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INVESTIGATION OF KEY PARAMETERS FOR HYDRAULIC
OPTIMIZATION OF AN INLET DUCT BASED ON A WHOLE
WATERJET PROPULSION PUMP SYSTEM

Summary

The hydraulic performance of an inlet duct directly affects the overall performance of a
waterjet propulsion system. Key parameters for the hydraulic optimization of the inlet duct
are explored using the computational fluid dynamics (CFD) technology to improve the
hydraulic performance of the waterjet propulsion system. In the CFD simulation and
experiment, an inlet duct with different flow and geometric parameters is simulated. By
comparing grid sensitivity and different turbulence models, a suitable grid size and a
turbulence model are determined. The comparison between the numerical simulation and the
experiment shows that the numerical results are reliable. The results of the calculation and
analysis of different speed cases show that the ship speed affects the efficiency of the waterjet
propulsion system. In particular, the system efficiency increases first and then decreases with
an increase in the ship speed. Under the conditions of constant ship speed and rotational
speed, the influence of the length and dip angle of the inlet duct on the waterjet propulsion
system is investigated using a single factor method. The results show that the dip angle has an
obvious effect on the hydraulic performance of the inlet duct, and an extremely small angle of
inclination will lead to poor flow patterns in the inlet passage. When the length is
approximately six times the inlet duct outlet diameter, and the dip angle is 30°-35°, the
hydraulic performance of the waterjet propulsion pump system is satisfactory.

Key words: hydraulic performance; waterjet propulsion; inlet duct; optimization

1. Introduction

Waterjet propulsion is a special propulsion system different from a propeller. It has
been extensively used in high-speed ships because of its high efficiency, low noise and
vibration, and energy-saving advantages [1]. Given the increasing demand for waterjet
propulsion systems in industrial production, military application and other innovations,
waterjet-propelled ships are gradually developing from small- and medium-sized to large-
sized, efficient and high-speed ships [2-3]. A stern-mounted waterjet propulsion system is
mainly composed of four parts: an inlet duct, a propulsion pump, a nozzle, and a steering
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device. All components need to play their roles to utilize the hydraulic performance of
waterjet propulsion systems fully [4-5]. As a core component of the waterjet propulsion
system, effective operation of the pump is conducive to the improvement of the overall
system efficiency. Local and international experts and scholars conducted extensive research
on the optimization of the pump, including centrifugal [6-7], mixed flow [8-9], and axial
pumps [10-11]. With the improvement of design and manufacturing level of pumps, the
operation stability and efficiency of mixed and axial flow pumps - being two commonly used
pumps in waterjet propulsion systems - have been greatly enhanced [12-14]. Under the
conditions of high cavitation speed, the excellent efficiency of mixed and axial flow pumps
can reach up to 85%-90%. Although the efficiency of propulsion pumps has been greatly
improved, the market research results show that the propulsion efficiency of current waterjet
propulsion systems remains low [15-16]. Scientists generally believed that the hydraulic
performance of the inlet duct directly affects the uniformity of the flow field and the overall
performance of the system, which is the main reason for the current low-level propulsion
efficiency [17-18]. Previous studies [17, 19-20] showed that the power loss at the intake of
the waterjet propulsion system accounts for 7%—9% of the total system power. The hydraulic
loss of the inlet duct mainly includes the intake flow separation [21], constriction [22],
blockage [23], and friction losses [24]. The hydraulic performance of the inlet duct affects the
efficiency of the waterjet propulsion system and anti-cavitation, vibration and noise
performance of the waterjet propulsion pump. To sum up, the hydraulic optimization of the
inlet duct can further improve the overall performance of the waterjet propulsion system.

The computational fluid dynamics (CFD) numerical simulation technology is utilized to
explore the influence of different flow and geometric parameters on the hydraulic
performance of the inlet duct and the whole waterjet propulsion pump system and to find key
parameters for the hydraulic optimization of the inlet duct. The model test is also used to
verify the accuracy of the numerical simulation results. The research results can provide a
valuable insight into optimal operation of the waterjet propulsion system and optimal design
of the inlet duct.

2. Numerical calculation

CFD software is commonly used in the numerical simulation of the internal flow field
of rotating machinery. Accordingly, the CFD software ANSYS® CFX 14.5 was used in this
study to simulate the internal flow field of the waterjet propulsion system.

2.1  Governing equations

Reynolds-averaged N-S and continuity equations were used to describe a 3D
incompressible viscous flow as follows:

Ou,

Then, a momentum conservation equation was applied as follows:

o) o) dp o] fou a
ot ox; "oox, Ox ; ox, ox, )|’

2)

where p represents water density (kg/m’); u;, u; represent velocity components of the fluid in
the i and j directions (m/s); ¢ represents time (s); p represents pressure (Pa); F; represents the
volume force component in the i direction (N); u represents dynamics viscosity (Pa-s); and

x,, X; represent coordinate components.
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2.2 Numerical model establishment

The hull boundary layer, inflow velocity and pressure would affect the water flow.
Thus, the water flow into the inlet duct was made non-uniform. A flow control volume (i.e.,
the water tank) should be defined to perform accurate numerical simulations of the waterjet
propulsion system, as shown in Figure 1. The flow control volume would greatly affect the
prediction accuracy of the performance of the waterjet propulsion system. Thus, the size of
the water tank should be selected using a reasonable distribution of internal flow field
parameters of the waterjet propulsion system. The length, width and depth of the water tank
were 30 Dy, 10 Dy, and 8 Dy, respectively. Following Liu et al. [25], Dy was used to denote
the outlet diameter of the inlet duct. The whole computational domain was composed of a
waterjet propulsion pump system and a water tank.

' _Blade

_ Hub
----- Waterjet propulsion pump

Outlet2—,

Inlet

Ontle\tli /

Lwater=30D

Fig. 1 Computational domain

The complete configuration of the waterjet propulsion pump system is depicted in
Figure 2. As an important over-current component of the waterjet propulsion pump system,
the main function of the nozzle is to transform the mechanical energy of the propulsion pump
into the kinetic energy of the water and eject the water flow to obtain thrust. The outlet area of
the nozzle was designed as 0.3 times larger than the outlet area of the inlet duct, and the outlet
shape was made circular to improve the hydraulic performance of the nozzle. The geometric
parameters of the nozzle were maintained in this study. The guide vane with seven blades was
connected to the nozzle inlet. The impeller with six blades was connected to the guide vane
inlet. The designed rotational speed n,; was set at 700 r/min. The hub and blade of the impeller
were relatively static as well as the casing. The shape of the inlet duct was mainly affected by
the lip structure, dip angle 6, and the length L of the inlet duct.

Impeller
Nozzl
e . /] Shaft

Inlet duct

Guide vane

Fig. 2 Waterjet propulsion pump system
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2.3 Grid size sensitivity analysis

The grid of the computation domain is shown in Figure 3. The entire computational
domain was generated with hexahedral elements. The grid of the inlet duct is presented in
Figure 3(a). ICEM CFD software [26] was utilized to mesh the inlet duct, and the grid of local
areas, such as the lip corner, was refined. When meshing the inlet duct, the minimum angle of
the grid was maintained with a degree not less than 12°. The guide vane, impeller, and shaft
of the propulsion pump were separately generated grids in ICEM CFD, as shown in Figure
3(b). The guide vane, the impeller and the clearance meshed periodically. The poor quality
mesh was eliminated in this study through mesh refinement and Y-type mesh generation to
ensure the grid quality of the propulsion pump.

(a) Inlet duct (b) Surface mesh of the propulsion pump

Fig. 3 Grid of the computational domain

As the grid number increases, the numerical results become closer to the exact solutions
[27]. Further, as the grid number increases, the computational load and cycle also increase.
The grid numbers could not be extremely large to maintain the accuracy of the solution.
Therefore, the influence of the grid numbers on the calculation results was analysed in this
study. Grid sensitivity was verified by changing the grid size. Hydraulic loss of the inlet duct
was calculated while the grid was continuously refined until the calculation result tended to be
stable. A total of 2,314,758, 2,454,108, 2,619,654, 2,752,791, and 2,853,183 cells of the inlet
duct and water tank were used for numerical calculation. The number of cells of the
computational domain is presented in Table 1. Y+ is the dimensionless wall distance used to
evaluate the grid quality of the first layer. Thus, while changing the grid density, the y+
values were guaranteed to meet the computational requirements.

Table 1 Number of cells used in the computational domain

Case A C d D E
Inlet duct 1,251,792 1,391,142 1,556,688 1,689,825 1,790,217
Water tank 1,062,966 1,062,966 1,062,966 1,062,966 1,062,966

The hydraulic loss of the inlet duct changes as the grid number increases, as shown in
Figure 4. Ah represents the hydraulic loss of the inlet duct calculated using Eq. (4). In the
grid size sensitivity analysis of the inlet duct, the following variables were used. The ship
speed was set to 10 m/s, the inlet velocity ratio (IVR; the ratio of the ship speed to the
averaged axial outflow velocity at the inlet duct outlet, /VR=v, /v,) was 1.0, and the residual
target was controlled within 10, When the total number of cells of the inlet duct and water
tank reached 2.62 million, the hydraulic loss was unchanged. The calculation results showed
that when the total number of cells of the inlet duct and water tank exceeded 2,619,654, the
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hydraulic loss error was slightly changed, and the grid sensitivity met the calculation
requirements. Therefore, the total number of cells of the whole computational domain
containing the waterjet propulsion pump and nozzle was set to 6.09 million.

1.2

1.0

0.2

24 2.5 2.6 2.7 2.8 29
Grid Number (million)

0.0

Fig. 4 Grid size sensitivity analysis

Note: * Ah, represents the hydraulic loss of the inlet duct in Case a.

2.4  Turbulence model selection

Numerous turbulence models can be used to solve different flow problems. However,
the correct selection of the turbulence model in the numerical simulation is the premise to
ensure the accuracy of the solution. k-¢ and k-w were considered to be the most suitable for
the calculation of the internal flow of rotating machines. The applicability of four turbulence
models, i.e. standard k-¢, RNG k-¢, standard k- and SST k- in the performance calculation
of the waterjet propulsion pump system was discussed and compared. Finally, an appropriate
turbulence model for the performance calculation was determined. The comparison showed
little difference between the calculated values. However, in the case of the standard k-¢
turbulence model, the calculated values were in good agreement with the experimental values.
Therefore, the standard k-¢ was chosen as the calculation model in this study.

13 1.3
1.2 412
1.1} o—* 411
2 =
m / /’A $
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= 27‘/ =
1.0 =4 1.0
09 —a— H/H,, ~09
—O— /iy
0.8 L 0.8

1 1 1
Standard k-¢  RNG k-¢  Standard k-0 SST k-o

Turbulent model

Fig. 5 Numerical and experimental results with different turbulence models

Note: *H,, represents the test value of head under design flow rate conditions, and #,, represents the test value of
efficiency under design flow rate conditions.
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2.5 Setting the boundary conditions

The inlet of the water tank was set as the inlet boundary of the entire computational
domain, and normal speed was adopted as the inlet boundary condition, as shown in Figure
2. In setting the velocity inlet boundary condition, the Wieghardt equation was used to
simulate the actual inlet velocity due to the influence of the hull boundary layer. The inflow
velocity was set equal to the ship speed, and nominal turbulence intensities (with values
equivalent to 5%) were used as the inlet boundary. The outlet of the water tank and the
nozzle was set as the outlet boundary. The average static pressure outlet boundary condition
was applied at the water tank outlet, and the mass-flow rate was adopted as the outlet
boundary of the nozzle. No-slip wall condition was applied to all physical walls. The
interface between the stationary and rotating frames was set as frozen stage condition. The
convergence precision was set to 10"

3. Hydraulic characteristic test

3.1 Testrig setup

A test rig was built to study the hydraulic performance of the waterjet propulsion pump,
as shown in Figure 6. The test rig was a closed circulation system composed of a main and a
secondary circulation pipeline system. The main circulation pipeline system was designed to
allow for the water circulation and provide bottom speed. The secondary circulation pipeline
system was a circulating pipe used to test the performance of the waterjet propulsion pump
system. The propulsion pumping system was composed of an impeller, a guide vane and an
inlet duct, as shown in Figure 7. A propulsion pump with six impeller blades and a guide vane
with seven stator vanes were built into the system. A scale model of a waterjet pump used for
ship propulsion was provided. The head, flow rate, torque, and speed were tested to obtain the
hydraulic performance of the waterjet propulsion pump. The pump was driven by a DC
electric motor at speeds varying from 700 r/min to 2400 r/min and was equipped with an
auxiliary axial pump to regulate the flow rate. The test rig had two electromagnetic
flowmeters with an absolute accuracy of +0.5%. These devices were used to test the flow
rates of the main and the secondary circulation pipeline system. The head of the waterjet
propulsion pump was measured using a differential pressure transmitter with an absolute
accuracy of £0.2%.

. Weterietpropulsion systes

| Inlet Tank

Eleciromagnetic flowmeters

Fig. 6 Test rig setup
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Fig. 7 Waterjet propulsion pumping system

3.2 CFD and experiment verification

In the numerical calculation, the front section (1-1) of the impeller inlet and the back
section of the guide vane outlet (2-2) were taken as the pressure measuring section for the
head calculation and analysis, as shown in Figure 8.

Fig. 8 Pressure measuring section

Pump efficiency #, shaft power P, and head H are usually used to represent hydraulic
characteristics of the waterjet propulsion pump system. Accordingly, the following formulas
were used:

P=Pr = P> )
H="= )
g
P 27xTn , 5)
1000 * 60
pgOH
_peoll 6
n N (6)

where p is the pressure of section (Pa), p;; is the average total pressure of section 1-1 (Pa),
p2.> is the average total pressure of section 2-2 (Pa), g is the gravitational acceleration (m/s°),
T is the torque of blades (N'm), n is the rotational speed of the impeller (r/min), and Q is the
flow rate (m’/s).

The comparison between the calculation and the experimental results is shown in Figure
9. In general, the predicted H and n were in good agreement with the experimental results at
different flow conditions. Under the design flow rate conditions, the numerical calculation
results were closest to the test results. Under other flow rate conditions, due to the influence
of flow separation and bad flow patterns in the propulsion pump, a certain deviation was
observed between the calculation and the experimental results. However, this deviation was
still within 3%. Thus, the calculation results were reliable.
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Fig. 9 Comparison between calculation and experimental results

Note: *Q, represents the design flow rate, and H, and #, represent the head and efficiency of the waterjet
propulsion pump system under the design flow rate conditions, respectively.

4. Results and discussion
4.1 Hydraulic performance evaluation index of the waterjet propulsion system

The thrust of the waterjet propulsion system is obtained by means of the calculated
reaction force of the water flow ejected from the propulsion pump. Three methods are
commonly used in predicting and measuring the thrust of the waterjet propulsion system [1,
19, 28]. These methods are theoretical analysis, experimental measurement and numerical
calculation method, i.e. the use of the CFD method. In this study, the thrust of the waterjet
propulsion system is calculated by using the momentum flux method and the CFD
technology. The thrust is equivalent to the momentum difference between Sections 1A and 7.
Section 1A is the imaginary inlet capture area with a semi-elliptical shape located at 1 D
ahead of the inlet tangency. Section 7 is the outlet section of the nozzle. Given the influence
of the boundary, the thrust of the waterjet propulsion system is defined as follows:

FZAM =M7_M1A =10Q(v0ut _vin)’ (7)
vin =a 'vs s (8)
0=4v,,, ©

where 4 is the outlet area of the nozzle (m?), v, 1s the mass averaged ingested velocity at
Section 1A (m/s), v, , is the axial velocity at Section 7 (m/s), and «' is the coefficient of the
effect of the boundary layer with a value of 0.95 following the reference documentation [19].

@ Free stream (@) Import throat
{2 Capture arca (3 Inlet duct outlet /
(D Inlet point of tangency ~ ® Nozzle /
« -
| 1
oy |
& e/ ©®

Fig. 10 24th ITTC definitions of standard locations of the waterjet propulsion system
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The efficiency of the waterjet propulsion system #_ denotes the ratio of the output power

of the system to the propulsion pump. Given the pipeline loss coefficient, the following
formulas are used to calculate 7 :

7762%, (10)
ﬂ:avZ’ (11)
k'=%, (12)

where K; is the pipeline loss coefficient in the range of 0.40-0.50. In this study, k£’ is

equivalent to 0.45, &’ is the ratio of v,, to vs, and £ is the coefficient of the effect of the
boundary layer.

The energy and cavitation performances of the waterjet propulsion pump are
significantly affected by the flow pattern of the impeller. Attention should be paid to the flow
pattern of the impeller to improve the efficiency of the waterjet propulsion pump system. A
sketch of the setting angle of the impeller blades is shown in Figure 11. fy represents the
design angle. The parallelogram rule is used to describe the inlet velocity of the impeller
blade, as shown in Figure 12. vy denotes the design value of the fluid absolute velocity, wy
denotes the design value of the corresponding velocity, and u denotes the subsequent velocity
rating. When the velocity distribution in the impeller inlet section is not uniform, the absolute
velocity of a particle in this section is less than (or greater than) vy. Then, it becomes similar
to v; (or v,), as shown in Figure 12(a). The flow angle f; (or £,) must be less than or greater
than fy. Because of the deviation between the flow angle and the design angle, in the process
of impeller rotation, the flow will impact the pressure surface or the suction surface of the
blade, resulting in an increased hydraulic loss in the impeller. This is also the reason for the
occurrence of flow separation, vortices and cavitation on the blade surface. When the velocity
of a particle in the impeller inlet section is not perpendicular to that section, it changes the
shape of the parallelogram of the inlet velocity and the flow angle, resulting in the occurrence
of the bad flow patterns near the impeller inlet, as shown in Figure 12(b).

(@) (b)

Fig. 12 Parallelogram rule of velocity at impeller inlet
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The uniformity of the velocity distribution at the impeller inlet section is represented by
the axial velocity distribution coefficient V. The axial velocity distribution is best when its

coefficient is closer to 100%. The following formula is used to calculate V:
T\2
poolioL [ 20u ) x100%, (13)
v

where v,; is the axial velocity of each element of the calculated section (m/s), Z is the

averaged axial velocity of the calculated section (m/s), and m is the number of cells of the
calculated section.

The weighted velocity average swirl angle 6 is used to measure the inflow conditions of
the impeller. The flow angle perpendicular to the impeller inlet section is better when @ is
closer to 90°. The following formula is used to calculate 6:

z {vai [90 —arctan v"ﬂ
y Vai , (14)
Zvai
i=1

where v;; is the tangential velocity of each element of the calculated section (m/s).

4.2 Flow parameters

The influence of the flow parameters is explored to obtain key parameters of the
hydraulic optimization of the inlet duct. The best operation conditions of the waterjet
propulsion system are also determined. Ship speed is an important flow parameter of the
waterjet propulsion system, and rotational speed is an important flow parameter of the
propulsion pump. The propulsion pump exhibits a poor flow pattern under the designed
rotational speed n,. Under the premise that the ship speed is maintained, the optimal flow

conditions can be obtained by adjusting the rotational speed # to increase the flow rate.

The total pressure contour of the propulsion pump inlet under different ship speed
conditions is shown in Figure 13. As the ship speed increases, the maximum total pressure
distribution area of the propulsion pump inlet also increases gradually. When the ship speed
exceeds 12 m/s, the variation of the maximum total pressure distribution area of the
propulsion pump inlet is extremely small, given a gradual increase in the flow rate ejected
from the nozzle with an increase in the ship speed and the rotational speed. The total pressure
on the left- and right-hand sides of the pump shaft is symmetrically distributed. Thus, the
upper part of the pump shaft is a low-pressure zone, whereas the lower part of the pump shaft
is a high-pressure zone.

Total Pressure Total Pressure Total Pressure
Total Pressure Contour 1 : Contour 1 Contour 1
1.336e+005 - . 1.495¢+005 3 1.701e+005 S . 2.104e+005
1.294e+005 p 1.428e+005 Z 1.624e+005 : 1.947€+005 /
1.251e+005 1.361e+005 1.546e+005 y - 1.791e+005 ’/'
- 1.209e+005 - 1.295e+005 1.469e+005  / - 1.635e+005 |/
- 1.167e+005 - 1.228e+005 1.392e+005 | - 1.479e+005
[ 1.124e+005 1.161e+005 1.314e+005 | [ 1.323e+005
1.082e+005 1.094e+005 1.237e+005 | 1.167€+005 |
1.039e+005 - 1.028e+005  \ 1.159e+005 \\ - 1.011e+005 \
9.971e+004 96100+004 | 1.082e+005  \ 8.547e+004
9.547e+004 8.943e+004 1.005e+005 I 6.985¢+004
5.4246+004
[Pa]

9.123+004 N " 4 8.2756+004 9.272e+004
[Pa] B [Pa] [Pa] —

(a) v, =8 m/s, (b) v, =10 m/s, (©)v,=12m/s, (d) v, =15 m/s,
nin,=229 nin,=2.71 n/n,=2.86 nin,=4.14

Fig. 13 Distribution of total pressure contour of the propulsion pump inlet under different ship speed conditions
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The axial velocity distribution coefficient and the weighted velocity average swirl angle
of the propulsion pump inlet under different ship speed conditions are shown in Figure 14. The
velocity distribution uniformity and the weighted velocity average swirl angle of the
propulsion pump inlet are slightly changed. Although the ship speed changes under the optimal
flow conditions, the velocity distribution coefficient and the weighted velocity average swirl
angle of the propulsion pump inlet are satisfactory, and the velocity distribution coefficient has
reached more than 75%. Therefore, under the optimal flow conditions, the change of ship
speed has little influence on the hydraulic performance of the propulsion pump inlet.

100 T T T T T T T T 100

95 - H95

90 —90

85 - 485
9 <
i; 80 . - . 4180
N . )

75 + A A +475

70 | 470

—A— Vu
65 g 465
60 1 1 1 1 1 1 1 1 60
7 8 9 10 11 12 13 14 15 16
V (m/s)

Fig. 14 Axial velocity distribution coefficient and weighted velocity average swirl angle under different ship
speed conditions

The internal flow pattern of the waterjet propulsion pump system is uniform under the
optimal flow conditions, and no bad flow patterns, such as vortex and flow separation, are
observed, as shown in Figure 15. The maximum and minimum velocities inside the waterjet
propulsion pump system are increased with an increase in the ship speed and the rotational
speed. Thus, the flow pattern of the waterjet propulsion pump system is only slightly affected
by the change in the ship speed and the rotational speed.

Velocity Velocity
Streamiine 1 Yelocity
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Fig. 15 Streamlines in the waterjet propulsion pump system under different ship speed conditions
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The system efficiency and thrust under different ship speed conditions are shown in
Figure 16. As the ship speed increases, first the system efficiency increases and then it
decreases, and the thrust increases continually. When the ship speed reaches approximately
10 m/s, the efficiency of the waterjet propulsion system obtains a maximum value.
Hydraulic performance evaluation indices, such as internal flow patterns, thrust and system
efficiency, are considered comprehensively. When the ship speed is 10 m/s, the rotational
speed ratio n/n, is 2.71, and the overall performance of the waterjet propulsion pump
system is optimal. The investigation of the key parameters for the hydraulic optimization of
the inlet duct considering the whole waterjet propulsion pump system is conducted under
the following conditions: the ship speed is equivalent to 10 m/s, and the rotational speed is
equivalent to 2.71n, .
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7 8 9 10 11 12 13 14 15 16
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Fig. 16 System efficiency and thrust under different ship speed conditions

4.3 Geometric parameters

Length L and dip angle o are the key geometric parameters of the inlet duct. By
maintaining the inlet duct outlet diameter and the lip structure, the geometric parameters of
length L and dip angle a are analysed using the single factor analysis. The hydraulic
performance of the waterjet propulsion pump system is obtained using different geometric
parameters. The geometric parameter optimization schemes are shown in Table 2.

Table 2 Geometric parameters of the inlet duct

Geometric parameter

Ship  Rotational
Dip speed speed

Case Length angle Lip Note

L " Structure Vv, (m/s) n/n,

1 595D  35° 4° 10 2.71

2 573D  35° 4° 10 2.71

3 551D  35° 4° 10 2.71

4 558D  33° 4° 10 2.71 ¥

5 576D @ 30° 4° 10 2.71

6 608D 27° 4° 10 2.71 ‘

7 613D  25° 4° 10 2.71
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43.1 LengthL

Sketches of various inlet ducts with different lengths L are depicted in Figure 17. Three
cases of inlet ducts with different lengths are observed under the conditions of maintaining the
dip angle and the lip of the inlet duct. The influence of length L of the inlet duct on the
hydraulic performance of the waterjet propulsion pump system is analysed.

N T N T

e
a6 1

ass.
asgs

e
[

5. 95D | < 5. 73D .

(a) Case 1 (b) Case 2

o

av6 °1

| 2850

5.51D .

(c) Case 3

Fig. 17 Sketches of different cases involving inlet ducts with different lengths L

Streamlines of different cases in the waterjet propulsion pump system are shown in
Figure 18. The results show that the internal flow pattern of each case is uniform, and no bad
flow pattern is observed. Although the dip angle of the inlet duct is maintained while its
length is changed, the internal flow pattern of the waterjet propulsion pump system remains
unaffected. Thus, the length of the inlet duct is not a key geometric parameter affecting its
internal flow pattern under certain dip angles.
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Fig. 18 Streamlines of different cases in the waterjet propulsion pump system

The hydraulic performance evaluation index of the waterjet propulsion pump system
with different lengths L is shown in Table 3. The results show that only the length of the inlet
duct is changed, and the variation of the velocity uniformity distribution of the propulsion
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pump inlet section in each case is small. As the length of the inlet duct becomes shorter, the
thrust and the system efficiency of the waterjet propulsion pump system are slightly reduced.
To sum up, by changing the length of the inlet duct, the internal flow pattern of the waterjet
propulsion pump system becomes uniform, and the thrust and system efficiency of the
waterjet propulsion pump system are reduced. Thus, length L is not a key geometric
parameter affecting the hydraulic performance of the waterjet propulsion pump system.

Table 3 Hydraulic performance evaluation index

Case V., (%) 5(0) FIF, M./ M4
Case 1 75.1 79.8 1.00 1.00
Case 2 74.0 79.6 0.96 0.99
Case 3 74.8 79.6 0.96 0.99

4.3.2 Dip angle a

Five cases of inlet ducts are investigated to analyse the influence of dip angle o on the
hydraulic performance of the waterjet propulsion pump system. The dip angle of the inlet duct
is between 25° and 35°, as shown in Figure 19.
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Fig. 19 Sketches of different cases involving inlet ducts with different dip angles a

Streamlines of different cases in the waterjet propulsion pump system are presented in
Figure 20. As the dip angle decreases, bad flow patterns, such as backflow and vortex, occur
in the waterjet propulsion pump system at the dip angle of 25°. This condition indicates that
the dip angle is a key geometric parameter affecting the internal flow pattern of the waterjet
propulsion pump system. As the dip angle of the inlet duct decreases, its height decreases.
This condition causes a little vertical distance between the pump shaft and the inlet of the inlet
duct. This distance between the two parts is not conducive to the improvement of the flow
state in the inlet duct.
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Fig. 20 Streamlines of different cases in the waterjet propulsion pump system

The hydraulic performance evaluation index of the waterjet propulsion pump system with
different dip angles a is shown in Table 4. The hydraulic performance evaluation indices of Case
7 are smaller than those of other cases. The velocity uniformity (2.7%) and the system efficiency
(3%) of Case 6 are lower than those of Case 4. The thrust changes of the five cases are small,
indicating that the change in the dip angle hardly affects the thrust. To sum up, with a decrease in
the dip angle, bad flow patterns, such as backflow and vortex, occur in the waterjet propulsion
pump system at the dip angle of 25°. Moreover, the pump system exhibits the lowest efficiency,
indicating that the dip angle is a key geometric parameter affecting the hydraulic performance of
the waterjet propulsion pump system. The comprehensive hydraulic performance of the waterjet
propulsion pump system is satisfactory with the following geometric parameters: an inlet duct
length L of approximately 6 D, a dip angle of 30°-35°, and a sharp lip corner structure.

Table 4 Hydraulic performance evaluation index

Case V. 0(°) FIF,  n./n,
Case 3 74.8 79.6 0.96 0.99
Case 4 75.8 80.0 0.96 0.99
Case 5 74.7 79.8 0.96 0.99
Case 6 73.1 80.0 0.97 0.96
Case 7 68.4 77.9 0.96 0.94

5. Conclusion

On the basis of a whole waterjet propulsion pump system, key parameters for the
hydraulic optimization of the inlet duct were investigated in this study from two aspects: flow
and geometric parameters. The accuracy of the numerical simulation results was checked by
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combining the numerical simulation with experimental verification. By conducting a grid size
sensitivity analysis and comparing different turbulence models, a suitable grid size and
turbulence model were determined. The numerical simulation results were extremely similar
to the experimental results under the design flow rate conditions. Thus, the numerical results
were reliable. By calculating and analysing the hydraulic performance of the waterjet
propulsion pump system in different cases, the following results were obtained:

(1) Under optimal flow conditions, the internal flow pattern of the waterjet propulsion
pump system was good. With an increase in the ship speed and the rotational speed, the
efficiency of the waterjet propulsion pump system would increase first and then decrease,
whereas the thrust would increase all the time. When the ship speed was 10 m/s, and the
rotational speed was 2.71 ng, the system efficiency would reach the highest point. When the
ship speed was 12 m/s, a wide range of cavitation was observed inside the inlet duct. Thus,
under the optimal flow conditions, the ship speed affected the efficiency of the waterjet
propulsion system but had little influence on the flow pattern of the inlet duct. Finally, the
operating conditions of 10 m/s ship speed and 2.71 n, rotational speed were considered the
best hydraulic optimization conditions for the waterjet propulsion pump system.

(2) With a decrease in the length L of the inlet duct, the internal flow pattern of the inlet
duct would exhibit no obvious change. However, the thrust and the system efficiency of the
waterjet propulsion system would decline. Bad flow patterns, such as backflow and vortex,
would occur in the waterjet propulsion pump system with a dip angle of 25°, and the system
efficiency would reach the lowest level. When the angle of inclination was more than 30° and
less than 35°, the comprehensive hydraulic performance of the waterjet propulsion system was
satisfactory. By exploring the effects of length L and dip angle « of the inlet duct, the latter was
considered to be the key parameter affecting the comprehensive performance of the waterjet
propulsion system. To sum up, the hydraulic performance of the waterjet propulsion system was
satisfactory under the following conditions in terms of the propulsion pump assembly: an inlet
duct length of approximately 6 D, a dip angle of 30°-35°, and a sharp lip angle structure.
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Nomenclature

P water density, kg/m’
u, u;  velocity component of fluid in the i and j directions, m/s
t time, S
p pressure, Pa
F, volume force component in the i direction, N
u dynamics viscosity coefficient, Pa's
X, X, coordinate component
D, diameter of the inlet duct outlet, mm
vy ship speed, m/s
v, averaged axial outflow velocity at the inlet duct outlet, m/s
IVR inlet velocity ratio
Ah hydraulic loss of the inlet duct, m

Ah, hydraulic loss of the inlet duct in Case a, m

160 TRANSACTIONS OF FAMENA XLV-1 (2021)



Investigation of Key Parameters for W. Jiao, L. Cheng, D. Zhang,
Hydraulic Optimization of an Inlet Duct Based on a B. Zhang, Y. Su
Whole Waterjet Propulsion Pump System

Hy test value of head under design flow rate condition, m
N test value of efficiency under design flow rate condition, %
Di1 average total pressure of section 1-1, Pa
D22 average total pressure of section 2-2, Pa
g gravitational acceleration, m/s
T torque of blades, N-m
0 flow rate, m’/s
P shaft power, kW
n rotational speed of the impeller, r/min
0. design flow rate, m’/s
H, head under design flow rate condition, m
Na efficiency under design flow rate condition, %
A outlet area of the nozzle, m”
Vout axial velocity at Section 7, m/s
Vin mass averaged ingested velocity at Section 1A, m/s
a' doefficient of the effect of the boundary layer
K; pipeline loss coefficient
k’ ratio of v,,, to v,
B coefficient of the effect of the boundary layer
V., axial velocity distribution coefficient, %
Vai axial velocity of each element of the calculated section, m/s
v, averaged axial velocity of the calculated section, m/s
M number of cells of the calculated section
6 weighted velocity average swirl angle, ©
Vi tangential velocity of each element of the calculated section, m/s
ng designed rotational speed of the impeller, r/min
L length of the inlet duct, m
A dip angle, °
H height of the inlet duct, m
F thrust of the waterjet propulsion system, N
e efficiency of the waterjet propulsion system, %
F, thrust of the waterjet propulsion system with v_= 10 m/s, N
N efficiency of the waterjet propulsion system with v. =10 m/s, %
Fy thrust of the waterjet propulsion system in Case 1, N
Ned efficiency of the waterjet propulsion system in Case 1, %
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