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ABSTRACT

A volute is a curved funnel with cross-sectional area increasing towards the discharge port. The volute of a cen-
trifugal pump is the casing hosting the fluid being pumped by the impeller. In Pump-as-turbine devices (PAT),
vice versa the volute plays the role of energy conversion element. In the present analysis, this process is analyzed
using CFD. The results show that in the contraction section of volute the conversion between dynamic pressure
energy and static pressure energy essentially depends on the reduction of flow area, while in the spiral section,
frictional losses also play a significant role. From the throat to the end of the volute, the flow decreases in a
wave-like manner.
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Nomenclature
D1: Impeller outlet diameter [mm]
D2: Impeller inlet diameter [mm]
D3: Volute inlet diameter [mm]
b2: Impeller inlet width [mm]
b3: Volute outlet width [mm]
z: Number of blades
ns: Specific speed, ns ¼ 3:65n
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n: Rotational speed [rpm]

Greek Symbols
β1: Blade outlet angle [°]
β2: Blade inlet angle [°]
ω: Rotation angular velocity [rad/s]

1 Introduction

The current energy problem is becoming progressively serious, and energy conservation and emission
reduction have now become global responsibilities. Despite this, in most process industries, such as
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petrochemical [1–2], chemical fertilizer synthetic ammonia process [3–4], reverse osmosis desalination [5],
and urban water supply [6–7], a large amount of liquid pressure energy is surplus, which is usually
discharged through pressure reducing valves or other pressure relief devices, thereby wasting the energy
of high-pressure liquid. A pump as turbine can convert liquid pressure energy into rotating mechanical
energy to generate electricity or drive other equipment to run, so as to achieve the purpose of energy
conversion and energy saving. Owing to the simple structure, low cost, reliable operation, easy operation
and maintenance thereof, the pump as turbine has been employed extensively in industry [8–12].

Presently, research on the pump as turbine primarily shift attention towards the selection of the pump as
turbine [13–17], the performance optimization [18–24] and the stability [25–30]. Regarding the selection of
the PAT, Yang et al. [13] established a mathematical model for predicting the performance of the pump in
reverse operation from the perspective of dimensional analysis, and fitted out the performance prediction
formula of the pump in reverse operation, providing a reference for the selection of the pump as a
hydraulic turbine. Through experiments and theoretical analysis, Yang et al. [14] determined that the H
and Q of the pump under turbine conditions were related to the optimal efficiency and specific speed of
the pump, and subsequently determined the corresponding relationship. In terms of the performance
optimization of the PAT, Shahram Derakhshan et al. [18] adopted the impeller of a centrifugal pump as
the research object, and utilized numerical calculation and a gradient optimization algorithm to optimize
the blade shape, in order to render that the efficiency of the blade was higher under the condition of
pump reverse as turbine. Singh et al. [19] researched a multitude of schemes to improve the PAT
performance by optimizing the geometric parameters of the pump. The findings were that the impeller
rounding could improve the performance of the PAT, and the suggestion was provided that the impeller
rounding should be used for the reversal of various pumps. At the same time, different rounding
standards were offered. Wang et al. [20], assuming the conservation of the velocity moment in the spiral
case of a PAT under the optimum working condition, ascertained the inlet and outlet setting angles of the
PAT blade, respectively, and designed a special impeller for the PAT by utilizing ANSYS-BladeGen.
Subsequently, the optimized PAT and prototype PAT were tested, respectively. The results revealed that
the efficiency of the optimized PAT was much higher than that of the prototype PAT. By means of
numerical calculation, Shahram et al. [22] investigated the performance of an axial-flow pump under the
conditions of forward rotation and reverse rotation. Although the axial-flow pump was found to be usable
as a turbine with low energy head, the efficiency of the axial flow pump under turbine conditions was
low. Accordingly, the blade of the axial flow pump was optimized through the combination of a genetic
algorithm and an artificial neural network. The performance of the axial flow pump under turbine
conditions was substantially improved after optimization, and the efficiency was increased by 14%. With
regard to hydraulic stability, Yang et al. [24,25] applied a numerical calculation method to observe the
axial force, radial force, and the stress of the shaft when a pump with a specific speed of 84.5 was used
as a turbine. Shi et al. [26,27] employed ANSYS-FLUENT software to explore the internal pressure
fluctuation of a pump as turbine under different guide vane numbers and different inlet cross-section
areas. In one study, the flow field analysis software CFX was utilized to thoroughly analyze the pressure
pulsation in the pump as turbine [28]. Compared with the volute and draft tube area, the pressure
pulsation in the impeller was found to be the strongest, with the largest pressure pulsation occurring in
the middle of the impeller. With a view to understand in-depth the pressure pulsation in the volute of the
pump as turbine, another study analyzed the pressure pulsation under different flows by setting
monitoring points at different radial positions and circumferential positions in the volute flow passage of
the pump as turbine [29].

Amongst the background of the aforementioned research on the PAT, researchers have evidently
centered research on the impeller. However, research on the volute is scarce [27,29,30], particularly on
the energy conversion in the volute. As is well known, the volute is also an integral energy conversion
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component of the PAT, which determines the energy efficiency and other performance parameters of the PAT.
If the energy conversion process and the law thereof can be clearly defined, this will be beneficial to the
further design and optimization of the volute. Thus, the present paper took the single-stage single-entry
PAT as the research object, and applied the method of sub region to analyze the energy conversion in
each region of the volute, in addition to the energy conversion relationship between the impeller and the
volute, so as to provide a qualitative guideline for volute performance.

2 Numerical Investigation

2.1 Main Parameters of Research Object
In the present paper, a single-stage single suction centrifugal pump with a specific speed of 48 was

selected as the turbine [31]. The performance parameters of the pump were: flow rate Q = 12.5 m3/h,
head H = 30.7 m, rotational speed n = 2900 r/min and the impeller rotates clockwise. Fig. 1 exhibits the
selected model, and Tab. 1 reports the key geometric parameters.

Figure 1: Impeller projection (a) The meridional section (b) The plan view

Table 1: Main geometric parameters of the centrifugal pump as turbine

Component Parameter Value

Impeller D1 48

D2 165

β1 32.5

β2 14

b2 6

Z 4

Volute D3 32

b3 16

Cross-section shape Horseshoe
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2.2 Governing Equation
In the non-inertial coordinate system following the impeller rotation, the flow in the pump as turbine

can be considered to be constant. The continuity equation and momentum equation of incompressible
fluid are as follows:
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In which p is the intensity of pressure, fi is the Coriolis force, u is the relative velocity, l is the kinetic
viscosity, and lt is the turbulent viscosity.

The turbulence model selected in this paper was the standard k � e turbulence model. First proposed by
Launder et al. [32] in 1972, the standard k � e turbulence model is formed by introducing a turbulence
dissipation rate e equation on the basis of the turbulence kinetic energy k equation. In this model, the
newly introduced turbulent dissipation rate e is defined as presented in Eq. (3):
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The turbulent viscosity lt can be expressed as lt function of k and e, namely:

lt ¼ qCl
k2

e
(4)

where Cl = 0.09.

In the standard k � e turbulence model, the transport equation of turbulent kinetic energy k and turbulent
dissipation rate e are displayed as follows:
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where Gk stands for generation of turbulence kinetic energy due to mean velocity gradients, Gb for the
generation of turbulence kinetic energy due to buoyancy, YM for contribution of the fluctuating dilatation
in compressible turbulence to the overall dissipation rate. C1e = 1.44, C2e = 1.92. rk = 1.0 and
re = 1.3 are the turbulent Prandtl numbers for k and e, respectively. Sk and Se stand for user-defined
source terms. Since the fluid medium in this paper is water, it is an incompressible fluid, so Gb, YM , Sk
and Se are all equal 0.

2.3 3D Modeling and Mesh Generation
Pro/E software was employed to generate models of various components of the PAT, as revealed in

Fig. 2. After the establishment of the computational domain model, the model was meshed by ICEM
[33]. Fig. 3 depicts the impeller grid diagram and the full flow field grid assembly diagram.
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For the purpose of studying the influence of grid number on model performance prediction, six sets of
grids were set up in this paper, with the total grid points being 506 484, 694 260, 926 242, 1178 560, 1 368
766 and 1 608 472, respectively. One finding was that from the fourth grid, the efficiency of the PAT changed
within 0.5%, as exhibited in Fig. 4. Therefore, for the consideration of computing resources and computing
time, the present paper selected the fourth grid set as the grid for subsequent numerical calculation.

Figure 2: 3-D model of the PAT’s each part

Figure 3: Mesh of impeller and assembly
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2.4 Solution Parameters
ANSYS-FLUENTsoftware [34] was employed to calculate the incompressible Navier Stokes equations,

and the medium was clean water under 101 kPa and 25°C. The standard k-ε model was selected as the
calculation model. The continuity equation, turbulent kinetic energy equation, momentum equation and
turbulent kinetic energy dissipation equation were all discretized by the second-order upwind scheme of
finite volume method. The boundary conditions for the inlet and the outlet were velocity inlet and static
pressure outlet, respectively. Interface boundary conditions were applied between the rotating part and the
stationary parts. The standard wall function was utilized to define the flow of the near-wall region.
Pressure-based is used as the coupling scheme of pressure-velocity, and pressure-velocity coupling adopt
the SIMPLE algorithm [35–37]. Considering the numerical calculation accuracy and time cost, the
calculation takes every 4° of the impeller as a time step, that is, one revolution of the impeller is 90 steps,
the impeller rotates 6 times in total, and the total time is about 0.1241 s. The calculation convergence
standard was set to 10−5.

Further, verification of the numerical prediction accuracy in the present manuscript has been conducted
in a previous paper [38], while numerical calculation has been successfully applied in heat exchange [39–40],
wind turbines [41–44] and so on. Since the pump as turbine and wind turbines both belong to rotating
machinery, the numerical calculation method is an adequate choice for conducting research.

3 Fluid Energy Conversion Characteristics in the Volute of PAT

In a PAT, the primary function of the volute is to generate a certain circulation of high-pressure liquid and
introduce it into the impeller. The high-pressure liquid gradually flows from the volute inlet along the
direction of narrowing of the flow passage, allowing for the hydrostatic energy and kinetic energy of the
fluid to transform each other. Therefore, in the PAT, the role of the volute is not only as a diversion
component, but also as an energy conversion device. In the vein of clarifying the law of liquid energy
conversion in the volute, the volute was divided into several parts for analysis, as depicted in Figs. 5 and 6.

3.1 The Variation Law of Dynamic and Static Pressure Power in the Volute
Fig. 7 demonstrates the distribution of hydrostatic power and hydrodynamic power on each section of

the volute under different flows. The hydrostatic power and hydrodynamic power on each section were
calculated by Formulas (7) and (8), respectively.

Figure 4: The relationship between PAT efficiency and mesh numbers
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Pd ¼
Z
A
pd v

* � n*dA (7)

Ps ¼
Z
A
ps v

* � n*dA (8)

where Pd and Ps are the dynamic pressure power and static pressure power, respectively; and pd, and ps are
the dynamic pressure and static pressure in the absolute coordinate system, respectively.

Figure 5: Schematic diagram of each section position of PAT volute

Figure 6: Variation curve of section area of PAT volute
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Figure 7: Dynamic and static pressure power distribution of each overcurrent section of the volute (a) 0.6Qt

(b) 0.8Qt (c) 1.0Qt (d) 1.2Qt (e) 1.4Qt (f) 1.6Qt
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According to Fig. 7, an observation can be made that the dynamic and static pressure power of the volute
from Sections 1 to 14 were similar in different flows. From Sections 1 to 3, the dynamic and static pressure
energy demonstrated almost no change. From Sections 3 to 6, the dynamic pressure energy gradually
increased, while the static pressure energy gradually decreased. From Sections 7 to 14, the total energy
demonstrated a downward trend. The static pressure energy essentially displayed a linear downward
trend, while the dynamic pressure energy changes were slightly more complex. The main reason for the
change of dynamic and static pressure energy in the first six sections is that the flow area of the volute
changed along the flow direction. As seen in Fig. 6, the flow area was equal from Sections 1 to 3 of the
volute, thus, the dynamic pressure energy and the static pressure energy on the three sections were
basically the same. From Sections 3 to 6, the flow area of the volute gradually decreased, resulting in the
increase of the velocity of the fluid due to the decrease of the flow area. Therefore, the kinetic pressure
energy gradually increased, while the static pressure energy gradually increased. Since energy equals the
total energy minus the sum of kinetic pressure energy and energy loss, the static pressure energy
decreased gradually. From Sections 6 to 14, on the one hand, the change of dynamic and static pressure
energy was caused by the change of over-current area and flow loss. On the other hand, the flow of fluid
in the volute was affected by the impeller, as the volute and impeller were connected from Sections 6 to
14. This made the dynamic and static pressure energy of each section change. Further, an observation can
be made from the figure that with the increase of flow rate, the proportion of dynamic pressure power in
the total power gradually increased.

Through the analysis of the energy conversion process in the volute, a finding was that the energy
conversion process in the volute of the pump as turbine is more complex, particularly in the area from
Sections 6 to 14. Hence, further in-depth study on the energy conversion process in the volute is required.
Fig. 8 exhibits the flow distribution through each section of the volute under different flows.

As can be observed in Fig. 8, the flow rate on the first six sections demonstrated a horizontal straight line
distribution under different flows, which is not difficult to understand. From Sections 6 to 14, the flow rate
changed in a wave-like downward trend. This change of flow rate was related to the flow situation of fluid
from the volute to the impeller inlet, and the flow situation at impeller inlet would affect the flow in the volute
in turn. Fig. 9 depicts the velocity streamline of the middle section of the PAT at 1.0Qt. At the inlet of each
blade working face, there existed a relatively large vortex (as shown in Fig. 9, Vortex 1, 2, 3 and 4). Vortex 1

Figure 8: Flow distribution of each section through the volute at different flows
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was located below the area surrounded by Sections 7 and 8. Under the action of the vortex, some of the fluids
(net fluids) re-entered the volute, leading to an increase in the flow through Section 8. The principle of flow
increases in Sections 10 and 12 was similar to that in Section 8, but there was a vortex (Vortex 4) below
the area around Sections 13 and 14, with the flow through Section 14 being less than that through Section
13. This was because from Sections 13 to 14, owing to the action of the vortex, the fluid from the volute
into the impeller was more than the fluid from the impeller into the volute. Moreover, an observation can be
made from the figure that the flow rate variation law of each section was similar to that of 1.0Qt, indicating
that the internal flow law of fluid is similar under these conditions. After clarifying the reasons for the
increase of flow rate in Sections 8, 10 and 12 under (0.6–1.6) Qt flow rates, the reasons for the increase of
dynamic pressure power on the three sections in Fig. 7 can be understood.

3.2 Fluid Energy Loss in the Volute
The energy of the fluid was not wholly transferred to the impeller through the volute. This is because the

movement of the fluid in the volute was accompanied by hydraulic friction loss, which refers to hydraulic
loss caused by the change of velocity and direction that consumed part of the energy. Fig. 10 exhibits the
power loss in the volute of the PAT at different flows. As can be seen from Fig. 10, with the flow rate
from 0.6-Qt to 1.6-Qt, the energy loss in the volute increased from 181.55 W to 1632.59 W, that is, when
the flow rate of the PAT increased by 2.67 times, the power loss in the volute increased by about 9 times.

Fig. 10 reveals the distribution of energy loss in volutes of PAT at different flows. For the purpose of
studying the energy loss in the volute in more detail, the volute was divided into 13 regions according to
the section shown in Fig. 5. Sections 1–2 make up the first region, while the second region consisted of
Sections 2–3. By analogy, the volute was eventually divided into 13 regions, of which Area 6 was the
area surrounded by Sections 6, 7 and 14, as shown in Fig. 11. After zoning, the calculation of power loss
in each region was equal to the total energy of all import sections in the region minus the total energy of
all outlet sections. From Regions 1 to 5, each region had only one inlet section and one outlet section.

Figure 9: Streamline on the middle section of the pump as turbine
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From Regions 6 to 13, each region had two outlets, one being the junction with the downstream region and
the other being the outlet of the volute. Additionally, the sixth area of the volute had two inlet surfaces, and
the other areas were all one inlet surface. The total energy at the cross section of the inlet and outlet was
calculated by Formula (9). Fig. 12 depicts the distribution of power loss in different areas of the volute
under different flows.

Pa ¼
Z
A
pa v

* � n*dA (9)

where pa is the total pressure in the absolute coordinate system, v* is the velocity obtained by solving the mass
conservation equation, and the part within the integral symbol is the power density.

Figure 10: Energy loss in the volute under different flows

Figure 11: Schematic diagram of volute block division
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As can be observed in Fig. 12, the distribution of energy loss in each region was similar under different
flows, and the loss in each region increased with the increase of flow rate. This is because the fixed area and
shape of the cross section of the volute determined that the velocity of the fluid in the volute increased with
the increase of flow rate, leading to the increase of the loss in the volute. In the first four and thirteenth regions
of the volute, the energy loss was relatively small, while from the fifth region to the twelfth region, the energy
loss in each region was relatively large. The reason is not only that the velocity and direction of the fluid
passing through these sections in turn changed, but also that these regions were connected with the
impeller and flow in the volute. Motion was affected by the flow in the impeller, rendering the internal
flow more complex and correspondingly increasing the turbulent dissipation loss in volute.

4 Conclusion

(1) In the contraction section of volute, the energy conversion of fluid was mainly related to the flow
area, while in the spiral section of volute, the change of energy conversion was caused by the change of
flow area and flow frictional loss. However, as the volute was connected with the impeller from the throat
to the end, the flow of fluid in the volute was affected by the impeller, rendering changes in the dynamic
and static pressure energy of each section.

(2) From the throat to the end of the volute, the change of flow rates demonstrated a wave like downward
trend. This change of flow rates was primarily attributed to the fact that a part of the fluid returned to the
volute after entering the impeller because of the unreasonable inlet angle of the blade.

(3) In the volute, the loss in the spiral section was larger than that in the contraction section. This was
attributed to the change of velocity and direction when the fluid passed through these sections in turn, in
addition to these areas being connected with the impeller. Here, the flow in the volute was affected by the
flow in the impeller, rendering the internal flow more complex, and correspondingly increasing the
turbulent dissipation loss in the volute.
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Figure 12: Power loss distribution in each region of the volute under different flows
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