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A steam explosion occurs when hot liquid contacts with cold volatile liquid. In this phenomenon,
fine fragmentation of the hot liquid causes extremely rapid heat transfer from the hot liquid
to the cold volatile liquid, and explosive vaporization, bringing shock waves and destructive
forces. The steam explosion due to the contact of the molten core material and coolant water
during severe accidents of light water reactors has been regarded as a potential threat to the
integrity of the containment vessel. We developed a mechanistic steam explosion simulation
code, JASMINE, that is applicable to plant scale assessment of the steam explosion loads. This
document, as a manual for users of JASMINE code, describes the models, numerical solution
methods, and also some verification and example calculations, as well as practical instructions
for input preparation and usage of the code.

Keywords: Severe Accident, Molten Core, Steam Explosion, Fuel-Coolant Interaction, Premix-
ing, Propagation, Numerical Simulation, Safety Assessment, JASMINE
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1 Introduction

1.1 Background—Steam Explosion and Safety Assessment

A steam explosion is a phenomenon in which high temperature liquid contacts with low temper-
ature volatile liquid and transfer heat extremely quickly, causing rapid vaporization and shock
wave generation. In other words, a steam explosion is a thermodynamic process which converts
a part of the internal energy possessed by the high temperature liquid into mechanical energy,
which can produce mechanical damages to the surroundings.

In the field of nuclear safety, the steam explosion due to the contact of the molten core
material and coolant water has been recognized as a potential threat to the integrity of the
containment vessel during severe accidents of light water reactors. The interaction between the
molten fuel and coolant in nuclear power plants is also called fuel-coolant interaction (FCI) in
a broad sense, which include both the explosive and mild interactions.

The steam explosion is phenomenologically understood as four stages[l, 2] as shown in
Fig. 1.1. The phenomena involved in each stage is described briefly as follows.

e Premixing: coarse break-up and mixing of the high temperature liquid in the low tem-
perature liquid (coolant) while thermally insulated by a vapor film; time scale 0.1-several
seconds

e Triggering: destabilization of the vapor film and onset of rapid vaporization and fragmen-
tation of the melt droplets

e Propagation: fine fragmentation of the melt droplets and rapid heat transfer associated
with a propagating shock wave; time scale a few milliseconds

e Expansion: vaporization of the coolant and expansion of the mixture potentially causing
damages on the surroundings

Vapor Melt drop Pressure wave
film
@ @
@?@ Q@o
0 @ @ @ @
0° °p.
@ (@)
1) Premixing 2) Triggering 3) Propagation 4) Expansion

Figure 1.1: Phenomenological four stages of steam explosions.

Plant scale assessment on the steam explosion issue needs a certain analytical approach
in order to extrapolate the knowledge obtained from experiments to the scale and conditions
relevant to power plant accidents.

Historically, a variety of models and methods were developed ranging from thermodynamic
models, which give the bounds of energy conversion efficiency, to multidimensional transient
thermohydraulic models, which mechanistically simulates the process.[2, 3]

According to the phenomenology of 4 stages described in the previous section, the assessment
of steam explosion energetics is usually done through the following two steps:

_1_
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e Evaluation of the initial internal energy inventory in the high temperature liquid which is
“premixed” with the coolant and ready to participate in the following explosive process,
and

e Evaluation of the mechanical energy output through the “propagation” and “expansion”
(explosion) processes.

Note that the “triggering” is a tricky process from the view point of safety assessment.
It was observed, in some experimental conditions, that the triggering sometimes occurred but
sometimes not, depending on even a small uncontrollable change in the condition.[4] While,
in the analytical assessment, assuming a triggering or not makes totally different outputs, i.e.
explosion loads or nothing.

Considering that, we, at present, recommend to assume a strong enough triggering, and
to do the explosion simulation to see the mechanical loads. Actually, it may happen that no
significant explosive interaction occurs even if a strong triggering is assumed, depending on the
premixture condition, e.g. high void fraction or melt solidification. In such a case, we may say,
with some confidence, that at most insignificant damage is predicted in the given condition.

1.2 JASMINE Code

We developed a mechanistic FCI simulation code, JASMINE (JAEA Simulator for Multiphase
INteractions and Explosions).

The first version of JASMINE developed in 1995 [5] was a three-fluid Eulerian model with
water, vapor and melt fields aimed at the premixing simulation. This was then called JASMINE-
pre and used in the OECD International Standard Problem No.39 (ISP-39) exercise on a large
scale melt quenching experiment FARO-L14 [6].

The propagation model was separately developed as JASMINE-pro [7, 8] which was a five-
fluid model with additional two fields for the fine fragments of melt generated in the propagation
stage and small amount of coolant which interacts with the fine fragments.

A major modification in JASMINE-pre was made in 1997. In the new version, JASMINE-pre
v.2, melt droplets generated by coarse break-up was modeled in Lagrangian framework. Finally,
in 2003, the propagation related models in JASMINE-pro v.1.1 were merged into JASMINE-
pre v.2.2. This change produced JASMINE v.3, which can handle both the premixing and
propagation/expansion simulations. JASMINE-pre v.2 and JASMINE v.3 were used in the
OECD’s international cooperative research program SERENA Phase-1[9, 10].!

The structure of the present code is illustrated in Fig. 1.2 in relation to the phenomena
expected in the fuel-coolant interaction in a nuclear power plant. JASMINE v.3 consists of
two separate parts for the modeling of the molten core behavior and the coolant multiphase
flow. The molten core model called MELT includes three sub-models for the melt jet, melt pool
and melt particles. The multiphase flow model, which handles the coolant thermohydraulics is a
modified version of ACE3D code developed at Japan Atomic Energy Research Institute (JAERI)
by Ohnuki et al. [11]. The melt jet and melt pool models are one-dimensional representations of
a molten core stream falling into a water pool and a continuous melt body agglomerated on the
bottom, respectively. The melt particles generated by the melt jet break-up in the water pool
are modeled based on a Lagrangian grouped particle concept.

JASMINE simulates the whole process of the steam explosion in two steps. First, the pre-
mixing stage is simulated with the initial/boundary conditions for the flow field and melt inlet.
Then, the the explosion process—propagation and expansion—is simulated by feeding output

IThe latest version is 3.3a as of April, 2008. The basic structure and functions are the same for versions 3.x.

_2_
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Ex-vessel FCI

(Premixing mode)

Melt jet breakup in
premixing process

Coolant: Two-phase
~+{ flow code ACE-3D

Melt droplets
flow and cooling

Group-particle model
(Np particles in it)

(xp, zp)

(Vx,Vz)
(Explosion mode)
Particle Particle
groups Shock groups
premixing front  "Fragmented" Fragments
Particles

Figure 1.2: Concept and structure of JASMINE code.
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Table 1.1: Nature of physics in premixing and explosion processes and related terminology used
in this document.

Premixing Explosion (propagation & expan-
sion)
Physics
Dominating physical | gravity (buoyancy) driven con- shock wave propagation
process vection
Time scale 0.1-10s 0.1-10ms
Melt size scale 1-10mm 1-100pm
Terminology
Name of melt size | (coarse) break-up of melt jet or (fine) fragmentation of melt
change process particles (droplets) particles (droplets)
Name of melt particles | droplets (particles) (fine) fragments

data from the premixing calculation at a selected time, as an initial condition, and by specifying
explosion model options in the input file.

Table 1.1 summarizes the individual features of the premixing and explosion processes and
related terminology, that is used in this document.

1.3 Usage of This Manual

The present document describes the models, numerical solution methods, some verification and
example calculations, as well as the practical usage of the code.

The instructions on the usage and input preparation, the minimum necessary information
to run the code quickly, are given in Appendix E.

It is recommended for the readers, at least, to briefly go through Chapter 2 before running
the code, so that they can grab the basic concept of models and definition and meaning of the
technical terms.

Chapters 3 and 4 give an explanation of numerical solution methods and verification/example
calculations, respectively. Notation of the variables is given in Appendix A. Appendix B-D
describes some modeling and numerical method details.

The summary, Chap. 5, includes the information on the limitation and problems in the
present model.



JAEA-Data/Code 2008-014

2 Model Description

2.1 Modeling Framework

JASMINE consists of a melt model and a two-phase flow model as illustrated in Fig. 1.2. The
melt model consists of three components of sub-models: one-dimensional models for melt jet and
pool, and Lagrangian grouped-particle model for melt particles. For the explosion calculation,
an additional component is attached to the melt particle model for the fine fragments generated
by shock wave—melt particle interaction. The coolant flow involving water, vapor and non-
condensible gases are handled by a modified version of two-phase flow code ACE3D.

The calculation domain considered is a sector of a cylindrical volume with azimuthal width
(angle) ©. The volume is discretized x-z plain into a finite difference grid. The coolant flow
model uses this grid. The melt jet is modeled as a vertical one-dimensional flow accommodated in
the central column of the grid. The melt pool is modeled as a horizontal (radial) one-dimensional
flow in the bottom layer of the grid. The melt particle groups, modeling the melt droplets, are
produced at the jet surface and migrate on the z-z grid as Lagrangian elements.

The basic equations and rules as well as constitutive models are described in the following
sections.

In evaluating the constitutive equations, it is often necessary to consider the multi-phase
flow regimes of the coolant flow. We constructed the constitutive equations on a basic idea that
the melt interacts with the liquid and gas components of the coolant according to the coolant
two-phase flow regimes. The flow regimes are defined as follows.

e Bubbly (liquid-continuous): when the total void fraction « (vapor plus non-condensible
gases) is less than 0.3.

e Droplet (gas-continuous): when « is more than 0.75, and
e Transition: when « is between 0.3 and 0.75.

Based on the above definition, normally the constitutive equations for melt-coolant interactions
are evaluated separately for the gas and liquid components, and averaged with the weighting
function:

0 (0<a<0.3)
fa=1{ (@—0.3)/0.45 (0.3<a<0.75) . (2.1)
1 (0.75 < a < 1)

For example, variables Xj;, and Xy, evaluated for the effects of liquid and gas, respectively, are
averaged by
tho—phase = (1 - fa)Xliq + fanas . (2'2)

Hereafter, this averaging scheme is applied if no specific description is given for the composition
of two-phase contributions.
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2.2 Melt Model

2.2.1 Melt Jet
Basic equations

One-dimensional conservation equations in z-direction for the melt jet are solved. The equations
for mass, internal energy and momentum are expressed as follows:

A A
0Asps + 'Uja IPT —V/20A;m, — AJPJ% for mass, (2.3)
ot 0z 0z
2
886; + vJa;ZJ =— A(?/j] for energy, and (2.4)
1 Opa
%%’er%i’ = —m%i—i—Kf(va—vJ)—kg for momentum, (2.5)

where Ay, pj, vy and e; denote the cross section, density, velocity and internal energy of the
melt jet, respectively. Note that the area Aj; is for the sector of angle ©, ie. Ay = @D?,/8
where D is the jet diameter. The pressure p, in the momentum equation is given by the outer
flow field. Some variables in the source terms: me, mass flux due to droplet entrainment from
the jet surface, g, heat flux and Ky, friction factor, are to be given by constitutive equations.

Constitutive models

Jet break-up The constitutive equation for the mass entrainment from the jet, i.e. droplet
production from the jet surface, was deduced by relating the empirical correlation for jet break-
up length and the mass balance of the jet. Figure 2.1 illustrates a situation that a melt jet is
eroded in a water pool and reduces its diameter as it proceeds downward. The jet is totally
broken up at depth Ly, which is called the break-up length. Empirical correlations are available
for this break-up length. By considering the mass balance at a certain depth z, the change of
the jet cross section dA, and the volume flux for the droplet entrainment V. [m/s] are related by
Vy dA

Vo= ———— | 2.6
7TDJ dz ( )

where A = WD% /4. This equation connects the jet profile, i.e. the cross section or the diameter
as a function of the depth, and the entrainment volume flux. The entrainment volume flux is
determined if a profile is assumed. If it is assumed that the jet diameter decreases linearly with
the depth, i.e. dDj/dz = const. = D j;/ Ly, Eq. (2.6) gives
Vi Dy
Ve=——". 2.7
2 Ly 27)
If it is assumed that the jet cross section decreases linearly with the depth, i.e. dA/dz = const. =
Ai/Lbrk7 Eq. (26) gives
vy, D%
L= L I (2.8)
4Dy Ly
The variables D j; and A; are the jet diameter and cross section at the water surface.
The present version of JASMINE uses Eq. (2.7) when the jet break-up length is shorter
than water pool depth H,,;. For the case of a shallow water pool where Ly, > Hp; (incomplete

break-up), a correction factor \/Hp /Ly, is attached to Eq. (2.7) based on a consideration on
the strength of the steam upward flow surrounding the melt jet[12].
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Water pool

Droplet
entrainmen

Figure 2.1: Concept of the jet break-up model.

A set of empirical correlation for the jet break-up length was obtained by examination into
experimental data by the authors and in the literature[13]. According to a jet diameter-based
Bond number,

D2,
Boy = PIIL Ji , (2.9)
aJ

the jet break-up length is given by a Taylor type correlation[14] when Bo; > 50,

1/2
Lo _ 1 <&> , (2.10)

or otherwise by Saito et al. correlation[15],

1/2 2\ 1/2
LL”?:2.1(9—"> (V—J> : (2.11)

ol 9D j;

where py and p; are densities of the jet and water, Vj; is the jet velocity at the water surface,
and g is the gravitational acceleration.
The mass flux of droplet entrainment m, is given by

Me = CentpsVe , (2.12)

where Cpp; is a constant. If the constant Ce,: is set to be unity, the jet breaks up at the length
determined by the empirical correlation. A larger value for C,,; shortens the break-up length.
The diameter of the entrained droplet is, right now, left to be given as a constant value by
the user. Successive break-up of the droplets are considered in the particle model.
The z and z velocity components of the entrained droplet is given by

Veg = Cyz(2Ve), and (2.13)
Vez = CvzthJ + (1 - Cvzwt)'vc, (214)

where Cy; and Cly,ye are parameters which should have the values roughly ~ 5 and ~ 0.5,
respectively.
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Friction The friction coefficient is given by considering the relative flow of the coolant in the

surrounding boundary layer,
pe | ©

K:=C — ] — . 2.15
¥ fprJ 54, (2.15)

The constant Cp; is usually set to be unity. The friction factor f is given as follows:

f = max(16/Req, 0.0791/Re%?) | (2.16)
Req = pcdbndvr/ﬂc ) (2.17)
dpnd = 0.37zbnd/R€2'2 , and (2.18)
Re, = pczpndvr/lic (2.19)

where Rey and Re, are Reynolds numbers based on the boundary layer thickness dp,q and the
distance from the jet leading edge zp,4. Equation (2.18) is based on the development of turbulent
boundary layer on a flat plate[16].

Heat transfer Heat transfer from the jet is currently not considered, because both the surface
area and the duration of travel in the coolant are much smaller than those of the melt particles
or the melt pool. Therefore, the heat flux ¢ is simply set 0.

2.2.2 Melt Pool

Basic equations

When the jet column or a particle group reaches the bottom, it may form a continuous melt body.
The melt pool model was introduced to contain such a mass. One-dimensional conservation
equations for the pool in the radial direction are solved. The conservation equations for the
melt pool are given as follows:

Jwhppp n d(whpppvp)

— wm, : 2.2
T B wmyg for mass (2.20)
Oep Oep q (éms — ep)max(ms, 0)
= f d 2.21
5 +vp o hopp hopp or energy, an (2.21)
Oovp ovp 1 [Opa , gO(hppp)
ot e oxr  pp Oz +2 ox
(Ums — vp) max(ms, 0)

+ Kfq(va —vp) — Kpyvp + for momentum,  (2.22)

hppp
where hp, w(z)(= 20), pp, ep and vp denote the pool height, the sector width of the analysis
domain at position x, density, internal energy and velocity, respectively. Variables ms, q, Ky,

and K t,, denote the mass flux of melt jet and particles falling on to the pool surface, the heat flux
at the pool surface, the pool-fluid friction factor and the pool-floor friction factor, respectively.

Constitutive models

Friction The friction is neglected (friction factors are set to be 0) at present. The friction
is not important relatively to the heat transfer and mass exchange for the primary purpose of
this pool model, i.e. to accommodate the agglomerated mass of melt in a physically reasonable
manner.
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Heat transfer The surface heat flux is given by considering radiation, film boiling, nucleate
boiling and convection heat transfer, with a collection of available correlation equations described
in the following. Figure 2.2 shows the boiling curve considered in combining the effects of various
modes of heat transfer. Boiling is considered when the temperature of the heat transfer surface
is higher than the saturation temperature of the coolant. Convection heat transfer to the coolant
liquid and/or gas is considered if it is suitable.

e Convection: natural convection over a horizontal flat surface [17]

Gevf = Nucop(ND)(Tw —Tso) (2.23)
Nue; = 0.15Ral/? | (2.24)
Ra = GrPr={gB8(Ty — Ts)l3/v*}Pr , (2.25)

where Nu, s denotes the average Nusselt number over the surface of characteristic scale /;
Ra, Gr and Pr denote Rayleigh, Grashof and Prandtl numbers. The melt pool diameter
is taken for the length /. The correlation is valid roughly for Nuc,r = 50 — 1000.

e Nucleate boiling: Kutateladze [18]

b = 3.05 x 107\ (T — T 10/3Pr7/6{ o } PO . (226
fnt (T = Toa)} b Lglo— pw) o Ahygpupy (2.26)

e Critical heat flux (CHF): Zuber [19]

Al ggpy
Genr = 0.131 g ) 2.27
M= O o — ) (220

The corresponding temperature is found by substituting g.; s for g, in the nucleate boiling
correlation, Eq. (2.26), and solving it for Ty,.

e Film boiling: Berenson [20]

aror = Nppp(Aop/L)(Tw —T0) (2.28)
1/4
9por(pi = pop) LP /13
N = 0.425 2.29
uref { cpoAT st/ ANy Pryy ’ (2.29)
(2.30)
where the Laplace length L and modified latent heat Ah’fg are defined by
L = o1/9(pi — pvf) ; and (2.31)
Ah;cg = Ahfg + 0.5CprATsat . (2.32)

Vapor film properties p,, o, Cpof and Pr,; are evaluated at the film temperature T}y =
0.5(Tyw + Ty)-

e Minimum film boiling (MFB) heat flux: Berenson [20]

Ahggpog
{02;/19(p1 = por) Y/ (o1 = pog)/pus}'/?

The corresponding temperature is found by substituting g, s, for g, in the film boiling
correlation, Eq. (2.28), and solving it for Ty,.

Imypp = 0.09 (2.33)

_9_
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e Transition boiling: Linear interpolation is made between the CHF point (T,pf, genr) and
the MFB point (T3, b, gm fp) on the boiling curve plain. (Fig. 2.2)

e Radiation: Stefan-Boltzmann law
Grad = €mosp(TE — T . (2.34)
The film boiling and radiation models are combined by

Qsum = qfbf + (7/8)(]rad (235)

based on Bromley et al. [21] and Liu-Theofanous [22].

The void effect on the boiling and radiation heat transfer is considered by attenuating the
heat flux when the flow regime departs from liquid continuous bubbly flow. Also, the boiling and
radiation heat transfer is cut off at very high void regime o > 0.95 to avoid numerical problems.
This is made by multiplying the heat flux by the functions defined as follows.

e For nucleate boiling:

1 (0<a<0.3)
fampb =14 1—(@—0.3)/0.2 (03<a<0.5) . (2.36)
0 (0.5 <a<)
e For film boiling:
1 (0<a<0.3)
foa, b =14 {(0.95—«)/0.65}" (0.3 <a<0.95) |, (2.37)
0 (095 <a <)

where n is a constant. We set n = 1 at present.

e For radiation:

1 (0 <a<0.3)
fawa =1 {(0.95—0a)/0.65}" (0.3<a<0.95) |, (2.38)
0 (0.95 < a < 1)

where n is a constant. We set n = 1 at present.

Pool surface temperature The heat transfer at the pool surface depends on the pool surface
temperature. Oxide melts, a typical molten core material, has a relatively low thermal conduc-
tivity and the surface temperature can be significantly lower than the average temperature. For
the melt pool, this aspect is considered by a simple model, based on an assumption of quadratic
temperature profile across the melt pool depth. The surface temperature is expressed by

(2.39)

where T, T, and T;. denote the pool surface, pool average and coolant temperatures, respec-
tively; H denotes the heat transfer coefficient on the pool surface. Since this model is quite crude,
the result is checked to ensure T, < Ty < Ty,. If a strange value arises, Ty = 0.5(Tyw + T¢) is
imposed.
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Figure 2.2: Construction of heat transfer model with available heat transfer correlations in
various modes according to the boiling curve.

Mass addition When the jet leading edge reaches the bottom of the calculation domain, the
mass and energy of the jet is given to the central node of the pool. The momentum of the jet
is given to the pool by adding the stagnant impulse due to jet impingement on the central node
of the pool. Modeling for the merge of settled particles will be described later in Section 2.2.3.

Freezing of the pool Freezing and melting of the pool is decided according to the average
temperature of the whole body of the pool for simplicity. When the average temperature is
lower than the melting point, the pool is considered frozen (velocity is set 0 everywhere).

2.2.3 Melt Particles
Concept and basic equations

A concept of grouped particle was developed for two-dimensional cylindrical geometry. It enables
a practical use of the code for large systems such as plant scale simulation, in which the number
of the real debris particles could be too large to be simulated directly. The grouped particle
model has a scalability according to computational resources available, by choosing the size of
particle groups adequately.

A “particle group” is a group of N, particles which are assumed to have the same properties
and occupy a finite space, 2r, by 2r, on the z-z plain. (see Fig. 1.2) This assumption of finite
size of groups is required to move the melt particle volume, force and heat source smoothly
among the two-phase flow cells. If a group is assumed to be a point, the source terms for the
two-phase flow model would jump from a cell to another suddenly and might cause numerical
problems. Other attributes of the group, i.e. the realistic shape of the group, rotation, diffusive
feature etc., were stripped off to simplify the situation and to make this method feasible.

The motion and heat balance of a representative particle in a group are tracked by Lagrangian
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equations:
0 F
Op _g_ VP Fry g (2.40)
ot Pp my,
ox) :
T for motion, and (2.41)
dep q )
—— = — for energy conservation, (2.42)
o my,

where vy, x,, m, and e, denote particle velocity (vpg, vpz), position (x, 2,), mass of a particle
and internal energy per unit mass, respectively. The hydrodynamic drag force F', and heat
exchange rate g are given by constitutive equations.

This method requires other rules to handle the generation and interferences of particle groups
as described in the followings.

Rules for generation of particle groups

When particles are generated on the jet surface, the mass, temperature, size and velocity of
particles are given in each jet cell at each time step. However, releasing a particle group from
every jet cell at every time step makes too many groups. Besides, the mass or number of particles
generated in one time step at one cell is usually very few. This is a matter of interfacing between
Eulerian and Lagrangian forms of discretization. To workaround this problem, we introduced
a concept of “pre-particle group” as a buffer. (Fig. 2.3) The particles just after the birth are
stored in pre-particle groups. They are released as real particle groups after they mature to have
enough mass or number of particles. Each pre-particle group is attached to each jet cell and has
the same vertical size as the jet cell. (2r, = Azj¢;) The horizontal size of the pre-particle group
develops as the particles inside travels outward. Pre-particle groups do not exchange momentum
and heat with the coolant until they are released as real-particle groups. The criteria of release
are defined as follows.

1. Total mass of pre-particle group is larger than 0, and
2. one of the conditions below is satisfied;

e the number of particles N, > Ny,
e z-direction size ry > ryer (= AZpmin/4),
e x outer edge position exceeds the first cell boundary, or

e the age exceeds a time limit (np;s time steps),

where N, and np;s are the criteria given by the user and Az, is the minimum z-direction
grid width in the system.

When a pre-particle group is released as a real-particle group, the z-direction velocity that
was given by Eq. (2.13) is multiplied by a stochastic function

£ = 0.02+0.98¢, , (2.43)

where ¢, is a random number distributed uniformly between 0 and 1. This stochastic function is
a trial model to express stochastic nature of the initial velocity of melt droplets emitted through
turbulence surrounding the melt jet.

Rules for interference of particle groups with other particle groups or boundaries

Some rules are required to avoid the occurrence of physically unreasonable situation upon the
interference between particle groups or between a particle group and a boundary. The following
rules were defined for this purpose.
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Figure 2.3: Pre-particle group concept.

1. Bounce  0u+02 > Otpack (=0.6)

(damping factor 0.5)

2. Merge if two groups have similar attributes
(velocity, particle dia., temperature)

3. No interference

Figure 2.4: Rules for the interference between particle groups.
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Figure 2.5: Rules for the interference between a particle group and boundary.

(a) Between particle groups (Fig. 2.4)

1. If the sum of the particle volume fractions of two groups in contact is more than the packing
limit apger (= 0.6), the two groups bounce apart with a damping factor Cygmppar (= 0.5),

2. else if the two groups in contact have similar attributes: temperature, particle size and
velocity, matching within 20%, they merge into one group,

3. otherwise, the two groups have no interference, but just go through each other.

(b) With boundaries (Fig. 2.5)
1. If a group reaches the central boundary, it is bounced back inside.

2. If a group reaches the top or the side boundary, it is bounced back inside with a damping
factor Caampuwal(= 0.1).

3. If a group reaches the bottom, it merges into the pool if the pool or the particle group
is molten, otherwise the group piles up on the frozen pool making a debris bed. When a
group joins into the debris bed, the group is vertically collapsed so that its particle volume
fraction becomes the packing limit or the group height becomes the same as the particle
size (the height of a single particle layer).

Constitutive models

Hydrodynamic drag The drag is evaluated by a correlation for a sphere subjected to flow [23]:

T o5l
Fy, = CfprDpipvrv,«, (2.44)
f = max (24/Re,, 185/Re)®, 0.44) (2.45)
Re, = pDyor/p, (2.46)
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where C, is a correction parameter to consider deformation and irregular shape of particles.
Variables D), v, v,, p and p are the melt particle diameter, relative velocity between the melt
particle and the coolant and its absolute value, density and viscosity of the coolant, respectively.
The drag force F}, is calculated for the liquid and gas components of the coolant separately,
and the effects are combined with the method described by Egs. (2.1) and (2.2).

Heat transfer The surface heat transfer coefficients are evaluated by a set of correlations
for radiation, film boiling, nucleate boiling and convection around a sphere as described in the
following. Those various modes of heat transfer are combined by considering the boiling regimes
as shown in Fig. 2.2. Boiling is considered when the temperature of the heat transfer surface is
higher than the saturation temperature of the coolant. Convection heat transfer to the coolant
liquid and/or gas is considered if it is suitable.

e Convection: forced convection around a sphere [24]

Qevp = Nucvp(/\/Dp)(Tw - Too) s (2.47)
Nuey, = 2+0.6Rel/?Pr'/? (2.48)
Rey, = ppDypvr/p, (2.49)

where Nu.,, denotes the average Nusselt number for a particle of diameter D,, exposed to
flow with relative velocity v,; Re, and Pr denote Reynolds and Prandtl numbers.

e Nucleate boiling: Kutateladze [18], Eq.(2.26).
e Critical heat flux (CHF): Zuber [19], Eq.(2.27).

e Film boiling: Liu-Theofanous [22]

arp = Nugpp(Aog/Dp)(Tw = Th)

Nu sy

{Nuf,—l— (FfNUf)5}1/5 ,
1-02/{1+ (Fr'/2 —1)},

(2.50)

(2.51)

(2.52)

Fr = v3/gDy, (2.53)
Nuy = Nus+0.072Re?'77P7“ll/2(ul/uvf)(Sc'/Sp’), (2.54)
Nuy = 0.5Re(ju/pos)(KR*/Sp)VA (2.55)
Rey = pDpvri/iu (2.56)
(2.57)

(2.58)

(2.59)

(2.60)

Nuy/(1+2/Nuy) = ke(Ar/Sp )Y M4 | 2.57
Mc = E3/{(1+ E/Sp Pr))(RPrSp’)?}, 2.58
E = (A+CBY)3 4 (A-CBYH)'Y3 4 (1/3)8¢ 2.59
A = (1/20)83 + (1/3)R?Sp' PriSc + (1/4)R*Sp?Pri , (2.60
B = —(4/27)Sc? 4 (2/3)Sp' PriSc — (32/27)R?Sp' Pry

+(1/4)Sp”Pr? + (2/27)Sc® /R? | (2.61)
C = (1/2)R*Sp'Pr, (2.62)
K = pi/pos (2.63)
R = (popos/mp)'? (2.64)
Ar = g(pl_Pvf)Dg/(:ugf/pvf)v (2.65)
D' = Dy/{ai/g(p — pus)}'* (2.66)
S = AT /AN, Pry (2.67)
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Sy = cpvaTsup/Ah}gPrvf , (2.68)
Ahlfg = Ahfg + O.5vafAT5up , (2.69)
0.5/D'/* D' <0.14)

(
0.86/(1+0.28D") (0.14 < D’ < 1.25)
2.4D'/(1+3.0D") (1.25 < D’ < 6.6)
0.47D'/4 (

ke = (2.70)

The relative velocity v, is the one between water and melt particles. The liquid tempera-
ture 7; is used in the superheat term, i.e. (T3, —T), instead of the saturation temperature
because it is favorable for the numerical stability. The physical properties of vapor with
suffix vf is evaluated at the film temperature T, = 0.5(7,, + T,). In the original corre-
lation, the void effect is considered in Nus. However, we consider it by multiplying the
heat flux gy, with a function as described later. Our method gives a result close to the
original expression.

e Minimum film boiling (MFB) temperature: Kondo et al. [25]

27 Al NUCATsub
Tm =Tsa C =T — Ty N s 2.71
fo = Loat & (32 t) * (Avf> Dy /in + N, 2.71)

where C is a constant (= 0.6); T, is the critical temperature of the coolant; &, is
the minimum limit of the vapor film thickness, practically 0.lmm. The Nusselt number
for convection around the vapor film which envelopes the hot particle, Nu., is given by
Eq.(2.48). The Nusselt number for radiation heat transfer, Nu,, is given based on the
Stefan-Boltzmann law Eq.(2.34) and by taking account of Ty, s, > 17,

Nu, = €mossT iy (Dp/Avy) - (2.72)

The corresponding heat flux ¢,y is found by substituting 7}, s, for T}, in the film boiling
correlation, Eq. (2.50).

e Transition boiling: linear interpolation is made between the CHF point (Ttns, gen f) and
the MFB point (T3, b, gm ) on the boiling curve plain. (Fig. 2.2)

e Radiation: Stefan-Boltzmann law, Eq.(2.34). It is combined with the film boiling correla-
tion by Eq. (2.35).

The void effect on the boiling and radiation heat transfer is considered by attenuating the
heat flux when the flow regime departs from liquid continuous bubbly flow. Also, the boiling and
radiation heat transfer is cut off at very high void regime « > 0.95 to avoid numerical problems.
The functions are the same as defined for the melt pool model, Eq.(2.36)-(2.38), except that
the power n is 0.3 for film boiling to fit the behavior of the original Liu-Theofanous correlation,
and that n is left tunable through the user input for radiation because it may have a strong
influence and it is not easy to give a precise value with a simple model.

When the particles travel downward and finally settle on the floor making a debris bed, the
particle groups are vertically collapsed. In such a case, the heat transfer is degraded due to
ineffectiveness in the contact with the liquid coolant and in the emission of radiation. This heat
transfer degradation is simulated by putting a reduction factor to the heat transfer coeflicient.
The reduction factor is given as an input parameter (typically ~0.1). When the collapsed group
consists of more than one particle layers, further reduction factor, D,/(2r;), is attached, with
which groups containing more layers of particles have more ineffective heat transfer.
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Secondary break-up of particles The secondary break-up of particles are modeled based
on total break-up time 7., and maximum stable size of liquid droplets Dgy,, evaluated by the
correlations by Pilch & Erdman [26],

*\ —2
Dane = We‘:fd (1 - “) , (2.73)
Pcly Vo
« Do
Tork = T ’1)060'57 (274)
0.75CyT*
* 0.5 d
— 2.
v e (1 + 0.75Cd60'5’7'*> ’ (275)
6(We —12)70-25 (12 < We < 18)
2.45(We —12)%25 (18 < We < 45)
™ = 14.1(We —12)702 (45 < We < 351) , and (2.76)
0.766(We — 12)%-2> (351 < We < 2670)
5.5 (2670 < We)
56 (Re <4x10%
Cqy = { 33 (4x10* <Re<10°) (2.77)

1.4 (10° < Re)

where Cy : friction factor,
Dy : original droplet diameter,
Re : Reynolds number (= p.vgDy/ i),
vg : original relative velocity between the droplet and coolant,
v* @ relative velocity decrease during droplet break-up,
We : Weber number (= p.v2Do/0g),
Weg, : critical Weber number (= 12),
€ : density ratio (= p./pa),
pe : viscosity of the continuous fluid (= 1/{a/py + (1 — @) /1}),
pe : density of the continuous fluid (= apy + (1 — o)p;),
pa - density of the droplet,
o4 : surface tension of droplet, and
7* : non-dimensional break-up time.
The decrease rate of the droplet diameter is evaluated by
dD,  Dpeq — D,

= 2.78
dt Thrk ’ ( )

where the mass median diameter of droplets after the break-up, D4, is simply considered to be
the half of the maximum stable diameter, i.e. Djeq = Dgma/2. Note that the relative velocity
vo is evaluated by using the two-phase mixture velocity for the coolant, v. = {apsvy + (1 —
a)pivi}t/ pe-

Strictly according to the original meaning of Pilch-Erdman correlation, the relative velocity,
vg, should be the one before the break-up process begins. However, because of the difficulty
of finding the start and end of the break-up for each droplet (particle group) in the present
framework of the code, we use the relative velocity at the start of each time step to obtain the
diameter decrease rate due to break-up, dD,/dt, for that time step. This model is let in effect
when the droplets are molten.

However, usage of this model is not recommended for practical purpose, i.e. safety evaluation,
because this model is strongly affected by two-phase flow velocity that sometimes shows unstable
feature in calculations. This model may cause unexpectedly small particle sizes, that significantly
affects the heat transfer, void generation, and all the phenomena calculated. So, we recommend
to turn off this model and do a parameter study on the droplet size given as an input constant.
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Surface temperature of particles The surface temperature is required for the evaluation of
heat transfer and as a criterion of the droplet break-up. It is important especially for oxide melts
which have much smaller thermal conductivity than metals, and tend to have large difference
between the inside and surface temperatures.

It is not easy to fully model the temperature distribution inside the particle with consider-
ation on the development of solid layer at the surface even if a temperature profile is assumed.
Therefore, a simple approach was adopted, that is, a quadratic temperature profile is assumed
inside a particle and the difference of surface and average temperatures were evaluated from the
time passed from the particle generation.

Based on the consideration detailed in Appendix B.1, the following formula is obtained.
Development of the thermal boundary layer thickness § inside a particle surface is expressed by

36 1/6\?
11— 42 (= = 2.
5{ 4R+5(R> }d(S Sredt (2.79)

where k is the thermal diffusion coefficient and R is the particle radius. At the first time step (in
numerical integration) after particle generation, ¢ is obtained by the first order approximation

§ = V6rAL. (2.80)

After that, Eq. (2.79) is integrated numerically to get updated § successively. The difference of
the surface and average temperatures is obtained by

2
B e O )
where ¢ is the surface heat flux evaluated by heat transfer models, A is the thermal conductivity
of melt.

Neglect of phase change (crust formation) does nothing until the surface temperature drops
to the melting point, though it will make separation from the reality after that. Therefore, the
timing of surface solidification should be adequately predicted. Besides, the surface temperature
plateau near the phase change point is practically simulated through the average temperature
and the material property model that expresses the latent heat through an artificial specific heat
peak around the melting point.

2.2.4 Extension of Melt Particle Model for Explosion Process
Framework and basic equations

The explosion process is modeled based on the following concept on the primary physics included.

e When the melt particles are exposed to shock wave, i.e. an intense relative velocity of the
surrounding coolant, very fine fragments are produced from the surface of the particles by
hydrodynamic force.

e The fine fragments have sizes of micrometer order and the heat release from them is
extremely quick, so that it vaporizes water quick enough to support high pressure to
propel and escalate the shock wave. The heat release is dominated by the generation rate
of fine fragments.

An additional component of the melt model, “fragment group”, is attached to the particle
group model (Fig. 2.6) for implementation of the above described concept. A fragment group
is a swarm of fragments which is generated from a particle group. Fragment groups behave as
follows.
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Figure 2.6: Particle group and fragment group.

e Generation: The fragment mass is separated from the “mother” particle group by hydro-
dynamic interaction. The mass conservation law is expressed by

d
% —ins , and (2.82)
dM; ,

where m,, is the mass of one particle in the particle group, M is the mass of fragments
in the fragment group and n, is the number of particles in the particle group. The mass
fragmentation rate for a particle, 7, is given by a constitutive model, Eq. (2.85).

e Heat transfer and energy conservation: The limiting process of the heat transfer is the
heat conduction inside the fragment. The heat transfer coefficient outside the fragment is
considered to be quite large and any steady state heat transfer correlation is not reliable in
this highly transient situation. With a given heat release rate per unit mass of fragments
qf, the energy conservation of the fragments is expressed by

dey  mpmy

=e
a7 My

qr (2.84)

where ey and e, are the specific internal energies of fragments and particles. The specific
internal energy of the mother particle is assumed constant during the explosion process.

e Size: Size of the fragment is given in the input as a constant, dy. When the heat release
time of the fragment is comparable to the numerical time step, the size does not affect
much.

e Movement: No kinetic equation is solved for fragments. Instead, they are just assumed to
accompany the mother particle group. The primary function of the fragments is the quick
heat release and the kinetic aspect is regarded not important.

Since the primary physical process relevant to the melt in the propagation phase is the
generation of fine fragments and quick heat release from them, there is no need of keeping the
melt components of jet and pool. Therefore, the jet and pool components are re-casted into
particle groups with equivalent surface area and volume at the start of an explosion calculation.
Normally, the jet and pool have much less surface area to volume ratio than particles, and
relatively small contribution in the heat release in the explosion process.

Constitutive models for propagation simulation

Fine fragmentation model The mass fragmentation rate from one melt particle r ¢ [kg/s]
is given by

. 17
iy = Cfrg%gDﬁvr(pcpp)l/Q, (2.85)
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o 1 : Caracharios et al. model[27], or (2.56)

b 7 ] 13.7/Bo'* : Yuen et al. model[28], ‘
eDpv?

Bo — 5 CppeDpvy (2.87)

16 op ’

where t; is a non-dimensional time of break-up [26]; D, is the particle diameter; v, is the relative
velocity between the particle and coolant; p. and p, denote the coolant and particle densities,
respectively; o, is the surface tension of the melt particle. For the drag coefficient, Cp, the
value for Newtonian regime, 0.44, is used.[23] An empirical constant C',4 is put in the equation
for tuning.

Equation (2.85) means a simple fact that the whole volume of a particle (/6)D3 is stripped
away in a characteristic period of break-up

D
ty =t} [PeZp (2.88)
Pc Ur

Caracharios et al.[27] model gives the non-dimensional time t; as a constant, and Yuen et al.[2§]
model includes the influence of Bond number Bo.

The coolant density, p., and the relative velocity, v,, can be evaluated in several ways. Those
in the Bond number, Bo, are evaluated simply by averaging for gas and liquid phases by

pe = apg+(1—a)p, (2.89)
1—

v, = apgv + (1 = )i and (2.90)
pe

v = |vp,— v . (2.91)

Note that the Bond number is included with the power of 1/4 and the definition of these
variables does not affect the result strongly. Those included in the expression of 7y, however,
have stronger influences and are given more carefully by the following three options. By default,
the liquid density and velocity is used,

pe=p and v, = v, — v, (2.92)

and the evaluated m is attenuated in case of high void fractions with a factor defined by

1 (0<a<0.3)
fafrg =4 (0.75—a)/0.45 (0.3<a <0.75) . (2.93)
0 (0.75 < < 1)

The second option is to use liquid density and velocity as in Eq. (2.92) and put a factor (1 — «),
and the last option is to use the average as in Eqs. (2.89)-(2.91).

There is another model parameter for the usage of this fragmentation model. It is the
duration to keep the fragmentation model active after the passage of the shock front, 7iigife-
So far, we tested the model with alumina steam explosion experiments KROTOS[29] and found
that JASMINE reproduces the experimentally observed pressure pulse and kinetic energy fairly
well by Cfpg ~ 0.35 with Caracharios et al.[27] model, with 7igife ~ 1ms. (see Section 4.3)

Heat release model Heat release rate from a unit mass of the fragment ¢ [J/kg] is given

by
. _ frel
i = Cory (Bini = Eiow) (2.94)
rel
1d3
tret = Z;fo s
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where F;,; and Ej,,, denote the internal energy of fragments at the initial high and the final low
temperatures, xy is the thermal diffusion coefficient of fragments. The two temperatures are
set to be the melt particle and the water temperatures, respectively. Equation (2.94) means the
fraction f,.e; of the heat possessed by the fragment is released in time ¢,.;. Based on an analysis
of transient heat conduction inside a spherical fragment (see Appendix B.2 for the detail), the
constants are f.o = 0.632 and 7 = 0.045. An empirical constant Cys is put for tuning.

An attenuation factor referring the void fraction

f=(1-a)? (2.95)

is put to Eq. (2.94) to avoid numerical difficulty which might be caused by depositing large
amount of heat to a cell which contains little water.

With typical oxide melt properties (k5 ~ 1 X 107% m2/s) and the fragment diameter in the
order of 10 pm, the heat release time t,.; is in the order of micro seconds. This is practically
comparable to the numerical time step for propagation calculations. Thus, conceptually in-
stant release of heat from the fragments holds. Therefore, the fragment diameter d; does not
significantly affect the result as long as a small enough value in the above mentioned range is
given.

2.3 Two-Phase Flow Model

2.3.1 Basic Equations
Extensions to the two-phase flow model

The two-phase flow code ACE3D developed by Ohnuki et al. [11], which solves a two-fluid model
for steam-water or air-water system in three-dimensional coordinates, was extended to include
the following models required for the present purpose.

1. Convecting non-fluid volume model to accommodate the melt model components among
the two-phase flow cells

2. Momentum and heat exchange schemes between the two-phase flow and the melt models

3. Non-condensible gas components to handle highly subcooled (non-condensible gas rich)
conditions

Thus, the present coolant flow model in JASMINE has steam, water and non-condensible
gas components. Mass and energy equations are solved individually for these components, while
momentum equations are solved for two-phases, gas mixture and water, based on an assumption
of mechanic equilibrium among gas components.

Definition of volume fractions

As usual in the conventional multi-fluid modeling, we express the conservation equations with
volume fractions of each component. The relationship among the volume fractions: ag, steam;
aq (a = a1, as,...apg), non-condensible gases; a;, water; «, total void fraction, is defined by the
following equations.

a = ozs—FZaa (2.96)
o = l-« (2.97)

This multi-fluid modeling has a deviation from the reality that the gas components are actually
mixed together: each component occupies the total gas volume and has a partial pressure.
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However, from the mass account point of view, the mass of each gas component are equivalent
between the model and the reality, as long as the ideal gas assumption is valid. This aspect is
discussed again later in Section 2.3.2

Note that the volume fractions of fluids defined above are based on the fluid volume in cells
after subtracting the melt volume. This fluid volume in a cell is denoted by V' in the followings.

Conservation equations

Conservation equations for mass and energy of each component are formulated as follows:

0
E(Vakpk) + V- (Vagpgvr) =T for mass, and (2.98)
0 foJe}
o Vawprer) + V- (Varprervy) = =Vp {atk + V- (axvg)
+ Gk + Gk + Qe + Y @k + Trhie for energy, (2.99)
ik

where p, e, p and v denote the density, internal energy, pressure and velocity, respectively. The
subscript k specifies a component s, [ or a. The variable I';, denotes the mass generation rate in
a cell. Source terms gk, ¢mk, quwk and g;i are the heat input from the gas-liquid interface (for
water and steam), from the melt, from the wall, and from other components, respectively.
The momentum equation is formulated by
ka 1 Fl—l_ ka

Y% Vo, = Vp — K o, ).
5 T Uk VU o p — [Kir (Vi — v4)]izk Vakpk(vk v;)izk +

+g . (2.100
Vagpk ( )
The suffix k is either g (gas) or [ (liquid water). The total void fraction o and averaged
gas properties are used for the phase g. The variables K;; and F,; are the interface friction
coefficient and the body force exerted by the melt, respectively. The phase generation term I‘;g
equals I'y, if I'y, > 0, or otherwise 0.

2.3.2 Constitutive Models
Phase equilibrium under the existence of non-condensible gases

As described above, non-condensible gases are handled in a multi-fluid model, where each com-
ponent is assumed to occupy a volume fraction aj, and to be compressed by the total pressure p.
While, in the physical reality, the gas components are mixed together extending to the total gas
volume fraction (void fraction) «, having lower density corresponding to the partial pressures
pr (K = s,a1,a9,...ang). This gap makes, however, no difference in the mass if the gases can
be treated as uniformly mixed ideal gases. Besides, the present method has an advantage in
easiness of coding because it is a natural extension of the two-fluid model in the original ACE3D
code.

The saturation temperature of water is evaluated at the “pseudo partial pressure” of steam
defined by

ps = p2. (2.101)
(0%

As a result, the saturation temperature becomes a function of as; and « as well as pressure.
Density and internal energy of vapor are also evaluated at the pseudo partial pressure of steam,
and the density is converted to the value at the total pressure by

ps(p) = p%ps(ps) : (2.102)
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Evaporation and condensation

The amount of phase change in a cell is defined by

—(is + qit) + Qint

r, = —I,= , 2.103

: hs — Iy (2.103)
Gis = Aihis(Tsat — Ts), and (2.104)
g = Aihi(Tsar —T1), (2.105)

where ¢;s and ¢; are heat exchange rates from the interface to steam and liquid water; ¢
is the direct heat input to the interface from the melt; h;s and h; are interface heat transfer
coefficients on the gas side and liquid side, respectively; A; is the interface area in a cell. Note
that the saturation temperature Ty, is evaluated at the pseudo partial pressure of steam, ps.

Exchange among components

Dispersed flow model The interface exchange terms are given based on the dispersed flow
model in which either of gas or liquid is considered to be continuous and the other to be dispersed.
The regimes are selected according to the void fraction as described in Section 2.1, i.e. bubbly
for v < 0.3, droplet for o > 0.75 and transition in-between.

The averaging scheme for the transition zone, 0.3 > « > 0.75, is defined by

Xtrans = (1 - foc)Xbubbly(a = 03) + faXdroplet(a = 075) (2106)

with the interpolation function f, defined by Eq.(2.1).
Following models were used for the exchange coefficients.

e Friction coefficient: dispersed flow friction factor based on correlations used in TRAC-PF1
code[30]

3 agCype |vg — vil
K., = 2= 2.107
ik 4 dd AL Pk ’ ( )

240 (Req < 0.1031)

24
cy = R7(1 +0.15Re%%7)  (0.1031 < Reg < 989) (2.108)
d

0.44 (Req > 989)
Cd T

Rey — PedaVr (2.109)
e

Weero
dy = 2.110
d V2 (2.110)

where suffixes ¢ and d mean continuous and dispersed phases. The critical Weber number
to evaluate the diameter of the dispersed phase is set 4.0 for droplets and 7.5 for bubbles.
The relative velocity between the dispersed and continuous phases, V,., that is specifically
used for evaluation of the friction factor, Cjy, is evaluated either by directly applying the
relative velocity |vy — v;|, or by force balance of buoyancy and drag on a bubble or droplet
in a steady state (at terminal velocity) given by

™ T 51
s dalp = pglg = CapdispcV? . (2.111)

The latter is recommended to avoid troubles caused by numerical (not physical) distur-
bances in the velocities.
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e Heat transfer coefficient: dispersed flow heat transfer coefficient based on correlations used
in TRAC-PF1 code[30]

— Bubbly flow, liquid side

hip = 0.02picp|v; — vy (2.112)
— Bubbly flow, gas side
A
his = 200=2 (2.113)
dq
— Droplet flow, liquid side
hy = O-OQ,OZCplvcirc ’ (2114)
1/2
_ . Mg ( o )
Vei = min< 0.5 v — vy, 14| — , 2.115
circe { g + ,U«l‘ l g‘ ddﬂl } ( )
— Droplet flow, gas side
A
hig = (2+074Re?) 22 | (2.116)
d
d _
Rey = Poddlvi=vl (2.117)
Hg

The size of the dispersed phase, dg, is determined by the same method as that used for
the friction factor, i.e. Egs. (2.110) and (2.111). Once the size is determined, the interface
area is given by

_ 6Vay

A;
dg

(2.118)

Equilibration approach In some cases, heat transfer coefficients to force the system to ap-
proach thermal equilibrium state in a certain period might be more effective than the one
deduced from a geometrical model. This type of method is used for the heat exchange between
steam and non-condensible gases to keep them in close temperatures.

Heat exchange rate [W/K] is given by

V(apcp)m

Trsa

Rsq = (2.119)
The suffix m means one of two components having less internal energy deviation from the
equilibrium state. With this formulation, excess heat in the component of less energy deviation
is given up to the other roughly in the order of time 7,5, at temperature difference of 1 K. The
time constant is set 7,54 ~ 0.1s.

Diffusion of steam in gas phase Diffusion of steam in the gas phase is considered by an
auxiliary model. Because the basic conservation equations (Eq. (2.98)~(2.100)) do not include
the diffusion term between gas components, it may happen that physically unrealistic gaps in
steam concentration in the gas field develops, which cause abrupt change of saturation temper-
ature and affect numerical stability. Thus, this diffusion model is implemented not to develop
such steam concentration gaps by enhancing intermixing of gas components. Diffusion of steam
against the mixture of non-condensible gases is expressed by

OV asps

. i) = 2.12
Sl £V (Vi) =0 (2.120)



JAEA-Data/Code 2008-014

where j, denotes diffusional mass flux of steam, and it is expressed by

2
j,=— (cg> M,M,.DV <a> , (2.121)

Pg o

where ¢, and p, are total molar concentration and total mass concentration of gas mixture,
respectively; Mg and M,. are molecular weight of steam and average molecular weight of non-
condensible gases, respectively; D is the diffusion coefficient. The concentrations and the average
molecular weight are defined by

1 [asps aapa)
= — 2.122
“ a ( TARDIN TR (2.122)
1
pg = E(asps—i-Zaapa),and (2.123)
M,
My, = % (2.124)
S

The subscript a denotes non-condensible gas components, a = ai,as,...,ang. The diffusion
coefficient is given with a large enough value, D = 0.01 — 0.1 [m?/s], that ensures the effect of
the model.

This auxiliary model is solved outside of the solution of basic equations. Preceding the
solution of the basic equations, volume fraction of steam, «y, in each cell is modified by equa-
tions (2.120) and (2.121). Then, non-condensible gases are moved to compensate the volume
(molarity) change of steam in each cell, to keep the consistency of total pressure and total gas
volume (molarity). The correction of non-condensible gas volume fractions are given by

OV agpa

otV (Vi) =0, and (2.125)
. . Pa Qg

=g o Zao 2.126

e R (2.126)

Exchange with melt

As described later in Section 3.1, melt calculation is done preceding the two-phase flow calcula-
tion, and it gives the melt volume, heat exchanged and force exerted in each cell to the two-phase
flow model.

Volume  The fluid volume in each cell V are obtained as a result of melt calculation. The
mass and energy equations have dV/dt term derived from the transient term. The new time and
the old time values of V' are passed to evaluate them.

Force The force exerted from the melt in a cell is distributed into steam, water and non-
condensible gases so that all these components get a same acceleration. Though this treatment
is not precise in view of physics, it is a simple and numerically stable method that also gives a
physically reasonable result.

Heat The heat release from the melt in a cell is distributed into steam, water, steam-water
interface and non-condensible gases. The heat deposited on the interface is used directly for
evaporation. Rules for the partition of heat is as follows.

e Cells not including melt heat source (Fig. 2.7): Heat transfer between bulk water/gas is
considered. The heat deposited/removed at the gas-liquid interface is used for evapora-
tion/condensation. (Eq. (2.103))
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Hig Vapor

Gases

Interface
(Evaporation or condensation)

Figure 2.7: Heat partition scheme for cells not including melt heat source.

e Cells including melt heat source (premixing) (Fig. 2.8):

1. Basic concept: A fraction Fpne (~ 0.02 is recommended at present) of the heat input
from the melt is deposited at the interface for evaporation. The rest of the heat is
distributed to water, steam and non-condensible gases so that every component has
same temperature rise. Normal gas-liquid interface heat transfer is suppressed with
factors frigran and frakin, typically 0.1 and 0.001, respectively, so that the effect of
the melt becomes dominant.

2. Water at Tsq;: If water temperature reaches saturation temperature, the heat to bulk
water is assigned to the gas-liquid interface in stead.

3. No water: If there is no water (no latent heat capacity), the heat to the interface is
assigned to the gas phase in stead.

e Cells including melt heat source (explosion) (Fig. 2.9): A fraction K., (~ 0.7 is recom-
mended at present) of the heat from melt (fine fragments) is deposited at the gas-liquid
interface for evaporation. The rest is assigned to bulk water. Normal heat transfer be-
tween the interface and bulk water/gas is suppressed, unless physically unstable conditions
of superheated water or supercooled steam, or too high gas temperature arises.

In the above scheme, the method distributing heat to water, steam and non-condensible
gases so that they have same temperature rise, is not a physically accurate one. However, we
adopted this method due to its simplicity and numerical stability, and experiences that we did
not have significant problem with this.
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1. Basic heat partition concept

* distribute so that
all components have
same temperature rise

Heat input Qmelt x (1-Fhtint)

from melt

Hig Vapor * normal interface
\ x fhigkill + heat transfer is

Gases | suppressed by
f**kill facters

Interface
(Evaporation term)

Qmelt x Fhtint

2. If water temperature reaches Tsat , the heat to "water" is assigned
to the "interface".

Qmelt x (1-Fntint)

/ Interface
(Evaporation term)

Qmelt x Fhtint

3. If there is no water (no-evaporation heat capacity), the heat to "interface"
is assigned to the "vapor+gases".

Qmelt x (1-Fhtint) |

Qmelt x Fhtint

Figure 2.8: Heat partition scheme for cells including melt heat source (premixing).

Qmelt x (1-Kev)

Heat input
from melt

* normal interface heat
transfer is allowed only
to avoid unstable conditions:
- superheated water
- supercooled steam
or too high gas temperature.

Interface
(Evaporation term)

Qmelt x Kev

Figure 2.9: Heat partition scheme for cells including melt heat source (explosion).
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3 Numerical Solution Method

3.1 Coupling of Melt and Two-Phase Flow Models

Coupling of the melt and two-phase models are made explicitly in time as illustrated in Fig. 3.1.
The melt model is called at the beginning of a new time step, referring the two-phase flow
variables obtained in the previous step. After interpolating the two-phase flow variables to the
melt jet and melt pool grids, and to the location of each particle group, the three melt model
components, i.e. jet, particles and pool, are calculated successively, with necessary information
exchanges among them: jet out-flow to the pool, jet break-up to the particle, and particle
settlement to the pool.

The exchange terms from the melt models, i.e. melt volume, heat transfer and force, are
summed for two-phase flow cells and given back to the two-phase flow calculation for update to
the next time step.

Figure 3.2 shows the grid that is used for the numerical solution. Melt jet and pool grids
are accommodated in the two-phase grid on z-z plain.

In the following sections (Sections 3.2 and 3.3), solution methods for the sub-models are
described.

3.2 Numerical Solution Method for Melt Model

3.2.1 Melt Jet

The conservation equations, Egs. (2.3)-(2.5), were solved by CIP (cubic-interpolated pseudo-
particle) method [31], which is known as a high resolution scheme. Conceptually it is free from
numerical diffusion that is caused by finite difference of the advection term. The detail of this
method is described in Appendix C.

The grid for the melt jet is fit in the z-direction grid of two-phase flow model, with a manner
that one two-phase flow cell is subdivided into Ng,,(~ 5) jet cells to give the jet finer resolution
than the coolant flow field. A staggered grid is adopted where scalar variables are defined at the
cell center and vector variables are defined at the cell boundary. Figure 3.3 shows the geometry
of the grid for the melt jet model.

In the CIP method, basic equations are solved simultaneously with their derivatives. A
general form of the conservation equations and their derivatives are expressed by

of of _
e + Vg = G, and (3.1)
of' of ,0v

where f and G denote the advected variable and source term, respectively. For the mass, energy
and momentum equations, they are expressed as follows.

Mass fi= [Aupslis Gi=—IVEIBA mdi— e |52 63)
©
Energy : fi=lejli, Gi=— [\/qu]] | (3.4)

Momentum : fi+% = [UJ]H_% )
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Time Two-phase flow Melt models
ACE3D Jet Particles Pool

@ Pressure,Volume fractions,Velocities,
Temperatures, Densities

(Interpolate) (Interpolate)  (Interpolate)

(Calc.)

Particle gen.

Flow into pool

(Calc.) <—|

Melt Volume, | (Calc.)
Momentum/Energy Merge into pool Y
Exchanges l\A (Calc.)
y / 4
Pressure, Volume fractions, Jet Volume, Particle position, || Pool Volume,
@ Velocities, Temps., Densities | | | Velocity, Temp. || Velocity, Temp. || Velocity, Temp.

~ 7

(Cell average/sum)

Figure 3.1: Coupling algorithm of melt and two-phase flow models.

0
Melt Jet
Grid  ~Gyewweed
------------ Two-phase
Flow Grid
X
A
Melt pool Grid

Figure 3.2: Grid for two-phase flow, melt jet and melt pool.
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DJir$ Tdin
AlJin, eJin, PJin
njmax+1 * 4—
} njmax+1/2
njmax -\\ vdin
} njmax-1/2
~No T ™
N Yy
} i+1/2
i .
} i-1/2
\%
Z .
} njmin+1/2
njminl .
; } njmin-1/2
njmin-1 ( .
\ njmin-3/2

DJout, TJout, vdout =» Flow into melt pool

* In the code, cell boudnary index i-1/2, i+1/2, i+3/2 ...
are denoted by i-1, i+1, i+2 ....

Figure 3.3: Grid geometry and boundary conditions for melt jet model.
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+ [Kf(va — UJ)]H_% + i+l (3.5)

The suffix ¢ or ¢ + % denotes the location of the variable definition. The center of a cell i is
represented by ¢, and its both ends are represented by i — % and 7 + %

Because of this difference of the definition points between velocity and other variables we
need a scheme for averaging velocities. Interpolation of the velocity and its derivative is given
by the followings. It is third-order by taking advantage of having the values of derivatives.

Ripl T AL
[vi]li = Q(ULH_% +UJ,i—%) — %(v"]’zﬁr% _Uf],i—%) , and (3.6)
ovy 3 1., ,
K A ewern [ R U LA Ny 7
2 2

In the momentum equation, the pressure gradient term was discretized as follows.

[1 OPa
ps 0z

B 2 Paitl — Pay
i+ti Pkl T P Fikl T Z

(3.8)

As described in Appendix C in detail, the conservation equations are solved in two steps,
i.e. advection and non-advection phases. Starting from the old time step value, f™, first, the
advection phase is calculated with so called CIP1 scheme, and the intermediate value, f*, is
obtained. Then, the non-advection phase is solved by ordinary finite difference scheme and the
updated value, f**1, is obtained.

Boundary conditions are given as follows. (Fig. 3.3)

e At the inlet: velocity, diameter and temperature (internal energy) is given.
’UJ,njma:L’—‘r% = VJin, DJ,njmaa:—i—l = DJi’m €Jnjmax+1 = €Jin
Corresponding advected variables are calculated from them. Derivatives are set 0.

e At the bottom: Free flow-out condition is given, i.e. V) pjmin—32 and fpnjmin—1 (f = Ajpyor
? 2

ej) are calculated from advection of linear interpolated profiles for [njmin — %, njmin — %]

and [njmin—1,njmin], respectively. Derivatives are also obtained from the linear profiles.

Evaluation of the flow out mass needs high accuracy because a large part of the jet mass
is passed to the melt pool through it, and the accuracy is directly reflected on the total melt
mass conservation. So, the cell centered variables are 3rd order interpolated to the bottom end,
njmin — %, by

1 A
fnjmin—% = §(fn]mzn + fnjmin—l) + Z(f;ijin—l - frlzjmin) ) where (39)
1
A = §(anmin+% - anmin—%) . (310)

Then, the variables passed to the pool, i.e. jet diameter D ju, velocity v and temperature
Trout, are evaluated by averaging the new and old time step values.

3.2.2 Melt Pool

The one-dimensional (radial direction) grid for the melt pool resides in a single layer of the two-
phase flow grid on the bottom. The pool model uses the same z-direction grid with the two-phase
flow model. Figure 3.4 shows the grid geometry for the melt pool model. A conventional up-

wind scheme with a staggered mesh, i.e. velocities defined at cell boundaries i — % and i+ %, and
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npmin-1 ~ npmin ; npmax , npmax-+1
— [t/

et ~
)] e we /)

npmin-1/2 npmin+1/2 npmax-1/2 npmax+1/2

Mirror boundary Mirror boundary

* In the code, cell boudnary index i-1/2, i+1/2, i+3/2 ...
are denoted by i-1, i+1, i+2 ....

Figure 3.4: Grid geometry and boundary conditions for melt pool model.

other variables at the cell center i, and the SIMPLE algorithm [32] were applied for numerical
solution.

The finite difference form of the conservation equations Eqgs. (2.20)—(2.22) are expressed as
follows.

n+1 n 1
K At — n ﬁ [{max( Vitls )fn+1 —}-min(UH_ ) )fzn—i-"il
= {max(u_y, 0+ min(u;_y, 07| + fwm; (3.11)

for mass, where f = whppp,

n+1 n n+1 n+1 n+1 n+1
€pPi ~ CPi €pPi ~fpPi-1 : €pit1 ~ €pi
_— = - max(vp,i,O)— + min(vp;,0)) ———"—
At Ti — Ti—1 Tigl — T
n q (ems — ep)max(msg, 0)} (3.12)
hppp hppp ;
for energy, and
n+l ' n n+1 n+1 n+l _ _ n+l
Upitl T VPt Upitl T Upi- Upit2 T Upitl
A = — max(vRH%,O) — z 4 m1n(vPZ+1 ,0) —
il =% 1 Tiyd — iyl
_ 1 [Pait1r=Pai  g[hpprliv = [hpopl;
Ppiti L Tiv1 — T 2 Tiyl — T
(Ums — vp) max(ms,0)
+ [Kfa(va —vp) = K uvp + (3.13)
hppp 1

i+3

for momentum.

The mass and momentum equations are solved by the SIMPLE method, first, to obtain the
updated velocity and mass fields. Then, the energy equation is solved.

At the center of the melt pool where the melt jet drops into, the pressure by jet impingement,

1 p]U%D%

Z 3.14
2 42?2 (3:14)

PJin =

is added to the pool surface pressure p,, where x; is the size of the central cell for the melt pool.
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When the melt jet comes into the center of the melt pool, it gives sudden increase of the
pool height and velocity, and easily causes numerical instability. To suppress this problem, an
artificial viscosity term

Ha 621)13
op 022 (3.15)
is added to the right hand side of the momentum equation. The artificial viscosity by Fletcher[33]
Ovp . Ovup
2 [ [
Ha _ (boAx) o if 5 P <0, or (3.16)
pp 0 otherwise

is used with the constant by ~ 10. The discretized form of the artificial viscosity term, when it
is not zero, is given by

9 anrl . vn+1 UnJrl . vn+1
ta O“VP 9 Ovp Pi+3  "Pi+l Pi+di  "Pi-1
w2 = b0 (i1 — i) | - — - — , o (317)
pp 0% |, T lpw | T3 Tyl Tipl =T 1
where the velocity gradient with suffix DW means down-wind finite difference, given by
Vp,,3 —Up,; 1
Pi+3 P43 .
2 2 ifvp.,1 >0, o0r
T —r Pt ’
Ovp it+3 it+3
T low Upitl ~Upi-1 .
otherwise.
Tiyli =T

Boundary conditions at both ends of the grid are given as mirror conditions. (Fig. 3.4) The

velocity is set 0 at npmin — % and npmax + % Cell centered variables, i.e. pool hight and

internal energy, in the boundary cells are given by

w in—1
fnpminfl = fnpminwa (319)
npmin
w +1
fnpmam+1 = fnpmaww- (320)
npmax

3.2.3 Melt Particle

The kinetic and energy conservation equations for a particle in a particle group, Eq. (2.40)—
(2.42), are solved by a simple explicit scheme for time advancement,

4 < po_ g YPa Thy (3.21)
t Pp My
mn—l—l —xn
% = ’UZ+1 s and (322)
en+1 —en q
2 ___F - = 3.23
At my ( )

Additional equations for the explosion process, Egs. (2.82)—(2.84), are also solved in the same
way.

mn+1 —mn '

Mty

—x = ™wihy and (3.25)
ettt —en nyh
thf = ¢ &ff — 5. (3.26)
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Evaluation of the variables Vp,, F,y, q, iy and ¢y needs interpolation of two-phase flow vari-
ables to the location of particle groups. For this purpose, the indexes, ¢ and k, of two-phase flow
cells in which particle groups exist are searched by bi-section algorithm, and the interpolation
of two-phase flow variables is done at the start of the calculation of the melt particle model.
During the calculation, the melt volume, force and heat exchanged with the two-phase flow
are summed and stored for every two-phase flow cell and passed to the two-phase flow model.

3.3 Numerical Solution Method for Two-Phase Flow

3.3.1 Overall Scope

Figure 3.5 shows the geometry of the grid for two-phase flow model. The ACE3D code is
originally a 3D two-phase flow code, capable of solving a 3D basic equation set on Cartesian or
cylindrical coordinate. JASMINE uses the code, however, with limitation of the geometry to
2D cylindrical coordinate. In the followings, equations are expressed in 3D Cartesian system for
brevity.

Numerical solutions are obtained by a conventional finite difference method, i.e. semi-implicit
scheme for time advancement, staggered grid and upwind scheme for spatial discretization.
Practically, the following 10 4 2n, discretized equations are solved.

e Mass: steam, steam-+water, non-condensible gases (2 + ngy)
e Energy: steam, steam+water, non-condensible gases (2 + ng)
e Momentum: gas (steam and non-condensible gases), water (2 phases x 3 directions = 6)

Independent variables solved for are the total pressure, 2 4+ n, temperatures, 1 + n, volume
fractions (water volume fraction is known if others are obtained), and 3 velocity components for
2 phases—10 + 2n, variables in total.

The mass and energy equations of the water-steam mixture are included so that at least one
of the two equations is kept significant when either of water or steam is vanished. Also, a variable
conversion, T' — o1, is done in constructing the innermost system equation set which is solved
by matrix inversion and Newtonian iteration, not to have singularity for vanished components.

The overall solution method is briefly as follows. The velocities at the new time step can
be expressed by pressures in the adjacent cells by transforming momentum equations. By using
these expressions, velocities are eliminated from mass and energy equations. The mass and
energy equations are, then, linearized for the variance of independent variables, i.e. pressure,
volume fractions of steam and non-condensible gases, and o1 of all the components. Thus, a
system of linear equations for Newtonian iteration is obtained. A set of pressure equation, that
only includes pressure at adjacent cells, is picked from the linear system. In solving the linear
system, pressure correction is obtained first by the pressure equation, then correction of other
variables are obtained by substituting the pressure correction into the rest of the equations in
the linear system. This process is iterated until residual becomes small enough, then all the
variables except velocities at the new time step are obtained. Finally, velocities are calculated
from pressure distribution by the momentum equations.

3.3.2 Finite Difference Form of Basic Equations

In the following expressions, suffix ¢, j and k denote z(r), y(f) and z direction indexes of the

coordinates, respectively. When the coordinate index is omitted, that means the location where

the equation is defined. (e.g. p;jr — D, U1 g = u) Suffix m denotes a component either s
2J

(steam), | (water) or a(= a1, ag, ..., an,) (non-condensible gas) for the mass and energy equations.
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* Only x-z plain is shown. JASMINE uses only j=1 layer in
y(theta)-direction of 3D field supported by ACE3D.

* In the code, cell boudnary index i-1/2, i+1/2, i+3/2 ...
are denoted by i-1, i+1, i+2 ....

Figure 3.5: Grid geometry for two-phase flow model.
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In the momentum equation, m denotes either of g (gas mixture) or [ (water). Superscripts n
and n+ 1 denote the old and new time step values. An expression v (X) means that the variable
X is taken at the upwind side of the velocity definition point for v. For example, if u; 1 > 0,
u(X) = ui+%Xi'

Mass at (i, j, k):

dv
M, = V{(ampm)nJrl — (ampm)"} + At dt (ampm)"
+1 +1
mPm)is s b Ymir 3 g~ SOmPm) g G W

+ALV

Tipl =& 1

2 2

n n+1 _ n n+1
<ampm>z’]+%7k vm7i7j+%7k <ampm>z’]_%7k Um,i,j—%,k

+AtV

ijr% - yj,l

2
n+1

1
mPm)i et Wi g s ~ (OmPm)i L W

mvivjvkié
+AtV
Pl T Ap—1
2 2
n+1l __
AT — (3.27)
Energy at (4,7, k):
v
1
E, = V{(ampmem)m_ — (mpmem)"} + At 7 (mpmem)”
n n+1 n n+1
(Ompmem)ip 1 w1 = (QmPmem); 1 U
Ik T myi4 5,4,k =50k “myi—1 5k
+ALV 2 2 2 2
Tipl 21
n n+1 n n+1
<ampmem>i' 1.0 .1 _<ampmem>' i1, U .
Jtg.k Tmiig+lk Li—5.k “myi,j—+k
+ALV 2 2 2 2
Yi+s Y3
n n+1 n n+1
<ampmem>i il W o 1T <ampm€m>' e lW oL
2Jk+ myi,j,k+5 1,9,k m,i,j,k—5
+AtV 2 2 2 2

o

n n+1 _ n n+1

A | G Cm)isd b Uit g~ Otk 1
p

At Ti 1l =T 1

n n+1 . n n+1
<O‘m>i,j+%,k Ui+ b <O‘m>i,j—%,k U=k

Yirs ~Yi-3

2
n n+1 _ n n+1
<O‘m>i,j,k+% i+ <O‘m>mvk*% Ykl

eyl T el

AL gt g an Y g A TR R S =0 (3.28)
jAm

Momentum, z-direction at (i + %,j, k):

ubtt — Lo Ou, Lon O, Lo O,
At MmN\ Ox /i1 N\ Oy /i1 N\ 0z /i1
’L+27‘77k Z+§’]7k Z+2’J’k

n+1 n+1
ipiﬂ — b

Pm  Ti+1 — T4

- +

T+
Kim + ‘/O[T:an,n‘| (u?nJFl _ u?—i_l)i;ém
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ka
- — =g, =0 3.29
Vampm Ju ( )
The momentum equations constitute simultaneous equations of u, and u;. By solving them
analytically, we obtain expressions of u, and u; at the new time step in terms of pressure at new
time step,

S +1

Zvi+% - ng,i-{-% + ng,i-}% (p?—i-l - p?) ) (330)
L +1

UZH% - Cl:r,iJr% + Dlm,i+%( i — P (3.31)

where Cyy, Dyy, Cly, Dj, are constants (including only old time step variables). In the same
way, expression of every component of gas and liquid velocities in terms of pressure is obtained.

n+41

U;ﬁré - ng,j+% +Dgy,j+%(pj+1 - i), (3.32)
Ui = Cyger + Dy (05 = 7)) (3.33)
wins = Coppy + Dy 0k —1R) (3.34)
Wiy = Crpry + Diger s (R —pR) - (3.35)

These equations are substituted into mass and energy equations to eliminate velocities at the
new time step.
After eliminating velocities, Egs. (3.27) and (3.28) are expressed in the following form,

+1  n+l ntl pntl
Mm<pn 7pZdj 7a?n ,T;:L )

—_ V(ampm)n-i-l + VZ mm@dj(p;z:l;l _ pn-i-l) _ Aﬂ-\’%—kl
adj

d —
—i—(ampm)”d—‘:At —VM,=0 (3.36)

n+l  n+l n+l n—+1
E’m(p 7padj )am 7Tm )

= V(ampmen)" T+ VY (@ + e " (o — p
adj
+Vp a4+ Vp Dy — A + T i) — ALY gt
i#m
- AV
_VEm + (ampmem)nEAt = 0 . (337)

The suffix adj means adjacent cells; m denotes either of s (steam), [ (water) or a; (i-th element
of non-condensible gases). Symbols My, aqj, Mm, éf;l’)adj, D,, and E,, are constants including
only old time values, and are derived from the advection terms. The summation in the second

term of the right hand side of mass equation, Eq. (3.36), is expanded as

At
ot 1 1 1 1
D Mmadi(Pagy —P") = o Do {@mpm)ipy (05— ")
adj i+l i—3
At
+ T 1 T Dmx,ifé <ampm>i7% (pznjll —Pn+1)
ity Vi3
At X X
oy D amom)j g (55 T
J+35 J—35
At
+ D, i1 {@mpm); 1 (P} — ")
Uiy yyog IR
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At

1 1
+ 7sz,k+% <ampm>k+% (pZil —p"" )
Zk:+% — Zkf%
At 1 1
t o Dineae fmpm)y (R =2
The constant Mm is expressed by
My, = ampm
+ At <ampm>i+ mx z+— <Olmpm> 5 me,ifé

Tipl—

.fU
(ampm) ji 1 Oy = (@mPm)j_t Cony it

1
2

+ At

yj+§ yj—%
At <ampm>k+% mz,k+% - <ampm>k,% sz,kfé

“ryl T el

(3.38)

(3.39)

(3.40)

The summation in the second term of the right hand side of energy equation, Eq. (3.37), is

expanded as

2(41) _1_%2) n—l—l)( n+1 n+1) _

madj madjp Pad dj —p
adj
& n+1y,n+l n+1
Dmm i+i (<ampm€m>i+l + <O[m>i+l p )(pl+ -Dp )
Tipl —Z;_1 T2 2 2
2 2
Dy i1 (@mpmem); 1 + (am) ;1 P ) (0 — ")
l‘iJrl - xi,l 2 3 3
2 2
LD (<a e > + <a > n+1)( n+1 n+1)
yj+l - yj_l my’j+% mPmEm J+% m ]+%p p]+1 D
2 2
At n+1 n+1 n+1
v Pmy Jff(<ampm€m>jfl + <Oém>j,1p )(pj L —pth
yj+% - yj,% ) 2 3
At n+1 n—+1 n+1
——— D, i ({ampmen) 1+ (am) 0 p" ) (Pp —p" )
Zk:-‘rl - Zk_l ’ 2 2 P}
2 2
At

n+1)( n+1 'n,+1) .

sz’k7%(<ampmem>k7% + <O‘m>k7%p Pr—1—P

The constant D,, and E,, are expressed by

At

- - (<am> +lCmv’M+f <am> 1Cma:,z—l)

Tird ~ g :

At

t Yer = vy Ol Oy~ (Omdig Cmyy)
At

+ m((amm% ekt — (@m)y_y Gy 1) s and
2

E, = ampmemﬁLAtqme%

(3.41)

(3.42)
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At

- m«ampmem)pr% mw,it+i —<ampm€m>i,% Cmm,pé)
2 2
At c c

- m«@mpm&n)j% my,j+%_<ampmem>j_% my,j_%)
2 2
At

- m“ampmewmé mek+d T (amﬂmem%f% sz,kfé) - (3.43)
Now, the mass and energy equations at a cell (7, j, k) include pressure, volume fractions and
temperatures at the local cell and pressure at adjacent cells (i =1, j+1 and k £ 1) as unknown
variables. In other words, the equations for a cell is connected with those of adjacent cells only
through pressure, and the dependence is linear. The dependence on the variables in the local
cell is, however, non-linear, through the phase change term and physical properties.
So, the mass and energy equations are solved by Newtonian iteration as described later in
Section 3.3.4.

3.3.3 Boundary Condition Settings
Boundary condition for velocities

Boundary conditions for velocities are categorized and given by the followings. Expressions are
given at the cell (7,1,1) as an example (See Fig. 3.5).

Normal velocity The normal velocity is defined on the wall surface. Therefore, the condition
is given by setting it adequately through Egs. (3.30)~(3.35).

e Fill: given velocity at the wall surface; Wiy L = Win, that is satisfied by setting C, | 2L = Win
and D

Z,

%:O(m:gorl)

e Break: given pressure at the boundary cell (p;1,0) (outside of the system), solution of the
momentum equation to obtain w;, ; 1
2
Tangential velocity Since the tangential velocity is not defined just on the wall surface, the
velocity in the boundary cell u,, 1, (outside of the system) is given in terms of that inside of
2? b

the system u,

4111 8O that the condition on the surface is satisfied.
2 1y

e Slip: zero shear force at wall surface, i.e. derivative of the tangential velocity in the normal
direction (Qu/dz) = 0;
Yirlio0 = Uiplan

e Non-slip: zero tangential velocity at wall surface,

Aziugy 1y g+ Azt 1y,
U 11 =0 (Azp=21—2_1,Az1 =23 — z1);
by Azg+ Az 2 2 2 2
AZQ
therefore, Uipl10= _EUH%JJ

Velocity boundary conditions on other wall surfaces are given in the same manner.

Boundary condition for cell-centered variables

Cell-centered variables, pressure, volume fractions and temperatures, should be given at the
boundary with “fill” condition, where inlet velocity is given. Values of those variables are set at
the boundary cell so that they are used for the fluid flowing into the system. As an example,
when k£ = 1/2 boundary is a “fill” boundary, p; 10, &m.,1,0 and Ty, 41,0 should be given (suffix
m denotes a component).
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3.3.4 Newtonian Iteration
General method

The solution of a set of non-linear equations
Fk(a;l,qrg,...,xi,...,xn) =0 (3.44)

where k = 1,...,n is obtained iteratively as follows. Assume that the unknown variables z; has
initial values that give non-zero values of F}, (residual errors). The desired correction of Fy is

§F, = —F} . (3.45)

On the other hand, the variation of F} is approximated in terms of variation of x; by Taylor
expansion

OF, OF, OF},
Fpo~ 2k “7k T GILY 4
0F} e or1 + pr 0xo + -+ + 7, ox (3.46)

Equations (3.45) and (3.46) gives a linear equation set to give correction values of x;,

ox1 F
J : = _ : , (3.47)
0xy F,
where J denote Jacobian matrix,
OF,/0xy OF,/0xy --- OFi/0x,
_ 6F2:/8x1 OFy/0xy - 8F2{8:cn (3.48)
8Fn'/8x1 0F,/0xy --- BFn‘/azz:n
Obtaining the correction values dx; by solving Eq. (3.47) and doing correction by
ghest — geurrent 4 5. (3.49)

until the residual errors Fj become close enough to zero makes conversion of the solution
(X1, xp).

Application to the present case

The above method is applied for the mass and energy equations. However, the pressure field
is treated differently as follows because it includes connection to adjacent cells. In the present
case, the equation for correction, Eq. (3.47), for a cell (i, 7, k) is given by

(5p Msl a]\Jsl/apadj
dag M OM/OPyq;
0 E; OE; /0Py
el Eg OB /0P,
J| 0w | =—| Ma [N My /0Py | 6P, (3.50)
55{11 Ea1 adj aEal /aPadj
dag,, M, OM,,,, /0Py q;
0Bang Ea,, 0Eq,,/0Puq;
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where suffix s/ means sum of the steam and water equations, i.e. My = M+ M;, Egq = Es+ EJ;
Bm = amTy, is used as an independent variable instead of T}, to avoid trouble in getting T,
for missing components (a,,, = 0) . The Jacobian matrix J is, for the present case, a matrix of
partial derivatives of the variables in the first term in the right hand side by p, as, 8s, 81, aq,,
Bays -+ Qay,, and Bg,,, .

Note that the pressures in adjacent cells are kept out of the Jacobian matrix and they are
solved separately together with all the pressures in the system. By matrix inversion, Eq. (3.50)
becomes

5]) Msl 8Jw’sl/apadj
5043 Ms 8]\4s/apadj
(5ﬂs Es a-Es/apadj
6 Eg OFs1/Opadj
000, | = g7t May | —Jt3" | OMay/Opagj | Gpag; - (3.51)
6/3(11 Ea1 adj 8Ea1 /apadj
50éang M(lng 8]\4flng /8pad]
6/6ang Eang 8Eang /8padj

op fi 91
(5015 f2 92
005 I3 g3
b | =— fa -3 g4 SPadj - (3.52)
. . adj .
5aang I 4+2ng—1 94+2n,—1
5ﬂang f4+2ng g4+2ng

The first line of this equation
op=fi =) 910pag (3.53)
adj
includes only pressures of the cell and adjacent cells as unknown variables, and can be solved as
a system wide pressure equation set. After obtaining the correction values of all the pressures
in the system by Eq. (3.53), correction values for other variables are obtained cell by cell, by
applying the rest of the lines in Eq. (3.52),

5as f2 g2
00s I3 g3
el Ja 94
: =— : -> : Padj - (3.54)
adj :
dag,,, Jat2n,—1 94+2n,—1
0Bang Jat2n, 9a+2n,

3.3.5 Organization of the Pressure Equations

The pressure equation, Eq. (3.53) include the pressures in cell (7, j, k) and six adjacent cells. To
solve this system wide set of equations, it is convenient to have a one dimensional index (one
dimensional array), and it is defined by

m(i,j,k) =i+ nz(j — 1) +nyny(k—1), (3.55)
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where n, and n, denote the number of cells in z(r) and y(#) directions. The matrix for the
coefficients of the system wide pressure equation set becomes a multi-band coarse matrix of
ngnyn, dimensions which has non-zero elements in the diagonal (4, j, k), both sides of the diag-
onal (i+1,7,k), and in the distances n, (4,5 =1, k) and nzny (7,7, k = 1) from the diagonal, i.e.
seven non-zero bands. The mapping scheme by Eq. (3.55) is advantageous when the number of
cells in z direction is larger than that in x or y directions.

The pressure equation is solved by ILUBCG (Incomplete LU decomposition BiConjugate
Gradient) method[34].

3.3.6 Elements of the Jacobian Matrix
Full description of the mass and energy equations

A full description of the mass and energy equations that is solved, and derivatives for the
Jacobian matrix are given as follows. Note that the derivatives are given here in terms of the
original independent variables p, a., and T},. A variable transformation to avoid numerical
problem with temperatures of missing components is described later.

Mass (steam):

Ms = V(asps)’Hl +V Z ms,adj (pzc-gl - pn+1) - Atrs
adj
+(ozsp8)”%At — VM, (3.56)
aMS 8p5 ars
= VO[S — At - V Mg adi 357
ap op op % @ 357
OM; ol
= s — A *
o Vi, = Aty e (3.58)
8M5 o 5’ps 8Fs
or, ~ %or, o, 359
OM, ol
= —A .
e ¢ a7 (3.60)
aMs aFS
80[@ — _Ataaa (361)
OM;
o = 0 (3.62)

Mass (steam+water):

n+1
My = V {asps + (1 — o — Z aa> ,01} +V Z(ﬁls,adj + ﬁll,adj)(pzc}gl —p"th
a

adj
% _

+(asps + ayp) EAt — V(Ms + M) (3.63)
oM, ~ ~
ﬁ =V {asps + (1 — O — Z aa) pl} -V Z(ms,adj + ml,adj) (3'64)

a adj

a]\451 o
B, Vips — p1) (3.65)
a]\4sl _ aps
T, = Vo T, (3.66)
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OMy
Oay,
OMy
oT,
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Mass (non-condensible gases):

M, = V(agpa)" + VZ’r?La,adj(pZC};l —p"th
adj
dv —~
aPa) — At — VM,
+(aapa) p Vv
oM, 8pa
= Vzma adj
ap adj
oM,
=0
Oag
oM,
oT, 0
oM,
=0
ot
oM,
dan Vpa
oM, 0pa
o, V%o,
Energy (steam):
Es = V(aspses)n+1 + Vz(éﬁ}idj + Ng c)Ldypn—i—l)(pZJ;l pn—I—l)
adj
+Vpn+1a781+1 + VanrlBs _ At(qlr;—i-l F?+1h781+1 Atz qn+1
~ dVv
_VES sMsts niAt
+ (aspses)"
aES 8p3 865
8]9 = Vay ( ap es t+ ps > Vazdj:{ sad] sad] 2p pad])}
~ 0qis Ol Ohg
Vas +VDg — At
s (81? dp 819)
OF, Jqis | O
= s€s - A S
0. Vpses+Vp t<8a5+8a5h)
OF, Ops Oeg 0q;s Ol Ohg
= s 8 S At hs F At sa
ar, ~ ' (8T te 8T) (8Ts ton Tt ) ZR
OFE, ol
= —At—h;,
o1 o1
OFE; 8%’5 al'y
= —At hs
Oay <0aa + day, >
Es
9 = AtR,,

T,

(3.67)
(3.68)

(3.69)

(3.70)

(3.71)

(3.72)
(3.73)
(3.74)
(3.75)

(3.76)

(3.77)

(3.78)
(3.79)
(3.80)
(3.81)

(3.82)

(3.83)
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Energy (steam+water):

n+1
Egy =V {aspses + (1 — a5 — Z%) ,0161}

~(1 e +1 4 (2 nt+l +1 +1
+VZ sadj 6laoi]+ s,adjP p" Jrelatdjpn )(pZdj —p" )

adj

n+1
a

—V(ES + El) + {aspses (1 — g — Zaa> plel} %At (3.84)
B = Ve (Geregy) v (Gaag))

_V%:{ilidg éﬁd] + (Ngdg + éﬁz)d])@p ~ Padj) }

adj

+V(as+aq) + V(Ds + Dy) (3.85)
T = Vipes - per) (3.86)
‘?f;zl = Va, (g;z es + ps 865) Atz Rea (3.87)
%%’l = Vo (gT e+ pi g;l > (3.88)
%ij = —Vpe —Vp (3.89)
%?Zl = AtRs, (3.90)

Energy (non-condensible gases):
By = V(aapaca)"™ +V Y (g + ey Wit — 9"
adj

+Vpn+1 n+1 + Vpn+1D +Atzqn+1

d
~VE, + (aapaea)"EAt (3.91)

OE, 8/)11 Oeg
N Vaa ( Cat Pa ) v Z{N‘(ll‘)ld] €a ad] (2]7 pad])}

Op Op adj

+Va, + VD, (3.92)
8@2 =0 (3.93)
88];: = AtRy, (3.94)
%’% ~ 0 (3.95)
(;(lj: = Vpeea — Vp (3.96)
‘;% = Va, (g;“ ea + ag;a>—AtRsa (3.97)
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Derivatives of the phase change and heat transfer terms

The phase change (evaporation, condensation) term given by Eq. (2.103) is dependent on steam
and water temperatures and also on the pressure and volume fractions through the saturation
temperature at steam partial pressure. Derivatives for those variables necessary for the Jacobian

matrix are given as follows.

[T o eI C i B
e (399)
g;: - A"hshishl_A"hsthl gg“z (3.100)
21;; = Aihsh_ilhl_‘_ ihsF_shlg% (3.101)
gzz = —Aihng];;lag;:tgz - (3.102)
aaq;s - Aihisa;;f%};j (3.103)
gqojz — A"h“aanlatgiz (3.104)
gffli: — Ahi (3.105)
ggj - Aihisag;j:tgf; (3.106)
The derivatives of pseudo partial pressure of steam (Eq. (2.101)) are given as follows.

ég;s - % (3.107)

Ips a— o

Do P (3.108)

ggz - —p% (3.109)

Variable transformation

To avoid the singularity for T}, of missing components, a variable transformation T" — o7 is
done before constructing the Jacobian matrix. The transformation is expressed by

f(p7 a87T57aa7Ta(a =ay, "'?ang)) - f(P7 AS;ﬂSaAayﬂa(a = az, -'-7ang)) (3110)

where the new set of independent variables are defined as follows.

P = p
Ay = o
65 = asTs
Aa = 0Qgq,
ﬁa = a7,

( )
( )
( )
B = ali=01-as—> ad,)T; (3.114)
( )
( )
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The relation between partial derivatives are given as follows.

of
opP
of
0A,
of
9P
of
9B,
of
04,
of
084

of

ap

of _OfT, oITh
day  0Tsay 0T oy
of 1

0T, as

of 1

T oy

of ~ofn  Of T,
dag Ty 0T, aq
of 1

0T, aq

(3.117)
(3.118)
(3.119)
(3.120)
(3.121)

(3.122)
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4 Verification and Example Calculations

4.1 Check of the Numerical Behavior of the Models

4.1.1 Melt Jet and Pool
Purpose

Free fall and spreading of a column of liquid was simulated for confirmation of physically proper
behavior of the melt jet and pool models and their mass conservation accuracy.

Calculation conditions

Figure 4.1 shows the geometric condition. A liquid column, diameter 90mm and initial velocity
0.5m/s at inlet, flows into a closed chamber of radius 0.2m and height 1m filled with gas. The
liquid column is subjected to the gravitational acceleration. The chamber is discretized into
0.1m cells in vertical direction, and each vertical cell is sub-divided into finer cells for the melt
jet. The base case condition and some variations are defined as follows.

e Base case: jet cell size 2cm, time step 1ms
e “dz” case: jet cell size bmm (x0.25)
e “dt” case: time step 0.1ms (x0.1)

Also, the result is compared with theoretical solution (“Theoretical” in figures) and the up-wind
finite difference solution (“FDM up-wind” in figures).

Calculation results

The leading edge profile and trailing edge profile are shown in Figs. 4.2 and 4.3, respectively.
The base case solution shows a reasonable agreement with the theoretical solution, and that
is much better than the up-wind finite difference because of the usage of CIP method. The
calculation with a finer mesh showed a result closer to the theoretical solution. The case with a
smaller time step showed a result almost identical to the base case.

Figure 4.4 shows the comparison of the results with the free fall curve. Admitting that the
plotted leading edge position by calculation is affected by the criterion with which the existence
of the jet is detected in cells, the leading edge position agrees with the progress by free fall.

Figure 4.5 shows the evolution of jet and pool profiles in the base case. The mass conservation
accuracy is checked during the mass transfer from the jet model to the pool model. Figure 4.6
shows the model has a good mass conservation. The total liquid mass conservation error through
the simulation was < 0.2%.
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Figure 4.1: Melt jet and pool test calculation geometry.
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Figure 4.2: The jet leading edge profile at 0.3s.
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dt x0.1 -
FDM upwind &~
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Figure 4.3: The jet trailing edge profile at 1.0s.
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Figure 4.4: Comparison of the jet leading edge progress with the free fall curve.



JAEA-Data/Code 2008-014

1 T T T Tr T L T 10T 1
/ t=0.1 s— ,/ 1=0.2 s+ / 1=0.3 s+ / t=0.4 s+ / t=0.5 s-|
0 ] f
Eo.e
=
jey
®© 0.4
T
0.2
0 1 1 1 1 E— 1
0 0.1 020 0.1 020 0.1 020 0.1 020 0.1 0.2
/T T 2T 7T TTTT TTTT TTT]
t=0.6 s | | t=0.8 s| | t=1.0 s| | t=1.2 sT] t=1.4 s7]
0.8
Eo.s ——Jet
<
Ry
© 0.4
0.2 Pool
R TN\ ~~ L
oLk . N . ~L LTS . s
0 0.1 020 0.1 020 0.1 020 0.1 0.2 0 0.1 0.2
Radius (m) Radius (m) Radius (m) Radius (m) Radius (m)
Figure 4.5: Overall profiles of the melt jet/pool evolution.
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4.1.2 Melt Particles
Purpose

Free fall of the melt particles and their merging into the melt pool, or stacking on the floor was
simulated for confirmation of physically proper behavior of the melt particles and pool models
and their mass conservation accuracy.

Calculation conditions

Figure 4.7 shows the geometric condition. Melt particle groups are initially distributed in the
upper area of the calculation field that is a cylinder of radius 0.2m and height 1m filled with
steam, with constant radial and vertical intervals. The diameter of the individual particle in
the groups is lmm and the number of the particles in each group is given so that their particle
volume fraction becomes 0.2. The initial vertical velocity of the particle groups is set 0 and
they are subjected to the free fall. The base case condition and some variations are defined as
follows.

e Base case: particles are molten, initial x-direction velocity 0, time step 1ms
o “dt” case: time step 0.1ms (x0.1)
e “Slid” case: particles are solid

e “Solid-rand” case: particles are solid and have initial z-direction velocity randomly given
in the range —0.2 < v, < 0.2m/s

Calculation results

The evolution of the particle group distribution is shown in Figs 4.8-4.10, by the positions of
the centers of particle groups. In the base case, the particle groups fall on to the floor and make
a melt pool. In “Solid” and “Solid-rand” cases, the particle groups stack on the floor and make
a debris bed. In the “Solid-rand” case, the randomly given horizontal initial velocities make a
difference from the “Solid” case.

Figure 4.11 shows a comparison between the leading edge progress obtained in the calculation
and the free fall curve. They agreed well.

Figure 4.12 shows that a good mass conservation accuracy is kept during the mass transfer
from the particle group model to the pool model. The total melt mass conservation error through
the simulation was < 0.01%.
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4.1.3 Shock Wave Propagation in Two-Phase Medium
Purpose

Because the shock wave propagation in a two-phase medium is a primary physical process to
be captured by the two-phase flow model in a steam explosion simulation, the ability of the
two-phase flow model in this aspect was checked by simple simulations.

First, dependence of the sonic velocity on the void fraction was checked by a nearly one-
dimensional geometry. Then, spherical wave propagation was tested in a two-dimensional (cylin-
drical) geometry.

Two-phase sonic velocity

Calculation conditions Figure 4.13 shows the geometric condition. A cylindrical chamber
of radius 0.2m and height 2.5m, filled with water up to the level 2.05m was considered. A
pressure source was initially placed in the center bottom cell, where void fraction 0.5 and pressure
0.12MPa is given. The initial system pressure was set 0.1MPa.

The sonic velocity was evaluated by tracing the propagation of the pressure front, and
compared with theoretical values evaluated for homogeneous bubbly medium given by

Ctphm (@) = {a2 +a(l — a)Z + <(1 —a)?+a(l - a)ff;) <Z’>2}_1/2 . (4.1)

The void fraction in the water column was changed as a parameter.

Calculation results Figures 4.14-4.16 show the pressure histories at height 0.475m, 0.975m
and 1.95m with void fractions 1075, 1072 and 0.1 as a parameter. The time of the arrival of the
shock front was read at the half value of the first peak. It was observed that the shock front
propagation delayed with increase of the void fraction, and that the shock wave was rapidly
damped when the void fraction was 0.1.

The sonic velocity was calculated from the shock arrival time, and plotted with the theoretical
value (Eq. (4.1)) in Fig. 4.17. The sonic velocity evaluated by the calculation results agreed well
with the theoretical values.

Spherical shock wave propagation

Calculation conditions Figure 4.18 shows the geometric condition. A cylindrical chamber
of radius 1m and height 2m, filled with water up to the level 1.78m was considered. A pressure
source was initially placed in the center bottom cell, where void fraction 0.5 and pressure 1MPa
is given. The initial system pressure was set 0.1MPa. The void fraction in the water pool was
set 1074,

Calculation results Figure 4.19 shows the pressure profiles obtained by the calculation. The
plots show that the shock front propagates spherically from the pressure source, and reflects
at the side wall and the floor. Thus, it is demonstrated that the wave dynamics is reasonably
captured by the present two-phase flow model.
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Table 4.1: Conditions and results of FARO melt jet quenching experiments, and analytical
conditions.

L14 L28 L31
Melt
Material Corium (Tse1/T1iq = 2830/2850(K),

80Wt%UOQ-2OWt%Zr02)

Released mass (kg) 125 175 92
Temperature (K) 3073 3053 2990
Jet diameter at inlet (mm) 92 44 48
Water
Temperature (Subcool) (K) 537 (1) 424 (1) 291 (104)
Pool depth (m) 2.05 1.44 1.45
Water vessel diameter (m) 0.71 0.71 0.71
Cover gas
Atmosphere Steam Steam Argon
Initial pressure (MPa) 5.0 0.51 0.22
Cover gas volume(m?) 1.26 3.53 3.49
Results
Pressure rise at plateau (MPa) 2.5 1.2 0.04
Level swell (m) ~1.4 ~0.6 ~0.3
Agglomerated mass (kg) 20 (16%) 77 (44%) 0
Debris mean dia.®) (mm) 5.0 3.0 3.3
Analytical
Grid (Water pool zone) 6x37(6x20) 8x25(6x14)
Central column radius (m) 0.15 0.10 0.10
Time step (ms) ~0.5
Jet initial velocity(m/s) 3.0 ~3.0 ~2.7
Jet flow-in duration(s) 0.80 5.2 2.5
Melt particle dia.(const.)(mm) 5.0 3.0 3.0
Jet break-up length model?” Taylor type, Cepy = 1
Surface temperature drop model Use
Nper© 1000
Nhist® 1000
Fntint” 0.02

a) mass median diameter b) see 2.2.1 ¢) see 2.2.3 d) see 2.3.2

4.2 Simulation of Premixing Experiments

Purpose

For the verification of the premixing-related model functions and the parameter tuning, we
performed simulation of FARO experiments that were performed at JRC Ispra of EU[35, 36].
In those experiments, ~100kg of molten corium (mixture of UOy and ZrO2) was dropped into a
water pool. Data for the pressurization and water level swelling by steam generation during the
melt jet break-up and quenching, particle size distribution of the quenched debris are available.
We referred three experiments, L14, L28 and L31 with different subcools, pressures and jet sizes,
and compared the calculation and experimental results.

Calculation conditions

The experimental conditions of the three experiments, and analytical conditions for the sim-
ulations are summarized in Table 4.1. Figure 4.20 shows the grids to simulate the FARO
experimental geometry.
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Figure 4.21: Comparison of calculation and experimental results: Pressure history.

Calculation results

Calculation results are compared with experimental data in Figs. 4.21-4.23. The pressure his-
tories (Fig. 4.21) and the level swellings (Fig. 4.22) were roughly in reasonable agreement. In
detail, we can see a trend of underestimating the pressure rise while overestimating the level
swelling, especially for low pressure conditions (L28 and L31). This trend depicts the present
limitation in the premixing modeling.

We consider that steam bubbles generated in the premixing zone escapes faster in reality
than in the simulation especially in low pressure conditions. It seems that we need considerable
work in two-phase flow constitutive models if we want to improve this situation.

Figure 4.23 shows the comparison on the mass fraction of agglomerated melt, that was found
as a continuous lump at the bottom. The lump can be made either by direct arrival of the jet
column without fragmentation during the fall or by re-agglomeration of once-fragmented melt
droplets. The simulation results did not agree with experimental results.

These results show that ability of the present model in simulating the complicated premixing
phenomena and long term cooling behavior is not in a satisfactory level. Nevertheless, we can
use the present model with a certain level of confidence for the purpose of steam explosion
simulations, in which mainly the “premixed” melt mass in the initial phase of premixing is
needed. (see the next section.)
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4.3 Simulation of Explosion Experiments

Purpose

For the verification of the explosion-related model functions and the parameter tuning, we
performed simulation of KROTOS experiments and a FARO experiment that were performed
at JRC Ispra of EU[37, 38]. In KROTOS experiments, several kilograms of molten alumina or
corium (mixture of UOy and ZrOz) was dropped into a column of water, and a triggering for a
steam explosion was given by a pressure pulse generated by releasing compressed argon gas. We
referred three cases, 44, 42 and 37 from the KROTOS series experiments. We referred another
experiment, FARO-L33, a steam explosion experiment in a larger scale, in which about 100kg
of corium melt was dropped into a water pool, and a steam explosion was triggered by pressure
pulses from a detonator. For those experiments, data for transient pressure histories at several
locations showing shock wave propagation and escalation behavior, and particle size distribution
of the fine fragments produced by the steam explosion are available.

Calculation conditions

In the calculation, we simulated the experimental condition as summarized in the Table 4.2.
Figure 4.24 shows the grids to simulate the KROTOS and FARO experimental systems.

The calculation of the steam explosion needs two steps, premixing and explosion calculations.
In the premixing calculation, the model was tuned so that experimentally observed premixing
behavior was reasonably simulated. Namely, the jet break-up length correlation and its tuning
factor were selected so that jet break-up length observed in a similar condition but without
explosion was reproduced in the simulation. The melt particle diameter also was given in a
similar way. For FARO-L33 experiment, the Taylor type jet break-up length correlation (see
Section 2.2.1) should be valid, and it was applied. While, in KROTOS experiments, it is not
the case due to a transient nature of the melt delivery.[37]

After confirming that reasonable premixing calculation results, i.e. agreement with experi-
mentally observed overall void fraction at the time of triggering, were obtained, we used those
results as the initial conditions for the explosion calculations.

In the explosion calculations, on the other hand, we set a consistent set of model parameters
for all the cases independent of the melt material and other conditions, i.e. Cf.y = 0.35,
dfrg = 50(um), terigife = 1 (ms) and K, = 0.7. It was demonstrated that as long as the
premixing condition was given reasonably, the explosion results were simulated reasonably with
the same set of the explosion model parameters. This set of explosion model parameters was
obtained by tuning them to have agreement with KROTOS alumina experiments on the pressure
pulses and the mass fractions of fine debris produced by the steam explosion.

A rationale of this tuning method is as follows. Figure 4.25 shows the difference between the
alumina and corium cases of KROTOS experiments on the total, molten (not frozen), molten
and premixed (in the zone where void fraction is below 0.75) masses of corium obtained by the
premixing calculations. Alumina melt is kept molten through out the period of the premixing
stage and does not cause too much steam generation in the KROTOS condition. Thus, an ideal
premixing condition, i.e. most of the melt is molten and well-mixed with water, is realized.
On the other hand, with corium melt, considerable amount of the melt is already frozen or
enveloped in a highly voided zone at the time of triggering, and, only a small part of the melt
can actually participate in the explosion process. This difference is caused by material physical
properties and the initial temperature. Alumina has lower melting and initial temperature,
lower density and a larger latent heat than corium. Then, it makes larger droplets and takes
much longer to freeze than corium. Also, heat transfer to water is much slower than corium
due to the lower temperature as well as smaller surface area per volume. This explains the well-
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Figure 4.24: Grid geometry to simulate steam explosion experiments KROTOS series (left) and
FARO-L33 (right).

known experimental observation that corium melt usually does not cause as strong explosions
as alumina melt does. [39]

Considering the above, the alumina experiments are more suitable as references for the
tuning of fragmentation model parameters due to the simple and ideal premixing condition.
Application of the same parameter setting for corium cases should reasonably estimate weaker
explosions if the difference in the premixing condition, i.e. more fraction of frozen melt and
higher void fraction, is adequately simulated.

External triggering was simulated by placing a certain amount of high pressure gas in the
center bottom cell. For the KROTOS experiments, the gas chamber used in the experiment
was simulated by its specification (15cm?, 14MPa, pV ~ 220kJ). For FARO-L33, an equivalent
volume and pressure of the gas (28.6cm?, 35MPa) was deduced from the detonator energy ~1kJ.
Figure 4.26 shows the calculation result for propagation of the pressure pulse by the triggering
device in pure water in the FARO-L33 geometry. It was confirmed that the calculated trigger
pulse is in a reasonable agreement with experimental data[40].

Calculation results

Figures 4.27 and 4.28 show the comparison of calculated and experimentally observed pressure
histories at various vertical locations for KROTOS alumina experiments. With the tuned ex-
plosion model parameters, the calculation results reasonably agreed with the experimental data.
The influence of the water subcool was not significant. Figure 4.29 shows the calculation re-
sults for KROTOS-37, the corium experiment. It was reported that no propagating energetic
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Table 4.2: Conditions and results of KROTOS-44, 42, 37 and FARO-L33 experiments, and
analytical conditions (“K#” denote run numbers of KROTOS series).

K44 | K42 K37 | L33

Melt Material Alumina® Corium?

Released mass (kg) 1.50 1.54 3.22 100

Temperature(K) 2673 2465 3018 3070

Jet release dia. (mm) 30 48

Free fall height(m) 0.44 0.77
Water Temperature(Subcool) (K) [ 363(10) | 293(80) [ 296(77) 294(124)

Depth (m) 1.105 1.62

Vessel diameter (m) 0.20 0.71
Cover gas Atmosphere Steam \ Argon

Pressure (MPa) 0.10 0.41

Cover gas volume(m?) 0.290 3.496
Premixing Level swell (cm) 12 ‘ 3 30 9
results Jet break-up length (m) ~0.3 ~0.8 ~1.1
Explosion Pressure peaks (MPa) ~50 ~50 NA®) ~6
results Half height width (ms) ~1.5 ~1 NA®) ~3

Debris <0.106mm (%) 47 31 1.4 ~89
Analytical Time step (us) ~2
conditions Jet initial velocity(m/s) 3.0 ~2.9

Jet flow-in duration(s) 0.270 | 0.255 0.191 2.6

Melt Particle dia.(mm) 10 2 3

Jet break-up length model® S: Cont = 2.5 S:Copt = 17| T: Copy =1

Surface temperature Use

drop model

Nperd) 100 1000

Nhist!) 500 1000

External trigger 14.8MPa-15¢m? 35MPa-29cm?

Trigger time (s) 0.9 \ 0.5 1.12

Cirg? 0.3

djrg () 9 50

ttriglife (ms) 9) 1.0

Pirig (MPa) 9) 0.2 \ 0.5

Fragmentation criterion Too 2 Top

Key ™ 0.7

a) Tometz = 2300(K) ) UO2(80)-Z105(20) (Wt%), Tsor/Triq = 2830/2850(K)
¢) Reportedly “no propagating energetic explosions”[37].

d) Extrapolated from the size distribution reported in [41]. The ratio to the
melt mass in the system at the triggering time, ~40kg, is ~20%.

e) S: Saito et al. correlation, T: Taylor type correlation (see 2.2.1)

f)see 2.2.3 g) see 2.2.4 h) see 2.3.2



JAEA-Data/Code 2008-014

—+— K42 Total mass —---%---- K42 Molten, 0<0.75
—=-—— K42 Molten
1.6 T L% B - Ak} -:: -L-L ~e
14 | ) b
12 b
g 1t . |
% 0.8 i
S 06 ¥ Triggering
04 b
0 . 1 1 1 1
0 0.2 0.4 0.6 0.8 1
Time (s)
—+— K87 Total mass % K37 Molten, 0<0.75
-—-»--—- K37 Molten
35 T T T T
S 25 F ’ Triggering 7
< 2+ T e S B
] . 3 [E LAY
= 1L v RN i
05 * e, ]
. R e g oK g e
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
Time (s)

Figure 4.25: Difference of the premixing melt mass due to freezing and void in KROTOS alumina
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Figure 4.26: Simulation of FARO-L33 external trigger (propagation of the pressure pulse in pure
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explosion was observed in the experiment.[37] In the calculation, the triggering pressure pulse
escalated only near the bottom, K1-K2, and damped out later.

Figure 4.30 shows the comparison of calculated and experimentally observed pressure histo-
ries at various vertical locations for FARO-L33. The scale of the pressure pulse is reasonably
simulated by the calculation.

Figures 4.31 and 4.32 show the evolution of the total fluid kinetic energy in the calculation
in comparison with experimentally estimated kinetic energies. A good agreement was obtained
for KROTOS alumina cases and FARO-L33. The calculation for KROTOS-37 showed very low
kinetic energy, in agreement with the fact of no energetic explosion in the experiment.

Generally, very fine debris of the size smaller than 0.1 mm is produced by steam explosions.
In the calculation, the fine debris produced by the explosion is modeled by fine fragments of
uniform size, 50um. Figures 4.33 and 4.34 show comparison of the mass fraction of fine debris in
experiments and in the calculations. Though rigorous comparison is not allowed due to difference
in the classification of the debris size, the calculated debris mass fractions are comparable to
those observed in the experiments.
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Figure 4.27: Comparison of calculation and experimental results: KROTOS 44 (alumina, satu-
ration temperature) pressure histories at different vertical locations (K1-K5 refers locations of

measurement, see Fig. 4.24).
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Figure 4.28: Comparison of calculation and experimental results: KROTOS 42 (alumina, sub-
cooled condition) pressure histories at different vertical locations (K1-K5 refers locations of

measurement, see Fig. 4.24).
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Figure 4.29: Calculated pressure histories for KROTOS 37 (corium, subcooled condition) at
various vertical locations.
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Figure 4.30: Comparison of calculation and experimental results: FARO-L33 (corium, subcooled,

large scale) pressure histories at different vertical locations.
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Figure 4.31: Comparison of calculation and experimental results:

KROTOS total fluid kinetic

energy (Experimental data is available for the final value; for KROTOS 37, only “no explosion”

was reported).
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Figure 4.32: Comparison of calculation and experimental results:
energy (Experimental data is available for the final value).
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Figure 4.33: Comparison of calculation and experimental results: KROTOS fragmented mass
(Experimental data is available for the final value).
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Figure 4.34: Comparison of calculation and experimental results: FARO-L33 fragmented mass
(Experimental data is available for the final value).
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4.4 Application for Plant Scale Simulation

Purpose

As an example for the application of JASMINE in plant scale, a simulation of PWR ex-vessel
steam explosion is demonstrated.

Calculation conditions

Figure 4.35 shows the geometric conditions and the grid for the present analysis assuming a
typical PWR cavity. The calculation condition is as follows.

e Water pool size: 4.1m deep, 2.75m radius

e Pressure vessel lower head: 2.2m radius, bottom position z=5.0m (melt free fall height
0.9m)

e Pressure/water temperature: 0.2MPa, 342K (subcool 50K)

e Boundary condition: flow-out boundary at the top (p =0.2MPa, constant), Slip walls at
bottom and side

e Melt material: UO2(80wt%)-ZrO2(20wt%) corium, Tso;/Tiiq = 2830/2850K, Tipn; = 2950K
(superheat 100K)

o Melt jet diameter: 0.5m

e Melt release velocity: ~5.5m/s

e Triggering pressure source: bottom center, p =10MPa, pV =1MJ
e Triggering time: at the first peak of premixing mass, 0.7s

e Premixing model parameters: jet break-up length by Taylor type correlation with Cepy = 1,
droplet diameter 5mm

e Explosion model parameters: Cy,.q = 0.35, dfrg = 50(pum), typigiife = 1 (ms) and K., = 0.7
(as tuned in FARO/KROTOS simulation in the previous section)

Premixing calculation result and triggering time

The triggering time was chosen according to the premixing behavior. Figure 4.36 shows void
and melt distribution profiles at different times in the premixing calculation. An oscillatory
nature is observed, i.e. penetration and break-up of the melt jet, large vapor pocket generation
causing worse contact of the water and melt, escape of the vapor and re-contact of the water
with the melt.

The melt mass that effectively participates in the explosion process is the mass that is kept
molten and resides where void fraction is not too high. So, the mass of the melt jet and particles
(melt pool is excluded) whose temperature is below the melting point, and that exist in cells
where void fraction is less than 0.75 is defined as “premixed mass”.

Figure 4.37 shows the history of the total mass, the molten mass and the premixed mass. The
molten mass of the jet and particles are kept at almost constant level, about 5300kg, due to the
balance of supply, freezing and merge to the pool. The premixed mass is oscillating reflecting the
above mentioned oscillation of the void generation and escape. From our calculation experiences,
the most energetic explosion is obtained by applying a triggering at the time when the premixed
mass takes the first peak, about 0.7s from Fig. 4.37.
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Figure 4.35: Grid geometry for the simulation of PWR ex-vessel steam explosion.
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Figure 4.36: Profiles of the melt components (jet, pool and particles) and the void fraction in
the premixing stage of PWR ex-vessel steam explosion simulation.
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Figure 4.37: Calculated melt mass (total, molten and molten-premixed) in the premixing of
PWR ex-vessel steam explosion simulation.
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Figure 4.38: Profiles of the pressure wave propagation in the explosion stage of PWR ex-vessel
steam explosion simulation.

Explosion calculation result

Figure 4.38 shows the pressure wave propagation obtained by the explosion calculation. Fig-
ure 4.39 shows the evolution of the total fluid kinetic energy. In this case, about 230MJ of the
kinetic energy is reached at about 13ms after the triggering.

As output information of the explosion calculation, the impulse on wall structures can be
also obtained by integrating the pressure in the cells adjacent to the wall. The impulse would
be more useful for the evaluation of the integrity or damage of the walls than the kinetic energy
of the fluid.[42, 43]
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Figure 4.39: Calculated total kinetic energy of fluids in the explosion stage of PWR ex-vessel
steam explosion simulation.



JAEA-Data/Code 2008-014

5 Summary

An FCI simulation code JASMINE was developed. The concept, models, numerical solution
methods, verification and example calculations were described in this report. Also, some model
details and practical information are collected in appendixes.

Some papers have already been published on application of JASMINE code for simulation
of experiments[39], risk assessment for LWRs[42], and on a strategy for the application of FCI
simulation codes for plant risk assessment[43]. Those papers also include helpful information
for the usage of JASMINE code. Some of the model parameter setting have been modified from
previous works. The setting described in this report is the latest one compatible with JASMINE
version 3.3a.

Present limitations of the models and calculation methods, and known practical problems
are summarized below.

Limitations, cautions and known problems:

e JASMINE code is, at present, applicable only for the assessment of steam explosion loads.
The ability to simulate debris bed formation process and to assess long term coolability of
the debris bed or melt pool is still poor.

e The present modeling and verification concept relies on the idea of limitation of the steam
explosion energetics due to void and freezing. So, the status and improvement of modeling
techniques and experimental data on those aspects should be watched carefully.

e Void fraction issue

— The current ability of JASMINE code in evaluating void distribution in the premixing
stage for long term is not good. We tried tuning related parameters conservatively,
not to overestimate overall void fraction. To get more reliable simulation of void
distribution in wide range of situations, it seems to need a fundamental improvement
of 3D multiphase mixing modeling.

— Influence of the void in the explosion process is considered with an intuitive attenua-
tion factor, i.e. 1 — 0 for a = 0.3 — 0.75. However, such an effect of void on the fine
fragmentation of the melt has not been experimentally confirmed at a fundamental
level. Relevant experimental work is desirable for providing a reliable basis.

e Limitation by the numerical framework

— As long as we use the conventional multiphase flow simulation method with spatially
averaged volume fractions in relatively large cells, the void fraction in cells depends on
the cell size. Water in small cells are more quickly heated-up and produce void than
that in large cells due to the difference of heat capacity. It affects the attenuation of
fragmentation by void.

— At the prototypic range of melt temperature, ~3000K, radiation dominates the heat
release and freezing of the melt. The radiation heat transfer may extend beyond the
local cell when void fraction in the cell is large.! The present modeling of radiation

!Thermal radiation is absorbed by water mostly in several millimeters of depth. However, steam is transparent
to the radiation. Thus, the radiation from melt droplets in a cell filled with steam should travel to adjacent cells
where is water.
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is limited within a single cell. Better radiation model considering heat deposition to
surrounding cells would improve the results.

— Geometrical arrangement: The melt jet is only available in the central column of the
analytical space. The one-dimensional modeling of the melt jet dose not allow strong
deformation of the jet leading edge (too much expansion in lateral direction causes a
numerical problem).

e Factors not modeled and that is relevant to the steam explosion process

— Three dimensional effects: an explosion initiated not at the center of the pool (3D
pressure wave dynamics)

— Chemical effects: hydrogen generation and chemical reaction heat due to oxidation
of metallic components in the melt[35, 44]

— Leading edge effects in jet break-up

e A care should be taken about extrapolation in scale, i.e. an application for plant scale
(~10 tons) means an extrapolation by two orders of magnitude in the melt mass from the
verification basis (~100kg, in the FARO experiment). There can be unknown scale factor
that causes additional uncertainty in such extrapolation.

e Practical limitations

— Inflexible physical property packages: The water and melt physical property packages
are not flexible. The steam table package is totally hard coded; thus, usage of other
kind of coolant fluid needs considerable code modification. Several kinds of melt
property packages are already made available, as separate source files. Change of
the melt property packages needs re-linking of the object file of the melt property
package.

— Redundancy in the output data: The binary output files, i.e. plot file for two-phase
flow and melt dump file for the melt, include most of useful information. Other
text format files are redundant though they may be convenient for a quick check of
calculation results.

— Restart function is only available when the melt model is used.

— Coding style is old. (Fortran 77)
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Appendix A Notation

Notation of major variables in this report is summarized here.

Alphabets
A

Bo

“p

C

Cdamppar

Cdampwal
Cent

Fhtints frigkitts fritkiu :
th
Ja

Fr

9,9
Gr

: cross section, surface or interface area

: Bond number

: specific heat

: constant, tuning parameter

: damping factor for particle-particle collision

: damping factor for particle-wall collision

: correction factor on the mass flux of droplet entrainment from the melt jet

: tuning parameter for the fine fragmentation model

: empirical constant on the entrainment x-velocity

: empirical constant for the weight in averaging melt jet and ambient fluid ve-

locities to give the entrainment z-velocity

: diameter

. diffusion coefficient

: boundary layer thickness around the melt jet
: diameter of melt droplets entrained from the melt jet surface
: fine fragment diameter

: mass median diameter of melt droplets

: maximum stable diameter of melt droplets

: melt particle (droplet) diameter

. internal energy

: friction factor, function

: force, function

parameters for control of coolant evaporation in premixing stage

: hydrodynamic drag force on a particle

: function of the void fraction

: Froude number

: gravitational acceleration

: Grashof number

: heat transfer coefficient, heat transfer rate, pool hight

: height of the calculation domain, heat transfer coefficient
: water pool depth

. diffusional mass flux

: friction factor

: parameter for control of coolant evaporation in explosion stage
: length

: jet breakup length

: molecular weight

: mass flux of the entrainment from jet surface

: mass of a particle in a particle group

: mass flux falling on the pool surface

: (superscript) old or new time step

: number of non-condensible gas components

: step number criterion for release of real particle groups
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N, : number of particles in a particle group

Nper : criterion in number of particles for real particle-group generation
Nu : Nusselt number

P : pressure

Ds : pseudo partial pressure of steam

Pr : Prandtl number

q : surface heat flux, heat input in a cell

Q : heat

q : heat release rate

Ty, T : half width of a particle group in the x and z direction
Trer : criterion in z-direction size for real particle-group generation
R : radius of the calculation domain, particle radius

Ra : Rayleigh number

Re : Reynolds number

t : time

T : temperature

U, v, w : velocity components in z (1), y (6) and z direction
v, v : velocity

|4 : fluid volume in a cell, velocity, volume flux

w(x) : width of the calculation domain at position z (= 20)
We : Weber number

x, : position of the center of particle group (= (xp, zp))
T,z : horizontal and vertical coordinates

Zbnd : distance from the leading edge of the melt jet

Greek symbols

« : void fraction, volume fraction

Qpack : maximum packing ratio for particle (~ 0.6)

I] : volume expansion coefficient, an alternative independent variable (= oT')
r : mass generation rate

0 : boundary layer thickness, variance

Ahygg : latent heat of evaporation

At : time step

Az, Az : grid size for x, z coordinate

AZpin : minimum z-direction grid size in the system

€ : density ratio, emissivity

S) : Azimuthal width (angle) of the calculation domain

K : thermal diffusion coefficient

A : thermal conductivity

W : viscosity

v : kinetic viscosity

T : Ludolphian number

p : density

o : surface tension

osB : Stefan-Boltzmann constant

T : time, time constant

Suffixes

a : non-condensible gas, ambient fluid

av . average
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: boundary layer

: continuous phase, core, center
. critical, critical point

: dispersed phase

: entrainment

: fine fragment

: initial value

: dummy index for coordinates or components
: melt jet

: liquid water

: liquidus point

: melt, dummy index for components

: melting point

: melt particle

: melt pool

: relative, e.g. between melt and coolant
: radiation

: steam

: saturation

: surface

: solidus point

: subcool

: superheat

: vapor

: wall

. infinity, far enough distance
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Appendix B Particle Heat Conduction
Models

B.1 Surface Temperature Drop of Melt Particles

The concept of the model is illustrated in Fig. B.1. A particle with uniform initial temperature
T, cooled at the surface is considered. A temperature profile of quadratic function is assumed
in the thermal boundary layer,

Tc - Tsf
2
where T,y denotes the surface temperature; J denotes the boundary layer thickness.

The heat loss corresponding to the temperature drop in the boundary layer, @, is expressed

by

T(r) =T {r—(R-9}*, (B.1)

Q= /R drriep(T, — T)dr (B.2)
R—6

where ¢ and p denote the specific heat and density, respectively. Substituting 7" with the assumed
temperature profile, Eq. (B.1), gives

4 4 ) 1/9 1 [/6)?
=- T.—Tsr)=11— == — | = . B.
Q = SRt f)R{ Q(R)+1O(R)} (B.3)
The surface heat flux, ¢, should satisfy the continuity,

dTl’ Te — Ty
=-A— =2 —— B4
1 ( dr )rR 4 ’ ( )

and also the heat balance J

AnR%q = dif . (B.5)

Assume that the surface heat flux ¢ is kept constant during the period the surface tempera-
ture drops, i.e. both § and T,y in Eq. (B.3) change. By substituting

og
T, — T, =4 B.
F=35y (B.6)
obtained from Eq. (B.4) for T, — Ts¢ in Eq. (B.3), and by taking derivative of Eq. (B.3) in terms
of t, we have
dQ 4 _,q 3(5) 1(5)2 ds
& _pedsli -2 ()2 (2) L2 B.
dt 37TR/<;5{ 1\r)"5\&) fa@- (B.7)

where k = \/(cp) is the thermal diffusion coefficient. By connecting Eq. (B.7) and Eq. (B.5),
we have a differential equation for the evolution of thermal boundary layer,

3(6 1/5\?
0s1—- (= - = dd = 3kdt . B.
{ 4(3)*5(3)} 3 (B8)
We can get T, — Ty by Eq. (B.6) with ¢ obtained by solving Eq. (B.8).
An expression for T,, — T, is obtained by the definition of average temperature,

4 4
§7TR3Cme, = §7TR3CpTC -Q. (B.9)
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Equations (B.3) and (B.9) gives

Toy — FsTyy
B.10
¢ 1-F (B.10)

where Fjy is a function of § defined by

=g {1 ()5 (3 w1

Equations (B.6) and (B.10) lead an expression for the difference of the average and surface
temperatures,

5
Tp — Ty = %(1 _F). (B.12)

Particle

~ Thermal
i boundary layer

Te
Tav

Figure B.1: The surface temperature drop model.

B.2 Fast Transient Heat Release from Fine Fragments

The concept of the model illustrated in Fig. B.2 is similar to the one for the surface temperature
consideration of the melt particles (Appendix B.1). However, in the present model, the global
cooling phase which comes after full development of the thermal boundary layer is also in the
scope. Therefore, the present model consists of the following two phases.

e Phase I: Boundary layer development phase.
e Phase II: Global cooling phase.

In phase I, the model is basically the same as the one for the surface temperature model for
melt particles. The heat loss is expressed by the boundary layer thickness, d, by

4 4 5 1/9 1 /62
= - To—Tsr)=11—=| = — = . B.1
Q= grienT )R{ 2<R>+10(R>} (B-13)
The assumed temperature profile in the boundary layer,
TcO - Ts
T(r) = T = =5 H{r = (R=9)}* (B-14)
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gives the heat flux at the surface by

Tc() - Ts f

In the present model, we assume constant surface temperature, Ty = const., instead of con-
stant surface heat flux as we did in the previous section B.1. The constant surface temperature
is valid typically for the interfacial heat conduction of two objects in sudden contact.

From the heat balance at the surface,

q =2\ (B.15)

dq
AnR*q= —< B.1
TRq I (B.16)
and Egs. (B.13) and (B.15), we obtain the differential equation for the boundary layer develop-
ment,
§ 3 [(46)\°
0dl——=+4+— (= dé = 6kdt . B.1
{ R + 10 (R> } 6k (B.17)
Non-dimensional form of the equations are obtained by normalizing d, ¢t and @ by
) Kt Q
=5 T:ﬁ,and ﬁ:@, (B.18)
where (Jg is the total heat inventory
4
Q() = g?TRSCp(TCO — TS ) . (B.lg)
The non-dimensional forms of Eqgs. (B.13) and (B.17) are
5= (11 L L 2) d (B.20)
=x 5% T g% ) > an .
3 9
x l—x—i—ﬁx dx = 6dt . (B.21)

We can solve x by numerical integration starting with initial value zg = 1/1279 based on the first
order analytical solution. During phase I process, the change of the non-dimensional parameters
isx=0~1,8=0~ 31(=3/5) and 7 =0 ~ 71. The non-dimensional time of the end of phase
I, 7, is 0.040 according to the numerical solution.
During phase II, the center temperature, T, decreases from Ty, while the boundary layer
thickness is fixed at R. The additional heat loss during phase II is
AQ=Q—-Q1= %WRSCP(TCO - Tc) ) (B'22)

where Q1 is the heat loss at the end of phase I, which corresponds to ;. In this case, the surface
heat flux balance, Eq. (B.16), leads the time evolution equation,

K
dT, = —15(T, — Tsf)ﬁdt . (B.23)
By normalizing the center temperature by
T.—T.
= —¢ sf , (B.24)
TcO - Tsf
we have normalized form of Egs. (B.22) and (B.23),
2
B = B+ 5(1 —0), and (B.25)
dg = —156dr . (B.26)
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Equation (B.26) is solved analytically, with the initial condition 7 = 7; and 6 = 1.
9= 10T (B.27)

The non-dimensional parameters change by 6 =1 — 0, 3 =01 — 1 and 7 = 74 — oo during
phase II.

Let us define the non-dimensional time constant for the heat release from a fragment, 7y,
as non-dimensional time, 7, at which the heat loss fraction ,3, equals 1 — e~! ~ 0.632. The
non-dimensional time constant, 7y, is in phase II, and the value is about 0.046.

Fine fragment

~ Thermal
i boundary layer

Tsf

Phase I: Boundary layer development Phase Il: Global cooling

Figure B.2: The heat release model for fine fragments.
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Appendix C Brief Description of CIP
Method

C.1 Basic Concept of CIP Method

CIP—cubic interpolated pseudo particle—method was developed by Yabe and Aoki[31]. The
basic concept of this scheme is cubic interpolation of discrete data and handling the advection
term by moving the profile like in Lagrange method. Consider a one-dimensional hyperbolic

Z{ + vgi =0, (C.1)
where advection velocity v is constant. Given a spatial profile of the function f and the velocity
v at a certain time ¢, the value of f at a certain grid point z; after a short moment At can be

equation

approximated as a result of advection.
f(zist + At) ~ f(z; — vAL,t) (C.2)
In the CIP method, the values of f between grid points are interpolated with a cubic polynomial
Fi(z) = {(a: X +b)X + f{}X + fi, (C.3)

where X = z — z;, and f! is the spatial derivative of f at the point z;. The constants a; and b;
are derived by considering the continuity of f and f’ at grid points ¢ and ¢+ 1 or i — 1 depending
on the direction of the velocity,

—20+ fi, + fi

a; = A—z2’ (04)
3¢ — fi, — 2fi
bi = Tu (0'5)
_ fiz - fz
¢) - AZ ) (06)

where 79 =7+ 1 when v < 0 or i = ¢ — 1 otherwise, and Az = z;, — 2;. Note that the grid is
defined such as ...z;—1 < z; < Zi41 .. ..

The controlling equation for the spatial derivative f’ can be deduced from the original equa-
tion,

af  af v
o Ve T T

In linear case where v is constant, the right hand side vanishes and it becomes identical with
the original equation.

Therefore, once the profile of the function and its derivative is given at ¢t as f and f’, the
profile at the next time step t + At can be calculated using the constants a; and b; by

(C.7)

a

e = Fy(z — vAt) = {(a; € + b)E+ fIYH+ fiy
mew  —  Fl(z; — vAt) = (3a;€ + 2b;)€ + f1,

)

a

where £ = —vAt.
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C.2 Improvement for Steep Steps—CIP1 Scheme

A steep edge of function f can be encountered at places such as leading or trailing edge of a
melt jet, where the material suddenly begins or quits to exist. The basic scheme brings over-
or under-shoot at such places, due to the feature of cubic polynomial interpolation. A simple
counter measure for it is given in Ref.[31].

Assume that a certain grid point is located at the edge of the profile, i.e. one side is almost
flat and the other side has a steep change. The interpolated function profile at the flat side is
significantly different from the reality and causes unphysical over- or under-shoot. To prevent
this feature, two different derivatives are considered on the front and the back side of such an
“edge point”, and the use of derivative based on the interpolated profile is given up on the flat
side, but give the derivative by finite difference between two points instead. This scheme is
called CIP1[31]. An index ny, is introduced to put a flag on the point at the edge.

n, =—1 ‘fl firtl < e and i1 = fial < € (gap on the front side) or (C.10)
‘fz—i—l fil | fit1 — fil
_ | fiv1 — fil | five — fiv1] .
=1 if =———— <eand ——————— < € (gap on the back side) or (C.11)
[fi = fial |fi = fial
n, =0 otherwise. (C.12)

The constant € should be a small value like 0.05 . The derivatives on both sides of the point ¢
is taken differently as f/; (front) and f{, (back). They are initially set equal to f; and changed
in case an edge is detected as follows.

flo=Tdn fimfir np = —1, (C.13)
— Zi—1
/ fz—l—l fz .
r= f =1 C.14
f7,1 Zivl — Zi 1 np ( )
(C.15)
The improved scheme becomes as follows.
if¢E>0, i9o=i+1 andig=1, (C.16)
otherwise i3 =i—1 and iz =0. (C.17)
Az = z,—2z, (C.18)
fiz - fl
= 1
¢ AZ ) (C 9)
_2¢+ 7, 1—1 + fz/7z
a; = 322 3 3 (C.20)
36 — fi,1miy — 21
b = fatis ~ 2 21
Lt , (C21)
7 = @€+ b)EF [l 3+ fis (C.22)
mew = (3a;& + 2b;)€ + f{vi3 . (C.23)

This CIP1 scheme is used in the melt jet model of JASMINE.

C.3 Non-Linear Equation

A non-linear hyperbolic equation with a source term g

of  Ofv
of _ 24
ot o, Y (C-24)
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is transformed into a non-conservation form

of  of _ o _

Corresponding equation for the derivative is

of  af ., v
=G - =, 2
o e T g (C-26)
These equations are solved in two steps, so called advection and non-advection phases.
e Advection phase:
af af
2
i +wv 3 =0 (C.27)
of’ of'
2
o +wv S =0 (C.28)
e Non-advection phase:
of
e C.29
ot ( )
of' ov
=G - f= C.30
ot / 0z ( )

Starting from values at the old time step, first, the advection phase is calculated by the method
described in the previous section, and an intermediate result is obtained. Then, the non-
advection phase is solved in any method such as finite-difference, and the final result for the new
time step is obtained. The following equations are finite difference form of the non-advection
phase, with intermediate values denoted by asterisk * and new time step values denoted by
superscript new. fnew 5

At

f/new f/* B /_ e (%)
A T G 9z ),

_ (20— fia) — (Y — i) _ (81})1

At(ZH_l - Zi—l) : &

=G; (C.31)

(C.32)
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Appendix D Steam Table Package
WRSTEAMTAB

WRSTEAMTARB is a rapid running steam table package that has table data generated by the
formulas published in JSME (The Japan Society of Mechanical Engineers) steam table (1980
edition)[45, 46] and calculates physical properties at a given set of pressure and temperature
by interpolation of the table. The calculation for the interpolation is much faster than direct
calculation of the original formulas.

The steam table data consist of the values of density and enthalpy, and their derivatives
in terms of temperature and pressure. The same cubic polynomial interpolation scheme as in
the CIP method (Appendix. C) is used on the pressure-temperature plane. The table points
are shown in Fig. D.1. Because of the utilization of the derivatives at each point, even a
relatively coarse grid gives an adequate level of accuracy, Also, adoption of this interpolation
method automatically brings the consistency of the derivatives that is necessary for the numerical
solution of the two-phase flow model.

The table data covers the temperature range 274 < T} < 787(K) for water and 281 < T, <
999(K) for steam, and pressure range 103 < P < 108(Pa). Extrapolation is provided at the
edges of the table range either by linear extrapolation or ideal gas approximation to cover a
wider range, P ~ 2 x 10%(Pa), T; ~ 800(K) and T, ~ 3000(K). Especially the high temperature
range is needed for steam explosion modeling, which involves high temperature melt.

The two-phase flow model in JASMINE considers a two-phase medium even in the super-
critical conditions. In other words, the conventional two-phase flow model is extended into the
supercritical regime to cover the situation that may arise in the steam explosion simulation.
To support this treatment, the saturation line is extended into the supercritical regime, and
liquid /steam properties are given keeping a consistency, i.e. slightly smaller density and slightly
higher enthalpy for steam than water. Both water and steam properties are made available
near the saturation line so that superheated water (superheat ~ 10K) and supercooled steam
(supercool ~10K) is managed numerically.

The accuracy of the saturation temperature, liquid density, liquid enthalpy, steam density
and steam enthalpy are shown in Figs D.2-D.6. The very steep variation near the critical point
is intentionally smoothed because it can be harmful for stable numerical solution. Then, the
accuracy around that area is not good. However, an adequate accuracy is obtained in other
areas.
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Figure D.1: The table data points for WRSTEAMTARB.
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Figure D.2: Deviation of the calculated saturation temperature by WRSTEAMTAB from the
JSME formula, Tsq:( WRSTEAMTAB) — Tsq:(JSME).
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Figure D.3: Relative deviation of the calculated water density by WRSTEAMTAB from the
JSME formula, (p;(WRSTEAMTAB) — p;(JSME))/p;(JSME).
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Figure D.4: Relative deviation of the calculated water enthalpy by WRSTEAMTAB from the
JSME formula, (h;(WRSTEAMTAB) — h;(JSME))/h;(JSME).
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Figure D.5: Relative deviation of the calculated steam density by WRSTEAMTAB from the
JSME formula, (ps(WRSTEAMTAB) — p,(JSME))/pg(JSME).
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Figure D.6: Relative deviation of the calculated steam enthalpy by WRSTEAMTARB from the
JSME formula, (hy( WRSTEAMTAB) — hy(JSME))/hy(JSME).
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Appendix E Input Preparation and Code
Usage

E.1 Input File Format

The input file is prepared as a plain text file and read by the code line by line, then interpreted
according to the order of the data. The interpreter has preprocessing functions to do with
comments, inclusion of other files and echoing. In the following sections, the preprocessing
functions and order of the data in the input file are described.

E.1.1 Preprocessing

Line length Maximum length of lines in the input file is 140 characters. The first 132 char-
acters are interpreted as data and rest of the line is neglected as an ID field.

Comments Comment lines can be included in the input file. Any characters following double

slashes “//” are ignored as comments.

//  this is a comment line.
3 5 12.6 // anything after "//" is ignored.

Also, C-style commenting is available. That is, characters embraced by a pair of “/*” and “*/”
is interpreted as a comment.

/* node */ 15 /* element */ 6

23.8 /x
this is a comment.
x/ 56.7

Nesting of the “/* */” pair, as in the next example, is not allowed. The job is terminated if it
is detected.

/* /* this is an example of nesting. */ */
Directives There are directives that give instructions to the code about the processing of the

input file. A directive is recognized by one of the following keywords at the head of a line.

e #include <file name> : To include a file at the position this directive appears. Nesting
of including is not allowed.

e #listoff : To stop echoing the input data. (The input data is echoed into the list output
unit.)

e #liston : To resume echoing the input data.

E.1.2 Input Variables and Their Ordering

An input file consists of following sections. The data are recognized according to the position
(order) that they appears. In the followings, variable names, types, meanings, values to be given
etc. are listed. Values given in ( ) are default or recommended values.
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Flag for the namelist options

The first section is a flag to instruct whether a namelist options (see below) are given or not.

Variable | Type Description

iopt Int Flag on the usage of namelist options
0 = No use of namelist options

1 = Use of namelist options

Title

Title of the case is read as a 132-character string.

Variable | Type | Description
title Char Title of the case in al132 format

Namelist options

If iopt=1 is specified in the first section, a namelist “option” is read. The input format in
this section conforms to the Fortran namelist input syntax. Variables defined in the namelist
“option” is as follows.

Variable Type | Description

cvm Real Coefficient of the virtual mass term for two-phase flow (0.0)
sdtim Real Time step for message (stdout) output (0.1[s])

sdstp Int Step interval for message output (1000)

editop Int List output selection (0)

0 = Primary variables only
1 = More variables
2 = All the available variables

idebug Int Flag to control debug information output (0)
0 = No output
1 = Output
idbeos Int Flag for EOS data output at bad convergence (0)

0 = No output

1 = Output (A file “out.db” is written.)

istdiff Int Flag to control the steam pseudo-diffusion model for smoothing of
steam partial pressure field (1)

0 = No use

1 = Use
ddst Real Coefficient of steam pseudo-diffusion (0.1)
fhtint Real Fraction of the heat input from the melt that is directly deposited

to gas-liquid interface for evaporation (0.02)

tlsupgcut Real Superheat of water at which deposition of heat from melt to bulk
water is cut-off (0.5[K])

thigkill Real Attenuation factor for the heat transfer coefficient between super-
heated steam and gas-liquid interface for cells having heat input
from melt (0.1)

thilkill Real Attenuation factor for the heat transfer coefficient between sub-
cooled water and gas-liquid interface for cells having heat input
from melt (0.001)




fcondres
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dtmingvbd
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Attenuation factor for the gas-liquid interface heat transfer
when condensation takes place and the gas phase involves non-
condensible gas, i.e. consideration on non-condensible gas accu-
mulation near the interface (0.02)

Attenuation factor for the gas-liquid interface heat transfer when
evaporation takes place and the gas phase involves non-condensible
gas, i.e. consideration on non-condensible gas dilution near the
interface (0.5)

Lower limit for the denominator of qvbd/delt in the evaporation
term, where qvbd[J] is the heat input from melt in a cell for one
time step (1e-6[s]) (When time step is decreased in case of failure in
conversion of Newton iteration, qvbd/delt increases and may make
the situation worse. This is a measure to limit the increase of the
source term and continue the calculation. Energy conservation is
maintained.)

Flag to control the heat transfer coefficient between water and gas-
liquid interface (0)

0: Default; Recommended mode for premixing calculation

1: hig=hil=0 (no heat transfer)

2: Recommended mode for explosion calculation; Limited heat
transfer, only to relax supercooled steam or superheated water (un-
stable state) or too high steam superheat (Ty > (Ty, + Tsat)/2)
Relaxation time of highly super heated steam when ihighil0=2 (le-
3[s])

1: Set rsa=rla=0 (no heat transfer between non-condensible gas
and water or steam) (0)

1: Set cix=ciy=ciz=0 (no interface friction)(0)

Attenuation factor of two-phase friction for droplet flow (1.0)
Attenuation factor of two-phase friction for bubbly flow (1.0)
Control of bubble/droplet size model in two-phase flow (1)

0: Evaluation by local relative velocity and We (sensitive to veloc-
ity variation)

1: Use equilibrium size by balance of drag and gravity /buoyancy
Power of interpolation function for two-phase friction in the tran-
sition regime, a = 0.3 — 0.75; a larger value causes faster escape of
bubbles from the pool (1.0-4.0)(1.0)

n(> 0): Use separated (annular) flow model for columns 1-n from
the center (0)

Time step section

Time step control variables are given in this section.

Variable | Type | Description

sttime Real Start time [s]

endtim | Real End time [s]

deltmx | Real Maximum time step [s]
deltmn | Real Minimum time step [s]
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Variable | Type | Description

edtim Real List output time step [s]

pltim Real Plot (binary) output time step [s]
httim Real History output time step [s]

Next, parameters for the time step control is given. The time step is increased or decreased
according to the number of iterations necessary for conversion of the solution. The Courant
limit is also checked and the time step is kept smaller than it.

Variable | Type | Description

itrinc Int Number of iterations; time step is increased when conversion is
reached earlier than this number (5)
itrred Int Number of iterations; time step is decreased when conversion is not

reached at this number (10)
fdtinc Real Increase factor of time step (1.20)
fdtred Real Decrease factor of time step (0.95)

Conversion check condition

The maximum iteration number and convergence criterion are given in this section. If the
maximum iteration number for the pressure convergence is exceeded, the iteration is quited, the
time step is reduced to 80% and the pressure convergence is re-tried. When the relative error of
the pressure equation set becomes smaller than given criterion, it is considered that convergence
is achieved.

Variable | Type Description
maxitr Int Maximum limit iteration number (20)
epscnv Real Conversion criterion by the relative residual (le-4)

History output section

Number of cells for which history output is made, nhsteell, is specified first. Then, the x(r)
and z direction indexes for those cells, (ihst(i),khst(i)), are given. The indexes are read by the
following syntax.

read (iwkunt,*) (ihst(i),khst(i), i=1,nhstcell)

Variable | Type | Description
nhstcell | Int Number of cells for which history output is made (max. 50)

Variable | Type | Description
ihst(i) Int x(r) direction index of history output cells
khst (i) Int z direction index of history output cells

Water level output section

Number of z(r) positions where water level is detected and written in the history output, nwlevel,
is specified first. Then, z(r) indexes for those positions are given. The indexes, iwlev(i), are
read by the following syntax.

read (iwkunt,*) (iwlev(i), i=1,nwlevel)

Variable | Type Description
nwlevel | Int Number of z(r) positions where water level is detected and written
in the history output (max. 20)

— 100 —
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Variable | Type Description

iwlev(i) | Int x(r) indexes where water level output is made

The water level detection is made by the following two methods, and written as leva and levb,
respectively.

(a) Seek cells from the top at specified z(r) position, and find a cell where o < g, is first
attained. Assume the z index of this cell is k1. Find the z position where a = aqe,, by
linear interpolation between ki and ki + 1

(b) Seek cells from the top at specified z(r) position, and find a cell where o < g, is first
attained. Assume that there is the water surface in the cell, and find the z position of the
water surface from «, the top and bottom positions of the cell.

The variable ae,, (= 0.8) is the criterion to find the water surface.

System definition section

Definition of the analytical system is made in this section. The mesh number in every direction,
number of non-condensible gas components and their indexes, usage of the melt model, coordi-
nate system, boundary conditions and gravity control are given. For the boundary condition,
wall, inlet with given velocity, or flow out with given pressure can be specified. Or, all the
boundaries without specific definition are regarded as slip walls.

Variable | Type | Description

nx Int x (r) direction mesh number
ny Int y (0) direction mesh number (1)
nz Int z direction mesh number

Variable | Type Description
ngas Int Number of the non-condensible gas components(max. 4)

if ngas > 1, the kinds of the gas components are given.

Variable | Type Description

kindgs(1) | Int The 1st gas component
kindgs(2) | Int The 2nd gas component
e (Repeat this ngas times.)
Indexes for gas kinds:

1 = air

2 = hydrogen

3 = helium
= nitrogen

5 = argon

Variable | Type Description

igeom Int Selection of the coordinate (0)
0 = Cylindrical coordinate
1 = Cartesian coordinate

cyclic Int y (6) boundary condition control (0)
0 = wall
1 = cyclic condition

nvgrav Int Gravity control

0 = z direction g, = —9.807(m/s?)
1 = gz, gy and g, are given in gravity components section later
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Variable | Type | Description

ighcz(1) | Int z direction boundary condition at the bottom (k=0)
0 = wall

1 = inlet condition

2 = flow out condition

igbcz(2) | Int z direction boundary condition at the top (k=nz+1)
0 = wall

1 = inlet condition

2 = flow out condition

For the inlet boundary, constant velocity is given; for the flow out boundary, constant pressure
is given.

The next section specifies walls defined inside the calculation domain. It is used to stop
coolant flow in horizontal or vertical direction, useful for simulating vessel walls or structural
walls. The number of the walls are first given and definition of the positions are to follow.

Note that the melt model does not know the walls defined here. Confinement of the zone
where the melt can move is set later in the melt section.

Variable | Type | Description

nxwall Int Number of vertical internal walls (z(r) direction stops) (max. 20)
Variable Type | Description

ixwall(i) Int x(r) index of internal wall i (cell boundary index)

kxwall(1,i) | Int z index of the bottom of internal wall i (cell center index)
kxwall(2,i) | Int z index of the top of internal wall i (cell center index)

Variable | Type Description

nzwall Int Number of horizontal internal walls (z direction stops)(max. 20)

Variable Type | Description

kzwall(i) Int z index of internal wall i (cell boundary index)

izwall(1,i) | Int x(r) index of the inner (left) end of internal wall i (cell center
index)

izwall(2,i) | Int x(r) index of the outer (right) end of internal wall i (cell center
index)

Mesh data section

Cell boundary positions are given for z, x (r) and y () coordinates. Though JASMINE only
uses 2D cylindrical coordinate (r-z), 6 direction cell size (of the only one grid) is needed. It
defines the azimuthal slice size of the system.

Variable | Type Description
z Real z direction cell boundary positions (nz+1 data)

Variable | Type | Description
rad Real x (r) direction cell boundary positions (nx+1 data)

Variable | Type | Description

th Real y (@) direction cell boundary positions (ny+1 data)
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Gravity components section

This section is needed when nvgrav = 1 is specified.

Variable | Type | Description

gc Real Absolute value of the gravitational acceleration
gravx Real x (r) directional cosine

gravy Real y () directional cosine

gravz, Real z directional cosine

Cell variable data section

Fluid volume in cells and area of cell surfaces are initially set equal to the geometrical volume
and area. (No obstacle objects) Volume fractions, pressures, temperatures and velocities in the
cells are initially set uniform for the entire system, and modifications are made for specified
rectangular zones later.

Variable | Type | Description

alpn0 Real Initial value of steam volume fraction
pn0 Real Initial value of pressure

tvn0 Real Initial value of steam temperature
tln0 Real Initial value of water temperature

Variable | Type Description

vvxr0 Real Initial value of = (r) direction gas velocity
vvyt0 Real Initial value of y () direction gas velocity
vvz( Real Initial value of z direction gas velocity

Variable | Type Description

vlxr0 Real Initial value of = (r) direction water velocity
vlyt0 Real Initial value of y () direction water velocity
vlz0 Real Initial value of z direction water velocity

Volume fractions and temperatures of non-condensible gases are given if ngas > 1. The
following data is repeated for ngas times.

Variable | Type | Description
alpOa Real Volume fraction of a non-condensible gas component
tal Real Temperature of a non-condensible gas component

The partial pressure of a non-condensible gas component, P,, is expressed by

Qg
PL=——_—_P
¢ (as+ 2 aq)

where a; is the steam volume fraction, «, is the volume fraction of non-condensible gas compo-
nent a, P is the total pressure.

Modification of the initial values for material distribution in cells can be made as follows,
for arbitrarily defined rectangular zones.

(E.1)

Variable | Type Description
nmatarea | Int Number of rectangular zones for which material distribution is
modified

If nmatarea>1, the following specification is given for every rectangular zone.

— 103 —



JAEA-Data/Code 2008-014

Variable | Type Description

is Int x(r) index for the cell in one end of the diagonal of the rectangular
zone (start point)

ks Int z index for the cell in one end of the diagonal of the rectangular
zone (start point)

ie Int x(r) index for the cell in another end of the diagonal of the rect-
angular zone (end point)

ke Int z index for the cell in another end of the diagonal of the rectangular

zone (end point)

Variable | Type Description

alpst Real Steam volume fraction in the zone
tv Real Steam temperature in the zone
tl Real Water temperature in the zone

Variable | Type | Description
alpgs(i) | Real Volume fraction of non-condensible gas component ¢ in the zone
tvgs(i) Real Temperature of non-condensible gas component ¢ in the zone

These data for non-condensible gas components are given ngas sets in the order of the gas index.

Boundary condition section

If ighcz is not 0 in the system section, boundary conditions—inlet or flow out—are specified at
the bottom and top of the analytical domain. The bottom boundary is specified first and the
top boundary follows.

The method of boundary condition specification is as follows, and common for both the
bottom and top.

The next variable is needed if ighcz= 2 (flow out condition). The size and volume of the
boundary cell is calculated by this number. If ibcgz= 1 (inlet condition), this data is not read,
and the boundary cell size is set as same as the adjacent cell inside of the system.

Variable | Type Description
dz Real z direction size of the boundary cell

The following volume fractions, temperatures and velocities are necessary regardless of the
value of ighcz.

If positive values are given for the volume fraction, pressure and temperatures, those values
are set for all the cells along the boundary. If negative value(s) are given for one or more
variable(s), cell dependent values are read from the next section for those variables. Velocities
are always regarded cell dependent.

Variable | Type | Description

alpha Real Steam volume fraction
press Real Pressure

tempv Real Steam temperature
templ Real Water temperature

If a negative value is set for alpha, steam volume fractions for every cell along the boundary
is read by the following. The reading format is the same as that for velocities.

Variable | Type Description
alpha Real Steam volume fraction
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It follows in the same way for pressure and temperatures.

Variable | Type | Description

press Real Pressure

Variable | Type Description

tempv Real Steam temperature

Variable | Type | Description

templ Real Water temperature

Velocities are read as 2D data by the following format.

do 100 j =1 , ny
read (iwkunt,*) ( vel(i,j,k) , i =1, nx )
100 continue

If the boundary is the inlet (bottom), & = 0, or if it is the outlet (top), k¥ = nz. The velocities
read here override those read in the cell data section. In case of inlet boundary, the velocities
read here become the inlet velocities.

Variable | Type | Description
vvz Real Gas velocity

Variable | Type Description
vlz Real Water velocity

If non-condensible gas exists, i.e. ngas> 1, their volume fractions and temperatures are also
needed for the boundary condition. If positive values are given for them, they are regarded
uniform along the boundary. If negative values are given, it is regarded cell dependent and read
from the following sections.

Variable | Type | Description

alpOa Real Gas volume fraction
ta0 Real Gas temperature

This section is repeated for ngas times.

Melt input section

The next part is the input data for the melt model. The first is the switching flag of the usage
of the melt model.

Variable | Type | Description

imelt Int Flag for the usage of the melt model (1)
0 = Not use
1= Use

The following melt model related input data are necessary to be filled even though imelt=0
is specified. The first section is about the mesh and boundary.
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Variable Type | Description

prmpp_iedg Int z(r) index (coolant flow cell boundary index) of the right
(outer) end of the zone in which the melt components
(pool and particles) move

prmj_ktop Int z index (coolant flow cell boundary index) of the melt jet
inlet position, that is also the top end of the zone of melt
components movement

prmj_nsub Int Number of sub-division of the z direction coolant flow cells
for the finer grid for melt jet (4)

The next section specifies the melt jet inlet condition.

Variable Type | Description

prmj_tempini Real Initial melt jet temperature (const.)

prmj_nini Int Number of the time dependent data for the velocity and
diameter of the melt jet (max. mjetini=500)

Time dependent melt jet velocity and diameter data follows. They are read by the following
format.

read (iwkunt,*) (prmj_ini(i), i=1,prmj_nini)

So, prmj_nini pieces of values are necessary for each of the time, velocity and diameter.

Variable Type Description

prmj_tini(i) Real Time (s) at which the melt jet inlet velocity and diameter
is given

Variable Type Description

prmj_vini(i) Real Melt jet inlet velocity at times specified in prmj_tini(i)

Variable Type | Description

prmj_dini(i) Real Melt jet inlet diameter at times specified in prmj_tini(i)

The melt jet inlet velocity and diameter are interpolated or extrapolated for time by the
following scheme.

e For time between prmj_tini(1) and prmj_tini(prmj_nini) : linear interpolation between the
pair of data just before and after the time wanted

e For time before prmj_tini(1): the value at prmj_tini(1)
e For time after prmj_tini(prmj_nini): the value at prmj_tini(prmj nini)

A function to put melt particle groups at arbitrary positions at arbitrary times is equipped.
One data set for this purpose includes position, attributes, the time to start throwing-in, the
frequency and interval of throwing-in. The number of the data sets is to be given first.

Variable Type | Description
nparin Int Number of the data sets for arbitrary particle group
throwing-in

Then, nparin sets of data are given. One data set includes data for the following variables. Care
should be taken not to give physically inconsistent particle group size, particle diameter and
number of particles in the group, e.g. too densely packed group.
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Variable Type | Description

X Real x (r) position (coordinate) of the center of the group

z Real z position (coordinate) of the center of the group

VX Real x (r) direction velocity

vz Real z direction velocity

rgx Real 1/2 size of the group in x (r) direction

rgz Real 1/2 size of the group in z direction

dp Real Particle diameter

tav Real Average temperature of the particle (the same tempera-
ture is assumed for the particle surface)

np Real Number of particles in the group

tstart Real Time to start throwing-in the particle group

frequency Int Total frequency of throwing-in the particle group

tint Real Interval of throwing-in

Next, parameters for the constitutive equations in the melt model are given.

Variable

Type

Description

prmj_brkmdl

Int

Selection of the jet break-up length model (0=Saito et
al. (local water density, in effect under the water level),
1=Saito-type2 (cross section averaged two-phase density
for ambient fluid density, cut-off if it is less than 1/1000
of melt density), 2=Saito-type3 (ambient fluid density de-
fined according to cross section averaged void fraction a,:
max. two-phase density in the radial profile (~water den-
sity) if aigy < 0.5; cross section averaged two-phase density
if 0.75 < @y with cut-off if it is less than 1/1000 of melt
density; linear interpolation between them), 3=JAERI
model (the same ambient fluid density with Saito-type3,
use Taylor type or Saito type according to Boy, with lim-
itation in the valid range for Saito type correlation) (3)

prmj_sacvx
prmj_sacvzwt
prmj_sacent
prmj_saedia

prmj_sacfrc

Real
Real
Real
Real

Real

Cyz (5.0)

Cvzwt (05)

Cent (1.0)

D, 2-6mm for corium, ~10mm for alumina; should be
given according to experimental results, or a certain range
is surveyed parametrically (involving values causing max-
imum explosion load)

Cre (1.0)

Variable

Type

Description

prmpa_mergecrt

prmpa_cdamppar
prmpa_cdampwal

prmpa_crnump

Real

Real
Real

Real

Criterion for matching (relative difference) for merge of
particle groups (0.2)

Damping factor for collision of two particle groups (0.5)
Damping factor for collision of a particle group and a wall
(0.1)

Criterion for the number of particles for production of a
particle group (10-5000)
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prmpa_crhist Int Criterion for the number of steps for production of a par-
ticle group (1000)

prmpa_ccfre Real Correction factor for particle-fluid friction factor based on
the solid sphere correlation (1.0)

prmpa._chtc Real Correction factor for particle-fluid heat transfer coefficient
(also used for the melt pool heat transfer) (1.0)

prmpa_nattrad Real Exponent of the void attenuation factor for radiation heat

transfer from melt particles; smaller values (< 1) let the
radiation effect persistent till higher void fractions (1.0)
prmpa_coxd Real Correction factor for particle oxidation model (1.0,
presently not implemented)

prmpa_mh2max | Real Hydrogen production for unit mass of melt [kg/kg] (2.4e-3,
presently not implemented)

prmpa_fhtstl Real Heat transfer degradation factor for settled particle groups
(~0.1)

prmpa_dminpar Real The min. limit particle size in the secondary break-up of
particles in the premixing stage (le-3[m])

prmpa_ivxran Int Flag for the random factor for z(r) velocity of particle

groups at release (0=no random factor, 1=enable random
factor) (1)

prmpa_ibrkeri Int Selection of temperature criterion for secondary break-up
of particles (—1)

0: Tgy > T p. (average temp. higher than melting point)
1: Ty > Tyq. (surface temp. higher than solidus point)
2: Tsf > Tso1, or Ty > CZjlz’q.

—1: Suppress secondary break-up

prmpa_inotdrp Int Flag for suppression of the particle surface temperature
drop model (1=suppress) (0)
prmpa_imrgtsf Int Flag for usage of surface temperature criterion for particle-

pool merging; by enabling this, merge becomes less fre-
quent and the surface area persists; if disabled, particle
average temperature criterion is used (1=use) (0)

prmpa_ihtpack Int Flag for the collapse and heat transfer degradation for
settled particle groups (see prmpa_fhtstl). (1=use) (1)
prmpa_inomerge | Int Flag for disabling merge between particle groups (e.g.

when tracking of a group is wanted) (1=disable) (0)

Variable Type | Description

prmp_inoht Int Flag for disabling melt pool heat transfer model (1=dis-
able) (0)

prmp_inotdrp Int Flag for disabling melt pool surface temperature drop
model (1=disable) (0)

prmp_inopamb Int Flag for disabling the ambient (fluid) pressure term in the
melt pool momentum equation (for stability) (1=disable)
(1)

The followings are input data required for “explosion mode” calculations. When “explosion
mode” is specified in a restart run, melt jet and melt pool components are converted into particle
groups, and explosion related constitutive models are enabled.
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Variable Type | Description

prmf_ixpl Int Flag for “explosion mode”
0: OFF
1: ON

2 : ON (conversion of jet/pool into particle groups is sup-
pressed) (restart after an explosion mode run does not
have jet/pool components and this does not have effect)

The following data are read only when prmf_ixpl> 0 is specified.

Variable

Type

Description

prmf_ifrgmdl

prmf_cfrg
prmf_ifrgeri

pmrf ifrgatt

prmf_ikevmdl

prmf_ckevfrg
prmf_cvicfrg

prmf_cqfrg
prmf_ttriglife

prmf_ptrig

prmf nmtrig

prmf_dfrg
prmf_dmminfrg

Int

Real
Int

Int

Int

Real

Real

Real
Real

Real

Int

Real
Real

Selection of fragmentation model (0)

0 : Caracharios(1983) model

1: Yuen(1994) model

Tuning factor for fragmentation model (0.35)

Flag for temperature criterion for fragmentation (0)

0: Tgy > T p. (average temp. higher than melting point)
1: Ty > Tp. (surface temp. higher than solidus point)
2: Tsf > Tso1. or Toy > CZjliq.

Flag for the void attenuation factor for fragmentation (2)
0: Two-phase fluid-particle interaction scheme

1: Interaction with water, attenuation by 1 — «

2: Interaction with water, cut-off in the range a = 0.3 —
0.75

Flag for the model for partition of heat released from fine
fragments to evaporation/bulk heating (0)

0 : Given by constant (=prmf_kevfrg)

1 : Original model (not tested)

Fraction of heat from fine fragments assigned for evapo-
ration (0.7) (used if prmf_ikevmdl=0)

Constant for the original model (not tested) (used if
prmf_ikevmdl=1)

Factor on the heat release rate of fine fragments (1.0)
Period during which particle fragmentation is enabled af-
ter the local triggering (passage of pressure front) (le-3[s])
Threshold for local triggering (cell pressure) (5eb5—
10e6[Pal, should be set higher than initial pressure and
lower enough than pressure pulses by explosion)

Number of possible triggering for a particle group (frag-
mentation is enabled for a given period after triggering,
and this sequence is repeated for the frequency given here)
(<5) (1)

Size of fine fragments (50e-6]m])

The min. size of particles that can undergo fine fragmen-
tation (too small particles are not fragmented further) (if
0 is specified, the same as fragment size is set) (0)
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The recommended values for explosion model parameters given above are found as a result
of test calculations. For users who try this tuning by themselves, some generic features of the
parameters summarized below would give a perspective.

e prmf_cfrg : The peak of the pressure pulse changes.
e prmf_ttriglife : The width of the pressure pulse changes.

e prmf_ckevfrg : Smaller values for this parameter make less part of heat released from fine
fragments goes to the evaporation, and pressurization. Thus, smaller pressure pulses and
mechanical energy outputs arise for production of unit mass of fine fragments.

To fit the pressure pulse intensity and width (or mechanical energy output), tune prmf_cfrg and
prmf_ttriglife to get better fit. When good agreement is obtained for the pressure pulse while
the comparison of the fine debris mass (e.g. mass of debris finer than ~0.1lmm in experiments)
and the calculated fragment mass is not good, tuning of prmf_ckevfrg should be tried. To keep
the same size of the pressure pulse and to get more fragment mass, a larger value for prmf_cfrg
and a smaller value for prmf_ckevfrg should be tried.

E.2 Running the Code

E.2.1 Normal Run

Instructions for arrangement of the source tree and compilation are given in electronic texts
included in the distributed source package. Execution of JASMINE on a Unix-like enviroment
is as follows.

jasmine.{PROP} -i input_file -o output_file -p plot_file -h hist_file \
[-r restart_info_file]

We recommend to name the load module (executable file) “jasmine.{PROP}” where {PROP} is
the name of the melt physical property package. This is a counter measure of the inflexible
handling of the physical property packages, i.e. we need to make separate load modules for
different melt physical property packages. The files specified in the command line are as follows.

input_file Input data file

output_file List output file for coolant two-phase flow
plot_file Plot (binary) output file for coolant two-phase flow
hist_file History output file for coolant two-phase flow

The input file can not be omitted. If the list output file is omitted (including -0), . /work/outlist
is used as default. If the plot output file is omitted (including -p), ./work/plotfile is used
as default. If the history output file is omitted (including -h), ./work/histfile is used as
default. To use these default output file names, it is necessary to have a work directory ./work
in advance.

The option -r specifies a restart calculation, as explained later.
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E.2.2 Output Files

The output files include both the coolant two-phase flow data (output from ACE3D) and melt
data (output from the melt package). The ACD3D output file names can be given by the
command line options as described above. Their contents are as follows.

List output (output_file) Cell variables, error messages and so on, are written in plain text.
The format of the list is an z(r) x z table for every variable.

Plot output (plot_file) Major variables for the two-phase flow are written in a binary (un-
formatted) file. Post process programs included in the JASMINE package, i.e. readplot
and mkrsdat, can read out the data from the plot file for specified time or step. The data
in the plot file can be cut out for visualization by the post process tools or for restart
calculations.

History output (hist_file) History of the total mass and energy of every component, water
level, etc. and major cell variables for cells specified in the input file are written in a
column formatted text file., i.e. one line for one output step. Lines other than data are
headed by #. The data in this file can be read and plotted by any plotting tool like
gnuplot[47]. Note that this file has large number of columns, i.e. ~ 22+ 2Ny qt1e0 + 12Np;st
(Nuwatiev and Ny are the number of columns for water level output and the number of
cells for history output, respectively); thus, some software may fail in reading and plotting
the data.

Message output Short messages to show progress of the calculation or warnings are printed
on the screen if not redirected into a file.

The outputs from the melt package are written in files whose names are hard corded, as
follows.

Jet list output (out.j) List of melt jet variables in a text file, written at the same timing with
the two-phase flow list output.

Pool list output (out.p) List of melt pool variables in a text file, written at the same timing
with the two-phase flow list output.

Particles list output (out.par) List of particle group variables in a text file, written at the
same timing with the two-phase flow list output.

Fragments list output (out.frg) List of fragment group variables in a text file, written at
the same timing with the two-phase flow list output.

Melt history output (out.mlt) History of general information for the melt model, i.e. total
melt mass, internal energy, mass fractions of jet, pool and particles, etc. in a column
formatted text file. The output timing is the same with two-phase flow history output.

Melt-two-phase flow exchange output (out.m2f) List of data for exchanges between melt
and two-phase flow models (volume, force and heat) in a text file, written at the same
timing with the two-phase flow list output.

Melt dump (out.mdp) Major variables for the melt model are written in a binary (unfor-
matted) file, written at the same timing with the two-phase flow plot output. This file is
processed by the post process program, mkrsdat, for the preparation of a restart data for
the melt model.
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E.2.3 Restart Run

When a calculation is failed (mainly by getting into a too small time step due to bad conver-
gence), the calculation can be restarted at some steps before the failure, possibly with modified
input parameters or field variables.

For a restart run, a restart data file should be made from the two-phase flow plot file and
the melt dump file generated by the previous calculation. The restart data file is read as an
initial condition for the restart run. Also, arbitrary change of cell variables can be made at the
start of the restart run. The procedure is described below.

1. Make a new directory for the restart calculation data.

It is because a restart run writes a new set of output files. If a restart run is executed in
the same directory with the original calculation, some files (melt outputs) are overwritten
and lost.

. Copy the original input file into the new directory.
This becomes the input file for the restart run, and it may be modified as long as the
consistency of the physical conditions are kept. Assume the file name is in.

. Make a restart data file.

A post process program, mkrsdat, cuts data out of the two-phase flow plot and the melt
dump files, and produces a “restart data file”. Assume that we execute the restart run in
the current directory, the previous calculation data are in another directory named . ./al,
and that the names of the two-phase flow plot file and melt dump file are pl and out .mdp,
respectively. First, do the following to see the steps of the data included in the plot and
melt dump files.

mkrsdat ../al/pl ../al/out.mdp
Assume that we want the data at the step 1234. Then, -s option specifies that, as follows.
mkrsdat ../al/pl ../al/out.mdp -s 1234

The restart data file is a binary file and the name is set rs.dat by default. The detailed
usage of mkrsdat command is printed by calling it without options or arguments.

. Make a restart instruction file.
A restart instruction file is a text file where instructions needed in performing a restart
run is written. The format is as follows.

//
// restart instruction file: example
//
// Description
e
// // makes comments that is ignored
// restart data file

rs.dat restart data file name
// modifications
// ndatmod

8 number of data modification items
// name i k value instructions for data modifications
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pn 3 3 2.4e5 variable name, cell index(i,k), value
alpstn 3 3 0.100
alpgsnl 3 3 0.100 volume fraction of a non-condensible gas
// alpgsn#, # is one digit int for gas no.
tvn 3 3 410.
tln 3 3 s "s" means the saturation temperature
tvgsnl 3 3 410. non-condensible gas 1 temperature
//
// the following data do not have cell no.
time 0. time given at the start of restart run
step 1 step no. at the start of restart run

In case that we need to set the temperature in a cell at the saturation point, and, at the
same time, we need to modify the pressure, volume fraction for steam or non-condensible
gas in the cell, the modification of pressure or volume fraction should be made before the
specification of saturation temperature. It is because the calculation of the saturation
temperature needs those information. Assume the name of the file is rsi.

5. Execute the restart run.
Run JASMINE code by specifying the restart instruction file with -r option.

jasmine.{PROP} -i in -o output_file -p plot_file -h hist_file -r rsi

This restart function is helpful for effective debugging. When a calculation is failed, we can
try a restart calculation from a few steps before the failure and with a smaller data output time
step to find out the reason of the failure.

E.2.4 Restart Calculation in “explosion mode”

The basic procedure is the same as described in the previous section, E.2.3. Specifying prmf_ixpl=1
in the input file makes the restart run an explosion mode calculation, that differs from the normal
one in the following points.

e The melt jet and pool data are converted into particle groups. If we want another explosion
mode calculation after an explosion model calculation, this conversion is not in effect
because there is no melt jet or pool data. (prmf_ixpl=2 explicitly specifies suppression of
this conversion)

e Constitutive models for the explosion mode are used in the melt model calculation. Those
are as follows.
— No heat transfer, break-up or merge for the particle groups are considered.

— Fine fragments are generated by hydrodynamic interaction of the melt particles and
coolant, and the quick heat release from the fine fragments dominates the evaporation
and heat-up of the surrounding coolant.

Additionally, the following modification in the input file and the cell data is necessary.

e Modify the followings in the input file: specify ihighil0=2 (suppress evaporation or conden-
sation due to the thermal equilibration between the gas and water); give a small enough
value for dtmingvbd, e.q. 1le—8s < normal dt.
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e Set the external triggering in the restart instruction file: set pressure and non-condensible
gas volume fraction for a certain cell where a high pressure bubble is assumed, with pV’
value matched with an experimental condition or in an adequate range. Note that we
should also assume a high temperature for the gas not to cause troubles due to temperature
drop of the expanding gas. If the triggering by pressurized non-condensible gas is planned,
the non-condensible gas should be included from the premixing calculation.

e Set time steps adequate for the explosion mode: ~ 2us for the maximum time step for the
calculation, ~ 0.1ms for the output time step.
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