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Abstract

Three-dimensional steady-state RANS simulations of the flow around a stationary finite-span blade have been carried out. The
analysis is directed toward the vorticity dynamics, the forces acting on the blade and their spanwise distributions when using end-
plates or detached end-plates, namely end-plates that are not in contact with the blade tips. The objective is to understand the
physics at play in the vicinity of the blade tips with an emphasis on the detached end-plates, as the use of such devices could be
beneficial for optimizing the performance of vertical-axis turbines. This paper also aims at providing simple guidelines regarding
the use of end plates and detached end-plates. The results show that the presence of detached end-plates leads to an important
increase of the blade lift coefficient in addition to a significant reduction of its drag coefficient. This is explained by the fact that the
detached end-plates modify the path of the vorticity lines shed by the blade, thus affecting the vorticity distribution and the resulting
circulation along the blade. This work also shows that the forces on the blade are more sensitive to the dimensions of the detached
end-plates in the transverse direction than to any other geometric parameter.
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1. Introduction

Over the past decades, the field of aviation has been the main
motivation for the study of wingtip vortices [1, 2]. Indeed,
many experimental and numerical studies have been directed
toward the structure, the development and the decay of wingtip
vortices in the near field of a wing [3, 4, 5, 6, 7, 8, 9, 10, 11, 12,
13, 14]. For example, Chow et al. [4] have provided detailed
measurements of the turbulent structures that are essential to
the fundamental understanding of the flow near a wingtip.

From a more practical perspective, it is well known that the
3D flow resulting from the wingtip vortices is responsible for a
reduction of the lift coefficient and an increase of the drag coef-
ficient of lifting wings. Consequently, much research effort has
been devoted to the development of effective wingtip devices
[15, 16, 17].

In spite of their success in aviation, such wingtip devices
have received much less attention for wind and hydrokinetic
turbine blade applications [18, 19, 20, 21], even if it has been
shown that the tip losses associated with the three-dimensional
flow around the blades can be very detrimental to the efficiency
of various types of lift-driven cross-flow turbines [18, 22]. For
example, Kinsey and Dumas [20, 23] have studied flapping-
foil turbines and they have pointed out that the efficiency of
such turbines is highly sensitive to the blade aspect ratio. Their
numerical study has shown a considerable increase in the effi-
ciency when end-plates were used, as it was also observed in
the experimental work of Kim et al. [21].
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Several studies have also been devoted to the analysis of the
flow field around another type of cross-flow turbine: the H-
Darrieus vertical-axis turbine [18, 19, 24, 25, 26, 27, 28, 29].
It has been shown that the efficiency of three-dimensional
vertical-axis turbines is significantly smaller than their ideal-
ized two-dimensional counterparts. More precisely, Gosselin
et al. [18, 19] have shown that the efficiency ratio between an
actual 3D turbine and its infinite-span analog (2D turbine) may
be as small as 50% for blades having an aspect ratio of 7. To
mitigate this drastic efficiency drop, the authors added simple
end-plates to their turbine. However, because of the blade mo-
tion, the additional viscous drag generated by the end-plates re-
sults in an undesirable resistive torque at the turbine shaft. The
added drag thus impairs the beneficial effect of the end-plates
on the power extraction [18, 19].

For vertical-axis turbines, this suggests that end-plates that
would not be moving with the turbine blades could be benefi-
cial. In other words, the development of detached end-plates,
i.e., stationary end-plates that are not in contact with the blade
tips, could help to significantly increase the efficiency of H-
Darrieus vertical-axis turbines by increasing the lift on the
blades without adding an undesirable drag contribution.

As they are obviously irrelevant in the field of aviation, de-
tached end-plates have not drawn much attention in the litera-
ture yet. The interaction between a blade tip and a solid surface
in close proximity has been studied in the context of turboma-
chinery and axial fans [30, 31, 32, 33, 34, 35], but these works
were performed in highly confined environments and the focus
was mainly directed toward the understanding of the tip-leakage

https://doi.org/10.1016/j.jweia.2018.12.006


vortical flow and the underlying mechanisms for cavitation in
the gap between the blade tip and the exterior casing of the ma-
chine.

An important phase in the development of such detached
end-plates for wind and hydrokinetic turbine applications is the
fundamental understanding of the physics at play in the vicinity
of the blade tips when detached end-plates are used. As a first
step, the present work aims at understanding the effect of us-
ing detached end-plates on a simplified case, namely a station-
ary lifting blade. The main objective consists in highlighting
the physical mechanisms affecting the forces on the stationary
blade when detached end-plates are present. More precisely,
we focus on the vorticity dynamics with detached end-plates
placed at various distances from the blade tips.

The methodology used to simulate the flow over the station-
ary blade is first presented in Section 2. Then, the forces and
the flow over a blade with regular attached end-plates and with
detached end-plates located a various distances from the blade
tips are analyzed in Sections 3.1 and 3.2. Lastly, the impact of
some geometrical characteristics of the detached end-plates are
discussed and their effects on the forces and on the flow field
are briefly presented in Section 3.3.

2. Methodology

2.1. Description of the studied problem

In this study, the geometry investigated is a straight rectan-
gular blade (non-swept, non-tapered and non-twisted) that is
formed with a NACA 0015 cross-section profile having a chord
length c. The ratio between the blade span (b) and its chord
length results in an aspect ratio b/c of 7.5. For all the paramet-
ric cases presented in this paper, the geometric angle of attack
of the blade (α) is 10◦.

The end-plates and detached end-plates used in the simula-
tions are infinitely thin disks with a diameter (d) of 3c. Note
that this relatively large diameter is arbitrarily chosen and the
effect of using different sizes and shapes of detached end-plates
is discussed in Section 3.3. The end-plates are centered around
the mid-chord point of the blade in both the streamwise and the
transverse directions. The gap width (∆) between the tips of the
blade and the detached end-plates is varied between ∆/c = 0,
which represents an attached end-plate in contact with the blade
tips and ∆/c = 1, which is the largest gap width considered in
this work. Figure 1 shows some of the main geometric parame-
ters of the study.

The numerical simulations are carried out at a Reynolds num-
ber (Rec) of 7.5 × 106, defined as:

Rec =
U∞c
ν

, (1)

where U∞ is the freestream velocity and ν is the kinematic vis-
cosity of the fluid.

The lift coefficient of the blade is given by:

CL =
L

1
2ρU2

∞ bc
, (2)

Figure 1: Outlines of the blade and the detached end-plates with the definition
of some of the geometric parameters.

where L is the sum of the shear and the pressure force compo-
nents acting on the blade in the y-direction (see Figure 1) and ρ
is the density of the fluid.

Similarly, the drag coefficient is defined as:

CD =
D

1
2ρU2

∞ bc
, (3)

where D is the sum of the shear and the pressure forces in the
x-direction (see Figure 1).

2.2. Numerics

The finite-volume Navier-Stokes solver from the Siemens R©

STAR-CCM+ R© software has been used to carry out the simu-
lations [36]. Second-order schemes are used and a segregated
approach with the SIMPLE algorithm is used for the pressure-
velocity coupling. The simulations are carried out under in-
compressibility conditions. The steady-state RANS equations
with the Spalart-Allmaras turbulence model are solved in fully-
turbulent mode with rotation correction [9, 10, 37].

The computational domain used for the simulations is shown
in Figure 3. Only one half of the blade is considered since a
symmetry plane is used at the mid-span of the blade. The other
lateral boundaries of the domain are also symmetry planes that
are located far enough to ensure an essentially unconfined en-
vironment for the blade. The uniform velocity inlet boundary
is located 100c upstream of the blade. At the inlet, a uniform
turbulent viscosity ratio of νt/ν = 0.2 is imposed, as recom-
mended by Spalart and Rumsey [38]. At the outlet located 200c
downstream of the blade, a uniform static pressure of zero is
imposed.

An overset mesh technique is used for the different parts of
the mesh. Separate mesh regions (overset meshes) were made
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(a) Blade (b) Detached end-plate

Figure 2: Illustrations of the local overset mesh of the blade from different views (a) and a cross-section view of the overset mesh of the detached end-plate (b). For
the detached end-plate (b), note that the black region represents the infinitely thin end-plate and the blue region is the surrounding mesh.

for the half-blade and the end-plate, as shown in Figure 2.
These two meshes are then imported over a background mesh in
Star-CCM+ R©. At the beginning of the simulation, the meshes
are merged and the cells from the background mesh that over-
lap those of the two overset meshes become inactive. This tech-
nique allows us to impose the desired angle of attack (10◦ for
all the simulations in this study) and to change the gap width
between the blade and the detached end-plate without recon-
structing the entire mesh each time.

The mesh of the blade is an extrusion of the 2D structured
mesh shown on the right of Figure 2a. The 2D NACA 0015
profile is composed of 450 nodes and the spanwise resolution
along the middle part of the extruded blade results in 12 layers
of cells per chord length and this spanwise resolution increases
importantly near the tip of the blade. The resolution near the
no-slip solid surfaces are chosen to ensure a dimensionless nor-
mal wall distance (y+) around 1 with a maximum growth factor
of 1.2. Similarly, the mesh of the end-plate is an extrusion of
the 2D mesh shown in Figure 2b, where the black region rep-
resents the infinitely thin end-plate and the blue region is the
surrounding mesh. The mesh of the blade and the mesh of the
end-plate are created by extruding the same 2D mesh in the foil
region. This technique ensures that the cells in the two zones
have exactly the same size. As for the blade, the mesh of the
detached end-plate is also composed of cells having dimensions
that ensure a y+ value of approximately 1 on both sides of the
end-plate. Care has been taken to ensure that the resolution is
approximately the same at the boundaries between all the differ-
ent mesh regions. The background mesh is made of orthogonal
cubic cells that have the same level of refinement as the over-
set meshes around the blade and the end-plate, and that become
coarser as we move away from these zones. The blade and the
detached end-plate meshes respectively contains 11M and 7M
cells while the background mesh is composed of approximately

Figure 3: Computational domain and boundary conditions used in the numer-
ical simulations. Note that the blade and the detached end-plate are scaled up
by a factor of 4 for the sake of clarity.

12M cells for a total of 30 million cells.

2.3. Validation

Since a RANS methodology is used in the present study, it
is important to mention that we are not focusing here on the
fine details of the turbulence around the blade or in the wingtip
vortex. We are rather interested in the global impacts of end-
plates and detached end-plates on the forces acting on a blade
and on the general flow field. In this context, RANS simulations
are deemed adequate [40, 41].

In order to further validate the use of RANS simulations,
the problem studied by Chow et al. [4, 39] has been repro-
duced numerically with the methodology used in the present
work and the results have been compared to their experimental
data. At different spanwise locations, they measured the surface
pressure distribution around the NACA 0012 profile of the half-
blade that they used at a Reynolds number of 4.6×106. In order
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Figure 4: Comparison between the surface pressure coefficient distributions reported by Chow et al. [39] (black markers) and the distributions obtained with the
actual numerical methodology (red curves) at three different spanwise locations: z/b = 0.667, z/b = 0.833 and z/b = 0.889.

to reproduce the results of this experiment, care has been taken
to match the measured experimental velocity U/Ure f at the
probe location reported by Churchfield and Blaisdell [40, 41].
Figure 4 shows the experimental pressure coefficient (Cp) re-
ported by Chow et al. [39] and the results obtained numerically
with the present methodology. As one can notice, the numerical
results agree well with the experimental data points, especially
at the z/b = 0.667 spanwise location. At z/b = 0.833 and
z/b = 0.889, there are small discrepancies in the pressure dis-
tributions on the suction side of the blade near the trailing edge,
at the location under the wingtip vortex. Nevertheless, the com-
parison clearly shows that the global forces on the blade can be
adequately evaluated using the present RANS methodology.

The results presented in this paper were verified to be mesh-
independent. A finer mesh for which the blade profile is com-
posed of 675 nodes and a finer spanwise resolution of 20 layers
of cells per chord length in the mid-span region has been made.
With an equivalent refinement level in the end-plate mesh and
in the background mesh, the refined mesh case is composed
of approximately 38 million cells, compared to 30 million for
base mesh case. Figure 5 shows the lift and the drag coefficient
distributions over the entire span of a blade with detached end-
plates at a gap width ∆/c = 0.015 for the two meshes tested.
The span of the half-blade simulated has been split into 25 sec-
tions and each marker corresponds to the forces measured on
a given section of the blade span. These 25 points are then
mirrored across z/c = 0 to obtain the symmetric distributions
shown in Figure 5. Note that this discretization is not related
to the mesh resolution which would be much finer, especially
near the blade tips. The distributions shown by the black and
the orange markers, which correspond to the base mesh and the
refined mesh cases respectively, are very similar to one another.
The relative difference on the lift coefficient is 0.2% while the
relative difference is 0.7% for the drag coefficient, thus confirm-
ing that our base mesh resolution is adequate.

The sensitivity of the results to the turbulence model used has
also been verified. The cyan markers in Figure 5 show the lift
and the drag coefficient distributions along the spanwise direc-
tion of a blade with detached end-plates at ∆/c = 0.015 using
a k−ω SST turbulence model instead of the Spalart-Allmaras

(a) Lift coefficient distributions

(b) Drag coefficient distributions

Figure 5: Section force coefficient distributions along the entire span of a blade
with detached end-plates located at ∆/c = 0.015 using two mesh refinement
levels and two turbulence models.
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model. The force distributions are very similar with the two tur-
bulence models, especially for the lift force which is the main
focus of this study.

Some unsteady simulations have also been conducted in or-
der to assess the stationarity of the present RANS simula-
tions. More precisely, a blade with detached end-plates at a
gap width ∆/c = 0.015 has been simulated using the base mesh
and the Spalart-Allmaras turbulence model with a time step of
0.01c/U∞. After initializing the solution with a uniform flow
of U∞ throughout the domain, the force coefficients converge
toward the same values (within 0.2% difference) as those pre-
sented in Figure 5, hence confirming that the steady-state con-
dition imposed in our calculation is adequate.
3. Results and discussion

3.1. Forces on a blade with detached end-plates
The objective of this section is to show the impact of using

regular attached end-plates (∆/c = 0) and detached end-plates
(∆/c , 0) on the forces acting on a stationary lifting blade.

3.1.1. Attached end-plates (∆/c = 0)
Serving as a baseline for the comparison with the detached

end-plate cases presented in Section 3.1.2, Figure 6 shows the
lift coefficient and the drag coefficient distributions on the span
of a blade without end-plate (red markers) and on the span of
a blade with attached end-plates (∆/c = 0, blue markers). As
mentioned in Section 2.3, the markers in Figure 6 correspond
to the forces measured on the different cross sections along the
blade span.

Figure 6a shows that the main effect of the end-plates is to in-
crease the lift coefficient near the tips of the blade. Indeed, even
if there is a notable increase in the maximum section lift coef-
ficient at the mid-span of the blade when end-plates are used
(CL′,max =0.950 compared to CL′,max =0.914 for the blade with-
out end-plate), the major difference between the two cases is
observed near the blade tips. The lift coefficient of the blade
with end-plates is CL = 0.928, which is an increase of 16% in
comparison with the blade without end-plate. Let us recall that
the aspect ratio of the blade is b/c=7.5. The impact of the end-
plates on the lift coefficient is expected to be more important
for smaller aspect ratios, while it is expected be less significant
for larger aspect ratios.

In Figure 6b, one can see that the presence of end-plates leads
to a reduction of the section drag coefficient at the mid-span of
the blade and an even more important reduction near the tips
compared to the blade without end-plate. Globally, the drag co-
efficient of the blade with end-plates is reduced by 15% in com-
parison with the blade without end-plate. It is also worth men-
tioning that the drag associated with the end-plates is smaller
than the drag of the blade (approximately 12% of the blade drag
for each end-plate).

3.1.2. Detached end-plates (∆/c , 0)
In Section 3.1.1, the lift and the drag coefficient distributions

of a blade with and without end-plates have been presented. In
this section, detached end-plates are considered and the objec-
tive is to see if a similar effect on the forces can be observed

(a) Lift coefficient distributions

(b) Drag coefficient distributions

Figure 6: Section force coefficient distributions along the entire span of a blade
with end-plates (∆/c = 0) in comparison with a blade without end-plate.

even if there is a gap between the blade tips and the detached
end-plates.

Figure 7 shows the lift and the drag coefficients of the blade
with detached end-plates for all the gap widths (∆/c) consid-
ered. The point on the right of both curves corresponds to the
blade without end-plate and the point on the left of the curves is
for a gap width ∆/c = 0, i.e., the blade with attached end-plates.
All the other data points are distinct simulations of a blade with
detached end-plates at various gap widths ∆/c. As shown in
Figure 7, the presence of detached end-plates leads to a sig-
nificant increase of the blade lift coefficient for the small gap
widths and the effect becomes less important for the large gap
widths. More precisely, the presence of detached end-plates at
the smallest gap width simulated (∆/c = 0.005) leads to an in-
crease in the lift coefficient of about 15% compared to the blade
without end-plate. It is worth mentioning that the lift coefficient
of the blade with detached end-plates at ∆/c = 0.005 is only 1%
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Figure 7: Lift coefficient (red markers) and drag coefficient (blue markers) of a
blade with detached end-plates at various gap widths.

smaller than the one with attached end-plates (∆/c = 0), thus
confirming that detached end-plates can be very efficient at in-
creasing the lift on a blade. In Figure 7, one can notice that the
drag coefficient of the blade is also significantly reduced for the
small gap widths. For detached end-plates at ∆/c = 0.005, the
drag coefficient is indeed 13% smaller than the one of the blade
without end-plate. As it can also be seen in Figure 7, there is
a local maximum in the drag coefficient curve at a gap width
∆/c = 0.1. This aspect is discussed in Section 3.2.2.

Figure 8 shows the lift coefficient and the drag coefficient dis-
tributions along the entire span of the blade with detached end-
plates at three different gap widths. The gray zone in both plots
of Figure 8 corresponds to the area contained between the red
markers and the blue markers in Figure 6. In other words, the
gray zones delimit the region between the two extreme cases,
i.e., the lift and the drag coefficient distributions of the blade
without end-plate and the blade with regular attached end-plates
(∆/c = 0). Even for a relatively large gap width like ∆/c = 0.1,
one can notice in Figure 8a that the impact of the detached end-
plates on the lift coefficient distribution is still significant. As
the gap width decreases, the lift distribution tends toward the
one of the attached end-plate case presented in Section 3.1.1
(blue markers in Figure 6a). Conversely, as the gap width in-
creases, the distribution becomes closer to the one of a blade
without end-plate. One can also notice that as the gap width
decreases, the maximum section lift coefficient at the mid-span
slightly increases, but again, it is near the tips of the blade that
the impact of the gap width is the most important.

Figure 8b shows the drag coefficient distributions on the
blade with detached end-plates at three different gap widths.
As one could expect, the detached end-plates affect the drag
coefficient distribution significantly near the blade tips. More-
over, the minimum section drag coefficient at the mid-span of
the blade decreases as the gap width is reduced.
3.2. Vorticity analysis

Knowing that the presence of detached end-plates leads to an
increase of the lift force and a reduction of the drag force on the
blade, we are now addressing the question of how detached end-

(a) Lift coefficient distributions

(b) Drag coefficient distributions

Figure 8: Section force coefficient distributions over the entire span of a blade
with detached end-plates at three different gap widths. The gray zones corre-
spond to the area contained between the red markers and the blue markers in
Figure 6.

plates work. More specifically, the objective of this section is
to discuss the physical mechanisms responsible for the increase
of the blade lift when detached end-plates are used.

3.2.1. Vorticity lines

Analyzing the vorticity lines provides useful insights regard-
ing the lift distribution on a lifting blade. To support this, Fig-
ure 9 shows a schematic representation of the vortex filaments
around a lifting blade. As stated by the Kutta-Joukowski theo-
rem [42], the section lift (L′) can be evaluated using circulation
diagnostics. Indeed, the theorem states that L′ = ρU∞Γ. The
circulation (Γ), which varies along the blade span, can be deter-
mined by computing the vorticity flux passing through a given
plane, similar to planes A, B and C in Figure 9, as follows:
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Γ = −

∫∫
S

ωωω · nnn dS , (4)

where ωωω is the vorticity vector, S is the surface of the plane
considered and nnn is a unit vector normal to the plane.

For a lifting blade, there is more vorticity contained in the
boundary layer on the suction side than in the boundary layer
on the pressure side of the blade. According to Helmholtz’s
second theorem [43], a vortex filament cannot end in the fluid.
As a result, the vorticity in excess on the top surface necessar-
ily has to be shed in the wake at some point along the span
of the blade. The schematic vortex filaments that are disposed
in a horseshoe shape in Figure 9 represent the behavior of this
vorticity in excess on the suction side of the blade. As the lift
decreases toward the blade tips, the circulation also decreases.
This is related to the vortex filaments shed in the streamwise
direction along the entire span of the blade. The circulation of
each vortex filament actually corresponds to the spanwise vari-
ation of the blade lift. When the vortex filaments are shed in the
streamwise direction, some circulation, and therefore some lift,
is lost on the blade between the point where the vorticity line is
shed and the tip of the blade.

This classic analysis of the vorticity lines can now be applied
to the case of a blade with detached end-plates.

Recall that the vorticity lines are obtained similarly to
streamlines, but using the vorticity vector field instead that the
velocity vector field to integrate trajectories. Figure 10a shows
two vorticity lines obtained from the simulation of the blade
without end-plate, while Figure 10b shows four vorticity lines
obtained from the numerical simulation of a blade with de-
tached end-plates at ∆/c = 0.005. Note that only one half of
the blade is shown in Figure 10. In other words, the left end
of the blade in Figure 10a and 10b corresponds to the blade
mid-span.

It is important to note that the lines shown in Figure 10 are
obtained numerically and that they are not schematic vortex fil-
aments like those drawn in Figure 9. Moreover, each vortex
line drawn in Figure 10 necessarily belongs to a vortex tube
or a vortex filament which, according to Helmholtz theorem,
is characterized by a constant circulation along its path. In the

following discussion, we thus assimilate, without loss of gener-
ality or rigor, the vortex lines drawn in Figure 10 to actual vor-
tex filaments of finite circulation. Therefore, the vortex lines of
Figure 10 do portray the actual behavior of the vortex filaments
near the tip of a blade with and without detached end-plates.

The vorticity lines colored in black in Figure 10 illustrate
the fact that some of the vorticity in the top surface boundary
layer is indeed connected to the vorticity in the bottom surface
boundary layer. For a blade without end-plate (Figure 10a), one
can see that the black vorticity line from the boundary layer on
the blade pressure side simply curls around the tip of the blade
and connects with the boundary layer on the suction side (trav-
eling in the +z direction on the bottom surface and in the −z
direction on the top surface of the blade). Considering this vor-
tex line as a vortex filament, this means that the black filament
does not contribute to the circulation around the blade since
its positive and negative circulation contributions cancel each
other out. When detached end-plates are used (Figure 10b), the
black vorticity line shows a very interesting and important vis-
cous interaction between the blade and the detached end-plate
boundary layers. Indeed, one observes that the black filament
underneath the blade (pressure side) goes all the way around
the detached end-plate before coming back on the suction side
of the blade, even if there is an open gap between the blade and
the detached end-plate.

It becomes even more interesting when we analyze the other
vorticity lines illustrated in red, blue and green in Figure 10.
These vorticity lines come from the spanwise vorticity that is
in excess in the boundary layer on the blade suction side. This
excess in the suction side circulation, associated with the lift
according to Kutta-Joukowski theorem, makes all those vortex
filaments turn in the streamwise direction and carry the excess
vorticity downstream of the blade. The red line in Figure 10a
is a vorticity line that contributes to form the wingtip vortex.
As one can expect, some of the vorticity lines in excess on the
suction side of the blade with detached end-plates are also shed
in the wake to form the wingtip vortex. The red vorticity line
in Figure 10b is one of them. The main difference between the
blade without end-plate and the one with detached end-plates is
the presence of the blue and green vorticity lines.

The blue vorticity line from the suction side of the blade is

Figure 9: Schematic representation of the vortex filaments around a lifting blade without end-plate.
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(a) Blade without end-plate (b) Blade with detached end-plates (∆/c = 0.005)

Figure 10: Visualization of some vorticity lines (each one with his own color) obtained from the numerical simulations of a blade without end-plate (a) and a blade
with detached end-plates at ∆/c = 0.005 (b). Note that only half the span of the blade is visible and that the black lines are not visible on the pressure side of the
blade, but they are illustrated in dashed lines near the mid-span.

shed in the wake at the upper extremity of the detached end-
plate, while the green one goes around the back of the detached
end-plate before being shed at its lower extremity. The critical
point to note from Figure 10 is that some of the vorticity lines
in excess on the suction side of the blade, that would normally
be shed along the span of the blade or in the wingtip vortex for
a blade without end-plate, can now follow a different path when
detached end-plates are present. For a blade without end-plate,
the fact that some vorticity lines are shed near the blade tips
results in a decrease of the circulation, and thus, a decrease of
the lift near the tips. When detached end-plates are used, some
of these vorticity lines reach the blade tips while continuing
their way on the detached end-plates. Therefore, the decrease in
the circulation and the lift near the blade tips is less important.
In other words, detached end-plates allow maintaining a more
uniform circulation toward the tips, and thus, a more uniform
loading (section lift) along the blade span. Note that this mod-
ification of the vorticity lines’ paths is also responsible for the
increase of the lift coefficient of the blade with regular attached
end-plates (∆/c = 0). Indeed, the vorticity lines obtained for a
blade with attached end-plates follow the same paths as those
shown in Figure 10b.

For small gap widths, many vorticity lines are affected by the
presence of the detached end-plates and many of them behave
like the blue and green vorticity lines in Figure 10b. This is
why Figures 7 and 8 show that the lift coefficient of the blade is
increased when the detached end-plates are located close to the
blade tips. Conversely, as the gap width is increased, the path of
more vorticity lines remains unchanged compared to the blade
without end-plate and the circulation and lift obtained are more
similar to the blade without end-plate.

Figure 11 shows a volume rendering of the spanwise vorticity
field around a blade without end-plate. As one can see, there is
a rotational zone, thus a viscous zone, associated with the blade
tip that exceeds the span of the blade. The rotational zone is

Figure 11: Top view of a volume rendering of the spanwise vorticity field
around the tip of a blade without end-plate.

much larger than the thickness of a typical boundary layer. This
vorticity around the tip is related to the connection between the
boundary layers on the pressure side and on the suction side
of the blade. A viscous interaction between the blade vorticity
lines and the detached end-plate vorticity lines can thus occur
when this rotational zone is in contact with the rotational zone
associated with the boundary layers of the detached end-plate.
If the gap width between the blade and the detached end-plate
is such that the two rotational zones are not intersecting and are
separated by a non-rotational region, the vorticity lines on the
blade cannot interact with the detached end-plate and so, the lift
of the blade tends toward the one of a blade without end-plate.
3.2.2. Vorticity field

In order to further highlight the physical mechanisms respon-
sible for the increase of the blade lift coefficient when detached
end-plates are used, it is interesting to analyse the vorticity dis-
tribution around the blade and the detached end-plates.

Figure 12 shows a volume rendering of the streamwise vor-
ticity field around a blade with and without detached end-plates
at various gap widths. Again, note that only one half of the
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blade is shown in Figure 12. For the blade without end-plate,
most of the streamwise vorticity is contained in the wingtip vor-
tex. For the blade with attached end-plates (∆/c = 0), the vor-
ticity distribution is significantly different. The wingtip vor-
tex is hardly visible, but there is an important amount of neg-
ative streamwise vorticity at the top and bottom extremities of
the end-plate. For the blades with detached end-plates, vortex
structures similar to those observed for the blade without end-
plate and the blade with attached end-plates are visible, but the
intensity of each vorticity region varies depending on the gap
width. By looking at the vorticity fields shown in Figure 12, one
can notice that for the four gap widths presented, there is always
some negative streamwise vorticity shed on both the uppermost
and lowermost extremities of the detached end-plates, as well as
a positive streamwise vorticity region around the mid-height of

the detached end-plates. One can conclude from Figure 12 that
there are five different regions of non-zero streamwise vorticity
around the blade and the detached end-plates. There are two
regions associated with the blade, namely the blade tip region
and the blade span region, and there are three other regions as-
sociated with the detached end-plates: the plate top region, the
plate bottom region and the plate mid-height region.

For the small gap widths, the presence of the negative stream-
wise vorticity regions at the upper and lower extremities of the
detached end-plates, observed in Figure 12, is coherent with the
vorticity lines shown in Figure 10b. However, for the large gap
widths (like ∆/c = 0.5), where the rotational zones associated
with the blade and the detached end-plates are separated by a
non-rotational zone, the presence of the three streamwise vor-
ticity regions on the detached end-plates may look surprising

Figure 12: Volume renderings of the streamwise vorticity field around a blade with and without detached end-plates at different gap widths. Note that only half the
span of the blade is shown in these visualizations. The gap width is increasing in the clockwise direction.
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since there is no viscous interaction between the vorticity lines
on the blade and on the detached end-plates. This can be ex-
plained by looking at the forces in the z-direction experienced
by the detached end-plates. Indeed, the flow field is affected
by the presence of the blade. In addition to being deviated,
the flow is accelerated on the suction side of the blade and is
slowed down on its pressure side. As a result, the detached end-
plates do experience pressure forces in the z−direction (thus a
lift in the z-direction). To illustrate that phenomenon, Figure
13 shows the local distribution of the force coefficient in the
z-direction (Cz′ ) on a transverse line on the detached end-plate
aligned with the mid-chord point of the blade for gap widths
∆/c = 0.5 and ∆/c = 0.05. On the upper portion of the detached
end-plates (y > 0), there is a force directed toward the blade be-
cause of the suction above the blade and because of the presence
of the wingtip vortex. Conversely, because of the higher pres-
sure zone on the blade pressure side, the lower portion of the
detached end-plates (y < 0) experiences a force directed away
from the blade. Since the detached end-plates experience such
forces in the z-direction, there necessarily are vortex filaments
that are shed in the streamwise direction from the detached end-
plates boundary layers. The three streamwise vorticity regions
visible on the detached end-plates shown in Figure 12 are there-
fore related to these forces in the z-direction.

Similarly to Figure 9 that showed the vortex filaments in ex-
cess on the suction side of a lifting blade without end-plate,
Figure 14 is a simplified illustration of the vortex filaments in
excess around a detached end-plate at a large gap width. Since
the upper portion of the detached end-plate experiences a force
in the z-direction directed toward the blade (see red curve in
Figure 13), there is some vorticity in excess in the boundary
layer of the detached end-plate on the side facing the blade tip.
That vorticity has to be shed in the wake at the upper extrem-
ity and at the mid-height of the detached end-plate due to the
change of sign of Cz′ , resulting in a negative streamwise vor-
ticity region at the upper extremity and a positive streamwise
vorticity region at mid-height, as observed in Figure 14. Con-
versely, for the lower portion of the detached end-plate, since
the spanwise force is directed away from the blade, the vorticity
in excess is located on the outer side of the detached end-plate.
When this vorticity in excess is shed in the wake, it leads to
a negative streamwise vorticity region at the bottom extremity
and a positive streamwise vorticity region at the mid-height of
the detached end-plate.

It is worth mentioning that when we refer to positive and neg-
ative streamwise vorticity, it is only applicable to the detached
end-plates located to the right of the blade from a front view
(those that are visible in Figure 12), as well as the right half of
the blade. If we would look at the other detached end-plate and
at the left half of the blade, the sign of the streamwise vorticity
regions would be reversed.

Based on these observations, we can examine the intensity
of each of the streamwise vorticity regions around the blade.
Since the lift at any given section of the blade can be evalu-
ated using circulation diagnostics, it is insightful to know where
the streamwise vorticity is shed on the blade and which of the
vorticity regions are dominant for the different gap widths of

Figure 13: Local force coefficient (pressure force in the z-direction) distribution
on a line located at the maximum height position on a detached end-plate for
two different gap widths.

Figure 14: Schematic representation of the vortex filaments in excess around
a detached end-plate at large gap widths. The dashed line represents the part
of a vortex filament that is located behind the detached end-plate from this
viewpoint.

detached end-plates simulated.
For the five different vorticity regions that have just been dis-

cussed (the blade tip vorticity 1 , the blade span vorticity 2 ,
the plate top and bottom vorticity 3 and 4 and the plate mid-
height vorticity 5 ), their respective contribution to the total
circulation is assessed. The circulation of each of the five vor-
ticity regions is measured for all the gap widths simulated on
a plane perpendicular to the x-axis located at the trailing edge
of the blade using Equation (4). For example, Figure 15 shows
contours of the streamwise vorticity field at the trailing edge of
a blade with detached end-plates at a gap width arbitrarily cho-
sen at ∆/c = 0.05 and each of the vorticity regions considered
are identified. Figure 16 presents the dimensionless circulation
associated with each vorticity region shown in Figure 15 as a
function of the gap width.

The gray curve in Figure 16 shows the total circulation on
the measurement plane at the trailing edge of the blade. As one
can notice, the total circulation, corresponding to the blade mid-
span circulation, does not vary much with the gap width and is
not significantly affected even for the blade without end-plate.
There is a slight increase in the total circulation as the gap width
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Figure 15: Contours of the streamwise vorticity field shown on a plane perpendicular to U∞ at the trailing edge of a blade with detached end-plates at a gap width
∆/c = 0.05.

Figure 16: Dimensionless circulation associated with each of the vorticity regions identified in Figure 15 for the different gap widths simulated.

is reduced, which is coherent with the fact that the maximum
section lift coefficient at the mid-span also slightly increases as
the gap width becomes smaller, as shown in Figures 6 and 8.
The sum of the five other curves is equal to the total circulation.

The green 3 and magenta 4 curves respectively represent
the circulation of the vorticity regions at the upper and lower
extremities of the detached end-plates. Obviously, for the blade

without end-plate on the right of the plot, the circulation of
these two regions is equal to zero. Then, as the gap width is
reduced from ∆/c = 1, the circulation of both the plate top
and the plate bottom vorticity increases until the detached end-
plates reach the blade. As the gap width is reduced, the forces in
the z-direction experienced by the detached end-plates become
more important. This implies that more vorticity is contained
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in the detached end-plate boundary layers, thereby suggesting
an increased potential of interaction between the blade vorticity
lines and the detached end-plate vorticity lines. In other words,
the viscous interaction between the blade vorticity lines and the
detached end-plate vorticity lines is strongly associated with the
forces and the vorticity in the detached end-plate boundary lay-
ers.

For every gap width simulated, the circulation of the plate
top vorticity is larger than the circulation of the plate bottom
vorticity. Given the flow field caused by the presence of the
blade, the forces in the z-direction on the detached end-plates
are larger on their upper part than on their bottom part, as shown
in Figure 13. Therefore, it makes sense to find that a larger
circulation is associated with the upper part of the detached end-
plate in comparison with the bottom part.

The black curve 2 in Figure 16 represents the circulation
associated with the vorticity that is shed along the span of the
blade. For small gap widths, less circulation is shed on the
blade span because of the strong viscous interaction between
the vorticity lines on the blade and on the detached end-plates.
Therefore, the lift coefficient distribution on the blade span is
more uniform. Conversely, the circulation associated with the
vorticity shed on the blade span becomes larger as the gap width
is increased.

The blue 1 and the red 5 curves in Figure 16 respectively
show the circulation of the blade tip vorticity and the plate mid-
height vorticity for the different gap widths. As one can notice,
the two curves show a similar trend, but with opposite signs.
For the blade without end-plate, the blade tip vorticity region
has a dimensionless circulation of 0.26 and the plate mid-height
vorticity is obviously zero. From the largest gap widths, the cir-
culation associated with both these vorticity regions increases
in absolute value as the gap width decreases until a gap width
of approximately ∆/c = 0.05. For smaller gap widths, the cir-
culation of both these two vorticity regions ( 1 and 5 ) starts to
decrease in absolute value as the gap width further decreases.
Dreyer et al. [32, 33] also noticed a similar trend in the circula-
tion associated with the blade tip vorticity in their experimental
study of the wingtip vortex in the near-field of a blade located
close to a wall.

For the large gap widths (∆/c & 0.1), it is interesting to note
that the increase of the blade tip circulation balances the de-
crease of the blade span circulation as the gap width is reduced.
Consequently, the circulation of the plate mid-height vorticity
is equal to the sum of the circulation associated with the plate
top and the plate bottom vorticity regions. This confirms that
there is no viscous interaction between the blade and the de-
tached end-plates for these large gap widths. However, for the
small gap-widths (∆/c . 0.05), the viscous interaction between
the vorticity lines on the blades and those on the detached end-
plates results in a reduction of the circulation associated with
both the plate mid-height and the blade tip circulation when the
gap width further decreases and the sum of the circulation of
the three vorticity regions on the detached end-plate does not
equal to zero.

Therefore, for the small gap widths (∆/c . 0.05), the vis-
cous interaction between the vorticity lines on the blade and

on the detached end-plates results in an increase of the blade
lift coefficient as the gap width decreases. For the large gap
widths (∆/c & 0.1), there is no interaction between the vortic-
ity lines on the blade and the detached end-plates. It suggests
that the detached end-plates rather realign the flow field near the
blade tips, i.e., it reduces the local deviation of the flow in the
z−direction near the tips of the blade. In Figure 16, the decrease
of the blade span circulation ( 2 ) and the increase of the blade
tip circulation ( 1 ) as the gap width decreases between ∆/c = 1
and ∆/c = 0.1 supports this hypothesis. Indeed, a more 2D flow
along the blade span would result in less circulation shed along
the blade span, and consequently, more circulation shed at the
blade tip.

Moreover, Figure 16 also explains the local maximum in the
drag coefficient curve that is visible in Figure 7 at a gap width
∆/c = 0.1. The downwash induced by the intense tip vortices
at ∆/c = 0.1 is responsible for an increased section drag co-
efficient near the blade tips (see green markers in Figure 8b).
Therefore, at ∆/c = 0.1, the important tip vortices cause a
downwash distribution on the blade that results in a drag coeffi-
cient that is larger than the drag coefficient of the blade without
detached end-plate.
3.3. Geometric parameters of the detached end-plates

Following the previous discussion, it is worthwhile to ana-
lyze the impact of some geometric parameters of the detached
end-plates on the blade lift and drag coefficients. For a given
gap width, arbitrarily chosen at ∆/c = 0.015, different geome-
tries of detached end-plates have been simulated and these ge-
ometries are presented in Figure 17. It is important to note that
the objective here is not to optimize the shape of the detached
end-plates, but to differentiate the effects of different geomet-
ric factors. It is also worth mentioning that the analysis of the
geometric parameters is made for detached end-plates, but the
trends and the conclusions would be the same for attached end-
plates in contact with the blade tips (∆/c = 0).

First, a blade with a square-shaped detached end-plate, as
shown by geometry A in Figure 17, having streamwise and
transverse dimensions equal to the diameter of the circular de-
tached end-plates from the previous sections has been simu-

Figure 17: Outlines of the different geometries of detached end-plates tested.
The dashed circles correspond to the geometry of the circular detached end-
plates used in the previous sections.
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lated. The results for the lift and the drag coefficients of the
blade as well as their spanwise distributions are similar to those
presented in Section 3.1.2 where equivalent round detached
end-plates were used. The difference in the lift coefficient of
the blade between the circular and the square-shaped detached
end-plates is 0.3% while the drag coefficient differs by 0.8%.
Using this square-shaped geometry as a reference, we can now
see the impact of the streamwise and transverse dimensions of
the detached end-plates by comparing it to rectangular detached
end-plates.

Figure 18 shows the lift and the drag coefficient distributions
over the entire span of a blade with detached end-plates having
the geometries A, B, C and D shown in Figure 17. Note that
the results obtained with the circular detached end-plates from
the previous sections have also been included in Figure 18 for
comparison purposes. As one can notice, increasing the stream-
wise dimensions of the detached end-plates (geometry C) does
not considerably affect the lift and the drag coefficient distribu-
tions. It it not surprising considering that these distributions are
affected by the interaction of the blade vorticity lines with the
detached end-plate vorticity lines. As discussed previously, the
potential of interaction is related to the force in the z-direction
acting on the detached end-plates. When the streamwise di-
mensions of the detached end-plates are increased, the load on
them is not significantly altered. Therefore, one does not ex-
pect a stronger interaction between the vorticity lines from the
blade and those from the detached end-plates when the stream-
wise dimensions are increased. Moreover, Figure 18 shows that
even the detached end-plates having the geometry B in Figure
17 leads to similar lift and drag coefficients as those obtained
with the geometries A and C.

However, results from Figure 18 clearly illustrates that vary-
ing the transverse dimensions of the detached end-plates (ge-
ometry D) has a very important impact on the lift and drag co-
efficients. This significant increase of the lift and reduction of
the drag can be explained by the fact that increasing the trans-
verse dimensions of the detached end-plates is leading to a more
loaded detached end-plate in the z−direction, and therefore to
a stronger interaction between the vorticity lines on the blade
and the detached end-plates. From a pressure-velocity point of
view, we can say that if the streamwise vorticity shed at the ex-
tremities of the detached end-plates is moved further away from
the tip of the blade by increasing the transverse dimensions of
the detached end-plates, it reduces the downwash at the blade,
therefore increasing the lift coefficient and reducing the drag
coefficient. Based on these results, it is important to note that if
one wants to design detached end-plates, the emphasis should
be on the transverse dimensions of the end-plates more than on
their streamwise dimensions.

Knowing that the transverse dimensions of the detached end-
plates are a crucial geometric parameter, it is interesting to eval-
uate the impact of the symmetry of the transverse length of the
detached end-plates with respect to the position of the blade. To
investigate that, simulations have been carried out to compare
the lift and the drag coefficient distributions on a blade with
detached end-plates of geometries A, E and F from Figure 17.

As shown in Figure 19, the half-height detached end-plates

(a) Lift coefficient distributions

(b) Drag coefficient distributions

Figure 18: Section force coefficient distributions over the entire span of a blade
with different geometries of detached end-plates (see Figure 17) at a gap width
∆/c = 0.015.

of geometries E and F lead to a smaller increase in the lift co-
efficient and a smaller reduction of the drag coefficient than the
square-shaped or circular detached end-plates. It is not surpris-
ing considering what has just been discussed. The half-height
detached end-plates are less loaded than the other ones, there-
fore the interaction between the blade vorticity lines and the
detached end-plate vorticity lines is weaker. Again, from a
pressure-velocity point of view, all the vorticity associated with
the extremities of the detached end-plates contributes to the re-
duction of the downwash at the blade in the case of symmetric
detached end-plates. However, in the case of the half-height de-
tached end-plates located above the blade for example (geom-
etry E), only the vorticity associated with the upper extremity
of the detached end-plates contributes to the reduction of the
downwash at the blade. Moreover, the fact that the load and the
circulation associated with the vorticity at the upper extremity
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(a) Lift coefficient distributions

(b) Drag coefficient distributions

Figure 19: Section force coefficient distributions over the entire span of a blade
with different geometries of detached end-plates (see Figure 17) at a gap width
∆/c = 0.015.

of the detached end-plates are more important than those at the
bottom extremity (see Figures 13 and 16) explains that the half-
height detached end-plates located above the blade (geometry
E) are slightly better in terms of the lift and the drag coeffi-
cients than the half-height detached end-plates located below
the blade (geometry F). Consequently, if one wants to use de-
tached end-plates, it would be better to design them so that they
extend beyond the blade, both above and below it.
3.4. Generality of the results

In order to ensure the generality of the conclusions presented
in this paper, some simulations have been carried out to investi-
gate the effect of the blade aspect ratio (b/c), the angle of attack
of the blade (α) and the Reynolds number (Rec).

Regarding the blade aspect ratio, simulations have been con-
ducted for a blade having an aspect ratio b/c = 15. Figure 20
shows the lift and the drag coefficients of the blade having an

Figure 20: Lift coefficient (red markers) and drag coefficient (blue markers) of
a blade having an aspect ratio b/c = 15 with detached end-plates at various gap
widths.

aspect ratio b/c = 15 for all the gap widths simulated. As one
can see, the results show similar trends as those obtained with
the blade having an aspect ratio of 7.5. However, the impacts
of the detached end-plates on the lift and the drag coefficients
are slightly less important. Indeed, when b/c = 15, since the
spanwise distributions of the lift and drag coefficients are more
uniform, i.e., the impact of the downwash is a little more con-
fined near the tips of the blade compared to the blade with the
aspect ratio b/c = 7.5, the impact of the detached end-plates on
the lift and the drag coefficient distributions is reduced. More
quantitatively, the lift coefficient of a blade having an aspect ra-
tio b/c = 15 with attached end-plates (∆/c = 0) is increased by
about 7% compared the blade without end-plate. This increase
was about 16% for the blade having an aspect ratio b/c = 7.5.
Nevertheless, it is important to note that the presence of de-
tached end-plates still increases the lift coefficient of the blade
and reduces its drag coefficient. Furthermore, the conclusions
about the physics at play made in the previous sections are still
valid.

Simulations have also been conducted for a blade at an angle
of attack α = 5◦. Similarly, it has been found that the impact
of the detached end-plates is slightly less significant on the lift
and drag coefficients, but again, the conclusions from previous
sections are still true.

Regarding the impact of the Reynolds number Rec, simula-
tions have been carried out for a blade with detached end-plates
at a gap width ∆/c = 0.01 at Reynolds numbers of 7.5 × 105

and 7.5 × 107. Results regarding the lift coefficient and drag
coefficient distributions are reported in Figure 21. As it can be
seen, the impact of the detached end-plates on the blade lift and
drag coefficients become more important as the Reynolds num-
ber is increased. An increase in the Reynolds number results
in an increased lift coefficient for the blade without end-plate,
hence increasing the amount of vorticity in excess in the bound-
ary layer on the top surface of the blade and resulting in a more
important load on the detached end-plates. Thus, it leads to
a stronger potential of interaction between the blade vorticity
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(a) Lift coefficient distributions

(b) Drag coefficient distributions

Figure 21: Section force coefficient distributions over the entire span of a blade
without end-plate at a Reynolds number Rec = 7.5 × 106 (black markers) and
with detached end-plates at a gap width ∆/c = 0.01 at a Reynolds number Rec =

7.5 × 105 (red markers), Rec = 7.5 × 106 (green markers) and Rec = 7.5 × 107

(blue markers).

lines and the detached end-plate vorticity lines.
4. Conclusion

Three-dimensional steady-state RANS simulations of the
flow around a finite-span lifting blade with detached end-plates
have been conducted. The objective of this work was to investi-
gate the potential benefits of detached end-plates on the lift and
the drag coefficients of a stationary blade.

Over a relatively large range of gap widths, the presence of
detached end-plates results in an increased lift coefficient and a
reduced drag coefficient for the blade. The reason is that the use
of detached end-plates modifies the path of the vorticity lines on
the blade. Indeed, some of the vorticity lines that are normally
shed in the wake near the tips of the blade can interact with the
detached end-plates and can be shed at the upper and lower ex-

tremities of the detached end-plates. This modification of the
vorticity lines’ path results in an increased amount of spanwise
vorticity in the boundary layer near the tips of the blade suc-
tion side, which is associated with an increased circulation, and
thus, with an increase of the blade lift.

The results presented in this paper and the physical expla-
nations are also valid for regular attached end-plates, i.e., end-
plates that are in contact with the blade tips. It is shown that de-
tached end-plates behave like attached end-plates even if there
is a gap between the blade and the detached end-plates. Indeed,
as long as the viscous rotational zones associated with the blade
and the detached end-plates are in contact with one another, the
physical mechanisms responsible for the increase of the lift and
the reduction of the drag of the blade are essentially the same
for the detached end-plates and the attached end-plates.

Simulations of a blade with different geometries of detached
end-plates have also been carried out. It has been shown that
the transverse dimensions of the detached end-plates are more
important than their streamwise dimensions in terms of increas-
ing the lift forces and reducing the drag forces. It has also been
presented that one should design detached end-plates that go
below and above the blade in the transverse direction in order to
increase the potential of interaction between the blade vorticity
lines and the detached end-plate vorticity lines and to maximize
the benefits of the detached end-plates on the force coefficients.

The understanding gained in this study is useful for numer-
ous fields of application. For example, the conclusions pre-
sented in this paper could be used to develop detached end-
plates that could help to improve the performance of vertical-
axis turbines and flapping-foil turbines.
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