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A  B  S  T  R  A  C  T   
 

 

Containment safety analyses of Design Basis Accidents (DBAs) rely on the use of Lumped Parameters (LP) codes, and therefore, on pressure and temperature 
averaged values  In those analyses the full containment building is usually modeled with a single or few computational cells  During the latest years, many efforts 
have been done to develop 3D containment models which bring the possibility of more detailed simulations  Equipment and in- strumentation Environmental 
Qualification in containment are based on pressure and temperature enveloping profiles calculated with LP models  These enveloping profiles calculated with LP 
models are the solution in a single cell that represents a large volume; however, 3D models volumes are subdivided in thousands of cells and could provide a more 
accurate solution  In this paper, generic equipment and instrumentation Environmental Qualification (EQ) criteria are assessed during a Double Ended Guillotine 
Break Loss Of Coolant Accident in a PWR-W 3D containment model developed with GOTHIC 8 1 (QA)  
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1. Introduction 
 

In the licensing process of a Nuclear Power Plant (NPP), the 
Deterministic Safety Analysis (DSA) is used to qualify the design against 
transients and accidents. For PWR containment safety analysis, the Loss 
of Coolant Accident (LOCA) and the Main Steam Line Break (MSLB) 
accidents, commonly grouped in High Energy Line Breaks (HELBs) are 
normally chosen as the transients which maximize the Mass and Energy 
(M & E) release to the containment atmosphere from the primary and 
secondary cooling system, (Tills et al., 2009). This maximized release is 
assumed to create the most conservative conditions in the containment, 
regarding pressure and temperature, (Sehgal, 2012). 

To conduct those containment safety analyses and evaluate the 
consequences of an accident in the containment atmosphere, some 
challenges are faced. First, the need to model a containment with a 
large  free  volume  (around  60,000 m3)  and  a  complex  geometry. 
Second, the small characteristic length scale of the simulation 
phenomena, such as friction, conduction, convection and 
condensation. 

How to deal with those different length scales? The solution 
traditionally taken is the Lumped Parameters (LP) approach, which 
uses correlations to simulate the physical phenomena and models the 
con tainment in a single or few computational cells. Therefore, it is 
possible to model a large building such a NPP containment and, at 
the same time, capture the friction, conduction, convection and 
condensation phenomena. The LP approach provides reasonable 
results on pressure 

 
and   temperature   with   very   low   computational   requirements. 
Regulatory bodies have accepted the LP approach, imposing some 
biases. Examples of NPP containment analyses with this approach can 
be found in Abdelghany et al. (2004), Dominion (2006), Duke Power 
Company (2004), Ofstun (2004, 2001), WEC (2004, 2013). However, 
the LP approach has assumptions such as instantaneous fluid mixing 
inside a control volume, no 2D/3D effects of the flow patterns, in 
stantaneous interaction of all thermal structures with the fluid inside a 
control volume and no forced convection. It is mentionable that some of 
these hypothesis have been questioned historically, see for example 
(Whitley et al., 1976; Corradini, 1984). As a summary, although its 
limitations, containment Design Basis Accident (DBA) analysis per 
formed with the LP approach can lead to obtain the global pressure and 
temperature limits in a NPP containment. 

The  pressure obtained in these  containment  analyses was 
historically  taken  into  account  to  set design parameters   such  as  
the minimum free volume inside the containment, or the thickness of 
the containment walls among other design criteria, see 10 CFR 50 
Ap. A Criterion 50, (NRC, 2015). The temperatures evolution obtained 
with  these analyses are also taken  into account for several  design 
criteria.  Specifically, it  is used to  create  an   enveloping  temperature 
profile that covers all Design Basis Events (DBE) used for the 
Environmental  Qualification (EQ) of equipment and 
instrumentation important to safety inside the con tainment, (EPRI, 
2010). This equipment is tested and subjected to the enveloping 
temperature profile to assure its performance under DBE
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conditions.
As knowledge and computer resources increase, new software tools

are developed and new levels of accuracy and detail can be achieved.
This kind of improvement was implemented many years ago in order to
perform realistic estimations of the fuel and the Emergency Core
Cooling System (ECCS) performance during LOCA sequences (NRC,
1988). However, although the new 3D capabilities of containment
codes such as GOTHIC or GASFLOW are available (EPRI, 2014a; Travis
et al., 2011), containment safety analyses, and then EQ enveloping
profiles, are still done nowadays using the LP approach.

With an adequate cell size in a 3D containment model, flow patterns
and physical variables can be tracked and analyzed with an accuracy
level unreachable for LP models. International organisms are taking
into account these new tools, although not for DBA analysis, (OECD/
NEA, 2014a,b). The first use of these 3D models was motivated by
hydrogen distribution analysis and then evolved to containment severe
accident analysis thermal hydraulics, see (Wolf et al., 1999; Royl et al.,
2000; Kim et al., 2004; Martín Valdepeñas et al., 2007) or (Jimenez
et al., 2015). IAEA and the OECD/NEA state that CFD codes are able to
reproduce more accurately the thermal hydraulic containment phe
nomenology involving hydrogen (Abou Rjeily et al., 2011; OECD/NEA,
2014c).

Recently, in the UPM Nuclear Safety Group, GOTHIC 3D models
have been created and tested to simulate and analyze a Large Break
LOCA, and a comparison between LP and 3D models, see (Bocanegra
et al., 2016 and Jiménez et al., 2014). The DBA analysis compares the
simulation results against the safety limits of pressure and temperature
for containment. During a transient, the pressure is transmitted at sonic
speed all over the rooms, and it became homogeneous almost instantly
in the full containment, so there is not a noticeable difference between
LP and 3D models results. However, temperature distribution is more
heterogeneous, as slower convective diffusive processes are responsible
for its spreading. 3D flow patterns inside the containment affect directly
to this temperature spreading. Therefore, achieving a sufficiently ac
curate nodalization is crucial to correctly predict these flow patterns.
With a LP model, it is not possible to observe all these phenomena. 3D
models are able to capture these phenomena and therefore analyze new
parameters such as room maximum local temperature, three dimen
sional flow patterns or heat flux through specific equipment or con
tainment walls. This fact impulses the need of an analysis on the tem
perature limits obtained by a LP model, as it is based on global average
values.

In this paper, an analysis of the temperature limits obtained from LP
models is firstly faced. Secondly, the PWR W containment 3D model
and the M& E release inputs used are described. Thirdly, the LOCA
simulations presented are analyzed under the terms of the temperature
limits previously mentioned. Finally, discussion and conclusions are
drawn. All simulations have been performed using the GOTHIC 8.1
(QA) code.

2. Environmental qualification and 3D containment models

In this section, a small depiction of EQ within containments is made
along with a comparison of the peak values of the enveloping profiles
used for different NPPs.

EQ requirements from NRC have passed through from the DOR
Guidelines and NUREG 0588 to the EQ Final Rule as 10 CFR 50.49,
which started to apply in 1983, (NRC, 1983). In this regulation, a DBE is
defined as any event that produces a harsh environment, this is, dif
ferent from the normal or abnormal conditions. Moreover, in a NPP, all
safety related equipment, directly or indirectly, that requires harsh
environment qualification is grouped into the Environmental Qualifi
cation Master List (EQML). The performance requirements of an EQML

component are tested regarding their location, qualification criteria or
harsh DBA among others.

The harsh environment is calculated by a thermal hydraulic code
including several assumptions to maximize containment temperature
and pressure. NUREG 0588 identifies several computer codes accep
table for defining these conditions, (NRC, 1981). Different HELB, pro
vide different pressure and temperature profiles, and it is common
practice to create an envelope of all calculated profiles. Then, equip
ment qualified with an enveloping profile is considered acceptable for
any plant specific or location specific profile that falls within the en
velope, (EPRI, 2010). It is remarkable that different containment zones
can be evaluated separately, as seen in (EPRI, 2010), however, these
different zones are modeled as LP volumes.

Generic industry environmental profiles have been available, see
(IEEE, 1974; NRC, 1981). However, these generic profiles are actually
of discouraged use; NPP and countries regulatory bodies should cal
culate their own plant specific profiles as stated in the Regulatory Guide
1.89 (NRC, 1984), or in the latest IEEE for 1E equipment, (IEEE, 2003)
and its revision (IEEE, 2016). Therefore, the peak temperature of the
EQ enveloping profile is country and/or plant specific, as shown in
Table 1 (they are not up to date values, and each country value may be
subordinated to the plant specific ones). In addition, IEEE establishes a
margin of 8 °C to these safety limits (IEEE, 2003).

Instrumentation in a PWR W containment has to bear accident
conditions similarly to an EQML component. NPPs are encouraged to
use plant specific values, (Basic, 2015) but generic values are also
available. Generic values for peak temperatures are set to 148 °C, see
(Arcieri and Hanson, 1991; Hashemian, 2006). Recent studies like
(Knudson et al., 2015) have used this limit to assess an accident with
the MELCOR code, using a containment model with nine control vo
lumes. It is stated that the instrument performance will be degraded if
pressure and temperature environments exceeds these instrumentation
EQ (Environmental Qualification) ranges, and that instrument perfor
mance is not well known if those limits are exceeded (King et al., 1988).

In this paper the general criteria used for qualifying containment
equipment and instrumentation are used to assess but with a 3D com
putational model instead of a LP model. The temperature that affects an
electrical or mechanical equipment, or the instrumentation in con
tainment is the temperature of its nearby surroundings and unlike LP
models, this local temperature can be calculated using 3D models.

To address this issue and expose differences, as a first step, a 3D
containment model is made with all rooms located and labeled in
dependently. It will be taken as a hypothesis that all rooms of the
containment could contain electrical equipment (cables, pumps, etc.) or
instrumentation. Secondly, the detailed room conditions under a DBA
will be extracted from the 3D simulations performed with GOTHIC.
Thirdly, the peak temperature of the enveloping profile will be the
variable to assess, given that if it is surpassed anytime, the EQ criteria

Table 1
Different containment maximum temperatures in the enveloping profile for environ-
mental qualification.

Maximum temperature Country/NPP Reference

160 °C Belgium/DOEL European Commission (1996)
155 °C Finland/Loviisa European Commission (1996)
172 °C Spain European Commission (1996)
170 °C Sweden European Commission (1996)
200 °C UK European Commission (1996)
190 °C Korea Hyun et al. (2006)
260 °C AP1000 Clark and Fröding (2014)
130 °C Krsko/Slovenia Cavlina et al. (1996)
177 °C US-APWR MHI (2013)

      



will be surely surpassed. In this aspect, the peak temperature criterion
for equipment and instrumentation will be set to 148.9 °C, as it has been
the general criteria used for decades (IEEE, 1974); if this local condi
tions are exceed, it would be considered that equipment and in
strumentation in this room is under damage conditions. This damage

will be quantified by the room peak temperature and pressure, and the
amount of time that a cell or group of cells inside this room are ex
ceeding the limits for a generic PWR W. This criterion will be applied in
the next sections of the paper to a DBE DEGB LOCA for a PWR W
containment for demonstration purposes.

Fig. 1. PWR-W GOTHIC 3D model.
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Fig. 2. Liquid mass flow of the M& E release (base case).
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Fig. 3. Vapor mass flow of the M& E release (base case).
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Fig. 4. Vapor temperature of the M&E release (base case).
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Fig. 5. Pressure of the M& E release (base case).

      



3. PWR-W containment model and M&E release input

3.1. The GOTHIC code

GOTHIC 8.1 (QA), (EPRI, 2014b), 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.

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 code uses empirical 1D correlations for friction and the heat
transfer between the fluid and the structures rather than attempting to
model the convection specifically. The subdivision of a volume into a
multi dimensional grid is mandatory in orthogonal coordinates

The 3 D capabilities of GOTHIC in simulating basic flows, and basic
phenomena (mainly for hydrogen) for containment analysis have been
investigated extensively simulating test in facilities like PANDA, CSTF,
BFMC or CVTR (Andreani et al., 2010; Paladino et al., 2010; Fernández
Cosials et al., 2016).

3.2. GOTHIC 3D model

The containment structure of a PWR W must be able to withstand a
pressure peak of approximately 5.5 bars, to deal with the most severe
postulated accidents during the plant life time (Hessheimer and
Dameron, 2006). One of the typical PWR containment configuration
consists in a cylinder with a hemispherical dome with an external
concrete barrier and an internal steel liner. This PWR containment
modeled with the GOTHIC code is based on a 3 Loop PWR W config
uration.

A summarized model description is explained below. In addition,
detailed information about it can be found in (Bocanegra et al., 2016)
and the construction process (Jiménez et al., 2014). The detailed geo
metrical model of the containment is firstly created with a CAD soft
ware. Then a simplified CAD model using only the geometries GOTHIC
allows is created. Thirdly, using an importer of the CAD model to
GOTHIC is used to obtain the GOTHIC 3D model.

Control volumes (CVs) in GOTHIC are used to represent the regions
occupied by a fluid. The full containment is represented in a single CV
with dimensions of 45 × 45 × 80 m (Fig. 1). In GOTHIC, blockages can
be defined within subdivided volumes to model objects that displace
fluid within a volume or to model the volume shaped boundaries. It
allows to model geometries that restrict the flow between cells of a
subdivided volume. For this model, 534 blockages were needed to de
fine the internal geometry of the UPM PWR containment building. The
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Fig. 6. Liquid temperature of the M& E release (base case).
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Fig. 7. Average containment temperature evolution (base case).
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Fig. 8. Average containment pressure evolution (base case).
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Fig. 9. Room average temperature evolution (base case).
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mesh also has to be fine enough to account for local phenomena. The
refinement will also determine the computational cost of the model, so
the mesh should not be too fine, otherwise the model becomes in
operable. Accordingly, to achieve an adequate accuracy cost ratio, the
GOTHIC model used in the analysis has 27,132 cells, with 38 grid lines
in the X direction, 34 in Y direction and 21 in Z direction.

The turbulence model used was the k ε standard. The molecular

diffusion was enabled. Minimum porosity was set to 0.02, meaning that
all the cells with more than 98% of its volume blocked will be con
sidered totally blocked. The pressure matrix solution method used was
conjugate gradient with the flux variables calculated up stream with a
space differencing scheme of first order (FOUP). The maximum time
step allowed was set to 0.01 s. The pressure control change was also
limited to 6.89 kPa.

Fig. 11. Temperature evolution inside containment (base
case).

      



The use of flow paths or 3D connectors to communicate fluid be
tween different regions is unnecessary due to all apertures and complex
structures are represented with blockages in the same CV.

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 volumes, and heat
sources associated with the structures. To represent the thermal con
nection in the 3D models, several TCs were used connecting thermally
different regions separated by a wall, and also to model the con
densation over the different surfaces, including the Steam Generators
(SGs), the liner and the polar crane. Therefore, 262 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.
For natural convection, the McAdams correlations (McAdams, 1954)
are set for the different surface types (EPRI, 2014a). Forced convection
is not accounted in this analysis.

The GOTHIC DLM FM condensation model was used for the internal
structures. SGs, Reactor Cooling System (RCS) pipes and pumps internal
surface temperatures were fixed to the internal temperature provided
by the input code. The external containment wall temperature was fixed

to 35 °C with a HTC of 11.35 W/m2·°C for the exterior convective heat
transfer as seen in Ofstun and Scobel (2006).

3.3. Mass & energy release

The postulated base case consist of a DEGB LOCA in the RCS cold
leg, later a sensitivity analysis with respect to other RCS break locations
is performed. The M& E release data, used as input, was obtained from
a MELCOR model developed at UPM, and extensively used in different
national and European projects, (Martin Fuertes et al., 1994; Ruiz
Zapatero et al., 2016). As the containment model, the NPP taken as
reference is a 3 Loop PWR W with a power generation of 2700 MWth

and 900 MWe. For all the simulations, the accumulators, the high
pressure injection and the low pressure injection are assumed available.
Neither containment spray system nor containment HVAC cooling
system are included in the simulation because the target variable of the
simulations is the rooms peak temperature, and this occurs during the
first seconds of the accident, during which the spray are not available
due to the pumps delay start.
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Fig. 12. Maximum room temperature of each room (base case).

Fig. 13. Velocity vectors and streamlines at the beginning of the
transient (base case).
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the transient, the pressure is nearly homogeneous in all rooms except
for those close to the break that are pressurized slightly before the
others. There is another non homogeneous pressurization in three
rooms: the refueling pool, with its lower zone, and the drain pump
room, whose pressurization is slower or non existent because they are
assumed to be, completely or partially, airtight. At the end of the
transient, the differences in pressure in some rooms are provoked by the
condensed water, which is accumulated in certain rooms and adds extra
pressure because of the water column. The pressure stays under the
limits globally and also locally during the whole transient. The pressure
differences could represent a challenge to the structural integrity and
are been analyzed by the UPM with finite element models.

Regarding the temperature evolution, it does not reach homo
geneity at any moment. Even though all room temperature evolutions
have similar structure (initial peak followed by a slow descent), the
temperature transport, as it was previously explained, is mostly a
convective diffusive process, and its spreading is much slower than
pressure, see Fig. 11. This originates that nearly all rooms have different
temperatures, and that these high temperature peaks do not lower
quickly as can be seen in Fig. 9.

Maximum temperatures reached are shown in Fig. 12. The hot spot
appears in Room 5, where the break is located and then this high
temperature vapor is transported to the adjacent rooms, as well as to
the dome (Room 49). The vapor moves through the SG1 enclosure
(Room 5), as shown in the streamlines, Fig. 13.

In certain rooms, this peaks exceed the EQ temperature limits. This
is summarized in Fig. 14. In this graph, the maximum temperature
reached by any of the room cells is displayed in red. In addition, the
time that the room is exceeding the temperature limit is displayed in
blue. It can be seen that room 5, which is the room where the break is
located, the maximum temperature inside reaches 176.41 °C at some
point of the transient. The time that room 5 exceeds the limits is the
longest. However, it only surpasses the limits during the blowdown
phase. Even though the M& E release continues releasing the primary
inventory and also water from the Accumulators (ACC), Low Pressure
Safety Injection (LPSI) and High Pressure Safety Injection (HPSI), this
high temperatures are not reached again.

Under the generic temperature limit (148.9 °C), this BE simulation
would exceed the generic equipment qualifying limit in 8 rooms.
Excluding these 8 rooms, the remaining ones are all under the limits
during the whole transient.

4.2. Sensitivity analysis

Taking into account that the containment conditions evolution and
the local damage produced is highly dependent on the break location
and the corresponding M& E release input, eight sensitivity cases were
performed, Table 2. Case 1 corresponds to a the Base Case, analyzed
before.

For each case, the M& E release data was extracted from the cor
responding MELCOR simulation, and implemented in GOTHIC after
wards. All cases were analyzed with ProTON and the summary of the
results can be seen in Table 3.

It is found that in every simulation the EQ limits are exceeded in at
least one room inside the containment in all simulations. Damage times
and maximum temperatures vary between simulations. However, it is
possible to observe that hot leg break simulations leads to higher
temperatures and damage times, and therefore local damage in these
simulations is higher.

The in containment generic equipment EQ limits, as well as the

operating range of the containment instrumentation are clearly
reached, and therefore its function can be impaired. Even if a higher
limit is used to assess the criteria, such as the temperature range
showed in Table 1, some simulations performed widely surpass those
limits.

5. Conclusions

Containment analyses have been usually performed using LP ap
proach, given that the containment conditions during a DBE are ex
treme in terms of pressure or temperature gradients, M & E release and
that the usual containment volume is around 60,000 m3. Three di
mensional codes have been normally used for containment analysis in
terms of hydrogen risk analysis. Previous research at UPM used a three
dimensional model for a pressure and temperature analysis and has
shown that containment lumped analysis are correct in terms of pres
sure, but can hide high temperature peaks.

Containment equipment and instrumentation are qualified based on
pressure and temperature enveloping profiles, normally calculated with
LP models. However, this containment temperature obtained with LP
models is an average value and does not correctly represent the het
erogeneity of this parameter.

Exploring this argument, a generic equipment and instrumentation
EQ limit criterion, based on the most commonly used limit during the
last decades, has been used in this work. To compare against the limits,
the maximum temperature of this profile is taken (148.9 °C with an 8 °C
margin) because if this temperature is exceeded anytime during the
transient, the EQ criteria will be surely surpassed. Subsequently, these
limits has been used to assess a DEGB LOCA in a PWR W 3D contain
ment model developed with GOTHIC 8.1 (QA); showing that in all
sensitivity cases analyzed, at least in one room, the EQ limit is sur
passed. If the temperatures obtained from the different simulations are
compared against plant specific higher EQ limits, there are still several
rooms in which those limits are surpassed.

From the results obtained, a proposal is raised: 3D models should be
used to evaluate the potential damage for the containment equipment
and instrumentation during an accident. The EQ basis for equipment
and instrumentation should be made taking into account the results
from 3D detailed models, because the temperature heterogeneity in the
containment rooms makes invalid the average values of LP models.

Evaluating the results, it is not perfectly clear which sequence is the
most severe, in terms of temperature limits, as only a LBLOCA is si
mulated. To create an enveloping EQ criteria, it is proposed to develop
a methodology that takes into account not only the HELB break size, but
also the location and the orientation.

With the industry trends on CFD use, it is maybe time to reconsider
the way the methodology of temperature and pressure enveloping
profiles for EQ equipment and instrumentation is being performed.
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Fig. 15. PWR Analyzed Zones, lower elevation. Adapted from Martin-Fuertes et al. (1994).

Fig. 16. PWR Analyzed Zones, middle elevation. Adapted from Martin-Fuertes et al. (1994).
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