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Chapter 1

Introduction general

1.1 Erosion in Turbomachines: An Overview of the

Issues

Multiphase flows refer to flows where multiple materials, each potentially in distinct

states or with different chemical properties but in the same state, flow simultaneously in

a system, such as combinations of gases, liquids, and solids, are frequently encountered

across a range of engineering applications. In many industrial processes, multiphase

flow is the desired outcome of the process. Within the sector of material conveyance

such as pneumatic conveyance systems, multi-phase flows play a fundamental role in

the efficient handling and effective transfer of materials. Practical examples of such

applications encompass chemical reactors, oil transportation pipelines, and the food

processing industry. In these cases, understanding and managing multi-phase flows is

imperative for attaining the intended process results.

Conversely, there are situations where multi-phase flows are undesirable side effects

that should be either avoided or minimized. Consider oil and gas pipelines, where the

inclusion of liquid droplets or solid particles within the gas stream can trigger issues

like erosion, corrosion, and pipeline blockages, resulting in expensive maintenance and

operational disruptions. In such contexts, the system’s design and operation must

prioritize the prevention or minimization of multi-phase flows to ensure optimal func-

tionality.

Solid particle erosion represents a prevalent issue within turbomachinery appli-
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cations, primarily due to multiple factors that allow the introduction of particles into

pumps, turbines, compressors, and fans where the system typically involves multiphase

flows. The erosion phenomenon involves the collision of solid particles with the surfaces

of turbomachinery components, potentially resulting in material loss, surface rough-

ening, and, eventually, component failure. The occurrence of erosion can manifest in

various parts of the turbomachinery, including impellers, blades, diffusers, and volutes.

The specific location depends on the prevailing flow conditions and the attributes of

the solid particles.

Centrifugal pumps find extensive utility in applications involving pumping sub-

stantial quantities of solid-liquid mixtures, often referred to as slurries. Within this

context, the primary components that experience high erosion rates include the im-

peller, liners, and notably, the pump casing, which is the component most susceptible

to particle impact, as indicated by Wilson [2]. In contrast, the erosion observed in

turbines and compressors tends to be more severe compared to that in pumps. This

heightened erosion rate is attributed to the higher gas velocities and the presence of

intricate flow patterns. Consequently, erosion can manifest in various parts of these

devices, including the rotor blades, stator vanes, and casing. In the case of fans, ero-

sion exhibits similarities to its occurrence in pumps. Here, it is the impeller and volute

that are prone to erosion, influenced by particle impact on the blade surfaces and the

recirculation of particles within the flow.

In summary, erosion in multiphase flows poses a substantial challenge for turboma-

chinery, including pumps, turbines, compressors, and fans. It can result in decreased

performance, a shorter operational lifespan, and escalated maintenance expenditures.

Effectively predicting and mitigating erosion necessitates a comprehensive grasp of

erosion mechanisms, as well as the development and validation of CFD-based erosion

models. Consequently, the industrial fan community aims to understand the mecha-

nisms of solid particle erosion and design fans that can withstand erosive environments

without affecting performance.

2



Introduction general

1.2 Erosion in Centrifugal Fans: A Case Study of

Induced Mill Fan (FN-280)

The cement manufacturing process is highly rigorous, including various industrial op-

erations. The severe conditions, characterized by abrasive and adhesive substances,

continuously challenge all equipment and machinery, including fans. Consequently,

cement plants must rely on robust and heavy-duty fans. Among these fans is the

backward-curved centrifugal mill fan, dedicated to precise tasks within a specific man-

ufacturing process. A notable example is the cement mill fan (FN-280), an induced

draft fan employed to generate a negative pressure airflow to ensure the good work of

the dust abatement operation in a Bag-Filter housing system as part of the milling

process (Figure 1.1).

Under standard operating conditions,it is expected that the gas flow passing through

the bag filter positioned upstream of the fan will maintain a low concentration of solid

particles, ideally not exceeding a threshold of 30 mg/m3. However, when the filter

fabric experiences damage, the entrained dust concentration in the flow stream can

significantly rise. Consequently, contingent upon the fan flow rate and the properties

of the dust, the fan becomes more vulnerable to a high erosion rate. This increased wear

affects both the rotating and stationary components of the fan, which are exposed to

abrasive dust, leading to a reduction in the thickness of these components. Ultimately,

this results in a noticeable decrease in the equipment’s lifespan. This, in turn, adversely

affects the fan’s performance and may result in substantial expenses and production

disruptions, particularly when fan blades require replacement (Figure 1.2). Notably,

high dust concentration and the presence of exceptionally abrasive particulates can

accelerate the reduction of the fan components’ thickness. Importantly, this erosion is

typically asymmetric, contributing to rotor imbalance and placing augmented loads on

the bearings while inducing vibrations.

Erosion issues emerged on the Mill-Fan (FN-280) at the Lafarge Cement plant in
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Figure 1.1: Bag-Filter housing of the dedusting system (BF-260)

.

M’Sila, Algeria, several years ago. This particular facility encompasses four integrated

cement production lines. Interestingly, all the FN-280 lines had been in operation since

2003, operating without any prior erosion-related problems. However, the situation

changed when the dust-laden airflow passing through the fan intensified due to issues

with the damaged Bag-filter fabric. In these new operating conditions, the existing fan

struggled to run without encountering difficulties. Over time, the rotor components

endured severe damage, prompting the maintenance team to consider repairing the fan

rotor blade, recognized as the most affected component. To address this, the plant’s

maintenance team initiated rotor repairs by introducing wear plates on the pressure
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Figure 1.2: Fan Impeller failure

.

side of the fan blades, with the aim of prolonging the rotor’s operational lifespan (Figure

1.3). These repair activities were conducted locally within the mechanical workshop.

Despite these repair efforts, fan vibrations persisted, largely attributed to the inevitable

rotor imbalance. Consequently, further mechanical balancing of the rotors remains a

critical requirement.

Erosion of centrifugal fan blades represents a prominent challenge in the field of

industrial fan design. This issue is particularly prevalent when considering centrifugal

fans deployed within cement applications, as they typically handle particle-laden flows

with erosive particles. The impact of solid particle erosion can manifest in various

damaging forms, including material loss, cracking, pitting, and even the generation of

erosion-induced vibrations. These detrimental effects introduce alterations in the fan

blades’ geometry profiles, culminating in a reduction of both chord length and thick-

ness. Collectively, these changes lead to a decline in overall fan efficiency and reliability

of the fan. Furthermore, the associated maintenance and replacement costs may rise
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Figure 1.3: Sacrificial plates welded on the blade pressure side

.

significantly. Therefore, understanding the mechanisms of erosion and establishing

effective mitigation strategies is paramount.

To address solid particle erosion in turbomachinery, a range of approaches is avail-

able. These encompass judicious material selection, surface treatment methods, pro-
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tective coatings, and design enhancements. Surface treatment methods, such as shot

peening, can enhance surface hardness and erosion resistance. The application of pro-

tective coatings, such as ceramics or metallic coatings, can offer a barrier against ero-

sion. While the aforementioned strategies are valuable in reducing erosion, particularly

on impeller blades, the optimization of design holds a pivotal role in predicting erosion

patterns and minimizing susceptibility to erosion. This, in turn, aids in estimating the

rate of material loss. Design optimization primarily targets the modification of the

flow field to reduce particle impact frequency, and location and alter particle impact

characteristics that lead to a minimum erosion rate. When considering design modi-

fications, parameters like particle impact angle, velocity, and mechanical properties of

the material should be investigated and considered.

In summary, design optimization is not a theoretical matter but a practical ne-

cessity. It ensures the longevity and reliability of fans in demanding industrial en-

vironments, making it a critical phase of any fan design process. Consequently, the

development of computational methods capable of predicting erosion patterns is of

great importance when designing new industrial fans intended for operation in erosive

environments. This ensures the longevity and optimal performance of such fans.

1.3 Motivation for the Present Research

Despite the considerable resources allocated to investigating solid particle erosion in

turbomachinery, the underlying mechanisms of this erosive process remain inadequately

understood. Previous studies on erosion within turbomachinery predominantly focused

on pumps and compressors, overlooking the distinct challenges faced by centrifugal

fans. While these studies have provided valuable insights into material wear, behavior,

and protective measures, they fall short of capturing the peculiar flow characteristics,

operating conditions, and erosive patterns specific to centrifugal fans. Consequently,

erosion mechanisms within these important machines remain limited. In industries
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like cement plants, centrifugal fans play a central role and are constantly exposed to

abrasive cement particles that can lead to severe wear. Surprisingly, there has been a

noticeable scarcity of research investigating the impact of erosion on centrifugal fans,

despite their widespread utilization.

various experimental methods have been employed to study slurry pumps, such

as the paint wear method (PWM) [6,7], inductive displacement transducer (IDT) [8],

scanning electron microscopic (SEM) [9], and particle image velocimetry (PIV) [10–18].

Through these approaches, measuring material mass loss, imagining erosion morphol-

ogy, and visualizing flow characteristics were realized. These methods have contributed

to a more comprehensive understanding of multiphase flows and wall erosion in slurry

pumps. However, it’s important to note that experimental studies are often associated

with high costs, intensive labor, and time-consuming processes. This is particularly

evident in erosion measurement, where physical pump models need to be intentionally

damaged.

While conducting experimental studies on erosion in turbomachinery applications

can be both challenging and expensive, a numerical methodology offers a viable al-

ternative. Computational fluid dynamics (CFD) has emerged as a valuable tool for

the prediction of erosion in multiphase flow systems. Over recent years, numerical

modeling has attracted significant attention and engagement from a diverse range of

scientists and engineers. During this period, models have been extensively developed

and effectively applied across many practical applications. CFD investigations have

evolved into a fundamental element in the field of industrial product design and engi-

neering processes, including those related to turbomachinery applications. Although

CFD predictions do not entirely supplant experimental investigations, they undeniably

play a crucial role in providing a deeper understanding of intricate flow phenomena.

One noteworthy advantage of this approach lies in its ability to provide valuable local

and temporal data, often challenging to obtain through experimental means.

The CFD-based erosion models typically involve the coupling of a fluid solver with
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a particle tracking algorithm that simulates the trajectories of particles in the flow.

However, the accuracy of the CFD-based erosion models is highly dependent on the

quality of the turbulence and particle models used, as well as the validation of the

model against experimental data. Furthermore, the complexity and variability of the

erosion mechanisms in multiphase flows pose significant challenges in the development

and validation of CFD-based erosion models. Regarding this fact, in order to track

the erodent particles and have an in-depth insight into the erosion pattern by means

of a numerical approach, it is crucial to accurately predict the 3D flow field to capture

the peculiar flow physics within the centrifugal fan. However, the flow field in the fan

is turbulent, characterized by a high Reynolds number with inevitable flow separa-

tion. Therefore, making the prediction of the flow field in the fan using computational

methods is a challenging task.

1.4 Scope and Objectives of the thesis

The primary aim of this thesis is to investigate the performance characteristics and

erosion issues of a large centrifugal fan that is in operation at a cement plant. This

investigation utilizes CFD methodologies in order to validate the numerical technique

adopted and to gain a deeper understanding of how fan design and operating conditions

influence the likelihood of fan component failures caused by solid particle erosion. The

thesis is focused on achieving the following Objectives:

• Performing numerical simulations to investigate the complex flow field inside the

backward-S-curved fan and providing a basis for verification of the numerical

simulations and validating the CFD model adopted.

• Investigating the erosion process and mechanisms by means of numerical simula-

tion using a Particle transport model coupled with a CFD solver and investigat-

ing the reliability and effectiveness of the model to replicate the on-field erosion

pattern.
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• To investigate the effects of change in flow regime and particle loads on erosion

patterns.

• Studying the effects of geometrical modifications on the aerodynamic performance

of the fan and erosion pattern.

For an in-depth analysis of the fan’s flow behavior, numerical simulations are per-

formed using Unsteady Reynolds-Averaged Navier-stokes (URANS) simulation. The

results of these numerical simulations are then compared with experimental data de-

rived in accordance with the industrial fan testing standard ISO 5801 requirements,

thereby allowing for a rigorous evaluation of the accuracy of the adopted CFD solver,

grid configuration, and turbulence modeling. Additionally, the tracking of solid parti-

cles and their impact characteristics are resolved using a Particle transport model, in

conjunction with an empirical erosion model, to examine the erosion patterns on the

fan components. The numerical erosion patterns are then subjected to a qualitative

comparison against actual erosion patterns obtained from on-site inspections. Within

the scope of this thesis, numerical simulation serves as the primary tool to explore the

effects of varying the number of impeller blades and making adjustments to the blade’s

outlet angle. This exploration aims to gain insights into their combined impact on the

fan’s aerodynamic performance and erosion rates and patterns.

1.5 Thesis Structure

To provide a clear roadmap of the structure of this thesis, the following sections outline

the content and objectives of each chapter.

• Chapter 1 serves as an introduction to the erosion challenges faced by turbo-

machines, with a particular focus on centrifugal fans. It elucidates the adverse

effects of solid particle erosion on fan components and the subsequent impact on
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operational lifespan. A case study of a cement plant centrifugal fan (FN-280)

suffering erosion-related issues is presented, underscoring the need for effective

erosion mitigation strategies. The research is driven by a gap in understanding

erosion in centrifugal fans, prompting the exploration of CFD solutions. The

scope and objectives of the thesis are outlined.

• Chapter 2 establishes foundational principles of erosion mechanisms. The chap-

ter also discusses the difficulty of modeling solid particle erosion in turbomachin-

ery applications, shedding light on key erosion parameters. Furthermore, this

chapter presents a critique of the literature of relevant research on solid particle

erosion in turbomachinery, including both experimental and CFD-based method-

ologies.

• Chapter 3. Within this chapter, various centrifugal fan types, their working

principles, and the distinct advantages associated with each type are explored.

Furthermore, a detailed examination of the utilization of centrifugal fans in ce-

ment plants is conducted, with a specific emphasis on the pivotal role played by

the induced cement mill fan (FN-280) throughout the cement milling process.

In addition, the section provides insight into the methodology of reverse design

engineering. It elucidates the underlying reasons for opting for this approach to

create the CAD model of the fan’s blade.

• Chapter 4 initiates a comprehensive discourse on the CFD methodology em-

ployed within the scope of this study. This entails detailed elucidations of the

essential governing equations for resolving the flow dynamics and modeling of

particle-laden flows. Moreover, it encompasses an in-depth discussion of the so-

lution procedure for solving the mathematical equations and the numerical tech-

niques that have been applied. Furthermore, it provides a mesh sensitivity study

and validation of the particle track model.

• Chapter 5 presents the obtained outcomes derived from the numerical predic-

tion of the fan performance curve, particle dispersion, and the erosion patterns

exhibited on the fan components. We undertake an in-depth analysis and dis-
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cussion of the characteristics of particle impact, providing valuable insights into

critical parameters that influence erosion patterns, including impact frequency,

velocity, and angle. Subsequently, we delve into an investigation of the impact

of geometric modification to the fan design, such as adjustments in blade outlet

angle and the number of blades, on erosion rates and patterns.

• Chapter 6 summarizes the outcomes of this study and shows the conclusions

drawn and the recommendations for future studies.
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Chapter 2

Literature Review

2.1 Solid Particle Erosion mechanisms

Erosion is the process in which material is removed from a metal surface due to the in-

teraction with either solid particles suspended in the gas stream, known as dry erosion,

or with a liquid medium that may or may not contain suspended particles, referred to as

aqueous erosion. The presence of solid particles significantly intensifies the erosion pro-

cess, which occurs through various degradation mechanisms [3]. To cause structural

damage to the target material, the impacting solid particles must carry a sufficient

amount of Kinetic energy (KE) [4]. The size and velocity of these particles play a

crucial role in determining the extent of erosion.

Although erosion fundamentally involves the removal of material from a surface due

to particle impact, the mechanisms governing this process can exhibit notable distinc-

tions when comparing brittle and ductile materials. Nevertheless, a widely accepted

postulation is that erosion, regardless of the material type, is driven by two primary

mechanisms, namely cutting and deformation. The cutting mechanism is linked to

particles impacting at oblique angles, while the deformation mechanism is associated

with particles impacting at normal angles [5], inducing plastic deformation on the tar-

get surface [6]. Given the vast diversity in material properties, it becomes apparent

that the one-size-fits-all approach to quantifying the removal of target material is im-

plausible. The mechanism governing erosion is predominantly steered by the inherent

ductility of the metal involved.
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From a historical perspective, the study of erosion mechanisms in ductile metals

dominated the academic literature until the 1970s [7]. Finnie pioneered investigations

into erosion behavior mechanisms of ductile materials, introducing his initial ductile

erosion model based on the concept of micro-cutting. He suggested that micro-cutting

primarily drove erosion in ductile materials and even proposed a micro-geometry model

tailored to such materials [4]. Figure 2.1 visually outlines the typical sequence of events

in a ductile erosion mechanism. The formation of a crater by an impinging particle

serves as the initial indicator of the erosion process, followed by the accumulation of

subsequent impacts that enlarge the crater. The continual impacts ultimately lead

to the removal of the accumulated material [8]. However, it’s important to note that

this model displayed an underestimation of erosion magnitude for particles striking

at high-impact angles compared to experimental findings [8]. Subsequently, it was

revealed that micro-cutting wasn’t the primary erosion mechanism for ductile materials

[9]. Instead, material removal from the metal surface is primarily driven by localized

plastic deformation, wherein the material is eliminated through the cutting action of

the eroding particle [10].

Figure 2.1: Ductile erosion mechanism micro cutting or plastic deformation. [11]

Brittle materials experience erosion through a mechanism characterized by chipping
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and cracking. The solid particle erosion process in brittle materials is well-established,

with a widely accepted understanding. Erosion in brittle materials is attributed to the

formation of cracks. When a particle impacts a brittle surface, it initiates the creation

of lateral and radial cracks. Subsequent impacts on this surface lead to the propagation

and growth of these cracks. Consequently, these cracks divide the target surface into

smaller fragments, which are subsequently expelled as particles continue to impact the

surface. The formation and progression of cracks stand out as the predominant erosion

mechanism in brittle materials.

The results of erosion studies often express the ratio of the surface mass or volume

removal to impinging particle mass. In general, the erosion rate of a given material is

affected by the particles’ impact velocity and impingement angle [12]. The variation

in erosion rate with impingement angle is characteristically different for ductile and

brittle material as shown schematically in Figure 2.2 According to the figure, it is

obvious that the erosion rate is strongly related to the impact angle for both materials.

furthermore if the damage is caused by a ductile mechanism then the maximum rate

of erosion typically takes place at shallow angles of impact between 20°and 30°.while

for brittle erosion mechanism, the maximum rate of erosion rate typically takes place

at a normal angle of 90°. This is attributed to the predominantly different mechanisms

of cutting and brittle fracture.

2.2 Solid particle erosion modeling

In a broader context, a deep understanding of the dynamics governing multiphase

flows is an essential prerequisite for effectively designing, and controlling numerous

engineering systems. This requirement demands a comprehensive, interdisciplinary

approach that draws from the fields of fluid mechanics, thermodynamics, transport

phenomena, and materials science. As engineering applications continue to advance,

becoming increasingly complex and diverse, the importance of conducting research and
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Figure 2.2: Erosion rate at different impact angles for ductile and brittle materials. [13]

development in the realm of multiphase flows is expected to grow even further.

The extent of material removal from a surface due to eroding solid particles in a

fluid stream depends upon the prevailing flow conditions and the specific mechanism

driving the material’s removal. understanding the erosion process can be dissected into

two primary phases. The first phase involves using fluid flow conditions to determine

the particle impact characteristics like impact angle and velocity as they hit the target

surface, the subsequent phase involves quantifying the material that is removed from

the surface.

Solid particle erosion emerges as an intricate phenomenon marked by the complex

interactions between particles and various components of the turbomachine. It can

affect a range of surfaces, including blade surfaces, blade tips, leading and trailing

edges, and it may even extend to the inner surfaces of volutes and diffusers. The extent

and severity of erosion are influenced by multiple factors, including the mechanical

properties of both the target surface material and solid particles, the impact velocity

and angle of particle impacts, particle concentration, and the geometrical properties

of the particles [14]. Importantly, these parameters are relatively significant regardless

of the material being either brittle or ductile. However, not all of these factors are
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easily controllable or measurable during tests [15], and considering the combination of

these diverse factors in influencing erosion, studying them independently can be quite

challenging.

2.2.1 Key Factors Affecting Erosion in Ductile Materials

When designing new rotating machinery that may operate in environments prone to

erosion, it is imperative to thoroughly investigate how the erosion rate is influenced by

various factors related to particle flow within the system, as well as the materials used

for constructing the critical components of the turbomachine. Predicting erosion in ro-

tating machinery is an exceedingly extreme challenge. This complexity predominantly

stems from the fact that erosion is governed by a multitude of variables, including par-

ticle impact characteristics, such as impact velocity and angle, along with the particle

impact frequency. These factors are significantly influenced by the flow conditions of

the carrier fluid, and practical examples may be found where alterations in these con-

ditions have had a substantial impact, either exacerbating or mitigating erosion [10].

Furthermore, it is essential to track the trajectory of particles through the flowfield af-

ter multiple impacts. Following the impact on the surfaces, the particles may rebound

with even higher velocities, which heightens the probability of subsequent, more severe

impacts [16].

Since the 1960s, substantial contributions have been made in understanding the

impact of particle interactions with ductile materials in erosive environments [17–20].

Extensive research and erosion models have emerged, building upon initial theories to

encompass a wide range of factors affecting the erosion of ductile materials. While

these key erosion-influencing parameters are frequently analyzed independently, it is

vital to recognize that their impacts on erosion are frequently interrelated and not

mutually exclusive.

17



Literature Review

2.2.1.1 Impact angle

The study of erosion in ductile materials is crucial because the impact angle at which

particles strike the material surface dictates the material removal mechanism. It is

essential to characterize these interactions to accurately predict erosion rate and be-

havior. The impact angle essentially determines whether the primary material removal

mechanism is indentation or cutting. Historically, early theories categorized erosion

mechanisms in ductile materials as cutting at shallow impact angles and plastic de-

formation at high impact angles. However, these theories did not encompass the full

complexity of the erosion process, particularly the effects of multiple particle impacts.

Current understanding recognizes that multiple mechanisms come into play following

a single particle impact, and the cumulative impact of multiple particles is a significant

factor in erosion [21].

Subsequent research has consistently shown that erosion in ductile materials is

highly sensitive to the impingement angle of particles. Studies investigating the impact

angle’s effects on erosion have consistently demonstrated varying rates of material

removal at different angles. Typically, the highest erosion rates are observed when the

impact angle ranges from about 20° to 30° for ductile materials [10,22–24].

2.2.1.2 Flow condition and impact velocity

In engineering contexts, the fluid dynamics and particle transport within a fluid medium

indirectly influence the characteristics of particle impact on surfaces, thereby influenc-

ing erosion rates and patterns. When a particle is transported by a fluid flow toward

a surface, the fluid surrounding the particle departs from its original path to travel

alongside the surface. This deflection induces drag forces on the particle’s surface, cul-

minating in an alteration of the particle’s trajectory. Consequently, the particle follows

a path that may not align with the flow streamlines.
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Perturbations in the fluid flow, such as modifications in the surface roughness and

adjustments in the geometry of the flow domain, can result in either an increase or

decrease in erosion rates. This is due to the deviation of particle trajectories from the

fluid’s streamlines, subsequently heightening the probability of surface impacts and

influencing impact characteristics such as velocity.

Fundamental research has explored the relationship between the wear rate and the

velocity of particle impacts, while more practical investigations have delved into how

the wear rate changes concerning the overall flow velocity within particular systems [15].

Both categories of studies have shown that velocity exerts a substantial influence on

the wear rate. Impact velocity, in conjunction with impact angle, has often been a

subject of investigation, revealing that the alteration in erosion rate follows a power-

law relationship:

Er = KV n
p f(α) (2.1)

Er is the erosion rate, VP is the velocity of the impacting particle (m/s), K is an

empirical constant and n is the velocity exponent that depends on the particle and the

surface properties. This velocity exponent lies typically in the range from 2 to 4 [25].

Higher values of the exponent tend to be associated with brittle metals [22]. thus

Higher impingement velocity of course means higher kinetic energy leading to higher

local erosion.

2.2.1.3 Solid particle size and shape

Particle size exerts a dual influence on the erosion process [21]. The size of particles

significantly affects their trajectories within the fluid medium, consequently changing

their impact locations on the target surface. This influence is due to the predominant

forces acting upon the particles, including surface forces like drag and body forces such

as gravity. Notably, smaller particles, characterized by their low Stokes number, tend
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to experience limited separation from the fluid flow [15]. Consequently, they exhibit

a strong inclination to closely adhere to the flow streamlines. This behavior notably

brings about substantial alterations in their impact characteristics, encompassing fac-

tors like impact frequency and the impact location, particularly when compared to

larger particles.

Furthermore, the particle size plays a crucial role in determining the subsequent

impact of particles on the target surface. Consequently, the effect of particle size

on erosion has consistently maintained a central focus in academic research in this

domain [26]. This factor directly influences the calculation of erosion rate density, where

there is a direct correlation between erosion rate density and the mass of particles, as

elaborated in Chapter 4. Smaller particles, characterized by their lower kinetic energy,

induce comparatively lower impact stresses on the surface when contrasted with their

larger counterparts. Even in the controlled conditions of erosion test rigs, where the

total mass of erodent particles remains constant, it has been observed that the increased

number of impacts resulting from the larger quantity of smaller particles does not offset

the reduced kinetic energy associated with these smaller particles [27].

2.2.1.4 Solid particle concentration

Many researchers have revealed that higher particle concentration in the carried fluid

leads to a higher erosion rate due to the increasing number of particle impacts.

2.3 CFD Modeling of Erosion in turbomachines

The particle impact characteristics, such as velocity and angle, are heavily influenced

by the internal flow field within the fan’s domain. conducting experiments to measure

erosion rate and its subsequent effects on operating fans is both time-consuming and

costly. Furthermore, it can be challenging to assess all the factors that contribute
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to erosion through experimental studies, particularly as some of these factors can-

not be controllable or measurable during experimental investigation. However, By

using computational methods in turbomachinery, engineers can gain a more flexible

and cost-effective approach to exploring different design configurations and operating

conditions, which may not be practical to test experimentally. Moreover, numerical

simulations can provide more detailed and comprehensive data on flow features and

erosion patterns, which may be challenging or impossible to measure through physical

experiments. Despite these limitations, visual inspections of fan components during

routine maintenance can still yield valuable qualitative insights into the extent and

severity of erosion [28].

The process of conducting numerical erosion modeling using CFD typically involves

the solution of the flow field of the continuous phase and the simulation of particle tra-

jectories. Tracking these particle paths relies on numerically integrating the equations

of motion governing the particles as they travel through the computational domain.

Due to their inherent inertia, particles tend to diverge from the continuous phase,

particularly when encountering changes in direction or during acceleration and decel-

eration, ultimately leading to their impact on the fan surfaces. Consequently, trajec-

tory simulations necessitate the solution of the flow field and the surface boundaries

as inputs, along with the incorporation of a model to account for particle restitution

following each surface impact.

In modern practice, particle trajectory simulations have evolved to incorporate the

influence of viscosity and three-dimensional flow effects, mirroring advancements in

turbomachinery flowfield solutions. Notably, the solutions of 3D Reynolds-Averaged

Navier-stokes (RANS) equations for turbulent flow are increasingly applied in tracking

the turbulent dispersion of particles and the subsequent erosion in turbomachinery

simulations [12].

From this perspective, two numerical methodologies have been developed to sim-

ulate multiphase flows. the Euleurian-Euleurian (E-E) approach and The Euleurian-
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Lagrangian (E-L) approach. In the Eulerian-Eulerian approach (E-E), the Navier-

Stokes equation is simultaneously solved within a cell-based framework for both the

continuous phase and the solid phase. thus both fluid and solid share the same cell.

Numerous investigations have been conducted to explore flow characteristics under

solid-liquid two-phase conditions in pumps. These studies primarily aim to assess the

impact of various factors characterizing solid-liquid two-phase flows, including the vol-

ume fraction of solid particles, particle size, and specific gravity, on aspects such as the

flow field, turbulent properties, hydraulic losses, overall performance, and erosion of fan

components [29–33]. In these studies, wear on pump components was investigated by

employing indicators based on the distribution and volume fraction of solid particles.

In a related study, Alawadhi et al. [34] performed a numerical analysis of the erosion

behavior in an industrial slurry pump. The two-phase system was addressed using the

Eulerian-Eulerian approach. The governing equations for the fluid phase were solved

with commercial Computational Fluid Dynamics (CFD) software (ANSYS CFX), and

turbulence effects were modeled using the shear stress turbulence (SST) model. Finnie’s

model [15] was adopted to evaluate the erosion rate on the casing wall and blade under

different solid volume fractions. A parametric examination was conducted to explore

the influence of critical parameters, such as particle size, concentration, flow conditions,

and cavitation, on the erosion characteristics of the pump. The results indicate that the

concentration of solid particles significantly impacts the pump’s erosion characteristics,

followed by particle size and size distribution. Conversely, exit pressure head and

cavitation exert less influence on erosion rates but significantly affect the regions with

elevated erosion rate densities.

The E-E approach yields precise results, especially in situations with high particle

concentrations, where the inter-phase interactions are incorporated as an additional

source term in the momentum equations. Nonetheless, this methodology does not

consider the dynamic behavior of individual particles, thereby hindering its ability to

provide accurate predictions of particle dispersion within highly turbulent flows. In

addition, given that the erosion rate is influenced by various factors, such as impact
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velocity and angle, as previously discussed, this particular data cannot be directly

obtained using the Eulerian-Eulerian (E-E) approach. Moreover, the E-E approach

becomes computationally demanding when dealing with modeling a diverse range of

particle sizes and is less accurate in scenarios where particles are randomly distributed

throughout the fluid domain.

In contrast, the Eulerian-Lagrangian (E-L) approach presents an alternative that

can overcome some of these limitations. This method explicitly models the motion of

individual particles within the Lagrangian frame, thereby accommodating the effects

of particle-particle interactions. Additionally, the E-L approach is more adept at han-

dling particles with a diverse range of sizes by tracking the trajectories of randomly

seeded individual particles rather than assuming a uniform distribution throughout the

domain.

The extensive use of pumps in various industrial sectors, including industrial pro-

duction, mining, dredging, urban sewage treatment, and more, underscores the impor-

tance of studying how particle characteristics in solid-liquid two-phase flows impact

the performance and service life of centrifugal pumps transporting solid-liquid two-

phase flows. This becomes particularly challenging when considering the reliability of

these pumps. To address these challenges, the Eulerian-Lagrangian (E-L) approach,

also known as the Discrete Phase Model (DPM) combined with erosion models, has

been widely employed in slurry pumps suffering erosion problems, especially in cases

of low solid concentrations or when particle-particle collisions are of minimal signifi-

cance [35–42]. However, in many industrial applications, pumps operate under condi-

tions characterized by high concentrations of particles in the mixture, which can result

in distinct performance variations. In such scenarios, the Dense discrete Phase Model

(DDPM) is typically adopted. The Dense discrete phase model (DDPM) assumes a

two-way coupling between the two phases, providing a more accurate representation of

the interactions in these high particle concentration conditions [43,44].
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2.4 Erosion modeling in centrifugal fans

In recent years, The study of the erosion behavior of centrifugal fans has gained sig-

nificant attention. This interest can be attributed to the widespread use of centrifugal

fans in a multitude of industrial sectors, ranging from ventilation and air conditioning

to material handling. In the subsequent section, we will explore a range of research

related to erosion within the context of centrifugal fans. These comprehensive investi-

gations include various aspects of erosion, such as the numerical prediction of erosion

patterns, the examination of factors influencing erosion rates, and the assessment of the

validity of different approaches and models. Furthermore, they delve into the meticu-

lous scrutiny of the myriad factors that exert influence on erosion rates. Through these

reviews, we aim to provide a comprehensive overview of the current state of knowl-

edge in the field of erosion in centrifugal fans and to identify areas that require further

exploration and research.

In a study led by Aldi et al. [45], the erosion behavior of a single-inlet centrifugal

fan, operational within a cement factory, was examined in the context of its exposure to

abrasive Clinker particles. The primary objective of this research was to assess the effec-

tiveness of strategically positioned wear-resistant plates in mitigating erosion-induced

damage across various sections of the fan. To establish a reliable numerical model,

the research authors conducted an experimental analysis of clinker powder through

Scanning Electron Microscopy to examine the morphology of the powder, along with

the determination of particle size distribution using a particle sizer spectrometer. The

findings unveiled that a majority of particles exhibited rounded shapes, with approx-

imately 80% of the sample mass composed of particles with a diameter less than 5

µm. Additionally, the researchers conducted microstructural characterization of the

wear-resistant hard-facing. For the numerical modeling, the Eulerian-Lagrangian (E-

L) approach was adopted to model the particle-laden flow. To accurately account for

turbulence and flow unsteadiness, a stochastic tracking model was employed to model

the turbulent dispersion of particles. Particles were strategically seeded for various
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flow-field conditions corresponding to different time steps to consider the impact of

flow unsteadiness on particle dynamics. 106 of particles were released from the intake

at the same inlet gas velocity. Erosion rates were calculated using Finnie’s model,

with the values of model constants chosen based on experimental results from S.G.

Sapate et al [46]. The accuracy of the flow field solutions was validated by comparing

them with experimentally measured values, revealing a negligible discrepancy of about

3.4%. The flow behavior within the blade passage and at the impeller exit displayed

a consistent pattern, largely attributed to the interaction between the impeller and

the casing walls. This interaction induced a gradual distortion of the high-velocity

flow, leading to substantial flow separation along the blade passage, particularly in the

proximity of the blade’s suction side. The results obtained through computational fluid

dynamics (CFD) exhibited remarkable concurrence with actual erosion observations,

underscoring the model’s accuracy in replicating erosion patterns observed in the fan

surfaces during visual inspections. The research outcomes shed light on the influential

role of flow unsteadiness in influencing extent and erosion rates on the casing surfaces.

These fluctuations were a direct consequence of alterations in flow dynamics, resulting

in varying particle impact velocities and angles. Furthermore, the research findings

underscored the substantial influence of particle impact angles on the erosion process

affecting fan surfaces.

Traditionally, researchers have proposed methods to improve material wear resis-

tance, often employing sacrificial plates or coatings with superior wear properties.

A recent study conducted by Aldi et al. [47] employed both experimental and nu-

merical approaches to optimize the placement of wear-resistant plates on selected fan

components. They experimentally measured the erosion rates of three wear-resistant

plates using a jet-impingement test rig. This evaluation involved using particle charac-

teristics replicating those encountered in actual industrial settings, ensuring accurate

reproduction of erosion patterns and magnitudes through numerical methods. The

researchers designed the test bench to characterize the erosion behavior of the wear-

resistant materials at various impact angles and velocities. Preliminary tests were
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performed to validate the test bench’s reliability, following ASTM G76 standards [48].

Three distinct wear-resistant plates, denoted as M1, M2, and M3, each possessing

different chemical compositions and properties, were subjected to testing at different

impact velocities and impact angles 15°, 30°, 45°, 60°, and 90°with a particle mass flow

rate of 10 gmin−1. The experimental results were fitted to the erosion rate model

based on Finnie’s work [49], which relates erosion to impact velocity, angle function,

and erosion coefficients for particle impingement at a normal angle. Oka’s model [50]

was then employed to interpolate the experimental results and formulate a general

expression for the angle function suitable for use in CFD analyses. The experimental

outcomes indicated that the M3 wear-resistant plate exhibited the highest performance,

while M1 performed the least effectively. To assess the extent of wear on the internal

components of the fan, the fan surfaces were divided into zones. Erosion rate was

quantified in terms of average thickness reduction over 8000 hours of operation. The

study’s conclusions emphasized the importance of a meticulous approach to the place-

ment of wear-resistant plates, considering factors such as plate cost, wear resistance,

and the degree of wear in specific impeller sections. The authors recommended using

the most wear-resistant material (M3) in areas with significant erosion while opting for

more cost-effective materials (M1 and M2) in regions with less severe wear concerns.

Specifically, they proposed the use of M3 for the leading edge, a patch of the pressure

side near the trailing edge, and a portion of the shroud. M2 was suggested for the cen-

ter of the back plate, and the casing cut-off. The remaining part of the impeller and

the casing where wear was less pronounced could be coated with the less-performing

wear-resistant plate (M1) without compromising the component’s longevity.

The choice of a wear-resistant plate is dependent on the particular application

and the expected wear levels. Various types of wear-resistant plates are accessible

in the market, each with its distinct cost and performance properties. Costs can

fluctuate based on factors such as material composition and thickness. The selection

and arrangement of wear-resistant plates within a fan typically involve a trade-off

between the manufacturer’s expertise and material expenses. However, in recent years,

an intriguing approach has emerged, drawing inspiration from the morphology of desert
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animals to enhance the wear-resistance properties of surfaces against particle erosion

[51–54].

In light of the aforementioned considerations, Zhang et al. [55] applied this con-

cept to enhance the erosion resistance of Backward-curved blades (BC) fan blades.

They drew inspiration from nature, where certain animals adapted to erosive environ-

ments have evolved effective anti-erosion strategies through unique surface morphology,

micro-structures, and biological flexibility. The researchers introduced the concept of

bionic fan blades, inspired by these natural designs. the studies explored the factors

that influence erosion rates, including particle impact velocity, particle concentration,

size, and impact angle, recognizing the significant impact of changing flow conditions

on erosion. The study involved investigating the effect of various particle diameters

on impact locations and the subsequent erosion rate and making comparisons between

standard and bionic fan blade configurations. To simulate the solid-gas two-phase

flow, the Eulerian-Lagrangian (E-L) approach was employed. The bionic blade design

featured a 20 mm elliptical groove profile spacing. Different particle diameters, specif-

ically 20, 50, and 100 µm, were considered. When examining the erosion behavior

resulting from a particle diameter of 100µm, it was observed that both standard fan

blades and the bionic configuration experienced wear, mainly in the blade root of the

pressure side. Interestingly, in this case, the bionic design exhibited a higher erosion

rate than the standard blade. Conversely, the erosion behavior observed with a par-

ticle diameter of 20µm showed distinct characteristics. For conventional fan blades,

erosion was evident both at the leading edge and at the exit of the pressure side. In

contrast, the bionic fan blade primarily experienced erosion at its leading edge. It’s

worth noting that the erosion rate of the bionic blade was approximately 0.78% lower

than that of the standard blade. This reduction in erosion can be attributed to the

decreased impact velocities on the bionic blade surface and the dispersion of particle

impact angles, which predominantly fell within a high range of angles, particularly in

the 50° to 65° range. This aspect underscores the enhanced erosion resistance of the

bionic fan blade surface. Consequently, the bionic fan blade experiences notably less

severe erosion compared to its standard counterpart.
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Recently, Ghenaiet [56] conducted a study focusing on particle trajectories and

erosion in a small industrial centrifugal fan. This research employed a Lagrangian

tracking method and a semi-empirical erosion rate correlation. The fan’s impeller is

equipped with four full forward blades and sixteen splitters, operating at a speed of

2820 rpm. The continuous phase flow field was analyzed using RANS simulation with

the K − ω SST turbulence model. Particle trajectories were tracked during both Best

Efficiency Point (BEP) and over-load operating conditions, involving a particle concen-

tration range of 10 to 50 mg/m3 and sand particles spanning sizes from 5 to 200 µm.

The Lagrangian approach was employed, assuming that the particle volume fraction

remained lower than 10−6. Erosion rate calculations were based on experimental data

from Grant and Tabakoff [16], considering quartz particles impacting an aluminum al-

loy (2024). The study’s results highlighted that erosion in the centrifugal fan primarily

occurs in specific regions characterized by high impact frequencies and kinetic energy.

These regions include the axial radial bend of the hub and blade junction, the pressure

side and tip of full blades, the shroud, the outer wall of the volute, and areas behind

the blade pressure side, blade tip, and shroud plate facing. The non-uniformity in

the erosion pattern is attributed to the complex interaction between the impeller and

casing, further influenced by various operating conditions. The study emphasized the

considerable sensitivity of erosion behavior to particle concentrations and flow rates,

with erosion intensifying significantly under high levels. Consequently, critical fan areas

experience severe erosion, leading to a rapid reduction in the fan’s overall lifespan. The

findings underscored the central role of impact frequencies and velocities in inducing

erosion, particularly in the highlighted regions, providing insights into the mechanisms

driving erosion in the centrifugal fan.

Fritsche et al. [57] conducted a study involving radial fans operating within a recy-

cling plant dedicated to end-of-life vehicles (ELVs). These radial fans faced a highly

erosive environment due to the presence of 1 mm shredded metal particles transported

by a high-temperature gas flow at approximately 530°C. To address this challenge, the

researchers designed a baseline impeller and a parameterized spiral volute using CFD.

They explored various geometric modifications to the spiral casing and impeller blades,
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simulating these changes to assess their impact on erosion behavior and performance

metrics. In their investigation, they considered six configurations of backward circular

arc blades, each corresponding to different blade outlet angles, to examine the effect

of blade shape variations on erosion characteristics for both the impellers and the ref-

erence volute. The study also delved into an alternative spiral geometry design that

featured concentricity and variable pitch angles. The primary objective of this de-

sign was to reduce erosion while maintaining fan performance during actual operating

conditions. The researchers conducted a comprehensive analysis of the gas flow using

RANS simulation and employed the Mixing Plane model to calculate the flux between

fan components. For erosion predictions, the Finnie erosion model [10] was utilized

on both the impeller and spiral casing. To model particle motion, they employed a

Lagrangian approach assuming a one-way coupling. The study revealed several key

findings. Notably, larger casing sizes and increased spiral pitch angles resulted in lower

erosion rates on the casing wall. This phenomenon was attributed to a shift in im-

pact angles, with larger angles leading to reduced erosion rates. The investigation

also examined six-blade designs corresponding to varying exit angles (10°, 40°, 70°,

100°, 130°, and 160°). While greater blade outlet angles were associated with increased

total-to-static pressure output and maximum flow rates, they also led to a reduction

in achievable efficiency, with up to a 20% decrease between the smallest and largest

angles. Importantly, larger blade outlet angles correlated with higher erosion rates on

both the blades and the volute wall. Building on their parametric study, the authors

devised an optimized fan design capable of withstanding erosion while maintaining hy-

draulic performance. This design featured a new impeller and an optimized volute. By

comparing pressure rise, efficiency, and erosion rates between the reference model and

the optimized design, they demonstrated that the optimized fan achieved the required

pressure with a 25% higher total-to-static efficiency compared to the baseline design.

Furthermore, erosion rates on the new impeller were approximately 25% lower than

those on the baseline impeller and nearly 90% lower than on the reference volute.

Multiphase flows frequently involve turbulence, and the behavior of particles is

highly affected by the dynamics of turbulence, making it an essential consideration for
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researchers and engineers working in this field [58]. Turbulent flows are characterized

by random fluctuations of flow properties, which give rise to a phenomenon known as

turbulent particle dispersion. This phenomenon signifies that particles released from

the same initial position but at different time intervals may follow distinct trajectories.

Understanding and accurately modeling this turbulent dispersion of particles is crucial

for a comprehensive analysis of two-phase flow systems.

Within the Lagrangian framework, which is commonly employed for analyzing par-

ticle behavior in turbulent flows, there are two primary methods for addressing tur-

bulent dispersion and transport. These methods are well-established and have their

respective merits and computational considerations, Single Particle Tracking (SPT)

and Particle Cloud Tracking (PCT). In the Single Particle Tracking approach, a sub-

stantial number of representative particles as they travel through the computational

domain. This method ensures that the results obtained are statistically independent of

the number of injected particles. While it offers a high degree of accuracy in modeling

particle dispersion, it comes with a significant computational cost. The computational

resources required for SPT are notably higher than those needed for PCT. [59]. On

the other hand, the PCT approach involves tracking statistical representations of clus-

ters or clouds of particles. Instead of individually tracking a large number of seeded

particles, this method focuses on computing the trajectories of the cloud centers to

model the turbulent dispersion of particles. PCT assumes a Gaussian distribution of

particles within each cloud, and it considers that each particle moves with the mean

velocity of the respective cloud. This modeling approach can be computationally more

efficient than SPT, making it a viable choice for simulations involving a large number

of particles.

It’s important to note that the choice between SPT and PCT should be made judi-

ciously, taking into account the specific requirements of the research, and the available

computational resources. Additionally, the assumptions and simplifications inherent in

each method should be carefully considered in the context of the specific study. thus,

selecting the most appropriate one is a critical decision in the numerical analysis of
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two-phase flows.

To leverage the efficiency of the Particle Cloud Tracking (PCT) model in terms of

the low computer resources model in turbomachinery simulations, Cardillo et al. [60]

introduced a modified version of Baxter’s original PCT model from 1989 [60]. Their

study focused on predicting the performance and erosion patterns of an industrial

centrifugal fan using OpenFOAM. Their aim was to gain insights into the flow physics

in regions with separated flow, a common occurrence in fans with cambered plate

blades, to predict erosion within the fan’s rotor. The fan under study is a double-inlet,

double-impeller design with 11 backward-swept cambered plate blades. It featured an

impeller with a 3.44 m diameter, running at 900 RPM, offering a total pressure rise

of 50 kPa and a maximum flow rate of about 750 m3/s. Numerical simulations used

a steady-state ”frozen rotor” approach, modeling the interface between the impeller

and volute with an Arbitrary Mesh Interface (AMI). Incompressible (RANS) equations

were solved, and turbulence was modeled using the standard k−ϵ model with synthetic

wall treatment. The study was validated by comparing computational results with

experimental data under peak efficiency and peak pressure conditions. It exclusively

focused on the impeller to study the erosion process. Simulations at peak efficiency

featured 55 particle clouds, each containing 5 million spherical particles with 5µm

diameter. Erosion prediction relied on a semi-empirical model by Tabackoff et al.

[61]. Computational results showed good agreement with experiments, with slight

deviations. Underestimations were observed in numerical total pressure values (0.6%

and 1.5%) for peak pressure and peak efficiency. Efficiency was overpredicted by 3%

and 1%. The peak efficiency operating condition revealed recirculating flows near the

blades’ leading edge due to non-optimal flow alignment, while the peak pressure flow

point exhibited flow separation in all blade-to-blade passages. The PCT approach

highlighted non-uniform erosion rates on the impeller walls. Erosion was pronounced

at the leading and trailing edges of the suction side and in the middle of the pressure

side, notably affecting the hub’s conical surface.

The steady simulation conducted by Cardillo et al. [60] offered a reasonable level
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of accuracy with less computational effort. However, this simulation did not con-

sider the unsteady interaction between the impeller and its housing, resulting in some

limitations. To address this, the same authors developed an unsteady numerical simu-

lation based on their previous work, employing a moving mesh technique [62]. In this

unsteady approach, the authors implemented a custom code to track particle cloud mo-

tion. however, in this study, they used 99 particle clouds evenly distributed at the inlet,

with each cloud containing the same number of particles. Particle sizes were grouped

into two categories: small particles ranging from 0.1 to 20 µm, and larger particles

ranging from 160 to 760 µm. For the simulation, they assumed all clouds comprised

particles of 5 µm diameter recognizing that finer particles are the most abrasive. The

moving mesh approach effectively predicted total pressure rise, although it slightly

under-predicted efficiency by 3.4%. Analyzing the relative velocity field at different

time instants in the impeller domain, the authors found that the flow dynamics in each

blade-to-blade passage remained consistent over time. This led to the conclusion that

for the industrial fan design phase, a steady-state simulation suffices to predict overall

performance. However, the study highlighted the limitations of this approach. The

frozen rotor method did not account for changes in counter-pressure caused by the

asymmetric profile of the casing, leading to non-physical deformation of flow proper-

ties within certain blade passages. Additionally, it failed to predict the unsteady flow

evolution in the blade passage, which is crucial for modeling erosion. To address these

issues, unsteadiness in flow was accounted for for the erosion prediction. The flow field

solution at a distinct time instant was introduced as input for the particle tracking

code at the corresponding time step. This approach allowed for accounting for flow

unsteadiness without directly coupling flow field simulation with the cloud tracking

algorithm. The results revealed similar erosion patterns on the impeller surface as in

the previous study. However, predictions of the erosion pattern on the blade exhibited

significant circumferential non-uniformity in affected regions. This non-uniformity was

attributed to the unsteady flow characteristics inducing secondary flow motions and

distortion in the blade passages due to impeller-volute interaction.

Corsini et al. [28,63,64] conducted a study using the Eulerian-Lagrangian technique
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with the Particle Cloud Tracking (PCT) model. Their aim was to explore particle dy-

namics and erosion within an induced draft fan, driven by unburnt coal and fly ash

carried by exhaust gases, utilized in a coal-fired boiler system. The research involved an

enhanced version of the PCT model to compute particle dispersion. This solver consid-

ered the drifting velocity gradient within the cloud, particularly near solid walls. This

adaptation was crucial for addressing the impact of non-uniformities in the velocity

distribution within the cloud as particles approached the wall. experimental mea-

surements were performed, considering factors such as particle size, composition, and

mass distribution. Particles were present at a concentration of 64.1 mg/m3. Particle

sizes were categorized into two main classes: small particles (1.0 to 45.0 µm) consisting

mainly of silicon compounds, and larger coarse carbon-rich particles (ranging from 45.0

to 150 µm). However, the simulation exclusively focused on silicon compounds due to

their significant contribution to erosion, unlike carbon-rich particles that were mainly

linked to fouling occurrences. The erosion rate was modeled utilizing the empirical

formula introduced by Tabakoff where the coefficients were matched to those relevant

for stainless steel impacted by coal ash particles. The erosion patterns were closely

aligned with those observed on an actual blade, albeit with some variations. The simu-

lation results underscore particles with a diameter of 32.5–67.5 µm as the most erosive.

The simulation results emphasized that the tip region, particularly near the stagnation

point, exhibits the highest levels of erosion. Additionally, vulnerable areas on the blade

PS included areas near the blade tip, leading edge, and hub. Intriguingly, a section

in the blade center remains relatively unaffected by particle impacts. Meanwhile, on

the suction side, the simulation indicates that erosion primarily concentrates around

the tip and leading edge. Furthermore, The estimated blade deterioration rate using

an average erosion rate was reasonably consistent with experimental data at nominal

equivalent operative conditions. authors attributed this discrepancy to factors like load

variations during operation, the modification of flow fields due to blade surface deteri-

oration as well as other parameters that play a role in erosion prediction such as the

flow temperature and the particle shape.

In conclusion, the existing body of research dedicated to erosion modeling in the

33



Literature Review

context of centrifugal fans remains relatively scarce. This is somewhat surprising, given

the prevalent challenges related to fan erosion within industrial applications and the

eager interest within the industrial fan community to develop strategies for mitigating

erosion rates by optimizing fan design. Nonetheless, numerical modeling of erosion

characteristics in a centrifugal fan is challenging, influenced by many parameters al-

ready discussed in section 2.2. Importantly, many of these parameters are intrinsic to

the specific geometry and flow conditions of the fan. Consequently, it’s imperative to

recognize that predictions made for one particular fan design may not be universally

applicable to other fan geometries. This highlights the need for further exploration

and tailored approaches in the domain of centrifugal fan erosion research to address

the specific and unique challenges associated with various fan configurations.
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Chapter 3

Fan design and characteristics

3.1 Centrifugal Fans with Backward-curved blades

Centrifugal fans can be classified into six types based on their impeller blade shapes

and blade angles: fans with (BC), Airfoil (AF),backward-inclined blades (BI),Radial-

tip blades (RT),forward-curved blades (FC) and Radial-blades (RB) impellers (See

Figure 3.1). Each of these fan types has its unique advantages and disadvantages,

making them suitable for specific applications [65].

Essentially, these fans impart energy to the fluid as it traverses the blade passage,

engaging with the rotating impeller. The change in angular momentum of the fluid

in the blade passage results in a net torque in the axis of rotation. Therefore, the

operation of centrifugal fans involves a combination of centrifugal force effects and the

deflection of airflow from a radial direction to a spiral flow pattern at the circumferential

cross-sectional area, with the blade tip playing a significant role. This flow deflection

effect greatly impacts the performance and flow pattern of forward-curved blade fans.

In contrast, the predominant effect in backward-bladed fans is the centrifugal force [66].

Centrifugal fans equipped with (BC) demonstrate moderate pressure increase, plac-

ing them between forward and radial blade configurations. Nevertheless, they offer the

best efficiency compared to these alternatives due to minimal alterations in fluid di-

rection as it enters and exits the blade passages [68]. Fan efficiency is evaluated using

Equation 3.1, where efficiency stands as a critical performance metric.

ηt/s =
Q∆Pt/s T

M 2π
(3.1)

35



Fan design and characteristics

Figure 3.1: Main types of centrifugal Fans; (A) Backward Curved,(B) Backward In-

clined,(C) Airfoil,(D) Radial Tip,(E) Forward Curved,(F) Radial Blade [67].

∆Ps = Pout − Pin ; ∆Pt = (P +
ρ v2

2
)out − (P +

ρ v2

2
)in (3.2)

where: Q is the volume flow rate, M is the total torque, T is the impeller period,

∆Ps is the static pressure rise.∆Pt is the total pressure rise, ρ is the fluid density, v

is the fluid velocity. (ηt) is the total efficiency calcultaed using ∆Pt, while the static

efficiency (ηs) is calcultaed using ∆Ps.

Centrifugal fans equipped with BC and BI blades were once renowned for their

efficiency, but they were surpassed by AF centrifugal fans. AF fans are often considered

the top-tier option among centrifugal fans. They share a similar design to BC and BI

fans, featuring hollow airfoil steel blades that give them exceptional structural strength,

allowing them to run at higher rotational speeds. Nevertheless, they are typically

employed for applications involving clean air [65]. AF fans exhibit stable performance

and achieve the highest efficiencies among all fan types, typically reaching efficiency

36



Fan design and characteristics

levels of around 85% [69].

Centrifugal fans featuring forward-curved blades, also known as Squirrel cage fans

or Sirocco fans, typically consist of numerous blades with small surface areas curved

in the direction of rotation. These fans are commonly used in low-pressure applica-

tions and operate at lower speeds compared to other fan types [70]. Centrifugal fans

with forward-curved blades excel at generating a constant high static pressure across

a broad range of volume flow rates. However, this advantage comes with the trade-

off of lower maximum efficiency when compared to their backward-curved (BC) and

backward-inclined (BI) counterparts. They serve as a cost-effective but less efficient al-

ternative in scenarios where a more expensive and efficient airfoil fan (AF) is warranted.

Nevertheless, it’s essential to note that forward-curved (FC) fans are not suitable for

applications involving dusty or fume-laden air streams. Due to the shorter blade length

and curvature, they tend to accumulate dirt and allow particulates to adhere to their

surfaces, leading to potential balance issues.

When contrasted with squirrel cage fans, backward-curved blade fans feature a

reduced number of blades, each with a more larger surface area, and the relative velocity

at the trailing edge (V2r) opposes the direction of rotation. This distinction results in

a non-overloading characteristic for backward-curved blade fans, making them well-

suited for applications with highly variable load conditions [70]. However, it’s worth

noting that backward-curved blade fans experience high circulatory flow losses due

to the non-uniform tangential component (Vt) of the absolute velocity vector, which

decreases in the gaps between blade passages and on the circumferential cross-sectional

area at the outlet. Conversely, forward-curved blade fans with numerous blades lead

to excessive flow blockage losses, also known as passage losses, which in turn reduce

the fan’s net head and efficiency [68].

Centrifugal fans equipped with radial blades, exhibit a straightforward and uncom-

plicated geometry. The blades extend directly from the shaft, with a greater depth,

while the rotor tends to be relatively narrow in comparison to its diameter. This design
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allows this type of fan to generate the highest pressure rise among the three fan types

across a wide range of volume flow rates. However, it’s essential to note that they are

the least efficient option, and their pressure rise exhibits a rapid decline after reaching

the point of maximum efficiency [68].

Radial and backward-curved centrifugal fans are the choice for situations requiring

a narrow range of volume flow rates and pressure rises. However, if a broader range in

volume flow rates and pressure rises are necessary, the capabilities of radial fans and

backward-curved fans might not align with the updated demands [68].

3.2 Cement Production Process and Fan Systems:

A Comprehensive Overview

The cement industry is not only a cornerstone of a country’s economic development

but also a critical sector in the global construction and infrastructure landscape. This

industry involves a series of well-defined steps, starting with the mining of essential

raw materials, These raw materials are then processed and milled to form a homoge-

nous mixture. Subsequently, the next stage involves subjecting this mixture to high

temperatures in a kiln, which leads to the formation of clinker, a vital intermediate

product in cement manufacturing. This clinker is then finely ground along with various

additives to produce the final cement product (refer to Fig.3.2).

The cement production process initiates at the quarry, where raw materials like

limestone, clay, and sand are extracted, gathered, and transported. After crushing and

milling, these raw materials are refined into a gravel-like substance known as raw meal.

These components are blended with other substances in specific mineral proportions.

Following this, the raw meal undergoes high-temperature treatment in a kiln, inducing

a chemical reaction that results in the formation of clinkers. However, prior to this

stage, a preheating process of the feed material is essential. This is achieved by utilizing
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the hot gases emitted from the kiln process, necessitating the use of a preheater ID-Fans

to ensure a continuous flow of these gases.

Figure 3.2: Cement manufacturing process.

The most efficient choice for a preheater-ID Fan used in the preheating process is

the backward-curved blade design. However, it’s important to note that this blade

design comes with a potential issue of material accumulation on the blade’s suction

side, which can lead to a significant imbalance and rotor vibration. This problem

is linked to the blade’s concave shape, which causes flow separations near the blade

surface. Within these areas, the boundary layer experiences low-velocity conditions,

allowing materials to settle and build up. In contrast, when employing RB design, this

concern about material accumulation is not present. RB design offers the advantage of

being highly efficient at self-cleaning and preventing material buildup. The only design

more efficient in this regard would be a full airfoil blade, but it comes with the risk of

severe erosion [71].

In the Kiln process, calcium carbonate (in the form of limestone) undergoes a
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series of transformations and reactions with other components. These reactions result

in compounds that partially fuse at extremely high material-burning temperatures,

which can reach up to 1450°C [72]. Throughout this phase, Forced Draft Fans are

responsible for providing the necessary air supply for fuel combustion, while induced-

draft Fans ensure the flow of exhaust gases. As the Kiln process nears its conclusion,

the clinker reaches an exceptionally high temperature. To preserve the quality of the

clinker, a cooling process is implemented, designed to lower the clinker’s temperature

from its exit point at around 1200°C to less than 100°C.

This cooling process is achieved through a continuous airflow facilitated by the use

of clinker coolers and exhaust fans. Consequently, the fans employed in cement plants

must meet fundamental requirements for reliability and durability, given the continuous

and demanding nature of the production cycles.

After completing the cooling process mentioned earlier, the subsequent step is to

acquire the clinker product. This clinker is then subjected to the subsequent grinding

stage. In this grinding process, gypsum and other essential additives are introduced to

produce the end product: cement. The details of this process phase are elaborated on

in the following section.

3.2.1 Role of the FN-280 Centrifugal Fan in the Cement Mill

Process

The cement milling process utilizes a variable-capacity Raw-mill for material handling.

To manage this process efficiently, a dust collector is utilized to capture and collect the

dust carried by air during this process. The collected dust is then reintroduced into the

final product, while clean air is discharged through a chimney into the environment.

The clinker grinding system in the past has typically depended on ball mills,

whether used in open-circuit setups or in conjunction with separators in closed-circuit
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configurations. However, the challenge of achieving low milling efficiency has prompted

the introduction of more energy-efficient alternatives. These alternatives encompass

combinations of ball mills with separators, high-pressure roll presses, vertical roller

mills, direct grinding high-pressure roll presses, and horizontal roller mills, often re-

ferred to as horomills [73]. Figure 3.3 provides a representative schematic flow of a

closed-circuit ball mill system with two compartments (mechanical and static separa-

tor).

Figure 3.3: Cement-milling process.

Achieving the desired fineness and particle size distribution in the cement grinding

system is controlled by adjusting the separator. In cement mill setups, various separator

types are used. The primary goal is to minimize the entry of fine particles below the

desired size into the tailings and vice versa. Within the separator, mixed particles enter

a classification zone where they experience centrifugal and air drag forces. Depending

on the direction of these forces, particles are sorted into coarse or fine streams.
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Static separators also referred to as grit separators, operate by utilizing cyclonic

airflow generated through the use of guide vanes. Fine products are steered into a

smaller cyclone due to air pressure, while the coarser materials are sent back to the

mill. A baghouse system with large filters and tubular bags (BF-350) is employed to

eliminate dust particles produced during the grinding process. These bags are designed

to capture particles as small as 45 µm, which can be considered a final product (see

Figure 3.3). Induced draft fans (FN-400) aid in moving dust-laden air (depicted in

Figure 3.4) through a sequence of fabric bags before it returns to the cement silo for

storage. Despite these enhancements, static separators still fall short of achieving an

efficiency level of 70% [73].

Figure 3.4: FN-280-PROCESS

In contrast, mechanical separators feature a rotating distribution disc designed to

evenly distribute feed particles within the classification zone. This design incorporates

a centrally driven fan that ensures the necessary air circulation, an auxiliary fan, a sys-

tem for returning air to reclassify tailings, and a product discharge cone. The setup’s

configuration can be observed in Figure 3.3. The coarser product, known as tailings,

is reintroduced at the mill’s feed end. On the other hand, the finer material, matching

the desired product size, is conveyed to the Bag-Filter (BF-260) for a dedusting pro-

cess, which is effectively achieved with the assistance of the centrifugal fan (FN-280).
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Subsequently, this finely ground material is directed to the product silo for storage [73].

Fans employed within cement plants are typical of the centrifugal fan type, with

options including single or double inlet configurations [69]. These fans can feature blade

designs of either a profiled shape or a single-thickness plate. Furthermore, variable

speed systems are frequently utilized to enhance their operational flexibility. In the

context of cement plants, centrifugal fans play a pivotal role in the exhaust system,

with a particular emphasis on the dedusting stage. Their primary function is to extract

dust-laden air originating from the cement mill and subsequently convey it to the bag

filter. This process serves the dual purpose of effectively removing particulates and

facilitating material handling in the dedusting procedure.

The dust collector is typically comprised of a bag of filters, typically positioned

before the fan’s inlet. The filter bags are constructed from materials specifically de-

signed to capture and retain fine particles, ensuring that the air entering the fan is

clean and free from particulate matter. This collector consists of a series of fabric bags

or cartridges arranged within a housing, allowing the airstream to pass through them.

Despite the presence of the bag filter, it is possible for some particles to find their

way into the fan. This can occur due to various factors, including potential bag leaks,

insufficient maintenance, or variations in operating conditions. In this process, the air

stream’s circulation is facilitated by Induced Draft Fans, also known as Cement-mill

Fans. These fans are crucial for generating a negative pressure flow, which is essen-

tial for the efficient operation of the dedusting process. Figure 3.5 provides a visual

representation of a cement mill fan installed on-site.
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Figure 3.5: Exterior View of the FN-280 Centrifugal Fan in Cement Milling

process

The fan under investigation ,FN-280, is a single-inlet centrifugal fan. The fan’s

impeller is equipped with 16 backward-curved S-shaped blades and operates at a ro-

tational speed of N = 985 rpm. The reference velocity pressure (pref ) based on the

impeller tip speed U2, is equal to 5459.04 Pa. The corresponding rotational frequency

(RF) and impeller period (T) are calculated as RF = N/60 = 16.41 Hz and T=1/RF

= 0.060913s, respectively. The aerodynamic performance of the studied fan was ex-

perimentally derived in accordance with the industrial fan testing standard ISO 5801

requirements [74]. Table 3.1 provides the most important fan design specifications.
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Figure 3.6: Illustration of theoretical velocity vector diagrams in FN-280.

Figure 3.7: Backward-Curved S blade fan design.
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Main parameters value

Impeller outlet diameter, D2 2240 (mm)

Impeller inlet diameter, D1 1190 (mm)

Volute width 900 (mm)

Impeller blade count 16

Blade thickness 8 (mm)

Rotational speed, N 985 (rpm)

Impeller tip speed, U2 115.46 (m/s)

Impeller outlet blade span 280 (mm)

Impeller-tongue gap 110 (mm)

Qd (design flow rate) 53.9 (m3/s)

∆Hd (design Total pressure rise) 6148 (Pa)

Table 3.1: Main design parameters of the fan.

3.3 Reverse Design Engineering: Reconstructing

the Blade CAD

3.3.1 Overview

In this study, a technique known as reverse design engineering was utilized to over-

come the specific challenge of recreating the blade CAD model of the centrifugal fan.

Reverse engineering involves the creation of a geometric model of an existing part us-

ing 3-D point data acquired through scanning, without the need for detailed technical

specifications like drawings.

The blade design is certainly a pivotal factor that significantly influences various
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flow parameters, including pressure distribution, velocity profiles, turbulence charac-

teristics, and, ultimately, the overall performance of the fan. Conducting CFD simula-

tions required the availability of the original fan geometry in CAD format. While the

drawings of the fan components such as the casing and the rotor were available, the

blade design was the missing piece. Given the absence of the original blade drawings,

reverse engineering the blade’s design became the preferred approach. For regular and

straightforward shapes, the manual reverse engineering method using primitive geome-

tries, where part data is acquired through manual measurements, is a feasible process.

However, as the complexity of the object’s shape increases, this approach demands

considerable effort. In cases where basic primitive parts are no longer suitable, espe-

cially for free-form surfaces, a more specialized approach becomes necessary [75]. To

tackle this challenge effectively, we opted for reverse design engineering with the aid of

a Coordinate Measuring Machine (CMM). The primary objective was to reconstruct

the blade’s CAD model in a manner that accurately replicated the original design.

This was vital to ensure the precise alignment of the reconstructed blade CAD model

with the remaining fan components.

Through this overview, we have established the rationale and significance of utilizing

reverse design engineering to ensure the exact replication of the original fan design. This

sets the stage for the subsequent subsections, we give insight into the specific aspects of

the reverse design engineering process, where we walk through the process of obtaining

the CAD model of the impeller blade through the application of obtaining point cloud

by using CMM and reconstructing the CAD model of the blade using software tools

that can handle scan data.

3.3.2 Reverse design Methodology

Reverse Design is a technology that converts 3D scan data of a physical object into

a Computer-Aided Design (CAD) model, facilitating its use in manufacturing. The

process typically involves three phases: Data Acquisition (scanning), Preprocessing,
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and Geometric Model Development (Figure 3.8). These phases may overlap, depending

on project requirements [76].

Figure 3.8: Reverse engineering Process

• Scanning Phase:

The scanning phase involves gathering data from the 3D surface of an object. In

this phase, the scanning process begins with a strategy that includes selecting

and preparing the part for scanning, followed by the actual scanning operation.

The aim is to capture the main solid body and all the geometrical features of

the object, including details such as Gussets, steps, slots, Ribs, holes and An-

gles. This is typically achieved by recording numerical data in the form of 3D
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coordinates, resulting in point cloud matrices. During the scanning process, 3D

scanners equipped with probes are utilized to move across the part’s surface.

Two primary types of scanners are distinguished: contact scanners and non-

contact scanners. Contact scanners, often integrated with Coordinate Measuring

Machines (CMMs), employ contact probes that automatically trace the physi-

cal surface contours. In contrast, non-contact scanners collect data without any

physical contact with the part. They use lasers, optics, and charge-coupled de-

vice (CCD) sensors for data capture. Non-contact scanners excel in collecting

substantial data in a relatively short time compared to contact scanners. How-

ever, they have a wider tolerance range, making them less suitable for surfaces

parallel to the laser’s axis or exceptionally shiny surfaces. The choice between

contact and non-contact scanning methods depends on the specific requirements

and challenges of the object being scanned.

• Point cloud Processing Phase:

The Point Cloud Processing Phase in reverse design engineering is a crucial step

in which the collected cloud data is imported and refined. This phase serves to

enhance the data’s quality. It involves several key tasks, including noise reduction

and downsizing the number of data points. To achieve these objectives, various

predefined filters are applied. Moreover, this phase facilitates the integration of

multiple scan data sets, especially when it’s necessary to capture all essential

features of the part accurately. The ultimate goal is to produce a well-organized,

noise-free, and merged point cloud data set in a convenient format, setting the

stage for subsequent stages in the reverse engineering process [75].

• Application Geometric Model Development Phase:

Generating CAD models from point data represents a challenging task in re-

verse surface engineering (RE). This complexity arises from the need for pow-

erful surface-fitting algorithms that can accurately translate the 3D point cloud

data sets into CAD models [77]. The outcome of this phase typically results in a

geometric model in one of the various formats such as IGES, VDA, STL, DXF,
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OBJ, VRML, etc. The nature of this phase depends significantly on the specific

objectives of the reverse engineering project.

3.3.3 Impeller Blade Reverse Design workflow

• Scanning and post-processing phase of the blade :

In our case, the Coordinate Measuring Machine (CMM), depicted in Fig 3.9,

employed for gathering point cloud data is of bridge type. It features a mea-

surement range of (X=1.2m, Y=1.9m, Z=1m), and a precision of 1µm in the

X, Y, and Z-axis. The CMM operates by generating 3-D coordinate points as

its probe traverses the part’s surface. Operators have the flexibility to operate

the CMM manually, where they manipulate the probe to collect coordinate mea-

surements by hand, or they can utilize programmed sequences to automate the

probe’s movement across the part [78].

The resulting 3-D scan data comprises both a point cloud and a mesh. The point

cloud represents a collection of three-dimensional vertices, where each vertex

corresponds to a specific location on the blade’s surface. In contrast, the mesh

is composed of vertices, edges, and faces. The transformation of the point cloud

into a mesh is executed by the scanning embedded software, PC-DMIS, integrated

into the Coordinate Measuring Machine (CMM).

To begin the scanning process, it is crucial to prepare the workspace. Blade

alignment involves the alignment of both the CMM’s coordinate system and

the blade, as illustrated in Figure 3.10. The data collection occurs through a

mechanical method utilizing a touch-trigger probe. This probe acquires data

by making contact with the surface along the entire part’s profile, ensuring a

continuous stream of data. Consequently, the selection of the probe, control of

its position, the trajectory it follows, and the angle at which it engages with the

surface all hold significant importance during the scanning phase.
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Figure 3.9: Coordinate Measuring Machine (CMM) for 3D Scanning in the

Scanning Phase.

Figure 3.10: Blade alignment.
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All information collected during the scanning is converted into digital data (point

cloud data) through (PC-DMIS) software. Raw scan data is essentially unpro-

cessed information, and it’s essential to optimize the mesh before utilizing the

3D scan data generated by the scanning machine. In our case, we employed the

features offered by Geomagic Design X for this purpose to ensure global mesh

optimization. Figure 3.11-b provides a visual representation of the blade’s point

cloud data after undergoing the optimization process.

Figure 3.11: (a) the trajectory of the cloud data obtained according to the PC-DMIS

software,(b) Optimized point Cloud data of the blade.

• 3D scan data to CAD model Conversion:

The collected data, represented in the form of a point cloud, lacks critical topolog-

ical information, making it unsuitable for downstream applications. As a result,

it’s often necessary to process and transform this data into a more usable for-

mat. This typically involves converting it into a triangular-faced mesh or a set

of NURBS surfaces, depending on the specific requirements of the reverse design

process. The approach chosen for reverse modeling depends on various factors,

including the type of scan data, the complexity of the model’s shape, and the de-

sign objectives. In the case of the FN-280 fan blade section, where non-uniformity

and surface deformities are present due to the nature of the blade, a Hybrid mod-

eling approach is employed. This approach combines parametric modeling with
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surface fitting methods to effectively address the specific challenges posed by the

scan data.

Mesh segmentation, most important in reverse modeling engineering, is a multi-

faceted process that involves breaking down the original data points into distinct

subsets associated with specific primitive surfaces. Typically, this segmentation

process relies on estimating both first- and second-order surface properties. The

first-order segmentation, primarily guided by surface normal vectors, serves as

an initial division of the surface and is effective in identifying sharp edges and

distinguishing flat or highly curved areas. The second-order segmentation, on

the other hand, subdivides the surface based on principal curvatures, providing a

solid foundation for categorizing simple algebraic surfaces [79]. To facilitate this

process, as illustrated in Figure 3.12, mesh regions on the surface mesh of the

blade’s pressure and suction sides are defined. This segmentation is performed

to enable the application of surface fitting techniques in subsequent steps.

Figure 3.12: Partitioning the Blade Surface into Mesh Regions for Pressure and Suction

Sides.

The application of surface fitting technology is a powerful method for constructing
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freeform surfaces based on specific regions within a mesh [80]. The Mesh Fit tool

was used to generate surfaces for both the blade’s suction and pressure sides. As

depicted in Figure 3.13-a, these surfaces were created with an allowable deviation

set at 0.0008mm, using 70 control points to enhance control over Iso-lines while

minimizing smoothness, ensuring maximum coverage of the entire mesh region.

Figure 3.13-b illustrates the deviation from the mesh, demonstrating that it falls

within an acceptable range.

Figure 3.13: surface fitting of pressure and suction side.

We generated a three-dimensional mesh sketch curve with nodes exclusively con-

nected to concave mesh areas. Subsequently, we created an offset curve with a

width of 0.03mm to produce the surface sections for both the shroud and the

leading edge. The deviation of the mesh, assessed with the accuracy analyzer,

and the resulting surfaces are presented in Figure 3.14.

The impeller CAD model is ultimately derived by trimming all the generated

surfaces and planes. To ensure the model’s accuracy, an accuracy analyzer is

employed to monitor its deviation from the mesh model. Figure 3.15 illustrates

all the surfaces and planes involved in the CAD model creation process, and

the final CAD model of the impeller blade. In summary, the application of

reverse design engineering offered a viable solution for recreating the centrifugal

fan blade’s CAD model when the original blade drawings were unavailable.
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Figure 3.14: surface-cut of the blade tip and leading edge.

Figure 3.15: Final CAD model of the blade.
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Chapter 4

CFDmethodology of multiphase flows

The process of understanding any physical phenomenon commences with the metic-

ulous selection of suitable fundamental physical principles, which is subsequently ap-

plied to a relevant physical model. This procedure culminates in the formulation of

governing equations that faithfully represent and elucidate the fundamental physical

processes. In the realm of real-world fluid dynamics, even when dealing with apparently

straightforward geometries, the complexities involved often render analytical solutions

unattainable. The use of analytical techniques proves inadequate in addressing the

intricacies of these systems. Consequently, a numerical approach, such as CFD, is not

merely beneficial but indeed a must for gaining insights and predicting behavior in

such scenarios. CFD, a numerical simulation method, uses the computational capabil-

ities of modern computers to solve the differential equations governing fluid dynamics.

This technique offers a tool to acquire valuable insights into fluid behavior in diverse

applications, such as turbulence, multiphase flows, and heat transfer. this is achieved

by discretizing the domain into smaller computational elements and solving a system

of equations iteratively. using CFD enables us to effectively bridge the gap between

complex real-world fluid dynamics and our ability to analyze and predict their behavior.

In CFD, obtaining numerical solutions typically involves two main steps. First,

we formulate Partial Differential Equations (PDEs) based on fundamental conserva-

tion principles. Second, generating the geometry and discretizing the computational

domain, setting up boundary conditions, and applying numerical methods to find solu-

tions to these equations. Furthermore, when analyzing particle-laden flows for erosion

prediction with CFD, we break the process down into three submodels: flow field

solving, tracking particle trajectories, and Erosion Modeling [8].
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In this chapter, we begin by exploring the foundational equations that govern the

behavior of turbulent fluid flows, encompassing discussions on turbulence modeling.

Subsequently, we delve into the intricacies of modeling particle-laden flows. To solve

the flow field and predict particle dispersion through the fan domain, CFD solver of

the continuous phase and Lagrangian transport model were employed. For the CFD

solver, the commercial CFD software ANSYS-CFX was used, while grid generation

was conducted by ICEM-CFD. Our investigation covers an assessment of the impact

of different boundary conditions, encompassing considerations of time-stepping, grid

refinement, and the number of particles released.

4.1 Governing Equations of fluid motion

4.1.1 Conservation principles

The underlying principles governing the physical aspects of fluid flows are the conserva-

tion of mass, momentum, and the conservation of energy. These foundational principles

are typically represented through mathematical equations, taking the form of partial

differential equations [81]. These conservation laws are derived by considering a fixed

amount of matter referred to as the Control system (CS) and encompassing extensive

properties. This approach is well-suited for particle mechanics, where identifying the

control system is straightforward. However, in the context of continuous media like

fluids, comprising an infinite number of particles and undergoing continuous deforma-

tions due to shear stress, it becomes impractical to track individual particles or matter

parcels as they evolve.

To address this challenge, a more practical strategy, known as the control volume

approach, is to focus on the flow within a specific spatial region referred to as a control

volume (CV) instead of monitoring individual parcels passing through the region of

interest [82]. To effectively analyze fluid flows, it is essential to express all the conser-
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vation equations, originally developed for fixed mass and identity (CS), in terms of the

relevant physics applicable to a control volume (CV).

The mass and momentum conservation equations in the (CS) can be expressed as:

dm

dt
= 0 (4.1)

d(mv)

dt
=

∑
F (4.2)

The transformation of the conservation equation from CS form to CV form is given

by the Reynold transport theorem (RTT), which can be written as:[
dΦ

dt

]
cs

=
∂

∂t

∫
VCV

ρ ϕ dV +

∫
SCV

ρ ϕ (vr.n) dS (4.3)

Where ϕ in Equation 4.3 is an intensive property. ϕ represents the conserved

property per unit mass. This equation signifies that the rate of change of the property

within a System is equal to the rate of change of the property within the CV, in addition

to the net flux of the property across the SCV , which is commonly referred to as the

convection or advection term. The extensive property, denoted as Φ, can be defined

as:

Φ =

∫
Vcv

ρ ϕ dV (4.4)

Where: VCV represents the volume occupied by the control volume (CV), SCV is

the surface that encloses the CV, and ’n’ is a unit vector oriented outward and normal

to SCV . Vr denotes the fluid velocity relative to the moving CV.

1. Conservation of Mass

The integral form of the continuity equation can be derived directly from the RTT

by substituting ϕ with 1:
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∂

∂t

∫
VCV

ρ ϕ dV +

∫
SCV

ρ ϕ (vr.n) dS = 0 (4.5)

By transforming the surface integral of the convection term into a volume integral

using Gauss’ divergence theorem for any choice of CV and for a non-deformable CV,

the integral form gives a differential coordinate-free form of the continuity equation :

∂ρ

∂t
+∇ · (ρv) = 0 (4.6)

2. Conservation of Momentum

When the control system and the control volume coincide as the time interval

tends to zero, using (Eq. 4.2) and replacing ϕ by v in (Eq. 4.3) leads to the following

expression:

∑
CV

F =
∂

∂t

∫
VCV

ρv dV +

∫
SCV

ρv (vr.n) dS (4.7)

where the right-hand side is the total external forces acting on the CV, and the

intensive property v is expressed in a stationary reference frame. the total force that

may act on the control volume can be classified as surface forces and body forces.

• Surface forces that act on the SCV arise from the pressure exerted by the sur-

rounding fluid on the CV. Secondly, they result from the stress distributions,

including shear and normal stress, resulting from the friction between the fluid

and the CV’s surface. On a molecular scale, these surface forces due to pressure

and stresses represent microscopic momentum transfers across a surface [82].

• External body forces are distributed over the extent of the volumetric mass of the

fluid element, such as gravitational, buoyancy, Coriolis, electromagnetic forces,

etc.
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by applying Cauchy’s law, the integral form of the momentum conservation equation

becomes: ∫
SCV

τ · n ds+
∫
SCV

ρb dV =
∂

∂t

∫
VCV

ρv dV +

∫
SCV

ρv (vr.n) dS (4.8)

where b is the body forces per unit mass, τ is the viscous stress tensor which maps

the outward normal vector of a surface to the traction vector acting on that surface.

the differential form of the dynamic equilibrium (Navier’s equation) in a coordinate-

free form is obtained by applying Gauss’ divergence theorem to the convection and

diffusion flux terms:

∂(ρv)

∂t
+∇ · (ρvv) = ∇ · τ + ρb (4.9)

In most cases of interest where fluid can be regarded as a continuum, the stress

tensor can be divided into the hydrostatic and deviatoric parts. For a special case of

Newtonian fluids, the deviatoric part of the stress tensor should be a linear function of

the rate of deformation tensor Dij [83]. under the assumption of Homogeneous fluid,

isotropic fluid and Newtonian fluid and the viscous stress tensor τ , can be written:

τij = −p+ λ
∂uk
∂xk

δij + 2µDij (4.10)

In (Eq. 4.10), δij is the Kronecker delta function (δij = 1 if i = j and δij = 0 if

i ̸= j), P is the static pressure and Dij is the rate of deformation tensor defined as

follow:

Dij =
1

2

(
∂ui
∂uj

+
∂uj
∂ui

)
(4.11)

Using the continuity (Eq. 4.6) and substituting equation 4.11 and equation 4.10 in

equation 4.9 yields the Non-conservative Navier equations form:

ρ
Dui
Dt

= − ∂p

∂xi
+

∂

∂xi

[
(λ+ µ)

∂uk
∂xk

]
+

∂

∂xj

(
µ
∂ui
∂xj

)
+ ρ bi (4.12)
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The Stokes hypothesis states that the mechanical pressure is identical to the ther-

modynamic pressure. the mechanical pressure Pmech is given as follows:

pmech = −p+
(
λ+

2

3
µ

)
∂uk
∂xk

(4.13)

for pmech=p this implies that λ = −2
3
µ. the use of Stokes’ hypothesis yields the

Navier-stokes equations in a cartesian coordinate:

ρ
Du

Dt
=

∂

∂x

[
−p+ µ

3

∂uk
∂xk

]
+

∂

∂x

(
µ
∂u

∂x

)
+

∂

∂y

(
µ
∂u

∂y

)
+

∂

∂z

(
µ
∂u

∂z

)
+ ρbx (4.14a)

ρ
Dv

Dt
=

∂

∂y

[
−p+ µ

3

∂uk
∂xk

]
+

∂

∂x

(
µ
∂v

∂x

)
+

∂

∂y

(
µ
∂v

∂y

)
+

∂

∂z

(
µ
∂v

∂z

)
+ ρby (4.14b)

ρ
Dw

Dt
=

∂

∂z

[
−p+ µ

3

∂uk
∂xk

]
+

∂

∂x

(
µ
∂w

∂x

)
+

∂

∂y

(
µ
∂w

∂y

)
+

∂

∂z

(
µ
∂w

∂z

)
+ ρbw (4.14c)

4.2 Turbulence modeling

In both engineering applications and everyday life, various types of flows, ranging from

simple ones to more complex three-dimensional flows, undergo a transition to an un-

stable state, deviating significantly from laminar flows. This transition is characterized

by a state of motion marked by a chaotic change over time and position of flow prop-

erties [84]. The pioneering research on turbulence dates back to 1883 when Osborne

Reynolds conducted systematic experiments on pipe flow. His investigations revealed

that flow becomes turbulent or irregular when the nondimensional Reynolds number

(Re = UL/ν) exceeds a critical value, denoted as Recrit. This parameter, describ-

ing the relative significance of inertia forces compared to viscous forces in a flow, has

since been established as the key factor determining the dynamic similarity of viscous

flows [85,86].

In experimental observations of fluid systems, when the Reynolds number (Re) re-
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mains below Recrit, fluid flows are laminar, where adjacent fluid layers slide past one

another in an orderly fashion, and the flow remains steady as long as the boundary

conditions remain constant. However, when the Reynolds number surpasses the crit-

ical threshold, a complex sequence of events unfolds, eventually leading to a radical

alteration in the flow’s nature. The motion inherently becomes unsteady, even when

boundary conditions are consistently applied. All flow properties exhibit random and

chaotic variations, as exemplified in Figure 4.1, which illustrates the time history of

the instantaneous velocity component, denoted as U . The horizontal line represents

the mean velocity, symbolized as U . Notably, the velocity U displays substantial fluc-

tuations around U , and the time history exhibits variations across a wide range of

timescales, rather than following a periodic pattern.

Figure 4.1: Time history of the velocity fluctuations about the mean value [1]

Turbulent flow is distinguished by the efficient transport and mixing of fluids. this

feature is of prime importance in many applications involving fluid stream mixing.

Turbulence is also effective at mixing energy between fluid molecules and solid walls.

The disorderly motion of molecules results in an intensive mixing of the fluid’s vis-

cous layers. Consequently, turbulent flows give rise to higher skin friction and heat

transfer in comparison to laminar flows. Similarly, due to the heightened momentum

exchange between fluid-fluid interfaces relative to laminar flow, the rates of heat and
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mass transfer at liquid-gas interfaces are greatly enhanced in turbulent flows [87].

From this standpoint, turbulence is not purely a matter of theoretical curiosity.

The primary drive for investigating turbulent flows lies in the fact that the vast major-

ity of flows exhibit turbulence, and turbulence significantly accelerates the transport

and mixing of various factors, including matter, momentum, and heat. This enhanced

transport and mixing holds substantial practical significance. Consequently, fluid en-

gineers require access to reliable tools that can accurately depict the impacts of tur-

bulence. Laminar flows are described by the equations presented in (Section 4.1.1)

without any simplifications. In simple cases, it’s possible to solve the continuity and

Navier–Stokes equations analytically. When dealing with more intricate flows, numer-

ical approaches such as the finite volume method can be applied without the need for

extra approximations.

However, turbulence modeling in CFD has been a persistent challenge for decades.

Complex flows require varying assumptions, and no single model can predict all tur-

bulent flows accurately. Ideal models balance accuracy and simplicity, though they

introduce uncertainties by closing governing equations. These solutions deviate from

exact representations, prompting evaluation through experimental data.

Different principal methods for solving turbulent flow numerically which can be

categorized into three main groups:

• Turbulence models for Reynolds-averaged Navier–Stokes equations:

The primary emphasis lies in analyzing the impact of turbulence on the mean

flow properties. Before numerically simulating turbulent flow through CFD tech-

niques, the Navier-Stokes equations are subjected to an averaging procedure.

This procedure introduces additional terms into the flow equations. Traditional

turbulence models are employed to characterize these additional terms. The com-

putational resources required for precise flow computations are not exceptionally

demanding, rendering this approach a widely utilized method in engineering flow
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calculations for the last three decades [88].

• Large eddy simulation (LES):

Large Eddy Simulation addresses the complexities of eddies of varying sizes.

Large eddies, due to their nonisotropic nature and intricate behavior, are re-

sponsible for the majority of diffusive processes, making their simulation highly

desirable. LES aims to resolve and represent the dynamics of the larger eddies

while modeling the smaller ones. The method includes a spatial filtering step ap-

plied to the unsteady Navier-Stokes equations prior to computation, effectively

retaining the larger eddies while filtering out the smaller ones. To account for the

influence of the smallest, unresolved eddies, a sub-grid scale model is employed.

It’s worth noting that unsteady flow equations must be solved, which places sig-

nificant demands on computing resources in terms of storage and computational

volume. This positions LES between (RANS) and (DNS) approaches in terms of

computational requirements [89,90].

• Direct numerical simulation (DNS)

The larger eddies in turbulent flows have a velocity scale (ϑ) and length scale (ℓ)

that is comparable to the velocity and length scales of the mean flow. Thus (Reℓ)

is similar in magnitude to the Reynolds number of the mean flow,(ReL). As a

result, larger eddies are primarily affected by inertia effects. in contrast, The

Reynolds number Reη of the smallest eddies, based on Kolmogorov microscales

Eq.4.15a-Eq.4.15c (expressed in terms of the rate of energy dissipation of a tur-

bulent flow and the fluid viscosity), is equal to 1 so that the inertia and viscous

effects are of equal strength in smallest eddies.
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τη =
(ν
ϵ

)1/2

(4.15a)

η =

(
ν3

ϵ

)1/4

(4.15b)

vη = (ϵ ν)1/4 (4.15c)

DNS is the most accurate numerical approach to characterize turbulent flows

which computes the mean flow and all turbulent velocity fluctuations without

averaging. This implies that all the turbulent scales are resolved by the nu-

merical grid on which the flow is computed and by the temporal integration of

the discretized equations [91]. However, to resolve all turbulent structures, it is

required that the simulation domain is large enough to contain the large-scale

motions of the order of the physical problem domain, while at the same time,

the spatial resolution should be small enough to resolve the Kolmogorov scale

η. Furthermore, the integration time step t should be small enough to resolve

the Kolmogorov timescale τη [66], while the total integration should be continued

sufficiently long to cover a certain number of integral timescales T .These calcu-

lations are highly costly in terms of computing resources, and therefore DNS has

been primarily limited to rather low to moderate Reynolds numbers and simpli-

fied flow geometries which allow the use of periodic boundary conditions (BC) in

one or more principal directions [91].

4.2.1 Reynolds Averaged Navier-Stokes (RANS) Equations

Owing to the stochastic nature of turbulent flows, any properties of the turbulent flow

can be described by the average value φ̄ along with certain statistical properties of

their fluctuations φ′ superimposed upon it.

φ(x, t) = φ̄(x, t) + φ′(x, t) (4.16)
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In most encountered turbulent flow applications, the focus is on statistical quanti-

ties like mean and standard deviation of flow variables, rather than all the flow details.

Reynolds decomposition and averaging are crucial concepts in turbulent flow model-

ing. The averaging operator (indicated by a bar in equation 4.16) must meet specific

conditions (detailed in Appendix A.1 and A.2) before application in the averaging pro-

cess. Three main averaging methods exist. Time averaging is suited for stationary

turbulence; spatial averaging is applicable to homogeneous turbulence; and ensemble

averaging is the most general approach for time-dependent flows with changing statis-

tical properties.

To account for the fluctuations of the flow properties on the mean flow, the equations

in 4.6 and 4.14 are modified by substituting the instantaneous components for the

flow variables. In the context of a compressible flow with constant viscosity, applying

the time-averaging procedures to the instantaneous continuity equation results in the

continuity equation for the mean flow.

∇ · U = 0 (4.17)

Applying a similar procedure to the momentum equations results in time-averaged

momentum equations:

ρ

[
∂U

∂t
+∇ · (U U)

]
= −∂P

∂x
+∇ · (µ∇U) +∇ ·

(
−ρu′u′

)
(4.18a)

ρ

[
∂V

∂t
+∇ · (V U)

]
= −∂P

∂y
+∇ · (µ∇V ) +∇ ·

(
−ρv′u′

)
(4.18b)

ρ

[
∂W

∂t
+∇ · (W U)

]
= −∂P

∂z
+∇ · (µ∇W ) +∇ ·

(
−ρw′u′

)
(4.18c)

The equation set in 4.17 and 4.18 a-c is termed the RANS equations. Through

the averaging process, new terms have been introduced into the momentum equations,

known as the Reynolds stresses [91]. These stresses are the products of fluctuating

velocities and signify a convective transfer of momentum caused by turbulent eddies.
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This additional momentum transfer is viewed as an extra turbulent stress acting on a

surface. In this context, the variance of velocity fluctuations, such as u′2,v′2 and w′2,

represents additional normal stresses, while the second moments, which capture cor-

relations between different velocity components (e.g., u′v′, u′w′, and v′w′), correspond

to additional shear stresses.

So far, RANS equations were derived assuming a constant fluid density. However,

density can exhibit turbulent fluctuations. in such flows and if density fluctuations

cannot be ignored, it’s advisable to use Favre decomposition for specific quantities in

Equations 4.6 and 4.14 instead of Reynolds averaging (see Appendix A.2 for averaging

methods). Failing to do so would complicate the averaged governing equations with

additional correlations involving density fluctuations. A practical approach is to apply

Reynolds averaging for density and pressure while using Favre averaging for other

variables [92].

It has been observed that turbulent stresses tend to rise with the increase in the

mean rate of deformation. In 1877, Boussinesq suggested that Reynolds stresses might

be directly proportional to mean rates of deformation:

−ρu′iu′j = 2µtSij −
2

3
ρkδij (4.19)

Where ρu′iu
′
j is the Reynolds stress tensor ,µt is eddy viscosity. k is the turbulent

kinetic energy per unit mass (Eq.4.20), Sij is the mean strain-rate tensor (Eq.4.21).

k =
1

2

(
u′2 + v′2 + w′2

)
(4.20)

Sij =
1

2

(
∂Ui

∂xj
+
∂Uj

∂xi

)
(4.21)

RANS turbulence models are typically categorized based on the number of addi-

tional transport equations that must be solved alongside the RANS equations. These

additional equations are essential for predicting the extra Reynolds stresses and scalar

transport terms needed to close the RANS equation system. Models that employ the
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Boussinesq hypothesis fall under the category of eddy viscosity models. On the other

hand, models that don’t depend on this hypothesis and instead derive precise equations

for Reynolds stress are known as Reynolds stress or stress-equation models [66].

Mixing length models provide simplified algebraic equations for µt to represent

Reynolds stresses. In contrast, Two-Equations models consider the effect of turbulence

property transport through convection and diffusion, production, and dissipation rate

of turbulent kinetic energy ϵ. All these models assume isotropic µt, which can lead to

inaccuracies in some flows. Reynolds stress equations (second-order closure) models,

on the other hand, solve seven transport equations for each Reynolds stress and the

dissipation rate ϵ, this significantly increases the computational resources. It’s essential

to note that the Reynolds stress equation models are an active area of research and

less validated compared to mixing length and two-equation models.

Zero-equation models consistently rely on the Boussinesq assumption to calculate

the Reynolds stress tensor. One of the most effective algebraic models, proposed by

Prandtl, is based on the mixing-length hypothesis for eddy viscosity calculation. This

hypothesis is rooted in dimensional analysis and the idea that the kinematic turbulent

viscosity, denoted as νt, can be represented as the product of a turbulent velocity scale

(ϑ) and a turbulent length scale (ℓ) using the equation:

µt = ρC ϑ ℓ (4.22)

where C is a dimensionless constant of proportionality. The hypothesis aims to link

the characteristic velocity scale of the largest eddies with mean flow properties. When

a single velocity and length scale effectively describe turbulence and the primary mean

velocity gradient is ∂U/∂y, Prandtl’s mixing length model for thin boundary layers

can be interpreted as follows:

For 2-D thin shear layers : µt = ρ ℓ2mix

∣∣∣∣∂U∂y
∣∣∣∣ (4.23)

For 3-D thin shear layers :
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µt = ρ ℓ2mix

[(
∂U

∂y

)2

+

(
∂W

∂y

)2
]0.5

(4.24)

where ℓmix is the Prandtl’s empirical mixing length.

Turbulence in different flow scenarios, such as wall boundary layers, jets, and wakes,

impacts the evaluation of ℓmix in the mixing-length model [93]. For simpler turbulent

flows, like free turbulent flows and wall boundary layers, ℓmix can be described us-

ing straightforward algebraic equations. However, near solid boundaries, turbulence

behaves differently, and the mixing length requires a different approach. Prandtl orig-

inally proposed that, near solid boundaries, the mixing length is proportional to the

distance from the surface, aligning with the well-known law of the wall (Equation 4.25),

observed in a wide range of turbulent flows near solid boundaries.

u+ =
1

κ
ln y+ + C (4.25)

where C is a dimensionless integration constant and κ is defined as the von Kármán

constant. The correlation of measurements indicates C ≈ 5.0 for smooth surfaces and

κ ≈ 0.41 for smooth and rough surfaces [94].

The parameter y+ is the dimensionless wall distance defined according to equation

4.26. y+ is a function of the friction velocity uτ and y, the normal distance from the

cell centroid to the wall in wall adjacent cells.

y+ =
uτy

ν
(4.26)

The dimensionless velocity u+ is defined as the ratio of the local velocity to the

friction velocity uτ , a velocity scale representative of velocities close to a solid boundary,

[94]. According to Eq.(4.27), The friction velocity is a function of the instantaneous

surface shear stress and density at the wall.

uτ =

√
τw
ρ

(4.27)
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Figure 4.2: Typical velocity profile in the turbulent boundary layer for a typical in-

compressible flow over a smooth flat plate. [93]

The first key modification was devised by Van Driest who proposed that the mixing

length ℓmix should behave according to equation 4.28 [94], where a damping function

is used to bridge the gap between the fully turbulent (log-law zone) region and the

viscous sublayer. these two zones are indicated in Figure 4.2, which depicts a typical

velocity distribution for an incompressible turbulent boundary.

ℓmix = κ y
(
1− e−y+/A+

)
(4.28)

∂(ρk)

∂t
+∇ · (ρkU) = ∇ ·

(
−p′u′ + 2µu′s′ij − ρ

1

2
u′i · u′iu′j

)
− ρ ϵ− ρ u′iu

′
j · Sij (4.29)

The left-hand side in equation 4.29 represents the rate of change and transport

by convection of k, and the right-hand side groups the transport of k by pressure,

viscous stress, and Reynolds stress,(terms in parentheses), and the rate of dissipation

and production of k. where ϵ is the rate of dissipation of turbulent kinetic energy per

unit mass defined as:
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ϵ = 2ν s′ij · s′ij (4.30)

Standar K − ϵ model:

The k-ϵmodel is the most widely used and validated turbulence two-equation model.

Two transport equations, one for the turbulent kinetic energy k (Eq. 4.32) and a further

one for the rate of dissipation of turbulent kinetic energy ϵ (Eq 4.33) are solved. In

the k–ϵ model,the kinematic eddy viscosity νt is expressed as the product of a velocity

scale ϑ =
√
k and a length scale ℓ = k3/2

ϵ
. Dimensional analysis yields :

µt = ρCµ
k2

ϵ
(4.31)

∂(ρk)

∂t
+∇ · (ρkU) = ∇ ·

[(
µ+

µt

σk

)
∇k

]
− ρ ϵ+ 2µt Sij · Sij (4.32)

∂(ρϵ)

∂t
+∇ · (ρϵU) = ∇ ·

[(
µ+

µt

σϵ

)
∇ϵ

]
+ C1ϵ f1

ϵ

k
2µtSij · Sij − C2ϵf2ρ

ϵ2

k
(4.33)

The turbulent transport terms are grouped using gradient diffusion. the transport

of k by pressure is accounted for within the gradient diffusion term. Prandtl numbers

σk and σϵ connect the diffusivities of k and ϵ to the eddy viscosity µt. .Production and

destruction of turbulent kinetic energy are always closely linked.

The two transport equations for k and ϵ in (Eq.4.32) and (Eq.4.33) are a modi-

fied version of the standard k − ϵ model. These modifications help the model avoid

integrating equations all the way to the wall and enable it to handle low Reynolds

number flows [95]. This adaptation relies on the universal behavior of near-wall flows,

as defined in Equation 4.25, which involves adding a damping function to maintain

accuracy in the viscous sublayer near solid walls. This ensures that viscous stresses

become more dominant than turbulent Reynolds stresses.

The equations contain five adjustable constants issued by comprehensive data fitting

for a wide range of turbulent flows: Cµ, σk, σϵ, C1ϵ and C2ϵ. The most obvious

71



CFD methodology of multiphase flows

modification for low Reynolds formulation, which is universally made, is to include the

molecular viscosity µ in the diffusion terms in equation 4.32 and 4.33 and the constants

Cµ,C1ϵ and C2ϵ are multiplied by wall-damping functions f1 and f2 respectively, which

are themselves functions of the turbulence Reynolds number.

The k–ϵ model provides accurate results for a broad range of flows where Reynolds

shear stresses are most important, including recirculating and confined ones. Neverthe-

less, research has pointed out several limitations. In low Reynolds number flows, the k

and ϵ equations need to be integrated into the wall because the use of a log-law-based

wall function is not precise. This necessitates a finer grid resolution to accurately rep-

resent the distribution and dissipation of turbulent kinetic energy in the buffer layer,

along with a non-linear wall-damping function to transition from fully turbulent to a

viscous-sublayer zone. Consequently, this can affect solution convergence. The stan-

dard k–ϵ model struggles in complex flows where the gradient of normal turbulent

stresses is significant, which is a consequence of Boussinesq’s hypothesis related to its

prediction of isotropic normal Reynolds stresses. This inaccuracy becomes more appar-

ent in cases with strong adverse pressure gradients and recirculation regions, stemming

from the isotropy of predicted normal Reynolds stresses. Additionally, effects, like

streamline curvature, rotation, and external forces, introduce further interactions be-

tween mean strain rates and Reynolds stresses, which standard two-equation models

fail to capture [88].

• Two-layer k − ϵ model:

the two-layer model represents an advanced treatment of the near-wall region at

a low Reynolds number. the improvement consists of sub-dividing the boundary

layer into two regions. to avoid the numerical instability associated with the use

of non-linear wall-damping functions to integrate both k and ϵ equations to the

wall, the model uses the standard k− ϵ model only for the fully-turbulent region,

for the viscous region however, only the k-equation is solved in this region and a

length scale is prescribed for the evaluation of the rate of dissipation with and the

eddy viscosity. The two-layer model is less grid dependent and more numerically
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stable than the earlier low Reynolds number k–ϵ models and has become quite

popular in more complex flow simulations where integration to the wall of the

flow equations is necessary.

• Realizable k − ϵ model:

One notable advancement over the standard k- model is the realizable k − ϵ

model. It was developed to address the limitations of existing models in accu-

rately representing near-wall eddy viscosity behavior. Unlike the standard model,

the realizable model incorporates a variable model coefficient based on mean flow

and turbulence properties, ensuring it complies with mathematical constraints re-

lated to normal stresses and turbulence physics. The concept of a variable model

coefficient is also consistent with experimental data in boundary layer flow. As

a result, the realizable k − ϵ model is generally more accurate and reliable than

the standard model in various applications [66].

• RNG k − ϵ model:

The main difference between the standard k− ϵ model and the RNG k− ϵ model

is their dissipation equation formulation. In the RNG k− ϵ model, an extra term

is included to counteract the excessive dissipation seen in the standard model,

which tends to dampen effective viscosity, particularly in recirculating flows. The

RNG model is more responsive to rapid strain and curved geometries, making

it better suited for swirling flows. However, it falls short in predicting jets and

plumes compared to the standard k- model. The RNG model’s constants differ

slightly from the empirically determined constants in the standard k − ϵ model,

as it’s derived using a mathematical renormalization group technique from the

Navier-Stokes equation [96].

Wilcox k − ω model:

The k–ω model attracted attention and has proven to be superior in numerical

stability to the k − ϵ model primarily in the viscous sublayer near the wall because
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integration to the wall does not require wall-damping functions in low Reynolds number

applications. the k − ω model proposed by Wilcox [97] uses the turbulence frequency

ω = ϵ/k (dimensions s−1) as the second determining variable to express the dynamic

eddy viscosity νt instead of The rate of dissipation of turbulence kinetic energy ϵ.If we

use this variable, the eddy viscosity is given by :

νt =
ρ k

ω
(4.34)

The Reynolds stresses are computed with the Boussinesq expression The transport

equation for k and ω for turbulent flows at high Reynolds is as follows:

∂ (ρk)

∂t
+∇ · (ρkU) = ∇ ·

[(
µ+

µt

σk

)
∇k

]
+ Pk − β∗ρkω (4.35)

∂ (ρω)

∂t
+∇ · (ρωU) = ∇ ·

[(
µ+

µt

σω

)
∇ω

]
− β1ρω

2

+ γ1

(
2ρSij · Sij −

2

3
ρω
∂Ui

∂xj
δij

) (4.36)

where Pk is the rate of production of turbulent kinetic energy with the model

constants are : σk = 2.0, σω = 2.0, γ1 = 0.553; β1 = 0.075, β∗ = 0.09.

Menter SST k − ω model:

Shear Stress Transport (SST) k − ω turbulence model combines different elements

of existing models and was developed to overcome the strong sensitivity to the assumed

values of ω in the free stream of the original k−ω model of Wilcox. Menter [98] noted

that the results of the k–ϵmodel are much less sensitive to the assumed values in the free

stream, but its near-wall performance is unsatisfactory for boundary layers with adverse

pressure gradients. this led him to suggest a hybrid model using a transformation of

the k–ϵ model into a k–ω model in the near-wall region and the standard k–ϵ model in

the fully turbulent region far from the wall [88]. The (SST) k − ω model gives similar

results to those of the original k − ω and is identical to the Wilcox model in the inner

50percent of the boundary layer but changes gradually to the high Reynolds number

k−ϵ model towards the boundary-layer edge. It is based on the BSL model but has the
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additional ability to account for the transport of the principal shear stress, this ability

shows to give excellent agreement with experimental data in adverse pressure gradient

boundary layers [99, 100]. The Reynolds stress computation and the k-equation are

the same as in Wilcox’s original k–ω model, but the ϵ-equation is transformed into an

ω-equation by substituting ϵ = kω.

4.3 Simulation setup

In turbomachinery simulations, the rotating impeller introduces mesh motion, resulting

in inherently unsteady conditions. To address this, the unsteady Navier-Stokes equa-

tions are solved at each time step, demanding substantial computational resources. An

alternative approach involves transforming these motion equations from an unsteady

to a steady state with respect to a moving reference frame. This transformation is

achieved by incorporating Coriolis and centripetal acceleration terms into the momen-

tum equations. By making this transformation, a common strategy known as the Single

reference frame (SRF) can be applied. In the SRF approach, the entire computational

domain is solved within a single moving reference frame, typically modeling a single

blade passage with periodic boundary conditions, significantly reducing the computa-

tional effort. However, when dealing with centrifugal fans, the geometry doesn’t align

with the SRF approach requirements [101]. Consequently, the entire fan rotor must be

considered, and the computational domain is divided into multiple zones separated by

interfaces to account for the coupling between the rotating and stationary parts. This

approach is known as the Multiple reference frame (MRF) or Frozen Rotor approach

and is widely used in industrial fan simulations due to its time and resource efficiency.

It’s important to note that adding Coriolis and centripetal terms to the momentum

equations in the rotating frame constitutes an approximation of the flow field physics,

which may impact the accuracy of numerical results. To accurately model flow instabil-

ity and related phenomena, a three-dimensional numerical simulation of the unsteady
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flow field throughout the entire centrifugal fan domain is necessary. This is achieved

using a sliding mesh technique where the impeller domain physically moves relative

to the stationary parts. As a result, this approach demands increased computational

effort compared to the MRF method [59].

Based on the above discussion, the modeling approach in this study consists of two

steps. First, a steady-state simulation based on RANS simulation is conducted using

the MRF approach. Then, the converged solution obtained from this step is utilized

as the initial solution for the unsteady simulation, which employs the sliding mesh

technique.

4.3.1 Spatial Discretization

Discretization involves approximating differential equations using a set of algebraic

equations for variables at specific discrete points in space and time. For spatial dis-

cretization, there are three primary methods: Finite difference methods (FDM), Finite

element methods (FEM), and Finite volume methods (FVM). In general, FEMs and

FDMs serve as fundamental tools for solving partial differential equations. In contrast,

Finite Volume Methods (FVM) have gained popularity in recent years in computa-

tional fluid dynamics (CFD) due to their straightforward data structure, and their

formulations draw from both FDM and FEM approaches [102].

Spatial discretization of the governing equations can be accomplished using either

structured or unstructured grids. In structured grids, each grid point is identified

by indices (i, j, and k) and their respective Cartesian coordinates. These grid sys-

tems feature regularly aligned grid that lines in two or three directions, providing

efficient access to neighboring grid points in computer memory. This simplifies tasks

like gradient calculations, flux evaluations, and handling boundary conditions, making

structured grids advantageous [92]. However, structured grids have limitations when

dealing with intricate geometries. In such scenarios, a multiblock approach, as dis-
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cussed in [103] and [104], can be employed. This approach involves dividing the grid

into multiple blocks, which increases the complexity of the flow solver, as it necessitates

the exchange of physical quantities or fluxes between these blocks.

In many modern industrial CFD applications, the computational domain’s geom-

etry tends to be highly complex. Consequently, unstructured grids are extensively

utilized to fit these complex shapes. In an unstructured mesh, grid cells and grid

points lack specific ordering or identification based on indices [92]. This results in a

non-regular structure for the matrix in the algebraic equation system, requiring sophis-

ticated data structures for the solver. This, in turn, can demand higher computational

resources compared to structured schemes. with the various cell shapes available in

most of the meshing software (e.g., triangles, tetrahedrons, prisms, pyramids, and poly-

hedrons), Unstructured meshes offer a high degree of flexibility in handling complex

geometries. Nevertheless, when dealing with mixed grids near solid walls for bound-

ary layer resolution, challenges arise, and generating mixed grids can be a challenging

task. However, it’s worth noting that the time required to construct an unstructured,

mixed grid for a complex configuration is still significantly less than what’s needed for

a multiblock structured grid.

The computational domain of the fan was spatially discretized using ANSYS ICEM-

CFD, employing unstructured tetrahedral grids for the fan’s core region. The suitabil-

ity of the cell shape used in this study has been validated for three-dimensional fan

simulations, as confirmed by previous works such as [105–109], and for simulations of

rotating machines, as demonstrated by [110,111].

In order to address the interaction between the intake, rotating impeller, and sta-

tionary casing domain, the computational domain was divided into multiple zones using

sliding interfaces. These interfaces enable the passage of flux through non-conformal

mesh connections during unsteady simulations. As illustrated in Figure 4.3, one of

the interfaces spans across the region between the inlet cone and the impeller entry,

while the second interface encompasses the area between the impeller and the casing
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discharge area. Additionally, consideration was given to the gap between the intake

cone and the impeller inlet section to permit the passage of flux through this gap.

Figure 4.3: Placement of sliding interfaces (orange surfaces) relative to the fan parts

A crucial aspect of mesh generation involves the careful selection of the appropriate

size for the mesh elements. The primary requirements are to ensure there are no

gaps between grid cells and that they do not overlap [112]. Additionally, the grid

must exhibit smoothness, with refinement strategically placed in regions featuring high

variable gradients or other significant fluid flow phenomena of interest [92]. With these

considerations in mind, this study followed an iterative procedure, involving successful

mesh refinement and RANS simulations, to determine an optimal grid configuration for

achieving grid-independent results. This grid configuration aimed to faithfully capture

all the essential physical details and core aspects of the flow. The ongoing challenge

remained achieving higher solution accuracy while minimizing simulation time.

To assess the suitability of the grid configuration for conducting transient simula-

tions, the power shaft (Wshaft) and total pressure rise were monitored during steady-

state simulations at the design flow rate and a fixed blade pitch position. The mesh
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refinement process primarily focused on the blade tips, blade passage, and casing throat

area, ensuring a seamless transition from low to high grid density. This smooth tran-

sition between fan regions is critical as it is essential for accurately simulating the

unsteady flow exiting the rotating impeller to the casing discharge. Table 4.1 provides

data on the power shaft and total pressure variations at the impeller inlet with different

grid densities.

Number of nodes (million) Wshaft (kW) ∆Pt (Pa)

4.3 495.3 6253.23

5.1 492.1 6156.18

5.57 488.4 6141.55

5.58 488.1 6130.22

5.98 487.9 6110.25

Table 4.1: Grid density sensitivity of (Wshaft) and (∆Pt) .

Grid refinement was deemed unnecessary when the grid size exceeded 5.57 million

for the sake of computational efficiency. A total of 5,574,675 unstructured tetrahedral

cells were used for a mesh-independent solution. A sectional view at the blade mid-span

of the mesh is depicted in Fig. 4.4.

An issue that commonly arises when using unstructured meshes is how to handle

near-wall boundaries, particularly when precise predictions of near-wall flow are needed

due to the steep gradient in flow variables. To address this challenge in unstructured

grids, a solution involves creating multiple thin inflation layers, often referred to as

prism layers, perpendicular to the boundary surfaces. The mesh resolution of the core

flow is then constructed based on the last prism layer, as illustrated in Figure 4.5,

which displays the generation of prism layers orthogonal to the blade surface.

Various turbulence models have specific requirements for near-wall mesh resolutions,

and some are applicable only within a certain range of y+ values.The value of y+ is
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Figure 4.4: Cut plane of the mesh normal to the axis of rotation.

Figure 4.5: Near wall mesh resolutions on the blade surface.
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an important factor for ensuring a good mesh resolution, especially in turbulent flow

simulations. However, it’s not the only factor to consider. Both the geometric growth

ratio and the number of normal cells also play crucial roles in achieving an accurate

and reliable simulation. For turbulent flows, maintaining a low value of y+ (around 1)

is recommended to meet the requirements of the SST k-ω model and accurately model

the viscous sublayer and the turbulent boundary layer. The process of selecting these

grid parameters involves a balance between accuracy and computational cost. Here’s

the approach adopted in the study:

The first step is to estimate the height of the first layer of prism cells normal to

the surface wall boundaries (Yh) to ensure that the non-dimensional parameter y+ was

less than or equal to one for both stationary and rotating domains. Yh is a function of

y+ and the frictional velocity uτ according to Eq 4.26. The first estimate value of (Yh)

was calculated from Eq. 4.26 by specifying the target value of y+.

the frictional velocity uτ was calculated using Eq. 4.27, where the wall shear stress,

τw can be calculated from skin friction coefficient, Cf , such that:

τw =
1

2
· Cf · ρ · U2 (4.37)

where U is the free stream velocity. The value of Cf was estimated using the

Empirical formula in Eq. 4.38 and the Reynolds number is based on the characteristic

scales of our geometry Eq.4.39

Cf = 0.027Re
−1/7
L (4.38)

Re =
UL

ν
(4.39)

where U is the free stream velocity, L is the characteristic length scale, and ν is the

fluid kinematic viscosity.

The value of σ99 corresponding to Re and L was calculated from the following
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equation [68]:

σ99 =
0.38L

Re
1/5
L

(4.40)

the value of the boundary layer thickness was set to be equivalent to the total

prism layer height YT and the maximum geometric growth ratio (G) which determines

the increase in cell size as you move away from the wall was computed employing the

relation provided in Equation 4.41. therefore, Choosing an appropriate growth ratio

(1.1 ∼ 1.3) is important to ensure that the grid captures the gradual transition from

the near-wall region to the outer flow. If the growth ratio is too high, potentially

missing important flow features. If it’s too low, the grid might become overly refined

near the wall, leading to unnecessary computational costs.

Yh
1−GN

1−G
(4.41)

The total number of normal cells affects how well the boundary layer is resolved and

how accurately turbulent flow features are captured. Having an appropriate number

of normal cells is important to ensure that the flow’s behavior is accurately captured

from the wall to the free stream. Too few normal cells might not sufficiently resolve the

flow physics near the wall, and too many cells could result in excessive computational

requirements without a significant improvement in accuracy. the growth ratio was

solved by setting the minimum recommended value of N for a resolved boundary layer

(e.g. Y + ∼ 1) to 15.

However, it’s important to note that the formula 4.40 is typically used for estimat-

ing the momentum thickness in flat plate boundary layers. however, in the context of

a centrifugal fan simulation, the flow is significantly different due to the fan’s geometry

and the rotational effects. thus, The flow near the fan blades is likely to be more com-

plex and affected by centrifugal forces, which can result in different flow characteristics

compared to a flat plate scenario. Thus an iterative process was used to achieve the

desired Y + value and select the appropriate grid parameters. The iterative process
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involved the estimation of Yh. the second step is to compute the growth ratio required.

step (3) involves the solution and postprocessing of y+ from the obtained solution. this

process is repeated until a satisfactory result is achieved. the main problem when cre-

ating a prism layer is that the aspect ratio of the prism cells increases if one uses coarse

mesh and the volume transition between the final inflation layer and the freestream

cells should not be steep. thus, The mesh was refined and smoothed until quality

metrics such as skewness, aspect ratio, and orthogonal quality were satisfactory (See

Table 4.2, ensuring numerical stability and convergence.

The resulting range of the y+ distribution on critical regions such as the impeller

and the casing is presented in Figure 4.6. The mesh resolution as well as the first prism

height was adjusted for each operating condition simulation to ensure that y+ is within

the recommended limit, which is acceptable for accurately solving the flow.

Zones Total nodes Skew Aspect ratio Orthogonal quality

Min 0.33 2 0.13

Impeller 4806381 Max 1 21.99 1

Average 0.94 4.37 0.77

Min 0.4 2 0.31

Casing 748484 Max 1 10.28 1

Average 0.94 4.31 0.778

Min 0.71 2 0.201

Intake cone 19810 Max 0.99 17.016 0.99

Average 0.93 4.39 0.769

Table 4.2: summary of the quality statistics unstructured grids generated for simula-

tions
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Figure 4.6: Y + distribution on the impeller.

4.3.2 Boundary condition and time-step

To model the Boundary conditions, a constant volume flow rate was specified by im-

posing a velocity profile at the fan intake and constant static pressure at the fan outlet.

The simulation involved examining different flow rates, specifically: 0.74Qd (40m3/s),

0.89Qd (48m3/s), the design flow rate (Qd-53.9m
3/s), (1.33Qd) (72m

3/s) and 1.78Qd

(96m3/s). for each flow rate, A uniform velocity profile was imposed at the inlet

section of the fan, and atmospheric pressure was applied at the outlet section of the

fan. To specify turbulence parameters, uniform and medium turbulent level values of

turbulence quantities were specified at the boundaries, with two turbulent quantities

defined, namely a turbulent intensity of 5% and a viscosity ratio of ten. No-slip bound-

ary condition was set for all of the wall surfaces. the impeller was set to rotate at 985

rev/min.
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In the context of transient simulations, the evolution of the solution and the rate at

which transient data is recorded from the initial time to the specified final simulation

time is controlled by the time-step ∆t. The complexity of the flow and the underlying

physics are key factors in determining the appropriate size of the time step. Generally,

for complex flows such as turbomachine simulations, it’s recommended to use a smaller

time-step size along with an adequate number of inner iterations to capture all essential

flow characteristics, ensure numerical stability, and provide enough time to resolve the

unsteady interactions between the rotating blades and the casing walls.

Opting for smaller time steps might lead to delayed solution convergence, subse-

quently extending the total simulation duration. An effective time-saving strategy is

to initiate unsteady simulations with larger time steps and progressively decrease them

as the solution advances. This approach can be complemented by modifying the im-

peller’s rotational speed. Initially, the simulation begins with a lower rotational speed

(in rpm), which is gradually increased to the actual speed as the solution progresses.

Simulation outcomes reveal that these techniques significantly cut down computational

time, enhance convergence, and uphold the final result’s accuracy.

in this study, Time marching is controlled by an implicit second-order backward

Euler scheme. the time-step is proportional to the impeller period and was chosen

in a way that a blade passage is resolved at least by 20 time-step. the smallest time

step used in this study is equal to ∆t = T/1440 = 4.23012 10-5 s, where T is the

impeller period (s). this time step size corresponds to an impeller rotation of 0.25°.

The number of iterations at every time step is adjusted to reduce the residuals to the

value of 10-6 for the continuity equation and 10-5 for the momentum and turbulence

quantities. time-step is changed from the coarse to the fine at the end of the first

impeller revolution according to Table 4.3. To achieve the specified residual level, the

maximum inner iterations per time-step are adjusted for every time-step size.
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Time-steps (s)
Time-steps per

blade passage

Impeller rotation

(degree)
Max inner-iterations

1.69204 10-4 22.5 1 12

8.46024 10-5 45 0.5 8

4.23012 10-5 90 0.25 6

Table 4.3: Summary of time steps employed in this study

4.4 Particle-laden flow modeling

Particle-laden flows are complex two-phase systems in which a fluid, whether it’s a

liquid or gas, carries solid particles. Such flows find extensive use across various in-

dustrial processes. Therefore, optimizing the design and management of particle-laden

flow systems requires special attention and a deep understanding of modeling these

complex flow systems. Due to the available high-performance computer hardware and

numerical algorithms, CFD has become a powerful tool to model such complex flows

and can provide both qualitative and quantitative results. In order to make precise pre-

dictions about the behavior of the solid particles in the system, it is essential to select a

numerical method that can effectively incorporate the complex physics associated with

particle-fluid interactions, interactions between particles and walls, for various particle

size distribution [113].

Various multiphase models have been subject to numerical investigations, with

each model having its own set of advantages and disadvantages. It’s important to note

that there is no general model that can effectively simulate all types of multiphase

flows commonly encountered in practical systems. The choice of which model to use

depends on many factors, such as the desired accuracy of results, computational time

constraints, and suitability for large-scale systems [114].

Multiphase flows can be approached through two common methods: the Eulerian-
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Eulerian (EE) approach and the Eulerian-Lagrangian (EL) approach [113]. In the

E-E approach, also known as the two-fluid model (TFM), both phases occupy the

same computational cells and are treated as continuous. This involves representing the

dispersed phase using separate sets of conservation equations, which include interaction

terms that describe the coupling between the two phases [115, 116]. The model is

derived through volume or ensemble averaging of the governing equations, and the

constitutive relations for the solid phase are typically closed using the kinetic theory

of granular flow (KTGF) [117]. The averaging process introduces a volume fraction

function, defined as the probability of finding a particular phase in a fixed control

volume in both space and time [8]. One advantage of the E-E approach is that it

generally demands fewer computational resources compared to the Eulerian-Lagrangian

approach because the dispersed phase is considered as another continuum alongside the

continuous phase. It is also computationally efficient for two-way coupling simulations.

However, one limitation is that, due to the continuum description of the dispersed

phase, the discrete nature of solid particles is not fully captured in the E-E method.

This approach also requires separate treatment for particles of varying shapes and sizes,

resulting in increased computational expenses in terms of both storage and processing

time [118].

In the Eulerian-Lagrangian (E-L) approach, the fluid phase is represented as a

continuum by solving the Navier-Stokes equations, while the solid phase is described

in a Lagrangian framework, treating each individual particle as a single point. The

modeling procedure typically involves computing the fluid flow field initially, followed

by solving equations of motion for each particle, allowing for solving individual par-

ticle trajectories. The Lagrangian technique offers a more straightforward method to

describe phenomena such as particle turbulent diffusion and particle interactions with

solid boundaries [115]. Although (E-L) approach can provide highly accurate solutions,

they frequently necessitate the tracking of a significant number of individual or stochas-

tic particles as they traverse the computational domain to ensure that the numerical

outcomes remain independent of the total particle number. In E-L simulations, it’s

common to consider a large computational particle equivalent to the number of physi-
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cal particles or a reduced number to minimize computational costs [119]. However, it’s

essential to acknowledge that tracking the exact number of particles in the real system

is impossible, and thus some level of error may be acceptable, especially when dealing

with a relatively low volume fraction of the solid phase [8, 120].

4.4.1 Particle equation of motion

Dispersed two-phase flows can be broadly categorized into two flow regimes: the dilute

regime and the dense regime. In the dilute regime, the spacing between solid particles

is relatively large, making interactions between them infrequent. Consequently, their

movement is primarily influenced by forces from the continuous phase, such as drag

and lift. On the other hand, in dense dispersed systems, the spacing between particles

is smaller, and inter-particle interactions become significant [96].

Identifying the coupling regime between the fluid and solid phases is crucial for se-

lecting an appropriate modeling approach for particle-laden flows. In dispersed flows,

where individual particles are mainly influenced by fluid forces rather than interactions

with each other, three coupling regimes are evident: one-way, two-way, and four-way.

In a one-way coupling regime, solid particles don’t significantly impact the continu-

ous phase, and only fluid-induced forces on particles are considered. Conversely, the

two-way coupling regime incorporates a source term in fluid momentum equations to

account for the particles’ presence, addressing their influence on flow dynamics. In

the four-way coupling regime, particle-particle interactions affect the dynamics of both

phases.

One important parameter that is used to characterize dispersed two-phase flows is

the volume fraction of the dispersed phase expressed in (Eq. 4.42) [96].

αp =

∑N
i=1 V

i
p

VT
(4.42)
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where VT is the total volume, which includes both phases, and V i
p is the volume of

a single particle. N is the total number of injected particles. the volume fraction of

the continuous phase αf can be defined in a simple relation:

αp + αf = 1 (4.43)

If the volume fraction of the solid phase, denoted as αp, is not significantly high,

typically below 10−3, particle-particle collision can be disregarded, and the two-phase

system can be treated as dilute [121]. Within this range, when αp ≤ 10−6, the impact

of particles on the fluid flow is negligible, allowing for the use of a one-way coupling

modeling approach. However, when the volume fraction becomes substantial enough to

affect the mixture’s average density, the particle on the fluid flow cannot be ignored, and

two-way coupling models should be employed. For volume fractions of the dispersed

phase exceeding 10−3, inter-particle interactions become significant, categorizing the

two-phase system as dense, thus necessitating the adoption of a four-way coupling

model [58].

This study will investigate various particle concentrations across three distinct op-

erating conditions. However, for the specific applications under examination, the max-

imum order of magnitude of αp typically falls below the threshold of 10−6. Conse-

quently, the research employs the Eulerian-Lagrangian method to model the behavior

of the two phases within the centrifugal fan domain, assuming a one-way coupling

regime. This assumption is reasonable for multiphase flows with a low volume fraction

and introduces only a small margin of error.

In the Eulerian-Lagrangian method, the fluid phase is solved first in the Eulerian

reference frame, and then the individual trajectories of solid particles are tracked as

they are driven by the flow of the continuous phase in a Lagrangian reference frame.

the particle trajectory is computed by solving a set of ordinary differential equations

that determine the position and velocity of each particle over time. if particles are

surrounded by a moving fluid, then all forces acting on a particle are due to the relative
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motion of the surrounding fluid and particle, body forces, and forces that act on any

object immersed in fluid irrespective of either particle or fluid motion.

The motion of the particle will depend on the balance of the forces acting on it.

and if all these forces can be quantified, The equation of motion of the particles can be

deduced from Newton’s second law. The particle momentum equation that determines

the behavior of individual particles as they are driven by the fluid flow was derived by

Basset, Boussinesq, and Oseen which can be expressed as [122]:

dVp

dt
= FD + FB + FR + FVM + FP (4.44)

The path line of the particle through the discretized domain can be tracked by

integrating the particle velocity over time:

dxp
dt

= VP (4.45)

Where Vp is the particle velocity vector, xP is the particle spatial position.

Equation (4.44) equates the total forces exerted by the fluid on the particle and its

inertia. The right-hand side of the equation groups the total forces including the drag

force per unit mass FD, the buoyancy force per unit mass FB, FR is the forces that

arise due to domain rotation e.g. (centrifugal and Coriolis forces added in the rotating

reference frame of the impeller domain), an additional forces that are compounded by

the virtual mass force FVM which arises from the fact that the particle has to accelerate

the surrounding fluid, and the pressure gradient force per unit mass FP which results

from a significant fluid pressure gradient around the particle.

Drag force, FD:

In most particulate flows, the drag force per unit particle mass FD acting on a

spherical particle is the dominant force [56]. the drag force is defined as:
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FD =
18µ

ρ d2p

CD Rep
24

(Vf − Vp) (4.46)

Where Vf is the fluid velocity, µ is the fluid dynamic viscosity, Vp is the particle

velocity, ρ is the particle density, dp is the particle diameter, CD is the dimensionless

drag coefficient and Rep is the relative particle Reynolds number defined as:

Rep =
ρ

µf

dp |Vf − Vp| (4.47)

an important nondimensional parameter to characterize fluid-particle flows is the

Stokes number, it can describe the intensity of the particle-fluid interaction. It is

defined as the ratio of the particle fluid response time to an appropriate turbulence

time scale :

Stk =
τp
τt

(4.48)

where τp is the particle response time, defined as the time required for a particle to

respond to changes in the flow velocity. and τt is the characteristic time scale of the

flow field’s (characteristic eddy lifetime). If the Stokes number is significantly smaller

than unity, particles will have enough time to adjust to variations in flow velocity,

resulting in particle and fluid velocities being almost equal. thus, particles with small

Stk when introduced in a turbulent flow will remain under the influence of a particular

eddy during the lifetime of that eddy before it goes under the influence of another

eddy [122]. Conversely, if the Stokes number is much larger than one, particles won’t

have sufficient time to react to changes in fluid velocity, causing little impact on the

particle velocity. An estimated correlation between the ratio of particle to fluid velocity,

based on the Stokes number, can be derived from the ”constant lag” solution [123]:

Vp
Vf

=
1

1 + Stk
(4.49)
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the inertial effect of particles, defined as the strength of the velocity fluctuations of

the particle (rms) compared to the fluctuations of the surrounding fluid, is characterized

by the particle response time which can be mathematically expressed as:

τp =
24 ρp d

2
p

18µf CD Rep
(4.50)

The drag coefficient in Equation (4.46) is a function of the particle Reynolds num-

ber. In the case of creeping flow Re << 1, where the nonlinear advection term in

the momentum conservation equation may be neglected in comparison to the viscous

term, Stokes ’law provides an analytical definition of the drag coefficient for flows of

low particle Reynolds number (Stokes regime) when Rep < 0.1: CD = 24/Rep. At

finite Reynolds numbers, Experimental observations have shown that a wake is formed

behind the sphere even at low Reynolds numbers and the inertia of the flow around the

sphere overcomes the viscosity effects on the surface of the sphere. thus the nonlinear

advection term must be retained in the solution of the equations.

determination of the hydrodynamic force on a sphere at finite Reynolds numbers

was first solved by Oseen (1913) [124] using a simple perturbation method to calculate

a first-order correction for the steady-state drag coefficient [123]:

CD =
24

Rep

(
1 +

3

16
Rep

)
(4.51)

the same method was employed along with the expansion of the stream function and

the approximation of the velocity field around the sphere to calculate the second-order

correction for the steady-state drag coefficient [125]. these expressions may be used

with accuracy for small relative Reynolds numbers up to 0.7. In the transitional zone

(0.1 < Rep < 103) where both viscous and inertial effects are important, it is advisable

to use empirical or semiempirical expressions for the steady-state drag coefficient. thus,

experimental investigations are needed to derive the relationship between the drag

coefficient and the related Reynolds number. the average value of different data which

are extensively referenced in the literature was tabulated as Standard Drag Curve data
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by Lapple-Shepherd [126], the plot of these data is shown in (Fig. 4.7) and considered

by Schlichting as the Standard Drag Curve (SDC) for spheres [127].

Figure 4.7: Standard drag curve for rigid spherical particles [127]

In the present study, the empirical correlation of Schiller and Naumann [128] is

applied to determine the particle drag coefficient. this correlation is recommended to

be used in the range 2 < Rep < 800 and is expressed in the following form:

CD =
24

Rep

(
1 + 0.15Re0.687p

)
(4.52)

To the extent that the particle’s Reynolds number is sufficiently high (1000 <

Rep < 2.105), It is apparent in the figure that the steady-state drag coefficient becomes

independent of the Reynolds number and approximately equal to 0.44.

Buoyancy force, FB:

The gravitational force or buoyancy force per unit mass, denoted as FB, acts in the

downward vertical direction. This force is directly proportional to the particle’s mass

and is determined by the disparity in density between the particle and the surrounding

fluid:

FB =

(
1− ρf

ρp

)
g (4.53)
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In the rotating frame of reference, the additional rotation force can be expressed

as:

FR = (−2Ω×Vp −Ω×Ω× rp) (4.54)

Virtual mass force, FVM :

If the particle is accelerating through a fluid, it can cause the surrounding fluid

to accelerate. In other words, more mass is accelerated compared to the mass of the

particle itself. Consequently, there is a corresponding acceleration of the fluid which is

at the expense of the work done by the particle [118]. the force needed to accelerate

the virtual mass of the fluid in the volume occupied by the particle is referred to as

the Virtual or Apparent Mass Force. The virtual force per unit particle mass leads to

an additional drag expressed as follows [129]:

FV =
1

2
mf

D

dt
(Vf − Vp) (4.55)

Pressure Gradient force, FP :

the pressure gradient force per unit mass is important in regions exhibiting large

pressure gradient which is defined as:

Fp = −mf

ρf
∇P (4.56)

Both the virtual mass and pressure gradient forces are important if the fluid density

is comparable to the particle density.

Turbulent Dispersion of Particles:

To account for the turbulent dispersion of particles, an additional force is considered

by applying a particle dispersion model. In the RANS turbulent flow model, the

instantaneous velocity of the continuous phase is decomposed into statistical mean
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and fluctuating components. The vector velocity of the flow field surrounding the

solid particle, which is used in the momentum Equation (4.44) to calculate the forces

exerted on the solid depends on the type of particle tracking. When the turbulent

dispersion model is applied, the random nature of the instantaneous velocity is taken

into account, and consequently, the trajectory of the individual particle within the

continuous fluid may follow a different path if it was released from the same temporal

and spatial conditions. The effect of turbulence on the particle dispersion within the

continuous phase is predicted by a stochastic approach using Gosman and Loannides

model [130]. the model assumes that the interaction between the turbulent eddy and

particle occurs over a time interval which is the minimum of the eddy lifetime and the

residence of the particle in the eddy. during this time interval, the velocity fluctuating

components are added to the mean components to account for the effect of turbulence

on the particle motion, where the latter is calculated using the local turbulent kinetic

energy (K), [?,?] and is defined as follows:

V ′
f = Γ

(
2k

3

)0.5

(4.57)

Where Γ is a random number with a normal distribution that accounts for the ran-

domness of turbulence about a mean value. Due to this randomness, each component

of the changing velocity throughout each eddy may have a different value.

4.4.2 Particle solver control

the particle integrator operates independently of the standard CFD solver, necessi-

tating the use of distinct control parameters. The crucial control aspect involves es-

tablishing the connection between the flow field solution and the particle trajectories

integration [131].
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4.4.2.1 Number of integration steps per element

This parameter governs the time step used for particle tracking integration. The time

step is determined at a local level, computed by dividing the element length scale by

the particle’s velocity and the number of integration steps per element. Increasing the

number of integration steps can enhance integration precision but comes at the cost

of longer computation times. In the simulations conducted in this study, a value of 15

has been employed.

4.4.2.2 Maximum Tracking Time and distance

The maximum Tracking Time represents the actual time period over which particle

integration takes place, while the maximum tracking distance pertains to the distance

over which particle integration occurs. It’s essential to configure these two parameters

with sufficiently long and sizeable values to allow particles to traverse the geometry

successfully. However, setting them excessively large could lead to an excessive compu-

tational burden when tracking particles that might get trapped in recirculation zones.

In this research, particles were tracked for durations of up to 80 seconds and distances

of up to 50 meters.

4.4.2.3 Maximum number of integration steps

The maximum number of integration steps can serve as a means to halt the tracking

of particles that might become stuck in recirculation zones. It is determined by mul-

tiplying the number of integration steps per element by the count of elements that a

particle crosses. In this particular investigation, this value has been set to 1000000 to

allow sufficient time for particles to escape certain recirculation zones.
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4.4.3 Erosion model

The exact form of the erosion rate equation is dependent on the properties of the

impacting particle and target surface. However, for most metals, the erosion rate (Er)

can be generally expressed as a function of the impact velocity, angle, and properties

of both the target surface and the impacting particle according to the relationship:

Er = V n
p f(α) (4.58)

Erosion is affected by the physical properties of the target material and erodent

particles, such as particle concentration, shape, diameter, and impact. many exper-

imental studies have been conducted to evaluate the erosion process, and data were

used to develop an empirical correlation. The model due to Tabakoff and Grant is used

to model the erosion rate in this study [61,132]. The established empirical correlation

estimates the erosion rate in terms of the ratio of the removed mass of the surface

target to the mass of the impacting particles (mg/g):

E = K1f(α)V
2
p cos2 α

(
1−R2

T

)
+ f(VPN) (4.59)

where:

f(α) =

[
1 +K2K12 sin

(
α
π/2

α0

)]2
(4.60)

RT = 1−K4Vp sinα (4.61)

f(VPN) = K3 (VP sinα)2 (4.62)

K2 =

1 if α ≤ α0

0 if α > α0

(4.63)
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Where k12, k1, k3, k4 and are constants of the model and depend on the target

surface and erodent particle combination; α is the angle between the impacting particle

and the target surface; is the particle impact velocity; is the tangential recovery ratio;

α0 is the angle corresponding to the maximum erosion. The value of the constants

contained in the Tabakoff and Grant model are listed in Table 4.4.

Tabakoff and Grant Constant Value

k12 0.293328

k1 6.53311 . 105

k3 6.44096 . 10-11

k4 5.58 . 10-3

α0 30°

Table 4.4: Coefficients used in Tabakoff and Grant model for Sand-steel combination.

The total erosion rate density resulting from all impacting particles on a specific

area is related to the erosion rate computed from Equation (4.58) or from the exact

erosion rate Equation (4.59) through the following formula:

ER =
1

A

Nparticle∑
p=1

E ṅmp (4.64)

Where ṅ (s-1) is the particle number rate; A is the mesh unit area (m2); mp is the

particle mass; E (mg/g) is the erosion rate. The total erosion rate density ER (kg/m2 s)

is computed by recording all the impacting representative particles on a single mesh

cell.

4.4.4 Particle Characterization and injection

The erodent particles consist of cement powder entrained by the fluid within the fan

under investigation. These particles exhibit a range of distinct geometrical properties,
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necessitating an analysis of their size distribution.

To determine the size distribution of these particles, a discrete number frequency

distribution is employed. In this research, the Mastersizer 3000 particle size analyzer is

utilized to precisely characterize the particle size distribution (see Fig 4.8). This device

relies on laser diffraction technology, which measures the size distribution of particles

within a sample based on the principles of light scattering. The Mastersizer 3000

comprises several key components, including a primary optical unit and dry dispersion

units (Aero S). These dispersion units serve the dual function of ensuring a uniform

dispersion of dry powder and a consistent supply of the dry sample to the measurement

cell via a continuous stream of air. The instrument’s measurement cell is where the

actual analysis occurs. Notably, the Mastersizer 3000 is capable of measuring particles

within a size range that spans from 0.01 to 3500 µm. This wide measurement range

allows for the comprehensive characterization of particle sizes present in the cement

powder sample.

Figure 4.8: differential and cumulative particle size distribution.

The particle size distribution obtained using this method is volume-based [133].

The Mastersizer employs an equivalent volume approach to provide a singular number
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Measurment Parameters Values

Particle name Cement

Dispersant Name Dry Dispersion

Particle Refractive Index 1.68

Dispersant Refractive Index 1.00

Particle Absorption Index 0.1

Scattering Model Mie

Weighted Residual 0.63%

Laser Obscuration 2.07%

Table 4.5: Analysis Report of the measurement data

representing irregularly shaped particles. This is accomplished by determining the

diameter of an imaginary sphere that has an equivalent volume to the original particle.

Figure 4.9: Differential and cumulative particle size distribution.

Figure 4.9 displays both the differential and cumulative particle volume distribu-

tions of the powder sample as a function of particle diameter. The cumulative size
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Measurment Results Values

Concentration 0.0011 %

Span 2.554

Uniformity 0.803

Specific Surface Area 445.9 m2/kg

Dv (10) 2.4µm

Dv (50) 16.2µm

Dv (90) 60.7µm

D [3,2] 4.27µm

D [4,3] 17.8µm

Table 4.6: Results of the measurement data

distribution curve provides essential insights, revealing that approximately 73% of the

sample is composed of particles with a diameter smaller than 45,µm. To accurately

represent the actual composition of the cement powder responsible for erosion, a poly-

disperse particle transport simulation is carried out. This simulation is based on the

size distribution data depicted in Figure 4.9, and it incorporates the experimentally

determined particle density ρp, set at 3150, kg/m
3.

the mass flow rate of injected particles at each particle tracking simulation was

determined by taking into account the particle’s concentration, the total volume flow

rate of the carrier fluid, and the particle size distribution. under typical operating

conditions, the concentration of particles is kept below 30mg/m3, but it can increase

to high levels if the tissue in the bag filter upstream of the fan is damaged. for this

reason, a numerical simulation was performed with a particle load ranging from 30

to 180 mg/m3 to examine how the particle load alters the fan’s erosion pattern and

severity. the particle mass flow rates corresponding to a particle concentration of

30mg/m3 at the design flow rate, 0.74 Qdd and 1.78 Qd are listed in Table 4.7:
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Volume flow rate (m3/s) Particle mass flow rate (Kg/s)

0.74Qd 0.0012

Qd 0.001617

1.78Qd 0.00288

Table 4.7: mass flow rate of injected particles for particle load of 30mg/m3.

The simulation of turbulent particle dispersion employs a stochastic method, ne-

cessitating the determination of an appropriate number of seeded particles to ensure

statistically independent results. A thorough analysis of various aspects of particle

dynamics, including impact location, frequency, and erosion patterns, is conducted to

uphold result accuracy. It is crucial to acknowledge that, due to computational con-

straints, it is impractical to simulate the actual number of particles entrained within the

fan domain. Consequently, the simulations consider a representative particle sharing

the same geometrical and physical properties as the sampled particles. Each representa-

tive particle is characterized by a particle number rate denoted as N (1/s), representing

the number of particles within a representative particle.

To assess the sensitivity of the results to the number of injected particles, the

model is rerun for various particle numbers, starting from 300,000 injected particles,

considering the experimental particle size distribution in this sensitivity analysis. The

sensitivity analysis evaluates the ratio of the number of particles that impact the blade

to the total injected particles and the erosion pattern on the blade pressure side. The

analysis reveals a strong influence of the number of injected particles on all key pa-

rameters, including the erosion pattern on the blade pressure side (refer to Appendix

A.8). Furthermore, erosion rates decrease as the number of injected particles increases,

attributed to the decrease in number rate N (1/s) as per Eq. 4.64.

Through multiple simulation runs, it was determined that tracking a total of 1.5×106

particles is sufficient, justifying the additional computational cost of simulating more
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particle trajectories for each particle transport simulation. Additionally, to encompass

the entire range of particle sizes, the number of representative particles assigned to

each particle diameter category is defined as a fractional distribution based on the size

distribution data.

Particles were injected randomly into the fan inlet section, applying a no-slip bound-

ary condition that allows the particle to be released with the same inflow local velocities.

It was assumed that particles colliding with surfaces would rebound, potentially strik-

ing the same surface or different ones. To account for the loss of particle momentum

resulting from impact with walls, restitution coefficients of less than one were applied

to all surfaces. In particular, when calculating the rebound velocity of particles, normal

and tangential restitution coefficients were set at 0.8 and 0.9, respectively.
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Chapter 5

Numerical simulation of the flow field

and erosion process

5.1 Numerical results of the flow field

5.1.1 Numerical Validation of the Reference model

The numerical results of unsteady simulations were obtained by averaging time-varying

values over the last revolution. To assess the convergence of the time-periodic results,

Unsteady quantities such as the power shaft (Wshaft) and the total pressure were mon-

itored. Figure 5.1 depicts the time evolution of the total pressure at the impeller inlet

section and the power shaft during the unsteady simulation at (1.33Qd). These graphs

indicate that the unsteady solution starts to exhibit periodic behavior after at least 1.5

rotations of the impeller, following an initial period of instability.

Figure 5.2 and Figure 5.3 provide a visual representation of the comparison between

the numerical and experimental aerodynamic performance of a centrifugal fan. The

parameters under examination include the total pressure rise (∆Htotal), power shaft

(Wshaft), and total efficiency (ηtotal). The accuracy and reliability of our modeling ap-

proach are assessed by quantifying the discrepancies between the numerical results and

the experimental data for the centrifugal fan investigated in this study. It is important

to note that the computational demands of this specific case were substantial. The

fine time-stepping and mesh employed necessitated an extensive computational effort,

approximately 360 hours per operating point, using a computational system featuring
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Figure 5.1: Time evolution of Wshaft and inlet total pressure

a 12-core CPU and 64 GB of RAM.

The mass-weighted average total pressure is computed by subtracting the total

pressure at the impeller intake from that at the casing outlet. Furthermore, the fan’s

total efficiency is determined using (Eq.3.1), where the total torque involves the in-

tegration of the total moment along the axis of rotation (Z-axis), accounting for the

combined effects of pressure and friction forces acting on all impeller wall surfaces.

The numerical results obtained through the unsteady simulation demonstrated a

strong alignment with the experimental performance curve, indicating the validity of

the numerical approach used for modeling the flow within the centrifugal fan. While

the simulation results generally exhibited good agreement with the experimental data,

certain disparities were noticeable. Specifically, the time-averaged total pressure rise

was not accurately predicted for the design flow rate and off-design operating condi-

tions. In cases of over-load operating conditions, the simulation tended to overestimate

the total pressure rise, whereas it underestimated the numerical total pressure rise for

flow rates below the Best effeciency point (BEP) operating range. Moreover, the power
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Figure 5.2: Numerical and experimental performance curve; ∆Htotal, Wshaft.

shaft was overestimated, with a maximum deviation of 4.6% at a flow rate of 1.78Qd.

Figure 5.2 offers further insights into the predicted power output, Wshaft, and reveals

a noticeable correlation between the deviation in power output and the flow rate. The

overestimation of Wshaft can be attributed to some significant oscillations, as depicted

in Figure 5.1.

This observation highlights that while the numerical simulation captured the gen-

eral trends in fan performance, it had some limitations when dealing with specific

operating conditions, especially those deviating from the BEP. It’s essential to empha-

size that the discrepancies between the power shaft and total pressure rise, as calculated

by the frozen-rotor simulation and the experimental data, are notably more significant

when compared with the results obtained through the sliding mesh approach. The

comparison is presented in Table 5.1 showing the power shaft values obtained from the

steady simulation employing the frozen-rotor method.

As depicted in Table 5.1, the power output was consistently overestimated, with

a peak deviation of 8.21% occurring at a flow rate of (1.78Qd), and an average over-
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Figure 5.3: Numerical and experimental total efficiency (ηtotal) curve of the

fan.

estimation of 7.34%. These findings indicate that the computational modeling of the

flow dynamics within the blade passage was not accurately resolved. While the pri-

mary drawback associated with employing the sliding mesh technique pertains to the

increased computational demands necessitated by addressing rotor-stator interactions,

the simplification of flow physics reveals important insights into the limitations of nu-

merical accuracy when utilizing the frozen-rotor simulation for the prediction of overall

fan performance. These observations lead to the conclusion that the steady simulation,

particularly using the Frozen-Rotor approach, may not be considered reliable and suffi-

cient, especially when examining the performance of typical large-sized centrifugal fans,

where rotor-stator interactions are important. Consequently, it is inferred that solely

relying on unsteady simulations becomes imperative for obtaining accurate predictions

of aerodynamic performance within an acceptable margin of error in such cases.
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Flow rate , [m3/s] 40 48 53.9 72 96

power output, [Kw] 372.56 423.64 459.79 566.523 676.34

power output exp, [Kw] 350 395 430 525 625

Relative error, [%] 6.44 7.25 6.92 7.9 8.21

Table 5.1: Calculated power shaft with the Frozen-Rotor approach

5.1.2 Flow field characteristics

To illustrate various properties distribution of the flow field, a cross-sectional plane

perpendicular to the axis of rotation is generated at the mid-span of the impeller

outlet area (at a distance Z1=0.14m from the impeller hub) as visualized in Figure 5.4.

The pressure distribution is specifically presented in section Z1 at the design flow rate

(Qd) because both the time-averaged and instantaneous static pressures exhibit nearly

identical patterns across different sections of the impeller’s span.

Figure 5.4: Cross section at mid-span of the blade (Z1).

The time-averaged static pressure distribution within section Z1 depicted in Figure

5.5 reveals an increase in static pressure as one moves from the impeller intake towards

the casing outlet. This pressure rise occurs due to the transformation of dynamic

pressure, generated by the impeller’s rotation, into static pressure along the casing,
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accompanied by a sharp pressure gradient in the radial direction. This representation

offers valuable insights into the evolving diffusion processes governed by the impeller,

as well as the recovery of static pressure within the casing.

Figure 5.5: Time-averaged static pressure at Qd

Within the hub region, a noticeable reduction in static pressure is observed. This

can be attributed to the alteration of flow direction, transitioning from axial to radial,

as well as the absence of flow guidance in this particular region. As the axial flow enters

the hub region, it undergoes a radial turning, creating an adverse pressure gradient,

leading to a decrease in pressure in the radial direction. This effect arises from the

need for fluid particles to change their momentum to follow the curved path, which

requires additional work to be done. Furthermore, the absence of flow guidance in

the hub region allows the flow to expand and accelerate, further contributing to the

reduction in static pressure. This is due to the fluid particles being unconstrained by

walls or obstacles, permitting them to disperse and travel at higher velocities.

Conversely, at the tongue tip, the static pressure reaches its maximum value, co-
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inciding with the occurrence of flow stagnation. Along the impeller blade passage,

the static pressure is consistently higher on the blade’s pressure side compared to the

suction side. This gradient gradually intensifies from the impeller entry to the impeller

outlet. Notably, the static pressure reaches its lowest value at the blade’s leading edge

tip, where the fluid’s relative velocity attains its highest magnitude.

The instantaneous static pressure distribution shown in Figure 5.6 unveils a dis-

tinctive behavior. As the fan blade past the casing tongue, a noticeable trend emerges:

there exists a comparatively elevated static pressure on the blade’s pressure side. This

pattern, however, experiences a transition as the blade continues its rotation from the

casing throat to the wider discharge section of the volute. During this phase, the static

pressure on the blade’s pressure side undergoes a decrease. This non-uniformity in pres-

sure distribution along the blades is primarily attributed to the geometrical asymmetry

of the volute. These variations in the volute’s design result in differing pressure levels

encountered by the blade as it rotates, giving rise to the observed pressure fluctuations.

Figure 5.6: Instantaneous static pressure at Qd.
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The analysis of the unsteady dynamic interaction between the impeller and the

casing involves the assessment of the root-mean-square of the static pressure field,

labeled as Prms, within section Z1 at Qd. Figure 5.7 visually illustrates the distribution

of Prms, and its mathematical representation is provided as follows:

Prms =

√√√√ n∑
i

(
Pi − P̄

)2
/n (5.1)

where: Pi is the static pressure fluctuation over the time history of one revolution,

P is the time-averaged static pressure over a single revolution, and n is the number of

samples. It’s crucial to distinguish between the statistical mean derived from Reynolds

decomposition and the mean employed in Equation 5.1. The root-mean-square value,

denoted as Prms, serves as an indicator of the extent of fluctuation attributed to the

dynamic interaction between the impeller and the casing, rather than turbulence fluc-

tuations.

Figure 5.7: Prms distribution at Qd.
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The distribution of Prms exhibits higher values within the impeller blade passage

and the casing throat region. Importantly, these values are not uniformly distributed

throughout each blade passage. The most significant static pressure fluctuations are ob-

served within the impeller blade passage, particularly on the blade’s suction side, where

there is a prominent occurrence of flow separation and recirculation. Additionally, sub-

stantial fluctuations are noted at the blade’s leading edge, where the relative velocity

of the incoming flow is highest. These pronounced fluctuations are most noticeable in

the blade passages downstream of the casing tongue, where the interaction between the

rotating impeller and the stationary volute is most pronounced. The root-mean-square

of static pressure can reach a maximum value, of approximately 23 % of the reference

pressure (pref ). The pressure distribution and the fluctuation strength within the blade

passage are influenced by the unsteadiness resulting from these interactions, a behavior

that cannot be adequately captured using the frozen-rotor approach.

Figures 5.8-5.10 provide graphical depictions of the instantaneous velocity field con-

tours, along with superimposed normalized velocity vectors, within section Z1. These

visualizations correspond to flow rates of 40m3/s, Qd (53.9m3/s) and 96 m3/s. Ad-

ditionally, 2D streamlines, within the impeller domain, are also shown within section

Z1. The velocity data is presented with respect to the appropriate frames of reference.

This includes displaying contours of relative velocity magnitude within the impeller

domain, considering the moving reference frame, as well as the absolute velocity mag-

nitude concerning the inertial reference frame within the casing domain.

The evolution of 3D flow dynamics within the impeller region displays consistency

across the three distinct operating conditions. At the entrance of the impeller, the flow

exhibits a radial direction, and the distribution of volume flow rates is symmetrical.

Nevertheless, interactions between the impeller and the volute walls introduce fluctua-

tions in the flow field within each blade-to-blade passage. These fluctuations give rise

to distinctive flow characteristics stemming from the asymmetrical geometry of the vo-

lute. As the blades rotate, the flow experiences alterations in counter-pressure within

each blade passage, contingent upon the blade’s angular position relative to the volute
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Figure 5.8: Relative velocity contour and streamlines on the section Z1 at

0.74Qd.

Figure 5.9: Relative velocity contour and streamlines on the section Z1 at

Qd.

tongue. This asymmetry in the volute geometry is responsible for these variations,

which manifest as discernible features in the flow dynamics.

The velocity characteristics of the flow within the casing domain exhibit consistent

behavior across the three flow rates. This behavior is characterized by a notable velocity
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Figure 5.10: Relative velocity contour and streamlines on the section Z1 at

1.78Qd.

gradient in the radial direction, with a pronounced flow acceleration occurring near the

trailing edge at the interface between the impeller outlet and the casing domain. This

acceleration results in exceptionally high local velocities, reaching values of up to 1.2U2.

As the flow enters into the volute, there is a gradual decrease in velocity, as the kinetic

energy of the flow is converted into static pressure. It’s important to highlight that,

the stagnation point for the flow rate of 96m3/s is shifted towards the casing throat

compared to the Qd and 40m3/s operating points. Specifically, the blade channel that

passes in front of the volute tongue exhibits a progressive distortion of the high-velocity

flow at the impeller outlet. This dynamic instability becomes more pronounced with

higher flow rates, particularly evident in the overload operating point.

The velocity contours also indicate that there are areas where the flow separates in

the blade passage near the blade suction side for all three working conditions. These

areas, which affect most of the blade passage at the design flow rate and at the part-load

operating point, are characterized by low velocity and recirculating flows. The blade

inlet angle and blade curvature strongly influence the flows at the impeller entry and

blade passage, leading to inevitable flow separation primarily near the blade suction
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side. However, it is noteworthy that at the overload operating regime (as shown in

Figure 5.10), the extent of the flow separation is attenuated in the passages near the

casing tongue that face the larger cross-section of the volute and the casing throat.

The blade passage upstream of the volute tongue, in contrast, does not experience any

flow separations.

5.2 Particle dispersion and Erosion process

5.2.1 Particles trajectories

This section explores the analysis of particle trajectories tracked along their paths. The

particles were injected based on particle diameter and mass distribution, as introduced

in (Section 4.4.4), to explore the impact of particle size on their dynamics within the

fan domain. Solid particles were injected into the instantaneous flow field solution

under three operating conditions (i.e., 0.74Qd, Qd, and 1.78Qd). The path lines of

particle samples were color-coded according to particle velocity. Two size classes were

delineated for illustrative purposes: Small Size Particles (Small-Size particles (SSP))

with particle diameters dp < 30, µm and Large Size Particles (Large-Size particles

(LSP)) with diameters ranging from 30, µm to 200, µm. Figure 5.11 demonstrates the

trajectories of SSP through the blade passage, highlighting their dynamic interactions

with the impeller blade and impeller back plate surface. Likewise, Figure 5.12 portrays

their path lines through the impeller and casing domains. Similarly, Figures 5.13 and

5.14 depict the trajectories of LSP across the blade passage and the entire fan domain,

respectively.

It is noteworthy that, based on the particle trajectories observed for both diameter

classes, particle transport varies significantly, particularly in the blade passage and the

casing domain. Nevertheless, irrespective of particle size, the airflow drives particles

in an axial direction from the inlet cone to the rotating impeller domain. For particles
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situated closer to the inlet cone wall surface, they enter the blade passage directly from

the top near the shroud surface, impacting the top fore part of the blade pressure side

(near the blade-shroud junction). Following rebound, they undergo further impact over

the blade pressure side at mid-span before being deflected to exit the impeller without

causing additional impacts on the trailing edge aft. In contrast, particles within the

inlet core flow rotate with the turning fluid in the impeller hub domain before entering

the blade passage.

Figure 5.11: Samples of particle trajectories (SSP) through the blade pas-

sage at Qd.

The deviation of particle trajectories from the airflow streamlines is determined

by the predominant forces acting on them, and this is influenced by both their size

and inertia. The size of the particles can be correlated with the turbulent Stokes

number (Stk), which represents the ratio of the time a particle takes to respond to

changes in fluid flow to the characteristic time scale of the fluid flow. This crucial
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Figure 5.12: Samples of particle trajectories (LSP) through the fan domain

at Qd.

parameter indicates the extent to which the particle path deviates from the flow of

the fluid. The behavior of particles with various Stokes numbers in turbulent flows is

intricate and relies on specific flow conditions and particle characteristics. Nevertheless,

the turbulent Stokes number serves to characterize the relative significance of particle

size and turbulence in governing particle transport and dispersion. When a particle

possesses a Stokes number approaching unity, it is strongly influenced by the fluid and

can closely adhere to the flow path.

Small-size particles (SSP) traveling the fan domain exhibit a small turbulent Stokes

number, typically ranging between 2 and 5, attributable to their low inertia. This char-

acteristic renders them notably susceptible to viscous drag, resulting in a pronounced

117



Numerical simulation of the flow field and erosion process

tendency to adhere closely to the airflow path. As depicted in Figure 5.11, SSP enter

the blade passage from the hub to the shroud of the blade channel. The predominant

particle flux makes direct contact with the entire surface of the blade’s pressure side,

with numerous incident particles impacting the blade’s fore and mid-sections before

rebounding and causing additional impacts at a low angle prior to reaching the trailing

edge at a velocity of approximately 80,m/s, following a momentum loss from their im-

pact. While certain incident particles travel in proximity to the blade pressure surface

and strike the blade aft along the trailing edge before exiting the impeller without

further impact, several particles manage to traverse the blade passage without causing

impacts on the blade’s pressure and suction side surfaces before exiting the impeller

at a velocity of about 0.9, U2, owing to the high local fluid velocity. The trajectories

of small particles are significantly influenced by the flow recirculation occurring in the

blade passage near the blade suction side. In these regions,the particles behave like

a passive scalar and are driven downwards from the shroud to the impeller hub by

the flow vortex, potentially resulting in a high Impact frequency (IF) near the blade

suction side where flow recirculation is strong.

After traversing the blade passage and entering the interface between the impeller

and the volute,(SSP) promptly respond to alterations in the flow field as they shift

from the rotating to the stationary frame. They undergo a change in direction and

experience acceleration, attaining high velocities at the impeller exit. As illustrated in

Figure 5.12, the efflux of particles collected at the trailing edge can achieve maximum

values of up to 1.1, U2. The particles are influenced by the flow field within the casing

domain while progressing from the volute’s throat to its larger section. They undergo a

directional shift with respect to the inertial frame, either colliding repetitively against

the casing wall or following the fluid flow to the casing outlet without causing any

impact. Due to their elevated speed in the casing throat region, they impact the

volute’s facing surface with substantial velocities. However, their velocity diminishes

in the larger section of the volute, characterized by a steep velocity gradient toward

the radial direction, resulting in infrequent impacts and low velocities on these casing

surfaces. Ultimately, the particles decelerate to a velocity of 50 m/s or even lower at
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the casing outlet.

Figure 5.13: Samples of particle trajectories (LSP) through the blade pas-

sage at Qd .

In contrast to small-size particles, large-size particles (LSP) undergo more signifi-

cant centrifugation and inertia, leading to substantial deviations from fluid pathlines

and downward deflection within the blade passage. As depicted in Figure 5.13, the

blade mid-span near the hub, the fore part of the blade pressure side, and the blade

leading edge are particularly susceptible to particle impacts. When larger particles

enter the blade passage close to the blade suction side, they are directed toward the

subsequent blade pressure side at 50% of the blade chord with a moderate incidence

angle before being deflected to the impeller outlet without additional impacts. How-

ever, particles entering the blade passage near the blade pressure side strike the blade

surface at a low angle of incidence. The primary particle flux is observed to impact

the blade pressure side and the impeller hub before exiting the impeller, with several

particles striking the blade leading edges at a high impact angle before returning to the

blade channel. Particles with a low impact angle bounce off the pressure side, reach-
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ing the trailing edge after multiple impacts. This category of particles is more prone

to generating a high impact frequency than smaller particles due to their heightened

inertia, causing them to impact the impeller hub before entering the blade passage.

Figure 5.14 illustrates the coalescence of large-size particles along a band that faces

the impeller outlet within the casing domain. Upon exiting from the impeller, these

particles undergo acceleration, achieving substantial velocities of up to 122 m/s at

the impeller-casing interface. Owing to their elevated inertia and significant Stokes

number, these class of particles follow a linear trajectory, resulting in forceful collisions

with the casing wall. Their impact on the volute surface persists until they reach the

casing outlet, where their velocity decreases to 30 m/s due to impact-induced loss and

the exchange of fluid forces.

Figure 5.14: Samples of particle trajectories (LSP) through the fan domain

at Qd.
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5.2.2 Particle impact characteristics and erosion assessment

To gain insight into the impact characteristics and distribution of both Small-Size

Particles (SSP) and Large-Size Particles (LSP), each individual particle impact was

recorded on the most critical boundary surface of the fan. A dot was utilized to

represent each impact in Cartesian coordinates. These dots were then colored based

on particle diameter, as well as impact parameters such as impact velocity and impact

angle. Subsequently, they were superimposed on the target surface and depicted in

contour. Figure 5.15 showcases the frequency distribution of particle impacts on the

blade pressure side within the considered particle size classes. Additionally, Figures

5.16 and 5.17 illustrate contours depicting the velocity and angle at which the impacts

occur, respectively

As depicted in Figure 5.15, the distribution of impacts on the blade pressure side

surface exhibits notable distinctions between the two size classes. In Figure 5.15(a), the

impact distribution of large-size particles reveals that areas more susceptible to impacts

include the fore and lower mid-span of the blade surface, along with the leading-edge

strip. Additionally, the central region of the blade is affected by particles rebounding

from the leading-edge strip. However, no impacts are observed at the blade tip or

the second part of the blade mid-span near the shroud. Consistent with the particle

trajectories depicted in Figure 5.13, a peak impact region near the blade root is evident,

occurring at 50% of the blade chord.

As indicated in Figure 5.16(a), the majority of large-sized particles hit the blade

pressure side surface, exhibiting velocities in the range of 60,m/s to 80,m/s. However,

particles that are directly propelled onto the blade surface experience higher impact

velocities, reaching a maximum of up to 110,m/s near the trailing edge. Notably,

these particles undergo a singular impact on the blade surface, avoiding momentum

loss from multiple collisions. In Figure 5.17(a), it is observed that the most common

instances of large-size particle impacts on the blade surface occur at low impact angles.

Nevertheless, impacts in specific regions, such as a band near the blade root at the mid-

121



Numerical simulation of the flow field and erosion process

cord of the blade and the top fore part of the blade, happen at an impact angle close

to 30°—coinciding with the angle associated with maximum erosion. Owing to the

heightened impact velocities in these blade regions, particles of this size class play

a substantial role in contributing to erosion on the blade pressure surface in these

particular areas.

Figure 5.15: Particle impact on the blade Pressure side colored by particle

diameter: (a) LSP; (b) SSP.

According to Figure 5.15 (b), small-size particles impact the blade pressure side

surface uniformly. An analysis of the particle diameter distribution on the blade surface

reveals that smaller particles are more prone to striking the blade tip compared to their

larger counterparts. Additionally, it is apparent that the mid-cord, upper fore part,

and near the trailing edge of the blade are particularly susceptible to particle impacts.

In Figure 5.16 (b), it is depicted that the velocity of particle impact on the mid-cord

region is approximately 40,m/s for small-size particles, with higher values observed in

the upper fore part of the blade and near the trailing edge due to the high efflux fluid

velocity. Small particles predominantly impact the blade surface at a low angle, except

for the mid-cord region near the impeller hub and the top part of the leading-edge

strip, as shown in Figure 5.17 (b). The impact angle distribution reveals a consistent

pattern of particle impact angles across both diameter classes.
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Figure 5.16: Particle impact on the blade pressure side colored by impact

velocity:(a) LSP; (b) SSP.

Figure 5.17: Particle impact on the blade PS colored by impact angle:(a)

(a) LSP; (b) SSP.

Figure 5.18 illustrates the frequency of particle impacts on various components of

the fan, including the blade’s leading edge, pressure side, suction side, and the impeller

hub. This illustration aims to assess how particle size influences erosion patterns and

contributions. According to the figure, the frequency of impacts on the pressure side of
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the blade is nearly identical for both particle size categories. Despite small-size particles

constituting more than 55% of the total particle release (as indicated in Figure 4.9),

large-size particles contribute to 54% of all impacts on the blade’s pressure side. This

difference can be attributed to the fact that some small particles do not hit the blade’s

surface as they pass through the blade passage (as depicted in Figure 5.11), while larger

particles are more likely to undergo repeated collisions with the pressure side of the

blade after bouncing off its surface.

Figure 5.18: Dispersion of impacts of different Particle Size classes on the

Principal Components of the Rotor.

The predominant area of impact by large-size particles on the blade surface is

concentrated in a specific region of the blade’s lower midspan. However, analyzing only

the distribution of impact frequencies for the two-particle size classes is insufficient for

determining which size class contributes the most to erosion on the blade surface. This

is because a comprehensive assessment requires an examination of both the velocity

and angle at which impacts occur for both size classes simultaneously. To address this,

Figure 5.19 illustrates the distribution of impact velocities (recorded in increments of

10 units), and Figure 5.20 presents the impact angles (recorded in increments of 5
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units).

Figure 5.19: Dispersion of Impact velocities on the blade pressure side.

The bar chart depicted in Figure 5.19 illustrates the probability distribution of

impact velocities on the surface of the blade pressure side for the two distinct particle

diameter classes. Impact velocities cover a range from 0 to 110,m/s and are segmented

into 11 intervals. Examining the graph reveals that at lower impact velocities (0-

20,m/s), the likelihood of impact for both small and large particles is relatively minimal.

As impact velocities increase, the probability of impact increases for both particle size

classes. This pattern persists until the impact velocity reaches 30-40,m/s, where the

impact probability for small particles peaks at approximately 0.3. Subsequently, the

probability decreases, reaching zero at impact velocities beyond 80m/s. For large-size

particles, the probability of impact attains a maximum value of around 0.397 within

the velocity range of 70-80,m/s. Following this range, the probabilities for both small

and large particles diminish at higher impact velocities (90-100,m/s and 100-110,m/s).

This trend holds significant implications for the erosion process, suggesting that large-
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size particles are more likely to cause severe damage to the blade compared to smaller

ones. This heightened probability of impact at high velocities is attributed to the

increasing influence of inertia and centrifugation as particle size increases.

Figure 5.20: Dispersion of Impact angles on the blade pressure side.

The histogram presented in Figure 5.20 illustrates the probability distribution of

impact angles on the surface of the blade pressure side for two distinct particle diameter

classes. The impact angles span from 0° to 60°, divided into 11 intervals. The peak

probability of impact for small-size particles occurs within the angle range of 0°-5°,

reaching a maximum probability of 0.57. In contrast, the highest probability of impact

for large-size particles is observed in the range of 15°-20°, with a maximum probability

of 0.17. It is noteworthy that an impact angle of 30 degrees leads to maximum erosion.

The histogram indicates that large-size particles have a relatively elevated probability

of impacting the blade at an angle close to 30°, with 24% of the impact angles falling

between 20°–30°. This representation offers valuable insights, suggesting that large-size

particles have the potential to significantly contribute to blade erosion. Considering
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the combined influence of impact angle and velocity during the fan design stage may

be essential to mitigate their effects and reduce blade erosion.

Figure 5.21 illustrates a significant erosion rate on the blade pressure side. The

figure displays the erosion rate density contour for a particle concentration of 30,mg/m3

at the design volume flow rate Qd. Furthermore, Figure 5.22 showcases a typical erosion

pattern observed on the pressure side of the blade during operation. This pattern

served as a basis for comparing the results obtained from the numerical analysis with

the actual erosion patterns observed during inspections.

The comparison between the erosion pattern depicted in Figure 5.21 and the on-field

erosion pattern shown in Figure 5.22 validates the capability of the numerical model

developed in this study to faithfully reproduce the actual erosion pattern resulting from

solid particle impact on the blade’s pressure side. Significant erosion predominantly

occurs in regions near the hub in the mid-span part of the blade and the top fore part

of the blade, where there is a concentration of large-size particles impacting the blade

surface. The scattering of erosion at the center of the blade is attributed to particles

rebounding off the leading-edge strip, while minimal wear is evident on the rest of the

blade surface. The most severe erosion is observed in the blade root region at around

50% of the blade chord.

Although the entire blade surface is exposed to small particle impact, noteworthy

erosion is only apparent in regions impacted at an angle between 20-30 degrees, as

indicated by the impact angle distribution in Figure 5.17-b. This observation implies

that larger particles are more likely to induce severe erosion compared to their smaller

counterparts. Minimal to no erosion occurs when smaller particles impact at moderate

velocity and a low impact angle, underscoring the pivotal role of impact angle in

determining the erosion rate. For most ductile metals, the maximum erosion typically

occurs at an angle between 20 and 30 degrees.
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Figure 5.21: Erosion rate density on the Blade PS at Qd.

Figure 5.22: In-service erosion inspection of the Blade pressure side .
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According to the impact distribution chart in Figure 5.18, it is clear that the blade

suction side experiences impact predominantly from small-sized particles. The major-

ity of these particles hit the blade suction side at low angles and moderate impact

velocities, as shown in Figure 5.23. However, the frequency of these impacts is not

enough to cause substantial erosion on the blade suction side. In contrast, the leading

edge faces high impact frequency and high-velocity impacts from all particles, with

the highest velocity observed at the top. These particles collide with the leading-edge

surface at both normal and approximately 35° angles at the top, leading to a notable

erosion rate in this specific area of the leading edge.

Figure 5.23: Blade SS Erosion rate density at Qd.

Figures 5.24 through Figure 5.26 illustrate the particle impact distribution on the
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impeller hub, with color-coding representing particle diameter, impact velocity, and

impact angle, respectively.

Figure 5.24: Impact on the impeller hub colored by particle diameter at

(Qd).

Figure 5.25: Impact on the impeller hub colored by impact velocity at (Qd).

130



Numerical simulation of the flow field and erosion process

Figure 5.26: Impact on the impeller hub colored by impact angle at (Qd).

According to the impact frequency chart depicted in Figure 5.18, more than 80% of

the impacts on the hub originate from large-size particles, possessing significant inertia

that propels them toward the hub. This increases the likelihood of these particles strik-

ing the hub before entering the blade passage. The concentration of large particles,

as evident in Figure 5.24, is notable near the blade pressure side and the hub-blade

junction during their traversal through the blade passage, resulting in a heightened fre-

quency of impacts in this particular region. Figures 5.25 and Figure 5.26 indicate that

large-size particles tend to impact the hub at angles around 15° and impact velocities

ranging from 50 m/s to 70 m/s. The velocity increases as these particles move away

from the hub-blade junction, reaching up to 110 m/s near the impeller outlet.

In contrast, the majority of impacts by small particles occur near the blade suction

side within the blade passage. The trajectories of small particles near the blade pressure

side, as shown in Figure 5.11, reveal that these impacts result from flow separations

primarily occurring near the blade suction side. In this area, a flow vortex drives

recirculating particles downward from the shroud to the hub, creating a dense region
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of impact characterized by low impact velocity and a moderate to high impact angle.

Figures 5.27 depict the erosion rate density contour on the impeller hub at the

design flow rate. A comparison with the erosion pattern observed during the periodic

inspection, as illustrated in Figure 5.22, reveals noticeable erosion concentrated around

the blade mid-cord near the blade root, extending toward the trailing edge of the blade.

However, no erosion is evident on the majority of the surface. The predicted erosion

pattern presented in Figure 5.27 accurately anticipates the observed in-field erosion

pattern with a high level of precision.

Figure 5.27: Impeller hub erosion rate density at (Qd).

5.2.3 Effect of the operating condition on the erosion process

To explore the impact of operational conditions on the erosion process, Figures 5.28

and 5.29 present the erosion rate density contour for the pressure side of the blade.

These figures depict the erosion rate density contour for a particle concentration of 30
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mg/m3 at flow rates corresponding to 0.74Qd and 1.78Qd respectively.

At a flow rate of 0.74Qd (40 m3/s), as shown in Figure 5.28, the erosion pattern

closely resembles that observed at the design flow rate, except for the blade’s fore

near the shroud, which remains unaffected by erosion. The erosion extends nearly to

the mid-span of the blade, with the most substantial erosion occurring near the blade

root. It’s noteworthy that the maximum erosion at this flow rate is approximately

ten times higher than the maximum erosion observed at the design flow rate. As the

flow rate increases, illustrated in Figure 5.29, the area most prone to erosion becomes

concentrated in the middle of the blade, covering almost the entire blade mid-span,

with the maximum erosion occurring near the blade midspan at 50% of the blade’s

cord.

Figure 5.28: Erosion rate density on the Blade PS at 0.74Qd.

As depicted in Figure 5.30 and Figure 5.31, the erosion rate density on the hub at

flow rates of 0.74Qd and 1.78Qd follows a similar pattern, but the maximum erosion

magnitude is one order of magnitude greater than that observed at the design flow

rate. At a flow rate of 1.78Qd, the eroded area along the blade root has expanded

to encompass the blade passages upstream of the casing tongue. This expansion is

attributed to non-uniformities in the flow field within each blade passage, as illustrated
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Figure 5.29: Erosion rate density on the Blade PS at 1.78Qd.

in Figure 5.10.

Figure 5.30: Impeller hub erosion rate density at (0.74Qd).
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Figure 5.31: Impeller hub erosion rate density at (1.78Qd).

5.2.4 Effect of the particle concentration on the erosion

The particle concentration in the airflow undergoes substantial variations due to the

deterioration of the bag-filter tissue during operation. The escalation in particle concen-

tration can lead to elevated erosion rates, necessitating an examination of the erosion

intensity of impeller components under varying particle concentrations. The simula-

tions incorporated solid particle concentrations ranging from 30 mg/m3 to 150 mg/m3.

To ensure numerical results unaffected by the number of particles introduced at the

inlet, 1.5×10-5 individual particles were released at the inlet. To evaluate the impact

of particle concentration on erosion intensity, the total number of injected particles

remained constant in each simulation. The mass flow rates of solid particles were

adjusted for each simulation to align with the modeled particle concentration. This

approach led to an increased number rate for each representative particle at varying

concentration levels. Subsequently, the erosion rate was calculated using Equation ??,
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resulting in a consistent erosion pattern while the intensity fluctuated across different

particle concentration levels.

Figure 5.32 depicts the maximum erosion rate of impeller components, including

the blade pressure side, suction side, impeller hub, and leading edge, for diverse particle

concentrations at the design flow rate. The scatter plot reveals a positive correlation

between particle concentration and maximum erosion rate, with the blade pressure

side exhibiting a higher erosion rate than the other components. Furthermore, the

relationship between erosion rate and particle concentration is linear, where the slopes

are proportional to the maximum erosion rate of the targeted surface.

Figure 5.32: Erosion rate of monitoring surface under different particle

load.
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5.3 Geometrical Modification of the Reference De-

sign

5.3.1 Different Blade Outlet Angles

The research involved conducting computational fluid dynamics (CFD) simulations to

investigate the impact of altering the outlet angle of impeller blades on the performance

and erosion patterns of the fan. for that purpose, the blade outlet angle was varied

assuming four different outlet angles of 71°, 67°, 62° (the reference model), 58°, and 56°.

All impellers in the study were equipped with 16 blades, and the blade inlet angles were

kept constant across all configurations. Specifically, the study examined four operating

regimes to plot the performance curve of the fan.

Figures 5.33, 5.34, and 5.35 demonstrate the correlation between adjustments in

the blade outlet angle and the aerodynamic performance of the fan. The pattern is

relatively straightforward: An increase in the outlet angle leads to a notable rise in

both total pressure and torque across the entire operational range, while a decrease

in the blade outlet angle produces the opposite effect. At lower flow rates (e.g., 40

m3/s), altering the outlet angle has a relatively minor impact on the fan’s overall ef-

ficiency. However, when the outlet angle is reduced to 56°, it enhances performance

by approximately 1.12%, whereas larger outlet angles (e.g., 67°) result in a reduced

performance of about 1.52%.At flow rates of 53.9 m3/s and 72 m3/s, increasing the

outlet angle generates higher torque, which negatively affects the fan’s performance.

This is because, for the backward-S fan under investigation, the increase in total pres-

sure rise does not sufficiently compensate for the rise in torque to enhance efficiency.

Conversely, decreasing the blade outlet angle improves the fan’s aerodynamic perfor-

mance by up to 2.1%. At higher loads (e.g., 96 m3/s), the reference design exhibits the

highest total efficiency compared to various blade outlet angles. For higher loads, it

appears that further increases in the blade outlet angle may have a detrimental effect
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while decreasing the blade outlet angle enhances the fan’s performance.

Figure 5.33: The effect of changing the outlet angle of the impeller blades on total

pressure rise of the fan.

Figure 5.34: The effect of changing the outlet angle of the impeller blades on fan shaft

power.
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Figure 5.35: The effect of changing the outlet angle of the impeller blades on the total

efficiency of the fan.

Furthermore, as depicted in Figure 5.36, 5.37, and 5.38, showcasing the relative

velocity magnitude at the mid-span section of the corresponding blade under flow

rates of 40m3/s, 53.9 m3/s, and 96m3/s, it becomes evident that the extent of flow

separations occurring in the impeller channels near the blade’s suction side, which

are inescapable, becomes more confined when the blade outlet angle is reduced. This

development holds advantages from both an aerodynamic perspective and could be a

contributing factor to the enhanced performance observed in impellers with narrower

outlet angles.
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Figure 5.36: Relative velocity magnitude at the mid-span section of the blade with

different outlet angles at (40 m3/s),A)= 71°,B)= 67°,C)= 58°,D)= 56°.

Figure 5.37: Relative velocity magnitude at the mid-span section of the blade with

different outlet angles at (53.9 m3/s),A)= 71°,B)= 67°,C)= 58°,D)= 56°.
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Figure 5.38: Relative velocity magnitude with different outlet angles at (96 m3/s).

5.3.1.1 Erosion patterns on the impeller components

Figure 5.39 illustrates the erosion rate density on the blade pressure side across various

blade outlet angles: 71°, 67°, 58°, and 56°. The general observation reveals that the

erosion rate density peaks at the mid-cord of the blade root for all angles. Higher outlet

angles, specifically 71° and 67°, display erosion spreading towards the upper portion of

the leading edge. This particular region faces more direct particle impact due to the

increased flow deflection at higher angles. Notably, the blade outlet angle significantly

influences erosion rates and patterns, with the erosion rate density being highest for

the blade featuring the largest outlet angle (71°) and lowest for the blade with the

smallest outlet angle (56°). Moreover, larger outlet angles (71°, 67°) result in wider

erosion zones covering nearly two-thirds of the blade chord and extending toward the

leading edge. Conversely, smaller outlet angles (58°, 56°) lead to concentrated erosion

around the mid-cord, with minimal impact on the leading edge.
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Figure 5.39: Erosion pattern on the blade PS with different outlet angle at 53.9 m3/s,

A)=71°,B)=67°,C)=58°,D)=56°.

Figure 5.40: Erosion rate density on the impeller hub with different outlet angle at

53.9 m3/s; A)=71°,B)=67°,C)=58°,D)=56°.
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5.3.1.2 Wall thickness reduction per year on the blade pressure side with

different outlet angle

In our investigation, we conducted an additional analysis to examine the impact of

changes in the blade outlet angle on erosion on the pressure side of the blade. Specif-

ically, we plotted the thickness of eroded material as it varies across the normalized

length of the blade’s camber. This normalized length scale spans from zero, represent-

ing the leading edge of the blade, to one, which corresponds to the trailing edge. To

evaluate erosion, we measured the thickness of eroded material at a particle load of 30

mg/m3 at six distinct sections marked as S1, S2, S3, S4, S5, and S6. These sections

are indicated in Figure 5.41 for reference. This additional analysis is a crucial step in

comprehending how the blade’s outlet angle influences erosion on the pressure side. By

charting the eroded material thickness across the normalized blade camber length, we

can pinpoint the areas of the blade that are most susceptible to erosion. This data can

then inform the design of more erosion-resistant blades. The utilization of six specific

sections for erosion assessment is a good approach, providing a detailed view of the

erosion pattern along the blade. By comparing erosion profiles for various blade outlet

angles, we can identify the specific effects of this parameter on erosion.

The mass of material denoted as m, which is removed from surface A, can be

mathematically characterized by the product of the erosion rate density over a defined

operational duration and the surface area of the element cell, as illustrated by the

following equation:

m = ER .A (5.2)

Considering the erosion rate density denoted as ER following a year of operation,

the mass of eroded material can alternatively be expressed as a function of the wall

surface density and the volume of eroded material:

m = ρs Ver = ρsAh (5.3)
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Figure 5.41: Blade sections used for measuring the eroded thickness on the blade

pressure side.

The thickness of the eroded volume represented as h, can be readily calculated by

comparing the two aforementioned equations

h =
ER

ρs
(5.4)

The eroded thickness data for sections S1, S2, S3, and S4 depicted in Figure 5.42

through Figure 5.47 clearly demonstrate a consistent trend: eroded thickness decreases

as the blade’s outlet angle decreases. This pattern is remarkably similar across all

these sections, showcasing the robustness of this relationship. To delve deeper, it’s

important to note that at blade outlet angles of 62°, 58°, and 56° degrees, the leading

and trailing edges of the blade pressure side remain unaffected by erosion. However,

a slight reduction in thickness, averaging about 0.3 mm, is observed when the blade

outlet angles are increased to 67 and 71 degrees. Moving further along the blade’s

surface, it’s evident that the eroded thickness gradually increases as we move from the

leading edge toward the camber’s center position on the blade’s pressure side. The
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highest eroded thickness values are concentrated in this region. Subsequently, moving

towards the trailing edge, the eroded thickness begins to decrease again.

When we compare the different sections, specifically S1 through S6, the data reveals

a consistent reduction in eroded thickness. However, it’s noteworthy that at sections

S1 and S2, the maximum eroded thickness is approximately 1.8 mm when the blade

outlet angles are set at 71° and 67°. The changes in erosion rates are more pronounced

in section S1 compared to sections S2, S3, and S4. The maximum erosion rates decline

by approximately 45% as the blade outlet angle decreases from 71° to 56°. This sub-

stantial drop in erosion rates underscores the potential of lower blade outlet angles to

significantly mitigate erosion. It’s also essential to point out that in section S4, with

blade outlet angles of 58° and 56°, the distribution of eroded thickness varies slightly

from the other models. In these cases, the peak eroded thickness extends about one

unit to the left and right from the blade’s center. While this alteration is not drastic,

it introduces some variability in the erosion pattern.

On average, the maximum eroded thickness difference between the reference model

(62° blade outlet angle) and the model with the smallest blade outlet angle (56°) is

about 0.4 mm. This may seem like a minor distinction, but it can have a noteworthy

impact on the fan’s overall erosion resistance, especially under operating conditions

characterized by high particle concentration and heavy loads. This data underscores

the importance of optimizing the blade outlet angle to enhance the fan’s durability and

performance in challenging conditions. In contrast to the other sections, specifically,

sections S5 and S6 (located at the blade’s midspan), the distribution of eroded thickness

exhibits dissimilar patterns for varying blade outlet angles. Notably, when the blade

outlet angles are set at 62°, 58°, and 56°, the maximum reduction in thickness shifts

by one unit to the left and right in section S5. However, when the outlet angle is

adjusted to 67° and 71°, the maximum thickness reduction remains centered at the

blade’s camber.
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Figure 5.42: Eroded Thickness on Blade PS along S1 After 8760 Hours at 53.9 m3/s

and 30, mg/m3.

Figure 5.43: Eroded Thickness on Blade PS along S2 After 8760 Hours at 53.9 m3/s

and 30, mg/m3.
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Figure 5.44: Eroded Thickness on Blade PS along S3 After 8760 Hours at 53.9 m3/s

and 30, mg/m3.

Figure 5.45: Eroded Thickness on Blade PS along S4 After 8760 Hours at 53.9 m3/s

and 30, mg/m3.
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Figure 5.46: Eroded Thickness on Blade PS along S5 After 8760 Hours at 53.9 m3/s

and 30, mg/m3.

Figure 5.47: Eroded Thickness on Blade PS along S6 After 8760 Hours at 53.9 m3/s

and 30, mg/m3.

The varying erosion patterns observed at different blade outlet angles is strongly at-
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tributed to the distinct flow conditions. Consequently, at different blade outlet angles,

the characteristics of particle impact are significantly influenced by the fluid dynamics

within the impeller region, particularly within the blade-to-blade passage. The data

provided in Fig.5.48 offers valuable insights into the impact frequencies of particles

on the blade pressure side at varying blade outlet angles. The dataset encompasses

particle impact frequencies at five distinct blade outlet angles: 71°, 67°, 62°(Reference),

58°, and 56°. Each blade outlet angle is associated with two primary segments in the

stacked bar chart. These segments delineate particles based on their size class previ-

ously discussed, SSP with particle diameters dp < 30µm and large-size particles LSP

with diameters ranging from 30µm to 200µm.

Figure 5.48: Particle impact frequency distribution on the blade PS at different Blade

outlet angle.

The chart conveys several noteworthy observations, with a critical focus on the total

particle impact as it varies with blade outlet angles. In the dataset, the total particle

impact reveals an essential trend: it decreases as the blade outlet angle decreases.

This observation highlights the profound influence of blade geometry on the overall

particle impact, suggesting that larger blade outlet angles may lead to higher total
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particle impact. One of the most evident trends pertains to the effect of blade outlet

angles on particle behavior. As the blade outlet angle decreases from 71° to 56°,

the behavior of particle impact frequencies becomes markedly distinct. A compelling

insight emerges when comparing the segments within each bar: the impact frequency of

smaller-sized particles (SSP) tends to decrease as the blade outlet angle decreases, while

conversely, the impact frequency of larger particles shows a tendency to increase relative

to smaller particles when blade outlet angles decrease. Overall, this chart provides

valuable insights into how variations in blade outlet angles can impact the distribution

of particle impact frequencies, particularly for different particle size classes. These

insights can inform engineering decisions related to blade design and particle impact

control.

To gain a deeper understanding of how changes in the blade outlet angle affect

impact characteristics on the blade’s pressure side, Figures 5.49 to 5.52 depict the

velocity and angle at which impacts occur on the blade’s pressure side for various

blade outlet angles.

For large particles, the impact velocity distribution follows a consistent pattern

across different blade outlet angles. Large particles predominantly impact the blade

within the velocity ranges of 60-70 m/s and 70-80 m/s, with minimal impact probability

observed at both lower and higher velocity ranges. The alteration of the blade outlet

angle appears to have negligible effects on the impact velocity distribution, except for

the case of the lowest outlet angle, 56°. Conversely, small particles exhibit a preference

for impacting the blade at moderate velocities. They display a significant probability

of impact within the velocity range of 10-20 m/s for larger blade outlet angles (71°

and 67°), followed by a gradual decrease in probability as velocity increases further.

However, for smaller outlet angles (58° and 56°), the impact velocity is centered around

the 30-50 m/s range, and reducing the blade outlet angle seems to decrease the im-

pact velocity of small particles. Notably, for the lowest outlet angle of 56°, small-size

particles exhibit a peak impact velocity within the 0-10 m/s range.
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When examining the impact angles, distinct patterns become evident, particularly

when considering different blade outlet angles, notably 71° and 67°. These patterns

showcase unique behaviors exhibited by small and large particles:

For Higher Blade Outlet Angles (71° and 67°): Small particles tend to favor striking

the blade within a relatively narrow range of impact angles, predominantly falling

within the 0° to 25° range. The highest probability is concentrated in the 0-5° range,

signifying a strong preference for shallow impact angles. In contrast, large particles

display a wider spread of impact angles, covering the range from 0° to 45°. The peak

probability is observed in the 20-25° range, with notable probabilities in the 25-30°

and 30-35° ranges, which encompass the angle (30°) associated with maximum erosion.

Transitioning to a 67° blade outlet angle, small particles maintain their inclination

for shallow impact angles but exhibit an expanded distribution within the 5-20° range

compared to the 71° configuration. For large particles, the probability distribution of

impact angles becomes less prominent, particularly in the 20-25°, 25-30°, and 30-35°

ranges. Although a preference for impact angles in the 20-25° range remains, it is not

as pronounced as observed at the 71° angle setting.

Figure 5.49: Probability of Impact Velocities and Angles for different Particle Size

Classes on Blade PS at 71°.
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Figure 5.50: Probability of Impact Velocities and Angles for different Particle Size

Classes on Blade PS at 67°.

With Further Reduction in Blade Outlet Angle: As the blade outlet angle is fur-

ther decreased, a few noteworthy trends emerge: Small particles demonstrate a more

uniform distribution of impact angles spanning the 5-25° range. Decreasing the blade

outlet angle to 56° results in small-sized particles exhibiting wider impact angle dis-

tributions, extending up to 75° and even reaching 90° when compared to higher outlet

angles. At smaller outlet angles like 56°, small particles continue to exhibit a prefer-

ence for shallow impact angles, although the peak probability is less prominent than at

higher angles. Similarly, for large particles at smaller outlet angles, the peak probabil-

ity shifts to the 15-20° range, indicating a preference for slightly steeper impact angles.

Further reduction in the blade outlet angle to 56° leads to a shift toward even smaller

angles, particularly within the 10-15° range.
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Figure 5.51: Probability of Impact Velocities and Angles for different Particle Size

Classes on Blade PS at 58°.

Figure 5.52: Probability of Impact Velocities and Angles for different Particle Size

Classes on Blade PS at 56°.

This dataset offers valuable insights into the influence of blade outlet angles on

erosion patterns. It becomes evident that blade outlet angles play a pivotal role in

shaping the overall particle impact dynamics. Larger blade outlet angles, specifically
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71° and 67°, are associated with higher total particle impact, while a prominent trend

emerges: as blade outlet angles decrease, the total particle impact decreases as well.

The examination of particle size classes uncovers interesting trends. Smaller particles

(SSP) tend to experience reduced impact frequencies as blade outlet angles decrease,

while the opposite holds true for larger particles (LSP), with their impact frequencies

increasing as blade outlet angles decrease.

Regarding impact velocities, it is noteworthy that large particles consistently strike

the blade within the velocity ranges of 60-70 m/s and 70-80 m/s across varying blade

outlet angles. The impact velocity distribution for large particles is moderately influ-

enced by blade outlet angle alterations, with the exception of the lowest angle, 56°.

In contrast, small particles exhibit a preference for impacting the blade at moderate

velocities.

Lastly, Small particles consistently favor shallow impact angles, primarily falling

within the 0° to 25° range. As blade outlet angles decrease, small particles show more

even impact angle distributions in the 0-20° range. On the contrary, large particles

present a broader range of impact angles, spanning from 0° to 45°, with the peak

probability transitioning from the 20-25° range to the 10-15° range as the blade outlet

angle decreases. Impact angles in the 20-30° range are particularly relevant, as this

range corresponds to the angle associated with maximum erosion rates, (30°).

the analysis reveals that while blade outlet angle variations have a significant im-

pact on impact angles and particle impact frequency, the velocity impact distribution

remains relatively consistent across different blade outlet angles. This highlights that

the primary driver of higher erosion rates at larger blade outlet angles is the combi-

nation of particle impact angle and impact frequency. These findings emphasize the

critical importance of considering impact angles in erosion control strategies and blade

design for backward-S centrifugal fans.
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5.3.1.3 Effect of the flow regime

Figure 5.53 illustrates the erosion thickness along various sections of the blade pressure

side at an airflow rate of 96 m3/s and a particle load of 30 mg/m3. This investigation

aims to understand how the high-load operating conditions impact erosion severity.

The overall observation reveals that the maximum erosion thickness occurs at the

center of the blade’s camber length. In the case of larger outlet blade angles such

as 71° and 67°, the trend is straightforward: erosion thickness increases from section

S6, where erosion rates are relatively uniform along the section from the leading to

the trailing edge, to section S1, where the erosion thickness is the highest, reaching

up to 2.8 mm. However, for smaller blade outlet angles like 58° and 56°, the erosion

thickness distribution differs from that of larger outlet angles. The blade’s mid-span

exhibits higher erosion rates, and decreasing the blade outlet angle further shifts the

maximum erosion rates towards the blade’s mid-span, in contrast to larger outlet blade

angles where the maximum eroded thickness is located near the blade root.

It is crucial to emphasize that the impact of the high-load operational conditions

is notably substantial. the values indicated in Fig.5.53 correspond to a particle load

of 30 mg/m3. However for higher particle loads the erosion thickness may experience

a sharp and noteworthy increase, this increase is linearly dependent on the partilce

concentration as discussed in section.5.2.4. This information implies that reducing

the blade outlet angle can potentially yield favorable outcomes in terms of erosion

patterns and severity, particularly under conditions involving higher particle loads and

operational regimes. This tendency may hold significant relevance for engineering

purposes, as it presents a viable approach to address erosion-related challenges in high-

load environments.
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Figure 5.53: Eroded Thickness on Blade PS along different sections After 8760 Hours

at 96 m3/s and 30, mg/m3, A)=71°,B)=67°,C)=58°,D)=56°.

5.3.2 Different Number of Blades

The effect of changing the number of impeller blades on the performance characteristics

of the fan and the erosion pattern is also investigated. The numerical investigations

consider impellers with 12, 14,18, and 20 blades. The inlet and outlet blade angles

are identical in all of the impeller models. The performance curves and the erosion
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prediction are obtained from URANS simulation.

Figures 5.54-5.56 show the effect of this modification on the aerodynamic perfor-

mance of the fan. It appears that the effect of changing the impeller blade number

has a small effect on the total pressure rise for low flow rates, however, for higher flow

rates the total pressure rise decreases especially for decreased blade numbers e.g. (12

and 14). as for the power shaft, The trend is quite straightforward: increasing the

number of blades leads to higher torque, particularly in higher range flow rates. In the

low to mid-range flow rates changing the impeller blade count does not considerably

affect the total efficiency of the fan, whereas the ensuing effects in the higher range are

significant where altering the impeller blade count shows a decreased performance.

Figure 5.54: The effect of changing the number of impeller blades on total pressure

rise of the fan.
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Figure 5.55: The effect of changing the number of impeller blades on the shaft power.

Figure 5.56: The effect of changing the number of impeller blades on the total efficiency.

As depicted in Figure.5.57, The size of the flow separation in the blade passage on

the blade suction side becomes smaller as the number of blades increases. notably, the

flow separation on the blade suction side begins after one-third of the blade near the

leading edge and extends toward the blade’s trailing edge.
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Figure 5.57: Relative velocity contour with different number of blades at 53.9 m3/s ,

,A)=12 blades,B)=14 blades,C)=18 blades, D)=20 blades.

According to Figure.5.58 and Figure.5.59, which depict the erosion rate density

on the blade pressure side with varying numbers of blades, the effects of changing the

number of blades on the erosion pattern and magnitude is not as significant as changing

the blade outlet angle. yet, the area that face erosion on the blade pressure side extend

to cover nearly the blade outlet mid-span for reduced blade count e.g (12 and 14) in

contrast to impeller design featuring increased blade count where erosion is
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Figure 5.58: Erosion rate density on the blade PS at 53.9 m3/s; A)=12 blades,B)=14

blades,C)=18 blades, D)=20 blades .

Figure 5.59: Erosion rate density on the impeller hub at 53.9 m3/s ,A)=12

blades,B)=14 blades,C)=18 blades, D)=20 blades.
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5.3.3 Wall thickness reduction per year on the blade pressure

side with different number of blades

The data depicted in Fig.5.60 to Fig.5.65, showcasing the erosion patterns on the blade

pressure side wall over one year, operating at a flow rate of 53.9 m3/s and an ideal

particle load threshold of 30 mg/m3, offer valuable insights into the interplay between

the number of blades within the impeller and the resultant eroded thickness on the

blade pressure side wall. These findings assume a position of profound importance in

the realm of centrifugal fan design, particularly when the emphasis is placed on ensuring

the durability and structural integrity of fan components under erosive operational

conditions.

While the adjustment of the blade count does not appear to have a significant in-

fluence on the erosion patterns on the blade pressure side, a discernible trend emerges

when fewer blades are employed, resulting in a more pronounced reduction in wall

thickness. It is noteworthy that this reduction in wall thickness may not attain statis-

tical significance, yet it becomes particularly evident in sections S4 and S5. Notably,

the advantages of increasing the number of blades in this context seem to be rela-

tively limited. It is imperative to recognize that the decision to increase the blade

count in a centrifugal fan system should be considered in conjunction with broader

performance parameters. The augmentation of the blade count may confer advantages

related to enhanced efficiency, thereby positively impacting the overall system perfor-

mance. Consequently, the selection of the optimal blade count should be the outcome

of a comprehensive assessment, one that is rooted in the specific operational demands

of the centrifugal fan system.
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Figure 5.60: Eroded Thickness on Blade PS with various blade numbers along S1.

Figure 5.61: Eroded Thickness on Blade PS with various blade numbers along S2.
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Figure 5.62: Eroded Thickness on Blade PS with various blade numbers along S3.

Figure 5.63: Eroded Thickness on Blade PS with various blade numbers along S4.
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Figure 5.64: Eroded Thickness on Blade PS with various blade numbers along S5.

Figure 5.65: Eroded Thickness on Blade PS with various blade numbers along S6.

The chart presented in Fig.5.66 provides valuable insights into the frequencies at
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which particles impact the blade pressure side under different blade count configura-

tions. The dataset presents a concept analogous to what has been discussed in the

section concerning the influence of the blade outlet angle. A marked trend emerges,

where the frequency of particle impacts rises alongside an increase in the number of

blades in the impeller. Moreover, this increase in impact frequency is observed for

both small and large particles, contrary to the intuitive expectation that reducing the

number of blades should result in a higher frequency of impacts.

Figure 5.66: Particle impact frequency distribution on the blade PS with various num-

ber of blades.

In order to delve deeper into the complex correlation between the number of blades

of the impeller and the attributes of particle impacts on the blade’s pressure side,

Figures 5.67 to 5.70 provide critical insights into the distribution of impact velocity

and angle across various blade number configurations.

When considering large-size particles, a noteworthy pattern consistently emerges

across all blade count variations. These particles tend to hit the blade surface within

a relatively confined velocity range, typically spanning from 40 m/s to 90 m/s. No-

tably, large particles predominantly exhibit impact velocities within the 60-70 m/s and
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70-80 m/s ranges. However, what stands out is the discernible impact of blade count

variations within the impeller. As the number of blades increases, a notable shift in

impact velocity probability becomes evident, with the probability of impact veloci-

ties concentrating within the 70-80 m/s range. In fact, this specific velocity range

attains the highest probability, reaching 43% for an impeller configuration featuring

20 blades. Turning our attention to small-size particles, a distinct preference emerges

for impacting the blade at moderate velocities, typically ranging from 20 m/s to 70

m/s. These particles exhibit a significant probability of impact within the velocity

range of 30-60 m/s. Similar to their larger counterparts, small particles demonstrate

a pattern of shifting impact velocities. Specifically, the highest impact velocity values

shift from the 30-40 m/s and 40-50 m/s ranges towards the 50-60 m/s range, followed

by a substantial increase in the probability of impact velocity within the 60-70 m/s

range. It’s important to note that the impact velocity charts for blade configurations

from 12 blades to 20 blades remain consistent with the impact velocity distribution for

the reference impeller configuration, featuring 16 blades (as depicted in Fig.5.19. This

consistency further solidifies the observed trend: increasing the number of blades con-

sistently leads to a pronounced increase in the probability of impact velocities within

higher ranges for both small and large particles.

analyzing the distribution of impact angles and comparing them with the impact

angle probability distribution for the reference model, similar trends emerge across

various blade count configurations. For large-size particles, the probability of impact

angles increases from the 0-5° range towards the 15-20° range, where it reaches its peak

then it decreases for higher angles. As the number of blades increases, the probability

of impact angles within the 15-20° range escalates. Conversely, small-size particles

tend to strike the blade surface at lower impact angles, with the maximum probability

occurring within the 0-5° range (approximately 50%), gradually decreasing for higher

impact angles. This pattern remains consistent throughout the impeller configurations,

spanning from 12 blades to 20 blades.

Considering the probability distributions of impact angles and velocities, it becomes
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evident that increasing the number of blades results in heightened impact velocity

probabilities and impact angles resulting in maximum erosion rates. However, it’s

worth noting that impeller designs with fewer blades, such as those featuring 12 and

14 blades, appear to be more susceptible to high erosion rates, particularly in the

central region of the blade cord length. Furthermore, the impact frequency, as depicted

in Fig.5.66, indicates a lower total impact frequency for impellers with fewer blades.

Consequently, we can deduce that the relatively high erosion rates on the blade surface

of impellers with 12 and 14 blades should be attributed to the higher local impact

frequency occurring in the central region of the blade cord length.

Figure 5.67: Probability of impact Angles and impact Velocities on the Blade PS with

12 blades.
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Figure 5.68: Probability of impact Angles and impact Velocities on the Blade PS with

14 blades.

Figure 5.69: Probability of impact Angles and impact Velocities on the Blade PS with

18 blades.
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Figure 5.70: Probability of impact Angles and impact Velocities on the

Blade PS with 20 blades.
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Chapter 6

Concluding remarks and recommen-

dations for further work

6.1 Concluding remarks

the production of cement is a very demanding process that involves several critical

production steps. Harsh environments with abrasive and adhering media put a constant

strain on all components, including industrial fans and blowers. Centrifugal fans are

widely used in the cement industry to manage specific manufacturing processes such

as for conveying, exhausting, dedusting, cooling, and fresh air supply, as well as in the

kiln burning and cooling process. where the fans used operate under harsh conditions

and must withstand high temperatures. Likewise, high dust loads are a challenge

for all components of industrial fans, especially for moving parts. The highly abrasive

particles in dust-laden gases can lead to fan’s component erosion. This can decrease the

fan’s performance and lead to substantial costs and production losses if the eroded parts

need replacement. Therefore, thoughtful design and experience in the manufacture of

radial fans in the cement industry are required. Despite the broad range of applications

of centrifugal fans in the cement plant, the erosion process and pattern of this type

of fan have not been extensively investigated and understood in detail. this thesis

attempts to shed some light on the performance characteristics and erosion occurrence

in the backward-S curved fan (FN-280) particularly the impeller part through numerical

investigations.

For the purpose of this investigation, Computational Fluid Dynamics (CFD) has
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been used to simulate air-solid two-phase flow with the use of the Eulerian-Lagrangian

model in the whole domain of the centrifugal fan under study. The CAD model of

the centrifugal fan was designed using SOLIDWORKS whereas the blades were recon-

structed using reverse engineering by means of CMM ( Coordinate measuring machine)

because of the lack of blade geometry drawings. the flow field within the fan domain

was obtained by carrying out numerical simulations at various operating points at a

rotating speed of 985rpm. A commercially available computational fluid dynamics

(CFD) package CFX has been employed for the numerical simulations including both

performance and erosion prediction.The modeling approach is validated by compar-

ing the deviation of numerical results from The aerodynamic performance curves of

the studied fan experimentally derived in accordance with the industrial fan testing

standard ISO 5801 requirements. the modeling approach of the flow field follows two

steps, A steady state simulation based on RANS Kω turbulence model using the MRF

approach was first carried out, and then the converged solution obtained is used as

an initial solution for the unsteady simulation using the sliding mesh technique. the

computational domain of the fan was spatially discretized by means of ANSYS ICEM-

CFD using unstructured tetrahedral grids for the fan domain’s core region. To address

the coupling between the stationary and rotating domains, the computational domain

was partitioned into multiple zones with sliding interfaces, allowing the flux to pass

through non-conformal mesh connections during unsteady simulation.

The solid phase dispersion was modeled by a Lagrangian approach. solid particles

were injected into the flow domain and the particles were tracked using a polydisperse

particle transport Model. To account for the actual composition of the cement powder,

Particles were characterized by different geometrical properties. the size distribution of

the particles was conducted using the particle size analyzer called Mastersizer 3000. the

mass flow rate of injected particles at each particle tracking simulation was determined

by taking into account the particle’s concentration, the total volume flow rate of the

carrier fluid, and the particle size distribution. Erosion rates were accounted for by

using the erosion model due to Tabakoff and Grant.
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Based on the results from this study, it has been concluded that the unsteady

(URANS) simulation can accurately predict the performance curve data and is found

to be in good agreement with experimental data. the numerical approach predicted the

total pressure rises and the power output within a reasonable error. The unsteady sim-

ulation adopted under-predicted the total pressure rise by a maximum of 2.55% and

over-predicted the power output by 3.81%.The steady MRF approach, on the other

hand, overpredicted the power output by 9.81% in average, which shows that the flow

field within the impeller passage was not properly resolved even at design working

condition. This accuracy limitation stems from the simplification that consists of ne-

glecting the unsteady interaction between the impeller and the volute. The analysis

of the flow evolution revealed that there was always some level of flow separation in

the blade passage near the blade suction side, with this flow pattern being consistent

across all blade passages, except for high-load regimes where there was moderate flow

separation in specific blade passages upstream of the casing tongue and in the casing

throat section.

The study’s findings indicate that particle transport results show that large particles

(dp ≥ 30µm) cause high impact frequency on the blade pressure side, leading edge, and

impeller hub, while smaller particles (dp < 30µm) mainly affect the blade suction side

and the whole blade pressure side. Although small particles hit almost the entire blade

pressure side surface, analysis of the two erosion process factors, incidence angle, and

impact velocity, revealed that large-size particles are the main cause of blade pressure

side wear due to the fact that their impacts occur at high-velocity and at an impact

angle that results in the highest erosion rate. The lower mid-span and the top part

of the leading-edge strip of the blade pressure side and the blade-hub junction of the

impeller hub are the most affected areas by large-size particle impact. The authors also

found that The blade root of the pressure side and the hub-blade pressure side junction

have the most extreme erosion, while the blade suction side experiences little wear. The

erosion rate is heavily influenced by operating conditions, and maximum erosion rates

occur at off-design operating conditions, which are ten times greater than the design

flow rate, The non-uniformity of fluid dynamics at each blade passage significantly
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determines the erosion rate on the blade surface and the impeller hub, particularly

under high-load operating conditions. The comparison between CFD predictions and

on-field erosion detections proves the reliability of the numerical results and the model’s

ability to replicate the actual erosion patterns. This information can be used to modify

the fan design to reduce the erosion rate.

The effects of different geometrical modifications on the erosion and performance

of the fan have been investigated in this thesis. the effects of the blade’s outlet angle,

as well as the number of blades, are studied by performing numerical simulations. in

summary, the investigation into the effect of the blade outlet angle on the centrifugal

fan’s performance and erosion pattern reveals distinct trends. It is concluded that

increasing the outlet angle leads to higher total pressure and torque but negatively

impacts efficiency, especially at higher flow rates. Conversely, decreasing the blade

outlet angle leads to lower total pressure and torque but has the potential to enhance

the fan efficiency at moderate and low flow rates. Additionally, reducing the blade out-

let angle confines flow separations near the blade’s suction side, offering aerodynamic

advantages, especially at high flow rates. This observation aligns with the improved

performance noted in impellers featuring blades with narrower outlet angles.

For the assessment of the effect of blade outlet angle on the erosion pattern and

rates, particularly on the blade pressure side, this assessment was conducted By plot-

ting the thickness of eroded material along the normalized blade camber length at six

distinct sections on the blade pressure side surface. Assessing the thickness reduction at

six specific sections demonstrated a consistent trend: eroded thickness decreases as the

blade’s outlet angle decreases. This pattern is remarkably similar across all sections.

the flow field conditions alteration for each blade outlet angle configuration leads to

different particle impact characteristics, such as the velocity and angle of impacts and

impact frequency, for each blade outlet angle. Thus, an analysis of these key factors

influencing the erosion rates revealed that while blade outlet angle variations have a

significant impact on the angles of impact and particle impact frequency, the velocity

impact distribution remains relatively consistent across different blade outlet angles.
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This highlights that the primary driver of higher erosion rates at larger blade outlet

angles is the combination of particle impact angle and impact frequency.

The study also revealed that varying the number of blades has a comparatively

lesser impact on both the erosion pattern and its magnitude in contrast to changes

in the blade outlet angle. While this geometric alteration may not initially seem to

exert a significant influence on erosion patterns on the pressure side of the blade, a

noticeable trend emerges when a reduced number of blades are employed, resulting in

a more prominent reduction in wall thickness.

Upon scrutinizing the probability distributions of particle impact characteristics,

it was noted that an increase in the number of blades led to higher probabilities of

encountering high impact velocities, increased impact frequency, and impact angles

within the range associated with maximum erosion rates. This potential consequence

could result in elevated erosion rates. Despite this, the findings showed that impeller

designs with fewer blades, specifically those featuring 12 and 14 blades, were more

susceptible to experiencing high erosion rates, especially in the central region of the

blade cord length. Consequently, it was suggested that the relatively heightened erosion

rates on the blade surface of impellers featuring 12 and 14 blades could be attributed

to the increased local impact frequency occurring in the central region of the blade

cord length.

6.2 Recommendations for further work

This section outlines recommendations for future research inspired by the findings of

this thesis. By identifying potential areas for further exploration, These recommenda-

tions aim to inspire future researchers and contribute to the advancement of knowledge

in this field.

• This study utilized the Lagrangian Particle transport model with one-way cou-
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pling, which does not account for the influence of particles on the fluid and

particle-particle collisions. Consequently, there is a need to investigate how these

interactions affect particle transport dynamics and erosion patterns. The Discrete

Element Method (DEM) emerges as a promising modeling technique capable of

providing detailed insights into individual particle behavior and accurately sim-

ulating particle-particle interactions.

• Furthermore, the assumption that the surface profile of the wall remains un-

changed throughout the erosion analysis disregards the alteration of particle im-

pingement and impact on the fluid flow.

• To enhance the accuracy of erosion predictions in this study, it is recommended to

conduct proper experimental analyses with identical particle and target surface

proprieties.
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Appendix A

Appendix

A.1 Conditions for the averaging operator

For two instantaneous flow propreties φ = Φ + φ′ and ψ = Ψ + ψ′ ,the time average

proprieties are as follow:

φ′ = ψ′ = 0 , φ′ = ψ′ = 0 φ′ = ψ′ = 0 , φ′ = ψ′ = 0 φ′ = ψ′ = 0 , φ′ = ψ′ = 0

φ′ = ψ′ = 0

A.2 Averaging methods

Time Average: ⟨ϕ⟩ = 1
T

∫ T

0
ϕ(t), dt

Spatial Average: ⟨ϕ⟩ = 1
V

∫
V
ϕ, dV

Ensemble Average: ⟨ϕ⟩ = limN→∞
1
N

∑N
i=1 ϕi

Favre Averaging: ϕF = ⟨ρϕ⟩
⟨ρ⟩
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A.3 FN-280 Cement-Mill Fan Specifications

Figure A.3: Detailed Fan technical specifications provided by FLS.
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A.4 Detailed Casing Dimensions

Figure A.4: Casing dimensions provided by FLS.

A.5 Detailed Impeller Dimensions

Figure A.5: Blade arrangement and rotor dimensions.
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A.6 Detailed shroud Dimensions

Figure A.6: Shroud dimensions

A.7 Detailed hub Dimensions

Figure A.7: Detailed hub Dimensions
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A.8 Injection independence study

Figure A.8: Injection independence study; A) 300000 particles,B) 700000 particles,C)

900000 particles,D) 100000 particles,A) 1200000 particles,A) 1500000 particles
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Abstract

Particle-laden flows are crucial for specific industrial applications but can have unde-

sirable consequences, especially in industries like cement manufacturing that heavily

rely on centrifugal fans. Operating under demanding conditions with a notable load

of erodent solid particles poses challenges for these fans. Despite their widespread use,

erosion in various fan types remains insufficiently explored. This thesis focuses on in-

vestigating the erosion process of an induced cement mill fan (FN-280). In pursuit of

this objective, Unsteady three-dimensional numerical simulations using the Eulerian-

Lagrangian approach were conducted to predict the fan’s aerodynamic characteristics

and particle dispersion. Results are compared with experimental data and on-site in-

spections to assess the simulation’s effectiveness in predicting the fan’s performance

and erosion patterns. Additionally, a thesis section examines how altering the number

of blades and the blade’s outlet angle affects overall performance and erosion patterns.

The numerical fan’s performance curve closely aligns with experimental data, val-

idating the model’s reliability. Findings underscore the model’s ability to accurately

replicate actual erosion patterns, emphasizing the substantial influence of particle size,

flow conditions, and particle load on patterns and erosion rates. It is shown that in-

creasing the blade outlet angle significantly intensifies erosion on the blade’s pressure

side, with the primary factor driving higher erosion rates being the interplay between

particle impact angle and frequency. Adjusting the blade count has minimal impact

on erosion patterns on the blade pressure side compared to changing the blade outlet

angle, but a noticeable trend emerges with fewer blades, resulting in more pronounced

erosion rates. This is suggested to be attributed to the higher local impact frequency

on blades featuring fewer blades.
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Résumé

Les flux chargés de particules sont essentiels pour certaines applications, mais ils peu-

vent entrâıner des conséquences indésirable, en particulier dans des secteurs tels que

la production de ciment, qui dépend fortement des ventilateurs centrifuges. Fonc-

tionnant dans des conditions exigeantes avec une concentration significative de par-

ticules solides érodantes, ces ventilateurs font face à des défis. Malgré leur utilisation

répandue, l’érosion dans divers types de ventilateurs reste insuffisamment explorée.

Cette thèse se focalise sur l’étude du processus d’érosion d’un ventilateur de tirage

de ciment (FN-280). Pour atteindre cet objectif, des simulations numériques tridi-

mensionnelles instationnaires, utilisant l’approche Euler-Lagrangien, ont été réalisées

pour prédire les caractéristiques aérodynamiques du ventilateur et la dispersion des

particules. Les résultats sont comparés aux données expérimentales et aux inspections

sur site afin d’évaluer l’efficacité de la simulation dans la prédiction de la performance

aérodynamique du ventilateur et des motifs d’érosion. De plus, une section de la thèse

examine comment la modification du nombre de pales et de l’angle de sortie de la pale

affecte la performance globale et l’intensité d’érosion.

La courbe de performance numérique du ventilateur correspond étroitement aux

données expérimentales, validant la fiabilité du modèle. Les résultats soulignent la

capacité du modèle à reproduire précisément les motifs d’érosion observés sur site,

mettant en avant l’influence substantielle de la taille des particules, des conditions de

fonctionnement et de la charge de particules sur les motifs et l’intensité de l’érosion. Il

est démontré que l’augmentation de l’angle de sortie de la pale intensifie l’érosion du

côté pression de la pale, le principal facteur entrâınant des taux plus élevés étant la

combinasion de l’angle d’impact des particules et la fréquence d’impact. Cependant,

ajuster le nombre de pales a un impact minimal sur les motifs et l’intensité de l’érosion

du côté pression de la pale par rapport au changement de l’angle de sortie de la pale,

mais une tendance notable émerge avec moins de pales, entrâınant des taux d’érosion

plus prononcés. Cela est suggéré être attribué à une fréquence d’impact locale plus

élevée sur les pales comportant moins de pales.
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 ملخص
 

يمكن أن تكون لها  نكتعتبر التدفقات المحملة بالجسيمات ذات أهمية كبيرة في تطبيقات صناعية معينة، ول

الإسمنت التي تعتمد بشكل إنتاج ، خصوصاً في قطاعات مثل  في مجالات أخرى  عواقب غير مرغوب فيها

كبير على مروحيات الطرد المركزي. تواجه هذه المروحيات تحديات كبيرة أثناء التشغيل في ظروف معينة 

تركيز عالي من الجسيمات الصلبة المسببة للتآكل. على الرغم من استخدامها أين يمكن للتدفق أن يحتوي على 

في أنواع مختلفة من المروحيات تزال تحتاج إلى  الصلبة الجسيماتالتآكل الناتج عن مشكلة الشائع، إلا أن 

 عملية التآكل في مروحية خاصة تسُتخدم في محطة طحن الإسمنتدراسة دراسة مكثفة. تركز هذه الدراسة على 

(FN-280)  .باستخدام نموذج غير مستقرةد المن خلال محاكاة رقمية ثلاثية الأبعا Eulerian-Lagrangian 

الجسيمات داخل مجال المروحية. تم مقارنة النتائج مع البيانات  ونقلالتنبؤ بالخصائص الديناميكية للمروحية ، تم 

التجريبية والفحوصات الميدانية لتقييم فعالية المحاكاة في توقع أداء المروحية وأنماط التآكل. بالإضافة إلى ذلك، 

 .وزاوية مخرج الشفرة على الأداء العام وأنماط التآكل ركزت جزء من الدراسة على تحليل تأثير عدد الشفرات

 

أظهرت النتائج تطابق منحنى الأداء العددي للمروحية بشكل كبير مع البيانات التجريبية، مما يؤكد دقة النموذج 

المستخدم. كما أكدت النتائج قدرة النموذج على تكرار أنماط التآكل الفعلية بدقة، مشيرة إلى تأثير الحجم 

على أنماط ومعدلات التآكل. أظهرت الدراسة أيضاً أن  في التدفق الجسيمات تركيزلجسيماتي وشروط التدفق وا

زيادة زاوية مخرج الشفرة تزيد بشكل كبير من معدلات التآكل على جهة الضغط للشفرة، وأن التفاعل بين زاوية 

ز هذه الزيادة. وبالرغم من ذلك، فإن تعديل اصطدام الجسيمات وتردد الاصطدام هو العامل الرئيسي الذي يحُف  

عدد الشفرات له تأثير ضئيل على أنماط التآكل على جهة الضغط للشفرة مقارنةً بتغيير زاوية مخرج الشفرة. 

لكن، ظهرت ارتفاعات ملحوظة في معدلات التآكل عند استخدام عدد أقل من الشفرات، ويرجع هذا الارتفاع 

 في مناطق معينة من الشفرات في المروحية التي تحتوي على عدد أقل من الشفرات.إلى زيادة تردد التصادم 
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