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‘ABSTRACT

An experimental study was conducted in the Virginia Tech Stability Wind
Tunnel to determine surface pressures over a 60° sweep deita wing with three
vortex flap designs. Extensive pressure data was collected to provide a
base data set for comparison with computational design codes and to allow a
better understanding of the flow over vortex flaps. The results indicated
that vortex flaps can be designed which will contain the leading edge vortex
with no spillage onto the wing upper surface. However, the tests also showed
that flaps designed without accounting for flap thickness will not be optimum
and the result can be oversized flaps, early flap vortex reattachment and a
second separation and vortex at the wing/flap hinge line.
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AN EXPERIMENTAL STUDY OF PRESSURES ON 60° DELTA WINGS.
WITH LEADING EDGE VORTEX FLAPS - FINAL REPORT (NAG-1-274)

by
J. F. Marchman, I11*, James E. Terry**, and Denise Donatelli**

INTRODUCTION

In recent years, many studies have reported the success of the vortex
flap concept of performance improvement for highly swept delta wings.(]-s)
A vortex flap is designed to move the leading edge vortex normaily produced
on a highly swept delta wing from the wing onto the flap as shown in Figure 1.
The downward deflection of the flap allows the low pressures in the vortex
to produce a thrust instead of the drag normally produced by a Teading edge
vortex. The thrust results in an increased 1ift-to-drag ratio for the wing
and significant improvement in performance. Previous force tests conducted
at VPI have revealed L/Dmax improvements of up to 70%.(})

In order to intelligently design vortex flaps for delta wings, there
was a need for a large amount of surface pressure data over the wings and
flaps. There was very little existing pressure data for vortex f1aps(6'7)

and such data was needed to better understand the nature of the flow around

the wing flap system and to use as a basis of comparison with computer codes
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created for the design of such flap systems. Only such pressure data can
confirm the effectiveness of a vortex flap design in containing the vortex
over the flap. If the vortex spills over into the wing itself or if it

leads to early reattachment on the flap with a subsequent secondary separation
at the wing-flap hinge 1ine, additional drag will be created, reducing the
flap's performance.

The purpose of the present research was then to provide a data base
of surface pressure coefficients over a 60° delta wing with several leading
edge vortex flap designs. Tests were conducted using a semispan wing model
mounted to the turntable in the flour of the VPI Stability wind tunnel.
Three vortex flaps were tested and a wide range of angles of attack were
investigated. Some tests included an idealized fuselage model as shown in

Figure 2.

EXPERIMENTAL PROCEDURE

The model used for the tests was a 29 inch semispan, flat plate, 60°
sweep, delta wing as shown in Figure 3. The wing was designed to be mounted
to a circular turntable and mounted to the floor of the VPI Stability Wind
Tunnel. The wing model was one and a half inches thick, constructed of two
sheets of 3/4 inch plywood sandwiched together. Sandwiched into the wing
was tubing for up to 48 pressure taps. Copper tubing was inlaid into the
model's upper surface, as shown in Figure 3, such as to allow pressure taps
to be drilied along lines either perpendicular to the wing centerline or to
the wing's leading edge. Al1 dimensions are given in inches in Figure 3.

Three flaps were tested as shown in Figure 4. The first flap, labeled

CCCF for cropped constant chord flap, was designed to match the flap planform



found optimum in earlier force tests at VPI. This flap was designed with
pressure taps’in rows perpendicuiar to the flap's leading edge and was tested
with similar pressure port allignment on the wing itself.

The other two flaps shown in Figure 4 were designed at NASA-Langiey.
They are cropped and have a slight inverse taper. The first flap, labeled
YPI-8, spanned the entire wing leading edge. The second, YPI-10, was a
partial span flap designed to be used with a half cylinder, 5.75 inch radius,
idealized fuselage model shown in Figure 2. The fuselage model was constant
radius with an ogive shaped nose and was ten feet long.

A1l flaps were constructed of fir and instrumented with copper tubing
for pressure lines. These pressure lines were attached to plastic tubing
which was run through the wing model. The CCCF flap was hinged for mounting
at a range of deflection angles while the VPI-8 and 10 flaps were designed
originally for a 30° upper surface deflection (15° chordline) and later
redesigned for a 30° chordline (45° surface) deflection. A1l flaps were
sanded to a smooth finish and sealed and were inspected by NASA personnel
for accuracy prior to testing.

Tests were conducted in the six-by-six foot, straight test section of
Virginia Tech's Stability Wind Tunnel. This tunnel was originally the NACA
Stability Tunnel at Langley Field and is a continuous flow, subsonic facility
with a freestream turbulence of Tess than 0.05%. Testing was usually done
at a Reynolds number of 2.2 x 106 and the angles of attack ranged from 0° - 10°
in 2° increments and 11° - 15° in 1° increments. Pressure data was collected
by a Hewlett-Packard 9825A Acquisition system from a Scanivalve pressure
scanning manifold and a Setra Systems transducer (range: O to + 0.25 psig).
Also read by the system were the tunnel static and dynamic pressures and

temperature, from which Reynolds number, velocity, density., viscosity, and



pressure coefficients were then plotted on a scale drawing of the wing according
to pressure port location. Pressure coefficient was also tabulated.

A few preliminary force tests were conducted to provide global performance
data for the NASA flap designs._ The force testing was achieved by scaling
down the NASA flaps to fit a 60° delta wing that had a 3 foot wing span and
2.667 foot root chord. Two flaps were cut from sheet metal, deflected to
30°, and attached to the leading edges of the wing by small bolts and tape.
The tunnel was run at a dynamic pressure of 3.0 inches of water and the
angles of attack ranged from 0° - 40° in 5° increments. Forces and moments
were measured by strut mounting the wiﬁg on a six-component strain gage
balance system. This data was collected by the HP Data Acquisition system
and reduced to the aerodynamic coefficients which were then printed out and
plotted.

Some flow visualization tests were conducted on occasion to verify
the resuits seen in other tests. These were conducted using both tufts
and smoke. The results did not photograph particularly well and are not
inciuded in this report, but they did confirm some of the results noted by

the experimentors.

DATA AND RESULTS

Force Data

As noted, some force tests were run on a three foot span, 60° delta
model used in previously reported studies.(]’z) Earlier test data showed
that cropped, constant chord flaps (CCCF) and full-span inverse tapered flaps

(FTF), both at 30° deflections, gave the highest 1ift-to-drag ratios.1

Since
the NASA flap design appears to be a hybrid combination of the CCCF and FTF,

it was suspected that the NASA design would perform as well as the previous



designs. The force data taken for the NASA VPI-8 flap (full span) showed
that this was true. Figure 5 shows that the NASA flap is a good compromise
between the CCCF and the FTF, incorporating the higher 1ift-to-drag ratio

of CCCF while maintaining the desirable pitching properties of the FIF. The
reduced pitch-up tendency of the NASA flap is due to the smaller flap area
near the apex of the delta wing. VYet, even with the smaller flap design,
the NASA flap's low drag and high 1ift-to-drag ratio is some evidence of the

flap's ability to maintain a vortex over the majority of its length.

Pressure Analysis

In modeling the wing and flap for surface pressure measurements.,
appreciable thickness was added to the model for structural strength. The
flap model for the force measurements had essentially no thickness (sheet
metal construction) and while the delta wing had some thickness,-its thickness
ratio was approximately three times smaller than that for the wing pressure
model .

Since the most computer codes used to predict surface pressures over
a wing-flap system do not take into account flap or wing thickness, questions
about the validity of comparing the computer and force resuits to the measured
pressure results arise. If a valid comparison can be made, the primary questions
become: 1) how should thickness be accounted for and 2) how should the
flap deflection be defined on the model wiﬁh thickness?

For the first tests conducted the flap angle was defined from the flap
surface and tested at 30° surface deflection for both the CCCF and the VPI-8.
Data for the VPI-8 flaps are shown in Figures 6 to 16. (These figures show
the flap deflectionas a chordline deflection of 15°). At angles of attack
of 0° and 2°, no vortex appeared on either of the flaps. Low pressures were

seen at the flap wing hinge Tine due to local flow acceleration around the



hinge 1ine. At 4° angle of attack, negative pressures began to appear on

the flap. By 8° angle of attack, strong negative pressures indicated a

vertex on the flap. The desigq:§§§§§§)ang1e of attack for the test system

was supposed to be approximately 11° and the pressure distribution for this
angle of attack for the VPI-8 is shown in Figure 12. Two problems are evident
from Figure 12; first, the reattachment line for the vortex washes over onto
the wing and secondly, the vortex as a whole moves off the fiap and onto the
wing over the aft portion of the wing. Both of these actions do not allow

the full effect of the vortex to be used on the flap and also result in excess
drag. As angle of attack is increased further, both of these effects grow
worse. A more bptima1 angle of attack appears to be around 10° {Figure 11).
Here, the reattachment is along the hinge 1ine and the vortex movement off the
flap is minimal.

These results led to questions zbout a Reynolds number effect; hence,
tests were run at Reynolds numbers of 2.2, 2.8 and 3.7 x 106. The results
showed the data to be repeatable and independent of Reynolds-number.

The results of tests on the constant chord flap (CCCF) are shown in Figures
17-25. Due to the size of the CCCF, reattachment washover was not a problem,
but the CCCF are apparently too Tlarge since the reattachment Tine is on the
flap. The results for these flaps are shown in Figures 12 to 20. However,
the problem of vortex movement onto the wing was also seen on the CCCF.

Analysis of this data lead to a redefinition of the flap deflection angle.
The vortex over the flap was obviousTy not reattaching at the hinge 1ine
as it should on the NASA designed flaps. Since the design was based on a
zero thickness model and the wind tunnel mode] has a substantial thickness,
the probiem appeared to be in the flap deflection definition. After conferring

with NASA-Langley personnel it was decided that the design flap deflection



of 30° should be based on the flap chordline (centerline) rather than on the
surface deflection.

Subsequent to the above described redefinition of the flap deflection
angle the VPI-8 and VYPI-10 flaps were rebuilt for mounting at chordline
deflections of 30°. This gave flap surface deflections of 45°. The VPI-8
flap was then retested and the results are shown in Figures 26-36.

With the flap deflected to a 30° chordline valve a new problem is
evident near the design wing angle of attack of 11° (Fig. 32). The flap
vortex appears to be reattaching on the flap itself with a second vortex
forming over the wing as the flow again separates over the hinge line. This
appears to be the result of flap thickness effects on a flap designed based
on a zero thickness assumption. This will be discussed later in a following
section. This second vortex appears at all angles of attack above 4°.

Smoke and tuft flow visualization tests were conducted in an attempt
to find the extent and origin of the second vortex. Smoke tests proved
inconclusive due to the smoke stream being Targer than the vortex and, there-
fore, covering the details of the flow. The tufts however, indicated that
the second vortex formed due to the f16w separation at the hinge 1ine. The
flow visualization showed the flcw accelerating off the flap and over the
hinge line.

Because flow visualization tests indicated that the second vortex
was initiated at the hinge Tine, a rounded hinge line modification was made
on the VPI-8 to try to eliminate or weaken the vortex. The new hinge Tine
was made by inserting a 3/4" thick strip of styrofoam, "lowering" the flap
Junction edge approximately O.Zééiﬁé1ow the surface of the wing and then

contouring the styrofoam to make a smooth transition between the fTap and the



wing (Figure 37). Flap deflection was maintained at a 30° chordline deflection.
The dimensions were chosen in order to give the smoothest flap-to-wing transition.
The insert effectively increases the flap size and thus ensures off-design
conditions (i.e., early vortex impact) since the sharp hinged tests showed

the flaps to be initially slightly oversized.

The local pressure coefficient plots for the rounded hinge case are shown
in Figures 38 through 47. Again looking at the resuits at « = 11° (Figure 40)
it appears that the second vortex is significantly weakened, although it
may still exist. The pressure distributions over the flap are virtually identical
to those seen in the earlier tests with a sharp hinge line but the low pressure
areas over the wing are substantially weakened.

Flow visualization with tufts indicated that a weak vortex still existed
off the hinge line. It therefore appears that the rounded hinge decreased
the strength of the wing hinge line vortex but further testing needs to be
done to optimize hinge 1ine radius. -

The obvious solution to this problem of hinge line separation is not a
rounded hinge 1ine but a resized flap which is designed to account for flap
thickness effects on the flow. The effects of flap thickness are illustrated
in Figure 48. A flap designed with a zero thickness code to produce a vortex
flow which will reattach at the hinge 1ine will experience early reattachment
on a flap with finite thickness. The thicker flap results in early vortex
impact on the flap and a second separation at the wing flap hinge line.

The effects of thickness are, thus, twofold. The resulting greater then
defined deflection angle of the flap surface (45° surface deflection for a
30° chordline deflection on the VPI-8 and VPI-10) results in greater thrust
at the defined angle, due to the increased forward tilt of the vortex-induced

suction vector. However, the resulting flap chord is now too Targe for the



design flow and the early vortex reattachment leads to a second vortex over
the wing and consequently a drag force.

Further consideration needs to be given to the effects of flap thickness
on vortex flap flow. These effects must be better understood if design codes
are to be properly developed for vortex flaps. These codes must in some way
account for flap thickness.

Figures 49-59 present the data for the VPI-10 flaps at a 30° chordline
deflection. These flaps were designed for use with a fuselage model; however,
they were first tested without the fuselage. A well defined vortex does not
appear over the flap until an angle of attack of about 10 degrees is reached,
although a well defined vortex appears to form off the hinge line at Tower
angles of attack. It also appears that a second inboard vortex or low
pressure region appears over the wing in this case due to the leading edge
vortex on the unflapped wing apex moving onto the wing after the flap begins.
This vortex should not appear when a fuselage model is added.

The fuselage model was added to the wing with the YPI-10 flap and the
results are shown in Figures 60-70. These results are very similar to those
shown for the same flap without fuselage except that the inboard vortex
off the wing apex noted in the earlier case is not present. It appears that
the fuselage plays no significant role in the development of the vortex flows

over the flap or wing.

DATA ANALYSIS

In examining the data the obvious problem noted is the hinge line vortex.
As discussed previously, it is apparent that a flap planform designed without

accounting for thickness results in excess flap chord for a flap of finite



thickness. The noted effect of thickness appears to call into question the
accuracy of using a chordline code to predict optimum flap deflection angles
and planform chords. When comparing the results of these ftests for the full
span VYPI-8 flap with chordline deflections of 15° and 30° an optimum appears
to lie somewhere between the two cases. Force tests with the VPI-8 (Figure 5)
showed a maximum L/D to be achieved at an angle of attack around 7 tc 8
degrees. Thus, examining Figures 10 and 30 (the « = 8° data for VPI-8 at
8 = 15° and 30° respectively) it appears that the 15° chordline deflection
(30° surface deflection) is much more Tikely to produce the L/D optimum at
this angle of attack. This is an interesting result in that the force test
results were for a near zero thickness flap at 30° deflection which should
correspond more directly to the 30° chord]ipe deflection case of Figure 30.

In Figure 10 there appears to be a good vortex on the flap with vortex
reattachment quite near the hinge 1ine, a case which should produce a good
L/D. On the other hand, Figure 30 shows no vortex over the flap and a rather
strong separation off the hinge Tine. This, in the authors' opinions calls
into question the validity of using flap chordiine deflection as the design
condition rather than using flap surface deflection. '

The problem is complex. Apparently, flap vortex strength depends
on the flap chordline deflection. However, the effect of the vortex in
producing thrust will depend on the deflection of the surface on which it
acts. Obviously, a vortex which reattaches too early, producing a hinge line
vortex, needs to be avoided. The results indicate that as the base thickness
of the flap increases the flap chord needs to be decreased in order to avoid
early vortex reattachment which leads to hinge Tine separation. The only
answer to these problems which is readily apparent is that flap thickness should

be kept as small as possible.
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In the jnitia] examination of the VPI-8 flap with 15° chordiine 3¢°
surface deflection it appeared that in the range of angle of attack between
10 and 15 degrees the primary problem was a tendency of the flap vortex to
roll up over the wing itself. Consequently, several tests were run with
a modified flap where a flap extension was added onto the rear portion of the
existing flap. This was a sheet metal extension with the planform as indicated
on the data figures (Fig. 71-76). The purpose of the extension was to pull
the flap vortex back onto the flap over the aft portion of the wing. This
extension appeared to work well, maintaining the vortex over the flap along
the rear part of the wing. At higher angles of attack, however; the extension
is not sufficient to the task and a large part of the vortex appears to

extend over the wing's upper surface.

CONCLUSIONS

The reported research provided a large base of surface pressure data
for a 60° delta wing with three vortex flap designs. The data has been pre-
sented in graphical form in the figures and is also tabulated in Appendix A.
The data indicates that flap thickness plays an important role in determining
the effectiveness of a vortex flap planform design and in the selection of an
optimum design deflection angle.

Further research is needed to assess the effect of flap thickness on
vortex flap behavior. Design codes developed for use with vortex flaps need
to include at least some semi-empirical means of including thickness effects.
A flap designed based on a zero thickness model will result in early reattachment
of the flap yortex and may result in the formation of a second vortex of the
flap wing hinge Tine. A smoothing or rounding of the hinge Tine may alleviate

some of the hinge Tine separation problems; however, a desidn code which

11



includes the effects of thickness should result in a flap planform which will
preclude hinge Tine separation problems.

A primary resylt of this research was to show that by proper flap design
it is possible to create a vortex flap which will contain the leading edge
vortex without spillover of that vortex onto the wing's upper surface. The
results also largely confirmed earlier research which indicated that a thirty

degree flap deflection was optimal for a 60° delta wing.
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Figure 2 Model Mounting in VPI 6' x 6' Stability Wind Tunnel
(Configuration Shown is VPI-10 Flap with Fuselage).
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Figure 4 Pressure Flap Model Configurations and Port Locations
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Figure 5 Performance of the NASA VPI-8 LEVF(])
Compared- to Previously Tested LEVF
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FIGURE 7
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FIGURE 8

NASA FULL SPAN FLAP (VPI-8
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FIGURE 19
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FIGURE 23
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FIGURE
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FIGURE 25
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FIGURE 26
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FIGURE 27
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FIGURE 28
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FIGURE 29
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FIGURE 3
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FIGURE 31
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FIGURE 32

NASA FULL SPAN FLAP (VPI-B)
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FIGURE 33
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FIGURE 38
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FIGURE 38
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FIGURE 41
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FIGURE 42
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FIGURE 43
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FIGURE 45

NASA FULL SPAN FLAP (VPI-B
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FIGURE 46
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FIGURE 47
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FIGURE 51
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FIGURE 53
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FIGURE 24
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FIGURE 25
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FIGURE
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FIGURE 37
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FIGURE 76
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