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Abstract
A series of experiments was carried out to investigate the aerodynamic characteristics of a cranked-delta wing model. It 
has been noted by various researches that in the vicinity of the take-off angles of attack, an instability in the longitudinal 
stability of aircraft equipped with cranked delta wings occurs where its origin is not well understood yet. To further study 
this phenomenon, a semi-span cranked delta wing model was designed and built. Surface pressure data for various 
angles of attack at low subsonic speeds, to better simulate take-off and landing conditions, were measured. The only 
test limitations of concern were inaccessibility to an accurate balance to measure forces and moments and to correlate 
them with the surface pressure data. However, analysis of the surface reassure data showed formations of two distinct 
strong vortices over the wing surface with strong suction peaks at their cores. The interaction between the two vortices 
increased with angle-of-attack, and as a result, the outer vortex moved inward while the inner vortex moved outward. 
At a certain angle-of-attack, these vortices merge with each other and at higher angles of attack the vortex breakdown 
moved onto the wing surface and as a result, the suction peak collapsed and spread in the spanwise direction. Surface 
pressure data clearly shows that the angle of attack where the vortex burst moves onto the wing surface correlates 
well with the previous studies regarding the mentioned longitudinal instability. These findings could help designers to 
optimize the crank angles to avoid such an undesired phenomenon.
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Introduction 
Modern fighter aircraft are equipped with low aspect ratio 

large leading-edge sweep angle wings to improve their effi-
ciency and maneuverability. In recent years, many investiga-
tions have been conducted on delta wing characteristics at 
low speeds and at high angles-of-attack [1-10]. At subsonic 
speeds and at moderate to high angles-of-attack, a pair of 
vortices forms over the suction surface of delta wings with 
sharp leading edges. These vortices dominate the flow-field 
over the wing surface and create an additional lift force called 
vortex lift that are very beneficial during landing , take-off 
and above all maneuvers [4]. However, as the angle-of-at-
tack is increased, a sudden phenomenon in the structure of 
this vortices called vortex breakdown occurs that changes 
the aerodynamic characteristics of these wings. Gursul, et 
al. [2] studied unsteady aerodynamics of nonslender delta 
wings such as shear-layer instabilities, leading-edge vortices 
and vortex breakdown. Elsayed, et al. [1] used Stereo Parti-
cle Image Velocimetry (SPIV) to investigate the unstable flow 
phenomena and characteristics of the vortex flow over a del-
ta wing model at moderate to high angles-of-attack. Verhaa-
gen, et al. [7] studied effects of the leading-edge shape on the 
flow behavior over nonslender delta Wings. Zhang, et al. [10] 

studied unsteady characteristics of the burst vortices over a 
slender delta wing model. Their analysis of the pressure sig-
nals showed that the spiral wave of the burst vortex flow over 
the wing surface was the primary part of the pressure fluctu-
ations and the buffeting of the slender delta wing is mainly 
due to this spiral wave. Yayla, et al. [9] investigated effects 
of the angle-of-attack variations on the flow structure over a 
nonslender lambda wing via particle image velocimetry (PIV) 
technique.

Nowadays, double delta wings are used in most high ma-
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al. [19] conducted extensive flow visualization studies and in-
vestigated the influence of Reynolds number on the vortex 
interactions/trajectories, and vortex breakdown. Verhaagen 
[26] investigated effects of the Reynolds number on the flow 
over a double-delta wing and found that Reynolds-number 
had strong effects only on the flow field over the suction side 
of the wing. Gai, et al. [15] investigated vortex interaction 
and breakdown over double delta wings and investigated the 
role of fences in the vortex interaction mechanisms. Rao, et 
al. [23] performed experiments on a round leading-edged 
double-delta wing model at subsonic and transonic speeds 
and indicated that a complex phenomenon emerges due to 
the strake and wing vortices. Zhang, et al. [27] studied inter-
actions between the strake and wing vortices over a double 
delta wing using particle image velocimetry measurements. 
Dehghan, et al. [14] conducted flow visualization studies over 
a cranked-double delta wing. Kumar, et al. [21] studied the 
effect of leading edge shapes on a double delta wing at low 
speeds.

The previous investigations were conducted only for a 
typical double delta wing configurations with higher sweep 
angle on the inner leading-edge (Λin > 75°). These studies 
focused mostly on the outer vortex behaviors because the 
inner wing had relatively small area and was designed using 
the concept of the vortex enhancement caused by the lead-
ing-edge strakes. On the other hand, cranked-delta wing has 
a smaller inner sweep angle and a relatively large inner wing 

neuverable aircraft to further increase their performance 
characteristics as well as their maneuverability. Brennen-
stuhl, et al. [11] investigated vortex interactions between the 
inner and the outer vortices as well as the vortex breakdown 
phenomenon. Verhaagen [12] compared the aerodynam-
ic characteristics of delta and double delta wings with each 
other. They showed that by adding a strake to a delta wing, 
two additional vortex systems were formed over the wing 
surface that significantly increased the lift force at moder-
ate to high angles-of-attack. However, the vortex structure 
over a double delta wing model is much more complex due 
to the interaction of the strake and the main wing vortex, 
uneven burst of vortices, etc. to name a few. As a result of 
the aforementioned complexities, many researchers tried to 
study this complex behavior of the vortices experimentally 
and/or numerically [11-27]. Hoeijmakers, et al. [20] studied 
vortex flow over double delta wings and found that due to 
the interaction between strake and wing vortices, the wing 
vortex increases in strength as it is fed from both the vorticity 
from the wing leading edge and the shear layer emanating 
from the strake leading edge. Thompson [24] investigated the 
effects of variations in angle-of-attack, leading-edge kink an-
gle, Reynolds number, leading-edge cross-section shape on 
the vortex structure through visualization study of the vortex 
flow around double delta wings. Olsen and Nelson [22] stud-
ied interaction of a double delta wing vortices via visualizing 
the flow field over the model in a wind tunnel. Hebbar, et 

         

Figure 1: Schematic of the cranked delta wing vortices.
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breakdown moves onto the wing surface and as a result the 
suction peak collapses and spreads in the spanwise direction. 
Vortex breakdown induces nonlinear aerodynamics and may 
results in the loss of performance and stability of the aircraft 
which will limit flight regimes of high speed aircraft.

Experimental Setup
The experiments were carried out in a low speed open cir-

cuit, suction type wind tunnel. This tunnel has a rectangular 
test section of 80 × 100 cm2 and is equipped with three an-
ti-turbulence screens and a honeycomb in its settling cham-
ber. All tests were conducted at a constant Reynolds number 
of 0.52 × 106 based on the root chord of the model. The an-
gles-of-attack were varied from zero to 30 degrees. A half-
span sharp edged cranked-delta wing model was constructed 
for these experiments (Figure 2). 

The inner wing had a sweep angle of 57 degrees and the 
outer wing had a sweep angle of 38 degrees. To minimize the 
influence of the wind tunnel floor boundary layer, the semi-
span wing was mounted on a circular splitter plate [28].  In 
the present study, the pressure distribution over the wing 
surface was measured along five spanwise stations as well as 
two ray stations as shown in Figure 3. Surface pressure distri-
bution over the wing surface was measured using 106 pres-
sure transduces with pressure ranges of 5 mbar to 24 mbar 
with an accuracy of 0.25% of their full-scale and with a mini-
mum frequency response of 1 KHz, Figure 2.  To further exam-
ine the vortex behavior via examining the root mean square 
(RMS) of the pressure fluctuations, the tube length and the 
material that gave the minimum time lag for all applied pres-
sures were selected. Two A/D boards were employed for 
the pressure transducers. All data from the pressure trans-
ducers were sampled simultaneously at a frequency of 1 kHz 
for more than 6 seconds. The uncertainty of the measured 
pressure data were calculated by the method of Kline and 
McKlintock [29]. The maximum absolute uncertainty of the 
measured pressure coefficient is estimated to be 1.9% of the 
full scale of the transducers. 

Results and Discussion
Figure 4 shows the spanwise pressure distribution over 

area when compared to a double delta wing.  There are only 
a few studies that investigated the vortex interactions over a 
cranked-delta wing. In the present study, wind tunnel tests 
were carried out to investigate the vortex behavior on a half-
span cranked-delta wing model that has a relatively small in-
ner leading-edge sweep angle. The vortex behavior for this 
type of wing is different with that of the typical double delta 
wing configurations which has been previously considered by 
several researchers. Almost all of the previous investigation 
of the vortex behavior over cranked-delta wing were based 
on balance force measurements and/or flow visualization.  
The study of vortex phenomenon over theses wings based 
on the surface pressure distribution is very limited.  There-
fore, to further fill the existing gap in our knowledge of the 
complex flow characteristics over cranked-delta wings, the 
surface pressure distribution over the suction side of a model 
of this type of wing at various conditions were obtained.  The 
data were used to study the vortex formation, merging, and 
breakdown. 

Cranked-Delta Wings
The flow field over cranked-delta wings at moderate an-

gles-of-attack is dominated by two strong vortices. As shown 
in Figure 1, the inner vortex is shed from the wing apex while 
the outer vortex is shed from the kink portion of the lead-
ing-edge. The inner vortex induces a lateral velocity field 
which energizes the boundary layer on the outer wing's upper 
surface where the flow has separated from the kink portion 
of the leading-edge. This stabilizes the flow of the outer wing 
vortex which is relatively weaker that the inner one and is 
subject to disturbances. The two vortices rotate in the same 
direction, hence they tend to move around each other. At 
moderate and high angles of attack downstream of the lead-
ing-edge kink, the two vortices interact by coiling about each 
other. Near the trailing-edge, due to the interaction between 
the vortices, the outer vortex is fed through both the outer 
leading-edge and the shear layer of the inner vortex and as a 
result the outer vortex is much stronger than the inner one. 
The interaction between the two vortices causes the outer 
vortex to move inward and the inner one is forced to move 
outward. At higher angles of attack, these vortices merge 
with each other and at a certain angle of attack the vortex 

         

Figure 2: Half-span sharp edged cranked-delta wing model and pressure transducers.



Citation: Zafarghandi FM, Soltani MR (2021) An Experimental Investigation of the Vortex Merging over a Cranked-Delta Wing at Subsonic 
Speed. J Aerosp Eng Mech 5(1):400-416

Zafarghandi and Soltani. J Aerosp Eng Mech 2021, 5(1):400-416 Open Access |  Page 403 |

         

Figure 3: Model drawing and sensor arrays locations.

         

Figure 4: Spanwise pressure distribution on the upper surface of the wing, α = 4°.



Citation: Zafarghandi FM, Soltani MR (2021) An Experimental Investigation of the Vortex Merging over a Cranked-Delta Wing at Subsonic 
Speed. J Aerosp Eng Mech 5(1):400-416

Zafarghandi and Soltani. J Aerosp Eng Mech 2021, 5(1):400-416 Open Access |  Page 404 |

suction peak has a constant value in the pressure distribu-
tion curve. At an angle-of-attack of 16 deg., the outer vortex 
suction peak decreases slightly, hence it seems that the out-
er vortex is burst, Figure 5. However, one should note that 
once the vortex burst reaches the trailing-edge, it may jump 
upstream without any change in the angle-of-attack or other 
flow conditions [6].

Figure 6 compares the effects of angles-of-attack on the 
minimum pressure coefficient of the inner vortex core at sec-
tion Y/C = 0.22 with that of the outer vortex core for station 
Y/C = 0.74. It is clearly seen that Cpmin for both stations are 
identical up to an angle-of-attack of 4 deg. The inner vortex is 
fed through the leading-edge with higher sweep angle and is 
strong enough to recirculate the flow at higher angles-of-at-
tack, Figure 6. On the other hand, the outer vortex is fed 
from the leading-edge with lower sweep angle, Λout = 38°, its 
strength at higher angles-of-attack decreases, and its core 
pressure coefficient, Cpmin, is approximately constant from 
10° to 14°. As seen from Figure 6, at station Y/C = 0.74, the 
minimum pressure coefficient increases for angles-of-attack 
of 16 deg. and beyond, therefore, the outer vortex seems to 
have been burst for angles-of-attack beyond 16 degrees while 
that of the inner one does not seem to be burst up to an-
gles-of-attack of 18 degrees and beyond.

Figure 7 shows the effect of angles-of-attack on the pres-
sure distribution at section Y/C = 0.74. Downstream of the 
kink of the wing leading-edge, the inner vortex is no longer 
fed with vorticity from the inner leading-edge and its strength 
decreases due to the viscous effects. The lateral velocity 
caused by the inner vortex supplies kinematic energy to the 
outer vortex. Therefore; the local strength of the outer vortex 
is greater than that of the inner vortex, Figure 7. As the an-
gle-of-attack is further increased, the vortices widen and cov-

the upper surface of the model at an angle-of-attack of 4 de-
grees for all stations, Y/C = 0.22-Y/C = 0.86. The stations Y/C 
= 0.22 and Y/C = 0.44 are underneath the inner vortex only 
and as a result the pressure distribution for these stations has 
one suction peak, Figure 4. On the other hand, the stations 
located at Y/C = 0.61, Y/C = 0.74 and Y/C = 0.86 are affected 
by both inner and outer vortices and the pressure distribu-
tion curves for these stations are seen to have two suction 
peaks corresponding to the core of the inner and the outer 
vortices. As the vortices move downstream, their strengths 
decrease, so the suction peak is largest near the apex and de-
creases in the downstream direction toward the trailing edge. 
The distance from the first station, Y/C = 0.22, to the wing 
apex, where the sweep angle is 57 degrees, is approximately 
equal to the distance from the third station, Y/C = 0.74, to 
the kink of the model, where the sweep angle is 38 degrees, 
Figure 3. The pressure distribution for these two sections, 
for several angles of attack is shown in Figure 5. The vorti-
ces are formed over the wing surface at an angle-of-attack 
of approximately 2 deg. The suction peak of the inner vortex 
at Y/C = 0.22 is seen to be equal to the suction peak of the 
outer vortex at Y/C = 0.74 for an angle-of-attack of 2 degrees. 
Up to an angle-of-attack of 4 deg., the two vortices have the 
same strength. At an angle-of-attack of 6 deg., the strength 
of the inner vortex at Y/C = 0.22 is greater than that of the 
outer vortex at Y/C = 0.74 and the suction peak at Y/C = 0.22 
is larger than the suction peak of the outer vortex one at Y/C 
= 0.74. Beyond an angle-of-attack of 8 deg., the inner vortex 
becomes stronger and its core axial velocity as well as its suc-
tion peak increases rapidly.

On the other hand, the strength of the outer vortex de-
creases with angle-of-attack and as a result, the vortex 
strength and hence its core axial velocity remains relatively 
constant for angles-of-attack of 10° to 14°, Figure 5, thus its 

         

Figure 5: Comparison of the inner and the outer vortex strength at two stations, Y/C = 0.22 and Y/C = 0.74.
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tion Y/C = 0.22 for several angles of attack. As the angle-of-at-
tack is increased from 4 to 20 deg., the inner vortex becomes 
stronger and its suction peak increases. At an angle-of-attack 
of 20 deg., the pressure distribution is seen to have reached 
its maximum value, peak suction value, minimum pC . The 
pressure distribution at station Y/C = 0.44 is similar to that 
of Y/C = 0.22, Figure 9. As the vortex moves downstream, its 
strength decreases and as a result the suction at this station, 
Y/C = 0.44, is less than that at Y/C = 0.22 for all angles-of-at-
tack considered in these tests.

er a large portion of the wing surface, thus the two vortices 
interact with each other, the outer vortex moves inward and 
the inner vortex moves outward. Beyond an angle-of-attack 
of 6 deg., as a result of the higher sweepback angle of the 
inner wing, Λin = 57°, the rate of growth of its strength along 
with its corresponding suction peak increases more than that 
of the outer vortex, Figure 7. Therefore; at an angle-of-attack 
of 14 deg., the local strength of the inner vortex is greater 
than that of the outer vortex and its suction peak is larger. 

Figure 8 shows the surface pressure distribution at a sta-

         

Figure 6: Comparisons of Cpmin for the inner and outer vortex.

         

Figure 7: Effect of angles of attack on the upper surface pressure distribution, Y/C = 0.74.
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Figure 8: Effect of angle of attack on the upper surface pressure distribution, Y/C = 0.22.

         

Figure 9: Effect of angle of attack on the upper surface pressure distribution, Y/C = 0.44.
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downstream of the wing kink, the entire vorticity shed from 
the outer leading-edge is fed into the outer vortex, therefore, 
the rate of growth of the outer vortex strength increases with 
angle-of-attack as the trailing edge is approached, Figure 11. 
At station Y/C = 0.86 in Figure 11, it is noted that with in-
creasing the angle-of-attack, the interaction between the two 
vortices becomes stronger and the outer vortex core along 
with its corresponding suction peak move inward while the 
inner one and its suction peak move outward. As a result, 
the distance between the two cores is reduced and finally 
the two vortices appear to merge with each other, Figure 11, 
station Y/C = 0.86, 12oα = . At station Y/C = 0.61, the en-
hancement of the vortices strength and their expansion over 
the wing surface with increasing angle-of-attack is more pro-
nounced, Figure 11. Up to an angle-of-attack of 8 deg., the 
local strength of the outer vortex is greater than that of the 
inner one, Figure 11, station Y/C = 0.61. At this station, Y/C 
= 0.61, the size of the vortices are not large enough, hence 
the distance between the core of vortices is considerably 
large and no interaction between the two vortices, inner and 
outer, is observed. Thus the outer vortex is not fed by the 
shear layer of the inner vortex and the rate of increase in its 
strength with angle-of-attack is less than the corresponding 
one but at station Y/C = 0.86, Figure 11. At an angle-of-attack 
of 10 deg., the local strength of the two vortices, inner and 
outer, is approximately equal, and at 12 deg. angle-of-attack, 
the inner vortex strength becomes greater than that of the 
outer vortex. The inner vortex suction peak remains constant 
from angles-of-attack of 10 deg. and beyond, and finally it de-
creases as the vortex burst reaches this station, Y/C = 0.61, at 

Figure 10 shows the spanwise pressure distribution at a 
station Y/C = 0.86 for various angles-of-attack. A very weak 
suction peak due to the weak inner vortex and a stronger one 
due to the outer vortex are observed at 2 degrees angle-of-at-
tack. As the angle-of-attack is increased, both vortices cover 
a large portion of the wing and as a result the interaction be-
tween the inner and the outer vortices increases. Due to the 
mutual induction between both vortices, the suction peak of 
the outer vortex moves inward and that of the inner vortex 
moves outward, therefore, the initial distance between the 
two peaks decreases, Figure 10. At 10 degrees angle-of-at-
tack, this station, Y/C = 0.86, seems to lie in the merging region 
of the two inner and outer vortices. As the angle-of-attack is 
further increased to 12 degrees, the length of the merging 
area decreases and finally at 14 degrees angle-of-attack, the 
two suction peaks merge into a single peak. Further increase 
in the angle-of-attack results in the vortex breakdown point 
moving onto the wing surface and affecting the pressure dis-
tribution at this station, Y/C = 0.86, and as a result the suction 
peak is seen to decrease, Figure 10, 20α = ° .

From Figure 11 it is found that as moving downstream, 
the vortex interaction becomes more prominent. At station 
Y/C = 0.61, as the angle-of-attack is increased, the outer vor-
tex core remains at a fixed position while that of the inner 
vortex deviates slightly toward the root chord, thus it can 
be assumed that the shear layer of the inner vortex is com-
pletely detached from the outer vortex. On the other hand, 
as the vortices move downstream, their size is increased and 
the interaction between them becomes stronger. In addition, 

         

Figure 10: Effect of angles of attack on the upper surface pressure distribution, Y/C = 0.86.
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Figure 11: Investigation of the interaction between two vortices as moving downstream.

both the angles-of-attack and Y/C are increased, the vortices 
are widen and they cover a large portion of the wing surface 
and as a result, the interaction between them increases. At 
stations Y/C = 0.74 and Y/C = 0.86, the outer vortex is seen to 
move inward toward the wing root chord while the inner vor-
tex moves slightly outward. Thus, the initial distance between 
the two vortex cores decreases, as both the angles-of-attack 
and Y/C are increased. 

Figure 13 shows locations of the outer vortex core for vari-
ous angles-of-attack. From Figure 13, it is clearly seen that the 
vortex core moves inboard as the angle-of-attack is increased 
from 2 to 14 degrees. At 6 deg. angle-of-attack, the outer vor-
tex core reaches ray 2 station and by further increase of the 
angle-of-attack, beyond 8 degrees angle of attack, the outer 

an angle-of-attack of about 16 degrees. The inner vortex core 
seems to collapse at an angle-of-attack of about 18 degrees, 
Figure 11, station Y/C = 0.61.

Figure 12 shows the vortex trajectories for both inner and 
outer vortices at three different angles-of-attack, α = 4, 6 and 
10 degrees. Note that the position of the inner and outer suc-
tion peak marks the spanwise location of the inner and outer 
vortex core. Beyond 10 degrees angle of attack, the vortex 
system on the wing surface enlarges and it is hard to distin-
guish the vortex core from the surface pressure data. At sta-
tions Y/C = 0.22 and Y/C = 0.44 which are the only stations af-
fected by the inner vortex, the vortex core moves slightly to-
ward the wing root chord, Figure 12. At stations underneath 
both inner and outer vortices, Y/C = 0.61, 0.74 and 0.86, as 
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Figure 12: Inner and outer vortex core trajectories at various angles-of-attack.

         

Figure 13: Outer vortex core trajectories at various angles-of-attack.
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tion is shown in Figure 15. As mentioned before, downstream 
of the leading-edge kink, the inner vortex is no longer fed 
with the leading-edge vorticity, therefore, its strength due 
to the viscous effects decreases. On the other hand, as the 
angle-of-attack increases, the interaction between the two 
vortices near the trailing-edge is intensified and as a result, 
the shear layer of the inner vortex is fed into the outer vortex 
one too. Therefore, as Y/C increases, moving downstream, 
the rate of decrease in the suction level with increasing the 
angle-of-attack is intensified. Thus the suction difference 
between the start and the end of ray 1 increases as the an-
gle-of-attack is increased, Figure 15. 

Figure 16 shows variations of the estimated suction force 
coefficient with angles-of-attack at station Y/C = 0. 22. The 
suction coefficient is seen to increase non-linearly with an-
gles-of-attack. The inner vortex strength increases at 6 deg. 
angles-of-attack and as a result, the suction-curve slope in-

vortex core is seen to depart from ray2 and moves further 
toward the wing root chord, Figure 13. The pressure distri-
bution along ray 2 station is shown in Figure 14. As Y/C is in-
creased, moving downstream, the vortex strength is seen to 
decrease and the suction level reduces which is believed to be 
due to the viscous effects. Up to an angle-of-attack of 8 deg., 
as the outer vortex core approaches the ray 2 station, the 
suction level increases at this station, Figure 14. Beyond this 
angle-of-attack, 8 deg., the outer vortex core departs from 
ray 2 as shown in Figure 13, thereby the suction level at this 
station is reduced. According to Figure 14, for all angles-of-at-
tack, the first point of ray2 represents the outer vortex core 
at the streamwise station of Y/C = 0.61. Therefore, from zero 
to 10 degrees angle-of-attack, the vortex core strength and its 
suction are seen to increase at Y/C = 0.61.

Ray 1 is located underneath the inner vortex path for a 
few angles-of-attack. The pressure distribution along this sta-

         

Figure 14: Pressure distribution on the upper surface of the wing along ray2.
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Figure 15: Effect of angles of attack on the surface pressure distribution on the upper surface of the wing along ray1.

         

Figure 16: Variation of the suction-force coefficient with angles-of-attack, Y/C = 0. 22, No vortex merging.
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Figure 17: Variation of the suction-force coefficient with angles-of-attack, Y/C = 0.86.

the wing surface, and the suction force coefficient is seen to 
increase significantly. The rate of increase of the outer vortex 
strength at 4 deg. angle-of-attack is lower than that at an an-
gle of 2 deg., therefore, the suction curve slope is seen to re-

creases nonlinearly. This section stalls at about 24 degrees 
angle-of-attack. Figure 17 shows variations of the suction 
force coefficient with angles-of-attack at station Y/C = 0.86. At 
two degrees angles-of-attack, the outer vortex is formed over 

         

Figure 18: Variation of the suction-force coefficient with angles-of-attack.
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verted to Cprms values, using Equation 2. 
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Where p  is the mean pressure at the point of measure-
ment is, ip  is the instantaneous pressure, and N is the num-
ber of samples. Note that for each pressure port, 106 ports, 
data at a sample rate of 1 KHz for 6 seconds, total of 6000 data 
points for each port, were collected. The spanwise pressure 
coefficient as well as its root mean square along station Y/C 
= 0.44 for an angle-of-attack of 14 deg. is shown in Figure 19. 
The left axis of the chart represents the surface pressure co-
efficient, Cp, and the right axis represents root mean square 
of the pressure coefficient, Cprms, the solid and dash lines are 
used for the values of the corresponding parameters, respec-
tively. From this figure it is clearly seen that the maximum val-
ues of both │Cp│ and Cprms almost coincide with each other.  
Please note that the maximum value of Cprms could be used as 
an indication of the vortex core location.

The power spectral densities of the surface pressure at 
three points along station Y/C = 0.44 are shown in Figure 20. 
The power spectra at a point P8 along the station Y/C = 0.44 
has a single peak with a frequency of approximately 120 Hz 
while the power spectra for the point P10 shows a dou-
ble-band frequency, Figure 20. The first band is centered at 
a frequency of approximately 80 Hz and the second one is 
centered at a frequency of approximately 160 Hz. Note that 
the location of the double-peak spectrum is very close to the 
suction peak, although slightly outboard of it, P10 in Figure 19 
and Figure 20. It is interesting that a similar double-peak-type 
spectrum was obtained by Woods and Wood over a lambda 

duce as the angle-of-attack is increased from 2 to 4 degrees. 
As mentioned before, the vortices seem to merge beyond an 
angle-of-attack of about 10 deg., Figure 10, thus the slope of 
the suction coefficient curve decreases because the spanwise 
integral over the pressure distribution in the region where 
the two vortices are merged is smaller than the integral over 
the pressure distribution with two suction peaks in the region 
of two separate vortices, Figure 17. Therefore, as the vortices 
are merged, the nonlinearity in the aerodynamic coefficients 
is reduced. The suction coefficient increases with angle-of-at-
tack as long as the vortices are not affected by the vortex 
breakdown. At 16 deg. angle-of-attack, vortex breakdown ap-
pears in the merged vortices and as a result the suction peak 
collapses and spreads in the spanwise direction. This leads to 
a sharp reduction in the suction curve slope and a plateau in 
the curved is created, Figure 17. As the angle-of-attack is fur-
ther increased, the increased width of the suction peak due 
to the vortex breakdown that was previously observed in the 
pressure distribution, Figure 10, compensates for the reduc-
tion of the suction peak to keep the suction coefficient curve 
slope positive.

Figure 18 shows the suction coefficient as a function 
of angle-of-attack over the entire upper wing surface. As 
the outer vortex is formed at angle-of-attack equal to 2 de-
grees, the suction coefficient increases significantly. Beyond 
an angle-of-attack of about 10 deg., as the inner and outer 
vortices seem to merge, the nonlinearly in the suction curve 
slope is reduced. The reduction of suction curve slope from 
14 to 16 deg. angle-of-attack, indicates that the vortex break-
down point might have reached the station Y/C = 0.86 at an 
angle-of-attack of 16 deg. 

In addition to the mean surface pressure distribution study 
at various angles-of-attack, the root mean square (RMS) of 
the pressure fluctuations were examined to better correlate 
the vortex formation, vortex merging, and vortex breakdown 
at different Y/C locations over the wing surface. The pressure 
fluctuations were calculated from Eqation 1 and were con-

         

Figure 19: Spanwise steady and RMS pressure distribution on the upper surface of the wing at station Y/C = 0.44, α = 14°.
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core at station Y/C = 0.61, point P3, a band with a dominant 
peak at a frequency of about 110 Hz is seen from the power 
spectra plot, Figure 21, P3.  In addition, the magnitude of the 
power spectra for this point, P3, is seen to have been reduced 
considerably. A double-peak spectrum is observed at point P4 
of the inner vortex at station Y/C = 0.74, and the peaks are 
centered at frequencies of approximately 110 Hz and 230 Hz. 
Again by moving outboard and approaching the outer vortex 
core at station Y/C = 0.74, point P5, there is a band at the lower 
center of frequencies of about 100 Hz and the reduced peaks 
which might be due to the weaker outer vortex, Figure 21, 
P5. At point P6 of station Y/C = 0.86 located underneath the 
core of the two merged vortices, a band of dominant peaks 
centered at about 120 Hz is clearly seen for this location. As 
the vortices move downstream, their size is increased and 
the interaction between them becomes stronger. Thus at 
station Y/C = 0.74, the two vortices interact with each oth-
er and finally at station Y/C = 0.86, the vortices merge at an 
angle-of-attack of 14 deg. Therefore, by comparing the pow-
er spectra at points P3, P5 and P6, it can be seen that as the 
vortices interact with each other and finally merge together 
to form a single vortex, the magnitude of the static pressure 
power spectrum increases and the frequency of the strongest 
vortex becomes the dominant one.

wing [30]. Furthermore, when the spectra of point P8 is con-
sidered, a single peak occurs at a frequency midway between 
the two harmonic peaks, 120 Hz. At a location outboard of 
the double peak region, P11, a broadband centered at a fre-
quency of approximately 120 Hz as well as a single peak at a 
frequency of approximately 270 Hz are seen from the power 
spectra shown in Figure 20.

At an angle-of-attack of 14 deg., the power spectra of the 
pressure fluctuations at six points along four streamwise sta-
tions, corresponding to Y/C = 0.44, Y/C =  0.61, Y/C = 0.74, 
Y/C = 0.86 are shown in Figure 21. Note that these points are 
located in the regions of vortex cores with high Cprms values. 
These points and the angle-of-attack of 14 degrees were se-
lected since they are located beneath the inboard vortex, 
outboard vortex, and the merged vortices. Moreover, for 
this angle-of-attack, 14 degrees, the surface pressure distri-
bution does not indicate any sign of vortex breakdown for 
these pressure ports. As mentioned before, when the power 
spectra at point P1 of station Y/C = 0.44 is considered, two 
band of dominant peaks appeared in the power spectra that 
are centred at frequencies of approximately 80 Hz and 160 Hz 
and they seems to be harmonics, Figure 21, P1. The power 
spectra for point P2 which is in the region of the inner vortex 
core of station Y/C = 0.61 shows a broadband centered at a 
frequency of about 120 Hz. By approaching the outer vortex 

         

Figure 20: Spanwise variation of the pressure power spectra at station Y/C = 0.44, α = 14°.
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Figure 21: Power spectra of the static pressure at several stations, α = 14°.

was formed at an angle-of-attack of about 2 degrees which 
lead to a significant increase in the suction force coefficient. 
Above an angle-of-attack of 4 degrees, the variation of the 
suction force with angle-of-attack became nonlinear due to 
the increase in the strength of the inner vortex. The merging 
angle-of-attack, could be detected where the nonlinearly in 
the suction curve slope is reduced .The significant decrease 
in the suction force curve slope indicates that the vortex 
breakdown point might have reached the trailing edge at an 
angle-of-attack of about 16 deg. In addition , frequency anal-
ysis of the pressure data indicated that the frequency of the 
merged vortices is higher than those of the  inner and the 
outer vortices due to the same direction of rotation. 
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