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Suplente: D. David Villamaŕın Fernández
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con MCNP, aśı como con la revisión de la tesis. A David Villamaŕın, por compartir
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Resumen

Un escenario habitualmente considerado para el uso sostenible y prolongado de la
enerǵıa nuclear contempla un parque de reactores rápidos refrigerados por metales
ĺıquidos (LMFR) dedicados al reciclado de Pu y la transmutación de act́ınidos
minoritarios (MA). Otra opción es combinar dichos reactores con algunos sis-
temas subcŕıticos asistidos por acelerador (ADS), exclusivamente destinados a la
eliminación de MA.

El diseño y licenciamiento de estos reactores innovadores requiere herramien-
tas computacionales prácticas y precisas, que incorporen el conocimiento obtenido
en la investigación experimental de nuevas configuraciones de reactores, materi-
ales y sistemas. A pesar de que se han construido y operado un cierto número de
reactores rápidos a nivel mundial, la experiencia operacional es todav́ıa reducida
y no todos los transitorios se han podido entender completamente. Por tanto, los
análisis de seguridad de nuevos LMFR están basados fundamentalmente en méto-
dos deterministas, al contrario que las aproximaciones modernas para reactores
de agua ligera (LWR), que se benefician también de los métodos probabilistas. La
aproximación más usada en los estudios de seguridad de LMFR es utilizar una
variedad de códigos, desarrollados a base de distintas teoŕıas, en busca de solu-
ciones integrales para los transitorios e incluyendo incertidumbres. En este marco,
los nuevos códigos para cálculos de mejor estimación (“best estimate”) que no
incluyen aproximaciones conservadoras, son de una importancia primordial para
analizar estacionarios y transitorios en reactores rápidos.

Esta tesis se centra en el desarrollo de un código acoplado para realizar análi-
sis realistas en reactores rápidos cŕıticos aplicando el método de Monte Carlo.
Hoy en d́ıa, dado el mayor potencial de recursos computacionales, los códigos de
transporte neutrónico por Monte Carlo se pueden usar de manera práctica para
realizar cálculos detallados de núcleos completos, incluso de elevada heterogenei-
dad material. Además, los códigos de Monte Carlo se toman normalmente como
referencia para los códigos deterministas de difusión en multigrupos en aplica-
ciones con reactores rápidos, porque usan secciones eficaces punto a punto, un
modelo geométrico exacto y tienen en cuenta intŕınsecamente la dependencia an-
gular de flujo. En esta tesis se presenta una metodoloǵıa de acoplamiento entre
el conocido código MCNP, que calcula la generación de potencia en el reactor, y
el código de termohidráulica de subcanal COBRA-IV, que obtiene las distribu-
ciones de temperatura y densidad en el sistema. COBRA-IV es un código apropi-
ado para aplicaciones en reactores rápidos ya que ha sido validado con resultados
experimentales en haces de barras con sodio, incluyendo las correlaciones más
apropiadas para metales ĺıquidos. En una primera fase de la tesis, ambos códi-
gos se han acoplado en estado estacionario utilizando un método iterativo con
intercambio de archivos externos.

El principal problema en el acoplamiento neutrónico y termohidráulico en
estacionario con códigos de Monte Carlo es la manipulación de las secciones efi-
caces para tener en cuenta el ensanchamiento Doppler cuando la temperatura del
combustible aumenta. Entre todas las opciones disponibles, en esta tesis se ha
escogido la aproximación de pseudo materiales, y se ha comprobado que propor-
ciona resultados aceptables en su aplicación con reactores rápidos.

Por otro lado, los cambios geométricos originados por grandes gradientes de
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temperatura en el núcleo de reactores rápidos resultan importantes para la neu-
trónica como consecuencia del elevado recorrido libre medio del neutrón en es-
tos sistemas. Por tanto, se ha desarrollado un módulo adicional que simula la
geometŕıa del reactor en caliente y permite estimar la reactividad debido a la
expansión del núcleo en un transitorio. Éste módulo calcula automáticamente la
longitud del combustible, el radio de la vaina, la separación de los elementos de
combustible y el radio de la placa soporte en función de la temperatura. Éste efec-
to es muy relevante en transitorios sin inserción de bancos de parada. También
relacionado con los cambios geométricos, se ha implementado una herramienta
que, automatiza el movimiento de las barras de control en busca d la criticidad
del reactor, o bien calcula el valor de inserción axial las barras de control.

Una segunda fase en la plataforma de cálculo que se ha desarrollado es la
simulació dinámica. Puesto que MCNP sólo realiza cálculos estacionarios para
sistemas cŕıticos o supercŕıticos, la solución más directa que se propone sin modi-
ficar el código fuente de MCNP es usar la aproximación de factorización de flujo,
que resuelve por separado la forma del flujo y la amplitud. En este caso se han
estudiado en profundidad dos aproximaciones: adiabática y quasiestática.

El método adiabático usa un esquema de acoplamiento que alterna en el tiem-
po los cálculos neutrónicos y termohidráulicos. MCNP calcula el modo funda-
mental de la distribución de neutrones y la reactividad al final de cada paso de
tiempo, y COBRA-IV calcula las propiedades térmicas en el punto intermedio de
los pasos de tiempo. La evolución de la amplitud de flujo se calcula resolviendo
las ecuaciones de cinética puntual. Este método calcula la reactividad estática en
cada paso de tiempo que, en general, difiere de la reactividad dinámica que se ob-
tendŕıa con la distribución de flujo exacta y dependiente de tiempo. No obstante,
para entornos no excesivamente alejados de la criticidad ambas reactividades son
similares y el método conduce a resultados prácticos aceptables.

Siguiendo esta ĺınea, se ha desarrollado después un método mejorado para
intentar tener en cuenta el efecto de la fuente de neutrones retardados en la
evolución de la forma del flujo durante el transitorio. El esquema consiste en
realizar un cálculo cuasiestacionario por cada paso de tiempo con MCNP. La
simulación cuasiestacionaria se basa EN la aproximación de fuente constante de
neutrones retardados, y consiste en dar un determinado peso o importancia a
cada ciclo computacial del cálculo de criticidad con MCNP para la estimación
del flujo final.

Ambos métodos se han verificado tomando como referencia los resultados
del código de difusión COBAYA3 frente a un ejercicio común y suficientemente
significativo. Finalmente, con objeto de demostrar la posibilidad de uso práctico
del código, se ha simulado un transitorio en el concepto de reactor cŕıtico en fase
de diseño MYRRHA/FASTEF, de 100 MW de potencia térmica y refrigerado por
plomo-bismuto.
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Abstract

Long term sustainable nuclear energy scenarios envisage a fleet of Liquid Metal
Fast Reactors (LMFR) for the Pu recycling and minor actinides (MAs) transmu-
tation or combined with some accelerator driven systems (ADS) just for MAs
elimination.

Design and licensing of these innovative reactor concepts require accurate com-
putational tools, implementing the knowledge obtained in experimental research
for new reactor configurations, materials and associated systems. Although a
number of fast reactor systems have already been built, the operational experi-
ence is still reduced, especially for lead reactors, and not all the transients are
fully understood. The safety analysis approach for LMFR is therefore based only
on deterministic methods, different from modern approach for Light Water Reac-
tors (LWR) which also benefit from probabilistic methods. Usually, the approach
adopted in LMFR safety assessments is to employ a variety of codes, somewhat
different for the each other, to analyze transients looking for a comprehensive
solution and including uncertainties. In this frame, new best estimate simulation
codes are of prime importance in order to analyze fast reactors steady state and
transients.

This thesis is focused on the development of a coupled code system for best
estimate analysis in fast critical reactor. Currently due to the increase in the com-
putational resources, Monte Carlo methods for neutrons transport can be used
for detailed full core calculations. Furthermore, Monte Carlo codes are usually
taken as reference for deterministic diffusion multigroups codes in fast reactors
applications because they employ point-wise cross sections in an exact geometry
model and intrinsically account for directional dependence of the flux. The cou-
pling methodology presented here uses MCNP to calculate the power deposition
within the reactor. The subchannel code COBRA-IV calculates the temperature
and density distribution within the reactor. COBRA-IV is suitable for fast re-
actors applications because it has been validated against experimental results in
sodium rod bundles. The proper correlations for liquid metal applications have
been added to the thermal-hydraulics program. Both codes are coupled at steady
state using an iterative method and external files exchange.

The main issue in the Monte Carlo/thermal-hydraulics steady state coupling
is the cross section handling to take into account Doppler broadening when tem-
perature rises. Among every available options, the pseudo materials approach
has been chosen in this thesis. This approach obtains reasonable results in fast
reactor applications.

Furthermore, geometrical changes caused by large temperature gradients in
the core, are of major importance in fast reactor due to the large neutron mean
free path. An additional module has therefore been included in order to simulate
the reactor geometry in hot state or to estimate the reactivity due to core expan-
sion in a transient. The module automatically calculates the fuel length, cladding
radius, fuel assembly pitch and diagrid radius with the temperature. This ef-
fect will be crucial in some unprotected transients. Also related to geometrical
changes, an automatic control rod movement feature has been implemented in
order to achieve a just critical reactor or to calculate control rod worth.

A step forward in the coupling platform is the dynamic simulation. Since
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MCNP performs only steady state calculations for critical systems, the more
straight forward option without modifying MCNP source code, is to use the
flux factorization approach solving separately the flux shape and amplitude. In
this thesis two options have been studied to tackle time dependent neutronic
simulations using a Monte Carlo code: adiabatic and quasistatic methods.

The adiabatic methods uses a staggered time coupling scheme for the time
advance of neutronics and the thermal-hydraulics calculations. MCNP computes
the fundamental mode of the neutron flux distribution and the reactivity at the
end of each time step and COBRA-IV the thermal properties at half of the the
time steps. To calculate the flux amplitude evolution a solver of the point kinetics
equations is used. This method calculates the static reactivity in each time step
that in general is different from the dynamic reactivity calculated with the exact
flux distribution. Nevertheless, for close to critical situations, both reactivities
are similar and the method leads to acceptable practical results.

In this line, an improved method as an attempt to take into account the ef-
fect of delayed neutron source in the transient flux shape evolutions is developed.
The scheme performs a quasistationary calculation per time step with MCNP.
This quasistationary simulations is based con the constant delayed source ap-
proach, taking into account the importance of each criticality cycle in the final
flux estimation.

Both adiabatic and quasistatic methods have been verified against the diffu-
sion code COBAYA3, using a theoretical kinetic exercise. Finally, a transient in
a critical 100 MWth lead-bismuth-eutectic reactor concept is analyzed using the
adiabatic method as an application example in a real system.
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Chapter 1

Introduction

1.1. Nuclear energy present overview

Currently, the number of operating nuclear power plants in the world is 434
with a total net installed capacity of 370 GWe [6]. Most of them are light water
reactors (LWR) with a 62% of pressurized water reactors (PWR) and a 20%
of boiling water reactors (BWR). The rest of technologies include heavy-water
reactors, graphite moderated reactors (gas or water cooled) and only, one fast
breeder reactor (FBR) is under operation commercial in Russia (BN-600). The
public opinion about nuclear power is variable worldwide, some countries such as
France, UK, USA clearly support nuclear energy (more than 60% are in favor)
and others strongly oppose nuclear power. Some countries that were considering
to expand their nuclear capacity, like Germany, Italy or Switzerland, after the
Fukushima nuclear accident in 2011, have changed their mind and decided not to
build new reactors or phase-out nuclear power [7]. In spite of that 69 new nuclear
power reactors are under construction most of them in Asia.

Nuclear power for large electricity production have a lot of advantages such as:
no CO2 emissions, assurance of primary resource supply (uranium resources are
settled in western countries), high and stable load factor (an 80% in average all
over the world) and competitive prizes. Nevertheless there are several issues that
makes nuclear power controversial for the public opinion and the policy makers.
The main important drawbacks are nuclear accidents and the high level waste.
For the acceptance of nuclear power commercial use, it is important to assure
reactors safety under any external event and to find a final solution for the high
level waste.

After the nuclear accident at the Fukushima Daiichi nuclear power plant
(NPP) in Japan in March 2011, the safety of NPP became a main concern and
plant safety studies have been reevaluated. The European Commission has car-
ried out stress tests in all European nuclear power plants to reassess the safety
under unusual events such as earthquakes, extreme floods or station blackouts.
The probabilistic safety assessments (PSA) have been recalculated now taking
into account more severe external accident initiators. Several European research
projects of the 7th Framework Program are related to safety analysis of current
or new nuclear power plants.
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Chapter 1. Introduction

1.2. Fuel cycles and uranium resources

The high level waste (HLW) produced by nuclear power is defined as the spent
fuel and waste materials remaining after reprocessing and becomes harmless after
the decay that takes hundreds of thousands of years. Although the amount of
HLW produced by nuclear power is less than other waste in the electricity produc-
tion with other non-renewable technologies, this waste needs a special treatment,
confinement and disposal to avoid its interaction with human beings or the en-
vironment. Presently, no country in the world operates a definitive repository
although Finland, Sweden and France are placed at advanced stages. Supported
by the European Commission, a Sustainable Nuclear Energy Technology Plat-
form (SNE-TP) has been created in order to assess the basis for a sustainable
development of nuclear energy. This compromises two objectives: the minimiza-
tion the amount of HLW disposed in a deep geological repository and an efficient
use of uranium resources in the world.

In order to compare the radiological hazard of a radioactive waste the ra-
diotoxicity concept is then used. The radiotoxicity of the spent fuel is defined
as the hypothetical dose in Sieverts (Sv) received in case of ingestion and it is
calculated as the sum of the radiotoxicity of each nuclide in the waste sample:

R =
Nuclides∑

i

A0ie
−λitDCi(Sv/Bq) (1.1)

where A0i is the initial activity (Bq) of a nuclide, λi is the decay constant, t is
the time after fuel discharge and DCi is the dose conversion factor that depends
on the nuclide and the intake way (in this case ingestion because it is more likely
in case of dispersion in the biosphere).

In the spent fuel of a LWR, with a typical 3.7% initial average enrichment
in 235U and after 50 GWd/THM burnup, most of the 235U has been consumed
(0.25% remaining) and the heavy metal composition is 93% of 238U , 1.1% Pu,
0.055% Np, 0.053% Am , 0.006% Cm and the rest are fission products (5%)
[8]. The actinides are produced by successive capture reactions in 238U and beta
decays. Figure 1.1 shows the radiotoxicity of uranium-oxide (UOX) fuel with an
average burnup of 50 GWd/tHM as discharged from a LWR. At the beginning
the radiotoxicity is dominated by short-lived fission products such as 137Cs and
90Sr and later by actinides (Am and Np). The radiotoxicity of the spent fuel
is higher than the natural toxicity level for LWR (equilibrium radiotoxicity of
natural uranium required to fabricate enriched fuel for LWR) for about one million
years. Since confinement solution for that period should be found, several nuclear
fuel cycle scenarios have been studied in order to manage the irradiated waste
[1]:

In the one trough scenario, the spent fuel is buried in a final deep geological
disposal without reprocessing. This open cycle option does not envisage the
spent fuel to be used as an energy source.

The plutonium burning strategy reutilizes the Pu of the spent fuel in LWRs
or in fast reactors (FRs) like mixed-oxide (MOX) fuel . This strategy is only
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1.2. Fuel cycles and uranium resources

closed in terms of Pu, the minor actinides (MAs) and fission products are
vitrified and disposed in a deep geological repository.

The transmutation strategy aims the closure of fuel cycle for all minor ac-
tinides. In the reprocessing facilities the spent fuel is partitioned in Pu,
MA and fission products. The Pu from LWR spent fuel is mixed with nat-
ural uranium to make MOX fuels that can be burned in LWR or FR. MA
are transmuted in FRs during the energy production or in special facilities
dedicated to eliminate MA such Accelerator-Driven Systems (ADS).

The fast reactors strategy is focused on the improvement of uranium re-
sources utilization by substituting the current LWR fleet by FRs. If FRs
includes MA in targets for transmutation the cycle is closed not only for Pu
but also for MAs.

The separation of U and Pu from the spent fuel reduces the radiotoxicity of
the remaining HLW in the geological repository one order of magnitude compared
to the UOX spent fuel. It would take twenty thousand years for the radiotoxicity
of this waste to reach the LWR reference natural toxicity. The last two fuel cycle
strategies are closed in Pu and MA minimizing the HLW mass and the long term
radiotoxicity. When MAs are transmuted in fast reactors or ADS, the natural
uranium reference level is reached within 1000 year and the long term radiotoxic-
ity is dominated by the long lived fission products and the actinides losses during
reprocessing (targeted to be 0.1% in an efficient actinide transmutation system)

Figure 1.1: Radiotoxicity of LWR spent fuel [1].

Concerning the long-term risks in terms of annual individual doses to the
population of geologic repositories, the radiotoxicity plays a role only in accidental
intrusion scenarios: the actinides are fixed to the rock and are not dispersed in
the biosphere. The individual dose is then dominated by fission products which
are generally more mobile than actinides. The isotopes contributing primarily
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Chapter 1. Introduction

to the dose are 129I,135Cs,99 Tc,126 Sn and 79Se. The actinides transmutation
strategies reduce primarily the hazard of the HLW and the repository size, but
in order to decrease the long-term risk, the long-lived fission products would also
have to be transmuted. The transmutation of a fission product has only sense if
the capture reaction rate is higher than the decay rate of the nuclide and if the
transmutation half-life is shorter than the decay half-live. In practice only two
long-lived fission products can be efficiently transmuted (129I and 99Tc).

According to the Red Book published by NEA on Uranium resources [9], there
is U at reasonable prices (200 $/kgU) for the order of 100 to 200 years operation
of the current nuclear fleet. If the nuclear power is conceived as a technology
for long term electricity production , the spent fuel has to be recycled to take
advantage of Pu minimizing the use of U natural resources. Although MOX
fuel can also be burned in LWR, a more efficient use of the fuel is made in fast
reactors because the fission over absorption ratio is higher in fast spectrum as
it is shown figure 1.2, that compares fission over absorption ratio of a burned
MOX fuel between thermal and fast spectrum. The fission over absorption ratio
is notably higher in fast spectrum in nuclides with an even number of neutrons,
such as 238U or 241Am. Due to this favorable fission over absorption ratio and
the higher 238U capture cross section in fast spectrum, breeding could only be
achieved in fast reactors. A breeding ratio higher than one means that the Pu
production is higher than the consumption through fission and the nuclear chain
can stand without refueling. The breeding in fast reactor is produced by means
of capture reactions in 238U that after a fast beta decay produces 239Pu which is
fissile nuclide. In a fast breeder reactor design, the 238U is present in the active
core and in axial and radial blankets dedicated to capture the excess of neutrons
creating 239Pu. Therefore in a sustainable nuclear energy scenario, fast reactors
for electricity production will be essential since they are are able to make a more
efficient use of the fuel as well as to breed plutonium.

MA transmutation is performed through fission reactions. A net MA con-
sumption is only possible in fast spectrum reactors because nuclides with an even
number of neutrons undergo fission only at incident neutron energies greater
than 1 MeV. The fission probability (fission over absorption ratio) of even and
odd number of neutrons nuclides is compared in figure 1.3. It is clearly shown
that even neutrons nuclides (238U and241Am) fission only at high energies while
odd neutrons nuclides like 235U and 239Pu fission in all incident neutron energy
range. In thermal reactors MA are accumulated through capture reactions be-
cause they dominates over fission, therefore a fast spectrum critical or subcritical
reactor is required to reduce the long term radiotoxicity and the HLW mass in a
final geological disposal.

1.3. Fast spectrum reactors

The Generation IV International Forum (GIF-IV) [10] proposed 6 reactor sus-
tainable technologies for a sustainable nuclear energy road-map. Among these
promising concepts, three are conceived to operate in fast spectrum, because it
makes a more efficient use of the resources and it allows for MA transmutation
(reduction of long term radiotoxicity in a geological disposal) [8]. The proposed
fast reactor concepts are: Sodium-cooled Fast Reactor (SFR), Lead-cooled Fast

4



1.3. Fast spectrum reactors

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1

U
2

3
4

U
2

3
5

U
2

3
6

U
2

3
7

U
2

3
8

N
p
2

3
7

N
p
2

3
8

N
p
2

3
9

P
u

2
3

8

P
u

2
3

9

P
u

2
4

0

P
u

2
4

1

P
u

2
4

2

A
m

2
4

1

A
m

2
4

2
M

A
m

2
4

3

C
m

2
4

2

C
m

2
4

3

C
m

2
4

4

C
m

2
4

5

C
m

2
4

6

fi
s
s
io

n
/a

b
s
o

rp
ti
o

n

SFR
LWR

Figure 1.2: MA fission over absorption comparison between thermal and fast spectrum.

Figure 1.3: JEFF3.1.1 fission probability for 235U , 238U , 239Pu and 241Am
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Chapter 1. Introduction

Reactor (LFR) and Gas-cooled Fast Reactor (GFR). Each concept has its advan-
tages and disadvantages. Both Liquid Metal Fast Reactors designs are similar
although each coolant has its own peculiarities. Both operate at atmospheric
pressure and in pool or loop layout. SFR is the most mature technology because
it is the most common among the fast reactors built worldwide (see table 1.1).
Sodium reacts with water and air and a secondary Na or other fluids such as
CO2 circuit is required to avoid Na fires in the primary circuit. The LFR has
less operating experience (80 years of experience in Rusian submarines) but it
appears as a promising technology.

The Sustainable Nuclear Energy Technology Platform (SNE-TP) has set up a
Task Force comprising research organizations and interested industrial partners
to set the basis of the European Sustainable Nuclear Industrial Initiative (ESNII).
ESNII will address the need for demonstration of Gen-IV Fast Neutron Reactor
technologies, together with the supporting research infrastructures, fuel facili-
ties and research and development work. As indicated in the Strategic Research
Agenda [11], SNE-TP has prioritized the different Gen-IV systems and is propos-
ing to develop in parallel two technologies: the SFR technology as the reference
solution, with the construction of a prototype around 2020 in France (ASTRID)
and an alternative technology either LFR or GFR with the construction of an
experimental reactor to demonstrate the technology, in another European coun-
try willing to host this program. Regarding this objective several projects are
proposed within the European Commission 7th Framework Program to assess
the viability of Gen-IV fast reactors concerning safety, economical viability, fuel
manufacturing and waste minimization. The lead fast experimental facility is
MYRRHA that will be built at the SCK-CEN site in Mol (Belgium). MYRRHA
will operate in both critical and subcritical modes to establish lead bismuth eu-
tectic (LBE) associated technology and to demonstrate the accelerator driven
system concept. Other objectives of MYRRHA are to experimentally probe MA
transmutation, to serve as an irradiation facility for new materials and to produce
radioisotopes for medical purposes. The prototype GFR is ALLEGRO but the
design is in a early stage.

In the last years several experimental and prototype fast reactors have been
built worldwide. Table 1.1 summarizes fast reactors that have been or are under
operation and that are under construction. The first criticality, final shutdown
dates and the thermal power are listed in the table. One commercial full size
fast reactor SUPERPHENIX in France was connected to the grid from 1985 until
1998 and the medium size BN-600 is currently in operation in Russia.
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Plant First criticality Final shutdown Thermal Power(MWth) Coolant

Experimental Fast Reactors

Rapsodie (France) Jan. 1967 Apr. 198 40 sodium
KNK-II (Germany) Oct. 1972 Oct. 1991 58 sodium
FBTR (India) Fast Breeder Test Reactor Oct. 1985 1996 40 sodium
JOYO (Japan) (Experimental Fast Reactor) Jul. 2003 in operation 140 sodium
DFR (UK) Dounreay Fast Reactor (UK) 1959 1977 60 sodium-potassium
BOR-60 (Russian Federation) (Fast Experimental Reactor) 1968 in operation 55 sodium
EBR-II (USA) Experimental Breeder Reactor II Aug. 1964 1998 62.5 sodium
Fermi (USA) - Aug. 1963 1975 200 sodium
FFTF (USA) Fast Flux Test Facility Feb. 1980 1996 400 sodium
BR-10 (Russian Federation) (Fast Reactor) 1958 Dec. 2003 8 sodium
CEFR (China) China Experimental Fast Reactor To be dermined 65 sodium

Prototype Fast Reactors

Phnix (France) - 1973 2009 563 sodium
SNR-300 (Germany) Schneller Natriumgekhlte Reaktor finished in 1985 and cancelled by the goverment 563 sodium
PFBR (India) commissioning expected in 2014 762 sodium
MONJU (Japan) - 1994 in operation 714 sodium
PFR (UK) Prototype Fast Reactor 1974 Mar. 1994 650 sodium
CRBRP (USA) Clinch River Breeder Reactor Plant cancelled 975 sodium
BN-350 (Kazakhstan) (Fast neutrons) 1972 Apr. 1999 750 sodium
BN-600 (Russian Fedration) (Fast neutrons) Feb. 1980 in operation 1470 sodium

Comercial Size Reactos

Super-Phnix 1 (France) - 1985 1998 2990 sodium
BN-800 (Russian Federation) (Fast neutrons) expected by the end of 2014 2100 sodium

Table 1.1: Fast Reactors in the world [2]
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nPlant Start construction Thermal Power(MWth) Coolant Developed by

European Union

ASTRID (Advanced Sodium Technical Reactor for Industrial Demostration) 2015-2020 1500 prototype SFR ESNII+ project
ESFR (European Sodium Fast Reactor) 2040 3600 commercial SFR CP-ESFR project
MYRRHA (Multi-purpose hYbrid Research reactor for High-tech Applications) 2025 100 Experimental LBE CDT and MAXSIMA projects
ALFRED (Advanced Lead Fast European Demostrator) 2024 300 Prototype LFR LEADER project

Rusia

BN-1200 ( (Fast neutrons) 2020 2900 commercial SFR
BREST-1200 (Fast Reactor Natural Safety) 3000 LBE
SVBR-75/100 (Small Lead-Bismuth Fast Reactor) 2017 262 small LBE

USA

SSTAR Small Secure Transportable Autonomous Reactor 2015 45 small LBE DOE
TWR (Traveling Wave Reactor) 2020 3600 SFR Terrapower

Japan and Korea

DFBR (Demonstration Fast Breeder Reactor) 2015 1600 SFR JAEA
JSFR-1500 (Japan Sodium Fast Reactor) 2030 3570 comercial SFR JAEA
KALIMER-600 (Korean Advanced Liquid MEtal Reactor) 2028 1523 SFR KAERI

Table 1.2: Proposed Fast Reactors worldwide [3]

8



1.3. Fast spectrum reactors

Sodium LBE

Melting point (�) 98 125
Boiling point (�) 883 1670
Conductivity (W/m/K) 70 13
Density (g/cm3) 0.847 10.15
Reaction with water and air Explosive Inert
Interaction with steel Stable Corrosive. Limited fluid velocity
Neutron mean free path 15 cm 5cm

Table 1.3: Comparison of LBE and Na properties

The two more mature technologies to build a possible commercial size fast
reactor are SFR and LFR. Each country has its own fast reactor program with
different prototype and commercial reactors projects. A summary of the main
FR projects are listed in table 1.2. In the European Union the prototype SFR
will be ASTRID (1500 MWth) and the proposed commercial size sodium reactor
is the ESFR (3600 MWth) that will be built in France. The roadmap for the
lead-bismuth cooled fast reactor technology development in the European Union
is the construction experimental reactor (MYRRHA) in Belgium and a prototype
reactor (ALFRED).

All of the operational experience in fast reactors are either with sodium or
lead cooled reactors. Due to the high boiling point of liquid metals the plant
can operate at atmospheric pressure. This allows a pool type reactor in which
reactor core, heat exchangers and pumps are inside a pool of coolant. The pool
type design avoids loss of coolant accidents that are a major concern in LWR
safety and provides a large heat sink with natural circulation capabilities for decay
heat dissipation. Regarding the liquid metal properties as reactor coolant, both
lead bismuth eutectic (LBE) and sodium have advantages and disadvantages. A
comparison of the main coolant properties are summarized in table 1.3.

Sodium has a lower melting point than LBE reducing freezing problems, while
LBE cooled reactors should include anti-freezing devices in order to prevent the
solidification of LBE that may lead in a FA blockage. The sodium boiling point is
not high enough to prevent sodium boiling and the two phase sodium flow can be
reached in some unprotected transients. On the other hand the high boiling point
of LBE makes almost impossible the LBE boiling in a transient. Sodium posses a
high chemical activity with water (and also with the air humidity), this is a main
concern in SFR safety due to the fire risk. Several sodium fires have happened
during the operation of SFRs, for example in MONJU in 1995, in PHENIX in
1976 and in SUPERPHENIX in 1990 [12]. LBE does not present chemical ac-
tivity with water or air, but in contrast the corrosion of steels is elevated in lead
environments. In order to limit the erosion of structural materials the LBE ve-
locity should be lower than 2-3 m/s and the oxygen content in the coolant should
be controlled to prevent an excessive oxidation. The reduced coolant velocities in
LBE, limit the heat removal capacity and hence leads to higher pitch-to-diameter
ratio than in sodium reactors. The higher sodium conductivity and the higher
velocity leads to more compact FA design in SFR, whereas the higher pitch-to-
diameter ratio in LBE reactors enhance the natural circulation capability which
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Chapter 1. Introduction

can be used for passive residual heat removal [13]. Furthermore in LBE pool
type reactors the coolant has a high thermal inertia, due to the large coolant
mass(density) and heat capacity, what leads to a almost constant core inlet tem-
perature under any transient. However, a meaningful drawback in LBE cooled
reactors is the production of the α-emitter 210Po through captures in 209Bi, which
increase the radioactivity in the primary circuit and may cause problems during
fuel reloading. Regarding neutron economy the mean free path in sodium is
larger than in LBE, therefore it favors the neutron leakage, therefore LBE cooled
reactors are better in terms of neutron economy.

Another fuel cycle scenario for a sustainable nuclear energy is the use of fast
reactors or LWR for energy production and an ADS fleet intended for MA trans-
mutation. ADS are subcritical systems that are able to sustain the chain reaction
by means of extra neutrons produced by spallation. Protons are injected in the
subcritical system with an accelerator and produces spallation neutrons. In fast
reactors the content of MA is limited because safety parameters like βeff are
deteriorated [14]. The intrinsic safety of ADS due to its subcriticality when the
accelerator is shut down, makes possible the use of fuel with a high content of
MA (around 40%).

In addition to safety issues and sustainability, the economical viability is an
important point to drive the decision of the policy maker in choosing between
different fuel cycle options. With this purpose the EU FP7 project ARCAS (ADS
and Fast Reactor Comparison Study in Support of Strategic Research Agenda of
SNETP) [15] was intended to assess the cost associated to implementing either
ADS or dedicated Fast Reactors as minor actinide burning facilities.

1.3.1. Fast reactors safety analysis

Safety analysis of nuclear power plants follow two methods: probabilistic
safety analysis (PSA) and deterministic safety analysis. In the PSA, the prob-
ability of an accident sequence is calculated by means of fault trees. After an
initiating event, the consequences are estimated using the failure probability of
the systems involved in the sequence. The consequences that are acceptable for
an event depends on the probability of occurrence. Events with an expected high
probability over the plant lifetime are anticipated operational occurrences and
should not lead to fuel damage, events with a probability of 10−2 − 10−4 per
reactor year are the design basis accidents and can not lead to any radiological
impact. Unlikely events with a low probability (10−6−10−4 per reactor year) are
beyond design accidents and should keep the radiological consequences outside
the exclusion area within limits. The consequences of a postulated accident se-
quence is predicted by means of deterministic safety assessments. The transient
is analyzed with simulation codes to calculate the plant status when the accident
sequence finishes. The study is focused in neutronics, thermal-hydraulics, ther-
momechanical and radiological impact. Currently the integrated safety analysis
(ISA) methodology is being established to provide a more comprehensive study.
According to the NRC [16], an ISA is a “systematic analysis to identify facility
and external hazards and their potential for initiating accident sequences, the
potential accident sequences, their likelihood and consequences, and the items
relied on for safety. As used here, integrated means joint consideration of, and
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1.3. Fast spectrum reactors

protection from, all relevant hazards, including radiological, nuclear criticality,
fire, and chemical.”

The computations of deterministic safety analysis are usually carried out for
operational transients, anticipated transients, postulated accidents, selected be-
yond design basis accidents and severe accidents with core degradation. The
consequences of an event should be evaluated using conservative methods or best
estimate methods with uncertainty calculations. An overview of deterministic
safety analysis of fast reactors is given in this section.

The key parameters involved in fast reactors safety analysis are different from
those known of LWR. The reactivity coefficients have dissimilar values, the initi-
ating events are different and hence the most limiting transients. For example in
LWR technology, fuel integrity is threatened with loss of coolant accidents and
station black out events, therefore the main issue is how to extract the residual
heat after an event. However in fast reactor loss of coolant accidents are not an
issue because most of them are pool type and they operate at normal pressure.
The accidents that can lead to fuel failure in FR are reactivity insertion acci-
dents such as control rod withdrawal or the unprotected loss of force circulation
(ULOF).

The plant behavior under an operational or accidental transient is dominated
by the reactivity feedback coefficients. The main feedback coefficients in fast
reactors safety analysis are:

Doppler effect. The Doppler broadening of capture cross section when
temperature rises reduce the reactivity, therefore it is always negative. The
main contribution to the total captures in a reactor are the captures in 238U .
Although 238U is still present in large amounts in FR, the high Pu content
of some fuels makes the Doppler constant smaller than in LWR (see table
1.4).

Coolant loss reactivity. Void formation in a large fast reactor can result
in a positive reactivity effect. Its value is exceedingly space-dependent. The
challenge is to achieve a big reactor design with a negative void worth.

Support structures expansion. Due to the high temperature gradient
between top an bottom (around 150 K), the upper part support structures
expand and the FA pitch is larger than in the inlet. This coefficient is
negative but very difficult to evaluate accurately because it depends on the
deformation model of the core barrel and the upper structures (diagrid,
restraint system).

Fuel expansion. The axial expansion dominates over the radial. It has
a negative value because the active length increase in the same way as the
neutron leakage.

In table 1.4 the Doppler constant and βeff in a standard LWR, and FRs with
low and high Pu content are compared. In this example the LWR is represented
by a 17x17 Westinghouse PWR fuel assembly with reflective radial boundaries,
and with fresh UO2 fuel. The FR with low Pu content is the commercial size
ESFR design with burned MOX during 1640 EFPD (MOX composition at BOL
is 85% of depleted U and 15% of Pu from spent fuel). The FR example with
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PWR(BOL) ESFR(EOC) MYRRHA(EOC)

kD (pcm) -3612 -772 -303
βeff (pcm) 708 362 321

Table 1.4: Comparison of Doppler constant and βeff in a LWR with fresh UO2 fuel,
SFR with MOX initially enriched a 15% wt. in Pu and a prototype LFR with MOX
fuel with an initial Pu content of 34% wt. in Pu.

a high content in Pu is the MYRRHA LBE-cooled facility with burned MOX
during 360 EFPD, being the initial Pu content a 34% wt.

The Doppler constant is calculated as

KD =
k(T1)− k(T2)

ln(T1/T2)
(1.2)

and as it was mentioned before, it decreases when the Pu content increases
being 238U the main responsible for Doppler effect. In the MOX fuel, Pu capture
resonances also broaden with a temperature rise but the broadening of fission
resonances and the subsequent fissions increase, mask the negative reactivity
effect. The effective fraction of delayed neutrons βeff is another important safety
parameter because it sets the maximum allowed reactivity insertion to avoid a
prompt critical transient. Whereas in LWR most of fissions are in the 235U and
the βeff is around 640 pcm, in FR the fissions in Pu reduce this value.

The coolant loss reactivity feedback is a challenging coefficient in fast reac-
tors designs. Although in the past some fast reactors operated with a positive
void worth (PHENIX and Super-Phenix) the current safety requirements (after
Chernobyl and Fukushima accidents) demand inherent safety performances even
under unprotected transients. The trend is toward systems with negative reac-
tivity coefficients and passive removal of residual heat in accidents.

Concerning large fast reactor voiding, three physical mechanisms compete:

1. Spectral hardening. It makes more favorable the 239Pu fission over the
238U capture ratio. This effect increases the reactivity and it is more im-
portant in Na than in lead cooled reactors, due to the 3 keV Na elastic
scattering resonance that increases the flux at low energies.

2. Increase of the neutron leakage. This effect is larger when the reactor
is small compared to the neutron mean free path and it is more negative in
the reactor periphery.

3. Reduction of captures in the coolant. It increases also the reactivity.
This effect is also greater in Na than in lead because the capture cross section
in lead is small.

First and second contributions are large and of opposite sign and reduction
of captures is small. The sign of the void worth results from the difference of
the spectral hardening effect and the leakage increment. Since the loss of coolant
reactivity is highly space dependent, a 3D coupled neutronic/thermal hydraulic
code is required to accurately estimate this effect in a transient. The contribution
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1.3. Fast spectrum reactors

ESFR LBE-ESFR MYRRHA

nominal void core ext void nominal void core ext void nominal void core

keff 1.02057 1.03809 1.03027 1.04293 1.05854 1.04341 1.00736 0.99933
void worth(pcm) 1653 922 1413 44 -797

fission 34.808 35.373 35.106 35.584 36.077 35.552 34.155 33.606
capture 64.42 63.803 63.902 64.058 63.502 63.905 65.548 66.008
leakage 0.98826 1.0595 1.2163 0.61316 0.67929 0.79054 0.51238 0.56986
fission/capture 0.54033 0.55440 0.54937 0.55550 0.56812 0.55632 0.52106 0.50912
fission/(fis+cap+lea) 0.52780 0.54073 0.53460 0.54554 0.55718 0.54484 0.51298 0.50093

Table 1.5: Comparison of keff and reaction probabilities in three reactors configuration
(ESFR, LBE-ESFR, MYRRHA) and between the nominal and voided cases.

of each phenomenon to the net void worth is shown in the example below where
three reactor configurations are compared:

1. ESFR. This option represents a large Na fast reactor (3600 MWth). The
model is the ESFR optimized configuration developed within the CP-ESFR
project [17] at the end of the equilibrium subcycle (EOC) which corresponds
to a burnup of 1230 EFPD.

2. LBE-ESFR. This fictitious reactor has been chosen to compare the neu-
tronics effects of Na and LBE as coolant. The geometry is the ESFR opti-
mized configuration with LBE as coolant at EOC with the same fuel com-
position.

3. MYRRHA. This is an example of a small LBE fast reactor (100 MWth).
The model is the critical MYRRHA configuration developed in the frame of
the CDT-FASTEF project. In this case the EOC correspond to 270 EFPD
burnup.

The properties of the nominal case, the core voided and an extended reactor
voided including Na plenum is shown in table 1.5. Several conclusions about the
neutronic behavior of different fuels can be extracted from this table. The ESFR
with LBE as coolant has a reactivity 2000 pcm greater, thus neutronic economy
in LBE is better than in Na, because the Na capture cross section is higher.

The value of the void worth coefficient depends on the ratio between fission
and absorptions plus escapes and among the three coolant voiding effects, which
one dominates over the others. In a large Na fast reactor, the void worth is 4.7$
(assuming βeff ∼ 350 pcm) and the extended void worth only 2$ due to the
increase in the leakage through the plenum. In the big system with LBE the void
worth is also positive but its value has been reduce 4$ in normal void and almost
0 in the extended void. In a small LBE system the coefficient is negative because
the increase in leakage decreases fission over capture ratio.

In the case of a Na reactor the spectrum flattens when the reactor is voided
because less neutrons are accumulated at low energies due to the absence of
scattering in Na. However in the big size LBE reactor the spectrum is almost the
same, the unique difference in the reduction of the flux in the periphery when
the upper plenum is voided due to a higher leakage. These spectral effects are
shown in figures 1.4 and 1.5. In the case of a small LBE reactor (see figure 1.6)
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Chapter 1. Introduction

the spectrum is harder because the reactor is smaller than the neutron mean free
path and they escape before moderated.
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Figure 1.4: ESFR nominal and voided.
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Figure 1.5: LBE-ESFR nominal and voided

1.4. Codes for reactor safety analysis

The SNETP Strategic Research Agenda (SRA) [11] has set up the research
needs for the development of a sustainable nuclear energy for the near future.
Concerning simulation for reactor design or safety assessment, the SRA focuses
on three main fields: neutronics, thermal-hydraulics and fuels. The needs for ad-
vanced neutronics simulations are: higher spatial resolution using neutron trans-
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Figure 1.6: LBE MYRRHA nominal and voided.

port as well as increased spectral details with more energy groups. Additionally,
in order to model heterogeneous core configurations, Monte Carlo methods tak-
ing into consideration thermal hydraulic feedback should be developed to provide
reference solutions for time dependent deterministic calculations. This task was
unfordable years ago, but today the increase in computational resources and
parallel computations, it feasible. Regarding the future development of thermal-
hydraulics codes, they should be efficiently adapted to GEN-IV systems. Sen-
sitivity analysis and uncertainty propagation methods will be needed to handle
a larger amount of detailed computational data. The existing codes to simu-
late fuel under normal and accidental conditions in light water reactors should
be further developed to include new fuel designs such as MOX with high MA
content, metallic fuels and no oxide matrices (Mg). Finally advanced numerical
simulation tools in multi-physics and multi-scale frameworks which couple exist-
ing codes are of great interest. A detailed simulation of all physical phenomena
that contributes to the nuclear power generation requires, a coupled neutronics,
fuel, thermal-hydraulic and structural codes.

Regarding the requirements of the nuclear industry, several coupled codes
have been developed worldwide. Most of the codes, couple 3D deterministic neu-
tronics calculations with core or plant thermal-hydraulics (TH) codes for light
water reactors applications. Some examples of such coupled codes are RELAP5
(plant code 1D)/PARCS(3D neutron kinetics code) [18] developed by the Pur-
due University, TRAC-PF1/NEM (nodal diffusion code) or TRAC-BF1/NEM
[19] developed by Pennsylvania State University and CATHARE (plant code 2
fluids and 6 equations)/CRONOS (diffusion code)/FLICA4 (core TH code) [20]
by CEA. Besides TH and neutronics codes, fuel behavior codes such us FRAP-
CON3 for steady state or FRAPTRAN for transients and containment codes like
GOTHIC or MELCOR are also being integrated in coupled systems. All of this
codes are intended for light water applications, their accuracy comes from large
amounts of experimental data and thousands of years of operating experience
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(100 reactors * 40 years = 4000 years). However, new tools are required as one
moves into modern reactors where there is less operating experience and the cov-
erage of experimental data is sparse. For innovative reactor concepts, modern
reactor safety codes will be required to predict with confidence the behavior of
nuclear reactors with limited operating experience under any situation. Unknown
events that needs to be addressed are for example core disruptive accidents in
fast reactors.

Simulation of Gen-IV reactors requires different tools or the update of current
simulation codes to include the particularities of fast reactors performance. In fast
spectrum, many energy groups for each reaction cross section are required for an
accurate simulation of neutron transport. The number of energy groups chosen
for the simulation introduces an uncertainty and the solution is slower when
the number of groups increases. Therefore neutron transport simulation with a
Monte Carlo code with continuous energy cross section is required to validate
the solution of a deterministic code. Regarding thermal-hydraulics simulations of
fast reactors, as is pointed out in the previous section, the main coolants in fast
reactors design are liquid metals (Na or LBE). Single phase simulations of liquid
metal fast reactor (LMFR) can be performed with existent thermal-hydraulics
codes if proper correlations for pressure drop and heat transfer are included.
Nevertheless the physics of two phase flow in a liquid metal is somewhat different
than in water. Some experiments in experimental loops have been carried out
in order to determine the slip-ratio and the bubble formation in Na and the
correlations. Hence, the TRACE code has been modified by PSI to allow for
simulation of transients in SFR including Na boiling [21]. Concerning simulations
in LBE cooled reactors, this modifications are in principle not needed because the
high boiling point of LBE avoids boiling regime. However a tube rupture could
insert vapor bubbles leading to two-phase two-fluid flow. In addition structural
mechanics codes are also useful for an accurate analysis of LMFRs due to the
high temperature gradients, capable of deforming the core heterogeneously. The
use of a finite element structural code will be important in unprotected transients
analysis in order to calculate the expansion reactivity coefficient accurately.

Coupling between Monte Carlo and thermal hydraulics codes for fast reactors
applications is envisaged because they take into account the thermal hydraulics
feedback with all the advantages of the stochastic codes. Monte Carlo codes allow
for a detailed neutronic description of the heterogeneous core using continuous
energy cross section.

Furthermore, with the availability of large supercomputers, the computational
resources are multiplied. This multiprocessors allows for parallel calculations
reducing significantly the computational time of parallelizable tasks. Since Monte
Carlo codes for neutron transport are based on the run of independent histories
a large part of the code is parallelizable. The speed-up of a parallel run is almost
linear until a limit given by the Amdahal’s law, that says that the limit is inverse
proportional to the non-parallelizable fraction of the code. Thus the speed-up of
a Monte Carlo calculations using multiprocessors is high because except of the
input reading the rest of the execution can be done in parallel. In conclusion, by
using a lot of processors detailed simulations of nuclear cores with Monte Carlo
codes is currently possible.

16



1.4. Codes for reactor safety analysis

1.4.1. Coupled codes

Due to the large available computer resources and the use of parallel comput-
ing, the simulations of nuclear power reactors steady state and transient behavior
can be more accurate. Besides improvements in the physical models, the current
trend is the use of best estimate computer codes that are able to analyze all phe-
nomena at the same time. Multiphysics problems can be studied using modern
algorithms to solve the coupled set of partial differential equations such as the
Jobian-Free-Newton-Krylov method (JFNK) [22] or coupling several monophysics
codes. The technique most used worldwide is the code coupling, because already
validated codes on each field can be used and the extra effort on validation is
avoided. The main code families used in nuclear reactor safety analysis are listed
below:

Neutronics Thermal power produced in the core of a nuclear reactor depends
on the fission rate and the energy released by fission. The fission rate is
determined by the fuel material composition and density, the cross sections
and the neutron flux.

Core Thermal hydraulics Since fuel cross section library depends on temper-
ature and neutron spectrum depends also on the coolant density (moder-
ation), core thermal-hydraulics and neutronics are linked together and an
accurate estimation of local heat generation and peak temperatures needs
a neutronic-thermal hydraulic coupled simulation.

Thermomechanical codes Thermomechanical codes also predicts the fuel and
core deformation due to temperature gradients what changes the geometry
of the system. An example of thermomechanical code is the fine element
program ANSYS. This effect is fundamental in fast reactor where the high
temperature gradient between core top and bottom makes the core to adopt
an special shape known as flowering [23]. Changes of reactor dimensions
have an impact on reactivity because the mean free path in FR is high.
Furthermore, local fuel melting in beyond design basis accidents causes a
material relocation that could lead in a positive reactivity insertion.

Full plant codes At the same time the core temperature and density distribu-
tion predicted by subchannel codes needs boundary conditions such as core
inlet temperature, inlet flow and core outlet pressure that are calculated by
plant codes, that simulates the whole primary and secondary loops. RELAP
and TRACE serve as example.

Containment codes These codes are conceived for the study of all phenom-
ena in the containment during a design basis accident or a severe accident.
That includes the calculation of aerosol dispersion, containment pressure,
corium-concrete interaction, steam natural circulation, etc. Usually con-
tainment codes that not simulate the primary system and needs boundary
conditions given by plant codes. GOTHIC and MELCOR serve as example
of containment codes.

Fuel evolution codes The exact fuel composition depends on the burnup state
and this can redistribute the flux profile and change the fuel gap conduc-

17



Chapter 1. Introduction

tance, a critical parameter to calculate fuel centerline temperature. Exam-
ples of fuel evolution codes based on Monte Carlo neutron transport are
Monteburns [24], EVOLCODE[25] based on MCNP and SCALE[26] based
on KENO and examples of deterministic codes for fuel evolution are and
CASMO[27].

Several coupled codes are being developed worldwide. In particular significant
the effort has been centered in neutronic-thermal hydraulic coupling because of
the coolant density variation in LWR. Early attempts in coupling methods started
between deterministic (diffusion and nodal) and thermal hydraulics codes. Two
coupling strategies can be employed: internal coupling where each node power is
transferred to a TH code and external coupling where core TH and neutronics
are solved in first place and only boundary conditions are exchanged with the
plant code. For instance COBAYA3, being developed by the Technical Univer-
sity of Madrid within the framework of the NURISM project, couples the nodal
code ANDES [28] and diffusion code COBAYA3k [29] with the subchannel code
COBRA-TF [30] to perform 3D coupled transient analysis in LWR cores. The
results are integrated in the SALOME platform. Recently COBAYA3 has also
been coupled to SUBCHANFLOW [31].

Currently also Monte Carlo codes for neutron transport are being coupled
to subchannel codes. The advantages of Monte Carlo codes over deterministic
codes are that they can simulate the detailed geometry of the system without
making approximations and that uses point-wise cross section libraries avoid-
ing the uncertainties introduced by the multi-group approximation. The Monte
Carlo/subchannel coupling trend is motivated by the emerging number of su-
percomputers and the large parallelization of Monte Carlo codes that are able
to perform calculations with a huge of number of processors. Nevertheless the
speed up of a particular problem is not linear: it has a limit depending on the
parallelizable part of the code [32]. The disadvantages of Monte Carlo codes are
that the huge time consumption and in principle that a time dependent solution
of critical systems can not be calculated straight forward way.

Several coupled Monte Carlo/thermal hydraulic codes have been developed at
pin by pin level, but none of them have been applied to large geometries and do
not present maturity for a general release. In table 1.6 a bibliographic review of
the current situation of Monte Carlo/thermal hydraulic coupling is shown.

Most of the codes couples MCNP with a subchannel code because of the intu-
itive way to find a cell mapping between the codes. An exception is MCNP/STAR-
CD that is a CFD code and was used to perform a detailed analysis of 3x3 PWR
fuel pins. Due to the huge computer requirements of this type of coupling calcu-
lations the coupled codes are used to analyze small geometries such as a single
rod, a bundle of few rods or a FA. None of them have been used to study a whole
core. In fact, a challenge was proposed by Kord Smith in 2003 [44] regarding full
core Monte Carlo neutronics calculations. The object of challenge proposed to
the international community, is to calculate the local power of each of the fuel
pins in a PWR FA when subdivided in 100 axial levels and in all the reactor core
and assuring that the statistical uncertainty in each local power estimator is less
than 1% . In Europe a benchmark [45] of a full core Monte Carlo calculation has
been recently announced in order to monitor the increase in computation perfor-
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Neutronic TH Applied to Reference

MCNP STAFAS HPLWR FA [33]
(subchannel)

MCNP STAR-CD (CFD) 3x3 PWR fuel pins [34]
MCNP COBRA-EN 4 PWR FA [35]
MCNP COBRA-TF PWR FA [36]
MCNP ATHAS CANDU-SCWR FA [37]

(subchannel)
MCNP5 SUBCHANFLOW LWR pin and FA [38, 39, 40, 41]
MCNP THERMO(subchannel) 1/8 PWR core [42]
MCNP SUBCHANFLOW 3x3 BWR pins [43]

TRIPOLI4 FLICA4 3x3 BWR pins

Table 1.6: Current Monte Carlo neutronics and thermal-hydraulics coupled codes

mance. This benchmark is available in the NEA data bank and is open to any
institution that is willing to participate. The objective is not only the criticality
constant calculation but also local power estimations.

An internal coupling between MCNP and SUBCHANFLOWwas implemented
in [41]. This new method takes into account the temperature dependence point
by point avoiding the subdivision of the problems in many cells and materials as
the former versions of the MCNP/SUBCHANFLOW coupling code.

In addition to steady state coupled Monte Carlo calculations also time de-
pendent Monte Carlo solutions of critical systems are being explored. In the
Delft University a modification has been done to the European Monte Carlo code
TRIPOLI as an attempt to perform dynamic simulations [46, 47].

1.5. Thesis objectives and original developments

The aim of this thesis is to develop a coupled code system based on Monte
Carlo for neutronics and thermal hydraulics analysis in fast reactors. The pro-
gram should be able to perform steady state analysis at pin level as well as whole
core calculations in a reasonable amount of time using the current available com-
putational resources. A compromise should be find between the accuracy and the
simulation time making a high efficient use of the computation capability.

A methodology for the steady state coupling between the Monte Carlo code
for neutron transport ant the thermal-hydraulics code has been developed. The
coupling program has been written in the modern object oriented programming
language C++. The code has interfaces for the information exchange between
codes and to write output files with the obtained information. In order to per-
form a coherent data exchange, the geometry mapping between codes has to be
adapted.

Finally, due to the lack of experimental data in steady state applications to
validate the tool, a benchmark with other coupled MC/TH coupled codes has
been carried out for steady state analysis.

The second objective of the thesis is to find a practical solution for transients
simulations with the MC/TH coupled tool. Since coupled MC/TH codes are
not supposed to replace current tools for transient analysis, the aim is not a
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general tool for transients simulations but to look for an approach and to check
the viability of the solution under selected transients. The situations in which
a 3D Monte Carlo simulation improves a neutronic deterministic calculation are
the candidates for this MC/TH time dependent coupled analysis.

In this framework two approaches have been developed: a practical solutions
for real core transients that have some limitations in the reactivity insertion
velocity and a further approach to extend the application range. The second one
is an empirical approach that has been compared with a diffusion code but for
now only can be used with simple kinetics problems.

1.6. Structure

This manuscript is divided in four chapters. The first one sets the context
of this research project including aspects such as nuclear energy in the world
and code development needs. The second chapter reviews the theoretical basis
for the neutron transport and thermal hydraulics calculations as well as coupling
methodologies. The third chapter is intended for the original developments of
this thesis. In the first part of this chapter, the methodology for the steady
state coupling between Monte Carlo neutron transport and thermal hydraulics
codes is explained. The second part of this chapter if for the transient calculation
approaches with Monte Carlo codes. In the fourth chapter, two code benchmarks
and a practical applications of the coupling methodology are presented. The first
benchmark compares the steady state coupling results in a BWR fuel pin with
a similar Monte Carlo/thermal-hydraulics coupling code developed at KIT. A
kinetic theoretical problem is used to verify the dynamic approaches, comparing
the results with a time dependent diffusion code. Finally a real transient in a full
plant is showed as an example. Summary and conclusions are pointed out in the
last chapter.
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Chapter 2

Computational methods for
reactor analysis

This chapter reviews the theory of reactor analysis that will be needed to
explain the development included in chapter 3.

The first part deals with the neutron transport equation that is used to cal-
culate neutron flux or reaction rates within the reactor core. This equation has
analytical solution only in simple cases. Some approaches should be made in
order to solve the neutron transport equation in a real system. The methods can
be divided in deterministic methods, that solve the neutron transport equation
making assumptions by means of numerical methods and stochastic methods that
simulate neutron random walks and calculates the average behavior.

In the second part of this chapter a brief overview of thermal-hydraulics meth-
ods for reactor analysis is presented. The state of the art of the codes for fast
reactors applications and the needs for future developments are also explained.

Finally a theoretical justification of codes coupling as well as the different
techniques for multiphysics coupling are showed in the last section.

2.1. Neutron transport

2.1.1. Time dependent neutron transport equation

The neutron distribution in a reactor is governed by the Boltzmann neutron
transport equation. The variation of neutron density n(~r, E,Ω, t) in a certain
phase, volume is the difference between neutron gain and losses. The number of
neutrons in a volume increases due to external sources or neutrons entering in
the volume through the surface. Neutron looses are produced by leakage through
the surface or neutrons suffering a collision (absorption) inside the system.

The basic conceptual quantity used to describe the average behavior of neutron
population in a system is the neutron flux defined as:

Φ(~r, E,Ω, t) = n(~r, E,Ω, t)v (2.1)

where n(~r, E,Ω) is the neutron density (number of neutrons per unit volume)
in neutrons

cm3 and v is the neutron velocity in cm
s
. The flux units are neutrons

cm2s
.

The Boltzmann transport equation in differential form is defined:
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1

v

dΦ(~r, E,Ω, t)

dt
=

1

4π
χ(E)

∫
E′
ν(E ′)Σf (~r, E

′)Φ(~r, E ′.t)dE ′+∫
Ω′

∫
E′
Σs(~r, E

′ → E,Ω′ → Ω)Φ(~r, E ′,Ω′, t)dE ′dΩ′−

Ω∆Φ(~r, E,Ω, t)− Σt(~r, E)Φ(~r, E,Ω, t) + S(~r, E,Ω) (2.2)

where the term Ω∆Φ(~r, E,Ω) represents the neutron leakage through a volume
surface, S(~r, E,Ω) is the neutron gain due to an external source, Σt(~r, E)Φ(~r, E,Ω)
is the total neutron loss, 1

4π
χ(E)

∫
E′ ν(E

′)Σf (~r, E
′)Φ(~r, E ′)dE ′ is the fission neu-

tron gain where 1
4π

comes from the integral over the solid angle and
∫
Ω′

∫
E′ Σs(~r, E

′ →
E,Ω′ → Ω)Φ(~r, E ′,Ω′)dE ′dΩ′ is the neutron removal to other energies via an scat-
tering process.

This equation can be written in a compact way, using operators to group
terms:

1

v

∂Φ(~r, E,Ω, t)

∂t
= (F−M)Φ(~r, E,Ω, t) + S(~r, E,Ω) (2.3)

where F is the total fission operator and M is the destruction operator which
includes collision, leakage and scattering.

In each fission event two fission products in an excited state are produced.
Usually this excitation energy is greater than the neutron binding energy and
therefore each fission product is able to emit one or several neutrons instanta-
neously (in 10−15 s or less) and these neutrons are called prompt neutrons. The
average number of prompt neutrons emitted in a fission is denoted as νp and
it is around 2 or 3 depending on the nucleus. On the other hand, some of the
remaining fission products nuclei may decay into a daughter and if the excitation
energy of the daughter is greater than neutron binding energy another neutron
can be emitted. This is called delayed neutron emission due to the long time
it took the nuclei to undergo a beta decay compared with the prompt neutrons
emission. The average number of delayed neutrons emitted in a nuclei fission is
expressed as νd. Therefore the total fission neutron gain can be decomposed in
two contributions prompt Fp and delayed fission Fd, defined as:

Fp =
1

4π
χ(E)

∫
E′
νp(E

′)Σf (~r, E
′)Φ(~r, E ′)dE ′ (2.4)

Fd =
1

4π
χ(E)

∫
E′
νd(E

′)Σf (~r, E
′)Φ(~r, E ′)dE ′ (2.5)

(2.6)

In general the neutron transport equation has only a direct solution for simple
geometries (sphere, slab). In order to find the neutron population in a real
environment some approaches should be applied to solve the equation. The main
numerical methods can be classified in three groups depending on the form of the
equation that has to be solved:

Stochastic transport method
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2.1. Neutron transport

This method is based on the fact that neutrons interact with matter in a
stochastic way. Neutrons are transported in the system by means of random
walks, being the average behavior of neutrons, the mean value of enough
number of random walks. Monte Carlo method can be used not only for the
neutron transport but also for gammas and charged particles. In a neutron
multiplying system the fundamental mode of the flux and the eigenvalue of
the equation keff is calculated. More detailed explanation of this method
is found in section 2.1.4.

Integral transport method

The collision probability method result from the spatial discretization of the
integral transport equation in multigroup form.

Differential transport method

The methods to solve the Boltzmann transport equations are finite differ-
ences or finite elements. Two methods can be distinguished depending on
the treatment of the angular variable: while Pn methods expand the angular
dependence in spherical harmonics, the Sn methods discretize the angular
variable in a finite number of directions. The energy dependence is dis-
cretized in multigroup form. A further approach of the Pn method consists
of neglecting the angular dependence, it is called diffusion approach and it
is widely used by the nuclear industry for reactor analysis. For example
the 3D diffusion code PARCS [48] is used by the US Nuclear Regulatory
Commission to calculate reactor transient neutron flux distributions.

Every method has its advantages and disadvantages and has its limits of appli-
cability. Currently with the improvements of computational resources all methods
are able to converge to the same solution when the correct boundary conditions,
mesh and cross section data are used. The difference between methods lies in the
difficult that they can find to simulate a certain problem and the computational
time employed to reach a converged solution. For example an homogeneous re-
actor is calculated fast and accurately with a diffusion code, nevertheless core
material heterogeneities still remain a challenge for deterministic codes and are
simulated easier with stochastic methods.

2.1.1.1. The diffusion method

All the approximate methods to solve the Boltmann equation discretize the
angular variable of the neutron flux. A further approach disregards the angular
dependence of the flux calculation the integral over the solid angle Φ(~r, E, t) =∫
Ω
Φ′(~r, E,Ω, t)dΩ. This approach is based on the fact that some physical quan-

tities do not depend on the angular direction but depend on the neutron flux.
One can estimate the neutron flux without a previous knowledge of its angular
dependence. The diffusion theory assumes that the angular dependence of the
flux is the expansion into Legendre polynomials up to first order P1. Knowing
that P0(Ω) = 1 and P1(Ω) = Ω, the flux angular dependence can be written as:

Φ(~r, E,Ω, t) =
1

4π
[Φ(~r, E, t) + 3J(~r, E, t)Ω] (2.7)
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where J(~r, E, t) is the neutron current defined as J(~r, E, t) =
∫
Ω
ΩΦ(~r, E,Ω, t)dΩ.

The flux calculated in a case where this assumption is not valid, can be inaccu-
rate. The following cases are examples in which this simplification of the angular
flux fails:

In a boundary with a media of significantly different absorption or neutron
source characteristics. For example in the interface with vacuum or with an
absorbent material like control rods.

In small cell where a lot of boundaries are involved like a fuel coolant cell.

The second approach of the diffusion equation is the calculation of the current
from the gradient of the angular flux; the Fick’s Law. The Fick’s Law can be
derived from P1 theory under certain assumptions. The angular distribution of
the elastic and inelastic scattering affect the proportionality factor between the
current and the flux gradient, named diffusion coefficient:

J(~r, E, t) = −D∇Φ(~r, E, t) (2.8)

When one considers a big system such as a nuclear reactor, since there are a
lot of neutrons coming from all directions, one can assume that the scattering is
isotropic. Obviously this is not valid close to the boundaries. To take into account
the anisotropy of the scattering in the diffusion equation, the flux proportionality
coefficient D should be corrected with the scattering angle. Since the neutron
scattering with light nucleus is basically anisotropic while with heavy nuclei can
be considered as isotropic, the average scattering angle is inversely proportional

to the mass number µs =
2

3A
.

In order to make this approach valid in all circumstances and to obtain a
solution close to the transport one, some correction factor should be included. A
lot of theory has been developed around the estimation of discontinuity factors.

Depending on the size of the mesh employed to solve the diffusion equation
they are called nodal or pin-by-pin methods. Nevertheless the diffusion theory
has been recently applied to pin-by-pin analysis of nuclear reactor applying cor-
rection factors that try to equal the diffusion solution to the transport one in all
conditions and geometries [29]. Computational meshes where diffusion is solved
are commonly large (coarse mesh approach) in the order of portions of fuel as-
semblies. However, smaller computational meshes, in the order of pin-by-pin
descriptions are more frequently pursued thanks to the current advanced compu-
tational resources.

2.1.2. Flux factorization

Another method to solve the time dependent neutron transport equation is
using the neutron flux factorization approach. This method assumes that the
flux is separable in an amplitude function purely time dependent and a shape
function with spatial and time dependence. This approach takes advantage on
the fact that the flux shape varies more slowly with time than the flux amplitude,
therefore the flux shape equation can be solved in relaxed time steps. The flux
can be then expressed as:
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Φ(~r, E,Ω, t) = p(t)ψ(~r, E,Ω, t) (2.9)

p(t) accounts for the amplitude of the flux, and ψ(~r, E, t) is the spatial distri-
bution of the neutron flux. Using the initial adjoint flux Φ∗

0(~r,Ω, E) as weighting
function, the constraint condition for the shape function is given by:∫

Ω

∫
V

∫ ∞

0

Φ∗
0(~r,Ω, E)ψ(~r, E,Ω, t)

1

v(E)
dEdV dΩ = K0 (2.10)

where K0 is a constant and de adjoint flux is the solution of the adjoint initial
stationary problem.

(F∗
0 −M∗

0)Φ
∗
0 = 0 (2.11)

The definition of shape and amplitude functions are unique due to the use of
this normalization.

There are situations for which the detailed angular representation of the neu-
tron flux is not important [49], such as reaction rates that depend only on the
Energy and radial position. The neutron flux Φ(~r, E, t) is:

Φ(~r, E, t) =

∫
Ω

Φ(~r, E,Ω, t)dΩ (2.12)

After this point, the contribution of prompt and delayed neutrons is separated,
leading to the following transport equation:

1

v

∂Φ(~r, E, t)

∂t
= (Fp −M)Φ(~r, E, t) + Sd(~r, E, t) + S(~r, E, t) (2.13)

where v is the neutron velocity, Fp describes the production of prompt neu-
trons, M is the operator for the neutron loss and Sd(~r, E, t) is the source of
delayed neutrons, given by the decay of precursor nuclei (nuclei that will undergo
a beta decay followed by a delayed neutron). In an initial critical reactor one can
assume that there are not external source S(~r, E, t) = 0, nevertheless for subcrit-
ical reactors like ADS this term should remain since it represents the strength
of the spallation source. The neutron creation and loss rates are calculated as
follows:

FpΦ =
∑
i

χpi(E)

∫
E′
νpi(E

′)Σfi(~r, E
′, t)Φ(~r, E ′, t)dE ′

MΦ = −∇D(~r, E, t)∇Φ(~r, E, t) + Σt(~r, E, t)Φ(~r, E, t)

−
∫
E′
Σs(~r, E

′ → E, t)Φ(~r, E ′, t)dE ′

Sd(~r, E, t) =
∑
k

λkCk(~r, t)χdk(E)

where the summation over i goes over all isotopes and k over the delayed
groups being λk the decay constant of each group. The neutron loss rate has
three terms: the first one represents the leakage, the second the total absorption
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and the last the scattering to lower energies. Ck is the concentration of delayed
neutrons precursors at time t and its balance equation is given by the production
of precursors in fission (on average νd precursors are created) and the destruction
through decay:

∂Ck(r, t)

∂t
= −λkCk(r, t) +

∫ ∞

0

νdkΣf (~r, E
′, t)Φ(~r, E ′, t)dE ′ (2.14)

For t ≤ 0, the reactor is assumed to be stationary and critical:

0 = (Fp0 −M0)Φ0 + Sd0 (2.15)

If the delayed neutron production operator Fd is added and subtracted inside
the parenthesis in equation 2.13, the following equation is obtained:

1

v

∂Φ(~r, E, t)

∂t
= (F−M− Fd)Φ(~r, E, t) + Sd(~r, E, t) (2.16)

where FdΦ is a source of delayed neutrons that would be produced in a sta-
tionary reactor with fission cross section and neutron flux as they exist at time
t.

Multiplying Eq. 2.16 by the initial adjoint flux Φ∗
0 and integrating with respect

to energy and space, results in:

∂

∂t
(Φ∗

0,
1

v
Φ) = (Φ∗

0, [F−M]Φ)− (Φ∗
0,FdΦ) + (Φ∗

0, Sd) (2.17)

Introducing the flux factorization equation 2.9 in equation 2.17 and using the
following time dependent variables:

Λ(t) =
(Φ∗

0,
1
v
ψ)

(Φ∗
0,Fψ)

(2.18)

ρ(t) =
(Φ∗

0, [F−M]ψ)

(Φ∗
0,Fψ)

(2.19)

β(t) =
(Φ∗

0,FdΦ)

(Φ∗
0,Fψ)

(2.20)

sd(t) =
(Φ∗

0,
∑

k χdkλkCk)

(Φ∗
0,Fψ)

(2.21)

the diffusion equation can be now written as:

Λ(t)ṗ(t) = [ρ(t)− β(t)]p(t) + sd(t) (2.22)

being the importance-weighted reduced neutron source defined as:

sd(t) =
(Φ∗

0,F0ψ0)

(Φ∗
0,Fψ)

∑
k

λkζk(t) (2.23)

where the reduced precursors is defined as ζk(t) = 1
(Φ∗

0,F0ψ0)
(φ∗

0, χdkCk). In

order to obtain the evolution of reduced precursor, equation 2.14 should be mul-
tiplied by the adjoint flux Φ∗

0 and the energy yield of delayed neutrons χdk. Now

26



2.1. Neutron transport

integrating with respect to space and energy and using flux factorization, one
obtains:

d

dt
(Φ∗

0, χdkCk) = −λk(Φ∗
0, χdkCk) + (Φ∗

0,Ffψ)p(t) (2.24)

Using the definition of the reduced precursors ζk, this equation can be written
as:

dζk(t)

dt
= −λkζk(t) +

(Φ∗
0,Fψ)

(Φ∗
0,Fψ0)

βkp(t) (2.25)

And finally, the exact point kinetics equations can be written in a compact
form:

dp(t)

dt
=
ρ(t)− β(t)

Λ(t)
p(t) +

1

Λ0

∑
k

λkζk(t) (2.26)

dζk(t)

dt
= −λkζk(t) +

F (t)

F0

βk(t)p(t) (2.27)

where (Φ∗
0,Fψ) for F (t) and (Φ∗

0,Fψ0) have been subtituted for F0.

To obtain the more familiar form of the point kinetics equations, the following

precursors concentration expression ck(t) =
ζk(t)
Λ0

is used:

dp(t)

dt
=
ρ(t)− β(t)

Λ(t)
p(t) +

∑
k

λkck(t) (2.28)

dck(t)

dt
= −λkck(t) +

1

Λ(t)
βk(t)p(t) (2.29)

In the flux factorization approach to solve neutron transport equation, the
amplitude of the flux is obtained by solving point kinetics equations. To solve
this system of ordinary differential equation a small time step is required due to
the stiffness of the equations, caused by the difference in the time constants of

prompt (Λ ∼ 10−5 − 10−7 s) and delayed neutrons (
1

λ
∼ 10s). The flux shape

equation is now expressed as:

1

v

∂ψ(~r, E, t)

∂t
= (Fp −M− ṗ

p

1

v
)Φ(~r, E, t) + Sd(~r, E, t) (2.30)

Compared with the diffusion equation, the shape equation includes an extra
term that represents the time derivative of the amplitude. This equation can be
generally solved using higher time steps. Equations 2.29 and 2.30 represent a
coupled system of equations that depend nonlinearly on two unknowns p(t) and
ψ(~r, E, t) through the point kinetics parameters (ρ(t), β(t),Λ(t)) and as products
(p(t) ψ(~r, E, t)) [50].
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2.1.3. Approximations in the flux factorization method

The solution of the time-dependent neutron transport equation 2.2 using the
flux factorization approach consists in solving a non linear set partial differential
equations: shape and amplitude. The nonlinearity is due to the solution of
equation 2.30, which implies the knowledge of the amplitude p(t) while point
kinetics parameters in 2.29 depends on the shape function.

In this section some approaches to solve this set of coupled set of partial
differential equations are introduced, following the classification pointed out in
[51].

The first simplification consists of using different time steps for the amplitude
and the shape functions. Since the shape function varies slowly with time, a larger
time step (∆t) can be applied for the shape function and a small time step (δt)
for the point kinetics equations, because they are a stiff set of partial differential
equations. The improved quasistatic method (IQM) is based on the discretization
of the flux shape time derivative using a backward difference approach:

∂ψ(~r, E, t)

∂t
=

1

∆t
(ψ(~r, E, t)− ψ(~r, E, t− 1)) (2.31)

and inserting equation 2.31 into 2.30 to obtain the equation for the shape
function. Since amplitude and shape are a set of nonliear coupled equations, an
iteration over the macro time step (∆t) is needed to found a converged solution.
This method has been successfully used in time dependent computer codes such
such as SIMMER [52]. The neutron transport code TDTORT [53] transforms
the time dependent equation in a static with a fixed source by adjusting the total
cross section with the extra terms introduced by equation 2.31.

The predictor-corrector-quasistatic-method developed by [54] eliminates the
iterations in the macro time steps making the coupled set of equations linear.
This method solves the flux equation instead of the shape equation 2.31. In this
case the shape is not an unknown and is obtained from the flux using equation
2.9.

In order to improve the accuracy of the solution a step size control numerical
method can be applied to solve both amplitude and shape equations. for instance
Kaps and Rentrop methods, that are based on Runge-Kutta method, are proposed
by [55] to solve this coupled set of partial differential equations using a time
adaptive scheme.

The next step of approximation to solve the diffusion equation with the flux
factorization method is neglecting the time derivative in the shape function, it
called the quasistatic method. The problem is simplified into a static equation.
The dependence on time is taken into account through the cross section that
should be updated each time step with the new temperatures and material com-
positions. Moreover the delayed neutron source depends on the flux at earlier
times t′ ≤ t. Since the time derivative of the flux shape is divided by the neutron
velocity and its average value is larger in fast systems than in thermal reactors,
the quasistatic approach is more accurate for in fast reactor analysis [56]. This
approach was used for the first time in the QX1 code [57], that solves the one
dimensional diffusion equation:
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(Fp −M − 1

v

·p
p
)ψ = −1

p
Sd (2.32)

The delayed neutron source can be approached as a fraction of prompt flux at
time t, ignoring that the delayed neutron source has a different time scale than
the prompt neutron source. This is named the adiabatic method and the shape
function is obtained from a static eigenvalue equation:

(M− λF)ψ = 0 (2.33)

where the eigenvalue λ = 1/keff is the inverse of the multiplication constant.
Time dependence appears only in the fission and loss operators because cross sec-
tions change during the transient. As it is shown in the next section, Monte Carlo
criticality calculations solve this eigenvalue equation using an iterative method.
The flux shape and reactivity calculated with the adiabatic method differ from
the exact and the quasistatic solution specially in asymmetric transients [58]. In
a symmetric transient the adiabatic approach is accurate because prompt and
delayed neutrons are spatially distributed in the same way.

The last simplification to solve the flux shape equation is to delete the time
dependence of the production and neutron loss operators, obtaining the point
reactor model:

(M0 − λ0F0)ψ = 0 (2.34)

As a consequence, the flux shape is kept constant during all the transient
and only the amplitude of the flux and the concentration of precursors is com-
puted. Reactivity coefficients are used to take into account feedback effects in
the point kinetics equations. This point reactor model is used in the majority of
the thermal-hydraulics plant codes.

2.1.3.1. Accuracy of the flux factorization approaches

In this section the degree of approximation that can be used to solve diffusion
or transport equations using the flux factorization method have been presented.
The approaches go from the backward differentiation in the shape time derivative
and a relaxed time step to solve the shape equation, to the elimination of the
shape equation time dependence. The error made by each approach depends on
the type of transient and the reactor design. As it was pointed out, the quasistatic
approach is more accurate for fast reactors due to the velocity inverse term in
the time derivative, the adiabatic approach is accurate for homogeneous and slow
transients.

In a transient caused by an asymmetrical change such as an instantaneously
withdrawn of a control rod, the shape function increases in the area close to the
control rod and decreases in the rest of the reactor since the integral should be the
same. The neutron population has a prompt adjustment to the new configuration
followed by a slow shape change due to delayed neutron population.

When this transient is analyzed, the exact and the quasistatic solution differ
only during the prompt adjustment phase of the flux. In the quasistatic approach
this adjustment is instantaneous, it is like the prompt jump approach but for
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the flux shape can be used without restriction in the inserted reactivity (for
the amplitude equation the reactivity should be less than the delayed neutron
fraction).

After the prompt jump, the time derivative of the flux shape is negligible due
to the division by the large neutron velocity and it can be deleted. Thus the
balance equation of the quasistatic approach can be used for the slow adaptation
of the flux to precursors concentration. The time dependence of the delayed
neutron source is fully incorporated in the quasistatic approach.

With the adiabatic approach the inaccuracy is larger because the delayed
transition is missing.

2.1.4. Criticality calculations using Monte Carlo methods

In a nuclear system each neutron interacts with matter sequentially from its
creation to its death (absorption or leakage) independently of the other neutrons.
Monte Carlo methods for neutrons transport simulate the random walk of neu-
trons in the system and calculate the desired physical quantities by means of
the average behavior of all particles. The mean free path of the particles is the
system is calculated with the total cross section and sampling the direction. The
reaction event (fission, capture, elastic collision) at the collision point is chosen
by a probability distribution function (PDF) based on the material cross section
which is statistically sampled by means of random numbers.

The average behavior of neutrons in a system is given by the time dependent
Boltzmann transport equation. The operators form of Boltzmann equation with
prompt fission and a external source is:

1

v

∂ψ(~r, E,Ω, t)

∂t
= Q+ [S +M ]ψ − [L+ T ]ψ (2.35)

where Q is the external source, L represent the loss to leakage, T the loss to
collisions, S the gain from scattering and M the gain form fission multiplication.
This equation can be solved using a Monte Carlo method with a true analog
calculation, it is simulating the true transport of neutrons form its creation in
the source to its death or leakage without any bias or population control. During
the transport simulation it is assumed that the material properties do not change
over the time interval. The issue is that for super-critical systems the flux grows
exponentially therefore the transport time must be limited in order to assure that
the simulation finishes in a reasonable amount of time and that the storage of
particle data do not exceed the computer memory. For instance in a system with
keff = 1.00077 the simulation time cutoff must be less than 10−4 s.

The widely extended solution to simulate supercritical systems with stochastic
codes is to use a K static eigenvalue calculation [59]. The calculation is divided
in generations or batches, from a neutron born in the source to its death or
fission, and the population is combed after each generation to start the new cycle
with the same number of neutrons. Using an iterative method and fission source
in equilibrium, the fundamental mode neutron distribution is calculated. This
neutron flux distribution matches only the real one in critical or close to critical
systems (keff ∼ 1). The static eigenvalue problem is obtained by inserting a
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scaling factor in the fission multiplication termM of neutron transport equation.
This factor represents the critical fission multiplication keff of the system.

[L+ T ]ψk = [S +
1

keff
M ]ψk (2.36)

Generally the above eigenvalue equation 2.36 is solved by power iteration
where the factor 1

k
changes the relative level of the fission source to make the

reactor critical. We can expand the flux in terms of eigenfunctions

ψ =
∞∑
j=0

aj ~uj (2.37)

The k-eigenvalue equation 2.36 can be rearranged as an eigenvalue equation:
ψ = 1

k
Fψ where F = (L+T −S)−1M . To solve this equation by power iteration,

one assumes that ψ(n) and k(n) are known for iteration n and solves for n+1. This
process is repeated until the solution converges.

ψ(n+1) =
1

k(n)
Fψ(n) =

1

k(n)
1

k(n−1)
...

1

k(0)
F nψ(0) (2.38)

The expansion of ψ into eigenmodes is substituted into equation 2.38 to obtain:

ψ(n+1) = [
n∏

m=0

1

k(m)
][a

(0)
0 kn0 ~u0 +

∞∑
j=1

a
(0)
j knj ~uj] = (2.39)

= [
n∏

m=0

k0
k(m)

]a
(0)
0 [ ~u0 +

∞∑
j=1

a
(0)
j

a
(0)
0

(
kj
k0

)n ~uj]

Since k0 is the highest eigenvalue, the higher order modes die when n tends
to infinity and it converges to the fundamental mode. The speed to reach the
fundamental mode depends on the dominance ratio DR = k1

k0
, in systems with a

high DR the number of iterations to found a fundamental converged solution is
higher. The fundamental mode eigenfunction ψ0 -solution corresponding to the
larger eigenvalue k0- is the only one non-negative in the whole system and thus
has a physical meaning. The largest eigenvalue is denoted as keff -the effective
multiplication factor- and can be used to calculate the static reactivity of the

system ρstatic =
keff−1

keff
.

2.1.4.1. Fission source in criticality calculations

In a fixed source transport calculation, particles are born in the source and
are transported until it death (absorption or leakage). In order to improve the
statistics in the calculation an analog absorption is used by default, it means that
in an absorption event the particle does not disappear, but its weight is reduced.
When a particle weight is less than a level (0.25) the Russian roulette is played to
decide if the particles follows its walk with a full weight or it dies. Nevertheless
in a criticality calculation the philosophy is another because the multiplication
of the number of particles due to fission in supercritical systems could make the
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running time infinity. To avoid this situation and to allow the calculation in both
critical and subcritical configurations, the calculation is divided in generations
and not in particles histories. Each particle is transported from a source point
until the absorption or leakage. In this case fission is counted as absorption. If
fission occurs the fission point is stored in the fission source file (“srctp”), as well
as the energy of the outgoing neutron. The number of neutrons released in each
fission event is an integer number, sampled with the ν value that corresponds
to the neutron ingoing energy. Only one point is stored in the source file per
fission event. The total number of neutrons is taken into account to compute the
keff but not all of them are transported. The number of particles per cycle is
given by the user N , as well as the number of cycles. Each cycle starts with N
particles, independent of the number of fission points stored in the source file. If
the number of fission points M is greater than N then some points are skipped
and if not N-M points are repeated.

In a criticality calculation the eigenvalue is obtained using the power iteration
method where each iteration cycle correspond to a single fission generation [60]:

(L+ T − S)|Ψ(n) =
1

k(n−1)
MΨ(n−1) (2.40)

From all source points a particle history is started until a fission occurs. The
fission site is stored to use it as source in the next cycle. The keff is estimated in
each cycle as the rate between the initial neutron population and the number of
particles created by fission. When computing reaction rates, some cycles must be
discarded until keff and fission source converge in order to obtain a tally results
without the bias of an unconverged source. In the active cycles, tallies of keff
and spatial reaction rates are accumulated. The average behavior of particles in
the physical system is then inferred from the statistical analysis of all simulated
particles. At the end of the calculation, the final keff is estimated as well as the
tally results and the statistical uncertainty. For example, the flux in a region is
calculated by means of track length estimators. Each time the neutron makes a
track inside a region (the starting and end points of a track can be either reaction
sites or intersections with boundary surfaces) this quantity is recorded.

2.1.4.2. Current methods for Monte Carlo time dependent calculations in
critical systems

The standard Monte Carlo method to solve the transport equation has been
explained in this section. The solution for critical systems is the static fundamen-
tal mode while for subcritical systems a time dependent solution of the transport
equation is calculated using a fixed source simulation. If a critical system is per-
turbed with a positive reactivity insertion, the flux changes with time and the
k-eigenvalue calculation does not provide the real solution.

The α-eigenvalue approach relies on the separability of the neutron flux in
space and time and it is intended for time dependent problems where the system
is subcritical or supercritical. The approach is based on the steady state equation
of the quasistatic method 2.32. The flux is obtained by solving the following
equation with a Monte Carlo method:

32



2.1. Neutron transport

[L+ T +
α

v
]ψα = [S +M ]ψα (2.41)

where α is defined in the quasistatic approach as ṗ
p
. The difference between

equation 2.32 and 2.41 is that in the latter ignores the delayed neutron source
thus prompt and delayed neutrons are emitted at the same time. Except for
a critical systems keff = 1, the solution of a k-eigenvalue problem is different
from ψα. For prompt subcritical systems, that are governed by delayed neutrons,
the α-eigenvalue method is a poorly approach but for superprompt systems, as
it is shown by D.E. Cullen in [61], the results of the alpha static methods in
supercritical systems are equivalent to the dynamic solution.

The factor α
v
can be identified as a change in the absorption and the neutron

spectra, so the ψα can be approached by the solution of a k-eigenvalue problem
with a perturbation in the absorption cross section that makes keff = 1. This
perturbation that makes the system critical may be simulated with an everywhere
present 1/v absorber, a time cutoff or an energy cutoff [62].

A most sophisticated method to solve the alpha-eigenvalue problem in an
infinite medium with Monte Carlo was developed by [63]. An continuous-energy
infinite-medium Monte Carlo transport code has been implemented in MATLAB
to solve the alpha-eigenvalue equation for both prompt and delayed neutrons
using a matrix formulation.

Another option to simulate time dependent problems in critical or close to
critical systems was also proposed by [61] and implemented in the TRIPOLI
code by [46, 47]. The idea is to perform a fixed source Monte Carlo calculation
with neutron combing at the end of the time step instead of at the end of a history
as it is usual in k-eigenvalue simulations. The neutrons are transported until they
reach the end of the time step and the position and energy are stored for the next
time step. The batches are time steps and power is tallied at the end of each time
step. From each fission event one precursor is created which is forced to decay at
the end of the batch. The variance added due to the different decay time of the
precursors is corrected with a reduced weight of each delayed neutron. To prevent
the prompt chains be too large or endless a branchless transport of the neutrons is
applied. The branchless collision method is a combination of explicit absorption
and implicit fission (the incident particle transport ends after the collision). The
objective is to include also the thermal hydraulic feedback to the dynamic Monte
Carlo simulation. Although this is a promising line, nowadays it is only available
to small geometries and can not be applied to real reactor transients.

Finally a scheme similar to the improved quasistatic method has been de-
veloped by [64] to perform time dependent Monte Carlo calculations in critical
systems. The method has been verified against a time-dependent SN transport
calculation [65]. The amplitude of the flux is obtained by solving point kinetics
equation is micro-time steps and the shape is obtained from a steady state Monte
Carlo calculation with a pseudo collision scheme to include the time dependent
terms introduced by the improved quasistatic approach 2.31. The pseudo colli-
sion particle is treated as a new source with a change in the particle weight. It
is not clear how the proposed method deals with delayed neutrons shape that in
general differs from the fission source shape.
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2.2. Thermal hydraulics calculations

In the nuclear technology, thermal-hydraulics calculations involve fluid me-
chanics to calculate coolant velocities, densities and temperature and heat transfer
to calculate the heat exchange between the fuel and coolant. Thermal hydraulics
codes are able to calculate the behavior of the flow in both primary and secondary
circuits. Fluid mechanics calculations require the solution of three conservation
equations: mass, energy and momentum, of all fluids and gases circulating in the
system. In nuclear reactors applications, usually one fluid is used to cool the core
in single phase (PWR) or two-phase(BWR) and also solutes can be dissolved in
the coolant such as boron. In two phase flows the interphases are difficult to
predict, therefore some approaches should be applied to find a practical solution
of the two-phase flow. Instead of a detailed representation of the flow interphases
the codes integrate the variables over a control volume to simplify the equations.
Depending on the area of application thermal-hydraulics codes employ different
approaches to solve the two phase flow equations. In general thermal-hydraulics
codes can be divided in [66]: plant codes to study transient including all circuits
and systems, subchannel codes to calculate properties in each channel inside the
core, and Computational Fluid Dynamics (CFD) codes are employed to study
the movement of the fluid using a small grid and with an exact representation of
the turbulence.

Plant codes

The objective is to calculate the behavior of the whole system simulating
all circuits and elements in the plant. They are able to simulate transients
initiated by a failure in any part of the plant. The current plant thermal-
hydraulics code use two-phase flow models. The most used plant codes
are the European codes ATHLET [67] and CATHARE [68] and the code
developed by the US Nuclear Regulatory Commission (NRC) TRACE [69].
TRACE was created to merge and extend the capabilities of the 3 NRC
legacy safety codes: TRAC-P, TRAC-B and RELAP. It is able to analyze
small and large LOCA breaks in both PWR and BWR and using 1D or 3D
space representation.

Plant codes solve the two-phase conservation laws in a control volume Vc
of a fluid. The presence of a solute dissolved in the water like Boron or
of incondensable gasses can also be studied. They solve the conservation
equations for: mass of the liquid-gas mixture, mass of the gas (fluid vapor
plus incondensable), mass of the incondensable, mass of the solute, energy
of the liquid-gas mixture, energy of the gas and incondensable, momentum
of the liquid and momentum of the gas.

In order to solve this set of time dependent coupled equations a space and
time nodalization is used. Regarding the time discretization, two schemes
can be used: the SETS (Stability Enhanced Two Steps) method which has
no limit in the time step but has a large diffusion in the result, and the
semi-implicit scheme which is more stable but the time step can not exceed
the Courant limit (∆t < ∆x/v).

Core codes
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Core thermal-hydraulics codes simulate the behavior of the fluid between
fuel elements. The thermal-hydraulics models employed in this codes are:

Single-phase flow model.

These codes deal with the two phase flow mixture as an homogeneous
single phase. Vapor and liquid phase have the same velocity and tem-
perature. They solve three conservation equations (momentum, mass
and energy). They cannot reproduce accurately boiling situations in
which bubbles and liquid do no form an homogeneous mixture because
they do not consider separation between phases. Examples of that sit-
uations are annular flow or slug boiling. They are only recommended
for single-phase applications.

Drift flux model.

This model supposes that the liquid and vapor phase are in equilibrium
solving four conservation equations: energy and momentum equations
for the fluid-vapor mixture and mass conservation in the liquid and in
the vapor. Both phases are considered to have the same temperature
but unequal velocity. An example of core code with drift flux model is
COBRA-IIIC [70] for water and COBRA-IV [71] that can be used with
more coolants.

Two-phase model.

In this case six conservation equations are solved, three for each phase
without assuming any equilibrium between phases considering different
velocities and temperatures for each phase. This models are able to
reproduce the flow in all boiling regimes. Codes such as COBRA-TF
[72] includes two-phase flow model for water.

Another approach widely applied to the study of nuclear reactor cores is
the subchannel approach, that takes advantage of the fact that the flow is
mainly in the axial direction. This property is used to simplify the solution
of momentum equations solving the axial direction and another equation
for the lateral mixing between control volumes. In nuclear applications this
approach is used to solve the hydraulics equations in rod bundles, where
the subchannels are defined as the volume between rods or in reactor cores
where the bundle average quantities is used in each node. This approach
can be used to study canalized flow as a pipe or a rod channels in force
convection whereas the method fail in large geometries without a main flow
direction as vessels or pools.

These codes use correlations to calculate the friction pressure drop and the
heat transfer coefficient between the fluid and the fuel rods. These corre-
lations depend on the flow and boiling region (force convection, nucleate
boiling, film boiling).

Computational Fluid Dynamics (CFD)

These codes solve the two phase fluid equations in three dimensions with a
direct account of the turbulence calculating it in small regions. The need
of empirical correlations is avoided. The spatial grid needed to find the
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solution of this equations is very small (cm) and requires a lot of com-
putational capacity. In the beginning this codes were only used to sim-
ulate small regions and were focused on the study of local phenomenon.
Currently due to the increase in the computational capacity these codes
are used to study the velocity field in many reactor primary components
where the flow is essentially 3-D in nature, as is natural circulation, and
mixing and stratification in containments. CFD has the potential to treat
flows of this type, and to handle geometries of almost arbitrary complex-
ity due to the small grid employed. CFD codes bring benefit to analyze
nuclear reactor safety problems as: core Instability in BWRs, transition
boiling in BWRs, recriticality in BWRs, reflooding, boron dilution, mix-
ing, stratification, hot-leg heterogeneities, hot leg heterogeneities, hetero-
geneous flow distributions, BWR/ABWR lower plenum flow, pipe break,
thermal fatigue in stratified flows, hydrogen distribution, chemical reac-
tions/combustion/detonation, aerosol deposition/atmospheric transport (source
term), direct-contact condensation, bubble dynamics in suppression pools
and behavior of gas/liquid interfaces [73].

2.2.1. Thermal hydraulics codes for fast reactors applications

Since most of the operating nuclear power plants use LWR technology, the
majority of the thermal-hydraulics codes are specially designed for water appli-
cations including specific correlations for single and two-phase flows. Water is
able to extract the heat released in fission and to moderate neutrons to achieve a
thermal neutron spectrum where the 235U fissions dominates over 238U captures.
Although water is still the most used coolant in nuclear reactor applications,
nowadays several innovative nuclear projects that work with other coolants are
being widely developed. In particular GEN-IV reactors are a promising tech-
nology for a long term and sustainable use of the nuclear energy. The three
coolants proposed for fast reactors concepts are sodium, an eutectic alloy of lead
bismuth and gas. Among GEN-IV systems, fast reactors cooled by liquid metals
are the main candidates for future reactor prototypes. The SNE-TP has set up a
road map for the development and establishment of a sustainable nuclear energy.
This road map envisages the construction of a sodium fast reactor prototype be-
cause it is the most mature technology and a LBE fast experimental reactor as a
backup technology. In order to design and license new reactor concepts, thermal-
hydraulics codes has to be adapted or new codes has to be developed to include
the phenomenology and correlations of other coolants such as liquid metals and
gas.

Research in Liquid Metal Fast Breeder Reactors (LMFBRs) started in the
1960s throughout the world. Since then the thermal-hydraulics of liquid metals
have been investigated by many institutions and a working group on liquid metal
boiling was created (Liquid Metal Boiling Working Group (LMBWG)). The ob-
jective was to progress in the knowledge of the sodium single- and two-phase
force convective flow, natural convection and boiling behavior. Regarding lead
and lead bismuth alloys, since their boiling point is too high, only single phase
force flow and natural convection in lead are studied.

The main plant codes dedicated to LMFBR analysis are: SAS4A/SASSYS-1
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[74] by ANL (United States), SIMMER-III/IV [52] by JAEA(Japan), KIT(Germany),
and CEA and IRSN (France) and FAST [75] by PSI(Switzerland).

The codes SAS4A/SASSYS-1 and SIMMER-III/IV are being developed to
perform severe and core disruptive accidents in LMFBR. The study of this type
of accidents in FBR design is important due to a possible recriticality when the
core material is relocated.

SIMMER-III/IV is a 2D or 3D fluid dynamics code coupled with a structure
model and a space-, time- and energy-dependent neutron dynamics model. This
code is being developed in cooperation by JNC (Japan), KIT (Germany), CEA
(France) and IRSN (France) to analyze accident sequences in LMFBR. The fluid
dynamics model has 3 velocities field (2 liquids and gas). The fluid dynamic
module uses empirical correlations to calculate heat transfer and pressure drop
in two-phase flow, it does not include a detailed boiling model. The neutronics
module calculates the transient neutron flux distribution based on the improved
quasistatic method, in which a space- and time-dependent neutron transport
equation is factorized into: a shape function that represents the neutron flux
distribution but changes only slowly with time, and a amplitude function that
accounts for time evolution of the reactor power. The flux shape calculations
are based on a multi-group Sn transport theory: the TWODANT model [76].
The reactivity and other kinetics parameters are calculated from the neutron
flux and macroscopic cross sections. Then the amplitude equation is solved for
determining the reactor power. The structure model includes elements for fuel,
cladding, fuel assembly wrapper and a structure field that acts as an infinity heat
sink.

The FAST code system [75] being developed at PSI couples several codes
for steady state and transient analysis of LMFBR. 3D kinetics calculations are
preformed with the diffusion code PARCS, the code FRED is used for the fuel
thermal mechanics, TRACE for system thermal-hydraulics and ERANOS for the
static neutronics and to calculate average cross sections and kinetics parameters
to be used with PARCS. The code TRACE has a two-fluid model and has been
modified to accurately simulate the sodium boiling incorporating flow-regime re-
lations and correlations specific to sodium [21].

2.3. Coupling methodologies

The traditional approach for code coupling in nuclear engineering is based on
loose coupling where individual validated codes perform their respective calcula-
tion and exchange information at specified points.

In a coupled transient calculation, the time advance of each physics component
can be performed simultaneously or firstly one part is solved and then the data
are used for the other set of equations. A graphical view of these two operator
splitting techniques is presented in figure 2.1. The top scheme represents a simul-
taneous update of both physics codes and the diagram in the bottom symbolize
a staggered update. With both options only one iteration is performed per time
step, leading to nonlinearly inconsistent methods and first-order time discretiza-
tion. With this coupling scheme, the time approximation order of each isolated
code is masked by the approximation order of the coupling approach. Loss of
accuracy is a main drawback, however this approach is the state-of-the-art cou-
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pling methodology to perform multi-physics studies in nuclear reactor design and
safety analysis because it allows for the use of already verified and validated codes
for each part of the problem without major modifications of the source code.

Figure 2.1: Operator splitting coupling techniques where P is the power, T the tem-
perature and Φ the flux. Top: simultaneous update. Bottom: staggered update.

The use of different codes for each field being studied is equivalent to solve a set
of partial differential equations with the operator splitting method [77]. Operator
splitting belongs to the family of iterative methods as the Jacobi or Gauss-Seidel
methods. If x(k) is an approximate solution of the system of equations Ax = b
and the matrix can be split as A =M −N then the new approximate solution is
computed as Mx(k+1) = Nx(k) + b. This process is repeated until the converged
solution is found. For instance, according to the Jacobi method, for the matrices
of order n that have nonzero diagonal elements, the next guess is calculated using
the most current estimate of the solution as:

x
(k+1)
i =

bi −
∑i−1

j=1 aijx
(k+1)
j −

∑n
j=i+1 aijx

(k)
j

aii
(2.42)

If the matrix A is expressed as a combination of upper, lower and diagonal
matrices, A = L+D + U , the system can be rewritten in a compact way: M=D
and N=-(L+U). This loop is iterated until the convergence and the solution
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found is consistent. If the convergence is slow an over-relaxation method such us
x(k+1) = (M−1Nx(k) +M−1b)ω + (1− ω)x(k) could be applied.

When a coupled system of partial differential equations is solved with the
operator-splitting method, the time discretization can be explicit or implicit.
It is implicit when the new variables values are used to evaluate the Jacobian
coefficients and explicit when the old values are used. If the coupling is carried
out with two separated codes, only an explicit or semi-implicit scheme can be
used without modifying the original codes. It leads to restrictions in the time
step used in order to avoid stability problems.

In a steady state analysis, the final solution is found with an iterative approach
without inconsistence problems. Since the calculation is performed at the same
time point, the approximation order of the time discretization is irrelevant. The
main critical aspect is the stability when the heterogeneity of the system leads to
big differences between one iteration and the next one. In this type of systems,
relaxation methods should be included in order to achieve the convergence or to
speed it up. Nevertheless in transient calculations, since no iteration is performed
per time step, the coupling method is first order in time independently on the
time discretization order of each physics solver.

2.3.1. Data exchange: Internal or external coupling

The data exchange and the geometry mapping between codes are further issues
that should be addressed. According to the classification proposed by [78] there
are to methods of coupling regarding the data exchange. The internal coupling is
more sophisticated and requires modification of the codes. In reactor analysis, it
results in a neutron kinetic model closely coupled with a heat transfer and fluid
conduction model. That means that both neutronics and thermal hydraulics
codes are integrated in the same computational scheme solving the equations
jointly. The main advantage is the consistency of the model and the accuracy,
but the addition of the neutron kinetic equations inside a TH code requires a
modification of the sources with the resulting additional effort in verification and
validation. If all neutronics and heat transfer equations are solved together the
need of data transfer is absent, but on the other hand it requires a simplification
of the model.

In the external coupling two separate codes, a core neutron kinetics code and
a subchannel thermal-hydraulics code, are coupled externally. Only boundary
conditions provided by a plant system code are required. The advantage of the
external coupling is that the codes can be used without modification but the
drawbacks are that loose coupling can lead to numerical instabilities and slow
convergence.

Sometimes the codes to be coupled have different geometry meshes and the
user should address this situation and find a mapping between the discretization
of the geometry.
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Chapter 3

Neutronic-thermal hydraulic
coupling

In this chapter the practical implementation of the neutronic thermal-hydraulics
coupling is presented. Since the coupling code is intended for fast reactors ap-
plications, MCNP (Monte Carlo N-Particle transport code) and COBRA-IV are
used. CIEMAT has long experience in the use of MCNP for critical and sub-
critical applications. In Section 3.1 both code are going to be briefly described
but more information can be found in its respective manuals. In Section 3.3 the
steady state coupling method is explained and the approaches adopted are jus-
tified. In the next section 3.3 two approaches for coupled transients calculations
are explored, the first one is the classical adiabatic approach as it was explained
in section 2.1.3 where the neutron flux is assumed to be separable in temporal
and spatial components. The time dependent amplitude is calculated solving the
point kinetics equations with the dynamic reactivity predicted by MCNP and the
spatial distribution calculated also by MCNP. With this approach the different
shape of the delayed neutron precursors are not taken into account, nevertheless
this approach can be applied to small and coupled systems (such as fast reactors)
and in slow transients where the delayed neutron source is in equilibrium with
the prompt source in each time step. For fast delayed transients (less than 1 s
and with a reactivity insertion less than ρ < βeff ) the adiabatic approach is not
accurate and a Monte Carlo dynamic simulation is needed. A possible solution
for these problems is dealt in Section 3.3.2. For now, this approach is only tested
in theoretical problems, but it could be extended for real applications.

3.1. Codes

To calculate a neutronic-thermal hydraulic solution two codes are being cou-
pled: MCNP calculates the local energy release and the subchannel code COBRA-
IV used to compute the temperature and density distribution. Monte Carlo codes
for neutron transport has a great advantage over deterministic codes in fast reac-
tors applications because spectral effects are easily taken into account due to the
use of point wise cross sections. COBRA-IV was chosen because it is a subchan-
nel code widely validated and are able to simulate several coolants such as water,
liquid metals and gas. It does not include a sophisticated model to simulate two
phase flows as COBRA-TF, but since this thesis is mainly focused on fast reactor
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applications this code fulfills our requirements. COBRA-IV can be replaced by
other similar code as SUBCHANFLOW [79] that solves the same set of equations
but uses international system units and is written in a modern program language
(Fortran 90).

3.1.1. MCNP

MCNP [80] is a general-purpose, continuous-energy, generalized-geometry,
time-dependent, coupled neutron/photon/electron Monte Carlo transport code.
In 1963, the first Los Alamos particle transport Monte Carlo code MCS was re-
leased. It was followed by MCN in 1965, when the 3D interaction of neutrons
with matter was included. In 1973 it was merged with a Monte Carlo gamma
code and in 1977 with a photon code that contains detailed physics treatment
below 1 keV. This was the first time that the code was called MCNP, for Monte
Carlo N-Particle transport code. Several versions of the code have been released
from MCNP3 in 1985 to MCNP5 in 2003. MCNP5 is written in modern Fortran
90 and supports large scale parallelism using combined MPI message passing and
OpenMP threading. The last MCNP5 release is the version 1.60 from 2010, which
includes new features as adjoint weighed tallies for point kinetics parameters cal-
culations as delayed neutron fraction and neutron generation time. MCNPX is
the extended version of the code, merges MCNP and LAHEAT for high energy
transport. It includes all MCNP4C(2000) capabilities and more beyond this. The
last official MCNPX release is the version 2.7.0 from 2011. Now the two codes
MCNP5 1.60 and MCNPX 2.7.0 have been merged in one code MCNP6 1.0 that
includes all capabilities of the two codes. While maintenance and major bug fixes
will continue for MCNP5 1.60 and MCNPX 2.7.0 for upcoming years, new code
development capabilities only will be developed and released in MCNP6 [81].

MCNP can be used in several transport modes: neutron only, photon only,
electron only, combined neutron/photon transport where the photons are pro-
duced by neutron interactions, neutron/photon/electron, photon/electron, or
electron/photon. The neutron energy regime is from 10−11f MeV up to 20 MeV,
and the photon and electron energy regimes are from 1 keV to 1000 MeV. MCNP
can also be used to compute the effective multiplication factor keff and the fun-
damental mode eigenfunction in a critical system.

As described in section 2.1.4,in a nuclear system each neutron interacts with
matter sequentially from its creation to its death (absorption or leakage) inde-
pendently of the other neutrons. In Monte Carlo transport codes the probability
distribution governing each event (fission, capture, elastic collision) is statistically
sampled using random numbers. A sequence of states is called a particle history.
Each particle starts its history from a source and a track is created. The distance
to the next collision is sampled using random numbers as follows. The probability
to suffer a collision between l and l+dl is

p(l) = e−ΣtlΣt (3.1)

where Σt is the macroscopic total cross section of the medium. The inte-
gral between 0 and l gives the probability of suffer a collision between 0 and l.
Sampling this probability with a random number gives the track length of the
particle.
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l = − 1

Σt

ln(ξ) (3.2)

where ξ is the random number and l the track length. When a collision occurs
the collision nuclide is also identified by means of random numbers: if there are
n different nuclides in the material and ξ is a random number between 0 and 1,
then the kth nuclide is chosen if

k−1∑
i=1

Σti < ξ
n∑
i=1

Σti <
k∑
i=1

Σti (3.3)

The cross sections are adjusted to take into account the movement of the
target nuclide with a free gas thermal treatment. This method assumes that the
material is a free gas and make the cross section broadening depending on the
temperature.

The next sampling process determining if the particle is absorbed or not. The
absorption probability is given by σa/σt. In MCNP all reactions that do not
undergo in a neutron are treated as capture, it is σa = σn,g + σn,a + σn,f + ....

If the absorption has not occurred, then the particle suffers either elastic or
inelastic scattering. The type of scattering and the energy and angular distri-
bution of the outgoing particle are sampled taking into account the elastic and
inelastic cross sections.

The average behavior of particles in the physical system is then inferred from
the statistical analysis of all simulated particles. Random walks produce a range
of scoring in a region. The type is scored data depends on the physical quantity
that the user wants to calculate and they are saved in a MCNP card called
“tally”. For example, the flux in a region is calculated by means of track length
estimators. Each time the neutron makes a track inside a region (the starting and
end points of a track can be either reaction sites or intersections with boundary
surfaces) this quantity is recorded. The mean of a quantity x, being estimated is
the expected value E(x).

E(x) =

∫
xf(x)dx (3.4)

where f(x) is the probability density function (PDF) for the selected random
walk. The central limit theorem states that for large number of independent
random walks the PDF approaches to a Gaussian distribution, and the mean
value of the estimated quantity can be calculated by arithmetic mean over all
histories.

x̄ =
1

N

N∑
n=1

Xn (3.5)

The variance of a population is a measure of the spread in their values and it
is defined as a function of E(x),

σ2 =

∫
(x− E(x))2f(x)dx (3.6)
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Since the true mean is not known, the variance can be estimated as the stan-
dard deviation of the population

S2 =

∑N
n=1(Xn − x̄)2

N − 1
≈ 1

N

N∑
n=1

x2n − x̄2 (3.7)

and the estimated standard deviation of the mean is calculated as follows

σx̄ =

√
S2

N
(3.8)

The tallies can be made for selected events and portions of phase space such
as range of energies, range of particle times, specific cells, specific reaction cross
section.

In a criticality calculation the eigenvalue is obtained using the power iteration
method where each iteration cycle correspond to a single fission generation [60]:

(L+ T − S)|Ψ(n) =
1

k(n−1)
MΨ(n−1) (3.9)

where L represent the loss to leakage, T the loss to collisions, S the gain
from scattering and M the gain form fission multiplication. In all source points
a particle history is started until a fission occurs. The fission site is stored to
use it as source in the next cycle. The keff is estimated in each cycle as the rate
between the initial neutron population and the number of particles created by
fission. When computing reaction rates, some cycles must be discarded until keff
converges. After convergence of the power iterations, tallies of keff and spatial
reaction rates are accumulated. At the end of the calculation, the final keff is
estimated as well as the tally results and the statistics.

3.1.1.1. MCNP accuracy and precision

In an MCNP calculation there are two sources of uncertainty, one is the preci-
sion and the other one is the accuracy. The difference between them is discussed
in the code manual [82]. The precision is the uncertainty caused by the statistical
fluctuations of the statistical variables. Accuracy is a measure of how close the
expected value E(x), is to the true physical quantity being estimated. The dif-
ference between this true value and E(x) is called the systematic error, which is
seldom known. It is important to note that errors or uncertainty estimates for the
results of Monte Carlo calculations refer only to the precision of the result and
not to the accuracy. It is quite possible to calculate a highly precise result that
is far from the physical truth because nature has not been modeled faithfully.

Accuracy The three factors that affect the accuracy of a Monte-Carlo result as
it is specified in the MCNP manual are:

1. The code, for example the physics features included in a calculation, uncer-
tainties in the data such as reactions cross sections and coding errors.

44



3.1. Codes

2. Problem-modeling factors can contribute to a decrease in the accuracy of
MCNP calculation. Many calculations produce seemingly poor results be-
cause the model of the energy and angular distribution of the radiation
source is not adequate. Two other problem modeling factors affecting accu-
racy are the geometrical description and the physical characteristics of the
materials in the problem.

3. Other factor that affects MCNP accuracy is the user, through input prob-
lems, like errors in the geometry or abuse of variance reduction technique.

Propagation of cross section data uncertainties to the Monte Carlo calculation
is a major concern. Currently several statistical methods are developed in order
to calculate the effect of these uncertainties in the final results as keff or reaction
rates. The main methods of uncertainty propagation are [83]: total Monte Carlo,
sensitivity and hybrid Monte Carlo.

An accurate simulation with MCNP is a key point in a coupled calculation.
Geometry errors can be dismissed because they can be detected by the program
if there are lost particles and using the MCNP geometry plotter. Since variance
reduction is not needed In this thesis in critical reactor applications because
enough neutrons cover all the space due to fission multiplication. Therefore in this
case, variance reduction is not a potential error source. Nevertheless modeling
factors like the number of particles per cycle, number of cycles, initial source
convergence, have a big impact on the final result.

In the MCNP manual [82], a guidance is given to interpret “tallies”relative
error: this error must be less than 0.1 to obtain a reliable result. Besides this
check, MCNP performs other statistical checks in order to estimate the confidence
interval of the result.

Another important issue in the reliability of a Monte Carlo criticality calcu-
lation is the convergence of the fission source. MCNP uses the power iteration
method to calculate keff and power distributions and their convergence is found
when the higher order modes die. In order to find the convergence rate, the flux
and the keff should be expanded in eigenvectors as in equation 2.40:

ψ(n+1) = ~u0 +
a1
a0

(
k1
k0

)n+1 ~u1 + ... (3.10)

k
(n+1)
eff = k0[1−

a1
a0

(
k1
k0

)n(1− k1
k0

)g1] (3.11)

where k0 and ~u0 are the fundamental mode eigenvalue and eigenfunction, k1
and ~u1 are the first higher mode eigenvalue and eigenfunction, and a0, a1 and
g1 are constants determined in the expansion of the initial fission distribution
[84]. These equations give evidence that the convergence of the fission source is
slower than keff because the higher order modes in the fission distribution die
as (DRn+1 = (k1

k0
)n+1 and in the keff as DRn(1 − DR). When the dominance

ratio is close to 1 the additional term in the keff approaches 0 and it converges
faster than the fission distribution. The convergence of the source before scoring
data to compute k-effective eingenvalue and other quantities, is a requirement to
assure correct and unbiased results. The use of a no-converged fission source to
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estimate the final keff result may lead to incorrect results. Figure 3.1 presents
the average collision, absorption and track-length, keff results versus the cycle
number from a simulation in a bare core using the same number of particles per
cycle, the same number of active cycles and the same initial fission source. The
final keff when 0 cycles are skipped is 14 pcm less than when a converged source
is used skipping 100 cycles. The statistical uncertainty calculated by MCNP is
4 pcm in all cases, therefore the bias introduced by the non-stationary fission
source is not represented by the calculated uncertainty.
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Figure 3.1: keff evolution in an MCNP criticality calculation depending on the initial
number of KCODE cycles discarded.

In order to estimate the convergence of the fission source MCNP uses the
Shannon entropy concept. The Shannon entropy is defined as:

Hsrc = −
B∑
i=1

Siln(Si) (3.12)

where B is the total number of spatial bins, and Si is the source distribution
normalized to unity, it is the number of fission points in a bin divided by the
total number of fission points in the system. MCNP5 includes a statistical test
to evaluate the source convergence regarding the Shannon entropy [85]. MCNP5
computes the average value of Hsrc for the last half of the active cycles, as well
as its standard deviation. Then it reports the first cycle found where Hsrc falls
with one standard deviation of its average for the last half of cycles. At least
this number of cycles should be discarded to assure a correct result in particular
when fluxes or fission rates are calculated in small regions of the system. In
addition to this test to check the stationarity of the fission source other methods
has been proposed in the literature for the same purpose. The option proposed
by [86] is to use the fission source intensity ratio in weakly coupled fissile arrays
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as a convergence index or as was pointed by [87], to check if two fission source
distribution several cycles apart are statistically close to each other.

In general, three points must be addressed to perform a criticality calculation
correctly:

1. Sufficient initial cycles must be discarded prior to beginning the tallies,
so that contamination of the results by the initial source guess become
negligible.

2. Sufficient number of neutrons must be followed in each cycle so that bias in
keff and reaction rate tallies become negligible.

3. Bias in the uncertainties on keff and reaction rate tallies must be recognized
and dealt with.

Precision The precision is the statistical uncertainty caused by the probabilistic
method. The factors affecting the precision are [82]:

1. Tally type. The smaller the tally region, the harder it becomes to get good
tally estimates. An efficient tally will average over as large a region of phase
space as practical. In this connection, tally dimensionality is extremely
important. A one-dimensional tally is typically 10 to 100 times easier to
estimate than a two-dimensional tally, which is 10 to 100 times easier than
a three dimensional tally.

2. Number of histories. More histories can be run to improve precision. Be-
cause the precision is proportional to 1/

√
N , running more particles is often

costly in computer time and therefore is viewed as the method of last resort
for difficult problems.

In the power iteration process used to solve Monte Carlo eigenvalue calcula-
tions, the next generation fission neutron sites produced in the current cycle are
used as a starting locations for the next cycle. It is clear that there is always
some spatial correlation between the fission neutron starting points in successive
cycles, and that this correlation will be positive. The uncertainties in keff and
reaction rates distributions are always unpredicted by Monte Carlo codes due to
these correlations are not taken into account and can produce significant errors
in the computed uncertainties. The variance calculated by computer codes as-
suming the independence of the variables is given by equation 3.7, while the true
standard deviation, accounting for inter-cycle correlation is then given by:

σ2 true
x̄ ≈ σ2

x̄ + σ2
x̄2

∞∑
i=1

ri (3.13)

where ri are the correlation coefficients between cycle values. Due to the
positive correlation, the computed uncertainty is lower than the real one. It can
be too small by factors of 2-5 for local tallies in fission rates [84].
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3.1.1.2. Power distribution in MCNP

In this subsection the calculation of the power distribution within a nuclear
system using MCNP is explained. In general MCNP obtains all tally results (flux,
power deposition, surface current) normalized per source particle, therefore the
number of source particles per second is needed to calculate a physical quantity.

The physics of the Monte Carlo method to estimate observables is well de-
scribed in the MCNP manual [88]. Monte Carlo obtains answers by simulating
individual particles and recording some physical quantities (tallies) of their av-
erage behavior. The MCNP tallies cards are: surface current, surface flux, cell
flux, flux at a point detector, energy deposition, fission energy deposition or pulse
height. The user has to specify the type of particle that should be recorded in the
tally. All tallies are normalized per source particle. In a fixed source simulation
the number of source particles per second in known, for example with a beam
intensity or the activity of a sample. Whereas in a criticality calculation of a
power reactor, reaction rates must by normalized by the equivalent number of
neutrons per second for an user-given power value supposed to be constant.

The cell power can be calculated from the cell fission energy deposition (tally
7) or from cell flux (tally 4). The cell flux is estimated by MCNP using:

F4 =

∫
dE

∫
dt

∫
dV

∫
dΩψ(~r, Ω̂, t)

1

V
= WTl

ρa
V

(3.14)

where W is the particle weight (initially W=1 if no variance reduction is
applied), Tl is the track length (cm), it is the transit time by particle velocity,
and V is the cell volume. The units are particles

cm2 .
The fission energy deposition tally is recorded in MCNP following the expres-

sion

Hf =WTlσf (E)Q
ρa
m

= Q
ρa
m

∫
dE

∫
dt

∫
dV

∫
dΩσf (E)ψ(~r, Ω̂, t) (3.15)

where σf (E) is the microscopic fission cross section (cm2), Q is the effective
fission Q-value (energy per fission) of the fissioning nuclide (MeV), ρa is the atom
density (atoms

cm3 ) and m the cell mass(m = ρgV ). The units of this tally is MeV/g.
When a fission occurs the energy is deposited locally and released in several

forms: the majority (80%) is in the form of kinetic energy of fission fragments,
the rest is kinetic energy of prompt and delayed gammas, electrons and neutrinos.
Except the neutrinos kinetic energy (6% of the total) the rest is recoverable by
the system.

MCNP uses a Q-value that only takes into account the kinetic energy of
prompt particles and not for the delayed ones. If this Q-value is about 90% of
the total energy released, then the heating energy calculated with this tally is
10% smaller than the true value.

One way to solve this problem is using the neutron fluence instead of the
heating energy calculated by MCNP and use a correct Q-value for the integral.
With an MCNP tally multiplier, one obtains the integral of the fluence by the
fission cross section and the atom density that is equivalent to the fission reaction
rate.
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Form Energy (MeV) Range Time Percentage

Kinetic energy fission products 168 < mm Prompt 81
Kinetic energy gammas 7 10− 100 cm Prompt 3
Kinetic energy neutrons 5 10− 100 cm Prompt 2
Kinetic energy capture gammas 7 10− 100 cm Delayed 3
Kinetic energy electrons 8 mm Delayed 4
Kinetic energy neutrinos 12 no recoverable Delayed 6

Total 207

Table 3.1: U235
92 Energy released [4]

F (1/cm3) = ρa

∫
dEσf (E)Ψ(E) (3.16)

The fission reaction rate multiplied by the averaged energy released by fission
in the cell is equivalent to the heating energy calculated by MCNP but with the
correct Q-value provided by the user. The averaged energy released by fission in
one cell must be calculated taking into account the number of fissions produced
in each isotope

Q =
m∑
j=1

Qj
σfjnj∑m
j=1 σfjnj

(3.17)

where j refers to the number of isotopes in the cell, σfj is the fission cross
section of the j isotope, nj is the number of nuclides in the cell, and Qj is the
Q-value of the isotope calculated as Qj = 1.2992710−3(Z2A0.5) + 33.12 [89].

Several methods have been proposed in the literature [90, 91, 92] to calculate
normalization factor in source neutrons by seconds. In this case, the technique
explained in the MURE manual [92] is employed. The normalization factor is
obtained dividing the real power by the total power calculated with MCNP.

Pmcnp =
∑
i

ρaiσiΦiQVi =
∑
i

FiViQ (3.18)

The subscript i refers to the cells with fissile material, ρa is the atom density ,
σ is the fission cross section, Φ is the fluence, Q the energy released by fission in
this cell calculated with the equation 3.17, V the cell volume and F is calculated
by MCNP with a tally multiplier (3.16).

The normalization constant (particles/s) is written:

cf(1/s) =
Puser(W )

PMCNP (MeV )1.60210−19(J/MeV )
(3.19)

And finally the power in one cell is calculated as follows

Pi(W ) = FiViQ1.60210
−19(J/MeV )

Puser(W )

PMCNP (MeV )1.60210−19(J/MeV )

= Fi(1/cm
3)Vi(cm

3)Q(MeV )
Puser(W )

PMCNP (MeV )
(3.20)
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The calculation of the energy released by fission becomes important when this
value suffers big variations from one cell to another. This situation is observed
when there are fuels with different isotopic composition or when the flux fluctuates
in a big range, as the Q value depends on these parameters (see equation 3.17).
For instance, the energy released by fission has been calculated in a fuel assembly
divided in 30 axial levels. The variance of this values over the mean is 0.0083.
The relative power difference from the use of a constant value or the real one in
each cell is 0.03 %. This value is negligible due to the statistical uncertainty of
the Monte Carlo calculation which amounts to 0.09 % in 1 σ.

3.1.2. COBRA

The COBRA-IV-I [71] code is an extended version of COBRA-IIIC being de-
veloped at the Pacific Northwest Laboratory Battelle-Northwest. It is a subchan-
nel analysis code which computes the flow and enthalpy distributions in nuclear
fuel rod bundles or cores for both steady state and transient conditions. It can
be used for thermal-hydraulic analysis of rod bundle fuel elements and cores for
water, liquid metal and gas cooled reactors.

In a subchannel code, the fuel bundle or core of a reactor is divided into
computational cells. The balance laws of mass, energy and momentum for the
fluid are solved for each cell where the independent variables of enthalpy, pressure
and velocity are appropriate averages. The cells may represent fuel rods or other
solid materials which, in the present treatment, act as sources or sinks of heat
and momentum to the fluid. The use of the computational cell concept allows for
subchannel analysis, core analysis and general flow field analysis to be considered
in a unified approach.

The capabilities of COBRA-IV are:

The numerical scheme performs a boundary value solution where the bound-
ary conditions are the inlet flow, inlet crossflow, inlet enthalpy and exit
pressure.

There are not stability limitations on space or time steps.

Forced flow mixing due to diverter vanes or wire wraps is included.

Core analysis can consider heat conduction between two channels on oppo-
site sides of the wall.

The fuel rod heat conduction model includes axial conduction and variable
thermal conductivity.

Heat transfer correlations allow for working in subcooled, boiling or su-
perheated conditions. Correlations are also included to calculate physical
properties of superheated steam.

Using an auxiliary program the subchannel layout and card input for wire-
wrapped bundles can be generated automatically.

It can consider transients of fast to intermediate speed.
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3.1.2.1. Equations for fluid and energy transport

The derivation of equations for this fluid transport model is detailed in COBRA-
IIIC manual [70]. In this section the general expression of the conservation equa-
tion as used in the COBRA-IV code are explained. The basic equations that
describe fluid dynamics are mass, momentum and energy conservation equations.
The rod bundle is divided into discrete cells and the conservation equations are
derived for each control volume. The mathematical model that describes the fluid
movement is based on the following assumptions:

One-dimensional, two-phase, separated, slip-flow in each subchannel during
the boiling. It means that the separated phases have uniform properties
and mass flux in the region.

The two-phase flow structure allows specification of void fraction as a func-
tion of enthalpy, pressure, flow rate, axial position and time.

A turbulent crossflow exists between subchannels that causes no net flow
redistribution.

The turbulent crossflow may be superimposed upon a diversion crossflow
between subchannels. This may occur artificially from devices that force
diversion crossflow.

Sonic velocity propagation effects are ignored.

The diversion crossflow velocity is small compared to the axial velocity
within a subchannel.

Integrating the continuity equation in a control volume

∂ρi
∂t

+∇(ρ~v) (3.21)

and applying the definition of subchannel quantities the equation can be writ-
ten as follows

Ai
∂ρi
∂t

+
∂mi

∂x
= −wij (3.22)

where Ai is the subchannel cross sectional area, ρi is the density, mi is the
mass and wij is the rate of change of subchannel flow in terms of diversion cross
flow per unit length. When the flow is diverted out of the subchannel it is chosen
as positive. This term appears during the integration of density and velocity in
the radial components.

The energy equation in terms of the subchannel enthalpy hi

∂h

∂t
+∇(ρh~v = ∇~q′′ −∇(ρh′~v) +

∂p

∂t
(3.23)

is integrated in the control volume and can be written as follows:

1

u′′i

∂hi
∂t

+
∂hi
∂x

=
q′i
mi

− (hi − hj)
wij
mi

− (ti − tj)
cij
mi

+ (hi − h∗)wij
mi

(3.24)
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The first term is the enthalpy change with the time. These are convective
terms with transport velocity u′′ that represents the effective velocity for energy
transport. When only one phase is present this velocity is equal to the fluid
velocity if not the enthalpy of phase change contributes to this quantity. The
heat transmission occurs between the fuel rod and the channel and between the
main and the adjacent channel. The first term on the right side is the linear
power released in the rod and the third terms is the thermal conduction between
subchannels, where c is a proportionality constant that represent the conductiv-
ity. The second term accounts for the turbulent enthalpy transport between all
interconnected subchannels. The turbulent thermal mixing w′ is defined through
empirical correlations. The fourth term accounts for thermal energy carried by
the diversion crossflow, where h∗ is the enthalpy carried by the diversion cross-
flow. The sonic velocity propagation effects are ignored, as can be seen by the
absence of a ∂ρi

∂t
term.

The momentum equation is divided in two components: the axial momentum
and the radial component.

The momentum equation along the axial direction when the gravitational
acceleration is the only body force, is:

∂(ρvz)

∂t
+∇(ρvz~v) = −∇(pez − τz)− ρgz −∇(ρv′z~v

′) (3.25)

The momentum equation is integrated in the control volume

1

Ai

∂mi

∂t
− 2ui

∂ρi
∂t

+
∂pi
∂x

= −(
mi

Ai
)2[
vifiΦ

2Di

+
ki

2∆x
+ Ai

∂(v′i/Ai)

∂x
]− ρigcosθ

− ft
Ai

(ui − uj)w
′
ij +

1

Ai
(2ui − u∗)wij (3.26)

The terms in the right side of the equations represent the pressure gradient due
to wall friction, spatial acceleration and height difference. The diversion cross flow
terms accounts for the momentum change due to changes in subchannel velocity.
The factor fT accounts for the imperfect analogy between the turbulent transport
of enthalpy and momentum.

The transverse momentum equation is integrated in a control volume placed
in the gap between two subchannels. The turbulent terms are disregarded in this
case

∂wij
∂t

+
u ∗ij wij
∂x

+ Fij =
s

l
(pi − pj) (3.27)

where s and l are the dimensions of the control cell, s is the distance between
two rods and l is the pitch. The first two terms represent the temporal and spatial
acceleration of the crossflow. The third term is the friction term due to crossflow.
The term on the right side is the pressure difference between the subchannels.
Regarding the pressure loss in steady state is

pi − pj = k
ρ ∗ v2

2
(3.28)
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Using the crossflow velocity definition wij = ρ ∗ sv, where the density is
assumed to be the density of the donnor subchannel, the transverse friction factor
can be written as follows

F = K
|w|w
2s2ρ∗

s

l
= Cw

s

l
(3.29)

with C = K |w|
2s2ρ∗ .

These governing equations, and the boundary conditions are put into a frame-
work for numerical solution. COBRA-IV code contains two numerical methods.
One is an implicit technique similar to that used in previous versions, in general
this method is used in steady-state calculations and slow transients. The second
method is an explicit scheme, it is used for transients where flows are expected
to reverse direction.

The implicit scheme uses the slip boiling model only in the axial direction,
the transverse slip is neglected, which means that the transverse velocities of
gas and fluid are equal. In the explicit resolution technique the only the homo-
geneous boiling model can be used, what means equal phase velocities in axial
and transverse direction and the time step is limited by the Courant restriction
∆t ≤ ∆x/u

3.1.2.2. Thermal transport equations

The thermal transport mechanisms allow for a detailed calculation of the fuel
and cladding temperature. There are three heat transfer models included in the
code:

axial and radial heat conduction inside the fuel pellet with a variable thermal
conductivity.

axial thermal conduction in the coolant.

wall heat conduction which allows energy transport between adjacent sub-
channels.

The energy conservation equation in a solid is solved in the pellet and the
cladding.

ρcp(T )
∂T (~r, t)

∂t
= ∇k(T )∇T (~r, t) + q′′′(t) (3.30)

where cp(T ) is the specific heat at constant pressure, k(T ) is the conductivity
of the solid that depends on the temperature, and q′′′ is the volumetric power.
This equation is solved in a cylindrical and planar geometry with angular sym-
metry, i.e. the angular dependence is neglected.

ρcp
∂T

∂t
=

1

R2

1

ra−1

∂

∂r
ra−1k(T )

∂T

∂r
+

∂

∂x
k(T )

∂T

∂x
+ q′′′ (3.31)

where r is the relative coordinate r=r’/R (r’ is the radial coordinate and R
the radius), x is the axial coordinate and a=1 for planar geometry or a=2 for
cylindrical geometry. The thermal conductivity is a function that depends on the
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temperature, therefore a new variable is included in order to achieve an easily
integration of this equation. The new temperature is defined by the Kirchhoff
transformation:

θ =
1

k0

∫ T

T0

k(T )dT (3.32)

and equation (3.31) can be written as follows

ρcp
k0
k(T )

∂θ

∂t
=
k0
R2

1

ra−1

∂

∂r
ra−1k(T )

∂θ

∂r
+

∂

∂x
k(T )

∂T

∂x
+ q′′′ (3.33)

This equation is applied to all radial nodes inside the fuel. It is only valid for
solid pellets as the treatment of hollow pellets is not included.

In the gap between the fuel and the cladding and in the interphase cladding
coolant the heat transfer mode is convection. The heat flux is defined as

~q′′(~r, t) = −h∆T (3.34)

where h is the heat transfer coefficient. This expression determine the bound-
ary conditions at fuel and clad surfaces. The code contains constitutive relations
to determinate the heat transfer coefficients at the clad surface depending on
the physical state in each node. The flow regimes considered are: forced convec-
tion, subcooled and nucleate boiling, forced convection vaporization,transition
boiling,transition pool boiling, film boiling and pool film boiling. There is one
correlation for each regime and three critical heat flux correlations.

The conduction equations are applied to all the nodes in the pellet and in
the cladding. Between the pellet surface and the cladding and between the outer
cladding surface and the fluid the convection equation is applied. To obtain
the radial temperature distribution in a rod these equations are solved by finite
differences.

The other mechanism of heat transfer is between conducting walls, for example
in a wrap between two subchannels at different temperature. This model consists
in an energy balance on the wall with a single node. The average wall temperature
is Tw and the balance is

(ρcp∆Y )w
(Tw − Tw)

∆T
= −Ui(Tw − Ti) + Uj(Tw − Tj) (3.35)

where Ti and Tj are the temperatures of the adjacent subchannels and Ui and
Uj are the effective heat transfer coefficients for subchannels i and j

1

Uk
=

1

hk
+

∆yk
kw

(3.36)

And finally the axial conduction model takes into account the axial heat con-
duction of the coolant.

3.1.2.3. Use of COBRA-IV for LMFBR analysis

The subchannel code COBRA-IV is able to solve hydraulics equations using
different coolants such as water, liquid metals or gas. The two-phase flow models
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available in COBRA-IV are the drift-flux model in the implicit scheme and the
homogeneous model in the explicit time scheme. Since these two models are not
suitable to represent a boiling regime with uncoupled phases, COBRA-IV is only
used for single phase applications. LMFRs operate mainly in single phase, only
some unprotected transients in sodium cooled reactors lead to coolant boiling,
therefore COBRA-IV can be used in LFR trasients and in some SFR protected
transients.

In reference [93] the use of COBRA-IV with liquid metals was compared with
subchannel experimental results (ORNL 19 wire-wrapped rod bundle simulated
SFR fuel assembly [94]) and other subchannel codes. Using new correlations for
pressure drop and heat transfer instead of the default correlations, the results are
in a reasonable agreement with the experimental data. Recent studies have also
compared COBRA-IV with CFD codes using the same ORNL 19-pin rod bundle
experiment, obtaining analogous results with both codes [95].

In our case, bearing in mind the simulation of fast reactors, COBRA-IV was
updated in order to allow the application of the suitable correlations for liquid
metal coolants. Thus, the Ushakov correlation [96] is used for the wall to the
fluid convective heat transfer. The Nusselt factor is calculated with the simplified
equation proposed by [97] for rod bundles:

Nu = 7.55
p

d
− 20(

p

d
)−13 + (

3.67

90
)(
p

d
)−2Pe0.56+0.19( p

d
) (3.37)

where, p
d
is the pitch to diameter ratio. This correlation is valid for p

d
ratio

from 1.2 to 2.0 and Pe = 1 to 4000.

Concerning the pressure drop model, several friction factor correlations spe-
cially developed for wire-wrapped rod bundles were compared in [98]. Based on
their results, Rehme correlation [99] is used to calculate the friction factor:1

fRehme = (
64F 0.5

Re
+

0.018F 0.9335

Re0.133
)
Nrπ(Drod +Dwire

St
(3.38)

where

F = (
Pt
Drod

)0.5 + (7.6
Drod +Dwire

H
(
Pt
Drod

)2)2.16 (3.39)

whereDrod, Dwire are the rod and wire diameter respectively, Nr is the number
of fuel rods, Pt is the modified pitch number equal to Drod 1.0444 Dwire and H is
the wire pitch.

In COBRA-IV the saturated fluid properties (pressure, temperature, liquid
and vapor specific volume, liquid and vapor enthalpy, viscosity and thermal con-
ductivity) must be included in the input deck. LBE properties used in this model
have been obtained from references [102, 103], while sodium thermal physical
properties can be found [104].

1 A recent publication [100], that evaluates existing correlations for the prediction of pressure drop
in wire-wrapped hexagonal array pin bundles, shows that the best fit for the 80 experimental results
used in this evaluation, is the detailed Cheng and Todreas correlation [101]. The authors conclude that
the discrepancies with the former evaluation [98] is due to an incorrect formulation of the Cheng and
Todreas correlation by Bubelis and Schikorr.
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Figure 3.2: Data exchange between MCNP and COBRA-IV.

3.2. Steady state neutroncis/thermal-hydraulics coupling

Steady state calculations are a main concern in reactors design phase because
they are used to determine nominal working operating conditions in each point
of the burn-up cycle. Peak factors and maximum cladding and fuel temperatures
limit the power during operation. The temperature and density distribution in
the reactor may affect the maximum temperatures and peak factors therefore
coupled neutronics/thermal-hydraulics calculations are needed.

The main temperature feedback in a neutron transport calculation are the
changes in coolant density, Doppler broadening of absorption cross section and
thermal expansion of structural components. In Light Water Reactors (LWRs),
the thermal feedback is predominantly due to the relationship between coolant
density and temperature in the core. When the temperature increases, the coolant
density decreases causing a reduction in neutron scattering rate. Another impor-
tant thermal feedback effect is due to the temperature dependence of the effective
microscopic cross section. In the fuel or structural materials as the temperature
of absorbing nuclides rises, the absorption probability is higher due to the reso-
nance Doppler broadening of the absorption cross section. The Doppler effect is
an inherent negative reactivity coefficient with great importance in nuclear reac-
tor safety and the dominant effect in some reactor designs. Furthermore, changes
in material temperature affects neutron scattering probability due to the motion
of the target nuclei in the epithermal and thermal energy range. In addition to
these two nuclear effects, the thermal expansion of the structural components
within the reactor may cause a change in the geometry, which may affect neutron
transport in the system.

The coupling between the two mentioned codes is performed by means of
data exchange. The power distribution in the fuel rod as a function of axial
height is calculated by MCNP, and it is used by COBRA together with boundary
conditions and fluid properties to obtain coolant density and fuel, coolant and
cladding temperature in each node. This heterogeneous distribution of densities
and temperatures is then used in a new MCNP input deck. A diagram of the data
exchange is shown in figure 3.2, while the flow chart of the coupled procedure is
shown in figure 3.3 and operates as follows:

56



3.2. Steady state neutroncis/thermal-hydraulics coupling

.

.START

.Run MCNP
.Calculate convergence ε

......

.Run COBRA-IV

.T
(new)
i − T

(old)
i < ε
.

.

.Update MCNP
.input

..

.STOP
.

. .no

.yes

.Pi

. .

.

.Ti(fuel, clad, coolant)
.ρ(coolant)

.

Figure 3.3: Steady state MCNP/COBRA-IV coupling flow chart.
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1. The coupling program starts with initial distribution of densities and tem-
peratures and performs an MCNP calculation.

2. When the MCNP run is finished, the output is read and the flux tally results
multiplied by fission cross section are used to calculate the power in each
rod and axial level. The power is written in an external file with the format
and units system required by COBRA.

3. COBRA is executed with the power distribution obtained in the previous
calculation. Two types of simulations can be performed: a detailed pin-
by-pin simulation with coolant properties calculated in each sub-channel
and channel simulation where the average properties per fuel assembly are
computed. In a sub-channel calculation, the power in each rod and axial
level calculated by MCNP is used by COBRA to compute coolant properties
in the sub-channels formed between three or four rods. When the execution
finishes, coolant density and temperature are estimated as the average of
all sub-channels surrounding a rod because in MCNP computational cells
are cell centered. Fuel temperature is computed in each rod. In a channel
calculation the total power produced in a fuel assembly per axial level is
obtained from the previous MCNP simulation. A fraction of the power is
used by COBRA to solve heat transfer equations in a pin. The fraction is
equal to the number of fuel pins per fuel assembly, therefore the properties
of the average rod in a fuel assembly are calculated. To estimate the peak
factor in a fuel assembly a sub-channel simulation is required. Average
coolant properties within the fuel assembly channel are also calculated.

COBRA-IV source code has been modified to produce two output files: the
usual COBRA output and a second one containing density and temperature
data for each MCNP cell.

4. The convergence criterion ε is calculated in the first step as three times the
maximum flux relative uncertainty in the MCNP flux calculation.

5. The convergence is achieved when the relative temperature difference be-
tween the previous step and the actual is smaller than the established ε
criterion. The convergence is checked at each axial level and in each rod.

6. If the problem has not converged, a new MCNP input deck is created with
the updated temperatures and densities. New materials are also created
with the suitable cross section depending on the cell temperature.

Reaction probability depends on the material cross section. This probability
depends on the thermal motion of the nucleus in the material, therefore cross
sections are function of temperature. The main effort of this coupled calculation
is focused on finding the most suitable solution to change the cross section.

3.2.1. Geometry mapping

The information exchange between COBRA-IV and MCNP is based on the
rod order given by the program GEOM. GEOM is an additional tool distributed
together with COBRA in order to automatically generate the input for hexagonal
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arrays. GEOM writes rod and subchannel data cards for the COBRA input file
following the numbering showed in figure 3.4. The numbering scheme is as follows:
the central rod of the fuel-assembly or the central assembly of the core is the rod
number 1 and then the rods and channels in the concentric hexagonal rings are
numbered in clockwise order.

Figure 3.4: Subchannel and rod numbering in program GEOM.

In order to transfer power data to the thermal-hydraulics calculation, the flux
tallies in the MCNP input are written in the same order as the rod numbering
provided by GEOM. So the cell identification follows the same order in both codes
and the data exchange is straightforward.

Temperature and density data calculated by COBRA-IV is transferred to
MCNP through the cell label identification in MCNP. COBRA calculates tem-
peratures and densities and the coupling code saves the rod number and axial
level to identify each datum. In the MCNP input file the cells that contains fuel
or cladding and coolant in the active length are numbered following a rule that
unambiguously identifies the rod and axial level. The cell number of a fuel pin in
MCNP is constant multiplier by the rod number plus the axial level. For example
if the multiplier es 10000, the 6th fuel rod and the 3rd axial level are identified
in MCNP by looking for the cell with number 10000*6+3=60003. The cladding
and coolant cells have N units more than the fuel cell, for example if the cladding
has 30 units more the cell identifier should be 60033 and for the coolant 60066.

3.2.2. Cross section handling

The cross section files are distributed in ENDF-6 format [105] and they should
be processed with NJOY [106] to obtain point-wise cross section libraries in ACE
format (suitable for MCNP). The cross sections should be compiled at the tem-
perature of each material in order to include the movement of the atomic nuclei
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target. The cross section temperature of fuel materials will affect the result be-
cause of the Doppler effect.

In problems that requires a fine geometry mesh (several axial and radial lev-
els), upload the cross section libraries compiled at each cell temperature is an
unaffordable task because the computer memory is exceeded. For instance a
MCNP simulation of a full core reactor model that needs to load 1600 different
cross section data files (there is one file per isotope and per temperature) surpass
2GB, the available memory for each processor in the EULER cluster. In addition
this method would be very expensive in terms of computational time, because in
each iteration NJOY should be run to obtain the broadened cross section at every
temperature existent in the system. Therefore a reasonable approach in terms of
computational time and accuracy should be adopted. Three different methods
are available:

1. Generate explicit cross section libraries with temperature depen-
dence (NJOY). NJOY performs the Doppler broadening of the resolved
resonance data, generates the effective self-shielded point-wise cross section
in the unresolved energy range, where it is difficult to measure individual
resonances, and adjusts the cross section for free or bound scattering in
the thermal energy range. There are two options: run NJOY during the
neutronic-thermal hydraulic iterations for each temperature needed or use
pre-generated NJOY libraries that cover the temperature range expected
with enough accuracy. The first one is very time-consuming and is not
practical for a realistic application. The second one was successfully used to
couple STAR-CD and MCNP with pregenerated libraries at 5 K intervals
in the fuel temperature range [34].

2. On-The-Fly Doppler broadening. Newmethodologies to perform Doppler
broadening of cross section data during the Monte Carlo code execution are
under development. The implementation of On-The-Fly (OTF) Doppler
broadening in MCNP involves high precision fitting of cross section data,
with parameters that depends on the energy and temperature [107]. Dif-
ferent procedures have been developed for SERPENT [108] and TRIPOLI
[109]. The OTF Doppler broadening feature is not yet included in the last
MCNP release.

3. Approximate approach using pseudo-materials. The pseudo-material
approach consists in a weighted combination of a nuclide X at lower tem-
perature T1 and higher temperature T2. The advantage is that it is not
necessary to create new cross-section data sets, but the accuracy depends
on the interpolation interval.

In the present study, the JEFF 3.1.1 cross section libraries compiled with
temperature interval of 100 K were used [110]. A different method has been
adopted depending on the material. For the cladding and coolant the nuclear
data at the closest fixed temperature was applied because MCNP performs the
automatic adjustment of the scattering cross section with the TMP card. The
Doppler broadening of the fuel absorption cross section is a key point to obtain
the temperature reactivity feedback and it is not performed by MCNP, therefore
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900 K 900 K 800 K 1000 K
(NJOY) (Interpolated) (NJOY) (NJOY)

keff 1.03989 1.03999 1.04156 1.03854
(±3 pcm) (±3 pcm) (±3 pcm) (±3 pcm)

∆ keff (pcm) 10 167 -135

Averaged σfφ 5.09392E-03 5.09342E-03 5.10189E-03 5.08667E-03
∆ (σfφ) (%) -0.01 0.15 -0.14

Capture reaction rate -5.3137E-01 -5.3134E-01 -5.3059E-01 -5.3206E-01
∆ capture (%) -0.005 -0.14 0.12

Fission reaction rate -3.5576E-01 -3.5573E-01 -3.5630E-01 -3.5525E-01
∆ fission (%) -0.008 0.15 -0.14

Table 3.2: Comparison of an SFR MCNPX simulation using fuel cross section libraries
at different temperatures.

the pseudo-material approach was used to obtain more accurate cross-section li-
braries. The technique of mixing cross-section data from two temperatures in a
fuel material was first used by Bernnat [111]. Trumbull [112] performed an anal-
ysis of different interpolation techniques between cross sections at two different
temperatures and calculated the relative difference in the cross section of impor-
tant isotopes. Four interpolation schemes were used (linear-linear, logarithmic-
logarithmic, square root-linear, linear-logarithmic). The first refers to the way
the interpolated cross section is expressed and the second one to the calculation
of the mixing coefficient. Trumbull showed that for linear interpolations, the lin-
ear coefficient is more accurate than the square-root coefficient in all the studied
cases.

In MCNP this interpolation was made by mixing two libraries for the same
material and using a weighting factor for each data set:

Σ(T ) = wlowΣ(Tlow) + whighΣ(Thigh) (3.40)

where T is the actual temperature, Tlow and Thigh are the lower and higher
temperatures, and the mixing coefficients are

whigh =
T − Tlow

Thigh − Tlow
(3.41)

wlow = 1− whigh (3.42)

The accuracy of this approximation was studied in an MCNPX simulation
of an SFR fuel assembly with MOX fuel at 900 K. The simulation was carried
out with the cross section temperature at 900 K processed with NJOY, using
pseudo-material at 900 K with an interpolation interval of 200 K and comparing
with the results at 800 and 1000 K. In table 3.2 it is shown that the differences
of using the library compiled with NJOY at 900 K and a pseudo-material with
an interpolation interval of 200 K is 10 times lower than using the cross section
data 100 K lower or greater. The keff difference between the interpolated library
and the exact one is within the 3 sigma confidence interval.
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3.2.3. Termo-mechanical effects

An important safety issue in fast reactors is the effect of uncontrolled com-
paction for example in an earthquake event which introduces positive reactivity.
On the other hand, a radial expansion of the core leads to negative reactivity
effects. The negative reactivity feedback caused by fuel axial expansion or core
radial bowing play an important role in some transients like in an Unprotected
Loss Of Flow (ULOF) where the coolant heat up expands the upper diagrid [113].
These reactivity effects, however, are not easy to predict with respect to both the
mechanical behavior of the core and its neutronic response.

In addition, due to the large temperature gradient (around 200�) between the
lower and the upper part of the core and between the center and the periphery the
fuel experiments an inhomogeneous expansion through the core. This phenomena
is known as core flowering because the fuel assembly pitch in the upper part is
larger than in the lower part and the core adopts a flower shape. The radial
temperature gradient in the upper part produces an inhomogeneous expansion
because the assembly gaps have different size in the periphery than in the core
center. In order to prevent the core from an excessive compaction or expansion,
some fast reactors designs include a core restraint system.

Due to the key importance of the expansion reactivity coefficient in some fast
reactors transients, several experiments have been carried out to estimate the re-
activity effect of the expansion as well as to validate the computational tools. The
reactivity feedback induced by core flowering have been experimentally studied
in mock-up critical cores [114] and in an industrial reactor with an authentically
irradiated core in the PHENIX end-of-life tests [23]. In all these experiments the
main difficulty to reproduce experimental results was in the representation of the
real geometry of the system by the computer codes. In the PHENIX end-of-life
test of core flowering when the correct gap between wrappers is included in the
ERANOS simulation, the calculated antireactivity matches the experimental re-
sults. The experiments also show that the expansion reactivity coefficient does
not depend linearly on the expansion length.

Usually thermal-hydraulics codes includes temperature feedbacks through lin-
ear reactivity coefficients, nevertheless it has been shown that the core flowering
reactivity effect is not linear with temperature and it depends on the reactor
geometry. Since the expansion feedback is an important reactivity coefficient for
fast reactor transients, a module have been included to the neutronic/thermal
hydraulic coupling tool in order to take into account the core deformation effects
in a transient. The objective is to capture this nonlinear feedback in an accurate
way.

In order to simulate the exact reactivity insertion induced by a deformed core,
the real deformation of the core should be determined with a thermomechanical
code such us ANSYS and then the geometry should be implemented in a neu-
tronics code to calculate the reactivity. In most cases the real geometry of the
deformed core is hard to implement in a neutronic code and it would be imprac-
tical in a transient simulation. In the present MCNP model for deformed cores,
some assumptions are made:

The core expands radially and in an uniform way in all the active length.
This radial core expansion is linked to the average coolant outlet tempera-
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ture.

Only fuel axial expansion is accounted for, fuel radial expansion is neglected.
In oxide fuels the axial expansion is linked to the fuel temperature never-
theless in metallic fuel the cladding is attached to the fuel and expands with
it [115].

The cladding suffers a radial deformation linked to its average temperature
in the whole core.

The deformation length is calculated from the axial expansion coefficient of
each material that is defined as:

α(T ) =
1

L(T )

dL

dT
(3.43)

where L is the length and T is the temperature. This equation is integrated
to calculate the new length when the temperature of a material changes from T1
to T2:

L(T2)

L(T1
= exp(

∫ T2

T1

α(T )) ' 1 +

∫ T2

T1

α(T ) (3.44)

if the linear expansion coefficient is a second order polynomial α(T ) = a +
bT + cT 2, then the equation becomes

L(T2)

L(T1
= 1 + a(T2 − T1) +

b

2
(T 2

2 − T 2
1 ) +

b

3
(T 3

2 − T 3
1 ) = mult (3.45)

Equation 3.45 is the multiplier of the initial length to calculate the length at
the new temperature.

The computational tool has been developed to perform the automatic modi-
fication of the geometry in an MCNP input. In the input some labels should be
added to indicate which cell or surface will be modified. A comment line with the
key word “DEFORM” indicates that the next cell or surface is modified following
the rules indicated in the label. When the label C DEFORM RHO/LEN i j is found
in the MCNP input, then the next cell number and the deformation properties
of the cell or surface are stored in a list of objects. The key word RHO means that
the density of the next cell is divided by mult raised to i and using the expansion
coefficient of material j, where 1 is fuel, 2 is cladding and 3 is diagrid. With the
RHO label the volume of the cell is also changed in order to conserve the total
mass. The word LEN is used to change the surface length multiplying it by mult
raised to i (usually it is linear) and with the expansion coefficient of material j.

Each material has a different deformation rule following the approaches pointed
out above:

Fuel Fuel axial expansion is linked to the fuel centerline temperature. The fuel
column length, fuel density and volume change as follows:

hnew = hold(mult) (3.46)

ρnew =
ρold
mult

(3.47)

Vnew = Vold(mult) (3.48)
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The linear expansion coefficient of the MOX is obtained from [115]. For
temperatures between 923 K and 3120 K the value is:

αMOX(T ) = 11.8 10−6 − 5.01 10−9T + 3.76 10−12T 2 (3.49)

Cladding Cladding length is linked to fuel, but it suffers radial expansion according
to its temperature. The new value for the cladding radius and density are:

rnew = rold(mult) (3.50)

ρnew =
ρold
mult2

(3.51)

The linear expansion coefficient for the cladding(T91 SS) is:

αT91(T ) = 7.3 10−6 + 1.2 10−8T − 4.64 10−12T 2 (3.52)

Diagrid In sodium fast reactors the core diagrid is in the lower part, its temperature
depends on the core inlet temperature, whereas in lead fast reactor the
diagrid is in the upper part and its deformation depends on the average
core outlet temperature. The fuel assembly pitch is modified as follows:

lnew = lold(mult) (3.53)

using an stainless steel linear expansion coefficient:

αSS316(T ) = 11.8 10−6 + 1.31 10−8T − 6.14 10−12T 2 (3.54)

3.2.3.1. Control rod movement

The control rod insertion length is a parameter that changes during the reactor
burnup cycle to make the reactor just critical in all points of the burnup cycle.
In addition some proposed reactor transients assume the unexpected ejection of
one control rod. The analysis of this type of transients envisages the reactivity
insertion due to the withdrawal of the control rod and the reactivity reduction as
a consequence of negative feedback coefficients.

As a result of this need, an additional feature was implemented in order to
allow the automatic movement of one control rod or a bank of them. It is required
that the control rod in the MCNP input is defined with a transformation card.
The tool calculates the required insertion length to achieve criticality in a steady
state calculation or the extraction length of the control rod in a reactivity insertion
accident (RIA) simulation.

3.2.3.2. Convergence issues

The aim of a coupled calculation is to provide fairly accurate simulations in a
reasonable amount of CPU time without reducing the detail of the model. Monte
Carlo criticality calculations have some statistical limitations due to the bias in
keff , reaction-rates and the lower estimation of the uncertainties [84]. In order to
obtain correct keff and reaction rates, the cycles before the keff and fission source
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convergence should be discarded. The multiplication factor is an integral quantity
and it converges faster than the spacial source distribution. Figure 3.5 shows the
keff evolution with two different initial sources: when a converged fission source
from a prior calculation is used, the keff converges faster than when a point
source is used. Furthermore the same calculation takes 14 % less CPU time
with the converged source. In practice, the neutronic/thermal-hydraulic coupled
calculation is carried out with a fission source calculated previously and with
more cycles. This source is used later in the next iterations with the consequent
reduction of computational time.
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Figure 3.5: Comparison of keff evolution in a MCNP criticality calculation with and
without a converged fission source.

Since the power calculated by MCNP has an uncertainty, the accuracy of
the coupled solution is fixed by the statistical uncertainty of the MCNP calcula-
tion and not by an arbitrary convergence criterion. The reaction-rate uncertainty
should be propagated to the thermal-hydraulic parameters calculated by COBRA
and then set the convergence criterion. In our case, the temperature convergence
is chosen as three times the highest relative error. With the 3-sigma confidence
interval, 99% of the results are within the range. This criterion is calculated
during the first MCNP run and is used in the next iterations to check the con-
vergence. This is a coherent assumption, because if the criterion is not equal in
all the calculations, the system would became unstable. Furthermore the MCNP
uncertainties are nearly the same in all iterations due to the number of particles
per cycle and number of cycles being constant.

The relative difference between the fuel, cladding and coolant temperature in
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one iteration and in the next one is checked at every node within the sytem:

Ti − Ti−1

Ti−1

< ε (3.55)

where Ti represents either the fuel, cladding of coolant temperature in the
current iteration, and Ti−1 the previous value. Although the temperature conver-
gence is checked for all the materials, the most restrictive convergence is the fuel
temperature, being directly related to the pin power.

3.3. Transient Monte-Carlo/Thermohydraulics coupling

The classical method to simulate critical or supercritical systems using the
Monte Carlo method is a k-eigenvalue calculation, as it was explained in section
2.1.4. Therefore a time dependent solution of the flux or power distribution in a
critical system can not be obtained just using a conventional MCNP calculation.
The time dependent Monte Carlo methods for critical problems was reviewed in
section 2.1.4.2:

the α-eigenvalue method is very expensive in terms of computational time
because several k-eigenvalue calculations are required to search for the α/v
value that makes the system critical

the improved α-eigenvalue method developed by [63], that accounts for de-
layed neutrons is only available for infinite geometries

the time combing method [47] was only implemented in simple geometries.

Therefore a mature approach for time dependent Monte Carlo criticality cal-
culations has not been released yet.

In this section two approaches to make transient calculations based on the flux
factorization (see Section 2.1.2) are covered. The time and spatial dependence
of the neutron flux are solved separately and since the amplitude changes faster
than the flux shape, a relaxed time step can be used for shape calculations.
The first approach is the adiabatic method, which is the most straightforward
solution but the application field may be limited for high reactivity insertions
. The second one is an attempt to make real dynamic criticality calculations
with Monte Carlo codes. This is a more accurate solution that tries to take into
account the effect of delayed neutrons. It has been tested in simple geometries
and basic and meaningful transients.

3.3.1. Adiabatic approach

The adiabatic approach can be applied without any modification of the MCNP
code. The idea is to calculate the fundamental mode solution and the keff with
MCNP in each macro-time step with a k-eigenvalue calculation that uses a con-
verged fission source. The flux shape is approached with the fundamental mode
solution of the criticality calculation and the reactivity is used to calculate the
amplitude by means of point kinetic equations. This power distribution is used
by the thermal hydraulic code to calculate the evolution of temperatures and
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densities during the next time step that will provide the reactivity feedback in
the next MCNP calculation.

This approach has some limitations and cannot be applied to any transient.
The adiabatic approach assumes that:

The k-eigenvalue solution is close to the real time dependent solution at
this time. But for far from critical (superprompt critical) systems this is
not correct [61], since the neutron population in a supercritical system grows
exponentially, a steady state solution has only sense just for critical systems
where the flux remains constant.

The flux due to delayed neutrons is just a fraction of the prompt flux
βeffΦ(r, E, t) and has the same spatial distribution. In fast transients the
precursors emission are not adapted to the instantaneous flux and depends
on the distribution at prior time steps. This approach is acceptable in slow
transients where the time step is big enough to let the delayed neutron
emission being in equilibrium with the prompt neutron flux.

The flux shape does not change during the time step. This approach is true
if the time step is chosen small enough.

Nevertheless, these assumptions can be accepted in case of operational tran-
sients in prototype or commercial reactors, where reactivity is small enough,
typically ∼ 1$ or maybe higher for short periods.

3.3.1.1. Kinetics parameters

In order to solve the point kinetics equations 2.29, the point kinetics param-
eters need to be known. These parameters are the dynamic reactivity ρ(t), the
effective delayed neutron fraction βeff , the average neutron generation time Λ and
the average precursors decay constants λk. In the adiabatic method the dynamic
reactivity is calculated as:

ρ(ti) =
ki − k0
k0

(3.56)

where ki is the criticality constant calculated with MCNP at time ti and
k0 is the keff at the beginning of the transient. The βeff , Λ and precursors
constants are calculated with MCNP5 v1.6 that includes a new capability for
adjoint-weighted calculations of point kinetics parameters [116]. With this new
ability adjoint weighted tallies can be computed using only the existing random
walks. MCNP uses the iterated fission probability interpretation of the adjoint
flux, being the importance of a neutron in a phase space proportional to the
expected steady state population in a critical system. The steady state popu-
lation would be found after an infinite number of generations, since this is an
unaffordable task, MCNP assumes that the steady state population is achieved
after a specified number of generations. After those generations the asymptotic
population Rp of progeny with index p will be the summation over all tracks τ of
the mean neutron production νΣf per track:
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Rp =
∑
τ∈p

ν Σf w l (3.57)

where w is the weight of each track and l is the length. The adjoint weighted
tally is found as the sum of all products by Rp and Tp,

A =
1

Wp

∑
p

RpTp (3.58)

where Tp is the tally contribution of a neutron in the original generation and
Wp is the sum of all weights of the progeny with index p.

Using this adjoint weighted tally definition the kinetics parameters are calcu-
lated as:

Λ =
〈ψ∗, v−1ψ〉
〈ψ∗, Fψ〉

≈
∑

pRp

∑
τ∈p l/v∑

pRp

(3.59)

βeff =
〈ψ∗, Fdψ〉
〈ψ∗, Fψ〉

≈
∑

pdelayed
Rp∑

pRp

(3.60)

where pdelayed are the index of progeny that are delayed neutrons.
The average precursors decay constants in the system are calculated as the

summation of fission precursors

λ̄i ≈
1

Wi

∑
f∈i

λiw0 (3.61)

where λi is the decay constant for isotope in the current fission event and Wi

is the sum of source weights of emissions of precursor i.

3.3.1.2. Temporal scheme for neutronics/thermal-hydraulic coupling

The coupled set of partial differential equations is solved through the conven-
tional operator split technique. Each part of the system is solved using a mono-
physics code without any modification. The conventional operator split strategy
is based on a simple explicit linearization of the nonlinear coupling terms, solving
each set of equations sequentially without finding a converged coupled solution
iteratively. Thus only one iteration is performed per time step leading in nonlin-
early inconsistent schemes which are first order in time. There are two options
for the time advance: the simultaneous update where each physics component
advances simultaneous in time and then exchanges data at the same point and
the staggered update where one physics component is solved first, passes data
to the other component and then it is solved. Our coupling approach uses a
staggered alternate time mesh scheme to advance the solution in time. The order
of the numerical method used by each mono-physical code to solve the partial
set of differential equations is masked by the order of the coupling scheme. To
obtain a high order solution of the coupled problem an adaptive time step algo-
rithm should be applied [117]. An example of adaptive time step is applied in
the multiphysics code SIMMER-III [52].
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The idea of the flux factorization approach is to assume that the flux shape
has a weaker time dependence than the amplitude function. This allows for the
use of bigger time steps to solve the shape equations than for the point kinetics
equations. This is a great save in terms of execution time because in the shape
equation the spatial, angular and energetic dependence of the neutron flux has
to be found and it is more difficult to solve than the point kinetics equations.
In the quasistatic approach the flux shape is calculated with a higher time steps
and then the obtained flux is used to compute the kinetics parameters in all the
amplitude steps. The amplitude time step will be fixed by the numerical method
used to solve the point kinetics equations that has some restrictions due to the
stiffness of the equations.

In the Monte Carlo adiabatic approach for transient calculations, MCNP is
used to calculate the flux shape and also the reactivity provided to point kinetics
equations. Although in a transient the flux shape remains almost constant in a
short period the reactivity may change a lot in a fraction of this period, therefore
the time step used for the MCNP calculations is governed by time step required
for an accurate reactivity estimation but not by the flux shape relaxed time step.
Since the flux distribution has a weak dependence on time a detailed local flux
estimator is only needed at certain points, therefore two type of MCNP calculation
can be carried out: a time expensive MCNP calculation with all tallies and with
enough statistic to achieve local uncertainties less than 1% and a fast MCNP
calculation only intended to calculate the keff of the system. Since the fast
calculation does not have local estimator the number of histories can be small
but assuring that the fission source is converged to obtain an unbiased keff result.

The temporal scheme for the coupled transient calculation is as follows. The
simulation starts from a converged steady-state coupled solution. Using the ther-
mal power at steady state the thermal hydraulic solution is advanced until half of
the time step. The results are used to update the MCNP input and to calculate
the reactivity that takes into account the thermal hydraulic feedback (Doppler,
coolant density and thermomechanical expansion). Then the point kinetic solver
calculates the power at the end of the time step. The reactivity calculated by
MCNP is included in the point kinetic equations and kept constant for all the
time step. This power is used to normalize the fission reaction rates and to obtain
the 3D power distribution in the core. Figure 3.6 explains the temporal coupling
scheme and the program flow chart is depicted in figure 3.7.

For the new time step, the power distribution calculated at the end of the
time step (dt) is used in the thermal hydraulic transient from dt/2 to 3dt/2.
The restart option of COBRA is employed to start the new thermal-hydraulics
transient with the results of the previous calculation. This staggered coupling
algorithm conserves the energy in the thermal-hydraulics simulation, because the
time integral of the power(energy) with a linear variation is the same than the
integral with a constant power value at half of the time step. The time constant
that governs the change in thermal hydraulic parameters depends on the fuel
conductivity and the gap conductance and is in the order of 0.1 seconds. These
changes responds to variations in the energy deposited in the system.

69



Chapter 3. Neutronic-thermal hydraulic coupling

Figure 3.6: Temporal scheme in a coupled transient

3.3.1.3. Solution of the Point Kinetic equations

The solution of Point Kinetics equations (PKEs) have been widely studied
in the literature since the development of nuclear energy [118]. They describe
the behavior in time of total neutron flux together with the delayed neutron
precursors concentration like if all reactor were a space point. Currently 3D
space-energy time dependent neutron transport equations can be solved with
nodal or diffusion methods, but the solution of PKEs are still useful in many
problems where the spatial dependence of the flux is not meaningful or where the
flux shape is constant during the transient. PKEs are solved by most of the TH
plant system codes to calculate the thermal power evolution in a transient, using
reactivity coefficients to calculate the TH feedback.

Usually the parameters for the 245 set of experimentally-measured delayed
neutron group constants for 20 fissionable isotopes are joined in groups, having
each group a characteristic decay constant λk and a delayed neutron yield βk.
Each fissile isotope has a different fission product yield with a different delayed
neutron emission data. The decay constant and delayed neutron yield are avail-
able in the cross section data libraries, typically they are divided in 6 groups.
In the JEFF 3.1.1 data library a new set of 8 group decay data, that are both
nuclide and energy independent, have been introduced [119]. The 8 groups allows
the explicit description of longest-lived precursors [120] with a consistent set of
half lives. Although the delayed neutron yield depends on the isotope, having
the same set of half lifes for all nuclides simplifies the equations. An example
of delayed neutrons half lives and relatives abundances of 235U and 239Pu from
Jeff3.1.1 is shown in table 3.3. The delayed neutron emission spectrum from
JEFF3.1.1 is plotted in figure 3.8.

PKEs are an stiff set of partial differential equations due to the difference in
times between a neutron generation (Λ ∼ 10−5 − 10−7 s) and the emission time
of delayed neutrons τ ∼ 10 s. This feature imposes restrictions to the method
chosen to solve this set of equations.
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Figure 3.7: Transient program flow chart
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235U 239Pu

Group λ (s−1) βi βi
1 0.0124667 0.033 0.032
2 0.0282917 0.154 0.237
3 0.0425244 0.091 0.083
4 0.133042 0.197 0.182
5 0.2924672 0.331 0.294
6 0.6664877 0.090 0.082
7 1.634781 0.081 0.072
8 3.5546 0.023 0.018

Table 3.3: Decay constants and relatives abundances from 235U and 239Pu 8 group
delayed neutron representation in the JEFF 3.1.1 cross section.

Figure 3.8: Delayed emission spectrum in Jeff3.1.1
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The reactor point kinetic equations are given by:

dp(t)

dt
=
ρ− β

Λ
p(t) +

1

Λ

NC∑
k=1

λkCk(t) (3.62)

dCk(t)

dt
= −λkCk + βkp(t) (3.63)

where NC are the number of precursors groups (6 or 8).
The above equations have only analytical solution in simple cases (for exam-

ple a step reactivity insertion) and using only one group of delayed neutrons.
In literature several semi-analytical and numerical methods have been proposed
to solve these equations. The semi-analytical methods apply some approaches
specifically designed to solve PKEs.

Numerical methods are standard algorithms for solving stiff ordinary differen-
tial equations. Among them the RADAU IIA numerical method has been chosen,
because it is fully implicit and stable and it allows for the use of larger time steps
than the a simple implicit Euler method. A review and comparison of methods
to solve point kinetics equations are presented in Appendix A.

3.3.2. Dynamic Monte-Carlo with a quasistatic approach

The adiabatic approach assumes that the flux shape is instantaneously adapted
to the critical system fundamental mode flux. For prompt neutrons this is true
because it only takes few generations (the neutron generation time is around
Λ = 10−5 − 10−7 s) to reach a converged solution. Nevertheless the behavior
of delayed neutrons is different because they come from the decay of neutron
precursors created at previous times. Delayed neutron precursors are distributed
in the same way as the fissions that produced them at a previous time t′ < t,
therefore the delayed neutron source has a different spatial distribution as the
current prompt fission source.

Depending on the value of the reactivity insertion and not taking into ac-
count the reactivity feedbacks, three types of pure kinetics transients can be
distinguished:

Prompt transients The reactivity insertion is greater than βeff and the behav-
ior of the system can be characterized by an exponential variation of the
fundamental mode solution of the flux.

N(r, E,Ω, t) = N0(r, E,Ω)e
α0t (3.64)

α0 =
ρ− β

Λ
> 0 (3.65)

Subcritical transient If the reactivity insertion is negative the fundamental
mode solution decreases exponentially with a constant α0 < 0

Delayed transient If the reactivity insertion is positive but is less than βeff
the behavior of the system is not a simple exponential variation as in the
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previous cases. To understand the kinetics behavior of the system shortly
after any sudden change the constant delayed source (CDS) approach is
useful. In this case “shortly”means prior to a considerable change in the
delayed source. Assuming here that the delayed neutron source is constant
Sd0 = λC0 = βp0, hence the point kinetic equation 3.63 can be written as:

ṗ =
ρ− β

Λ
p+

1

Λ
βp0 (3.66)

and the time dependent solution after a reactivity step is:

p(t) = p0e
αt + p0

β

β − ρ
[1− eαt] (3.67)

where α = ρ−β
Λ

. Since α < 0 the first term that corresponds to the prompt
multiplication decays exponentially with time. The second term is the de-
layed neutron source multiplication that grows until it reaches the asymp-
totic value p0

β
β−ρ . Therefore in a delayed transient prompt neutrons die and

the flux is maintained by the multiplication of the delayed source. It must
be added that at long times the CDS approach is not valid because the de-
layed neutron source changes by the creation of new precursors and decay.
Nevertheless the behavior of the system is still governed by the multipli-
cation of the delayed neutron source. In this type of kinetic transients the
adiabatic approach is not accurate because the flux shape does not matches
the fundamental mode.

A method is proposed in this section as an attempt to simulate delayed tran-
sients using the Monte Carlo MCNP code. In chapter 4 a verification of this
method is developed using a benchmark with a deterministic code (see section
4.2) in a fundamental kinetic problem proposed by Yasinsky and Henry [5]. The
proposed kinetic transient is a local perturbation in a slab reactor core therefore
space-time non-separable effects are expected, so this numerical experiment is
suitable to test our method.

As it was shown, in the CDS approach the delayed neutron source is multiplied
by M = 1

β−ρ . One can introduce the concept of the prompt multiplication factor

as kp = keff (1−β), which accounts only for the multiplication of prompt neutrons.
The number of neutrons in a generation is multiplied by kp giving the number
of prompt neutrons in the subsequent generation. The total number of prompt
neutrons ntp after a whole chain reaction, that stars with n0 source neutrons, is
given by:

ntp = n0(1 + kp + k2p + k3p + ...) (3.68)

where n0 is the initial number of neutrons. If kp is less than 1, which is true
in a delayed transient where ρ < β, then the sum converges and the total number
of prompt neutrons after the chain reaction is:

ntp = n0
1

1− kp
(3.69)
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On the other hand, after some manipulations in the delayed neutron source
multiplication M of the CDS approach:

M =
1

β − ρ
=

1

β − k−1
k

=
k

βk − k + 1
≈ 1

1− kp
(3.70)

Thererfore the prompt multiplication of a chain reaction 3.69 is similar to the
multiplication of the delayed source M 3.70 when the system is close to critical.
This fact will be used to estimate the neutron flux evolution in a delayed transient
using MCNP.

In a standard Monte Carlo static criticality calculation the problem is divided
in a number of batches or cycles, each one having a big number of particle his-
tories. The initial fission source is used as origin for the neutron transport, and
the multiplication of each generation is found as the relation between the initial
fission neutrons and the total number of neutrons when the generation finished.
This means that a ki estimate is available every cycle. The fission source file is
updated after each criticality cycle and it is used as initial source for the next
one. The stationary value of the system keff is found as the average value of k′is
in all active cycles. When the fission source is converged, the neutron flux per
source particle is calculated as the average of track lengths weighting each history
in the same way.

An approach to perform transient simulations using MCNP could be found by
dividing the total transient period in time steps and performing a quasistationary
calculation in each time point ti (ti being the final point step). In a delayed
transient, the neutron source that initiates the chain reaction at a certain time
is formed by the delayed neutrons emitted by the precursors formed at earlier
times. In a standard Monte Carlo static criticality calculation, the cycles until
the fission source is converged are skipped and after that, hundreds of active cycles
are used to estimate the keff and neutron flux distribution. In the process, the
same weight is given to all batches. However in a transient, the quasistationary
flux distribution at each point does not correspond to the fundamental mode,
because delayed source has not yet reached the equilibrium shape. In that case,
the evolution of the fission source should be taken into account, from the delayed
neutrons initial distribution, to the prompt neutrons stationary source. Since
not all cycles will have the same importance, one should take special care to
calculate the contribution of the neutrons histories in a cycle, to the averaged
flux distribution in the system.

The total flux or reaction rate at a time point ti will be the number of delayed
neutrons Sd(ti) = λC(ti) produced at that time, multiplied by the reactor prompt
multiplication M . Since the fission source is not yet converged in the first cycles,
the prompt multiplication constant ki (from now the prompt multiplication is
called ki instead of kpi for simplicity) of each cycle is different and hence the
multiplication can be written as:

M = 1 + k1 + k1 ∗ k2 + k1 ∗ k2 ∗ k3 + ... =
∞∑
i=0

i∏
j=1

kj =
∞∑
i=0

Mi (3.71)

Therefore the time dependent flux is computed with the Mi of each cycle
until the fission source is converged. Then hundreds of active cycles are used
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to calculate the equilibrium criticality constant keff and the final multiplication
MF . For example if 50 cycles are needed to obtain a converged fission source,
then the multiplication is:

M =
50∑
i=0

Mi +
50∏
j=1

kj

∞∑
i=1

(keff )
i =

50∑
i=0

Mi +MF (3.72)

In a fast transient where the reactor state changes sharply (one second or less),
the time steps should be adapted to the perturbation length to obtain accurate
results. In this case the delayed neutron source is not in equilibrium with the
prompt source in each time because delayed neutrons mean lifetime is around 10
s and the initial fission source will be the distribution of precursors where it was
created. In addition, if the transient is short (few seconds), the CDS approach can
be assumed, so the initial fission source in each time point will be the distribution
of delayed neutrons at the start of the transient, before the perturbation.

3.3.2.1. Practical estimation of each MCNP run multiplication

To calculate the dynamic behavior of the flux shape in a transient, the time
period is firtly divided in a number of time steps, performing a quasistatic cal-
culation with MCNP at the end of each step. Then, each single Monte Carlo
simulation is separated in several runs with N k-eigenvalue cycles each one and
with no cycles skipping. From each execution a prompt criticality constant value
ki is obtained. From now, ki denotes the prompt criticality constant obtained in
the i th N-cycles run and Mi the multiplication calculated with this value. For
example, in the theoretical experiment presented in section 4.2, a period of 0.8 s is
divided in 8 quasistatic Monte Carlo calculation, each one made of twenty 5-cycles
runs and an extra run with 200 cycles to compute the keff of the fundamental
mode.

When one makes N-cycles grouping to obtain a ki value, it is assumed that
the flux shape in each cycle of the same run is similar. This fact has been checked
in the application example of the method (see section 4.2) with the comparison
of the results of 5-cycles and 2-cycles runs. The comparison showed that the
2-cycles run option does not improve the result. In addition, the simulation with
less cycles consumes more time because twice particles per cycle has to be used
to obtain the same statistical quality in reaction rates and ki. In this case a
more exhaustive calculation does not mean more accurate results. Therefore the
suitable number of cycles per run in terms of accuracy and computation time has
to be found for each problem.

Each Monte Carlo execution is made without delayed neutrons in order to
calculate the prompt multiplication constant. For example in a calculation with
ten 5-cycles MCNP, the average value of the prompt criticality constant in the
first 5 cycles is k1 and the multiplication of the source from these first 5 cycles is:

M1 = k1 + (k1)
2 + (k1)

3 + (k1)
4 + (k1)

5 =
5∑
i=1

(k1)
i =

k1 − (k1)
6

1− k1
(3.73)
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In the next run with 5 cycles, if the average value of the multiplication constant
is k2, then the multiplication of the fission source (according to equation 3.71)
M2 is:

M2 = (k1)
5(k2 + (k2)

2 + (k2)
3 + (k2)

4 + (k2)
5) = (k1)

5

5∑
i=1

(k2)
i = (k1)

5k2 − (k2)
6

1− k2

(3.74)
The multiplication of each 5-cycles run is obtained in the same way. After 10

runs with 5 cycles each one until cycle 50, the criticality constant of the tenth
run is k10 and then the multiplication of the fission source in the tenth run is:

M10 = (k1)
5(k2)

5...(k9)
5(k10 + (k10)

2 + (k10)
3 + (k10)

4 + (k10)
5)

= (k1)
5(k2)

5...(k9)
5

5∑
i=1

(k10)
i = (k1)

5(k2)
5...(k9)

5k10 − (k10)
6

1− k10
(3.75)

If after 50 cycles the delayed fission source is converged, then an extra cal-
culation with many cycles (100-200) is used to calculate the prompt effective
multiplication keff of the system. The multiplication of this rest of generations
(from 51 to infinity) is MF :

MF = (k1)
5(k2)

5....(k10)
5

∞∑
i=1

(keff )
i = (k1)

5(k2)
5....(k10)

5 keff
1− keff

(3.76)

3.3.2.2. Computational method

In this section the computational procedure of the dynamic Monte Carlo sim-
ulation is covered in detail for more technical aspects. The Monte Carlo dynamic
method uses the standard MCNP5 release 1.6. The driver program is written in
C++ and it handles input, source and output files, it runs the required MCNP
simulations and calculates the flux and power deposition from the results of the
simulation.

First of all a fundamental mode solution of the steady state is calculated. This
run provides the flux at steady state and the converged fission source. Critical
fission source files in MCNP contains the location of each fission point and the
energy of the outgoing neutron. Since it is supposed that the spatial distribution
of delayed neutrons is the same as the prompt neutrons, the difference between
prompt and delayed fission sources is only the energy of the outgoing neutron,
because the average energy of delayed neutrons is less than 1 MeV and prompt
neutrons are around 2 MeV. Therefore the original source file is read and a new
one is created using the same fission points but with the energy spectrum of
delayed neutrons. The energy spectrum is taken from the JEFF 3.1.1 cross section
library.

The total transient time is then divided in time steps ti and the flux and
the total power is estimated with a dynamic Monte Carlo simulation. In each
time step several N-cycles MCNP runs are carried out. The number of N-cycles
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runs (Nruns) has to be enough to achieve the convergence of the fission source
after all runs. It depends on the transient heterogeneity and on the geometry of
the system. The initial run is made using the delayed neutron source previously
calculated and then the resulting fission source after the N-cycles job is reused
for the following run. MCNP rewrites the source file (srctp) after each cycle,
therefore each N-cycles run uses the last updated source file. When the fission
source is converged a final run is made with many cycles (100-200) to calculate
the prompt keff of the system in this time step. The prompt criticality constant
ki of each N-cycles run is used to compute the multiplication Mi. This option is
available in MCNP by setting the card TOTNU NO.

A flow chart of the dynamic Monte Carlo computational method is shown in
figure 3.9. The initial fission source distribution is obtained from a converged
steady state calculation and using emission energy spectrum of delayed neutrons.
This fission source is used and updated in each N-cycles run until a converged
fission source is obtained. This converged fission source is used in the final MCNP
run with many cycles to calculate keff of the system.

In order to calculate the neutron flux and the power two MCNP estimators
are used:

The flux estimator is a tally F4 computing the track length of each neutron
history. The result is normalized per source particle. To obtain the real flux
magnitude the tally must be multiplied by the number of source particles
per second that, in this case is the delayed neutron source Sd = λC =
neutrons/second, where C is the precursors concentration and λ is the one-
group delayed neutrons decay constant.

The power is calculated through the fission reaction rate. The fission reac-
tion rate is computed with a flux tally (F4) multiplied by the fission cross
section (Σf ) giving the number of fissions per source particle. Multiplying
the fission reaction rate by the energy released in fission and by the source
particles per second, the power distribution is obtained.

These tally results are normalized per source particle, thus the number of
source particles per second should be calculated to obtain a physical result for
the flux and power distribution. In the CDS approach, the delayed source in each
time is the same and hence the total flux is:

Φ(k, tj) =
Nruns∑
i=1

F4kiSdi(tj) = Sd(t0)
Nruns∑
i=1

F4kiMi (3.77)

where k is the cell number, tj is the time, Nruns is the number of N-cycles
runs, F4ki is the result of the tally 4 in the k cell and run i , and Sdi(tj) is the
number of delayed neutrons per second at time tj. In each time interval, the
delayed neutron source is equal toSdi(tj) = Sd(t0)Mi where Mi is the multiplier
calculated with the average ki in that run. Assuming that N-cycles runs are
made, the Mi of these N-cycles runs are:

Mi =
ki − (ki)

N+1

1− ki

∏
j<i

(kj)
N (3.78)
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Figure 3.9: Dynamic Monte Carlo flow chart.
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and the multiplication MT of the rest of cycles when the fission source is
already converged:

MF =
keff

1− keff

Nruns∏
j=1

(kj)
N (3.79)

Finally Sd(t0) is the steady state delayed source in neutrons per second. The
number of delayed neutrons per second at steady state is derived from the power
before the transient starts P0.

P (t0) = P0 =
Nruns∑
i=1

cells∑
k

F4kiΣfkEfSdi(t0) = Sd(t0)
Nruns∑
i=1

cells∑
k

F4kiΣfkEfMi

Sd(t0) =
P0∑Nruns

i=1

∑cells
k F4kiEfΣfkMi

(3.80)

where Ef is the energy emitted by fission (∼ 200MeV ) and Σfk is the macro-
scopic fission cross section in each cell.

The power distribution in the system is estimated in the same way using the
flux tally multiplied by the fission cross section:

P (k, tj) =
Nruns∑
i=1

FM4kiEfSdi(tj) = Sd(t0)
Nruns∑
i=1

FM4kiEfMi (3.81)

where FM4ki is the flux tally in the cell k multiplied by each isotope fission
cross section FM4k =

∑isotopes
i F4Σfi.

3.3.2.3. Discussion of the main assumptions

In the first implementation of this method, two statements are assumed:

1. The transient is short enough to take the delayed neutron source constant
during all the transient time.

2. The delayed neutron source is spatially distributed on the same way as the
total fission source.

Since the fission products are located where the fission takes place and thus
prompt and delayed neutrons are emitted in fission points. Nevertheless, the
last approach will be valid only in systems with a uniform material composition,
having a constant fraction of delayed neutrons β. If the delayed neutron fraction
is not constant in the whole system the number of delayed neutrons per fission
is different and the precursors distribution along the system does not follow the
fission points distribution.

To assess this approach in systems with a uniform composition, a simulation
has been carried out using a modification made to MCNPX at CIEMAT [121],
that is able to discriminate delayed and prompt neutrons in a criticality calcu-
lation and to save the delayed neutron source in an additional file. Both total
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and delayed fission sources have been calculated in a 240 cm long 1D bare core
made of a mixture of 235U and H2O with different density in each region. A
histogram with the normalized number of fission points (fission points in zone i
divided by total fission Ni/Nt) per unit length is shown in Fig. 3.10. In this case
the difference between the total and delayed fission source distribution is always
less than 10 % and its distribution matches with the flux shape. Therefore it can
be assumed that the delayed neutrons are distributed as the total fission source
and the only difference is the emerging neutron energy.

Nevertheless when the material composition is heterogeneous and each part
has a different β the distribution of delayed and total neutron source are not
equal. In the example depicted in figure 3.11 one third of the bare core is made
of 239Pu while the rest is of 235U . Since the fraction of delayed neutrons emitted
in each 239Pu fission is 200 pcm and in each 235U fission is 640 pcm, at an equal
neutron flux the number of delayed neutrons in the Pu part is half of the delayed
neutrons in the U part. The differences in the source distributions is shown in
figure 3.11.
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Figure 3.10: Delayed and total neutron source distributions in a homogeneous bare
core 240 cm long, compared to neutron flux distribution .

3.3.2.4. Uncertainty estimation

MCNP calculates the statistical uncertainty in the keff and in all flux and re-
action rate estimators (tallies). This uncertainty only accounts for the statistical
error due to the stochastic nature of the method. Other uncertainties, such us
the uncertainty in the cross sections or systematic errors in the geometry, that
could be even larger than the statistical uncertainty are not calculated [83]. The
statistical uncertainty decreases with the number of histories N as 1√

N
and can

be made as small as needed by increasing the number of particles per cycle or the
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Figure 3.11: Delayed and total neutron source distribution in a heterogeneous bare core
240 cm long, compared with the neutron flux distribution.

number of cycles.
In the dynamic Monte Carlo method, an MCNP calculation is performed

with only 5 active cycles, therefore the statistical uncertainty of these k′is is large
compared with the uncertainty in the final keff . For example in a simple 240
cm long bare core example using 500000 particles per cycle, the uncertainty in
the ki from a 5-cycle calculation is around 40 pcm whereas the final keff has an
uncertainty of 4 pcm when 200 active cycles have been used. The average k track
length estimator and its statistical deviation is represented in figure 3.12. In this
calculation ten 5-cycles runs and a final 200-cycles run were performed.

Although the uncertainty in the ki in the 5-cycles runs is 10 times higher than
in the final part, the contribution to the total multiplication uncertainty is almost
negligible because the final part contributes more than 60% to the total flux. The
total multiplication of the system is MT =

∑Nruns
i=0 Mi +MF then the standard

deviation is σ2
T =

∑
i σ(Mi)

2 + σ(MF )
2. And the deviation of each multiplier is

calculated as:

σ(Mi)
2 = [

i∏
j=1

kNj [
1− (N + 1)kKi

1− ki
+

(ki − kN+1
i )

(1− ki)2
]]2σ(ki)

2 +
i∑

j=1

(
Mi

kj
)2σ(kj)

2

σ(MF )
2 = [

Nruns∏
j=1

k5j [
1

1− kF
+

kF
(1− kF )2

]]2σ(kF )
2 +

NT∑
j=1

(
MF

kj
)2σ(kj)

2

In table 3.4 the multiplication in a 10 intervals example and its uncertainty is
displayed. In this example the 99% of the total multiplication uncertainty is due
to the uncertainty in the final part, therefore a bad ki estimation in the 5-cycles
calculation has a small effect in the total uncertainty.
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Figure 3.12: k track length estimator and statistical deviation in each cycle

Interval Multiplication σ(Mi) σ(Mi)
2/σ2

T (%)

0 4.91109 0.00265 0.00184
1 4.76131 0.00442 0.00513
2 4.61062 0.00499 0.00654
3 4.46211 0.00676 0.01200
4 4.32336 0.00875 0.02006
5 4.18625 0.01027 0.02763
6 4.05237 0.01236 0.04006
7 3.92427 0.01391 0.05071
8 3.7981 0.01443 0.05455
9 3.67919 0.01518 0.06038

Final 81.5094 0.61698 99.72103

Table 3.4: Multiplication of each interval and its uncertainty
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3.3.2.5. Recalculation of delayed neutron source during the transient

In this section a method to perform long transient simulations (in the order
of delayed neutrons mean lifetime) where the CDS approach is not longer valid is
proposed. This method will be implemented in next versions of the Monte Carlo
quasistatic scheme.

Delayed neutron source results from the decay of precursors that were pro-
duced at earlier times t′ < t. In the CDS approach assumes that t′ = t0, it means
that all delayed neutrons come from precursors formed at steady state. However
in a long transient this is not true, because the fraction of precursors formed later
grows and is comparable with the precursors created at t0.

Assuming that delayed neutrons precursors can be joined in Ng group having
each group a delay constant λk, the precursors concentration Ck(r, t) of the k
group at time t can be expressed in terms of the flux at earlier times as:

Ck(r, t) = Ck(r, 0)e
(−λkt) +

∫ t

0

e[−λk(t−t
′)]

∫
E

νdkΣf (r, E, t
′)p(t′)ψ(r, E, t′)dEdt′

(3.82)
where Ck(r, 0) are the steady state precursors concentration, p(t′) is the flux

amplitude and
∫
E
νdkΣf (r, E, t

′)ψ(r, E, t′)dE is the spatial production of delayed
neutrons precursors. The delayed neutron source is then composed of the precur-
sor concentration as:

Sd(r, E, t) =

Ng∑
k

χdkλkCk(r, t) (3.83)

In our case the spatial distribution of precursors is given in the MCNP source
file, then the time dependent delayed source file at time t will be a mixture of the
source files from each time step. The number of source particles taken from each
file can be extracted from equation 3.82. The integral

∫
E
νdkΣf (r, E, t

′)p(t′)ψ(r, E, t′)dE
in equation 3.82 can be substituted by the power released multiplied by the de-
layed neutron fraction βkP (t

′). Assuming that in each time step the delayed
source file and the power is constant, one can calculate the delayed neutron
source as:

Sd(t) =
∑
k

λkCk(t)

=
∑
k

λk[Ck(r, 0)e
(−λkt) +

∫ t1

0

e[−λk(t−t
′)]βkP (t1)dt

′ + ...+

+

∫ tn

tn−1

exp[−λk(t− t′)]βkP (tn)dt]
′

Sd(t) =
∑
k

λkCk(r, 0)e
(−λkt) +

n∑
i=1

βkP (ti)[e
[−λk(t−ti)] − e[−λk(t−ti−1)]] (3.84)

where n is the number of time steps. Each addend in this equation represents
the number of source neutrons that should be taken from the source file of each
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time step. As an example, one can create a delayed source file with N fission
points and using only one group of delayed neutrons, then instead of λk the

average value of λ =
∑

k βkλk
β

has to be used. The number of fission points Ni

randomly extracted from the delayed source file created a time ti is:

Ni(t) = βP (ti)[e
[−λ(t−ti)] − e[−λ(t−ti−1)]

N

Sd(t)
(3.85)

where Sd(t) is the total delayed neutron source at time t from equation 3.84
and N is the total number of fission points used in the fission source file srctp.
The proposed method to compose MCNP source files is straightforward but it can
lead to some statistical inconsistencies because the Ni of the source files close to
the current time is small compared to N and they are not representative sample.
This issue could be fixed by mixing n source files taken the same number of
point from each file but changing the particle weight in a way that equation 3.84
is still true. At the moment, the particle weight is not a parameter in MCNP
criticality source files, therefore to include this capability MCNP source file should
be modified and this is beyond the scope of this work.
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Chapter 4

Code verifications and
applications

An important step in a code development is the validation against experi-
mental results. The operational experience with fast reactors is lower than with
LWR because the number of FR facilities that have operated around the world
is still small. In order to validate fast reactors codes, several experimental tests
have been carried out in sodium cooled fast reactors facilities. A large amount of
information concerning fast reactor behavior has been recovered by CEA in the
Superphenix start-up tests and specially in the PHENIX end-of-life tests.

The Superphenix commissioning tests [122] were carried out during the facility
start-up and first connection to the grid between 1985 and 1986. The first part
of the experiments were isothermal and zero power test and finally power raising
to full power. For instance, among these tests, one was dedicated to measure
reactivity feedback coefficients and the dynamic behavior under reactivity inser-
tion steps at different power levels. These tests could be taken as a validation
problem for the time dependent part of the code, but the public information is
not enough to validate the code.

The PHENIX experimental reactor end-of-life tests [123] were carried out
before the permanent shut down of the facility. The tests cover core physics,
fuel behavior and thermal-hydraulics and are being used for code validation in
those areas, specially for the French codes for fast reactor analysis: ERANOS and
DARWIN for core physics, TRIO U and CATHARE for thermal-hydraulics and
GERMINAL for fuel behavior. Now within IAEA Coordinated Research Projects
(CRP), the data gathered in the end-of-life test are being used to validate the
current sodium fast reactor codes and also as a codes benchmark exercise [124] .
Among all tests only two of them are dynamic transients: a natural convection
test and an asymmetrical transient. None of them could be used to validate our
dynamic scheme because the whole primary circuit is involved in the transient
and the coupled code developed in this thesis needs core boundary conditions in
order to perform calculations.

Since the available experimental results do not fit our requirements to validate
the steady state and transient calculations with the coupled Monte Carlo/thermal-
hydraulics code, a verification of the code behavior can be carried out making a
benchmark with already validated codes. For the steady state case a compari-
son with other coupled Monte Carlo/thermal-hydraulic code has been performed.
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The benchmark shows a good agreement between coupling methodologies when
the same thermal-hydraulics code is used. The dynamic part of the code has been
compared with a diffusion code in a 1D bare core kinetic transient. First it has
been assured that the diffusion and the Monte Carlo transport solution at steady
state match. Then the time dependent adiabatic and quasistatic methods have
been compared with the diffusion solution. Whereas the results of the quasistatic
method are closer to the diffusion solution, the error made with the adiabatic
approach can be assumed.

4.1. Steady state code verification

In order to verify the MCNP/COBRA-IV coupling procedure, a steady state
benchmark with other similar codes has been used. In Europe, there are several
institutions developing coupled Monte Carlo thermal-hydraulics codes. The more
mature coupled codes are:

MCNP and SUBCHANFLOW [38] (KIT)

TRIPOLI+ FLICA [43] (Delft University of Technology)

Within the 7th Framework Program project NURISP a benchmark prob-
lem was defined to compare the MC/TH codes under development. The re-
sults of the benchmark were presented in PHYSOR-2012 international confer-
ence [125]. The participants of this benchmark exercise are Karsruhe Institute
of Technology (KIT-INR) and Delft University of Technology. The codes in-
volved in the benchmark are MCNP- SUBCHANFLOW (KIT), TRIPOLI- SUB-
CHANFLOW(Delft), MCNP- SUBCHAFLOW (Delft), MCNP- FLICA(Delft)
and KENO- SUBCHANFLOW(KIT). The benchmark was performed using a
BWR pin model. The geometry and boundary conditions are specified in the
benchmark. Each participant made both MCNP and TH code inputs from scratch
and used their set of cross section libraries.

The geometry is a singe BWR fuel pin. The fuel rod consists of fuel, gap and
cladding and it is surrounded by a water subchannel. The fuel enrichment in U235

depends on the axial length. The total pin active length is 38 cm. The MCNP
model has reflective radial boundaries to simulate a fuel pin in the center of a
reactor, a layer of water is placed above and below the pin and then vacuum to
simulate axial leakage.

Although this is not a fast reactor application, Ciemat considered to partici-
pate in this benchmark in order to verify the code under this enveloping situation.
Due to the huge density change along the axial length in a LWR subchannel, a
coupled calculation is more difficult than in LMFBR. In general, a coupled Monte
Carlo/thermal-hydraulics in a liquid metal cooled reactor takes few iterations to
converge whereas in a light water reactor it takes several of iterations to converge.

4.1.1. BWR pin benchmark

The BWR pin benchmark specifications are sumarized in [125]. The pin ge-
ometry for the benchmark is displayed in table 4.1.
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Pellet radius 0.5225 cm
Pin radius 0.6125 cm
Total pin height 42 cm
Pin active height 38 cm
Gap thickness 85 µm
Inlet coolant temperature 270 �
Inlet flow rat 1120 kg/m2/s
Enrichment types (%) 0.71/3.3/3.7
Cladding density 6.55 g/cm3

Fuel density 10.8 g/cm3

Gap conductance 10000 W/m2/K
Pin total power 70 kW
Pressure 70.1 bar

Table 4.1: Specifications for the BWR pin benchmark

MCNP-SUBCHANFLOW MCNP-COBRA

Number of iterations 14 13

Histories per cycle 100000 500000
Active cycles 350 350

Fuel temperature
Using pseudo-materials Using pseudo-materials

50K interval 100K interval

Coolant and cladding
Constant Closest available XS library

temperature

Two phase correlation Chexal-Lellouche drift flux model Armand model

Sub-cooled boiling Bowring correlation No sub-cooled boiling model

Fuel conductivity Lucuta model [126] for UO2
k(T ) = a+ b ∗ T + c ∗ T 2

that fits UO2 conductivity

Table 4.2: Comparison of model description

Table 4.2 presents a summary of both coupled codes models of the same prob-
lem. Since COBRA-IV is a code developed in the 60s the correlations used by the
SUBHANFLOW BWR pin model are not available in COBRA-IV. The source
code has been modified in order to include an approximate correlation for the fuel
conductivity and the heat transfer. For instance SUBCHANFLOW utilizes the
Lucuta model for the U02 thermal conductivity correlation, in an unirradiated

and fully dense fuel the conductivity is: k(T ) = 1
0.0375+2.165·10−4T

+ 4.715·109e−16361/T

T 2 .
In COBRA the fuel thermal conductivity has a polynomial dependence on tem-
perature, therefore the Lucuta correlation for unirradiated fuel has been fitted to
a second order polynomial function.

For the two phase flow the available Armand model was used by COBRA-IV
although it is not the same employed in the SUBCHANFLOW model. Another
discrepancy is that no sub-cooled boiling model is included in COBRA-IV and
the SUBCHANFLOW model has the Bowring correlation.

Two options may lead to a difference in the coupled code result, one is the
code modeling of the benchmark problem and the other is the coupling scheme. A
comparison of MCNP-SUBCHANFLOW and MCNP-COBRA coupling schemes
are shown in table 4.3. Both coupled codes use the pseudo material approach
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MCNP-SUBCHANFLOW MCNP-COBRA

Initial conditions
Converged TH solution from

Averaged TH values
KENO/SUBCHANFLOW

Convergence criterion
ε = max|∆Ti| < 0.15% max|∆Ti| < ε

∆k < σ
ε = maxσqi = 0.3%

Adjust N to satisfy this criterion

Fuel XS temp dependence
Using pseudo-materials Using pseudo-materials

50K interval 100K interval

Thermal scattering data Interpolation between data files
No interpolation.

Use the closest library
available.

Table 4.3: Comparison between coupling schemes

to calculate the cross section dependence on temperature. The KIT approach
takes an interpolation interval of 50 K and in Ciemat 100 K interval in the
JEFF3.1.1 cross section library. For the thermal scattering data, KIT has and
interpolation scheme between ACE data files to calculate the new cross section
while Ciemat uses the closest available cross section library. In this benchmark
this effect is not pronounced because the coolant temperature is close to one
available thermal library (573.6 K). Both codes check the convergence with the
temperature difference. The convergence criterion in the KIT coupled code is
0.15% while in Ciemat is 0.3%.

The coupled solution is depicted in figures 4.1 and 4.2. The differences in the
COBRA and SUBCHANFLOW thermal-hydraulics models produce large dis-
crepancies in the subchannel density distribution and hence in the final power
profile and peak fuel temperature. Since no sub-cooled boiling is included in the
COBRA-IV simulation, the density in higher in the lower part and the power
peak is also a 15 % greater in the MCNP-COBRA calculation due to the extra
moderation in the bottom. The fuel temperature is 2% higher. Nevertheless when
SUBCHANFLOW is also used by Ciemat in the coupling calculation and thus the
same correlations are employed in the thermal-hydraulic simulation, the coolant
density is almost the same than in the MCNP-SUBCHANFLOW coupled calcu-
lation by KIT. The peak power is only a 3% lower. This means that in a coupled
calculation, the TH code and the correlations used by the code generate more dis-
crepancies than the coupled method itself. In the benchmark results showed in
[125] the same effect was observed when MCNP-SUBCHANFLOW(KIT) was
compared with MCNP-FLICA(Delft) due to the lack of subcooled boiling in
FLICA.

Another important issue of a neutronic thermal-hydraulics coupled calcula-
tion is the convergence rate. In systems with high coolant density variation like
this case the the convergence is lower than in systems with similar density in
all axial length as in LMFBR. In this case 13 Monte Carlo thermal-hydraulics
iterations were needed to find a converged temperature distribution. The evolu-
tion of the relative power and the semi infinity criticality constant (the reflective
radial boundaries around the pin represents a semi infinity reactor) are depicted
in figure 4.3. The uncoupled calculation with constant temperature and density
has a reactivity difference with the coupled solution of 18800 pcm. In systems
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Figure 4.1: Coolant density in a BWR pin subchannel
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Figure 4.2: Pin power and fuel temperature

with a high density variation an approach should be found in order to accelerate
the convergence rate. One solution that improves the convergence is to use a re-
laxation method to limit the temperature and density change from one iteration
to the next one [33].

Nevertheless in LMFBR applications the converge rate is much faster and no
convergence acceleration is needed. An example of application of this code to
FBR can be found in [127] where the coupled code has been applied to the study
of a SFR fuel assembly at pin by pin level and to SFR full core at channel level
averaging the channels per rings. In both cases the steady state converged solution
was found after 3 iterations and the keff difference with the uncoupled calculation
is only 200 pcm. Another similar application to the MYRRHA core was presented
in the PHYSOR 2012 conference [128]. In this case also the coupling scheme
converges after 3 iterations and the keff difference in this case is only 50 pcm
when the correct average temperatures are used in the uncoupled calculation.
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Figure 4.3: Pin power and fuel temperature

4.2. Kinetic transient benchmark

The problem used in the kinetic benchmark was proposed by Yasinsky and
Henry [5] to address the differences in the flux factorization approaches. Space-
time effects are expected in this numerical experiment since it was intended to
compare different space kinetics methods such as: point kinetic, adiabatic and
quasistatic with a reference solution obtained with a detailed calculation using a
space-time diffusion code WIGLE [129]. This example has been widely used by
other authors [58] to compare neutron transport codes and methods.

The test case is a kinetic transient in a one dimensional slab reactor. The two
group cross sections are representative of a light water reactor. The slab core
(240 cm) is divided in three zones (60, 120 and 60 cm respectively) with different
buckling that symbolizes the leakage from each side of a reactor. In this paper
a comparison of the flux shape depending on the solution method is shown. The
heterogeneous transient is a ramp reactivity insertion during 0.8 s in the first zone
of the slab core. Since the core length is large compared to the neutron mean free
path in a light water reactor this problem is asymmetric and decoupled, what
allows to point out the effect of the delayed neutron source evolution.

This simple kinetic problem has been used to compare the results of the dy-
namic Monte Carlo calculation and the adiabatic method with the exact solution
calculated by the diffusion code COBAYA3 [29]. COBAYA3 is a pin-by-pin diffu-
sion code that has been developed at Universidad Politécnica de Madrid (UPM)
within the framework of the NURISP European project. COBAYA3 has been
verified against other codes using international benchmarks (PWR/MOX UO2)
in both transient and steady state.

4.2.1. Steady state verification

The two group cross sections provided in paper [5] are intended for diffusion
codes and have been adapted to be used with a Monte Carlo code. While the
use of point wise cross sections in MCNP is one of its main advantages against
deterministic codes, MCNP is also able to read multigroup cross sections for
its comparison with analytic problems and diffusion codes [130]. In the MCNP
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Region 1 Region 2 Region 3

E1(MeV ) 5.000000052 5.000000052 5.000000052
E2(MeV ) 2.60E-08 2.60E-08 2.60E-08
D1 1.69531 1.69531 1.69531
D2 0.409718 0.409718 0.409718
Σa1 0.0137513 0.0137513 0.0137513
Σa2 0.261361 0.261361 0.261361
Σr(1− > 2) 0.0164444 0.0164444 0.0164444
Σf1 0.004513 0.004513 0.004513
Σf2 0.124464 0.124464 0.124464
χ1 1 1 1
χ2 0 0 0
ν1 2.7 2.7 2.7
ν2 2.5 2.5 2.5
BT 0.01090505 0.03 0.010885

Table 4.4: 2-groups cross sections for the kinetic benchmark given in the reference [5]

manual [88] the format of the multigroup cross section file is described. This
format have been used to create the cross section data file for this problem.

The three regions consist of uniform material composition except for the trans-
verse buckling. The two group cross section given in the referece is shown in table
4.4. WhereDi if the diffusion coefficient from each energy group, Σa is the absorp-
tion cross section defined as fission plus captures. The transverse buckling BT is
a mathematical artifice used by 1D codes to take into account an inhomogeneous
radial leakage.

This cross sections have been adapted to be used with Monte Carlo codes and
3D diffusion codes. Since the transverse buckling is an extra term in the diffusion
equation an equivalent absorption cross section which includes the effect of the
buckling has been calculated:

Σeq
a = DB2

T + Σa (4.1)

The diffusion coefficient is defined as D = 1
3(Σt−µ0Σs)

where µ0 is a coefficient

to take into account the anisotropic scattering. If we create a isotropic scattering
cross section for MCNP, then µ0 = 0 and hence the total cross section is Σt =

1
3D

.
The capture cross section is Σc = Σeq

a − Σf and the scattering cross section is
obtained from the total cross section as:

Σt1 = Σeq
a1 + Σs1−>1 + Σs2−>1

Σt2 = Σeq
a2 + Σs2−>2 + Σs1−>2

where Σs2−>1 is the removal cross section and the upscattering cross section
Σs1−>2 is taken as 0. The resulting cross section are given in table 4.5

In steady state the results of the diffusion code COBAYA3 and MCNP5 are
similar and the differences are within the uncertainty confidence interval. Using
MCNP5 the keff at steady state is 1.00442 ± 0.00005 and with COBAYA3 is
1.00388, therefore the difference is only 54 pcm, that is a reasonable value tak-
ing into account that two different methods are used to solve neutron transport
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Region 1 Region 2 Region 3

Σeqa1 0.0139529 0.0152770 0.0139521
Σeqa2 0.2614097 0.2617297 0.2614095
Σt1 0.1966208 0.1966209 0.1966208
Σt2 0.8135677 0.8135677 0.8135677
Σc1 0.0094398 0.0107641 0.0094391
Σc2 0.1369454 0.1372654 0.1369452
Σs1−>2 0.0164444 0.0164444 0.0164444
Σs1−>1 0.1662235 0.1648994 0.1662243
Σs2−>2 0.5521580 0.5518379 0.5521581
Σs2−>1 0 0 0

Table 4.5: Macroscopic cross section in the 3 regions of the slab reactor

equations. The flux shape at steady state is also the same as it is shown in figure
4.4.
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Figure 4.4: MCNP5 and COBAYA3 relative thermal flux in the 240 cm slab reactor.

4.2.2. Ramp reactivity transient benchmark

After checking that the solution at steady state between a diffusion and a
Monte Carlo neutron transport codes are the same when proper cross sections
are used, a ramp reactivity insertion transient is performed with both codes.
The transient is an increase fission cross section of the first region during 0.8
second. The total reactivity inserted during this transient is around 300 pcm.
The kinetics parameters used for the transient are: one group of delayed neutrons
with λ = 0.08 s−1 and β = 640 pcm and a neutron generation time of Λ = 10−5 s.
The νΣf in the first region is linearly increased 1.2212% in 0.8 seconds and then
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is kept constant. In this transient all feedback effects are neglected, only the
kinetics equations are solved.

This simple transient problem is used to compare two Monte Carlo criti-
cal transient methods with the diffusion code COBAYA3. The two methods
explained in section 3.3 are: adiabatic Monte Carlo approach and dynamic qua-
sistatic approach. The dynamic Monte Carlo method is based on two assumptions
that should be fulfilled. The first one is that the delayed neutrons precursors
are equally distributed as the total fission source. In this particular case, this
statement is correct because the material composition in the whole geometry is
uniform. A picture with the total and delayed neutron source in this geometry
was already shown in figure 3.10. The second approach is the constant delayed
neutron source (CDS), that is valid in short transients where most of delayed
neutrons result from the decay of the precursors distribution at steady state.
Supposing that the power is constant during the short transient, the time de-
pendent precursors concentration equation 3.82 is used in order to estimate the
fraction of precursors from steady state. The equilibrium precursors concentra-
tion is C0 =

βP0

λ
. At the end of the transient (0.8 s) the precursors concentration

can be written as:

C(0.8 s) = C0e
(−0.08∗0.8) +

βP0

λ
(1− e(−0.08∗0.8))] (4.2)

where the first exponential gives the part of delayed neutrons from steady
state and the rest has been produced in the course of the transient. After 0.8
s, 93% of delayed neutrons come from the equilibrium precursors distribution,
therefore the CDS approach can be used in this specific transient.

The transient was performed using a 0.1 s time step with all codes. All
MCNP5 simulations were carried out with 500000 particles per cycle. In the
adiabatic calculation the fission source from the previous time step has been
used. As it is advised in the manual of best practices in Monte Carlo criticality
calculations [131], enough number of cycles must be discarded prior to beginning
the tallies. MCNP5v1.6 includes a stationary diagnostics of the fission source
using the Shannon entropy [85], that recommend the minimum number of cycles
that should be rejected. In this problem, it was needed to skip 100 cycles to assure
that the source converged in all time points. Furthermore 200 active cycles have
been used to calculate keff and tally results in the adiabatic approach. The
computational time of each MCNP job were 4 minutes using 64 processors in the
Euler cluster placed at CIEMAT. The average execution time per batch is 0.8 s.

The dynamic method explained in section 3.3.2 in based on the prompt mul-
tiplication of the delayed neutron source. The simulation is divided in intervals
and the multiplication of each interval is computed using each kp. If the system
is just critical at steady state and the reactivity insertion is less than β then
kp < 1 and the system converges. Since the system is not just critical at the
beginning of the transient (MCNP predicts a reactivity of 450 pcm) a correction
factor should be used to compute the multiplication of each interval, this cor-
rection factor -F = 1

k0
where k0 is the initial reactivity- multiplies kp to make

a transient starting from critical. In the dynamic Monte Carlo calculation 20
runs with 5-cycles each one have been used, assuring that the fission source has
reached a stationary distribution after these 100 cycles. After that another run
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with 200 extra active generations in order to calculate the converged keff is used.
The simulation time using 64 parallel processors on the EULER cluster were 7.5
minutes in total, i.e. for the 20 5-cycles runs and a final 200-cycles run. The
slow down of this multiple run calculation compared to a unique simulation come
from the fact that the MCNP input has to be read 20 times more. In this case
the slow down is not high because, the average execution time per batch is 1.5 s,
that is only 0.7 s greater per cycle. In problems with a complex input and with
a lot of cross section files to upload, the input reading takes up a higher fraction
of the total execution time, and the dynamic approach will slow down.

The thermal flux and thermal power evolution during the transient with the
dynamic method is depicted in figures 4.5 and 4.6, where the contributions to
the flux and power coming from each interval are shown. Since kp < 1 the
multiplication of each interval is lower when the cycle number increases. The
final part is higher because is the sum from the 101th to infinity. This final sum
will only be convergent if the system is prompt subcritical kp < 1.

The relative amplitude obtained with both methods in each time step com-
pared to COBAYA3 results are presented in tables 4.6. Reactivity results are
summarized in table 4.7. In the quasistatic method two reactivity are calculated:

The first one labeled as ρsta is the static reactivity calculated from the keff
obtained with the converged source and 200 active cycles ρsta =

keff−k0
keff

where k0 is the criticality constant at steady state (before the transient
starts).

The second one labeled as ρdyn is the dynamic reactivity and is calculated
from the total multiplication of the system defined as:

M =
Nruns∑
i=1

Mi +MF =
1

1− kdynp

(4.3)

where kdynp can be understood as an equivalent kp of the system. Knowing

that kdynp = kdyn(1− βeff ) the dynamic reactivity can be written as:

ρdyn =
kdyn − 1

kdyn
(4.4)

It is shown that both adiabatic and quasistatic method are comparable with
COBAYA3 power amplitude and dynamic reactivity results. The differences in
the relative power are in agreement with the reactivity deviations, it means that
the lower reactivity prediction of the adiabatic method gives a lower power am-
plitude. The reactivity differences at the end of the transient between MCNP
and COBAYA are less than at steady state. The reactivity estimations with the
adiabatic method differs with COBAYA3 43% at the beginning of the transient
but then these differences decrease and at the end of the transient the reactivity
difference is only 3%. However, the differences between the quasistatic dynamic
reactivity and COBAYA3 do not present a trend and fluctuate around 3% in
all time points. A comparison between amplitude and reactivity is graphically
shown in figure 4.7. Anyway the differences found in the reactivity between the
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Relative Amplitude Relative differences (%)

Time COBAYA3 Adiabatic Quasistatic
COBAYA/ COBAYA/
Adiabatic Quasistatic

0.1 1.05037 1.02903 1.06016 2.0 -0.93
0.2 1.11463 1.0689 1.12503 4.1 -0.93
0.3 1.18917 1.15656 1.19807 2.7 -0.75
0.4 1.28578 1.23383 1.29266 4.1 -0.53
0.5 1.40523 1.3677 1.4101 2.7 -0.35
0.6 1.56662 1.50973 1.57986 3.6 -0.84
0.7 1.78444 1.7074 1.76285 4.3 1.2
0.8 2.10584 2.0386 2.02832 3.2 3.7

Table 4.6: Comparison of relative amplitude in the 1D bare core transient between
COBAYA3(diffusion code), adiabatic method skipping 100 cycles and quasistatic
method using 20 5-cycles runs.

Reactivity (pcm) Relative differences (%)

Time
COBAYA3 Adiabatic

Quasistatic COBAYA/ COBAYA/Quasistatic
(ρsta) (ρdyn) Adiabatic (ρsta) (ρdyn)

0.1 31.5265 17.9174 ± 4 32.8437 ± 3 32.496 43. -4.2 -3.1
0.2 65.2422 40.8025 ± 4 68.6485 ± 3 67.7985 37. -5.2 -3.9
0.3 101.332 85.5475 ± 4 106.415 ± 3 102.85 16. -5.0 -1.5
0.4 140.164 119.328 ± 4 147.13 ± 3 142.362 15. -5.0 -1.6
0.5 181.941 168.964 ± 4 187.813 ± 3 184.01 7.1 -3.2 -1.1
0.6 227.167 211.612 ± 4 239.363 ± 3 233.202 6.8 -5.4 -2.6
0.7 276.119 259.175 ± 4 288.88 ± 3 275.621 6.1 -4.6 0.18
0.8 329.440 318.566 ± 4 335.381 ± 3 323.4990 3.3 -1.8 1.8

Table 4.7: Comparison of reactivity in the 1D bare core transient between COBAYA3
(diffusion code), adiabatic method skipping 100 cycles and quasistatic method using 20
5-cycles runs.

diffusion code and the dynamic MCNP calculation are always lower than the keff
differences at steady state (50 pcm).

In addition to the power amplitude and the reactivity, the flux shape is another
important parameter to compare. In figure 4.8 the normalized flux shape with
both methods at the end of the transient (0.8 s) is depicted. The maximum flux is
located at 50 cm from the boundary. The adiabatic method predicts a higher peak
because it assumes that spatial shape of delayed neutrons source is the same as
that of prompt neutron source at any time. This means that the adiabatic method
neglects also the time delay of the adaptation of precursors spatial distribution
to the distorted flux shape. The flux shape obtained with the dynamic method
is more similar to the diffusion code result because the distorted flux have been
obtained from a real spatial distribution of delayed neutrons. These findings are
in agreement with the conclusions of Yasinsky and Henry [5].

The relative flux in the first zone is a 3.53% higher with the adiabatic method
than with COBAYA3 and a 6.10% lower in the third region of the slab core
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whereas with the dynamic method the flux in the first zone differs only a 1.79%
COBAYA3 results and 2.18% in the third zone.

A sensibility calculation to the number of cycles used in the noconverged runs
has been made. A similar calculation with 50 2-cycles runs and then 200 active
cycles with the stationary fission source was performed. The number of particles
per cycle has been doubled in order to get the results with the same statistics: 1
million particles has been used instead of 500000. The results differ with the 20
5-cycles calculation only a 0.3 % in the amplitude and a 0.01% in the reactivity
and the shape of the two calculations are almost the same, as it is shown in figure
4.9. This test shows that assuming that in a 5-cycles run the flux shape does
not change a lot, is correct for this particular case because doing groups with less
cycles does not improve the result. In addition the calculation with 50 2-cycles
runs is more time expensive because the simulation requires double of histories
per cycle to achieve the same statistics. The total computation time for 300 cycles
where 16 minutes (3.2 s per cycle) instead of 7.5 minutes of the other case.

In order to summarize the results obtained in this theoretical problem, it can
be concluded that: in a kinetic transient in a neutron uncoupled thermal system,
the flux shape during the transient estimated by the quasistatic method (dy-
namic Monte Carlo) is more accurate than the shape obtained with the adiabatic
method (Monte Carlo fundamental mode solution). The reactivity predicted by
all methods are similar with a difference less than 10 pcm being the statistical
uncertainty of MCNP results 4 pcm. The power and flux amplitude are in agree-
ment with the reactivity estimation being the differences less than 6%. In an
heterogeneous and uncoupled transient it is clear that the adiabatic approach
introduces an error in the result. Whereas a local perturbation in a coupled sys-
tem is transmitted quickly to the whole system, the perturbed flux will reach the
asymptotic value faster and the error of the adiabatic approach will be expected
lower. The differences found in this example are the largest errors that can be
found in a transient because this is an uncoupled system without feedback effects
that smooths the flux tilting under a local perturbation. In principle, applied to
power reactors with reactivity feedback, these orders of magnitude in the errors
made by the adiabatic or the quasistatic approach can be assumed.
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Figure 4.5: Relative thermal flux in a the transient (n/cm2/s) with the dynamic ap-
proach. The flux of each interval is multiplied by 20. The total flux is the summing
over all intervals.
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Figure 4.6: Fission rate in the transient (W) using the dynamic approach. The flux of
each interval is multiplied by 20. The total flux is the summing over all intervals.
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4.3. Transient studies in fast reactors

The kinetic benchmark presented in the previous section addresses that the
error made in the flux shape estimation by the adiabatic approach is less than 6%.
In a dynamic transient including feedback effects and coupled with a 3D thermal-
hydraulics code, the perturbation effect is smoothed by the thermal-hydraulics
feedback and the response time is governed by the time constant of the heat
transfer.

CIEMAT participates in an European 7th FP project MAXSIMA for the
Methodology Analysis and eXperiments for the Safety in MYRRHA Assessment.
CIEMAT participation is intended in the simulation of some unprotected tran-
sients using the coupled Monte Carlo/thermal-hydraulics code. The objective is
to make a cross checking between dynamic codes and to assess possibles inac-
curacies in the modeling of deterministic neutronics codes. In this section an
Unprotected Loss of Flow (ULOF) transient in the MYRRHA critical facility is
analyzed. First of all a brief description of the facility and the steady state model
of the core and then the transient results are studied and compared to other
computer codes.

4.3.1. MYRRHA experimental facility

The MYRRHA facility, a Multi-purpose hybrid research reactor for high-tech
applications is an initiative of the Belgian SCK·CEN center, also supported in
the European Sustainable Nuclear Industrial Initiative (ESNII) organization as
a part of the Sustainable Nuclear European Technological Platform (SNE-TP).
The MYRRHA project is presently evolving from feasibility analysis considered
in past EU framework projects (EUROTRANS) to Front End Engineering Design
phases, then requiring significant research and development activities to support
licensing regulatory requirements. The FASTEF concept is a fast reactor facility
based on Lead-Bismuth eutectic (LBE) metal coolant, able to operate in both
subcritical and critical core configurations. Additionally, it should be a test irra-
diation facility, among other objectives able to demonstrate Minor Actinide (MA)
transmutation and its associated technology. Using a mixed oxide fuel with Pu
content around 30%, an additional objective is to provide a high value of neutron
flux for additional irradiation purposes.

The objective of the CDT-FASTEF project was the advanced design of the
flexible facility able to operate in both critical and subcritical modes, including
neutronic and thermal-hydraulics characterization and safety analysis. CIEMAT
participated in the neutronic design in coordination with other partners. The
work performed by CIEMAT was focused on the basic neutronic characterization
of critical and subcritical cores and in transmutation feasibility studies [132].
The purpose of subsequent project MAXSIMA is to aid the implementation of
the ESNII roadmap by supporting the development and licensing of MYRRHA.
MAXSIMA focus on safety of MYRRHA by doing safety analysis and studying
the safety of fuel, core components and cooling systems. The project do not
include only numerical simulations but also experiments in mock-ups and tests
of isolated plant systems.

The MYRRHA is a LBE cooled pool type experimental reactor. All the
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primary coolant (3400 tons) is contained within the reactor vessel. The working
temperatures are 270� for the cold pool and 410� for the hot pool. The pools are
separated by a diaphragm that avoids the coolant mixing between the core inlet
and outlet. The thermal power is extracted through 4 primary heat exchangers
with water in the secondary side. There are also two pumps to achieve the forced
circulation to cool the reactor. The reactor core is inside a core barrel with holes
in the upper part to spread the coolant in the hot pool.

The reference 100 MWth MYRRHA critical core layout in an equilibrium
cycle consists of 69 driver fuel assemblies (FA), 7 experimental positions or in-
pile-sections (IPS), 6 buoyancy driven control rods inserted from the core lower
part and 3 gravity driven safety rods with upper insertion. There are 42 shielding
FA (with ZrO2-YO3 pellets) just adjacent to the core barrel, and there is a further
dummy radial ring between the shielding FA and the last active fuel ring with no
rods but LBE flooded. All FAs are inserted in an upper diagrid and has a core
restraint system in the lower part to avoid core compaction. Each FA has 126
mixed oxide (MOX) fuel pins in hexagonal geometry, a central He pin, and it is
surrounded by a T91 steel wrapper. The pin total length is 140 cm with an active
length of 60 cm and lower and upper reflectors and gas plenums. The MOX fuel
is a matrix of natural Uranium with an assumed 34.5% Pu content, including a
very little Am due to decay upon Pu storage. Horizontal and vertical core cross
section views of the MCNP model are shown in figures 4.10 and 4.11 .

Figure 4.10: MCNP MYRRHA core model: a) xy plane cut and b) axial view with
gravity driven CR inserted and buoyancy driven CR extracted.

The IPS consists of an Aluminum matrix which fits in an FA region and
contains 7 holes to allocate steel irradiation samples or fuel pin prototypes. 12
small He channels for thermocouples and instrumentation devices complete the
device. The IPS irradiations positions are filled with the cylindrical Al blocks
surrounded by Helium.
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Figure 4.11: MCNP MYRRHA model: a) IPS axial view b) xy plane detail

4.3.2. Steady state MYRRHA model

The reactor steady state at full power is the starting point of any transient
to be analyzed. A MCNP/COBRA-IV coupled analysis of the reference core at
beginning of the equilibrium (BOC) burnup cycle has been carried out. In order
to simulate the BOC burnup state without using a burned fuel composition with a
lot of isotopes what multiplies the memory allocation needs, the Pu enrichment in
the fresh fuel is reduced from 34.5% to 33%. The power profile with this fictitious
burned fuel does not match the real BOC state which is made up of 5 zones with
different burnup. Since in a coupled calculation each fuel region an axial level
have a different material and the number of isotopes of the fuel is multiplied due
to the use of pseudo materials, the MCNP run is expensive in terms of memory
and the number of fuel isotopes has to be limited not to go beyond the computer
memory (2GB). With this fuel enrichment and the buoyancy driven CR inserted
10 cm inside the active core and cold dimensions the keff is 1.00917±0.00007 pcm.

At the beginning of the transient the reactor should be just critical at full
power. In order to reach criticality the buoyancy driven CR should be inserted
into the core the enough length to obtain a keff close to 1 and using the real hot
geometry of the system. This process is done during the coupling iterations by
adapting CR insertion length until a keff value close enough to one is obtained.
The process finishes when the convergence in temperatures is achieved, it is when
the system is so close to critical that the small perturbation in the CR insertion
length does not change the power distribution.

The MYRRHA model for the coupling procedure is designed as follows:

The power is calculated in each FA and axial level by MCNP using flux
tallies multiplied by the fission cross section.

Each channel is used by COBRA-IV to calculate in an average FA pin the
fuel, cladding and coolant temperature and the coolant density per axial
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level. This is achieved by dividing the channel power between the number
of pins in a FA. If one wants to calculate the peak pin temperature in a FA,
and extra subchannel simulation should be performed in the hottest FA.

Then the temperatures are averaged per radial rings. Each rings of FAs
make up an universe in the MCNP input. And these temperatures and
densities of each universe are used to update the MCNP input.

The CR insertion length is recalculated comparing the reactivity of the
last two iterations. The CRs are moved in the MCNP input by using a
transformation card.

A plot with the rings division in the MYRRHA model is shown in figure
4.12. The 69 FAs are grouped in 5 radial rings and 6 axial levels giving a total
of 30 different fuel, cladding and coolant temperatures. The assemblies without
power are the 6 buoyancy driven CR, the 3 gravity driven safety rods, and 7 IPS.
Furthermore there are some extra channels to complete the hexagonal geometry
giving a total of 91 channels to be calculated by COBRA-IV.
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Figure 4.12: MYRRHA core rings arrangement.

The steady state coupled state is achieved after 5 iterations. The CR insertion
in the active core to achieve a quasicritical state (0.99975 ± 0.00006 pcm) is 12
cm. The thermal-hydraulics parameters compared to the reference for the BOC
core are shown in table 4.8. The reference values are the results of the RELAP5
simulation performed by SCK·CEN and gathered in the CDT project deliverable
D2.3 [133].

In the COBRA-IV model of the MYRRHA core 91 channels has been sim-
ulated, 69 of them are heated and the rest without power represent CRs, IPSs
or dummy assemblies. Only the active length (60 cm) of the fuel assemblies is
simulated, divided in 6 axial nodes. The flow through the core has been adapted
in order to achieve the design axial temperature change in the heated channels
(140�). The flow per core channel with COBRA-IV is 6% lower than the ref-
erence value. The maximum fuel and cladding temperatures calculated with
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COBRA-IV Reference (BOC)

Flow per core channel (kg/s) 67 71.5
Gap conductance (W/m2/K) 3236 2000
Fuel conductivity (W/m/K) 2.08 1.86
Cladding conductivity (W/m/K) 21.8 n.a.
Delta P core (bar) 1.1 (active length) 2 (whole length)
T Coolant inlet (�) 270 270
T Coolant outlet (�) active FA average 410 410
T Coolant outlet (�) 91 FA avraged 376 350
FA Maximum T Fuel (�) 2135 2200
FA Maximum T Cladding (�) 476 500

Table 4.8: Comparison of COBRA-IV model of MYRRHA core with the reference for
BOC

COBRA-IV are the average pin temperature in the hottest channel because the
subchannnel analysis is not performed. This maximum temperature may differ
form the maximum pin peak temperature calculated by other codes. A compari-
son of the maximum fuel centerline and cladding temperatures are shown in 4.13.
Since the hottest pin within a subassembly is not simulated by COBRA-IV the
predicted temperatures are a 3% lower. This value represents a 1.03 peak radial
factor of the FA that is similar to the 1.02 FA radial peak factor calculated by
ERANOS [134] . All maximum temperatures calculated by COBRA-IV should
be increased a 3% in order to account for the pin peak temperature.
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Figure 4.13: MYRRHA steady state maximum fuel and cladding temperatures. Com-
parison of COBRA-IV and RELAP5 simulations

4.3.3. ULOF transient in MYRRHA

In the critical LBE-cooled FASTEF final safety analysis, the design basis
conditions (DBC) and design extension conditions (DEC) events are studied. The
list of DBC events includes familiar transients as loss of flow, transient overpower,
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loss of heat sink, FA blockage, CR withdrawal, etc. This list of transients has
been analyzed in both protected an unprotected situations. Protected means that
the the CRs go into the core shutting down the reactor, and when it is impossible
to shut down the rector they are called unprotected transients. All protected
transient should meet DBC when a conservative study is performed, but not all
the unprotected should fulfill DBC. For example the unprotected FA blockage
and the unprotected loss of heat sink (ULOHS) are DEC event, what means than
under a best estimate analysis, a local fuel melting is expected but not a severe
core damage. These transients are classified as DEC transient based on the small
probability of occurrence (less than 1.0E-6 per year).

The most limiting transients in fast reactors safety analysis are unprotected
transients where the behavior of the plant after an initiating event, without the
intervention of protection logic, is studied. The unprotected loss of flow (ULOF)
has been chosen within the MAXSIMA project for code and reactor model com-
parison. In the ULOF transient the DBC4 should be met. DBC4 are limited by
a localized fuel melting but a severe core damage and a significant loss of clad
integrity is not envisaged.

The ULOF foresees the complete failure of both primary pumps, with primary
system switching in natural circulation and with the addition of the failure of the
safe shutdown systems. The secondary and tertiary systems active components
(pumps, fans) are supposed to preserve their active functionality. The reactor
power is driven by neutron kinetics feedbacks. It is assumed that the pumps
coast-down normally with a coast-down half-live (15 s) given by the pump iner-
tia. Before the asymptotic natural convection flow in the primary circuit has been
established, a short term undershoot it expected. The time and depth of this un-
dershoot will determine the maximum clad and fuel temperatures reached during
the transient. For an accurate calculation of the undershoot a CFD simulation
of the primary circuit or an experimental demonstration is needed.

This transient has been simulated with the MCNP/COBRA-IV coupled tool
using the adiabatic approach. Since this transient is slow (100 s) it allows for
time steps of 1 s, where delayed neutron source reaches a converged distribution
in each time step, so the hypothesis of the adiabatic approach are fulfilled. Since
COBRA-IV is a subchannel code that can be used in rod bundles and nuclear
cores, it is not able to simulate the full primary circuit. Therefore the core inlet
flow and temperature are taken as inputs for the simulation. The curve adopted
as inlet flow is a straight line from from the nominal flow to the natural circulation
flow (14 % of nominal). The flow function is depicted in figure 4.14. Since the
inlet core temperature only changes a few degrees during the transient it is taken
as constant.

The ULOF transient simulation has been performed using the adiabatic ap-
proach with 1 s time steps during 40 s. In each time step the temperature and
density distribution in the core is calculated. The MCNP input is updated us-
ing the fuel cross section at the suitable temperature to take into account the
Doppler effect and the coolant density is changed to account for the coolant tem-
perature feedback. In addition the expansion reactivity coefficient is accounted
for by changing core dimensions: the fuel axial length is expanded according to
the fuel bulk temperature, the cladding radius is changed linked to the cladding
bulk temperature and FA pitch and barrel radius follow the fluid average out-
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Figure 4.14: MYRRHA primary pump coast-down in an ULOF transient.

let temperature. The core is expanded uniformly without account for the core
flowering or FAs bowing. Since MCNP is flexible in terms of geometry modeling,
if the real deformed core shape is known, it can be accurately simulated with
MCNP. A thermomechanical code is needed to figure out the core shape.

The power and reactivity of the adiabatic approach has been compared with a
point kinetic calculation using feedback coefficients. In the point kinetic calcula-
tion the flux shape is taken as constant during all the transient and the reactivity
change is estimated according to the following equation:

∆ρ = αcool∆Tcool + αclad∆Tclad + αfuel∆Tfuel +KD ln
T newf

T oldf

+ αdiag∆Tout (4.5)

The reactivity feedback coefficients used in the point kinetic simulation were
calculated by ERANOS within the CDT project. These coefficients have been
used by all the partners participating in the MYRRHA safety analysis.

KD = −339pcm

αfuel = −0.32pcm/K

αclad = −0.1pcm/K

αcool = −0.31pcm/K

αdiag = −0.76pcm/K

The results of the power and reactivity evolution during the transient with
both methods (adiabatic and point kinetics) are depicted in figures 4.15 and
4.16 . The simulation of 40 s of the ULOF transient with the adiabatic method
requires 40 MCNP executions, hence the total computational time was 87 h using
128 processors in the EULER cluster at CIEMAT. The results of both calculation
methods matches because in this symmetric transient the flux shape is almost the
same during all the transient and does not affect to the reactivity determination.
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Furthermore the method used to calculate the reactivity coefficients is equivalent
to the MCNP input transformations. The reactivity calculated by MCNP in the
adiabatic approach has some fluctuations due to the statistical uncertainty but
this point can be fitted to a smooth curve. The asymptotic power level at the end
of the transient is 40 MW that matches with the results obtained with RELAP5.
The minimum reactivity is -180 pcm at 19 s that is also similar to other results.
At the end of the simulation time (100 s) the reactivity is -19 pcm, thus the
reactor has not reach yet the stability.
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Figure 4.15: MYRRHA ULOF results: Core power (MW).
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Figure 4.16: MYRRHA ULOF results: Reactivity (pcm).

In figures 4.17 and 4.18, the fuel and cladding maximum temperatures are
showed. As it was mentioned before this maximum temperatures represent the
average pin in the hottest FA. In order to calculate the maximum pin temperature
within the reactor the FA radial peak factor should be applied. Fuel maximum
temperature is not an issue in this transient because it decreases as the reactor
power, but cladding temperature increases due to the coolant heat up caused by
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the lower flow. The maximum cladding temperature is 943 � and is reached at
19 s from the beginning of the transient. At this temperature some pin failures
are expected because of the cladding creep.
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Figure 4.17: MYRRHA ULOF results: Maximum and average fuel centerline temper-
ature.
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Figure 4.18: MYRRHA ULOF results: Coolant outlet average and maximum temper-
ature and cladding maximum temperature.

The advantage of the adiabatic method is that an accurate temperature and
power map of the core is obtained in each time step, which allows for a better
prediction of hot spots. Since this case is a symmetric transient, the radial power
profile changes only a 0.6% between 0 and 20 s, but in asymmetric transients in
uncoupled cores a higher difference is envisaged. As an illustrative example of the
3D prediction capabilities of the code, figures 4.19 and 4.20 present a comparison
of the coolant temperature map per radial ring and axial level between nominal
working conditions and the point where the power is maximum in the transient.
At nominal working conditions (figure 4.19) the axial temperature gradient over
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the core is 140 � and the outlet coolant gradient is 100 �. Whereas at 20 s,
where the peak power in the ULOF transient is reached, the axial temperature
gradient is over 600 � and the radial coolant outlet gradient is 400 �.
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Figure 4.19: MYRRHA ULOF results: Coolant temperature map per FA at 0 s.
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Figure 4.20: MYRRHA ULOF results: Coolant temperature map per FA at 20 s (point
with the maximum power level during the transient).
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Conclusions

5.1. Summary

A sustainable long term nuclear energy use envisages a fleet of fast reactors
for Pu recycling and MA transmutation or combined with some ADS just for
MA elimination. These innovative reactor concepts require more accurate com-
putational tools because of the lack of experimental data. Although several fast
reactors have operated in the last years, the operational experience is still reduced
and not all the transients have been understood. The safety analysis approach
for LMFR is different than that employed in LWR safety analysis. Furthermore,
there are insufficient experimental results to validate the safety analysis codes.
Usually, the approach adopted is to employ a varied set of codes, somewhat dif-
ferent for the each other, to analyze transients finding a comprehensive solution.
In this framework new best estimate simulation codes are required in order to
analyze fast reactors steady state and transient for the design and license phases.

In this thesis, a computational tool for fast reactors applications has been
developed. The tool couples the Monte Carlo code for neutron transport MCNP
with the subchannel code COBRA-IV. MCNP allows for an accurate geometry
description while using continuous energy cross sections. Monte Carlo codes are
taken as reference for fast reactor neutronics analysis. COBRA-IV is a subchan-
nel thermal-hydraulics code that can be used for both rod bundles or reactor core
fluid dynamic simulation using different coolants such as water, liquid metal or
gas. The use of COBRA-IV with liquid metals has been validated against exper-
imental results when proper heat transfer and friction correlations are used. This
coupled neutronics/thermal-hydraulics tool is applied for best estimate steady
state analysis of fast reactors.

An interface was developed in order to execute both codes sequentially reading
the useful information in the outputs and writing the updated data in the inputs.
The code was written in the object orientated language C++, that has some pre-
defined functions and classes that simplifies file handling. An initial MCNP and
COBRA-IV inputs defining the same problem are required to start the coupling
calculation. The code can be applied to pin-by-pin analysis of one FA or to a full
core. Since the discretization of a whole core for a coupled pin-by-pin calculation
is too expensive in terms of memory requirements and computational time, an
approach has been adopted that allows for the whole core calculation at channel
level in a reasonable amount of time and without exceeding the computer mem-
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ory. The approach is based on calculating the total power per FA (all the pins
inside a FA) and per axial level and then grouping the FA per rings of similar
power. The FA power in used by COBRA-IV to calculate the average properties
in the channel, then this TH data are averaged per radial rings and used to up-
date the MCNP input. Using this approach a reactor full core MCNP simulation
can be performed in 2-3 h using 128 processors.

In order to take into account the Doppler effect in the neutronic/thermal-
hydraulics coupled analysis, the fuel cross section should be compiled at the
suitable temperature. Since the on-line cross section processing is prohibitive in
terms of execution time and spent memory, the pseudo material approach has
been adopted. The accuracy of this approach has been checked using libraries
compiled each 100 K, in fast reactors the differences are less than 10 pcm = 3σ
in keff or 1% in reaction rates.

The steady state coupled code has been successfully used at pin by pin level
in a sodium fast reactor FA and at channel level in the sodium cooled ESFR
and in the LBE-cooled MYRRHA research reactors. In addition to this fast
reactors applications the steady state coupled MCNP/COBRA-IV code have been
benchmarked against a similar tool being developed at KIT that couples MCNP
and SUBCHANFLOW. The model used for the benchmark is a simple BWR
pin. Since the thermal-hydraulics models of COBRA-IV and SUBCHANFLOW
are different the power peak differs 15% but when the same thermal-hydraulics
code is used for the coupling the power difference is only a 3% being the power
uncertainty a 0.3%.

In the second part of the thesis two empirical approaches have been developed
in order to perform selected transients with the MCNP/thermal-hydraulics cou-
pled tool. The first practical solution is based on the flux factorization adiabatic
approach. MCNP calculates the power distribution and the reactivity includ-
ing the feedback and point kinetics equations are used to calculate the power
evolution. It assumes that the prompt and delayed neutron distributions are in
equilibrium in each time step. This hypothesis imposes some restrictions in the
type of transient that can be analyzed. In general the adiabatic approach can be
used to analyze those transient in which the power shape change per time step is
small assuring that prompt and delayed neutron distributions are converged. In
fast reactors the neutron mean free path is larger than in LWR and the reactor
is coupled, it means that a local perturbation is quickly transmitted to the whole
core. Therefore the adiabatic approach can be applied to homogeneous transients
in a fast reactor and to heterogeneous transients where the local perturbation is
slow or the reactor is too small compared to the neutron mean free path.

The second transient solution attempts to capture the real flux shape evolution
with a Monte Carlo calculation. The criticality dynamic method divides the
cycles (commonly skipped until a converged fission source is reached) in intervals
and calculates the contribution of each interval to the total flux distribution.
The contribution depends on the prompt criticality multiplication constant. This
approach has also some restrictions in the application field. It can be used for
reactivity insertion transients less than 1$ because the multiplication computation
is based on a sum over kp that will diverge if kp > 1. Up to now this approach
also assumes that the delayed source is equally distributed as total fissions. This
assumption is true in systems with homogeneous fuel composition. The last
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hypothesis is that the delayed neutron source is constant during the transient
time, that is valid only in short transients compared to the averaged precursors
decay constant (τ = 12 s). This method have been only tested in a theoretical
transient but it is planned to extend the application to real transients.

The two transient solutions have been compared in a simple bare core with
diffusion code system. Since this is an uncoupled and short transient therefore
the dynamic solution obtains more accurate results. The differences between the
diffusion and the adiabatic flux shape is less than 6% whereas with the dynamic
the difference in only a 2%. Regarding the reactivity the differences are also lower
with the dynamic approach (4 pcm) than with the adiabatic (11 pcm).

With the two empirical methods for transients calculations developed here a
wide range of transients can be analyzed specially in fast reactors applications.
With the adiabatic approach the long and slow homogeneous transients are cov-
ered, this includes for example ULOF/PLOF and ULOHS/PLOHS transients.
With the dynamic solution a fast, short and heterogeneous transients can be
analyzed, this involves CR ejection and withdrawal and FA blockage transients.

Finally the adiabatic approach has been used to perform an ULOF transient in
MYRRHA. This work is framed within the MAXSIMA EU project as an internal
code comparison among project partners. The boundary conditions (inlet flow
and temperature) was an input because COBRA-IV is a core code and can not
close the primary circuit. The results obtained with the adiabatic approach are
similar to other participants that used codes as RELAP5. The main difference
was found in the maximum fuel and cladding temperatures. The reason is that
COBRA-IV only calculates the average pin temperature per channel and not the
maximum pin temperature within the assembly. The discrepancies in maximum
temperatures, match the radial assembly peak factor: 1.03. Since the same ex-
pansion mechanism has been used in the MCNP calculation than to calculate the
reactivity feedback, the results of Monte Carlo and deterministic codes are the
same. The diagrid expansion reactivity coefficient is crucial in some transients,
for example in the ULOF transient studied in this thesis the reactivity due to
the core expansion (200 pcm) compensates positive reactivity insertions form fuel
expansion and Doppler. The advantage of the Monte Carlo calculation is that
real core deformation can be modeled and thus the expansion reactivity feedback
is accurately estimated.

5.2. Future work

In this section the modifications that would help to improve the code are listed
below. In addition a proposal to include new features is also explored.

Concerning neutronics and thermal-hydraulics coupling, the on-the-fly Doppler
broadening capability that will be implemented in future MCNP6 releases [81],
is a better approach than pseudomaterials for the cross-section temperature de-
pendence handling. Therefore MCNP5v1.6 should be replaced by MCNP6 when
the MCNP6 version with on-the-fly Doppler broadening is released.

In fast reactors applications the convergence rate of neutronics and thermohy-
draulics iterations is fast because the density change in the coolant is small, but for
LWR applications the convergence rate is slow and it could diverge. Consequently
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a relaxation method should be implemented in order to improve the convergence
in systems with huge coolant density changes through the axial length.

The deformation model already implemented in the code to simulate the ex-
pansion reactivity feedback in fast reactors transients is a simplification because
it assumes that the whole core expands uniformly and not with the expected
flower shape. The deformation model depends on each particular reactor design.
For example in the ESFR, the diagrid is in the bottom and then it will change
with the coolant inlet temperature, and in MYRRHA, since fuel assemblies float
in LBE, the diagrid is in the top part and it will suffer a stronger deformation be-
cause is linked to the coolant outer temperature. In order to know the real shape
of a certain reactor, a simulation with a thermomechanical code is required. Since
MCNP allows for a flexible geometry modeling, it could be implemented once the
accurate deformed shape is known.

In addition to the core deformation in normal operation or design basis ac-
cident, material relocation in a severe accident could also be simulated in order
to study the criticality of the new configuration. For this purpose, a core fusion
model as the one present in the SIMMER-III code would be needed to estimate
the geometry of the melted fuel.

The idea of the flux factorization approach to calculate the flux time evolution,
is to separate the time and spatial dependence in order to take advantage of the
slow shape change. In the adiabatic approach, an adaptive time step algorithm
should be implemented to reduce the number of MCNP calculations without
worsening the accuracy of the calculation.

The dynamic approach needs to be further developed in order to simulate
transients in a full reactor and in a reasonable amount of time. The correct
delayed neutron distribution has to be determined carefully and not using the
approach that delayed neutrons are equally spatial distributed as total fission
source. For instance in fast reactors with a heterogeneous MA loading, the frac-
tion of delayed neutrons emitted by fission is not equal in all the core and thus
the delayed neutron source is different from the total fission source.

In principle, this simulation tool can be further developed in order to simulate
transients in subcritical systems. Although the source mode in MCNP allows for
time dependent simulations, the practical implementation in the code has not
been yet carried out, because an approach should be found to take into account
the delayed neutron source evolution from one time step to another, or it has to
be assessed that the delayed source importance in a subcritical case is negligible.

The time dependent computational tool for critical systems will be used in the
framework of the MAXSIMA project to simulate selected design basis accidents
in the MYRRHA facility. In order to take advantage on the 3D capabilities of
the code, the future applications will be focused on heterogeneous transients and
code benchmarking.
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Methods to solve point kinetics
equations

Among semi-analytical methods we can emphasize:

The Stiffness Confinement Method (SCM) The SCM [135] decoupled the
stiffness of the equations by introducing a new variable w(t) = d

dt
lnn(t),

therefore the time step to solve the equations can be enlarged. The resulting
equations are solved iteratively until the convergence of w(t). To keep the
method mathematically attractive the reactivity should vary linearly.

Power Series Solutions (PSS) The point kinetics equations are solved using
a series development [136] for the different variables (n(t) and c(t)) and
deriving the recurrence relations for the coefficients. The main drawback is
that the reactivity function has to be developed in time series and it has to
be known beforehand. The matrix notation can be also used to solve the
equations [137].

Converged Accelerated Taylor Series (CATS) The power series solutions
method has been improved in order to find accurate solutions of point ki-
netics equations with non-liner feedback [138]. Convergence accelerations
are employed to provide highly accurate result. The algorithm performs
successive mesh refinements until the desired accuracy is obtained.

Piecewise Constant Approximation (PCA) This approach [139] assumes that
the reactivity is constant during the time step. The system matrix is de-
composed as A(t) = XDX−1 where D is a diagonal matrix and simplifies
the computation. It can be easily implemented in matrix environment codes
such as MATLAB.

The main drawback of the semi-analytical methods is that the reactivity func-
tion has to be know beforehand in order to perform the series development and
that excluding the CATS method they do not allows for reactivity feedbacks.
Numerical methods seems to be more useful for our requirements.

It is necessary to choose properly the numerical methods to solve a set of
stiff differential equations because the solution could be unstable. A great review
of the numerical methods to solve differential equations and in particular stiff
ordinary differential equation is given in [140]. If we have a differential equation
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y′ = f(t, y) = Jy where J = ∂f
∂y

is the Jacobian of f(t, y). The stability domain

of the solution is |R(hλi)| ≤ 1 for all Jacobian eigenvalues λi, where R(hλi) is the
numerical solution after one step for the equation y′ = Jy =

∑
i λiy and h is the

step size. Therefore the stability of the solution is given by the product of the
Jacobian eigenvalue and the step size. Hence the λi of stiff equations becomes
large, the step size is limited to remain the method stable. Explicit methods
usually have small stability domains. As a consequence, the step size to solve
a stiff problem, has to be taken extremely small to keep hλ inside the stability
domain. Implicit methods are more appropriate to solve stiff set of equations
because they allows for the use of larger step sizes.

Another point to take into account is the order of the method, if a method is
of order p then the local error is of order O(hp+1). Thus the accuracy depends
on the order and the step size. If one wants accurate solutions within reasonable
computation time, higher order methods are needed.

The most used implicit methods to solve PKEs are:

Implicit Euler method The Euler method is the easiest solution to solve a dif-
ferential equation y′(t) = f(t, y(t)), the implicit method consists in calculate
the value at the new time step as y(t+∆t) = y(t)+ f(t+∆t, y(t+∆t))∆t.
Sometimes it requires an iterative method until a converged solution is
found.

Exponential extrapolation This method consist in separate the temporal de-
pendence of the power in two terms: p(t) = A(t)eωt supposing that the
power behavior is moreover exponential where the function A(t) represents
a modulation and depends weakly on time. The ω value is obtained after
an implicit iterative process. This method allows for the use of higher time
steps than the Euler method [141].

RADAU IIA: an implicit Runge-Kutta method RADAUmethods are fully
implicit Runge-Kutta methods based on Radau quadrature formulas [140].
A s-stage RADAU IIA method is of order 2s − 1 and is A-stable, which
means that the stability domain matches the left half of the complex plane.
An implementation of the RADAU IIA method of order 5 with a variable
time step is found in [142].

In the bibliography there many theoretical kinetic problems to test the ac-
curacy and precision of point kinetics numerical methods. A ramp reactivity
insertion using 6 groups of delayed neutrons is used to benchmark the RADAU
IIA method against the reference results in the bibliography. Afterwards the
RADAU IIA method is compared with the implicit Euler and the exponential ex-
trapolation method using the same problem with one group of delayed neutrons.
The fundamental aspects to choose one method are the accuracy of the solution
and the number of time steps employed. In this case the computational time is
not an important point to choose a method, because the time required to solve
point kinetics equations is almost negligible compared with the simulation time
of Monte Carlo codes.

The ramp reactivity insertion is 0.1$/s and the 6 groups kinetic data is shown
in table A.1. The neutron mean generation time is Λ = 0.00002 s. The reference
solution was obtained from [138].
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Group β λ (s−1)
1 0.000266 0.0127
2 0.001491 0.0317
3 0.001316 0.1150
4 0.002849 0.3110
5 0.000896 1.4000
6 0.000182 3.8700

Average 0.007 0.4352

Table A.1: Kinetic data for the PKE benchmark problem. 6 groups and 1 group average
value.

t(s) Reference RADAU IIA (6g) RADAU IIA (1g) Exp. Ext Euler

2 1.33820 1.33820 1.38059 1.38059 1.38059
4 2.22844 2.22843 2.68771 2.68769 2.68769
6 5.58205 5.58207 9.74933 9.74932 9.74932
8 42.7862 42.7862 155.412 155.416 155.416
10 451163. 451163. 5406843. 5408140 5408780

Table A.2: Ramp reactivity insertion 0.1$/s results.

The results of the simulation are shown in table A.2. The RADAU IIA sim-
ulation uses 72 time step for a 10 seconds transient when the tolerance is 10−5

while the for the Euler and exponential extrapolation methods one million time
steps have been used. The results of the RADAU IIA method using 6 groups of
delayed neutrons are equal to the reference solution up to 5 significant figures.
When 1 group of delayed neutrons is used, the exponential extrapolation method
and implicit Euler method matches RADAU IIA solution at 10 seconds only up
to 3 significant figures. Therefore the accuracy of the Euler and the exponential
extrapolation methods are lower and they require a tiny time step.

In the adiabatic approach we need to solve PKEs. Since we run an MCNP
calculation to estimate the reactivity and the shape each time step and it is high
time expensive, we need to minimize the number of time step. Therefore the
numerical method must be able to obtain high accuracy results using large time
steps. Although the computational time per time step with the RADAU IIA is
large, the fact that not many steps are needed even for accurate results make this
method suitable for our requirements.
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Appendix B

Coupling code input description

This appendix describes the coupling code input deck including the format
specification and an explanation of the required parameters.

The input is a text file containing key words and their corresponding value.
The key words can be written in lower-case letters, in capitals or with the first
letter in upper-case. Key words and their meaning are listed below:

MCNP It is the MCNP input name. Two values can be provided if the input
names for steady state and transient are different.

COBRA It is the COBRA-IV geometry model input name. The file containing
the power in each rod and axial level is created by the coupling code. Two
different values for steady state and transient can be provided too.

Script Name of the script that launch an MCNP execution. The script will
depend on the MCNP installation and the scheduling system of each specific
machine.

Power Total reactor thermal power in watts.

Levels Number of axial levels in which the active length is divided. It is required
to check that the tally specification and reading is correct.

Num Numbering used in MCNP for fuel, cladding and coolant cells. The first
entry multiplies the rod number and the second entry is the increment used
in the cladding and coolant cells (for a further clarify see section 3.2.1).

Def Indicates the temperature in K used to calculate material dimensions in the
reference MCNP input deck. The first entry indicates fuel temperature,
second is for cladding and third is for diagrid.

xslib Indicates label and temperatures of the cross section libraries to be used
in the calculation. Each pair of values should be in a line, being the first
value temperature in K and the second the library label.

Rings If fuel assemblies or pins are grouped by rings this card indicates the ring
number and the fuel assemblies belonging to that ring. In each line the first
value is the ring and then a list with number.
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Fuel Since several fuel compositions can be present in a core design, this card
specifies the fuel type and the rings or fuel assemblies made of this fuel
material.

Kinetic It indicates constant kinetic parameters if they are not obtained in an
MCNP calculation. The parameters are in the following order: βeff , mean
neutron generation time in s Λ and one group delayed neutron half life λ in
s−1

Time This key word is required for transients. It indicates the time step and
total transient time. Different time steps for each period can be provided.

ULof It means that an ULOF transient is performed. The parameters are the
pump coast down time (s) and the natural convection flow (relative value).

Ria It means that a RIA is performed. The value of control rods should be known
before the transient. The parameters are the total reactivity insertion in
pcm and the control rod ejection time in second. The program automatically
calculates the length that the control rod or the set of control rods are
extracted in each time step.

EOF This key word must be present at the end of the file
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[55] M. Sissaoui, J. Koclas, and A. Hébert, “Solution fo the improved and gen-
eralized quasistatic methods by Kaps an Rentrop integration scheme with
stepsize control,” Annals of Nuclear Energy, vol. 22, pp. 763–774, 1995.

[56] D. Meneley, K. Ott, and E. S. Wiener, “Influence of the Shape Function
Time Derivative on Spatial Kinetics Calculations in Fast Reactors,” Trans-
actions of American Nuclear Society, vol. 11, p. 225, 1966.

[57] D. Meneley, K. Ott, and E. S. Wiener, Space-time kinetics, the QX1 code.
ANL-7310. Argonne National Laboratory, 1967.

[58] K. Ott and D. Meneley, “Accuracy of the Quasistatic Treatment of Spatial
Reactor Kinetics,” Nuclear Science and Engineering, vol. 36, pp. 402–411,
1969.

[59] F. Brown, “Monte Carlo Eigenvalue Calculations,” Monte Carlo Lectures
LA-UR-06–7094, Los Alamos National Laboratory, 2006.

[60] F. B. Brown, Fundamentals of Monte Carlo Particle Transport, 2005.

[61] D. E. Cullen, C. J. Clouse, R. Procassini, and R. C. Little, “Static and
dynamic criticality: are they different?,” Tech. Rep. UCRL-TR-201506,
Lawrence Livermore National Laboratory, 2003.

[62] D. K. Parsons, “Alpha-lile calculations with MCNP,” in American Nuclear
Society 1997 Winter Meeting, no. LA-UR-97-2489, November 1997.

[63] B. R. Betzler, B. C. Kiedrowski, F. B. Brown, and W. R. Martin, “Calcu-
lating α eigenvalues in a continuous-energy infinite medium with Monte
Carlo,” Tech. Rep. LA-UR-12-24472, Los Alamos National Laboratory,
2012.

[64] N. Cho and S. Yun, “Space-time reactor kinetics via Monte Carlo method,”
Transactions of American Nuclear Society, vol. 97, p. 494, 2007.

[65] S. Yun, J. Kim, and N. Cho, “Monte Carlo space-time reactor kinetics
method and its verification with time-dependent SN method,” in Interna-
tional Conference on the Physics of Reactors. PHYSOR-2008, September
14-19 2008.

[66] N. E. Todreas and M. S. Kazimi, Nuclear systems I. Thermal hydraulics
fundamentals. Hemisphere Publishing Corporation, 1989.

[67] H. Austregesilo, C. Bals, A. Hora, et al., ATHLET Mod 2.1 Cycle A Models
and Methods. GRS, Germany, 2006.

[68] G. Geffraye, NewAuthor1, M. Farvacque, D. Kadri, G. Lavialle, B. Rameau,
and A. Ruby, “CATHARE 2 V2.5 2: a single version for various applications
Proc. 13th International Topical Meeting on Nuclear Reactor Thermal-
Hydraulics (NURETH-13), Kanazawa, Japan, September 27–October 2

127



References

(2009),” in 13th International Topical Meeting on Nuclear Reactor Thermal-
Hydraulics (NURETH-13), September 27–October 2 2009.

[69] Division of System Analysis, Office of Nuclear Regulatory Research, U.S.
Nuclear Regulatory Commission, Washington, DC, TRACE V5.0 Theory
and user’s Manuals, 2008.

[70] D. Rowe, COBRA IIC: A Digital Computer Program for Steady State and
Transient Thermal-Hydraulic Analysis of Rod Bundle Nuclear Fuel Ele-
ments. Pacific Northwest Laboratories, Richland, Washington, March 1973.

[71] C. Wheeler, C. Stewart, R. Cena, D. Rowe, and A. Sutey, COBRA-IV-I: An
Interin Version of COBRA for Thermal-Hydraulic Analysis of Rod Bundle
Nuclear Fuel Elements and Cores. Battelle Pacifi Northwest Laboratoris,
Mar. 1976.

[72] RDFMG/MNE/PSU, COBRA-TF – A Thermal Hydraulic Subchannel
Code for LWRs Transient Analyses. User’s Manual. The Pennsylvania State
University, United States, 2009.

[73] B. Smith et al., “Assessment of computational fluid dynamics (CFD) for
nuclear reactor safety problems,” Tech. Rep. NEA/CSNI/R(2007)13, NU-
CLEAR ENERGY AGENCY, 2008.

[74] J. Cahalan and T. Wei, “Modeling developments for the SAS4A and
SASSYS computer codes,” in International Fast Reactor Safety Meeting,
J. E. Cahalan and T. Wei, ”Modeling Developments for the SAS4A and
SASSYS Computer Codes,” Proceedings of the International Fast Reactor
Safety Meeting, Sn American Nuclear Society, August 12-16 1990.

[75] K. Mikityuk, S. Pelloni, P. Coddington, E. Bubelis, and R. Chawla, “FAST:
An advanced code system for fast reactor transient analysis,” Annals of
Nuclear Energy, vol. 32, no. 15, pp. 1613–1631, 2005.

[76] RSICC COMPUTER CODE COLLECTION, “DANTSYS 3.0, One-, Two-
, Three-Dimensional, Multigroup, Discrete Ordinates Transport Code Sys-
tem,” tech. rep., Los Alamos National Laboratory, 1995.

[77] G. Golub and C. V. Loan, Matrix Computations. The Johns Hopkins Uni-
versity Press, 1989.

[78] K. Ivanov and M. Avramova, “Challenges in coupled thermal–hydraulics
and neutronics simulations for {LWR} safety analysis,” Annals of Nuclear
Energy, vol. 34, no. 6, pp. 501–513, 2007.

[79] U. Imke, V. Sanchez, and R. Gomez, “SUBCHANFLOW: a thermal-
hydraulic sub-channel program to analyse fuel rod bundles and reactor
cores,” in Proceedings of the Annual Meeting on Nuclear Technology, pp. 24–
30, October 2010.

[80] X-5 Monte Carlo Team, MCNP — A General Monte Carlo N-Particle
Transport Code, Version 5. Los Alamos National Laboratory, LA-UR-03-
1987, 2003.

128



References

[81] J. T. Goorley et al., “Initial MCNP6 release overview- MCNP6 version 1.0,”
Tech. Rep. LA-UR-13-22934, Los Alamos National Laboratory, 2013.

[82] X-5 Monte Carlo Team, {MCNP}- A general Monte Carlo N-Particle
Transport Code, Version 5. Volume I: Overview and Theory. Los Alamos
National Laboratory, la-ur-03-1987 ed.
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