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human factors and organisational issues carry equal weights and
deserve special considerations. The following three rules apply to a
successful deployment of ADO/MDO,

● Find an early adopter who will champion the new technology,
● Be prepared to suspend all new development work and concen-

trate solely on supporting the nascent user base,
● Success breeds success — ultimately you have to be offering

users something they want. It’s amazing how previously
strongly held objections and prejudices can be quickly
abandoned in the face of success.
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mentioned to be easily solved by just using a software that provides
work-flow management and/or an optimisation library whilst the
automation of the simulation tools, interpolation of solutions from
different sources onto disparate meshes, and ‘hot-to-cold’ geometry
translations have very little to do with being able to search a design
space efficiently, adequately and of course automatically. Work-flow
management is not the same as multi-disciplinary coupling. It is well
known that one of the main benefits of ADO comes from the
automation itself, even without doing any optimisation. 
It is well known that (if not careful) optimisers will exploit the

weakest point in the design process. Although, exposing such weak
links is beneficial, ultimately leading to a much more robust system,
in the midst of design (specially if fire-fighting), the last thing you
would want to do is to tell your chief engineer that you have
obtained no improved solution because the mesh generation does not
work robustly, or the problem is not formulated correctly, and
further constraints are needed to produce a practical design or your
HPC queuing system is not adequate for automatic optimisation. In
promoting ADO/MDO, it should be remembered that confidence is
hard to gain, but easy to lose!
A series of pilot project needs to be carefully crafted and conducted

leading to the best practise solutions generated and published for
future use (ready and off-the shelf, as described in Fig. 1). 

3.0 CONCLUSIONS
Automatic design optimisation (ADO) has not had the anticipated
impact in the turbmachinery design. The intent of this paper is to
highlight the problems & challenges facing the engineers who would
like to apply ADO and MDO technique to aid the design process to
take corrective actions. The challenges are both technical and organi-
sational/people related.
Over the past 20 years, considerable research has been done on

techniques needed to conduct automatic optimisation in order not to
replace the human designer but produce a valuable tool that would
aid the design process. Resources and planning are needed to address
the technical, cultural and organisational barriers that have been
identified in this paper. 
It is extremely important for the companies to recognise the

importance of all the seven technical steps identified in this paper
and make sure adequate, resource and funding are available for
research and development in all seven areas. Although, not explicitly
defined in all sections of this paper, the key to success in
ADO/MDO is to conduct a series of pilot studies and recognise that
upstream ‘pre-work’ is needed to make sure people-processes and
tools are at the ‘production’ technology-readiness-level. 
It should also be recognised that attention to the ADO technology

and tools by itself is not enough, non-technical issues related to the
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Figure 14. Evolution of jet engine fan blades over time.
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fluctuation is considerable, and neglecting it would lead to an underestimation
of losses. Nevertheless, in a large body of literature, entropy generation in the
presence of turbulent flows is calculated considering only the contribution of the
mean flow. This simplification has been adopted for Wells turbines [28, 29, 30, 31,
32], pipe flows [55, 56], and turbine blades [57]. Herwig et al. [58] demonstrated
how neglecting the entropy produced by turbulent fluctuation may lead to errors
in the global entropy production, as well as to misleading conclusions. The work
of Ohran and Uzol [59] is significant in this sense: they present values of the
local entropy generation (mean and turbulent) as a part of the CFD calculation,
in a turbine cascade at a Reynolds number of 3,300, and compare it with the
value obtained by post-processing pressure and temperature, finding a significant
difference, but failing to explain it.

In light of the growing interest in second-law methods in turbomachinery anal-
ysis and optimisation, and of the questionable assumptions of several recent works,
this paper presents a re-examination of entropy generation in Wells turbines. Par-
ticular attention is dedicated to the mechanisms of entropy generation and to its
numerical modeling through the solution of RANS equations. A methodology for
entropy quantification is presented and applied to two test cases [28, 32], already
used in the past by other authors, with assumptions and simplifications that led
to incorrect and physically implausible results.

This manuscript is organized as follows: Section 2 presents a review of entropy
generation analysis through the Navier-Stokes equations. Section 3 presents an
analysis of the effect of Reynolds averaging on Navier-Stokes equations and entropy
production. Section 4 introduces an intermediate test case, i.e. the flow around an
isolated airfoil, which provides an ideal problem to verify the theoretical analysis
as a simple relationship between entropy and aerodynamic drag exists. Section 5
presents the numerical approach, Section 6 presents the findings of this work.
Finally, Section 7 draws some conclusions.

2. Entropy Generation in Fluid Flow

In any point of a convective field, irreversibilities are produced by two distinct
mechanisms: heat flow and friction. Bejan [33], Adeyinka and Naterer [52] and
Asinari et al. [54] give comprehensive reviews of the theory.

The laws of conservation of mass, momentum and energy, in differential form,
can be expressed as follows:

∂ρ

∂ρ
+∇ · u = 0 (1)

ρ
∂u

∂t
+ ρ∇ · (u⊗ u) = ρ

Du

Dt
= −∇p +∇ ·Π+ a (2)

ρ
∂h

∂t
+ ρ∇ · (uh) = ρ

Dh

Dt
= −∇ · q+Π : ∇u+

Dp

Dt
(3)

where ρ is the fluid density (assumed constant), u is the fluid velocity, p is the
pressure, Π is the viscous part of the stress tensor, h is the enthalpy, q is the
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La verifica e validazione si occupano della valutazione degli errori e 
dell’incertezza introdotti nella soluzione numerica di un problema fisico.
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La verifica (verification) è la 
determinazione dell’accuratezza 
dell’implementazione numerica di 
un modello e della sua soluzione. 

(stima dell’errore numerico) 

La validazione (validation) è la 
determinazione dell’accuratezza 
del modello matematico nel 
rappresentare il problema fisico 
sotto esame. 

(stima dell’errore del modello)
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La verifica deve necessariamente precedere la validazione. 
  

Non ci può essere validazione senza verifica. 

Ci può essere verifica senza validazione.
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DEFINIZIONI1:

! ERRORE: la differenza tra un valore “misurato” e il valore vero di una
quantità

! INCERTEZZA: parametro che caratterizza la dispersione dei dati che
potrebbero ragionevolmente essere misurati

!"#$%&'()*+,-./0123456789:;<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]^_`abcdefghijklmnopqrstuvwxyz{|}~

ERRORE

xm
xt xtxm

x x

INCERTEZZA

1 misura n misure

1De Bièvre, P. (2012). The 2012 international vocabulary of metrology:
‘‘VIM”. Accreditation and Quality Assurance, 17(2), 231–232.
doi:10.1007/s00769-012-0885-3.

https://dx.doi.org/10.1007/s00769-012-0885-3
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VALORE MISURATO/SIMULATO xm

VALORE VERO xt

ERRORE δx = xm − xt

INCERTEZZA Uxm

VALORE VERO (STIMA) xm − Umx ≤ x̂t ≤ xm + Umx
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δs = δsm + δsn = Sn − T = (Sm − T ) + (Sn − Sm)

δs ERRORE GLOBALE DELLA SIMULAZIONE
δsm ERRORE DEL MODELLO
δsn ERRORE NUMERICO
S RISULTATO SIMULAZIONE
T DATO REALE
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δs = δsm + δsn = Sn − T = (Sm − T ) + (Sn − Sm)

|δs | ≤ |δsm|+ |δsn|

|Us | ≤ |Usm|+ |Usn|

δs ERRORE GLOBALE DELLA SIMULAZIONE
δsm ERRORE DEL MODELLO
δsn ERRORE NUMERICO
S RISULTATO SIMULAZIONE
T DATO REALE
Us INCERTEZZA SIMULAZIONE
Usm INCERTEZZA MODELLO
Usn INCERTEZZA NUMERICA
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δs = δsm + δsn = Sn − T = (Sm − T ) + (Sn − Sm)

δsm (errore del modello) deriva da approssimazioni nella rappresentazione
matematica del problema fisico:

! equazioni matematiche

! geometria

! condizioni al contorno

! modelli di turbolenza

δsn (errore numerico) da approssimazioni dovute alla soluzione numerica del
problema matematico

! discretizzazione

! diffusione artificiale

! convergenza incompleta (iterativa o dovuta alla griglia)

! non-conservatività
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δsn =
N
∑

i=1

δsn,i

dove δsn,i rappresenta il contributo all’errore numerico dato dal parametro hi .
La stima di δsn,i avviene mediante studi di convergenza utilizzando soluzioni
multiple con valori diversi del parametro hi .

Sn = Sm +

⎛

⎝

N
∑

i=1,i ̸=k

δsn,i

⎞

⎠+ δsn,k

dove

δsn,k ≃
g

∑

j=1

fjh
j
k
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d
∑

j=1

fjh
j
k = Sn(hk)−

⎡

⎣Sm +

⎛

⎝

N
∑

i=1,i ̸=k

δsn,i

⎞

⎠

⎤

⎦ = Sn(hk)− Ŝn

La precedente contiene d + 1 incognite: gli fj e Ŝn (la soluzione numerica
“corretta”, cioè depurata dell’errore dovuto al parametro hk).
Alternativamente, l’equazione precedente può essere riscritta nel seguente
modo:

fph
p
k + ϵ(hk) = f ∗p hp

k = Sn − Ŝn

dove fph
p
k rappresenta il termine dominante nell’espansione in serie di Taylor, e

epsilon(hk ) è l’errore di troncamento.
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Nella precedente equazione, le incognite sono: p, f ∗p e Ŝn. Per determinarle,

posso fare in modo di far sparire dalle equazioni il termine Ŝn:

(f ∗p hp
k,1)− (f ∗p h

p
k,2) = Sn(hk,1)− Sn(hk,2)

dove hk,1 e hk,2 rappresentano due diversi valori del parametro hk , e Sn(hk,1) e
Sn(hk,2) le corrispondenti soluzioni numeriche. Essendo presenti due incognite
(p e f ∗p ), abbiamo bisogno di scrivere la stessa equazione per almeno due
coppie di valori hk,1 e hk,2.
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Ho dunque bisogno di almeno 3 soluzioni numeriche (con 3 valori del parametro
hk) per stimare l’errore numerico. Consideriamo il minimo numero di soluzioni:

(f ∗p hp
k,1)− (f ∗p hp

k,2) = Sn(hk,1)− Sn(hk,2) = ϵ12

(f ∗p hp
k,2)− (f ∗p hp

k,3) = Sn(hk,2)− Sn(hk,3) = ϵ23

Dividendo membro a membro:

hp
k,1 − hp

k,2

hp
k,2 − hp

k,3

=
ϵ12
ϵ23

(

hk,2
hk,3

)p

(

hk,1
hk,2

)p

− 1
(

hk,2
hk,3

)p

− 1
=

ϵ12
ϵ23
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Dalle precedenti posso ricavare:

p =
log

(

ϵ12
ϵ23

)

log
(

hk,2
hk,3

) +
1

log
(

hk,2
hk,3

) log

⎡

⎣

(

hk,2
hk,3

)p

− 1
(

hk,1
hk,2

)p

− 1

⎤

⎦

f ∗p =
ϵ23

hp
k,2 − hp

k,3

δsn,k(hk,3) =
ϵ23

hk,2
hk,3

p
− 1

Si possono presentare 3 situazioni:

1. p > 0 → La soluzione numerica converge con ordine p

2. p indefinito → La soluzione numerica oscilla

3. p ≤ 0 → La soluzione numerica diverge
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Le equazioni viste finora ci consentono di effettuare delle “stime” sull’errore
numerico. La quantificazione dell’incertezza (e quindi dell’affidabilità della
stima) si basa su valutazioni teoriche, supportate da verifiche sperimentali.

1. p > 0 (soluzione numerica convergente)

Usn,k = |1− Ck |δsn,k dove Ck =

(

hk,2
hk,3

)p

− 1
(

hk,2
hk,3

)p

t
− 1

2. p indefinito (soluzione numerica oscillatoria)

Usn,k =
1
2
(US − UL)

dove

pt ordine di convergenza teorico
US limite superiore
UL limite inferiore
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Consideriamo un profilo alare investito da una corrente uniforme con un angolo
di incidenza α.

!"#$%&'()*+,-./0123456789:;<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]^_`abcdefghijklmnopqrstuvwxyz{|}~
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Risolviamo le equazioni costitutive (Navier-Stokes) utilizzando Ansys Fluent.

GRIGLIA (circa 8000 celle):

Ipotesi:

! flusso inviscido

! termini diffusivi e convettivi
discretizzati con metodi del
secondo ordine (upwind)

! SIMPLE per la correzione della
pressione

! convergenza dei residui a 10−10

(errore iterativo trascurabile)
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RISULTATI:
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Utilizziamo 3 griglie con numero di celle crescente per verificare la soluzione
numerica:

GRIGLIA 1 GRIGLIA 2 GRIGLIA 3
N. CELLE 7799 17595 40040
h (-) 0.1132 0.0753 0.0499
cl (-) 0.5560 0.6170 0.6545
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Utilizziamo 3 griglie con numero di celle crescente per verificare la soluzione
numerica:

GRIGLIA 1 GRIGLIA 2 GRIGLIA 3
N. CELLE 7799 17595 40040
h (-) 0.1132 0.0753 0.0499
cl (-) 0.5560 0.6170 0.6545
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= 0.51 Uk = |(1−Ck)δsn,k | = 0.028
Ŝn = 0.712 ± 0.028
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Aggiungiamo una quarta griglia con un numero ancora maggiore di celle:

GRIGLIA 1 GRIGLIA 2 GRIGLIA 3 GRIGLIA 4
N. CELLE 7799 17595 40040 71585
h (-) 0.1132 0.0753 0.0499 0.0374
cl (-) 0.5560 0.6170 0.6545 0.66858
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Aggiungiamo una quarta griglia con un numero ancora maggiore di celle:
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VALIDAZIONE:
Reperiamo i dati sperimentali da: Aerodynamic characteristics of NACA0012
airfoil section at angles of attack from 0◦ to 180◦. (1955).(Tech. rep.
No. TN3361). National Advisory Committee for Aeronautics. Langley
Aeronautical Laboratory Langley Field, Washington

T = 0.650 ± 0.017

Sm = 0.690 ± 0.003

δsm = 0.040 ± 0.020
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Figure 1: OWC system (left) and Wells turbine (right)

conditions, respectively. Lift (L) and drag (D) forces are produced by the
relative air motion around the profile (in the directions perpendicular and
parallel to the flow relative upstream velocity) and can be resolved into two
components: one parallel to the direction of motion (X) and one perpendic-
ular (Y ). X needs to be positive to achieve a positive power output: this
happens when the incidence α is above a minimum angle (typically a few
degrees), but the net tangential force drops drastically after stall. The stall
angle varies significantly depending principally on airfoil thickness-on-chord
ratio, solidity, Reynolds and Mach numbers, but it is generally between 10
and 20 degrees [5]. To achieve a positive net power output, the turbine
typically needs to have attained a certain speed, unless it is designed to be
self-starting (Raghunathan [5] explains how this depends on the combina-
tion of solidity and hub-to-tip ratio). In any case, during normal operation,
turbine speed and airflow velocity should be matched so that stall is avoided.

As with most turbomachinery, the effects of the interaction between ad-
jacent blades (effect of solidity) and three-dimensional effects (due to radial
variations, end-wall boundary layers, tip gap) are significant. Many of these
aspects are analyzed in [5]. In particular, it is shown how the mutual in-
terference between blades in a cascade arrangement (as in a rotor) produces
an increase in circulation and therefore lift produced by the airfoil. This
increase can be significant, and it is estimated to be of the order of 80% with
a solidity of 0.65 (similar to the value used in [6, 7, 8], while [9] used a larger
value of 0.75).
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conditions, respectively. Lift (L) and drag (D) forces are produced by the
relative air motion around the profile (in the directions perpendicular and
parallel to the flow relative upstream velocity) and can be resolved into two
components: one parallel to the direction of motion (X) and one perpendic-
ular (Y ). X needs to be positive to achieve a positive power output: this
happens when the incidence α is above a minimum angle (typically a few
degrees), but the net tangential force drops drastically after stall. The stall
angle varies significantly depending principally on airfoil thickness-on-chord
ratio, solidity, Reynolds and Mach numbers, but it is generally between 10
and 20 degrees [5]. To achieve a positive net power output, the turbine
typically needs to have attained a certain speed, unless it is designed to be
self-starting (Raghunathan [5] explains how this depends on the combina-
tion of solidity and hub-to-tip ratio). In any case, during normal operation,
turbine speed and airflow velocity should be matched so that stall is avoided.

As with most turbomachinery, the effects of the interaction between ad-
jacent blades (effect of solidity) and three-dimensional effects (due to radial
variations, end-wall boundary layers, tip gap) are significant. Many of these
aspects are analyzed in [5]. In particular, it is shown how the mutual in-
terference between blades in a cascade arrangement (as in a rotor) produces
an increase in circulation and therefore lift produced by the airfoil. This
increase can be significant, and it is estimated to be of the order of 80% with
a solidity of 0.65 (similar to the value used in [6, 7, 8], while [9] used a larger
value of 0.75).
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Figure 2: Aerodynamic forces and velocity triangles

While the authors of [1] claim to be studying Wells turbine blades, their
work focuses on the analysis of an isolated airfoil (see Figure 2 in [1]), thereby
neglecting all the effects mentioned above. In the Introduction, they even
make the following statement: “The airfoil sections that are used in Wells
turbine have been extensively investigated in aeronautical applications. How-
ever, the operating conditions in Wells turbine are completely different from
such of the aeronautical applications. In Wells turbine, the rotor contains
multiple blades, which are confined by a shroud aiming at harnessing the
flow momentum to drive the rotor with the maximum torque”. Given this
statement, it is surprising that the whole paper then focuses on an isolated
(two-dimensional) airfoil.

Even more importantly, the way the boundary conditions are set in [1] is
such that the inlet velocity changes sinusoidally, but with a fixed incidence.
This is shown schematically in Figure 3: during what the authors call the
“compression cycle”, the airfoil has an incidence α (fixed in time), while
during the “suction cycle”, the incidence becomes 180◦ − α. This is also
evident from the position of the stagnation point near the trailing edge, in
Figure 13 (c,g) of [1]. The condition simulated by the authors never occurs in
a Wells turbine. In this machine (see Figure 2) it is only the axial component
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While the authors of [1] claim to be studying Wells turbine blades, their
work focuses on the analysis of an isolated airfoil (see Figure 2 in [1]), thereby
neglecting all the effects mentioned above. In the Introduction, they even
make the following statement: “The airfoil sections that are used in Wells
turbine have been extensively investigated in aeronautical applications. How-
ever, the operating conditions in Wells turbine are completely different from
such of the aeronautical applications. In Wells turbine, the rotor contains
multiple blades, which are confined by a shroud aiming at harnessing the
flow momentum to drive the rotor with the maximum torque”. Given this
statement, it is surprising that the whole paper then focuses on an isolated
(two-dimensional) airfoil.

Even more importantly, the way the boundary conditions are set in [1] is
such that the inlet velocity changes sinusoidally, but with a fixed incidence.
This is shown schematically in Figure 3: during what the authors call the
“compression cycle”, the airfoil has an incidence α (fixed in time), while
during the “suction cycle”, the incidence becomes 180◦ − α. This is also
evident from the position of the stagnation point near the trailing edge, in
Figure 13 (c,g) of [1]. The condition simulated by the authors never occurs in
a Wells turbine. In this machine (see Figure 2) it is only the axial component
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Triangoli di velocità e forze aerodinamiche durante le fasi di inflow e outflow sono 
simmetrici:
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In una turbina Wells, il punto di lavoro cambia continuamente:
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CT, and Fig. 6(c) and (d) show the calculated values of CA and CT. These coefficients are defined as
follows.

CA ¼ DP0Q= q v2a
!!

þ U 2
R

"
zblva=2

"
ð3Þ

CT ¼ T= q v2a
!!

þ U 2
R

"
zblrR=2

"
ð4Þ

aR ¼ tan% 1 va=URð Þ ð5Þ

where DP0 denotes the total pressure drop across the rotor, Q air flow rate, q density of air, va axial
velocity, UR circumferential velocity at mid span, z number of blades, b span of the blade, l blade
chord length, T torque of the rotor, rR radius at mid span and aR attack angle. The following
equations were used for the calculated results.

DP0 ffi
1

A

Z

S
p cos hð þ s sin hÞdS ð6Þ

T ffi z
Z

S
ðp sin h % s cos hÞrdS ð7Þ

where S is the surface area of the blade, A annular flow area, p pressure on the blade surface, s
shear stress on the blade surface and h angle between the normal vector of the blade surface and
the rotating angular velocity vector.
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Fig. 6. Experimental and calculated results.
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geometry is necessary to improve the performance and efficiency of the machine.
An experimental device has been designed and built to simulate OWC systems in the Department

of Mechanical, Chemical and Materials Engineering (DIMCM) at the University of Cagliari. Paderi

and Puddu (2013) and Puddu et al. (2014) presented the experimental results for a high-solidity low
aspect-ratio Wells turbine equipped with NACA0015 profile blades submitted to an unsteady and

bi-directional flow, recontructing in detail the istantaneous flow upstream and downstream of the
rotor. In this work, the authors compare these results with the numerical predictions obtained with
a commercial CFD software (ANSYS Fluent), with particular attention to flow behavior, hysteresis

between acceleration and deceleration phases and differences between intake and exhaust strokes due
to the non-symmetrical configuration of the machine.

EXPERIMENTAL SET-UP AND INSTRUMENTATION

The experimental apparatus in use consists of a cylindrical chamber (1m diameter) with a piston

moved by a hydraulic actuator reproducing the desired wave motion. A periodic bi-directional flow
is achieved through a 0.25 m diameter Wells turbine as in a real OWC plant. The turbine shaft is
connected to an asynchronous generator equipped with inverter and feedback encoder that allows to

control the rotational speed. The maximum power generated by the turbine is in the order of 240
W. Geometrical parameters are summarized in Table 1. Figure 1 reports a global schematic of the

machine, a more detailed view of the turbine, and a skecth of the velocity triangles during outflow and
inflow phases. Experimental set-up and detailed analysis of the investigations are reported in Paderi
and Puddu (2013); Puddu et al. (2014). A single non-dimensional piston frequency has been analyzed

(f = f/(ωrtc) = 0.065).

Table 1: Wells turbine data

Airfoil NACA 0015 Blade Number 14
Rotor Tip Diameter 250 mm Solidity at Tip Radius 0.642

Rotor Hub Diameter 190 mm Sweep Ratio 0.417 (15/36)
Chord Length 36 mm Rotational Speed 3600 rpm
Tip Clearance 1 mm Piston Period 9 s

While performance of Wells turbine depend on the combined effect of lift and drag, they are uually
represented in terms of non-dimensional static pressure difference P ∗ and torque T ∗ as a function of
flow coefficient φ

T ∗ =
T

ρω2r5t
P ∗ =

∆P

ρω2r2t
φ =

Va

ωrt
(1)

where ∆P is the pressure difference across the rotor, ρ is the flow density, ω the machine’s rotational
speed, rt the tip radius, T the torque and Va the axial velocity upstream of the rotor.

The set-up was equipped with different sensors to measure the unsteady values of the turbine
angular speed, torque, piston position and wall static pressure near the rotor. Besides the global
parameters of the turbine, also the flow field near the rotor was studied. A split-fiber film anemometer

was positioned alternatively upstream and downstream of the turbine, at the mean turbine radius, to
measure the 2D characteristic of the flow. The anemometer was differently oriented during air inflow

and outflow phases with a motorized positioning system. Data acquisition was performed for at least
one piston stroke, using a high speed multichannel DAQ-board. The data were processed using phase
locked ensemble averaging technique.
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where DP0 denotes the total pressure drop across the rotor, Q air flow rate, q density of air, va axial
velocity, UR circumferential velocity at mid span, z number of blades, b span of the blade, l blade
chord length, T torque of the rotor, rR radius at mid span and aR attack angle. The following
equations were used for the calculated results.
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where S is the surface area of the blade, A annular flow area, p pressure on the blade surface, s
shear stress on the blade surface and h angle between the normal vector of the blade surface and
the rotating angular velocity vector.
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geometry is necessary to improve the performance and efficiency of the machine.
An experimental device has been designed and built to simulate OWC systems in the Department

of Mechanical, Chemical and Materials Engineering (DIMCM) at the University of Cagliari. Paderi

and Puddu (2013) and Puddu et al. (2014) presented the experimental results for a high-solidity low
aspect-ratio Wells turbine equipped with NACA0015 profile blades submitted to an unsteady and

bi-directional flow, recontructing in detail the istantaneous flow upstream and downstream of the
rotor. In this work, the authors compare these results with the numerical predictions obtained with
a commercial CFD software (ANSYS Fluent), with particular attention to flow behavior, hysteresis

between acceleration and deceleration phases and differences between intake and exhaust strokes due
to the non-symmetrical configuration of the machine.

EXPERIMENTAL SET-UP AND INSTRUMENTATION

The experimental apparatus in use consists of a cylindrical chamber (1m diameter) with a piston

moved by a hydraulic actuator reproducing the desired wave motion. A periodic bi-directional flow
is achieved through a 0.25 m diameter Wells turbine as in a real OWC plant. The turbine shaft is
connected to an asynchronous generator equipped with inverter and feedback encoder that allows to

control the rotational speed. The maximum power generated by the turbine is in the order of 240
W. Geometrical parameters are summarized in Table 1. Figure 1 reports a global schematic of the

machine, a more detailed view of the turbine, and a skecth of the velocity triangles during outflow and
inflow phases. Experimental set-up and detailed analysis of the investigations are reported in Paderi
and Puddu (2013); Puddu et al. (2014). A single non-dimensional piston frequency has been analyzed

(f = f/(ωrtc) = 0.065).

Table 1: Wells turbine data

Airfoil NACA 0015 Blade Number 14
Rotor Tip Diameter 250 mm Solidity at Tip Radius 0.642

Rotor Hub Diameter 190 mm Sweep Ratio 0.417 (15/36)
Chord Length 36 mm Rotational Speed 3600 rpm
Tip Clearance 1 mm Piston Period 9 s

While performance of Wells turbine depend on the combined effect of lift and drag, they are uually
represented in terms of non-dimensional static pressure difference P ∗ and torque T ∗ as a function of
flow coefficient φ

T ∗ =
T

ρω2r5t
P ∗ =

∆P

ρω2r2t
φ =

Va

ωrt
(1)

where ∆P is the pressure difference across the rotor, ρ is the flow density, ω the machine’s rotational
speed, rt the tip radius, T the torque and Va the axial velocity upstream of the rotor.

The set-up was equipped with different sensors to measure the unsteady values of the turbine
angular speed, torque, piston position and wall static pressure near the rotor. Besides the global
parameters of the turbine, also the flow field near the rotor was studied. A split-fiber film anemometer

was positioned alternatively upstream and downstream of the turbine, at the mean turbine radius, to
measure the 2D characteristic of the flow. The anemometer was differently oriented during air inflow

and outflow phases with a motorized positioning system. Data acquisition was performed for at least
one piston stroke, using a high speed multichannel DAQ-board. The data were processed using phase
locked ensemble averaging technique.
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where ∆P is the pressure difference across the rotor, ρ is the flow density, ω the machine’s rotational
speed, rt the tip radius, T the torque and Va the axial velocity upstream of the rotor.

The set-up was equipped with different sensors to measure the unsteady values of the turbine
angular speed, torque, piston position and wall static pressure near the rotor. Besides the global
parameters of the turbine, also the flow field near the rotor was studied. A split-fiber film anemometer

was positioned alternatively upstream and downstream of the turbine, at the mean turbine radius, to
measure the 2D characteristic of the flow. The anemometer was differently oriented during air inflow

and outflow phases with a motorized positioning system. Data acquisition was performed for at least
one piston stroke, using a high speed multichannel DAQ-board. The data were processed using phase
locked ensemble averaging technique.

3

φ =
Va

ωrt
=

Ap

At
Vp

ωrt
(3)

(4)

T ∗ =
T

ρω2r5t
(5)

(6)

P ∗ =
∆P

ρω2r2t
(7)

(8)

φl =
Wa

Wt

(9)

(10)

T ∗∗ =
T

ρ(W 2
t +W 2

a )r
3
t

(11)

(12)

P ∗∗ =
∆P

ρ(W 2
t +W 2

a )
(13)
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In una turbina Wells, il punto di lavoro cambia continuamente:
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of this clockwise vortex is so small that the low-energy fluids are
confined near the hub surface and the torque remains larger.

Mechanism of Hysteretic Characteristics
As shown in Fig. 4, the performance of the Wells turbine has a

hysteretic loop in which the values of CT and CA in the acceler-
ating flow are smaller than that in the decelerating flow. This
behavior cannot be explained by the dynamic stall of an airfoil. As
mentioned above, however, it seems to be associated with the
intensity of the vortical flow appearing near the blade suction

surface. In this section, the mechanism to vary the vortex intensity
in the accelerating and the decelerating flow will be discussed
based on the vortex theorem.
Figure 11 shows an illustration of the flow structure obtained by

the present numerical simulation. At high angles of attack a sepa-
ration vortex !2" appears on the blade suction surface in the hub
side to reduce the blade circulation, because of the excessive
angle of attack near the hub. A strong downward flow !3" is in-
duced by the separation vortex near the trailing edge. It brings
about the clockwise vortical wake flow !4a", which enlarges the
flow separation on the adjacent blade suction surface !4b". The
intensity of the vortical flow varies in the accelerating and the
decelerating flow process for the following reason.
Figure 12 illustrates how the unsteady trailing vortices that are

shed affect the vortical wake flow. In the accelerating flow pro-
cess, as the blade circulation increases, vortices opposite to the
blade circulation are shed from the trailing edge according to
Kelvin’s theorem. The stronger vortices are shed at a larger radius

Fig. 10 „a… Velocity diagram on the plane perpendicular to the
chordwise direction for !RÄ6 deg; „b… velocity diagram on the
plane perpendicular to the chordwise direction for !RÄ12 deg

Fig. 11 Illustrations of the flow structure in blade suction side

Fig. 12 Illustration of unsteady trailing shed vortices to affect
the vortical wake flow
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BLADE CIRCULATION
SHED VORTICITY

TURBINA WELLS - ISTERESI
La spiegazione dell’origine dell’isteresi è stata trovata tramite simulazioni CFD.  
La causa è attribuita all’interazione dei vortici di scia con la circuitazione della pala.
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and the global entropy generation rate is hence expressed as [31]:

SG ¼ ∬
xy
SVdydx (33)

and finally, the second law efficiency is defined as [32]:

hS ¼
KE

Exergy
(34)

where Exergy ¼ KE þ SG and KE ¼ 1
2V

2:
From the above equation, it can be concluded that the increase

in torque coefficient leads to an increase in the first law efficiency.
On the other hand, the decrease in the global entropy generation
rate leads to an increase in the second law efficiency.

3.1. Computational model and boundary conditions

Two-dimensional numerical models for NACA0015 airfoils were
built up and validated against experimental measurements under
unsteady flow conditions. The computational domain was dis-
cretized to Cartesian structured finite volume cells using GAMBIT
code. The second order upwind interpolation scheme was used in
this work, where its results were approximately similar to those
yielded by third order MUSCL scheme in the present situation. In
addition, in some cases the third order MUSCL scheme showed high
oscillatory residual during the solution.

The axial flow of Wells Turbine is modeled as a sinusoidal wave
in this simulation. Therefore, inlet boundary conditions are set to
change with time. In order to apply the inlet boundary condition,
inlet velocity with periodic function (see Fig. 2) is generated as
follows:

VðtÞ ¼ Vo þ VA sin ðsin 2 pftsinÞ (35)

where tsin is equal to (4, 6, and 8) seconds and is set as one period in
this simulation, considering the real data from the Egyptian coasts.

The time step is set as 0.000296721 s in order to satisfy CFL (Cou-
rant Friedrichs Lewy) condition equal to 1 [60]. Furthermore, the
sinusoidal wave condition creates various Reynolds numbers up to
2 % 104.

3.2. Grid sensitivity test (verification)

In order to ensure that the numerical model is free from nu-
merical diffusion and artificial viscosity errors, several grid
numbers were tested to estimate the number of grid cells required
to establish a grid-independent solution. Table 1 shows the speci-
fications of different grids used in unsteady two-dimensional
models with constant velocity. Fig. 3 shows the pressure coeffi-
cient distribution on the upper and lower surfaces of the NACA0012
airfoil as computed by the four grids. Grid D required more time
than grid C, yielding similar results. Therefore, grid C was chosen to
conduct the analysis presented hereafter.

4. Models validation

4.1. Validation of the analytical model

The experimental data from Refs. [61,62] for an unsteady flow
was used to validate our analytical mathematical model. The
experimental data from a test rig was used by Wave Energy
Research Team, University of Limerick. It consisted of a bell mouth
entry, test section, drive and transmission section, a plenum
chamber with honeycomb section, a calibrated nozzle, and a cen-
trifugal fan. The turbine test section had an internal diameter of
600 mm and a fabricated rotor of a 598 mm diameter, leaving a tip
clearance of 1 mm. The hub diameter is 358.8 mm, providing a hub
to tip ratio of 0.6 and chord length of 120 mm. The turbine was
mounted on a shaft in a cylindrical annular duct. The shaft was
coupled to motor/generator via a torque meter. The turbine blades
(8 blades for solidity ¼ 0.64 and 6 blades for solidity ¼ 0.48) were
set on the hub at a 90& angle of stagger along the y-axis. Fig. 4 shows

Fig. 9. Contours of pressure coefficient around the airfoil, Accelerating flow A) tsin ¼ 4 s, C) tsin ¼ 6 s, E) tsin ¼ 8 s and Decelerating flow B) tsin ¼ 4 s, D) tsin ¼ 6 s, F) tsin ¼ 8 s.
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geometry is necessary to improve the performance and efficiency of the machine.
An experimental device has been designed and built to simulate OWC systems in the Department

of Mechanical, Chemical and Materials Engineering (DIMCM) at the University of Cagliari. Paderi

and Puddu (2013) and Puddu et al. (2014) presented the experimental results for a high-solidity low
aspect-ratio Wells turbine equipped with NACA0015 profile blades submitted to an unsteady and

bi-directional flow, recontructing in detail the istantaneous flow upstream and downstream of the
rotor. In this work, the authors compare these results with the numerical predictions obtained with
a commercial CFD software (ANSYS Fluent), with particular attention to flow behavior, hysteresis

between acceleration and deceleration phases and differences between intake and exhaust strokes due
to the non-symmetrical configuration of the machine.

EXPERIMENTAL SET-UP AND INSTRUMENTATION

The experimental apparatus in use consists of a cylindrical chamber (1m diameter) with a piston

moved by a hydraulic actuator reproducing the desired wave motion. A periodic bi-directional flow
is achieved through a 0.25 m diameter Wells turbine as in a real OWC plant. The turbine shaft is
connected to an asynchronous generator equipped with inverter and feedback encoder that allows to

control the rotational speed. The maximum power generated by the turbine is in the order of 240
W. Geometrical parameters are summarized in Table 1. Figure 1 reports a global schematic of the

machine, a more detailed view of the turbine, and a skecth of the velocity triangles during outflow and
inflow phases. Experimental set-up and detailed analysis of the investigations are reported in Paderi
and Puddu (2013); Puddu et al. (2014). A single non-dimensional piston frequency has been analyzed

(f = f/(ωrtc) = 0.065).

Table 1: Wells turbine data

Airfoil NACA 0015 Blade Number 14
Rotor Tip Diameter 250 mm Solidity at Tip Radius 0.642

Rotor Hub Diameter 190 mm Sweep Ratio 0.417 (15/36)
Chord Length 36 mm Rotational Speed 3600 rpm
Tip Clearance 1 mm Piston Period 9 s

While performance of Wells turbine depend on the combined effect of lift and drag, they are uually
represented in terms of non-dimensional static pressure difference P ∗ and torque T ∗ as a function of
flow coefficient φ

T ∗ =
T

ρω2r5t
P ∗ =

∆P

ρω2r2t
φ =

Va

ωrt
(1)

where ∆P is the pressure difference across the rotor, ρ is the flow density, ω the machine’s rotational
speed, rt the tip radius, T the torque and Va the axial velocity upstream of the rotor.

The set-up was equipped with different sensors to measure the unsteady values of the turbine
angular speed, torque, piston position and wall static pressure near the rotor. Besides the global
parameters of the turbine, also the flow field near the rotor was studied. A split-fiber film anemometer

was positioned alternatively upstream and downstream of the turbine, at the mean turbine radius, to
measure the 2D characteristic of the flow. The anemometer was differently oriented during air inflow

and outflow phases with a motorized positioning system. Data acquisition was performed for at least
one piston stroke, using a high speed multichannel DAQ-board. The data were processed using phase
locked ensemble averaging technique.
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φ =
Va

ωrt
=

Ap

At
Vp

ωrt
(3)

(4)

T ∗ =
T

ρω2r5t
(5)

(6)

P ∗ =
∆P

ρω2r2t
(7)

(8)

φl =
Wa

Wt

(9)

(10)

T ∗∗ =
T

ρ(W 2
t +W 2

a )r
3
t

(11)

(12)

P ∗∗ =
∆P

ρ(W 2
t +W 2

a )
(13)

(14)

12

the streamlines near the trailing edge go away from the suction
surface in the tip-side region, due to the effect of the tip leakage
flow. For !R!12 deg, the separation region is extended in both

accelerating and decelerating flows. The separation region in the
accelerating flow becomes more enlarged than the one in the de-
celerating flow.
Figure 7 shows the streamlines starting from the trailing edge of

the blade. The streamlines crossing over the blade suction surface
come from the trailing edge of the left side blade. A clockwise
vortex exists near the hub, which is caused by the strong down-
ward flow near the trailing edge. The clearest vortex can be seen
in the accelerating flow for !R!6 deg among the four cases in
Fig. 7.
Figure 8 shows the pressure contour maps on the suction sur-

face of the blade. The minimum and maximum values are located
near the leading edge and the trailing edge, respectively. The pres-
sure difference between the leading edge and the trailing edge in
the decelerating flow is larger than that in the accelerating flow for
both !R!6 and 12 deg. This fact is consistent with the larger
values of CT in the decelerating flow. The region where the con-
tours are coarse is enlarged around the center of the blade surface
in the accelerating flow for both !R!6 and 12 deg, corresponding
to the separation region in Fig. 6.
Figure 9"a# shows the velocity vectors around the blade for

!R!6 deg. The numbers at the center of the figure are the non-
dimensional radiuses r*(!(r"rh)/(rt"rh)). At r*!0.5 "mid-

Fig. 4 Comparison of calculated results with experimental data by Inoue et al. †2‡

Fig. 5 Circumferential velocity contours at midspan Fig. 6 Streamlines near the suction surface
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geometry is necessary to improve the performance and efficiency of the machine.
An experimental device has been designed and built to simulate OWC systems in the Department

of Mechanical, Chemical and Materials Engineering (DIMCM) at the University of Cagliari. Paderi

and Puddu (2013) and Puddu et al. (2014) presented the experimental results for a high-solidity low
aspect-ratio Wells turbine equipped with NACA0015 profile blades submitted to an unsteady and

bi-directional flow, recontructing in detail the istantaneous flow upstream and downstream of the
rotor. In this work, the authors compare these results with the numerical predictions obtained with
a commercial CFD software (ANSYS Fluent), with particular attention to flow behavior, hysteresis

between acceleration and deceleration phases and differences between intake and exhaust strokes due
to the non-symmetrical configuration of the machine.

EXPERIMENTAL SET-UP AND INSTRUMENTATION

The experimental apparatus in use consists of a cylindrical chamber (1m diameter) with a piston

moved by a hydraulic actuator reproducing the desired wave motion. A periodic bi-directional flow
is achieved through a 0.25 m diameter Wells turbine as in a real OWC plant. The turbine shaft is
connected to an asynchronous generator equipped with inverter and feedback encoder that allows to

control the rotational speed. The maximum power generated by the turbine is in the order of 240
W. Geometrical parameters are summarized in Table 1. Figure 1 reports a global schematic of the

machine, a more detailed view of the turbine, and a skecth of the velocity triangles during outflow and
inflow phases. Experimental set-up and detailed analysis of the investigations are reported in Paderi
and Puddu (2013); Puddu et al. (2014). A single non-dimensional piston frequency has been analyzed

(f = f/(ωrtc) = 0.065).

Table 1: Wells turbine data

Airfoil NACA 0015 Blade Number 14
Rotor Tip Diameter 250 mm Solidity at Tip Radius 0.642

Rotor Hub Diameter 190 mm Sweep Ratio 0.417 (15/36)
Chord Length 36 mm Rotational Speed 3600 rpm
Tip Clearance 1 mm Piston Period 9 s

While performance of Wells turbine depend on the combined effect of lift and drag, they are uually
represented in terms of non-dimensional static pressure difference P ∗ and torque T ∗ as a function of
flow coefficient φ

T ∗ =
T

ρω2r5t
P ∗ =

∆P

ρω2r2t
φ =

Va

ωrt
(1)

where ∆P is the pressure difference across the rotor, ρ is the flow density, ω the machine’s rotational
speed, rt the tip radius, T the torque and Va the axial velocity upstream of the rotor.

The set-up was equipped with different sensors to measure the unsteady values of the turbine
angular speed, torque, piston position and wall static pressure near the rotor. Besides the global
parameters of the turbine, also the flow field near the rotor was studied. A split-fiber film anemometer

was positioned alternatively upstream and downstream of the turbine, at the mean turbine radius, to
measure the 2D characteristic of the flow. The anemometer was differently oriented during air inflow

and outflow phases with a motorized positioning system. Data acquisition was performed for at least
one piston stroke, using a high speed multichannel DAQ-board. The data were processed using phase
locked ensemble averaging technique.

3

φ =
Va

ωrt
=

Ap

At
Vp

ωrt
(3)

(4)

T ∗ =
T

ρω2r5t
(5)

(6)

P ∗ =
∆P

ρω2r2t
(7)

(8)

φl =
Wa

Wt

(9)

(10)

T ∗∗ =
T

ρ(W 2
t +W 2

a )r
3
t

(11)

(12)

P ∗∗ =
∆P

ρ(W 2
t +W 2

a )
(13)

(14)
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Abbiamo provato a riprodurre i risultati di questi articoli, senza successo
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VERIFICA e VALIDAZIONE



MODELLO 
DOMINIO DI CALCOLO:

calculation for attack angle !R!0 deg were used as the initial
condition, which corresponded to the experimental condition. The
nondimensional distance of the first grid point from the blade
surface was less than 5.0 based on the friction velocity and the
kinematic viscosity of air.

Numerical Results
Figure 4 shows the experimental, "2#, and calculated results of

hysteretic behaviors of the total pressure coefficient CA and the
torque coefficient CT against the attack angle !R in one-half pe-
riod of the sinusoidal flow. Figure 4$a% shows the experimental
and calculated values of CA , and Fig. 4$b%the experimental and
calculated values of CT . These coefficients are defined as follows:

CA!&P0Q/$ϱ$va
2"UR

2%zblva/2% (1)

CT!T/$'$va
2"UR

2%zblrR/2% (2)

!R!tan#1$va /UR% (3)

where &P0 denotes the total pressure drop across the rotor, Q air
flow rate, ' density of air, va axial velocity, UR circumferential

velocity at midspan, z number of blades, b span of the blade, T
torque of the rotor, rR radius at midspan, and !R attack angle.
The attack angle varies between 0 deg and its maximum value

in phase with the oscillating flow. In the course of the cycle the
experimental CA value $broken line%during acceleration of axial
velocity $increasing !R), is lower than that during deceleration
$decreasing !R), and then a counterclockwise hysteretic loop ap-
pears as shown in Fig. 4$a%. As is evident from Fig. 4$b%, a similar
hysteretic loop is also observed in the experimental value of the
torque coefficient CT . If the hysteretic behavior was caused by
the dynamic stall of blade, a clockwise hysteretic loop would be
seen, "5–8#. Therefore, the mechanism of hysteretic behavior of
the Wells turbine should be different from the mechanism of the
dynamic stall.
As for the agreement of the calculated values with the experi-

mental data in Fig. 4, good agreement is obtained, although the
calculated values are a little smaller than the experimental data for
both CA and CT . Maximum values of the calculated results of CA
and CT agree well with the experiment quantitatively. As for the
grid dependency of CA , CA values for finer grids are a little $0.1
of CA in the maximum case%larger than the values for the objec-
tive grids in the accelerating flow, but the maximum CA value and
the CA values in the decelerating flow for finer grids is almost the
same as the CA values for the objective grids. The grid depen-
dency of CT is similar to the one of CA . The calculation of the
objective grids can qualitatively simulate the hysteretic phenom-
enon of the Wells turbine in spite of comparably small numbers of
grid points in the tip clearance. In the following description, the
mechanism of the hysteretic characteristics of the Wells turbine is
considered through the examination of the calculated flow fields.
Figure 5 shows the circumferential velocity contours at mid

span, where the numbers at the centerline are the attack angle !R ,
and the air flows left to right. For !R!6(15 deg, the contour
lines near the suction surface of the blade are denser than the ones
near the pressure surface, which means that the boundary layer
along the suction surface is thicker than the one along the pressure
surface. Comparing the figures in the decelerating flow with the
ones in the accelerating flow for !R!6 or 12 deg, the boundary
layer along the suction side surface in the accelerating flow is
thicker. In each figure, the region where the contour lines are
dense exists in the area from the upstream side of the periodic
boundary to a location a little distant from the suction surface of
the blade, which is considered the wake formed by the front side
blade in the rotational direction. The thickness of the wake in the
accelerating flow is larger than that in the decelerating flow for
!R!6 deg.
Figure 6 shows the streamlines near the suction surface starting

from the leading edge of the blade. For !R!6 deg, the flow near
the hub surface separates more upstream than the flow near the tip
side in the accelerating flow. This region of separation cannot be
seen for !R!6 deg in the decelerating flow. In addition, some of

Fig. 1 Schematic view for OWC device

Table 1 Turbine models

Blade Profile NACA0020
Number of blades z 6
Blade chord length l 90 mm
Solidity at tip ) t 0.57
Aspect ratio AR 0.5
Tip radius Rt 149 mm

Tip clearance TC 1 mm
Setting angle * 0 deg

Fig. 2 Computational domain

Fig. 3 Perspective view of grids
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Utilizzando 3 GRIGLIE (1, 1.5 e 2 milioni di celle circa) abbiamo verificato la 
dipendenza dei risultati dalla discretizzazione spaziale.

VERIFICA (Parte 1)



Utilizzando 3 GRIGLIE (1, 1.5 e 2 milioni di celle circa) abbiamo verificato la 
dipendenza dei risultati dalla discretizzazione spaziale.

Abbiamo quindi calcolato l’errore di discretizzazione (e la relativa incertezza)

Da notare come l’incertezza sia sempre molto contenuta, e aumenti per 
coefficienti di flusso vicini allo stallo.
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VERIFICA (Parte 1)



Abbiamo quindi verificato la dipendenza della soluzione dalla discretizzazione 
temporale, utilizzando diversi valori del passo temporale

�t1 > �t2 > �t3 > �t4 > �t5
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L’incertezza relativa sulla valutazione della fase e dell’ampiezza è 3 ordini di 
grandezza inferiore rispetto al valore misurato.
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E’ interessante notare come l’utilizzo di una discretizzazione temporale troppo 
larga porti a un errore di fase, che si manifesta come una falsa isteresi.



NUMERICO

VALIDAZIONE

CT, and Fig. 6(c) and (d) show the calculated values of CA and CT. These coefficients are defined as
follows.

CA ¼ DP0Q= q v2a
!!

þ U 2
R

"
zblva=2

"
ð3Þ

CT ¼ T= q v2a
!!

þ U 2
R

"
zblrR=2

"
ð4Þ

aR ¼ tan% 1 va=URð Þ ð5Þ

where DP0 denotes the total pressure drop across the rotor, Q air flow rate, q density of air, va axial
velocity, UR circumferential velocity at mid span, z number of blades, b span of the blade, l blade
chord length, T torque of the rotor, rR radius at mid span and aR attack angle. The following
equations were used for the calculated results.

DP0 ffi
1

A

Z

S
p cos hð þ s sin hÞdS ð6Þ

T ffi z
Z

S
ðp sin h % s cos hÞrdS ð7Þ

where S is the surface area of the blade, A annular flow area, p pressure on the blade surface, s
shear stress on the blade surface and h angle between the normal vector of the blade surface and
the rotating angular velocity vector.
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Fig. 6. Experimental and calculated results.
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<latexit sha1_base64="soPj8TI0acanaW+pgT17cv+bq78=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoseiF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+UWltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptLXt2/GlRrXt2bA68SvyA1KNAcVL/6w5imkilLBTGm53uJDTKiLaeCzSr91LCE0AkZsZ6jikhmgmx+6wyfOWWIo1i7UhbP1d8TGZHGTGXoOiWxY7Ps5eJ/Xi+10U2QcZWklim6WBSlAtsY54/jIdeMWjF1hFDN3a2Yjokm1Lp4Ki4Ef/nlVdK+qPsusofLWuO2iKMMJ3AK5+DDNTTgHprQAgpjeIZXeEMSvaB39LFoLaFi5hj+AH3+AMlHjWY=</latexit><latexit sha1_base64="soPj8TI0acanaW+pgT17cv+bq78=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoseiF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+UWltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptLXt2/GlRrXt2bA68SvyA1KNAcVL/6w5imkilLBTGm53uJDTKiLaeCzSr91LCE0AkZsZ6jikhmgmx+6wyfOWWIo1i7UhbP1d8TGZHGTGXoOiWxY7Ps5eJ/Xi+10U2QcZWklim6WBSlAtsY54/jIdeMWjF1hFDN3a2Yjokm1Lp4Ki4Ef/nlVdK+qPsusofLWuO2iKMMJ3AK5+DDNTTgHprQAgpjeIZXeEMSvaB39LFoLaFi5hj+AH3+AMlHjWY=</latexit><latexit sha1_base64="soPj8TI0acanaW+pgT17cv+bq78=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoseiF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+UWltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptLXt2/GlRrXt2bA68SvyA1KNAcVL/6w5imkilLBTGm53uJDTKiLaeCzSr91LCE0AkZsZ6jikhmgmx+6wyfOWWIo1i7UhbP1d8TGZHGTGXoOiWxY7Ps5eJ/Xi+10U2QcZWklim6WBSlAtsY54/jIdeMWjF1hFDN3a2Yjokm1Lp4Ki4Ef/nlVdK+qPsusofLWuO2iKMMJ3AK5+DDNTTgHprQAgpjeIZXeEMSvaB39LFoLaFi5hj+AH3+AMlHjWY=</latexit><latexit sha1_base64="soPj8TI0acanaW+pgT17cv+bq78=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKoseiF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+UWltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptLXt2/GlRrXt2bA68SvyA1KNAcVL/6w5imkilLBTGm53uJDTKiLaeCzSr91LCE0AkZsZ6jikhmgmx+6wyfOWWIo1i7UhbP1d8TGZHGTGXoOiWxY7Ps5eJ/Xi+10U2QcZWklim6WBSlAtsY54/jIdeMWjF1hFDN3a2Yjokm1Lp4Ki4Ef/nlVdK+qPsusofLWuO2iKMMJ3AK5+DDNTTgHprQAgpjeIZXeEMSvaB39LFoLaFi5hj+AH3+AMlHjWY=</latexit>

0.075
<latexit sha1_base64="mYZWl9izZuzGugzbItR432OAjnk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqceiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDVh8s+3hvhpl5YSqFQdf9ckpr6xubW+Xtys7u3v5B9fCobZJMM+6zRCa6G1LDpVDcR4GSd1PNaRxK3gknt3O/88i1EYl6wGnKg5iOlIgEo2gl3627jatBtWb/Bchf4hWkBgVag+pnf5iwLOYKmaTG9Dw3xSCnGgWTfFbpZ4anlE3oiPcsVTTmJsgXy87ImVWGJEq0fQrJQv3ZkdPYmGkc2sqY4tisenPxP6+XYXQd5EKlGXLFloOiTBJMyPxyMhSaM5RTSyjTwu5K2JhqytDmU7EheKsn/yXti7rn1r37y1rzpoijDCdwCufgQQOacAct8IGBgCd4gVdHOc/Om/O+LC05Rc8x/ILz8Q1A3I2m</latexit><latexit sha1_base64="mYZWl9izZuzGugzbItR432OAjnk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqceiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDVh8s+3hvhpl5YSqFQdf9ckpr6xubW+Xtys7u3v5B9fCobZJMM+6zRCa6G1LDpVDcR4GSd1PNaRxK3gknt3O/88i1EYl6wGnKg5iOlIgEo2gl3627jatBtWb/Bchf4hWkBgVag+pnf5iwLOYKmaTG9Dw3xSCnGgWTfFbpZ4anlE3oiPcsVTTmJsgXy87ImVWGJEq0fQrJQv3ZkdPYmGkc2sqY4tisenPxP6+XYXQd5EKlGXLFloOiTBJMyPxyMhSaM5RTSyjTwu5K2JhqytDmU7EheKsn/yXti7rn1r37y1rzpoijDCdwCufgQQOacAct8IGBgCd4gVdHOc/Om/O+LC05Rc8x/ILz8Q1A3I2m</latexit><latexit sha1_base64="mYZWl9izZuzGugzbItR432OAjnk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqceiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDVh8s+3hvhpl5YSqFQdf9ckpr6xubW+Xtys7u3v5B9fCobZJMM+6zRCa6G1LDpVDcR4GSd1PNaRxK3gknt3O/88i1EYl6wGnKg5iOlIgEo2gl3627jatBtWb/Bchf4hWkBgVag+pnf5iwLOYKmaTG9Dw3xSCnGgWTfFbpZ4anlE3oiPcsVTTmJsgXy87ImVWGJEq0fQrJQv3ZkdPYmGkc2sqY4tisenPxP6+XYXQd5EKlGXLFloOiTBJMyPxyMhSaM5RTSyjTwu5K2JhqytDmU7EheKsn/yXti7rn1r37y1rzpoijDCdwCufgQQOacAct8IGBgCd4gVdHOc/Om/O+LC05Rc8x/ILz8Q1A3I2m</latexit><latexit sha1_base64="mYZWl9izZuzGugzbItR432OAjnk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqceiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDVh8s+3hvhpl5YSqFQdf9ckpr6xubW+Xtys7u3v5B9fCobZJMM+6zRCa6G1LDpVDcR4GSd1PNaRxK3gknt3O/88i1EYl6wGnKg5iOlIgEo2gl3627jatBtWb/Bchf4hWkBgVag+pnf5iwLOYKmaTG9Dw3xSCnGgWTfFbpZ4anlE3oiPcsVTTmJsgXy87ImVWGJEq0fQrJQv3ZkdPYmGkc2sqY4tisenPxP6+XYXQd5EKlGXLFloOiTBJMyPxyMhSaM5RTSyjTwu5K2JhqytDmU7EheKsn/yXti7rn1r37y1rzpoijDCdwCufgQQOacAct8IGBgCd4gVdHOc/Om/O+LC05Rc8x/ILz8Q1A3I2m</latexit>

0.24
<latexit sha1_base64="8JvkA9lwVT/BAWz8PKE1r2vnJUs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hKoR6LXjxWsB/QhrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzwoQzbTzv2yltbe/s7pX3KweHR8cn1dOzro5TRWiHxDxW/RBrypmkHcMMp/1EUSxCTnvh7C73e09UaRbLRzNPaCDwRLKIEWxyyXPrjVG15rneEmiT+AWpQYH2qPo1HMckFVQawrHWA99LTJBhZRjhdFEZppommMzwhA4slVhQHWTLWxfoyipjFMXKljRoqf6eyLDQei5C2ymwmep1Lxf/8wapiW6CjMkkNVSS1aIo5cjEKH8cjZmixPC5JZgoZm9FZIoVJsbGU7Eh+Osvb5Ju3fU9139o1Fq3RRxluIBLuAYfmtCCe2hDBwhM4Rle4c0Rzovz7nysWktOMXMOf+B8/gDJSI1m</latexit><latexit sha1_base64="8JvkA9lwVT/BAWz8PKE1r2vnJUs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hKoR6LXjxWsB/QhrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzwoQzbTzv2yltbe/s7pX3KweHR8cn1dOzro5TRWiHxDxW/RBrypmkHcMMp/1EUSxCTnvh7C73e09UaRbLRzNPaCDwRLKIEWxyyXPrjVG15rneEmiT+AWpQYH2qPo1HMckFVQawrHWA99LTJBhZRjhdFEZppommMzwhA4slVhQHWTLWxfoyipjFMXKljRoqf6eyLDQei5C2ymwmep1Lxf/8wapiW6CjMkkNVSS1aIo5cjEKH8cjZmixPC5JZgoZm9FZIoVJsbGU7Eh+Osvb5Ju3fU9139o1Fq3RRxluIBLuAYfmtCCe2hDBwhM4Rle4c0Rzovz7nysWktOMXMOf+B8/gDJSI1m</latexit><latexit sha1_base64="8JvkA9lwVT/BAWz8PKE1r2vnJUs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hKoR6LXjxWsB/QhrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzwoQzbTzv2yltbe/s7pX3KweHR8cn1dOzro5TRWiHxDxW/RBrypmkHcMMp/1EUSxCTnvh7C73e09UaRbLRzNPaCDwRLKIEWxyyXPrjVG15rneEmiT+AWpQYH2qPo1HMckFVQawrHWA99LTJBhZRjhdFEZppommMzwhA4slVhQHWTLWxfoyipjFMXKljRoqf6eyLDQei5C2ymwmep1Lxf/8wapiW6CjMkkNVSS1aIo5cjEKH8cjZmixPC5JZgoZm9FZIoVJsbGU7Eh+Osvb5Ju3fU9139o1Fq3RRxluIBLuAYfmtCCe2hDBwhM4Rle4c0Rzovz7nysWktOMXMOf+B8/gDJSI1m</latexit><latexit sha1_base64="8JvkA9lwVT/BAWz8PKE1r2vnJUs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hKoR6LXjxWsB/QhrLZbtqlu5uwuxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzwoQzbTzv2yltbe/s7pX3KweHR8cn1dOzro5TRWiHxDxW/RBrypmkHcMMp/1EUSxCTnvh7C73e09UaRbLRzNPaCDwRLKIEWxyyXPrjVG15rneEmiT+AWpQYH2qPo1HMckFVQawrHWA99LTJBhZRjhdFEZppommMzwhA4slVhQHWTLWxfoyipjFMXKljRoqf6eyLDQei5C2ymwmep1Lxf/8wapiW6CjMkkNVSS1aIo5cjEKH8cjZmixPC5JZgoZm9FZIoVJsbGU7Eh+Osvb5Ju3fU9139o1Fq3RRxluIBLuAYfmtCCe2hDBwhM4Rle4c0Rzovz7nysWktOMXMOf+B8/gDJSI1m</latexit>
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<latexit sha1_base64="kf7kWbTrOPJ8aTxldBV/KXgohXk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQY9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhurOd9o9LG5tb2Tnm3srd/cHhUPT7pmDjVlLVpLGLdC4lhgivWttwK1ks0IzIUrBtO73K/+8S04bF6tLOEBZKMFY84JTaXvLrfGFZrXt1bAK8TvyA1KNAaVr8Go5imkilLBTGm73uJDTKiLaeCzSuD1LCE0CkZs76jikhmgmxx6xxfOGWEo1i7UhYv1N8TGZHGzGToOiWxE7Pq5eJ/Xj+10U2QcZWklim6XBSlAtsY54/jEdeMWjFzhFDN3a2YTogm1Lp4Ki4Ef/XlddJp1H0X2cNVrXlbxFGGMziHS/DhGppwDy1oA4UJPMMrvCGJXtA7+li2llAxcwp/gD5/AMS7jWM=</latexit><latexit sha1_base64="kf7kWbTrOPJ8aTxldBV/KXgohXk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQY9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhurOd9o9LG5tb2Tnm3srd/cHhUPT7pmDjVlLVpLGLdC4lhgivWttwK1ks0IzIUrBtO73K/+8S04bF6tLOEBZKMFY84JTaXvLrfGFZrXt1bAK8TvyA1KNAaVr8Go5imkilLBTGm73uJDTKiLaeCzSuD1LCE0CkZs76jikhmgmxx6xxfOGWEo1i7UhYv1N8TGZHGzGToOiWxE7Pq5eJ/Xj+10U2QcZWklim6XBSlAtsY54/jEdeMWjFzhFDN3a2YTogm1Lp4Ki4Ef/XlddJp1H0X2cNVrXlbxFGGMziHS/DhGppwDy1oA4UJPMMrvCGJXtA7+li2llAxcwp/gD5/AMS7jWM=</latexit><latexit sha1_base64="kf7kWbTrOPJ8aTxldBV/KXgohXk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQY9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhurOd9o9LG5tb2Tnm3srd/cHhUPT7pmDjVlLVpLGLdC4lhgivWttwK1ks0IzIUrBtO73K/+8S04bF6tLOEBZKMFY84JTaXvLrfGFZrXt1bAK8TvyA1KNAaVr8Go5imkilLBTGm73uJDTKiLaeCzSuD1LCE0CkZs76jikhmgmxx6xxfOGWEo1i7UhYv1N8TGZHGzGToOiWxE7Pq5eJ/Xj+10U2QcZWklim6XBSlAtsY54/jEdeMWjFzhFDN3a2YTogm1Lp4Ki4Ef/XlddJp1H0X2cNVrXlbxFGGMziHS/DhGppwDy1oA4UJPMMrvCGJXtA7+li2llAxcwp/gD5/AMS7jWM=</latexit><latexit sha1_base64="kf7kWbTrOPJ8aTxldBV/KXgohXk=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqewWQY9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5BWx8MPN6bYWZemAhurOd9o9LG5tb2Tnm3srd/cHhUPT7pmDjVlLVpLGLdC4lhgivWttwK1ks0IzIUrBtO73K/+8S04bF6tLOEBZKMFY84JTaXvLrfGFZrXt1bAK8TvyA1KNAaVr8Go5imkilLBTGm73uJDTKiLaeCzSuD1LCE0CkZs76jikhmgmxx6xxfOGWEo1i7UhYv1N8TGZHGzGToOiWxE7Pq5eJ/Xj+10U2QcZWklim6XBSlAtsY54/jEdeMWjFzhFDN3a2YTogm1Lp4Ki4Ef/XlddJp1H0X2cNVrXlbxFGGMziHS/DhGppwDy1oA4UJPMMrvCGJXtA7+li2llAxcwp/gD5/AMS7jWM=</latexit>

SPERIMENTALE

Confrontiamo i risultati numerici (una volta verificato che l’errore numerico è 
trascurabile) con i dati sperimentali. Sembra che si siamo allontani dalla soluzione 
(l’errore del modello è aumentato?)
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SBAGLIATO GIUSTO

VERIFICA (Parte 2)
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E’ interessante notare come l’utilizzo di una discretizzazione temporale troppo 
larga porti a un errore di fase, che si manifesta come una falsa isteresi.

QUESTE FIGURE SONO INCOMPLETE!



SBAGLIATO GIUSTO

VERIFICA (Parte 2)
E’ interessante notare come l’utilizzo di una discretizzazione temporale troppo 
larga porti a un errore di fase, che si manifesta come una falsa isteresi.

ERRORE E INCERTEZZA TRASCURABILIERRORE E INCERTEZZA CONSIDEREVOLI 
(MAGGIORI DI CIO’ CHE STIAMO VALUTANDO)
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<latexit sha1_base64="+cS/BWlzk7tDh1+hCoUrt5/id2A=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARBKEkIuhGKLpxWcFeoA1hMpm0QyeTMHMilNCtG1/FjQtF3PoG7nwbp20Qbf1h4OM/53Dm/EEquAbH+bJKS8srq2vl9crG5tb2jr2719JJpihr0kQkqhMQzQSXrAkcBOukipE4EKwdDK8n9fY9U5on8g5GKfNi0pc84pSAsXwb90ImgPj6soBcy/HJD8dj3646NWcqvAhuAVVUqOHbn70woVnMJFBBtO66TgpeThRwKti40ss0Swkdkj7rGpQkZtrLp5eM8ZFxQhwlyjwJeOr+nshJrPUoDkxnTGCg52sT879aN4Powsu5TDNgks4WRZnAkOBJLDjkilEQIwOEKm7+iumAKELBhFcxIbjzJy9C67TmOjX39qxavyriKKMDdIiOkYvOUR3doAZqIooe0BN6Qa/Wo/VsvVnvs9aSVczsoz+yPr4BZeeaxg==</latexit><latexit sha1_base64="+cS/BWlzk7tDh1+hCoUrt5/id2A=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARBKEkIuhGKLpxWcFeoA1hMpm0QyeTMHMilNCtG1/FjQtF3PoG7nwbp20Qbf1h4OM/53Dm/EEquAbH+bJKS8srq2vl9crG5tb2jr2719JJpihr0kQkqhMQzQSXrAkcBOukipE4EKwdDK8n9fY9U5on8g5GKfNi0pc84pSAsXwb90ImgPj6soBcy/HJD8dj3646NWcqvAhuAVVUqOHbn70woVnMJFBBtO66TgpeThRwKti40ss0Swkdkj7rGpQkZtrLp5eM8ZFxQhwlyjwJeOr+nshJrPUoDkxnTGCg52sT879aN4Powsu5TDNgks4WRZnAkOBJLDjkilEQIwOEKm7+iumAKELBhFcxIbjzJy9C67TmOjX39qxavyriKKMDdIiOkYvOUR3doAZqIooe0BN6Qa/Wo/VsvVnvs9aSVczsoz+yPr4BZeeaxg==</latexit><latexit sha1_base64="+cS/BWlzk7tDh1+hCoUrt5/id2A=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARBKEkIuhGKLpxWcFeoA1hMpm0QyeTMHMilNCtG1/FjQtF3PoG7nwbp20Qbf1h4OM/53Dm/EEquAbH+bJKS8srq2vl9crG5tb2jr2719JJpihr0kQkqhMQzQSXrAkcBOukipE4EKwdDK8n9fY9U5on8g5GKfNi0pc84pSAsXwb90ImgPj6soBcy/HJD8dj3646NWcqvAhuAVVUqOHbn70woVnMJFBBtO66TgpeThRwKti40ss0Swkdkj7rGpQkZtrLp5eM8ZFxQhwlyjwJeOr+nshJrPUoDkxnTGCg52sT879aN4Powsu5TDNgks4WRZnAkOBJLDjkilEQIwOEKm7+iumAKELBhFcxIbjzJy9C67TmOjX39qxavyriKKMDdIiOkYvOUR3doAZqIooe0BN6Qa/Wo/VsvVnvs9aSVczsoz+yPr4BZeeaxg==</latexit><latexit sha1_base64="+cS/BWlzk7tDh1+hCoUrt5/id2A=">AAACCXicbZDLSsNAFIYn9VbrLerSzWARBKEkIuhGKLpxWcFeoA1hMpm0QyeTMHMilNCtG1/FjQtF3PoG7nwbp20Qbf1h4OM/53Dm/EEquAbH+bJKS8srq2vl9crG5tb2jr2719JJpihr0kQkqhMQzQSXrAkcBOukipE4EKwdDK8n9fY9U5on8g5GKfNi0pc84pSAsXwb90ImgPj6soBcy/HJD8dj3646NWcqvAhuAVVUqOHbn70woVnMJFBBtO66TgpeThRwKti40ss0Swkdkj7rGpQkZtrLp5eM8ZFxQhwlyjwJeOr+nshJrPUoDkxnTGCg52sT879aN4Powsu5TDNgks4WRZnAkOBJLDjkilEQIwOEKm7+iumAKELBhFcxIbjzJy9C67TmOjX39qxavyriKKMDdIiOkYvOUR3doAZqIooe0BN6Qa/Wo/VsvVnvs9aSVczsoz+yPr4BZeeaxg==</latexit>

ERRORE  
GLOBALE

ERRORE  
NUMERICO

ERRORE  
MODELLO

Abbiamo valutato e contenuto l’errore numerico, ma l’errore del modello? 

In altri articoli, l’errore globale era limitato, ma non sappiamo (dubitiamo?) se sia stato 
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figure tratte da:Fig. 2. Outline of test equipment.

Fig. 3. Monoplane Wells turbine rotor.

Table 1
Turbine models

Number of plane, N 1,2
Blade profile NACA0020
Number of blades, z 6
Blade chord length, l 90 mm
Solidity at mean radius, rR 0.67
Aspect ratio, AR 0.5
Hub-to-tip ratio, h 0.7
Tip clearance, TC 1 mm
Blade sweep ratio, f 0.35
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Geometria e condizioni al contorno sono diverse.

calculation for attack angle !R!0 deg were used as the initial
condition, which corresponded to the experimental condition. The
nondimensional distance of the first grid point from the blade
surface was less than 5.0 based on the friction velocity and the
kinematic viscosity of air.

Numerical Results
Figure 4 shows the experimental, "2#, and calculated results of

hysteretic behaviors of the total pressure coefficient CA and the
torque coefficient CT against the attack angle !R in one-half pe-
riod of the sinusoidal flow. Figure 4$a% shows the experimental
and calculated values of CA , and Fig. 4$b%the experimental and
calculated values of CT . These coefficients are defined as follows:

CA!&P0Q/$ϱ$va
2"UR

2%zblva/2% (1)

CT!T/$'$va
2"UR

2%zblrR/2% (2)

!R!tan#1$va /UR% (3)

where &P0 denotes the total pressure drop across the rotor, Q air
flow rate, ' density of air, va axial velocity, UR circumferential

velocity at midspan, z number of blades, b span of the blade, T
torque of the rotor, rR radius at midspan, and !R attack angle.
The attack angle varies between 0 deg and its maximum value

in phase with the oscillating flow. In the course of the cycle the
experimental CA value $broken line%during acceleration of axial
velocity $increasing !R), is lower than that during deceleration
$decreasing !R), and then a counterclockwise hysteretic loop ap-
pears as shown in Fig. 4$a%. As is evident from Fig. 4$b%, a similar
hysteretic loop is also observed in the experimental value of the
torque coefficient CT . If the hysteretic behavior was caused by
the dynamic stall of blade, a clockwise hysteretic loop would be
seen, "5–8#. Therefore, the mechanism of hysteretic behavior of
the Wells turbine should be different from the mechanism of the
dynamic stall.
As for the agreement of the calculated values with the experi-

mental data in Fig. 4, good agreement is obtained, although the
calculated values are a little smaller than the experimental data for
both CA and CT . Maximum values of the calculated results of CA
and CT agree well with the experiment quantitatively. As for the
grid dependency of CA , CA values for finer grids are a little $0.1
of CA in the maximum case%larger than the values for the objec-
tive grids in the accelerating flow, but the maximum CA value and
the CA values in the decelerating flow for finer grids is almost the
same as the CA values for the objective grids. The grid depen-
dency of CT is similar to the one of CA . The calculation of the
objective grids can qualitatively simulate the hysteretic phenom-
enon of the Wells turbine in spite of comparably small numbers of
grid points in the tip clearance. In the following description, the
mechanism of the hysteretic characteristics of the Wells turbine is
considered through the examination of the calculated flow fields.
Figure 5 shows the circumferential velocity contours at mid

span, where the numbers at the centerline are the attack angle !R ,
and the air flows left to right. For !R!6(15 deg, the contour
lines near the suction surface of the blade are denser than the ones
near the pressure surface, which means that the boundary layer
along the suction surface is thicker than the one along the pressure
surface. Comparing the figures in the decelerating flow with the
ones in the accelerating flow for !R!6 or 12 deg, the boundary
layer along the suction side surface in the accelerating flow is
thicker. In each figure, the region where the contour lines are
dense exists in the area from the upstream side of the periodic
boundary to a location a little distant from the suction surface of
the blade, which is considered the wake formed by the front side
blade in the rotational direction. The thickness of the wake in the
accelerating flow is larger than that in the decelerating flow for
!R!6 deg.
Figure 6 shows the streamlines near the suction surface starting

from the leading edge of the blade. For !R!6 deg, the flow near
the hub surface separates more upstream than the flow near the tip
side in the accelerating flow. This region of separation cannot be
seen for !R!6 deg in the decelerating flow. In addition, some of

Fig. 1 Schematic view for OWC device

Table 1 Turbine models

Blade Profile NACA0020
Number of blades z 6
Blade chord length l 90 mm
Solidity at tip ) t 0.57
Aspect ratio AR 0.5
Tip radius Rt 149 mm

Tip clearance TC 1 mm
Setting angle * 0 deg

Fig. 2 Computational domain

Fig. 3 Perspective view of grids
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Consideriamo le semplificazioni introdotte nella determinazione del modello  
matematico:

�Nell’esperimento      era valutato sulla base del moto del pistone, nel 
CFD era imposto come condizione al contorno. 
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values for the time step, keeping the number of subiterations fixed
and equal to 20. The inlet velocity has been varied using a sinusoi-
dal law to obtain the same flow coefficient that would have been
caused by the motion of the piston and neglecting compressibility
effects in the OWC system, i.e., only considering piston speed and
area ratio.

The simulations, initialized with the flow field provided by the
steady solution at / ¼ 0, have been run for half a period (corre-
sponding to the outflow phase). The rotational speed has been set
to 2500 rpm and the period of the inlet velocity sinusoidal law
was 6 s, as in the experiments, for a nondimensional frequency
!f ¼ 3:8" 10#4.

Figure 5 highlights the importance of a correct choice of the
time step in transient simulations. It can be noticed how, provided
that the time step is selected appropriately, these simulations do
not show any hysteresis between acceleration and deceleration
phases and that there is no difference between the performance
predictions obtained with steady or transient simulations at the
nondimensional frequency under investigation, i.e., dynamic
effects are negligible.

The results from Setoguchi et al. [17] and Kinoue et al. [18,19]
(obtained using the same geometry and a coarser computational
grid) present a hysteresis that has not been found in these simula-
tions. Important details such as grid dimensions and time step size
used are missing. Furthermore, the results are obtained using an
LES approach with a mesh that appears not sufficiently refined for
this method. Tyacke and Tucker [35] present a detailed review of
the current state-of-the art of LES simulations and best practices

for a correct use, including meshing requirements. The mesh used
in Refs. [17– 19] is well below the grid requirements for an LES
and can produce a false laminarization of the flow, caused by the
failure of the mesh to resolve enough turbulent structures (the per-
centage of resolved turbulent kinetic energy, that in an LES
should be at least of the order of 80% of the total [36], is not
reported by the authors). In the presence of a similar Reynolds

Fig. 2 Computational domain, full geometry

Fig. 3 Computational mesh for the moving reference frame: (a) blade and hub surface
mesh and (b) close-up view of the hub

Fig. 4 Steady simulations (six-blade configuration, rt 5 0.57)
Fig. 5 Influence of time step size in transient simulations: (a)
Dt 5 2 3 1022 s, (b) Dt 5 5 3 1023 s, and (c) Dt 5 1.25 3 10–3 s
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In this work, it is shown that the real cause of the hysteresis is likely to
be found in a different phenomenon, neglected in previous experimental and
numerical analyses: the phase difference between piston movement and mass-
flow in the turbine duct, caused the capacitive behavior of the large OWC
chamber. A lumped parameter model of the system is used to estimate this
phase delay, and the results are compared to the experimental analysis that
first reported the hysteresis under consideration. It is shown that the OWC
system hysteresis completely explains the experimental results and that the
aerodynamic hysteresis is likely to be at least one order of magnitude lower
than the OWC hysteresis, hence negligible.
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*Table 1: Geometrical and operating data for Setoguchi’s experiments [65]
chamber diameter [m] 1.4
rotor tip diameter [mm] 300
rotor hub diameter [mm] 210
tip clearance [mm] 1
chord length c [mm] 90
sweep ratio [-] 0.417
number of blades [-] 6
blade profile NACA0020
solidity at tip radius σ [-] 0.57
rotational speed [rpm] 2500
operating frequency f [s−1] 1/6
Reynolds number Re [-] 2× 105

Mach number M [-] 0.1
turbine non-dimensional frequency k [-] 0.0014
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Figure 3: Computational domain for Wells turbine simulations

(a) Blade and hub surface mesh

(b) Close-up view of the hub

Figure 4: Details of the computational mesh for Wells turbine simulations

6 Results

6.1 Part I: Isolated Airfoil

The drag coefficient cd and the non-dimensional entropy generation rate KṠG

for the NACA0012 profile are presented in Figure 5, as a function of the inci-14
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MODELLO MATEMATICO
Prendiamo in considerazione un modello più vicino alla realtà:



values for the time step, keeping the number of subiterations fixed
and equal to 20. The inlet velocity has been varied using a sinusoi-
dal law to obtain the same flow coefficient that would have been
caused by the motion of the piston and neglecting compressibility
effects in the OWC system, i.e., only considering piston speed and
area ratio.

The simulations, initialized with the flow field provided by the
steady solution at / ¼ 0, have been run for half a period (corre-
sponding to the outflow phase). The rotational speed has been set
to 2500 rpm and the period of the inlet velocity sinusoidal law
was 6 s, as in the experiments, for a nondimensional frequency
!f ¼ 3:8" 10#4.

Figure 5 highlights the importance of a correct choice of the
time step in transient simulations. It can be noticed how, provided
that the time step is selected appropriately, these simulations do
not show any hysteresis between acceleration and deceleration
phases and that there is no difference between the performance
predictions obtained with steady or transient simulations at the
nondimensional frequency under investigation, i.e., dynamic
effects are negligible.

The results from Setoguchi et al. [17] and Kinoue et al. [18,19]
(obtained using the same geometry and a coarser computational
grid) present a hysteresis that has not been found in these simula-
tions. Important details such as grid dimensions and time step size
used are missing. Furthermore, the results are obtained using an
LES approach with a mesh that appears not sufficiently refined for
this method. Tyacke and Tucker [35] present a detailed review of
the current state-of-the art of LES simulations and best practices

for a correct use, including meshing requirements. The mesh used
in Refs. [17– 19] is well below the grid requirements for an LES
and can produce a false laminarization of the flow, caused by the
failure of the mesh to resolve enough turbulent structures (the per-
centage of resolved turbulent kinetic energy, that in an LES
should be at least of the order of 80% of the total [36], is not
reported by the authors). In the presence of a similar Reynolds

Fig. 2 Computational domain, full geometry

Fig. 3 Computational mesh for the moving reference frame: (a) blade and hub surface
mesh and (b) close-up view of the hub

Fig. 4 Steady simulations (six-blade configuration, rt 5 0.57)
Fig. 5 Influence of time step size in transient simulations: (a)
Dt 5 2 3 1022 s, (b) Dt 5 5 3 1023 s, and (c) Dt 5 1.25 3 10–3 s
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values for the time step, keeping the number of subiterations fixed
and equal to 20. The inlet velocity has been varied using a sinusoi-
dal law to obtain the same flow coefficient that would have been
caused by the motion of the piston and neglecting compressibility
effects in the OWC system, i.e., only considering piston speed and
area ratio.

The simulations, initialized with the flow field provided by the
steady solution at / ¼ 0, have been run for half a period (corre-
sponding to the outflow phase). The rotational speed has been set
to 2500 rpm and the period of the inlet velocity sinusoidal law
was 6 s, as in the experiments, for a nondimensional frequency
!f ¼ 3:8" 10#4.

Figure 5 highlights the importance of a correct choice of the
time step in transient simulations. It can be noticed how, provided
that the time step is selected appropriately, these simulations do
not show any hysteresis between acceleration and deceleration
phases and that there is no difference between the performance
predictions obtained with steady or transient simulations at the
nondimensional frequency under investigation, i.e., dynamic
effects are negligible.

The results from Setoguchi et al. [17] and Kinoue et al. [18,19]
(obtained using the same geometry and a coarser computational
grid) present a hysteresis that has not been found in these simula-
tions. Important details such as grid dimensions and time step size
used are missing. Furthermore, the results are obtained using an
LES approach with a mesh that appears not sufficiently refined for
this method. Tyacke and Tucker [35] present a detailed review of
the current state-of-the art of LES simulations and best practices

for a correct use, including meshing requirements. The mesh used
in Refs. [17– 19] is well below the grid requirements for an LES
and can produce a false laminarization of the flow, caused by the
failure of the mesh to resolve enough turbulent structures (the per-
centage of resolved turbulent kinetic energy, that in an LES
should be at least of the order of 80% of the total [36], is not
reported by the authors). In the presence of a similar Reynolds

Fig. 2 Computational domain, full geometry

Fig. 3 Computational mesh for the moving reference frame: (a) blade and hub surface
mesh and (b) close-up view of the hub

Fig. 4 Steady simulations (six-blade configuration, rt 5 0.57)
Fig. 5 Influence of time step size in transient simulations: (a)
Dt 5 2 3 1022 s, (b) Dt 5 5 3 1023 s, and (c) Dt 5 1.25 3 10–3 s
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(Non senza prima VERIFICARE  
i risultati numerici …)



number, Im et al. [37] used about 8 million cells to perform an
LES of the flow around a 0.15 aspect ratio wing (the aspect ratio
of the blade under investigation is 0.5). The hypothesis of the use
of a not sufficiently refined mesh in the works of Setoguchi et al.
[17] and Kinoue et al. [18,19] is also supported by the absence in
the present work of the vortical structures and early flow separa-
tion shown in Refs. [17– 19].

3.2 Realistic Geometry

3.2.1 Six-Blade Turbine (rt¼ 0.57). Having verified that a
simulation with a domain encompassing only the turbine duct
does not produce significant differences in performance between
acceleration and deceleration phases (i.e., that the Wells turbine
does not produce a hysteresis at the nondimensional frequencies
and Reynolds number studied in the work of Setoguchi et al. [8]),
the natural progression of this work is to verify whether the hys-
teresis is caused by a different phenomenon.

The simulations with the realistic geometry (Fig. 2) have been
run for three piston periods to verify that periodically stable
results had been obtained. A time step of 5" 10#4 s has been
used. Figure 6 compares the nondimensional coefficients of torque
and static pressure drop, obtained by numerical simulations, with
the experimental data of Ref. [8], for the six-blade Wells turbine
with NACA0020 profiles (corresponding to a solidity r¼ 0.57).
The flow coefficient / is calculated from piston velocity and sys-
tem geometry (Eq. (2)), assuming the flow at inlet to the turbine to
be axial and neglecting compressibility effects. The experimental
data of Ref. [8] (shown in Fig. 6) are available only during out-
flow, while numerical results are available both for inflow (nega-
tive flow coefficient) and outflow (positive flow coefficient). The
hysteresis of the real OWC system is evident and is correctly
reproduced by the numerical simulations, with some small dis-
crepancy at low / where experimental values of torque show
some wiggles that can be caused by the uncertainty in the experi-
mental data, higher than the one present for pressure measure-
ments, as already commented by the authors [8].

In order to enforce the previous hypothesis, i.e., that the hyster-
esis is not generated by different blade aerodynamics during
acceleration and deceleration, performance should be correlated
to flow characteristics in the proximity of the blade. Torque and
pressure drop across the rotor have been nondimensionalized as in
Eq. (3), with local values of (tangentially averaged) relative veloc-
ity evaluated 0.5c upstream of the rotor rather than with blade tip
speed as in Eq. (1), and plotted as a function of a local flow coeffi-
cient /l, calculated at midradius. The results, reported in Fig. 7,
do not show significant differences between performance during
acceleration and deceleration, enforcing the hypothesis that the
hysteresis described in the experimental work of Setoguchi et al.
[8] may not be an aerodynamic hysteresis of the Wells turbine but
rather a hysteresis of the whole OWC system.

T$$ ¼ T

qW2
t r3

tip

; P$$ ¼ DP

qW2
t

; /l ¼
Wa

Wt
(3)

Figure 8 reports the local flow coefficient at midradius (calcu-
lated based on the flow velocity upstream of the blade) as a func-
tion of the global flow coefficient (calculated as a function of
piston speed and area ratio as in the works of Setoguchi et al.
[8,17] and Kinoue et al. [18,19]). Compressibility effects in the
OWC system produce a delay between piston velocity and flow
conditions upstream of the blade that is at the origin of the hyste-
retic behavior analyzed in Ref. [8].

Given that the hysteresis is not noticeable when performance is
reported as a function of local flow parameters, it is important to
verify the flow behavior near the rotor and the presence of the
flow separations and vortical structures highlighted in Refs.
[17– 19]. Figure 9 shows the difference in the radial distributions
of axial flow velocity upstream of the turbine rotor between accel-
eration and deceleration, during outflow, for two values of the
(global) flow coefficient based on piston velocity. At / ¼ 0:09
(corresponding to a theoretical incidence angle of 6 deg at mid-
span), the mass-flow entering the rotor is 14.4% lower during
acceleration and 10.6% larger during deceleration with respect to
the one calculated with piston velocity and cross section ratio,
neglecting compressibility effects. At / ¼ 0:18 (midspan theoreti-
cal incidence angle of 12 deg), the mass flow is, respectively,
6.3% lower and 4.7% larger. Comparing the turbine performance
for equal piston speeds during acceleration and deceleration leads
to a significant error, caused by compressibility effects in the
OWC system that originate different flow conditions at rotor inlet
during the two phases.

Figure 10 compares the axial velocity distributions for equal
mass flows entering the rotor during acceleration and deceleration
(for the conditions during acceleration already used in Fig. 9). The
velocity profiles are in good agreement: only comparing the per-
formance of the turbine under equal inlet conditions ensures other
effects due to the presence of the OWC system to be filtered out,
thus focusing the attention on the (eventual) real hysteresis of the
turbine.

Figure 11 shows a comparison of the pressure coefficient distri-
butions at midspan during acceleration and deceleration. On the
left side, pressure coefficients are compared for equal values of
the (global) flow coefficient / (the same values analyzed in
Fig. 9): the different axial velocity determines a different inci-
dence that is the cause of the different pressure coefficient distri-
bution and, therefore, of the different force coefficients seen in
Fig. 6. Similar results had been reported in the experimental work
of Setoguchi et al. [8] and in the numerical work of Setoguchi
et al. and Kinoue et al. [17– 19], who attributed them to distinct
blade aerodynamics caused by dynamic effects. On the right side
of Fig. 11, pressure coefficient distributions are compared for
equal values of mass flow through the rotor (this corresponds
approximately to equal local flow coefficients, as shown in
Fig. 10). The difference in pressure distribution between accelera-
tion and deceleration has vanished.

Figure 12 compares relative velocity contours around the blade
for the two values of the local flow coefficient /l, at three radial
positions. The differences are minimal and not sufficient to
produce appreciable variations in the pressure coefficient

Fig. 6 Comparison between experimental and computational results (six-blade turbine,
rt 5 0.57)
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values for the time step, keeping the number of subiterations fixed
and equal to 20. The inlet velocity has been varied using a sinusoi-
dal law to obtain the same flow coefficient that would have been
caused by the motion of the piston and neglecting compressibility
effects in the OWC system, i.e., only considering piston speed and
area ratio.

The simulations, initialized with the flow field provided by the
steady solution at / ¼ 0, have been run for half a period (corre-
sponding to the outflow phase). The rotational speed has been set
to 2500 rpm and the period of the inlet velocity sinusoidal law
was 6 s, as in the experiments, for a nondimensional frequency
!f ¼ 3:8" 10#4.

Figure 5 highlights the importance of a correct choice of the
time step in transient simulations. It can be noticed how, provided
that the time step is selected appropriately, these simulations do
not show any hysteresis between acceleration and deceleration
phases and that there is no difference between the performance
predictions obtained with steady or transient simulations at the
nondimensional frequency under investigation, i.e., dynamic
effects are negligible.

The results from Setoguchi et al. [17] and Kinoue et al. [18,19]
(obtained using the same geometry and a coarser computational
grid) present a hysteresis that has not been found in these simula-
tions. Important details such as grid dimensions and time step size
used are missing. Furthermore, the results are obtained using an
LES approach with a mesh that appears not sufficiently refined for
this method. Tyacke and Tucker [35] present a detailed review of
the current state-of-the art of LES simulations and best practices

for a correct use, including meshing requirements. The mesh used
in Refs. [17– 19] is well below the grid requirements for an LES
and can produce a false laminarization of the flow, caused by the
failure of the mesh to resolve enough turbulent structures (the per-
centage of resolved turbulent kinetic energy, that in an LES
should be at least of the order of 80% of the total [36], is not
reported by the authors). In the presence of a similar Reynolds

Fig. 2 Computational domain, full geometry

Fig. 3 Computational mesh for the moving reference frame: (a) blade and hub surface
mesh and (b) close-up view of the hub

Fig. 4 Steady simulations (six-blade configuration, rt 5 0.57)
Fig. 5 Influence of time step size in transient simulations: (a)
Dt 5 2 3 1022 s, (b) Dt 5 5 3 1023 s, and (c) Dt 5 1.25 3 10–3 s
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geometry is necessary to improve the performance and efficiency of the machine.
An experimental device has been designed and built to simulate OWC systems in the Department

of Mechanical, Chemical and Materials Engineering (DIMCM) at the University of Cagliari. Paderi

and Puddu (2013) and Puddu et al. (2014) presented the experimental results for a high-solidity low
aspect-ratio Wells turbine equipped with NACA0015 profile blades submitted to an unsteady and

bi-directional flow, recontructing in detail the istantaneous flow upstream and downstream of the
rotor. In this work, the authors compare these results with the numerical predictions obtained with
a commercial CFD software (ANSYS Fluent), with particular attention to flow behavior, hysteresis

between acceleration and deceleration phases and differences between intake and exhaust strokes due
to the non-symmetrical configuration of the machine.

EXPERIMENTAL SET-UP AND INSTRUMENTATION

The experimental apparatus in use consists of a cylindrical chamber (1m diameter) with a piston

moved by a hydraulic actuator reproducing the desired wave motion. A periodic bi-directional flow
is achieved through a 0.25 m diameter Wells turbine as in a real OWC plant. The turbine shaft is
connected to an asynchronous generator equipped with inverter and feedback encoder that allows to

control the rotational speed. The maximum power generated by the turbine is in the order of 240
W. Geometrical parameters are summarized in Table 1. Figure 1 reports a global schematic of the

machine, a more detailed view of the turbine, and a skecth of the velocity triangles during outflow and
inflow phases. Experimental set-up and detailed analysis of the investigations are reported in Paderi
and Puddu (2013); Puddu et al. (2014). A single non-dimensional piston frequency has been analyzed

(f = f/(ωrtc) = 0.065).

Table 1: Wells turbine data

Airfoil NACA 0015 Blade Number 14
Rotor Tip Diameter 250 mm Solidity at Tip Radius 0.642

Rotor Hub Diameter 190 mm Sweep Ratio 0.417 (15/36)
Chord Length 36 mm Rotational Speed 3600 rpm
Tip Clearance 1 mm Piston Period 9 s

While performance of Wells turbine depend on the combined effect of lift and drag, they are uually
represented in terms of non-dimensional static pressure difference P ∗ and torque T ∗ as a function of
flow coefficient φ

T ∗ =
T

ρω2r5t
P ∗ =

∆P

ρω2r2t
φ =

Va

ωrt
(1)

where ∆P is the pressure difference across the rotor, ρ is the flow density, ω the machine’s rotational
speed, rt the tip radius, T the torque and Va the axial velocity upstream of the rotor.

The set-up was equipped with different sensors to measure the unsteady values of the turbine
angular speed, torque, piston position and wall static pressure near the rotor. Besides the global
parameters of the turbine, also the flow field near the rotor was studied. A split-fiber film anemometer

was positioned alternatively upstream and downstream of the turbine, at the mean turbine radius, to
measure the 2D characteristic of the flow. The anemometer was differently oriented during air inflow

and outflow phases with a motorized positioning system. Data acquisition was performed for at least
one piston stroke, using a high speed multichannel DAQ-board. The data were processed using phase
locked ensemble averaging technique.
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number, Im et al. [37] used about 8 million cells to perform an
LES of the flow around a 0.15 aspect ratio wing (the aspect ratio
of the blade under investigation is 0.5). The hypothesis of the use
of a not sufficiently refined mesh in the works of Setoguchi et al.
[17] and Kinoue et al. [18,19] is also supported by the absence in
the present work of the vortical structures and early flow separa-
tion shown in Refs. [17– 19].

3.2 Realistic Geometry

3.2.1 Six-Blade Turbine (rt¼ 0.57). Having verified that a
simulation with a domain encompassing only the turbine duct
does not produce significant differences in performance between
acceleration and deceleration phases (i.e., that the Wells turbine
does not produce a hysteresis at the nondimensional frequencies
and Reynolds number studied in the work of Setoguchi et al. [8]),
the natural progression of this work is to verify whether the hys-
teresis is caused by a different phenomenon.

The simulations with the realistic geometry (Fig. 2) have been
run for three piston periods to verify that periodically stable
results had been obtained. A time step of 5" 10#4 s has been
used. Figure 6 compares the nondimensional coefficients of torque
and static pressure drop, obtained by numerical simulations, with
the experimental data of Ref. [8], for the six-blade Wells turbine
with NACA0020 profiles (corresponding to a solidity r¼ 0.57).
The flow coefficient / is calculated from piston velocity and sys-
tem geometry (Eq. (2)), assuming the flow at inlet to the turbine to
be axial and neglecting compressibility effects. The experimental
data of Ref. [8] (shown in Fig. 6) are available only during out-
flow, while numerical results are available both for inflow (nega-
tive flow coefficient) and outflow (positive flow coefficient). The
hysteresis of the real OWC system is evident and is correctly
reproduced by the numerical simulations, with some small dis-
crepancy at low / where experimental values of torque show
some wiggles that can be caused by the uncertainty in the experi-
mental data, higher than the one present for pressure measure-
ments, as already commented by the authors [8].

In order to enforce the previous hypothesis, i.e., that the hyster-
esis is not generated by different blade aerodynamics during
acceleration and deceleration, performance should be correlated
to flow characteristics in the proximity of the blade. Torque and
pressure drop across the rotor have been nondimensionalized as in
Eq. (3), with local values of (tangentially averaged) relative veloc-
ity evaluated 0.5c upstream of the rotor rather than with blade tip
speed as in Eq. (1), and plotted as a function of a local flow coeffi-
cient /l, calculated at midradius. The results, reported in Fig. 7,
do not show significant differences between performance during
acceleration and deceleration, enforcing the hypothesis that the
hysteresis described in the experimental work of Setoguchi et al.
[8] may not be an aerodynamic hysteresis of the Wells turbine but
rather a hysteresis of the whole OWC system.

T$$ ¼ T

qW2
t r3

tip

; P$$ ¼ DP

qW2
t

; /l ¼
Wa

Wt
(3)

Figure 8 reports the local flow coefficient at midradius (calcu-
lated based on the flow velocity upstream of the blade) as a func-
tion of the global flow coefficient (calculated as a function of
piston speed and area ratio as in the works of Setoguchi et al.
[8,17] and Kinoue et al. [18,19]). Compressibility effects in the
OWC system produce a delay between piston velocity and flow
conditions upstream of the blade that is at the origin of the hyste-
retic behavior analyzed in Ref. [8].

Given that the hysteresis is not noticeable when performance is
reported as a function of local flow parameters, it is important to
verify the flow behavior near the rotor and the presence of the
flow separations and vortical structures highlighted in Refs.
[17– 19]. Figure 9 shows the difference in the radial distributions
of axial flow velocity upstream of the turbine rotor between accel-
eration and deceleration, during outflow, for two values of the
(global) flow coefficient based on piston velocity. At / ¼ 0:09
(corresponding to a theoretical incidence angle of 6 deg at mid-
span), the mass-flow entering the rotor is 14.4% lower during
acceleration and 10.6% larger during deceleration with respect to
the one calculated with piston velocity and cross section ratio,
neglecting compressibility effects. At / ¼ 0:18 (midspan theoreti-
cal incidence angle of 12 deg), the mass flow is, respectively,
6.3% lower and 4.7% larger. Comparing the turbine performance
for equal piston speeds during acceleration and deceleration leads
to a significant error, caused by compressibility effects in the
OWC system that originate different flow conditions at rotor inlet
during the two phases.

Figure 10 compares the axial velocity distributions for equal
mass flows entering the rotor during acceleration and deceleration
(for the conditions during acceleration already used in Fig. 9). The
velocity profiles are in good agreement: only comparing the per-
formance of the turbine under equal inlet conditions ensures other
effects due to the presence of the OWC system to be filtered out,
thus focusing the attention on the (eventual) real hysteresis of the
turbine.

Figure 11 shows a comparison of the pressure coefficient distri-
butions at midspan during acceleration and deceleration. On the
left side, pressure coefficients are compared for equal values of
the (global) flow coefficient / (the same values analyzed in
Fig. 9): the different axial velocity determines a different inci-
dence that is the cause of the different pressure coefficient distri-
bution and, therefore, of the different force coefficients seen in
Fig. 6. Similar results had been reported in the experimental work
of Setoguchi et al. [8] and in the numerical work of Setoguchi
et al. and Kinoue et al. [17– 19], who attributed them to distinct
blade aerodynamics caused by dynamic effects. On the right side
of Fig. 11, pressure coefficient distributions are compared for
equal values of mass flow through the rotor (this corresponds
approximately to equal local flow coefficients, as shown in
Fig. 10). The difference in pressure distribution between accelera-
tion and deceleration has vanished.

Figure 12 compares relative velocity contours around the blade
for the two values of the local flow coefficient /l, at three radial
positions. The differences are minimal and not sufficient to
produce appreciable variations in the pressure coefficient

Fig. 6 Comparison between experimental and computational results (six-blade turbine,
rt 5 0.57)
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values for the time step, keeping the number of subiterations fixed
and equal to 20. The inlet velocity has been varied using a sinusoi-
dal law to obtain the same flow coefficient that would have been
caused by the motion of the piston and neglecting compressibility
effects in the OWC system, i.e., only considering piston speed and
area ratio.

The simulations, initialized with the flow field provided by the
steady solution at / ¼ 0, have been run for half a period (corre-
sponding to the outflow phase). The rotational speed has been set
to 2500 rpm and the period of the inlet velocity sinusoidal law
was 6 s, as in the experiments, for a nondimensional frequency
!f ¼ 3:8" 10#4.

Figure 5 highlights the importance of a correct choice of the
time step in transient simulations. It can be noticed how, provided
that the time step is selected appropriately, these simulations do
not show any hysteresis between acceleration and deceleration
phases and that there is no difference between the performance
predictions obtained with steady or transient simulations at the
nondimensional frequency under investigation, i.e., dynamic
effects are negligible.

The results from Setoguchi et al. [17] and Kinoue et al. [18,19]
(obtained using the same geometry and a coarser computational
grid) present a hysteresis that has not been found in these simula-
tions. Important details such as grid dimensions and time step size
used are missing. Furthermore, the results are obtained using an
LES approach with a mesh that appears not sufficiently refined for
this method. Tyacke and Tucker [35] present a detailed review of
the current state-of-the art of LES simulations and best practices

for a correct use, including meshing requirements. The mesh used
in Refs. [17– 19] is well below the grid requirements for an LES
and can produce a false laminarization of the flow, caused by the
failure of the mesh to resolve enough turbulent structures (the per-
centage of resolved turbulent kinetic energy, that in an LES
should be at least of the order of 80% of the total [36], is not
reported by the authors). In the presence of a similar Reynolds

Fig. 2 Computational domain, full geometry

Fig. 3 Computational mesh for the moving reference frame: (a) blade and hub surface
mesh and (b) close-up view of the hub

Fig. 4 Steady simulations (six-blade configuration, rt 5 0.57)
Fig. 5 Influence of time step size in transient simulations: (a)
Dt 5 2 3 1022 s, (b) Dt 5 5 3 1023 s, and (c) Dt 5 1.25 3 10–3 s
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values for the time step, keeping the number of subiterations fixed
and equal to 20. The inlet velocity has been varied using a sinusoi-
dal law to obtain the same flow coefficient that would have been
caused by the motion of the piston and neglecting compressibility
effects in the OWC system, i.e., only considering piston speed and
area ratio.

The simulations, initialized with the flow field provided by the
steady solution at / ¼ 0, have been run for half a period (corre-
sponding to the outflow phase). The rotational speed has been set
to 2500 rpm and the period of the inlet velocity sinusoidal law
was 6 s, as in the experiments, for a nondimensional frequency
!f ¼ 3:8" 10#4.

Figure 5 highlights the importance of a correct choice of the
time step in transient simulations. It can be noticed how, provided
that the time step is selected appropriately, these simulations do
not show any hysteresis between acceleration and deceleration
phases and that there is no difference between the performance
predictions obtained with steady or transient simulations at the
nondimensional frequency under investigation, i.e., dynamic
effects are negligible.

The results from Setoguchi et al. [17] and Kinoue et al. [18,19]
(obtained using the same geometry and a coarser computational
grid) present a hysteresis that has not been found in these simula-
tions. Important details such as grid dimensions and time step size
used are missing. Furthermore, the results are obtained using an
LES approach with a mesh that appears not sufficiently refined for
this method. Tyacke and Tucker [35] present a detailed review of
the current state-of-the art of LES simulations and best practices

for a correct use, including meshing requirements. The mesh used
in Refs. [17– 19] is well below the grid requirements for an LES
and can produce a false laminarization of the flow, caused by the
failure of the mesh to resolve enough turbulent structures (the per-
centage of resolved turbulent kinetic energy, that in an LES
should be at least of the order of 80% of the total [36], is not
reported by the authors). In the presence of a similar Reynolds
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distributions or in the values of the integral forces. Interestingly,
the flow is well attached to the turbine blade over most of the
span, with the appearance of a confined corner separation near the
hub, localized near the blade trailing edge. The large areas of flow
separation presented in the numerical work of Setoguchi et al. and
Kinoue et al. [8 ,18 ,19] have not been found in this work and might
have been caused by not correctly following best practices for the
LES approach (coarse mesh, inappropriate time discretization, or
boundary conditions).

Figures 13 and 14 highlight the main secondary flow structures
present in the flow during acceleration and deceleration, at /l ¼
0:096 and /l ¼ 0:214, respectively. Tip leakage vortex and horse-
shoe vortices near the hub at either sides of the blade are evident

for both flow coefficients, and their intensity increases at
/l ¼ 0:214.

The strength of the horseshoe vortices decreases significantly
toward the trailing edge, and vortices produced by previous blades
are barely visible, while the larger intensity of the tip leakage vor-
tex makes it visible also near the following blade. The differences
between acceleration and deceleration are minimal, and they
appear to be confined to small regions: for example, the suction
side leg of the horseshoe vortex appears more pronounced during
deceleration, and this might be the cause for the differences in the

Fig. 7 Computational performance as a function of local flow variables (six-blade tur-
bine, rt 5 0.57)

Fig. 8 Local flow coefficient /l as a function of flow coefficient
/ (six-blade turbine, rt 5 0.57)

Fig. 9 Spanwise distribution of axial velocity during accelera-
tion and deceleration, for the same values of flow coefficient /,
during outflow: (a) / 5 0:09 and (b) / 5 0:18

Fig. 10 Spanwise distribution of axial velocity during accelera-
tion and deceleration, for equal inlet mass-flows, during out-
flow: (a) /l 5 0:096 and (b) /l 5 0:214

Fig. 11 Midspan pressure coefficient distributions during
acceleration and deceleration, for the same values of flow coef-
ficient / (left) and for the same values of local flow coefficient
/l (right), during outflow: (a) / 5 0:09, (b) /l 5 0:096, (c)
/ 5 0:18, and (d) /l 5 0:214
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geometry is necessary to improve the performance and efficiency of the machine.
An experimental device has been designed and built to simulate OWC systems in the Department

of Mechanical, Chemical and Materials Engineering (DIMCM) at the University of Cagliari. Paderi

and Puddu (2013) and Puddu et al. (2014) presented the experimental results for a high-solidity low
aspect-ratio Wells turbine equipped with NACA0015 profile blades submitted to an unsteady and

bi-directional flow, recontructing in detail the istantaneous flow upstream and downstream of the
rotor. In this work, the authors compare these results with the numerical predictions obtained with
a commercial CFD software (ANSYS Fluent), with particular attention to flow behavior, hysteresis

between acceleration and deceleration phases and differences between intake and exhaust strokes due
to the non-symmetrical configuration of the machine.

EXPERIMENTAL SET-UP AND INSTRUMENTATION

The experimental apparatus in use consists of a cylindrical chamber (1m diameter) with a piston

moved by a hydraulic actuator reproducing the desired wave motion. A periodic bi-directional flow
is achieved through a 0.25 m diameter Wells turbine as in a real OWC plant. The turbine shaft is
connected to an asynchronous generator equipped with inverter and feedback encoder that allows to

control the rotational speed. The maximum power generated by the turbine is in the order of 240
W. Geometrical parameters are summarized in Table 1. Figure 1 reports a global schematic of the

machine, a more detailed view of the turbine, and a skecth of the velocity triangles during outflow and
inflow phases. Experimental set-up and detailed analysis of the investigations are reported in Paderi
and Puddu (2013); Puddu et al. (2014). A single non-dimensional piston frequency has been analyzed

(f = f/(ωrtc) = 0.065).

Table 1: Wells turbine data

Airfoil NACA 0015 Blade Number 14
Rotor Tip Diameter 250 mm Solidity at Tip Radius 0.642

Rotor Hub Diameter 190 mm Sweep Ratio 0.417 (15/36)
Chord Length 36 mm Rotational Speed 3600 rpm
Tip Clearance 1 mm Piston Period 9 s

While performance of Wells turbine depend on the combined effect of lift and drag, they are uually
represented in terms of non-dimensional static pressure difference P ∗ and torque T ∗ as a function of
flow coefficient φ

T ∗ =
T

ρω2r5t
P ∗ =

∆P

ρω2r2t
φ =

Va

ωrt
(1)

where ∆P is the pressure difference across the rotor, ρ is the flow density, ω the machine’s rotational
speed, rt the tip radius, T the torque and Va the axial velocity upstream of the rotor.

The set-up was equipped with different sensors to measure the unsteady values of the turbine
angular speed, torque, piston position and wall static pressure near the rotor. Besides the global
parameters of the turbine, also the flow field near the rotor was studied. A split-fiber film anemometer

was positioned alternatively upstream and downstream of the turbine, at the mean turbine radius, to
measure the 2D characteristic of the flow. The anemometer was differently oriented during air inflow

and outflow phases with a motorized positioning system. Data acquisition was performed for at least
one piston stroke, using a high speed multichannel DAQ-board. The data were processed using phase
locked ensemble averaging technique.
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number, Im et al. [37] used about 8 million cells to perform an
LES of the flow around a 0.15 aspect ratio wing (the aspect ratio
of the blade under investigation is 0.5). The hypothesis of the use
of a not sufficiently refined mesh in the works of Setoguchi et al.
[17] and Kinoue et al. [18,19] is also supported by the absence in
the present work of the vortical structures and early flow separa-
tion shown in Refs. [17– 19].

3.2 Realistic Geometry

3.2.1 Six-Blade Turbine (rt¼ 0.57). Having verified that a
simulation with a domain encompassing only the turbine duct
does not produce significant differences in performance between
acceleration and deceleration phases (i.e., that the Wells turbine
does not produce a hysteresis at the nondimensional frequencies
and Reynolds number studied in the work of Setoguchi et al. [8]),
the natural progression of this work is to verify whether the hys-
teresis is caused by a different phenomenon.

The simulations with the realistic geometry (Fig. 2) have been
run for three piston periods to verify that periodically stable
results had been obtained. A time step of 5" 10#4 s has been
used. Figure 6 compares the nondimensional coefficients of torque
and static pressure drop, obtained by numerical simulations, with
the experimental data of Ref. [8], for the six-blade Wells turbine
with NACA0020 profiles (corresponding to a solidity r¼ 0.57).
The flow coefficient / is calculated from piston velocity and sys-
tem geometry (Eq. (2)), assuming the flow at inlet to the turbine to
be axial and neglecting compressibility effects. The experimental
data of Ref. [8] (shown in Fig. 6) are available only during out-
flow, while numerical results are available both for inflow (nega-
tive flow coefficient) and outflow (positive flow coefficient). The
hysteresis of the real OWC system is evident and is correctly
reproduced by the numerical simulations, with some small dis-
crepancy at low / where experimental values of torque show
some wiggles that can be caused by the uncertainty in the experi-
mental data, higher than the one present for pressure measure-
ments, as already commented by the authors [8].

In order to enforce the previous hypothesis, i.e., that the hyster-
esis is not generated by different blade aerodynamics during
acceleration and deceleration, performance should be correlated
to flow characteristics in the proximity of the blade. Torque and
pressure drop across the rotor have been nondimensionalized as in
Eq. (3), with local values of (tangentially averaged) relative veloc-
ity evaluated 0.5c upstream of the rotor rather than with blade tip
speed as in Eq. (1), and plotted as a function of a local flow coeffi-
cient /l, calculated at midradius. The results, reported in Fig. 7,
do not show significant differences between performance during
acceleration and deceleration, enforcing the hypothesis that the
hysteresis described in the experimental work of Setoguchi et al.
[8] may not be an aerodynamic hysteresis of the Wells turbine but
rather a hysteresis of the whole OWC system.

T$$ ¼ T

qW2
t r3

tip

; P$$ ¼ DP

qW2
t

; /l ¼
Wa

Wt
(3)

Figure 8 reports the local flow coefficient at midradius (calcu-
lated based on the flow velocity upstream of the blade) as a func-
tion of the global flow coefficient (calculated as a function of
piston speed and area ratio as in the works of Setoguchi et al.
[8,17] and Kinoue et al. [18,19]). Compressibility effects in the
OWC system produce a delay between piston velocity and flow
conditions upstream of the blade that is at the origin of the hyste-
retic behavior analyzed in Ref. [8].

Given that the hysteresis is not noticeable when performance is
reported as a function of local flow parameters, it is important to
verify the flow behavior near the rotor and the presence of the
flow separations and vortical structures highlighted in Refs.
[17– 19]. Figure 9 shows the difference in the radial distributions
of axial flow velocity upstream of the turbine rotor between accel-
eration and deceleration, during outflow, for two values of the
(global) flow coefficient based on piston velocity. At / ¼ 0:09
(corresponding to a theoretical incidence angle of 6 deg at mid-
span), the mass-flow entering the rotor is 14.4% lower during
acceleration and 10.6% larger during deceleration with respect to
the one calculated with piston velocity and cross section ratio,
neglecting compressibility effects. At / ¼ 0:18 (midspan theoreti-
cal incidence angle of 12 deg), the mass flow is, respectively,
6.3% lower and 4.7% larger. Comparing the turbine performance
for equal piston speeds during acceleration and deceleration leads
to a significant error, caused by compressibility effects in the
OWC system that originate different flow conditions at rotor inlet
during the two phases.

Figure 10 compares the axial velocity distributions for equal
mass flows entering the rotor during acceleration and deceleration
(for the conditions during acceleration already used in Fig. 9). The
velocity profiles are in good agreement: only comparing the per-
formance of the turbine under equal inlet conditions ensures other
effects due to the presence of the OWC system to be filtered out,
thus focusing the attention on the (eventual) real hysteresis of the
turbine.

Figure 11 shows a comparison of the pressure coefficient distri-
butions at midspan during acceleration and deceleration. On the
left side, pressure coefficients are compared for equal values of
the (global) flow coefficient / (the same values analyzed in
Fig. 9): the different axial velocity determines a different inci-
dence that is the cause of the different pressure coefficient distri-
bution and, therefore, of the different force coefficients seen in
Fig. 6. Similar results had been reported in the experimental work
of Setoguchi et al. [8] and in the numerical work of Setoguchi
et al. and Kinoue et al. [17– 19], who attributed them to distinct
blade aerodynamics caused by dynamic effects. On the right side
of Fig. 11, pressure coefficient distributions are compared for
equal values of mass flow through the rotor (this corresponds
approximately to equal local flow coefficients, as shown in
Fig. 10). The difference in pressure distribution between accelera-
tion and deceleration has vanished.

Figure 12 compares relative velocity contours around the blade
for the two values of the local flow coefficient /l, at three radial
positions. The differences are minimal and not sufficient to
produce appreciable variations in the pressure coefficient

Fig. 6 Comparison between experimental and computational results (six-blade turbine,
rt 5 0.57)
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values for the time step, keeping the number of subiterations fixed
and equal to 20. The inlet velocity has been varied using a sinusoi-
dal law to obtain the same flow coefficient that would have been
caused by the motion of the piston and neglecting compressibility
effects in the OWC system, i.e., only considering piston speed and
area ratio.

The simulations, initialized with the flow field provided by the
steady solution at / ¼ 0, have been run for half a period (corre-
sponding to the outflow phase). The rotational speed has been set
to 2500 rpm and the period of the inlet velocity sinusoidal law
was 6 s, as in the experiments, for a nondimensional frequency
!f ¼ 3:8" 10#4.

Figure 5 highlights the importance of a correct choice of the
time step in transient simulations. It can be noticed how, provided
that the time step is selected appropriately, these simulations do
not show any hysteresis between acceleration and deceleration
phases and that there is no difference between the performance
predictions obtained with steady or transient simulations at the
nondimensional frequency under investigation, i.e., dynamic
effects are negligible.

The results from Setoguchi et al. [17] and Kinoue et al. [18,19]
(obtained using the same geometry and a coarser computational
grid) present a hysteresis that has not been found in these simula-
tions. Important details such as grid dimensions and time step size
used are missing. Furthermore, the results are obtained using an
LES approach with a mesh that appears not sufficiently refined for
this method. Tyacke and Tucker [35] present a detailed review of
the current state-of-the art of LES simulations and best practices

for a correct use, including meshing requirements. The mesh used
in Refs. [17– 19] is well below the grid requirements for an LES
and can produce a false laminarization of the flow, caused by the
failure of the mesh to resolve enough turbulent structures (the per-
centage of resolved turbulent kinetic energy, that in an LES
should be at least of the order of 80% of the total [36], is not
reported by the authors). In the presence of a similar Reynolds

Fig. 2 Computational domain, full geometry

Fig. 3 Computational mesh for the moving reference frame: (a) blade and hub surface
mesh and (b) close-up view of the hub

Fig. 4 Steady simulations (six-blade configuration, rt 5 0.57)
Fig. 5 Influence of time step size in transient simulations: (a)
Dt 5 2 3 1022 s, (b) Dt 5 5 3 1023 s, and (c) Dt 5 1.25 3 10–3 s
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values for the time step, keeping the number of subiterations fixed
and equal to 20. The inlet velocity has been varied using a sinusoi-
dal law to obtain the same flow coefficient that would have been
caused by the motion of the piston and neglecting compressibility
effects in the OWC system, i.e., only considering piston speed and
area ratio.

The simulations, initialized with the flow field provided by the
steady solution at / ¼ 0, have been run for half a period (corre-
sponding to the outflow phase). The rotational speed has been set
to 2500 rpm and the period of the inlet velocity sinusoidal law
was 6 s, as in the experiments, for a nondimensional frequency
!f ¼ 3:8" 10#4.

Figure 5 highlights the importance of a correct choice of the
time step in transient simulations. It can be noticed how, provided
that the time step is selected appropriately, these simulations do
not show any hysteresis between acceleration and deceleration
phases and that there is no difference between the performance
predictions obtained with steady or transient simulations at the
nondimensional frequency under investigation, i.e., dynamic
effects are negligible.

The results from Setoguchi et al. [17] and Kinoue et al. [18,19]
(obtained using the same geometry and a coarser computational
grid) present a hysteresis that has not been found in these simula-
tions. Important details such as grid dimensions and time step size
used are missing. Furthermore, the results are obtained using an
LES approach with a mesh that appears not sufficiently refined for
this method. Tyacke and Tucker [35] present a detailed review of
the current state-of-the art of LES simulations and best practices

for a correct use, including meshing requirements. The mesh used
in Refs. [17– 19] is well below the grid requirements for an LES
and can produce a false laminarization of the flow, caused by the
failure of the mesh to resolve enough turbulent structures (the per-
centage of resolved turbulent kinetic energy, that in an LES
should be at least of the order of 80% of the total [36], is not
reported by the authors). In the presence of a similar Reynolds

Fig. 2 Computational domain, full geometry

Fig. 3 Computational mesh for the moving reference frame: (a) blade and hub surface
mesh and (b) close-up view of the hub

Fig. 4 Steady simulations (six-blade configuration, rt 5 0.57)
Fig. 5 Influence of time step size in transient simulations: (a)
Dt 5 2 3 1022 s, (b) Dt 5 5 3 1023 s, and (c) Dt 5 1.25 3 10–3 s
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distributions or in the values of the integral forces. Interestingly,
the flow is well attached to the turbine blade over most of the
span, with the appearance of a confined corner separation near the
hub, localized near the blade trailing edge. The large areas of flow
separation presented in the numerical work of Setoguchi et al. and
Kinoue et al. [8 ,18 ,19] have not been found in this work and might
have been caused by not correctly following best practices for the
LES approach (coarse mesh, inappropriate time discretization, or
boundary conditions).

Figures 13 and 14 highlight the main secondary flow structures
present in the flow during acceleration and deceleration, at /l ¼
0:096 and /l ¼ 0:214, respectively. Tip leakage vortex and horse-
shoe vortices near the hub at either sides of the blade are evident

for both flow coefficients, and their intensity increases at
/l ¼ 0:214.

The strength of the horseshoe vortices decreases significantly
toward the trailing edge, and vortices produced by previous blades
are barely visible, while the larger intensity of the tip leakage vor-
tex makes it visible also near the following blade. The differences
between acceleration and deceleration are minimal, and they
appear to be confined to small regions: for example, the suction
side leg of the horseshoe vortex appears more pronounced during
deceleration, and this might be the cause for the differences in the

Fig. 7 Computational performance as a function of local flow variables (six-blade tur-
bine, rt 5 0.57)

Fig. 8 Local flow coefficient /l as a function of flow coefficient
/ (six-blade turbine, rt 5 0.57)

Fig. 9 Spanwise distribution of axial velocity during accelera-
tion and deceleration, for the same values of flow coefficient /,
during outflow: (a) / 5 0:09 and (b) / 5 0:18

Fig. 10 Spanwise distribution of axial velocity during accelera-
tion and deceleration, for equal inlet mass-flows, during out-
flow: (a) /l 5 0:096 and (b) /l 5 0:214

Fig. 11 Midspan pressure coefficient distributions during
acceleration and deceleration, for the same values of flow coef-
ficient / (left) and for the same values of local flow coefficient
/l (right), during outflow: (a) / 5 0:09, (b) /l 5 0:096, (c)
/ 5 0:18, and (d) /l 5 0:214
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geometry is necessary to improve the performance and efficiency of the machine.
An experimental device has been designed and built to simulate OWC systems in the Department

of Mechanical, Chemical and Materials Engineering (DIMCM) at the University of Cagliari. Paderi

and Puddu (2013) and Puddu et al. (2014) presented the experimental results for a high-solidity low
aspect-ratio Wells turbine equipped with NACA0015 profile blades submitted to an unsteady and

bi-directional flow, recontructing in detail the istantaneous flow upstream and downstream of the
rotor. In this work, the authors compare these results with the numerical predictions obtained with
a commercial CFD software (ANSYS Fluent), with particular attention to flow behavior, hysteresis

between acceleration and deceleration phases and differences between intake and exhaust strokes due
to the non-symmetrical configuration of the machine.

EXPERIMENTAL SET-UP AND INSTRUMENTATION

The experimental apparatus in use consists of a cylindrical chamber (1m diameter) with a piston

moved by a hydraulic actuator reproducing the desired wave motion. A periodic bi-directional flow
is achieved through a 0.25 m diameter Wells turbine as in a real OWC plant. The turbine shaft is
connected to an asynchronous generator equipped with inverter and feedback encoder that allows to

control the rotational speed. The maximum power generated by the turbine is in the order of 240
W. Geometrical parameters are summarized in Table 1. Figure 1 reports a global schematic of the

machine, a more detailed view of the turbine, and a skecth of the velocity triangles during outflow and
inflow phases. Experimental set-up and detailed analysis of the investigations are reported in Paderi
and Puddu (2013); Puddu et al. (2014). A single non-dimensional piston frequency has been analyzed

(f = f/(ωrtc) = 0.065).

Table 1: Wells turbine data

Airfoil NACA 0015 Blade Number 14
Rotor Tip Diameter 250 mm Solidity at Tip Radius 0.642

Rotor Hub Diameter 190 mm Sweep Ratio 0.417 (15/36)
Chord Length 36 mm Rotational Speed 3600 rpm
Tip Clearance 1 mm Piston Period 9 s

While performance of Wells turbine depend on the combined effect of lift and drag, they are uually
represented in terms of non-dimensional static pressure difference P ∗ and torque T ∗ as a function of
flow coefficient φ

T ∗ =
T

ρω2r5t
P ∗ =

∆P

ρω2r2t
φ =

Va

ωrt
(1)

where ∆P is the pressure difference across the rotor, ρ is the flow density, ω the machine’s rotational
speed, rt the tip radius, T the torque and Va the axial velocity upstream of the rotor.

The set-up was equipped with different sensors to measure the unsteady values of the turbine
angular speed, torque, piston position and wall static pressure near the rotor. Besides the global
parameters of the turbine, also the flow field near the rotor was studied. A split-fiber film anemometer

was positioned alternatively upstream and downstream of the turbine, at the mean turbine radius, to
measure the 2D characteristic of the flow. The anemometer was differently oriented during air inflow

and outflow phases with a motorized positioning system. Data acquisition was performed for at least
one piston stroke, using a high speed multichannel DAQ-board. The data were processed using phase
locked ensemble averaging technique.
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number, Im et al. [37] used about 8 million cells to perform an
LES of the flow around a 0.15 aspect ratio wing (the aspect ratio
of the blade under investigation is 0.5). The hypothesis of the use
of a not sufficiently refined mesh in the works of Setoguchi et al.
[17] and Kinoue et al. [18,19] is also supported by the absence in
the present work of the vortical structures and early flow separa-
tion shown in Refs. [17– 19].

3.2 Realistic Geometry

3.2.1 Six-Blade Turbine (rt¼ 0.57). Having verified that a
simulation with a domain encompassing only the turbine duct
does not produce significant differences in performance between
acceleration and deceleration phases (i.e., that the Wells turbine
does not produce a hysteresis at the nondimensional frequencies
and Reynolds number studied in the work of Setoguchi et al. [8]),
the natural progression of this work is to verify whether the hys-
teresis is caused by a different phenomenon.

The simulations with the realistic geometry (Fig. 2) have been
run for three piston periods to verify that periodically stable
results had been obtained. A time step of 5" 10#4 s has been
used. Figure 6 compares the nondimensional coefficients of torque
and static pressure drop, obtained by numerical simulations, with
the experimental data of Ref. [8], for the six-blade Wells turbine
with NACA0020 profiles (corresponding to a solidity r¼ 0.57).
The flow coefficient / is calculated from piston velocity and sys-
tem geometry (Eq. (2)), assuming the flow at inlet to the turbine to
be axial and neglecting compressibility effects. The experimental
data of Ref. [8] (shown in Fig. 6) are available only during out-
flow, while numerical results are available both for inflow (nega-
tive flow coefficient) and outflow (positive flow coefficient). The
hysteresis of the real OWC system is evident and is correctly
reproduced by the numerical simulations, with some small dis-
crepancy at low / where experimental values of torque show
some wiggles that can be caused by the uncertainty in the experi-
mental data, higher than the one present for pressure measure-
ments, as already commented by the authors [8].

In order to enforce the previous hypothesis, i.e., that the hyster-
esis is not generated by different blade aerodynamics during
acceleration and deceleration, performance should be correlated
to flow characteristics in the proximity of the blade. Torque and
pressure drop across the rotor have been nondimensionalized as in
Eq. (3), with local values of (tangentially averaged) relative veloc-
ity evaluated 0.5c upstream of the rotor rather than with blade tip
speed as in Eq. (1), and plotted as a function of a local flow coeffi-
cient /l, calculated at midradius. The results, reported in Fig. 7,
do not show significant differences between performance during
acceleration and deceleration, enforcing the hypothesis that the
hysteresis described in the experimental work of Setoguchi et al.
[8] may not be an aerodynamic hysteresis of the Wells turbine but
rather a hysteresis of the whole OWC system.
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Figure 8 reports the local flow coefficient at midradius (calcu-
lated based on the flow velocity upstream of the blade) as a func-
tion of the global flow coefficient (calculated as a function of
piston speed and area ratio as in the works of Setoguchi et al.
[8,17] and Kinoue et al. [18,19]). Compressibility effects in the
OWC system produce a delay between piston velocity and flow
conditions upstream of the blade that is at the origin of the hyste-
retic behavior analyzed in Ref. [8].

Given that the hysteresis is not noticeable when performance is
reported as a function of local flow parameters, it is important to
verify the flow behavior near the rotor and the presence of the
flow separations and vortical structures highlighted in Refs.
[17– 19]. Figure 9 shows the difference in the radial distributions
of axial flow velocity upstream of the turbine rotor between accel-
eration and deceleration, during outflow, for two values of the
(global) flow coefficient based on piston velocity. At / ¼ 0:09
(corresponding to a theoretical incidence angle of 6 deg at mid-
span), the mass-flow entering the rotor is 14.4% lower during
acceleration and 10.6% larger during deceleration with respect to
the one calculated with piston velocity and cross section ratio,
neglecting compressibility effects. At / ¼ 0:18 (midspan theoreti-
cal incidence angle of 12 deg), the mass flow is, respectively,
6.3% lower and 4.7% larger. Comparing the turbine performance
for equal piston speeds during acceleration and deceleration leads
to a significant error, caused by compressibility effects in the
OWC system that originate different flow conditions at rotor inlet
during the two phases.

Figure 10 compares the axial velocity distributions for equal
mass flows entering the rotor during acceleration and deceleration
(for the conditions during acceleration already used in Fig. 9). The
velocity profiles are in good agreement: only comparing the per-
formance of the turbine under equal inlet conditions ensures other
effects due to the presence of the OWC system to be filtered out,
thus focusing the attention on the (eventual) real hysteresis of the
turbine.

Figure 11 shows a comparison of the pressure coefficient distri-
butions at midspan during acceleration and deceleration. On the
left side, pressure coefficients are compared for equal values of
the (global) flow coefficient / (the same values analyzed in
Fig. 9): the different axial velocity determines a different inci-
dence that is the cause of the different pressure coefficient distri-
bution and, therefore, of the different force coefficients seen in
Fig. 6. Similar results had been reported in the experimental work
of Setoguchi et al. [8] and in the numerical work of Setoguchi
et al. and Kinoue et al. [17– 19], who attributed them to distinct
blade aerodynamics caused by dynamic effects. On the right side
of Fig. 11, pressure coefficient distributions are compared for
equal values of mass flow through the rotor (this corresponds
approximately to equal local flow coefficients, as shown in
Fig. 10). The difference in pressure distribution between accelera-
tion and deceleration has vanished.

Figure 12 compares relative velocity contours around the blade
for the two values of the local flow coefficient /l, at three radial
positions. The differences are minimal and not sufficient to
produce appreciable variations in the pressure coefficient

Fig. 6 Comparison between experimental and computational results (six-blade turbine,
rt 5 0.57)
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geometry is necessary to improve the performance and efficiency of the machine.
An experimental device has been designed and built to simulate OWC systems in the Department

of Mechanical, Chemical and Materials Engineering (DIMCM) at the University of Cagliari. Paderi

and Puddu (2013) and Puddu et al. (2014) presented the experimental results for a high-solidity low
aspect-ratio Wells turbine equipped with NACA0015 profile blades submitted to an unsteady and

bi-directional flow, recontructing in detail the istantaneous flow upstream and downstream of the
rotor. In this work, the authors compare these results with the numerical predictions obtained with
a commercial CFD software (ANSYS Fluent), with particular attention to flow behavior, hysteresis

between acceleration and deceleration phases and differences between intake and exhaust strokes due
to the non-symmetrical configuration of the machine.

EXPERIMENTAL SET-UP AND INSTRUMENTATION

The experimental apparatus in use consists of a cylindrical chamber (1m diameter) with a piston

moved by a hydraulic actuator reproducing the desired wave motion. A periodic bi-directional flow
is achieved through a 0.25 m diameter Wells turbine as in a real OWC plant. The turbine shaft is
connected to an asynchronous generator equipped with inverter and feedback encoder that allows to

control the rotational speed. The maximum power generated by the turbine is in the order of 240
W. Geometrical parameters are summarized in Table 1. Figure 1 reports a global schematic of the

machine, a more detailed view of the turbine, and a skecth of the velocity triangles during outflow and
inflow phases. Experimental set-up and detailed analysis of the investigations are reported in Paderi
and Puddu (2013); Puddu et al. (2014). A single non-dimensional piston frequency has been analyzed

(f = f/(ωrtc) = 0.065).

Table 1: Wells turbine data

Airfoil NACA 0015 Blade Number 14
Rotor Tip Diameter 250 mm Solidity at Tip Radius 0.642

Rotor Hub Diameter 190 mm Sweep Ratio 0.417 (15/36)
Chord Length 36 mm Rotational Speed 3600 rpm
Tip Clearance 1 mm Piston Period 9 s

While performance of Wells turbine depend on the combined effect of lift and drag, they are uually
represented in terms of non-dimensional static pressure difference P ∗ and torque T ∗ as a function of
flow coefficient φ

T ∗ =
T

ρω2r5t
P ∗ =

∆P

ρω2r2t
φ =

Va

ωrt
(1)

where ∆P is the pressure difference across the rotor, ρ is the flow density, ω the machine’s rotational
speed, rt the tip radius, T the torque and Va the axial velocity upstream of the rotor.

The set-up was equipped with different sensors to measure the unsteady values of the turbine
angular speed, torque, piston position and wall static pressure near the rotor. Besides the global
parameters of the turbine, also the flow field near the rotor was studied. A split-fiber film anemometer

was positioned alternatively upstream and downstream of the turbine, at the mean turbine radius, to
measure the 2D characteristic of the flow. The anemometer was differently oriented during air inflow

and outflow phases with a motorized positioning system. Data acquisition was performed for at least
one piston stroke, using a high speed multichannel DAQ-board. The data were processed using phase
locked ensemble averaging technique.

3

values for the time step, keeping the number of subiterations fixed
and equal to 20. The inlet velocity has been varied using a sinusoi-
dal law to obtain the same flow coefficient that would have been
caused by the motion of the piston and neglecting compressibility
effects in the OWC system, i.e., only considering piston speed and
area ratio.

The simulations, initialized with the flow field provided by the
steady solution at / ¼ 0, have been run for half a period (corre-
sponding to the outflow phase). The rotational speed has been set
to 2500 rpm and the period of the inlet velocity sinusoidal law
was 6 s, as in the experiments, for a nondimensional frequency
!f ¼ 3:8" 10#4.

Figure 5 highlights the importance of a correct choice of the
time step in transient simulations. It can be noticed how, provided
that the time step is selected appropriately, these simulations do
not show any hysteresis between acceleration and deceleration
phases and that there is no difference between the performance
predictions obtained with steady or transient simulations at the
nondimensional frequency under investigation, i.e., dynamic
effects are negligible.

The results from Setoguchi et al. [17] and Kinoue et al. [18,19]
(obtained using the same geometry and a coarser computational
grid) present a hysteresis that has not been found in these simula-
tions. Important details such as grid dimensions and time step size
used are missing. Furthermore, the results are obtained using an
LES approach with a mesh that appears not sufficiently refined for
this method. Tyacke and Tucker [35] present a detailed review of
the current state-of-the art of LES simulations and best practices

for a correct use, including meshing requirements. The mesh used
in Refs. [17– 19] is well below the grid requirements for an LES
and can produce a false laminarization of the flow, caused by the
failure of the mesh to resolve enough turbulent structures (the per-
centage of resolved turbulent kinetic energy, that in an LES
should be at least of the order of 80% of the total [36], is not
reported by the authors). In the presence of a similar Reynolds

Fig. 2 Computational domain, full geometry

Fig. 3 Computational mesh for the moving reference frame: (a) blade and hub surface
mesh and (b) close-up view of the hub

Fig. 4 Steady simulations (six-blade configuration, rt 5 0.57)
Fig. 5 Influence of time step size in transient simulations: (a)
Dt 5 2 3 1022 s, (b) Dt 5 5 3 1023 s, and (c) Dt 5 1.25 3 10–3 s
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values for the time step, keeping the number of subiterations fixed
and equal to 20. The inlet velocity has been varied using a sinusoi-
dal law to obtain the same flow coefficient that would have been
caused by the motion of the piston and neglecting compressibility
effects in the OWC system, i.e., only considering piston speed and
area ratio.

The simulations, initialized with the flow field provided by the
steady solution at / ¼ 0, have been run for half a period (corre-
sponding to the outflow phase). The rotational speed has been set
to 2500 rpm and the period of the inlet velocity sinusoidal law
was 6 s, as in the experiments, for a nondimensional frequency
!f ¼ 3:8" 10#4.

Figure 5 highlights the importance of a correct choice of the
time step in transient simulations. It can be noticed how, provided
that the time step is selected appropriately, these simulations do
not show any hysteresis between acceleration and deceleration
phases and that there is no difference between the performance
predictions obtained with steady or transient simulations at the
nondimensional frequency under investigation, i.e., dynamic
effects are negligible.

The results from Setoguchi et al. [17] and Kinoue et al. [18,19]
(obtained using the same geometry and a coarser computational
grid) present a hysteresis that has not been found in these simula-
tions. Important details such as grid dimensions and time step size
used are missing. Furthermore, the results are obtained using an
LES approach with a mesh that appears not sufficiently refined for
this method. Tyacke and Tucker [35] present a detailed review of
the current state-of-the art of LES simulations and best practices

for a correct use, including meshing requirements. The mesh used
in Refs. [17– 19] is well below the grid requirements for an LES
and can produce a false laminarization of the flow, caused by the
failure of the mesh to resolve enough turbulent structures (the per-
centage of resolved turbulent kinetic energy, that in an LES
should be at least of the order of 80% of the total [36], is not
reported by the authors). In the presence of a similar Reynolds

Fig. 2 Computational domain, full geometry

Fig. 3 Computational mesh for the moving reference frame: (a) blade and hub surface
mesh and (b) close-up view of the hub

Fig. 4 Steady simulations (six-blade configuration, rt 5 0.57)
Fig. 5 Influence of time step size in transient simulations: (a)
Dt 5 2 3 1022 s, (b) Dt 5 5 3 1023 s, and (c) Dt 5 1.25 3 10–3 s
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distributions or in the values of the integral forces. Interestingly,
the flow is well attached to the turbine blade over most of the
span, with the appearance of a confined corner separation near the
hub, localized near the blade trailing edge. The large areas of flow
separation presented in the numerical work of Setoguchi et al. and
Kinoue et al. [8 ,18 ,19] have not been found in this work and might
have been caused by not correctly following best practices for the
LES approach (coarse mesh, inappropriate time discretization, or
boundary conditions).

Figures 13 and 14 highlight the main secondary flow structures
present in the flow during acceleration and deceleration, at /l ¼
0:096 and /l ¼ 0:214, respectively. Tip leakage vortex and horse-
shoe vortices near the hub at either sides of the blade are evident

for both flow coefficients, and their intensity increases at
/l ¼ 0:214.

The strength of the horseshoe vortices decreases significantly
toward the trailing edge, and vortices produced by previous blades
are barely visible, while the larger intensity of the tip leakage vor-
tex makes it visible also near the following blade. The differences
between acceleration and deceleration are minimal, and they
appear to be confined to small regions: for example, the suction
side leg of the horseshoe vortex appears more pronounced during
deceleration, and this might be the cause for the differences in the

Fig. 7 Computational performance as a function of local flow variables (six-blade tur-
bine, rt 5 0.57)

Fig. 8 Local flow coefficient /l as a function of flow coefficient
/ (six-blade turbine, rt 5 0.57)

Fig. 9 Spanwise distribution of axial velocity during accelera-
tion and deceleration, for the same values of flow coefficient /,
during outflow: (a) / 5 0:09 and (b) / 5 0:18

Fig. 10 Spanwise distribution of axial velocity during accelera-
tion and deceleration, for equal inlet mass-flows, during out-
flow: (a) /l 5 0:096 and (b) /l 5 0:214

Fig. 11 Midspan pressure coefficient distributions during
acceleration and deceleration, for the same values of flow coef-
ficient / (left) and for the same values of local flow coefficient
/l (right), during outflow: (a) / 5 0:09, (b) /l 5 0:096, (c)
/ 5 0:18, and (d) /l 5 0:214
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Fig. 9. Comparison of relative velocity contours during acceleration (top) and deceleration (bottom), at different radial positions (r∗), for φl = 0.214
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Fig. 10. Tangential vorticity contours at φl = 0.096 during acceleration (top) and deceleration (bottom), at planes with different tangential positions.
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Fig. 11. Tangential vorticity contours at φl = 0.214 during acceleration (top) and deceleration (bottom), at planes with different tangential positions.

The strength of the horseshoe vortices decreases significantly towards the trailing edge, and vortices produced by
previous blades are barely visible, while the larger intensity of the tip leakage vortex makes it visible also near the
following blade. The differences between acceleration and deceleration are minimal and confined to small regions,
and do not produce appreciable variations in the integral forces produced by the blade.
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Fig. 10. Tangential vorticity contours at φl = 0.096 during acceleration (top) and deceleration (bottom), at planes with different tangential positions.
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Fig. 11. Tangential vorticity contours at φl = 0.214 during acceleration (top) and deceleration (bottom), at planes with different tangential positions.

The strength of the horseshoe vortices decreases significantly towards the trailing edge, and vortices produced by
previous blades are barely visible, while the larger intensity of the tip leakage vortex makes it visible also near the
following blade. The differences between acceleration and deceleration are minimal and confined to small regions,
and do not produce appreciable variations in the integral forces produced by the blade.
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Se vogliamo realmente studiare un’eventuale isteresi aerodinamica della turbina, 
dobbiamo analizzare le forze aerodinamiche in modo diverso

values for the time step, keeping the number of subiterations fixed
and equal to 20. The inlet velocity has been varied using a sinusoi-
dal law to obtain the same flow coefficient that would have been
caused by the motion of the piston and neglecting compressibility
effects in the OWC system, i.e., only considering piston speed and
area ratio.

The simulations, initialized with the flow field provided by the
steady solution at / ¼ 0, have been run for half a period (corre-
sponding to the outflow phase). The rotational speed has been set
to 2500 rpm and the period of the inlet velocity sinusoidal law
was 6 s, as in the experiments, for a nondimensional frequency
!f ¼ 3:8" 10#4.

Figure 5 highlights the importance of a correct choice of the
time step in transient simulations. It can be noticed how, provided
that the time step is selected appropriately, these simulations do
not show any hysteresis between acceleration and deceleration
phases and that there is no difference between the performance
predictions obtained with steady or transient simulations at the
nondimensional frequency under investigation, i.e., dynamic
effects are negligible.

The results from Setoguchi et al. [17] and Kinoue et al. [18,19]
(obtained using the same geometry and a coarser computational
grid) present a hysteresis that has not been found in these simula-
tions. Important details such as grid dimensions and time step size
used are missing. Furthermore, the results are obtained using an
LES approach with a mesh that appears not sufficiently refined for
this method. Tyacke and Tucker [35] present a detailed review of
the current state-of-the art of LES simulations and best practices

for a correct use, including meshing requirements. The mesh used
in Refs. [17– 19] is well below the grid requirements for an LES
and can produce a false laminarization of the flow, caused by the
failure of the mesh to resolve enough turbulent structures (the per-
centage of resolved turbulent kinetic energy, that in an LES
should be at least of the order of 80% of the total [36], is not
reported by the authors). In the presence of a similar Reynolds

Fig. 2 Computational domain, full geometry

Fig. 3 Computational mesh for the moving reference frame: (a) blade and hub surface
mesh and (b) close-up view of the hub

Fig. 4 Steady simulations (six-blade configuration, rt 5 0.57)
Fig. 5 Influence of time step size in transient simulations: (a)
Dt 5 2 3 1022 s, (b) Dt 5 5 3 1023 s, and (c) Dt 5 1.25 3 10–3 s
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As shown in the literature,26,27 the apparent dif-
ference in performance between acceleration and
deceleration is due to the compressibility effects
within the chamber, and not to different rotor aero-
dynamics between the two phases.23–25 This can be
verified if performance is reported as a function of a
local flow coefficient, calculated using the actual
values of the flow parameters upstream of the rotor.
Figure 9 reports torque and static pressure drop coef-
ficients (non-dimensionalized with local values of vel-
ocity) as a function of a local flow coefficient !l
(equations (2)), which represents the tangent of the
relative flow angle. No evident hysteretic effects are

present, meaning that the cause of the difference in
performance highlighted in Figure 8 is not linked to
different blade aerodynamics during the two phases.
Experimental results show a significantly larger fluc-
tuation than the numerical results, but well within the
uncertainty range of the instrumentation used.26
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Figure 16. Contours of inlet axial velocity (with relative velocity vectors), at the same mass-flow, during acceleration (left) and
deceleration (right). (a, b) !¼ 0.042 and 0.033 (c, d) !¼ 0.082 and 0.068 (e, f) !¼ 0.12 and !¼ 0.106 (g, h) !¼ 0.208 and !¼ 0.198.
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L’adimensionalizzazione “corretta” dei parametri 
di prestazione deve essere fatta utilizzando 
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3.3. Full Geometry

The simulations with the full geometry (Figure 1, top right) have been run for three piston periods to verify that
periodically stable results had been obtained. A time step of 5 · 10−4 s has been used. Figure 4 compares the non-
dimensional coefficients of torque and static pressure drop with the experimental data of [5].
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The flow coefficient φ is calculated from piston velocity and system geometry (equation (1)), assuming the flow
at inlet to the turbine to be axial and assuming capacitive effects negligible (as in [5]). The experimental data are
available only during outflow, while numerical results are available both for inflow (negative flow coefficient) and
outflow (positive flow coefficient). The hysteresis of the real OWC system is evident and is correctly reproduced.
To isolate the turbine aerodynamic behavior, performance should be correlated to flow characteristics near the

blade. Torque and pressure drop have been non-dimensionalized as in equations (2), with local values of (tangentially-
averaged) relative velocity evaluated 0.5c upstream of the rotor, rather than with blade tip speed as in equations (1),
and plotted as a function of a local flow coefficient φl , calculated at mid-radius. This non-dimensionalization allows
the evaluation of effective force coefficients on the blade, as in common practices for wings [23] and turbomachinery.
The results (Figure 5), do not show significant differences between performance during acceleration and deceleration.
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It is important to verify the flow behavior near the rotor and the presence of the vortical structures shown by [16, 10,
17]. Figure 6(a) shows the difference in radial distributions of axial velocity upstream of the rotor between acceleration
and deceleration, during outflow, for two values of (global) flow coefficient based on piston velocity. The differences
are caused by capacitive effects due to the chamber volume and are the real cause of the hysteresis. Figure 6(b)
compares the axial velocity distributions for equal mass-flows through the rotor during acceleration and deceleration.
Figure 7 shows a comparison of pressure coefficient distributions at mid-span: at equal values of global flow

coefficient φ , the different axial velocity determines a different pressure coefficient distribution and therefore the
apparent hysteresis seen in Figure 4. When the local flow coefficents (φl) is the same, the mass-flow through the rotor
is equal and the difference in pressure distribution between acceleration and deceleration vanishes.
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17]. Figure 6(a) shows the difference in radial distributions of axial velocity upstream of the rotor between acceleration
and deceleration, during outflow, for two values of (global) flow coefficient based on piston velocity. The differences
are caused by capacitive effects due to the chamber volume and are the real cause of the hysteresis. Figure 6(b)
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values for the time step, keeping the number of subiterations fixed
and equal to 20. The inlet velocity has been varied using a sinusoi-
dal law to obtain the same flow coefficient that would have been
caused by the motion of the piston and neglecting compressibility
effects in the OWC system, i.e., only considering piston speed and
area ratio.

The simulations, initialized with the flow field provided by the
steady solution at / ¼ 0, have been run for half a period (corre-
sponding to the outflow phase). The rotational speed has been set
to 2500 rpm and the period of the inlet velocity sinusoidal law
was 6 s, as in the experiments, for a nondimensional frequency
!f ¼ 3:8" 10#4.

Figure 5 highlights the importance of a correct choice of the
time step in transient simulations. It can be noticed how, provided
that the time step is selected appropriately, these simulations do
not show any hysteresis between acceleration and deceleration
phases and that there is no difference between the performance
predictions obtained with steady or transient simulations at the
nondimensional frequency under investigation, i.e., dynamic
effects are negligible.

The results from Setoguchi et al. [17] and Kinoue et al. [18,19]
(obtained using the same geometry and a coarser computational
grid) present a hysteresis that has not been found in these simula-
tions. Important details such as grid dimensions and time step size
used are missing. Furthermore, the results are obtained using an
LES approach with a mesh that appears not sufficiently refined for
this method. Tyacke and Tucker [35] present a detailed review of
the current state-of-the art of LES simulations and best practices

for a correct use, including meshing requirements. The mesh used
in Refs. [17– 19] is well below the grid requirements for an LES
and can produce a false laminarization of the flow, caused by the
failure of the mesh to resolve enough turbulent structures (the per-
centage of resolved turbulent kinetic energy, that in an LES
should be at least of the order of 80% of the total [36], is not
reported by the authors). In the presence of a similar Reynolds

Fig. 2 Computational domain, full geometry

Fig. 3 Computational mesh for the moving reference frame: (a) blade and hub surface
mesh and (b) close-up view of the hub

Fig. 4 Steady simulations (six-blade configuration, rt 5 0.57)
Fig. 5 Influence of time step size in transient simulations: (a)
Dt 5 2 3 1022 s, (b) Dt 5 5 3 1023 s, and (c) Dt 5 1.25 3 10–3 s
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RAPPRESENTA UN COEFFICIENTE DI FLUSSO EFFETTIVO

Se vogliamo realmente studiare un’eventuale isteresi aerodinamica della turbina, 
dobbiamo analizzare le forze aerodinamiche in modo diverso

ANALISI DEI RISULTATI



Siamo convinti di questa spiegazione? 



TRASDUTTORE DI PRESSIONE

Consideriamo le similarità tra il nostro sistema e altri strumenti che lavorano in  
condizioni dinamiche:
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Figure 2: Schematics of tube-transducer system (left) and laboratory OWC system (right)
used in [4]

flow conditions just outside the duct (the pressure one seeks to know, pu) and
inside the volume (the pressure that is actually measured by the transducer,
pm). This is explained in detail in [47, Chapter 6.6: Dynamic Effects of Vol-
umes and Connecting Tubing], where a lumped parameter model approach
is used to evaluate the phase delay between actual and measured pressures.
An adaptation of this approach will be presented next.

LPM models have been adopted in the past to study the behavior of
OWC systems [48, 49, 50, 51, 52], but, to the authors knowledge, none of
the existing works have used such models to study the interaction between
OWC and turbine and the delay caused by the capative behavior of the air
mass in the OWC.

An LPM model of the OWC-Wells turbine system can be derived by
applying the laws of conservation of mass and axial momentum to the variable
air volume in the chamber ( 1 in Figure 2(b)) and to the turbine duct ( 2 ),
respectively.

⎧

⎪⎨

⎪
⎩

dM1

dt
= h1A1

dρ1
dt

+ ρ1A1
dh1

dt
= −ρaV2A2

d(ρ2V2A2L)

dt
= (p1 − pa)A2 + Fx

(2)

The rate of variation of air mass in the chamber is equal to the mass-flow
leaving the control volume through the opening, while the rate of momentum

9

SISTEMA LINEA-CAVITA’

In una misura di pressione variabile nel tempo, la risposta dinamica del trasduttore deve 
essere considerata. Questo problema viene comunemente risolto con un modello a  
parametri concentrati.
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APPROCCIO ALTERNATIVO



LAB. OWC

Possiamo usare lo stesso approccio per il nostro problema?
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flow conditions just outside the duct (the pressure one seeks to know, pu) and
inside the volume (the pressure that is actually measured by the transducer,
pm). This is explained in detail in [47, Chapter 6.6: Dynamic Effects of Vol-
umes and Connecting Tubing], where a lumped parameter model approach
is used to evaluate the phase delay between actual and measured pressures.
An adaptation of this approach will be presented next.

LPM models have been adopted in the past to study the behavior of
OWC systems [48, 49, 50, 51, 52], but, to the authors knowledge, none of
the existing works have used such models to study the interaction between
OWC and turbine and the delay caused by the capative behavior of the air
mass in the OWC.

An LPM model of the OWC-Wells turbine system can be derived by
applying the laws of conservation of mass and axial momentum to the variable
air volume in the chamber ( 1 in Figure 2(b)) and to the turbine duct ( 2 ),
respectively.
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dρ1
dt

+ ρ1A1
dh1

dt
= −ρaV2A2

d(ρ2V2A2L)

dt
= (p1 − pa)A2 + Fx

(2)

The rate of variation of air mass in the chamber is equal to the mass-flow
leaving the control volume through the opening, while the rate of momentum
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Fig. 2. Outline of test equipment.

Fig. 3. Monoplane Wells turbine rotor.

Table 1
Turbine models

Number of plane, N 1,2
Blade profile NACA0020
Number of blades, z 6
Blade chord length, l 90 mm
Solidity at mean radius, rR 0.67
Aspect ratio, AR 0.5
Hub-to-tip ratio, h 0.7
Tip clearance, TC 1 mm
Blade sweep ratio, f 0.35
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APPROCCIO ALTERNATIVO
Consideriamo le similarità tra il nostro sistema e altri strumenti che lavorano in  
condizioni dinamiche:
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Figure 2: Schematics of tube-transducer system (left) and laboratory OWC system (right)
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flow conditions just outside the duct (the pressure one seeks to know, pu) and
inside the volume (the pressure that is actually measured by the transducer,
pm). This is explained in detail in [47, Chapter 6.6: Dynamic Effects of Vol-
umes and Connecting Tubing], where a lumped parameter model approach
is used to evaluate the phase delay between actual and measured pressures.
An adaptation of this approach will be presented next.

LPM models have been adopted in the past to study the behavior of
OWC systems [48, 49, 50, 51, 52], but, to the authors knowledge, none of
the existing works have used such models to study the interaction between
OWC and turbine and the delay caused by the capative behavior of the air
mass in the OWC.

An LPM model of the OWC-Wells turbine system can be derived by
applying the laws of conservation of mass and axial momentum to the variable
air volume in the chamber ( 1 in Figure 2(b)) and to the turbine duct ( 2 ),
respectively.
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dh1

dt
= −ρaV2A2

d(ρ2V2A2L)

dt
= (p1 − pa)A2 + Fx

(2)

The rate of variation of air mass in the chamber is equal to the mass-flow
leaving the control volume through the opening, while the rate of momentum
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Figure 2: Schematics of tube-transducer system (left) and laboratory OWC system (right)
used in [4]

flow conditions just outside the duct (the pressure one seeks to know, pu) and
inside the volume (the pressure that is actually measured by the transducer,
pm). This is explained in detail in [47, Chapter 6.6: Dynamic Effects of Vol-
umes and Connecting Tubing], where a lumped parameter model approach
is used to evaluate the phase delay between actual and measured pressures.
An adaptation of this approach will be presented next.

LPM models have been adopted in the past to study the behavior of
OWC systems [48, 49, 50, 51, 52], but, to the authors knowledge, none of
the existing works have used such models to study the interaction between
OWC and turbine and the delay caused by the capative behavior of the air
mass in the OWC.

An LPM model of the OWC-Wells turbine system can be derived by
applying the laws of conservation of mass and axial momentum to the variable
air volume in the chamber ( 1 in Figure 2(b)) and to the turbine duct ( 2 ),
respectively.
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dρ1
dt

+ ρ1A1
dh1

dt
= −ρaV2A2

d(ρ2V2A2L)

dt
= (p1 − pa)A2 + Fx

(2)

The rate of variation of air mass in the chamber is equal to the mass-flow
leaving the control volume through the opening, while the rate of momentum
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flow conditions just outside the duct (the pressure one seeks to know, pu) and
inside the volume (the pressure that is actually measured by the transducer,
pm). This is explained in detail in [47, Chapter 6.6: Dynamic Effects of Vol-
umes and Connecting Tubing], where a lumped parameter model approach
is used to evaluate the phase delay between actual and measured pressures.
An adaptation of this approach will be presented next.

LPM models have been adopted in the past to study the behavior of
OWC systems [48, 49, 50, 51, 52], but, to the authors knowledge, none of
the existing works have used such models to study the interaction between
OWC and turbine and the delay caused by the capative behavior of the air
mass in the OWC.

An LPM model of the OWC-Wells turbine system can be derived by
applying the laws of conservation of mass and axial momentum to the variable
air volume in the chamber ( 1 in Figure 2(b)) and to the turbine duct ( 2 ),
respectively.
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(2)

The rate of variation of air mass in the chamber is equal to the mass-flow
leaving the control volume through the opening, while the rate of momentum
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Figure 2: Schematics of tube-transducer system (left) and laboratory OWC system (right)
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flow conditions just outside the duct (the pressure one seeks to know, pu) and
inside the volume (the pressure that is actually measured by the transducer,
pm). This is explained in detail in [47, Chapter 6.6: Dynamic Effects of Vol-
umes and Connecting Tubing], where a lumped parameter model approach
is used to evaluate the phase delay between actual and measured pressures.
An adaptation of this approach will be presented next.

LPM models have been adopted in the past to study the behavior of
OWC systems [48, 49, 50, 51, 52], but, to the authors knowledge, none of
the existing works have used such models to study the interaction between
OWC and turbine and the delay caused by the capative behavior of the air
mass in the OWC.

An LPM model of the OWC-Wells turbine system can be derived by
applying the laws of conservation of mass and axial momentum to the variable
air volume in the chamber ( 1 in Figure 2(b)) and to the turbine duct ( 2 ),
respectively.
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dt

+ ρ1A1
dh1

dt
= −ρaV2A2

d(ρ2V2A2L)

dt
= (p1 − pa)A2 + Fx

(2)

The rate of variation of air mass in the chamber is equal to the mass-flow
leaving the control volume through the opening, while the rate of momentum
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):

⎧

⎪
⎪
⎨

⎪⎪
⎩

h1

rm

A1

A2

d(ρ1/ρa)

d(tω)
+

ρ1
ρa

A1

A2

d(h1/rm)

d(tω)
= −

V2

ωrm
L

rm

d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:

⎧

⎪
⎪
⎨

⎪
⎪
⎩

h1A1Ω

A2

γ(ωrm)

a2
dP ∗

dt∗
−
(
γ(ωrm)2

a2
P ∗ + 1

)

φp = −φl

L

rm

Ω

ω

dφl

dt∗
= P ∗ + cx

(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.
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d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:

⎧

⎪
⎪
⎨

⎪
⎪
⎩

h1A1Ω

A2

γ(ωrm)

a2
dP ∗

dt∗
−
(
γ(ωrm)2

a2
P ∗ + 1

)

φp = −φl

L

rm

Ω

ω

dφl

dt∗
= P ∗ + cx

(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):

⎧

⎪
⎪
⎨

⎪⎪
⎩
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rm
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d(ρ1/ρa)

d(tω)
+
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ρa

A1
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d(tω)
= −

V2

ωrm
L

rm

d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:

⎧

⎪
⎪
⎨

⎪
⎪
⎩

h1A1Ω

A2

γ(ωrm)

a2
dP ∗

dt∗
−
(
γ(ωrm)2

a2
P ∗ + 1

)

φp = −φl

L

rm

Ω

ω

dφl

dt∗
= P ∗ + cx

(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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Figure 2: Schematics of tube-transducer system (left) and laboratory OWC system (right)
used in [4]

flow conditions just outside the duct (the pressure one seeks to know, pu) and
inside the volume (the pressure that is actually measured by the transducer,
pm). This is explained in detail in [47, Chapter 6.6: Dynamic Effects of Vol-
umes and Connecting Tubing], where a lumped parameter model approach
is used to evaluate the phase delay between actual and measured pressures.
An adaptation of this approach will be presented next.

LPM models have been adopted in the past to study the behavior of
OWC systems [48, 49, 50, 51, 52], but, to the authors knowledge, none of
the existing works have used such models to study the interaction between
OWC and turbine and the delay caused by the capative behavior of the air
mass in the OWC.

An LPM model of the OWC-Wells turbine system can be derived by
applying the laws of conservation of mass and axial momentum to the variable
air volume in the chamber ( 1 in Figure 2(b)) and to the turbine duct ( 2 ),
respectively.

⎧

⎪⎨

⎪
⎩

dM1

dt
= h1A1

dρ1
dt

+ ρ1A1
dh1

dt
= −ρaV2A2

d(ρ2V2A2L)

dt
= (p1 − pa)A2 + Fx

(2)

The rate of variation of air mass in the chamber is equal to the mass-flow
leaving the control volume through the opening, while the rate of momentum
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Figure 2: Schematics of tube-transducer system (left) and laboratory OWC system (right)
used in [4]

flow conditions just outside the duct (the pressure one seeks to know, pu) and
inside the volume (the pressure that is actually measured by the transducer,
pm). This is explained in detail in [47, Chapter 6.6: Dynamic Effects of Vol-
umes and Connecting Tubing], where a lumped parameter model approach
is used to evaluate the phase delay between actual and measured pressures.
An adaptation of this approach will be presented next.

LPM models have been adopted in the past to study the behavior of
OWC systems [48, 49, 50, 51, 52], but, to the authors knowledge, none of
the existing works have used such models to study the interaction between
OWC and turbine and the delay caused by the capative behavior of the air
mass in the OWC.

An LPM model of the OWC-Wells turbine system can be derived by
applying the laws of conservation of mass and axial momentum to the variable
air volume in the chamber ( 1 in Figure 2(b)) and to the turbine duct ( 2 ),
respectively.

⎧

⎪⎨

⎪
⎩

dM1

dt
= h1A1

dρ1
dt

+ ρ1A1
dh1

dt
= −ρaV2A2

d(ρ2V2A2L)

dt
= (p1 − pa)A2 + Fx

(2)

The rate of variation of air mass in the chamber is equal to the mass-flow
leaving the control volume through the opening, while the rate of momentum
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):

⎧

⎪
⎪
⎨

⎪⎪
⎩

h1

rm

A1

A2

d(ρ1/ρa)

d(tω)
+

ρ1
ρa

A1

A2

d(h1/rm)

d(tω)
= −

V2

ωrm
L

rm

d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:

⎧

⎪
⎪
⎨

⎪
⎪
⎩

h1A1Ω

A2

γ(ωrm)

a2
dP ∗

dt∗
−
(
γ(ωrm)2

a2
P ∗ + 1

)

φp = −φl

L

rm

Ω

ω

dφl

dt∗
= P ∗ + cx

(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):

⎧

⎪
⎪
⎨

⎪⎪
⎩

h1

rm

A1

A2

d(ρ1/ρa)

d(tω)
+

ρ1
ρa

A1

A2

d(h1/rm)

d(tω)
= −

V2

ωrm
L

rm

d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:

⎧

⎪
⎪
⎨

⎪
⎪
⎩

h1A1Ω

A2

γ(ωrm)

a2
dP ∗

dt∗
−
(
γ(ωrm)2

a2
P ∗ + 1

)

φp = −φl

L

rm

Ω

ω

dφl

dt∗
= P ∗ + cx

(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):
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+
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= −
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L
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d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:
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)
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(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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Figure 2: Schematics of tube-transducer system (left) and laboratory OWC system (right)
used in [4]

flow conditions just outside the duct (the pressure one seeks to know, pu) and
inside the volume (the pressure that is actually measured by the transducer,
pm). This is explained in detail in [47, Chapter 6.6: Dynamic Effects of Vol-
umes and Connecting Tubing], where a lumped parameter model approach
is used to evaluate the phase delay between actual and measured pressures.
An adaptation of this approach will be presented next.

LPM models have been adopted in the past to study the behavior of
OWC systems [48, 49, 50, 51, 52], but, to the authors knowledge, none of
the existing works have used such models to study the interaction between
OWC and turbine and the delay caused by the capative behavior of the air
mass in the OWC.

An LPM model of the OWC-Wells turbine system can be derived by
applying the laws of conservation of mass and axial momentum to the variable
air volume in the chamber ( 1 in Figure 2(b)) and to the turbine duct ( 2 ),
respectively.

⎧

⎪⎨

⎪
⎩

dM1

dt
= h1A1
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The rate of variation of air mass in the chamber is equal to the mass-flow
leaving the control volume through the opening, while the rate of momentum
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Figure 2: Schematics of tube-transducer system (left) and laboratory OWC system (right)
used in [4]

flow conditions just outside the duct (the pressure one seeks to know, pu) and
inside the volume (the pressure that is actually measured by the transducer,
pm). This is explained in detail in [47, Chapter 6.6: Dynamic Effects of Vol-
umes and Connecting Tubing], where a lumped parameter model approach
is used to evaluate the phase delay between actual and measured pressures.
An adaptation of this approach will be presented next.

LPM models have been adopted in the past to study the behavior of
OWC systems [48, 49, 50, 51, 52], but, to the authors knowledge, none of
the existing works have used such models to study the interaction between
OWC and turbine and the delay caused by the capative behavior of the air
mass in the OWC.

An LPM model of the OWC-Wells turbine system can be derived by
applying the laws of conservation of mass and axial momentum to the variable
air volume in the chamber ( 1 in Figure 2(b)) and to the turbine duct ( 2 ),
respectively.
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⎩

dM1

dt
= h1A1

dρ1
dt

+ ρ1A1
dh1

dt
= −ρaV2A2

d(ρ2V2A2L)

dt
= (p1 − pa)A2 + Fx

(2)

The rate of variation of air mass in the chamber is equal to the mass-flow
leaving the control volume through the opening, while the rate of momentum
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):

⎧

⎪
⎪
⎨

⎪⎪
⎩

h1

rm

A1

A2

d(ρ1/ρa)

d(tω)
+

ρ1
ρa

A1

A2

d(h1/rm)

d(tω)
= −

V2

ωrm
L

rm

d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:

⎧

⎪
⎪
⎨

⎪
⎪
⎩

h1A1Ω

A2

γ(ωrm)

a2
dP ∗

dt∗
−
(
γ(ωrm)2

a2
P ∗ + 1

)

φp = −φl

L

rm

Ω

ω

dφl

dt∗
= P ∗ + cx

(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
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ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):
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where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp
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A1
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; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):
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equation (4) becomes:
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where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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Figure 2: Schematics of tube-transducer system (left) and laboratory OWC system (right)
used in [4]

flow conditions just outside the duct (the pressure one seeks to know, pu) and
inside the volume (the pressure that is actually measured by the transducer,
pm). This is explained in detail in [47, Chapter 6.6: Dynamic Effects of Vol-
umes and Connecting Tubing], where a lumped parameter model approach
is used to evaluate the phase delay between actual and measured pressures.
An adaptation of this approach will be presented next.

LPM models have been adopted in the past to study the behavior of
OWC systems [48, 49, 50, 51, 52], but, to the authors knowledge, none of
the existing works have used such models to study the interaction between
OWC and turbine and the delay caused by the capative behavior of the air
mass in the OWC.

An LPM model of the OWC-Wells turbine system can be derived by
applying the laws of conservation of mass and axial momentum to the variable
air volume in the chamber ( 1 in Figure 2(b)) and to the turbine duct ( 2 ),
respectively.

⎧

⎪⎨

⎪
⎩

dM1

dt
= h1A1

dρ1
dt

+ ρ1A1
dh1

dt
= −ρaV2A2

d(ρ2V2A2L)

dt
= (p1 − pa)A2 + Fx

(2)

The rate of variation of air mass in the chamber is equal to the mass-flow
leaving the control volume through the opening, while the rate of momentum
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Figure 2: Schematics of tube-transducer system (left) and laboratory OWC system (right)
used in [4]

flow conditions just outside the duct (the pressure one seeks to know, pu) and
inside the volume (the pressure that is actually measured by the transducer,
pm). This is explained in detail in [47, Chapter 6.6: Dynamic Effects of Vol-
umes and Connecting Tubing], where a lumped parameter model approach
is used to evaluate the phase delay between actual and measured pressures.
An adaptation of this approach will be presented next.

LPM models have been adopted in the past to study the behavior of
OWC systems [48, 49, 50, 51, 52], but, to the authors knowledge, none of
the existing works have used such models to study the interaction between
OWC and turbine and the delay caused by the capative behavior of the air
mass in the OWC.

An LPM model of the OWC-Wells turbine system can be derived by
applying the laws of conservation of mass and axial momentum to the variable
air volume in the chamber ( 1 in Figure 2(b)) and to the turbine duct ( 2 ),
respectively.

⎧

⎪⎨

⎪
⎩

dM1

dt
= h1A1

dρ1
dt

+ ρ1A1
dh1

dt
= −ρaV2A2

d(ρ2V2A2L)

dt
= (p1 − pa)A2 + Fx

(2)

The rate of variation of air mass in the chamber is equal to the mass-flow
leaving the control volume through the opening, while the rate of momentum
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):

⎧

⎪
⎪
⎨

⎪⎪
⎩

h1

rm

A1

A2

d(ρ1/ρa)

d(tω)
+

ρ1
ρa

A1

A2

d(h1/rm)

d(tω)
= −

V2

ωrm
L

rm

d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:

⎧

⎪
⎪
⎨

⎪
⎪
⎩

h1A1Ω

A2

γ(ωrm)

a2
dP ∗

dt∗
−
(
γ(ωrm)2

a2
P ∗ + 1

)

φp = −φl

L

rm

Ω

ω

dφl

dt∗
= P ∗ + cx

(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):

⎧

⎪
⎪
⎨

⎪⎪
⎩

h1

rm

A1

A2

d(ρ1/ρa)

d(tω)
+

ρ1
ρa

A1

A2

d(h1/rm)

d(tω)
= −

V2

ωrm
L

rm

d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:

⎧

⎪
⎪
⎨

⎪
⎪
⎩

h1A1Ω

A2

γ(ωrm)

a2
dP ∗

dt∗
−
(
γ(ωrm)2

a2
P ∗ + 1

)

φp = −φl

L

rm

Ω

ω

dφl

dt∗
= P ∗ + cx

(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):

⎧

⎪
⎪
⎨

⎪⎪
⎩

h1

rm

A1

A2

d(ρ1/ρa)

d(tω)
+

ρ1
ρa

A1

A2

d(h1/rm)

d(tω)
= −

V2

ωrm
L

rm

d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:

⎧

⎪
⎪
⎨

⎪
⎪
⎩

h1A1Ω

A2

γ(ωrm)

a2
dP ∗

dt∗
−
(
γ(ωrm)2

a2
P ∗ + 1

)

φp = −φl

L

rm

Ω

ω

dφl

dt∗
= P ∗ + cx

(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):

⎧

⎪
⎪
⎨

⎪⎪
⎩

h1

rm

A1

A2

d(ρ1/ρa)

d(tω)
+

ρ1
ρa

A1

A2

d(h1/rm)

d(tω)
= −

V2

ωrm
L

rm

d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:

⎧

⎪
⎪
⎨

⎪
⎪
⎩

h1A1Ω

A2

γ(ωrm)

a2
dP ∗

dt∗
−
(
γ(ωrm)2

a2
P ∗ + 1

)

φp = −φl

L

rm

Ω

ω

dφl

dt∗
= P ∗ + cx

(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):

⎧

⎪
⎪
⎨

⎪⎪
⎩

h1

rm

A1

A2

d(ρ1/ρa)

d(tω)
+

ρ1
ρa

A1

A2

d(h1/rm)

d(tω)
= −

V2

ωrm
L

rm

d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:

⎧

⎪
⎪
⎨

⎪
⎪
⎩

h1A1Ω

A2

γ(ωrm)

a2
dP ∗

dt∗
−
(
γ(ωrm)2

a2
P ∗ + 1

)

φp = −φl

L

rm

Ω

ω

dφl

dt∗
= P ∗ + cx

(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):

⎧

⎪
⎪
⎨

⎪⎪
⎩

h1

rm

A1

A2

d(ρ1/ρa)

d(tω)
+

ρ1
ρa

A1

A2

d(h1/rm)

d(tω)
= −

V2

ωrm
L

rm

d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:

⎧

⎪
⎪
⎨

⎪
⎪
⎩

h1A1Ω

A2

γ(ωrm)

a2
dP ∗

dt∗
−
(
γ(ωrm)2

a2
P ∗ + 1

)

φp = −φl

L

rm

Ω

ω

dφl

dt∗
= P ∗ + cx

(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):

⎧

⎪
⎪
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⎪⎪
⎩

h1

rm

A1

A2

d(ρ1/ρa)

d(tω)
+

ρ1
ρa

A1
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d(h1/rm)

d(tω)
= −

V2

ωrm
L

rm

d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:

⎧

⎪
⎪
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⎪
⎪
⎩

h1A1Ω

A2

γ(ωrm)

a2
dP ∗

dt∗
−
(
γ(ωrm)2

a2
P ∗ + 1

)

φp = −φl

L

rm

Ω

ω

dφl

dt∗
= P ∗ + cx

(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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aerodynamic axial turbine force. Equation (5) represents a system of two first
order non-linear ordinary differential equations with P ∗ and φl representing
the unknowns and φp the external forcing. cx needs to be provided as a
function of other working parameters.

Given the results from Ghisu et al. [26, 27], and the literature survey
presented in Section 2, the assumption of a negligible turbine aerodynamic
hysteresis appears justified. The force coefficient cx can then be approxi-
mated as a linear function of φl (cx = cx,φφ), while T ∗ can be approximated
as a quadratic function of φl [26]. The validity of this hypothesis will be ver-
ified by comparing the results of the LPM model with the experimental data
of [4], in Section 4. With these assumptions, equation (5) can be converted
to a single second order differential equation:

L

rm

Ω

ω

d2φl

dt∗2
+ cx,φ

dφl

dt∗
+

a2

γ(ωrm)(h1Ω)

A2

A1
φl

=
a2

γ(ωrm)(h1Ω)

A2

A1

(

1 +
γ(ωrm)2

a2
P ∗

)

φp (6)

In order to be solved analytically, equation (6) needs to be linearized. This
can be done by assuming:

h1 ≈ h10 (its value at rest)

(

1 +
γ(ωrm)2

a2
P ∗

)

≈ 1 (7)

After linearization, equation (6) becomes:

L

rm

Ω

ω
︸ ︷︷ ︸

A

d2φl

dt∗2
+ cx,φ
︸︷︷︸

B

dφl

dt∗
+

a2

γ(ωrm)(h10Ω)

A2

A1
︸ ︷︷ ︸

C

φl =
a2

γ(ωrm)(h10Ω)

A2

A1
︸ ︷︷ ︸

D

φp (8)

The solution to equation (8) can be seen in terms of its transfer function
G(Ω/Ωn):

G

(
Ω

Ωn

)

=
φl

φp

=
D

−A +Bj + C
=

D
C

−A
C
+ B

C
j + 1

=
D
C

−
(

Ω
Ωn

)2
+ 1 + 2ζ

(
Ω
Ωn

)

j

(9)
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):

⎧

⎪
⎪
⎨

⎪⎪
⎩

h1

rm

A1

A2

d(ρ1/ρa)

d(tω)
+

ρ1
ρa

A1

A2

d(h1/rm)

d(tω)
= −

V2

ωrm
L

rm

d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:

⎧

⎪
⎪
⎨

⎪
⎪
⎩

h1A1Ω

A2

γ(ωrm)

a2
dP ∗

dt∗
−
(
γ(ωrm)2

a2
P ∗ + 1

)

φp = −φl

L

rm

Ω

ω

dφl

dt∗
= P ∗ + cx

(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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aerodynamic axial turbine force. Equation (5) represents a system of two first
order non-linear ordinary differential equations with P ∗ and φl representing
the unknowns and φp the external forcing. cx needs to be provided as a
function of other working parameters.

Given the results from Ghisu et al. [26, 27], and the literature survey
presented in Section 2, the assumption of a negligible turbine aerodynamic
hysteresis appears justified. The force coefficient cx can then be approxi-
mated as a linear function of φl (cx = cx,φφ), while T ∗ can be approximated
as a quadratic function of φl [26]. The validity of this hypothesis will be ver-
ified by comparing the results of the LPM model with the experimental data
of [4], in Section 4. With these assumptions, equation (5) can be converted
to a single second order differential equation:

L

rm

Ω

ω

d2φl

dt∗2
+ cx,φ

dφl

dt∗
+

a2

γ(ωrm)(h1Ω)
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φl

=
a2

γ(ωrm)(h1Ω)

A2

A1

(

1 +
γ(ωrm)2

a2
P ∗

)

φp (6)

In order to be solved analytically, equation (6) needs to be linearized. This
can be done by assuming:

h1 ≈ h10 (its value at rest)

(

1 +
γ(ωrm)2

a2
P ∗

)

≈ 1 (7)

After linearization, equation (6) becomes:
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︸ ︷︷ ︸
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d2φl
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︸︷︷︸
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+
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︸ ︷︷ ︸

C

φl =
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γ(ωrm)(h10Ω)
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A1
︸ ︷︷ ︸

D

φp (8)

The solution to equation (8) can be seen in terms of its transfer function
G(Ω/Ωn):

G

(
Ω

Ωn

)

=
φl

φp

=
D

−A +Bj + C
=

D
C

−A
C
+ B

C
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D
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−
(
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+ 1 + 2ζ

(
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 APPROCCIO NO 1. (SOLUZIONE ANALITICA) 

1) Linearizziamo il sistema di equazioni (                       ) 

2) Risolviamo analiticamente 

APPROCCIO ALTERNATIVO
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):

⎧

⎪
⎪
⎨

⎪⎪
⎩

h1

rm

A1

A2

d(ρ1/ρa)

d(tω)
+

ρ1
ρa

A1

A2

d(h1/rm)

d(tω)
= −

V2

ωrm
L

rm

d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:

⎧

⎪
⎪
⎨

⎪
⎪
⎩

h1A1Ω

A2

γ(ωrm)

a2
dP ∗

dt∗
−
(
γ(ωrm)2

a2
P ∗ + 1

)

φp = −φl

L

rm

Ω

ω

dφl

dt∗
= P ∗ + cx

(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the

10

    -

PISTON-BASED  
FLOW COEFFICIENT

TURBINE 
FLOW COEFFICIENT 

NON-DIMENSIONAL 
PRESSURE DROP

TURBINE  
AXIAL-FORCE  
COEFFICIENT

�P �l

P ⇤ cx

 APPROCCIO NO 1. (SOLUZIONE ANALITICA) 

1) Risolviamo numericamente (ovviamente stando attenti all’errore numerico 
(VERIFICA) 

APPROCCIO ALTERNATIVO



-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 2

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

PSfrag replacements

φp
P

∗

EXP

CFD

LPM (analytical)

LPM (numerical)

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

PSfrag replacements

φp

T
∗

EXP

CFD

LPM (analytical)

LPM (numerical)

(a) σ = 0.48

-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 2

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

PSfrag replacements

φp

P
∗

EXP

CFD

LPM (analytical)

LPM (numerical)

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

PSfrag replacements

φp

T
∗

EXP

CFD

LPM (analytical)

LPM (numerical)

(b) σ = 0.57

-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 2

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

PSfrag replacements

φp

P
∗

EXP

CFD

LPM (analytical)

LPM (numerical)

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

PSfrag replacements

φp

T
∗

EXP

CFD

LPM (analytical)

LPM (numerical)

(c) σ = 0.67

Figure 3: Comparison of LPM results with experimental data from [4], for different turbine
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Figure 4: Temporal evolution of piston and local flow coefficients, for different turbine
solidities

13

� = 0.57
VALIDAZIONE

CURVE DI PRESTAZIONE (in funzione del coeff. di flusso basato sul pistone)

COEFFICIENTI DI FLUSSO GLOBALE E LOCALE



-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 2

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

PSfrag replacements

φp

P
∗

EXP

CFD

LPM (analytical)

LPM (numerical)

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

PSfrag replacements

φp

T
∗

EXP

CFD

LPM (analytical)

LPM (numerical)

(a) σ = 0.48

-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 2

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

PSfrag replacements

φp
P

∗

EXP

CFD

LPM (analytical)

LPM (numerical)

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

PSfrag replacements

φp

T
∗

EXP

CFD

LPM (analytical)

LPM (numerical)

(b) σ = 0.57

-2

-1.5

-1

-0.5

 0

 0.5

 1

 1.5

 2

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

PSfrag replacements

φp

P
∗

EXP

CFD

LPM (analytical)

LPM (numerical)

-0.05

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

PSfrag replacements

φp

T
∗

EXP

CFD

LPM (analytical)

LPM (numerical)

(c) σ = 0.67

Figure 3: Comparison of LPM results with experimental data from [4], for different turbine
solidities

12

-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

0 1/2π π 3/2π 2π

PSfrag replacements

t∗

φ

φp

φl (CFD)

φl (LPM-an)

φl (LPM-num)

 0.1

 0.2

 0.3

1/2π π

Op

PSfrag replacements

t∗

φ

φp

φl (CFD)

φl (LPM-an)

φl (LPM-num)

(a) σ = 0.48

-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

0 1/2π π 3/2π 2π

PSfrag replacements

t∗

φ

φp

φl (CFD)

φl (LPM-an)

φl (LPM-num)

 0.1

 0.2

 0.3

1/2π π

PSfrag replacements

t∗

φ

φp

φl (CFD)

φl (LPM-an)

φl (LPM-num)

(b) σ = 0.57

-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

0 1/2π π 3/2π 2π

PSfrag replacements

t∗

φ

φp

φl (CFD)

φl (LPM-an)

φl (LPM-num)

 0.1

 0.2

 0.3

1/2π π

PSfrag replacements

t∗

φ

φp

φl (CFD)

φl (LPM-an)

φl (LPM-num)

(c) σ = 0.67

Figure 4: Temporal evolution of piston and local flow coefficients, for different turbine
solidities

13

� = 0.67

COEFFICIENTI DI FLUSSO GLOBALE E LOCALE

CURVE DI PRESTAZIONE (in funzione del coeff. di flusso basato sul pistone)

VALIDAZIONE



• Verifica e validazione sono due fasi FONDAMENTALI di una 
simulazione numerica (benché spesso trascurate) 

• La verifica deve essere condotta tramite l’analisi dell’errore 
relativo al variare del passo di discretizzazione 

• La verifica deve sempre precedere la validazione 

• Una validazione non preceduta da verifica è inutile e rischiosa 

• Non è sufficiente confrontare una soluzione numerica con dei dati 
sperimentali per essere sicuri di essere nel giusto 

CONCLUSIONI
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Statement on the Control of Numerical Accuracy 

 
   Although no standard method for evaluating numerical uncertainty is currently accepted by the 
CFD community, there are numerous methods and techniques available to the user to accomplish 
this task.  The following is a list of guidelines, enumerating the criteria to be considered for ar-
chival publication of computational results in the Journal of Fluids Engineering. 

1. Authors must be precise in describing the numerical method used; this includes an as-
sessment of the formal order of accuracy of the truncation error introduced by individual 
terms in the governing equations, such as diffusive terms, source terms, and most impor-
tantly, the convective terms.  It is not enough to state, for example, that the method is 
based on a “conservative finite-volume formulation,” giving then a reference to a general 
CFD textbook. 

2. The numerical method used must be at least formally second-order accurate in space 
(based on a Taylor series expansion) for nodes in the interior of the computational grid.  
The computational expense of second, third, and higher order methods are more expen-
sive (per grid point) than first order schemes, but the computational efficiency of these 
higher order methods (accuracy per overall cost) is much greater.  And, it has been dem-
onstrated many times that, for first order methods, the effect of numerical diffusion on the 
solution accuracy is devastating. 

3. Methods using a blending or switching strategy between first and second order methods 
(in particular, the well-known “hybrid,” “power-law,” and related exponential schemes) 
will be viewed as first-order methods, unless it can be demonstrated that their inherent 
numerical diffusion does not swamp or replace important modeled physical diffusion 
terms.  A similar policy applies to methods invoking significant amounts of explicitly 
added artificial viscosity or diffusivity. 

4. Solutions over a range of significantly different grid resolutions should be presented to 
demonstrate grid-independent or grid-convergent results.  This criterion specifically ad-
dresses the use of improved grid resolution to systematically evaluate truncation error and 
accuracy.  The use of error estimates based on methods such as Richardson extrapolation 
or those techniques now used in adaptive grid methods, may also be used to demonstrate 
solution accuracy. 

5. Stopping criteria for iterative calculations need to be precisely explained.  Estimates must 
be given for the corresponding convergence error. 

6. In time-dependent solutions, temporal accuracy must be demonstrated so that the spuri-
ous effects of phase error are shown to be limited.  In particular, it should be demon-
strated that unphysical oscillations due to numerical dispersion are significantly smaller 
in amplitude than captured short-wavelength (in time) features of the flow. 

7. Clear statements defining the methods used to implement boundary and initial conditions 
must be presented.  Typically, the overall accuracy of a simulation is strongly affected by 
the implementation and order of the boundary conditions.  When appropriate, particular 
attention should be paid to the treatment of inflow and outflow boundary conditions. 

8. In the presentation of an existing algorithm or code, all pertinent references or other pub-
lications must be cited in the paper, thus aiding the reader in evaluating the code and its 
method without the need to redefine details of the methods in the current paper.  How-
ever, basic features of the code must be outlined according to Item 1, above. 

 

 

9. Comparison to appropriate analytical or well-established numerical benchmark solutions 
may be used to demonstrate accuracy for another class of problems.  However, in general 
this does not demonstrate accuracy for another class of problems, especially if any ad-
justable parameters are involved, as in turbulence modeling. 

10. Comparison with reliable experimental results is appropriate, provided experimental un-
certainty is established.  However, “reasonable agreement” with experimental data alone 
will not be enough to justify a given single-grid calculation, especially if adjustable pa-
rameters are involved. 

 
   These ten items lay down a set of criteria by which the editors and reviewers of this Journal 
will judge the archival quality of publications dealing with computational studies for the Journal 
of Fluids Engineering.  We recognize that the effort to perform a thorough study of numerical 
accuracy may be great and that many practical engineering calculations will continue to be per-
formed by first order methods, on a single fixed grid.  However, such analyses would not be ap-
propriate for presentation in this archival journal.  With the gains in performance of low-end 
workstations, it is now reasonable to require papers on solutions by CFD to meet these funda-
mental criteria for archiving of a publication. 
   With the details of these ten criteria now presented, a shortened statement will appear as fol-
lows: 
   The Journal of Fluids Engineering will not consider any paper reporting the numerical solu-
tion of a fluids engineering problem that fails to address the task of systematic truncation error 
testing and accuracy estimation.  Authors should address the following criteria for assessing 
numerical uncertainty. 

1. The basic features of the method including formal truncation error of individual terms in 
the governing numerical equations must be described. 

2. Methods must be at least second order accurate in space. 
3. Inherent or explicit artificial viscosity (or diffusivity) must be assessed and minimized. 
4. Grid independence or convergence must be established. 
5. When appropriate, iterative convergence must be addressed. 
6. In transient calculations, phase error must be assessed and minimized. 
7. The accuracy and implementation of boundary and initial conditions must be fully ex-

plained. 
8. An existing code must be fully cited in easily available references. 
9. Benchmark solutions may be used for validation for a specific class of problems. 
10. Reliable experimental results may be used to validate a solution. 
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9. Comparison to appropriate analytical or well-established numerical benchmark solutions 
may be used to demonstrate accuracy for another class of problems.  However, in general 
this does not demonstrate accuracy for another class of problems, especially if any ad-
justable parameters are involved, as in turbulence modeling. 

10. Comparison with reliable experimental results is appropriate, provided experimental un-
certainty is established.  However, “reasonable agreement” with experimental data alone 
will not be enough to justify a given single-grid calculation, especially if adjustable pa-
rameters are involved. 

 
   These ten items lay down a set of criteria by which the editors and reviewers of this Journal 
will judge the archival quality of publications dealing with computational studies for the Journal 
of Fluids Engineering.  We recognize that the effort to perform a thorough study of numerical 
accuracy may be great and that many practical engineering calculations will continue to be per-
formed by first order methods, on a single fixed grid.  However, such analyses would not be ap-
propriate for presentation in this archival journal.  With the gains in performance of low-end 
workstations, it is now reasonable to require papers on solutions by CFD to meet these funda-
mental criteria for archiving of a publication. 
   With the details of these ten criteria now presented, a shortened statement will appear as fol-
lows: 
   The Journal of Fluids Engineering will not consider any paper reporting the numerical solu-
tion of a fluids engineering problem that fails to address the task of systematic truncation error 
testing and accuracy estimation.  Authors should address the following criteria for assessing 
numerical uncertainty. 

1. The basic features of the method including formal truncation error of individual terms in 
the governing numerical equations must be described. 

2. Methods must be at least second order accurate in space. 
3. Inherent or explicit artificial viscosity (or diffusivity) must be assessed and minimized. 
4. Grid independence or convergence must be established. 
5. When appropriate, iterative convergence must be addressed. 
6. In transient calculations, phase error must be assessed and minimized. 
7. The accuracy and implementation of boundary and initial conditions must be fully ex-

plained. 
8. An existing code must be fully cited in easily available references. 
9. Benchmark solutions may be used for validation for a specific class of problems. 
10. Reliable experimental results may be used to validate a solution. 
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in the turbine duct is equal to the forces acting on the corresponding control
volume, i.e. the sum of pressure forces on the boundaries and aerodynamic
forces from the turbine (Fx). Compressibility of air within the turbine duct
(but not in the overall system) has been neglected (ρf = ρa = ρ2), with the
result that the mass-flow through any section of the turbine duct is assumed
constant. Forces due to friction on the duct walls have been considered
negligible with respect to aerodynamic forces acting on the turbine.

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop P ∗ and torque T ∗, as a function of flow coefficient
φ, which in the experiment of Setoguchi [4] appears to be calculated based
on piston speed.

P ∗ =
∆P

ρω2rm2
; T ∗ =

T

ρω2rm5
; φp =

Vp

ωrm

A1

A2
; (3)

The equations in (2) can be written in terms of the non-dimensional
coefficients in (3), by dividing the mass conservation equation by (ρaωrmA2)
and the momentum equation by (ρa(ωrm)2A2):

⎧

⎪
⎪
⎨

⎪⎪
⎩

h1

rm

A1

A2

d(ρ1/ρa)

d(tω)
+

ρ1
ρa

A1

A2

d(h1/rm)

d(tω)
= −

V2

ωrm
L

rm

d(V2/(ωrm))

d(tω)
=

(p1 − pa)

ρa(ωrm)2
+

Fx

ρa(ωrm)2A2

(4)

Introducing the following non-dimensional parameters:

A1

A2

d(h1/rm)

d(tω)
= −φp

V2

ωrm
= φl

p1 − pa
ρa(ωrm)2

= P ∗

ρ1
ρa

= ρ∗ =
γ(ωrm)2

a2
P ∗ + 1

Fx

ρa(ωrm)2A2
= cx tΩ =

tω

ω/Ω
= t∗

equation (4) becomes:

⎧

⎪
⎪
⎨

⎪
⎪
⎩

h1A1Ω

A2

γ(ωrm)

a2
dP ∗

dt∗
−
(
γ(ωrm)2

a2
P ∗ + 1

)

φp = −φl

L

rm

Ω

ω

dφl

dt∗
= P ∗ + cx

(5)

where φl is a local flow coefficient calculated based on the axial velocity
of the flow in the turbine duct, and cx a non-dimensional coefficient for the
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aerodynamic axial turbine force. Equation (5) represents a system of two first
order non-linear ordinary differential equations with P ∗ and φl representing
the unknowns and φp the external forcing. cx needs to be provided as a
function of other working parameters.

Given the results from Ghisu et al. [26, 27], and the literature survey
presented in Section 2, the assumption of a negligible turbine aerodynamic
hysteresis appears justified. The force coefficient cx can then be approxi-
mated as a linear function of φl (cx = cx,φφ), while T ∗ can be approximated
as a quadratic function of φl [26]. The validity of this hypothesis will be ver-
ified by comparing the results of the LPM model with the experimental data
of [4], in Section 4. With these assumptions, equation (5) can be converted
to a single second order differential equation:

L

rm

Ω

ω

d2φl

dt∗2
+ cx,φ

dφl

dt∗
+

a2

γ(ωrm)(h1Ω)

A2

A1
φl

=
a2

γ(ωrm)(h1Ω)

A2

A1

(

1 +
γ(ωrm)2

a2
P ∗

)

φp (6)

In order to be solved analytically, equation (6) needs to be linearized. This
can be done by assuming:

h1 ≈ h10 (its value at rest)

(

1 +
γ(ωrm)2

a2
P ∗

)

≈ 1 (7)

After linearization, equation (6) becomes:

L

rm

Ω

ω
︸ ︷︷ ︸

A

d2φl

dt∗2
+ cx,φ
︸︷︷︸

B

dφl

dt∗
+

a2

γ(ωrm)(h10Ω)

A2

A1
︸ ︷︷ ︸

C

φl =
a2

γ(ωrm)(h10Ω)

A2

A1
︸ ︷︷ ︸

D

φp (8)

The solution to equation (8) can be seen in terms of its transfer function
G(Ω/Ωn):

G

(
Ω

Ωn

)

=
φl

φp

=
D

−A +Bj + C
=

D
C

−A
C
+ B

C
j + 1

=
D
C
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In the above equations, Ωn is the natural angular frequency and ζ the damp-
ing ratio of the system:
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The solution to equation (8) is therefore:
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Equation (16) is the fundamental result of this section, and deserves some
attention. Because of the damping produced by the first order term in equa-
tion (8) (the resistance produced by the turbine), a delay exists between pis-
ton movement and mass-flow passing in the turbine duct. It will be shown
how this OWC hysteresis is by far the largest contribution to the hysteresis
measured in the experiments of [1, 2, 3, 4, 5].

4. Results

The model introduced in Section 3 has been applied to three experimen-
tal analyses presented in [4]. Geometrical dimensions and operating con-
ditions are reported in Table 1. For all three experiments, the operating
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*
In this work, it is shown that the real cause of the hysteresis is likely to

be found in a different phenomenon, neglected in previous experimental and
numerical analyses: the phase difference between piston movement and mass-
flow in the turbine duct, caused the capacitive behavior of the large OWC
chamber. A lumped parameter model of the system is used to estimate this
phase delay, and the results are compared to the experimental analysis that
first reported the hysteresis under consideration. It is shown that the OWC
system hysteresis completely explains the experimental results and that the
aerodynamic hysteresis is likely to be at least one order of magnitude lower
than the OWC hysteresis, hence negligible.
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Table 1: Geometrical and operating data for Setoguchi’s experiments [65]
chamber diameter [m] 1.4
rotor tip diameter [mm] 300
rotor hub diameter [mm] 210
tip clearance [mm] 1
chord length c [mm] 90
sweep ratio [-] 0.417
number of blades [-] 6
blade profile NACA0020
solidity at tip radius σ [-] 0.57
rotational speed [rpm] 2500
operating frequency f [s−1] 1/6
Reynolds number Re [-] 2× 105

Mach number M [-] 0.1
turbine non-dimensional frequency k [-] 0.0014

!"#$%&'()*+,-./0123456789:;<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]̂_̀abcdefghijklmnopqrstuvwxyz{|}~
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Figure 3: Computational domain for Wells turbine simulations

(a) Blade and hub surface mesh

(b) Close-up view of the hub

Figure 4: Details of the computational mesh for Wells turbine simulations

6 Results

6.1 Part I: Isolated Airfoil

The drag coefficient cd and the non-dimensional entropy generation rate KṠG

for the NACA0012 profile are presented in Figure 5, as a function of the inci-14
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Figure 3: Comparison of LPM results with experimental data from [4], for different turbine
solidities
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Figure 4: Temporal evolution of piston and local flow coefficients, for different turbine
solidities
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I can analyse the solution in terms of the BODE DIAGRAMS of the system

would have a detrimental effect on its performance) can be produced increas-501

ing the system damping (i.e. by modifying the turbine) or the ratio Ω/Ωn.502

These changes would also increase the phase delay, therefore leading to a503

larger system hysteresis.504
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Figure 14: Bode diagrams: gain and phase as functions of frequency ratio

Table 3: Comparison of system parameters used for the frequency analysis

σ A B C=D Ω/Ωn ζ |φl|/|φp| ξ
0.48 0.01569 2.046 57.68 0.01649 0.973 0.9996 -0.0355
0.57 0.01569 3.106 57.68 0.01649 1.477 0.9987 -0.0538
0.67 0.01569 5.673 57.68 0.01649 2.698 0.9950 -0.0981

5. Conclusions505

OWC systems equipped with Wells turbines are among the most well-506

known devices for sea wave conversion. Their performance has been studied507

25
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Hysteresis in oscillating airfoils has been studied for decades.
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Experimental Set-up and Instrumentation 

The experimental set-up and the details of the investi-
gation are reported in [13, 14]. The experimental facility 
is composed of a cylindrical chamber (1 m diameter) 
with a piston moved by a hydraulic actuator. The air flow 
is conveyed in a duct where a 0.25 m diameter Wells tur-
bine is placed. As in a real OWC plant, a periodic bi-  
directional flow is reproduced through the movement of 
the piston. The turbine shaft is connected to an asyn-
chronous generator equipped with inverter and feedback 
encoder that allow the rotational speed to be controlled. 
The maximum power generated by the turbine is of the 
order of 240 W. Geometrical parameters are summarized 
in Table 1. Figure 1 reports a global schematic of the 
machine, a more detailed view of the turbine, and a sketch 

 
Table 1  Wells turbine data 

Airfoil NACA 0015 

Rotor Tip Diameter 250 mm 

Rotor Hub Diameter 190 mm 

Tip Clearance  1 mm 

Chord Length 36 mm 

Blade Number 14 

Solidity at Tip Radius 0.642 

Sweep Ratio 0.417 (15/36) 

Rotational Speed 3600-4200 r/min 

Piston Period 9 s 

 

 
 

Fig. 1  Scheme of the Wells turbine under investigation 

of the velocity triangles during outflow and inflow phases. 
Three non-dimensional piston frequencies ( � �/ tf fc rZ ) 

have been analyzed (7.3×10�5, 8.5×10�5  and 1×10�4). In 
this work only the first two frequencies are used for the 
numerical analysis. 

While performance of Wells turbine depend on the 
combined effect of lift and drag, they are usually 
represented in terms of non-dimensional static pressure 
difference P* and torque T* as a function of flow coeffi-
cient I: 
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where 'P is the pressure difference across the rotor, U is 
the flow density, Z the machine’s rotational speed, rt the 
tip radius, T the torque and Va the axial velocity upstream 
of the rotor. 

A number of different sensors were installed on the 
facility, allowing the instantaneous values of the turbine 
angular speed, torque, piston position and wall static 
pressure near the rotor to be measured. Both the global 
parameters of the turbine and the flow field near the rotor 
were studied. A split-fiber film anemometer was posi-
tioned alternatively upstream and downstream of the tur-
bine, at the mean turbine radius, to measure the 2D cha-
racteristic of the flow. The anemometer was differently 
oriented during air inflow and outflow phases with a 
motorized positioning system. Data acquisition was per-
formed for at least one piston stroke, using a high speed 
multichannel DAQ-board. The data were processed using 
phase locked ensemble averaging technique. 

Numerical Analysis 

The numerical simulations have been conducted with 
the commercial CFD software Ansys Fluent 14.0, while 
Ansys IcemCFD has been used to generate the numerical 
grid used to approximate the governing equations. The 
unsteady Reynolds-Averaged Navier-Stokes (RANS) 
equations have been solved for a compressible ideal gas. 
In consideration of the low Reynolds number of the ma-
chine (between 0.8×105 and 1.5×105 based on blade 
chord depending on operating conditions) the flow is 
likely to be laminar or transitional [15]. In order to be 
able to simulate laminar separation leading to early stall, 
the transition SST model has been selected for turbulence 
closure. The SIMPLEC algorithm has been used for pre-
ssure-velocity coupling, a second-order upwind scheme 
for discretizing convective terms and a second-order 
centered scheme for pressure and viscous terms. Mul-
tiple-reference frames have been used for simulating the 
interaction between stationary and rotating regions. The 
motion of the piston has been simulated by means of a 
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Equation (16) is the fundamental result of this section, and deserves some
attention. Because of the damping produced by the first order term in equa-
tion (8) (the resistance produced by the turbine), a delay exists between pis-
ton movement and mass-flow passing in the turbine duct. It will be shown
how this OWC hysteresis is by far the largest contribution to the hysteresis
measured in the experiments of [1, 2, 3, 4, 5].

4. Results

The model introduced in Section 3 has been applied to three experimen-
tal analyses presented in [4]. Geometrical dimensions and operating con-
ditions are reported in Table 1. For all three experiments, the operating
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HYSTERESIS IN WELLS TURBINE
NUMERICAL
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In the above equations, Ωn is the natural angular frequency and ζ the damp-
ing ratio of the system:
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The solution to equation (8) is therefore:
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Equation (16) is the fundamental result of this section, and deserves some
attention. Because of the damping produced by the first order term in equa-
tion (8) (the resistance produced by the turbine), a delay exists between pis-
ton movement and mass-flow passing in the turbine duct. It will be shown
how this OWC hysteresis is by far the largest contribution to the hysteresis
measured in the experiments of [1, 2, 3, 4, 5].

4. Results

The model introduced in Section 3 has been applied to three experimen-
tal analyses presented in [4]. Geometrical dimensions and operating con-
ditions are reported in Table 1. For all three experiments, the operating
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RAPIDLY OSCILLATING AIRFOILS
Hysteresis in oscillating airfoils has been studied for decades.

NON-DIMENSIONAL FREQUENCY

IN WELLS TURBINES

In oscillating airfoils, no hysteresis is produced for

k =
⌦c

2U1
= 1E � 1
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SETOGUCHI’S NUMERICAL EXPERIMENT 

calculation for attack angle !R!0 deg were used as the initial
condition, which corresponded to the experimental condition. The
nondimensional distance of the first grid point from the blade
surface was less than 5.0 based on the friction velocity and the
kinematic viscosity of air.

Numerical Results
Figure 4 shows the experimental, "2#, and calculated results of

hysteretic behaviors of the total pressure coefficient CA and the
torque coefficient CT against the attack angle !R in one-half pe-
riod of the sinusoidal flow. Figure 4$a% shows the experimental
and calculated values of CA , and Fig. 4$b%the experimental and
calculated values of CT . These coefficients are defined as follows:

CA!&P0Q/$ϱ$va
2"UR

2%zblva/2% (1)

CT!T/$'$va
2"UR

2%zblrR/2% (2)

!R!tan#1$va /UR% (3)

where &P0 denotes the total pressure drop across the rotor, Q air
flow rate, ' density of air, va axial velocity, UR circumferential

velocity at midspan, z number of blades, b span of the blade, T
torque of the rotor, rR radius at midspan, and !R attack angle.
The attack angle varies between 0 deg and its maximum value

in phase with the oscillating flow. In the course of the cycle the
experimental CA value $broken line%during acceleration of axial
velocity $increasing !R), is lower than that during deceleration
$decreasing !R), and then a counterclockwise hysteretic loop ap-
pears as shown in Fig. 4$a%. As is evident from Fig. 4$b%, a similar
hysteretic loop is also observed in the experimental value of the
torque coefficient CT . If the hysteretic behavior was caused by
the dynamic stall of blade, a clockwise hysteretic loop would be
seen, "5–8#. Therefore, the mechanism of hysteretic behavior of
the Wells turbine should be different from the mechanism of the
dynamic stall.
As for the agreement of the calculated values with the experi-

mental data in Fig. 4, good agreement is obtained, although the
calculated values are a little smaller than the experimental data for
both CA and CT . Maximum values of the calculated results of CA
and CT agree well with the experiment quantitatively. As for the
grid dependency of CA , CA values for finer grids are a little $0.1
of CA in the maximum case%larger than the values for the objec-
tive grids in the accelerating flow, but the maximum CA value and
the CA values in the decelerating flow for finer grids is almost the
same as the CA values for the objective grids. The grid depen-
dency of CT is similar to the one of CA . The calculation of the
objective grids can qualitatively simulate the hysteretic phenom-
enon of the Wells turbine in spite of comparably small numbers of
grid points in the tip clearance. In the following description, the
mechanism of the hysteretic characteristics of the Wells turbine is
considered through the examination of the calculated flow fields.
Figure 5 shows the circumferential velocity contours at mid

span, where the numbers at the centerline are the attack angle !R ,
and the air flows left to right. For !R!6(15 deg, the contour
lines near the suction surface of the blade are denser than the ones
near the pressure surface, which means that the boundary layer
along the suction surface is thicker than the one along the pressure
surface. Comparing the figures in the decelerating flow with the
ones in the accelerating flow for !R!6 or 12 deg, the boundary
layer along the suction side surface in the accelerating flow is
thicker. In each figure, the region where the contour lines are
dense exists in the area from the upstream side of the periodic
boundary to a location a little distant from the suction surface of
the blade, which is considered the wake formed by the front side
blade in the rotational direction. The thickness of the wake in the
accelerating flow is larger than that in the decelerating flow for
!R!6 deg.
Figure 6 shows the streamlines near the suction surface starting

from the leading edge of the blade. For !R!6 deg, the flow near
the hub surface separates more upstream than the flow near the tip
side in the accelerating flow. This region of separation cannot be
seen for !R!6 deg in the decelerating flow. In addition, some of

Fig. 1 Schematic view for OWC device

Table 1 Turbine models

Blade Profile NACA0020
Number of blades z 6
Blade chord length l 90 mm
Solidity at tip ) t 0.57
Aspect ratio AR 0.5
Tip radius Rt 149 mm

Tip clearance TC 1 mm
Setting angle * 0 deg

Fig. 2 Computational domain

Fig. 3 Perspective view of grids
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The explanation has been derived with a CFD analysis that was able to capture the 
“right” trends for blade forces.
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figures adapted from:Fig. 2. Outline of test equipment.

Fig. 3. Monoplane Wells turbine rotor.

Table 1
Turbine models

Number of plane, N 1,2
Blade profile NACA0020
Number of blades, z 6
Blade chord length, l 90 mm
Solidity at mean radius, rR 0.67
Aspect ratio, AR 0.5
Hub-to-tip ratio, h 0.7
Tip clearance, TC 1 mm
Blade sweep ratio, f 0.35
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