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ABSTRACT

This paper investigates the effects of the chordwise fence on the spanwise
change in aerodynamic characteristics of an aircraft wing with a different taper
ratio for varying angles of attack. The investigation was carried out for the
tapered wing with different taper ratios of 0.41, 0.6, and 0.75. The wing is tested
in a subsonic, low turbulence wind tunnel at the free stream Reynolds number
of 2.3x10° for various angles of attack ranging from o= 0° to 45°. The baseline
wing model is attached to a fence of different diameters of 1.5 and 2.5 mm at a
plane equal to the root and tip chord. There are pressure ports spread across the
span of the wing, and the corresponding surface pressure is measured using the
MPS 4264 miniature pressure scanner. The surface pressure measured is
analyzed further for the variation of the aerodynamic characteristics of the wing.
The presence of a fence on the tapered wing forms an efficient flow control
device that delays the flow separation, thereby delaying stall angles and
preventing the steep transition of the favorable pressure gradient to the adverse
pressure gradient at the stall. The presence of a fence on the wing surface has
considerably increased the lift coefficient, and the stall is significantly delayed
for a least taper ratio wing. The fence has suppressed the interaction of the
leading-edge vortices with the tip vortices; thereby, the spanwise flow from the
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root chord to the tip chord is controlled.

1. INTRODUCTION

The design of a wing, particularly its shape and
geometry, plays a vital role in determining its acrodynamic
characteristics. Tapered wings, characterized by a gradual
reduction in wing width from root to tip, have been widely
adopted in aerospace engineering due to their potential
benefits in terms of favourable lift distribution, reduced
drag, and improved structural integrity. This research
paper aims to comprehensively investigate the
aerodynamic characteristics of tapered wings with various
taper ratios, focusing particularly on understanding the
behaviour of spanwise flow patterns. By analyzing and
evaluating the complex flow interactions along the
wingspan, valuable insights can be gained to optimize the
design of tapered wings and enhance overall aircraft
performance.

Several studies have investigated the effects of the
taper ratio on the lift distribution, drag characteristics, and
spanwise flow patterns. A study by Giizelbey et al. (2019)
revealed that there is an optimum taper ratio for a wing

that has a minimum induced drag coefficient and
maximum Oswald efficiency factor. However, decreasing
the taper ratio too much can cause wingtip stalls due to
higher local lift coefficients at the tip region of the wing;
conversely, a higher taper ratio increases the size of the
wingtip vortices. Therefore, finding the right balance in
the taper ratio is important for optimizing lift and drag in
a wing design. In the application of micro air vehicles
(MAVs), flexible wings are predominantly utilised, and
the study by Yang et al. (2012) involved flapping wings
with a high stiffness leading edge and more flexible chord
ribs to limit spanwise deformation in small range and
maintain chordwise deformation in a suitable range. This
can cause a stronger backward flow to increase the thrust,
which can improve the aerodynamic performance of
FMAVs.

A study by Krishnan et al. (2020) with a Ruppell
griffon vulture (RGV) - type winglet demonstrated a 15%
to 30% reduction in the drag coefficient and a 5% to 25%
increase in the lift coefficient when using an RGV winglet.
The vortical structure sheds in a non-uniform manner
across the span of the wing and the spanwise distribution
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NOMENCLATURE

a angles of attack (°)

CL coefficient of lift

Ce coefficient of pressure
Co coefficient of drag

C chord length in (m)
FMCR Fence Mean Chord Ratio

MAV  Micro Air Vehicle

X/c non-dimensional chord
RGV  Ruppel’s Griffon Vulture
VG Vortex Generator

0] flow coefficient

of force coefficients is related to the three-dimensional
wake dynamics and tip effects. Thus, at higher angles of
attack, the influence of the unsteady vortical structure on
the flow separation phenomenon was explained by Zhang
et al. (2020). The uncontrollably shed vortices have a
random nature except for the rotating wing, where the
spanwise random motion vortices are very short; thus,
these shed vortices are collectively balanced by vorticity
annihilation and Coriolis tilting, as stated by Eldredge and
Jones (2019). Many numerical models have been
developed to understand the evolution of the vortical
structure interaction between the leading-edge vortex and
the tip-induced vortices. The spanwise flow on the swept-
back wings, which promotes the separation of flow from
the wing tips, has been studied using various active flow
control techniques, one of which employs a fluidic
oscillator, where the spanwise flow is redirected in the
streamwise direction, reducing the separation. Thereby the
associated drag coefficient decreases (Wang et al., 2019).
Research performed by Hao et al. (2023) on the different
height distributions of VGs (Vortex Generators) across the
span induces a great deal of increase in aerodynamic
characteristics such as lift, stall delay, and flow separation.
Several investigations have been performed to study the
transition of flow characteristics in the presence of vortex
generators in aircraft wings (Arunvinthan et al., 2021),
wind turbines (Wang et al., 2021), and dynamic stalling
(De Tavernier et al., 2021). The high-energy vortices
generated by the vortex generator on the airfoil surface of
the wind turbine investigated by Wu et al. (2022)
energized the flow, thereby inducing an increase in the
momentum of the flow in the boundary layer. Richard et
al. (2017) visualized the coherent flow structure in the
presence of leading-edge slats, thereby identifying the
nature of the structure and the corresponding interaction
of the vortex structure between the slat and airfoil surface
causing strong acoustic waves. Research performed by
Joseph et al. (2022) revealed that the presence of leading
edge serration on a wing structure and wind turbine blades
leads to an increase in the post-stall aerodynamic
improvement and overall efficiency of approximately 2 to
11% and a reduction in the structural load caused by
external winds of 7 to 17%, the passive device has reduced
the vibration on the body induced due to the vortex shed.
Similarly, a study implementing helical semicircular spiral
protrusion has reduced vibration caused by the vortex shed
from the surface (Koca & Ozturk, 2022). A study by
Rezaeiha et al. (2019) proved that a leading surface
suction slot improved the aerodynamic efficiency and
flow separation delay, thereby strongly influencing the
dynamic stall phenomenon. Similarly, multiple suction
jets (Elsayed et al., 2023) were employed on the wing
section, imparting variation in the aerodynamic
characteristics with an increase in Cp of 55.7% and

considerable stall delay. Raj Mohamed et al. (2021)
studied different types of nose structures from cetacean
species that were inspired and inducted instead of the
leading edge of the NACA 6 series airfoils and the authors
improved the aerodynamic results in the post-stall regions.
The presence of protrusions at various locations on the
suction surface was investigated by Bodavula et al. (2019),
and an increase in the aerodynamic lift of approximately
59% was observed. A recent study on a surface-modified
airfoil has shown that the gapped model has better
aerodynamic performance than the stepped model in
comparison to the standard model (Oztiirk et al., 2023). A
research study by placing the stall fence on the wells
turbine has shown a 16.6% improvement in operating
range at the cost of peak torque developed by the turbine
and the peak-to-average power ratio in the stall-free range
is reduced by 16.7% when stall fences are used. Figure 1
represents the formation of vortices for the reference
turbine and the fenced turbine explaining the delay in the
formation of the starting vortex for the fenced turbine at
three different flow coefficients (Das & Samad, 2020).

The wing fence has been widely used for non-rotating
applications: especially for aircraft with swept wings and
was found to be a good entrant for aerodynamic
performance improvement. Wind tunnel visualization and
theoretical studies by Rudenko and Ryzhkova (1968) and
Rossow (1992) suggested that the use of a wing fence for
swept-wing aircraft produces a vertex outboard of the
fence, that rotates in the opposite direction to the wing tip
vortex. Williams et al. (2010) used boundary layer fences
in T-38 Talon aircraft and performed simulation and flight
tests to optimize the dimensions and spanwise locations of
the fence. Armstrong et al. (2012) employed boundary
layer fence to vertical axis wind turbine blades with canted
blades and observed power increase and reduction in the
blade speed ratio which was a result of the reduction in
spanwise flow on the swept blades and found that the
blades locally behave similar to straight blades.
Sundaravadivel et al. (2013a, b) studied the performance
of a fence attached to a rotating wind turbine blade set and
found a good improvement in power performance & and
also added that the induced drag has been decreased due
to alteration in downwash distribution.

Figure 2 illustrates how the fences keep the flow linked
to the suction surface from leading to trailing edges at
varying flow coefficients. For the reference turbine, the
flow is coupled to the suction surface close to the leading
edge at ¢ = 0.225. As shown in Fig. 2, the separation
begins to happen close to the trailing edge. In the vicinity
of the reference turbine's tip area, tip leakage vortices are
seen. The tip leakage vortices in the fenced turbine are
shifted at 80% chord length from the tip region towards
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Fig. 1 Streamline for the turbine blade at different flow coefficients (Das & Samad, 2020)
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Fig. 2 Streamline for the turbine blade at different flow coefficient

the fence. For the reference turbine, the vortex generation
and flow separation are more noticeable at ¢ = 0.250.

This research study introduces a chordwise fence on
the suction and pressure sides of wings with different
tapper ratios. The fence was introduced at the plane of the
tapered wing, the investigation was carried out for
different diameters, and the surface pressure across the
wing span was recorded. Understanding of the presence of

a chordwise fence in the transition of flow across the span
for wings of various tapered ratios is still lacking, as
proper investigations concerning the broad spectrum of
prior research have been carried out. This finding
encouraged us to use boundary layer fences based on the
abovementioned literature survey. This research
investigation helps us understand the effects of spanwise
flow on different fence diameters and how the
corresponding aerodynamic characteristics are influenced
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Table 1 Model specification of various taper wings used for the investigation and with different fences attached
and the corresponding Fence Mean Chord Ratio used for the investigation

. Wing Specification Wing Diameter of the
Wing Model (m) Model fence, d (mm) FMCR
Root Chord 0.1
Tip Chord | 0.075 15 0.017
447, / Taper Model 1
' \/ Ratio 0.75 2.5 0.029
Root Chord 0.1
Tip Chord | 0.06 15 0.019
T Model 2
aper 0.6 25 0.031
W L Ratio
Root Chord 0.1
Tip Chord 0.041
15 0.021
7 Model 3
oper 0.41 25 0.035
Fence
L)

by various tapper ratios of wings and this ultimately
provides scientific data to the research community.

2. EXPERIMENTAL SETUP

A series of wind tunnel investigations were performed
on a wing with three different taper ratios at the wind
tunnel facility with a free stream velocity of 30 m/s
corresponding to a Reynolds number of 2.3x10° is
considered to be the transitional Reynolds number (10° -
3x 10%) The study under transitional flows helps us
understand both laminar and turbulent flow phenomena
and the aerodynamic characteristics obtained for the
transitional regime will help us design wings for improved
aerodynamic efficiency. The NACA 6-digit series airfoil
NACA 63(4)-021 is used as the basic airfoil profile for the
construction of the wing.

The details of the model are given in Table 1, where
eight different planes intersect the wing's surface at
various locations across the span of the wing. The model
specifies the planes where the pressure data are recorded
across the span of the wing to understand the variation in
aerodynamic characteristics. For each wing, a fence with
two different diameters has been employed and
experimental investigation have been performed. Thus, a
parameter called the Fence Mean Chord Ratio (FMCR)
has been used to correlate the wing with different taper
ratios, and the addition of a fence with two different
diameters. The different cases considered for the
investigation are tabulated in Table 1.

The fence is placed in the gap between the third and
fourth planes along the span, which accounts for 44% of
the span length from the root chord. The Fence Mean
Chord Ratio (FMCR) is defined as the ratio of the diameter
of the fence introducing the suction surface of the wing to
the mean aerodynamic chord length of the wing, where
Crnean 1 the mean of both the root and tip chord of the wing.

Figure 3 shows a schematic of the wind tunnel setup
used for the investigation, where the wing model is
mounted at the test section. The model has approximately
6 pressure taps in the chordwise planes and there are 8
such planes at various locations across the span of the
wing. A total of 48 pressure ports are present on the
suction surface of the wing, similar to the pressure side of
the wing. To sense the surface pressure and record the
time-varying data, an ethernet-based multichannel
pressure scanner, which is an independent processor used
to transfer the time series data by establishing a network
between the sensor and the computer system. The pressure
taps are connected to the scanner using polyurethane
tubes.

2.1 PRESSURE MEASUREMENT:

The surface pressure spread across the wings was
measured by using MPS 4264 an ethernet-based
simultaneous pressure scanner. The sampling frequency of
about 700 Hz which accommodates a total pressure
sample of 10000 data from each of the pressure ports
suspended on the wing surface for a time of 14.3 seconds
is used for the investigation. The raw pressure data
measured from the surface of the wing with and without a
fence is presented in Fig. 4. Further, the aerodynamic
coefficients and the surface pressure coefficients are
measured based on the approach followed by Arunvinthan
et al. (2020), Arunvinthan and Nadaraja Pillai (2019);
Sundaresan et al. (2021).

3. RESULTS AND DISCUSSION

3.1 Variation of Aerodynamic Coefficient for the wing
with and without Fence

The variation in the coefficient of lift corresponding to
the angle of attack (a) for Model 3 for varying FMCRs is
shown in Fig. 5e. The coefficient of lift is calculated based
on the average pressure coefficient taken across different
planes of the pressure ports in the chordwise direction. The
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Fig. 3 Schematic of the experimental setup for the investigation
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Fig. 4 Raw surface pressure data from the suction surface of the wing configuration with and without the fence.
The pressure data from the port at plane 4 and x/c of 0.4 at 5° angle of attack.

aerodynamic coefficients are calculated based on the
average pressure. Model 3 with FMCR = 0 shows an
increase in the lift and the maximum lift is achieved at an
angle of attack of 10°. Furthermore, a stall is observed,
followed by a recovery in pressure. The addition of a fence
considerably increased the lift coefficient at all angles of
attack, particularly at FMCR = 0.035, for which the stall
angle was increased to 15°. There seems to be an increase
in the lift slope in the pre-stall region for the wing with the
fence attached. Furthermore, a fence with a diameter of
2.5 mm and an FMCR of 0.035 exhibited an increase in
the stall angle of 5°. Similarly, Fig. 5¢ reveals the variation

1647

in the coefficient of lift for Model 2 for varying fence
diameters. Here, the addition of a fence has shown an
increase in lift, yet the stall characteristics seem to be
slightly smoother than those of Model 3. The maximum
lift is observed for Model 2 in the poststall region. Model
2 encounters a different phenomenon with a decrease in
the lift for almost all angles of attack with the attachment
of the fence in comparison, the wing with FMCR = 0.031
shows an additional delay in the stall angle of 5°. Model 1
manifests a comparatively better increase in aerodynamic
characteristics than Model 2 and Model 3.
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Fig. 5 Variation of coefficient of lift and coefficient of drag for models 1, 2 &3

Figure 5a shows the variation in the coefficient of lift
for Model 1. The coefficient of lift increases drastically for
the wing with a minimum taper; thus, the presence of a
fence increases the stall angle by o= 5°. The above graphs
confirm that the presence of fences alters the boundary
layer on the surface of the wing, thereby increasing the lift
slope when compared with that of the wing without a
fence. Alternatively, in the post-stall region, the shreds of
evidence of turbulence flow generation because of the

presence of a fence potentially improved the lift
irrespective of the tapering ratio of the wing.

The drag coefficients of wing model 3 with various
fences are shown in Fig. 5f. The drag coefficient of the
wing model with the fence reveals an increase in drag in
the pre-stall region; conversely, in the stall region, there is
a drastic decrease in drag followed by similar drag
behaviour in the poststall region when compared with that
of Model 3 without the presence of a fence. As the taper
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ratio of the wing increases for Model 2, the drag
coefficient shows a different phenomenon until the stall.
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The model without the presence of any fence shows a
region of a slight bump in the pre-stall region followed by
a linear increase in the drag coefficient. Figure 5d shows
that the magnitude of drag is less than the corresponding
drag component of Model 3 in the poststall region.

Model 2 with FMCR = 0.031 shows a
considerable decrease in the drag coefficient when
compared with that of Model 2 with FMCR = 0. Model 1,
which has the least taper ratio, has a different drag
characteristic, where the wing with FMCR = 0.017 has the
least drag in the pre-stall region; conversely, in the
poststall region, the drag increases and this is shown in
Fig. 5b.

In the current investigation, Fig. 6 shows the plot of Cp
to C. for the three different tapered models with two
different fences. An increase in the C_max has been found
for Model 1, which has having lower taper ratio and more
surface area when compared to the same wing without the
fence. A similar situation is observed for Model 3 where
the Crmax is found to be at a lesser Cp when compared to
Model 1, which signifies the decrease in the surface area
Model 3 has resulted in the improvement in the lift
component at a lower induced drag. The shift in the
plateau signifies the increase in the drag however it
decreases with the decrease in the taper ratio. Figure 6a
shows a plateau which signifies the maximum lift
followed by the decrease in the lift indicating the stall
region, however, the gradient of the C._ to the Cp is more
for Model 1 with the presence of a fence indicating the
increase in the aerodynamic efficiency. For Model 3, the
gradient for the modified model is similar to the base
model and the negative zero lift angle of attack observed
for the modified model is seen in the Fig. 6¢ with the
increase in the Cimax for Model 3 with FMCR =0. 035.
Deep Stall characteristics are observed with a plateau
which is seen for Model 1 and Model 3, however, there is
no significant plateau observed for Model 2, which
signifies the occurrence of the smooth stall phenomenon.

3.2 Variation of Surface Pressure Coefficient for the
Wing with and without Fence

Figure 7 shows the three-dimensional plot of the
coefficient of pressure across various planes along the

Fig. 7 Schematic representation of coefficient of pressure at various planes from root to tip of the wing
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Fig. 8 The Cpvariation of Model 1, 2 and 3 with FMCR = 0 across the span for 5° and 15° angles of attack

span of the wing. Planes 1 to 8 represent each plane across
the span from the root to the tip of the wing and are
correspondingly represented with a different colour. The
pressure across the span of the wing at each angle of attack
is represented in a 3D plot, which helps to understand the
variation in depth to determine the effects of spanwise
flow. Correlating the aerodynamic lift and drag
characteristics observed for Model 1 with FMCR = 0, the
pressure variations in the corresponding models across the
span at 8 different locations for angles of attack of 5° and
15° for the three different models are shown in Fig. 8.
When the angle of attack increases, there is an increase in
the negative pressure on the suction surface and vice versa
on the pressure side of the wing until a=10°, associated
with the maximum lift coefficient in Fig. 5a, where the
maximum difference in pressure is observed between the
suction and pressure sides of the wing.

At an angle of attack of a=15°, there is a decrease in
the pressure on the upper surface of the wing compared
with that at a=10°, however, there is low pressure at the
first two planes from the root of the wing further along the
span and there is comparatively higher pressure observed
as shown in Fig. 8. This signifies the spanwise flow
generated from the tip to the root of the wing.
Furthermore, an increase in the angle of attack resulted in
a constant pressure line on the upper surface, indicating
detachment of the flow from the surface of the wing. On
the pressure side of the wing, with increasing angle of
attack, the pressure gradient seems to increase, and proper
recovery is observed. Especially near the trailing edge, the
pressure on the lower surface is greater than that on the
upper surface; therefore, evident flow separation occurs;
however, the pressure difference is compensated for by the
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increase in lower surface pressure, which accounts for the
increase in lift in the poststall region.

The presence of the fence on the wing induces
intermittent low pressure on the suction surface, causing
momentum near the location of the fence at immediate
stall angles, thereby suppressing spanwise flow
interactions due to tip vortex inflow. The coefficient of lift
is found to be less than that of Model 1, and this is evident
from the surface pressure for Base Model 2 with an FMCR
of 0. When there is an addition of a fence with an FMCR
of 0.031, we can observe an increase in the stall angle from
the previously ranged o =10° to o =15°, and the stall seems
to be relatively smooth. At the least taper ratio, when we

1651

add the fence to the wing, we can observe evidence for an
increase in the lift coefficient with an FMCR of 0.021 and
a delay in a stall with a considerable increase in negative
suction pressure at o = 15°, as shown in Fig. 9. The surface
pressure at plane 2 shows a steep pressure gradient and
recovery, which helps us understand the increase in
momentum of the flow caused by the presence of the
fence. Figure 10 shows the pressure distributions of all the
models with a 2.5 mm diameter fence. The increase in the
coefficient of Lift at o = 15° is evident from the increase
in the pressure difference for Model 1 and Model 3;
similarly, the decrease in the pressure difference in Model
2 correlates with the aerodynamic characteristics depicted
in Fig. 5.
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Figure 11 shows a colour map of the surface pressure
measured from Model 1 and Model 3 with and without a
fence to determine the detailed effects of the presence of
the fence. The colour map clearly shows the increase in
suction surface pressure for a = 15° for Model 1 with
FMCR = 0 and 0.029. An increase in momentum with the
presence of the Fence with FMCR = 0.029 is observed at
the stall and poststall angles of attack. Figure 11a shows
the inflow from the tip chord direction to the root chord
direction at a=15°, and the flow in the trailing surface is
detached near the tip chord of the wing, whereas it is
associated with a favourable pressure gradient for an
attached flow at the root chord. When we increase the
diameter of the fence, a high-pressure area forms near the
fence on the suction surface that considerably reduces the
spanwise flow from the tip chord to the root chord, as

shown in Fig. 11b. At a = 15°, the model with FMCR =0
has a comparatively greater pressure on the suction surface
from the root to the tip chord, which is evident from Fig.
11a. Similarly, at FMCR = 0.029, the higher pressure
earlier on the span toward the root chord is suddenly
changed to a considerable area of the low-pressure region
toward the root chord region, thereby decreasing the
intensity of the high-pressure zones. This finding provides
evidence that spanwise flow is suppressed by the presence
of a 2.5 mm diameter fence, decreasing the pressure
difference, which causes the momentum of flow from the
tip to the root of the wing. When the taper ratio of the wing
is increased, we can see that there is a slight increase in
the lift coefficient with the addition of the fence, this is
also evident from the colour contours on the suction
surface, as shown in Fig. 11e and Fig. 11f, at o =15°.
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Figures 11c and 11d show the suction surface pressure
for Model 2 at the angle of attack of a = 5° and 15°, at low
angle there is a slight increase in the pressure near the root
chord and the presence of the lower pressure in the tip
chord region. When the angle is further increased to 0=15°
for model 2, the presence of the fence has drastically
increased the pressure in the root chord region when
compared to the tip chord region. However, there is a
further increase in the negative pressure on the suction
surface increasing the lift coefficient. For the wing model
with maximum taper, the ratio shows a significant increase
in the negative pressure in the root region, however, there
is a small positive pressure region in the tip section. This
shows the infusion of flow from tip to chord as seen in
Model 1 without a fence is reduced to a greater extent.
When the taper ratio is decreased further the negative
pressure spreads all across the suction surface at a high
angle of attack, with a considerable high pressure region
formed near the fence thereby following the above flow
phenomena. For the least taper ratio model there is
widespread negative suction pressure in the tip chord
region however the positive pressure near the fence is
further increased preventing spanwise flow and
showcasing an efficient aerodynamic improvement with
sustained peak negative pressure, delaying stall and
separation of flow from the suction surface.

4. CONCLUSION

The present experimental investigation was performed
for wing configurations with various taper ratios and the
variation in aerodynamic characteristics is understood
with the presence of a fence on the wing at a particular
Reynolds number of 2.3x10°. In addition to aerodynamics,
spanwise flow characteristics have been thoroughly
studied. The following conclusions were drawn from the
investigation:

1. Naturally, the coefficient of lift is increased by 16.5%
for the least tapered wing when compared with the
most tapered wing.

2. The addition of a fence on the wing surface improved
the aerodynamic performance of the wing model with
the highest taper ratio (Model 3). The coefficient of
lift is increased by 5% for FMCR =0.021 and by 7.2%
for FMCR = 0.035.

3. Similarly, the fence on the wing model with the least
taper ratio (Model 1) has significant Ilift
characteristics. The lift coefficient is increased by
13.2% for FMCR= 0.017 and by 6% for FMCR=
0.029.

4. A significant stall delay was observed when a fence
was added to the wing model with a least tapering
ratio (Model 1) of approximately 5°.

5. The spanwise flow from the tip to the root of the wing
was identified for the baseline wing with the
maximum taper ratio (Model 3), which was
suppressed by the presence of fences of different
diameters, as indicated by the coefficient of pressure
and the cooler map. The momentum induced by the
presence of a fence successfully reduced the

interaction of the tip vortices with the leading-edge
vortices that formed on the wing.

Furthermore, an extensive study of the variation in
spanwise flow with fences at multiple locations along the
span will provide in-depth insight into the spanwise flow
characteristics.
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