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A B S T R A C T   

The paper summarises the results of a work performed in the frame of the EU ELSMOR project in the aim to 
characterise the behaviour of a reference Small Modular Reactor equipped with a passive containment system 
cooled by a surrounding water-wall. The work started with a review of the available literature, aimed at iden
tifying experimental data possibly in a suitable scaling range, useful to draw conclusions about the decay heat 
rejection capabilities of such systems at full scale. This search for suitable data encountered difficulties, since the 
downscaling in height of most of the existing experimental facilities does not allow for reaching the target 
Rayleigh numbers envisaged for free convection in full scale reactor conditions (Ra ~1016). In the lack of suf
ficient experimental information, it was firstly tried to reproduce downscaled experimental data by CFD; then, 
CFD was used to predict the water-wall behaviour in full scale configurations, on the basis of parametric as
sumptions about size and boundary conditions. The results help in sketching the phenomena that can be expected 
in reactor conditions at full scale, providing inter alia suggestions about pool mixing and the time needed to 
reach bulk boiling conditions. 2D, 3D and lumped parameter models were adopted using a range of assumptions 
to assess relevant phenomena. A study of the effect of geometrically downscaling facilities was also performed by 
CFD analyses. The obtained predictions of the system behaviour with different scales and assumptions address 
the present knowledge gap and are useful to highlight relevant phenomena on which experimental activities 
should be focused in the future.   

1. Introduction 

Small Modular Reactors (SMRs) are being considered for early 
deployment in the present decade as an advanced nuclear technology 
capable of further promoting the use of nuclear fission in a comple
mentary segment of the energy market with respect to the one of large- 
scale reactor plants (see, e.g., IAEA, 2020). 

Indeed, the use of nuclear fission is envisaged in the future energy 
mix in Europe and abroad to provide the stable source necessary to 
compensate for the high degree of intermittency of renewables in a 
decarbonised scenario. In particular, the European Commission, in the 
communication “A Clean planet for all” of November 2018 (European 
Commission, 2018) suggested that about 15 % of electricity produced by 
nuclear fission will form, together with Renewable Energy Sources 
(RES), the backbone of a decarbonised energy system in Europe in 2050. 
While the share of 15 % of nuclear electricity can be considered too low 
in front of the present 25 % and of the projections of increasing the 

electricity production owing to the electrification of several key sectors, 
the need to speed up in this process of decarbonisation is generally 
agreed at the political level worldwide. However, the target dates for 
reaching a net-zero carbon emission system may vary in the planning of 
different countries in the world. 

Though the large size nuclear power plants remain the better 
assessed technology to be deployed for massive production of nuclear 
electricity, SMRs are presently considered by a large number of coun
tries as a new generation of nuclear reactors with potential advantages 
in specific applications. In particular, as mentioned in IAEA (2020), 
SMRs have a number of advantageous features. In fact, it can be fore
casted that reactors with a power up to 300 MWe may be more easily 
designed and built for early deployment in a modular fashion, which 
would compensate for the longer times needed to build large reactors. 
Moreover, their possible construction in workshops with production in 
series may abate costs and provide a flexible strategy for deployment of 
nuclear power to meet the needs of the decarbonisation process. For 
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instance, replacement of aged fossil fuelled plants by SMRs would 
constitute a smart way of preserving a distributed energy production 
while attaining the goals of decarbonisation, aiming to avoid or mitigate 
climate changes. Further advantages in the use of SMRs can be envis
aged in their flexibility, especially for countries with small electricity 
grids or for electrification of remote areas. Hybrid systems involving 
SMRs interfaced with RES are also considered as a promising way of 
establishing a complementarity between more and less stable low- 
carbon energy sources in supporting decarbonisation. This comple
mentarity needs interfacing baseload nuclear systems with the variable 
and intermittent production characterising solar and wind powers. 

On the licensing side, any new nuclear reactor plant proposal must be 
anyway subjected to an attentive process of screening about safety. Is
sues to be specifically addressed for SMRs in this context (see again 
IAEA, 2020) are the management of multiple units by control room 
operators, the definition of the possible releases of radioactive material 
(i.e., the “source term”) from multiple small units in view of emergency 
management and the definition of the surrounding zone to be considered 
potentially affected by an accident. The new aspects of load following 
capabilities related to the interfaces with intermittent renewable sources 
and the development of specific codes and standards for the new plant 
configurations are other issues to be considered. By the way, despite of 
the uncertainties intrinsic in any new technology, advantages are ex
pected by the use of SMRs, as for instance a massive use of passivity, 
enabled by the low power, which would make possible to strongly 
decrease the probability of substantial emergencies since the design 

phase. 
The ELSMOR (Towards European Licencing of Small Modular Re

actors) Project “seeks to design methods and tools for stakeholders to assess 
and verify LW-SMRs’ safety when installed across Europe” (see ELSMOR 
Project Website, i.e., ELSMOR, 2020). In this aim, a specific target is to 
collect and disseminate data on light-water Small Modular Reactors 
(LW-SMRs) safety issues, with reference to the European scenario. By 
setting up procedures for safety evaluation and enhancing the European 
infrastructure in support to the development and assessment of nuclear 
safety codes, the project will contribute to ease the licensing of future 
SMRs proposed, basing on light water-cooled nuclear reactor concepts. 
Work Package 4 of the project aims at developing and assessing analysis 
methods and tools for the safety demonstration of innovative contain
ment safety functions characteristics. In this frame, a review of the state- 
of-the-art on available experimental data and an exercise for code 
assessment and development were organised, in whose frame the pre
sent work has been carried out. 

In this paper, after a brief literature review of available experimental 
data that may be useful to support the analysis of a French SMR (F-SMR) 
containment design, the results of 2D and 3D CFD analyses, performed 
in support to project activities, are discussed to analyse the behaviour of 
a particular configuration of the containment decay heat removal sys
tem, equipped with a water-wall concept. CFD analyses were firstly 
performed for predicting the experimental data collected by an existing 
experimental facility, in order to consider the accuracy that could be 
obtained by the adopted tools; then, the CFD model was used to assess 
phenomena in full-scale conditions, also considering the possible dif
ferences that could be obtained at intermediate scaling. The obtained 
results help in sketching the possible flow and temperature patterns that 
can be envisaged to occur in the water pool facing the containment 
surface in real reactor conditions, also considering the applicability of 
information obtained by smaller scale facilities to the full-scale reactor 
size. 

Table 1 
Geometry quantities of the experimental apparatus used by Liu et al. (2018).  

Parameter Real Units Scaled Units 

Vessel height 19.8 m 1.02 m 
Vessel diameter 4.4 m 0.219 m 
Pool height – 1.25 m 
Pool square-base length side – 0.5 m  

Fig. 1. Sketches of the experimental apparatus used by Liu et al. (2018) indicating the location of measurement devices.  
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2. Literature survey about applicable experimental data 

Subtask 4.2 of the ELSMOR project concerns the search for reliable 
experimental data that can be adopted for the validation of the codes 
that will be used to analyse and assess the passive cooling of the 
addressed SMR external containment. 

As a matter of fact, besides the classical safety systems used in 
nowadays PWRs for controlling and mitigating the consequences of an 
accident scenario (e.g., the containment spray system and the various 

active residual heat removal systems), many SMR concepts are based on 
passive cooling systems for removing the decay heat during a Station 
Black Out (SBO) event or during a loss of coolant accident (LOCA) 
(IAEA, 2020). In particular, if a LOCA occurs in the primary cooling 
loop, the containment envelope will be filled with the steam generated 
at the leak and in some conceptual designs will be condensed onto the 
inner surface of the containment wall, which is cooled on the outer 
surface by a surrounding water pool, having the function of a large ca
pacity heat sink. For this reason, the phenomena involved in the cooling 
process, as condensation of the steam in the presence of non- 
condensable gases and the flow and temperature fields in the water 
pool, need to be carefully investigated and quantified, aiming to reach 
the ultimate goal of proving the inherent safety of this type of SMRs. As 
mentioned in the introduction, this is finally aimed to establish a 
licensing methodology for these units, something that is of high rele
vance for the future low-carbon energy mix in Europe, to be based on 
nuclear and renewable energy sources, among which SMRs are presently 
considered to play a relevant role. 

To date, it is still difficult to find specific experimental data suitable 
for a full-scale validation of models for the prediction of relevant phe
nomena of interest for SMR passive systems in the water pools. The large 
values of some geometrical parameters (e.g., the height of the external 
containment vessel) lead to high values of the dimensionless numbers 
directly involved in natural convection conditions, such as the Rayleigh 
number, directly proportional to the cube of the height of the system. 
Owing to the high values of these dimensionless parameters (the Ray
leigh number has to be in the order of 1016), pretty hard to achieve 
during experimental campaigns which are not made on full-scale facil
ities, it is difficult to find reliable experimental data and heat transfer 
correlations which can be safely used to be included in system ther
mal–hydraulic codes conceived for safety analyses. The experimental 
data that can be found in literature mostly derive from experimental 
campaigns made on downscaled units, e.g., addressing water-wall heat 
transfer phenomena driven by natural convection in small apparatuses, 
useful for a preliminary validation of thermal–hydraulic codes. 

Liu et al. (2018) and Albadawi et al. (2018) carried out experimental 
campaigns on a downscaled unit of the NuScale Small Modular Reactor 
(see, e.g., IAEA, 2020) achieving interesting results about the tempera
ture behaviour and velocity fields in the water-wall (i.e., in the cooling 
pool) with different levels of thermal power released in the containment. 
Moreover, in the same works, a CFD model was adopted to simulate the 
achieved experimental data; in this frame, Liu et al. (2018) also made 
sensitivity analyses on the CFD model results by using four different 
turbulence models. The main outcome achieved from the experimental 
campaigns performed by Liu et al. (2018) and Albadawi et al. (2018), 
especially interesting for the objectives of the ELSMOR project, was that 

Fig. 2. Adopted geometry for CFD analyses with the related boundaries.  

Fig. 3. Adopted 2D mesh in this work for the simulation of Liu et al. (2018) experimental data.  
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Fig. 4. Comparison of experimental flow patterns measured during the experimental campaign by Liu et al. (2018) (left) and the results from CFD analysis (right) 
after 300 s and 1500 s of transient time. 
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a non-negligible thermal stratification inside the pool occurred during 
the cooling process, while the highest flow velocity was achieved in the 
plume established on the very top part of the containment. It must be 
noted that the experiments were run for a maximum of one hour, 
something that may justify the occurrence of stratification early in such 
a transient. 

Other experimental data collected by a downscaled unit simulating 
the NuScale Small Modular Reactor (IAEA, 2020) are those described in 
two MSc theses from Oregon University (OSU) (Casey, 2013; Mullin, 
2015), concerning experimental campaigns made on the Multi- 
Application Small Light Water Reactor (MASLWR) facility (see, e.g., 
Mascari et al., 2012, for a detailed overview). In these two works, the 
main focus was on the heat transfer by the inner condensing steam 
rather than on the water-wall, considering also the influence that non- 
condensable gases can introduce in terms of an additional resistance 
to heat transfer. As an example, in the work by Mullin (2015) interesting 
results were achieved about the influence of non-condensable gases, 
which were expectedly found to decrease the heat transfer in the bottom 
part of the containment depending on their initial pressure, due to the 

path of the outcoming steam that led them to concentrate in the bottom 
section of the containment. 

Besides experimental data focused on the Small Modular Reactor 
technology as the ones discussed above, others concerning natural 
convection on vertical surfaces can be found, especially in terms of 
empirical correlations regarding the main dimensionless parameters 
involved in the phenomenon (i.e., Nusselt and Rayleigh numbers). For 
instance, Fujii et al. (1968) collected experimental data in terms of 
behaviour of the wall temperature and heat flux along a heated wall. In 
this work, empirical correlations for heat transfer are provided, though 
the order of magnitude of the Rayleigh number is still far from what is 
required by the ELSMOR project. In this regard, very interesting results 
are provided by Kataoka et al. (1992), Kataoka et al. (1994), Kataoka 
et al. (1995) reporting experimental campaigns on heat transfer estab
lished between a suppression chamber and a water wall, which are 
conceived for use in Light-Water Reactor plants. An interesting aspect of 
these works is that they assessed a heat transfer correlation for the 
external natural convection on data obtained with Rayleigh numbers 
greater than 1014 (see, e.g., Kataoka et al., 1992), value which is closer 

Fig. 5. CFD prediction of water temperature experimental behaviour along the section L2 in Fig. 1 at four different heights: (a) 0.1 m; (b) 0.41 m; (c) 0.87 m; (d) 
0.97 m. 
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to that requested by ELSMOR than the ones of the experimental data 
discussed so far. The mentioned correlation is the classical “McAdams” 
one, i.e.: 

Nu = 0.13Ra1/3 (1) 

According to the authors, the McAdams correlation expressed in Eq. 
(1) would likely be correct for values of Rayleigh number up to 1015, 
which is just one order of magnitude lower than the requested one by the 
subtask 4.2 of the ELSMOR project. 

To conclude this brief literature survey, it is clear that available 
experimental data of interest for the containments of Small Modular 
Reactors are still scarce. Specific experimental activities have still to be 
developed to acquire the knowledge necessary to predict the safe 
behaviour of such passive containments, in view of the interest that the 
issue is acquiring for the future energy mix. Moreover, even assuming to 
have achieved enough support for extending the validity of classical 
correlations to larger values of the Rayleigh number in conventional free 
convection problems, as may be derived from Kataoka et al. (1992), 
Kataoka et al. (1994), Kataoka et al. (1995), it is clear that other limi
tations do exist in the knowledge of the addressed phenomena. For 
instance, some complexity of the reference geometry and the possible 
occurrence of thermal stratification inside the pools may pose problems 
about the efficiency in decay heat removal of containments equipped 
with passive water-walls, which can be solved only with an adequate 
experimentation. The interest for better understanding the heat transfer 
regimes that can be established in the outer containment pools deserves 
specific experimental efforts, possibly also guided by the numerical 
exercises which were planned in the frame of the ELSMOR project, to be 
described below. 

3. A first analysis of available experimental data 

In order to assess the capabilities of CFD models, the application to 
some experimental data discussed in Section 2 was carried out. In 
particular, the experimental data provided by Liu et al. (2018) were 
considered. As mentioned in the previous section, Liu et al. (2018) 
performed experimental campaigns on a downscaled unit of the NuScale 
SMR. In particular, the geometry of both the vessel and the cooling pool 
was scaled by a factor equal to 1/20, whereas the thermal power was 
considered smaller by a ratio of 1/8000 obtaining the data presented in 
Table 1 (from Liu et al. (2018)). Fig. 1 presents sketches of the adopted 
experimental apparatus together with the location of the most relevant 
measurement devices. 

As it can be noted, the facility consists of a nearly 1 m tall steel vessel 
with an outer diameter of 219 mm, immersed in a parallelepipedal pool 
full of water with a square cross section, having a height of 1250 mm and 
a side of 500 mm. The steel vessel, simulating the containment of the 
reactor system, is heated by electrical elements along its height, with 
total powers in the range from 1 to 4 kW. Glass walls are used for the 
pool and measurements include the use of local K-type thermocouples 
arranged along specific lines of measurement and of a Particle Image 
Velocimetry system equipped with a CCD camera, to obtain guesses of 
the flow patterns in the pool. 

Concerning the thermal boundary conditions, Liu et al. (2018) per
formed experimental campaigns by imposing four values of heating 
power in the containment (from 1 kW to 4 kW). However, for the 
application here described only the case with thermal power of 4 kW 
was addressed in the CFD modelling. At this thermal power, the imposed 
heat flux at the containment wall was equal to 6231.5 W/m2 (Liu et al., 
2018). For the sake of simplicity, the adopted geometry for the CFD 
analysis was kept axial-symmetric, as shown in Fig. 1, with an equiva
lent radius of the pool of 0.2811 m, aiming to preserve the water mass 
inside the pool. 

The boundaries at each surface are reported in Fig. 2; these surfaces 
were used to impose boundary conditions, coherently with what 
described by Liu et al. (2018) in relation to their apparatus: 

Fig. 6. Comparisons of water temperature field achieved experimentally by Liu 
et al. (2018) (left) and by the adopted CFD model (right) at two different times: 
900 s at the top and 1500 s at the bottom. 
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• on the Axis boundary an axial symmetry boundary condition was 
imposed;  

• on the Containment boundary, the value of the above specified heat 
flux was imposed (i.e., 6231.5 W/m2, corresponding to a total 
thermal power of 4 kW);  

• the Ground and Support boundaries were considered adiabatic;  
• the Pool Wall was considered adiabatic as well, as suggested by the 

authors (Liu et al., 2018);  
• on the Upper Surface an evaporative heat transfer flux needed to be 

imposed; concerning its value, Liu et al. (2018) assumed 234 W/m2; 
however, in the adopted CFD model the evaporative heat transfer 
was evaluated by applying a model based on heat and mass transfer 
analogy (see, e.g., Lienhard, 2020; Incropera and DeWitt, 1996), 
assuming an environment temperature equal to 295.15 K as sug
gested by the authors (Liu, et al., 2018). This is necessary because at 
the surface of the pool one of the most important phenomena to be 
considered to account for energy losses is evaporation, not directly 
considered by the CFD code. 

The adopted CFD code was STAR-CCM + 16.06 (Simcenter, 2018). 
Fig. 3 reports the adopted discretisation showing the polyhedral mesh 
that was used, together with the adoption of prism layers used for 
refining the nodes close to the containment and pool wall surfaces. The 
water properties were implemented on the basis of the actual trends 
(NIST, 2018), avoiding the use of the Boussinesq fluid approximation. 
The main parameters of the adopted mesh are: a base size of 3 mm, a 
prism layer thickness of 7 mm, 12 prism layers close to the walls with a 
stretching factor of 1.25. 

A transient analysis was performed by using a time step of 0.005 s 
with 50 inner iterations. The adopted turbulence model was a Standard 
k − ε model with an all-y+ wall treatment, i.e., a blending of wall func
tions and a low-Reynolds number approach automatically selected by 
the code. The choice of the turbulence model was made in order to 
compromise between accuracy of the results and simplicity of descrip
tion. The latter was mainly accomplished with by making use of an all 
y+ treatment, to avoid the need of a considerable mesh refinement close 
to the wall (impractical for the large size containments), while the 

Fig. 7. Geometry of the containment shell proposed in the ELSMOR Academic Exercise.  

Fig. 8. 2D axisymmetric domain built with STAR-CCM+ and adopted mesh particular.  

A. De Angelis et al.                                                                                                                                                                                                                             



Annals of Nuclear Energy 184 (2023) 109672

8

standard k-ε model is just one of the most suggested choices in the STAR- 
CCM+ code. There was no attempt to make comparisons with different 
turbulence models, something that could be done in future work to 
discuss further aspects. 

Fig. 4 compares the flow patterns obtained by the CFD analysis with 
the experimental contour plots provided by Liu et al. (2018) at two 
different times (i.e., 300 s and 1500 s) in the transient. 

As it can be seen from Fig. 4, the overall behaviour of the flow field 
was reproduced in reasonable similarity, also from a quantitative point 
of view; this assertion must be considered in view of the uncertainties 
and of the characteristics of the measuring technique, which provides 
instantaneous values, while RANS analyses provide time averaged ones. 

Another comparison was made for the temperature behaviour ach
ieved along a vertical section of the pool during time (i.e., the section L2 
shown in Fig. 1). In particular, fluid temperature was measured at 4 
different heights (i.e., 0.1 m, 0.41 m, 0.87 m and 0.97 m) (Liu et al., 
2018). Fig. 5 shows the comparison with predictions up to 2500 s. 

As it can be noted in Fig. 5, the CFD model was capable of predicting 
the experimental behaviour of the water temperature with a reasonable 
accuracy, though in the lower region of the domain the temperature was 
found slightly overestimated (see the cases at x = 0.1 m and 0.41 m). The 
overestimation may be related to a possible overprediction of the mixing 
velocity. As it can be noted from Fig. 4, indeed, besides a moderate 
overestimation of the plume velocity, the velocity of the water in the 
entire domain is a bit overestimated by the model (see the velocity scales 
in experiment and predictions) and this may have led to achieve a 
greater mixing in the bottom region of the pool. 

Finally, to provide a better overview of the temperature predictions, 
Fig. 6 shows the comparisons between the temperature field of the water 
wall achieved experimentally and the contours of the same parameter 
evaluated by the CFD analysis. Despite the involved uncertainties, the 
reported results show a reasonable accuracy of the CFD model in front of 
the experimental data, providing confidence in the use of the CFD 
modelling strategy for the following parametric studies. 

4. Scaling up phenomena to a reference design 

In the frame of the subtask WP4.3 of the ELSMOR project, an Aca
demic Exercise was proposed with the aim of assessing numerical codes 
which will be used for simulating the thermal and flow behaviour of the 
water wall during the passive cooling process. In this frame, an exchange 
of information between the participants allowed to define the geomet
rical parameters as well as the boundary conditions to be adopted during 
calculations aimed at reproducing the phenomena occurring in a full- 
scale water-wall containment. Fig. 7 shows a sketch of the adopted ge
ometry together with the main dimensions of the addressed system. 
Though not shown in Fig. 7, the containment is considered to be sub
merged into a parallelepipedal pool having a square basis with a side of 
20 m, full up to a 20 m height with water and bounded all around by 1 m 
thick concrete walls. The upper atmosphere must be considered full of 
air and steam, because of evaporation from the pool. 

The Academic Exercise was divided into two phases: the first one 
aims at assessing thermal hydraulic codes without implementing a two- 
phase flow model, whereas the second part will have as a final objective 
to consider boiling phenomena. The work presented in this paper refers 
to the first phase only of the exercise. In coping with the problem, the 
CFD model considered a single-phase fluid and the simulations were 
stopped when the saturation temperature was achieved somewhere 
within the computational domain. Owing to the limited reliability of 
two-phase models for CFD, the idea to progress the calculation beyond 
boiling was not considered. For the purposes of the exercise, the satu
ration temperature was considered equal to 100 ◦C (i.e., considering 1 
bar as reference pressure). 

At first, fast 2D analyses were performed by using an axial-symmetric 
domain, i.e., with a cylindrical pool obtained preserving the water mass; 
the assumption was obviously that the general behaviour of the water 
wall should not change too much in an axial symmetry condition with 
respect to the actual 3D case. Analyses were also made by using a simple 
model through the system code CATHARE-3 V2.1 (Equipe CATHARE, 
2019) in support to CFD calculations, making use of a lumped parameter 
approach to assess the order of magnitude of different parameters. 
Finally, 3D calculations were also run, in order to ascertain whether the 
simplifying assumptions made during the 2D analyses could be consid
ered realistic in view of the actual geometry. 

4.1. 2D analyses 

The use of an axisymmetric domain relies on the fact that the 
containment shell has a rotational symmetry with respect to the vertical 
axis. The 2D analyses served mainly to test the adequacy of the assumed 
boundary conditions and to guess the timing of occurrence of boiling in 
the pool, while keeping the computational effort limited. In particular, 
the pool was considered cylindrical with a circular basis and a height 
equal to the actual one; hence, the inner radius of the pool was adjusted 
in order to preserve the mass of water. 

The mesh used to perform the 2D analysis by STAR-CCM + 16.06 
(Simcenter, 2018) is also in this case a polyhedral one, adopted using 
prism layers in order to refine the meshes close to the containment wall. 
The base size of the mesh was set to 8.0 cm (i.e., 250 cells over the pool 
height and roughly 141 over the pool radius), which resulted an 
acceptable compromise between accuracy and reasonable duration of 
each calculation. The prism layer (i.e., the region of mesh refinement 
close to the wall) was chosen to be 0.2 m thick and contains 9 layers with 
a stretching factor of 1.25. Fig. 8 represents the adopted CFD domain as 
well as some features of the generated mesh. 

Referring to Fig. 9, where all the domain boundaries are identified, 
the following boundary conditions were adopted: the Support and Pool 
Ground walls were considered adiabatic; the Containment wall was 
considered as a “convection” boundary condition, so that the environ
ment temperature and the heat transfer coefficient can be imposed, 
including the static thermal resistance of the concrete wall; at the 

Fig. 9. Boundary surfaces of the 2D domain.  
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Containment wall an imposed inner temperature (i.e., 133 ◦C) was 
assumed. The heat conduction was simulated by an equivalent convec
tion coefficient obtained by considering the thickness of the contain
ment wall (i.e., 0.05 m) and the thermal conductivity of the type 316L 
stainless steel composing the containment shell. The Pool Wall was 
formally treated as the Containment wall, imposing an equivalent ther
mal resistance based on the concrete thickness and thermal conductivity 
together with an external temperature (i.e., the temperature of the 
ground surrounding the concrete walls) assumed equal to 30 ◦C. Finally, 
the Pool Surface boundary represents the free surface of the pool, at 

which evaporation takes place, and it was simulated again with a con
vection boundary condition and a slip boundary wall, i.e., non-zero 
tangential velocity at the wall. In particular, to evaluate the evapora
tion losses, the heat and mass transfer analogy was applied (see, e.g., 
Lienhard, 2020), considering reference conditions in the humid air 
above the pool and applying a suitable correlation for free convection 
from a horizontal surface facing an above environment. In order to make 
the evaporation dependent on the pool surface temperature only, an 
equivalent heat transfer coefficient was devised, which was imposed for 
the convection boundary condition set on the pool free surface. 

Fig. 10. Temperature fields of the water wall at four different times: (a) 4.5 h, (b) 10.5 h, (c) 19.5 h, and (d) 33 h.  
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Fig. 11. Vertical velocity field of the water wall at four different times: (a) 4.5 h, (b) 10.5 h, (c) 19.5 h, and (d) 33 h.  
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The 2D CFD model thus created makes use of a RANS Standard k − ε 
turbulence model with an all-y + wall treatment. Also in this case, in 
order to make the model better reliable, it was chosen to avoid using the 
Boussinesq fluid approximation, implementing the actual changes in 
water properties as a function of temperature by polynomial fittings of 
their discrete temperature behaviour obtained by the NIST database 
(NIST, 2018). 

First, a steady-state analysis was performed in order to check if any 
steady condition could be actually achieved with the imposed boundary 
conditions. Since the behaviour of the water-wall after the start of bulk 
boiling cannot be analysed with the adopted models, the simulation was 
stopped when the water temperature reached the saturation value of 
100 ◦C in a certain region of the domain. As expected, no steady state 
could be achieved since the heat sinks cannot compensate for the large 
heat source, assumed to be present owing to the boundary conditions 
imposed to the containment wall. 

Following the same rationale adopted during the steady-state ana
lyses, transient analyses were then performed stopping the calculations 
when the temperature reached saturation somewhere in the computa
tional domain. In the calculations, a time-step of 0.5 s was chosen, using 
50 inner iterations. This choice was made with the aim of achieving a 
reasonable computational time and a sufficiently low value of the re
siduals at the same time. However, the time-step needed to be lowered 
after a certain time in the transient (at almost 100,000 s), since the re
siduals had an unexpected increase, probably due to the changes in fluid 
properties close to saturation. 

In order to understand the thermal behaviour of the water pool, 
Fig. 10 shows the temperature fields predicted at four different times 
during the simulation, i.e., at 4.5 h, 10.5 h, 19.5 h and 33 h, where the 
last time corresponds to the end of the calculation because of detection 
of the saturation temperature. For the sake of clarity, the temperature 
scaling is different in every figure. 

As it can be seen from Fig. 10, though thermal stratification is 
observed to occur in the very bottom part of the domain, globally 
speaking the temperature field was found uniform in a large part of the 
domain. This can be explained by considering that the heat-up process is 
relatively long and slow with respect to the previously considered small 
scale experiment; fluid motion, also favoured by the presence of the 
lateral concrete wall with its heat losses, seems to generate sufficiently 
well mixed conditions. The latter result appears to conflict with what 
was achieved experimentally by Liu et al. (2018) and Albadawi et al. 
(2018), showing a non-negligible thermal stratification inside the pool. 
However, it must be mentioned that the experiments carried out by 
these authors and described in the mentioned works assessed only one 
hour of the transient, something that could be at the basis of such dis
crepancies. Indeed, as it was found also in the analyses here described, a 
time span of one hour might be too small to appreciate the mixing 
conditions established inside the pool as the time constant of the phe
nomena is relatively large. Moreover, as it can be seen from Fig. 10, at 
the end of the simulation most of the water mass was found to be close to 
the saturation temperature. However, the temperature of some portions 
of the containment shell resulted to be higher than the saturation value, 
allowing to conclude that nucleate boiling could reasonably occur even 
before, depending on the local required superheating. 

Concerning the fluid motion, Fig. 11 reports the vertical velocity 
component field predicted at four different times identical to Fig. 10. As 

Fig. 12. Heat flux exchanged by the containment with the water-wall at four 
different times in the transient. 

Fig. 13. Streamlines at t = 33 h (end).  
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it can be seen from Fig. 11, the adopted geometry leads to boundary 
layer detachment in the region between the end of the containment 
vertical cylinder and the beginning of the upper dome. The detachment 
of the boundary layer causes a slight heat transfer enhancement in that 
region, as it can be seen from Fig. 12, in which the heat flux exchanged 
by the containment surface is reported. 

To complete the panorama of the obtained results, Fig. 13 shows the 
streamlines at t = 33 h (i.e., the end of the simulation). As it can be seen 
from Fig. 13, the natural convective motions in the bottom region of the 
pool become milder with increasing time due to the thermal stratifica
tion established in that region, thus leading to a decrease of the heat 
transfer along the lower dome of the containment, while a convection 
vortex in the upper part is clearly visible. 

In order to check for the effect of the thermal capacity of the concrete 
wall on the transient behaviour, the model was then equipped with a 1 m 
thick concrete wall, included in the model by a conjugate heat transfer 
approach. The adopted mesh for the concrete wall was coherent with the 
one set up for the pool shown in Fig. 8, i.e., all the mesh parameters were 
kept unchanged, leading to matching control volumes. 

Fig. 14 shows the behaviour of the net power balance obtained by 
adding all the positive and negative contributions to the energy budget 
of the system in the CFD model for the addressed two cases, i.e., 
including and neglecting the heat capacity of the wall. Notwithstanding 

the difference in the simulated behaviour of the power to the heat 
structure in the two cases, shown in Fig. 14 (right), it can be noted that 
the effect on the overall balance is minimal, justifying the neglect of the 
wall heat capacity in calculations. 

4.2. Lumped parameter analysis with CATHARE-3 

After the 2D CFD analysis, simplified transient calculations were 
performed by using the system code CATHARE-3 V2.1 (Equipe 
CATHARE, 2019) aiming at comparing a simpler description of the 
system behaviour with the results from the CFD calculations. The 
simplified model was set up using a 0D capacitance volume, i.e., a 
lumped parameter model available in the code. Since CATHARE-3 does 
not allow to have ellipsoidal shapes for the heating structures when a 0D 
model is adopted, the upper and lower domes of the containment shell 
were approximated by a sequence of truncated cones. On the other hand, 
the pool geometry was modelled as a square based prism with a side 
length of 20 m. Fig. 15 shows a sketch of the submerged shell adopted in 
the CATHARE-3 model as well as the 0D domain visualized by means of 
the graphic interface of the CATHARE code (i.e., GUITHARE). 

The height of the pool volume was actually set equal to 30 m in order 
to also simulate the humid air environment above the pool itself. The 
stainless-steel shell of the containment wall was placed in contact with 
the lower sub-volume of the considered hydraulic component. Starting 
with a steady state with the pool volume full of liquid, during the 
transient analysis the domain was firstly emptied to bring the mixture 
level to 20 m, thus simulating the cooling pool as well as the upper 
environment. In order to simulate the ambient air above the pool, non- 
condensable gas was considered to be present in the upper volume. The 
boundary conditions of the lumped parameter model were defined in 
similarity with those used during the CFD analyses described in the 
previous sections, with the only difference of having considered the pool 
walls adiabatic and with the evaporation model at the free surface, 
specified by CATHARE own models. 

Fig. 16 reports the comparison of the temperature calculated for the 
lower subvolume of the lumped parameter model of CATHARE (i.e., the 
part of the model that simulates the water-wall) with the mass averaged 
water pool temperature obtained by the 2D CFD model. As it can be 
noted, expectedly the two trends differ, however remaining qualitatively 
similar. Among the contributors to the observed differences, in addition 
to the basic diversity of the two models (distributed parameter and 

Fig. 14. Comparison of results with and without the thermal capacity of the concrete wall for CFD analyses: (a) net power balance; (b) thermal power losses through 
the concrete wall. 

Fig. 15. Sketch of the containment shape adopted in the CATHARE-3 model 
(left) and 0D domain visualized with the CATHARE graphic interface (right). 
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lumped parameter ones), also the treatment of the evaporation rate at 
the pool surface is playing a role. In the case of CATHARE-3, the inter
face is facing an environment which was let to be washed of the initially 
contained air by the evaporated steam as in an open containment pool 
(an assumption adopted in the analysis which could be easily changed if 
needed), giving rise to an atmosphere richer and richer with steam, thus 
increasing steam partial pressure, that progressively decreased the 
evaporation rate. The different evaporative heat transfer evaluated by 
the CFD model and by CATHARE-3 are shown in Fig. 17; indeed, the 
averaged evaluation of the pool surface temperature for a lumped 
parameter model and the local one for a CFD model result in different 
representations of the phenomena, making the comparison only an order 
of magnitude check of the quantitative values. 

In a further analysis, also in the CATHARE-3 model the concrete wall 

was implemented, adopting the same rationale used for the CFD ana
lyses described above. The adopted external wall was considered planar 
with a height of 30 m, i.e., it covered the entire height of the volume 
domain. The properties of concrete adopted in the analysis were 
assigned making use of the library available in the CATHARE-3 code. 
The thickness of the structure (i.e., 1 m) was divided into 20 nodes and 
on the outer side of the slab a convective condition was imposed as the 
one adopted for the containment structure, imposing a large value of the 
heat transfer coefficient to result de facto in a Dirichlet boundary con
dition with an outer wall temperature of 30 ◦C. All the other boundary 
conditions were kept unchanged. 

The simulation with the concrete wall covered 30 h of real transient 
time. Fig. 18 shows the comparison between the net power balance 
behaviour obtained with CATHARE-3 for the two cases. As it can be 

Fig. 16. Comparison between the water temperature obtained from CATHARE-3 and the mass averaged temperature from the CFD calculation.  

Fig. 17. Evaporative power losses for CFD and CATHARE-3 analyses.  
Fig. 18. Comparison between the net power balance behaviour achieved with 
CATHARE-3 for the two analysed cases. 
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seen, even in this case only slight differences were obtained by consid
ering the presence of the concrete wall, confirming a minor role in the 
overall behaviour. A comparison of the heat transferred to the concrete 
wall in the CFD and in the CATHARE-3 calculations is reported in 
Fig. 19, showing a general coherence in view of the differences of the 
adopted models. 

4.3. 3D CFD analyses 

A transient three-dimensional CFD simulation was then performed 
by using STAR-CCM+ (Simcenter, 2018). The main objective of this 
further phase of the study was to assess the behaviour of the water-wall 
by considering a square-based pool instead of a circular and axi- 
symmetric one, in order to analyse possible 3D phenomena which 

could not be considered by the 2D simulations. Fig. 20 shows the 
adopted computational domain together with a detail of the generated 
mesh. 

In order to limit the needed computational resources, only 1/8 of the 
actual geometry was considered to perform the calculation (see again 
Fig. 20), taking profit of an evident octant symmetry of the addressed 
system. A coarser mesh was also tolerated with respect to the one 
adopted for the 2D analyses, increasing the base size to 16 cm, whereas 
the type of the mesh was still kept polyhedral, making use of prism 
layers in order to refine the mesh close to the containment surface. 

Boundary conditions were adopted in coherence with the 2D ana
lyses for purpose of close comparison. In this case, the presence of the 
pool wall was simulated by imposing an equivalent thermal resistance (i. 
e., by neglecting its thermal capacitance) in order simplify the calcula
tion. The two lateral vertical surfaces, instead, were considered as 
symmetry planes. Concerning the turbulence model, also in the 3D 
analysis a Standard k − ε model was used together with an all-y+ wall 
treatment for the cells close to the wall. The transient analysis was 
carried out by considering a time-step of 2.5 s adopted with 50 total 
iterations, found to be a good compromise between accuracy and 
duration of the calculations. 

Fig. 21 shows the trend of the net power balance of the 3D model 
compared with that achieved through the 2D analysis showing close 
coherence. The calculation was stopped after 10.5 h of simulated time of 
the cooling process and it was carried out by using 12 CPU cores in 
parallel: the entire analysis lasted nearly 4 days. The choice of simu
lating only a part of the transient was made, comparing the results of the 
early phase of the 3D calculation with those of the previous results of the 
2D CFD analysis, having as a purpose to check if the global behaviour 
predicted by the 2D and the 3D models was similar. In particular, the 
mixing effects pointed out by the 2D analyses were checked, e.g., rep
resenting the temperature distributions along two vertical sections 
placed on the two lateral symmetry planes (see Fig. 22) and located at 
intermediate distance between the containment steel shell and the 
concrete wall. Fig. 23 reports the distribution of the water temperature 
at two different times (i.e., 4.5 h and 10.5 h) along the two lines. 

Fig. 19. Heat flux lost through the concrete wall from CFD and CATHARE- 
3 analyses. 

Fig. 20. 3D computational domain and adopted mesh.  
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As it can be seen from Fig. 23, the thermal stratification achieved in 
the pool is generally negligible, even though it cannot be neglected in 
the very bottom part of the domain, a result already noted in the 2D 

analyses. An interesting difference between the 3D and 2D analysis is 
that the thermal stratification established in the bottom part of the pool 
seemed to break during time as shown in Fig. 24, where the comparison 
between the 3D and 2D temperature behaviour on the pool vertical 
section is shown. This phenomenon seems to be caused by a 3D effect 
due to the presence of the heat losses through the concrete wall, which 
cause an increase of the recirculation velocity in the bottom part of the 
pool leading to a better mixing of water in that region than in 2D con
ditions. The angle formed by the two planar walls, indeed, may lead to a 
higher cooling of water by heat losses in that region, thus causing a 
greater average downward velocity. 

For the sake of completeness, Fig. 25 shows the temperature fields 
predicted for the two symmetry surfaces of the 3D domain after 4.5 h of 
reactor time, showing great similarity with what was obtained by the 2D 
analyses described in the previous sections. 

Similarly, Fig. 26 shows the vertical velocity fields at the same time; 
even for this comparison the similarity between the 3D and 2D simu
lations is somewhat evident. As it can be seen from Fig. 26, even though 
the velocity field is slightly different in terms of the highest and lowest 
values achieved, its global behaviour is quite similar in the two cases. 
The differences among the lowest values (considering the negative sign) 
of the velocity can be explained again with the higher mixing estab
lished in the bottom part of the pool already noted above for the 3D case. 

Finally, Fig. 27 shows the temperature distribution on the upper 
surface of the pool at the end of the simulation (i.e., 10.5 h) together 
with the behaviour of the related power losses during the transient. As it 
can be noted, the estimated powers for the 2D and the 3D cases are quite 
similar. 

In summary, the differences between the predictions obtained by the 
2D and 3D models seem to be quite limited, thus justifying the adoption 
of the former for faster analyses related to the overall behaviour of water 
wall systems. 

5. Scaling considerations 

After the analyses shown in the previous sections, additional studies 
were carried out for downscaled domains aiming at understanding if a 
homothetical change in the dimensions of the containment wall and of 
the water-wall complex could give rise to similar phenomena at different 
scaling. This was obtained by halving and dividing by four times the 
linear size of the model adopted for running 2D analyses of the full-scale 
exercise and comparing the obtained results in various forms. 

The scaling of the original domain by factors 1:2 and 1:4 was easily 
achieved by making use of the tools available in the CFD code for 

Fig. 21. Comparison between the power balance behaviour for the 3D and 
2D cases. 

Fig. 22. Vertical sections of the domain: (a) vertical section on the diagonal 
symmetry plane; (b) vertical section on the side symmetry plane. 

Fig. 23. Temperature distribution along the vertical sections at two different times: (a) after 4.5 h of cooling process; (b) after 10.5 h of cooling process.  
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transforming geometrical domains; together with the domain, the 
adopted STAR-CCM+ code also scaled the original mesh, keeping some 
of its parameters unchanged despite of the different size (i.e., number of 
cells, growth ratio in the prism layers and so on). Therefore, for the 
downscaled domains the meshes were smaller than in the full-scale case 
and also the time step used for the transient analysis was decreased. In 
particular, for the domain with a 1:2 scale the chosen time-step was 0.25 
s whereas for the case with a 1:4 scale it was 0.1 s, both simulated 
through 50 iterations. The choice of the time-steps was again dictated by 
the rationale of having sufficiently low values of the residuals together 
with a reasonable duration of each simulation. Fig. 28 illustrates the 
configurations of the addressed domains together with the adopted 
mesh. 

Downscaling was also applied to some of the boundary conditions 
involving the containment and the concrete wall thicknesses with 
“convection” boundary conditions. The boundary condition on the free 
surface, instead, was kept unchanged as it depends on the water tem
perature rather than on geometrical quantities: indeed, the surface area 
is downscaled as a consequence of the mentioned linear scaling. 

As in the previous analyses, the simulations were stopped when the 
saturation temperature of 100 ◦C was achieved somewhere in the 

domain. In Table 2, the time requested for the pool to start boiling is 
reported for each of the addressed cases: 

Furthermore, Fig. 29 shows the behaviour of the net power balance 
vs transient time. 

Similarities pointed out by the analyses concern the velocity fields 
achieved in the downscaled domains. As it can be seen from Fig. 30, 
despite of expected quantitative differences, the general flow pattern is 
pretty similar in each case analysed with respect to the full-scale one 
shown in Fig. 11. 

As it can be noted from Fig. 31 and Fig. 32, similarly to what was 
obtained from the previous analyses for the full-scale domain, the 
thermal stratification in the pool appears negligible, except at the very 
bottom where the recirculation of water is damped leading to a decrease 
of heat transfer. 

6. Conclusions 

In this work, CFD analyses have been performed with different as
sumptions, boundary conditions, and length scales in order to explore 
the behaviour of nuclear reactor containments equipped with water 
walls, as those proposed for some Small Modular Reactors presently 

Fig. 24. Comparison between 3D and 2D temperature on a vertical section of the pool at two different times: (a) after 4.5 h of cooling process; (b) after 10.5 h of 
cooling process. 

Fig. 25. Comparison between the temperature field in both 3D and 2D analyses for t = 4.5 h. (a) Side symmetry plane; (b) Diagonal symmetry plane; (c) 2D domain.  
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under development. 
The lack of an extended experimental database applicable to these 

phenomena motivated the study, which started from the scarce available 
experimental evidence to provide a reasonable degree of validation of 
the adopted numerical tools. The obtained results were extrapolated 
making use of the prediction capabilities of numerical models, trying to 
envisage the unknown range of phenomena for full-scale reactor pools. 
While the obtained information can be considered incomplete in the lack 
of applicable experimental data, it nevertheless provides a guidance to 
deal with phenomena that are presently out of reach in terms of sup
porting experimental evidence. 

The rationale adopted in setting up models for studying the 
addressed system involved different tools, geometry and assumptions. 
Two-dimensional and three-dimensional calculations were performed, 
trying to highlight the differences in their capabilities to reveal key 
behaviours. A lumped parameter model was also used in support, 
developed making use of a well-assessed thermal–hydraulic code usually 
applied in complex NPP accident calculations, in the aim to check that 

the order of magnitude of global phenomena was not lost in the simu
lations performed by more detailed CFD codes. Considering that 
experimental facilities are and will be available only in small scales, a 
simple scaling analysis was conducted, by homothetically shrinking the 
full-scale model to smaller sizes. It is necessary to note that, in order to 
reach full scale size with a CFD technique, large meshes were tolerated, 
something to be always considered with due care in view of possible 
truncation error effects and model extrapolation; however, the scaling 
process performed with smaller sizes and meshes seems to provide 
confidence that, in view of the usual convergence checks, the predicted 
phenomena are similar at different scales and mesh sizes, supporting the 
general correctness of the analysis. 

A variety of boundary conditions was also adopted, e.g., in the 
treatment of the lateral concrete walls, which could not be ignored and 
which were represented as simple heat transfer resistances or more 
reliably as bodies possessing both conductivity and volumetric heat 
capacity. Particular relevance was ascribed to the simulation of the heat 
losses by evaporation at the upper surface of the water pool, setting up a 

Fig. 26. Comparison between the vertical velocity fields in both 3D and 2D analyses at t = 4.5 h. (a) Side symmetry plane; (b) Diagonal symmetry plane; (c) 
2D domain. 

Fig. 27. (a) Temperature field on the pool free surface for t = 10.5 h, and (b) comparison between the related power losses between 2D and 3D analyses.  
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detailed model based on the analogy between heat and mass transfer, 
capable to assign to the upper pool surface the best possible estimation 
of the energy lost by latent and sensible heat transfer. 

The obtained results show, as a relevant feature, a considerable de
gree of mixing in the containment water pool, as a consequence of the 
very slow but persisting convective motions that occur along its height, 
mainly promoted by the natural circulation loops established also owing 
to the lateral heat losses and to the evaporation at the free surface. This 

phenomenon, which appears to be particularly favourable in view of 
safety, owing to the involvement of large masses of the water pool in the 
decay heat removal processes, suggests an issue worth of further 
attentive assessment to be confirmed or denied, owing to its relevance in 
the long-term analyses of station black-out scenarios that SMRs will be 
particularly targeted to counteract. 

In the frame of the ELSMOR project, an outcome of this work and a 
possible continuation of the same line of research could be the study of 
the margins for the release of decay heat via the water wall, considering 
more realistic boundary conditions to be imposed to the inner surface of 
the containment, in order to evaluate a station blackout scenario: this 
will provide matter for future work. 
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Fig. 28. Downscaled domains and adopted mesh.  

Table 2 
Time requested by the pool to boil in each scale.  

Scale Time to reach bulk boiling (s) Time to reach bulk boiling (h) 

1:1 118,000  32.7 
1:2 26,000  7.2 
1:4 9,000  2.5  

Fig. 29. Net power balance behaviour during time.  

Fig. 30. Vertical velocity field in downscaled domains achieved at the end of 
each simulation for two different scales: (a) 1:2, and (b) 1:4. 
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