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1. Introduction

The assessment of the performance of a fuel rod in the reactor core is an integral part of
the design, operation, and safety analysis of the nuclear reactor. To study the behavior of
the fuel rod, one typically resorts to using a model in one of the two extremes. On one end
are the dedicated fuel performance codes, which take into account the multitude of physical
phenomena involved in the thermo-mechanical behavior of the fuel rod: diffusion of heat, elastic
and plastic deformation of the pellet and the cladding, release of gaseous fission products into
the free volume, the interplay of the gas pressure with the mechanical solution of the pellet and
the cladding, the feed-back of the deformations and temperatures to the gap heat conductance,
the effect of the cladding surface heat flux to the heat transfer into the surrounding coolant, and
so on. All of this is done with a complex, interconnected model, where experimental correlations
are used to model the dependencies of the material properties on temperature, pressure, burn-
up, etc.

On the other end of the spectrum are the models used within, e.g., many thermal-hydraulics or
neutronics codes, which are based on simple correlations, non-mechanical thermal elements,
or even fixed values of temperature. Although they are quick to understand and efficient to
solve, such fuel models may be less-than-realistic in, for instance, transient conditions or, in
cases where fuel with extended burn-up should be considered. The relationships between the
different reactor core physics descriptions can be seen in the fig. 1.

moderator conditions

Thermal
hydraulics
power
fuel rod coolant
temperature conditions
power cladding
temperature
Fuel
behavior

Figure 1. The relationship of different descriptions of nuclear reactor core physics.
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The purpose of FINIX is to provide a fuel performance model to be used in a multiphysics con-
text, allowing it to be coupled to existing thermal-hydraulics, reactor dynamics or neutronics
codes used at VTT, such as TRAB, HEXTRAN and Serpent. The scope of the FINIX code
is somewhere between the full-fledged fuel performance codes and the simple thermal ele-
ment: although FINIX employs many of the same experimental correlations as the full fuel
performance codes, and solves the thermal and mechanical behavior of the rod, several sim-
plifications have been made, both to improve the performance of the code, and to expedite its
development. These assumptions and approximations are discussed in Section 2.2.

In the first stage of development, the aim was to develop a model that is capable of solv-
ing the transient heat equation, with couplings to the cladding and pellet mechanical behavior
through the gap conductance and pressure. In the current second stage of development, mod-
els and correlations required for simulation of extended irradiation periods are implemented,
and a steady-state heat equation solver has been developed. Experimental correlations are
used for the material properties, and simple models for the heat transfer from the cladding to
the coolant have been included. The latter can also be easily replaced by the coupling to a
thermal-hydraulics code. The physical models, correlations and their numerical implementation
is described in Sections 3-7.

The FINIX code has been designed so that it can be coupled on a source-code level, so that
passing input and output files between the codes is not necessary. FINIX includes a collection
of built-in functions that can be used for basic setup of the system, and for running the actual
simulations, using a fairly high-level syntax. In addition, FINIX has an error message system
that can be used to detect beyond-normal operation of the code without aborting program
execution. The usage of this high-level interface is described in Section 8. Because of the
direct coupling on a source-code level, FINIX allows for low-level (detailed) control of its input
and output. Since FINIX-0.15.6, input and output files for stand-alone usage have been defined
and examples are provided with the code.

Assessment of the FINIX-1.19.1 code without external coupling is presented in a separate
report [1], with a summary of the results given in Section 9 of this report. FINIX is compared with
the FRAPTRAN fuel performance code in several RIA scenarios, and with experimental Halden
reactor data. The results show good agreement both with FRAPTRAN and the experiments.
Known limitations of FINIX are also discussed in Section 9 and in the validation report [1].
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2. General model description

2.1 Version

This document describes version 1.19.1 of the FINIX fuel behavior model. The version num-
ber follows the convention where the first number identifies the general stage of development
("0" for early development stage) and the following numbers identify the date of release (year
followed by month).

The version history of FINIX and the associated reports are shown collected in table 1.

Table 1. The FINIX version history with references to the associated documentation and vali-
dation reports.

Version Publication Report Validation Other
1.19.1  January 2019 This report  [1]

1.18.9  September 2018 [2] [3]

0.17.12 December 2017 [4] [5]
0.15.12 December 2015 [6]

0.15.6  June 2015 [7]

0.13.9  September 2013 [8] [9]

0.13.1  January 2013 [10]

2.2 Model assumptions and approximations
2.2.1 Geometry

The FINIX model solves the heat equation and the cladding mechanical behavior in cylindrical
geometry. Furthermore, the heat equation is solved in one dimension, with the temperature
having dependence only on the radial coordinate r. The azimuthal (6-) dependence is com-
pletely neglected (implying also the assumption that the central axes of the pellet and the
cladding are the same), and the axial (z-) dependence is only included by solving the heat
equation independently for several axial slices, or nodes. However, there is no heat flux be-
tween the neighboring axial nodes. Therefore, the model is only applicable to scenarios where
the axial heat transfer is small compared to the radial heat transfer, and where the boundary
conditions and the power distribution are symmetric with respect to the azimuthal rotations.

The rod internal pressure is calculated by taking into account the deformations and tempera-
tures of all axial nodes, and is assumed equal throughout the axial length of the rod. Coupled
with the one dimensional treatment of the heat equation, this constitutes the so-called 13-
dimensional model.

2.2.2 Fuel pellet

The fuel pellet is assumed mechanically rigid, so that it has no response to external stresses.
The effect of accumulated burn-up to material property correlations is taken into account, where
appropriate.
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The pellet is assumed to be perfectly cylindrical for the purposes of the solution of the heat
equation — specifically, dishing, chamfers or hourglassing is not taken into account. In calculat-
ing the axial strain, the mechanical connection between consecutive pellets is assumed to occur
at the centerline — a more realistic modeling of the pellet shape remains to be implemented.

FINIX supports externally given fuel swelling, densification and relocation strains. Radial pellet
relocation, fuel swelling and densification can also be calculated from correlations.

2.2.3 Cladding

The mechanical model of the cladding is based on the thick cylindrical shell approximation. The
model assumes, for example, that the radial differences in stresses and temperatures across
the cladding are small. In addition, the model is valid only when the axial curvature of the
cladding is small, i.e., when there is very little bowing or bending of the cladding.

The cladding mechanical response is assumed to elasto-plastic. As of version 0.13.9, plastic
strains can be externally given to FINIX, and as of version 0.15.12, time-independent plastic
deformation is modeled in accordance with the infinitesimal strain theory, and as of version
0.17.12 plastic deformations due to low-temperature creep are modeled. The model is inade-
quate to model high strain ruptures as only simple failure models are implemented. Ballooning
or other large deformations are not correctly modeled, as these are incorrectly described by
the infinitesimal strain theory. Oxide formation on the cladding is modeled both in steady-state
and accidental conditions.

224 Fill gas and FGR

The amount of fill gas and fractions of individual species can be given as input. Material corre-
lations for helium, argon, krypton, xenon, hydrogen, nitrogen and water vapor are available.

The release of fission gases is modeled. Material changes in the pellet due to accumulating
fission products are also taken into account in solid and gaseous fission product swelling, and
the evolution of the composition of the fill gas due to fission gas release is modeled.

2.3 Changes from previous versions
Version 1.19.1 incorporates the following changes from version 1.18.9.
Cladding surface oxidation model was implemented and validated against experimental data.

An improved coolant temperature model was implemented, which calculates the axial tempera-
ture differences in the coolant instead of treating it as an isothermal bulk. Various other coolant
properties are calculated using state-of-the-art correlations.

Cladding-coolant heat transfer coefficient calculation was rewritten, and the method now works
well in PWR scenarios. Halden HBWR scenarios still need user-given heat transfer coefficient,
due to too low values for the heat transfer coefficient.

A bug which caused the steady state solver to crash as a result of small radial node length was
fixed.

Some performance improvements have been implemented in the FGR model, as it was found
that much CPU time was spent in claculating simple correlations such as the intragranular
bubble radius. The radius was calculated again within each function using this value, but now
the parameter is calculated once and then passed on to functions needing it. Also, the terms
with trigonometric functions of the bubble dihedral angle were replaced with constants to avoid
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the calculation of trigonometric functions. The function definitions were left in the code if a user
wants to change the dihedral angle, which was set at 50 degrees.

In FINIX-1.18.9, the power_historyinput flagin finix_scenario.inp was changed to average_power_histor:
The power_history exists currently, but that input flag refers now to nodal power history, and
the input flag power_history_zones must be used along with it.

2.4 FINIX publications

In addition to the VTT reports, the following work related to FINIX development has been pub-
lished:

2019

e Elina Syrjalahti, Timo Ikonen, and Ville Tulkki. Modeling burnup-induced fuel rod defor-
mations and their effect on transient behavior of a VVER-440 reactor core. Annals of
Nuclear Energy, 125:121-131, 2019 (FINIX-0.15.6)

2017

e V Valtavirta, J Leppéanen, and T Viitanen. Coupled neutronics—fuel behavior calculations
in steady state using the Serpent 2 Monte Carlo code. Annals of Nuclear Energy, 100:50—
64, 2017 (FINIX-0.15.12)

2016

e Timo lkonen, Elina Syrjalahti, Ville Valtavirta, Henri Loukusa, Jaakko Leppéanen, and Ville
Tulkki. Multiphysics simulation of fast transients with the FINIX fuel behaviour module.
EPJ Nuclear Sciences & Technologies, 2:37, 2016 (FINIX-0.15.6)

2015

e E. Syrjalahti, V. Valtavirta, J. Kattd, H. Loukusa, T. Ikonen, J. Leppanen, and V. Tulkki.
Multiphysics simulations of fast transients in VVER-1000 and VVER-440 reactors. In
11th International Conference on WWER Fuel Performance, Modelling and Experimental
Support, Varna, Bulgaria, 2015. (FINIX-0.15.6)

e T. lkonen, E. Syrjalahti, V. Valtavirta, H. Loukusa, J. Leppénen, and V. Tulkki. Multiphysics
simulation of fast transients with the FINIX fuel behaviour module. In TopFuel 2015,
Zurich, Switzerland, 2015. Description of FINIX and applications in coupled-code calcu-
lations with Serpent 2, TRAB-1D and TRAB3D/SMABRE. (FINIX-0.13.9)

e T. lkonen, H. Loukusa, E. Syrjalahti, V. Valtavirta, J. Leppanen, and V. Tulkki. Module
for thermomechanical modeling of Iwr fuel in multiphysics simulations. Annals of Nuclear
Energy, 84:111-121, 2015. Description of FINIX and applications in coupled-code calcu-
lations with Serpent 2, TRAB-1D and TRAB3D/SMABRE. (FINIX-0.13.9)

2014

e V. Valtavirta, T. lkonen, T. Viitanen, and J. Leppédnen. Simulating fast transients with
fuel behavior feedback using the serpent 2 monte carlo code. In PHYSOR2014, Kyoto,
Japan, 2014. Application of FINIX and Serpent 2 in simulating self-consistently solved
temperature and power in a prompt supercritical pin-cell. (FINIX-0.13.9)

2013

e T. lkonen, V. Tulkki, E. Syrjalahti, V. Valtavirta, and J. Leppanen. FINIX — fuel behavior
model and interface for multiphysics applications. In 2013 Fuel Performance Meeting
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/ TopFuel, Charlotte, USA, 2013. Brief description of the FINIX code, its purpose as
a universal fuel behavior module in multiphysics applications and first results. (FINIX-
0.13.1)
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3. Thermal model

3.1 The heat equation

The conduction of heat is described by the heat equation, where the temperature T in general
is a function of time t and all three spacial coordinates. In a cylindrical fuel rod, a convenient
choice for the coordinate system are the cylindrical coordinates, r, 6 and z. In the present
case, however, we make the simplifying assumption that within each axial slice, T has no
dependence on z (by assuming the axial heat transfer to be negligible) and no dependence on
0 (by assumed symmetry). With these assumptions, the heat equation takes the form

orT 10 [ oT

2 " Tor /\(T)r] —5(r)=0. (3.1)

Cu(T) o

Here Cy is the volumetric heat capacity, A the thermal conductivity and s the source term
(thermal power line density). The temperature is a function of time t and the radial coordi-
nate r, T = T(r,t). The solution of Eq. (3.1) is obtained in the fuel pellet and in the cladding
by discretizing the equation with the finite element method (FEM) and by solving the system
numerically (see Sec. 7.2.1 for transient heat equation).

The steady-state heat equation simplifies to

10 oT

—ar [A[T(r)]rar} —s(r) =0. (3-2)

The numerical solution of Eq. (3.2) is explained in detail in chapter 7.2.2.

The outer surface of the pellet and the inner surface of the cladding are subject to heat transfer
boundary conditions

oT

q(Re) = —MT(r) 5

= h[T(Rs) — T(Rci)l, (3.3)
r=Rs
where q(r) is the heat flux, Ry is the fuel outer radius, R the cladding inner radius and the
notation |,_g, denotes evaluation of the preceding expression at r = R;. The gap conductance
h is calculated using the model described in Sec. 3.3. The gap is assumed to have negligible
heat capacity, and thus the conservation of energy implies that the heat flux across the inner
surface of the cladding is given by

q(Rei) = ?dq(Rf)- (3.4)

At the outer surface of the cladding, the boundary condition can be set as constant temperature,
constant heat flux or by using a heat transfer coefficient. A more thorough explanation is given
in Sec. 7.2.1, where the numerical solution of the heat equation is explained. The remaining
boundary condition is the zero heat flux at the inner surface of the pellet (at Ryp),

oT

q0) =0+ —
ar I‘=R0

=0. (3.5)
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3.2 Plenum temperature

The model for the plenum gas temperature is derived by assuming that the gas within the
plenum is well mixed and described by a single temperature, Tpen. The gas exchanges heat
with the surrounding walls, whose temperatures are taken as given. Furthermore, it is assumed
that the heat capacity of the plenum gas is so small that one can neglect the term with the time
derivative of T. One therefore has the steady-state heat equation for the plenum gas,

Aphp(Tp - Tplen) + Ache(Te — Tplen) =0, (3.6)

which gives
AphpTp + Achc Te

Toien = Aphy, + Ache

for the temperature of the plenum. Here Ap(A.) is the area of the end of the fuel pellet (cladding
inner surface) facing the plenum, T,(7;) the temperature of the pellet (cladding), and hp(hc) the
heat transfer coefficient between the pellet (cladding) and the plenum gas. The areas are given
by Ap = 7R? and A¢ = wR2 + 2, Rc;, where I, is the (axial) length of the plenum. The tempera-
ture of the end of the pellet is calculated as an area-weighted mean temperature (cf. Sec. 7.2).
Since the cooling of the end of the pellet due to heat flux into the plenum is not taken into
account in the 1D heat equation, this leads to slight over-estimation of the temperature T,. The
temperature of the cladding is assumed to be equal to the coolant temperature, which in turn
leads to slight under-estimation of the temperature T.. The uncertainties introduced in these
approximation are not too severe, since the plenum affects the thermo-mechanical solution of
the fuel rod only through its coupling to the gap pressure, not affecting the temperatures directly.
In addition, solving the surface temperatures accurately would require 2D solution of the heat
equations within the plenum, which would lead to undesirable increase in the computational
intensity of the model.

(3.7)

The heat transfer coefficients are solved with a similar method as the one used in FRAP-
TRAN [19]. For the pellet-plenum heat transfer, the coefficient is

0.27\pien ‘S22 for Gr < 0,

2Rci ’
hp=1{ 054X\en'@T =, for0 < Gr <2107, (3.8)
0.14Men CHA-=, for Gr > 2107,

where A\gjen is the thermal conductivity of the plenum gas, Pr is the Prandtl number and

_ g (Tp/TpIen - 1) (2Rci)3

2

Gr

(3.9)

is the Grashof number. In the latter, g is the gravitational acceleration and v is the kinematic
viscosity of the plenum gas.

For the cladding-plenum heat transfer coefficient, the corresponding equations are

o

3.10
0.021ien CFLL, for Gr > 1-10°, 819

{ 0.55\pen G2 for Gr < 1- 109,
p =

with
g (TC/TpIen - 1) /S

2

Gr = (3.11)

The correlations for the Prandtl number and the kinematic viscosity are given in Sec. 6.5. The
value for the heat conductivity Agen is not needed, as it is canceled from Eq. (3.7).
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3.3 Gas gap conductance

The heat transfer in the gas gap is modelled with Eq. (3.3), with the heat transfer coefficient h
given as a sum of three terms:

h = heond + Hrad + hcontact- (3.12)

The first term corresponds to heat conduction across the gap, the second to radiation heat
transfer between the pellet surface and the cladding inner surface, and the last one to heat
transfer due to solid-solid contact of the pellet and the cladding. When the gas gap remains
open, the last term is zero.

3.3.1 Conduction through the gas

The term h.ong can be calculated from the heat equation in the gas gap. Assuming the heat

capacity of the gas to be small and noting that there is no heat produced in the gap, the

equation reduces to % ()\gap(T)r%> = 0. Integrating once with respect to r and applying

Agap IF rh " heond(Tei — Ty) gives

ar
)\gap(T)dT = hcond(Tci - Tf)T-

(3.13)
By integrating from T; to T, and replacing the temperature-dependent heat conductivity with
the average \(T, Ty) as fTTfC" Agap(T)dT = MTgi, T)(Ts — T¢), one obtains

h — )\(TCIs Tf)
©nd = B In(1+d/R)’

(3.14)

where d = R — Ry is the gap width. Since d < Ry, the term In (1 + d/R¢) ~ d/R¢, which gives
the form used in FRAPTRAN and FRAPCON:

NTo T,
Peong = (Zf)- (3.15)

In practice, the average \(T, T¢) can be approximated by taking the average of the gap tem-
perature, instead of the heat conductivity: A\(7¢, Tr) = Agap(Tgap)- The introduced error is of the
order of a few percent, at most.

In FRAPTRAN and FRAPCON, an effective gap width dg is used instead of the bare d. The
same approach is taken also here. The effective gap width is given by the FRAPCON correla-
tion [20, 21]

Ot = € 0-00125Peoniact (5 4 ) + 1.8(gr + o) — b + d, (3.16)

where Peontact is the contact pressure between the pellet and the cladding (in kg/cm?, see
Sec. 4.3.2), ps(pc) is the surface roughness of the pellet (cladding) in meters, g:(gc) is the
temperature jump distance (in meters) at the pellet (cladding) surface. The constant b = 1.397 -
106 m. The sum of the temperature jump distances is calculated from

MWT 1
gf+gc=A( 5 )(ZiaiﬁM,’VZ), (3.17)

where A\, T and P are the thermal conductivity, temperature and pressure of the gas in units of
W/mK, K and Pa, respectively, and a;, f; and M; are the thermal accommodation coefficients,
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mole fractions and molecular weights of the gas constituents. The coefficient A is 0.7816 in the
FRAPCON-3.4 correlation and 0.0137 in the FRAPCON-4.0 correlation.

FINIX also has an option to use the FRAPTRAN correlation for the effective gap width. In this
case, the gap width is given by

ot = € 0-00125Fcamact (/) 4 ) + 0.0316(gs + gc) + d  (optional). (3.18)

The heat transfer coefficient hyong is then given as

Aeff
h = et
cond a

, (3.19)
eff

where dg; is given by Eq. (3.16) and A\ is calculated for the gas mixture of n species as [22]

n

)\,'X,'
Aeff = (3.20)
Z,-: Xi+ 355 (1= 05) Wi

Here ), is the heat conductivity and x; the mole fraction of the species /, J;; the Kronecker delta
and

\U,'j = wij <1 +2.41

(M,-—M,-)(M,-—O.142I\/Ij)), (3.21)

(M; + M;)?
2
23/2 (1 + M/ M;)"/?
where M; is the molecular weight of the species.

The heat conductivity of the gases (with the exception of steam) is of the form
Ni=ATH, (3.23)
with the coefficients given in Table 2.
For the water vapour (steam), the heat conductivity is given by [22]
A0 =4.44 1078714 1 9.45.1075(2.1668P/T)"® (for T > 973.15K), (3.24)
A0 =P/T (—2.851 1078+9.424.107'°T — 6.005 - 10—‘4T2)
+1.009(P/T)? /(T — 273.15)*2 + 17.6 - 1073

+5.87-107% (T —273.15) + 1.08 - 107 (T — 273.15)?
—45.107" (T —273.15)% (for T < 973.15 K). (3.25)

Here T is in Kelvin and P in Pascal.

Table 2. The gas conductivity constants of Eq. (3.23).

Species A B

He 2.531-10% 0.7146
Ar 4.092-10% 0.6748
Kr 1.966-10* 0.7006
Xe 9.825-10° 0.7334
H, 1.349-10* 0.8408
N, 2.984-10% 0.7799
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3.3.2 Radiation across the gap
The radiation heat transfer coefficient is given by the gray body radiation formula

ho o osB T;‘—Tgi
rad 1 ﬂ(l_‘]) Tf_Tci,

+
er ' Rei \ec

(3.26)

where ogpg is the Stefan-Boltzmann constant and ¢¢(ec) is the emissivity of the fuel outer surface
(cladding inner surface). The emissivities used in FINIX are

=0.78557 + 1.5263 - 107° Ty, (3.27)
where the temperature is in Kelvin, and
ec = 0.809. (3.28)

The correlation for ¢ is the same as in FRAPTRAN, while the value for ¢; is the same as in
the FEMAXI code [23]. The latter was chosen over the FRAPTRAN correlation, which requires
knowledge of the cladding oxide thickness, which was not present at the time of implementation
of the model§. In FRAPTRAN, the value ¢; = 0.809 would correspond to an effective oxide
thickness of approximately 3.9 microns.

3.3.3 Contact between the pellet and cladding

The contact heat transfer coefficient Acontact iS given by

AmP/2 _
13.740 0528\77 for Prey <9-107¢,
. 0. 041226 oszsﬁ for9-1078 < P, < 0.003, 3.29)
contact = .
4579.5 Qg . for0.003 < Py < 0.0087,
39.846 _032;;7 \'ﬁ for P,e > 0.0087,

where P = Peontact/ H is the relative ratio of the contact pressure and Meyer’s hardness H), of
the cladding (see Sec. 6.2.4). In addition, Ay = 2\ Ac/(Af+A¢) is the geometric mean of the fuel
thermal conductivity A\ and the cladding thermal conductivity Ac. The correlation of Eq. (3.29)
is the same as in FRAPTRAN, with the numerical constants merged into one.
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4. Mechanical model

4.1 Internal pressure

The internal pressure P of the rod is calculated from the ideal gas equation of state, PV = nRT,
where V is the gas volume, nthe amount of substance of the gas, R the ideal gas constant and
T the temperature. Assuming that pressure differences between the gap, plenum and central
hole equalize immediately, the internal pressure is given by
p- nR
Vplen/Tplen + Ek (Vcent,k/Tcent,k + Vgap,k/Tgap,k) .

Here the plenum volume is

(4.1)

Volen = TR%1p, (4.2)
the central hole volume
Veent k = TFRg,k/f,ks (4.3)
and the gap volume
Vgap.k = Tl k (Rgi,k - R?,k) ; (4.4)

where k is the index of the axial slice and /s i is the axial length of the fuel and Ry «, Ry and
R.i are the pellet inner radius, pellet outer radius and cladding inner radius, respectively, of
the k:th axial slice.

4.2 Pellet mechanical model

The fuel pellet is assumed to have an infinite elastic modulus and no stress-induced defor-
mations (the so-called rigid pellet model [19]). Thermal strain and radial relocation, swelling
and densification of the fuel are taken into account with correlations. The correlation between
the thermal strain and temperature is presented in Sec. 6.1.3, pellet relocation correlation in
Sec. 6.1.4, pellet solid and gaseous swelling correlations in Sec. 6.1.5 and pellet densification
correlation in Sec. 6.1.6. The radial displacement of the pellet outer surface is calculated by
integrating the strains over the pellet radius. The axial strain is calculated using the temperature
on the center of the pellet for the thermal strain, where the strain is largest. The details of the
thermal strain calculation are explained in Sec. 7.4.1. Swelling and densification strains are
also included for the axial strain, but pellet relocation strain is neglected.

4.3 Cladding mechanical model

The mechanical model of the cladding is similar to the FRACAS-I model used in both FRAP-
CON and FRAPTRAN [19, 20]. The cladding mechanical model is further divided into two
distinct situations. The first model considers the case when the gap remains open, and the me-
chanical equilibrium is determined simultaneously with the calculation of the internal pressure.
The second model is invoked when the gap is closed, and the equilibrium is determined by a
no-slip condition between the pellet and the cladding.

The calculation of the plastic strain increment proceeds similarly in the open gap and closed
gap cases. If the effective stress on the cladding exceeds the yield stress, the time-independent
plastic strain calculation is commenced. Otherwise the creep model is used.
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The oxidation of the cladding decreases the load-carrying cladding thickness, as the cladding
oxide is brittle. The oxidation is taken into account when the oxidation model is on by neglecting
the oxidation nodes at the cladding inner and outer surfaces in the mechanical solution. In the
formulas below, R; refers to the metal surface under the cladding inner oxide layer, and R, to
the metal surface under the cladding outer oxide layer.

4.3.1 Open gap model

First, we consider the open gap mechanical model. In this case, the displacement of the
cladding inner surface depends on the internal pressure, which in turn is a function of the
gap volume. Therefore, the mechanical equilibrium has to be determined simultaneously with
the internal pressure calculation. In practice, the solution has to be found iteratively, since no
closed form solution of the full set of equations is known. This numerical procedure is explained
in Sec. 7.4.2. For the purposes of deriving the equations, we take the rod internal pressure P
as given and fixed.

The cladding model is based on the thin wall approximation, which implies constant stress,
strain and temperature across the cladding radial direction. The temperature is taken as the
average temperature of the cladding from the solution of the heat equation. In addition, the
loading and deformation of the cladding is assumed axisymmetric, and bending strains and
stresses are neglected.

Given the internal pressure P, the outside (coolant) pressure P,, and the cladding inner and
outer radii, R;; and R.,, the hoop stress oy and the axial stress o, are obtained as

_ RciP* RcoPo
Rco - Rci ’

or (4.5)
R2.P — R2,P
RCO - Rci

When the stresses are known, the effective stress and the effective strain can be calculated in
order to find out whether the yield stress has been exceeded. The effective stress is calculated
as described in chapter 4.3.3. The effective strain is calculated as a sum of viscoplastic, thermal
and elastic strains. If the yield stress has been exceeded, a plastic strain increment is calculated
as described in chapter 4.3.3.

The hoop, axial and radial strains are connected to the stresses through relations

1
€9 = E(Ue —vog) + e + GSI + deS' + ¢ + deg, (4.7)
1 th , _pl pl, ¢ c
€z = E(az—u09)+ez + ey +dey + €5 +des, (4.8)
v
=~ Lo e vl e o 4l (9)

Here e}h are the cladding thermal strains (see Sec. 6.2.3), e?l the cladding plastic strains, def"
the cladding plastic strain increments (zero if yield stress was not exceeded), ¢/ the cladding
creep strains, de? the cladding creep strain increments, E the Young’s modulus (Sec. 6.2.5)
and v the Poisson ratio (Sec. 6.2.6). The strains relate the dimensions of the cladding in the
hot state to the dimensions in the cold state. The axial strain is essentially decoupled from the
hoop and radial strains, so that the axial length of the slice is

le = (1 + €2)le,cola (4.10)
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where the subscript k identifying the axial slice has been dropped for convenience [cf. Eq. (4.4)].
The corresponding relations for the cladding inner and outer radii can be derived from the
change in the radius of the cladding midplane, (Rco + Rci)/2 = R = (1 + ¢y) Reoig and the change
in the cladding thickness, Rco — Rei = (1 + €/)(Rcocold — Acicola)- The resulting expressions for
R; and R, are

1 1 1 1

R = ci,cold <1 + 569 + 2€r) + Rco,cold <2€9 - 2€r> ) (4.11)
1 1 1 1

Rco = Reicold 569 - Eﬁr + Reocold | 1+ 569 + §€r . (4.12)

Equations (4.11) and (4.12) relate the radii to their cold-state values and the strains, thus com-
pleting the model.

The open gap model of Egs. (4.5)—(4.12) is solved iteratively. This is because the values of R;;
and R, are used to determine the stresses oy and o, which in turn are used to solve R, and
RCO.

4.3.2 Closed gap model

Strong contact. If the open gap model indicates that the inner surface of the cladding is in
contact with the pellet, i.e., R, < R + pf + pc, then the solution of the mechanical equilibrium
proceeds with the closed gap model. For the closed gap model, one uses similar relations to
the open gap model, albeit with different boundary conditions. Since the gap is closed, the
internal gas pressure cannot be used as a boundary condition. Instead, the contact pressure
Peontact between the pellet and the cladding remains to be determined. However, the inner
radius of the cladding is fixed by the contact, so that

Rei = Rs + pf + pe- (4.13)

In addition, the axial strain of the cladding, ¢, is determined by the no-slip condition at the
pellet-cladding boundary. Any axial strain of the pellet that takes place after the gap has closed
is added to the cladding axial strain. The axial strain of the cladding is therefore

€z =€z0+ efzuel — efzu‘gl, (4.14)
where the additional subscript 0 indicates the strain just prior to gap closing.

For the closed gap, the cladding outer radius can be solved explicitly. After some algebraic
manipulation, one gets

R _%(Rco,cold + Rc/,cold) - 2Rco,cold R. + Rgo,cold - Rczzi,cold
co = ci .
%(F”co,cold + Reicoid) — 2Rcicold %(F"co,cold + Reicod) — 2Rcicold
1
[1/ — e+ el + egl + deg| + €g + deg + My egl + degl +eS +deS+ (4.15)
1
< - 1> (et,h P deP 1oy def)] (4.16)
v
From R and R, one can then solve the hoop and radial strains using
Reco + Rei
€y = -1, 417
Reo,cold + Rcicold ( )
Rco — Rei

—1, (4.18)

€r =
Rco,cold - Rc/,cold
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Equations (4.17) and (4.18) are equivalent with Eqgs. (4.7) and (4.9). The strains then give the
stresses as
E

1+v

g =

((69 — 65’ — degI +€g + d63> - (er — P —de + €+ de?)) , (4.19)

oz=vog+E (ez — Etzh — egl — degl + €S+ deg) , (4.20)
Finally, the contact pressure is calculated from

o9 (Reo — Rg) + PoR
Pcontact _ % ( co Rc'/) o co. (4.21)
C

If the effective stress (calculated as described in chapter 4.3.3) exceeds the yield stress, a
plastic strain increment is calculated as described in chapter 4.3.3. After the plastic strain
increment has been calculated, the total strains are calculated from Eqgs. (4.17) and (4.18), the
stresses and contact pressure updated and R, calculated.

Weak contact. [f the solution of the closed gap model with the strong contact assumptions
gives an interfacial pressure that is lower than the internal gas pressure, Peontact < P, then
the gas can push the cladding and the pellet slightly apart, allowing them to slide against each
other. In this situation, the no-slip condition in the axial direction no longer holds. Instead, the
axial strain of the cladding adjusts until the contact pressure equals the internal rod pressure,
and the cladding again becomes axially locked with the pellet. In the weak contact case, no
more plastic deformation is calculated.

For the weak contact case, the contact pressure Peontact = P. The cladding inner radius Rg;
is given as for the strong contact case. The outer radius R, can be solved from the implicit

equation,
L Rei | | 2v
R3 + R <_ ci —1—€th_6p_d6p+ec+dec+P>
0 Rco,cold - Rci,cold c Rco,cold - Rci,cold ' ! d r rYe°
R2, Y
+ R, _ Ci _ Y. _p
“ Rco,cold - Rci,cold E ( © )
RS >
* - (1o e vded v+ deS+ ZP) A2 =0, (4.22)
RCo,cold - Rci,cold E

using Newton-Raphson iteration [24]. The stresses and strains can then be solved from
_ RciPcontact - RcoPo

o , 4.23
’ Reo — Rci ( )
R2.P, — R2 P,
oy = Ci t;;r;tact = co o_ (4_24)
co— g

y
€ = E(O’g — o)+l + egl + dezI + g + deg, (4.25)

1
€ = E(gz — vog) + € + €+ dedl + €€ + deS, (4.26)
€ = —%(Jg +0z)+ et,h + e‘,)l + de?l + €S + deS. (4.27)

In the closed gap model, since the inner radius R; is fixed by the boundary condition, there is
no need to iterate the solution with the solution of the internal pressure P (irrespective of the
strength of the contact).
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4.3.3 Plastic deformation model

Only time-independent plasticity of the cladding is modeled in FINIX, and only infinitesimal
strains are covered by the approach. The calculations of the increment in plastic strain pro-
ceed similarly in both the open gap and the closed gap, strong contact cases. The following
assumptions are made in FINIX concerning cladding plasticity:

The cladding behaves isotropically,

the cladding is incompressible,

the cladding follows the strain hardening hypothesis,

the cladding yields according to the von Mises yield criterion,

the cladding follows the Prandtl-Reuss flow rule.

The following discussion and definitions are based on Refs. [25] and [26]. The onset of yielding
can be determined from a yield function. When the yield function has a value below zero, the
cladding behaves elastically. If the yield function has a value greater than zero, cladding plastic
deformation occurs so that the yield function returns to zero. Positive values of the yield function
are unphysical. In FINIX, the von Mises yield function is used. The von Mises yield function,
fuu, for a strain-hardening material is as follows:

fm = 0e — oy (ce). (4.28)
The so-called yield surface is determined by f,,, = 0. In Eq. (4.28), oy is the yield stress, which

is a function of effective strain, and o is the (von Mises) effective stress. The calculation of
the yield stress is discussed in chapter 6.2.9. The effective stress (and analogously, strain) is

defined as
_ /3 E SiS; (4.29)
Oeg = § : IS .
- A E e;e; (4.30)
66 - 3 - 1% -

where s; is the deviatoric stress and e; the deviatoric strain, or

Tr(o
Si=0j— é ) =0 — Phs; (4.31)

Tr(e)

3 (4.32)

i =€ —
Here, Tr(o) is the trace of the (Cauchy) stress tensor o, or the sum of the principal values of
the tensor. The second term in the deviatoric stress equation is therefore equivalent to the
hydrostatic pressure, pys. Note that in this discussion, only the principal values of stresses and
strains are used, so o; = gj;, for example.

Using Hooke’s law (see Eqgs. (4.7), (4.8) and (4.9)) and the definition of deviatoric stress and
strain, the following relation between the deviatoric stress and strain can be found:
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E
5i=2 (2(14'1/)) e = ZGe,-, (433)

where we have defined the shear modulus, G. For effective stress and effective strain, a similar
relationship can be found using their definitions and Eq. (4.33):

oe = 3Gee. (4.34)

When stresses resulting in an effective stress greater than the yield stress is calculated to
occur with the elastic solution, FINIX solves the increment in plastic strain by the radial return
algorithm in order to return the stresses to the yield surface determined by Eq. (4.28). The
radial return algorithm is an implicit integration algorithm, so all values of stress and strain refer
to stresses and strains at the end of the time step. The effective stress in Eq. (4.28) can be
decomposed into an effective trial stress and an effective plastic strain increment, degl , that
returns the stress to the yield surface (see Ref. [26] for the derivation):

Oe = Uetrial — SGdegl. (4.35)

The effective trial stress can be calculated from the trial stress with Eq. (4.29). The trial stress
components are calculated using the following equation (see Ref. [26] for the derivation):

il = o) + 2GdeP’. (4.36)

The plastic strain increment components, def’, are obtained from the Prandtl-Reuss flow rule,
Eq. (4.38). Substituting Eq. (4.35) into Eq. (4.28), we can now solve for the effective plastic
strain increment that satisfies the yield function:

Tetrial — SGdeg/ — Uy(egl) =0. (4.37)

This is called the radial return method, which is widely used in solving the plasticity equations.
The effective plastic strain increment is found from Eq. (4.37) by Newton-Raphson iteration. An
initial guess of 1-1071% is used in FINIX. When the effective plastic strain increment is found, the
individual components of the plastic strain increment are obtained from the Prandil-Reuss flow
rule:

dep/—gi

1

= 2204 (4.38)

20¢
With the knowledge of the plastic strain increment components, one may calculate the stresses
at the end of the time step by solving for o; in Eq. (4.36). The new stresses and plastic strain
increments are then used to calculate the total strains from Hooke’s law. In the open gap case,
both the inner and outer radius of the cladding are updated with the new strains, but in the
closed gap, strong contact case only the cladding outer radius is updated.

The increments in plastic strain are only added to the plastic strain after the solution for the time
step has converged. It must be noted that the effective plastic strain must be treated separately
from the plastic strains as the effective plastic strain depends on the past deformation and does
not decrease. The effective plastic strain is a sum of all the effective plastic strain increments
that have occurred in the past.
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4.3.4 Creep model

The creep model of Limback and Andersson [27] or a model by Geelhood [28] can be used
in FINIX. The models divide creep into primary and secondary creep, and are valid at normal
operating temperatures. High-temperature creep is not modeled. In turn, secondary creep is
further divided into thermal and irradiation creep. However, the implemented models differ in
the selection of the driving force for primary creep, and their treatment of the time on the creep
curve (see Eq. (4.39)). The differences are described in detail below.

Primary creep is assumed to be dependent on the secondary creep strain rate, és. Using
the conditions of the current time step, the secondary creep strain rate (see Sec. 6.2.8) is
calculated. With this secondary strain rate, the saturated primary creep strain, ef,at, (see Sec.
6.2.7) is calculated. The primary creep strain is assumed to follow a function

€cp = ef)at (1 —exp(f(és)t)), (4.39)

for which the function f(¢és) is described in Sec. 6.2.7.

The primary creep strain increment during a time step is calculated by

Aecp = a (Ec,p(t1) - 6c,p(to)) ) (4.40)
where ais the direction of creep.

The secondary creep strain increment is calculated from the sum of the thermal and irradiation
creep rates as
Aecs=Db (éc,s,th + 6.r;,s,irr) dt, (4.41)

where the time step is given in hours and b is the direction of creep. The increments in creep
strain are added to the total creep strain only after the solution has converged at the end of a
time step.

Limback-Andersson model The time and driving forces in the Limback-Andersson model
as implemented in FINIX are as follows: If the creep curve changes, the virtual time on the
creep curve is adjusted according to the strain hardening rule. A new virtual time at the new
creep curve, corresponding to the same creep strain at the previous creep curve, is found by
the bisection method. From the values of ¢, calculated with the conditions at the previous
and the current time step, the limits of a bisection iteration are set: If the creep strain ecp is
larger at this time, the new virtual time can be found between 0 and t. If the creep strain e p
is smaller at this time, the new virtual time must be greater than t. If the time calculated in this
case becomes very large, primary creep strain has saturated. When the hoop stress is tensile,
tensile virtual time is advanced and compressive virtual time is decreased, and vice versa when
the hoop stress is compressive. Neither time is allowed to decrease below zero. The driving
force for both the primary and secondary creep is o, and the direction for both is same:

a=p- ol (4.42)

Oh

Geelhood model The time and driving forces in the Geelhood model are as follows [28]: The
time tinput into Eq. (4.39) is initialized to zero after each significant stress change. When other
conditions than effective stress change, the strain hardening rule is applied as described above
for the original Limback-Andersson model. The significance limit is set at 5 MPa. The direction
of primary creep is the direction of the last effective stress (see Eq. (4.29)) change, and the
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direction of secondary creep is the direction of the hoop stress. The directions a and b in the
previous equations are then

|Aae‘
a= ;" and (4.43)
p= 17, (4.44)
Th

where Ao is the last significant effective stress change and o, the hoop stress. In calculating
the secondary creep rate for the primary creep curve, Ace is used instead of o as in the
original Limback-Andersson model. For secondary creep, oy, is used, as in the original model.

43.5 Failure models

FINIX includes two simple criteria [29] for rod failure: the plastic instability criterion and the
overstrain criterion. The plastic instability criterion predicts rod failure when true effective strain
of the cladding exceeds 0.02 and simultaneously the true effective strain rate exceeds 0.0278
s (100 h"). The overstrain criterion predicts rod failure when the true effective strain exceeds
0.5. The plastic instability criterion seems to be conservative, but improves the numerical stabil-
ity of FINIX in cases of high strains. For numerical stability, the strain rate input into the plastic
instability criterion at any given time step is calculated as a weighted average between current
and previous strain rates.
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5. Other models

5.1 Fission gas release
5.1.1 Intragranular gas behaviour

The intragranular behavior of the fission gases — diffusion in the uranium oxide lattice, formation
of intragranular bubbles and the growth and diffusion of the bubbles — is described by the
Forsberg-Massih model [30]. The four-term approximation of the integration kernel reported by
Hermansson and Massih [31] is used. Resolution from the grain boundary due to irradiation is
ignored in the implementation in FINIX.

The Forsberg-Massih model approximately solves the differential equation

ac(r, 1)
ot

= Dess(t)ArC(r, 1) + 5(1) (5.1)

with boundary conditions
C(r,0) = C(a, t) =0, (5.2)

where C is the concentration of the gas, /3 the fission gas production rate (see Sec. 6.4.1) and
D the effective diffusion coefficient.

The effective diffusion coefficient is calculated from the gas atom diffusion coefficient in trap-
free media and the bubble diffusion coefficient as

b
Datom + bngbubblea (5-3)

Dett = big

where b is the rate of irradiation-induced resolution of gas atoms, g the trapping rate of gas
atoms into intragranular bubbles, D,iom is the gas atom diffusion coefficient (see Sec. 6.4.2)
and Dyyppie is the bubble diffusion coefficient. The bubble diffusion coefficient is as reported by

van Uffelen et al. [32]:
3 VgastoI

Douoote = 7 3
b

where Vs is the gas atom volume, 8.4756-102° m3, R, the intragranular bubble radius (see
Sec. 6.4.3) and D, the volume diffusion coefficient (see Sec. 6.4.4).

(5.4)

The rate of irradiation-induced bubble resolution is calculated as [33]
b =3.037/F (R, + d))?, (5.5)

where / is the fission fragment range, 6 um, F the fission rate, Ry, the intragranular bubble radius
and d the fission fragment damage radius, 1 nm, perpendicular to the fragment propagation
line.

The trapping rate of gas atoms into bubbles is calculated as [33]:
g= 47 RpNp Datom
=N

where R, is the intragranular bubble radius (see Sec. 6.4.3), N, the intragranular bubble num-
ber density (see Sec. 6.4.5), Daom is the gas atom diffusion coefficient (see Sec. 6.4.2) and
N, is the Avogadro constant.

(5.6)
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The approximate solution to Eq. (5.1) is described in detail by Forsberg and Massih [30] and
Hermansson and Massih [31]. The solution method is otherwise as reported by the authors, ex-
cept for the different grain surface boundary condition as discussed before and the introduction
of a grain boundary sweeping model from FRAPCON, where a portion of the gas is removed
from the grain to the grain boundary due to grain growth. The following correction factor is
applied to the intragranular gas concentration as calculated by the Forsberg-Massih algorithm:

3
fo= 1 St (5.7)

where g; is the new grain size and a;_1 the grain size on the previous time step.

51.2 Intergranular gas behaviour and release

Because resolution of gas from the grain boundary is neglected in FINIX, the intra- and inter-
granular models can be solved independently. The grain boundary gas concentration from the
intragranular model is used by the intergranular model as is, and the evolution of grain boundary
bubbles is computed.

Bubble size and density are determined by the influx of gas atoms to the boundary from in-
side the grain, the diffusion of vacancies at the grain boundary and the coalescence of grain
boundary bubbles.

Bubble growth due to gas atom and vacancy absorption and emission is calculated using the
flux of gas atoms from the intragranular model and assuming a van der Waals equation of state
for the gas in the bubble. The vacancy absorption rate with these assumptions is

dN, 27D,dq4

gt = kTs (P~ Pe); (5:8)

where N, is the number of vacancies in a grain boundary bubble, D, the grain boundary va-
cancy diffusion coefficient (see Sec. 6.4.6), d4 the diffusion layer thickness, set as 5 - 1070 m
[34], k the Boltzmann constant, T the temperature and S a function of fractional coverage,F¢,
defined as

S=—(3—Fc)(1;Fc)—2InFCI (5.9)
The pressure of the bubble is calculated as
KT N,
= ;ﬁg, (5.10)
4 4

where Ny is the number of gas atoms in a grain boundary bubble and w, the volume of an
atomic vacancy in the bubble, set as 4.09 - 102° m3.

The equilibrium pressure peq is calculated with the radius of the grain boundary bubbles, Ry,
and the surface tension of the bubbles, ~,

2

The radius is calculated from the volume of the bubbles, given by
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where wy is the volume of a gas atom. The volume of the bubbles is related to the radius of the

bubbles by
3V

Rgp = ph
where ¢ is a factor relating the volume of a lenticular bubble to that of a sphere, given as a
function of the bubble dihedral angle 8, and the relation is as follows

(5.13)

1
¢=1—gCOS¢9+§COSS¢9. (5.14)

Solving Egs. (5.8), (5.10), (5.11) and 5.12) gives the number of vacancies. With the number of
gas atoms, the change in bubble area due to absorption of gas atoms as vacancies, dAg, 4 is
obtained. The change in bubble density due to the coalescence of bubbles is given by

at - 3+ 4NgbAgb at '

(5.15)

In the coalescence of bubbles, the total number of gas atoms and vacancies in the grain bound-
ary bubbles is assumed to be conserved. The numbers of gas atoms and vacancies per bubble
must then be updated as the number of bubbles has changed.

Finally, the bubble volume is calculated through Eq. (5.12) which is used to calculate the area
of bubbles. These are used to calculate the fractional coverage, F., with the bubble number
density:

Fc = NgbAgp- (5.16)

If the value of F; exceeds the threshold fractional coverage of 0.5, the excess gas is released
so that F. = 0.5 by adjusting the bubble area. In the gas release, the ratio of gas atoms to
vacancies in bubbles is maintained.

The fill gas composition is updated after release. The released gases are thought to consist
only of xenon and krypton. A Xe/Kr ratio of 6.275 is assumed, which is an average value for the
fission of 23°U.

5.2 Coolant

FINIX has an implementation of a thermal-hydraulic model for calculation of heat transfer coef-
ficients from the cladding to the coolant, which requires also the calculation of several thermal
properties of coolant. The axial temperature distribution of the coolant is also calculated. The
coolant inlet temperature and pressure must be given by the user. The density and heat capac-
ity models only work within a temperature region 1, defined in [35]. Therefore it is advisable to
use the user-given heat transfer coefficient for BWR calculations.

5.2.1 Axial coolant temperature rise model

The coolant temperature model is based on the method used in FRAPCON-4.0 [21], and is
based on the following formula:

7TDO q//
A7
cool = Tin + / CpAfG ) (5 )

where T.o0(2) is the coolant temperature at elevation z , T;, the inlet coolant temperature,
D, the cladding outer diameter, q”(z) the rod surface heat flux at elevation z, C, the coolant
isobaric heat capacity, G the coolant mass flux and Ay the coolant channel flow area.
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By splitting the integral to correspond to axial nodes, in which the heat flux remains constant,
the coolant temperature can be solved iteratively for each node. This formula can be rewritten
as:

7wDoq"(n)Az

Teool(N) = Teoot (N — 1) + CpAfG

(5.18)

5.2.2 Cladding-coolant heat transfer coefficient

FINIX 1.19.1 uses a similar method to calculate the heat transfer coefficient than FRAPTRAN-
2.0 [36]. The method solves the coolant-cladding heat transfer coefficient by using a Dittus-
Boelter film conductance hpg for the forced convection of when the coolant flow is turbulent,
and a modified verson of that correlation for the laminar flow [37]. The nucleate boiling of
the cladding is accounted by another coefficient, hyg. The total coolant-cladding heat transfer
coefficient h.c is then the sum of these two coefficients:

hec = hpg + hng (5.19)

The calculation of the Dittus-Boelter heat transfer coefficient requires the knowledge of the
coolant thermal conductivity, dynamic viscosity and density. Here we work under assumption
that the coolant is pure water. Therefore the heat transfer coefficient model itself isn’t valid for
scenarios in which coolant is a non-water substance, such as the CABRI REP-Na RIA tests,
where sodium was used as the coolant [38]. However, in those scenarios the temperature of
the coolant and the outer surface of the cladding are nearly equal due to more efficient heat
transfer between the cladding and metallic coolant.

The sum of the coefficients hpg and hyg yields good results for in pressurized water reactors,
but in boiling water conditions they result in low heat transfer coefficients. This in turn causes
the temperature difference between the cladding and the coolant to be unacceptably high.
This isn’t particularily surprising, due to the coolant material properties being calculated in the
temperature region 1, which isn’t suitable for the BWR coolant. In case of the BWRs this can
be solved by either using the traditional user-given heat transfer coefficient or other boundary
condition.

The correlations used to calculate the heat transfer coefficients and the various material prop-
erties of water are described in detail in section 6.7.

5.3 Cladding oxidation
5.3.0.1 Inner surface

A simple model was implemented for the cladding inner surface oxidation: when the pellet-
cladding contact occurs, the cladding inner surface oxide thickness is immediately updated to
10 um. This value is based on data in [39].

5.3.0.2 Outer surface

The oxidation of zirconium is typically divided into pre-transition growth period where the growth
rate is cubic, and a post-transition growth period where the growth rate is approximately linear.
The pre-transition oxide growth is calculated by Dyce correlation reported in [40]:

As A

= — - exp(

Q
N ), (5.20)

“ AT,

where A is an empirical constant having a value of 2.72.10'3 m3.s!, s is the thickness of the
oxide layer, Q is an activation energy having a value of 135188 J-mol"' and R is the universal
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gas constant. T is the temperature at the coolant-oxide interface, defined as

S

T= Tw+¢k
Cco

(5.21)
where T, is the temperature at the metal-oxide interface, ¢ is the heat flux at the axial node
and kg, is the thermal conductivity of the oxide.

The transition thickness of the oxide layer can be calculated using the MATPRO correlation
[41], or simply estimated as a constant value (such as 2-3 um). After this oxide thickness
has been reached, the post-transition growth begins. The MATPRO correlation [41] has been

implemented as:

790

By integrating the Dyce correlation, we can get the transition time:

s3. — 3 exp(#%)
ttrans = ( tran33 ) ARTW (5-23)

The post-transition growth of the oxidation layer for a timestep in steady state scenarios is
calculated using the correlation by Kattd [42]:
As E ..

25 _ ) - 24

Ap = K- exp( RTw)t‘ , (5.24)
where n is an exponent with a value of 1.025, K is a pre-exponential factor with a value of
2.74-107 m-s™', E/R is the activation temperature with a value of 8645.4 K and tis the simulation
time at that timestep.

Post-transition growth of the oxide can also be calculated using the FRAPTRAN-2.0 correlation
for the transient scenarios. This is based on the more traditional Baker-Just correlation [43, 36]:

/

s= \/sg + A exp(—F?_,_)dt, (5.25)

where sg is the oxide width at the beginning of the simulation, A’ is the pre-exponential factor
with a value of 1.126-10® m2.s1, Q’ is the activation energy with a value of 1.502-10° J and dt
is the length of the timestep.

The heat generation rate in the oxidation reaction is calculated as:

. HAn  HAV)p
T = Vdt T My, Vdt

(5.26)

where H is the reaction enthalpy, having a value of 1088 kJ-mol™', An is the difference in the
amount of oxide, V is the volume of the whole oxide node, AV is the volume difference of the
oxide layer between timesteps and Mz,o, the molar mass of zirconium dioxide, which has a
value of 0.123218 kg-mol'. The volume and its differential is calculated assuming both initial
and final oxide layers to be hollow cylinders.

Zirconium dioxide has a larger molar volume than zirconium metal, which is depicted by the
Pilling-Bedworth ratio of zirconium and zirconium dioxide:

Voide _ 1 56, (5.27)

Rps =
Vmetal
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Using this ratio, the decrease in cladding thickness can be calculated. In FINIX, the following
formula is used for the outer oxide layer:

\/SZRPB +25RpgImo + R3g 30 — moRes
Smetal = Reg ) (5.28)

where Smetal IS the thickness of the metal layer corresponding to the outer oxide layer of thick-
ness s and rp, is the radius of the metal-oxide interface, and similarly for the inner oxide layer:

rmoRpB — \/SZRPB — 25Rpgrmo + R3gra0
Smetal = R , (5.29)

5.4 Grain growth

The grain growth model in FINIX is that of Ainscough [44]. Grain growth is assumed to be
dependent only on the temperature, and the grain size (diameter) after a time step dt, a; is
calculated from the grain size (diameter) at the previous time step, ag, as

11
ai=ay+ kdt| — — — 5.30
= a (ao a"m) (5.30)

where K is the rate constant of grain growth in m? - s, given as

—2.674-10°
- .108
k =1.456-10°exp ( a7 ) (5.31)
and ajn, the limiting grain size in meters, given as
aim = 2.23-10° exp <_7620> (5.32)

The bracketed term in Eq. (5.30) is not allowed to be negative, so grain size can only increase.

The grain size (diameter) calculated by the model is the linear intercept average grain size
(diameter), di;. The value used elsewhere in FINIX is the average grain size, daye, for which the
following relationship has been established [45]:

dave = 1 558d|_| (533)

Conversions between these values are done within the grain growth function.

5.5 Radial power distribution

The Transuranus Burnup Equations (TUBRNP) radial power distribution model by Lassmann
et al. [46] is implemented in FINIX. The TUBRNP model does not calculate the correct radial
power distribution in gadolinia-doped fuel.

The radial power distribution model calculates the boundary condition for the time step. There-
fore a call to the function finix_steady_state_radial_power_distribution() is required be-
fore a call to the main FINIX solver function.

The local concentrations of actinides are obtained from the following group of differential equa-
tions:
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Table 3. Parameters of the radial form function, as in [21].

LWR HWR
pi 3.45 2.21
p. 3.00 3.00

ps 0.45 0.45

Nu-235(r)

—gg = “auzssNu-2ss(nA, (5.34)

Ny
Nu2es(r) _ —02,U-238 Nave,u-238 (1A, (5.35)

aB ’ ;
Npy-239(r
Pu;ég() = —0ga,pu-239NPu-239(r)A + 0¢,u-238 Nave, U-238 f(nA, and (5.36)
Npu-i(r)

B = ~0apuiNeui(NA + 06 pu ) New 1) (DA, (5.37)

where o,; are absorption cross sections of nuclide i, j is from 240 to 242, o.; the capture cross
sections of nuclide i, B the burnup and A is a normalization factor defined as

Ptuel
A=08815——"7—— 5.38
« § :k Uf,ka,ave ( )

and f(r) a radial shape function defined as

f(r) =1 +prexp (—p2 (o — 1)™) (5.39)

where r, is the pellet radius and p; empirical constants. The radii are input in millimeters.
The cross sections used by FINIX are reported in chapter 6.6. The radial shape function is
normalized so that

o £(r)rdr
zfrﬁz ( )2 _1 (5.40)
o = F
and the parameters p; are given separately for light and heavy water reactors as defined in

table 3. The integral in Eqg. (5.40) is calculated with Simpson’s rule.

The local non-normalized power density is calculated from
qg(/)n-norm.(r) = Z o1k Nk, (5.41)
K

where ¢ is the neutron flux. Solutions from diffusion theory are used to calculate a non-
normalized value of ¢ through the following proportionality:
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lo(xr) for a solid cylinder, and 549
o) o Io(kr) + Ko(nr)MrfOO)) for a hollow cylinder, (5.42)

K (kry
where /; are the modified Bessel functions of the first kind of order i, and K; the modified Bessel
functions of the second kind of order i. The modified Bessel functions are calculated as per [24].
k is the inverse diffusion length, defined as

K= \/323 Z Ja,kNave,ka (5-43)
k

where X is the macroscopic scattering cross section and o, the absorption cross sections
of nuclide k. To obtain normalized power factors, the volume-average non-normalized power is

calculated with g/{,.norm.» @nd the power factors calculated by %.
5.6 Fast neutron flux and fluence

The fast neutron flux and fluence are calculated from the power density of the fuel with a simple
correlation, which yields an approximate value. Fast neutron flux is calculated as

Pave
b )
P%td Ptd

p=a (5.44)
where P, is the average power density over the pellet in the axial node, po. iy the fractional
density, p4y the theoretical density of the fuel and a, the factor relating the specific power to fast
neutron flux. A default value of 2.29-10'° is used for a,. Fast neutron fluence is calculated from
the flux as

$ = ¢dt, (5.49)

where dt is the time step.
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6. Material correlations

The material correlations used in FINIX have been mostly adopted from the MATPRO library [22]
and the FRAPTRAN fuel performance code [19]. VVER correlations have mostly been adopted
from Shestopalov et al. [47]. Typically, the correlations are taken ’as is’. Since they have been
thoroughly tested within other fuel performance codes, detailed study of their applicability was
not considered necessary at this point. Their properties are discussed in, e.g., Refs. [22, 48].

6.1 Fuel properties
6.1.1 Specific heat
The fuel specific heat correlation is the same as in FRAPTRAN and MATPRO [19, 22]. The
specific heat ¢, is given as
©2exp(0/T)
"T2lexp@/T) — 1P

YE,
KoT + Kgﬁexp(—Ed/RT), (6.1)
where T is the temperature in Kelvin, R is the ideal gas constant (=~ 8.314 J/molK) and Y is the

oxygen-to-metal ratio. For UO,, the numerical values of the constants are K; = 296.7 J/kgK,
K> = 0.0243 J/kgK?, K3 = 8.745 - 107 J/kg, © = 535.285 K and E4 = 1.577 - 105 J/mol.

6.1.2 Thermal conductivity

The FRAPTRAN correlation (see Ref. [22]) is used for the fuel thermal conductivity. The thermal
conductivity A is given by
d

T+05(1 - )

where \gs is the thermal conductivity for UO» at 95 % of the theoretical density, and d is the
as-fabricated density of pellet as a fraction from the theoretical value. The correlation for Ags is

A =1.0789 (6.2)

—1

\os = |A+a- gad + BT + f(Bu) + (1 - o.9e—°-°43“) g(Bu)h(T)] + %e":/ T (6.3)
Here gad is the gadolinia weight fraction, Bu is the burnup (GWd/MTU) and T is the temper-
ature (K). The functions introduced in Eq. (6.3) are f(Bu) = 0.00187Bu, g(Bu) = 0.038Bu°%28
and h(T) = [1 +396exp(—Q/T)]~!, with Q = 6380 K. The constants in Eqg. (6.3) are A =
0.0452 mK/W, a=1.1599, B=2.46-10"* m/W, E = 3.5-10° WK/m and F = 16361 K.

6.1.3 Thermal strain

The thermal expansion correlation for UO is taken from MATPRO/FRAPTRAN. The correlation
is valid in the solid phase (below T ~ 3110) of the fuel pellet, and gives zero strain at 300 K.
The (linear) thermal strain is

en=KT— Ko+ Kge EalksT (6.4)

where kg is the Boltzmann constant, K; = 9.8 - 1076 1/K, K, = 2.94 - 1072, K3 = 0.316 and
Ey = 1.32-107"° J. Ref. [22] reports the value K, = 2.61 - 10~2 for the second constant.
However, it is easy to verify that e;(T = 300 K) ~ 0 is given by K, = 2.94 - 103,
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6.1.4 Radial pellet relocation

Cracking and radial relocation of the fuel pellet due to irradiation and thermal stresses is mod-
eled using the FRAPCON correlation for the pellet radial cracking. Relocation is given as the
fractional closure of the gap in relation of the as-fabricated gap G as

0.3+ 0.1f(Bu), for LHR < 20 kW/m,
AG/G={ 0.28+g(LHR) +[0.12 + g(LHR)]f(Bu), for 20 kW/m < LHR < 40 kW/m,  (6.5)
0.32 + 0.18f(Bu), for LHR > 40 kW/m,

where f(Bu) = Bu/5 for Bu < 5 MWd/kgU and f(Bu) = 1 otherwise, and g(LHR) = 0.0025(LHR—
20), with the linear hear rate LHR given in kW/m and the burnup Bu in MWd/kgU.

Half of the radial relocation is considered permanent (hard) and half recoverable (soft). In
FINIX, the total (soft + hard) relocation is only taken into account in determining the gap conduc-
tance, while only the hard relocation is considered in the mechanical model and in determining
the reduction in free volume for the pressure calculation.

6.1.5 Pellet swelling

Solid swelling Swelling of the fuel matrix due to solid fission product accumulation is mod-
eled with the MATPRO/FRAPCON correlation. Linear swelling strain is calculated as

Al [ 2.067-10*Bu, for Bu<80 MWd-kgU™, (6.6)
I~ | 2.867-10*Bu, for Bu> 80 MWd - kgU™, '

Gaseous swelling For gaseous swelling, two correlations can be used: The FRAPCON cor-
relation or if the fission gas release model is being used, the Pastore et al. gaseous swelling
model.

The temperature-dependence of the linear gaseous swelling strain from the FRAPCON corre-
lation is as follows:

Al {455-10°T —4.37-102, for960°C < T < 1370°C, 6.7)
I ) | —4.05-10°T +7.40-102, for 1370°C < T < 1832°C. '
The value of AT’ also depends on burnup as follows:
0.0, for Bu < 40 MWd - kgu™,
ATI _ ] (4, 8482, for40 < Bu< 50 MWd kU, (6.8)
(AT’) . for Bu > 50 MWd - kgU™",

The Pastore et al. gaseous swelling model [34] requires some parameters calculated by the
fission gas release model, so it can only be used when the fission gas release model is on. The
linear intragranular gaseous swelling is calculated as

Al 4

= = NGRS, (6.9)
where Nj4 is the intragranular bubble number density, calculated using a correlation by White
and Tucker [49]
_1.52-10%

Nig -

—3.3-10%, (6.10)
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and Rjy the intragranular bubble radius, which is calculated with a correlation by Massih and
Forsberg [33]

Rig = 1453 10" exp (1.023 - 10°T). (6.11)

The linear intergranular gaseous swelling strain in the Pastore et al. model is calculated from

Al A 4
T = éNngSAvgﬂ-(bRgf’ (612)

where Ny is the grain face bubble number density, Rsay the surface-area-to-volume ratio, ¢ a
geometric factor relating the volume of a lenticular bubble to that of a sphere (see Eq. (5.14),
and Ry is the radius of a grain face bubble. Ny and Ry are calculated by the fission gas
release model.

6.1.6 Pellet densification

The densification is calculated from a model from MATPRO. The model is based on measured
resintering density change, but in FINIX a default value for the resintering density change is
used, 98.82 kg-m™. First, the maximum possible density change is calculated as

g/ _f —0.148230, for T <1000 K, (6.13)
' ) max ~ 1 —0.281637, for T > 1000 K, :
and then the linear densification strain is calculated from
AT/ = (AII> +exp(—3.0(Bu+c¢))+2.0exp(—35.0(Bu+c)). (6.14)
max

The parameter c is iterated to yield a densification strain of zero for fresh fuel.

6.2 Cladding properties
6.2.1 Specific heat

Zircaloy cladding specific heat (in J-kg 'K ™) is given as a function of temperature in a tabulated
form in Table 4. The data is adopted from Ref. [22]. Between 300 K and 1248 K, the tempera-
ture is calculated by linear interpolation from the values of Table 4, while for temperatures lower
than 300 K and higher than 1248 K, the specific heat is assumed constant.

For Zr1%Nb cladding, the data is presented similarly in a tabulated form in Table 5. The data
is adopted from Ref. [47]. Between 393 K and 1400 K, the temperature is calculated by linear
interpolation from the values of Table 5, while for temperatures lower than 393 K and higher
than 1400 K, the specific heat is assumed constant.



v TT RESEARCH REPORT VTT-R-00052-19
36 (91)

Table 4. The specific heat capacity of the Zircaloy cladding [22]. The specific heat is assumed
to have a constant value both below T = 300 K and above T = 1248 K.

Temperature (K) Specific heat (J-kg™'-K ™)

300 281
400 302
640 331
1090 375
1093 502
1113 590
1133 615
1153 719
1173 816
1193 770
1213 619
1233 469
1248 356

Table 5. The specific heat capacity of the Zr1%Nb cladding [47]. The specific heat is assumed
fo have a constant value both below T = 393 K and above T = 1400 K.

Temperature (K) Specific heat (J-kg™'-K ™)

393 345
473 360
573 370
673 380
773 383
873 385
883 448
973 680
1025 816
1073 770
1153 400
1173 392
1200 392
1300 393

1400 393
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6.2.2 Thermal conductivity
The thermal conductivity of Zircaloy below 2098 K is given by the FRAPTRAN correlation

A=751+209-1072T -1.45.10°T2+7.67-1079T3, (6.15)

where the temperature T is given in Kelvin and the conductivity X in W-m K1 [22].

According to Shestopalov et al. [47], the thermal conductivity of Zr1%Nb cladding below 2133
K'is given by

A = 15.0636¢0-4618:107°T (6.16)

For both Zircaloy cladding at temperatures higher than 2098 K and Zr1%Nb cladding at tem-
peratures higher than 2133 K, the conductivity (in W-mK) is

A = 36.0. (6.17)

6.2.3 Thermal strain

The correlation for Zircaloy cladding thermal strain is based on the correlation used in FRAP-
TRAN. The FRAPTRAN formulae give non-zero strain at T = 300 K, which we assume be the
cold reference state of the system. Thus, the constant term is adjusted to give zero strain at
300 K. The difference w.r.t. the FRAP correlations is less than 10~4.

The correlation is given separately for the axial and diametral strains (the strain is assumed to
be isotropic on the plane perpendicular to the axial direction, hence the diametral strain is used
for both the radial and hoop thermal strain). The correlation is given separately for the o and 3
phases of zirconium and interpolated in the intermediate regime.

For T <1073 K, the strains are

€2y = —1.192-107% + (T — 273.15) - 4.441 - 1076, (6.18)
Sametral = —1.80459 - 1074 + (T — 273.15) - 6.721 - 107°, (6.19)
andfor T > 1273 K
€0 i = —8.3942. 1073 + (T — 273.15).9.70 - 1075, (6.20)
€ ametral = —6-7432 - 1073 + (T — 273.15) - 9.70 - 10°. (6.21)

For the intermediate temperatures the strains are interpolated from the « and g phase values
sothatfor 1073 K< T < 1273 K

wp 1273K—T . T—1073K g

€axial = W‘Eaxial + Weaxial’ (6.22)
1273K— T T —1073K
a—pf a B
€diametral = — oooK  (diametral ¥ T 59K Cdiametral- (6.23)

The correlations for Zr1%Nb cladding thermal strains are provided by Shestopalov et al. [47].
The correlations give zero thermal strain at 300 K. In the correlations below, AT = (T — 883.0).
The correlations are given for five temperature intervals. Below 573 K, the strains are given by

€axial = —0.128 - 1072 + 3.859 - 107°T + 0.134 - 1078 T2, (6.24)
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egiametral = —0.200 - 1072 +5.654 - 10787 +0.334 - 107872, (6.25)
at temperatures above 573 K but below 883 K by

€axial = 0.137 -1072 + 5.4 . 1078 (T — 573.0), (6.26)
€diametral = 0.334 - 107872 4+ 5,654 . 10767 — 0.200- 1072, (6.27)

at temperatures above 883 K but below 1153 K by
€axial = 3.047 - 1072 +2.312. 107 8AT — 7.358 - 10 8AT? +1.721 - 107 °A T3, (6.28)

ediametral = 5.598 - 1072 +2.312. 107 8AT — 7.358 - 107 8AT2 + 1.721 - 107 1°AT3,  (6.29)
at temperatures above 1153 K but below 2133 K by

€axial = 1.0765 - 1072 +9.7-1078 (T — 1153.0), (6.30)
cgiametral = 3.628 - 1073 +9.7 - 1078 (T — 1153.0), (6.31)
and finally at temperatures higher than 2133 K by
€axial = 1.0582 - 1072, (6.32)
€diametral = 1.313 - 1072, (6.33)

6.2.4 Meyer’s hardness

Meyer’s hardness H), is used in the gap conductance model to determine the magnitude of the
contact heat transfer coefficient. The following correlation is used for Hy, of Zircaloy cladding
(note the error in sign of last term in [22]):

Huy = exp [26.034 + T(—0.026394 + T(4.3502-107° — 2.5621 - 1078 7))|, (6.34)

where the dimension of Hy, is (N-m™). In addition, the lower limit of Hy, of Zircaloy is set as
1.94 - 108 N-m™=.

Meyer’s hardness for Zr1%Nb cladding is given by Shestopalov et al. [47] for temperatures
below 800 K as

Huy =2172.1-108 — 10.7055 - 108 T + 2765072 — 32.78 T + 0.01423 T4, (6.35)
and for temperatures over 800 K as
Hy = exp (26.034 —2.6394-1072T +4.3502 - 107272 — 2.5621 - 10—8T3) , (6.36)

where the dimensions of Hy, is (N-m2). Additionally, a minimum hardness of 1 - 10° N-m=2 is
specified for Zr1%Nb cladding.
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6.2.5 Young’s modulus

The Young’s modulus E of Zircaloy cladding is given separately for the o and 5 phases [22].
Below 1094 K, the correlation used is

E*=(1.088-10" —5.475.10"T + K; + Kz) /K3, (6.37)

with T in Kelvin and E in N-m™. The coefficient Ki, K> and K3 are calculated from

Ki =(6.61-10" +5.912.108T)A, (6.38)
K>, =-2.6-10'°C, (6.39)
Ks = 0.88 + 0.12e%/10% (6.40)

Here A is the average oxygen concentration minus the oxygen concentration of as-received
cladding (kg oxygen/kg Zircaloy), C is the cold work (dimensionless ratio or areas) and ¢ is the
fast neutron fluence (n-m).

From 1239 K upwards the correlation is
E? =9.21-10"" - 4.05-10"T. (6.41)
In the intermediate range (1094 K < T < 1239 K), the value is interpolated as

1239K — T T — 1094K
a—f a B, 42
E (1239 — 1094)KE * (1239 — 1094)KE (6.42)

The Young’s modulus correlation for Zr1%Nb cladding is as in FRAPTRAN-1.4 [22]. At temper-
atures below 1073 K, it is given by

E=1.21-10"" - 6.438-10"T +3.021 - 10"%xp, (6.43)

where xp is the mass fraction of oxygen in the cladding. At temperatures above 1073 K, the
Young’s modulus is given by

E=9.129.10""-45.10"T. (6.44)
A minimum of 1 Pa is specified.

6.2.6 Poisson’s ratio
The correlation for the Poisson’s ratio v is taken from FRAPTRAN [22]:

v =0.42628 — 5.556-107°T. (6.45)

The temperature T is given in Kelvin, and v is dimensionless. The same correlation is used for
both Zircaloy and Zr1%Nb claddings.

6.2.7 Primary creep

Primary creep in the model used in FINIX is assumed to be dependent on the secondary creep
strain rate. The correlation for saturated primary creep strain is calculated as [27]:

esa! = 0.0216¢5 (2 — tanh (35500¢4)) #%°, (6.46)

where ¢ is the secondary creep strain rate. Primary creep strain at time ¢ is then calculated

from
ep = € (1 —exp <752\/é57t)) , (6.47)
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Table 6. Parameters of the Limbdck-Andersson creep rate correlation for stress relief annealed
(SRA) and recrystallized annealed (RXA) claddings. Some parameters are the same for both
types of cladding. ¢ is the fast neutron fluence.

Parameter SRA RXA Validity

A (K-MPa'h'') 1.08-10° 5.47 -108

E (MPa) 1.149 — 59.9T

a; (MPa’") 650.0 (1.0 — 0.56 (1.0 — exp (-1.4 - 1027 913)))

n 2.0 3.5

Q (J-mol') 201000.0

Co 4.10-1024 1.87 - 1024

C1 0.85

Co 1.0

f 0.7283 0.7994 T<570K
-7.0237 +0.0136T7 -3.18562 + 0.00699132T 570 <T<625K
1.4763 1.184 T>625K

6.2.8 Secondary creep

In the creep model used in FINIX, secondary creep is subdivided into thermal and irradiation
creep. The thermal creep rate is given by [27]:

- AE . aioef\ " -Q

where A, E, a;, n and Q are parameters of the creep equation. The irradiation creep rate is
given by

éir = Cod 1o gif, (6.49)
where C; and f are parameters of the creep correlation and ¢ is the fast neutron flux.

The parameters of the model are those reported by PNNL for stress relief annealed (SRA) and
recrystallized annealed (RXA) Zircaloy claddings. The selection of the parameters is made
based on the user-given cold work parameter: if it is nonzero, SRA parameters are used,
and RXA otherwise. The parameters are reported in table 6. There are no creep correlation
parameters for Zr1%Nb cladding implemented in FINIX.
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6.2.9 Yield stress

The PNNL stress-strain correlation [50] is used in the calculation of the yield stress for Zircaloy
and Zr1%Nb claddings. Parameters for the correlation are reported by Geelhood et al. [50] for
Zircaloy and by Shestopalov et al. [47] for Zr1%Nb cladding. The yield stress, oy, correlation
has the following form:

. m
€

where K, nand m are the strength coefficient, strain hardening exponent and strain rate expo-
nent, parameters fitted to experimental data, and ¢ the strain rate. To find the yield stress after
an amount of plastic strain has been accumulated, one must take into account that the yield
stress then occurs at the intersection of the yield stress curve, described by Eq. (6.50), and the
elastic stress-strain line:

oc=E <6 — Ep/) (6.51)

First setting o = oy and solving for ¢ in Eq. (6.51) and then substituting € in Eq. (6.50) yields
an implicit equation for the yield stress, so the yield stress must be solved iteratively. A value
of 34.5 MPa is used as an initial guess. Currently, a fixed value of 1 - 10 is used for the
strain rate when determining whether the yield stress has been exceeded and a plastic strain
increment should be calculated. However, the strain rate is reported to have a small effect on
the calculated yield stress [50].

The strain, ¢, in the correlation is true strain, and the yield stress is true stress. In FINIX,
engineering stress and strain are used, so before using this correlation the values of stress and
strain are converted into true stress and strain. The relation between true and engineering (or
nominal) stress and strain are as follows:

€true = |h (6 + 1)
(6.52)

Otrue = 0 (e + 1)

The major difference between engineering and true strain is that true strain is additive, whereas
engineering strain is not. However, with very small strains, the error from using engineering
strains additively is small. In the plastic strain calculation, the calculation of the plastic strain
increment is done using true strain and stress, and the results are returned to FINIX as engi-
neering strain and stress. Also, care is taken to only compare true yield stress with the true
effective stress or engineering yield stress with the engineering effective stress.

Strength coefficient. For Zircaloy, the strength coefficient, K, in Eq. (6.50), is subdivided
into terms that are functions of temperature of the cladding, T, fast neutron fluence, ¢, cold
work, CW, and cladding type. The strength coefficient for Zircaloy is calculated as follows:

KT (1 + KCW + K¢)
Kclad

K = . (6.53)

Kcaq depends on the type of Zircaloy, and for Zircaloy-2 it is 1.305 and for Zircaloy-4 it is 1.0.
The temperature-dependent term K7 is reported for four temperature intervals. At temperatures
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below 750 K, it is given by
Kr=1.176-10°+4.549-10°T — 3.282 - 10372 + 1.728 T3, (6.54)

at temperatures over 750 K but below 1090 K by

106
Ky = 2.523 - 10° exp <2'852210> , (6.55)
at temperatures over 1090 K but below 1255 K by
Ky =1.841-10% — 1.435.10°T, (6.56)
and finally at temperatures over 1255 K but below 2100 K by
Kr =4.33-10" — 6.685 - 10*T + 37.579T2 — 7.330 - 103 T3, (6.57)

The fast neutron fluence dependent term is reported for three fluence intervals. At fluences
below 0.1-10%L; it is given by

T—550

Ko = (—0.1 464 +1.464 . 10'25q>) : (2.259'2°CW min (1 , eT) + 1) , (6.58)
at fluences above 0.1 - 10%°-Z; but below 2 - 10%°-; by
Ko = 2.928 - 1020, (6.59)
and finally for fluences above 2 - 102°-%; but below 12 - 10%-L; by
Ko = 0.532 +2.662 - 10?7 0. (6.60)

The cold work dependent term is simply

Kcw = 0.546CW, when 0 < CW < 0.75. (6.61)
For Zr1%Nb cladding, the strength coefficient is reported separately for irradiated and unirradi-
ated cladding. In FINIX, if the fast neutron fluence is greater than zero, the irradiated cladding
correlation is used. For unirradiated cladding, the strength coefficient is given for two tem-
perature intervals. For the temperature range 293K < T < 797.9K the strength coefficient
is

K =898.371-10%° —1.912.10°% +2.025- 10372 — 0.963 T3, (6.62)

and for the temperature range 797.9K < T < 1223K it is
K =1.518-10"0g0-00560T (6.63)

For irradiated cladding, the strength coefficient of Zr1%Nb is reported for three temperature
intervals. For temperatures above 293 K but below 763 K, it is given by

K =916.855-10° — 0.605 - 108 T — 247.482T2, (6.64)
at temperatures above 763 K but below 859.4 K by
K =4.913-10"1 000957 (6.65)
and at temperatures above 859.4 K but below 1223 K by
K =1.518.10'0g0-00%61T, (6.66)
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Strain hardening exponent. For Zircaloy, the strain hardening exponent, n, in Eq. (6.50), is
subdivided into terms that are functions of temperature, fast neutron fluence and the cladding
type. The strain hardening exponent is calculated as follows for Zircaloy:

PILALY (6.67)

Nelag
Ngag depends on the type of Zircaloy, and for Zircaloy-2 it is 1.6 and for Zircaloy-4 it is 1.0. The
temperature dependent term, nr, is given for four temperature intervals. At temperatures below

419.4 Kitis

ny = 0.11405. (6.68)
At temperatures above 419.4 K but below 1099.0772 K, it is given by
nr=-9.490-102+1.165-103T —1.992.10°%72+9.588 - 107073, (6.69)
and at temperatures above 1099.0772 K but below 1600 K by
ny=-0.227 +2.5-10T. (6.70)

At higher temperatures than 1600 K, it is
nr=0.173. (6.71)

The fast neutron fluence dependent term, ngy, is given for three fluence intervals. For fluence
below 0.1 - 10%°-L;, the term is given by

ne =1.321+0.48-10%¢, (6.72)
while above 0.1 - 10%-Z, but below 2 - 1025, it is given by
ne = 1.369 + 0.096 - 10250, (6.73)
and above 2 - 10%-Z; but below 7.5 - 102°-7; by
ne = 1.544 +0.00873 - 10%°¢. (6.74)

At fluences higher than 7.5 - 102°7;, the fluence dependent term is

ne = 1.609. (6.75)

For Zr1%Nb cladding, the strain hardening exponent is reported separately for irradiated and
unirradiated cladding. In FINIX, if the fast neutron fluence is greater than zero, the irradiated
cladding correlation is used. For unirradiated cladding, the strain hardening exponent is given
by:

n=0.0463 + 0.000198T —3.315-10772 +1.391 - 101073, (6.76)
The lower limit for validity of the unirradiated cladding correlation is 293 K, and the upper limit
is 1223 K. For irradiated cladding the strain hardening exponent is given for three temperature
intervals. At temperatures above 293 K but over 759 K, it is given by

n=-0.126 +0.00135T — 3.537 - 1072 +3.735 - 10°T3, (6.77)
at temperatures above 759 K but below 879 K by

n=—0.240 +0.00284T — 8.226 - 10°T2+
9.277-10°T3 — 3.588 - 10°'2T,

and at temperatures above 879 K but below 1223 K by
n=0.0463 + 0.000198T — 3.315- 107 T2 +1.391 - 1071073, (6.79)

(6.78)
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Strain rate exponent. For both Zircaloy and Zr1%Nb claddings, the strain rate exponent, m,
in Eq. (6.50) is only dependent on the temperature of the cladding. For Zircaloy, the strain rate
exponent is given for three temperature intervals. Below 750 K, it is

m =0.015. (6.80)
Between 750 K and 800 K, the strain rate exponent is given by
m=—0.544 +7.458 - 10T, (6.81)
and at temperatures over 800 K, it is given by

m=—0.207 — 3.241 - 10*T. (6.82)

For Zr1%Nb cladding the strain rate exponent is reported for three temperature intervals. Below
752.2 K but over 293 K it is given by

m=0.0228 — 3.448-107T, (6.83)
at temperatures over 752.2 K but below 902.1 K by
m=—2.535+0.00663T —5.303-10°72 +1.347 - 10°73, (6.84)
and finally at temperatures over 902.1 K but below 1223 K by

m=—0.162+3.080 - 107*T. (6.85)

6.3 Cladding oxide properties
6.3.1 Heat capacity

The solid phase heat capacity of the cladding oxide is calculated with the Shomate equation
based on the NIST-JANAF Thermochemical tables [51]. The information was accessed from
the NIST Chemistry WebBook.

E
Cp=8.12 <A + Bt + Ct? + D% + t2> (6.86)

where Cp is the heat capacity of the zirconium dioxide in units J-kg™'-K ™, t = %, and constants

A, B, C, D and E are seen in the table 7.

Table 7. The coefficients of the Shomate equation for zirconium oxide.

Temperature (K) 298 - 1478 1478 - 2950

A 69.20 74.48
B 8.55 0
C -0.86 0
D 0.25 0
E -1.38 0
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6.3.2 Thermal conductivity

Thermal conductivity of the cladding oxide is based on the MATPRO correlation for Zircaloys,
Geelhood and Luscher [22]:

Aox =0.835+1.810-10*. T (6.87)

where \oy is the thermal conductivity of the oxide in units W/(m-K).

6.4 Fission gas release properties

6.4.1 Gas atom production rate

The gas atom production rate (in moles) in FINIX is calculated as per Massih and Forsberg
[33]:

F
B = 0.3017N—A, (6.88)

where F is the fission rate in units of m=s™' and N,4 the Avogadro constant.

6.4.2 Gas atom diffusion coefficient

The gas atom diffusion coefficient in FINIX is as per Turnbull [52, 53]:

Datom = 7.6 - 10"%exp (‘35T(m'0> +5.64-1025v Fexp (‘138;’0'0> +8.0-10%°F, (6.89)

where F is the fission rate in units of m3s™.

6.4.3 Intragranular bubble radius

The intragranular bubble radius is calculated in FINIX as per White and Tucker [49]

Ry, =5.0-10"° (1 +106 exp (‘8691 )) , (6.90)

T

where T is the temperature and Ry, is in meters.

6.4.4 Volume diffusion coefficient

The volume diffusion coefficient is calculated in FINIX as per van Uffelen et al. [32]:

-7.22.1071°
kT '

where T is the temperature and, k the Boltzmann constant.

Dyo = 3.0-10° exp ( (6.91)

6.4.5 Intragranular bubble number density

The intragranular bubble number density is calculated in FINIX as per White and Tucker [49]:

1027
N, = w ~3.3.10%, (6.92)

6.4.6 Grain boundary vacancy diffusion coefficient

The grain boundary vacancy diffusion coefficient is calculated in FINIX as [34]:

-5.35- 10'19>

- (6.93)

D, =6.9-10*exp (
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6.5 Gas gap and plenum properties
The gas conductivity model and correlations are discussed in chapter 3.3.

The plenum gas model in FINIX has not been updated to treat gases other than helium. The
plenum gas is thus assumed to consist solely of helium. While this is a crude approximation,
it only affects the plenum temperature through the heat transfer coefficients calculated for the
pellet surface and the cladding facing the plenum. Since both are in any case in contact with
the same gas and thermal equilibrium in the plenum is assumed, the error resulting from the
approximation is manageable until correlations for the other species can be introduced. The
correlations for helium are taken from Ref. [54]. Compared to the FRAPTRAN correlations, the
numerical values are very similar.

The dynamic viscosity i, density p and Prandtl number Pr are given by

w=23.674-10""T%" (kg/ms), (6.94)
P s P
p=4814.10 57 1+0.4446 - 10 5ﬁ (kg/m?3), (6.95)
0.717 o
Pr = —(0.01-1.42.107°P) (4 ; _ _
r T 1.123-10*8PT (dimensionless) (6.96)

In the above, T is given in Kelvin and P in N-m™.

The kinematic viscosity is given by v = %.

6.6 Neutronics
6.6.1 Cross sections

The radial power distribution model uses microscopic fission and capture cross sections for
some actinides and a macroscopic scattering cross chapter. The current radial power distribu-
tion is that of Lassmann et al. [46], and it covers the actinides 235U, 238U, 23°Py,240py, 241py
and 2*2Pu.

The macroscopic scattering cross chapter is set to be 300 barns (1024 cm?).

The microscopic cross sections used by FINIX are those used also in FRAPCON, and are
reported in table 8. Cross sections are given for light water and heavy water reactors separately.

Table 8. Cross sections used by the radial power distribution model. Subscript f denotes fission
cross chapter and ¢ the capture cross chapter. Cross sections are reported in barns (1044

cmd).

of Oc

Nuclide LWR HWR LWR HWR

2351 415 1079 9.7 223
238 0 0 0.78 1.16
239py 105 239.18 58.6 125.36
240py 0.584 0.304 100 127.26
241py 120 296.95 50 122.41
242py 0.458 0.191 80 91.3
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6.7 Coolant
6.7.1 Dittus-Boelter heat transfer coefficient

The solution of the Dittus-Boelter heat transfer coefficient depends on whether the flow of
coolant is laminar or turbulent. This is determined by the Reynolds number, defined as fol-

lows: D
Re = Yocole (6.97)

7]
where ¢qo0 is the coolant mass flux, Dg is the effective hydraulic diameter of the flow channel
and p is the dynamic viscosity of the coolant. The Reynolds number is used in the calculation
of the Dittus-Boelter heat transfer coefficient, as well as the determination of the correlation to
be used for hpg. If the Reynolds number is larger than 2000, the coolant flow is turbulent and
the Dittus-Boelter heat transfer coefficient is calculated as:

hpg = %Remmﬂ“ (6.98)
e

while in case of the laminar flow, Re < 2000 and hpg is calculated as:

hpg = 7.86 Acoo (6.99)
De
where Ao is the thermal conductivity of the coolant, D, is the hydraulic diameter of the fuel
rod, Re is the Reynolds number, and Pr is the Prandil number. The Prandtl number is defined
as the ratio of momentum diffusivity to thermal diffusivity, and can be calculated from:

Pr = cpg, (6.100)
and the hydraulic diameter is defined as:
D, = Atow (6.101)
Pwet

where Ajow is the cross-sectional area of the coolant flow, and Py is the perimeter of the
wetted area. These can be solved when the assembly geometry and the rod pitch and radius
are known.

6.7.2 Nucleate boiling heat transfer coefficient

The nucleate boiling heat transfer coefficient hyg is based on the Jens-Lottes formulation [55].
The original formulation is written in imperial units, but by converting the formula into Sl-units,
we get:

hng = 1.264 - exp( )(q")0* (6.102)

kP
6.205 - 106
6.7.3 Density

The coolant density is calculated using the IAWPS Industrial Formulation [35], in which the
thermal properties of liquid water are governed by the Gibbs free energy formula:

34

=(m,7) =Y (7.1 —7)li(r - 1.222)%, (6.103)
i=1

where g(P,T) is the Gibbs free energy, P is the coolant pressure, R the specific gas constant of

the water with a value of 0.461526 kJ-kg*- K'' and T the coolant temperature. = is the reduced

pressure, defined as

g(P,T)
RT

P

S — 104
16.53 - 106Pa (6.104)

™
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and 7 the reduced temperature, defined as

_ 1386K
T

The symbol 7 is used for the reduced pressure only in this section as the same convention
is used in [35]. The indexed factors n;, /; and J; can be found from the IAWPS Industrial
Formulation [35] and are implemented in the FINIX source code. The factor are the same in
each of the functions ~; that follow.

T

(6.105)

By differentiating the Gibbs free energy formula, we can get the definition of density:

1 P
= = 6.106
P~ ©g/oP); ~ ATy, (6.109)
where
vy % 1 Ji
Vi = <87r>T = 121: —nili(7.1 — )i~ Y(r — 1.222) (6.107)
6.7.4 Isobaric and isochoric heat capacity

The correlations for the coolant isobaric and isochoric heat capacities are based on the IAPWS-
95 Industrial Formulation [35]. While only the isobaric heat capacity is used in the axial tem-
perature distribution calculations, the isochoric heat capacity must be known in order to solve
the thermal conductivity of the coolant. The specific isobaric heat capacity is calculated from
the Gibbs energy formula as:

_(on\ o ([  _[dg R
- (), o7 (8) ) e

where h is the enthalpy of the coolant and ~, - is calculated, using the indexed factors n;, /; and
Jj from the IAWPS Industrial Formulation [35], as:

o 34
Ny = (gZ) =) (74 = o)l — 1)(r — 1.222)472, (6.109)
T
7T i=1

Similarly, the specific isochoric heat capacity can be derived from the Gibbs free energy as:

_(ouN _ 9 99 99\ __pe O = T9r)?

where u is the specific internal energy and ~,, is defined as:

2 34
Vrr = (8(1;7) =Y nil(7.1 =) — 1.222) (6.111)
T =t
6.7.5 Dynamic viscosity

In order to solve the heat transfer coefficient, the viscosity must be known for the calculation
of the Reynolds and Prandlt numbers. The viscosity calculation is based on the 2008 IAPWS
Formulation for the Viscosity of Ordinary Water Substance [56]. It holds for fluid states up to
1173K and 1000 MPa, thus covering all thermophysical states of reactor coolant behaviour.
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The correlation includes three viscosity factors: [, /11, 1. The first one corresponds to the
viscosity in the limit of zero density, whereas the second one is the residual viscosity that
represents the contribution of increasing density. The third factor is the critical region viscosity
factor, which is usually left out at industrial applications as suggested by the IAPWS formulation,
thus simplifying the viscosity formula as:

fu=fio(T) x f1(T, p) x fio(T, p) = io(T) x (T, p) (6.112)

The first viscosity factor jig is a dimensionless reduced quantity, which is a function of temper-

ature: _
_ 100V'T
fo = 1.67752 +2.20462 T + 0.6366562 — 0.24160573

where T is the reduced temperature,defined as:

(6.113)

T

T= 647.096K (6.114)

The second factor i1 is a function of T and reduced density p:

5 6
fir = ex0(5 3 (2~ 1S Hy— 1) (6.115)

0520 0.223 —0.281 0.162 —0.033 0 0 ]
0.085 0.999 -0.907 0257 0 0 0
~1.084 1.888 —0772 0 0 0 0
~0.290 1.266 -0490 0  0.070 0 —0.0044
0 0 0257 0 0  0.008702 0
0 0121 0 0 0 0 —0.00059 |

The dimensional viscosity p can then be calculated by multiplying the reduced viscosity with
the critical viscosity p* = 1076Pa:

po=fie (6.116)

6.7.6 Thermal conductivity

The IAPWS Formulation 2011 for the Thermal Conductivity of Ordinary Water Substance [57]
reports a correlation for the thermal conductivity of water, which is formulated similarly to the
viscosity model presented before. Using the industrial formulation of the correlation, we get the
following formula for the reduced thermal conductivity A:

A=20(T) - M(T, p) + Ao(T, ) (6.117)
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Again, the first factor Ag represents the reduced thermal conductivity at zero density, the second
factor )1 is the residual contribution due to the increasing density, and the third factor A, corre-
sponds to the reduced thermal conducitity in the critical region of the fluid. In this correlation,
however, the critical region factor must be included due to it’'s high impact in BWR scenarios
where the coolant has a low pressure.

The zero density factor Xy can be solved as a function of reduced temperature T as:

- VT

Ao = _ . _ —
07 5443221.10-3+1.32-10-2T1+6.77-10-372+3.46 - 10373 + 4.10 - 10*4(7(;41 i8)
and the residual contribution factor Ay can be calculated as a function of reduced temperature

T and density p as:

4 5
- 3 1 , ) ,
M=exp(p) (= -1 Lip—1)), (6.119)
where the correlation matrix L is based on the regression fit of the experimental data [57]:

Loo Lot Loz Loz Loa Los
Lo Ly1 L2 Liz Lig Lis
L= |l Lot Lo Loz Los Los (6.120)
L3o L31 L32 L3z Lag Lss
Lao Lar Lao Laz Laa Lys

1.604 -0.646 0.111 0.103 -0.050 0.0061
2.338 -2.788 1.536 -0.463 0.083 -0.007
= |2.197 -4546 3.558 -1.409 0.275 -0.021
-1.211  1.608 -0.621 0.072 0 0
-2.720 4.576 -3.183 1.117 -0.193 0.013

The third factor \» has both a regular and an industrial form in [57]. The industrial form is
preferred due to better computational performance and simplicity, being formulated as:

< NG T

Sp = 2P

Z(do¢) (6.121)

Here A = 177.85, gp the cutoff wave number with a value of 2.5-10° m™', and ¢, the reduced
isobaric specific heat capacity, defined as:

- Cp
= —— 122
=5 (6.122)
where R is the specific gas constant of the water with a value of 0.461526 kJ-kg™'- K''. The
correlation length ¢ is defined as:
AX v
€ ="C8(F)7, (6.123)
0

where the critical amplitudes are & = 0.13- 1072 m and 'y = 0.06, the critical exponents are
v =0.630 and v = 1.239 and the Ax is defined as:

AX(T, ) = (T, 7) — (T ) ] (6.124)
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where Tg is the reduced reference temperature and function ¢(T, 5) is a function of density
derivatives. The first term is calculated by calculating the numeric differentials of the reduced

density and pressure:

= op Yrr
T = —_— = — y

with ~,.. being calculated as:
82’)/ 34
Yor = (5g)r = D mililh = )71 = m)/73(r —1.222)",
i=1
whereas the latter derivative can be solved in the industrial applications as:

C(TR! P_) =

Here the matrix A is defined as:

[Aog Aot Aoz Aoz Ao4]

[ 6.538 6.527 5355 1552 1.120 ]
-5.611 —-6.308 —3.964 0.465 0.596
3.396 8.084 8920 8932 9.890
—-2.275 —-9.822 —-12.08 —-11.08 —-10.33|’
1026 12.14 9.195 6.168 4.669
| 1.978 —-5.543 -2.169 -0.965 -—0.503]

and the value of j is determined by the reduced pressure of the coolant as:

Jj=0:p<=0.310559

j=1:0.310559 < 5 <= 0.776398

j=2:0.776398 < j <= 1.242236

j=3:1.242236 < 5 <= 1.863354
j=4:1.863354 < j

(6.125)

(6.126)

(6.127)

(6.128)

(6.129)
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7. Numerical implementation

71 General outline of the execution order

The FINIX calculation of the thermal and mechanical time evolution of the fuel rod proceeds
in discrete time steps §t. For each time step, the thermal and mechanical solutions are found
by numerical iteration. The iteration process is schematically presented in Fig. 2. The iteration
consists of two main loops. The outer loop consists of solving the thermal properties of the fuel
and the cladding, the gap conductance and the heat equation and plenum temperature. The
second loop consists of solving the internal pressure and pellet and cladding deformations,
and is situated within the outer thermal iteration loop. For the mechanical solution, the internal
pressure is used as a convergence criterion, while for the outer loop, convergence of the gap
conductivities for all axial nodes is required. In between, fission gas behavior is solved. On the
algorithm level, the iteration is performed using the secant method, which is a method similar
to the Newton-Raphson method, but where the function derivative is evaluated numerically
instead of analytically. The method is described in detail in, e.g., Ref. [24].

The numerical methods used to solve the individual modules are described in the following

Sections.
7.2 Thermal model
7.2.1 Transient heat equation

FEM discretization of the 1D transient heat equation

As was discussed in chapter 3.1, the temperature in the pellet and cladding is solved in axial
slices, in each of which the temperature T is assumed independent of the axial and azimuthal
coordinates z and 4. The heat equation then takes the form

Cv[T(r) or_19 {/\[T(r)]rcfgﬂ —5(r) =0, (7.1)

ot ror
with Cy denoting the volumetric heat capacity and A the conductivity. Note that neither the heat
capacity nor conductivity is assumed constant w.r.t. the coordinate r.

The heat equation (7.1) is discretized with the Finite Element Method (FEM) [58]. The pellet is
divided into n; — 1 radial elements, with the i:th element comprising the volume between the
nodes at r = r; and r = rj,1. The first node is located at the inner surface of the pellet (ry = Ry),
while the last node is at the pellet outer surface (r,, = Ry). The cladding is similarly divided
into nc — 1 elements and n; nodes, with the first cladding node at the cladding inner surface
(rn+1 = Re) and the last at the outer surface (rp,.n, = Rco)-

The gas gap element (between nodes n; and ns + 1) is handled through the gap conductance
boundary conditions, as will be discussed below. In what follows, an element will refer to a
general element, either within the pellet or in the cladding, unless otherwise indicated. For
the pellet elements, the material parameters (conductivity, heat capacity) are be given by the
correlations of Sec. 6.1, and for the cladding elements by the correlations of Sec. 6.2.
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Begin new timestep

Compute mate-
rial properties

Compute gap

< Has converged?
conductance

Compute coolant
properties no

Thermal model

Discretize and solve
heat equation

yes

Solve plenum
temperature

Solve cladding
oxidation

Solve fission
gas behaviour

Solve pellet mechanics |:

Has converged? » «~———| Solve internal pressure |: Mechanical model

no Solve cladding
mechanics

Figure 2. Description of the FINIX solution algorithm. Computation of a new time step begins
from the top and proceeds through the modules as indicated by the arrows. Convergence
checks are made for the gap conductance in the thermal model, and for the internal pressure
in the mechanical model. On the first round of iteration, the convergence is always considered
to fail, so that the full thermo-mechanical model is executed at least once.



v TT RESEARCH REPORT VTT-R-00052-19
54 (91)

Discretization of one element

In the finite element method, the continuous equations are discretized first for each element.
The global discretization of the whole system is then assembled from the discretized individual
elements. For each element, the numerical solution provides the value of the temperature
only at the location of the nodes. Within the element, the solution is approximated by shape
functions, or basis functions. In the simplest case, the basis functions are linear, so that within
the element the temperature T is assumed to behave linearly as a function of r. The actual finite
element equations are then derived by minimizing the residual (discretization error) between the
original equations and the discretized equations. The minimization can be done with several
different methods. A common choice is the Galerkin method, where the minimization is done
by weighting the residual with the basis functions [58]. This is also the method we will use.

The temperature inside the i:th element is approximated with linear basis functions N; and Nj, 1

so that .
T~ NG N | 1. 72)
i+1
where the square brackets indicate row and column vectors, T; is the temperature at the i:th
node, and
liz1 —r
Ni(r) = , 7.3
= (7.3)
' r—r
Nia(n) = —— (7.4)

For Eq. (7.1), the Galerkin method results in the matrix equation
Ni(r) o T
N:(r
1 % | evnmonsenavg | T

N [ )\/):,1[,/ A)::1I+:11 } [ TZL } / [ Nl?ﬁf?f) ] srdv = [ 8 } ’ 79)

where the matrix elements \; ; are

ONi(r) ONi(r)
or or e

e 2O

i

(7.6)

.
Aij= —2nlAz / ")
Ii

and the integral operator can be written as [ dV = 27rAz f "1 rdr, since the integrands have no
axial or azimuthal dependence in the slice of thickness Az. We also linearize the heat capacity
Cy, conductivity A and the source term s within the element, so that, given the values at the
nodes i and / + 1 (denoted by subscripts), we have

r—r;

Cv(n =~ Ci+(Ciy = Ci) , (7.7)
+1 — I
r—r;
A(r) = Aj+ (Nt — Aj) , (7.8)
lizq — 1
r—r
S(r) = sj + (Siy1 — Si)— g (7.9)
lig1 — 1

forr, <r <ry.

Integration over the element gives the matrix equation

Tk+1 Tk
Ki+C) | o |=Ci| 75 |+t (7.10)

i+1 i+1
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where time derivative has also been discretized with the implicit Euler method. The superscript
of T indicates the time step of the time-discretized temperature, so that T,k = T(r=r,t=Kkot),
where §t is the time step. The implicit Euler method remains unconditionally stable with all
values of §t [58, 59]. The matrices in Eq. (7.10) are defined as follows:

Ni(2r + Fipq) + Ajp1 (i + 2ri4q) 1 -1
K‘ — 1 ] I+ I+ 1 I+ 711
: 6(rip1 + 17) -1 1] (7.1)
_ Tt = i | G126+ 311q) + Ciy (317 + 2r11q)  Ci(31) + 2Fj1q) + Ciaq (217 + 3Fiy1) (7.12)
"7 605t Ci(3ri + 2rj4q) + Ciy1 (267 + 3rjs1)  Ci(21 + 3rjpq) + Ciy1 (317 + 120341) | '
liet = Fi | i3+ Fix1) + S (1 + Fiv1) } [ —riq; }
f = I+ i i I+ + . 7.13
! 12 [ Si(Fi + lix1) + Siv1 (1 + 3rjsq) li41 Qi1 (7.13)

The second term in the vector f; is determined by the boundary conditions of the element, with
q; the heat flux over the surface at r = r;. The boundary conditions will be discussed in more
detail below.

The gas gap element

Fori={1,2,...,ns—=1,ns+1,n¢+2,..., Ny + nc}, the element discretization is given by the 2 x 2
matrices derived in the previous chapter. For the gas gap, i.e., the ns:th element, the matrices
are derived from the gas gap conductance model described in Sec. 3.3. Given the heat transfer
coefficient h, the matrix Kp, is
a hrn,  —hrs,
Kp, = [ e b | (7.14)

There is no power generated in the gap, and the specific heat of the gas is assumed negligible.
Hence, C,, =0and f,, = 0.

Global matrices

The global matrices for the whole system are assembled from the 2 x 2 element matrices by
taking the sum node by node. The result is an (ns + n¢) x (ns + n¢) tridiagonal matrix. For brevity,
we introduce a shorthand notation of the element matrices:

K1 K(12) cih 12
Ki = Kém) Kézz) , Ci = Cém) Cézz) : (7.15)
Then, the global matrices are of the tridiagonal form
[ Dy U 0
Ly Do U,
Lo D3y U
I—n—2 Dn—1 Un—1
L 0 I—nf1 Dn

where n = ns + nc is the total number of nodes. The diagonal (D), upper diagonal (U) and lower
diagonal (L) elements are given as
D; = K"+ K (for2 < i< n—1); Dy =K""; D, = K, (7.17)
Ui = K™ (for1 < i< n—1), (7.18)

Ly = KEY (for 1 < i< n—1). (7.19)
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The matrix C is assembled in a similar fashion, with the elements of the matrices K; replaced
with the elements of C,;.

The load vector is given as

f= : , (7.20)

_ | £
I

Finally, the global matrix equation for the complete system is
(K+C)TH! = CTX +1, (7.22)
where the vector T contains the temperatures at the k:th time step:

n
TK=| 2 (7.23)
X
Time discretization

Implicit time discretization of the heat equation is implied in Eq. (7.22). The time discretization
follows the standard implicit finite difference discretization (see, e.g., Ref. [59]), which remains
unconditionally stable for all time steps éf. The implicit formulation means that to calculate the
temperature at time t = (k + 1)dt, the temperature-dependent terms of the heat equation are
evaluated at the same point in time, at t = (k + 1)dt. For constant (non-temperature-dependent)
material properties, it is possible to solve the one-dimensional implicit time-discretized matrix
equation, Eq. (7.22), without iteration. However, since the material correlations depend on
temperature, and cannot in general be linearized, it is necessary to iterate the solution of T<+1,
until the temperature converges. This is part of the iteration procedure described above in
Sec. 7.1.

Boundary conditions

The boundary conditions affect the discretization of the elements at the center of the pellet and
at the outer surface of the cladding. For the first element, the flux through the first node is set
to zero, i.e., g1 = 0in Eqg. (7.13). For the cladding outer surface, several alternative boundary
conditions can be used.

Dirichlet boundary condition. For a fixed surface temperature, T(Rc) = Tsurf, the appropriate
boundary condition is enforced by setting L, = D, = 0 for C, L, = 0 and D, = 1 for K, and

ff72_)1 = Teur in the load vector f. This is equivalent with the the equation TK*1 = T .
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Neumann boundary condition. If the heat flux across the cladding outer surface is fixed, then
one only needs to assign g, the desired value in f.

Robin boundary condition. The heat flux can also be given as a function of the bulk temperature
of the coolant, T.oant, @and the heat transfer coefficient hy, so that g, = heo [Th — Teoolant]- 1IN
this case, the last element of f is ffi1 = I'nhco Teoolant, @nd the remaining rpheo is added to the
last diagonal element D, in the matrix K.

In the case of the Robin boundary condition, the heat transfer coefficients can be computed
from internal correlations (see Sec. 6.7) or, they be given by the user.

Solution of the matrix equations

The resulting matrix equation for the vector TA*!, Eq. (7.22), can be solved non-iteratively with
the tridiagonal matrix algorithm, which a variant of the standard Gaussian elimination method.
The algorithm is a standard numerical method, and its details are not explained here. The
interested reader is referred to Chapter 2 of Ref. [24].

Although the heat equation itself can be solved non-iteratively, the dependence of the material
properties, gap conductance and the pellet and cladding mechanical solution on the tempera-
ture requires iteration of the full thermo-mechanical solution. The scheme is described in more
detail above, in Sec. 7.1.

7.2.2 Steady-state heat equation
Discretization of the 1D steady-state heat equation

For the steady state solver, we shall linearize the thermal conductivity and the power density in-
side the elements as is done with the transient solution in order to model the same distributions
with both solvers.

If we consider the steady state form of the 1D heat equation

10

o

oT

]rar} —s(r) =0, (7.24)

and write the linearization of the thermal conductivity and heat source as

r—r;
agr +bg = qi + (Qiv1 — qi) ——— (7.25)
lis1 — 1
with
Qi+1 — Qi
ag=—""" 7.26
T - ( )
r.
bg = qi — (Gix1 — Q) —— (7.27)
lig1 — 1i
we can write the equation in a single element as
10 oT
~Tar [(aAr + bA)rar] = agr + bg, (7.28)

Now we can work towards an analytic solution for the element inner node temperature T;.
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Nonzeroaand b

We'll first assume that a, # 0 and b, # 0 and handle the exceptions later:

0 oT
—5 [(aAr + bA)rar} = asr? + bsr (7.29)
aT _ as 3 bs 2
—(axr + bA)rE =g Co (7.30)
S bS
9T _3r+3r+G (7.31)
or axré + byr
0T _ as  8bsay—2byas  3bybsay — 2b3as
or — 3ay 6a3 6a3(axr + by)
Co Coa)\
= _ A 7.32
* b)\r b)\(a)\f+ b)\) ( )
Now we can integrate from r; to rj,.1 and from T; to T;,4
B /Tf+1 dT - /”‘+1 a 3bsay —2byas  3bybsay — 2bias
T B r 3ay 6a§ Gai(aAr+ by)
Co Coa)\
20 _ A 7.33
b)\f b)\(a)\l'+ b)\)dr ( )
We know that the thermal conductivity is positive throughout the integration interval, i.e.,
ar + b,\ > 0,
giving
a 3bsay —2bja
Ti= Tt = gl = 1) + %(rfn 0
B 3b)\bsa,\ — 2b§as arrliz1 + b)\
6a5 arj+ bx
Co, ris1 Co, a1 +by
—log— — —log———= 7.34
* b)\ °9 I b)\ °9 a)\r;+b)\ ( )
We can simplify the expression by substituting in the nodal thermal conductivity
a)\rn + b)\ = )\n
to get
a 3bsay — 2bya
Ti— Tiyr = 67;\“/24,1 —rf)+ S>\63§/\S(ri+1 =)
6a; Aj
4+ C01oq firt _ Co o Aiss (7.35)

by ri by A
We see that if r; = 0 we must have Cy = 0. In other cases Cy can be determined using the heat
flux equation written at r = r;

@) = (AOVTE),, = =D, (7.36)
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The equation states that the heat flux g” at r; is equal to the power generated inside the cylin-
drical surface at r = r; divided by the surface area. This assumes steady state in heat transfer
and generation as well as no axial heat transfer in the fuel. Taking the gradient of the one
dimensional temperature field gives

oT . P(r<n),
(—A(r) 3f)r=r, & = 5z o (7.37)

We can substitute the derivative of the temperature using Eq. 7.31 to get

Er3+ %24 Co P(r<r)

&1 _ 7.38
A ri(@xri + by) enniAz >
s bs
N &34 5r2 4 G _ P(r<mn) (7.39)
r 2nriAz |

Solving for Cy yields

Plr<rn) as.s_bso
2rAz 3’ 2"

where the power term can be written as a multiple of the average linear power at regions r < r;

and the height of the axial segment

Co = (7.41)

j=i—1

Pr<n)=q(r<niz=> / " air + b.dAAZ. (7.42)
iz0 1
j=i_1 rj+1 . .
P(r<r)= Z / (asr + bl)2rrdrAz. (7.43)

j=0 i
Finally we’ll obtain an expression for Cy

Ll Y] bl a b
Co= Y ?s(rf% — )+ S~ r/_z)] — g - R #0) (7.44)
j=0

The value of Cy depends only on the power distribution and the node radial coordinates.

Nonzero b, zero a

For the case where a) = 0 we have a constant heat conductivity in the element. The solution
of the heat equation is somewhat simplified:

—% [bﬂ%ﬂ = asr? + bsr (7.45)
—bAraJ %, %rz +GCo (7.46)
—g—:?iir2+;;r+§)r (7.47)

Ti = Tis %(n% )+ f&(r,% — )+ gj log r% (7.48)

The constant Cy has the same value as in the case with nonzero a, and b,.
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Nonzero a, zero b

For the case where b, = 0, the solution of the heat equation is again simplified:

_88r [aArZ%ﬂ = asr?® + bsr (7.49)
—ayr? %T %rs %rz +Co (7.50)
_g=£r+£+£; (7.51)

T Tt = oty =B ot )= 20 (L= 7) (752)

Again, the constant C is determined with Eq. 7.44.

Gas gap and cladding outer surface

Now we can use equations 7.35, 7.48 and 7.52 to determine the inner temperature for each el-
ement based on the outer temperature of the element, the linearized thermal conductivity in the
element and the linearized power density distribution in the pellet. Since there are two elements
whose outer temperature is not the inner temperature of the following element, namely the pel-
let surface element and the cladding outer surface element, we’ll need additional relations to
obtain the outer temperatures for these two elements.

In the gas gap we’ll use the gas gap heat transfer coefficient (hyap) calculated by FINIX to obtain
the temperature difference across the gap:

(Tio — Tei)hgap = Qf/(/)- (7.53)

The heat flux at the pellet outer surface is calculated simply as

q/
%=%%, (7.54)

where @' is the axial zone linear heat rate and r, is the pellet outer radius. The pellet surface

temperature is then simply

q
T = T+ 7.55
fo Cl 27Trfohgap ( )

The cladding outer surface may be given as a boundary condition. In the case, where the
cladding outer surface temperature is not given as a boundary condition, we’ll utilize the (user
given) bulk coolant temperature (T.o0) and the heat transfer coefficient between the cladding
and the coolant (h.y ) either given by user or calculated by FINIX:

(Tco - Tcool)hcool = qc/;/o (7-56)

The heat flux at the cladding outer surface is calculated simply as
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q/
27Trco ’

o = (7.57)
where @' is the axial zone linear heat rate and r, is the cladding outer radius. The cladding
surface temperature is then simply

q
Teo = Toool + 5—7— (7.58)

27 reohNeool”

Assembling the matrix equation

Based on the derivations done in the previous chapter we can assemble a matrix equation for
the temperatures at the nodes. The coefficient matrix will have ones on the diagonal and minus
ones on the first superdiagonal:

1 -1 0 O 0 0 T h
1 -1 0 0 0 T2 I
0 0 1 -1 0 0 T I
L o : = . (7.59)
0 0 0 0 .. 1 —1|Thin 1 Inpsng—1
0 0 0 0 .. 0 1 | Touned L lojsne |

The matrix equation can be solved by calculating the constants on the RHS and using back-
wards substitution.

The constants on the RHS are as follows:

Elements in fuel pellet. For [;,i € (0,...,ns — 1), we'll use the solutions from equations 7.35,
7.48 and 7.52. In the case with a, # 0 and by, # 0 we have

aS 3bsa)\ - 2b)\as

li = a(rﬁﬂ - riz) + 63?\ (ri+1 - ri)
3b)\bsa)\ - 2b§as >\j+1
— 3 log
6a; Ai
Co, ris1 Co, At

— log =— — —| ) 7.
+ by og P by 0og y (7.60)

For the case with a) = 0 and by # 0 we have

_ 8.3 3 bs o2 o Co liv
ll - 9b/\(rl+1 rl)+ 4b)\(rl+1 rl )+ b)\ Iog r[ (761)
and for the case with a, # 0 and by = 0 we have
_ 82 2 bs . G/1 1
= o= B4 =)= 20 (). (7.62

In all of the cases Cy is either calculated using Eq. 7.44 or set to zero in the case of r; = 0. One
should note that Cy has to be calculated separately for each element.
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Gas gap element. For d,, we’'ll use the equation 7.55 to get

ql
Iy = ————. 7.
nf 27Trf0hgap ( 63)
Elements in cladding. For the cladding elements (i.e., I;,i € (ns + 1, ..., ns + ng)), the constants
on the RHS are calculated similar to pellet elements, barring the fact that the power distribution
is zero in the element. Equations 7.60—-7.62 can be simplified. In the case with a, # 0 and
by #0

Co, i Co A
li = by log P by log N

(7.64)

For the case with a, = 0 and by # 0 we have

Co lis
[ = = log L 7.
=5, og P (7.65)

and for the case with a, # 0 and by = 0 we have

po G0 (1 - 1) _ (7.66)
a \rliyt 1

Again, Cy is calculated for each element using Eq. 7.44.

Cladding outer surface node. For the cladding outer surface we have, depending on the bound-
ary condition, either

Ins+ne = Teo (7.67)

if the cladding outer surface T, is given as a boundary condition or

q/

27 Ieo Neool

(7.68)

/n,+nc = lcool +
in the case of other boundary conditions.

7.3 Plenum temperature

The plenum temperature model described in Sec. 6.5 can be solved self-consistently for fixed
plenum pressure and cladding and pellet surface temperatures. However, since the proper-
ties of the fill gas and thereby the heat transfer coefficients depend on the temperature, the
equations do not have a closed form solution. Instead, the solution is found iteratively with the
secant method [24]. The area-averaged temperature Ty = (Ap Tp+AcTc)/(Ap+Ac) is used as the
initial guess. Typically, the iteration requires two steps or less to converge within the numerical
tolerance.
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7.4 Mechanical model
7.4.1 Rigid pellet model

The primary assumption of the rigid pellet approximation is that the pellet is rigid (hard) enough
to be completely non-deformable under external stresses. Thus, the displacement of the pellet
nodes and the outer surface can be calculated directly from the strain correlations, without
iteration.

7.4.2 Cladding model

The employed cladding mechanical model depends on the type of contact between the pellet
and the cladding. In principle, iteration of the mechanical solution with internal pressure is
only necessary when the gap remains open; if the gap is closed, the gap volume is fixed and
therefore does not affect the pressure. However, the model typically consists of several axial
nodes, and the pressure is function of the displacements in all of those nodes. In some of
the nodes, the gap may remain open while in others it is closed (due to, e.g., nonuniform axial
power distribution). If the gap remains open even in some of the nodes, the internal pressure
has to be solved iteratively. This iteration process then changes the boundary conditions in
the closed gap model, which has to be re-solved. Therefore, even the closed gap models are
solved several times because of the iteration of the mechanical solution of the full rod. Note
that the plastic strain increments calculated on each iteration are only saved to the total plastic
strains after the whole solution has converged (at the end of the time step).

In practice, the iteration is performed by first calculating an initial guess for the pressure (us-
ing the displacements from, e.g., previous time step), then solving the mechanical model for
each axial node independently with fixed pressure, and finally re-calculating the pressure with
updated displacements. The process is repeated, using the secant method to predict the pres-
sure, until the internal pressure converges. Optionally, one can also use either the bisection
or false position methods for the internal pressure prediction through an option implemented in
the source code.

7.5 Oxidation model

The cladding oxidation model calculates the cladding outer surface oxide thickness on every
timestep, as long as the rod doesn’t reach a critical oxidation level at which it stops. In a LOCA
it is plausible that the cladding entirely oxidizes. However, in this case the FINIX assumptions
would fail in any case, so a critical oxidation thickness of the cladding is set for the oxida-
tion model to stop calculating further oxidation. This implementation was selected because of
numerical reasons.

The oxide layer is treated as a separate node, which doesn’t participate in the mechanical
solution. The oxide nodes are otherwise similar to cladding nodes, except they have different
correlations for their thermal properties. As the thickness of the oxide layer is updated, the
change in the oxide volume is calculated, and the enthalpy of this chemical reaction is solved,
considering it as an additional source of heat for the oxidation node.

Both the cladding inner and outer surface oxide thicknesses are initially solved either from the
input, or by estimating an initial thickness of 2.10® m. The initial growth rate might be faster, if
the oxide thickness is below the transition thickness. Thus there are two growth modes for the
oxidation: pre-transition and post-transition growth. Both of these are mainly dependent on the
temperature of the cladding.
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7.6 Coolant model

Coolant model was updated in FINIX-1.19.1. Although the model isn’t important when FINIX is
coupled with a thermohydraulics codes, it is required for the stand-alone performance of FINIX
and when coupled to neutronics codes. In the current version, the inlet temperature and pres-
sure of the coolant are given by the user. At each timestep, these are used to calculate the
density and heat capacity of the coolant, which further help to solve the viscosity and thermal
conductivity of the coolant. After this, the coolant-cladding heat transfer coefficient is calcu-
lated. This heat transfer coefficient simulates the flow of the heat out of the rod, thus impacting
the temperatures in the pellet and cladding as well. Finally, the temperature distribution of the
coolant is calculated utilizing the inlet temperature and the coolant heat capacity. This pro-
duces the axially growing temperature distribution in the coolant, which in turn leads into better
oxidation results.

7.7 Fission gas release

The fission gas release model is connected to the internal pressure calculation through the gas
mole amount and the thermal model through the fill gas composition.

On each iteration, a gas mole amount increment is calculated, and it is added to the gas mole
amount only on convergence. During the iteration, the gas mole amount on each iteration is
thought to consist of the gas mole amount plus its increment, which varies between iterations.

The fill gas composition is calculated for the sum of the gas mole amount and its increment on
each iteration, and the composition on the previous time step is saved in FINIX internal data
structures between time steps.

7.8 Other numerical features

Automatic timestepping in steady-state cases was implemented in version 1.18.9. The timestep-
ping algorithm is very simple, and uses the power history to calculate time steps according to
the power history steps given. If the power history time step is larger than a set limit, the time
step is halved until the value is smaller than the maximum allowed time step. This allows for
the user to not give the time step history twice, first in the power history, and then as a separate
time step history as was the case in the previous versions.

Additionally, the steady-state solver halves the time step if a solution is not reached in the
set amount of iteration steps. This makes the calculation numerically more reliable, as the
calculation does not fail even if the given time step is too large.
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8. Usage instructions

8.1 General description

The FINIX fuel behavior model and interface is designed to work primarily as a subprogram
within a larger simulation code, to provide or replace the existing fuel performance model or
subroutines. In this document, this larger code is referred to as the host code.

The purpose of FINIX is to provide the host code all the required fuel behavior subroutines
via an interface that integrates directly with the host code on the source code level, and only
requires a limited number of function calls between FINIX and the host. All the data between
the host code and FINIX is passed as arguments of the function calls; no input or output files
for the data exchange are needed. This makes execution of the subroutines faster, because
disk access is minimized, and also allows the user of the host code to specify which output
from FINIX (if any) is saved as a file.

Although the communication between FINIX and the host code is handled without input/output
files, since FINIX-0.13.9 it has been possible to initialize FINIX for accumulated burnup using
FRAPCON-generated FRAPTRAN restart files, and since version 0.15.6 it has been possible
to initialize FINIX data structures by using input files.

FINIX has an error message system, which is designed to provide the host code run-time errors
and warnings. For example, convergence failures or invalid correlation parameters would be
passed as an error message to the host code. A more detailed description of the error message
system is given below.

The setup and usage of the FINIX model is done via built-in functions, which can be used to
provide default values for system parameters, give the spatial discretization and, to solve the
thermo-mechanical model. A more thorough walkthrough of the procedure is given below, in
Sec. 8.6. The source code also includes an example file, host.c, which provides FINIX with the
necessary run-time data and shows how the model is initialized and run.

A more detailed documentation of the source code, with function descriptions and dependen-
cies, is also given as a separate document automatically generated by Doxygen.

8.2 Units

FINIX functions always use the base Sl units in both input arguments and in output. For ex-
ample, distances are given in meters (m), temperatures are given in Kelvin (K) and power,
linear power, and power density are given in W, W-m™' and W-m3, respectively. The user is
responsible for writing any unit conversion functions between the host code and FINIX.

In general, the data in FINIX input files should be given in Sl units as well. However, time-related
data can be given in seconds, hours or days. If the input will be read from a FRAPTRAN input
file, it is possible to choose either British or Sl units.

In FINIX, the term "power" refers primarily to thermal power, as opposed to fission power.
Currently the code makes no distinction between the two. However, in principle the user should
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always supply FINIX with the thermal power history, including the decay heat of the fission
products.

The cold state in FINIX specifies the reference temperature for the fill gas properties and ther-
mal strains. The cold state for thermal strains is defined as 300 K, and the cold state for fill gas
properties can be set in the input.

8.3 Data structures

The main purpose of FINIX is to provide the host code the temperature distribution and spa-
tial deformations of the pellet and cladding by using the power history and coolant conditions
provided by the host code as input. In addition to these primary data, there are data that are
either required by FINIX as parameters, or are generated by solution of the thermo-mechanical
model. Although much of this may be irrelevant to the host code, this data is required to con-
tinue the FINIX simulation for several consecutive time steps. All the data that FINIX uses or
produces is stored in six structures. These structures are described below.

8.3.1 Main structures

The structure called Rod contains the data that describes the physical properties of the fuel rod.
These properties include rod dimensions, pellet properties, cladding properties, gas properties
and bundle dimensions. This data will not change during simulation. The contents of the Rod
structure can be read from the corresponding input file.

The Boundary_conditions structure is used for storing the boundary condition data needed
by FINIX. This data includes variables that specify the simulation time, power data, and the
data related to cladding and coolant conditions. For each FINIX calculation time step, the
Boundary_conditions structure needs to be updated either by the host code, or in the FINIX
main program (in host.c).

The Scenario structure contains power profile and irradiation history data that will be read
from an input file if needed. Once this data has been read from an input file, it will not change
during simulation. The history data from the Scenario structure should be transferred to Bound-
ary_conditions structure at each time step. If the host code provides the boundary condition
data, the Scenario structure is not needed. The contents of the Scenario structure can be read
from the corresponding input file.

The Results structure contains the simulation results calculated by FINIX that are relevant to
the end user.

The Options structure contains the variables that specify the nodalization and the calculation
options. This data will not change during simulation. The contents of the Options structure can
be read from the corresponding input file.

The Workspace structure contains internal FINIX arrays that FINIX uses for internal calcula-
tions and variables that FINIX calculates but are not that relevant for the end user to know.
Some of the values are saved between time steps so that time derivatives for various mod-
els can be calculated, and some values are cumulative. The structure also allows for efficient
memory allocation in FINIX.

8.3.2 Auxiliary structures

Some structures are used to store similar data across FINIX. These are mostly members of the
Results structure, but are also found elsewhere.
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The Cylindrical structure is used in storing values of results in each component in cylindrical
coordinates, that is, values for strains and stresses in the mechanical model. Some members of
the Results structure are Cylindrical structures. The Cylindrical structure contains members
hoop, axial and radial, and functions for easy manipulation of these structures are implemented.
With these functions one can, for example, copy the values of structures into another or perform
simple calculations with them.

The GasComposition structure is used to store values related to fill gas components. Cur-
rently, it stores values for the following components: helium, argon, krypton, xenon, hydrogen,
nitrogen and water vapor.

The GasConcentration structure is used to store the concentrations of fission gases at differ-
ent microstructural locations. The stored values are the total produced fission gas, fission gas
at the grain boundary, fission gas within the grains and the released fission gas. The local FGR
at any node can be calculated as the ratio of the total produced and released fission gases.

The Actinides structure is used to store values related to the following actinide nuclides: 23°U,
238 ,239py, 240py, 24Py and 242Pu. The structure is used in members of the Workspace
structure and in the radial power distribution model.

8.4 Function naming conventions

As of FINIX-0.17.12, the function naming scheme has been unified across the code. All function
names begin with the prefix finix_ to identify them as FINIX functions. Next is the source code
file identifier, for example, transient_ for transient.c. Finally, the description of the function is
given. The adopted prefixes for each source code file are given tn table 9. From this list, the
source code file of each function can be easily found.

Table 9. Function name prefixes in different FINIX source code files.

Prefix Source code file

aux_ aux_functions.c
clmech_ clmech.c, clmechaux.c, clmechprop.c
clth_ clthprop.c

clox_ clox.c

coolant_ coolant.c

fgr_ fgr.c, fgrprop.c

calculate finix_calculate.c

data_ finix_data.c

init_ finix_initialization.c
output_ finix_output.c

fumech_ fumech.c, fumechprop.c
futh_ futhprop.c

gap_ gap.c

heateq_ heateqid.c
steady_state_ steadystate.c

transient_ transient.c

Special prefixes
construct_, destruct_, allocate_, append_, create_, free_
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8.5 Error message system

FINIX uses an error message system to inform the user of issues such as convergence failures,
parameters exceeding correlations’ range of validity, etc. The function that encounters the
issue returns the pointer to the error message. The message is then passed down, and further
error messages are appended to it, until the message reaches the host code. It is then the
responsibility of the host code to act on the error message by printing it on screen, writing it on
disc, aborting the program execution, or otherwise. FINIX will not terminate the execution, if an
issue is encountered. Only the error message will be returned.

The format of the error message is an array of text strings, formally of type char**. If no errors
have occurred, then the top-level pointer will have a value of NULL. This can be used to dis-
tinguish between error-free and faulty operation of the FINIX functions. If the value is different
from NULL, then the return value contains an error message. The returned array then contains
pointers to the error message strings (of type char*). The last message is followed by a NULL
pointer, which is used as a marker to terminate the message.

In practice, the user can use built-in functions to deal with FINIX the error messages. One
merely needs to declare the pointer in the host code. For example, the following lines will
declare the pointer, then call the FINIX transient solver function, catch the error message, print
it on screen if it is not empty (i.e., non-NULL), and finally free the memory allocated to the error
message.

char xxerr=NULL;

err=finix_transient_solve (bc—>dt, rod, bc, results, options, workspace);
if (err!=NULL){ finix_printf_err(err);}
finix_free_err(&err);

8.6 System setup and simulation
8.6.1 Initialization

To use the FINIX code in a coupled system, the user must declare the necessary data structures
in the host code, initialize the FINIX structures, and calculate the initial state of the simulation
by using FINIX functions. After this the model can be run for as many time steps as needed.
FINIX comes with an example host code file, host.c, which should be replaced in its entirety
by the host code. The host.c file can be used as an example on how to setup the model. The
minimal necessary steps to get FINIX up and running is described in this chapter.

In a coupled system the user is responsible for using an appropriate time step. Although the
FINIX algorithms remain stable for very long time steps (longer than several days), discretiza-
tion error can not be avoided. For relatively slow transients, a time step of the order of 1
millisecond should give very small discretization error during the transient, although for a fast
RIA, a considerably smaller time step (5t ~ 102 s) may be needed.

The declaration and the definition of the variables can be done as follows:

// Declare and construct FINIX data structures
Rod xrod = finix_construct_rod ();
Boundary_conditions «bc = finix_construct_bc ();
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Scenario xscenario = finix_construct_scenario ();
Results xresults = finix_construct_results ();
Options xoptions = finix_construct_options ();
Workspace sxworkspace = finix_construct_workspace ();

/I Declare FINIX error message strings
char xxfinix_err=NULL, *xnew_err=NULL;

The next step is to initialize the system. The FINIX data structures can be initialized by call-
ing the function finix_init_data_structures(). The function reads the input files given by the
user, and transfers the data from the input files to the data structures. If no input files are
given or some of the input is missing, the above constructor functions initialize the missing
data with default values. As default, the data structure initialization function selects the rod,
scenario and options to be used based on what identifier is given in the input file. Alterna-
tively, one may select the rod, scenario and options to be used from within the host code
with the function finix_init_choose_input(). When using this function, the keyword from_host
must be used in the input files. The choices are given as follows, before the call to function
finix_init_data_structures():

/! Choose the input file segment to use

finix_err = finix_init_choose_input(rod, "rodID", scenario, "scenlD",
options, "optionsID");

if (finix_err != NULL) finix_printf_err(finix_err);
finix_free_err(&finix_err);

Before the actual simulation, the steady-state is solved so that FINIX internal structures for
many of the parameters are initialized with more realistic values. For this purpose FINIX has
the function finix_steady state solve_initial(), which solves the steady state heat equation and
the corresponding mechanical equilibrium for the cladding. This function is a wrapper for the
actual steady state solver function, but in which some models are turned off and cumulative
values are not updated.

FINIX can be initialized as follows:

/1 Initialize FINIX data structures

finix_err = finix_init_data_structures(rod, bc, scenario, results,
options , workspace);

if (finix_err != NULL) finix_printf_err(finix_err);
finix_free_err(&finix_err);

/1 Solve initial steady state

finix_err = finix_steady_state_solve_initial(rod, bc, results, options,
workspace ) ;

if (finix_err I= NULL) finix_printf_err(finix_err);
finix_free_err(&finix_err);

8.6.2 Transient simulation

The transient is solved in distinct time steps defined in the host code, by calling the finix_transient _solve()
function. Before each function call, the power density, boundary conditions and other param-
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eters and options can be changed. However, for one time step, i.e., for one function call,
they are constant. After each function call, the output of the FINIX model may be saved.
For example, one can write FINIX summary files and node-specific files by calling a function
finix_output_print().

The transient can be solved for each time step as follows:

/! Solve time step with finix_transient_solve ()
finix_err=finix_transient_solve (bc—>dt, rod, bc, results, options,
workspace);

if (finix_err != NULL) finix_printf_err(finix_err);
finix_free_err(&finix_err);

/" Update the cumulative simulation time
bc—>time += bc—>dt;

8.6.3 Steady-state simulation

A steady-state simulation is performed similarly to the transient simulation. The steady-state is
solved in distinct time steps defined in the host code, by calling the finix_steady state solve()
function, as follows:

finix_err = finix_steady_state_solve(rod, bc, results, options, workspace);
if (finix_err I= NULL) finix_printf_err(finix_err);
finix_free_err(&finix_err);

/1 Update the cumulative simulation time
bc—>time += bc—>dt;

In contrast with the transient simulation, the densities of fuel and cladding must be updated on
each time step. The burnup must also be calculated if it is not provided by the host code. These
are performed as follows:

/1 Calculate density

finix_err = finix_calculate_density (options, rod, results);
if (finix_err != NULL){ finix_printf_err(finix_err); }
finix_free_err(&finix_err);

/I Calculate burnup
finix_err=finix_steady_state_calculate_burnup (bc—dt, options, rod,
results , bc, workspace);

if (finix_err!=NULL){ finix_printf_err(finix_err);}
finix_free_err(&finix_err);

8.6.4 Updating boundary conditions

As mentioned before, the above lines of code are the minimal setup that is needed to run FINIX
in a coupled system. However, if the host code cannot provide all the necessary boundary
conditions, the missing boundary conditions must be given in FINIX input file finix_scenario.inp
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or otherwise. If given through the input file, the boundary conditions must be updated for each
time step by calling the function finix_data_update_bc() as follows:

/! Update boundary conditions before calling finix_transient_solve ()
finix_err = finix_data_update_bc(bc, scenario, options, rod, results,
workspace);

if (finix_err I= NULL) finix_printf_err(finix_err);
finix_free_err(&finix_err);

When using the FINIX internal radial power distribution model, a call to the function finix_steady_state_radi:
is required before a call to the solver functions. The radial power distribution model modifies
the boundary conditions for the time step. The call is performed as follows:

finix_err = finix_steady_state_radial_power_distribution(rod, results,
bc, options, workspace);

if (finix_err != NULL){ finix_printf_err(finix_err); }
finix_free_err(&finix_err);

Note that the calculated actinide concentrations are only summed with the previous timestep
values inside the solver functions.

8.6.5 Convergence criterion

The general convergence criterion used by FINIX is the variable dhmax in the solver functions
finix_transient_solve() and finix_steady_state_solve(). The tolerance is set inside both
functions as the variable ITERTOL. In both functions there are two similar possible exit points
from the iteration loop:

if (dhmax < ITERTOL) {
/! solution has converged
break;

8.6.6 Ending the simulation

When the simulation has been completed and FINIX is no longer needed, the memory allocated
for FINIX structures must be free’d. This can be done by using the function
finix_destruct _data_structures().

/! Free allocated memory
finix_destruct_data_structures(rod, bc, scenario, results, options,
workspace ) ;

8.7 Input instructions

FINIX uses three input files called finix_options.inp, finix_rod.inp, and finix_scenario.inp. These
input files can be used to control the simulation. Each input file contains data for several fuel
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rods. When a new input is created for a new fuel rod, the input should be appended at the end
of the files. An alternative way to control the simulation is to use FRAPTRAN input files.

In a coupled system, where all boundary conditions are given by the host code, no input files
are required. If no input files are used, default values for simulation options and rod properties
will be used. However, it is advisable to specify simulation options and rod properties in files
finix_options.inp and finix_rod.inp (or otherwise in the host code) to get more realistic results.
If the host code cannot provide all the necessary boundary conditions, i.e., the contents of the
Boundary_conditions structure, the finix_scenario.inp file must be used to specify the missing
boundary conditions.

If a stand-alone version of FINIX is used, the scenario boundary conditions must be given in
file finix_scenario.inp. Again, it is advisable but not mandatory to give the simulation options
and rod properties in files finix_options.inp and finix_rod.inp. Alternatively, input can be given
in a FRAPTRAN input file. However, even though the rod and scenario parameters are given
in a FRAPTRAN input file, it is advisable to specify FINIX simulation options in finix_options.inp
because FINIX simulation options cannot be set in a FRAPTRAN input file. All the data given
in FRAPTRAN input file overwrites the default data and the data read from FINIX input files.

The contents of FINIX input files is organized in data blocks. Each block of data describes one
fuel rod. Therefore FINIX needs to know which block of data to read from a file. The data blocks
are of the following form:

begin rod_namel
data_1 =
data_2
data_n
end rod_namel

1]
< X |

Z

As can be seen above, every data block begins with "begin" statement and ends with "end"
statement. These statements are followed by the name of the rod. Note that the rod name
must not include white spaces. As the data in input files has been grouped into blocks that
describe each fuel rod, one should tell FINIX from which data block to read the data. This can
be done with the "USE" statement as follows:

USE rod_namel

begin rod_namel
data_1 =
data_2
data_n = z

end rod_namel

1]
< X |

begin rod_name2
data_1l = x
data_2 =y

end rod_name?2

The "USE" statement tells FINIX that it should read the data from a data block that begins with
"begin rod_name1" and ends with "end rod_name1". Every FINIX input file should begin with
the "USE" statement.

If the data block is to be selected by the host code, the statement "USE from_host" must be
used. When this statement is used, one may give the data block identifiers from within the host
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code with the function finix_init_choose_input().

The data in input files can be arranged in any order. After a keyword, there should be an "="
sign followed by the data that corresponds to the keyword. If the data consists of several values,
they should be separated with commas. The lines in input files that begin with "I", "*", or "/" are
commented lines, and FINIX will ignore them. The contents of the three input files is described
in the following chapters.

8.7.1 Input file finix_options.inp

Input file finix_options.inp can be used to set FINIX nodalization and to select the models FINIX
uses during simulation. Table 10 shows the data that can be given in finix_options.inp. If default
value will be used, it is not necessary to add that data in the input file. The contents of a file
could look like this:

USE rod_123

begin rod_123
axial_nodes = 10
pellet_radial_nodes = 15
boundary_option = 0O

end rod_123

Now the rod will be divided to 10 axial nodes and the fuel pellet will be divided to 15 radial nodes.
The rod outer surface temperature will be given by the user. For the rest of the keywords default
values shown in Table 10 will be used.

Input file finix_options.inp has also a special purpose. It can be used to tell FINIX that the
input will be read from a FRAPTRAN input file. In this case the the first line of the file should
read "USE FRAPTRAN". When FINIX simulation begins, it asks the user the name of the
FRAPTRAN input file and the name of the FRAPCON generated restart file. If FRAPTRAN
input file will be read, the contents of the finix_options.inp could look like this:

USE FRAPTRAN
or like this:

USE FRAPTRAN

begin FRAPTRAN
axial_nodes = 10
pellet_radial_nodes = 15
boundary_option = O;

end FRAPTRAN

In the first case all the data will be read from a FRAPTRAN input file. In the second case
nodalization and boundary option will be given in finix_options.inp. If nodalization is also given
in FRAPTRAN input file, the data given in FRAPTRAN input file overwrites the data given in
finix_options.inp. Note that the variables that specify FINIX model selections should always be
given in finix_options.inp. If the input will be read from the FRAPTRAN input file, input files
finix_rod.inp and finix_scenario.inp will be ignored.

8.7.2 Input file finix_rod.inp

Input file finix_rod.inp can be used to determine the fuel rod properties. Table 11 shows the
data that can be given in finix_rod.inp. The contents of a file could look like this:
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USE rod_123

begin rod_123
fuel_length =
clad_length =
plenum_length
end rod_123

NGNS
o o o

In this case default values will be used for all the parameters except for fuel, clad, and plenum
length.

8.7.3 Input file finix_scenario.inp

Input file finix_scenario.inp can be used to determine the rod conditions during an irradiation or
experiment period. As mentioned before, this data must be given if FINIX is used as a stand-
alone version, or the host code cannot provide all the necessary boundary conditions. Table
12 shows the data that can be given in finix_scenario.inp. Note that it is not necessary to give
all the data presented in Table 12 to fully determine the boundary conditions. For example, if
the user has chosen to use coolant bulk temperature as boundary condition (boundary_option
= 3), it is not necessary to determine the clad temperature history in finix_scenario.inp. The
contents of the file finix_scenario.inp could look like this:

USE rod_xyz

begin rod_xyz
restartfile = imprestart.rod_xyz
end_time = 1.0

time_step_history =
0.0001, 0.0,
0.00001, 0.0702,
0.0001, 0.0815,
0.001, 0.210

average_power_history =
0.0, 0.0,

524934.384, 0.066,
23622047.28, 0.079,
5511811.032, 0.087,
262467.192, 0.095,

0.0, 0.1

axial_power_profile =
0.728, 0.0,

0.975, 0.099,

1.156, 0.259,

1.053, 0.420,

0.668, 0.569

coolant_temperature_history_zones = 0.373, 0.569
coolant_temperature_history(1l) =
563.15, 0.0,
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1023.15, 0.2,
1048.15, 0.4,

753.15, 1.0
coolant_temperature_history(2) =
5563.15, 0.0,

878.15, 0.2,

923.15, 0.4,

948.15, 1.0

heat_transfer_coefficient_history_zones = 0.569
heat_transfer_coefficient_history(l) = 2000000.0, 0.0

coolant_pressure_history = 0.5e6, 0.0
end rod_xyz

As can be seen in the example above, the history data is always given in data pairs. For
example, the time step history is given so that the first value of the data pair is the length of the
time step, and the second value is the time at which this time step length takes effect. This time
step length is used until a new data pair is given. Similar logic applies to other history data as
well.

All time-related FINIX input can be given in seconds, hours or days. The units of the time can be
selected by modifying the value of time_unit in finix_scenario.inp. Note that all the time-related
data in Table 12 is expressed in seconds (default) only for clarity. The time units of the data
shown in Table 12 depends on the value of time_unit. The value of time_unit also determines
the units of the time in output files finix.z* and finix.sum.

In the example above one can also see that some of the history data, such as the coolant
temperature history, can be given separately for different axial zones. In this case the coolant
temperature history has been given for axial zones 1 and 2. The number of zones does not
have to match the number of axial nodes given in finix_options.inp. FINIX will automatically
calculate history data for each axial node based on the data given for each zone. Note that
one should also determine the top elevations of each zone from the rod bottom. In the example
above, the top of the fist coolant temperature history zone is 0.373 m above the rod bottom,
while the top of the second zone is 0.569 m above the rod bottom.
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Table 10. Data that can be given in finix_options.inp

Keyword Default Description

axial_nodes 11 Number of axial nodes.

pellet_radial_nodes 17 Number of radial nodes in fuel pellet.

clad_radial_nodes 5 Number of radial node in the cladding.

boundary_option 3 Specifies the type of the boundary conditions.
0 = user-given rod outer surface temperature,
1 = user-given heat flux between rod outer sur-
face and coolant, 2 = user-given heat trans-
fer coefficient and coolant bulk temperature, 3
= user-given bulk temperature and calculated
heat transfer coefficient from internal correla-
tions (needs inlet mass flux).

temperature_iteration 1 Temperature iteration. 0 = off, 1 = on.

gap_conductance_model 3 Gap conductance model. 1 = FRAPCON-
3.4 model, 2 = FRAPTRAN model (recom-
mended), 3 = FRAPCON-4.0 model, -n = neg-
ative value switches off contact conductance

clad_elasticity_model 1 Clad elasticity model. 0 = off, 1 = on.

plenum_model 1 Plenum model. 0 = off, 1 = on.

pellet_relocation_model 1 Pellet relocation model. 0 = off, 1 = on.

clad_plasticity_model 1 Cladding (time-independent) plastic deforma-
tion model. 0 = off, 1 = on.

clad_creep_model 2 Cladding creep model. 0 = off, 1 = Limback-

FGR_model
swelling_model

densification_model

radial_power_distribution_model

failure_model
oxidation_model

Andersson, 2 = Geelhood.
Fission gas release model. 0 = off, 1 = on.

Pellet swelling model. 0 = off, 1 = MATPRO
solid and gaseous, 2 = MATPRO solid, Pastore
et al. gaseous

Pellet densification model. 0 = off, 1 = on.

Radial power distribution model. 0 = off, 1 =
on.

Cladding failure model. 0 = off, 1 = on.
Cladding ocidation model. 0 = off, 1 = on.
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VTT

Table 11. Data that can be given in finix_rod.inp

Keyword Units  Default Description

rodID - - An identifier for the rod for use by the host
code. Length limit is 100 characters.

pellet_inner_radius m 0.0 Radius of fuel pellet center hole.

pellet_outer_radius m 0.0047 Pellet outer radius.

clad_inner_radius m 0.00479 Fuel cladding inner radius.

clad_outer_radius m 0.00546 Fuel cladding outer radius.

fuel_length m 3.6576 Length of rod fuel column.

clad_length m 3.6576 Length of fuel cladding wall in active area.

plenum_length m 0.2 Plenum length.

pellet_roughness m 2.0-10°6 Arithmetic mean roughness of fuel pellet
surface.

fractional_density - 0.938 Fractional theoretical density of fuel pel-
let.

grain_size m 10.0-10®  Average 3D grain size (diameter) of fuel
pellet.

enrichment - 0.03 Fraction of uranium in the fuel of the iso-
tope 23%U.

gadolinia_weight_fraction - 0.0 Weight fraction of gadolinia (Gd>O3) in
fuel pellets.

clad_roughness m 0.5-10°® Arithmetic mean roughness of cladding
inner surface.

coldwork - 0.5 Reduction of cross-sectional area of
cladding by cold working process.

clad_oxygen_concentration - 0.0012 Cladding average oxygen concentration.

fast_neutron_fluence n-m= 0.0 Fast neutron fluence that the cladding
was exposed to during lifetime.

clad_type - 0 Cladding material identifier. 0 = Zircaloy,
1 = Zr1%Nb.

fill_gas_pressure N-m?  1.207-10° As-fabricated fill gas pressure.

fill_gas_temperature K 300.0 As-fabricated fill gas temperature.

gas_fraction_X - 1.0, X = Fraction of gas that is X, where X = He for

He helium, Ar for argon, Kr for krypton, Xe for

xenon, H2 for hydrogen, N2 for nitrogen
or H20 for steam.

pitch m 14.43.10° Center-to-center spacing of fuel rods.

rods_in_unit_cell - 1.0 Number of rods in one unit cell (1.0 for

square lattice, 0.5 for triangular lattice).
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Table 12. Data that can be given in finix_scenario.inp

Keyword

Units

Default

Description

restartfile
steady_state_simulation

time_unit

end_time
time_step_history

power_factor
average_power_history

power_history zones

power_history(n)

axial_power_profile

radial_power_profile

coolant_temperature_
history_zones

W-m",

W-m",

0.15

0.0001,
0.0

1.0

0.1e6,
0.0

0.1e6,
0.0

Name of the Frapcon generated restart file
(omit if there is no need to read a restart file).

Type of the scenario. 0 = transient, 1 =
steady-state.

Units of all time-related FINIX input. Deter-
mines also the units of time in output files
finix.z* and finix.sum. 0 = seconds, 1 = hours,
2 = days.

Simulation end time.

Time step history. The first value is the size
of the timestep. The second value is the time
at which this time step size takes effect. Each
time step size is used until a new data pair is
given.

Multiplier for linear power.

Rod average linear heat generation rate his-
tory. Each linear heat generation rate is used
until a new data pair is given.

Top elevation of each power history zone. En-
ter as many values as there will be power his-
tory zones.

Power and time data pairs for each power his-
tory zone. Each linear power will be used
until a new data pair is given. Enter as
many data sets as there are power history
zones. power_history(1) starts input for zone
1, power_history(n) starts input for zone n.

Axial power profile. The first value is the axial
power factor normalized to rod-average. The
second value is the node top elevation begin-
ning from the rod bottom. Begin insering data
pairs from the rod bottom towards the top, un-
til the the axial power profile is fully defined.

Radial power profile for all axial nodes. The
first value is the radial power factor. The sec-
ond value is the distance from the fuel cen-
terline to the radial node periphery. Begin in-
serting data pairs from fuel centerline to the
edge.

Top elevation of each coolant temperature
history zone. Enter as many values as there
will be coolant temperature history zones.
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Table 12 (continued). Data that can be given in finix_scenario.inp

Keyword Units Default Description
coolant_temperature_  his- K;s 561.0, Coolant temperature and time data
tory(n) 0.0 pairs for each coolant temperature

history zone. Each temperature will
be used until a new data pair is given.
Enter as many data sets as there are
coolant temperature history zones.
coolant_temperature_history(1)

starts input for zone 1,
coolant_temperature_history(n) starts
input for zone n.

clad_temperature_history m - Top elevation of each clad temperature
zones history zone. Enter as many values as
there will be clad temperature history

zones.
clad_temperature_history(n) K, s 561.0, Clad temperature and time data
0.0 pairs for each clad temperature his-

tory zone. Each temperature will
be used untl a new data pair is
given. Enter as many data sets as
there are clad temperature history
zones. clad _temperature_history(1)
starts input for zone 1,
clad_temperature_history(n) starts
input for zone n.

heat_transfer_coefficient_ m - Top elevation of each heat transfer co-

history_zones efficient history zone. Enter as many
values as there will be heat trasfer co-
efficient history zones.

heat_transfer_coefficient W-m2.K1 2e4,0.0 Heat transfer coefficient and time

history(n) s data pairs for each heat transfer
coefficient history zone. Each heat
transfer coefficient will be used until
a new data pair is given. Enter as
many data sets as there are heat
transfer coefficeint history zones.
heat_transfer_coefficient_history(1)
starts input for zone 1,
heat_transfer_coefficient_history(n)
starts input for zone n.
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Table 12 (continued). Data that can be given in finix_scenario.inp

Keyword

Units

Default

Description

heat_flux_history zones

heat_flux_history(n)

coolant_pressure_history

coolant_mass_flux_history

m

W-m?2, s

N-m=2, s

0.0, 0.0

15.51e6,
0.0

kg-m?2.s, 3460.0,

S

0.0

Top elevation of each heat flux history
zone. Enter as many values as there
will be heat flux history zones.

Heat flux (between rod outer surface
and coolant) and time data pairs for
each heat flux history zone. Each
heat flux will be used until a new
data pair is given. Enter as many
data sets as there are heat flux his-
tory zones. heat_flux_history(1) starts
input for zone 1, heat_flux_history(n)
starts input for zone n.

Enter coolant pressure and time data
pairs. Each value of pressure is used
until a new data pair is given.

Enter coolant mass flux and time data
pairs. Each value of mass flux is used
until a new data pair is given.
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8.8 Output files

FINIX includes functions that can be used to print output files for many purposes. One aim of
this chapter is to describe the contents of these output files. In addition, this chapter shows
how to call the output writing functions from the host code.

8.8.1 finix.sum and finix.z*

The data describing the behaviour of a fuel rod as a function of time is presented in output
files finix.sum and finix.z*.The contents of these files is presented in Tables 13 and 14. Output
file finix.sum contains rod summary data, while output files finix.z* contain node-specific data.
Node-specific output files are written for each axial node. Asterisk (*) in the aforementioned file
names represents the node number.

By default, the cumulative simulation time in files finix.sum and finix.z* is given in seconds.
However, the simulation time in the aforementioned files will be given in hours or days if a non-
default value is given for keyword "time_unit" in finix_scenario.inp. In other words, the same
units of time are used in files finix_scenario.inp, finix.sum and finix.z*.

To print these output files, the following additional lines of code must be included in the host
code:

/! Declare a structure containing file pointers to output files
Output *files;

/1 Initialize output writing to finix.sum and finix.z files
files = finix_output_initialize (options);

In the initialization call above the type of the function parameter is Options*. After declarations
and initializations the output writing function can be called for each time step as follows:

finix_output_print(files, rod, bc, options, results);

Here the types of the function parameters are Output*, Rod*, Boundary_conditions*, Options*,
and Results*. After the output files have been printed, they must be closed and the memory
must be free’d. This can be done as follows:

/! Close files and free allocated memory
finix_output_close(files , options);

8.8.2 finix_data_structures.dbg

Output file finix_data_structures.dbg shows all the data stored in FINIX data structures at the
time of the output writing call. The function is called during FINIX initialization by default, but
it can be called later again if needed. The output file is especially useful for checking that the
input files have been read corretly. The output file finix_data_structures.dbg can be printed by
calling a funtion

finix_output_print_data_structures(rod, bc, scenario, results, options);
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Table 13. Contents of the output file finix.sum

Column name Units Description

Step - Time step number.

Time sorhord  Cumulative simulation time.

Buav MWdkg!  Rod average burn-up.

Qav W-m! Average linear power.

FGR%av % Percentage released fission gas.

Intpr N-m2 Rod fill gas pressure pressure.

Coolpr N-m2 Coolant pressure.

Fuext m Fuel axial elongation.

Clext m Cladding axial elongation.

Tplen K Fill gas temperature.

Tzon - Axial node where maximum temperature oc-
curs.

Qlo W.m* Maximum local linear power.

BUlo MWd-kg‘U1 Maximum local burn-up.

Tmax K Maximum temperature.

FGR%lo % Maximum local fission gas release.

Gap m Average pellet-cladding gap width.

Gapcon W-m?2.K'  Gap average conductance.

Tclav K Clad average temperature.

Tcool K Coolant average temperature.

Tcentav K Fuel centreline average temperature.

tfail S Time of cladding failure.
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Table 14. Contents of the output file finix.z*

Column name Units Description

Step - Time step number.

Time sorhord  Cumulative simulation time.

Burnup MWd-kg{} Average fuel burn-up in node.

Linrat W-m! Node linear power.

Tcool K Coolant temperature at the node elevation.
Tclou K Temperature at the cladding outer surface.
Tclav K Cladding average temperature.

Tclin K Temperature at the cladding inner surface.
Tfout K Temperature at the pellet surface.

Tfav K Pellet average temperature.

Tcent K Fuel centerline temperature.

FGR%lo Y% Fission gas release.

Gap m Pellet-cladding gap width in node.

DTgap K Temperature difference over gap.

Gapcon W-m2.K'  Gap conductance.

Conpr N-m2 Pellet-cladding contact pressure.

Hoopstrs N-m2 Clad hoop stress.

Dradcl m Change in cladding radius.

Buav MWd-kg'U1 Rod average burn-up.
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where the function parameter types are Rod*, Boundary_conditions*, Scenario*, Results*, and
Options™.

8.8.3 finix_stripfile.txt

Output file finix_stripfile.txt contains data in FRAPTRAN stripfile format. The file describes the
state of the fuel rod at various time steps.

To print this output file, the following additional lines of code must be included in the host code:
/! Declare a variable for printing the results
FILE «writefile;

/1 Open the file
writefile = fopen("finix_stripfile.txt","w");

/!l Print the header lines
finix_output_fprintf_stripfile (0, writefile , bc—time, results, rod, options, bc

After these steps the output writing function can be called for each time step as follows:

finix_output_fprintf_stripfile (1, writefile , bc—>time, results, rod, options, bc

After the file has been printed, it must be closed:

fclose (writefile);
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9. Code assessment

9.1 General performance

The validation of FINIX-1.19.1 is presented in a separate validation report [1], where the de-
tailed results can be found.

FINIX-1.19.1 includes several models important for the accurate description of long irradia-
tions. Some limitations are still present: for example, high-temperature creep and finite strain
deformation are not modeled.

FINIX-1.19.1 has been compared against experimental centerline temperature data from Halden
steady state irradiation experiments IFA-429, |IFA-432, IFA-515, IFA-677 and IFA-681. The
agreement between simulated and experimental results is good. The FINIX calculated values
and the experimental values typically agree within roughly 10 %, with FINIX having a slight
tendency to underestimate the centerline temperature.

FINIX-1.19.1 was also validated against FRAPTRAN simulations of selected reactivity initiated
accidents and a limited amount of loss-of-coolant accidents. The results for FRAPTRAN are
described in the FRAPTRAN code assessment document [60], while the FINIX results and the
comparison are discussed in the FINIX-1.19.1 validation report [1]. The RIA cases consisted
of western and VVER type fuel rods, some of which had failed during the experiment, and
some had not. In some of scenarios significant plastic deformation of the cladding was indi-
cated by FRAPTRAN, while in some very little permanent deformation occurred. All the cases
were initialized for non-fresh fuel using FRAPCON for steady state irradiation. The comparison
between FINIX and FRAPTRAN shows good agreement between the codes. In almost all the
cases, the fuel and cladding temperatures are very closely reproduced.

9.2 Solved issues from previous versions

The cladding-coolant heat transfer coefficient calculation was previously not functional. With
the update of the heat transfer coefficient model, FINIX can now calculate cladding-coolant
heat transfer coefficients in pressurized water reactor conditions.

The previous FINIX coolant model did calculate the axial temperature rise in the coolant, but a
model for this has now been implemented.

Some refactoring of the fission gas release model was performed to decrease the computa-
tional time spent in that model.

Previously, numerical instability might have occurred with thin radial nodes in the steady state
heat equation solver. Checks on whether to linearize the thermal conductivity and power density
in the solver were applied, and the numerical instability issue has been solved.

9.3 Known issues and possible caveats

As shown in [1], the performance is very good for temperature calculations. However, a number
of issues remain to solved. These are:
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The fuel centerline temperature is often overestimated in the beginning of the irradiation
of a fuel rod.

The cladding-coolant heat transfer coefficient model yields too high heat transfer coeffi-
cients for BWR conditions.

The pressure calculated by FINIX typically differs somewhat from that calculated by FRAP-
TRAN. The most probable cause for this is a difference in the rod free volume, possibly
in the volume of the plenum. The plenum temperature is also calculated in a different
way, but the difference exists already for zero power. The plenum temperature and fill gas
pressure are both predicted to be higher than in FRAPTRAN.

The plastic strains read from a FRAPCON restart file are treated differently by FINIX and
FRAPTRAN. It is not exactly clear how FRAPTRAN treats the plastic deformations, but it
seems that this is a source of some of the discrepancies between FINIX and FRAPTRAN.

The fission gas release solution seems to be dependent on the time step. With smaller
time steps, higher fission gas releases are calculated, and with larger time steps, lower
fission gas releases are calculated. In the FINIX FGR validation cases, the time step of
the power history was directly used.

In addition to the technical issues, one should keep in mind the limitations of the FINIX models:

In many cases, when the range of validity of a model is exceeded, FINIX will not crash
or abort execution. Instead, the solver will do its task and pass an error message. It is
the responsibility of the user to catch the message and act accordingly. Calls to FINIX
functions should always be accompanied by error message checking.

The coolant model of FINIX is very limited. The model is not reliable beyond nucleate
boiling.

The FINIX creep model is the same model that is used in traditional fuel performance
codes, but such models have been shown to be valid only with increasing stress on the
cladding. Therefore the creep strains calculated by FINIX may be erroneous when mod-
eling fuel rods where stress reversal on the cladding occurs (compressive stress turns
into tensile or vice versa).

The fission gas release model in FINIX slightly underestimates the fission gas release,
and additional models should be implemented.

FINIX rod failure criterion is inaccurate, but is implemented for numerical stability.

FINIX plastic deformation model is limited to infinitesimal deformations. Scenarios such
as cladding ballooning where finite deformation takes place are therefore not realistically
modeled.

FINIX contains only a low-temperature creep model, and high-temperature creep such as
that in a LOCA scenario is not yet modeled.

The burnup calculation of FINIX does not differentiate between the thermal and fission
power. The results are indicative, and generally accurate within roughly 5-10 % of the
experimentally determined values. When using FINIX with a host code which calculates
a more accurate burnup, it is advised to input this burnup into FINIX.

The FINIX radial power distribution model does not take into account the effect of burnable
poisons.
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e The cladding plasticity calculation requires a sufficiently small time step so that the cal-
culation converges. Currently there is no automatic substepping algorithm in FINIX, so a
sufficiently small time step must be used if gap conductance or the radial return algorithm
in the plasticity calculation do not converge.

10. Summary

The FINIX fuel behavior code has been updated to version 1.19.1. In this version a new solver of
the steady-state heat equation is implemented along with several models important in modeling
long irradations: fission gas release, pellet swelling and densification and cladding creep.

Validation of the stand-alone FINIX-1.19.1 has been done in a separate report [1]. Results show
good performance in RIA and steady state scenarios. Especially the temperature distributions
are reliably calculated. Limitations have been discussed in chapter 9.

The primary purpose of the FINIX code is to provide a fuel behavior module for other simula-
tion codes in multiphysics simulations. The intended use is the improvement of fuel behavior
description in neutronics, thermal hydraulics and reactor dynamics codes, without having to
employ the available full-scale fuel performance codes. FINIX couples with the host code on a
source code level, and provides an interface of functions that can be used to access the fuel
behavior model from the host code. The required knowledge on the correlation-level details
and rod parameters has been minimized by defining default templates that can be used without
having information on all model-specific details.

Currently FINIX has been integrated into the Monte Carlo reactor physics code Serpent 2,
where FINIX serves as the default fuel behavior module. In addition to Serpent, FINIX has been
integrated into VTT’s reactor dynamics codes TRAB-1D, TRAB3D and HEXTRAN. Results have
been reported, for example, in Refs. [18, 16, 17, 12, 11].
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