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Abstract—Sustainable development is the nominal goal of most 
countries at present. In general, fossil fuels are the development 
mainstay of most world countries. Regrettably, the fossil fuel 
consumption rate is very high, and the world is facing the problem of 
conventional fuels depletion soon. In addition, there are many 
problems of environmental pollution resulting from the emission of 
harmful gases and vapors during fuel burning. Thus, clean, renewable 
energy became the main concern of most countries for filling the gap 
between available energy resources and their growing needs. There 
are many renewable energy sources such as wind, solar and wave 
energy. Energy can be obtained from the motion of sea waves almost 
all the time. However, power generation from solar or wind energy is 
highly restricted to sunny periods or the availability of suitable wind 
speeds. Moreover, energy produced from sea wave motion is one of 
the cheapest types of clean energy. In addition, renewable energy 
usage of sea waves guarantees safe environmental conditions. Cheap 
electricity can be generated from wave energy using different 
systems such as oscillating bodies' system, pendulum gate system, 
ocean wave dragon system and oscillating water column device. In 
this paper, a multi-criteria model has been developed using Analytic 
Hierarchy Process (AHP) to support the decision of selecting the 
most effective system for generating power from sea waves. This 
paper provides a widespread overview of the different design 
alternatives for sea wave energy converter systems. The considered 
design alternatives have been evaluated using the developed AHP 
model. The multi-criteria assessment reveals that the off-shore 
Oscillating Water Column (OWC) system is the most appropriate 
system for generating power from sea waves. The OWC system 
consists of a suitable hollow chamber at the shore which is 
completely closed except at its base which has an open area for 
gathering moving sea waves. Sea wave's motion pushes the air up 
and down passing through a suitable well turbine for generating 
power. Improving the power generation capability of the OWC 
system is one of the main objectives of this research. After 
investigating the effect of some design modifications, it has been 
concluded that selecting the appropriate settings of some effective 
design parameters such as the number of layers of Wells turbine fans 
and the intermediate distance between the fans can result in 
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significant improvements. Moreover, simple dynamic analysis of the 
Wells turbine is introduced. Furthermore, this paper strives for 
comparing the theoretical and experimental results of the built 
experimental prototype. 
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I. INTRODUCTION 

USTAINABLE development has become a major concern 
of most countries in recent years. Generally, fossil fuel is 

the main pillar of industrial development. Furthermore, the 
availability of fossil fuels with sufficient quantities is one of 
the important factors that help industrial countries in 
developing their industrial sectors at a rapid pace. 

Unfortunately, the fossil fuel consumption rate is very high 
and does not match with the rate of increasing energy demand 
in these countries. Also, toxic and harmful emission fumes 
during conventional fuel burning can be considered as a 
serious environmental pollution problem [1]. Such serious 
environmental problems hinder progress efforts in industrial 
countries. Thus, clean renewable energy has attracted the 
attention of industrial countries in recent times for 
compensating the energy shortage in addition to preserving the 
environment [2], [3]. Clearly, reliance on renewable energy 
can solve the energy shortages problem but developing its 
usage needs enough time to meet the future tasks. Some 
regions around the world are somewhat modest in their 
resources of traditional energies such as; oil, coal and natural 
gas. Hence, exploiting additional energy recourses other than 
fossil fuel must be the main task of these regions for 
guaranteeing the sustainability of available energy sources for 
a long time. Thus, regions with poor traditional energies can 
use many types of clean renewable energy resources such as 
wind, solar and sea waves for treating their energy shortage. 
However, the usage percentage of various types of renewable 
energy is still low. Whereas, consumed renewable energy such 
as solar, wind, hydro and sea waves is still around 10% from 
the total energy across the world over the past few years [4]. 

It is encouraging to note that, some regions in the Middle 
East, such as the Gaza Strip, are trying to do their best to fill 
the gap between their available energy and their growing 
needs using renewable energy, as in [5]. Also, the 
consumption percentage of renewable energy in Egypt is 
around 11% from the total energy usage in the last five years. 
Furthermore, the Egyptian authorities suggested an ambitious 
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plan to reach a usage percentage 20% of renewable energy 
from the total energy usage by 2020, as in [6].  

Generally, solar energy is only available in the sunny time 
during the day which does not exceed one-third of total 
daytime. Hence, the performance of solar cells may fluctuate 
through the day and during different seasons. Likewise, the 
active strong wind energy does not steadily exist during the 
whole day and seasons. Thus, it is impossible to maintain the 
performance of wind turbines at a constant level. Also, the 
capability of generating energy from water cliffs on rivers is 
not available for most countries in the world. In addition, there 
serious risks that may occur during the power generation 
process in power plants using nuclear power [7]. On the other 
hand, generating energy from sea waves is available during 
most of day-time and throughout the year. Hence, the process 
of electricity generation from seas waves is considered to be 
more effective than generation from wind or solar sources. 
Generally, seas and oceans can be used for generating 
electricity by many ways such as the use of tidal energy, 
kinetic energy of moving waves, in addition to usage of 
temperature variation between warm water content at the 
surface and cold water near the seabed [4]. 

There are many alternate ideas dealing with generating 
power from sea waves, as presented in [8]. Moreover, a 
prototype of mechanical mechanism which can be used for 
generating power from sea wave's motion is introduced in [9]. 
Furthermore, a special technique for converting sea wave's 
energy to electricity is presented in [3] that deals with the 
shoaling phenomenon near coasts. 

The systems which generate power from sea wave's motion 
are depending on many operating ideas as; Oscillating Bodies 
(OB) system, Wave Dragon (WD) system, Pelamis Converter 
(PC) system, Pendulum Gate (PG) system, Power Buoy (PB) 
system, Bristol Cylinder (BC) system, Over-Topping 
Converter (OTC) system and OWC system, as discussed in 
[10]-[16]. 

OB system has an immersed oscillating cylinder composed 
of two parts, the bottom one is fixed with the seabed and the 
upper part is floating part that can move according to sea 
wave's motion within the other part through a smooth guide 
causing relative motion between the two parts that can be 
transformed into power as indicated in [10]-[12]. WD system 
consists of two large upward paths that collecting the water of 
moving waves in huge reservoir which has a foundation in the 
seabed. This reservoir is provided with a hydro turbine in its 
base. The passing water inside the turbine generates the 
rotation motion in turbine's rotor. The PC system consists of a 
set of semi-submerged cylinders in shallow water. These 
cylinders are connected to each other by joints. The wave's 
motion generates a relative motion between these floating 
cylinders to generate energy by pumping high pressure fluid to 
activate hydraulic motors connected with a generator, as 
presented in [13].  

PG system is an oscillating gate that has a pendulum motion 
resulting from wave's motion near coasts. This oscillating 
motion can be converted to electricity via a suitable generator. 
The PB system utilizes the rising and falling effect resulting 

from the wave's motion which moves the buoy for producing 
mechanical energy to generate electricity. This electrical 
power can be transmitted to the coast via undersea secure 
cables. On the other hand, the BC system in shallow water has 
a floating cylinder connected to a gearbox via two sets of four 
bars and joints. This gearbox is fixed to the seabed. Up and 
down motion of the floating cylinder results in a partially 
rotary motion in the joints which can be transmitted to the 
gearbox. This motion can activate the connected generator for 
generating electricity as mentioned in [13]. OTC system is 
similar to WD system but it has a submerged reservoir 
connected with the seabed via strong springs allowing the up 
and down water motion to its reservoir. There is a turbine in 
the bottom of this reservoir for generating electricity, as 
presented in [14]. 

OWC can be constructed at the shore. It consists of a 
suitable hollow chamber which is completely closed except at 
the base that is used for collecting moving water from waves 
using an inclined entrance beside the breakwater. Sea wave's 
motion pushes the air pocket inside the chamber up and down 
passing through an appropriate turbine or driving a suitable 
mechanical system in order to generate electricity, as 
mentioned in [9], [15]-[18]. 

The pushed air of the OWC in the chamber passes inside a 
suitable turbine such as the Wells turbine which can be fixed 
beside the chamber. Moreover, the drawn air passes through 
turbine in opposite direction as a suction effect during wave's 
water returns back to sea. Consequently, the used turbine with 
OWC must be designed to continually rotate in the same 
direction regardless of the air flow direction. Thus, Wells 
turbine is the best selection for this job, where it can rotate 
continuously in the same direction as mentioned in [8], [19], 
[20]. 

Clearly, establishing different systems inside the oceans and 
seas for generating power must have high endurance and long 
life time. Through the recent decades, there are many 
strenuous trials done for designing effective energy converters 
for generating electricity from oceans and sea waves. But 
unfortunately, many of these trials have failed because of the 
harsh operating conditions in seas and oceans in addition to 
aggressive salty water. For this reason, many researchers do 
not agree up till now on the definite economical designs of 
devices which can be used to generate power from oceans and 
sea waves, regardless of the extensive research in this field 
[21]. 

Currently, several systems for converting wave power into 
electrical power have been discussed to be considered for 
application. Each of these systems has its advantages and 
disadvantages. The selection of the most appropriate system 
for application is a critical decision in the planning phase of 
power generation projects. In this research, the characteristics 
for each method have been investigated and the main criteria 
for assessment of these methods have been highlighted. A 
multi-criteria model has been developed to support the 
decision making process concerning the selection of the most 
appropriate method according to the designer’s preferences. 
The model is developed using AHP. Besides, the application 
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of the multi-criteria selection model revealed that the OWC 
system is the most preferable system for generating electricity 
from oceans and sea waves based on the assessment criteria 
considered in the model. Furthermore, analysis of OWC 
system is presented in this research for generating electricity 
from moving waves of seas and oceans using a Wells turbine. 
A suitable small prototype is designed and introduced for 
testing the effective parameters which can enhance the OWC 
system performance.  

II. MULTI-CRITERIA SELECTION MODEL 

Multi criteria decision making (MCDM) approaches are 
extensively applied in several fields including renewable 
energy planning. A comprehensive review of the application 
of MCDM tools in the field of sustainable energy planning is 
presented in [22]-[24]. One of the most powerful MCDM 
techniques is the AHP [25]. AHP is a systematic procedure for 
dealing with complex decisions, it encompasses evaluating 
alternatives with respect to sets of criteria that could be a mix 
of tangible and intangible ones to support rational decision 
making. The application of AHP necessitates the 
decomposition of all the significant factors affecting the 
decision maker’s goal into criteria and subcriteria and 
constructing a hierarchical structure for the decision under 
consideration. AHP mainly uses pairwise comparisons, where 
each element in a higher layer is used to assess the elements in 
the layer immediately below in order to derive relative 
importance or weight of lower layer elements with respect to 
the element in the upper layer. These comparisons can be 
performed by the decision maker or by a group of experts 
using not only data available but also using human judgment. 
After performing these comparisons across the different layers 
of the hierarchy, weights are then synthesized through the 
model, yielding a composite rank or priority for each choice at 
every layer in addition to an overall ranking. 

In this section, an AHP model is developed to aid the 
designer in comparing and ranking the eight design 
alternatives explained earlier, as well as selecting the best 
design according the provided preferences.  

A. Design Selection Criteria and Decision Hierarchy 

In this research, the decision concerned with selecting the 
most appropriate design idea for power generation from sea 
waves is structured, as illustrated in Fig. 1. In this model, 
seven main criteria have been considered for assessing the 
design alternatives, namely, reliability, safety, performance, 
durability, serviceability, cost, and interference with 
navigation. In this model, reliability reflects the probability of 
a system malfunctions or fails within a specified time period 
and it can be assessed based on judgments of the mean time 
between failures, or the failure rate [26]. Safety is considered 
for assessing predictable hazards associated with the power 
system surroundings or working conditions. Likewise, as 
defined in [26], durability measures the expected useful life of 
a system. It can be estimated based on the amount of use one 
can expect to get from a system before it breaks down and its 
replacement becomes preferable than continued repair. In the 

meanwhile, serviceability is assessed through ease of 
maintenance as well as speed of repair.  

The performance criterion is decomposed into four different 
subcriteria. It comprises efficiency, possibility of power 
storage, power quality which refers to the stability and 
smoothness of the generated power, in addition to robustness. 
In this context, robustness appraises the system’s sensitivity to 
external environmental factors as well as survival under sever 
conditions. Furthermore, cost is evaluated based on 
installation cost along with maintenance and operational costs. 
As a final point, interference with navigation is considered to 
assess the effect of power generating systems on marine life, 
as some designs could result in electromagnetic fields created 
due to the use of electric cables connected to the turbines and 
underwater noises, in addition to vibrations that could affect 
orientation and navigational ability. The lower layer of the 
model contains the considered eight system design 
alternatives, namely, BC, OB, OWC, OTC, PC, PG, PB, and 
WD. The hierarchical structure of the system design selection 
AHP model is shown in Fig. 1. 

 

 

Fig. 1 Hierarchical structure of the design selection AHP model 

B. Pairwise Comparison Matrices  

AHP mainly depends on pairwise comparisons. To 
construct a pairwise comparison matrix A for n criteria, one 
should start with a square matrix n× n. An assessment system 
based on Satty’s scale (ranges from 1 to 9), [25] is employed 
to indicate how much one criterion is more important than 
another. The entries in such a matrix are represented by ai j > 
0, where; 
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Pairwise comparison matrices are reciprocal matrices. 

Therefore, the number of comparisons or judgments needed 
for each matrix with n criteria is n(n – 1)/2. In this research, 
the Super Decisions Software [27] is used to construct the 
model and to perform the required calculations for the AHP 
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application. After constructing any pairwise comparison 
matrix, it should be checked for inconsistency. The 
inconsistency can be assessed as recommended in [28]. It has 
been also recommended that the inconsistency ratio should not 
exceed 0.10. If it is more, the comparison matrix is considered 
inconsistent and judgments should be reviewed and improved. 

In the hierarchal structure presented in the previous section, 
four main criteria are connected directly to the alternatives. 
These are durability, reliability, safety, and interference with 
navigation. The other three main criteria (performance, 
serviceability, and cost) are connected to eight subcriteria 
(efficiency, possibility of power storage, power quality, 
robustness, ease of maintenance, speed of repair, installation 
cost , as well as maintenance and operational costs) that are 
then connected to the alternatives. The lowest level criteria or 
subcriteria connected to the alternatives are called covering 
criteria. In this model, there are 12 covering criteria. To 
perform the pairwise comparisons, 16 comparison matrices 
should be constructed as follows: One matrix for the seven 
main criteria with respect to the goal as illustrated in Table I; 
three matrices for the subcriteria under (performance, 
serviceability, and cost); and 12 comparison matrices for the 

eight alternatives with respect to all the covering criteria. The 
comparison matrix for the four subcriteria under performance 
(efficiency, possibility of power storage, power quality, and 
robustness) is shown in Table II.  

Meanwhile, the comparison matrix for the two subcriteria 
under serviceability (ease of maintenance, and speed of repair) 
is shown Table III. For the two subcriteria under cost, equal 
preferences have been assigned. Table IV represents a sample 
of the 12 comparison matrices that assess the eight alternatives 
with respect to each covering criteria. The sample presented in 
Table IV illustrates the evaluation of alternatives with respect 
to durability with inconsistency equals 0.026. The values for 
the inconsistencies for the other pairwise matrices comparing 
alternatives with respect to the rest of the covering criteria are 
as follows: For reliability (0.030), for safety (0.028), and 
interference with navigation (0.027), for efficiency (0.015), for 
possibility of power storage (0.023), for power quality (0.037), 
for robustness (0.022), for ease of maintenance (0.018), for 
speed of repair (0.016), for maintenance and operational costs 
(0.035), and for installation cost (0.015). In all of the 
developed pairwise matrices, consistencies are in the 
acceptable level. 

 
TABLE I 

PAIRWISE COMPARISON MATRIX OF THE MAIN CRITERIA WITH RESPECT TO THE GOAL 

Inconsistency= 0.0256 Cost Durability Interference with navigation Performance Reliability Safety Serviceability 

Cost 1 1/3 4 1/2 1/3 3 1 

Durability 3 1 6 2 1 5 3 

Interference with navigation 1/4 1/6 1 1/4 1/5 1/2 1/2 

Performance 2 1/2 4 1 1/2 4 4 

Reliability 3 1 5 2 1 4 4 

Safety 1/3 1/5 2 1/4 1/4 1 1 

Serviceability 1 1/3 2 1/4 1/4 1 1 

 
TABLE II 

PAIRWISE COMPARISON MATRIX FOR THE SUBCRITERIA WITH RESPECT TO PERFORMANCE 

Inconsistency=0.0266 Efficiency Power storage Power quality Robustness Priorities 

Efficiency 1 3 2 1/2 0.293 

power storage 1/3 1 1/2 1/3 0.107 

Power quality 1/2 2 1 1/2 0.185 

Robustness 2 3 2 1 0.415 

 
TABLE III 

PAIRWISE COMPARISON MATRIX FOR THE SUBCRITERIA WITH RESPECT TO 

SERVICEABILITY 

Inconsistency=0 Ease of maintenance Speed of repair Priorities 

Ease of maintenance 1 1/2 1/3 

Speed of repair 2 1 2/3 

 
TABLE IV 

PAIRWISE COMPARISON MATRIX FOR THE ALTERNATIVES WITH RESPECT TO 

DURABILITY 

BC OB OWC OTC PC PG PB WD 
BC 1 1/2 1/8 1/2 1 1/3 1/2 1/3 
OB 2 1 1/4 1 1/2 1/3 1 1/3 

OWC 8 4 1 4 6 3 6 3 
OTC 2 1 1/4 1 2 1/2 2 1/2 
PC 1 2 1/6 1/2 1 1/2 1 1/3 
PG 3 3 1/3 2 2 1 3 1/2 
PB 2 1 1/6 1/2 1 1/3 1 1/3 
WD 3 3 1/3 2 3 2 3 1 

C. Deriving Local Priorities 

After performing all the required pairwise comparisons and 
checking their consistencies, the relative weights (local 
priorities) of the items of each level in the hierarchy with 
respect to an item in the next higher level are computed 
according to [28]. The local priorities of the main seven 
criteria are presented in Fig. 2. However, the local priorities 
for subcriteria under performance and serviceability are listed 
in the last column in Table II and Table III, respectively. The 
subcriteria under cost are having equal local priorities as they 
have the same preference in the pairwise comparison matrix. 
Furthermore, the local priorities for the alternatives with 
respect to all the covering criteria are listed in Table V. 
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Fig. 2 Derived priorities of the main criteria with respect the goal 
 

TABLE V 
DERIVED PRIORITIES OF THE ALTERNATIVES WITH RESPECT TO EACH 

COVERING CRITERION 

 
BC OB OWC OTC PC PG PB WD 

Durability 0.04 0.06 0.36 0.09 0.06 0.14 0.06 0.18 

Reliability 0.04 0.05 0.31 0.12 0.09 0.18 0.07 0.14 

Safety 0.03 0.06 0.30 0.13 0.09 0.16 0.07 0.17 

Interference with 
navigation 

0.21 0.06 0.36 0.03 0.04 0.15 0.06 0.09 

Efficiency 0.04 0.07 0.27 0.14 0.09 0.13 0.07 0.20 

Power Quality 0.03 0.05 0.18 0.30 0.06 0.09 0.06 0.23 

Power storage 0.03 0.10 0.30 0.06 0.08 0.24 0.11 0.07 

Robustness 0.20 0.05 0.31 0.09 0.05 0.14 0.06 0.11 

Ease of 
maintenance 

0.04 0.08 0.32 0.06 0.08 0.16 0.09 0.16 

Speed of Repair 0.04 0.09 0.27 0.06 0.10 0.17 0.10 0.16 

Installation Cost 0.04 0.11 0.33 0.06 0.11 0.21 0.10 0.03 

Maintenance & 
Operational Cost 

0.05 0.09 0.27 0.09 0.04 0.17 0.10 0.19 

D. Model Synthesis (Deriving Overall Priorities) 

In order to realize the overall priority for each alternative, 
composite weights of the decision alternatives can be 
determined by aggregating the weights throughout the 
hierarchy. This can be achieved through following a path from 
the top of the hierarchy to each alternative at the lowest level. 
Local priorities obtained from the comparisons can be used to 
weigh the priorities in the level immediately below. This 
should be done for every item, and then weighed values for 
each element in the lower level is added. The process of 
synthesizing through weighing and adding has to be continued 
until the final priorities of the alternatives in the bottom most 
level are obtained. The outcome of this synthesis is the overall 
ranking or priority of the alternatives. The results of model 
synthesis reveal that systems based on an OWC dominates the 
other alternatives as it has a relatively higher overall priority 
than the other alternatives, as illustrated in Fig. 3. The results 
of the model provide the decision maker with not only the best 
alternative, but also a ranking of all the alternatives considered 
in the model. 

 

Fig. 3 Alternatives overall priorities 

III. SYSTEM ANALYSIS AND MODELING 

A. Propagation of Sea Waves 

Wind intensity is not the only effective factor for sea wave's 
propagation, but there are also other effective factors such as 
gravity forces and sea surface tension. The propagation of sea 
waves is shown in Fig. 4. 

 

 

Fig. 4 Propagation of sea waves 
 
Clearly, gradually decreasing diameters of circular 

trajectories can be formed from water particles as a result of 
the effective wind in seas and oceans. Note that, the highest 
diameters are occurring at sea surface and decreasing with 
depth of water, as mentioned in [8]. 

The displacement x(t) of the water's surface at a definite 
point is presented in [29], [30], is as: 

 

)(sin
2

h
)(   ttx  (2) 

 
where, (h) is maximum height of wave which equals to double 
of its amplitude, (ω) is the wave frequency, (t) is the time, () 
is the phase shift. Moreover, the wave frequency (ω) equals to 
(2π/T), where (T) is the wave period. Furthermore, the volume 
(Vw) of moving wave can be expressed as presented in [9] as:  

 

Lhw 
2

1
V   (3) 

 

where, () is the wave length and (L) is the front wave width. 
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Also, the sea wave's speed (vw) can be formulated as: 
 

T
vw


  (4) 

 
The kinetic energy (Ew) of sea waves can be expressed as:  
 

2V
2

E ww
w

w v


  (5) 

 
where, (ρw) is the density of sea's salty water (ρw=1025 kg/m3).  

B. Sea Waves Power Estimation: 

Seas and oceans waves are one of the most important 
renewable sources of clean energy. Wave power (Pu) over a 
wave front (L) of unit width which is associated with a wave 
of maximum height (h) is presented in [9], [12], [17], [31], as:  

 




32

g 22 Th
P w

u   (6) 

 
where, the gravity acceleration g is equal to 9.81 m/s2. 
Suppose that, the entrance of system chamber is a 10 meter 
width means that (L=10 m), as well as one meter maximum 
height of wave and one second is the period of this wave. 
Hence, power equals to 9.808 KW can be generated regarding 
the pervious data. This power can be considered as large 
power accompanying only 10 meters of moving sea wave over 
only one second. This rough calculation can strongly 
encourage developing countries to rely on clean renewable 
energy from the waves, as this cheap and clean power can fill 
the gap between available energies and the increasing demand 
in countries with long shores.  

C. Speed of Air Flow Inside OWC Chamber 

The OWC is an economical system especially in developing 
countries, where this system can be established near the sea 
coast or in shallow water far from the deep water, as shown in 
Fig. 5. Therefore, establishing these kinds of devices has low 
establishment and running maintenance costs, in addition to its 
good environmental impact [32]. 

The OWC rises in the system chamber with a speed (vi) as a 
result of gathering water of volume (Vw) inside it. Increasing 
volume (Vi) of water column equals (Ai vi), where (Ai) is OWC 
chamber's cross section area. The increasing water volume 
(Vi) of OWC equals to the gathered water of volume (Vw), 
means that (Vi= Vw). The pervious relation can be rewritten in 
the following form:  

 

Lhvba i 5.0  (7) 

 
where (a) and (b) are the internal length and width of cross 
sectional area of the OWC chamber. Consequently, speed (vi) 
is given by:  
 











ba

Lh
vi


5.0  (8) 

 

 

Fig. 5 OWC system 

D.  Speed of Air Flow inside Wells Turbine 

Obviously, OWC in the chamber can move an air pocket 
above its surface in an upward direction through collecting 
sea's water inside the OWC chamber. While, OWC can also 
move the air pocket in the downward direction as a result of 
the suction effect during the water returning back to sea. 
Therefore, the Wells turbine, which is shown in Fig. 6, can be 
considered as the best selection for giving a continuity rotating 
motion in the same direction regardless of the air flow's 
direction. But, low efficiency and high noise level are the 
main Wells turbine disadvantages. Furthermore, previous 
studies for improving Wells turbine efficiency via selecting its 
geometrical parameters are presented in [33].  

 

 

Fig. 6 Wells turbine of two fans  
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The air volume (Vo) which passes through the Wells turbine 
of diameter (Dt) is equivalent to the increasing volume (Vi) of 
OWC, means that (Vo - Vi). Hence, the pervious relation can 
be rewritten as:  

 

iot vbavD 2

4

  (9) 

 
Hence, the speed (vo) of air passing through turbine can be 

expressed as:  
 

i
t

o v
D

ba
v

2

4


  (10) 

 
The power (Pt) of Wells turbine is depending upon the 

velocity of air flow, in addition to the effective turbine 
parameters as in [14], [34]. Generally, the power (Pt) can be 
given as: 

 
*PP tct   (11) 

 
where, (ηc) is the efficiency of the OWC chamber, (ηt) is the 
efficiency of the Wells turbine and power P* is the power 
which is carried by the sea wave water of volume (Vw). 
Moreover, sea wave water of volume (Vw) is equivalent to 
increasing water volume (Vc) of OWC inside its chamber. 
Furthermore, water volume (Vc) equals to the value of (abhc). 
Where, (hc) is the changing of water column head inside the 
OWC chamber. Therefore, following formula can be written 
as: 
 

chbaLh 5.0  (12) 

 
By assuming that (ʎ=2π h), the following formula can be 

written as: 
 


chba

h *
 (13) 

 
where, (h*) is the maximum height of equivalent wave of front 
water (L) equals one meter. Therefore, power P* can be given 
as:  
 




32

g 2
*

2
* Th

P w  (14) 

 
Furthermore, the flow rate coefficient (ϕ) which is the ratio 

of axial velocity (vo) of passing air and rotor tip velocity 
(0.5ωDt), where (ω) is angular velocity of Wells turbine's axis. 
Hence, ϕ can be written as presented in [35], [36] as follows; 
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  (15) 

 
The angular velocity (ω) can be written as:  

t

o

D

v




5.0
  (16) 

 
The relation between Wells turbine efficiency (ηt) and flow 

rate coefficient (ϕ) of aerodynamic NACA0021 profile which 
has four blades is presented in [36]. Furthermore, the torque 
(Tt) at the turbine axis can be given by;  

 



*p
Tt   (17) 

IV. DYNAMIC ANALYSIS OF WELLS TURBINE  

Wells turbine can be considered as a self-rectifying air 
turbine which is widely used with the OWC system for 
generating power from seas waves as discussed in [37].  

Wells turbine's rotor carries three-dimensional fan's blades 
which are symmetrical airfoils located around a circular hub. 
These symmetrical airfoils are oriented with their chord planes 
perpendicular to rotation's axis as shown in Fig. 7. Many of 
research work are dealing with starting and running 
characteristics of Wells turbine considering their blade's shape 
as in [38]. 

 

 

Fig. 7 Outline of Wells turbine 
 

Finite Element (FE) approach can be used for modeling 
Wells turbine's blades. One fan as one stage of Wells turbine 
has three interconnected elements with simply supported using 
two bearing along turbine's shaft. The two fans as two stages 
have four interconnected elements as shown in Fig. 8, as 
follows:  

Stiffness matrix [K] and mass matrix [M] of the elements 
can be formulated as follows: 

 

      cd kkK   (18) 

 

      cd mmM   (19) 

 
where, [m]d is the translational mass matrix, [m]c is the 
rotational mass matrix, [k]d is the stiffness matrix regarding to 
effects of shaft and blades, in addition to [k]c is the stiffness 



International Journal of Architectural, Civil and Construction Sciences

ISSN: 2415-1734

Vol:12, No:1, 2018

20

 

 

matrix considering the concentrated bearing properties effects. 
More needed details of forming the pervious matrices are 
introduced in [39]. Furthermore, Eigen-frequency can be 
calculated from the solution of the following characteristic 
equation of the Wells turbine: 

 

   }0{}{2  XKM  (20) 
 
The last equation can be coded in computer program using 

ANSYS software. The ANSYS software is capable to compute 
the eigenvalues and eigenvectors for one and two fan stages of 
the Wells turbine. 
 

 

Fig. 8 Wells turbine using Finite Element (FE) 

V. EXPERIMENTAL SETUP OF OWC SYSTEM 

Some of the previous research works are dealing with 
improving the OCW systems using experimental studies. 
These studies are using suitable testing prototypes, as 
mentioned in [40]-[44].  

A. Experimental OWC Prototype 

An experimental setup consists of a rectangular glass 
container. This container includes an oscillating block inside 
the open part of the container which can move up and down 
pushing the water to simulate the sea wave motion. Simple 
prototype design of Wells turbine fixed at the top of this 
container as shown in Fig. 9. 

The constructed experimental setup of the OWC system is 
shown in Fig. 10. This prototype is built for simulating the sea 
wave motion in order to generate pushing and suction air 
motion passing through a Wells turbine. This small OWC 
system consists of glass container of approximately 80 cm 
width, 200 cm long and 100 cm depth. This reinforced 
container has an internal barrier at its middle with an 80 cm 
depth. This container includes a light oscillating block which 
can move up and down inside open part of the container to 
simulate the sea wave motion. Two fans of six blades have an 
NACA0021 aerodynamic profile fixed in a tube which is 
mounted over the closed part of the container. The 
NACA0021 airfoil blade details are introduced in [45].  

 

 

Fig. 9 Experimental setup of OWC system 
 

 

Fig. 10 Small OWC system 
 
The angular rotational speed of Wells fans can be measured 

using digital laser photo tachometer. Moreover, air flow speed 
which passing through the Wells turbine can be measured 
using suitable digital anemometer. Digital laser photo 
tachometer and digital anemometer are shown in Fig. 11.  

The prototype of the Wells turbine can be used for testing 
the effective values of shift angle () and the intermediate 
distance between the fans stages which improves the Wells 
turbine performance. The shift angle and the intermediate 
distance are shown Fig. 12. 

 

 

Fig. 11 Measuring devices 

B. Experimental Modal of Wells Turbine Vibration Analysis 

The experimental frequency response tests were 
accomplished on a Wells turbine prototype by utilizing a 
suitable dual channel analyzer with fast Fourier Transform 
(FT) which is connected with computer, as shown in Fig. 13.  

The corresponding fundamental frequencies for both one 
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and two fans stages of the Wells turbine's prototype are 
measured and recorded through different shift angles. These 
frequencies are measured at different shift angles using FFT 
analyzer through the range (800:1600 Hz). 

 

 

Fig. 12 Shift Angle of stages and intermediate distance of fans 
 

 

Fig. 13 Duel channel analyzer test 

VI. RESULTS AND DISCUSSION 

OWC speed (vi) in a beaker can be calculated through 
measuring the varying head (hc) of OWC and its occurrence 
time.  

The following data were used; ηt=58%, ηc=80%, g=9.81 
m/s2, ρw=1025 Kg/m3, Dt=0.2 m, a=2 m and b=0.8 m. 
Furthermore, one and two fans stages with six blades of 
NACA0021 aerodynamic profile are used in the Wells turbine 
prototype. Thus, the flow rate coefficient (ϕ) equals 0.15 
which corresponds (ηt=0.58) in a relation which is introduced 
in [36]. Moreover, experimental wind tunnel can be used for 
simulating air flow of high speeds. 

A. Results of OWC System Performance 

The relation between theoretical and measured torque to the 
velocity (vi) of OWC which rises in the system chamber is 
shown in Fig. 14. Both of the theoretical and measured torque 
curves have the same trend approximately. Moreover, the 
relation between the generated measured powers of Wells 
turbine to the turbine's rotational speed is shown in Fig. 15. 
This relation is presented for different shift angles (=0o, 15o, 
30o and 45o) between the upper fan and lower one of the Wells 
turbine. This relation indicates that the maximum generated 
power occurs at the shift angle (= 15o). Furthermore, the 
relation between the generated measured powers of the Wells 
turbine to the turbine's rotational speed dealing with different 
intermediate distances (Y), as percentage ratios from the 
whole turbine axis length is shown in Fig. 16. This relation is 
presented for different percentage ratios of (Y) as; 20%, 30%, 

40% and 60%. Also, this relation indicates that the maximum 
generated power occurs at the intermediate distance (Y) of 
percentage ratio equals 20%.  
 

 

Fig. 14 Theoretical and measured torque using a Wells turbine 
 

 

Fig. 15 Effect of shift angle () on power of a Wells turbine 
 

 

Fig. 16 Effect of intermediate distance (Y) on axis of a Wells turbine 

B. Results of Wells Turbine Vibration Analysis 

The theoretical natural frequencies of a Wells turbine 
prototype have been calculated for different fan stages and 
shift angles between the upper and lower fans. These 
theoretical frequencies can be calculated using Finite Element 
Method (FEM). Moreover, the experimental frequencies of the 
prototype are measured. These frequencies are tabulated in 
Tables VI and VII with different shift angles (=0o, 15o, 30o 
and 45o). Furthermore, these frequencies are shown in Fig. 17.  

The results in Tables VI and VII reveal that the natural 
frequencies of two-stage fans are higher than natural 
frequencies of one stage at shift angle equals 0o. Moreover, 
minimum natural frequencies appear at 45o of the two stages. 
While, maximum ones appear at 0o of two stages. 
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TABLE VI 
THE FIRST FOUR FUNDAMENTAL NATURAL FREQUENCIES (HZ) ×102 (NO 

SHIFT ANGLE) 

Mode 
No. 

One fan Two stages of fans 

FE EX FE EX 

Mode (1) 0.015 0.012 0.019 0.017 

Mode (2) 0.024 0.021 0.034 0.029 

Mode (3) 0.054 0.050 0.068 0.057 

Mode (4) 0.092 0.086 0.096 0.089 

 
TABLE VII 

THE FIRST FOUR FUNDAMENTAL NATURAL FREQUENCIES (HZ) ×102 (WITH 

SHIFT ANGLE) 

Mode 
No. 

Two stages of fans 

15o 30o 45o 

 FE EX FE EX FE EX 

Mode (1) 0.014 0.013 0.01 0.010 0.009 0.007 

Mode (2) 0.026 0.024 0.02 0.018 0.016 0.014 

Mode (3) 0.053 0.048 0.04 0.035 0.032 0.027 

Mode (4) 0.074 0.068 0.06 0.053 0.045 0.043 

  

 

Fig. 17 Relation between natural frequencies and shift angle 

VII. CONCLUSION 

Clean renewable energy became the main concern of most 
countries in recent years for filling the gap between existing 
energy resources and their increasing needs. Moreover, 
generating energy from the sea's waves can be considered as 
one of the cheapest and cleanest renewable energy sources. 
This kind of renewable energy can be obtained from the 
motion of sea waves almost all the time as opposed to the 
wind and solar energies which depend only on the availability 
of appropriate wind speeds and sunny times.  

There are many systems that can be used for generating 
power from the sea wave's energy. To assist the designer in 
selecting the most appropriate system, this paper proposed a 
multi-criteria model that has been built using AHP. 
Furthermore, the application of (AHP) revealed that the OWC 
system is the most preferable system for generating electricity 
from oceans and seas waves. 

Analyzing and designing experimental prototype is the 
main concern of this research. This prototype is based on the 
idea of (OWC) which is more appropriate for implementation 
in countries with moderate climate conditions like Egypt. 

Prototype modeling and experimental setup are used for 
improving the power generation capability of the OWC 
system. Power improvement can be achieved via selecting 
some effective design parameters such as the number of layers 
of Wells turbine fans and the intermediate distance between 
the fans. Experimental results revealed that the maximum 
generated power occurs at the shift angle (= 15o). Moreover, 
maximum generated power occurs at the intermediate distance 
(Y) of percentage ratio equals 20%. 
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