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Abstract: The pump mode of hydro-pneumatic energy storage (HPES) system often experiences off-
design conditions due to the boundary pressure rises, and the resultant energy conversion instability has
an adverse effect on the system operation. However, the evolution process of this instability and the
corresponding flow events are still not fully understood. Experimental and numerical simulation studies
of a centrifugal pump with vaned diffuser were conducted in a wide operating range, and the following
notable results were obtained. The energy conversion of pump mode shows three typical stages as the
pump head increases, stable work—stumbled work—shaky work, corresponding to the inner flow pattern
development of stall-free—stall inception—stall deepening. In this evolution process, the attenuation of
rotor blade loading gradually spreads from the inlet shroud side to the entire blade. This strengthens the
natural adverse potential rothalpy gradient and induces the energetic vortical structures including leading
backflow vortices, dynamic stall cells and trailing helical vortices. A strong coupling between large-scale
vortical motions and energy conversion is observed and this yields a Logistic growth of the shaft power
and pump head fluctuations. The critical condition for the energy conversion instability is the diagnostic

function SI=1, and this is recommended for determining the stability limit of the pump mode.
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1 Introduction

Fossil fuels are still the main source of electricity generation according to the 2021 Big Data
Report of Energy. However, fossil fuels are a finite resource and their combustion is an important
factor in the global climate crisis [1], and the development and utilization of the renewable energy
should be constantly paid attention to. Renewable energy (e.g. solar energy, wind energy, hydro
energy, ocean energy, etc.) is characterized by cleanliness and sustainability, and its study is a boost
to achieving the “Double Carbon Target” (carbon peak—carbon neutrality) [2]. There are two
challenges for integrating the renewable energy into power grids. One is the intermittent caused by
seasonal or weather changes, and the other is the heavy dependence of the energy conversion on the
spatial distribution [3-4], which causes a mismatch between when/where energy is produced and
when/where it is used. Accordingly, energy storage is necessary to guarantee the power quality and
improve the system efficiency [5], which has become a hot topic in energy engineering.

Energy storage systems are designed to convert energy from electricity to another form that
can be reserved in a suitable medium and then converted back to electricity if it is required [6].
According to the converted energy form, the energy storage technology can be divided into the
following types [6-8]: (1) mechanical energy storage, such as pumped hydro energy storage (PHES),
compressed air energy storage (CAES) and flywheel energy storage; (2) electro-chemical energy
storage, such as secondary battery, flow battery and metal-air battery; (3) electro-magnetic energy
storage, such as supercapacitors and superconducting magnetic energy storage; (4) Hydrogen and
thermal energy storage. In terms of storage capacity and system life, mechanical energy storage is
still the dominant technology for large-scale energy storage. Currently, PHES is the most important
commercial energy storage technology and makes up 89.3% of the storage capacity in China [9].
The fundamental principle of PHES is to convert energy from electricity to hydraulic potential
energy. In the PHES system, the pump mode is driven by the low cost electricity to lift water from
the lower reservoir to the upper reservoir, while the turbine mode is driven by the stored water to
produce electricity during the peak demand period. PHES is a flexible form of energy storage, which
contributes such benefits to power grids as peak shaving and valley-filling, phase modification and
frequency control, but the main limitation of it is in determining a suitable site with the economic,
environmental and technical availability [5,10-11]. CAES is the other commercially mature energy
storage technology, whose fundamental principle is to convert energy from electricity to pressure
potential energy. In the CAES system, the compressor mode is driven by the low cost electricity to
pressurize air into special vessels, while the turbine mode is driven by the compressed air to produce
electricity during the peak demand period. Due to the compressibility of air, CAES includes multiple
configurations, such as diabatic CAES, adiabatic CAES, isothermal CAES and isobaric CAES. The
diabatic CAES is also known as the traditional isochoric storage technology and is usually based on
the geological underground caverns [12-13]. In the compression process (charging), the heat is
transferred to the surroundings and is dissipated as waste. In the expansion process (discharging),
fossil fuels are used as the external heat source, which can cause the additional pollution. As an
improvement, the adiabatic CAES is proposed and developed. The compression heat is transferred
and captured in a thermal storage medium, and it is later utilized in the expansion process [14]. The
isothermal CAES is designed to maintain a quasi-balanced work process to avoid excessive changes
in the compressed air temperature, and the isobaric CAES is proposed to reduce energy consumption
in pneumatic systems [15]. For the above two typical mechanical energy storage technologies, the
working medium of PHES (water) has a much higher power density, while the working medium of
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CAES (air) has a higher energy density. To combine the advantages of both fluids into one energy
storage system, the hydro-pneumatic energy storage (HPES) system comes into being [16], which
is an important idea in the studies of hybrid energy storage technologies [17-18].

The novel concept of HPES system is proposed and designed for the purpose of better system
performance and smaller storage volume, and its basic working principle is shown in Fig. 1. In the
pump mode (charging), water is pumped into pressure vessels and electricity power is converted to
the pressure potential energy of air. In the turbine mode (discharging), the compressed air expands
to expel water and the turbine is driven to produce electricity. A great number of studies on the
HPES system are available. Energy and exergy characteristics of the HPES system were analyzed
by Kim ef al. and it is found that the quasi-isothermal compression/expansion processes are helpful
to minimize the exergy loss [19-20], which exactly shows the difference between the Ericsson cycle
and the Brayton cycle, and this quasi-isothermal process can be achieved by adjusting the polytropic
exponent [21]. Thermodynamic and economic analyses of the HPES system with the salt cavern as
a pressure vessel were conducted by Wang et al. and it is found that the HPES system has a high
exergy efficiency (=72.3%) while its economic performance should be improved by increasing the
energy storage capacity (>2.4MW) [22-24]. Besides, the concept of HPES is employed to improve
the power performance of the energy storage system in hybrid mining trucks [25]. Experimental
studies of Buhagiar et al. at the University of Malta show that the HPES system exhibits excellent
potential in the context of offshore wind and is ideal for mitigating the intermittency of wind energy.
In particular, the enhanced heat exchange with the marine environment, acting as a natural heatsink,
yields a quasi-isothermal condition, but its foundation is the service of efficient hydraulic machinery
[26-28]. Theoretical analyses of Bi ef al., Mozayeni et al. and Marefati et al. indicate that the pump
is the most important component in the design and operation of HPES and the system performance
can be significantly improved if the pump mode efficiency can be increased [29-31]. Experimental
analyses of Yin et al. and Odukomaiya et al. further verify that most of the energy loss occurs in the
pump mode and indicate that the hydraulic performance of the pump in the HPES system should be
further investigated [32-33]. Moreover, an experimental study of an HPES system with a reversible
centrifugal pump as the core equipment was performed by Sampedro ef al. and it is found that the
operating condition with a variable pressure in pump mode is a major challenge. Actually, the energy
conversion instability caused by the pump experiencing off-design conditions can reduce the system
efficiency and even affect the system safety. Although the best efficiency control or power control
strategies worked in this model test [34-35], the problem of a variable operating condition in the
pump mode has not been completely solved due to the complex non-linear relationship between the
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Fig. 1. Basic working principle of the HPES system
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The use of centrifugal pumps in the HPES system can minimize the development cost because
they can be applied to a wide range of heads and flowrates and they are also the most widely used
pump type in industrial applications [24,35-36]. It is proven that the working path of HPES can be
close to an ideal isothermal cycle, and the temperature change of water during the compression and
expansion processes is almost negligible, so the centrifugal pump can be regarded as working in the
constant temperature water to pressurize the air. Because a single pump with a constant rotational
speed is usually difficult to meet huge pressure changes in compressed air, the current pressurization
strategy of HPES includes the relay pressurization [24] and the variable speed pressurization [32].
As shown in Fig. 2(a), the relay pressurization strategy is to use multiple centrifugal pumps with
different head ranges for relay work. If the head of Pump-A reaches the set level (PA1—PA2), the
Pump-A is stopped and the Pump-B is started to continue the energy storage process (PB1—PB2),
and this operation is performed until the electricity power is no longer available or the maximum
pressure level H,. is reached. Obviously, a single pump in this pump group will experience variable
operating conditions. As shown in Fig. 2(b), the variable speed pressurization strategy is to change
the rotational speed of centrifugal impeller to meet the boundary pressure rise. For a certain pipeline
system, the required head may increase as the rotational speed increases. Under this condition, the
flowrate Q has a little change, but the pump still experiences greatly variable operating conditions
(PN1—PN2—PN3) according to the similarity laws [37]. In contrast, the second strategy may have
a smaller variable range and it is more conducive to the pump operating in the high efficiency zone.
However, the required variable speed range determines the complexity of such power conversion
equipment as inverters, variable frequency drives and other auxiliary components. All of these are
included in the cost budget and may be very expensive [28], so it is still of both technological and
economic significance to study the energy conversion characteristics of the pump mode in a wide
variable operating range. In addition, this problem may also exist in the PHES system, especially in
the case of low head and large water level changes [38], and thus the relevant studies of hydro-
energy machinery can provide valuable references.
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Fig. 2. Variable operating conditions in the pump mode
Energy conversion instability caused by the pump experiencing off-design conditions is mainly
due to inner flow instability, and a great number of studies on this topic are available. Experimental
and numerical simulation studies on a reversible storage pump (or pump-turbine) were performed
by Li et al. and it is found that the hysteresis phenomenon in the hump region of flowrate-head curve
is caused by the backflow at the impeller inlet and the separation vortices in the guide-vane domain

4



[39-41]. Experimental and numerical simulation studies on the double humps of a reversible storage
pump were conducted by Luo ef al. [42-43] and Wang et al. [44-45], and it is found that the two
hump regions with positive slopes are induced by two different stall flows, which correspond to the
separation change at the blade inlet and the stall change in the guide-vane domain, respectively.
Experimental and numerical simulation studies on the flowrate-head curve instability of a single-
stage centrifugal pump were carried out by Li et al. and it is found that the backflow at the impeller
inlet and the counter-rotating vortices at the impeller outlet lead to a drastic increase in the entropy
generation rate [46], which is the main cause of this instability. The rotating stall characteristics in
a centrifugal pump with/without vaned diffuser were analyzed by Feng ef al. and it is found that the
existence of the hump region is closely related to the presence of guide vanes and a reasonable
number of guide vanes greatly suppresses pressure fluctuations in the vaneless region [47]. Besides,
the evolution of inner flows during the shutdown process of a reversible storage pump was analyzed
by Wang et al. and such transient characteristics as pressure fluctuation and torque pulsation in this
progressive process are preliminarily presented and quantified [48]. Actually, for the transient flow
evolution in a centrifugal pump during the startup and shutdown processes, Bois et al. and Wu et al.
also conducted the similar theoretical and numerical simulation studies [49-51]. Moreover, to clarify
the hydrodynamics of the reversible centrifugal pump operating at off-design conditions, high-speed
flow visualizations of rotating stall in the guide-vane domain were carried out by the Laboratory for
Hydraulic Machines in EPFL and the propagation process of stator stall cells is clearly revealed [52-
53]. The PIV (particle image velocimetry) test in the double hump region of a reversible centrifugal
pump was carried out in Dongfang Electric Machinery Co. Ltd. and the complex vortical structures
corresponding to different operating points are well captured [54]. On the whole, there are many
valuable results on the off-design performance of pump mode in the PHES system, which are similar
to the study on compressor mode in CAES system [55-56]. However, this is not enough for us to
fully understand the aforementioned energy conversion instability of pump mode in HPES system
(Fig. 2). On the one hand, the above studies mainly focus on the operating condition of a centrifugal
pump with significantly unstable flows (e.g. the hump or saddle zone), but it is yet to systematically
summarize the evolution of the energy conversion instability and the corresponding flow events,
which is not conducive to tracking the deterioration process of the energy performance. On the other
hand, the current research has not yet proposed an effective criterion for guiding the determination
of the design operation limit (or the stability limit [57]) of the pump mode, which is not conducive
to the formulation of a reasonable pressurization strategy.

In this paper, the experimental and numerical simulation investigations of a centrifugal pump
with vaned diffuser will be further conducted in a wide operating range, with the aim of achieving
the following two sub-objectives:

1) To systematically analyze and summarize the evolution process of the energy conversion
instability and the corresponding flow events.

2) To propose an effective criterion for determining the stability limit of pump mode based on
the above analysis of inner flow characteristics.

The study processes of this article are organized as follows. In Sec. 2, the experiment of energy
performance is performed and the phenomenon of energy conversion instability is presented. In Sec.
3, the numerical simulation scheme and its validation are conducted. In Sec. 4, the evolution stage
of this instability, the corresponding energy budget characteristics and the development of energetic
vortical structures are successively discussed. In Sec. 5, the conclusions are given.

5



2 Experiment of energy conversion characteristics

The following features are available for the centrifugal pump working in HPES system: (1) the
temperature change in the water during the charging processes is almost negligible, and the pump
can be regarded as working in the constant temperature water to pressurize the air; (2) the charging
time can be as long as several hours for both pressurization strategies, so the operating condition is
changed in a quasi-steady manner; (3) both pressurization strategies can be simplified to the variable
operating condition of a single pump with a constant rotational speed according to the similarity
law. Accordingly, it is reasonable and feasible to directly study the energy conversion characteristics
caused by the head change of a single pump.

As shown in Fig. 3, a single-suction centrifugal pump model with vaned diffuser is used in this
study, and the energy performance test was conducted by using the hydraulic machinery test rig in
China Institute of Water Resources and Hydropower Research [58-59], and the total uncertainty of
the model efficiency is £0.2%. Moreover, the pump impeller diameter D> is 450 mm, and the rotor
blade number Z is 7. The rated head Hy is 21.78m, the rated flowrate Oy is 116.61L/s, the rated
rotational speed n is 900r/min, and the specific speed ns (nQ:°/H,™) is approximately 30.48.
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Fig. 3. Performance test of a centrifugal pump with vaned diffuser
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Fig. 4. Experimental results of the energy conversion characteristics
The pump head-flowrate curve (H-Q) and the shaft power-flowrate curve (P-Q) are shown in
Fig. 4(a). With the increase of pressure ratio H/Hy, the phenomenon of energy conversion instability
is observed. For this unsmooth head curve, the distributions of the first-order derivative 0H/0Q and
the second-order derivative 0*H/00Q* are shown in Fig. 4(b). The slope 0H/0Q increases in a bumpy
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way as the pressure ratio H/H) rises, and a positive slope (the hump or saddle zone) appears when
0/Q0<0.4. In this process, the concavity/convexity 0*H/00" also significantly changes. This graded
feature indicates that the instability has a progressive process, but the above data are not enough to
clearly determine the development stage, and the evolution of inner flow patterns should be further
analyzed by numerical computation, especially for the operating conditions of Q/Qo<I.

3 Numerical simulation scheme and flow analysis method
3.1 Numerical simulation scheme and its validation

A time-scale-driven hybrid URANS/LES model for rotating turbulence is utilized to simulate
the flow fields in centrifugal pump, which was developed by the authors and is referred to as 75D
model. The TSD model is characterized by a time-scale-driven damping function of the turbulent
viscosity and has been proven to enable efficient computations of turbulent flow and cavitating flow
in hydro-energy machinery [60-61]. On the basis of it, high quality hexahedral grids are employed
to discretize the computational domains shown in Fig. 3(b). The boundary layer meshing of rotor
blades and stator vanes is taken into account, and other regions with complex geometry are also
locally refined. To guarantee the reliability of numerical computations, the GCI criterion that is
based on the Richardson extrapolation method and recommended by ASME is used for the grid
convergence analysis, and the details are given in the Appendix A. As shown in Fig. 5, the meshing
scheme with 6,216,526 elements and 6,184,366 nodes is finally determined.
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Fig. 5. Spatial discretization of the computation domain

Transient simulation assignments are conducted by using ANSYS CFX, and the time step ot is
chosen as 1.8519x10s to ensure that the RMS Courant number is less than 2. The discretization
schemes of the transient term, convective term and the diffusion term are the second-order backward
Euler scheme, the second-order upwind scheme and the central difference scheme, respectively. For
the boundary conditions, the velocity inlet with a medium turbulence intensity is employed, and the
pressure outlet is adopted. A no-slip condition is used for wall surfaces, and the convergence residual
standard is set to 1.0x107. As shown in Fig. 6(a), the time-weighted average results of H-Q and P-
Q are obtained based on the above simulation scheme. The relative error of the pump head H is less
than 2.5% within the range of 0.20Q0~1.00Qo, and the relative error of the shaft power is less than
5.1%. A comparison of the peak-to-peak value (PPV) AH/H of pressure fluctuations in the vaneless
region is shown in Fig. 6(b), and the relative error of it is less than 1.81% within the range of
0.600~1.00Q0. Accordingly, this proves that the transient simulation results are in good agreement
with that of the experiment [58], and the numerical computation in this study is trustworthy.
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Fig. 6. A comparison of the experimental results and the simulation results
3.2 Diagnostic method of flow instability in centrifugal pump

The relative momentum equation of incompressible flows in a centrifugal pump impeller can
be expressed as [59]

V.V, =-VI, ~2w,%V, 0

where ¥, is the relative velocity vector, 1,=p/p-; 1%/2 is referred to as potential rothalpy, and w; is
the rotor angular velocity vector. This equation implies that the macroscopic flow pattern in a blade
channel of an impeller is driven by the potential rothalpy gradient (PRG) and the Coriolis force, and
PRG has an active control effect. The ideal flow pattern in a centrifugal pump impeller should be
one where the fluids uniformly flow out along the blade profile. Under this condition of curvilinear
motion with a uniform speed, it is the PRG that actively adjusts the Coriolis force so that the motion
trajectory of the fluids conforms to the blade profile. To reflect this essential flow characteristic in
a centrifugal pump impeller, a dynamic expression of the blade profile differential equation was
proposed by the authors and is given by [62]

F=plr2exv, -1

= T
(Fr)=p

where F, is centripetal force of the curvilinear motion, p is the density, 7" is the curvature radius of
local blade profile, and f is the relative flow angle. As shown in Fig. 7, the blade profile can be
regarded as the integral curve of the differential motion trajectory induced by the centripetal force

V.

) )

F,, and the included angle between F, and the position vector -r is exactly the relative flow angle
p. Accordingly, for the backward-swept impeller ($2<90°) [37], a necessary condition for the fluids
stably moving along a given blade profile is that the magnitude of PRG is smaller than that of the
Coriolis force F¢. Hence, a general diagnostic function S7 of flow instability in a centrifugal pump
impeller was proposed by the authors and can be expressed as [62]
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In theory, large-scale vortical structures with the features of local low pressure, low velocity and
high pressure gradient appear with the development of separation flows, and the diagnostic function
S1 is much greater than 1 in these regions. For different geometric structures and inflow conditions,
the diagnostic function S7 can provide a clear and uniform diagnostic criterion. Besides, the PRG is
directly related to the rotor blade loading dp, so SI is also the bond that establishes the relationship
of “vortex characteristics«>PRG distributions<>blade loading«»energy conversion characteristics”.

Local blade profile

(Curvature circle center)

Fig. 7. Dynamic expression of the blade profile differential equation
4 Evolution process of energy conversion instability
4.1 Analysis of the evolution stage

The energy conversion instability of pump mode is presented in Fig. 4(b), and the quantitative
description of its evolution stage should be based on the flow characteristics in the impeller domain.
The average values of the diagnostic function S/ at the blade channel inlet and the standard deviation
of the meridian velocity C,, at the blade channel outlet are shown in Fig. 8. The former is defined as
the spatio-temporal average values of the diagnostic function SI; of all inlet monitor points (see
Appendix B), which characterizes the inflow stability. The latter is defined as the time-weighted
average values of the standard deviation of the spatially-weighted average values of the meridian
velocity Cy» at each blade channel outlet, which characterizes the outflow uniformity.

According to the STD(C,2)-Q curve in Fig. 8, it is found that the outflow uniformity constantly
decreases as the pressure ratio H/Hy increases, especially for the operating conditions of 0/(00<0.6,
and this curve fits well with the exponential function form of f{Q)=a-b%+c. This implies that the
outflow imbalance of each blade channel in the impeller domain rapidly increases as the pressure
ratio H/H) increases, which also reflects the growth of the relative blockage in blade channels, and
it is exactly the sign of stall [62-63]. According to the AVG(ST)-Q curve in Fig. 8, the diagnostic
function S/ at the blade channel inlet has little change in the process of 1.000—0.80Qy, and the PRG
is approximately 0.6 times the magnitude of the Coriolis force. When the flowrate is lower than
0.80Q, the ST rapidly increases until it reaches the critical value 1 (blue chain line in Fig. 8) at the
condition of 0.64(Qy, and it implies that the inflow stability is irreversibly damaged. The SI keeps
increasing as the flowrate further decreases. According to the above diagnosis of flow patterns, the
energy conversion of pump mode shows three typical stages: (1) Good inflow stability is presented
for Q/Q0<[0.8,1.0]. The inner flow is in the stage of stall-free (SI=0.6) and the corresponding head
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curve is in a stable negative slope zone, so the energy conversion is in the stage of stable work; (2)
The inflow stability is irreversibly damaged for O/Qy €[0.64,0.8]. The inner flow is in the stage of
stall inception (SI—1) and the corresponding head curve shows an instability trend, so the energy
conversion is in the stage of stumbled work; (3) The inflow stability becomes increasingly worse
for the operating conditions of 0/(00<0.64. The inner flow is in the stage of stall deepening (SI>1)
and the corresponding head curve shows a significant instability, so the energy conversion is in the
stage of shaky work. Due to the generality of the diagnostic function SZ, this AVG(SI)-Q curve should
show a general evolution process for the energy conversion characteristics of pump mode.
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Fig. 8. Evolution stage of the energy conversion instability

4.2 Analysis of the energy budget

The rotor blade loading dp is the dynamic source of pump work or energy income, which is the
static pressure difference between the impeller blade pressure and suction surfaces. The streamwise
distributions of the time-weighted average values of the potential rothalpy , in the impeller domain
under six typical operating conditions are shown in Fig. 9, which correspond to the above evolution
stage (Fig. 8). In addition, because the time-weighted average values of /, at the monitor points in
each blade channel are almost the same after the long-period transient simulations, the results in the
blade channel D (see Fig. B. 1(a)) are analyzed here, and the original naming form of the monitor
points is simplified as “IP” + “blade channel position 1” + “spanwise position s” + “circumferential
position §” (see Appendix B).

Under the 1.0Qy condition, the potential rothalpy 7, on the inlet shroud side (s—1) is much
lower than that on the inlet hub side (s—0), and then the /, on the hub side is slowly increased while
the 7, on the shroud side is quickly increased. At the middle part of the blade channel, the /, on the
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hub side has a little change. At the aft part of the blade channel (/>0.8), the difference in 7, between
the shroud and hub sides is rapidly reduced and its values tend to be the same. This distribution of
1, is consistent with the theoretical blade loading strategy [59] and can ensure the good capability
of energy conversion. Under the 0.80Q condition, the curve slope near the blade channel inlet (0</
<0.2) increases, especially on the inlet shroud side, and it causes an overall decrease in the blade
loading dp or the impeller torque M;. Under the 0.60Q condition, the streamwise distributions of 1,
have significantly changed, and the curve slope near the blade channel inlet (0=</<0.2) rapidly
increases, which implies that the natural adverse PRG in this area is constantly increasing. The work
ability on the inlet shroud side is almost lost (6p—0), and the blade loading at the middle and aft
parts is also significantly reduced. Under the 0.4Qo condition, the distribution of , becomes worse.
The curve slope on the inlet shroud side (s—1) and the hub side near the blade suction surface (s—0
and 6—1) further increases, and the blade loading at the middle and aft parts is further reduced.
Besides, at the blade channel outlet (/—1), the reduction of the /,-/ curves is significantly reduced,
and the 7, values on the blade pressure surface and the blade suction surface no longer tend to be
the same. Under the 0.3Q, and 0.20o conditions, the distributions of , become increasingly worse,
and the area originally responsible for important work tasks has lost a lot of work ability. At the aft
part of the blade channel (>0.8), the reduction of the /,-/ curves is further reduced, which implies
that the static pressure in this area is constantly increasing, and the , value near the blade pressure
surface is much greater than that near the blade suction surface, especially on the outlet hub side.
On the whole, in the above evolution process of the energy conversion instability in pump mode
(Fig. 8), the attenuation of rotor blade loading dp gradually spreads from the inlet shroud side to the

entire blade, which is the source affecting energy income and inducing flow instability.
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A comparison of the energy conversion characteristics under different operating conditions is
shown in Fig. 10. Note that the energy signal characterized by the total pressure in the absolute
coordinate system is expressed in the form of water column height (in meters), and the energy gates
1~5 correspond to the elbow suction passage inlet, the centrifugal impeller domain inlet, the guide-
vane domain inlet, the volute casing inlet and the volute casing outlet, respectively. Under the 1.00q
condition, the shaft power Mwi/pgQ and the total pressure signal at each energy gate have a stable
wave character and low amplitude, and the relative magnitude between the hydraulic loss o4 (the
total pressure drop between the adjacent energy gates) and the shaft power is small. This is direct
evidence that the energy conversion is in the stage of stable work (Fig. 8). Under the 0.8y condition,
the wave characters of these energy signals are still stable while slight disturbances can be observed,
especially in the shaft power curve, and the hydraulic loss 64 of annular cascade regions increases.
Under the 0.6Qp condition, the energy signals of the shaft power and the total pressure at each energy
gate become unstable and have larger amplitudes, and the hydraulic loss 0/ rapidly rises. This also
corresponds to the fact that the energy conversion is in the stage of stumbled work (Fig. 8). Under
the 0.4Qy condition, the wave characters of these energy signals become more disordered and the
amplitudes further increase, while some low-frequency components are already visible. Besides, the
hydraulic loss 04 of annular cascade regions significantly rises, and the o4 of the elbow suction
passage can no longer be ignored. Under the 0.30y and 0.20y conditions, the energy signals become
increasingly worse, and the wave characters with high amplitude and significant low-frequency

components are presented. The average value of shaft power (energy income) is almost 3 times that
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Fig. 10. Energy income and expenditure under different operating conditions
of the 1.0Qy condition, but the majority of it is dissipated in the flow passages (energy expenditure),
which is the source of high entropy production [39,64]. These features correspond to the fact that
the energy conversion is in the stage of shaky work (Fig. 8).

A quantitative growth model of the energy conversion instability is obtained according to the
above energy budget analysis. As shown in Fig. 11(a)~(b), for the shaft power P and the pump head
H, the two PPV-Q curves fit well with the Logistic S-function form of fQ)=a+b/(1+(Q/c)?), which
can be regarded as a special power law growth model. Within the range of O/Qo€[0.8,1.0], the
fluctuation amplitudes of the shaft power and the pump head slowly increase as the pressure ratio
rises, and the increments of AP/P and AH/H are 2.72% and 0.81%, respectively. Within the range
of O/Qo €[0.5,0.8], the fluctuation amplitudes of the shaft power and the pump head rapidly
increase as the pressure ratio rises, and the increments of AP/P and AH/H are 22.32% and 8.3%,
respectively. During this period, the maximum curve slope or change rate occurs approximately at
the operating condition of O/Q¢=0.64, which is a typical sign of the instability development. Within
the range of O/Qp<[0.2,0.5], the change rates of AP/P and AH/H slow down quickly, and their
increments are 2.54% and 1.79%, respectively. Obviously, this growth model is well consistent with
the evolution features determined by the diagnostic function S7, especially for the critical operating
condition. The stability is irreversibly damaged if S7>1, and the resultant hydraulic efficiency drop
and pressure fluctuation surge can affect the safe and stable operation, which should be avoided as
much as possible. Accordingly, the critical condition for the energy conversion instability is the
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diagnostic function S/=1, and this can be an effective criterion for determining the stability limit in
pump mode. Besides, the proportions of the hydraulic loss 6% in the impeller head H; in each domain
are shown in Fig. 11(c). As the pressure ratio rises, the hydraulic loss ratio d4/H; increases in a cubic
power law, and the annular cascade regions are always the major “disaster area”. The dA4/H; in the
elbow suction passage is almost negligible when S7 is less than 1, while it significantly increases
when S7 is greater than 1, which implies the existence and development of special flow events in
the above evolution process of energy conversion instability.
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Fig. 11. Growth model of the energy conversion instability
4.3 Analysis of the energetic vortical structures

To further understand the typical flow events in the evolution process, the vortical behavior of
energetic vortical structures in the impeller domain should be analyzed. According to the vorticity
decomposition theory, the classical vorticity @ (velocity curl) can be decomposed into the rigid
vorticity wg and the deformational vorticity s, and the swirling features of a vortex are mainly
determined by the rigid vorticity because it exactly represents the rigid rotation motions of local
fluids [65-66]. The explicit expression of the rigid vorticity is given by [66]

0=VxV =w,+w

o, = [w-r—w/(w-r)z _Mj]r

where o is the total vorticity (velocity curl), g is the rigid vorticity, s is the deformational vorticity,

(4)
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r is the real eigenvector of the velocity gradient tensor (or the direction vector of the rigid rotation
axis), and A; is the imaginary part of complex conjugate eigenvalues of the velocity gradient tensor.
It has been proved that this new physical quantity can provide a practical method for the analysis
and control of vortical flows in hydro-energy machinery [62,67].

The streamwise distributions of the time-weighted average values of the rigid vorticity ||@g||2
in the impeller domain under six typical operating conditions are shown in Fig. 12, corresponding
to the above evolution stage (Fig. 8). Under the 1.0Q condition, the average values of rigid vorticity
in the blade channels are lower than 2w; (w; is the rotor angular velocity) and show a downward
trend along the streamwise direction. Under the 0.80Q condition, the distribution trend is close to
that of the 1.0Q0 condition, and most of the average values of rigid vorticity in the blade channels
are still lower than 2w;. Under the 0.6Qo condition, the streamwise distributions of rigid vorticity
have a significant change, and its maximum value is greater than 3w;. At the fore part of the blade
channel (0=/=0.2), the swirling strength on the shroud side (s—1) increases. At the aft part of the
blade channel (0.8 <</<1), the trend of swirling strength surge is presented, especially in the region
close to the blade pressure surface (f—0). This indicates that energetic vortical structures appear at
the impeller inlet and outlet, which is also related to the changes of blade loading (Fig. 9(c)). Under
the 0.4Qp condition, the maximum value of rigid vorticity is greater than 5w;. The above surge near
the inlet shroud and the outlet pressure surface is strengthened, and the swirling strength on the inlet
hub side (s—0) also increases. This describes the growing vortical structures and corresponds to the
change trends of the above energy signals (Fig. 9(d) and Fig. 10(d)). Under the 0.3Q0 and 0.20q
conditions, the spatial features of the relatively high swirling strength near the blade channel inlet
and outlet while the relatively low swirling strength at the middle part become clearer. Meanwhile,
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Fig. 12. Streamwise distributions of the rigid vorticity ||wr||2/w:

the high swirling strength range near the blade channel inlet and exit is gradually widened, reflecting
that the energetic vortical structures are developing to become increasingly stronger in the stall
deepening process (or the shaky work stage in Fig. 8).

The time-averaged streamline distributions at different evolution stages are shown in Fig. 13.
The average motion is the first focus of engineering turbulence and directly reflects the nature of
macroscopic flow characteristics. At the stage of stall-free, the streamlines in the blade channel are
smooth and fit well with the blade profile. The diagnostic function S7 is approximately 0.6, and this
good flow pattern without large-scale vortical structures ensures the performance of stable work. At
the stage of stall inception (SI—1), the backflow trend appears on the inlet shroud side, while the
helical vortex trend appears on the outlet pressure surface side. This flow pattern change is a vivid
description of the above rigid vorticity distribution (Fig. 12(c)) and can be regarded as the result
induced by the aforementioned blade loading attenuation. At the stage of stall deepening (SI>1), the
backflow trend has developed into the large-scale backflow vortices, while the helical vortex trend
has developed into the large-scale streamwise helical vortices. These energetic vortical structures
occupy large areas at the blade channel inlet and outlet, while the middle part is a weak separation
zone with low velocity and low swirling strength (Fig. 12(f)). In particular, the leading backflow
vortices and trailing helical vortices are the dominant vortical structures in the centrifugal impeller
domain, which are further shown in Fig. 14(a)~(b). The leading backflow vortex originates from the
H—S secondary flows induced by the natural adverse PRG on the S2 streamsurfaces [59], and this
effect is gradually strengthened as the pressure ratio increases, thereby causing a rapid drop in blade
loading on the inlet shroud side (Fig. 9), and the leading flow spillage comes into being and becomes
a typical flow event where the swirling strength rises. The leading backflow vortices can develop
into the elbow suction passage, greatly increasing the energy dissipation, and it corresponds to the
phenomenon that the hydraulic loss ratio d4/H; in the elbow suction passage significantly increases
if S71s greater than 1 (Fig. 11). The trailing helical vortex originates from the P—S secondary flows
induced by the natural adverse PRG on the S1 streamsurfaces [59], and this effect is also gradually
strengthened as the pressure ratio increases, thereby causing the worse work ability at the aft part,
and the trailing helical vortex comes into being and also becomes a typical flow event where the
swirling strength rises. The trailing helical vortices can develop into the guide-vane domain, greatly
increasing the energy dissipation, and it corresponds to the phenomenon that the hydraulic loss ratio
oh/H; in the annular cascade regions significantly increases with S7 greater than 1 (Fig. 11). These
two flow events are similar to those in the spike-type compressor stall [63,68]. Besides, the dynamic
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stall cells can be observed on the inlet hub side [62], but the propagation characteristics are complex
and will not be discussed in this study. Moreover, the power spectral density (PSD) distributions of
rigid vorticity at the feature points in the leading/trailing vortical zones are shown in Fig. 14(c)~(d).
At the regions with higher frequencies, the three-dimensional frequency spectra of rigid vorticity
follow a -11/3 scaling law in a wide range, while the frequency spectra of the shaft power and pump

Velocity [msA-1]
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(c) OQ/Q0=0.2 (stall deepening)

Fig. 13. Time-averaged streamline distributions at different evolution stages
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Fig. 14. Energetic vortical structures induced by the flow instability

head follow a -21/3 scaling law in a wide range, which implies that the coupling between the vortical
signals and the energy signals is very weak at higher frequencies. But at the regions with lower
frequencies, a strong coupling between the shaft power P, the pump head H and the rigid vorticity
|lwg]|2 fluctuations is presented, and this effectively proves the interaction between the large-scale

vortical motions and the energy conversion instability [69].
5 Summary and conclusions

In this study, the experimental and numerical simulation studies of a centrifugal pump were
conducted to clarify the evolution process of energy conversion instability of pump mode in hydro-

pneumatic energy storage system, and the conclusions are drawn as follows.

(1) The phenomenon of energy conversion instability is observed in the energy performance
test. The slope of the pump head curve 0H/0Q increases in a bumpy way as the pressure ratio rises,

and this graded feature first indicates that the instability evolution has a progressive process.

(2) A general diagnostic function S7 of flow instability in a centrifugal pump is proposed by the
authors. According to its diagnosis of inner flow patterns, the energy conversion shows three typical
stages. Good inflow stability is presented in the stage of stall-free (S=0.6) and the corresponding
energy conversion is in the stage of stable work. The inflow stability is irreversibly damaged in the
stage of stall inception (SI—1) and the corresponding energy conversion is in the stage of stumbled
work. The inflow stability becomes increasingly worse in the stage of stall deepening (SI>1) and

the corresponding energy conversion is in the stage of shaky work.

(3) In this evolution process, a quantitative growth model of the energy conversion instability
is obtained according to the energy budget analysis. The hydraulic loss ratio increases in a cubic
power law as the pressure ratio rises, while the changes in shaft power and pump head fluctuations
fit well with the Logistic S-function form of {Q)=a+b/(1+(Q/c)?), and the maximum change rate of
this S-function occurs at the condition of SI= 1. The flow stability is irreversibly damaged if SI>1,
and the resultant hydraulic efficiency drop and pressure fluctuation surge can affect the safe and
stable operation. Hence, the critical condition for the energy conversion instability is the diagnostic
function SI=1, and this is recommended for determining the stability limit of the pump mode.

(4) In this evolution process, the attenuation of rotor blade loading gradually spreads from the
inlet shroud side to the entire blade and the natural adverse PRG (potential rothalpy gradient) is
gradually strengthened. This induces such energetic vortical structures or typical flow events as the
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leading backflow vortices, the dynamic stall cells and the trailing helical vortices. A strong coupling
at low frequencies between the shaft power, the pump head and the rigid vorticity fluctuations is
found according to the PSD (power spectral density) analysis, and this well reveals the interaction

between the large-scale vortical motions and the energy conversion instability.
Appendix A: Verification of the numerical simulation scheme

Three meshing schemes, G1, G2 and G3, are proportionally determined and the elements are
2,812,908, 6,216,526 and 13,831,770, respectively. The grid refinement factors, r21 and r32, are
approximately 1.3. For the discretization error evaluation, the head of annular cascade regions Hp,
the impeller torque M, the mean values of rigid vorticity wg in the impeller and guide-vane domains
and the mean value of total vorticity w at the impeller exit are taken as the key variables.

The values of the above error evaluation parameters obtained by steady simulations are shown
in Table A. 1, including the key evaluation variables ¢i~@3, the observed accuracy order 49, the
error ratio |e32/e21, the extrapolated values ¢, and ¢, the relative errors of extrapolated values €2,
and e, and the grid convergence indices GCI;,. and GCI;... Under the 0.2Q, condition, the error
ratios are within the range of 0.12~0.67 and it implies that the grid errors will not diverge. The
relative errors of the extrapolated values ¢, are within the extent of 0.14%~4.43%, and the values
of the grid convergence index GCI;., are within the extent of 0.18%~5.30%. Therefore, the above
meshing schemes can meet the grid convergence requirements. To weigh a balance between the
computation cost and the simulation accuracy, the second meshing scheme G2 is finally employed.

Table A. 1 Evaluation results of the discretization error

Hp / (m) M;/ (N-m) YA Co B I G o, /D
1 34.19 151.78 87.50 119.03 3284.46
P 32.06 135.62 85.66 128.48 2270.14
3 31.77 132.53 84.43 133.43 2388.26
A° 7.60 6.31 1.54 2.46 8.20
les2/ea1] 0.14 0.19 0.67 0.52 0.12
Pex 34.53 155.60 91.21 108.64 3418.15
e 0.97% 2.46% 4.07% 9.57% 3.91%
GCL, 1.31% 3.52% 5.41% 10.11% 7.36%
Pen 32.11 136.35 88.14 123.04 2254.57
e 0.14% 0.54% 2.81% 4.43% 0.69%
GCI, 0.18% 0.67% 3.62% 5.30% 0.86%

Appendix B: Monitor point scheme in the impeller domain

The monitor point scheme in the impeller domain are determined as follows. As shown in Fig.
B. 1(a), the local coordinate system XYZ is established and the blade channels are marked as (D~
@ along the rotating direction. As shown in Fig. B. 1(b), the streamwise coordinates are marked as
/=0 and /=1 for the blade inlet and the blade outlet, respectively. Six positions are determined in the
streamwise direction and the corresponding coordinates are /=0, /=0.2, [=0.4, /=0.6, [=0.8 and /=1,
respectively. The spanwise coordinates are marked as s=0 and s=1 for the hub and the shroud,
respectively. Three positions are determined in the spanwise direction and the corresponding
coordinates are s=0.1, s=0.5 and s=0.9, respectively. The circumferential coordinates are marked as

6=0 and 6=1 for the blade pressure surface and the blade suction surface. Three positions are
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determined in the circumferential direction and the corresponding coordinates are 8=0.2, 6=0.5 and
6=0.8, respectively. Therefore, there are 378 monitor points determined in the whole impeller
domain, and each point is named in the form of “IP” + “blade channel position (1~7)” + “streamwise
position (1~6)” + “spanwise position (1~3)” + “circumferential position (1~3)”.

(a) Local coordinate system

| IP1131

(b) Nomenclature of the monitor points

Fig. B. 1. Monitor point scheme in the impeller domain

Nomenclature
H (Hy) Pump head (Rated head)
0 (Qo) Pump flowrate (Rated flowrate)
P Shaft power
n Rotational speed
ns Specific speed (nQ0°/Hy™)
Z Blade number
D Pump impeller diameter
TSD Time-scale-driven
ot Time step
PPV Peak-to-peak value
Ve Relative velocity vector
1, Potential rothalpy
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p Static pressure

w; Rotor angular velocity vector

op Rotor blade loading

PRG Potential rothalpy gradient

F, Centripetal force

p Density

g Gravitational acceleration

r Curvature radius

i Relative flow angle

r Position vector or Real eigenvector

Fc Coriolis force

ST Diagnostic function

Cn Meridian velocity

STD Standard deviation

AVG Average value

oh Hydraulic loss

H; Impeller head

(0] Total vorticity

WR Rigid vorticity

ws Deformational vorticity

Aci Imaginary part of complex conjugate eigenvalues

PSD Power spectral density

G1,G2,G3 Meshing schemes

r21, r32 Grid refinement factors

Hp Head of annular cascade regions

M; Impeller torque

01, 02, Y3 Key evaluation variables

A° Observed accuracy order

lesa/ea] Error ratio

Poxis Yo Extrapolated values

oy Con Relative errors of extrapolated values

GCIL,., GCIx. Grid convergence indices

XYz Local coordinate system

/ Streamwise coordinates

s Spanwise coordinates

0 Circumferential coordinates
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