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Abstract

To support the transition towards low-carbon energy systems, new reactor concepts are being
developed to offer greater flexibility and reduced construction costs. Among these, the Lead-
cooled Fast Reactor (LFR) stands out for the favourable properties of lead as a coolant and its
potential for simplified design. Despite its advantages, several technical challenges remain. This
thesis focuses on one of them: the erosion corrosion phenomena induced by heavy liquid metal
flow on protective layers within reactor components.

One important aspect to investigate is the erosion that the heavy liquid metal flow can induce on
the passive-corrosion layers present along the fuel bundles and along the heat exchanger tubes.
This can be a problem if itis not controlled, because the corrosion layer helps to protect the base
material. For this reason, a fluid-dynamic study on the design of a specific test-section is
performed.

In this thesis a test section is designed that permits to understand through CFD analysis the
stresses and the velocity fields achieved in specific typical representative geometries, trying to
study and stretch the rule of thumb erosion limit of 2 m/s now adopted in the reactor design. This
study aims to determine whether this can be relaxed and at what condition. During this thesis only
the design and the CFD simulation work is performed. The test section will be placed into the lead
loop for a long period, then it will be extracted and analysed to understand where erosion takes
place. With the experimental information and knowing the condition inside the test section given
by the CFD analysis, it will be possible to learn more on the erosion behaviour of liquid lead.

Particular attention was given to areas with high velocity, shear stress and turbulence kinetic
energy, which are likely to influence erosion corrosion phenomena. The design of the test section
includes as representative geometries an array of cylinders in crossflow, two plates with holes
and three inclined plates.

Key findings include:

- thearray of cylinders permits to reach gradually high velocities. It shows less chaotic flow in the
first columns making erosion corrosion coupling more straightforward, while the last columns
exhibit high turbulence and velocity peaks;

- plates with holes give interesting results in terms of shear stress in the restrictions. They
generate the highest shear stress in the test section, especially in rounded restrictions, which
also reach the highest velocities. Sharp restrictions, despite lower velocity, still produce high
shear stress and should be avoided in design;

- inclined plates permit to study the influence of the flow angle which can form with the solid
surface. The 45° inclined plate shows expected shear stress peaks, but elevated TKE values
upstream must also be considered.

These results provide a valuable foundation for interpreting future experimental data and refining
design criteria for erosion corrosion mitigation in LFR systems.
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Introduction

According to the International Energy Agency (IEA), 2024 saw a strong increase in electricity
demand compared to the previous years of about 4.2% [1]. The IAE predicts a continued increase
of consumption until 2027. This is mainly due to the strong electrification that different
application fields are carrying on, as for example the transportation and building electrification
and a big demand of electricity from the data centres.

In this framework nuclear is a “clean and dispatchable source of electricity and heat that can be
deployed at scale with round-the-clock availability” [2]. In fact, nuclear power can rely on its
energy security, and it can help to reduce emissions and be complementary to the RES, which are
intermittent in the time. Now, for these reasons nuclear power is again under the eye of scientific
and political society, with some innovation given by 4" generation reactors and SMRs.

1.1 Generation |V reactors and SMRs roles

The nuclear industry is seeing a resurgence in new capacity generation. In 2025 “63 nuclear
reactors are currently under construction, representing more than 70 gigawatts of capacity, one
of the highest levels seen since 1990” as reported by IEA [2]. The same agency also reported that
in 2025 nuclear power produces around the 10% of global electricity and is “the second-largest
source of low-emissions electricity today after hydropower”.

Not only is the nuclear industry at the top of its high-level production, but to accomplish this
transition new nuclear reactor designs are growing in importance and also the reactor concepts
are changing. In fact, the nuclear sector is going deeply through new technology studying, with
the 4™ reactor generation (GEN-IV). It is trying to demonstrate the feasibility of smaller and
modular reactor (SMRs) which can face other necessities compared to the ones that are
accomplished by today’s technology.

GEN-IV (but also the llI+) represents a category of advanced large-scale reactors, which aim is to
improve compared to the traditional large-scale reactors these keys parameters:

- Efficiency: trying to improve the efficiency of nuclear fuel utilization and minimize the nuclear
waste;

- Economic: lowering construction and operating costs;

- Safety: reducing the risk of proliferation and trying to eliminate the off-plant emergency
response.

There are several types of design under development, but the GIF selected six of them where the
attention and the economical effort has to put major importance: Gas-cooled fast reactor (GFR),
Sodium-cooled fast reactor (SFR), Supercritical-water-cooled reactor (SCWR), Very-high-
temperature reactor (VHTR), Lead-cooled fast reactor (LFR) and Molten salt reactor (MSR).

Concerning the SMR new concept, the keys are the modularity and scalability which place them
to new types of usage, like supporting de-centralized electric grids, but also the big cutinthe costs
plays animportantrole. In fact, for this new reactor concept the capital costs of one single project
can be reduced to be comparable to the costs of a large renewable energy project; this helps also
to reduce the risk for the investors and increase the interest to invest on them. To be cut are not



only the costs, but also the construction time: the modular design can reach the cash flow break-
even up to 10 years earlier than for large reactors [2].

1.2 Lead-cooled Fast Reactor

One of the six selected designs of the GEN-IV is the Lead-cooled Fast Reactor, and the coolant
can be liquid lead or, in a few cases, lead-bismuth alloy. In this thesis the focus is on this kind of
design due to the coolant behaviour.

1.2.1 LFR project history and today’s development

Inthe 1950s Soviet scientists starts to do research on heavy liquid metals as coolants for nuclear
reactors: they built a thermal prototype LBE-cooled reactor in 1959 (BR-5) and then also various
Pb-Bi-cooled nuclear submarines. The latter have an operation time of about 80 reactor-years and
from this experience some know-how was gained, but it cannot be completely transferrable to
modern LFR concepts, due to their different spectrum and conditions of operation.

Because of the differences compared to the Soviet reactors and limited knowledge transfer, some
experiments are carried out over the last 25 years; especially Japan studied the LBE heat transfer
capability and the corrosion behaviour of the coolant thanks to the creation of the CRIEPI
institute.

Today, in 2025, there are no completed LFR reactors, but a LFR reactor technology demonstrator
in Russiais under construction and a lot of other projects are under development worldwide. Here
are some of them:

Table 1: LFR projects under development [3]

. Expected
Project .
Country Power rating deployment Fuel
name
date
ALFRED EU 300 MWth 2035-2040 MOX
ELFR EU 1500 MWth 2040-2050 MOX
MYRRHA Belgium 100 MWth 2036 MOX
SMR,
DUAL FLUID liquid
Canada 600 MWth - )
- 300 metallic
fuel
LFR-AS-30 Italy/UK/France 9 MWth 2030 MOX
LFR-AS-200 Italy/UK/France 480 MWth 2033 MOX
Uranium
SEALER-55 Sweden 140 MWth - o
nitrite
. Uranium
SVBR-100 Russia 100 MWe - .
oxide




Conceptual
G4M USA 70 MWe . UN
design
Conceptual U-TRU-Zr
PEACER Rep. of Korea 300 MWe .
design alloy

So, as can be seen from the table, the projects cover different reactor power rating scales and, in
this way, the LFR concept is applied also to SMRs.

The main LFR concept design proposed by GIF operates in the fast neutron spectrum, at high
temperature (480-570°C) and atmospheric pressure, but the many advantages of this system are
related to its coolant choice. In fact, lead has a very high boiling point (up to 1743°C) and also
good neutronic and radiation shielding properties. LFR uses MOX or nitride fuel and concerning
the sustainability improvement given by the IV generation it allows for closing the fuel cycle and
the transuranic actinides can burn [3].

1.2.2 MYRRHA project and SCKeCEN infrastructure

The MYRRHA LFR project was initially a 57 MWth accelerator-driven system with a liquid lead-
bismuth (Pb-Bi) spallation-target coupled with a Pb-Bi cooled subcritical fast nuclear core. Later
it became a European fast neutron technology pilot plant for lead and multi-purpose research
reactor. The Belgian nuclearresearch centre, SCKeCEN, is leading the project and currently phase
1 (the building of the linear accelerator) is under construction.

In 2010 the European Commission launched the European Sustainable Nuclear Industrial
Initiative (ESNII) to support three GEN-IV fast reactor projects to promote low-carbon energy
technologies. To do that ESNII supports economically some projects proposed by different
countries, such as:

- France, with the Astrid sodium-cooled fast reactor (SFR), but the project was cancelled;
- Central and Eastern Europe, with the Allegro gas-cooled fast reactor (GFR);
- Romania, with the ALFRED lead-cooled fast reactor (LFR) technology pilot;

- Belgium, with the MYRRHA lead-bismuth facility accelerator driven system.

1.3 Liquid lead as a coolant

Liquid lead is chosen as a coolant because of its chemical and physical properties; some of the
most important are here reported:

- High lead boiling point (up to 1743°C [4]): it permits low pressure in the primary circuit reducing
the thickness of the walls and have a high primary coolant outlet temperature;

- Lead’s inertness to air and water: no more hydrogen production and exothermic reaction
problems occur;

- High lead density: it has quite good radiation shielding properties because it absorbs alpha and
gamma radiation, however low neutron shielding;

- Lead reflecting properties: help the neutrons’ economy;

- High lead thermal conductivity (around 18 W/m*K, at 480°C [4]): it gives the possibility to
transport heat in a very efficient way;

- Relatively low viscosity: low pumping power needed.

But some challenges are also present for the deployment of liquid lead, such as [3]:



- High lead melting temperature (around 327°C [4]): this property can lead to problems with the
cooling continuity because the liquid lead can solidify and so some design precautions have
to be taken into account;

- Lead opacity: it is a problem when some inspections have to be done, but some inspection
methods are now under development;

- High density of lead: may pose challenges in seismic design;

- Lead corrosion: it has the tendency to be corrosive at high temperatures (as the one designed
for LFR, around 480°C) when in contact with steel. Therefore, careful material selection is
needed, and with a continuous coolant chemistry monitoring during plant operations.

Generation IV is still in a developing state, as said before, and some challenges have to be faced.
In this work corrosion-erosion is studied by means of fluid-dynamic analysis. This will be done by
designing a test section where different fluid-dynamic conditions are induced to investigate in
which circumstances the most penalising situations for the flowing liquid lead erosion occur.

1.3.1 Erosion-corrosion phenomenon

Erosion-corrosion is common in systems where a fluid flows on a metal surface, and it depends
ontwo synergetic factors: the velocity and the corrosiveness of the medium. With the term “FACE”
(flow-accelerated corrosion and erosion) it is possible to refer to this synergetic phenomenon.

1.3.1.1 Velocity parameter

A high velocity increases the turbulence of the liquid film along the wall and also the erosion.
Because of that, if some obstructions in the flow are present, they can also cause turbulence and
local erosion corrosion damage. Itis also important to point out that, depending on the metal and
medium properties, below a given velocity no erosion-corrosion phenomenon occurs.

Depending on the turbulence and on the compatible corrosion between metal-coolant, erosion-
corrosion can occur in uniform or local forms but always flow-oriented [5].

So, FACE is achemical and mechanical process (corrosion and erosion, respectively) that affects
the metal’s surface enhanced by the turbulent flow.

Corrosion of structural metals in HLM can be divided into two categories [6]:

1. Dissolution: the interaction by which the medium dissolves directly the structural metal.

2. Oxidation: concerns the growth of the oxide layer on the structural metal. This layer plays an
important role for the corrosion resistance of the structure because it can prevent further
dissolution.

The oxide layer formed on the structural metal can be fragmented and taken away by the turbulent
flow thanks to turbulence eddies which enhance the dissolution or due to a weak adhesion
between oxide and substrate.

There are recent developments of some structural alloys affected by the liquid lead flow and they
show also good corrosion resistance, but the tests are done only at moderate flow conditions [6].
Figure 1 shows how the velocity impacts the erosion rate.

o At relatively low velocity (around 0,3 m/s), the thickness of diffusion boundary layer (DBLS)
reduces with increasing velocity: the corrosion rate increases due to a faster transfer of
species from the structural material’s surface to the fluid flow;

e When the DBL is sufficiently thin and does not limit the reaction through species transfer, the
corrosion reaction rate will be governed only by its activation energy. This energy is influenced



by the type of reactants and the reaction temperature. As a result, the flow velocity will have
no impact on the corrosion rate, which will stabilize at a constant value (after reaching a
plateau) at intermediate velocities.

e At high flow velocities, turbulence effects become significant, but the interaction between
turbulence, mechanical damage, and erosion remains poorly understood.

- Fluctuations in hydrodynamic forces can lead to low/high-cycle fatigue, influencing
slip plane relocation.

- Therefore, oxide layers on the surface experience cyclic stress but may be less prone
to classical fatigue due to their lack of grain structure.
- Cracks may form at the oxide-substrate interface, leading to oxide layer detachment.
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Figure 1: variation of the mechanism of flow accelerated corrosion as a function of the fluid velocity [7].

It is important to remark that the high velocity field has yet to be investigated, but, as said also
before, FACE is believed to result from mechanical removal due to dissolution weakening and
reduced adhesion between the oxide layer and substrate. With the test section designed in this
work the velocity will be increased to values higher than the today’s limit of 2 m/s to investigate
this range of velocity.

1.3.1.2 Turbulence parameter

It is true that the exact mechanism of erosion-corrosion is hot known at high velocities, but the
existence of a link between turbulence and erosion-corrosion is found in the work of NeSic about
the CFD use in combating erosion-corrosion [8]. In fact, NeSic proved that the “near wall
turbulence intensity is a good hydrodynamic predictor of corrosion-erosion damage in complex
geometries”.

To do that he observed that in his experiment on HEX, the inclined flow formed recirculation
regions, which then re-attach to the surface and the areas near these re-attachment points are
characterised by a too low shear stress compared to the erosion-corrosion resulting from.
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Figure 2: On the left a side view of a sample of representative path lines is shown, the colours denote different starting
point for the path lines. On the right the two top view colourmaps show respectively the pattern of erosion-corrosion
damage recorded, where the darker colour indicates more severe damages, and then a contour plot of the TKE [8].

Because of that NeSic concluded that the shear stress can not mechanically remove alone the
protective layer of the metal, but there was some other parameter which affects the phenomena.
So, he investigated these areas and he found that they are characterized by a high level of
turbulence, which can enhance the corrosion by the increase of mass transfer rates and the
mechanical removing of the protective layer.

1.3.1.3 Impingement angle parameter

Not only the high velocity is a key parameter for the FACE, but also the liquid impingement angle
is important. Studies performed by Toor et al. [9] have shown a correlation between impact angle
and erosion rate at liquid-solid flow interaction. This study was done on carbon steel (APl 5L-X65)
where liquid Na-Clwithout solid particles was used as impingement liquid, but the results can be
easily transferred to liquid metal. The results indicate that for fluid velocities below 12 m/s, the
erosion rate peaks at 45° and it has a minimum at 90°.
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Figure 3: schematic diagram showing the erosion of AP| 5L-X65 carbon steel given by an impacting Na-Cl liquid stream
on its surface [9].

It is reported that both the shear and normal stress play an important role during fluid
impingement, where shear stress is dominant at lower angles and vice versa. Toor et al. observed
that the highest corrosion rate at 45° can be due to the balance between shear and impact force.

In fact, it is important to observe that at low impact angles the shear stress is obviously higher,
and it enhances erosion-corrosion by removing partially or entirely the corrosion layer. While
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increasing the impingement angle the shear stress is lower, and the normal stress starts to
increase. Normal stress damages the surface, but it provides somewhat protection because it
does not contribute to the removal of the oxide protecting layer [10]. This explains why the
corrosion rate decreases with the impingement angles.

1.4 Aim of the work

These results give areason why a lot of studies concentrate on the shear stress as one of the most
important factors which increases the corrosion rate at high fluid velocities. But also, given the
high density of HLMs, the erosion mechanics at critical impact angles cannot be underestimated
and have to be under control.

So, in this work, a setup for a test section will be designed to obtain the best flow conditions to
investigate the erosion-corrosion phenomena with the parameters discussed before which can
affectit.

Table 2: Geometry choice for the erosion-corrosion parameter to study.
Parameter Geometry
Velocity ‘ Bundle of pipes
Shear stress ‘ Plates with holes

Impact angle ‘ Inclined plates

The bundle of pipes is chosen because onthem it is possible to analyse the classical situation of
a heat exchanger and tuning the pitch between them it is possible to significantly accelerate the
flow.

The choice of plates with holes is interesting to study the shear stress on different holes’
restrictions, the pressure drops and shear stress created by the jets on the following grid surface.

The inclined plates are chosen to study principally the effect of the impact angle of the flow.






Chapter 2 - Perspective of the analysis and methodology

The goal of the thesis is to design a test section that creates typical flow condition in a nuclear
reactor, where it is expected to see the erosion corrosion phenomena explained before. The
typical flow conditions are:

e Cross flow over a bundle of pipes (in heat exchangers);

o Parallel flow in bundle (fuel assemblies);

e Flow restrictions, high velocity zones, impact of jets (orifices, pressure drop plates);
e Behind objects (recirculation zones, re-attachment zones).

This test section should combine several of the above indicated flow types at velocity challenging
the current design limits.

2.1 Experimental background

At SCKeCEN currently an experimental setup was developed to investigate the erosion on a
rotating disk and is ready to start operation in the near future. No experimental data are available
yet. As this experiment focuses on the velocity magnitude, it will give only limited info on more
complex flow fields.

The available loops at SCKeCEN were screened to allow to fit in the extra erosion test section with
the aim as described before.

2.1.1 Description of the loop

The EU-SMR-LFR project is the strong consortium composed by well-known European partners:
SCKeCEN, Ansaldo Nucleare, ENEA and RATEN [11].

The important contribution of the SCKeCEN is on lead-coolant and material research. The
perform this research the SCKeCEN operates several lead loops to study the behaviour of the
liquid lead on materials and components. One of these loops is called “Hydrobear” to test
hydrostatic bearings. The loop is represented in the following figure:

Figure 4: Liquid lead experimental loop; the circle indicates where the test-section could be placed [12].



The purple mark indicates the vertical tube called Gulliver, where the test section subject of this
study will be placed in. The valve settings can be chosen to combine operations of the bearing
and the erosion tests. As long as the bearing tests do not need the full mass flow rate.

2.1.2 Test-section

The test section is composed by a cylindrical tube of internal diameter 101.6 mm and a length of
about 2 m. Inside it, it is possible to insert the obstacles introduced in Table 2 which could create
the targeted flow conditions.

2.1.3 Test operating conditions

The test section will be operated at a constant mass flow rate and isothermal. The temperature of
the liquid lead is taken equal to 380°C (the cold plenum temperature of the SMR-LFR coolant )
and the associated physical properties important for the analysis are evaluated as follows (with
the temperature in K):

k
p=11291— 1165 * T [—93] (1
m

1004.3 2)
— 7.5988 [Pa * 5]

In(n) =

The density, evaluated with Miller, has a value of 10536 kg/m? and the viscosity, with Kutateladze,
of 0.00233 Pa*s [4].

2.2 Simulation setup

First, the optimisation of the three different flow obstacles in the test section is made separately
to limit the calculation efforts and the many possible combinations of the parametric cases.

CFD models can be used to optimize any design following the proper criteria. In fact, CFD is a tool
that solves the Navier Stokes equation for fluid flow into a simulation domain created by a 3D
drawing tool and divided into many cells. Thanks to this tool, thesimulations are very important to
understand the hydraulic behaviour of the fluid inside specific geometries and conditions, and
with this information it is possible to create the best design for the specific purpose.

In this context, it is possible to investigate the design parameters’ sensitivity and analyse where
the fluid reaches limiting condition (erosion-corrosion related). The limited condition assumed in
this analysis is based only on an average velocity of 2 m/s, while other limiting parameters are not
known. These unknown limiting parameters are wanted to be obtained from the experimental
setup developed in this analysis. These type of CFD analysis are important to build the proper
design, but also to compare the successive experimental results with the known fluid dynamic. In
fact, with this last concept, it is possible to couple the erosion-corrosion cause-effect.

When specific properties are look for and there are many free parameters, the characterisation of
the design space becomes complex. Therefore, following a systematic and mathematical
procedure called Design Of Experiment (DOE) and the use of a Response Surface Methodology
(RSM) can be applied while using a parametric CFD model. In this thesis the general purpose CFD
code Ansys Fluent 2024 R1 is used.

In this case the steps are the following:
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1. The first step is to create a geometrical model (draw in the CAD tool within the ANSYS package
called Discovery) and create the geometrical input in a parametric way;

2.A complete CFD analysis is done with Fluent on this first design and the physical outputs are
defined;

3.Still in Fluent a manual parametric analysis is done with the “one factor at a time” (OFAT)
approach;

4. A DOE analysis is finally pursued;

5.A RSMis created and analysed to understand what the values of the parameters are to reach
the searched hydraulics properties.

If the geometry has only a few design parameters, the analysis stops at the third point to not
increase too much the computational cost and the time requested to complete a DOE analysis.
In this thesis the analysis stops at the OFAT step because of that.

As mentioned previously, the simulation analysis will be important not only to assess the design
of the test section but also in a second moment, to couple the cause-effect of erosion-corrosion.
This in practice means to find a correlation between the damage on the surface with the studied
parameters such as local velocity, shear stress or turbulence intensity. So, the goals of the
numerical simulation are two: find an optimal design and do an accurate analysis of the results
that might cause damage on the structures in final experimental step.

For these reasons, it is important to have an accurate numerical model where the information,
such as shear stress and velocity, is well analysed locally. This goal is pursued with Ansys Fluent
2024 R1 programme, a fluid simulation software, which has advanced physics modelling
capabilities, which include turbulence modelling.

Now with the following sections the procedure is better explained, and the methodology is also
introduced.

2.2.1 Ansys Fluent setup

Ansys gives the opportunity to create the project step by step, thanks to Component Systems
which are linked all together inside Ansys Workbench, the graphical users environment from
which it is possible to manage all the project.

First, the geometry, and consequently the CAD model, needs to be created. In this work, this is
accomplished using the Discovery 2024 component system. Within Discovery, it is possible to
assign geometrical values as parameters, which is particularly useful given the iterative nature of
the analysis required.

Before the mesh programme is launched, the interface of Ansys Launcher appears and here itis
possible to insert how many parallel solver processors are wanted to use and the solver option.
The workstation used has 20 processor cores and to permit to have faster simulations it is chosen
to work with 18 of them, leaving 2 free for whatever other programme is in use during the solving.
Concerning instead the solver options, itis chosen the Double Precision one, because the variety
of the length scales where a single precision may not be adequate to represent the node
coordinates [13].

In the double-precision solver, each floating-point number is represented using 64 bits, instead
of 32 used by the single-precision solver. The extra bits increase the precision but also the range
of magnitudes that can be represented, but the negative aspect of double precision is the use of
more memory.
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Secondly, the meshing process must be carried out, and Ansys Fluent Meshing is selected as the
component system due to its user-friendly interface. It enables mesh generation through a
straightforward workflow, while integrating the full capabilities and features of previous
equivalent programs.

Thirdly, the setup and solution stages are performed within Fluent. If needed, output parameters
can be defined directly in Fluent. Once all component systems are configured in Workbench, a
Parameter Set is automatically generated—thanks to the prior definition of input and output
parameters. This allows users to view, in tabular form, all geometric and output parameters
associated with each simulation.

2.2.2 Computational domain

The computational domain of each simulation is based on the test section outer tube inside
which the obstacle in the study is located. For each obstacle simulation not all the length of the
tube is considered, to not increase too much the computational power, but for each of them are
taken:

- A length before the obstacle to understand if the velocity profile imposed at the inlet work
correctly;
- Alength after the obstacle to avoid inflow at the outlet plane of the domain.

2.2.3 Models
The physics models set for the simulation are the following:

- Space: 3D Model, no symmetry can be applied. This because the flow is strongly influenced by
different jets and so, also if the geometry can be symmetric, the flow has not perfect hydraulic
symmetric profiles.

- Time: Steady State, as a first approach. Later it will be tested if there is not an unsteady driver'.

- Solver: Pressure-based.

- Flow: Coupled Flow.

- Viscous regime: Turbulent. With an inlet velocity of 0.8 m/s and considering the reduction in
flow area thanks to the obstacles, the flow is characterised by a turbulent behaviour.

- Turbulent model: k-w SST Model. This method can solve with high-accuracy the boundary layer
(thanks to the property of the k-w) and integrate the k-€ modelin the turbulent mixto improve
the calculation.

Remembering about the incompressible flow assumption, it is possible to explain why there is the
needs to have a pressure-based solver. It is needed to couple velocity and pressure, since the
continuity equation for an incompressible flow does not contain the pressure term. So, the
pressure equation is derived from the continuity and the momentum equations to permit that the
velocity field, corrected by the pressure, satisfies the continuity itself. Since the governing
equations are nonlinear and coupled, the solution requires an iterative process: all the equations
are solved iteratively until the results stabilize and convergence is achieved. In this context the
coupled flow is used to solve simultaneously momentum and pressure-based continuity
equation. In this way the solution converges faster than with a segregated model, but the memory
required is more because both the solution for velocity and pressure have to be stored [13].

"The cylinders’ array case-studyis an intrinsic unsteady problem, and for this reason the transientis studied
but a complete analysis is done in the Chapter 3.
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2.2.4 Mesh generation
The mesh generated by Fluent Meshing, as said before, follows a precise workflow.

The first thing to set is the Surface Mesh, where itis possible to insert also local mesh refinement;
the second step is the one about the Boundary Layers, which have to be inserted to model
accurately the viscous sublayer and as final step the Volume Mesh has to be built.

For the surface mesh the Minimum Size is taken as the smallest size of the geometry and instead
the Maximum one as the Maximum Cell Length of the Volume Mesh (S,,), which is chosen as the
lower boundary layer width. This is calculated as:

1—r" (3)
1—r

Snzx*

Where x is the lower inflation layer first height, r is the growth rate and n is the number of inflation
layers. Usually with the First Height method to construct the inflation layers, it is not fixed the
growth rate but the transition rate (TR), so:

L (4)

2.2.4.1 Viscous sublayer

When using the k-w SST modelitis very important to have a proper mesh. In fact, when this model
is selected Ansys Fluent automatically can solve the viscous sublayer if the y*'<1, because the first
node of interpolation is inside the layer. If the mesh is not accurate near the walls, it evaluates the
viscous sublayer with hybrid method (1<y*<30) or with pre-defined wall functions (y">30). But
because in this work it is needed an accurate analysis of the viscous sublayer, the mesh has to be
properly defined. To do that it is necessary to do a preliminary analysis with k- € model to find an
approximation of the highest wall stress, and then it is possible to evaluate analytically the first
layer of the mesh near the interested walls (also called “inflation layer”):

yrEp (5)

. [
P* %

Where p is the dynamic viscosity and p is the density of the liquid lead. Imposing y*=1 itis possible
to find the first layer height. Usually, a first grid can be generated with these inflation layers and a
contour of y* can be created to verify if it is everywhere near or lower than 1. If it is not y" has to be
re-evaluated with the new wall shear stress obtained with the previous mesh; the process
continues iteratively until an y"=1 on all the walls is obtained.

In this work the attention is on the obstacles and on how the erosion-corrosion take place on their
surfaces, while the information on the wall of the main pipe of the test section is considered of
less importance. For this reason, some computational power is saved thanks to the decision to
not put a strict inflation layer on this last wall, but only on the obstacles’ ones. This can be done
because, as previously discussed, the viscous sublayer is always evaluated but maybe with less
precision, but the solution it is still acceptable.

2.2.5 Assumptions

Some assumptions for the overall flow are done and are the following:
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1. Turbulent liquid lead flow, in steady state conditions;

2. The flow is incompressible;

3. The fluid enters the tube with fully developed velocity profile and uniform temperature;
4. The walls are smooth.

In the following table the main information for the computational setup is summarised:

Table 3: simulation computational setup.

Methods RANS, k-w SST model
Time dependence Stationary
Meshing strategy Polyhedral cells with near
wall prism layers
Boundary conditions Inlet Velocity: 0.8 m/s?
Outlet Pressure: 0 Pa
Walls No slip walls

2.2.6 Numerical analysis

It is important not only to obtain results with the analysis but also to understand if these results
are obtained in a rigorous and correct manner. In fact, a software as Ansys Fluent can give the
tools to solve the non-linear partial differential equations of the Navier Stokes, but CFD requires
careful assessment of numerical solution accuracy. To be accurate are needed two important
passages to read in a correct way the provided solution:

1. Verification, which assess the verification of the correct way of equation resolution. In the case
study analysed here, it is possible to achieve the verification comparing the results with
expectations based on a theory background.

2.Validation, which prove if the correct equations are solved but it needs comparison with
experiment which are out of the scope of this thesis.

The validation of the CFD results includes the analysis of discretization and modelling errors; it is
possible to assume that using a validated code with appropriate convergence criteria, iteration
errors can be excluded.

So, first of all, as convergence criteria, and so defining when to stop the iteration process to solve
the non-linear equations, the residuals are set at 10, This because can be proven that “the rate
of reduction of error is the same as rate at which the residual and the difference between
successive iterates are reduced” [14], and reducing the error of about 2-3 order is enough for this
case-study.

The discretization error instead is the difference between the solutions obtained with the exact
solution of the equations and the exact solutions of the discretized equations. The conceptis that
also if the solver solves the discretized equations perfectly, these equations are always
approximation of the real ones. So, it is needed to understand the quality of the approximation: it
is described in terms of its order of approximation, which relates the truncation error of the
approximation to the grid spacing.

2|n 2.4 Analysis setup it is well explained how the velocity inlet condition is imposed.
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In the first moment, to solve the problem, it is decided to have first order decomposition of the
equations to solve easily an unknown convergence behaviour. Then when the problem starts to
be clearer, itis possible to increase the order to achieve a most precise solution, and in this study
the order is increased to the second one for the momentum, the pressure and turbulence
equations.

The truncation error of a spatial derivative is proportional to (Ax)P where Ax is the spacing
imposed by the grid settings and p the order of approximation. In this analysis this error is not
analyse, in fact “is sufficient to show the change in the computed quantity of interest for a series
of grids (preferably three). If the change is monotonic and the difference decreases with grid
refinement, one can easily estimate where the grid-independent solution lies” [14].

2.3 Design method

Test section design of this type is a multidisciplinary field where fluid-dynamic, structures and
control are studied together. The test section in fact has not a pre-defined design, it must be
designed from scratch to achieve the desired results and then it has to be optimized to have as
much results as possible.

By optimizing the test section design, it is possible to achieve a balance between fluid-dynamics
and operational requirements in line with the capabilities of the loop where the test section will
be placed.

2.3.1 One Factor At Time (OFAT)

As said at the beginning of paragraph 2.2, after the simulation of the initial design of each obstacle
it is necessary to understand if the parameters are well defined and how varying one of them the
solution varies. This can be helpfulto do a preliminary control to modify the CAD or the simulation
if something is not working as expected, but also to understand the range of the geometrical
parameters to insert the right range of values in the next steps.

To do that the input and output parameters are defined as explained in the previous sections and
thanks to the ability of Workbench to create a parameter analysis it is possible to create multiple
simulation to be run varying one input parameter each time. Then the simulations can be
launched all together and the CAD will be updated each time, and a new solution (with the same
grid) is achieved. In this way the output parameters can be easily seen, and it is immediately
understandable what is going on.

Sometimes there are many geometrical parameters and they influence more than one physical
output parameter, this parametric analysis is not enough to characterize and optimize the design.
In this work only this analysis is pursued and it is enough to construct an accurate design.

2.4 Analysis setup

Explaining the erosion-corrosion phenomena three factors are underlined to be important:
velocity of the fluid, turbulence intensity and impingement angles. In the various designs these
factors are explored, but before some considerations are formulated.

Concerning the velocity is important to remember that the no slip condition on the walls impose
a zero velocity on them and so it is necessary to look at the velocity just after the boundary layer
of the wall. Usually, it is looked to the maximum velocity, to localize it and then couple this
information with the erosion-corrosion phenomena.
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The turbulence level can be assessed using the Turbulent Kinetic Energy (TKE), which is
associated with turbulent eddies and reflects fluctuations in the velocity components. In his
work, NeSi¢ identified critical areas within the experimental section where damage was clearly
evident. By plotting pathlines, it became apparent that these regions were characterized by the
presence of large vortices. Subsequently, the TKE distribution was analysed revealing that it was
high in these critical zones. This study aims to follow a similar approach.

Considering the impingement angle, Ansys Fluent does not permit its visualization and so where
the fluid is strongly accelerated and where it impacts straight on the wall, it is considered the
angle of the wall as impingement angle.

The shear stress is analysed, also if it is an effect of velocity and impingement angle; this is done
because it can give access to immediate information about erosion-corrosion.

2.4.1 Fragmented and full geometrical simulation

Firstly, with the boundary conditions described in Table 3, a fully developed velocity profile is
constructed, and it is exported as inlet conditions for each of the geometry described in Section
2.1.2, to standardize each of them. The inlet boundary condition used is characterized by the
three velocity components, the turbulent kinetic energy k and its specific dissipation rate w.

Secondly, because it is wanted to know how the geometries influence the others, the inlet
condition will be the output one of the previous geometries maintaining all the other assumptions
equals. Again, the inlet boundary condition is a velocity one, as before.

Thirdly, the full simulation is run with all the obstacles together, to understand if doing a separated
analysis can be a good idea or if the no-linear and turbulence effect are too effective and so it is
necessary to fully simulate the test section.

The numerical analyses are done considering the separated geometries, this because the
computational cost could be very expensive if the whole test-section geometry is studied all
together during the OFAT analysis.

16



Chapter 3 — Array of cylinders in crossflow

In this chapter the first configuration of the corrosion erosion set up is developed. An array of
tubes is placed in cross flow into the test section. The cylinder array in crossflow is chosen as
geometry to analyse deeply the effects of acceleration of the flow, the shear stress and the impact
angle. This configuration is representative of flow in a heat exchanger in common LFR designs.

3.1 Simulation setup

This geometry is used to investigate velocity limits, particularly the current standard of 2 m/s,
aiming to exceed it by more than a factor of two.

3.1.1 Geometry

The aim is to accelerate the fluid flow in order to investigate how high velocities influence shear
stress, and consequently, the erosion-corrosion behaviour of the material. To achieve this, solid
cylindrical obstacles are arranged in staggered columns, one behind the other: this staggered
placement forms an equilateral triangular lattice in the cross-section of the pipe. As a result, the
spacing between consecutive columns is comparable to the lattice size, providing only a short
distance for the fluid to travel before directly striking the next column. This configuration takes to
assume a perpendicularimpact thanks to the alignment of the openings between the cylinders in
the front column compared to the solid cylinders in the column behind, forcing the fluid to impact
the downstream cylinders at an approximately 90-degree angle.

The idea is to achieve these results in terms of maximum velocities between the cylinders:

Table 4: Target velocities on the central plane of the cylinders' columns.

Cylinder column Target maximum velocity [m/s]
a 1,5
b 2
c 2,5
d 3
e 3,5
f 4

The geometrical parameters which can influence these target velocities can be summarized as
follows:

Distance between the cylinders in each column, called transversal pitch pr;

Distance between the last cylinders of the column and the main tube;

Radius of the cylinders in the same column and in the ones before the column in study;
Distance between two columns, called longitudinal pitch p;;

Numbers of cylinders for each column.

Because the parameters are too many some of these are related between each other.
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Firstly, it is decided to have full cylinders (to significantly reduce the number of design
possibilities) and to create a regular triangular staggered layout. Thanks to this last decision the
number of cylinders for each column is related with the ones of the other columns to be able to
create a regular triangular pattern: in a couple of following columns the number of cylinders
between them will differ by one. It is possible to call N and n these two numbers to obtain:

n+1=N (6)

Then these two numbers of cylinders will be repeated for each couple of columns. The diameter
of the pipe is divided by N to obtain the maximum diameter of the cylinders which can fit in the
pipe in column, Dy qx-

Secondly, the decision to create the pattern for the configuration of D,,,, helps to find the centre
for each cylinder in the vertical direction. Thanks to the trigonometry it is possible to find also p;,
compared to the first column, in such a way to construct equilateral triangles:

pL = pr * cos(30°) 7)

Figure 5: Geometry construction of the array of cylinders.

In this way the only free parameters are N and the radius of the cylinders of the six columns.

3.1.2 Mesh generation

The flow is wanted to be well-described between the cylinders and on them, for this reason
inflation layers have to be used on their surfaces, and they are evaluated as described in Section
2.4.1. The mesh parameters are the following:

Table 5: Mesh settings for the array of cylinders.

Type Local refinement Location Values [mm]
Surface mesh / All the surfaces 0,5-4
Face-size Cylinders’ surfaces 0,5
Cylinders’ surfaces, a 2*103
Inflation First Height Cylinders’ surfaces, b 1,75%107
layers Size Cylinders’ surfaces, ¢ 1,75*10°3
Cylinders’ surfaces, d 1,25*10°°
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Cylinders’ surfaces, e 0,75*103
Cylinders’ surfaces, f 0,75*10°%
Volume mesh / All the volume 4 (polyhedral, growth 1,25)

The number of inflation layers are in every location 25 with a transition ratio of 0,3, concerning
instead the surface mesh the growth rate is 1,2. The mesh generated with these settings is shown
below:

Figure 6: Mesh generation on the plane YZ with x=0 with inflation layers zoom.

The criteria for y* are satisfied and it can be seen with a contour of it on the walls:

Wall Yplus

5.00e+00
2.68e+00
1.44e+00
7.75e-01
4.16e-01
2.24e-01
1.20e-01
6.452-02
347e-02
1.86s-02
1.00e-02

Figure 7: y* contour on the cylinders.

As it is shown y+ is greater than 1 only on the conjunction between the main pipe and the
cylinders, this because, as explained in Section 2.4.1.1, the main pipe has not inflation layers.

3.2 Design and hydraulic results
3.2.1 Design

The design of this configuration of obstacles is obtained by some trials on the values of the
diameters and the number of cylinders. It is important to have a minimum diameter of the
cylinders of about 9-10 mm to not have problems concerning the vibrations during the crossflow.

The firsts attempts were done with a triangular staggered layout based on a N of 6, but these
configurations take to have very high pressure drop.
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The second trial was done with N equal to 5 and with diameters of the cylinders between 9 and 15
mm. In this way the maximum velocities were closer to the targeted values.

The next step was to construct the triangular staggered layout with N of 4 and, based on the flow
area evaluated before, the diameters of the new cylinder columns were evaluated. Then an
iterative process is pursued to refine better the diameters considering the maximum velocities
achieved in a common area, the flow area of each column at the intersection of the centres of the
cylinders (where usually is expected the maximum velocity of the column). This procedure is
called One Factor At Time and it is well explained in Section 2.3.1. Some of the design points are
reported here below:

Table 6: Design points of the array of cylinders, where R is the radius of each column expressed in mm and V the
maximum velocity registered in m/s.

DPEOSIII:;'I"\‘ R. Rn R Ra Re R¢ V., Vy Ve V4 Ve Vs
1
2 45 6 85 8 95 9 1,4961 12,2286 2,5262 3,0748 3,4642 3,7986
3 45 55 85 8 95 95 1,4788 2,1562 2,5035 3,0.128 3,4355 4,2096
4 45 55 85 8 10 9 1,4739 2,1412 2,5152 3,0432 3,7799 33,8569
5 45 55 85 8 10 95 1,4861 2,1595 2,5002 3,0515 3,8153 4,2694

To have the lowest possible velocity with this configuration it is decided to put the lower number
of cylinders of the configuration at the beginning of the array.

The chosen configuration is the following:

Table 7: Final configuration of the cylinders' array.

Column a b c d e f
Diameter [mm] ‘ 9 11 17 16 19 19
Maximum 1,4758 2,1600 2,4950 3,0077 3,3852

velocity [m/s] 4,0915

abcde f

1-

{

Figure 8: Final geometry of the array of cylinders.

3.2.2 Hydraulic

3.2.2.1 Hydraulic requirements

Because the design is based on the velocity as output parameter, it is necessary to look how its
field is developed and especially between the cylinders:
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Figure 9: Velocity contour on the YZ plane at x=0 of the array of cylinders.

As expected, the maximum velocities are registered in between the cylinders of the same column,
and this velocity contour shows also how behind the cylinders the recirculation zone is formed.
Usually, the recirculation zone studied with only one cylinder is two diameters long [14], in this
case itis lower because the influence of the following cylinders’ columns.

It is also important to compare to two hydraulic limits on velocity and pressure: the velocity has
not to overcome 5-6 m/s while the pressure has to be under 1 bar for this configuration. As can be
seen in the Figure 9 the velocity maximum value is around 4 m/s which means that the limit is not
exceeded. To evaluate the pressure drop it is plot of the static pressure along the plane YZ in x=0
is done:

Static Pressure

[Pa]
6.00e+04

4 B0e+04
3.60e+04

2.40e+04
1.20e+04
-3.81e-02
-1.20e+04
-2.40e+04

-3.60e+04
-4 80e+04

-6.00e+04

Figure 10: Contour plot of the static pressure on the YZ-plane at x=0 of the array of cylinders.

The pressure reaches a maximum of almost 0,6 bar, which is acceptable, while its distribution
along the tube and in between the array of cylinders is perfectly coherent with the physics. Low-
pressure regions can be observed downstream of each cylinder, due to flow separation and the
formation of wake zones. This configuration therefore ensures that pressure levels remain within
acceptable limits, but also produces a physically realistic pressure distribution, confirming the
reliability of the adopted simulation model.

3.2.2.2 Hydraulic results

3.2.2.2.1 Velocity distribution

Always concerning the velocity, it is possible to understand something about the flow behaviour
with the velocity vectors:
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Figure 11: Velocity vectors on the YZ plane at x=0 of the array of cylinders.

In the last columns the recirculation zone is no more perfectly symmetric compared to the
cylinder itself as in the first two columns, in fact it is strongly deformed by the jets created by the
previous columns and the ones adjacent. This can be an indication of the unstable flow behind
the last column (Von Karmann swirls).

Because the velocity reaches the maximum ranges of value in the restriction between each
column itis interesting to see the distribution of the velocity profile along these planes:

Velocity Magnitude

/!
(el 4 o9

3.68
3.28
2.87
2.46
2.05
1.64
1.23
0.82
0.41
0.00

Figure 12: Velocity profile on the planes XY at z equals to the centres of symmetry of the columns of pipes.

From the above XY velocity profiles and the YZ vector plot in Figure 11, it is clear that in the first
few pipe columns, the velocity distribution is relatively uniform and undisturbed, with well-
defined high-velocity regions between the pipes. However, as the flow progresses downstream
along z, wake interactions and turbulence become increasingly dominant. The last few columns
show higher levels of velocity fluctuations, with broader wake regions and a more chaotic velocity
field. This transition reflects both the cumulative pressure loss and the enhanced mixing caused
by repeated flow separations and vortex shedding.
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3.2.2.2.2 Turbulence distribution

It is very important to understand the amount of the turbulence parameter and how it develops
inside the geometry. Below it is possible to look at the TKE plot along YZ and the information from
this plot can be easily coupled with the information of Figure 9:

Turbulent Kinetic Energy
(k)

[m*2is"2]
1.00e+00
4.68e-01
2.18e-01
1.02e-01
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224e-02
1.05e-02
4.89e-03

2.289e-03

1.07e-03

5.00e-04

Figure 13: Contour plot of the TKE on the YZ-plane at x=0 of the array of cylinders.

The TKE distribution shows strong and extended regions of turbulence downstream of the
cylinders, especially in the central area, where interactions between wakes are mostintense. The
velocity plot further supports this by displaying broad, low-velocity wake zones and significant
asymmetry, indicating strong flow separation and deflection. These patterns confirm that reverse
flow across the array enhances turbulence generation while significantly diminishing the
momentum of the flow downstream.

It is also necessary to plot the streamlines of the flow to look if and where the flow can reattach
to the surfaces of the cylinders. Lines creating vortex are produced only at the end of the
configuration so where the column fis placed:

2.00e+00
8.73e-01
3.81e-01

1.66e-01
7.25e-02
3.16e-02
1.38e-02
6.02e-03
2.63e-03
1.15e-03
5.00e-04

Figure 14: Path-lines of the TKE after the last column of cylinders.

Here near the wall of almost all the four cylinders the flow is turning back towards the surfaces,
and this can create an enhancement of the erosion corrosion.

3.2.2.2.3 Shear stress distribution

These information on the velocity are important because the acceleration of the velocity is the
driving force of the wall shear stress increasing on the cylinders’ surfaces.
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Figure 15: Wall shear stress on the cylinders array surfaces.

As can be seen by Figure 15 the wall shear stresses are really low behind the cylinders compared
to the values in the flow direction, corresponding to the recirculation zone. This is expected
because there the velocity is near to zero. The shear stress instead increases a lot on the last
columns because the flow accelerates along the direction of the flow itself: a higher magnitude
of the velocity takes to have a higher gradient of it along the vertical direction because what
change is only the maximum value of the velocity itself, while the minimum velocity in every
surface is zero thanks to the wall condition. In this way the maximum shear stress is located
obviously in the last column, and it is equal to 764 Pa.

Because the wall shear stress is not directly related to the velocity, but it is proportional to the
gradient of it in the perpendicular direction compared to the surface, the maximum shear stress
and the maximum velocity could be not located in the same point. In fact, itis what happens, and
it can be shown that for each column of cylinders, where is located the maximum velocity the
corresponding wall shear stress is well related to it with a second-degree polynomial:
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Graph 1: Wall shear stress function of the maximum velocity evaluated for each column of cylinders.

This can happen when the jets influence the behaviour of the entire flow, as happens here.

Concerning the pressure drop it is about 0,46 bar, which is considered acceptable considering
that the request done for the entire design configuration of all the obstacles is 2 bar.
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3.3 Numerical results

3.3.1 Convergence

As said in section 2.2.6 Numerical analysisthe convergence criteria are set for all the variables of
the method at 0,001, but not all of them reach it. In fact, as illustrated in Figure 16, the turbulence
kinetic energy k stabilises only at 2*102 as residual; it is an expected behaviour of k because it is
directly linked to the fluctuations of the velocities and it is strictly not linear, so it is more difficult
for this parameter to converge numerically. Figure 16: Residuals of the steady state simulation of
the array of cylinders.
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Figure 16: Residuals of the steady state simulation of the array of cylinders.

But the stabilisation of the values of the residuals after almost one hundred iterations suggest
that the solution reach a quasi-stationary state acceptable for the scope and it can be confirmed
from the stabilisation of the physical properties such as the pressure. In fact, can be seen that the
pressure reaches a stable value of around 46038 Pa also around the one-hundredth iteration.

3.3.2 Grid independence analysis

To understand if the problem is not influenced too much by the grid and so a general solution is
achieved, a grid independence analysis is done. Other two meshes are considered, one finer and
one coarser. A remark must be made because in the case studied it was quite expensive
computationally to re-fine the mesh. Itis not possible to reduce the general cell size by a factor of
2 for different meshes. Because of that it is necessary to scale the mesh parameters of the
following value:

W=

( memory of the pc )
memory in use by Fluent during the case study simulation

The third square is from the fact that the problem is in 3-dimensional. In this way the memory of
the pc is not overcome, and the simulation can run. In the case of the problem here studied x is
equalto 1,25. The three meshes are generated with the following parameters:
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Table 8: Mesh independence parameters of generation.

Surface mesh Face-size Volume mesh
Case-study 0,5-4mm 0,5mm 4 mm
Fine 0,4-3,2mm 0,4 mm 3,2mm
Coarse 0,625 -5mm 0,625 mm 5mm

The inflation layers are not modified to not influence too much the y+ values reached.

Now what can be interesting to see is how the results are impacted by these changes on the mesh.
To do thatitis possible to plot on a xy-diagram the velocity profile of the flow on the cross-section
in the middle of the column d:
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Graph 2: Velocity profile along column d cross-section with three different meshes: the case study (final), the fine and
the coarse ones.

As can be easily understood, the results do not vary much on the different meshes and they are
almost the same near the wall; this last observation means that the inflation layers can achieve
in a good way the gradient of the velocity and they show slightly more variation in between the
cylinders where the cells are coarser.

As written in Section 2.2.6, it is necessary only to compute an interesting quantity, as can be in
this case the pressure drop, and look how it changes for the three generated grids to evaluate the
grid independence. This can be evaluated in the following graph:
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Graph 3: Pressure drop along the cylinders' array function of the number of cells through the mesh refinement.
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The change is decreasing monotonic with the increasing number of cells, and this means that the
solution is converging to the mesh independence. The changes of the pressure drop between the
different meshes is only less than 1% (400 Pa / 46000 Pa).

Because of these results the conclusion that the solution is grid independent can be reasonably
confirmed.

3.4 Unsteady nature of the problem

One of the extensively and basic engineering problems is the flow around a singular circular
cylinder. This case study is of particular fluid-dynamic interest, because from it some important
phenomenon rise, like turbulent transition, separation of the flow and vortex shedding [15].

These interesting phenomena take to have a challenging problem to solve from a CFD point of
view, and when there is no more only one cylinder, but a bundle like in this study, the flow is more
difficult to characterise. In fact, from a singular cylinder in backflow under steady flow, it is
expected a well-known behaviour which is function of the Reynolds number. Different regimes
can take place, as can be seen in Figure 17, influenced by the impact of the vortex shedding: a
vortex street is formed in the wake region where vortices take place and they shed, inducing
pressure variations in the structure [16].

7 == Re < 5 Regime of unseparated flow

T~

ﬂ: Sto 15<Re < 40 A fixed pair of FOPPL vortices in wake
_\k“/ ——

0 Iﬁ)\ {*{‘ 40<Re < 90 And 90<Re < 150
ZA™ \ \ Two regimes in which vortex

\M7>) .\'\(J/J street is laminar

f/}.}‘? 150 <Re < 300 Transition range to turbulence
- % ; l‘\' f in vortex
-\"{_ ) _l":" 300 <Re < 3x10° Vortex street is fully turbulent
ﬁ:—:‘" 3x10°<Re < 3.5x10°
: (77) 3 _, Laminar boundary layer has undergone

Turbulent transition and wake is
Narrower and disorganized

3x10°<Re
Re-establishment of turbulent
Vortex street

Figure 17: Regimes of fluid flow across a circular cylinder [17].

In this work, the Reynolds characterising the pipe is around 1,2*10°, so the vortex in the case of a
single cylinder, is fully turbulent and it is well defined by Von Karman (Karman vortex) and they
have a periodic behaviour in the shedding and so also in the pressure variations.

The vibrations can be in parallel and transverse direction compared to the flow and they are
characterised by a well-known frequency called “vortex shedding frequency”, f,, . This frequency
can be expressed by the dimensionless Strouhal number as follows:

fw * Lcharacteristic
Sr =
v

Where v is the velocity of the flow [16]. This dimensionless number represents the ratio between
inertial forces due to local acceleration, and so the unsteadiness, and convective inertial forces,
due to point-to-point velocity variation. It is a very important coefficient to solve an unsteady and
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oscillating problem, because it has been established for a wide range of case studies and from it
is possible to determine f,,.

As said before, in this work the problem is more complex than the one explained above and so it
is not possible to assume a priori the behaviour of the flow. Because of that it is necessary to
simulate this unsteady problem and evaluate how the steady-state and the unsteady solutions
differ between them.

3.4.1 Unsteady simulation setup

This analysis, as the numerical one, is done considering only the array of tubes geometry, again
for a computational cost reason.

The Strouhal number introduced in the section before is interesting in this analysis because it is
well-studied for different configurations and situations. In the study pursued by Xi et al. [18], a
cylinders’ array like the one described in this work is evaluated. Also, if the two cases have not the
same configurations and flow conditions, a first evaluation of the Strouhal nhumber can be taken
to have an order of magnitude of it, and for Xi et al. itis equalto 0,2. In this way a frequency of 1,57
Hz is calculated, which means a period of 0,635s and considering that the guide of Ansys
recommend having 20 iterations every oscillation, the time interval of simulation becomes the
following:
0,635

At =—— ~
t 20 0,03s

For the setup of the transient simulation the following actions are considered:

- The solver is switched from Steady to Transient;

- The initial condition is taken as the steady state one;

- The methods for the Pressure-velocity Coupling are set to SIMPLE, as recommend by Ansys
Fluent guide for small At;

- The number of steps for interval of time is set to 20.

Then a good consideration to do is to evaluate the amount of time that the fluid control volume
stays inside the pipe before completely exit, it is called “residence time”. The residence time in
the simulation is around 8 s, so it is interesting to simulate a little bit more than this time. For this
reason, and to wait the formation of the oscillations of the transient, is simulated a time of 12 s.

3.4.2 Unsteady solution

The results for the unsteady solution can be represented in numerous ways: with “unsteady
statistics”, which Fluent evaluates the properties as an average in time, or with the values in any
time interval.

Itis interesting to see how the velocity profile change in time, as can be seen in these figures:
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Figure 18: Evolution in time of the velocity profile along YZ plane. From top left to right: 0,3s, 2,7s, 5,1s, 7,5s, 10,2s and
12s.

The behaviour is not periodic as expected, thanks to the influence of all the cylinders on each
other. It is interesting to note what happen behind the last column: here the vortices are created
but eventually stabilise.

Itis necessary to confront the results of the steady state and unsteady simulations to understand
what condition and values consider to properly design the test section. Because of that the
following diagram is constructed, where the velocities are evaluated as the maximum in each
middle cross-section of the columns:
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mendvalues (12s) munsteady statistic M steady state

Figure 19: Velocities evaluated as the maximum in each middle cross-section of the columns.

As can be seen the target velocities are not significantly affected by the fluctuations: the
evaluation done on the steady state assumption can be taken as valid for the case study.
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Chapter 4 — Plates with holes

The geometry represented by the plates with holes is studied to analyse the effects of acceleration
of the flow in holes, which is a very impacting phenomenon. In fact, this phenomenon affects the
same holes and in particular the restrictions, but also what stays behind them thanks to the strong
jets created.

This is a classical geometry studied since plate with holes and grids are usually common in every
field. In fact, they are used to homogenise the flow and to increase the pressure drop when the
space is little to create certain flow distributions within difference parts of the reactor core to
obtain more homogenous core outlet temperatures.

4.1 Simulation setup

4.1.1 Geometry

As said previously, this geometry is known to create high pressure drop and due to the imposition
of the limit of 2 bar on the entire test section, itis needed to be careful. Because of that, two main
ways to design the plates with holes can be taken into account:

1. Plates with a high number of holes with small diameters;
2. Plates with a low number of holes with larger diameters.

As previously mentioned, it is useful to study what happens behind the grid, where strong jets are
created. These jets are a consequence of this design but also an opportunity in this case because
the objective of this study is to understand what happens under critical conditions. To take
advantage of these jets it is important to have after them a solid wall to study the shear stress and
the pressure drop; to obtain this other plates with holes not aligned with the previous one are
created: where there are the holes in the first one, in the second has to be present the plate’s wall.

Between the two plates it is taken as general design parameter a distance equivalent to the hole
diameter.

4.1.1.1 Geometry of the Design |

With this configuration it is chosen to have regular triangular pattern of holes in each plate A and
the second one is shifted compared to the first one to achieve what said before.

To design the centres of each hole it is considered a diameter of 8 mm, which means that
maximum twelve holes can be aligned along the cross section of the tube. Considering that
between each couple of holes in the previous plate in the following one a hole must be present; it
is possible to have the result illustrated in Figure 20. A minimum distance from the border is
defined and evaluated as follows:

101,6 mm — (8 mm * 12 holes)

=2,8mm

Figure 20: Initial configuration to create the pattern, in yellow the one for the plate A and in blue for the plate B.
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With the tool “Fill Pattern” with option “Offset” are created the designs of the plates as explained.

4.1.1.2 Geometry of the Design Il

To ensure that solid wall sections in plate B correspond to hole locations in plate A, it is necessary
to create a specific configuration considering that the diameter of the holes now will be much
higher than before. If four holes are selected for plate A and three for plate B, to maximize the
number of jets studies on the inlet of plate B, a geometry like the following one can be designed:

e holes at the vertices of two triangles, one in plate A and one in plate B, reversed compared to
each other but with the same centre;

e an additional hole is added to plate A, located above or below the hole at the upper vertex of its
triangle.

In this way the holes do not overlap or, if the radius of the holes is high, the overlapping is limited.

4.1.2 Mesh generation

In these geometries it is wanted to analyse the impact of the radius of the holes and of the
restrictions and the typologies of the latter, but also what are the effects on the surface of the
plates itself. Because of that, both the plates and the holes have to be described through the use
of inflation layers and the construction of the mesh follows what it is said in Section 2.4.1.
4.1.2.1 Mesh of the Design |

The generated mesh has these parameters of surface and volume mesh:

Table 9: Mesh settings for the Design | of plates with holes.

Type Local refinement Location Values [mm]
Surface mesh / All the surfaces 0,5-6
. Plates and holes
Face-size 1
surfaces
Face-size Restrictions 0.1
surfaces
Edge-size Sharp edge A 0,1
Edge-size Sharp edge B 0,05
Plates and holes 45410
surfacesin A
Plates and holes 3,510
surfaces in B
Inflation layers First Height Size o
Restrlctlgns 6,5410
surfaces in A
Restrlctlgns 5,510
surfaces inB
6 (polyhedral,
Volume mesh / All the volume growth 1,25)

32




In this case the Maximum Size of the surface mesh and the Maximum Cell Length of the Volume
Mesh (§,,) are taken as the minimum size of the geometry, while Minimum Size of the surface mesh
as one hundred times §,,. This variation is done because the first layers of the inflations are really
low, and it takes to have very small S,.

The number of inflation layers is 10 with a transition ratio of 0,272, concerning instead the surface
mesh the growth rate is 1,2.

The inflation layers on the plates and holes have also as advanced options:

- “lgnore Boundary Layers At Acute Angles: NO”, to have completed boundary layers also on
narrow edges;

- “Modify Surface Mesh At Invalid Normals: YES”, to obtain uniform normal along which the
inflation layers are constructed, also where the normal changes abruptly.

The result of it is the following:

Figure 21: Mesh generation on the plane YZ with x=0 on the left of the first design of plates with holes, zoom on two
holes on the right.

The quality of the mesh is resumed here:

Table 10: Quality mesh parameters of the first design of plates with holes.

Quality mesh parameter Recommended values Actual values

Skewness <0,7 0,61
Minimum orthogonal quality 0,1 0,004
Orthogonal quality >0,1 0,884

The only value which does not compared to the recommended values is the minimum orthogonal
quality, but it is underlined the localization of this bad quality, and it corresponds to the
connection between plates and principal tube which has not inflation layers and where the
information is not interesting in the pursuit of this analysis.

The y* requirements for the k-w SST turbulence model have been satisfied by iteratively refining
the mesh, specifically by adjusting the first layer thickness based on the maximum wall shear
stress observed, as explained in Section 2.4.1:
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Figure 22: y+ contour of the plate A on the left and on the plate B on the left for the first design.

4.1.2.2 Mesh of the Design Il
The mesh parameters are the following:

Table 11: Mesh settings for the Design Il of plates with holes.

Type Local refinement Location Values [mm]
Surface mesh / All the surfaces 0,2-6
Face-size Plates and holes 0.2
surfaces
Face-size Restrictions 0.1
surfaces
Edge-size Sharp edge A 0,1
Edge-size Sharp edge B 0,05
Plates and holes 5510
surfaces in A
Plates and holes 4510
surfaces in B
Inflation layers First Height Size .
Restrlcthns 5104
surfaces in A
Restncthns 4510
surfaces in B
6 (polyhedral,

Volume mesh

All the volume

growth 1,25)

The same comment of Design | can be done also here for the inflation layers and for the sizes.

The mesh generated with these settings is shown below:
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Figure 23: Mesh generation on the plane yz with x=0 on the left of the second design of plates with holes, zoom on hole
3 on the right.

The quality parameters for this mesh generation are the following:

Table 12: Quality mesh parameters of the second design of plates with holes.

Quality mesh parameter Recommended values Actual values

Skewness <0,7 0,57
Minimum orthogonal quality 0,1 0,07
Orthogonal quality >0,1 0,91

Again, the minimum orthogonal quality is lower than the recommended one as before but,
compared to the Design |, here the values is very near the limit and it is acceptable.

Itis also interesting to see how the surface mesh is generated on the different holes’ restrictions:

Figure 24: Surface mesh of the different types of edges, respectively sharp, chamfer and rounded on the plate A.

The sharp edge has cells of 0,1 mm around the border, while the rounded and the chamfer has
cells of the same size in all their surface: the edge-size and the face-size worked correctly.

Remembering the criteria for the k-w SST on y*, it is satisfied thanks to the iterations done on the
maximum stress registered and the first layer height modification.
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Figure 25: y+ contour of the plate A on the left and on the plate B on the left for the second design.

4.2 Design I: high number of holes, small diameters

For both the designs of the plates with holes the analysis is done without the use of DOE method,
because here the goal are not hydraulic results but understand the behaviour of the flow on the
different holes remaining in certain hydraulic limits. These limits are in velocity, trying to not
increase the velocity up to 5-6 m/s, and in pressure, remembering that the total pressure drop of
the test-section has to be maximum 2 bar. Because of that some diameters of the holes are
evaluated; the limits are controlled to not be overcome and then a deeper study is done on the
effects of the flow on the geometry.

4.2.1 Design results

Here it is interesting to analyse how the restriction can affect the velocity acceleration and the
shear stresses. Due to that the diameter of the holes is changed in a range of * 25% and the
restrictions are changed in type and radius.

Table 13: Changes of the holes’ diameter in the plates.

Diameter changes [mm]
Plate Column Column Column Column Column
1 2 3 4 5
7 9 8 6 10
10 6 8 9 7

Table 14: Changes of the type and the radius of the restriction in the plates. The types are represented as R for the
rounded one, C for the chamfer and E for the original Edge.

Restriction changes [-; mm]

Plate Row 1 Row 2 Row 3 Row 4 Row 5
A R; 1 C; 1 E R; 0,5 C;0,5
B R; 0,5 C;0,5 E R; 1 C;1

Along the main column and the main row, the holes remain unchanged.
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The two grid’s scheme can be represented as follows:

SOO0N OO0
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Figure 26: Plates with holes'first designs, respectively plate A and B.
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O

4.2.2 Hydraulic results

4.2.2.1 Hydraulic limits

The first thing to do after having built the CAD of the design is to control the hydraulic limits
imposed for the geometry.

As first thing, for the plates with holes, it is important to understand how much the pressure drop
is and here it is evaluated as area weighted on the inlet: it is about 0,45 bar. It can be also
visualized through a contour plot of the static pressure on the plane along the length of the
geometry:

Static Pressure
[Pa]
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5.68e+03

0.00e+00

Figure 27: Contour plot of the static pressure on the YZ-plane at x=0 of the plates with holes first design.

In the contour plot of static pressure, itis possible to observe correctly that the pressure is higher
attheinletin orderto drive the flow through the domain. When the fluid encounters obstacles and
restrictions, it accelerates and due to Bernoulli’s principle, there is a decrease in static pressure.
Conversely, in regions where the velocity decreases, such as after the grids, the pressure tends to
increase for the same reasoning. Moving towards the outlet, the pressure drops until it reaches
the boundary condition imposed at the outlet, which is set to zero (gauge pressure).

The velocity is also a limiting characteristic, and it can be visualized in the same plane:
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Figure 28: Contour plot of the velocity on the YZ-plane at x=0 of the plates with holes first design.

What it is interesting to look now is the maximum velocity, which is 4 m/s compared toing the
imposed limits, and where itis localized: the range of higher velocities is localized inside the holes
and near the restrictions as expected.

With these firsts results it is possible to continue the analysis on the geometry because it respects
the limits, and the physics expected.

4.2.2.2 Stress distribution

The result of the simulation which is interesting in the aim of this work is the distribution of the
shear stresses.

Wall Shear Stress
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Figure 29: Contour of the shear stress in the inlet walls of plate A and B, respectively, of the Design I.

The lower limit is modified for both the contours plot to have a better visualization of the results,
but the wall shear stress has a minimum about 0,5 and 5 Pa respectively for inlet A and inlet B.
The main difference between the two contours is that in the second one is well visible the
influence of the first one: between the holes of Plate B there are some minimum values of wall
shear stress since the fluid there impacts perpendicular and so the shear stress is null.

At this stage, it becomes quite difficult to clearly interpret the global behaviour resulting from the
different design parameters. Despite significant variations in hole radii and restriction types, the
resulting differences in shear stress are relatively small; this suggests that the high level of flow
disturbance tends to homogenize the effects, reducing the flow’s sensitivity to these geometric
changes. As a result, the considerable effort invested in designing and manufacturing such
complex plate geometries does not seem to be justified by a proportional improvement in
performance.
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For these reasons, a second design was conceived and implemented, aiming to achieve a similar
pressure drop while using fewer holes and introducing a lower level of flow disturbance.

4.3 Design Il: low number of holes, larger diameters

4.3.1 Design results

To maintain almost the same pressure drop and range of velocities of the configuration before, it
is necessary to evaluate its flow area. Considering four holes for the plate A and three for the plate
B, itis possible to construct a structure as follows:

Table 15: Diameter evaluation for the Design Il.

Flow area Design | [mm?] Diameter Design Il [mm]
Plate A 2668,783 33,65
Plate B 2348,341 29,34

The diameter evaluated are rounded to the next integer and so for the plate A the diameter of the
three holes is 34 mm and for B is 30 mm.

27,63 mm [
31,9mm

19,57 mm

|
15,95 mm /

27,63 mm

Figure 30: Design Il of the plates with holes, in yellow the plate A and in blue the plate B.

Concerning the restrictions the following scheme is applied:

Table 16: Changes of the type and the radius of the restriction in the plates. The types are represented as R for the
rounded one, C for the chamfer and E for the original Edge.

Hole’s number 1 2 3 4 5 6 7
Restriction type E C R R R C E
Radius [mm] - 0,5 0,5 0,25 0,5 0,5 -

4.3.2 Hydraulic results

4.3.2.1 Hydraulic requirements

As said before itis important to not overcome the limits on velocity and pressure, so itis important
to previously analyse them.
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Concerning the velocity the maximum value is around 5,3 m/s which means that the limit is
reached but is not exceeded. The pressure along the plane YZ is the following:

Static Pressure

[Pl 4 126405
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Figure 31: Contour plot of the static pressure on the YZ-plane at x=0 of the plates with holes second design.

The pressure is correctly higher where the velocity is lower to push it through the length and the
area weighted average pressure drop is around 1,05 bar, so with only this geometry half of the
pressure drop permitted in all the test section is achieved. This is acceptable provided that the
other geometries in the test section generate significantly lower pressure drops, as is intended in
this project.

This geometry is much more limiting than the one constructed with the Design Il, concerning both
the velocities and the pressure drop, but it will permit to study in a better way the global and local
behaviour with less disturbance of the fluid.

4.3.2.2 Hydraulic results

4.3.2.2.1 Velocity distribution

From the following contour plot it can be understood that behind the wall of the plate A and B
there is a recirculation zone where the velocity is nearto 0 and so it is expected a low stress, and
a high pressure drop there.

Velocity Magnitude

[mis]
5.32e+00
4.79e+00
4.25e+00
3.72e+00
3.18e+00
2.66e+00
2.13e+00
1.60e+00
1.06e+00
5.32e-01

L 0.00e+00
velocity

Figure 32: Contour plot of the velocity on the YZ-plane at x=0 of the plates with holes second design.

It can be understood from the Figure 32 that from the inlet of the holes are present detachment
points of the fluid where in some cases has not time to reattach in the length of the holes.
Because of that, in these cases, it is expected on the walls of the holes lower shear stress
compared to the ones at the inlet restriction of the holes themselves, but a higher disturb created
by the turbulence phenomena. In fact, it will be necessary also to study the turbulence
parameters in these zones to understand more clearly what happens.
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It can be interesting to understand also the velocity distribution before the plates with holes to
then couple this information with the one of the shear stresses and corrosion-erosion. To do that,
as the velocity on the wall is zero, it is necessary to understand where the hydraulic boundary
layer is located; it can be done plotting the velocity profile along a line perpendicular to the wall
and look where the velocity is stabilizing. The fluid profile in the plane parallel to the plate with
holes will be not homogeneous because it is influenced by the following geometry and also by the
inlet condition, so the choice of the point where to insert the line to look at the profile is not
obvious. Different lines in different points are considered to have an average of the boundary layer
thickness® which is near to 5 mm for every case.
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Figure 33: Velocity contour plot at plane parallel to the wall of the plates with holes, placed at a distance of 5 mm
compared to the latter. From right to left, front A, back A, front B and back B.

It is possible to look in the front A that the velocity distribution is affected by the presence of the
plate A itself, while in the back of the same plate obviously the velocity is higher at the holes exit
as also happens in back B. While in front B the velocity is affected by the following plate B, but
less effectively thanks to the jets exiting from plate A.

4.3.2.2.2 Turbulence distribution

As said before, talking about the velocity distribution along YZ, it is interesting to study what
happens inside the holes and outside them. To do that it is possible to look at the turbulence

kinetic energy along YZ:

Turbulent Kinetic Energy
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Figure 34: TKE plot along the plane YZ at x=0.

Considering the plot of the velocity in Figure 32, it is possible to see that the turbulence is intense
where the velocity is lower especially where some detachment from the wall occurs. As shown in

31t has to be noted that the one called now “boundary layer thickness” is not properly it, because here the
velocity does not reach a constant plateau, but the maximum velocity is taken as the maximum one
reached in the section.
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Figure 35 to Figure 37, regions of low velocity near the solid boundaries correspond to high TKE
zones, particularly in areas where boundary layer separation is present. These detachment zones
generate strong shear layers and recirculation, which in turn increase turbulence production.

Figure 35: Zoom A in the velocity (left) and TKE (right).

Figure 36: Zoom B in the velocity (left) and TKE (right).

Figure 37: Zoom C in the velocity (left) and TKE (right).

From all the zooms, it can be seen that where the fluid detaches from the wall, the turbulent
parameter starts to increase. It reaches its maximum values in the recirculation zones, where the
velocity approaches zero; this drop in velocity is due to the turbulence effects, as vortices
redistribute momentum and locally cancel out the velocity components.

The interface between high- and low-velocity regions acts as a turbulence generator,
remembering that turbulence is not only associated with flow separation but also with strong
velocity gradients. These effects are clearly visible in Zoom A, where the curvature of the flow
around the obstacle promotes detachment, and in Zoom C, where a wake structure develops
downstream the wall. Overall, these plots highlight the coupling between flow separation,
recirculation and TKE, confirming that the turbulent kinetic energy is higher where momentum
loss and flow instabilities are greatest.
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Figure 38: Streamlines and contour of the TKE.
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Thanks to Figure 38 it is visible where the turbulence can affect the back wall of the plate A (black
circles) and thatinside the holes of plate B the turbulence is very high so a possible strong erosion
in this zone can due also to that.

Regarding the back wall A and the front wall B, Figure 39 presents the contour plots of the TKE on
two planes: one located 0,5 mm downstream of plate A, and the other 0,5 mm upstream of plate
B. These planes allow the evaluation of turbulence distribution in close proximity to the solid
surfaces.
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Figure 39: TKE contour plot on a plane after the plate A and on a plane before plate B (distance from them of 0,5 mm).

As expected from the evaluation of Figure 38, from the plot above it is evident that the walls are
subject to significant turbulence. The information derived from these plots can be particularly
valuable in identifying critical areas for erosion rate measurements. Note that the regions within
the holes are not considered for this analysis, as the flow behaviour there is more complex and
affected by additional geometric factors, studied in 4.3.2.2.4 Influence of the restrictions.

4.3.2.2.3 Shear stress distribution

As said in the introduction of the erosion-corrosion parameters, the main component which take
to increase this phenomenon is the shear stress.
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Figure 40: Contour of the shear stress in the inlet walls of plate A and B, respectively, of the Design Il.

From the above figure it is possible to see that where the flow arrives perpendicular to the wall the
shear stress is near to zero (here is 1 Pa only to re-scale the colormap due to the exponential
behaviour). Instead, getting closer to the holes the fluid has some distortion, and it impacts on
the wall not perfectly perpendicular and so creating some shear stress which is maximise to the
restriction zone. This is totally expected, but now it is quantified. As said always in Section 1.3.1.3,
where the wall shear stress is maximum, the normal one is minimised and it can be shown by the
static pressure plot:
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Figure 41: Contour of the pressure in the inlet wall of plate A and plate B respectively.

In Figure 41 where the jets impact the plate B the pressure is quite high, and it reflects perfectly in
the opposite way the shear stress plot.

Considering the holes it is important to understand the values of the shear stress:
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Figure 42: Contour of the shear stress in the wall of holes A and B respectively.

This contour plot reflects perfectly the velocity one in the sections of both the holes: where the
velocity is changing a lot near the wall, which means the gradient of the velocity is higher, also the
shear stress on the wall is higher.

4.3.2.2.4 Influence of the restrictions

Because the shear stress is very important considering the erosion-corrosion phenomena and it
is maximised on the restrictions, it is important to deeply understand what happens locally on
them. Some zooms on them can be reported here and in the next sub-section the limits will be
reported:
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Figure 43: Zoom of the shear stress contour on restriction 1, 2, 3and 4 in plate A.

Figure 44: Zoom of the shear stress contour on restriction 5, 6 and 7 in plate B.

In this design it is only possible to look the effects of the types of finishing of the restrictions and
not the ones created by the holes’ radius because in each plate they are the same.

Considering the maximum velocities, they are registered in the boundary layer of the restriction’s
inlets, and it is possible to register the stress on the wall locally. For the plate A the following data
are collected:
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Graph 4: Maximum velocity and stress versus local shear stress in the plate A.

The results are the following concerning the maximum values:

- Rounded 0,25 mm edge shows the highest velocity (~4,2 m/s) and highest shear stress (~2300
Pa). This indicates that the smaller rounded radius facilitates a more focused, faster flow,
likely with higher local acceleration and wall interaction.
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- Chamfer 0,5 mm results in moderate velocity (~3,6 m/s) and relatively high shear stress,
suggesting a decent flow acceleration with significant surface interaction.

- Rounded 0,5 mm has the lowest shear stress (~1400 Pa) and a lower velocity (~3,5 m/s),
supporting the idea that a smoother and longer transition reduces flow acceleration and wall
shear.

At almost the same velocity the chamfer edge has obviously a higher stress than the rounded
higher radius edge.

- Sharp edge shows a lower velocity (~3,1 m/s) but still high shear stress (~1800 Pa), likely due to
flow separation or turbulence at the discontinuity.

For the plate B the following graph is obtained:

3500
chamfer
3000 sharp [
& 2500 ° ® chamfer
» rounded 0.5@ e
w
g 2000 rounded 0.5
© 1500
@ ® shar
2 1000 s
wn
500
0
4 4,5 5 5,5
Velocity [m/s]

@ Maximum stress @ Maximum velocity

Graph 5: Maximum velocity and stress versus local shear stress in the plate B.

Again the sharp edge reaches its maximum stress at low velocity and it reaches a lower maximum
velocity compared to the other edges due to its discontinuity. Now the rounded achieves higher
velocity and no more the same at lower maximum stress compared to the chamfer one, which
means that here its capability to drive the flow more gently is amplified.

Where the restriction is an edge, the maximum velocity is registered inside the holes and not on
the edge, but here itis taken into consideration the maximum velocity near the edge. The following
image represents where the maximum velocities are localized near the wall:

Figure 45: Maximum velocities localized near the wall at the restrictions.
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Can be seen easily that in the chamfer edge the maximum range of velocities are localized at the
inlet corner of the edges as also with the rounded one, as expected.

Concerning the maximum stress locations, they do not correspond at the same coordinate of the
maximum velocities, but they appear in the same way along the edges’ borders:

Figure 46: Maximum stresses localized near the wall at the restrictions.

4.4 Numerical results

4.4.1 Convergence

Also, inthis case the kinetic turbulent parameter does notreach the convergence criteria of 0,001,
in fact it decreases only until 0,01. As for the previous case, all the other parameters converge at
almost 50 iterations so much before the hundreds done. Because of that the comment about the
convergence is the same as the array of cylinders. Figure 16: Residuals of the steady state
simulation of the array of cylinders.

4.4.2 Grid independence analysis

As done in Section 3.3 a grid independent analysis is pursued. Here the multiplication factor is
taken again equal to 1,25 and the parameters become as follows:

Table 17: Mesh independence parameters of generation.

Surface mesh Face-size Volume mesh
Case-study ‘ 0,2-6mm 0,1-0,2 mm 6 mm
Fine ‘ 0,16-4,8 mm 0,08-0,16 mm 4,8 mm

Coarse ‘ 0,25-7,5mm 0,125-0,25 mm 7,5mm
The inflation layers are also there not modified to not influence too much the y+ values reached.

In this case on a xy-diagram the velocity profile of the flow is taken along y-axis in the middle of
the holes A, at x=0:
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Graph 6: Velocity profile along the holes A y-axis with three different meshes: the case study (final), the fine and the
coarse ones.

The results tend to be the same near the wall, this because the parameters which influence y+ do
not change, while in the fluid inside the holes away from the walls the meshes are a little bit
different. This is much more visible in the hole 4 where the coarse mesh registers lower velocities
compared to the other two more accurate meshes. This can be because there the velocity has a
strong gradient and the coarse mesh is not able to do a good measure.

As done for the array of cylinders the pressure drop is the studied quantity to evaluate the grid
independence:
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Graph 7: Pressure drop along the plate with holes geometry as a function of the number of cells through the mesh
refinement.

A mesh independent solution is obtained if the pressure drop, increasing the number of cells,
approaches an asymptotic value reducing the delta at each step. This is not happening here, so
the solution is mesh dependent and because of that the results have to be analysed being
conscious that they can be affected by the choice of mesh parameters.
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Chapter 5 - Inclined squared plates

The configuration with inclined plates allows to study the flow behaviour at specific impacting
angles. This study is necessary because the flow can impact on the walls of the infrastructure with
different angles at high velocities and it is important to assess if jets with certain impact angles
should be avoided.

5.1 Simulation setup

The concept of using inclined squared plates emerged when the impact angle became a key
parameter to control, and this configuration proved to be easy to manufacture. It is essential to
accelerate the flow and guide it in a direction parallel to the pipe axis; therefore, the impact angle
corresponds to the inclination of the plate. This setup can be achieved by placing the plates
immediately downstream of the perforated plate and aligning them with the holes, allowing the
flow to accelerate through the holes and directly strike the disks.

5.1.1 Geometry

As introduced in Section 1.3.1.2, the most critical impingement angle is 45 °. In this configuration
three inclined squared plates can be considered and so three different inclination angles.

The 90° angle represents the case where the flow, after passing through the plate A, impacts
almost perpendicularly onto a second perforated plate. Since 45° is the critical angle, it is
deliberately selected for analysis.

Then itis reasonable to study what happens in between 0° and 45° where the shear stress will be
higher, so a 30° angle inclination is chosen; then to enlarge the studied margin, without create too
much pressure drop, it is possible to choose an inclination of 60°.

5.1.2 Mesh generation

The shear stress has to be studied on the faces of the inclined plates and so inflation layers have
to be used on their surfaces. The mesh parameters are the following:

Table 18: Mesh settings for the inclined plates.

Type Local refinement Location Values [mm]
Surface mesh / All the surfaces 0,02-411.(5,)rowth
Curvature Disks’ surfaces 0,11
Disk surfaces, E 1,8*10
Inflation layers First Height Size Disk surfaces, F 1,6%10°%
Disk surfaces, G 1,7%10°%
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4 (polyhedral,

Volume mesh / All the volume growth 1,25)

In this case, for the surface mesh, the Minimum Size is taken as §,, and the Maximum one as the
smallest size of the geometry, because S, is very low due to the little inflation layers.

The number of inflation layers are everywhere 20 with a transition ratio of 0,272. The mesh
generated with these settings is shown below:

Figure 47: Mesh generation on the plane yz with x=0 on the left, on the right a zoom on plate E.

The criteria for y* are satisfied and it can be seen with a contour of it on the walls:
Wall ¥plus
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Figure 48: y+ contour on the plates.

As result y+ is greater than 1 only on the conjunction between the main pipe and the plates as
happen also for the previous geometries.

5.2 Design and Hydraulic results
5.2.1 Design

The inclined plates are designed to be larger than the holes in plate B in order to increase the
impact area. As previously mentioned, it is important for the flow to directly impact the inclined
plates immediately after exiting plate B, in order to take advantage of the acceleration gained.
Therefore, the centres of the inclined plates are positioned 40 mm downstream from the hole
outlets and are aligned with them.

Eachinclined plate has sides of 50 mm and a thickness of 4 mm.

Then the plates have the following inclination:

Table 19: Inclined plates' geometrical configuration.

Disk Angle[°] Rotated around Sign of rotation Angle surface-z axis [°]
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E 30 y-axis Negative 60
F 60 X-axis Negative 30

G 45 X-axis Positive 45

Considering all these parameters, the design for the inclined plates is represented by Figure 49.

H
e

Figure 49: Design of the inclined plates.

5.2.2 Hydraulic

5.2.2.1 Hydraulic requirements
It is important firstly to understand which velocity and pressure values are obtained to be sure
that the geometry satisfies the global hydraulic requirements of the test section.

The maximum velocity achieved in this geometry is 2,83 m/s and the pressure weighted on the
inlet surface gives a resulting pressure drop of about 0,13 bar, perfectly in line with the design
requirements.

The design has also to satisfy the requirement about the impact on the plates surfaces which has
to be straight and parallel to the flow main direction, so along z. Also, with the inlet condition now
considered, and so the developed hydraulic profile, this is respected as can be seen in the
following path-lines plots:

Figure 50: Path-lines coloured by velocity magnitude on the plate E, F and G (front-side).

5.2.2.2 Hydraulic results

5.2.2.2.1 Velocity distribution
The velocity distribution in the z=0 plane can be seen in the following contour plot:
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Figure 51: Contour plot of the velocity along the plane YZ at x=0, where the circle indicates the plate E.

It can be easily understood that the velocity increases where the plates are located and it is also
visible that the fluid detaches at the edges of the plates creating some recirculation behind it.

The velocity distribution in front of the disks is evaluated at the boundary layer thickness and are
visualized here:
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Figure 52: Velocity magnitude on front-planes parallel to the disks and placed at the boundary layer distance before
the disks themselves. In the figure, from the left, are shown plate E, plate F and plate G.

Looking at Figure 50, where the fluid directly impacts the disks, so on the right-top side of E, on
the top side of F and on the downside of G, the velocity shown in Figure 52 is near to zero.

5.2.2.2.2 Turbulence distribution

As said in the introduction, the shear stress is not the only parameter which is wanted to be
analysed to predict where erosion may occur on surfaces. It is hecessary to analyse also the
turbulence parameters to have a better understanding of it and to not forget the areas where
maybe the shear stress seems low but maybe the erosion will be very impacting.

To do that it is necessary to look if some turbulence phenomenon is taking place in the volume,
like arecirculation zone. To recognise where recirculation is taking place it is possible to visualize
the path-lines and colour them with the value of turbulent kinetic energy:
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Figure 53: Path-lines coloured by TKE in the back-face of every disk. From left to right E, F and G.

Looking at these figures above it can be understood that the vortex is created mostly after disk E
and G, where also the kinetic energy is higher, and here it can affect the erosion-corrosion
phenomena. We can have a better look at the turbulent effect with a contour plot of the same
quantity on planes parallel to the disks positioned at a distance of 5 mm:
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Figure 54: Back view of the TKE plot on the surfaces parallel to the plates placed 5 mm after these ones.

It can be seen that the higher TKE is near the boundaries of the plates where the flow is detaching
from the front-surface, and it starts to give rise to turbulence. It can be shown also onthe YZ plane:
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Figure 55: TKE on the YZ plane.

5.2.2.2.3 Impingement angle influence
Itis interesting to see the pressure distribution on the front surfaces of the plates:
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Figure 56: Static pressure contour plots of front surfaces of the inclined plates.

This plot shows the static pressure due to the jet impingement on the surfaces of the plates. Here
an explanation of what is happening on these surfaces:

- The incoming flow has a certain initial energy composed by pressure and velocity;

- Where the incoming flow first strikes the plates — namely, the bottom surface of plate G, the
upper surface of plate F, and the right-hand side of plate E, as can be seen in Figure 50 — part
of the initial energy is converted into static pressure;

- Here a stagnation zone is formed, where the velocity is null and the pressure increases;

- After the impact the flow is deviated and it accelerates along the surface, so the pressure
decreases and the kinetic energy of the fluid increases;

- During this deviation part of this energy is dissipated thanks to viscosity, creating higher shear
stresses on these parts of the plates, and turbulence.

Following this reasoning on the pressure distribution, it is expected a higher shear stress
distribution in the parts of the plates which are not directly impacted. In fact, for this geometry it
is interesting to understand how the shear stresses vary with the inclination of the plates, to then
be able to couple the information shear stress-erosion at a certain impacting angle which is
known be more effective compared to the perpendicular force.
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Figure 57: Wall shear stress contours on the front plates’ surfaces.

As expected, the shear stress is very low where the fluid directly impacts, to then increase along
the surface where it is deflected to reach then the maximum at the edges of the plates which the
analysis is not interested in. While the static pressure, which represents the normal stress, has
the opposite behaviour.

As said in the introduction, where the impact angle between surface and fluid main direction is
lower the shear stress is high and the normal one is low. It is expected to have these results where
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the fluid directly impacts as discussed before, so on the right-top side of E, on the top side of F
and on the downside of G.
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Graph 8: Stress versus angle of impact on the surfaces of the inclined disks.

The Graph 8 represents exactly the expected behaviour. In this case, the top side of the disks F is
the place where the shear stress characterizes better the behaviour of erosion-corrosion
considering that it is known the perfect angle of impact and it is the highest one so the rate of
corrosion can be easily seen.

5.3 Numerical results

5.3.1 Convergence

In the study of the inclined plates the continuity reaches a value of almost 0,2, one hundred times
larger than the one accepted as a criterion: this value stabilise around the 50" iteration until the
300" one. A report flux on the net mass flow rate evaluated at the inlet and outlet gives a
difference of 4,47*10° kg/s, but considering the mass flow rate in the inlet of the domain of the
inclined disks which is 62,529 kg/s the relative error on the mass balance can be evaluated as
follows:

Met _ 00047 100 = 0,0075%
", 62,529 ’

€Erel =

A value of relative error in the mass flow rate of 0,0075% is low and it means that the residual of
the mass conservation is high due to numerical issues as too strong relaxation factor and poor
local mesh quality. From a physical and engineering perspective the solution arrives to a
convergence.

The mesh quality is poor only where the inclined disks touch the external tube surface and
considering the absence of layers on this wall the numerical issue can depend by that. Figure 16:
Residuals of the steady state simulation of the array of cylinders.

5.3.2 Grid independence analysis

The multiplication factor for the grid independence analysis is taken again equal to 1,25 and the
mesh parameters are now the following:
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Table 20: Mesh independence parameters of the inclined disks case study.

Surface mesh Face-size Volume mesh
Case-study ‘ 0,02-4 mm 0,5mm 4 mm
Fine ‘ 0,016 -3,2 mm 0,4 mm 3,2 mm
Coarse ‘ 0,025 -5mm 0,625 mm 5mm

The inflation layers are also there not modified to not influence too much the y+ values reached.

In this case on a XY-diagram the velocity profile of the flow is taken along y-axis interpolating the
z-coordinate where the centres of the plates are located, at x=0:
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Graph 9: Velocity profile along the y-axis for the inclined plates with three different meshes: the case study (final), the
fine and the coarse ones.

The velocity profiles stop to the coordinate 0,0069 where the plate E is located and where
obviously the imposed velocity is zero on all the wall until the tube wall. The high distance
between the values at the coordinate y=-0,0508 and the next value on the nearest coordinate
indicates how the mesh is constructed, without inflation layers on the tube wall: correctly the
coordinate of the fine mesh is the nearest to the -0,0508 one and the coarse one is the most far
one.

The three profiles are perfectly coherent between them, thanks to the fact that they are closely
overlapped which is a signal of mesh independence.
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Chapter 6 — Full test section simulation

At this stage of the work, when all the geometries are being characterized with the same boundary
conditions it is necessary to understand how they interact with each other. Because of that it is
necessary to simulate the geometries of the obstacles together in the same simulation or
importing the effects of the previous geometries as inlet conditions.

It is important to note that, since all simulations are based on RANS models, instantaneous
turbulent fluctuations are not resolved in both the full geometry and the segmented domains.
However, in the full domain simulation the mean turbulent quantities, and so here k and w, evolve
consistently along the entire geometry, naturally accounting for the interactions between
obstacles. In contrast, in the segmented approach the turbulent boundary condition is statically
imposed at the inlet of each sub-domain and as a result, it may not fully reproduce the mean
turbulent field that would develop dynamically in the full configuration because the inlet is not
conditioned by the downstream. In this chapter the analysis is concentrated before on a deep
understanding of the full geometry results and then comparisons between the full and the
segmented geometries are done.

6.1 Full test section characterisation

The full geometry studied in this chapter has the same mesh of the previous obstacles’
geometries, to maintain an acceptable y*, with 19092778 cells and the characterising parameters
of the mesh are the following:

Table 21: Quality mesh parameters of the full test section.

Quality mesh parameter Recommended values Actual values

Skewness <0,7 0,58
Minimum orthogonal quality 0,1 0,02
Orthogonal quality ‘ >0,1 0,89

Concerning the geometry the distances between the obstacles are represented as follows:

L 0.2 R L 009 0,042 0,56
T I

>

Figure 58: Full geometry test section along z axis, with relative distances between the obstacles and a full length of
1,042 m.

Compared to the analyses done in the previous chapters the things which are changed are only
the outlet locations to not have backflow in the fragmented geometries while all the other
measures are the same.

The total pressure drop has to compared to the maximum value of 2 bar and at the outlet of the
test section it is measured a pressure drop of about 1,53 bar, so the limit is satisfied.
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6.1.1 Array of cylinders

The hydraulic requirements are satisfied for this geometry and the analysis done on Chapter 3
remains valid. In fact, considering this geometry the results of the full geometry simulation must
be confronted with the one studied in Chapter 3 because the inlet remains the same, while what
change is the outlet condition. In the fragmented geometry the outlet condition imposed after a
length of 0,7 m was 0 Pa, while in the full one obviously it is represented by the following
geometries present in the length of the test section.

The range of values of the properties isimposed on the full geometry section of the cylinders array
as the fragmented one.

6.1.1.1 Velocity distributions

The velocity distributions of the fragmented and full geometry are reported below:
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Figure 59: Velocity distribution along YZ plane at x=0 of the cylinders array. Above the profile of the fragmented
velocity, below the profile of the full geometry.

As can be seen the velocity distribution along the first five columns is almost the same, what is
changing is obviously the profile after the last row. Here if there are no other obstacles which can
affect the field, velocity can shed. While in the full geometry domain, the plate with holes imposes
restrictions to the fluid flow: this influences the shedding and the main behaviour of the fluid
before it. In Figure 59 in the full geometry the wake after the two central cylinders of the last row
are larger and longer, while the two cylinders near the main wall have a wake where the velocity
gradient is larger.

This can be explained by the fact that the presence of the perforated plate downstream of the
cylinders introducing additional flow restrictions gives as a result an acceleration of the velocity
gradients. These larger gradients increase shear and promote local instabilities, which in turn
amplify turbulence production, particularly near the wall and in the wake of the central cylinders.
In contrast, in the fragmented geometry, the absence of downstream obstacles allows the flow to
expand and decay more freely, as said before.
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6.1.1.2 Turbulence distributions

Because the plate with holes influences the velocity profile behind the last row it is important to
study the turbulence distribution there, because as said in Chapter 3, is also the place where the
fluid reattaches on the wall of the cylinders. For the full domain it is expected a distribution on the
plane YZ at x=0 almost equal considering the first columns of cylinders while for the last one,
especially on the backside, itis expected, thanks to the observations on the velocity done before,
for the full geometry a larger turbulence intensity compared to the fragmented one.
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Figure 60: TKE distribution along YZ plane at x=0 of the cylinders array. On the left the fragmented profile, on the right
the full geometry one.

It is confirmed from the Figure 60 that the turbulence is larger in the full geometry and this must
be taken into account considering the role of turbulence on erosion-corrosion.

6.1.1.3 Shear stress distribution

Because the velocity profile is similar between the columns of cylinders, the shear stress also will
be similar because it depends on the gradient of the velocity itself: only the last column is affected
by the next obstacle.

Wall Shear Stress
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Figure 61: Shear stress distribution the cylinders of the column f; on the left the fragmented profile, on the right the full
geometry one.

The above figure shows that the maximum shear stresses are registered almost in the same
region, while obviously the values are a little bit different.
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Graph 10: Wall shear stress function of the maximum velocity evaluated for each column of cylinders.
As can be shown in the graph above, the maximum velocities registered near the wall of the pipes
and the corresponding local shear stress have a second order polynomial behaviour also for the

full geometry. Itis possible to quantify how much the full and the fragmented geometries differ on
quantities such as shear stress, but this has to be done not locally but in an averaged way:

8

7

Relative difference [%]
5

Graph 11: relative difference between area-averaged shear stress in fragmented and full geometries.

This graph represents the relative difference between the fragmented and full domains, and as
can be understood the difference is not high and itis in between 4 and 7%. The discrepancy tends
to increase slightly downstream, reaching a maximum at obstacle f, which may indicate
cumulative effects due to the lack of fully developed upstream flow interactions.

6.1.2 Plates with holes

For the last two obstacles it is important firstly to characterize the properties of the full geometry
to be able to couple the information with the experimental ones, and then a comparative analysis
can be done to understand if can be possible to save computational power and time simulating
one type of obstacles pertime.
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6.1.2.1 Hydraulic requirements

For the design of these obstacles the two important parameters were the maximum reached
velocity and the correspondence of the hole-wall in the two plates to make the fluid directly
impact on the second wall exiting from the first one.

Firstly, the maximum reached velocity is around 5 m/s while concerning the direct impact of the
fluid on the second wall the following vectors’ plot gives the velocity vectors on the plane parallel
to the inlet of the plate with holes B at 5 mm:

Figure 62: Velocity vectors on a plane XY at a distance of 5 mm before the inlet of plate B.

Itis visible that the fluid impact perpendicularly the wall exiting from the previous plate with holes,
so the design is confirmed.

6.1.2.2 Hydraulics results

6.1.2.2.1 Velocity distribution

As confirmed before the maximum velocity is near 5 m/s and it is acceptable. The distribution of
the velocity along the length can give also an idea on where to look for turbulence intensity and
stress development, as done in the sections before. Again, in the holes is present a detachment
of the fluid and so a probable recirculation zone near the wall of them and these seems more
accentuated compared to the profile studied in Section 4, also if the velocity range is similar.

Velocity Magnitude

L
479
426
3.72
319
266
213
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Figure 63: Velocity contour on YZ plane at x=0 on the plate with holes domain (full geometry).

As done in Section 4 it is useful to plot the velocity contour before and after the plates with holes
to couple the information erosion corrosion-velocity.
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Figure 64: Velocity contour plot at plane parallel to the wall of the plates with holes (full geometry), placed at a
distance of 5 mm compared to the latter. From right to left, front A, back A, front B and back B.

In the back of plate A, it is interesting to see how the plate B influence the distribution: at the
location of the holes of B the velocity near the outlet of A is higher, which can mean that there can
be some recirculation or instability phenomenon.

6.1.2.2.2 Turbulence distribution

Firstly, it is interesting to look at what happen again at plane YZ in x=0 to couple the information
velocity-turbulence intensity:
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Figure 65: TKE contour on YZ plane at x=0 on the plate with holes domain (full geometry).

Again, regions of low velocity near the solid boundaries are corresponding to high TKE zones and
in these regions, it is important to focus the attention.

The location where to look for turbulence are evidenced looking at the velocity - outlet A, inlet B
and outlet B - and at the TKE contour - holes’ walls.

Turbulent Kinetic Energy
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Figure 66: TKE contour plot at plane parallel to the wall of the plates with holes (full geometry), placed at a distance of
0,5 mm compared to the latter. From right to left, front A, back A, front B and back B.
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Inback A itis visible that where the velocity is higher in Figure 64, the TKE is lower which is a signal
of recirculation and shear stress. In fact, a higher velocity means a more perpendicular velocity
vector compared to the wall, and so lower TKE and shear stress, while after the impact on the wall
the velocity vector aligns with the wall and here the circulation and the shear stress are higher.

As expected in the front of B the TKE is very high, again because the fluid impact on the wall and
then come back towards the back A, butin front B is higher because is the first impact of the fluid.

6.1.2.2.3 Shear stress distribution

Thanks to the previous discussion it is easy to understand where the shear stress can be higher,
but it is important to quantify them.

CEA A oo o

Figure 67: Wall shear stress contour plot at plane parallel to the wall of the plates with holes (full geometry). From right
to left, front A, back A, front B and back B.
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Inthe inlet faces the restrictions have obviously a higher shear stress distribution, while in general
on the wall the maximum shear stress is registered on front B. In the front B, the shear stress has
a distribution opposite to the TKE one, which underline the needs to have both the quantities
measured because are both important for the phenomenon studied.

Another zone which is subjected to strong velocity gradients, according to Figure 63, is the holes’
one:
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Figure 68: Wall shear stress contour of the holes’ walls (full geometry).

6.1.2.2.4 Influence of the restrictions

How qualitatively the stress is distributed on the restrictions is well characterised in Section
4.3.2.2.4, while in this sectionitis important to give and localize for this case, where the boundary
conditions are changed, the actual maximum shear stresses and velocities.
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Graph 12: Maximum velocity versus local shear stress (full geometry).

As shown in Section 4, in plate A the rounded restriction with the smallest radius (0,25 mm) yields
the highest local velocity and shear stress values, while the chamfer one produces elevated
values, though slightly lower than the rounded 0,25 mm. The rounded edge with a larger radius
(0,5 mm), however, shows a distinct behaviour: in Section 4 (uniform inlet velocity), it reached the
highest velocity and lowest shear stress among the configurations, while here, due to the
upstream disturbance introduced by the cylinder array, its performance is altered. The local
velocity at that restriction is no longer the highest, also because the non-uniform inlet profile
leads to a redistribution of the velocity peak away from the tube centre where this hole is located.

For plate B, a similar trend is observed: in Section 4, the rounded 0,5 mm edge achieved the
maximum velocity, while the chamfered edge caused a higher shear stress for a lower velocity. In
this configuration, the behaviour is consistent with that previously observed for plate A: the sharp
and chamfered restrictions result in increased local stress due to stronger gradients, while the
rounded one mitigates them more effectively.
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Graph 13: Maximum stress versus local velocity (full geometry).

A similar analysis applies when the maximum shear stress locations are used as reference points.
For both plates A and B, the trends observed in the velocity-stress relationship remain consistent
with the one discussed above: configurations that promote higher local velocities also tend to
exhibit elevated shear stresses, particularly in the case of chamfer restrictions. Rounded
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geometries, especially with a larger radius, help reduce stress concentrations even when velocity
is high, confirming their role in flow smoothing.

Now the data collected for the types of restriction are a useful number to characterize
qualitatively the behaviour of the restriction types. Without looking specifically to the values of
the next graph, itis possible to look their average behaviour:
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Graph 14: Averaged maximum coupled shear stress and velocities compared to the type of restriction.

In this graph all the maximum coupling between shear stress and velocity points are averaged by
the number of points. As said the chamfer restriction achieves the highest values of both the
variables, while the rounded one with the lower radius achieves high shear stress at high
velocities. The sharp restriction confirms to not help to develop a high velocity but for this low
velocity the shear stress associated are high.

Always qualitatively it is possible to understand the behaviour of the shear stress compared to the
velocity considering each type of restriction:
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Graph 15: Maximum shear stress-local velocity points and maximum velocity-local shear stress points for the three
types of restriction from the simulation with uniform velocity profile (Section 4) and for the total domain.
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Graph 15 shows the second-degree polynomial fits for the velocity—shear stress relationship for
each restriction type. The fits yield R? values above 0,9 in all cases, confirming a quadratic
correlation between local velocity magnitude and wall shear stress. The lower R?for the rounded
0,5 mm edge, compared to the 0,25mm, suggests that in this configuration the stress response is
more complex, possibly due to smoother gradients and less pronounced shear peaks. This
correlation can be useful to estimate shear stress levels from velocity measurements in similar
flow conditions.

It is also important as said before to evaluate where the maximum values of shear stress and
velocity are to then focus the attention on them when the erosion-corrosion effect will be
observed:

Figure 69: Plate with holes front view, where the black circles individuate maximum velocity, the orange one the
maximum shear stress and the cyan one if the maximum shear and velocity coincide in the zone.

6.1.3 Inclined squared plates

6.1.3.1 Hydraulic requirements

As analysed also in Section 5, it is necessary that the flow exiting from plate B directly strike the
inclined plates to then assume as angle of impact the angle of the disk compared to z-axis. The
construction of the geometry used in Section 5 shown that the requirement is satisfied, and the
same has to be done in the final configuration.

Figure 70: Path-lines coloured by velocity magnitude on the plate E, F and G (front-side, full geometry).

As analysed Section 5, the flow correctly impacts the plates in the inclined part towards its
incoming direction. Compared to Figure 50 the flow is obviously more accelerated, but it also
impacts slightly further down the disks, so the zones of direct impact are a little bit translated.
6.1.3.2 Hydraulic results

6.1.3.2.1 Velocity distribution

Itisimportantto have a look on the velocity distribution along the length of the tube to understand
the magnitude of impact of the acceleration given by the geometries before:
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Figure 71: Contour plot of the velocity along the plane XY at z=0 of the inclined plates (full geometry).

What is visible from the above plotis that in front of the plates, and especially in this case plate E,
the velocity is very high thanks to the acceleration given by the plate with holes B, that is the
objective of the geometry construction. In this way the boundary layer is lower compared to the
case studied in Section 5, because the inlet velocity on the plates, not uniformly but in average, is
almost 4 times larger. In fact, the region where the viscous effects are important here is very
restricted, or null, compared to the one with inlet condition the uniform profile of 0,8 m/s; this
means that here the flow is driven by inertial forces thanks to the acceleration of the fluid mass
(violet rectangle), that is translated in fluid-dynamic words as a very thin boundary layer. In this
condition the streamlines of the flow outside of the boundary layer are nearly parallel to the plate.

a b

Figure 72: Zoom of Figure 51 (a) and Figure 71 (b). In the figures are underlined in the rectangles the front areas of the
plate E, while in the circles the detachment points of the fluid from the plate.

Also, the separation point change and can be visualized in the black circles in Figure 72: in a the
viscosity force permits to develop a detachment point before the one reached by b, where the
inertial forces push the fluid more along the plate surface.

Because what said before, it is important to understand the velocity field distribution especially

in front of the plates.

Figure 73: Velocity magnitude on front-planes parallel to the disks and placed at 0,5 mm distance before the disks
themselves. In the figure from the left plate E, F and G.
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6.1.3.2.2 Turbulence distribution
The wake zone behind the plates has to be analysed to determine the level and the location of
turbulence phenomena.

It can be shown this result also on the YZ plane:
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Figure 74: TKE on the YZ plane.

As can be seen by the figure above, the TKE in this case is much more impacting on the front
surface of the plates compared to the back one. The TKE from Figure 74, seems much higher on

the front and on the back of plate G.

‘1‘1/',‘&/

Figure 75: Path-lines coloured by TKE in the back-face of every disk. From left to right E, F and G (full geometry).

Itis visible that some recirculation can appears after E and G, as happened also in Section 5. This
because F has the lowest angle of impact with the fluid and it allows the fluid to be accompanied
more easily along the back surface of the plate itself.

Because of this the turbulent kinetic energy is analysed in the front of all the plates and on the
back of Eand G:
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Figure 76: Front view of the TKE plot on the surfaces parallel to the plates placed 4 mm before these ones.
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Figure 77: Back view of the TKE plot on the E and G surfaces parallel to the plates placed 4 mm after these ones.

From Figure 76 it is possible to understand that TKE is larger where the fluid is exiting from the
plates, while from Figure 77 it is visible that the wake back to the plates is not subjected to high
turbulence.

6.1.3.2.3 Impingement angle influence

The distribution of the stress is function also of the angle and because of that it is necessary to
know the magnitude of its distribution on the different plates:
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Figure 78: Shear stress and static pressure contour plots of front surfaces of the inclined plates.

As already commented during this work, the two figures are a reflection of the other and here are
reported only as matter of values useful to complete the analysis when the experimental results
from the test section are given.

Where the fluid directly impacts on the wall the information on the stress can be locally extract.
This is done in the following graph, where it can see how a low angle of impact, such as 30°, takes
to have much higher shear stress compared to higher angles. This difference is underlined by the
fact that the scales of the stresses are logarithmic.
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Graph 16: Stress versus angle of impact, measured on the surfaces of the inclined disks where the fluid directly
impacts. Round dots are the values obtained in this analysis, while the squared ones are obtained in Section 5.

69



From Graph 16 it is possible also to understand the huge differences of values in shear stress
between the two different simulations with different inlet conditions. In fact, in the full geometry
the shear is almost 100 times higher compared to the case study in Section 5. This is due
obviously to the fact that the velocity impacting the disk is more than 2 times the one of Section 5
and also, the boundary layer in this case is much narrow compared to the one in Section 5: the
shear stress is proportional to the gradient of the velocity, so an higher velocity and a narrower
boundary layer take obviously to high shear stresses.

6.2 Fragmented and full geometry conclusion

It is essential to emphasize that the primary goal of the simulation is to later correlate erosion
corrosion rates with fluid dynamic data. However, this correlation must be performed locally:
localized flow information is required, as average behaviour alone is insufficient for meaningful
analysis.

The workflow adopted in this thesis followed a two-step approach:

- First, to optimize computational resources and reduce simulation time, a detailed
analysis of fragmented geometries was conducted. These partial simulations were
designed to closely replicate the behaviour of the full geometry, allowing for an early
assessment of critical flow regions and validation of design criteria.

- Subsequently, a full-geometry simulation was performed to generate comprehensive data
suitable for coupling with experimental measurements.

While comparing the fragmented and full simulations provided interesting insights from a fluid
dynamics point of view, these differences are not directly relevant to the core objective of the
study, which focuses on localized erosion corrosion phenomena.
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Conclusion

The thesis aim is to provide as many visual insights as possible through figures and data
representations. However, the true value lies in the simulation files themselves, which constitute
the core results of the study. Once experimental data becomes available, particularly where
erosion corrosion rates are significant, it will be possible to correlate these findings with the local
fluid dynamic conditions identified in the simulations.

Moreover, the simulations offer a starting point for analysis, especially in the critical regions
highlighted throughout the chapters. Areas exhibiting peak or elevated values of key parameter,
deserve particular attention when evaluating the test section.

Regarding the array of cylinders in backflow, the coupling between fluid dynamics and erosion
corrosion effects is more straightforward in the initial columns, where the flow remains relatively
stable. In contrast, the final columns require closer examination due to increased turbulence. It
is important to note that in these regions, the nowadays velocity limit of 2 m/s is significantly
exceeded and turbulence levels are exceptionally high.

For the perforated plates, shear stress reaches its maximum across the entire test section.
Special attention must be given to the geometry of the restrictions:

e rounded restrictions exhibit both the highest velocities and the highest shear stresses;

e sharp restrictions are characterized by lower velocities but still produce high shear stress and
should be avoided from a design perspective.

Additionally, itis crucial to analyse not only zones of high velocity, but also regions withinthe holes
where velocity drops and TKE rises: these may be equally relevant to erosion corrosion processes.

Finally, for the inclined plates, shear stress is highest at a 45° inclination as expected. However,
attention must also be paid to the elevated TKE values observed upstream of the plates, which
may influence the onset and progression of material degradation.

It is important to remember that results near the main wall of the test section should not be
considered, as they were not simulated with sufficient accuracy due to the high computational
cost required to solve these regions properly.
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