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Abstract: This paper presents the results obtained from wind tunnel experiments on VFE-2
wing profile model which are differentiated by their leading edge profiles; medium- and
large-edged. VFE-2 was established to investigate the effects of Reynolds number, angle of
attack, Mach number and leading edge bluntness on vortex properties above-blunt-edged
delta wing. The original VFE-2 wing has 4 sets of interchangeable leading edge profile
namely sharp, small, medium and large-edge ratio. There were lot of experiments and
simulations data in VFE that compares sharp-edged with the medium-edged wings within
the VFE campaign. This paper presents the current data on a blunter wing or large-edged
wing. These experiments were conducted at UTM - Low Speed Wind Tunnel, Aerolab. The
experiments were carried out at speed of 18, 36 and 54 m/s representing Reynolds numbers
of 1x10°, 2x10° & 3x10°. Two measurement techniques were employed on the wing, i.e.
steady balance and surface pressure measurements. The results obtained from the large-
edged wing were compared with the results from medium-edge wing. The results showed
that the primary vortex depends on the leading edge bluntness, angle of attack and
Reynolds number. The results obtained from steady balance data showed that Ilift
coefficient is sensitive to leading edge bluntness at higher Reynolds numbers. Several
important observations were noted on the large-edged wing; i.e. the development of
primary vortex has been delayed and the vortex breakdown occurred further aft of the
wing. The data obtained provide a better insight into the leading edge effect on the delta-
shaped wing and also for the development of Unmanned Combat Air Vehicle (UCAV)
which most of them are integrated with delta wing technology.
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1 Blunt-edged Flow Topology

The exploitation of vortex lift on delta wing existed since 1940’s [1]. Since then,
there are researches that investigate the vortex flows above sharp-edge delta wing
[2-5]. On sharp-edged delta wing; primary separation takes place when a stable
shear layer is formed from a series of small vortices that shed in the leading edge
of the wing. These shear layers form curling up over the wing upper surface into
concentrated vortices in a spiral fashion [2-4]. The primary vortex is generated
and initiated from the wing apex and it grows in strength and size extended
towards the wing trailing edge. Underneath this primary vortex, the adverse
pressure gradient increases in the region and another spinning vortex is developed
in the leading edge. This vortex is called the secondary vortex, which rotates in
the opposite direction of the primary vortex. [2].

The flow on blunt-edged delta is different from the flow formed on the sharp-
edged delta wing. Firstly, the flow separation does not happen in the apex region.
The flow is attached to the surface of the wing in a certain chord-wise position.
The primary vortex is then developed further aft of the wing that is based on a
Reynolds number, angle of attack and leading-edge bluntness [6-8]. This shows
that the onset of leading-edge separation was a function of flow conditions such as
Reynolds number, Mach number, blockage factors and wing geometry [9].
Another important flow phenomenon is that the primary separation line no longer
occurs at the leading edge but somewhere in vicinity of it [6]. This causes the flow
on the blunt-edged wing to be complicated and unpredictable.

Therefore, a research group has been established across Europe and USA to
further investigate flow phenomena on a blunt-edged delta wing. This group is
called as VFE-2 or International Vortex Flow Experiment 2 under AVT-113. The
group has the objective to compare the results obtained from numerical
calculations with wind tunnel experiments [9]. This group has used the original
Chu and Luckring [10] model tested in NASA NTF shown in Figure 1(a) as a
generic profile. The NASA original model has a flat plate in the middle with 4 sets
of interchangeable leading edge profiles namely as the sharp-edged, small-edged,
medium-edged and large-edged. These leading edge profiles were differentiated
by its leading edge radii to the wing chord ratio; i.e. 0 for sharp, 0.05 for small-
edged, 0.15 for medium-edged and 0.30 for large-edged wing as shown in Figure
1(b).

During the VFE-2 campaign, only the second wing or medium-edged wing was
selected for further experiments in several wind tunnels such as Glasgow
University [11-13], Tubitak Sage [14], Munich Technical University [15],
ONERA [16] and several other wind tunnel facilities. The main objective of the
campaign at that time was to study how either the numerical analysis or CFD can
well predict the flow on the blunt-edged delta wing. The results obtained from the
wind tunnel experiments were compared with the results obtained from Numerical
analysis.
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Figure 1(a)
Original NASA and VFE-2 configuration [9]
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Figure 1(b)
Streamwise leading-edge contours of original NASA and VFE-2 configuration [8]

The sample results taken from VFE-2 [17] campaign of the medium-edged wing
are shown in Figure 2 below. The flow on the medium-edge wing is covered by a
non-separated flow on the entire wing at a low angle of attack. However, it is
unclear whether the vortex is developed further aft of the wing in the trailing edge.
No data is available to date [13]. When the attack angle is increased, the primary
vortex is formed at a certain chordwise position from the apex as shown in Figure
2 below. From the figure, it can be observed the wing has been covered by two
main sections, i.e. the attached flow and the primary vortex. The primary vortex
moved forward or backward depending on the angle of attack, the Reynolds
number and also the leading edge bluntness. Increasing in angle of attack has
caused the primary vortex to move forward; there is no data that can indicate the
primary vortex is formed in the apex region if the angle of attack continues to be
increased to more than o = 25 ° to date.

Reduction the Reynolds number has caused the primary vortex to move forward
as shown in Figure 2. The comparison here was made between the results at Ryac
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of 3x10° and Ry, Of 2x10° at constant a of 13° and Mach number of 0.4. It cannot
be confirm, also, whether the primary vortex will develop in the apex region if the
Reynolds number is further decreased. Another factor that influenced the flow is
the leading edge bluntness itself; an increase in leading edge bluntness has caused
the primary vortex to be delayed. However the data on the blunter wing of large-
edged is still limited [8-19]. Another important observation that has been found in
the VFE-2 group was that they found another vortex formed inboard of the wing.
This vortex is named inner vortex. The formation of this vortex also depends on
leading edge bluntness, Reynolds number and also the angle of attack. More
experiments are necessary to study this vortex at a higher leading-edge radius [13,
15, 17-18, 20].

Primary
vortex

Attached
flow

(i) Rmac = 3x10° (ii) Riac = 2x10°

Figure 2
Pressure distributions on VVFE-2 configuration at a. = 13°, M = 0.4 on medium-edged wing at (i) Rmac of
3x10° and (ii) at Ry of 2x10°[17]

A research group has been established in UTM to further investigate the
influences of leading edge bluntness and Reynolds number on the VFE-2 model.
Since the VFE-2 research group has focused on the Medium-edged wing, the team
in UTM has decided to focus more on a blunter wing with a large-edged profile.
The main purpose of conducting the experiment on the large-edged wing was to
further investigate the characteristics of the primary vortex and vortex breakdown
at higher leading edge bluntness. In addition, the surface pressure data on this
wing is very limited as the VFE-2 group has only focused on the medium-edged
wing. In this current paper, the experiments performed at Reynolds number varies
from 1x10° to 3x10° where the flow is strongly influenced by laminar, transition
and turbulence. Current data such as drag and detailed surface pressure
measurement obtained from the large-edged wing were compared with the
medium-edge wing. Therefore, this paper presents the flow characteristics of
VFE-2 profile when the leading edge bluntness is increased. Some interesting data
will be discussed in the next sub section.

-10-



Acta Polytechnica Hungarica Vol. 15, No. 8, 2018

2 Experimental Tests Set-Up

2.1 UTM Aerolab

The experiments were conducted in a closed-circuit UTM-LST wind tunnel
facility in Aerolab (refer Figure 5). The dimension of the test section is 2.0 m (W)
x 1.5 m (H) x 5.8 m (L) with maximum speed of 80 m/s. The average turbulence
intensity at the centre of the test section is 0.06% measured at 40 m/s. The
boundary layer thickness is about 40 mm at a speed of 40 m/s. The facility was
equipped with 3—strut-support system located underneath the test section.

2.2 UTM VFE-2 Model

The original 65° swept angle NASA delta wing model tested in NASA [9] or
called as VFE-2 configuration in AVT-113 campaign has been replicated and
machined again in UTM under the Malaysian Ministry of Education Research
Grant for further experiments at lower Reynolds number. The original NASA
model has 4 sets of interchangeable leading edges namely as sharp, small, medium
and large radius wing that corresponding to the ratio of leading-edge radii to mean
aerodynamics chords re of 0, 0.05, 0.15 and 0.3 respectively. In UTM, only two
blunter wings, namely medium and large radius wings were built for further
experiments. This model is named as UTM VFE-2. The model has a root chord
length of, Cg = 1.311 m. The size of the UTM VFE-2 model is 2 times bigger than
the original NASA model. This is done in order to get a high Reynolds number
(Rimac = 3x106) in a subsonic wind tunnel. The original NASA model was tested in
the transonic wind tunnel. The final dimensions of UTM-VFE-2 model and the
contours of both leading edges are shown in Figure 3. The UTM VFE-2 model has
been machined from three main components. The first component is called a flat-
plate delta shaped with fix sharp trailing edge portion. The second components are
the leading edges itself, both leading edges will be attached to the flat plate during
the experiments. The final component is called as lower surface flat cover. All
parts were made from aluminium as shown in Figure 4.

2.3 Measurement Techniques

The experiments were carried out at the Reynolds number of 1x10°, 2x10° &
3x10° corresponding to the speeds of 18, 36 & 54 m/s base on the mean
aerodynamic chord of 0.87 m. The angles of attacks were varied from 0°< a < 25°
with 3° increment. The models were attached to six-component external balances
located underneath turntable. The models installation is shown in Figure 5. From
the figure, the model angle of attack can be created by adjusting the aft support
vertically. Two measurements techniques were employed on the model. The first
experiment was the steady balance data to obtain the forces and moments in x, y
and z. The steady balance data are measured using a heavy capacity external
balance located underneath the wind tunnel. This load cell can measure the forces
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and moments in 6 axes. For this project, the lift and drag are measured by forces
in -x and -y axes while the pitching moment is measured by the moment in the -z
axis. The sampling rate for each channels were captured at 100 Hz.

Interchangeable
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Figure 3

Dimensions of UTM VFE-2 model

Delta-shaped flat plate
> 4 with fix trailing edge
- - Lower surface
= flat- cover

Large wing
Medium wing

Leading Edge Assembly:

Figure 4
Delta wing model assembly

The final experiment was the surface pressure measurements that were captured
on the upper surface of the wing. There were 86 pressure taps located on starboard
side of the wing. The diameter of the orifice was doyer = 1 mm which located
normal to the wing surface. The pressure taps were arranged in 10 different chord-
wise stations started from 10% to 97% from the wing apex, i.e. in ¥/Crof 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.97 of the wing. In spanwise positions, more
pressure taps were placed in the leading edge region. This is done in order to
measure the primary vortex that developed in the leading edge. This is shown in
Figure 6. During the experiment, the data were captured at 1000 samples in 10
second or the sampling rate was 100 Hz. The installation of UTM-VFE-2 model in
the test section of UTM-LST is shown in Figure 5 below.

-12-
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Figure 5
The model installations at UTM-LST
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Figure 6
Leading-edge contours (not to scale)

3 Results and Discussion

In order to observe the impact of leading edge bluntness on the primary vortex, the
data obtained from the large-edged wing were compared to the medium-edged
wing.

—13-
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3.1 Medium and Large-edged Flow Characteristics

3.1.1  Aerodynamic Coefficients

The data obtained from the external balance data has been analysed and presented
in Figure 7. In order to investigate the influence of leading edge bluntness on C,,
Cp and Cy, the data obtained from the large-edged wing has been compared with
the results obtained from the medium-edged wing. The sample data at Ry, Of
3x10° is shown in Figure 7 below. The results show that both C_ and Cp are
reduced if leading edge bluntness is increased. This is consistent with Mat [12]
who experimentally showed that the magnitude of lift and drag forces decrease
when the leading edge bluntness is increased. This situation occurs because the
strength of the primary vortex is decreasing when leading edge bluntness is
increased. The reduction in Cp is also caused by the increase in leading edge
suction force acting in the leading edge of the wing.

A clear observation in Figure 7(a) shows that the C, for large-edged wing reduces
compared to medium-edged wing. This situation happened starting from o = 6°
onwards. This shows that C,_ decreases when the leading edge bluntness is
increased. This phenomenon is linked with the strength of the primary vortex. The
increases in the leading-edge radius have weakened the primary vortex. The
primary vortex is weakened because the primary separation has been delayed by
the leading edge profile. Another factor that causes C, to decrease is the attached
flow. The large portion of attached flow covered in the apex region of the large-
edged wing has reduces the C, as shown in Figure 7(a). The large fraction of the
leading edge suction force act on the large-edged has contributed to this behaviour
and thus increased the C,/Cp, ratio shown in Figure 7(c).The results here consistent
with Ronoei [21] who experimentally measured the C_/Cp, ratio on a generic span
delta wing.

The pitching moment coefficient (Cy) is plotted in Figure 7(d). In general, both
wings show to have a nose-down pitching moment. The medium-edged wing has
experienced a higher nose-down Cy, compared to the large-edged until a = 13°.
This may link to the greater strength of primary vortex that formed earlier on the
medium-edged wing compared to the large-edged wing. At angle of attack o >
13°, the pitching moment has becomes more negative for both cases. At attack
angle higher than a = 13°, it is notable that Cy, for large-edged wing is higher than
medium-edged wing. The reason for this is unknown to date and more
experiments are needed to verify this.

— 14—
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Figure 7
Effects of leading edge bluntness on aerodynamic coefficients at Ry = 3x10°

3.1.2  Surface Pressure Coefficient

This section discusses the results obtained from the surface pressure measurement
studies measured on the upper surface of both wings. In order to compare the
effects of leading edge bluntness, the surface pressure obtained for large-edged
wing has been compared to medium-edged wing. For example, the result at o =
13° and Ry, = 3%10° is compared in Figure 8. The pressure taps were arranged in
10 different chord-wise stations started from 10% to 97% of the wing. For the
medium-edged wing, it can be noted that the attached flow is formed from the
wing apex to 40% downstream. The primary vortex begins to occur at 50% from
the apex. The leading edge effect is obvious here, when the leading edge bluntness
is increased, it is notable that the attached flow area on the large-edged has
covered about 60% of the wing from the apex. Then, the primary vortex begins at
about 70% from the wing apex [19, 22].
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Figure 8
Pressure distribution for Medium- and Large-edged wing at Ryae = 3x10°, a = 13°

The results at higher angle of attack of o = 21°is shown in Figure 9. The surface
pressure for the medium-edged wing has been compared with the data from the
large-edged wing in the same figure. From the Figure, it has been noted that the
primary vortex has moved forward to 30% from the wing apex on medium-edged
wing compared to 40% from the Apex for the large-edged case. This indicates that
the upstream progression of the primary vortex has been slowed at a higher angle
of attack. In order to observe the strength of the primary vortex on both wings, the
pressure coefficient at positions Y/C, = 0.3, 0.6 & 0.7 were compared in the
diagram. From the figure, it can be observed that the peak for the medium-edged
wing is relatively higher compared to the large-edged for all positions. This
indicates that the strength of the primary vortex decreases if the leading edge
bluntness is increased.

The impact of leading edge bluntness on the vortex breakdown is also shown in
the figure. A clear observation in the trailing edge area at Y/C, of 0.8 and below
showed that the vortex breakdown is delayed for the large-edged wing compared
to the sharper wing of the medium-edged. The stable shear layer on the blunter

-16 -



Acta Polytechnica Hungarica Vol. 15, No. 8, 2018

wing is suspected to delay the breakdown. By having short run of attached flow in
the leading edge region and delay in separation had reduces in the instability of
the shear layer on the blunter leading edge [22-23].
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Figure 9
Pressure distribution for Medium- and Large-edged wing at Ryac = 3x10°, a = 21°
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A statistical technique called as Krigging method has been used to obtain the flow
topology on the surface of the wing. The sample surface flow topology performed
on both wings at & = 13° and Ry, of 2x10° is shown in Figure 10. The figure
shows that the primary vortex is shifted outboard on the blunter wing of the large-
edged wing. This again shows that the size and strength of the primary vortex has
decreased when the leading edge bluntness is increased.
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Figure 10
Flow topology comparison at Ryae = 2x10°, o = 13°

3.1.3 Leading Edge Pressures

The pressure coefficients in the leading edge can be used to predict the onset of
the primary vortex on the blunt-edged wing [17-18]. In this case, the leading edge
coefficient has been plotted for positions Y/C, of 0.2, 0.4, 0.5, 0.6 & 0.8 from the
apex. This is done in Figure 11 for Reynolds number of 1x10° and Figure 12 for
Reynolds number of 3x10°. At Reynolds number 1x10°, the flow remains attached
to the surface even at o = 25° for both medium- and large-edged wings at Y/Cg =
0.2. The results obtained here contrast with Mat [12-13] who experimentally
showed that the primary vortex was developed in the apex area at Rya. = 1x10°.
An important observation of these current results in the flow is attached to the
surface in the apex area as long as the leading edge is blunt [19]. The effects of
leading edge bluntness is observed at Y/Cr = 0.4 where the flow on the medium-
edged wing has separated at a = 9° while it separates at a = 12° for large-edged
wing. Similar observation also can be noticed at Y/Cr = 0.8 where the separation
occurs earlier on the shaper wing. It can be concluded here that the increase in
leading bluntness has delayed the formation of vortex above the wing.
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The bluntness effects to leading edge pressures at Ry = 1x10°

The flow characteristics at higher Reynolds of 3x10° are shown in Figure 12
below. At this Reynolds number, the effects of leading edge bluntness are more
obvious. At position Y/C, = 0.2, the onset of the primary vortex is developed at a
= 12° for medium-edged wing, while for the large-edged wing, the primary vortex
is still not developed even when the attack angle has been increased to o = 21°. At
position Y/C, = 0.4, it can be seen that the primary vortex has developed at a = 9°
for the medium-edged wing, while it developed at a higher attack angle of a = 18°
on the blunter wing. A similar situation happened at Y/C, of 0.5, 0.6 and 0.8. The
current data here showed that the upstream progression of the primary vortex has
been delayed if the leading edge bluntness is increased [24].
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Figure 12

The bluntness effects to leading edge pressures at Ryg. = 3x10°

3.2 Reynolds Number Effects on Large-edged Wing

Since the data on large-edged wing is limited, this section will further discuss the
effects of Reynolds number, angle of attack on this wing. The effects of Reynolds
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number at constant angle of attack of a = 13° is presented in Figure 13 below. The
data compared the surface pressure on the upper surface at three different
Reynolds numbers of 1x10°, 2x10® and 3x10°. The primary vortex developed at
about a 20% chordwise distance from the apex (Y/C, = 0.2) at a Reynolds number
of 1x10%. When the Reynolds number is increased to 2x10° and 3x10°, the
primary vortex shifted further aft of the wing to at about Y/C, = 0.4 and Y/C, = 0.6
of the apex. The results showed that the increase in Reynolds number has slowed
down the primary vortex further aft of the wing. The results here were consistent
with [13].
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Figure 13
Reynolds number effects on large-edged wing at o = 13°

The flow characteristics when the angle of attack is increased to o = 18° is shown
in Figure 14. Similar flow physics is observed here where the Reynolds number
has delaying the upstream progression of the primary vortex further aft of the
wing. The surface flow topology in the second figure showed the primary vortex
has been shifted more outboard when the Reynolds number is increased. In
additional, the magnitude of pressure topology formed in the leading increases
when the Reynolds number is increased. This shows that the primary vortex is
stronger when the Reynolds number is increased. The plot of surface pressure in
the third figure at Y/Cr at 0.7 also showed that the primary vortex is shifted
outboard with the Reynolds number. The characteristics of the flow either being
laminar or turbulence, the main factor that leads to these results [6]. At a low
Reynolds number where the flow is dominated by laminar flow, the onset of the
primary vortex develops earlier. The stronger ability of the turbulent boundary
layer at higher Reynolds number has endured the adverse pressure gradient and
thus delaying the development of the primary vortex [6, 15].
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Reynolds number effects on large-edged wing at o = 18°
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One of the problems that cannot be solved with the VFE-2 for medium-edged
wings was to assess the laminar/turbulent status. At lower Reynolds number the
flow is laminar and it is turbulent at high Reynolds number, S. Mat [13] in his
experiment has shown that the flow at Reynolds number 1x10° is dominated by
laminar flow. The Figure 15 shows the distribution of pressure coefficients at
Reynolds number of 1x10° for the large-edged wing. From the figure, it can be
observed that the flow is attached to the surface at relatively low attack angles. In
addition, it can be noted also that the attached flow still existed even if the attack
angle of attack has been increased to o = 23°. The boundary layer status is still
unverified from this experiment. More experiments are needed to verify this.

4 Further Experiments on Blunt-edged Delta Wing

Delta wing is the best platform for the development of the Unmanned Air Combat
Air Vehicle (UACV) aircraft. For most UCAV aircrafts, the wing has been
designed with blunt leading edge. The data obtained from this experiment
provides a useful knowledge for future UCAV development. In a continuation of
the VFE-2 project, another model of delta derivative wing called diamond wing
was proposed and is currently fabricated. The interests in this project were an
extended research project that initiated from AVT-183 task group, a collaborative
task group with AVT-113 under NATO. This research project will focus on
understanding the detail interactions between the inboard inner vortex and the
primary vortex of blunt-leading-edged vortex separation. The diamond wing was
configured with blunt leading-edge of constant airfoil, moderate leading-edge
sweep of 53° categorized as non-slender wing, and swept trailing edge as shown
in Figure 16.

Besides the ability to induce vortex potential lift, diamond wing configurations
with blunt and reduced sweep angle were more relevant to application because it
also can enhance aircraft longitudinal static stability [25]. However, diamond
wings exhibit more complex vortical flows as compared to slender, sharp-edged
wings. The vortices formed on diamond wings are more unsteady and breakdown
occurs at a much lower angle of attack than on highly-swept slender wings.

This current research was focused to investigate the inboard inner vortex effects to
the onset and progression of leading-edge vortex separation. The leading-edge
vortices investigation will have both moderate-sweep effects and blunt-leading-
edge effects, coupled together [26]. Several measurement techniques will be
employed on the wing suitable to measure the unsteady vortices on the diamond
wing configuration as shown in Figure 17.
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Pressure distribution on large-edge wing at Ry, = 1x10° at various angles of attack
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Figure 17
UTM Diamond wing experimental setup and measurements

Conclusions

This paper discusses further the effects of leading edge bluntness on the vortex
properties above blunt-edged delta wing. In the VFE-2 campaign, concentrations
have been given to a medium-edged wing. A series of experiments were
conducted to study the performance of vortex on the blunter wing of large-edged
wing. The results obtained from the large-edged wing have been compared with
those from the medium-edge wing. The current results here showed that the
primary vortex above large-edged delta wing is also dependent on Reynolds
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number, leading edge bluntness and angle of attack. The results from steady
balance data has showed that the lift/drag ratio is increased if the leading edge
bluntness increases. Among the important observations from this study was the
area covered by attached flow is enlarged. That the primary vortex also developed
further aft of the wing has been shifted outboard to the leading edge area with the
bluntness effects. The advantage of the blunter wing also that the formation of the
vortex breakdown and its upstream progression has been delayed. Since most of
the UCAV aircrafts are in the delta-shaped planform, this paper has highlighted
some of the most important considerations in the design stage such as the
progression of the primary vortex and vortex breakdown behaviors.
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