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a b s t r a c t

A traditional propeller can easily become entangled with floating objects while operating. In this paper,
we present a newly developed Electromagnetic-valve-control-based Water-jet Propulsion System
(ECWPS) for an unmanned surface cleaning vessel that can be flexibly controlled via a Micro Control Unit
(MCU). The double-structure was adapted to the unmanned surface cleaning vessel for floating-
collection missions. Computational Fluid Dynamics (CFD) software for operating effect simulation was
also used to reveal the working principle of the ECWPS under different conditions. Neglecting the as-
sembly technique, the design level, controlling strategy, and maneuvering performance of the ECWPS
reached unprecedented levels. The ECWPS mainly consists of an Electromagnetic-valve Array (EA),
pipeline network, control system, and water-jet source. Both CFD analyses and experimental results
show that the hydraulic characteristic of the ECWPS was predicted reasonably, which has enormous
practical value and development prospects.
© 2019 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Since the first water surface vessel was made, various kinds of
propellers have been developed. Recently, Eskandarian and Liu
(2019) developed a novel maneuverable propeller and optimized
it, improving the maneuverability and propulsive performance of
underwater vehicles. However, some factors still influence the
performances of these propellers. One of the most severe problems
is that the blades of propellers may become entangled with various
floating objects (Ballade et al., 2017; Fuwa and Takimoto, 2014),
such as fishing nets, plastic bags, etc. This is especially true in
artificial lakes, which always have a large number of waterweeds.
The consequences of propeller winding will cause motor stalling,
leading to a decline in propulsion efficiency and burning out of the
thruster when winding becomes serious. As a result, Unmanned
Surface Vessels (USVs) (Busquets et al., 2012) cannot always work
stably in artificial lakes as long as they adopt conventional

propellers.
Yet, exploration and amelioration have not abated, and Jiayong

and Weizeng (2016) proposed a type of anti-winding cutter for
propellers that alleviates the problem of propeller winding to a
certain extent.

To solve the propeller-winding problem radically, a novel
Electromagnetic-valve-control-based Water-jet Propulsion System
(ECWPS) is purposed in this paper. The ECWPS has the advantages
of high control sensitivity (Xin et al., 2013; Xichuan and Shuxiang,
2012), low cost, being non-harmful to fish, and long-time stable
operation in various kinds of natural water environments, and is
extremely advantageous for certain USVs working in such sur-
roundings. Combined with experimental experience, the simula-
tion and analysis of the flow field inside the ECWPS diversion pipe
were carried out through Computational Fluid Dynamics (CFD)
simulation software. Through CFD simulation, it is obvious that the
flow traces inside the pipeline network are similar to the those
obtained by Jayakumar et al. (2010). On this basis, the primary
structure model of a valve-control-based propulsion system was
determined, which can provide the theoretical basis for the opti-
mized design of the ECWPS thruster in the near future.

The ECWPS abandons the traditional propeller structure and
produces awater-jet via “jet generator,” such as a Submerged Pump
(SP) (Mazumdar and Asada, 2012), which is loaded into the “pump
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bin” of the hull. Specifically, there are strainer meshes on the side
faces of the “pump bin”; thus, floating objects will never block the
inlet of the SP as long as the water-jet scours the mesh.

The direction of the jets can be guided through the diversion
pipes (Zhu et al., 2012), and then electromagnetic valves can control
the opening and closing of the water-jet in each route of the
pipeline network separately. In this way, the direction of the jet is
controlled and the propulsion effect on the hull can be realized. In
addition, a specialized control system (Deng et al., 2015; Im and
Nguyen, 2018) was constructed for the purpose of ensuring that
the electromagnetic-valve array (EA) in the ECWPS could work
methodically. The strength of propulsion depends mainly on the
output power (Archan et al., 2017) of the SP, which can be
controlled by a Micro Control Unit (MCU).

After running tests, it was proved that the ECWPS has the ability
to work steadily without winding problems in various water en-
vironments. The propulsion method can be applied to all kinds of
surface vehicles, including USVs, fishing boats, and even special
military vessels. Potential applications of the ECWPS are also
presented.

2. General ECWPS technical features

For better understanding, general technical features of the
ECWPS prototype are introduced and are as follows:

1. The EA is constructed of six electromagnetic valves, which
contain two different types, four being the default closed type and
two the default opened type; the drive voltage of each valve is 12 V,

but their operational power is different, e.g., a default closed-type
valve is 25W and a default opened-type one is 18W. Therefore,
the power of the prototype is equal to six electromagnetic valves'
total power, i.e., 136W. In particular, the bore of the valve should fit
the pipeline.

2. The pipeline network, which demands several specifications
of water pipelines, is shown in Table 1. These diversion pipes play a
role in guiding the water-jet from the “jet generator.” The effect of
their structure on efficiency has not been taken into account when
assembling the ECWPS, but their accessibility has.

3. To control the ECWPS, the control system, which applies an
STMicroelectronics' STM32F103C8T6 chip as the master chip, with
a clock frequency of 72MHz and 48 pins, is totally sufficient in
meeting the control requirements of the ECWPS.

Nomenclature

1a Left-hand-side backward outlet
1b Right-hand-side backward outlet
2a Left-hand-side backward normally closed

electromagnetic valve
2b Right-hand-side backward normally closed

electromagnetic valve
3a Left-hand-side forward normally closed

electromagnetic valve
3b Right-hand-side forward normally closed

electromagnetic valve
4a Left-hand-side forward outlet
4b Right-hand-side forward outlet
5a Left-hand-side normally opened electromagnetic

valve
5b Right-hand-side normally opened electromagnetic

valve
6a Left-hand-side pipeline network inlet
6b Right-hand-side pipeline network inlet
7a Left-hand-side middle front outlet
7b Right-hand-side middle front outlet
VJ Average velocity magnitude of water-jet (cm/s)
m Flow resistance coefficient
ε Fluid density (g/cm3)
jDPj Fluid pressure loss between inlet and outlet (dyn/

cm2)
m1b Average flow-resistance coefficient from inlet “6b” to

outlet “1b”
m4b Average flow-resistance coefficient from inlet “6b” to

outlet “4b”
m7b Average flow-resistance coefficient from inlet “6b” to

outlet “7b”

V1b Average flow rate of outlet “1b” (cm/s)
V4b Average flow rate of outlet “4b” (cm/s)
V7b Average flow rate of outlet “7b” (cm/s)
Tbat Battery life of submerged pumps (h)
Cbat Nominal value of battery capacity (W$h)
Pap Actual operational power of submerged pump (W)
h Outlet propulsion efficiency
Qout Flow rate of each outlet (L/s)
Qin Flow rate of inlet (L/s)
Vship Speed of unmanned surface cleaning vessel (dm/s)
Ppump Theoretical power of submerged pump (W)
a Pump power loss coefficient
x Pipeline network loss coefficient
DV Variation of water-jet speed (dm/s)
Vin Inlet water-jet speed (dm/s)
Vout Outlet water-jet speed (dm/s)
Spipe Cross-section area of outlet (dm/s)
Rpipe Radius of outlet (dm)

Acronyms
ECWPS Electromagnetic-valve-control-based water-jet

propulsion system
MCU Micro control unit
CFD Computational fluid dynamics
EA Electromagnetic-valve array
USV Unmanned surface vessel
SP Submerged pump
GPIO General-purpose input/output
SPI Serial peripheral interface
TTL Transistor-transistor logic
PWM Pulse-width modulation
ROV Remotely operated vehicle

Table 1
Required specifications of pipelines in ECWPS prototype.

Pipe type Quantity Bore size (mm) Length (mm)

Straight pipe I 14 20 50
Straight pipe II 2 20 100
Straight pipe III 2 20 180
Straight pipe IV 6 20 260
Straight pipe V 2 20 300
Straight pipe VI 2 25 50
45� elbow 2 25 70 (mid-line)
Quarter bend 14 25 65 (mid-line)
T-tube 4 25 90 (horizontal)

50 (vertical)
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4. In this paper, by adopting two submerged pumps as the “jet
generator,” each SP has a maximum output power of 300W in
theory and rated voltage of 48 V, which can provide a head of
15m at most, with a water-outlet diameter of 25mm.

3. System overview

Considering the limitation of manual assembly, the initial pro-
totype of the ECWPS was constructed with ready-made parts. Even
so, the reliability of the ECWPS was verified through experiment,
which proved that the ECWPS has sizable stability. Experimental
results from the prototype were input to establish CFD simulation
results. The ECWPS mainly consists of an electromagnetic-valve
array, pipeline network, control system, and water-jet source.

3.1. Operational principle

Here, we elaborate on the operational principle of the ECWPS in
detail. Fig. 1 illustrates the design scheme of the ECWPS, which
includes left- and right-hand sides (mirror-symmetry relation),
each side having three outlets and one inlet. The operational
principles are as follows.

1. Startup: The water jets generated by the SPs enter the diversion
pipe from inlets “6a” and “6b”. At this time, every solenoid valve
has not been activated, so the water-jets can only flow past
outlets “7a” and “7b” because valves “5a” and “5b” are the
normally opened electromagnetic-valve type. Meanwhile, the
water-jet scours the filter screen on the side face of the “pump
bin,” so there will never be blockage by debris. Then, the ship
will move forward.

2. Move clockwise: With the flowing water jet, valves “2b”,“3a”
and “5a”,“5b” will be activated by controlling signals from the
STM32 chip. Thus, the water-jet will only spew out from outlets
“1b” and “4a.” After that, the ship will move clockwise in place.

3. Move counterclockwise: To achieve this action, the water-jet
should spew out from outlets “1a” and “4b.” Meanwhile,
valves “2a”,“3b” and “5a”,“5b” should be activated, so the water-
jet will provide the opposite propulsion on both sides of the
ECWPS. The ship will then move counterclockwise in place.

4. Move backward: Unlike an ordinary propeller, the operational
state of the ECWPS can switch to “backwardmode” immediately
by electrifying valves “3a”,“3b” and “5a”,“5b,” so the water-jet
can only travel through outlets “4a” and “4b.” Subsequently,
the ship will move backward with the counter-forces of the
water-jet in an instant.

5. Move forward: In addition to the method described in (1), the
following solenoid valves can also be electrified to enable the
ship to move forward: valves “2a”,“2b” and “5a”,“5b.” Thus, the
water-jet will gush from outlets “1a” and “1b.”

Table 2 shows the electrified condition of the EA under different
running statements. It can be seen that the input-output relation-
ships of the drive module have been flexibly applied. The opera-
tional flowchart of the ECWPS is shown in Fig. 2.

In Fig. 1, the left-hand side is symmetrically the same as the
right-hand side. “1a” and “1b” comprise the backward outlet; “2a”,
“2b”, “3a”, and “3b” the normally closed electromagnetic valve;
“4a” and “4b” the forward outlet; “5a” and “5b” the normally
opened electromagnetic valve; “6a” and “6b” the inlet, which is
connected to the outlet of SP; and “7a” and “7b” the middle front
outlet.

3.2. Control-system architecture

The control system was constructed specifically to manipulate
the ECWPS. Fig. 3 is a schematic of the basic circuitry, including two
main parts, i.e., the remote controller, on-ship control system,
which are briefly described in the following. The critical characters
definition of communication protocol between the remote
controller and the on-ship control system is shown in Table 3.

3.2.1. Remote controller
For the purpose of remote controlling the ECWPS, the

STM32F103C8T6 chip with a Cortex-M3 kernel was chosen as the
master chip with a function of actual-time signal transmission, data
collection and processing, etc. The unmanned cleaning vessel can
be operated in remote control and self-cruise modes. The
communication module is mainly applied for wireless control and
feature signal recognition.

Signal collection and transmission are carried out by an
nRF24L01P chip and its peripheral circuits; a Serial Peripheral
Interface (SPI) port is also used to enable the communication
module to communicate with the STM32 chip. Therefore, separate
sending and receiving terminals are required on the remote
controller and the on-ship control system, so the remote control
function can be achieved. The control diagram of the remote
controller in remote control mode was constructed and applied, as
shown in Fig. 4.

3.2.2. On-ship control system
As with the remote controller, the on-ship control system was

applied using a STM32F103C8T6 chip as the master chip. To
simplify the controlling strategy, themotion control for the vessel is
decomposed into corresponding instructions, as shown in Fig. 5.

Fig. 1. Design scheme of ECWPS (top view).

Table 2
Electrified condition of EA under different running statements.

Ship action “2a”/“2b” “3a”/“3b” “5a”/“5b”

Startup Off/Off Off/Off Off/Off
Clockwise Off/On On/Off On/On
Counterclockwise On/Off Off/On On/On
Backward Off/Off On/On On/On
Forward On/On Off/Off On/On
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Owing to the different drive voltages between the EA and the
MCU, it is necessary to use a drive module for the purpose of
enabling the MCU signal to control the EA effectively. By adopting
an integrated high-current half-bridge (BTN7970), the range of
input voltage for a single-drive module is between 6 and 27 V, and

its maximum output current reaches 43 A. Two drive modules were
applied to control the EA. Each valve has two pins, so the valve can
be triggered as long as the pins of the electromagnetic valve contain
a potential difference of 12 V. The STM32 micro-chip, which is
efficient and inexpensive, provides a variety of General Purpose
Input/Output (GPIO). Therefore, proper wiring is the basis for the
ECWPS to operate properly (an actual example is shown in Fig. 6).
The relationship between the input and output of a single-drive
module is given in Table 4.

Since all the electronic equipment requires electric energy to
operate, but voltage-matching relations (Rao et al., 2018; Zhu et al.,
2018) are still present, the voltage standards are different from each
another. For example, the rated voltage of the light sensor is 5 V, but
that of the SP is 48 V and that of the solenoid valve is 12 V. Thus, the
battery module includes three power sources, each with different
voltage levels. Moreover, it is easy to comprehend that the STM32
chip will execute corresponding control instructions according to
the Transistor-Transistor Logic (TTL) electrical feedback signals
from the light sensors under self-cruise mode.

The pump governor is used for adjusting the output power of
the SP. In other words, by altering the speed of the water-jet from
the SP, the ECWPS propulsion is controlled. Furthermore, we
applied two kinds of pump governors to control the output power
of the SP separately, one to display the ratio of output power (for
flow-rate tests) though a screen indicator from 0% to 100%, while
the other is controlled by the STM32 chip (for running tests). The
control method works by sending a Pulse Width Modulation
(PWM) (Abhishekh et al., 2017) wave to the pump governor's input
ports. The following is a part of the on-ship control system interface
program.

Fig. 2. Operational flowchart of ECWPS.

Fig. 3. Control-system structure.

Table 3
Critical characters definition.

Critical characters Definition

data_buf[9] 8-bits unsigned char data array, for saving control instructions from the remote controller
mode Operatingmode of the on-ship control system,

“1”, the remote control mode, “2”, the self-cruise mode
pump 0 Left-submerged pump's control bit, connected from GPIO module's “PB0” to pump governor
pump 1 Right-submerged pump's control bit, connected from GPIO module's “PB1” to pump governor
valve 0 Left-hand-side valves' control bit, connected to left-drive module's input 0
valve 1 Left-hand-side valves' control bit, connected to left-drive module's input 1
valve 2 Right-hand-side valves' control bit, connected to right-drive module's input 0
valve 3 Right-hand-side valves' control bit, connected to right-drive module's input 1
laser 0 Front-light sensor's feedback signal bit, connected to GPIO module's “PB12”
laser 1 Left-light sensor's feedback signal bit, connected to GPIO module's “PB13”
laser 2 Right-light sensor's feedback signal bit, connected to GPIO module's “PB14”
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From the program segment shown above, “data_buf” is an un-
signed char data array that stores and recognizes the control in-
structions received, while the “laser_command” function can
response to a light sensor and control the ship's motion.

4. System testing

In Fig. 7, the right-hand-side ECWPS 3D-modeling result is
shown, with X� Y� Z dimensions of approximately
54� 56� 45 cm; its corresponding labels are completely the same
as in Fig. 1. It should be emphasized that a mirror-symmetry rela-
tionship exists between the left- and right-hand sides of the
ECWPS, and we selected the right-hand side as the simulation
object (Zhou et al., 2016), which has the same configurations as the
left-hand side.

4.1. CFD simulation result

To determine the fluid situation inside the diversion pipes, we
applied Autodesk CFD simulation to reveal these processes, using
the standard k-epsilon turbulence model, with different colors of
flow traces representing different velocity magnitudes. The flow
processes of the water-jet from inlet “6b” to outlet “1b”, “4b,” or
“7b” was simulated separately in outline-view mode. However,
boundary conditions must be set before starting the CFD simula-
tion, e.g., the water-jet inflow velocity of inlet “6b” was set to
66 cm/s, the volume flow rate of the shut-down spouts should be
set to 0 cm3/s and the static pressure of the opened spout should be
set to 0 dyn/cm2. Actually, the boundary-condition settings of “6b”
are the same, while for other different flow conditions, such as the

Fig. 4. Control diagram of the remote controller (in remote control mode).
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water-jet flow from inlet “6b” to outlet “1b”, “4b” or “7b”, their
boundary-condition settings depend onwhich outlet that thewater
jet will flow through.

The flow-resistance coefficient from the inlet to outlet can be
expressed as

m ¼ 2,jDPj
V2
J ,ε

; (1)

where VJ is the average velocity magnitude of the water-jet, ε the

fluid density, and absolute value jDPj the fluid pressure loss be-
tween inlet and outlet.With the same boundary condition and fluid
pressure loss jDPj in Eq. (1), it is well known that the greater the
average velocity magnitude VJ inside the pipeline network, the
smaller the flow resistance coefficient m.

4.1.1. From inlet “6b” to outlet “1b”
In Fig. 8(a)e8(c), three stages of the water-jet spew out from

“1b” when it enters from “6b,” as shown. To achieving this, it is
necessary that valves “2b” and “5b” must be activated. Thus, the

Fig. 5. Control diagram of on-ship control system.
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water-jet can only flow through valve “2b” but not valve “5b.” The
velocity of the water-jet ranges from 0 to 221.748 cm/s.

4.1.2. From inlet “6b” to outlet “4b”
Fig. 9(a)e9(c), show the flow situation of the water-jet from

inlet “6b” to outlet “4b” inside the pipeline network. At this
moment, valves “3b” and “5b” must be activated. The flow traces
indicate that the velocity of the water-jet ranges from 0 to
270.059 cm/s.

4.1.3. From inlet “6b” to outlet “7b”
As the main outlet, outlet “7b” has the highest energy-efficiency

ratio, because valve “5b” is the normally opened valve type, so the
water-jet can only flow from inlet “6b” to outlet “7b” directly under
the default statement. The velocity magnitude range of “7b” is from
0 to 219.558 cm/s. Fig. 10(a)e10(c) shows the entire process.

From CFD simulation results, we discovered that outlet “4b”
reached a maximum velocity magnitude of 270.509 cm/s, while
outlet “1b” reached 221.748 cm/s, and outlet “7b” reached only
219.588 cm/s. These results were obtained with the same boundary
conditions. From the results of Eq. (1), we can draw the conclusion
that outlet “7b” has the maximum flow-resistance coefficient and
outlet “4b” has the minimum flow-resistance coefficient (Korsun
et al., 2017; Wei et al., 2018). In short, the flow-resistance coeffi-
cient relationship can be expressed as

m4b <m1b <m7b; (2)

where m1b, m4b, and m7b are the average flow-resistance coefficients
from inlet “6b” to outlets “1b”, “4b,” and “7b” inside the pipeline
network, respectively.

4.2. Experimental results and analyses

4.2.1. Flow-rate test
Using a K24 flowmeter, we obtained the flow-rate data of the

water-jet from inlet “6b” and outlets “1b”, “4b”, and “7b.” The flow
rate of each nozzle on the right-hand side of the ECWPS was
measured at each power ratio from 0 to 100% (in 10% intervals) via
the screen indicator on the pump governor. Fig. 11 shows the flow-
rate curve (He et al., 2010) of outlets “1b”, “4b”, “6b,” and “7b”
under different output power points of the SP. The maximal flow
rate reached 83.2 L/min at 100% power ratio, which belongs to inlet
“6b,” because it is the beginning of the water-jet, the place with
minimum flow resistance. However, the minimum average value of
the flow rate belongs to outlet “4b,” which has the highest flow
resistance inside the pipeline network, while outlet “7b” has the
lowest flow resistance. For “1b”, “4b,” and “7b”, there is nowater-jet
in the range 0e10% due to the water pressure generated by the SP
being insufficient for the K24 flowmeter to measure.

The flow-rate relationship can be expressed as

Fig. 6. Connective relation between drive modules and EA.

Table 4
The relationship between the input and output of a single-drive module.

Input 0 Input 1 Output 0 Output 1

0 0 0 0
0 1 0 1
1 0 1 0
1 1 1 1

Fig. 7. 3D-modeling result of right-hand-side ECWPS prototype.
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V4b <V1b <V7b; (3)

where V1b, V4b, and V7b are the average flow rates of outlets “1b”,
“4b,” and “7b,” respectively.

4.2.2. Energy-consumption test
To test the energy consumption of the ECWPS prototype, an on-

land operational experiment was conducted that recorded the
energy consumption of a SP, a normally closed valve, and a nor-
mally opened valve, as shown in Fig. 12(a)e12(c). From testing re-
sults, it is obvious that the power of a normally closed valve is 25W,
while that of a normally opened valve is 18W. We also calculated
the corresponding operational time duration (battery life)

according to the energy-consumption test data. Actually, the SP is
the dominating energy drain, followed by the EA and control sys-
tem. As the main power-consumption equipment, the SP uses an
independent Li-ion battery of 600Wh capacity and rated voltage of
48 V. To estimate the battery life of the ECWPS prototype, the
following equation is used:

Tbat ¼
Cbat
2,Pap

; (4)

where Tbat is the battery life of SPs, Cbat the nominal value of battery
capacity, and Pap the actual operational power of the SP. In partic-
ular, there are two SPs on the ECWPSwhile operating, so Pap should
be multiplied by 2. Here, Cbat¼ 600Wh is a known quantity.

Fig. 8. Flows from inlet “6b” to outlet “1b”. Stages (a) one, (b) two, and (c) three.

Fig. 9. Flows from inlet “6b” to outlet “4b”. Stages (a) one, (b) two, and (c) three.
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Before the energy-consumption test, basic processes for exper-
imental settings were the following (taking the SP as an example):

Step 1: Preparation of measuring apparatus, including AC-DC
clip-on ammeter, avometer, and basic circuit modules.

Step 2: Connecting pump to pump governor, which is equipped
with a screen indicator.

Step 3: Checking critical functions of measuring-apparatus
hardware, e.g., accuracy of voltage and current.

Step 4: Turning on pump governor, then adjusting pump-power
ratio from 0% to 100% step by step, according to the screen indicator
(in 10% intervals).

Step 5: Recording voltage and current values of SP in real time.
Table 5 shows the actual pump-power use and resulting battery

life corresponding to the operational parameters of the SP. The
actual power of the SP implies that the pump power loss coefficient
a¼ 0.7 set in Eq. (5) is correct.

4.2.3. Running test
For testing the ECWPS prototype, we built a special double hull

in order to carry and test the ECWPS prototype and the loaded hull,
which weighs more than 45 kg in total and has dimensions of 133
(length)� 95 (width)� 33 (height) cm, as shown in Fig. 13.

Based on all previous preparatory work, the running test of the
ECWPS prototype was successfully accomplished (10 times in total)
in an artificial lake filled with waterweeds, which acted as a
perturbation factor that is not easily noticed. Besides, we applied
two remotely operated vehicle (ROV) propellers to compare the
operational effect with the ECWPS under the same external con-
ditions. The test spot is shown in Fig. 14 and the running test data in
Table 6.

In addition, the expression of the main parameters of water-jet
propulsion efficiency are as follows:

h¼ ε,Qout,Vship,ðDVÞ
a,x,Ppump

� 100%; (5)

x ¼ Qout

Qin
; (6)

DV ¼Vin � Vout ¼ 2,ðQin � QoutÞ
Spipe

; (7)

Spipe ¼p,R2pipe; (8)

where h is the outlet propulsion efficiency, ε the fluid density, Qout

the flow rate of each outlet, Qin the flow rate of the inlet, Vship the
speed of the unmanned surface cleaning vessel, Ppump the theo-
retical power of the submerged pump, a the pump-power loss
coefficient, x the pipeline network loss coefficient, DV the variation
of water-jet speed (due to the data in Table 7 being collected from
the right-hand side of the ECWPS, DV is multiplied by 2), Vin the
inlet water-jet speed, Vout the outlet water-jet speed, Spipe the
cross-section area of the outlet, Rpipe the radius of the outlet, and p
the circumference ratio.

Fig. 10. Flows from inlet “6b” to outlet “7b”. Stages (a) one, (b) two, and (c) three.

Fig. 11. Flow-rate data under different power ratios of SP.
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In these parameters, we set ε¼ 1 kg/dm3, a¼ 0.7, Rpipe¼ 0.1 dm,
and pz 3.14, where Vship values weremainly determined by Ppump.
Thus, using Eqs. (5)e(8), the data for calculating propulsion effi-
ciency of outlets “1b”, “4b,” and “7b” are shown in Table 7.

It can be seen from Tables 6 and 7 that traditional propellers are
generally more efficient than an ECWPS. However, this outcome
should not be misconstrued, because the winding problem of an
ECWPS did not occur during running tests, while ROV propellers
always encountered winding problems. This means that the pro-
posed scheme is reliable.

4.3. Limitations

There are several limitations in our work, which should be kept

in mind when constructing and testing the ECWPS prototype.
The first is the propulsion efficiency, which is the major defect,

and the ECWPS prototype definitely solved the winding problem
radically. However, due to the assembly technique and the archi-
tecture of the pipeline network, the general propulsion efficiency of
the ECWPS prototype would be lower than that of conventional
propellers. The second limitation of the ECWPS is that its size is
larger than that of traditional propellers. We can, however, opti-
mize it in the near future. The third limitation of the ECWPS is that
it requires an installation into a double hull before running tests can
begin.

Furthermore, high-speed performance is not taken into
consideration when constructing the ECWPS prototype, due to
present limitations of our assembly technique. The main reason for

Fig. 12. Energy-consumption test setup. (a) Pump, (b) normally closed valve, and (c) normally opened valve.

Table 5
Energy-consumption test data.

Pump-power ratio (%) Voltage (V) Current (A) Actual pump power (W) Battery life (h)

0 0 0 0 e

10 5.98 0.7 4.19 71.60
20 11.58 1.0 11.58 25.91
30 16.93 1.3 22.01 13.63
40 22.03 1.7 37.45 8.01
50 27.86 2.2 61.29 4.90
60 32.94 2.7 88.94 3.37
70 38.30 3.1 118.73 2.53
80 44.21 3.2 141.47 2.12
90 49.38 3.5 172.83 1.73
100 54.17 3.9 211.26 1.42
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somany curves on the pipeline network is that we could not cut the
dual hull to install the ECWPS prototype, as it will cause water
leakage in running tests.

Based on the above limitations, our next goal is to optimize the

propulsion efficiency and structure of the ECWPS, by, for example,
reducing the vertical length of the pipeline and reasonable laying of
the pipeline network.

5. Conclusions

An ECWPS prototype, mainly constructed for avoiding propeller-
winding problems, was successfully established and modeled. The
reliability and innovation of the ECWPS were validated by CFD
simulation and experimental tests. The following useful conclu-
sions were drawn.

For conventional propellers, which can hardly produce a force
for the purpose of shifting a ship in place and laterally, multiple
individual propellers need to be installed, which will increase the
total power requirement, resulting in more energy consumption,
less endurance, and higher costs. However, with the help of an EA,
the ECWPS can do that easily. Further, the ECWPS prototype has no
blades and will not harm fish, and it can also fit into a hull to reduce
fluid resistance.

The ECWPS overcomes the common failing that propellers can
easily be entangled by various floating objects while operating, and
jets inside the pipeline network can be controlled individually and
quickly, so the sensitivity of the ship is improved compared to
traditional propellers. Thus, various maneuvering control of a ship's
action above water can be achieved, such as turning in place, lateral
maneuvers, and spiral rotation (requiring vector nozzles), motions
that traditional propellers can hardly accomplish.

Fig. 13. Operational effect of ECWPS prototype.

Fig. 14. Artificial lake test spot.

Table 6
Running test data of ROV propellers and ECWPS prototype.

Property ROV propellers ECWPS Units

Maximum forward speed 6 8 cm/s
Maximum backward speed 5 12 cm/s
Maximum power 156 600 W
Maximum turning rate 3 6 deg/s
Total mass 1.5 15 kg
Winding times (10 times) 10 0 times

Table 7
Propulsion efficiency data of right-hand side of ECWPS prototype.

Ppump

(W)
Vout “1b”
(dm/s)

Qout “1b”
(L/s)

x
“1b”

h “1a,
1b”

Vout “4b”
(dm/s)

Qout “4b”
(L/s)

x
“4b”

h “4a,
4b”

Vout “7b”
(dm/s)

Qout “7b”
(L/s)

x
“7b”

h “7a,
7b”

Vin “6b”
(dm/s)

Qin “6b”
(L/s)

Vship

(dm/s)

0 0 0 e e 0 0 e e 0 0 e e 0 0 0
30 0 0 e e 0 0 e e 0 0 e e 3.8 0.12 0
60 6.4 0.20 0.67 0.90% 6.2 0.20 0.65 1.00% 7.1 0.22 0.74 0.70% 9.6 0.30 0.2
90 9.1 0.29 0.61 2.72% 8.4 0.26 0.55 3.02% 9.8 0.31 0.65 2.40% 15.1 0.48 0.3
120 12.9 0.41 0.65 4.14% 10.4 0.33 0.52 5.68% 12.5 0.39 0.63 4.30% 19.8 0.62 0.4
150 15.3 0.48 0.64 6.28% 12.8 0.40 0.53 8.12% 16.9 0.51 0.67 5.22% 24.1 0.76 0.5
180 18.2 0.57 0.65 8.18% 14.6 0.46 0.52 11.28% 19.4 0.61 0.69 7.24% 28.0 0.88 0.6
210 21.0 0.66 0.64 11.30% 16.7 0.52 0.51 15.20% 23.3 0.73 0.71 9.00% 32.5 1.02 0.7
240 23.5 0.74 0.64 16.48% 18.7 0.59 0.51 22.44% 26.1 0.82 0.71 13.24% 36.8 1.16 0.9
270 25.5 0.80 0.63 18.50% 21.8 0.68 0.53 23.22% 28.8 0.91 0.71 14.64% 40.8 1.28 0.9
300 27.8 0.87 0.63 21.56% 24.1 0.76 0.55 26.46% 31.5 0.99 0.71 16.86% 44.2 1.39 1
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