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ABSTRACT

In this investigation a study was made of the effects of boundary
layer control on a 10% thick, double-~wedge airfoil located between
endplates. In varticular, the study centered around a "high-lift"
investigetion in order to obtain an optimum configuration for the
specific girfoil., The double-wedge airfoll was used since:l) it is
a "high speed" airfoil, and 2) it hes poor meximum lift and stalling
characteristics.

The model used was equipped with a nose flap and a slotted
trailing edge flap, both of 20% wing chord, and two suction slots,
one aft of the nose flap (20% chord) and the other at the 70% wing
chord. Five suction quantities were used on all possible configuration
combinations. The maximum 1ift coefficient obtained was CLmax = 2,149
at an angle of attack of 21° and a suction quantity equal to
CQ = 0,0071.* For this particular configuration, the approximate
value of the horsepower required to supply the necessary suction
guantity was determined. In addition to the force and moment tests,
tuft studies of flow of the "optimum" configurations were made and

reported,

% Configuration: Nose flap deflected 30°; trailing edge flap
deflected 30°; slotldl(forward slot)
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I. INTRODUCTION

As the speed of the agirplane increases, the need for a thinner
airfoil becomes greater. Thin, symmetrical airfoils, and especially
double-wedge airfoils, have inherently unfavorable low speed
characteristics such as a low maximum 1lift and a low angle of stall.
In view of this, many methods have been employed to improve these
characteristics.

The most logical method, and the one first used, was to employ
a nose flap since the separation from the leading edge starts at a
low angle of attack. This configuration in a double~wedge airfoil
favorably changed the characteristics,l but the magnitude of the
changes was not large enough to be considered adequate for practical
purposes. The application of a trailing edge flap further incressed
the maximum 1ift, but it tended to counteract the increase in angle
of stall obtained by the nose flap. Something else was needed to
supplement the improvement due to the flaps.

For many years, the knowledge of boundary layer control and
the advantages associated with it were known, but not until the
advent of supersonic wings has it become exceedingly important.
It is the purpose of this investigation to test a 10% thick double-
wedge airfoil with nose flap and trailing edge flap under the
influence of boundary layer suction. It is known by theory and by
test that if the slow moving boundary layer is removed by suction
or re~energized by blowing, separation can be delayed and a sub-
stantial 1ift increase obtained. Since for thin, symmetrical
sections separation begins at the leading edge, a boundary layer slot

was located at approximately the 20% wing chord, at the junction of
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INTRODUCTION (contt!d)

the leading edge flap and the upper surface of the airfoil. Also

with the airfoil at moderate angles of attack, an unfavorable pressure
gradient occurs at the rear portion of the airfoil and moves forward
steadily. In an attempt to re-establish a favorable pressure gradient
over this aft portion, another boundary layer suction slot was located
at the 70% wing chord, inclined 30° to the surface of the airfoil. As
an added assistance a slotted trailing edge flap was used instead of

a split or zap flap in the hope that this flap configuration would

also improve the basic configuration.

The purpose of these investigations is to study the effect of
boundary layer control on the characteristics of the basic double-
wedge airfoil., Five suction quantities and two slot locations were
tested with all possible configurations of the basic airfoil.

An attemplt was made to determine the horsepower required to
apply the boundary layer suction data obtained on the model to a

full scale prototype airplane of the following dimensions:

Weight = 10,000 lbs
Wing Area = L0 £t
Aspect Ratio = 545
MAC = 9.5 ft
v = 95,5 ft/se
q = 10.8 1b/ft
= 0,002378 slugs/ft°
chord length . 140

width of slot
Full span slots
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INTRODUCTION (cont!'d)
The method followed was that suggested by Sir Handley Page. The
results are presented herein on page 36.
As a result of these investigations an insight into future research
was obtained. Suggestions along this line appear in the discussion of

the test results.
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II. DESCRIPTION OF TEST SET-UP

The model was tested in the closed throat Merrill Wind Tunnel
of the Guggenheim Aeronautical Laboratory at the California Institute
of Technology. The dimensions of the test section of this tummel
are 32" x 45", At the time of testing, the tumnnel had three wire
screens located just shead of the contraction section primarily for
the purpose of producing low turbulence flow.

The model tested was a 10% thick, double-wedge airfoil with a
20% chord nose flap and a 20% chord slotted trailing edge flap. To
remove the boundary layer there were two slots, the front slot being
located at the 20% wing chord or hinge line of the nose flap, and the
rear slot being located at the 70% wing chord. The critical dimen=—
sions of the model are: wing chord = 8 inches; span = 2/ inches;
slot width = 0.05 inches. To approximate two-dimensional flow the
model was installed between endplates of 6% inch radius. Attached
to the outside of the endplates were the 3/4 inch I.D. brass air
pipes which carried off the boundary layer to the outside of the
tunnel and also acted as the attachment points for the model support
system (See photos 1,2,and 6).

The double-wedge airfolil was set on the supporting struts,
15 3//4 inches from the leading edge of the tunnel working section.
The air pipes were connected to the air suction system by 8 inch
sections of rubber tubing. 4 spring of 1/16 inch wire was placed
within each of these flexible tubes to prevent collapse by the
suction. From here the suction system, consisting of 3/4 inch
piping, from each side of the tumnel, went through a common gate

valve to a 50 gallon drum located beneath the tunnel aft of the
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DESCRIPTION OF TEST SET-UP (cont!d)

atmospheric slot (see figure 3). This drum acted as a "pressure
reservoir" to prevent surging and maintain a constant suction
pressure. The suction pressure was maintained by two Black and
Decker Industrial Vacuum Cleaners whose characteristics are shown
in figure 4. These were comnected to the lower part of the reservoir
(see photos 7 and 8) gnd the gquantity of flow was regulated by
the gate valve ahead of the inlet to the reservoir., The air flow
was measured by setting a standard pitot tube in the outlet pipe of
the cleaners.

For each test a certain total pressure (in inches of alcohol)
was set on the "blowers", and maintained constant during the run.
The model was then run through s sequence of angles of attack to
determine the angle of stall. Once this was determined, the run
was made, taking only lift data for 8 to 10 angles through the stall.
In many cases, abrupt and severe buffeting prevented testing at any
angles above the stall.

Throughout the investigation, except for the runs pertinent
to the Reynolds number effect, the tunnel dynamic pressure was kept
at q = 20 lb/ftz. This value was chosen after an investigation of
Reynolds number effects and a consideration of an optimum value for
the maximm suction quantity coefficient.

For the tuft runs made at the end of the investigation, a
window of plexiglas was located in the ceiling of the test section,
through which pictures were taken using the normal lighting of the
test section (two white flourescent tubes in upper corners of the

test section).
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DESCRIPTION OF TEST SET-UP (cont'd)

For those runs in which only slot 4 ;| was used, the rear slot
vas sealed by cellophane tape on the upper surface of the airfoil.
When slot &, was used alone, slot 4 4 was sealed with cellophane
tape applied to the exterior side of the channel located inside of
the model. This was done since the tape would otherwise tend to

produce an early separation near the leading edge.
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I1I, METHOD OF EXPERIMENTAL PRESENTATIOHN

The data obtained in the investigation were reduced to dimension-
less coefficient form and are presented as plotted points comnnected by
suitably faired curves. Only 1lift component data were taken and in no
instance were any corrections applied to the data.

Possible corrections applicable to the data could result from one
or more of the following factors: 1. supporting siruts, 2. wind
tunnel walls, 3. tunnel flow inclinations, 4. tunnel flow irregular-
ities. The supporting struts for the model were located outside of
the endplates on the airflow pipes; therefore the presence of the
struts should have a negligible effect on the lift data. A correction
for the presence of the tunnel walls is not necessarily negligible,
but due to the "two-dimensional® set-up of the model, the magnitude
of such a correction is unknown. Tunnel flow inclination can also
have an appreciable effect on the data by increasing or decreasing
the apparent angle of attack®., The calibrations of the Merrill Wind
Tunnel show a negligible flow inclination in the model test section.
Possible factors under item 4 include variation of tunnel velocity
across the working section, longitudinal pressure gradient in the
working section, and turbulence level., The first two factors have
been shown to exist by preliminary calibrations of the Merrill Wind
Tunnel. Incomplete information on anﬁ understanding of the corrections

led to their being neglected.

*@ = 0° vas set by leveling the wing chord line inscribed on the
endplates; &, = 0° is defined as the angle of attack at which
Cr, = O (for symmetrical airfoils).
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METHOD OF EXPERIMENTAL PRESENTATION (cont'd)
From figure 8, it is seen that at ng = O°, the 1ift coefficient
Crs is not equal to zero but to 0.050. Since the model is symmetrical
and there exists no flow inclination, the model was examined for
possible errors. Upon investigation, the wing chord line was found
to be inclined upward at an angle of 0.3° from the line inscribed on
the endplates and taken to be the wing chord. It was also discovered
that both the nose flap and the slotted trailing edge flap were warped
downward (except at the ends) causing an effective camber in the air-
foil. The effects of these conditions add up to a positive 1lift
coefficient at CZg = 0° of about the magnitude observed.
The data obtained are presented in five groups of plots:
1. Effects of Suction - shows increase of maximum 1ift as
suction is increased
2. Effects of Slot Location - shows change of maximum
1ift for variation in slot location and combination
3. Flap Effectiveness - shows increase of maximum 1ift
for increase in flap deflection
4o Variation of Maximum Lift with Flap Deflection - shows
change in maximm 1lift with nose flap deflection for a
given trailing edge flap deflection
5, Variation of Lift with Suction Quantity - shows change
in 1ift at a given angle of attack as the suction
quantity is increased (slot location as a parameter).
For groups 2,3, and 4, only the data for zero and maximum suction
were used.

The tuft sketches (figures 73 to 81), appearing at the end of this
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METHOD OF EXPERIMENTAL PRESENTATION (cont'd)
report were made using the tuft photographs as a guide. The solid-
dotted lines indicate that the area to the rear of the dots has a
turbulent boundary layer and the stall is imminent; the solid-dashed
lines indicate that the flow has already separated from the airfoil
in the area to the rear of the dashes. The photographs for only one

run are included in the report to serve as an example and a check.
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Iv. DEFINITION OF CONFIGURATION SYMBOLS

= Basic 10% double-wedge airfoil; span is 24 inches, chord is
8 inches; configuration includes circular endplates and air
flow ducting from model through tunnel wall

= 20% chord nose flap; deflection is 15° or 30o from wing chord
plane (see figure 2)

= 20% chord slotted trailing edge flap; deflection is 30° or 60°
from the wing chord plane (see figure 2)

1 ¥ Boundary layer control slot located on wing upper surface at

the junction of the nose flap and wing surface; width = 0,05 in.

o ¥ Boundary layer control slot located on the wing upper surface
at the 70% wing chord; slot is inclined 30° to the wing upper

surface; width = 0,05 in.



-11-
v, DIMENSIONAL DATA

MODEL
Span = 24 inches
Chord = 8 inches
Wing Area = 1.33 £t°
Slot Width = 0,05 inches = 0,0042 £t

Slot Area = 1.20 in® = 0,0083 ft°

ENDPLATES

Circular, Diameter = 13 inches
Thickness = 0,125 inches

MATERIAL
Model - Brass
Endplates -~ 24ST Aluminum

BOUNDARY ILAYER EQUIPMENT

Airflow ducting - 0.75 inch (internal diasmeter) pipe
Pressure Reservoir - 50 gallon drum

Feed Pumps - 2 Black and Decker commercial vacuum cleaners
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VI, NOMENCLATURE
L = Total 1ift developed by airplane - lbs

W = Gross weight of airplane = lbs

L
L Lift coefficient = W
D
TP Vg
V = Flight or free stream velocity - ft/sec

(9]
n

Cp = Drag coefficient =

@ = Density of air - slugs/ft°

ag = Geometrical angle of attack with reference to the wing chord plane
¥ = Angle of yaw

R = Reynolds number of flow

S =Wing area - ft?

AR = Aspect ratio of wing

MAC = Mean aerodynamic chord - ft

Q@ = Quantity of air removed by boundary layer suction - ft3/ sec

Gy = Quantity flow coefficient = vg
5E‘N = Deflection of nose flap in degrees as measured from the wing

chord plane

oy, = Deflection of slotted trailing edge flap in degrees as measured
S from the wing chord plane

AP APy + APy + AP3

APy = Difference between the free stream sta%ic pressure and the static

pressure at the 20% wing chord = 1b/ft
AP, = Kinetic energy lost at exit - 1b/ft2
AP, = Internal pressure losses due to ducting - lb/ft2

Efficiency of suction pumps

~
n
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IX, DISCUSSION

The experimental results appear in figures 4 through 81, while

tables of Cg - and 4Gy for each configuration appear on pages
! max

34 and 35 respectively.

Since the Reynolds number effects show only a small variation in

maximm 1ift coefficient (figures 5 to 7), Reynolds number changes

have been neglected throughout this report. The value of the tunnel

dynamic pressure, g, used was selected after consideration of both

the Reynolds number and the suction quantity. The intentions were

to be able to investigate a range of C, values and yet keep the max-

imum value within a reasonable limit¥®,

Increasing the suction quantity for all configurations increases

the maximum 1ift except for a few instances with slot 0'2. From

the results presented in figures & to 34, it is apparent that the

forward slot is more effective in increasingte maximum 1ift than

either slot ,Az or the slot oombination.,dldgﬁ. The 1ift increment

obtained by inecreasing the suction guentity is also grester for slot

»A]_than for the other slot configuraticns, but decreases with

inereasing suction quantity . The greastest gaing in 1ift on the basic

airfoil arise from deflecting the nose flap, e.g., Op = 0.250 for a

P
=

R

It should be emphasized that when slot configuration 444, was used,
the suction guantity removed at each slot was less than for the
single slot 44 or 4, configuration., Since the static pressure at
slot 4, is less thafi that at slot 4,, it is apparent that the suction
quantity removed from each slot was not equal; a greater amount would
be removed through slot 45 due to the lower pressure hesd. There-
fore the effectiveness of slotwdlﬂis decreased.

The application of this wing to an actual full scale sirplane was kept
in mind throughout this investigation so that the horsepower required
and available for the boundary layer suction was kept as low as
possible,

This §ffect is shown later in a section of cross plots (figures 64,

to 72).
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DISCUSSION (conttd)

150 deflection., Deflecting the nose flap also greatly changes the
angle of stall of the airfoil. Changing the suction quantity was
found to have a minor effect on the stall angle. The angle of stall
is alsco influenced to some extent by the deflection of the slotied
trailing edge flap. In particular for the case where the nose flap
is deflected with the slotted flap, the angle of stall actuslly de-
cresses. The maximum angle of stall obtained was 23° for the SFys
bFy = 30°, C £ 0 configurstion. For the maximm 1ift configuration
as well as most of the high 1lift configurations the stall was sudden
and was usuvally accompanied by severe buffeting. In several instances,
the 1ift obtained with suction applied on slot 02 was actually lower
than the maximum 1ift of the basic airfoil without suction. As this
condition disappeared as the suction quantity was increased, it is
apparent that the lower suction quantities were insufficient to re=-
establish the flow over the rear of the airfoil.

Figures 35 to 43 present the effects of slot location for each
basic configuration for a CQ = 0,0071. In each case the location of
the slot aft of the ncse flap (slotlal) proved superior to a slot
located on the 70% wing chord (slot142). It alsc appears thet the
slot combination14142 is svperior to the slot,¢2. However the figures
demonstrate that slot,Az is better than no slot at all. Slot 41 gives
maximum 1ift coefficient increments of from 0.1 for the "flaps up"
configuration to 0.55 for the SFyFg, 8, = bpy = 30° configuration.

Figures 44 to 59 present the flap effectiveness for the nose
flap, slotted trailing edge flap, and thelr combinations for CQ =0.0071

and various slot configurstions. The ncse flap resulis indicate:
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DISCUSSION (cont'd)

1. the greater the nose flap deflecticn, the greater the
lift

2. slot 4 incresses the 1ift increments obtained for a
given flap deflection more than either slot 42 or
slot 4 1A2

3. the angle of stall incresses with nose flap deflection
but remains relatively constant as the slot location
varies

The slotted flap results indicate:

1. there is an optimum slotted flap deflection, after
which the maximum 1lift decreases for increasing flap
deflection*

2. slot 47 increases the 1ift obtained for a given flap
deflection more than either slot 4, or slot 4142

3. the angle of stall decreases for a slotted flap
deflection

The slotted flep effectiveness, for 6p = 159, indicates the same

N
conditions as does the previous case where SFN = 0°, For the slotted
flap effectiveness where the nose flap is deflected 300, the charac—
teristics of the nose flap influence the slotted flap such that:

1, for CQ = 0, the 1ift obtained with the slotted flap
at 60° is greater than the 1ift obtained with the
flap at 30°

2. slot 47 incresses the 1ift obtained for a given flap

deflection more than either slot 47 or slot AlAé

% This effect is clearly shown in figures 60 to 63
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DISCUSSION (cont'd)
3. the angle of stall decreases for slot 4, and slot
xilAé, and incresses for slot 4.,
Figures 60 to 63 show the variation of the maximum 1ift coefficient
with flap deflection for the maximum suction quantity (GQ = 0,0071)
and for the various slot configurstions. For the basic airfoil with
no suction, figure 60 indicates that the most profitable configuration
is SFN = 30°, SFS = 60°, From the curves it is apparent that more 1ift
could have been obtained by deflecting the nose flap past 30°, For
the slot 47 configuration, figure 61, the optimum configuration was
6FN = Bpy = 30° The plot also indicates that:
1. a higher 1ift could be obtained by deflecting the
nose flap to a greater angle
2. there exists an optimum slotted flap deflection past
which the 1ift decreases with increassing flap
deflection
These same results are gpparent in the slot 4142 configuration, figure
63, however on figure 62, slot 42 » the optimum configuration again
becones SFN = 30°, SFS = 600 gs in the "suction off% condition.
Future investigations with the airfoil should center around increasing
the nose flap angle and slotted flap angle past 30° in increments to
determine this optimum flap configuration and obtain a greater maximum
lift.
In the last group of figures (figures 64 to 72), the variation of
the lift with suction quantity (slot configuration as paremeter) for

angles below the stall angle are presented for each model configuration.
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DISCUSSION (cont'd)
The general result that these plots indicate is that by increasing the
suction quantity above the maximum used, the 1lift increase obtained
would be small and undoubtedly insufficient to warrant the increase in
the horsepower for the suction. Thus future study with this particular
airfoil should center around flap deflections and possibly suction
distribution, but not suction quantity.

On page 36, the horsepower required to operate this boundary
layer control on a full scale airplane is estimated. The formula used
is hp = %é%%%—, where AP is the sum of the losses and pressure head
chargeable to the suction pump. Some of the values have been assumed
due insufficient data while others have been obtained from references

(see particularly reference 12). The value obtained was 54+6

s a
value considered reasonable and not too demanding upon an airplane
powver plant.

The final group of figures present the results of the tuft
investigations conducted on the optimum model configurations. The
main indications are that flow separation begins at the leading edge
and progresses rearward. Suction and flap deflection only tend to

delay the leading edge separation to higher angles of attack.
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X. SUMMARY OF RESULTS

This thesis presents results of an investigation of boundary
layer suction as a means of increasing the maximum 1ift coefficient
of a double-wedge supersonic airfoll operating at low subsonic speeds.

The model used was a 10% thick, double-wedge airfoil located
between endplates with spanwise suction slots at the 20% and 70%
wing chord. Both a 20% chord nose flap and a 20% chord slotted
trailing edge flap were incorporated on the model. Boundary layer
suction was applied tc the forward slot, to the rear slot, and to both
simultaneously, for all possible model configurations. The greatest
increase in 1lift was obtained with both flaps deflected 30° and with
maximum suction (CQ = 0,0071) applied to the forward slot only
(CLmax = 2,149)e In all cases the greatest increments in lift were
obtained with the nose tlap and front slot combinations. For the
slotted trailing edge flap, there appeared to be an optimum deflection
(between 30° and 600) past which the lift would decrease. The rear
slot in most instances proved to be much less effective in increasing

the 1lift, than the front slot.
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XTIV, HORSEPOWER COMPUTATIONSl

= Q(aP) -
hp = '550,,1 s where AP = APl + AP

+ AP

2 3

Assume the following dimensional data of a full scale airplane:

W = eight = 10,000 lbg

= Wing Area = 440 £t GLma = 2,100
MAC & 9,5 ft X
AR = Aspect Ratio = 5.5 ft CQ = 00,0071

0 = 0,002378 slugs/ft>

For level flight: L =W = $pv<C.S

1
| 20,000 1% _
o= ¥ -[() CLSJ {0023'78::2.1-,;440 | =955 ft/sec

Q T CgVS = 0.0071 x 95.5 x 440 = 298 f£t’/sec

AP, = p(free stream) - p (20% wing chord) = 1.50 x q

= 1.50 x 40 = 60 1b/ft2
AF, = __?2__ vR (Assuming boundary layer air leaves with free
stream velocity) = -%- (95.5)2 = 10,84 1b/i“t:2

3
2B, = 30 1b/£t°

AP = APl + AP2 + APB = 60 4+ 10.84 + 30 = 100.84

_ 298 (100.84) o 5heb

RN 7

* The value of the static pressure at the 20% wing chord was obtained
from Reference 12
#%* This value is assumen and is relatively high, however, it allows
a "dirty" air duct configuration that might be necessary in a
military airplane
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TUFT PICTURES FOR RUN 138
CONFIGURATION SFyFg,8py = 6pq = 30°
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Fig. 82
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Fig. 82

TUFT PICTURES FOR RUN 138

CONFIGURATION SF Fg, SFN = B 30° (cont'd)
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XVI. MODEL PICTURES

Photo 1. Front view
of complete model
linstalled in wind

Photo 2. 3/L rear
'view of model show-
'ing endplates and
sting mounts

\
1
\
' Photo 3. Side view
- of model showing air-
' foil cross-section

' for the "flaps up"
1configuration
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MODEL PICTURES (cont'd)

Photo 4. Side view

of model showing

airfoil cross—section
for §py = 15°, 6pg = 30°

|

 Photo 5, Side view

of model showing
"airfoil crosg~section &
for Bpy = 30°, Bpg = 60

Photo 6. Side view

‘ of tumnel working

‘ section showing the
| model support system
! and balance
|
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MODEL PICTURES (cont'd)

Photo 7. View showing
suction pumps and
manometer

Photo 8. View showing
airflow duct on north
side of tunmnel




