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As an important overcurrent component in a waterjet propulsion system, the inlet passage is used to connect the propulsion pump
and the bottom of the propulsion ship. The anticavitation, vibration, and noise performance of the waterjet propulsion pump are
significantly affected by the hydraulic performance of the inlet passage. The hydraulic performance of the inlet passage directly
affects the overall performance of the waterjet propulsion system, thus the design and optimization method of the inlet passage is
an important part of the hydraulic optimization of the waterjet propulsion system. In this study, the hydraulic characteristics of
the inlet passage in the waterjet propulsion system with different flow parameters and geometric parameters were studied by a
combination of numerical simulation and experimental verification. The model test was used to verify the hydraulic characteristics
of the waterjet propulsion system, and the results show that the numerical results are in good agreement with the test results. The
numerical results are reliable. The hydraulic performance of the inlet passage is significantly affected by the inlet velocity ratio.
There is a certain correlation between the hydraulic performance of the inlet passage and ship speed, and the hydraulic per-
formance of the inlet passage is limited by ship speed. The geometric parameters of the best optimization case are as follows: the
inflow dip angle « is 35°, the length L is 6.38 Dy, and the upper lip angle is 4°. The optimal operating conditions are the conditions of

IVR 0.69-0.87.

1. Introduction

The waterjet propulsion system propels vessels by a reaction
force generated by high-speed jetting of the water stream.
Sucking water from the bottom of the vessel, the waterjet
propulsion system accelerates the water flow by the pro-
pulsion pump and obtains thrust by the change of mo-
mentum. Waterjet propulsion system has been widely used
in civil and military applications because of its high system
efficiency, strong anticavitation ability, excellent maneu-
verability, stable operation, low noise, etc. [1, 2]. In last
decades, the demand for waterjet propulsion has gradually
increased. Many experts have done a lot of work on the
simulation of the waterjet propulsion system [3-5], the
navigation test [6, 7], the interaction between the waterjet
propeller and the hull [8, 9], and the overall design of the
waterjet propulsion system [10, 11] and obtained a number
of useful results.

However, the waterjet propulsion technology still has the
following disadvantages: in shallow water navigation, the
waterjet propulsion system is prone to the risk of inhaling
gravel. For ships that frequently sail in shallow waters, in
order to prevent debris from entering the waterjet pro-
pulsion pump and damaging the waterjet propulsion system,
the intake grid is usually installed at the inlet of the inlet
passage to ensure the normal operation of the propulsion
system [12].Wang et al. [13] conducted a numerical simu-
lation study on the effect of inlet grid on duct flow per-
formance and waterjet propulsion performance. The study
indicates that inlet grids can reduce the duct flow perfor-
mance and also reduce waterjet propulsion performance.
Chang et al. [14] employed the CFD method to make a
numerical simulation of the flow through a whole waterjet
propulsion system and obtained the precise hydrodynamic
force of waterjet intake grid. The real reason why the grid
was broken is provided in the paper.
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The steering device is mounted downstream of the
nozzle, which can deflect the jet in order to create steering
and reversing forces. However, the traditional steering
device is insensitive and has poor hydrodynamic perfor-
mance [15]. Fang et al. [16] and Pandey and Hasegawa [17]
used simulation and experiment methods to predict and
analyze the maneuvering performances and thrust char-
acteristics of vessels, respectively. Nowadays, there are
many researches on the steering device of the waterjet
propulsion system [15, 18]. The fluidic thrust vector control
technologies in the aviation field also provides a new re-
search direction for the reversing device of waterjet pro-
pulsion [19, 20].

Due to the influence of wave parameters, length of the
ship, wind resistance on the hull, etc., the stall will occur
when the ship is running. There are two types of ship stalls,
including wind wave stall and rotating stall [21, 22]. Cheng
and Qi [23] found that there is a rotating stall region, the so-
called unstable head curve, when many propulsion pumps
are operated. This region should be usually avoided for the
risk of instabilities during pump starting and operation. Xia
et al. [24] analyzed the rotating stall at a low flow rate and
suppressed it with separators. The results shows that the flow
pattern near the inlet of the propulsion pump and the ve-
locity distribution in the passage are improved when a
separator is installed.

The waterjet propulsion pump system is mainly com-
posed of inlet passage, waterjet propulsion pump, nozzle,
and so on. The waterjet propulsion pump is the core part of
a waterjet propulsion system. Tan et al. [25, 26], He et al.
[27], and Wang et al. [28] have done relevant work on the
hydraulic performance of mixed-flow pumps and centrif-
ugal pumps. The research results can provide guidance for
the optimization of waterjet propulsion pumps. The flow
pattern, especially vortex structures like tip leakage vortex,
is of crucial importance to the performance of waterjet
pump. Liu and Tan [29, 30] and Hao and Tan [31] have
done a lot of research on the evolution and development of
tip leakage vortex and obtained a number of useful results
which can provide theoretical guidance for the further
study of tip leakage vortex. The inlet passage is used as an
overflow passage connecting the propulsion pump and the
bottom of the propulsion ship. The anticavitation, vibra-
tion, and noise performance of the waterjet propulsion
pump are significantly affected by the hydraulic perfor-
mance of the inlet passage. Previous studies [10, 32, 33]
have shown that the power loss at the intake of the waterjet
propulsion system accounts for 7%~9% of the total power
of the system. The hydraulic loss of the inlet passage mainly
includes the flow separation loss of the inlet, the con-
striction loss of the flow channel, the blockage loss, and the
friction loss. Ding and Wang [34] and Wang et al. [35]
performed numerical simulation calculations on flow loss
of inlet passage of marine waterjets and energy loss of
centrifugal pump, respectively. Jung et al. [36] made ste-
reoscopic particle image velocimetry measurements in a
wind tunnel using a prototype waterjet model. They ob-
served a pair of counter-rotating vortices in the mean
velocity field at the nozzle exit, due to the variation in
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intake geometry from a rectangular to a circular section
and because of the sudden curvature change on the lip side.
Gong et al. [37] used vehicle-mounted three-dimensional
underwater particle image velocimetry (PIV) device is in a
towing tank to measure the velocity distribution of the inlet
passage of a waterjet ship model in a self-propulsion test.
The results could help to establish the design requirements
for a waterjet-propelled ship type.

The design and optimization method of the inlet pas-
sage is an important part of the hydraulic optimization of
the waterjet propulsion system, and its hydraulic perfor-
mance directly affects the overall performance of the
waterjet propulsion system [38-40]. The uneven outflow of
the inlet passage will cause periodic pulsation of the
propulsion pump, induce vibration, and reduce the effi-
ciency of the propulsion pump. Reasonable design and
optimization of the inlet passage is conducive to improving
the efficiency of the waterjet propulsion system. Therefore,
it is of great significance to design and optimize the inlet
passage, shorten the design cycle, and improve the hy-
draulic performance of the waterjet propulsion system. In
this study, based on CFD simulation and experiment, the
hydraulic optimization of the inlet passage of the waterjet
propulsion system was carried out by using CFX software.
The hydraulic performance and internal flow law of the
inlet passage were analyzed. The hydraulic performance of
the inlet passage is optimized based on flow parameters
such as inlet velocity ratio and ship speed and geometric
parameters such as length, inflow dip, and lip angle
configuration.

2. Numerical Calculation

2.1. Numerical Model. As shown in Figure 1, the inlet
passage of waterjet propulsion system can be divided into six
components: the horizontal straight pipe section, the bent
section, the inclined straight pipe section, the slope section,
the lip, and the impeller shaft. A well-designed inlet passage
needs to ensure that the six components are connected
smoothly and without sudden change and that the sections
from the intake surface to the outlet of the inlet passage
shrink continuously.

In order to design the inlet passage with lower re-
sistance coeflicient and reduce the hydraulic loss of the inlet
passage, the following principles should be followed in the
design of inlet passage: (1) the hydrodynamic performance
of the inlet passage should be guaranteed to be superior; (2)
the inlet passage should be adapted to the hull structure size
and meet the installation requirements of the waterjet
propulsion system; (3) high efficiency and short cycle in the
design of the inlet passage should be guaranteed. As shown
in Figure 2, the two-dimensional geometric model of the
inlet passage is associated with thirteen parameters, where
L; denotes the control parameter of the horizontal straight
line section, L, and L; denote the control parameter of the
curve section, Ls and L denote the control parameter of the
slope curve section, L; denotes the control parameter of the
length of the horizontal inlet, Ly and Ly denote the control
parameter of the lip curve section, L, and L, denote the
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FIGURE 1: 3D model of inlet flow channel. * @, horizontal straight
pipe section; @, bent section; ®, inclined straight pipe section; @,
slope section; ®, lip; ®, impeller shaft.
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FIGURE 2: 2D structure sketch of inlet passage.

control parameter of the inclined straight line section. D,
denotes outlet diameter of the inlet passage, and D; denotes
diameter of the impeller shaft. Among them, Ls and Lo
control slope and lip to be, respectively, tangent to the
inclined straight line section. Ls and Lg control slope and lip
to be, respectively, tangent to the inlet section. Table 1
presents the basic geometrical parameters of the inlet
passage.

2.2. Control Equations and Turbulence Model.
Reynolds-averaged N-S equation and continuity equation
were selected to describe the 3D incompressible viscous flow.
The continuity equation is as follows:

ou,
—=0.
ox; (1)

1

The momentum conservation equation is as follows:

a(P”i)+a(p”i”j) F 8p+i[ (a”i_'_%)]

ot ox; ' ox, ox;|"\ox; ox

J

(2)

where p represents the water density (m’/s), u; and u;
represent the velocity component of fluid in the i and j
directions (m/s), t represents the time (s), p represents the
pressure (Pa), F; represents the volume force component in
the i direction (N), p represents the dynamics viscosity
coefficient, and x; and x; represent the coordinate
component.

In order to solve the N-S equations, the turbulence
model was introduced into numerical calculation to make
the equation closed. The k-¢ and k-w are two commonly
used turbulence models in calculation. Although the tur-
bulence model can predict turbulent motion, the simula-
tion results of different turbulence models will be slightly
different. In order to select a more suitable turbulence

model, the numerical simulations were carried out for the
three commonly used turbulence models Standard k-,
RNG k-¢, and SST k-w. Comparing the results of calcu-
lations employing different turbulence models with the
experimental results [1], the results show that the SST k-w
model is more consistent with the experimental results.
Besides, the convergence accuracy of the calculation
employing SST k-w model is higher. The SST k-w turbu-
lence model is a viscous two-equation turbulence model
established on Boussinesq hypothesis, which combined
both the advantage of k-w model simulation in boundary
layer and the advantage of k-w model simulation in the free
flow region. Hence, the SST (shear stress transport) k-w
model was used in this study.

2.3. Grid-Sensitivity Analysis. Figure 3 depicts the entire
computational domain. Besides the original inlet passage,
the additional part is the water body below the hull. Liu et al.
[4] simulated the flow control volume of waterjet propulsion
by CED from three dimensions of depth, width, and length,
respectively, and compared and analyzed the distribution of
physical properties such as flow, power, and thrust and
internal flow field velocity. Finally, the results prove that the
reasonable size of water body is 30D, * 10D, * 8Dy, where D,
is the diameter of inlet passage outlet.

The entire computational domain is generated with
hexahedral structured grids by ICEM software. The near-
wall mesh of the inlet passage and water body are refined,
and the Y+ value is controlled within the range of 30-100.
The angle of all grids is greater than 18°, and the grid quality
is better. The grid and Y+ contour of the inlet passage
domain are shown in Figure 4.

A grid-sensitivity study was carried out to assess the
required grid density. Several grids sizes were considered,
ranging from a total number of cells of 2.31 x 10° up to
2.85x10°. While changing the grid density, the y+ values
were guaranteed to meet the computational requirements.
Table 2 presents grid combination cases for different
computational domains.

Figure 5 shows grid sensitivity analysis of the entire
computational domain. The hydraulic loss and the pres-
sure coefficient were normalized with respect to its value
calculated with Grid 1(grid number =2.3 million), where
Ahrepresents the hydraulic loss of the inlet passage. The
pressure coefficient C, is used to describe the static
pressure distribution on the wall of the inlet passage. C, i,
represents the minimum cavitation number of the middle
section in the inlet passage. From the figure, when the
number of grids of the overall calculation domain reaches
2.62 million, the fluctuation of hydraulic loss error and C,
error are very small. Theoretically, with the increase of the
number and density of grids, the calculation accuracy will
generally be improved. However, as the number of grids
increases, the requirement for computer configuration
increases and the computing speed also slows down.
Therefore, the final grid number of entire computational
domain is 2619654.

The formula for the hydraulic loss Ah is as follows:
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TaBLE 1: Basic geometrical parameters of the inlet passage.

Geometric parameter Value Geometric parameter Value
Outlet diameter of the inlet passage D, 220 mm Diameter of the impeller shaft D; 30 mm

L 0.68D, L, 0.68D,

L 0.68Dg Ly 1.36D,

Ls 2.27D, Ls 1.14D,

L, 2.59D, Lg 0.36D,

Lo 0.40D, Lio 0.85D,
Dip angle of the inlet passage o 23°

Outlet2
Inlet passage
D 0
N
Inlet
Outletl /

Lwater = 30D0 Bwater = 10D, 0

FIGURE 3: Computational domain.

(a) (b)
Y plus contour 1

1.000e + 002
9.300e + 001
8.600e + 001
7.900e + 001
7.200e + 001
6.500e + 001
5.800e + 001
5.100e + 001
4.400e + 001
3.700e + 001
3.000e + 001

_‘

(©)

FIGURE 4: Grid and Y+ contour of the inlet passage domain. (a) Surface mesh of inlet passage outlet. (b) Inlet passage. (c) Y+ contour.

TaBLE 2: Grid number.

1 2 3 4 5

Inlet passage 1251792 1391142 1556688 1689825 1790217
Water body 1062966 1062966 1062966 1062966 1062966




Advances in Materials Science and Engineering

1.050

1.025 -
1.000
0.975

0.950

Ah/Ah,

0.925
0.900 -

0.875 |-

0.850 X 1 X 1 X 1 X 1 X 1
2.3 24 2.5 2.6 2.7 2.8 2.9

Grid number (million)

(a)

FiGure 5: Grid sensitivity analysis. (a) Hydraulic loss. (b) Pressure coefficient C,,.
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where AP is the pressure difference between inlet and outlet
of inlet passage (in Pa).
The pressure coefficient C, is defined as

_P_Pref (4)

€p= (1/2)pv?’

where P is instantaneous pressure (in Pa), P, is reference
static pressure (in Pa), and v, is the ship speed (in m/s).

2.4. Boundary Conditions. The inlet of the water body was
set as the inlet boundary of the entire computational do-
main, and the velocity inlet boundary condition was applied
at the computational domain inlet. The inlet inflow velocity
equals to ship speed 10m/s. However, when setting the
velocity inlet boundary condition, the Wieghardt equation
was used to set the actual inlet velocity due to the influence of
hull boundary layer [4]. The nominal turbulence intensities
(with value equals to 5%) was used at the inlet boundary
condition. The outlet of the water body and the inlet passage
were set as the outlet boundary. An average static pressure
outlet boundary condition was applied with 1atm at the
water body outlet, and the mass flow rate was adopted as the
outlet boundary of the inlet passage. No slip condition was
applied at solid boundaries. The convergence precision is set
to 107>, and the high resolution scheme was used for the
convection terms.

The different mass flow rate at the outlet of the inlet
passage was set by changing the inlet velocity ratio IVR. The
inlet velocity ratio (IVR) is an important parameter to
describe the hydraulic characteristics of the inlet passage.
IVR refers to the ratio of the ship speed to the averaged axial
outflow velocity at the passage outlet. The averaged axial
outflow velocity at the passage outlet is an important pa-
rameter to describe the flow phenomena in the inlet, where
the speed is changed from the ship speed to the pump
velocity. IVR is defined as follows:

5
1.050
1.025 |-
1,000 fo i
g
g NG
©70.975 vt DN :
4 L e e e e
UQ.
0.950 f---:
0.925 -
0.900 . 1 . 1 . 1 . 1 . 1
2.3 2.4 2.5 2.6 2.7 2.8 2.9
Grid number (million)
(b)
IVR = Vpassage (5)

Vs

where V0. 15 the averaged axial outflow velocity at the

passage outlet (in m/s) and v, is the ship speed (in m/s).

3. Experimental Setup

A sketch of test rig is shown in Figure 6, which was designed
by Bulten [1]. The model scale test rig was made up of a
model scale inlet passage and a cavitation tunnel. The actual
waterjet pump is not included in the test rig, but the impeller
shaft, with a diameter of 22 mm, is included in the test rig.

The inlet diameter of the model scale inlet passage is
150 mm. The velocity distribution of the impeller plane, at a
cross-sectional plane just upstream of the pump, was
measured with a 3-hole Pitot-tube. Experiments have been
carried out with a constant tunnel speed Vi ,nne 0f 8 m/s. The
tunnel Viynne Was equal to the ship speed Vip. Upstream of
the inlet an serrated edge is applied to thicken the natural
tunnel wall boundary layer. The shape of the edge is selected
after an extensive test procedure. During the tests, the
growth of the boundary layer thickness and the smoothness
of the profiles were evaluated.

Figure 7 shows the comparisons between numerical and
experimental results of the axial velocity distribution at the
inlet passage outlet. The experiments and numerical simu-
lations were carried out under the condition with the IVR of
0.6. In the experiment, the inlet mass flow of the tunnel was
adjusted to obtain the required IVR values. Based on a
survey of the available (confidential) experimental and
numerical data, it is concluded that within the design space
for commercial applications, all possible inlet geometries
show more or less the same type of velocity distribution in
Bulten’s [1] research. According to the comparison between
the experimental results and the numerical results in this
paper, the distribution trend of the axial velocity is con-
sistent, which shows that the results of numerical simulation
are relatively reliable and the SST k-w model selected in this
paper is credible.
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FIGURE 6: Sketch of the test setup with inlet mounted on top of the cavitation tunnel [1].

(b)

FIGURE 7: Comparisons between numerical and experimental results of the axial velocity distribution at inlet passage outlet. (a) Ex-

perimental result (Bulten). (b) Numerical result.

4. Optimal Design of Inlet Passage

4.1. Optimization Objective Function of Inlet Passage. The
flow pattern of the impeller inlet is an important factor
affecting the safe and eflicient operation of the pump. If the
velocity distribution at the impeller inlet section is not
uniform, in the process of impeller rotation, the flow will
impact the pressure surface or suction surface of the blade,
resulting in increased hydraulic loss in the impeller. This is
also the reason for the occurrence of flow separation, vor-
tices, and cavitation on the blade surface. Similarly, if the
velocity at the impeller inlet section is not perpendicular to
that section, it will also change the inlet velocity and the flow
angle, resulting in the occurrence of the bad flow patterns
near the impeller inlet.

The uniformity of the velocity distribution at the mea-
sured section is represented by the axial velocity distribution
coefficient V,,. The axial velocity distribution is the best when
the axial velocity distribution coefficient is close to 100%.
The weighted-velocity average swirl angle 6 is used to
evaluate the outflow conditions of the measured section. The
outlet water flow angle of the measured section is better

when 6 is closer to 90°. The formula for the axial velocity
distribution coefficient V', and weighted-velocity average
swirl angle 0 is as follows:

—\2
1 L
— M x 100%,
u, m

V,=[1-

u

(6)

o Tt [, (90 — arctan (s /)
Z?:luai

where u,; is the axial velocity of each element of the cal-
culated section (in m/s), u, is the averaged axial velocity of
the calculated section (in m/s), u,; is the tangential velocity of
each element of the calculated section (in m/s), and m is the
number of cells of the calculated section.

The pressure coefficient C,, is used to describe the static
pressure distribution on the wall of the inlet passage. At the
same time, the pressure coefficient is used to quantitatively
analyze the anticavitation ability of the waterjet propulsion
system. The inlet passage cavitation performance of the
waterjet propulsion system includes two requirements.
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Firstly, there is no cavitation or cavitation in the duct is not
obvious. Secondly, the pressure at the inlet passage outlet
should not be too low.

Efficiency is an important indicator for evaluating the
inlet passage. The efficiency of inlet passage reflects the
utilization degree of inflow energy. Figure 8 shows the 24th
ITTC definitions of standard locations of the waterjet
propulsion system. Section 1A in the figure, located 1D,
ahead of the inlet tangency, is the imaginary inlet capture
area. The recommended inlet capture area of the 24th ITTC
[41, 42] adopted a semielliptical shape with a long axis length
of 1.5D,. Yu et al. [43] used the CFD method to simulate the
flow field of the waterjet propeller and determined that the
shape of the inlet capture area was semielliptical in the range
of common working conditions. The flow rate at the inlet
capture area is equal to the flow rate at the inlet passage
outlet.

In this study, the efficiency of inlet passage is expressed
by the total energy ratio of section 1A and section 3. Section
1A is a semielliptical inlet capture area, which is located 1D,
before the inlet tangency. The long axis length of the
semielliptical inlet capture area is 1.5D. Section 3 represents
the inlet passage outlet. The formula for the efficiency of inlet
passage 1, is as follows:

E.
My = —— 2 X 100%. (7)
Ecapturearea

and section 3 E;

The energy at section 1A E,prearea inlet

can be determined by the following equations:

E . =l P
inlet = 5P +

2 passage passage>

(8)
E

capturearea

|
= EPVIA + Py
where P, ... denotes the pressure of inlet passage outlet
(Pa), V, 4 denotes the velocity of inlet capture area (m/s), and
P, , denotes the pressure of inlet capture area (Pa).

4.2. Flow Parameter Optimization

4.2.1. Inlet Velocity Ratio IVR. The hydraulic performance
of the same inlet passage is different under different working
conditions. The inlet velocity ratio IVR determines the
suction rate and fluid diffusion rate of the inlet passage
under a certain working condition. Table 3 shows the cal-
culation parameters of inlet passage under different IVR
conditions.

The outflow velocity and pressure of the inlet passage are
affected by factors such as the boundary layer of the hull, the
shape of the inlet passage, and the disturbance of the im-
peller shaft, so the distribution of them is uneven. Figure 9
shows the total pressure distribution at the outlet section of
inlet passage with different IVRs. The results show that as the
IVR increases, the total pressure at the outlet section of the
inlet passage increases continuously, the high pressure
distribution area expands continuously, and the low pres-
sure distribution area decreases. The total pressure

distribution on the left and right sides of the impeller shaft is
symmetrical. The upper part of the impeller shaft is a low
pressure area, and the lower part of the impeller shaft is a
high pressure area. The high pressure area increases with the
increase of IVR. With the increase of IVR, the low pressure
region gradually shifts to the lower part of the impeller shaft.

Figure 10 shows the velocity distribution at the outlet
section of inlet passage with different IVRs. The results show
that with the increase of IVR, the velocity at the outlet
section of inlet passage increases, the area of high-speed
distribution enlarges, and the area of low-speed distribution
decreases. The maximum velocity of the outlet section under
the condition of IVR equal to 2.38 is 3.67 times of that under
the condition of IVR equal to 0.54. The velocity distribution
on the left and right sides of the impeller shaft is sym-
metrical. The upper part of the impeller shaft is a low velocity
area, and the lower part of the impeller shaft is a high velocity
area. The high velocity area increases with the increase of
IVR. With the increase of IVR, the low velocity region
gradually shifts to the lower part of the impeller shaft. With
the increase of IVR, the left and right velocity distribution of
impeller shaft becomes asymmetric. The main reasons of
uneven outflow at the outlet section of the inlet passage are
the intake of boundary water flow, the obstruction of the
impeller shaft to the water flow, and the influence of the
transition section of the inlet passage bend. Boundary water
intake depends on the flow drawn from the boundary layer.
As the IVR increases, the boundary layer suction ratio in-
creases and the flow rate gradient decreases, which also leads
to increased flow uniformity. The impeller shaft has a
hindrance to the water flow. There is a narrow low-speed
zone around the drive shaft in the figure, which affects the
uniformity of the outlet velocity distribution.

Figure 11 shows pressure contour and streamlines in the
inlet passage with different IVRs. The results show that,
under different IVR conditions, the internal flow pattern of
the inlet passage is relatively uniform. However, excessive or
too small IVR conditions will result in backflow and flow
separation in the flow passage. Due to the special lip
structure, the pressure distribution at the lip position
changes drastically. It can be seen from the figure that when
the height of the flow passage is constant, a long enough
slope transition section can ensure that the incoming flow
flows into the pump uniformly. If the length of the slope
section is too short, the incoming flow will transit unevenly
through the passage, which will easily lead to backflow and
increase the hydraulic loss of the inlet passage. This indicates
that the flow separation should be avoided or reduced when
the length of the inlet is fixed.

Figure 12 shows the axial velocity distribution coefficient
V', and weighted-velocity average swirl angle 6 at the outlet
section of inlet passage with different IVRs. The results show
that as the IVR increases, the uniformity of the flow velocity
at the outlet section of inlet passage increases. When the IVR
is 2.38, the axial velocity uniformity coefficient at the outlet
section of inlet passage is 79.9%, which is 10% higher than
that under the IVR of 0.54. Although the axial velocity
uniformity at the outlet section is poor when the IVR is 0.54,
the weighted-velocity average swirl angle is better. The



results show that with the increase of IVR, the velocity at the
outlet section of inlet passage increases, the area of high-
speed distribution enlarges, and the area of low-speed dis-
tribution decreases. The maximum velocity of the outlet
section under the condition of IVR equal to 2.38 is 3.67 times
of that under the condition of IVR equal to 0.54. When the
IVR is less than 0.67, the weighted-velocity average swirl
angle of velocity at the outlet section of the inlet passage
increases obviously.

Figure 13 shows the sketch of the middle section of the
inlet passage. Pressure monitoring points were arranged on
the upper and lower walls of the inlet passage. As shown in
Figure 14, pressure analysis was carried out on the upper and
lower walls of the middle section of the inlet passage. Among
them, the abscissa S/D represents the ratio of the distance
between the pressure monitoring point in the middle section
and the outlet section of the inlet passage S to the outlet
diameter D, of the inlet passage. As can be seen from
Figure 14(a), when the value of §/D is between 2 and 3, there
is a significant pressure drop on the wall pressure coefficient
curve of the inlet passage. This is due to the presence of the
impeller shaft, which is more pronounced at high IVR,
because the outlet velocity of inlet passage is greatest.
Figure 14(b) presents the pressure coefficient C, curve at the
lower wall with different IVRs. It can be seen from the figure
that the pressure drops sharply near the lip. Figure 14 shows
that as the IVR increases, the pressure on the wall of the inlet
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FIGURE 8: 24th ITTC definitions of standard locations of the waterjet propulsion system.
TasLe 3: Calculation parameters of inlet passage. passage decreases. There is a greater tendency for pressure
drop at the inlet passage outlet, the transition section of the
IVR Viunnel (m/s) Vpump (m/s) inlet passage bend, and the corners of the lip. Since the
0.54 10 5.35 pressure at the lower wall is smaller than that at the upper
0.59 10 5.88 wall under the same IVR, the lower wall is more prone to
0.67 10 6.67 cavitation than the upper wall. Due to the higher pressure on
0.78 10 775 the middle section of the inlet passage under low IVR
0.94 10 9.35 . . .
118 10 1176 conditions, the anticavitation performance of the inlet
164 10 16.39 passage under low IVR operation is better than that of high
2.38 10 23.81 IVR. Under high IVR conditions, the minimum pressure

point at the lip corner of the lower wall moves from the lower
edge to the upper edge.

Figure 15 shows the minimum cavitation number Cppmin
with different IVRs. As the IVR increases, the minimum
cavitation number of the middle section rises first and then
decreases. As can be seen from the figure, when the value of
IVR is between 0.78 and 0.96, the minimum cavitation
number is greater than the critical cavitation number. This
indicates that cavitation is less likely to occur in the inlet
passage at this time. By comparing the hydraulic perfor-
mance of the inlet passage under different IVR conditions, it
is found that when the IVR is 0.87, the flow efficiency is
96.2%, and the comprehensive hydraulic performance of the
inlet passage is optimal. In summary, the hydraulic per-
formance of the inlet passage is significantly affected by the
inlet velocity ratio (IVR). Under low IVR conditions, cav-
itation is not easy to occur in the inlet passage, and the
outflow uniformity is poor. Cavitation is easy to occur in the
inlet passage under high IVR condition, and the outflow
uniformity of the inlet passage is better. The comprehensive
hydraulic performance of the inlet passage is excellent when
the IVR is between 0.78 and 0.96. When the IVR is between
0.78 and 0.96, the inlet passage of the prototype case is in the
optimal operating condition.

4.2.2. Ship Speed. In order to analyze the influence of ship
speed on the hydraulic performance of the inlet passage, the
uniformity of the outflow velocity distribution, the
weighted-velocity average swirl angle of the outflow velocity
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F1GUre 9: Total pressure distribution contours at the outlet section of inlet passage with different IVRs. (a) 0.54, (b) 0.59, (c) 0.67, (d) 0.78,

(e) 0.94, (f) 1.18, (g) 1.64, and (h) 2.38.

distribution, and the cavitation performance of the inlet
passage at 10 m/s, 12 m/s, and 15 m/s were studied. Figure 16
presents the axial velocity distribution coeflicient and
weighted-velocity average swirl angle with different ship
speeds. As can be seen from Figure 16(a), under the same
IVR condition, as the ship speed increases, the velocity
distribution uniformity of the inlet passage outlet increases,
but the increase is limited, and the maximum growth rate is
about 3.7%. This shows that the uniform performance of the
inlet passage can be improved when the ship speed is in-
creased, but the effect is limited. Figure 16(b) shows the
weighted-velocity average swirl angle of inlet passage outlet
increases slightly as the ship speed increases, and the
maximum increase is about 1°.

Figure 17 shows the minimum pressure in the middle
section of the inlet passage varying with IVR at different
speeds. The results show that the longitudinal wall pressure
in the inlet passage is greatly affected by the ship speed. As
the ship speed increases, the minimum pressure on the wall

of the inlet passage decreases as a whole, and the optimal
operating point range narrows. Under low IVR and high
IVR conditions, the minimum pressure on the wall of the
inlet passage is significantly reduced, and the greater the
speed, the greater the wall pressure drops. When the ship
speed increases to a certain value, the cavitation phenom-
enon still occurs at the optimal design condition of the inlet
passage. The larger the ship speed, the wider the cavitation
area, which indicates that there is a ship speed limit when the
waterjet propulsion ship is operating under normal
conditions.

4.3. Geometric Parameter Optimization. In order to analyze
the influence of key geometric parameters on the hydraulic
performance and flow characteristics of the inlet passage,
three geometric parameters of the length, dip angle, and lip
angle of the inlet passage were studied. Research case of
geometric parameters is as shown in Table 4.
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F1Gure 10: Velocity distribution contours at the outlet section of inlet passage with different IVRs. (a) 0.5, (b) 0.59, (c) 0.67, (d) 0.78, (e) 0.94,

(f) 1.18, (g) 1.64, and (h) 2.38.

4.3.1. Length. In the case of keeping the height H of inlet
passage constant, the length L was changed by changing the
spline curve at the slope. Three different length cases were
used to study the hydraulic performance of the inlet passage,
as shown in Figure 18.

Figure 19 shows the variation of axial velocity distri-
bution coeflicient and weighted-velocity average swirl angle
at the inlet passage outlet with IVR for different length cases.
As shown in Figure 19(a), the uniformity of outflow velocity
at the outlet section of the inlet passage in Cases 2 and 3 is
much higher than that in Case 1. The maximum velocity
distribution coefficients of Case 2 and Case 3 are both above
82%, which are 2.49% and 2.34% higher than those of Case 1,
respectively. When the IVR is less than 0.68, the velocity
uniformity of Case 3 decreases the most. Moreover, when
the IVR is equal to 0.54, the velocity uniformity of Case 3 is
the worst among the three cases. The main reason for the
poor velocity uniformity of Case 3 under the low IVR
condition is that there are some bad flow patterns such as

vortices in the inlet passage of Case 3 under the condition of
low inlet velocity ratio. Secondly, because the length of the
passage is the shortest, the passage cannot adjust the water
flow well and eliminate the vortices. Figure 19(b) presents
the variation of weighted-velocity average swirl angle at the
inlet passage outlet of three cases with IVR. The weighted-
velocity average swirl angle at the inlet passage outlet of Case
2 and 3 decreases slightly compared with that of Case 1.
When the IVR is equal to 0.54, the difference between the
weighted-velocity average swirl angle of Case 1 and that of
Cases 2 and 3 is the greatest. The weighted-velocity average
swirl angles of Case 1 are 2.3% and 4.0% higher than those of
Cases 2 and 3, respectively. The weighted-velocity average
swirl angle of Case 1 and Case 2 decreases with the increase
of IVR in general, but the change trend of Case 3 is opposite.
Based on the above analysis, it is found that the hydraulic
characteristics of the inlet passage outlet of Case 1 and 2 are
significantly better than those of Case 3. The axial velocity
distribution coefficient of the Case 2 is generally improved
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FIGURE 11: Pressure contour and streamlines in the inlet passage with different IVRs. (a) 0.54, (b) 0.67, (c) 0.94, and (d) 2.38.
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FIGURE 13: Sketch of the middle section of the inlet passage.

relative to the Case 1, and the maximum difference is 5.11%, Figure 20 presents the variation trend of the minimum
and the weighted-velocity average swirl angle decreases  cavitation number along the wall of the inlet passage with
slightly. IVR. It can be seen from the figure that the minimum
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F1GURE 15: Minimum cavitation number Cp,i,, with different IVRs.

cavitation number of the inlet passage wall of Case 3 is
basically below the critical cavitation number, which in-
dicates that the anticavitation performance of Case 3 is not
good. Under the conditions of low IVR and high IVR, the
minimum cavitation number of the inlet passage wall in
Case 2 is smaller than that in Case 1. When the value of IVR
is between 0.78 and 0.96, the anticavitation performance of
Case 1 is superior. When the value of IVR is between 0.77
and 0.98, the anticavitation performance of Case 2 is su-
perior. Therefore, the high efficiency area of Case 2 is wider
than that of Case 1.

Figure 21 shows streamlines of the three different inlet
passages under the condition of IVR equal to 0.53. As can be

seen from the figure, the streamlines in the inlet passage of
Case 1 is uniform, and there is no whirlpool phenomenon.
However, in Case 2 and Case 3, there are vortexes and other
flow patterns. The whirlpool and reflux phenomena of the
Case 3 are serious. Comparing with Figure 19(a), it can be
seen that when IVR is equal to 0.53, 0.59, and 0.67, the flow
pattern in the inlet passage is poor, and the adverse flow
regimes such as whirlpool and reflux are easy to occur. The
above analysis shows that the length L affects the hydraulic
performance when other geometric parameters of the duct
remain unchanged, that is, the slope curvature should be
taken into account in the design of the inlet passage. If the
curvature of the slope of the inlet passage is small, the
curvature degree of the slope is not obvious, or even close to
a straight line, the inlet passage will be prone to undesirable
flow phenomena such as whirlpools and the hydraulic loss
will be increased.

Table 5 presents the efficiency, axial velocity distribution
coefficient, and weighted-velocity average swirl angle of the
inlet passage for three cases at the IVR of 0.83. By comparing
the efficiency of the three cases, it can be seen that the length
of the inlet passage affects the efficiency of the inlet passage
greatly. Reducing the length of the inlet passage will change
the slope curvature of the inlet passage. When the curvature
of slope exceeds the reasonable range, the hydraulic per-
formance of the inlet passage becomes worse obviously. The
efficiency of Case 3 is 24.8% and 24% smaller than that of
Case 1 and Case 2, respectively, mainly because the flow path
length of Case 3 is too small, and whirlpools appear in the
inlet passage. In brief, the performance of the inlet passage is
significantly affected by its length. The hydraulic perfor-
mance of the inlet passage for Case 2 is better, and the
operating condition IVR is between 0.77 and 0.98, which
broadens the optimal operating conditions of the prototype
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F1GURE 16: Hydraulic characteristics of inlet passage outlet with different ship speeds. (a) Axial velocity distribution coefficient V,, (b)
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FIGURE 17: Minimum cavitation number C,,;, with different ship speeds.

case. The slope curvature should be considered in the design
to avoid the lack of length and cause undesirable flow
phenomena such as whirlpools.

4.3.2. Dip Angle. The length of the inlet passage, the center
height of the outlet section, the outlet diameter, and the dip
angle of the waterjet propulsion pump system are the key
parameters for the design of the inlet passage. The hydraulic
performance of the inlet passage for Case 2 is better and the
range of optimal operating conditions is wider. Therefore,
the optimization is continued on the basis of Case 2, and the
hydraulic loss is further reduced by changing the dip angle a.
Due to the limitation of the size and speed of the waterjet

propulsion ship, the adjustment margin of the inlet passage
length and the outlet diameter is limited. Therefore, the
hydraulic design of the dip angle is particularly important to
the inlet passage optimization. Figure 22 shows sketch of the
dip angle optimization cases.

Figure 23 shows the variation of axial velocity distri-
bution coeflicient and weighted-velocity average swirl angle
at the inlet passage outlet with IVR for different dip angle
cases. As can be seen from the Figure 23(a), the axial velocity
uniformity at the outlet of the inlet passage for Case 6 and
Case 7 is significantly improved. As the degree of dip angle
increases, the axial velocity uniformity at the outlet of the
inlet passage does not increase all the time. The axial velocity
uniformity at the outlet of the inlet passage for Case 5 is
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TaBLE 4: Research case of geometric parameters.
Geometric parameter
Case . . Note
Length (L) Dip angle («) Upper lip angle
1 7.45D, 23° 3°
6.38D, 23° 3°
=
3 5.71Dg 23° 3°
|
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4 6.38D, 23° 3° ——‘\\
5 6.11D, 30° 3°
6 5.95D, 35° 3° =
7 5.76D, 40° 3° | L
I 1
Dip angle optimization
8 5.95D, 35° 3° ===
9 5.95D, 35° &
10 5.95D, 35° 5° =
11 5.95D, 35° 6
12 5.95D, 35° 7° ! 1
Upper lip angle optimization
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FiGUure 18: Sketch of the middle section of inlet passages with different lengths. (a) Case 1. (b) Case 2. (c) Case 3.

slightly lower than that for Case 4. The above analysis shows
that there is a better dip angle range which is beneficial to
improve the hydraulic performance of the inlet passage.
Among the four cases, the outflow uniformity of Case 7 is
better than that of Case 6 under different IVR conditions,
but the maximum velocity distribution coefficient of Case 6
is higher than that of Case 7. The highest velocity distri-
bution coefficient of Case 6 is 88.46%. Figure 23(b) shows
that the difference for weighted-velocity average swirl angle
of the four cases is small, and the weighted-velocity average
swirl angle of Case 6 is slightly better than other cases.

Figure 24 presents the variation trend of the minimum
cavitation number along the wall of the inlet passage with
IVR. It can be seen from the figure that with the increase of
the dip angle of the inlet passage, the minimum pressure on
the wall of the duct decreases as a whole. The optimum
operating condition of the inlet passage shifts to the con-
dition of low IVR, and the operating range decreases
gradually with the increase of dip angle. Cavitation phe-
nomena occur on the wall of the inlet passage of Case 7 at
different IVRs. The optimal operating condition of Case 6 is
the working condition of IVR in the range of 0.73-0.86.
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FiGure 21: Continued.



16 Advances in Materials Science and Engineering

FIGURE 21: Streamlines of inlet passage under the condition of IVR 0.53. (a) Case 1. (b) Case 2. (c) Case 3.

TaBLE 5: Evaluation index of inlet passage.

Case My (%) V., (%) 0 ()
Case 1 96.2 74.6 85.4
Case 2 95.4 78.1 84.8
Case 3 71.4 77.8 84.3
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F1GURE 23: Hydraulic characteristics of inlet passage outlet with different dip angles. (a) Axial velocity distribution coeflicient V,,. (b)
Weighted-velocity average swirl angle 6.
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TaBLE 6: Evaluation index of inlet passage.
Case 1y (%) V., (%) 0 ()
Case 4 95.4 78.1 84.8
Case 5 95.7 77.4 84.6
Case 6 95.6 84.1 84.5
Case 7 95.2 85.3 84.0
/\/
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FiGUre 25: Sketch of the lip structure optimization cases.

When the dip angle of the inlet passage is in the range of
30°-35°, the hydraulic performance of the inlet passage is
better. If the dip angle exceeds this range, large area of wall
cavitation occurs in the inlet passage and the hydraulic
performance is declined. Table 6 shows the efficiency, axial
velocity distribution coefficient, and weighted-velocity av-
erage swirl angle of the inlet passage for four cases at the IVR
of 0.83. The uniformity of the outlet velocity distribution of
the inlet passage of Case 6 is greatly improved, and the
comprehensive performance is better. Hence, on the basis of
case 2, the hydraulic performance of the inlet passage is
further optimized in case 6.

4.3.3. Lip Structure. The lip curvature between the smooth
inlet of the horizontal inlet type inlet passage and the bottom
of the ship changes most dramatically, and the change of lip
curvature directly affects its hydraulic performance. The
details of the lip profile still need further study. The attack
angle between the flow and the lip varies greatly when the
operating range of the inlet passage with fixed area is large.
Figure 25 shows sketch of the lip structure optimization
cases.

Figure 26 shows the variation of axial velocity distri-
bution coefhicient and weighted-velocity average swirl angle
at the inlet passage outlet with IVR for different lip structure
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FIGURE 26: Hydraulic characteristics of inlet passage outlet with different lip structures. (a) Axial velocity distribution coefficient V,,. (b)

Weighted-velocity average swirl angle 6.
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F1GURE 27: The minimum cavitation number C,p,;, with different
lip structures.

cases. As can be seen from Figure 26(a), different lip
structures have little influence on the uniformity of the inlet
outlet, only slightly different under low IVR and high IVR
conditions, and the overall difference is small. The outflow
uniformity of the inlet passage is less affected by lip
structures. Only under low IVR and high IVR conditions,
the outflow uniformity of inlet passage is slightly different,
and the overall difference is small. Except Case 8, the
maximum axial velocity distribution coeflicients of other
cases are more than 88.5%. Figure 26(b) shows that the

difference of the weighted-velocity average swirl angle at
inlet passage outlet of each case is little. The maximum
difference of weighted-velocity average swirl angle at the
inlet passage outlet of five cases is not more than 1.42°.

Figure 27 presents the variation trend of the minimum
cavitation number along the wall of the inlet passage with
IVR. The variation of wall pressure in different cases is
basically the same between 0.8 and 2.0 of IVR. When the
inlet velocity ratio is less than 0.78, the minimum pressure
on the wall of the inlet passage with different cases is quite
different. Because under the low IVR condition, the
sharper the lip angle, the greater the wall pressure, and the
inlet passage is less likely to cavitation. The anticavitation
performance of Case 9 is better. The optimal operating
condition of Case 9 is the working condition of IVR
0.69-0.87.

Different lip structure cases do not change the lower edge
of the lip but only the upper edge of the lip angle. From the
results of the efficiency, axial velocity distribution coefficient,
and weighted-velocity average swirl angle, it can be seen that
the lip structure of the inlet passage affect the evaluation
index slightly. Under the condition that the axial velocity
distribution coefficient and weighted-velocity average swirl
angle change of the different cases are small, the anti-
cavitation performance of the inlet passage of Case 9 is
better. The optimal operating conditions of Case 9 are the
conditions of IVR equals 0.69-0.87. On the basis of Case 6,
the anticavitation performance of the inlet passage is further
optimized in scheme 9, which widens the operating range of
the inlet passage and achieves the optimization purpose.
Therefore, Case 9 is the best optimization case for waterjet
propulsion system without pump. The geometric parameters
of Case 9 are follows: the inflow dip angle « is 35°, the length
L is 6.38Dy, and the upper lip angle is 4.
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5. Conclusion

In this study, the hydraulic characteristics of the inlet
passage in the waterjet propulsion system with different flow
parameters and geometric parameters were studied by a
combination of numerical simulation and experimental
verification. In order to find the appropriate numerical
settings and ensure the accuracy of the calculation, different
grid numbers are used for calculation and analysis. The
model test was used to verify the internal characteristics of
the waterjet propulsion system, and the results show that the
numerical results are in good agreement with the test results.
The numerical results are reliable.

Hydraulic optimization is carried out for the prototype
inlet passage from two important flow parameters, namely,
inlet velocity ratio (IVR) and ship speed, and the influence of
flow parameters on its hydraulic performance is analyzed.
The following results are obtained by calculation and
analysis:

The hydraulic performance of the inlet passage is sig-
nificantly affected by the inlet velocity ratio. Under low IVR
conditions, cavitation is not easy to occur in the inlet
passage, but the outflow uniformity of the inlet passage is
poor. Cavitation is easy to occur in the inlet passage under
high IVR condition, while the outflow uniformity of the inlet
passage is better. The comprehensive hydraulic performance
of the inlet passage is excellent when the IVR is between 0.78
and 0.96. The optimal operating conditions of prototype case
are the conditions of IVR equals 0.78-0.96.

There is a certain correlation between the hydraulic per-
formance of the inlet passage and the ship speed, and the
hydraulic performance of the inlet passage is limited by the ship
speed. As the ship speed increases, the uniformity of the inlet
passage is improved, but the cavitation range is wider. There-
fore, the optimal ship speed of the prototype case is 10 m/s.

The geometry parameters of the prototype inlet passage
were adjusted, and the length, dip angle, and lip structure
were optimized based on CFD, and the inlet passage opti-
mization case was obtained. Results are as follows.

The performance of the inlet passage is significantly
affected by its length. The slope curvature should be con-
sidered in the design to avoid the lack of length and cause
undesirable flow phenomena such as whirlpools. The hy-
draulic performance of the inlet passage for Case 2 is better,
and the operating condition IVR is between 0.77 and 0.98,
which broadens the optimal operating conditions of the
prototype case.

When the dip angle of the inlet passage is in the range of
30°-35°, the hydraulic performance of the inlet passage is
better. If the dip angle exceeds this range, large area of wall
cavitation occurs in the inlet passage, and the hydraulic
performance is declined. The uniformity of the outlet ve-
locity distribution of the inlet passage of Case 6 is greatly
improved, and the comprehensive performance is better.
The optimal operating condition of Case 6 is the working
condition of IVR in the range of 0.73-0.86.

The lip structure of the inlet passage affects the evalu-
ation index slightly. The sharper the lip angle, the better the
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anticavitation performance of the inlet passage. Case 9 is the
best optimization case for the waterjet propulsion system
without pump. The geometric parameters of Case 9 are
follows: the inflow dip angle « is 35°, the length L is 6.38D,,
and the upper lip angle is 4°. The optimal operating con-
ditions are the conditions of IVR 0.69-0.87.

Nomenclature Symbols

U, U Velocity component of fluid in the i and j
directions, m/s

t: Time, s

F: Volume force component in the i direction, N

XX ) Coordinate component

Ah: Hydraulic loss, m

g Gravitational acceleration, m/s’

Vpassage" Averaged axial outflow velocity at the passage
outlet, m/s

Vi Axial velocity distribution coefficient, %

u,: Averaged axial velocity of the calculated section,
m/s

m: Number of cells of the calculated section

P Reference static pressure, Pa

E et Energy at Section 3

Via Velocity of inlet capture area, m/s

L Length of inlet passage, m

H: Height of inlet passage, m

p: Water density, kg/m’

p: Pressure, Pa

U Dynamics viscosity coeflicient

Dy: Inlet diameter of the impeller, mm

AP: Pressure difference between inlet and outlet of
inlet passage, Pa

IVR: Inlet velocity ratio

Vg Ship speed, m/s

2% Design value of the fluid absolute velocity, m/s

u: Following velocity rating, m/s

Uyt Axial velocity of each element of the calculated
section, m/s

Uyt Tangential velocity of each element of the
calculated section, m/s

Cp: Pressure coeflicient

Ecapturearea: Energy at section 1A

P assage Pressure of inlet passage outlet, Pa

P4 Pressure of inlet capture area, Pa

o Dip angle, degree

M Efficiency of inlet passage, %.
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