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Experimental Studies of Vortex Flaps and Vortex Plates
Part 2 1.15 m Span 60° Delta Wing

Kenichi RINOIE *! and John L. STOLLERY ™

ABSTRACT

Low-speed wind tunnel tests were carried out on several vortex flap and vortex
plate configurations to assess their benefits. The force and surface pressure measurements
were taken using a 1.15 m span, 60° delta wing model. Results indicate that the vortex
flap deflection angle, which causes the flow to come almost smoothly onto the flap
surface without any large separation, shows a much higher lift/drag ratio than the flap
deflection angle which forms a leading-edge separation vortex over the flap surface. It
was also found that there is no benefit in vortex flap deployment at incidences higher
than the stall incidence. The performance of a vortex plate protruding from the leading-
edge of the datum delta wing is shown to be comparable to that of the vortex flap.
However, when the vortex plate is used with the vortex flap deflected, these tests showed
no benefits.

Keywords: low-speed aerodynamics, delta wing, vortex flap, leading-edge separation
vortex
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Cp  Drag coefficient

Nomenclature .
Cpo Cp at zero lift
b Local span Cr  Lift coefficient
Cr  Wing centre-line chord Cm  Pitching moment coefficient non-dimen-
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sionalised using Cr and measured about x/Cr
=04

Cp  Pressure coefficient

g Vortex plate leading-edge position measured
from leading-edge of the wing in the chordwise
direction

L/D Lift/Drag ratio

Recr Reynolds number based on wing centre-line
chord

U= Free stream velocity

X Chordwise co-ordinate measured from the apex
of the delta wing

v Spanwise co-ordinate orthogonal to x,
measured from the wing centre-line

o  Wing incidence

g Geometrical wing incidence (i.e. without tunnel
corrections)

Of  Vortex flap deflection angle measured normal
to the hinge line

1. Introduction

The leading-edge vortex flap (LEVF) is a
full span deflectabe surface at the leading-edge
of a delta wing (Ref. 1). With the flap deflected
downward, a leading-edge separation vortex
may be formed over the forward facing flap
surface. (Fig. 1) The suction force generated by
the vortex acts on the flap surface and generates
a thrust component. Hence the drag is reduced
and the lift-drag (L/D) ratio improved. This
L/C ratio 1s an essential factor for the take off
and climb performance of delta wing aircraft.
Many tests have been made and confirm that the
LEVF can improve the low sped aerodynamic
efficiency of delta wings. Ref. 2 gives an over-
view of LEVF research.

Some earlier tests using a 60° delta wing
model with tapered vortex flaps were made at
the Cranfield Institute of Technology. (Ref. 3)
They showed that the LEVF can increase
the L/D ratio by up to 40%, and the L/D ratio is
improved over a large range of lift coefficients
with little change of trim. 1t was suggested in

Ref. 3 by the second author of this report that
the optimum L/D ratio is achieved with the flow
coming smoothly onto the deflected LEVF
without forming a vortex above or below the
flap surface.

The vortex plate proposed in Ref. 4 is similar
to a forward facing split flap. This vortex plate
is a thin plate attached to the lower surface of
the leading-edge of the delta wing. (Fig. 2a)
With the plate fitted, a leading-edge cavity is
formed between the delta wing and the vortex
plate. Ref. 4 suggested that at positive incidence
the flow separates at the plate leading-edge and
forms a spanwise vortex which induces a
suction over the cavity surface. Hence the plate
creates some leading-edge thrust and the drag is
reduced.

In order to investigate the flow around the

A Leading-Edge Separation
Vortex

Vortex
Flap

b)Delta Wing with LEVF deflected

Fig. 1 Concept of Vortex Flap
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LEVF at the maximum L/D condition and
understand how the vortex plate works, a study
was made using a 0.53 m span 60° flat delta
wing fitted with vortex flaps and vortex plates.

It was reported as Part 1 of this study (Ref. 5).

The results are summarised below:

a) At the incidence when the L/D ratio reaches
a maximum, there is only a small separation
bubble on the LEVF surface and the flow
comes nearly smoothly onto the flap with no
large vortex being formed. as was suggested
in Ref. 3. ,

b) At high incidences a leading-edge separation
vortex is formed on the LEVF surface.
Because of the suction effect of this vortex,
the L/D is higher than that of the datum
wing, as was suggested in Ref. 1.

c) By fitting a vortex plate to the basic wing
(no LEVF). the L/D ratio for all ranges of Cr
greater than 0.3 is significantly improved,
because some leading-edge suction acts on
the wing. A better performance was obtained
with the vortex plate protruding ahead of the
leading-edge of the wing. (Fig. 2b)

In Part 1 (Ref. 5), the flat plate wing model
which has beveled edges was used. These
beveled edges might have affected both the
separation position and the formation of the
leading-edge separation vortex. Therefore, it is
of interest whether conclusions of Part 1 are
also applicable to the other wing model which
has a different cross section. In this Part 2,
further tests are conducted in the 2.4 m x .8 m
low speed wind tunnel using a 1.15 m span 60°
delta wing model. A symmetrical smooth
convex shape is used as a cross section of this
model. in order to avoid any undesirable
separation on the wing surface. This wing
model is the same one that was used in Ref. 3.
Although the flow condition of the maximum
L/D was suggested in Ref. 3. the main aim of
Ref. 3 was to investigate the benefit of the
LEVF. Therefore. it is of use to investigate the
flow condition of the maximum L/D in detail.

jgm

a) Flat Delta Wing with Vortex Plate

)@fw

b) Flat Delta Wing with Protruding
Vortex Plate

-

S

)

c) Delta Wing with Vortex Plate
when LEVF is deflected

Fig. 2 Concept of Vortex Plate

by using the same mode! used in Ref. 3.

The previous studies (Refs. 3 and 5) con-
centrated on incidences up to about 30° because
the emphasis was on finding the maximum L/D
ratios. These values occurred at rather low lift
coefficients. Ref. 3 showed that the LEVF was
still giving some L/D improvement at the
highest incidence tested. In practice any benefit
at high incidence may be useful.

In Part 1, the vortex plate was attached to the
delta wing without flaps deflected. However,
when the vortex plate is attached to the
deflected vortex flap as is shown in Fig. 2c. the
drag reduction will be caused by the effect of
combining the vortex flap and the vortex plate.
There may be some beneficial effects on wing
performance.

In this Part 2. further tests using a delta wing
model. whose cross section differs from that of
Part 1's model, were conducted to confirm the

This document is provided by JAXA.
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conclusions of Part 1. In addition, the effect of

high incidences on the LEVF and the benefits

of the vortex plate with flaps deflected were
also investigated. In summary, the purpose of
this Part 2 is

1) to gain more understanding of the complex
flows around the delta wing with vortex
flaps,

2) to confirm the flow conditions giving the
maximum L/D ratio of the wing with vortex
flaps,

3) to discover whether the LEVF has any
benefit at incidences larger than 30°,

4) to investigate the benefits of the vortex plate
with flaps deflected.

This research was done at the College of

Aeronautics, Cranfield Institute of Technology,

U.K., while the first author was staying in the

College for a period of one year starting
October 1990 with the aid of the S.T.A.
research abroad fellowship.

2. Experimental Details

Fig. 3 shows the model details. This model is
the same one that was used in Ref. 3. The model
is a 60° delta wing with sharp leading-edge and
trailing-edges. The centre-line chord length Cr
i1s 1.0 m. The aerofoil section at centre-line is a
symmetrical smooth convex shape described by
the form:

Yor = -y -2
T 8Cr Cr 2Cr

The maximum thickness/chord ratio which
occurs at 42% Cr is 4.8%. The spanwise

Pressure
Tappings
(x/Cr=0.8)/

Y
(t/Cr ) max
at x/Cr = 0.42
Pressure Tappings
(x/Cr=0.4)
£
©
fA ' il
® o
\ N ¥

/ ]
Vortex Flap T
75% Hinge Line

N\
f Vortex Flap

75% Hinge Line

\:1;/

Section A-A

I o

Hinge Line

Vortex Filap
Section B-B with Vortex Flap deflected

Fig. 3  Delta Wing Model with LEVF
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thickness distribution varies linearly from
centre-line to tip. The model has two LEVF
hinge lines running from the wing apex to 50%
and 75% of the trailing-edge semispan station.
A thin adhesive tape was attached along the
hinge lines to avoid any air flow leak through
the hinge line gaps. Two rows of pressure
tappings (16 in each row) were located on the
upper surface of the right wing at x/Cr = 0.4 and
the left wing at x/Cr = 0.8.

The flap deflection angle 6f is defined as the
angle formed between the mean line of the
inboard wing and that of the LEVF, measured
in the plane normal to the hinge line. The sign
of 8f is positive when the LEVF is deflected
downward. Different flap deflections of df = 0°
to 60° in 5° increments were tested for 50% and
75% hinge line models in Ref. 3. It was shown
that the 75% model has a better performance
than that of the 50% model. It was also
concluded that the &f = 30° case of the 75%
model has the best performance for a wide CL
range. Therefore, the tapered LEVF with the
hinge lines at 75% semispan was tested in this
experiment. In order to check the repeatability
of measurements in Ref. 3 and in order to
measure the flap performance at high incidences
greater than 30°, the datum wing (&f = 0°) and
0f = 30° cases were again tested here. Nine
different flap deflections of &5 = 0° to 60° were
tested to determine the maximum L/D condition
for each flap setting.

Two different types of vortex plate were
tested in this experiment. The first type 1is
similar to the one used in Ref. 5. The plan shape
at the leading-edge is the same as that of the
delta wing model. (Fig. 4a) It is made of 2 mm
plate and has a sharp leading-edge. The plate
was attached to the lower surface of the datum
model (no LEVF deflection). The plate was

bent as shown in Fig. 4a so that the distance
between the leading-edge of the plate and that

of the wing was 10 mm at every spanwise

station in side view. The plate can be moved

forward, as shown in Fig. 4a. The position of
the plate is defined by the chordwise distance
(g) between the leading-edge of the wing and
that of the vortex plate. In these tests the plate
was set at g/Cr = 0 and 0.02. The position g/Cr
= 0 means that the leading-edge of the vortex
plate coincides with the leading-edge of the
wing in plan view. The vortex plate described
above is called the “paralle]” vortex plate.

A second type of vortex plate was made in
order to check the effect of combining the
vortex plate and the vortex flap. The plan shape
is smaller than the vortex flap as is shown in
Fig. 4b, so that the vortex flap is deflectable.
The distance between the leading-edge of the
plate and that of the wing in side view is 10 mm
at the trailing-edge of the wing. This distance
decreases linearly towards the apex of the wing.
At the apex this distance is zero. The leading-
edge of the plate coincides with that of the wing
in plan view. The measurements were done with
a flap deflection angle (6f) of 30° and without
flaps deflected (8f = 0°). This vortex plate is
hereafter referred to as the “‘tapered™ vortex
plate.

The experiments were made in the Cranfield
24mx 1.8 m low speed. closed working sec-
tion, closed return wind tunnel. All tests were
done at a tunnel speed of U= = 30 m/s. The
Reynolds number based on the wing centre-line
chord was 2 x 10°. The wind tunnel velocity
was calibrated and the wind tunnel flow
angularity was checked in the empty tunnel
before any tests were made. The model was
mounted inverted from the overhead balance by
a single shielded strut and a tail wire. For
measurements over the incidence range of —8°
to 32° the model was mounted at the centre-
line of the tunnel. (Fig. 5a) However. it was
impossible to set the model at an incidence
above 45° in this way. Therefore. an extended
centre strut and an extended curved tail strut

were used for measurements in the incidence
range of 30° to 57°. (Fig. 5b) The model was
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6-Component Electro-
Mechanical Balance

Tunnel
Roof
| ,I
\ !
Strut - 1
Shield | |
\ ! i
! Tail Wire
Centre \ | ( a Control
Strut / Mechanism)
! / Tail
‘L_ _.-", Sting
—_ —_— N o Q.
a \ 0.4m
>0
1.0m
7

Model (Invertedly

: Mounted)
Uoo
LT XY
Tunnel Floor
Tail Sting
Weight

a) Arrangement for Lower Incidence

7
Extended
™ Tail
Extended Sting
Centre
Strut
= ¢
N
<y
CUTXTOTCTYTY

b) Arrangement for Higher Incidence

Fig. 5 Wind Tunnel Model Mounting Details

mounted at a position 0.2 m below the centre-
line of the tunnel. some pictures of the model
mounted in the tunnel are shown in Fig. 6.

Lift, drag and pitching moments were
measured using the overhead 6-component
electro-mechanical balance and recorded using
the tunnel data acquisition system. The strut
tare effect was taken into account and tunnel
boundary corrections were applied to the
measured data. The solid and wake blockage
effects were corrected using the approximate
method described in Ref. 6. The lift force effect
was corrected according to Ref. 7. The effect of
static pressure gradient was neglected. Inter-
ference between the strut and the model was not
accounted for. Since the tunnel boundary
corrections used here are only suitable for low
incidences, the results obtained here at high
incidences must be treated with caution.

In order

to measure surface pressure

distributions, a “Scanivalve”™ was mounted
within the model. The pressure transducer used
was a SETRA Systems model 239 (0.5 psi).
This was located immediately outside the tunnel
test section. The sampling time at every
pressure port was long enough to avoid pressure
lag effects. Pressure coefficients (Cp) were
calculated based on the undisturbed free stream
static pressure. Blockage effects were taken into
account for Cp. At the setup for the high
incidence, the wind tunnel static pressure
measured upstream of the model changed
significantly in comparison with the value at
low incidence. This was due to the blockage
effect of the model and the extended strut.
Therefore, a correction of this effect was made
to the wind tunnel static pressure in the high
incidence configuration.

In many other references. the vortex flap has

been attached to the leading-edge of the delta

This document is provided by JAXA.



wing, which causes an increase in model area.
It is then difficult to know the precise effect of
the vortex flap alone. In our tests, a hinged
tapered flap was fitted onto the delta wing
without increasing the total wing area. It is then

TECHNICAL REPORT OF NATIONAL AEROSPACE LABORATORY TR-1180T

possible to separate out the benefit of the vortex
flap and the vortex plate, by calculating the
aerodynamic coefficients based on the constant
datum delta wing area.

a) Model with 6= 30° ata = 57°

b) Model with the parallel vortex plate

Fig. 6  Delta Wing Model and Wind Tunnel

This document is provided by JAXA.
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c) Model with the tapered vortex plate at 6= 30°

Fig. 6

3. Results

3.1 Vortex Flap

Measurements for the datum wing and for the
Of = 30° case were done over an incidence range
of —8° to 57°. The previous force and moment results
in Ref. 3 (which were made at incidences up to
30°) and the present results in the same incidence
range, agree well.

3.3.1 Lift

Fig. 7 shows the Cr vs. o curves for the datum
wing and the 6f = 30° case. Results which were
obtained using the low incidence rig and the high
incidence rig are shown in the same figure. The
two sets of results connect ‘smoothly’ at about o =
30°. At zero incidence, the CL of the datum wing is
slightly negative. Since the model is symmetrical,
the Cr should be zero. The symmetry of the datum
wing model was carefully checked and found to be
good. The reason why the Cr showed a negative
value at oo = 0° is thought to be due to the presence
of the shielded strut.

Fig. 7 shows that deflecting the LEVF downwards
moves the whole CL— o curve to the right. Thus

(Continued)

the zero lift incidence and the stall angle are increased
while the CL at a constant incidence (below the
stall) is reduced.

3.1.2 Drag

The Cp — o curves (Fig. 8) show the same trend,
the whole curve being moved to higher values of
incidence.

3.1.3 Lift/Drag Ratio

Fig. 9 shows the lift to drag ratio (L/D) versus
Cr. The (L/D)max for a flap deflection of 30° is
increased from the datum wing value 10.4 to 11.3.
For the datum wing, the L/D at negative lift is
higher than that for positive lift. Again any lack of
symmetry is probably due to strut interference. In
order to visualise the LEVF deflection effects on
L/D more clearly, the percentage increase in L/D is
plotted in Fig. 10. This shows that the L/D is
increased above that of the datum wing for lift
coefficient between 0.2 and 1.2. The greatest
percentage improvement is about 40% at a Cr of
0.45, which agrees with the results of Ref. 3.
However, after the stall the 6f = 30° tests show
that there is no benefit in using the LEVF.
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Datum Wing

6¢ =30° —-B-- | --a--
20° 30° 40° S0° a
Fig. 7 Effect of LEVF on CL vs. a0
o
! lowd | highd p

1_0?_ setup sefup '//"
DatumWing | —o— | ——
6f =30°

X3 ' L
-10° 0° 10° 20° 30° 40° 50° 0

Fig. 8 Effect of LEVF on CD vs. o
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7
10

11

-05

“ -5 low &
setup

high X
setup

Datum Wing | —o—

6f =30° --a--

——h o

Fig. 9 Effect of LEVF on L/D vs. CL

5ot 3.1.4 Pitching Moment
Fig. 11 shows the pitching moment curves

measured about the model mounting point A/Cr =
0.4 for all tests including the vortex plate results.
The LEVF has little effect on Cm. The Cm —CL
curves are roughly linear before the stall and Cm
values at Cr = O are zero for both cases. The
aerodynamic centre position measured from the
Cm—CL slope is 0.57 Cr for both cases. These

-50*F results coincide with those of Ref. 3.

Fig. 10 Effect of LEVF on L/D improvements
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Fig. 11 Effects of LEVF & Vortex Plate on Cm vs. CL

3.1.5 Pressure Distributions

Figs. 12 (datum wing) and 13 (6f = 30°) show
surface pressure distributions for the upper surface
at x/Cr = 0.4 and 0.8. Although the measurements
were done at the same conditions as in Ref. 3, the
results show significant differences. In order to find
out the reason, some pressure measurements were
repeated in the Cranfield 2.4 m x 1.2 m low-speed
wind tunnel. The condition of the pressure tappings
and the pressure tubes inside the model were checked.
Test methods, including the pressure sampling time,
were checked. Results similar to the present results
were obtained. Therefore, it appears that pressure
measurements reported in Ref. 3 are inaccurate.
Further investigations suggest this was due to leaking
pressure tubing.

Fig. 12a shows that Cp distributions at x/Cr =

0.4 for the datum wing. At o = 3.1°, there 1s already
a small suction region in the tip area, which may
be a small separation bubble rather than a leading-
edge separation vortex. At o = 6.2° the features of
a leading-edge separation vortex are clearly
recognisable. There is a flat Cp area at the tip of the
wing which shows the existence of a secondary
separated flow. At oe = 15.6°, 18.7° and 24.9° there
is a large leading-edge separation vortex on the
wing with high peak suctions. By o = 37.0° the Cp
distribution shows that the vortex suction has
decreased but spread out to cover half the local
wing span. This may signify vortex breakdown. At
incidences greater than 42.7°, the Cp distributions
is completely flat. This suggests that the vortex
type of flow has collapsed and that the flow is now
totally separated over the top surface of the wing.
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Fig. 12b shows the Cp distributions at x/Cr =
0.8 for the datum wing. Although the peak values
are smaller than those at v/Cr = 0.4, the Cp
distributions at low incidence are similar to those
at 2/Cr = 0.4. According to Ref. 8, the vortex
breakdown position for flow over a flat delta wing
moves forward as the incidence increases, and reaches
the wing trailing-edge at about o0 = 15°. The data
in Ref. 8 suggest that for o > 20° vortex breakdown
has occurred at 2/Cr = 0.8 and this would explain
why no high suction peaks are achieved at high
incidences at this station.

Fig. 13a shows the Cp distributions at x/Cr =
0.4 for the wing with 87=30°. At a = 6.1°, there is
no sign of vortex formation and this suggests that
the flow comes smoothly onto the flap surface. At
o = 9.2° a small separation is seen on the flap. At
o = 15.5° there are signs of a secondary separation
inside the leading-edge separation vortex. The
spanwise length of the vortex at o = 12.3° and
15.5° is almost the same as the flap span. At o =
24.8°, the suction caused by the vortex reaches its
maximum value. After the stall (o > 37.1°), the Cp
shows a flat distribution suggesting that the flow
has totally separated from the wing surface. Therefore
there was no benefit in L/D results for the 7= 30°
case after stall. (Fig. 9)

Fig. 13b shows the resuits at x/Cr = 0.8 for the
Sf=130° case. It is noted that the flow comes smoothly
onto the flap at incidences between 6.1° and 9.2°.

Figs. 14a and b show some Cp vs. CL curves
together with the corresponding flow pattern sketches
in the transverse plane A/Cr = 0.4. These sketches
were deduced from the surface pressure measure-
ments. (Figs. 12 and 13) The point where the L/D
attains its maximum value 1s also marked. Near
this point the flow patterns show that there is either
a small separation region on the wing (at o = 3.1°
for the datum wing. Fig. 14a and at o = 9.2° for
the &1 = 30° case, Fig. 14b) or that the flow comes
smoothly onto the wing surface (at a = 6.1° of the
0f=30° case. Fig. 14b). The conditions at the
(L/D)max point will be discussed in detail in Sec-
tion 3.2.

3.1.6 Comparison with Other Experiments for
the Flat Delta Wing

In this section, some comparisons are made with
other experimental results from tests on flat delta
wings. In Ref. 9, measurements were made at a
Reynolds number of 0.48 million (based on the
root chord), using a 0.27 m span 60° delta wing
with a 6% plano-convex section. The incidence
range was (° to 60°. In Ref. 10, measurements
were made at a Reynolds number of 2.37 million
using a 0.92 m span 60° delta wing. This model
had a 12% biconvex section, which is quite similar
in shape to that of the present model. Incidences up
to 38° were tested.

Fig. 15 shows the CL vs. o curves for the datum
wing, the 6% plano-convex wing and the 12%
biconvex wing. The 6% plano-convex wing data
shows a ‘bump’ at an incidence of about 12°. The
reason for this was not identified in Ref. 9. Apart
from this ‘bump’ and the difference of zero-lift
incidence, the results of the present datum wing
and the plano-convex wing show similar Cr
distributions, even after the stall occurs. The results
from the 12% biconvex wing tests are very similar
to those of the datum wing tested here.

Fig. 16 shows the Cp vs. o curves for the three
wings. The results from the 6% plano-convex wing
are quite similar to the present results for the whole
incidence range including the post stall region. The
12% biconvex wing shows larger Co values than
the other two wings at low incidences but this
difference is reversed at the higher incidences. Drag
is known to be sensitive to the section profile.

3.2 The Effect of 6f0on L/D at Constant Incidence

In order to find the condition which gives the
maximum L/D, some measurements were made by
changing the flap deflection angle 87 at constant
incidence. Flap angles were varied between 0° and
60° at fixed incidence values of 6°, 8°, 10° 12°
and 14°. Force measurements and upper surface
pressure measurements were made under these
conditions. At & = 6° and 12°, the lower surface
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pressure distributions were also measured. The
incidences, as corrected for tunnel wall interference,
are different for every flap deflection angle. However,
these differences are quite small. Therefore, the
geometrical incidence ag as measured from the
tunnel centre-line is used in this section to define
the incidence angle.

3.2.1 Lift/Drag Ratio

Fig. 17 shows L/D versus &6f at different
incidences. This shows that at ag = 6° the L/D
attains a maximum with = 20°. As the incidence
increases, the maximum L/D decreases and the &f
at which (L/D) max is achieved increases. For example,
the (L/D)max at otg = 12° is about two thirds of
that at arg = 6° and is attained at 6 = 30°.

3.2.2 Pressure Distribution

Figs. 18a) — e) show measured pressure distribu-
tions together with the corresponding flow pattern
sketches in the transverse plane. These sketches
were deduced from the pressure measurements.
Different &1 results (at constant og) are shown in
each figure. Results obtained at x/Cr = 0.4 are shown
on the left hand side of each figure and those at
X/Cr=0.8 on the right hand side. The flap deflection
angle at which the L/D attains its maximum value
(and the corresponding incidence) is also marked.

Figs. 18 show there are small differences between
the v/Cr = 0.4 and 0.8 results. The suction peak of
the pressure at x/Cr = 0.8 is usually smaller than
that at v/Cr = 0.4. However, the spanwise shapes
of the Cp distributions are quite similar.

At ag = 6° (Fig. 18a), the L/D attains its maximum
at 0f = 20°. At this flap deflection angle there is a
small suction region at the leading-edge of the upper
surface at A/Cr = 0.4 or no leading-edge suction
peak at x/Cr = 0.8. This means that only a small
separation region is formed at x/Cr = 0.4 and the
flow comes smoothly onto the upper flap surface
at x/Cr = 0.8. On the lower flap surface at 61 = 20°,
there is no separation at either x/Cr position. At &f
= 25°. there is no separation region on either surface
at either of the x/C; stations.

1
0° 10° 20° 30° 40°

! S° 60 b

Fig. 17 L/D vs.éf at Constant otg
At g = 6° as the flap deflection angle &f
decreases below Of = 20°, so the spanwise length

of the separation bubble on the top surface increases.
At &f = 0° there is a sign of secondary separation

~ on the upper surface and a leading-edge separation

vortex has formed over the wing.

As drincreases beyond 20°, so separation occurs
at the flap hinge line and a separation region is
formed inboard of that line (see e.g. éf = 40°).
Further increase of the flap angle causes the flow
to separate at the leading-edge of the lower surface
(e.g. 6f=50° and 60°).

Fig. 18b (org = 8°) shows similar results to those
of Fig. 18a, but there is no clear indication of where
or whether the flow comes smoothly onto the LEVF
surface. Fig. 18c (ag = 10°) shows that the suction
on the flap at a given 87is much higher than that at
ag = 8° and it is seen that a stronger vortex is
formed on the flap surface.

At g = 12° (Fig. 18d). the L/D attains its
maximum at 6f = 30°. At this flap deflection angie
the leading-edge separation vortex is formed on
the flap upper surface and its reattachment line almost
coincides with the flap hinge line (as was also shown
in Fig . 13a). As &f decreases below &f = 30°, the
spanwise length of the separation vortex increases
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as it did at the lower incidence (g = 6°). As 6f
increases above &f = 30°, the separation region is
formed not only on the flap surface, but also inboard
of the flap hinge line (e.g. 81 = 40°). At &1 = 60°,
the vortex on the flap surface disappears and the
only vortex formed is inboard of the flap hinge
line. Fig. 18e (og = 14°) shows similar results to
Fig. 18d.

3.2.3 Cp vs. CL and Cross Flow Patterns

Fig. 19 shows Cp vs. CL curves at constant
incidence (ag = 6° and 12°) together with the
corresponding flow pattem sketches in the transverse
plane at v/Cr = 0.4. This figure is shown in order to
summarize the above results. The point where the
L/D attains its maximum at each incidence is specially
marked. The Cp vs. CL curves show that the CL
increases as the 87 decreases at constant incidence
and that the L/D ratio attains its maximum near the
point where Cp is a minimum.

At the smaller incidence (ag = 6° the left hand
curve of Fig. 19), when the flap deflection angle is

(o 6=
oo0° =« 30°
0081  x10° aws0®
v mse « LE. Sep
L #2000 @ 60° i (&4 Vortex |
0% T Lo gl |

0.06F

E

zero (O0f = 0° at og = 6°), a large leading-edge
separation vortex is formed on the flap surface.
Because of the suction effect of this vortex the Cp
has a large value. At a flap deflection of 20°, only
a small separation bubble is formed onto the flap
and at 6f = 25° no bubble is formed at all. Since
the flow comes almost smoothly onto the flap, the
Cp has a much smaller value than that at 6 = 0°.
Further increase of Jf causes the flow to separate
at the flap hinge line and a separated region is
formed inboard of the hinge line (1= 40° and 60°
at ag = 6°). Primarily because of this separated
region inboard of the hinge line, the Cp of the 8f=
40° and 60° configurations have greater values than
those of the 6= 20° and 25° cases.

At the larger incidence of 12° (the right hand
curve of Fig. 19), for both small 8 (6f= 15°) and
large &7 (81 = 60°), the flow is similar to the patterns
drawn for ag = 6°. However, when the L/D attains
its maximum value (6f = 30°), the leading-edge
separation vortex is formed entirely over the flap
surface and the flow reattaches near the flap hinge

-«

0.04~
0‘02{_ Cross Flow Pattern
I at x/Cr = 0.4
0 1 ! 1 ! 1
0 01 0.2 0.3 0.4 CL 05

Fig. 19 Cp vs. Ct and Cross Flow Patterns at 0.e = 6° & 127
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line. Because the vortex is formed only on the LEVF
surface and the suction force of this vortex acts
perpendicular to the deflected flap, the Cp shows a
smaller value than those at other §f smaller than
30°, as was explained in Section 1. Fig. 10 showed
that the maximum L/D improvement for the 67 =
30° is attained between CL values of 0.4 and 0.5.
This CL region almost coincides with that where
the leading-edge vortex is formed only on the LEVF

surface.
The (L/D) max at ag = 6° is larger than that at

g = 12°, as was shown in Fig. 17. This implies
that the highest L/D is attained when the flow comes
smoothly onto the flap surface. A similar conclusion
was reached in Ref. 5 where the wing model has a
different cross section (bevelled edges) to the present
model. This highest L/D ratio is reached at a small
value of CL. If a larger CL is needed from a given
configuration then a larger incidence is needed and
the best L/D that can be achieved appears to be
with the leading-edge vortex entirely on the flap

and reattachment near the hinge line.

In these tests, measurements at fixed incidences
lower than 6° with varying 6f were not made.
Therefore, we cannot be certain that L/D attains its
absolute maximum at &f = 20° and ag = 6°. In
order to confirm the highest value of (L/D)max. it
would be useful to make similar measurements at
ag =2°and 4°.

3.3 Vortex Plate

3.3.1 Parallel Vortex Plate

Fig. 20 shows the CL vs. o curves for two different
chordwise parallel vortex plate positions together
with the datum wing. This shows that the effect of
the parallel vortex plate on lift is quite small. Fig.
21 shows the Cb vs. 0. curves. At incidences greater
than 8°, the drag with the vortex plate fitted is
smaller than the datum wing. This trend agrees
with the results of Ref. 5. Fig. 22 shows the L/D
ratio vs. Ct. For the case of g/Cr = 0. although the

a Parallel Vortex Plate 9/+=0.00

-05+

=
O Parallel V.P. 9 =0.02
Hr——
— Datum Wing
20° 3[0° x

Fig. 20 Effect of Parallel Vortex Plate on CL vs. a
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maximum value of L/D is reduced in comparison
with the datum wing, the L/D ratio is improved for
all Cv values greater than 0.4.

For the case of g/Cr = 0.02 the maximum value
of L/D is almost the same as that of the datum
wing but it is achieved at a larger value of CL. The
L/D ratio is better with the vortex plate fitted for
all values of CL greater than 0.2. In comparison
with the LEVF results, the L/D for g/Cr = 0.02 is
roughly similar to that of the df = 30° at positive
Ct, although the maximum value is somewhat smaller
(Fig. 9). The Cm distributions of the parallel vortex
plate are shown in Fig. 11 together with the other
cases. The parallel vortex plate has little effect on
Cm, as was found for the LEVF.

Figs. 23a (g/Cr = 0.0) and 23b (g/Cr = 0.02)
show surface pressure distributions for the upper
surface at x/Cr = 0.4. Fig. 23a shows that the Cp
distributions g/Cr = 0.0 are quite similar to those of
the datum wing (Fig. 12). This means that the parallel
vortex plate (g/Cr = 0.0) has little effect on the

QL

10

flow over the upper surface. Fig. 23b shows that
there is only a small separation region at o = 6.2°
on the wing with the vortex plate (g/Cr = 0.02)
although a leading edge separation vortex is formed
on the datum wing at the same incidence as was
shown in Fig. 12a. Increasing the incidence to 15.6°,
there is a leading-edge separation vortex on the
wing, but the spanwise length of this vortex is about
10% shorter than that on the datum wing at the
same incidence. (Fig. 12a) These results suggest
that onset of the leading-edge separation vortex is
delayed by the vortex plate (¢/Cr = 0.02), as was
reported in Ref. 5.

3.3.2 Tapered Vortex Plate

Fig. 24 shows the Ct vs. o curves of the tapered
vortex plates with and without vortex flap deflection.
In this section, the results of the tapered vortex
plate tests in the figures are not connected by lines
in order to distinguish them from the results of the
datum wing and &f = 30° results. The Ct for the

O Tapered Vortex Plate
without LEVF deflection

DNl
& Tapered V. P. with 6¢=30°

I |

“« -05+

20° 30° a
— Datum Wing
- b¢=30°

Fig. 24 Effect of Tapered Vortex Plate on Cf vs. &
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tapered vortex plate without LEVF deflection is
similar distribution to that of the datum wing. The
Ct for the tapered vortex plate with §f = 30° is
slightly smaller than that of the LEVF alone (6f =
30°) at every incidence. Fig. 25 shows the Cp vs. a
curves. The drag of the tapered vortex plate without
LEVF deflection (i.e. 6f = 0°) is smaller than that
of the datum wing. The drags of the tapered vortex
plate with 6= 30° is smaller than that of the LEVF
alone (6f = 30°). The drag reductions are most
significant at the higher incidences. Fig. 26 shows
the L/D ratio vs. CL. For the tapered vortex plate
without LEVF deflection (i.e. 6f= 0°), the maximum
value of L/D is smaller than that of the datum wing.
The L/D ratio is slightly improved for Cr values
greater than 0.3 when compared with results for
the datum wing. This is caused by the reduction of
the drag as was seen in Fig. 27. For the tapered
vortex plate with 67 = 30°, there is no benefit at
any Cr value. The Cm vs. Ct distributions of the
tapered vortex plate are shown in Fig. 11. The fitting
of tapered vortex plates has very little effect.

Fig. 27a shows surface pressure distributions for
the tapered vortex plate without LEVF deflection.
Although suctions at incidences of 6.2° and 9.3° at
x/Cr = 0.4 are slightly smaller than those of the
datum wing at the same incidences. the Cp
distributions are almost the same as those of the
datum wing (Fig. 12a). Fig. 27b shows Cp distri-
butions for the tapered vortex plate with 6= 30°.
It is seen that the spanwise length of the leading-
edge separation vortex at incidences 12.3°, 15.4°
and 18.5° at 1/Cr = 0.4 is shorter than that of the §f
= 30° case at the same incidences. (Fig. 13a)

4. Discussion

In this section, the leading-edge suctions re-
coverable through vortex flap and vortex plate
deployments are discussed. The drag of a flat plate
wing with no leading-edge suction is:

Cp = Cpo + Ct tan q,
where Cpo is the zero-lift drag coefficient which
depends on the surface skin friction and the form

drag. Using the measured Cr and Cpo, Cp assuming
0% leading-edge suction is calculated from the above
formula and is plotted on the Cp vs. CL curves
together with the measured data in Figs. 25a—f. In
order to plot the 0% leading edge suction curves,
dCr/dor was assumed to be equal to the measured
value.

In contrast, a wing with a well rounded leading-
edge can show a large drag reduction due to the
leading-edge suction. In order to give some idea of
the magnitude of this leading-edge suction, experi-
mental data taken from Ref. 11 for a wing with a
well rounded leading-edge are also plotted. (Figs
28a and b) In Ref. 11, measurements were made at
a Reynolds number of 18.6 million (based on the
root chord), using a 0.91 m span 60° delta wing
which had a 10% thickness ratio aerofoil section.
The nose radius was 0.69% of the chord length.

Fig. 28a shows the results for our datum wing.
The measured drag polar shows almost the same
value as that of the 0% leading-edge suction estimate
at all incidences. This confirms that the datum wing
with a sharp leading-edge develops no leading-edge
suction force.

Fig. 28b shows the drag results for the wing
with the LEVF deflected 30°. The measured value
1s considerably less than that estimated assuming
zero leading-edge suction, for all incidences. When
compared with the rounded leading-edge data (Ref.
11), 1t can be seen that the vortex flap achieves a
significant amount of Cp reduction.

The results for the two parallel vortex plates
(Figs. 28c and d) show that the measured drag
value is less than that for the zero leading-edge
suction estimate at all positive incidences. The
amount of Cp reduction is almost the same for
both g/Cr cases. This means that some leading-
edge suction is recovered by incorporating a vortex
plate. It is not clear that this Cp reduction is caused
by the suction effect of a separation vortex between
the leading-edge of the wing and that of the vortex
plate. as was suggested in Ref. 4. Smoke visualization
tests, made on a different model with vortex plates
in Ref. 5. did not confirm the existence of this
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vortex. It may be that the suction force is produced
by the separated flow acting on the forward facing
region between the wing and the vortex plate.
Because of this, the Cp is reduced (as was shown

Datum Wing
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in Fig. 21) and the L/D improved for CL values
greater than 0.4 (as was shown in Fig. 22).

The decrease in L/D ratio for small values of C
(Fig. 22) is probably due to differences in the values
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of Cpo. The Coo of the parallel vortex plate
configuration is larger than that of the datum wing
because of the difference of the forward facing
area. Since a small increase in Cb causes a large
decrease in L/D ratio at low values of CL, the result
is a reduction in the L/D values for the wing fitted
with parallel vortex plates, as shown in Fig. 22.

Fig. 28e (the tapered vortex plate with no flap
deflection) again shows the existence of a Cp
reduction at all incidences. However, the Cp reduction
is slightly smaller than that for the parallel vortex
plate. (Fig. 28c) The vertical distance between the
leading-edge of the wing and the vortex plate is
10 mm as measured at the wing tip. This is the
same as for the parallel vortex plate. However, this
gap decreases towards the apex as shown in Fig. 4.
Therefore. the total forward facing area between
the tapered vortex plate and the wing is smaller
than that for the parallel plate. The leading-edge
suction acting on a smaller area gives a smaller
drag reduction,

When compared with the results of the tapered
vortex plate with 30° LEVF deflection (Fig. 28f)
and those of the LEVF alone (Fig. 28b), the Cp
reduction is almost the same. Although the pressure
measurements (Fig. 27b) show that the vortex
formation is slightly delayed for the vortex plate
with 6f = 30°. the benefit of this type of vortex
plate is not shown in Fig. 26. This may be explained
by the fact that the forward facing area is too small
as described above. Furthermore, the Cou is larger
than that of the LEVF (&7 = 30°) alone. The results
is that the maximum L/D of the tapered vortex
plate with 6= 30° is smaller than that of the LEVF
alone as seen in Fig. 26.

The model tested here with a tapered vortex
flap had only a small forward facing area at the
leading-edge. The results showed no benefit in
LiD. It would be worthwhile testing another con-
figuration with an increased gap height.

5. Conclusion

1) The improvements in lift/drag ratio obtained by

deflecting a leading-edge vortex flap (as reported
in Ref. 3) were confirmed.

2) There is no benefit from the vortex flap at
incidences higher than the stalling incidence.

3) The highest value of (L/D)max is achieved using
a modest flap deflection angle with the wing at,
or close to, the rather small incidence for which
the flow comes smoothly onto the flap.

4) At incidences higher than in 3), the L/D reaches
a local maximum when the vortex flap is deflected
so that a leading-edge separation vortex is formed
on the LEVF top surface with the reattachment
line coincident with the flap hinge line, (as was
suggested in Ref. 1). However this ‘local’ value
of (L/D)max is smaller than that in 3).

5) The L/D ratio of the basic wing (no LEVF) is
improved by incorporating a parallel vortex plate,
especially when the plate protrudes ahead of the
leading-edge of the wing. The improvement
measured here was comparable to that obtained
from the LEVF deflection of 30°.

6) The tapered vortex flap with or without the LEVF
deflected showed no significant improvement
in L/D ratio.

7) There is very little change of pitching moment
for any of the leading-edge devices tested here.
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