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Abstract: Fluid viscosity is one of the key factors affecting the cavitation characteristics of the Helico-
axial Multiphase Pump (HAMP). In this paper, fluids with viscosities of 24.46 mm2/s, 48.48 mm2/s,
60.70 mm2/s, and 120.0 mm2/s were investigated by numerical simulation. The Ansys Fluent
software was employed to conduct the simulation. The mixture multiphase flow model and the
RNG k-ε turbulence model were adopted. The Singhal cavitation model was employed to consider
the effects of the non-condensable gas on cavitation. An experiment was carried out to validate
the numerical method. The results showed that the Net Positive Suction Head-available (NPSHA)
of the pump decreased as the fluid viscosity increased. Under the critical NPSHA condition, the
NPSHA decreased from 5.11 m to 3.68 m as the fluid viscosity increased from 24.46 mm2/s to
120.0 mm2/s. This suggested that the cavitation performance of the pump was deteriorated under
high fluid viscosity. The impeller passage area occupied by the vapor increased when the fluid
viscosity increased. Nearly half of the flow passages were occupied by cavitation bubbles when the
fluid viscosity increased to 120.0 mm2/s. The vapor volume fraction, both on the suction surface and
pressure surface of the blade, increased with the fluid viscosity. The vapor on the suction surface was
mainly distributed in the region with the streamwise between 0 and 0.36 when the fluid viscosity
was 24.46 mm2/s; while the high vapor volume fraction range increased to the streamwise of 0.42
when the fluid viscosity increased to 120.0 mm2/s. The higher vapor volume fraction corresponded
with the lower pressure. It was also found that the turbulent kinetic energy, both on the suction
surface and pressure surface, increased with the fluid viscosity, which was the favorite for producing
more cavitation bubbles. Furthermore, the maximum velocity area was mainly concentrated in the
inlet area of the impeller. The velocity distribution in the impeller was basically the same with the
viscosity of 24.46 mm2/s and 48.48 mm2/s. When the viscosity further increased to 60.70 mm2/s,
the maximum velocity area in the impeller was relatively large. This study provides a reference for
designing the HAMP.

Keywords: numerical simulation; Helico-axial multiphase pump; fluid viscosity; cavitation; Net
Positive Suction Head

1. Introduction

The oil–gas multiphase pump is the key equipment in deep-sea oil and gas production
and transportation. The Helico-axial Multiphase Pump (HAMP) shows great potential in
offshore oil and gas exploitation and transportation because of its advantages, including
compact structure, large flow rate, insensitivity to solid particles, and a wide gas application
range [1,2]. The characteristics of the HAMP have been investigated by many researchers.

Visual experiments were conducted by Zhang et al. [3] to observe the two-phase flow
pattern of the HAMP. It was found that when the gas volume fraction at the pump inlet
increased, four flow patterns, i.e., the bubble flow, the agglomerated bubble flow, the
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gas pocket flow, and the separated flow, were observed. Serena et al. [4] also observed
the similar flow pattern by using high-speed photography technology. Zhang et al. [5]
used high-speed photography to investigate the characteristics of bubble movement and
their distribution in a multiphase pump. Liu et al. [6] and Suh et al. [7] also explored the
bubble trajectory in a pump by numerical simulation using ANSYS CFX software. The
inhomogeneous Eulerian–Eulerian multiphase model and the shear stress transport (SST)
k-ω turbulence model were employed. They concluded that the drag force, the lift force, the
virtual mass force, and the turbulent diffusion force were also very important for accurately
describing the unsteady two-phase transport process. Zhang et al. [8] investigated the
effects of interphase forces on the flow in a HAMP. In their study, the non-uniform bubble
model (NUBM) was adopted. They reported that interphase forces cannot be ignored under
high inlet gas volume fractions. Hence, the non-uniform bubble model was recommended
by them to better understand the flow characteristics in the HAMP. Zhang et al. [9] discussed
the effects of blade tip clearances on pressure pulsation and tip leakage vortex. The results
showed that pressure rises decreased for the single-phase liquid flow and the two-phase
flow when the tip clearance size increased. In addition, the main frequency and amplitude
of pressure pulsation in the pump also increased when the tip clearance increased.

The structure optimization of the HAMP is also one important aspect that researchers
focused on. Zhang et al. [10] proposed several measures, such as using short blades,
blade surface openings, and T-shaped blades to improve the gas–liquid phase mixing
in a multiphase pump impeller under high gas void fraction. The RNG k-ε turbulence
model and Euler two-phase model were selected with an inlet bubble diameter of 0.6 mm.
They found that the gas–liquid two-phase mix degree was improved, and the gas–liquid
separation was inhibited to some extent by using the appropriate measures. Tan et al. [11]
also investigated the influence of the T-shaped blade end on the performance of the mixed
transport pump. They found that the efficiency of the pump with the T-shaped blade
end was improved, and the leakage flow was reduced compared with the original blade
end. Xiao et al. [12] proposed a design method of controllable velocity moments for a
multiphase pump. The numerical results by ANSYS CFX software suggested that the
rotor–stator interaction and gas–liquid interaction could be suppressed by the best velocity
moment distribution. Consequently, the pressure increment and efficiency of the pump
were improved.

The cavitation characteristic of the pump is an important parameter to characterize
the performance of the HAMP. Shi et al. [13] explored the cavitation phenomenon in the
HAMP using numerical simulation. The standard k-ε turbulence model and the homoge-
neous multiphase flow model were used. The Zwart–Gerber–Belamari cavitation model
based on the Rayleigh–Plesset equation was adopted. The results showed that cavitation
affected the flow in the impeller. Under the serious cavitation condition, the vortex at
the end of the cavitation area accelerated the instability and energy dissipation of the
pump. Experimental investigations by Ge et al. [14–17] showed that the fluid temperature
affected the hydrodynamic cavitation performance. The increase in the fluid temperature
induced the growth of the cavitation volume up to about 55 ◦C; thereafter, an additional
increase in temperature had the opposite effect. They also discussed the intensity and
regime changing of hydrodynamic cavitation, considering temperature effects. Thus, the
thermal effect could play a key role in investigating the cavitation characteristics of the
pump. The fluid viscosity is another significant factor affecting the cavitation characteristics
of a pump [18,19]. A number of researchers have reported on the influence of fluid viscosity
on the pump performance. The field experimental results of Gié et al. [20] on a Poseidon
multiphase pump showed that the efficiency and pressure increment capability of the
HAMP decreased when transporting high viscosity fluid. Liu et al. [21] also reported that
the head and efficiency of the HAMP gradually reduced with the rise in viscosity. They
pointed out that most times, there was no large difference between numerical results using
different turbulent models. Moreover, Patil et al. [22] and Ofuchi et al. [23] investigated the
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effect of fluid viscosity on centrifugal pumps. They noted that the pump head decreased
when handling highly viscous flows.

At present, researchers have performed a lot of investigations on different flow condi-
tions and parameters affecting the performance of the pump, such as the inlet gas volume
fraction, the geometry, and the viscosity. However, little research has been devoted to
the cavitation characteristics of the HAMP, in particular, the effects of fluid viscosity on
the cavitation.

In this study, numerical simulation was performed to investigate the influence of the
fluid viscosity on the cavitation characteristics of a HAMP. The simulation method was
first established and validated by experiment. Then, the cavitation characteristic curve
was obtained. The cavitation bubble distribution in the impeller and on the blade surface
were also discussed. Finally, the effect of pressure and turbulent kinetic energy on the
vapor volume fraction distribution, as well as the velocity distribution in the impeller,
were analyzed.

2. Numerical Simulation Method
2.1. HAMP Geometry Model

The designed flow rate of the HAMP, Qd, was 100 m3/h, the designed water head,
Hd, was 20 m, and the rotational speed, n, was 4500 rpm. The impeller and diffuser of the
HAMP was modelled by the CFturbo software. The shroud diameter was 135 mm for both
of the impeller and diffuser. The inlet and outlet diameter of the hub for the impeller were
94.5 mm and 105 mm, respectively, and those for the diffuser were 105 mm and 94.5 mm,
respectively. The axial length of the impeller and diffuser was equal, which was 50 mm.
The blade numbers of the impeller and diffuser were 4 and 15, respectively. The big blade
wrap angle was employed by the impeller, which was 175.5◦, and a small blade wrap angle
with 25.6◦ was used by the diffuser. The 0.4% of the shroud diameter was adopted as the
tip clearance value, which was 0.54 mm. There was no tip clearance for the diffuser. The
main parameters of the HAMP are shown in Table 1.

Table 1. Main parameters of HAMP.

Parameter Impeller Diffuser Unit

Shroud diameter 135 135 mm
Hub inlet diameter 94.5 105 mm

Hub outlet diameter 105 94.5 mm
Axial length 50 50 mm

Number of blades 4 15 -
Blade wrap angle 175.5 25.6 ◦

Tip clearance 0.54 0 mm

The three-dimensional structure of the calculation domain is shown in Figure 1. For
the convenience of calculation, the lengths of the inlet and outlet sections were extended to
2 and 6 times the axial length of the impeller, respectively. This ensured that the flow in the
inlet and outlet pipes was fully developed.
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Figure 1. Three-dimensional model of HAMP (Ω denotes rotational direction).
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2.2. Meshing of Calculation Domain

The cavitation in the impeller was investigated in the present study. The calculation
domain was divided into three components, i.e., the inlet section, the impeller, and the
outlet section. The polyhedral mesh divided by Fluent Meshing software was employed.
The meshes around the blades were densified (Figure 2). Four groups of meshes were
selected for mesh independence verification. The mesh number of each component is
shown in Table 2. According to Figure 3, it was found that the water head and efficiency of
the HAMP reduced by 0.68% and 0.84%, respectively, when the mesh number increased
from group 3 to group 4. Considering the calculation resources and accuracy, the group 3
mesh was finally used for simulation. The total mesh number (N) was 5,703,986.
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Figure 2. Meshes of HAMP.

Table 2. Mesh cells of different parts.

Component
Mesh Number (N)

1 2 3 4

Inlet section 63,290 175,915 197,788 255,099
Impeller 1,758,452 3,668,160 5,275,676 6,570,704

Outlet section 178,913 186,142 230,522 292,592
Total mesh number 2,000,655 4,030,217 5,703,986 7,118,395
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2.3. Numerical Scheme

The fluids used in the present simulation were machine oils that have been employed
by Li [14] and Li and Zhang [24]. Their density, kinematic viscosity, saturated vapor
pressure, and surface tension are shown in Table 3. Studies by Nakamura et al. [25] and
Washio et al. [26] showed that the temperature and viscosity exhibited a neglected effect
on the surface tension and saturated vapor pressure for those machine oils. Consequently,
the surface tension and saturated vapor pressure of the viscous oils were considered to
be constant, i.e., 3.0 × 10−2 N/m and 4000 Pa. In addition, Ishihara [27] reported that the
concentration of non-condensable gas in the viscous oil was above 40 ppm. Thus, the effect
of the non-condensable gas on cavitation was also taken into account. The non-condensable
gas content was 40 ppm in the present simulation.

Table 3. Properties of four liquids and their vapors at 20 ◦C [14,24].

Fluid No. Medium Density
(kg/m3)

Kinematic
Viscosity
(mm2/s)

Dynamic
Viscosity (Pa·s)

Saturated
Vapor

Pressure (Pa)

Surface
Tension
(N/m)

Non-Condensable
Gas Content

(ppm)

1
Liqud 839 24.46 2.0530 × 10−2

4000.0 3.0 × 10−2 40Vapor 0.4650 0.5916 2.7511 × 10−4

2
Liqud 851 48.48 4.1256 × 10−2

4000.0 3.0 × 10−2 40Vapor 0.4716 1.1723 5.5284 × 10−4

3
Liqud 858 60.70 5.2081 × 10−2

4000.0 3.0 × 10−2 40Vapor 0.4755 1.4881 7.0760 × 10−4

4
Liqud 865 120.0 1.0380 × 10−1

4000.0 3.0 × 10−2 40Vapor 0.4796 2.1364 1.0246 × 10−3

The numerical simulation scheme is shown in Table 4. The Mixture model was used
as the multiphase flow model. The Singhal model was employed and the effect of the
non-condensable gas on the cavitation was considered [28]. The RNG k-ε turbulence model
was adopted, which has been proven to characterize the flow in HAMP well [10,13]. The
inlet and outlet boundaries were the pressure inlet and mass flow outlet, respectively. The
calculation results of the single-phase oil without cavitation were employed as the initial
value of cavitation calculation. Then, the pump inlet absolute pressure was gradually
reduced to investigate the cavitation characteristics in the pump.

Table 4. Numerical simulation scheme.

Project Parameter

Multiphase flow model Mixture model
Cavitation Model Singhal model
Turbulence model RNG k-ε

Inlet boundary Pressure inlet
Outlet boundary Mass flow outlet
Wall condition Smooth, no-slip wall

Pressure-velocity coupling Coupled
Moment spatial discretization Second Order Upwind

2.4. Cavitation Model

The non-condensable gas contained in the oil affects the cavitation performance of
the pump, so its influence should be considered. The governing equations of the Singhal
cavitation model are given by Singhal et al. [29]:

∇ ·
(

fvρ
→
v v

)
= ∇ · (Γ∇ fv) +

.
m+ − .

m− (1)
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where fv is the vapor mass fraction, ρ is the mixture density, and
.

m+ and
.

m− are the evapo-
ration rate and condensation rate, respectively, which are given by Equations (2) and (3):

.
m+

= Fvap

max
(

1.0,
√

k
)(

1− fv − fg
)
ρvρl

σ

√
2
3

pv − p
ρl

, p ≤ pv (2)

.
m− = Fcond

max(1.0,
√

k) fvρvρl
σ

√
2
3

p− pv

ρl
, p > pv (3)

where fg is the mass fraction of non-condensable gas, k is turbulent kinetic energy, ρv and
ρl are vapor and liquid density, respectively, σ is the surface tension coefficient, Fvap is the
evaporation coefficient (Fvap = 0.02), Fcond is the condensation coefficient (Fcond = 0.01), and ρv
is the saturation vapor pressure considering the influence of turbulent pressure fluctuation:

pv = psat +
1
2
(0.39ρk) (4)

where psat is the saturation vapor pressure of the fluid at the current temperature.

2.5. Numerical Method Validation

The numerical method was validated by experiment. The pump experimental system
is shown in Figure 4. The water was pumped from the water tank by the multistage
centrifugal pump and then measured by the mass flowmeter (the uncertainty was ±0.1%).
After flowing through a straight pipe section, the water entered the HAMP. Finally, the
water returned to the water tank for recycling. The inlet pressure of the pump was measured
by a Rosemount 3051CG pressure sensor (the uncertainty was±0.075%), and the differential
pressure between the inlet and outlet of the pump was measured by a Rosemount 3051CD
differential pressure sensors (the uncertainty was ±0.075%). The liquid flow rate, the
pressure, the differential pressure, and other signals were collected by a data acquisition
device; then, they were displayed and stored in a computer. Tap water was employed in
the experiment.
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Figure 4. Flow chart of experimental system: 1© water tank, 2© centrifugal pump, 3© Coriolis
mass flowmeter, 4© HAMP test section, 5© pressure sensor, 6© differential pressure sensor, 7© data
acquisition device, 8© computer, 9© heat exchanger.

The water head between the simulation and experimental results was compared. As
shown in Figure 5, the maximum relative error of the water head was within ±5.0%, which
suggested that the present method was reliable and accurate.
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3. Results and Discussions
3.1. Cavitation Characteristic Curve of HAMP

The Net Positive Suction Head-available (NPSHA) is calculated by Equation (5):

NPSHA =
pin − psat

ρl g
+

v2
in

2g
(5)

where pin is the absolute pressure of the pump inlet, psat is the saturation vapor pressure
under the temperature of 20 ◦C, vin is the average velocity in the pump inlet, and g is the
gravitational acceleration.

The head degradation rate is denoted by ∆ and is defined by Equation (6):

∆ =
δH

Hnoncav
× 100% =

(
Hnoncav − Hcav

Hnoncav

)
× 100% (6)

where Hcav and Hnoncav are the head with cavitation occurrence and without cavitation
occurrence in the pump, respectively.

In the present study, the head degradation rate, ∆, was 3%, and was defined as the
critical Net Positive Suction Head-available (NPSHAC) [30].

Figure 6 shows the pump water head variation with the NPSHA under different fluid
viscosities. It can be seen that the head of the HAMP decreased gradually with the reduction
in the NPSHA. When the NPSHA reduced to a certain value, the head dropped sharply,
which indicated that the “fracture” condition occurred [13]. Under the same NPSHA, the
HAMP head decreased as the fluid viscosity increased.
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Figure 6. Cavitation characteristic curve of the HAMP under different fluid viscosities (Qd = 100 m3/h,
n = 4500 rpm).
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Under the NPSHAC condition, the NPSHA under different fluid viscosities is shown
in Figure 7. We found that the NPSHA decreased with the increasing fluid viscosity.
It decreased from 5.11 m to 3.68 m as the fluid viscosity increased from 24.46 mm2/s to
120.0 mm2/s. This suggested that the cavitation performance of the HAMP was deteriorated
under the critical cavitation condition by increasing the fluid viscosity. The cavitation was
more prone to appear in the pump impeller under high viscosity conditions. Li and
Zhang [24] also found that an increased viscosity was favorable to cavitation in a pump as
the turbine.
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Figure 7. NPSHA under different fluid viscosity (Qd = 100 m3/h, n = 4500 rpm).

The cavitation number, σa, is one of the important parameters characterizing the
cavitation of the pump. It is defined by Equation (7):

σa =
pin − psat

1
2 ρlU2

(7)

U =
nπD

60
(8)

where U is the circumferential velocity at the intersection of the inlet edge of the impeller
blade and the hub, and D is the impeller diameter.

The Reynolds number is given by Equation (9):

Re =
UD

υ
(9)

The relationship between the σa and Re under the head degradation rate of 3% is
shown in Figure 8. It was found that the cavitation number increased from 0.08213 to
0.08574 when the Re increased from 3.58 × 104 to 8.73 × 104, which indicated that the
pump more easily cavitated under a lower Re. When the Re further increased to 1.73 × 105,
the σa was almost unchanged. Therefore, the pump cavitation characteristics would be
deteriorated as the fluid viscosity increased when the flow rate was held constant. Studies
by Pelz et al. [31] also demonstrated that the Reynolds number was correlated with the
cavitation number, and different cavitation regimes existed in different flow conditions.
More data are required to develop a correction model for predicting the cavitation number
of the HAMP when transporting viscosity fluids other than pure water.
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3.2. VVF Distribution in Impeller Passage

As shown in Figure 9, the cavitation vapor phase was mainly distributed on the
suction surface of the blade. The vapor volume fraction (VVF) reduced along the flow in the
impeller passage. Under the critical cavitation condition (∆ = 3%), the VVF was basically
unchanged as the fluid viscosity increased from 24.46 mm2/s to 48.48 mm2/s. Then, the
VVF around the LE significantly declined as the fluid viscosity increased to 60.70 mm2/s.
If the fluid viscosity was further increased, the VVF was almost unaffected by it. This
agreed well with the NPSHA shown in Figure 7. We also found that the vapor phase
occupied more area of the impeller passage as the fluid viscosity increased. Nearly half of
the flow passages were occupied by cavitation bubbles when the fluid viscosity increased
to 120.0 mm2/s.
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3.3. VVF on Blade Surface

To further quantitatively analyze the cavitation in the impeller, the VVF on the suction
surface (SS) and pressure surface (PS) along the blade streamline at 0.5 times the blade
height is shown here in Figure 10.
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The abscissa represents a dimensionless length of a blade from the leading edge (LE)
to the trailing edge (TE). 0 and 1 are the positions of LE and the TE, respectively. It can be
seen that the maximum VVF appeared at the LE of the blade and the value could reach
1. The VVF on the SS was generally larger than that on the PS. The VVF on the PS was
almost unchanged along the streamwise, except at the LE and TE of the blade. It was also
found that the pressure distribution exhibited the opposite trend with the VVF distribution,
where the high VVF corresponded to low pressure.

With the increase in the fluid viscosity, the VVF on the SS was gradually spread out
from the LE to the TE of the blade, and the VVF on both the SS and PS increased with the
fluid viscosity. For example, when the fluid viscosity was 24.46 mm2/s, the vapor on the
SS was mainly distributed in the region with the streamwise between 0 and 0.36; while the
high VVF range increased to the streamwise of 0.42 when the fluid viscosity increased to
120.0 mm2/s. And the VVF in this region also approximately increased from 0.1 to 0.3.

According to Equation (4), the saturation vapor pressure, pv is affected by the turbulent
kinetic energy, k. The pv increased as the k increased, which indicated that the liquid evapo-
rated more easily (Equation (3)) and was harder to condensate (Equation (4)). Figure 11
shows the turbulent kinetic energy on the blade suction surface (SS) and pressure surface
(PS) of the blades. It can be observed that k declined from the LE to the TE along the blade.
Hence, the cavitation was more serious around the LE. In addition, the k on both the SS
and PS increased with the fluid viscosity. Thus, more cavitation bubbles were produced as
the fluid viscosity increased.
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Figure 11. Distribution of turbulent kinetic energy on blade: (a) suction surface (SS) and (b) pressure
surface (PS) (∆ = 3%, the green dash lines represents the streamline at 0.5 times blade height).

3.4. Velocity Distribution in Impeller

The velocity contours at 0.5 times blade height in the impeller passage under the critical
cavitation condition are shown in Figure 12. It can be seen that the maximum velocity
area was mainly concentrated in the inlet area of the impeller. The velocity distribution in
the impeller was basically the same with the viscosity of 24.46 mm2/s and 48.48 mm2/s.
When the viscosity was further increased to 60.70 mm2/s, the maximum velocity area
in the impeller was relatively large. This may be attributed to more area of the impeller
passage being occupied by the cavitation bubbles as the viscosity increased (see Figure 9).
Thus, the velocity of the mixture increased, when compared with the conditions with less
cavitation bubbles.

Figure 13 displays the velocity profile in the impeller of the HAMP with different liquid
viscosities under the critical cavitation condition (∆ = 3%). We found that the velocity in the
front of the impeller (axial length was between 0 and 5 mm) fluctuated significantly, and
dropped rapidly to zero near the blade, and then recovered quickly. The velocity variation
under different viscosities showed a similar tendency. The liquid viscosity affected the
velocity; in particular, when the viscosity increased to 120.0 mm2/s, the maximum velocity
in the axial length of the impeller between 5 mm and 15 mm was obviously greater than
that of under other viscosities. In addition, the velocity profile in Figure 13 was in good
agreement with the velocity contours in Figure 12.
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Figure 13. Velocity profile in the impeller of the HAMP with different liquid viscosities under critical
cavitation condition (∆ = 3%).

4. Conclusions

The influence of fluid viscosity on cavitation characteristics of a Helico-axial Multi-
phase Pump (HAMP) was investigated by numerical simulation. The cavitation character-
istic curve of the pump was discussed. The influence mechanism of fluid viscosity on the
cavitation of the HAMP was revealed by analyzing the effect of the pressure and turbulent
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kinetic energy on vapor volume fraction (VVF) distribution. The velocity distribution in
the impeller was also analyzed. The following conclusions may be drawn:

(1) The Net Positive Suction Head-available decreased as the fluid viscosity increased
under the critical cavitation condition. It decreased from 5.11 m to 3.68 m as the
fluid viscosity increased from 24.46 mm2/s to 120.0 mm2/s. Cavitation was more
prone to occur in the pump impeller under high viscosity condition. The cavitation
number increased from 0.08213 to 0.08574 when the Reynolds number increased
from 3.58 × 104 to 8.73 × 104, which also demonstrated that the pump cavitation
characteristics would be deteriorated as the fluid viscosity increased when the flow
rate was held constant.

(2) In general, the VVF reduced along the impeller passage. Under the critical cavitation
condition, the VVF was basically unchanged as the fluid viscosity increased from
24.46 mm2/s to 48.48 mm2/s. Then, the VVF around the leading edge of the blade sig-
nificantly reduced as the fluid viscosity increased to 60.70 mm2/s. The area occupied
by the vapor increased with the fluid viscosity. Nearly half of the flow passages were
occupied by cavitation bubbles when the fluid viscosity increased to 120.0 mm2/s.

(3) The VVF on the suction surface was gradually spread out from the leading edge to the
trailing edge of the blade, and the VVF on both the suction surface and pressure surface
increased with the fluid viscosity. When the fluid viscosity was 24.46 mm2/s, the
vapor on the suction surface was mainly distributed in the region with the streamwise
between 0 and 0.36; while the high VVF range increased to the streamwise of 0.42
when the fluid viscosity increased to 120.0 mm2/s. The VVF in this region also
approximately increased from 0.1 to 0.3.

(4) The pressure distribution exhibited the opposite trend with the VVF distribution. The
decrease in the pressure in the impeller led to the increase in the cavitation bubble. The
turbulent kinetic energy on both the suction surface and pressure surface increased
with the fluid viscosity, which also resulted in more cavitation bubbles being produced.
The velocity distribution in the impeller suggested that the velocity was basically the
same with the viscosity of 24.46 mm2/s and 48.48 mm2/s. When the viscosity was
further increased to 60.70 mm2/s, the maximum velocity area in the impeller was
relatively large.

In conclusion, the cavitation characteristics of the HAMP were significantly affected
by the fluid viscosity. More data are required for developing a model to consider the fluid
viscosity when designing the HAMP.
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