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1 Introduction

Water-jet propulsion systems with axial pumps are mostly used in high-speed vessels and vessels de-
signed for shallow water operations. To achieve high performance in these systems, the pump often
operates in cavitating conditions. One type of cavitation in water-jet pumps is cavitation occurring in
Tip Leakage Vortex (TLV), a vortex formed due to a leakage flow in the gap region between the tip of a
rotating impeller blade and the stationary shroud casing. As the formation of cavitating TLVs is associ-
ated with a higher risk of erosion near the blade tip and higher level of vibration and noise [1, 2], it is of
interest to understand the structure of TLV and how it is affected by cavitation.

Experimental methods have been used to study TLV in water jet pumps. Wu et al. [3, 4] and Miorini
et al. [5] investigated the flow structures and turbulence of TLV formed in an axial water jet pump
using Particle Image Velocimetry (PIV) measurements. They showed that TLV originates from vortical
structures shed from the blade tip. These structures wrap around each other and form the core of the TLV.
As the main vortex migrates in the blade passage, it becomes stronger due to the entrainment of vortical
structures. Tan et al. [6, 7] showed that cavitation can incept in the form of bubble cavitation at the core
of the TLV. They also showed that by lowering cavitation number, sheet cavitation with unsteady closure
line can appear on the suction side of the rotor blade.

In addition to experimental methods, a few number of numerical studies have been devoted to study-
ing the non-cavitating and cavitating TLV in water-jet pumps. For example, Zhang et al. [8, 9] examined
the structure of non-cavitating and cavitating TLVs at different flow rates and cavitation numbers. All
of these numerical studies used Reynolds Averaged Navier Stokes (RANS) approach, which requires
an ad-hoc modification to be able to predict the correct cavitation dynamics [10]. Furthermore, experi-
mental studies by Wu et al. [4] have shown that the flow in the TLV is anisotropic and is controlled by
several interacting shear layers. Capturing the dynamics of these shear layers and the correct behavior of
non-cavitating and cavitating TLV requires a scale-resolving approach, such as Large Eddy Simulation
(LES). In this study, the flow in an axial water-jet pump, AxW1J-2 [11], is studied using an LES approach.
The simulations are performed for both non-cavitating and cavitating conditions and the predicted per-
formance and cavitation patterns are compared with the experimental data by Tan et al. [7]. Then, the
numerical results are used to study the effect of cavitation on the structure of the TLV.

2 Numerical Set-up

In this study, a modified version of the interPhaseChangeFoam solver from the OpenFOAM-2.2.x frame-
work [12] is used to obtain the numerical results. The turbulence modeling is achieved using LES where
a low-pass filter is applied to the governing equations. This filtering results in the sub-grid-scale terms in
the momentum equations which are, here, modeled using the wall-adapting local eddy-viscosity (WALE)
model proposed by Nicoud and Ducros [13]. For cavitating simulation, the cavitation dynamics is cap-
tured by Transport Equation Modelling (TEM), where a transport equation for the liquid volume fraction,
!, is solved. This equation has source terms accounting for vaporization and condensation, which are
modeled using Schnerr-Sauer cavitation model [14].

In this paper, the AxWJ-2 axial water-jet pump [11] from the Johns Hopkins University is selected

for the simulations. A sketch of this pump and a summary of its relevant data are given respectively in
Fig. 1 and Table 1.



Table 1: Summary of relevant data for AxWJ-2
axial water-jet pump

Dy 305.2 mm
D, 213.4 mm
D, oior 303.8 mm
Number of rotor blades np 6
Number of stator blades ng 8
Nominal tip clearance h 0.7 mm

Angular speed of the rotor Q 900 RPM  Fijg, 1: Sketch of the AxXWJ-2 axial water-jet pump [7]

Fig. 2a shows the computational domain used in this study. The computational domain is extended
10D upstream and downstream of the pump to reduce the interaction between the flow in the pump
and the inlet and outlet boundary conditions. The domain is divided into three regions, inlet_pipe, rotor,
and stator_outlet_pipe. Cyclic AMI interfaces are used for the boundaries between these regions. For the
inlet_pipe, a fully structure grid is used. The mesh topology in the rotor region is shown in Fig. 2b. The
mesh is divided into two regions with different types of mesh. The regions near the rotor blades, the hub,
and the shroud are discretized with a structured hexahedral mesh, and the region in the middle of the pas-
sage is discretized with an unstructured mesh. To increase the mesh resolution in the tip leakage region,
the resolution of this region for one blade is refined locally using refineHexMesh utility in OpenFOAM.
The size of the refinement region relative to the radius of the pump is shown in Fig. 2b.
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Fig. 2: a) Computational domain used in this paper, b) Mesh topology in the rotor region

3 Results

In the first part of the results, the predicted performance and cavitation pattern in the numerical simulation
are compared with the experimental data by Tan et al. [7]. These authors reported the pump performance
by two non-dimensional numbers, flow coefficient, ¢, and head rise coefficient, i, which are defined as,
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where Q is the volumetric flow rate in m?/s and # is the shaft rotation speed in revolutions per seconds,
and ps1, psa, A1, and A, are, respectively, the static pressures near the casing wall and the flow cross
sections at location 1 and location 2, shown in Fig. 1. In this paper, we studied the pump at the flow
coefficient, ¢ = 0.75. At this flow rate, the experimentally measured head rise coefficient, ¥y, is equal
to 2.46. In table 2, the performance of the pump predicted by numerical simulations is compared with the
experimental data. This comparison shows a good agreement between the predicted head-rise coefficient
and experimentally measured one. It can also be concluded from table 2 that the effect of cavitation on
the predicted performance at the cavitating condition studied here (o- = 0.162) is insignificant. This is
expected as this condition is far away from the the cavitation breakdown according to Tan et al. [7].

Table 2: Performance of the pump predicted by numerical simulations
Simulations g Mp M, Mot Ynum. /‘r//exp.
Non Cavitating 00 57.8 0.65 585 0.999

Cavitating 0.162 60.8 0.65 615 0.993
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Fig. 3: Cavitating regions in a) High Speed Visualization (HSV) by Tan et al. [7] and b) Cavitating simulation
(Cavitating regions are shows by an iso-surface of liquid volume fraction, o' )

Fig. 3 shows the cavitation pattern captured by numerical simulation and the one in the experimental
high speed visualization (HSV) by Tan et al. [7]. In the experiment, two main cavitating regions can be
seen, sheet cavity formed on the suction side of the blade and the cavitating TLV. Comparison between
numerical results and HSV shows that these cavitating region can be captured very well with the nu-
merical simulation. From the distribution of liquid volume fraction on meridional planes in Fig. 3b, it
can be seen that the cavitating TLV becomes thinner as it travels in the passage and that some cavitating
vortices are detached from the trailing edge of the cavitating TLV. There is a also gap between cavitating
TLV and sheet cavitation which indicates that the pressure in this region is higher than vapour pressure.
This high pressure is due to the collision between the flow rotating around the cavitating TLV and the
suction side of the blade. It can also be noted that the closure region of the sheet cavitation is unsteady
and a vapour structure can be detached from the closure region due to this unsteadiness. Being able to
capture this detachment is important as it has been shown in the previous studies that the detached cavity
structures are associated with high risk of cavitation erosion [15].

In order to compare the structure of non-cavitating and cavitating TLV in the numerical simulations,
the averaged tangential vorticity fields on several meridional planes are shown in Fig. 4. Three regions
with high vorticity generation can be seen in the non-cavitating simulation. These regions are denoted
by A, B, and C in Fig. 4a. Similar tangential vorticity distribution has been observed by Wu et al. [4]
who showed that the high vorticity value in regions A, B, and C are, respectively, due to the shear layer
between the reverse flow exiting the tip gap and the flow inside the passage, the boundary layer separation
in the tip leakage flow near the rotor casing, and the core of the TLV. It can be seen in Fig. 4a that as



the main core of TLV (region C in Fig. 4a) develops in the passage, it detaches from the shear layer
at the edge of the blade and the tangential vorticity in its centre decays. Comparison between Fig. 4a
and 4b shows that the structure of the cavitating TLV is quite different from the non-cavitating one. In
the first seven planes where cavitation exists according to Fig. 3b, a high value of vorticity occurs at the
interface of the cavitating region instead of the centre of the cavitating TLV. No sign of the boundary layer
detachment can be seen in these planes. However, in the last three planes, where a cavitating vortex is
detached from the trailing edge of the cavitating TLV, the distribution of the averaged tangential vorticity
is similar to the one in the non-cavitating TLV. In this region, the high value of tangential vorticity occurs
in the detached vortex (region C in Fig. 4b) and the boundary layer detaches from the casing (region B
in Fig. 4b). Similar to the non-cavitating TLV, the decay of tangential vorticity can be seen when the
detached vortex travels in the passage.
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Fig. 4: Comparison between the averaged tangential vorticity field on several meridional planes in non-cavitating
and cavitating simulations (wy: tangential vorticity, Ur: tangential velocity of the blade tip, &: tip gap height).

Fig. 5a and 5b show the distribution of averaged tangential velocity on several meridional planes
in non-cavitating and cavitating simulations. In Fig. 5a, it can be seen that as the non-cavitating TLV
travels downstream, the averaged tangential velocity increases around the centre of vortex. This increase
occurs in the planes where averaged tangential vorticity in the core of the TLV decays (region B) in
Fig. 4a. Wu et al. [4] postulated that both the increase in tangential velocity and the decay of tangential
vorticity are due to the bursting of the TLV core. To confirm this, Fig. 5S¢ shows an iso-surface of the
Q criteria colored by the instantaneous tangential velocity in the non-cavitating simulation. It can be
seen that the centre-line of the TLV is almost a straight line in the first five meridional planes and the
tangential velocity is small around the TLV. As the vortex becomes unstable and its centre-line deviates
from the straight line, spots with a high value of tangential velocity can be seen around the vortex. These
spots, marked as region A in Fig. Sc, occur at the planes where the increase in average tangential velocity
and the decay of tangential vorticity can be seen. Fig. 5b shows the averaged tangential velocity in the
cavitating simulation. It can be seen that the tangential velocity in the cavitating region of TLV (first five
planes in Fig. 5b) is high which means that the cavitating region rotates with the blade rotational speed.
This is different from the non-cavitating TLV where the averaged tangential velocity is low in the first
five planes in Fig. 5a. In the last three planes in Fig. 5b, where a cavitating vortex is detached from the
edge of the cavitating TLYV, the average tangential velocity is low around the core of cavitating vortex and
it increases as the vortex travels in the passage which is similar to non-cavitating TLV. Fig. 5d shows an
iso-surface of the Q criteria colored by the instantaneous tangential velocity in cavitating simulation. No
vortical structure can be seen in the cavitating part of TLV and spots with high tangential velocity can
seen when the centre-line of the cavitating vortex in the last three planes deviates from a straight line.

4 Conclusions

In this paper, we present LES results of non-cavitating and cavitating flows in an axial water-jet pump
with the aim to study the effect of cavitation on the TLV. First, we compare the predicted performance
and cavitation patterns with the experimental data by Tan et al. [7] and this comparison shows a very
good agreement. Then, we investigate the structure of non-cavitating and cavitating TLVs by analyzing
numerical results. Our results show that the structure of TLV is highly affected by the presence of cav-
itation. In the cavitating TLV, the high value of vorticity mostly occurs at the interface of the cavitating
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Fig. 5: Comparison between the normalized averaged tangential velocity and iso-surface of Q criteria colored by
instantaneous tangential velocity in non-cavitating and cavitating simulations (Uy: tangential velocity, Ur: tangen-
tial velocity of the blade tip)

region while in the non-cavitating TLV, a high value of vorticity can be seen in three regions, the shear
layer between the reverse flow exiting the tip gap and the flow inside the passage, the boundary layer sep-
aration in the tip leakage flow near the rotor casing, and the core of the TLV. Furthermore, our cavitating
simulations show that a cavitating vortex is detached from the trailing edge of the cavitating TLV. As
this vortex travels in the passage, the averaged tangential vorticity in the vortex decays and the average
tangential vorticity increases. Similar phenomena can be seen in the non-cavitating TLV and it is shown
that these phenomena are due to the bursting of the vortex.
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