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Abstract Low-speed wind tunnel experiments are conducted to study the aerodynamic perfor-

mance of a half-span delta wing with 45� leading-edge sweep at subsonic flow regime. The experi-

ments are carried out at a Reynolds number of 8.37 � 105, a free-stream Mach number of 0.1 and

angles of attack up to 25�, in steps of 5�. The test model was designed with thirty-two pressure taps

fixed on its surfaces (sixteen on each side). Multi-tube manometers were connected to these taps

using long tubes to enable recording the pressure readings. Surface pressure distributions and aero-

dynamic characteristics were calculated at different span-wise locations along the non-dimensional

chord-wise distance. Results exhibited that most lift on the studied wing is generated in the region

close to the leading edge for all the studied incidence angles. Additional lift is created in the region

close to the root chord rather than the tip chord, whereas drag forces increases from tip to root.

This can be attributed to the formation of trailing edge vortexes due to the flow separation at

the wing leading edge that produces more drag, hence suppressing lift. The study showed also that

angle of attack increases the drag coefficient from tip to root, especially at high angle of attack, indi-

cating unfavourable behaviour for manoeuvring. Moreover, the angle of attack increased the pitch-

ing moment coefficient up to 10� before it drops sharply until it reaches the tip of the wing model.
� 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Aircraft designed for supersonic flight are required to have
high levels of manoeuvrability and controllability for effective
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use in a combat arena. These aircrafts are usually equipped
with thin, highly swept delta wings for reducing the supersonic
wave drag and improving their supersonic cruise performance.

However, the aerodynamic behaviour of swept delta wings is
significantly different from the conventional wings at subsonic
flow regime, in a way that the wing experiences poor perfor-

mance [1].
For example, at low angles of attack, delta wings exhibit a

severe drop in lift compared to the conventional wings, due to

the absence of leading-edge vortexes (LEV). As the angle of
attack increases, in take-off and landing phase, the sharp edges
prevent the flow to remain attached to the surface and, conse-
quently, the flow separates forming an unsteady separation

bubble. This results in sever drag penalties and lateral control
deficiencies [2].

The pressure difference between the upper and lower sur-

faces generates a vortical flow around the leading edges, which
have crucial effect on the performance of the supersonic air-
craft. The vortical flow detaches along the leading-edge

towards the shear layer and curls up into two primary vor-
texes, as shown in Fig. 1. The strength and stability of these
vortexes depends on the Reynolds number, the sweep angle,

the slenderness, the leading edge sharpness and the angle of
attack [3].

At moderate-to-high angles of attack, these vortexes induce
additional velocity on the upper surface of the wing, hence

reducing the pressure considerably. Consequently, an addi-
tional lift known as the vortex-lift will be provided. The benefit
of this vortical flow has been directed towards military appli-

cations to enhance the transonic manoeuvrability, hence
achieving high lift during take-off and landing [5]. As the angle
of attack increases, the leading-edge vortexes experience a sud-

den disorganization, leads to vortex breakdown, hence, a dra-
matic expansion of the vortex core.

The primary vortexes burst far downstream of the trailing

edge and the burst point travels upstream as the angle of
attack increases. When the burst point approaches the wing
trailing edge, the forward progression of core breakdown
become more rapid and decreases as it reaches the apex of

the wing. This in turn will lead to strong oscillation of the wing
surface pressure downstream of the breakdown point and
might lead to buffeting, hence deteriorating the aircraft perfor-

mance [6].
The development of advanced fighter planes has generated

a great interest towards the investigation of delta wings to
Fig. 1 (a) Schematic view of the flow structure over delta wing with sh

with 45� lea.ding-edge sweep.
improve the aerodynamic and control characteristics at high
angles of attack [7]. Therefore, the study of vortical flow field
around delta wings has been a subject of study for many

researchers due to its essential applications to design of highly
manoeuvrable aircrafts [8,9]. Numerous experimental studies
have been conducted to understand the flow structure, aerody-

namic characteristics and vortex breakdown phenomenon over
delta wings of combat aircraft that flying at high angles of
attack. For instance, Furman and Breitsamter [10] reported

the experimental results on a 65� swept delta wing as part of
the International Vortex Flow Experiment. Panyne et al. [11]
showed that the core flow transforms into a wake-like flow
from a jet-like flow when breakdown occurs. Instantaneous

three-dimensional vorticity measurements in vortical flow over
a delta wing are reported by Honkan and Andreopoulos [12].
Gad-el-Hak and Ho [13] carried out experiments to visualize

the flow fields around two pitching delta wings with apex
angles of 90 and 60�. Moreover, a considerable amount of lit-
erature has been published on the experimental investigation

of flow and aerodynamics over delta wings [14–18]. These stud-
ies confirmed the importance of carrying out experimental
studies on delta wings to understand the flow structure.

Furthermore, simulation methods accurately predicted the
unsteady vortical flow, aerodynamics characteristics and the
flow field around delta wings with blunt leading edge at realis-
tic Reynolds numbers of full scale vehicles. Grtz and Rizzi [19]

investigated the influence of viscosity on vortex breakdown.
The leading-edge shape effect on the vortex flow over non-
slender delta wings was provided by Elsayed et al. [20]. Mitch-

ell et al. [21] analyzed the delta-wing vortical substructures
using Detached-Eddy Simulation (DES) to alleviate the costly
near-wall meshing requirements. Cummings and Schtte [22]

also used the same technique, i.e. DES, to simulate the vortical
flow field about the vfe-2 delta wing. Numerous studies have
been conducted using both experimental and numerical

approaches to investigate the aerodynamic characteristics
and vortical flow structures over sharp edged slender delta
wings with different sweep angles [23–28].

Over the past fifty years, extensive studies have been per-

formed on the so-called slender delta wings (K P 60�), where
the flow phenomena over these types of wings has been well
understood [5,29]. On the other hand, the flow over non-

slender delta wings K < 60�) has received less attention in
the literature until recently. The early studies for the non-
slender delta wings revealed that the vortex breakdown was
arp leading edge [4] (b) Wind-tunnel model of half-span delta wing
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difficult to identify for sweep angles of 55� and 45� and it is not
known whether the vortex breakdown is the main source of
buffeting or not. However, the effect of leading edge radius

on the flow structures over 50� swept delta wing was studied
experimentally using an oil-flow visualization and a Stereo
Particle Image Velocimetry (SPIV) technique [30]. The results

showed that the leading-edge radius has crucial effect on the
strength of vortical flow structures and the location of vortex
core breakdown over the studied models. Recently, the ground

effect on the flow characteristics and aerodynamic perfor-
mance of a non-slender delta wing during take-off and landing
at low angles of attack was investigated experimentally using
PIV technique [31] and numerically using artificial intelligence

techniques [32].
Although delta wings were designed primarily for high

speed flights, the present experimental study is performed at

subsonic flow regime, since the supersonic aircraft would
spend more time in that segment in the take-off and landing
phase. Very little knowledge is available for the unsteady flow

phenomena and surface pressure distributions over the non-
slender delta wings at very low subsonic flow regime. In addi-
tion, all the existing data is very old and not reliable.

Therefore, the present study is motivated by an essential
goal for carrying out extensive wind tunnel tests to a half span
non-slender delta wing having 45� sweep at angles of attack up
to 25�. The surface pressure measurements obtained on both

the suction and pressure surfaces have been used in calculating
the aerodynamic characteristics such as lift, drag, pitching
moment and pressure coefficients. The results of this study will

help to better understand the flow characteristics of the non-
slender delta wing at low angles of attack. The results will also
be very useful for validating numerical studies conducted on

non-slender delta wing based on different turbulence models.
The remaining part of the paper proceeds as follows: Sec-

tion 2 gives the details of the experimental set-up of the model

and the instrumentation used in this study. Section 3 intro-
duces the results and discusses the findings of the research.
Finally, Section 4 presents the main conclusions derived from
this study.

2. Experimental set-up

2.1. Subsonic wind tunnel

All the experiments were conducted in a compact and practical

subsonic open circuit wind tunnel type with a rectangular test
section size of 0.762 m � 0.762 m and can handle free stream
velocities in the range of 0.0 to 36 ms�1. Figure 2a shows a

schematic layout of the used open circuit wind tunnel with
names of the main components. All necessary equipment that
used for changing the angle of attack of test model in the pitch

plane, measuring the aerodynamic forces and measuring sur-
face pressure distributions was fitted to the sides of the wind
tunnel working section. As illustrated the photo in Fig. 2b,
the tunnel is equipped at the back with an AC three-phase

axial variable speed fan, which draws the air into the inlet that
is fitted with a honeycomb and multiple screens to streamline
the flow hence reducing turbulence. The air then passes

through the contraction cone prior to reach the test section,
where the test model is mounted. Finally, the air passes
through the diffuser at the end of the test section, and then
back to the atmosphere. The turbulence level does not exceed
more than 0.051% for a free-stream velocity at 10 ms�1, except
for regions very close to the tunnel walls with the variation of

the free-stream velocity direction will be within ±0.6�.

2.2. Half-span delta wing (test model)

The test model used in the present set of measurements is a
half-span symmetrical delta wing which has a tip chord greater
than 0.0 m (cropped delta). A plate of aluminium was

machined to form the shape of the test model with coordinates
generated using a CAD software. A centre circular hole and a
circular disc were fabricated to enable the test model to be

securely mounted yet freely rotatable within the test section
of the wind tunnel. The maximum thickness of the model after
finishing was tmax ¼ 0:08 m. The model had a leading-edge
sweep of K ¼ 45� with a base width (semi-span) of

s=2 ¼ 0:6 m. The model had a root chord of cr ¼ 0:7 m and
a tip chord of ct ¼ 0:1 m, while the radius of the leading-
edge at root and tip were RL:EðrootÞ ¼ 0:075 m and

RL:EðtipÞ ¼ 0:095 m, respectively. At the trailing-edge, the model

is bevelled on the windward side at an angle of b ¼ 20� to form
sharp leading edges. A schematic diagram of the test model is
shown in Fig. 3 with the geometric details listed in Table 1. In

the present study, x represents the coordinate along the wing
centre-line measured from the wing apex, y represents the
coordinate along the wing local semi-span measured from
the wing centre-line and z represents the height above the

upper wing surface, as shown in Fig. 3.

2.3. Test conditions and accuracy

From a measurement of the Pitot and static pressures, the free-

stream velocity upstream of the model was U1 ¼ 30 ms�1,

which gives a Reynolds number of Rec ¼ 8:37� 105 based

on the mean aerodynamic chord of the test model. The free-
stream velocity is estimated to have an accuracy of �1%, while
the mean intensity of turbulence was approximately 1%. The

temperature of the ambient air was at Tamb: ¼ 40�C, with an
accuracy of �2%, and the ambient air pressure was at

Pamb: ¼ 1:01325� 105Pa within �2%.
Since the wind tunnel velocity was not varied, the free-

stream Mach number was constant for all the wind tunnel test-
ing experiments (M1 ¼ 0:1). The model was mounted on a
sting with a horizontal support and flexible joint for adjusting

the angle of attack. A vertical column was used for manipulat-
ing the height of the horizontal support whilst constraining the
model to remain aligned with the central axis of the test sec-

tion. The test conditions for the present work covered a range
of angles of attack from 0� to 25�, with an accuracy of �0:05�.
The test model was mounted in the test section with no yawing
angle with respect to the free-stream flow with an accuracy of

�0:01�.
The overall uncertainty (wR) of the experiment was calcu-

lated by Eq. 1 [33] by summing the uncertainties in each indi-

vidual variable as indicated in Table 2. Based on Eq. 1 and the
values in Table 2, wR reached 10.18%.

wR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2a þ u2Cp

þ u2CL
þ u2CD

þ u2CM;L:E

q
ð1Þ



Fig. 2 Illustration of the subsonic wind-tunnel experimental facility showing (a) a schematic sketch and (b) a photo showing the actual

view of the wind-tunnel.

Table 1 Geometric details of half-span delta wing (test
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2.4. Surface pressure measurements

Thirty-two pressure-tapping holes (0.8 mm inner diameter)
were created on the test model to measure the surface pressure
distributions at five span-wise locations. Twenty-six pressure

tappings were scattered across each of the pressure and suction
Fig. 3 Layout of the half-span delta wing geometry.
sides with 3 tapings on the leading edge and 3 on the trailing
edge (see Fig. 4 for a schematic diagram for the location of

the pressure tappings).
model).

Model parameters Value

Root cord cr ¼ 0:7 m

Tip cord ct ¼ 0:1 m

L.E. radius at the

root

RL:EðrootÞ ¼ 0:075 m

L.E. radius at the

tip

RL:EðtipÞ ¼ 0:095 m

Sweep angle K ¼ 45�

Bevel angle b ¼ 20�

Half-span s=2 ¼ 0:6 m

Max thickness tmax ¼ 0:08 m

Planform area A ¼ sðcr þ ctÞ=4 ¼ 0:24 m2

Aspect Ratio AR ¼ ðs=2Þ2=A ¼ 1:5

Taper Ratio k ¼ ctip=croot ¼ 0:143

Mean aerodynamic

chord
cmac ¼ 2=3cr½ð1þ kþ k2Þ=ð1þ kÞ� ¼ 0:475 m



Table 2 Uncertainty of the experiment variables.

Variable Uncertainty

Angles of Attack a ¼ �5%

Pressure Coefficient Cp ¼ �5%

Lift Coefficient CL ¼ �4%

Drag Coefficient CD ¼ �4%

Pitching Moment Coefficient CM;L:E ¼ �4:65%
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Two multi-tube manometers were connected to the pressure
holes to record the pressure data from all pressure taps at the

same time. To collect the surface pressure and velocity data,
the test model was aligned in the test section at a geometric set-
ting of zero angle of attack. The upper and lower surface pres-

sure readings were matched to check if the test model was
aerodynamically set at zero angle of attack or not. From the
surface pressure data, the aerodynamic forces were calculated

at angles of attack between 0� to 25�, in increments of 5�. The
overall accuracy of pressure measurement was estimated to be
less than 5%; the repeated tests indicated an uncertainty in the
pressure coefficient of �0:05. The wind tunnel was run up to a

speed that indicated around 40 mm of water on Betz Micro-
manometer. The two reference pressures (PA & PB) of the wind
tunnel, laboratory ambient pressure and ambient temperature,

were recorded. The parameters of the free-stream conditions
were calculated experimentally using the reference pressures
and calibration constants (K1 & K2) of the wind tunnel [34].

3. Results and discussion

3.1. Pressure coefficients

Using the manometer height data from the two multi-tube

manometers, the pressure distribution on both the upper and
lower surfaces of the test model at the five span-wise stations
were calculated and displayed in the form of graphs at angles
of attack up to 25�, as shown in Figs. 5a-f. The flow around the

non-slender half-span delta wing is assumed to be
Fig. 4 Location of the pressure tapings on five s
incompressible, inviscid and irrotational for low subsonic flow

(M1 < 0:3). Bernoulis equation (Pþ qV2 ¼ constant) is
applied at every point throughout an irrotational flow when
a steady flow is assumed. From the measurements, the Pitot

pressure is (P0) and static pressure is (P1), thus the velocity
of air flow around the wing model is given by:

U ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðP0 � P1Þ=P0

p
ð2Þ

The Pressure coefficient (CP) is given by:

CP ¼ ðP1 � P1Þ=q1 ð3Þ
where q1 is the dynamic pressure and is given by

(q1 ¼ q1V2
1=2). The two reference pressures PA and PB were

calibrated so that dynamic and free-stream pressures at the test
section can be calculated as follows:

q1 ¼ K1ðPA � PBÞ ð4Þ

P1 ¼ PB þ K2ðPA � PBÞ ð5Þ
where K1 and K2 are the wind tunnel calibration constants and
they are approximated to be equal to 1.05 and 0.0 respectively.

As shown form Figs. 5a-f, a-f, the flow-induced pressure
distributions were measured at five different span-wise values

of y=s = 0.10, 0.35, 0.60, 0.85 and 0.95 along the non-
dimensional chord-wise distance, x=c. From the pressure coef-
ficient graphs, it can be seen that that most lift on the half-span

span delta wing is generated in the region close to the leading
edge for all the studied incidence angles.

The most aerodynamic aspect of delta wing is the formation

of leading-edge vortexes that roll downstream over the wing
suction side; hence trailing edge vortexes are dominating which
causes more drag thereby suppressing lift. These stream-wise
vortexes are formed due to the flow separation at the wing

leading edge. As the flow separates, a vortex sheet rolls up into
a vortex core where the flow accelerates as it travels down-
stream and finally it will be burst at some point downstream.

3.2. Lift coefficient at different angles of attack

The values of the lift coefficient (CL) generated by the test

model are calculated and compared at the five span-wise
pan-wise stations starting from the root to tip.



Fig. 5 Surface pressure distributions on the test model at five span-wise-stations.
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stations in Fig. 6 at angles of attack
a ¼ 0�; a ¼ 5�; a ¼ 10�; a ¼ 15�; a ¼ 20� and a ¼ 25�.

Lift coefficient at each angle of attack is calculated using
the following equation:

CL ¼ L

ðqV2
1Þ=2ÞA ð6Þ

The maximum uncertainty in lift coefficient calculations is
found to be less than 4%.The graphs show that for a > 10�

a higher lift is created in the region close to the root chord than

that close to the tip chord (approximately 33%). Furthermore,
lift increases slightly (approximately 5%) from chord to tip up
to a ¼ 10�, then it starts to decrease as the angle of attack
increases due to the vortex bursting which generates the drag.
The angle of attack 10� represents here a turning angle after
which the trend of the lift coefficient changes with cord length.

These results are generally inline with the delta wings
related literature which showed that the local pressure decrease

beneath the vortex core induces the vortex lift [35]. This local
pressure increase has an intense acceleration of the longitudi-
nal velocity. Also it was found that the upward deflected vor-

tex flap (constant cord) could increase the lift coefficient by
0.18 at angle of attack before stall [36].

3.3. Drag coefficient at different angles of attack

Fig. 7 shows the plots of the drag coefficient (CD) versus y=s at
the range of the studied angles of attack, i.e. a= 0� to 25�. The



Fig. 6 Distribution of the lift coefficient on the test model

against y=s at different angles of attack.
Fig. 8 Distribution of the Pitching moment coefficient about the

leading edge on the test model against y=s at different angles of

attack.
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drag related to the skin friction is considered during the drag
calculation since a thick boundary layer is developed due to
the inviscid and the incompressible airflow around the test

model.
The drag coefficient at each angle of attack is calculated

using the following equation:

CD ¼ D

ðqV2
1Þ=2ÞA ð7Þ

The maximum uncertainty in drag coefficient calculations is
found to be less than 4%. At very low angle of attach (a = 0�
to 5�) the drag coefficient is very small. At these low angles, the
skin friction is quite small due to the turbulent flow character-
istics at low angle of attack. The angle of attach 10� represents
a special case, similar to the lift coefficient results for this angle
of attack. The drag coefficient slightly increased with the chord
length. For a > 10�, the drag coefficient rises with the angle of

attack and this occurs from the tip to the root. The increasing
drag coefficient at a > 10�, is not surprising. It indicates the
development of the thick boundary layer of this type of flow.
This increase in the drag coefficient indicates a unfavourable

behaviour for manoeuvring at a > 10�.
This finding broadly supports the work of other studies

which also reported increased drag coefficient with increasing
Fig. 7 Distribution of the drag coefficient on the test model

against y=s at different angles of attack.
the angle of attack (see, e.g., Elsayed et al. [20] and Chen

et al. [30]).

3.4. Pitching moment coefficient about the leading edge

The plots of the pitching moment coefficient about the leading

edge, Cm;L:E at five span-wise stations on the test model for

studied angles of attack are shown in Fig. 8.

Pitching moment coefficient about the leading edge of the
wing model is calculated from the following equation:

CM;L:E ¼ M

ðqV2
1Þ=2ÞAcMAC

ð8Þ

The maximum uncertainty in CM;L:E calculations is found to

be less than 4.65%. The plots show that the value of Cm;L:E

increases linearly from wing model root towards tip with the

angle of attack up to a ¼ 10�, then it increases gradually for
a ¼ 15� & a ¼ 20� until y=s = 0.37 & 0.63 respectively before
it drops sharply until reaches the tip of the wing model. For

a ¼ 25�, the moment coefficient become steady for the model
root until y=s ¼ 0:09, then starts to decrease slowly until the
tip point.

The change in pitching moment slope for a ¼ 25� indicates
that the model gradually shifts from a statically stable config-
uration to a statically unstable configuration. Similar to the
results of lift and drag coefficient, the trend of the pitching

moment coefficient changed due to the development of the tur-
bulent flow along the cord length with the relatively increase
angle of attack.

The turbulent flows with leading edge vortexes at a ¼ 25�

might be generated over the delta wing in the post-stall regime.
More information on the fluctuations of the pressure readings,

and ultimately the lift, drag and pitching moment coefficients,
could be usefully explored in further research. Due to the lim-
itations of the study, further work needs to be done to establish
quantitative observations and statistical analysis on these

variables.

4. Conclusions

A comprehensive experimental study is presented in this paper
to investigate the unsteady flow field and surface pressure dis-
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tributions over a non-slender delta wing in the subsonic flow
regime and angles of attack ranging from 0� to 25�. The mea-
surements were taken at five different span-wise stations. The

results showed that the generated lift on the non-slender delta
wing mostly occurs in the region close to the leading edge and
its value increases gradually with increasing the angle of

attack. This is due to the formation of leading edge vortexes
which generates an additional lift. The results showed also that
at angle of attack greater than 10� the flow characteristics sig-

nificantly changes. The drag coefficient increase after this
angle, indicating unfavourable behaviour for manoeuvring
after this angle of attack. Also, a higher lift is created in the
region close to the root than the tip-chord. On the other hand

the drag force increases with an increase in the angle of attack
and from the tip to root of the wing. The increase of the drag
force may reach 60% in case of angle of attack of 25�.

These findings contribute in several ways to our under-
standing of the aerodynamics of non-slender delta wing at
low angle of attack. However, further numerical studies could

assess the aerodynamics of these flows using computational
fluid dynamics models based on advanced turbulence models.
These proposed studies will benefit from the measurement

reported in the current study. This would be a fruitful area
for further work.
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