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ABSTRACT: When axial flow pumps-as-turbines (PATs) operate under off-design conditions,
unstable and unsteady flow structures appear in the internal flow field, resulting in suboptimal
functioning. These operating conditions not only decrease the efficiency of the hydraulic machines but
also affect their mechanical reliability. This study establishes relative streamline coordinates, based on
the blade’s mean camber line, to investigate flow instabilities in axial flow PATs from a new
perspective. Numerical simulations on an axial flow PAT were performed and validated using
experimental data. The results show that flow separation is more likely to occur due to the more curved
profile at the blade’s suction surface, leading to considerable fluctuations in velocity along the flow
direction and enstrophy amplitude near both the hub and impeller shroud. Moreover, the poor matching
of the relative inflow angle of the impeller with the blade inlet angle leads to impingement losses near
their leading edge, generating unstable flows and significant pressure pulsations, which induces
hydraulic instability within the impeller. In addition to rotor-stator interference effects, the curvature of
the blade suction surface profile and the bend structure of inlet conduit are significant factors that
influence the pressure pulsation distribution of the PAT. An analysis of the enstrophy transport equation
indicates that the relative vortex generation and the Reynolds stress dissipation terms play a key role in
both vortex generation and dissipation, whereas the viscous term has a lower influence. These findings

can serve as a reference for the optimization and efficient design of axial flow PATs.

I. INTRODUCTION

Reducing carbon emissions and increasing the proportion of renewable energy sources have
become issues of global importance.! With the increasing demand for renewable energy, there has been
considerable investment in small-scale hydropower power generation worldwide.>? However, in
remote and underdeveloped areas, the operating and installation costs of conventional hydraulic
turbines still pose a major challenge. Considering the availability and cost advantages of commercial
hydraulic pumps, the pump-as-turbine (PAT) technology has been gaining interest as an economic

alternative to conventional small-size hydraulic turbines in such areas. As a result, it has become a



AlIP
Publishing

2

4
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

crucial research topic in the small-scale hydropower sector worldwide.* In PATs, pumps essentially
behave as hydraulic turbines, offering advantages such as low investment costs, simple design, and
easy maintenance.>® The prototype impeller of a PAT has been designed based on the pump theory,
resulting in a blade inlet angle that does not match with the original flow passage components when the
pump operates in the turbine mode.” This often leads to a lower efficiency in reverse mode operation
compared to the direct one. In addition, the absence of flow regulation components, such as movable
guide vanes, limits the range of high-efficiency operation.® When operating under off-design conditions,
the internal flow field within the PAT exhibits flow separation, wakes, secondary flows, and other
unstable flow phenomena that affect its operation stability.>!° In particular, the hydraulic instability
leads to severe mechanical vibrations that are amplified when the PAT deviates from the design
conditions. Therefore, studying flow instability problems of the PAT is crucial to addressing this issue
as it helps prevent failures and ensures the secure and stable operation of hydraulic machines.

In previous studies on PAT technology, researchers primarily focused on predicting the
performance of PATs. Several performance prediction models have been developed through theoretical
derivation, experimental verification®'! and artificial neural network.'>'> However, the general
application of PAT performance conversion theory in these studies was poor, and there was a large
difference between the prediction and experimental results, while a few studies''""* could accurately
predict PAT performance. With the development of computational fluid dynamics (CFD), numerical
simulations have become essential for studying the hydraulic characteristics of PATs. Nasir et al.'*
performed numerical simulations on a centrifugal PAT. The numerical results were validated using
experimental data, indicating good agreement (with error percentages lower than 3%). Yang et al.'®
numerically simulated a large vaned-voluted centrifugal pump to evaluate its performance in the pump
and turbine modes. The results showed that the best efficiency point (BEP) of this centrifugal PAT
presented a higher flow-rate and head compared to the direct mode. Lin et al.'® presented a theoretical
method to predict the optimum efficiency point of PATs within a specific speed range, using the
impeller-volute matching principle. As a result, the proposed method could forecast the BEP with an
error of less than 5%.

Many scholars have conducted various studies on the internal flow field of PATs, investigating the
influence of geometric parameters on hydraulic performance and optimizing certain parameters to
enhance efficiency. Yang et al.'” discussed the influence of blade thickness on the efficiency and
hydraulic loss of a PAT and found out that an increase in blade thickness leads to a decrease in
efficiency and an increase in energy losses within the impeller. Xu et al.'® optimized the geometric
design parameters of impeller blades to effectively improve the efficiency of a PAT by reducing
pressure pulsations and expand the operating range of the PAT. Binama et al.!® numerically analyzed
the influence of the blade TE position on the pressure field of a centrifugal PAT and found that
adjusting the TE position reduced the pulsation phenomenon of the PAT. Wang et al.?° found out that
forward-curved blades could significantly enhance the performance of a PAT. Xiang et al.?' designed a
forward-curved impeller of the PAT and found that the forward-curved blade can also significantly
reduce pressure pulsation. Adu et al.?? numerically investigated the transient characteristics of a
centrifugal PAT operating at different rotational speeds, revealing that the turbulent kinetic energy and
vortices of the PAT increased with increasing rotational speed. Xin et al.” investigated the distribution
of hydraulic losses in a centrifugal PAT by entropy production theory and found that impingement,
backflow, and vortices were the main hydraulic factors responsible for the irreversible hydraulic losses

of the PAT. Si et al.>* focused on an ultra-low specific speed centrifugal PAT and studied the energy
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conversion ability of the impeller, conducting an in-depth analysis of the unstable flow structures
within the impeller and the reasons for their generation. In addition, Hu et al.*® examined the
performance variations and internal flows of a centrifugal PAT at variable rotational speeds. Their
results indicated that rotational speed had a significant effect on the hydraulic performance and
operational stability of the PAT. Yin et al.?® presented a numerical method capable of efficiently
simulating the unsteady flow field during the runaway process of a prototype PAT. Their results showed
that the instability of the turbine’s S zone was caused by vortices in the inlet section of the runner,
leading to severe periodic blockage of the flow in the runner channel.

Thus far, existing research on PATs has primarily focused on the effect of impeller geometric
parameters, hydraulic performance, and energy losses. To the best of the authors’ knowledge, there
have been few in-depth analyses of the complex flow developing inside hydraulic machines. Therefore,
this study aims to establish an ideal streamline coordinate system based on the blade’s mean camber
line, which can reflect the hydraulic performance of the impeller within an axial flow PAT from the
flow, radial, and circumferential directions. In particular, flow instability problems of the axial flow
PAT are investigated to provide valuable insights for ensuring its secure and stable operation.

The rest of this paper is organized as follows. The geometric model and numerical methods are
introduced in Section II. The results of this study are presented in Section III, including a discussion on
the hydraulic performance of the axial flow PAT and an analysis of flow instability in the internal flow
field based on the relative streamline coordinate system. Finally, conclusions are presented in Section
V.

II. NUMERICAL MODEL AND METHOD
A. Governing equations

Considering the incompressible flow in this paper, the continuity and momentum equations?’ are

presented in Egs. (1) and (2) as follows

ou,
-0 1
20, (M)
aﬁi _ 61,7‘ 1 6]3 1 0 aﬁ, "t 7
+1u. =———+t—— U _puiuj +7:, @

a o pdy poy|

J
where p is the density; ¢ is the physical time; x; and x; denote the Cartesian coordinate components in
the i and j directions, respectively; %; and %U; denote the corresponding components of the

Reynolds-averaged velocity; p is the Reynolds-averaged pressure; x4 is the dynamic viscosity; pu'iu}-

is the Reynolds stress and f; is the Reynolds-averaged body force.
B. Turbulence model

The k and w equations are written as

M+i(pﬁ/k):i ;H_ﬂ ﬁ +Pk—ﬂ*pkw 3)
ot Ox, Ox, o, ) Ox,
o(p@) _,_i(pg/w):ﬁ ,u+i 67(” +0¢2Pk - Bpw’ +2p(1_E)0w2 %aﬁ “)
ot ox, = Ox,; o, )ox; k ® 0Ox; Ox,
The turbulent viscosity u is expressed as
3
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F,=tanh max( 24k %] ®)
By pyw

where £ is the turbulent kinetic energy, w is the turbulent frequency, Py is the production of turbulence
kinetic energy, S denotes the mean rate of the strain tensor, and y is the distance from the wall. The
constants are as follows: a1 = 0.31, 8" = 0.09, f = 0.075, s = 1.176, 6, = 2, and 6e2 = 0.856.282°

C. Geometric model

The subject of this study is an axial flow PAT model, the drawing of which is shown in Fig. 1.
The geometric model is composed of four parts, namely the inlet conduit, guide vane, impeller, and

outlet conduit. The basic parameters of the PAT are presented in Table I.
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——— 77 7
FIG. 1 Geometric model of the PAT.
TABLE I. Parameters of the PAT.
Parameter Value
Design flow rate Q (L/s) 396.94
Design head H (m) 491
Rotational speed 7 (r/min) 1450
Number of impeller blades 3
Number of guide vane blades 6
Impeller diameter D (mm) 299.2
D. Mesh generation
4
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The ICEM software is used to create a hexahedral structured grid for the entire computational
domain. To achieve an accurate resolution of the grid distribution in the boundary layer around the
blades, an O-type topology is adopted surrounding the blades. Grids near the walls are also refined to
capture small-scale flow structures in these areas. The grid independence is verified using the
Richardson extrapolation method.?*3? Three sets of grids are designed, ranging from coarse to fine,
with grid numbers of 4.1 million, 9.1 million, and 19.9 million, respectively. For these three sets of
grids, the optimum operating condition of the PAT is simulated, and torque and efficiency are selected
as evaluation parameters for the grid independence study. The grid convergence index (GCI) results are
listed in Table II. Taking both torque and efficiency into consideration, as mentioned earlier, the GCI
values are found to be 0.11% and 0.38%, respectively. Both these values are lower than 1%, thus,
meeting the grid convergence standard.*® The number of grids is eventually determined as 9.1 million.

Fig. 2 shows the mesh of the pump section and local refinement of the impeller blade.

TABLE II. Mesh independence study.

Parameter D =15 (%) @=T (N-m)
N; 19886600
N 9092056
N; 4092919
Mesh refinement factor 12/ 1.30
Mesh refinement factor 32 1.30
Numerical value ¢; 85.70150254 182.42646
Numerical value ¢> 85.69843456 182.09172
Numerical value g3 85.61868887 181.81577
Extrapolated value gex 85.3617362 181.6503352
Relative error e, 0.09% 0.15%
Extrapolated error e 0.3% 0.09%
0.38% 0.11%

Grid convergence index GClyine

() (b)
FIG. 2. Mesh details of the PAT: (a) impeller and guide vane domain; (b) near blade.

F. Numerical settings
In this study, the SST k- turbulence model was chosen to better account for turbulent effects.?3
The finite volume method was used for spatial discretization, and the SIMPLEC algorithm was applied

to achieve a coupled pressure-velocity solution. The pressure inlet was adopted as the inlet boundary
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condition, while the outlet boundary condition was set to the pressure outlet. The impeller was set in a
rotating reference frame, whereas the remaining domains were set to be stationary.’ For the interface
between the impeller and stationary components, the frozen rotor approach was employed in the
steady-state simulations, while the transient rotor-stator approach was used in the transient simulations.
The steady-state simulations were used as initial data for the transient simulations, and the time step
was set to 1.15 x 107 s, corresponding to 1/360 of the impeller rotation period. All wall surfaces were
set as no-slip walls. Numerical simulations were considered to have converged when the residual was
below 107°.

I11. RESULTS AND ANALYSIS
A. CFD validation

Fig. 3 presents a comparison of the macroscopic performance of the axial flow PAT obtained
numerically and experimentally. It is evident that the simulation results agree with the experimental
data, with a maximum relative difference of less than 3%, particularly near the Osep (indicated by the
blue circle in Fig. 3). This demonstrates the credibility of the chosen mesh arrangement and numerical
method, ensuring the precision of the numerical simulations. The operating conditions deviate further
from the optimum condition, the decrease in efficiency becomes more pronounced. It is important to

note the inefficiency of the PAT under off-design operating conditions.
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FIG. 3. Comparison between the experimental and simulation results.

B. Relative streamline coordinate system based on mean camber line of blade

The ideal impeller is assumed to be composed of an infinite number of extremely thin blades,
which allows for the consideration that the water flow in the impeller is uniform and axisymmetric, and
its relative motion track coincides with the blade’s mean camber line. To reflect the flow characteristics
along the ideal streamline direction, this study establishes a relative streamline coordinate system based
on the blade’s mean camber line for the impeller. This system includes three directions: the flow
direction 4, the circumferential direction ¢, and the radial direction r. Fig. 4(a) defines the length
coefficient 4 of the blade’s mean camber line, and the flow direction is from the LE to the TE of the
blades. A value of 1 = 0 corresponds to the LE of the blades and a value of A =1 corresponds to the TE
of the blades. Fig. 4(b) shows the monitoring point scheme on the blade’s mean camber line for the
impeller. Eleven locations are selected along the ideal flow direction, marked from 0 to 1 from the
blade inlet to the outlet. Three locations are selected in the circumferential direction from the suction
surface (SS) to the pressure surface (PS), marked as S, M, and P. The span indicates the location of the
circumferential unfolding surface in the impeller region, span=0 for the circumferential unfolding

6
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surface at the hub, and span=1 for the circumferential unfolding surface at the shroud. In the radial
direction, three spans are selected from the impeller hub to the shroud, marked as span 0.1, span 0.5,

and span 0.9. Fig. 5 shows these monitoring points in the relative streamline coordinate system.

1
20 Rotationaly

10+
x/mm

blade mean camber line
L \ \ L

1.0 0.8 06 04 02 00

length coefficient A

(2)

FIG. 4. Relative streamline coordinate system based on blade mean camber line: (a) length coefficient

-20

of the blade’s mean camber line; (b) monitoring point scheme on the blade’s mean camber line.
C. Analysis of the velocity based on the streamline coordinate system

The distribution of relative velocity along the flow direction is shown in Fig. 5. According to the
velocity triangle, at 0.8Osgp, the impeller inflow strikes the suction surface when it enters the LE of the
blade due to the low axial velocity. In contrast, at 1.20sgp the impeller inflow strikes the pressure
surface when it enters the LE of the blade, resulting in an impact loss. Moreover, at 0.8Oggp, the
relative velocity decreases near the LE of the blade on both the suction and pressure surfaces. Under
the optimum condition, the relative velocity near the LE of the blade gradually increases along the flow
direction, indicating that the relative inflow angle is in good agreement with the blade inlet angle. At
1.20gkp, it is evident that the relative velocity drops sharply at 4 = 0.3. Under all operating conditions,
the relative velocity near the suction surface decreases in the TE region, demonstrating that water flow
in this region is obstructed. The relative velocity near the pressure surface and the middle position of
the flow channel tends to increase along the flow direction, which is more consistent with the
theoretical situation compared to that the near suction surface.

—*— Span0.1-S — #*—-Span0.5-S ++7++-Span0.9-S
|—e— Span(.1-M — @— - Span0.5-M -+ Span0.9-M
|—— Span0.1-P_— 4—-Span(.5-P -4 Span0.9-P

0001020304 050607080510 0001020304050607080510 0.00.102030405060.7080910
(@) (®) (©)
FIG. 5. Distribution of the relative velocity on an ideal streamline: (a) 0.8 Ogep; (b) Osep; (¢) 1.20gEp.
In axial flow machinery, it is common to assume cylindrical layer independence, and the velocity
in the radial direction (7) is zero. Consequently, the radial velocity component can be considered as an
indicator when investigating the flow instability of the PAT. Fig. 6 depicts the distribution of the radial

component along the flow direction under different operating conditions. Notably, the radial velocity
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near the blade suction surface experiences significant fluctuations along the flow direction compared to
other positions. Furthermore, compared to the pressure surface, flow separation is more likely to occur
near the suction surface as the profile at the suction surface is more curved, particularly near the
impeller hub, leading to significant fluctuations in the velocity distribution along the flow direction.
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(a) (b) ©
FIG. 6. Distribution of the radial velocity on an ideal streamline: (a) 0.8QOsep; (b) Osep; (c) 1.208Ep.

D. Enstrophy analysis based on the streamline coordinate system

Under off-design working conditions, the water flow hits the blade inlet edge and forms vortices
that constitute an unstable flow. To accurately quantify the vortex evolution process, this study uses
enstrophy to measure vortex intensity. Enstrophy is defined as the scalar %2, where @ denotes the
vorticity.>’

Fig. 7 illustrates the distribution of enstrophy ®?/2 along the blade’s mean camber line for the
impeller under different operating conditions. According to the figure, the enstrophy has a larger value
near the suction surface, indicating that an unstable flow is more likely to occur near the suction
surface. At 0.8Qgep and Opep, the maximum enstrophy in the flow direction is concentrated at the TE
of the blades. Under optimum condition, the maximum value of the enstrophy is most significant near
the hub and decreases gradually along the radial direction from the impeller hub to the shroud. The
greater curvature of the suction surface profiles leads to stronger vortices in the TE region of the blade.
At 1.20gep, the maximum enstrophy in the flow direction is observed at 4 = 0.3 near the impeller
shroud. Fig. 8 illustrates the radial enstrophy distribution along the blade’s mean camber line for the
impeller under different operating conditions. The trend and distribution of enstrophy and radial
enstrophy in the flow direction are generally consistent. As the flow rate increases, the percentage of

radial enstrophy in total enstrophy gradually decreases.

02 (s ®¥2 (s

(a) (b) ©
FIG. 7. Distribution of enstrophy on an ideal streamline: (a) 0.8Qgep; (b) Osep; () 1.20sEp.



AlIP
Publishing

Y

246
247

248

249

250
251
252
253
254
255
256

257

258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274

275
276

m,1/2 P

2 (s?) 22 (s?)

FIG. 8. Distribution of radial enstrophy on an ideal streamline: (a) 0.8Ostp; (b) Osep; (¢) 1.208Ep.
E. Frequency domain analysis of the pressure pulsation

Unstable flow structures in a flow field causes pressure pulsations. To investigate the flow
characteristics within the flow field of the PAT, this study uses the fast Fourier transform (FFT) method
to analyze the frequency domain characteristics of the pressure values at the monitoring points on the
blade mean camber line of the impeller. F,, represents the rotation frequency of the impeller. The
horizontal coordinate in Fig. 9 scales the frequency dimensionless and represents the integral multiple
of the impeller rotation frequency. The vertical coordinate represents the pressure coefficient, which is
defined as

c = (OP,S;fvez) ©9)

. tip

where P; is the transient pressure, Pave is the average pressure over a time period, and uy represents the
circumferential velocity of the impeller blade tip.3® The obtained frequency domain results of pressure
pulsation are presented in Fig. 9. The static and dynamic interfaces of CFX calculations are designed
according to the transient rotor-stator approach, so the monitoring points follow the overall movement
of the impeller, and the guide vanes rotate relative to the monitoring points. Thus, a large amplitude of
C, can be observed at the guide vane passing frequency of 6f,. This demonstrates that the rotor-stator
interference between the guide vane and the impeller is a significant cause of pressure pulsations in the
internal flow field. Additionally, due to curved inlet conduit in this model, there are also large C,
amplitudes at 1f, and its multiples, specifically at 2f,, 3fu, and 4f,. Fig. 10 shows the distribution of the
main frequency amplitude of pressure pulsation along the flow direction. In a single-impeller channel,
the pressure pulsation in the middle of the flow channel is the smallest and the dominant frequency
amplitude of pressure pulsation is more evenly distributed in the flow direction. At 0.8Ogkp, pressure
pulsation near the pressure surface is more intense, especially at the LE of the blade. In contrast, at
1.20gkp, the pressure pulsation amplitude near the suction surface is more intense, and the maximum
amplitude of pressure pulsation along the flow direction is at A = 0.3. Compared to other conditions, the
optimum condition exhibits a better inflow condition and lower pressure pulsation, and the largest

pressure pulsation in the flow direction is concentrated near the LE of the blade.
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FIG. 9. Pressure pulsation frequency domain: (a) 0.80gep; (b) Osep; (¢) 1.208Ep.
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FIG. 10. Pressure fluctuation amplitude of the dominant frequency: (a) 0.8QOsep; (b) Osep; (¢) 1.208Ep.

Fig. 11 shows the distribution of the pressure coefficient under different operating conditions. At
0.80skp, the impeller inlet flow impinges on the suction surface at the blade inlet edge of the blade,
resulting in a local high-pressure region near the blade’s LE. At 1.20gep, the impeller inlet flow at the
blade inlet edge impacts the pressure surface of the blade, leading to impact loss, which hinders smooth
water flow. Under the optimum operating conditions, the relative inflow angle of the blade inlet
matches the blade inlet angle. Thus, the pressure distribution at the LE of the pressure and suction
surfaces is relatively uniform, and the impeller inflow impingement loss is minimized. At low flow
rates and under optimum conditions, localized low pressure exists near the blade’s TE of the suction

surface, where flow separation occurs in the TE region, thus generating a vortex flow.
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F. Frequency domain analysis of Reynolds-averaged enstrophy transport equation

To further analyze the unstable flow structures, the generation and development of vortices are
studied using the enstrophy transport equation. Many previous studies employed transport equations
derived from direct numerical simulations and did not consider the effect of the Reynolds stress, which
renders them inapplicable to the analysis conducted under the Reynolds-averaged Navier-Stokes
(RANS) method. In this study, the Reynolds-averaged enstrophy transport equation is derived on the
basis of RANS equations. Eq. (2) can be written as follows**

ou, ou, 1 0 — =
—+u, — —0,p+2 uu' )+ f; 10
e p6( P +248, — put; )+ f, (10)
p?u] can be expressed as
—pulu, =248, G~ 5 Pk ()]

where Sy is the mean strain tensor, and d; is Kronecker delta.” By substituting the Reynolds stress
formula into the RANS equation, Eq. (10) can be written in the vector form as

1
Z+(a-Vu=——Vp+W'u +vV2u——Vk+ 12
> (u-V) s 3 f (12)

where U is the Reynolds-averaged velocity vector, Vv is the kinematic viscosity, v,

is the eddy

viscosity, V is the Hamiltonian operator, f =—2(¢ X &), and € is the Reynolds-averaged angular
velocity. According to the vector equation,
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Eq. (12) can be then rewritten as:

i

=2
+v| L —*xa7=—iv;;wvzmv/vzﬂ—gw—2(cxﬁ) (14)
ot P 3

2
Taking the curl of Eq. (14), the following is obtained:
oo VpxVp

——(@-V)u+(u-V)o=—5

o +W25)+%VZE)—§VX(Vk)—ZVX(cXﬁ)(lS)

where @ is the Reynolds-averaged vorticity. The Reynolds-averaged enstrophy transport equation
can be obtained by taking the dot product between Eq. (15) and the Reynolds-averaged vorticity. The

enstrophy transport equation is written as

olww /2 — 0 /2
(@@l 55 7 208/2) 1 oo
ot T o " ox; oy
_ _ (16)
’e, _ P@ 2 Pk o(ct,) _ oc;)
+v ) TV, @; ik (. ;=
0Ox .0x x 0%, 3 " oxox ox; ox, 7
—=_ _ 0(@w/2)
G, =080, -u, o an
1 _dp Qg
szizg’jka)l_ipip (18)
p Ox; Ox,
b
v 20 g (19)
0x,;0x;
2— 2
L, OB 2, 0

37" 0x,0x; t
c _2[6(c,uj)a)i8(c,u/)w] @1

where @, is the average vorticity, & is the permutation symbol, and ¢; is the angular velocity. Go, is a

relative vortex generation term, which accounts for the stretching and bending of vorticity owing to the
velocity gradient. By, is a baroclinic torque term that represents the vorticity change caused by the
non-parallel pressure gradient and the density gradient. Due to the incompressibility of the fluid, this
term is ignored in this study. V, is the viscous term that represents the vorticity change due to the
viscous effect of the fluid, R, is the Reynolds stress dissipation term, and C,, is the Coriolis force term
that is associated with the rotational motion of the impeller.*4!

The frequency domain characteristics of each item at the monitoring points on the blade’s mean

camber line for the impeller are analyzed using the FFT. Fig. 12 displays the frequency domain

12
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characteristics of the enstrophy transport equation at 0.80Osrp. As shown in the figure, the relative
vortex generation term and the Reynolds stress dissipation term play a significant part in the vortex
generation and dissipation processes, and the viscous term has the least influence. At 0.8Ogkp, the
relative vortex generation term G, the Reynolds stress dissipation term Ry, and the Coriolis force term
C,, exhibit the most intense pulsation on the pressure surface near the impeller shroud where the largest
pulsation amplitude is distributed near the LE of the blade and extends to A = 0.6. However, the
viscous term V,, exhibits the most intense pulsation amplitude on the suction surface. Near the suction
surface, the maximum value of the pulsation amplitude is located at the TE of the blade, while at the
middle of the flow channel and near the pressure surface, this maximum value is located at the LE of
the blade. This indicates that, close to the impeller hub, unstable flow structures near the pressure
surface are mainly affected by impeller inflow impingement. In contrast, the occurrence of flow
separation in the TE region near the suction surface and the resulting generation of vortex flow is the

main cause of unstable flow near the suction surface.

pe
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FIG. 12. Pulsation frequency domain of the transport equation of enstrophy at 0.80gep: (a) Gu; (b) Rw;
(¢) Co; (d) Ve
Fig. 13 shows the distribution of the components of the enstrophy transport equation at 0.8 Oggp.

Near the suction surface, the region with large values of the enstrophy transport equation is

concentrated in the TE of the blade. Meanwhile, the region near the impeller hub is considerably

affected by the wake of the guide vanes, leading to a high enstrophy region near the blade inlet that

subsequently develops downstream. Near the impeller shroud, the high enstrophy region is generated
13
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near the pressure surface and develops along the flow direction.
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FIG. 13. Distribution on blade-to-blade surfaces at 0.8Oggp.

Fig. 14 displays the frequency domain characteristics of the enstrophy transport equation under
optimum operating conditions. It is evident that the pulsation amplitudes of the enstrophy transport
equation close to the suction surface are the most significant, and the region with the maximum
pulsation amplitudes is concentrated at the TE of the blade. Meanwhile, the pulsation amplitudes of the
enstrophy transport equation gradually decrease along the radial direction from the impeller hub to the
shroud. As the suction surface profile becomes more curved closer to the hub, it results in a stronger
swirling flow. In the middle of the flow channel and close to the pressure surface, the region with the
largest pulsation amplitude is located at the blade inlet edge, and the amplitude gradually decreases

along the flow direction.
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FIG. 14. Pulsation frequency domain of the enstrophy transport equation at Ogep: (a) Go; (b) Rw; ()
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Fig. 15 shows the distribution of the enstrophy transport equation under optimum operating
conditions. Near the suction surface, the region with the large enstrophy amplitudes is mainly
distributed at the TE of the blade. Near the impeller hub, enstrophy is considerably affected by the
wake of the guide vanes, with a high enstrophy area forming near the blade inlet, which then develops

downstream of the wake.

G, [s?] R, [s3] C, [s?] W, [s]
E E N = .
—1X108 1X108 —1X108 1X108 —5X107 5X107  —1X105
Span0.1 [ | I 1
ﬂow\ \ l\ \ \
A\ \ \
NN N NN\
X\\N\) f /\ / g 7N\ /A
74 / / , /
// | TR~ A ~ 4 / /-/ &~ s

Span0.5 |

\ \\\\ \ \
h \\( ,\k \\( \ \ o \ \ > \ \
- s | - == / / - i =
Span0.9 ! ‘
e : \ \ \ \
- =1 4“"44 == - = = - = - - L

FIG. 15. Distribution on blade-to-blade surfaces at Opep.

The frequency domain diagram of the enstrophy transport equation at 1.2Qggp is shown in Fig. 16.
Notably, the pulsation amplitudes of the enstrophy transport equation near the suction surface are the
most significant, especially near the impeller shroud. At Span 0.5 and Span 0.9, the region where the
pulsation is most intense is located at A = 0.3. Near the hub, the pulsation amplitude is more evenly
distributed along the flow direction. Compared to the suction surface, the pulsation amplitudes of the
enstrophy transport equation in the middle of the flow channel and near the pressure surface are almost

negligible.
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FIG. 16. Pulsation frequency domain of the transpgrt) equation of enstrophy at 1.20gep: (a) Go; (b) Ro;
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Fig. 17 shows the distribution of the enstrophy transport equation at 1.20ggp. The relative vortex
generation term and the Reynolds stress dissipation term are the main factors affecting vortex
generation and dissipation. Meanwhile, near the impeller hub, which is more impacted by the wake of
the guide vanes, the region with high values of enstrophy is formed near the blade inlet, which then
develops downstream the wake to the neighboring blades. Near the impeller shroud, this

high-enstrophy region is generated near the suction surface and develops along the flow direction.
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FIG. 17. Distribution on blade-to-blade surfaces at 1.2Qggp.
IV. CONCLUSIONS

In this study, numerical simulations of an axial flow PAT were performed to analyze different flow
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rate conditions close to the BEP. The flow instability of the PAT was investigated based on the relative
streamline coordinate system. The following conclusions were drawn from the simulation results:

(1) Under off-design conditions, the mismatch between the relative inflow angle of the impeller
and the blade inlet angle leads to impingement losses that generate an unstable flow near the LE of the
blade. At low flow rate conditions, the impeller inflow impinges on the blade suction surface upon
entering the LE of the blade. At high flow rate conditions, the impeller inflow impinges on the blade
pressure surface, hindering smooth water flow into the impeller and causing a decrease in the relative
velocity near the LE of the blade.

(2) The greater curvature of the suction surface profile leads to flow separation and vortex
formation in the TE regions of the blade. Near the hub, the blade profile is more curved, and the
maximum enstrophy in the flow direction is concentrated at the TE of the suction surface under all
operating conditions. Under the optimum conditions, the maximum enstrophy at different span surfaces
is focused on the TE of the suction surface, gradually decreasing along the radial direction from the
impeller hub to the shroud. At low flow rate conditions, the maximum enstrophy is close to the pressure
surface, while at high flow rate conditions, it is located near the suction surface.

(3) The unstable flow is generated near the LE of the blade under off-design conditions, resulting
in significant pressure pulsations. Moreover, the unstable flow at the suction surface leads to larger
amplitude pressure pulsations near the suction surface. In addition to the rotor-stator interference
effects, the curvature of the blade suction surface profile and the bend structure of the inlet conduit are
important factors affecting the distribution of pressure pulsations in the PAT.

(4) The relative vortex generation term and the Reynolds stress dissipation term play a significant
role in both vortex generation and dissipation, while the viscous term has a lower effect. Regions with
high amplitudes of the enstrophy transport equation are mainly distributed at the TE of the blade. In
addition, in the impeller shroud, a region with large enstrophy amplitudes is generated close to the
pressure surface at low flow rate conditions, while at high flow rate conditions, a large enstrophy

amplitude region exists near the suction surface and develops downstream along the flow direction.
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