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Abstract - This paper describes a solar energy system for boats, encompassing a novel Water Piston Engine propulsion. It is 
an environment friendly marine boat with negligible noise. The primary source of power is solar energy that powers an air 
compressor whose compressed air is used in the novel engine.  The Propulsion system is based on a novel engine called a water 
piston engine. All moving parts in the classical internal combustion engine are eliminated; the piston, connecting rod, and 
crankshaft.  Also, cams and follower valves are replaced by solenoid valves which inject compressed air into the cylinders. A 
water column in the cylinder is used to replace the metallic piston. The water column itself inside the cylinder acts as piston.  
Two floats in the Catamaran boat are used as pressure vessels to store compressed air. The Pressure derived from the 
compressed air tanks is directly used in providing thrust for the boat by pushing the water out of the cylinder through a 
90-degree elbow as a water jet. When the water is ejected from the cylinder and air pressure inside the cylinder decreases to 
near atmospheric, the water that surrounds the engine fills the cylinder. Four cylinders are used to power the boat. Each two 
cylinders are fired simultaneously in order to maintain thrust. This system uses an Arduino microcontroller unit. Six 
photovoltaic solar panels mounted on the sunshade provide electric power to run the compressor. The compressor works only 
to recharge the air tanks when their pressure drops.  Several field tests have been made in a lake. The experimental data were 
compared to the theoretical based data. The advantages of this novel engine over internal combustion engines are clarified. 
Videos of the experiments are recorded. 
 
Index Terms - Catamaran Boat, Water Piston Engine, Solar Boat, Emission free propulsion system. 
 
I. INTRODUCTION 
 
Classical boats powered by Internal Combustion 
engines are threatening our environment. These 
engines pollute the air and water with their products of 
combustion.  Additionally, they introduce noise 
pollution to the marine environment. The awareness 
about the fossil fuel usage and its environmental 
impact; the Global Warming has already come to light 
in the different sectors; the power production sector 
and the automotive industry. But, the marine industry 
has the lower effort to be Green or to have a solar 
dependent energy. In this context, the Solar Boat is a 
unique project. This paper presents a Catamaran-Solar 
Boat propelled by a Water Piston Engine (WPE) that 
depends on a renewable energy resource in order to 
present a competitive performance to that of the 
conventional internal combustion engine. 
 
In 2000, The International Marine Organization 
(IMO) provide a Green House Gases (GHG) study and 
use a coefficient of 3.17 (tonnes of CO2 per tonne of 
fuel), but at 2009 update a slightly lower coefficients 
are used, which ranged from 3.021 for heavy fuel oil to 
3.082 for marine diesel oil [1]. So, Classical boats are 
responsible for a large portion of the GHG emissions. 
Because of that, more attention is paid to the 
regulations on the ships and boats emissions. In 2011, 
the International Convention for the Prevention of 
Pollution from Ships (MARPOL) Annex VI developed 
the Ship Energy Efficiency Management Plan 
(SEEMP) and Energy Efficiency Design Index (EEDI) 
to control GHG emissions out from ships and boats, 

The EEDI will be applied to the new shipping vessels 
with size more than 400 GT. But, currently the EEDI 
does not applied to offshore boats for all sizes. The 
SEEMP will be applied to all ships and boats with size 
over 400 GT [2]. 
Because the classical boats emit Sulphur oxides (SOx) 
and nitrogen oxides (NOx) as a product of the fuel 
combustion [3], the regulations of the MARPOL 
Annex VI aim to reduce Sulphur oxides (SOx) and 
nitrogen oxides (NOx), these regulations are applied to 
all ships. Also, the Kyoto Protocol regulates Green 
House Gases (GHG) emissions in different countries 
including the marine environment. So, to reduce the 
emission from the ships and boats the researchers 
investigate to improve the propulsion systems 
technology and to use the Solar energy to provide the 
needed energy to the propulsion system. 
Pecen and Hay developed a Zero Emissions Solar boat 
to participate in the annual International Solar Boat 
World Championship, this boat is driven by a DC 
electric motor; 7.8 KW at 24 V. The primary source of 
power comes from solar energy. A 440W Photovoltaic 
system is installed on the Boat hull. The boat hull is 
manufactured from Fiberglass to reduce the Boat 
weight [4]. 
Singh developed a solar boat for irrigation 
applications. A 3.5 HP pump is attached to this boat to 
deliver the water from the river to the riverside, there is 
a 4.5 kW DC-Motor connected to the pump, this motor 
gets its electricity from Solar Energy by A 5 kW 
Photovoltaic system installed on the boat [5]. 
Leiner developed a solar boat propelled by an electric 
motor. This boat is equipped with Information 
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Management System. By this system, all relevant data 
from batteries, cells, motor and environment are 
collected.  After that all data is sent to a data store via 
internet. So, the main data can be observed and 
monitored on a web page as visualization about the 
running process [6]. 
The current work is based on experimental research in 
a comparatively pioneering field, the Water Piston 
Engine [7]. It is not fundamentally based on previous 
scientific papers. The main idea in this engine is to 
eliminate all the moving parts in the classical internal 
combustion engine; the piston, connecting rod, and 
crankshaft.  Instead, a water piston in the cylinder is 
used to replace the metallic piston. Furthermore, 
Intake and exhaust valves, cams, and camshaft are 
eliminated. Instead, solenoid valves controlled by a 
microcontroller are used for air pressure intake.  This 
Water Piston Engine is powered by pressurized air 
only.  Compressed air is stored in the two Catamaran 
floats acting as pressure vessels.  Photovoltaic panels 
are installed on the boat sunshade in order to provide 
electric power to batteries and pneumatic compressor 
as a backup system to the two pressure vessels (air 
tanks). Six photovoltaic panels are used for this 
purpose. In this case, the compressor works only to 
recharge the air tanks when their pressure drops. 
 
II. CONSTRUCTION OF THE SOLAR BOAT 
 
A. Building Steps 
The boat hull mainly consists of two empty fuel tanks 
taken from a fighter jet donated by Royal Jordanian Air 
Force and used to float the boat (Catamaran type). The 
boat platform is made of a steel plate (2 m X 1.5 m) 
attached over the floats by steel rings. Each ring is 
made in two halves and is wrapped around the floats 
[8]. There are two rings per each floating tank. These 
rings are the links between the boat platform and the 
floats. These steel rings are made of 3 mm thick steel 
strip and is formed to a 0.54 m diameter ring as shown 
in Figure 1.  The top half of each ring is welded to the 
boat base, then the two halves were wrapped around 
the floats with a rubber strip as a soft layer and 
connected together by two bolts and nuts. 
The rings are made of mild steel 1090 which has a 247 
MPa yield strength [9]. The rubber strip that is used 
between the rings and floats has an allowable pressure 
of 0.73 MPa [10]. By assuming that the bolts apply a 
pressure equal to the allowable rubber pressure, so the 
rings cannot cause any damage to the float body. 
Taking into consideration the bolts and nuts are M10 
X 1.5 class 12, the proof strength of the bolts is 225 
MPa and the tensile stress area is 58 mm2. 
Rubber allowable pressure = 2F/projected Area    
 (1) 
F= 0.75 Fproof                 
 (2) 

The minimum ring width can be used is 50 mm. 
Rectangular steel tubes (40mm X 40mm) are used to 
form the boat sunshade; the maximum height of the 
sunshade is 2 m. Dimensions of the sunshade are 
shown in Figure 2. The sunshade surface area is 9 m2, 
but the wind projected area is 1.44 m2. The wind speed 
as a worst-case scenario can reach 16 m/s [11]. 

 

 
Figure 1: Two halves of the steel ring, dimensions in mm. 

The effect of the wind speed on the boat sunshade is 
bending of the four columns by a drag force, which can 
be calculated as follows [12]: 
Fss = 0.5 * Cd * ρair * Vw

2 * A       (3) 
Where Fss: the drag force acting on the sunshade [N] 
Cd: the drag coefficient equal to 2. 
Vw: is the wind speed [m/s]. 
A: projected area of the sunshade facing wind. 
The drag force on the sunshade is 442.4 N. The 
sunshade structure is welded to four vertical 
cylindrical tubes. These tubes are inserted into smaller 
diameter tubes in the boat platform and secured by 5 
mm pins. So there is a bending moment on these tubes. 
The designed diameter of these tubes can be found as 
follows: 
σmax = MC/I = M/S               
 (4) 
Where   σmax: is the maximum bending stress [MPa] 
M: is the bending moment per column [N.m] 
C: is the distance from the neutral axis to the outer 
fiber of the tube section [m] 
I: is the moment of inertia [m4] 
S: is the section modulus [m3] 
S =  π D3 /32                
  (5) 
Where   D: is the tube diameter [m] 
M = Fss * Ltube                
 (6) 
The tubes used are Grade B carbon steel with 241.3 
MPa yield strength, by taking a factor of safety equal to 
3. The allowable stress is 80.4 MPa. From Equations 
(4, 5 and 6), the tube diameter is 50 mm. 

 
Figure 2: The boat sunshade (dimensions in mm). 
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Figure 3 shows the steps of the boat building and 
assembly. The boat building steps can be listed as 
follows: 
 The empty fuel tanks are used as floats in the boat, 

Catamaran type. 
 Steel rings were wrapped around the floats, two 

rings per tank. 
 Fabricate the boat steel platform (2 m * 1.5 m) to 

attach it to the floats. 
 Fabricate the boat handrail; the handrail height is 

0.6 m. 
 Fabricate the boat sunshade from rectangular 

tubes. 
 Fabricate a steerable 4-wheel trolley to carry the 

boat to the lake, when the boat floats in the water, 
the trolley separates from the boat. 

 Installation of the PV panels on the boat sunshade 
using steel clamps. 

 Painting of all metallic parts 
 Assembly of boat parts and installation of 

equipment. 
 

 
Figure 3: Boat building steps 

 
B. Boat Specifications 
The boat dimensions are shown in Table 1, the boat 
mass is 440 Kg, as shown in Table 2. The theoretical 
maximum boat mass can be estimated from the 
buoyant force, as follows: 
Fb = ρw *g*Vimm           (7) 
Where,  Fb : is the buoyancy force [N]. 
ρw: is the water density [Kg/m3]. 
g : is gravitational acceleration [m/s2]. 
Vimm : is the volume of the immersed part [m3]. 
So the maximum theoretical boat mass is 1680 Kg, 
thus the maximum passengers’ mass is 1240 Kg. But 
because of the platform area limitation, the boat can 
carry 5 passengers. 
 

Boat part Dimensions 

Float 
Length: 6 m 
DMax = 0.5 m 
V = 0.84 m3 

Boat platform 1.5m X 2m 
Handrail 0.6 m Height 
Sunshade Maximum height is 2 m 

Table 1: Boat dimensions. 

Boat Equipment Mass (Kg) 
Boat Hull 250 Kg 
PV panels 90 Kg (15 Kg X 6) 

Battery 70 Kg (17.5 Kg X4) 
Other equipment 30 Kg 

Total mass 440 Kg 
Table 2:  Boat mass. 

 
The depth of the immersed part of the floats can be 
estimated from Archimedes Law as follows: 
Wboat = Wwater * Vdisplaced             
  (8) 
Thus; Vdisplaced = Wboat / Wwater = 0.44 m3, for the two 
floats. 
Vdisplaced = cross-sectional area of the immersed part * 
depth 
In this case, the floats have a variable cross-sectional 
area, in addition to the variable height. Assume that 
the cross-sectional area is a rectangle, and its area is 
about (0.5 * 3 m), so the depth of the immersed part is 
14.7 cm. From the experiment, the depth of immersed 
part was about 25 cm, but with two passengers. By 
repeating the previous calculation with the modified 
mass (440 Kg + 170 Kg), the depth of immersed part 
was 20.3 cm, which is around the experimental value. 
The minimum thrust that can propel the Boat hull can 
be estimated from the drag calculation as follows: 
Fd = 0.5 * cd*ρw *vf 2 * Afr           
 (9) 
Where   Fd = drag force [N]. 
cd = drag coefficient [1.2]. 
vf = flow velocity [2 m/s]. 
Afr= frontal area of the body [0.08 m2]. 
Thus, the drag force when the floats are fully immersed 
in the water is 384 N for the two floats. But, at 
experiment almost half of the floats are immersed in 
the water, so the drag force can be divided into two 
parts; the first is the drag force for the immersed floats 
part and the other is for the un-wetted surface. In this 
case, the drag force is 192.12 N. So theoretically, the 
minimum thrust that can propel the boat is equal to 
192.12 N. But, in real life conditions there are some 
factors which have a strong effect on the drag force 
such as, the wind direction, wind speed, the Boat 
weight with the passengers and the water surface 
waves. 
 
III. PROPULSION SYSTEM 
 
The propulsion system consists of the Water Piston 
Engine. 
A. Water Piston Engine Concept 
The water piston engine consists of four cylinders. 
Each cylinder takes the shape of a vertically tapered 
design with a hydrofoil section, as shown in Figures 4 
and 5. The primary source of power is compressed air 
stored in the floats as huge pressure vessels. 
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Additionally, when the pressure in the floats drop, 
solar panels on the boat provide electric energy that 
powers two air compressors through four batteries 
whose compressed air is used in the water piston 
engine. 

 
Figure 4: Top view of the Water Piston Engine (dimensions in 

mm). 
The innovative aspect of this engine is to eliminate all 
moving parts at the bottom of an internal combustion 
engine; the piston, connecting rod, and crankshaft. 
Instead, a water piston in the cylinder is used to replace 
the metallic piston. Figure 5 shows the Water Piston 
Engine compared to the internal combustion engine. 

 
Figure 5: The Water Piston Engine compared to the internal 

combustion engine. 
The water column itself inside the Cylinders acts as the 
piston. The air pressure derived from the compressed 
air tank is directly used in providing thrust for the Boat 
by pushing the water piston (column) out of the 
cylinder through a 90-degrees elbow as a water jet. 
This water jet provides thrust to propel the boat in the 
opposite direction as a reaction from the water jet. 
When the water is ejected from the cylinder and the air 
pressure inside the cylinder decreases to near the 
atmospheric pressure, the water that surrounds the 
engine will fill the cylinder. Four cylinders are used to 
power the boat. Each two cylinders are fired 
simultaneously in order to maintain thrust. 
Steering of the boat is achieved by swaying the engine 
assembly sideways as desired, as shown in Figure 6.     
Figure 7 shows where the WPE is installed in the boat, 
this joint permits swaying of the engine assembly. 
 

 
Figure 6: Steering of the boat using WPE thrust. 

 
Figure 7: The WPE base. 

 
C. WPE Mathematical Model 
The Water Piston Engine mathematical model is 
derived from the Continuity Equation and Bernoulli’s 
Equation. Figure 8 shows the model of the Water 
Piston Engine. The assumptions made to derive the 
mathematical model are: no losses, 1-D, 
Incompressible flow and Section 2 is the reference to 
calculate Z1 and Z2 
 

 
Figure 8: The model of the Water Piston Engine. 

 
At section 1: 
The volumetric flow rate: Qֹ1

 
ֹ= v1 * A1      

 (10) The mass flow rate: m ֹ1 = ρw * Qֹ1     
    (11) 
m ֹ1 = ρw * v1 * A1       (12) 
 
At section 2: 
The volumetric flow rate: Qֹ

2
 = v2 * A2      

  (13) 
The mass flow rate: m ֹ2 = ρw * Qֹ

2        
  (14) 
m ֹ

2
 = ρw * v2 * A2         (15) 

From continuity equation: 
m ֹ1= m ֹ2            (16) 
By substituting Equations (12) and (15) in Equation 
(16), Equation (16) becomes as: 
ρw * v1 * A1  = ρw * v2 * A2              (17) 
By converting Equation (17) to be more useful in this 
model: 
v1/v2= A2/A1               (18) 
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A2/A1: is the reduction ratio of the cross-sectional area, 
it is 1/28. 
From Bernoulli’s Equation: 
P + 0.5ρv² + ρgh = constant, where h= z1 – z2  (19) 
By applying Equation (19) on this model: 
P1/ ρ1 + 0.5 v1

2 + gz1 = P2/ρ2 + 0.5 v2
2 + gz2   (20) 

Where:  z2 = 0; station 2 is the reference. 
P1 = air pressure. 
P2 =Patm + ρgh. 
ρ1 = ρ2, from the assumption. 
From Equations (18) and (20), v1 and v2 can be found. 
According to Newton's third law and second law, the 
thrust force is directly related to water jet velocity, as 
follow: 
Fwpe-th = ρw Vvolum (v2-v1)/Δt        (21) 
Where Vvolum is water volume inside the WPE. 
D. WPE Control Circuit 
Control circuit deals with how much time the 
pressurized air is needed to discharge the cylinder and 
to switch the airflow between the engine cylinders. 
This system depends on Arduino as a microcontroller 
unit. 
The WPE control algorithm is shown in Figure 9. The 
control process is as follows: when the signal comes 
from the microcontroller, it will actuate the first two 
relays, which will pass voltage to the first two valves. 
These valves will supply the pressurized air to the first 
and fourth cylinders. As soon as the signal comes to 
the second two relays it will actuate the other two 
valves so that it will switch the air from first and fourth 
to the second and third ones. Then off time delay will 
be applied so that the water will refill the empty 
cylinders during this off time. 

 
Figure 9: The WPE control algorithm. 

 
IV. RENEWABLE ENERGY SYSTEM 
 
A. Photovoltaic System 
The renewable energy system consists of photovoltaic 
panels, charge controller and batteries. The 

photovoltaic panels provide the electricity to run the 
air compressor to charge the pressure vessels when its 
pressure drops below a certain threshold. Six-panels 
are installed on the boat sunshade at different tilt 
angles, as shown in Figure 10. 
 

 
Figure 10: The boat sunshade with the photovoltaic panels. 

 
Each panel has 260 Wp, the total capacity of the 
photovoltaic panels is 1.56 KWp. These panels were 
bought from Philadelphia Solar Company (PS-P60 
Multi-Crystalline Module 260 W) with certain 
specification to minimize its weight, these panels are 
frameless. The weight of the panel without the frame is 
15 Kg. It was recommended to buy thin-film 
photovoltaic panels to minimize the system weight, but 
the availability in the local market and the cost of 
shipping from abroad have limited our choices to 
frameless photovoltaic panels. The dimension of each 
panel was 1655 x 990mm. 
 
These panels are connected together in parallel 
connection. This connection supplies a rated current 
about 51 A and rated voltage about 30.62 V at the 
maximum power (based on the company 
specifications). The photovoltaic panels are connected 
parallel to the load with a battery bank as a backup 
system. The process of supplying the needed power can 
be divided into three stages; when the power output of 
the photovoltaic is equal to the load consumption, the 
load gets its electric power from the solar panels 
directly. When the power output from the solar panels 
is higher than the load consumption, the excess energy 
is stored in the batteries. When the power output from 
the solar panels is less than the load consumption, the 
batteries provide sufficient energy in addition to the 
solar panels output to match the load consumption. 
The load is a DC-Compressor (25 A, 24 V). This 
compressor runs only to recharge the pressure vessels, 
no need for continuous running when the large 
pressure vessels (the Catamaran floats) are used. 
The available energy from the solar panels can be 
calculated as: 
PDC = kWp for each panel * #of panels * H    (22) 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-6, Jun.-2018, http://iraj.in 

Solar Boat using Water Piston Engine Propulsion 
 

35 

Where H is the average sun hour per day in Jordan 
(about   5 KWh/KWp/day). Thus, the available energy 
is                    7.8 KWh/day. 
B. Photovoltaic System Testing 
The photovoltaic panels are installed at different tilt 
angles as mentioned before, so for a test, each two 
panels in the same direction are connected together by 
a series connection, thus three strings are formed. The 
PV analyzer (PVA-1000s) was used to test the 
photovoltaic panels at different orientations to see the 
effect of tilt and azimuth angle variation on the panels’ 
efficiency.  Testing of the solar panels was carried out 
at different orientations. The first was to orient the boat 
westward, then southward. The east direction is the 
same as west direction, and the south direction is the 
same as north direction, because of the sunshade 
configuration. The solar testing day was the 
21st-May-2016 at noon. From the PV analyzer data, 
the panels’ efficiency can be calculated as Pmax / (Irrad 
* Area). Table 3 shows the panels’ efficiency in the 
different cases. The Horizontal string has the lowest 
efficiency due to the cell temperature. 

 
Table 3: The Solar Panels’ Efficiencies 

 
V. EXPERIMENTAL TESTING AND RESULTS 
 
A. Experimental Testing 
In this work, the testing was carried out in stages, 
starting from solar panels testing on the sunshade, 
Water Piston Engine testing in swimming pool, then 
testing the boat and the WPE with its pressurized 
vessels and solar panels in a lake.  Finally, the boat 
with all its equipment was tested in the lake.  In all 
experiments, the solar panels and the WPE engine 
performance was very good. The test of the Water 
Piston Engine was successful at 6 bars air pressure. 
The wind speed was 8 km/hr.  When the boat was 
directed with the wind direction, the speed was about 
10 Km/hr., which is suitable for cruise applications in 
lakes. Figure 11 shows the experiments at the different 
stages. 
 
In the final stage, a larger pressure vessel as a spare air 
tank is used in addition to the DC-compressor unit, the 
volume of this pressure vessel is 340 Liters and 
pressurized at 200 bars. The running time of the spare 
pressure vessel can be calculated as follows; assuming 

ambient temperature is    25° C and 0.287 
kPa.m3/kg.K air constant. So, according to the 
equation (23), the vessel has a 79.5 Kg of air 
mair = Pair Vvessel / RT            
 (23) 
Each cylinder has a volume of 7 liters (for two 
cylinders the volume is 14 liters) and works at 6 bars. 
mcy-air = Pair-cy Vcy / RT           
 (24) 
A 0.098 kg of air is required for each two dual pulses. 
Thus, the container will be enough for 811 dual pulses; 
these pulses are enough to propel the boat for 
41minutes. 

 
Figure 11: The experimental tests. 

Figure 12 shows the water jet trail of the Water Piston 
Engine. The disturbance in the WPE is quite low. 

 
Figure 12: the water jet trail of the WPE 

 
B. Results 
 
Hereunder, some specific calculation about the Water 
Piston Engine at the testing conditions. Inlet pressure 
is 6 bars. The Water Piston Engine height is 0.4 m, the 
depth of immersed engine part under the water is 0.35 
m. 
P2 = 1 atm + 1000*9.81*0.35 
= 101.325 kPa + 3.4335 kPa 
= 104.76 kPa 
From continuity and Bernoulli Equations the 
following Equation can be derived, as mentioned in 
section III.B (WPE mathematical model). 
v1/v2= A2/A1 = 1/28. 
P1/ ρ1 + 0.5 v1

2 + gz1 = P2/ρ2 + 0.5 v2
2 + gz2 

600000/1000 + 0.5 v1
2 + 9.81*0.35 = 104759/1000 + 

0.5 v2
2 

Solving for v1 and v2, yields 1.13 m/s and 31.6 m/s, 
respectively. 
According to Newton's third law and second law, the 
thrust force can be calculated as follow: 
 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-6, Jun.-2018, http://iraj.in 

Solar Boat using Water Piston Engine Propulsion 
 

36 

Fwpe-th = ρw Vvolum (v2-v1)/Δt 
Where the time of each dual pulse is 1 second, (each 
two cylinders are fired simultaneously). Thus, the 
thrust from single cylinder is 213.29 N and 426.58 N 
for 2 cylinders working at the same time. 
The overall Water Piston Engine efficiency can be 
calculated as follows: 
ηall-wpe = ηlines * ηWPE * ηcompressor      (25) 
The main idea of the Water Piston Engine is to 
eliminate all moving parts inside internal combustion 
engines (there are no moving parts inside the WPE), so 
there are no losses inside the Water Piston Engine. But 
there is a minor loss due to the WPE outlet (90 degrees 
elbow). 
The air pressure drop in the pneumatic hoses (due to 
friction) can be calculated as [13]: 
 
dp = 7.57 q1.85 *L  * 104 / (d5 * p)     (26) 
Where,  dp = pressure drop [bar]. 
q = volume flow rate, air [m3/min]. 
L = length of the hose [m]. 
d = inside diameter of the hose [mm]. 
p = relative initial pressure [bar]. 
 
q = mcy-air / ρair / ΔTdual pulses        (27) 
mcy-air = 0.11 Kg, ρair at 25 °C and 6 bar is 9.2 Kg/m3 
[14]                         and ΔTdual pulses is 2 second. Thus, q 
is 0.006 m3/sec, multiply q by 60 second to convert it to 
more useful term, so q is 0.36 m3/min. 
At 0.36 m3/min volumetric flow rate, 0.5m hose 
length, 8 mm hose diameter and 6 bar initial pressure 
the pressure drop was 0.029 bar. The line efficiency in 
this case was 98.52%. 
 
The WPE efficiency can be calculated by finding the 
pressure drop due to the sudden enlargement in the 
area cross-section and the pressure drop at the WPE 
outlet as follows [15]: 
 
Re = ρwVf Do/μ          (28) 
Where   Re: is the Reynold’s number. 
ρw: is the water density [Kg/m3]. 
Vf: fluid velocity at the outlet [m/s]. 
Do: is the outlet diameter [34*10-3 m]. 
μ: is the Kinematic viscosity [0.8*10-6 m2/s for water]. 
Re = 14.7*108, the flow is a turbulent flow, Re > 4000. 
Thus the following equations are applicable: 
 
ΔP = (-K ρair vair 2)/ 2          (29) 
Where   ΔP: pressure drop. 
K: is the pressure loss coefficient. 
ρair: air density at 25 c and 6 bar. 
vair: air velocity. 
Firstly, in the WPE there is sudden change in the 
diameter, from 8mm (5.06* 10-5 m2) to the WPE with a 
cross-section area of (0.025 m2). So the loss coefficient 
can be found as: 

K= [1- (D1/D2)2]2             
 (30) 
Where   D1: is the smaller diameter (8mm) 
D2: is the larger diameter (the WPE equivalent 
diameter is 178.4 mm). 
 
Thus the K value is 1, the air velocity (Vf) inside the 
WPE can be found as follow: 
Vpressurized air = Qair / Ahose            
 (31) 
= (0.006 m3/sec)/ (0.25*π*0.0082) 
= 119.4 m/s. 
Then the pressure drop can be found as follows: 
ΔP = - 1* 9.2* 119.42 / 2 
= - 65579.3 Pa (0.66 bar) 
The loss factor at the WPE outlet is 0.3 [16], so the 
pressure drop can be calculated from equation (29). So, 
equation (29) becomes as: 
ΔP = (-K ρwater vwater-jet 2)/ 2 
ΔP = - 0.3 * 1000* (31.6)2 /2 
= 149784 Pa (1.5bar). 
Thus the WPE efficiency in this case is (6bar-(0.66bar 
+1.5bar))/6 bar = 64%. 
The compressor is a reciprocating type; its efficiency is 
about 75% [17]. 
Thus the overall Water Piston Engine efficiency is 
ηall-wpe = 98.52% * 64% * 75%   = 47.3% 
 
C. Water Piston Engine vs. Internal Combustion 
Engine 
In the tourism application in the marine environment, 
the noise pollution and the water disturbance are 
important factors. When the tourist wants to watch and 
enjoy the marine life (such as fish or coral) as is, the 
effect of engine like water disturbance and noise 
pollution will scare the fish ,which distorts the marine 
life scene. Table 4 compares between the Water Piston 
Engine to the other propulsion systems. 

Table 4: Water Piston Engine vs. other Propulsion systems. 
Category Water 

Piston 
Engine 
propulsion 
system 

Electric 
propulsion 
system 

Internal 
Combust
ion 
Engine 

Water 
disturbance 

Low Medium High 

Noise 
pollution 

Low Medium High 

Air 
pollution 

None None High 

Water 
pollution 

None None High 

Efficiency Larger Almost 
same as 
the Water 
Piston 
Engine 

Lower 
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CONCLUSIONS 
 
In this work, an environment friendly marine boat has 
been built and tested as a Catamaran type with two 
floats.  The boat is six meters long.  Solar energy is the 
primary source of power in the boat. This boat is 
propelled by an emission free propulsion system using 
a Water Piston Engine that generates pulses of water 
jets from its four cylinders. The Water Piston Engine 
produces consecutive water jet pulses that are 
approximated as a continuous jet thrust. For tourism, 
fishing, and leisure applications, this Water Piston 
Engine is more suitable than the Internal Combustion 
Engine or electric motor propulsion because it is 
environment friendly, quieter, produces less water 
disturbance and has a higher efficiency.  The engine 
assembly is located at the rear of the boat platform.  
The engine depth in water is controllable by anchoring 
to different levels.  The jet force is controllable by 
controlling the air pressure injected to each cylinder 
and depth of engine immersed in water.  Steering of 
the boat is also achieved by swaying the anchored 
engine sideways as desired.  The engine cylinders are 
streamlined to minimize form drag when the boat is 
moving.  This propulsion system can be used as 
integral unit, during the day, the whole system runs 
from solar power and its backup battery is being 
charged.  After sunset, the Boat can be propelled from 
the air tank pressure and by the backup battery for 
about Five hours (with continuous compressors 
running, as a worst case). 
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