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Abstract

A Wells turbine is an axial-flow turbine consisting of a rotor usually with
symmetric (uncambered) blades staggered at a 90 degree angle relative to
the machine’s axis. This turbine is used within oscillating water column
systems: during its normal operation, the blades experience a continuous
change in incidence angle, that according to many authors is at the origin of
a hysteresis in its force coefficients. Aerodynamic hysteresis in rapidly moving
airfoils is a well-known phenomenon, but happens only at non-dimensional
frequencies significantly larger than the ones encountered in Wells turbines.
This work presents a re-examination of the two phenomena, that shows the
unlikeliness of the presence of any aerodynamic hysteresis in Wells turbines.
A simple yet effective lumped parameter analysis is used to prove how the
real cause of the hysteresis is to be found in a different phenomenon. Results
are compared to experiments and CFD analyses for the same problem, with
an excellent agreement.
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LEV leading edge vortex
LPM lumped parameter model
OWC oscillating water column
Dimensional properties

a speed of sound [m s™']

A cross area [m’]

e}

blade chord [m]

f frequency [s™']

F,  turbine axial force [kg m s ]
L turbine duct length [m]

M;  mass of air in the chamber [kg]
hq air chamber height [m)]

P pressure [kg m~'s™2]

rm  blade midspan radius [m)]

T blade tip radius [m]

t time [s]

T turbine torque [kg m® s~

U blade speed [m s™']

Uy free-stream velocity [ms™ ]

Vv axial velocity [m s™']

Ap  turbine pressure drop [kg m ™" s72]
p air density [kg m™?]

w turbine rotational speed [s7']



Q
Q2

piston angular frequency [s_l]

natural angular frequency [s_l]

Non-dimensional properties

A, B,C, D coefficients of second order equation

Cd
a

Cm

t*

T*

Pp
dr

drag coefficient

lift coefficient

pitching moment coefficient
turbine axial force coefficient
slope of ¢, vs. ¢ curve
non-dimensional turbine reactance
transfer function

imaginary unit

non-dimensional (or reduced) frequency
Mach number

pressure drop coefficient

Reynolds number
non-dimensional time

torque coefficient

ratio of specific heats
piston-based flow coefficient

local flow coefficient
non-dimensional density

turbine solidity



& phase shift due to turbine aerodynamics
¢owe Phase shift due to OWC

&t total phase shift (sum of OWC and turbine)
¢ damping ratio

Subscripts and superscripts

0 amplitude

1 air chamber

2 turbine duct

a turbine duct outlet section
f turbine duct inlet section
l local

P piston

t tangential direction

x axial direction

1. Introduction

A Wells turbine is an axial-flow turbine consisting of a rotor usually with
symmetric (uncambered) blades staggered at a 90 degree angle relative to
machine’s axis. This turbine is used within oscillating water column (OWC)
systems, which convert the sea-wave motion into a bi-directional flow of air.
The Wells turbine transforms the energy of the flow of air into mechanical
energy, by means of the aerodynamic forces that are generated on the blades
by the relative air motion. Schematics of OWC system and Wells turbine are
given in Figure 1.

As the mass-flow passing through the turbine is alternate and periodic,
the blades experience a continuous variation in incidence angle, i.e. they op-
erate under dynamic conditions. Several authors have discussed the presence
of a hysteretic loop when representing turbine performance as a function of



OSCILLATING

AIR-FLOW GENERATOR

CASING

AIR OUT AR IN

WAVE CREST Cj J

WAVE TROUGH
OSCILLATING

) [=

(a) (b)

WELLS
TURBINE
HUB

Figure 1: OWC system (a) and Wells turbine (b)

the flow coefficient: aerodynamic forces acting on the blades were found to be
larger during the deceleration phase (when the mass-flow through the turbine
is decreasing) than during the acceleration phase (when it is increasing).

The presence of hysteresis was first discovered in experimental studies
conducted on laboratory devices, where a piston moving inside a large cylin-
der was used to replicate the dynamic operating conditions typical of OWC-
installed turbines [1, 2, 3, 4], and on full-scale systems [5]. In other studies
6, 7, 8, 9], the hysteresis appeared negligible. Puddu et al. [8, 9], in par-
ticular, highlighted how the hysteresis disappears when turbine performance
is represented as a function of flow parameters measured in the proximity of
the rotor.

The (generally accepted) explanation on the origin of the hysteresis was
found by means of numerical (CFD) simulations, conducted on a domain con-
sisting of a passage of the annular duct housing the turbine (i.e. air chamber
and moving piston were not simulated). Kinoue et al. [10] attributed the
difference in performance between acceleration and deceleration phases to
the interaction of the blade circulation with trailing edge vorticity, shed by
the blade due to the variation in flow incidence and opposite in sign dur-
ing the two phases. The same explanation is given in other papers by the
same research group (among many others [11, 12, 13, 14, 15, 16, 17]). The
presence of dynamic effects in Wells turbines was also the focus of the recent
numerical investigations by [18, 19, 20, 21, 22, 23], who gave essentially very
similar explanations.



Numerical models have often been derived for the study of OWC systems:
among these, wave-to-wire models analyze the energy conversion from the
sea waves to the generator using conservation laws expressed in terms of
ordinary differential equations [24, 25]. It should be noted that many of
these studies discuss the presence of a delay between the displacement of
the water level inside the OWC chamber and the mass-flow passing through
the duct [26, 27, 28, 29, 30]. It is surprising how this information was not
used in experiments that focused on the turbine performance under dynamic
conditions [1, 2, 3, 4], to isolate the performance of the turbine from that of
the OWC.

This work presents a re-examination of the cause of the hysteresis in Wells
turbines, or, more appropriately, in OWC systems, by means of a simple yet
very effective lumped parameter model (LPM). Section 2 presents a brief
survey of the large literature available on oscillating airfoils, which highlights
how, at least for this problem, dynamic effects, and hence hysteresis, are
negligible at the non-dimensional frequencies typical of Wells turbines opera-
tion. Section 3 summarizes some recent research of interest to this work and
introduces the LPM that will be used to explain the real cause of the hys-
teresis. Section 4 compares the results produced when applying the proposed
model to the experimental setup of [4], and finally Section 5 summarizes the
findings of this work.

2. Hysteresis in rapidly moving airfoils and wings

Several authors [10, 12, 17, 23] have compared the hysteresis in OWC-
turbine systems to the hysteresis in oscillating airfoils. This aspect deserves
some clarifications, as important similarities exist, as well as fundamental
differences.

As highlighted in Section 1, the incidence of the flow on a Wells turbine
changes continuously during its normal operation. This is similar to what
happens in rapidly moving airfoils (pitching or plunging), a phenomenon that
has been widely studied since the 1930s [31], given its importance in rotating
machinery (wind turbines, compressors and helicopter rotors) [32] and animal
propulsion (insects, birds, and fish) [33]. Significant efforts have been devoted
to the study of this problem by NASA in the 1970s and 1980s [34, 35, 36,
37, 38|, although several aspects are still at present under investigation [39,
40, 41, 42, 43, 44, 45].



A clear explanation of the causes of the hysteresis in rapidly moving
airfoils is given by Ericsson and Reding [46]. The problem is governed by 3
distinct phenomena:

a. the interaction of wake vorticity with the airfoil circulation (opposite
and concordant in sign during pitch-up and pitch-down, respectively),
which determines a time-lag and hence an effective incidence lower dur-
ing pitch-up and higher during pitch-down, responsible for a counter-
clockwise loop in aerodynamic performance plots (¢; — «, ¢4 — «, and
Cm — Q).

b. the moving wall determines an energization of the boundary layer, that
is able to withstand a larger pressure gradient before separation, with
the effect of an increase in stall angle.

c. the generation of a leading edge vortex (LEV), associated with a dis-
continuous change in circulation (i.e. flow separation) that interacts
with the blade suction surface causing, during its passage, a sharp suc-
tion peak and a temporary increase in lift. After the passage of the
LEV, the airfoil experiences a sudden drop in lift and an increase in
drag and pitching moment.

The magnitude of these phenomena depends mainly on the non-
dimensional (or reduced) frequency k, which is a ratio of the characteristic
times of flow passage and airfoil motion [34, 36].

k=T1C (1)

In equation (1), f is the frequency of oscillation (pitching or plunging), ¢
the airfoil’s chord, and U,, the free-stream velocity. Reynolds number and
amplitude of the oscillation are also important, but mainly for determining
whether the airfoil exceeds, during its movement, the static stall angle, which
in turns determines the formation of the LEV. If the static stall angle is
not exceeded, Reynolds number and oscillation amplitude are of secondary
importance [47]. Mach number effects are also minimal, provided that shock
waves are absent [35].

When the airfoil movement does not cause flow separation (i.e. the static
stall angle is not exceeded), only the first phenomenon (a) can be present.
The vorticity shed by the blade interacts with the blade circulation causing a
time-lag in the attainment of the static forces and hence a counter-clockwise
hysteretic loop. At reduced frequencies below 0.08, the phase angle produced
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by shed vorticity is well approximated by the linear relation &, = —3k [46].
It can be easily verified that non-dimensional frequencies well above 1072 are
required for the hysteresis to become noticeable [48].

If the static stall angle is exceeded, there will be both a delay of stall
(with respect to static performance) caused by boundary layer improvement
(b), and the generation of the LEV, that is convected by the free-stream
velocity and therefore interacts with the airfoil for a fraction of the period
proportional to k. The effect is a clockwise loop in the ¢; — « curve, caused
by the increase in suction due to the passage of the LEV on the suction
surface and by a delayed reattachment of the boundary layer after stall.
These effects start to be important only for & > 4 x 1073 [35, 38]. The
co-existence of wake vorticity interaction and LEV formation can generate,
at high non-dimensional frequencies, the appearance of a bow in the airfoil’s
aerodynamic curves [36, 37].

Wells turbines operate at very low non-dimensional frequencies (lower
than 1072 [4, 18, 23]), well below the value that is necessary to produce
hysteresis in rapidly pitching or plunging airfoils [35, 38, 46|, especially if
the stall angle is not exceeded. The difference between the non-dimensional
frequencies of Wells turbine and oscillating airfoils is an aspect that has been
overlooked in previous Wells turbine research, and persuaded the authors
of this article to question the traditional explanation of the cause of the
hysteresis in Wells turbines.

3. Revisiting the cause of the hysteresis: a lumped parameter
model

The absence of aerodynamic hysteresis in oscillating airfoils, and other
turbomachinery, at the non-dimensional frequencies typical of Wells turbine
operation, convinced the authors of this article that this topic, and its gen-
erally accepted explanation, deserved a careful reinvestigation.

In an experimental setup similar to the one of Setoguchi [4], Puddu et
al. [8, 9] verified that the renowned hysteresis was only present when perfor-
mance was plotted as a function of flow parameters measured in the chamber,
while it was significantly reduced (below the experimental uncertainty) when
performance was presented as a function of the local flow coefficient, mea-
sured in the vicinity of the turbine. Ghisu et al. [49, 50, 51, 52, 53, 54]
analyzed the problem using the same geometrical dimensions and numerical



assumptions of [10, 11, 12, 13, 14, 15, 16, 17, 23], and verified how the al-
leged aerodynamic hysteresis was caused only by an incorrect choice of the
temporal discretization. Excluding the presence of any temporal discretiza-
tion errors is of fundamental importance, especially in a study that deals
with hysteresis, where numerical phase errors could be confused with a real
hysteresis, leading to wrong physical conclusions [55, 56, 57].

By means of CFD simulations for the full experimental setup (moving
piston, chamber, and turbine) Ghisu et al. [50, 51| showed how the hysteresis
in the experiment [4] was caused by the compressibility of the air mass in
the OWC chamber. Only if turbine performance had been represented as a
function of the local flow coefficient, as in the experiments of Puddu et al.
8, 9], dynamic effects in the turbine could have been isolated from dynamic
effects in the overall OWC, and they would probably have been found to be
negligible [50].

It should be noted that the presence of a delay between the displacement
of the water column inside the OWC chamber and the mass-flow passing
through the duct has often been discussed in wave-to-wire models derived
for the analysis of OWC systems [26, 27, 58, 28, 59, 29, 24, 60, 30]. This
information seems to have been ignored in the experiments from Setoguchi [4],
where the water displacement was replaced by a mechanical piston in order to
focus the attention on the performance of the turbine under representative
unsteady operating conditions. The same information was also ignored in
the following CFD analyses [10, 11, 12, 13, 14, 15, 16, 17], which did not
account for the delay between piston movement and turbine mass-flow before
discussing the presence of any aerodynamic hysteresis.

The objective of this work is to show how a model simpler than CFD (es-
pecially in terms of computational cost, could have been used to investigate
the cause of the hysteresis in the experiment of Setoguchi et al. [4]. The
model derived in this work is called lumped parameter model (LPM), to dif-
ferentiate it from distributed models such as CFD, which make use of partial
differential equations to analyze the problem. LPMs are often used in the
analysis of dynamic systems, such as pressure transducers, which are com-
posed of a (variable size) volume connected to the measurement point through
a pneumatic line (a narrower tube). A schematic of a tube-transducer ar-
rangement is presented in Figure 2 (a), next to a schematic of the exper-
imental setup used for the evaluation of dynamic effects in Wells turbines
(Figure 2 (b) [4, 7, 8]. The similarity between the two systems is evident.

When measuring a dynamically changing pressure with the instrument
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Figure 2: Schematics of tube-transducer system (left) and laboratory OWC system (right)
used in [4]

in Figure 2 (a), attention needs to be payed to the delay that can exist
between flow conditions just outside the duct (the pressure one seeks to
know, p,) and inside the volume (the pressure that is actually measured by
the transducer, p,,). This is explained in detail in [61, Chapter 6.6: Dynamic
Effects of Volumes and Connecting Tubing], where an LPM approach is used
to evaluate the phase difference between measured and actual pressures. An
adaptation of this approach will be presented in this work.

This approach will allow to derive a ordinary differential equation link-
ing the piston-based flow coefficient ¢, and a local flow coefficient ¢;. The
former was used in [4] to represent the turbine’s operating point, assuming
no compressibility in the chamber and therefore no delay between piston
velocity and mass-flow through the duct. The latter, calculated using the
actual value of flow velocity inside the duct, was used in the experiments
from Paderi and Puddu [8, 9], and in the CFD simulations from Ghisu et al.
49, 50, 51].

A
b= h=o ©)

Wry, As’ W

where V), is the piston speed, V5 is the flow velocity inside the turbine duct,
r,n is the turbine mean radius, and A; and A, are the cross-sections of air
chamber and turbine, respectively.

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

dMl dp1 dh'l

T Ay tedegs = e, (3a)
d(paVoAsL

% = (p1 — pa)As + F, (3b)

In the above equation, M; is the mass of air in the chamber, h; and is
the chamber’s (variable) height, L is the turbine’s duct cross-section length,
p and p are the fluid’s density and pressure. Subscript 1 and 2 refer to air
chamber and turbine duct, respectively, f refers to the interface between
volumes (1) and (2), and @ to the duct exit (to the ambient). F} is the axial
force that the turbine exerts on the fluid inside the turbine duct. The value
assigned to py is fundamental to determine the mass-flow leaving or entering

the air chamber:
p1 V>0
pr= . (4)
pe Vo <O

It should be noted that when deriving the approximated equation for the
conservation of axial-momentum in the duct (equation (3b)), a few assump-
tions have been made:

e Viscous forces on the turbine duct’s walls have been neglected, since
they are usually significantly smaller than the turbine axial aerody-
namic force F,

e Compressibility of air within the turbine duct (but not in the air cham-
ber) has been neglected. This means that ps is assumed equal to p,,
and that the difference between the axial momentum fluxes entering
and leaving the volume is neglected

e The left-hand side of the axial momentum equation (equation (3b))
represents an approximation for the inertial force acting on the mass of
air contained in the duct. For the approximation to be strictly valid,
the average of paV, 5 in the turbine duct must be equal to the product of
the averages of the two quantities (p2Vy2 = P2V, 2). The error produced
with this approximation has been evaluated for the CFD simulations
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reported in [50, 62] and was never above 0.1%. A comparison of the
two quantities for different values of the flow coefficient is reported in
Figure 3.
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Figure 3: Approximation of the axial momentum in the turbine duct (from [50])

Equations (3a) and (3b) lead to 2 important considerations. From equation
(3a), a delay between the velocity of the piston and the velocity of the airflow
in the turbine duct exists, caused by the compressibility of air in the air
chamber, and proportional to the ratio of chamber to duct dimensions. This
phenomenon is well-documented in existing OWC analyses [26, 27, 28, 30].
From equation (3b), a delay also exists between the pressure drop in the
turbine duct and the aerodynamic axial force acting on the turbine. This
delay is needed to accelerate the mass of air within the turbine duct, and it
is proportional to the volume of the duct. A difference between the relative
chamber pressure during acceleration and deceleration phases should not be
confused for an aerodynamic hysteresis, which should be evaluated on F, or
by measuring the pressure drop between two sections as close as possible to
the turbine [8, 9]. The delay between pressure drop and turbine forces is
often neglected in the analysis of OWC systems [26, 27, 28, 59, 29, 30]: with
this further assumption, equation (3b) becomes a simple algebraic equation
and the delay between piston movement and pressure drop can be modeled
with a first-order ordinary differential equation. In this work, the inertial
term in equation (3b) is maintained for completeness, also in consideration
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that it was often found to be non-negligible in CFD analyses [50], although
smaller than the delay deriving from equation (3a).

Wells turbine performance is represented in terms of non-dimensional
coefficients of pressure drop p* and torque 7™, as a function of flow coefficient
¢p, which in the experiment of Setoguchi [4] is calculated based on piston
speed V,, = —dh; /dt.

* pl_pa_ T*_ T . (5)
pr?ry?’ PR

where py is the flow density upstream of the turbine (inside the chamber or
outside the duct during outflow and inflow, respectively, as in equation (4).
The definitions used in [4] for the non-dimensional performance parameters
have been modified to follow the rules of dimensional analysis [30].

The equations in (3) can be written in terms of the non-dimensional
coefficients in (5), by dividing the mass conservation equation by (p,wr.,Az)
and the momentum equation by (ps(wry,)?4s):

I Avdlpi/pa) | pr Avdtn/r) __py Vo

rm Ao d(tw) Pa Ay d(tw) Da W ©
pa L d(Va/(wrm)) _ (p1—pa) F,
pfrm  d(tw) pr(wrm)? " pp(wrm)2A;

Assuming compression and expansion processes inside the OWC cham-
ber to be isentropic, as in [27, 28, 30], and introducing the following non-
dimensional parameters:

A1d(h1/7"m) . Va . P1—Pa
=% —— =¢ —— =

Ay d(tw) W' ps(Wrm)?

P . (wr)® E, tw
—=p"= 1 — - =c, tQ=——=t
e U@ T pleniAy w0

equation (6) becomes:

hi1A;:Q (wr,,) dp* Wrm)?
1 A0 ( ) dp _<( a2)p +1)¢p:—ﬁ¢z

Ao a? dt* Pa
pl 90 @)
pfTmw dt* b ;

where ¢, a non-dimensional coefficient for the aerodynamic axial turbine
force, ) the piston angular frequency, a the local speed of sound, calculated
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using the local temperature (a®> = yRT), and t* a non-dimensional time.
Equation (7) represents a system of two first-order non-linear ordinary dif-
ferential equations with p* and ¢; representing the unknowns and ¢, the
external forcing. ¢, needs to be provided as a function of other working
parameters. It should be noted that the delay between p* and c, is often
neglected in OWC analyses [26, 27, 28, 59, 29, 30]. In the same works, the
axial force coefficient p* is assumed to be a linear function of ¢;, for a Wells
turbine. In this work, a similar relation will be used between ¢, and ¢;, while
p* will be calculated through equation (7).

Given the experimental results from Puddu et al. [8, 9], the CFD re-
sults from Ghisu et al. [49, 50, 51, 54], and the literature survey presented
in Section 2, the assumption of a negligible turbine aerodynamic hysteresis
appears justified. The force coefficient ¢, can therefore be considered a func-
tion of only the local flow coefficient ¢;. It should be emphasized that the
validity of this hypothesis will be verified by comparing the results of the
LPM model with the experimental data of [4] and with the authors’ previ-
ous CFD analyses [50], in Section 4. With these assumptions, differentiating
the momentum equation and replacing dp*/dt* from the continuity equation,
equation (7) can be converted to a single second order differential equation:

pLOFo  LRA pudo de @ iy,
pfrmw dt?  rpwdtppdtt  dtr T (W) (M) Ay pg :

_ ¢ A <1 + (“’;’;)zp*) P (8)

((.U’l"m) (hlg) Al

It should be noted that the second-order ordinary differential equation (8)
reverts to a first-order equation if inertial effects in the turbine duct are
neglected, as in [26, 27, 28, 59, 29, 30].

Due to the non linearities, equation (8) must either be solved numerically,
and the results will be shown in Section 4, or analytically after linearization.
The latter has the advantage of allowing a rapid analysis of the relative
importance of the different parameters appearing in equation (8), and can
be done by assuming;:

W )?
hlzhlo (1—‘—(&2)]3*)%1



% ~1 AR ay Cy = Cyed 9)
awhere ag is the reference speed of sound (calculated with the ambient tem-
perature). It should be noted that the last assumption in equation (9) entails
a linear dependence between ¢; and ¢,. This is justified by the results in [50]
(reported in Appendix B), and a similar assumption has often been used in
OWC analyses to represent the turbine’s characteristics [26, 27, 29, 30]. The
impact of all these assumptions will be verified in Section 4, where analyt-
ical and numerical (without the assumptions in equation (9)) solutions of
equation (8) will be presented. The parameter ¢, 4 (the slope of the c,-¢;
curve, derived by fitting CFD analyses for the same problem [50], reported
in Appendix B) represents a measure of the turbine damping on the OWC
system.
After linearization, equation (8) becomes:

L Q d2¢, do; a% A, a% A,

—_— ” —_— _ - — 1
Ty w dt*2 iﬁz de* + (wrpm) (h10€2) Ay O (wrpm) (h10€2) Ay Pp (10)
\\f B N C J (NG % J

The solution to equation (10) can be seen in terms of its transfer function

G(Q/Q,):

D
G(E) _ b D _ C _
Qn ¢, —A+Bj+C A B.
C+Cj+1
D
= ¢ (11)

2
() 1+ (g )

In the above equations, €2, is the natural angular frequency and ¢ the damp-
ing ratio of the system:

C 1 4,
Q=] S0 = agy | ——22 12
n AT O\ WL A, (12)

BQn B C B Ce.op
A== = e = ’ 13
“=ca-cVa~vac L 4 a2 )

h10 Al Wr'm
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The solution to equation (10) is therefore:

QSI — ¢l0 ejt*"l‘gowc,o

where:
Q
b0 = || = |op| |G (Q_n)'
¢p - ¢p0 6jt*
D
Q3| _ C
)G (Q_n)) B 0\ 2 2 0
(—Q—) 1|+ [zg (
_ D
J(C - A7 4 B2
]
Eowe,0 = tan! O = tan~! (

1 Ca,¢

= tan

@ (@) (o) Ay

(19)

Equation (19) is the fundamental result of this section, and deserves some
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attention. Because of the damping produced by the first order term in equa-
tion (10) (the resistance produced by the turbine), a delay &,y exists be-
tween piston movement and mass-flow passing in the turbine duct. It will
be shown how this OWC hysteresis, already discussed by [26, 27, 28, 30|
among others, is by far the largest contribution to the hysteresis measured
in the experiments of [1, 2, 3, 4, 5| and should not have been ignored when
discussing turbine performance.



The LPM (equation (8)) has also been solved numerically, without the
assumptions introduced in equation (9), by integrating in time, with a semi-
implicit time-marching scheme. The value of the force coefficient ¢, has been
obtained as a function of the local flow coefficient ¢;, by interpolating the
values available from the CFD simulations [50] (the data used are reported
in Appendix B). The comparison of analytical and numerical solutions will
give also the opportunity to quantify the impact of the assumptions in equa-
tion (9). Attention will be placed in the choice of the time step, in order
to avoid the introduction of spurious phase delays, similar to the ones intro-
duced in [11, 10, 12, 13, 14, 15, 16, 17, 23] and others.

4. Results

The model introduced in Section 3 has been applied to 3 experimental
analyses presented in [4]. The only parameter differentiating these experi-
ments is the turbine solidity o, that has a direct effect on the turbine axial-
force coefficient ¢, 4, and thus on the damping of the system in equations (8)
and (10). Geometrical dimensions and operating conditions are reported in
Table 1. For all 3 experiments, the operating non-dimensional frequency is
1.2x1073. Dimensions and operating conditions have been extracted from
[4], apart from the chamber height, derived from [63]. The value of piston
stroke has been set to obtain the required range of turbine flow coefficients
observed in the experiments. The same values were also used for the unsteady
CFED simulations of [50].

With these data, using the equations provided by [46], a value of 0.0036
can be estimated for the turbine aerodynamic phase delay, independent from
the turbine solidity. Equation (19) allows the evaluation of the phase differ-
ence due to the OWC-turbine system dynamics, resulting in values ranging
from 0.0306 for o = 0.48, to 0.0843 for o = 0.67.

From these results, it is clear that the contribution to phase delay, or
hysteresis, given by turbine aerodynamics is at least one order of magnitude
smaller than the contribution given by the compressibility of air within the
OWC chamber.

Figure 4 compares the results obtained with both the analytical and a nu-
merical solution of equation (7), using a semi-implicit time-marching scheme
and a time-step of 5x 10™* s, with the experimental results of [4], and with the
CFED analysis of [50]. A verification of the appropriateness of the value used
for the temporal discretization will be given in Appendix A. The problem has
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Table 1: Geometrical and operating data for Setoguchi’s experiments [4]

Experiment 1 2 3
chamber diameter [m] 1.4 m
chamber height [m] 1.2m

piston stroke [m)] 0.423 m

rotor tip diameter [mm]| 300 mm

rotor hub diameter [mm] 210 mm

tip clearance [mm)] 1 mm

chord length ¢ [mm] 90 mm

sweep ratio [-] 0.417
number of blades [-] 5 6 7
blade profile |-] NACA0020
solidity at tip radius o [-] 0.48 0.57 0.67
Co,0l—] 205 311 567
rotational speed [rpm)] 2500 rpm
piston frequency f [s7!] 6s
Reynolds number Re [-] 2 x 10°

Mach number M [-] 0.1

turbine non-dimensional frequency & [-] 0.0012
coefficient A in equation (10) [-] 0.01569
coefficient B in equation (10) [-] 2.046 3.106 5.673
coefficient C' = D in equation (10) [-] 57.68

phase delay due to turbine [&,| ! [-] 0.0036

phase delay due to OWC [€,,c.0]

—

-] 0.0306 0.0464 0.0843

been solved for 4 piston periods, in order to obtain a periodically stable solu-
tion. Plots of non-dimensional pressure drop p* and torque T™, as a function
of the flow coefficient based on piston speed ¢,, for the different turbine so-
lidities, are shown in Figure 4. The LPM approach (without any account for
aerodynamic turbine hysteresis) is able to predict with remarkable accuracy
the hysteretic loop found in the experiments, and it approximates the CFD
results even more closely, confirming that a computationally expensive CFD
solution is not needed to study the hysteresis in OWC-turbine systems. The
turbine solidity has a direct effect on the slope of the ¢, vs. ¢; curve, i.e. on
the damping term in equation (8), and hence on the width of the hysteretic
loop, as predicted in equation (19). The agreement between analytical (af-
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ter linearization) and numerical solutions is excellent, demonstrating that
the impact of the assumptions made to linearize the LPM (equation (9)) is
minimal.

The cause of the hysteresis shown in Figure 4 and present in the experi-
ments of [4] can be deduced in Figure 5, where the temporal evaluations of
piston and local flow coefficients are shown, using analytical and numerical
LPM, in comparison with the CFD results from [50]. The agreement is re-
markable, showing that the OWC-turbine interaction can be described as a
second order damped system, driven by the movement of the piston. The
compressibility of air in the OWC chamber generates a delay between piston
movement and flow in the duct, that is sufficient by itself to explain all the
hysteresis found in the experiments [4]. The delay increases for larger values
of the turbine damping, as shown in Figure 5, and as predicted by equation
(19).

These results are corroborated by the experimental analyses of [8, 9], and
the CFD results of [49, 50, 51, 54], where hysteresis was only present if perfor-
mance was presented as a function of the conditions inside the chamber and
not in the vicinity of the turbine. Had this simple analysis been performed
earlier, it could have guided experimental and numerical research, probably
avoiding the errors made in several scientific works. It should also be noted
that the presence of a delay between water level displacement and turbine
mass-flow is often discussed in OWC system analyses [26, 27, 28, 59, 29, 30],
frequently ignored in turbine analyses under unsteady operating conditions
1,2, 3, 4, 10, 23].

It should be noted that, at least for the system under examination, C' >>
A. This confirms the assumption often made in wave-to-wire models of (p* ~
c.) 26, 27, 28, 59, 29, 30]. The phase difference is therefore approximately
equal to:

1 Wrm QL Al hl(]

gowc,O ~ tan —Cpgp————

(20)

Equation (20) shows how the OWC hysteresis is linearly dependent on several
non-dimensional parameters.

e The turbine axial force coefficient c, 4
e The non-dimensional blade speed wr,,/ag

e The non-dimensional piston frequency QL /ag
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Figure 4: Comparison of LPM results with experimental data from [4], for different turbine
solidities
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e The ratio of chamber to turbine duct volumes Ajhyg/AsL

In Table 1 and Figure 4, it was shown how increasing the turbine solid-
ity (and hence ¢, 4) produces an increase in the OWC hysteresis. The same
would be true for any of the parameters introduced in equation (20). Typ-
ically, non-dimensional blade speed and piston frequency are significantly
larger for full-scale OWC systems, where an even larger OWC hysteresis
can be expected [64, 65, 66]. The value of the OWC hysteresis needs to be
quantified accurately when using a control strategy to maximize the energy
collected by the system, as in [67, 68, 69, 70, 71].

Differences in performance for OWC-installed turbines have been ob-
served not only between acceleration and deceleration phases, but also be-
tween outflow and inflow phases (also referred to with the terms exhalation
and inhalation). These are also discussed in detail in [8, 9] (experiments)
and [49, 50, 51, 54] (CFD), and are due to the geometrical differences be-
tween the two sides of the turbine (duct and chamber) and to the difference
between flow conditions in the atmosphere and inside the air chamber (larger
turbulence and presence of swirl deriving from the previous phase). Most of
these cannot be accounted for with the current LPM. The different geom-
etry (decreasing vs. increasing chamber volume) is accounted, as it can be
seen in equation (7), and in Figure 4, where the inflow loop is slightly less
pronounced. The same difference can also be found in [8, 9, 51, 54].

4.1. Simulating the presence of an (unlikely) aerodynamic hysteresis with the
lumped parameter model

The LPM, as it was presented in the previous section, proves that the
hypothesis of a negligible hysteresis is perfectly valid, as the experimental
data of [4] can be fully explained with the presence of only a volume hysteresis
caused by the compressibility of air inside the OWC chamber.

The absence of aerodynamic hysteresis in the turbine has been already
proved by means of experimental [8, 9] and numerical (CFD) analyses [49,
50, 51, 54]. This section shows how a similar conclusion could have been
reached with the LPM introduced in Section 3, with minor modifications.

Rather than assuming a negligible aerodynamic hysteresis (i.e. ¢, =
. 0®1), one could assume the presence of a yet to be determined aerodynamic
hysteresis. In complex notation, introducing the non-dimensional reactance

Ja:
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Cr = ——22 (1 + fuf) (21)

V1+ f2

fa needs to be negative for the aerodynamic forces to lag behind the lo-
cal flow coefficient ¢;, therefore producing an anti-clockwise hysteretic loop.
The phase difference &, between ¢, and ¢;, that represents the aerodynamic
hysteresis, can be calculated as follows:

& = tan™' (fa) (22)

With this assumption, equation (10) becomes:

L Q d2¢l Ce.o . dgbl CL% Ag CL% Ag
= , 1 Ay 0 f2 0 2
e di? T g G e A4 o) (i) A,
(23)
or equivalently:
d? B .d
o + (1+ faj)ﬂ +C¢, = Do, (24)

dt~

N

where A, B, C, and D are the coefficients in equation (10), obtained when
assuming &, = 0. For this system, the transfer function can be written as:

D
G = BT, = (25)

TVitR Vir R
and the OWC phase (i.e. the difference in phase between ¢, and ¢, caused
by the OWC geometry) can therefore be calculated as:
B
1 V14 f? (26)

gowc = tan~ Bfa

V1+ f2

Note how the previous equation reduces to equation (19) if the assumption of
a negligible aerodynamic hysteresis, i.e. f, = 0, is introduced at this point.
The total hysteresis, i.e. the hysteresis between piston motion and turbine
forces, is the sum of OWC hysteresis and aerodynamic hysteresis:

gtot = gowc + ga (27)
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In Section 4, in the absence of aerodynamic hysteresis, the LPM predicts
an OWC hysteresis £yye0 = —0.0843. Assuming now 3 values for the aero-
dynamic hysteresis (twice, equal, and one fourth of the value obtained in
Section 4) for &,uc0, the new OWC hysteresis, in the presence of a turbine
aerodynamic hysteresis, can be determined from equations (26) and (27).
The values obtained are presented in Table 2.

Table 2: Effect of assuming the presence of an aerodynamic hysteresis on the OWC hys-
teresis and on the total hysteresis of the system

ga/gowc,O gowc gtot
2 -0.0801 -0.2523

1 -0.0822 -0.1680
0.25 -0.0837 -0.1048
0 -0.0843 -0.0843

The presence of an aerodynamic hysteresis has little effect on the OWC
hysteresis, but the total hysteresis (between turbine forces and piston move-
ment) is clearly affected by its presence, since the two contributions act in
the same direction, i.e. they produce a lag between flow conditions in the
chamber and in the duct, and flow conditions in the duct and aerodynamic
turbine forces, respectively. This is also shown graphically in Figure 6, that
reports the turbine torque coefficient as a function of the piston-based flow
coefficient, in the presence of different values for the aerodynamic hysteresis,
for the highest solidity turbine (o = 0.67). It is clear that the aerodynamic
hysteresis needs to be smaller than the OWC hysteresis, for the model to
match the experimental data.

To further prove this conclusion, in Figure 7, the root mean square er-
ror (difference between experimental data and numerical LPM results), is
plotted for different values of the ratio between aerodynamic hysteresis and
OWC hysteresis. The error is non-dimensionalized with the error produced
assuming &, = 0. Especially for the highest solidity case (the case with the
largest total hysteresis), it is clear that the only acceptable explanation for
the cause of the delay between piston movement and aerodynamic forces is
the absence of a meaningful aerodynamic hysteresis. In other words, the aero-
dynamic hysteresis has to be significantly smaller than the OWC hysteresis.
And this is exactly what the analysis presented in Table 1 had suggested.

The same is also true for the turbines with a lower solidity (o = 0.48 and
o = 0.57), even though this is less evident in Figure 7 because of the lower
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Figure 6: Effect of the presence of aerodynamic hysteresis on the global hysteresis (torque
coefficient) for the highest solidity turbine (o = 0.67)

absolute values of the hysteresis, that, especially for the o = 0.48 case, be-
comes of the same order of magnitude of the oscillations in the experimental
data.

These results are confirmed by experimental [8, 9] and CFD analyses
[49, 50, 51, 54] conducted by the authors of this article, where the absence
of a measurable aerodynamic hysteresis is evident.

It is important to underline the importance of this LPM analysis, because,
had it been conducted in the past, it would have guided experimental and
higher-fidelity numerical research into devising the right experimental setup
to verify and quantify the presence of an (unlikely) aerodynamic hysteresis.
It should also be noted that the presence of a delay between conditions
inside the chamber and turbine mass-flow is often discussed in OWC models
26, 27, 28, 29, 30]. However, this information has been often ignored in Wells
turbine analyses under unsteady operating conditions [1, 2, 3, 4, 10, 23].
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5. Conclusions

The presence of aerodynamic hysteresis in Wells turbines has been the
subject of a large number of publications in the last decades. Its presence had
been discovered in experimental analyses, which studied the turbine behav-
ior in laboratory setups that used a mechanic piston inside a large cylinder
to reproduce the periodic mass-flow through the rotor. The commonly ac-
cepted explanation was found using CFD simulations, that reproduced only
part of the laboratory experiment, i.e. the turbine rotor, neglecting the
importance of the large chamber used to reproduce the periodic operating
conditions. This is even more surprising considering that the importance of
compressibility effects inside the chamber is often discussed in OWC analyses
26, 27, 28, 29, 30].

This work suggests a re-examination of the origin of the alleged hystere-
sis using a lumped parameter model, based on 3 anomalies. First, during
its operation, a Wells turbine experiences a continuous change in incidence
angle, in a way that is not dissimilar to what happens to oscillating airfoils
and wings, but at non-dimensional frequencies too low to generate any vis-
ible dynamic effects (i.e. hysteresis) in oscillating airfoils [34, 46]. Second,
recent works have shown how the aerodynamic hysteresis reported in many
CFD simulations was caused by numerical errors [49, 50, 51, 54]. Third, in
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several experimental works [8, 9], the aerodynamic hysteresis was shown to
be negligible.

This work shows how the real cause of the hysteresis, i.e. the delay be-
tween flow conditions in the chamber and in the turbine duct, could have
been predicted with the simple lumped parameter model, which could have
also guided other experimental and higher-fidelity numerical research, pro-
viding important directions on how to devise ad-hoc analyses to correctly
measure the presence and extent of aerodynamic hysteresis.

It is also shown that the real cause of the hysteresis reported in several
experimental works is the compressibility of air within the OWC chamber
and that any aerodynamic hysteresis is likely to be at least one order of
magnitude lower than the OWC hysteresis, hence negligible.

Given its simplicity, accuracy, and short running times, the LPM pre-
sented in its work could be an ideal candidate to be used to estimate the
phase delay between conditions in the OWC chamber and in the turbine
duct when implementing control strategies aimed at maximizing the energy
captured by the OWC system [67, 68, 69, 70, 71], on its own or in combina-
tion with similar systems modeling the behavior of the water column within
the OWC.

Appendix A

Numerical errors are always present in numerical simulation, and it is
good practice to evaluate their extent and impact on the solution, before
analyzing any results. Many academic societies have written ad-hoc policies.
For instance, the ASME Journal of Fluids Engineering has published a “Ed-
itorial Policy Statement on the Control of Numerical Accuracy” [55] that
highlights the importance of presenting results that are independent from
the discretization used. This process takes the name of verification and has
the objective of assessing the correctness of the numerical simulation of the
governing equations. It is distinct and different from the wvalidation, which
determines how appropriate the chosen model is in representing the reality,
and is usually accomplished by comparing the numerical results with exper-
imental data. It is important to highlight how unambiguous validation can
be achieved only once discretization and iteration errors are isolated: only if
computational uncertainties are negligible, then the uncertainties resulting
from the conceptual model can be obtained through validation [72].
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Figure 8: Verification of the temporal discretization on the estimation of the OWC hys-
teresis, using 3 time-step sizes

A careful verification of the numerical results is of fundamental impor-
tance in problem that deals with a hysteresis, i.e. a phase lag, as it is well
known that an insufficient temporal discretization can lead to spurious phase
errors, that can be confused with the problem under examination. An insuf-
ficient temporal discretization has been shown to cause a misinterpretation
of the cause of the OWC-turbine hysteresis in many numerical (CFD) works
49, 50, 51, 54].

Figure 8 reports the effect of the temporal discretization on the evaluation
of the temporal evolution of the local flow coefficient ¢;, obtained solving
equation (8) with 5 different time-step sizes (At; = 0.000125 s, Aty = 0.00025
s, Atg = 0.0005 s, Aty = 0.001 s and At; = 0.002 s). It is evident how
no measurable difference exists among the 5 solutions, and therefore any of
these time-step sizes can be used to evaluate the dynamic performance of the
system. Above the last value tested, the numerical solution diverges, as the
product of the At times the largest eigenvalue of the characteristic matrix of
the system lies outside the stability region.

Appendix B

The LPM model developed in this work requires data for the turbine
characteristics, i.e. the aerodynamic forces as a function of the operating
conditions. In the CFD analysis from Ghisu et al. [50], it was shown how
the turbine performance is a function only of the local flow coefficient ¢;.
The data for the aerodynamic forces from [50], used to close the system in
(7), are reported in Figure 9.
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