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Abstract

Among the different devices designed to extract energy from waves, the Oscillating Water Column (OWC) operating an
air turbine has been one of the most studied in recent years. The aim of this paper is to study the polytropic exponent
associated to the thermodynamic process that takes place through the turbine in a non-idealised environment. A real gas
model is applied, considering the influence of the moisture in the air chamber. Experimental data from a simplified OWC
chamber set up under stationary flow are interpreted within the frame of an analytical real gas model. For that purpose,
thermodynamic variables involved in the compression/expansion process have been calculated with the implementation
of a real gas model. Following the results, in which differences between the ideal gas adiabatic polytropic process and the
real gas model are observed, a new value for the polytropic exponent is proposed, representing a non–adiabatic real gas
behaviour for the air–water vapour mixture. This approach allows a fine adjustment prediction of OWC performance,
that can result more realistic in the case of OWC performance prediction under moderate wave climate conditions. From
that on, new management guidelines can be developed, in which eventually moderate/low production prospects can be
counterbalanced with more efficient and low–cost design.
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1. Introduction

Energy, one of the most important factors involved in countries economy growth, supporting a significant percentage
of Gross Domestic Product, driver for productivity and necessary component for any day-to-day activity, but on the
contrary, its production turn out being one of the main agent of global environmental damage [1, 2].

Nowadays, despite fossil resources usage remains significant, the current global energy outlook suggest that renewable5

alternatives progressively gain importance. In Europe this trend is noticeable reaching a 34, 2% of renewable-based
electricity production [3].

Inside the context of alternative energy resources, ocean energy appears as a potential resource whose exploitation
begins to be a reality throughout the last years. Currently, there are many technologies developed for its use. Conceived
as single devices or arrays, a number of those energy converters are still prototypes in experimental phase. Exceptionally,10

some few devices have been full-scale built ([4, 5]). However, wave resource prospective for the forthcoming decades
reaches up to 26MW in Europe, out of 170MW worldwide (see e.g. Refs. [6]-[9]).

Among the designs developed for sea power extraction, [10]-[12], one of the most widely studied is the Oscillating
Water Column device (hereinafter OWC ), [13]. This wave energy converter (hereinafter WEC ) essentially consists of
a partially submerged air cavity opened to the sea at the bottom. The free surface oscillation forced by the incident15

waves alternately compresses and expands the air volume confined inside it, setting off the rotation of a turbine –usually
consisting of a Wells type one– used as power take off system (PTO), [14, 15].

The main advantage of the OWC device compared to other WECs lies on its simplicity, since the only moving part
in the PTO is the turbine. In terms of OWC development around key aspects involved in the device management, there
are different lines of work: analysis of the mutual influence between device and the surroundings ([15]-[19]), geometrical20

control and optimization ([20]-[24]), physical operational parameters ([25]-[27]), numerical modeling ([28]-[31]), time-size
scaling of forcing agents and spatial optimization ([32, 33]), device reliability, profitability and social impact ([34]-[36]),
among others.

An appropriate characterization of processes and agents involved in the OWC performance leads to the development
of tools for management, in which an accurate apporach to the PTO expected performance is implemented. Starting from25

the classic theoretical formulation, the OWC device physical behaviour is usually described according to the radiation–
diffraction problem, [37, 38]. Different case studies are defined to match specific considerations regarding geometry
and location ([15], [39, 40]), spatial arrangement of device arrays ([41]), device interaction with the coast line geometry
([16, 42]), bedform influence on the device response ([18, 43]).

Concerning the compression–expansion process in the OWC operation, previous literature accept in a generalized30

way the underlying thermodynamic process as the adiabatic cycle of an ideal gas. Therefore, theoretical formulation and
conceptual simplifications are assumed. Even if atmospheric conditions such as ambient moisture or other thermodynamic
variables are usually not accounted for, some authors have advanced in implementing the thermodynamic focusing on
the OWC theory ([21, 44]). However, a deeper consideration of the working fluid as a real gas in which humidity,
temperature and pressure effects are taken into account, might lead to deviations in its behaviour with respect to the35

theoretical ideal gas.
Currently, the influence of a working fluid consisting of a mixture of air and another gas phase on turbine efficiency

(either vapour of water or some kind of fuel) has been widely studied and is of common application in the field of gas
turbines in thermal power plants ([45]-[48]). On the other hand, models developed to quantify humidity effects on gas
turbines, have been adjusted to processes where the working fluid is related to higher temperature and pressure states40

than those presented in OWC devices, so new considerations might be required for the purpose ([47, 48]).
In recent years, the thermodynamic process through an OWC chamber model has been object of study ([49]-[51]).

That research focuses on the deviation related with real gas model as compared to the ideal gas. The real gas model
modifies the ideal gas behaviour by means of Virial Expansion equations, [52], also modifying the description of the
polytropic process equation. In fact, research has been devoted to the the polytropic processes in real gases in terms45

of Virial expansion coefficients ([53]-[56]). Studies conclude that performance variations are linked to temperature and
humidity factors in the working fluid. In the case of a mixture of dry air and water vapour, such as the OWC conditions,
the thermodynamic process of compression–expansion and the reduction in pressure drop and pneumatic power are
better explained under the hypothesis of real gas system. In addition, the process does not present a purely adiabatic
behaviour, even if the real gas condition is added.50

One important point related with the previous facts, specially when dealing with results deduced from model test
to be extended to prototypes, is the scale effects in the air flow, hence related with the thermodynamic processes as
described above. Those scale effects have been deeply researched by some authors ([57]) and provide with a methodology
for fine adjustment and generalization of the results of model studies on OWC chambers, once the Thermodynamics of
the cycle process is clearly assessed.55
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The objective of this paper is to analyze the nature of the polytropic compression/expansion process of the real gas
system (air-water vapour) inside the OWC chamber, to identify the conditions under which the thermodynamic process
takes place in terms of the polytropic process equation, and to determinate the polytropic exponent that defines the
process.

This paper is organized as follows: first, the thermodynamic background supporting the real gas model and its60

applicability to the OWC air chamber thermodynamic process is presented. Afterwards, a description of the experimental
set up used to test the real gas model hypothesis is carried out. Finally, results and discussion are exposed, followed by
the conclusions and future research sections.

2. Thermodynamic background

2.1. Process in a simple closed system65

In order to appropriately implement the basic principles concerning the thermodynamic process of air compression and
expansion inside the OWC chamber and following the research line traced by the authors in [49, 50], a gas system
enclosed in a moving and deformable control volume is considered, see figure 1.

T1, p1,

1

T2, p2,

2

System state I

Location I: plenum wider section

System state II

Location II: contraction and chamber

Figure 1: Control Volume deformation of the thermodynamic system flowing through the set up. System state I & location I (left). System
state II & location II (right).

The situation described in figure 1 might as well represent the process of an air flow being compressed inside an
OWC chamber, where the turbine would be mounted at the right end. Hence, under the Lagrangian standpoint of the70

Control Volume established, the thermodynamic properties of the air both in the inflow and outflow sections can be
related through a process equation.

In the case of a polytropic process of a simple closed system, the process equation is defined as:

pvnm = const (1)

where p is the thermodynamic pressure, vm = V/N is the molar volume of the gas enclosed in the control volume, and
n is the polytropic exponent, which takes an specific value depending on both the type of process and the nature of the75

system (for example an adiabatic process of an ideal gas takes n ≡ γ = 5/3, while for dry air it takes n = 1.4).
The process equation (1) represents a relationship between thermodynamic variables (T1, p1, vm 1) and (T2, p2, vm 2)

describing the system state both prior and after compression. Therefore, the process comprises a sequence of intermediate
states represented by a curve in the p − V thermodynamic space —figure 2— rather than by a system displacement
in the coordinate space. In fact, what actually happens is that the system state evolves between the initial and final80

conditions which, in turn, correspond to different locations.
More specifically in the case of an OWC chamber, let us consider an observer in a reference frame moving with the

closed gas system represented in figure 1. From the observer’s reference a compression process takes place in the simple
closed system with related changes in the state variables (T, p, vm), the nature of them depending on how the system
exchanges heat and temperature with the medium. Hence, at the end of that compression process —when the control85

volume reaches the turbine and flows through it— a new state is reached, which is related to the initial state prior to
compression through a process as described by the polytropic equation (1) and represented in figure 2. Indeed, the fact
that the new system state corresponds to a location different to the initial one is essentially irrelevant, given both the
system is closed —therefore there has been not mass exchange in the moving control volume— and the flow is stationary.
The process would have been the same if a static deformable control volume inside a piston would have been considered,90
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Figure 2: System process in the p− V thermodynamic space.

in which the compression would have taken place by the piston action and under the same heat/temperature exchange
conditions. In conclusion, when dealing with variations of system state variables between two points in a flow field such
as the example represented in figure 1, actually the thermodynamic formalism is applied between two equilibrium states
in the p − V space connected by a process equation, even if those two states correspond to system conditions that are
located at different points in the coordinate space.95

2.2. Theoretical formulation

The Thermodynamics formalism can be applied to relate the initial state of the system in the contraction region with
its final state downwind the OWC chamber and turbine. The following rationale and its conclusions have been applied
and validated by the authors in previous research, [50].

Let us suppose a system evolving from (T1, p1, vm 1) to (T2, p2, vm 2) according to a process in which a certain state100

variable y remains constant. A specific heat under constant y can be defined, as the thermodynamic variable representing
the amount of heat required for that process to occur under those conditions, [58], say:

Cy = T

(
∂s

∂T

)
y

(2)

where s = S/N is the unitary entropy. If the variable y represents pressure or volume, then the expression (2) leads to
the definitions of the well known specific heats under constant pressure and volume, Cp and CV respectively:

105

Cp = T

(
∂s

∂T

)
p

CV = T

(
∂s

∂T

)
vm

(3)

The polytropic index m can also be defined for future use in the form:

m =
Cy − Cp
Cy − CV

(4)

so relating the specific heat Cy with the specific heats Cp and CV . Once defined Cy and m, a differential equation
between state variables p and V can be deduced to find an expression of n. For this purpose, the first step is to set the
differential form of the entropy both in terms of (T, p) and (T, vm):

ds =

(
∂s

∂T

)
p

dT +

(
∂s

∂p

)
T

dp

ds =

(
∂s

∂T

)
vm

dT +

(
∂s

∂vm

)
T

dvm

(5)
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Assuming the variation in temperature between the initial and final states, the change in entropy in the process under110

constant y is therefore:

(
∂s

∂T

)
y

=

(
∂s

∂T

)
p

+

(
∂s

∂p

)
T

(
∂p

∂T

)
y(

∂s

∂T

)
y

=

(
∂s

∂T

)
vm

+

(
∂s

∂vm

)
T

(
∂vm
∂T

)
y

(6)

The derivatives of entropy with respect to p and vm can be expressed in a more convenient form in terms of the
isobaric expansion coefficient α and the isothermal compressibility coefficient kT , [58]:

(
∂s

∂p

)
T

=−
(
∂vm
∂T

)
p

= −vmα(
∂s

∂vm

)
T

=

(
∂s

∂p

)
T

(
∂p

∂vm

)
T

= −
(
∂vm
∂T

)
p

(
∂p

∂vm

)
T

=
α

kT

(7)

with:

α =
1

V

(
∂V

∂T

)
p,N

(8)

and:115

kT = −
1

V

(
∂V

∂p

)
T,N

(9)

Combining the definitions (3) of Cp and CV along with (2) and (7), in (6):

Cy − Cp =− Tvmα
(
∂p

∂T

)
y

Cy − Cp =
Tα

kT

(
∂vm
∂T

)
y

(10)

If both expressions are taken to the form of a division and the definition (4) of the index m is used, a differential
equation for the process is deduced: (

∂p

∂vm

)
y

= −
m

vmkT
(11)

The solution of (11) provides a functional relationship between state variables p and v, for a general process of a
simple closed system in which the system variable y is held constant with no additional restrictions. Getting back now120

to the polytropic process defined by (1) and expressing it in its differential form:

vnmdp+ nvn−1m pdvm = 0 (12)

and differentiating vm with respect to p for y = const:(
∂vm
∂p

)
y

= −
vm

np
(13)

it is feasible to compare the general process equation (1) with the differential equation (12) for the polytropic system,
so the expression for the polytropic index is finally deduced:

n =
m

pkT
(14)
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The expression (14) is yet unsolved unless the nature of the system and the type of process undergone by it are known.125

For example, in the case of an adiabatic process in a simple closed system it is found that the entropy is constant, so
y ≡ s and:

m = Cp/CV ≡ γ (15)

where γ represents the adiabatic exponent.
Simultaneously, in the case of an ideal gas the thermal equation of state reads:

pvm = R0T (16)

so it is found from (9) that kT = 1/p and:130

n = m (17)

Finally, an adiabatic process of an ideal gas is represented by:

n = m = γ (18)

and so the polytropic exponent and the polytropic index are equal to the adiabatic coefficient γ. More specifically, for
an ideal monoatomic gas system it is Cp = 5/2R0 and CV = 3/2R0, [58], and in consequence for an adiabatic process it
is deduced n = γ = Cp/CV ' 1.67. In the case of air treated as an ideal system, it is found n = γ = Cp/CV ' 1.4 for an
adiabatic process, [59]. On the other hand, if the process is isothermal, following the previous rationale and accounting135

for the fact that now it is y ≡ T , it is found m = 1, and n = 1 in the case of an ideal system. In any case, those rules
might not always apply for other systems and/or conditions, as it will be discussed later.

2.3. Real gas process

Turning back now to the concerned problem of the OWC compression process, an explicit form expression of the exponent
n allows a further implementation of the characteristics of the system and the nature of the process in the thermodynamic140

formulation of the OWC problem. In that framework, the working fluid is comprised by a mixture of dry air and water
vapour with observed deviations from the ideal gas behaviour as outlined in [49]. Following the track started with that
research, the goal now is to find an explicit form for the polytropic exponent n so that equation (1) contains all the
required information to describe the complete sequence of states, focusing on the lagrangian approach to the compression
process undergone by the simple closed system considered.145

Indeed, when dealing with a real gas system the formulation is slightly modified in order to account for those
differences. The thermal equation of state for a real gas can be expressed in the modified form:

pvm = ZR0T (19)

where the compressibility factor Z can be expressed in terms of the Virial expansion, [52]:

Z =
pvm

R0T
' 1 +

B

vm
+

C

v2m
+ · · · (20)

in which the so called second virial coefficient B is a function of temperature to be determined empirically. When the
Thermodynamic formalism is applied to the deduced expression for the polytropic index (11) accounting for (20), n150

takes the form:

n =
m

1−
p

Z

(
∂Z

∂p

)
T

(21)

The compressibility factor Z can be expressed in a more convenient form by combining the expansion (20) and the
equation of state (19):

Z = 1 +
Bpc

R0Tc

pr

Tr
(22)

in which pc and Tc are the critical values of pressure and temperature for the gas. The critical temperature and its
corresponding pressure value represent the state beyond which a gas cannot be liquified by compression, and they are155
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reference values used for calculations with reduced state variables Tr and pr, so that Tr = T/Tc and pr = p/pc. In the
case of water Tc = 647K and pc = 218 atm = 220.89 · 105 Pa. Therefore:(

∂Z

∂p

)
T

=
B

R0T
=

B

R0Tc

1

Tr
(23)

and:

p

Z

(
∂Z

∂p

)
T

=
1

Z

Bpc

R0Tc

pr

Tr
(24)

hence:

1−
p

Z

(
∂Z

∂p

)
T

=
1

Z

(
Z −

Bpc

R0Tc

pr

Tr

)
=

1

Z

(
1 +

Bpc

R0Tc

pr

Tr
−

Bpc

R0Tc

pr

Tr

)
=

1

Z
(25)

Using the previous result in (21), a modified expression for the polytropic index n in an general process of a real gas160

is finally deduced:

n = Zm (26)

where basically m stands for a general process according to (4) and Z is calculated from (22). In the case of an adiabatic
process m = Cp/CV and:

n = Z
Cp

CV
(27)

It is clear from the above discussion on the index n that a deviation out of the expected values, e. g. n = Cp/CV = 1.67
in the case of an adiabatic process of an ideal monoatomic system, would reveal either a system which is not entirely165

ideal and so n 6= m, or a process which is no totally adiabatic and so m 6= Cp/CV , or most probably a combination of
both.

The state variables involved in the calculations for the real gas are evaluated as corrections from the state variables
for the ideal gas. Regarding the specific heats, Cp and CV , and molar enthalpy h, the following expressions can be
derived once the real gas formalism and virial expansion are considered —please refer to [58] for further details on the170

rationale—. Hence:

Cp = C∗p + pδCp = C∗p − T
d2B

dT 2
p (28)

and:

CV = C∗V + δCV = C∗V −
R0

vm

d

dT

(
T 2 dB

dT

)
(29)

for the specific heats, and:

h = h∗ + pδh = h∗ +Bp− T
dB

dT
p (30)

for the unitary enthalpy, where the “*” stands for the ideal gas variables and B is the second virial coefficient. The
unitary enthalpy of the ideal gas can be expressed as a function of the specific heat C∗p and the flow velocity U in the175

considered section:

h∗ = C∗pT +
1

2
U2 (31)

The main issue is henceforth the calculation of B for a given state. As a first approach, the virial coefficient B can
be determined applying the Tsonopoulos innovation, [60], which reads:

Bpc

R0Tc
= f0 + ωf1 + χmolf2 (32)
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where f0, f1 and f2 are temperature correlation functions, ω is the acentric factor, χmol is the molar fraction of vapour in
dry air. In the case of the air-water vapour mixture —e. g. the real gas enclosed in the OWC chamber— and assuming180

spherically–shaped molecules, it is ω ' 0 and in consequence B is calculated form f0 and f2:
f0 =0.1445−

0.330

Tr
−

0.1385

T 2
r

−
0, 0121

T 3
r

−
0.000607

T 8
r

f2 =
0.0297

T 6
r

−
0.0229

T 8
r

(33)

A graphical representation of B can be observed in figure 3, according to both experimental data and correlations.
Therefore, considering either the empirical expression (32) or the graphical representation in figure 3, the state functions
of the real gas can be estimated from (28), (29) and (30). The methodology can also be applied in the reverse direction
from (31), for example in the calculation of the required temperature change in a system process between two equilibrium185

states under the condition of the enthalpy conservation that can be solved from:

U2 =
√

2(h1 − Cp 2T2 − δhp2) (34)

once the enthalpy h1 is known. In that case the methodology might result less precise for the lower range of temperature
—say T < 350K, where the response of B is on the whole linear—, although it has provided conclusive results in terms
of the important role of the deviations from the ideal gas performance. However, a further review of the values of B
—and therefore of the values of n— to be applied for the standard system conditions to be observed in the OWC context,190

is required to advance in the identification of the nature of the compression/expansion process and in the air exchange
through the turbine.

Figure 3: Second virial coefficient, B, [60]. The ordinary range of temperature for an OWC system falls under 350K, corresponding to the
leftmost region of the temperature axis.

3. Experimental set up

New tests are now conducted in a wind tunnel of the Andalusian Institute for Earth System Research (University of
Granada). The test is focused on the thermodynamics of the flow compression through the OWC chamber and turbine.195

A new plenum is implemented for the improvement of the flow aerodynamics at the test section inlet.
The experimental framework consists of a methacrylate wind tunnel —see figure 4— with a 0.360mwide×0.43mhigh

characteristic section, and a wind speed capacity up to 20m/s generated by a 2.2 kW electric turbine controlled through
a frequency converter.

The test section has been improved with a plenum that ensures a smooth flow transition from the rectangular200

0.36m × 0.43m cross section to a 0.1m diameter circular section, at the end of which a convergent transition to the

8



Figure 4: Wind tunnel set up.

0.08m diameter OWC chamber is implemented —see figure 6 (left)—. The design of the plenum follows the guidelines
proposed in [61], so that a balance is ensured between minimum contraction length and prevention of boundary layer
separation along the concave/convex contour due to adverse pressure gradients. The plenum longitudinal section is
sketched in figure 6 (right), following the geometrical definition given by the expression:205

y(x) = Hi − (Hi −He)(6x
′5 − 15x′4 + 10x‘3) (35)

where y is the vertical coordinate, Hi and He are the heights of the opening at the inlet and exit sections measured from
the center axis, and x′ = x/L is the horizontal coordinate normalized by the contraction length L.

The length–to–height ratio of the contraction is chosen so that L/Hi = 1, ensuring no boundary layer separation
from figure 5 (white dots region). Under that condition the deviation of flow velocity from the center line value is
approximately 0.8 %. Deviations of velocity above that value might lead to boundary layer separation when reaching210

the threshold of 1.6 % as observed in figure 5 (upper and lower solid dots regions).

Figure 5: Velocity deviation from centerline values vs. L/Hi, [61].

Since the contraction represents the transition from a rectangular section to a circular one, the value of Hi to be
chosen for the calculation of L depends on the choice of the representative dimension of the inlet section. For the
contraction design it has been considered the diagonal measured from the corner of the rectangular inlet section to the
center axis with Hi = 0.27m, see figure 6 (left). That way the maximum contraction length is attained according to215

L = Hi = 0.27m, and the coordinates of the generatrices starting from the corner vertices of the inlet section can be
deduced from 35. Therefore, the generatrices corresponding to the vertical and horizontal sides correspond to values of
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L/Hi greater than unit, so inducing a slight decrease in the deviation of the velocity along those boundaries with respect
to the centre line according to figure 5, yet with no flow separation.
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Figure 6: Plenum generatrix scheme (left) and set-up longitudinal section (right).

As it has been pointed out above, the OWC chamber consists of a 0.08m diameter cylindrical nylon shaft at the end220

of which the turbine is embedded, figure 7. The turbine characteristics are: diameter Dt = 0.025m, cross section area
At = 3.5906 · 10−4m2 (center to blade tip), blades area Ab = 2.4271 · 10−4m2, and solidity σ = 0.7315.

Figure 7: OWC turbine, OWC chamber and its relative position with respect to the plenum.

The turbine performance follows the calibration curve as presented in [49]. The rotor reveals a linear response between
pressure jump and flow discharge, as represented in figure 8. Air velocity inside the 0.08m diameter OWC shaft has
been considered for the calculation of the air volumetric discharge. For the considered range of values, the pressure drop225

∆p can be related with the turbine rotation speed N in r.p.m. through the linear expression:

∆p ' 98.4 · 10−3N − 126.1 (36)

The expression (36) can be used to estimate a representative value of the pressure drop through the turbine once the
turbine rotation N be measured. That would be the case, for example, in experiments conducted with the turbine shaft
mounted on an OWC chamber to be tested under regular wave conditions in a wave basin,

10



Measured
Linear fit

Δ
P 

[P
a]

50

100

150

200

250

300

350

Qowc [m3/s]
3×10−4 4×10−4 5×10−4 6×10−4

Measured
Linear fit

Δ
p 

[P
a]

0

50

100

150

200

250

300

350

N [r.p.m.]
2000 3000 4000

Figure 8: Pressure drop vs. air flow for the experimental set up (left) and pressure drop vs. turbine speed for the experimental set up (right).

Data of pressure, air velocity, temperature and moisture have been collected with pressure taps connected to a230

pressure transducer system, a hot wire, Pitot tube probes and temperature-moisture gauges, respectively, following the
placement locations represented in figure 9 . A view of the main inlet and outlet gauges placement can be observed in
figure 10.
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Figure 9: Schematic reference of gauges placement.

Figure 10: Detailed view of temperature–moisture, hot wire and pitot tube flow gauges.

Following the methodology described in [49], the static and total pressure distributions inside and outside the OWC
chamber have been measured with pressure taps placed at specific locations in the nylon shaft as depicted in figure235

11. A total of 14 taps connected to a DTC Initium pressure transducer system working at a sampling rate of 625Hz
has been used, four of them (two for static and two for total pressures) at the turbine intake, four others according
to the same scheme for the outtake section and the rest have been used to ensure the flow uniformity throughout the
set-up. On the other hand, the air velocity has been measured by means of a TSI–IFA300 hot wire anemometer in
the inflow section, whole for the outflow section a Pitot tube has been used. Finally, two Vaisala HUMICAP HMT130240
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temperature–humidity probes have been placed in the chamber plenum inlet section and in the wake region leeward the
turbine.

Static pressure

Total pressure

Temperature & humidity

Hot wire

Figure 11: Pressure taps, temperature–humidity gauges and hot wire in the experimental set-up.

As it can be seen in the figure 11, the measurement systems are in all cases located close to the set up longitudinal
axis. In the case of inlet gauges placement, they are sensibly more dispersed than at the outlet region due to the greater
space limitation. We can list to downwind direction from the outtake plenum section to the intake turbine section a245

moisture-temperature gauge, a hot wire gauge and four pressure taps for the inlet measures, whereas for the outlet
measures all the Pitot tube probe, four pressure taps and a second moisture-temperature gauge are located next to the
outtake turbine section.

With all the previous configuration in mind, measured system variables are considered essentially uniform across the
test sections. While some disturbances might be present due to the random nature of air flow –even if the wind tunnel250

set up ensures uniformity–, the bulk section values are considered enough representative of the system state following
the concept depicted in figure 1.

4. Results and discussion

Experimental observations are analyzed and compared with the outcomes of the implementation of the real gas method-
ology. Strictly speaking in terms of the thermodynamic process, the state variables used to characterize the initial and255

final system states, eventually related with the conditions at two different locations –inside the camera and leeward side
of the turbine–, correspond to a system state in which properties are statistically stationary. Hence the experimental
conditions of stationary flow provide a framework for the correct interpretation of the results, without loss of generality
when extended to the OWC oscillatory flow.

4.1. Temperature in the final state260

Values of moisture, temperature and static and dynamic pressure have been measured as described in the experimental
set up. Datasets of temperature and pressure have been considered for two moisture conditions, say relative humidities
of 45 % and 70 %. From the empirically observed data, an analysis of the pressure drop induced by the turbine, the
thermodynamics of the air–water vapour mixture compression process and its deviations from the expected ideal gas
performance has been carried out. As this way, we expect to learn how the process evolves from the initial to final states265

and the extent of influence of moisture.
The pressure drop ∆p between the chamber inner and leeward side of the turbine is plotted versus the experimental

outflow temperature T2 exp in figure 12, for the two moisture conditions imposed. Values up to 500Pa of pressure drop
indicate that the experimental set up provides a more efficient performance, when compared with the more simplified set
up used in the first experiments, [49]. In order to achieve a better understanding of the compression process undergone270

by the system from the state (T1, p1) in the plenum region, values of temperature as predicted under the hypothesis of
adiabatic process of both ideal and real gas (noted as T2 ad and T2 adZ respectively), and under the conservation of mass
flow and enthalpy in a real gas system (noted as T2) are considered.

First, the final state temperature T2 ad as a result of an adiabatic process of an ideal gas described as:

pvγm = const (37)
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is calculated after combination of (37) with the state equation of the ideal gas (16):275

T2 ad = T1

(
p2

p1

)γ − 1

γ
(38)

where (T1, p1, p2) are the experimental values of temperature and pressure, and γ ' 1.4 for air considered as an ideal
system.

Second, the final state temperature T2 adZ under the hypothesis of adiabatic process in a real gas system, is calculated
for the same set (T1, p1, p2) by means of the process equation:

pvnm = const (39)

which implies n = ZCp/CV as deduced in previous sections. Therefore, combining (39) and the state equation of the280

real gas (19):

T2 adZ = T1

(
Z1

Z2

)(
p2

p1

)n− 1

n
(40)

Third, the temperature T2 required for the conservation of mass flow and enthalpy is deduced based on the real
gas formulation according to the methodology detailed in Medina–López et al. [49], in which no specific requirement
related to the adiabatic nature of the process is included. Indeed, the value of T2 is calculated numerically iterating
the expression (34) of the outflow velocity U2 once the values of h1 and Cp2 are calculated from the experimental data285

(T1, p1, p2) alongside with the state functions (28) and (30) for the real gas, and the mass flow conservation condition.
The scheme in figure 12 reveals two essential aspects of the air–water vapour mixture compression process so far,

which in turn are coupled through the thermodynamic variables: the extent to which the process can be considered
strictly adiabatic, and the role of moisture in the nature of the system for its consideration as a real gas. In relation
to the implications of the adiabatic nature of the process, in the case of higher moisture the values T2 calculated from290

the conservation of enthalpy and mass flow are the ones which match best the experimental values of temperature T2 exp
in the final state. As it has been stated previously, those values implement the real gas model but with no additional
hypothesis on the characteristics of the process itself. In addition, there are noticeable differences between experimental
values T2 exp and the values calculated with the adiabatic process hypothesis, regardless of the system be considered as
ideal gas —T2 ad values from (38)— or real gas —T2 adZ values from (40)—. Anyway, there is a good fit for the lowest295

pressure drops —i. e. ∆p . 100Pa— for both higher and lower moisture values. On the other hand, there is a tendency
in the system to behave more as an ideal gas for the lower water vapour concentration, as it can be deduced from the
similarity between T2 ad, T2 adZ and T2, but again the process differs from the adiabatic condition as its revealed by the
differences with T2 exp.
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T2ad (RH=0.7)
T2exp (RH=0.7)
T2adZ (RH=0.7)

T2 (RH=0.45)
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Figure 12: Pressure drop for stationary flow for high (left) and low (right) air moisture conditions.

From the above discussion, it can be concluded that for the higher values of pressure drop, an increase in the water300

vapour concentration modifies the thermodynamic nature of the system so that it behaves as a real gas system following
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a process which is not entirely adiabatic, conversely to what it could be initially supposed. Nonetheless, for the lowest
values of pressure drop the system can be considered as an ideal gas bound to an adiabatic process.

4.2. Polytropic exponent n for the real gas

A description of the characteristics of the compression process of the real gas meeting the conservation of enthalpy and305

mass flow, and under conditions different from adiabatic, can be reached through the general process equation and the
polytropic exponent n. To this end, let us recall again that a general expression for the temperature in a general process,
not necessary adiabatic, of a real gas system, can be deduced combining the process equation (1) and the state equation
(19) for the real gas:

T2 = T1

(
Z1

Z2

)(
p2

p1

)n− 1

n
(41)

where now n remains undefined —up to this point, if n = ZCp/CV it would be assumed that the process is adiabatic—.310

The expression (41) can be used to determine which values of n are required for the process so that the final state
temperature values be equal to the values T2 deduced through the conservation of enthalpy. When solving (40) for the
known values (T1, p1, Z1) and (T2, p2, Z2), the new values of n for the two moisture conditions differ from the values of a
standard adiabatic process, i. e. n ≡ γ = 1.4 for air as an ideal gas or n = 1.67 for an ideal monoatomic gas. The results
are represented in figure 13 versus the non dimensional temperature T ∗ = T2/T1 for each water vapour concentration.315

n (RH=0.7)
n (RH=0.45)

Ideal monoatomic gas adiabatic: n=1.67

Ideal dry air adiabatic: n=1.4

Air-water vapour mix. non adiabatic: n=1.071 - 1.104
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Figure 13: Polytropic exponent n for the compression process vs. non dimensional temperature T ∗ = T2/T1.

For the higher water vapour concentration n ' 1.071 on average while for the lower concentration n ' 1.104, showing
an increasing trend as T ∗ increases. Actually, it is clear from the previous rationale that n represent the implicit
dependence of the process with the second virial coefficient B as a function of temperature, through the compressibility
factors Z1 and Z2 in the initial and final states respectively. So it seems reasonable to expect an increasing trend of
n with temperature as it is for B, specially for the lower range of temperatures, figure 3. Moreover, the behaviour of320

the compression process as described by the polytropic exponent n represented in figure 13 seems to be consistent with
the results plotted in figure 12. The effect of water vapour is to modify the system nature in the direction of a real gas
system which in turn is not following a totally adiabatic process. Hence the higher the water vapour concentration, the
more the shifting away from the ideal gas adiabatic process conditions. In that sense, as the moisture concentration
increases the n moves away from the expected value n = 1.4 in the case of adiabatic air or n = 1.67 in the case of325

adiabatic monoatomic system. In fact, the results are in agreement with values observed in thermodynamic processes of
simple closed systems in which the adiabatic condition is not totally fulfilled, [62].

The experimental values T2 exp show differences with the values T2 as deduced form the conservation of enthalpy, the
more noticeable as the water vapour concentration decreases. This could be explained in terms of some missing control
in the temperature variable at the outflow section due to difficulties in the placement of the temperature probe —in330

contrast with the pressure gauges—, to the turbulence and swirl in the flow jet leeward of the turbine orifice and to
heat exchange with the surroundings. In consequence, the point to measure the exit temperature might not be entirely
suitable to observe a thermodynamic property as representative of a process in a closed system, but only a part of it
which cannot be regarded as closed.

14



4.3. Effects on pressure drop and power input335

The effects of moisture on the OWC performance can be viewed through the analysis of the pressure drop through the
turbine. Non dimensional variables are used in order to generalize results.
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Figure 14: Non dimensional flow vs. pressure drop for both high and low moisture conditions.

The figure 14 represents the non dimensional pressure drop ∆p∗ as a function of the non dimensiona flow discharge
φ∗ for the two moisture conditions observed. Following [49], ∆p∗ is calculated in the form:

∆p∗ =
∆p

ρ1w2

(
1−RH1

RH1

)
(42)

where ∆p is the pressure drop as calculated from the experimental dataset, ρ1 is the air density of the air–water vapour340

mixture at the turbine inlet, w represents the air velocity relative to the turbine, and RH1 relative humidity in the region
windward the turbine. It is deduced from the results that the water vapour concentration does not concern essentially
the linear performance of the turbine. However, while for discharge values φ∗ ≤ 0.15 the pressure drop is basically
independent of the water vapour concentration, for higher values the pressure drop is reduced up to 30 % as the relative
humidity is increased from 0.4 to 0.7. The reduction has a direct impact on the available pneumatic power, calculated345

as Wpneu = ∆pQ, and in the hydrodynamic efficiency, calculated as the ratio between pneumatic power and impinging
wave power.

It is important to highlight that while this result is consistent with experiments previously conducted by the authors,
[49], it has been included here for self–consistence and replicability according to the new experimental set up.

With the objective of evaluating quantitatively the importance of that results, a numerical example based on a real350

plant is devoted for the purpose. Let us consider the OWC power plant of Pico (Azores) and its configuration (see
for example [63], [64]). The chamber geometry is defined by a square floor of 12 × 12m2 with an inner volume of
Vowc = 1050m3 above the free water surface. The turbine with a Dt = 2.3m exterior diameter is described by a turbine
characteristic number of K = 0.6803 and a maximum rotation velocity of N = 1500 rpm (157, 1 rad/s). Given a sea
state with significant wave height of, say, Hs = 2m and peak period Tp = 11 s, the non-dimensional flow through the355

turbine would reach a maximum value of φ∗ = 0.0494, assuming a capture length value of approximately 0.7 following
[15]. Now, being the air density of ρa = 1.204 kg/m3 and the reference pressure patm = 101325Pa , if the dimensionless
pressure drop, ∆p∗, is calculated by both the classical formulation (adiabatic process with n = γ = 1.4) and the
real gas formulation with a polytropic exponent for a 70 % of moisture (n = 1.071), the values of 0.0719 and 0.0630
respectively are obtained. According to the hypotheses previously introduced, in terms of dimensionless power output360

(Π∗ = Φ∗ ·∆p∗), the values of 0.0036 and 0.0031 respectively are calculated. This results suggests that the consideration
of the real gas formulation helps to explain a reduction of non-dimensional power output of 12.4 % compared with the
calculated by the classical formulation.

In order to provide a clear view of the real gas model in the estimation of non-dimensional power output in OWC
devices, the figure 15 shows the difference between dimensionless power output in Pico Plant case study for several365

typified sea states (Hs;Tp) = ({0.5; 5}, {1.0; 7}, {2.0; 11}, {3.0; 13}, {4.0; 15}). An increase in the difference of non-
dimensional power output from both models when the dimensionless flow through the turbine increases is appreciated.
In addition, the non-dimensional power output is lower for the real gas model than the ideal model in all cases.
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Figure 15: Non dimensional flow vs. non dimensional power output in Pico Plant case study for both the real gas model and the classical
theory in several sea states.

It is necessary to emphasize that although the dimensionless flow of the experimental set up studied is of the same
order of magnitude as that obtained for the Pico plant, the non-dimensional pressure drop are not comparable since the370

turbine typology used differs in both cases.
Finally, following the research in [57], there might be present scale effects in a full scale prototypes such as the one

considered in the previous example, and it requires a deeply focused study. The non-uniformities in the air system
variables distribution would lead to transient non-equilibrium states, otherwise not observed at small scales. Those
transient states, in turn, would force a momentary deviation from the closed system performance. From a qualitative375

point of view and considering a wave cycle as a time reference, that would probably induce a sequence of in-between
system states in which pressure and temperature would not reach the corresponding polytropic states. While the effects
could be more or less negligible when dealing with full scale prototypes designed for extreme wave climate conditions,
there might be differences in the long-term management fo devices designed for mild wave climate conditions, as focused
in the ongoing research underlying the present work.380

5. Conclusions and future research

It has been studied the behaviour of the air–water vapour mixture, forced to compression in a simple OWC chamber
model under the consideration of a real gas model. The nature of the thermodynamic process has been studied by means
of the polytropic exponent defining the compression process. While the experiments are conducted under stationary
flow, the thermodynamic compression process undergone by the control volume system allows a better focusing on the385

main features without loss of generalization. The major findings in this research are:

1. The air–water vapour mixture behave as a real gas undergoing a not entirely adiabatic process for higher values of
moisture, i. e. RH & 70 %. The final state temperature T2 fits better the experimental observations when the real
gas formalism is implemented in the conservation of enthalpy and mass flow under no specific constraints regarding
adiabaticity.390

2. For lower water vapour concentration, the air–water vapour system tends to behave as an ideal gas, as it is revealed
by the simmilarities between T2ad, T2adZ and T2. However, the small differences with the experimental results,
around 0.3 % in average, seems to indicate that the process slightly deviates from the adiabatic condition. That
situation is coherent with the deviation of index n from its adiabatic values, see figure 13.

3. For the lower range of pressure drops, i. e. ∆p . 100Pa, the distinction between ideal and real gas hypothesis395

become less relevant and the differences in the final state temperature are reduced.

4. The polytropic exponent n is re–calculated, so that the state (T2, p2) can be obtained from (T1, p1) preserving
enthalpy. The values indicate that the polytropic exponent ranges between n ' 1.071 for higher moisture values
and n ' 1.104 for lower moisture, in a similar way to the performance observed by other authors, [62]. Those
values bring to front that neither the process is totally adiabatic, nor the system can be described as an ideal400

gas. The expected value of n for an ideal gas system undergoing an adiabatic process should be n = Cp/CV ,
taking a value 1.67 in the case of a monoatomic gas or 1.4 in the case of air. While the experiments are run with
air, the differences with the expected value providing with a new focusing on the nature of the system and the
thermodynamic process.
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5. In terms of pressure drop and available power, the results of the experimental set up suggest that the increase405

in moisture between 45% and 70% in the air–water vapour mixture induces reductions in the power input to the
turbine around 30%. Now, the values of the polytropic exponent allow to implement in the formulation of the
problem, even as a rough estimate, the realistic hypothesis of a not entirely adiabatic process in the radiation–
diffraction classical approach. In fact, for the well known power plant of Pico, it is possible to advice a reduction
of dimensionless power input of 12.4% between the classical and the real gas formulation. From that point on,410

it is feasible to achieve a better theoretical description directly oriented to technical investment and long–term
management.

6. The scale effects is one of the next steps to take, as the natural evolution of the research line presented in this
work is to increase the size and configuration of test models. The study of the scale effects will help in a better
understanding and management of the OWC efficiency based on the previous results.415

From this point, the next step in the research is to test an OWC chamber in a wave tank, so that the analysis of data
can be used to verify the real gas performance under oscillatory flow conditions. With that new approach in terms of
thermodynamic behaviour and its transposition to the efficiency finally achieved, a better knowledge can be achieved to
adjust production, equipment and maintenance costs throughout the device lifespan. Those adjustments are considered
essential for the management of scientific and technological efforts towards a competitive, simple and easily replaceable420

and/or repairable OWC solutions.

References

[1] Soytas U. & Sari R., 2003. Energy consumption and GDP: causality relationship in G-7 countries and emerging markets.
Energy Economics, Vol.25, Nª 1, pp. 33–37.

[2] Antonakakis N., Chatziantoniou I. & Filis G., 2017. Energy Consumption, CO2 Emissions, and Economic Growth: A425

Moral Dilemma. MPRA Paper 67422, University Library of Munich, Germany.
[3] World Energy Council, 2016. World Energy Resources 2016. World Energy Council. 1028 p.p.i.s.b.n. 978− 0− 946121−

58 − 8.
[4] Boake C. B., Whittaker T. J. T., Folley M. & Ellen H., 2002. Overview and Initial Operational Experience of the

LIMPET Wave Energy Plant. Proceedings of The 12th International Offshore and Polar Engineering Conference, pp. 586–594.430
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