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Abstract

An advanced safety analysis code, SIMMER-III has been developed to evaluate the
consequence of postulated core disruptive accidents of liquid-metal fast reactors
(LMFRs). The present report describes a structure model for SIMMER-III to analyze a

disrupting core.

The structure in SIMMER-III, consisting of fuel pins and subassembly can walls, is
modeled to exchange heat and mass with multiphase multicomponent flow of disrupted
core material and to provide flow channel for fluids. In addition, complex behavior is
modeled which changes configurations of structures as a result of heat and mass

transfer from molten core materials.

The structure model described in the present report alleviates some of limitations in
the previous code SIMMER-II, and hence it is expected that the future researches with
SIMMER-IIT will significantly improve the reliability and accuracy of LMFR safety

analysis.
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Nuclear System Safety Research Group, Advanced Technology Division, O-arai
Engineering Center, JNC
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Nomenclature
a : Interface area per unit volume [1/m]
c : Heat capacity [J/kg/K]
Cosp - The surface roughness of the fuel pellet and the cladding
D, : Hydraulic diameter [m]
e : Specific internal energy [J/kgl
€y - Solidus energy for material M [J/kg]
8w - Liquidus energy for material M [J/kg]
h; v : Latent heat of fusion for material M [J/kg]
: Heat transfer coefficient [W/m2/K]
. - Heat transfer coefficient between the fuel pin and the cladding [W/m2/K]
m  : Mass [kg]
P, : Power amplitude
P.,» : Pressure of the gap between the fuel pellet and the cladding [Pa]
Q.. ‘ Rate of energy interchange between fluid and cladding [W]
Q.,  Rate of energy interchange between fluid and fuel pellet surface [W]
Qun : Energy transfer rates due to heat transfer from fluid [W]
Q.. : Energy transfer rates due to f nuclear heating [W]
R, : Gas constant of fission gas
.o : Radius of left cell boundary in the cylindrical geometry [m]
e, ° Radius of right cell boundary in the cylindrical geometry [m]
r : Radius of the boundary for can wall and crust components [m], (m=1 - 6)
: Radius of temperature point for can wall and crust components [m], (m=1 - 6)
r : Radius of the boundary and temperature point for the fuel pin components [ml,
(m=1-16)
T  : Temperature [K]
\Y : Cell volume [m3]
Vv : Specific volume [m?/kg]
W  : Thickness of can wall [m]

W, : The molecular weight of fission gas [kgl
Greek letters

a : Volume fraction

d : Thermal penetration length [m]
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: Time step [s]

: Mesh cell width [m]

! Emissivity

: Thermal Conductivity [W/m/K]

: Mass-transfer per unit volume to the cladding [kg/s/m3]

: Mass-transfer per unit volume to the component m [kg/s/m3]

: Macroscopic density [kg/m?3]

r : Density [kg/m3]
Sg ¢ Stefan-Boltzmann constant (5.67° 10°° W/m%K+)
t4 v ° Structure time constant [s]
Subscripts
a : Fuel pin interior node
b : Fuel pin surface node
C : Cladding
CF : Crust fue
cnt  : Control
f ¢ Fuel
FG : Fission gas
gas : Gas
g, : Density components of gas (m=1-5), see Table 2-3.
G,  Material components of gas (m=1-4), see Table 2-3.
int  : Fuel pin interior node
LCW : Left can wall
Im  : Density components of liquid (m=1-13), see Table 2-2.
Lm : Energy components of liquid (m=1-7), see Table 2-2.
M : Material component
M, =1 : Fuel
M, =2 : Steel
max : Maximum value
min : Minimum value
nf  : Non-flow volume
pin : Fuel pin

rad

: Radiation heat transfer
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RCW : Right can wall
S . Steel
sm : Density components of structure (m=1-12), see Table 2-1.

Sn  : Energy components of structure (m=1-9), see Table 2-1.
Superscripts

0 : Zero (minimum) value

EQ : Equilibrium mass transfer
i : Input variable

n : Initial value of time step N

~n+1 :Updated value in time step n
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Introduction

SIMMER-III has been developed to evaluate the consequence of postulated core
disruptive accidents (CDAs) of liquid-metal fast reactors (LMFRs). Although the
extensive safety design effort for accident prevention has made the occurrence of such an
event extremely unlikely, the importance of CDAs is still emphasized from the viewpoint
of safety design and evaluation to appropriately mitigate and accommodate the
consequences and thereby to minimize the risk to the public. A recriticality and
resultant energetics potential during the so-called transition phase of CDAs is regarded
as one of the most important risk contributors. Complexities of evaluating the
transition phase, together with limited experimental data in comparison with the
initiating phase of CDAs, tend to introduce relatively large uncertainties into the safety

analyses in the past [1, 2].

SIMMER-IIT has been developed to alleviate some of limitations in the previous
SIMMER-II code [3, 4] and thereby to provide a next-generation tool for more reliable
analysis of the transition phase. SIMMER-III is a two-dimensional, three-velocity-field,
multiphase, multicomponent, Eulerian, fluid-dynamics code coupled with a space- and
energy-dependent neutron kinetics model. The conceptual overall framework of the
code is shown in Fig. 1-1. The entire code consists of three elements: the fluid-dynamics
model, the structure model, and the neutronics model. The fluid-dynamics portion,
which constitutes about two thirds of the code, is interfaced with the structure model
through heat and mass transfer at structure surfaces. The neutronics portion provides
nuclear heat sources based on the mass and energy distributions calculated by the other

code elements.

The structure field in SIMMER-III represents solid components consisting of fuel
pins and subassembly can walls. The structure exchanges heat and mass with
multiphase multicomponent flow and provides a flow channel for fluid. In addition,
SIMMER-III ought to model the remaining solid structures together with their
disintegration behavior since the code is primarily intended for evaluation of a disrupted
reactor core state. Therefore sufficiently detailed and flexible modeling is desired to
reasonably simulate the core melt-out behavior during CDAs, and consequently the can
wall model has been significantly improved over the previous SIMMER-II as described

in Section 2.1. On the other hand, the accident progression behavior in a core
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disruption stage of CDAs is less sensitive to modeling details of fuel pins, especially for a
loss-of-flow accident. This is in contrast with the CDA’s initiation phase in which
accident progression is sensitive to fuel-pin mechanics as modeled in SAS-series codes
[5]. For this reason, a simplified fuel-pin model has been firstly developed for
SIMMER-III as a standard model. This simplified modeling, however, has some
deficiencies under such the situation as a transient over power accident in which fuel
motion inside the cladding has relatively large effects on the sequence of CDAs.
Therefore, for a better simulation of fuel pin behavior during such a transient, the
current SIMMER-III code (Version 3.A) [6] finally contains an optional detailed fuel-pin
model consisting of finer radial heat transfer of in-pin fuel, molten cavity formation,
cladding mechanical failure, molten fuel ejection and in-pin fuel motion. A simple
model for plenum fission gas blow-down is also implemented into the current version.
Since provision of the detailed pin model description will be made in the near future, the

simplified pin model is mainly described in the present report.

The development of the SIMMER-III code has reached a stage, where all the models
originally intended are made available, and integral calculations with the code can be
made. In parallel to the code development, an extensive program has been performed
for systematic and comprehensive code assessment under the collaboration with
Forschungszentrum Karlsruhe (FZK), Germany, Commissariat & 1'Energie Atomique
(CEA) and Institute for Radioprotection and Nuclear Safety (IRSN) France [7].
Furthermore, in order to solve the numerical limitation of dimensionality of
SIMMER-III, the Japan Nuclear Cycle Development Institute (JNC) is developing a
three-dimensional code SIMMER-IV [8]. The basic policy of SIMMER-IV is a direct
extension of SIMMER-III to three dimensions with retaining exactly the same
framework in physical models as SIMMER-III. Since each fluid-dynamics mesh cell is
coupled with six neighboring cells in SIMMER-IV, the can walls are placed on four mesh
cell boundaries which are front and back in addition to left and right in SIMMER-III.
The treatment of the additional front and back can walls is identical with the left and

right can walls in SIMMER-III.

Hence, the present report describes the modeling of the core structure employed in
Version 3.A of SIMMER-III. In the rest of this report, the overview of the model of
SIMMER-III is concisely described in Chapter 2. In Chapter 3, the input and
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initialization both of the fuel pin and the can wall are described. Chapter 4 explains
the structure configuration model which is a key method of the SIMMER-III structure
model. The heat-transfer model for the can wall and the fuel pin are described in

Chapter 5 and 6, respectively. In Chapter 7, the structure breakup models are
described.
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2. Overview of the Structure Model

In this Chapter, the features of the structure model are described briefly in
comparison with SIMMER-II in order to clarify the scope of model development. In
order to facilitate an understanding of model and method description, the definition of
components used throughout SIMMER-III is shown in this Chapter. In addition, the
assumptions employed in the model are described in order to define the scope of the code

application.

2.1. Improvement from Previous Code SIMMER-II

The can wall model has been improved in two major aspects. First two can walls,
assumed to be present at radial mesh cell boundaries, are now distinguished between
left and right boundaries. Crust fuel resulted from freezing of liquid fuel on can wall
surface is also distinguished. This treatment increased the number of structure-field
components and is not desirable for efficiency of calculation, but it is very advantageous
to better simulate the core melt-out behavior in CDAs and flexibly represent the
structure walls in the experimental analysis. Second the can wall heat-transfer
calculation was advanced by representing a can wall by two temperature nodes: the

surface node closely coupled with fluid and the interior node.

The standard fuel-pin model is simple but still improved from SIMMER-II by
representing the pellet fuel by two nodes and by allowing simulate the gap thermal
resistance. Furthermore, the detailed pin model was introduced to accurately simulate

fuel-pin behavior in some of CDA sequence.

The structure breakup model is also made much more flexible than SIMMER-II as
described in Chapter 7. The intra- and inter-granular fission gas components in the pin
fuel are not distinguished in SIMMER-III, because such detailed treatment is judged to
be beyond the scope of this code. Improvement exists, however, in the modeling of
fission gas in the liquid-field fuel components and this eliminates a problem of

instantaneous release and unphysical pressurization observed in SIMMER-II.

2.2. SIMMER-IIl Components
The list of structure components is shown in Table 2-1, which is useful to help follow
all of the model descriptions. In addition, the list of liquid and vapor components are

also shown in Table 2-2 and Table 2-3 respectively, which is also useful to help follow the
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model described mainly in Chapter 7. In these tables, the lower-case subscripts denote
density components while the upper-case subscripts denote energy components
commonly used throughout SIMMER-III. The fuel components are divided into fertile
and fissile in their mass (density components) to represent different enrichment zone in
the core. However, the two materials are assumed to be mixed intimately, and hence
the single temperature is assigned as an energy component. Namely, for example for
the pin fuel surface node, the volume fraction, which is used as the energy component, is

represented by

dg = (,Tsl + ’Tsz)V51 ) 2-1)
where V,, isthe component specific volume used in the SIMMER-IIT EOS model [9, 10].

The pin interior component is not included in Table 2-1, because it is treated only in
the fuel pin model. The pin interior is modeled by one-point temperature node in a

standard simple model. The pin related components are listed in Table 2-4.

2.3. Fuel Pin Geometry and Assumptions
The axial geometry of the simplified fuel-pin model is shown in Fig. 2-1, which
simulate a typical LMFR fuel pin structure. The upper and lower axial blanket regions
and upper and lower fission-gas plenum regions can be placed above and below the
active core fuel zone. The same configuration can be used for a control pin, as well, but

two types of pins cannot co-exist in a same mesh cell.

The radial fuel-pin geometry is shown in Fig. 2-2. The pin fuel is modeled by two
temperature nodes, while the thin cladding is represented by one node. The surface pin
fuel node has a thickness of thermal penetration length, calculated by an input structure
thermal time constant represented in the later Section 3.2. The temperature point of
the pin fuel interior is placed at the volume centroid. The cladding, or the pin fuel
surface node when cladding is missing, undergoes heat and mass transfer with fluid,

whereas the pin fuel interior is not directly coupled with fluid.
Other assumptions with respect to the simplified pin model are summarized below:

(1) The thermal calculation of the fuel pin is performed outside the
fluid-dynamics calculation and is operated at a different time step control.

Because of the close relation between nuclear heating and fuel thermal
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(2)

(3

(4)

(5)

(6)

(7)

)

9

response, the fuel-pin heat-transfer time steps are operated at the same
control as reactivity steps. However, an option is available to force the

heat-transfer time steps to be identical to fluid time steps.

In the simplified pin model, there is no explicit treatment of a central hole or a
fuel-cladding gap. The former volume can be included by specifying the
porosity of pin fuel, and latter volume by a non-flow volume. The non-flow

volume is made available to flow when the cladding failure is predicted.

The gap conductance is included in the heat-transfer coefficient between

pin-fuel surface and cladding.

The pin-fuel interior node is decoupled with fluid-dynamics models because of

its large thermal inertia and slow response to change in fluid condition.

No mass transfer from pin fuel surface to fluid is modeled, since the

possibility of surface melting in LMFR accident is unlikely or less important.

No crust fuel can be placed on a cladding surface, since the cladding ablation
should occur first rather than fuel freezing especially under high-temperature

condition of LMFR accidents.
A control pin is modeled similarly to the fuel pin.

Fission gas plena can be placed both at the upper and lower regions of the pin.
The fission gas existing over several axial mesh cells is assumed to be at

uniform temperature.

Currently structure breakup or pin failure (pin fuel and cladding) is based on
thermal criteria mainly. The mass and energy are transferred to liquid and
particle components depending on the melt fractions of components being

transferred.

(10) No fission gas release is modeled directly from pin fuel, but the fission gas in

pin fuel is transferred to liquid and particle/chunk fuel upon fuel breakup and

later release from these liquid-field fuel components is modeled.

(11) The fuel-pin heat-transfer calculation is based on internal energies to be
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consistent with fluid dynamics. Pin-fuel temperature is calculated implicitly,
while fission gas temperature is updated explicitly because of slow thermal

response of gas.

It should be noted that recently there are some studies to apply the SIMMER-III/IV
code to various types of reactors, although the code is primarily developed to evaluate
sequences and consequences of the transition phase of CDAs. An application to the
gas-cooled reactors is one of example, and various types of fuel assembly, a block-type
fuel for example, are being proposed in the design study of that reactor. Therefore, as
an optional block-type fuel compact model was implemented into the current version of
SIMMER in order to evaluate the steady-state phase and transient sequences. In this
fuel concept, the coolant gas flows through graphite matrix containing a lot of coated
particles. The optionally introduced model simply regards the fuel assembly as a
cylinder of each component; i.e. inner cylinder for gas coolant, medium cylinder for
matrix and outer cylinder for fuel. It should be noted that, in this model, a pin outer
radius defined in the simplified pin model is regarded as a thickness of the fuel and
matrix. A new input parameter RCOMPB specifies an outer radius of the fuel compact
assembly. The heat transfer calculation in this compact fuel model is made in the same

way as in the standard pin model except for the different location of each component.

2.4. Can Wall Geometry and Assumptions

The radial can wall geometry over three successive mesh cells, 1j-1, 1j and 1j+1, 1s
shown in Fig. 2-3. Each can wall is represented by two nodes, the surface and interior,
and the temperatures are calculated at the volume centroid of the nodes. The thickness
of a surface node is determined from an input-specified thermal penetration length of
steel represented in the later Section 3.2 and roughly corresponds to 1/10 of a total can
wall thickness. In the standard option, the can wall is represented by a slab geometry
to simulate the hexagonal subassembly wrapper tubes. An option is also available to
model the can wall by a cylindrical geometry to simulate, for example, a tube wall in

some experimental analysis.

At each mesh cell boundary, two can walls can be placed at the same time, together
with the non-flow volumes in-between, to simulate inter-subassembly gaps in a reactor.
Only one non-flow volume is actually meaningful, but both the left and right volumes

can be specified just for flexibility. A normal can wall is regarded as “thick” and is
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modeled by the surface and interior nodes. When the wall becomes “thin”, the wall can

no longer be modeled by two nodes and is represented by a single interior node.

For fluid flows, the can wall structure provides a channel wall for an axial flow, and
no radial flow across the cell boundary is permitted as long as one of two can walls is
present. The can walls exchange heat and mass with fluid in a mesh cell, and no
inter-cell heat transfer is permitted when two walls are present at the cell boundary.
However, when one of the two can walls becomes missing, then inter-cell heat transfer is
calculated. This is done by setting a fraction of the interior node to be a surface node
over in an adjacent cell. For example, let us consider the right boundary of a cell ij,
where a thick right can wall is present and left can wall in cell ij+1 is missing. Three
can wall nodes, S7 and S8 incell ij, and S5 incell ij+1, are defined in this case. The
surface node in cell ij, S7, undergoes heat and mass transfer with fluid in cell ij, while
the surface node in cell ij+1, S5, undergoes heat and mass transfer with fluid in cell 1j+1.

The three can wall nodes are coupled in the structure heat-transfer calculations.

Other assumptions with respect to the can-wall structure model are summarized

below:

(1) The thermal calculation of the can walls is performed within the

fluid-dynamics calculation and is operated at the same time step control.

(2) When two walls are present at a cell boundary, two mesh cells are thermally

decoupled. The boundary condition outside the interior node is adiabatic.

(3) Non-flow volumes can be specified for simulating inter-subassembly gaps, but
the presence of liquid sodium in the gaps is ignored. No thermal resistance
of the gap is considered. The non-flow volume is made available to flow upon

failure of the can wall.

(4) The fuel crust can be placed on both the left and right can wall surfaces and
they are distinguished each other.

(5) The heat transfer calculation of the can wall and fuel crust is performed in up
to five temperature nodes. Based on internal energies to be consistent with

fluid dynamics, heat transfers are calculated implicitly.
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(6) Currently structure breakup of the fuel crust and the can walls is modeled,
mainly based on thermal criteria. Additional breakup mechanisms are also

implemented as described in the later sections.
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Table 2-1 SIMMER-I11 Fluid Dynamics Structure Field Components.

Density Components (MCSR)

Energy Components (MCSRE)

sl Fertile Pin Fuel Surface Node .

s2 Fissile Pin Fuel Surface Node S Pin Fuel Surface Node

s3 Left Fertile Fuel Crust

s4 Left Fissile Fuel Crust 52 Left Fuel Crust

S5 Right Fertile Fuel Crust .

s6 Right Fissile Fuel Crust 53 Right Fuel Crust

s7 Cladding S4 Cladding

s8 Left Can Wall Surface Node S5 Left Can Wall Surface Node
s9 Left Can Wall Interior Node S6 Left Can Wall Interior Node
s10 Right Can Wall Surface Node S7 Right Can Wall Surface Node
s11 Right Can Wall Interior Node S8 Right Can Wall Interior Node
s12 Pin Control Surface Node S9 Pin Control Surface Node

Table2-2 SSIMMER-I11 Fluid Dynamics Liquid Field Components.

Density Components (MCLR)

Energy Components (MCLRE)

Jil Liquid Fertile Fuel .

2 Liquid Fissile Fuel L1 Liquid Fuel

13 Liquid Steel 12 Liquid Steel

4 Liquid Sodium L3 Liquid Sodium
5 Fertile Fuel Particles .

16 Fissile Fuel Particles 4 Fuel Particles
7 Steel Particles L5 Steel Particles
8 Control Particles 16 Control Particles
D Fertile Fuel Chunks L7 Fuel Chunks
110 Fissile Fuel Chunks

1 Fission Gas in Liquid Fuel

n2 Fission Gas in Fuel Particles

13 Fission Gas in Fuel Chunks

-11-
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Table 2-3 SIMMER-I11 Fluid Dynamics Vapor Field Components.

Density Components (MCGR) Material Components (MCGM1)
gl Fertile Fuel vapor
g2 Fissile Fuel vapor a1 Fuel Vapor
23 Steel Vapor G2 Steel Vapor
g4 Sodium Vapor G3 Sodium Vapor
g5 Fission gas G4 Fission gas

Table 2-4 SSIMMER-I11 Fuel-Pin Components

Simple Model (standard)

a

Pin Fuel or Control Interior Node

b

Pin Fuel or Control Surface Node (=S1 or S9)

C

Cladding (=S4)

Fission Gas in Pin Fuel

-12-
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Fig. 2-1 Axial Fuel Pin Representation in SIMMER-I11 (S mple Model)
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Fig. 2-2 Radial Fuel Pin Cross Sectionsin SSIMMER-I11 (Simple Model).
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3.

3.

Input Data and Initialization

1. Input Specification

Masses and energies of structure-field energy components are specified, similarly to
other SIMMER-III components, by initial volume fractions and temperatures. They are
then converted, by calling the equation-of-state (EOS) functions [9, 10] during
initialization process, to macroscopic densities and specific internal energies, which are
the independent variables in SIMMER-III. Partition of fuel mass into fertile and fissile

density components is based on input fissile enrichments.

The following input variables are used for setting up the initial conditions for the

SIMMER-III structure field.
(1) Structure thermal time constants for fuel and steel.
(2) Initial volume fractions of structure-field components.
(3) Initial temperatures of structure-field components.
(4) An initial fuel-pin radius defined as the cladding outer radius.
(5) Initial surface areas per unit volume for cladding, left and right can walls.
(6) Axial geometry of fuel pin.
(7) Plenum fission gas pressure and temperature (upper and lower).

It should be noted that the input of the initial surface areas for can walls are not
necessary in the cylindrical can wall model, because they are automatically defined in
the initialization process depending on the volume fractions of walls and radii of cell

boundaries.

3.2. Thermal Penetration Lengths

The thicknesses of pin fuel and can wall surface nodes are defined as the thermal

penetration lengths, 26, , considering the transient thermal response of the surface

M >

nodes. They are determined from the input structure time constants specified for fuel

and steel, as follows:

26, = W\/ Ky Tsora / PrCu (3-1)
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where k,, , r, and C, are thermal conductivity, density and heat capacity,
respectively, of material M (1 for fuel and 2 for steel). These properties are evaluated
by the EOS functions with assuming the solidus energies. The input structure time
constants are specified by input. The thermal penetration lengths are calculated only
once in the code during initialization and stay constant during the transient calculation.
Thus the selection of £, should be made considering the time scale of the problem

being calculated. The proportional constant y is defined in SIMMER-III as
y =243, (3-2)

where it is assumed that the transient temperature profile is approximated by a

parabola.

Another factor in selecting the structure time constants is consideration of the
stability of heat-transfer calculation. The structure-side heat-transfer coefficient of the
surface node must be limited such that the heat transferred in a time step does not

exceeds the enthalpy of the cell as expressed by

h=«, /d, £7,¢c, /a, Dt, (3-3)

where 7, and a,, are the macroscopic density and heat-transfer area per unit
volume, respectively, of the surface node. At the same time, the thermal penetration

length is correlated with 7, and a,, as

2d, =7, /(r,a, ). (3-4)
By manipulating Eqs. (3-1) to (3-4), it is easy to show

Dt£6t, . (3-5)

The thermal time constant is normally set to a value much larger than the heat-transfer
time step size, and hence there is no stability problem predicted. In other words, a
limiter to the heat-transfer coefficient is inactive in most cases. However, care must be
taken when one specifies an extremely small value for £ ,, to simulate the case with

extremely fast thermal response of the surface node under highly transient condition.
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3.3. Fuel Pin Initialization
The fuel pellet radius is calculated, from the input initial pin radius, initial cladding

volume fraction and initial pin surface area per unit volume, as

i i
r - r.i aint +aSl (3_6)
pel pin i + i + i + i :
aint aSl anf,PIN 354

where the superscript i denotes the input variable. The thermal penetration length of

fuel is restricted by the pellet radius as

2d, =min(2d,, rpd) . (3-7)

This means that the pin fuel can be represented only by the surface node, by specifying
the large £ ; value. The volume fractions of two pin fuel nodes are rezoned based on

the surface node thickness and are defined by

rsel - (rpel - de )2

2
Mo

ag = (a‘s1 + ai‘m) , and (3-8)

iy :(a'isl+aiint)- g - (3-9)

where the subscripts Sl and int denote surface and interior pin fuel, respectively.

The pin fuel temperatures are simply averaged as

.".Tsi,l if ag<ag
|l . )
Ta=iThah +Thlas - ah) . ,and (3-10)
i if ag % ag
| 851
iTg, if ag<ag
| ) ) . .
iTla +Tila. - a ) .
Tint ::, int ™" int Sl( int mt) |f aim <ai|m ) (3_11)
| aim
%Tirln If aint 3 ailnt

Since material specific volumes are temperature-dependent variables in the

SIMMER-IIT EOS model, the above procedure cannot conserve fuel mass. Therefore if

-18-
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one tries to exactly conserve the initial fuel mass, the initial volume fractions for surface
and interior pin fuel must be specified exactly by pre-evaluating the thermal penetration

lengths 2d, .

The volume fractions and temperatures are then converted into the macroscopic
densities and specific internal energies through EOS call. Then macroscopic density of
fission gas in pin fuel is initialized by input specification, defined as the mass ratio to the
pin fuel. Finally the fuel macroscopic densities for energy components are partitioned

to fertile and fissile density components by input enrichment.

3.4. Fission-Gas Plenum Initialization
The fission gas plena can be placed both above and below the pin fuel column. The
volume of a plenum is defined by the input pin non-flow volume, &, . Based on
input gas temperature and pressure, the microscopic density of plenum fission gas is

calculated from the ideal-gas EOS,
res =P /(RTLS) . (3-12)

where R, is the gas constant of fission gas. The total mass of fission gas is calculated

by

[¢]
M = e A Qe pin - (3-13)
j
The specific internal energy of fission gas is calculated by EOS from the initial

temperature.

3.5. Can Wall Initialization
The procedure to initialize the can wall components is essentially the same as fuel
pin. Both the left and right can walls are treated in the same way, so only the left can
wall is described below. There are some differences between the slab geometry and the

cylindrical geometry when volume fractions are initialized.

First the thickness of a can wall is evaluated as

i i
— aS5 + aSG

Wew = for the slab geometry and, (3-14)

i
LCW
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Wy = \/ r, + (I‘Czl -1, )(a G+ aise) - 12, for the cylindrical geometry, (3-15)

where I, and r., are radii of the left and right boundary respectively of cell ij.

If W <4d.,, the can wall is regarded as a thin wall and all the can wall volume
fraction is represented by the interior node. The can wall initial variables of volume

fraction and temperature are calculated respectively by

dgs =0, ases:aiss"'aisesa (3-16)

Te =T, and (3-17)

i i i
— Asslss +AgsTss

TSG
a S6

, (3-18)

where TS0 is the zero temperature defined by the minimum internal energy in EOS.

If W, 3 4d, , the can wall is regarded as a thick wall and two temperature nodes
are defined. The volume fractions of two can wall nodes are rezoned based on the

surface node thickness. For the slab geometry, they are defined by

a. =2d.a,.,,and (3-19)

g = (a‘s5 +a‘56)- Ay (3-20)

For the cylindrical geometry, they are defined by

_ [.2 2 2 i i _ .
l'ss _\/rco + (rc1 - rco)(ass +ase)’ lse =Iss = 20, (8-21)
2 2
Qo = Tss~ Tso and (3-22)
S5 2 2
Ica - Teo
2 2
[en = T
ag = 326 szo - (3-23)
ler - Teo

Then the can wall initial temperatures are simply averaged as
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_i_Tsis if ass<ai55

. ) )
TS5:'Tslsalss+Tsl,e(ase' alse) : ., »and

i if ag® ag

| ags

3 i i i i

.I. Tsesa S6 +T35 (ase a se) ; i

| if 2 <aS6
Tee =1 g

I i ; i

|TS6 if ase£356
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4. Structure Configuration Model

4.1. Overview of Structure Configuration Model

During a SIMMER-III transient calculation, the state and configuration of the
structure components change with time, through various modes of heat and mass
exchange with fluid. When a certain condition is satisfied, the structure component
breaks up and its mass is transferred to the corresponding fluid components. The

structure configuration model of SIMMER-III performs the following operations:
(1) Identify the presence to structure components;
(2) Determine the structure surface components that directly interact with fluid;

(3) Re-zone the surface nodes of pin fuel and can walls and calculate radial mesh

sizes;

(4) Evaluate the structure-side heat transfer coefficients and heat transfer areas
to be used in the calculations of can wall heat transfer, fuel pin heat transfer

and fluid heat and mass transfer; and

(5) Calculate the hydraulic diameter for each mesh cell, based on the structure

volume fractions and surface areas per unit volume.

First the flags are defined as to whether the structure-field components are present

in each cell:
Pin fuel: NF1=11if 7 +7,>0 ,
Left crust: NF2=11if 7r,+7r_,>0 ,
Right crust: NF3=1if 7 +7,>0 ,
Cladding: NCL=11if 7, >0 ,
Left can wall: NCANL =11if 74 >0,
Right can wall: NCANR =11if 74, >0 , and
Control: NCON =11if 7, >0 .

Then the indexes are defined as follows for the surface nodes of three structures that
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are in contact with fluid.
k1: fuel pin surface (either cladding or pin fuel surface),
k2: left can wall surface (either crust fuel, can wall surface or interior), and
k3: right can wall surface (either crust fuel, can wall surface or interior).

These indexes are transferred to the heat and mass transfer model, and are used to
identify the component with which heat and mass are exchanged with fluid. The
control pin is treated similarly to fuel pin, but there is no mass transfer path from solid

control.

It is noted that the structure heat-transfer coefficients are generally limited to a

certain minimum value, considering the stability of heat-transfer calculations.

4.2. Can-Wall Configuration
4.2.1. Can wall configuration cases

There are three situations, each of which has three cases as to presence and
inter-cell coupling of can wall, when the locations of radial cells are considered. As
described previously, only a right cell boundary is considered for a normal mesh cell

(2E£i £1B-1). The typical cases of the can wall configuration are shown in Fig. 4-1.

(1) Left cell boundary for the first real cell in a row (i =1)

In this case, the single left can wall only contacts locally with fluid in the same mesh

cell. Three cases exist as follows:
Case 1 (one can wall node): NCANL =1,
Case 2 (two can wall nodes): NCANL =1, and
Case 3 (no can wall): NCANL = 0

In Cases 1 and 2, the crust fuel if present is coupled with the can wall.

(2) Right cell boundary for the last real cell in a row (i =1B)
In this situation, the single right can wall in present only contacts locally with fluid

in the same mesh cell. Three cases exist as follows:

Case 4 (One structure node): NCANR=1,
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Case 5 (Two structure nodes): NCANE=1, and
Case 6 (No can wall structure): NCANE=0.

In Cases 4 and 5, the crust fuel if present is coupled with the can wall.

(3) Right cell boundary of normal real cell (2£i £1B- 1)

In this situation, two adjacent mesh cells are considered, and up to two can walls
can exist, one from the cell and the other from the right-adjacent cell. The treatment
applies to all the radial cells except for the rightmost real cell (i =IB). Three cases

exist as follows:
Case 7 (two can walls): NCANIAif+1) + NCANR() = 2
Case 8 (only one can wall): NCANL(i/+1) + NCANR(G) = 1
Case 9 (no can wall): NCANL(i7+1) + NCANR() =0

In Case 7, the two can walls in two adjacent cells are thermally decoupled each other.
There are two sub-cases for each can wall, depending on the thickness and hence the
number of nodes. Coupling of the crust fuel if present with can wall is treated similarly

to Cases 1, 2, 4 and 5.

In Case 8, the two cells are thermally coupled through a single can wall placed at the
in-between mesh cell boundary. The crust fuel can be placed on both the can wall
surfaces when it exists. Both thin and thick sub-cases are modeled. A thin can wall is
represented by a single interior node, whilst a thick can wall is represented by an
interior node and two surface nodes on both sides. In the latter sub-case, a part of the
can wall interior mass is taken from this cell and is set over as the surface node to the
adjacent cell. This procedure of set-over of the surface node allows us to calculate the
inter-cell heat and mass transfer. However, the volume fraction of the set-over can wall
surface node is added to the original cell where the interior node exists. This treatment
is rather complex but is required to conserve the structure volume fraction and the flow

area in the two cells.

No structure configuration is defined in Case 9, in which no can wall exists. Radial

fluid flow is allowed only in this case.
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4.2.2. Can wall thickness
The selection of can wall configuration cases depends on the can wall thickness.
When the wall thickness is calculated, there is some difference between the slab
geometry and the cylindrical geometry. For the slab geometry, the thicknesses are

calculated by

7

é V., u

Wiew = 8ss tas + 871 \;'1 yamw , for the left can wall, and (4-1)
e i
: Vy U .

Weew =88, t g + 851 V—u Apew - for the right can wall, (4-2)
e i

where V; a,., and ag,, are the cell volume, left and right can wall surface areas,

respectively, of cell 77, and V,,; is the cell volume of cell 7j+1.

For the cylindrical geometry, the thicknesses are calculated by

& V. .0
— 2 2 2 ij-1 = -
WLCW = Tco * (rc1 - Toofx@ss tagg +a$7,ij—l a7 lcos (4-3)
Vi 5
for the left can wall, and
€ & V. , U
— 2 2 2 ij-1 = _
Weew =Ter - L [Tco + (r01 B rco)éL' Ag; tagg tagg, HP (4-4)
8 Vi g

for the right can wall, where r., and r.; are radii of the left and right boundary of cell

1j, respectively.

The term with the cell volume ratio is required in both cases to conserve can wall
mass when the surface node is set over to the adjacent cell where no can wall exists
initially. The cylindrical geometry defines the surface areas per unit volume in each

time step, whereas the slab geometry applies the input constant values.

The thickness of a can wall surface node is determined from the steel thermal
penetration distance, 2d,, in both cases. The criterion that the can wall is thin is
judged by the thickness of the interior node which must be greater than 2d .

Therefore, in Cases 1, 2, 4, 5, and 7, in which a surface node is placed on one side of the
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wall, the can wall is regarded as thin if W £ 44, and in Case 8, in which the surface

nodes are placed on both sides of the wall, the can wall is regarded as thin if W £ 6d,.

4.2.3. Can wall configurations for the left boundary of the first real cell
(1) Case 1 (thin can wall)

If the can wall is regarded as thin, namely if W £ 4d, all the can wall mass is

represented by the interior node.

(a) The slab geometry

The macroscopic densities and specific internal energies are calculated by

Zn+l _ +n —n . =n+#l _
T =Fg+lygs Ty =0 ,and (4-5)
~ rhen +r-el.
nt1 _ !/ s8%ss5 s9%s6 . <n+l _ 0 )
€6 = =n+l » €55 =€, (4-6)
rsg

where the superscript N denotes the fluid time step number and tilde variables are the
intermediate end-of-time-step values updated by this model. The zero internal energy

for steel, eglz , 1s the minimum solid specific internal energy defined in EOS.

When the can wall is modeled by the slab geometry, the structure heat-transfer area

is set equal to the initial value whether the crust fuel exists or not.

Qcw = Qcw- 4-7

If the crust fuel exists, it contacts with fluid in the cell and the structure-side

heat-transfer coefficient is given by

2k .a
hg, = %, and. (4-8)
dsg,
Celr.+7_)c u
hk2 — mme( s3 s4) S2 : hsz q (4-9)
é Dtacy u

When the fuel crust becomes thin, the heat-transfer calculation can be unstable. Thus,
the structure-side heat-transfer coefficient is limited such that the heat transferred does

not exceed the heat capacity.

If the crust does not exist, fluid is assumed to directly contacts with the can wall and

the structure side heat-transfer coefficient is given by
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2k @
hgs = —=+2% and (4-10)
Asp
47N+l
. C u
h, = ming—=—% hy . (4-11)
ébta cy, u

The heat-transfer coefficient between the crust and the can wall is given by

h<,h
h =52 56 (4-12)
52:58 hSZ + hS6

(b) The cylindrical geometry

When the can wall is represented by the cylindrical geometry, it is necessary to
define each radius of node boundaries and of temperature points at first. They are

shown in Fig. 4-2.

The radii of the can wall surface and the temperature point are respectively given by
— — 2 2
My =Teo tWiew and 1y, =45 +1, /2, (4-13)

where I, is radius of the left boundary of the cell and r., =0 in this case.

The macroscopic densities are calculated by

=~ 1r.-r =~
Fro==litloo ppg Frizo (419
Vs Ier - Teo

where r.; is radius of the right boundary of the cell, and the specific internal energies

are defined using Eq. (4-6).

If the crust fuel does not exist, the heat transfer coefficient of the structure side is

given by
k
hy =——F—— , and (4-15)
r.4 |n(r4/rt4)
_ér™ic U
h, = ming **>—=5 hg, . (4-16)
ettd cw u

The surface area of the structure which is in contact with fluid is defined by
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AQew =2 2 - (4-17)

If the crust fuel exists, the heat transfer coefficient of the structure side is given by

k
h,=——F— and (4-18)
s In(re/rte)
Célr.+7.)c u
hk2 - mln:( s3Dt 54) S2 ’hsz l;l’ (4-19)
e aLCW u

where Iy and I, are calculated by

to =1 + [ - 13 ol +38 + &%) and 1, =\ +10)/2. (4:20)
The surface area of the structure which is in contact with fluid is defined by

Qew =7 7 - (4-21)

The heat transfer area and the heat transfer coefficient between the crust and the

can wall are respectively given by,

aSZ,SG = ﬁ , and (4'22)
c1” ‘co
- 1 _ (4-23)
S2,56 r4|_k;1|n(r4/l’t4)+k}1|n(rte/r4)] '

(2) Case 2 (thick can wall)

If the can wall is regarded as thick, W > 4d, the surface node thickness is set to be
constant (24d.).

(a) The slab geometry

The rezoning algorithm for the slab geometry is applied as

~ 24, (.,  _

Ty = : (rsns + rsng) ) (4-24)
LCW

=n+l _ +n Pl =n+l -

Fg =Tt l-Tlg, (4-25)
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1€l if 70t<7y
~n+1 e l —n N (:n+l —n E ] )
€ss _I_ [rSSeSS t\rg - Ig)Css if “n+l3 n and (4 26)
1 /;n+1 | rSS fsg
I s8
] [,Tsngege + (/Tsn;1 - ang )925] £ Zntlg n
~n+l I, “n+l If fsg rSg
S Feo : (4-27)
I n . =n+l _ —n
I €s6 if g <Tg

If the crust fuel exists, the heat-transfer coefficient for the crust is calculated,

similarly to Case 1. The heat-transfer coefficients for the two can wall nodes are

2k 2k
he = Z50LW.  and g, = Sotow (4-28)
aS5 aSG

The structure-structure heat-transfer coefficients are then calculated by

he,h h..h
hSZ,SS = 5255 ’ and hSS,SG = 558 . (4'29)
hSZ + hSS hSS + hSG
The structure-side heat-transfer coefficient is given by
. e\rL+T] u . :
h., = mlnéw, hs, ( , if crust exists, or (4-30)
e A cw 1]
':n+1C U
h, = minéﬁ, hes ( »if crust does not exist. (4-31)
ella, oy u

(b) The cylindrical geometry

Each radius of the node boundaries and of temperature points is shown in Fig. 4-2.

The rezoning algorithm for the cylindrical geometry is applied as

—_ 2 2 2 n n _ )
Is _\/rco+(r01' rco)("*'ss"'ase) y Iy =T+ 2ds ’ (4 32)
~ 1 r2 - r? ~ 1 r2 - I'2
Fit=—-—2—4% and Fy'=—-424— (4-33)
Vs I - Teo Vs Ier - Teo

Their specific internal energies are defined using Eqs. (4-26) and (4-27).

If the crust fuel does not exist, the surface area of the structure and the heat

transfer coefficient of the structure-side are respectively given by
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2r
Qow =5, (4-34)
fer = Teo
k
hgy =——F——— , where 1 = wltrf +r7 )/2 and (4-35)
Is In(r5/rt5)
_ér™ic 0
he, = Ming—=2—S5 h 0 (4-36)
ela, oy u

If the crust fuel exists, the heat-transfer coefficient for the crust and the can wall

surface area are calculated, similarly to Case 1.

The heat transfer coefficient of the interior node, the structure-structure heat

transfer area and the intra-structure heat transfer coefficient are given by

hee :L) , where I, = W/il‘f +1, j/2, (4-37)

Iy ln(rA/rM

asase - ﬁ , and (4'38)

Nes 56 = —— - 1 . (4-39)
> r4|_kslln(rt5/r4)+ksl|n(r4/rt4)]
If the crust exists, the followings are defined:
2r, 1
Asr55 = >, and . : 3, (4-40)
° r(:21 - rgO ° r5|_ksl|n(r5/rt5)+kfl|n(rt6/r5)J

where,

to =1+ (1 - 13, Jad +a% +al) and ro=4[(2+f)/2 . (4-41)

4.2.4. Can wall configurations for the right boundary of the normal real cell
(1) Case 7

Two can walls are separate each other and the two adjacent cells are thermally
decoupled. The can walls are simply treated independently, and the same procedure is

applied to each of the can wall as one used in Cases 1, 2, 4 and 5.

(2) Sub-cases for Case 8
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In this case, there are four sub-cases depending on whether the can wall is thin nor

thick and whether the crust exists or not. These sub-cases are defined as
Case 8a represents a thin can wall and NF2 + NF3 =0,
Case 8b represents a thin can wall and NF2 + NF3 > 0,
Case 8c represents a thick can wall and NF2 + NF3 =0, and

Case 8d represents a thick can wall and NF2 + NF3 > 0.

(3) Case 8a (thin can wall without crust)

The objective is to combine any existing surface node into the main interior node and

then to have this interior node contact with fluid on both sides of the cell boundary.

(a) The slab geometry

If there is a left can wall in the right adjacent cell (NCANI(LJ/+1) > 0), the algorithm

used for the slab geometry in combining the three can wall nodes is written as

Pl +0)= 755 + 1)+ 73 +2)+ 7)o’ , and (4-42)
ij+1
R VAR
gr 8('] +1)655(|J +1)+ rsg(” +1)ese(|l +1)+ rle(IJ)ieS7 ('J)g
~n+l ij+1

(4-43)

e (ij+1)= n+1(” +1)

If there is a right can wall in the cell (NCANR(LJ) > 0), the combination algorithm

for the slab geometry is

V.
’Tsnl;l(”) ('J +1) \;ﬂ snlO(ij)+ ’T_:n(ij)a and (4-44)
ij
é V., A fos u
gfs”g(u +1) e b el (ij + 1)+ 75 (ii)ed, (i) + 7. (i e 38(”)8
U ! S . (4-45)
&)= ()

In these combinations the macroscopic densities of surface nodes are set to zero.

Frii+1)=0, 73i)=0, & (i +D)=el,, and &)= €L, (&46)

The combining procedure requires the transfer, crossing over the mesh cell boundary,
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of macroscopic density and specific internal energy of the surface node of the adjacent

cell. To conserve the mass in this combination, the macroscopic density transferred is

multiplied by the cell volume ratio. Similarly, when the can wall surface area is

transferred, this is also multiplied by the volume ratio.

If there is a left can wall in the right adjacent cell (NCANL(IJ+1) > 0), the surface

area, the heat-transfer coefficient for the existing can wall and the structure-side

heat-transfer coefficients are given by

LCW (IJ + 1) LCW (IJ + 1)

. Vi
(1) =8 (1 +1)

ij

’ 2k a, o, ij +1)
he (ij +1) = “=sow
se(J ) ggl(” +1)

, and

’ _eri(ij +egij+1) . ... 0
h.=h_lij+1 =mll”|“ Cse ,h +1) .
k3 kz(l ) S DtaLcW(U +1) se(lJ )H

If there is a right can wall in the cell (NCANR(IJ) > 0), they are

Arcw ('J ) = Arcw ('J ) ,

A cw ('J +1) = Qprew (IJ)V—] ’

ij+1
.\ _ 2K, ij
hss(”) = js—lc(vlngj) , and

. ert(ij)es (i) . a0
h.=h 1)= A—1 ,h 9.
k3 k2(” + ) mmeg Dta, (Ij) ss(lJ)H

(b) The cylindrical geometry

(4-47)

(4-48)

(4-49)

(4-50)

(4-51)

(4-52)

(4-53)

(4-54)

Each radius of the node boundaries and of temperature points is shown in Fig. 4-2.

When the cylindrical geometry is used, the algorithm adopted in combining the three

can wall nodes is obtained by replacing the Eqgs. (4-42) and (4-44) with

r2. 2
;763 , if NCANL(IF+1) > 0, and
rC C1

1
n+1 1 el
S +1)= v
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2 2

Fraij) =219 5 i NeANR(ED > 0, (4-56)
sl1 v 2 _ 2
s 'Cl Cco

where ., and I, are radii of the left and right boundary of cell ij respectively, ., is

the right boundary of cell ij+1, and r; and r, are given by
Fy=Tley - Weew and 1, =1, +Wy, - (4-57)
If there is a left can wall in the right adjacent cell (NCANI(IJ+1) > 0), the surface

area, the heat-transfer coefficient for the existing can wall and the structure-side

heat-transfer coefficients are given by

a'LCW (IJ +1) = r22_r4r2 ) (4'58)
c2” a1
Arcw (ij)= 22rC12 ) (4-59)
fex = Teo
h56(ij +1) = L, where I, = w/il’czl + I‘42 j/Z , and (4-60)
Iy In(r4/rt4)
y y CerM(ij + e (ij +1 .\
)=+ ) =ming =0 Bl ot o
e LCW u

If there is a right can wall in the cell (NCANR(IJ) > 0), they are

aRCW(ij): 22r3 > (4-62)
fer - Teo
a'LCW (IJ +1) = 22rCl 2 (4'63)
feo = Tea
h (ij) = L, where I, = qlil‘; +r2 ’/2 , and (4-64)
s ln(rt3/r3)
. et (ij)eg(ii) L g U
h,(ij +1) = h ,(ij) = ming—=2227882 7 (i + 1)y (4-65)
kz(l ) k3(J) S DtaRCW(”) ss(J )H

(4) Case 8b (thin can wall with crust)
(a) The slab geometry

First, the can wall surface nodes need to be combined using Eqs. (4-42) - (4-46) as in
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Case 8a. Second, the heat-transfer coefficients for existing can wall are still given by

Eq. (4-49). Third, the heat-transfer coefficients for the crusts are

2kf aLCW (IJ + 1)
ag(ij +1)

,and hyl(ij)= 2K 2 i) (4-66)

a(ij)

he,(ij +1) =

In this case, the structure outer surface is always the crust, so that the structure-side

heat-transfer coefficients are determined from

y i +0)+ 7+l +1) L 4 L0
h 1) = AL s3 s4 S2 ,h 1 “ d -
k2 ('J + ) mmg Dia,.,, (I] +1) 50 (Ij + )H an (4-67)
i)+ rniles i) o0
h = AL S5 s6 S3 h - _
k3(”) mlng DtaRCW (IJ) ) 33(”)3 (4-68)

If there is a right can wall in the cell (NCANR(IJ) > 0), there are two definitions for
heat-transfer coefficient between the crust and the can wall whether a crust exists in the
same cell (NF3(1J) > 0) or in the right adjacent cell (NF2(JJ+1) > 0). In the former case,
it is

- he, (] )nea i
h53,58(| ): SS(J) SS(J.). , (4-69)
hss('J ) +hgg ('J)
and in the latter case, an overall cross-cell product of interfacial area and heat-transfer
coefficient is

— Srew ('J )hss ('J )hsz ('J + 1) .
(ha)sz(ij+1),ss(ij) - he, (ij)+ he, (IJ A l) . (4-70)

If there is a left can wall in the right adjacent cell (NCANI(IJ+1) > 0), the same
equations are available if subscripts of right components replace those of left

components.

(b) The cylindrical geometry

Each radius of the node boundaries and of temperature points is shown in Fig. 4-2.
The can wall surface nodes need to be combined as in Case 8a. If there is a right can

wall in the cell (NCANR(IJ) > 0), the heat-transfer coefficients for the crusts are
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k
and hg(ij)= ——— (4-71)

o
e il )

r6 In(rG/rt(S)

where each radius is given by

r6 = \/rCZl + (rCZZ - rCzl)agZ(” +1)’ rt6 = V (rCZl + r62 )/2 ’

n= \/rczo + (r021 - r02011' (ags(ij ) +ag ('J))J ;and fy =+ (rlz + rCzl )/2 . (4-72)

Since the crust fuel is in contact with fluid, the structure surface areas are given by

aRCW (”) = rlz% and aLCW (|J + l) = % . (4'73)

- Ter

C1 rCO rC2

The structure-side heat-transfer coefficients are determined from Eqs. (4-67) and

(4-68).

The heat transfer coefficient and the heat transfer area between the crust and the can

wall in the same cell are given by

P .se ('J) = L 1 , where I; =4 (l’32 +rg j/z , and (4-74)

e In(e, r) + A I )]

As3,s ('J) = - (4-75)
An overall cross-cell product of interfacial area and heat-transfer coefficient are given by
Asy(ij+1)s8(ij) — 2r01/(r021 - r020) , and (4-76)

A ;
ha - o= . s2(ij+1),58(ij) . (4_77)
( )SZ(] 1)<eli) r01|,ké1 In(r01/rt3) + k}l ln(rte/rm)j

The same equations are available for a left can wall in the right adjacent cell
(NCANL(IJ+1) > 0) by replacing subscripts of right components with those of left

components.

(5) Case 8c (thick can wall without crust)

The objective is to maintain a configuration where the existing can wall interior
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node has two surface nodes, one of which is in an adjacent cell. First, if the surface

nodes either do not exist or are too small, rezoning is required.

(a) The slab geometry
If there is a left can wall in an adjacent cell (NCANI(IJ+1) > 1), the rezoning

algorithm is

Zns 24, € Vv, U
i+ 1)= e+ 1)+ 75 (i +2)+ 750 () (4-79)
Lcw @ ij+1 0
S vV, vV, )
Froi) = 2% &rn i + 1) + 7 + )0 + 70 ) (479)
WLCW @ \/|j ij g

P+ = G ) G ) e i) - PR D) Tl (80

ij+1 ij+1

e (ij+1) =

Teg(ij +1) if 7 +1) < 73] +1)
|
1750 +2)el (i +1)+ [P +0)- 725+ Dlezs i +1) (4-81)
| n+1(IJ)
% n+1(IJ +1)3 f (|J +1)
: &5 (ij) 7 50 (i7) < 7 50(i)
&) = 7 )l i) + (7)) +1) _— . and
I =n+l Tao (i) 2 Tgo(i})
| I s10 ('J)
(4-82)
n+1(IJ +1)_
1 e5g(ij +1) if 75+ ° r4(ij+1) and _3”18101)3 a0(if)
7+ el i +2)- [70i +2)- 750) +0Je i +)- [Fast()- 70 (i)
n+1(IJ +1)

T 7o (i +2)e (i +2)- [For(ij +2)- 7 + Dl +1)- [Frli)- 7o) ij +2) -
1 :9+l(|1+1)

if 7 +1) < 7(0j +1) and _5’181('1)3 aol)

i 70+ e i +)- (7o +0)- 750 +0)]ess i +1)- [Freili) - 7o)z, (i)
e Foi(ij +1)

|
|
{ Fat(ij+1) < 7L (i) +1) and 735(i)) < 75,(i)

|
i’
[
I
i it 7+ 2 7 +1) and 7)< 7o)
|
I
I
|
|
|
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(4-83)

Because one of surface nodes is placed in the adjacent cell, the surface areas are given by

oy (ij +1) = al s, (ij +1), for S5, and (4-84)
.. i i \/|J +1
ey (ij) = al oy, (ij +12) , for S7. (4-85)
ij
The heat-transfer coefficients for the two surface nodes are
gl +1)= 2ol 00 o )= 2o (i) w9
ag(ij+1) ag’(ij)
The interior node heat-transfer coefficient is
(4-87)

. 2k a ij+1
hse('J +1): ainhczlvj(_lj_l) ) .
s6

Since fluid is in contact with the surface nodes on both the sides, structure-side

heat-transfer coefficients are

. e ij + e (ij +1) . 4. 0
h 1)= a8 £ ,h 1); , and 4-88
kZ(IJ + ) mmg Dta,_cw(ij +1) 55(” + )H an ( )
e M ij)es, (i) g0
he,(ij) = ming—=2 2228127 h (if )y (4-89)
)= i)
The structure-structure heat-transfer coefficient can be directly given by
hSS(ij +1)hSG(IJ +1) (4_90)

h ij+1)= )
AR FE FT P
and an overall cross-cell product of interfacial areas and heat-transfer coefficient is

_ag, (ij + Dhe, (if + D, i)
h o _Sew S6 S7 . 9
( a)s7(u),56(u+1) hse (|j +1) + h57 ('J) | |

If there is a right can wall in the cell (WNCANR(1J) > 0), the same rezoning algorithm

and equations for surface areas and heat-transfer coefficients are available.

(b) The cylindrical geometry
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As shown in Fig. 4-2, if there is a left can wall in an adjacent cell (NCANIAIJ+1) > 1)
and the cylindrical geometry is used the rezoning algorithm of Egs. (4-78) - (4-80) is

replaced with

. 1 r2-r?2
rati+y)=>3—%, (4-92)
VS r‘C r‘Cl
Fasli)= e (499
Vs Tep = Ty Vij
Zns 1 r2-r17
m(ij +1) = s (4-94)
s 'C2 C1

where r, and r_, are radii of the left and right boundary of cell ij+1 respectively, and

s, I, and r, are given by

6= TortWiew, U=Ts- 20 gng L=Tleo T20; (4-95)

The surface areas of the can wall are given by

. 2
a o (ij +1) = 27%2 for S5, and (4-96)
feo = Tea
. 2
aRCW (”) = 2r70::‘2 fOI' S7 (4'97)
ci1” 'co

The heat transfer coefficients for the two surface nodes are

’ P . k
h 1)=— s d h = 498
55(” * ) Is |I’l(r5/rt5) e e (”) c1 ln(rm/rtz) ’ ( |

where I, and I, are given by

o= 2+r2)/2 and 1, =2 +r2)/2 . (4-99)

I

The structure side heat-transfer coefficients are also defined using Egs. (4-88) and

(4-89).

The structure-structure heat-transfer coefficient and heat transfer area are given by
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hsase(ij +1) = K )] , where f,, = 1/‘r42 +17 ’/2 , and, (4-100)

G )+ 1na

aS?(ij),SG(ij+1)(ij+l): 2 > - (4-101)

An overall cross-cell product of interfacial area and heat-transfer coefficient are given by

Qs ij+1),56(ij +1) ('J + 1) == 2 (4-102)

Qi) cnt
A o s7(i ),56(ij+1) 2 4103
( a)57(”)’se(|1+1) r2 lkél In(rz/rtZ) + kél In(rt4/r2 )J ’ ( )

The same rezoning algorithm and equations for surface areas and heat-transfer
coefficients are available for a right can wall in the cell (NCANR(LJ)) > 0), by replacing

subscripts of left components with those of right components.

(6) Case 8d (thick can wall with crust)
(a) The slab geometry
First, any can wall rezoning occurs as in Eqs. (4-78) - (4-83). Second, heat-transfer
coefficients for the can walls are given as Eqs. (4-86) and (4-87). Third, the surface
areas to fluid are the same as Case 8c. Forth, heat-transfer coefficients for the crusts

are given by

2kf a'LCW (IJ + 1)
ad, (ij +1)

» y
h, (ij +1) = , and hss(ij)zj%ij)(”). (4-104)
S3

It is necessary for this case to add the structure-to-structure heat-transfer

coefficients as follows.

he, (ij + D), (ij +12)

i) = hss(ij)hs7(ij) )
he,(ij +1) + h (ij +1)° and gy, (i) = : (4-105)

hes (ij) + he; (if)

Ns, s ('J + 1) =

As mentioned in Case 8b, fluid is in contact with crust; and hence if there is a left
crust in the right adjacent cell (NF2(i/+1) > 1), the structure-side heat-transfer

coefficient is
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o e S ..
hkz (” +1) =mi ng[rs3 (IJ +1)+ I s4 (” +1)]CSZ (IJ +1),h52 (Ij +1)
e DtaLcw ('J +1)

, (4-106)

OO\

and, if there is a right crust in the cell (NF3() > 1), the structure-side heat-transfer
coefficient is

hk3 (I] ) — mi ng[f_ sn;l (ll l))'t"afsneﬂ((iijj))]css ('J ) ’ hs3 (i i )

s

[t ey enid

(4-107)

(b) The cylindrical geometry

The wall configuration is shown in Fig. 4-2. Any can wall rezoning occurs as in Egs.
(4-92) - (4-94) and (4-81) - (4-83).

The heat transfer coefficients for the fuel crusts are
given by

K K
he (ij +1) = ———~— and hg(ij)=———— -
> (IJ ' ) rG ln(rﬁ/rtﬁ) " S‘?’(IJ) r1In(rtl/rl) ’ (4 108)

where each radius is given by

o =1+ (12 - e Jag i+ )+ an i+ D)+ a5 i + 1], r=re +We

o =2 +12)2 r =g + (3 - 3 i- ali), and v, = [Z+r2)2. 4109

Since the crusts are in contact with the fluid in this case, the structure side heat-transfer

coefficients are defined using Eqgs. (4-106) and (4-107).
The surface areas to contact with the fluid are given by

. 2r, . 2
aLCW(IJ+1)= 2 _6 >~ and aRCW(IJ)z%

— . (4-110)
leo - T Ica = Teo

It is necessary for this case to define the structure-structure heat transfer

coefficients and the crust-wall heat-transfer areas as follows.

N 1 _ _

he, o5 (ij +1) = et k)] (4-111)

Ngs 57 (ij): P L - 1, (4-112)
Y rClI.kfl |n(rCl/rtl)+kSl|n(rt2/rcl)]
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Qg 55 ('J +1) = 2r5/(r(:22 - r<:21) ) (4-113)
- 2r
s s il +1) = 5, (4-114)
feo = Tea

where each radius is given by

rt5:1/1r42+r52 )/2 , rtZ:w/(r22+r§li/2 , I,=r,-2d, and r,=ry, +2d, . (4-115)

4.3. Fuel Pin Configuration
Three cases apparently exist if we consider the fuel pin structure configurations.
Since the pin fuel interior is calculated outside the fluid dynamics, only the pellet

surface node is treated.
Case 1: Both pin fuel/control and cladding exist. NF1+ NCON=1and NCL=1
Case 2: Only pin fuel/control exists. NF1+ NCON=1 and NCL=0
Case 3: Only cladding exists. NF1 + NCON=0 and NCL=1

Case 3 has two sub-cases depending on existence of a non-flow volume inside the pin,
given by input data. Case 3a is the case where the non-flow volume exists and a hollow
cladding is considered, such as in a fission gas plenum region. Case 3b is where the
non-flow volume does not exist and a solid column cladding is considered such as in a

reflector region.

First, the total fuel pin volume fraction is given by

apin = Qint + [Fsl + /Tsz]vsa + I gVsy 7 goVsg tagpn > (4-116)

which reflects the change in fuel-pin geometry due to thermal expansion or heat and
mass exchange with fluid. The macroscopic density of pin fuel interior represents the

energy component including both fertile and fissile pin fuel.

(1) Case 1 (both pin fuel/control and cladding)
Since the pin fuel or control is treated as a cylindrical structure, the radii of three
temperature nodes need to be calculated first as shown in Fig. 4-3. Then, geometrical
changes are considered, which includes thermal expansion of pin fuel/control and steel

freezing and ablation of the cladding surface. The former effect is absorbed into the gap
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between the pin fuel/control and the cladding if it is present, otherwise the cladding
expands. The latter is represented by increase or decrease of the cladding outer radius.

The radii of temperature nodes are set to each structure volumetric centroid. Therefore,

they are
_ o apn _ Q T8g t 8y py — Ay tdg
rpG =Ton = Toin i ’ rp4 =Toi ’ rp3 =Ton ?
ap Apiy Apiy
C=r- 2, To=y = [T gy =T (4-117)
pl p3 fo tps ™ 2 > Tp2 T 2 , all pO_\/E .

The heat-transfer coefficients for the cladding and the pin/control surface are
k f/cnt

k
hg, = = and hg, = . (4-118)
s Inirpe/rp5 ) o Inirp3/rpz )

The heat-transfer coefficients between the cladding and the pin fuel/control and

between pin fuel/control surface node and interior node are given by

-1

Y

ér &.0 1 r a . o
hs1/sg,s4 = éi'“éﬂ?f— +L4|n§£10 , and (4-119)
ekf/cnt rpz g GAP S r.p4 m
k
Nitsyse = & T (4-120)
rpllln(rpl/rp0)+ In(rDZ/rpl)]

where hg,, represents the gap conductance and given by the input constant.

A typical value of 5678.26W/m?%/K is adopted tentatively as the default value. However,
it is obvious that the fuel pellet expands depending on the temperature in the accident

condition. Thus, the following two mechanistic models are available optionally.

The first model is simply to evaluate thermal expansion of fuel pellet by re-defining

each radius of r; and r,, taking the volume fraction of fuel into account. That is

N

} i k by
hGAP = max| hGAP,min 1 mmehGAP,max 1 | = l:JS(a (4-121)
1 e Foa 1N\ 4 /s th

where Ny in and Ngup . @re minimum and maximum values, respectively, of the gap
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conductance. /(gas 1s the gap thermal conductivity which is defined on one hand as an
input constant (default value: 0.511043W/m/K) or on the other hand as a fission gas
thermal conductivity given by EOS function at an average temperature between the pin

fuel surface and the cladding.

The second model is represented by

hGAP = max{hGAP,min ’ min[hGAP,max ' (hGAP,cond + hGAP,rad )]} ’ (4-122)

where hgup in and hgsp ., are minimum and maximum values, respectively, of the gap

conductance. Ngs g is the model of originally proposed by Ross and Stoute. That is

k
hGAP,cond = = (4-123)

CGAP + gGAP + rp4 In(rpA/rp3) ,

where Cg,, relating to the surface roughness of fuel and cladding is a constant fitting
parameter of 2.01° 10*. g, stands for the following total jump distance of fuel and

cladding:

agg* g T @ , (4-124)

% PGAP 5

= -
Jenr =1373¢
e a

where kgas and T, represent respectively a fission gas thermal conductivity given by
EOS function and an average temperature between pin fuel surface and cladding. P,
is here a constant value of 3.87" 10° [Pal as the gap pressure. W, is the molecular

weight of fission gas. a is given using A =0.812, A =4.52 and A=7.71by
- - A
a= A expj (In(we) AZV V. (4-125)
i Ap

Neaprag 18 the term with radiation heat transfer. Since the radiation heat transfer
between the fuel and the cladding can be treated as a set of finite parallel plates, the
following equation can be adopted. That is

S Tf4-TC4
]/ef +]/ec_1Tf _Tc

hGAP,rad = (4-126)

where S is the Stefan-Boltzmann constant (5.67° 10°° W/m?K%. T, and T, are
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temperature of pin fuel surface and cladding, respectively. €, and € represent the

emissivity of fuel and cladding, respectively, default values of which are 0.9 and 0.18.

The pin surface area is assumed to be proportional to the initial value and the
transient change in volume is taken into account. When the structure volume fraction,
which is defined in Section4.4, is smaller than 0.9, the increase in the pin volume
increases the pin surface area because multiple pins do not contact each other. On the
other hand, as the structure volume fraction is increased above 0.9, multiple pins come

into contact and then the surface area decreases. This algorithm is formulated to

determine the pin surface area by

i a
Qpy =8pyZ, |- ,where z =1 for ag£0.9 ,and (4-127)
PIN
z =[10(1- a )] for as>09 . (4-128)

The pin surface area approaches to zero as the structure volume fraction approaches

to one, and the pin-to-fluid contact area becomes smaller.

The structure-side heat-transfer coefficient is given by

r.c
h, =hg, ,for hg, £Di7754 , and (4-129)
pin
r..c
N =Nsyysosa > for hg, > TS (4-130)
Dta;,

(2) Case 2 (only pin fuel/control without cladding)

This is the case where there is no cladding in Case 1. Therefore, heat-transfer

coefficients and surface area are given as same as Case 1. The structure-side

heat-transfer coefficient is given by

s s

€ (r_+r_)c.u €  r_c.u
h, = mlnehSl,—( 0t/ g or h, =minghg, =22 (4-131)
Dtapin g Dt pin g

(3) Case 3 (only cladding without pin fuel/control)

Case 3a is the special case where there is no pin fuel/control in Case 1. Case 3b is
the case with no non-flow volume in Case 3a. Therefore, heat-transfer coefficients and

surface area for each case are given as same as Case 1. The heat transfer coefficient of
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the structure side is given by

7

e r.c
— A Al s77S4
h, =minghg,,—=—=

o , where o= rpe/\/i for Case 3b. (4-132)
e Agin

[(@N e Y e

4.4. Structure Volume Fraction

After defining all the structure configurations for can walls and fuel pin, the total

structure volume fraction is calculated in the EOS routine by
aS:aint+[,_'51+FSZ]VSI+[,_-S3+Fs4]VSZ+[,_'55+/Ts6]vs3+,_' v +/7 A
+ 7 i s (11 )H [NCANL(ij )]+ 7 (i v ()

+ 7 (i1 V7 (1)H [NCANRG} )]+ 7 (i v ()

V.
+ 7 (ij + v (ij +)H[1- NCANL(jj +1)] -2

ij

V.
+ 7o (ij - Dvg, (ij - DH[L- NCANR(ij - 1)] \;'1

ij
tagepn T ow T Qnf rew (4-133)

where H (X) is the Heaviside function which is
H(x)=1 ,if x>0 ,and
H(x)=0 ,if X£0O .
The variables of NCANL and NCANR are defined in Section 4.2.1.

The first four terms denote the volume fractions of pin fuel including an interior
node, left and right crust fuels in cell ;7. The calculation of can wall volume fractions
requires rather complex formulation. As discussed in Section 4.2.2, the macroscopic
density of a can wall surface node in a cell may be taken from the adjacent cell when the
two cells are coupled. This surface node must be taken back to the original cell to
conserve the structure volume fraction and the flow area. As already noted, the cell
volume ratio is multiplied to conserve mass. Equation (4-133) thus contains the logic of

set-over of can wall surface nodes. The volume fraction of flow is a crucial variable in

SIMMER-III and is defined as (l- as).
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4.5. Hydraulic Diameter
All the structure configurations for can walls and fuel pin, and the structure volume
fraction are defined in the previous sections. Then the hydraulic diameter can be

determined for each cell. The general definition is given by

4" [Flowarea] _ 4Aq,

" [wetted perimeter] - Pt (41349
The flow area and wetted perimeter per unit volume are calculated by
Ay =[1- ag]/V , and (4-135)
Pu = [apm +8. o T Arew ]/V , respectively. (4-136)
Thus the hydraulic diameter is defined by
D, = 41- a) ’ (4-137)

Qin T cw tAgew

where a .y and ag,, are the structure surface areas per unit volume as

pin »
calculated in the previous sections. When there is no structure existing in a cell, the
hydraulic diameter is set to a large value of 1~ 10® or is defined based on a mesh-cell

width as DR an option.

D, =4(1- a,)DR . (4-138)

Additional consideration has to be made about the definition of the hydraulic
diameter in a large pool configuration with an outer wall. Based on the above definition,
the diameter in cells with no structure is set to a large value, whilst the diameter in cells
with wall is determined from the structure volume fraction. Since the structure volume
fraction &; is dependent on a cell volume, the diameter becomes mesh-cell-size
dependent and hence rather arbitrary. Because of this inconvenience, an option is also

available to explicitly define the hydraulic diameter by user input.

It is also noted that the selection of flow regimes, pool or channel, in a mesh cell is
determined from the hydraulic diameter. If the hydraulic diameter D, is larger than

the input threshold denoted by D , then the flow in the cell is regarded as “pool

h, pool

flow”. On the other hand, if D, £ D the cell is considered to be a channel flow.

h, pool »
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The input threshold is defaulted to D =1.0, and the user can select the flow regime

h,pool

by specifying the input hydraulic diameter arbitrarily.
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Fig. 4-1 Can-Wall Configurations (Examples for right cell boundary)
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Fig.4-2 Each Radius of Node Boundaries and Temperature Points for Can Wall in the
Cylindrical Geometry.
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Fig. 4-3 Each Radius of Node Boundaries and Temperature Points for Fuel Pin.
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5. Can Wall Heat-Transfer Model

5.1. Overview of Can Wall Heat-Transfer Model

Among the various modes of heat and mass transfer associated with the structure,
the can wall heat-transfer model is described in this section. Crust fuel coupled with
the structure is also treated. Since the heat and mass transfer between the structure
surface and fluid, including non-equilibrium melting/freezing is modeled in fluid
dynamics in the reference 11, only the heat conduction inside the can wall is treated here.
A thin can wall without crust fuel need not be treated because there is only one node in

this case.
Three apparent situations are considered as follows:

(1) An isolated can wall with or without crust, where the can wall has thermal

contact within one cell;

(2) A thin can wall coupled with an adjacent cell, in which crust fuel should exist;

and
(3) A thick can wall coupled with an adjacent cell, with or without crust.

In this section, the model only for the left can wall is described, and the same
formations are applicable to the right can wall by replacing the subscripts of right
components with those of left components. In addition, only the model for the slab
geometry is described here, because the same formations are applicable by replacing
constant structure-structure heat-transfer areas (a ., ) to those of the cylindrical

geometries (aq,s,) which depend on configurations as described in Section 4.2.

5.2. Isolated Can Wall

A single isolated can wall is represented by one or two nodes depending on the

thickness. There are three cases to be modeled in this section.

5.2.1. Case 1 (thick can wall without crust)

There are two can wall nodes, interior and surface, in this case. The can wall
surface node is in contact with fluid and the fluid-structure transfers have updated the
macroscopic density and specific internal energy of the surface node. Then the

differential equations are written as
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7/-/’— s8 eSS
7

= cw h55,56 (-ane+l - -I—:sl;rl) , and (5-1)

”’ngese - _ ’/-,Ts8es5
T f

(5-2)

5.2.2. Case 2 (thin can wall with crust)
In this case, the can wall is modeled by a single interior node. The similar
formulation is applicable as Case 1, by replacing the can wall surface node with crust.

Thus, the differential equations are written as

’/(753 + 734 )eSZ
7

= n+ “n+1 ) ﬂfs e
=8 cw hsz,se (TS6 " Tsy 1) =" % . (5-3)

5.2.3. Case 3 (thick can wall with crust)

A three-node heat-transfer formation is given by

rotrg)e Tnel  Tne
’/( =2 1 84) 52 = aLcwhsz,ss(Tsrj%1 - Tg l) ’ (5-4)
79/’ e =+ = N+

222 = a oy hss s (Tsrj% - T 1) , and (5-5)

”FSSeSS — ”-(/753 _34 )eSZ _ ”FSQGS6

+
f f ft

(5-6)

5.2.4. Solution procedure
In this isolated can wall situation, there are two different types of equations. In

Cases 1 and 2, a set of two coupled equations with two unknowns are written of the form,

T8 o (77 ) an 0
”r_”ztez — ahl,z(-i:lnﬂ _ -'|:2n+1) . (5'8)

Case 3 represents a set of three coupled equations with three unknowns of the form,

”./Tﬁlel — ahL2 (-I':zn+l _ -I:;n+1) ’ (5_9)
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I S 10
”,;;eg — ah2'3(:|:2n+1 _ -I':;)n+l) ) (5-11)

These formulations are implicit, since the temperatures appearing on the right side are
the end-of-time-step values. In both the types, the end-of-time-step temperatures are
estimated by expanding in a Taylor series as
T, O
Tt =T + g—smz Deg, . (5-12)
ﬂesm %]
Then, because the densities remain constant, Egs. (5-7) - (5-8) are re-written in

finite-difference form,

o7+ e f e - a0 T e, = @) O - ) and 19

e

- gah)lz TIT uml + e/‘2 ( ) Dt ﬂTz ED% = (ah)l,th(Tln _ -I-2n) ) (5_14)
é e d é fle, ¢

These are two linear equations in two unknowns from which the De, and De, can be

determined easily.

Similarly, using Eq. (5-12), Egs. (5-9) - (5-11) in finite-difference form are

o7+ (o), D T ipe - fen),, 0T e, = an), ufry - 77) 6-15)
e &
Sah), ot Y LAY 1T, 0
- dah 1 +al, +(ah ah )
oD T e + &7, + ), + o) Jou T e, + ), o Tt
= Dt[(ah)l,z (Tln - Tzn)"' (ah)z,s(Tsn - Tzn )] , and (5-16)
) g(ah)l-? ﬂT EDez ter (ah)zs ﬂT HDes ( ) (Tn - T3n) . (5-17)
é e, g e fie,

Equations from (5-15) to (5-17) form three linear equations to determine De,, De, and

De,. Specific internal energies are simply updated by
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&M =gl +De, (5-18)

Here, it is assumed that the time step in the fluid-dynamics step is sufficiently small

that no iteration is to be performed.

5.3. Thin Can Wall Contacting an Adjacent Cell
A thin can wall is represented by a single interior node. In this situation, crust

must exist; otherwise, no heat-transfer calculation is required. There are three cases

depending on where the crust exists.

5.3.1. Case 1 (crust in the can wall cell)
In this case, the adjacent cell does not possess a crust and there is a crust in the cell

where the can wall exists. This case is exactly the same as Case 2 in Section 5.2, and

hence equations need not be re-written.

5.3.2. Case 2 (crust in the adjacent cell)

In this case, crust only exists in the adjacent cell. The differential equations should

be

7 /TS +/TS ) n+ T n+
( 5 e) sle_ —(ha)ss(u.l),se(i,-)(Tse(b- Tss(}i_l)) , and (5-19)

(5-20)

5.3.3. Case 3 (crust in both the cells)

In this case, there are crusts in the adjacent cell and the cell where the can wall

exists. Then, the differential equations should be

”/ ,_'S +FS e ) _ ~n+ ~n+

g - f = aj - (hsz,seaLcw)ij (Tse(ﬁ) ) TSZ(ilJ)) ’ (5-21)

gﬂ(m +7ﬁfse JessU _ (ha)sago se) (Tt - Tt ), and (5-22)
i-1

(5-23)
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5.3.4. Solution procedure

The equations in Cases 1 and 2 form a set of coupled two equations, and the

equations in Case 3 form a set of coupled three equations. Therefore, the same solution

procedure as described in Section 5.2 is applicable. It is noted that the macroscopic

densities of the crust fuel in the adjacent cell must be multiplied by the cell volume ratio

in Case 2 and 3 to conserve the total energy, because the macroscopic densities are cell

volume dependent variables.

5.4. Thick Can Wall Contacting an Adjacent Cell

In this situation, the thick can wall has two surface nodes on both sides. Therefore,

there are four cases depending on whether or not and where the crust exists.

5.4.1. Case 1 (without crust)

There is no crust in this case, therefore three structure components exist. The
differential equations should be

el w07 U N .

& n Y = (@)t o (et - Toi0) (5-24)
j-1

97/"_59636[\J — . é”./Tsloes7l;| 3 é7/r_sea(:335l:J . and (5-25)

8 Hj 8 Hj-l 8 Hj

é”l_ —_ n+ n+.

8 ;[ H (h55,se LCW) ( se(ﬁ) 55(|11)) . (5-26)
i

5.4.2. Case 2 (crust in the adjacent cell)

In this case, the crust exists only in the adjacent cell, and hence four structure

components exist. The differential equations should be

(s + Tulestl _ T

8 ( > 1 6) S3 El]—l = (hss,s7aRcw )ij 1(TS7(ﬁ 1) " TS3(3 1)) ’ (5-27)

Y/ VI -V /A VA g -y Snil | Toe

g 10 S7El = _8 ( S 7 6) SSH + (ha)s7(ij—1),56(ii)(Tse(ﬁ) ) Ts7(ili—1)) ’ (5-28)
j-1 j-1

e s U _ n+ n+ efr 4€ss U

g ;/)T = Hij = (ha)s7(ij-1),se(u)( s7(i 1) " Tses(i)) g% Hij , and (5-29)
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éﬂr—se u _ n+ n+
8 ;tss Elj _(hssse LCW) ( ses(ﬁ) Tss(ull)) . (5-30)

5.4.3. Case 3 (crust in the cell)

In this case, crust exists only in the cell where the can wall interior node is present,

and hence four structure components exist. The differential equations should be

el €7 U - -
WE = (@)ery- a0 Tl - Toli0) (5-31)
j-1
Y/ Y/ nt e
Rkl +(hS5SG LCW) ( 55(3) se(ﬁ)) ) (5-32)
e £ H & m H.
é”.r—s e l:l —_ n+: n+. e” ,T ,T e u
8 ;155 Elj _(hssse LCW) ( se(ﬁ) Tssﬁ) 8 ( 1t ) = Elj , and (5-33)
éf ,_' Fs €s, U — T n+ n+
8 ( t 4) SZH _(hSZ,SSaLCW)ij (Tss(ull) Tsz(ﬁ)) . (5-34)
j

5.4.4. Case 4 (crusts on two cells)

In this case, there are two crust components on both the surface nodes of the thick
can wall, and hence five structure components exist. The differential equations should

be

YAV NN NN nt nt

g”( s5 P 56) 33E = (h53157aRCW )ij l( 57& 1) " TSS(& 1)) R (5'35)
j-1

é’fr— €5, U é’/ fs +7)es3U n+ T n+

ﬁaj_l = '8 ( : 7 6) = H1-1 +(ha)s7(ij-1),se(u)( se(ﬁ) Ts7(i-1)) ’ (5-36)

5 r ¥ n+ n+ n+ n+

gﬂ—;;esea (ha)s7(u 1) se(u)(Ts7(j 1)~ se(j)) (hSS,SGaLCW )”( 55(111) 56(3)) (5-37)

j

M8l — (n, ac, ) (Tt - Tt )- Mt Tl g (538)

8 t Hj s5,564Lew Jij \'ss(ij) ~ " s5(ij) 8 t Hj

,’/ ,_'s + _s e, U _ n+ T n+

g ( 3 f/[ 4) S2 E _(hSZ 559, LCW) ( 5501]) TSZ(t)) . (5'39)
j

-56-



JNC TN9400 2004-043

5.4.5. Solution procedure
The equations in Case 1 are of the form of equations in the previous sections;
therefore the same solution procedure is applicable by multiplying macroscopic density
of the wall surface node in the adjacent cell taking the cell volume ratio into account.

The equations in Cases 2 and 3 are four coupled equations of the form

T ), fir ) a0

T8~ an), (0 ) - 7). -

T30 an), (- T a2 T27) L ama e

7;1{ 4 — (ah)3’4(-|’-‘3n+1 _ -’l-”4n+1) . (5-43)

The equations in Case 4 are five coupled equations of the form

o8 = an), (- 7). G-44
s =)l T2) sl - 77 649
T = (an), (- T ) f - 75 -46)
f’ft = (ah),,, (T - T7)+ (ah), (T - ), and (5-47)
T = an).o(f- 7) 49

It is noted that not only macroscopic densities but also structure-structure heat-transfer
areas of the adjacent cell must be multiplied by the cell volume ratio, because

heat-transfer areas are also cell volume dependent variables.

These sets of 4 or 5 differential equations form a standard tri-diagonal system with a
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typical equation of the form
(5-49)

V= (ha),, (T2 - T1)+ (ha),, (T2 - T2)

e & H

Expanding the end-of-time-step temperatures using Eq. (5-12) produces

ﬂem— 1U e

- dah)m 1m Dt ﬂTm_l [;]Dem—l + érm + {(ah)m 1m + (ah)m,mﬂ}Dt ?‘[em l;lDem
& m U

T gDem1 = Dt[(ah)m-l,m (Tn':_1 - Tr:)+ (ah)m‘mﬂ( T )], (5-50)

ﬂem+1 u

é

- e(ah)m,mﬂDt
e

which is one equation of a tri-diagonal linear system for De_ Solution for De,

allows determination of €. by
(5-51)

<n+l _ 4n
e, =e,+De, .
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6. Fuel Pin Heat-Transfer Model

6.1. Overview of Simplified Fuel Pin Model

The simplified fuel-pin heat-transfer model is described in this section. The model
is made available for a standard use in SIMMER-III. The model represents the fuel
pellet in two radial nodes, surface and interior, and the cladding in one node. Because
evaluation of fuel temperature is important in fast reactor accidents, the heat-transfer
calculation is performed implicitly using the end-of-time-step temperatures. Even
though only the fuel-pin calculation is described in this section, the same solution
method is also used to treat the control pin. The thermal calculation of fission gas
plenum is also performed, but the solution procedure is explicit due to slow thermal

response of gas.

The simplified pin model is coded outside the fluid-dynamics model that operates in
small time step sizes. It is intended that the pin model can operate in different and
larger time step sizes because of the two reasons. First, due to relatively large thermal
inertia and loose connection with the external fluid, the pellet interior may not be
coupled tightly with fluid. Second, since the simplified model is consistently
programmed with the detailed model that requires more computer time, the computing
cost of fuel-pin thermal calculations can be reasonably saved. From the practical point
of view, the actual computer time required for the simplified pin model is negligibly
small. Therefore an option is currently available to operate the model in the same time

steps as the fluid dynamics.

The fuel-pin failure is currently modeled based only on thermal conditions of pin fuel
and cladding as the results of heat-transfer calculations. However this is modeled not
in the pin model but in the fluid dynamics, since the resultant mass transfers should be

tightly coupled with fluid dynamics.

6.2. Fuel Pin Structure Configuration

The heat-transfer calculation is based on the structure configuration described in
Section 4.3. Since the model is programmed outside the fluid dynamics, different

indexes are used to denote three fuel-pin components as shown previously in Table 2-4:

a: pin fuel interior node,
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b: pin fuel surface node, and
C: cladding

The macroscopic densities and specific internal energies of the above components have

one by one correspondence with fluid-dynamics components:

Fa=Ty > F,=Ty+r, and 7, =7, ,and (6-1)

e, =€, § =6, and € =€, , (6-2)
where the subscript int denotes the energy component corresponding to the pin fuel

interior node. The heat-transfer coefficients and areas per unit volume are defined

based on the structure configuration model as described in Section 4.3.

h,, =h,s and h . =hgg, ,and (6-3)

a,, =&yq and &, =ags, - (6-4)
For the fission gas plenum, they are

Nege = Negss>and agg = acg g, - (6-5)

For the control pin, the same definition is made.

6.3. Fuel Pin Heat Transfer

The basic equations of mass and energy conservation for fuel-pin heat-transfer

calculations are described by

’/—;m =G, ,and (6-6)
”F;;tem = hmvm- 1am,m_l(Tm—1 - Tm) + hm+l,mam+1.m(-|-m+1 - Tm) + QHm + QNm ’ (6-7)

where the subscript M denotes one of the three fuel pin radial nodes. The
mass-transfer rate, G, , on the right hand side of Eq. (6-6) accounts for all the mode of
mass transfers with fluid. Larger time step sizes can be used for pin heat transfer
calculation and hence the mass-transfer rates calculated in the fluid dynamics are
summed over several time steps included in the current heat-transfer time step. The

Q,,, and Q,, terms in Eq. (6-7) denote the energy transfer rates due to heat transfer
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from fluid and nuclear heating, respectively. These are also summed over the several

fluid-dynamics time steps included in the current heat-transfer step.

Equations (6-6) and (6-7) are finite-differenced implicitly using the end-of-time-step

temperatures as

Fr:ﬂ _ Fn: - Dth , and (6'8)
P e =

D't[hm,m 1 m.m- 1( i fr:ﬂ)-'_ hm+1m m+1m(an:1lm - Tn+l)+QHm +QNm] (6'9)

where the superscript n denotes the heat-transfer time step number, which is different

from the fluid dynamics. From the above two equations, /;r:ﬂ is eliminated to form

rrlEnt- e =
D't[hm,m 1 m,m- 1( i -Fr:ﬂ) hm+1m m+1m( n:]:ll frr:]+1)+QHm +QNm - ~n+l] (6 10)

Then the end-of-time-step temperatures and specific internal energies are expanded

with respect to the change in internal energies as

adITsm
Smﬂ

T M=T 4+ De. ,and (6-11)

8™ =¢" +De, . (6-12)

By substituting Egs. (6-11) and (6-12), Eq. (6-10) becomes a set of three linear equations
with three unknowns, De,, Dg and De,. The solutions are substituted to Eq. (6-12)
to determine the new estimate for end-of-time-step temperatures. This procedure is

iterated until the convergence criterion,

<e, (6-13)

1s satisfied. The convergence is quick in most cases and several iterations are normally
sufficient, as long as an appropriate time-step control is made. Finally the

end-of-time-step macroscopic densities are updated straightforward using Eq. (6-8).

6.4. Fission Gas Plenum Heat Transfer

The fission-gas plenum regions can be placed both above and below a pin fuel or

-61-



JNC TN9400 2004-043

control pellet column. Each region extends over several axial mesh cells, the volume
fraction in each cell is defined by the input pin non-flow volume. Fission gas possesses
single average temperature and undergoes heat transfer with the cladding, for which
axial temperature distribution is defined. The heat-transfer calculation is operated at
the same time step as the pin heat transfer. Unlike the pin fuel region, however, the
fission gas temperature is updated explicitly, because the thermal response of gas is

rather slow due to low thermal conductivity.

When the cladding in the fission-gas plenum region is predicted to fail, the gas space
is made available to fluid flow. However, no gas blow-down is modeled in a simplified

pin model, and the gas mass is simply neglected.

The mass and energy conservation equations for the cladding and fission gas in a

plenum region are expressed as

7
¢ =@, (6-14)
" G
Wf/ctec = hFG,caFG,c (TFG - Tc) +Qp. + Q. ,and (6-15)
Tecte = 8 g cane T (1) Tl Yy 616
]

where T, and €. denote the temperature and specific internal energy of fission gas,
respectively, and V 1is the volume of the fluid-dynamic mesh cell. The mass transfer
term appears only in Eq. (6-14), since only the cladding is coupled with fluid. No heat
transfer nor nuclear heating terms are included in Eq. (6-16), because fission gas in not

coupled with fluid nor no nuclear heat source is defined for fission gas component. The

mass of plenum fission gas, M., is calculated by

Mg = rFGVFG ) (6-17)

where the microscopic density of fission gas is given by the EOS routine, depending on
gas temperature, and the total volume of gas plenum is determined upon initialization

and kept constant during transient.

The above equations are solved explicitly using the beginning-of-time-step
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temperatures as follows. No special solution procedure is necessary.

FM =M+ DG, (6-18)
o TlEl DN (T - T0)+ Qe +
ecn+1 % [ FG.c FG,c:(:l; c ) Que QNC] _and (6-19)
rC
o nf: n
a hFG,caFG,c[Tc (J)' TFG }‘/ij
et =ef, +Dt- : (6-20)

mFG

6.5. Heat-Transfer Time-Step Control

In the standard treatment, the fuel-pin heat-transfer time steps are operated
consistently with the reactivity time steps when the neutronics model is used. This
approach is taken, because the nuclear heating is directly connected to fuel temperature
and the resultant fuel temperature has a direct effect on Doppler reactivity feedback.
However, as described previously in Section 6.1, the time steps can be made independent

of the neutronics optionally.

The fuel pin heat-transfer time steps are controlled, based on the changes in specific
internal energies of pin fuel and cladding. In addition, the time steps are controlled,
based on the change in power level, as well, because of close relationship between
nuclear heating rate and fuel temperature. The control is based on relative changes in

energy and power, and is expressed as

~Sn+l

D =0.9f, —"— Dt™  and (6-21)
m em
Pn+l
Dt"™ =09f — ™ Dt | (6-22)
p P |Pn?+l - Pr:

where P, denotes the power amplitude. The input adjustment factors, f , are
defaulted to 0.5, and smaller values can be used when a tightened control is desirable.
The time step sizes are also restricted by the input minimum and maximum values.
Further the time step size is restricted not to exceed the previous size, as well. The

resultant criterion is defined by

Dt = max|Dt,,,,, min(Dt>, Dt 4Dt%, o, | . (6-23)

min?
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6.6. Final Operation
As the result of fuel-pin thermal calculation, the specific internal energies of the pin
components are updated. The corresponding fluid-dynamics cell variables are also
updated to be consistent with the pin model. A call to EOS routines updates: specific
volume, temperature and volume fraction of each pin structure component. The total

structure-field volume fraction, &g, is also updated.

The volume fraction of pin fuel changes depending on specific internal energy. The
increase in pin fuel volume is accommodated by decreasing the pin non-flow volume

a As far as a is greater than zero, there is no change in the pin volume

nf,pin * nf,pin

fraction. When the pin fuel further expands, a 1s set to zero and the pin volume

nf,pin
fraction increases. This causes the reduction in flow volume fraction in the mesh cell.

It is noted that no axial fuel expansion is modeled currently.
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7. Structure Melting and Breakup Model

7.1. Overview of Structure-Related Mass-Transfer Model

Various modes of mass-transfer processes are modeled in SIMMER-IIL
Non-equilibrium melting/freezing mass transfers occurring at the interfaces between
structure surface and fluid are treated in the fluid-dynamics heat and mass transfer
model as described in reference 11. This section presents the models for other modes of
mass transfer related to the structure. These include equilibrium melting/freezing,

solid structure breakup and fission gas release from liquid-field fuel.

All the above operations are included in the fluid-dynamics algorithm and they are
not coupled one another. In other words, mass and energy updates are performed in
series, each of which deals with a different mass-transfer process. It is noted that the
structure breakup mass transfer is calculated at the beginning of the fluid-dynamics
algorithm, before the structure configuration is updated, because the breakup transfer
instantaneously and drastically changes the structure configuration and the cell
hydraulic diameter. The equilibrium melting/freezing transfer is calculated at the end
of an intra-cell calculation step, to make sure whether or not the component thermal

condition after a series of intra-cell heat-transfer satisfies the phase transition criteria.

7.2. Equilibrium Melting and Freezing
There are two types of melting and freezing mass-transfer processes modeled in
SIMMER-III. Non-equilibrium melting/freezing is operated when the condition at an
interface of two components satisfies a certain phase-transition criterion. The mass
transfer rate is calculated based on the heat balance at the interface, regardless of the

component bulk energy. In this context, the process is called as non-equilibrium.

The intra-cell calculation step called “Step 1” transfers consist of structure breakup,
nuclear heating, non-equilibrium heat and mass transfer, and can wall heat transfer.
As the results of mass and energy updates for these transfer processes, the solid
component temperature may be higher than the melting point or the liquid temperature
falls below the melting point. Equilibrium melting/freezing is evaluated, at the end of
Step 1, when the specific internal energy of a component exceeds certain
phase-transition energy. The mass is transferred such that the remaining mass stays

exactly at the phase-transition energy. The mass transfer processes include
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non-structure components as well, such as equilibrium melting/freezing transfer

between liquid fuel and fuel particles.

The equilibrium melting processes of solid components (crust fuel, can wall, fuel
particles and steel particles) are evaluated first. Then the resultant liquid state is
updated, since a part of solid mass is transferred to liquid. The equilibrium freezing of
liquid components (liquid fuel and steel) are finally evaluated. Since the mass
transfers of pin fuel/control and cladding are treated by the structure breakup model, no

equilibrium melting is modeled.

7.2.1. Equilibrium melting of crust fuel

If the specific internal energy of crust fuel exceeds the solidus energy of fuel, a part
of crust fuel mass is transferred to liquid fuel at the liquidus energy such that the
remaining mass stays at the solidus energy. For the left crust fuel, mass and energy

equations are expressed as

—”( 33,; ,TS“) =- EZ?Ll, and (7-1

~

f/(/’ s3 +mr s4 )esz - E2Q,Ll max[euq’l' egz], (7-2)

where the mass-transfer rate due to equilibrium melting is evaluated by

u
, g- (7-3)
g

Here, h;, denotes the latent heat of fusion of fuel. The mass transfer rate is limited to
the maximum value of total mass transfer in the time step. This fuel mass transfer is
not accompanied by fission gas mass transfer, since no fission gas is contained in crust

fuel. The right crust fuel is treated exactly the same.

7.2.2. Equilibrium melting of can wall

If the specific internal energy of the can wall surface exceeds the solidus energy of
steel, a part of can wall mass is transferred to liquid steel at the liquidus energy such
that the remaining mass stays as a wall at the solidus energy. When the crust fuel is

present on the surface of can wall, underlying structure can still melt and transfer mass
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through the fuel crust. This behavior seems unphysical, but still is justified if one

assumes the fuel crust is leaky.

When a thick can wall is melting in the surface node that was set over to the
adjacent cell, the molten mass is transferred in the adjacent cell. This is reasonable.
However a thin can wall is melting due to thermal loading from the adjacent cell, the
mass transfer takes place only in the present cell. This behavior is unrealistic; however
the influence of this inconsistency is still acceptable, because a thin melting can wall

disappears sooner or later.

The mass and energy equations for the melting can wall component M are

expressed as

% =-Gg, and (7-4)
”(erﬁn) = _ %ET?LZ max[eLiq,Z’eg'n]’ (7'5)

where the mass-transfer rate due to equilibrium melting is evaluated by

,Tsm eS)|, - eST] ,Tsm

2 : . (7-6)
Dt h, Dt

G, =min

(‘[D)Cl?) (0N
(o ey end

Here, h;, denotes the latent heat of fusion of steel. The mass transfer rate is limited

to the maximum value of total mass transfer in the time step.

7.2.3. Equilibrium melting of fuel particles, steel particles and fuel chunks
The modeling concept is similar to the previous cases, and the mass and energy

equations for melting fuel or steel particles are written as

1-[/TI m EQ

ﬂt = - mL(m-3) and (7-7)
77 .e.) _ n
% - _ En?L(m— 3) max[eLiq,(m- 3)’eLm]’ (7_8)

where m=4 for fuel and m=5 for steel, and the mass-transfer rate due to

equilibrium melting is evaluated by

-67-



JNC TN9400 2004-043

é
EQ _ HI
mL(m-3) — mi nQ‘

e

u
U - (7-9)
Dt . Dt g

Similarly, the mass and energy equations for melting of fuel chunks are given by

-
(79 + 7110) = E;l’u , and (7-10)
fit '

7(7;s +ﬂf.m)€u = G2, maxle, . €). (7-11)

where the mass-transfer rate due to equilibrium melting is evaluated by

€ (Th+T - e, (Th+7)
%2 = ming (Tio *+ Ti1o) Bsia = €7 (Fg+ o)

: (7-12)
8 Dt h, , Dt

[( @YY el

The mass is transferred such that the specific internal energy of remaining solid
particles is solidus. Here, h, . , denotes the latent heat of fusion. The mass transfer
rate is limited to the maximum value of total mass transfer in the time step. This fuel
mass transfer is accompanied by fission gas mass transfer from fuel particles and fuel

chunks to liquid fuel. No direct release to the vapor field is modeled. The fission gas

mass-transfer rate is determined from

a7,
2 = - Egm ) (7-13)
qit

E;)l — EQ 732 ’ (7-14)
12,111 4,1 T|';+Tlnﬁ

F

Waa - o > and (7-15)
qt

E??m: E7QL1,T|—23’ (7-16)
e T

where GLEle and quLl are the mass transfer rates due to equilibrium melting of fuel

particles and fuel chunks as calculated by Eq. (7-9) and (7-12).

7.2.4. Update of liquid state as resulted from equilibrium melting

As the result of equilibrium melting of solid components, the thermodynamic state of
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the liquid field is changed. The macroscopic density of a liquid component is simply
updated using the mass transfer rate. The specific internal energy of liquid fuel is

updated by

7(Fu+75)es _
t

2 L1 max[equ 10 sz] + 3 L1 max[equ 1 € ]

4leax[eL,ql,eL4]+ 7leax[eL|q1’eL7] : (7-17)

The specific internal energy of liquid steel is updated by

”‘r— e _ g n n
lfsﬂ == a C%ESLz max[euq,zlesm]+ GLES?Lz max[eLiq,Z’eLS] : (7-18)
m=5

The macroscopic density of fission gas in liquid fuel is updated by

% =" Egm' Es?m . (7-19)
7.2.5. Equilibrium freezing of liquid fuel
The liquid fuel can freeze into either crust fuel or solid fuel particles. The former
mode of mass transfer is modeled as non-equilibrium fuel freezing on a structure surface.
It is assumed that equilibrium freezing results in formation of solid particles. This
mode of fuel freezing is very important, since it describes the so-called bulk freezing
mechanism. The mass and energy equations for the solidifying liquid fuel is written as

+F
. f|2) =. ESM, and (7-20)

- - lL4 mm[e&)l 1 eLl] (7-21)

where the mass-transfer rate due to equilibrium freezing is evaluated by

A J— J— n — —
EQ  _ e (/’|’1+r|“2)euq’1- €. (l’|2+ r|nz)
1L4 — ming ,

A Dt hf'1 Dt

(7-22)

[(@N e Y el

The mass is transferred such that the specific internal energy of remaining liquid fuel is
liquidus. The macroscopic density and specific internal energy of the solid fuel particles

are updated by
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7(7is + 7s) _ o

1 = Q44 and (7-23)
r.+r.le .
”( I5 . |e) L4 — _ EZSL4 mm[esom’ef4 (7-24)

This fuel mass transfer is accompanied by fission gas mass transfer from liquid fuel to
fuel particles.

The fission gas mass-transfer rate is determined similarly to Egs. (7-13)
- (7-16).

7.2.6. Equilibrium freezing of liquid steel

The equilibrium freezing of liquid steel is assumed to result in steel particle

formation. The mass and energy equations for freezing liquid steel are written as

/T
s =-G3 ,and (7-25)
it ’
I -€ .
”—liﬂ =Gy mi n[esm'z,e'ﬂz] ’ (7-26)
where the mass-transfer rate due to equilibrium freezing is evaluated by
_érte. ,-€, Fru
s = ming 12 0222 13 (7-27)
g Dt h;, Dt g

The mass is transferred such that the specific internal energy of remaining liquid steel is
liquidus. The macroscopic density and specific internal energy of the solid steel
particles are updated by

7. _

Ww_ s > and (7-28)
s .

%: 20 minfeg, ,. €] (7-29)

The optional paths are considered in which freezing of liquid steel onto cladding and

can-wall surfaces. The mass and energy equations for equilibrium freezing of steel are

75 _  ~eo £Q £Q EQ
ﬂt — T MoLs T 2,54~ 2,85 2,87 »

(7-30)
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%: s s (7-31)
ﬂ?_tgm =GR, (7-32)
%:-( 2+ G, + G + G2, minfe . €] (7-33)
ﬂﬁ;ﬁqs = G2 minfey, ,.€%] . and (7-34)
Tate e, mife 1] a0

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

The mass-transfer rates due to equilibrium freezing are evaluated by

&7 I a
E§L5=min¢;tﬁ(1- XB)w,ﬁ(l- Xg )4 » and (7-36)
e f,2 0]
€ n y
= min‘i”h €lig2 - &2 aL2 mox I3 a‘L2 X, u (7-37)
th hf,2 a.aLZS’n u aaLZSTI E

where X, stands for the fraction of liquid steel component in the continuous region of
liquid steel, and @, g, represents contact areas between the liquid-steel continuous

phase and the surfaces of cladding, and left and right can walls (m=4, 5 and 7).

7.3. Fission Gas Release from Liquid Field Components
The behavior of fission gas in the liquid field is treated outsides the scope of
structure modeling, but is described here. This is because the fission gas originates
from pin fuel and is closely related to the mass transfer of fuel. The fission gas mass
transfers associated with equilibrium melting/freezing of fuel are described in the
previous section. The release of fission gas in liquid field to the vapor field is described

1n this section.

The fission gas release from liquid fuel and solid fuel particles is modeled simply by

a user-specified release time constants. Typical values for the release time constants
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are 103 and 10! s for the liquid fuel and solid fuel particles/chunks, respectively. This
reflects the general understanding that the fission gas in fully molten fuel is released

very quickly, whilst it is released slowly form partially molten fuel. The resultant

fission gas release rates are defined by

/8 . €flus . Fhu
Gugs =~ =ming—= 71, Ly (7-39)
T @tlll,g5 Dt g
/4 . éf . rnu
Gle g5 =- ”_I12 = mlné 1205 rIZZ’ llzl:] s and; (7'39)
@[|12,g5 Dt 8]
r . ef B
C-1\'13,g5 =- — mlneA 13,95 r|23;£l;l s (7'40)
§[Il3,95 Dt 0]

where £, s and [, s are the fission gas release time constants, and the rates can be
further adjustable by input multipliers, f, ; and f, ;. The macroscopic densities

of fission gas in the liquid field are determined by

’Tﬂil =T - DtGll,gS’ (7-41)
Ty =T - DtG,y 45 - and (7-42)
qugl =T 5" Dtc';'13,gs . (7-43)

As the result of gas release, the macroscopic density of fission gas in the vapor field

1s updated by
7;’;1 = 755 + Dt(qll,gS + qu,gSGlS,gS)' (7-44)

This changes the vapor state in a mesh cell. Although the internal energy of fission gas
in the liquid field is neglected, the gas released to the vapor field needs to carry its
energy. Otherwise the resultant specific internal energy of a vapor mixture may be
decreased instantaneously. It is therefore assumed that the gas from liquid fuel is at

the temperature T ,, the gas from solid fuel particles T ,, and the gas from solid fuel

chunks T ,.. Thus the specific internal energy of the vapor mixture is re-defined by

4
(¢}
a
m=.

1

(Fgme(gm)-i- Dt[qll,g5eG4(TLl) + GlZ,gS%4(TL4) + Gl3,g5eG4(TL7)]

n+1

Z , (7-45)
2 —n

a. Gm + Dt[qll,g5 + C-1\'12,95 + C-1\'13,95]

m=1
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where €, (TLl) , for example, is the specific internal energy of fission gas at T
calculated by the EOS model. The vapor temperature is then calculated, by iteratively
solving the EOS relationship,

De, = % DT, | (7-46)

G

using the Newton-Raphson method with

Tgﬂ — -I-é( _ & (Tg)_ "eéﬂ ] (7-47)
&R 9
& 5
It is noted again that when the fission gas is released to the vapor field, total energy
of the system is increased. This simplification, however, does not introduce a energy
non-conservation problem, since the internal energy of fission gas is negligibly small in

comparison with other liquid and solid components.

7.4. Fuel Pin Breakup

The failure of a fuel pin is modeled only by thermal criteria, in the present simplified
pin model. This mode of mass transfer is called as breakup, because mass transfer
processes include both melting and solid disintegration. The non-equilibrium heat and
mass transfer model allows the cladding surface melting, but the mass transfer at the
pin fuel surface is neglected. The equilibrium melting/freezing model (Section 7.2) does

not model mass-transfer modes associated with fuel pin or control pin.

In this section, the models are described for fuel and cladding breakup, control
breakup and other special modes of fuel breakup. After the heat and mass transfers
due to structure breakup are calculated, the structure volume fraction is updated.
Since the structure breakup drastically changes the structure volume fraction and the

flow configuration, the operations are performed at the beginning of Step 1.

7.4.1. Fuel failure criteria

In the simplified pin model, the criteria to predict failure of pin fuel and cladding are

based on melt fractions,

e - e )
_p "Sll 3 fFI> , and (7-48)

eLiq,l - €y Kl
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€ - e50|,2

3 f. , respectively, (7-49)
eLiq,z - eSOl,Z
where fFi, and f. are the input threshold melt fractions, and e, 1s the average

specific internal energy of pin fuel defined by

+7,
e = aea _beb . (7'50)
+ 7

The default values for f; and fci are set to be 0.5 and 0.0, respectively. That is, in
the standard treatment, pin fuel breaks up at the mass melt fraction of 50% and
cladding breaks up at the solidus energy. Since the above failure prediction is made at
the end of each pin heat-transfer time step, the time of failure is predicted only at larger
time intervals. This error in failure timing is well acceptable, considering the
simplicity of the current pin model. Actual mass transfer operations are preformed in

the next fluid-dynamics time step.

7.4.2. Breakup of pin fuel
When the failure criterion is satisfied for pin fuel, the mass transfer is calculated as
follows. First the mass transfer due to pin fuel breakup is assumed to occur

instantaneously, the macroscopic densities of pin fuel components are set to zero, namely

Frt=rt =Tt =t =75 =0 ,and (7-51)
~n+l _ xn+l _ xn+l _ x=n+l _ X0 -
€& = =€ T& T&; . (7-52)

The fuel mass transfer to liquid fuel and solid fuel particles is based on the melt fraction

at failure,

e -e
_ p ol ,1
fo=—t— (7-53)
eLiq,l - €y 1

The fuel mass is partitioned between fissile and fertile components in liquid field. The
specific internal energies are averaged with the existing components. Thus the liquid

field is updated as follows:

Fat=r0+ (r—; + r—,;‘)fp — (7-54)
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+Nn

—=2 (7-55)
TRtTh

~

=y ()

—=n —=n 4N —=n —=n
(rll+rI2 Ll+(ra +rb)fpeLiq,l

ol = L 2 , (7-56)
L1 /T|?_+l + ,—_In2+1
fn
= e f) (57
sl s2
q oy (o Ty
rit = e )2 and (7-58)
sl s2
s (el + (- f e
eC4l - =n+l - =n+l : (7-59)

rl5 +r|6

In an optional mass transfer from pin fuel to fuel chunks, the mass and energy of fuel

chunks are updated as follows:

-n

ryternelre e ) (60)
ANETAR (s e (B fp)% , and (7-61)
g 2 P Tl + (2 70 e, (69)

rl9 + rllO

The fission gas retained in pin fuel is also transferred to the liquid field, and the

mass is partitioned between liquid fuel and solid fuel particles/chunks similarly to fuel

transfer:
o=+t (7-63)
Fot=rn, +(L- £, )7 and (7-64)
Pt =L 1) (7-65)
113 113 p/l FG -

Upon pin fuel breakup, the cladding is also assumed to break up simultaneously.
This means the pin fuel breakup represents the condition of total disintegration of fuel
pin geometry. In addition, this treatment is necessary to avoid the unphysical situation

that the remaining cladding stays intact with no pin fuel inside. This is operated by
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~

ntl _ =n+l _ =n+l _ =xn+l _ 0 -
ret=ryt=0, g =eyt=el, , (7-66)

Cc (o

=Zn+l —=n

ry =r3+rg ,and (7-67)

N AN =N AN

~n+l — r|7eL5 + rS7eS4

L5 =Zn+l
r|7

(7-68)

7.4.3. Breakup of cladding
When the failure criterion as in Eq. (7-49) is satisfied, the mass transfer is
calculated as follows. First a part of cladding mass is transferred to liquid steel at

liquidus energy based on the melt fraction.

e - e
f =< ™2 (7-69)
eLiq,z - esm,z
Flr;l =73+ 1.7, and, (7-70)
rhe+frile.
~n+l _ " I13~L2 c’ s7™Llig,2 )
L2 = =n+1 (7 71)

rl3

Second a remaining mass is transferred depending on the heat flow. When the failure
criterion is satisfied due to the heat-transfer from the pin fuel, the remaining mass is

transferred to liquid field as steel particles, which is defined by

Ft=rh+(1- f)rh , and (7-72)

~ rhels +(1- f )7

eI_n5+1: I7eL5 (,_“_‘n+1C) s7eSoI,2 ) (7_73)
17

When the failure criterion is satisfied due to heat-transfer from the fluid, a part of the
remaining mass stays as a cladding at the solidus energy and the other is transferred to

liquid field as steel particles, which is defied by

/7|n7+1 = Flr; + (1_ Xclad )(1_ fc)an7 > (7-74)

. e+ (- X, )A- f )7 e

q_n51 = I7eL5 ( %a:)l( c) s7sol,2 , (7_75)
r'7

Fr=Fh - FO - FM and (7-76)

& =€y, (7-77)
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where X, 1s aninput threshold.

7.4.4. Breakup of control
The control material (B4«C) stays at low temperature during accidents, is unlikely to
melt due to nuclear heating. In the current modeling framework of SIMMER-III,
decision was made that control is treated only in a solid state, pin control in the

structure field and control particles in the liquid field.

In general, control pins are loosely arranged with a large pitch. Thus unclad
control pellet column is unlikely to stay intact. Therefore it is assumed that the control
breaks up when cladding is lost. The mass and energy transfers due to control breakup

are calculated by

Zn+l _ Zn+l _ Zn+l _ Zn+l ~n+l _ =n+l _ =n+l _ =<n+l _ 0 _
ra _rb _rint _rslz _O’ ea _eo _Qnt _eSQ _eS,l ’ (778)
Tyt =Ty+T4, ,and (7-79)
NN —-=n n —-n n
=ne1 — D886 T Mao€so t Mt (7-80)
6 ,—'Tn+1 :
18

7.4.5. Collapse of unsupported pin fuel
A fuel pellet column stays intact even after the cladding melting and relocation,
because a narrow pin-bundle configuration can prevent the unclad pellet columns from
collapsing in a subassembly dust wall. However, such a situation is considered very
unstable mechanically. Also there can be an unphysical situation that upper-core
unclad pellets stay in place with no support from below after the lower pin structure

breaks up.

For these reasons, a special fuel breakup model is implemented to simulate the
collapse of a pellet column or the downfall of unsupported pellets. In this model, it is
assumed that a fuel pellet column loses it mechanical integrity if one of the following

conditions is satisfied:

(1) Cladding is lost, and subassembly can wall is lost (collapse of pellet column),

and

(2) Cladding is lost, and the pin structure in the lower cell is lost (downfall of

pellets).
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In either case, the result is the instantaneous breakup of pin fuel. The mass and
energy transfer due to breakup is calculated similarly to the previous cases, and hence

the formulation is not repeated.
7.5. Can Wall and Crust Breakup
7.5.1. Breakup of can wall

The criterion to predict break-up of can wall is based on the melt fraction of can wall

Iinterior node,

€. - € '
=2 3§l (m=6or 8, (7-81)
Qiq,z - esol,2

where f(, isan input threshold.

A part of can-wall mass is transferred to liquid steel at the liquidus energy as follows:

€, - €

fow = LS ; (7-82)
eliq,Z - esol,2

rat=ry+ fo, 7y, ,and (7-83)

,Tln3en2 + fC Fn € 2
ey =L a2 (7-84)
f|3

A part of remaining mass stays as a wall at the solidus energy and the other part is

released to liquid field as steel particles. That is

/;In;rl = /T|n7 + (1' fCW )(1' XCW)FSI:‘n ) (7-85)

éLn5+1 — ,Tlr;elr_15 + (l_ fcl(:;; xCW )_srr]nesol,Z , (7'86)
A

e T A w5

€ = €2 (7-88)

where X, 1s an input parameter that the can-wall fraction being left as a wall at the

thermal breakup.

Break-up of the interior node allows a radial fluid motion under a certain failure

hole which gives a pressure loss. Thus, an orifice coefficient for the radial motion is
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defined by

b= by, + foyl- byy) ,and (7-89)

Cone =1.35(1- b)1- bz)% , (7-90)

where b, is a fractional area of can-wall surface allowing radial fluid motion across

the wall. The default value is 0.1.

From the mechanical stability of a can wall structure, it is considered reasonable to
implement additional structure breakup mechanisms. When the can wall becomes
extremely thin as a result of melting or the temperature of the interior node exceeds a
point which the stainless steel looses the stress intensity, the structure integrity can no
longer be maintained. Thus, the breakup of can wall is assumed when the thickness

falls the condition below,

Wy <W, (7-91)

W,min >
where W, i, 1s an input threshold of minimum can-wall thickness.

Furthermore, the structure strength significantly decreases as the bulk temperature
becomes close to the melting point. Under such a high temperature, it is considered to
be reasonable that the breakable structure enables fluids to radially move through a
small hole which is assumed to be formed by the partial can-wall failure. Here its
failure mechanism is introduced by the condition that the can-wall interior temperature
exceeds the following criterion T

fail

T, >T (7-92)

fail >

Only the radial motion is allowed in these additional cases as in Eqgs. (7-89) and
(7-90), and the can wall mass is not transferred to the fluid until the thermal break-up

condition of Eq. (7-81) is satisfied.

7.5.2. Breakup of crust fuel

Since the fuel crust itself is thought to be very brittle and fragile, it is assumed that
it can stay on a structure wall surface only when underlying structure is intact.

Namely, if the can wall disappears or undergoes extensive melting on surface, the fuel
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crust is likely to fail. Thus, the breakup of crust fuel is assumed when one of the

following two conditions is satisfied.

First, the crust fuel breaks up, when the can wall disappears. For the left crust,

the criterion is

TgtTeo=0. (7-93)

Second, the crust fuel becomes unstable, when the underlying wall surface starts to
melt. However it is also assumed a thick crust can stay intact even when the
underlying structure starts to melt. Thus the crust fuel breakup is judged, for the left

crust case, by

Tgs 3 Ty, ,and (7-94)

Wer <WCF,min ) (7-95)

where W ., 1s an input minimum crust fuel thickness.

The mass and energy of the left crust fuel are transferred to solid fuel particles as

follows:
FrizFrioQ (7-96)
&=l (7-97)
PR STRATY (798

=n+l —n

T =rg+ry ,and (7-99)

—=n N 4N +n +n n
§n+1 = (f|5 + rle)eL4 + (rs3 + rs4)e52
L4 =n+l , =n+l

f|5 +r|6

(7-100)

The right crust fuel is treated exactly the same.
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8. Concluding Remarks

Modeling to treat core structures under the CDA condition is described in the
present report. The structure model in SIMMER-III, consisting of fuel pins and
subassembly can walls, is modeled to exchange heat and mass with multiphase
multicomponent flow and to provide a flow channel for fluid. Furthermore, the
structure model is intended for reasonable simulation of core melt-out behavior during
CDAs. The model also can represent various structure walls in experimental analyses
for the code assessment studies. Therefore, the present structure model alleviates
some of limitations in the previous SIMMER-II code. It is expected, therefore, that the
future research with SIMMER-III will significantly improve the reliability and accuracy
of LMFR safety analysis.
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