
Numerical Simulation and Experimental
Validation of the Role of Delta Wing
Privileged Apex

Iddir Boumrar and Zied Driss

1 Introduction

The designers of the modern aircraft fighters have recently, given unprecedented
interest for maneuverability, supersonic cruising, short takeoff, and the landing
executions. In particular, supermaneuverability requires significant improvements
of the aerodynamic characteristics of the wings at high angles of attack, which
initially resulted in seeking geometries of optimal wings allowing and preserving a
good dynamics of the turbulent flow at the suction face and eliminating each
involved structure in the increase of the aerodynamic drag.

The behavior of the vortex occurring at the delta wing suction face at various
incidences has been the subject of research since the beginning of the 50s. The
research study developed by Parker (1976) is notable because it contains the
complete list of the references and a discussion of the unstable flow for angles of
attack going up to 20°.

Many investigators studied the air flow around delta wing models in wind tunnel
at subsonic velocities with adapted volatile additives, which gave satisfaction. By
employing air, we can reach high Reynolds numbers. For the delta wing model with
sharp leading edges, we used Reynolds numbers varying from a few thousands until
one or two millions. In a steady flow, when the delta wing incidence increases until
a range between 30° and 40°, the exact value depends on the wing aspect ratio and
other geometrical parameters; an instability of vortex known under the name of
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“the bursting or vortex breakdown” appears at the wing trailing edge and progresses
gradually ahead until the wing apex. On the delta wing model, this phenomenon
was first observed by Lambourne and Bryer (1962). A study of Hawk et al. (1990)
identified “a local angle of movements” around 45° from which the vortex bursting
occurs. Ekaterinaris and Schiff (1990) showed that instability can be envisaged
successfully (at a = 32° on a delta wing with a sweep angle u = 75°) by an exact
numerical resolution of the Navier–Stokes equations. These authors also mentioned
two classes of vortex bursting known as the “bursting in bubble” and the “bursting
in spiral”. The behavior of the bursting is known to play a crucial role in the case of
unstable movements. The first “generations” of planes, with delta wings, in the
United States: the F-102, B-58, and the experimental bomber Xb-70 were not
planned to fly at high angles of attack, they nevertheless drew all benefit from the
increase of lift due to the apex vortex. Stability in pitching of the supersonic
conveyor Concorde incited the first investigations on instabilities. These studies
took place in the United Kingdom and were characterized by the work of
Lambourne et al. (1964), which studied the consequences of the fast changes of the
incidence angle i, like the oscillating data brought back later in detail by Woodgate
and Halliday (1971). Laidlaw and Halfman (1956) have measured the pressures on
oscillating models of delta wings with sweep angles u = 60° and 75°, but the
amplitudes were small, and then the effect of the vortex was negligible; their
objective was to evaluate the linear theory for the wings. However, it has reached
incidences close to 90°, HARV used strongly beveled leading edges, and fighters in
their preliminary design stage relied on the vortex mode coming from their leading
edges (Cummings et al. 1990).

The theories published by Lowson (1963) and Randall (1966) were compared
with experimental data. Lowson’s analysis was particularly judged to be a rigorous
attempt to adapt the work of Brown and Michael (1955) for oscillating movements.
Nevertheless, these authors agree with the conclusions of Parker (1976) admitting
that the errors between the experimental and theoretical results are significant
adding that the comparisons have only a partial success.

It is not easy to quote all the contributions of those who have explored, through
photographic and video techniques, the time dependent of the vortex movements.
The principal contributions are given below, as simple lists. The order is not sig-
nificant and it should be noted that some of the quoted articles also included data of
forces or aerodynamic pressures. For example, Wang et al. (2003) have undertaken
experiments in a water tunnel with 0.4 m of width, 0.4 m of depth, and 6.0 m of
length. The experimental model is a delta wing of sweep angle u = 65°; the wing
leading edges are beveled. In order to facilitate the experimental observations, the
suction face of the delta wing was also divided into five parts along the line of the
chord, with radial lines resulting from the apex of the wing with a spacing of 10°.
The jet is located at the center of the trailing edge with a rectangular exit nozzle of
2.4 cm � 0.3 cm. The variations of the jet orientation have been achieved by
installing various jet openings in the trailing edge of the model. The experiments
were considered at Reynolds numbers based on the chord of the wing of about
9.54 � 103. A dye was injected through 1-mm-diameter openings placed at the
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vicinity of the model apex to visualize the vortex bursting. An apparatus was used
to record the flow models; the experiments were undertaken in a range of angles of
attack i = 25°–40° with a step of 5°. The exact position of vortex bursting is located
at approximately 3–5 mm at the apex. In these experiments, the jet velocity
changed from 0 to 10 m/s, and the jet angle from 0° to 60° toward the left side of
the model. The motionless photographs show the hysteresis of the wake profiles and
the vortex positions, with discussions of the flow details. Lang (2004) designed
hypersonic vehicles using the delta wings configuration; ELAC was conceived as a
system of transport for future orbital missions. Its first stage is carrying a body, and
its second stage is to remain at an orbital altitude of approximately 30 km at M = 7.
Initially, a combination of the oil flow and a vapor screen was applied to obtain
visualizations of vortices at the top of the wing. The visualization of flow and PIV
measurements are taken in the transonic wind tunnel with a 40 � 40-cm2-sized test
section. It is a wind tunnel with intermittent operation, which allows periods of
approximately 3 s with Mach numbers of M = 0.2–4. The flow visualization at a
relative length of chord x/l = 30% was carried out on a 1:100 scale model. The flow
qualitative research at control faces of the ELAC and PIV measurements was
carried out on a 1:240 scale model of a delta wing with sweep angle u = 75°, with
rounded leading edges to reduce the heat flow at the conditions of hypersonic flight.
The Reynolds numbers are about Re = 3.7 � 106, with Mach numbers M = 2.0 to
M = 2.5. The experimental techniques applied were also used for the numerical
simulation results validation. Many values on the position of the vortex core and its
bursting are given.

Brodetsky et al. (2001) developed experiments in a supersonic wind tunnel
where a maximum Mach number of 6 was reached. The tests were carried out on
three delta wing models with respective sweep angles u = 68°, 73°, and 78° and
chords 383, 439, and 526 mm, at Mach numbers M = 2–4 and the angles of attack
varying from a = 0° to 22°. The testing methods included the measurement of the
static pressure on the model face and the flow visualization by the laser sheet
technique. Photographs of the laser sheet and oil flow show the evolution of the
swirling structure at a fixed angle of attack a. Also, the shock wave positions, size,
and the position of primary and secondary vortex were obtained. Some new flow
modes around delta wing were identified, and several visualizations were examined.
Tests were carried out by Konrath et al. (2008) in a transonic wind tunnel; the test
section has a size of 1 m � 1 m and communicates with a room, in which the total
pressure can be placed in one range from 30,000 to 150,000 Pa. The test section
was perforated, to give access for small indicators installed on top and on the lower
wall behind which cameras, and PSP light sources were placed. The delta wing of
sweep angle u = 65° provided by NASA was equipped with beveled and rounded
leading edges. First, the PSP method was applied to capture the pressure distri-
butions on the wing suction face; second, the PIV method was used in perpen-
dicular plans to the axis of the model at the positions of chord x/lo = 0.35–0.9 for
selected angles of attack.

Gursul et al. (2007) studied the concepts of vortex control, which depends on the
control of the turbulent flow above the delta wing and enjoys various advantages,
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such as the lift improvement, drag reduction, and noise attenuation due to the
interaction vortex/wing. The control methods include one or more of the following
phenomena: the flow separation around the wing, its reattachment on the wing
faces, and the vortex bursting. The flow reattachment on the wing faces moves with
the increase of the angle of attack and reaches the wing center line at a particular
incidence. In these conditions, this particular incidence decreases with the increase
of the apex wing. On thicker wings, the vortex bursting appears at very small
incidences. The vortex control methods have become increasingly new and diverse.
It is useful to consider the physics of the dominant bursting mechanisms which
determine the flow control methods.

The state of the art on the various control solutions suggested in the literature
was investigated, in order to determine an adequate solution to the aeronautical
problems. In order to achieve the objectives previously mentioned, passive (which
do not require an external contribution of energy: like the optimization of the wing
form) or active (requiring an external contribution of energy: aspiration and
blowing of the boundary layer) solutions can be considered. However, most authors
did not take into account the interaction of the wing with the wind tunnel walls. The
experimental solutions brought by the authors, in particular the blowing and the
aspiration of the boundary layer, are the most encouraging solutions of rupture.
They made it possible to delay the apex vortex bursting by delaying the layers
separation or aspiring it. Nonetheless, they took into account the induced experi-
mental error and the negative effect which these active systems may have on
aerodynamics lift and drag. However, no study reported the drag reduction or lift
increase of the delta wing through using the concept of privileged angles, on the
delta wing geometry, and therefore a great deal of complementary work is still
necessary.

Beyond the visualizations and phenomenological analyses existing in the liter-
ature, the study suggested here aimed to be a work of quantification, through the
parietal pressure distribution. The principal objective was to dissociate the wings
with privileged apex from the wings with non-privileged apex and consequently
enable us to choose the delta wings.

A series of pressure taps were placed under the principal apex vortex in order to
determine the longitudinal distribution of the defect pressure coefficient −Cp;
finally, the obtained experimental results were confronted. For the three studied
delta wings having the following apex angles (b = 75°, 80°, and 85°), the results
relating the various aerodynamic coefficients show that the wing with privileged
apex angle b = 80° has the advantage of presenting the greatest depression values,
while the two other delta wings with non-privileged apex angles (b = 75° and 85°)
presented lower depression values.

From these results, it can be concluded that it is preferable to use delta wings
with privileged apex angle, which allows us better aerodynamic performances.
Comparisons between planes provided with delta wings would prove that the wings
with privileged apex have advantages related to the stability of the aircrafts and
their fuel consumption.
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2 Concept of Privileged Angles

Studies in some interesting fields of science, nature, medicine (physiology, anat-
omy), architecture, physics, and mechanics are more interested in the phe-
nomenological analyses and tend to generalize the existence of privileged angles. In
the aerodynamics field, studies based on many visualizations in wind and hydro-
dynamic tunnels, of flow around bodies of revolutionized and simple delta wings,
show that the angle formed by the apex vortex is affected by the wing apex angle
value.

The criterion of privileged angle was highlighted, at the atom microscopic scale,
and was found by Leray et al. (1972) to exist at a macroscopic scale in the case of
Helium II supra fluid flow between the helicoids swirls and their axis. These
privileged angles are given by the same following relation (Leray et al. 1985):

cos bl;m ¼ mffiffiffiffiffiffiffiffiffiffiffiffiffiffi
lðlþ 1Þp ; ð1Þ

where l and m are integer and with −l < m < l.
In Fig. 1, b is the apex angle, a1 is the angle between the principal vortices,

while a2 is the angle between the secondary vortices.
The above relation (1) enables us to calculate the two main families of privileged

angles:

– For m = l, we obtain the first family of privileged angles;
– For (m = 2, l � 2), we obtain the second family of privileged angles.

α1

α2

y 

x

Fig. 1 Vortical system on
the upper face of
non-privileged delta wing
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3 Numerical Method

3.1 Boundary Conditions

A three-dimensional flow simulation around the combinations delta wings–fuselage
was carried out using the code Fluent 6.1.22 software (2001). The best way of
modeling the test conditions in the wind tunnel was to create a square area around
the three-dimensional delta wing with a 300 mm of length and a 300 mm of height.
For the rectangular sides of left and right of the field, the flow admission was given
by “Velocity Inlet” and the type of “Exit” was adopted. The four other sides were
considered as walls conditions in the section of the wind tunnel. Calculations were
carried out for the flow nominal velocity V0 = 20 m/s.

3.2 Mathematical Formulation

The Spalart–Allmaras turbulence model with one equation was used during sim-
ulations. The solution variables of the instantaneous Navier–Stokes equations were
decomposed into the mean and fluctuating components (for the velocity:
ui ¼ �ui þ u0i). Substituting their expressions in the instantaneous continuity and
momentum equations, and taking a time average, yields they can be written in
Cartesian tensor form as
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þ @ quið Þ
@xi

¼ 0 ð2Þ
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It is worth noting, now, that some additional terms that represent the effects of
turbulence appear. These Reynolds stresses, −q u0iu

0
j, must be modeled in order to

close Eq. (3). A common method employs the Boussinesq hypothesis to relate the
Reynolds stresses to the mean velocity gradients:

�u0iu
0
j ¼

lt
q

@ui
@xj

þ @uj
@xi

� �
� 2
3

kþ lt
q
@ui
@xi

� �
dij ð4Þ

The Boussinesq hypothesis is used in the Spalart–Allmaras model. The advan-
tage of this approach is the relatively low computational cost associated with the
computation of the turbulent viscosity lt. In the case of Spalart–Allmaras model,
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only one additional transport equation (representing turbulent viscosity) is solved.
Note that since the turbulence kinetic energy k is not calculated in the Spalart–
Allmaras model, the last term in Eq. (4) is ignored when estimating the Reynolds
stresses.

3.3 Grid

The type of grid element employed, schematized on Fig. 2, is triangular. Besides,
an unstructured grid was applied. The majority of the significant properties of the
flow to be reproduced are in the proximity of the wing surface. Consequently, the

Fig. 2 Meshed geometry example (wing and delta wing–fuselage combination)
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meshed field of calculation was refined close to the suction face and the wing faces.
However, it was maintained gross in the rest areas of the field to decrease the
calculation time.

4 Numerical Results

4.1 Defect Pressure Coefficient −Cp Contours

Figures 3, 4, and 5 present the distribution of the defect pressure coefficient −Cp
contours obtained with the numerical simulation, at the suction face of the various
studied delta wings. The vortex structure developing at the suction face of the delta
wings was reproduced compared to the visualizations results of Benkir (1990).

In Fig. 4, we remark that the angle between the apex vortices direction is very
affected by the presence of the fuselage diameter d = 20 mm. This fact is valuable
for the delta wing with apex angles b = 75°, 80°, and 85°. The value of −Cp is
important for the case of wing without fuselage for all the studied apex.

In Fig. 5, we see that the apex vortices move toward the delta wing leading
edges and an interaction zone between the delta wing and the fuselage appeared at
the junction point for the two considered fuselages of diameters d = 20 mm and
d = 30 mm.

4.2 Transverse Evolution of Defect Pressure
Coefficient −Cp

Figures 6 and 7 show that according to the four cross sections considered at the top
of the delta wings, we note that the apex vortex position is detected by the maxi-
mum value of −Cp. The maximum value of −Cp decreases when a cylindrical
fuselage of diameter d is introduced.

4.3 Role of the Privileged Apex Angle b = 80°

The longitudinal evolution of the defect pressure coefficient −Cp which is shown in
Fig. 8 proves clearly that there is an effect of the privileged angle apex b = 80° and
the value of the most significant −Cp is reached around r/lo = 0.3 for the Reynolds
number 1.23 � 10+5. Through the longitudinal evolution of the defect pressure
coefficient −Cp, under the principal apex vortex, we can easily notice the maximum
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(a) Apex 75β . 

(b) Apex 80β . 

(c) Apex

°=

°=

°= 85β . 

Fig. 3 Contours of −Cp at
the suction face of delta wings
without fuselage at
V0 = 20.3 m/s and an
incidence angle i = 15°
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(a) Apex 75β . 

(b) Apex 80β . 

(c) Apex

°=

°=

°= 85β . 

Fig. 4 Contours of −Cp at
the suction face of the
combinations delta wings–
fuselage with a diameter
d = 20 mm at V0 = 20.3 m/s
and an incidence angle
i = 15°
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(a) Apex 75β . 

(b) Apex 80β . 

(c) Apex

°=

°=

°= 85β . 

Fig. 5 Contours of −Cp at
the suction face of the
combinations delta wings–
fuselage with a diameter
d = 30 mm at V0 = 20.3 m/s
and an incidence angle
i = 15°
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(a) Wing with apex angle β=75°. 

(b) Wing with apex angle β=80°. 

(c) Wing with angle of apex β=85°. 

Fig. 6 Transverse evolution of numerical −Cp at the suction face of the delta wings without
fuselage at V0 = 20.3 m/s and incidence i = 15°
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(a) Wing with apex angle β=75°. 

(b) Wing with apex angle β=80°. 

(c) Wing with angle of apex β=85°. 

Fig. 7 Transverse evolution of numerical −Cp at the suction face of the combinations delta
wings–fuselage d = 30 mm at V0 = 20.3 m/s and an incidence angle i = 15°
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numerical values of −Cp for the wing with privileged angle apex b ¼ 80�. This fact
is valuable for the wings without fuselage or for the combinations delta wing–
fuselage (Fig. 8).

Fig. 8 Longitudinal evolution of the numerical defect pressure coefficient −Cp under the
principal apex vortex of delta wings without fuselage and combinations delta wing–fuselage at
V0 = 20.3 m/s and an incidence angle i = 15°

164 I. Boumrar and Z. Driss



4.4 Fuselage Diameter Effects

Figure 9 shows the effect of the fuselage diameter on the longitudinal evolution of
the numerical −Cp under the apex vortex at V0 = 20.3 m/s and an incidence angle
i = 15°. According to these results, it can be noted that for x/lo < 0.6 corresponding
to the vicinity immediate of the delta wing apex, the maximum values of −Cp are
obtained with the wing without fuselage. Then, the values corresponding to the
combination delta wings–fuselage appear with diameter d = 20 mm and lastly
those corresponding to the combination with d = 30 mm. Beyond x/lo = 0.60, i.e.,
when we move toward the wing trailing edge, the same order is preserved with a
tendency of confusion of the considered curves (Fig. 9).

According to these results, we can deduce that we have the same evolution of the
numerical results concerning the role of privileged apex angle b = 80° (Fig. 8) for
the wings without fuselage and for the combinations delta wing–fuselage. The
effect of the diameter presence is the same concerning the three studied apex cases
(Fig. 9).

5 Comparison with Experimental Results

The current way used to ensure the quality of the numerical simulations is the
calculation of the aerodynamic characteristics such as pressure distribution and
forces, and compares them with the experimental results obtained in the wind
tunnel.

The numerical and the experimental results are confronted in the same graphs
(Figs. 10 and 11) for better elucidating the difference. According to these figures, it
was noted that for the wings without fuselage, the defect pressure coefficient read
on the experimental and numerical curves are in good agreement, and the difference
between these two last curves is due to the resolution of the Navier–Stokes equa-
tions with simplifying assumptions. For the case of the combination delta wing–
fuselage, the difference between the experimental and the numerical curves
increases as we approach the wing apex.

For the combinations wing–fuselage (Fig. 11), the two curves converge when
we move away from the apex of the wing. In fact, the difference between the two
curves is more significant at the vicinity of the apex and becomes negligible when
we approach the trailing edge of the wing.
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Fig. 9 Fuselage diameter effect on the longitudinal evolution of the numerical −Cp under the
apex vortex at V0 = 20.3 m/s and an incidence angle i = 15°
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Fig. 10 Comparison between the numerical and experimental values of −Cp, under the principal
apex vortex, for the delta wings without fuselage at V0 = 20.3 m/s and an incidence angle i = 15°
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Fig. 11 Comparison between the numerical and experimental values of −Cp, under the principal
apex vortex, for the various combinations delta wing–fuselage with diameter d = 20 mm at
V0 = 20.3 m/s and an incidence angle i = 15°
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6 Conclusions

The discussions of the various experimental and numerical results were achieved by
taking into account the geometrical and kinematics parameters, and we can, thus,
conclude that

(1) the increase of the incidence always generates an increase in the coefficient of
depression −Cp, for all the studied wings as long as the incidence of the wing is
lower than the critical incidence (incidence of vortex bursting).

(2) at the high attack angles (i > 25°), the flow at the extrados of the delta wings
without fuselage was mainly asymmetrical, and the part close to the apex shows
high values of −Cp. The effects of the Reynolds number on the flow around the
delta wings without fuselage are not significant. The vortex breakdown inci-
dence of the apex vortex is reached at lower incidences for the wings with apex
angles b = 80° and 85° (ivb = 22°–25°), compared to the wing with angle apex
b = 75° (ivb = 30°). This fact is valid for the all used velocities flow.

(3) the depression values corresponding to the delta wings with privileged apex
angles are more significant than those obtained for the wings with
non-privileged apex angles b = 75° and 85°, which enables us to reach one of
the objectives fixed at the beginning of our work consisting on studying the role
of the privileged angle on flow around delta wings.

A systematic experimental study was carried out for three configurations of delta
wing–fuselage at various attack angles and flow velocities. We observe, on the
combinations delta wing–fuselage, the effects of the privileged angle b = 80° until
the attack angle i = 22°–25°, where the apex vortex breakdown takes place,
downstream from r/lo = 0.6; a slight change of flow was recorded through the
aerodynamic characteristics evolution.

At high attack angles (i > 25°), the flow around the combinations delta wing–
fuselage was mainly asymmetrical, and the fuselage induces the asymmetry of
vortex or its bursting or both. The effects of the Reynolds number on the flow
around the combination delta wing–fuselage are insignificant.

Comparing the numerical and experimental results, we have noticed a better
reproduction of the apex vortices at the suction face of the studied delta wings and a
very good agreement between these results for the studied wings and combination
delta wings–fuselage.

Simulation of airflow around the delta wing and around the various studied
combinations enabled us to well understand the physical phenomenon through the
obtained contours of defect pressure coefficient and velocity.

In addition, by analyzing the flow around the various combinations, it has been
noted that the role of the privileged angle apex b ¼ 80� appears for the delta wings
without fuselage and with fuselage of diameters d = 20 mm and d = 30 mm.

So far, the obtained numerical results have evolved in the good direction: no
contradictions were remarked between the achieved simulations and the measure-
ments really undertaken in the wind tunnel.
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Nomenclature
Cp Pressure coefficient
g Acceleration of gravity
i Angle of attack (AOA°): incidence (°)
icr Critical incidence (°)
ivb Vortex breakdown incidence (°)
k Kinetic energy
lo Wing chord (m)
L Wing span (m)
Oxyz Cartesian coordinates axis
Ox Median axis on the wing surface
Oy Transverse axis on the wing surface
Oz Vertical axis
r Polar coordinate of the pressure taps (m),
S Wing surface (m2),
ui Velocity component (m/s), (i = 1, 2, 3),
�ui Mean velocity component,
u0i Fluctuating velocity component,
V0 Wind tunnel velocity (m/s).

Greek Letters
q Air density (kg/m3),
qH Oil density (kg/m3),
a1 Angle between the principal vortices directions (°),
a2 Angle between the secondary vortices directions (°),
b Apex angle (°),
dij Index of Kronecker,
lt Turbulent viscosity (Ns/m2),

k ¼ L2
S ¼ 4tg b

2

	 

Aspect ratio,

h Polar coordinate of the pressure taps (°),
u Sweep angle (°).
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