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This paper highlights the results and comparison of the flow topology investigation above the unmanned combat aerial vehicle
(UCAV) configuration, namely, multidisciplinary design configuration (MULDICON), with modified leading-edge profile at
the apex region from a sharp to a blunt profile to reduce the complexity of the flow structure above the wing. It was found
from the flow visualization results that at a low angle of attack, for instance, 10°, the onset of the flow separation took place
near the apex region; the onset of a tip vortex at the wing tip was also detected. At a medium angle of attack, for instance, 15,
the onset of the flow separation moved further upstream with the formation of the apex vortex, and the magnitude of the tip
vortex increased due to increasing incoming flow with increasing the angle of attack. At higher angle of attack, for instance,
20°, the apex vortex intensity increased and wing tip vortices shedding is observed. Furthermore, at an angle of attack of 25°,
the configuration is partially stalled, while a complete stalled occurred at an angle of attack of 30°. The current results obtained
from this study have shown that the configuration has a maximum lift coefficient of 0.8 obtained from the K-Omega-SST
turbulence model while it is 0.93 calculated from the Spalart-Allmaras turbulence model, while the maximum drag coefficient
is 0.31 and 0.35, respectively, when calculated for the K-Omega-SST turbulence model and the Spalart-Allmaras turbulence
model at an AOA of 25°. The flow visualization results revealed that there is a single flow separation due to modified leading
edge from sharp to blunt, thus flow complexity is reduced.

1. Introduction

The design of unmanned combat aerial vehicles (UCAV)
continues to be a major challenge among aeronautical engi-
neers and researchers. In the recent studies several wing
configurations were introduced such as the diamond config-
uration, stability and control configuration (SACCON), and
multidisciplinary design configuration (MULDICON) in
order to obtain optimum aerodynamic characteristics on
the UCAV. In addition, the leading-edge profiles of these
configurations are designed as sharp leading edge at the apex
followed by a blunt leading edge at the midwing section
where the bluntness is defined by the radius of the leading
edge [1, 2]. The flow topology above a blunt leading-edge
delta wing is very complicated and unresolved due to that
the onset of the primary vortex is not fixed at the apex of

the configuration unlike the case of the sharp leading edge
where the onset of the primary vortex is fixed at the apex
of the configuration primary. Therefore, the vortex structure
above these delta wing configurations is very complicated
which led to several experimental and numerical studies to
further understand the flow structure above these delta wing
configurations stated above [2]. Furthermore, there are
numerous ongoing UCAV programs in the Asia region at
present such as in India Autonomous Unmanned Research
Aircraft (AURA) and South Korea (K-X) UCAV where the
main focus of these UCAV programs is on delta wing con-
figurations with low to medium sweep angle, ie., 35" to
55°, including different leading-edge profiles such as blunt
and sharp leading edges, to improve performance, endur-
ance, and to maximize the lift of the actual flight at a high
angles of attack where the flow could be complicated above
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FIGURE 1: Generic profile of SACCON (a) and MULDICON (b) [9, 10].
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F1GURE 2: Comparison of lift and drag coeflicients versus angle of attack [17].

the configuration due to the multiple flow separations [3].
Correspondingly, several designs and concepts involved with
delta wing have been investigated including blended flying wing
configurations to achieve a stealthy and agile attribute which are
the major challenges for advanced UCAV design, and similarly-
swept angle lambda wing configuration [4]. To point out, prior
to the development of SACCON and MULDICON similar
programs were conducted under The Applied Vehicle Tech-
nology (AVT) research program started with numerical and
experimental investigations on the vortex topology of delta-
wing configurations [4]. The program which started with a
research team, namely, AVT-080, which focuses on the aero-
dynamics properties of a sharp leading-edge profile, followed
by another research team, namely, AVT-113, to further inves-
tigate the vortex structure of blunt leading-edge profile [4].
Moreover, an additional research team, namely, AVT-161,
has been commenced to concentrate on the assessment of

stability and control prediction methods for air and sea vehi-
cles including a new configuration concept called the stability
and control configuration (SACCON) to carry out numerical
and experimental investigations on the stability and control
of the SACCON [5]. Furthermore, the SACCON design is a
lambda wing with a leading edge sweep angle of 53" and 5°
twist at the wing tip to delay the stall at high angle of attack.
It also comes with three main sections, namely, the fuselage,
outer wing section, and wing tip with different leading-edge
profiles starting from the apex towards the trailing edge. The
current results illustrate that the flow over the SACCON is
very complicated due to multiple leading-edge flow separa-
tions [5, 6]. In the same way, a research group under AVT pro-
gram, namely, AVT-183, to investigate and predict the onset
of the flow separation of the newly introduced configuration
named DIAMOND wing which is simplified from SACCON
design. The purpose of establishing such a research team is
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to emphasis on the onset and progression of the flow sep- Tasre 1: MULDICON dimensions for numerical simulation.
aration, particularly for a constant blunt leading edge of —
diamond-shaped configuration which comes with a 53° Description Value
leading-edge sweep angle [7]. Lastly, a recently introduced Wingspan 0.154m
configuration, namely, multidisciplinary design configuration Wing area 0.00803 m*
(MULDICON), under a research team that is AVT-251 which Root chord 0.06m
is established to apply adyanced num.ericzq .solutiorlls .and Tip chord 0323 m
approaches to a UAV design for certain military missions. .
Sweep angle 53

Additionally, the research team is divided into five subgroups
which are the Design Specification and Assessment Group
(DSAG), Aerodynamic Shaping Group (ASG), Engine Inte-
gration Group (EIG), Control Concepts Group (CCG), and
Structural Concepts Group (SCG) [8]. Notably, the MULDI-
CON was based on SACCON; however, a significant change
from SACCON was that the trailing-edge sweep angle has
been reduced from 53° to 30° in the MULDICON to reduce
the load on the control surface devices and to increase the con-
figuration area, thus increases lift force. Both configurations
are shown in Figure 1 [9, 10].

To emphasize the flow topology of both sharp and blunt
leading-edge profiles of the delta wing, the flow topology of
the delta wing with sharp a leading edge is dominated by a
conical-shape primary vortex above the wing with a fixed
separation line at the leading edge where increasing the
angle of attack results in increasing the magnitude of the pri-
mary vortex while its magnitude decreases as it travels

TaBLe 2: MULDICON dimensions for experimental flow

visualization.

Description Value
Wingspan 0.25m

Wing area 0.0212m*
Blockage ratio 5.10% at AOA =300
Root chord 0.0975m

Tip chord 0.05cm
Sweep angle 53°

downstream towards the trailing edge. Correspondingly, a sec-
ondary vortex appears underneath the primary vortex due to
the side strong flow towards the leading edge [11, 12].
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FIGURE 5: View of volume mesh of the configuration.

Meanwhile, the flow topology above blunt-edged delta wing is
complicated due to leading edge bluntness where the onset of
the flow separation is not fixed at the leading edge as the case
of sharp leading profile, but the flow separation takes place
somewhere near the apex of the wing. In detail, at low angle
of attack the attached nonseparated flow is dominant, and
the onset of the primary vortex takes place at a position down-
stream from the wing apex due to the small ratio between the
leading radius and the wing span. The factors that affect the
flow topology of a blunt leading profile are governed by
Reynolds number, angle of attack, Mach number, and the
bluntness ratio [13-16]. Moreover, in the effort of numerical
studies and investigations of the flow topology above MULDI-
CON, Aref et al. investigated the aerodynamic characteristic
computationally with angle of attack range of 0” to 20°, and
the results obtained show that the configuration has a linear
aerodynamic regime up to an angle of attack of 16°. Further-
more, the lift coefficient captured at an angle of attack of 20°
is 0.9, meanwhile the drag coeflicient is 0.25 as indicated in
Figure 2 [17]. Comparatively, Schutte and Vormweg studied
the effect of different leading-edge profiles on the flow topol-
ogy and the aerodynamic performance above MULDICON.
The study objective is to investigate the flow topology on the
three different leading-edge profiles, namely, NACA-64A-
010 which is noncambered airfoil, NACA-65A-410 which is
cambered airfoil, and supercritical airfoil which delays the
onset of the wave drag, and compare the results of these three
airfoils to the baseline configuration. The results obtained for
the three stated airfoils indicate that the flow separations and
complexity are reduced compared to the baseline configura-
tion which has multiple flow separations as can be seen in
Figure 3. The results obtained have also shown that these

critical airfoils and NACA-65A-410 airfoils can provide a high
lift coefficient and a low drag coefficient [18].

The flow topology above MULDICON is complex which
leads to multiple flow separations due to the current
arrangement of three leading edge profiles starting from
the apex towards the rear part of the configuration as the fol-
lowing: sharp, blunt, and sharp. The effort in this study
tends to decrease the multiple flow separations by rearran-
ging the leading-edge profiles from the current design to
blunt and blunt and sharp profiles.

2. Setup and Methodology

2.1. Test Configuration. The chosen leading-edge profiles are
arranged from the apex towards the rear part of the config-
uration as MH-61 airfoil with blunt leading-edge profile
which is suitable for flying wing designs as it provides high
lift and low drag with max camber of 1.4% at 37.3% chord
with leading edge radius of 2.5 mm which defines its blunt-
ness, NACA A64-010 noncambered airfoil to reduce the
multiple separations occurred by the sharp leading profile
of the original design was due to its leading edge bluntness
which has 2.5mm radius as well, and lastly NACA A65-
410 which is cambered airfoil with Max camber of 2.2% at
50% chord with sharp leading edge profile to provide
sufficient lift force at high angle of attack as the modified
MULDICON can be seen in Figure 4. Furthermore, two
models with different scale ratios were used for this study,
the first model scaled down to a ratio of 1/100 for the
numerical simulations as the dimensions are indicated in
Table 1 with inlet velocity of 45 m/s which is corresponding
to Reynolds number of 1.8 x 10°, the second model scaled
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FiGgure 7: The NCKU open-jet wind tunnel.

down to a ratio of 1/60 for the experimental study as the
dimensions are illustrated in Table 2 with inlet velocity of
27.3m/s which is corresponding to Reynolds number of
1.8 x 10° as well where the reason for larger model for the
experimental work is for spreading the oil film and to place
the tuft on the surface as well as better observation of the
flow details above the configuration where the used surface
tuft are 12 rows of 8 mm long canvas tuft and 5mm gaps
between each row. In addition, the experimental model con-
structed by using 3D printing technology and brushed with
sandpapers several times to ensure smoothness.

2.2. Computational Grid. The grid used for the numerical
simulation study was generated using the Ansys Fluent
meshing tool, and the average number of elements for all
cases is about 13 million including the volume mesh of the
flow domain and the UCAV surface mesh where the UCAV
surface mesh was set to hard meshing behavior to avoid any
affection by the proximity and curvatures for the selected
number of mesh elements with overall maximum skewness
quality of 0.85 and minimum orthogonal quality of 0.15.
Moreover, the volume mesh is completely unstructured with
growing ratio of 1.2. The volume mesh and surface mesh are
illustrated in Figures 5 and 6, respectively.

2.3. Fluent Setup. The Ansys software was used to solve the
flow above the wing by calculating the N-S equation for
three-dimensional flow under incompressible flow condi-
tions. The flow domain has an inlet distance of 300 mm
which is 5 times the UCAV root chord length of 60 mm with
a velocity inlet of 45m/s, and outlet distance of 600 mm
which is 10 times the UCAYV root chord length with a con-
stant pressure outlet (static pressure) as the outlet boundary

F1GURE 8: The Model installation in NCKU wind tunnel at angle of
attack of 15°.

condition. Moreover, the turbulence models used for this
study are Spalart-Allmaras and K-Omega-SST as recom-
mended by Ansys manual and discussed by [8] to evaluate
the prediction of the turbulence effect and the aerodynamic
coeflicients of both turbulence models and to be compared
with the baseline configuration results. Additionally, a
coupled second-order discretization was used where K is
the kinetic energy of turbulence and the number of iterations
is 750 to ensure convergence of the solution.

2.4. Mesh Independence Study. In order to ensure mesh accu-
racy a mesh independence study was carried out in three
steps. The first step has around 6 million elements to ensure
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FIGURE 9: CFD K-Omega-SST result (a) compared to oil film results (b); AOA =100, Re=1.8 x 10°.

convergence of residual error to 10, while the second step
has around 9 million with 1.5 times increment to the num-
ber of elements in the first step. Lastly, the third step follows
the same order as the second step and has around 13 million
elements with an insignificant change in the results com-
pared to the second step.

2.5. NCKU Wind Tunnel Facility. The experiments were
conducted in the National Cheng Kung University (NCKU)
open-jet wind tunnel which is featured with a circular test
section of 0.5m in diameter, as can be seen in Figure 7,
and a maximum velocity of 30 m/s. The freestream turbu-
lence intensity is less than 0.6% at the maximum velocity
of the wind tunnel, and the model installation in the wind
tunnel is illustrated in Figure 8.

3. Results and Discussion

A comparison of the numerical analysis and wind-tunnel
experiments obtained results on the MULDICON at
National Cheng Kung University NCKU for ¢ =100, 157,
20°, 25°, and 30° at Re=1.8x10° are illustrated in the
figures, respectively, where Re is based on the incoming free-
stream velocity, the root chord length of the model, and
angle of attack. As can be seen from the experimental oil-
film visualization results which obtained under the five
angles of attack that there is one flow separation at the lead-
ing edge due to the modified leading-edge profiles from
sharp to blunt; thus flow complexity is reduced compared
to the baseline which has two flow separations one at the
apex due to the sharp leading-edge profile and the second
separation at the wing leading edge due to the blunt
leading-edge profile. Furthermore, the flow separation is
not initiated at the apex of the wing where the onset of the
flow separation took place at a position near the apex which
is apparently due to the leading-edge bluntness as discussed
by [13-16, 19]. To further emphasize the flow mechanism, at
a low angle of attack, for instance, 10°, the flow field is dom-
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FiGUure 10: Surface tuft method result at AOA=100 and Re=
1.8 x 10°.

inated by a large region of attached flow. The onset of the tip
vortex at the wing tip is initiated due to the sharp leading
edge profile, while the onset of the flow separation took place
near the apex as the separation lines can be seen inboard of
the configuration from the skin friction lines in the pressure
contour of the numerical results and the oil-film footprint of
the experimental results, as indicated in Figure 9. In addi-
tion, the separation lines of the oil-film experimental results
are shown slightly outboard compared to the numerical
solution due to that the numerical calculations are not capa-
ble of unveiling the exact detailed flow structures revealed by
the oil-film visualization method which requires improve-
ment to the numerical method, especially in those areas
where flow separations and flow re-attachments could occur.

A surface tuft method was carried out in the effort of
obtaining a 3D picture of the vortex structure above the con-
figuration. The results obtained illustrate that the onset of
the tip vortex is noticed by the bending trend of the tuft
on both sides of the configuration which follows the flow
direction as indicated by the red arrow shown in Figure 10.
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FiGURE 11: CFD K-Omega-SST result (a) compared to oil film results (b); AOA =150 and Re=1.8 x 10°.

Additionally, the flow separation region near the leading
edge has been identified and traced with the red line, while
near the apex and midsection of the configuration is domi-
nated by a large region of attached flow which is similar to
the trend in the CFD results.

Similarly, a further increase in the angle of attack, for
instance, 15°, shifts the onset of the leading-edge separation
further upstream towards the apex of the wing due to
increasing the flow velocity over the wing. The oil-film
results clearly show the locations of the flow separation lines
and the inboard shift with an enlarged region of the tip vor-
tex due to the apex vortex which increases the spanwise flow
near the tips and results in increasing its intensity as well.
Furthermore, multiple leading-edge separations are easily
observed compared to the previous case, as illustrated in
Figure 11. Additionally, the surface tuft method result as
well indicates that the region of the spanwise flow at the
wing tip is enlarged due to the increment of alpha, while
the footprint of the tuft at the leading edge indicates the
upward shift of the flow separation line, as can be seen in
Figure 12.

Further increase in the angle of attack, for instance, 20°,
the onset of the flow separation at the leading edge can be
clearly identified from the numerical and experimental
results as shown in Figure 13 which is noted further
upstream near the apex where the apex vortex is smaller in
radius compared to the results of low to medium angles of
attack. Additionally, the small radius of the apex vortex indi-
cates increasing its suction magnitude and that explains the
vortices shedding from a location near the wing tip towards
upstream while the spanwise flow intensity at the wing tip is
less due to the wider wing tip separation. Moreover, the oil-
film result indicates a similar trend of the flow separation
onset near the apex as unveiled by the numerical result
and also indicates the vortex shedding region where the
upstream shedding of the vortices of the delta wing is dis-
cussed by [20].

The oil film experiment does not provide a 3D picture of
such vortices shedding which required a surface tuft method

F1GURE 12: Surface tuft method result at AOA =150 and Re=1.8
x 10°.

experiment to obtain a 3D picture of the vortices shedding
from a location near the wing tip towards upstream. As
can be seen from Figure 14, the vortices shedding is clearly
identified (spanwise flow), as indicated by the large red circle
on the right-side wing tip where the spanwise flow region
increases as well due to the wide flow separation at the wing
tip. Furthermore, increasing the angle of attack moves the
onset of the flow separation further upstream towards the
apex as the location of the flow separation onset indicated
by the small red circle at the top left side of the configuration
where the upstream progression of the separation onset with
increasing the angle of attack is discussed by [13-16].
Similarly, at an angle of attack of 25°, the onset of the
flow separation moves further upstream towards the apex
of the configuration. To be noticed at this stage is that the
vortices shedding from the wing tip towards the apex
become weaker as the spanwise flow along the leading edge
is reduced which explains that the intensity of the apex
vortex is insignificant, as illustrated in Figure 15 which also
explains the poor increment of the lift coefficient compared
to the previous cases, as notified in Figure 16. Furthermore,
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FiGURE 13: CFD K-Omega-SST result (a) compared to oil film results (b); AOA =200 and Re=1.8 x 10°.

F1GURE 14: Surface tuft method result at AOA =200 and Re=1.8
x 10°.

Figure 15 shows an unsteady flow structure covering a large
portion of the configuration which indicates that the config-
uration is partially stalled, especially at the wing tip and the
midsection wing.

At an angle of attack of 30°, fully separated flow and
unsteady flow structure are indicated at this stage, as illus-
trated in Figure 17. Multiple trailing edge separations and
spiral separation at the midposition of each wing are marked
with red circles which explains the descending lift coefficient
and rapid increment of drag coefficient notified in Figure 16
which are associated with configuration complete stall con-
dition. To be notified, the results of the surface tuft experi-
ment were not included for both angles of attack of 25°
and 30° due to the unsteady aerodynamics above the config-
uration which results in unsteady movement of the tuft and
led to a lack of clear vision indicating partial and complete
stall of the configuration at AOA 25° and at AOA 30°,
respectively.

Figure 16 shows lift and drag coeflicients trend verse
angle of attack where the maximum lift coefficient of 0.8
is achieved for the K-Omega-SST turbulence model at an
angle of attack of 25°, while the maximum lift coefficient
of the Spalart-Allmaras turbulence model is 0.93 at the
same angle of attack where beyond this the lift coefficient
started to drop. In addition, the new MH-61 airfoil with a
blunt leading-edge profile maintained a sufficient lift coef-
ficient at a high angle of attack. On the other hand, the
drag coeflicient captured at an angle of attack of 25° is
0.31 for the K-Omega-SST turbulence model and 0.35
for Spalart-Allmaras turbulence model where beyond that,
the drag coeflicient increases rapidly due to the stall con-
dition. A comparison of the baseline lift and drag coeffi-
cient has been included which indicates that the baseline
configuration has a higher lift coefficient compared to
the modified configuration of this study, and that is due
to the bluntness of the leading edge, as blunt leading edge
produces a smaller weak vortex structure compared to the
sharp leading edge of the baseline configuration. In addi-
tion, lift and drag experimental data are not provided in
this paper due to limitations of the experimental equip-
ment, and the numerical lift and drag coeflicients are pro-
vided as supplementary data where the main focus in this
paper is on the flow visualization to ensure reduction of
the flow complexity above the modified configuration.

Correspondingly, a comparison of the Cl/Cd ratio of
the modified configuration for both turbulence models is
illustrated in Figure 18 and compared to the baseline
configuration. As can be seen, at low and moderate
angles of attack, the baseline configuration has a higher
Cl/Cd ratio compared to the modified configuration.
Due to that, the baseline configuration has a higher lift
coefficient as the vortex structures above the sharp lead-
ing edge are bigger and stronger compared to blunt
leading-edge profiles.
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4. Conclusions

In a numerical and experimental investigation study carried
out at National Cheng Kung University (NCKU) of modified
MULDICON UCAV. The results obtained from the numer-
ical simulations show that the modified configuration with
blunt leading-edge profile maintained a sufficient lift and
low drag coefficient at high angle of attack where the lift
coefficient of the K-Omega-SST turbulence model is 0.8,
while for the Spalart-Allmaras turbulence model is 0.93.
The flow visualization results unveiled that there is one flow
separation due to modified leading edge from sharp to blunt,
thus flow complexity is reduced compared to the baseline.
Furthermore, at a low angle of attack, for instance, 10°, the
onset of the flow separation took place at a location down-
stream of the apex, and an indication of the onset of the
tip vortex is noticed due to the sharp leading-edge profile
at the tip, while the attached flow is still dominant at this
stage. Further increase in the angle of attack, for instance,
15°, the leading-edge flow separation is obvious, and the
onset of the separation shifts further upstream towards the
apex; at this stage, the apex vortex is identified as well. In
addition, at a high angle of attack, for instance, 20°, the
intensity of the apex vortex increases due to increasing
incoming flow as well as wing tip vortices shedding
upstream is noticed. At an angle of attack of 25°, the config-
uration is partially stalled, while it is completely stalled at an
angle of attack of 30°.
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