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showed that there is good agreement between the 2D and 3D CFD models and the
experimental data in terms of fluid flow properties such as velocity profiles and
magnitude. It also demonstrated that the 2D and 3D CFD models' representations of

Keywords: erosion patterns and magnitudes are equivalent. The 3D CFD simulations were able to
Contraction expansion; 2D Vs 3D; provide more information than the 2D CFD simulations, particularly in terms of erosion
Erosion; Particles tracking distribution over the entire geometry.

1. Introduction

Solid particle erosion is a phenomenon that occurs in a variety of industrial applications, such as
oil and gas pipelines, especially in fitting like bends and chokes. The erosion of solid particles on the
surface of these components can cause significant damage, leading to decreased efficiency, increased
maintenance costs, and even failure as highlighted by Abdulla [1]. One particular area of interest is
the erosion in contraction and expansion geometries which are commonly found in piping systems
and are known to cause increased erosion due to changes in flow velocity and direction.

Many past studies have investigated solid particles erosion in contraction and expansion
geometries using experimental and numerical methods especially in oil and gas industry either for
surface pipe fittings or downhole equipment for oil and gas wells. Xu et al., [2] investigated the failure
in abrupt expansion in fracturing tubing in gas wells and found that numerical results were in good
agreement with field data. At the front edge of a short, abrupt constriction following expansion, the
maximum erosion rate was observed which quickly diminished downstream. Additionally, a quite
significant erosion rate was observed at the reattachment region. In a similar application, Cheng et
al., [3] conducted an experiment to study the erosion in sudden contraction during fracturing
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operation in oil or gas wells using non Newtonian fluids and found that the highest erosion occurred
at the edge of contraction and that the erosion rate is mostly affected by fluid flow velocity, followed
by particle concentration and diameter ratio. Similar observations of erosion location and magnitude
were obtained by Duarte et al., [4] which studied Dynamic mesh approaches for eroded shapes
including a contraction geometry. Darihaki et al., [5] presented a novel approach to predict erosion
in oil and gas wells that includes expansion and contraction geometry. A three phases unsteady well
modeling software was used to get fluid properties and velocities, which were the input for a
numerical CFD software to obtain the particles erosion characteristics. It was found that higher
erosion is located near the wellhead and that erosion in gas wells is more severe than oil wells,
especially if no liquid film is present.

Numerical simulations, particularly using Computational Fluid Dynamics (CFD), have become an
increasingly popular method for studying solid particle erosion. CFD allows for a more detailed
analysis of the flow and erosion behavior, and can be used to investigate a wide range of parameters.
A number of studies have employed both 2D and 3D CFD models to investigate erosion in geometries
that involve contraction and expansion. Li [6], for instance, utilized 2D model to compare the results
obtained from two different software programs and found that OpenFoam’s results were in line with
those of Ansys Fluent. 2D model used as well by Zang et al., [7] to examine the impact of various CFD
parameters on erosion prediction in contraction expansion including turbulence model, wall
treatment, and first layer thickness. They suggested a quick fix for the current CFD model for gas flow
cases. Darihaki et al., [8] employed a 3D model to explore erosion in gradual contraction and found
that the mesh structure can influence particle tracking. They advised using a circular core mesh to
prevent any unphysical phenomena when tracking particles and concluded that the central grid size
has less of an impact on erosion than the axial grid. 3D model used as well by Agrawal et al., [9] to
investigate the impact of dynamic erosion and shape change on contraction geometry and
determined that CFD is a useful tool for predicting changes in erosion due to changes in geometry,
particularly for sharp corners.

Although researchers used both 2D and 3D models to study erosion in contraction and expansion
geometries, there was no clear preference for specific model based on experimental or numerical
studies. Furthermore, different researchers studied the same phenomena using either 2D or 3D
models. For example, Prasad et al., [10] compared the flow in sudden contraction and enlargement
with and without rounding using 2D models, while Darihaki et al., [11] studied the same effect using
a 3D model focusing on the change in erosion magnitude and profile due to the rounding effect.

Up to the author knowledge the work of Tsai et al., [12] was the only reference that conducted a
study to evaluate the capabilities and limitations of 2D and 3D CFD models for simulating the flow
field in a sudden expansion. They have studied the flow in a microchannel and found that the
experimental flow visualization results were consistent with the 3D numerical predictions. They
recommended using the 2D simulation method only for predicting flow behavior in sudden expansion
microchannels with high aspect ratios, as this was the area where they observed good agreement
between the 2D, 3D, and experimental data.

There are some studies that have compared the performance of 2D and 3D models for the field
of particle transport, but for different geometries. However, there was no general tendency for which
model to use, as some studies found good agreement between the two models, while others found
a big discrepancy between their results. For instance; Li et al., [13] investigated the differences
between 2D and 3D simulations of several Circulating Fluidized Bed (CFB) risers. The study found that
while 2D simulations are widely used due to their lower computational cost, there were significant
differences between the results of 2D and 3D simulations. For example, in one case, the 2D simulation
under-predicted the pressure gradient compared to the 3D simulation and in another case it
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overpredict it. They recommended that 2D analysis to be used only for qualitative studies. Upadhyay
et al., [14] evaluated the prediction capability of 2D and 3D gas-solid flow simulation in a lab-scale
CFB riser section. They found that the 3D simulation can accurately predict the axial solid holdup
profile, while the 2D simulation underestimates or overestimates the solid holdup depending on the
flow conditions. They also found that the 2D simulation fails to capture the high solid holdup near
the riser exit and riser bottom dense region, which are important for erosion prediction. In the
contrary, Cammarata et al., [15] for similar study in RFB found the results of both 2D and 3D
simulations showed reasonable consistency in terms of bed expansion and fluid bed voidage,
indicating the usefulness of 2D simulations for sensitivity analysis. However, 3D simulations were
found to be more important as they provided a more realistic representation of the fluidization
behavior being investigated. Similarly, Salehi and Rahimi [16] study found that both qualitative and
guantitative results on bed expansion and fluid bed voidage showed reasonable consistency between
2D and 3D simulations, thus underpinning the relevance of using 2D simulations for sensitivity
analysis. However, the results also showed the major importance of performing 3D simulations as
these provided a more realistic physical behavior of the fluidization investigated.

One of the main issues with using 3D CFD models for solid particle erosion in contraction and
expansion geometries is the computational cost, as these models require significantly more
computational resources than 2D models. However, 3D models can provide more detailed
information about the flow field and particle trajectories, which can be important for accurately
predicting the erosion rate. The purpose of this paper is to compare 2D and 3D CFD models in
predicting flow characteristics in contraction and expansion geometries, with a particular emphasis
on the solid particle erosion mainly erosion profile, patterns and magnitude. The results of the study
will provide valuable insights into the accuracy of 2D and 3D models for predicting the erosion rate
in these geometries, and will highlight the importance of using either of the models for accurate
predictions of erosion rate in complex geometries.

2. Methodology
2.1 Problem Formulation

The geometry of the simulated problem is shown in Figure 1. The geometry studied has an inlet
section of a length of 22.7 D1 (Inlet pipe diameter) and contraction section of a length 20 D1 similar
to the original experiment dimensions. The inlet diameter D1 is 100 mm and the outlet diameter D;
is 57.7 mm which gives a contraction ratio of 0.576.
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Fig. 1. Schematic of axisymmetric sudden contraction
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2.2 2D CFD Model
2.2.1 CFD model

Using the commercial Ansys Fluent software, the current case was numerically solved for an
incompressible water flow with a density of 1000 kg/m3 and a viscosity of 0.001 kg/ms. The pressure-
velocity coupling SIMPLE algorithm and the second order upwind discretization approach were
chosen. For its well-known performance in internal flows, the realizable K € turbulence model was
utilized, and the standard wall function was used while ensuring that all Y+ are below 100. Regarding
the boundary conditions, a uniform velocity Vo is imposed at the inlet with 3.6% turbulence intensity
computed based on the Reynolds number, which was calculated based on the inlet velocity Vo, the
inlet diameter Dj, the water density, and viscosity, and found to be 1.54 E°.At the downstream end
of the contraction section, a pressure outlet condition is imposed, and the surfaces of the inlet and
outlet pipes are considered as a stationary no-slip smooth wall. Since this is an axisymmetric
geometry, only half of the geometry was modeled and an axis boundary was set at the symmetry axis
of the geometry.

2.2.2 Grid dependency test

The realizable k € model was used to assess four mesh configurations for grid dependency at
different levels of refinement based on the radial dimension of the cells. Four refinements and
meshes were compared M1: 0.1*D;, M2: 0.05*D;, M3: 0.025*D;, and M4: 0.01*D;. The velocity
profile at an axis separated by 0.1*D; from the contraction step was utilized to compare the selected
meshes. The numerical results, which are represented graphically in Figure 2, demonstrates that
mesh refinement beyond grid M3 has no impact; in other words, M3 and M4 nearly perfectly predict
the same axial velocity. However, in order to get better results for the current study, M4 was chosen
as the appropriate grid resolution which has 84k cells.
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Fig. 2. Grid mesh comparison for dependency test
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2.3 3D CFD Model

The same geometry as shown above was modeled using 3D CFD model. Figure 3 shows part of
the 3D geometry with the proposed structured mesh generated using the ANSYS ICEM CFD meshing
software. Same numerical setup and boundary conditions as the 2D model were used. Similar grid
dependency study was conducted and results of a fine mesh of 914K cells which is more than ten
times of the 2D mesh in term of grid size

Fig. 3. 3D geometry with structured mesh

3. Results
3.1 CFD Validation for 2D Model
3.1.1 Comparison of the centreline velocity with experimental data

After choosing an appropriate mesh, the centreline velocity which is the velocity at the
geometry's symmetry axis was used to compare the numerical results with the experiment data in
Ref. [17]. A good agreement between the predicted velocity profile by the CFD and the
experimentally acquired velocities can be seen in the plot of the normalized centreline velocity in
Figure 4. It should be noted that the majority of the experiment measurement points were located
near the contraction step's exit to better understand how velocity changed as the diameter contracts.
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Fig. 4. Comparison of normalized centreline velocity: CFD Vs Experiment
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3.1.2 Comparison of axial velocity with experimental data

The predicted CFD velocities and the experiment axial velocity at various places from the
contraction step in the inlet and outlet contraction pipe were compared. Positions 1 and 2 are at the
inlet pipe, respectively, at a distance of 4D and 0.1D from the contraction step, whereas positions 3
and 4 are within the contraction zone immediately following the contraction step, at a distance of
0.125D and 0.2D. The comparison reveals good agreement between the experiments and the
predicted velocity profiles from the CFD 2D model as shown in Figure 5. The fact that some of the
mistake is related to the digitalization of the velocity profiles from the original publication should be
emphasized.
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Fig. 5. Comparison of normalized axial velocity CFD Vs experiment

3.2 Comparison between 2D and 3D CFD Models
3.2.1 Velocity analysis

As it had been shown in previous section, the simple 2D simulated geometry gave good results in
comparison of real experiment data. To check if there are any differences between the 3D and 2D
model the velocity profiles at the previous studied locations were compared for both models and
plotted in Figure 6 which shows that both models predict similar velocity profiles except for a slight
difference in position 3.

The velocity contours from the 3D model on both the Y and Z planes were shown together to help
explain why the axisymmetric 2D model gave very good and comparable results to the 3D model.
This similarity as shown in Figure 7, explains why 2D models can present 3D geometries if they are
symmetrical.

3.2.2 Erosion prediction

In this section solid particles erosion patterns and magnitude will be compared between the 3D
and 2D CFD numerical simulations. Both erosion computation and particle tracking for the two
models have been compared using the same geometry used above. A 300-micron solid particle with
a density of 2650 kg/m3 that is comparable to sand produced with the main fluid stream in the oil
and gas industry was injected at a rate of 1 g/s for the erosion calculation. The Mclaury erosion model
was used to calculate erosion, and steel with a density of 7800 kg/m3 was selected as the wall
material.
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Fig. 7. Velocity contours from 3D model on Y and Z planes

3.2.2.1 Particles tracking

A large number of particles, approximately 100 000 particles, were injected for each model to
avoid the effects of the number of particles tracked on erosion. Figure 8 displays an example of
particle trajectories for both models which shows that the particle paths observed in the 2D and 3D
models are quite similar.

Fig. 8. Particles tracking with 2D and 3D CFD models
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3.2.2.2 Erosion at the contraction step

In 3D simulations, erosion patterns are more observable as demonstrated in Figure 9. In the step
of the contraction, there are substantial erosion rates that are more than fifty times higher than the
surrounding area. With a few small asymmetrical patterns, the contraction step's erosion pattern is
nearly symmetric throughout. These symmetric patterns provide additional proof that a 2D model
could be used to model axisymmetric geometries.

Fig. 9. Erosion pattern at the contraction
step (3D model)

To illustrate more on the erosion pattern symmetry on the 3D model, the erosion rate along two
radial lines was taken and compared as shown in Figure 10. As it can be seen, the erosion rate in two
different radial cuts on the contraction step is almost symmetric.

The comparison between the 2D and 3D erosion rate at the contraction step is plotted in Figure
11 and shows a good agreement in term of pattern as well as max erosion rate recorded at the step.
This is another good indication that supports the use of 2D model confidentially to represent erosion
at the contraction geometry.

3.2.2.3 Erosion at the contraction outlet pipe

The erosion at the contraction outlet pipe shows slight asymmetric pattern as demonstrated in
Figure 12 (a) and (b) which are the front and back views of the geometry.

As opposite to the 2D model where one erosion value will represent all circular region, the 3D
model captures all the changes in that section. For illustration, the erosion trend on a circle
corresponding to the perimeter of the contraction region at a location of 4D from the contraction
step is shown in Figure 13 which demonstrates different erosion rates averaged at 0.027 mm/year.

To illustrate on the symmetry of erosion pattern on the contraction outlet walls, the first and
second half of the cylinder were checked against each other and plotted in Figure 14 which shows an
almost symmetric erosion pattern between the two halves of the cylinder.
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Fig. 12 Erosion pattern at the contraction outlet pipe; (a) front and (b) back view (3D) model)
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To compare the erosion rate at the contraction outlet and the symmetry of the erosion pattern
in the 3D model, the erosion alone two opposite lines on the 3D section were taken and compared
against each other and plotted in Figure 15 which shows a good agreement in the erosion magnitude
as well as erosion pattern between the two sections which are on opposite direction on the geometry

studied.
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Fig. 15. Erosion pattern at the contraction outlet (top Vs bottom section)

Finally, the 2D and 3D model erosion rates were compared against each other and plotted in
Figure 16 which gives a clear indication of the possible use of 2D model to represent 3D axisymmetric
geometries as it shows very good agreement between the two models.
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Fig. 16. Erosion comparison at the contraction outlet (2D Vs 3D CFD model)
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4. Conclusions

In conclusion, the comparison of 2D and 3D CFD models in contraction and expansion geometries
shows that 2D model can provide accurate predictions of flow and erosion characteristics as
compared to the 3D model and experimental data. However, 3D CFD simulations provide more
detailed information about erosion patterns, which can be important in some applications.

When simulating symmetric shapes, 2D axisymmetric modelling can be used to simplify the
computational domain and utilize less computing power, but it ignores any potential 3D effects. A
more exact simulation is provided by 3D modelling, but this takes more computing power. The
decision between the two methods is based on the amount of simulation accuracy necessary and the
available processing resources.
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