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Abstract

Water flow and silt movement in a double-suction centrifugal pump were simulated using an Euler—Lagrange multiphase
flow model. Blade erosion rates were predicted using a particle erosion model and the influence of inlet and outlet
shapes on silt abrasion was analyzed. The results show: the inlet relative velocity is larger on the suction side than on the
pressure side; the blade inlet and outlet are severely silt abraded and the average erosion rate is always larger on the
suction side than on the pressure side; the inlet relative velocity and the impact angle are two important influencing
factors, and can be controlled by changing the inlet and outlet shapes to reduce erosion rate and increase pump
efficiency. In this simulation, two effective means of reducing erosion rates are decreasing the hydraulic loss and

increasing pump head and pump efficiency.
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Introduction

Double-suction centrifugal pumps are widely used in
irrigation pumping stations along the Yellow River.
Because of high silt content in the Yellow River, the
pump impeller is usually severely abraded by silt,
resulting in decreases in pump head and pump effi-
ciency. Tang et al.' studied three-dimensional (3D)
two-phase flow in a Francis turbine runner and pre-
dicted blade abrasion. Li et al.® studied solid—liquid
two-phase turbulent flow in a centrifugal pump and
silt abrasion characteristics. Qian et al.® studied the
effect of silt diameter and silt concentration on the
erosion rate of a centrifugal pump blade. Chen
et al.* studied the effect of splitter blades on the
pump flow characteristics.

With the development of computational fluid
dynamics (CFD), 3D multiphase flow in pumps has
been simulated extensively to predict pump perform-
ance and optimize the impeller geometry. CFD has
thus become a powerful and effective tool in pump
design for industrial applications.”®

In our study, the water flow and movement of silt
in a double-suction centrifugal pump were simulated
using an Euler—Lagrange multiphase flow model.
Blade erosion rates were predicted using a particle
erosion model and the influence of inlet and outlet
shape on silt abrasion was analyzed. The aim of this
paper is to provide some reference methods that sup-
press silt abrasion of blades.

Physical model

Figure 1 shows the computational domain of the cen-
trifugal pump, which is composed of four parts: inlet,
impeller, volute, and outlet. The impeller diameter is
0.765m, the rotation speed is 960r/min, and the
number of blades is eight. Figure 2 shows a 3D view
of the impeller. Because of its complex geometry, an
unstructured mesh is employed to discretize the com-
putational domain. The total number of mesh cells is
about 3,500,000.

Governing equations

The 3D Reynolds-averaged Navier—Stokes equations
for incompressible flow are as follows’
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where 7; = —pu;u; is the Reynolds stress.

The k — ¢ turbulence model is chosen for equation
closure. Considering the rotating flow inside the pump
impeller, the renormalization group (RNG) k —e
model, which is effective for strongly rotating flow,
is adopted in this simulation.'®!!

The equations for turbulence kinetic energy k and
dissipation rate ¢ are
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Figure 1. 3D perspective view of the double-suction pump.

Figure 2. 3D perspective view of the impeller.

a(pe) +8(p8ui): K2 P Ok
ot ox; ox; 0, ) 0X;
Ci.e &?

+ k Gk CZS:O k

4)

where the model constants are chosen from Yakhot
and Orszag.!" For the RNG k—g¢ model, the
Reynolds stress can be written as
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with the turbulence kinetic viscosity coefficient
given by

k2
= pCp— ©)

The Euler—Lagrange multiphase flow model is
used to simulate silt motion; it can describe the inter-
action between silt and water and the collision of silt
particles and its governing equation takes the
form!2 14

du S
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where F' is an additional acceleration (force/unit par-
ticle mass) term, Fp(7 — UP)) is the dragforce per unit
particle mass and
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Here, %/ is the fluid phase velocity, EP) particle vel-
ocity, u fluid molecular viscosity, p fluid density, p,
particle density, d, particle diameter, and Cp drag
coefficient. Re is the relative Reynolds number,
which is defined as

o — pdy iy — il
7
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The governing equation incorporates additional
2. . .
forces ( F') in the particle force balance that can be

important under special circumstances. The first of
these is the virtual mass force, the force required to
accelerate the fluid surrounding the particle. This
force can be written as

lpd
F__.Pr

_Ep—pa(ﬁ—ap) (10)

An additional force arises due to the pressure
gradient in the fluid

F= (ﬁ>u,,w (11)
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The particle erosion model is used to simulate silt
impact action as determined by the erosion rate'> !’

", () e
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Aface ( )

Rerotion =
p=1

where C(d,) is a function of particle diameter, a the
impact angle of the particle path with the wall face,
fla) a function of impact angle, v the relative particle
velocity, b(v) a function of the relative particle vel-
ocity, and Ay, the area of the cell face at the wall.
C(d,), fla), and b(v) must be expressed as piecewise-
linear, piecewise-polynomial, or polynomial functions
in order to define them as part of the wall boundary
conditions.

The Euler-Lagrange multiphase flow model and
particle erosion model are implemented in the com-
mercial CFD software Fluent 14.5, which was used to
conduct all simulations.

Solution method and boundary
conditions

The finite volume method is chosen to discretize the
governing equations.'® The SIMPLEC algorithm is
used for the pressure—velocity coupling.'” The
second-order upwind difference scheme is adopted
for the momentum, turbulence kinetic energy, and
dissipation rate equations. The mass flow rate is
defined at the inlet boundary and the total pressure
at the outlet boundary. The influence of wall rough-
ness is also considered.’® The standard wall function
is used at the near-wall regions.

Results and discussion
Prototype pump

The operating conditions of the prototype pump and
silt properties are listed in Table 1.

For the given boundary conditions, the computa-
tional head of the prototype pump is H=71.82m,
with an error of only 1.15%. The mathematical
model and boundary conditions are therefore
acceptable.

Table |. Operating conditions and silt

properties.

Discharge Q=0.95m%s
Total head H=71.0m
Rotational speed n =960 r/min
Silt concentration p=18.95 kg/m?
Silt diameter d=0.031 mm
Specific speed ns=98.7

The prototype pump is designed for clear water,
and the silt abrasion is not considered. The blades
of the prototype pump are silt abraded when trans-
porting water containing high silt content. Figure 3
shows the relative velocity on the blade. The inlet
relative velocity is found to be large and nonuniform;
it is larger on the suction side than on the pressure
side, but the outlet relative velocity is smaller on the
suction side than on the pressure side. From the ero-
sion rates on the blade (Figure 4), both blade inlet and
outlet are severely silt abraded; note that the average
erosion rate is larger on the suction side than on the
pressure side. Under long-term intensive silt abrasion,
local perforations of the blade can easily occur. The
particle erosion model defined by equation (12) indi-
cates that, with the same silt conditions, the erosion
rate depends on the impact angle and the relative vel-
ocity of the particle. Thus, this paper focuses on
means of controlling impact angle and relative vel-
ocity through changing the blade inlet and outlet
shape.

Change blade inlet shape

To control impact angle and relative velocity, this
study considers four blade inlet shapes (Figure 5,
the latter three are shown compared with the
second): Case 1 cuts the blade outer edge from the
inlet based on a prototype blade; Case 2 extends
the blade inner edge from the inlet; Case 3 decreases
the inflow angle of the blade inner edge offsetting the
inner edge of the blade inlet with respect to the pres-
sure side; Case 4 increases the inflow angle of the
blade inner edge offsetting the inner edge of the
blade inlet with respect to the suction side.

For Case 1, the maximum relative velocity
decreases and the distribution of the inlet relative vel-
ocity becomes uniform. The erosion rate on the pres-
sure side is reduced compared to that of Figure 4(a),
especially along the outlet edge; the erosion rate on
the suction side is smaller than that seen in
Figure 4(b), but the inlet and outlet edges are still
seriously abraded. The pump head drops by 0.84m
and the pump efficiency drops by 1.04%.

For Case 2, the silt abrasion on the blade is not
suppressed, and the erosion rate at the inlet and outlet
is large. The pump head increases by 0.11 m and the
pump efficiency drops by 0.93%.

The erosion rate for Case 3 is smaller on the pres-
sure side than that of the prototype pump; however,
the outlet edge on the suction side is still seriously
abraded. The pump head increases by 0.39m and
the pump efficiency drops by 0.38%.

For Case 4, the maximum relative velocity
decreases and the distribution of the inlet relative vel-
ocity is uniform. The erosion rate is smaller on the
pressure side than that for the prototype pump; the
outlet edge on the suction side is seriously abraded;
however, the region is small. The pump head and
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Figure 3. Relative velocity field on the blade (units: m/s): (a) pressure side; (b) suction side.

Figure 4. Erosion rate on the pressure and suction side of blade (units: kg/m? s™'): (a) pressure side; (b) suction side.

pump efficiency increase by 0.2Im and 0.05%,
respectively.

The above analysis shows that under the same silt
conditions, the erosion rate on the blade depends on
impact angle and relative velocity of particle.
Changing the blade inlet shapes could improve flow
pattern and silt abrasion on the blade. Cutting the

blade outer edge from the inlet, the inlet relative vel-
ocity becomes uniform and the erosion rate is
reduced; however, the pump head and pump efficiency
have also decreased. For Cases 2 and 3, the silt abra-
sion on the blade is still significant and neither ameli-
orates abrasion damage. Case 4, with blade outer edge
cut away from the inlet and inflow angle of the blade
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Figure 5. Prototype blade and four blade inlet shapes: (a) prototype blade; (b) Case I; (c) Case 2; (d) Case 3; (e) Case 4.

inner edge increased, can lower silt abrasion effect-
ively and increase the pump head and pump efficiency
slightly. Thus, in this simulation, Case 4 is considered
to be an acceptable modification.

Change blade outlet pattern

To control the impact angle and relative velocity, we
made four changes to the blade outlet pattern
(Figure 6): Case 5 changes the single-outlet passage
of the prototype impeller into a symmetrical double-
outlet passage with a 10 mm thick plate; Case 6 stag-
gers the sides of the blade of Case 5 by 22.5°; Case 7,
which is based on the prototype impeller, retains the

pressure side but doubles the thickness of the blade
outlet towards the suction side; Case 8, which is also
based on prototype impeller, also retains the pressure
side but increases the blade outlet thickness by factor
3 towards the suction side.

For Case 5, the erosion rate and the region on the
pressure side of the blade are clearly reduced com-
pared to that of Figure 4(a), whereas the silt abrasion
on the suction side is not suppressed. The pump head
and pump efficiency increase by 0.24m and 0.84%,
respectively.

For Case 6, the erosion rate on the both sides of the
blade has clearly declined, with no locally intensive
silt abrasion. The pump head and pump efficiency
increase by 3.05m and 1.04%, respectively.
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Figure 6. Four blade outlet patterns: (a) Case 5; (b) Case 6; (c) Case 7; (d) Case 8.

For Case 7, the inlet edge on the both sides of the
blade is still seriously abraded. The pump head and
pump efficiency increase by 1.12m and 0.35%,
respectively.

For Case 8, the erosion rate on the inlet edge of the
blade has decreased on the pressure side compared to
that in Figure 4(a) whereas on the suction side it is still
seriously abraded. The pump head and pump effi-
ciency increase by 2.77m and 1.31%, respectively.

The above analysis shows that the blade inlet is
severely silt abraded, as result of large impact angle
and high relative velocity. Comparing the results of
the four cases, it can be found that for Cases 5, 7, and
8, the silt abrasion is still serious at either the inlet or
outlet, and only Case 6 shows any obvious lowering in
silt abrasion with significant simultaneous increases in
pump head and pump efficiency. Thus, in this simu-
lation, Case 6 is considered to provide an acceptable
adaptation.

The simulation of the combination scheme

We simulated four combination schemes, labeled
Cases 9-12, derived from Cases 5-8 in conjunction
with Case 4, a changed inlet shape.

For Case 9, the silt abrasion is still serious at the
inlet of blade. The pump head and pump efficiency
increase by 0.87m and 1.32%, respectively.

Similarly for Case 10, serious silt abrasion is at the
outer edge of blade inlet on the pressure side; the silt
abrasion at the outlet edge on the suction side is also
serious. The pump head and pump efficiency increase
by 3.13m and 0.95%, respectively.

For Case 11, the distribution of the inlet relative
velocity is uniform and the maximum relative velocity
decreases compared to that of the prototype. The ero-
sion rate on the pressure sides is reduced obviously;
serious silt abrasion appears at the outlet edge on the
suction side, but the erosion region is small. In Case
11, the pump head and pump efficiency increase by
1.62m and 0.29%, respectively.

For Case 12, the local silt abrasion is serious on the
pressure side; also the inlet edge on the suction side is
seriously abraded. The pump head and pump effi-
ciency increase by 2.42m and 0.71%, respectively.

The above analysis shows that after changing the
blade inlet shape, the inlet relative velocity of the four
combination schemes is improved when compared to
that of the prototype. Comparing the results of the
four cases, only Case 11 lowers silt abrasion on the
blade while increasing pump efficiency, albeit slightly.
Thus, in this simulation, Case 11 is considered to
provide an acceptable adaptation.

Conclusion

Water flow and silt movement in a double-suction
centrifugal pump were simulated using an Euler—
Lagrange multiphase flow model. Blade erosion
rates were predicted using a particle erosion model
and the influence of inlet and outlet shapes on silt
abrasion were analyzed. The results show:

1. The blade inlet and outlet are severely abraded by
silt and the average erosion rate is always larger on
the suction side than on the pressure side.

2. Under the same silt conditions, the erosion rate
depends on inlet relative velocity and impact
angle, which can be controlled by changing the
inlet and outlet shapes.

3. Cutting the blade outer edge from the inlet and
increasing the inflow angle of the blade inner
edge, could effectively control silt abrasion on
the blade, and increase the pump head and
pump efficiency slightly. Thus, the shape of Case
4 is the most optimal among the four shapes of
blade inlet investigated.

4. In optimizing the blade inlet and outlet shape,
Cases 6 and 11 are considered acceptable both
for improving silt abrasion and maintaining
pump head and pump efficiency.
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