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Abstract

Multiphase jet impingement flows play a critical role in various industrial applications,
including cooling systems, material processing, and erosion prediction in engineering
structures. A number of different turbulence modeling approaches were compared in order to
simulate the flow of a variety of jet impingement cases, using ANSYS Fluent 2024 R2.
Initially, a 2D jet impingement case was simulated using SST k-ow, RNG k-¢, and RNG k-¢
with enhanced wall treatment, with Velocity magnitude, Axial velocity, and Radial velocity
compared at a height 1 mm above the plate. A 3D case, based on an experimentally validated
submerged jet impingement geometry, was then analyzed using RNG k-¢ with enhanced wall
treatment, SST k-o, and Reynolds Stress Models (RSM). Next, a validated jet impingement
case with slightly different geometry was examined. A 2D and a 3D simulation were
conducted, with Velocity magnitude contours compared against experimental data.
Additionally, a symmetry-based analysis was performed, comparing full, half, and quarter
geometries, as well as 15°, 30°, and 45° splines. The study then extended to liquid-solid
multiphase flow simulations to predict erosion depth and distribution on the impinged plate.
Further analysis examined the effect of changing inlet velocity on erosion intensity,
demonstrating a clear analogy between velocity increase and erosion depth. Additionally,
inclined plates (15°, 30°, and 45°) were simulated, in order to compare the differing velocity
magnitude contours and erosion distribution patterns. The need for higher result resolution
was underlined and a revised methodology was undertaken in order to improve quality while
maintaining compliance with the limitations of the problem. By comparing numerical results
with experimental data, this research provides insights that contribute to the advancement of
CFD-based erosion modeling and flow analysis. These simulations can hopefully provide
conclusions that enhance the accuracy and applicability of CFD simulations in industrial
settings.

Key Words: Turbulence modeling approaches, Multiphase Jet Impingement Flows, Erosion
Prediction
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HOAY®PAXIKEX POEX ITIAAKA- ATABPQXH AOTI'Q2
MMPOXKPOYXHX ZQMATIAIQN

lodvvns-Zravpog Havayiwtdmoviog

Tpunpa Mnyavordymv Mnyavikav, [avemotuo Oecoaliiog

EmBrénov Kabnynme: Kovetavrtivog Pritog

Hepidnyn

Otv moAvpaocikég poég mpoomimtoviog midaka 7Toilovv onuavTiKO poOA0 oE  JAPOPES
Bropunyavikég epapuoyEc, GVUTEPIAAUPAVOUEVOV TOV GLGTNUATOV Yoéng Kot emeepyaciog
VAMKOV Kol otnv mtpdPreyn g SdPpmong o€ UNYOVOAOYIKEG KATUOKELEC. Zuykpidnkay
OLPOPES TPOGEYYIGEIS LOVTEAOTTOINGTG TNG TOPPNG Yo TV TPOGOUOIMGN TG PONG TOLKIA®Y
TEPMTOCENDY TPOCTIMTOVTOC TOOKO, YPNOUOTOIDOVTOG T0 Aoyioukd ANSYS Fluent 2024
R2. Apywd, mpocopoidbnke pa 6160140TATH TEPIMTOOT TPOSTIMTOVIOS TOOKA e YPTIoN
tov poviédmv SST k-g, RNG k-e kau RNG k-¢ pe evioyopévn eneéepyacio  toyopdtov,
61OV GVYKPIONKaV T0 UETPO TNG TOXDTNTAS, 1) BEOVIKT TAYXVTNTO KOl 1 OKTIVIKH TOYVTNTO GE
Yyog 1 mm mwhve amd TNV TAGKA. TN GLVEXELD, OVOALONKE Hd TPIOOICTOTN TEPINTOON,
Bociopuévn o€ TEPUUATIKA ETIKVPOUEVO dESOUEVA, YPNOILOTOIOVTOC T LovTéAa RNG k-g pe
evioyvpévn enefepyaoio toyyopatog, SST k- kot Reynolds Stress Model (RSM). "Emretta,
eetdoTnKe [0 EMKVPOUEVN TEPIMTMOON TPOCTIMTOVIOS TdOKA UE EAAPPDOG OLOPOPETIKN
veopetpia. IIpaypatomombnke mpocopoioon 2D kot 3D, pe cOykpion ToV yYpoENUATOV
peyébovg toybnTag pe mEpapaTIKE dedopéva. Emmiéov, mpaypoatomomnke avdivon pe
Baon tn cvppetpia, 6mov £yve GOYKPIOT| TOV OTOTEAECUATOV TOL TPOEKLYAY GYEOALOVTAG
OAOKANPN TNV YE®UETPi, TNV UICT] , TO €va TéTaPTo, Kabhe kot ’@éteg’” 15°, 30° kan 45°.
211 GUVEKELD, M LEAETY] EMEKTAONKE OE TPOGOUOUDGEIS TOAVPAGIKIG POT|G VYPOV-GTEPEOD LE
o6TOY0 TNV TPOPAeyN Tov PAOovg Kol TG KOTAVOUNS TNG SPpmONG 6TV TPOTKPOVOVGH
mhdxka. Teportépo avaivon €yive pe emikevipo v emidpaoct g HETAPOANG TNG TaXOTNTOG
€16000V OTNV évtaon TG SWPPOoNE, KATAOEIKVOOVTOC Lo Goen ovoloyio peta&d Tng
avénong g tayxdTag Kot Tov Pdbovg duPpwonc. EmmAéov, mpocopoimdnkoy kekAuéveg
mhdkeg (15°, 30° ko 45°), mpokeyévov va, GuyKplBovV Ta S10POPETIKA YPAPLLOTA LEYEBOLS
TaYOTNTOG Kot T LOTiPa Katavoung g dtaPpwonc. Katd v didpkela TV Tpocoloidcemy
avadvinke 1 avdykn yio BeATi®OON TNG TOWOTNTOG TOV OMOTEAECUATOV Kot pia ovafempnpévn
pebodoroyia vioBetOnke, Yoo VTO TO GKOMO, TNPDVTOG TAVTIO TOVG TEPLOPLCUOVG TNG PVONG
TOV TPOPANUATOC. ZVYKPIvOVTag TO 0plOUNTIKA OTOTEAEGUOTO LLE TELPALOTIKG dEOOUEVA, T
TapoVC0, EPEVVA TAPEYEL TANPOPOPIES TOV GLUPAAAOVY GTNV TPOOSO TNG HLOVTIEAOTOINGNG TNG
SPpwone kot ™ avaivong pong pe Paon Aoywouikd CFD. Ot mpocopoldoels avtég
umopovv, eAmilovpe, va TapAcyovV GUUTEPAGHOTO oL B BeAtidoovy TV axpifeia kol T
duvatotnta papproyng Tev tpocopoincemv CFD og Bropnyovikéc mepiotdoels.

AéEac-Kheaond: Tlpooeyyioeig Movtehonoinong Toppng, [lodveacikéc Poéc Ilpoonintovtog
[Midoka, [Ipocopoinon AlaPpmong
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Chapter 1: Introduction

1.1 Background and Motivation

Multiphase flows are extensively encountered in a wide range of industrial processes,
including oil and gas transportation, fluidized bed reactors in chemical engineering, cooling
of electronic components via jet impingement, abrasive slurry transport in mining, and fuel
injection in internal combustion engines. These processes are often critical to the efficiency,
safety, and reliability of industrial systems, further underscoring the importance of precise
flow modeling. These systems involve complex interactions between different phases
(typically liquids, gases, and solid particles) which makes accurate prediction of flow
behavior and surface degradation particularly challenging.

1.2 Single Phase Flow and Turbulence Modeling Approaches

Before attempting to simulate the way multiphase flows behave in jet impingement cases,
there is the need to determine an accurate foundation by predicting the single phase flow of
water in such a geometry. Establishing this baseline is essential not only for validating
numerical models but also for ensuring that subsequent multiphase simulations are built upon
a robust and verifiable understanding of the flow dynamics. Turbulence is generally a
disordered, unstable, three dimensional phenomenon, distinguished by high Reynolds
Numbers and swirl fluctuations, making it difficult to predict. This chaotic nature of
turbulence leads to significant computational challenges, necessitating the development of
specialized mathematical techniques and approximations. The inherent complexity in
predicting such a chaotic motion of fluids, has led to the development of numerous different
turbulence modeling approaches all based on the common principal of decomposing the flow
into different components and individually applying the Navier-Stokes and continuity
equations to each one of them. The procedure of splitting the flow into distinct components is
known as averaging. Many averaging procedures have been developed over the years with
Reynolds-Averaged Navier-Stokes (RANS), being the one most commonly used by CFD
software. RANS divides the flow into mean and fluctuating variables. However there are
different ways of dividing the flow for example splitting it into large and small length scales
or eddy sizes, a process called Large Eddy Simulation (LES). Following the application of
time or space averaging some unresolved terms called Reynolds stresses are introduced into
the Navier-Stokes Equations. In order to resolve them a number of sets of Partial Differential
Equations (PDEs) called eddy viscosity models have been developed, such as k-¢ and k-®
models just to name a few. Each model comes with its own strengths and limitations, and the
careful selection of the appropriate one is crucial depending on the characteristics of the
simulated flow and given geometry. Most of these models will be assessed and directly
compared to one another in a number of different cases in this thesis.

1.3 Pipe Erosion in Multiphase Flows

Another point of interest when dealing with Multiphase Flows through pipes and particularly
with liquid-solid flows is predicting the erosion depth on the pipe walls. Deciding on the most
suitable combination of mesh, eddy viscosity and erosion models to be employed on different
cases of boundary conditions or pipe angles is critical to ensure precise and accurate
calculations and predictions of total erosion depth and pattern on pipe walls and surfaces.
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Each model comes with its own strengths and limitations, and the careful selection of the
appropriate model is crucial depending on the characteristics of the simulated flow. This
would be useful for a number of real world industrial scenarios. Having reliable models to
predict erosion would help prevent an unexpected pipe failure or rapture and schedule the
mechanical maintenance frequency. If combined with material technology it could even help
take some design decisions like pipe material and pipe thickness. Thus, the insights gained
through detailed CFD simulations could guide not only maintenance practices but also inform
engineering design choices at an early stage.

1.4 Computational Software Used

All the simulations presented were carried out using ANSY'S Fluent 2024 R2 student edition.
ANSYS Fluent has been the industry standard when it comes to modeling complex fluid flow
phenomena, including turbulence, heat transfer, multiphase interactions, and chemical
reactions due to its robustness, adaptability and user-friendly environment. Its wide validation
base and extensive documentation also make it the preferred choice for both industrial and
academic research applications. ANSYS Discovery was utilized to generate all necessary
geometries and ANSYS Meshing was employed as the meshing tool for all cases. Another
crucial feature that renders ANSY'S Fluent the optimal software to encounter multiphase flow
erosion simulation, is the User Defined Function (UDF) feature, as some of the physics and
equations needed to simulate such a complex phenomenon are not included in the standard
physics tab. The flexibility offered by UDFs allows researchers to customize boundary
conditions, material properties, and source terms, thereby enhancing the fidelity of the
simulations beyond the limitations of the default models. UDFs were also used on post
processing the results of this thesis when erosion rate had to be transformed into erosion
depth.

1.5 Literature Review

Submerged Jet Impingement studies have been the center of attention for many researchers
among the years. Some of them have also targeted the simulation of erosion rate and depth of
multiphase liquid-solid flows as well. While this paragraph briefly describes some of these
studies, there are many more taken into consideration and referred to in this thesis.

In 2024 Mendi Chen et al. (1) proposed the development of a modified drag model for the
particles’ motion taking into consideration the participation of turbulence intensity as well as
a modified erosion model in elbow geometries taking into consideration low-angle impacts.
The proposed model enhanced prediction accuracy in both vertical pipe as well as jet
impingement cases.

In 2021 Rached-Ben Mansour (2) investigated and measured erosion on a submerged jet
impingement case using ANSYS Fluent. They studied how different inlet velocities, nozzle
diameters and shapes, nozzle-plate distances, impingement angles and particle sizes influence
erosion profiles and patterns. Comparisons with experimental data were also carried out
validating the CFD models.

In 2017 Chan Wang et al. (3)focused on studying the behavior of a submerged jet
impingement case on different Reynolds Numbers, impingement angles and nozzle diameter
to nozzle-plate distance ratios, revealing a clear analogy between the flow characteristics and
the parameters above.
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In 2014 A.Mansouri et al. (4) did a combined study of CFD and real-world experiments on
air-solid and liquid-solid jet impingement cases. Results and measurements were directly
compared validating the simulations. Results from this article and the accommodating
dissertation are primarily used to validate the CFD results of this thesis.

In 2015 Alasdair MACKENZIE et al. (5)compared different CFD software packages on their
accuracy of simulating a submerged impinging jet. Experimental measurements were also
done in order to compare the results of different CFD software packages. A similar case with
geometry and boundary conditions drawn from this article was designed in this thesis to take
advantage of the experimental data provided, to help with validations.
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Chapter 2: Turbulence Modeling Approaches

2.1 Introduction to Turbulence

The management and prediction of turbulent flow behavior has been the subject of scientific
research for many years and remains one of the major unsolved problems in physics (1).The
fact that turbulent flow is generally a disordered, unstable, three dimensional phenomenon,
distinguished by high Reynolds Numbers and vorticity fluctuations, is what makes it such a
difficult issue to resolve (2).This complexity has led to the development of a large number of
turbulence modelling approaches. The majority of these models share the same philosophy of
attempting to decompose the chaotic turbulence oscillations, into two or more fundamental
components that are easier to handle and applying this discretization to solve the Navier-
Stokes equations numerically.

2.2 Categorization of Navier Stokes equation solving methods and

Turbulence Modeling Approaches

Over the years a number of different models to approach the prediction of turbulent flows
have been developed, each with both advantages and disadvantages (i.e. being better at
predicting flows with flow separation or sudden directional changes, but expensive in terms of
simulation costs (3)). The three main methods of solving the Navier-Stokes equations are:
Reynolds-Averaged Navier Stokes (RANS), Large Eddy Simulation (LES) and Direct
Numerical Simulation (DNS), with RANS having emerged as the main turbulence modeling
approach for Computational Fluid Dynamics (CFD) software, due to its ability to accurately
enough predict a large number of different cases, with minimal grid requirements (2) (4).

2.2.1 Reynolds Averaged Navier-Stokes Equations (RANS)

Reynolds-Averaged Navier Stokes (RANS), named after its founder Osborne Reynolds, aims
to solve the Navier Stokes equations by dividing the flow variables into mean and fluctuating,
through a process called time-averaging or Reynolds-averaging. After Reynolds-averaging,
the Navier Stokes equations are transformed into the following expressions for a two-
dimensional flow:

du+ du  dp d[ du - I]
P " PYay = “ax TaylFay TPV
dv+ dv. dp d [ dv ﬁ]
pu dx p dy dy dy 'udy puv

where the velocity terms are time-averaged (gemerally shown as X, but on the above
expression the bars have been dropped for simplicity)and u',v’" are the fluctuating (time-
varying) quantities (1).

As seen above after Reynolds-averaging an extra term is added to the Navier-Stokes

equations (—pW). This term is called Reynolds stress. Modeling the Reynolds stresses is
necessary to completely resolve the Reynolds-averaged Navier Stokes equations. This is
known as the closure problem and it is the reason why the different turbulence models that

will be presented later, needed to arise.
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2.2.2 Large Eddy Simulation (LES)

Large Eddy Simulation (LES), is derived after considering the flow to be split into small and
large —length scales (eddy sizes) through a process known as spatial filtering (1). Similarly to
RANS, while large eddy sizes can be computed numerically, the existence of small eddy sizes
causes an additional term to appear after spatial filtering the original equations in two
dimensions:

—p(uv — uv)

Resolving these extra terms requires the implementation of models called subgrid-scale
models. Amongst the variety of subgrid-scale models that have been developed throughout
the years, the most widely known are the Smagorinsky model, two-point closure models and
one-equation models (5).

2.2.3 Direct Numerical Simulation (DNS)

Direct Numerical Simulation (DNS), avoids any time or scale averaging or any model
implementation and proceeds to fully resolve the Navier Stokes equations, providing the most
detailed results no matter the complexity of the flow or the geometry. However it is
understandable that DNS, by not applying any of the RANS or LES simplifications,
drastically increases the computational cost, in many cases even by a ratio of Re3in terms of
time steps (6). This leads to DNS being avoided for any industrial applications, except for
some cases with very low Reynolds number flows, while it is currently mainly used to help
provide data to improve the existing RANS models (7).

Comparing these methods of solving the Navier Stokes equations and choosing which one to
use is highly depended on the characteristics of each case and the equipment available. In
general RANS is the most complete method, combining both speed and accuracy for a variety
of problems. LES can be considered a compromise between DNS and RANS, being more
costly in terms of computations than RANS, however proving to be superior in terms of
information in some cases (2).

Figure 1.gives a better understanding of how each method of solving the Navier Stokes
equations and the corresponding turbulence modeling approach is categorized (1).

Navier-Stokes
Equations
Direct Numerical Large Eddy Reynolds
Simulations (DNS) Simulations (LES) Averaged Navier-
Stakes (RANS)
RANS/LES
hybrid methods
Reynolds Stress Eddy Viscosity
Transport Models Models
2 Equation Models
1 Equation Models
1/2 Equation Models
Algebraic /Explicit-
Algebraic Models

Figure 1: Categorization of Navier Stokes equations solving and turbulence modeling approaches
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2.3 RANS Turbulence Models

Having established that RANS is the current industry standard for solving the Navier Stokes
equations with CFD software, it is important to further analyze the turbulence models that
have been developed over the years to resolve the Reynolds stresses that appear after time
averaging. One way to approach this problem is to directly solve the Reynolds stresses
through a method known as Reynolds stress models (RSM) or Reynolds stress transport
models. In three dimensional problems however, directly solving for the Reynolds stresses
requires the solution of seven different equations, (six for the different Reynolds stress tensors
and one for the turbulence dissipation) making RSM an unattractive option (7).

This is where turbulence modeling needs to be implemented. Most of the models developed
are based in the assumption that the Reynolds stress is equivalent to the mean strain rate,
known as the Boussinesq eddy viscosity approximation or (5):

o, (2 +’dﬁj 2 ks
Tl] - nu't dx] dxl 3p 1]

Where k is the kinetic energy of the turbulent fluctuations, expressed as:
ke=1/y W?+v?+w?)

and y; is the turbulent viscosity, given by the turbulence models known as eddy viscosity
models (1).

2.4 Eddy Viscosity Models

Eddy viscosity models are generally categorized by the number of partial differential
equations (PDEs) needed in order to resolve them (as shown in Figure 1.) (1). Although these
models are designed to solve the same problem, they approach it with many different ways,
thus they end up having differences in the results and the computational power they need,
making each model more suitable for different cases. Of the many models available the one
with the most recommendations for the majority of industrial purposes is the Shear Stress
Transport model (k-wSST) (2) (6), due to its ability to accurately predict different types of
flows with adverse pressure and velocity gradients and its high-level wall treatment. k- SST
is a two-equation eddy viscosity model. However there are several other model that are also
widely used and are in some cases superior to k- SST.

2.4.1. One Equation Models

The Spalart-Allmaras (SA) eddy viscosity model is a one equation model commonly
preferred for aeronautical applications, due to its simplicity of only having to solve one partial
differential equation, making it attractive for external flows with adverse pressure gradients

and dense meshes. However its separation predicting ability is lower than two-equation
models like k-wSST (1).

16

Institutional Repository - Library & Information Centre - University of Thessaly
05/09/2026 07:55:39 EEST - 216.73.216.250



2.4.2 Two Equation Models

The two-equation models have been the standout models for simulating any industrially
applicable flow. The k-emodels are a great alternative when backwards compatibility is
desirable. These models are also split into:

e the Standard k-¢ Model, most frequently used when a “’Production Limiter” is
activated, in order to handle cases with excessive turbulence. It is highly dependent
on the mesh type (coarse or fine) and scalable wall functions are recommended (2).

o the Realizable k-eModel (RKE), also mesh dependent and unstable when it comes to
predicting turbulence (2).

e the Re-Normalization Group RNG k-¢ Model (RNGKE) is the most preferred k-¢
model, being able to calculate smaller scales of motion than the Standard and
Realizable k-g, making it more suitable even than the SST k-owmodel in some cases
(i.e. indoor air flows or rotating cavities) (2).

As mentioned SST k-® model is the most widely used eddy viscosity model currently used in
the industry. The term k-® derives from the two transported variables included in the model’s
equations. k is the variable for kinetic turbulent energy, accounting for the energy in the
turbulence and ® the specific dissipation, accounting for the scale of the turbulence (5).

The standard k-@ model is a two equation model that relies on transporting the equations for
the turbulent kinetic energy k& and the turbulent dissipation rate w (5). In order to overcome
the shortcomings of the standard k-« model many revisions have been made, with SST k-®
being the superior (8). ANSYS even suggests avoiding the standard method completely, as it
highly depends in the free stream o values, referring that it’s availability is still there only for
historical reasons (2).

Also worth mentioning is the Generalized Kappa Omega (GEKO) model, a model that allows
it’s user to “’tune” it by determining its variables making it a hybrid between the SST k-w and
k-¢ models. Finally the Wallin-Johansson Explicit Algebraic Reynolds Stress Model (WJ-
EARSM) is a model chosen when secondary flows are relevant, it is however vulnerable to
streamline curvature (2).

2.4.3 Reynolds Stress Models

Reynolds Stress Models (RSM) are 7-equation models also known as Reynolds Stress
Transport Models (RSTM), used to fully resolve complicated geometries or non-ideal grids
(i.e. cases with sudden geometry changes or system rotation), by solving the exact Reynolds
Stress transport equation. RSM uses 6 transport equations to solve for the Reynolds Stress
Tensor Components and 1 transport equation for the Dissipation rate, thus giving more detail
on how turbulence is distributed at the cost of larger computational demands. Therefore RSM
is only recommended for cases with higher precision demands or cases where RSM has
shown better results than the regular eddy viscosity models. ANSYS also recommends
combining the use of RSM models with the omega equations, creating the GEKO-RSM
model.
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2.4.3.a RSM Submodels

When opening the Reynolds Stress Models (RSM) dialogue in ANSYS Fluent, you are given
a choice regarding which submodel you want to work with. For instance you can choose
between the Linear Pressure —Strain, the Quadratic Pressure- Strain and the Low- Reynolds
Stress- Omega Models.

The Linear Pressure- Strain Model is the default model for ANSYS Fluent. This model
assumes linear redistribution for the turbulence kinetic energy. It produces accurate results for
most cases of turbulence modeling with moderate to high Reynolds numbers (9). This model
however is not recommended for flows with abrupt geometry changes or in cases with strong
secondary flows (9).

The Quadratic Pressure- Strain Model can improve the accuracy of the results in cases where
the Linear Pressure- Strain Model comes short, by including quadratic (non-linear) terms in
the pressure-strain coupling (9). This allows the model to be used for more complex cases, in
the cost of being more computationally expensive than the linear model (2) .

The Low- Reynolds Stress Omega Model is an RSM submodel based on anw-formulation
instead of the typical e-equation of the k-emodels. As the name implies this model provides
greater accuracy for flows with low Reynolds Numbers (9). If chosen it is recommended that
it is combined with the low- Reynolds correction option in order to correctly capture the
turbulence dissipation near the walls. The downside of the method is that there may be
overestimations for the turbulence levels in free-stream regions (2).

2.4.3.b Submodel Tuning

In ANSYS Fluent, users can adjust model constants to fine-tune both the Linear and
Quadratic Pressure-Strain Models. Constants Ci and C., which govern the redistribution of
turbulent kinetic energy, are set by default to 1.44 and 1.92 respectively (10). Increasing these
values intensifies the energy redistribution, potentially altering flow behavior predictions.
Another tunable parameter is Cp, the dissipation rate constant, which controls how quickly
turbulent energy decays. Its default value is 0.09, with higher values promoting faster energy
dissipation and lower turbulence intensity (9).

When working with the Low- Reynolds Stress Omega Model, aside of the C1 and C2
constants, two more constants are offered for change. The Alpha Infinity (. ) and Alpha- Star
Infinity (a ", ) constants are used to modify the k-oturbulence model. a,, affects the transition
of the model from wall- bounded to free stream conditions, influencing the rate of production
and dissipation balance in the turbulence equations. a ., affects the dissipation rate of
turbulence kinetic energy in the freestream regions (9).

2.5 Production Limiters and Enhanced Wall Treatment

2.5.1 Production Limiters

The implementation of Production Limiters is crucial when encountering two-equation
turbulence models (2). When applying the Boussinesq eddy-viscosity assumption, a quadratic
term is added to the equation of the kinetic energy (k-equation). This can cause the turbulent
kinetic energy to be overestimated in regions with adverse velocity gradients or in stagnation
and acceleration zones (5). Enabling the production limiter in cases where it is not
automatically enabled (i.e. the majority of k-¢ models, while all w-equations have a

18

Institutional Repository - Library & Information Centre - University of Thessaly
05/09/2026 07:55:39 EEST - 216.73.216.250



production limiter on by default), prevents unrealistic energy growth and improves model
stability (2).

2.5.2 Enhanced Wall Treatment

Enhanced Wall Treatment is applied when greater quality is required in the near wall regions,
where the phenomena observed are more complicated. Enabling the enhanced wall treatment
implements a logarithmic velocity profile to approximate the velocity, alternating with fully
resolving the velocity equations depending on whether the mesh is fine enough or not.

19

Institutional Repository - Library & Information Centre - University of Thessaly
05/09/2026 07:55:39 EEST - 216.73.216.250



Chapter 3: Comparisons of Different Eddy Viscosity Models
in Jet Impingement Cases

3.1 First Jet Impingement Case

SST k-, RNG k-g and RNG k-ewith enhanced wall treatment and a production limiter were
compared when simulating the flow in a jet impingement case, using ANSYS Fluent 2024 R2
student edition. The geometry used for the simulation consisted of a 45 mm long tube with a
diameter of 8 mm and 80X48mm sidewalls (11).

3.1.1 Mesh Setup and Quality Metrics
In order to create the mesh, edge sizing was applied to all the edges of the geometry using the
method of number of divisions with a bias factor of 2.0, while face meshing was also

implemented in order to keep the geometry of the mesh elements steady. This resulted in a
mesh of 58,37% minimum quality, with the majority of the mesh elements having a quality of
over 95%. Figure 2 shows a representation of the mesh with element quality enabled.

Figure 2: Element quality for the mesh used to simulate the jet impingement case

The regions where the lower quality elements are spotted have been scaled up in the above
figure to show that they are small in number relative to the higher quality cells and even
though their quality of 58.37% at worst is still more than acceptable these cells are also placed
in regions where we do not expect the flow to have major turbulences so the final results will
not be affected.

3.1.2 Fluent Setup

For the solution setup, a 2D ANSYS Fluent environment was used for all simulations, with
water-liquid as the working fluid, the properties of which, were copied from the fluent library.
The inlet velocity was set to 14m/s and no slip condition was used for the sidewalls (11).
Standard initialization with inlet boundary condition was implemented and the absolute
criteria for the residuals in order for the solution to be converged were changed to 1e-6. For
the case of SST k-w, parameters were set to default with the production limiter also being
enabled by default and set with a clip factor of 10. In the case of RNG k-estandard wall
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functions were used and the parameter values were set to default, while in the case of RNG k-

€ EWT (enhanced wall treatment) the enhanced wall treatment function was activated along
with a production limiter with a clip factor of 10.

3.1.3 Results and Comparisons

The results compared were the Velocity Magnitude, the Radial Velocity and the Axial
Velocity, at a line 1mm above the bottom plate.

The results, in the form of graphs, are shown in Figure 3.
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Figure 3: Graphs for the Velocity Magnitude (a), the Radial Velocity (b) and the axial Velocity (c) 1mm above the
bottom plate, using k-w SST, RNG k-€ and RNG k-ewith enhanced wall treatment

Out of the three models used the one showing any modulation is the k-&o SST Eddy Viscosity
Model, when predicting the Velocity Magnitude and Radial Velocity at a distance around 2
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mm away from the center of the Nozzle and when predicting the Axial Velocity near the
stagnation point. RNG k-¢ and RNG k-¢ with enhanced wall treatment didn’t give any
fluctuations between them, meaning that enhanced wall treatment isn’t necessary when
simulating the flow in this case. The deviation of k-@ SST compared to the other two could
actually suggest that k-0 SST was better at predicting turbulence intensity, something that
would agree with the theoretical point made earlier.

3.2 CFD Validation MACKENZIE experiments

In order to compare the different Turbulence Modeling Approaches with experimental data
provided by Alasdair MACKENZIE et. Al. at their article titled > A COMPARISON OF
CFD SOFTWARE PACKAGES’ ABILITY TO MODEL A SUBMERGED JET” (12), a
geometry of the same dimension as those proposed in the experiment carried out was created
and imported in ANSYS Fluent using ANSYS Discovery. Then SST k-w, Reynolds Stress
Model (RSM) and RNG k-geturbulence models were all used to solve the problem and the
results were compared with the experimental measurements provided by the article in study.

3.2.1 Geometry Setup

Inlet Diameter was set at 8mm, the distance between the pipe exit and the 25mm wide wall
specimen was 12,8mm all matching the dimensions of the experimental set up. Pipe length
was set at 100 mm long in order to ensure the flow would be fully developed before reaching
the pipe outlet. Half the array was modeled, using symmetry both in the fronts and sides of
the geometry to calculate the rest of the control volume, in order to reduce the number of
elements and the computational power needed to solve the problem.

3.2.2 Mesh Setup and Quality Metrics

In order to create the mesh for this geometry, Fluent Meshing was employed, with a Sweep
Method applied to force an orthogonal mesh around the body and face meshing on the
surfaces requiring a mapped mesh. A Body Sizing Method was also implemented to refine the
mesh near the specimen, as the area of interest was located a few millimeters above it and the
results required greater accuracy. This was achieved by implementing the Sphere of Influence
Method. The center of the sphere was set to be at the center of the specimen, the sphere had a
radius of Smm and the refined element size was set at 0.1mm.The final number of nodes came
to 96,008 and the minimum orthogonal quality was above 30%, with most elements being
close to 100% quality.

3.2.3 ANSYS Fluent Setup

ANSYS Fluent was used to setup and solve the problem, with Double Precision enabled and 4
Parallel Processors used to achieve better result quality. Inlet boundary condition was set for
velocity Inlet, with a speed of 2.5m/s and the turbulence specification method used was
Intensity (/%) and Hydraulic Diameter. Symmetry and No Slip conditions were applied for
the fluid domain and the Walls respectively, while Pressure Outlet boundary conditions were
used on the outlets with an Absolute Gauge Pressure of 0 Pa. Water of 998.2 kg/m’ density
and 0.001003 kg/m*s viscosity was used as the working fluid. Pressure and Velocity were
coupled using the SIMPLE Scheme with Second Order Upwind Spatial Discretization, in
order to improve the results’ quality. The residuals’ absolute criteria were set at 1e-06. These
settings were kept steady for all the methods used (SST k-, RSM, RNG k-¢).

22

Institutional Repository - Library & Information Centre - University of Thessaly
05/09/2026 07:55:39 EEST - 216.73.216.250



3.2.4 Results and Comparison

The results were then plotted side by side and compared with the experimental data provided
in the article. Plot digitizer software was used to extract the experimental data and Origin was
used to plot everything together. The results for the Velocity Magnitude, the Radial and Axial
Velocities for each method compared with the experimental data are shown on Figure4.
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Figure 4: Graphs for the Velocity Magnitude (a), the Radial (b) and the Axial (c) Velocities 1Imm above the
bottom plate, using SST k-w, RSM and RNG K-g with Enhanced Wall Treatment, compared with Experimental
Data

After observing the results we can determine that the Reynolds Stress Model is the most
reliable turbulence modeling method for this case. All methods had difficulties predicting the
Axial Velocity and consequently the Velocity Magnitude near the center of the plate. This
could be caused by the anisotropy of the flow near the stagnation point, given the fact that
most turbulence models assume isotropic turbulence behavior. Grid sensitivity issues could
also cause similar issues and Near-Wall inflations could be worth trying. However RSM came
closer to accurately predicting the reduction in Velocity near the center, but also the behavior
of the Radial Velocity at the edges of the plate. Based on those observations we can conclude
that RSM is worth using to predict the flow for this jet impingement case, despite the fact that
the solution took longer to resolve.
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3.2.5 Further Height-Based Analysis

Having determined the superiority of the Reynolds Stress Models method, RSM was then
used in order to study the behavior of the flow, moving away from the plate surface and closer
to the nozzle exit. In order to do so, lines were drawn during post processing the results on
ANSYS Fluent, going upwards from the specimen line to the nozzle exit half a millimeter at a
time. Then the Velocity Magnitude, Radial and Axial Velocities were drawn for each of these
lines. The results, after erasing the lines where the flow did not change drastically in order to
make the diagrams more readable, are shown in Figure5.
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Figure 5: Results for the Velocity Magnitude (a), Radial Velocity (b) and Axial Velocity (c) at heights 2mm,

2.5mm, 5mm and 8mm above the plate

It is evident that Velocity gradients become less steep as we move on closer to the exit of the
nozzle, solidifying our earlier choice to study the flow complexity and the models’ ability to
predict at heights closer to the specimen.
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Chapter 4: Multiphase Flows

4.1 Introduction to Multiphase Flows

The term Multiphase Flow can be applied to any type of flow that consists of at least two
phases, meaning the state of matter for each component (solid, liquid or gas) (13). The
majority of flows found in any industrial process, are multiphase flows, making the
phenomenon crucial to understand and accurately predict. It is also important to note that the
term phase can sometimes have a wider meaning than just the physical state of matter, to
include cases where particles of the same state can have such a difference in size that they
must be treated as different phases, because they react differently to the same flow field (13).

4.2 Multiphase Flow Categories

4.2.1 Physical State Categorization

There are four basic categories of Multiphase Flows, based on the physical state of each flow
component. These are the Gas-Liquid, Gas-Solid, Liquid-Solid and Three-Phase Flows (13)
(14).

Examples of Gas-Liquid flows are found whenever encountering the movement of bubbles
inside a liquid (i.e. spray atomization in the combustion chambers of power generating plants
or oil-gas flows), or the movement of liquid droplets in a gas stream (i.e. steam-water flows
inside the pipes of a heat exchanger) (14).

Gas-Solid flows most often describe the movement of solid particles suspended in a stream of
gas. This is the type of flow we can see when encountering cyclones separators or the
combustion of coal particles in fossil-fuel power stations. A unique case of Gas-Solid flow
occurs when the particles have zero speed. Then the Gas-Solid flow is treated as a full gas
flow through a porous material (14).

Liquid-Solid flows, or “’slurry flows”, refer to the movement of solid particles inside a body
of liquid. They are most commonly found in industrial transport applications when for
example coals and ores are moved through a pipe in a slurry flow. Liquid-Solid flows are of
great interest to this thesis as they will be the type of flows simulated later. (14)

Mixing any of the above flow types creates a new flow regime called a Three-Phase flow. For
example there may be cases where bubbles are found inside a Liquid-Solid flow or even when
Oil-gas flows may contain a significant quantity of water. Although methodologies are being
developed to encounter Three-Phase flows, the most reliable method applied in the industry is
to use a Three-Phase flow separator to process each phase separately (14).

4.2.2 Visual Categorization

Multiphase Flows are also usually categorized, based on the way the phases, their velocities
and directions are visually spaced, into separated, mixed and dispersed flows (13) (14).
Different combinations of these flow regimes can also co-exist an example being annular
bubbly flow which contains separated and dispersed flow simultaneously.

Figure 6 (13) (14) shows a variety of different types of flows for horizontal and vertical pipes,
while Figure 7 (13) is a flow map for two-phase horizontal pipe flows adjacent to the
superficial gas and water velocities.
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Figure 7: Flow map for two-phase horizontal pipe flows adjacent to the superficial gas and water velocities (17)

4.3 Modeling Approaches

Determining which modeling approach to choose when simulating a flow with multiple
phases depends on the case geometry and physics as well as the computational power
available. Different modeling approaches provide different levels of detail and precision in
the expense of computing time.

4.3.1 Euler-Euler Method

The Euler-Euler method considers every phase to be a continuous medium and proceeds to
solve the conservation equations for each phase separately (13). In order to couple between
the phases, mutual pressure and interphase exchange coefficients are implemented (14). A
variety of models have been created in order to calculate these coefficients. If individual
particle movements are not of interest, the Euler-Euler approach can be used to simulate the
overall motion of the sum of particles, even in cases where the flow is dispersed (13).
However to allow such an averaging the density of the flow should be considerably high. A
simplification of the Euler-Euler methodology is the mixture model, a model that implements
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mixture properties like velocity and viscosity in order to model both phases as an
interpenetrating spectrum (13).

4.3.2 Euler-Lagrange Method

The Euler-Lagrange approach on the other hand proceeds to solve the motion equations for
each individual particle of the dispersed phase (both solid particles and gas bubbles), while
simultaneously solving the conservation equations for the continuous phase (13) (14). In
contrast to the FEuler-Euler method this approach is highly demanding in terms of
computational time and power and is therefore usually preferred when dealing with flows of
low particle density (13).

4.3.3 Volume of Fluid (VOF) Method

Another revision of the Euler-Euler model is the VOF (Volume of Fluid) method. The
differencing factor to the Euler-Euler method is the fact that VOF does not allow for phase
interpenetration. Instead, VOF uses a phase indicator function that takes the value of zero or
one when only one phase exists within the control volume or the intermediate values when
two phases coexist, indicating the volume fraction of each phase (13) (14).

4.4 Finite Volume Methods (FVM)

Regardless of the modelling approach chosen, directly solving all sets of equations that
describe a flow is only realistic for very simple cases. In order to solve complex flows,
Computational Fluid Dynamics (CFD) software apply numerical methods called FVM (Finite
Volume Method), dividing the computational field into smaller, finite control volumes and
solving the conservation equations for each cell. This creates a grid that ensures conservation
in both cell and global scales (13) (14).

The two most spread versions of FVM are the Center Node Based and Vertex Based FVM.
Both these methods solve the conservation equations for each control volume (13). However,
in the Center Node Based FVM method information is stored in a node at the center of the
cell and the values for the cell faces are calculated approximately using interpolation
methods. Vertex Based FVM methods on the other hand, calculate and store values for the
conservation equations in each cell corner and then the properties are administered to the
corresponding control volumes (13).
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Chapter 5: CFD Model Validation-Mansouri Experiments

In order to facilitate a comparison between the results of a two-dimensional and a three-
dimensional study of the same jet impingement case, an ANSYS Fluent project was created
based on the geometry examined by Amir Mansouri in his dissertation, entitled 'A
COMBINED CFD-EXPERIMENTAL METHOD FOR DEVELOPING AN EROSION
EQUATION FOR BOTH GAS-SAND AND LIQUID-SAND FLOWS' (15)in both a 2D
and a 3D environment. The CFD results for the Velocity Magnitude at the exit of the Nozzle,
as well as the contours of Velocity Magnitude for the entire geometry, were then compared
with the experimental measurements carried out by Mansouri (15).

5.1 Setup and Results

5.1.1 Geometry Setup

ANSYS Discovery was utilized to generate both the 2D and 3D geometries. A symmetrical
approach was employed in the design of the array, with only half of it being constructed, in
order to minimize the computational power requirements. The inlet diameter and the distance
from the nozzle exit to the wall specimen were set at 7.6 and 12.7 mm, respectively, in order
to align with the dimensions of the Mansouri experiments. The pipe length was set at 150 mm
to ensure a fully developed flow before the nozzle exit, and the specimen at the bottom of the
array was 37.5 mm wide.

5.1.2 Mesh Setup and Quality Metrics

ANSYS Meshing was used to create both the 2D and 3D meshes. Edge Sizing was done
through the method of “’Number of Divisions”, using the same divisions and bias factors in
both cases, in order to ensure that both the 2D and the 3D meshes exhibited equivalent mesh
density and that the results were not mesh-dependent. Face Meshing was also applied in order
to generate a mapped mesh in the surfaces of interest. For the 3D case, a global sweep method
was employed to obtain a fully orthogonal grid, and a minimum orthogonal quality of 50%
was achieved for both cases.

5.1.3 ANSYS Fluent Setup

ANSYS Fluent was utilized for the configuration and resolution of the problem. Double
Precision was enabled on the solver, and four Parallel Solver Processes were employed to
enhance the precision of the results. In the physics section of the configuration, RSM was
employed as the turbulence modelling approach, with water of 998.2 kg/m2 density and
0.001003 kg/m*s viscosity designated as the working fluid. The inlet boundary condition was
set for velocity inlet, with a speed of 14m/s. The turbulence specification method used was
Intensity (1%) and Hydraulic Diameter. Symmetry and No Slip conditions were applied for
the fluid domain and the Walls, respectively, while Pressure Outlet boundary conditions were
used on the outlets with an Absolute Gauge Pressure of 0 Pa. The SIMPLE scheme with
Second Order Upwind Spatial Discretization was employed to couple pressure and velocity,
with the residual absolute criteria set at 1e-06, thereby enhancing the quality of the results.

5.1.4 Results and Comparisons

The contours of Velocity Magnitude for the entire geometry using both the 2D and 3D
environment are compared with the results from the Amir Mansouri dissertation in Figure 8,
while the plots of the Velocity Magnitude at the exit of the nozzle are compared in the same
plot with the experimental data provided also by Amir Mansouri in Figure 9.
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Figure 8: Contours of Velocity Magnitude provided by Mansouri (a), 2D CFD Simulation (b), 3D CFD Simulation (c)
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Figure 9: Velocity Magnitude at Nozzle Exit

The CFD models provided accurate results in both the 2D and 3D case when comparing the
Velocity Magnitude at the nozzle exit. When it came to contouring the Velocity Magnitude for
the entirety of the computational domain however, the 2D model proved incapable of
providing sufficient accuracy in the results. The main differences were observed at the high
velocity regions above and near the plate. In these regions the 2D case was unable to predict
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the turbulent intensity of the flow and it provided overestimations in the values of the Velocity
Magnitude. This deficiency can be attributed to the fact that turbulence is a three-dimensional
phenomenon, as evidenced by the 3D model's ability to accurately predict both the turbulent
intensity and dissipation. The relief effect of having the third dimension should also be
considered when trying to explain the differences between the 2D and 3D case. Based on
these observations we can conclude that the 2D model can be used in occasions where only
the absolute value of velocities is of interest and not the way that they are dissipated. In those
cases of course the 2D model should be preferred as it provides highly accurate results, while
demanding less computational power.

5.2 Erosion Simulations

5.2.1 Geometry and Mesh

Having determined the superiority of the 3D model in predicting the flow velocity and all its
fluctuations, the 3D case was refined in order to be used in further simulations. Consequently,
a quarter of the geometry was redesigned in ANSYS Discovery, leveraging the symmetry of
the results at the sides of the array to minimize the calculations necessary to resolve the
problem.

Similarly to the original 3D Mesh, Face Meshing and Sweep Methods were again used in
order to create a mapped orthogonal mesh. In this case however sizing was done using the
Body Sizing Method of Sphere of Influence in order to coarsen the mesh in the areas of
interest (i.e. close above the specimen and on the specimen surface).To this end, a 5 mm
radius sphere was positioned at the center of the specimen, with the dimensions of all
elements within the sphere's influence modified to 0.1 mm.

5.2.2 Discrete Phase Model (DPM) and User Defined Function Setup (UDF)

To measure the erosion rate on the plate’s surface Discrete Phase Model (DPM)was enabled
in ANSYS Fluent models tab. Interactions with the continuous phase and erosion physical
models were enabled and a new injection was setup from the inlet surface. The parameters of
the injection were set up in order to match the conditions of the submerged jet impingement
erosion measurements carried out by Mansouri. A Rosin-Ramier Diameter was picked with a
minimum particle diameter of 53 pm, a mean diameter of 300 um and a maximum diameter
of 710 pm, with 14 in-between values. The mass flow rate of the particles was set at 0.004
kg/s and the particle density was 2650 kg/m’. Calculations were carried out with DPM
iterations happening for every 10 solution iterations.

To plot for the actual erosion depth on the specimen’s surface a new User Defined Function
(UDF) was created to turn the results of erosion rate into erosion depth measurements. The
Finnie erosion model was used in order to calculate the erosion rate and then turned into
erosion depth using the following formulation.

erosionrate * time
density » 1000

erosion depth(mm) =

The duration of the test was 6 hours and the density of the specimen’s material was 7850
kg/m’.
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5.2.3 DPM-DEM Literature and ANSYS Settings

Discrete Phase Model (DPM) is a Lagrangian model that adopts the Euler-Lagrange approach
to solve Multiphase Flows. As mentioned on the chapter about Multiphase Flow modeling
this approach solves the motion equations for each individual particle while simultaneously
resolving the continuity equations for the liquid flow. The complexity of the method made it
suitable for solving flows with low particle concentration like the ones modeled in this thesis.
However, it should be noted that DPM is also suitable for high mass loading cases. During the
simulation of the fluid flow, particle trajectories are calculated at specified intervals (flow
iterations) so computational cost and time in cases with high particle concentration could be
reduced by increasing the gap between each DPM iteration. In ANSYS Fluent the choice
between one or two way coupling is also available when enabling or disabling the interaction
with continuous phase option.

Discrete Element Method (DEM) is a computational method that combines Newton Laws and
Contact Mechanics to individually calculate inter-particle forces acting on the flow, by the
implementation of contact detection algorithms (19). Rotational accelerations and shape
dynamics are also considered when using DEM to solve a multiphase flow case. DEM’s
precision and complexity makes it more suitable for simulations at molecular levels or cases
where structure and mechanical behavior of the mixture is of interest (20).

In the cases studied two-way coupling DPM was used as the way to set up and simulate the
multiphase flow. ANSYS Fluent allows us to control which Physical Models will be taken
into consideration when simulating the multiphase flow.

Erosion/Accretion calculates the erosion rate on stationary walls in the geometry. As erosion
depth on the impinged plate surface was the point of interest of the study, Erosion/Accretion
was the first Physical Model enabled.

Virtual Mass and Pressure Gradient Forces were enabled and expected to influence the results
as they are mostly applied in cases where the phase density ratio is low.

Saffman Lift Force was also enabled but didn’t have significant impact on the final results, as
expected by the fact this force mostly acts on sub-micron particles.

Two-Way Turbulence coupling was enabled to account for the turbulence eddies in the flow
caused by damping effects.

Particle Radiation Interactions, Thermophoretic Forces, Pressure Dependent Boiling,
Stochastic Collisions and Breakups are also available but were of no interest, thus not enabled
during the simulations.
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5.2.4 Results and Comparisons

The results of the CFD simulations compared to the measurements done by Mansouri are
shown on Figure 10.
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Figure 10: Contours of Erosion Depth in mm, as measured by the Mansouri tests (a) and CFD Simulation (b)

It is observed that the CFD Model did well to predict both the erosion pattern and the erosion
depth after 6 hours of testing. Given the fact that most erosion studies’ practical point of
interest is to identify the areas where erosion will be more intense in order to expect an
upcoming failure, this domain and model combination is adequate enough to provide the
needed results.

.5.3 Erosion Depth to Inlet Velocity Study

On top of that a study for the development of the erosion depth on the centerline of the
specimen was carried out using the CFD Models and the UDF, as the inlet velocities for both
the liquid and the particles were progressively reduced. Results for the erosion depth on the
specimen centerline at 12, 8, 5 and 3 m/s are shown in Figure 12.
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Figure 11: Erosion Depth on the centerline of the specimen at different inlet velocities.
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As expected an increase to the Inlet Velocity resulted in an increase on Erosion depth on the

plate’s centerline. It is worth noting that the differences in Erosion depth were smaller as Inlet
Velocities reduced.

5.3 Measuring the Length of Erosion Zones

A comparison was made of the lengths of each erosion zone, as measured by the CFD results
and the experimental data provided by Mansouri, using the above quarter geometry and
settings. Following a series of simulation trials, the Finnie erosion model emerged as the
closest match in terms of predicting the scale of erosion depth when compared to the results
obtained by Mansouri, with the McLaury model also showing promising results. The erosion
depth scale measurements for both the experimental data and the CFD results are shown in

Figure 13.
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Figure 12: Length of erosion depth regions as given by a) Mansouri experiments b) CFD simulations

The radius of the low-erosion region in proximity to the stagnation point at the center of the
plate can be estimated by plotting vertical lines on the experimental results, which yield an
approximate radius of 2 mm. After measuring the node spacing of the CFD results using the
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tool provided by ANSYS Fluent in post-processing, the radius of the erosion depth came to
1.52 mm. Other erosion models either didn’t predict the erosion zone lengths as well (i.e. the
Oka erosion model) or didn’t even correctly simulate the pattern (i.e. the generic erosion
model).

5.4 Analysis using Symmetrical Geometries

Quarter Symmetry proved to be adequate enough to predict the erosion pattern and erosion
depth on a horizontal plate. When considering the case of an inclined plate though, quarter
symmetry doesn’t apply, since the geometry stops being symmetrical on quarter level. With
this in mind and in the spirit of trying to improve convergence time and computational power
needed, another study was carried out to evaluate the ability of symmetrically designed
geometries to generate accurate flow results. For this cause the same geometry was designed
five times. The first one included the full geometry (360° of it) and was used as a reference
point. The other four designs utilized the symmetrical nature of the problem, allowing us to
design half of the geometry (180° of it) and three cases where 90°, 30° and 15° splines were
designed. Free surfaces were treated by applying the symmetry boundary conditions so the
solver only had to solve the ratios of the geometry designed each time. Velocity Magnitude
Contours as well as Nozzle Exit Graphs were compared. Velocity Fields were accurate no
matter the geometry used when compared to experimental measurements however when
studying the Nozzle Exit Velocity Graphs there was a clear connection between percentage of
geometry simulated and result accuracy. These results are shown in figures 14 and 15.
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Figure 13: Velocity Magnitude Contours of a) Full Geometry b) 180 Degree Geometry c) 45 Degree Geometry d)
30 Degree Geometry and e) 15 Degree Geometry
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Figure 14: Nozzle Exit Velocity Magnitude using different percentages of the Full Geometry

4

All geometries performed adequately in simulating the Velocity Magnitude Contours, as there
were no notable discrepancies when compared to either the previously designed contours or
those derived from Mansouri’s experimental measurements. However, upon examining the
Nozzle Exit Velocities, variations in the Velocity Magnitude became apparent as more of the
geometry was resolved symmetrically. It was observed that the largest deviations occurred
further away from the stagnation point, a region where erosion was either negligible or
entirely absent according to prior analyses.

Given this, it is reasonable and safe to adopt the 180° geometry for the simulations. This
particular geometry applies the symmetry boundary condition solely along the z-axis, which
makes it suitable not only for flat plates but also for inclined plate configurations.
Furthermore, it maintains a strong agreement with the experimental data, ensuring that
accurate and reliable end results can be expected in the subsequent erosion and flow analysis.
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Chapter 6: Erosion Simulation on Inclined Plates

Having established the preferred viscous, mesh, fluid settings and erosion rate models for this
multiphase jet impingement case it is now time to draw some additional geometries designed
to simulate the erosion patterns for plates at an angle.

6.1 Designing the Geometries

In order to achieve this, it was necessary to redesign the 180-degree geometry for each
individual case. This was not only because, as was previously demonstrated, this geometry
provides accurate results while maintaining a low computational cost, but also because the
quarter geometry would no longer be applicable. The reason for this is that angled plates
make the geometry asymmetrical at quarter level.

In the following simulations, geometries including the sides and the bottom part of the
computational domain underneath the plate were designed in order to account for the
asymmetries created by the inclined nature of the case. To achieve an easily meshed geometry
tilting the pipe and keeping the plate horizontal was preferred. The plate was designed to be
cylindrical a design that enable it to be axissymetricaly swept using wedges and provided a
mesh that was persistent with the simulations that previously gave accurate results. Splitting
the geometries in 7 different bodies (as shown in Figurel6) to ensure every single one of
them is sweepable, proved to be the way to create the meshes that exhibited optimal
orthogonal quality.
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Figure 15: Geometry and Mesh for the 15 degree inclined pipe case

Different colors in Figure 1 represent different bodies in the geometry. Splitting the
geometries in this way ensured every single body had an identical start and finish surface so a
sweep method could be used on it. Sweeping every single body produced a mesh that was
consistent and provided high orthogonal quality throughout the whole geometry.
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6.2 Mesh Setup and Quality Metric Graphs
Figure 17 shows the mesh setup and metrics of orthogonal quality, for the different

these simulations.

geometries created during
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Figure 16: Mesh and Metrics of Orthogonal Quality for inclinations of a) 15 degrees b) 30 degrees and c) 45 degrees

ANSYS considers any element with an orthogonal quality metric greater than 0.1 as a high
quality element that is expected to produce accurate results. The metrics shown in Figure 2
show that the elements of all cases have a minimum orthogonal quality of at least 0.22, with
the largest number of elements having an orthogonal quality close to 100%. On the metrics
tab there are 2 types of elements, Hex8 meaning a hexagonal element with 8 nodes and Wed6
meaning an element made closer to the geometry of a prism, made up of 2 wedges and having
6 nodes. Figure 18 shows the mesh of the impinged plate, which was the same for all cases.

Figure 17: Plate Mesh used for all the simulations

38

Institutional Repository - Library & Information Centre - University of Thessaly
05/09/2026 07:55:39 EEST - 216.73.216.250



As mentioned above, the cylindrical plate allowed the mesh to be axisymmetric and the
sweeper to use the wedge method, giving us the best mesh for such a case. The sweep method
was also applied to the rest of the bodies with the element size set to 1mm to meet the DPM
requirement that the element size must be larger than the particle diameter.

6.3 Solution Setup and Single Phase Velocity Magnitude Contours

Single-phase simulations for the liquid-water phase at pipe-plate angles of 15, 30 and 45
degrees were initially carried out in ANSY'S Fluent. RSM was used to simulate the flow in all
inclined plate cases. RSM was previously determined to be the model that most accurately
predicts turbulence behaviours. Inclined plate cases have by their nature more oscillations due
to their more adverse velocity gradients creating more turbulence, thus making RSM a must
use model. The contours of Velocity Magnitude for the cases of 15, 30 and 45 degrees plate
angle are show in Figurel9.

Figure 18: Contours of Velocity Magnitude for Pipe-Plate angles of a) 15 Degrees b) 30 Degrees and c) 45
Degrees

6.4 Erosion on Inclined Plate Surfaces

In ANSYS Fluent the DPM for the Erosion/Accretion simulation was set in the same way it
were set before, when solving for the horizontal pipe-plate case, to match the conditions of
the Mansouri experiments. In order to simulate the non-uniform way in which the particles
entered the pipe through the inlet, the stagger position feature was enabled when setting the
injection, with a stagger radius of lmm. DPM iterations were conducted every second flow
iteration. Results for the erosion depth of the plate surface at 15 and 45 degree angles are
being compared to the measurements done by Mansouri at Figure 20, while the CFD results
for the erosion rate at a 30 degree angle are presented on Figure 21.
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Figure 19: Erosion Depth on the Surface of the Plate as measured by the Mansouri experiments (left) and CFD
simulations (right) for plate angles of a) 15 degrees and b) 45 degrees

Figure 20: CFD Results for Plate Surface Erosion Depth at a 30 Degree angle

40

Institutional Repository - Library & Information Centre - University of Thessaly
05/09/2026 07:55:39 EEST - 216.73.216.250



Erosion patterns and depth were closely matched when compared to the experimental
measurement near the stagnation point for most cases. However, as the distance from the
center of the plate is increased, the accuracy of this comparison is found to decrease, due to
the increasingly complex and turbulent nature of the flow. The reason behind that could
possibly be due to the element size of lmm being excessively large. It has to be reminded that
element size was set at Imm in order to be comfortably larger than any particles released into
the flow, which is a basic premise of multiphase CFD simulations (maximum particle size for
this experiment was 0,71 mm). This leads to the program utilizing interpolation algorithms in
order to predict the results between the nodes, possibly creating the discrepancies observed.
This theory is further substantiated when measuring the erosion zones in the horizontal plate
case, where most transitions occurred at scales smaller than 1mm.

6.5 Refined Mesh Simulations

Changing the element size near the plate would lead to inflations also making the elements of
the domain smaller than 1mm, causing problems in simulating the flow. However, having
devised the geometry in the way presented earlier not only allows for a fine mesh but also
gives us the option of applying a body sizing method only to the plate. As the plate is a
separate body the element size of the rest of the geometry would remain unchanged satisfying
the restrictions we were facing earlier, while simultaneously allowing for more accurate
erosion results on the plate’s surface. The new refined mesh of the plate, after setting the
element size at 10” meters can be observed in Figure 7.

Changing the element size only for the plate didn’t increase the simulation time needed to
resolve the flow, but DPM iterations took longer as it was expected. The refined results of
erosion depth at plate angles of 15°, 30° and 45° are shown in Figure 8.

Another important parameter in having smoother and more accurate results when simulating
the erosion depth and patterns for the inclined plate cases was the density of the inlet mesh.
Here refining the element sizes for values smaller than the particles’ diameters was also
possible without leading to any inconsistences caused by breaching the basic DPM principles.
In order to only coarsen the mesh on the inlet surface and keep the elements for the rest of the
pipe untouched we had to change the body method for the pipe from sweep to a hex dominant
method. Then, surface sizing with an element size of 1e-04 was applied only for the inlet
surface. This led to inflations lowering the overall orthogonal quality of the elements,
providing however smoother and more accurate results for erosion depth, without influencing
the overall flow accuracy.

Side to side comparison of the initial and refined plate mesh as well as the refined inlet mesh
are shown in Figure 22.
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Figure 21: Refined Inlet Mesh (Upper Image) and Side by Side comparison of initial and refined plate surface
mesh
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Figure 22: Erosion Depth as Measured by Mansouri’s Experiments (Left) and CFD Simulations (Right) for plate
angles of a) 150 b) 450 and c)CFD Simulation of Erosion Depth at 300 Plate angle

The application of the refined mesh resulted in enhanced erosion pattern prediction and more
precise depiction of the erosion zone separations (A4s seen in figure 23). Different Erosion
Depth scales are now shown for the CFD results as the denser mesh captured results and
fluctuations in Erosion Depth that were not observed before, when using the same scale for
both experimental measurements and CFD. These results clearly showcase the need of better
mesh resolution when attempting to simulate the Erosion Depth especially on inclined plate
cases where flows are much more complex and turbulence influences results on a larger
degree.
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Chapter 7: Conclusions — Future Work

The present thesis examines a variety of different single-phase and multiphase jet
impingement flows, undertaking a direct comparison of the CFD results with those that have
been experimentally validated. In the context of single-phase liquid flow, a range of
turbulence modelling approaches have been adopted to simulate the behavior of the
impinging jet. However, these approaches have encountered challenges in predicting the
turbulent flow in the region near the stagnation point at the center of the impinged plate.
Specifically, among the models examined (k-® SST, RNG k-g, RNGE k-¢ with Enhanced
Wall Treatment and RSM), the turbulence modelling approach that yielded the most accurate
results was RSM. It was also noted that the implementation of Enhanced Wall Treatment and
Production Limiters algorithms was justified, despite the associated increase in computational
demands, as a result of the enhancement in the precision of the outcomes. RSM was then
utilized to simulate and compare the velocity magnitudes, the axial and radial velocities at
various heights above the impinged plate. This provided a clear picture of how the flow
behaved and developed. The subsequent Multiphase Flow was set to match the conditions of
the experimentally validated results available, using the DPM feature of ANSYS Fluent. The
initial simulations were conducted with the objective of determining whether a 2D geometry
would be adequate for simulating the multiphase flow. The conclusion drawn from these
simulations was that the 2D geometry was inadequate in predicting the turbulence intensity of
the flow. This indicated that the 3D case was necessary for a more accurate prediction. In
addition, comparisons were made that exploited the symmetrical nature of the problem.
Different portions of the geometry were simulated on each occasion. It was concluded that
simulating 180° of the geometry was sufficient to produce accurate results and reduce
computational cost. In view of these results, simulations were conducted to predict the erosion
depths and patterns of a horizontal jet impingement case, as well as inclined plate cases. In
the course of these simulations, a significant limitation of the methodology was identified
with regard to the fundamental principle of DPM and the computational power available. It is
evident that the quality of the results, particularly in relation to the angled plate cases, requires
enhancement. The refinements made to the specimen and inlet surfaces were outlined in the
thesis, and the results for erosion depth and patterns were evidently enhanced.

Moving on, using the way the geometries were separated into bodies presented in this thesis,
further refinements could be done by inflating the domain even further, provided a more
powerful computer is available. Other ways to overcome the existing limitations could be
utilizing a hybrid resolved-unresolved CFD DEM approach, an AMR (Adaptive Mesh
Refinement) method around the perimeter of the particles or further simulations examining the
importance of lubrication effects on erosion patterns.
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