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Abstract: With recent advancements in the petroleum industry, the need for multiphase pumps to
transport multiphase products, such as the product of oil, water, and natural gas, arises along with
their challenges. A helico-axial multiphase pump should be capable of converting fluid kinetic energy
into pressure by avoiding gas–liquid separation and the gas-locking phenomenon, enabling smooth
pump operation at higher gas volume fractions. In this paper, erosion on a helico-axial pump is
evaluated at different flow conditions using sand particles mixed with water. A very important
practical finding of this investigation is that the erosion rate increased when the flow conditions
deviated from the design point of 3600 RPM. Operating the pump in off-design conditions not only
reduced its hydraulic efficiency but also increased the erosion rates and hence reduces its life. It was
observed that at 4800 RPM, the pump efficiency decreased by 11% and the erosion rate increased by
80%. This increase in erosion rate was attributed to the formation of local vortices upstream of the
blade leading edge affecting the particle flow path and increasing its impact on the blade surface.

Keywords: helico-axial pump; erosion; design speed; multiphase; CFD

1. Introduction

As the transportation of multiphase products of oil and accompanying natural gas
creates many challenges, a multiphase production system is required to transport multi-
phase fluids of petroleum products from a producing well to a distant processing facility.
To utilize the depleting energy source more efficiently, some new technological advantages
of helico-axial pump designs have attracted a lot of attention recently because of their capa-
bility to handle high gas volume fractions. This feature is highly needed in the petroleum
industry where the oil well is mixed with natural gas, and both are pumped at the same
time. In a multiphase transport system, only one multiphase pipeline is needed as the
mixture of multiphase fluids is pumped simultaneously. Therefore, the cost of a multiphase
transporting facility is only about 70% of a conventional separate transporting facility [1].

After the successful testing of multiphase pumps in the oil field in the early 1990s,
they have been used all over the world since. The twin-screw multiphase pump and the
helico-axial multiphase pump are examples of successful industrial pumps. Helico-axial
pumps have a larger flow with higher toleration which are predicted to be the future
direction of the subsea oil exploitation [2].

Despite the advantages of multiphase pumping like (a) increased production through
lowering backpressure on wells, (b) elimination of vapor recovery systems, (c) reduction
in capital equipment costs, and (d) reduction in the “footprint” of operations. Multiphase
pumps do operate less efficiently depending on the gas volume fraction (30–50%) than
conventional pumps and compressors (60–70% and 70–90%, respectively) [3].

The composition within oil wells constitutes a mixture of oil, gas, water, and sand
particles. Conventional oil extraction methods use single phase pumps and hence, need to
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perform separation before transportation. This technique becomes difficult to maintain and
less cost effective at underwater offshore and remote locations. A multiphase pump that
can transport the mixture without separation is the viable solution for new oil and gas fields.
Over the years, several multiphase pump technologies have been developed consisting
of displacement-type pumps, multi-stage centrifugal pumps, and helico-axial pumps. Al-
though there are few helico-axial pumps in use compared to the number of total multiphase
pumping applications, they represent the majority of offshore and subsea installations due
to their high volume pumping capabilities [4]. The presence of sand particles results in
the performance degradation of helico-axial pumps [5]. Many experimental as well as
computational investigations have been carried on finding the optimum helico-axial pump
design; however, studies pertaining to erosion rates are lacking. This study investigates the
erosion rates at design and off-design operating conditions for helico-axial pumps, and its
effect on pump performance.

Research into multiphase pumps for the oil field began in mid-1970s, and the first
patent for a multiphase pumping device comprising of a helical-screw blade was filed by
Institut Francais Du Petrole (now IFP Énergies Nouvelles or French Institute of Petroleum)
in 1976 [6]. By 1980, they had developed a hydraulic cell called Poseidon that included
two helico-axial components. In 1983, a twin-screw axial pump multiphase pump was
developed as a joint venture between various oil companies [7]. Bornemann also started
the development of its own twin-screw multiphase pump for “live crude” which was tested
for 3500 h at an onshore test rig. The Poseidon project [8] was a five-year venture aimed at
developing a long life multiphase pumping mechanism for subsea applications. The project
resulted in a helico-axial prototype pump that was tested for 4000 h in a desert application
test rig in Tunisia [9].

Early field applications of the helico-axial pumps were characterized by relatively
low flow rates. These include the pump installed in the Total Fina Elf Pecorade field, in
the south of France, with a total capacity of 360 m3/h and drive power of 600 kW [10],
and the pump installed in the Statoil Gullfaks A Platform in the North Sea with a capacity
of 200 m3/h and drive power of 750 kW [11]. Since then, helico-axial pumps have been
operating successfully at the North Sea field [12], Mutineer and Exeter field offshore of NW
Australia [13], and a remote desert location onshore the Emirate of Abu Dhabi [14].

The design and performance investigations for helico-axial pumps were initially lim-
ited to experimental and analytical methods, but recently, Computational Fluid Dynamics
(CFD) has also been used to study helico-axial pumps. One of the earliest experiments
was performed by Falcimaigne et al. [15] who investigated flow field visualization within
a single-stage helico-axial pump using Laser Doppler Anemometry. The effects of the
Reynolds number on flow characteristics and bubble diameter distributions were analyzed
at various rotational speeds and flow rates. Serena and Bakken [16] designed and con-
structed an advanced laboratory setup allowing the study of a multiphase pump model
capable of relating the pump behavior and instabilities to flow phenomena in the hydraulic
channels, studying the machine’s ability to handle multiphase flows and transient condi-
tions and the influence of operating parameters on the machine performance and operating
range, which were described through performance maps. The tests on the test rig provided
a wide collection of test data of great value for a further understanding of the surging
phenomenon, and the development of a surging onset prediction model and a control
strategy [17]. Zhang et al. [18,19] performed an experimental investigation into the flow
field characteristics at the entrance region of a three-stage helico-axial multiphase pump.
The variations in bubble size with inlet gas volume fraction (IGVF) and rotation speed were
examined under different operating conditions. It was found that bubble sizes grew with
the increase of the IGVF but decreased with increasing rotation speed.

In addition to experimental investigations, various analytical models have been pro-
posed for the design and performance estimation of helico-axial pumps. An iterative design
model of a direct and inverse problem was proposed by Cao et al. [20] for the geometry
of impeller blades for a specified velocity torque distribution by treating the two-phase
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mixture as a homogeneous fluid under the design conditions. The model was tested against
experimental data for various gas volume fractions. Liu et al. [21,22] proposed a hydraulic
design method of controllable blade angle for a rotodynamic multiphase pump with an im-
peller and diffuser based on the Oseen vortex model. The optimized blade angles improved
the pressure rise by 12.8 kPa and showed uniform distribution of the gas volume fraction
(GVF) and pressure. Zhang et al. [23] proposed a 3D blade hydraulic design method for a
multiphase helico-axial pump by accounting for the compressibility of the gas fraction of
the mixture using numerical simulations and bench tests.

CFD investigations for helico-axial pumps have been performed by various researchers.
Suh et al. [24] developed the Euler–Euler multiphase flow model for the numerical simula-
tion of the flow field of a multiphase pump and studied the hydraulic performance of the
multiphase pump under different phase forces, turbulent dissipation forces, and bubble
diameters. Suh et al. [25] then performed a numerical optimization on the developed
model to enhance the hydraulic performance of multiphase pumps using CFD. Yu et al. [26]
analyzed the effect of virtual mass force on the trajectories of bubbles in the blade area and
differential pressure of the multiphase pump according to various GVFs at an unsteady
state. Yu et al. [27] also studied the magnitude of four main forces (drag, lift, virtual mass,
and turbulent dispersion forces) of the helico-axial multiphase pump at various operating
conditions of GVF, bubble diameter, and rotational speed. The influence of the four main
forces on the predicted performance of the multiphase pump was investigated. Li [28]
carried out a numerical simulation of gas–liquid two-phase distribution in the multiphase
pump based on a bubble number density equation, and investigated the effects of bubble
polymerization and collapse on the two-phase flow pattern. Han et al. [29] investigated the
impact of airfoil thickness variations on the performance of a helico-axial multiphase pump,
and optimized the airfoil thickness ratio coefficient to get a higher efficiency. The results
showed that, for the same hub thickness, the head coefficient and efficiency increased, and
the aggregation degree of gas decreased with decreasing thickness ratio coefficient.

In addition to the performance efficiency of the pumps, their structural reliability is
also a vital consideration during oil extraction operations. A comprehensive failure analysis
study of Electrical Submersible Pumps (ESPs) used for oil extraction was conducted by
Mubarak et al. [30]. They analyzed 501 pump failure cases and found that erosion was
always a key factor that directly affects the pump performance and contributes to the
failure of a pump. Hence, erosion modeling and analysis is vital to a feasible pump design.
Early erosion studies on pumps were limited to slurry pump experiments and field data of
operational pumps. With the improvement of computational power, 3D simulations on
multiphase rotors were made possible. Stavros [31] conducted an experimental investiga-
tion of pumps using nano-indentation, impact test, and 3D surface topography to evaluate
the erosion factor of different types of coatings. They also performed CFD analysis using a
Finnie erosion model to predict the erosion rate of a submersible pump. It was found that
the particles with higher diameters tend to increase the erosion rates inside the impeller
since they collide with greater forces on the impeller surfaces, whereas smaller particles are
responsible for the higher erosion rates occurring in the diffuser. Kruger [32] compared
the erosion pattern of impellers resulting from experiments and the simulation, and con-
cluded that both conventional empirical and modern numerical approaches allowed only a
qualitative prediction of the erosion pattern. The complex physical behavior with material
hardening and softening as well as the resolution of the boundary layer showed clear limi-
tations for the quantitative prediction of friction-like erosion. Pagalthivarthi [33] conducted
a numerical prediction of erosion wear trends in a centrifugal pump casing pumping dilute
slurries using CFD. It was found that an increase in pump flow rate increased the wear
rates, whereas the wear rates decreased with increased casing width. Pirouzpanah [34]
numerically investigated erosion in an ESP-WJE1000, manufactured by the Baker Hughes
Company, employing the Eulerian–Granular scheme in ANSYS Fluent. The key parameters
affecting the erosion phenomena within the pump, such as turbulence kinetic energy, local
sand concentration, and near-wall relative sand velocity, were identified and a predictive
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erosion model was developed by correlating the erosion key parameters with available
experimental results.

Despite these erosion studies on ESPs, very few erosion studies exist for helico-axial
pumps. Chen [35] performed three phase experimental erosion testing and CFD analysis
on a helico-axial (Poseidon) ESP manufactured by Schlumberger. After 200 operating hours
at the test rig, a combined analysis of component wear measurements, performance, and
vibrations was performed to investigate the effect of 200 h of wearing on the pump. In
order to evaluate the volume of metal loss by this ESP, 3D scanning technology was applied,
allowing the comparison of the original and eroded impellers. CFD simulations on both the
original and eroded pump geometries were carried out using ANSYS FLUENT to evaluate
the performance variation. An erosion model for predicting erosion rate was introduced
to the simulations and calibrated by the loss of thickness of the impeller. A case study for
erosion on a helico-axial pump from the field was presented by Ekeberg [2]. The pump
system was successfully installed, commissioned, and started during the spring of 2017. In
August 2017, a sand screen in one of the wells failed. Following this event, the pump was
subjected to significant amounts of sand before it was retrieved for a planned revision in
February 2018. The retrieved pump was inspected, and the erosion on the impellers was
documented. The predicted wear was compared to the wear observed on a subsea MPP
retrieved from the Moho Field. The strong correlation between the Moho Field experience
and experiments indicated that viscosity was the dominant source. It was concluded that
the use of the viscosity factor, yielding significantly reduced wear rates due to particles
being suspended in a highly viscous medium, was justified.

We can conclude from the literature review that few published research papers have
dealt with erosion in pumps. Furthermore, very few papers dealt with erosion inside helico-
axial pumps if any. The objective of this study is to investigate the erosion characteristics
inside a helico-axial pump under liquid phase water flow accompanied with a low volume
fraction of sand particles. We will look at the erosion behavior at different operating
conditions of the pump and for different sand loading rates of the sand as well as different
sand particle sizes.

2. Mathematical Modeling
2.1. Main Phase Flow Modeling in the Pump

A three-dimensional Reynolds-Averaged Navier–Stokes equation was used for the tur-
bulent flow analysis in the internal flow field of the pump. The continuity and momentum
equations for steady compressible turbulent flows can be written as:

∂

∂xi
(ui) = 0

∂

∂t
(ρui) +

∂

∂xj

(
ρujui

)
= − ∂P

∂xi
+

∂

∂xj
(µ + µt)

(
∂uj

∂xj
+

∂ui
∂xi

)
+ ρgi

where ρ is the density, u is fluid velocity, µ is the fluid viscosity, and τ refers to the stress
tensor. For single-phase flow analysis, incompressible numerical analysis was performed
because of the high water density. Thus, there is no need for the energy equation. The
finite volume method (FVM) is used for the numerical solution of the problem in linear or
nonlinear PDEs with different boundary conditions. Turbulent flow effects are modeled
using the shear-stress transport (SST) k-ωmodel [36]. The benefit of using a hybrid two-
equation model (k-ω SST) is in its capability to capture the turbulence details in the entire
flow field, which includes the viscous sub-layer.

2.2. Erosion (Second Phase) Modeling

After the completion of the fluid flow solution, particle tracking is computed from
the inlet of the pump to the outlet of the pump using the discrete phase model (DPM).
The turbulence effect on the particles is included and modeled using a stochastic model
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(the discrete random walk (DRW) model), and, to ensure the independence of erosion
prediction, 50,000 particles are ejected at the inlet.

When particles move in the liquid in the Lagrangian framework, the particles interact
with the pump with a force that comes from the velocity difference between the particle and
the fluid. The forces on the particles are resistance, virtual mass force, pressure gradient
force, gravity, Basset force, Saffman force, Magnus force, etc. The acceleration of an arbitrary
particle can be written as:

dup

dt
= FD + FSL + FG + FVM + FP

where t is the time, up is particle velocity, and the forces FD, FSL, FG, FVM, and FP are the
resistance, Saffman force, gravity force, virtual mass force, pressure gradient force, and
the sum of other external forces, respectively. FD is the drag per unit particle mass and is
defined as the ratio of particle relative velocity (u−up) to residence time τr (Eq.) which is
defined in terms of Reynolds number and particle drag coefficient (Cd):

FD =
u− up

τr

τr =
24× ρp × d2

p

Cd × 18µ× Rep

The particle drag coefficient Cd, which is also a function of Rep and particle sphericity
φ, is an important parameter in modeling particle transport. Chochua and Shirazi [36]
plotted a variation of Cd with respect to Rep and φ, using the correlation for non-spherical
particles [37], and showed that sphericity effects Cd when the Reynold’s number is greater
than 10 and that Cd becomes lower as φ approaches 1. Rep is then expressed as:

Rep =
ρdp
∣∣u− up

∣∣
µ

Other forces that have an impact on the motion of the particles in the fluid are ex-
pressed as:

FG =
g
(

ρp − ρ f

)
ρp

FVM =
1× ρ f

2× ρp

d
dt
(
u− up

)
FP =

ρ f

ρp
up∇u

The buoyancy force due to gravitational acceleration FG is a function of the difference
in densities. The pressure FP and virtual mass force FVM (force on the particle due to the
mass of fluid displaced by the particle) are included in this study because these forces have
a significant impact on the solid particle motion [36].

The Saffman (shear) lift force is the force acting on the particle surface due to the
high velocity gradient, and this force is considered significant when the particle velocity is
greater than the fluid velocity. Therefore, in this study, this force is not considered.

2.3. Erosion Model

The erosion model adopted in this study is the Finnie model and the erosion ratio can
be expressed as [38]:

ER = KVn
p f (∝)

where ER is the erosion ratio (kg/kg) and it is the ratio of the mass of material removed
to the mass of an impinging particle. f (∝) is the impact angle function and K is a scaling
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parameter. The material used for the erosion analysis is stainless steel 316 which has a
value of K of 2.17 × 10−8 and the number (N) of impacts per unit time is 2.41. The density
ρω of the material is 8000 kg/m3 [39].

The Finnie model can be modified to consider other factors that influence erosion,
such as the size and shape of the particles and the presence of a protective coating on the
material. The model can also be used to predict the erosion of materials under different
operating conditions, such as different temperatures and flow rates.

3. Solution Method and Validation

For the numerical calculation, water was selected as the working fluid, whereas for
the erosion analysis, sand particles mixed in the water were modeled using the Discrete
Phase Model (DPM). The Turbo-workflow module in ANSYS Fluent was used for CFD
calculations. ANSYS Turbo Workflow is the new module introduced in ANSYS Fluent 2022.
This module was introduced to solve turbomachinery problems in fluids.

The helico-axial pump consisted of four components: inlet, impeller, diffuser, and
outlet. The Impeller consisted of 3 blades whereas, the diffuser consisted of 11 blades,
resulting in a diffuser/impeller blade ratio of 1:3.667. The pump under consideration is a
single-stage pump.

3.1. Geometry

Blade Gen was used to create the geometry of the pump. The geometry contains
four components: inlet, impeller, diffuser, and outlet. The dimensions of the domains are
summarized in Figure 1.
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Figure 1. Schematic representation of the computational domain. Figure 1. Schematic representation of the computational domain.

3.2. Meshing

A structured mesh was created on the computational model (Figure 2) of the helico-axial
pump using the ANSYS Turbogrid tool. Three meshes were chosen for the mesh independence
study (1.187112 million cells, 1.573507 million cells, and 1.745072 million cells). Figure 3 shows
the pressure difference (KPa) between the inlet and outlet of the pump at different mesh sizes.
The pump was run at a 80 m3/h flow rate and 3600 RPM rotational speed. A dotted line of the
experimental result at these flow conditions is drawn as a reference. Mesh 2 (1.573507 million
cells) was chosen to perform the flow and erosion analysis.
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The total number of cells in the computational mesh of pump was 1.573 million, with
1.154 million cells in the impeller and inlet domain, and 0.104778 million cells in the single
blade of the diffuser and outlet. It may appear from Figure 3 that a more refined mesh
is needed. If we evaluate the percent error, we find that all meshes performed very well
compared to experimental results. The error was 0.27% for Mesh 1, 0.38% for Mesh 2, and
0.39% for Mesh 3. Practically speaking, both experimental errors and numerical errors
would be greater that those errors (about 3 to 5%). Hence, all meshes were giving very
good and accurate results in terms of pressure rise. We have chosen Mesh2 (see Figure 4)
because its boundary layer meshing conformed well with the erosion model prediction
method and turbulent boundary rules as set by the CFD solver [37].
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3.3. Method of Solution

ANSYS Fluent was used for the numerical analysis. The helico-axial pump was
modeled using the Turbo-workflow module in ANSYS Fluent. A mass flow inlet condition
was applied on the inlet of the pump and a pressure outlet condition on the outlet of the
pump. The walls interacting with the fluid flow passage are termed as non-slip walls.
However, the impeller blades and walls were given a rotational speed of 3600 RPM. The
turbulence model chosen was SST K-ω. The conditions are summarized in Table 1.

Table 1. Boundary conditions.

Surface/s Boundary Condition Discrete Phase Equation

Pump Inlet Mass Flow Inlet Escape
Pump Outlet Pressure Outlet Escape

Impeller and Diffuser Blades No slip wall Reflect
Hub and Shroud of Pump No slip wall Escape

3.4. Validation of Numerical Solution
3.4.1. Pump Flow Validation

For flow validation, the pressure difference between the inlet and outlet of the pump
was compared with the experimental results given in [18,19]. The analysis was performed on
five different flow rates: 80, 90, 100, 110, and 120 m3/h. Table 2 summarizes the conditions
used for validation and Figure 5 shows the comparison of the CFD and experimental results.

Table 2. Pump flow conditions for validation.
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Figure 5. Flow validation plot for helico-axial pump.

3.4.2. Validation of Erosion Model

For the erosion validation, a submerged jet impingement problem was considered [39].
Its computational domain is shown in Figure 6. The discretization of this domain using a
structured mesh with a refined mesh concentrated in the region between the nozzle outlet
and the target is shown in Figure 7.
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For the erosion analysis, the thickness loss is calculated on the line 1 mm above the
target plate at which erosion is quantified. Thickness loss is the depth of erosion in the
target material in meters.

TL = Erate × t/ρω

For validation of the CFD erosion model, the experimental results by Mansouri
et al. [38] for the 90◦ impingement angle were used. The validation case was the sub-
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merged plate under the direct impact of water at 14 m/s with 30 µm sand particles at 1%
sand concentration by mass. In Figure 8, it is clear that the locations of maximum and
minimum erosion points are well matched, while on average, a 15% inconsistency in the
erosion depth downstream from the maximum erosion point was observed.
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4. Results and Discussion

To study the erosion effect on the helico-axial pump, base flow conditions (Table 3)
were chosen after the validation of water flow. The water mass flow was set at 100 m3/h
and the rotational speed of the impeller was 3600 RPM.

Table 3. Flow conditions for different impeller RPMs.

Flow Condition Value Units

Mass Flow 100 or 27.7 m3/h or kg/s
Rotational speed of Impeller 3000, 3600, 4200, 4800 RPM

The pressure difference results shown in Figure 9; indicate that the pressure difference
gradually increased as the impeller RPM increased. This effect was also represented in
Figure 10. The outlet pressure did not change drastically but the inlet pressure decreased
as the impeller RPM increased. Additionally, when the impeller was at 3600 RPM, the
streamlines were almost parallel to the blades of the machine (Figure 11) compared to the
impeller at other rotational speeds.
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Figure 11. Flow pathlines at different impeller RPMs.

The pressure gradient in the flow field resulted in vortex generation along the blade
passage. This vortex had a great influence on the particle trajectory and the region affected
by particle erosion. The Q-criterion method was used for identifying vortices in the fluid
passage, and the Q-criterion iso-surfaces are shown in Figure 12 for different pump rotation
speeds. It was observed that as the rotational speed increased, the vortex core became
stronger upstream of the blade. The particles carried by the local vortex struck against the
wall in the vicinity of the vortex-affected region, resulting in increased local friction and
erosion rates at higher rotational speeds.
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4.1. Parametric Study

The parametric study conditions are summarized in Table 4. In this study we have
varied the sand particle size from 50 to 300 microns. We looked at four different sand
flowrates ranging from 0.5 to 3% of the mass flow rate of water. The fluid flow simulations
were executed for four different rotational speeds of the pump ranging between 3000 and
4800 RPM.

Table 4. Summary of all the parametric study conditions.

Flow Condition Value Unit

Mass Flow 27.7 or 100 Kg/s or m3/h
Sand Diameter 50, 100, 150, 200, 300 microns
Sand Flow Rate 0.5, 1, 1.5, 2, 3 % of the water flow rate

Rotational Speed of the
Impeller 3000, 3600, 4200, 4800 RPM

Material for Erosion Stainless Steel
Erosion Model Finnie Model

4.2. General Discussion of Erosion Features Using 100 µm Sand Particles

Since a 100 µm sand diameter is a representative particle size for many naturally
occurring abrasive materials, including sand and silt, it is frequently employed as a baseline
size for erosion investigations. In lab research, this size range is frequently employed to
mimic the abrasive effects of natural erosion processes.

The fact that 100 µm is within a range that is typical of the size distribution of many
naturally occurring abrasive materials is one reason why this size was chosen as the baseline.
The outcomes of erosion experiments can be more easily compared and extrapolated to
real-world settings by selecting a size that is indicative of the materials that are frequently
encountered in the environment.

Additionally, lab investigations frequently employ sand with a diameter of 100 µm
since it enables the controlled examination of erosion effects. To comprehend the impact on
erosion rates, for instance, it is possible to alter the size, hardness, and concentration of the
abrasive particles in a laboratory setting. Researchers can compare the findings of many
experiments and evaluate the relative influence of various variables on erosion rates by
utilizing a baseline size of 100 µm.

Since it is typical of naturally occurring abrasive materials and a size that is frequently
utilized in laboratory research, a 100 µm sand diameter was used as the baseline size for
erosion investigations.

Effect of Particle Size on Erosion Rates

The effect of particle mass flow rate on the erosion rates was investigated for different
rotational speed of the helico-axial pump ranging from 3000 RPM to 4800 RPM. Injections of
particles of different diameters were used with a turbulent stochastic model to investigate
this effect. The particle ranged from 50 microns to 300 microns. This choice was based on
particle size distributions measured in the laboratory with proper instrumentation.

The results shown in Figure 13 show that the erosion rates increased as the particle size
increased as predicted by the erosion model chosen here and by all erosion models cited
in the literature review section. However, the rate of increase was different for different
speeds. For example, for the 3600 RPM speed, the increase was linear and there was a
constant rate of increase as the particle size increased. On the other hand, for the other
speeds, the rate of increase was higher for relatively small sizes (50 to 150 microns) and
then the rate of increase diminishes for larger size particles (200 to 300 microns). There
are two possible explanations for this behavior. The first one is the size of the particles.
For large particles, the aerodynamic drag and the weight of the particle are both taken
into consideration when tracking these particles; in most situations, both forces work in



Lubricants 2023, 11, 153 14 of 19

opposition to the inertia of the particles and as a result, reduce their speed of impact at the
solid walls of the pump and hence reducing the erosion rates.
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helico-axial pump.

The second reason for the reduction in the erosion rate increase is that the rotational
speeds of 3000, 4200, and 4800 RPM are rotational speeds that are off-design points of
the pump which has a design speed of 3600 RPM. When the pump operates at off-design
speeds, the fluid losses increase due to more circulation and higher turbulence. These losses
are automatically transferred to losses in the particles’ speed and as a result, a reduction in
the rates of increase of erosion rates is observed as the particle size increases.

Before we proceed to the next important result, it is important to distinguish between
the absolute erosion rate and the rate of increase of the erosion rate with particle size.
Referring again to Figure 13, it is clear that the predicted erosion rates were the smallest
for the design speed of the pump which is 3600 RPM. The erosion rates were smaller for
a lower off-design speed of 3000 RPM and also for higher off-design speeds of 4200 and
4800 RPM. This is a very important and practical result. Operating a pump off-design not
only decreases its hydrodynamic efficiency but also leads to much higher erosion rates
caused by the produced circulation or vorticity and also the higher level of turbulence.

To better visualize the erosion rates at the design speed of 3600 RPM for different
particle diameters (50, 100, 150, and 200), we present the contours of the erosion rates in
Figure 14a. For the off-design speed of 3000 RPM, the erosion rate contours are depicted in
Figure 14b. The contours not only showed higher erosion rates but also more spreading of
the erosion over the pump walls. The situation was even more severe for the off-design
speed of 4200 RPM as the pump was operating off-design and at a higher velocity making
the erosion rates much larger and spread even further over the impeller blades and the
diffuser vanes as shown in Figure 14c
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4.3. Effect of Erodent Mass Flow Rate

The effect of erodent mass flow rate was investigated for different rotational speeds
of the pump ranging between 3000 and 4800 RPM and resulting erosion rates are shown
in Figure 15. The water flow rate was kept at 100 m3/h and the erodent particle had a
diameter of 100 microns.
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There are two observations to make here. The first one is that the erosion rates were
linearly proportional to the erodent mass flow rate. This is in complete accordance with
the experimentally derived erosion model used in this numerical study. Note here that we
limited the erodent mass flow rate to 3%. This is equivalent to restricting ourselves to less
than 2% volume flow rate of the sand. This limitation is important for the validity of the
discrete particle model [37], which is used in this study. This assumption satisfies two facts:
(1) we have one-way coupling such that the sand particles do not affect the water main
flow field and (2) there is very little interaction between the sand particles justifying the
independent particle tracking of each particle.

The second observation deals with the fact that the erosion rates were the smallest for
the design speed of 3600. Then, they increased as we operate at off-design speeds. Note
also that the increase in erosion around the design speed was not symmetric. In other
words, the increase in erosion rate by changing the speed from the design speed of from
3600 RPM by 600 RPM (3000 RPM for −600 RPM and 4200 RPM for +600) was not the
same. As a matter of fact, moving down to 3000 rpm resulted in an increase of erosion in
an amount that is less than one-tenth of the amount produced by moving up to 4200 RPM.
This is due to the shear increase of velocity magnitude in the flow field and hence the
particle impact velocity on the pump walls as we increased the rotational speed and that is
the most important factor in the erosion rates.

4.4. Effect of Pump Rotational Speed

The effect of the rotational speed of the pump has been already discussed in the
previous two sections. Nevertheless, it is important to reiterate these findings because
of their practical importance, especially in the production of oil and pumping of well
water, where sand is always present in varying amounts. The authors believe that these
findings are new and have been discovered in these numerical simulations for the first
time. Referring to Figures 13 and 15, it can be seen from the results of the erosion rates
as a function of rotational speed that erosion rates increase when the pump is operated
at off-design conditions of 3600 RPM and 100 m3/h. This is interesting and it has a clear
physical explanation. When operating at the design point, the total velocity vector leaving
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the impeller blades enters the diffuser tangentially to the diffuser blades. The pump
achieves not only the highest efficiency at the design conditions, but more interestingly,
the minimum erosion rate as well. Hence, the erosion rates are expected to increase at
off-design conditions. Indeed, the erosion rates at 3000 RPM were higher that the erosion
rates at 3600 RPM for all sand particle diameters as seen in Figure 13. Similarly, when we
go to speeds higher than 3600 RPM, we expect the erosion rates to increase as we move
away from the design point. What is happening at off-design point speeds is that part of
the flow velocity is now impinging on the diffuser blade and hence causing more erosion.
These results have been visualized in a clearer method by showing the erosion contours on
the pump walls in Figure 16 below. The results are depicted for the 200-micron particles at
different RPMs.
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5. Conclusions

A detailed investigation has been carried out to investigate the erosion rates on a
metallic helico-axial pump. The study was conducted using a commercial CFD code
to simulate water–sand flow at different rotational speeds ranging between 3000 and
4800 RPM with a water flow of 100 m3/h and mass sand loading up to 3% for particle sizes
ranging between 50 and 300 microns.

The main concluding remarks can be summarized as follows:

a. The effect of particle size on erosion rates has shown the expected experimental trends
that have been shown in different studies. The rates of erosion increased linearly with
particle diameter with a high slope. The slope of the erosion rates decreased at higher
particle diameters.

b. The erosion rates increased linearly with the sand loading mass flow rate as predicted
by the erosion model.

c. The most important practical finding of the study is that the erosion rates reached a
minimum at the design rotating speed of the pump.
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d. Operating the pump at off-design conditions, even at a lower speed of 3000 RPM,
resulted in higher erosion rates.

e. The erosion rates became more severe and spread out over the pump impeller blades
and diffuser vanes at higher off-design speeds of 4200 and 4800 RPM.

Therefore, running a pump at off-design speeds not only reduces its hydraulic effi-
ciency but also increases the erosion rates that reduce its design life.
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