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Abstract

One of the key components of the nuclear reactor is the reactor pressure vessel (RPV), and its integrity
is critical for the safety of the nuclear reactor. Lifetime extension of RPV project deals with the different
issues which pose threat to its integrity. One such important issue is the occurrence of pressurised
thermal shock (PTS). The most critical PTS scenario occurs during the events of loss of coolant acci-
dents, when the emergency core cooling water is injected to cool down the reactor’s core. This cold
water mixes with the hot water while descending in the downcomer of the RPV and result in sudden
fluctuation in temperature of the vessel wall, giving rise to thermal stresses in it. Thermal-hydraulic
codes, which are generally used for the nuclear reactor safety (NRS) applications, are unable to predict
this complex 3-dimensional flow mixing phenomenon. Therefore, computational fluid dynamics (CFD)
method are considered useful for the comprehensive study of PTS. However, the validation with the
experimental data is required to gain trust in predictive capabilities of CFD methods for PTS studies.
A high-fidelity direct numerical simulation (DNS) can provide the data for validation. Moreover, it can
give more insight about the flow phenomenon and can form a reference database for the turbulence
modelling CFD methodologies. The main aim of this thesis project is to perform an extensive pre-
liminary study for the high-fidelity DNS of the single-phase PTS scenario. The objectives are, firstly
to design a well defined and well studied numerical case for this DNS, which will be focused towards
the buoyancy driven flow mixing in the downcomer of the RPV, and secondly to validate the DNS of
a buoyancy driven flow mixing test case. With the help of several simulations, calibration study was
performed to find an optimum physical domain and boundary conditions. In addition, a length scales
study was performed which will help in mesh estimation for the DNS. Furthermore, a DNS of Rayleigh
Bénard convection is performed and the results are compared with the results of a past DNS. This, in
total, will contribute to the PTS studies in the direction which has not been dealt in the past and will
form an essential basis for the future DNS of the PTS scenario.
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1
Introduction

This chapter will give a brief background of the research interest and will also discuss the various
past findings and experiments conducted for the study of pressurised thermal shock (PTS). Nuclear
reactors are widely used around the world for energy production. Owing to the huge risk involved
with the handling and use of radioactive materials, nuclear reactor’s safety is of critical importance.
The lifespan extension program of nuclear power plants involves extensive study on reliability and
performance of various components. The integrity assessment of the reactor pressure vessel (RPV)
forms one of the essential parts and this project concerns the issue which threatens the integrity of
the RPV.

1.1. Reactor pressure vessel
The RPV is a high priority key component as it houses the nuclear reactor core. In fact, it represents
the last barrier between the fission products and the containment. It is a cylindrical vessel with a
hemispherical bottom, having inlet (also called cold leg) nozzle and a space between the vessel wall
and core barrel, called downcomer. The Figure 1.1b shows both of the above-mentioned regions.
The cold water is injected through the inlet nozzle to cooldown the reactor’s core and this injected
water descends in the downcomer. The Figure 1.1a gives a more detailed schematics of the RPV. It
is important to mention that this thesis project concerns the flow behaviour in the cold leg and the
downcomer.

(a) Reactor Pressure Vessel (b) Downcomer and area of interest

Figure 1.1: Reactor pressure vessel schematic representation, adopted form [1].

1



2 1. Introduction

1.2. Pressurised thermal shock
In the course of its lifetime, the RPV experiences numerous physical, chemical and mechanical changes.
These changes over time are caused by varying loads, flow conditions, corrosion, temperature vari-
ations and neutron irradiation. This in turn tests the endurance of materials because of high stress
generated in them. The deterioration of mechanical and physical properties is referred to as ageing.
The effect of ageing reduces the design margin and leads to forced and early repairs of components,
therefore they are considered in design and manufacturing specifications [11]. In addition to ageing,
the prolonged exposure to the high neutron flux on the wall of the RPV leads to local embrittlement of
the material and welds in the region around the core [12]. These ageing and structural degradation of
the RPV can limit the life of the nuclear power plant as it is impossible to replace the RPV.

The embrittled and weakened material under the action of severe transients can generate small
crack which can quickly propagate and lead to through-wall cracks, thereby challenging its integrity.
One of the severe transients that occur in the nuclear reactor is characterised as pressurised thermal
shock (PTS). A PTS denotes the event of rapid cooling of the RPV surfaces and downcomer which occurs
in a high pressurised environment. The sudden fluctuations in temperature lead to thermal loads on
the vessel. These loads can result in failure of the RPV under the following specific set of conditions
[11]:

• An occurrence of reactor transients that subject the vessel to severe thermal shocks.

• An existence of crack or flaws at the inner surface of the vessel wall.

• High enough fast neutron fluence and concentrations of copper and nickel in the vessel wall that
reduces its fracture toughness.

The most severe PTS scenario arises during loss of cooling accident (LOCA) event when the emer-
gency core cooling (ECC) water is injected into the cold leg [1]. This cold water first mixes with the
already present hot water in the cold leg and then moves towards the downcomer, where further mixing
takes place. When the cold mixture come in direct contact with the core barrel wall, it may generate
large temperature gradients inside the vessel wall which leads to large thermal stresses. Study of these
thermal stresses is crucial for remnant RPV life assessment. Depending on the leak size, its location
and the operating conditions of the plant, single-phase flow as well as two-phase flow PTS situations
can occur [8].

The PTS scenario’s comprehensive study involves following three types of analysis [13]:
• Probabilistic safety assessment : every PTS initiating events are reviewed and are grouped based
on similarity in thermal hydraulic nature and frequency. Later the most critical one is selected.

• Thermal-hydraulic (TH) analysis : time evaluation of the fluid temperature distribution and inter-
nal pressure, in the vessel, nozzles and downcomer, also the heat transfer coefficient of coolant.

• Probabilistic fracture mechanics : The important data of TH analysis is used. And other vessel
specific data are used to calculate the total vessel failure probability for that event.

Downcomer mixing analysis investigates the complex 3-dimensional thermal mixing phenomenon which
occurs in downcomer of RPV wall and forms the major part of thermal hydraulic (TH) analysis [11].

1.3. Thermal-hydraulic analysis
Thermal-hydraulic (TH) analysis constitutes the main area of PTS studies where computational fluid
dynamics is required for the comprehensive understanding. TH analysis can provide useful data like
fluid temperature in the downcomer, the time evolution of temperature and pressure in the downcomer
and wall-to-fluid heat transfer for the structural analysis.

When cold water is injected in the cold leg, the cooldown of RPV occurs. But the non-uniform
cooling due to a mixing of the cold and hot water in downcomer involves 3-dimensional flow analysis
and requires good modelling of the flow behaviour. In these scenarios the one-dimensional system
codes fail to produce reliable calculations and therefore, detailed study on the plumes formation and
thermal stratification are required.
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1.3.1. Plume cooling

When the emergency core cooling water (ECC) is injected in the cold leg, it flows toward the RPV and
decents downwards in the downcomer in the form of quasi-planar buoyant plumes because of mixing
with hot water. These plumes start to form at the lower edge of the injection nozzle, i.e. at the junction
of downcomer and cold leg. These plumes are at locally lower temperature than the background and
due to their unsteady behaviour, they can come in direct contact with the core wall leading to thermal
stresses.

1.3.2. Stratification

Stratification refers to the variation in the temperature and density in the direction normal to the flow
direction. Based on the injection flow speed and density variance the stratification can be perfect or
partial. In case of ”perfect stratification,” the denser (colder) fluid will follow as a separate stream
sliding along the bottom with a lighter (hot) fluid flowing in the form of a separate stream over the
denser fluid [14]. This phenomenon occurs during the ECC injection, where the cold water flows in
the form of a strip along the cold leg and falls in the downcomer while being in a direct contact with
the hot wall. Thereby, exposing the wall’s flaws and welds to severe cooling and generating thermal
stresses.
Partial stratification has attributes of both mixing and perfect stratification. For a well mixed condition
sufficient increase in injection velocity is required to break down the injection stream and stable mixing
to occur [15].

1.4. Experimental study

For performing experimental simulations of realistic scenario which occur in the nuclear reactor, Rossendorf
Coolant Mixing (ROCOM) test facility operated at Forschungszentrum Dresden-Rossendorf (FZD) was
chosen. The edging feature of this facility is its high flexibility in choosing boundary conditions and
ability to perform measurement with highest spatial resolution. This makes it suitable for performing
mixing experiments aimed at turbulent flow mixing in downcomer [2]. Various tests with different flow
conditions were performed. In this study, experiments performed for the study of PTS scenario will be
briefly discussed.

At ROCOM facility, the mock-up of RPV is made of perspex (glass) which allows visualising the mixing
occurring in the downcomer. It consists of four inlet and four outlet nozzles. The model incorporates
important details of an actual RPV which are important for coolant mixing like nozzles, vessel wall, core
barrel wall and downcomer but with a linear scaled dimension of 1:5. The Figure 1.2a showcase the
schematic drawing of ROCOM’s RPV model with dimensions and details of sensor locations. The Figure
1.2b shows the RPV model where the location of nozzles and structure can be observed. With detailed
modelling of inlet nozzles, segments and controllable individual pumps for inlet and exit, it is possible
to simulate the desired scenario. The facility is operated with water at room temperature and ambient
pressure [2].
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(a) Dimension of Experimental setup
All dimensions are in mm (b) Model of Reactor Pressure Vessel (RPV) at ROCOM facilty

Figure 1.2: ROCOM Test Facility, adopted from [2].

1.4.1. PTS experiments
The flow mixing occurring in the downcomer can be momentum driven or buoyancy driven. In case
of buoyancy driven, due to the difference in density the dominant buoyancy forces dictates the motion
of the fluid. When the injection velocity is higher, the momentum effect dominates the density effects.
For simulating the buoyancy driven flow it is very important to keep the injection velocity within certain
limits. Due to the fact that the facility cannot be heated, the necessary density difference was achieved
by adding sugar (glucose) in the cold ECC water. Since the viscosity difference becomes large only at
a concentration higher than the one required (10%) for the experiment, the method was found to be
acceptable. For the buoyancy driven flow, the density difference should be considerable. The exact
knowledge of the spatial distribution of ECC water in downcomer is important for the PTS study [16].

By varying the density between 0 and 10% several experiments were performed. The goal was to
find the condition for transition between momentum and buoyancy driven mixing and also to investigate
the influence of density difference on mixing in the downcomer.

Without density differences, momentum-driven due to injection velocity, the flow upon entry in the
downcomer splits into two streams and flows in right and left forming a helix around the core barrel
circumferentially which join together at the opposite side of the entry and move downwards later on.
Whereas in case of 10% density difference the stratification was observed. And the density difference
partly suppresses the splitting of stream and propagation in the circumferential direction. The injected
cold water falls down in almost straight streamline to reach the bottom of the vessel [16]. When the
density difference was 4%, a transition between momentum and the density-driven case was observed.
The flow behaviour was the combination of both circumferential propagation and streamline descend
in the downcomer which shows the effect of both driving mechanisms.

In a separate experimental study conducted in the past [3], the difference between density and
momentum driven flow mixing was observed. And it was related to the Froude number (Fr) , calculated
using inlet conditions and downcomer (see Equation (1.1)). The Figure 1.3 shows the above-mentioned
types of flow scenarios such as: density dominated flow ( ), momentum dominated flow ( ) and
transitional (Õ).

=
. .

, (1.1)
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�X�V�H�G �I�R�U �W�K�L�V �V�W�X�G�\ �D�U�H �V�D�P�H �D�V �X�V�H�G �L�Q �V�W�X�G�\ �R�I �3�7�6 �Z�L�W�K�R�X�W �E�X�R�\�D�Q�F�\ �H�I�I�H�F�W�V �D�Q�G �D�U�H �J�L�Y�H�Q �L�Q �7�D�E�O�H
��������

�������� �2�U�J�D�Q�L�V�D�W�L�R�Q �R�I �W�K�H �Z�R�U�N
�%�H�J�L�Q�Q�L�Q�J �I�U�R�P �W�K�H �J�H�R�P�H�W�U�\ �D�Q�G �E�R�X�Q�G�D�U�\ �F�R�Q�G�L�W�L�R�Q�V �G�L�V�F�X�V�V�H�G �L�Q �6�H�F�W�L�R�Q�V������ �D�Q�G������ �U�H�V�S�H�F�W�L�Y�H�O�\��
�V�R�P�H �L�Q�L�W�L�D�O �V�L�P�X�O�D�W�L�R�Q�V �Z�H�U�H �S�H�U�I�R�U�P�H�G �W�R �R�E�V�H�U�Y�H �W�K�H �S�K�H�Q�R�P�H�Q�D �V�L�P�L�O�D�U �W�R �H�[�S�H�U�L�P�H�Q�W�D�O �R�E�V�H�U�Y�D��
�W�L�R�Q�V�� �)�L�U�V�W �W�K�H �F�R�O�G �O�H�J �Z�D�V �U�H�P�R�Y�H�G �Z�K�L�F�K �L�V �G�L�V�F�X�V�V�H�G �L�Q �6�H�F�W�L�R�Q�������� �7�R �I�L�Q�G �W�K�H �R�S�W�L�P�X�P �J�H�R�P�H�W�U�L�F�D�O
�G�L�P�H�Q�V�L�R�Q�V �R�I �W�K�H �G�R�Z�Q�F�R�P�H�U�� �K�H�L�J�K�W ���6�H�F�W�L�R�Q������������ �D�Q�G �Z�L�G�W�K �F�D�O�L�E�U�D�W�L�R�Q�V ���6�H�F�W�L�R�Q������������ �Z�H�U�H �S�H�U��
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Figure 6.12: Non-dimensional Kolmogorov length scales variation along the height of the downcomer.
Height varies from top to bottom while moving from left to right in the plot.
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Figure 6.13: Non-dimensional Batchelor length scales.
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Figure 6.14: Non-dimensional Batchelor length scales variation along the height of the downcomer.
Height varies from top to bottom while moving from left to right in the plot.
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6.11. Summary
Following our research question, a study has been performed for designing an optimum numerical case
for the PTS with emphasis on buoyancy driven flow mixing in the downcomer. Several observation were
seen and consequently some modifications in the PTS design and the flow conditions were made. It was
observed that the Inlet-2 with constant inflow of hot water is required to create a temperature difference
between the mixing flows. The cold leg has to be removed to be able to perform DNS, because of
the stratification and consequently momentum driven flow descent in the downcomer. The optimum
height and optimum width of the downcomer was finalised to be +3 and + , see Table 6.1,
respectively. Periodic boundary conditions is suggested at the spanwise walls because of the movement
of thermal plumes, which will also be feasible for the DNS. A considerable different temperature variation
in the downcomer was observed with different wall boundary conditions. Therefore, a choice has to
be made based on the computational time and resources limitation, for using conjugate heat transfer
in DNS. In the length scale study, it was seen that the smallest scales are in the region where the cold
water streamline is descending in the downcomer and therefore, a very fine mesh will be required in
these regions.





7
Rayleigh Bènard Convection

validation study

This chapter will present the validation study performed for the Rayleigh Bénard convection case using
Nek5000. The case and results selected for the validation is a part of the Kooij et al. [10] work on
study of rotating RBC, performed using Nek5000. The case designed in the previous chapter for the PTS
with buoyancy effects involves complex phenomena like turbulence, convection and buoyancy driven
mixing. Therefore, it becomes important to perform a validation study of a smaller and relevant case
before moving towards the DNS of final complex PTS scenario. The RBC case is extensively studied
using numerical and experimental simulations in the past and since it involves turbulent convection and
buoyancy driven flow mixing, which are the most important phenomenon that occurs in PTS scenario,
it becomes a good choice for performing a validation study.

The following sections will discuss the case description and results. Section 7.1 provides a back-
ground of the RBC phenomena. Following Sections, 7.2 to 7.6, will discuss the physical domain used
for the simulations, mesh configuration, simulation specifications, description of the selected case and
the some of the equations used to compute the variables respectively. In Section 7.7 the results of the
simulations are discussed with the explanation of the observations. Finally in Section 7.8, the results
are compared with the results of the Kooij et al. work and the conclusions are drawn.

7.1. Rayleigh Bènard convection : importance and significance
Thermally driven turbulence is an important natural phenomenon that drives atmospheric circulations
and convection in stars and planets. Turbulent thermal convection occurs in industrial processes, which
range from the passive cooling of nuclear reactors to the controlled growth of crystals from the melt
[28]. Rayleigh Bénard convection (RBC), which consists of a fluid layer heated from below and cooled
from above in a vertically bounded domain, is a classical case which forms a basis for understanding
the thermal convection and to approach above cases [29]. When the layer of fluid is heated from the
bottom and provided a cooler temperature condition at the top, the thermal expansion of the fluid
creates a buoyant force which set the fluid in motion and results in convective heat transfer. The force
large enough to onset the convective motion is characterised by a non-dimensional parameter callled
Rayleigh number.

7.2. Physical domain
For the numerical simulation of RBC scenario a cylindrical cell with aspect ratio (Ό) of 1 is used. Aspect
ratio is defined as the ratio of distance between lateral to the vertical extant of the cell , i.e. D/H,
see Figure 7.1. It is a cylindrical domain with curved walls with no-slip and adiabatic wall boundary
conditiona. There is no inlet or outlet in the domain, in essence no inflow or outflow in the domain.
The fluid is bounded from all side. The temperature at the top wall can be represented as and at
the bottom wall as + Ύ .

49



50 7. Rayleigh Bènard Convection validation study

(a) Front view (b) Top view

Figure 7.1: The geometry of the cell.

7.3. Meshing

For performing direct numerical simulation it is essential to have refined mesh to resolve the smallest
turbulent scales. Also when the solid boundaries are present in the domain, viscous boundary layers
will be generated, which necessitates a refinement in the wall region as well. Therefore, a minimum
number of grid points has to be clustered in the wall vicinity. A mesh dependence study had been
performed by Kooij et al. [10] for the cases with varying Ra and using the different number of mesh
elements in horizontal (xy) and vertical (z) plane. The orientation of the axis are shown in the Figure
7.3a. For the cases with Ra בֿ 10 , the finalised number of elements in the lateral and vertical direction
is given in Table 7.1. The same number of elements and resolution is used for this numerical study.

Structured grid is used as the spectral elements, a sectional view of it is shown in Figure 7.2. These
spectral elements will be further subdivided into grid points based on the polynomial degree used for
the simulations and the corresponding mesh is shown in Figure 7.3.

‰ ‰
32 3.125E-2 972 2.766E-2

Table 7.1: Mesh Specifications.

where, and is the number of spectral elements in vertical (z) direction and horizontal (xy)
plane respectively. ‰ and ‰ is the average mesh widths in the z-direction and xy-plane respectively.
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Figure 7.2: Spectral elements distribution in xy plan.

(a) Front view of mesh (b) Top View of Mesh

Figure 7.3: Schematic representation of Mesh after grid points generation.

7.4. Cases description
The Ra שׂ 10 is said to be a transition between soft and hard turbulence, [30]. Therefore, two cases
with Ra of 10 (soft turbulence) and 10 (hard turbulence) are simulated for the validation study. The
Rossby number (Ro) = ⱬ whcih corresponds to stationary domain is used for both the cases. The
Prandtl number of 6.4 is used for both the cases. The governing equations used for this cases, the
non-dimensionalised terms and the definition of Ra are given in the Section 3.3.

7.5. Simulation setup
Similar setup as one used by Kooij et al. in Nek5000 is used for the simulation. The basis functions of
the velocity are local tensor-product Lagrange interpolants of degree ’p’ on Gauss–Lobatto–Legendre
nodes, whereas the basis functions of the pressure are Lagrange interpolants of degree ’p-2’ on Gauss–
Legendre nodes. The total number of grid points is then ( +1) (for the velocity) per three-dimensional
element. A semi-implicit third-order BDF3/EXT3 time marching scheme is used [27], which is discussed
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in Section 4.5.3. Third-order backward differencing scheme (BDF3) with a third-order extrapolation
scheme (EXT3) is used to integrate viscous term and the nonlinear convective term respectively. A
time step size of 10 seconds is used for both the cases which corresponded to CFL בֿ 0.5 and
ensured the stability of the simulations. Quadrature rules of order 3N/2, instead of N, is applied in this
numerical study and is suggested a good choice to approximate the skew-symmetry of the convective
operator up to machine precision [10]. Spectral elements with polynomial degree p=5 are used. The
meshes are refined near the wall to capture the large gradients in the boundary layers. The simulation
time of 650 and 700 secs is considered for Ra = 10 and Ra = 10 cases starting from a zero-velocity
field and a linear temperature profile (T = z) as initial conditions respectively. The case with Ra = 10
and Ra = 10 is time averaged for the duration of 150 seconds and 300 seconds respectively.

7.6. Nussselt number equations
The Nusselt number is a non-dimensional parameter that characterizes the efficiency with which the
heat is transported. It is defined as:

= ‰
Ύ , (7.1)

where denotes the heat per unit surface area transferred between the two surfaces, is the thermal
conductivity, ‰ is the distance between the upper and lower limit of fluid and Ύ denotes the tempera-
ture difference between upper (cold) and lower (hot) boundary.

The Nusselt Number is the ratio of total and conductive heat flux and can be written in the form of
local heat transfer as:

= ( ) / Ⱡ , (7.2)

Here is the vertical direction, see Figure 7.3, and gravity is acting in negative direction of z. And
represents temperature.

The purpose of direct numerical simulation is to measure the global heat transfer by the flow. An
approach used by Kerr [31] was applied in the numerical studies performed by Kooij et al. [10] and
subsequently in his work. The global heat transfer can be measured in two ways, viz. it can be defined
from the conductive and convective heat transfer definition as :

< > = 1 + ( ) / < > , (7.3)

and it can be evaluated by computing the mean heat flux at the hot and the cold walls [9] as

< > = < > , (7.4)

where < . > and < . > denotes the average of quantity taken over the walls and over the volume
respectively.

The averages are simplified with the boundary conditions given in Table 7.2, following the approach
by Kerr [31]. Since the governing equations are non-dimensionalised in terms of Rayleigh Number and
Prandtl number, these boundary conditions are more suitable from the implementation point of view.

Bottom Plate u = 0 T = 1
Top Plate u = 0 T = 0
Side Wall u = 0 = 0

Table 7.2: Dimensionless Boundary Condition.

7.7. Results
7.7.1. Flow Topology
As discussed earlier, the flow sets in to motion as a result of the buoyancy forces which are generated
due to thermal gradient. However, the flow topology and the way flow mixes depends on the Rayleigh
number. In the literature, a clear distinction between the flow structures and patterns are discussed
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for the different Ra regime. In this Section only the one relevant, i.e. Ra בֿ 10 and the flow topology
of the simulations performed will be discussed.

A schematic representation of the generalised flow scenario for Ra בֿ 10 is shown in the Figure
7.4. Large-scale structures characterizes this flow scenario which influence the viscous and thermal
boundary layers. Basically, the flow scenario is complex with a mean flow structure, which depends on
the Rayleigh number, and the large-scale recirculation. The mean flow consists of the superposition of
two counter-rotating toroidal rings attached to the horizontal plates and the large-scale recirculation,
as can be seen in Figure 7.4, [9]. For understanding of the flow motion, isocontour of the temperature
field and the vertical velocity fields at different time steps for the two cases, i.e. Ra = 10 and Ra =
10 , are shown in Figures 7.5 and 7.6 respectively. These axisymmetric rings make the fluid at the hot
(cold) plate to raise (descend) along the lateral wall and to descend (raise) at the cell axis, see Figures
7.5a and 7.6a. Due to this motion, thicker boundary layer will be formed in the radial direction and
the thinnest layer will be present at the centre of the cell. In total, the overall mean flow is composed
of the features of the circular toroidal rings, the large-scale recirculation and the flow structures form
due to their interaction. For Ra = 2 10 it was observed by R. Verzicco [9] that the wall region is
dominated by the axisymmetric toroidal rings whereas the bulk is influenced by the asymmetric large
roll giving rise to hot current on one side and descending current for the cold fluid on the other side,
similar observations were seen in the Figure 7.5c and 7.6c.

The most prominent structure in turbulent convection is the thermal plume, these are the localised
volume of fluid at a temperature different with the background [32]. A large amount of heat is trans-
ported across the convection cell by means of these thermal plumes [33]. For Ra בֿ) 10 ) larger and
smoother plumes emerges from the turbulent background. With the increase of Ra to 10 , the emerg-
ing plumes becomes smaller and less coherent because of the increase in the intensity of turbulence.
And this plumes detaches from the respective top and bottom plates and accelerates towards the bulk
of the flow under the action of buoyancy forces and finally impinge on the opposite wall [34]. Towards
the center region of the cell, thermal plumes have a mushroom-like shape, whereas close to the walls
they have a sheet-like structure, see Figure 7.5. The sheet-like plumes form a fine network across
the plates and at their intersection spots, the mushroom-like plumes emerges. The intersection of
different sheet-like plumes results in a large concentration of momentum which in combination with
the buoyancy forces leads to ejection of mushroom-like plumes [34]

Figure 7.4: Schematic representation of mean flow arrangement, (- - - - -) for weaker structure, (——-)for most intense
structure, adopted from [9].
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