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Abstract 

Previous investigation on side channel pump mainly concentrates on parameter optimization and internal unsteady 
vortical flows. However, cavitation is prone to occur in a side channel pump, which is a challenging issue in promot-
ing performance. In the present study, the cavitating flow is investigated numerically by the turbulence model of 
SAS combined with the Zwart cavitation model. The vapors inside the side channel pump firstly occur in the impeller 
passage near the inlet and then spread gradually to the downstream passages with the decrease of NPSHa. Moreover, 
a strong adverse pressure gradient is presented at the end of the cavity closure region, which leads to cavity shedding 
from the wall. The small scaled vortices in each passage reduce significantly and gather into larger vortices due to 
the cavitation. Comparing the three terms of vorticity transport equation with the vapor volume fraction and vor-
ticity distributions, it is found that the stretching term is dominant and responsible for the vorticity production and 
evolution in cavitating flows. In addition, the magnitudes of the stretching term decrease once the cavitation occurs, 
while the values of dilatation are high in the cavity region and increase with the decreasing NPSHa. Even though 
the magnitude of the baroclinic torque term is smaller than vortex stretching and dilatation terms, it is important for 
the vorticity production along the cavity surface and near the cavity closure region. The pressure fluctuations in the 
impeller and side channel tend to be stronger due to the cavitation. The primary frequency of monitor points in the 
impeller is 24.94 Hz and in the side channel is 598.05 Hz. They are quite corresponding to the shaft frequency of 25 Hz 
(fshaft = 1/n = 25 Hz) and the blade frequency of 600 Hz (fblade = Z/n =600 Hz) respectively. This study complements 
the investigation on cavitation in the side channel pump, which could provide the theoretical foundation for further 
optimization of performance.
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1 Introduction
Side channel pump is a kind of radial vane pump between 
positive displacement pumps and centrifugal pumps, 
which has a semicircular side channel on the axial side of 
the impeller [1]. The specific speed of side channel pumps 
is lower and the size is smaller than traditional centrifu-
gal pumps. The fluid in side channel pump flows from an 

impeller passage to the side channel and then returns to 
the next impeller passage. It then flows out of the pump 
through one circulation to the next and the whole move-
ment follows a helical path [2–5]. Due to the flow in the 
helical path, there are strong swirling flows and numer-
ous vortex structures in the side channel pump. Mean-
while, as the pressure near the vortex core region is very 
low, the cavitation is much more easily induced than 
traditional centrifugal pumps. Therefore, further investi-
gation of the characteristics of the cavitation in the side 
channel need to be done to improve the performance and 
reduce instabilities.

Cavitation is the hydrodynamic phenomenon of liq-
uid vaporization due to local drop of static pressure and 
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it is commonly associated with adverse effects, such as 
performance degradation, pressure fluctuation, noise, 
vibration and erosion [6, 7]. Due to the importance of 
cavitation effect, abundant researches have been con-
ducted to investigate the cavitating flows in recent years. 
Fu et al. [8] investigated the characteristics of flow insta-
bilities and cavitation in a centrifugal pump at low flow 
rates by experimental and numerical methods. It was 
found that the low frequency pressure fluctuations were 
related to the flow instabilities induced by the occur-
rence of cavitation at low flow rates. Lu et al. [9] studied 
the cavitating flows in a low specific speed model pump-
turbine by experiments and found that the occurrence of 
the rotating stall was influenced greatly by the variation 
of cavitation number while the pressure fluctuation fre-
quency caused by rotating stall did not vary significantly. 
Although the results tested by experiments are more reli-
able, the detailed information of internal cavitating flows 
is hard to be measured and obtained as the limitation of 
experimental conditions. Therefore, numerical meth-
ods play an important role in investigating the cavitation 
characteristics with the development of computational 
fluid dynamics. For simulating the cavitation accurately, 
the choice of turbulence model is critical in predicting 
the unsteady behavior of cavitating flows. Delgosha et al. 
[10] proposed the density-correction method (DCM) and 
used the modified RNG k-ε turbulence model coupled 
with a homogenous cavitation model to simulate par-
tial cavitation on a 2D venturi nozzle. They observed the 
time-averaged velocity profiles in the turbulent cavity clo-
sure region showed some discrepancies with the experi-
ment. This can be attributed to the fact that the capability 
of the Reynolds averaged Navier-Stokes (RANS) mod-
els with eddy viscosity turbulence models to simulate 
unsteady cavitating flows is limited due to its over-pre-
diction of eddy viscosity. Large eddy simulation (LES) 
is a reliable method but it is computationally extremely 
costly in engineering applications. Therefore, the hybrid 
RANS-LES models have been popular recently, which is 
an efficient approach to reduce the computational cost 
and improve simulation accuracy. Tan et  al. [11] modi-
fied the renormalization group (RNG) by the filter-based 
model (FBM) to simulate the cavitating flow in a centrifu-
gal pump at a low flow rate. The results revealed that the 
calculated cavitation performance curve agreed well with 
the experimental measurements and the pressure fluc-
tuation induced by cavitation was stronger than that of 
non-cavitation condition. Ennouri et al. [12] investigated 
the centrifugal pump by scale-adapted simulation (SAS) 
through non-cavitation and cavitation conditions and 
the results showed an acceptable agreement with testing 
data. On the other hand, an effective cavitation model 
is another fundamental technique for CFD research 

of cavitation, which can describe the interphase mass 
transfer between the liquid and vapor phases. In recent 
years, many transport equation models, belonging to the 
homogenous models, have been developed by solving the 
mass transport between two phases with the vaporiza-
tion and condensation source terms, such as Kunz et al. 
[13], Schnerr and Sauer [14], Zwart et al. [15] and Singhal 
et al. [16]. Each cavitation model has its advantages and 
they are widely applied in simulating the cavitating flows 
[17, 18].

Additionally, cavitation involves complex interactions 
of turbulence and phase-change dynamics, which is not 
only induced in vortical structures but is also a mecha-
nism for vorticity generation [19]. However, the mecha-
nism of the interaction between the vortex generation 
and cavitation is still a hard problem. This issue has 
been significantly investigated on the cavitating flows of 
hydrofoils [20–23]. These investigations provided insight 
into the cavitation-vortex interactions and indicated that 
the vorticity transport equation was a powerful tool for 
studying the interactions between cavitation and vortex 
structures. Cavitation can affect the characteristics of 
vortices [24] and lead to severe vibration [25], and it is 
validated that the dynamic behavior of the cavity is sig-
nificantly related to the vortex structure. Besides, cavita-
tion and vortex are interacting in the flow field, and the 
mechanism can be revealed by the vorticity transport 
equation. However, the vorticity transport equation has 
not been widely used to analyze the evolution of the cavi-
tation and vortices in centrifugal pumps, especially in 
side channel pumps, due to the complexity of the internal 
flows. Therefore, the turbulence model of SAS combined 
with the Zwart cavitation model is employed to simulate 
the cavitating flow in the side channel pump with the 
accuracy validation by experimental data of Fleder [26]. 
This present investigation aims to elucidate the transient 
flow pattern, cavitation-vortex interaction, and pressure 
fluctuation, which may provide a better understanding of 
vortex cavitation in the side channel pump.

2  Pump Geometry and Mesh Generation
2.1  Parameters of Pump
Figure  1 shows the computational configuration of the 
side channel pump and the cross-section shape of the 
blade, includes four hydraulic components as suction 
pipe, impeller, side channel and discharge pipe. The 
design parameters of the pump with a specific speed ns 
are as follows: H =  13.5  m, Q =  10   m3/h, n =  1500  r/
min, ns = 3.65nQ1/2

H3/4 = 41 . The main geometrical param-
eters of the side channel pump are listed in Table  1, 
including impeller diameter D2=150 mm, blade num-
ber Z = 24, blade suction angle θ = 10° and side channel 
radius R = 17.6 mm. Moreover, the Reynolds number at 
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the inlet of the side channel pump Reinlet = ρv1d1
µ

 is about 
 105 under the design condition, where v1 and d1 are the 
velocity and diameter of the inlet suction pipe.

2.2  Mesh Analysis
All computational domains are meshed with high-quality 
structured hexahedral multi-block grids, which were cre-
ated in ICEM CFD. Critical regions such as the near-wall 
region (boundary layer) and the transition section (rotor-
stator interfaces) were refined to capture the detailed 
flow characteristics. It should be noted that the length 
of suction and discharge pipes are extended to 5 times 
of pipe diameter to ensure the accuracy of simulations. 
If the distance is too short, convergence is very difficult 
because of reversed flow at the inlet and out boundaries. 

Moreover, the fluid domains of radial and axial gaps are 
integrated with that of the impeller for reducing the 
negative effects of interfaces on the simulation accuracy. 
Similarly, the fluid domain of the discharge pipe is also 
integrated with that of the side channel. Interfaces are 
located between the suction pipe and the impeller as well 
as between the impeller and the side channel.

According to the previous investigation in the side 
channel pump [27], totally four sets of computational 
meshes are used to check the influence of mesh size 
on simulations and the gird independent results are as 
Table 2 shown. It is observed that the head of the model 
pump becomes stable gradually with the increase of the 
mesh nodes and the error between grid 3 and grid 4 is 
about 0.032%. Therefore, the third gird is chosen in this 
investigation and the structured hexahedral meshes of 
different components are shown in Figure  2. Moreo-
ver, the nondimensional distance from the wall y+ could 
inspect the mesh quality near the boundary layer. The 
corresponding mean value of y+ of impeller blades is 
about 6 while the magnitudes of y+ don’t exceed 30 for 
a large portion of the side channel, which is depicted in 
Figure 3.

3  Methodology of Numerical Simulations
3.1  Governing Equations
In the homogeneous assumption of the mixture of water 
and vapor in the cavity flow, the multiphase fluid compo-
nents are assumed to same velocity and pressure fields. 
The continuity and momentum equations in the Carte-
sian coordinates are given below:

(1)
∂ρm

∂t
+

∂(ρmui)

∂xi
= 0,

(2)

∂(ρmui)

∂t
+

∂
(

ρmuiuj
)

∂xj
=

∂p

∂xi
+

∂

∂xj
[

(µm + µt)

(

∂ui

∂xj
+

∂uj

∂xi
−

2

3

∂uk

∂xk
δij

)]

,

Figure 1 Flow configuration

Table 1 Geometric parameters

Parameters Values

Impeller inlet diameter D1 (mm) 80

Impeller outlet diameter D2 (mm) 150

Blade width w (mm) 15

Blade thickness b (mm) 2

Blade suction angle θ (°) 10

Blade number Z 24

Radial gap σ (mm) 0.2

Axial gap S (mm) 0.2

Wrapping angle φ (°) 30

Side channel radius R (mm) 17.6

Table 2 Grid independent analysis

Test grids Mesh nodes 
(×  106)

Mean value of y+ Head (m)

Impeller Side channel

Grid 1 4.43 16.9 27.3 12.129

Grid 2 6.11 12.3 26.3 12.236

Grid 3 8.01 6.7 26.2 12.426

Grid 4 9.19 6.1 26.2 12.422
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where ρm is the mixture density, u is the velocity, p is the 
pressure, μ and μt are the laminar and turbulent viscosity, 
and subscripts i, j, k are the axes directions, respectively. 
The mixture density ρm is defined as ρm = αlρl + αvρv 
and the mixture viscous is µm = αlµl + αvµv , where 
the subscripts l and v, α is the volume fraction of one 
component.

3.2  Turbulence Model
The effect of different turbulence models on the internal 
flows was discussed in the previous investigation [27] and 
SAS is applied in this paper. Noticeably, SAS provides a 
continuous variation of solution ranging from LES-type to 
RANS-type with respect to the timestep corresponding to 
the CFL number selected in the simulation. The SST-SAS 
model modifies the turbulence frequency ω by the addi-
tional SAS source term QSAS when compared with SST-
RANS model and it is defined as [28, 29]:

The additional source term QSAS is as below [28, 29]:

(3)

∂(ρk)

∂t
+

∂
(

ρujk
)
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Figure 2 Detailed meshes of different components

Figure 3 Distribution of y+ on the surface of blades and side 
channel
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where ξ2 = 3.51 , CSAS = 2 , σφ = σk = 2
3 , L and Lvk are 

the modeled turbulence length scale and Von Karman 
length scale respectively and defined as L =

√
k/c

1/4
µ , 

Lvk = max
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 . Besides, 

the other terms in the ω equation in situation of unsteady 
flows are dominated by the additional source term QSAS, 
implying an increasing ω leading to a decrease of the 

turbulent eddy viscosity since vt = k/ω . In addition, 
CDkω = 2ρ

σω2

1
ω

∂k
∂xj

∂ω
∂xj

 and F1 is the blend function.

3.3  Cavitation Model
Based on the homogeneous flow theory, without account-
ing for the thermal energy and non-equilibrium phase 
change effects, the Zwart cavitation model derived from 
the Rayleigh-Plesset equation is one of the most popular 
cavitation models [15]. Similar to other cavitation models 

Figure 4 Comparisons of experimental photographs [26] and numerical cavity structures
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in the frame of the Transport Equation Model, the Zwart 
model predicts the cavitation by solving the mass transfer 
equation for the conservation of the vapor volume frac-
tion, which can be expressed as

The source terms for the specific mass transfer rate 
corresponding to the vaporization ṁ+ and condensation 
ṁ− are given by

(6)
∂(αvρv)

∂t
+

∂
(

αvρvuj
)

∂xj
= ṁ+ − ṁ−

.

(7)ṁ+ = Cvap
3ρv(1− αv)αnuc

RB

√

2

3

pv − p

ρl
(p ≤ pv),

where pv is the vaporization pressure of liquid, Cvap and 
Ccond are empirical coefficients for the different phase 
change processes, αnuc is nucleation site volume frac-
tion and RB is the typical bubble size in water. These 
empirical constants were set to Cvap = 50 , Ccond = 0.01 , 
αnuc = 5× 10−4 and RB = 1× 10−6 m [30].

3.4  Simulation Setup
The governing equations are discretized in the Cartesian 
coordinates by the finite volume method with high qual-
ity structured mesh. A high resolution was used for the 
advection scheme while second-order backward Euler 
was applied in the transient scheme. The static pressure 
was set as a boundary condition imposed on the inlet of 
the suction pipe, then a reduction in the static pressure 
leads to the vaporization of the vortex core. The out-
let boundary condition was defined by a mass flow rate 
according to the simulated operating condition. Moreo-
ver, the inlet and outlet volume fraction of liquid was set 
as 1, while that of vapor was 0 under the cavitation con-
dition. All physical surfaces were set as no-slip walls. As 
the strong unsteadiness in the side channel pump, suffi-
cient rotations and appropriate timestep are necessary to 
make the internal turbulent flow fully developed and con-
verged, which has been investigated in a previous study 
[26, 27]. Therefore, the timestep is 1.11 ×   10−4  s for 10 
rotations during transient simulations, equivalent to the 
time interval for the impeller to rotate by 1° [26, 27]. It is 
noted that the steady solution with non-cavitation flow is 
calculated and used as an initial condition to simulate the 

(8)ṁ− = Ccond
3ρvαv

RB

√

2

3

p− pv

ρl
(p > pv),

Figure 5 Performance curves of side channel pump.

Figure 6 Variation of cavity volume at different NPSHa under the 
design condition
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Figure 7 (contined)
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transient cavitating flow. The simulations are carried out 
at different NPSHa and the value of NPSHa is changed by 
the pressure of the inlet.

4  Results and Discussions
4.1  Comparison of Simulation and Measurement
The cavity structures in a similar side channel pump have 
been photographed by a high-speed camera [26]. This 
pump has the same design parameters with the model 
pump investigated in this study, and both two pumps 
have the same specific speed of 41. The main difference 
is that the blade suction angle of the test pump is zero, 
while that of the model pump is 10°. As a result, the 

accuracy of numerical results for cavitating flows could 
be validated by comparing with those experimental 
observations.

Figure 4 presents the comparison of experimental pho-
tographs [26] and numerical cavity features at different 
Net Positive Suction Head available (NPSHa) under the 
design condition and NPSHa could be calculated by

where p1 is the static pressure of the inlet, pv is the vapor-
ization pressure and v2 is the outlet velocity of the pump. 

(9)NPSHa =
p1 − pv

ρlg
+

v22
2g

,

Figure 7 Evolution of vapors with impeller rotation and pressure contour with velocity vector at NPSHa=10.6 m during one typical cycle
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The predicted cavity shape by SAS is illustrated by the 
iso-surface of vapor volume fraction αv of 0.1. It is noted 
that the similar impeller position with the experiment 
is chosen to compare the cavity structures. The loca-
tion and shape of calculated vapors are consistent with 
experimental figures captured by high speed camera at 
different NPSHa. It is obvious that the vapors inside the 

side channel pump firstly occur in the impeller passage 
near the flow entrance and attached to the region of inlet, 
where the pressure is lower than that of downstream. 
As the value of NPSHa is reduced, the vapors gradually 
spread to the downstream passages and more impeller 
passages are occupied by the cavity. Additionally, the cav-
ities in the impeller passages mainly distribute near the 

Figure 8 Distributions of cavity, vortical structures and turbulent kinetic energy at a typical instant (t=T) for different NPSHa
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hub. The vapors also appear in the side channel near the 
inlet and spread along the direction of rotation when the 
cavitation number decreases to a certain degree. There-
after, the vapors in the impeller passages and the side 
channel interact with each other, resulting in the cavity 
developing rapidly in the side channel pump. It could 
even block the flow passages and the head would drop to 
a negative. When the value of NPSHa further decreases, 
the cavity structures appear in the discharge pipe and 

form a cavitation strip, which leads to the failure of the 
active pump.

4.2  Performance Curves
The hydraulic and cavitation performance curves of side 
channel pump are plotted in Figure 5. It is obvious that 
the results calculated by SAS are more accurate than 
those of SST when compared with the experimental 
data. Besides, the pump heads calculated by SAS show 
a good agreement with the experimental data at the 
designed and large flow rate conditions, while a large 
discrepancy exists at the small flow rate condition. This 

Figure 9 Values of vorticity for different cavitation numbers

Figure 10 Positions of different circumferential planesCavitation 
number

Figure 11 Contour of vapor volume fraction at a typical instant (t = T) for different cavitation numbers
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could be induced by more unsteady flows at the low 
flow rate, resulting in more flow losses [31]. Accord-
ing to the cavitation performance at the BEP condition, 
the value of NPSH3 is about 15.3 m. The pump head is 
about 12 m and starts to drop gradually after a 3% head 
drop with the values of NPSHa decreasing. However, 
the head drops rapidly after the NPSHa is reduced to 
10.6  m, as marked in the red circle. Additionally, the 
vapors begin to propagate into the side channel, which 
is presented in Figure 6, leading to a rapid increase in 
the cavity volume and significant decrease in the head. 
Therefore, the further investigation on the cavitation 
characteristics in the paper is at this working condition 
of NPSHa = 10.6 m.

4.3  Evolution of Cavitating Flows
To show the time evolution of cavitation with the impel-
ler rotation during one blade pitch (15°), eight numerical 
snapshots with an interval of 2° are shown in Figure  7. 
Meanwhile, the pressure contours with velocity vectors 
on the middle plane of the gap near the inlet at the corre-
sponding instants are also depicted in Figure 7 to further 

investigate the shedding behavior of cavitation in details. 
The initial time is defined as the moment when the pres-
sure side of the impeller passage totally passes through 
the inlet and T is the time of impeller rotation during 
one blade pitch. The vapors are mainly distributed in the 
impeller passages near the inlet and the hub, occupying 
almost two impeller passages at NPSHa =  10.6  m. The 
cavity attached to the inlet keeps developing and extend-
ing from the suction surface to the pressure surface with 
the rotation of the impeller in Passage 1. The vapor cavi-
ties in Passage 3 and Passage 4 change to be smaller and 
finally collapse when moving to the higher pressure areas 
with the rotation of impeller. Besides, it is found that the 
small scale vapor structures in Passage 4 disappeared at 
t =  11T/15, which would cause the pressure increasing 
suddenly near the region.

Compared to pressure contours with vapor distri-
butions, it is obvious that the regions of low pressure 
are consistent with the locations where the vapors are. 
According to the pressure distribution, it is found that a 
strong adverse pressure gradient is present at the end of 
the cavity closure region, which illustrates that the flow 

Figure 12 Contour of velocity curl at a typical instant (t = T) for different cavitation numbers
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Figure 13 (continued)
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near the attached vapor cavity closure region is unsteady. 
The adverse pressure gradient is near the pressure side 
of Passage 3 and it forces the fluid to flow into the vapor 
region of Passage 2, which causes the attached cavity 
shedding from the wall gradually. Thereafter, the size 
of vapor cavity becomes smaller and collapses eventu-
ally when the cavity moves to the high pressure region 
downstream with the rotation of the impeller. It should 

be noted that there is a sudden increase in pressure in 
Passage 4 at t =  11T/15, which is attributed to the col-
lapse of vapors. The cavity grows and then sheds off and 
finally collapses during the typical cycle and this process 
is quasi-periodic. Thus, the shedding frequency of the 
cavity is similar to the blade frequency for the cavitating 
flow.

Figure 13 Comparison of different terms in vorticity transport equation at a typical instant (t = T) for different cavitation numbers

Figure 14 Positions of monitor points in the side channel pump
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Figure 15 (continued)
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4.4  Influence of Cavitation on Vortical Structures
To reveal the vortex structures, lots of methods can 
be used to identify the vortex region, such as Q-crite-
rion, λ2-criterion and Ω-method. The detailed analy-
sis of the vorticity distributions for the non-cavitating 
flow is to verify the correlation between the cavitation 
and vortex. The cavity and vortical structures at differ-
ent NPSHa are shown in Figure  8. Besides, the vortex 
core region of λ2-criterion is colored by the velocity, 
and the swirling strength and turbulence kinetic energy 
distributions on the middle plane of the impeller are 
also depicted in Figure 8. It is observed that the num-
ber of vortical structures in each flow passage reduces 
dramatically as the cavitation occurs and the values of 
vorticity at different cavitation numbers are depicted 
in Figure  9, which could reveal the variation of vorti-
city quantitatively. Meanwhile, the vortical structures 
in the side channel pump are influenced by cavitation 
development and the higher magnitude of vorticity 
distributes near the vapor cavity area, indicating that 
the vortices with low-pressure core region are easily 
prone to generating cavitation. In addition, the tur-
bulent kinetic energy in the cavity region is low, but it 
is higher in the downstream region of the cavity than 
other areas and it increases obviously when compared 
with that under the non-cavitation condition. There-
fore, it is necessary to further investigate the interac-
tions between vapors and turbulent flows, which mainly 
involves complex interactions between phase-change 
and vortex structures [19, 20]. By comparison, it can be 
confirmed that cavitation promotes the vortex produc-
tion and flow unsteadiness.

In order to better understand the mechanism of 
interactions between cavitation and vortex, the vorti-
city transport equation in various densities is applied in 
the cavitating flow as follows:

where ⇀ω is the vorticity, ⇀v  is the velocity, ν is the kin-
ematic viscosity, the subscripts of m and t represent the 
mixture phase and turbulent respectively, ∇ is the Ham-
iltonian operator. In Eq. (10), the term on the left side 
is the rate of vorticity and each term on the right side 
represents the vortex stretching, vortex dilatation, baro-
clinic torque and viscosity diffusion in turn. The first 
term represents the vortex stretching by velocity gradi-
ents. The second is introduced by volumetric expansion 
or contraction of the fluid due to local density changes. 
The third is the generation of vorticity due to misaligned 
pressure and density gradients. The last viscus diffusion 
term indicates the rate of vorticity changed by the viscous 
diffusion. It is noted that the viscous diffusion term can 
be ignored with a higher Reynolds number [32], and the 
order of magnitude is about  105 near the inlet in the side 
channel pump. Therefore, the influence of cavitation on 
the vorticity distribution could be demonstrated by the 
contribution of vortex stretching, vortex dilatation and 
baroclinic torque terms. Due to the three-dimensional 
unsteady flows in side channel pump, the magnitudes of 
different terms in the vorticity transport equation are cal-
culated to examine the influence of cavitation on vortex 
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Figure 15 Pressure fluctuations in the side channel pump with time evolution
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Figure 16 Power spectrum of pressure fluctuations
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production. Besides, the dilatation and baroclinic torque 
terms are identically zero in a non-cavitating flow.

There are numerous vortices in different sizes and 
directions in the side channel pump and the circum-
ferential vortex is critical to the flow exchange between 
impeller and side channel. Therefore, the circumferen-
tial planes at the middle of the four impeller passages 
near the inlet are selected for this investigation and 
the positions are depicted in Figure  10. The contours 
of vapor volume fraction at a typical instant (t = T) for 
NPSHa = 12.7 m, NPSHa = 10.6 m and NPSHa = 9.6 m 
are depicted in Figure 11. It illustrates that the vapor cav-
ity in the passage near inlet attaches to the wall, while it 
sheds gradually from the surface near the cavity closure 
region as a result of the adverse pressure gradient. After-
wards, the cavity collapses in the high pressure region, 
which is consistent with the analysis above. The in-plane 
vorticity contours under non-cavitating and cavitating 
conditions are plotted in Figure 12. Besides, the contour 
lines of vapors (in black) are also depicted in Figure 12 to 
represent the positions of cavity. It is found that the vorti-
cal structures are affected significantly by the cavitation 
development, which suggests that cavitation might be an 
important mechanism for vorticity generation in cavitat-
ing flows.

Figure  13 presents the distributions of the vortex 
stretching, vortex dilatation and baroclinic torque terms 
on the circumferential planes at a typical instant (t = T). 
Similarly, the positions of cavity are depicted by the con-
tour lines of vapors (in black) in Figure 13. These results 
are used to analyze the influences of the cavitation devel-
opment on the vorticity production. By comparing these 
three terms with the vapor volume fraction and vorticity 
distributions, it reveals that the stretching term is domi-
nant and responsible for the vorticity production and 
evolution in the cavitating flow. It is obvious that magni-
tudes of the stretching term decrease once the cavitation 
occurs, especially inside the cavity regions. It indicates 
that the vorticity in the cavity region is suppressed by the 
formation of vapors. Belahadji et  al. [33] suggested that 
the presence of vapors in the cores of such vortices modi-
fies the vortex stretching process by decoupling the rate 
of vortex straining from the rotation rate. Furthermore, 
as the conservation of momentum, the vortex stretching 
should increase the rotation rate and decrease the pres-
sure at the vortex core in the non-cavitation case, while 
the pressure in the core remains constant in the cavitat-
ing flow and the vortex stretching only generates more 
vapors [34]. The distributions of the dilatation term 
illustrate that the vortex dilatation is important during 
the cavitating flow, whose magnitude is about the same 
as the stretching term. It should be noted that the values 
of dilatation are high in the cavity region and increase 

with the decrease of NPSHa. Therefore, the formation 
and development of the vapor cavity are responsible for 
the increasing dilatation term. According to the distribu-
tions of the baroclinic torque, it is found that this term is 
mainly concentrated along the liquid and vapor interface 
and is negligible inside the cavity. Also, it was noted that, 
there was a substantial increase in the baroclinic torque 
as the value of NPSHa decreased. Even though the mag-
nitude of the baroclinic torque term is smaller than the 
vortex stretching and dilatation terms, it is important for 
the vorticity production along the cavity surface and near 
the cavity closure region, where density and pressure gra-
dients are high.

4.5  Pressure Fluctuations
To study the effect of cavity on pressure fluctuations in 
the side channel pump, fourteen different points in the 
impeller passage and side channel have been selected. As 
shown in Figure 14, nine points are located in the middle 
plane of the impeller from the pressure side to the suc-
tion side and five points are located in the central plane 
and near the wall of side channel.

The time evolution of pressure fluctuations on different 
monitor points in the side channel pump is illustrated in 
Figure 15 and the initial time is the same as that in Fig-
ure 14. It is found that pressure in the impeller passage 
presents irregular pulsation near the inlet and outlet 
regions and then it tends to be regular away from these 
positions at the non-cavitation condition, which is prob-
ably induced by the sudden change of flow direction. 
Compared the pressure fluctuations of non-cavitation 
with those of NPSHa  =  10.6 m, it is obvious that the 
existence of the vapors significantly enhances the pulsa-
tions in the impeller passage and the pressure fluctua-
tions become irregular, especially near the inlet and inner 
radius of the impeller. This can be attributed to the fact 
that, the vapors are mainly distributed near the inner side 
in several downstream impeller passages of the inlet at 
NPSHa = 10.6 m. The pressure fluctuations in the side 
channel are regular at the non-cavitation condition, while 
the intensity of pulsation becomes stronger due to the 
cavitation, especially the points near the cavity region 
and downstream of the vapors.

The fast Fourier transform (FFT) is used to analyze 
the frequency domain of pressure fluctuations. Figure 16 
shows the power spectrum of pressure fluctuations on the 
monitor point I1, I2, I3 and S1, S2, S3, S4, S5. According 
to the Kolmogorov theory [35], a range with − 5/3 slope 
exists in the turbulent energy spectrum of high Reyn-
olds number flow. The results of power spectrum density 
(PSD) show that the hybrid model of SAS could predict 
a distinct range about − 5/3 slope, which indicates that 
the simulation can capture and resolve a large amount of 
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turbulence kinetic energy behaving like the LES mode in 
the outer region where the turbulent flows are dominant. 
The PSD results of the monitor points in the middle of 
the impeller passage illustrate that the primary frequency 
is 24.94 Hz, which is quite close to the shaft frequency of 
25 Hz (fshaft = 1/n = 25 Hz). Noted that the PSD results 
of points near the pressure and suction sides are similar 
to those points in the middle. Meanwhile, the primary 
frequency of monitor points in the side channel is 598.05 
Hz, which is about equal to the blade frequency of 600 
Hz (fblade = Z/n = 600 Hz). It indicates that the frequency 
of pressure fluctuations in the side channel is related to 
the number of fluid exchanges in the impeller and side 
channel. Additionally, the results of PSD also illustrate 
that both pressure fluctuations in the impeller and the 
side channel tend to be stronger for the cavitating case 
(NPSHa = 10.6 m).

5  Conclusions
In this paper, unsteady cavitating turbulent flow in the 
side channel pump was simulated by SAS coupled with 
the Zwart cavitation model. The interaction between 
cavitation and vortical flow is firstly discussed and ana-
lyzed in the side channel pump, which may provide a bet-
ter understanding of vortex cavitation in the side channel 
pump and is helpful to improve its cavitation perfor-
mance. Based on the present investigation, the following 
conclusions can be drawn.

(1) The vapors inside the side channel pump firstly 
occur in the impeller passage near the flow entrance 
and attach to the region of inlet and the vapors 
spread gradually to the downstream passages with 
the decrease of cavitation number. It is also found 
that a strong adverse pressure gradient is present at 
the end of the cavity closure region, which leads to 
cavity shed from the wall. The vapor cavities change 
to be smaller and finally collapse when moving to 
the higher pressure area with the rotation of impel-
ler. The shedding frequency of cavity in the side 
channel pump is similar to the blade frequency.

(2) The small scale vortices in each passage reduce 
significantly and gather into larger vortices due to 
the cavitation. Meanwhile, the evolution of vortical 
flow is influenced by cavitation development and a 
higher magnitude of vorticity distributes near the 
vapor cavity area. By comparing three terms of the 
vorticity transport equation with the vapor volume 
fraction and vorticity distributions, it indicates that 
the stretching term is dominant and responsible 
for the vorticity production and evolution in the 
cavitating flow. In addition, the magnitudes of the 

stretching term decrease once the cavitation occurs, 
especially inside the cavity regions. It is also found 
that the vorticity in the cavity region is suppressed 
by the formation of vapors. However, the values of 
dilatation are high in the cavity region and increase 
with the decreased cavitation number. Therefore, 
the formation and development of the vapor cavity 
are responsible for the increasing dilatation term. 
Even though the magnitude of the baroclinic torque 
term is smaller than the vortex stretching and dila-
tation terms, it is important for the vorticity pro-
duction along the cavity surface and near the cavity 
closure region, where density and pressure gradi-
ents are high.

(3) According to the pressure fluctuations in the side 
channel pump, it is obvious that the existence of the 
vapors enhances the pressure fluctuations, espe-
cially near the inlet region and inner regions. The 
primary frequency of pressure fluctuations in the 
impeller is quite close to the shaft frequency of 25 
Hz, while that in the side channel is about equal to 
the blade frequency of 600 Hz.
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