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SYMBOLS

Tree air Mach number

Free stream iach number

Angle of atteck set by theodolite
Absolute angle of atbteack free air
Section 1ift coefficient

Stetic pressure at any wall orifice
Atmospheric pressure

Thickness coefficient

lodel size coefficient

Free streem dynamic pressure

Pree sir dynamic pressure

Lift curve slope per degree

i

lodel chord in inches

Tunnel height in inches

Length from aero-center of model to rear orifice
Length from asero-center of model to front orifice
Circulation

Section 1ift coefficlent for 1ift measured in the working
section

free stresm velocity fest per second
Coordinates of coordinate system
Percent chord

Rate of change of along chord

Pressure coefficient



SUMIARY

It was desired in this investipgation to determine the effect of
the chordwise position of dive recovery flaps on the 1ift of a laminar
flow,low drag,two-dimensional airfoll at high subsonic lach aumbers.
Schlieren pictures were teken to relete the formation, exteasicn and
strength of shock waves to the meesured lift, Tests were made on a
four inch chorgd airfoil of section 65,1-012 at lMach numbers from .50
to .83, a Reynolds number of 1,600,000 at Mo = 0.7, angles of attack
from 1 to 3 degrees, and flsp locations at 15%, 307, and 45% chord;
the flap is 1077 of the chord,

The investigation was carried out by the authors st the Guggen-
heim Aeronsuticel Laboratory of the California Institute of Technology
during the school year 1545-1946,

It was concluded that dive recovery flaps materielly increase
the 1ift of an eirfoil, and there is an optimﬁm flap locaticn for

AL Ce

maximum 1if£t and orne for meximum Ao * Koreover, it was concluded

that the formation and development of shock waves is directly related
to the 1ift, but that the successgive develcocpment of the shock weve
vattern a&s a function of Mach number is independent of angle of atteck
or flap location; the ilach number for initial shock formaticn varies,
Finelly, in this tunnel where the thickness of the boundary layer is

& large percent of the tunnel width the correction for non-uniform
spanwise 1lift distribution must be investigated more cerefully before

absclute 1ift values can be computed.



INTRODUCTION

The problem of shock waves occuring on the wing of & plene at
speeds less than that of sound, and subsequent large diving moment
forces caused by these shock waves led to the use of dive recovery
flaps, These flaps on full-size airplenes, when scbuated by the pilot
in a dive, or in pulling cut of a dive ellow the pilot at least enough
control to overcome the large diving moment ceused by the shock waves,
These phencmena are related not just to the wing, but to the interre-
letion between the wing and the teil; recovery of the use of the tail
as & control surface operated within the muscular strength of the pilot
is inherent in the use of dive recovery flaps.

The first solution to this oproblem was made by trial and error.

rnlane models were fitted with dive recovery fleps as

e

Large sized =
in refersnce 1 and tests made in wind tunnel. Tests were also wmade

on actual sirplesnes under actual flight conditions. The position chord-
vise or spenwise, size, end angle of deflection were all paremeters

of these investigations, In reference 1 the flaps .were placed at

33% of the wing chord for structural reasons which could necessarily

be another cmsideration,

Due to the exigencies of the situation final results were desired,
and no theory or empirical dats were derived, The theory of the effect
of increasing Mach number on the 1ift, dreag, and moment of an airfoil
without flaps is feirly well defined by references 2, 3, 4, 5, 6, 7,
and others, A large amount of empiricel date has heen obtained to
substentiate these theories. Horeovér, some relations of the forma-

tion and type of shock weves to the pressure distribution have been

established in reference 3.



In genserel, the experimental data is affected by errors due to
wind tumnel wall interference. Allen and Vincenti in reference 8
have obtained theoretical correcticus {or wind bunnel parameters widich
agree feirly well with empirical date up to wind tunnel choking.
However, these corrections apply to fairly large wind tunnels snd to
force measurements or chordwise pressure measurements on the body it-
self, The correction to the 1lift for the length of the working sec-
tion has besen satisfactorily worked out. There 1s noc satisfactory
theory to correct for the non~uniform spenwise distribution., J. 4,
Preston (reference 9) made en investigation of the effect of the
boundary layer on the 1ift distribution, but his work is not completely
applicable to the tumnel in which the subject experiment was conducted.
During the course of the irvesbtigation it was discovered that a more
sccurate investigation of this effect should be msde,

etermine the effect of

je N

In this investigetion it was desired to
dive recovery flaps on the 1ift of two-dimensional leminar flow air-
foil at low angles of atback and vericus HMach numbers for three chord
positions: 155, 30% and 45% of chord, These positions esre considered
to cover the region in which actual dive recovery fleps are used on
airplenes, It was alsc desired to show the effect of the flsp on the
formation of shock waves by the use of schlieren photographs, snd then
correlate the actual data Yo the picturss,

Lift measurements were made by integrating the pressures over

the top and bobtom of the ftunnel. This method has some adventages

for small models 4n that it does awsy with balance strut and clesrsnce
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problems, However, the measurement itself was inaccurate because it
does not measure all the 1lift lengthwise in the tunnel, and it does
measure the decrement of 1ift due to the comparatively large boundary
layers on the sides of the tumnel and their effect on the spanwise
1ift distribution of the airfoil, A correction was made for the
fraction of the lift not measured on the top and bottom walls, but

no correction was made for the non-uniform spanwise 1lift distribution.
Therefore, the 1if't coefficients reported are essentially spanwise
averasges, and are lower than the true section lift coefficient on the
tunnel C.L. It was desired to reduce the data primarily to show the
increment of lift due to the flaps and the rate of change of this
increment along the chord, However, it was also desired to compare
the data and schlieren pictures to miscellaneous investigations such
as included in references 11, 3, é, and 6.

The tests wsre conducted in a two-dimensional, open return, in-
duction bype wind tunnel having a test section of one by ten inches
cross-section by twenty inches long. It is capable of giving a Mach
number of 0,87 with no model instslled,

The tests were made at the Guggenheim Aeronautical leboratory of
the California Institute of Technology in March, April, and May of
1946, The tests were made in collaboration with the tests made for

the investigation of reference 12,



4.
EQUIPMENT

The wind tunnel in which this investigation was carried out is
of the two-dimensional, free air entrance, open return, induction type.
The details of its construction are described in references 13 and 14.
A picture of the tunnel is shown in Fig. 1. The working section is
20" long with a cross section tapering from .9" x 10" at the entrance
to 1;0" x 10" at the beginning of the diffuser section. The taper
is to allow for the'growth of boundary layer along the walls. In
this investigation it was necessary to replace the tepered floor end
roof blocks of the working section of the tunnel. These blocks con-
tained the drilled holes into which were inserted the pressure tubes,
The blocks have been made of a laminated plastic, but had become so
warped by dimensional instability that the glass side walls no longer
fitted smugly. In addition, the warping caused a misfit of the bell-
mouth on the tunnel entrance which gave rise to considerable turbulence,
For these reasons the plastic blocks were replaced by machined brass
blocks,

Previous surveys of velocity had been made in the working sec-
tion and it had been determined thet the flow was satisfactoriiy
uniform vertically in the working region. The mwaximum Ms.ch number
attainable with no model in the tunnel waes about .87 and with a model
in the tunnel this value was reduced to about .82,

The three models used in this investigation were constructed of
machined brass., 411 had an NACA 65; - 012 section, with 4" chord and

each contained a flap of 10% chord length loceted respectively at 15%,
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30%, and 45% of the chord from the leading edge. The flaps were so
constructed as to recess flush with the lower surface when retracted,
and to extend at an angle of 45° to the chord line when actuated by

a tug on a small wire leading from a lug on the side of flap, downstream
ageinst the glass side wall (in the boundary layer). The wire was

led out of the tunnel in the diffuser section through a small hole
drilled in the side wall,

An ordinary theodolite was used in conjunction with a small
surface reflecting mirror attached to an extension shaft on the air-
f0il support trunnions to determine angle of attack., A schematic
diagram of the angle of attack measuring device is shown in Fig. 3.

The schlieren equipment contained two alternate sources of 1light,
one an ordinary bulb, and the other a spark with a iO‘4 second exposure,
The spark source was used to take all pictures, A schemetic diagram
of the schlieren equipment is shown in Fig, 4.

Additional details of the model construction, the schlieren

equipment, and the angle of attack mechanism mey be found in reference:1l2,



PROCEDURE

It was desired to obtain date in two categories; the flap re-
tracted condition and the flap set condition., The term flap set is
to be construed as meaning that the flap was locked in the down posi-
tion at the beginning of the run, (M= 0), and then the air speed
was increased to the desired Mach number, Considerations of the de-
tails of operation such as clsaning the glass sidewalls of the tunnel
and retracting the flap led to the adoption of the sequence of opera-
tions hereinafter described,

The designated model, properly gasketed, was attached to the
control wire by which the flap was actuated, The model trunnions were
then inserted into the bearings provided and the bearings themselves
inserted into the drilled fitéed holes in the glass side walls., The
side walls were then pressed in ageinst the model by tightening the
serews provided for thet purpose until the model was lightly held by
friction alone. Then the model was tapped lightly until it was appro-
ximately at an angle of attack of 0° as determined by measurements
ma.de with a steel rule, Next 8 conslderable pressure was set up on
the side walls to keep the airfoil from slipping.

With the airfoil now set and the theodolite in position and
leveled, the mirror was slipped énto the integral shaft protruding
from the airfoil through the trunnion and the mirror was rotated by
hand until it could be lined up at approximately zero on the angle of attack
scale. The mirror was then fixed in this position relative to the
airfoil by a set serew., The reading teken through the theodolite

then was recorded as the reference reading,



The bellmouth was then installed and the tumnel started. TWhen
the desired Mach number had been obtained by menipulation of the
compressor by-pass value, & prearranged signal was given to the various
stations and the operations of teking the schlieren photos, and re-
cording the manometer liquid heights by colored pencil on & graph
peper backing were concluded as expeditiously as possible.

If the flaps had been down on a previous run and it was desired
to obtain a flap retracted run it was necessary to shut the tunnel
down, slack off on the control wire and press the flap back into its
recessed position by means of a thin tool inserted through the bell-
mouth for this purpose. The inefficiency of this procedure was offset
by the fact that it was necessary to stop the tunnrel at frequent in-
tervals anyway to permit the compressors to cool; the runs were so
arranged as to coincide with these intervals insofar as was possible,

With the runs completed at one esngle of attack, the bellmouth
was removed, the side wall clamps loosened to permit forced movement
of the airfoil, and the airfoil then gently tapped with a wooden
stick until it had shifted to the next desired angle as determined
by the theodolite,

Then the waells were again clamped, the bellmouth reinstalled
and another series of runs were executed at this new angle,

When runs at all desired angles had been obtained by these
methods, the tunnel was disassembled sufficiently to remove the old
model end replace it with the new model. Flap up runs were interspersed

with the flap set runs to permit correlation of the reference angles to



the absolute angle by considerations of the fact that a plot of 82 VS
a for & symmetrical airfoil must pass through 0,0.

A brief discussion of operating difficulties in the tunnel may
be of interest to indicate the nature of some of the problems en~
countered, The most serious problem from a standpoint of time and
expense was the breskage of the glass side walls, Four sides were
broken during the experiment. Since none of the sides were broken
during the actual operation of clemping up the sides of the tunnel
against the airfoil, but instead occurred during, or after the runs
had been completed, it was felt that the breskage could not be regarded
as resulting from rough handling., All failures were sterting at the
ends of the elliptical slot and radiasting outward as was to be expected,
An elemenbary analysis indicated the stress to be excessive in that
region, For this reason the side walls were redssigned to contain a
circular hole, thus reducing the stress concentration by about one-
half, and the airfoil models were machined down to allow the use of
e thin rubber gasket on each side to distribute the load more evenly.
The problem yielded to this treatment,

Another problem was that of the manometer ligquid., Alcohol wes
used for the first few runs, which were all either with no flaps
or with flaps at very low angles of attack., Lead perchlorate ﬁas
we.s then used and it, too, was found to be too light to keep the
pressure differences within the 40" limit of the manometer board at
the highest sngles of attack desirable, Other liquids investigated
hed an adverse effect on the properties of rubber, or steel or both,
so thet mercury wes used in all the runs et 30% chord, 45% chord and

at 2 and 3 degrees for 15% chord., Had time permitted, the construction



of an all glass manometer would have been desirable in order to use
tetraethyl bromide, However, this would also have meant that the
manometer board would have had to be redesigned and made much larger,
or mercury would have had to have been used anyway.

Because the schlieren pictures were teken with a spark source
it was necessary to darken the room to take pictures and to change
photogrephic plates, This procedure obviously hampered operations.

From the readings recorded on the graph paper behind the mano-
meter tubes, pressure differences between matching pairs of orifices,
top and bottom, were measured. These differences /A p, were then plotted
on a graph vs. distance along tunnel axis, and the area under the curve
was integrated by a plenimeter fo determine lift. The dynamic pressure,
q, was determined by meens of & measurement of the stagnation pressure,

Py which in this case was atmospheric, with the aid of the relation

_ ¥ p 2
Y% = 7 M

With q and L thus determined and P, determined from the barometer,
9& wes evaluated. Additional curves were then cross plotted as in-

dicated under Results,



10.

CORRECTIONS AND PRECISION

Measurement of the free stream Mach number directly was impossible
due to the size of the wind tunnel, With no model in the tunnel a
lengthwise pressure calibration showed that a measurement at one of
the middle orifices would give the true free stream Mach number.
However, insertion of the model influenced all orifices after the
second orifice.

Measurement of the Mach number was made at the second orifice
by measuring p - p, on & menometer board using & scale to read directly

in Mach number by use of the following equatlon.
(p—b-) = b (1 L~M") 5 -1 .

This Mach number was corrected to the free stream Mach number by
plotting a curve oﬂAM versus uncorrected M; this correction was
additive in all cases, This curve was obtained from calibration runs
made with no model in the tumnel. The Mach number at the second

orifice was computed from the p/b relationship:

%o‘((ﬂ—-’—zf )‘l{"‘r

Solving for M for air:

The true free stream Mach number wes also computed by the same relation-

ship from the p/bo neer the middle orifices and the difference plotted.
For a p/po of 0.722 at the second orifice a p/po of 0,715 was

obteined in the free stream. This gave an uncorrected Mach number of
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0.698 and a corrected one of 0,709, a difference of plus 0,011,

It was found that at any Mach number below 0.52 no correction
was necessary.

As the direct reeding uncorrected Mach scale was based on &
standard P, (745 mm Hg.) an investigation of the effect of the change
of p, was carried out. This curve was plotted, but over the period
of the tests the correction to Mach number was never more than *,001
so that this correction was neglected.

An investigation of the effect of the height of the mercury in
the Mach meter was also made. However, at the highest Mach numbers
this effect was only to change the zero reading of the Mach number

—~.002 so that this also was neglected,

A correction for wind tunnel wall interference was made to the
free stream Mach mumber, using the method of formula 33, page 72,
in reference 8 using a < of .033, a ./\. of. 221 without flaps, and
e _/ of .348 with flaps extended. The Mach number as read shogld
be accurate to * 0.002. Any additional error due to the corrections
should not be more than * ,003 so that the Mach number is correct
to * .005.

On obtaining values of Cp with no flaps quite & substantial
difference in the values and the slope of the 1lift curve from those
in reference 15 was obtained. Applipation of wind tunnel wall
corrections using the first three terms in formula 62, page 62 of
reference 8 increased this difference. In previous work in this
tunnel it hed been assumed this was due to improper measurement of

the angle of attack, Reference 12 showed that this was not so, but
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that part of the difference was due to the fact that all the lift of
model was not being measured, and part to the non-uniform spanwise
1lift distribution.

The reason for this was due tovtwo things; the method of mea-
surement of the 1lift, and the effect of the tunnel side wall boundary
layers on the velocity and pressure distribution over the whole width
of the model. R, W, Bell, in reference 10 showed that in incompressible

flow for a lifting.line vortex:
_.7"’17.
Lows. 2 -1 lr_'ﬁ -
L "

See Fig, 5a

and for a vortex sheet: 9__&&_)_
C;Znu.s- — IEE" /x (7() ‘g

Chord
Ce =. ap(x)
chovd z

where LWs is the lift measured in the working section, L is the
total 1ift, A p(x) = pe— bPu

and p, = pressure on wind lower surface at position (x) along chord

[}

Pu pressure on wing upper surface at position (x) elong chorad.,

and (P —-x
2 -1 1’__(__2 _ =w(G+x)
A(")‘-‘—T,—: taw e” K ~~fhane —f5—
See Fig, 5B
Calculation of the percentage of lift measured in the wind tunnel in

use by the first method gave a percentage of 1lift measured 91,0% and

by the second method of 90.0%.
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The method wes corrected for compressibility by using the Prandtl-
Glavert approximation. Application of this epproximation to a wind
tunnel consists of substituting:

X comp, = X in comp.

and Y comp. = Y incomp.
T Tt/

The equation then became P} £
L" w.s. - 2_ +M e WYT—Mm™ — ’f"'a.vl e —m
L |

as h incomp. = h camp. (the actusal h) x y 1 - M2

Solution of this equation showed that for increasing Mach number &
greater percentage of 1lift was measured, This percentage went from
917 at M = 0 to 97% at M = 0.70.

Plotting of the ok Ce vs., M curve (Fi ‘ 9) showed that for this

otting o Ax . g.

model only 67% of the lift at M = ,2 was being measured and 78.6% at
M= .5. At M =2 then, 23.0% of 1ift and at M = .5, 16,4% of the 1lift
was still unaccounted for.

In reference 9, J. A, Preston showed that

AO(_Ac_e___ » a
le'¢ - Ce —_Lf/_e_._-ciJX/OO/a

where C is the chord length of the model,
£ is the width of the tunnel,

o ¥ is the aisplacement thickness.
{

S J}o/(,-%)dcfi)

AcK 1is the angle of attack induced by the vortex.
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Using the logerithmic velocity profile of reference 16, page 15,

b= [otis () ey ()]
{‘ +4,:5(cf)'ijojw (%)J
substituting J*L:: J['[a—|~‘l-./s“(C;)J’:,ﬂoy,o(ﬂ)]J(%)
L o e (0 )
= f (s Ted” )(Iwei 1)
hf((f)%

For a Mach number of 0.2 the Reynolds number is 460,000, which

formula 44:

from reference 16 gives a Cf of 0,00513,
+

Then o = .0645 of

%
The boundary layer was computed from J-"" oO. 317’7 o X) X

where X was the distance from the front end of the working section.

For this wind tunnel J = ,?7?(]—'7—)é_at the quarter chord
position of the model.

For a Mach number of 0.2, O(’ = 0,130 inches, The boundary
layer actually determined in the tunnel with no model and at a Mach
number of 0.2 was 0.15 inches; the discrepancy was probably due to
the entrance conditions. It was assumed for the computation that the
boundary lsyer started at the entrance of the working section where

actually it started on the bellmouth, thus increasing the width
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thickness of the boundary layer at the peint in question.

Using 0.15 as the boundary layer thickness at M = 0.2

»
of = .0097
ACQ. o
d — = b e
ma =16 %
at M = .5, cr}2$ .11 by the equation above: Allowing for the entrance
conditions J = .12,

For M = 0.5, RN = 1,150,000

and ( -C_,: ) = .0043

*—
then o/ = ,0079

ACe )
This gives ~& = 12.7% .

If the Prandtl-Glauert correction is applied to Preston's formula,

Cincom = C comp
/f incom =£ comp, (the true ,e ) x ' 1 - M2
*

Ce T2 (1-m*)

A summary of the lift measurement is as follows:

Correction Correction Comp.
for Length for Correction
% Lift of Working Boundary for Boundary Unaccounted
Mach No., Measured Section Layer Layer for
.2 67 9.6 16 16,7 7.5
.5 78.6 7.0 12,7 (17.0 1.9
.7 82.4 4.0 11.2 2.4

The correction for the length of the working section was assumed
to be accurate, Lift coefficients were corrected for the wind tunnel
walls and for this working section correction. The correction as
determined by Preston is evidently of the right order, However, his

#
initial assumption of & pair of vortices, one at a distance cfﬂ from
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the wall, the other the image in the wall, is evidently very good for

a fairly large tunnel but has its limitations when the tunnel size

A o
is reduced. The value of the computed o applies only at the

center of the tunnel. In a small tunnel the increase of Ai;{ going
spenwise from the center to the displeacement thickness would materially
affect the decrement of 1lift. This consideration would give an addi-
tionel correction, and it would be in the right direction. Moreover,
no effect of compressibility is teken into consideration in Prestm's
original assumption, If the Prandtl-Glauert correction is applied
the correction becomes too large at higher Mach numberg.

Consequently, it is evident that a boundery layer correction should
be made, but that more investigetion is necessary. As the subject
of this paper is concerned more with comparative than with absolute
values, and because of the questionable accuracy, this correction
was not made,

No comparison in precision can be made as regards to absolute
values. Bach wall pressure measurement should be accursate within
0.5% g, Pressure differences with no model in were never more than
one nillimeter of mercury; no cbrrections to the wall pressures were
made as this difference is included in the estimate sbove., Integra-
tion of these pressures by plenimeter should elsc be accurate to 0.5% g
so that SB should be accurate within 1.0%,

The angle of attack measurements by the thecdolite are within
+.03%, which tekes into account the slippage of the model due to
aerodynamic forces and the method of holding the fleps dowmn. Conse-

quently, the precision of relative angles is within this same error.
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The theodolite sngle of attack was corrected to absolute angle
by meking runs with flaps up at & certain Mach number, entering the
C
2

attack., These angles were corrected to free air angles by formula

vs, o curves of reference 12, and getting an absolute angle of

64b, page 62, reference 8 using only the first two terms. The absoclute
angle of attack is correct within 0,1°.

The sensitivity of the schlieren equipment used is very hard to
define accurately. Possibly by locking et the boundary layer in the
pictures and by a compsrison to the pictures obtained in reference 3
it can be seen that this equipment is only moderately sensitive. As
the sensitivity wes enough to show the heated air rising from one's
hand, the difficulty may be in the method of taking the pictures.

The relative humidity throughout the investigation was approxi-
mately 50%. No definite condensation shocks were noticed in the
schlieren screen., UNo effort was made to evaluate the effect of water

vepor and dust in the air on the formation of the shock waves.
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RESULTS AND DISCUSSION

The lift coefficients derived by the method outlined in PROCEDURE
were plotted on Fig, 6 and curves drawn, Curves epproximating the
Prandtl-Glauert correction snd the Karman-Tsien correction were drawn
from the same point on two of these curves for comparison. The dis-
crepency is probably due to the decrement of measured 1ift which would
be less at high Mach numbers. This then would indicate that the shape
of these curves, if corrected properly, would a-proach the Karman-
Tsien or Prandtl-Glesuert approximetions. Moreover, the Karmen-Tsien
and the Prandtl-Glauert approximations are not vaelid after the flow
is locally supersonic, which would account for some of the difference.

The Cp ,.av, ©Of the lower curves on Fig, 6 agree very closely
with the curve of Cg,ua,, Vs. Mach number in reference 13.

The highest Mach number points are the limiting values for this
tunnel, At this point choking occured and no higher Mach numbers
were obtained., These choking points agree very well with the curve e
Fig. 5, reference 11,

Figure 7a is a faired curve plot of 92'vs. a from the curves in
Fig. 6. The 92 vs. o curves for this airfoil without flaps from
reference 12 are also plotted., In fairing the curves, an attexmpt wes
made to have all curves for eny one flap location intersect on the
9& equal zero line,

The curves in most cases are straight lines below the stalled
position., At these relatively high angles of attack, the stall at
the higher Mach numbers is gradual, Two exceptions to the straight
line curves are the curves with the flap at 30% chord at Mach number

of .55 and , 60,



Fig. 7b shows & plot of the slopes of the curves in Fig. 7a for
two Mach numbers vs, the'flap location. This shows that there is a
maximum slope to the lift curve somewhere just aft of the 30% chord
vosition, This position of maximum slope is only slightly affected
by Mach number below the stall.

Figs. 8a, 8b, 8c, 8d, fe are plots of the original date points
on a EE vs. flep location graph, at various angles of attack end
various Mach numbers., Curves were faired in between the points,

In fairing this curve it would have been possible to fair in a maxi-
mum somewhere between 30% chord and 45% chord, but a study of the
schlieren pictures indicetes the maximum condition is slightly beyond
the 45% chord position. The curves in general fall in the same pattern
below the stall., After the stell has been reached, i.e., at the higher
Mach numbers, the curves cross those of lower Mach numbers,

oACe

Fig. 9 is a plot of o Vs. Mach number snd includes the
theoretical Prandtl-Glauert curve, and the curve for no flaps from
feference 12. The curve for some optimum lccation of the flep,
again somewhere aft of 30% chord, is materislly larger fh&n the curve
for the no flap position.

The difference between the no flap curve end the theoretical
curve has slready been discussed in CORRECTIONS., Because of this
difference, all curves would be moved upward to give absolute values,
but the relative differences would remain approximetely the same.

Fig. 10 is & plot of the chenge of Cg from the model with no
flaps for the three flap locations at various Mach numbers vs. angle

of attack.
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For corresponding Mach numbers the increment of 1lift increases
quite rapidly when moving the flap from 15% chord to 30% chord, and
is still increasing slightly as the flap is moved aft to 45% chord.
This is another indication that the maximum 1ift position for the flap
is slightly aft of the 45% chord location.

Fig. 11 is a plot of the change of Cg from the model with no
fleps at verious angles and Mach gumbers vs. the flap location. This
plot shows thet the maximum 1ift increment in all cases has yet to
be reached. It also shows that at a constant Mach number increasing
the angle of attack decreases the increment of 1ift obtained. This
indicates that the increment of 1ift obtained in increasing the angle
of attack with the fleps extended is less than the inecrement obtained
when the angle of attack is increased using no flaps.

The slopes of these curves at each flap location are practically
the seme, A plot of the slopes vs, the flap location in Fig, 12
shows that the rate of change of slope decreases very repidly as the
45% chord position is approached, Fig, 12 shows again that the maxi-
mum increment of lift would occur slightly aft of the 45% chord posi-
tion,

Fig. 13 is a survey of the fomation of shock waves on the model
with the flep at 15% chord, 30% chord, end 45% chord at an angle of
attack of three degrees and from just after the shock wave starts
up to wind tunnel choking. This is & representative set of pictures as
the shock waves form in the same menner for all angles of attack,

The sequence of fomaticn and movement of the shock waves is as follows:

A small lsminar shock first appears just aft of the nose, This forma-
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tion is similar to that reported in reference 13 for high angles of
attack. This agrees with reference 13 as these angles, although small
in reference to the geometric angle, are relatively large in reference
to the asngle of zero 1lift,

The second shock oceurs at about 30% chord at a Mach number of
about .05 to .07 higher., At first this also is a laminar shock.

In some ceses the formation of this second shock is preceded by the
formaticn of many small shocks just ahead of it. This phenomenon

mey have caused the irregularities in the two 1ift curves in Fig. T7a.
As the Mach number increases both shocks move aft on the surface.

The first shock weve tends to move awsy from the surface an appreciable
distence while the second shock is still leminar, This phenomenon

cen be seen at 30% chord, M = ,648, In some cases the second shock
woeve becomes & forked shock wave, as shown in this same plcture and

in the upper right hend picture of Fig. 13,

As the Mach number is increased the second shock moves aft and
goes from & laminar type shock wave to & turbulent type shock wave,
This type of wave is recognized by the triangular base and the inclina-
tion downstreem (See reference 3). The last pictures show the shock
extending to the tunnel waell, thus indicating choking of the wind
tunnel.

Reference 3 notes that movement aft snd consequent strengthening
of the shock wave causes the peak negative pressure to move aft on
the airfoil, This increases the area of the C_ vs. Xc curve, This

p

in effect increases the 1ift coefficient of the airfoil.
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Hoving the flap chord position aft hastens the formaticn of the
shock as is seen in the left hand pictﬁres in Fig, 15, At constant
Mach number the strength of the shock wave increases as the flap
locaticn is moved aft. However, it is evident that the change of
strength is more pronounced in going from 15% clord to 30% chord
than from 30% chord to 45% chord. This conclusion agrees with the data
presented in Fig. 8.

Fig, 14 is a survey of the formation of shock waves on the model
with the flep position at 45% chord in increasing the angle of attack
from 1°© to 3°, The formation of the shock waves at a constent angle
of attack when the Mach number is increased is similar to the previous
discussion. Increasing the angle of attack at a constant Mach number
hastens the formation of the waves, which in effect increases the
lift,

Fig. 15 shows some schlieren pictures of the model with no fleps.
Again the formation of the shock waves is similar. Comparison between
Fig, 15 and Fig. 13 shows that the formetion of the shock waves occurs
at a much lower Mach number when fleps are used due to the effective

cember caused by the flaps end the higher induced velocities on the

upper surface of the airfoil.
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CONCLUSZIONS

Dive recovery fleps materially increese the 1ift of ean airfoil

at high lfach numbers end low angles of attack, The maximum 1ift is

ol Ce

a =<

obtained slightly aft of the 45% chord location; the maximum
is obtained slightly aft of the 30% chord location, The rate of change
of gz’as the flap is moved along the chord is not materially affected
by changes in engle of atteck or Mach number, The fleps and movement
of the flap location aft hasten the formetion of shock waves, but the
development of the shock pattern and movement of these shock waves are
not effected by change in flap location or change in angle of attack,
although they are affected by Mach number. The shock wave configure-
tion is directly related to the lift; predictions of change in lift
can be made by a study of schlieren photographs of the shock waves,
lfeasurement of the 1ift‘by integrating the pressures over the
top and bottom of the tunnel for this type tunnel is not adeguate

to give absolute values of 1ift without further investigation.
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RECOMUIBNDATIONS

1. The accurecy of the results may be increased by redesigning the
menometer board to allow the use of alcohol or lead perchlerate as
the fluid for high 1ift ccefficients,

2. The schlieren photographs mey be bettered by changing the method
of taking photographs., A clcsed camera with a shutter so that date
recording may be done with the lights on, and no extraneous light can
get on the film. 1is required.

3. The wind tunnel working section should be redesigned to permit
cleaning the glass without removing the model, OSubstitution of a
steel pleate with a mirror finish on one side for one of the glass
sides éhould be considered. This would result in the canplete re-
design of the Schlieren equipment, but would haeve meny adventages;
the main one is that it could be used for a working side.

4., It is feasible that a belance system end a simpler, more accessible
angle of attack mechanism could be designed for the wind tunnel.

. An investigation of the boundary layer effect on the pressure
coefficient should be made with models of various lengths.

<N An extension of these results should be made, varying the length
of the flap and varying the deflecticn angle,

7. Some investigation should be made of the effect of water vapor

and/br dust particles on the formetion and develcpment of shock waves,
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Model of NACA Airfoil 65, 1-012
Equipped with Dive Recovery Flap
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M = #9562 ' M= ,648 M= ,692 M= 714

M = .657 Il = o678

= o701 M = ,730



«784 M . .813

a = 3,00 M= .664 M = ,707 M

2.n%

M = ,708 M= ,788 M = 829 a



