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Abstract: The pump as turbines (PATs) has been widely used in the petrochemical, seawater desalina-
tion, and mining industries. Volutes are critical components for flow guidance and energy conversion
in the PATs. Therefore, its inner flow characteristic could significantly influence the hydraulic turbine
system stability. To reveal the vortex evolution, pressure pulsation characteristics, and the interaction
between the two in the volute of PATs, a single-stage cantilever hydraulic turbine is investigated by
the numerical and experiment method. The effect of impeller rotation on vorticity distribution and
pressure fluctuation intensity in volute is analyzed based on the numerical simulation results. By
clarifying the frequency components corresponding to local high amplitude vorticity and pressure
pulsations, the relationship between vortex evolution and pressure pulsations is established. The
results showed that the dominant frequency of pressure pulsation in the circumferential direction of
the volute is 6f n under different operating conditions, and the pressure pulsation characteristics in
the inlet section of the volute were less affected by the rotor–stator interaction. Under Qb and 1.3Qb

conditions, the vorticity pulsation near the walls in the circumferential direction of the volute had
less effect on local pressure pulsation characteristics. The evolution of vorticity at the leading edge of
the volute tongue intensified the local pressure pulsations as the flow rate increased. Under 0.7Qb

conditions, the vorticity pulsation characteristics in the volute are complex and have a relatively
significant influence on local pressure pulsation.

Keywords: pump as turbine; pressure pulsation; numerical simulation; flow characteristic; volute

1. Introduction

Pump as turbines (PATs) is a piece of energy recovery equipment widely used in
petrochemicals, desalination, mining, and other energy-consuming industries as a substi-
tute for pressure-reducing valves to realize the pressure relief process [1–3]. Volute is the
critical flow guidance and energy conversion component of the PATs, and its inner flow
characteristics could significantly influence turbine system stability [4–6]. Therefore, it is
necessary to deeply analyze the vortex structure and pressure pulsation characteristics in
the volute of PATs under typical operating conditions. The results of this research could
provide a reference for the performance improvement and operation regulation of PATs.

In recent years, scholars have concentrated on the research of flow characteristics and
dynamic performance in the volute through theoretical analysis, numerical simulation,
and experiments [7–9]. To improve the performance of PATs, Wang et al. designed a
special impeller with forward-curve blades based on the theoretical analysis of the volute
outflow condition and obtained the relationships among the volute constant, wrapping
angle, and volute inlet dimension [10,11]. The outlet condition of the volute significantly
influences the flow characteristic in its downstream flow components. Hence, Su et al.
investigated the flow rate characteristics in typical volute sections of PATs through the
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numerical method, and by the Lagrangian and Eulerian viewpoints they analyzed the
unsteady flow characteristics of the inner volute [12]. They found that with increases in the
volute section areas, the time-averaged velocity declined, and frequent bi-directional flow
appeared in the volute outlet and the chamber inlet. Alessandro et al. investigated the effect
of the volute tongue on the PATs performance using numerical and experimental methods,
and the results showed that the new tongue model improved the hydraulic efficiency of
PATs by 3.9% [13–15]. As traditional PATs lack the inlet flow control unit and the ability to
improve the volute outlet conditions, many scholars have investigated the effects of stays
and adjustable guide vanes to influence the inner flow characteristic of PATs [16–18]. Giosio
et al. designed volute inlet flow control equipment to improve the efficiency of traditional
PATs, and the results showed a maximum overall efficiency of 79%, in good agreement
with PAT theory [19]. Shi et al. investigated the stay guide vane numbers to affect the
performance of PATs, and numerical results showed that the hydraulic efficiency of the
PATs improves by the assembly of the guide vanes at the volute outlet [20].

The radial asymmetric structure of the volute is the fundamental factor causing the
pressure fluctuation and unbalanced radial force. Hence, investigating the unsteady flow
generation and evolution mechanism is the key to proposing reasonable methods to im-
prove the operational stability of the pump and PATs [21–23]. Santolaria et al., using the k–ε
turbulence model, investigated the unsteady flow characteristic in the PATs, and the results
showed that the radial force fluctuation was caused by the rotor–stator interaction [24].
Binama et al. compared the different blade trailing edge position influence on the pressure
field of PATs under part-load conditions [25]. They indicated that the pressure fluctuation
dominant frequency of the volute, impeller, and outlet pipe is the blade passing frequency
and it could not obtain the relationships among the pressure pulsation variation and blade
trailing edge position. Xiang et al. carried out an unsteady simulation that compared the
pressure fluctuation characteristics of the PATs with the back-curved and front-curved
impeller, and the results showed that the forward-curved impeller could effectively de-
crease the pressure fluctuation of the volute and improve the operation stability of the
PATs [26]. Yang et al. researched the blade numbers, impeller diameter, and splitter blade
influence on the pressure fluctuation characteristics of PATs systematically [27,28]. The
results indicated that increasing the blade number and impeller diameter and adding the
splitter blades could significantly decrease the unsteady pressure fluctuation of PATs. Gao
et al. investigated the pressure and velocity distribution characteristic of the PATs under
different operation conditions by the numerical method [29]. They found that the flow
separation in the volute and impeller is generated by the local unsteady vortex.

Although the above references have made major progress in the research of the
flow characteristics, pressure fluctuations, and vortex behaviors in the volute of PATs,
the vortex-generated mechanism and its revolution effects on local pressure fluctuation
characteristics in the volute of PATs are, however, still unclear, and few researchers have
revealed the frequency components corresponding to local high amplitude vorticity and
pressure pulsations in the volute. Therefore, the simulation and experimental methods
are adopted in this paper to deeply reveal the vorticity–pressure fluctuation interaction
characteristics in the volute. The results can be used to improve the stability of the operation
and for further optimization of PATs. The main content of this paper is organized as follows:
Section 2 describes the physical model and numerical methodology, and Section 3 compares
the vorticity and pressure fluctuation intensity characteristics in the volute varied with
flow rates and builds the relationship between vortex evolution and pressure fluctuations.
Finally, Section 4 excerpts several valuable conclusions of this study.

2. Numerical Method
2.1. Physical Model

The model applied in the present study is a single stage cantilever pump as turbines
(PATs) commonly used in the chemical industry with an ns of 24.73. The designed flow,
head, and rotating speed under the best efficiency point (BEP) of the pump were 45 m3/h,
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30.9 m, and 2900 rpm, respectively. The calculated model presented in Figure 1 includes an
inlet duct, volute, impeller, impeller clearance, front chamber, back chamber, and outlet
duct. The high-pressure fluid from the inlet pipe transports to the volute. The volute
has two functions, the first being to convert some of the pressure energy of the fluid into
mechanical energy, and the other to guide the water into the impeller. The impeller is the
core component of energy conversion; the high-pressure and high-velocity fluid impacts
the blade to push it to rotate. The outlet duct is the only outlet flow component of the PATs.
To decline the impeller’s radical force, the structure of the back and front chambers should
be carefully designed. In order to accurately capture the true flow in the PATs, the wear
ring clearance of the front and back chambers were structured. Table 1 presents the main
geometric parameters of the PAT.

Figure 1. Calculation model of the PATs.

Table 1. Main geometric parameters of the PATs.

Parameter Notation Value Parameter Notation Value

Impeller inlet diameter (mm) D1 169 Blade inlet angle (◦) β2 25
Impeller outlet diameter (mm) D2 86 Blade outlet angle (◦) β1 30

Impeller inlet width (mm) b1 14 Volute base circle diameter (mm) D3 172
Impeller outlet width (mm) b2 20 Blade number Z 6

2.2. Governing Equations and Turbulence Model

The mass and momentum conservation equations were used to determine the velocity
and pressure distribution in the PATs, regardless of the temperature and density variations
of the flow medium in the simulations. The Reynolds averaged method was applied to
the governing equations in the present study, and mass conservation and conservation of
momentum are written as follows [30,31]:

Mass conservation:
∂ui
∂xi

= 0 (1)

Conservation of momentum:

∂ui
∂t

+
∂

∂xj

(
uiuj

)
= −1

ρ

∂p
∂xi

+
1
ρ

∂

∂xj

(
µ

∂ui
∂xj
− ρu′iu

′
j

)
+ fi (2)
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where xi and xj are coordinate components; fi is the body force component; ui and uj are
time-averaged velocity components in cartesian coordinates; and ρ, p, and ρu′iu

′
j are density

of flow medium, time-averaged pressure, and Reynolds stress tensor, respectively.
The flow characteristics are extremely complicated due to the high rotating speed of

the impeller domain and distortion in flow channels. To precisely predict the hydraulic
performance of PATs variation with the flow rates, the Shear Stress Transport (SST) k–ω
turbulence model was selected to close the Reynolds-averaged governing equations under
the steady calculation [32–34]. The SST k–ω turbulence model equations are shown in the
following:

Turbulent kinetic energy equation:

∂(ρk)
∂t

+
∂
(
ρkuj

)
∂xj

= Pk +
∂

∂xj

[(
µ +

µt

σk3

)
∂k
∂xj

]
− ρk3/2

lk–ω
(3)

Turbulent frequency equation:

∂(ρω)

∂t
+

∂

∂xj

[
ρωuj −

(
µ +

µt

σω3

)
∂ω

∂xj

]
= α3

ω

k
Pk − β3ρω2 + 2ρ(1− F1)

1
ωσω2

∂k
∂xj

∂ω

∂xj
(4)

where Pk is the production term of the equations; F1 is the blending function used to switch
the turbulence model between k–ω and k–ε based on the distance of a node to the nearest
wall; µ is the dynamic viscosity; µt is the turbulence viscosity, and σk3, σω3, α3, β3, and σω2
are the model constants. lk–ω in the second term on the right side of Equation (3) is the
turbulence scale, which is defined as

lk–ω = k1/2ωβk (5)

The DES turbulence model based on the SST k–ω turbulence model (SST–DES) was
applied to solve the Reynolds-averaged governing equations under the unsteady calcula-
tion to better capture the vortex distribution and evolution characteristics in the PAT. In the
SST–DES turbulence model, the term of min (lk–ω , CDES∆) was used to replace lk–ω . CDES is
the empirical constant with values of 0.61, and ∆ is defined as ∆ = max (∆x, ∆y, ∆z), which
represents the largest mesh element dimension. When lk–ω ≥ CDES∆, the LES model was
applied; otherwise, the SST k–ω model was used.

Due to the blade with the distortion structure, to truly reflect the details of the inner
flow of the impeller, the correction coefficient f r proposed by Spalart and Shur [35] consid-
ering the effects of curvature is used to modify the production term in the SST k–ω model
and SST–DES models.

Pt = fr·Pt (6)

where fr =
2r∗

1+r∗ (1 + cr1)
[
1− cr3 tan−1(cr2r̃)

]
− cr1. cr1, cr2, cr3 are constants that are equal

to 1, 2, and 1, respectively, and r̃ and r∗ are functions of the strain rate and system rotation,
respectively.

2.3. Numerical Schemes and Boundary Conditions

The 3D steady-state incompressible simulation of PATs under the flow rates from
34.3 m3/h to 101.8 m3/h conditions, which correspond to 0.43Qb to 1.3Qb was performed
in ANSYS CFX 2022 R2. The grid frame change models of the static domain connecting
to the static domain and rotating domain were set to none and frozen rotor with the
General Grid Interface mesh connection method, respectively. All the flow domains were
set to stationary domains except the impeller. The rotating speed of the impeller was
2900 rpm, and multiple frames of reference were adopted in the simulation. The fluid
energy transport medium was pure water with a density and temperature of 998.2 kg/m3

and 25 ◦C, respectively. The high-resolution advection scheme and implicit second-order
backward Euler scheme were applied to the discretization of convective terms and time
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discretization of the momentum equations, respectively. Mass flow rate condition were in
the position of the outlet, and the total pressure boundary was set as the inlet condition with
a medium turbulence intensity of 5%. By changing the mass flow rate of the outlet, the flow
characteristics and hydraulic performance of PATs under different operation conditions
can be obtained. The convergence criterion of continuity and momentum equations is a
root mean square (RMS) below 10−5.

The steady simulation results of PATs solved by the SST k–ω turbulence model were
used as the initial data for transient simulation to promote the convergence rate. Under
the transient simulation, the time step was set to 5.7471 × 10−5 s, corresponding to one
degree of impeller rotation, and the total time was set to 0.62068965 s, corresponding to the
time needed for 30 revolutions of the impeller. The high-resolution discretization type was
selected in the advection scheme, and the transient term was selected in the second-order
backward Euler scheme. The interface between the impeller and the static domains adopted
the frozen rotor interface in the steady simulation, and the transient rotor–stator model was
selected for transient simulation. The convergence condition of all residuals was an RMS
less than 1 × 10−6 under the transient simulation. The transient simulation results of the
last five revolutions of the impeller were adopted to investigate the variations of pressure
and vorticity in the volute with time. The monitoring points in the volute are shown in
Figure 2.

Figure 2. Monitoring points in the volute.

2.4. Mesh Generation and Sensitivity Analysis

Figure 3 shows the calculation mesh information of PATs’ main flow domains. For
precise capture of the detailed flow characteristics near the wall and to meet the values of
the y+ requirement of the turbulence model, the methodology of local mesh refinement
was adopted to build the boundary layer. Six different numbers of grids were created
through an identical meshing method, and the node number increased from 2.54 × 106

to 9.43 × 106. The head of PATs under the BEP condition was selected as the criterion of
grid independence. Figure 4 plots the variation curves of the head with the number of grid
nodes increased. It indicates that when the grid number is larger than 6 × 106, the head
and efficiency fluctuation of the PATs is not more than 0.5%. Considering the numerical
accuracy and the ability of computational resources, the grid number of 7.25 × 106 was
preliminarily selected.
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Figure 3. Grids of computational domains.

Figure 4. Grid independence verification.

To further verify the grid independence, the Grid Convergence Index (GCI) method
was used, which is based on the Richardson extrapolation method, which was proposed by
Roache and recommended by the Fluids Engineering Division of the American Society of
Mechanical Engineers [36,37]. Three groups of mesh (N1, N2, N3) were used to check the
grid independence, and the number of nodes was 9.43 × 106, 7.25 × 106, and 5.58 × 106,
respectively. The head and torque of PATs under the BEP condition were chosen to evaluate
the grid error parameters. Table 2 presents the discretization errors of mesh cases. The
discretization error of the mesh shows that the approximate relative error (e21

a , e32
a ), extrap-

olated relative error (e21
ext, e32

ext), and fine-grid convergence index (GCI21
fine,GCI32

fine) of head
and efficiency were below 1.5%, which indicated that the mesh group of N2 could ensure
the accuracy of the calculation. Finally, the mesh group with 7.25 × 106 nodes was selected
for the simulation research in the present study. The mesh information for each domain is
shown in Table 3.
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Table 2. Computed discretization errors in head and efficiency.

r21 r32 p ϕ21
ext e21

a e21
ext GCI21

fine ϕ32
ext e32

a e32
ext GCI32

fine

H (m) 1.32 1.31 0.986 57.83 0.0032% 0.0104% 1.30% 57.82 0.0024% 0.0079% 0.99%
η (%) 1.32 1.31 4.943 75.16 0.0014% 0.0005% 0.06% 75.16 0.0052% 0.0019% 0.23%

Table 3. Mesh information of each domain.

Domain Node (Million) Wall Average y+ Worst Quality

Inlet duct 0.3415 3.24 0.88
Volute 2.6914 6.37 0.52

Impeller 2.7624 6.24 0.43
Front chamber 0.4764 5.54 0.74
Back chamber 0.6213 4.84 0.72

Outlet duct 0.3649 3.76 0.87

2.5. Validation of Numerical Results

To verify the accuracy of the head and efficiency predicted by numerical methods,
the hydraulic performance test of PATs was conducted by Hangzhou Dalu Industry Co.,
Ltd. (Hangzhou, China). Figure 5a shows the hydraulic performance test system of
PATs, which comprises the water tank, control valve, feed pump, data acquisition and
processing system, pressure transducer, electromagnetic flowmeter, electric eddy current
dynamometer (ECD), PATs, and connecting pipe. The feed pump provides the hydraulic
energy to drive the working PATs, and the ECD consumes the mechanical energy produced
from the PATs. The ECD directly connects to the PATs by the flexible coupling with a
coaxiality error below 0.1 mm, and the real-time data of rotating speed and torque are
stored in its supporting software. Through coordinated regulation of the ECD, the control
valve at the mainstream, and the bypass pipe, the hydraulic performance of PATs under
the different operating conditions is obtained. The uncertainty of the pressure transducer,
electromagnetic flowmeter, torque, and rotating speed sensor are ±0.2%, ±0.1%, and
±0.05%, respectively. The head and efficiency of PATs are calculated as follows.

H =

(
z1 +

p1

ρg
+

v2
1

2g

)
−
(

z2 +
p2

ρg
+

v2
2

2g

)
(7)

η =
πnT

30ρgQH
× 100% (8)

where T is the torque of PATs; and z, p, and v are the vertical height, manometer pressure,
and average velocity of cross section, respectively. The subscripts 1 and 2 represent inlet
and outlet, respectively.

To verify the accuracy of the unsteady characteristics of PAT obtained by the simulation,
four high frequencies dynamic pressure sensors were arranged in the volute in the test,
and its position was consistent with the numerical setting. The physical model of PATs
is presented in Figure 5b. As the experimental results obtained had a certain random
error, the multiple repeated experimental results were used to calculate the performance
parameter uncertainty of PATs. The uncertainty of flow rate, efficiency, and head were
±0.03%, ±0.13%, and ±0.14%, respectively. The uncertainty calculation formula is as
follows:

Sx =

√√√√ 1
n

[
n

∑
i=1

(xi − x)2

]
(9)

UR = ± tn−1Sx

x
√

n
× 100% (10)
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where xi, x, n, Sx, and UR are measurement value, average measurement value, mea-
surement times, standard deviation, and random uncertainty, respectively. tn−1 is the
confidence coefficient, which is equal to 0.95.

Figure 5. PATs test system.

Figure 6 depicts the head and efficiency versus flow rate curve of the PATs comparison
between that obtained by the CFD and the experimental method. The variation of head and
efficiency with the flow rate were basically consistent in these two methods. As the flow
rate increased, the head continually increased, while the efficiency increased at first and
then decreased. The highest efficiency of PATs was reached at the flow rate of 78.3 m3/h;
under this operating condition, the head and efficiency predicted by the CFD method were
57.82 m and 75.15%, respectively. The prediction errors of efficiency and head were 2.47%
and 4.91%, respectively.

The pressure fluctuations frequency domain signal of the volute obtained by CFD and
test are compared in Figure 7. The pressure fluctuations coefficient P′ is defined in Equation
(11) to evaluate the intensity of pressure fluctuations [24]. At different positions in the
circumferential direction of the S1 plane, the dominant frequency of pressure fluctuation
predicted by CFD is 289.84 Hz, respectively, and the calculation error is −0.056% compared
with the theoretical blade passing frequency (BPF). The amplitude of the dominant fre-
quency of pressure fluctuation obtained by CFD and testing were well-matched, and the
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values of P′ were relatively large at the harmonic frequency of BPF, which indicated that
the pressure fluctuations characteristic of volute main were affected by the rotor–stator
interactions. As the pressure sensors showed a higher sampling frequency than the CFD,
and the test results were affected by the pressure fluctuation of the feed pump, voltage
variation of ECD, etc., the frequency components obtained by experiments were more di-
verse. Overall, the CFD prediction errors for both the hydraulic performance and pressure
fluctuations characteristic of PATs were acceptable. Therefore, it can be concluded that the
numerical simulation strategies adopted in the present study are dependable.

P′ = 2(p− p)/ρu2
1 (11)

where p, p, and u1 represent the stable pressure, average pressure, and circumferential
velocity, respectively, of the impeller inlet.

Figure 6. Hydraulic performance characteristics comparison between CFD and experiment.

Figure 7. Pressure fluctuations frequency domain signal comparison between CFD and test. (a) pres-
sure fluctuations coefficient of P1; (b) pressure fluctuations coefficient of P4; (c) pressure fluctuations
coefficient of P6; (d) pressure fluctuations coefficient of V9.
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3. Results and Discussion
3.1. Spatial and Temporal Evolution of the Vorticity

Figure 8 compares the vorticity distribution in the Z = 0 plane of the volute at the
initial state for blade B1 under different operating conditions. The initial state is defined as
the blade B1 leading-edge position aligns with the tongue of the volute. The dimensionless
parameter ω* is defined in Equation (12) to evaluate the intensity of vorticity. It can be
seen from the figure that the vorticity concentration regions in the volute were not changed
with the varied flow rate. The vorticity in the volute concentrated near the walls and the
tongue leading edge, as the fluid was affected by the strongly wall shear effect. In addition,
influenced by the volute structure, the vortex near the walls of the volute throat (in region
A) was shedding and propagated downstream. The vorticity value gradually decreased
during the vortex position close to the outlet of the volute. As the outlet backflow of the
volute, the vortex appeared at the partial interface between the volute and impeller, which
caused the vorticity increases.

ω∗ = ω/ωmax (12)

where ωmax is the maximum vorticity in the Z = 0 plane of the volute.

Figure 8. Spatial distribution of vorticity in the volute. (a) Diagram of the volute and impeller; (b) 0.7
Qb; (c) Qb; (d) 1.3 Qb.

To investigate the impeller rotating affect to the spatial distribution of vorticity in the
volute, the spatial and temporal evolution of the vorticity under the Qb operation condition
of B1 in one rotating cycle is shown in Figure 9. On the whole, vorticity concentration
regions in the volute Z = 0 plane did not change with the time variation. However, there
were large vorticity values at the outlet position of the sixth section of the volute and
near the volute tongue at every moment under the Qb operation condition. To interpret
this phenomenon combined with the local flow characteristic in the volute, the backflow
behavior at the interface of volute and impeller was evaluated by the flow deviation ratio
(FDR). The FER is defined in Equation (13). The large values of FDR indicated that the flow
deviated from the average flow in the impeller passage.

FDR =
(m−m)

m
× 100% (13)
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where m and m are the mass flow in the different impeller passages and the average mass
flow in the whole impeller passage, respectively.

Figure 9. Spatial and temporal evolution of the vorticity under Qb operation conditions. (a) 0 T;
(b) 1/6 T; (c) 2/6 T; (d) 3/6 T; (e) 4/6 T; (f) 5/6 T.

Figure 10 compares the flow deviation ratio of different impeller passages with varied
flow rate. With the flow rate increased, the FDR declined in most of the impeller passages,
and the maximum value of FDR was less than 10% under the 1.3Qb operation condition.
The FDR is the most serious of all impeller passages under the no-load operation condition
of PATs, in which the maximum value of FDR in the I1 is close to −90%. At Qb operation
conditions, the FDR of passages of I1 and I5 are larger than other passages, which causes
the backflow to appear in those interfaces and increase the local vorticity.

Figure 10. Flow deviation ratio in the different impeller passages.
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Figure 11 shows the vorticity variation of monitoring points V9 with the impeller
rotating, the lowercase letters (a to f) represent the circumferential direction position of the
B1 impeller and correspond to the vorticity of monitoring points V9. The results indicated
that the vorticity variation with periodicity and the number of vorticity wave peaks was
equal to the number of blades. Six representative moments of blade B1 were used to
determine that the effect of impeller rotation influenced the vorticity evolution near the
volute tongue. That is, the vorticity was relatively large when the leading edge of blade
aligned with the volute tongue and decreased with the blade away from the tongue. The
variation of vorticity in one period corresponded to the processing of vortex shedding and
regeneration.

Figure 11. Vorticity of monitoring point V9 variation with time.

To further analyze the impeller rotating effect on the vortex evolution at the volute
tongue leading edge, Figure 12 illustrates the comparison of Z-direction vorticity at this
position in the 1/6 impeller rotating period under the Qb operation condition. As shown
in Figure 12a, a couple of vortexes with an opposite rotating direction appeared at the
volute tongue leading edge. With the leading edge of the blade closing to the volute
tongue, the vortex length developed, and the maximum vortex length appeared when the
leading edge of the blade aligned with the volute tongue. With the impeller rotating away
from the volute tongue, as shown in Figure 12d, the vortex began to shed and propagate
downstream. While the blade B1 rotating degree θ was 30◦, the vortex length at the volute
tongue leading edge was the shortest, which indicated that the vortex arrived at inception
status and moved to the next evolution period. Combined with Figures 11 and 12, it can
be concluded that the blade rotation has a significantly influence on the vortex evolution
characteristics at the volute tongue leading edge.

3.2. Vorticity Fluctuation Characteristics

To further analyze the vortex evolution effect on the local pressure and to reveal the
sources for the frequency component of pressure fluctuation, the vorticity and pressure
signal of the volute in the impeller’s last five revolutions were analyzed by the Fast
Fourier Transform algorithm. As shown in Figure 13, the vorticity fluctuation dominant
frequency in the volute was composed of the blade pass frequency (6f n), and the twice shaft
frequency (2f n), of which the dominant frequency of monitoring points P3 to P8 was 2f n,
and the other monitoring points were 6f n, in which the f n was impeller rotation frequency.
The vorticity fluctuation amplitude of P10 was small, indicating that the flow inner the
volute inlet contraction section was stable. The vorticity fluctuation amplitude of other
monitoring points was relatively high, and the frequency components were more diverse
under the low frequency band. From the position of monitoring points and its vorticity
fluctuation dominant frequency, it can be inferred that the vortex evolution at the P3 to
P8 was determined by the local flow characteristic affected by the volute structure and
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flow rate, while the effect of rotor–stator interaction was the dominant contribution to the
vorticity fluctuation of P0, P1, P2, P9, V9, and V10. The vorticity fluctuation amplitude of
the monitoring points near the volute tongue was higher than those points near the walls,
and closer to the volute tongue the amplitude was greater.

Figure 12. Z-direction vorticity at volute tongue leading edge in the 1/6 impeller rotating periods
under the Qb operation condition. (a) −18◦; (b) −6◦; (c) 0◦; (d) 6◦; (e) 18◦; (f) 30◦.

Figure 13. Frequency domain of vorticity fluctuation at the Qb operation condition.

Figure 14 illustrates the vorticity fluctuation frequency domain of the volute at the
0.7Qb operation condition. With the flow rate decreasing, the amplitude of vorticity
fluctuation decreased, and its maximum values region also appeared near the leading edge
of the volute tongue. The impact of the rotor–stator interaction on the vortex evolution
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near the volute walls was weakened comparing to the Qb condition. The reasons for this
phenomenon may be the flow rate of PAT under the part load operation condition being
close to its best efficiency points of pump condition. Therefore, it can be concluded that
the flow rate and structure of the volute determine the vortex evolution behavior near
the volute walls. As the position of monitoring points approached the volute inlet, the
impeller rotating effect played a leading role in its vorticity fluctuation rather than the local
flow characteristics. As seen in Figure 14, the vorticity fluctuation dominant frequency
of P0 to P6 and P7 to P9 was 0.6f n and f n, respectively. In addition, though the P0 was
located in the small pass-flow section of the volute, its vorticity fluctuation amplitude was
relatively low due to the local flow characteristic of it being better under the 0.7Qb operation
condition. The vorticity fluctuation frequency components at the volute tongue leading
edge under the 0.7Qb condition was more diverse than the Qb operation condition. The
vorticity fluctuation dominant frequencies of V9 and V10 were 0.4f n and 0.6f n, respectively.

Figure 14. Frequency domain of vorticity fluctuation at the 0.7Qb operation condition.

Figure 15 shows the frequency domain of vorticity fluctuation at the 1.3Qb operation
condition. Except for at P6 and P7, the dominant frequency of the monitoring points
located at the volute circumferential direction was 6f n. It can be inferred that the effect
of rotor–stator interactions significantly influenced the vortex evolution in the volute.
The dominant frequency of P6 and P7 was 2.2f n with a relatively low amplitude, which
was related to the local flow characteristic caused by flow rate and volute structure. The
dominant frequencies of V9 and V10 were 2.2f n and 8.4f n, respectively. Compared with
other monitoring points, vorticity pulsations frequency components of V9 in the low
frequency band were more diverse and of higher amplitude, as it is close to the leading
edge of the volute tongue. As V10 was away from the leading edge of the volute tongue,
its frequency components of the vorticity pulsations were diverse, and its amplitude was
close. This phenomenon was caused by the multiple effects from the flow characteristic of
the volute inlet contraction section and impeller inlet. Combining Figures 13–15, it can be
concluded that the vorticity fluctuation characteristics in the volute were mainly influenced
by the rotor–stator interactions, inlet conditions, and its structure.
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Figure 15. Frequency domain of vorticity fluctuation at the 1.3Qb operation condition.

3.3. Pressure Fluctuation Characteristics

The pressure pulsation intensity coefficient (Cp) was adopted to investigate the im-
peller rotating affect on the pressure fluctuation characteristics of the volute, which is
defined in Equation (14) [38]. The dimensionless parameter Cp is calculated by the standard
deviation of pressure in ANSYS CFX 2022 R2. From the definition of Cp, it can be inferred
that it is a pressure pulsation statistic of the grid nodes during the statistical period and is
independent of the instantaneous state of rotation of the impeller. The lower the value of
Cp, the weaker the pressure pulsation intensity in the region during the statistical period.
Figure 16 compares the Cp distribution under different operation conditions in the Z = 0
plane of the volute in the last three rotation periods of simulation results. As the flow rate
increased, the maximum values of Cp in the Z = 0 plane of the volute increased. However,
the high values of Cp regions were in essentially the same position when the flow rate
varied, and the Cp concentrated at the small pass-flow section of the volute and the volute
outlet. In addition, affected by the rotor–stator interaction, the high values of Cp regions
appeared on the tongue side near the runner. The six low values of Cp regions located at
the circumferential direction of the volute under the Qb and 1.3Qb operation conditions
aligned with the blade leading edge. It can be concluded that the pressure fluctuation
intensity is the lowest in the Z = 0 plane of the volute while the volute tongue aligns with
the blade leading edge.

Cp= 2

√√√√ 1
N

N−1

∑
i−1

(p− p)2/ρu2
1 (14)

where N, i, p, and p are the number of time steps, the ith time step, the static pressure at the
ith time step, and the average pressure over statistical time, respectively.

As shown in Figure 17, under the Qb operation condition, the pressure fluctuation of
the volute was determined by the effect of the rotor–stator interaction, and its dominant
frequency of all monitoring points was the blade pass frequency. The amplitude under the
blade pass frequency doubling was relatively large. As the flow cross-section area increased,
the local pressure fluctuation amplitude gradually decreased. However, as illustrated in
Figure 16, P2 and P6 were located in the low-pressure fluctuation intensity regions and
with relatively low-pressure fluctuation amplitudes. As with the vorticity fluctuation
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characteristic of P10, its pressure value was constant with the impeller rotation, indicating
that the rotor–stator interaction had few effects on the volute inlet contraction section and
its upstream section. The monitoring points V9 and V10 were located at the leading edge
of the volute tongue with a relatively low and consistent amplitude of pressure fluctuation.

Figure 16. Cp distribution under different operation conditions in the Z = 0 plane of the volute.
(a) 0.7Qb; (b) Qb; (c) 1.3Qb.

Figure 17. Frequency domain of pressure fluctuation at the Qb operation condition.

Compared with the Qb operation condition, the pressure fluctuation amplitude in the
volute decreased with the flow rate decrease but with the consistent dominant frequency
shown in Figure 18. As the flow section area of the volute decreased, the local fluctuation
amplitude and numbers of the high-amplitude frequency components increased. In ad-
dition, the pressure fluctuation amplitude was relatively large at the frequency of 0.6f n
and 0.8f n, indicating that the vortex evolution at the volute circumferential direction had
a greater influence on the local pressure fluctuation under the part load condition than
the Qb operation condition. The pressure fluctuation characteristics at the volute tongue
leading edge were dominated by the rotor–stator interaction, and the local vortex shedding
also increased the fluctuation amplitude at the low-frequency band.
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Figure 18. Frequency domain of pressure fluctuation at the 0.7Qb operation condition.

Under 1.3Qb operation conditions, the dominant frequency amplitude of the pressure
fluctuation in the volute significantly increased compared with other operation conditions,
as shown in Figure 19. The effects of the rotor–stator interaction determined the pressure
fluctuation characteristics, but the vortex evolution had a few contributions to causing
the local pressure fluctuation in the over load condition. The maximum pressure fluctua-
tion amplitude appeared at P0, which was located in the volute small pass flow section.
The pressure fluctuation dominant frequency of V9 and V10 was 6f n, and its pressure
fluctuation amplitude was relatively large at the frequency of 2.2f n and 3.8f n. Combining
Figures 18 and 19, a pressure fluctuation frequency of 6f n was generated by the rotor–stator
interaction, and 2.2f n and 3.8f n were caused by the vortex periodic shedding from the
leading edge of the volute tongue.

Figure 19. Frequency domain of pressure fluctuation at the 1.3Qb operation condition.
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4. Conclusions

The vorticity–pressure fluctuation interaction in the volute of a centrifugal pump
as turbines was herein investigated by the numerical method. The accuracy of energy
performance and pressure fluctuation characteristic of PATs predicted by the simulation
method was verified through the experiment. The vorticity and pressure fluctuation
intensity distributions in the volute under different operation conditions were compared.
Furthermore, the relationship between vortex evolution with the pressure pulsations in the
volute was established by clarify the frequency components corresponding to local high
amplitude vorticity and pressure pulsations. The major conclusions can be summarized
as follows:

(1) Under Qb conditions, the effects of impeller rotation had less influence on the vorticity
distribution near the volute walls but significantly influenced the vortex evolution
at the leading edge of the volute tongue. The evolution of vorticity at the leading
edge of the volute tongue intensified the local pressure pulsations as the flow rate in-
creased. Under the different operating conditions of the PATs, the vorticity fluctuation
dominant frequency of the volute was significantly varied.

(2) The pressure fluctuation intensity was the lowest in the volute while the volute tongue
aligned with the blade leading edge, increasing with the flow rate. The pressure
fluctuations characteristic of the volute were dominated by the rotor–stator interaction
with the dominant frequency is 6f n. The rotor–stator interaction had few effects on
the pressure and vorticity fluctuation characteristics of the volute inlet contraction
section and its upstream section.

(3) Under Qb and 1.3Qb conditions, the vorticity pulsation near the wall in the circumfer-
ential direction of the volute had less effect on local pressure pulsation characteristics.
The effects of impeller rotation had less influence on vortex evolution at the leading
edge of the volute tongue under the off-design conditions. The evolution of vorticity
at the leading edge of the volute tongue intensified the local pressure pulsations as
the flow rate increased. Under the 0.7Qb conditions, the vorticity pulsation character-
istics in the volute were complex and had a relatively significant influence on local
pressure pulsation.
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Nomenclature

H Head (m)
Q Flow rate (m3·s−1)
N Total number of cells
ϕext Extrapolated parameter value (−)
Gfine Fine-grid convergence index (−)
eext Extrapolated relative error (−)
ea Approximate relative error (−)
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p1 Inlet static pressure of the PAT (Pa)
p2 Outlet static pressure of the PAT (Pa)
f n Impeller rotation frequency (Hz)
Cp pressure pulsation intensity coefficient (−)
ωz Z-direction vorticity (s−1)
Sx Standard deviation (−)
UR Random uncertainty (−)
ρ Density (kg·m−3)
η Efficiency (−)
P′ Pressure fluctuations coefficient (−)
Qb Best efficiency flow rate point (m3·s−1)
ns Designed specific speed (−)
T Torque of the impeller (N·m−1)
n Rotational speed (min−1)
y+ y plus value (−)

Abbreviations

PAT Pump as turbine
RMS Root mean square
BEP Best efficiency point
GCI Grid convergence index
ECD Electric eddy current dynamometer
CFD Computational fluid dynamics
BPF Blade passing frequency
PS Pressure side of the blade
SS Suction side of the blade
FDR Flow deviation ratio
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