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Wind tunnel experiments were conducted for the flow around a single flat plate and
through an array of three parallel flat plates at different angles of incidence to compare
their lift and drag coefficients for several values of the Reynolds number around 105 and
for three aspect ratio values. The selected cascade configuration is of interest for a
particular type of tidal hydrokinetic energy converter. The main differences in the lift and
drag forces are discussed, finding that for a plate in a cascade the maximum lift coefficient
takes place at a quite different angle of attack, depending on the aspect ratio. The optimal
conditions for extracting power from a tidal current are analyzed.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The study of the flow through cascades (or lattices of airfoils) is of great practical interest for the aerodynamics of
turbines and compressors, and much theoretical and experimental effort was expended, mainly during the development of
the axial turbines and compressors in the first half of the 20th Century, to characterize the aerodynamic forces exerted on
the blades of a cascade (see, e.g. Hawthorne, 1964). As a consequence, a large amount of experimental data for the
aerodynamic characteristics of very different types of cascades, many of them obtained in specially designed wind tunnels,
have been accumulated over the years, both for low speed (incompressible) and high speed (compressible) flows (see, e.g.
Gostelow, 1984, Chapters 2 and 4, Hodson and Howell, 2005, and references therein). However, no experimental data exist,
to the best of our knowledge, for the aerodynamic characteristics of a cascade of low-aspect-ratio blades at moderate or
relatively low Reynolds numbers, being perhaps the most similar configuration for which there exists experimental data
that of a vertical axis wind turbine (e.g. McLaren et al., 2012). The incompressible flow through such a cascade is of current
interest for a particular device to extract kinetic energy from tidal currents, consisting of a cascade of underwater sails or
blades that travel carried by the tidal current in a given direction, which in turn drive an electric generator (‘Tidal Sails AS’,
2012). It is also of basic aerodynamics interest to find out how the lift and drag forces on a blade in a cascade are affected by
the adjacent ones, in relation to the forces on an isolated blade, when the aspect ratio is varied for moderate and low
Reynolds numbers. This problem is even more topical now because of the growing interest in the aerodynamics of low-
aspect-ratio wings at low Reynolds numbers aimed at the development of fixed-wing micro aerial vehicles (e.g. Mueller et
al., 2007), so that new experimental data for low-aspect-ratio wing aerodynamics at low Reynolds numbers are becoming
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available in recent years (Pelletier and Mueller, 2000; Torres and Mueller, 2004), complementing older experimental data
aimed at the understanding of the enhanced lift in short span rectangular wings (e.g. Winter, 1936).

We consider in the present work a cascade of flat plates with different values of the aspect ratio (AR), measuring in a
wind tunnel the lift and drag forces on a plate in the cascade for increasing values of the angle of attack (α) and for different
Reynolds (Re) numbers (these nondimensional quantities are defined in the next section). The aerodynamic forces are
compared with those on an isolated flat plate for the same values of AR, α and Re. The simplicity of flat rectangular airfoils
has also been the reason for its selection as a reference blade in the above-mentioned works for low-aspect-ratio wing
aerodynamics (Pelletier and Mueller, 2000; Torres and Mueller, 2004), whose experimental results will be used here to
check our single flat plate results and thus to validate the experimental measurements. In addition, the blades in the actual
arrays used in the device for extracting hydrokinetic tidal energy that motivates the present work are symmetrical thin
airfoils (‘Tidal Sails AS’, 2012) that can be assumed to be rectangular flat plates in a first approximation. Of course,
subsequent experimental studies on the aerodynamics of these devices have to take into account the effect of the blade
profiles.

In the experiments reported in the present work we use flat plates with three different values of the AR, namely 1, 2 and
6, and several values of the Reynolds number around 105. Actually, we take advantage of the flow symmetry about the
middle plane and consider flat plates anchored in the base of the wind tunnel test section with values of the semispan
aspect ratio (sAR) of 0.5, 1, and 3. These values of the aspect ratio are within the range of interest in the mentioned tidal
energy converters, and coincide with some of the ones considered by Pelletier and Mueller (2000) for a single flat plate,
used to validate our experimental results.

In relation to the cascade configuration, we used an array of three stationary flat plates forming an angle of 451 with the
wind tunnel flow direction in the test section, and measure the aerodynamic forces on the central plate in the cascade as the
angle of attack α is varied for different values of sAR and Re. This configuration corresponds, for instance, to a cascade
moving perpendicularly to the current with the same speed as the current (see the next section). Some other arrays could
have been tested, but this seems to be one of the optimal configurations in actual tidal current devices (Mayorga, 2012).
A similar configuration, but for the aerodynamic study of a linear oscillating cascade, was used by Buffum and Fleeter (1991).
2. Experimental set-up

For the experiments we used a low-speed closed circuit wind tunnel with a test section of 1�1 m2 cross section. Either a
rectangular flat plate or an array of three of them was mounted in the test section of the wind tunnel (see Fig. 1, where it is
shown the array of three plates). The main objective of this experimental study was to compare these two configurations in
terms of the aerodynamical forces for one (isolated or central) plate mounted on a platform force balance. However, to check that
the extent of the cascade with just three blades was enough for obtaining relevant results, we also used an array of five flat plates.
No significant differences for the forces exerted by the flow on the central plate in the cascade were observed (see Section 4).

The plates were made of steel with 2 mm thickness and 15 cm chord length (i.e., a thickness-to-chord ratio of 1.33%).
Several values of the aspect ratio were used. The leading and trailing edges of these steel plates were both tapered on a
length of about 2.5 times its thickness, and identical plates were used in both the single plate configuration and the array of
three plates, so that the effect of the adjacent plates in the cascade on the aerodynamic characteristics of a plate could be
analyzed.

The array of three flat plates was mounted with an angle of 451 in relation to the wind tunnel current (see Fig. 1).
As commented on above, this configuration corresponds to a cascade moving perpendicularly to a tidal or river current with
the same speed as the current (see Fig. 2, where the cascade speed U is equal to the current speed V). The wind tunnel speed

W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2þU2

p
¼

ffiffiffi
2

p
V corresponds to the relative air velocity to the plates in a reference frame moving with the cascade. We

used this speed W and the chord length c (¼15 cm) as the reference velocity and length scale, respectively, to define the
Reynolds number,

Re¼Wc
ν
; ð1Þ
Fig. 1. Sketch of the wind tunnel test section with the array of three flat plates.



Fig. 2. Sketch of the plan view of the array of three flat plates in the wind tunnel reference frame with current velocity W in the x-direction (a),
corresponding to a cascade moving with velocity U perpendicularly to a current with velocity V (b). In the present study U¼V (i.e., θ¼451) and s¼c.
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where ν is the kinematic viscosity. The three plates were mounted together with a separation s between them in an
articulated aluminium frame that allowed us to change simultaneously the angle of attack α of the plates. We chose s¼c,
i.e. a solidity s� c=s of unity, which is the most effective value for enhancing the lift coefficient of a plate in a cascade in
relation to an isolated plate according to the two-dimensional potential flow theory of cascades (Weinig, 1964). In our
experiments, we varied the angle of attack α, the Reynolds number through the speed W, and the aspect ratio of the plates.

Actually, as commented on in the Introduction, we used a semispan aspect ratio sAR (¼b/c in Fig. 1) to characterize the
different aspect ratios of the plates, because we mounted the single plate, or the array of them, on the force balance
perpendicularly to the bottom surface of the wind tunnel test section, so that this surface acted as a symmetry plane in the
flow through the plates. Fig. 3 shows a schematic of the balance set-up located below the bottom surface of the wind tunnel
test section when the array of flat plates is mounted on it. A three-component force sensor was used to measure the lift and
drag forces (y and x components of the force F, see Fig. 2) on either an isolated plate or the central plate in an array of three
plates. The maximum force that could be measured with the sensor in these directions was 32 N, whereas the minimum
measurable lift and drag forces were about 0.01 N. The force sensor was calibrated previously to the series of experiments
reported here using a standard dynamometer, showing a linear behavior in the three spatial axes and an error lower than 1%
for the whole measurement range. We also calibrated the wind tunnel velocity W, which was recorded through a hot wire
anemometer during the experiments, using independent Laser Doppler Anemometry measurements across the wind tunnel
test section. The free stream turbulence intensity was less than 3% for the range of velocities used in this work.

3. Experimental procedures and validation

We used three values of the semispan aspect ratio, sAR¼0.5, 1, and 3, for both the isolated plate and the array of three
plates, and four values of the stream velocities W, corresponding to Reynolds numbers Re¼4.4�104, 8�104, 1.5�105, and
2.25�105. Both the stream velocity and the temperature were continuously measured to control the Reynolds number.

For each aspect ratio of the single plate or the set of three plates, and for each Reynolds number, we measured the x and y
force components (D and L) for values of the angle of attack α varying between �351 and þ351. The data acquisition (of the
force components, stream velocity and temperature) and the variation of the angle of attack were both controlled by a PC
through the software LABVIEWs. Since the force sensor was attached to the plate, its measurement axis did not coincide
exactly with the wind tunnel axis. Thus, to get the initial angle of attack α¼01, we first rotated the plates' small angles
around its parallel position to the wind tunnel axis and measured the force components looking for the minimum absolute
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Fig. 3. Sketch of the experimental set-up with the balance arrangement and the array of three plates in the test section.

Fig. 4. Typical recording of the nondimensional force components CD and CL for an isolated plate with Re¼1.5�105 and α¼101.
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force. Once the null angle of attack was thus selected, we increased it by steps of 2.51 until α¼þ351, and then decreased it
with the same step until α¼�351 was reached. No hysteresis was observed in any of the force measurements.

We recorded the two components of the force for each angle of attack during 20 s at a rate of 2600 Hz (i.e., 52 000
measurements), which allowed us to obtain reliable mean values of the forces and their fluctuation characteristics. These
results were not affected by increasing the acquisition time. Fig. 4 shows a typical record of the nondimensional force
components for a single plate, where the drag and lift coefficients are defined as

CD ¼ D
1
2ρW

2A
; CL ¼

L
1
2ρW

2A
; ð2Þ

ρ being the air density, A¼cb, and the semispan length b¼(sAR)c. During each measurement test we also recorded the
stream velocity W and the temperature, so that their fluctuations were also taken into account in CD, CL, and Re.

The oscillations in the coefficients CD and CL were not only due to uncertainties in the measurement process, but also to
physical fluctuations caused by vortex shedding, which was particularly important for a single plate when the angle of
attack jαj was high enough. For the flow through the cascade, these fluctuations by vortex shedding were significantly
smaller than for a single plate in all the range of α considered.



Fig. 5. Comparison between our measured values of CDðαÞ (a) and CLðαÞ (b) for an isolated plate with sAR¼3 and for Re¼1.5�105 with the experimental
results reported by Pelletier and Mueller (2000) (PM in the legend) for the same sAR and a quite similar Re. The result from Prandtl's lifting line theory for
symmetric, rectangular wing with no twist and finite span, CLCmα, with m¼ 2π=½1þ1=ðsARÞ� (e.g. Keuthe and Chow, 1997) is also included in (b) for
reference sake.

Fig. 6. As in Fig. 5, but for sAR¼1.
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To validate our experimental results for CD and CL we made a comparison, for the case of a single plate, with the results
reported by Pelletier and Mueller (2000) for several values of sAR and Re. Figs. 5 and 6 show this comparison for CDðαÞ and
CLðαÞ when sAR¼3 and 1, respectively. The error bars in these figures correspond to the standard deviation of the
fluctuations. It is observed that the mean results agree fairly well with those obtained by Pelletier and Mueller. Note that the
Reynolds number is slightly different and that the flat plates used by these authors had different geometries of the leading
and trailing edges. Although the effect of the leading edge is beyond the scope of this study, it may explain the differences
observed in Fig. 6(a) for α4201. Some other cases for a single plate were compared with a similar good agreement.

4. Results and discussion

Once our results for a single plate were validated, we compared them with those for a plate in a cascade for all the
different values of Re and sAR considered in this work. Fig. 7 shows this comparison for a typical case with sAR¼3. We show
the results obtained with an array of 3 and 5 flat plates. Since there are no significant differences between the results
obtained from these two arrays, it is concluded that there is no relevant tunnel blockage effects and that 3 blades are a
sufficient cascade extent. Therefore, all the results reported below for a cascade are obtained with an array of three plates.

The first main feature that results from this comparison is that the symmetry of the mean values of CDðαÞ and the
antisymmetry of the mean values of CLðαÞ in relation to α¼0 for an isolated plate are both obviously lost for a plate in the
cascade. Since in the present cascade configuration only the region αZ0 is relevant for the practical application, the results
for negative values of α will not be reported nor plotted in the subsequent figures. It is also observed in Fig. 7 that both CD



Fig. 7. Comparison between CDðαÞ (a) and CLðαÞ (b) for a single plate and for the central plate in a cascade of three and five plates when Re¼2.25�105 and
sAR¼3. The result from Prandtl's lifting line theory for symmetric, rectangular wing with no twist and finite span (see caption of Fig. 5) is also included in
(b) for reference sake.
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and CL for a plate in the cascade are smaller than their single plate counterparts as α increases from zero (αZ0). The curves
then cross, at different values of α, so that CD and CL in a cascade become larger than in a single plate in a certain region of
values of α. Finally, the curves cross again so that CD and CL are quite similar to each other in both cases for values of α close
to the largest one reported here. Particularly significant is the maximum value of CL for a plate in the cascade, which occurs
for a value of α well above the one for which the single plate becomes stalled. In the case of Fig. 7, the separation of the flow
in a single plate occurs at α� 101, so that the mean value of CL remains practically constant above this α. But, for a plate in
the cascade, CL keeps increasing, owing to the streaming effect produced by the adjacent plates that delays the flow
separation, till it reaches a maximum value at α� 25o and then decays when the plate in the cascade becomes also stalled.
This is illustrated in the flow visualizations of Fig. 8, where it is shown the final results of post-processing the temporal
evolutions of 500 instantaneous frames using smoke as a particle tracer method. The figure shows the visualizations of the
flow around one plate and through the array of three plates for the Reynolds number of Fig. 7 and for two values of α: 101
and 201. For 201 the single plate is stalled, with the flow over the plate completely separated, while the flow around the
central plate in the cascade remains attached to the plate. This also explains why the lift curve slope is smaller in the
cascade, since the induced downwash angle is increased in relation to a single plate.

The same features are observed for all the Reynolds numbers considered in this work when sAR¼3 (see Figs. 9–12,
where only the mean values of CD and CL for αZ0 are plotted). Also when sAR¼1, but with a less pronounced maximum of
CLðαÞ for a plate in the cascade, which takes place at larger values of α than for sAR¼3 (for α� 301). However, for the
smallest value of the aspect ratio (sAR¼0.5), this behavior for CLðαÞ is not observed. Actually, for sAR¼0.5, the functions
CDðαÞ and CLðαÞ for a single plate and for a plate in the cascade are all quite similar, which is a consequence of the fact that
the influence of the adjacent plates in the cascade becomes negligible as the aspect ratio decreases (for a given separation
between plates or solidity of the cascade). Note, however, that no results are plotted in Figs. 11 and 12 for sAR¼0.5 because
for the lower Reynolds numbers considered the forces on the smallest plate (sAR¼0.5) were below the minimum value that
can accurately be measured by the force sensor (for the lowest Re¼4.4�104, plotted in Fig. 12, not even the case with
sAR¼1 could be measured with sufficient accuracy).

A relevant magnitude for the particular cascade configuration considered in this work is the effective power extracted to
the actual current with speed V when the cascade moves with speed U (see Fig. 2), which is proportional to

PU ¼ L cos θ�D sin θð ÞU ¼
ffiffiffi
2

p

2
L�Dð ÞU: ð3Þ

It is convenient to define the power coefficient

CP �
PU

1
2ρV

3A
¼

ffiffiffi
2

p
CL�CDð Þ: ð4Þ

Fig. 13 compares CPðαÞ for a plate in the cascade with that for a single plate in the different cases considered. In both
configurations, CP reaches a maximum value CP;max for an angle of attack α¼ αmax that depends on sAR, and, to a lesser
extent, on Re. Only for the largest aspect ratio sAR¼3 are the maximum values of CP for a plate in the cascade larger than
those for an isolated plate [Fig. 13(a)], but the differences are quite small. However, these maxima take place at values of α
that are almost twice than for a single plate. As sAR decreases, CP;max for a cascade becomes smaller than for a single plate
and the values of αmax approach each other, as it is clear for sAR¼0.5 in Fig. 13(c). This behavior of CPðαÞ for a plate in the
cascade when sAR is not too small contrasts with that of CLðαÞ, which has a pronounced maximum in relation to a single



Fig. 8. Smoke flow visualizations for the same Re and aspect ratio of Fig. 7 for α¼101 [(a) and (b)] and α¼201 [(c) and (d)], for a single plate [(a) and (c)] and
for an array of three plates [(b) and (d)].
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plate for all the Reynolds numbers considered. It is a consequence of the fact that CD for the plate in the cascade becomes
also significantly larger than for a single plate for the values of α where CL reaches its maximum (see Figs. 9–12; also Fig. 7,
where this feature is quite clear). Thus the enhancement of the lift coefficient for a plate in a cascade in relation to an
isolated plate for sufficiently high values of the angle of attack, which is specially relevant when the aspect ratio is not too



Fig. 9. Comparison between CDðαÞ (a) and CLðαÞ (b) for a single plate and for the central plate in a cascade of three plates when Re¼2.25�105 and for
different values of sAR.

Fig. 10. As in Fig. 9, but for Re¼1.5�105.

Fig. 11. As in Fig. 9, but for Re¼8�104.
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small (for sAR¼3 and sAR¼1 in the present study), does not produce a significant power coefficient enhancement in the
present configuration of interest for a tidal current converter because the drag coefficient is also increased for the
corresponding values of the angle of attack.



Fig. 12. As in Fig. 9, but for Re¼4.4�104.

Fig. 13. Comparison between CPðαÞ for a single plate and for the central plate in a cascade of three plates when sAR¼3 (a), sAR¼1 (b), and sAR¼0.5 (c),
for the different Re considered.
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5. Conclusions

We have analyzed in this work the flow through a cascade of flat plates, measuring in a wind tunnel the lift and drag
coefficients as the angle of attack is varied for several, relatively low values of the aspect ratio and the Reynolds number. The
comparison of these measurements with those, also obtained here, for the flow on an isolated plate shows, as the main
feature, that the lift coefficient for a plate in the cascade has a pronounced maximum when the angle of attack is roughly
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twice that above which the single plate becomes stalled. An exception is when the aspect ratio of the plates is below unity,
in which case the aerodynamic characteristics are quite similar in both cases.

All these results have been obtained in a particular cascade configuration of interest for a device designed to extract
hydrokinetic energy from tidal and river currents. The power coefficient in this configuration is shown to be larger than that
obtained with an isolated plate only when the aspect ratio is large enough (semispan aspect ratio 3 in this study). This is due
to the fact that the drag coefficient is also enhanced in relation to the single plate for the same range of angles of attack
where the lift coefficient reaches its pronounced maximum, thus limiting its effect on the power coefficient. Further
investigations should be undertaken to obtain the optimal cascade configuration for extracting the maximum power for a
given tidal current, considering a wider set of cascade configurations. This has to be done through less expensive numerical
simulations, and including the effect of the separation between blades or solidity, of different angles and speeds of the
cascade in relation to the current, and using blades with more elaborated profiles than the case of a rectangular flat plate.
Part of this numerical work is currently under progress. The present study may serve as an experimental benchmark in
which relevant aspects related to the effects of the angle of attack, the aspect ratio and the Reynolds number have been
revealed.
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