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In general, weak compressibility is one of the properties of liquids. That is, in actual operation of hydraulic machinery, the flow is
weakly compressible. However, the influence of weak compressibility is often neglected in usual numerical simulation, which
makes the simulation results different from the experimental results. Based on the Computational Fluid Dynamics (CFD) solver
and model test rig, by means of mutual verification between numerical simulation and experiment, the fitting degree between
numerical results and experimental results before and after considering weak compressibility is compared and analyzed in this
paper; it is obtained that the numerical results is closer to the experimental results after considering the weak compressibility. In
addition, velocity field of pump turbines, head loss of main components, and the change of entropy yield are analyzed and reasons
for numerical value being closer to the experimental value after considering weak compressibility of fluid are summarized and
analyzed. It is proved that the consideration of weak compressibility is of great significance to improve the accuracy of results in

the numerical simulation of pump turbines.

1. Introduction

With the continuous development of nuclear power tech-
nology, the construction of nuclear power plants around the
world is gradually increasing. The operation cost of nuclear
power is low, but variable load is difficult and accompanied
by huge technical risks, so it is not suitable for peak shaving
[1]. At present, the construction of pumped storage power
station as a supporting equipment of nuclear power for peak
shaving has become popular [2, 3]. There are currently many
popular energy storage techniques including electro-
chemical energy storage, electromagnetic energy storage,
and mechanical energy storage [4-6]. Among them, pumped
storage technology which is a kind of mechanical energy
storage has the advantages of large capacity, strong stability,
and flexible start and stop [7]. It can also play the roles of

phase modulation, frequency modulation, load tracking, and
accident standby in the power system. Therefore, pumped
storage technology has become one of the best choices to
cooperate with nuclear power plants [8].

The reversible pump turbine is the key component in
pumped storage hydropower stations [9]. It consumes
electric energy through drawing water to a high place in the
pump mode and electric energy is transformed into me-
chanical energy and then into potential energy of water in
the process, so as to achieve the purpose of energy storage.
When the electric energy needs to be utilized, the power
generation is carried out in turbine mode to convert the
potential energy in the water into mechanical energy, so as to
generate electric power; it makes the pump turbine play an
important role in the whole process of energy storage
[10, 11]. During the operation of pump turbines in the pump
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mode, the head, efficiency, and power are often monitored as
key parameters [12, 13]; numerical simulation based on
Computational Fluid Dynamics (CFD) is used as a common
means to analyze the internal flow field of the whole tur-
bomachinery and predict the hydrodynamic performances
[14, 15]. However, during the process of numerical simu-
lation, it is usually assumed that the flow is incompressible
and then time homogenization is carried out to obtain
Reynolds equation as the simulation basics, but the method
of using inviscid flow to approximate Reynolds flow is not
suitable to describe the condition that flow closely related to
time [16-18]. In fact, the actual flow in hydraulic machinery
is weakly compressible, the weakly compressible flow refers
to the flow with little change in fluid density; that is, the flow
is a low Mach number flow [19]. Most liquids have this
characteristic, so considering the compressibility of the fluid
can make the calculation results more reasonable [20, 21].

Since Song et al. [22] proposed a weakly compressible
flow model in 1988, scholars have conducted rich research
results on one-dimensional pipeline and three-dimensional
solid based on the model. Martins et al. [23] used the weakly
compressible model to simulate the hydraulic transient flow
in the pressure pipe and analyzed the pressure wave prop-
agation and velocity distribution. Based on the one-dimen-
sional friction model and three-dimensional turbulence
model and the weakly compressible flow model, Wu et al. [24]
combined the pressure-density model with the three-di-
mensional continuity equation to study the transient flow
characteristics and dissipation mechanism in the pressure
pipe. Tang et al. [25] studied the transient noncavitating flow
and cavitating flow caused by closing the valve quickly in the
reservoir pipe valve system based on the weakly compressible
model and verified the reliability of RANS method for weakly
compressible fluid through experiments.

Based on the previous studies and theories, aiming at a
pump turbine subject, the influence of flow compressibility
on its energy performance in the pump mode will be carried
out. Focusing on the adjustable guide vane part with the
strongest response to flow weak compressibility, and the
flow pattern character under different guide vane openings
will be analyzed; the study is of great significance to the
efficient and stable operation for pump turbine units.

2. Numerical Method

2.1. Governing Equations. Combining with the weakly
compressible flow model proposed by Song et al. [22], based
on the laws of conservation of mass and conservation of
momentum, the continuity equation and momentum
equation for compressible fluid can be expressed by

op

it . = 1
at+V (pu) =0, (1)
ou P
E‘I’M‘VU*‘V;—O, (2)

where p is the density of the liquid, here water in 25°C,
p=999.8 kg/m3 , tis the time, u is velocity, and p is the pressure.
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The propagation speed of sound in water can be
expressed by

2 _0p

a —ap

(3)

For barotropic flow, the pressure at every point in the
fluid domain is only related to density of fluid. Substituting
equation (3) into equations (1) and (2), the continuity
equation and momentum equation for barotropic flow can
be obtained and expressed by following formulas:

a—p+pa2V~u+u-Vp:0, (4)
ot
a—M+ A +V£+LA =0 5
e ®

When analyzing the dimensional parameters, in order to
establish the equation and facilitate the operation, the di-
mensionless parameters are carried out based on Strouhal
Number principle. Therefore, in order to standardize the
expression, the dimensionless parameters in equations (4)
and (5) can be obtained:

SMZ(%f* ) +p V' ut + MUV =0,
(6)

a* * * * * *
Syt vt + v E a2
ot p

p*
X
where the asterisk represents the dimensionless parameters,
p* =plpo, t*=tlty, u* =ulug, p*=(p—peo)potie’> Uo is the
reference velocity, t, is the reference time, and I, is the
reference length; S=1y/touy represents Strouhal Number,
and M =uyl/a, represents Mach Number.

For weakly compressible flow, the value of Mach number
is very small, a can be regarded as a constant number.
Therefore, the governing equations of weakly compressible
flow can be simplified into

V*p* _ 0’

ap

L 4+EV-u=0,

at+ V.-u=0
5 (7)
u P
at+u(V-u)+Vp—0,

where E=pa’ is bulk modulus.

2.2. Turbulence Model. In the process of numerical simu-
lation based on computational fluid dynamics, the choice of
turbulence model is very important. The SST k-w turbulence
model has the following advantages: (a) SST k-w model
considers the transmission of turbulent shear stress, while
the model can predict the beginning of the flow and the flow
separation under negative pressure gradient. (b) SST k-w
model has high calculation accuracy for free shear turbu-
lence, turbulence attached with boundary layer, and mod-
erately separated turbulence. (c) SST k-w turbulence model
has high inclusiveness [26]. (d) Compared with other tur-
bulence models, SST k-w turbulence model not only
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enhances the wall function but also avoids the problem that
the grids near the wall are over dense, and it makes the
computing result not too sensitive to the wall grids, and the
whole solution process has high stability and accuracy.
Therefore, SST k-w model is selected as the turbulence
prediction model in this study.

The turbulent kinetic energy equation and the transport
equation of specific turbulence dissipation rate equation of
SST k-w model can be expressed as

0 0 ok
(pk) ta (pku )= (l"k—) +G, - Y, + Sk,
axj 0x;

ow

(pw)+ (pwu) aa (Fwa >+Gw—Yw+Dw+Sw,

(8)

where k is turbulent Kkinetic energy, w is the turbulence
dissipation rate, I'y is the effective diffusion term of k, I, is
the effective diffusion term of w, G is the kinetic energy of
turbulence, D,, is orthogonal divergent term, Yy is the di-
vergent term of k, and Y, is divergent term of w.

2.3. Weak Compressibility. In general, fluid is regarded as
incompressible medium. However, in the actual operation
process of hydraulic machinery, the speed of water flow u
usually exceeds 1 m/s, but it is also smaller than the prop-
agation speed of sound wave in water a = 1000 m/s; that is, u
is always greater than 1 m/s and far less than the propagation
speed of sound wave in water a = 1000 m/s. According to the
expression of Mach number, M=u/a and the liquid in
hydraulic machinery meets low Mach number flow, which
proves the liquid in hydraulic machinery has weak com-
pressibility. Therefore, the weak compressibility of the fluid
should be considered in the process of numerical simulation,
and it will make the simulation process closer to the real
flow.

When considering the weak compressibility of fluid, the
fluid density is no longer a constant number, but a function
of pressure, and it changes with the change of pressure. The
expression is as follows:

p:pox(u%), 9)

where p, is a constant number, here, p,=1002 kg/m3, p is
pressure, p, is the known reference pressure, E is the bulk
modulus of water, and its value is 2.2 x 10° Pa. As it can be
seen in equation (9), when the pressure increases, the liquid
is compressed, the volume of the liquid decreases, and the
mass remains unchanged, and so the density increases. That
is to say, a 0.1% change in density requires the application of
22 atmospheres.

3. CFD Simulation

3.1. Preprocessing. Numerical simulation is used in this
study to analyze the internal flow field details. Commercial
software CFX is used in this study for the flow in the

objective pump turbine. As shown in Figure 1(a), the fluid
domain of the whole pump turbine is composed of suction
chamber (when in the turbine mode, it is called draft tube),
impeller, guide vane, stay vane, volute, and extended tube
section. In the pump mode, the water flows from the
suction chamber through impeller, guide vane, and stay
vane and finally through volute out to the extended tube
section. The rotation speed of impeller 7, is 1200 r/min, the
design flow rate Q, is 450 kg/s, and the design head H, is
54m. The specific speed is an important parameter
reflecting the performance of rotating hydraulic machin-
ery. Under the pump mode, for the objective pump turbine
researched in this study, the specific speed n; can be
expressed as follows:

znd\/Q-d

3/4
Hd

(10)

In this case, the value of specific speed is approximately
40.41. The axial projection draw of impeller is shown in
Figure 1(b), while its geometric parameters are shown in
Table 1.

In the whole fluid domain, the flow medium is water and
the reference pressure is latm. In the process of CFD
pretreatment settings, the inlet of the suction chamber in the
pump mode is used as the inlet of the whole fluid domain
and the outlet of the extended tube section is used as the
outlet of the whole fluid domain. The inlet is set as the flow
boundary, and the flow value changes with different sim-
ulation conditions; the outlet is set as the pressure boundary.
In the whole pump turbine, the impeller rotates at the speed
of 1200 r/min and the rest components are all stationary; the
opening of guide vane is adjusted by the hydraulic controlled
system. In this study, the adjustment values of the opening of
the guide vane are 10°, 12°, and 14". Set all the walls in fluid
domain as no slip walls. In order to realize the transmission
of calculated values between every two flow-through com-
ponents, the settings of interface are of great importance.
Therefore, a static-static interface is set between each two
stationary parts, such as the interface between guide vane
and stay vane, stay vane and volute, volute and extension
tube section; the dynamic-static interface is set between the
stationary components and the rotating components, such
as the interface between the suction chamber and the im-
peller and the interface between the impeller and the guide
vane.

The fluid domain is discretized for CFD simulation. As
shown in Figure 2, it is the division situation of the whole
fluid-domain grid, the commercial software ICEM CFD is
used for every component of fluid domain, in which the
suction chamber, impeller, guide vane, stay vane, and ex-
tension tube section are structure grid with hexahedral el-
ements, while the volute is unstructured grid with
tetrahedral elements. In order to ensure the convergence of
the wall function in the solving process, the boundary layer
grid of each component is encrypted to make the y* value on
the wall boundary between 30 and 300. In the whole solving
process, the maximum number of iterative steps is set to 600
and the convergence criterion of momentum equation and
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FIGURE 1: Objective pump turbine model. (a) Fluid domain schematic. (b) Meridian shape of the impellent.

TaBLE 1: Geometric parameters of the objective pump turbine.

Parameters Values Unit
Impeller radius of leading edge at shroud side r;; 150  (Mm)
Impeller radius of leading edge at hub side ry, 70 (Mm)
Impeller radius of trailing edge r, 257  (Mm)
Impeller width at outlet b, 570 (Mm)
Impeller blade number Z, 9 (—)
Guide vane blade number Z, 20 (—)
Stay vane blade number Z; 20 (—)

FIGURE 2: Schematic of the grid of the fluid domain.

continuity equation is 0.00001. In this study, based on the
above settings, the head, efficiency, and power of the pump
turbine under different openings are monitored. Based on
these, the influence of weak compressibility of fluid on the
pump turbine is studied.

3.2. Grid Independence Check. As for the verification of grid
independence, in order to avoid the complexity of con-
ventional methods to analyze the trend of a specific pa-
rameter with the growth of the grid number, this study uses
the grid convergence index (GCI) method based on
Richardson extrapolation to judge the convergence of the
grid [27, 28]. In this extrapolation method, three sets of grid
independence checks are carried out for the three kinds of
guide vane openings studied in this paper. The details are
shown in Figure 3. Under every opening, the grid number
for fine, medium, and coarse schemes are shown in Table 2.
Under the three objective openings of guide vane, the

refinement factor of adjacent grids is greater than 1.3, and
the convergence index of fine grid and coarse grid is less than
5%, which meets the convergence requirements. Therefore,
the grid independence is verified.

Because the nine grid schemes of three objective guide
vane openings used for the grid independence check all meet
the convergence requirements, it is feasible to select any set
of grids above. Considering the actual computing resources
and the grid convergence index, the grid number of coarse
grid scheme is only relatively small but also is a number of
million orders. Therefore, the coarse grid scheme N3 is
selected as the final grid scheme used to simulation.

4. Model Test of Performance

Figure 4 is the schematic diagram of the test rig used in this
study. Based on this test rig, the energy parameters of the
objective pump turbine in pump mode can be obtained,
including flow rate, rotation speed, torque, shaft power,
head, and efliciency. The measurement is based on the IEC
60193 standard [29]. The test rig is divided into two main
lines: fluid transmission chain and information transmission
chain. One is the flow direction of the fluid inside the pump
turbine in pump mode, and the other is the information
chain of data transmission.

In the model test, the electromagnetic flowmeter is
used to monitor the flow rate Q in the pipeline and the
errors of the instruments are less than +2%. The rotation
speed of impeller n is measured by using the encoder
which is connected to the shaft of generator; the main
torque M is measured by the dynamometer motor and
load sensors, and the error of the instruments are less than
+0.1%; head H is the total pressure difference of the inlet
and outlet of the pump turbine in the pump mode. The
static pressure difference of the inlet and outlet is mea-
sured by the differential pressure sensors, and the error of
the differential pressure sensors is no more than +0.1%,
while the dynamic head is obtained by integrating the test
flow rate and the sectional area for pressure measurement
of inlet and outlet.

Based on the measured values of the above test rig in-
struments, the head H is calculated by
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FiGure 3: Grid independent check for three specific guide vane degrees based on GCI. RCE: Richardson extrapolated value.
TaBLE 2: Node number of different grid schemes.
Schemes a=10 deg a=12 deg =14 deg
N1 (fine) 12200607 12650696 12883899
N2 (medium) 5542979 5726859 5840087
N3 (coarse) 2509940 2590900 2589380
Power Meter
Inlet Pres:sure Gauge
i
i
|
i
Supply Pump
FIGURE 4: Schematic diagram of the test rig and data transmission system.
- H
H=02"P1 (11) p-PIQH (13)
prg 1000

where p; represents the measurement pressure value in the
inlet and p, represents the measurement pressure in the
outlet. Similarly, efficiency # is calculated by

(p, - p1)Q
2mmM

n= (12)

where M is the torque of the impeller. The active power P of
pump turbine in the pump mode can be calculated by equation

In order to ensure the accuracy of numerical simulation,
the calculation formula of numerical simulation is consistent
with the test settings.

5. Results and Analysis

5.1. Comparison of Performance Curves. In the pump mode
of pump turbine, head and efficiency are representative
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FiGure 6: Comparison of efficient 7 with flow rate Q for three guide vane openings.

parameters of energy performance and their changes reflect
the operation state of pump turbine. Here, under the three
guide vane openings, taking the test value as the evaluation
standard, the variation trend of various parameters under
different flow conditions before and after considering the
weak compressibility of fluid is compared and analyzed;
three guide vane openings studied in this paper are 10
degrees, 12 degrees, and 14 degrees, respectively. Take 10
degrees as “small guide vane opening” studied in this paper,
that is, when the small opening conditions described later in
this article that means the guide vane opening is 10 degrees.

As shown in Figure 5, under the three guide vane
openings, head H decreases with the increase of flow rate Q.
Both the experimental values and the numerical simulation
values before and after considering the weak compressibility
of fluid meet this law; however, the curves which consider
the weak compressibility of fluid are closer to the experi-
mental values curves, and the smaller the guide vane opening

is, the more obvious this phenomenon is; in other words, the
influence of weak compressibility of fluid on the accuracy of
head is more obvious under the condition of small guide
vane opening.

Figure 6 shows the change of efficiency # with flow rate Q
with different guide vane openings, which is similar to the Q-
H curve. The simulated value considering the weak com-
pressibility of fluid is closer to the experimental value, es-
pecially under the condition of small guide vane opening.
The comparison of these three groups of curves shows that
considering the weak compressibility of fluid can make the
simulated value more accurate.

In order to further analyze the influence of weak com-
pressibility of fluid on the performance parameters of pump
turbine, the difference between the simulated value and the
experimental value before and after considering the weak
compressibility of fluid is analyzed; in this way, the impor-
tance of considering compressibility to the performance
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F1Gure 8: Comparison of Ay* with flow rate Q for three guide vane openings.

parameters of pump turbine can be seen more intuitively.
Here, using equation (14) to define the head difference AH*
between the head numerical simulation value Hcgp and the
head experimental value Hgyp, equation (15) defines the ef-
ficiency difference Ay* between numerical simulation value of
efficiency #crp and efliciency experimental values #gxp:

AH* — HCFD - HEXP , (14)
Hpxp

AW* _|"Mcrp ~ MExp ' (15)
NExp

Figure 7 is the comparison curve of the difference be-
tween simulation value of the compressible flow or in-
compressible flow and the experimental value under
different guide vane openings. On the whole, the head
difference of compressible flow is lower than that of in-
compressible flow, and under the condition with small guide
vane opening, the head difference is small as a whole, and it
can be seen from the trend of curve that when the guide vane
opening is small, which is 10 degrees, the change of head

difference is relatively gentle, and with the increase of flow
rate, the rise of head difference curve is relatively flat, which
shows that after considering the weak compressibility of
fluid; the head value of numerical simulation is closer to the
experimental value, and it is most obvious when the guide
vane opening is 10 degrees. As shown in Figure 8, the
comparison of efficiency difference curves between com-
pressible or incompressible flow and experiments under
different openings are shown. On the whole, the efficiency
difference of compressible flow is less than that of incom-
pressible flow; when the guide vane opening « is 10 degrees,
the efficiency difference does not show an upward trend, but
a relatively stable fluctuation, and it shows that considering
the weak compressibility of fluid, the accuracy of efficiency
simulation value is improved more obviously when the guide
vane opening is small.

Generally, considering the weak compressibility of the
fluid, the head, efficiency, and shaft power of the pump
turbine are obviously improved, and the consistency be-
tween the simulated value and the experimental value is
obviously improved, while this improvement is more ob-
vious under the condition of small guide vane opening with
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FIGURE 11: Stacked column chart of head loss for each component in 14-degree opening.
larger flow rate. It means that considering the weak com-  5.2. Hydraulic Loss in Components. In order to further an-

pressibility of fluid under the condition of small guide vane  alyze the influence of weak compressibility of fluid on the
opening is of great significance to improve the accuracy of ~ performance of pump turbine, stacked column charts are
numerical simulation. made for the head loss of each component of pump turbine
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FIGURE 12: Velocity streamline diagrams for 10-degree guide vane opening. (a) Q=255kg/s, (b) Q=286kg/s, (c) Q=314kg/s.

before and after considering weak compressibility of the = compressible flow and incompressible flow in the pump
fluid, and then, the influence of compressibility on the head turbine. It can be seen that after considering the weak
loss of each component of guide vane can be analyzed. compressibility of fluid, the loss of each component de-

As shown in Figures 9-11, they are stacked column  creases significantly, among which the more obvious
charts of the head loss of each component for  components are guide vane, stay vane, and volute. Under
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Compressible flow

FIGURE 13: Velocity streamline diagrams for 12-degree guide vane opening. (a) Q=266kg/s, (b) Q=324kg/s, (c) Q=378kg/s.

each guide vane opening, the total loss decreases more
obviously with the increase of flow rate and this phe-
nomenon is most obvious under the condition of small
guide vane opening, which also explains that in the
previous section, when the guide vane opening is small,

the head simulation value is in better agreement with the
experimental value. In addition, comparing the head loss
before and after considering the weak compressibility of
fluid for each guide vane opening, the loss is the largest
when the opening of the guide vane is small, but the final
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FIGURE 14: Velocity streamline diagrams for 14-degree guide vane opening. (a) Q=325kg/s, (b) Q=378kg/s, (c) Q=444kg/s.

simulated value is in the highest agreement with the
experimental value; this also shows that considering the
weak compressibility of fluid has the greatest impact on
the accuracy of the simulation under the condition of the
small guide vane opening.

5.3. Flow Patterns. Because before and after considering the
weak compressibility of fluid, the reduction of head loss of
pump turbine occurs mostly in the components of the guide
vane and stay vane, so it is very necessary to analyze the
internal flow pattern of guide vane and stay vane of pump
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FiGURE 15: Contour of entropy production rate E,,, for 10-degree guide vane opening. (a) Q=255kg/s, (b) Q=286 kg/s, (c) Q=314 kg/s.

turbines. For the seven different flow rate working conditions
studied in this research, this section will analyze three typical
flow rate working conditions for each guide vane opening.
As shown in Figure 12, it is velocity stream diagrams when
guide vane opening is 10 degrees. It can be seen that in the
incompressible flow, the velocity distribution is obvious
uneven; under the condition of small guide vane opening,
with the increase of flow rate, the high-velocity site is
gradually concentrated at the leading edge of guide vane
blades; with the further increase of flow rate, the high-velocity
site is gradually transferred from the guide vane to the channel
of stay vane. However, this phenomenon has been signifi-
cantly improved after considering the weak compressibility of

fluid. It shows that considering the weak compressibility of
fluid can improve the uniformity of velocity inside the
components and improve the degree of flow disorder inside
the components to a certain extent; thus, the kinetic energy
loss inside the pump turbine is reduced, so as to significantly
improve the performance of the pump turbine.

Shown in Figures 13and 14 are velocity streamline di-
agrams when guide vane opening is 12 degrees and 14
degrees, respectively; it is basically consistent with the sit-
uation when the guide vane opening is 10 degrees; that is,
with the increase of flow rate, the uneven high-velocity site is
concentrated from vaneless space to the trailing edge of
guide vane blades; then, the uneven high-velocity site
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Ficure 16: Contour of entropy production rate E,,, for 12-degree guide vane opening. (a) Q=266kg/s, (b) Q=324kg/s, (c) Q=378kg/s.

transferred to the channel of stay vane. The difference is that
with the increase of guide vane opening, the phenomenon of
uneven high-velocity site transferring from guide vane to the
stay vane is more obvious.

That is to say, under the condition of small guide vane
opening, considering the weak compressibility of fluid, what
improves more is the uniformity of the velocity inside the
guide vane blade and the disturbance of the flow. For the
condition of larger guide vane opening, considering the
weak compressibility of fluid, what improves more is the
uniformity of the velocity inside the vane blade channels. It
reduces the difference between numerical simulation results
and experimental results.

5.4. Flow Energy Loss. Entropy production rate E,,, is
usually used to evaluate the flow energy loss inside pump
turbine [30, 31]. The larger the value, the greater the energy
loss. Its definition is

Bpwk
Epeo =02, (16)

where f is the model closure constant, given = 0.09, w is the
turbulent eddy frequency, k is the turbulent energy, p is the
fluid density, and T is the temperature of 20°C.

As shown in Figures 15-17, for the contour of entropy
production rate under different conditions with three guide
blade openings, it can be seen that the entropy production
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Ficure 17: Contour of entropy production rate E,,, for 14-degree guide vane opening. (a) Q=325kg/s, (b) Q=378kg/s, (c) Q=444 kg/s.

rate decreases after considering the weak compressibility of
fluid, which is still most obvious under the small guide vane
opening. As shown in Figure 15, in incompressible flow with
guide vane opening of 10 degrees, the entropy production
rate is highly concentrated in the leading edge of the guide
vane blade. At the guide vane opening of 10 degrees, with the
increase of flow rate, the entropy production rate at the stay
vane near the cut water increases gradually; however, these
losses are improved in the flow which considers the weak
compressibility of fluid.

As shown in Figure 16, when the opening of guide vane is
12 degrees, there is a large loss of stay vane and guide vane in
compressible flow under the condition of small flow rate,

which may be due to the low matching degree between guide
vane opening and flow rate, resulting in the vortex in the
channel and large energy loss. Nevertheless, with the in-
crease of flow rate, the loss in incompressible flow increases,
mainly in the guide vane and stay vane; there is also some
small increase in the volute, but in the flow considering the
weak compressibility of fluid, the energy change is still
relatively stable without obvious increase; it also shows that
considering the weak compressibility of fluid, the whole flow
energy loss is reduced and the stability of internal entropy
production rate is maintained.

As shown in Figure 17, when the opening of the guide
vane is 14 degrees, the energy loss in the incompressible flow
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is mainly concentrated on the stay vane; after considering
the weak compressibility of fluid, the energy loss improves
most obvious where is the component of stay vane, especially
the energy loss near the cut water.

Generally, with the increase of guide vane opening, the
energy loss is large in the components which are transferred
from the leading edge of guide vane to the trailing edge of the
stay vane. Moreover, considering the weak compressibility
of fluid, the energy loss is obviously improved under all three
guide vane openings. At the same time, considering the weak
compressibility of fluid has the ability to reduce the pre-
dicted local high energy loss. With the increase of flow rate,
the energy loss of incompressible flow increases under
different guide vane openings, while the energy loss of
compressible flow is almost unchanged. This is why the
compressible case has the predicted hydrodynamic perfor-
mance closer to the experimental value.

6. Conclusions

Based on the model test results and the comparative nu-
merical simulations, the influence of weak compressibility
on predicting the hydrodynamic performance of pump
turbine is studied in detail. Conclusions can be drawn as
follows:

(1) In the prediction of head H and efficiency #, con-
sidering the weak compressibility of fluid will make
simulation results closer to experimental results. The
improvement is more obvious when guide vane
opening is smaller but the flow rate is larger. This is
because that the smaller the guide vane opening, the
more serious the channel blockage, which leads to
more pressurized flow from runner. Hence, it is of
great significance to consider the weak compress-
ibility of fluid when the guide vane opening is small.

(2) The difference between compressible flow field and
incompressible flow field is found mainly because of
the guide vane blockage. However, with the increase
of guide vane opening or flow rate, the influence will
extend to all the downstream components including
guide vane, stay vane, and volute. This phenomenon
shows that the influence of fluid weak compress-
ibility is continuous, cumulative, and necessary to
consider. It also shows that considering the weak
compressibility of the fluid is of great significance to
improve the flow pattern of the whole channel.

(3) Considering the weak compressibility of fluid can
change the prediction of pressure, velocity, and other
fields in simulation. Especially in the case of serious
tflow blockage, considering the weak compressibility
of fluid is more important to the accuracy of pre-
diction field. When simulating the compressible flow
field, velocity and pressure distribution are more
uniform. With a more uniform distribution of
pulsating velocity, the prediction of local very strong
entropy production is avoided, while the difference
between numerical and experimental results is
reduced.

15

Generally, it is necessary to simulate the weakly com-
pressible flow especially when the pump turbine operates in
small guide vane opening condition. In the investigation of
reversible pump turbine operating in off-design conditions
and condition conversion processes, the weak compress-
ibility is required in flow simulations.
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