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Abstract
Due to the ongoing problem related to erosion caused by the impingement of solid particles
in many engineering fields, parts such elbows, for instance, are particularly prone to erosion
issues. In this work, the insertion of a twisted tape at different positions upstream of a bend
is investigated numerically with the intent of reducing the elbow erosion. To ensure the
reliability of the numerical calculations, experimental data were used to validate the CFD
model for the standard elbow. Subsequently, simulations considering one, two and four-way
coupling were evaluated for both the standard and the twisted tape-equipped elbows.
Simulations were run to evaluate the average particle impact angle, impact frequency and
impact velocity and the penetration ratio for each geometry. The present work used the
finite-volume, unstructured code UNSCYFL3D, which solves the gas flow using the fully
coupled Euler-Lagrange approach. The two-layer k-epsilon was used to model turbulence
effects. Interestingly, it was found that the swirling motion imparted to the particles by
the twisted tape reduces the maximum penetration ratio in the bend. Another important
finding is that the farther the insert is placed upstream of the elbow, the lower the
erosion in the elbow, although the tape itself becomes more prone to erosion. In general,
it was noticed that the fluid-particle and particle-particle interactions are very important
and cannot be neglected. Consequently, depending on the mass loading and geometry
configuration, elbow erosion can be dramatically reduced.

Key-words: Twisted tape, Elbow erosion, Four-way coupling, Interparticle collisions,
Erosion mitigation.





Resumo
Devido ao problema permanente relacionado à erosão provocada pelo choque de partículas
sólidas em muitos campos da engenharia, peças como cotovelos de curvas , por exemplo,
são particularmente propensos a problemas de erosão. Neste trabalho, a inserção de uma
fita torcida em diferentes posições a montante de uma curva é investigada numericamente
com a intenção de reduzir a erosão no cotovelo. Para assegurar a confiabilidade dos cálculos
numéricos, dados experimentais foram utilizados para validar o modelo de CFD para o
cotovelo padrão. Posteriormente, foram realizadas simulações considerando o acoplamento
de uma, duas e quatro vias avaliando a curva padrão e as geometrias equipadas com a fita
torcida. Foram feitas simulações para avaliar o ângulo de impacto médio de partícula, a
frequência de impacto e velocidade de impacto e a taxa de penetração para cada geometria.
O presente trabalho utilizou o código de volumes finitos UNSCYFL3D, que resolve o
escoamento de gás usando a abordagem de Euler-Lagrange totalmente acoplada. O modelo
k-epsilon duas camadas foi usado para modelar os efeitos de turbulência. Curiosamente,
verificou-se que o movimento rotativo conferida às partículas pela fita torcida reduz a
razão máxima de penetração na curva. Outra descoberta importante é que quanto mais a
montante do cotovelo a inserção é colocado, menor a erosão no cotovelo, embora a própria
fita se torna mais propensas a erosão. Em geral, observou-se que as interações de fluido-
partícula e partícula-partícula são muito importantes e não podem ser negligenciadas. Por
conseguinte, dependendo da carga mássica e configuração geométrica a erosão no cotovelo
pode ser drasticamente reduzida.

Palavras-chaves:Fita torcida, Erosão em cotovelos, Quatro-vias de acoplamento, Colisões
entre partículas, Mitigação da erosão.
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1 Introduction

Due to the nature of the conveying process, particles carried by a fluid flow is a
common condition in countless engineering structures, for example: piping systems are
prone to wear when abrasive particles have to be transported (cf. Fig. 1). With this in
mind, problems related with multiphase flows nowadays receive considerable attention. In
addition, a better understanding of these kind of flows can improve or even reduce some
difficulties that afflict the industry.

Figure 1 – Example of worn elbow.

Source: <http://goo.gl/O9LYKR>

Based in the necessity to model and predict flows that cannot be measured without
problems experimentally or it is too expensive and laborious. The develop of a new
technique named Computational Fluid Dynamics (CFD) was required in the late 70s. This
method consists in a subdivision of fluid mechanics that uses numerical investigation with
the purposes of simulate flow through numerical procedures aimed to represent a physical
phenomenon. Nowadays, with the evolution of processing power and storage of computers,
the CFD became an important tool to assist researchers and engineers. Summarizing, this
technique have several advantages. First of all, can reduces the time and cost in projects.
Furthermore, allows the perfect understanding of fluid dynamics in the equipment and
also helps in the comprehension of the phenomenon involved. As a final point, it permits

http://goo.gl/O9LYKR
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intervention in operating variables and design to reach the best solution for the problem
studied optimizing single and multiphase systems.

In wear-related problems, the CFD is used as a tool for predicting the wear in
various environments and due to its complexity unfeasible the use of empirical correlations.

Erosion, as defined by ASTM International G40-13 (ASTM International G40-13,
2014), is the progressive loss of the original material from a solid surface due to mechanical
interaction between that surface and a fluid, a multicomponent fluid, an impinging liquid,
or impinging solid particles. Nonetheless, the term erosion can be very broad generating
the requirement of more specific terms. According to Crook (CROOK, 1991), erosion
wear can be divided into four distinct terms, solid particle impingement erosion, slurry
erosion, liquid droplet impingement erosion and cavitation erosion. Particularly in the
first situation, if the hardness of the particles to be conveyed is higher than that of the
system components, such as feeders and pipeline bends, then erosive wear will occur at
all surfaces against which the particles impact. In many industrial processes, this type of
wear arises from the impingement of solid particles against the surface and has noticeable
consequences on equipment reliability and safety. While abrasive wear can be a problem in
cyclone separators, propellers, pumps impellers in mineral processing systems (cf. Fig. 2),
inlet nozzles and choke valves, it can be particularly more serious in pneumatic conveying
systems (MILLS, 2003).

Figure 2 – Example of erosion damage on a pump impeller.

Source: <http://goo.gl/o215ln>

Generally speaking, erosive wear is a problem which industry has learned to coexist.
The cost of wear (e.g.,abrasion, erosion, cavitation and others) has been estimated as
ranging from 1 to 4% of the gross national product of an industrialized nation (BAYER,
2002). As can be seen in table 1, assuming the worst case of 4% for the Brazilian economy,
the cost of wear are pretty high. Which implies in a necessity of more studies regarding
the theme, aiming the reduction of this values .

http://goo.gl/o215ln
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Table 1 – Estimation of expenditure on erosion relative to Brazilian GDP

Source: <https://goo.gl/hCsZN6>

Values relative to nominal GDP
Year GDP( R$ ) Wear expenses
2015 5,904 trillion 2.3616 billion
2014 5,521 trillion 2.2084 billion
2013 5,316 trillion 2.1264 billion
2012 4,806 trillion 1.9224 billion

As a consequence, the mitigation of the wear magnitude is also a matter of primary
importance to the country’s economy. Proven to be one of the critical factors for some
machinery components, erosive wear is frequently a key factor in defining or restricting
the proper lifetime of a component. In addition, maintenance time and operating costs are
also important factors that lead companies to decide on the best method for minimizing
erosion in their equipment.

The present work aims to analyze the mechanisms responsible for erosion in elbows
and gaining a better understand of the effects of the twisted tape insert in pipelines
systems with the focus of the research in mitigating erosion. As a consequence, implement
it as a passive controller to reduce the undesirable elbow erosion.

The dissertation is organized as follows: In Chapter 2, the background theory is
presented as well as an overview of the elbows studied. Chapter 3 presents an overview of the
relevant equations for gas/particle phase and erosion prediction. Chapters 4 and 5 describes
the type of discretization and the particle phase algorithm, respectively. Chapter 6 presents
a summary of the experiments and the numerical approach applied.The dissertation is
concluded in Chapter 8 and future research recommendation are given in Chapter 9.

https://goo.gl/hCsZN6
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2 Background theory

This chapter is divided in two core topics with subdivisions. Firstly, the existing
types of wear mentioned in literature are presented and subsequently the focus of the
work, erosion caused by particles, is shown. Afterwards, some parameters (i.e., particles
mechanisms and flow influence) are described. Secondly, a brief definition of what is pipe
fitting is displayed. Then, the geometries (i.e., Standard elbow and twisted tape) analyzed
in the work is exposed.

2.1 Existing classes of wear
The occurrence of wear in the humblest description is the material loss and/or

surface damage according to Gahr (1987). However, the fact of the explanation above
sounds simplistic can deceive the reader, on the contrary of what can be expected this
phenomenon is quite complex. For this reason, seeking a better understanding of this
theme different classes of wear were created based on the wear mechanism.

Thus, as described in many books,(GAHR, 1987; HUTCHINGS, 1992; STA-
CHOWIAK; BATCHELOR, 2005; BHUSHAN, 2013), there are many classes of wear but
they are basically separated by the material removal mechanisms. According to Gahr
(1987) it can be divide in four main classes, as shown in figure. 3, adhesion wear, abrasion
wear, tribochemical wear and surface fatigue wear.

Figure 3 – Description of the four main wear mechanisms, adapted from Gahr (1987).

Nonetheless, before stating the types of wear existing, another point of view of how
the wear happens is needed. According to Bhushan (2013), occurs by mechanical and/or
chemical means and is usually speeded by frictional heating or some kind of thermal
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means. In addition, Bhushan (2013) indicates that wear can be divided in six differents
phenomenon. These are: adhesive, abrasive, fatigue, impact by erosion and percussion,
chemical and electrical. However, all of them has one thing in common: the subtraction of
solid material from rubbing surfaces.

Even though the division made by Gahr (1987) and Bhushan (2013) present the
basis of the wear classes. There is another classification proposed by Stachowiak e Batchelor
(2005). Where they come up with a dependence of wear on various operating conditions, as
can be seen in figure. 4. There are twelve types of wear presented in the flowchart below,
in red color: erosive, abrasive, corrosive-erosive, corrosive-abrasive, cavitational, corrosive,
melting, fretting, oxidative, frictional, fatigue and fatigue-oxidative.

Is load high enough to prevent 
hydrodynamic lubrification?

Are abrasives present in large 
quantities?

Does fluid cavitate on worn surface?

Are sliding speeds very high,
causing surface melting?

Is the amplitude speds of sliding very
small, i.e micro meters in scale?

Does the wear occur at high 
temperatures in air or oxygen?

Are the wear particles large and chunky and/or
is friction high with a large variability?

Is wear a gradual steady process with
generation pf flat lamellar particles?

Is there a corrosive fluid?

Do the abrasives impact
the worn surface?

is a corrosive fluid also present?

Is impact involved?

NO WEAR
NO

NO

NO

NO

YES

YES

YES YES
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wear
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impact wear

Cavitational
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Corrosive

wear

Melting

wear

Fretting

wear

Oxidative
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Figure 4 – Flowchart exemplifying the correlation among operating circumstances and
types of wear, Adapted from Stachowiak e Batchelor (2005) .

Summarizing, all classes of wear were presented. However, in the present work only
erosion wear will be discussed due to impingement of hard particles. It is well known that
other kinds of wear can coexist in the same system. Nevertheless, carry out a study using
more than one category of wear at the same period can considerably increase the difficulty
to find precise mathematical models. With this in mind, all analyzes presented in this
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work do not take into account the interference of other types of wear, which contributes to
the precision of the models used in the simulation.

2.1.1 Erosion caused by particles

The characterization of erosive wear was already presented in the first chapter
following the definition of ASMT. Nevertheless, the definition of this term can be found in
many books, (GAHR, 1987; HUTCHINGS, 1992; STACHOWIAK; BATCHELOR, 2005;
BHUSHAN, 2013), with a small difference from each other. According to Gahr (1987), in
general, erosive wear is caused on a solid body by the sliding or impacting action of solid
particles, liquids, gases or a combination of these. Also, it can be classified in six modes:
blast erosion, cavitation erosion, flush erosion, erosion-corrosion, rain erosion and thermal
erosion, as shown in figure. 5.

Figure 5 – Erosive wear modes, Adapted from Gahr (1987).

However, as mentioned in the previous section and the title of this section suggests,
only erosion caused by solid particles will be addressed. Taking a look in figure. 5, this kind
of erosion can be represented by the blast erosion. It is important to have in mind that
other modes can have solid particle, but all of them are a mix of particles with another
type of erosion (corrosion, cavitation and flush) and that is not the focus of this work.

Figure. 6 exemplifies a jet of particles with high velocity impacting against a surface,
this schematic can be seen as a blast erosion. When particles touches the surface removes
some portion of the material. In relation to period of time, the longer the exposure the
greater will be the particle erosion.
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Figure 6 – Jet of abrasive particles hitting a surface at high velocity, Adapted from
Bhushan (2013).

2.1.2 Erosion mechanisms

Erosive wear involves several wear mechanisms which are largely controlled by the
particles material, the angle of impingement, the impact velocity, the particle size and the
frequency of impact Stachowiak e Batchelor (2005). According to Stachowiak e Batchelor
(2005), the known mechanisms of erosive wear are shown in figure. 7.

Figure 7 – Possible mechanisms of erosion: (a) abrasion at low impact angle; (b) surface
fatigue; (c) brittle fracture; (d) surface melting; (e)macroscopic erosion and (f)
crystal lattice degradation from impact by atoms, Adapted from Stachowiak e
Batchelor (2005).
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In order to understand this phenomenon, each one of the parameter mentioned
in the previously paragraph will be analyzed. First, the effect of the impingement angle.
Subsequent, the material and shape of the particles. Then, the impact velocity. And finally,
the frequency of impact.

The angle of impingement is the angle flanked by the eroded surface and the path
of the particle instantly before impact, as shown in figure. 8. A low angle of impingement
favors wear process comparable to abrasion for the reason that the particles have a
tendency to track across the worn surface after impact. On the other hand, a high angle
of impingement causes wear mechanism which are characteristic of erosion.

α

Particle

Impingement angle

Eroded surface

Figure 8 – Scheme of impingement angle of particle.

The behavior of the impact angle can be different in relation of the properties of
the material, as can be seen in figure. 9.
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Figure 9 – Rate of erosive wear as a function of angle of impingement.

For a ductile material the highest rate of erosion occurs between 15 degrees and
decreases until the lowest value in 90 degrees. In the case of brittle material the behavior
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is the opposite, where the highest values of erosion occurs at an impact angle near 90
degrees and the lowest value of erosion near 0 degrees.

The velocity of the erosive particle is a very important parameters and in conse-
quence have a strong effect in the wear process. According to Stachowiak e Batchelor (2005),
at very low velocities the stresses at the impact are insufficient for plastic deformation
to occur and wear proceeds by surface fatigue. In the other hand, at a high velocity the
eroded material can deform plastically on the particle impact and consequently the wear
occur by repetitive plastic deformation.

Particle characteristic (i.e., shape, hardness and size) are an important but relatively
poorly researched aspect of the erosion problem. It is known that hard particles cause
higher wear hates than soft particles. The sharpness of the particle has also been recognized
as accelerating erosive wear. Both of these parameters have been included in numerical
models of erosive wear. The effect of particle hardness on wear depends on the particular
mode of erosive wear taking place ( e.g., ductile or brittle). In the brittle mode the effect
of hardness is much more pronounced than in the ductile mode Stachowiak e Batchelor
(2005).

The impact frequency at which particles strike the eroded surface is one of the
most significant factors to explain some parameters, such as the penetration ratio. Because
the more frequently particles strike the same part of the surface, the higher will be the
penetration ratio and mass loss at that location.

2.1.3 Effect of flow on erosive wear

Basically most erosive agents are conveyed by a fluid (e.g., water or air). The
characteristics of the flow have a strong effect on the final erosion rate. Depending of some
properties of the fluid, such as: density, viscosity and turbulence.

In order to comprehend the effects of turbulence in erosive wear, figure. 10 became
necessary. Where is possible to observe that turbulent flow accelerates erosive wear, since
more particles collide against the eroded surface in function of the change in the stream.
In counterpart, the laminar flow tend to keep the particles parallel to the surface, as a
result, retaining a lower erosion rate.

Regarding the viscosity of the fluid, the effect of the drag force caused by a different
viscosity can effect wear by altering the impingement angle Stachowiak e Batchelor (2005).

Figure 11 shows four flow configurations commonly found in engineering applications.
The first configuration illustrates an impinging jet, which covers a wide range of applications,
representing from research configurations to abrasion machining; Figure 11b shows the
flow configuration found in flows over turbine blades and turbo machinery; Figure 11c
shows the flow configuration that occurs in pneumatic transport of solids and in piping;
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Figure 10 – Effect of flow on erosive wear, Adapted from Stachowiak e Batchelor (2005) .

Figure 11d represents the flow configuration found in heat transfer devices (HUMPHREY,
1990).

Figure 11 – Examples of flow configurations related to erosion due to impact by solid
particles (HUMPHREY, 1990).

The dynamic behavior of large and small particles is interpreted briefly in Fig. 11.
The ability of a particle to respond to changes imposed by the flow, and therefore, change
its trajectory is characterized by the number λ, which is defined by the ratio of two time
scales that characterizes the dynamics of both solid and fluid phases, respectively. In Fig.
1, this number simply represents the particle dimension; for λ >> 1, particles have high
momentum and respond slowly to flow changes; on the other hand, for λ << 1, particles
tend to follow the flow, being an alternative to flow visualization. This is analogous to the
Stokes number, classically used in particulate systems research.
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The incident velocity magnitude of a particle depends on its interaction with
the fluid, with other particles, and with the wall. The behavior of these interactions
depends of the flow viscous regime (laminar or turbulent), as well as the size, shape and
density of particles. Interactions between particles are strongly related to the local particle
concentration, potentially causing low or high concentration regions (PEREIRA et al.,
2014).

2.2 Pipeline fittings

Pipe fittings are extensively required for any piping and plumbing systems used in
industrial and commercial applications. Thus, fittings allow pipelines to be combined or
installed in the suitable place and can be terminated or sealed anywhere. Also, fittings are
available in various shapes and sizes, as shown in figure 12. Basically, they are a crucial
part of piping and plumbing systems.

The basic purposes of any pipe fitting are: connect the bores of two or more pipes or
tubes, connect pipe sections, connect a pipe to a different apparatus, change the direction
of fluid flow, maintain or regulate the flow and close or sealing a pipe.

Figure 12 – Examples of pipe fittings.

Source: <http://vdpf.in>

In a first moment, the term piping and plumbing can be mistaken as the same
thing. Although, both terms refers to tubes they are different from each other. Essentially,
the term plumbing is generally used to describe conveyance of water, gas, or liquid waste
in ordinary domestic or commercial environments, whereas piping is often used to describe
high-performance (e.g., high pressure, high flow, high temperature, hazardous materials)
conveyance of fluids in specialized applications (PARISHER; RHEA, 2012). Pipe fittings are

http://vdpf.in
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commonly used in flow systems and can strongly influence flow (DESHPANDE; BARIGOU,
2001).

Even though several types of pipe fitting has been used in industries, only two
types will be discussed in the present work, which is the standard elbow and an inserted
elbow with a twisted tape. Both types are explained in the following sections.

2.2.1 Standard elbow

Piping Elbows and Bends are very significant pipe fitting (described in the previous
section) which are used very often for altering course in piping system. It is essential to
have in mind that the term elbow and bend are not the same, even though sometimes
these two terms are interchangeably used. A bend is simply a generic term in piping
for an “offset” – a change in direction of the piping. It signifies that there is a “bend”
i.e, a change in direction of the piping but it lacks specific, engineering definition as to
direction and degree. Bends are usually made by using a bending machine (hot bending
and cold bending) on site and suited for a specific need. Use of bends are economic as it
reduces number of expensive fittings. An elbow, on the other hand, is a specific, standard,
engineered bend pre-fabricated as a spool piece (based on ASME B 16.9) and designed to
either be screwed, flanged, or welded to the piping it is associated with (TOBERGTE;
CURTIS, 2013).

An elbow is a pipe fitting installed between two lengths of pipe or tubing to allow
a change of direction, usually a 90◦ or 45◦ angle. A 90 degree elbow (Fig. 13) is also called
a "90 bend" or "90 ell" but in this report the name ”standard elbow” is used in order to
facilitate the treatment.

Figure 13 – Example of a 90 degree elbow.

Source: <http://goo.gl/ysJx0O>

http://goo.gl/ysJx0O
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The function of an elbow is to change direction or flow in a piping system. By
default, there are 5 opportunities, the 45◦, 90◦ and 180◦ elbows, all three in the "long
radius" version, and in addition the 90◦ and 180◦ elbows both in the "short radius" version.

Elbows are often used in oil and gas production systems, and they cause redistri-
bution of gas and liquid which can affect distribution of corrosion inhibitors within and
downstream of the bends. Elbows are also a location susceptible to the impact of particles
along the outer radius (VIEIRA et al., 2014).

2.2.2 Elbow with a twisted tape insert

There are many principles and ideas that can be used to reduce bend wear due
to particles, as stated by Mills (MILLS, 2003). One of the methods is the insertion of
a twisted tape, as shown in figure 14, or a spiral inside the pipe, upstream of the bend.
Mills (MILLS, 2003) noticed a considerable reduction in the bend erosion, indicating that
the method can be effective. Other works related to the erosion mitigation in pipelines
using twisted tape insert were carried out by Ionescu (IONESCU, 2012) and Wood et al.
(WOOD et al., 2001), where the authors found potential benefits generated by the swirl
created by the insert. In 2013, Kadyirov (KADYIROV, 2013) investigated only the swirl
flow in detail. On the other hand, inserts are commonly used in heat transfer equipments
(KANIZAWA et al., 2016; BHUIYA et al., 2013; ZHANG et al., 2016) to improve heat
transfer rates.

Figure 14 – Example of a twisted tape in pipe.

Source: <http://goo.gl/gk5XvO>

Despite the apparent benefits of the twisted tape insert, there is virtually no data
on its performance in the open literature related to erosion in elbows. Thus, the main goal
of this work is to quantitatively investigate the erosion reduction brought about by the

http://goo.gl/gk5XvO
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twisted tape placed at four different positions upstream of the bend. The standard elbow
at the same mass loading is used as a reference. The effects of the insert are studied in
order to identify a potential reduction in the penetration ratio in the bend.

By gaining a better understanding of the effects of the twisted tape insert in
pipelines systems, it is possible to implement it as a passive controller to reduce the
undesirable elbow erosion, besides reducing maintenance costs or even preventing more
expensive measures, such as replacing the curve part worn by erosion.
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3 Numerical approach

This chapter is divided in three main topics with the appropriated subdivisions. First,
Section 3.1 presents the flow equations. Which describe the RANS (Reynolds averaged
navier-stokes) equations of motion for the fluid and the two-layer k-epsilon turbulence
model. Second, Section 3.2 shows the dispersed phase motion equations. Where the
particles is approached in a Lagrandian framework and for the movement of the particulate
Newton’s second law are used. Finally, the employed erosion model is presented in Section
3.3. Addressing the equations used to predict the erosion, by experience of the author
(SANTOS et al., 2016; DUARTE et al., 2016b; DUARTE et al., 2015; DUARTE et al.,
2016a) and works carried by (PEREIRA et al., 2014) the erosion models and correlations
used in this work seems to be the most accurate.

3.1 Gas phase equations

Simulations of fluids are based on the Navier Stokes Equations (NSE). In tensor
notation the continuity and Cauchy momentum equation are respectively,

∂ρ

∂t
+ ∂(ρui)

∂xi
= 0 (3.1)

∂(ρui)
∂t

+ ∂(ρuiuj)
∂xj

= − ∂p

∂xi
+ ∂τij
∂xj

+ fi (3.2)

where p is the pressure, ρ is the fluid density, ui represents the i component of the velocity
vector, τij denotes the molecular viscous tensor and fi is the component i of the source
term.

For a Newtonian fluid, where ν represents the the kinematic viscosity of the fluid,
the tensor is modeled with the Stokes model of viscous stress,

τij = ν

(
∂ui
∂xj

+ ∂uj
∂xi

)
− 2

3µδij (3.3)

For the present study, an Unsteady-Reynolds-Averaged Navier-Stokes (URANS)
approach is adopted in this investigation:

∂(ρui)
∂(xi)

= 0 (3.4)
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∂
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(ρui) + ∂

∂xj
(ρuiuj) = − ∂p

∂xi
+ ∂

∂xj

[
(µ+ µt)

(
∂ui
∂xj

+ ∂uj
∂xi

)]
+ Suip + ρgi (3.5)

where ρ is the fluid density, ui is the Reynolds-averaged velocity component, p is the mean
pressure, µ the gas dynamic viscosity and µt is the turbulent viscosity. The additional
source terms due to phase interaction is represented by Suip.

The numerical solution of the conservation equations for the momentum and
turbulence, is accomplished by the computational code UNSCYFL3D (De Souza et al.,
2012). This in-house tool is based on the finite volume method in unstructured three-
dimensional grids. The SIMPLE (Semi-Implicit Method for Pressure-Linked Equations)
algorithm is used to couple the velocity and pressure fields. The collocated arrangement
is used for all variables, with the conventional Rhie-Chow interpolation scheme for the
computation of the mass flow rate through each element face. The discretization procedure
described above generates a linear system of equations for each variable at each element
center. The biconjugate gradient and the algebraic multigrid (AMG) methods are used to
efficiently solve the linear system resulting from the discretization of the conserved and
turbulence properties. The main advantage of this approach is that it does not depend
on the element shape, as the data structure is based on element faces. For storing the
coefficients of the linear systems for the velocity components, pressure correction and
turbulence variables, the CSR (Compressed Sparse Row) format is used. More details of
the solution method can be found in De Souza et al. (De Souza et al., 2014).

The second-order upwind scheme was employed for the advective term, whereas the
centered differencing scheme was used for the diffusive terms of the momentum equations
and turbulence model equations.

The above presented set of equations allows the flow to experience turbulent
behavior. Hence the flow contains turbulent kinetic energy (E) that is distributed over
eddies with varying sizes. When all the turbulence is resolved, the mesh should be fine
enough to capture even the smallest eddies. This technique is called Direct Numerical
Simulation (DNS). However with the current available hardware this is only possible with
very simple geometries and low Reynolds number flows. In order to get a clearer view of
which eddies are resolved using various methods, a logarithmic plot of this energy with
respect to the reciprocal of the Eddy size, the wavenumber (k), is given in Fig. 15.

From this figure it can be seen that DNS resolves all the turbulent kinetic length
scales and thus all the turbulence. On the other hand RANS simulations model all the
turbulence and thus non of the eddies are resolved. It can be seen that most of the kinetic
energy is located in the large eddies. Large Eddy Simulation (LES) is based on this fact
and resolves the large scales while the small scales are approximated using mathematical
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Figure 15 – The turbulent kinetic energy distributed over eddies of different sizes
(FROHLICH; TERZI, 2008).

models. In some regions of a flow field, like the boundary layer, the large eddies become
very small as well, requiring very small cell sizes.

For the current study, a confined flow is considered. Since high Reynolds number is
present and complex flow phenomena occur, DNS is not an option for solving the flow.
LES is also discarded as an option due to its high computational costs. Since RANS uses
the least computational resources while still providing sufficiently accurate results, the
main focus lies on this technique. The next section shows more detail about this method.

3.1.1 Turbulence model

The standard k-epsilon model is the most widely known and extensively used
two-equation eddy viscosity model (BARDINA et al., 1997). It was originally developed to
improve the mixing-length model and to avoid the algebraic prescription of the turbulence
length scale in complex flows. Transport equations are solved for two scalar properties of
turbulence, the turbulence kinetic energy, k, and its dissipation rate, epsilon:

∂

∂t
(ρk) + ∂(ρujk)

∂xj
= ∂

∂xj

[(
µ+ µt

σk

)
∂k

∂xj
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(3.7)

where P is the production term, given by:

P = (µt + µ)
[(

∂ui
∂xj

+ ∂uj
∂xi

)
∂ui
∂xj

]
(3.8)
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The eddy-viscosity in the standard k-epsilon model is defined as a function of the
turbulent kinetic energy and the turbulent dissipation rate as:

µt,standard = Cµ ρ
k2

ε
(3.9)

Although widely used, the standard k-epsilon displays some weaknesses, such as the
assumption that the flow is fully turbulent. To circumvent this issue, the 2-layer k-epsilon
model was employed, as it can handle well both the core flow and the near wall region.
Essentially, it consists in solving the standard model for the turbulent flow region and a
one-equation model for the region affected by the viscosity. In the one-equation k-epsilon
model, the conservation equation for k is retained, whereas epsilon is computed from:

ε = k3/2

lε
(3.10)

The length scale that appears in Eq. (3.10) is computed from:

lε = y Cl (1− e−Rey/Aε) (3.11)

In Eq. (3.11), Rey is the turbulent Reynolds number, defined as:

Rey = ρ y
√
k

µ
(3.12)

where y is the distance from the wall to the element centers. This number is the demarcation
of the two regions, fully turbulent if Rey > Re∗y, Re∗y = 200 and viscosity-affected,
Rey < 200. For the one-equation model, the turbulent viscosity is computed from:

µt,2layer = ρCµ lµ
√
k (3.13)

The length scale in the equation above is computed as below:

lµ = y Cl (1− e−Rey/Aµ) (3.14)

In UNSCYFL3D, both the standard k-epsilon and the one-equation model described
above are solved over the whole domain, and the solutions for the turbulent viscosity
and the turbulence kinetic energy dissipation rate provided by both models are smoothly
blended:

µt = λε µt,standard + (1− λε)µt,2layer (3.15)
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A blending function, λε, is defined in such a way that it is equal to unity far from
walls and is zero very near walls. The blending function used here is:

λε = 1
2

[
1 + tanh

(
Rey −Re∗y

A

)]
(3.16)

The constant A determines the width of the blending function:

A =
0.20Re∗y

artanh (0.98) (3.17)

The purpose of the blending function λε is to prevent solution divergence when the
solution from both the standard and the one-equation models do not match. The constants
in the length scale formulas, Eqs. (3.11) and (3.14), are taken from:

Cl = 0.4187C−3/4
µ Aµ = 70 Aε = 2Cl (3.18)

It is very important to refine the grid so as to have y+ < 1 in the first element
away from the wall and ensure accurate results for the fluid flow. The models for both the
fluid and particle have been validated in another publication (De Souza et al., 2012).

The analyses carried out in this work are limited to slightly swirling flows, since
highly swirling flows are known to be anisotropic, thus requiring more advanced turbulence
modeling (Reynolds Stress Model, for instance). The condition is met for all the cases
illustrated, as the maximum swirl number (Sn) is lower than 1.0. Therefore, the 2 layer
k-epsilon model, although isotropic, is expected to produce good results.

3.2 Dispersed phase motion equations
As mentioned in the previous section, the dispersed phase is treated in a Lagrangian

framework, in which each particle is tracked through the domain and its equation of motion
is based on Newton’s second law. The trajectory, linear momentum and angular momentum
conservation equations for a rigid, spherical particle can be written, respectively, as:

dxpi
dt

= upi (3.19)

mp
dupi
dt

= mp
3ρCD
4ρpdp

(ui − upi) + Fsi + Fri +
(

1− ρ

ρp

)
mpgi (3.20)

Ip
dωpi
dt

= Ti (3.21)
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In the above equations, ui = Ui + u
′
i are the components of the instantaneous

fluid velocity. The average fluid velocity Ui is interpolated from the resolved flow field,
whereas the fluctuating component u′

i is calculated according to the Langevin dispersion
model. dp is the particle diameter and Ip = 0.1mp d

2
p is the moment of inertia for a sphere.

Unlike most commercial CFD codes, UNSCYFL3D solves for the particle rotation. This is
particularly important when dealing with large particles, which frequently collide with
walls.

The empirical correlation proposed by Schiller and Naumann (SCHILLER; NAU-
MANN, 1933) is used to evaluate the drag coefficient past each particle:

CD = 24Re−1
p (1 + 0.15Re0.687

p ) if Rep < 1000 (3.22)

CD = 0.44 if Rep > 1000 (3.23)

In Eqs. (3.22) and (3.23), Rep is the particle Reynolds number Rep = ρ dp |ui −
upi|/µ.

The calculation of the shear-induced lift force is based on the analytical result of
Saffman (SAFFMAN, 1965) and extended for higher particle Reynolds numbers according
to Mei (MEI, 1992):

Fsi = 1.615 dp µRe1/2
s Cls

[(ui − upi)× ωi]
|ωi|

(3.24)

~ω is the vorticity, Res = ρ d2
p |~ω|/µ is the particle Reynolds number of the shear flow and

Cls = Fls/Fls,Saff represents the ratio of the extend lift force to the Saffman force:

Cls = (1− 0.3314 β0.5)e−0.1Rep + 0.3314 β0.5 if Rep < 40 (3.25)

Cls = 0.0524 (β Rep)0.5 if Rep > 40 (3.26)

β is a parameter β = 0.5Res/Rep (0.005 < β < 0.4).

The rotation-induced lift is computed based on the relation given by Rubinow
and Keller (RUBINOW; KELLER, 1961), which was extended to account for the relative
motion between particle and fluid:

Fri = π

8 ρ d
3
p

Rep
Rer

Clr
[Ωi × (ui − upi)]

Ωi

(3.27)
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In Eq. (3.27), Ωi = 0.5∇i × ui − ωpi and Res = ρ d2
p |Ωi|/µ. The lift coefficient Clr

is obtained from the correlation proposed by Lun and Liu (LUN; LIU, 1997):

Clr = Rer
Rep

if Rep < 1 (3.28)

Clr = Rer
Rep

(0.178 + 0.822Re−0.522
p ) if Rep > 1 (3.29)

Also, the rotating particle experiences torque from the fluid flow. The correlation
of Rubinow and Keller (RUBINOW; KELLER, 1961) was extended to account for the
relative motion between fluid and particle at higher Reynolds number:

Ti = Cr
ρ d5

p

64 |Ωi|Ωi (3.30)

The coefficient of rotation, Cr, was obtained from the following correlation, derived
from and the direct numerical simulations of Dennis et al. (DENNIS, 1980):

Cr = 64π
Rer

if Rer < 32 (3.31)

Cr = 12.9√
Rer

+ 128.4
Rer

if Rer > 32 (3.32)

Forces such as Basset and virtual mass have been neglected. This is a reasonable
assumption since the particle material density is over 1000 times the gas density (CROWE
et al., 1998; C. Crowe, E. Michaelides, 2005).

Diluted flow is assumed, so that the correlations for the forces on the particles
are based on a single isolated sphere. This is not expected to impact the results, because
the overall mass loading of the present work is only 0.013. Even though there are some
high concentration regions, the local volume fraction still remains low enough so that such
correlations apply.

The extension of the Euler-Lagrange approach to unstructured meshes requires the
use of accurate interpolation schemes, since in the above equations the continuous phase
properties must be determined at the particle center. A few interpolation schemes have
been tried out, and the best compromise between accuracy and cost was obtained with
the Sheppard’s scheme. Basically, the velocity and vorticity components at the particle
position are calculated by weighing the neighboring element values with their inverse
distances from their centers to the particle position. For integrating the ordinary differential
equations (3.19), (3.20) and (3.21), the analytical scheme was used for the linear and
angular velocities.
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Upon a particle colliding with a wall, the new particle linear and angular velocities
after rebound are calculated according to the following conservation equations (BREUER
et al., 2012):

Nonsliding collision:

~u+
p = ~u−p − (1 + epar)

2
7 ~u

−
pr − (1 + e) (~u−p · ~n)~n (3.33)

~ω+
p = ~ω−p −

10
7

(
1 + epar
dp

)
~n× ~u−pr (3.34)

Sliding collision:

~u+
p = ~u−p − (1 + e) (~u−p · ~n)

[
µd

~u−p
|~u−p |

+ ~n

]
(3.35)

~ω+
p = ~ω−p −

5
dp

(1 + e) (~u−p · ~n) µd
|~u−p |

~n× ~u−pr (3.36)

In the above equations, the superscripts ˘ and + denote values prior to and after the
collision, respectively, epar is the parallel restitution coefficient, e is the normal restitution
coefficient and µd is the dynamic friction coefficient. ~n is the normal unit vector pointing
outwards of the element face being impacted. ~urp is the relative velocity at the contact
point:

~upr = ~up − (~up · ~n)~n+ dp
2 ωp × ~n (3.37)

Inter-particle collisions are modeled with a stochastic, hard-sphere model. As
described by Oesterle and Petitjean (OESTERLE; PETITJEAN, 1993) and Sommerfeld
(SOMMERFELD, 2001), for each computational particle, a fictitious collision partner is
generated, and the probability of a collision is checked based on an analogy with kinetic
theory of gases. This in turn requires that the average and RMS linear and angular
velocities, as well as the particle concentration in each control volume, be sampled and
stored every Lagrangian calculation. Although demanding a lot of memory, the method
is rather economical and effective, and avoids the use of a deterministic collision model,
which is quite expensive computationally.

When a structured grid is used, it is simple to determine the element hosting the
particle, as there exists a straightforward relationship between the element index and its
physical location. Because an unstructured grid is used in this work, there is the need
for a specific algorithm to locate the particle after its final position is calculated by the
integration of Eq. (3.19). For that purpose, the particle-localization algorithm proposed
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by Haselbacher et al. (HASELBACHER et al., 2007) was implemented. This algorithm
is based on tracking a particle along its trajectory by computing the intersections of the
trajectory and the element faces. Since it does not depend on the element topology, it is
suitable for use in unstructured grids. Furthermore, it was observed to be much faster
than costly, direct-search algorithms.

The coupled solution of the continuous and particle phases is summarized as follows:
first the steady-state solution for the single fluid phase flow is computed. Subsequently,
the unsteady-state solution is initialized and the computational particles are injected at
each timestep and tracked throughout the domain. For each control volume, the average
and RMS linear and angular velocities, the particle concentration and the source-terms
for the fluid momentum equation are stored at each timestep. These are employed in the
next time step for the fluid flow solution and inter-particle collisions. Both fluid flow and
particle motion are then solved until statistical convergence is achieved. Normally, nearly
four residence times are sufficient for smooth statistics.

The mass loading represented by the symbol φ, is presented in equation 3.38.
Basically, defined as the ratio of solid phase mass flow rate (ṁp) to gas phase mass
flow rate (ṁf). This relation, along with other parameters, determines the effects of the
interactions between the phases.

φ = ṁp

ṁf

(3.38)

Figure 16 shows the schematic representation of a mixture of particles dispersed
in a fluid with diluted concentration, intermediate concentration and high concentration.
Looking at those representations, which differ from one another is the number of particles
in the domain (cube) and the classification of the mixture is based on the Lp that refers
to the free distance between the particles. Consequently, minor my Lp more concentrated
will be my mixture.

The density of the phases as well as the distance between particles provide essential
information for determining how the dispersed phase should be treated. Depending on the
mass loading, the degree of interaction between the phases can be interpreted in three
different ways:

• One-way coupling: Very low mass loadings (φ << 1). The gas phase completely
influences the motion of the particles via drag and other forces and the particles do
not affect the carrier fluid flow. This condition is typical for dilute suspensions.

• Two-way coupling: Intermediate mass loadings (φ ≈ 1). The gas phase influences
the particle motion and particles influence back the carrier fluid by attenuating or
enhancing the mean moments and turbulence effects.
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Lp

(a)

Lp

(b)

Lp

(c)

Figure 16 – Schematic representation of a mixture of particles dispersed in a fluid: (a)
Diluted mixture; (b) Intermediate mixture and (c) Dense mixture.

• Four-way coupling: High mass loadings (φ >> 1). Besides effects on the carrier
fluid, particle-to-particle collisions are also relevant. Obviously, it is impossible
to avoid the inter-particle collisions in an experiment, which makes it difficult to
understand its consequences in a gas-solid flow, for instance. On the other hand,
CFD enables the analysis of such effects, since the inter-particle collision model can
be turned off.

Figure 17 presents in a schematic way how both phase (i.e., continuous and
dispersed) interact with one another, summarizing the definitions given in the previously
paragraphs of one-way, two-way and four-way coupling.

Particle

One way
coupling

Continuos phase

Particle

Two way
coupling

Continuos phase Continuos phase

Particle Particle

Four way
coupling

Figure 17 – Schematic representation of the coupling between dispersed and continuous
phases.
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3.3 Erosion prediction equation
It is well known that many correlation model to estimate the erosion ratio exist in

literature, such as: the correlation proposed by Ahlert (1994), the correlation proposed
by Neilson e Gilchrist (1968), the correlation proposed by Zhang et al. (2016) and the
correlation proposed by Oka et al. (2005b). However, in the work carried by Pereira et
al. (PEREIRA et al., 2014; DUARTE et al., 2015; SANTOS et al., 2016) it was found
that the correlation proposed by Oka et al. (OKA; YOSHIDA, 2005) seems to be the
best when utilized with the restitution model of Grant e Tabakoff (1975) once applied
to predict erosion in ninety-degree-elbows. As a result, these models were used in this
work. Both models (i.e., (OKA; YOSHIDA, 2005) and Grant e Tabakoff (1975)) will be
described below and are also implemented in UNSCYFL3D, working alongside the fluid
and particle models.

The erosion rate is defined as the mass of removed material per unit of area per
unit of time. It is calculated on the walls by accumulating the damage each particle causes
when colliding against the wall surface. It is given by:

Ef = 1
Af

∑
π(f)

ṁπ er (3.39)

in which Af is the face area, ṁπ is the particle mass flow rate represented by each
computational particle that collides with the face and er is the erosion ratio, which consists
in the ratio of mass of eroded material over mass of erodent material and must be computed
by a correlation.

The erosion is formulated in terms of the penetration ratio, accordingly to the
expression:

Penetration Ratio = Ef
ṁp ρ

(3.40)

where ṁp is the inlet particle mass flow rate (kg/s) and ρ is the elbow material density
(kg/m3). The penetration ratio represents the thickness of material removed from the wall
over the mass of particle injected into the elbow.

The predictive equation for erosion damage proposed by Oka et al. (OKA et al.,
2005a) can be expressed as:

E(α) = g(α)E90 (3.41)

E(α) and E90 denote a volume of eroded material per mass of particles (mm3kg−1). g(α)
is the impact angle dependence expressed by two trigonometric functions and by the initial
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eroded material Vickers hardness number (Hv) in unit of GPa, as in Eq. (3.42):

g(α) = (sinα)n1(1 + Hv (1− sinα))n2 (3.42)

n1 and n2 are exponents determined by the eroded material hardness and other impact
conditions such particle properties and shape. These exponents show the effects of repeated
plastic deformation and cutting action, and for particles of SiO2-1 are expressed by:

n1 = 0.71 (Hv)0.14 (3.43)

n2 = 2.4 (Hv)−0.94 (3.44)

The reference erosion ratio E90 (erosion damage at normal impact angle) is related to
the impact velocity, particle diameter and eroded material hardness, and can be expressed
as follows:

E90 = K (aHv)k1b

(
up
uref

)k2 ( Dp

Dref

)k3

(3.45)

u and D are the impact velocity (m s−1) and particle diameter (µm), respectively, and
uref and Dref are the reference impact velocity and the particle diameter used in the
experiments by Oka et al. (OKA et al., 2005a). k3 is an exponent and is determined by
the properties of the particle. The exponent k2 can be determined by the eroded material
Vickers hardness and the particle properties, as shown in Eq. (3.46)

k2 = 2.3 (Hv)0.038 (3.46)

According to Oka et al. (OKA et al., 2005a) the termK (aHv)k1b is highly dependent
on the type of the particle and eroded material Vickers hardness, which are not correlated
with the impact conditions and other factors. The present work used the experimental data
from Oka et al. (OKA et al., 2005a) to derive a function and obtain the relationship between
eroded material Vickers hardness and E90 at the reference impact velocity. The function
obtained by the curve fitting shown in Fig. 11 of Oka and Yoshida (OKA; YOSHIDA,
2005) for the pair SiO2-aluminum is provided below:

K (aHv)k1b ≈ 81.714 (Hv)−0.79 (3.47)
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Is important to emphasize that this function holds for the pair sand-aluminum and
may change for other materials. As a result, E90 can be expressed as follows:

E90 = 81.714 (Hv)−0.79
(
up
uref

)k2 ( Dp

Dref

)k3

(3.48)

The purported strength of the Oka model is that the coefficients for a particular
combination of eroded material and eroding material can be derived from more fundamental
coefficients, which are specific to either the eroded material or the eroding material. Hence,
the fundamental coefficients for sand can serve as a basis for both sand-steel erosion and
sand-aluminum erosion, for instance. The fundamental coefficients for the eroding material,
in turn, are shown to be derivable from measurable properties such as its Vickers hardness.
Table 2 summarizes all the constants used in this work.

Table 2 – Constants used in the erosion ratio correlation (OKA et al., 2005a).

Eroded material type Aluminum (6061-T6)
Eroded material Vickers hardness (Hv) 1.049Gpa
Particle type Angular SiO2-1
Reference impact velocity (uref ) 104m/s
Reference particle diameter (Dref ) 326µm
k2 2.3042
k3 0.19
n1 0.7148
n2 2.2945

3.3.1 Coefficients of restitution

The necessity of predict how particles behave after collisions with walls, led the
development of the restitution models. In order to predict this behavior and be faithful
to what occurs in reality, all of models were derived from experimental studies. The
importance of these models is due to particles loss of energy and the rebound velocity
been lower than the incident velocity. Summarizing, the reason to utilize a restitution
models for the particle is basically because, the model provides an accurate prediction of
the particle trajectories in the simulation.

Grant and Tabakoff (GRANT; TABAKOFF, 1975) proposed the restitution model
after treating the post collisional particle movement dynamics in a statistical approach.
Based on experimental data for aluminum and sand, they proposed equations (3.49) and
(3.50) for the restitution coefficients:

e = 0.993− 1.76α + 1.56α2 − 0.49α3 (3.49)
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epar = 0.998− 1.55α + 2.11α2 − 0.67α3 (3.50)

It is noteworthy, that other restitution models exist, such as: the model proposed by
Forder et al. (1998), and the model proposed by Sommerfeld e Huber (1999). Nonetheless,
as already mentioned in section 3.3, the best model used for elbows is the one proposed
by Grant and Tabakoff (GRANT; TABAKOFF, 1975) and for this reason utilized in this
work.

3.3.2 Coefficients of friction

Friction is another important effect to be accounted for in particle-wall interactions.
Depending on the static and dynamic coefficients, particles can lose energy and velocity,
directly affecting the erosion. In UNSCYFL3D, µ = 0.25 was adopted, as it was seen
to provide the best fit to the experimental result (PEREIRA et al., 2014). Numerical
experiments revealed that when friction is increased, the penetration ratio reduces slightly,
and vice-versa. In any event, the curve is qualitatively similar.

Friction is not itself a fundamental force but arises from forces between the two
contacting surfaces. The complexity of these interactions makes the calculation of friction
from first principles impractical and necessitates the use of empirical methods for analysis
and the development of theory.

An empirical model proposed by Sommerfeld e Huber (1999) described below:

µ = max(0.5− 0.175α, 0.15) (3.51)

It is worth noticing that the static and dynamic coefficients of friction were assumed
to be equal. No considerable difference was noticed by prescribing the dynamic coefficient
lower than the static one.
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4 Finite volume discretization

In this chapter a short summary about numerical methods will be presented,
highlighting the finite volume method. In order to facilitate the comprehension , in section
4.1 a brief explanation of the solution method components are presented.

For the current research the UNSCYFL3D code is employed. UNSCYFL3D, amongst
many other CFD packages, uses a Finite Volume Method (FVM) in order to resolve a flow
field depending on its geometrical boundaries and their respective boundary conditions.
For this approach the equations presented in the previous chapter have to be discretized
in space.

Throughout the sections a brief overview of the discretization methods employed
for the current research are presented. It is largely based on the information in the Fluent
Guide (2005), supplemented with the work of Ferziger e Peric (2002) and Mathur e Murthy
(1997). The methods outlined below may not be optimal, but they have proven to deliver
sufficiently accurate results within a reasonable amount of time for the problem at hand.

Section 4.1 presents the components of the solution model, section 4.2 introduces
the FVM. Then Sections 4.3 present the spatial discretization. The pressure-velocity
coupling is presented in Section 4.4 and the solution procedure is elaborated in Section
4.5.

4.1 Components of a Solution Method
Prior to start the discussion about finite volume method some bases of a numerical

approach have to be briefly discussed below.

The components of a solution method can be summarized as follows:

• Mathematical model: The starting point of any numerical method is the math-
ematical model. Trying to produce a general method of solution in a way that is
applicable to all types of flows is impractical or even impossible, and as the most
universally applicable tool, would probably not be able to provide optimum results
for any particular flow;

• Discretization Method: The discretization method is a way of approaching the
partial differential equations by algebraic equations into a set of discrete points
in space and time. Several methods can be found in the literature, however, most
approaches used are: Finite Difference, Finite Element and Finite Volume. Each
of the aforementioned approaches tends to cause the same solution as the mesh
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is refined. However some methods are more suitable for certain applications than
others. In this work only the finite volume method is considered and discussed in
section 4.2;

• Numerical mesh: The numerical mesh is in essence a discrete representation of the
geometric domain where the problem should be solved. Having in mind that there
are different types of mesh, such as: structured mesh, structured mesh by block and
unstructured mesh. Nonetheless, in the present work the unstructured mesh is used.
Because, this type of mesh better fits the finite element and finite volume approach;

• Solution Method: The discretization generates a large system of nonlinear algebraic
equations. The choice of solver depends on the type of mesh used and the number
of elements involved in each algebraic equation. In this work the solution methods
used are just mentioned, in a way that the theory associate is not presented here.

4.2 Finite Volume Method

According to Maliska (2004), all methods that, to obtain the approximate equations
satisfies the conservation property at a level of an elementary volume is a finite volume
method. The author states that there are two ways to get the approximate equations in
the finite volume method. First, is the realization of balances of the properties in question,
in the elementary volumes, or finite volume. Second, is integrates about the elementary
volume, in space and in time the equations in conservative form.

The finite volume method can be used with any type of mesh, in such way that it
can be applicable with complex geometries. It is important to have in mind that the mesh
only defines the boundaries of the volume control, and it is not necessarily related to a
coordinate system.

The Finite Volume Method (FVM) is a method for representing and evaluating
partial differential equations in the form of algebraic equations (LEVEQUE, 2002; TORO,
2009). Similar to the finite difference method or finite element method, values are calculated
at discrete places on a meshed geometry. In the finite volume method, volume integrals
in a partial differential equation that contain a divergence term are converted to surface
integrals, using the divergence theorem. These terms are then evaluated as fluxes at the
surfaces of each finite volume. Because the flux entering a given volume is identical to
that leaving the adjacent volume, these methods are conservative. Another advantage of
the finite volume method is that it is easily formulated to allow for unstructured meshes
(VERSTEEG; MALALASEKERA, 2007).
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4.3 Spatial discretization
The conservation equations for the continuity, velocity components and for the

turbulence variables in unsteady state can be written generically as:

∂ρφ

∂t
+ ∂

∂xj
(ρujφ) = ∂

∂xj

(
Γ ∂φ

∂xj

)
+ Sφ (4.1)

(1) (2) (3) (4)

where, ρ is is the density of the fluid, φ is the variable to be transported and Γ is
the diffusion coefficient.

Each term of Eq. 4.1 can be described as follows:

• (1): The first term on the left represents the variable accumulation over time in the
considered volume control;

• (2): The second term on the left represents the convective flow (or advective), which
considers the transport of the variable due to the existence of a velocity field;

• (3): First term on the right side represents the diffusive flux, which considers the
transport of variables due to its gradients;

• (4): The last term of the right side represents the inclusion of a source term .

By integrating the general conservation Eq. 4.1 over the control volume V , we
obtain:

∮
V

∂ρφ

∂t
· dV +

∮
A
ρφ~V · d ~A =

∮
A

Γgradφ · d ~A+
∮
V
SφdV (4.2)

where V is the volume of the control volume.

Note that, for the terms involving surface integrals in Eq. 4.2, the Gauss Divergence
Theorem was applied to convert the volume integrals into surface integrals (FERZIGER;
PERIC, 2002):

∫
V

∂φ

∂xi
dV =

∮
A
φ~li · d ~A (4.3)

For the element L shown in Fig. 18, the discretization of Eq. 4.3 yields:
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L

Af

drRdrL

ds

R

Figure 18 – Schematic representation of two elements separated by one face. Any face in
the field will always have an element in the left ”L” and an element in the
right ”R”.

(
∂ρφ

∂t

)
L

∆VL +
∑
f

Jfφf =
∑
f

Df + (Sφ ∆V )L (4.4)

in which Jf is the mass flow rate, (ρf ~Vf · ~Af ), across face f , Γf the diffusion coefficient at
the that face and Df = Γf (gradφ)f · ~Af is the diffusive flux across face f . The summations
above apply to all the faces of element L. ~Af is the normal area vector of face f , which is
directed from the element L to the element R. Next, the discretization of each term of Eq.
4.4 is detailed.

The advection term
Regarding the advective term in Eq. 4.4, when the first-order upwind scheme is

employed, φf is assigned the value of the element center at element L if Jf is positive.
Otherwise, the value of element R is set to the face. Because first-order schemes are usually
very diffusive for many applications of interest, a second-order upwind scheme was used in
this work:

φf = φL + (gradφ)rL · ~drL (4.5)

if Jf > 0. If Jf < 0 applies Eq. 4.5 considering the element to the right of the face f , R.
In the above equation, the value of the variable in the face is obtained by extrapolation
of the second order from the value in the upwind. The vector ~drL is directed from the
geometric center of element L to the face f center. (gradφ)rL is the reconstructed gradient
at element L, which is again computed by means of the Gauss Divergence Theorem:

(gradφ)r = 1
∆V

∑
f

(φ̄f ~Af ) (4.6)

where φ̄f is the average of φ the element centers sharing face f .
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The first term on the right side of Eq. 4.6 is always implicitly treated, whereas the
second term is treated as source term and therefore calculated explicitly.

The diffusion term
It can be proven that the diffusive flux for face f is given by (MATHUR; MURTHY,

1997):

Df = Γf
(φR − φL)
| ~ds|

~Af · ~Af
~Af · ~es

+ Γf

gradφ · ~Af − gradφ · ~es
~Af · ~Af
~Af · ~es

 (4.7)

In Eq. 4.7, ~es is the unit vector connecting the centers of elements R e L, ~es = ~ds

| ~dr| .
The first term at the RHS of Eq. 4.7 is treated implicitly, whereas the remaining terms,
which represent the secondary diffusion, are calculated explicitly and therefore incorporated
into the source-term S in Eq. 4.4. The secondary diffusion is null for hexahedra for instance,
because vectors ~Af and ~es are collinear. The gradient at face f , gradφ, is calculated as
the average of the gradients at the adjacent elements. The treatment above is equivalent
to the application of the second-order, centered differencing scheme in structured meshes
and is advantageous in the sense that it does not depend on the element shape.

4.4 Pressure-velocity coupling
So far, it was proved that the momentum equations can be discretized via finite

volume in unstructured meshes. Note that the set of Eqs. 3.4 and 3.5 forms a system of
four equations (continuity, momentum for u, v and w) and four unknowns (u, v, w and
p), thereby forming a given system. The velocity components must be determined by the
respective conservation equations, but restricted with the imposed continuity. There is no
explicit equation for the pressure, which requires the deduction of an equation for this
variable so a segregated method of solution can be employed. The UNSCYFL3D uses the
SIMPLE method (Semi-Implicit Pressure-Linked Equations, (FERZIGER; PERIC, 2002))
to generate this equation and ensure that the continuity equation is also satisfied.

In the SIMPLE method, the procedure solution of the equations for u, v, w and
p is said segregated, which means that a system of linear equations for each of these
variables are resolved independently by linear system solution methods, and sequentially.
The process is repeated until all the standard equations residues is reduced until the
specified tolerance. Several global iterations, with the solution of linear systems for u, v, w
and p, may be necessary due to the nonlinear nature of the Navier-Stokes equations and
the coupling between the variables. Since the variables converge at different speeds, it is
necessary under-relaxed the system solutions. For the case of transient problems, global
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iterations should be performed at each time step, and the process is repeated at each time
step.

A more detailed discussion on pressure-velocity coupling can be found in (FERZIGER;
PERIC, 2002).

4.5 Solution procedure
For the current study, only steady simulations are performed. For steady simulations

the SIMPLE algorithm by Patankar (1980) is employed and briefly discussed below.

The SIMPLE algorithm can be summarized as follows:

1. Start-up the values of the velocities components and pressure in the elements and
the mass flow rates across the faces of the calculation area, including the boundaries.
These fields do not necessarily satisfy the conservation equations;

2. solves the linear system of equations for each component of the velocity vector, this
corresponds to the predictor step. UNSCYFL3D uses biconjugated gradient method;

3. with the predicted velocity field, the mass flow rates is calculated on the faces of all
the elements. It is then solved the linear system for the pressure correction. Normally,
it is necessary to use an efficient solver based on multigrid methods, for example;

4. by knowing the pressure correction, the mass flow rates are corrected on the faces,
the pressure in each element, and the velocity components in each element;

5. evaluate the residues and the momentum equations after the corrector step and
if they are satisfied according to the tolerance specified by the user, declares the
convergence of the set of equations. Due to the couplings between the variables, a
global iteration of SIMPLE is usually not sufficient to ensure that all equations are
satisfied simultaneously. In this case, the solver returns to the step 2 and the process
continues until the convergence of all the equations.

It is important to remember that for transient problems, the above procedure is
performed for each time step. The flowchart solution of SIMPLE method is shown in Fig.
19:

4.6 Solver UNSCYFL3D
The UNSCYFL3D is an ”in-house” code developed in the Laboratory of Fluid

Mechanics (MFlab) from the Federal University of Uberlândia in partnership with PETRO-
BRAS. The code is capable of simulating laminar and turbulent flows with particles. In
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Initial values for the velocity components
on the elements and the flow rates in the faces

Time advance

Solution of the momentum equations - predictor step

Correction of the flow rates in the faces and pressure and 
velocities components on the elements - corrector step

If necessary, solve the equations for turbulence models

Solution of the pressure correction equation

Evaluate the residues
> tolerance< tolerance

n=0

n=n+1

Figure 19 – Flowchart solution of SIMPLE method implemented in UNSCYFL3D.

UNSCYFL3D, the Navier-Stokes equations in the incompressible formulation are solved
numerically using the finite volume method of Ferziger e Peric (2002) in unstructured
meshes, which can be composed of hexahedra, tetrahedra, prisms, pyramids and wedges.
For the disperse phase modeling, a Lagrangian formulation is employed, where the parti-
cles are individually tracked in the flow. For the pressure-velocity coupling, the SIMPLE
algorithm is used. Flow in both permanent and transient regimes can be simulated, and
6 boundary conditions can be prescribed: imposed velocity, symmetry, outflow, non-slip,
imposed pressure and frequency.

The diffusive terms are discretized by 2nd order centered differences, for the advective
terms, the upwind scheme and the 1st order centered scheme or upwind scheme 2nd order
can be combined. The large scale turbulence models are: Smagorinsky, dynamic and
Yakhot. The SST and DES-SST models are also available. For the integration of the
motion equations of the particles, it uses the analytical model. Particles can be injected
into faces in which the boundary condition of imposed velocity is applied. The following
boundary conditions for the particles are possible: reflection, escape and frequency.

For the erosion-related problems the correlations from: Ahlert (1994), Neilson e
Gilchrist (1968), Zhang et al. (2007) and Oka e Yoshida (2005) can be employed. The
coefficients of restitution can be selected from: Forder et al. (1998), Sommerfeld e Huber
(1999) and Grant e Tabakoff (1975) models.
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For time advance of the flow equations, the implicit Euler scheme 1st and three
levels in time 2nd can be used. The mesh converter was developed in C language, and the
solver in FORTRAN 90 language. Both flow and particles can be post processed using
Paraview and VisIt tools.
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5 Particle phase algorithm

According to Elghobashi (1993), when starting a single-phase flow into a flow with
a high particle loading, four different regimes will be achieved, and these arrangements
relate to the manner in which the flow "feels" the presence of the dispersed phase (type of
coupling) and the manner in which the dispersed phase interferes with the turbulence of
the continuous phase (attenuating or increasing the turbulence levels).

To illustrate this relationship, Elghobashi (1993) created a map, Fig. 20, based
on the volume fraction of the particulate phase φp; number of particles Np; the volume
occupied by the particles Vp; the distance between the centers of two neighboring particles
S; the particle diameter d; the particle response time Tp, the Kolmogorov timescale Tk
and the turnover time of large scale Te.
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DENSE
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FLUID <-> PARTICLE <-> PARTICLEFLUID <-> PARTICLEFLUID -> PARTICLE
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Figure 20 – Diagram showing the flow regimes. Adapted from Elghobashi (1993).

According to the diagram proposed by Elghobashi (1993) the flows with a volume
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fraction higher than 10−6 should be treated using two-way coupling and flows with a
volume fraction superior to 10−3 using four-way coupling. In the other hand, for the volume
fraction between 10−6 and 10−3, it is possible to notice at Fig. 20, that the dispersed phase
can act to mitigate the turbulence of the continuous phase, or increase the turbulence.
Depending of the relationship between the relaxation time of the particle and the turnover
time of the large scale of the flow.

For both Lagrangian and Eulerian approaches, it should be noted that the two-way
coupling requires the description of the coupling between the phases and the particle.
This interaction occurs through the tension between the phases at the particle surface. In
particular, the coupling strength between the phases is the force acting on a single particle
due to pressure and viscous tension caused by the disturbed fluid around. This force is
equal in magnitude and opposite in direction to hydrodynamic force of the particle acting
on the continuous phase. The coupling strength between the phases is the hydrodynamic
forces on the surface less the contributions of the tensions of the undisturbed fluid (e.g.,
less forces due to the pressure gradients which occur regardless of the presence of the
particle).

The next section will briefly explain the coupling procedure used in UNSCYFL3D.

5.1 Coupling procedure

The coupled solution of the continuous and particle phases is summarized as follows
(LAÍN; SOMMERFELD, 2012): first the steady-state solution for the fluid phase without
particles is computed. Subsequently, particles are injected and tracked throughout the
domain. For each control volume, the average and RMS linear and angular velocities, the
particle concentration and the source-terms for the fluid momentum equation are stored.

After all the particles have left the domain, the fluid flow is solved again, now
considering the source-terms sampled during the previous particle calculation. This process
is repeated, taking the particle-to-particle collision into account, until a converged solution
for both phases is reached. It is important to bear in mind that the particle statistics
must be corrected during each particle calculation. Another important detail is that the
particle source term must be under-relaxed, for achieving convergence. The present work
used 0.1 as under-relaxation factor for all the cases, and the quality of convergence was
measured based on the standard deviation of average velocities, which should be close to
0.001. Normally, 100 coupling iterations are sufficient for convergence of both phases. A
detailed information about this method is given by (LAÍN; SOMMERFELD, 2013).

The scheme of this procedure is presented in Fig. 21.

To solve the differential equations, it is important to know the location of each
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Figure 21 – Flow chart of fully coupled Euler-Lagrange calculations (LAÍN; SOMMER-
FELD, 2013).

particle within the Eulerian mesh. This occurs because to calculate the variation of velocity
and position of the particles is necessary to interpolate the fluid properties to the position
of its center of mass. Usually, the computational determination of the cell in which a
particle is can be done quickly and efficiently by using a particle locator and a mesh



66 Chapter 5. Particle phase algorithm

mapping in cartesian uniform meshes. However, this approach can not be directly used in
unstructured grids (PENG et al., 2009), making the particle tracking problem an important
element. Next section is dedicated to briefly explain the particle-location algorithm used
in the present report.

5.2 Particle-tracking algorithm
The UNSCYFL3D code uses the algorithm proposed by Haselbacher et al. (2007).

This choice was due to some specific features of this algorithm:

• this algorithm is robust enough to allow a particle to crosses more than one com-
putational cell in a single step and time, in other words, the algorithm enables the
particle to go through long distances, which is a limiting factor for a number of
algorithms;

• the algorithm is based on distances intersection rather than time intersection, which
is much more natural, once the particle tracking problem should be primarily a
spatial problem, not temporal;

• the algorithm can be applied to Eulerian meshes consisting of polyhedral elements;

• according to the author, this algorithm is faster and more efficient than other
published algorithms.

The complete procedure of particle-location as well as the algorithms used are not
presented here because it differ completely from the main theme of the dissertation. A
detailed information about the algorithm and its implementation can be found in the
publication of Haselbacher et al. (2007).

All the information presented until now allow the reader to familiarize themselves
with the problem analyzed and the procedure used for its solution. With this in mind, will
be presented in the following chapters the numerical setup and procedure (Chap. 6) and
the results (Chap. 7) obtained, respectively.
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6 Numerical setup and procedure

Experimental studies of erosion on different elbow configurations have been car-
ried out (SELMER-OLSEN, 1987; EYLER, 1987; CHEN et al., 2006). Mazumder et al.
(MAZUMDER et al., 2008) provide a good database, limited to very low mass loadings.
According to the experimental setup described by Mazumder et al. (MAZUMDER et al.,
2008), in which aluminum elbow specimens were used, sand particles were injected in the
horizontal pipe at about 48 in (1.22 m) below the test piece. Fig. 22 shows the schematics
of the standard elbow. The respective dimensions are presented in Table. 3. The erosion
data was measured along the outer bend surface, represented by the blue color in the
scheme of Fig. 22. Hence, a comparison of the calculations with the measurements is made
at this location.

Flow

g

L1

L3

L4

L5

0º

90º

22.5º

45º

67.5º

Erosion region analysed

Figure 22 – Schematics of the simulated standard elbow.

For all the simulations, the fluid phase was treated as air with constant density
and viscosity. At the pipe inlet, the fluid is injected with a mean conveying velocity of 34.1
m/s and a turbulence intensity of 0.1%. At the pipe walls a no-slip condition is applied
while at the pipe exit the static pressure is prescribed. Table. 4 summarizes the properties
of the fluid, particle and pipe used in all computations. They yield a Reynolds number of
5.93×104. The particle Stokes number based on the mean particle diameter is 3.66.
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Table 3 – Dimension of the elbow and twisted tape insert, as shown in Fig. 22 and Fig. 23.

Pipe diameter (D = L5) 0.0254m
Elbow curvature (1.5D) 0.0381m
Inlet till the beginning of the bend (L1) 1.22m
End of the bend till the outlet (L4) 0.1016m
Tape thickness (0.1D) 0.00254m
Tape length (3D = L6) 0.0762m
Tape twist 180 degrees
Twisted tape insert position (L2) 0D, 1D, 2D, 3D

Table 4 – Simulation conditions for erosion prediction.

Fluid Air
Fluid density 1.225 kg/m3

Fluid viscosity 1.79× 10−5 Pa.s
Bulk fluid velocity at inlet 34.1m/s
Material of specimen Aluminum (6061-T6)
Material density 2, 700 kg/m3

Particle type Angular SiO2-1
Particle density 2, 600 kg/m3

Average particle size 182µm
Mass loading 0.013 kgp/kgg

Regarding the two-phase flow simulations, the mass loading ratio investigated in the
experiments was φ = 0.013. For all cases investigated, the mean particle diameter was 182
µm and the pipe material was Aluminum (6061-T6). The wall pipes were assumed to be
perfectly smooth. However, as investigated by Solnordal et al. (SOLNORDAL et al., 2015),
the wall roughness apparently has a very important role in the erosion patterns. Therefore,
the numerical penetration patterns may depart from experiments, since actual pipes are
always rough. This has been investigated by the authors in (DUARTE et al., 2016a).
Regarding the particle tracking, 300 particles are injected at each fluid time step, which
was 10−4 s. The particle time step is 10−5 s. By the end of the simulation, nearly 6,000,000
particles paths have been tracked, which provide converged statistics and erosion profiles.
The simulations were run for 2 physical seconds. It is important to bear in mind that each
computational particle represents a number of real particles with the same properties (i.e.
velocity and size). Once the validation of the standard elbow was done, a twisted tape was
added to the original geometry at four different positions upstream of the elbow, namely at
0, 1, 2 and 3 diameters away from the bend inlet. Figure 23 represents the schematics for
the twitsed tape placed one diameter upstream of the bend. The main geometric features
(i.e. pipe diameter, curvature radius, domain size) and remaining simulation setup were
preserved. The flat spiral tested was twisted through 180 degrees with a thickness of 0. 1D
and a total length of 3D, as shown in Fig. 24, for the purpose of generating swirling flow
upstream of the bend.
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Figure 23 – Schematics of the elbow with a twisted-tape.

Moreover, to quantitatively compare the “twisted-elbow” results (e.g., penetration
ratio, the particles impact angle, impact frequency and impact velocity) with the standard
elbow results, the penetration ratio profiles were extracted from the symmetry plane along
the bend outer wall.

Figure 24 – Twisted tape geometrically.

When constructing the grids, special care must be taken to guarantee that the max-
imum element orthogonality is achieved, as low quality elements are known to deteriorate
the accuracy of the calculations. Fundamental to the precise calculation near wall behavior
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the refinement in the boundary layer zone (Fig. 25e and Fig. 25f) is needed. The refinement
close to the walls was the same for all cases so that the dimensionless wall distance (y+)
was kept below 1 for first cell adjacent to the wall. Only hexahedra were used in the mesh
construction, which generate less numerical diffusion than elements such as tetrahedra
and pyramids. Hexahedra also allow the generation of higher quality meshes, with fewer
distorted elements than one would obtain with tetrahedra, for example. An effort was
made to generate less distorted elements inside the twisted elbow. As a final remark, the
grids presented in Fig. 25 are multiblock structured grids with O-type structures composed
of 8 and 5 blocks for the twisted-tape-equipped elbow and the standard elbow, respectively,
resulting in approximately 650,000 hexahedral control volumes.

(a) (b)

(c) (d)

(e) (f)

Figure 25 – Mesh used in the simulations: (a), (c) and (e) Standard elbow mesh; (b), (d)
and (f) Twisted tape elbow mesh with the insert at 0D.
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7 Results

This section is divided into three main topics. First, the standard elbow is used to
validate the computational models employed. The most important parameters related to
the particle mechanisms and erosion are also presented for future reference and comparison
with the modified geometries. Subsequently, a twisted tape is added to the original pipeline
at different locations and the investigation of the best position is carried out considering
one-way coupling. Then, an analysis of the two-phase effects is done for the best position
and compared to the standard elbow.

7.1 Standard elbow results

Figure 26 shows the streamlines of the velocity field inside the standard elbow.
This figure illustrate the fluid behavior inside the bend and give an initial idea about the
studied problem.

Figure 26 – Streamlines of the velocity field inside the standard elbow.

7.1.1 Validation - one, two and four-way coupling

For these tests, the friction coefficient was set as 0.25 and the restitution model of
Grant and Tabakoff (GRANT; TABAKOFF, 1975) was used. Since this restitution model
was formerly obtained from experiments with sand particles hitting against an aluminum
surface, it is the most appropriate correlation for the current investigations.
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In order to validate the numerical models, the experiments by Mazumder et al.
(MAZUMDER et al., 2008) were used. Figure 27 displays the contours of the penetration
ratio for the different phase interaction regimes, as seen from the opposite side of the
domain inlet. Quantitatively speaking, the erosion contours are quite similar for all cases,
as well as the magnitude of the penetration ratio. This was somewhat expected, since the
mass loading (0.013) is not high enough to cause any significant coupling between the gas
and the particles. Nevertheless, it is possible to notice a slight decrease in the penetration
magnitude when the phase interactions are accounted for.

On the part to compare the erosion profile with the experimental data, the origin
(0◦) of the local coordinate system is set at the elbow inlet, whereas 90◦ corresponds to the
elbow flow outlet (Fig. 22). Figure 28 shows the penetration ratio profile for one, two and
four-way couplings, as well as the experimental data by Mazumder et al. (MAZUMDER
et al., 2008), which also display the uncertainty for each experimental point. Visibly, the
results agree with the experiment.

(a) (b)

(c)

Figure 27 – Penetration ratio for the standard elbow: (a) One-way coupling; (b) Two-way
coupling and (c) Four-way coupling.

Note that the one-way coupling model would have been sufficient to provide a first
impression of the problem with good results for a simple geometry operating with low
mass loading. This is advantageous from the computational point of view, since one-way



7.1. Standard elbow results 73

0 ◦ 10 ◦ 20 ◦ 30 ◦ 40 ◦ 50 ◦ 60 ◦ 70 ◦ 80 ◦ 90 ◦

Curvature angle ( ◦ )

0

1

2

3

4

5

P
en

et
ra

tio
n 

ra
tio

 (m
/k

g)

1e 5

One-way coupling

Two-way coupling

Four-way coupling

Mazumder et al. 2008

Figure 28 – Penetration ratio versus curvature angle for standard elbow.

coupling calculations can be up to 100 times faster when compared with two and four-way
coupling calculations. However, as shown by Duarte et al. (DUARTE et al., 2015), as the
mass loading increases, interphase coupling becomes increasingly important, dramatically
modifying the erosion contours and magnitude for the standard elbow.

7.1.2 Particle erosion mechanisms

For a given pair of materials, the penetration magnitude is a function of three
variables: particle impact velocity, particle impact angle and particle-wall impact frequency,
as most correlations reveal. Thus, with those three parameters at hand, the erosion behavior
resulting from geometry changes can be explained based on the particle mechanics. The
contours for such variables are shown in the next sub-sections.

7.1.2.1 Impact frequency

The frequency at which particles collide with the elbow wall is one of the most
important factors to explain the penetration ratio, because the more often particles strike
the same spot, the higher will be the penetration ratio and mass loss at that location.

As a reference for the effects of the twisted tape, the contours for the particle-to-wall
impact frequency are shown in Fig. 29 for each phase interaction regime.

Although very similar, a slight reduction can be noticed in the four-way case as
compared to the one-way results. This is shown in Fig. 29, which shows the contours of the
impact frequency along the elbow. Such a reduction, although not quantitavely important,
as can be seen in the profiles presented in Fig. 30, is due to the inter-particle collisions
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and the interaction between gas and the particles, which causes the particles to spread in
a more realistic way within the flow.

(a) (b)

(c)

Figure 29 – Impact frequency for the standard elbow: (a) One-way coupling; (b) Two-way
coupling and (c) Four-way coupling.
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Figure 30 – Impact frequency versus curvature angle for standard elbow.
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7.1.2.2 Impact velocity

Since the erosion ratio is proportional to a power of the impact velocity, it might
be expected that it is the most influential parameter on the penetration ratio. In Fig.
31 the contours for the impact velocity are presented. It is possible to notice that the
maximum velocity is the same for one, two and four-way calculations, although the erosion
patterns are different, demonstrating the influence of the particle-particle and fluid-particle
interactions.

When inter-particle collisions are accounted for, the contours of the impact velocity
are more homogeneously distributed along the bend. In the case of one and two-way
couplings (Fig. 31a and Fig. 31b) there is a region opposing the bend where there is no
particle. In contrast, if interparticle collisions are included (Fig. 31c), the same region is
hit by the particles, because of the dispersion owing to the impacts between particles and
pipe walls as well as among particles. Regarding Fig. 32, the impact velocity increases
between curvature angles of 0◦ and 35◦. This is expected, since this region experiences
the first impact of the particles with maximum velocity. Downstream of this region, the
impact velocity decays up to 90◦, as the particles now move adjacently to the bend wall.

(a) (b)

(c)

Figure 31 – Impact velocity for the standard elbow: (a) One-way coupling; (b) Two-way
coupling and (c) Four-way coupling.
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Figure 32 – Impact velocity versus curvature angle for standard elbow.

7.1.2.3 Impact angle

The fragility and ductility of the material play an important role regarding the
impact angle. As mentioned in the previous sections, we simulate an aluminum elbow,
which is classified as a ductile material. In the research carried out by Finnie (FINNIE,
1960) the maximum erosion ratio occurs at an impact angle of 16◦ for aluminum. In Fig.
33 the contours of this parameter are presented. It is shown that when the interactions
between the gas and the particles are taken into account the maximum impact angle is
decreased. This can be attributed to the momentum exchange with the flow as well as
to the more homogeneous particle distribution. Regarding the profile shown in Fig. 34 it
can be noticed that there is a valley between 45◦ and 55◦, i.e., in the midst of the two
peaks. As presented in the previous analysis in this section, the maximum values for the
penetration ratio and impact frequency lie in the very same region. Thus it can be said
that the maximum erosion ratio occurs at an impact angle between 13◦ and 16◦.

Interestingly, as shown in the above figures, the maximum erosion region may
not coincide with the impact velocity peak, as one might naively expect. Instead, it is
necessary to analyze the three parameters, namely impact velocity, impact angle and
impact frequency to explain the erosion patterns and mechanism. As a summary of
this section, the computational models have been validated based on experiments for a
standard elbow considering interphase coupling effects. This adds confidence to the models
used. Apparently, the main parameter affecting the penetration ratio is the wall collision
frequency, whose peak coincides with the maximum penetration ratio. A slight reduction
in the peak penetration ratio was found to result from the phase momentum interchange,
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(a) (b)

(c)

Figure 33 – Impact angle for the standard elbow: (a) One-way coupling; (b) Two-way
coupling and (c) Four-way coupling.
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Figure 34 – Impact angle versus curvature angle for standard elbow.

even at the low mass loading simulated. Based on the validated models, the same elbow
equipped with a twisted tape can now be investigated.
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7.2 Results for the elbow with a twisted tape insert

7.2.1 General flow impression

Before seeking for the best position of the twisted tape in the pipe line with the
intention of reducing elbow erosion, we present the contours of the gas velocity magnitude
at different cut planes along the pipeline in Fig. 35.

(a) (b)

(c) (d)

Figure 35 – Velocity magnitude along the curve with different cut planes for all twisted
tape insert in positions (a) 0D; (b) 1D; (c) 2D and (d) 3D.

It is possible to observe that the maximum velocity is nearly the same for all
positions, although the velocity profiles change considerably depending on where the insert
is placed. The incoming gas flows from the domain inlet until it reaches the insert, where
it is split into two parts across the pipe section, therefore creating a swirling motion. The
swirl imparted by the twisted tape lasts for some pipe length, during which the rotating
motion is dissipated by friction with the pipe/bend walls. Fig. 35 also shows the velocity
vectors at the bend inlet. Visible from the velocity magnitude is that the insert increases
the air velocity in the core flow due to the rotational flow created by the insert. Another
important result directly affecting erosion is the mixing promoted between the fluid in
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the core flow region and the near wall regions. This has important consequences on the
particle motion, as will be shown in the next sections, especially if the effects of coupling
between the gas and the particles is taken into account. Figure 36 shows the streamlines
for the clean air flow. As expected, a well-defined, swirling flow is generated by the insert,
that moves down-stream of the elbow.

Figure 36 – Streamlines of the velocity field with twisted tape insert.

The effect of the swirl generated by the tape on the particles can be observed in
Fig. 37, in which both standard and tape-equipped-elbow are shown. By comparing the
standard elbow (Fig. 37e) with the others (Figs. 37a, 37b, 37c, 37d), it is discernible that
the disturbance generated in the flow creates a better distribution of the particles reaching
the elbow wall, avoiding concentration in a single region. Regarding the position where
the insert lies, it follows that the farther away the twisted tape is located, the longer the
helical flow will affect the flow, causing mixing between the core flow and near wall regions.
A distinct change in the particle path is visible during the impact with the twisted-tape.
The twisted tape force the particles towards the wall so there is a greater concentration of
particles downstream of the tape insert. The difference generated by the effect mentioned
above can be better visualized by the particle flow before the shock against the insertion
in Fig. 37a compared to Fig. 37e, where the concentration is visually the same. On the
other hand, after the impact with the twisted tape Figs. 37b, 37c, 37d represent the
effect previously mentioned, according to which particles tend to accumulate close to
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the pipe walls. Noticeably, the insert homogenizes the particle distribution upstream and
downstream of the main impact region. In the latter, the redistribution effect triggered by
the twisted-tape causes the erosion to decrease, as will be shown later in the next section.

(a) (b)

(c) (d)

(e)

Figure 37 – Particle dynamics for one-way coupling at all positions: (a) 0D; (b) 1D; (c)
2D; (d) 3D and (d) standard elbow.

7.3 Effects of tape position - one-way coupling
In order to have an insight on the mechanisms for erosion reduction brought about

by the twisted tape, a first investigation was carried out. The purpose is to find an
optimal position for the insert inside the pipe that minimizes the elbow erosion. As a
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quantitative measure of the elbow erosion, the penetration ratio was calculated. This study
was accomplished disregarding the interaction between the gas and the particles.

Figure 38 shows the contours of penetration ratio. It is possible to realize that
the maximum value is almost the same in all cases, although the extent of the eroded
regions appears to be more limited with the insert at position 3D. This is more evident
from Fig. 39, which shows the penetration ratio along the elbow symmetry line for the
standard elbow and all the insert positions investigated. The most important finding is
that, with reference to the standard elbow, the penetration is considerably decreased for all
insert positions. Despite the complex trends and the many differences among all positions
studied, insert position 3D apparently generates lower penetration for most of the elbow
curvature.

(a) (b)

(c) (d)

Figure 38 – Penetration ratio for one-way coupling at all insert positions: (a) 0D; (b) 1D;
(c) 2D and (d) 3D.

The inclusion of the twisted tape causes important modifications to the erosion
patterns observed for the standard elbow, as can be observed by comparing Fig. 27 and
Fig. 38. The maximum penetration region is no longer focused on a spot in the bend,
but rather it is spiral-shaped in the upstream pipeline. Furthermore, the penetration is
reduced for all tape positions, which suggests the potential of such devices. Typically, the
standard elbow will fail because of repetitive particle collisions at the same point. With
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Figure 39 – Penetration ratio versus curvature angle for one-way coupling at all positions.

(a) (b)

(c) (d)

Figure 40 – Particle velocity one-way coupling for all positions: : (a) 0D; (b) 1D; (c) 2D
and (d) 3D.

the insertion of the twisted tape, the bend life can be extended considerably, as indicate
by the penetration ratio values in Fig. 39.
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Such a change in the erosion patterns can be explained based on the particle
mechanics. In the standard elbow, the particles flow from the inlet of the pipeline, develop
a parabolic-like profile and collide directly against the bend walls. Typically, because of
the particle velocity profile, the main collision region is focused on a point on the bend
wall, as shown in Fig. 37e. As the twisted tape is inserted in the upstream pipeline, the
particles first collide against the tape, lose momentum, as shown in Fig. 40, and acquire
a swirling motion. This, in turn, causes the patterns displayed in Fig. 38. The erosion
contours are more widespread on the bend wall, sparing it from the more severe damage
as would occur otherwise.

7.3.1 Particle erosion mechanisms

As previously mentioned, for a given pair of materials, the penetration ratio can be
explained in terms of particle impact velocity, impact angle and wall collision frequency.
In the following sections, such variables and their role in the penetration patterns for the
elbow with the spiral insert are assessed.

7.3.1.1 Impact velocity

Figure 41 shows the contours of the impact velocity at the different insert positions.
It is possible to notice that, as the twisted tape is positioned closer to the domain inlet,
the impact velocity on the elbow surface gradually decreases, even though the maximum
velocity for all cases are very close. Since the particles primarily slam into the twisted
tape, it is expected that the impact velocity in the elbow will decrease considerably
when compared to the standard elbow. The differences observed for each position can
be explained by the helical flow created by the insert. However, when the fluid leaves
the twisted tape and the insert is located near the elbow, as shown in Fig. 41a, the
particles directly hit the bend wall, resulting in a higher impact velocity in this region.
The profiles presented in Fig. 42 confirm this behavior. In any event, the impact velocities
are considerably lower than those for the standard elbow, which contributes to reduce the
erosion rate in the elbow.

7.3.1.2 Impact angle

Regarding the impact angle, a similar trend for the insert position is observed in
Figs. 43 and 44. Because the differences are rather small, it is assumed that this parameter
has a secondary importance in explaining the erosion patterns, mainly considering that
the model employed in this work does not take into account the deformation and possible
changes in the geometry of each particle caused by the particle to the bend wall. To the best
of the authors’ knowledge, none of the currently used erosion models can accommodate
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(a) (b)

(c) (d)

Figure 41 – Impact velocity for one-way coupling at all insert positions: (a) 0D; (b) 1D;
(c) 2D and (d) 3D.
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Figure 42 – Impact velocity versus curvature angle for one-way coupling at all positions.

such geometry changes. Again, the magnitudes are lower than those observed for the
standard elbow.
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(a) (b)

(c) (d)

Figure 43 – Impact angle for for one-way coupling at all insert positions: (a) 0D; (b) 1D;
(c) 2D and (d) 3D.
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Figure 44 – Impact angle versus curvature angle for one-way coupling at all positions.
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7.3.1.3 Impact frequency

Figure 45 displays the contours of the particle-to-wall impact frequency for insert
positions 0D (Fig. 45a), 1D (Fig. 45b), 2D (Fig. 45c) and 3D (Fig. 45d), respectively. The
insert position is seen to remarkably modify the impact frequency patterns. In contrast to
the effects on impact velocity and impact angle, the tape position increases the maximum
wall collision frequency as it is placed farther away from the elbow. This is due to the swirl
decay, which causes the particles to move away from the inlet pipe walls. The particles, in
turn, tend to recover the original parabolic velocity profile. Thus it is expected that the
contours tend to approach those observed for the standard elbow. When referring to elbow
erosion, this is obviously undesirable, since more collisions imply on more erosion. This
leads to the conclusion that there is an upper limit for the tape position to be beneficial.
Interestingly, position 3D was again found to be potentially the best place for the insert,
as can be verified in Fig. 46. This suggests that, although the elbow collision frequency
was increased regarding the standard elbow for most of the bend curvature, its effect was
overwhelmed by the reduction in the impact velocity, resulting in a net decrease in the
penetration ratio. It is important to bear in mind that the penetration ratio varies with a
power of the impact velocity, therefore this variable is expected to be the most influential
on the phenomenon

(a) (b)

(c) (d)

Figure 45 – Impact frequency for one-way coupling at all insert positions: (a) 0D; (b) 1D;
(c) 2D and (d) 3D.
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Figure 46 – Impact frequency versus curvature angle for one-way coupling at all positions.

Up to this point, all analyses were done disregarding interactions between the
carrier fluid and the particles, as well as interparticle collisions. Although these were
shown not to be relevant in the case of the standard elbow at the same mass loading, they
turn out to be crucial when locally high particle concentration regions exist, such as with
the twisted tape insert. This has been explored in previous publications by Duarte et al.
(DUARTE et al., 2015; DUARTE et al., 2016a). In the next sections, these effects are
investigated for the twisted tape placed 3D upstream of the bend, which was found to be
the best position among those studied.

7.4 Phase interaction effects

In this section the effects of the gas and particle interactions are taken into account
for the twisted tape inserted 3 pipe diameters away from the bend. Figure 47 shows the
contours of the penetration ratio for one and four-way couplings. Although the maximum
penetration ratio is higher with interparticle collisions (Figs. 47c, 47d), the damaged areas
are apparently reduced when compared to the one-way calculation. This reduction can
be seen more clearly in Fig. 48, in which the profiles evidence the reduction in elbow
erosion brought about by the interactions between the carrier fluid and the particles
and interparticle collisions. Another important finding is related to the standard elbow.
When comparing Fig. 27c and Fig. 47c, both for four-way simulations, it is noticed that
the insertion of the tape brings a decrease of an order of magnitude in the penetration
ratio. Unlike the regular elbow, for which the effects of two and four-way couplings were
negligible, the twisted-tape-equipped elbow results are highly sensitive to such phase
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interactions. This is a consequence of the flow pattern, which induces locally high particle
concentration regions.

(a) (b)

(c) (d)

Figure 47 – Penetration ratio for the insert at 3D with isolated twisted tape for each case:
(a) and (b) One-way coupling; (c) and (d) Four-way coupling.
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Figure 48 – Penetration ratio versus curvature angle for the twisted tape at 3D.
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It can also be noticed that the particle-to-particle collisions appear to enhance
the damage observed in one-way calculations. In addition, in both one and four-way
calculations, considerable penetration is observed in the twisted tapes (Fig. 47b, 47d),
although the peak value is not found in the insert, but rather in the pipeline upstream of
the bend. In order to explain these findings, the variables affecting erosion, namely impact
frequency, impact velocity and impact angle are analyzed again in the next sections.

7.4.1 Particle erosion mechanisms

7.4.1.1 Impact frequency

As far as the impact frequency is concerned, the contours shown in Fig. 50 for one
and four-way couplings display remarkable differences for both the elbow and the twisted
tape. By comparing Fig. 50a and Fig. 50c, it is noticeable that there is a reduction in the
maximum value of the particle-to-wall impact frequency and also the particle spreading
caused by the helical flow when particle-to-particle collisions are included in the model.
The same logic applies to the inserts (Fig. 50b and Fig. 50d). Figure 49 shows the profile
of the impact frequency in the elbow, evidencing the higher values for the one-way case.
When compared to the standard elbow, Fig. 31c and Fig. 50c show the dispersion of the
impact frequency when the twisted tape is used. Essentially, the particles no longer hit
the same spot and the penetration ratio is consequently reduced, as shown in Fig.48. Also,
the highest value for this variable in the standard elbow is over twice that of the inserted
elbow.
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Figure 49 – Impact frequency versus curvature angle for the twisted tape at 3D.
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(a) (b)

(c) (d)

Figure 50 – Impact frequency for the insert at 3D with isolated twisted tape for each case:
(a) and (b) One-way coupling; (c) and (d) Four-way coupling.

7.4.1.2 Impact velocity

Regarding the impact velocity of the particles against the pipeline walls, Fig. 51
demonstrates that the maximum velocity for both one and four-way couplings are nearly
the same, although the particles are better distributed along the pipe cross-section in the
four-way case.

Nevertheless, when inter-particle collisions are considered, the overall impact veloc-
ity in the elbow is seen to increase (Fig. 51c). This is confirmed by the profiles in Fig. 52.
This is because particles leaving the tape transfer momentum to those next to the elbow,
which in turn collide with higher energy against the elbow.

The comparison with the impact velocity for the standard elbow (Fig. 31c) reveals
huge differences. For the standard elbow, the highest impact velocity is in the bend itself,
whereas the highest velocities are achieved in the twisted tape body in the case of the
inserted elbow, as shown in Fig. 51b and Fig. 51d.

This reduces the impact velocity in the elbow dramatically, even in the four-way
calculation, with positive effects for the elbow erosion. The profiles of Fig. 32 and Fig. 52
show, respectively, that for the standard elbow the average impact velocity is about 22
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(a) (b)

(c) (d)

Figure 51 – Impact velocity for the insert at 3D with isolated twisted tape for each case:
(a) and (b) One-way coupling; (c) and (d) Four-way coupling.

0 ◦ 10 ◦ 20 ◦ 30 ◦ 40 ◦ 50 ◦ 60 ◦ 70 ◦ 80 ◦ 90 ◦

Curvature angle ( ◦ )

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

Im
pa

ct
 v

el
oc

ity
 (m

/s
)

One-way coupling

Four-way coupling

Figure 52 – Impact velocity versus curvature angle for the twisted tape at 3D.

m/s at the main impact region, while for the inserted elbow it is close to 7.5 m/s. Despite
the apparent advantage of the twisted tape regarding elbow erosion, it should be born in
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mind that the twisted tape itself becomes more prone to erosion. From a very pragmatic
point of view, such a device could be regarded as a sacrificial element, particularly useful
when the elbow lifetime is to be extended for whatever reasons.

7.4.1.3 Impact angle

The particle impact angle displays similar contours for one and four-way couplings,
as Fig. 61a and Fig. 61c indicate. It is possible to observe that, when the interphase
momentum exchange is active, there is an increase in the peak impact angle. Furthermore,
this peak is located in the tape body, as shown in Fig. 61b and Fig. 61d. Again, the profiles
shown in Fig. 54 confirm that the fluid-particle and particle-particle momentum exchange
cause the impact angle to increase slightly along the bend curvature. In any event, the
values are much lower than those calculated for the standard elbow, Fig. 33. As with the
impact velocity, this might mean less elbow erosion for ductile materials.

(a) (b)

(c) (d)

Figure 53 – Impact angle for the insert at 3D with isolated twisted tape for each case: (a)
and (b) One-way coupling; (c) and (d) Four-way coupling.

7.4.2 Final considerations

As a summary of this section, it can be stated that the reduction in the penetration
ratio brought about by the interphase momentum in the twisted tape case is likely due
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Figure 54 – Impact angle versus curvature angle for the twisted tape at 3D.

to the reduction in the particle-wall impact frequency, although the impact velocity was
seen to increase. This phenomenon has already been reported by other researchers and
is named “cushioning effect”. Basically, particles adjacent to the elbow wall protect it
against direct particle impact. Incoming particles shock against those in a film adjacent
to the elbow surface, thereby reducing the wall impact frequency. This was observed in
the works of Duarte et al. (DUARTE et al., 2015; DUARTE et al., 2016a). Interestingly,
the advantages of the twisted tape are potentialized at higher mass loadings, since the
cushioning effect will be enhanced because of the more frequent inter-particle collisions.

Although the erosion ratio is most sensitive to the impact velocity, the major role
in explaining the penetration patterns is played by the impact frequency, as the results
demonstrate. From a practical point of view, the twisted tape might serve as a sacrificial
component made of a material more resistant to erosion than the pipe, and therefore,
it must be replaceable in order to be useful. One should bear in mind that this is not
necessarily an issue, as it is cheaper and easier to install/uninstall the tape in a removable
piping section than replace the eroded elbow. The pipeline flow does not necessarily have
to be interrupted, as a bypass system, parallel to the tape section can be used.

The numerical results show that particle velocity drops downstream of the tape.
However, the fluid velocity will not change and, as demonstrated by Laín and Sommerfeld
(LAÍN; SOMMERFELD, 2013) for a rough pipe, the consequence is an additional the
system pressure drop to re-accelerate and convey the slower particles. Therefore, there will
be a penalty in terms of energy consumption in order to spare the elbow and still convey
the particles.
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8 Conclusions

The effects of a twisted tape placed at different upstream positions of a bend were
investigated numerically. The models used in the simulations were previously validated
based on experiments for a standard bend. It has been found that, because of the swirl
imparted by the twisted tape, particles will be more uniformly distributed in the flow.
This in turn reduces the focusing effect, as observed for the regular bend, thus attenuating
the direct collisions against the same spot in the bend wall. Furthermore, the interphase
momentum exchange enhances such effect by shielding the elbow surface from direct
particle impacts. Thus bend lifetime can be extended, since the damage is more distributed
and the penetration ratio along the bend curvature is decreased.

Based on the simulation findings, it can be concluded that even at low mass
loadings, the effects of inter-particle collisions on the the variables affecting erosion cannot
be disregarded, especially if the flow pattern is complex. It is noteworthy that regarding
the particle mechanisms, the impact velocity and impact frequency are the most important
parameters affecting the penetration ratio.

Since many industrial processes require the transportation of particle-laden fluid
streams, the twisted-tape inserted elbow appears to be an interesting alternative. Its
efficiency was observed to grow as the insertion is placed far from the elbow entrance.
Notwithstanding, the twisted tape itself can be seen as a sacrificial element, as it will be
damaged by the particle collisions. The pipeline upstream of the bend will also be worn,
but at a rather lower rate than the standard elbow, for instance.

As a result of the excellent agreement of the numerical computations obtained with
the validation phase in combination with all required models for the erosion prediction,
it may be concluded that the models presented here are capable for supporting the
optimization and the design of pneumatic conveying systems. Furthermore, with the
knowledge of the inter-particles collision effects it will be now also possible to predict
erosion rates in the different pipe elements.

It is emphasized here that all the simulations presented in this work were made
using the serial version of UNSCYFL. In this way, as an extension of the investigation
done in this thesis considers the continuation of the study on pipelines, seeking a change
in the elbow configuration. However, keeping the swirl effect created by the twisted tape.

Although the research objective is fulfilled, new interesting topics for future research
have emerged. The subsequent chapter presents those topics.
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9 Future research

In the current research it was only possible to study the erosion process isolated.
Although the outcome was satisfying, some topics may be interesting for future research.
These topics are listed below:

• change the elbows configuration;

• change fluid and particles properties;

• analyze erosion in others geometries;

• use different turbulence models, such as: RSM and LES.
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APPENDIX A – Extra graphics

In relation to provide some additional data to help the reader better understand
the results. The following graphics listed below were added.

1. Fig. 55, Penetration ratio versus curvature angle for one-way coupling at all twisted
tape positions;

2. Fig. 56,Impact velocity versus curvature angle for one-way coupling at all twisted
tape positions;

3. Fig. 57,Impact angle versus curvature angle for one-way coupling at all twisted tape
positions;

4. Fig. 58,Impact frequency versus curvature angle for one-way coupling at all twisted
tape positions;

5. Fig. 59,Particle concentration field along the curve with different cut planes for all
twisted tape insert in positions (a) 0D; (b) 1D; (c) 2D and (d) 3D;

6. Fig. 60,Mass loss for four-way coupling at all insert positions: (a) 0D; (b) 1D; (c) 2D
and (d) 3D;

7. Fig. 61,Mass loss for four-way coupling at isolated twisted tape for each case positions:
(a) 0D; (b) 1D; (c) 2D and (d) 3D.
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Figure 55 – Penetration ratio versus curvature angle for one-way coupling at all twisted
tape positions.
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Figure 56 – Impact velocity versus curvature angle for one-way coupling at all twisted
tape positions.
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Figure 57 – Impact angle versus curvature angle for one-way coupling at all twisted tape
positions.
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Figure 58 – Impact frequency versus curvature angle for one-way coupling at all twisted
tape positions.



110 APPENDIX A. Extra graphics

(a) (b)

(c) (d)

Figure 59 – Particle concentration field along the curve with different cut planes for all
twisted tape insert in positions (a) 0D; (b) 1D; (c) 2D and (d) 3D.
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(a) (b)

(c) (d)

Figure 60 – Mass loss for four-way coupling at all insert positions: (a) 0D; (b) 1D; (c) 2D
and (d) 3D.
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(a) (b)
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Figure 61 – Mass loss for four-way coupling at isolated twisted tape for each case positions:
(a) 0D; (b) 1D; (c) 2D and (d) 3D.


