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Unsteady turbulent flows in a waterjet propulsion system are investigated at various cruising speeds with the
emphasis on pressure fluctuations. The numerical methodology is based on the Reynolds-Averaged Navier-Stokes
(RANS) equation with the SST k- turbulence model and a sliding mesh technique. The head and efficiency of the
waterjet pump are predicted fairly well compared with the available experimental data. The pressure fluctuates
intensively in the impeller and the dominant frequency is the impeller rotating frequency with the largest
amplitude near the impeller inlet. Besides, two dominant frequency components exist in the intake duct and the
diffuser. A high-frequency component is caused by the rotor-stator interaction, and another component is
generated by the unsteady vortex evolution in the diffuser passage and would propagate upstream to the impeller
and the intake duct. Analyses based on the vorticity transport equation demonstrate the great contribution of the
vortex stretching term to the vorticity distribution and evolution in the diffuser. Finally, at the cruising speed of
45 knot, the flows inside the duct are strongly affected by the impeller rotation and present a periodic prewhirl

motion with the dominant frequency of the impeller rotating frequency.

1. Introduction

Waterjet propulsion system is composed of the intake duct, the
pump, the nozzle and the steering device. It pushes the marine vessels
forward by using the reacting force of the waterjet pump, and controls
the cruising direction by allocating and changing the jet flow direction
through the steering device. The waterjet propulsion has many advan-
tages, such as high propulsive efficiency, good maneuverability, and less
vibration. Besides, the anti-cavitation performance is good since the
static pressure at the impeller surface increases by diffusing the cross-
sectional area of the intake duct. Therefore, waterjet propulsion is
widely used in both high-speed ferries and military amphibian vehicles
(Park et al., 2005a, 2005b).

Due to its importance in a wide range of marine engineering appli-
cations, many efforts have been made in the past decades to predict the
performance characteristics of the waterjet propulsion. Based on the
momentum and energy flux method proposed by the 22nd International
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Towing Tank Conference (ITTC) (ITTC, 1999), Bulten and van Esch
(2005) predicted the thrust of a propulsion unit from a direct summation
of all wall forces or from summation of the different terms of a mo-
mentum balance. Comparison of both methods shows that deviations for
some operating conditions are attributed to the neglect of the pressure
forces on the streamtube. Delaney et al. (2009) used the same method
and also found that the predicted power was within 2% of the experi-
mental values. Although the virtual streamtube was mentioned in
literature (Bulten and van Esch, 2005; Delaney et al., 2009), they did not
describe the specific solution. Instead, Ding and Wang (2010) intro-
duced an additional User-Defined Scalar (UDS) equation embedded into
Fluent to get the virtual streamtube surface between the flow ingested
into the inlet duct and the external flow beneath the hull. Due to the
limitations in the experiments, it is difficult to directly evaluate the
waterjet propulsion performance in the towing tank. Therefore, an
actuator disk model is used to replace a waterjet pump by Hino and
Ohashi (2009) to numerically evaluate the performance of a waterjet
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propelled ship. Altosole et al. (2012) proposed two original dimen-
sionless numerical procedures for the selection and the performance
prediction of the propulsion system at the early design stage of a
high-speed craft. One procedure is based on a generalized performance
map for mixed flow pumps and it is referred to jet units for naval ap-
plications. The other procedure is based on a complete physical
approach and is more suitable for planning boats. Fluctuating noise
sources of the full-scaled waterjet were numerically analyzed by hybrid
method coupling Scale-Adaptive Simulation (SAS) with boundary
element acoustic models (BEM) (Yang et al., 2014). Their results indi-
cate that the pulsating pressure after the rotor and before the stator is the
most-dominant second blades passing frequency (2BPF) and the
most-dominated tonal noise at 2BPF is 136.2 dB.

Furthermore, many investigations are conducted to illustrate the
internal flow features and the effects on the performance characteristics.
van Esch and Cheng (2011) experimentally and numerically studied the
relation between the instability in the head curve and unsteady hy-
draulic forces. It is found that the instability of the head curve is not only
connected with unsteady forces and rotating instabilities but also
dependent on the clearance gap between impeller blades and casing.
Gao et al. (2008) comprehensively investigated the flow fields at
different flow rates, such as the pressure distribution on the blade sur-
faces, and the axial and tangential velocity distribution, especially the
radial loading distribution. He further analyzed the effects of a rear
stator and different spacing between the rotor and the stator on the
overall performance and the flow fields. Olsson (2008) numerically
simulated the cavitating flows in a waterjet system with different cavi-
tation models, and the cavitation model proposed by Sauer and Schnerr
(2000) showed good agreement with the experimental data. A baro-
tropic state law is proposed by Pouffary et al. (2008) to simulate the
cavitation phenomenon in turbomachinery and the results are in good
accordance with available experimental data. Based on the relative
vorticity transport equation, Huang et al. (2015a) analyzed the
cavitation-vortex interaction in a mixed-flow waterjet pump. It is
demonstrated that vortex dilation and baroclinic torque exhibit a steep
jump as cavitation occurs and the vortex stretching contributes to
large-scale vortex generation. The stall behavior of a mixed-flow
waterjet pump was numerically studied by Hu et al. (2014) using the
realizable k-¢ turbulence model. Results show that the performance
curve presents a positive slope at 28-59% of the designed flow rate due
to the stall flow in the impeller channels rather than the reverse flow in
the diffuser. The stall flow is observed at the leading edge of the blade tip
with developing from the blade suction surface (SS) to pressure surface
(PS), and the stall region increases gradually from three to five impeller
passages with decreasing flow rate. Cao et al. (2017) analyzed the per-
formance deviation between the uniform and non-uniform suction
flows, and found that the large non-uniform suction flows would cause a
substantial drop in the pump head with the primary feature of a distinct
swirl distortion near the top evolving into a circumferential vortex.

Although many interesting studies have been reported on the inter-
nal flow characteristics as mentioned above, they are not yet fully un-
derstood due to the complex features of the tip leakage vortex (Cheng
et al., 2020; Guo et al., 2019). Lindau et al. (2012) numerically studied
the cavitating flow in an axial flow waterjet propulsion over a wide
range of flow coefficients. Results showed that the captured
suction-surface and tip-gap cavitation patterns were blade-passage
steady and periodic as observed in experiments. The
three-dimensional flow structures and turbulence within the tip leakage
vortex (TLV) of an axial waterjet pump were extensively measured by
using the Stereo particle image velocimetry (SPIV) technique (Miorini
et al., 2010, 2012; Wu et al., 2011a, 2011b). The results show that TLV
starts to roll up along the suction surface (SS) tip corner of the blade and
then propagates within the passage toward the pressure surface (PS) of
the neighboring blade. Meanwhile, the TLV involves entrainment of a
few vortex filaments with predominantly circumferential vorticity from
the blade tip, and these filaments appear as swirling jets after shedding
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from the blade. Subsequently, Tan et al. investigated the effect of large
scale cavitating vortical structures on the performance breakdown of an
axial waterjet pump by using high-speed imaging as well as pressure and
performance measurements (Tan et al., 2012, 2015). The results indi-
cate that the interaction between the tip leakage vortex (TLV) and
trailing edge of the attached cavitation near the rotor blade tip covering
the suction surface plays a key role in performance breakdown, and the
vortical cloud cavitation developing at the trailing edge of the sheet
cavity near the blade tip is re-oriented by the TLV in a direction that is
nearly perpendicular to the SS surface. Similar large perpendicular
vortical structures have been observed in the heavily loaded cavitating
rocket inducers by Acosta (1958).

The waterjet propulsion system is installed in one marine vessel, so it
is necessary to understand the physics behind the waterjet/hull inter-
action (Gong et al., 2019). Eslamdoost devoted himself to this topic and
proposed a validated numerical technique for computing the hydrody-
namics of waterjet-driven hulls (Eslamdoost, 2012, 2014). The algo-
rithm in the first part is called the pressure jump method (Eslamdoost
et al., 2014). This method is based on the equilibrium condition that the
resistance forces are balanced by the thrust force and coupled with a
potential flow solver to simulate the sinkage and trim changes. In the
second part, a technique using a RANS solver with a Volume of Fluid
(VOF) combined with a body force representation of the pump is
developed and validated against measurements (Eslamdoost et al.,
2018). Based on the results, the transom clearance is found to play an
important role in the behavior of the thrust deduction fraction in the low
speed range. In contrast, Forest et al. (2012) used a two
degree-of-freedom (DOF) unsteady model to investigate the equilibrium
of the boat at steady speed and mimic the system dynamics. The nu-
merical model includes a planning hull with an inlet duct and a math-
ematical representation of the main forces and mass flow to model the
pump.

Although the performance characteristics and internal flow features
have been studied, a brief review of these recent works indicates that we
still have inadequate understanding on the pressure fluctuations and
vortex evolutions in a waterjet propulsion system at different cruising
speeds, since it is difficult to measure the pressure at the impeller and
visualize the transient flow patterns. The objective of this work is to shed
light on the unsteady internal flow characteristics of a waterjet pro-
pulsion system at different cruising speeds with the emphasis on the
pressure fluctuations.

2. Numerical simulation
2.1. Computational domain and boundary conditions

The three-dimensional computational domain is shown in Fig. 1. The
waterjet propulsion system is composed of a water tank, an intake duct,
a mixed-flow impeller, a diffuser and a nozzle. In order to consider the
effect of the hull boundary layer, the water tank is 10D wide and 8D
high, the inlet plane is 25D in front of the intake duct, and the outlet
plane is 5D behind the intake duct, where D = 244 mm is the duct
diameter. This is recommended by Liu et al. (2010).

Note that there are six blades in the mixed-flow impeller and eleven
blades in the diffuser. The geometrical parameters are described in the
literature (Huang et al., 2019b) with the meridional schematic diagram
for the waterjet pump shown in Fig. 2. The geometrical parameters are
listed in Table 1. The blade width ratio at the inlet is 0.318, the blade
width ratio at the exit is 0.247, the blade inlet diameter at the tip is
0.856, the blade inlet diameter at the hub is 0.245 and the blade exit
diameter at the hub is 0.604 with the blade outlet diameter at shroud of
Dy = 345 mm.

The unsteady turbulent flows are simulated using the CFD code
ANSYS-CFX based on the Reynolds-averaged Navier-Stokes (RANS)
equation with the SST k- turbulence model, which is evaluated via
many benchmark cases by Bardina et al. (1997). This turbulence model
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Fig. 1. Computational domain and boundary conditions of the waterjet propulsion system (Luo et al., 2020).

Fig. 2. Meridional schematic diagram for the pump (Huang et al., 2019b).

Table 1

Geometrical parameters for the impeller (Huang et al., 2019b).
Parameters Symbols Values
Blade width ratio at the inlet b1/Dy 0.318
Blade width ratio at the exit by/Dy 0.247
Blade inlet diameter at the tip D,/D, 0.856
Blade inlet diameter at the hub D1n/Do 0.245
Blade exit diameter at the hub Don/Dy 0.604
Hub ratio Dy/D, 0.209
Blade tip clearance c¢/Dy 0.86e-3

shows suitable performance to predict flow separations under adverse
pressure gradients and flow structures around the rotating blades (Ji
etal.,2012; Liuetal., 2019; Liu and Tan, 2019). Water at 25 °C is used as
the flow medium, whose density is 997 kg/m® and dynamic viscosity is
8.899 x 10~* kg:m~!s!. A rotational coordinate system is set in the
impeller, a stationary coordinate system is set in the other components,
and thus the sliding mesh technique is adopted at the interfaces between
the two reference systems. The time-dependent governing equations are
discretized both in space and time using the direct coupling method
(Vanka, 1986). The high order resolution scheme is used for the con-
vection terms with the central difference scheme used for the diffusion
terms in the governing equations. The unsteady second-order backward
Euler formation is used for the transient term. For the convergence
control, maximum iteration for each physical time step is 10 until the
RMS (root mean square) residual drops below 107>, During the unsteady
calculation, the time step corresponds to 1° per step.

The boundary conditions are set as follows. For the inlet plane of the
water tank, a non-uniform velocity profile is used to simulate the
development of the hull boundary layer and the definition is in Equation
(1) (Bulten, 2006), where Vi is the local velocity at the inlet plane of the
water tank with a distance of y;¢ from the hull, Vy is the ship cruising
speed, § is the thickness of the hull boundary layer, L;, is the distance
from the domain inlet plane to the inlet, Lj;, = 25D, Re is Reynolds
number, Re= ViL;,/v, v is the fluid kinematic viscosity. For the outlet

planes, the average static pressure is set as a constant value. It is noted
that the average static pressure is constant but the pressure together
with the velocity at the nozzle exit are allowed to be non-uninform
distributions, which is in accordance with the results demonstrated by
Eslamdoost and Vikstrom (2019). Free slip wall boundary condition is
applied at the bottom plane and the side planes of the water tank, and
therefore the mesh near these walls can be made relative coarse without
resolving the boundary layer. The nonslip wall boundary is applied at
the other solid walls.

{ le = Vs(yrel/(s)]/gayrel < 6
Vit = Vi Yeet > 19 (@]

5=0.27L, eRe'/®

Fig. 3 shows the navigational characteristics of the waterjet pro-
pulsion system. Three operation conditions (marked with blue di-
amonds) are selected to study in this paper with the input power of
310.4 kW and the cruising speed of 34, 40, 45 knot, corresponding to the
rotation speed of 2809, 2818, 2829 rpm, respectively. Although the
shaft delivered power is the same, the propulsion thrust gradually de-
creases along with the increase in the cruising speed. It is noted that the
resistance and the thrust are not in balance at these three operation
conditions since the internal flow characteristics at transient states are of
the major interest in this paper rather than that at the balanced states.
All the calculations are conducted on servers with 12 Intel Xeon X5670
core processors and a 160G hard drive, which are supported by Tsinghua
National Laboratory for Information Science and Technology.

2.2. Mesh generation

Hybrid mesh is generated and employed in present simulation. The
structured grids are generated for the impeller and diffuser components
by the commercial codes ANSYS TurboGrid 16.0, and the other
component mesh is generated by the commercial codes ANSYS ICEM
16.0. Mesh distribution for each component is shown in Fig. 4. As shown
in Fig. 4(b), the unstructured grids are used in the intake duct. In order
to meet the requirement of the turbulence model, the tetrahedral grids
exist in the majority of the intake duct, and the prism grids are adopted
near the boundary with the largest y + below 50. As shown in Fig. 4(d)
and (e), O-H type grids are produced in the impeller and diffuser, and
hence sufficient refinement can be made around the blade surfaces to
capture flow features inside boundary layers.

The grid sensitivity is performed by using three mesh resolutions
with the grid refinement ratio of r = 1.3 in x, y, 2 directions. Several
monitoring points are selected in the intake duct, the impeller blade and
the diffuser blade, as shown in Fig. 5. Note that points PI1~PI4 are set on
the pressure side of the impeller blade, which are set spatially equally
along the mid-chord curve. The points PV1~PV4 are set on the pressure
side of the diffuser blade, which are also identically placed along the
mid-chord curve. Especially, the PI1~PI4 are set in the relative
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Fig. 3. Navigational characteristics of the waterjet propulsion system and present investigation conditions marked with blue diamonds.

(a) Water tank

(b) Intake duct

(¢) Nozzle

(d) Impeller

(e) Diffuser

Fig. 4. Mesh distribution for (a) water tank, (b) intake duct, (c) nozzle, (d) impeller and (e) diffuser.

coordinate system, which rotate along with the impeller blade. The grid
convergence index (GCI) (Roache, 1993) is introduced to estimate the
numerical uncertainty, which is currently the most reliable and rec-
ommended method that has been evaluated over several hundred nu-
merical simulations (Eca et al., 2005, 2007; Huang et al., 2020). As
shown in Table 2, the absolute pressure at those monitoring points

shows that the uncertainty estimated by GCI method has a value less
than 5%, which demonstrates that the present simulation results are
independent of the grid resolution. It should also be noted that further
grid refinement leads to relatively more complex physics prediction but
also causes an increasing computational cost together with the insta-
bility of the numerical simulation. Therefore, case 2 is selected as the
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Fig. 5. Location diagram of monitoring points (a) intake duct, (b) impeller
blade, and (c) diffuser blade.

final mesh and the final grid elements are 14 million.

2.3. Numerical method validation

Comparisons of the waterjet pump performance between experi-
ments and simulations are conducted in order to demonstrate the ac-
curacy of numerical simulation in present study. Experimental
measurements are conducted in the laboratory of the Marine Design and
Research Institute of China. The model experimental device is shown in
Fig. 6, including the straight inlet pipe, the impeller, the diffuser and the
straight outlet pipe. The electromagnetic flow meter (with the uncer-
tainty of 0.1%) is installed upstream the impeller to measure the flow
rate (Q). The input power (T) is acquired by a torque transducer (with
the uncertainty of 0.2%). One pressure sensor (with the uncertainty of
0.2%) is installed upstream the pump with another pressure sensor (with
the uncertainty of 0.2%) installed downstream the pump. Therefore, the
pump head (H) and efficiency (1) can be derived from the total pressure
difference obtained by the two pressure sensors, and the formulations
are as follows,

H— P — Pu
24
(&)
_ pgOH _ O(po — pu)
T-w T-w
Table 2
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where py, pro is the total pressure measured at the upstream and
downstream of the pump, T is the torque measured by a torque trans-
ducer, and o is the angular speed of the impeller.

In order to validate the accuracy of numerical simulation in present
study, the total pressure should be obtained at the same locations be-
tween simulations and experiments. Therefore, the present computation
domain is made based on the experimental model, including the inlet
pipe, the impeller, the diffuser and the outlet pipe. Two monitoring
planes are assigned at the same locations where the pressure sensors are
installed in experiments, and then the corresponding total pressures can
be calculated. Besides, the torque is the integral torque from the rotating
component based on the simulation results.

The experimental performance (marked as “exp.”) and simulation
data (marked as “cal.”) are presented in Fig. 7. The calculated head is in
good agreement with the experimental head. The calculated torque is
lower than the experimental torque at the same flow rate, causing the
calculated efficiency is higher than the experimental efficiency, but both
the efficiency and the torque exhibit the same tendency between the
experiments and the simulations. The discrepancy of torque between
calculation and experiment is due to the mechanical torque, which is not
included in calculation. The discrepancy in efficiency is attributed to
two factors (Huang et al., 2015b). Firstly, the efficiency calculated based
on numerical simulation is the hydraulic efficiency, but the efficiency
measured from experiments includes the effects of the mechanical and
volumetric losses of the pump. Additionally, due to the processing de-
viations, especially at the leading edge, the simulated torque does not
match well with the experiments as shown in Fig. 7 (b). Note that the
maximum efficiency deviation is 1.4% at the off-design flow rate of Q =
0.35 m3/s. Therefore, this numerical simulation method is reliable to
predict the hydrodynamic performance, and the following study will
focus on the transient characteristics inside the waterjet propulsion
system at different conditions.

3. Results and discussions
3.1. Performance comparisons
Performances of the intake duct and the waterjet pump are analyzed

and discussed at three cruising speeds.
The performance evaluation indexes for an intake duct are hydraulic

impeller diffuser

Flow direction

Pt2

Fig. 6. Model experimental device (Li et al., 2017).

Discretization uncertainty of time-averaged absolute pressure (p) at monitoring points in Fig. 5. Point P1 and P4 are in the intake duct, point PI1 and PI4 are at the
impeller blade, point PV1, PV3 and PV4 are at the diffuser blade. The unit for the absolute pressure is Pa.

Mesh Elements P1 P4 PI1 P14 PV1 PV3 PV4
Case 1 24,280,095 —9899 83289 449107 330399 591687 358776 439294
Case 2 14,282,409 —9861 83674 456013 342590 601205 359078 440840
Case 3 8,401,417 —9796 84210 469095 346928 609058 360514 442899
GCI / 0.93% 1.47% 2.15% 2.23% 3.03% 2.88% 1.37%
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Fig. 7. Comparison of experimental and numerical results.

efficiency 7qyct, outflow nonuniformity £ and perpendicularity ¢p, which
are defined in Equation (3)~(5), where Ej; is the total energy at the inlet
plane, E,y is the total energy at the outlet plane, p is fluid density, Vi,
and Vo is the velocity magnitude at the inlet plane and outlet plane,
respectively, pin and poyt is the static pressure at the inlet plane and
outlet plane, respectively, p, is the reference pressure, V,, V, and V; is the
axial velocity, the averaged axial velocity and the tangential velocity at
the outlet plane, respectively. Note that the subscript “inlet” means the
capture area positioned one impeller diameter forward of the ramp
tangent point, the subscript “outlet” means the duct outlet plane which
is also the interface between the impeller and the duct. It is well known
that there is a stream tube separating the ingested water from the
external water in the water tank. Besides, the capture area has a slight
effect on the calculation of the duct hydraulic efficiency and can be
described by a semi-ellipse according to the investigations by Griffith--
Jones (1994). Therefore, the capture area (i.e. the duct inlet area) is
defined by a semi-ellipse which satisfies the mass conservation as shown
in Fig. 8.

B _ [[05 Vi + (ow —p)]d0 @
T =, = T05 0 Vi + (o A0
1 —
=— a— Va
) / Vo= Vel N
dA
1 . Vi
0, = 3 / Va {90 — arctan <VA) } dA ®
dA

Fig. 9 shows the performance comparisons for the intake duct at
three cruising speeds with evaluation indexes, i.e. hydraulic efficiency
Nduct, outflow nonuniformity £ and perpendicularity ¢,. Note that & is

The duct outlet

Capture area, 1.e. the duct inlet area

Fig. 8. The capture area and the duct outlet plane.

amplified 100 times for better illustration. When increasing the cruising
speed, the duct efficiency varies slightly with maximum deviation of
Andyet = 0.88%, the nonuniformity increases from & = 0.11 to £ = 0.15,
while the perpendicularity drops from ¢, = 83.72° to ¢, = 82.69°. Since
the perpendicularity ¢, represents the ratio of the flow rate in the axial
direction to the total flow rate, a large ¢, value implies the flow rate in
the axial direction plays a significant role in the main flows at the cur-
rent plane. It is widely acknowledged that the lower the nonuniformity
together with the larger the perpendicularity, so the better the outflow
quality, which also demonstrates a better inflow condition provided for
the waterjet pump. However, in this study, the outflow quality of the
intake duct becomes worse along with the augment of the cruising
speed.

In addition, the pump performances are further analyzed in Fig. 10.
The flow rate of the waterjet pump ranges from Q = 0.61 m°/s to Q =
0.65 m>/s along with the cruising speed increasing, and therefore the
pump efficiency presents a monotonic decreasing trend with a reduction
by 0.25%, as depicted in Fig. 7 (c).

3.2. Time-averaged flow features

The nonuniformity ¢ and pressure distributions are used to analyse
the time-averaged flow inside the waterjet propulsion system at three

o0 Mo

= 100¢
R 4,

120

LT
TN

LT

34 40
V., (knot)

N
O

Fig. 9. Performance comparisons of the intake duct at three cruising speeds
with evaluation indexes, i.e. hydraulic efficiency 74uct, outflow nonuniformity &
and perpendicularity ¢, Note that ¢ is amplified 100 times for better
illustration.
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cruising speeds. Three typical planes are selected as shown in Fig. 11,
where Plane 1 is located at the impeller inlet plane, Plane 2 is the
interface plane between the impeller and the diffuser, and Plane 3 is the
diffuser outlet plane.

Fig. 12 shows the nonuniformity £ comparisons at three measure-
ment planes at three cruising speeds. The nonuniformity at Plane 2 is the
largest, followed by Plane 3 and finally Plane 1. It is demonstrated that
the uniform inflow becomes very chaotic after passing through the
impeller, but the nonuniformity is improved to a large extent after the
rectification of the diffuser. With increasing the cruising speed, the
nonuniformity at Plane 1 increases from 0.11 to 0.15 with the grow rate
of 36%. It is because flows inside the intake duct become strongly tur-
bulent with the increase of the cruising speed, and this leads to the
nonuniformity increase at the Plane 1, which will be clarified in section
3.3 by depicting the transient behaviors in the duct. Moreover, the
nonuniformity at Plane 2 decreases from 0.42 to 0.38 with the reduction
rate of 9.5%, and the nonuniformity at Plane 3 decreases by 23% which
ranges from 0.22 to 0.17. This indicates the flow becomes uniform along
with the increase of the cruising speed both in the impeller and diffuser.
At the cruising speed of 45 knot, the velocity nonuniformity is alleviated
to the most extent, especially in the diffuser, which will be also discussed
in section 3.3.

Fig. 13 shows the time-averaged pressure distributions at three
measurement planes. The pressure gradually increases when the flow
passes through the impeller and then it drops slightly after the diffuser.
For three planes, the pressure increases together with the cruising speed
and it presents different pressure distribution characteristics. In Fig. 13
(a), the pressure is distributed unsymmetrically at the impeller inlet
plane (i.e., Plane 1), that is, the pressure on the left side is lower than the
pressure on the right side. Meanwhile, the velocity on the left side is
larger than that on the right side as depicted in Fig. 14 (a), which is
caused by the rotation effect of the waterjet impeller. In contrast, the
velocity distribution in Fig. 14 (b) is symmetrical at Plane 1 without the
rotation effect of the downstream impeller according to investigations in
the literature (Huang et al., 2019a). As the flow moves to the interface
plane between the impeller and the diffuser (i.e. Plane 2), the alternating
presence of high pressure and low pressure is obviously observed in
Fig. 13 (b) due to the rotor-stator interaction, and this will give rise to
strong pressure pulsation and turbulent vortex evolution which will be
analyzed in section 3.3. For the outlet plane of the diffuser (i.e., Plane 3),
since the effect of the rotor-stator interaction gradually decreases as the
flow propagates downstream, the pressure shows a similar distribution
with that at Plane 2, but the alternating phenomena of high pressure and
low pressure is not so apparent. In addition, the pressure alternating
phenomenon becomes distinct along with the augment of the cruising
speed.

The unsteady behaviours are further analyzed for the better
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Fig. 11. Location diagram of three measurement planes.
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Fig. 13. Time-averaged pressure distributions at three measurement planes: (a)
Planel; (b) Plane2; (c) Plane3.
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Fig. 14. Time-averaged velocity distributions at the Plane 1: (a) with the
impeller; (b) without the impeller.

understanding of the transient internal flows of the propulsion system at
different cruising speeds.

3.3. Unsteady internal flows

Since the pressure fluctuation induced by the complex internal flows
in the waterjet propulsion system is a major source of the noise and the
hull vibrations, it is of great significance to analyse the characteristics of
pressure fluctuations at various cruising speeds. Several monitoring
points are selected in the intake duct, the impeller blade and the diffuser
blade, as shown in Fig. 5.

Besides, the pressure coefficient ¢, is used to analyse the pressure
fluctuations with the definition as follows,

c _Pi—Po
P 0.5pV3

(6)

where p; presents the instantaneous value of static pressure at a moni-
toring point, py is the averaged pressure at the impeller inlet plane, Vs is
the circumferential velocity at the impeller exit, Vo = 2anR,/60 with Ry
defined as the radius of the blade tip at the exit and n defined as the
rotation speed.

Current simulations for each case are performed for approximately
25 rotation cycles. Flow statistics are sampled about 25 rotation cycles
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with the initial flow data corresponding to about 10 cycles rejected. Fast
Fourier Transform is taken for the following 15 cycles.

3.3.1. Impeller

In the impeller, four monitoring points (PI1~PI4) are selected to
analyse the pressure fluctuations by performing Fast Fourier Transform
for the 15-cycle data. Fig. 15 shows the frequency spectrums of four
monitoring points at various cruising speeds. It is along the flow direc-
tion from point PI1 to point PI4. The frequency spectrum shows the
similar distribution among various cruising speeds. For a specific
cruising speed, the impeller rotating frequency (f,) together with its
harmonic frequencies are clearly observed at point PI1, and the pressure
amplitudes of the impeller rotating frequency (f,) and its harmonic
frequencies decrease dramatically at PI2~PI4 along with the fluid
moving downstream.

As the dominant frequency in the impeller is the impeller rotating
frequency, the instantaneous distributions of the turbulent kinetic en-
ergy and pressure on the blade pressure surface are given in Fig. 16 and
Fig. 17. It is seen that the distributions of the turbulent kinetic energy (k)
and pressure (p) are different on the pressure surface when the blade
rotates to different positions.

As shown in Fig. 16 (a), a high-k region is mainly distributed at the
blade tip and close to the blade leading edge (LE), and there is a high-p
region near the blade leading edge (LE) and a low-p region near the
blade trailing edge (TE). The high-k region decreases at ty+1/6T and
then increases at to+2/6T. From ty+3/6T to ty+5/6T, the high-k region
gradually decreases, and the evolution cycle of the turbulent kinetic
energy corresponds to the impeller rotation cycle (T = 1/f;). With the
impeller rotating, the high-p region generally increases until t,+2/6T,
and then decreases from ty+3/6T to tp+5/6T. Meanwhile, the minimum
pressure value also increases from tj to tp+3/6T, and subsequently the
low-p region presents again at tp+4/6T and to+5/6T. The pressure
variation is strongly connected with the periodic inflows as shown in
Fig. 18. Although the velocity distribution at Plane 1 presents larger
values on the lower side and smaller values on the upper side during one
cycle, the flow structures (named as A) would change periodically. Be-
sides, the periodic inflows are extensively discussed in section 3.3.2 by
depicting the normalized helicity in the intake duct. Note that the
pressure is varied in the same pace with the inflow from the intake duct
with the evolution cycle corresponding to the impeller rotation cycle (T
= 1/f)-

3.3.2. Intake duct

Fig. 19 shows the pressure fluctuations of points P1~P4 inside the
intake duct at three cruising speeds. It is in the flow direction from point
P1 to point P4. At the cruising speed of 34 knot and 40 knot, the
dominant component of the pressure fluctuation is sixth impeller
rotating frequency (6f,,) together with its harmonic frequencies (12f,) at
the impeller inlet plane, and it is caused by the interaction between the
rotating impeller and the static intake duct. Some components are
observed near the 1.5 times impeller rotating frequency (1.5f,), but
these signals are not strong enough to constitute the dominant compo-
nent at speeds of 34 knot and 40 knot. When the cruising speed reaches
45 knot, internal flows become more complex inside the intake duct.
Meanwhile, the sixth impeller rotating frequency (6f;) and its harmonic
frequency (12f,) resulting from the rotor-stator interaction are not the
dominant components of the pressure fluctuation. Instead, the impeller
rotating frequency (f,) is very strong and becomes the dominant
component, indicating that the flow inside the intake duct is periodic
with the same frequency as the impeller (i.e., fy).

Furthermore, the normalized helicity H;, is introduced to capture the
periodic flows and vortex motions with the definition in Equation (7)
(Roth, 2000).

Ve (VxV)
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Fig. 15. Pressure fluctuations of four monitoring points in the waterjet impeller at the cruising speed of (a) 34 knot, (b) 40 knot and (c) 45 knot.

o

Fig. 16. Instantaneous distributions of the turbulent kinetic energy k at the
cruising speed of 45 knot: (a) ty; (b) to+1/6T; (c) to+2/6T; (d) to+3/6T; (e)
to+4/6T; (f) to+5/6T.

p HEENTT T [Pa]

Fig. 17. Instantaneous distributions of the pressure on the blade at the cruising
speed of 45 knot: (a) to; (b) to+1/6T; (c) ty+2/6T; (d) to+3/6T; () to+4/6T; (f)
to+5/6T.

where V is the velocity, V x V is the vorticity. The normalized helicity
H, varies from —1 to +1. H;, > 0 means the vortex motion is promoted
and H, < 0 indicates the vortex is suppressed.

Fig. 20 shows the instantaneous H,, distributions at the mid-plane of
the intake duct during one impeller rotation cycle. At the cruising speed
of 34 knot and 40 knot, the helicity distribution shows almost no vari-
ation at the mid-plane during one impeller rotation cycle as depicted in
Fig. 20(a) and (b). At the speed of 34 knot, the normalized helicity

Velocity IS~ Tl [m/s]
6 17

(@ (b)

(d) (e ®

Fig. 18. Instantaneous distributions of the velocity at the Plane 1 at the
cruising speed of 45 knot: (a) to; (b) to+1/6T; (c) to+2/6T; (d) to+3/6T; (e)
to+4/6T; (f) to+5/6T.

exhibits negative values in most regions, especially above the rotating
shaft, indicating the vortex is suppressed in the intake duct. When the
cruising speed is increased to 40 knot, the positive helicity exhibits near
the upper side of the duct, so the vortex structures are enhanced. Be-
sides, at the speed of 45 knot in Fig. 20 (c), the helicity distribution
becomes disordered together with several positive and negative helicity
regions above the rotating shaft, and thus the internal flow gets more
complex, resulting in a larger nonuniformity at the Plane 1 in Fig. 12. It
is observed that the positive helicity region (marked with a red dashed
square) is not only enlarged in time but also moves downstream in space.
Note that the helicity distribution is the same at t = T4 with that at t = T,
demonstrating that the positive helicity moves periodically and the
frequency corresponds to the impeller rotating frequency (f,), which is
consistent with the illustrations in Fig. 19 (c).

3.3.3. Diffuser

Four points are selected at the diffuser blade to analyse the pressure
fluctuations by performing Fast Fourier Transform for the 15-cycle data.
Fig. 21 shows the pressure frequency spectrums of the four monitoring
points at various cruising speeds. For points PV1 and PV2, the dominant
frequency is sixth impeller rotating frequency (6fy). It is because these
two points are near the rotating impeller and effected by the rotor-stator
interaction. Along with the fluid moving downstream, the effect of the
rotor-stator interaction becomes weaker, and thus the pressure ampli-
tude of point PV2 is much smaller than the pressure amplitude of point
PV1. When the fluid sequentially propagates to point PV3 and PV4, the
frequency spectrums present very complex signals. At the cruising
speeds of 34 knot and 40 knot, the dominant frequency is 1.5f,, and the
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Fig. 19. Pressure fluctuations of point P1, P2, P3, P4 inside the intake duct at the cruising speed of (a) 34 knot, (b) 40 knot and (c) 45 knot.
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Fig. 20. Instantaneous H, distributions at the mid-plane of the intake duct at three cruising speeds: (a) 34 knot, (b) 40 knot and (c) 45 knot.
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Fig. 21. Pressure fluctuations of four monitoring points in the diffuser at the cruising speed of (a) 34 knot, (b) 40 knot and (c) 45 knot.
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corresponding amplitude is much smaller for point PV4 when compared
with that of point PV3. This dominant frequency is resulted from the
vortex evolution in the diffuser passage, the vortex is of great strength at
point PV3 and then gradually sheds off at point PV4, which will be
further illustrated in Fig. 22.

The frequency spectrums are similarly distributed for 34 knot and 40
knot, and the dominant frequency is 1.5f,. In contrast, the dominant
frequency is 2f, when the cruising speed reaches 45 knot. Based on the
analyses of the flow characteristics in the intake duct as shown in
Figs. 19 and 20, the vortex evolution is periodic inside the intake duct at
45 knot with the component of 2f;, this is attributed to the upstream
propagation of the pressure pulsation at point PV3 and will be discussed
in section 3.3.4.

In order to clarify the demonstration above, the Q-criterion (Hunt
etal., 1988) is adopted to show the unsteady characteristics of the vortex
structures in the diffuser passage. It is defined in Equation (8), where VV
is the velocity gradient tensor and it can be decomposed into two parts, i.
e., the symmetric part A and the anti-symmetric part B, a and b are the
squares of the Frobenius norm of A and B. The Q criterion is the dif-
ference of the symmetric part A and the anti-symmetric part B, which is
also the second invariant of the velocity gradient tensor.

VV:%(VV+VVT)+%(VV—VVT) =A+B

a = trace (ATA), b = trace (BTB) (€]

1
in(b*a)

Fig. 22 shows the vortex evolution at the cruising speed of 40 knot by
using the iso-surface of Q = 3.5 x 10°%s72. At t = t;, two vortex structures
can be observed in the diffuser passage. Vortex A is close to the blade
leading edge (LE), and vortex B is in the middle of the blade. At t = ty+1/
6T, vortex A is enlarged and moving downstream with vortex B shedding
off from the blade trailing edge (TE). At the same time, there is a new
vortex B’ generating at the blade leading edge (LE) with a small struc-
ture. At t = top+2/6T, vortex A moves to the blade trailing edge and then
vanishes at t = ty+3/6T as shown in Fig. 22 (d), while vortex B’ grad-
ually develops with a large structure and continues to transport at the
middle of the blade as shown in Fig. 22 (d). It is noted that the vortex
structures at t = tp+3/6T are distributed similarly with that at t = ¢,.
Therefore, the vortex evolution cycle is 2/6T in diffuser passage, and this
would lead to corresponding pressure pulsation phenomenon. The fre-
quency for the vortex evolution is approximately 1.5f,, which is
consistent with the component of the pressure spectrum analysis in
Fig. 21 (b).

The vorticity transport equation is used to give a deep insight into the
mechanism of the vortices movement in the diffuser passage.

—
()

D=

—

V) +Vp><Vp

(BeV)V —B(Ve ot v+ )V ©

In Equation (9), the first term on the right-hand-side (RHS) is the
vortex stretching term by the velocity gradients, which represents the
stretching and tilting of a vortex. The second term on the RHS is the
vortex dilation due to volumetric expansion/contraction. The third term
on the RHS is the baroclinic torque due to the misaligned between

density and pressure gradients. Note that the second and third terms are

Flow direction

(b)
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zero in present study since the fluid here is assumed to be incompressible
and there is no density variation in the flow field. The last term on the
RHS is the viscous dissipation due to viscous diffusion of the vorticity.
The last term has a much smaller effect on the vorticity transport than
the other terms in high Reynolds number flow, and thus it can be
neglected (Huang et al., 2015a; Ji et al., 2015; Ye et al., 2019). There-
fore, only the vortex stretching term is discussed in present study.

A section plane is selected through point PV3 since the pressure
amplitude at point PV3 is the strongest as shown in Fig. 21. Fig. 23
presents the transient contours of the vortex stretching term on the
diffuser blade, the hub, and the cross-section plane. It is seen that the
vortex stretching term on the blade and the hub is much larger than that
distributed on the section plane, since the vorticity magnitude is larger
on the walls and it quickly diminishes as the normal distance from the
wall increases. With combined analyses from Fig. 22, large vortex
stretching regions are located at the diffuser inlet, at the diffuser blade
and close to the hub, which corresponds to the positions of vortex A and
vortex B at t = ty. At tp+1/6T, the high-value region on the section plane
is enlarged while the high-value region on the hub becomes smaller,
indicating the vortex structure would lead to strong deformation when
passing through the section plane and the vortex strength decreases
dramatically with a smaller vortex B’ generated at the diffuser inlet.
With the developing of vortex B’ and the moving downstream of vortex
A at tp+2/6T, the stretching term becomes strong on the hub and drops a
lot at the section plane. Meanwhile, the high-value region at the diffuser
blade is strongly distributed at the blade LE and the interface of vortex
structures as shown in Fig. 22,indicating that the distribution of the
vortex stretching term are consistent with the vortex location.

Based on those vortex behaviours, the unsteady vortex evolution in
the diffuser would make great contributions to the pressure pulsation at
point PV3 and PV4. The vortex would generate at the diffuser inlet,
developing and moving downstream, and disappear at the diffuser exit.
The distribution of the vortex stretching term are consistent with the
vortex location, and it is of great significance to the vorticity transport.

3.3.4. Pressure fluctuation propagation

The propagations of the pressure fluctuation are shown in Fig. 24
with the dominant frequency listed in Table 3. The pressure fluctuates
intensively in the impeller with the dominant frequency of the impeller
rotating frequency (f,), and the amplitude of the pressure pulsation
gradually decreases in the streamwise direction with the largest ampli-
tude near the impeller inlet. Note that the amplitude of the dominant
frequency in the impeller (f,) is above 0.01. In contrast, the amplitude of
1.5f, in the impeller at 40 knot is around 10~* except point PI1, the
amplitude of 2f, in the impeller at 45 knot is around 10~3, indicating
that the amplitude of the low-frequency component in the impeller is
about two orders of magnitude smaller. Therefore, only the dominant
frequency spectrum is depicted in Fig. 15. Basically, the pressure vi-
bration in the intake duct is very small, and only the f;, component at
high speed (i.e. 45 knot) seems dominant.

For the cruising speeds of 34 knot and 40 knot, the dominant fre-
quency of the pressure fluctuation is the sixth impeller rotating fre-
quency (6f,) in the intake duct and near the diffuser inlet due to the
effect of the rotor-stator interaction, while the dominant frequency is
1.5f, near the diffuser outlet which is induced by the transient vortex
evolution in the diffuser passage, as depicted in Figs. 22 and 23. As

(c)

Fig. 22. Vortex development at several instants at the cruising speed of 40 knot: (a) to; (b) to+1/6T; (c) to+2/6T; (d) ty+3/6T.
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Fig. 23. Instantaneous contours of the vortex stretching term at 40 knot: (a) to; (b) to+1/6T; (c) to+2/6T; (d) to+3/6T.

shown in Fig. 24 (a), this component of 1.5f, from the vortex is also
observed in the impeller and the intake duct.

When the cruising speed reaches 45 knot, the rotor-stator interaction
still makes contribution to the pressure pulsations in the diffuser inlet
with the dominant frequency of the sixth blade passing frequencies (6f,),
but the dominant frequency is 2f; near the diffuser outlet caused by the
unsteady vortex development. As depicted in Fig. 24 (b), the signal of 2f;
is also captured in the upstream, i.e. the impeller and the intake duct,
while the amplitude of the pressure fluctuation decreases gradually.
However, due to the effect of the impeller rotation, the flow inside the
duct presents a periodic vortex motion called as prewhirl flow in Fig. 20,
and the dominant frequency herein is the impeller rotating frequency

(fo)-
4. Conclusions

In this paper, the unsteady flows in a waterjet propulsion system are
investigated at various cruising speeds by analyzing the propulsion
performance, time-averaged internal flows, pressure fluctuations and
vortex evolutions. Conclusions are drawn as follows:

(1) The numerical methodology used in this study includes the
Reynolds-Averaged Navier-Stokes (RANS) equation with the SST
k-w turbulence model, a sliding mesh technique. The hydrody-
namic performance predicted by the present numerical approach
is in good agreement with the available experimental data.

(2) In the intake duct, the augment of the cruising speed would lead
to an increase in the nonuniformity and a reduction in the
perpendicularity together with a slight variation in the hydraulic
efficiency, indicating a worse inflow condition provided for the

12

3)

@

(5)

waterjet pump. Besides, the efficiency of the waterjet pump de-
creases by 0.25% when the cruising speed increases from 34 knot
to 45 knot.

For the time-averaged flows, the pressure together with the
nonuniformity increases when the flow passes through the
impeller and then it drops after the diffuser. The pressure distri-
bution is unsymmetrical at the impeller inlet plane due to the
rotation effect of the impeller. The alternating presence of high
pressure and low pressure is observed at the inlet and outlet
planes of the diffuser with higher pressure at the diffuser inlet,
and the pressure alternating phenomena becomes distinct along
with the increase in the cruising speed.

The pressure fluctuates intensively in the impeller with the
dominant frequency of the first impeller rotating frequency (f,),
and it gradually decreases in the streamwise direction with the
largest amplitude near the impeller inlet. The rotor-stator inter-
action would cause a high-frequency component of sixth impeller
rotating frequency (6f,) in the intake duct and near the diffuser
inlet. Besides, a component having the frequency of 1.5f, at 34
knot and 40 knot, and 2f;, at 45 knot is generated by the unsteady
vortex evolution in the diffuser passage, which is also captured in
the upstream intake duct and impeller. Analyses based on the
vorticity transport equation demonstrate that the vortex
stretching term makes a great contribution to the vorticity dis-
tribution and evolution in the diffuser.

At the cruising speed of 45 knot, the flow inside the duct is
strongly affected by the impeller rotation and presents a periodic
prewhirl motion with the dominant frequency of the first impeller
rotating frequency (fy,).
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Fig. 24. Pressure fluctuation propagations in the waterjet propulsion system with a high-frequency component (6f,,) and a low-frequency component (1.5~2f,).

Table 3
Dominant frequency of the pressure fluctuation in the waterjet propulsion
system.

Domain 34 knot 40 knot 45 knot
Intake duct 6fn 6fn (1.5f1) fa
Impeller fa fa fa
Diffuser PV1, PV2 6fn 6fn 6fn
PV3, PV4 1.5f, 1.5f, 2fn
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Nomenclature

BEM Boundary Element Model

DOF Degree-of-Freedom

ITTC International Towing Tank Conference
LE Leading Edge

TE Trailing Edge

PS Pressure Surface

RANS  Reynolds-Averaged Navier-Stokes
RMS Root Mean Square

RHS Right-Hand-Side

SAS Scale-Adaptive Simulation

SPIV Stereo Particle Image Velocimetry
SS Suction Surface
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TLV Tip Leakage Vortex

UDS User-Defined Scalar

VOF Volume of Fluid

cp Pressure coefficient

D Duct diameter, D = 244 mm

Ein Total energy at the inlet plane positioned one impeller diameter forward of the ramp tangent point
Equt Total energy at the outlet plane

fa Impeller rotating frequency

H, Normalized helicity

k Turbulent kinetic energy

n Rotation speed

Din, Dout  Static pressure at the inlet plane and outlet plane, respectively

Dr Reference pressure

pi Instantaneous value of static pressure at a monitoring point

Po Averaged pressure at the impeller inlet plane

Ry Radius of the blade tip at the exit

Vo Circumferential velocity at the impeller exit, Vo = 2anRy/60

Va, Va V¢ The axial velocity, the averaged axial velocity and the tangential velocity at the outlet plane, respectively
Vin, Vour Velocity at the inlet plane and outlet plane, respectively

Vit Local velocity at the inlet plane of the water tank with a distance of y;) from the hull
Vs Ship cruising speed

8 Thickness of the hull boundary layer

Lin The distance from the domain inlet plane to the inlet, Ly, = 25D

Re Reynolds number, Re= ViLi,/v

v Fluid kinematic viscosity

Q Flow rate

Q criterion The second invariant of the velocity gradient tensor

duct Hydraulic efficiency

£ Outflow nonuniformity
o Perpendicularity

P Fluid density
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