
I9

L1,L3
I L1,L3

I

G
Vap,G3

Vap,G3

G

=5

∂
∂

+
∂

∂
. (A-110)

The expressions for intermediate variables, ΛTL1,L3
I , ΛTL3  and ΛhVap,G3, in Eqs. (A-108) –

(A-110) are given by
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Λ ΓT
a h h

h
HL1,L3

I L1,L3 L1,L3 L3,L1

Vap,G3
L3,G
I9= −

+( )
( ) , (A-111)

Λ ΓT
a h

h
HL3

L1,L3 L3,L1

Vap,G3
L3,G
I9= ( ) , and (A-112)

Λ
Γ

h
hVap,G3

L3,G
I9

Vap,G3

= . (A-113)

Liquid-steel/Liquid-sodium interface: The mass-transfer rate is calculated by

ΓL3,G
I14 L2,L3

I

Vap,G3

= −
q

h
, qL2,L3

I < 0, (A-114)

where

q a h T T h T TL ,L
I

L ,L L ,L L ,L
I

L2
n

L3,L2 L ,L
I

L3
n +1

2 3 2 3 2 3 2 3 2 3= − + −[ ( ƒ ) ( ƒ )] . (A-115)

The derivative of mass-transfer rate, Eq. (A-114), is given by

∆Γ Λ ∆ Λ ∆ Λ ∆L3,G
I14

L3G,
I14

G L3G,
I14

L3 L3G,
I14

G= + +
=
∑ x x e x Tl l
l

ρ
1

3

4 5 , (A-116)

where

Λ Λ Λx T
T

h
h

ll
l l

L3G,
I14

L2,L3
I L2,L3

I

G
Vap,G3

Vap,G3

G

= ( ) ( , )
∂
∂

+
∂

∂ρ ρ
δ 3 , l = 1, 2 and 3, (A-117)

Λ Λ Λx T
T

e
h

h

eL3G,
I14

L3
L3

L3
Vap,G3

Vap,G3

L3

=4

∂
∂

+
∂

∂
, and (A-118)

Λ Λ Λx T
T

T
h

h

TL3G,
I14

L2,L3
I L2,L3

I

G
Vap,G3

Vap,G3

G

=5

∂
∂

+
∂

∂
. (A-119)

The expressions for intermediate variables, ΛTL2,L3
I , ΛTL3  and ΛhVap,G3, in Eqs. (A-117) –

(A-119) are given by

Λ ΓT
a h h

h
HL2,L3

I L2,L3 L2,L3 L3,L2

Vap,G3
L3,G
I14= −

+( )
( ), (A-120)

Λ ΓT
a h

h
HL3

L2,L3 L2,L3

Vap,G3
L3,G
I14= ( ), and (A-121)

Λ
Γ

h
hVap,G3

L3,G
I14

Vap,G3

= . (A-122)
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A.2. Interface temperatures

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

T TG1,L1
I

Sat,G1
n 1= +ƒ , and (A-123)

T
h T h T

h hG4,L1
I L1,G L1

n
G,L1 G

n +1

L1,G G,L1

=
+
+

ƒ ƒ
. (A-124)

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

∂
∂

=
∂

∂
T T

l
l l

G1,L1
I

Sat,G1

ρ ρ
δ( , )1 , l = 1, 2 and 3, (A-125)

∂
∂

=
∂

∂
T

T

T

T
G1,L1
I

G

Sat,G1

G

, (A-126)

∂
∂

=
T

l

G4,L1
I

ρ
0, l = 1, 2 and 3, and (A-127)

∂
∂

=
+

T

T

h

h h
G4,L1
I

G

G,L1

L1,G G,L1

. (A-128)

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

T TG2,L2
I

Sat,G2
n 1= +ƒ , and (A-129)

T T TG1,L2
I

Sat,G1
n 1

GL2= +max[ƒ , ], (A-130)

where TGL2 is calculated by

T
h T h T

h hGL2
L2,G L2

n
G,L2 G

n +1

L2,G G,L2

=
+
+

ƒ ƒ
. (A-131)

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

∂
∂

=
∂

∂
T T

l
l l

G2,L2
I

Sat,G2

ρ ρ
δ( , )2 , l = 1, 2 and 3, (A-132)

∂
∂

=
∂

∂
T

T

T

T
G2,L2
I

G

Sat,G2

G

, (A-133)

∂
∂

=
∂

∂
T T

l H
l l

G1,L2
I

Sat,G1
G1,L2ρ ρ

δ ξ( , ) ( )1 , l = 1, 2 and 3, (A-134)
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∂
∂

=
∂

∂
+

+
−

T

T

T

T
H

h

h h
HG1,L2

I

G

Sat,G1

G
G1,L2

G,L2

L2,G G,L2
G1,L2( ) ( )ξ ξ , (A-135)

where ξG1,L2 is

ξG1,L2 Sat,G1
n +1

GL2= −ƒT T . (A-136)

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

T TG3,L3
I

Sat,G3
n 1= +ƒ , and (A-137)

T T TGm,L3
I

Sat,Gm
n 1

GL3= +max[ƒ , ] , m = 1 and 2, (A-138)

where TGL3 is calculated by

T
h T h T

h hGL3
L3,G L3

n +1
G,L3 G

n +1

L3,G G,L3

=
+
+

ƒ ƒ
. (A-139)

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

∂
∂

=
∂

∂
T T

l
l l

G3,L3
I

Sat,G3

ρ ρ
δ( , )3 , l = 1, 2 and 3, (A-140)

∂
∂

=
T

e
G3,L3
I

L3

0, (A-141)

∂
∂

=
∂

∂
T

T

T

T
G3,L3
I

G

Sat,G3

G

, (A-142)

∂
∂

=
∂

∂
T T

l H
l l

Gm,L3
I

Sat,Gm
Gm,L3m

ρ ρ
δ ξ( , ) ( ), l = 1, 2 and 3, (A-143)

∂
∂

=
+

∂
∂

−
T

e

h

h h

T

e
HGm,L3

I

L3

L3,G

L3,G G,L3

L3

L3
Gm,L3( )ξ , and (A-144)

∂
∂

=
∂

∂
+

+
−

T

T

T

T
H

h

h h
HGm,L3

I

G

Sat,Gm

G
Gm,L3

G,L3

L3,G G,L3
Gm,L3( ) ( )ξ ξ , (A-145)

where ξGm,L3 is

ξGm,L3 Sat,Gm
n +1

GL3= −ƒT T . (A-146)

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

T T TGm,K(k)
I

Sat,Gm
n 1

GK(k)= +max[ƒ , ], and (A-147)
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T TG4,K(k)
I

GK(k)= , (A-148)

where k = 1 – 6 and TGK(k) is calculated by

T
h T h T

h hGK(k)
K(k) K(k)

n
G,K(k) G

n +1

K(k) G,K(k)

=
+
+

ƒ ƒ
. (A-149)

The derivatives of Eqs. (A-147) and (A-148) are given by

∂
∂

=
∂

∂
T T

l H
l l

Gm,K(k)
I

Sat,Gm
Gm,K(k)m

ρ ρ
δ ξ( , ) ( ) , l = 1, 2 and 3, (A-150)

∂
∂

=
∂

∂
+

+
−

T

T

T

T
H

h

h h
HGm,K(k)

I

G

Sat,Gm

G
Gm,K(k)

G,K(k)

K(k) G,K(k)
Gm,K(k)( ) ( )ξ ξ , (A-151)

∂
∂

=
T

l

G4,K(k)
I

ρ
0, and (A-152)

∂
∂

=
+

T

T

h

h h
G4,K(k)
I

G

G,K(k)

K(k) G,K(k)

, (A-153)

where ξGm,K(k) is

ξGm,K(k) Sat,Gm
n +1

GK(k)= −ƒT T . (A-154)

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

T T TL1,L2
I

Sat,G2
n 1

L1L2= +max[ƒ , ], (A-155)

where TL1L2  is calculated by

T
h T h T

h hL1L2
L1,L2 L1

n
L2,L1 L2

n

L1,L2 L2,L1

=
+
+

ƒ ƒ
. (A-156)

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

∂
∂

=
∂

∂
T T

l H
l l

L1,L2
I

Sat,G2
L1,L2ρ ρ

δ ξ( , ) ( )2 , l = 1, 2 and 3, and (A-157)

∂
∂

=
∂

∂
T

T

T

T
HL1,L2

I

G

Sat,G2

G
L1,L2( )ξ , (A-158)

where ξL1,L2  is

ξL1,L2 Sat,G2
n +1

L1L2= −ƒT T . (A-159)
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Liquid-fuel/Liquid-sodium interface: The interface temperature is calculated by

T T TL1,L3
I

Sat,G3
n 1

L1L3= +max[ƒ , ], (A-160)

where TL1L3  is calculated by

T
h T h T

h hL1L3
L1,L3 L1

n
L3,L1 L3

n +1

L1,L3 L3,L1

=
+
+

ƒ ƒ
. (A-161)

The derivative of Eq. (A-160) is given by

∂
∂

=
∂

∂
T T

l H
l l

L1,L3
I

Sat,G3
L1,L3ρ ρ

δ ξ( , ) ( )3 , l = 1, 2 and 3, (A-162)

∂
∂

=
+

∂
∂

−
T

e

h

h h

T

e
HL1,L3

I

L3

L3,L1

L1,L3 L3,L1

L3

L3
L1,L3( )ξ , and (A-163)

∂
∂

=
∂

∂
T

T

T

T
HL1,L3

I

G

Sat,G3

G
L1,L3( )ξ , (A-164)

where ξL1,L3  is

ξL1,L3 Sat,G3
n +1

L1L3= −ƒT T . (A-165)

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

T T TL2,L3
I

Sat,G3
n 1

L2L3= +max[ƒ , ], (A-166)

where TL2L3  is calculated by

T
h T h T

h hL2L3
L2,L3 L2

n
L3,L2 L3

n +1

L2,L3 L3,L2

=
+
+

ƒ ƒ
. (A-167)

The derivative of Eq. (A-166) is given by

∂
∂

=
∂

∂
T T

l H
l l

L2,L3
I

Sat,G3
L2,L3ρ ρ

δ ξ( , ) ( )3 , (A-168)

∂
∂

=
+

∂
∂

−
T

e

h

h h

T

e
HL2,L3

I

L3

L3,L2

L2,L3 L3,L2

L3

L3
L2,L3( )ξ , and (A-169)

∂
∂

=
∂

∂
T

T

T

T
HL2,L3

I

G

Sat,G3

G
L2,L3( )ξ , (A-170)

where ξL2,L3  is

ξL2,L3 Sat,G3
n +1

L2L3= −ƒT T . (A-171)
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A.3. Correction factors

The following quantities are defined:

R
p

pGm
Gm
n +1

G
n +1=

ƒ
ƒ

, m = 1, 2, 3 and 4, (A-172)

where ƒpG
n +1 are calculated by

ƒ ƒp pG
n +1

Gm
n +1

m =1

4

= ∑ . (A-173)

The derivative of Eq. (A-172) is given by

∂
∂

=
∂
∂

−[ ]R

p

p
p l p

l

l

l

Gm

G
n +1

G
G
n +1

Gm
n +1m

ρ ρ
δ1

2( ƒ )
ƒ ( , ) ƒ , l = 1, 2 and 3, (A-174)

∂
∂

= −
∂
∂

R p

p

p

l

l

l

G4 G4
n +1

G
n +1

G

ρ ρ
ƒ

( ƒ )2 , l = 1, 2 and 3, (A-175)

∂
∂

=
∂
∂

−
∂
∂







R

T p
p

p

T
p

p

T
Gm

G G
n +1 G

n +1 Gm

G
Gm
n +1 G

G

1
2( ƒ )

ƒ ƒ , and (A-176)

∂
∂

=
∂
∂

−
∂
∂







R

T p
p

p

T
p

p

T
G4

G G
n +1 G

n +1 G4

G
G4
n +1 G

G

1
2( ƒ )

ƒ ƒ , (A-177)

where

∂
∂

=
∂
∂∑p

T

p

T
G

G

Gm

Gm =1

4

. (A-178)

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

R f RG ,L G ,L G11 1 1 1= , and (A-179)

R RG ,L G ,L4 1 1 11= − . (A-180)

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

∂
∂

=
∂
∂

R
f

R

l l

G1,L
G1,L

G11
1ρ ρ , l = 1, 2 and 3, (A-181)

∂
∂

=
∂
∂

R

T
f

R

T
G1,L

G
G1,L

G1

G

1
1 , (A-182)

∂
∂

= −
∂

∂
R R

l l

G4,L1 G1,L1

ρ ρ , l = 1, 2 and 3, and (A-183)
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∂
∂

= −
∂

∂
R

T

R

T
G4,L1

G

G1,L1

G

. (A-184)

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

R f RG1,L G1,L G12 2= , (A-185)

R f RG2,L G2,L G22 2= , and (A-186)

R R RG ,L G ,L G ,L4 2 1 2 2 21= − − . (A-187)

The derivatives of Eqs. (A-185) – (A-187) are given by

∂
∂

=
∂
∂

R
f

R

l l

G1,L

G
G1,L

G1

G

2
2ρ ρ , l = 1, 2 and 3, (A-188)

∂
∂

=
∂
∂

R

T
f

R

T
G1,L

G
G1,L

G1

G

2
2 , (A-189)

∂
∂

=
∂
∂

R
f

R

l l

G2,L

G
G2,L

G2

G

2
2ρ ρ , l = 1, 2 and 3, (A-190)

∂
∂

=
∂
∂

R

T
f

R

T
G2,L

G
G2,L

G2

G

2
2 , (A-191)

∂
∂

= −
∂
∂

−
∂
∂

R R R

l l l

G4,L2

G

G1,L2

G

G2,L2

Gρ ρ ρ , l = 1, 2 and 3, and (A-192)

∂
∂

= −
∂

∂
−

∂
∂

R

T

R

T

R

T
G4,L2

G

G1,L2

G

G2,L2

G

. (A-193)

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

R f RG1,L G1,L G13 3= , (A-194)

R f RG2,L G2,L G23 3= , (A-195)

R f RG3,L G3,L G33 3= , and (A-196)

R R R RG ,L G ,L G ,L G ,L4 3 1 3 2 3 3 31= − − − . (A-197)

The derivatives of Eqs. (A-194) – (A-197) are given by

∂
∂

=
∂
∂

R
f

RG1,L

G
G1,L

G1

G

3
3ρ ρl l

, l = 1, 2 and 3, (A-198)

∂
∂

=
∂
∂

R

T
f

R

T
G1,L

G
G1,L

G1

G

3
3 , (A-199)
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∂
∂

=
∂
∂

R
f

RG2,L

G
G2,L

G2

G

3
3ρ ρl l

, l = 1, 2 and 3, (A-200)

∂
∂

=
∂
∂

R

T
f

R

T
G2,L

G
G2,L

G2

G

3
3 , (A-201)

∂
∂

=
∂
∂

R
f

RG3,L

G
G3,L

G3

G

3
3ρ ρl l

, l = 1, 2 and 3, (A-202)

∂
∂

=
∂
∂

R

T
f

R

T
G3,L

G
G3,L

G3

G

3
3 , (A-203)

∂
∂

= −
∂

∂
−

∂
∂

−
∂

∂
R R R R

l l l l

G ,L G ,L G ,L G ,L4 3 1 3 2 3 3 3

ρ ρ ρ ρ , l = 1, 2 and 3, and (A-204)

∂
∂

= −
∂

∂
−

∂
∂

−
∂

∂
R

T

R

T

R

T

R

T
G ,L

G

G ,L

G

G ,L

G

G ,L

G

4 3 1 3 2 3 3 3 . (A-205)

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

R f RGm,K(k) Gm,K(k) Gm= , m = 1, 2, 3 and 4, and k = 1 – 7. (A-206)

The derivative of Eq. (A-206) are given by

∂
∂

=
∂
∂

R
f

R

l l

Gm,K(k)
Gm,K(k)

Gm

ρ ρ , l = 1, 2 and 3, and (A-207)

∂
∂

=
∂
∂

R

T
f

R

T
Gm,K(k)

G
Gm,K(k)

Gm

G

. (A-208)

A.4. Effective latent heats

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

h i eVap,Gm Vap,Gm
*

Lm
n= − ƒ , m = 1 and 2, and (A-209)

h i eVap,G3 Vap,G3
*

L3
n +1= − ƒ , (A-210)

where iVap,Gm
*  is given by

i e i e hVap,Gm
*

Lm
n

Vap,Gm
n +1

Lm
n

lg,min= + −ƒ max[ƒ ƒ , ], m = 1 and 2, and (A-211)

i e i e hVap,G3
*

L3
n +1

Vap,G3
n +1

L3
n +1

lg,min= + −ƒ max[ƒ ƒ , ] . (A-212)

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

=
∂

∂
h i

l
l l

Vap,Gm Vap,Gm
*

m
ρ ρ

δ( , ), m = 1, 2 and 3, and l = 1, 2 and 3, (A-213)

∂
∂

=
∂
∂

+
h

e

i

e
Vap,G3

L3

Vap,G3
*

L3

1, and (A-214)

∂
∂

=
∂

∂
h

T

i

T
Vap,Gm

G

Vap,Gm
*

G

, m = 1, 2 and 3. (A-215)

The derivatives of iVap,Gm
*  are given by

∂
∂

=
∂
∂

i i
HVap,Gm

*

Gm

Vap,Gm

Gm
Vap,Gmρ ρ

ξ( ), m = 1, 2 and 3, (A-216)

∂
∂

= −
i

e
HVap,G3

*

L3
Vap,G3( )ξ , and (A-217)

∂
∂

=
∂

∂
i

T

i

T
HVap,Gm

*

G

Vap,Gm

G
Vap,Gm( )ξ , m = 1, 2 and 3, (A-218)

where ξVap,Gm is

ξVap,Gm Vap,Gm
n +1

Lm
n 1

lg,min= − −+(ƒ ƒ )i e h . (A-219)

The effective heats of condensation, hCon,Gm, are calculated by

h i iCon,Gm Gm
n 1

Con,Gm
*= −+ƒ , m = 1, 2 and 3, (A-220)

where iCon,Gm
*  is

i i i i hCon,Gm
*

Gm
n +1

Gm
n +1

Con,Gm
n +1

lg,min= − −ƒ max[ƒ ƒ , ] . (A-221)

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

∂
∂

=
∂
∂

−
∂

∂






h i i
l

l l l

Con,Gm Gm Con,Gm
*

m
ρ ρ ρ

δ( , ), m = 1, 2 and 3, and l = 1, 2 and 3, and (A-222)

∂
∂

=
∂
∂

−
∂

∂
h

T

i

T

i

T
Con,Gm

G

Gm

G

Con,Gm
*

G

. (A-223)

The derivatives of iCon,Gm
*  are given by

∂
∂

=
∂
∂

+
∂
∂

−
i i

H
i

HCon,Gm
*

Gm

Con,Gm

Gm
Con,Gm

Gm

Gm
Con,Gmρ ρ

ξ
ρ

ξ( ) ( ) , and (A-224)
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∂
∂

=
∂

∂
+

∂
∂

−
i

T

i

T
H

i

T
HCon,Gm

*

G

Con,Gm

G
Con,Gm

Gm

G
Con,Gm( ) ( )ξ ξ , (A-225)

where ξCon,Gm is

ξCon,Gm Gm Con,Gm lg,min= − −( )i i h . (A-226)

A.5. EOS variables

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

derivatives are

∂
∂

=
∂
∂

∂
∂

T p T

p
Sat,Gm

Gm

Gm

Gm

Sat,Gm

Gmρ ρ , and (A-227)

∂
∂

=
∂
∂

∂
∂

T

T

p

T

T

p
Sat,Gm

G

Gm

G

Sat,Gm

Gm

, (A-228)

where m = 1, 2 and 3.

The condensate enthalpies are defined by

i e pCon,Gm Con,Gm Gm Con,Gm= + υ , m = 1, 2 and 3, (A-229)

where eCon,Gm and υCon,Gm are defined as a function of saturation temperature. The

derivatives of iCon,Gm are

∂
∂

=
∂
∂

∂
∂

+
∂
∂

+
∂
∂

∂
∂

i T e

T

p
p

T

T
Con,Gm

Gm

Sat,Gm

Gm

Con,Gm

Sat,Gm
Con,Gm

Gm

Gm
Gm

Sat,Gm

Gm

Con,Gm

Sat,Gmρ ρ
υ

ρ ρ
υ

, and (A-230)

∂
∂

=
∂

∂
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∂

+
∂
∂

+
∂

∂
∂
∂

i

T

T

T

e

T

p

T
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T T
Con,Gm

G

Sat,Gm

G

Con,Gm

Sat,Gm
Con,Gm

Gm

G
Gm

Sat,Gm

G

Con,Gm

Sat,Gm

υ
υ

. (A-231)

The vaporization enthalpies are defined by

i e pVap,Gm Vap,Gm Gm Vap,Gm= + υ , m = 1, 2 and 3, (A-232)

where eVap,Gm and υVap,Gm are defined as a function of saturation temperature. The

derivatives of iVap,Gm are

∂
∂

=
∂
∂

∂
∂

+
∂
∂

+
∂
∂

∂
∂

i T e

T

p
p

T

T
Vap,Gm

Gm

Sat,Gm

Gm

Vap,Gm

Sat,Gm
Vap,Gm

Gm

Gm
Gm

Sat,Gm

Gm

Vap,Gm

Sat,Gmρ ρ
υ

ρ ρ
υ

, and (A-233)

∂
∂
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∂
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∂
∂
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∂

∂
∂
∂

i
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T

T

e
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T
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T

T T
Vap,Gm

G

Sat,Gm

G

Vap,Gm

Sat,Gm
Vap,Gm

Gm

G
Gm

Sat,Gm

G

Vap,Gm
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υ
υ

. (A-234)
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The vapor enthalpies are defined by

i e pGm Gm Gm Gm= + υ , m = 1, 2 and 3. (A-235)

The derivatives of iGm  are

∂
∂

=
∂
∂

+
∂
∂

−
i e p

pGm

Gm

Gm

Gm
Gm

Gm

Gm
Gm

ge

Gmρ ρ
υ

ρ
α
ρ( )2 , and (A-236)

∂
∂

=
∂
∂

+
∂
∂

i

T

e

T

p

T
Gm

G

Gm

G
Gm

Gm

G

υ . (A-237)

During the V/C operations, the vapor volume in a cell is assumed constant, and hence the

derivatives of eGm and pGm with respect to the macroscopic density of vapor component are

calculated by

∂
∂

=
∂
∂

p pGm

Gm ge

Gm

Gmρ α ρ
1

, and (A-238)

∂
∂

=
∂
∂

e eGm

Gm ge

Gm

Gmρ α ρ
1

, (A-239)

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 t x x x(m,1) (m,1) GLm,
Im

GLm,
I(k)

k
LmG,
Im= + + −



 =

∑δ ∆ Λ Λ Λ1 1
1

7

1 ,

+ + + }( ) ( , ) ( , )Λ Λ Λx x xGL1,
I2

GL1,
I3

GL2,
I3m m1 1 11 2δ δ , m = 1, 2 and 3, (B-1)

B t x x x(m,2) (m,2) GLm,
Im

GLm,
I(k)

k
LmG,
Im= + + −



 =

∑δ ∆ Λ Λ Λ2 2
1

7

2

+ +( ) ( , )Λ Λx xGL1,
I2

GL1,
I3 m2 2 1δ

+ − }( ) ( , ),Λ Λx xL GGL2,
I3 I8 m2 2 2 2δ , m = 1, 2 and 3, (B-2)

B t x x x(m,3) (m,3) GLm,
Im

GLm,
I(k)

k
LmG,
Im= + + −



 =

∑δ ∆ Λ Λ Λ3 3
1

8

3

+ +( ) ( , )Λ Λx xGL1,
I2

GL1,
I3 m3 3 1δ +ΛxGL2,

I3 m3 2δ( , )

− + }( ) ( , )Λ Λx xL3G,3
I9

L3G,3
I14 mδ 3 , m = 1, 2 and 3, (B-3)

B t x x(m,4) m mGL1,
I3

GL2,
I3= +{∆ Λ Λ4 41 2δ δ( , ) ( , )

+ − − − }( ) ( , )Λ Λ Λ Λx x x xGLm,
Im

LmG,
Im

L3G,4
I9

L3G,4
I14 m4 4 3δ , (B-4)

B t x x x(m,5) GLm,
Im

GLm,
I(k)

k
LmG,
Im= +





−
=

∑∆ Λ Λ Λ5 5
1

7

5

+ +( ) ( , )Λ Λx xGL1,
I2

GL1,
I3 m5 5 1δ + −( ) ( , )Λ Λx xGL2,

I3
L2G,5
I8 m5 2δ

− + }( ) ( , )Λ Λx xL3G,5
I9

L3G,5
I14 mδ 3 , m = 1, 2 and 3, (B-5)

B l t x x i el l( , ) GL3,
I3

GL3,
I(k)

k
Con,G3 L34

1

7

= − +






−


 =

∑∆ Λ Λ ( )* κ

+ +






∂
∂=

∑Γ ΓG,L3
I3

G,L3
I(k)

k

Con,G3

G1

7

3

3
i

l
*

( , )
ρ

δ +
∂
∂∑a h
T

l
l

L3,Lm L3,Lm
L3,Lm
I

Gm =1 ρ
δ( , )3

2
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+
∂
∂

−





=
∑ R

a h T T
l

Gm,L3

G
G,L3 L3,G Gm,L3

I
L3

m 1 ρ
κ( )

4

+
∂
∂









R a h
T

l
l

Gm,L3 G,L3 L3,G
Gm,L3
I

G

m
ρ

δ( , ) , l = 1 and 2, (B-6)

B t x i e( , ) L3
n

GL3,
I3

Con,G3 L3 G,L3
I3

G,L3
I(k)

k

4 4 4
1

7

= − − − +








 =
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+
∂
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−
∂
∂





∑a h

T

e

T

eL3,Lm L3,Lm
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I

L3
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2
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∂
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∂
∂








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, (B-7)
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

 =

∑∆ Λ Λ ( )* κ
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
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
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7 i
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I
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2
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∂

∂
− +

∂
∂









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=

∑ R

T
a h T T R a h
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G,L3 L3,G Gm,L3
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L3 Gm,L3 G,L3 L3,G
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I

Gm 1

( )κ
4

, (B-8)

B H t
i

a h R
T

( , ) G,L1
I2

G,L1
I3 G1

G
G,Lm G,Lm G1,Lm

G1,Lm
I

Gm 2

5 1 1
1 1

3

= − − +
∂
∂

+
∂
∂







=

∑ƒ ( )∆ Γ Γ
ρ ρ

, (B-9)

B H t x i e
i

( , ) L2G,
I8
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*

G

5 2 2 2
2
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∂


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∂
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G2ρ
, (B-10)

B H t x x i e
i

( , ) L3G,
I9
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*
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I9
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5 3 3 3 3
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∂
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






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ρ
, (B-11)
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+ + +
∂
∂

( )Γ Γ ΓL3,G
I3
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I9
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I14 Vap,G3

*
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i
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− −
=
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m 1
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The quantities ƒHl  in Eqs. (B-9) – (B-11) are expressed by

ƒ ƒH
e

l
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=
∂
∂

ρ
ρG

n G

G
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The elements of column vector C{ }  are
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Nomenclature

a binary-contact area per unit volume (m-1)
aA,B binary-contact area of the A/B interface per unit volume (m-1)
aLf total contact area between liquid-steel continuous phase and structure surfaces

per unit volume (m-1)
c specific heat (J kg-1 K-1)
cp specific heat at constant pressure (J kg-1 K-1)
Dkg binary diffusivity of component k in a multicomponent mixture (m2  s-1)
e specific internal energy (J kg-1)
f fractional effect of noncondensable gas normalized by pressure ratio
H x( ) Heaviside unit function
h heat-transfer coefficient (W m-2 K-1)
h* , h heat-transfer coefficient with and without mass transfer, respectively (W m-2  K-

1)
hA,B heat-transfer coefficient for side A of the A/B interface (W m-2 K)
hCon effective latent heat of condensation (J kg-1)
hVap effective latent heat of vaporization (J kg-1)
ilg latent heat of vaporization (J kg-1)
iCon specific enthalpy of saturated (condensate) liquid (J kg-1)
iVap specific enthalpy of saturated (vaporization) vapor (J kg-1)
i specific enthalpy (J kg-1)
k* , k mass-transfer coefficient with and without mass transfer, respectively (kg m-2 s-1)
Nu Nusselt number
N number of condensable gases
p pressure (Pa)
Pr Prandtl number
QInt heat transfer rate from structure interior (W m-3)
QN nuclear heating rate (W m-3)
q heat transfer rate (W m-3)
qA,B

I net heat-transfer rate at the A/B interface per unit volume (W m-3)
R correction factor for mass-transfer rate
Re Reynolds number
Sc Schmidt number
Sh Sherwood number
T temperature (K)
t time (s)
TA,B

I interface temperature at the A/B interface (W m-3)
XB fraction of liquid steel component in liquid steel film
W molecular weight (kg mol-1)
x mole fraction
y coordinate normal to interface (m)

Greek letters

α 0 minimum vapor volume fraction
α G vapor volume fraction (= 1− −α αS L)
α ge effective vapor-volume fraction (= max S S L[ ( ), ( ) ]α α α α α0 01 1 1− − − − )
α L volume fraction of liquid field
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αS volume fraction of structure field
∆t time step size (s)
δ Kronecker symbol
κ thermal conductivity (W m-1 K-1) or index of iteration step
Γ mass-transfer rate per unit volume (kg s-1 m-3)
ΓA,B

I mass-transfer rate from component A to B (kg s-1 m-3)
µ viscosity (Pa s)
κ thermal conductivity (W m-1 K-1)
ρ microscopic density (kg m-3)
ρ macroscopic (smeared) density (kg m-3) ( = αρ )
ω mass fraction

Subscripts

A, B, C, D labels of energy components
Con saturated liquid
Crt critical point
G, g vapor mixture
Gm material component m in vapor field

m = 1 : fuel,
m = 2 : steel,
m = 3 : sodium, and
m = 4 : fission gas

i interface quantity
K(k) solid energy component contacting to fluid representing L4, L5, L6, L7, k1, k2

and k3 for k = 1 – 7, respectively.
k species in multicomponent systems
km energy component of structure surface

m = 1 :  pin,
m = 2 : left can wall, and
m = 3 : 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 = 5 : fission gas

ng noncondensable gas
o condensation site
Sat, sat saturation
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Sm energy component m in structure field
m = 1 : pin-fuel surface node,
m = 2 : left crust fuel,
m = 3 : right crust fuel,
m = 4 : cladding,
m = 5 : 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 point
SK(k) energy component of structure surfaces

k = 1 : fuel pin (SK(1) = S1 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
∞ 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 I4, I5, I6, I7, I29, I37

and I45 for k = 1 – 7, respectively.
NE non-equilibrium mass transfer
+ lack of pressure dependence
~ n initial value
~ n+1 updated value
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