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The ground effect (GE) on the formation of the vortical flow over a double delta wing having
sweep angles of A =70°/40° was examined using the Particle Image Velocimetry (PIV) and dye flow
visualization methods in this study. Qualitatively and quantitatively measured results were demonstrated
for angles of attack, o = 15° and 25° cases in the side and cross-flow planes to reveal the detail of the
flow structures. The distance, h between surfaces of the ground and the delta wing normalized with
the chord length of the double delta wing, c, was selected as h/c = 0.1, 0.25 0.55, and the ground-free
case (GFC). The results demonstrated that the magnitudes of the strake and wing vortices at o = 15°
and the coiled-up vortex at o = 25° progressively diminish when the delta wing moves from the free-
stream region into the boundary layer region close to the ground surface, h/c = 0.1. Also, the rate of
the inboard movement of leading edge vortices towards the wing central axis increases on the pressure
surface of the wing as the altitude of the double delta wing is gradually lowered towards the ground
surface. The lift coefficient, C; of the delta wing enhances due to the development of air stagnation and
ram pressure between wing and ground surfaces by lowering the level of the double delta wing from
the free-stream region into the boundary layer flow region which is strongly influenced by the presence
of the ground surface. Also, the drag coefficient, Cp increases more than the lift coefficient, C; resulting
in a deterioration of the lift to drag ratio, C;/Cp under the ground effect (GE). Finally, an increment in
C1/Cp is much more prominent at lower angles of attack, « regardless of ground effect.
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1. Introduction

Delta wings designed for high speed, have several advantages
in terms of structure and aerodynamics. For example, the shock
waves occurring at the delta wing-tip with a high sweep angle, A,
stay below the leading edge of the delta wing, which allows the
aircraft to attain high angles of attack, o as indicated by Gursul
[1]. Low air friction at high speeds, which is due to the efficiency
of the delta wing design, is beneficial for the delta wing to move
faster and to have higher lift capacity [2]. However, the maneuver-
ing capacity of these wings is limited due to the formation of the
vortex breakdown (VB), which adversely affects the aerodynamic
efficiency of the aircraft. It is often aimed at controlling or delay-
ing the development of the VB to improve the maneuverability of
the aircraft.

Delery [3] defines the VB as the quick extension of the leading-
edge vortex (LEV) structure, the substantial change of the velocity
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component of the vortical flow, and the formation of significant
velocity fluctuations. The VB and the vortical flow formation dete-
riorate the aerodynamic performance of the delta wing; therefore,
it is vital to keep the VB under control. The VB can cause a sud-
den expansion of the vortical flow structure, severe changes in the
velocity field, and the presence of large-scale oscillations, as stated
by Payne et al. [7]. Cui et al. [6] discussed the effect of the VB
on the aerodynamic behaviors of an aircraft, such that the VB in-
duces a decrease in the lift coefficient, C;, and an increase in the
drag coefficient Cp simultaneously. For additional studies about
the aerodynamic properties of the wings and the VB, please refer
to the previous studies [8-15]. Delta wings are generally catego-
rized as non-slender and slender, depending on the sweep angle,
A. It is substantially important to classify the delta wings due to a
significant variation in their aerodynamic parameters (Canpolat et
al. [51]). Munro et al. [4] stated that delta wings are classified as
slender when the sweep angle, A is larger than or equal to 65°,
and delta wings are termed as non-slender if the sweep angle, A
is lower than 65°. Besides, the double delta wings which can be
constructed by the combination of slender and non-slender delta
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wings, some other types of configured delta wings are also avail-
able (Pevitt and Alam [5]).

Flow structures and aerodynamic characteristics of an aircraft
have distinctive features of landing and take-off operations com-
pared to ground-free situation. Despite its importance, the exper-
imental studies on the interactions of the double delta wing and
the vortical flow under the influence of the ground surface are lim-
ited. Before the main discussion, it is essential to review previous
studies about the aircraft runway surface effects on the flow char-
acteristics. It should be noted that the aerodynamic properties of
a single delta wing and a double delta are also entirely different.
In the present literature, delta wing-runaway surface interactions
are generally studied for a single delta wing. Unfortunately, there
is no experimental data in the literature, particularly on the dou-
ble delta wing aerodynamics under the ground effect. However,
some numerical efforts about single delta wings moving close to
the ground plane are available [16-25].

Lee and Ko [26] experimentally investigated the ground effect
on the structure of leading-edge vortices and aerodynamic loadings
on a delta wing with a sweeping angle of A = 65°. It is indicated
that a significant increase in lift force, F;, and a relative decrease
in drag force, Fp, are observed when the wing moves close to the
ground surface during take-offs and landings. As a result, it was
found that both the lift force, F;, and the drag force, Fp, increase
with decreasing the ground distance, h/c. According to their study,
the ground effect (GE) causes the development of stall to occur
earlier and magnifies the formation of leading-edge vortices fur-
ther with increased rotational speed and expand dimensions of
LEVs. Smaller ground clearance results in the stronger leading-edge
vortices and earlier vortex breakdown formations.

The GE on the aerodynamic performance of a reverse delta
wing which has several anhedrals was investigated by Lee and He
[27]. Tt was concluded that aerodynamic coefficients, C; and Cp
enlarge with the anhedral positioned close to the ground at the
wing trailing edge. Nevertheless, when the ground distance, h/c
is 0.4 or less, the GE causes a significant increase in C;. In sum-
mary, it is also stated that there is an outboard movement of the
LEVs while the delta wing descends towards the ground surface.
In the investigation of Wang and Yeung [28], the full and par-
tial ground effects on the lift production of an airfoil that flaps
in normal hovering mode were numerically studied utilizing the
two-dimensional discrete vortex method. The leading-edge vortex
slides down the airfoil’'s wind side after stroke reversal when the
proximity to the ground decreases. The flow separation and the
vortical flow formations over a rigid wing and membrane wing
under the GE were investigated in the work of Bleischwitz et al.
[29]. According to them, membrane wings are observed to deal
with adverse pressure gradients which occur with the influence of
ground surface, by maintaining the size and structural coherence of
tip vortices. Bricteux et al. [30] analyzed the interactions between
vortices and turbulent wind as well as the ground throughout
the rebound phase that causes the turbulent flow which is fully
developed. They revealed that the up-wind vortex exposes vigor-
ous deformations because of the high-scale structures of the wind
which hinder the coherent secondary vortex occurrence and causes
quicker decay, thus preventing its rebound. The aerodynamic prop-
erties of a non-slender delta wing having A =40° under the influ-
ence of the ground surface were investigated in the experimental
studies of Tumse et al. [31]. It is revealed from the results that
the lift and drag coefficients (C; and Cp) gradually increase for all
cases of the angle of attack, «, as the wing progressively descends
from the ground-free case (GFC) flow region into the flow region
affected by the ground surface. Furthermore, the ground distance,
h/c, is substantially effective on the aerodynamic behaviors of the
wing since the maximum lift-to-drag ratio, C;/Cp is developed at
h/c =0.1. Yin et al. [32] stated that finite obstacles inversely im-
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pact the aerodynamic efficiency as the size of the obstacle drops
to a critical value. It was revealed that the aerodynamic forces de-
crease as the wing approaches the obstacle and increase as the
wing moves away from the obstacle, contrary to the ground effect.

The vortical flow formation over a double delta wing was ex-
plored to ensure the comprehension of the strake/wing vortices
and the VB in the previous studies [33]. In addition, the aerody-
namics of a cranked double delta wing having rounded and sharp
leading edges with sweep angles of A = 55°/30° were revealed
by Manshadi et al. [34]. They reported that the magnitude of the
power spectrum density (DPS) reaches the highest value in the
vortex core. In the case of the rounded leading edge, primary vor-
tices are formed closer to the wing surface with weaker strength.
Karasu and Durhasan [35], and Durhasan and Karasu [36] qualita-
tively and quantitatively investigated the impact of the kink angle
on the aerodynamic attitudes of a double delta wing having a
70° swept slender frontal part in the range of 5° < o < 35° and
two Reynolds numbers, Re =1 x 10* and 2.5 x 10* using the dye
visualization and the PIV method. It is seen that the interaction
between the vortices of the slender frontal part and the posterior
part is very high at low angles of attack, and the kink angle, 6
is one of the dominant features. The numerical studies on vorti-
cal flow structures of a double delta wing with A = 80°/65° were
performed by Liu et al. [37] to demonstrate the instantaneous be-
havior of VB. It is predicted that locations of VB move forward and
backward directions in random motion. The mode of VB transforms
due to the variation of VB motion. In addition, the coefficients
of the moment Cy;, the drag, Cp, and the lift, C; have a simi-
lar trend. The experimental work on the double delta wing having
A =70°/50° in a wind tunnel using PIV to observe the binary
structure of strake vortices was conducted by Zhang et al. [38]. Be-
fore the VB, both strake and wing vortices are wrapped around
each other. Also, Zhang et al. [39] studied the aerodynamics of a
double delta wing having A =70°/50° to demonstrate the effect of
bleeding and jet blowing. When the jet blowing is applied before
the tip of the wing, the strake and wing vortices may be sepa-
rated. Secondly, employing the jet blowing further downstream is
observed to encourage interactions of strake and wing vortices, and
hence, these two vortices are combined to form a consistent large
vortex.

The current study investigates the vortical flow formation de-
veloped over the double delta wing having A = 70°/40° under
the GE with the variation of the ground distance, h/c, as well as
the ground-free case (GFC) qualitatively and quantitatively. In this
context, the PIV technique and dye visualization method in the wa-
ter channel and the aerodynamic force measurements in the wind
tunnel were carried out. Nevertheless, it is likely to find a few
numerical and experimental investigations about the GE on the
formation of the vortical flow over the different wing configura-
tions, such as an experimental study of a non-slender delta wing
configuration conducted by Tumse et al. [40], a numerical study of
a NACA 0012 wing configuration stated by Prasad and Damodaran
[41] and an experimental study of a NACA 0015 wing configura-
tion reported by Ahmed and Sharma [42]. However, because of the
lack of literature, it is seen that there are not any experimental
investigations related to GE on the variation of aerodynamic prop-
erties and the formation of the vortical flow field on the double
delta wing having A = 70°/40°. The point that distinguishes this
study from the other published studies is to investigate the GE on
the change of the aerodynamic characteristics of the double delta
wing with A = 70°/40° using qualitative and quantitative tech-
niques. In summary, this study contains groups of dye images, the
time-averaged and instantaneous vorticity and streamline patterns,
turbulent kinetic energy (TKE), the density of the power spectrum
(DPS) analysis of the velocity fluctuations in the vertical direction,
and the alteration of the aerodynamic properties of the double
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Fig. 1. The demonstration of the experimental arrangements for a) dye flow visu-
alizations in the cross-flow plane b) velocity measurements with the PIV method
in the cross-flow plane c) aerodynamic force measurements, F; and Fp in a wind
tunnel.

delta wing disclose the physics of the vortical flow over the double
delta wing comprehensively.

2. Material and method

Fig. 1 shows the schematic of experimental setups of the dye
observation, the PIV system to measure instantaneous velocity
components over the cross-flow and side-view planes, and the 3D
force balance system for the measurement of aerodynamic forces
in the wind tunnel. As seen in Fig. 1, the PIV technique pro-
vides profound information about flow physics to establish a layout
for quantitative flow visualization. There are two reservoirs in the
water channel positioned at the inlet and the exit of the water
channel. The water pump circulates the water between these two
tanks. The water passes through the flow regulator with honey-
comb geometry which is made up of small cylindrical pipes, before
reaching the test section. The water channel depth was 85 cm
for conducting experiments. Throughout the experiment, the free-
stream velocity was taken as 0.142 m/s. The wing chord length
of C =180 mm and a thickness of t =5 mm was used in all
quantitative and qualitative experiments. The double delta wing
having a strake sweep angle of A; = 70° and wing sweep an-
gle of A, =40° was considered in the present work. Also, the
leading-edges of the double delta wing made of plexiglass were
beveled with 45°. The kink angle was located at the mid-chord of
the wing. Since the changes in the vortical flow structure occurring
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on the delta wing were examined, the delta wing was attached
with a cylindrical rod on the suction surface of the delta wing in
the vicinity of the trailing edge, so that, it does not affect the VB
region and the vortices occurring over the wing surface. The delta
wing was attached to the system because of a thin cylindrical rod,
which has a negligible effect on the flow structure in the measur-
ing plane. The Reynolds number based on the chord length of the
double delta wing was 2.5 x 10* for the whole experiment. The
mirror was placed at an angle of 45° to the end-view measuring
plane and located about 900 mm (x/C =5) far from the end-view
measuring plane downstream of the wing. The ground plate was
made of galvanized sheet metal and was long enough to simulate
for the free-stream zone and ground effect the flow zone affected
by the ground.

The variation of the dimensionless ground distance, h/c was
adjusted as 0.1, 0.25, and 0.55 and GFC. The angles of attack of
o = 15° and 25° were utilized. The aim for the employment of
these angles of attack, « is that the breakdown of the strake and
wing vortices is expected to occur over the surface of the double
delta wing so that the GE can be seen through the spanwise di-
rection over the double delta wing at the normalized chordwise
location of x/c = 0.8 for both angles of attack, o.

The PIV system is the velocity measuring device to take the
time-dependent velocity distributions over a flow field. Neu-
trally buoyant silver-coated spherical glass particles with 12 pm-
diameters were illuminated by a double-pulsed laser beam at a
given period to generate images documented by a CCD camera.
This image capturing device receives 15 frames per second with
a resolution of 1600 x 1200 pixels. The spatial resolution of PIV
measurements is in millimeter scales, and it is about 1 mm. The
average number of particles in the interrogation area was about 35.
Bad vectors were eliminated using CLEANVEC software which was
written by Meinhart and Soloff [43]. A cross-correlation technique,
with 32 x 32 pixels interrogation windows, was selected to be used
with an overlap of 50% to assess the velocity field. Increasing the
interrogation window size deteriorates the spatial resolution of PIV
analysis. During the experiment, a laser beam was set normal to
the flow direction. Uncertainty of the velocity measurements was
lower than 2%, as stated by Ozturk et al. [44].

An injector needle attached to a sufficiently long plastic tube
coming from the paint tank was inserted into the middle of the
delta wing and used to deliver the paint to the tip of the delta
wing in a slot buried in the middle axis of the wing. The dye, as
it dispersed on the wing surface at a low angle of attack, o sent
from the wing tip was sufficient for both the strake and the wing
vortex. Since the vortices merge and form a larger united vortex,
which is called a “coiled-up vortex”, at a high angle of attack, «
the dye delivered from the wing tip was sufficient.

High-quality visualization images were obtained by using Rho-
damine 6G dye, which changes color between yellow and green
tones according to the structure of the vortical flow, under laser
light. The SONY HDR-PJ410 camera, accompanied by a special
SONY software, was employed to store the view of flow structures
and the instantaneous images on electronic devices.

The test zone of the wind tunnel, where the delta wing and
measuring elements are positioned, has a square cross-section
with dimensions of 570 mmx570 mm and a length of 1000 mm.
The Pitot tube was used to control the desired speed. The required
forces, F; and Fp were measured to determine the lift and drag
coefficients, C; and Cp using the formulas as follows:

Fy
Co=r—r 57
0.5pU~2%A

F
CD:7D2
0.5pUx*A

(1)

(2)
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Fig. 2. The schematic illustration of the vortex formation over the double delta wing under the GE.

where p (kg/m?) is the density of water, Uy, (m/s) is the free-
stream velocity, A (m?) is the planform area of the wing, A =
0.5 x b x ¢ in which b and ¢ demonstrate the wing chord length
and span of the wing, respectively. The turbulence intensity of
the wind tunnel was measured below 0.1%. Uncertainty analysis is
essential in examining experimentally obtained results. The uncer-
tainty of the lift coefficient, C; and drag coefficient, Cp depends on
the uncertainties of the load cell, data acquisition card, calibration
device, probe position, ambient pressure and air density. Further-
more, the possible measurement errors in adjusting the ground
distance, h/c and angle of attack, « were also taken into account.
The uncertainty analyses of the lift coefficient, C; and drag coef-
ficient, Cp were performed considering the methodology reported
by Moffat [45]. The results revealed that the uncertainties in the
Reynolds number, Re lift coefficient, C; and drag coefficient, Cp
were acquired as 4.6%, 4.9% and 5.1%, respectively. The schematic
illustration of the vortex formation over the double delta wing and
the VB location has representatively drawn over the double delta
wing, and the general properties of the double delta wing and the
critical parameters such as A, c, s, and h were indicated in Figs. 2
and 3, respectively.

3. Result and discussion

The identification of the strake, the wing, and the secondary
vortices over the double delta wing surface at « = 10° in the case
of the GFC are qualitatively displayed in Fig. 4. As a flow character-
istic of double delta wings, the low and mean angles of attack, «,
are more suitable for the definition of vortices. Since high angles
of attack, o, cause the flow to stall over the double delta wing,
it is not possible to identify the vortices separately, and it is seen
that the vortices begin to turn into a large vortex form, which is
called “coiled-up vortex”. The slender part of double delta wings is
sensitive as a function of high angles of attack, «, in the formation
of the VB that occurs over the wing. On the other hand, the non-
slender part of the double delta wing is even delicate to the low
« in the formation of the VB, which reveals the flow physics over
the wing in detail. Because of the impact of the sweep angle, A on
the formations of the vortical flow over the double delta wing, all
types of vortices on the double delta wing are visible at a mean «
as seen in Fig. 4. The effect of the slender part of the double delta
wing causes the formation of the strake vortex. On the other hand,
the wing vortex is formed as a result of the non-slender part of
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Fig. 3. The definitions of the dimensions of the double delta wing and the critical
parameters such as A, c, s, and h, and the formation of the vortical flow over the
double delta wing.

the double delta wing and the interaction of the flows formed in
the slender and non-slender parts of it.

The GE on the alteration of the location of the VB over the dou-
ble delta wing at & = 15° and 25° under the variations of h/c was
qualitatively indicated in Fig. 5. As shown in Fig. 5, it is observed
in the plan-view plane that the strake vortex over the double delta
wing takes place dominantly in comparison with the wing vor-
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Fig. 4. The identification of the strake, wing, and secondary vortices over the double delta wing at o = 10°.

tex and moves towards the center of the double delta wing. The
VB position at o = 15° is found to occur at an earlier stage com-
pared to the GFC. For instance, while the VB position for the GFC
is found to be x/c = 1.04, the onset of VB for h/c = 0.10 occurs
at a distance of x/c = 0.78. Correspondingly, the location of VB of
the coiled-up vortex that occurred at an earlier stage is noticed
over the wing surface under the GE in comparison with the GFC
at oo = 25°. For example, while the VB locations are detected as
x/c =0.64 and 0.68 for h/c =0.55 and GFC, respectively, however,
the location of the VB moves towards to the apex of the double
delta wing, and it is observed at x/c = 0.59 for the h/c = 0.10
case. The GE causes the coiled-up vortex to induce an earlier VB
because of growth in the gradient of the adverse pressure on the
bottom of the double delta wing through the chordwise direction.
As seen in Fig. 5, the amplitude of the fluctuations in the VB loca-
tion increases as the double delta wing moves towards the ground
surface because of the disorganized and irregular flow structures.
In the GFC, the amplitude of the fluctuations in the VB location is
found more stable compared to the case of h/c =0.10.

Fig. 6 demonstrates the influences of the ground surface on the
time-averaged streamline, < i > patterns at o« = 15° under the
variations of h/c. Here, definitions of Fs, Fy, zs/S, zw/S, yv/S, and
05y are identified to describe flow data in this figure. However,
zs/s and z, /s, are used to define the distance between the foci of
the strake, Fs and wing vortices, F,, with the wing surface. On the
other hand, y, /s is the distance between the foci of the strake, F;
and wing vortices, Fy,,. The distances on the flow characteristics,
Zs, Zw, and y,, are normalized with the semi-span length, s. Fi-
nally, 65y, is the rotational angle between the foci of the strake, F;
and wing vortices, Fy, as also indicated in the study of Zhang et al.
[38]. It turns out that zg/s decreases significantly when the dou-
ble delta wing descends from the ground-independent flow region
to the ground affected flow region at h/c = 0.10. It can be inter-
preted that as the distance of the wing to the ground decreases,
the ground effect causes the intensity of the interaction between
the vortical flow and the wing surface to increase. For example,
the dimensionless distance zs/s is detected as 0.181 in the case of
excessive ground effect on the flow at h/c = 0.10, while the di-
mensionless distance zg/s is determined as 0.196 in the absence
of ground effect on the flow. Although the interaction between the
flow and the wing surface increases because of the GE, the impact
of the dynamic air cushion caused by the rise of adverse pres-
sure gradient at the bottom of the double delta wing, through the
chordwise direction, the air stagnation in the region between the
ground and the double delta wing, causes the wing vortex to move
away from the delta wing surface. As can be seen from Fig. 6b, the
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Fig. 5. The formation of the VB over the double delta wing at o = 15° and 25°
under the variations of h/c.

height of the wing vortex, z,, /s, increases as the double delta wing
gets closer to the ground surface. For example, while z,,/s was
observed as 0.139 in the case of GFC, it was observed that zy, /s
is equal to 0.153 at h/c = 0.10. Because of air cushioning, there
is a decrease in the rotational angle, 65y, between the strake and
wing vortices. For example, 0;,, was detected as 6.4° in the case
of h/c =0.10, while 6;,, was 10.4° in the case of GFC. In addition,
the distance between the strake vortex and wing vortices, y/s,
also decreases as a result of earlier VB and the vortices converge
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over the double delta wing is presented by the patterns of the time-averaged streamlines, < ¢ > at o = 15°.

with each other as revealed in the study by Zhang et al. [38]. For
example, while y, /s is found to be equal to 0.338 in the case of
GFC, this value decreases to 0.318 when the position of the double
delta wing declines from the region of GFC close to the location of
h/c=0.10.

Fig. 7 represents the alteration of the flow characteristics over
the double delta wing presented by the patterns of the time-
averaged streamlines, < v > under the GE at o = 25° with the
variations of h/c. Here, F. is used to describe the focal point of
the coiled-up vortex. Also, in Fig. 7, the ground effect as a func-
tion of the distance, ys between the middle of the semi span of
the wing and the location of the foci, F is normalized with the
semi span length, s and symbolized as yy/s is presented. It is in-
dicated from Fig. 7b that the inboard movement of the coiled-up
vortex along the spanwise direction over the double delta wing oc-
curs under the GE; in other words, the foci of the coiled-up vortex,
F. move toward the central axis of the wing as the location of the
double delta wing is lowered to a level h/c = 0.1. For example,
while the change of the distance between the middle of the semi
span and the location of foci is found to be y /s =0.098 in the re-
gion of GFC, the foci of the coiled-up vortex, F. moves towards the
wing center to locations of ys/s =0.134 and 0.216 when the dou-
ble delta wing descends from the GFC region to levels h/c = 0.55
and 0.1 cases, respectively.

The patterns of the time-averaged streamlines, < i > under
the GE with the variations of h/c at o = 25° in side-view planes
were demonstrated in Fig. 8. The results were measured only over
a specified portion of the flow field throughout the complete chord

of the double delta wing to define the exact location of the VB and
its size, which is one-third of the chord length. The VB locations
can also be viewed in Fig. 5 with the dye observations. The pa-
rameter of z/s is a normalized distance, and it is expressed as the
distance, z between the wing surface and the VB position divided
by the span length, s. As seen from Fig. 8, z/s decreases when the
double delta wing descends from the region of GFC into the re-
gion affected by the presence of the ground surface, revealing that
the rate of interactions between the wing surface and the vorti-
cal flow is magnified. For example, while z/s is equal to 0.075 in
the region of GFC, then z/s is found to be 0.067 and 0.062 when
the position of the double delta wing is lowered from the region of
GFC to levels h/c = 0.55 and 0.1 cases, respectively. In addition, the
interaction between the vortical flow and the wing surface con-
tinues to increase in line with the decrease in h/c, resulting in
an earlier VB formation and, therefore, irregularities in the verti-
cal flow structures downstream of the VB continue to increase. In
other words, the amplified irregularities in the vortical flow result
in an increment in the complexity and intensity of unsteady flow,
which may cause the wings to vibrate, and hence an attenuation
of aerodynamic performance takes place as reported by Gursul [1].
However, it is observed that the vortex symmetry worsens as the
double delta wing moves from the flow region where there is no
ground surface effect to the flow region where the ground effect is
very intense.

The influences of the ground on the structure and the mag-
nitude of the concentration of the strake, wing, and secondary
vortices which are seen over the double delta wing at « = 15° and



M.O. Tasci, S. Tumse and B. Sahin

35
x/c=0.

¥ /S‘;—f Ground free —/
0.75 1.0 0%s)

Aerospace Science and Technology 130 (2022) 107943

0.221

a=25"

L— T T

0.08%=

A 4

0.6 0.8

h/c

0.4

Fig. 7. a) The change of the time-averaged streamline patterns at o = 25° with the variations of h/c. b) The alteration of the distance from the middle of semi-plan to foci

points on the patterns of the time-averaged streamline, yr/s in the cross-flow plane.

7/s=0.062

a=25°
h/c=0.10

—_————

Ground free

Fig. 8. The alteration of the dimensionless distance, z/s presented by the time-
averaged streamline patterns, < i > between the surface of the double delta wing
and the VB location with the variations of h/c in the side-view plane at o = 25.

the coiled-up vortex at o = 25° are indicated in Fig. 9. The sec-
ondary vortices rotated in the opposite direction of the strake and
wing vortices are formed because of the flow separation induced
by the interaction between the strake vortices and the boundary
layer of the double delta wing. The magnitude of the vorticity
concentration is normalized as w* = wc/Uy. Furthermore, the
maximum magnitude of the dimensionless vorticity concentration,
w* = wc/U, in the core region of the coiled-up vortex slightly
decreases at o = 25° when the double delta wing moves from the
ground free effect flow region to the flow region where ground ef-
fect exists as seen in Fig. 9. However, the normalized intensity of
the strake, wing, and secondary vorticities gradually drops when
the double delta wing position is lowered to a level close to the
wing surface at @ = 15° the GE induces an earlier VB. For exam-
ple, the normalized intensity of the strake, wing, and secondary
vorticities are found to be wg* =52, wy,* =24.2, and ws* — 24.1
at o = 15° at the GFC, respectively. On the other hand, the mag-
nitudes of these vorticities, wg*, wy,™ and ws* progressively
decrease as wg* = 51.2, 49.8, and 49.4 as strake vorticity, and
wy* =234, 22.2, and 21.9 as wing vorticity, and ws* = —23.5,
—22.7, and —21.8 as secondary vorticity at h/c = 0.55, 0.25 and 0.1,
respectively. Reductions in peak magnitudes of the vorticity con-
centrations, wg*, wy* and ws* of the coiled-up vortices under
the GE are also observed at o = 25°. Reduction in the peak magni-
tudes of wg*, wy* and ws* may be attributed to the insufficient
area for the flow to develop further between the wing surface and
the ground surface. Furthermore, the magnitude of coiled-up vor-
ticity, w* concentration at the core region is substantially low. The
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reduction in the peak magnitudes can be related to the GE, which
causes the coiled-up vortex to induce an earlier stage of VB be-
cause of growth in the gradient of the adverse pressure on the
bottom of the double delta wing through the chordwise direction.
Moreover, the intensity of w* over the wing decreases with the
enhancement in the angle of attack from o = 15° to 25°.

The GE on the flow structure presented in terms of the pat-
terns of the instantaneous streamline, ¢ for the GFC and h/c = 0.1
at o = 15° are demonstrated in Fig. 10. The three different frames
of the instantaneous patterns of the streamlines, i are taken to
show the instantaneous flow behavior under the GE at different
time intervals. It is observed from the instantaneous streamline,
Y patterns that the size of the strake vortex or focus, Fy is en-
larged when the position of the delta wing lowers from the region
of GFC to the level h/c = 0.1 where the ground effect is severe.
Also, the descending movement of the focus, Fy is defined by the
instantaneous streamline, ¥ patterns simulating the strake vortex,
Fs occurs with decreasing the ground distance h/c, which is con-
sistent with the patterns of the time-averaged streamline, < ¢ >.
The focus of the secondary vortex, Fs is detected at h/c = 0.1 be-
cause of the unsteadiness and the growing interaction between the
vortical flow and the surface of the double delta wing. The focus
of the wing vortex, F,,, moves away from the wing surface, and
the height of the focus, F,, increases as the double delta wing gets
closer to the ground. Also, the wing vortex moves inboard and in-
teracts more with the strake vortex.

The three different frames of the instantaneous vorticity, wg™,
wy ™ and wg* concentrations in parallel with patterns of instan-
taneous streamlines, {» were taken in the flow region without
ground effect, GFC and the flow region under a severe ground
effect, GE, for example at h/c = 0.1 for @ = 15° and x/c = 0.8,
as shown in Fig. 11. It has been displayed that the unity of the
strake, wing, and secondary vorticities, wg*, wy,™ and ws* wors-
ens when the wing position is changed from the GFC to a level

of h/c =0.1. It is observed that the instantaneous strake vortic-
ity concentration, wg* expands in size resulting in covering the
larger region throughout the spanwise direction of the delta wing
at h/c =0.1 in comparison with the GFC. Besides, it is indicated
that the intensity of the vorticity concentrations, wg™*, wy* and
ws* presenting the strake, wing, and secondary vortices become
weak with the augmentation of the ground proximity when the
double delta wing moves from the free-stream region close to the
ground surface, h/c = 0.1, because the GE induces the VB at an
earlier stage.

As the wing enters the flow region where the ground begins to
influence the flow turbulence, the kinetic energy as a function of
h/c at o =15° and 25° was calculated with equation (3).

12 ’2

rKE ] (ﬁ) 3)

2\ g
The obtained results of TKE are given in Fig. 12. The conversion
of flow energy to heat because of work done by viscous stresses
can be validated by the change in the dispersion of the turbulent
kinetic energy, which is associated with the degree of turbulence
generation in shear flows stated by Canpolat et al. [46]. The varia-
tion of large VB fields caused by the gradient of the adverse pres-
sure through the chordwise direction on the pressure surface of
the double delta wing is dependent on the ground proximity. The
widening flow separation is associated with the flow interference
induced by the reduction of the area between the wing surface
and the ground surface, which is also stated by Qu et al. [22].
The magnitude of the TKE gets higher with increasing proximity
to the ground because of this flow phenomenon explained above.
Also, the peak magnitude field of the TKE enlarges throughout the
spanwise direction over the wing with an increase of the GE. In
summary, the magnitude and the are of TKE distributions along the
surface of the wing with decreasing the ground distance, h/c =0.1,
is higher in comparison with the GFC. For example, while the peak
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Fig. 12. The alteration of the time-averaged TKE at o = 15° and 25° under the GE with the variations of h/c.

value of TKE at the GFC is found to be 0.145 and 0.09 at o = 15°
and 25°, values of TKE at h/c = 0.1 due to the severe ground effect
increase to levels of 0.215 and 0.1095 at o = 15° and 25°, respec-
tively. Also, the peak value of TKE is found to be higher at o = 15°
compared to oo = 25°.

The GE on the density of the power spectrum (DPS) of the
vertical component of the flow velocity, w, in a cross-flow plane
at « = 25° is shown in Fig. 13. The Strouhal number, St, is the
dimensionless number regarding pulsating flow in the natural en-
vironment and is presented as follows:

fc
= U
where ¢ is the chord length of the double delta wing, f is the
frequency of vortex shedding at VB, and U is the free-stream ve-
locity. Since the free-stream velocity, U, and the chord length, ¢
of the double delta wing are constant throughout the experiments,
the Strouhal number, St, only varies with the frequency of vortex
shedding at the VB. So, the change in the Strouhal number, St can
be interpreted by examining variations in the frequency of these
vortex shedding at the VB. The dominant peak frequencies were
taken in five points (1 to 5). Some criteria are regarded while se-
lecting the locations for PSD analysis. In Figs. 13 and 14, the points
in which located in a close region of the surface of the wing, 2
and 3 and the wing's leading edge, 4 are selected for PSD analy-
sis. Furthermore, the points which are located in the middle region
of vorticity concentration, for example, point 1 and in the region
where high w5 values occur, for example, point 5 are selected for
PSD analysis. In the regions where all these selected points are lo-
cated, significant changes take place in the vortical flow structures

St (4)

10

over the wing. In Fig. 13, it was seen that the peak frequencies,
f of leading-edge vortex breakdown and related Strouhal number,
St gradually decrease when the double delta wing approaches ex-
tremely close from the unbounded flow region (GFC) to the ground
region (h/c = 0.10). For instance, the frequency, f of vortex shed-
ding over the double delta wing under the GFC was found as 2.503,
3.944, 3.982, 4.781, and 6.895 Hz, however, f over the double
delta wing at h/c =0.10 was detected as 1.207, 3.083, 1.798, 0.823,
and 4.316 Hz from points 1 to 5, respectively. Correspondingly, in
Fig. 14, it is also seen that the dominant peak frequency, f de-
creases when the double delta wing moves from the GFC of the
flow field to the flow region under the GE. For example, peak fre-
quencies, f over the wing surface in the flow region of the GFC
are 1.54, 2.482, 5.603, 3.371, and 2.939 Hz from points 1 to 5,
respectively. Likewise, peak frequencies, f under a severe GE at
h/c=0.10 are 1.011, 1.093, 1.462, 0.849, and 1.155 Hz from points
1 to 5, respectively. As can be summarized from the results, the
value of St decreases by the GE. In other words, the frequency
of the vortex shedding at the VB, f decreases. The reduction in
St under the GE can be associated with the slowing down of the
formation of vortical flow because of intensive interactions be-
tween the vortical flow and the delta wing surface. The intensive
interaction, the augmentation of flow complexity, and the under-
development of vortices over the wing under the GE were reported
by Ozden et al. [47]. In the study of Prasad and Damodaran [41],
it was expressed that the GE causes a drop in St, which means a
decrease in the vortex shedding frequency, f due to a slower vor-
ticity formation through the trailing edge of the NACA-0012 wing.

A comparison of the lift coefficients, C; of double delta wings
with A =70°/40° determined in the free-stream within the an-
gles of attack range 5° < o < 40° with previous results reported
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by Sharma et al. [48] for sweep angles, A =70°/40° and Naeini et
al. [49] for sweep angles, A =65°/35° are demonstrated in Fig. 15.
The lift coefficient, C; determined experimentaly by Sharma et al.
[48] and Naeini et al. [49] were conducted at Re =1.89 x 10° and
2 x 108, respectively. It can be said that the result of the current
study is in good agreement with the published studies shown in
Fig. 15. It was also observed that the effects of parameters such
as experimental uncertainties, geometrical attachments, the thick-
ness/chord ratio, and the bevel angle of the delta wing did not
have great effects on the results presented in Fig. 15. For exam-
ple, in the study of Sharma et al. [48], a rectangular part attached
to the trailing edge of the double delta wing having sweep an-
gles A =70°/40°. Also, the double delta wing with sweep angles
A =65°/35° tested by Naeini et al. [49] has a bevel angle of 24°
at leading edges.

In Figs. 16-18, influences of ground on the aerodynamic prop-
erties of the double delta wing having A = 70°/40° sweep angles
are examined under the variations of h/c within the range of an-
gles of attack 5° < « < 45°. The variations of lift coefficients, Cy,
with altering o under the GE are demonstrated in Fig. 16. The lift
coefficient, C; measured in the flow region with ground effect is
slightly larger than the lift coefficient, C; measured in the region
without ground effect on the flow for all examined angles of at-
tack, @. While the double delta wing approaches the stall field at
o = 30°, C; gradually grows up when the ground distance, h/c de-
creases from the flow region of GFC to the h/c =0.10 case where
GE on the flow is severe. For example, the percentage of increase
in the lift coefficient, AC; between the GFC and the h/c = 0.1 case
is detected as AC; =4.8%, 5.3%, 6.8% when angles of attack, « are
adjusted as 15°, 20°, and 30°, respectively. When the double delta
wing descends from the GFC flow region into the GE flow region,
the values of C; decrease less in the post-stall flow in compari-
son with the GFC. For example, percentages of reduction in C; are
5.3% and 7.9%, at h/c = 0.1 for o = 40°, and 45°, which are less
compared to the GFC. The increase in C; induced by the GE is
considered to be associated with an increase in the ram pressure
with increasing proximity to the ground. In addition, the dynamic
air cushion formed as a result of the increase in pressure at the
base of the wing due to air stagnation in the area between the
wing surface and the ground surface strengthens the GE and hence
positively affects the aerodynamic properties. The effect of the dy-
namic air cushion is impaired by reducing the proximity to the
ground because of the diminishing ram pressure.
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Fig. 17. The alteration of the drag coefficients, Cp of the double delta wing within
the range of angles of attack 5° <« <45° under the GE with the variations of h/c.

In Fig. 17, it is pointed out that strengthening the GE induces
a consistently higher drag coefficient, Cp as an independent of «
for all ground distance cases. When the higher ground proximity
is applied, a higher Cp takes place. The Cp at the extreme ground
case, h/c =0.10, is continually greater in comparison with the GFC.
For example, the percent increase in the drag coefficient, ACp be-
tween the GFC and the h/c = 0.1 case are ACp = 14.9% and 18%
when angles of attack are adjusted as o = 15° and 20°, respec-
tively.

According to Fig. 18, the rise of C; of the delta wing under GE
is suppressed by the increase in Cp and this event induces the ex-
istence of lower C;/Cp for the delta wing under GE compared to
the case of GFC. For example, the value of C;/Cp is maximum for
GFC, and it attenuates when the delta wing progressively lowers
from the free-flight region into the ground effect region, i.e., from
h/c =0.55 to h/c = 0.1. Furthermore, obtained results demon-
strated that the augmentation of C;/Cp with GFC is significantly
higher at lower angles of attack, o because the leading-edge vor-
tex breakdown takes place in the region close to the delta wing
apex at higher angles of attack, «. This event attenuates the aero-
dynamic efficiency of the slender delta wing significantly at higher
a’s.
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The variation of the total circulation under the GE with varia-
tions of h/c at a = 15° and 25° is specified in Fig. 19. The total
circulation of LEV, I, is computed by the Stokes theorem which is
demonstrated in Eq. (5);

Fo:ygﬂ).dYZ/[Vx7].ﬁdA:/Z)>.ﬁdA
C A A

in which I, is the value of the LEV total circulation around an en-
closed curve, C, U is the velocity vector that is randomly oriented,
and the projection of % in the direction of d X can be acquired
by getting the scalar product between two vectors. Furthermore,
d¥ is the differential line element vector throughout C, D is the
vorticity vector, A is the area surrounded by vorticity contour. The
magnitude of I, is nondimensionalized with the product of wing
chord length, ¢ and free-stream velocity, Uso as I/UcsoC.

The variation of the total circulation, I, is associated with the
aerodynamic characteristics of the vortical flow over the wing, and
it is normalized by dividing with free-stream velocity, U, and
the chord length of the wing, c. As indicated in Fig. 19, the di-
mensionless total circulation, I,/Us ¢ on the double delta wing
dramatically augments when the angle of attack increases from
o = 15° to 25°, which is compatible with the high C; at a high «.
For example, the value of the total circulation increases from 0.285
to 0.44 when « is varied from 15° to 25° at the h/c =0.1 case. An
increment in dimensionless total circulation, I5/Us ¢, under the
GE, is also coherent with the augmentation in the C;. The total cir-
culation, I, | Uy ¢, progressively enhances when the proximity to
the ground increases because of the ram pressure, as pointed out
by Gursul and Wang [50]. For example, overall increments in the
total circulation, I, /U c, are 21.3% and 66% when the position of
the double delta wing is varied from the GFC field to the GE field
at o = 15° and 25°, respectively.

The results of the ground surface impact on the magnitude and
the distribution of dimensionless time-averaged velocity vectors,
<V > /U over the delta wing under the variations of h/c at o« =
25° are given in Fig. 20. The three examined locations, 1, 2 and 3
were selected according to their importance in terms of flow be-
haviors on the time-averaged streamline, < v > distribution which
is shown on the left side of Fig. 20. For instance, the selected lines
of 2 and 3, are especially effective locations on the flow structure
of the delta wing. The examined line 2 passes through the focal
point of the coiled-up vortex center and the examined line 3 is lo-

(5)
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Fig. 19. The alteration of the total circulation under the GE with the variations of
h/c at o =15° and 25°.

cated in the region very close to the wing surface where there is a
fluid-structure interaction affecting the aerodynamic performance
of the wing considerably. The examined line 1 is arbitrarily chosen
to detect the variation of < V > /U far away from the wing sur-
face and focus point. The <V > /U is lower at the leading edge
of the wing in comparison with the area towards the central axis
for all selected locations on the double delta wing. Moreover, it is
indicated that the < V > /U diminishes in Line 3, in comparison
with Lines 1 and 2. As shown in Fig. 20, it is observed that the di-
mensionless value of time-averaged velocity vectors <V > /U
increases in most of the vortical flow regions, especially in the
close area to the central axis of the wing such as Lines 1,2, and
3. The ram pressure caused by the dynamic air cushion between
the ground and the bottom of the double delta wing slows down
the fluid motion near the leading edge of the wing and induces
the flow to move inboard towards the wing’s central axis along
the spanwise. The <V > /U, decreases because the GE causes an
earlier VB when the double delta wing moves from the flow region
of GFC to the flow region under the GE. Therefore, the velocity of
the flow field increases towards the central axis of the wing be-
cause of the ram pressure.

4. Conclusion

Experimental investigations were conducted to see the influ-
ences of the ground surface on the formation of the vortical
flow over a double delta wing having a sweep angles ratio of
A =70°/40° with the alteration of the ground distance, h/c. Dye
observations and instantaneous flow measurements using the PIV
technique in the water channel and force measurements in the
wind tunnel were carried out. The chordwise location over the
cross-flow plane was taken as x/c = 0.8 for all experiments. Since
high angles of attack, o cause the double delta wing to develop
the stalled flow, the possibility of the identification of the strake,
wing, and secondary vortices become challenging, and it is also
revealed that the vortices start to move in a large coherent vor-
tex form, which is named as “coiled-up vortex” when the angle
of attack alters from o = 15° to 25°. The occurrence of the VB
at an earlier stage over the double delta wing with the alteration
of the ground distance, h/c under the GE, was noticed in com-
parison with the GFC at o = 25°. The GE induces the breakdown
of the coiled-up vortex to form at an earlier stage due to the in-
crease in the gradient of the adverse pressure on the bottom of
the double delta wing through the chordwise direction. The vortex
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oscillation increases with the irregularities in the flow as the dou-
ble delta wing descends to the flow field affected by the presence
of the ground surface. The dynamic air cushion causes the wing
vortex to move away from the wing surface, although the interac-
tion rate between the wing surface and the ground increases. Also,
the inboard movement of the coiled-up vortex from the leading-
edge side to the wing central axis along the spanwise direction
over the double delta wing occurs when the delta wing position
is altered from the region of GFC to the case of h/c = 0.1. The
magnitudes of strake, ws* wing, w,* and secondary vorticities,
w* progressively diminish as the double delta wing moves from
ground free flow region towards the flow region where ground ef-
fect exists at both angles of attack o = 15° and 25°. Reduction in
peak magnitudes of wg*, wy,,* and ws* may be dependent on the
insufficient area for the flow to develop between the wing sur-
face and the ground surface. It is seen that the peak magnitudes of
the TKE appear to spread over a wider area throughout the span-
wise direction of the double delta wing under the strengthening
of the GE as a function of h/c in comparison with the GFC. It was
observed from the density of power spectrum (DPS) analysis that
when the delta wing approaches the ground surface, the values
of the dominant peak frequency, f of vortex shedding at the VB
decrease. Since the Strouhal number, St decreases because of the
slowing down of the formation of the vortical flow over the dou-
ble delta wing with increasing the proximity to the ground. The lift
coefficient, C; measured in the flow region with the ground effect
is slightly larger than the lift coefficient, C; measured in the re-
gion without the ground effect on the flow for all examined angles
of attack, «. The strengthening of the GE induces the drag coeffi-
cient, Cp, to increase for all angles of attack, «. Obtained results
demonstrated that the augmentation of C;/Cp together with GFC
and GE cases is significantly higher at lower angles of attack, o be-
cause the leading-edge vortex breakdown takes place in the region
close to the delta wing apex at higher angles of attack, «. This
event attenuates the aerodynamic efficiency of the slender delta
wing significantly at higher «'s. The dimensionless total circula-
tion, I, /| Usx c on the double delta wing dramatically augments
when the angle of attack increases from o = 15° to 25°, which is
compatible with a high C; at high angles of attack, «. The dimen-
sionless total circulation, I, | Uy ¢, progressively enhances when
the proximity to the ground increases because of the ram pres-
sure. Finally, the normalized magnitude of time-averaged velocity
vectors, <V > /U is lower at the leading edge of the wing in
comparison with the area towards the central axis for all selected
locations on the double delta wing.
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