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Abstract: The purpose of this paper is to investigate the performance improvement mechanism of a high power vertical centrifugal
pump by using numerical calculations. Therefore, a comparative study of energy losses and internal flow characteristics in the original
and optimized models was carried out with special attention to the hydraulic component matching. The optimized model (model B) was
obtained by optimizing the vaned diffuser and volute based on the original model (model A), mainly the diffuser inlet diameter, diffuser
inlet vane angle, volute channel inlet width and volute throat area were changed. Firstly, the comparative results on performance and
energy losses of two models showed that the efficiency and head of model B was significantly increased under design and part-load
conditions. It is mainly due to the dramatic reduction of energy loss P, in the diffuser and volute. Then, the comparisons of P, and
flow patterns in the vaned diffuser showed that the matching optimization between the model B impeller outlet flow angle and diffuser
inlet vane angle resulted in a better flow pattern in both the circumferential and axial directions of the diffuser, which leads to the P,

reduction. The meridian velocity V_ of model B was significantly increased at diffuser inlet regions and resulted in improvements of

flow patterns at diffuser middle and outlet regions as well as pressure expansion capacity. Finally, the comparisons of P, and flow

characteristics in the volute showed that the turbulence loss reduction in the model B volute was due to the flow pattern improvement at
diffuser outlet regions which provided better flow conditions at volute inlet regions. The matching optimization between the diffuser
and volute significantly reduced the turbulence loss in volute sections 1-4 and enhanced the pressure expansion capacity in sections
8-10.

Key words: High-power vertical centrifugal pump, performance improvement mechanism, hydraulic component matching, flow
pattern, energy balance equation

0. Introduction

The energy resources on earth are abundant and
hydro energy is considered a promising huge energy.
As one of the core equipment for exploiting and
utilizing hydro energy, high-power vertical centrifugal
pumps (HVCP) are widely used in pumped storage
power system, cross-basin water transfer and other
projects! .. HVCP are characterized by its widely
applications, high power (usually reach megawatt
level) and long operation time, resulting in its energy
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consumptions account for significant proportion of
global energy consumption. Under the guidance of
peak carbon dioxide emissions and carbon neutrality,
it is urgent to effectively improve the performance of
HVCP. The vaned diffuser plays a critical role in
HVCP, but it also makes the design of high matching
between hydraulic components more difficult.
Meanwhile, the hydraulic component matching is the
key factor to determine the performance of HVCP™™!,
Hence, it would be meaningful to study the hydraulic
component matching and performance variation
mechanism based on numerical simulations for effi-
cient and energy-saving design of HVCP.

In conventional centrifugal pumps with vaneless
diffuser structure, many scholars analyzed the hydrau-
lic performance and flow patterns in detail by
combining simulations and experiments'®”). Research
hotspots include hump characteristics under part-load
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.. 8-9 . . .
condmons[ ], rotor-stator interactions between im-

peller and volute tongue!'™'") as well as cavitation
etc.'*"*1 For HVCP, they usually have a stay vaned
diffuser structure to meet the hydraulic design require-
ments!'*"*, The vaned diffuser is installed between
the impeller and volute, which increases the com-
plexity of hydraulic structures. Hence, the matching
problem of the hydraulic components is more
prominent in HVCP. Li et al.'% studied the matching
characteristics of the impellers and guide vanes of a
high-pressure seawater desalination pump in terms of
the impeller blade outlet width, the number of
impeller and guide vane blades, and the area ratio of
impeller outlet to guide vane inlet. The results showed
that properly increase the number of guide vane
blades or change the number of impeller blades can
improve efficiency and expand the high-efficiency
region. Zeng et al.'”! investigated the effect on lean
mode of the blade trailing edge on the hydraulic
performance and pressure fluctuation of a vertical
centrifugal pump with vaned diffuser. The results
showed that the lean mode of blade trailing edge had
little influence on the hydraulic performance. The
flow peak-to-peak value of average pressure fluc-
tuation in the positive lean mode was 62% of the
corresponding value in zero lean mode. Lu!"® inves-
tigated the effect of matching relationship between
impeller and vaned diffuser on the performance and
flow pattern of stamping centrifugal pump. The main
results showed that an increase in the ratio between
impeller outlet and vaned diffuser inlet areas and a
reduction in the axial distance between impeller and
vaned diffuser could both effectively improve the
pump performance. Zhu et al.l"”] investigated the
effect of impeller blade lean on the flow pattern and
performance of a pump-turbine. Two impellers with
large positive and negative blade lean were designed
for numerical and experimental analysis. The results
showed that the negative blade lean could control the
flow separation on the high-pressure side of impeller
under part-load conditions, and thus reduced the
pressure fluctuation in vaneless region.

For the centrifugal pump with vaned diffuser,
scholars also made a lot of attempts at its performance
optimization®?". The optimization methods mainly
included the direct modification of hydraulic com-
ponents and applications of intelligent optimization
algorithms. Khoeini et al.”?! enhanced the perfor-
mance of centrifugal pumps by using different angular
diffusers. They conducted a simulation study on
different vaned and non-vaned with three different
wall divergence angles. The main results showed that
the vaned diffuser wall divergence angle of 10° could
effectively increase the pump head and efficiency
under over-load conditions. Meanwhile, the pump
performance was significantly improved when the

vaned diffuser wall divergence angle was 10°
com}i)ared with wall divergence angle was 0°. Shi et
al”! applied the tandem-blade design method in
compressors for centrifugal pumps to improve pump
performance. The found that the adoption of tandem-
blade design improved the jet-wake structure and
uniformity of pressure and velocity distributions at
impeller outlet. Consequently, the pump was made to
have higher performance under a wider operating
range. Wang et al.>*! optimized the vaned diffuser of
HVCP. Firstly, the influence degree of diffuser design
parameters on efficiency was determined by using
orthogonal tests, and then the optimal combination of
diffuser parameters was obtained by using the com-
bination of response surface and multi-island genetic
algorithm. The efficiency of optimized centrifugal
pump was improved by 8.65%.

It is evident from previous studies that the
matching of hydraulic components has a large impact
on the performance of HVCP. Some methods to
optimize the performance of HVCP were proposed,
but the understanding of performance variation
mechanism and reasons is not sufficient. Hence, this
study presents a detailed comparative analysis of the
energy loss and flow patterns of two HVCP models,
focusing on the hydraulic component matching to
reveal the performance improvement mechanism. This
study will be more helpful to achieve a more efficient
and energy-saving design for following HVCP.

1. Numerical methods and calculation model

1.1 Calculation model
Figure 1 shows a HVCP model (n,=215) with

one-layer stay vane for simulation analysis. The stay
vane in HVCP plays an important role in controlling
flow patterns and balancing radial forces. The key
parameters of HVCP model are listed in Table 1. All
the hydraulic components including elbow inlet pipe,
centrifugal impeller, vaned diffuser and volute were
first modeled individually by 3-D software and then
the assembly was completed. The elbow inlet pipe and
outlet pipe of volute were properly extended to ensure
the uniformity of inlet and outlet flow, which were
also coincided with experimental devices.

1.2 Grid division

ANSYS preprocessor ICEM CFD was utilized to
grid four calculation domains (inlet pipe, impeller,
stay vane and volute) individually with hexahedral
structure, and then assembled to obtain the overall
calculation domain as shown in Fig. 2. Since the
quality of grid is crucial to the accuracy of simulation
results, the O-block grid was applied for the calcula-
tion domain of inlet and volute extension pipes. For
symmetric hydraulic components with blades (im-
peller and vaned diffuser), a more complex J/O grid
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Fig. 1 (Color online) Calculation model of HVCP
Table 1 Basic design parameters of HVCP

Parameter Value

Design flow rate, Q,. /(m*s™) 0.214

Design head, H,/m 18.74

Rotational speed, N /(r-min™") 1150
Specific speed, N, 215

Impeller inlet diameter, D; /mm 274.1
Impeller outlet diameter, D, /mm 360

Number of impeller blades, Z 7

Number of stay vanes, Z 13

was used to first divide individual blade channel, and
finally the overall grid was obtained by the periodic
array grid method. For volute domain grid division, a

(a) Overall calculation domain grid

(c) Vaned diffuser domain grid

Fig. 2 (Color online) Calculation domain grid of HVCP
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combination of multiple topologies was chosen due to
the volute tongue structure. Considering that the flow
separation and vortices were easily occurred near wall
surfaces of impeller blades and stay vanes, the local
grid refinement was conducted for boundary layers.
These grid division details are also shown in Fig. 2.

1.3 Turbulence model and boundary conditions

When the Reynolds-averaged Navier-Stokes
(RANS) method was used for simulations, the turbu-
lence model should be applied. The prediction of
turbulence details in the pump is widely varied by
using different turbulence models. The characteristics
of HVCP determine the greater variations of turbu-
lence intensity in circumferential direction of impeller.
Meanwhile, the near wall surfaces of impeller blades
and diffuser vanes are easily producing shear flow and
flow separations. The shear stress transport (SST)
k -@ turbulence model proposed by Menter in 19941
was more accurate for the calculation of initiation and
intensity of flow separation under adverse pressure
gradient. The orthogonal divergence term is also con-
sidered in this model, which drives the model to be
more applicable at both near and far wall surfaces, so
it is very suitable for the calculation at convective
adverse pressure regions. In addition, the SST k-w
turbulence model was more widely and successfully

. . . - [26-27] L.
applied in previous studies , 0 it is chosen for
simulations in this study.

The turbulent viscosity 4 , turbulent kinetic

energy Kk and turbulence frequency @ in SST k-

Volute tongue

(b) Volute domain grid
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model are defined as:
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where &, is put equal to 031, F, F, is the

hybrid function to realize the conversion between
k-w, k-& models and S is the invariant of strain
rate. Also add restrictions to the vortex viscosity
equation, and defined as
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v =4 @)
P
In the above equations, a mixed form of internal

and external constants is used to represent each
constant, which is defined as

p=pF +to,(1-F) Q)

where ¢, is the internal constant, ¢, is the external
constant.

The hybrid function is used to establish a
connection between the near wall distance and flow
variables, which determines whether the SST k-w
turbulence model can be successfully calculated. The
mixing and closure functions are defined as:

F, =tanh {max {ﬂj, SOOV:I (6)
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where v is the dynamic viscosity.

ANSYS CFX was used for simulations of HVCP.

The boundary conditions were set based on the actual
operating conditions of HVCP. The total pressure was
applied at the inlet of elbow inlet pipe extension, and
the value was set to 1 atm. The boundary condition at
the outlet of volute extension was set to mass flow
rate, which changed with the pump operating condi-
tions and the design condition is 214 kg/s. The im-
peller domain was set as rotating domain with
1 150 r/min as rotational speed. The roughness of wall
surfaces was ignored, so each physical wall was set as
no-slip wall. The wall function adopts automatic mode.
The grid interface of each calculation domain was
connected by GGI, and the interface condition be-
tween the rotating and stationary domains was set to
be “Frozen Rotor”, “Transient Rotor-Stator” for
steady and unsteady simulations. The SIMPLEC algo-
rithm was used for pressure-velocity coupling, and the
discrete format of convection term was a second-order
windward format. The second order backward Euler
was used for the transient term. The maximum
iteration step for steady simulation was set to 1 500
and the convergence accuracy was set to 10~. The
time step of unsteady simulation is 2.8986x107*
which corresponding to 2° of impeller rotation.

1.4 Grid independence test

It is essential to verify the independence of grid
nodes number with simulation results. The same grid
topology was applied to each case, and only the
number of grid nodes was changed. Seven groups of
grid schemes were set up for independence test and
the pump performance parameters were obtained, i.e.,
head H, efficiency 7, as shown in Fig. 3.

18.9 90
—%— H
—*—1 189
18.61
*,
:\ 88
g L ek ——k =3
E 18.3 % f\*/ | 3 3 X
] | : | : | 187
18.0} Ak A A i
A L {86
17.7 | | { | :. { i 85

3 4 5 6 7 8 9 10 11
Grid nodesx10°

Fig. 3 (Color online) Comparison of the performance parame-
ters under different grid nodes

When the grid nodes number is increased to
7><106, the fluctuations of H, 7 is less than 1%,

which means it meets the grid independent test
requirement. However, an excessive number of grid
nodes can lead to an increase in calculation time and
resource wastage. Hence, 7x10° grid nodes were selec-
ted for final calculation. The specific grid information
of each hydraulic component is listed in Table 2. In
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Table 2 Grid information of each calculation domain
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Average y' of

Domain Number of elements Number of nodes
blades/vanes

Inlet pipe extension 636 150 653 528 -

Inlet pipe 691 310 711 480 -
Impeller 1 743 588 1 826 265 4.24
Vaned diffuser 1 675624 1 780 720 491

Volute 2043 733 2 157 662 -

Total 6 790 405 7 129 655 -

particular, the average y* value for impeller blades
and diffuser vanes are 4.24,4.91.

1.5 Optimization of the calculation model

The original calculation model in Section 1.1 is
defined as model A. In order to reduce the energy
consumption of HVCP as much as possible, model A
was optimized with the objective of maximum effi-
ciency under design condition. The vaned diffuser and
volute were the main objects of optimization. This
was in consideration of the key location of vaned

diffuser in HVCP and hydraulic components matching.

The specific optimization design process was shown
in Fig. 4. The sensitivity analysis of the optimized
parameters was completed by using the Plackett-
Burman method. Four key design parameters of the
vaned diffuser and volute that have a significant
impact on the efficiency, i.e., diffuser inlet diameter

D,, diffuser inlet vane angle f,, volute channel inlet

width b, and volute throat area S, were defined as

optimization variables. An automatic numerical simu-
lation optimization platform was built by Isight to
calculate 106 sets of samples. High-precision relation-
ships between optimization variables and objective
were established based on sample data and artificial
neural network (ANN). Finally, the optimization
design was completed based on ANN and particle
swarm algorithm (PSO). The more details of optimi-
zation design process were described in Ref. [28].
And the optimized model is defined as model B. The
comparison of design parameters between models A,

B is listed in Table 3. Compared with model A, D,,
S, and b, of model B are increased, while S; is

decreased, i.e., each section of model B volute is
narrowed. A comparison of the vaned diffuser and
volute domains for models A, B is shown in Fig. 5.

2. Experimental measurement and verification

The performance experimental measurements of
model B were completed. The experiment was carried
out on the closed experiment loop of vertical centri-
fugal pump. The basic layout and details of experi-
ment loop are shown in Fig. 6. The experiment loop is

mainly composed of valves, water tanks, test pump,
motor, torque meter, electromagnetic flow meter and
pressure sensors etc. The performance parameters of
test pump were measured under multiple operating
conditions, where the effect of cavitation was ignored.
Allow the motor to idle before connecting to the pump
shaft to eliminate additional torque. The H was
calculated based on the pressure sensors at test pump
inlet and outlet regions, while the 77 was calculated

from the flow rate Q, H and torque, as defined in

Eq. (10).

Determine optimization
objectives and variables
T

Generate samples

DOE Parametric modeling CFD

Approximate model
Corrected sample
points

remmmmmmmmesssseee————

Algorithm optimization

Fig. 4 The optimization procedure of the vaned diffuser and
volute

p — L9QH

10
¢ 1000 (10)

=E><100%,
P

where P indicates the input power of the pump, P

is the output power of the pump.

The experiment loop facility and experiment
equipment used in this paper has the identification
from the technology department of Jiangsu Province.
The range and accuracy of the measuring instrument
are shown in Table 4. The comprehensive uncertainty
U of the experiment includes random uncertainty
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Table 3 Comparison of parameters between models A, B

Design parameters/unit D, /mm BI° b, /mm S, /mm? Ny /% H/m
Model A 379.8 27.0 118.0 50 650 87.60 18.07
Model B 389.6 30.2 131.6 41 896 90.82 19.11

(a) Model A

(b) Model B

Fig. 5 (Color online) Compairson of hydraulic models between
models A, B
U sto

data Q, H and n are collected repeatedly for 6
times under a certain pump condition, and the stard
T-type distribution was used to calculate the U, .

and system uncertainty U_ . The measurement

The system uncertainty U~ analysis part is
determined by the methods and accuracy of measuring
instruments. The U of each component is to be
calculated by the square root of the sum of the squares

of the U
shown in Table 5. The overall uncertainty U, of per-

U, - The specific calculation results are

sto

formance measurement of this experiment is 0.35%.

Table 4 Range and accuracy of measurement apparatus

High pressure
tank

Pressure gauge
el
Air valve —— |
Flow direction w

AN
Low pressure
tank

Test pump

Ground

Vacuum pump ‘

Flow direction
Reservoir  Valve Vaive

(a) Layout of experimental equipment

L5
Piezometertube (i)-

/

1‘!/

Piezometer
tube (out
e ( )Jﬁ

(b) Physical diagram of the experimental equipment

Fig. 6 (Color online) Physical diagram of experiment equipment

The n, H were also obtained from the steady
simulation (CFD) of model B under multiple opera-
ting conditions and compared with the experimental
data, as shown in Fig. 7. The relative error was
calculated by Eq. (11). Figure 7(a) shows that the
CFD calculations of 77, H are in good agreement
with EXP. The 7 reaches a maximum value under
design condition and decreases sharply under part-
load conditions. The CFD 7 is always higher than
experimental. The H decreases continuously as the
increased flow rate. In Fig. 7(b), the errors in 7 are

all less than 5% and the differences in errors are small

Apparatus Type Type Range Accuracy
Electromagnetic flowmeter 1700R12ABZMZZZ Flow rate, Q /(m*h™") 0-2 592 +0.05%
Pressure Transmitters 3051TA1A2B21A Pressure, p/MPa -0.1-0.3 +0.04%
Dynamometer and speed sensor TQ-660 Torque, M /(N-m) 0-3 000 +0.10%
- - Rotational speed, 7/ (r-min”") 0-30 000 +0.10%
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under each operating condition. The maximum error is
3.9% under over-load conditions. The errors of H
are increased under part-load and over-load conditions,
with a maximum error of 6%. Under part-load
conditions, the CFD H are lower than experimental,
while the CFD H exceed experimental under
over-load conditions.

Table 5 Calculation procedure of experimental uncertainties

Notation Q /(kgs™) H /m n./,l
(r'min ")
Sample 1 213.98 19.11 1 149.87
Sample 2 214.89 18.46 1150.11
Sample 3 214.27 18.67 1 150.36
Sample 4 214.36 18.37 1 149.69
Sample 5 215.24 18.17 1150.23
Sample 6 213.78 19.32 1150.73
Average value 214.42 18.68 1 150.17
Standard 0.5038  0.4081 0.3359
deviation
U, /% 02253 0185  0.1502
Usys 1% 0.0500 0.0400 0.1000
Components, 0.2308 0.1868 0.1805
U /% ’ ’ ’
Overall
uncertainty, 0.3475 - -
Uall /%

The clearance leakage losses, disc friction losses
and mechanical losses in the experimental test resulted
in lower 7, H than CFD results. However, the

unstable flow patterns in HVCP increase sharply
under part-load conditions, such as backflow,
secondary flow and flow separation. The SST k-
model predicts these unstable phenomena beyond the
actual range. Thus, the CFD H are lower than
experimental under these conditions. It is concluded
that the simulation methodology in current study is
available to analyze the performance and flow patterns
of the high-power vertical centrifugal pump.

y = ¢CFD _¢EXP %x100% (11)
¢EXP

3. Results and discussions
3.1 Performance parameters variation in HVCP

The comparison of performance parameters be-
tween models A, B is given in Fig. 8. The curves of
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Fig. 7 (Color online) Comparison of simulations and experi-
mental results

1, H are smoothed by the Bessel method. Figure
8(a) shows the 7 first increases gradually and then
decreases as the increased flow rate. The highest 7
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for model B appears under design condition, while
model A appears under over-load condition. The 7
of model B is significantly higher than model A under
design and part-load conditions, but is reversed under
over-load conditions. The distributions of efficiency
deviation A7 between models B, A are given in Fig.
8(b). The An is positive under design and part-load
conditions with less variable, and A7 approximately
equal to 3%.

0.6Q,, -

fluctuations, which is caused by the unstable flow
pattern in HVCP. When the flow rates are greater than
design condition, the A7 decreases rapidly and then

The maximum A7 occurs under

The An under part-load conditions shows

model B 7 is lower than model A.

As in Fig. 8(a), H decreases as the increased
flow rate. For model B, H is higher than model A
except under over-load conditions. The distributions
of head deviation AH between models B, A is
shown in Fig. 8(b). The AH always remain positive
under 0.4Q,,-1.2Q,, , with the maximum AH

under 0.5Q,.. However, under 0.6Q,, -0.8Q,., the

AH fluctuates significantly, which is due to the
hump characteristic of Q-H curve caused by stall.

Consequently, the performance of model B is
significantly improved under design and part-load
conditions. The maximum Az, AH are both found

under part-load conditions. Meanwhile, model B
improves the problem that the maximum 7 of model

A is biased towards over-load conditions. All these
phenomena can show that the vaned diffuser and
volute also have an important impact on performance
of HVCP.

3.2 Energy loss variation in HYCP

The variations in performance parameters are
closely related to the energy loss in HVCP. Conse-
quently, a detailed comparative analysis of the energy
loss in models A, B was carried out based on the
energy balance equation. The energy balance equation
was first derlved frorn the Navier-Stokes equations by
Wilhelm et al.”’!. For incompressible flow without
temperature Var1at1on, the energy balance equation”’>"
is defined by Eq. (12).

S LSV PP
J \Y; 8Xj
{1 -pu)) 'dV+m D, v (12)

X;

where the strain rate tensor D, is defined by Eq. (13)

—pUiu; can be calculated by

Eq. (14). The u, is modeled based on SST k-w
turbulence model, as defined in Eq. (1).

and Reynolds stresses
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Fig. 8 (Color online) Comparison of the performance para-
meters between models A, B
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The four terms on the right side of the energy
balance equation in Eq. (12) are named as P, -P,.

The PB,, P, are the Reynolds stress transportation

term and viscosity transportation term, which
represent the diffusion of kinetic energy through
Reynolds stress and viscous stress, respectively. The
P, is the turbulent kinetic energy production term,
which represents the transfer of mean kinetic energy
to the turbulent kinetic energy. The P,, is named the
viscosity dissipation term and denotes the viscous
dissipation of mean kinetic energy.

The friction loss caused by strong wall effect is
also an important part of the energy loss in HVCP.
The terms in Eq. (12) ignore the effect caused by the
velocity gradient near the wall regions. Thus, the
friction loss near the wall of HVCP is calculated by
Eq. (15) based on Refs. [32-33]. And the total energy
loss in HVCP is defined by Eq. (16).

P =[ (r-v)dA (15)

P.=P:thy (16)

where 7 is the wall shear stress, A is the wall area
and v is the velocity vector near the center of the
first layer of the wall mesh.

The energy loss P, in each hydraulic com-
ponent is counted and the P, in models A, B under
design condition is shown in Fig. 9(a). In model A, the
maximum P, is shown in the volute, followed by the

impeller and diffuser. The volute domain causes great
energy dissipation due to its large volume and strong
diffusion flow. While in model B, a significant

decrease in P, occurs in both the volute and diffuser.
The P, in model B volute is close to the impeller.
Meanwhile, the P, in the diffuser is much lower
than the impeller and only higher than the inlet pipe in
model B. The P, in the inlet pipe is always small
and can be ignored.

Figures 9(b), 9(c) shows P, in the diffuser and
volute of models A, B under different conditions. The
P, in the both model diffusers increases sharply as
the decreased flow rate, especially in the model A
where P, increases more rapidly. Under 0.7Q,, -
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1.2Q,,,, P, in the model B diffuser is both reduced

compared with model A. The reductions in Py under
part-load conditions are greater than over-load condi-

tions. The comparison of P distribution in the
volute shows that the Py of model A is minimal under
over-load conditions while model B has minimal P
under design condition. This corresponds to the high
efficiency point of model A appearing under over-load
conditions. The P, in the volute grows rapidly as the
decreased flow rate and reaches the maximum value
under part-load conditions. The P, in model B
volute is lower than that of model A except under
over-load conditions. The greatest P, reduction is
near the design condition.
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(c) Energy loss in the volute under different conditions

Fig. 9 (Color online) Comparison of energy loss in HVCP
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It can be concluded that the characteristics of P
distribution under multiple operating conditions are in
good agreement with the performance parameters
variation. The significant reductions of P, in the
diffuser and volute are the main reason for pump
performance improvement, especially under part-load
conditions.

3.3 Comparison analysis of energy loss and flow
patterns in the diffuser
The magnitudes of five energy loss terms in
models A, B diffuser under different conditions are

shown in Fig. 10. The P,; is dominant in the diffuser
of both models under all conditions and has the
greatest proportion under part-load conditions. From
each term distribution under different conditions, the

P,, P, in the diffuser of both models are increased
as the decreased flow rate, and the lower the flow rate,
the faster the increase. The P,, B, always remain

small values. The P, (energy loss of walls) is

second only to P, but is influenced less by condi-
tions. The comparison of model A and B shows that
the P,; inthe model B diffuser is smaller than that in

model A from 0.7Q,, to 1.2Q,., and the P, in
model B is reduced more under part-load conditions.
Therefore, the distribution characteristics of P, in
the two models diffusers are highly consistent with
those of P, in Fig. 9(b). The P, of model B
diffuser is also slightly reduced under all conditions
compared with model A. The P, of model B

diffuser is also reduced compared with model A under
part-load conditions. It can be concluded that the
generation of turbulent kinetic energy is the main
contribution for the energy loss in the diffuser,
followed by the friction loss near the wall. The kinetic
energy in the diffuser is converted more into turbulent
energy under part-load conditions. The kinetic energy
diffusion and wall effects in the diffuser caused by
turbulent flow in a high Reynolds number with high
velocity gradient cannot be neglected, especially
under part-load conditions. The dramatic reduction in
the conversion of kinetic energy to turbulent energy in
the model B diffuser is one of the key reasons for the
pump performance improvement.

Considering that P,; has the greatest effect on
the energy loss variation in the diffuser. The specific
location and variations for the high P, in the

models A and B diffuser were analyzed in detail. In
Fig. 11, different diffuser vane spans 0.1, 0.5 and 0.9
are given at the section near shroud, middle and hub,

respectively. The P,,, velocity and streamline distri-

butions of models A, B diffuser at different spans
under design condition are shown in Fig. 12.
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(a) Model A diffuser
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(b) Model B diffuser

Fig. 10 (Color online) Comparison of each energy loss com-
ponent in the diffuser

Fig. 11 (Color online) Schematic diagram of diffuser different
spans

Figure 12(a) shows the P, distribution in the
model A diffuser with high P, regions in many
channels, as shown in the red frames. The distribution
of high P, regions in the diffuser is usually at
intervals. Also, the distribution of P, at different
spans shows significant differences. The high P,
regions are the most abundant at 0.5 span and the least
at 0.9 span. The high P, regions in the model B
diffuser are significantly reduced in Fig. 12(b). The
P, at the same location is significantly reduced
compared with model A, as shown in the red frames.
Especially at 0.5 span, high P, regions can be rarely
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-0.005 -0.002
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(d,) 0.1 span

(d,) 0.5 span
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(a) P, in model A diffuser
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(b) P, in model B diffuser
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(d;) 0.9 span

(d) Velocity and streamlines in model B diffuser

Fig. 12 (Color online) £, velocity and streamlines distributions of vaned diffuser at different spans

observed in the diffuser channels. Therefore, the
turbulence loss in the model B diffuser flow channel is
greatly reduced.

The velocity and streamline distributions in Figs.
12(c), 12(d) can be used to better compare the flow
pattern variation in the diffuser and to explain the

generation of high B, regions. Figure 12(c) shows

the velocity distribution in model A diffuser is not
uniform and large low-velocity regions exist in several
channels. The locations of these low-velocity regions
are highly coincident with the high P, regions in

Fig. 12(a). In the red frames, the clear vortices are
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shown in low-velocity regions at 0.5 span and cause
flow channel blockage. The streamlines in low-
velocity regions at 0.1 span, 0.9 span are also clearly
curved. The mismatch between model A impeller
outlet flow angle and f, results in serious flow
separation in diffuser channels. Especially, vortices
are formed at 0.5 span and cause great ow-velocity
regions. And these vortices force the fluid to flow into
adjacent channels or other spans. This causes uneven
flow around the circumferential and axial directions in
the diffuser. The vortex and uneven flow patterns in

the diffuser are important reasons for the high P, .

As shown in the red frames in Fig. 12(d),
low-velocity regions in the model B diffuser channels
are largely disappeared and the streamlines are
smoothly uniform. The flow patterns at different
channels and spans of vaned diffuser are remained

stable. Corresponding to the P, in Fig. 12(b) is

consistently low at different spans. The D,, S, of
model B are increased, so that the flow angle at
impeller outlet can be better matched to f,. The
improved velocity and streamline distributions in the
circumferential and axial directions are an important
sign of this better matching. As a result, the turbulence
loss in the vaned diffuser are greatly reduced.

The velocity decomposition in HVCP is shown in
Fig. 13. The absolute velocity V can be decomposed
into circumferential velocity V: and meridional
velocity V. Simultaneously, the V can be split
into two velocities in the radius and axial directions
V., V,. The value of V,_ reflects the over-flow
capacity at local position. Hence, V_ is used for
quantitative analysis to further identify the flow
pattern variation in vaned diffuser. The V_ distribu-

tions of models A, B diffusers from inlet to outlet and
from shroud to hub are shown in Fig. 14. The
definition of location parameters is shown in Fig.

14(a). The V_, values at the locations shown in Fig.

14(a) were read in all 13 vaned diffuser channels. And
the analysis was also performed based on the average

value of V_  at the same location in each flow
channel.

In Fig. 14(b), the V_ at model A diffuser inlet
is below 2nv/s under all conditions. The V, from hub
to shroud is stable under 1.2Q,, indicating that the
flow pattern along the axial direction is superior.
Under 1.0Q,,, the minimum value of V_ appears at
0.8 span, indicating that the over-flow capacity is
decreased near shroud. The fluctuation of V, from

hub to shroud increases under 0.8Q,,, and the mini-

mum value of V_ appears at 0.2 span, so the flow is

more unstable. Under 1.2Q,.., the V of model B
increases slightly compared witht model A. Under
1.0Q,., the V_ of model B increases significantly

compared with model A, especially at 0 span-0.5 span
location. Hence, the over-flow capacity at model B
diffuser inlet is significantly improved. Under

0.8Q,,, the V_ of model B increases more from
middle to shroud, but the V_ is still small near hub.

Fig. 13 Decomposition of velocity in the pump

As seen in Fig. 14(c), the distinction in V_ of
two models is evident in diffuser middle. Under
1.2Q,.., the V_ is significantly reduced at 0.8 span.
The V,, of model B is increased than model A. The

flow pattern at diffuser middle is already stable under
over-load conditions, so the improvement is not

remarkable. Under 1.0Q,, the V,, of model A from

middle to shroud is below 0.5 m/s. Corresponding to
Fig. 12, this is due to the vortex existing in the flow

channel, which disappear near hub and then the V
increases. The V_  of model B increases significantly
and distributes very uniform under 1.0Q,. . From Fig.
14(b), this is due to the increased V  at diffuser inlet
resulting in the over-flow capacity also significant
increases at diffuser middle. Under 0.8Q,,, the V_
at diffuser middle of model A remains consistently
low. The V_ of model B is improved considerably,
especially near shroud.

In Fig. 14(d), the V_ distribution patterns at
diffuser outlet under three conditions are basically the
same as that of diffuser middle. The V_ of model B

diffuser both increases under three conditions, with
the most pronounced increase and uniform distribu-

tion under 1.0Q,.. The V,_ of model B increases
significantly than model A under 0.8Q,, butthe V_
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difference between the hub and shroud is also
increased. This indicates a strong axial flow appears in
the vaned diffuser.
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Fig. 14 (Color online) Meridional velocity distribution in the
vaned diffuser

The increased V_ is mostly noticeable at
diffuser middle, shroud under design and part-load

conditions. Consequently, the diffuser over-flow
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capacity increases more and energy loss reduces more
under design and part-load conditions. Moreover, the
increased over-flow capacity at diffuser inlet is an
important reason for the increased over-flow capacity
at the diffuser middle and outlet. The key factor in the
energy loss reduction of model B is due to the
optimized matching between impeller and vaned
diffuser. This matching optimization is even more
evident for the HVCP performance improvement
under part-load conditions.

A quantitative analysis of pressure distribution in
models A, B vaned diffusers was carried out to show
the variation in pressure expansion capacity. The

static pressure coefficient C_, in this study is defined

as

p_pref
_ PP 17
= 052 {17

where p is the static pressure in the diffuser, p,;
is the reference pressure, U, is the impeller outlet
circumferential velocity.

Figure 15 shows the C, distributions along the
diffuser streamline direction under three conditions.
As shown in Fig. 15(a), the horizontal coordinate S,

represents dimensionless distance between diffuser
inlet and outlet, with 0 represents diffuser inlet, 1
represents diffuser outlet. The vertical coordinate

represents surface average of C_ in the circum-
ferential direction. The C_ gradually decreases as

the increased flow rate. The Csp tends to rise from
inlet to outlet under all conditions, which is in
accordance with the diffuser function. The slope of
model A C_ curve varies considerably under

0.8Q,, , indicating unstable energy conversion. The
C,, curve of model B is smoother, especially at the
diffuser middle. It indicates that the uniformity of
pressure distribution in the diffuser is improved.

However, the C_, in model B is lower than model A.
This is due to the improved flow pattern in diffuser

channels and thus the C_ reduction caused by

increased flow velocity. Under 1.0Q, ., the slope of
model A C_ curve varies considerably in the range
of 0S,-0.35S, (vaneless region and the leading
edge of vanes). In contrast, model B has a smoother

S

A, as shown in the red frame. Under 1.2Q,., the
pressure expansion capacity of model A diffuser is

C,, curve in this region and higher C_ than model
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better. This is due to a stable flow pattern, which also
corresponds to the highest 7 of model A is biased

towards over-load conditions. While model B shows a
C,, drop at diffuser middle, as shown in the green

dashed frame. This is due to the local vortices that
appear in the diffuser middle channel.

Impeller

(a) Different positions of the diffuser
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(b) C,, distribution under three conditions

Fig. 15 (Color online) CSp distribution in the vaned diffuser

It can be concluded that the pressure expansion
capacity of vaned diffuser is optimized under both
design and part-load conditions, especially in the
vaneless and diffuser inlet regions. This confirms

again that the increased D,, f, can greatly optimize

the matching between impeller and vaned diffuser.
The flow pattern in the diffuser inlet regions is
improved.

3.4 Comparison analysis of energy loss and flow
patterns in the volute

Each term of P, in the volute are given in Fig.
16. The P, is always the main contributor to the

energy loss in the volute under all conditions. The

P,, P, arealways small and can be ignored in the
volute. In the model A volute, the P, increases as
the decreased flow rate. The minimum value of P,

is under design condition and P, increases gradually
when deviating from design condition. The rotational

flow in the volute causes friction loss near the wall, so
the P, 1is also significant. In the model B volute,
the P, is minimal under the design condition and
increases more rapidly under part-load conditions. The
P, in the model B volute shows a maximum value

under over-load conditions. It indicates that the
Reynolds stress transmission in the volute causes
greater energy loss under over-load conditions. The

P, in the model B volute is most reduced under
design condition compared with model A, which is
consistent with Fig. 9(c). The P, in the model B
volute is also decreased under part-load conditions,
but increased under over-load conditions. The P,y

in the model B volute is slightly higher under several
conditions, which is due to the accelerated absolute
velocity in the model B volute that results in more
friction loss.
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Fig. 16 (Color online) Comparison of each energy loss com-
ponent in the volute

To provide a more intensive analysis of reasons
for the P,; variation in the two model volutes, the

distributions of V, 17. As

illustrated in Fig. 13, V, occupies the major

are shown in Fig.

component of V in the spiral volute. In Fig. 17(a),
V

. in the model A volute remains low and bands of

high-velocity regions are appeared under 0.8Q,. .
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The magnified figures show that low and negative
velocity regions are located in almost each diffuser
flow channel and are mostly appeared at suction
surfaces of vanes. From streamlines distributions
show that the vortex lead to negative values of V,.

The high-velocity regions are observed at pressure
surfaces. This is due to the flow blockage at middle of
flow channel, forcing the fluid to move near pressure
surfaces with high velocity. This high and low V,
distribution characteristic is propagating from the
diffuser outlet to volute and results in uneven V,

distribution in the volute. Model B volute has a
significantly larger and more uniform distribution of

V, under 0.8Q,,. This is due to V, in the diffuser is

improved significantly, with low and negative velocity
regions only in part of channels and not propagating
into the volute. In addition, as the decreased volute
section area, the flow patterns in the model B volute
are better.
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In Fig. 17(b), the flow patterns improvement in
the model B volute under 1.0Q,. is essentially the

same as that under 0.8Q,,. The V, distribution in
the model B diffuser is significantly improved, with
only part low and negative velocity regions appearing
at the volute tongue. Figure 17(c) shows a positive V,
distribution in the model A diffuser and volute under
1.2Q,.,, and no significant unstable flow phenomena
are observed. However, the strong rotor-stator
interaction between impeller and volute tongue leads
to an uneven V, distribution in the volute outlet pipe.

V. in the model B diffuser and volute is further

t
increased, but so is the rotor-stator interaction at
volute tongue. The large low and negative velocity
regions appear at the volute tongue and extend into the
outlet pipe. As a result, the flow pattern in the volute
is not significantly improved under over-load con-

ditions, i.e., the P, is also not reduced.
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(2) 0.80,.,

(b,) Model B

(b) 1.0Q..,
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(c,) Model B

(©) 1.20,.

Fig. 17 (Color online) ¥, and streamline distributions in the volute
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The P,; is used to show the distribution pattern
of turbulence loss at different locations in the volute.
Figure 18 shows the local P, distribution contours

under three conditions in models A, B volutes. The
volute section numbers are shown in Fig. 18(a).

Under 0.8Q,, the local high P,; regions and

anuneven P, circumferential distribution are shown

at the model A volute inlet surface. This is mainly
influenced by the unstable flow from the diffuser

regions in

outlet as shown in Fig. 17. High P,
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Fig. 18 (Color online) £, distribution in the volute

sections 1-8 spread from the section inlet to middle.
The P, at the model B volute inlet surface is

significantly reduced under 0.8Q,,, . This is due to the
improved flow pattern in the diffuser and results in an
increased flow stability at diffuser outlet. As the
decreased P, at inlet surface, the high P,
diffusion phenomenon in each volute section of model
B is also significantly weaker, especially in small
sections 1-4. It also explains the significant reduction

of P, in model B volute in Fig. 16. In Fig. 18(b),

(a,) Model B
(2) 0.80,.,

(b,) Model B
(b) 1.0Q,

(c,) Model B

(©) 1.20,
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the model A volute still has high P, regions at the
inlet surface under design condition, but it is
decreased compared with that under 0.8Q,,. Hence,
the high P, regions in each volute section are also
reduced. Model B volute has almost no high P,
region at the inlet surface under design condition,
resulting in a significant reduction of P, in each
section compared with model A. It indicates that the
matching between the diffuser and volute is
significantly optimized.

Under 1.2Q,,, the P,
surface for both models remains small. Therefore, the
P, difference between the two models is small in

at the volute inlet

sections 1-8. However, the P,; of model B volute is
significantly increased in sections 9, 10. As seen in
Fig. 17, this is due to the strong rotor-stator interaction
at volute tongue which severely disturbs the flow
pattern in the outlet pipe. Thus, the P, in the model
B volute is increased again under over-load conditions
in Fig. 16(b). In conclusion, the improved flow pattern
in the model B diffuser provides better volute inlet
conditions and leads to the turbulence loss reduction
in the volute. Under over-load conditions, the strong
rotor-stator interaction at model B volute tongue lead
to a surge of turbulent loss in the volute outlet pipe.
The pressure variation in the volute was studied

and Fig. 19 shows the Csp distribution in the volute
under three conditions. The horizontal coordinates
indicate volute section and the vertical coordinates
indicate surface average of C_ . The C_ in the

volute gradually decreases as the increased flow rate.
The C

o Of both models increases with increased

volute section area under 0.8Q,,. Model B has a
slightly lower C_ in sections 1-7 than model A. This

is due to the increased flow rate as seen in Fig. 17.
The C,, of model B is significantly increased and

greater than model A in sections 8-10. In addition, the
model B has an increased slope of C, curve. It can

be concluded that the pressure expansion capacity of
the model B volute is increased under part-load
conditions.

The C

sp

smooth upward trend under 1.0Q,,. The C at all

distribution of model A shows a

sections of the model B volute is significantly larger
than model A volute, and the slope of C, curve is

less variable. Model B has a more rapid rise of C,

in the volute outlet pipe and the pressure expansion
capacity is significantly enhanced. Under 1.2Q,_, the
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slopes of C_, curves are small for both models, i.e.

the pressure expansion capacity in the volute is poor.
As seen in the red frame, the C curves for both
models fluctuate considerably in sections 8-10.
Meanwhile, the C_ at the model B volute outlet pipe
is lower than model A. This corresponds to the
confused flow pattern and high P,; at the volute
outlet pipe in Figs. 17, 18.
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Fig. 19 (Color online) Pressure distribution in the volute

In conclusion, with the matching optimization
between the diffuser and volute, the pressure
expansion capacity of model B volute is enhanced
under design and part-load conditions. Especially the
improvement is more obvious in sections 8-10.

4. Conclusions

This study provides a detailed analysis of energy
loss and flow patterns in HVCP. The emphasis is on
the detailed analysis of reasons for pump performance
improvement from the perspective of hydraulic
components matching. The main conclusions obtained
are as follows:

(1) The 7,
increased under design and part-load conditions.
Model B solves the problem that the maximum 7 of

H of model B is significantly

model A biased towards over-load conditions. The
hydraulic loss in HVCP mainly come from the

diffuser and volute. And P, is the main source of
energy loss in the diffuser and volute, followed by
P - The significant P, reduction in diffuser and
volute is the main reason for the pump performance
improvement, especially P, 1is greatly reduced
under part-load conditions.

(2) The matching optimization between the

impeller outlet flow angle and diffuser inlet vane
angle results in better flow pattern in the circum-
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ferential and axial directions of the diffuser and then
causes significant P,; reduction. The increased V

at model B diffuser inlet regions lead to a better
overflow capacity at diffuser middle and outlet
regions. The matching optimization between impeller
and diffuser results in most P,; reduction in the

model B diffuser under part-load conditions. Mean-
while, the pressure expansion capacity at vaneless and
inlet regions of model B diffuser is significantly
enhanced.

(3) V, in the model B volute increases and the

streamlines are more uniformly distributed under
design and part-load conditions. The energy loss
reduction in the volute mainly results from the
improved flow pattern in the diffuser channel which

provides better volute inlet conditions. The P in

the model B volute is greatest reduced in small
sections 1-4 and the expansion capacity is most
significantly enhanced in sections 8-10 under design
and part-load conditions.
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