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14
ABSTRACT: When axial flow pumps-as-turbines (PATs) operate under off-design conditions,15
unstable and unsteady flow structures appear in the internal flow field, resulting in suboptimal16
functioning. These operating conditions not only decrease the efficiency of the hydraulic machines but17
also affect their mechanical reliability. This study establishes relative streamline coordinates, based on18
the blade’s mean camber line, to investigate flow instabilities in axial flow PATs from a new19
perspective. Numerical simulations on an axial flow PAT were performed and validated using20
experimental data. The results show that flow separation is more likely to occur due to the more curved21
profile at the blade’s suction surface, leading to considerable fluctuations in velocity along the flow22
direction and enstrophy amplitude near both the hub and impeller shroud. Moreover, the poor matching23
of the relative inflow angle of the impeller with the blade inlet angle leads to impingement losses near24
their leading edge, generating unstable flows and significant pressure pulsations, which induces25
hydraulic instability within the impeller. In addition to rotor-stator interference effects, the curvature of26
the blade suction surface profile and the bend structure of inlet conduit are significant factors that27
influence the pressure pulsation distribution of the PAT. An analysis of the enstrophy transport equation28
indicates that the relative vortex generation and the Reynolds stress dissipation terms play a key role in29
both vortex generation and dissipation, whereas the viscous term has a lower influence. These findings30
can serve as a reference for the optimization and efficient design of axial flow PATs.31

32
33

I. INTRODUCTION34

Reducing carbon emissions and increasing the proportion of renewable energy sources have35
become issues of global importance.1 With the increasing demand for renewable energy, there has been36
considerable investment in small-scale hydropower power generation worldwide.2,3 However, in37
remote and underdeveloped areas, the operating and installation costs of conventional hydraulic38
turbines still pose a major challenge. Considering the availability and cost advantages of commercial39
hydraulic pumps, the pump-as-turbine (PAT) technology has been gaining interest as an economic40
alternative to conventional small-size hydraulic turbines in such areas. As a result, it has become a41
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2

crucial research topic in the small-scale hydropower sector worldwide.4 In PATs, pumps essentially42
behave as hydraulic turbines, offering advantages such as low investment costs, simple design, and43
easy maintenance.5,6 The prototype impeller of a PAT has been designed based on the pump theory,44
resulting in a blade inlet angle that does not match with the original flow passage components when the45
pump operates in the turbine mode.7 This often leads to a lower efficiency in reverse mode operation46
compared to the direct one. In addition, the absence of flow regulation components, such as movable47
guide vanes, limits the range of high-efficiency operation.8When operating under off-design conditions,48
the internal flow field within the PAT exhibits flow separation, wakes, secondary flows, and other49
unstable flow phenomena that affect its operation stability.9,10 In particular, the hydraulic instability50
leads to severe mechanical vibrations that are amplified when the PAT deviates from the design51
conditions. Therefore, studying flow instability problems of the PAT is crucial to addressing this issue52
as it helps prevent failures and ensures the secure and stable operation of hydraulic machines.53

In previous studies on PAT technology, researchers primarily focused on predicting the54
performance of PATs. Several performance prediction models have been developed through theoretical55
derivation, experimental verification9,11 and artificial neural network.12,13 However, the general56
application of PAT performance conversion theory in these studies was poor, and there was a large57
difference between the prediction and experimental results, while a few studies11-13 could accurately58
predict PAT performance. With the development of computational fluid dynamics (CFD), numerical59
simulations have become essential for studying the hydraulic characteristics of PATs. Nasir et al.1460
performed numerical simulations on a centrifugal PAT. The numerical results were validated using61
experimental data, indicating good agreement (with error percentages lower than 3%). Yang et al.1562
numerically simulated a large vaned-voluted centrifugal pump to evaluate its performance in the pump63
and turbine modes. The results showed that the best efficiency point (BEP) of this centrifugal PAT64
presented a higher flow-rate and head compared to the direct mode. Lin et al.16 presented a theoretical65
method to predict the optimum efficiency point of PATs within a specific speed range, using the66
impeller-volute matching principle. As a result, the proposed method could forecast the BEP with an67
error of less than 5%.68

Many scholars have conducted various studies on the internal flow field of PATs, investigating the69
influence of geometric parameters on hydraulic performance and optimizing certain parameters to70
enhance efficiency. Yang et al.17 discussed the influence of blade thickness on the efficiency and71
hydraulic loss of a PAT and found out that an increase in blade thickness leads to a decrease in72
efficiency and an increase in energy losses within the impeller. Xu et al.18 optimized the geometric73
design parameters of impeller blades to effectively improve the efficiency of a PAT by reducing74
pressure pulsations and expand the operating range of the PAT. Binama et al.19 numerically analyzed75
the influence of the blade TE position on the pressure field of a centrifugal PAT and found that76
adjusting the TE position reduced the pulsation phenomenon of the PAT. Wang et al.20 found out that77
forward-curved blades could significantly enhance the performance of a PAT. Xiang et al.21 designed a78
forward-curved impeller of the PAT and found that the forward-curved blade can also significantly79
reduce pressure pulsation. Adu et al.22 numerically investigated the transient characteristics of a80
centrifugal PAT operating at different rotational speeds, revealing that the turbulent kinetic energy and81
vortices of the PAT increased with increasing rotational speed. Xin et al.23 investigated the distribution82
of hydraulic losses in a centrifugal PAT by entropy production theory and found that impingement,83
backflow, and vortices were the main hydraulic factors responsible for the irreversible hydraulic losses84
of the PAT. Si et al.24 focused on an ultra-low specific speed centrifugal PAT and studied the energy85
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conversion ability of the impeller, conducting an in-depth analysis of the unstable flow structures86
within the impeller and the reasons for their generation. In addition, Hu et al.25 examined the87
performance variations and internal flows of a centrifugal PAT at variable rotational speeds. Their88
results indicated that rotational speed had a significant effect on the hydraulic performance and89
operational stability of the PAT. Yin et al.26 presented a numerical method capable of efficiently90
simulating the unsteady flow field during the runaway process of a prototype PAT. Their results showed91
that the instability of the turbine’s S zone was caused by vortices in the inlet section of the runner,92
leading to severe periodic blockage of the flow in the runner channel.93

Thus far, existing research on PATs has primarily focused on the effect of impeller geometric94
parameters, hydraulic performance, and energy losses. To the best of the authors’ knowledge, there95
have been few in-depth analyses of the complex flow developing inside hydraulic machines. Therefore,96
this study aims to establish an ideal streamline coordinate system based on the blade’s mean camber97
line, which can reflect the hydraulic performance of the impeller within an axial flow PAT from the98
flow, radial, and circumferential directions. In particular, flow instability problems of the axial flow99
PAT are investigated to provide valuable insights for ensuring its secure and stable operation.100

The rest of this paper is organized as follows. The geometric model and numerical methods are101
introduced in Section II. The results of this study are presented in Section III, including a discussion on102
the hydraulic performance of the axial flow PAT and an analysis of flow instability in the internal flow103
field based on the relative streamline coordinate system. Finally, conclusions are presented in Section104
IV.105

II. NUMERICALMODELANDMETHOD106

A. Governing equations107

Considering the incompressible flow in this paper, the continuity and momentum equations27 are108
presented in Eqs. (1) and (2) as follows109

0i

i

u
x





, (1)110

1 1i i i
j i j i

j i j j

u u upu uu f
t x x x x

 
 

                  
, (2)111

where ρ is the density; t is the physical time; xi and xj denote the Cartesian coordinate components in112
the i and j directions, respectively; ��� and ��� denote the corresponding components of the113
Reynolds-averaged velocity; �� is the Reynolds-averaged pressure; μ is the dynamic viscosity; ���'��'� ���114
is the Reynolds stress and ��� is the Reynolds-averaged body force.115

B. Turbulence model116

The k and ω equations are written as117

*( ) ( ) t
j k

j j k j

k ku k P k
t x x x

     


     
            

(3)118

2 2
1

( ) ( ) 2 (1 )t
j k

j j j j j

ku P F
t x x x k x x





         
 

       
                

(4)119

The turbulent viscosity μt is expressed as120
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 (5)121

F1 andF2 is calculated as122
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(8)125

where k is the turbulent kinetic energy, ω is the turbulent frequency, Pk is the production of turbulence126

kinetic energy, S denotes the mean rate of the strain tensor, and y is the distance from the wall. The127

constants are as follows: a1 = 0.31, β* = 0.09, β = 0.075, σk = 1.176, σω = 2, and σω2 = 0.856.28,29128

C. Geometric model129

The subject of this study is an axial flow PAT model, the drawing of which is shown in Fig. 1.130
The geometric model is composed of four parts, namely the inlet conduit, guide vane, impeller, and131
outlet conduit. The basic parameters of the PAT are presented in Table I.132

133
FIG. 1 Geometric model of the PAT.134
TABLE I. Parameters of the PAT.135

Parameter Value

Design flow rate Q (L/s) 396.94

Design head H (m) 4.91

Rotational speed n (r/min) 1450

Number of impeller blades 3

Number of guide vane blades 6

Impeller diameter D (mm) 299.2

D. Mesh generation136
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5

The ICEM software is used to create a hexahedral structured grid for the entire computational137
domain. To achieve an accurate resolution of the grid distribution in the boundary layer around the138
blades, an O-type topology is adopted surrounding the blades. Grids near the walls are also refined to139
capture small-scale flow structures in these areas. The grid independence is verified using the140
Richardson extrapolation method.30-32 Three sets of grids are designed, ranging from coarse to fine,141
with grid numbers of 4.1 million, 9.1 million, and 19.9 million, respectively. For these three sets of142
grids, the optimum operating condition of the PAT is simulated, and torque and efficiency are selected143
as evaluation parameters for the grid independence study. The grid convergence index (GCI) results are144
listed in Table II. Taking both torque and efficiency into consideration, as mentioned earlier, the GCI145
values are found to be 0.11% and 0.38%, respectively. Both these values are lower than 1%, thus,146
meeting the grid convergence standard.33 The number of grids is eventually determined as 9.1 million.147
Fig. 2 shows the mesh of the pump section and local refinement of the impeller blade.148

TABLE II. Mesh independence study.149
Parameter Φ = η (%) Φ= T (N·m)

N1 19886600
N2 9092056
N3 4092919

Mesh refinement factor r21 1.30
Mesh refinement factor r32 1.30

Numerical value φ1 85.70150254 182.42646
Numerical value φ2 85.69843456 182.09172
Numerical value φ3 85.61868887 181.81577

Extrapolated value φext 85.3617362 181.6503352

Relative error ea 0.09% 0.15%

Extrapolated error eext 0.3% 0.09%

Grid convergence index GCIfine 0.38% 0.11%

150
(a) (b)151

FIG. 2. Mesh details of the PAT: (a) impeller and guide vane domain; (b) near blade.152

F. Numerical settings153

In this study, the SST k-ω turbulence model was chosen to better account for turbulent effects.34,35154
The finite volume method was used for spatial discretization, and the SIMPLEC algorithm was applied155
to achieve a coupled pressure-velocity solution. The pressure inlet was adopted as the inlet boundary156

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
1
9
2
0
0
4



6

condition, while the outlet boundary condition was set to the pressure outlet. The impeller was set in a157
rotating reference frame, whereas the remaining domains were set to be stationary.36 For the interface158
between the impeller and stationary components, the frozen rotor approach was employed in the159
steady-state simulations, while the transient rotor-stator approach was used in the transient simulations.160
The steady-state simulations were used as initial data for the transient simulations, and the time step161
was set to 1.15 × 10−4 s, corresponding to 1/360 of the impeller rotation period. All wall surfaces were162
set as no-slip walls. Numerical simulations were considered to have converged when the residual was163
below 10−5.164

III. RESULTSANDANALYSIS165

A. CFD validation166

Fig. 3 presents a comparison of the macroscopic performance of the axial flow PAT obtained167
numerically and experimentally. It is evident that the simulation results agree with the experimental168
data, with a maximum relative difference of less than 3%, particularly near the QBEP (indicated by the169
blue circle in Fig. 3). This demonstrates the credibility of the chosen mesh arrangement and numerical170
method, ensuring the precision of the numerical simulations. The operating conditions deviate further171
from the optimum condition, the decrease in efficiency becomes more pronounced. It is important to172
note the inefficiency of the PAT under off-design operating conditions.173

174
FIG. 3. Comparison between the experimental and simulation results.175

B. Relative streamline coordinate system based on mean camber line of blade176

The ideal impeller is assumed to be composed of an infinite number of extremely thin blades,177
which allows for the consideration that the water flow in the impeller is uniform and axisymmetric, and178
its relative motion track coincides with the blade’s mean camber line. To reflect the flow characteristics179
along the ideal streamline direction, this study establishes a relative streamline coordinate system based180
on the blade’s mean camber line for the impeller. This system includes three directions: the flow181
direction λ, the circumferential direction c, and the radial direction r. Fig. 4(a) defines the length182
coefficient λ of the blade’s mean camber line, and the flow direction is from the LE to the TE of the183
blades. A value of λ = 0 corresponds to the LE of the blades and a value of λ = 1 corresponds to the TE184
of the blades. Fig. 4(b) shows the monitoring point scheme on the blade’s mean camber line for the185
impeller. Eleven locations are selected along the ideal flow direction, marked from 0 to 1 from the186
blade inlet to the outlet. Three locations are selected in the circumferential direction from the suction187
surface (SS) to the pressure surface (PS), marked as S, M, and P. The span indicates the location of the188
circumferential unfolding surface in the impeller region, span=0 for the circumferential unfolding189
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7

surface at the hub, and span=1 for the circumferential unfolding surface at the shroud. In the radial190
direction, three spans are selected from the impeller hub to the shroud, marked as span 0.1, span 0.5,191
and span 0.9. Fig. 5 shows these monitoring points in the relative streamline coordinate system.192

193
(a) (b)194

FIG. 4. Relative streamline coordinate system based on blade mean camber line: (a) length coefficient195
of the blade’s mean camber line; (b) monitoring point scheme on the blade’s mean camber line.196

C. Analysis of the velocity based on the streamline coordinate system197

The distribution of relative velocity along the flow direction is shown in Fig. 5. According to the198
velocity triangle, at 0.8QBEP, the impeller inflow strikes the suction surface when it enters the LE of the199
blade due to the low axial velocity. In contrast, at 1.2QBEP the impeller inflow strikes the pressure200
surface when it enters the LE of the blade, resulting in an impact loss. Moreover, at 0.8QBEP, the201
relative velocity decreases near the LE of the blade on both the suction and pressure surfaces. Under202
the optimum condition, the relative velocity near the LE of the blade gradually increases along the flow203
direction, indicating that the relative inflow angle is in good agreement with the blade inlet angle. At204
1.2QBEP, it is evident that the relative velocity drops sharply at λ = 0.3. Under all operating conditions,205
the relative velocity near the suction surface decreases in the TE region, demonstrating that water flow206
in this region is obstructed. The relative velocity near the pressure surface and the middle position of207
the flow channel tends to increase along the flow direction, which is more consistent with the208
theoretical situation compared to that the near suction surface.209

210

211
(a) (b) (c)212

FIG. 5. Distribution of the relative velocity on an ideal streamline: (a) 0.8QBEP; (b) QBEP; (c) 1.2QBEP.213
In axial flow machinery, it is common to assume cylindrical layer independence, and the velocity214

in the radial direction (Vr) is zero. Consequently, the radial velocity component can be considered as an215
indicator when investigating the flow instability of the PAT. Fig. 6 depicts the distribution of the radial216
component along the flow direction under different operating conditions. Notably, the radial velocity217
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8

near the blade suction surface experiences significant fluctuations along the flow direction compared to218
other positions. Furthermore, compared to the pressure surface, flow separation is more likely to occur219
near the suction surface as the profile at the suction surface is more curved, particularly near the220
impeller hub, leading to significant fluctuations in the velocity distribution along the flow direction.221

222

223
(a) (b) (c)224

FIG. 6. Distribution of the radial velocity on an ideal streamline: (a) 0.8QBEP; (b) QBEP; (c) 1.2QBEP.225

D. Enstrophy analysis based on the streamline coordinate system226

Under off-design working conditions, the water flow hits the blade inlet edge and forms vortices227
that constitute an unstable flow. To accurately quantify the vortex evolution process, this study uses228
enstrophy to measure vortex intensity. Enstrophy is defined as the scalar ω2/2, where ω denotes the229
vorticity.37230

Fig. 7 illustrates the distribution of enstrophy ω2/2 along the blade’s mean camber line for the231
impeller under different operating conditions. According to the figure, the enstrophy has a larger value232
near the suction surface, indicating that an unstable flow is more likely to occur near the suction233
surface. At 0.8QBEP and QBEP, the maximum enstrophy in the flow direction is concentrated at the TE234
of the blades. Under optimum condition, the maximum value of the enstrophy is most significant near235
the hub and decreases gradually along the radial direction from the impeller hub to the shroud. The236
greater curvature of the suction surface profiles leads to stronger vortices in the TE region of the blade.237
At 1.2QBEP, the maximum enstrophy in the flow direction is observed at λ = 0.3 near the impeller238
shroud. Fig. 8 illustrates the radial enstrophy distribution along the blade’s mean camber line for the239
impeller under different operating conditions. The trend and distribution of enstrophy and radial240
enstrophy in the flow direction are generally consistent. As the flow rate increases, the percentage of241
radial enstrophy in total enstrophy gradually decreases.242

243
(a) (b) (c)244

FIG. 7. Distribution of enstrophy on an ideal streamline: (a) 0.8QBEP; (b) QBEP; (c) 1.2QBEP.245
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246
(a) (b) (c)247

FIG. 8. Distribution of radial enstrophy on an ideal streamline: (a) 0.8QBEP; (b) QBEP; (c) 1.2QBEP.248

E. Frequency domain analysis of the pressure pulsation249

Unstable flow structures in a flow field causes pressure pulsations. To investigate the flow250
characteristics within the flow field of the PAT, this study uses the fast Fourier transform (FFT) method251
to analyze the frequency domain characteristics of the pressure values at the monitoring points on the252
blade mean camber line of the impeller. Fn represents the rotation frequency of the impeller. The253
horizontal coordinate in Fig. 9 scales the frequency dimensionless and represents the integral multiple254
of the impeller rotation frequency. The vertical coordinate represents the pressure coefficient, which is255
defined as256

2
ave

5.0
)(

tip

i
p u

PPC



 (9)257

where Pi is the transient pressure, Pave is the average pressure over a time period, and utip represents the258
circumferential velocity of the impeller blade tip.38 The obtained frequency domain results of pressure259
pulsation are presented in Fig. 9. The static and dynamic interfaces of CFX calculations are designed260
according to the transient rotor-stator approach, so the monitoring points follow the overall movement261
of the impeller, and the guide vanes rotate relative to the monitoring points. Thus, a large amplitude of262
Cp can be observed at the guide vane passing frequency of 6fn. This demonstrates that the rotor-stator263
interference between the guide vane and the impeller is a significant cause of pressure pulsations in the264
internal flow field. Additionally, due to curved inlet conduit in this model, there are also large Cp265
amplitudes at 1fn and its multiples, specifically at 2fn, 3fn, and 4fn. Fig. 10 shows the distribution of the266
main frequency amplitude of pressure pulsation along the flow direction. In a single-impeller channel,267
the pressure pulsation in the middle of the flow channel is the smallest and the dominant frequency268
amplitude of pressure pulsation is more evenly distributed in the flow direction. At 0.8QBEP, pressure269
pulsation near the pressure surface is more intense, especially at the LE of the blade. In contrast, at270
1.2QBEP, the pressure pulsation amplitude near the suction surface is more intense, and the maximum271
amplitude of pressure pulsation along the flow direction is at λ = 0.3. Compared to other conditions, the272
optimum condition exhibits a better inflow condition and lower pressure pulsation, and the largest273
pressure pulsation in the flow direction is concentrated near the LE of the blade.274

275
(a)276
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277
(b)278

279
(c)280

FIG. 9. Pressure pulsation frequency domain: (a) 0.8QBEP; (b) QBEP; (c) 1.2QBEP.281

282
(a) (b) (c)283

FIG. 10. Pressure fluctuation amplitude of the dominant frequency: (a) 0.8QBEP; (b) QBEP; (c) 1.2QBEP.284
Fig. 11 shows the distribution of the pressure coefficient under different operating conditions. At285

0.8QBEP, the impeller inlet flow impinges on the suction surface at the blade inlet edge of the blade,286
resulting in a local high-pressure region near the blade’s LE. At 1.2QBEP, the impeller inlet flow at the287
blade inlet edge impacts the pressure surface of the blade, leading to impact loss, which hinders smooth288
water flow. Under the optimum operating conditions, the relative inflow angle of the blade inlet289
matches the blade inlet angle. Thus, the pressure distribution at the LE of the pressure and suction290
surfaces is relatively uniform, and the impeller inflow impingement loss is minimized. At low flow291
rates and under optimum conditions, localized low pressure exists near the blade’s TE of the suction292
surface, where flow separation occurs in the TE region, thus generating a vortex flow.293
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294
(a) (b) (c)295

FIG. 11. Pressure coefficient distribution on blade-to-blade surfaces: (a) 0.8QBEP; (b) QBEP; (c)296
1.2QBEP.297

F. Frequency domain analysis of Reynolds-averaged enstrophy transport equation298

To further analyze the unstable flow structures, the generation and development of vortices are299
studied using the enstrophy transport equation. Many previous studies employed transport equations300
derived from direct numerical simulations and did not consider the effect of the Reynolds stress, which301
renders them inapplicable to the analysis conducted under the Reynolds-averaged Navier-Stokes302
(RANS) method. In this study, the Reynolds-averaged enstrophy transport equation is derived on the303
basis of RANS equations. Eq. (2) can be written as follows34304

 1 2i i
j ij ij i j i

j j

u uu p S u u f
t x x

  


         
  

(10)305

���'��'� ��� can be expressed as306
22
3i j t ij iju u S k       (11)307

where �� ij is the mean strain tensor, and δij is Kronecker delta.39 By substituting the Reynolds stress308
formula into the RANS equation, Eq. (10) can be written in the vector form as309

  2 21 2
3tp k

t
 




           

u u u u u f (12)310

where �� is the Reynolds-averaged velocity vector,  is the kinematic viscosity, t is the eddy311

viscosity, ∇ is the Hamiltonian operator, �� =− 2(�� × ��) , and �� is the Reynolds-averaged angular312
velocity. According to the vector equation,313
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2

2
 

     
 

u u u u u (13)314

Eq. (12) can be then rewritten as:315

 
2

2 21 2 2
2 3tp k

t
 


 

            

u u u u u c u     (14)316

Taking the curl of Eq. (14), the following is obtained:317

       2 2
2

2 2
3t

p k
t

  


  
          


      u+ u c u (15)318

where �� is the Reynolds-averaged vorticity. The Reynolds-averaged enstrophy transport equation319
can be obtained by taking the dot product between Eq. (15) and the Reynolds-averaged vorticity. The320
enstrophy transport equation is written as321

   

   

2

2 2 2

2 2 1

2 2
3

i i i i
i ij j j ijk i

j j k

i j i ji i
i t i ijk k i j

j j j j i j j i

pS u
t x x x

c u c uk
x x x x x x x x

     


 
       

   
  

   

          
         

(16)322
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where �� i is the average vorticity, εijk is the permutation symbol, and ci is the angular velocity. Gω is a328
relative vortex generation term, which accounts for the stretching and bending of vorticity owing to the329
velocity gradient. Bω is a baroclinic torque term that represents the vorticity change caused by the330
non-parallel pressure gradient and the density gradient. Due to the incompressibility of the fluid, this331
term is ignored in this study. Vω is the viscous term that represents the vorticity change due to the332
viscous effect of the fluid, Rω is the Reynolds stress dissipation term, and Cω is the Coriolis force term333
that is associated with the rotational motion of the impeller.40,41334

The frequency domain characteristics of each item at the monitoring points on the blade’s mean335
camber line for the impeller are analyzed using the FFT. Fig. 12 displays the frequency domain336
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characteristics of the enstrophy transport equation at 0.8QBEP. As shown in the figure, the relative337
vortex generation term and the Reynolds stress dissipation term play a significant part in the vortex338
generation and dissipation processes, and the viscous term has the least influence. At 0.8QBEP, the339
relative vortex generation term Gω, the Reynolds stress dissipation term Rω, and the Coriolis force term340
Cω exhibit the most intense pulsation on the pressure surface near the impeller shroud where the largest341
pulsation amplitude is distributed near the LE of the blade and extends to λ = 0.6. However, the342
viscous term Vω exhibits the most intense pulsation amplitude on the suction surface. Near the suction343
surface, the maximum value of the pulsation amplitude is located at the TE of the blade, while at the344
middle of the flow channel and near the pressure surface, this maximum value is located at the LE of345
the blade. This indicates that, close to the impeller hub, unstable flow structures near the pressure346
surface are mainly affected by impeller inflow impingement. In contrast, the occurrence of flow347
separation in the TE region near the suction surface and the resulting generation of vortex flow is the348
main cause of unstable flow near the suction surface.349

350
(a)351

352
(b)353

354
(c)355

356
(d)357

FIG. 12. Pulsation frequency domain of the transport equation of enstrophy at 0.8QBEP: (a) Gω; (b) Rω;358
(c) Cω; (d) Vω.359

Fig. 13 shows the distribution of the components of the enstrophy transport equation at 0.8QBEP.360
Near the suction surface, the region with large values of the enstrophy transport equation is361
concentrated in the TE of the blade. Meanwhile, the region near the impeller hub is considerably362
affected by the wake of the guide vanes, leading to a high enstrophy region near the blade inlet that363
subsequently develops downstream. Near the impeller shroud, the high enstrophy region is generated364
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near the pressure surface and develops along the flow direction.365

366
FIG. 13. Distribution on blade-to-blade surfaces at 0.8QBEP.367

Fig. 14 displays the frequency domain characteristics of the enstrophy transport equation under368
optimum operating conditions. It is evident that the pulsation amplitudes of the enstrophy transport369
equation close to the suction surface are the most significant, and the region with the maximum370
pulsation amplitudes is concentrated at the TE of the blade. Meanwhile, the pulsation amplitudes of the371
enstrophy transport equation gradually decrease along the radial direction from the impeller hub to the372
shroud. As the suction surface profile becomes more curved closer to the hub, it results in a stronger373
swirling flow. In the middle of the flow channel and close to the pressure surface, the region with the374
largest pulsation amplitude is located at the blade inlet edge, and the amplitude gradually decreases375
along the flow direction.376

377
(a)378

379
(b)380

381
(c)382
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383
(d)384

FIG. 14. Pulsation frequency domain of the enstrophy transport equation at QBEP: (a) Gω; (b) Rω; (c)385
Cω; (d) Vω.386

Fig. 15 shows the distribution of the enstrophy transport equation under optimum operating387
conditions. Near the suction surface, the region with the large enstrophy amplitudes is mainly388
distributed at the TE of the blade. Near the impeller hub, enstrophy is considerably affected by the389
wake of the guide vanes, with a high enstrophy area forming near the blade inlet, which then develops390
downstream of the wake.391

392
FIG. 15. Distribution on blade-to-blade surfaces at QBEP.393

The frequency domain diagram of the enstrophy transport equation at 1.2QBEP is shown in Fig. 16.394
Notably, the pulsation amplitudes of the enstrophy transport equation near the suction surface are the395
most significant, especially near the impeller shroud. At Span 0.5 and Span 0.9, the region where the396
pulsation is most intense is located at λ = 0.3. Near the hub, the pulsation amplitude is more evenly397
distributed along the flow direction. Compared to the suction surface, the pulsation amplitudes of the398
enstrophy transport equation in the middle of the flow channel and near the pressure surface are almost399
negligible.400

401
(a)402
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403
(b)404

405
(c)406

407
(d)408

FIG. 16. Pulsation frequency domain of the transport equation of enstrophy at 1.2QBEP: (a) Gω; (b) Rω;409
(c) Cω; (d) Vω.410

Fig. 17 shows the distribution of the enstrophy transport equation at 1.2QBEP. The relative vortex411
generation term and the Reynolds stress dissipation term are the main factors affecting vortex412
generation and dissipation. Meanwhile, near the impeller hub, which is more impacted by the wake of413
the guide vanes, the region with high values of enstrophy is formed near the blade inlet, which then414
develops downstream the wake to the neighboring blades. Near the impeller shroud, this415
high-enstrophy region is generated near the suction surface and develops along the flow direction.416

417
FIG. 17. Distribution on blade-to-blade surfaces at 1.2QBEP.418

IV. CONCLUSIONS419

In this study, numerical simulations of an axial flow PAT were performed to analyze different flow420
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rate conditions close to the BEP. The flow instability of the PAT was investigated based on the relative421
streamline coordinate system. The following conclusions were drawn from the simulation results:422

(1) Under off-design conditions, the mismatch between the relative inflow angle of the impeller423
and the blade inlet angle leads to impingement losses that generate an unstable flow near the LE of the424
blade. At low flow rate conditions, the impeller inflow impinges on the blade suction surface upon425
entering the LE of the blade. At high flow rate conditions, the impeller inflow impinges on the blade426
pressure surface, hindering smooth water flow into the impeller and causing a decrease in the relative427
velocity near the LE of the blade.428

(2) The greater curvature of the suction surface profile leads to flow separation and vortex429
formation in the TE regions of the blade. Near the hub, the blade profile is more curved, and the430
maximum enstrophy in the flow direction is concentrated at the TE of the suction surface under all431
operating conditions. Under the optimum conditions, the maximum enstrophy at different span surfaces432
is focused on the TE of the suction surface, gradually decreasing along the radial direction from the433
impeller hub to the shroud. At low flow rate conditions, the maximum enstrophy is close to the pressure434
surface, while at high flow rate conditions, it is located near the suction surface.435

(3) The unstable flow is generated near the LE of the blade under off-design conditions, resulting436
in significant pressure pulsations. Moreover, the unstable flow at the suction surface leads to larger437
amplitude pressure pulsations near the suction surface. In addition to the rotor-stator interference438
effects, the curvature of the blade suction surface profile and the bend structure of the inlet conduit are439
important factors affecting the distribution of pressure pulsations in the PAT.440

(4) The relative vortex generation term and the Reynolds stress dissipation term play a significant441
role in both vortex generation and dissipation, while the viscous term has a lower effect. Regions with442
high amplitudes of the enstrophy transport equation are mainly distributed at the TE of the blade. In443
addition, in the impeller shroud, a region with large enstrophy amplitudes is generated close to the444
pressure surface at low flow rate conditions, while at high flow rate conditions, a large enstrophy445
amplitude region exists near the suction surface and develops downstream along the flow direction.446

447
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