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To theoretically investigate atmosphere mixing in an enclosure, three experiments of interaction of a vertical air
jet with a helium-rich layer performed in SPARC, PANDA and MiniPanda experimental facilities, were simulated
using the URANS approach. For the purposes of this work, firstly, a local Froude number is introduced, which can
be directly used in computational fluid dynamics calculations to specify the regions with possible occurrence of
Kelvin-Helmholtz instability. Namely, it is shown that in these regions, turbulent diffusion is underpredicted and

turbulence model fails to replicate some phenomena. Secondly, a model for dynamically prescribe turbulent
Schmidt and Prandtl numbers is proposed. The proposed model improves the results in isothermal case with
possible occurrence of Kelvin-Helmholtz instability, while its effects are negligible in cases with higher tem-
perature jets with lower local Froude number values, where the conditions for the Kelvin-Helmholtz instability

are not established.

1. Introduction

The study of hydrogen distribution during a severe accident in a light
water nuclear reactor is important to predict the occurrence of regions in
nuclear power plant (NPP) containment with high local hydrogen con-
centrations and flammable mixture in order to effectively install
hydrogen mitigation systems. Various experiments are being performed,
with the use of helium as a substitute for hydrogen, to simulate atmo-
sphere mixing occurring in NPP containments; results are used to vali-
date Computational Fluid Dynamics (CFD) codes in order to simulate
phenomena during accidents in actual plants (Kljenak et al., 2012).

The issue of homogenization of a stratified atmosphere using a ver-
tical gas jet is considered in the present work. Three experiments per-
formed in different facilities are used to validate a proposed model.
During the tests, the erosion of helium-rich layer in the upper part of the
experimental vessels with a vertical axisymmetric air jet was observed.
The first experiment considers an isothermal break-up of a stratified
atmosphere in the SPARC (Spray-Aerosol-Recombiner-Combustion)
large-scale test facility, located at Korea Atomic Energy Research Insti-
tute (KAERI) in Daejeon (Republic of Korea) (Na and Kim, 2018; Lee
et al., 2019). The second experiment considered in the present work was
performed in the PANDA experimental facility at the Paul Scherrer
Institute (PSI) in Switzerland (Mignot et al., 2010). This experiment was
part of the OECD SETH-2 project (2007-2010) (OECD, 2012), in which

* Corresponding author.

experiments on generation of stratified containment atmosphere and its
mixing due to jets, sprays and natural convection were performed. The
third experiment was performed in the MiniPanda experimental facility,
located at ETH Ziirich in Switzerland (Ritterath, 2012; Kelm et al.,
2016).

The turbulent Schmidt number (Sc;) and the turbulent Prandtl
number (Pr;) are non-dimensional numbers used in turbulence model-
ling to describe the turbulent transport of mass and heat, respectively. In
CFD calculations of the injection of fluid from a nozzle of circular cross-
section into a reservoir containing stagnant fluid of similar density,
constant values of Sc; and Pr, are usually used. Typically, their values are
based on comparisons of calculation and experimental results (Andreani
et al.,, 2016). However, a constant value does not always provide a
satisfactory agreement with experiments. In fact, values of these tur-
bulent numbers are expected to change throughout the flow field (Ishay
et al., 2015) and within the boundary layer (Koeltzsch, 2000). In the
experimental study on turbulent horizontal negatively buoyant jets
performed by Shao and Law (2009), the calculated Sc, values were in the
range from 0.4 to 1.0. In their experiment of horizontal stratified jet, Xu
and Chen (2012) observed a strong spatial variation of Sc; with values
from 0.6 to 1.5. They also concluded that to model turbulence properly,
a combination of mixing length model and eddy viscosity turbulence
model is suitable.

Varying such quantities over the flow field is a way of extending the
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existing physical modelling but without questioning the fundamentals,
that is, the hypothesis that these quantities significantly determine the
behaviour of the flow. Using such an approach, models that have proved
to be successful at other conditions are not negated, but extended.
Several authors have proposed different models for Pr, and Sc; values.
Yimer et al. (2002) have proposed a parabolic curve fit for Sc,. This
function is based on several turbulent round free jet experiments, which
showed that Sc; increases monotonously from a value of 0.62 on the jet
axis to 0.82 on the jet edge. However, a constant average value of 0.7 is
recommended for use in CFD applications involving axisymmetric free-
jet flows. Sturgess and McManus (1984) suggested a formulation for Sc;
based on the k —¢ turbulence model. One of the model constants, was
modelled using the ratio of turbulence kinetic energy production to its
dissipation rate. Keistler et al. (2006) proposed a new set of transport
equations for enthalpy and mean mass fraction, including variance and
dissipation rate, in order to determine Sc, and Pr,;. However, this set of
equations involves 26 additional constants. Goldberg et al. (2010) pro-
posed a method for calculating Sc; and Pr; values based on algebraic
Reynolds stress model and Reynolds stress anisotropy. This method
gives in the bulk flow a constant Sc, value of 0.7, while in the near wall
region a lower Sc; mean value of 0.34 is obtained.

Venayagamoorthy and Stretch (2010) derived a formulation for Sc;
and Pr; in terms of the strength of stratification (Richardson number) for
homogeneous stably stratified turbulent flows. This Sc; and Pr; formu-
lation was used by Abe et al. (2018), who studied two experiments
performed in the MISTRA facility (CEA, France) regarding stratification
break up by a buoyant jet. The simulation results of the higher injection
velocity case were improved with the use of dynamic modelling of Sc,
and Pr;. On the other hand, the erosion rate in the lower injection rate
case was overpredicted, indicating that the turbulence model cannot
simulate the buoyant jet adequately. The same formulation to dynami-
cally prescribe turbulent numbers was also used in simulations of the
erosion of a stable stratified atmosphere by a vertical jet from below by
Abe et al. (2020). The turbulence production profiles predicted by the
dynamically modelled Sc; are similar to large-eddy simulation (LES)
results, which increases the accuracy of the results. They concluded that
the change of the Sc, values plays a significant role in simulating the
turbulence behaviour in the density stratification comprising the
multicomponent gas mixture.

Tahmooresi and Ahmadyar (2021) used a “regional Sc,” approach (as
stated by the authors), prescribing different Sc; values in an inclined
negatively buoyant jet. Different regions were isolated using negative or
positive values of turbulence buoyancy production and vertical velocity.
Sc; = 0.8 was prescribed in the almost jet-like region and in the outer
half of the flow, Sc; = 0.4 was prescribed in the additional mixing zone
below the jet, and Sc; = 1.0 in the region with absence of density
stratification above the jet. It was observed that locally reducing Sc,
improves mixing parameters (dilution ratio) without changing the
geometrical properties of the jet. On the other hand, using the lower
value on the whole numerical domain led to a worse prediction of the
shape of the jet. It was concluded that such local changes in Sc,
compensate the flaws of linear two-equation turbulence models.

In the present study, the interaction of a vertical axisymmetric air jet
with a horizontal layer of helium-air mixture is simulated with the open-
source CFD code OpenFOAM (OpenFOAM Ltd., 2021). The numerical
and physical model implemented in the code used in the present work
was developed, verified and validated in Krpan et al. (2021). However,
the discrepancies between experimental and numerical results were in
some cases considerable. In the present paper, firstly, a local Froude
number is defined, which can be directly used in CFD calculations to
directly assess jet characteristics. Secondly, a new model for dynami-
cally prescribing turbulent Schmidt and Prandtl numbers is proposed
and validated against experimental results.

The constrained vertical jet is described in Section 2 and experi-
mental facilities and experiments are described in Section 3. The phys-
ical model and model for dynamically prescribe different values of
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turbulent Schmidt and Prandtl numbers are described in Section 4. In
Section 5, the validation of the proposed model against experimental
results is presented.

2. Vertical jet and light gas layer interaction

In the present section, a phenomenological description of the ve-
locity field, induced by a vertical jet, is provided as the basis for the later
presentation of the proposed model in Section 4.3. Instantaneous ve-
locity and density fields presented in this section as illustrations of the
phenomenological descriptions are taken from simulations of experi-
ment performed in SPARC experimental facility at t = 1000s. The ve-
locity values are normalized with the injection velocity.

The vertical axisymmetric jet injected in the opposite direction of the
gravity considered in the present experiments is constrained in the
vertical (streamwise) direction, at first with a light gas layer and later
with the ceiling of the vessel. Consequently, the jet at some point
changes its direction, flows downstream around the main jet and a
recirculating flow is generated. Fig. 1 shows absolute value of instan-
taneous vertical velocity field in logarithmic scale and streamlines in a
typical constrained vertical jet. Regarding the vertical velocity, the
following flow regions can be defined:

A. upward flowing main jet,
B. downward flowing returning jet,
C. quiescent environment.

Let us define a Cartesian coordinate system with origin located in the
centre of injection and z axis pointing upwards (in the opposite direction
of gravity). Fig. 2 (left) shows a vertical velocity radial (x-direction)
profile 2 m above the injection. However, the radial profile in a typical
fully-developed axisymmetric jet is similar regardless the distance from
the injection. The velocity is highest in the axis of the main upward
flowing jet directly above the injection. Further away from the jet axis,
the vertical velocity decreases, becomes zero on the boundary between
the main jet and the downward flowing returning jet, and reaches its
minimum value in the axis of the returning jet. Further on, the vertical
velocity increases back to zero in the quiescent environment. Fig. 2
(right) shows the vertical velocity vertical profile in the jet axis. The
velocity decreases and when the jet reaches either a layer consisting of
light gas or the ceiling, it becomes zero.

Fig. 3 shows the density field (Fig. 3 left) and the vertical density
gradient (Fig. 3 right) in an isothermal vertical jet with a layer of light
gas above. The figure is taken at t = 1000s when enough helium is
already brought to lower atmosphere and such density gradients are
present also in the proximity of the injection. In the vertical direction in
the axis of the jet, the density is highest at the injection pipe outlet, and
decreases when moving higher, meaning the density gradient is nega-
tive. The gradient has the highest value (in the absolute sense) at the
interface between the jet and the light gas layer. In the radial direction
from the axis, the density gradient depends on the entrainment of the
light gas. Where the gradient is negative, the mass fraction of light gas
increases, and vice versa, where the density gradient is positive, the
mass fraction decreases.

The behaviour of a typical vertical jet in an environment with a
density stratification can be characterized by the Froude number (Fr)
that is defined as the ratio of inertial forces (jet’'s momentum) to the
buoyancy forces (Paladino et al., 2008b):

le

g~D (Po—Pamp)

Po

Frr = 1)

where u, g,D, p, and p,,,;, are vertical jet representative velocity, gravi-
tational acceleration, jet representative diameter, jet density and density
of the ambient atmosphere, respectively.

With the means of Fr, the behaviour of the jet in different regions can
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Fig. 1. Absolute value of vertical velocity field (logarithmic scale) and streamlines in a constrained vertical jet.
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Fig. 3. Density field (left) and vertical density gradient (right).
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be characterized. If the injection velocity and density are inserted in Eq.
(1), the calculated Fr expresses the behaviour of the jet at the injection.
In the same way, the interaction between a vertical jet and a light gas
layer can be characterized by means of the interaction Froude number
(Frint). Frine describes the initial conditions at the interface between the
jet and light gas layer where the erosion takes place, and is defined as
(Kelm et al., 2016):

2
int 2
g‘Dim (ﬂu —Player ) ( )

Po

Fr2 = u

int

where ujy, Dine and Player aT€ the velocity and the jet diameter at the
interface, and the light gas layer density, respectively. If Fri, <1,
buoyancy forces dominate the flow and the erosion process is slow, since
the jet erodes the layer almost without any penetration. If Fri, 1, the
inertial and buoyancy forces are nearly equal. If Fri, > 1, the mixing is
driven by the momentum, the vertical jet deeply penetrates in the light
gas layer and the erosion is fast. Fri, is used to scale experiments per-
formed in different experimental facilities. Usually, it is calculated using
only initial parameters, without considering the layer with decreasing
helium concentration (Fig. 6) and the actual jet velocity and density in
the interaction region (Kelm et al., 2016). Besides, it neglects the tem-
poral changes in the density of the jet caused by the entrainment of the
light gas.

The Froude number is calculated using the conditions at two specific
locations and is expressed as a single parameter. As such it is not valid
for the entire computational domain and thus it cannot be directly used
in CFD calculations, where the fluid properties are locally and time
dependent. For the purposes of the present work, a local Froude number
(Fry) is defined, which uses local vertical velocity (u,), local density (p)
and vertical density gradient:

u

gD

F r,2 = ) 3)

dz

o
RN S

where D? is a constant with a unit (D> = 1m?). Fr is in general consid-
ered to be always positive, and consequently the absolute value of the
density gradient must be taken into account in Fr; (Eq. (3)). The
behaviour of Fr; in a vertical constrained jet is discussed in Section 5.

In cases considering the flow of two or more fluids, Kel-
vin—Helmholtz instability may appear. When two fluids, separated by an
interface, move with different velocities, the interface is submitted to
shear. The interface becomes unstable and periodic large-scale vortices
may be generated. Kelvin-Helmholtz instabilities typically appear when
the velocity difference of two fluids across the interface exceeds a critical
value (Au) (Strubelj and Tiselj, 2005):

3.5 "
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where p;,p,,g and ¢ are density of the first fluid, density of the second
fluid, gravitational acceleration and surface tension coefficient,
respectively.

However, Kelvin—-Helmholtz instability may appear also in contin-
uous flow of a single fluid in the presence of a velocity shear. It can be
observed in Fig. 1 that in the constrained vertical jet, a recirculation flow
is generated, and a shear flow is most prominent near the inlet.
Furthermore, due to the different content of the light gas, densities of the
upwards and downwards flowing jets are different. Fig. 4 shows vertical
velocity (left) and density (right) radial (x-direction) profiles 0.1 m
above the injection at t = 1000 s.

In our case, the shear flow is generated by a single fluid with a
slightly different density and the surface tension cannot really be
assessed. Consequently, for the assessment of AU,, the same value of the
surface tension was used as in Strubelj and Tiselj (2005), i.e. ¢ = 0.04 N/
m. Considering the maximum and minimum density values from Fig. 4
(p; = 1.16kg/m® and p, = 1.12kg/m3) in Eq. (4), the assessed
Auc > 0.66m/s. In Fig. 4 left, the maximum and minimum values of the
velocity are u, = 3.02m/s and u, = —0.1m/s, respectively. Such ve-
locity difference of Au, =3.12m/s exceeds the assessed Au., and
consequently the occurrence of Kelvin-Helmholtz instability is possible.

3. Experimental facilities and experiments used for model
validation

Experimental facilities considered in the present work are designed
as a single vessel or a system of vessels in order to study physical phe-
nomena during the atmosphere homogenization process. The main
purpose of these experiments was to observe the interaction of a vertical
air jet with a previously established horizontal layer of helium-air
mixture in the upper parts of the vessels. The initial and boundary
conditions of the tests used for model validation in the present work are
listed in Table 1. The interaction Froude number (Fri,) describes the

Table 1
Boundary and initial conditions for simulated tests.

Experiment  Position Helium Injection Interaction Initial
of content flow rate Froude injection
injection [vol. %] [g/s] number density
line ratio at

pipe exit

SPARC centre 30 28 0.51 1

PANDA near wall 45 15 0.75 0.95

MiniPanda near wall 100 1.51 1.3 0.84
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Fig. 4. Vertical velocity (left) and density (right) radial profiles.
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Fig. 5. Initial helium distribution profiles for different experiments (Mignot et al., 2010; Na and Kim, 2018; Ritterath, 2012).

conditions at the interface between the jet and the light gas layer where
the erosion takes place, and is defined using Eq. (2). Initial helium
volume fraction vertical distribution profiles in the experiments are
shown in Fig. 5. On x-axis is relative distance from the injection,
(2 — Hinj) /Hyesse, Where z, Hypj and Hyeg; are vertical coordinate, height
of the injection and vessel height.

3.1. SPARC experimental facility

The SPARC test facility (Fig. 6) consists of a single cylindrical vessel
with a volume of 80 m® (Na and Kim, 2018; Lee et al., 2019). Before the
experiment, a 1.5 m thick layer with 30 vol% of helium (the rest was air)
was established in the upper part of the vessel (Fig. 6). During the
experiment considered in the present work, the helium-air layer was
eroded with an axisymmetric vertical air jet with a mass flow rate of 28

Layer with decreasing
helium concentration
9430 (T12_14)

- 9110 (H2713)
8790 (H2 12)
8470 €H2 11)
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- 2150 (H2_2)

.
T
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Y
e

T 0 mm (H2 1)
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Fig. 6. Schematic of SPARC experimental facility and sampling positions (Na
and Kim, 2018).

g/s. The jet with a diameter of 0.1 m was injected at the axis of the vessel
at an elevation of 5.15 m and had the same temperature as the previ-
ously established atmosphere. The constant pressure in the vessel was
maintained using an open nozzle at the bottom of the vessel (Na and
Kim, 2018).

3.2. PANDA experimental facility

The part of the PANDA experimental facility that was used for the
experiment considered in the present work consists of two cylindrical
vessels and an interconnecting pipe, with a total volume of 183 m®
(Fig. 7 left). Each vessel has a height of 8.0 m and a diameter of 3.96 m
with a volume of 89.9 m>. The injection pipe is positioned 0.5 m away
from the wall and has a diameter of 0.075 m. In the experiment
considered in the present work, the initial pressure and temperature in
the vessel were 1 bar and 20 °C, respectively.

Before the test, a 2 m thick layer of helium and air was established in
the upper part of one of the vessels, as shown in Fig. 7 (left). During the
experiment, the helium rich layer was eroded with an air jet with a mass
flow rate of 15 g/s at a temperature 30 °C. The constant pressure in the
vessel was maintained with an open nozzle at the top of the second
vessel. Fig. 7 (right) shows sampling positions, from which results are
compared in this paper. A more detailed description of the PANDA fa-
cility and experiments can be found in works of Paladino et al. (2008a)
and Mignot et al. (2010).

3.3. MiniPanda experimental facility

MiniPanda is a 1:4 scaled-down model of the PANDA facility, with a
total volume of 2.875 m> (Ritterath, 2012). Each vessel has a height of 2
m and a diameter of 1 m (Fig. 8). The injection pipe with a diameter of
0.018 m is positioned 0.125 m away from the wall. The constant pres-
sure in the vessel is maintained with a vent opening at the top of the
second vessel. A more detailed description of the MiniPanda facility can
be found in the work of Ritterath (2012).

During the experiment considered in the present work, approxi-
mately 0.5 m thick layer of pure helium was eroded with vertical air jet
with a mass flow rate of 1.51 g/s and temperature of 80 °C. The initial
atmosphere temperature was 25 °C. The entire experiment was per-
formed at constant pressure 1 bar.

4. Numerical model
Numerical simulations were performed with the OpenFOAM CFD

code, version 1812 (OpenCFD Ltd, 2021). To simulate the transient
mixing process, the Unsteady Reynolds Averaged Navier Stokes
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(URANS) approach was used. An adaptive time step (approx. 0.001 s)
was used, to sustain a Courant-Friedrichs-Lewy (CFL) number of less
than 0.5 in all cells. In our simulations, a second-order accurate finite
volume discretization scheme (Gaussian integration) was specified with
second-order interpolation scheme. The temporal term was discretized
using a first-order implicit differencing Euler scheme (OpenCFD Ltd,
2021). A pressure-implicit split-operator (PISO) algorithm was used to
iteratively couple the flow equations. This modelling approach has
already been applied and validated in earlier work (Krpan et al., 2021).

In order to describe the mixing process in the present work with the
best accuracy, entire experimental facilities, described in Section 2, were

2016).

considered as computational domains, without any geometrical simpli-
fications. The same numerical meshes were used for the PANDA and
SPARC facilities as in the mentioned earlier work (Krpan et al., 2021),
where a detailed analysis of mesh convergence was performed. As to the
MiniPanda facility, due to the similar conditions, an additional separate
analysis of mesh convergence was not deemed necessary.

4.1. Governing equations

The atmosphere in the vessel was considered as a compressible
mixture of ideal gases. The erosion and mixing process was modelled as
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a two-component single-phase flow, where the solved single continuity
equation was:
dp | Opu;

or a_xjio ®)

where p,t and u are density, time and velocity, respectively. The com-
mon momentum equation used was:

0 w0 o Yo
or +axj (/)u[l/l‘/) = _+0x ((/" +."‘z) (()xj +6xi gkaaxi (6)

where p,u,pu, and g are pressure, dynamic and eddy viscosity (mo-
mentum eddy diffusivity), and gravitational acceleration, respectively.
The helium mass fraction, Yp,, was calculated using the con-
vection—diffusion equation:

Yy, 0 0 e\ he
ot * ox; (prs¥ie) = 0x; ((pD * Sc, ) ox; )

where D and Sc; are diffusion coefficient and turbulent Schmidt number,
respectively. The convection-diffusion equation was solved only for
helium, while the air mass fraction was calculated using >, ; ,¥; = 1.
The total energy equation used was:

J
o ((k K \0h P) u o,
== \\m:to )37 ) — —h-(pD+LL ot v
o (<P r r) axj) Z(dx,- (h' (p * 5, 0x; s

where h, K, Pr, Pr, and h; are enthalpy, kinetic energy, Prandtl number,
turbulent Prandtl number and gas species enthalpy, respectively.

(®

4.2. Turbulence modelling

Linear two-equation eddy viscosity models are currently state-of-the-
art turbulence models in solving problems related to mixing in large
enclosures. In these models, two additional transport equations are
solved: a transport equation for turbulence kinetic energy (k), and a
transport equation for turbulence kinetic energy dissipation (e).

The Launder and Spalding k-¢ turbulence model (Launder and
Spalding, 1974) was used in the present work:

d(pk)  d(pkw) o #\ Ok
o oy om|\F e ) ay) TETEPE ©)

2

dpe) o, + 0 u\oel_ € i e
o +ax, (peu,-)—axj nt o ax —Llsk(P+L3eB) 2P 103

B represents the additional production and dissipation of turbulence
kinetic energy in k and ¢ equations due to buoyancy and was modelled as
(Henkes et al., 1991):

31 o an

The default values of the turbulence model constants were used: C, =
0.09,C1, = 1.44,Cy, = 1.92,C3, —0.33,0x = 1.0 and 6. = 1.3. The
turbulence in the near-wall region was treated using wall functions. In
simulations performed with constant values of turbulent numbers, 0.85
was prescribed to Sc; and Pry.

4.3. Dynamic turbulent Schmidt and Prandtl number model

The turbulent Schmidt number (Sc;) and the turbulent Prandtl
number (Pr;) are two non-dimensional numbers used in the con-
vection—diffusion equation (Eq. (7)) and in the total energy equation
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(Eq. (8)). Furthermore, these parameters are also included in the pro-
duction and dissipation of turbulence kinetic energy due to buoyancy
(Eq. (11)). Sc; and Pr; are implicitly included in the calculation of den-
sity and enthalpy gradients, which affect the velocity and turbulence
fields. Sc; is defined as the ratio of momentum eddy diffusivity (v;) to
mass eddy diffusivity (D), and Pr; is defined as the ratio of v; to thermal
eddy diffusivity (a;) (Davidson, 2019):

1Z

Sc, = ﬁ 12)
pr, =2 (13)
Q,

t

where vy = y,/p. In other words, these numbers describe the ratio of the
rates of turbulent transport of momentum (momentum diffusion) to the
turbulent transport of mass (turbulent mass diffusion) or heat (turbulent
heat diffusion). Usually, constant values of these two parameters are
used and their values are specified based on comparison of calculation
and experimental results (Andreani et al., 2016). However, a constant
value does not always provide a satisfactory agreement with
experiments.

Venayagamoorthy and Stretch (2010) derived a correlation between
Sc; (or Pry) and stratification strength, which can be characterized with
the gradient Richardson number (Ri,):

Sc, Ri,

— =exp| ——2— | +
SC,O SC,()F(,o
where Scy, T’ and Ry,, are default Sc, value and two constants, where

I's =1/3 and R, = 1/4. Gradient Richardson number (Ri,) is defined
as:

Ri,

14
waSC,O ( )

Ri, = (15)

5
where N? is buoyancy frequency (or Brunt-Vaisala frequency) (N? =
(—&/po)(dp/dz)), and S is the mean shear rate (S = du/dz). Rig is
considered to be always positive. A negative value of N? (i.e. complex N)
indicates unstable density gradients with active convective overturning.
Under such circumstances the magnitude of negative Ri, is not generally
of interest (Turner, 1973). Despite the Ri; is based on global quantities
(Shih et al., 2000; Venayagamoorthy and Stretch, 2010), it was used in
Abe et al. (2020) to prescribe different Sc, values locally.

As discussed in Section 2, in atmosphere homogenization experi-
ments the occurrence of Kelvin-Helmholtz instability is possible, and as
shown in the next section, some simulations capture oscillations in the
velocity field which are similar to Kelvin-Helmholtz instability. This
results in decreased erosion rate and the atmosphere homogenization is
reached later than observed in the experiment.

The region with possible occurrence of Kelvin-Helmholtz instability
exists especially near the inlet where the velocity difference between the
upward and downward flowing jets is the highest. Furthermore, besides
shear flow and velocity gradient, also a density difference (density
gradient) is important. Fig. 9 shows vertical density gradient field (left)
and the Fr; field (right) calculated with Eq. (3). The figure is taken from
the simulations of the experiment performed in the SPARC experimental
facility at t = 1000 s. The white line represents u, = Om/s. It can be seen
that a region with high shear velocity (u, = Om/s) next to the inlet can
be also distinguished by the high value of the density gradient. When
moving further in the radial direction away from the axis of the jet, the
density gradient approaches zero, while Fr; value increases. Here, u, is
negative.

Regarding the high value of Fr; and the negative u, in the vertical
constrained jet, we propose to dynamically prescribe different Sc; and
Pr, values in different regions. In the proposed model, the same Sc, and
Pr; values are used in the simulations, and consequently, both of these
numbers are prescribed according to the following equation:



R. Krpan et al.

d(rho)/dz (kg/m*4)
1.0e-02

Annals of Nuclear Energy 180 (2023) 109476

-

1 ()
.0e+01

—_

0.01

R T T
o

1.0e-03

1.5 -

0.5 0.5 1

0
[m]

Fig. 9. Vertical density gradient field (left) and Fr; field (right). White line represents u, = Om/s.
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Sc, = Pr; = S¢ipmin + (Sc,vmax - Sc,7m,-,,){l + tanh [Ck,l + Fﬁ-%] }

(16)

where  Scimin, SCmax, Ck1, max(ju]) and u, are the minimum and
maximum Sc, values prescribed inside the computational domain, a
model constant, the maximal velocity magnitude inside the computa-
tional domain (injection velocity) and the local vertical velocity (in the
opposite direction of gravity), respectively.

Fig. 10 shows the vertical velocity in the axis of the jet 1.0 m above
the injection, and the absolute values of the product of Fremax(|u|)/u,
(Eq. (16)) in the region with possible occurrence of Kelvin-Helmholtz
instability beside the inlet at x = 0.3 m and z = 0.1 m. The transient is
taken from SPARC simulation, when the light gas layer was still present
and the atmosphere was not homogenized yet. It can be observed that,
when the absolute value of the product reaches 5, the velocity decreases
and starts oscillating. Over the entire transient presented in the figure,
velocity oscillations in the range of 0.25 m/s can be seen, and the
product value rarely descends below 5.

The value of the constant ¢ ; in the Eq. (16) sets the setpoint at which
the value of the product of Fr? and the normalized velocity (max (|u)/u;)
is taken into account. As discussed, ¢, ; = 5 leads to desired behaviour of
the proposed model. Namely, keeping high Sc, and Pr; values in the main
jet, while reducing the values in the proximity of the injection.

The hyperbolic tangent function is selected because it smoothly

form acts as an “if” function. Namely, where function arguments are
negative, it prescribes lower Sc, and Pr, values and vice versa. Further-
more, in the interval of small arguments around zero the result of hy-
perbolic tangent is continuously differentiable, which avoids numerical
instabilities.

This proposed model was used to dynamically prescribe both tur-
bulent numbers (Sc, and Pr;), and the applied values were the same.
Scimin and Scmax Were prescribed according to the values observed in the
experiments and used in other CFD studies (Shao and Law, 2009; Xu and
Chen, 2012; Andreani et al., 2016; Tahmooresi and Ahmadyar, 2021).
Parameters listed in Table 2 are used in all cases simulated with the
dynamic model (Eq. (16)) presented in the next sections.

5. Results and discussion
5.1. SPARC experiment

Fig. 11 shows time-dependent helium volume fractions at several
representative locations in the SPARC facility. Results obtained with

constant Sc; value, the Sc; model by Venayagamoorthy and Stretch
(2010) (Eq. (14)), and with the proposed dynamic Sc; model (Eq. (16))

Table 2
Dynamic turbulent Schmidt number model constants.

connects upper and lower Sc, and Pr; values, regardless the extreme Constant SCeain St Ch
values of gradients during simulations. The function written in such Value 0.4 0.85 5
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10. Vertical velocity in the axis of the jet at z= 1.0 m, and absolute value of Fr?-max(|u|)/u; at x=0.3 m and z=0.1 m.
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Fig. 11. SPARC experiment: helium volume fractions at different measuring locations (for sampling positions see Fig. 6).

are compared to experimental results. It can be observed that the
formulation proposed by Venayagamoorthy and Stretch (2010) does not
replicate well the experiment performed at isothermal conditions, and
the atmosphere homogenization is even slower than with the constant
Sc; value.

If we first consider helium concentrations at lower measuring posi-
tions near the vessel wall (H2_4, H2_6 and H2_8), we may notice, that
there is not much difference between results obtained with constant Sc,
and those obtained with the proposed dynamic Sc;, and that they both
match experimental results quite well (although discrepancies at H2_4
and H2_6 may seem large, the difference is still only 1 vol%).

At measuring positions directly above the injection, that is H2_10,
H2 12 and H2_14 the experimental concentrations and concentrations
obtained with constant Sc, value at first coincide. Later, the simulated
erosion rate, i.e., the rate of concentration decrease, is reduced and final
concentration values are thus reached later than observed in the
experiment. On the other hand, the results given by the proposed Sc,
model are significantly improved. When compared to experimental re-
sults, the erosion rate is the same and the atmosphere homogenization is
reached simultaneously as in the experiment. In total, the agreement
obtained with the proposed dynamic model is in line with the reasoning,
presented in the introduction, that the new model represents an exten-

sion that much better replicates the experiments in some conditions.

Fig. 12 shows helium volume fraction vertical profiles at t = 5000s.
As discussed before, the helium layer erosion by the default model and
by the formulation by Venayagamoorthy and Stretch (2010) is slower
than in the experiment. On the other hand, the height of the light gas
layer is properly predicted by the proposed model.

All simulations capture oscillations of the helium volume fraction,
which are not observed in the experimental results and neither in
PANDA and MiniPanda simulations presented in the next sections.
Fig. 13 shows vertical velocity values at different heights directly above
the injection. The upper curves represent the vertical velocity atz =7 m,
the middle curves at z = 7.5 m, and the lowest curves at z = 8 m. In the
results obtained with constant Sc, value, oscillations in the range of 0.3
m/s can be observed. The velocity starts oscillating when the returning
descending plume interacts with the main jet at the injection point. This
results in diminished jet penetration depth, and the erosion process is
reduced. Such velocity oscillations might indicate the presence of Kel-
vin—Helmholtz instability, which the CFD model is unable to properly
resolve. In the experiment, Kelvin-Helmholtz instability could be
measured using the particle image velocimetry technique, but since
there are currently no such measurements of the considered experiment
available, this remains an open question. On the other hand, the velocity
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Fig. 12. SPARC experiment: helium volume fraction vertical profiles at t = 5000s in center (left) and at x = 1.3m (right).
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Fig. 13. Vertical velocity computed directly above injection (x =0m) atz =7
m (top curve), z = 7.5 m (middle curve) and z = 8 m (bottom curve).

oscillations are reduced in the simulations with the dynamic Sc; model
proposed in this work. In this case, the velocity oscillates due to the
transversal oscillations of the jet, as shown in Fig. 14.

In all PANDA and MiniPanda simulations, the jet gradually pro-
gresses upwards without any perturbations. On the other hand, in
SPARC simulations with the default model, the velocity oscillates
vertically and also transversally (Krpan et al., 2021). During the at-
tempts to suppress the jet swerving motion and to improve the results,
different numerical approaches were tested, but the oscillations per-
sisted. Different parts of the numerical domain were refined and/or
omitted, different time steps were chosen (CFL from 0.1 to 10), different
numerical schemes (first order, second order, combined) and numerical
solvers were used, and also different initial and boundary conditions
were prescribed without any improvement. Since the first order schemes
tend to be more diffusive than the numerical schemes of second order,
the use of first order time scheme in combination with first order dis-
cretization scheme should stop the oscillations. For this reason, we may
conclude that these oscillations are generated by the default imple-
mented physical model. Furthermore, the period of the oscillations is
initially almost 1000 s (Fig. 13) which is unlikely to be caused by the
numerical methods.
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Fig. 14 shows the velocity field obtained with the proposed dynamic
Sc model (Eq. (16)) at different times. Although some asymmetry can be
seen, the jet does not oscillate vertically, as observed in the results ob-
tained with constant Sc, (Krpan et al., 2021). Consequently, the erosion
of the light gas layer is predicted better, and the atmosphere homoge-
nization process is as observed in the experiment.

The Sc; field given by Venayagamoorthy and Stretch (2010) formu-
lation (Eq. (14)) obtained in the simulation of the experiment performed
in the SPARC facility is shown in Fig. 15. This correlation maintains the
lowest value Sc; = 0.85 in the jet and near the vent, while a higher value,
Sc; = 20, is prescribed in other parts of the numerical domain. A
threshold value of Sc; = 20 was set as in Abe et al. (2020). As it was
experimentally discovered (Shao and Law, 2009; Xu and Chen, 2012),
such Sc; behaviour in a jet is not always the case, and the value can also
decrease to Sc; = 0.4.

The reason for the erosion rate decrease observed in the simulations
(Fig. 11), is in the isothermal conditions, at which the experiment is
performed, and higher injection flow rate, which may generate the
Kelvin-Helmholtz instability. Due to the same initial temperature and
composition of the jet and the atmosphere in the proximity of the in-
jection, their densities are the same (Table 1). Later, when the air in the
proximity of the injection is partially mixed with helium, the jet’s den-
sity becomes higher than the density of the surroundings. The negative
buoyancy force in the jet at some point becomes dominant, which
dampens the jet and also decreases the erosion rate. As discussed in
Section 2, Fr; can be directly used in numerical simulations to charac-
terize the local behaviour of the jet. Fig. 16 shows the calculated Fr; field
in the SPARC simulations. Fr; > 1 may be seen firstly in the proximity of
the injection (at t = 1000s), and later over the entire numerical domain.
Compared with the results from the next sections, such Fr; behaviour is
the reason that the common default physical model (implemented in the
OpenFOAM CFD solver) is not capable of dealing with such perturba-
tions and without any modification it is unable to solve flows, where the
density of the jet and initial lower atmosphere are initially the same.
However, the dynamic Sc, model resolves this problem. Such results
could also be interpreted as that the underestimation of turbulent
diffusion of momentum (y,) in regions with possible occurrence of
Kelvin-Helmholtz instability, resulting from the basic turbulence model,
are compensated by lower values of Sc; and Pr, (Tominaga and Statho-
poulos, 2007; Tominaga et al., 2008).

Fig. 17 shows the calculated Sc; field by the dynamic model proposed
in the present work. The model proposed in the present work prescribes
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Fig. 14. SPARC experiment: velocity field obtained with proposed dynamic Sc, model.
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Fig. 15. SPARC experiment: turbulent Schmidt number field given by correlation by Venayagamoorthy and Stretch (2010).

lower Sc; value in some regions of the jet, making it in compliance with
the findings of Shao and Law (2009), Xu and Chen (2012), and Tah-
mooresi and Ahmadyar (2021).

Fig. 18 shows regions with lower Sc; values prescribed by the pro-
posed model (in blue) and by the correlation by Venayagamoorthy and
Stretch (2010) (in red). Over the entire transient the same value (Sc,
0.8) is prescribed in the main upward flowing jet. The lower value is
prescribed in the downward flowing returning jet and a higher value is
prescribed in the interaction region above the jet by both formulations.
However, some discrepancies may be observed. Due to the different

11

higher Sc; values given by both formulations (Sc¢me =0.85 and
Scemax = 20), the transient process develops differently and different
flow patterns are generated. The transient obtained with the Ven-
ayagamoorthy and Stretch (2010) formulation is slower and is not in
compliance with the atmosphere homogenization process observed in
the experiment (Fig. 11).

Regions with negative Brunt-Vaiséla frequency (N2) are shown in
Fig. 19. The area where lower values of Sc, number is prescribed is
marked with a white line and encloses the negative values of the N2.
Negative values indicate a negative vertical density gradient and
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Fig. 17. SPARC experiment: turbulent Schmidt number calculated by the proposed model and streamlines.

unstable stratification. The proposed model maintains a higher Sc; value
in the regions with increasing density stratification and in the interac-
tion region between the jet and light gas layer, and thus does not oppose
the Sc; behaviour given by other studies (Shih et al., 2005), where the
value even increases. Furthermore, the negative vertical velocity (in
addition to the negative density gradient) also indicates possible
occurrence of flow instabilities. First, a Rayleigh-Taylor instability
which occurs when the fluid with lower density is below the layer
composed of a fluid with higher density, and next also a
Kelvin-Helmholtz instability.

Fig. 20 shows the value of D, (Eq. (12)). The maximal value obtained

12

in calculations at t = 5000 s is D, = 0.00925m?/s with the constant Sc;
value, and D, = 0.0250m? /s with the dynamic Sc, model. Discrepancies
may be observed between both figures, since due to different Sc; values
prescribed during the transient process, the mixing process develops
differently.

5.2. PANDA experiment
Fig. 21 shows time-dependent helium volume fractions at several

locations in the PANDA facility, approximately above the injection pipe
(figures left) and in the axis of the vessel (figures right). When compared
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to experiment, helium volume fractions in simulations behave similarly, vessel (right). Some discrepancies can be observed between experi-
except the values in the simulations are approximately 2 vol% lower. In mental and simulation results (they may appear large due to the scale on
contrary as it was observed and discussed in the isothermal case in the the vertical axis). In the upper measuring positions (Fig. 22 top), the
previous section, there are no discrepancies in the concentration results temperature in the experiment initially increases steeply, while in the
obtained with constant Sc, and Pr; values and the dynamic model. simulations, the atmosphere temperature remains initially constant.

Fig. 22 shows time-dependent atmosphere temperatures at different Eventually, the temperature in the simulations increases with the same
locations approximately above the injection (left) and in the axis of the rate as in the experiment, meaning that the turbulent heat transfer from

13
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Fig. 20. SPARC experiment: D, obtained with constant Sc, value (top) and given by dynamic Sc; model (bottom).

the hot jet at this point is predicted correctly. Above the inlet (Fig. 22
left), the sudden temperature increase occurs when the top of the jet
reaches measuring positions, which happens simultaneously in the
simulations and in the experiment. However, despite generally lower
temperatures in the simulations, the maximum temperature values in
the axis of the vessel (Fig. 22 right), away from the injection, are higher.
Later, when the helium layer is fully eroded (after t ~ 13, 000s), tem-
peratures are generally underpredicted by 2 °C. Similar as in concen-
tration results, there are no discrepancies between the temperature

14

values obtained with constant values and the dynamic model for
dimensionless turbulent numbers.

Fig. 23 shows the velocity field measured during the experiment
using the particle image velocimetry method (left) and in the simulation
with the dynamic turbulent numbers model (right) at t = 5000 s. It can
be observed that the jet in the simulation reached the same height as in
the experiment; namely the stagnation point (marked with red dot) is
approximately at z = 6.35 m in both cases, and also the diameter of the
jet is similar.
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Fig. 21. PANDA experiment: helium volume fraction at different elevations and positions (left: above injection, right: axis of the vessel; for sampling positions see

Fig. 7 right).

Fig. 24 shows velocity fields at different times obtained in simula-
tions of the experiment performed in the PANDA experimental facility. It
can be observed that a recirculating flow on the left side of the main
upwards flowing jet is generated. Fig. 25 shows calculated Fr; field. Fr; >
1 may firstly be seen only directly above the injection, and on the left
side of the main jet with the recirculation region. Only later, when the
helium layer is fully eroded, higher values may be observed also in the
centre of the vessel and near the wall opposite to the injection. However,
during the entire transient, the Fr; in the proximity of the injection does
not exceed Fr; = 1. Since the proposed model takes into account Fr; and
Uy, it does not change the turbulent numbers much until the atmosphere
is homogenized (Fig. 26) and thus does not affect the results. Although
there is a region with smaller turbulent number values on the left side of
the main jet, the results are not affected. The velocity in that region is
high and consequently the helium mass fraction is low and the tem-
perature is uniform. Since there are small density and temperature
gradients, such small region with lower turbulent numbers apparently
does not affect the mixing process.

15

5.3. MiniPanda experiment

Fig. 27 shows time-dependent helium volume fractions at several
locations in the axis of the vessel in which injection occurred. The
simulation results obtained with constant Sc, and Pr; already agree well
with the experimental ones. Due to lower Fr; (Fig. 30) the dynamic
model does not change Sc; and Pry, and its effects are negligible. How-
ever, this confirms the basic philosophy of the proposed model, that is,
that its results do not differ from the earlier model where the agreement
with the experiment is already satisfactory.

Fig. 28 shows time-dependent atmosphere temperatures at different
elevations in the axis of the vessel (one should again take into account
the scale on the ordinate axis, so the discussion is mostly about small
differences). At earlier times, higher temperature values are obtained in
calculations in all sampling positions. Later, when the helium layer is
fully eroded, temperatures are 2-3 °C lower than in the experiment. The
dynamic Sc; and Pr; model does not affect the temperature values.

Fig. 29 shows the velocity field at different times in the MiniPanda
experimental facility. Fig. 30 shows the calculated Fr; field in the Min-
iPanda simulations. A high value of Fr; > 1 may be seen only directly
above the injection for the entire transient. Consequently, the proposed
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Fig. 25. PANDA experiment: local Froude number.

model changes the turbulent numbers only in very small regions
(Fig. 31), which does not affect the results.

The proposed model identifies the regions with possible occurrence
of the Kelvin-Helmholtz instability and applies the lower turbulent
numbers accordingly. If such conditions are not established during the
calculations, the model does not prescribe different values of turbulence
numbers and its effects are negligible.

5.4. Last comments

Without Large Eddy Simulations or Direct Numerical Simulations
(DNS) of similar cases (similar in terms of Fr; and possible generation of
Kelvin-Helmholtz instability) it is difficult to assess the correct behav-
iour of turbulence quantities (generation, dissipation, Sc; and Pr;). Be-
sides, the atmosphere homogenization with vertical jets is statistically a
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non-stationary process, which makes it difficult to acquire DNS results
with needed accuracy. In some simple benchmarks (backward facing
step or single jet), the conditions which would show the drawbacks of
the implemented physical model are difficult to achieve. In fluid con-
ditions without possible occurrence of Kelvin-Helmholtz instability, the
proposed model does not change the turbulent numbers values and thus
does not have any effect.

6. Conclusions

The successful modelling of breaking-up of atmosphere stratifica-
tion, induced by vertical injection, was extended was extended to
isothermal conditions with high mass inflow. With defined local Froude
number (Fr;) the jet behaviour in an environment with a density strati-
fication can be directly characterized during the CFD calculations. The
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Fig. 27. MiniPanda experiment: helium volume fraction at different elevations in vessel axis (for sampling positions see Fig. 8).
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common default physical model (implemented in the OpenFOAM CFD
solver) is unable to correctly reproduce the phenomena observed in
experiments in which conditions for occurrence of Kelvin-Helmholtz
instability are established. The proposed model uses high Fr; and
negative vertical velocity and dynamically prescribes lower turbulent
Schmidt and Prandtl numbers to regions with a shear flow and a possible
occurrence of Kelvin-Helmholtz instability. The values of the turbulent
dimensionless numbers prescribed are in agreement with experimental
observations, and do not object to any other studies and models
proposed.

The proposed model results in a much better prediction of the
experiment performed in SPARC experimental facility, where a light gas
layer was eroded by a jet with the same temperature as the previously
established atmosphere. On the other hand, the effects of the proposed
model are negligible in cases with higher temperature jets performed in
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PANDA and MiniPanda experimental facilities, where recirculating flow
and regions with shear flow are not generated. The proposed model is an
extension of the current state-of-the-art turbulence modelling used in
simulations of atmosphere homogenization induced by vertical injection
and it can be used in any case, regardless of initial and boundary con-
ditions. Namely, the model identifies the regions with possible occur-
rence of the Kelvin-Helmbholtz instability and applies the lower turbulent
numbers accordingly. If such conditions are not established during the
calculations, the effects of the model are negligible.
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