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ABSTRACT

In the routine maintenance of each main pump in the oil transmission station
plant, abnormal erosion wear was found at the flushing port of the mechanical
seal of Sulzer pump casing. For the sake of stable and safe unit operation, this
study explored the mechanism and process of erosion formation in the pump
casing at the microscopic level using SEM (scanning electron microscope) and
EDS (energy dispersive spectrometer) techniques. And ANSYS Fluent was used
to numerically simulate the unconventional turbulent flow in the special location
of Sulzer pump to obtain its flow field characteristics. The trajectory tracking of
solid phase particles based on Finnie erosion model was also carried out to obtain
the influence law of different particle sizes on the wear degree of each area of
the pump casing, and to point out the influence of the motion behavior of
particles at the flushing port position on the erosion. The results show that there
is unconventional turbulence in the flushing port of the Sulzer pump mechanical
seal, and the solid particles are affected by turbulent diffusion and fluid
adhesion, and some particles deviate from the velocity direction and
continuously impact the surface of the pump casing, which is the direct cause of
the erosion wear here. By optimizing the location of the flushing port, severe
erosion wear at the flushing port can be avoided. This study can provide
guidance and recommendations for the production, operational stability and
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wear protection of Sulzer pumps.

1. INTRODUCTION

The Sulzer pump is the core equipment for
transporting refined oil products during oil and gas
development and stimulation (Fig. 1). Its working
condition and life directly affect the efficiency and cost of
oil and gas transportation. Given the complexity of the
conveying medium in the pump and the inevitable
existence of mechanical impurity particles, high-speed
fluid and impurity particles will impact the surface of the
internal flow channel at a certain speed and angle,
resulting in serious erosion and wear (Fig. 2). In the long
run, this result will affect the stability and safety of the oil
transmission unit. Therefore, the erosion wear
characteristics and the wear mechanism of the Sulzer
pump must be studied to determine the causes of erosion.
Erosion wear is a phenomenon in which some small and
discrete particles that follow the flow of fluid wear or
destroy the surface of an object when they collide with it,

which is a common wear phenomenon in various
industrial fields (Feller et al., 1984).

The Sulzer pump, the research object of this study, is
a typical double-suction centrifugal pump with large flow
delivery, compact structure, and high efficiency, which is
widely used in the petrochemical industry. With the
continuous progress of technology, more and more
scholars choose to use the numerical simulation method to
study the flow of fluid in the centrifugal pump and the
erosion of particles on the outer wall. Material and fluid
parameters can affect the erosion wear rate of
turbomachinery, and related prediction models have also
been proposed (Hattori & Kishimoto 2008). Shah & Jain
(2008) pointed out that, in the hydraulic fracturing
operation using coiled tubing, uneven erosion and wear of
the tubing wall will occur. They conducted computational
fluiddynamics (CFD) research, pointing out that the
mud flow rate is the most important factor affecting
erosion. Chandel et al. (2012) built an experimental
platform to explore the impact of solid concentration and
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Fig. 1 Appearance of the Sulzer oil delivery
centrifugal pump

rotation speed on the erosion wear of centrifugal pump and
pointed out that the wear strongly depends on the size and
rotation speed of solid particles. Walker & Robbie (2013)
pointed out through experiments that the explanation for
the different wear rates between the laboratory and field
tests was postulated to be nonrepresentative wear
mechanisms. This explanation is compounded by the lack
of understanding of specific wear conditions in the pump
(local velocity, concentration, particle size, size

425

NOMENCLATURE
a, volume fraction of the k-th term o flow stress
P density of the k phase hC depth of cut
Vy velocity of the k-th phase drag coefficient
. impact angle of solid particles on target
t time 0 P & P &
surface
p pressure N ormal restitution coefficient
T, molecular stress & tangential restitution coefficient
normal velocity component of particle
Ty turbulent stress Vin ) o
' velocity before collision
M interphase momentum transfer per unit vV tangential velocity component of particle
1T . .
K volume velocity before collision
normal velocity component of particle
(F, )k intrinsic force Vo . v o P
velocity after collision
) ) tangential velocity component of particle
g acceleration of gravity Vor . .
velocity after collision
Ps solid density o particle impact angle
FD fluid flow around solid surfaces D impeller outer diameter
the sum of centrifugal force, Coriolis force, . .
Foier ) b impeller outlet width
Basset force and Magnus lift
W volume loss due to wear and tear z number of blades
m, the mass of solid particles Q rate of flow
u, the velocity of a solid particle H head
n rotate speed E dimensionless erosion mass
k the model constant; v, particle impact velocity;
f (}/) Non-variable function of angle
distribution, and particle shape) as well as the

microstructure of the samples. Tarodiya & Gandhi (2017)
proposed that the selection of pump materials, the
properties of solid particles, the flow characteristics of
fluids, and the concentration of solids play an important
role in optimizing pump design. They proposed a method
to predict the wear area based on numerical simulation.
Through experimental research and numerical simulation,
Zhang et al. (2016) evaluated the corrosion of fracturing
pipelines under the action of multiphase flow and pointed
out the damage mechanism of erosion wear and the main
parameters of erosion impact factors. By introducing the
Archard wear model, Huang et al. (2019) calculated the
wear laws of the leading edge of the impeller blade, the
blade tip, the blade pressure side, the blade suction side,
the impeller shield, the hub, and the volute and other pump
flow components. He pointed out that, under a low flow
rate, the wear of the impeller shield is relatively large.
With the flow rate increase, the wear of the blade pressure
side and hub increases significantly. Pirouzpanah et al.
(2019) studied the key parameters that affect the erosion
phenomenon in the pump, such as turbulent kinetic energy,
local sediment concentration, and near-wall relative
sediment concentration velocity, and applied the results to
the development of the prediction erosion model of the
pump. Through experiments, Wang et al. (2022b) used five
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Fig. 2 Erosion and wear morphology of pump casing (a) and (b), the Sulzer pump casing (c) and (d), the pump
casing erosion wear details

flow rates and three particle concentrations to carry out pump
wear tests on the test bench. The head and efficiency of the
centrifugal pump decreased with the increase in sediment
concentration, while the effect of small sediment concentration
on the energy performance of the pump was weak. Wang et al.
(2022a) also verified using CFD that large particles of impurities
have a greater impact on the performance decline of the
centrifugal pump than small particles, and the increase of the
overall proportion of large particles has a greater impact on the
efficiency decline than the head drop. Sharma & Gandhi (2022)
pointed out that the interaction of particles on the surface (such
as sliding, rolling, and impacting at different angles) caused the
impeller wear in the particle flow of the hydrodynamic machine
by building the experimental platform. Song et al. (2021) used
the Lagrangian particle tracking method and the Tabakoff
erosion model to analyze the internal erosion of a double-suction
centrifugal pump. They pointed out that the particle diameter
affects the particle trajectory and significantly impacts the
erosion shape and location in the impeller. Through experiments
and CFD, Gomez-Flores et al. (2022) pointed out that erosion
wear can reduce the speed and turbulence by reducing the
volume of impeller blades and ultimately lead to the decline of
centrifugal pump performance.

In summary, most of the current research on the
internal flow channel erosion of centrifugal pumps is
about the influence law of several factors on the degree of
wear in the simulation, on the one hand, there is a lack of
specific experimental support, and on the other hand, there
is a lack of specific data to explain the influence law of
solid particles’ movement behavior on erosion, which

(d)
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makes the research results have limitations on the
guidance of practical engineering. Based on the solid-
liquid two-phase flow theory and numerical simulation
technology, this study takes the Sulzer pump as the
research object, carries out the simulation of the erosion
wear of the internal flow channel of the pump, analyzes
the erosion and wear characteristics of the centrifugal
pump, explores the impact of the particle size of
mechanical impurities and their mass flow on the erosion
and wear, and expounds the wear mechanism of the pump
casing from the perspective of particle motion law to
provide guidance and suggestions for the stability and
wear protection of Sulzer pump production and operation.

2. MATERIALS AND METHODS

2.1 Preparation of Test Samples

As shown in Fig. 3, a small sample was taken from
the Sulzer pump casing for SEM and EDS detection. From
Fig. 1. (b), it can be clearly observed that there are visible
pits on the pump casing, which extend along the fluid
direction. In order to meet the testing requirements, the
surface of the sample is subjected to a certain degree of
argon ion polishing and polishing. In this study, a
metallographic grinder is used to polish the sample, an
argon ion polishing machine is used to polish the sample,
and finally, a scanning electron microscope (S-4800) is
used to perform SEM and EDS testing on the pump casing
sample.
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Fig. 3 Preparation of test samples

2.2 Continuous Phase Model and Discrete Phase

Model

During the transfer of oil by centrifugal pumps, solid
particles (discrete phase) are entrained and transported by
the fluid (continuous phase). There is mass, momentum
and energy transfer between the particles and the fluid
medium, and collisions also occur between the particles
and between the particles and the solid walls. The solid-
liquid two-phase flow in the pump during the transfer of
oil by the centrifugal pump satisfies the mass conservation
equation and the momentum conservation equation
(Engin et al., 2001; Tarodiya & Gandhi 2017; Zhou et al.,
2020), as shown in equation (1) and equation (2):

a n n
g(zakpk]—i_v(zakpkuk):o M
k=1 k=1

a n n
_(z & A;) +V(z L) =-3,Vp
ot o k1

Vil a (r+7,)] )
+a,2 9+ M, +(Fy,),

The discrete solution method is to search for each
particle in the Lagrangian coordinate system, calculate the
force due to contact, and then apply Newton's second law
to calculate the variation of acceleration/velocity and
displacement of the particle, and then obtain the state of
the whole system. In solid-liquid two-phase flow, solid
particles are mainly subjected to flow resistance, gravity,
centrifugal force, Coriolis force, Basset force, and
Magnus lift. The force control equation of solid particles
is as follows ( Pagalthivarthi et al., 2011; Cai et al., 2016; ):

3 —
ms % = ﬂ.dsps g (ps pf ) + FD + Fv + Fp + Fothel' (3)
dt 6 Ps

other  AT€ shown in

Among them, Ky, F , F, . F

equations 4 to 8

‘ﬂ'di Py (Vg —vp)2
4 2

F,=C, )
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1 dv
F VvV —P (%)
v 2/79 P dt
op
Fy =V, 25 ©
1 K tdi(vg_vp) )
Fother=g”pdi(V‘Vp)“”TBds*/”pg”,[tn—T t_T_dr
K, =2.88+ 12 ®
(A +1)

In the equation, Fjis fluid flow resistance; F, is

additional mass force; Fp is additional force caused by

pressure gradient F___ is the sum of centrifugal force,

other
Basset force, and Magnus lift. C_ is drag coefficient; Vp
is Particle volume; @ is particle rotation angular velocity;

Ab is modulus of acceleration;
2.3 Erosion Model

When calculating erosion wear, an appropriate wear
model must be introduced to predict the wear of the
material surface. The present study applies the Finnie
model (Emam et al. 2019; Ren et al., 2020). In the Finnie
model, erosion varies with erosion angle and velocity: the
specific calculation formula is as follows:

E=kV,)f(7)

The model uses the following formula to relate
erosion rate to particle impingement wall kinetic energy:

fory >18.5°

1 .
gcos y
fory <18.5°

f(r)=
sin(2y)-3sin’ y
Where: E is dimensionless erosion mass; K is

the model constant; V_ is particle impact velocity;

f ( V4 ) is non-variable function of angle of impact( V4 )

The model considers that the plowing and cutting
effects of solid particles on the target surface are fully
considered in the calculation, such as the mass of solid
particles, the properties of the target material, and the
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Fig. 4 Schematic diagram of velocity vector before
and after particle collision

impact angle. The specific calculation formula is as
follows:

m u’
W =#(sin 28—Esin2 aj tan @ < K 9)
ohK K 6
W myu; (Ksin?g tang > X
e 6
ohKl 6

The flow direction of the delivery medium of the
Sulzer pump will change during transportation. The
mechanical impurity particles the Sulzer pump carries will
impact the wall surface and bounce along the inner surface
many times owing to its own inertia. Figure 4 is the
velocity vector diagram of the mechanical impurity
particles before and after the collision. In this process, the
particle rebound velocity will be smaller than the particle
incident velocity, and the energy of solid particles will be
lost and transferred, such as heat loss and material
deformation on the wall (Tardiyaet al., 2019; Cornejo et
al.,2021; Fan et al., 2020 ). Therefore, the velocity change
before and after the collision between particles and the
wall is accurately described by introducing the concept of
particle wall rebound recovery coefficient, which
represents the ratio of the normal velocity component
before and after the collision and the ratio of the tangential
velocity component before and after the collision, that is,
the normal rebound recovery coefficient and the tangential
rebound recovery coefficient.

Y

gy =N (10)
Vl,N
V

& =T (11)
Vl,T

The particle rebound model in this paper adopts the
wall rebound recovery coefficient equation of Grant and
Tabakoft (Moghimi & Rafee 2018):

&, =0.993-1.76a +1.56¢° —0.49¢° (12)

& =0.998-1.66a +2.11a* —0.67a° (13)

2.4 Geometric Modeling and Condition Setting

Based on Sulzer pump drawings (as shown in Fig. 5),
this study uses SolidWorks to model Sulzer pump impeller,
pump casing, pump body, main shaft and other
components. The 3D model is shown in Fig. 6. Some
parameters of main components of Sulzer pump are
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shown in Table 1, and the working parameters are shown
in Table 2.
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Fig. 5 Part of Sulzer pump drawings (a) Cross-section
view of Sulzer pump (b) Sulzer pump assembly

Table 1 Main structural parameters

Component Parameter Value
Impeller outer
diameter 554(mm)
Impeller Outlet Width 72(mm)
Number of 6
blades
Table 2 Main working parameters
Machine Parameter Value
Rated flow 1450(m3/h)
Sulzer pump Head 400(m)
Rated 2980(r/min)
revolution
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Fig. 6 Three-dimensional model of Sulzer pump (a)Pump casing (b)Impeller (c) Pump body (d)Sulzer pump
assembly model

The fluid domain of the Sulzer pump is extracted by
Boolean operation and then imported into ANSY S-Fluent.
The fluid domain model of the Sulzer pump is shown in
Fig. 7.

Combined with the Sulzer pump site conditions, the
impeller and the main shaft set the Y-axis as the center of
rotation, the rotational speed is set to 2980r/min, and the
pump casing is fixed to its outer side. The inlet boundary
of the pump casing is set as the pressure inlet, the inlet
pressure is set as 3.8Mpa, the impeller outlet is set as the
interface, and the fluid outlet of the pump casing is set as
the outflow boundary, as shown in Fig. 8. The rest of the
area is set as the wall. Liquid petroleum is selected as the
conveying medium, and the parameters are kept as default.

Considering the nonlinear characteristics of the two-
phase flow in the pump, the relaxation factors of pressure,
density and volume force are set to 0.3, 0.5 and 0.5,
respectively, and the relaxation factors of kinetic energy
and turbulent kinetic energy are set to 0.6 and 0.8,
respectively, and the reasonable setting of relaxation
factors can accelerate the convergence time. The particle
injection type is selected to be surface type, the initial
distribution mode is selected to be diffuse distribution, and
the wall condition is set to be reflect type. In the solution,
the pressure, kinetic energy, and turbulent dissipation rate
are discretized using the second order upwind format [26],

the volume fraction is expressed in QUICK format, and
the SIMPLEC algorithm is applied to the solution method.

2.5 Meshing and Irrelevance Verification

In numerical simulation, the number and density of
grids will affect the accuracy and efficiency of calculation
results, given the complexity of the geometric model of
the object studied in this study. Sulzer’s structural
characteristics and site conditions are comprehensively
considered. The curvature control function is selected for
the advanced dimension function, and the unstructured
tetrahedral mesh is used to mesh the three-dimensional
model of the flow field. The parts, such as the mechanical
seal flushing port and the impeller blade, are locally
densified to enhance the reliability of the calculation
results. At the same time, to reduce the dispersion error
caused by the number of grids, six groups of grids with
different numbers are used for calculation, and the
maximum value of flow velocity and maximum erosion
rate is used as the judgment basis for the independence
analysis. As shown in Fig. 9, when the number of grids
exceeds 2.1 million, the maximum velocity and erosion
rate tend to be stable. Considering the calculation
accuracy and solution resources, this study finally selects
the fifth set of grids with several grids of approximately
2.1 million for subsequent calculation.
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Fig. 7 Sulzer pump fluid domain model, (a) Impeller (b)inlet flow path (c)outlet flow path(d)Sulzer pump
integral fluid domain model

140m
140mm nm

Fig. 8 boundary condition
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Table 3 Chemical composition of Q345 steel

Element Fe C

Si | Mn | Mo S Cu

Content (%) 97.16 | 0.2
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Fig. 11 Electron microscope scanning results

3. RESULTS

3.1 SEM and EDM Detection Results

The Sulzer pump casing is composed of Q345B steel,
and the main components and content of Q345B steel are
shown in Table 3.

Figure 10 shows the scanning electron microscopy
(SEM) results of the sample. Numerous scratches can be
seen on the surface along the streamline direction. The
scratches may have been caused by the impurity particles
in the conveying medium impacting the wall in a certain
direction and with a certain velocity. A detailed
observation was conducted on the region marked by a red
circle in Fig. 10, and the results are shown in Fig. 11,
which presents the local SEM morphology of the sample’s
surface. Figure 12 displays the energy-dispersive X-ray
spectroscopy (EDS) results of the sample for three
positions, which are labeled *a, *b, and *c in Fig. 10.

In Fig. 11 (b), a macroscopic observation was
conducted of on the sample’s surface was conducted at a
lower magnification. It can be observed seen that the
surface of the sample containss spherical particles of
various sizes, as well as irregular small cracks and pits.
Fig. 11 (f) shows presents a magnified view of one a
prominent crack and, revealsing that the main crack is
continuous and passes through multiple pitting points.
Pitting points are also distributed at the end of the main
crack, and smaller secondary cracks with shorter lengths
and narrower widths extend from both sides of the main
crack. An enlarged observation image of the secondary
crack's’ ends at the edge is shown in Fig. 11 (d). Smaller
cracks can be observed extending outward from the
secondary cracks, can be seen as well as along with the
presence of pitting and spherical corrosion products.
Unlike before, the development direction of the
microcracks is irregular and often typically accompanied
by pitting.
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Fig. 12 EDS analysis results

Further observations were conducted on the surface
pits in Fig. 11 (b). Figure 11 (a) presents a magnified SEM
image of the left pit and reveals the presence of small
spherical particles in the pit. Additionally, a magnified
observation was conducted on the region containing
numerous thin-film materials in the central part of Fig. 10
(b), and the results are shown in Fig. 11 (c). Various-sized
spherical corrosion products can be seen in the pitting
points. Figure 11 (d) *a presents the spherical particles
near the microcrack, and Fig. 11 (b) *b presents the
relatively intact surface location. EDS analysis was
performed on the two locations, which correspond to Fig.
12 (a) and (b). From the results, it can be concluded that
the spherical particles had a high oxygen content, which
increased from 8.03% to 43.08%. Therefore, it can be
assumed that the spherical particles consisted mainly of
metal element oxides (Fe, Mn, Mo) from the pump casing.
Furthermore, Cl1 (1.24%) and H (0.56%) were found in the
spherical particles, which were not observed in the intact
surface location. Therefore, it can be inferred that chloride

ion corrosion occurred in the worn part of the pump casing.

Figure 11 (e) presents the enlarged observation result of

the dark and extensive film-like material above Fig. 11 (b).

EDS analysis was conducted on the region, and the results
are shown in Fig. 12 (c). Specifically, the proportion of the
metal elements decreased, whereas the proportion of the
oxygen elements remained relatively unchanged. The
proportion of the carbon elements was the highest, which
reached 72.02%, thereby indicating the presence of a
carbon film. Previous research results also indicated the
existence of numerous pitting points on the sample’s
surface. Figure 11 (c) shows the presence of fragmented
oxides and an oxide film, which are typical characteristics
of chloride ion corrosion. (Mao et al., 2022; Das et al,
1999).

In conclusion, severe chloride ion corrosion occurred
in the worn part of the pump casing. The conveying
medium in the Sulzer pump contains formation water and
production-enhancing chemicals, which contain a
considerable amount of chloride ions and acidic
substances. When the protective film on the pump casing
surface is damaged, the chloride ions on the exposed metal
surface will likely be adsorbed. Differences may exist
between the ionic, exposed metal surface, and protective
film models; thus, a galvanic cell will be formed
(Demeneghi et al., 2022). Consequently, the exposed
metal in this area will be highly prone to corrosion. The
corrosion products generated in the area are transported
continuously, leading to the ongoing corrosion process
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and continuous enlargement of the pitting points and
accelerating the wear on the pump casing.

Additionally, K, Ca, and other elements are detected
in the EDS results for the three locations. This finding
indicates that during the crude oil transportation process,
mechanical impurities collide continuously and remain
inside the pump casing, because C, K, Na, and Ca are the
main components of mechanical impurities and scale
deposits in oil pipelines. In summary, the pipeline used in
the Sulzurshou pump contains scale deposits and
mechanical impurities, which continuously impact the
internal surface and cause local coating damage. After the
metal inner surface was exposed, a galvanic cell is formed
between the chloride ions and hydrogen ions in the crude
oil, thereby accelerating the corrosion in the area.
Additionally, the constant impact of the solid-liquid two-
phase flow contributes to the severe erosion wear on the
inner surface of the Sulzurshou pump casing. The next
section discusses the kinematic behavior of the particulate
impurities inside the pipeline and explores the erosion
wear mechanism on the pump in detail.

3.2 Erosion and Wear Characteristics of Sulzer Pump

The impact of high-speed solid-liquid two-phase
flow from the impeller of the centrifugal pump on the
inner surface of the pump casing is the direct cause of
erosion wear failure. The flow field characteristics in the
pump will greatly affect the kinematic behavior of solid
particles (Fuyan & Hesheng, 1991; Padhy & Saini 2011).
To explore the erosion and wear characteristics of the
centrifugal pump, this section analyzes the flow law in the
flow field of the Sulzer pump under operating conditions
and the movement behavior of mechanical impurity
particles.

Figure 13 shows the static pressure and speed
comparison of the Sulzer pump’s flow field comparison
diagram under pure liquid and mechanical impurity
conditions at the same flow rate. The flow field laws of
the two are roughly the same. The static pressure value of
the impeller of the Sulzer pump gradually increases along
the radial direction of the impeller, and the value of the
pressure surface of the impeller is significantly greater
than the suction surface, indicating that the power capacity
of the impeller continues to increase from the inlet to the
outlet of the impeller. The presence of mechanical
impurities makes the inlet and outlet pressure of the
impeller lower, and the distribution of the velocity field
has no apparent difference.



L. F. Qiaoetal. / JAFM, Vol. 17, No. 2, pp. 424-441, 2024.

Figure 14 is the distribution diagram of the liquid
phase trace of the Sulzer pump. As shown in the figure,
when the Sulzer pump is running, the flow vortex at the
middle passage of the impeller is irregular. The unstable
vortex is the reason for large hydraulic efficiency loss
(Forder et al.,1998), which explains the phenomenon of
large hydraulic loss at a low flow rate. Given the dynamic
and static interference between the impeller and the pump
casing, the Sulzer pump has a maximum velocity gradient
at the impeller outlet under all operating conditions.

Static Pressure [ Pa ]

As shown in Fig. 15, vortex generation is most
obvious in low-flow conditions. With the increase of flow
(for example, 1.0Q, rated flow of Sulzer pump 1.0Q=1450
m3/h), the area of vortex decreases, and the relative
velocity gradient of fluid decreases, but the vortex area
still exists. The increased flow rate raises the fluid velocity,
and the area with a low flow rate drops.

-2.08e+05 3.94e+05 9.96e+05 1.60e+06 2.20e+06 2.80e+06 3.40e+06 4.00e+06 4.61e+06 5.21e+06 5.81e+06

Velocity Magnitude [ m/s ]

0.00e+00 1.87e+01 3.74e+01 5.61e+01 7.48e¢+01 9.35¢+01 1.12e+02 1.31e+02 1.50e+02 1.70e+02

Fig. 13 Flow field comparison diagram of pure fluid and solid-liquid mixed phase of Sulzer pump (left: pure
fluid, right: solid-liquid two-phase flow)

0.77Q

Relative Velocity Magnitude [ m/s ]

1.0Q

1.2Q

0.00e+00 1.87¢+01 3.74e+01 5.6le+01 7.48e+01 9.35e+01 1.12e+02 1.31e+02 1.50e+02 1.70e+02
Fig. 14 Trace distribution of flow field inside Sulzer pump
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Fig. 15 Vortex area at impeller outlet

Fig. 16 Trace comparison diagram of the Sulzer
pump under pure fluid and solid-liquid two-phase
conditions

Figure 16 shows that, under the influence of
mechanical impurities, the flow field in the impeller of the
Sulzer pump presents a more pronounced gradient
distribution, and the low-speed vortex area is also more
apparent. The figure presents that this area is closer to the
inlet of the impeller. This phenomenon may be caused by
the high-speed rotation of the impeller when entering the
impeller, making the fluid obtain a certain amount of
energy near the back of the blade and thus causing the
flow separation near the wall of the inlet. From the inlet to
the outlet, the flow separation phenomenon is becoming
increasingly serious, thus generating a certain degree of
backflow and generating a vortex. However, the larger
inertia of particles makes their following ability weaker
than that of the fluid medium, which makes the particles
have a certain delay process in the movement of the fluid,
which makes the low-pressure vortex area further larger,
and the increase of the particle velocity difference also
causes a certain degree of wear on the blade wall.

Figure 17 shows the stress distribution on the
impeller wall of the Sulzer pump under rated conditions.
The impeller has good control of incoming water flow,
and its impeller pressure distribution is roughly uniform.
Moreover, the front impeller pressure is higher than that
at the back under the same radius. At the same time,
because the impeller blades work on the medium passing
through the impeller, the flow surface pressure
distribution is gradually increasing from the impeller inlet
to the outlet along the flow direction. The pressure
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Fig. 17 Impeller stress cloud chart

distribution of the centrifugal pump impeller also reflects
the influence of the volute tongue structure on the flow
field of the centrifugal pump impeller. That is, the pressure
at the outlet of the impeller blade passage near the volute
tongue is significantly higher than that at the outlet of
other blade passages, which indicates that the flow field
near the volute tongue is distorted owing to the relative
movement of the impeller blade and the volute tongue.

Under different solid concentration conditions, the
pressure distribution in the impeller of the Sulzer pump
presents a similar law, and the pressure gradually
increases from the inlet to the outlet. With the increase of
solid concentration, the low-pressure area near the back of
the blade in the tangential direction of the impeller inlet
gradually increases because some large particles collide
with the impeller inlet and stall into the pressure surface
flow channel and then accelerate under the action of the
impeller rotating centrifugal force. In this process, the
higher the solid concentration, the more pressure energy
is lost in the acceleration process, resulting in the gradual
increase of the low-pressure area.

As shown in Fig. 18, the wear position of the
centrifugal pump impeller is mainly distributed in most
parts of the blade working surface, and the closer to the
outlet position, the more serious the wear of the blade. The
reason may be the mechanical impurity particles colliding
with the impeller inlet and entering the impeller flow
channel after stalling. Under the same centrifugal force,
the smaller the acceleration of the larger particles, the
longer the time it takes to move to the back of the blade
(Penga et al., 2020), and the closer it is to the back of the
blade outlet, resulting in increased wear at the back of the
blade outlet. When the small particles move in the flow
channel, they will carry more energy to the working
surface of the blade, resulting in serious wear here.
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Fig. 18 Cloud chart of Impeller Erosion and Wear
under Different Solid Concentration

Under actual operating conditions, the fluid flows out
of the impeller at high speed under centrifugal force and
enters the flushing port from the end of the pump casing.
Figures 19 and 20 show that the fluid velocity in the pump

Velocity Magnitude
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casing is relatively uniform, whereas the fluid velocity in
the pipe is relatively disordered and its maximum velocity
is on the right wall of the pipe. The main reason is the flow
and pressure difference between the fluid in the pipe and
the inlet section and the maximum velocity of the fluid
flowing to the flushing port are biased to the side pipe wall
owing to the influence of the diversion belt. The pressure
of the fluid increases suddenly at the diversion point. The
wall surface at the intersection of the pump casing and the
branch pipe appears to be a high-pressure area owing to
the direct impact of the fluid, and the pressure in the pump
casing is large and almost unchanged. However, the
pressure in the pipe is relatively low, and the pressure at
its upper end is reduced owing to the eddy current
phenomenon. The reason for this phenomenon is that the
fluid is subject to the centrifugal force in the process of
flowing from the pump casing into the pipe, resulting in
the spiral of the fluid in the pipe (Mortazavi et al., 2017),
which causes low pressure inside.

As can be seen from the particle erosion wear cloud
Fig. 21, the most serious abrasion area is the right side of
the flushing port and the pump casing, and the erosion and
abrasion rate reaches 5.94-10* kg-m-s’!, which is much
more serious than that of the impeller (8.59-10-6 kg-m2-s-
".Under the joint action of turbulent diffusion and fluid
adhesion (Rajani et al., 2012; Bai et al., 2019), particles
enter into two flow channels. Some particles flow to the
outlet of the flushing port with the fluid, and the other
particles flow to the outlet flow channel of the pump
casing owing to the inertia. The particles in the flow

Fig. 19 Cloud diagram of the fluid velocity at the branch pipe of the flushing outlet
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Fig. 20 Pressure cloud chart at flushing outlet branch pipe
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Fig. 22 Location of Sulzer pump monitoring points

channel of the flushing port directly impact the right side
of the branch pipe as the fluid flows to the flushing port
and flows out of the flushing port outlet with the fluid
eddy current, causing erosion and wear on the pipe wall
surface. Some particles flowing to the outlet channel of
the pump are affected by the diversion, and their velocity
direction is shifted to the lower side of the flushing port.
They collide with the pump casing wall to cause erosion
and wear. The collision location is concentrated in the area
close to the intersection line, consistent with the actual
situation.

3.3 Influence of Impurity Particle Size on Erosion
Wear of Sulzer Pump

According to the previous research results,
mechanical impurities particles will impact the flow field
in the pump, and their own properties and movement rules
will directly affect the erosion wear in the Sulzer pump.
Based on the principle of a single variable, this section
analyzes the influence of particle size of mechanical
impurities on erosion wear. As shown in Fig. 22, the
following monitoring points prone to erosion and wear are
set in the Sulzer pump: (a) pump inlet path, (b) impeller
blade, and (c) mechanical seal flushing port.

The Sulzer pump has a 20-mesh filter, and the
maximum particle size is 0.85 mm. The pump inlet is set
as the working pressure, and different particle sizes are set
to simulate erosion and wear.
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The calculation results are shown in Fig. 23, with the
increase of particle size, it can be found that the maximum
erosion rate of each monitoring point shows a gradually
increasing trend with the increase of particle size. When
the solid particle size is 0.1mm, the maximum erosion
rates of the inlet flow channel, impeller blades, and
mechanical seal flushing port are 0.24-10"" kg'm?-s!,
0.212:10*kg'm?s' and  0.76:10*  kg'm?s',
respectively, and when the solid particle size is 0.3mm,
they have values of 0.742-10"! kg-m2-s71,0.62-10* kg-m"
2571, 2.3-10* kg'm™?-s”!, respectively. When the solid
particles are 0.5 mm, their values are 0.856-10""! kg-m2-s-
11.84*kg'm?s!, 54%*kg:m?s!, When the solid
particles are 0.7 mm, their values are 1.83-10!! kg-m?-s-
12.55-10* kg'm?'s!, 5.9-10*kg-m?-s”. when the solid
particle size is 0.85mm, they have values of 2.52-107!!
kg'm?s1,3.21-10% kgm?2s! , 6.7-10* kgm?s!,
respectively. And it can seen that the inlet path of the
pump casing has undergone erosion wear to a certain
extent. The result of the average particle size of 0.85 mm
is nearly 10 times higher than that of 0.1 mm, and the
change rate of each group is also different. The larger the
particle size is, the greater the impact on the erosion wear
rate of the inlet passage will be. Figures 23 (b), 23 (c), and
23 (d) show that the impeller blade and the flushing port
have undergone severe erosion wear, of which the flushing
port has the most severe erosion wear, and the maximum
erosion wear rate has reached 6.7x10*%kg-m?2-s"!,
Moreover, when the particle size increases from 0.1 mm
to 0.5 mm, the change rate of the maximum erosion wear
rate at the flushing port is greater. As the particle size
continues to increase, the increase rate of the maximum
erosion wear rate significantly reduces. Compared with
the other two monitoring points, the erosion and wear of
the inlet channel are relatively light, which is also in line
with the actual field observation results. Within the mass
flow range of the impurity particles in this model, the
volume fraction of the mechanical impurity particles
relative to the fluid medium transported in the pipeline is
small. The numerical simulation data of each group at the
monitoring point show that the increase in particle size has
little effect on the maximum flow velocity of the flow field
in the pump. From the side, the change in the maximum
erosion rate has nothing to do with the change of the
maximum flow velocity in the flow field caused by the
particle size change.
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4. DISCUSSION

According to Section 3, the erosion wear of the
Sulzer pump surface is mainly caused by the interaction
between small particles of mechanical impurities and the
wall surface during the oil transportation process. At the
same time, the movement behavior of impurity particles
will be affected by the flow field characteristics in the
pump, thus affecting the extent and location of erosion
wear in the pump. The locations where erosion wear is
easy to occur in the pump include the wall surface of the
pump inlet passage and the blade at the impeller outlet. At
the mechanical seal flushing port above the pump casing,
the wall erosion at the inlet is the most serious, followed
by the blade at the impeller outlet. Moreover, there are
other areas with slight erosion and low wear. This section
synthesizes the previous simulation results to explore the

causes and mechanisms of wall wear at various parts of
the Sulzer pump.

According to the previous research results, a certain
degree of erosion and wear occurred on the wall of the
pump inlet path, and with the increase of particle size, the

degree of wear in this area will increase. The larger the
particle size, the greater the acceleration speed of erosion
and wear in the inlet path, as shown in Figs 23 (a) and 24.
This phenomenon is caused by the transport medium
being sucked into the impeller after passing through the
inlet channel, and the movement direction in the annular
space at the inlet changes from linear to circular motion,
as shown in Fig. 25. Impurity particles are affected by
their inertia force and the centrifugal force of the impeller
and will impact the wall at the entrance passage at a

certain speed and angle, which also causes erosion and
wear here. When the average particle size of the impurity
particles increases, the greater the inertia force, the easier

it is to hit the wall of the inlet channel, and the more
serious the collision is.

When analyzing the wear of the inlet passage of the
pump casing, slight wear was also found at the top and
outlet sections of the pump casing, which was caused by
the small impurity particles, owing to the small inertia
force, and the good follow-up with the fluid, which would
lag behind the large particles to collide with the inner wall
of the pump casing, as shown in Fig. 25.
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Fig. 26 Average velocity data of different monitoring points (a) Mechanical seal flushing port and (b) Sulzer
pump outlet path

There is a pressure difference between the
mechanical seal flushing port above the pump casing’s
inner surface and the pump’s high-pressure fluid. When
the solid-liquid two-phase flow passes through this
position, part of the fluid will be squeezed into the
flushing channel. Setting monitoring points in this area, as
shown in Fig. 26 (a), the fluid in the pump has a certain
axial velocity, and its size is even larger than the radial and
tangential velocities. Then, comparing the data of the
Sulzer pump outlet flow channel monitoring points, as
shown in Fig. 26 (b), the tangential and radial velocities in

this area are negative because the flow direction changes
when the fluid passes through various flow parts in the
pump. The figure shows that the tangential velocity of the
fluid in this region is the largest, the value is stable at
approximately 25 m/s, and the minimum is the axial
velocity, which fluctuates from 0 to 2 m/s. The axial
velocity in the flushing channel area is too large, which
constitutes the local eddy current at the flushing port of
the Sulzer pump mechanical seal. The generation of local
eddy current makes the impurity particles under the
combined action of centrifugal force and fluid drag force,
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Fig. 27 Schematic diagram of optimized location of
mechanical seal flushing port

the smaller particles will continuously collide with the
wall of the flushing port, and the collision location is
concentrated in the area close to the intersection line,
causing serious erosion and wear.

To sum up, given the inevitable high-pressure
difference between the flushing port and the impeller
outlet, local vortices and serious interference between
them are caused, and the impurity particles will
continuously impact the blade surface and the pump inner
surface. To avoid rapid erosion and wear in the pump
casing, the following measures are recommended:

1. HVOF coating shall be applied to the surface of
impeller blades and shell flow passage parts to improve
the surface hardness and wear resistance of flow passage
parts.

2.As Fig. 27 shown, for the optimization and
modification of the mechanical seal flushing hole, the
position of the mechanical seal flushing hole on the
original pump casing is at the top of the shell directly
opposite the blade outlet, with a high flow rate and large
impact. The position of the pump body outlet flange neck
should be modified to reduce the impact of high-speed
fluid erosion and weld the original pump body mechanical
seal flushing hole.

5. CONCLUSIONS

This research focuses on an oil delivery Sulzer pump
in a completed oil pipeline. The erosion and wear
conditions and direct causes are determined using SEM
and EDS. Then, the internal flow field characteristics and
wear properties are analyzed using the CFD-DPM coupled
model. The main conclusions of this study are as follows:

® The deposits and mechanical impurity particles inside
the pipeline impact the pump casing surface with a
certain velocity and angle, causing local coating
damage. After the metal inner surface was exposed,
the chloride ions and hydrogen ions in the crude oil
form a galvanic cell with the metal, thereby
accelerating the corrosion in the location at the
microscopic level. In addition, the interaction of the
high-speed solid-liquid two-phase flow leads to the
severe erosion and wear on the Sulzer pump.

® The static pressure and fluid velocity inside the pump
increase gradually along the radial direction of the
impeller and reach the maximum value at the
impeller outlet. Flow vortices appear in the pump
impeller outlet flow channel, and this phenomenon
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worsens as deviation from the rated flow rate
increases. The unstable flow vortices cause the
hydraulic efficiency loss and affect the motion
behavior of the solid particles in the area. As the
impurity particle concentration increases, the flow
field distribution inside the pump will show a highly
significant gradient, and the vortex region will
become highly pronounced.

® The inlet flow channel of the Sulzer pump experiences
slight erosion and wear. The reason for this outcome
is that the motion mode of the solid-liquid two-phase
flow changes when it passes through the area, and
the large-sized impurity particles in the fluid will
impact the wall surface owing to their inertia. The
maximum erosion rate of the inlet flow channel wall
will exhibit an increasing trend as the particle size
increases, and the larger the particle size, the greater
the impact on the erosion and wear rate of the inlet
flow channel.

® The impeller and mechanical seal flushing port of the
Sulzer pump experience severe erosion and wear.
The reason for this outcome is the high pressure
difference between the impeller outlet and flushing
port inlet. The high-pressure and high-velocity fluid
ejected from the impeller will experience axial
pressure and flow continuously into the flushing port.
Under the combined action of turbulent diffusion and
fluid adhesion, some particles deviate from their
velocity direction and collide constantly with the
pump casing wall, thereby causing erosion and wear.

® The maximum erosion rate of the flushing port reaches
6.7x10*kg-m-s”!. When the particle size increases
from 0.1 mm to 0.5 mm, the variation rate of the
maximum erosion rate of the flushing port will
increase. As the particle size continues to increase,
the magnitude of the increase in the maximum
erosion rate will become significantly small.
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