Nhihmremataiion

1 -4,

K.

~Goi

L

NWACA Kl o,

N NCLASSI Ibopy No. .5

Y . RE&?E@TE—E“ ru@ No. Lsezéz:

RESEARCH MEMORANDUM

DOWNWASH, SIDEWASH, AND WAKE SURVEYS BEHIND A 42° SWEPTBACK.
WING AT A REYNOLDS NUMBER OF 6.8 x 108 ‘vITH

AND WITHOUT A SIMULATED GROUND
By :

G. Chestlep._)Furlong and Thomas V. Bollech .:
Langiey Aeronautical Laboratory .

Y

Langley Field, Va.
D

»

L —— S FICATION CANCEL Lm

This 2ceumant comtzlas
—ffacting the Mat'coal Dels..u of ..Ix-“..
States withia the rmeanleg of the Espicnage Ast,

. U3C M:3 an . traz; :EEE‘ ar !.h
N revaiaticn of & ccztents 'n any Wﬁ] w
B ntrcrized 15 nibit ol ¥ = ! 3
¢ m =aHen ::T:lu:s e’ =" Sl
o

L
ldl n ficors I.N -_pk-:rm o un l-'ulk-

Cb R :Jmfﬁ’a’ Hfaz)ae 500 VLl he.

~formad U

_____ 22 79
NATIONAL ADVISORY COMMIﬁ'EE
FOR AERONAUTICS

WASHINGTON
December 13, 1948 UNCLASS'Htt)

RESTRICTED




| ) UNCLASSIFIED
'NACA RM No. L8G22 - R,

NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

DOWNWASH , SIDEWASH, AND WAKE SURVEYS EEHTND A 42° SWEPTBACK
WING AT A REYNOLDS NUMBSZR OF 6.8 x 108 wrma
AND WITHOUT A STMULATED GROUND

By G. Chester Furlong and Thomas V. Bollech
SUMMARY

An investigation, with and without a simulated ground, has been
conducted to provide flow inclination and wake date behind a 42° swept-
back wing. Tests were made for two model configurations; namely, the
plein wing and the wing with inboard trailing-edge split flaps end out-
board leading-edge flaps deflected. Contour charts of downwash, sidewash,
and dynamic-pressure ratio at two longitudinal statlons behind the wing
(2.0 and 2.8 mean aerodynamic chords) are presented. Integrations have
been made to obtain varlations of average downwash and dynemic-pressure
ratlio with angle of attack. The possibility of extending the lifting-
line method used for celculating the downwash behind unswept wings to
the case of a sweptback wing has been briefly investigated.

The qualitative resulis of the ailr-stresm survey for the ground-
out condltion are, in general, conslstent with the results which would
be expected from a consideration of the span-load curve asgsociated with
sweptback wings. It was found also that without the ground present
the tip vortices for the plain wing were shed and located at a position
that would be expected for a straight tapsred wing.

The variations of average downwash and average dynamic-pPressure
retio with angle of atbtack indicate that for either model configuration
the most prefereble tail location would be below the chord plane extended
and at the most rearward survey position. In the presence of the ground,
negetlve variations of average downwash with angle of 'attack were obtainedl,
end though such variations would increase the degree of stability, they
may be urndesirable from the stendpoint of trim.

Celculations of downwash by the lifting-line method (as applied)
underestimated the experimental downwash at the plane of symmetry but
resulted in reasongble estlmates of the experimentel downwash outboard
of the plane of syrmetry.
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2 NACA RM No. L8G22
TNTRODUCTION

In order to obtain a satlisfactory ompennege design for a conventional
alrplene, a knowledge of the flow inclination and wake characteristilcs
behind the wing 1is required.

Extensive theoretical and experimental studles have been made of the
flow behind straight wings with the result that reasonable estimates of
the flow inclination and weke characteristics can be mede for a stralght
wing either with or without the ground present (references 1, 2, and 3).
Theorstical and experimental studies of the flow behind sweptback wings'
are, at present, limited in scops and, hence, no adequate means for proper
empennage deslgn exist. The experimental data that are avallable for
sweptback wings were cobtalned wlthout the ground present and at reletively
low valuzes of Reynolds number (for example, reference %4). Recently some
large-scale data have been published in refersnce 5.

An experimental investigation (ﬁeynolds number 6.8 x 10%) bes Dbeen
conducted in the Langley 19-foot pressure tummel to provide not only
additional flow inelination and wake data behind a sweptback wing not in
the presence of the ground but also flow data obtained with the wing in
the presence of the ground.

“he mcdel used for the present investigetion had 42° sweepback of
the leading edge, an aspect ratio of h.Ol, a8 taper ratio of 0.625, and
NACA 641-_12 alrfoil sections normal to the 0.273-chord line. Tests were

made with and wlthout a simiated ground for two model configurations;
namely, the plain wing and the wing with Inboard trailing-edge split flaps
and outboard leading-edge flaps deflected. TForce and moment data obtalned
through the angls-of-attack range for soverel values of Reynolds number
have been presented in reference 6.

The presend papsr contains comtour charts of downwash, sldewash, and
dynemic-pressure ratios at two longitudinal stations behind the wing (2.0
end 2.8 mean serodynamic chords). The locations of the tip vortices have
been shown on the contcur charts of dynemic-pressure retios for the plain
wing without the ground present. Integratlons have been made to obtain
variations of average downwesh and dynamic pressure wlth angle of attack.
Values of downwash have heen calculated by extending the method presented
ir references 1 end 2 to account for the sweep of the 0.29-chord line.

Tke ground was similated in the tunnel by means of a ground board.
Although this method of ground representation 1s not ldeal, the results
of the present testa are believed to be indicative of the ground-
interference effects on a sweptback wing.
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SYMBCLS

as
angle of attack of wing root chord, degrees

1lift coefficient I‘if5

free-stream dynamlc pressure, pounds per square

2
foot <&V_>
)

wing area, square feet
wing span, feet
locel chord, feet

mean aerodynamic chord, feet g c dy

mass density of elr, slugs per cubic foot

stream velocity, feet per second

local stream dynamic pressure, pounds per square foot
local downwash angle, degrees

sweep angle of 0.25-chord line, degrees

sidewash shgle, Inflow positive, degrees

ratio of local-stream dynamic pressure to free-stream

dynamic pressure
vertlcal distance, feet
longitudinal distance from 0.25-chord point of root chord
vortex semispan (always positive)
lateral distance from plane of symmetry
downwash factor

total induced downward velocity
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c, section 1ift coefficient

0 vortex strength

e calculated downwash angle, Gegrees

h dovnward displacement, measured normal to the relative

wind, of the center line of the wake and the tralling
vortex sheet from 1ts origln at the tralling edge, feet

Integrated alr-gtream surveys:

@c‘/@ av average Q;/q, obtained by

;bt/Z
94 _ 2 % \e. &y
< =5 _; g 6
av t [s]

average €, obtained by

av
by /2
2 ¥ rag
Cov = ——— | <(F)ee Wy
<q1> )
—_ St o
N % fav -
where
c:t chord of filctlitlous teil
bt gpan of fictitious tail
¢
St area of fictitious tail
yt gpanwise distance
3 rate of change of €av with angle of attack
o

MODEL AND APPARATUS

Model

The model mounted on the normal wing-support system of the
Langley i9-foot pressure tunnsl is shown in figure 1. The wing had
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42° gweepback of the leading edge, a taper ratio of 0.625, an aspect
ratio of 4.0, and NACA 641-112 airfoil sectlions normal to the 0.273-chord

line. The 0.20c¢ trailling-edge split fleps wers deflected 60° from the
lower surface and eytended from the root %o 0-50%. The leading-edge flaps
extended from o.hoog to 0.975%. The principal dimensions of the model and
flaps are given in figure 2.

Prior to the present investigetion, the wing had besn eduipped with a
leading-edge slat which extended from o.uoog to 0.975%. It was Tound that
in the retracted position the slat slightly altered the NACA 6&1-112 air-

foil sections and caused a slight discontinuity along the 0.20-chord line.
The results obtained in the present tests, therefore, do not mecessarily
represent exactly those which would be obtalned on a wing with true

RACA 641-_12 airfoil sections. The model was maintained in a smcoth condi-

tion quring the tests.
L]

Apparastus

The aerodynamic forces were measured by a slmunltaneous-recording,
six-component balance system.

Survey apparatus.- The langley 19-foot-pressure-tunnel survey &pparatus
and miltiple survey head (fig. 3) were used to cbtiain downwash end dynemic
pressure behind the wing. The multiple survey head consists of six pitot-
static tubes with pitch and yaw orifices in the hemlspherical tips. The
survey apvaratus mainteined the rake vertical as it was moved laterally
along the spen. The multiple survey head had been previously calibrated
through knowr pitch and yaw angles. All pressure leads were conducted to
a multiple-tube manometer and durlng the tests the data were photograph-
ically recorded.

A probe contalning thres tufts speced 1.5 inches was used to locate the
tip vortex. Thse probe was atitached to the survey strut.

Ground board.- The ground board conslsted of a steel framswork covered
with plywood on both the upper and lower surfaces, which resulted in an
over-all thickness of L iInches. (See fig. 4.) A slot extending the full
width of the ground board and located 1 foot in front of the 0.25¢ of the
wing was provided as a means of boundary-layer control. The ground board
was supporited in the tunnel test section by means of wall brackets and
center posts. (See fige. 1 arnd 4.) The supvort system allowed a ground-
board travel from 16.0 to 31.9 inches below the.center line of the tunnel
{center of rotation of the model). A more detalled description of the
ground board 1s contalned in refersnce 6.
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TESTS AND CORRECTIONS

Tegts

The air in the tunnel was compressed to approximetely 33 pounds per
square inch absolute for all tests. The tegsts were made at & Reynolds

number of 6.8 x _06 (based on the M.A.C. of the wing), which corresponded
to a dynamic pressure of approximately 80 pounds per sdquare foot and a
Mach number of 0.1k.

A preliminary investligation wvas condacted to determine the flow
characteristics on the ground board and in the tunnel test section both
with and without the model present. The results of these tests are
summarized in reference 6.

Downwash, sidewash, and dynamic-pressure surveys were made for each
model end ground-board configuration at two longitudinel stetions. The
vositions for the survey apparatus were selected so that they aprroximated,
through the engle-of-attack range of the tests, stations 2.0¢ and 2.8
behind the C.25€ of the wing measured along the chord plene extended. The
maximum veriation of the stations 2.0C and 2.8¢ from the locations of the
survey apparatus was only 0.5 inch through the angle-of-attack range of
the test. Due to the fact that the trailing edge of the wing was swept
back, the distance between the survey rake and the trailing edge of the
wing decreased as the rake was moved from the plane of symmetry. Data
were obtained at three angles of attack for the tests of the plain wing
and at four angles of attack for the flapped wing. The angles of attack
for the tests in the presence of the ground were selectied so that the
values of 1lift coefficlent obtained were of approximately the same magni-
tude as those obtained wlth the ground board out.

In conJunction with the alr-stream surveys, the tlp vortex cors was
located by observing the rotational movement of a wool tuft on a probe.

Correctiong

The 1lift data have been corrected for support-tare and strut inter-
ference as determined by tare tests. The values of angle of attack have
been corrscted for Jet-boundary effects and air-stream misalinement.

The alr-sitreem-survey datae have bsen corrscted for Jet-boundary efflects
vhich consist of an angle change to the downwash and a downward displace-
ment of the flow field.

Longitudinal

survey position 2.0¢ 2.8

Ac 1.36CL 1.53Cq,

; | Va./a Vay/a
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With the ground board 1ln the tumnel test sectlon, 1t was not possihle
to obtain corrections for support-tare and strut interference. The
ground-board-out corrections for subport-tare and strut interference,
however, have been applied to the ground-board-in 1ift data in the bellef
that they would be of the same nature, although not necessarily of the
same magnitude, as would be obtained with the ground board In.

Calculations made for other ground investigations (such as reference T)
have shown that at small ground heights, Jet-boundary corrections are
negligible; hence, they have been neglected in the present tests.

RESULTS AND DISCUSSION

Ground Distance

The verticael distance from the 0.25% of the wing to the ground boamd
(regardless of boundary-layer thickness on the ground board) is referred
to as the ground distance. Tnasmuch as no gtendard point of reference
exlsts, the 0.25C has been used because it is the most convenient point of
reference from considerations of test procedure. The model is supported
in the tunnel at the 0.25¢, and to maintain a constent ground distance for
any other point of refersnce would heve necessitated moving the ground
board as the angle of sattack of the wing was changed.

Based on the preceding definition of ground distance, the ground
distances of the present tests were 0.68¢ end 0.92%5.

Alr-Streem Surveys

The veriations of 1lift coefficient with angle of atback obtained
for both model configurations are presented in figure 5 to establish the
Jlocations of the test conditions for the ailr-stream surveys.

The alr-stream-survey data have been cross-plotted to obtain contour
charts of dynamic-bressure ratios, downwash, and sidewash in vertical
planes 2.08 and 2.85 behind the 0.25C€. The charts are presented in
figures 6 to 17 and, for reference, the data presented are summarized in
table I.

The effect of the model support struts on the flow at thée survey
planes was small even though tuft studies indiceted that flow separation
on the struts occurred at moderate angles of attack with the ground board
present. The regions affected are easily discermable on the contours of
dynenic-pressure ravio for the plain wing as aress of reduced dynamic-
pressure ratio in the vicinity of 0.50 b/2. When: the flaps were deflected
the wing and strut wekes intermixed and hence the strut wake logst its

identity.
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Thre contours of dynamic-presssure ratlo, downwash, and/ sidewash have
been shown wilith reference to the chord plans extesnded. The interssction
of the chord plane extended with the plane of survey has beecn arbitrarily
gelected as the reference line and any horizontal tail will remein a
congtant distance from this line as the angle of attack of <he wing is
changed. In order o Indicaite the poslitlcn of the flow Tlield of tne wing
with respect to the wing, the 0.25-chord line of the wing has ‘been
projecied onto the plane of survey in the contoure of dyramic-pressure
ratio.

The qualitative resulis of the alr-stream survey for the ground-out
conditlon are, in general, conslstent with the results which would be
expected from a conslideration of the span-lift curve associated with
sweptback wings. The span 1ift for the unflapped wing, computed by the
enmpirical method presented 1n reference 8, indlcates that negatlve
vortlcity is shed over the inboard sections of the wing and, hence, 1t
should be expected that the maximum downwash would occur outboard of the
plane of symmetry. For an unewept wing of the same taper ratio, the 1ift
would increase to the plene of symmetry and it would be here that the
maximum downwash is reached. In the present tests, the reduced downwash
at the plane of symmetry (figs. 6 and T) is also due in part to the fact
that the distance from the wing to the plane of survey ls greatest at the
plane of symmetry. The vortex sheet 1s displaced downward end the magni-
tude appears to be of the same order as for unswept wings. The wake
center line traveled from Jjust above the chord plane extended to a maxi-
mm height of 0.17% at the highest angle of attack (o = 16,0°) and most

rearward survey position (2.8%8).

The air-stream surveys behind the flapped wing (figs. 8 and 9) show
to some extent the strong offect of the flap tip vortex and secondary
effect of the increase in strength of the bound vortex produced inboard
by the flap cn the flow fleld. The downwash is Increased and the weke is
lowered behind the flapped portion of the wing.

The tip vortices, as indicated by the present surveys for the plain
wing, are shed and located in approximately the same position as would
be expected for a straight tapered wing. In the range of ths tests
there 1ls very little rolling in of the vortex, a fact not unreasonable
when 1t 1s realized that the distance aft of the geometric tip 1s much
less than the 2.8¢ measured from 0.258.

The presence of the ground ceused for both model configurations
(figs. 10 to 17) the usual reduction in downwesh and upward displacement
of thes wake. Inasmuch as the reflected tip vortex is opposite in directlon
to the real tip vortex, it woull increase the negative values of sldewash
(outflow) and decrease the positive values of sidewash (inflow).
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Average Values of Downwash and Dynsmic Pressure

Variations of average downwash and dynamic-pressure ratio with angle
of atbtack have been vresented in figures 18 and 19 ‘to show the effects of
tail span and tail locatlon (vertlca_'i. end longitudinal) on the stebility

of a wing-vail combination. tegrations were made across the contour
charts at various verticel vositions and spans of a fictitious tail of
constant chord snd zero sweep. t each longltudinal survey plane (2.0

and 2.8¢), integrations were made across tall spans of 0.25 a.na 0.5075 and
at ground distances of O. 38— above, O. 232 above, on, and O. 25— below the
chord plane extended. W'here physical limi'uations prohibited onta.ining

data O. 25— below the chord plane exuena.ed, several variations have been

presented for tall heights of O. 05— and O. 125- below the chord plane
extended.

Inasmuch as the data presented are for a wing alone, the results are
not necessexrlly indicatlve of those that would be obtained with a fuse-
lage present. The results of an investigation of thils wing tested in
conJunction with & fuselage are presented In reference 9.

The data presented in figures 18(a) and 19(a) show that the size of

tall span up to O. 50—) has very little effect on ds /d.a. either with or

without the ground for the plain wing, whereas de/da increases with
increased span for the flepped wing. The increased values of de/de for
the flapped wing can 'be attrlibuted to the influence of the flep-tip
vortex.

Near maximum 1ift, the greater tail length resulted in a slight
decrease in de/da ¢or the plain wing end an even greater decrease for
the flapped wing.

The most important varameter, as regards tail location for elther
the plain or flapved wing,appears to be the vertical position. Almost
without exception, the values of de¢/da are decreasing near the maximum
1ift of the wing for taill locations on or below the chord. plane extended,

while for tail positions from the chord plane to O. 38—- above, the values

of de¢/da are increasing. The low values of d¢/dan for low tail
locations indicate that an increase in stability will probably be obtalned
as the tail is lowered. Although the values of de/ do are decreasing near
maximm 11ft for the tail location on the chord plene extended, the
influence o:t‘ the wake (figs. 18(b) and 19(b)) may be de .,rlmenta.l at this
location. The contours of dynamic-pressure retlo Indicate that when the

flaps are deflected the wake is approximately 0.18% below the chord plane

extended at low angles of attack. At high angles of attack or when the
Tlapped wing is In the presence of the ground the wake has moved up to

within 0.10% of the chord plene extended.
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The presence of the ground substantially reduced the velues of de/do -
and et the lowest ground height actuslly produced slight negative values
of de/dx near maximum 1ift for the plain wing. The values of de /da
for the flapped wing became even more rnegative at low ground heights than
those Zor the plain wing, and although negatlve values of ds/dm will
improve the stability, such veriaitions may be undesirable from the stand-
point of trim.

The date obtalined for the plain and flapped wing wilth and without
the ground present lndicate that from a consideration of downwash and
dynemlc pressure the most favorable tall location would bs below the
chord plans extended and wilth the greater tail length.

Calculated Downwash

The posslibility of using lifting-line thsory to determine the
downwash behlind sweptback wings has been briefly investigated. The pro-
cedure for the calculations is given in the appendix. Experimental
resulis have been compared with variatlons of downwash with vertical
distance, calculated at the plane of symmetry and at a spanwise .

station 0.33% (figs. 20 and 21). The vertical reference point in figure 20

i3 the 0.25-chord point of the root chord and in figure 21 it 1s the
0.25-chord point of the chord at spenwlse station 0.33%. The spanwise

variations of maximum downwash cobtained experimentally are presented

in figure 22. Also included in thils figure are values of downwash calcu-
lated at the center of the vortex sheet and as can be seen 1n figure 20
they do not necessarily represent tne maximim values obtalned.

It is apparent in figure 20 that the liTting-line theory, as applied
in the present calculations, underestimates the experimental downwash in
the plans of symmetry. For the angle-of-attack range shown, the value
of de/da calculated 1s approximately 20 vercent lower than that obtained
eXperimentally. The resulis presented in figures 21 end 22 show that the
agreement improves outboard of +the plane of symmetry. The assumpticn was
made in the calculations that the vortex sheet was shed along the 0.25-chord
line and that the wing was at zero degree angle of attack. The calculations
were repeated itesking into account the tilt of the vortex sheet (extending
from the 0.25-chord line) as the angle of attack increzsed. The results
cf these calculeticns were essentially in agrsement with the original
calculations. In order to eveluate the upwash contributed by the negatiw
vorticity shed over the inboard sections of the wing, calculations were -
made neglecting the negative vorticity. The downwash angles obtainad ars -
shown in flgure 20 and the calculated value of &t /da 1s now only 1C pexr- -
cent lower than the experimental value. JNeglecting the nsgaitive voriticlty
at the inboard sections had a negligibls effect on the downwash celculated
at stations outhoard of ths plane of symmetry.
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Reference 2 indlcates that for downwash calculations behind stralght
wings the displacement of the vortex sheet must be accounted for and the
distention of the vortex sheet may be neglected. Tne displacement of the
vortex sheet, employlng the method of reference 2, appears adequate for
sweptback wings (figs. 20 and 21) whersas the distention of the vortex
gheet behind a sweptback wing mey not be small enough to neglect.

CONCLUDING REMARKS

The results of the lnvestigation to provide flow inclination and wake
data behind a 42° sweptback wing both with and wlthout a simulated ground
Present indicate:

l. The qualitative results of the alr-gtream survey for the ground-
out condition are, in general, consistent with the results which would be
expscied from & consideration of the span-load curve associated with
sweptback wings. It was found also that without the ground present the
tip vortices for the plain wing were shed and located at & position thet
would be expected for a straight tapered wing.

2. The variations of average downwash and average dynamic-pressure
ratio with angle of attack indicate that for either model configuration the
most preferaeble tail location would be below the chord plane extended and
at the most reerward survey position. In the presence of the ground,
negative variations of aversge downwash with angle of abttack were cobtained,
and though such variations would increase the degree of stablillty, they may
be undesirable from the standpoint of trim.

3. Calculations of downwash by the 1lifting-line method (as applied)
underestimated the experimental downwash at the plane of symmetry but
resulted in reasonsble estimates of the experimental downwash outboard of
the plane of symmetry.

Langley Asronauticel Laboratory
Nztionsl Advisory Committee for Aeronautics
Langley Field, Va.
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APPENDTX
METHOD OF DOWNWASE CALCULATIONS

The reasonable agreement, attalned for unswept wings, between values
of downwash calculated by the method presented in references 1 and 2 and
those obtalined by experiment suggests an extension of the method to
account for the sweep of the lifting line. Obvious obJections or simpli-
fications imposed by the lifting-line method have been discussed rather
completely in reference 1 for the case of an unswept wing and it can be
agsumed that they apply in essence to sweptback wings as well. Although
the aspect ratios of sweptback wings are, In general, smaller than those
of the unswept wings treated in references 1 and 2, in the region of the
tailplane, the lifting-line theory may still be expected to render approxi-
mate estimates of the downwash. Little is known of the downward displace-
ment and distention of the vortex sheet behind a sweptback wing; hence, for
the present calculations the assumptions made for unswept wings are applled.

The Bloi~-Savart equation hes been expanded, as in reference 2, to
determine the Induced-downward velocity due to the bound vortex and two
trailing vortices, assuming, however, that the bound vortex is swept along
the 0.25-chord line. The resulting induced-downward velocity for any
Point whose coordinates are x, ¥, z mAy be expressed in fraction of
stream velocity as:

e[ @e-



where

g =L (s - ¥) 14 X - 8 tan A ]
b [(s - 7%+ 22] \/(s - y)2 + (x - 8 tan A)2 + 20

2
(x - y tan A) cos A J(ES'E_K'\[E"'X'[(JC’thnA)GOBAJE

+
I:(x - ¥ tan A)2 cos?A + 22] L \/(s -3)% 4 (x - 5 tanA)2 4 52
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X -8 tan A :]
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The integration was performed by numerical summation wlth vortieity

shed every o.l—g- outhoard of the plane of symmetry. Then the downwagh angle

can be evaluated:
' ¥ (57,
€ =g (57.3)

The displacement of the vortex sheet according to referencs 2 l1s

x
h=f tan € dx
T.E.

For the present calculaticns the gpan-load curve was compilted by an
empirical method which adapts Schrenk's method to sweptback wings

(refersnce 8).
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(2) Front view.

Figure i.- A 42° sweptback wing mounted in the Langley 19-foot pressure tunnel. Flaps deflec
ground board in. Ground distance 0.92 M.A.C.
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(b) Rear view.

Figure 1.- Concluded,
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(2) Photograph of rake head.
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(b) Sketch of tube head.

Figure 3.- Langley 19-foot pressure tunnel air-stream survey rake.
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