l’Energie Atomique, France) or NRC (Nuclear Regulatory Commission,
USA) (Karwat et al., 1999).
The ﬁrst step to estimate the hydrogen risk in computational si
mulations, is to identify what type of combustion regime will appear in
the transient. Given that these regimes prediction are mostly based on
species concentration, the correct gases transport and distribution is
critical to assess the hydrogen risk (Xiao and Travis, 2013). To simulate
hydrogen distribution in a NPP containment, the use of CFD or con
tainment codes with 3D capabilities is broadly accepted as it can ac
curately reproduce this phenomena, (OECD/NEA, 2014a,b). Con
sidering the large volume of a typical PWR containment
(50000 65000 m3), the problems simulating steam condensation, and
the presence of at least three species make the assessment of hydrogen
risk with a CFD code a challenging task. Nonetheless, there are suc
cessful hydrogen CFD studies in the past, see (Bauwens and Dorofeev,
2014; Kudriakov et al., 2008; Martín Valdepeñas et al., 2007; Philipov
and Filipov, 2014; Prabhudharwadkar et al., 2011) as well as contain
ment 3D codes studies, see (Bielert et al., 2001; Grgić et al., 2012; HSE,
2011; Jong Tae et al., 2004; Kim and Hong, 2015; Papini et al., 2015;
Royl et al., 2000; Serrano et al., 2016). Speciﬁcally, OECD/NEA has
stated that the use of 3D containment codes for safety analyses has been
established as a useful tool for hydrogen distribution within the con
tainment and capable to determine local and global hydrogen con
centration with a reasonable precision (OECD/NEA, 2010).
During a SA, the Technical Support Center (TSC) personnel use the
Severe Accident Management Guidelines (SAMGs) to support the de
cision making process, being these guidelines plant speciﬁc (NEI,
1994). Even though NPPs were not initially designed to withstand a SA,
these guidelines attempt to mitigate the radiological consequences of
the accident. Therefore, SAMGs ﬁnal objective is not to protect the
reactor core but to limit ﬁssion product releases to the environment
(EPRI, 2012). It must be noticed that these are guidelines and not
procedures; therefore, during a SA, the TSC must take decisions on how
to prioritize hazards and what to do to mitigate them (Vayssier et al.,
2012).
If hydrogen is generated during a SA and certain limits are sur
passed (normally about 4% of hydrogen concentration in dry air), the
decision diagram leads to the guideline that helps the TSC to mitigate
the risk: the Severe Accident Guideline 7 (SAG 7) “Reduce containment
hydrogen”. If the ﬂammability conditions inside the containment could
lead to its failure then the Severe Challenge Guideline 3 (SCG 3)
“Control Hydrogen Flammability” is activated. As stated before, a hy
drogen combustion can produce the containment impairing and limit its
safety function, so the correct implementation of SAG 7 and SCG 3 are
important during a SA, (EPRI, 1992).
There are several ways to manage hydrogen risk during a SA. It is
possible to reduce hydrogen concentration and/or mass inside the
containment to limit the deﬂagration consequences. It is also possible to
reduce the oxygen mass in the containment, which will limit the hy
drogen combustion.
A current strategy is focused in the Passive Autocatalytic
Recombiners (PARs). These devices convert hydrogen and oxygen into
water, by a catalytic reaction. The recombination rate can be moderate,
but it helps in reducing the amount of hydrogen in the containment.
The working conditions of this recombiners have a speciﬁc range; they
cannot operate above certain limit of hydrogen concentration (varies
between 5% and 8%, depending on the model), as they can act as ig
niters, and they need, as well, a minimum of 1 2% of hydrogen to start
operating, (Bachellerie et al., 2003; Reinecke et al., 2010).
When performing actions during a SA, it is possible that some ac
tions interfere with other challenges, creating a worst condition or vice
versa (IAEA, 2009). As an example, spraying the containment will help
in reducing the containment pressure, lowering the containment da
mage risk and reducing the Fission Products (FP) present in the atmo
sphere. However, this action will condensate steam, and consequently
rise the oxygen and hydrogen gas volume fractions, and therefore, it

will increase the hydrogen and containment damage risk. All this
phenomena have to be taken in consideration when the TSC is per
forming SAMG actions, such as containment venting, operating the
hydrogen igniters or spraying the containment (EPRI, 2012).
In detail, the containment venting strategy has both pros and cons
regarding the hydrogen risk depending on the time of venting. An early
venting strategy can reduce the mass of hydrogen and/or oxygen,
which will make the possible hydrogen burn less energetic, but it can
increase hydrogen concentration later in the accident, aﬀecting the
combustion regime and inducing a DDT instead of a SD combustion.
This is why it is particularly interesting to investigate the timing for this
strategy (OECD/NEA, 2014c).
In this paper, an SBO simulation in a PWR W containment is per
formed using the GOTHIC code. A sensitivity analysis on the venting
strategy is also included to estimate the optimal timing for containment
venting that minimize the hydrogen risk.
In the ﬁrst section of the paper, a brief description of the GOTHIC
8.1 code is presented. In the second section, the GOTHIC PWR W
containment model is depicted. Then, a description of the computa
tional criteria to evaluate the hydrogen risk, the Tau parameter, is ex
plained. The following sections cover the SBO simulation and its ana
lysis focusing on the hydrogen risk. Afterwards, the sensitivity analysis
results is exposed and explained, and ﬁnally, some proposals for the
SAG 7 are made as a conclusion.
2. Models and methods
In this section, the code and the containment model used to perform
the analysis is shown. In addition, the conception and development of
the Tau parameter is explained with the normalization made for this
speciﬁc work.
2.1. The GOTHIC code
GOTHIC (Generator of Thermal Hydraulic Information in
Containments) is an integrated, general purpose thermal hydraulics
software package for design, licensing, safety and operating analysis of
nuclear power plant containments, conﬁnement buildings and system
components (EPRI, 2014).
GOTHIC can solve the conservation equations for mass, momentum
and energy for multi component, multi phase ﬂow for three ﬁelds: gas
mixture, continuous liquid and droplets. A ﬁnite volume method is
used, and cell volume and surface porosities are used to model complex
geometries. It also includes full treatment of the momentum transport
terms in multi dimensional models, with optional models for turbulent
shear and turbulent mass and energy diﬀusion. In contrast to standard
CFD codes, GOTHIC does not have a body ﬁtted mesh capability.
GOTHIC uses empirical 1D correlations for the heat transfer between
the ﬂuid and the structures rather than attempting to model the con
vection speciﬁcally. The subdivision of a volume into a multi dimen
sional grid is done in orthogonal coordinates exclusively (EPRI, 2014).
The 3D capabilities of GOTHIC in simulating basic ﬂows, and in
detail, hydrogen ﬂows for containment analysis have been investigated
extensively, simulating test in facilities like PANDA, CSTF, BFMC or
CVTR (EPRI, 2014). A large validation eﬀort against light gas experi
ments has been made with 2D and 3D models, see (Andreani et al.,
2012, 2010, 2008, 2003; Fernández Cosials et al., 2016; Hultgren et al.,
2014; Paladino et al., 2010). The version of the code used in the present
research is GOTHIC 8.1 (QA), (EPRI, 2014).
2.2. PWR W containment model
The containment building of a typical large dry PWR W has been
modeled with the GOTHIC code. A summarized model description is
explained below. This model has been created based on a CAD model,
see Fig. 1. Detailed information about the original model can be found

Fig. 1. Containment volumes in at very high temperatures,
( CAD model (Bocanegra et al., 2016).

in (Bocanegra et al., 2016).
The GOTHIC containment model consists of 11 Control Volumes
(CV) connected by ﬂow paths and/or 3D connectors, see Fig. 2. Each CV

Table 1
Control volume representation for the PWR-W GOTHIC containment model.
Control Volume
Identiﬁcation

Represented Region

Number of Cells

CV 1
CV 2
CV3
CV 4
CV 5
CV 6
CV 7

Main Volume
SG 1 Cage & PZR cage
SG 2 Cage
SG 3 Cage
Fuel Transfer Pool
West Stairs
East Stairs & SG1 vertical
corridor
Equipment Rooms
Lower Equipment Rooms
SG 3 Vertical Corridor
SG 2 Vertical Corridor

1377
84
63
63
126
18
30

CV
CV
CV
CV

Fig. 2. GOTHIC containment model.

8
9
10
11

30
8
14
16

represents a region within the containment, see Table 1. CV 1 re
presents the upper part, the dome and open regions inside the con
tainment.
The mesh has to be ﬁne enough to account local phenomena. The
reﬁnement will also determine the computational cost of the model, so
the mesh should not be too ﬁne so the model becomes inoperable.
Accordingly, to achieve an adequate accuracy cost ratio, the GOTHIC
model used in the analysis has 1829 cells, with an average cell di
mensions of 5 × 5 × 5 m. As seen in the study of Bocanegra et al.
(2017) this mesh is ﬁne enough to capture the relevant phenomena for
gas transport with an adequate accuracy.
The calculational parameters of the PWR W GOTHIC model are
shown in Table 2. The pressure matrix solution method used was con
jugate with the ﬂux variables calculated up stream with a space dif
ferencing scheme of second order (BSOUP).
The spray system is modeled using 16 Boundary Conditions (BCs) to
represent the three spray rings in the containment dome. The total ﬂow
of a typical PWR W spray system at full capacity is divided among the
BCs with an injection of 15 kg/s per spray component (Huang et al.,
2011) and a droplet diameter of 0.05 cm. The venting system is mod
eled as a BC at 101 kPa connected through a ﬂowpath located at 41 m
height based on a PWR W venting line location, (Burelbach et al.,
2015).

Table 2
PWR containment GOTHIC model parameters.
Turbulence model

Molecular diﬀusion

Minimum porosity

Pressure control

Enthalpy control

Max. Time step

Discretization scheme

k-ε standard

Enabled

0.01

6.89 kPa

2.326 J/g

0.01 s

BSOUP

Thermal Conductors (TCs) are used to model the heat capacity of
solid structures, heat transfer between the ﬂuid and these structures,
heat transfer through solid structures separating CVs, and heat sources
associated with the structures. To represent the thermal connection in
the 3D models, several TCs were used connecting thermally diﬀerent
regions separated by a wall, and also to model the condensation over
the diﬀerent surfaces, including the Steam Generators (SGs), the liner
and the polar crane. Therefore, 228 spanned TCs were implemented in
the model.
For convective heat transfer, the ﬂuid temperature and the Heat
Transfer Coeﬃcient (HTC) are calculated using diﬀerent correlations.
Speciﬁcally, for natural convection, the McAdams correlations
(McAdams, 1954) are set for the diﬀerent surface types, (EPRI, 2014).
The DLM FM condensation model is used for the walls in contact
with the containment atmosphere. A heat ﬂux with a nominal value
ﬁxed to zero is used in the internal side of the heat sinks such as the
polar crane. The internal face of the Reactor Cooling System (RCS)
pipes and pumps surface temperatures were ﬁxed to the primary system
temperature. The external atmosphere temperature was ﬁxed to 35 °C
and a HTC of 11.35 W/m2 ·°C was set for the exterior convective heat
transfer as seen in (Ofstun and Scobel, 2006).
2.3. Evaluation of the hydrogen risk; the Tau parameter
In this section the qualitative and quantitative approach to the hy
drogen risk is exposed together with some hydrogen combustion
properties. The Tau parameter is obtained as the result of a quantitative
approach to hydrogen risk, seen as the product of likelihood and con
sequences of a hydrogen burn.
2.3.1. Hydrogen combustion regimes
In nuclear safety, the combustion regimes are classiﬁed into three
regimes according to CSNI R(2000)7 (OECD/NEA, 2000):

• Slow Deﬂagration (SD): the ﬂame velocity is lower than the speed
•
•

of sound of the reactant. The velocities can reach 200 m/s and the
pressure increase is in the order of the initial pressure. To assess this
regime, the ﬂammability criterion can be used.
Flame Acceleration (FA): the ﬂame velocity is higher than the re
actants sound velocity but slower than the products one (approxi
mately 500 m/s). The pressure increase is about ten times the initial
pressure. To assess this regime, the sigma criterion can be used.
Deﬂagration to Detonation Transition (DDT): the ﬂame velocity
is higher than the reactants and the products sound velocity. In this
case the velocity of the ﬂame can reach 1200 m/s and the pressure
increases about 30 times the initial pressure. To assess this regime,
the lambda criterion can be used.

There are diﬀerent criteria to identify in which combustion regime
the hydrogen cloud is. Those are the ﬂammability criterion, which de
termines SD and it is adapted to the data and studies of (Byun et al.,
2000; Stamps and Berman, 1991). The Sigma Criterion determines the
possibility of FA, and it is based on the works of FZK and KI, (Breitung
and Royl, 2000; Dorofeev et al., 2001). Finally, the Lambda Criterion
which predicts a DDT situation and it is based on the studies of KI,
(Dorofeev, 1996). This criterion is implemented computationally in this

work as it has been implemented in several successful studies such as
(Gómez Torres et al., 2015; Xiao et al., 2017). These three combustion
regime criteria take into account variables that can be extracted from a
calculation cell, such as the species concentration, characteristic length
of the container, pressure, temperature and properties of each species.
In this study, the computational implementation of these criteria
will follow the steps of the work from (Martín Valdepeñas et al., 2007)
with the update made in the last corrigendum (Martín Valdepeñas
et al., 2007). Following these criteria, every cell of the model is eval
uated under the mentioned limits via a post processing code developed
in a Matlab environment (Mathworks, 2015). However, it is worth
mentioning that there are more variables involved in hydrogen com
bustion like the turbulence of the mixture and the Damköhler numbers
(Williams, 1985). These last variables have not been taken into account
in this study.
2.3.2. Hydrogen ignition
Hydrogen can auto ignite itself at very high temperatures, (Boivin
et al., 2011). Its dependence on the auto ignition time is proportional to
several parameters, such as pressure, concentration or temperature.
However, the auto ignition time of hydrogen mixtures at low tem
peratures (below 500 K) is extended. Under these circumstances, it is
more likely that the hydrogen needs an external source for its ignition
than an auto ignition.
The external source of ignition can be as small as a simple spark, or
a hot surface. In a NPP there are hundreds of potential sources for ig
nitions that can initiate the combustion (Knudson et al., 2015).
Therefore, in nuclear safety, it is important to maintain the containment
atmosphere the fewer time possible in ﬂammability conditions to avoid
a random ignition. Studies on hydrogen risk normally do not take into
account the ignition sources, because of the random feature of this
process during an accidental sequence; they usually focus on the gas
concentration and mixture properties to calculate the hydrogen risk,
even though there are successful studies that consider the mixture ig
nition (Bielert et al., 2001).
2.3.3. The Tau parameter, (τ)
In this section a new parameter (τ) is proposed to evaluate the hy
drogen risk in computational models with high complexity. Risk is
normally deﬁned as the product between likelihood and consequence of
an event, so the Tau parameter will take this into account in its nu
merical form. In addition, when performing several simulations, it is
important to reduce to a common indicator all simulations results so
this large amount of information is gatherable in a single parameter.
Actual research uses indicators such as possibility of DDT, FA or SD, but
those simulations are not easily comparable between each other in
terms of hydrogen risk. Consequently, a new parameter is needed to
make hydrogen risk quantiﬁable and suitable for models with a large
number of computational cells.
As stated before, the consequences of a hydrogen burn depend on its
combustion regime. This means that a burning within SD regime will
have small impact compared to a detonation within the DDT regime.
Therefore, the Tau parameter have to be a function of the combustion
regime.
In addition, it should also be proportional to the time spent within a
combustion regime. A lower likelihood of deﬂagration is achieved when

a hydrogen mixture is within the ﬂammability limits during a period of
minutes than a period of hours. For this reason Tau has to be function of
the time spent within the limits.
Finally, the mass of hydrogen in this regime has also been taken into
account. The reason is that the consequences of combusting 1 kg of
hydrogen instead of 100 kg are totally diﬀerent in terms of damage.
Concluding, taking into account these considerations, the Tau
parameter is deﬁned as a function of the combustion regime, the time
inside such regime and the mass of hydrogen within the limits:

τ = f (Comb Regime, Time, Mass )
With the previous remarks, the Tau parameter dependence is qua
litatively deﬁned. In the following sections will be deﬁned quantita
tively. The deﬁnition will be made in order to indicate that a higher Tau
will imply a higher hydrogen risk.
2.3.3.1. Combustion regime hazard. In this section, a quantitative
approach to the hazard of each combustion regime will be depicted.
There are several examples among the literature where the hydrogen
diﬀerent combustion regimes are presented, as previously discussed in
Section 2.3.1. In addition, an estimation of the damage that a hydrogen
deﬂagration can provoke can be found in the works of (Dorofeev,
2007). In this study, a blast criterion is exposed in terms of pressure
increase and distance to the ignition. An adaptation of this criteria is
made to categorize the hazardousness of each regime. Under this
criteria, the PWR W containment is supposed to be a low congestion
region. Thus, taking into account the pressure peaks and the velocities
that each regime produces, a multiplier is applied depending on them:

• Slow Deﬂagration (SD): This regime will have a multiplier of 0.4.

•

•

This is because the pressure load produced by this regime is below
the containment design limits. However, the temperature increase
produced could impair the function of internal components, in
strumentation systems and/or equipment, which are qualiﬁed for a
maximum atmosphere temperature close to 148.9 C (IEEE, 1974).
This equipment and/or instrumentation damage could produce
malfunctions in components that are vital to manage the accident
progression, and that would lead to a worse ﬁnal state of the plant.
Flame Acceleration (FA): a multiplier of 0.85 is used. Its impact on
the containment can be noticeable, provoking its possible impair
ment. It is dependent on the mass of hydrogen burned. The pressure
load can damage internal walls or systems. In addition, this regime
will reach the equipment and instrumentation limits for temperature
(IEEE, 1974).
Deﬂagration to Detonation Transition (DDT): a multiplier of 1 is
applied, given that the conditions during this scenario cannot be
easily withstand by any equipment, system or instrumentation. The
pressure spike provoked has the potential to impair the contain
ment. It could even be argued that if a combustion under a DDT
regime occurs near the primary system, it could produce a LOCA on
the RCS.

Once the Tau parameter dependence on the combustion regimes is
quantitatively deﬁned, it can be expressed as:

τ = 0.4·fSD (Time, Mass ) + 0.85·fFA (Time, Mass ) + fDDT (Time, Mass )
Being f, functions of time and mass of every combustion regime.
2.3.3.2. Time hazard. The time spent in certain regime must be another
important term on the equation. The longer the time a mixture is under
SD, FA or DDT conditions the higher the likelihood of a random spark,
and therefore an ignition process. As an example, it has been suspected
that the spontaneous burn produced during the TMI accident was
initiated by a ringing telephone (OECD/NEA, 2000); therefore the time
the cell spends in certain regime is considered for the quantitative
approach of hydrogen risk. Thus, taking into account the combustion

regime and the time spent within the limits the Tau parameter is
deﬁned as:

τ = 0.4·tSD·fSD (Mass ) + 0.85·tFA·fFA (Mass ) + tDDT ·fDDT (Mass )
Being tSD, tFA and tDDT, the time the cell has spent in SD, FA or DDT
regime respectively.
2.3.3.3. Mass hazard. In order to take into account the mass
dependence, the time value will be multiplied by the mass which is
currently under those ﬂammability conditions. Then, the hydrogen risk
takes into account not only that the mixture is ﬂammable and the time
that is on those conditions, but also the mass that stays on those
conditions. Finally, the Tau parameter is completely deﬁned as:

τ = 0.4·tSD·mH 2 + 0.85·tFA·mH 2 + 1·tDDT ·mH 2
Then applied to a computational model, every time step, the com
bustion limits are evaluated on each cell of the model, then, if those
limits are overpassed, the hydrogen mass inside the cell at that time is
calculated. This mass is multiplied by the time step size and by the
combustion regime correspondent multiplier, and afterwards, this
process is repeated for the next time step. To obtain a single value for a
simulation, the Tau values obtained for each cell of the model will be
added up, creating the total Tau of the simulation. With the total Tau a
quantiﬁcation of the hydrogen risk of a transient has been achieved.
N cells

τtot =

∑

τi

i=1

It is relevant to mention that the linearity of the mass and time
factors is a necessity. This is because Tau is designed to be mesh in
dependent and time step independent. Otherwise, a change in the mesh
or the time step while simulating the same transient in the same con
tainment, would provide a diﬀerent Tau value simply because of nu
merical reasons.
2.3.3.4. Tau normalization. In order to provide information just by the
Tau ﬁgure, a normalization is needed. It will be chosen to the following
limit: If the total Tau of the simulation reaches or surpasses the value of
“1”, the consequences are assumed dangerous and unavoidable.
Accordingly, in this paper, TMI accident will be chosen as the
normalization values given that it is the only source of data of a
random ignition process inside a real PWR containment. Ideally, the
normalization should be made taking into account the characteristics of
the plant that is being analyzed, but because of the lack of data, TMI
conditions are used to provide certain usefulness of the Tau ﬁgure
obtained.
There are some uncertainties on TMI accident data, but it is some
what accepted that core uncovery started 130 min after the accident
initiation and that the random ignition of hydrogen was produced
about 8 h later. At the beginning, hydrogen ﬂowed oﬀ the RCS through
the Pressurizer (PZR) relief tank. From the ﬁrst hydrogen generation to
its ignition, approximately 27000 s passed. That means that the hy
drogen was ﬂoating around 27000 s on the containment without com
bustion. It is therefore assumed that if a determined quantity of hy
drogen is inside the containment for more than 27000 s, the combustion
would occur with high probability. In order to normalize the Tau
parameter, the time during which the mixture is under combustion
characteristics is divided by 27,000.
During the TMI accident, approximately 350 kilograms of hydrogen
combusted (Kljenak et al., 2012). Therefore, following the previous
criterion, the hydrogen mass is divided by 350 kilograms.
To combine both factors, the total mass of hydrogen generated and
the time it was in the containment are multiplied, obtaining 9450000
kilograms·seconds. To increase the danger of the value “1”, the nor
malization is made assuming the mixture under DDT regime.
Resuming, a hydrogen mixture that satisﬁes the lambda criterion

Fig. 12. Mass ﬂow patterns inside containment prior (up left), during (up right, down left) and after (down right) venting. (Sensitivity 4).

6. Conclusions
During a SA, hydrogen can be generated creating a threat on con
tainment and equipment integrity. The SAMGs have been developed to
guide the TSC in taking the best decisions during the accident man
agement. However, the decision for venting the containment in order to
reduce the hydrogen risk is a strategy that has not been studied in detail
with the current computing capabilities. Moreover, the hydrogen risk

has not been quantiﬁed until now. Consequently, in this study, the Tau
parameter is created and deﬁned in order to quantify the hydrogen risk,
and then applied it to SA management strategies.
The Tau parameter takes into account three aspects of the hydrogen
hazardousness: the time a hydrogen cloud spends within the ﬂamm
ability limits, the mass of hydrogen that is within the ﬂammability
limits, and the combustion regime achieved (SD, FA or DDT). With this
parameter it is possible to reduce a simulation to a single value to
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