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Abstract — The application of best-estimate codes [coupled neutron kinetics (NK)/thermal hydraulics
(TH)] for safety analyses of research reactors (RRs) has gained considerable momentum during the past
decade. Application of these codes is largely facilitated by the high level of technological maturity and
expertise that these codes allow as a safety technology in nuclear power plants, and it is largely driven by
International Atomic Energy Agency activities. The present study belongs in this framework and presents the
development and application of the coupled NK and TH code THERMO-T to the analysis of protected
reactivity insertion accidents and loss-of-flow accidents in a typical RR with standard Materials Testing
Reactor plate-type fuel elements. The coupling is realized by considering the neutronic reactivity feedbacks
of the fuel and coolant temperatures and a heat generation model for the reactor power. The neutron flux
in the reactor core is solved by applying point reactor kinetic equations and employing radial and axial
power distributions calculated from a three-dimensional full-core model by the continuous-energy Monte
Carlo reactor physics code Serpent. The evolution of temporal and spatial distributions of the fuel, cladding,
and coolant temperatures is calculated for all fuel channels by using a finite volume time implicit numerical
scheme for solving a three-conservation equation model. In this study, additional features, such as critical
heat flux ratio prediction and decay heat model, are implemented for both highly enriched uranium and
low-enriched uranium cores, and a comprehensive comparison of THERMO-T results is performed against

other codes.

Keywords — THERMO-T, research reactor, transient analysis.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

Ever since people began utilizing nuclear energy,
there has been a need for facilities that would allow
testing of new technologies for increasing the efficiency
and safety of existing or planned nuclear reactors. To meet
this need, a fleet of research reactors (RRs) has been
constructed, and according to the International Atomic
Energy Agency (IAEA) RR database,' this fleet currently
consists of 248 operational RRs worldwide.

Research reactors are developed and built primarily
as test facilities and neutron generators for a wide range of

*E-mail: gilade@bgu.ac.il

scientific, industrial, and medical purposes. Unlike com-
mercial nuclear power plants (NPPs), RRs are character-
ized by a small core size, low total thermal power [usually
not exceeding 100 MW(thermal)], high power density,
low fuel and clad temperatures, and low system pressure.
Furthermore, the fuel composition, geometric configura-
tion, and ranges of relevant operational parameters differ
between NPPs and RRs and require different neutronic
and thermal hydraulics (TH) designs.”™ As a result, RRs
must meet different safety requirements and maintain
unique safety features to ensure their safe utilization in
nominal and off-nominal operation conditions and their
safe shutdown in cases of emergencies or accidents. The
reactor safety analysis report is frequently updated and
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must include the analysis of a wide variety of safety-
related scenarios. Furthermore, unlike in commercial
NPPs, the uniqueness of each RR and its experimental
systems makes the standardization of design, operation,
and licensing almost impractical.>¢

During the past decade, the IAEA and others>®® have
acknowledged the importance of implementing the well-
established and mature NPP safety technology in the
safety analysis methodology of RRs and reassessed their
safety features.’ The safety analysis methodology cur-
rently employed for existing NPPs is based on a well-
established and very active international community of
experts, on well-established and proven methods and com-
putational tools including best-estimate codes and uncer-
tainty analysis, on international standardization, and on an
extensive and accessible experimental database.>’

Despite the large number of operating RRs (with 30
more RRs scheduled to be reopened or constructed in the
near future) and a long history of operation of these
reactors, standardization is still lacking with respect to
their safety analysis,” and there is a need to apply the vast
knowledge obtained from code development for safety
analysis of commercial NPPs to RRs. Recently, the ade-
quacy of applying NPP computational tools to RRs has
been addressed in several studies.>®® For example, some
studies have evaluated the adequacy of calculating TH
transients in RRs by using system codes such as RELAPS
(Refs. 4, 5, and 10 through 19), ATHLET (Ref. 20),
PARET (Refs. 12, 17, 21), or RETRAC-PC (Refs. 22 and
23). Others focused on coupled neutron kinetics (NK)/TH
calculations by using PARCS/RELAPS (Ref. 24) and
COBRA-EN (Ref. 25), while Monet Carlo neutron trans-
port codes for static and burnup calculation have also been
examined.?*?® The majority of these studies considered
the IAEA safety benchmark for the 10-MW(thermal)
Materials Testing Reactor (MTR) light water pool-type
reactor,*>** which was specified under the program of RR
core conversions from highly enriched uranium (HEU) to
low-enriched uranium (LEU) cores. This benchmark con-
sists of detailed steady-state and transient NK and TH
calculations for a wide range of accident scenarios.

The computational tools mentioned above and their
neutron data libraries are usually access restricted and are
not available to all researchers in this field due to com-
mercial or intellectual property considerations, among
other reasons. However, a number of open-source neu-
tronic codes have recently become available for public
use, including the OpenMC Monte Carlo-based code,’' the
Serpent Monte Carlo-based code,’>*3 and the DRAGON
transport code.** These codes provide solutions for the
steady-state neutron transport equation, while Serpent
and DRAGON also provide burnup capabilities. The
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capabilities of these codes to calculate basic physical
characteristics of RRs was examined in recent years?’-?%3
by using a steady-state benchmark.? Although the results
showed good agreement to the presented benchmark, none
of these codes can perform dynamic calculations of safety
aspects of RRs, and they are not fitted with a TH solver
that can assess the safety characteristics of the examined
reactors.

To bridge this gap and be able to perform dynamic
calculations of MTR cores under accident conditions, a
system code called THERMO-T is being developed at
Ben-Gurion University (BGU) of the Negev, Israel. The
THERMO-T system code is a time-dependent version of
the THERMO module,***’ which was developed as a
multichannel, steady-state, nodal solver for reactor ther-
mal analysis, as part of the BGCore system.**3 BGCore
couples MCNP4 as a neutronic solver, a depletion solver
SARAF, and a TH solver THERMO. Hence, BGCore is a
multiphysics package that can perform coupled neutronic-TH
burnup calculation to evaluate nuclear fuel cycles.
BGCore was verified against well-established multiphysics
codes, such as DYN3D (Ref. 40) and SILWER (Ref. 41).
The results of these benchmarks indicated that BGCore
can be utilized as a reference tool.

The current version of THERMO-T couples between
Serpent, a point kinetics (PK) model, and a time-
dependent TH solver. The PK model comprises seven
equations for prompt and delayed fission power and six
equations for decay heat generation. The TH module
solves the three balance (mass, momentum, and energy)
equation system by utilizing the Semi Implicit Method for
Pressure-Linked Equations (SIMPLE) algorithm.*

The present study considers both HEU and LEU cores of
the IAEA 10-MW(thermal) MTR. The three-dimensional neu-
tron flux and power distribution, as well as other kinetic
parameters and burnup calculations, are performed using
Serpent. A comprehensive set of representative reactivity
insertion accident (RIA) and loss-of-flow accident (LOFA)
transients is calculated using the coupled NK/TH system
code THERMO-T. Several studies have addressed this
benchmark over the years®* and showed good agreement
with the results of the benchmark. However, these studies
assume a pure cosine shape with specified radial, axial,
and engineering power peaking factors for the power
distribution in the core. The present study examines this
approximation using a calculated axial and radial three-
dimensional power distribution, by using the Serpent
calculation.?®* This shape is then modified according to
the PK model as the calculated transients progress. Fur-
thermore, the correct distributions of the power in the core
allowed us to extend the simulation from the traditional
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two-channel (average and hot) model to a full-core, one-
to-one mapping channel model.

The main goal of this study is to evaluate the TH
capabilities of the newly developed code by solving the
TAEA 10-MW(thermal) MTR dynamic benchmark’ and
to study the adequacy of using the Serpent code to obtain
the core neutronic parameters. The coupled calculation
scheme and the physical and TH models are validated by
comparing the results to the IAEA benchmark report as
well as to relevant previous studies.®?+43

This study is the first stage in the ongoing develop-
ment of a more advanced transient system code for
modeling MTR accidents, into which the DYN3D three-
dimensional deterministic neutronic nodal diffusion
code®* is to be integrated and utilized as the core NK
simulation tool. This paper is a result summary of this
stage in the development of the coupled three-dimensional
transient code THERMO-T.

Il. COMPUTATIONAL TOOLS AND METHODS

The main objective of the code, which is still under
development, is to adequately calculate coupled NK/TH
transients, such as RIA, LOFA, partial or full channel
blockage, and more, in a standard RR. At this stage of its
development, the code utilizes a point reactor model to
describe the spatial and temporal dynamics of the neutron
flux in the reactor core, using neutronic parameters and
flux shape functions calculated by the Serpent code, e.g.,
full-core three-dimensional radial and axial neutron flux
and power distributions. The neutronic model also includes a
decay heat model. The TH model of the code comprises a
primary coolant loop, which includes the core, the piping,
a heat exchanger, and a main circulation pump. The core
can be represented by any number of channels by apply-
ing any desired mapping scheme between fuel channels
and TH channels, using the appropriate radial power distribu-
tion. At this stage, the TH code solves one-dimensional single-
phase steady-state and transient flows, based on three
conservation equations for the mass, momentum, and
energy; a heat generation model; and heat transfer
equations for the fuel and clad.

Il.LA. The Neutronic Model

The reactor power is derived by solving the PK
equations with one prompt and six delayed groups of
neutrons,*” where the axial and radial power distributions
are calculated using Serpent:

dPF(t) — P(t, Tc: 7}5 pc) - B
dt A

6
gﬁPF(t) + E)\ici (D
i=1
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and

de(t) B
‘;f) - %Pp(t) — el | )

where

P, = reactor fission power

B,s = delayed neutron fraction

A = prompt neutron generation time
p = total reactivity

; = relative delayed neutron fraction of group i

1

¢; = precursor concentration of group i
N

; = decay constant of precursor group i.

1

However, the power in the core is not determined
solely by fission during the transient. In slow transients,
such as the slow LOFA (SLOFA), the decay heat gener-
ation of the core is of significance. The decay heat model
is implemented according to Ref. 48 in the following
form:

7
Py = EBD[CDi (3)
i=1
and
dep (1)
dt = BpA(Pr—cp) , (4)
where
P, = normalized decay power
¢p; = concentration of decay fission products group i
Noi = decay constant for decay heat fission products
group I
B, = effective fraction of decay fission products
group 1.

The coupling of the NK model to the TH conditions
in the core is realized through the dependence of the total
reactivity on the fuel and coolant temperature, i.e.,

p(t’ Tcﬂ 7}7 pc) = Pext — OLCATC - OLfAT}'_ O‘pcApc > (5)

where

P.; = induced external reactivity

= reactivity feedback coefficients
of the coolant temperature 7,

c
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fuel temperature 7}, and cool-
ant density p,, respectively

AT,, AT;, Ap, = deviation of these parameters
from the steady-state conditions
(e, AT, =T, — T, etc).

11.B. The Serpent Code

Serpent is a continuous-energy Monte Carlo neutron
transport code with burnup capabilities, which is devel-
oped at the VTT research center in Finland.*>*3 This code
enables modeling complicated three-dimensional geome-
tries and easily defines and obtains parameter distribution,
such as flux or reaction rates. Serpent was initially devel-
oped as an alternative to deterministic lattice physics
codes for generating homogenized multigroup constants
for reactor analyses with nodal codes. The current version
of Serpent supports neutron data libraries based on the
JEFF-2.2, JEFF-3.1.1, ENDF/B-VI.8, and ENDF/B-VII
evaluated data files. In the current work, we utilize the
ENDF/B-VII libraries.

I.C. The TH Model

To calculate the TH conditions in the core, a TH
response code was developed at BGU. This code solves
the three conservation equations (mass, momentum, and
energy) in time and space and allows dividing the core
into any required number of channels, from one lumped
TH node up to the number of fuel elements (one-to-one
mapping), including the ability to calculate an average
channel alongside a hot channel. Each channel is divided
into a specified number of axial nodes (in this study, each
channel was divided into 60 axial nodes, each 1 cm in
height).

II.C.1. The Hydraulic Model

The hydraulic model of THERMO-T enables the pre-
diction of the velocity vector and pressure drop distribu-
tion in each channel. Furthermore, the code provides the
mass flow rate distribution between the different channels
of the core. This is made possible by requiring that the
pressure drop between all the channels be the same, which
is realized through the solution of the continuity and
momentum equations [Egs. (6) and (7)] on each node
along the z-axis:

=0 (©)

and

) Jd ( du oP
— = —(p—|+ —+S 7
S o) = - (w4 S0+ S ()
where
p = coolant density
u = coolant velocity
P . .
5z = bressure gradient along the z-axis
v = viscosity and is assumed to remain unchanged.

It is also assumed that the coolant is a nonviscous,
noncompressible fluid such that the viscosity term in
Eq. (7) is neglected. Furthermore, there are no external
momentum sources in the problem, so it is also neglected.
The reduced equation thus becomes

O oy = OF
() = 5 ®)

The SIMPLE algorithm is used to solve Egs. (6) and (8),
as discussed below.

I1.C.2. Heat Transfer Model

The hydraulic model presented in Sec. II.C.1 accounts
for two of three conservation equations that are solved in
the THERMO-T code. The heat transfer model accounts
for the energy balance equation, from which the temper-
ature distributions of both fuel and coolant are derived.

To determine the temperature of the coolant, it is
necessary to determine the energy balance inside a single
node. A schematic view of a typical coolant node is shown
in Fig. 1, wherein u is the coolant velocity, Cp is the
coolant heat capacity, p is the coolant density, T;,,,,, is the
coolant temperature at the boundaries of the node, 7., is the
average coolant temperature (bulk), and 7, is the temper-
ature of the wall (clad).

The general terms for heat balance on the node are

Ein + Egen - Eour = Esr b (9)
u,-n, Uout

Cpin Cpout

Pin Pout

Ti T out

Tcl

Fig. 1. Schematic representation of a typical coolant node
for energy balance.
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where

E;,, = energy added to the node

m

E,, = energy generated inside the node

E,, = energy removed from the node

out

E, = energy stored in the node.

In our case, there is no generated heat inside the node
because all the heat is generated in the inner parts of the
fuel. The addition of heat to the node comes from the
forced convection mechanism on the fuel surface (clad),
whereas the removal of heat from the node is done by the
movement of the flow through the node. The final energy
balance equation for the coolant node is

aT.(z, 1)
chpchT = hchf[Tc](Z, t) - TC(Z, t)]
. aT.(z, 1) 0
mepe—7p—" (10)

where

p. = coolant density
Cp, = coolant heat capacity
V' = volume of the node
hy = forced convection heat transfer coefficient

A, = effective area from which the heat is being
removed

m = mass flow rate through the channel.

The fuel plate consists of fuel meat surrounded by
cladding with appropriate dimensions (see Table I), and
the coolant channel is defined as the coolant region
between two parallel fuel plates. A schematic representa-
tion of the fuel and cladding is shown in Fig. 2. Given the
dimensions of the fuel plate and the flow conditions, it is
reasonable to assume that the heat diffusion rate inside the
fuel plate is negligible compared to the time derivative of
the fuel enthalpy and the power. Furthermore, in the RIA
transient, the convection term on the water side is expected
to be much greater than the heat diffusion term in the direc-
tion across the fuel plate. This assumption implies a uniform
fuel plate temperature in the plane normal to the axial flow
direction, leading to vanishing heat conduction terms. The
energy balance considerations for the cladding and the fuel
are similar, with the addition of a conductive expression in
each equation. Therefore, Eq. (9) is still valid for these two
regions. It is assumed that the power generated inside the fuel
is isotropically distributed, thus facilitating symmetry con-
siderations and the usage of a half-node, as shown in Fig. 2.

NUCLEAR TECHNOLOGY - VOLUME 196 - NOVEMBER 2016

It should be noted that THERMO-T has the capability to
divide a region into several smaller subregions to obtain a
more realistic profile of the temperature distribution. How-
ever, the thin cladding and fuel in this benchmark problem
make this feature unnecessary. Hence, this model calculates
the surface cladding temperature and the average fuel tem-
perature according to

aTcl(Za t)
pclcpcchlT = UAf[Tf(ZB t) - Tcl(Za t)]
- hchf[Tcl(Z, t) - Tc(29 t)] (1 1)
and
0T, (z, 1)
prprjT = q(Z> t) - UAf[]}(Zﬂ t) - TCI(Z: t)] 5
(12)
where

cl = cladding
f = fuel

q(z, t) = local heat power generated in the fuel
through fissions

U = overall heat transfer coefficient between
the fuel and the cladding region, defined
according to

v =y d—f', (13)
kg ke
where
d., d, = thickness of the cladding and fuel,
respectively
k., k; = heat conduction coefficient of the clad-

ding and fuel, respectively.

The coupling of the TH model to the NK model is
realized through the fission power term ¢(z, f) appearing
in the equation for the fuel temperature.

I.C.3. Critical Heat Flux

The critical heat flux (CHF) is normally the limit of
the amount of heat transferred in a nuclear reactor. A
mechanical failure of the heated surface might occur once
the safety CHF ratio (CHFR) is exceeded. To calculate the
CHEFR, the 2006 CHF lookup table* is utilized. Accord-
ing to this method, the CHF is obtained from a table in
which it is a function of different TH parameters:

@SANS
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TABLE I

Summary of the MTR Core and Fuel Assembly Benchmark Specifications

Benchmark Parameters®

Active core height (mm)

Number of axial nodes

Space at the grid plate per fuel element (mm)
Fuel element (mm)

Meat dimensions (mm)

600
61
77 X 81
76 X 80.5 (with support plate)
76 X 80.0 (without support plate)
63 X 0.51 X 600

Fuel plate:
Number per fuel element
Number per control element
Fuel meat thickness (mm)
Clad thickness (mm)
Fuel active width (cm)
Fuel with clad width (cm)
Distance between fuel plates (mm)

23

17
0.51
0.38
6.30
6.65
2.23

Remaining plate positions of the control element:
Four aluminum plates (p,, = 2.7 g/cm?), each 1.27 mm thick in the position of the 1st, 3rd, 21st,
and 23rd standard plate positions; water gaps between the two sets of aluminum plates

Cladding properties:

Thermal conductivity (W/mK) 180
Volumetric heat capacity (J/cm?® - K) 2.0069 + 0.00127*

Fuel thermal properties: HEU LEU
Thermal conductivity (W/mK) 158 50
Volumetric heat capacity (J/cm® - K) 2.0072 + 0.00117* 1.929 + 0.00077*

Thermal hydraulics conditions:

Coolant inlet temperature (°C) 38
Coolant mass flow rate (m?/h) 1000
Pressure at core height (bars) 1.7

Neutronic core parameters: HEU Core LEU Core
Delayed neutron fraction 7.6071 X 1073 7.275 X 1073
Neutron generation time (s) 55.96 X 10°¢ 43.74 X 107°
Doppler feedback coefficient ($/°C) 3.6 X 1073 3.31 X 1073
Coolant feedback coefficient ($/°C) 1.537 X 1072 1.082 X 1072
Density feedback coefficient ($/g - cm™) 32.57 40.7

“Temperature in kelvins.
—_— dcur = qCHF(p’ Ga )(eqa Dhyd) s (14)
—_—>

Fig. 2. Schematic representation of a typical fuel and

cladding node for energy balance.

@ANS

where

p = local pressure

Q
I

mass flux (kg/s - m?)
X,, = local vapor quality

D,,, = hydraulic diameter.

The 2006 CHF lookup tables are based on experimen-
tal data obtained from a tube with a vertical upward flow
of a mixture of steam and water. The range of the data
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covered by the lookup tables is wide. The experiments
were performed on 8-mm tubes, in a pressure range of 0.1
to 20 MPa, mass flux of 0.0 to 8000 kg/s - m?, and vapor
quality ranges between —0.5 and 1.0. A linear interpola-
tion is assumed between all the points in the table, and a
correction for pipe diameter is applied according to

10000,,yd)—0»5

ngF = ngFSmm ( 3 (15)

The 2006 CHF lookup tables were verified against
experimental data available for nuclear reactors in several
studies.>"!

11.D. Numerical Scheme

11.D.1. Point Kinetics Model

The PK model [Egs. (1) and (2)] is solved by using
the semi-implicit scheme of the form

P;+1_P7r pn_Beff o
= o Pn + . (z+1 1
At A F i:El)\.IC/ ( 6)
and
chtl — on B
= AP N (17)

where n denotes the value of the variable at time 7, =
nAt. The discretization of the PK equations leads to the
following iterative procedure at each time step (excluding
relaxation factors for clarity):

Pﬁ“ P" — By

6
= Pp o+ M= Ph Elxjcfﬂ) (18)
e

and

o = [ - agm) < avany 09

where & denotes the iteration index. The iterative process
is terminated once the convergence criterion |x**! — x*|/
x* = & is satisfied for a predetermined convergence thresh-
old €, where x is a vector of variables. The decay heat
model [Egs. (3) and (4)] is solved similarly, according to

7
Py = Bk (20)
i=1
and
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eh = et At%(P,’,fH — ) . 1)

Finally, the reactor power is a combination of both
fission and decay heat power, with the fraction of the
total power contributed by the decay heat assumed to be
6.1% (/p),

Py = Pp(1 = fp) + Ppfp . (22)

However, the presented decay heat model [Egs. (20)
and (21)] is valid mainly for short periods after reactor
shutdown. For longer periods, it is suggested to utilize an
empirical relation for decay heat®:

P, = 0.1P[(t — 7, + 10)702 — (7 + 10)702 + 0.87
X (1+2X100)7°2—0.87(1 — 1, +2 X 107)7%?] ,
(23)

P, = total power prior to scram

time elapsed since reactor startup (s)

A
Il

= time elapsed since scram insertion (s).

2
I

I1.D.2. Heat Transfer Model

The three energy conservation equations [Egs. (10),
(11), and (12)] for the coolant, clad, and fuel are solved in
time and space by utilizing explicit temporal and spatial
discretization, taking into account changes in different
material properties due to temperature and pressure:

n+1 n
I T N "
oV Cr Ay =4 T UALT — ), (24)
Tn+l _ pn
cl cl n n n n
PtV CPe At = UAf(Tf ) hAf(Tcl -T,) ,
(25)
and
m+1 __
T cnaut — ];n,in
S v (26)

Equations (24), (25), and (26) are iteratively solved
coupled to the mass and momentum equations. The cou-
pling scheme is discussed later in this section. As men-
tioned above, the solution of the three-equation model

@SANS
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provides a good estimation of the temperature distribution
inside the channel.

I1.D.3. SIMPLE Algorithm

The SIMPLE algorithm™ is an iterative solution of
the momentum equation [Eq. (7)] and the continuity
equation [Eq. (6)]. The field is divided into two separate
fields: velocity and pressure. A typical node grid for the
SIMPLE algorithm is shown in Fig. 3, wherein W, E, and
P correspond to the points where the pressure field is
being solved while 4,, and 4, correspond to the points
where the velocity vector is being obtained. The discrete
momentum equation is given by

au; = Dauy, + (Py — Pp)A; + b;, 27

nb

where

nb = neighboring nodes

a;, a,, = multiplication coefficients of the velocity
from the momentum equation [Eq. (7)]

u;, u,, = velocities at node i and its neighboring
nodes

P = pressure at neighboring pressure nodes
A; = flow area of the node

b; = free parameter.

A full scheme of the solution of the steady-state
problem is shown in Fig. 4, and the time loop is shown in
Fig. 5.

The pressure correction equation is susceptible to
divergence unless some underrelaxation is used during the
iterative process, and a new, improved, pressure P,,,, is
obtained with

P, = P +a,P', (28)
where «, is the relaxation factor of the guessed pressure
field P". If the relaxation factor is chosen to be closer to 1, the
guessed pressure field is corrected by the correction pressure
field P'. This process could result in a convergence error if

TaA é

A
) 4

Fig. 3. The grid formation for the SIMPLE algorithm.
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Start SIMPLE

1Initial guess P*, u*, T*

Step 1 — Solve discretized momentum
equations

au = Z AnpUnp + (P31 — P)A; + b;

I

Set - Step 2 — Solve pressure correction equation
Pr=P I P =) aaPioy + 1aaPies + b
u'=u

{P
T = -
. Step 3 — Correct pressure and velocity
P=P'+ P
w=w +di(P_, —Pp)
| P, u, T

Step 4 — Solve energy balance
(Ea. 24. 25 and 26)

Fig. 4. Flowchart of the steady-state SIMPLE algorithm.

the initial guess of the pressure field significantly differs
from the actual result. On the other hand, selecting the
relaxation factor to be closer to 0 would result in no
correction at all of the initial guess. Therefore, the selec-
tion of the relaxation factor should be between 0 and 1,
and it should be sufficiently larger than 0 to ensure the
correct progression of the solution. The same applies to
the velocity, which is also underrelaxed according to

uneW = alluk+ (1 - all)uk71 b (29)
where
o, = velocity underrelaxation factor
u*~', u* = calculated velocities at the previous

and current iterations, respectively.

IL.E. Coupling Scheme

As stated above, the THERMO-T package couples
three tools (Serpent, NK module, and TH module). The
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Start

A 4

Step 1 —Initiate pressure P,
velocity # and temperature T fields
by solving the SIMPLE algorithm

for steadv state conditions

v

Step 2 — Set time step, At

A 4

Step 3 — Set:
t=t+ At
P*=P
u'=u
T =

Step 4 — Solve
SIMPLE algorithm

No

Yes

Stop

Fig. 5. Flowchart of the time-dependent loop for the
SIMPLE algorithm.

Serpent code provides an initial distribution of the power
inside the core at nominal operation conditions. The three-
dimensional power distribution is then fed into THERMO-T,
which solves the initial steady-state TH conditions of the
core by using the given three-dimensional power distri-
bution and a channel model, e.g., a one-to-one mapping of
TH channels to fuel elements, a two-channel model, or
lumped-core model. Then, calculation of the next time
step begins by solving the new amplitude for the three-
dimensional flux shape according to the reactivity changes
in the core. This calculation is performed by the NK
module, which accounts for reactivity changes via
changes in the fuel and coolant temperature, coolant den-
sity, and external sources of reactivity. The new power
distribution is then transferred to the TH module, which
calculates the new distribution of the TH parameters in the
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SERPENT

3D power distribution

Steady state TH
calculation

u, T, P, O

Transient loop

T, T, pe, Q

PK-module

Qnew

Transient TH
calculation

No

Yes

End of
simulation

Fig. 6. THERMO-T working coupling scheme.

core. The flowchart of the THERMO-T module is show in
Fig. 6.

At each time step, the updated temperatures and local
pressure values allow the code to update the coolant
properties, which is accomplished using the XSteam
module,’ and the clad and fuel properties according to the
equations of state provided in the benchmark.’® The
XSteam module is a set of steam and water properties’
tables, based on IAPWS-IF97 (Ref. 54). It provides prop-
erties for steam and water in ranges from 0 to 1000 bars
and 0°C to 2000°C. The tables provide a wide range of
parameters, e.g., enthalpy, density, and viscosity, for both
steam and liquid in all thermodynamic states (subcooled
liquid, saturated liquid/vapor, superheated vapor).
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6.65
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Fig. 7. Geometry and dimensions of a standard fuel element unit cell (in units of centimeters).

The conductivity values of the fuel and cladding are
assumed to be constant. However, the volumetric heat
capacity (C, = p,Cp,) is temperature dependent. The
value of the volumetric heat capacity of the aluminum
cladding is calculated according to Eq. (30), whereas for
HEU and LEU fuels, the volumetric heat capacity is
calculated according to Egs. (31) and (32), respectively:

C, = 2.069 + 0.00127,, , (30)
C, = 2.072 + 0.00117; , (31)
and
C, = 1.929 + 0.00077; , (32)
where
T, = average temperature of the cladding and the
fuel (K)
C, = volumetric heat capacity (J/cm® - K).

Finally, the values of the numerical parameters, e.g.,
time-step size, number of axial nodes, and iterative relax-
ation parameters, were optimized after careful consider-
ations and repeated trials until the desired accuracy and
stability were achieved.

[1l. BENCHMARK DESCRIPTION

In the current study, both HEU and LEU cores were
modeled. The core grid is a 6 X 5 grid and contains 21
fuel elements and 4 control elements. The geometry and
dimensions of a standard fuel element unit cell are shown
in Fig. 7. Each standard fuel element comprises 23 fuel
plates, whereas the control fuel elements comprise 17 fuel
plates, as shown in Fig. 8. The core configuration for both
beginning of life (BOL) and end of life (EOL), as a
function of depletion, is shown in Fig. 9. The core is
reflected on both sides with graphite reflectors, and it is
surrounded by water. The active core height of 60 cm
is followed, on both sides, by 15 cm of axial Al-H,O
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(@)

Fig. 8. A midplane XY cross section of (a) standard and
(b) control fuel elements, as modeled in Serpent.

(b)

Fuel
BOL 5%
EOL 10%

Fuel
BOL 25%
EOL 30%

Fuel
BOL 5%
EOL 10%

Fuel Control Control Fuel
Graphite | BOL 5% | BOL 25% BOL 25% | BOL 5% | Graphite
EOL 10% | EOL 30% EOL 30% | EOL 10%
Fuel Fuel
Graphite | BOL 25% BOL 25% | Graphite
EOL 30% EOL 30%
Fuel Fuel
Graphite | BOL 25% BOL 25% | Graphite
EOL 30% EOL 30%
Fuel Control Control Fuel
Graphite | BOL 5% | BOL 25% BOL 25% | BOL 5% | Graphite
EOL 10% | EOL 30% EOL 30% | EOL 10%

Fuel
BOL 5%
EOL 10%

Fuel
BOL 5%
EOL 10%

Fuel
BOL 25%
EOL 30%

Fig. 9. MTR core configuration for both BOL and EOL as
a function of 2**U depletion.

reflectors containing volume fractions of 20% Al and 80%
water. A summary of the benchmark parameters is given
in Table I.

I1I.A. Examined Transients

The benchmark problem presented in Ref. 30 consists
of two different types of accidents: RIA and LOFA. Both
scenarios are examined in fast and slow responses. The
transient specifications are detailed in Table II. The RIA
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TABLE 11

Main Transient Characteristics for the IAEA MTR Benchmark for HEU and LEU Cores

Rate of external reactivity insertion

Loss-of-flow decay period
Scram point

Delayed period before scram
Shutdown reactivity insertion

Main Transient Parameters RIA LOFA
Initial power 1L.OW 12.0 MW
Steady-state duration time before transient 50s 50s

1.5 $/0.5 s (FRIA)

1.35 $/0.5 s (LEU only)
0.10 $/1 s (HEU only)
0.09 $/1 s (LEU only)

12 MW (120% of nominal power)

—10.0 $/0.5 s

— 1.0 s (FLOFA)

— 25.0 s (SLOFA)
85% of nominal core
coolant flow rate
0.025 s 0.2s
—10.0 $/0.5 s

transient is classified as an overpower transient. This
RIA transient is characterized by a prompt power excur-
sion followed by strong reactivity feedback effects related
to fuel temperature, coolant temperature, and coolant
density changes. Several RIA scenarios are examined in
this study, as described in Table II. The LOFA transient is
classified as core heatup due to the malfunction of the
primary cooling system, while the reactor operates around
the nominal power. In this case, the flow decay is modeled
as an exponential decrease, exp(— t/T), with a period 7,
which equals 1 and 25 s for the fast LOFA (FLOFA) and
SLOFA cases, respectively.

IV. RESULTS AND DISCUSSION
IV.A. RIA Results

The results of the fast reactivity insertion of 1.5 $/
0.5 s for HEU and LEU cores, and 1.35 $/0.5 s for the
LEU core, are shown in Figs. 10 and 11, respectively. The
results show that the power peak is reached faster in
the LEU core than in the HEU core, due to a shorter
neutron generation time in the LEU core, as expected in
this case. In fast transients, the strong Doppler feedback in
the LEU core leads to a faster decrease in power. Further
examination of the minimal CHFR (MCHFR) shows that
it remains above the minimal value of unity for all cases
of RIAs, as shown in Fig. 12.

The slow RIA (SRIA) is shown in Fig. 13. The self-
limiting power behavior is observed more vividly in the
LEU case, in which the power rise becomes smoother due
to the delayed feedback effect of coolant and fuel tem-
perature increase. Furthermore, the MCHFR for the SRIA
transients is substantially >1, as shown in Fig. 14, and no
boiling is observed.
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A summary of the protected fast RIA (FRIA) and
SRIA transients is given in Tables III and IV, respec-
tively. In Tables III and IV, THERMO-T is compared
with calculations that were carried out by PARET
[Argonne National Laboratory (ANL)], RETRAC-PC
[Laboratoire d’Analyse de Saret¢é (LAS) (Algeria)],
COSTAX-BOIL [Junta de Energia Nuclear (JEN) (Spain)],
EUREKA-PT [Japan Atomic Energy Research Institute
(JAERI) (Japan)], and COBRA III-C (Interatom)
(Germany)], which are presented in the TAEA benchmark.>
Comparisons to benchmark calculations, which were
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Fig. 10. Transient responses of HEU and LEU benchmark
cores to reactivity insertion of 1.5 $/0.5s: (a) power,
(b) coolant outlet temperature, (c) cladding maximum
temperature, and (d) fuel maximum temperature.



388  MARGULIS and GILAD - THERMO-T FOR RESEARCH REACTOR ACCIDENT ANALYSIS

(@]
o
@ 140
2
® 120
< g
6»105 £ 100
n‘gi 5 80
3 60
(]
0 0.5 1 5 8 0 0.5 1 1.5
Time, sec Time, sec
(a) (b)
o
o
o 140 ° 140
2 g
S 120 =120
g ©
£ 100 g 100
8 £
% 80 £ 80
E 60 8 60
2 =
5 40 o 40
hei |
g o 0.5 1 5% 0 0.5 1 15
Time, sec Time, sec
() (d)

Fig. 11. Transient response of LEU benchmark core to
reactivity insertion of 1.35 $/0.5 s: (a) power, (b) coolant
outlet temperature, (c) cladding maximum temperature,
and (d) fuel maximum temperature.
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Fig. 12. MCHFR for FRIA transients.

performed with RELAP5/MOD3.2 [University of Pisa
(UPISA)] (Ref. 8), are also shown in the summary.

The comparisons in Tables III and IV show that the
results obtained by THERMO-T for these transients are in
good agreement with the results obtained by various other
codes. However, in many cases, the temperatures of the
clad surface calculated by THERMO-T seem to be lower
than those calculated by other codes. This result can be
explained by different peaking factors that are used in
THERMO-T. The benchmark-specified values for the radial
and axial peaking factors are 1.4 and 1.5, respectively.
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Fig. 13. Transient responses of HEU and LEU bench-
mark cores to reactivity insertion of 0.1 $ and 0.09 $
per 1 s: (a) power, (b) coolant outlet temperature, (c)
cladding maximum temperature, and (d) fuel maximum

temperature.
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Fig. 14. MCHEFR for SRIA transients.

However, THERMO-T uses a power distribution that is
obtained by the Serpent full-core three-dimensional neu-
tronic calculation. This power distribution, which is
shown in Fig. 15, exhibits lower radial and axial peaking
factors, namely, 1.27 and 1.33, respectively, leading to a
cooler hot channel and a hotter average channel in the
THERMO-T calculations, as compared with the other
codes. Nevertheless, the reactivity feedbacks remain
practically the same in all codes, as indicated by the
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TABLE III
HEU and LEU Cores During FRIA Transients*
Code Institut THERMO-T RELAPS PARET RETRAC COSTAX EUREKA COBRA
ode mstitute BGU UPISA ANL LAS JEN JAERI | Interatom
FRIA 1.5 $/0.5 s for HEU and LEU Cores
Trip time (s) LEU 0.59 NA NA 0.57 0.60 0.58 0.57
P HEU 0.63 NA NA 0.61 0.61 0.62 0.61
LEU 151.3 150.4 148.3 141.1 116.1 143.8 143.9
(0.60) (0.61) (0.61) (0.61) (0.64) (0.62) (0.61)
Power peak (MW)
HEU 128.1 131.2 129.0 128.4 132.7 114.8 135.1
(0.65) (0.66) (0.66) (0.66) (0.66) (0.66) (0.65)
Temperature Peaks (°C)
LEU 149.5 166.5 155.8 155.9 156.6 149.2 168.2
(0.62) (0.63) (0.63) (0.63) (0.63) (0.63) (0.63)
Clad surface
HEU 148.92 163.41 155.25 162.04 162.30 147.30 160.00
(0.67) (0.67) (0.67) (0.67) (0.68) (0.68) (0.66)
LEU 78.4 78.0 82.0 79.4 80.4 62.7 63.20
(0.68) (0.73) (0.71) (0.71) (0.71) (0.76) (0.74)
Coolant outlet
HEU 79.6 78.9 84.3 83.0 108.7 62.3 70.7
(0.73) (0.77) (0.76) (0.75) (0.77) (0.82) (0.78)
FRIA 1.35 $/0.5 s for LEU Core
Trip time (s) LEU 0.67 NA NA 0.66 0.69 0.66 0.65
LEU 64.1 64.4 62.4 63.2 51.8 61.5 62.9
Power peak (MW) (0.68) 069 | (0.69 (0.69) (0.73) (0.70) (0.69)
Temperature Peaks (°C)
Clad surface LEU 98.8 113.2 108.01 108.0 102.1 107.2 105.1
(0.72) (0.72) (0.72) (0.72) (0.76) (0.72) (0.71)
Coolant outlet LEU 54.8 56.2 56.9 58.2 54.9 55.20 52.00
(0.78) (0.83) (0.80) (0.83) (0.84) (0.83) (0.84)

*The number in parentheses is the time after transient initiation at which the value occurred.

good agreement in the power level evolution between
THERMO-T and the other codes. On the other hand, in
the SRIA cases, the differences in cladding tempera-
tures are much smaller, possibly due to lower power
levels during these transients, which result from a
slower power rise.

IV.B. LOFA Results

The LOFA is initiated at a core power level of 12 MW,
which allows including a 20% overpower in the transient
scenario. The flow decays exponentially according to

(—t/T)

0 = Qe , (33)
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where the scram is initiated at 85% of the initial flow.
However, the insertion occurs only 0.2 s after the 85% set
point is reached. The flow then continues to decay until
it reaches 15% of the nominal flow, where it remains
until the end of the transient. The decay of the coolant
flow is followed by an increase in temperature of the
fuel, cladding, and coolant. Two types of LOFA tran-
sients are examined, as specified in Table II: a FLOFA,
in which the flow decays with a period of 1s, and a
SLOFA, in which the flow decays with a period of 25 s.
The results of the FLOFA and SLOFA are shown in
Figs. 16 and 17, respectively. The results for all the
transient cases are summarized and compared to other
codes in Table V.

@SANS



390 MARGULIS and GILAD - THERMO-T FOR RESEARCH REACTOR ACCIDENT ANALYSIS
TABLE IV
HEU and LEU Cores During SRIA Transients*
Code Institute THERMO-T RELAPS PARET RETRAC COSTAX EUREKA COBRA
BGU UPISA ANL LAS JEN JAERI Interatom
SRIA 0.1 $/1 s for HEU Core
Trip time (s) 10.66 NA NA 10.62 10.61 10.64 10.57
Power peak (MW) (13:26) (}(3):25) (}giéz) (}gié@ (13:24) (1(3):23) (13:45‘9)
Temperature Peaks (°C )
Clad surface 68.9 71.7 69.7 69.0 69.5 69.2 69.2
(10.68) (10.66) (10.64) (10.66) (10.66) (10.69) (10.62)
Coolant outlet 47.0 48.0 47.8 48.1 47.5 47.7 452
(10.73) (10.74) (10.71) (10.74) (10.73) (10.77) (10.70)
After 20 s
Power (MW) 0.0058 0.0078 0.0053 0.0054 0.007 0.006 NA
Temperatures (°C)
Clad surface 38.0 38.0 38.0 38.0 38.0 38.0 38.0
Coolant outlet 38.0 38.0 38.0 38.0 38.0 38.0 38.0
SRIA 0.09 $/1 s for LEU Core
Trip time (s) 10.66 NA NA 11.87 11.68 11.90 12.028
Power peak (MW) (3:36) (3234) (ﬁé()) (1%139) (}?:21) (314912) (31353)
Temperature Peaks (°C)
Clad surface 81.7 81.1 77.9 77.7 71.9 78.5 78.1
(12.27) (11.95) (11.81) (11.90) (11.90) (11.93) (12.06)
Coolant outlet 51.8 53.6 53.0 53.9 48.8 52.8 51.1
(12.30) (11.99) (11.86) (11.93) (11.78) (11.98) (12.10)
After 20 s
Power (MW) 0.0156 0.0220 0.0121 0.0146 0.0092 0.0150 NA
Temperatures (°C)
Clad surface 38.0 38.0 38.0 38.0 38.0 38.0 38.0
Coolant outlet 38.0 38.0 38.0 38.0 38.0 38.0 38.0

*The number in parentheses is the time after transient initiation at which the value occurred.

As shown in Fig. 16, the power begins to drop
immediately with the reduction in flow rate due to the
negative reactivity feedback resulting from a fuel and
coolant temperature increase. The scram is initiated
when the coolant flow reaches 85% of the initial flow
and results in a sharp decrease in core power. A second
peak in fuel, cladding, and coolant temperatures is
reached a few seconds later as a result of the com-
bined effect of a relatively constant decay heat level

@ANS

and a continuous reduction in the core coolant flow.
The same phenomenon is exhibited in the SLOFA tran-
sient, as can be seen in Fig. 17, but on a much slower
timescale.

Finally, as can be seen in Table V, the results obtained
from the THERMO-T calculations are in good agreement
with the results obtained from the other codes provided in
the benchmark problem, both for the FLOFA and for the
SLOFA. The calculation showed that no boiling occurred
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Fig. 15. Power distribution for HEU and LEU cores calculated by Serpent (Ref. 44).

during the SLOFA and FLOFA transients, as can be seen
in Fig. 18.

V. CONCLUSIONS

This paper presents a summary report on the devel-
opment of a three-dimensional coupled NK and TH system
code package, which is based on the Serpent/DYN3D/
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Fig. 16. Transient responses of HEU and LEU benchmark
cores to FLOFA: (a) power, (b) coolant outlet tempera-
ture, (c) cladding maximum temperature, and (d) fuel
maximum temperature.
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THERMO-T codes. The first stage in this work was a
comprehensive comparison and verification of the Ser-
pent and DYN3D codes against the static results of the
IAEA 10-MW(thermal) MTR benchmark,” which
showed excellent agreement.?®* The second stage was a
verification of the current transient model against avail-
able transient results.®30

The neutronic and TH models, implemented in the
THERMO-T code, are presented, including the decay heat
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Fig. 17. Transient responses of HEU and LEU benchmark
cores to SLOFA: (a) power, (b) coolant outlet tempera-
ture, (c¢) cladding maximum temperature, and (d) fuel
maximum temperature.
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TABLE V
HEU and LEU Cores in FLOFA and SLOFA Transient Conditions*
Code Institut THERMO-T RELAPS PARET RETRAC COSTAX EUREKA COBRA
ode Institute BGU UPISA ANL LAS JEN JAERI | Interatom
FLOFA for HEU and LEU Cores
Power at trip (MW) | HEU 11.8 11.9 11.8 NA 11.7 NA 11.5
LEU 11.7 11.8 11.7 NA 11.7 NA 11.4
Temperature Peaks (°C)
HEU 93.4 91.3 88.6 87.5 94.0 98.4 89.5
(0.38) (0.41) (0.38) (0.38) (0.37) (0.40) (0.38)
Clad surface
LEU 93.0 92.6 88.5 87.5 93.9 97.1 89.3
(0.38) (0.4) (0.39) (0.37) (0.37) (0.40) (0.36)
HEU 57.1 59.5 60.0 60.3 59.4 58.1 56.5
(0.45) (0.50) (0.47) (0.45) (0.43) (0.48) (0.46)
Coolant outlet
LEU 56.9 59.5 60.0 60.3 59.3 58.1 56.4
(0.44) (0.50) (0.48) (0.45) (0.43) (0.48) (0.46)
Temperatures at 15% Flow (°C)
Coolant outlet HEU 49.2 46.8 NA 46.6 NA NA NA
LEU 49.2 46.7 NA 46.50 NA NA NA
SLOFA for HEU and LEU Cores
. HEU 11.8 11.6 11.6 NA 11.8 NA 11.6
Power at trip (MW) | 1 g 11.7 11.6 11.6 NA 11.7 NA 11.5
Temperature Peaks (°C)
HEU 90.3 88.7 84.5 83.9 90.7 96.4 85.8
(4.27) (4.31) (4.30) (4.29) (4.27) (4.20) (4.26)
Clad surface
LEU 89.9 88.4 84.4 83.7 90.3 96.1 85.5
(4.26) (4.30) (4.07) (4.29) (4.27) (4.30) (4.26)
HEU 55.6 58.8 58.7 58.9 58.3 57.7 55.6
(4.29) (4.31) (4.27) (4.29) (4.27) (4.30) (4.26)
Coolant outlet
LEU 55.5 58.0 58.7 58.8 58.1 57.5 554
(4.28) (4.30) (4.09) (4.29) (4.27) (4.30) (4.26)
Temperatures at 15% Flow (°C)
Coolant outlet HEU 42.2 434 422 433 NA NA NA
u LEU 41.8 43.5 NA 43.3 NA NA NA

*The number in parentheses is the time after transient initiation at which the value occurred.

model and the heat transfer model. The models extend
lumped-parameter models?'** to nodal solution of two-
dimensional (axial coolant flow and radial heat conduc-
tion into the fuel) heat transfer equations. Furthermore, to
provide a more precise solution, the energy balance
equation was coupled with the solution of the mass and
momentum conservation equations by utilizing the
SIMPLE algorithm.** Several additional features, which

@ANS

are implemented in the code, are presented, such as the
capability to predict the CHFR by utilizing the 2006
lookup tables* and solution of the multichannel prob-
lem, which includes convergence of the mass flow rate
distribution.

The results presented in this paper indicate a fairly
good agreement between THERMO-T and the other codes
presented in the benchmark.®** The main difference in the
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Fig. 18. Minimum DNBR for (a) FLOFA transients and (b) SLOFA transients.

results is observed in the FRIA (see Table III) and is
explained by the slightly different peaking factors pre-
sented in the benchmark problem and those calculated by
Serpent. The differences are dramatically reduced in the
slower reactivity insertions due to the slower response of the
system, as shown in Table IV for the SRIA. The same
behavior is observed in the SLOFA and FLOFA transients,
which show good agreement between THERMO-T and
the other codes.

Future work should include validation of the THERMO-T
code against experimental data. Such a comparison
should provide a stronger validity for the utilization of
THERMO-T as a modeling tool for transient analysis in
the final Serpent/DYN3D/THERMO-T package.
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