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Abstract. The waterjet propulsion system is a marine propulsion device prevalently used on
contemporary high-speed vessels. The performance of a waterjet propulsion system is
considerably affected by the nozzle. In this study, the influences of the shape and the outlet area
of a waterjet propulsion system on the efficiency of the propulsion system is investigated using
the computational fluid dynamics method. A total of 10 different nozzle designs, including
cylindrical and conical nozzles with 5 different outlet areas, are analyzed in terms of nozzle
efficiency and overall efficiency, and the possible reasons and explanations behind the variations
of the nozzle efficiency and the overall efficiency are proposed in this study. The simulated
results indicate that the conical nozzles consistently have higher nozzle efficiency than the
cylindrical nozzles, and the maximum nozzle efficiency occurs in the conical nozzle with an
outlet area of 60% of the inlet duct area. The abrupt change in the flow direction at the transition
between the guide vane section and the nozzle, as well as the skin friction on the nozzle wall, are
predominant factors affecting the nozzle efficiency. The waterjet propulsion units equipped with
conical nozzles generally have higher overall efficiency than their counterparts equipped with
cylindrical nozzles, while the maximum overall efficiency occurs in both the cylindrical nozzle
with an outlet area of 50% of the inlet duct area and the conical nozzle with an outlet area of 60%
of the inlet duct area. The loss of mechanical energy due to viscosity and turbulence in a
propulsion unit is the major source of energy loss, while the kinetic energy carried by the exit
flow is also a considerable factor affecting the overall efficiencies of the propulsion units
equipped with conical nozzles with relatively large outlet areas.

Keywords: waterjet propulsion system, computational fluid dynamics, efficiency, nozzle shape,
nozzle outlet area.

1. Introduction
The waterjet propulsion system is a marine propulsion device that generates reaction thrust by ejecting
a jet of water. It consists of an inlet duct, an impeller, a stator with guide vanes, a nozzle, steering devices,
and a reversing bucket. It is an internal flow device, transmitting thrust not only through the shaft but
also through the boundary and internal structures [1]. The applications of waterjet propulsion systems
on modern high-speed vessels have been growing rapidly since the 1980s, due to their high efficiency,
reduced drafts, and improved maneuverability [1-2].

Efficiency is a key aspect of the performance of a waterjet propulsion unit, which is affected by
multiple factors including the structures of the inlet duct, the nozzle, the relative motion between the
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ship and water, as well as the cavitation in the unit. Using numerical and experimental methods,
particularly computational fluid dynamics (CFD), a number of studies have been conducted
investigating the influences of various factors on the efficiency and flow characteristics of waterjet
propulsion systems. Ding et al. [3] determined the flow loss in a flush-type inlet duct of a waterjet
propulsion unit to be 0.05-0.12 by numerical simulation, in which a scalar quantity was introduced to
mark the stream tube. Jiao et al. [4] carried out a comprehensive optimization of the geometry of the
inlet passage of a waterjet propulsion system using the CFD method. Xu et al. [5] conducted a numerical
analysis of the effects of ship motions relative to water and impeller shaft rotation on the hydrodynamic
performance of the inlet duct of a waterjet propulsion unit. Xia et al. [6] numerically analyzed the flow
separation and rotating stall occurring near the impeller and guide vanes in a waterjet propulsion system.
Huang et al. [7] carried out theoretical, numerical, and experimental investigations of a submerged
conical nozzle to determine the relationships between reaction thrust and various operating conditions
and the nozzle geometry for minimum energy loss. Yang et al. [8] conducted an optimization of the
nozzle of a waterjet propulsion unit with a positive displacement pump using CFD simulation. Wang et
al. [9] optimized the outlet area, shape, and transition curve of the nozzle of a waterjet propulsion unit
under a fixed flow rate condition by CFD analysis. Jiao et al. [10] numerically simulated the cavitation
process in a waterjet propulsion pump and the whole system. All the above-mentioned numerical studies
included experimental validations.
Table 1. Nomenclature symbols.

Symbol Quantity Units
Aout Nozzle outlet area m?
Ain Inlet duct area m?
Nn Nozzle efficiency %
Mo Overall efficiency %
n Hydraulic efficiency %
Mp Propulsive efficiency %
74 Ship sailing velocity m/s
v Mass-weighted average velocity relative to the ship of the exit flow at m/s
out the nozzle outlet
Vin Average velocity of the ingested flow m/s
w Wake fraction %
p Fluid density kg/m3
m Mass flow rate through the waterjet propulsion system kg/s
0 Volume flow rate through the waterjet propulsion system m3/s
T Thrust kgm/s?
T Shaft torque of the impeller kgm? /s?
N Angular velocity of the impeller rad/s
Ein Mechanical energy flux into the nozzle kgm?/s3
Epue Mechanical energy flux exiting the nozzle kgm?/s3
Hip Mass-weighted average total head at the nozzle inlet plane m
Hout Mass-weighted average total head at the nozzle outlet plane m
Mass-weighted average total head at a cross-section xm from the
H, . m
nozzle inlet plane
AH Total head generated by the whole waterjet propulsion system m
P, Shaft power of the impeller kgm? /s3
Py The effective propulsive power output kgm? /s3
g Gravitational field strength at the surface of the Earth m/s?
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The nozzle of a waterjet propulsion system plays a crucial role in generating thrust. It accelerates the
flow and converts the static pressure of water flow into dynamic pressure, which considerably raises the
kinetic energy and momentum of the water to create reactive thrust. Using the computational fluid
dynamics method, this study investigates the influences of the nozzle shape and outlet area on the nozzle
efficiency and overall efficiency of a waterjet propulsion unit. The performances of cylindrical and
conical nozzles with 5 different outlet areas are simulated and compared in order to determine the
optimal outlet area and nozzle shape.

2. Simulation setup

2.1. Computational domain

The computational fluid dynamics simulation was conducted using the fluid simulation software Ansys
Fluent. As shown in Fig. 1 and Fig. 2, the computational domain includes the propulsion unit and the
external water body below the vessel. There are 1 inlet and 2 outlets in the entire domain: the inlet of
the water body, the outlet of the water body “outletl”, and the nozzle outlet of the propulsion unit
“outlet2”. The inlet duct diameter is set as 0.50m and the nozzle outlet diameter is varied across different
simulation cases. The water body was 15.00m in length, 5.00m in width, and 4.00m in height. The
dimensions of the propulsion units with cylindrical and conical nozzles are depicted in Fig. 3 and Fig. 4
respectively. The dip angle of the inlet duct is 30° and the half angles of all the conical nozzles are 8.5°.
The lengths of the propulsion pump, the guide vane section, and the nozzle are 0.30m, 0.35m, and 0.25m
respectively.

There are 2 cell zones in the mesh generated: a rotating cell zone surrounding the rotating impeller
and a stationary cell zone consisting of the rest of the flow field outside the rotating zone. The two cell
zones are divided by an interface on which the mesh in the two zones can slide freely relative to each
other. The impeller has a fixed rotating speed of 1800rpm (188.5rad/s), which is also the rotating speed
of the rotating cell zone. Poly-hex-core cells are generated in the mesh, with cell sizes of 0.30m in the
water body, 0.02m in the stationary region in the propulsion unit, and 0.005m in the rotating cell zone.
The total number of cells varies between 1.8 X 106 and 2.1 X 10° over different cases.

o

Figure 1. Side view of the computational Figure 2. Front view of the computational
domain. domain.

Figure 3. The waterjet propulsion unit with a Figure 4. The waterjet propulsion unit with a
cylindrical nozzle. conical nozzle.
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2.2. Governing equations and numerical models
Reynolds averaging is adopted to account for the turbulent flow, which breaks the velocity u into a time-
averaged mean component U and a fluctuating component u':

U = l_li + u{ (1)
The continuity equation used in the simulation is written in the Cartesian tensor form as:
9p , 0(pui) _
at + ax; @)

The momentum governing equation is the Reynolds-averaged Navier-Stokes equation, which is
written as follows in the Cartesian tensor form:
o) | OGu) _ _op | 0 [ (8 0% 20 an)| 0 oo
o T ax  ox + ax; | \ox; T3 i X + 0x; (=puiu) )
The SST k-w turbulence model [11] is adopted in the simulation, the transport equations of which
are written as follows in the Cartesian tensor form:
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Where [, I, Gk, G, Yk Yo Sk and S, represent the effective diffusivity, generation, dissipation,
and user-defined source terms of the turbulent kinetic energy and the specific dissipation rate
respectively, and D, denotes the cross-diffusion term.

The Schnerr-Sauer cavitation model [12] is utilized to account for the cavitation occurring in the
propulsion unit. The governing equations are given as follows:

d(apy)

=tV (apyV) =R (6)
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Where a is the vapor volume fraction, p is the density of the liquid-vapor mixture, py is the vapor
phase density, p; is the liquid phase density, R is the mass transfer rate from the liquid phase to the vapor
phase, Ry is the vapor bubble radius, ny, is the bubble number per unit liquid volume, p is the mixture
pressure, py is the vapor pressure, and Fy,, and Feonq are the empirical calibration coefficients of
evaporation and condensation respectively.

2.3. Boundary conditions

The non-slip condition is applied to all solid walls of the propulsion unit and the top boundary of the
water body to simulate the boundary layer formed on the solid walls of the propulsion unit and the
bottom of the hull. The condition of zero shear stress is imposed on the sides and bottom of the water
body. The inlet is set as a velocity inlet with a uniform inflow velocity of 20.58m/s, which is the assumed
sailing speed of the ship. The nozzle outlet is assumed to be exposed rather than submerged since the
nozzles of actual waterjet propulsion systems are above the waterline when operating at high sailing
speeds due to the hollow of water immediately behind the stern of a vessel sailing at high speeds, and
the effect of gravity is neglected in the simulation due to its relatively minor effect on the flow field.
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The two outlets, “outlet]” and “outlet2”, are both pressure outlets with a gauge static pressure of OPa,
since the ambient pressures in both the air and water are equal to the atmospheric pressure when gravity
is neglected.

3. Results and discussions

3.1. Simulation cases

As shown in Table 2, the waterjet propulsion units with 10 different geometries are analyzed through

CFD simulation. In cases 1-5, the propulsion systems are equipped with cylindrical nozzles and the

nozzle outlet areas A,y are 60%, 50%, 40%, 30%, and 25% of the inlet duct area A;, respectively. In

cases 6-10, the propulsion systems are equipped with conical nozzles with the same set of outlet areas.
Table 2. Summary of simulated cases.

Agut 60%A;, 50%A;, 40%A;, 30%A;, 25%A;,
Cylindrical Case 1 Case 2 Case 3 Case 4 Case 5
Conical Case 6 Case 7 Case 8 Case 9 Case 10

3.2. Influences of nozzle shape and outlet area on nozzle efficiency
The nozzle efficiency is calculated using the following formula:
— Eour _ mgHour _ Hout
ln = Ein - mgHin B Hin x 100% (9)
Where 1, is the nozzle efficiency, H;, is the mass-weighted average total head at the nozzle inlet,
and H,,; is the total head at the nozzle outlet.

The mass-weighted average value of a scalar quantity at a surface in the flow field is calculated as
follows:

— _ JpoIV-dA| _ TR, pidhilViA|
— JPo[VdA] A 10
¢ [ pIV-dA]| TR pil VA (10)

Where ¢ is a general scalar variable, dA is the normal vector of a differential area of the surface with
a magnitude of the differential area.

Table 3 and Fig. 5 illustrate the variations of nozzle efficiency with the outlet areas of both cylindrical
and conical nozzles. The nozzle efficiency of a cylindrical nozzle increases consistently with the nozzle
outlet area, from 82.96% at the outlet area of 25%A;, to 93.17% at the outlet area of 60%A;,. The
growth of the nozzle efficiency of a cylindrical nozzle is significant as the outlet area increases from
25%A;, to 40%A;, and relatively moderate as the outlet area rises from 40% to 60% of the inlet duct
area. The nozzle efficiency of a conical nozzle shows a general slightly increasing trend involving
considerable fluctuations with the outlet area, with the minimum nozzle efficiency of 92.23% occurring
at the outlet area of 30%A;,, and the maximum of 96.02% occurring at the outlet area of 60%A;,. The
efficiencies of the conical nozzles are higher than those of the cylindrical nozzles across the whole range
of nozzle outlet areas investigated.

Fig. 6 and Fig. 7 depict the change in the mass-weighted average total head at a cross-sectional plane
of a nozzle with the longitudinal distance of the plane from the nozzle inlet plane. The total heads at the
inlet, outlet, and three quartiles of a nozzle are calculated. H;, represents the total head at the nozzle
inlet plane and Hy, represents the total head at a cross-section of the nozzle at x meters from the nozzle
inlet plane. The total head decreases steeply in the first quarter of both the cylindrical and conical nozzles
and the drop in the total head tends to be more drastic in the nozzles with smaller outlet areas and in the
cylindrical nozzles. An approximately linear descent of the total head takes place throughout the second
and third quarters of both the cylindrical and conical nozzles. In these two quarters, the total head
declines more significantly in the nozzles with smaller outlet areas and decreases more in conical nozzles
than in cylindrical ones at the outlet areas of 60%A;, and 50%A;,. In the last quarter of the cylindrical
nozzles, the total head declines slightly in the nozzles with outlet areas of 60%A;, and 50%A;, and
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plunges considerably in the nozzles with outlet areas of no more than 40% of the inlet duct area. In the
last quarter of the conical nozzles, the total head increases slightly except for the one with an outlet area
of 25% of the inlet duct area.

Table 3. Nozzle efficiency in each case.

Case 1 2 3 4 5
N, (%) 93.17 92.25 90.07 84.22 82.96
Case 6 7 8 9 10
Ny (%) 96.02 94.20 95.58 92.23 94 .31
100.0 nozzle efficiency head distribution in cylindrical nozzles
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Figure 6. Mass-averaged total head wvs.

Figure 5. Nozzle efficiency vs. outlet area. longitudinal position in cylindrical nozzles.
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Figure 7. Mass-averaged total head vs. longitudinal position in conical nozzles.

Fig. 8-Fig. 27 display the axial velocity contours of the cylindrical and conical nozzles at the outlet
plane and the longitudinal section of the nozzles. In a cylindrical nozzle, there is a low-velocity region
at the center of the nozzle, coincident with the wake behind the stator hub, surrounded by an annular
high-velocity region around the nozzle periphery. At outlet areas of 60%A;, and 50%4;,, the central
low-velocity region and the annular high-velocity region do not mix with each other. At outlet areas
smaller than or equal to 40%A;,,, the annular high-velocity region briefly mixes with the wake behind
the stator hub before the central low-velocity region expands again. In the conical nozzles with outlet
areas of 60%A;, and 50%A;,, a large annular high-velocity region surrounds a central low-velocity
region. At outlet areas of 25%-40% of the inlet duct area, 3 regions with distinctly different velocities
can be observed in a conical nozzle: the central region with low axial velocity, the inner annular region
with the maximum velocity, and the outer annular region with intermediate axial velocity. The annular
high-velocity region apparently mixes with the wake behind the stator hub in a conical nozzle, thanks
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to the contractionary effect of the nozzle on the flow direction, which makes the central low-velocity
regions in conical nozzles smaller and less distinct than those in cylindrical nozzles.

Some possible reasons for the variations of the nozzle efficiency with the nozzle shapes and nozzle
outlet areas are suggested by the above-mentioned observations. There is an abrupt change in the flow
direction at the transition between the guide vane section and the nozzle, which incurs energy loss due
to turbulence and viscosity. The energy loss is greater in nozzles with smaller outlet areas and in
cylindrical nozzles than that in conical nozzles, since the changes in flow direction are more drastic in
these cases. This accounts for the more drastic decline of the total head in the first quarter of the nozzles
with smaller outlet areas and in cylindrical nozzles. The approximately linear descent of the total head
in the second and third quarters of the nozzles suggests that the major source of energy loss in this
section of the nozzles is the skin friction on the nozzle walls. The skin friction is more influential to the
flow field in nozzles with smaller outlet areas, which leads to a steeper decline in the total head in the
nozzles with smaller outlet areas. In the last quarter of the cylindrical nozzles with outlet areas smaller
than or equal to 40% of the inlet duct area, the drastic drop of the total head is possibly associated with
the expansion of the low-axial-velocity region at the center of the nozzles. The slight rise of the total
head in the last quarter of the conical nozzles with outlet areas greater than 30% of the inlet duct area is
potentially associated with the mixing between the annular high-velocity region and the central low-
velocity region near the nozzle outlet.

Figure 8. Case 1 nozzle outlet.

Figure 10. Case 2 nozzle outlet. Figure 11. Case 2 nozzle longitudinal section.
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Figure 12. Case 3 nozzle outlet. Figure 13. Case 3 nozzle longitudinal section.

Fi . Figure 15. Case 4 nozzle longitudinal section.

Figure 16. Case 5 nozzle outlet. Figure 17. Case 5 nozzle longitudinal section.
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Figure 18. Case 6 nozzle outlet.

Figure 20. Case 7 nozzle outlet.

Figure 22. Case 8 nozzle outlet. Figure 23. Case 8 nozzle longitudinal section.
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Fi Figure 25. Case 9 nozzle longitudinal section.

Figure 26. Case 10 nozzle outlet. Figure 27. Case 10 nozzle longitudinal section.

3.3. Influences of nozzle shape and outlet area on overall efficiency

The thrust of the waterjet propulsion system is obtained by considering the propulsion unit and the
ingested stream tube as a control volume and calculating the difference between the inflow momentum
flux and the exit momentum flux. The thrust is given by the following formula:

T = mVyy — mV;, = pQ[Vout -(1- W)Vs] (1)
Vin = (1 —w)Vq (12)

Where w is the wake fraction assumed to be 5%.
Thus, the overall efficiency can be calculated as follows:

No = P]())_:t — T[_‘;s — PQVS[Vou’lt:;(l_W)Vs] (13)

Table 4 and Fig. 28 illustrate the variations in the overall efficiency of a waterjet propulsion system
with the nozzle shape and the outlet area. The overall efficiency of a waterjet propulsion system with a
cylindrical nozzle increases consistently with the nozzle outlet area from 31.22% to 54.43% as the outlet
area increases from 25%A;, to 50%A;,. Then it decreases to 50.82% as the nozzle outlet area rises to
60%A;,. The overall efficiency of a waterjet propulsion unit with a conical nozzle decreases from 37.15%
to 33.10% as the nozzle outlet area increases from 25%A;, to 30%A;, and then soars to 51.15% at the
outlet area of 40%A;,, followed by a gentle linear growth to 54.42% as the outlet area reaches 60% of
the inlet duct area. The overall efficiency of the waterjet propulsion unit equipped with the cylindrical
nozzle with an outlet area of 50%A;,, and that of the propulsion unit equipped with the conical nozzle
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with an outlet area of 60%A;,, are almost equal and both of them can be considered the maximum overall
efficiency. The overall efficiencies of the propulsion units with conical nozzles are generally higher than
those of the propulsion units with cylindrical nozzles.

60 overall efficiency 80 hydraulic efficiency
551
701
50
Sl S 60
2 401 s
50
354
- 40 I
301 —s— cylindrical nozzle —s— cylindrical nozzle
—— conical nozzle —— conical nozzle
25 ‘ ‘ ‘ ‘ 30
20 30 40 50 60 70 20 30 40 50 60 70
Aout/Ain (%) AoutlAin (%)

Figure 28. Overall efficiency vs. nozzle outlet Figure 29. Hydraulic efficiency vs. nozzle outlet

area. area.
85 propulsive efficiency
—e— cylindrical nozzle
—s— conical nozzle
80
75
X
(=}
=70
65
60
20 30 40 50 60 70

AoutlAin (%)

Figure 30. Propulsive efficiency vs. nozzle outlet area.
Table 4. Overall efficiency in each case.

Case 1 2 3 4 5

Mo (%) 50.82 54.43 44.64 33.85 31.22
Case 6 7 8 9 10
Mo (%) 54.42 53.30 51.15 33.10 37.15

Table 5. Hydraulic efficiency in each case.

Case 1 2 3 4 5

Nh (%) 61.50 71.05 59.23 44.75 41.22
Case 6 7 8 9 10
Np (%) 70.20 69.96 76.22 51.52 58.74
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Table 6. Propulsive efficiency in each case.

Case 1 2 3 4 5

Np (%) 82.63 76.61 75.37 75.63 75.74
Case 6 7 8 9 10
Np (%) 77.52 76.19 67.11 64.26 63.24

The hydraulic efficiency and propulsive efficiency of the waterjet propulsion systems are also
investigated. The hydraulic efficiency denotes the proportion of shaft work of the impeller being
converted to the mechanical energy of the water, which is calculated as follows:

mgAH mgAH
=" """ (14)

The propulsive efficiency represents the proportion of the hydraulic power being converted to the

propulsive power of the ship, which is calculated as follows:

— TVs m(Voyu—(1-w) V)V — (Vout—(1-w)Vs)Vs

p mgAH mgAH gAH

(15)

The following relationship exists between overall efficiency, hydraulic efficiency, and propulsive
efficiency:

No = NnNp (16)

Table 5, Fig. 29, and Table 6, Fig. 30 illustrate the hydraulic and propulsive efficiencies respectively
of waterjet propulsion systems with different nozzle shapes and outlet areas. The waterjet propulsion
systems with conical nozzles are generally more desirable in terms of hydraulic efficiency and the
waterjet propulsion systems with cylindrical nozzles are consistently more desirable in terms of
propulsive efficiency. The trend of the overall efficiency of a waterjet propulsion system equipped with
a cylindrical nozzle with its outlet area closely resembles the trend of its hydraulic efficiency with its
outlet area. At outlet areas 25%A;,—40%A;,, the overall efficiency of a propulsion unit with a conical
nozzle varies with outlet areas in a similar way as the variation of the hydraulic efficiency. At outlet
areas of 50%A4;,, and 60%A;,, the overall efficiency of a propulsion unit with a conical nozzle is more
affected by the propulsive efficiency, since the overall efficiency continues to increase despite the
descent of the hydraulic efficiency. Therefore, the major source of energy loss in a waterjet propulsion
system is the internal loss of the mechanical energy of water, while the reduced kinetic energy carried
by the exit flow considerably improves the overall efficiencies of the propulsion units equipped with
conical nozzles with relatively large outlet areas.

4. Conclusion

In order to study the influences of the nozzle shape and outlet area of a waterjet propulsion system on
its efficiency, the flow fields in the waterjet propulsion systems equipped with cylindrical and conical
nozzles with 5 different outlet areas are numerically simulated using the method of computational fluid
dynamics. The variations of the nozzle efficiency and the overall efficiency with the nozzle shape and
outlet area are thoroughly investigated. The maximum nozzle efficiency is 96.02% occurring in the
conical nozzle with an outlet area of 60% of the inlet duct area. The nozzle efficiencies of conical nozzles
are consistently higher than those of cylindrical nozzles across the whole range of nozzle outlet areas
investigated in this study, and the nozzle efficiency has a general increasing trend with the nozzle outlet
area. The viscous and turbulent energy loss incurred by the abrupt change in the flow direction at the
transition between the guide vane section and the nozzle and the skin friction on nozzle walls are major
contributing factors to the energy loss in a nozzle. The overall efficiency of the waterjet propulsion
system equipped with the cylindrical nozzle with an outlet area of 50% of the inlet duct area and that of
the propulsion system equipped with the conical nozzle with an outlet area of 60% of the inlet duct area
are the maximum and almost equal to each other, being 54.43% and 54.42% respectively. The overall
efficiency of a propulsion unit equipped with a conical nozzle generally increases with the nozzle outlet
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area, whereas the overall efficiency of a propulsion unit equipped with a cylindrical nozzle increases
with outlet area at smaller outlet areas and decreases when the outlet area exceeds 50% of the inlet duct
area. The conical nozzles are generally more desirable than cylindrical nozzles in terms of overall
efficiency. The hydraulic efficiency is the dominating factor affecting the overall efficiency, while the
propulsive efficiency also exerts influence on the overall efficiency to some extent when the propulsion
unit is equipped with a conical nozzle with a relatively large outlet area.

This study is subject to certain limitations. Firstly, the simulated results are not confirmed by
experimental validation, which means the simulated flow characteristics might involve some
inaccuracies. In addition, the wake fraction is set as the empirical value of 5% rather than calculated
from the flow field. Despite these limitations, the CFD simulation sheds light on the influences of the
nozzle shape and the outlet area of a waterjet propulsion system on the nozzle efficiency and overall
efficiency and explores the possible underlying reasons behind the influences, which could offer some
insights into the design of future marine waterjet propulsion systems.
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