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The transition from Generation 2 to Generation 3/3+ and 4 re-
actors, as well as the development of small modular reactors
(SMR), place new demands on computational programs de-
signed to simulate conditions of normal operation, operational
occurrences, design basis accidents and severe accidents. On
the one hand, most passive safety systems of advanced and in-
novative plants operate at low pressures even down to vacuum
conditions and the driving forces are low compared to active
systems. On the other hand, the containment is no longer just
a barrier to retain radioactive material in the event of leakage
of the cooling system, but it is an important link in the passive
cooling chain. This requires an expansion and improvement
of the existing simulation programs for the cooling circuit and
containment, as well as the realization of a coupling between
these simulation programs. The new AC? program package
combines the proven simulation codes ATHLET/ATHLET-
CD and COCOSYS in one software suite to hit this target.
The individual components of the suite are continuously ex-
tended and validated for their application to novel safety sys-
tems. This makes it possible to simulate the entire spectrum of
accidents for Generation 3/3+, 4 and light water cooled SMR
systems with just one program package. This publication gives
an overview of the current state of development of AC? and its
individual modules.

Aktuelle Entwicklungen des Programms AC? zur Berechnung
von fortschrittlichen Reaktorkonzepten der Generation 3/3+
sowie von leichtwassergekiihlten SMR-Konzepten. Der Uber-
gang von Reaktoren der Generation 2 nach Generation 3/3+
und 4 und auch das Aufkommen von kleinen modularen
Reaktoren (engl. Small Modular Reactors = SMR) stellt an Re-
chenprogramme zur Simulation von Betriebszustinden, Tran-
sienten, Stor- und Unfillen in Kernkraftwerken neue Anfor-
derungen. Zum einen arbeiten die in fortschrittlichen und
innovativen Reaktoren eingesetzten passiven Sicherheitssyste-
me teilweise bei sehr niedrigen Driicken bis hinab zu Vakuum-
bedingungen und auch die treibenden Kriifte sind im Vergleich
zu aktiven Systemen gering. Zum anderen ist der Sicherheits-
behiilter (Containment) nicht mehr nur eine Barriere zum Ak-
tivititseinschluss im Falle von Leckagen des Kiihlsystems, son-
dern es ist ein wichtiges Glied der passiven Warmeabfuhr. Das
erfordert zum einen eine Erweiterung und Verbesserung der
bestehenden Simulationsprogramme fiir Kiihlkreislauf und
Containment, aber auch die Realisierung einer Kopplung zwi-
schen diesen beiden Simulationsprogrammen. Unter dem Na-
men AC? wurden zu diesem Zweck die erprobten Simulations-
programme ATHLET/ATHLET-CD und COCOSYS in einem
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Programmsystem vereint. Dieses wird kontinuierlich fiir die
Anwendung auf neuartige Sicherheitssysteme und Anwen-
dungsbereiche erweitert und validiert. Somit ist es moglich mit
nur einem Programmsystem das gesamte Storfallspektrum fiir
Anlagen der Generation 3/3+, 4 und leichtwassergekiihlter
SMRs zu simulieren. Dieser Aufsatz gibt einen Uberblick iiber
den aktuellen Stand der Entwicklung von AC? und seiner Ein-
zelmodule.

1 Introduction

Reactor designs of generation 3 and 3+ feature several evolu-
tionary, state-of-the-art design improvements compared to
generation 2 plants, which account for most plants currently
in operation worldwide [1]. These improvements are in the
areas of fuel technology, thermal efficiency, modularized con-
struction, standardized design and safety systems, especially
the use of passive rather than active systems. In these Genera-
tion 3/3+ plants like the AP1000, CAP1400, HPR-1000,
WWER-1200 or advanced boiling water reactors like the
ABWR, the (E)SBWR or the KERENA (concept) the con-
tainment is an important part of the emergency cooling chain.
In case of a loss of coolant accident (LOCA), the heat re-
leased to the containment via the leak and the passive core
cooling systems (e.g. emergency condensers, automatic de-
pressurization systems, see KERENA, AP1000, CAP1400...)
is removed by specific design features and finally transferred
to the environment as the ultimate heat sink. Also, small
modular reactors (SMRs), which are currently under develop-
ment (e.g. NuScale, Carem, CAP200, KLT-40S, SMART, I-
150) show such a close connection between the cooling circuit
and the containment.

This interconnection of the cooling circuit and the contain-
ment using passive safety features with small driving forces
does not allow for an effective decoupling of simulation do-
mains and thus puts new and challenging demands on simula-
tion programs used in safety demonstration. In the past for
the thermal hydraulics simulation of generation 2 plants, the
containment was generally represented by a suitably conser-
vative simplified model. For the simulation of the cooling cir-
cuit, system codes like ATHLET, RELAP or CATHARE
have been used with the containment being simulated as a
simple pressure and temperature boundary condition or using
a very rough representation of the containment. For the simu-
lation of the pressurization and temperature rise under
LOCA conditions or main steam line breaks in the contain-
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ment lumped parameter codes like COCOSYS, CONTAIN,
WAVCO or GOTHIC have been used with a precalculated
leak mass flow rate from the cooling system into the contain-
ment. Further, such containment codes have been necessary
to predict fission product and aerosol behaviour in the con-
tainment with view to any source term to the environment as
consequence during severe accidents. For realistically simulat-
ing the behaviour of passive safety features of Generation 3/
3+ plants and SMRs, which closely interact with the specific
containment behaviour, best-estimate simulations for both
containment and cooling circuit simulation domains are the
state of the art. This is possible in principle by using integral
codes such as ASTEC, MAAP or MELCOR. However, as
these integral codes generally come with limitations in details
of modelling and treatment of phenomena, using closely
coupled best-estimate codes for the circuit and the contain-
ment is a further promising alternative. This is one rationale
for on-going integration of the GRS codes ATHLET, ATH-
LET-CD and COCOSYS into the program suite ACZ.

In the following the three main programs of AC? are de-
scribed in detail and the coupling abilities of the modules are
presented. Also, an overview on the quality assurance of the
code development is given.

2 Description of AC? components

AC? is a coupled code system developed by the Gesellschaft
fiir Anlagen- und Reaktorsicherheit (GRS) gGmbH for the
simulation of normal operation, anticipated operational oc-
currences, design and beyond design basis up to severe acci-
dents in LWR and basic capabilities of other reactor designs.
It consists of three main modules (see also Fig. 1):

e ATHLET, which is used for the detailed thermohydraulic
simulation of normal operation, transients and loss of cool-
ant accidents up to design extension conditions without
core degradation of the reactor coolant system,

e ATHLET-CD, which is the extension of ATHLET for the
simulation of design extension conditions with core degra-

dation and severe accidents within the reactor coolant sys-
tem and the spent fuel pool.

COCOSYS, which is used for the detailed simulation of
normal operation up to severe accidents within off-site re-
lease in the containment/buildings of LWR and limited
capabilities for other reactor designs,

NuT module (Numerical Toolkit), which provides an easy
access to dedicated numerical libraries to speed up the
internal computations of ATHLET and ATHLET-CD
(ATHLET/CD). The focus currently lies on linear algebra
subtasks.

AHTLET, ATHLET-CD and COCOSYS are one-dimen-
sional lumped parameter codes. Each program has a modular
structure and consists of several modules, which are described
in detail in the following sections.

2.1 ATHLET

ATHLET [3] is composed of several basic modules for the
simulation of the fundamental, multi-physical phenomena in-
volved in the operation of a nuclear reactor, including ther-
mal-fluid dynamics (TFD), heat transfer and heat conduction,
neutron kinetics as well as control and balance-of-plant (see
Fig. 2). Dedicated interfaces to external simulation tools such
as 3D neutron kinetic codes, Computational Fluid Dynamics
(CFD) codes or the AC? containment simulator COCOSYS
are available. A flexible plug-in technique is used to couple
user-provided code extensions.

The TFD-module of ATHLET offers two different sets of
1D model equations for the simulation of the fluid-dynamic
behavior: A two-fluid model (6-equation model) with fully
phase-separated conservation equations for liquid and vapor
mass, momentum and energy, and a five-equation model with
separate conservation equations for liquid and vapor mass
and energy, supplemented by a mixture momentum equation.
Both models account for thermal and mechanical non-equi-
librium. The five-equation model includes a mixture level
tracking capability to capture both dynamic motion of and
two-phase processes at a horizontal phase interface in a verti-
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cal component. A full-range drift-flux model is available for
the calculation of the relative velocity between the fluid
phases considering different geometries, such as horizontal
pipes, vertical pipes, annuli or bundles. For the simulation of
multidimensional, two-phase flow phenomena in large vessels
such as the RPV, a 3D extension of the 1D two-fluid model is
included.

The range of working fluids covers light and heavy water
with consideration of the transition between subcritical and
supercritical fluid states. In addition, helium, liquid sodium,
lead and LBE (lead-bismuth eutectic) can be selected as cool-
ant. These extensions aim at the simulation of future Genera-
tion IV reactor designs.

ATHLET also allows for the simulation of non-condensable
gases. Fluid properties are provided for hydrogen, nitrogen,
oxygen, air, helium and argon, but users can define their own
non-condensable gases, if material properties are known. Ad-
ditional balance equations can be included for the description
of boric acid or zinc-borate transport within the coolant sys-
tem as well as for the transport and release of nitrogen dis-
solved in the liquid phase of the coolant.

The heat transfer package (HECU) covers a wide range of
single-phase and two-phase flow conditions. Correlations for
critical heat flux (CHF) and minimum film boiling tempera-
ture are included. The influence of spacer grids on the CHF
can optionally be considered. Evaporation and condensation
directly at heating or cooling surfaces are calculated. A
quench front model for bottom and top reflooding is also
available. Special heat transfer correlations are available for
supercritical water, liquid metal working fluids and helium,
accounting for specific geometries such as rod bundles or peb-
ble beds. ATHLET enables the simulation of two-dimensional
heat conduction in structural components, for which either
built-in or user-provided material properties can be used.

The time-dependent behavior of the nuclear power genera-
tion is calculated by a point-kinetics model. The point-kinetics
model is based on the application of the kinetics equations for
one group of prompt and for six groups of delayed neutrons.
The reactivity changes due to control rod movement as well
as reactivity feedback effects for fuel temperature, moderator
density, moderator temperature and boron concentration are
considered. For an in-depth analysis of core behavior, e.g. in
case of asymmetric transients, ATHLET offers a general in-
terface for coupling of 3D neutron kinetic models. Several
3D codes for rectangular and hexagonal geometries have
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been successfully coupled to ATHLET (e.g. the GRS code
QUABOX/CUBBOX or DYN3D by HZDR).

Specific models are provided for the simulation of valves,
pumps, accumulators, heat exchangers, steam separators,
steam and gas turbines, compressors, steam condensers, single
and double ended breaks, fills and leaks.

The time integration of the thermo-fluid dynamic model is
performed with a general purpose ordinary differential equa-
tion (ODE) solver. It provides the implicit solution of a linear
system of ODE of first order. The linearization of the under-
lying conservation equation system is done numerically by
calculation of the Jacobian matrix. A block sparse matrix
package is available to handle in an efficient way the repeated
evaluation of the Jacobian matrix as well as the solution of the
resulting system of linear equations. For the very effective so-
lution of the linear equation systems in the case of big simula-
tion models a new software called NuT (see 2.4) can be used
alternatively. A rigorous error control is performed using a
higher order scheme for the time integration obtained by an
extrapolation approach.

For the very important calculation of the leak mass flow, a
special sub-program CDRID is used. In contrast to com-
monly used methods like HEM or Moody (which are also of-
fered by ATHLET) CDRI1D calculates the leak mass flow
by solving a 4-equation set of conservation equations in 1D.
The specific geometry upstream of the leak can be provided
by the user and is automatically discretized using a very fine
nodalization, to be able to consider the very high velocity gra-
dients near the leak.

ATHLET has been developed and validated to be applied
for all types of design basis and beyond design basis incidents
and accidents without core damage in LWR, like PWR, BWR,
VVER, and RBMK.

2.2 ATHLET-CD

The module ATHLET-CD [4] covers the phenomena that are
related to core degradation in a PWR, BWR or VVER type
reactor. It has a modular structure and embeds ATHLET,
which is used for the necessary thermohydraulic calculations
(see Fig. 3).

Like other nuclear code systems, ATHLET-CD divides the
core region radially into concentric rings and axially into dif-
ferent levels. It is assumed that all the fuel rods located in a
user-defined ring behave identically which is a valid assump-
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Fig. 2. Modular Structure of ATHLET [2]
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tion if the analysed scenario is dominated by radially sym-
metric phenomena. An example of the core nodalization is
shown in Fig.4. The top view indicates that all fuel rods,
which are located in one ring are combined and are visualized
by one representative fuel rod, as depicted in the side view.

The submodule ECORE (see also code structure in Fig. 3)
calculates core heat-up, oxidation effects and core degrada-
tion phenomena. Heat balance equations are solved for the
fuel, for the absorber material, for the cladding and for the
melt/crust. Blockage formation is considered during the melt-
ing processes.

The cladding oxidation model calculates the oxidation of
zirconium and the associated hydrogen generation which is
important to consider with increasing temperature of the core
(above ~1000 K). Besides the oxidation in a steam environ-

ment, an approach is formulated to consider also nitride for-
mation in an air environment. The parameters for the empiri-
cal correlations are determined based on single effect tests,
see [5].

For the simulation of debris beds a specific model called
MEWA is under development at IKE Stuttgart [6] with its
own thermal-hydraulic equation system, coupled to the ATH-
LET-thermo-fluid-dynamics on the outer boundaries of the
debris bed. The transition of the simulation of the core zones
from ECORE to MEWA depends on the degree of degrada-
tion in the zone.

The fission/decay power of the reactor core can be defined
via a time depending function or by using the FIPISO submo-
dule. These submodules calculate the decay power and the fis-
sion product inventory after shutdown, using a user defined
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burn-up history and initial fissile material content of the core.
The modules take 1296 isotopes separately into account using
the appropriate property of each isotope.

The submodule FIPREM calculates the fission product re-
lease from the fuel rods. Fission product release is calculated
if the cladding fails and the fuel temperature exceeds a user
defined limit. Cladding failure criteria can be a constant pa-
rameter or a dedicated model, which constantly calculates
the deformation of the cladding due to the heat up and oxida-
tion. The release calculation is mainly based on the Antoine
approach, where the release rate depends on the temperature
of the fuel, system pressure and the partial pressure of the re-
leased material. For several relevant fission products that are
sensitive to the oxidizing and reducing conditions the amount
of available oxygen is also considered. The transport of these
fission products and aerosols within the cooling circuit is
calculated by the SAFT module based on the code
SOPHAEROS [7].

The transported fission products are decaying during the
transport and deposition, adding their power from alpha and
beta decay to the surrounding structures or medium. The
transport module takes a wide range of chemical and physical
phenomena into account that influence the amount of fission
product that reaches the containment:

e Agglomeration: the motion of aerosol particles leads to
collisions and they stick together.

e Condensation on walls/aerosols: fission products released
as vapors condense on colder structures or other aerosols.

e Sedimentation: due to gravity aerosols settle on horizontal
surfaces.

e Turbulent impaction: Brownian motion of particles results
in collision with and deposition at the wall.

e Bend impaction: the inertia of the particles causes in
changes of system geometry deposition on walls.

e Thermophoresis: the particles with higher temperatures
push the other particles towards colder regions, eventually
causing deposition on wall.

e Diffusiophoresis: condensation of steam causes a flow of
gas with particles towards walls.

These phenomena are also schematically depicted in (Fig. 5).
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Two modules are available to model the relocated molten
material behaviour in the lower head: AIDA and LHEAD.

AIDA starts after the failure of the lower core grid plate
(PWR) or after the failure of the control rod guide tubes
(BWR). The relocation of the molten material from the core
into the lower head is governed by ECORE and is not mod-
elled in detail, yet. The molten material fills the lower head in-
stantaneously at the beginning of the AIDA calculation. AIDA
simulates the thermal behavior of the molten corium pool and
the crust formation and the heat transfer through the crust
and RPV wall. Heat conduction through the pressure vessel
wall is solved two-dimensionally with a finite difference meth-
od. The corium pool is calculated with simplified, zero-dimen-
sional balance equations, and additional empirical correlations
are used to determinate the heat fluxes. Homogeneous or stra-
tified (two-layer) pool configuration models are available. The
modelling of transient external reactor vessel cooling is possi-
ble with predefined or calculated heat transfer coefficients,
considering also boiling conditions. AIDA is equipped with a
wall-ablation model. Wall failure is predicted with a simple fail-
ure criterion considering the pressure difference, the tempera-
ture, the remaining wall thickness and the mass of the corium
as well as the mass of the vessel wall under the corium pool.
The transferred heat through the wall as well as the mass and
energy data of corium after a vessel failure are provided to
the containment code COCOSYS, if it is also activated.

The module LHEAD offers a more detailed nodalization
of the lower head fluid domain and, thus, it allows the consid-
eration of the lower head structures and the phenomena in
the lower plenum. Especially for the simulation of late phase
accidents in BWRs such detailed modelling is of interest to
consider special structures like penetrations through the ves-
sel (e.g. control rod guide tubes).

2.3 COCOSYS

COCOSYS [8] itself consists of the three separate main mod-
ules THY (THermal HYdraulics), AFP (Aerosol and Fission
Product behavior) and CCI (Core Concrete Interaction).
Communication among these main modules is accomplished
via MPI (Message Passing Interface), see Fig. 6.

Condensation
on Wall

Diffusiophoresis

Bend Impaction

Fig. 5. Main phenomena in the fission pro-
duct transport module in the reactor circuit of
ATHLET-CD/AC?
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2.3.1 Thermal Hydraulic (THY) Module

The thermal hydraulic (THY) module is a lumped-parameter
model. The compartments of the considered containment or
test facility must be subdivided into control volumes. The
thermodynamic state of a zone is defined by its temperatures
and masses of the specified components and the pressure. A
few basic zone models are implemented in the THY main
module of COCOSYS: an equilibrium and a non-equilibrium
zone model and a pressure suppression zone model, among
others. For the coupling to CFD codes an interface zone
mode may be utilized.

To describe the flow interaction between different zones,
specific junction models are implemented, like rupture discs,
atmospheric valves, flaps/doors or specific pressure relief
valves used in Russian types reactors. The implemented pump
system model is flexible enough to simulate complete cooling
systems, e.g. containment spray systems or emergency core
cooling systems.

Structure objects simulate walls, floors and ceilings of the
containment. They can be partly submerged by water and
can simulate various types of heat sinks within and between
zones. The heat flux calculation is one-dimensional, solving
the Fourier equation. The heat exchange between structures
and assigned zones are calculated via convection, condensa-
tion and radiation. To consider condensate flows running
along several structures, special flow paths can be defined
and the water drip-off from structures can be simulated.

For the simulation of both design basis and severe accident
sequences including possible accident management measures
it is necessary to model hydrogen related phenomena and to

consider containment related safety systems. In the THY
main module it is possible to simulate pump and spray sys-
tems, different types of coolers, ventilation systems and con-
densers. For simulation of Russian WWER and RBMK type
containments, models are incorporated for specific safety
flaps, weight dependent valves or U-shape hydro locks. Hy-
drogen recombination can be simulated by thermal recombi-
ners as well as by passive autocatalytic recombiners (PARs).

A simplified model simulates hydrogen combustion and
flame propagation between different compartments. It was
validated against several hydrogen combustion experiments
covering a broad spectrum of possible scenarios.

2.3.2 Aerosol and fission product (AFP) Module

The aerosol and fission product (AFP) main module is used
for best-estimate simulations of the fission product behavior
in the containment. Interactions between the thermal hydrau-
lic and the aerosol and fission product behavior are consid-
ered via inter-model communication (see Fig. 6). The aerosol
behavior of up to eight chemically different aerosol compo-
nents is calculated with consideration of the thermal hydraulic
boundary conditions. The module differentiates between solu-
ble and insoluble as well as hygroscopic and non-hygroscopic
aerosols. Sedimentation, diffusive deposition, thermophoresis
and diffusiophoresis are covered.

There are special models for the simulation of high-effi-
ciency particulate air (HEPA) fibre and granulate filters im-
plemented as well as an empirical model of a venturi scrubber
type filter. The retention of aerosols during gas transport
through water pools is calculated by the SPARC-B model.

COCOSYS

THERMAL HYDRAULIC
zone & junction models
containment T/H

H, deflagration
pressure suppression

pyrolysis
safety systems
decay heat

AEROSOL- & FISSION-
PRoODUCTS

aerosol behavior

iodine behavior

FP transport

nuclide behavior

pool scrubbing

CORE-CONCRETE-
INTERACTION
concrete erosion

melt chemistry
aerosol & FP-release

ATHLET / ATHLET-CD

THERMAL HYDRAULIC
reactor coolant circuit
zone models

CORE DEGRADATION
core melting

aerosol- & FP-release
and -transport

spreading
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This allows among other things the simulation of “pool scrub-
bing” in the pressure suppression system of a boiling water re-
actor.

For the simulation of the transport of the fission products it
is differentiated between the atmosphere, the aerosol parti-
cles and the sump water as fission product carriers. The fission
products can be deposited on surfaces in the atmosphere and
in the sump. All relevant processes related with the fission
products and the different carriers are considered: deposition
of aerosol particles by natural processes or aided by technical
systems such as retention in filters and wash-out by spray sys-
tems, washing-off from walls, and carrier change due to radio-
active decay (see corresponding coefficients in Fig. 7).

The behavior of radioactive nuclides can be simulated with
the help of the FIPISO model. It considers the reactor’s initial
core inventory (up to 1296 isotopes) and calculates on this ba-
sis the decay of the relevant fission products according to the
time of the onset of the release by using established nuclide li-
braries, no decay chains must be defined by the user.

The iodine chemistry is treated by the semi-mechanistic
model AIM-3 (Advanced Iodine Model, 3rd version), which
is and has been improved [9] according to the outcome of var-
ious THALI iodine [10] and other experiments. AIM-3 simu-
lates in detail the transport and the behavior of iodine species
in a multi-compartment geometry. It considers approx. 70 dif-
ferent reactions in the gas and in the water phase of a com-
partment. Also, the impact of engineered systems (filter,
spray, etc.) on the iodine behavior is modelled.

2.3.3 CCI (Corium Concrete Interaction) Module

In the case of a failure of the reactor pressure vessel (RPV)
the corium melt will be relocated into the containment cavity.
The CCI module describes realistically the interactions of the

corium with the atmosphere and the structures in the contain-
ment considering:

e sources of thermal energy, fission products and non-con-
densable gases in the local corium pool

e melting of structural material and incorporation of molten
material into the corium melt

e cffect of deep-water layers in containment rooms on the

coolability of the corium

loss of containment integrity via melt-through

e melt relocations into other compartments within the con-
tainment

Corium ejection from the RPV under low pressure may lead
to a significant pool of liquid corium in the cavity. In AC%
COCOSYS the same model basis as of ASTEC/MEDICIS
[11] is used for the solution of mass and energy balances of a
single corium pool under MCCI conditions. Homogeneous
pools may evolve with time from the initial homogenous mix-
ture to a stratified configuration of two layers. Fission product
release from the MCCI pool is also considered. Generally,
multiple melt pools (e.g. in different rooms) with interactions
between molten corium and containment structures (sidewall,
floor) may be defined.

Corium ejection from the RPV under elevated pressure
leads to a considerable direct energy transfer from the finely
distributed, gas-carried melt to the containment atmosphere,
summarized under the acronym direct containment heating.
Dedicated models are available for the relevant processes
during this process. COCOSYS was applied to several integral
direct containment heating experiments in the DISCO test fa-
cility in Karlsruhe. In the experiments, the reactor cavities of
KONVOI, EPR and the French P’4 reactor types were mod-
elled. Overall, compared with the measured data, satisfactory
agreement of the integrally dispersed parts of the melt and of
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the maximum pressures was achieved. Even “blind” calcula-
tions (i.e. without knowing the experimental results) showed
a good prediction capability of the model, provided that em-
pirical model parameters were adapted to other experiments
using the same geometrical design, afore [12].

For the evaluation of the core catcher concept of the Gen-
eration 3+ EPR with view to corium spreading capabilities
COCOSYS features a dedicated corium spreading model
called LAVA [13].

2.4 Numerical Toolkit (NuT)

A significant workload of the time integration process in
ATHLET/ATHLET-CD relates to linear algebra tasks. This
is especially true for large and/or complex problems with a
considerable amount of cross-connections. Therefore, it is rea-
sonable to make use of dedicated algorithms and data struc-
tures. The Numerical Toolkit (NuT) provides access to the
third-party library PETSc [14, 15] which in turn may invoke
the direct sparse solver MUMPS [16]. By means of these li-
braries the Numerical Toolkit defines several solver presets
for the user to choose from to tackle the linear algebra in
ATHLET/CD. Included are preconditioned iterative methods
as well as direct methods. In contrast to ATHLET/CD’s de-
fault numerics, scalable linear algebra algorithms and data
structures are made available as well. This turns out to be of
great benefit, especially in case of large problems, see [17].

Distributed computing and data storage in PETSc and
MUMPS is established by the message-passing standard
MPI. This standard is also used to manage the communication
between ATHLET/CD and the Numerical Toolkit (see also
Fig. 1). On the part of ATHLET/CD, communication is en-
capsulated in a plugin that may be invoked by ATHLET/CD
of version 3.2 or higher.

2.5 Coupling of AC? with external Codes

To allow multiphysical or multiscale simulations, AC? offers
dedicated coupling interfaces to several specific computer
codes. For the simulation of asymmetric transients, the 3D dif-
fusion code neutron flux solvers QUABOX/CUBBOX by
GRS and DYN-3D by HZDR can interact with AC?.

If some parts of the cooling system or the containment
should be analyzed with explicit consideration of 3D phenom-
ena in detail, an interface to the CFD-Codes ANSYS-CFX
and OpenFOAM is available [3]. For a detailed subchannel
simulation AC? offers an interface to COBRA-TF. Depend-
ing on the characteristic time constants of the coupled pro-
cesses, the coupling techniques used range from weak form
(e.g. data transfer after completed time step) to strong or
semi-implicit form (i.e. mutual iteration of the codes’ results
for each substep of the AC? extrapolation algorithm, used
for coupling with CFD codes).

Moreover, AC? can be extended by user provided feature
implementations. A plug-in concept enables the user to ex-
tend AC? by user-defined-functions and models (e.g. own
heat transfer correlations), which can be provided as shared
libraries or DLLs.

2.6 ATLAS

The visualization software ATLAS is a powerful postproces-
sing tool for the analysis of AC? results. But it can not only be
used for postprocessing of AC? results but also for an interac-
tive control of AC? simulations. This means that the user is
not only able to start and stop a simulation of e.g. a nuclear
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power plant, but also to open a leak, open or close valves, start
or stop pumps and so on. ATLAS together with AC? therefore
becomes a complete plant simulator, which can be used, for ex-
ample, to test the effect of manual actions on the accident pro-
gression. The user interface of ATLAS is depicted in Fig. 8.

3 Quality Assurance

3.1 Validation

To assure that a computer program produces reliable results,
continuous and comprehensive verification and validation ef-
forts are necessary. For AC? the whole spectrum of pre- and
post-test calculations of separate effects tests, integral system
tests including the major International Standard Problems, as
well as real plant transients are used for code validation. The
validation of AC? is based on the CSNI validation matrices
for thermal hydraulic codes [18] and for containment codes
[19]. According to GRS-internal QA-procedures these valida-
tion calculations against an experiment must be performed
independent from the developer of the specific models. The va-
lidation of AC? is mainly done by GRS, see also the topical ar-
ticles [20] and [21] on the validation of ATHLET/ATHLET-
CD and COCOSYS. The following partners continuously sup-
port the development and validation of AC?: Ruhr Universitit
Bochum, Helmholtz Zentrum Dresden-Rossendorf, Hochschu-
le Zittau Gorlitz, TU Miinchen, Karlsruhe Institute of Technol-
ogy (KIT) and the Institut fiir Kernenergetik und Energiesys-
teme (IKE) of the University Stuttgart.

The validation of the phenomena inside the cooling system
was done for western light water reactors as well as for Rus-
sian type WWER reactors. The simulated test cases covered
the whole accident spectrum from small, medium and large
break LOCAs and transients for pressurized water reactors
as well as for boiling water reactors. Among others, test data
of the facilities LOFT, LSTF, BETHSY, PKL, SPES, LOBI,
UPTF, TRAM are used in the validation process.

In the case of severe accidents special emphasis is laid on
the validation of the models for bundle degradation as well
as release and transport of fission products and aerosols.
Amongst others, test data of QUENCH, PHEBUS and LIVE
facilities were used. For validation of severe accident simula-
tion of a whole plant the TMI accident is an important refer-
ence case.

The simulation of the phenomena inside the containment is
validated on a wide spectrum of separate and integral experi-
ments performed at German and international test facilities.
The experiments performed in the former Battelle Model
Containment (BMC) and the former Hei-Dampf-Reaktor
(HDR) as well as the ongoing tests in the THAI facility re-
present a strong pillar of the COCOSYS validation. The CCI
module is validated based on experiments selected from the
ACE, OECD-CCI and MOCKA test series. Furthermore, for
the simulation of all AC> components, GRS uses results of
their participation in several international experimental re-
search programs (OECD THAI/BIP/STEM, PKL, ...).

In the last years, one focus for the validation of AC* was
the simulation of passive safety systems of Generation 3/3+
reactors. As one reference for the validation of AC? the KER-
ENA reactor concept design is used as it utilizes several ad-
vanced safety systems like emergency condensers, passive
heat exchangers, suppression and flooding pools, and as the
INKA test facility operated at AREVA offers unique experi-
mental results for code validation [22]. Comparable passive
system concepts are also used in other Generation 3/3+ de-
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signs as AP1000 and CAP1000. The INKA test set-up allows
testing of single components and integral system testing. As
the facility is full scale and full pressure and comprises the
cooling system and the containment it is possible to simulate
accident scenarios with realistic boundary conditions.

3.2 Continuous integration

For the automatic verification and validation of AC? a contin-
uous integration platform based on the software Jenkins [23]
is used [24]. It automates different steps of the verification
and validation process. After every commit of new or changed
code to the source code management system, the software is
built for all supported operating systems and configurations.
To check that the new or changed code has no unwanted ef-
fects several unit test and verification and validation tests are
executed. Different sets of tests are performed on different
schedules, simple tests cases are run daily, more challenging
tests use a weakly test pipeline. If the results of these tests
show deviations from the specified test targets, immediate ac-
tions can be taken to resolve any problems. This procedure of
a continuous integration has helped to improve both the qual-
ity of the software and productivity.

4 Current and future goals of the AC? development

One important topic of the current further development of
AC? are passive safety systems. As most of these systems

'ﬂ ATLAS - VERS. 5.1P1 _lan 29 2019 PDfile: ‘CAATLAS\PWR.antrans.pd’
File RunMode Control View Window Options Help

work at low pressures, AC? will get a new water/steam prop-
erty package with a very precise calculation of the data parti-
cularly at low pressures. This package will be first available
in ATHLET. Moreover, the correlations used for heat trans-
fer coefficient calculation are checked for their appropriate-
ness for passive systems. Further the flow regime maps are
overworked. COCOSYS will come with a new fission product
transport module in the next version. Besides the melt behav-
ior is improved, more precisely the underwater spreading and
the behavior in a core catcher. In ATHLET-CD a more flex-
ible core nodalization scheme with radial and azimuthal relo-
cation of melt is under development. The numerical toolkit
NuT, which works only for ATHLET calculations in the cur-
rent version, will be available also for COCOSYS and
coupled simulations in future. For AC? the coupling abilities
between the modules are further improved, especially made
more flexible. To make AC? more user-friendly, the input
needed for coupled calculations will be easier to build up.

5 Summary

The program package AC? consisting of the modules ATH-
LET, ATHLET-CD and COCOSYS is suitable for the simula-
tion of all conditions of normal operation, operational occur-
rences, design basis accidents and severe accidents for a
broad spectrum of light water-cooled reactors of Generation
2,3/3+. The thermohydraulic system code ATHLET uses a
six equation two fluid model together with a multitude of spe-
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Fig. 8. ATLAS user interface for postprocessing and interactive control of AC2 simulations (GRS)
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cial component models to simulate all phenomena inside the
primary and secondary cooling system. ATHLET-CD extends
ATHLET for the simulation of accidents with core degrada-
tion. The containment code COCOSYS calculates the con-
tainment behavior under design basis accidents and phenom-
ena like fission product spreading and melt behavior under
accident condition. The common AC? driver for all modules
allows not only for standalone calculations of the single mod-
ules, but also for coupled calculation. Especially for Genera-
tion 3+ plants this code feature to couple the cooling circuit
with the containment is very important. This enables the sim-
ulation of the whole passive cooling chain transporting the re-
sidual heat from the core through the cooling circuit to the
containment and finally to the environment. The further im-
provement of AC?s ability to simulate passive safety system
is one of the main working topics in the next years.

Supported by:
* Federal Ministry
for Economic Affairs
and Energy

on the basis of a decision
by the German Bundestag

Acknowledgements

The development and the validation of AC? are sponsored
by the German Federal Ministry for Economic Affairs and
Energy (BMWi) within the projects RS1538, RS1546 and
RS1548, RS1532 and RS1544 and RS1535.

(Received on 3 July 2019)

References

1 Goldberg, S. M.; Rosner, R.: Nuclear Reactors: Generation to Gen-
eration. American Academy of Arts and Sciences. Mar. 2011

2 GRS: GRS Software User Area: https://user-codes.grs.de, retrieved
2. July 2019

3 Lerchl G.; etal.: ATHLET Mod 3.2 — User’s Manual. distributed
with ATHLET. June. 2019

4 Austregesilo, H.; Bals, C.; Hollands, T.; Kollein, C.; Lovasz, L.;
Luther, W.; Pandazis, P, Schubert, J.-D.; Tiborcz, L.; Weber S.: ATH-
LET-CD 3.2 User’s Manual, GRS-P-4/Vol. 1, June 2019

5 Steinbriick, M.; et al.: Prototypical Experiments on Air Oxidation of
Zircaloy-4 at High Temperatures. FZKA 7257, Forschungszentrum
Karlsruhe, 2007

6 Buck, M.; Biirger, M.; Pohiner, G.; Rahman, S.: Modell-Entwicklung
zum Verhalten von Kernschmelze im unteren Plenum des Reaktor-
druckbehilters fiir den Einbau in ATHLET-CD: Einfluss des Un-
fallablaufs auf die Kiihlbarkeit und Zustinde bei einem RDB-Ver-
sagen. Abschlussbericht zum Vorhaben 1501299, IKE 2-158,
Stuttgart, 2009

7 Cantrel, L.; Cousin, F,; Bosland, L.; Chevalier-Jabet, K.; Marchet-
to, C.: ASTEC V2 severe accident integral code: Fission product
modelling and validation. Nuclear Engineering and Design 272
(2014) 195-206, DOI:10.1016/j.nucengdes.2014.01.011

8 Arndt, S.; Band, S.; Beck, S.; Eschricht, D.; Iliev, D.; Klein-
Hefiling, W.; Nowack, H.; Reinke, N.; Sonnenkalb, M.; Spengler, C.;
Weber, G.: COCOSYS 3.0 User Manual. GRS-P-3/Vol. 1, May 2019

9 Weber, G.; Funke, F.: Description of the Iodine Model AIM-3 in
COCOSYS. GRS-A-3508, Gesellschaft fiir Anlagen- und Reaktor-
sicherheit (GRS) mbH, (2009)

366

10 Funke, E; Langrock, G.; Kanzleiter, T, Poss, G.; Weber, G.; Allelein,
H.-J.: Todine oxide behaviour in large scale THAI tests. 8th Meeting
of the International Source Term Chemistry

11 Cranga, M.; Fabianelli, R.; Jacq, F,; Barrachin, M.; Duval, F.: The
MEDICIS Code, a Versatile Tool for MCCI Modelling. Proceedings
of ICAPPOS5, Seoul, Korea, May 15-19th, 2005, (2005)

12 Spengler, C.: Direct Containment Heating (DCH) in European
PWR - COCOSYS Model Development for Melt Entrainment and
Application to DISCO-Experiments. ICAPP 2010, San Diego,
USA, 2010

13 Allelein, H.-J.; Breest, A.; Spengler, C.: Simulation of Core Melt
Spreading with LAVA: Theoretical Background and Status of Vali-
dation. Proceedings of the OECD Workshop on Ex- Vessel Debris
Coolability, pp. 189-200, Forschungszentrum, Karlsruhe, Germany.
(2000)

14 Balay S.; et al.: PETSc Users Manual. Tech. rep. ANL-95/11 — Re-
vision 3.10. Argonne National Laboratory, 2018. URL: http:/
www.mcs.anl.gov/petsc (cit. on pp. 14 sq.).

15 Balay, S.; Gropp, W. D.; Mclnnes, L. C.; Smith, B. E: Efficient Man-
agement of Parallelism in Object Oriented Numerical Software Li-
braries. In: Modern Software Tools in Scientific Computing. Ed. by
E. Arge, A. M. Bruaset, and H. P. Langtangen. Birkhduser Press,
1997, pp. 163-202, DOI:10.1007/978-1-4612-1986-6_8

16 Amestoy, P. R.; et al.: MUMPS Web page. http://mumps.enseeiht.fr;
accessed Nov 09. 2018

17 Steinhoff T.; Jacht. V.: Ausbau und Modernisierung der numerischen
Verfahren in den Systemcodes ATHLET, ATHLET-CD, CO-
COSYS und ASTEC. Final report, GRS-469. July 2017.

18 CSNI Code Validation Matrix of Thermal-Hydraulic Codes for
LWR LOCA and Transients. OECD-NEA-CSNI Report 132, Paris,
March 1987

19 Nuclear Energy Agency — Commitee on the Safety of Nuclear Instal-
lations: Containment Code Validation Matrix — NEA/CSNI/
R(2014)3, 23-May-2014

20 Hollands, T; Buchholz S.; Wielenberg, A.: Validation of the AC?
Modules ATHLET and ATHLET-CD. Kerntechnik 84 (2019) 397

21 Reinke, N.; Arndt, S.; Bakalov, I.; Band, S.; Beck, S.; Nowack, H.;
lliev, D.; Spengler, C.; Klein-Hessling W.; Sonnenkalb, M.: Validation
and Application of the AC?> module COCOSYS. Kerntechnik 84
(2019) 414

22 Leyer, S., Wich, M.: The Integral Test Facility Karlstein, Science and
Technology of Nuclear Installations, Hindawi, Article ID 439374, 12
pages, 2012, DOI:10.1155/2012/439374

23 Smart, J.: Jenkins: The Definitive Guide. O’Reilly Media, Sebasto-
pol, CA (2011)

24 Herb, J.: A continuous integration platform for the deterministic
safety analyses code system AC?, Proceedings of the 26th Interna-
tional Conference on Nuclear Engineering ICON-26, July 22-26
2018, London, England

The authors of this contribution

Fabian Weyermann (corresponding author),

Claus Spengler, Philip Schoffel, Sebastian Buchholz, Tim Steinhoff,
Martin Sonnenkalb, Andreas Wielenberg, Andreas Schaffrath

E-mail: Fabian.Weyermann@grs.de

Gesellschaft fiir Anlagen- und Reaktorsicherheit (GRS) gGmbH,
Schwertnergasse 1, 50667 Cologne (DE)

Bibliography

DOI 10.3139/124.190068
KERNTECHNIK

84 (2019) 5; page 357-366

© Carl Hanser Verlag GmbH & Co. KG
ISSN 0932-3902

KerntecHnik 84 (2019) 5

© Carl Hanser Verlag, Munich. Reproductions, even in extracts, are not permitted without licensing by the publisher.





