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With the development of high-speed crafts, new propulsion systems are introduced into the marine industry. One of the new
propulsion systems is linear jet which is similar to pump jet and has a rotor, a stator, and a duct. The main difference between
this system and pump jet is the placement of linear jet system under the hull body and inside a tunnel. Since this system, like a
water jet, is inside the tunnel, the design idea of this system is a combination of a water jet and pump jet. In this paper,
hydrodynamic performance of linear jet propulsion system is numerically investigated. To this end, the OpenFOAM software
is utilized and RANS steady equations are solved using a k-e¢ turbulent model. The linear jet geometry is produced by
assembling a Kaplan rotor, stator with a NACA 5505 cross section, and a decelerating duct. The results of numerical
solution in the form of thrust, torque coeflicient, and efficiency are compared with available experimental data for a ducted
propeller, and good agreement is displayed. Subsequently, the hydrodynamic parameters are computed in two conditions:
with a stator and without a stator. By comparing the results, it is observed that the total thrust coefficient of the propulsion
system with a stator at all advance ratios increases by at least 40%. It is further observed that addition of a stator also

improves its efficiency.

1. Introduction

Linear jet propulsion system is one of the new propulsion
systems in the marine industry. To upgrade the ducted
propulsion and pump-jet systems, the linear jet propulsion
system was introduced by a researcher in 2012. Sorbello [1]
showed that the linear jet system can increase the Bollard
force by about 50% without increasing the required engine
power. Overall, this system can be used for vessels with 20
to 60 m length. The applicational range of speed in this sys-
tem is between 25 and 40 knots. This system is like a ducted
propeller system and includes a rotor and a duct. However,
the difference between this system and the ducted propeller
is the presence of a fixed stator which is connected to the
duct. The stator can be placed upstream or downstream of
the rotor. The presence of the stator causes the conversion
of the rotational speed of the rotor to an axial speed behind
the rotor. The outlet flow of the rotor also becomes uniform

by a duct [2]. Considering the long history of the use of
ducted propellers in varieties of boats and ships, different
experimental and numerical works have been conducted in
this regard. One of these works is the experiment performed
by Oosterveld [3] on a propeller of ka 4-70 with a duct of
19A. Their results have been used for validation of many
numerical investigations. He presented the open-water test
results of the ducted propeller systems which are suitable
for push boats and tugs. Several years later, Taketani et al.
[4] placed a Kaplan propeller series inside a 19A duct and
examined the flow around the propeller. Nevertheless, their
results showed a higher bollard pull performance than the
conventional propeller. Subsequently, Baltazar et al. [5]
and Bosschers and van der Veeken [6] made changes to
the 19A duct to improve the wake generated by the vessels.
The analysis was carried out for the propeller ka 4-70 oper-
ating in two conditions: without a modified 19A duct and
with a modified 19A duct. Later, Yongle et al. [7] examined
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TaBLE 1: Geometric specifications for ducted propeller ka 4-70 [3].

Characteristic Duct Propeller section Z Dyropelter P/D AOA D,/ Dipropelier

Value 19A Kaplan 4 0.2 1 0.7 0.2

FIGURE 1: Three-dimensional model of the ducted propeller.
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FiIGUure 2: Dimensions of the computational domain with
determination of the boundary conditions.

the effects of changes of tip clearance. Simulation results
showed that the tip loss slope was not linear at high
advance ratio due to the reversed pressure at the leading
edge. In the same year, Val¢i¢ and Dejhalla [8] estimated
the open-water characteristics of the four-blade ka 4-70
propeller with the duct of 19A.

Along with the development of a ducted propeller
system, another system called a pump jet was formed. The
difference between this system and the ducted propeller sys-
tem was the presence of stator blades after the propeller. The
presence of these blades causes the output flow [9]. However,
this idea has been used for many years only on submarine
and the first model was used in the British submarines in
1996 [10]. In 2009, Kim [11] solved the numerical solution
of the pump jet using the OpenFOAM software and exam-
ined the turbulence flow around a pump jet. Suryanarayana
etal. [12] also performed experiments on a symmetrical body
with a pump-jet propulsion system. According to their tests,
the propulsion system of the pump jet has a wider range of
performance than the ducted propeller, but the efficiency of
this pump jet does not exceed 40%. In 2013, Lii et al. [13]
examined the flow through a pump jet by solving the
Navier-Stokes equation using the turbulence model SST k
-w. It was shown that a decrease in the distance between

TaBLE 2: Experimental results for validation [3].

Advance ratio Thrust coefficient Torque coefficient

0.2 0.416394 0.0423
0.4 0.311192 0.0389
0.6 0.184658 0.0315
0.8 0.0310027 0.0193

TaBLE 3: Boundary conditions.

Boundary Type of boundary condition
Inlet Velocity inlet

Outlet Pressure gradient
Propeller & hub No-slip wall

Duct No-slip wall
Cylindrical wall Free-slip wall

the pods and the hull leads to an increase in the efficiency
of the pods and the thrust coefficient. In addition, Pan et al.
[14] performed similar simulations in the same year with
the turbulence model k-w SST in a finite volume scheme
and examined vortex tips. Another numerical analysis in
the field of pump jet focusing on the occurrence of cavitation
was conducted by Shi et al. [15]. The effects of different
advance ratios, cavitation number, and flow velocity on
cavitation characteristics of the pump jet were studied. As a
result, it was observed that, when the cavitation occurs on
the blades, the propeller thrust and torque decrease signifi-
cantly, thereby causing a 15% reduction in open-water effi-
ciency. In 2016, Motallebi-Nejad et al. [16] performed
numerical analysis of the pump-jet system using the periodic
domain. To validate their results, they placed a Kaplan 4-70
propeller, produced by PropCad software into a 19A duct
and analyzed it using Ansys-CFX software. Pan et al. [17]
also conducted a numerical analysis of the pump-jet thrust
system. This numerical study was based on the unsteady
Reynolds-averaged Navier-Stokes computational fluid
dynamics method. Their numerical simulations accurately
predicted the propulsion efficiency changes and the cavita-
tion inception and extension on the suction side of the rotor
blades. Moreover, Lu et al. [18, 19] investigated tip clearance
effects on the performance of the pump-jet propulsion.
Results showed that the structure and characteristics of the
tip leakage vortex and the efficiency of the propulsion
reduced with an increase in the tip clearance size. One of
the most recent studies, which directly refer to the linear jet
propulsion system, was conducted in 2020 by Donyavizadeh
and Ghadimi [20]. They numerically examined the thickness
and length of the camber in the stator, which is one of the
main components of the linear jet propulsion system.
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FIGURE 3: Thrust and torque coefficients in ] = 0.6 for different numbers of elements.

FIGURE 4: An overview of the computational grid used in numerical
solving.

In the present study, considering the importance of
stator on the performance of the linear jet propulsion sys-
tem and the lack of any data in the field of linear jet
ropulsion system, the effect of the presence of stator in a
linear jet propulsion system is examined. The presence of
stator blades causes the output flow and increases the resis-
tance of the ship, but it improves the wake of vessels,
thereby increasing the final efficiency of the propulsion sys-
tem. Numerical simulations are conducted solving RANS
equations. The OpenFOAM software is used to perform
the simulations. Geometry of cross section of the rotor is
selected from Kaplan series, while the cross section of a
duct is NACA 0010. The computational domain is a cylin-
der, and mesh type is unstructured. For this domain, the
mesh sensitivity is checked, and the optimum mesh size
is selected for a solution with high accuracy. For numerical
accuracy verification, a ducted propeller from Kaplan series
is analyzed in OpenFOAM software. Subsequently, the
geometry of the linear jet propulsion system is examined
with the stator. Two different case studies are considered;
one with stator and another with no stator, and they are
numerically analyzed. For both studies, the results are
expressed in terms of thrust and torque at different
advance ratios.

TaBLE 4: Comparison of numerical data with experimental data [3].

J Ky Ky Percent Kq Kq Percent
(NUM) (EXP) errorin K (NUM) (EXP) errorin K,

0.2 04175 0.4163 0.28 0.0433 0.0423 2.36

0.4 0.3016 0.3111 3.05 0.0403 0.0389 3.59

0.6 0.1857 0.1846 0.59 0.0333 0.0315 5.71

0.8 -0.0331 0.0310 6.77 0.0179 0.0193 7.25

2. Governing Equations

For analyzing the flow around ducted propeller, continuity
and momentum equations are solved. The flow condition is
assumed to be incompressible. The conservation of mass
and momentum is solved with three-dimensional RANS
equations given in Equations (1) and (2).

o

Ix (ptt;) =0, (1)
op  _ op , __ = 0p 0 ou; 0
ot PH)+ g, (PH) =P = 50+ 5 ¥\ oy, ¥ o

(2)

For computing the thrust and torque of the propeller,
nondimensional coefficients such as advance ratio (J), thrust
coefficient (Ky), torque coefficient (K), and efficiency (1)
are used which are seen in Equations (3) to (6):

_ VA
=5 (3)

in which, V, is advance velocity of the water into the propeller.

T
Ky=— | 4
T p-n?-D (4)

__
p-nt-D°

(5)

Kq
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F1GURE 5: Comparison of numerical and experimental results [3] for thrust and torque coeflicients.

FIGURE 6: Schematics of the rotor blade produced in PropCad.

TABLE 5: General information of the rotor blade.

Number of blades: 5
Diameter 185
Pitch 1.2
Rake 0
Skew angle 3.1

Equation (6) is used to calculate the propeller efficiency in
an open-water condition:

fo= Lo
0_77)
ZnKQ

(6)

where p is the fluid density around the propeller, n is the
rotational speed of the propeller, and D is diameter of the
propeller.

In this study, OpenFOAM software is used to solve
numerical problems. The flow simulation is based on the
solution of the RANS equations. The k-&¢ method is used for

TaBLE 6: Information of decelerating duct section.

NACA 0010 Airfoil M =0.0%, P=0.0%, T =10.0%
Chord (mm): 100

Radius (mm): 0

Thickness (%): 100

Origin (%): 0

Pitch (degree): 0

modeling of the turbulence effect. The algorithm intended
for the iteration method is also PIMPLE [21]. This algorithm
is specific to OpenFOAM software, and it is a combination of
SIMPLE and PISO algorithms [22]. Based on the guidelines
specified by OpenFOAM software developers, two solvers
are proposed to solve the propeller issue. From these two,
one solves for the flow around the propeller with the presence
of cavitation and the other with no cavitation. Since the aim
of the current study is not to study cavitation, a PimpleDyM-
Foam solver is selected, which can model the noncavitation
case.

3. Validation of Numerical Method

For verifying the numerical solution, available experimental
results [3] for a ducted propeller are utilized. For this pur-
pose, a ducted propeller is used as a simplified case of a linear
jet system, and its specifications are given in Table 1. The
three-dimensional model of the ducted propeller is shown
in Figure 1.

The computational domain is considered two cylinders
(Figure 2). The small cylinder is around the propeller and
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FIGURE 7: Stator image produced with a NACA 5505 cross section.

FIGURE 8: Three-dimensional geometry of the linear jet propulsion
system.

TaBLE 7: Thrust force calculated for the linear jet system with a
stator.

. Pressure Viscous
Pressure Viscous

thrust thrust Total
J ﬁ;[il?;:; f(;[ilf«l;::)r for duct for duct  thrust Ky
& stator & stator
0 292.391 -2.5106 34.3901 -0.749 323.52124 1.37154
0.2 246.086 -3.2313 409112 -2.055 281.71124 1.19429
1.1 199.053 -3.7106 8.00042 -11.22 192.12737 0.81451
2 192.865 -4.2118 -67.949  -23.26 97.44924 0.41313
3 107.457 -5.6565 -143.23  -44.31 -85.74476 -0.3635

has a rotational motion. This cylinder is inside a larger
cylinder. This is the convenient way for modeling the rota-
tion of the propeller.

The hydrodynamic characteristics of the experimental
test for the ducted propeller are given in Table 2.

In Table 2, the computed thrust and torque coefficients at
various advance ratios in the range 0.2 to 0.8 are shown.
Based on the presented results, the thrust and torque coeffi-
cients are reduced with an increase in advance ratios.

To perform numerical calculations, the initial and
boundary conditions of the problem must be determined,
which are shown in Table 3.

As shown in Figure 2 and Table 3, the free-slip wall
boundary condition is applied on the cylindrical walls. At
the start of the computational domain, the applied input
boundary condition is flow with a constant speed (1 m/s)
toward the propeller. To establish the mass conservation
equation, zero pressure gradient is applied as boundary con-
dition at the end of the computational domain. However, the

TaBLE 8: Torque force calculated for the linear jet system with a
stator.

Pressure torque ~ Viscous torque

J for rotor for rotor Torque Ko 10+Kq
0 26.187 0.1361 26.32  0.62 6.1996
0.2 21.979 0.1539 22.13 0.521 5.2128
1.1 19.528 0.1488 19.68 0.463 4.6343
2 18.573 0.1692 18.74 0.441 4.4142
3 10.895 0.2287 11.12 0.262 2.6199

propeller and part of the shaft are placed inside a rotating
cylinder, to apply a moving mesh.

To achieve better accuracy in numerical solution, it is
essential to check the quality and size of the mesh elements
generated in the computational domain. Mesh grid in the
computational domain is generated by the SnappyHexMesh
tool in open-source OpenFOAM software. The results of this
study for the thrust force are shown in Figure 3.

The number of elements in the domain is about 8 million.
As evident in Figure 3, with an increase in the number of ele-
ments (more than 6 million), there is no change in thrust and
torque coefficients. Figure 4 shows the generated elements
around the duct and the propeller.

Results of computation in the form of thrust coefficient
and torque coeflicient are displayed in Table 4. The obtained
numerical results are compared with experimental data [3].

Based on the presented results, it can be concluded that
the average of errors is less than 3%. The computed thrust
and torque coefficients are also displayed in Figure 5.

As observed in Figure 5, good compliance is achieved
between numerical results and experimental data [3] for the
thrust and torque coefficients.

4. Results and Discussion

To investigate the effects of the presence of a stator on the
performance of a linear jet propulsion system, the linear jet
system is generated with the following characteristics. Three
parts of this system are separately produced and eventually
assembled.

4.1. Geometry of Linear Jet System. The PropCad software has
been used to produce the rotor blades of the system which
has 5 blades. Its section is selected from Kaplan series
(Figure 6). The overall data for this blade is also shown in
Table 5.

To generate a duct, a decelerating type is used. For this
purpose, a NACA 0010 foil section is utilized. Its specifica-
tion is illustrated in Table 6.

In this design, a stator with 7 blades and a NACA 5505
cross section is selected, as shown in Figure 7.

Finally, after assembling the produced parts, which
includes a stator, a duct and a rotor, a linear jet propulsion
system is generated. A three-dimensional geometry of this
system is displayed in Figure 8.
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F1GURE 10: Torque force calculated for the linear jet system with a stator.

TaBLE 9: Thrust force calculated for the linear jet system without a TaBLE 10: Torque force calculated for the linear jet system without a

stator. stator.
Pressure  Viscous Pressure ~ Viscous i Pressure torque  Viscous torque Torque Ko 104K
thrust for thrust for Total for rotor for rotor
J thrust  thrust duct & duct &  th Ky
for rotor forrotor Ut uct thrust 0 24.098 0.0916 24.19 05697 5.6971
stator stator
0.2 22.328 0.1028 2243 0.5283 5.283
0 263.002 -1.0077 -33.178 2.0571  230.87 0.97877 11 21.011 0.138 2115 04981 4.9811
0.2 240.305 -1.477 -34.239 0.34076  204.93 0.86878 2 17.19 0.1805 1738 04093 4.0925
1.1 218923 -3.1282 -61.993 -8.7453  145.06 0.61496 25 11.842 0205 1205 02837 2.8374

2 177943 -4.6833 -100.7 -20.234  52.328 0.22184
25 118804 -54916  -126.59 -28.403  -41.68 -0.1767
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FIGURE 12: Torque force calculated for the linear jet system without a stator.

4.2. Hydrodynamic Characteristics of Linear Jet System with
and without a Stator. Five simulations are carried out in an
open-water condition in the presence and absence of a stator,
and hydrodynamic characteristics are fully realized. The
numerical results obtained for thrust, torque, and efficiency
with the presence of a stator are presented in Tables 7 and
8. The thrust and torque for the linear jet system are calcu-
lated separately for the components of the system such as

rotor, stator, and duct. For better understanding, these results
are presented in Figure 9.

As evident in Table 7 and Figure 9, the rotor always
produces a thrust force for the vessel. However, the duct
segment starts to produce a negative pressure thrust from
the advance ratio of 1.2 which is also compatible with the
nature of the ducts. In the last row of Table 7, the negative
thrust of the duct and the stator is much more than the
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F1GURE 14: Comparison of efficiency in the presence and absence of
a stator.
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104 TaBLE 11: Rotor rotational speed values to investigate a bollard pull
e ‘® power.
20 4 ST e
. n (rps) n (rpm) n (rad/s)
e
" b s 1.00 60.00 6.283185307
-20 + . 10.00 600.00 62.83185307
40 ‘ 15.00 900.00 9424777961
~60
[
-80 . . . . . . rotor thrust, so the total thrust is negative. It can be
0 05 1 15 2 25 3 35

estimated by interpolation that from the advanced ratio of
2.4 on this system does not have the required performance.
It should be noted that this is a large number for a ducted
propeller performance.

The computed torque forces are illustrated in Table 8 and
Figure 10.
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TaBLE 12: Thrust force calculated for the linear jet system in bollard pull mode.
Type of n  Pressure thrust for Viscous thrust for Pressure thrust for duct & Viscous thrust for duct &  Total K
system (rpm) rotor rotor stator stator thrust T
) 60 3.1468 -0.028 -0.3782 0.0151 2.7557  2.6285789

Without 6o 115.54 -0.5095 115258 0.9147 100.68 09603763
900 263 -1.0077 -33.178 2.0571 230.87 0.9787682
60 3.1444 -0.0277 -0.4431 0.0016 2.6753  2.5518888

With stator 600 135.02 -0.7668 14.5523 0.3011 149.11  1.4223175
900 292.39 -2.5106 34.3901 -0.749 323.52  1.3715393

Based on Table 8, unlike the thrust force, torque force 3

decreases with an increasing advance ratio but shows a posi-

tive value. To assess the effect of a stator on hydrodynamic 259 T

characteristics of the stator, the calculation is repeated for

the linear jet system without a stator. Results are shown in 21

Tables 9 and 10. For better understanding, these results are o154

presented in Figures 11 and 12. '

By comparing the results in Tables 7 and 9, it is observed 14 . @

that the presence of a stator has a positive effect on the rotor’s '

thrust force. However, in the absence of a stator, the duct 0.5

thrust force is always negative and this is consistent with

the nature of the duct. When the advanced ratio is zero, the 0 - - - -

thrust coefficient in the presence of a stator is about 40% 0 200 400 RPM 600 800 1000

higher than the nonstator condition.

The results of torque force in the case of the system with a
stator are displayed in Table 10.

The computed thrust and torque coefficients in the pres-
ence and absence of a stator are compared in Figure 13.

As evident in Table 10 and Figure 13, thrust coefficient
increases in the presence of a stator by about 40% at low
speeds and further increases by about 100% at high speeds.
The presence of the stator also increases the range of
thrust coefficient in this system. Therefore, it can be con-
cluded that the presence of a stator in this system has a
positive effect on the thrust force. Torque variation in the
presence and absence of a stator (as shown in Figure 13)
does follow a pattern, and the results cannot be conclusive.
Of course, at the beginning and end of the graph corre-
sponding to very low and very high speed, torque coeffi-
cient has increased.

To investigate the effects of a stator, the efficiency of this
system in both no-stator and stator mode is illustrated in
Figure 14.

It is clearly observed in Figure 14 that efficiency signifi-
cantly increases in an open-water condition in the horizontal
and vertical direction.

4.3. Effect of Stator on Bollard Pull in the Linear Jet Propulsion
System. One of the applications of the linear jet propulsion
systems is to increase bollard pull in tugboats. Meanwhile,
one of the most important parameters that is measured in
the bollard pull simulations is the thrust coefficient. For this
purpose, flow is assumed to be at zero velocity, while the
rotor is driven at different speeds and thrust coefficient at is
measured at each speed [23].

K - linear Jet
@ - Ky - No Stator

F1GURE 15: Comparison of thrust coefficient in bollard pull mode in
the presence and absence of a stator.

This study was carried out at three different rotating
speeds which are indicated in Table 11.

Thrust and torque coeflicients for different rotational
speeds are computed in the presence and absence of a stator.
The obtained thrust coefficients for three rotor’s rotational
speeds are presented in Table 12.

As observed in Table 12, force variation at low rotational
speed is not quite noticeable. However, up to 50% increase is
seen in the thrust force at higher rotational speeds. To better
illustrate these results, thrust coeflicient diagram is shown in
Figure 15.

Torque force is also computed, and its influence on
different components of the linear jet propulsion system is
analyzed. Torque force and torque coefficients for three rotor
rotational speeds in the presence of a stator are presented in
Table 13 and Figure 16, respectively.

It is quite evident in Table 13 and Figure 16 that torque
increases slightly at high rotational speed in the presence of
a stator. This can be attributed to the interaction between
the stator and the rotor. Needless to say, the general trend
of torque coeflicient diagram is very similar to the thrust
force in the presence of a stator.

Streamlines of the flow field around the linear jet are
presented with the presence of a stator and without a stator
in Figures 17 and 18, respectively.
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TaBLE 13: Torque force calculated for the linear jet system in bollard pull mode.

Type of system n (rpm) Pressure torque for rotor Viscous torque for rotor Torque Kq 10K
60 0.28663 0.0021 0.289 1.52989499 15.2989
Without stator 600 10.6028 0.0443 10.65 0.56421527 5.64215
900 24.0976 0.0916 24.19 0.56971001 5.6971
60 0.28665 0.0021 0.289 1.53001216 15.3001
With stator 600 12.2604 0.052 12.31 0.65246798 6.52468
900 26.1867 0.1361 26.32 0.61996261 6.19963
16.4 :
- 5. Conclusion
1444
124 - In this paper, a linear jet propulsion system which is an
improved system, is numerically investigated to examine
10.4 4 the influence of the presence and absence of a stator on its
10Ky 8.4 - hydrodynamic performance. For numerical simulation, the
64 OpenFOAM software is used. RANS steady equations are
' Q. ~ooonem solved using the k-e turbulent model. For validation pur-
441 poses, the hydrodynamic characteristics of a ducted propeller
2.4 4 including thrust coeflicient and torque coefficients compared
04 with available experimental data and good accordance are
0.00  200.00 400.00  600.00  800.00  1000.00 achieved.

RPM

with stator
@-- no stator

F1Gure 16: Comparison of torque coefficient in bollard pull mode in
the presence and absence of a stator.

FIGURE 17: Streamlines in bollard pull mode in the presence of a
stator at 600 rpm.

FIGURE 18: Streamlines in bollard pull mode in the absence of a
stator at 600 rpm.

The linear jet system model is produced by assembling a
Kaplan rotor, NACA 5505 stator blades, and 19A ducts.
Hydrodynamic parameters including thrust, torque, and effi-
ciency in open-water conditions are analyzed in two cases:
with a stator and with no stator. Based on the obtained
results, it is seen that the presence of a stator has a positive
effect on the rotor’s thrust force. When the advanced ratio
is zero, the thrust coefficient in the presence of a stator is
about 40% higher than that in the nonstator system. Also,
in this case, the torque coefficient in the presence of a stator
is about 9% higher than that in the nonstator system. At
different advance ratios, it is well established that in the pres-
ence of a stator, the efficiency is higher than the case without
a stator. The maximum efficiency of the linear jet propulsion
system occurs at an advance ratio of 1.5, which is more differ-
ent than the case without a stator. Due to high importance of
bollard pulling power, the torque and torque coefficients are
again calculated and presented for two states of presence and
absence of the stator at different rotational speeds and the
bollard pull condition. It is observed that, at some rotational
speeds, the thrust increases by about 100%. The presence of a
stator in this case adds a significant thrust force to the system
and improves its efficiency.

Future studies may include an extensive parametric study
to obtain duct geometric characteristics such as optimal
length. Seeking the suitable propeller shape for obtaining
optimal parameters such as pitch is also another task that
needs to be pursued.

Data Availability

Data is available upon request from the corresponding
author.
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