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Abstract: Pumping viscous fluids using centrifugal pumps in the subsea industry is very common.
The pump performance degrades drastically when the viscosity of fluids increases, which ultimately
gives rise to the installation and oil production cost. Their design optimization can lead to a significant
improvement in their performance. Therefore, this study presented the effect of impeller geometry on
pumping fluid viscosity through impeller design optimization. Here, pump operation is simulated
numerically by solving the Reynolds-averaged Navier-Stokes (RANS) equations at different flowrates.
Experimental testing is also performed using the same oils, for numerical validation. Artificial
neural-network-assisted multiobjective optimization was performed with two independent design
parameters; wrap angle and splitter blade length of impeller, with head and input power as objective
functions. Wrap angle and splitter blade length, both significantly affect pump performance while
pumping viscous oils; as the oil viscosity increases, increasing splitter length and decreasing wrap
angle improve the head significantly.

Keywords: computational fluid dynamics; multiobjective optimization; artificial neural network;
hydraulic efficiency; vorticity

1. Introduction

A centrifugal pump or an electric submersible pump is commonly used for pumping
crude oil either upstream or downstream of subsea or offshore petroleum industries. As the
viscosity of the crude oil increases in a matured oil field, pumping it with the same artificial
lift technique consumes a huge amount of energy, which increases total oil production cost.
The pump performance is greatly affected by viscosity of the pumping fluids. For several
decades, researchers [1-4] have studied the influence of viscous oil on the performance of
centrifugal pumps. The performance decrement of centrifugal pumps occurs in the form of
head loss owing to recirculation of fluid at the inlet, disk friction, and skin friction losses.
The skin friction and disk friction losses are among the major losses concerning pumping
viscous fluids [5]. The pump performance for pumping oils of different viscosities can be
analytically calculated using the correlation chart presented by the Hydraulic Institute [6]
or through correlations developed in recent studies [7]. However, minimal attempts have
been made to improve the pump performance, especially concerning the volute design or
manipulation of the impeller.

Impeller design parameters, such as the wrap angle and angles of the inlet and outlet
blades, affect the pump performance significantly; a large wrap angle increases the head
and hydraulic efficiency of the pump, with a notable increment of input power [8]. The
effects of variation in inlet profile and blade angle become significant and are generally
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observed as the inlet recirculation and cavitation performance changes [9]. The increase
in outlet blade angle enhances hydraulic losses in the impeller and volute [10]. Ideally,
an infinite number of blades can lower the slip factor greatly; however, it causes the flow
pattern to distort [11]. An optimum number of blades are preferred when pumping a fluid
for high head and low cavitation. Blade loading is an effective parameter that dictates the
performance and maintenance frequency of a centrifugal pump [12]. The phenomenon of
flow recirculation is greater when a limited number of impeller blades are used, which
causes fluctuations. These fluctuations can be analyzed through flow patterns [13,14]. A
decrement in impeller blade thickness increases the head; however, an optimum thickness
is essential to bear the stress induced by blade loading and fluctuation during fluid flow.

Adding splitter blades to a compressor rotor is usually performed in order to reduce
blade loading and improve rotor efficiency [15]. The splitter blades’ role in impeller design
of a centrifugal pump has recently been discovered to significantly affect the pump’s per-
formance. Splitter blades, along with six or more main blades, negatively affect the pump’s
performance. On the other hand, five main blades have been found to be optimum for
improving the hydraulic efficiency [16,17]. The performance of a pump can be improved by
reduction in stall formation and pressure fluctuation between the blade passages. Adding
splitter blades also unifies the fluid flow suppressing the backflow region at the impeller
outlet [18]. Splitter blades can handle viscous fluids for wide operating ranges. It also
reduces the shear loss due to increased total surface area of fluid—solid interaction [19].
Experimental technique design has been shown to improve head with negligible effect on
pump efficiency [20]. A comparative literature review of centrifugal pump performance
using splitter blades is presented in Table 1.

Table 1. Study of splitter blades in a centrifugal pump.

Authors

Description

Outcome

Golcu et al.,
2007 [16]

Shigemitsu et al.,
2013 [19]

Cavazzini et al.,
2015 [21]

An et al., 2016 [22]

Korkmaz, et al.,
2017 [23]

Namazizadeh et al.,
2020 [20]

Xie et al., 2021 [24]

Siddique et al.,
2021 [17]

Experimental study for centrifugal pump
for water application; modified number
of blades and splitter length

Numerical and experimental
investigation of mini semi-open impeller;
addition of splitter blades at high outlet
angle of impeller blades

Numerical and experimental testing of
centrifugal pump for water; addition of
splitter blades

Numerical simulation and optimization
of centrifugal pump impeller; modified
main blade and splitter profile using
Bezier curves

Experimental analysis of centrifugal
pump impeller; modified of number of
blades, outlet blade angle, and

splitter length

Numerical simulation and experimental
testing of centrifugal pump for water;
modified splitter length and position
from main blade varied

experimental testing of centrifugal
pump impeller; optimization of splitter
blade length

Numerical and experimental
testing of centrifugal pump for
water; number of blades, splitter
length, wrap angle modified

Splitter blade improves pump
performance for a small
number of blades

Back-flow region
suppressed, vortex loss at
volute casing decreased

Improved cavitation
performance at high flowrate

Pump performance improved
by reducing secondary flow

Modifying outlet blade angle
and at particular splitter
length give high pump
performance while

pumping water

Adding splitter blades
improves pump head with
negligible efficiency change

Optimized location of splitter
blade, nonuniformity,
maximum equivalent stress of
the blade decreased

Through optimization shape
and length of splitter blade
presented, which improved
pump performance
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Optimization of turbomachine geometry is a complex and time-consuming task as
there are several design parameters and constraints involved. The optimization process
can have single or multiple objectives. A multiobjective optimization further increases
complexity as there can be conflicting objectives [23-28]. Surrogate-based optimization is a
direct design method, which is also computationally efficient for complex design models.
Several surrogate models have recently been studied. The artificial neural network (ANN)
model handles complex design problems better than other models, and also converges
in fewer iterations [29-31]. Using a trained ANN model during optimization enables
application of fast search algorithms efficiently [32].

Reports in the literature have provided sufficient information on the effects of viscosity
and geometric design parameters, which can improve the performance of a centrifugal
pump, but the combined effect of impeller geometry and pumping fluid viscosity has
been rarely presented. Additionally, the effect of splitter and wrap angle of the impeller
blades on the performance of pump has not been presented earlier; thus, in this study
the combined effect of these design parameters on the performance of the pump while
pumping viscous oil and its relationship is presented. Here, an ANN-based direct design
optimization technique is adopted to optimize the performance of a centrifugal pump for
pumping four different viscous fluids. The pump was optimized for each fluid property
as a separate case, and then a combined relationship of blade geometry with the viscosity
of fluid is presented in this work. An optimum impeller design for maximum head and
minimum input power for each fluid is also provided.

2. Geometric Model and Numerical Simulations
2.1. Geometric Model

The geometry used in this study is of a centrifugal pump flow domain, which is created
using CATIA V5 modeler and ANSYS BladeGen 16.1. The domain comprises an impeller,
its volute (diffuser), clearance flow domain adjacent to the hub, and the impeller shroud
(Figure 1). The extension flow domains at the inlet and outlet of the pump do not outturn
significant change in the pump performance while doing steady flow simulation [8,17],
thus, it is avoided to reduce computational time. The detailed dimensions of the pump
geometry are presented in Table 2. The impeller has five backward blades with 10° and 40°
inlet blade angles at the shroud and hub, respectively, and a 36° outlet blade angle, with a
170° wrap angle from the inlet to the impeller outlet.

Hub clearance Shroud clearance

Figure 1. Computational flow domain of centrifugal pump.
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Table 2. Reference pump dimensions.

Parameters Dimensions
Suction pipe diameter, ds 50 mm
Delivery pipe diameter, d; 32 mm
Shaft diameter, d, 24 mm
Impeller outlet diameter, D, 142 mm
Number of blades, z 5

Inlet blade angle at hub, By, 40

Inlet blade angle at shroud, By, 10
Outlet blade angle, 3, 36
Blade thickness, t 3 mm
Base circle diameter of volute casing, Dy, 147 mm

The impeller flow domain with splitter blades is modeled using ANSYS BladeGen
module 16.1. Here, the splitter blade profile follows the main blade profile (Figure 2). The
trailing edge (TE) remains unchanged, whereas the leading edge (LE) position is changed
in a ratio from 0.1 to 0.9 of the main blade arc length.

Figure 2. Impeller flow domain with splitter blades (Ref1).

2.2. Grid Generation

The fluid domain is split into four components: impeller, volute casing, hub, and
shroud clearance. The volute casing, hub, and shroud clearance are stationary components.
The mesh for these components, therefore, contains unstructured tetrahedral and pyramid
elements. For the impeller flow passage, on the other hand, the generated mesh comprises
an unstructured tetrahedral and prism element layer near the blade surface (Figure 3). It is
important to capture the near-wall boundary phenomenon, so the nondimensional distance
(Y*) near the blade surface is maintained below 5, as recommended for the SST turbulence
model [33]. The impeller blade passage consists of 20 prism layers with the first cell height
at 0.02 mm from the blade surface. The growth rate of 1.2 can also be visualized (Figure 3)
at the impeller blade leading edge (LE) and the trailing edge (TE). The grid independence
tests are conducted to limit the maximum element size requirement. Figure 4 shows the
mesh convergence plot of head (H) verses the number of elements. Here, the size of the
flow domain body elements vary from 2.25 to 1 mm in five steps; the total mesh elements
increase from 0.9 to 3.8 million, where the mesh domain with 3.1 million elements shows
convergence of the mesh. The computer facility used for simulation has a six-core processor
and 24 gigabyte RAM, which takes an average of 13 h to converge one simulation case of
3.1 million elements to a residual target of 10~°.
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Impeller

Figure 3. Flow domain mesh.

5.2

H (m)
5.1 | I I i
5 - ’ ’ ; ’ l

0.9 1.4 2.2 3.1 3.8

Number of elements in million

Figure 4. Grid independence test at the design flowrate.

2.3. Numerical Formulation

Fluid flow is simulated by solving the three-dimensional (3D) Navier-Stokes equations
using ANSYS CFX module version 16.1. The upwind scheme is adopted for discretization
of the governing equations. The fluid can be assumed as incompressible, and its steady
numerical calculation is carried out to obtain the performance of the pump. The inflow and
outflow boundary conditions are set as total pressure and mass flowrate, respectively, with a
convergence criterion of the residual target as 10~°. The Reynolds-averaged Navier-Stokes
(RANS) equations in three dimensions are given as follows:

Continuity equation,

V.o =0 )

Momentum equation,

[y

—

VU= 2wX0+wt — VT @)

-
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where v is the relative fluid velocity vector in 3D space and w is the angular speed of

. . L . - . -
impeller at a radial location 7. The viscous stress ( T) is a tensor quantity and a combination
of the viscous and turbulence viscosity terms, which can be represented as follows:

Tij = 2p1-Sij — p.v;v} ®3)

Here, y1 and s;; represent the product of fluid viscosity and the mean strain tensor,
respectively. The next term in Equation (3) represents the Reynolds stresses in 3D space.

3. Experimental Testing
3.1. Setup Design

The experimental flow loop setup is designed as per the ISO 5198-1987 standard
with an appropriate piping system to study the centrifugal pump performance, while also
pumping water or oil through it (Figure 5). The centrifugal pump used here is a low-specific
speed pump with a design specification of 20 ft head and 220 L/min discharge at 1340 rpm.
The inlet and outlet pressures are measured using mechanical pressure gauges, whereas the
flowrate is measured using an ultrasonic mass flowmeter with uncertainties (Table 3). The
input power is calculated using an energy meter with an efficiency of 0.85, including the
motor loss. The hydraulic power of pump can be calculated using Equation (4), given as:

P, = pgHQ 4)

where p is the density, g is the acceleration due to gravity, and H is the net head generated
by the pump, which can be expressed as:
AP V5-V;

+ = )
Pg 2g

H

where AP and V represent the differential pressure and average flow velocity at the two
sections (inlet and outlet) of pump.

Outlet pipe B |

e

B L
el Wl .

" Inlet pipe

2

Figure 5. Centrifugal pump test rig.

Table 3. Uncertainty analysis of instruments used in testing.

Instruments Range
Pressure gauge 0.1-2.0 bar £+ 0.5%
Flowmeter 10-380 L/min + 1%
Tachometer 0-10,000 rpm =+ 0.25%

Power meter 0-1000 watt + 0.25%
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3.2. Rheological Properties of Fluids

The pump performance is analyzed using five different fluids: water and four blended
oils (namely, C1, C2, C3, and C4). These oils were prepared by diluting the filtered SAE
10 W-40 lube oil of dynamic viscosity # = 65 mPaS with diesel at normal temperature and
pressure. The blended oil was prepared to vary the viscosity of the lube oil, with which the
pump performance can be evaluated, and the head and input power then plotted against
the flowrate characteristic curves [34]. The fluid properties at normal temperature and
pressure are presented in Table 4. The dynamic viscosity of fluids needs to be measured
to understand the fluid rheological properties of the fluid; thus, rheometer MCR301 was
used, as shown in Figure 6, while the density was measured using a hydrometer. The
effect of shear rate on the shear stress and viscosity obtained through the rheometer is
shown in Figure 7.

Table 4. Pumping fluid properties.

Pumping Fluids Density (kg/m®) 0API Dynamic Viscosity (mPaS)
Water 1000 10 1
C1 805 443 4.5
c2 814 42.3 14
c3 827 39.6 26
C4 855 33.8 65

Instaft i’éadi__n_g

Figure 6. Rheometer MCR301.
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Figure 7. Rheological fluid properties: (a) dynamic viscosity versus shear rate and (b) shear stress
versus shear rate.

4. Design Optimization

Design optimization of complex geometries, such as turbines, compressors, and cen-
trifugal pumps, is time-consuming because numerical simulations for multiple design cases
may take months to complete. Direct design optimization, a recently introduced technique,
uses surrogate-model-assisted optimization. In this work, numerical simulations are con-
ducted first for sample design points to generate a database for the input variable versus
the objective response. Afterward, the database is used to train a surrogate model. The
surrogate model mimics the response generated from high-fidelity models, and predicts
their responses for the design space. Genetic algorithms coupled with surrogate models
are used next to search for an optimum point within the design space. The optimization
process is shown in Figure 8. The entire optimization process can be divided into two
parts. The simulation process is first, where the geometry is simulated and validated
with experimental results. The optimization process is second, which follows the design
of experiment (DOE), numerical simulations at sample design points, surrogate training,
and the search for optimum design. Here, the selection of the type of surrogate model is
important, and can be decided based on its capability for handling complex geometries
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where it mimics the response of a few sample designs. For decades, ANN has been used
effectively for the design optimization of turbomachine components [29,32].

" simulations Process v  ,°~ Optimization process . .
; 1/ \
I Start I ,' Problem .
I , I formulation I
. Centrifugal pump L i
selection (Low specific | |, Design of Experiment
speed oil pumpin " ; :
P . P . pmg 1 1 | (Design space, Sample designs) Optimized design
application) .

v

\4

CFD Simulation
(Steady state, SST

turbulence model)

v

Numerical simulations

(Flow domain, mesh and CFD

Calculations)

\4

Experimental testing Surrogate modeling
(Validation of (Creation of surrogates and POF Validation
numerical results) search for POF) 1
- - i / *

Figure 8. Flowcharts for simulation and optimization processes.

4.1. Artificial Neural Network

The artificial neural network (ANN) is a mathematical metamodel that works similarly
to the human nervous system. The data fed to it are initially used to train the model based
on the assigned weights and biases. Then, when a new input datum is provided, the ANN
compares it with the existing data and predicts its own output. In this way, it mimics the
human function of predicting from prior knowledge and experience. Mathematically, a
radial basis function is used as a hidden layer between the two layers of input and output
(Figure 9) and can be expressed as,

8(x) =Y wia; ©6)

where g(x) is the output function, « is the radial basis function, and 7 is the number of
artificial neurons. A bias term should be added for giving weightage to the hidden layers.
The radial basis function o can be expressed as:
_ (x—c)z
w=e 2 )

@)
where c represents the center at r distance of the artificial neuron parameters worked using
a Gaussian function. The artificial neurons generate networks with a value predicted at
each level of the network along with its weights, which help to train patterns. Further,
artificial neuron network training is provided with new values and adjustments using cross-
validation errors by changing parameters such as spread constant (sc) and error goal (EG).
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Outputy

Hidden

layer

Figure 9. Architecture of ANN.

4.2. Multiobjective Optimization

The problem here can be formulated as two variables (splitter blade length X1 and
wrap angle X2) and two objectives, i.e., maximizing the head (H) and minimizing the input
power (). The design variable X1 varied from 0.1 to 0.9 of main blade length and the
wrap angle varied from 90 to 180. The sample design was generated using the full factorial
sampling technique with four levels; a total of 16 sample designs were generated for each
optimization case. The multiobjective functions often conflict with each other because if one
objective improves, the other degrades. This type of optimization problem has no single
optimal solution. Thus, for such multiobjective optimization problems, a set of optimal
designs solutions or a Pareto optimal front (POF) is generated.

The nondominated GA (NSGA-II) [35] replaced the sharing function approach of its
previous version NSGA with a crowded comparison approach. In this work, NSGA-II is
coupled with the surrogate model ANN to predict the optimal solution and generate POF
using MATLAB codes. The POF, representing optimal solutions for the problem, needs to
be again revalidated through CFD simulations to affirm its reliability.

5. Results and Discussion

The effect of impeller geometry, especially, and the splitter blade length and wrap angle
on the viscosity of pumping fluid were studied. The pump was optimized for pumping
fluids ranging from 1 to 65 mPaS to develop a relationship of splitter length and wrap angle
with the viscosity. The first optimization case was conducted in our previous work [17] by
simulating the flow domain called (Refl) with water as fluid, following which the impeller
design was optimized for maximum head and minimum input power. Similarly, in this
work, Ref2, which is the optimized design of Refl, is now simulated considering the other
four oils: C1, C2, C3, and C4, having respective viscosities of 4.5, 14, 26, and 65 mPaS and
optimized as a separate case. Later, for performance comparison two optimized impeller
designs, one for maximum head and the other for minimum input power, were selected
from each POF.

5.1. Validation

Experiments were conducted to find the performance of the centrifugal pump with
Refl impeller design while pumping different viscosity fluids (water, C1, C2, and C3) only.
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Owing to the limitations of the experimental facility, performance testing with C4 oil was
avoided. To plot the pump performance curve and pressure in the inlet and outlet of the
pump, the input power to the motor was measured at different flowrates. The flowrate at
which the pump gave the best performance was the design flowrate (Q;). whereas the other
flowrates are referred to as off-design flowrates (Q). Q; decreases as the fluid viscosity
increases; the performance curves are shown in Figure 10.

8
H (m)
4 -
- o= Exp-C3 - 0= Exp-C2
- A- Exp-C1 — O— Exp-water
—44— CFD-C3 —— CFD-C2
& CFD-C1 —@— CFD-water
O L]
0.25 0.75 1.25
/0,
()
250
¥ (watt) _o-
@ a -
g -
150 - Paliny
- &= Exp-C3 - 0= Exp-C2
- A= Exp-C1 - O— Exp-water
—— CFD-C3 —&— CFD-C2
—&— CFD-C1 —@&@— CFD-water
50 T
0.25 0.75 1.25

Q0,4
(b)

Figure 10. Validation of numerical results for all cases: (a) H versus Q/Qd and (b) ¥ versus Q/Qd.

Later, the above experimental pump performance results were used for the validation
of the numerically simulated pump performance. The initial numerical simulations were
performed with the Refl impeller design, with different fluids. The performance curve
obtained by numerical simulation using water as the fluid are said to be Refl; similarly,
for C1, C2, C3, and C4 fluids are referred to as Ref2, Ref3, Ref4, and Ref5, respectively.
Afterward, the simulation results are validated by comparing them with experimental
pump performance results, as shown in Figure 10. Figure 10a,b compare head rise (H) and
input power (Y) with respect to Q/Qy for water, C1, C2, and C3 only. In both cases, the
numerical results are in good agreement with the experimental outcomes with a deviation
below 5% for both design and off-design conditions [36,37]. Since the numerical simulation
results for other fluids converges with the experimental results, the simulation results for
C4 fluid is also assumed to be reliable.
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5.2. Optimizations

The design of a centrifugal pump impeller is a complex process where modifying
one parameter affects the other parameters. Therefore, optimization for the centrifugal
pump impeller is conducted by implementing splitter blades and varying wrap angles.
The pump was optimized while pumping water, C1, C2, C3, and C4 oils as separate
optimization cases. The optimized design for each is presented as a Pareto optimal front
(POEF), as shown in Figures 11-14. These are the final predicted optimal solutions obtained
using the NSGA-II search algorithm followed by several iterations, and simultaneous
validations using numerical simulations. The POF represent the nondominated optimal
point between two contradictory objective functions where improving one degrades the
other. The final optimized design from POF can be selected by a pump manufacturer
based on application. However, for comparing validation and performance between two
extreme design points, such as “a” and “e” (Figures 11-14), points are selected from each
POF case and simulated using CFD to check its reliability, as shown in Table 5. The Optle
design represents maximum head rise, whereas the Optla design represents minimum
input power. When the root mean square deviation (RMSD) of each design cases converges
with the numerically simulated results, then the reliability of the POF is present.

5.8
®POF X SDP
H (m) e
56 - a ¥ x x x
: x
x x
x x
x
x
5.4 T
174 182 190
¥ (watt)

Figure 11. Pareto optimal front for the case using water.

5.60
C—»g
® POF ° " ,,
x SDP o0 °
[ ]
* %
[ ] *
H (m) o® *
[ ™
5.45 < ) *
d %
[ ]
[ ]
Y % %
g *
[ ]
5.30 T
166 172 178
¥ (watt)

Figure 12. Pareto optimal front for case C1.
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5354 __ 4%
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%
5.25 -
%
%
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Figure 13. Pareto optimal front for case C2.
5.2 o
x
e® Xx
o x X
H{(m) « x
x
495 -
oo 0°
o X
° \-:..
x
x
®POF Xx5SDP
4.7 T
165 170 175
¥ (Watt)
Figure 14. Pareto optimal front for case C3.
Table 5. RMSD for the optimal design point in each case.
Cases H-PRED Y-PRED H-CFD Y-CFD RMSD
Optla 5.603 178.0 5.582 178.1 0.07
Optle 5.652 179.7 5.643 179.9 0.14
Opt2a 5.351 167.5 5.351 168.2 0.49
Opt2e 5.495 169.5 5.453 169.4 0.08
Opt3a 5.356 169.1 5.318 168.7 0.28
Opt3e 5.36 169.3 5.354 170.3 0.71
Optéa 4.896 166.4 4918 166.3 0.07
Optée 5.140 170.4 5.128 170.1 0.21
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Here, ANN models were trained using sample design responses of high fidelity models
and predict further designs in the entire design range. The ANN as a surrogate or low
fidelity model performs better with small sample design points with great accuracy [31,38].
The values are predicted by a network training function, such as the radial basis function in
ANN models and through training patterns, which are stored as error goals. The training
can be controlled by adjusting error goals and spread constraints. This helps to predict
accurate for verities of design problems for less computational time.

5.3. Performance Curves

The performance of a centrifugal pump for reference design and optimized design for
each case is presented in Figures 15-18. More significant head improvement was observed
for pumping viscous fluids than while pumping water (Figures 15b and 18b). It can also be
observed that the pump performance of the optimized design improved at an off-design
condition when compared to the reference design (Figures 17 and 18). The improvement in
head rise affects input power more significantly for water than for other viscous fluids (C1,
C2, C3, and C4), which can be observed in Figures 15a and 18a. The viscous fluid increases
skin friction loss in the blade flow passage, causing a pressure drop and input power loss,
whereas in less viscous fluid, recirculation causes flow blockage at off-design conditions.
Modifying the wrap angle increases the blade flow passage area and pressure drops in
viscous fluid, but also improves recirculation losses in less viscous fluids.

300 8
1 6 -
= H (m) LR
N 4 -
- o—
Refl —o—Optla - @ Refl —o— Optla
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Figure 15. Pump performance comparison for water: (a) ¥ versus Q/Qd and (b) H versus Q/Qd.
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Figure 16. Pump performance comparison for oil C1: (a) ¥ versus Q/Qd and (b) H versus Q/Qd.
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Figure 17. Pump performance comparison for oil C2: (a) ¥ versus Q/Qd and (b) H versus Q/Qd.
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Figure 18. Pump performance comparison for oil C3: (a) ¥ versus Q/Qd and (b) H versus Q/Qd.

Adding splitter blades improves head, as reported by previous authors. The split-
ter blade reduces the recirculation losses in the blade flow passage, and with uniform
blade loading, enhances pump. The head-rise improves, as is observed in the off-design
flowrate as well (Figures 15b, 16b, 17b and 18b). The reason for the improvement in pump
performance for the optimized design is presented in the next section.

5.4. Flow Analysis

The optimized designs (Optla and Optle) for each case, i.e., water, C1, C2, C3, and
C4, were compared with the reference designs (Refs). Streamlines, pressure contours,
and vortex flow regions were generated to understand the fluid flow pattern in the blade
passage and volute casing. Figure 19 shows streamlines at the midspan of the reference
design and the optimal designs. The optimal designs, Optle, Opt2e, Opt3e, and Optde,
which denote maximum head in each case, show reduced recirculation in blade passages
when compared to the reference designs, Refs. 1, 2, 3, and 4, respectively. These trends
indicate that reduction in recirculation reduces the hydraulic losses and improves the
impeller outlet flow velocities. Additionally, it represents a uniform blade loading, which
generates higher flow velocities, and ultimately enhances the pump head [21].
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Refl

Recirculation

(d)

Figure 19. Streamline at the midspan of reference and optimized impeller for all cases: (a) water,
(b) C1, (c) C2, and (d) C3.

Figure 20 shows for each case the static pressure contour at the midspan. The pressure
contour in a centrifugal pump can be divided into three zones: the inlet suction zone,
blade passage zone, and the impeller outlet pressure zone, represented in Figure 20a. The
impeller designs with splitter blades show a significant change in pressure patterns at
the inlet suction and the blade passage zones, which indicate the improvement of the
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pump total head. The impeller design with a smaller wrap angle and splitter blade further
improves the total head of the pump. Additionally, the length of the splitter blade plays an
important role in further improving head the while pumping viscous fluids.

Refl

Impeller outle

@ N M M
LSSSEEESS

Pressure [Pa]
(d)

Figure 20. Static pressure contours at the midspan of the reference and optimized impeller for all
cases: (a) water, (b) C1, (c) C2, and (d) C3.
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The pressure distribution characteristics at the impeller mid-plane were plotted, as
shown in Figure 21. A comparison was made between the reference design Ref2 and
the optimized design (Opt2a) for average pressure along the flow passage. The pressure
distribution is not symmetric for all blade passages of the Ref2 impeller design. At the
inlet of the blade leading edge (LE), a low pressure region is shown with lags in pressure
value in case of Ref2, whereas a uniform pressure distribution from LE to the blade trailing
edge (TE) can be observed in the optimized design impeller for example (Opt2a). A similar
pattern was reported by previous authors for the investigation of a centrifugal pump
flow passage [17].

160 A

Pressure Side

"
uff,%’v.‘.’fu“
........ Suction Side Suction Side
T T T 1 80 T T T v
0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
Streamwise (R/R,) Streamwise (R/R,)

(@) (b)
Figure 21. Pressure distribution at the axial central plane: (a) Ref2 design and (b) Opt2a design.

5.5. Turbulent Characteristics

The effect of turbulent characteristics for improving pump performance, especially in the
case of viscous liquids, can be understood by plotting velocity contours over the vortex core
region and capturing turbulent kinetic energy (k) over the midspan (Figures 22 and 23).

Ref2 1 Opt2e

()

Ref5

(b)
B S T R R S

Velocity [m s4-1]

Figure 22. Velocity at the vortex core region of the reference and optimized impeller: (a) C1 and (b) C4.
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Figure 23. Turbulent kinetic energy of the reference and optimized impeller: (a) C1 and (b) C3.

A vortex can be defined as the curl of velocity field in the fluid flow, i.e., V X 1 where

i is the velocity field vector in 3D space (x, y, and z). In a centrifugal pump, the speed
of fluid particles is inversely proportional to the distance from the axis of rotation. Thus,

an irrotational vortex is generated, which can be expressed as V x i = 0, which only
occurs under the influence of a body or pressure force. Here, the presence of viscous
forces produces rotation under the action of shear stress, and thus, results in angular
deformation. Figure 22 shows velocity contours at the vortex core region of the flow
passage. Viscous forces are dominant in a highly viscous fluid, which creates a vortex in
the flow passage, thereby, increasing the energy to transport fluid and improving the pump
head. The increase in vortex core region and flow velocity at the impeller outlet can be
easily visualized in the optimized designs, Opt2e and Opt5e of oil cases C1 and C4.

The turbulent kinetic energy k, the mean kinetic energy per unit mass that captures
eddies in turbulent flow, can be written as:

k= Xttt = o (ot + iy + 1) ®)

Here, k contains the normal Reynolds stress tensor that helps in capturing strong
rotating flow, which is very common in a centrifugal pump. The k value contours plotted for
0il C1 and C4 cases and comparison between reference and optimized design are presented
in Figure 23. It shows the combined influence of velocity and pressure distribution for the
reference and the optimized impeller design for both cases on the midspan of the flow
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passage. The reference design of low viscous oil C1 shows high turbulence in the blade
passage and the optimized design shows reduction in turbulence at the blade passage,
thus causing improvement in flow velocity and improved pump performance. In case of
high viscosity oil (C4), the phenomena is exactly opposite; the viscous forces decrease the
flow velocity and reduce the pump performance, which can be understood through the
turbulent kinetic energy in Ref5, contoured in Figure 23b. The reference case (Ref5) shows
the least turbulent region in volute flow passage, whereas the optimized impeller design
improves the k value in the volute flow passage as well. Here, the fluid flowing through
the impeller with the optimized splitter blade design not only increases turbulent kinetic
energy, but also enhances the geometric streamline structure, which completes the energy
transmission and improves the head of the pump.

5.6. Effect of Viscosity on Pump Performance

The optimal designs for minimized input power (I/P) and maximized head are pre-
sented in Table 6, and the relationship between impeller geometry and viscosity are shown
in Figure 24. Here, the relationship between wrap angle and splitter length with respect to
viscosity for minimizing input power are presented in Figure 24a, which shows that increas-
ing splitter length with slight decreases in wrap angle are preferred for pumping highly
viscous oil compared to low viscous fluid. For targeting maximized head as well, a lower
wrap angle is preferred for pumping viscous oil compared to less viscous oil (Figure 24b).

Figures 25-27 show the effect of viscosity on the performance of the reference designs
(Ref1-5) and the optimized design for maximizing head rise (Optle-5¢) and minimizing
input power (Optla—-5a). There is a significant drop in pump head with the increase in
viscosity: as the viscosity of the oil increases, the pump head decreases gradually at the
design and off-design points (Figure 25b), and with an increase in input power at the
off-design points of higher flowrates (Figure 25a). The pump performance drops owing
to the increase in disk friction at the pump clearance and skin friction losses at the flow
passages. Now, when the pump impeller is optimized by introducing splitter blades and
manipulating wrap angle, the pump performance improves while pumping viscous oils.
The pump was optimized for maximizing head and minimizing input power. The pump
head improves for optimized impeller design (Optle-5e) with a small increase in input
power at all design points as well. When compared to its reference design, the increment
is due to uniform blade loading that is observed throughout the blade passage for the
optimized impeller design (Figure 21).

Table 6. Final optimal designs for maximum head and minimum input power.

Optimal Designs X1 X2 H Y
Refl = = 5.22 171.4
Optla 0.57 170 5.58 178.1
Optle 0.49 174 5.64 179.9
Ref2 0.57 170 5.13 150.2
Opt2a 0.21 175 5.35 169.4
Opt2e 0.89 145 5.57 176.4
Ref3 0.57 170 4.86 159.9
Opt3a 0.33 168 5.32 168.7
Opt3e 0.85 128 5.35 170.3
Ref4 0.57 170 4.54 161.1
Optéa 0.89 161 4.90 166.3

Optde 0.90 102 5.13 170.1
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Figure 24. Relationship X1 and X2 with y for (a) minimizing input power (%), (b) maximizing head (H).

6 250
200 -
b4
(watt)
= 150 -
A E:g = ¢ —Refl —B—Ref2
—x— Ref4 A Refd —x— Ref4
—%— Ref5 —%— Ref5
3 . : : 100 T T T
0.7 0.85 1 1.15 1.3 0.7 0.85 1 1.15 1.3
0/0d 0/0d
(a) (b)

Figure 25. Effect of oil viscosity on pump performance for reference design: (a) head rise (H) vs. Q/Q,
and (b) input power (¥).
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Figure 26. Effect of oil viscosity on pump performance curves for optimized design of maximized
head rise: (a) head rise (H) vs. Q/Q, and (b) input power (¥).
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Figure 27. Effect of oil viscosity on the performance curves for optimized design of minimized input
power: (a) head rise (H) vs. Q/Q, and (b) input power (¥).

6. Conclusions

This work focused on developing a relationship between centrifugal pump impeller
geometry and viscosity of the pumping fluids to predict impeller design based on pumping
viscous fluids. By introducing splitter blades and manipulating their wrap angles, cen-
trifugal pump impeller geometry was optimized while pumping viscous oils of different
viscosities. Multiobjective optimization aimed at maximizing the head and minimizing the
input power was achieved in this work by using an artificial neural network and popular
NSGA-II evolutionary algorithms. This approach efficiently searches for optimum design
points in minimum iteration while handling two different contradictory objective functions.

Adding splitter blades prove to be beneficial for pumping light and medium viscous
oils ranging from 0 to 80 mPaS. The performance of a centrifugal pump deteriorates while
pumping viscous fluids with conventional impeller design, but the proposed optimized im-
peller design shows significant improvement in the pump performance. As the oil viscosity
increases, impeller designs with large splitter length and small wrap angle significantly
improve head. If also targeted to minimize the input power, large splitter length with a
wrap angle from 150° to 160°, which shows less input power requirement, is recommended.
The length of the splitter blade is found to be more sensitive toward input power, whereas
the wrap angle is sensitive to head rise while pumping viscous oils.
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This study will be useful in designing centrifugal pump impellers for pumping oils
that target specific application in industry to improve pump performance. The cavitation
phenomena and transient flow performance can be studied for centrifugal pumps with
splitter blades.
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