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Flow Visualization Study of Wing-Tip Vortex for a Wing with Cavity
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Abstract: This study investigates the flow structures of wing-tip vortex for a wing model with cavity variation
at low Reynolds number. The flow structures over a triple-cavities wing model with an aspect ratio of 2 were
mvestigated at angle of attack 0°, 5°, 10° and 15° by using smoke wire flow visualization technique.
A non-cavity flat plate model was employed as a reference for comparison of flow structures between the two
wing models. The flow visualization results revealed that as the angle of attack increased the wing-tip vortices
were ncreased in strength and more maturely developed with an inboard circulation over the wing-tip. The
downwash effect of the wing-tip vortex also resulted in vortex trapping n the cavity of the wing model which
rotated clockwise before exiting the cavity. The experiment also revealed that the vortex is trapped and occurred
more sighificantly at higher angle of attack which could potentially lead to the reduction of induced drag.
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INTRODUCTION

Wing-tip vortices have the potential of imposing
tlight safety hazards (Gerz et al., 2002). Wing-tip vortices
from large aircraft are susceptible to leaving wake vortex
turbulence which may persist for minutes after their
generations. If a trailing aircraft penetrates the wake it
could potentially be a flight safety 1ssue due to the
induced roll on the airplane created by the circulation of
the vortex. In the aviation history, numerous mcident
reports on wake vortex turbulence have been filed over
the decades. Rossow ef al. (1995) reported these flight
safety 1ssues are related to wake vortex turbulence consist
of the separation distances between aircraft. In the recent
years where air traffic volume has been increasing due to
the growth in passenger’s demands and the emergence of
low-cost carriers the increase in air traffic requires higher
frequencies of take-off and landing. This implies higher
occurence of wake vortex accidents due to higher
possibility of wake vortex encounter and because tip
vortex circulation is maximal when an aircraft is taking off
or landing (Elsayed et al., 2009; Amdt et al., 1991).

Wing with cavity has the potential to enhance lift
and reduce induced drag as a direct result of the reduction
of wing-tip vortex strength (Sohn and Chang, 2012). At
the same time, it also has the potential to replace the high
lift devices particularly for low aspect ratio wing aircraft.
In a contrary to lugh lift devices, cavity wing model has
the advantages of reductions in structural weight and
complexity of mechamsm.

Throughout the last decade, numerous researches
and experiments were carried out to study the flow
structures of wing-tip vortices due to its potential
hazardous effects to aircraft. Giuni and Green (2013) have
researched on vortex formation for squared and rounded
tip and revealed that the wing with squared tips present
two sharp edges and produce a multiple vortex structure
with highly unsteady secondary vortices. Comparatively,
a vortex formed by a wing with rounded tip presents fewer
and less intense secondary vortices.

The physical characteristics of wing tip play arole in
altering the behavior of wing-tip vortex. Sohn and Chang
(2012) performed smoke-wire visualization on a half-wing
model with an aspect ratio of 3.2 and 3 different wing
configurations namely, square-cut, simple fairing and
Whitcomb’s full winglet wingtip at angles of attack of
a= 2" 10" and 20°. The flow visualization experiment was
performed at Reynolds number of 5.5x10% Sohn and
Chang (2012) revealed that the wing-tip vortices of the
Whitcomb’s winglet configuration were reduced in
strength and displaced outboard and upward in the
near wake region A comparison of aerodynamic loads
between the simple fairing and the Whitcomb’s winglet
configurations then revealed an mcrease in the Lift
coefficient of the winglet configuration by 9% at angle of
attack of 10° The mcrease m the lift coefficient of the
winglet configuration has two sources, namely, the
increase 1n the effective wing area and the decrease in the
downwash resulting from the weakening of the wing-tip
vortex (Sohn and Chang, 2012).
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For low aspect ratio aircraft (AR<3), Liu and Hsiao
(2012) have concluded from experimental work for flat
plate wing at Reynolds numbers between 10° and 10° that
the lugh stall angle of attack and vortex lift are mamfested
to induce an increase in the lift as the aspect ratio
reaches <1.6. Liu and Hsiao (201 2)also indicated that the
wing-tip vortices and the areas of highly affected regions
are duly increased with the increase of the angle of attack
up to 40°. This research outcome is particularly practical
to the planform design of unmamed aerial vehicles
(Liu and Hsiao, 2012).

Grum and Green (2013) and Sohn and Chang
(2012) demonstrated that the geometrical and physical
characteristics of a wing-tip have direct effects on the
flow structures of wing-tip vortices. In this present
study, the wmg model with cavity has distinct
physical differences including wing total surface area and
physical configuration as compared to non-cavity wing
model, hence the flow structures of wing-tip vortices
produced by wing model with cavity also varied from that
produced by non-cavity wing model. Sohan and Chang
(2012) experiumental results revealed that wing-tips of
different physical configurations have distinct flow
structures and vortex intensities. As a consequernce, the
lift and drag coefficients resulted from the respective
wing-tip configurations also varied. In this current study,
the presence of cavity on a wing model changed the
physical characteristics of a wing model; this implied that
different flow structures and wing-tip vortex mtensity
were exhibited by the cavity wing model and the
non-cavity wing model. The alteration in the intensity of
flow structures of wing-tip vortices is paramount in this
present study due to its potential influence on the
lift-to-drag ratio of the wing model which can be explored
quantitatively in the future work.

The objective of this present study is to investigate
the behavior of wing-tip vortex for a wing with cavity on
a flat plate model by using a smoke wire flow visualization
technique in a low speed closed-loop wind tunnel.
The flow structures around the wing-tip of a baseline
(no-cavity) wing and a flat plate model with triple cavities
were visualized from side view and rear view at angles of
attack, or ¢ = 0°, 5° 10% and 15°. The experiment was
conducted at a flow speed of 1.5 m/sec corresponding to
Reynolds number of 25,808. The flow visualization results
were analyzed in terms of the intensity and the flow
structures of the wing-tip vortices.

MATERIALS AND METHODS

The experiment facilities in this study include a
low-speed closed circuit wind tunnel and a smoke
visualization system. The wind tunnel with a contraction
ratio of 10:1 has a test section of 1.0%0.8x1.8 m and a
maximum achievable speed of 80 m/sec. The wing models
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Fig. 1: Cross section views of the wings with no cavity
(top) and triple cavities (bottom). Units were listed
mn metres (Tee, 2015)

tested 1n this study consist of a triple-cavity flat plate
wing model to visualize the flow structures on a multiple
cavities wing model hence the single cavity effect is not
considered in this research. A non-cavity flat plate model
was used for reference for comparison of flow structures
between the two wing models. Both of the wing models
have an aspect ratio of 2, wing span of 0.5 m, wing chord
of 0.25 m and wing thickness of 0.030 m. All of the
cavity designs of the triple-cavity wing model have
a length-to-depth ratio of 2.75 with the distance between
cusp to cusp of 55 mm and a maximum depth of 0.020 m.
The ratio of the horizental curvature length to the vertical
height ratio for the first cusp design was 7.5 with vertical
height of 2.8 mm measured from the upper surface of flat
plate wing. The flat plate wing models were made of
Aluminium for smooth finishing surface and the wing
model surfaces were coated with black matte pamt to
prevent strong light reflection. Figure 1 detailed the
dimensions of the wing models.

The wing model 13 mounted horizontally in the wind
turmel test section. A 0.25 mm diameter Nichrome wire 1s
stretched vertically and is positioned upstream from the
target flow field about 45 mm inbound of the wing-tip
(Sohan and Chang, 2011). When the awflow speed
achieves its steady state, a syringe filled with Safex o1l 15
used to manually drip the oil onto the wire from the top of
the wind tunnel test section. The wire is heated with a
power supply of 30 V, 3 A to generate smoke streak lines
(Tee, 2015).

Two 240 V, 50 W yellow halogen light bulbs were
used to illummate the smoke streak lines. The wind tunnel
motor was set to run at 41 RPM with a corresponding air
velocity of about 1.5 m/sec. The flow structures were
captured at angles of attack of 0°, 5°, 10° and 15°. The
flow structures were recorded using a video camera
with resolution of 1920x2080 HD. Figure 2 shows the
side view of the experimental setup. The experimental
setup from the top of the wind tunnel test section is
shown in Fig. 3.
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Fig. 2: Side view of the smoke visualization system setup
(Tee, 2015)
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Fig. 3: Experimental setup from the top of the wind tunnel
test section

RESULTS AND DISCUSSION

The smoke wire flow visualization experiment
revealed interesting behaviors of the flow around the
wing-tip of the triple-cavities wing model at different
angles of attack. Figure 4-7 show the flow structures of
the wing-tip vortices viewed from the side and rear of the
non-cavity and the triple-cavity wing models at ¢ = 07, 5°,
10° and 15°, respectively. The smoke streak lines flow
from the left to the right side of the images for side view
configuration and from inward towards outward for
umages on rear view configuration

At zero angle of attack (Fig. 4) the smoke streak
lines remained streamlines and no curling of flow at
the wing-tip is cobserved for both of the wing models.
Figure 4a-d also revealed that no tip leaking smoke streak
lines appeared for both of the wing models at zero angle
of attack. When the flow structures are viewed from the
side of the wing models (Fig. 4-d) it is observed that no
vortex was trapped at either of the cavities when the
triple-cavity wing model was positioned at zero angle of
attack.

Due to the symmetric feature of the flat plate wing
model, there 18 no pressure difference between the upper
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Fig. 4 Flow structures of wing-tip vortex from: a)
Side view, b) Rear view at AOA of 0°
for; ¢) Non-cavity flat plate and d) Triple-cavities
flat plate model

Fig. 5. Flow structures of wing-tip vortex from: a)
Side view, b) Rear view at AOA of 5°
for; ¢) Non-cavity flat plate and d) Triple-cavities
flat plate model

wing surface and the lower wing surface at zero angle
of attack, therefore no wing-tip vortex 1s formed at zero
angle of attack for both of the wing models. Henice, the
smoke streak lines appeared smooth and in-plane in the
streamwise direction without tip leaking as seen from the
rear view in Fig. 4a-d. When the angle of attack was
increased to 5°, 10° and 15° as shown wn Fig. 5-7,
respectively, the images clearly mndicate curling of the
smoke streak lines developed at the wing-tip of the wing
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Fig. 6 Flow structures of wing-tip vortex from: a)
Side view; b) Rear view at AOA of 10° for; ¢)
Non-cavity flat plate and d) Triple-cavities flat
plate model

Fig. 7. Flow structures of wing-tip vortex from: a)
Side view; b) Rear view at AOA of 15° for; ¢)
Non-cavity flat plate and d) Triple-cavities flat
plate model

models. The smolke streak lines have interweaving pattern
at the wing-tip trailing edge at non-zero angles of attack.
The flow structures in Fig. 5-7a-d suggested that the
smoke streak lines curl from the lower side of the wing to
upper side of the wing. At angle of attack of 5°, it is
observed in Fig. 5a-d that the curling of smoke streak lines
started near the trailing edge region. The development of
curling elevated as the angle of attack mcreased. At 15°

angle of attack, most of the wing-tip was covered with the
smoke streak lines that curled from the lower wing region
to the upper wing region.

Another umuque difference of flow structures at zero
angles of attack and at non-zero angles of attack can be
observed from the rear wiew of the wing mdoels
(Fig. 5-7a-d).The circulatory motion of the wing-tip vortex
appeared to expand from the wing-tip section and form a
spiral trajectory as the smoke streak lines progressed
downstream. At 5° angle of attack, the circulatory motion
of the smoke streak lines was less apparent as shown in
Fig. 5a-d. Despite the presence of cavities on cavity flat
plate model, the flow structures exhibited similar
characteristics as that of non-cavity flat plate model.
However, an interesting remarlk of the experimental results
1s observed m Fig. 5-7a-d for the triple-cavity wing model
where at non-zero angles of attack, cavity vortex trapping
occurred due to the curling motion of the flow around the
wing-tip. At 5° angle of attack, the cavity vortex trapping
was captured in the third cavity from the leading edge
whereas at 10° and 15° angles of attack as hown in Fig. 6
and 7a the cavity vortex trapping took place in the second
cavity.

The increase m angle of attack from 0°-15° visualized
an increase 1n the interweaving pattern when the flow
trailed downstream of the wing model. At 3% angle of
attacl, the spiral trajectory started to establish with the
core of the curling of smoke streak lines remaimed closely
attached to the wing-tip Fig. 5a-d. As the angle of attack
increases, the spiral trajectory became more maturely
developed as in Fig. 6-7a-d. The core of the spiral
trajectory appeared larger as the wing models pitched
from 5°-15°. Correspondingly from the rear view of the
wing models, the lower wing surface flow structures curl
outboard and upward while the upper wing surface flow
structures appeared to bend inboard and downward. As
a result, interweaving patterns were formed by the flow
structures as seen from the side view of the wing models.
Sohn and Chang (2012) examined the wing-tip vortex in
the near field of a square-cut wing-tip and reported the
spiraling flow of the wing-tip vortex from the higher
pressure region wing surface to the lower pressure region
surface. Tn this present study, the inboard circulation of
the wing-tip vortex 1s also observed in Fig.5-7a-d.

At 5° angle of attack, no flow separation occurred for
non-cavity wing model at the upper wing surface but for
triple-cavities wing model, the flow separated from the
leading edge due to the cavity design and the flow was
reattached to the wing model at the middle chord. When
the angle of attack increased to 10° and 15°, respectively,
flow separation occurred at both of the wing model’s
leading edges and the flow reattachment was delayed.
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In a contrary to the flow structure for the
triple-cavities wing model at zero angle of attack, the flow
structures at 5° angles of attack were occasionally trapped
mside the third cavity from the leading edge due to the
roll-up swirling motion of the wing-tip vortex. As a result,
the downwash of the wing-tip vortex was trapped inside
the cavity and rotated clockwise before exiting the cavity.
At 10° and 15° angles of attack, vortex trapping occurred
more significantly in the second cavity and is evidently
captured in Fig. 6a and b. This occurrence is mainly due
to roll-up swirling motion of the wing-tip vortex which was
formed closer to the leading edge compared to that at 5°
angle of attack.

CONCLUSION

This study investigated the effect of cavity variation
on a flat plate wing model on the behavior of wing-tip
vortex at angles of attack of 0°, 5°, 10° and 15°. The
experiment was conducted at a flow speed of 1.5 m/sec
with the comresponding Reynolds number 25,808 using
a smoke-visualization system in a wind tunnel. The
flow structures of wing-tip vortices of non-cavity and
triple-cavity flat plate models were visualized from the side
and rear views of the wing models.

The results revealed that the wing-tip vortices
exhibited different characteristics at different angles of
attack and cavity configuration. At the zero angle of
attack, no wing-tip vortex was formed for both wing
models due to the zero pressure difference between the
lower and upper wing surfaces. As the angle of attack
mcreases from 5°-15°, the wing-tip vortex becomes
stronger and maturely developed with an inboard
circulation over the wing-tip.

Due to the roll-up swirling motion of the wing-tip
vortex, the downwash resulted in vortex trapping in the
cavity of the wing model. The trapped vortex rotated
clockwise before exiting the cavity. The experiment also
revealed that vortex trapping occurred more significantly
at gher angles of attack for the triple-cavity wing
model.

The visualization results also revealed that the core
of the wimng-tip vortex for the triple-cavity wing model
appeared smaller than that of the baseline wing model at
angles of attack of 5°, 10° and 15°. This observation
suggested that the wing-tip vortex strength is reduced for
wing with cavities compared to the non-cavity wing.

Subsequently, it can be deduced that the induced
drag for the wing with cavities issmaller than that of the
baseline wing, owing to the reduced mtensity of the wing-
tip vortex for the wing with cavities. Further quantitative
study will be required in the future to directly measure the
induce drag for this case study.
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