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SUMMARY

A method is presented for determining the jet-boundary

and plan-form corrections necessary for application to
test data for a pertial-span model with a reflection
olane, an end nlate, or no end plate in a closed circular
wind tunnel. TExamples are worked out for a partial-span
model with each of the three end conditions in the
Langley 19-foot oressure tunnel and the corrections are
applied to measured values of 1lift, drag, pitching-
moment, rolling-moment, and yawing-moment coefficlents.

A comparison of the corrected aerodynamic characteristies
for all three end conditions indicztes that good agreement
is obteined with flaps neutral at values of 1lift coeffi-
cient below the stall and that somewhat less satisfactory
agreement is obtained in the region of maximum 1ift coef=
ficient or with flaps deflected. Except for the correc-
tions to the rolling-moment coefficient, the Jet-boundary
corrections were somewhat smaller for the reflection-
nlane condition than for either of the other end condi-
tions because the induced upnwash angle was the lowest;
also, the plan-form corrections for this end condition
were considerably smaller because the wing 1lift distri-
bution wes the least altered as compared with that for

a comnlete wing. From every consideration, the use of

a reflection plane gave the best results for tests of a
partial-span model.

TNTRODUCTION

Because of the demand for greater load-carrying
capacity, the size of bomber and transport airplanes is
being steadily increased. In order to test models of
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these airpnlenes in existing wind tunnels at Reynolds
numbers as large as possible, grester use is being made
of semispan or partial-svan models. The use of such
models effectively increases the Feynolds number at
which tests can be made to two or more times the test
Reynolds number for complete-span models. Such models
are used to best advantage to determine the aerodynamic
characteristics of wings, flaps, lateral-control devices,
angsductid.

In many vnrevious tests of opartial-span models, wind-
tunnel corrections to the test data have been neglected
entirely. 1In scme instances, however, these corrections
may amount to as much as 20 percent of the uncorrected
value and therefore every effort should be made to
determine and anply the corrections. Davison and
Posenhead (reference 1) developed a method for determining
the jet-boundary corrections to the angle of attack and
drag of semisvan models with a reflection plane in an
open-jet circular wind tunnel. ZKondo (reference 2) by
a different method also determined these corrections
for open and closed circular wind tunnels. Swanson and
Toll (reference %) determined these and several other
corrections for models in a closed rectangular wind
tunnel.

The purpose of the present report is to give a
method for determining the jet-boundary and plan-form
corrections to be applied to wind-tunnel data for
vartial-span models with a reflection plane, an end
vlate, or no end plate in a closed circular wind tunnel.
For the jet-boundary corrections the methods of refer-
ence 3 are fairly closely followed in many resvects
after the basic methods of determining the jet-boundary-
induced upwash angle have been established. In order
to determine the jet-boundary-induced upwash angle for
the reflection-plane condition, the method of refer-
ence 1 is revised to apply to a closed circular wind
tunnel and extended so that corrections to rolling and
yawing moments may be obtained. The jet-boundary-
induced upwash angle for the conditions with an end
plate and no end plate is determined by the usual
methods for closed circular wind tunnels. The plan-
form corrections described herein are those which must
be applied to partial-span-wing data in order that the
completely corrected data be applicable to complete-
span wings.
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The corrections derived herein have been spnlied to
the data from tests in the Langley 19-foot pressure
tunnel of a partial-span model with each of the three
types of end condition: reflection plane, end plate,
and no end plate. Tncluded for purposes of comparison
are rolling-moment data from tests of a complete-span
model of the same sirnlane. A comparison of other aero-
dynemic characteristics with those of the complete-span
model is not given because the model configurations were
not comnarable.

COEFFICIENTS AND SYMBOLS

The coefficients and symbols used herein are defined
as follows:

(et o Ve as 3 0
C;, ~uncorrected 1lift coefficient (Lea ured llf“y
u asS /
- Nec drag
Cp uncorrected drag coefficient (Veasured dr b)
il gsS z
859 uncorrected pitching-moment coefficient
m,,
(Measured nitching moment)
gSc!
Cy rolling-rmoment coefficlent corrected for asyuwmetry
h only
<Measured rolling moment - (}Measured rolling momen‘«:,),5 i qo>
8= 0
q(28)b
C yawing-moment coefficient corrected for asymmetry

e only

<Neasured yawing moment - (Measured yawing moment)g =O°>
i a

q(28)b

C 1lift coefficient; no corrections applied <3r }

Ly

drag coefficient completely corrected <Cr SN ()
g /
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Cp  Pitching-moment coefficient corrected for plan

form (cm o

u P

Cy corrected rolling-moment coefficient for semispan
c model with reflection plane

CZ rolling-moment coefficient completely corrected
Gy yawing-moment coefficient completely corrected

<cnu + ACn>

where

a dynamic vnressure (%4y2>

P mass density of air

\'j airspeed

S model wing area

(G} mean aerodynamic chord of complete wing
o} twice model svan

AC complete drag-coefficient correction <ACDQ + ACh >
D s
ACp, Jet-boundary correction to drag coefficlent

ACpy plan-form correction to drag coefficient

plan-form correction to pitching-moment coefficient

AC,, complete correctlon to yawing-moment coefficient
AG. Y ¥ (AC > + <AC o+ <AC >
<< n"Q)l np & ni/g " 3

(Acn > plan-form correction to yawing-moment coeffi-
g cient due to end condition

QK%L> vlan-form correction to yawing-moment coeffi-
S cient due to asvect ratio, taper ratio, and
ratio of aileron span to wing span
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yawing-moment-coefficient correction due to
reflection plane

yawing-moment-coefficient correction due to
boundary-induced aileron upwash and wing
loading

vawing-moment-coefficient correction due to

boundary-induced wing upwash and aileron
loading

induced vertical velocity; positive uoward

induced lateral velocity; positive toward
wing tip

eirculation

radlius of eircular jet
section 1lift coefficient
section chord

geometric chord

(=]

mean

longitudinal coordinate or complex coordinate

used in transformation
lateral coordinsate

lateral coordinate, fraction of model span

)

vertical coordinate

jet-boundary correction to induced angle of
attack

streamline-curvature correction to angle of
attack

plan-form correction to angle of attack
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complete correction to angle of attack
<Aaj 5 N AaD>
engle of attack for infinite aspect ratio
uncorrected angle of attack
corrected angle of attack (a, + Aa)
induced angle of attack
section lift-curve slope per radian (57.3a,)

uncorrected lift-curve slope per radian

(57.3ay,)
corrected lift-curve slope per radian (57.3a)

dc
section lift-curve slope per degree <EEL

: _ 7aC
uncorrected lift-curve slope rer degree KFE§>
il u

dﬁ
corrected 1lift-curve slone per degree <;£§>

aspect ratio

Gaper retloe; ratieo of bipschend.torreot chord

edge-velocity correction factor <Sem1perimeter>

Span
induced-drag correction factor (reference L)

distance from reference point to aerodynamic
center

factor used to determine x (reference i)

8eCoe

angle of sweepback of quarter-chord line

jet-boundary correction to rolling-moment coeffi-
cient

nlan-form correction to rolling-moment coefficient
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AY:

tan

complete correction to rolling-moment coefficient

one-half rolling-moment-coefficient correction
due to reflection plane

rate of change of rolling-moment coefficient
"
with alleron deflection g—i
0bq
a
ailleron deflection

rate of change of section angle of attack with

éao
aileron deflection Ermm

\66%/cl

factor used to determine induced yawing-moment
coefficient (reference 5)

complex coordinate in transformed plane
lateral coordinate in transformed plane

vertical coordinate in transformed plane

"1}.’1
a

semiheight of reflection plane or end plate

distance of reflection plane or end plate from
center line of tunnel

distance of wing tip from center line
spanwise location of trailing vortex

spanwise location of trailing vortex in
transformed plane

velcecity potential function
stream function

factor used tec determine lift-curve slope
(reference li)
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R Reynolds number (nVe'/p)
) coefficient of viscosity
M Mach number (V/V,)

Ve speed of sound in air
Subscrints:

i induced

J jet boundary

D plan formw

M model

2M wing of twice model span
W complete wing

8 end plate

Sl streamline curvature

u uncorrected

All pitching-moment coefficients, measured or cor-
rected, are about the quarter-chord point of the mean
aerodynemic chord of the complete wing. (Corrected
rolling-moment and yawing-moment coefficients are about
the projection of this point in the plane of symmetry of
the complete wing, although these moments were measured
about the projection of this point in the nlane at the
root end ' of the model parallel to the vplane of symmetry.

DERIVATION OF COERECTIONS

The corrections to be applied to deta from tests of
partial-span models are of two types: jet boundary and
plan form. The jet-boundary corrections are due to the
influence of the tunnel wall on the induced velocities,
which in turn affect the aerodynamic characteristics of
the model. The main factors contributing to the jet-
boundary corrections are the shaje of the tunnel wall
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and the size of the model relative tc the tunnel. The
geometric characteristics of the model also contribute
to the corrections. The plan-form corrections may be
divided into two parts. The first part is due to dif-
ferences in the span loading of a complete wing and

that of the model with a reflection plane, end plate, or
no end plate. The second nart is due to differences in
aspect ratio, taper ratio, and the ratio of alleron span
to wing span if the model span is less than the semispan
of the complete wing.

For the sake of simplicity, not only in deriving
the corrections but also in applying them to data, the
1ift due to flaps is not separated herein from the 1lift
of the nlain wing &8s in reference 3 which cderives
separate corrections for each part of the 1lift. Instead,
the total 1ift is considered and the alteration of the
svan loading due to flans is neglected. This neglect
introduces a slight error in the results but is believed
to be warranted by the resulting simplification. Several
other corrections are also neglected when the magnitude
of the corrections 1s within the limits of accuracy of
the measurements.

The derivation of nearly all of the corrections
bsgins with the spanwise 1lift distribution of the wing.
In order to simplify the computations, the 1lift distribu-~
fion for a 11ft coefficient of 1,0 1s used. The 1lift
distributions used herein were determined by lifting-
line theory. For straight tapered wings, the tables of
additional 1ift L, in reference L are probably the

most readily available source of information for the
present purpose.

The distribution of the jet-boundary-induced unwash
angle along the span must then be determined. This
angle, in radians, is the ratio of the induced vertical
velocity to the stream velocity. For a particular type
of tunnel, tables may be devised that give the boundary-
induced vertical velocity at any voint in the tunnel due
to a vortex of unit circulation placed at any point in
the tunnel. The model generally is located close to the
horizontal center line of the tunnel; consequently, the
induced-vertical-velocity distribution along this center
line only needs to be computed. The 1ift distribution
is broken into several steps and each increment 1is
multiplied by the proper value of induced vertical
vVvelocity per unit circulation to obtain an increment
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of induced vertical velocity. The summation at each
spanwise point of these increments due to all the
image vortices is the induced vertical velocity at
that point.

The induced upwash angle per unit 1lift coefficient
at each point in a circular tunnel is expressed as

w =\ wr ©31C
o A T s )
VCp 10

where wr/I’ 1s the induced vertical velocity per unit
circuletion for a tunnel of unit radius.

Angle of attack.- The jet-boundary correction to
the incduced angle of attack is defined in reference 1 as

but the 1ift 1L of a partial-span model may be expressed

as
L -b - CZC
= O av!
kg A
O
—b
= qC?CB
and
i D 5.
dL-—chcgdg'

After substitution and rearrangement, the induced angle
off ettbtaclk ig, 1In radians,
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il

e

v v
Areine = [} o — dv'!
L XF Y % y

J JO \IT\JL CLC

O, 1n degrees,
b Sl
da, = 57.3C, .%. Lo gy

'\h,L CLC

The correction for streamline curvature must be added
to the jet-boundary correction to the induced angle of
attack. The streamline-curvature ccrrection, as used
herein, is applied entirely to the angle of attack instead
of partly to the angle of attack and partly to the 1lift
coefficient as in reference 3. This procedure simplifies
the computations of the data, and any differences in the
results obtained by the two methods are well within the
experimental accuracy. The magnitude of the curvature
1s obtained from reference 6 in which derivations are
made for a circular tunnel and for a 1./:1:1 elliptical
tunnel. The derivation for the circular tunnel produces
a nondimensional constant, proportional to the curvature,
whiteh in terms of this report:is

W

B il

il Ve
. S

LA 3

VCL 2r

A similar constant for the elliptical tunnel is derived
on the basis of the tunnel width but, when converted to
the basis of the tunnel height, becomes identical with
that for the circular tunnel. This fact indicatss that
this constant is a function of the tunnel height and is
relatively indenendent of the tunnel width. Since only
the width of a circular tunnel is affected by the intro-
duction of a reflection plane, for the purpose of this
report it is assumed that the constant derived in refer-
ence 6 applies whether or not the reflection plane is
used.
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The curvature of the streamlines is practically
constant along the wing chord. The streamline-curvature
correction for the wing may be determined from the dif-
ference between the induced upwash angle at the quarter-
chord point vhere the lifting line is assumed to be
located and the induced upwash angle at the three-quarter-
chord noint where the tangent to the streamline is the
zero~1lift line. This difference in the angles is

w
A w o w l \‘;CL 00750 il O-zic
VCr, 1 VO, w_ 4% ar
e VCL 29

1.055’“’— e
g ey

This angle must be added to the induced angle at the
lifting line so that the complete correction to the
angle of attack due to the jet boundary is

i
. i w 5 G3c d
Aaj L 57.30L Jﬁ T (l + 1.05§;> s dy!
L YL
0
or approximately
Aas + A = 57.3C; (1 + 1 0552 ¢ ¥ AN Ayt [2)
j 8.6, PR ‘et om VCr, CiT

This aporoximation and the assumotions made for the use
of the constant of reference 6 are sufficlently accurate
for the present opurpose, since the streemline-curvature
correction is only a small fraction of the complete cor-
rection to the angle of attack.
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Although the greatest accuracy would theoretically
be obtained if the 1lift distribution of the model in the
tunnel were used, the free-air 1lift distribution 2les
a result that is well within the accuracy of either
experiment or the lifting-line theory. TI the tunnel
1ift djstribution is desired, an approximste result
may be obtained from the free-air distribution by the
equation

chale cye GENG
z,_: 7’_—H—I—+m(l+ 1.05—°—>—,W———l: (%)
Cr'c Crec My 2r/ VCy Cre

where the primed values refer to the tunriel distribution

and the unnrimed valuesrefer to the free-air distribution.

This equation weights the induced upwash angle according
to the 1ift distribution and would be exact if the

quantity (@ + 1.05=) —~ were constant along the span.
ar VCr, <

For the conditions usually encountered in a wind tunnel,

a very close avproximetion is obtained by using this

egquation. This equation may be used for a partial-span

model with or without an end plate, for which cases

other methods, such as the influence lines of reference 7

as used in reference 3, are not applicable.

The plan-form correction to the angle of attack is
the correction to the slope of the 1lift curve necessary
because of differences in asvect ratio between the model
and the complete wing; that is,

pa, = —l— - —}-> Cy, (L)

2o
g = 5 5 5
57 o
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and corresponding values of E and A are used. This
equation was developed for an elliptic wing in refer-
ence 7 but is used herein for other plan forms because

it has heen shown to give good results even for the model

with no end plate. For the model with an end vplate,
neither E nor A 1s known and the lift-curve slovpe is
cbtained by use of the lifting-line theory, as is shown
later.

The complete correction to the angle of attack is

AQ = Aas + Ac + bay, (6)

v S«Co o

Drag coefficlent.- The jet-boundary correction to
the drag coefficient involves the same integral as that

for the angle of attack before the streamline-curvature
correction is added; that is,

1
cyC
Bpin & ol Jr 2L gy (7)

The plan-form correction to the drag coefficient is
that due to the difference in the induced drag of the
complete wing and the model; it may be expressed as

For the reflection-plane condition

1 1
ACH = # CL2 (9)
P \Mhyly  ThoyUoy

where u 1is obtained from reference li. TFor the other
end conditions Cp, may be obtained from lifting-line
i

theory. M

=
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The complete correction to the drag coefficient is

ACh = ACDj + ACDD (10)

Pitching-moment coefficient.- The correction to the

pitching-moment coefficient is entirely due to plan form
since the effects of streamline curvature may be neglected
when the wing alone (no tail) is involved. The plan-form
correction is a function of the sweep of the wing and
would be zero for zero sweep. The correction is the

ratio of the difference between the chordwise locations

of the aerodynamic center of the model and that of the
complete wing to the chord upon which the pitching-

moment coefficient is based; that is,

Xa.C. i Xa C e
M : :
(e - = 3 (11)
b

Baolal o X and. x must be measured from the same
a'C.\l‘Y a.C.L

AV
point and are considered positive in the direction of
the air stream. These distances may be obtained by the
following equations:

AU ZHS tan A + Constant (12)
1
b CyC
=5 tan A - 6_y'dy'+constant (13)
@ Tt

The wvalue of the constant i1is the distance between a
chosen reference point and the quarter-chord point of
the rcot chord. For a model and reflection plane, the
value of H may be obtained from reference .. For the
other end conditions, the integration (equation (13))
must be performed to obtain H.
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Aileron distributions.- In order to determine the
corrections to be applied to the rolling-moment and
yawing-moment coefficients, two additionsal distribu-
tions are necessary: the 1lift distribution due to
alleron deflection and the induced-upwash-angle distri-
bution due to this 1ift distribution. The aileron 1lift
distribution for a complete wing may be determined from
lifting-line theory or by use of the influence lines of
reference 7. This distribution must be altered to account
for the effects of the reflection plane or other end con-
dition. A reflection plane "reflects" the distribution
over the model so thet the model distribution is the
same as would be obtained for a complete wing with both
allerons deflected in the same direction. The distribu-
tion for a model with a reflection plane therefore is
obtained by adding the increment due to the "image" wing
to the distribution of the "real' wing (reference 3).
For a wing with or without an end plate, such a reflec-
tion is not present and the aileron 1lift distribution .
must be obtained directly from lifting-line theory.
After the shape of the aileron 1lift distribution is
determined, for convenience the ordinates are multi-
plied by a constant that makes the moment of the area
equal to I if the abscissas are in fractions of the
model span. This operation converts the ordinates to

0 s
the load coefficient —t— and the rolling-moment coef-
Cyc
[/
ficient to unity.

The induced-upwash-~angle distribution due to the
aileron 1lift distribution is obtained in the same manner
as for the wing. The aileron 1lift distributiocn is broken
into several steps, each increment is multinlied by the
value of induced velocity per unit increment, and the
surmation is made of all the increments at each point;
thus,

) wr  Cy
—_— —I:T'A =
VCZ 2T CLc

Q

(1l)

where wr/T' is the induced vertical velocity per unit
circulaetion for a tunnel of unit radius.
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Rolling-moment coefficient.- The jet-boundary correc-
tion to the rolling-moment coefficient is the moment of
the increment in the ailleron 1lift distribution due to the
induced velocity; that is,

3
£l w e\ C;C
AC = s G ___.> e 144 1
Ly %, JF c (1 1.055= e y' dy (15)
0 B

The increment in alleron 1lift distribution is similar to
the increment in wing 1ift distribution given as the last
term in equation (3). For this reason, equation (15) is
approximate in the same sense as equation (3). A more
accurate method of determining this correction to the
rolling-moment coefficient could be used for the
reflection-rlane condition (see reference 3) but such a
method would not be readily applicable for the end-plate
and no-end-plate conditions. In reference 3 an
aerodynamic-induction factor J is introduced that is
approximately equal to 2 for a semispan or partial-span
model., Tn equation (15) the three-dimensional 1lift-
cuzve slope m 1s therefore appnroximately equal to

m CaeC

< and the wing load coefficient b approximately

A+ J Crc
accounts for the difference in the loadings of the actual
wing and an elliptic wing. Although these conditions
would not exist for a complete-span model, equation (15)
may be used with sufficient accuracy for a semispan or
nartial-span model. As in the case of the wing, the
tunnel distribution should theoretically be used to
obtain this correction but, practically, the free-air
distribution may be used.

The plan-form correction to the rolling-moment coef-
ficient is, for convenience, divided into two parts; the
first part corrects for the effect of the end condi-
tion on the aileron 1lift distribution and the second
corrects for the difference in asject ratio and taper
ratio of the partial-span model and of the complete wing.

Clg,4
The first part __EQM is the ratio of the rolling-moment

CZ5N
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coefficient per unit aileron deflection for a full-span
model of twice the model span to thet for the actual
model. For the reflection-nlane condition this correc-
tion is equal to the reciprocal of the correction
24C,
i
1+

= of reference 3. TFor the end-plate or no-end-
blc
plate condition, this correction may be obtained from
lifting-line theory. The second part of the plan-form
correction is regquired only if the model is not a true
semispan model and may be obtained from figure 16 of
reference 8. For the particular aspect ratio and taper
ratio of either a wing of twice model span or the com-
plete wing, a value of G, [k 1is obtained by taking

y )
the difference betweenrn the values of CZ iz A ifor “the

outboard and inboard ends of the aileron. The desired
correction is the ratio of the value of ‘Cls/k for the

complete wing to that for the wing of twice model span.

The completely corrected value of the rolling-

moment coefficient 1s
<CZS\
Loy /v

e MO\ O
= J
S T # (16)
e 15M )
2M

k

Yawing-moment coefficient.- The jet-boundary cor-
rections to the yawing-moment coefficient are derived as
in reference 3 and are due to the interaction of the
wing and aileron 1lift and induced-upwash-angle distribu-
tlons. The equations for the corrections are
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and
5 1
“1l1 ¢4C
u W 1 3 Sy
AC = - = Y' dy! 2o
< bni>5 i VGy ©30 /
0

The plan-form correction to the yawing-moment coef-
ficient ig divided into two parts in the same manner- as
that for the rolling-moment coefficient. The First, peart,
due to the end condition, may be expressed as

H
Q
i
Q

‘AC ;
< I’lp>1 n27‘ J.'lM
gt e
S0 B, e e E 4o (1
= - 9
L 1oy 2M N c, (19)
Oom

where

@ 5'C Qs (h =) Qs
<' : T g ek = Yyt ay' (20}

c C C c C
o \lzm “low lew Tlom

1
P dy Py i
- e # = 7 ¥y' a3y’ 4y

and the distributions of the 1ift and induced angle

(in radians) per unit coefficient are identified by Cgp
for the wing and ¢; for the aileron in the denoming-
tors. For the reflection-plane condition, the correction
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(AC ) is equal to the correction (/_\(‘ _ of reference 3.
1/1

For the end-plate or no-end-plate conditions, the integra- J

tions for K, and Koy must be performed, the value

of ¥oy being independent of the end condition.

For the second part of the plan~form correction,
due to differences in aspect ratio and taper ratio between
the complete wing and a wing of twice model span, values
of K mey be obtained from figure 13 of reference 5.
Interpolation is simplified bv plotting K for the
inboard end of the aileron agalnst 1/A since such a
plot is practically a straight line. If the outboard
end of the aileron is some distance from the wing tip,
the value of K must be modified as indicated in refer-
ence 5. The equation for this part of the correction is

(Acnp>2 =108y = O,y ’

K0 Gy + Kb\ G C
Jv L l c M L 212}\/1'

)

T
K \ kK /oM |

o gaied Bl b <i :> (22) |

The value of ¥oy from equation (20) may differ slightly

from that obtained from reference 5 because of slight

differences in the methods of computation. TIf this wvalue

does differ, the value from equation (20) should be used >
in equation (19) and the value from reference 5 in equa-

tion (22).
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The complete correction to the yawing-moment coef-
ficient is

AC, = (Acnp> + (ACnp> + (ACni> + (Acno ey
1 2 2 73

CORFECTIONS FOR MODEL WITH REFLECTION PLANE

Determination of Induced Upwash Angle

» reflection plane used with a partial-span model

in a circular wind tunnel
the tunnel; therefore the
twice the model svan in a

reflects both the model and
effect is thet of a wing of
bipolar tunnel (fig. 1).

This reflection satisfies the condition that the stream
function must be constant over that part of the boundary of
a closed tunnel formed by the reflection plane. In
order to satisfy this condition over the circular-arc
part of the binolar tunnel, vortices that are

images of the vortices inside the tunnel must be intro-
duced outside the tunnel. The locations of these image
vortices and their effects within the tunnel are well
known for a circulsr tunnel. This %nowledge may be used
to determine their effects within a bipolar tunnel by
transforming the interior of the bipolar tunnel into the
interior of a circular tunnel by means of the conformal
transformation of reference 1.

The transformation may be expressed as

where, in the yz olane (bioolar tunnel),

x =y + 1z
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in the m{ plane (circular tunnel),

g=m+ i
and
r
n = —————
2(m - %)
Also,

h =r sin «#

It should be noted that the axes of reference 1 have

been revised to agree with the standard wind axes used

in figure 1. A point mn on the m-axis that corre- *
sponds to a point y on the y-axis may be obtained

by the relation

tan™ip = n tan™t__J

1eh Ghbal G

FPurthermore, 1f' there are vortices of strength II' at
the points y = ts on the y-axis, there are vortices
of equal strength at the points 7 = £0 on the n-axis
where

1 s
TN T

tan~1io = N tans

The comnlex potential due to the vortices II' at
n==% 1is

AT L e T ¢
+ i, = = log
¢1 1 2 i A
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The complex potential due to the image vortices in the
n¢ plane is

n T

‘ i -~ G
g, + 0y = 105 —2-
2 2 21 2 4 _];
ST o

The condition that V¥ 1is constent at the boundary of
the jet cen be essily seen since |&|= 1 at the
boundary and wl + ¢2 becomes equal to zero. The

complex potential due to the original vortices in the
yz plene at y = ¥s 1s

Z-S

ﬁa * g = e log
e X + 8

The comnlex notential due to the jet boundary is the
difference between that in the nt plane and that in
the yz plane; that is,

¢+w:¢l+¢2-¢§+i<¢1+¢2-¢3>

The induced vertical velocity at the y-axis due to the
jet boundary is one-half that due to vortices extending
to infinity in both directions; that is

1
i

w

4 |-

N |
2l

The induced veloclity due to Wy is
dvq
dy

e
2 an ay

- DD IR
2/ N2n/ N1 - 0 n+o/dy

73
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dn _ n(l + n2)
dy 7
r sin y(l + -—-EEL———
\ re sin?y
By collecting terms,
T ) n(l + n2)
T
i: 2nr p2 . g2 P
L sin 41 + -T—QL—*_T\
re sin2w/

The induced velocity due to Wz fa, similarly,

A

W 3

w — -l .___é g_r.).

Al ia din
T o n(l + n2)

emr n262 -1 sin Y'(i + -4ﬁi—~—
\ re sinzw

and the induced velocity due to -w§ Is

i

W5 2 iy

L5 7
enr  , 4P 2
(G312

1077
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The net induced velocity is

w =W, + Wy + Wy
X e

5

It may be noticed that the value of w
the final equations for Wy and w

minate of the form o - o at the point

according to

becomes indeter-

¥ = 8,08 1)

This is the only point at which singulsrities occur

inside the tunnel,
determined in the following manner:
are combined,

-
+ w, = - L dn _ <__l
+ Y

v
E 5 lmwxn -0 ‘Nn¥selay y - s

At this pointh haweverg ! w
nefore the terms

may be

i d

ol ) 1'-\_(
in\g + 8 mn + 0 dy

Only the second term of this eguation is
and may be written as

Llin-o
Im b

'Y‘] —O d

indeterminate

25

and evaluated at the limit by taking the second deriva-

tive of both the numeretor and the ﬂenominator, that 1
L d]
1im —EFWEh =07 =y P y] .7 nor sin 4 = 8

- i (y - 8)(n - o) L

re sinfy + s

2

S

C.
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At the point y = s, therefore,

2
- n(l + o<)
we = ) 1 - .}—.{.. IO\,
. 1

2nr u%

A g
no sin 4 - =

r
e
gl g)
2|51n N+ <r ]J

The induced velocity may be expressed as

+

where
F = f£(y,8,n,0)

It 1s convenient tc use the nondimensional form

which, for a tunnel of unit radius, is the induced
velocity per unit circulation. Values of wr/T" are
given in table I and are plotted in figure 2 for a

reflection-plane location of d - 0.73026. Table II

A id r
and figure 3 present values for a reflection-plane
location of % = 0.49781. These values of d/r corre-

spond to 83.25 inches and 56.75 inches, respectively,
in a tunnel 19 feet in diameter.
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Tllustrative Example

An examnle of the procedure involved in the deter-
mination of the corrections is worked out herein for a
reflection-plane location of 8%.25 inches from the center
line of the Langley 19-foot oressure tunnel (Flos 1)
and for the model shown in figure 5.

Angle of attack.- The wing 1lift distribution is
shown in figure 6 for both free-air and tunnel condi-
tions. The boundary-induced upwash angle shown in

figure 7, from equation (1), is

W c 2 R

S G =

X7 ar L ge
CL \JL

The jet-boundary correction to the engle of atteck,
from equation (2), is

3

: 84 C

w W

The integral Jﬁ !_ ay' (equation (2)) is the
VCr, Cre

area under the curve obtained by multiplying the values
of P flguke € by those of figure 7 and, in this case, has
a numerical value of 0.015L2. Therefore,

I

Aaj H Ao .. 57-531(1.155)(0,315u2)

1.019C,
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The uncorrected 1lift-curve slope obtained experimentally
g

a, = 0.1041

This slope is corrected for the jet-boundary effects by
the relestion

Gl L Aaj ki T
a C
Sou | L
S0’ that
e P 0 1.019
ary  0.1041
and.

8py = 0.0941

This slope is used to obtain the two-dimensional slope
by substitution in equation (5) as

e

" Sow

2M 84
57-3§§;

1 £ 0 ¥
Thoy

0
0,09L1 = 1:080
.
21-57 7039

m x 10.8)
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from which

B, = 0,1162

This two-dimensional slope is used in the same formula
to determins the slope for the complete wing of aspect
rabilo 11,09, which s

B.W' = O . OQLJ_S

The plan-form correction 1s then obtained from edua-
tion (L) as

’ X
Ad, = /;L - fi—\ CL
\ay  foy/
< 1 i
= B C
0.0945 O-O9h1> L

-0.0580L

The complete correction for the angle of attack, from
equation (6), is

Aa = Aa. + A + Aa

Il

(1.019 - 0.038)C;

= Q
= O.QolCL
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which is added to the geometric angle of attack of the

model in the tunnel.

Drag coefficient.- The jet-boundary correction to

the drag coefficient, from eguetion (7), is

k- VG Gyt

il

0.01542¢.2

The plan-form correction, from eguation (9), is

L /R
AC =2 il L
AL

c
\"“ww ”AamuZM)

F,

:< 1 ” i >02
m % 11.09 x 0.97h m x 10.84 % 0.976 i

s W) 2
= -a.oooéch

The complete correction to drag coefficient, obtained
from equation (10), is

ACn =1AC + AC
D Dj Dp

1l

(0.015h2 - 0.00862)¢ 2

1]

01L8¢c.°
0.01LUCL
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which is added to the uncorrected drag coefficient.

Pitching-moment coefficient.~ The value of H
taken from reference ], is 0.202 for both the model and
the complete wing. The location of the aerodynamic
center, from equation (12), is

- ‘.’b o
A= 2&2 tan A + Constant

The reference point is taken as the 0.25 chord of the
root chord of the complete wing so that for the model

]

S oa02 X 15 xiB.2lg8a) + 0,080

1

1.491 feet

and for the complete wing

2 X0.202 % 15,862 x 0.21552

e
5
i

1

1.280 feet

The correction to the pitching-moment coefficient is
obtained from equation (11) as

- X
Xa'C'Z\’I dnC-W

AC, = = oy

siol - 1,300
)
2,226
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which is added to the uncorrected pitching-moment coef-
ficient,

Rolling-momant coefficlent.- The aileron 1ift
distribution is shown in figure 3 for both free-air and
tunnel conditions. ' The boundary-induced uvwaqh angle
shown in figure 9 is obtained from equation (1l):

Q
o~

w

f\“(.t‘

\ wr
L = A

o,l

The jst-boundary correction to the rolling-moment coef-
ficient, from equation (15), is

[}

dlee o 6
h(5.992)<§1u>(o.o 05)

1

-0.08160Z
u

The plan-form correction due to the effect of the reflec-

tion plane on the eileron 1lift distribution is obtained
from figure 10, which was taken from reference 3, as

C
Yooy 1
¢ g 24C
Zéy 1+ Ly
T8 C
Z'C
i 1
1.054
= 0,99
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From figure 16 of reference 3, values of Cy /k were
found to be i

N\
CZG\
—2 1 = 0.395
k /w
and
B\
Clos
& = 0.}23
2M

The corrected value of the rolling-moment coefficient
from equation (16) is

= €y (1 «0.0816) vugly 2222
u 0.L23

Yawing-moment coefficient.- The two parts of the
yawing-moment-coefficient correction due to the jet
boundary are, from equation (17),

i
CLCZu w CZC
<Acn> = Tow : = — -y' dy'
i 2 Ll— O \CZ‘ uIJC

Il

i
O
O
=
N
\J1
Q

=
(&

o~

<
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and, from equation (18),

2 0
< D PTG ot
L Ty
= aOenlolio.o
L*1,

The plan-form correction due to the reflection plane is
obtained from figure 11, which was also taken from
reference 3

<ACnp> ; <A cni> I

¢, C
1oL

& w0 0070

Tn order to determine the vlan-form correction due to
aspect ratio and taper ratio, values of K were found
from flgure. 13 of refeyence 5:'%to be

I‘{ = O . O i )
W
and

Koy = 04077
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so that this vlan-form correction (equation (22)) is

<L.cnn>2 = 050y |1-Ky + Koy 76__}_..

/ Ly Ol
= 00, [=0.075 + 0.0 -
i \ 5 (7 |’).595

The complete correction to yawing=-moment coefficient,
from equation (23), is

ACy, = <A0n> + <ACn> + (A'Cno + (ACD_\
ok e f>2 3

-0.0070CC +0.007¢,C; - 0.01350.C, -o.owl;orczu
. o ’L

ZEM

It is usually most convenient to express the correc-
tion to the yawing-moment coefficient in terms of the
final corrected value of the rolling-moment coefficient;
therefore,




/

N
o~
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ng\ i
s C

c
2%, 5,007 - 0.0135 —2 . 0.019l -2 C;Cy

k
<é15> Cy CZ
k
i

0.42 dai b 1 | i
0.0070 22322 L 5,007 - 2.01 -0.019 G
T 0.395 ! 52 0.81L ¢ 0.814) L1

AC

I

(
|
<-

= -0,0410C 0y

which is added to the uncorrected yawing-moment coeffiecient.

CORRECTIOK® FOR MODEL WITH END PLATE

Determination of Lift Distribution

The 1lift distributions are considerably more dAiffi-
cult to obtain for a model with an end plate than for a
model with a reflection plane, The method used herein
is described in reference 9. 1In this method, the wing
1s represented by a lifting line that is perpendicular
to another 1i1fting line representing the end plate.
In addition to the vortices trailing from these lifting
lines, image vortices outside the tunnel are introduced
to satisfy the condition of constant stream function at
the jet boundary. The complete treailing-vortex system
is shown in figure 12. According to the Biot-Savart law,
the induced velocities are related to the strength of
the vortices by the following equations, which are
given in the symbols of this report as
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3

W
v R d (due to wing)
i -d
c,c
(%)
c ° /3 1
" Bm e 2 dy (due to wing images)
-d B i
y i

and

+
Llet
R
5
=)
e

LC>
¢ 7 red + v

dz (due to end plate)

1(22 = dé) et (2&)

gy o 5d+yl "+d2)

i -

(due to end-plate images)
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Also
c,0
n oL
v _C- & VY il
<*> = e dz (dus to end plate)
Ve Em dz z -z
4 -h 1
n [ °z°> -
& ' | i - % Ly
s il 22 4+ g° s
8'”' a \
-h 2 b . 2r2<§2 - zzi) > 2
ar 2y + d
z° + d2

(due to end-plate images)

dy (due to wing)

5 dy (26)

(due to wing images)

and

¢ .0 -

<—%.- - 2re (1) (27)

c c v
s | ol
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In the last equation, 2m 1is used as the lift-curve slope
of the end plate for want of a more exact value.

If the free-air 1ift distribution is desired, the
terms due to the image vortices are omitted. The only
oracticable method of solution of these equations is
graphical by means of successive approximations. The
evaluation of the integral over the region near Yy = ¥y

may be approximated by means of the expression

c,c c,c cqce
¥, HAY dl — al — df —=—
l c Cc (6]
- L) o y1+Ay y1-8y

Ry a3 dy

Yl-AY

where Ay 1is a small spanwise increment. After the
1ift distribution is obtained for some value of the
angle of attack, the distribution may easily be con-
verted for a 1lift coefficient of unity.

Tllustrative Example

An example of the method used in determining the
corrections is given herein for the model shown in
figure 5 to which an end plate is attached (fig. 13).
The 1ift distribution for this model arrangement for both
tunnel and free-air conditions is shown in figure e

Angle of attack.- It should be theoretically
possible to obtain the correction to the angle of attack
by taking the difference between the angles of attack at
unit 1ift coefficient for the tunnel and free-air con-
ditions. The accuracy involved, however, in obtaining
the 1ift distributions for this end condition generally
is insufficient for the purpose of this report and, in
addition, such a correction would not include the
streamline~-curvature correction. The jet-boundary cor-
rection to the angle of attack from equation (2)
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I8 wsed;xin . thlis ecese,; w VCI is the upwash angle
']

alcng the model svan due to the imeges of the wing and
the end plate. This upwash-angle ¢ 1str*buuion is shown
in figure 15. For the end- platp conditl ory,

>
Q
+
>
Q
1

57.50L(1.155)(0.018b5)

= 32190,

Avplying this correction to the experimental value of
lift-curve slope of 0.0935 results in a 1lift-curve
slope of 0.083%9 ver degree or L.809 per radian.

The plen-form correction is obtained from equa-
tion (U4)

/1 1

b Wy me Tl O
n £ i
S a‘é\; dl\l 2 )

although in this case &, and a, are obtained in a

different manner from that for the reflection-plane
condition. The edge-veloclty correction factor E
cannot be determined for the model with an end pnlate;
therefore, 1lifting-line theory without the aid of this
factor is emplcyed to obtain B and  &,. The section~
lift-curve slope of 0.122, ootalnad from tests in two-
dimensional flow, i1s used. 1In the solution of equa-
tions (2l.) through (27) an angle of attack of 0.2 radian
gave a 1lift coefflclent of 1.002 for the model in free
air; therefore,

1
O
Q

"D
O

Ns)
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The correction factor E is not employed in the results
of reference li; these results can therefore be used to
determine &y for the complete wing. The equation

fao

bt Rl PR
AT

accordingly is used for the complete wing, where f 1is
the factor obtained from reference L. Then,

0.997 x 0.122

" 57«3 % 04,322
w X 11.09

20,1013

Therefore,

0.1013  0.0909/

= -1.1276;

The complete correction to the angle of attack is

]

aAa = (1.219 - 1.127)0L

= O.OQ2CL
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Drag coefficient.~- The jet=~boundary correction to the
drag coefficient, obtained as for the reflection-bHlsne
condition from equation (7), is

1
Ch C
s0p, = i VY nZ: dy"
\JL JIJJ
)
2
= . e G
0.01856,

For the plan-form correction, the induced drag of the
model is obtained by the relation

where ai/CL is the self-induced angle of the model
and the end plate in frse air. Then

S 2
CDiN a o.ouééoL

The plan-form correction to the drag coefficient is
obtained from equation (&) as

AC. = C ol {3
D D.
P Ly iy

)

]

(0.0295 - o.ouéé)cL2

_ n 2
-0.0l?le
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W

where the value CDi = 0.0295 is the same as previously
“Y

used in the case of the reflection plane. In addition
to these corrections, there is in this case the induced
drag due to both the jet-boundery-induced angle and the
self-induced angle over the span of the end plate. This
correction is a combination jet-boundary and plan-form
correction and may be determined as a single value by

use of
h
oz 2 v Syt
Bl B B s vt ,
L TR jp VCL<ETE e
~h A

where V/VCp 1s the total induced angle over the span
of the end plate due to the model, the end plate itself,

c 3.6
and 2ll images; —lz is the tunnel 1ift distribution
) e g
over the end plate; and all values sre based upon the
model dimensions so that ACH is based upon the model
e

area. For the example

The complete correction to the drag coefficient 1is

2

AC (0.0185 - 0.0171 + 0.003%0) Cr,

D

1l

2
o.ooLth

Pitching-moment coefficient.- The location of the
gerodynamic center is obtained from equation (13)

3
b
= 5 tan Af e y1igyd ¥ ConoTens
0
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which gives x, il 1.569 feet from the quarter=-chord

voint of the complete-wing root chord. The value
Xg. o, = 1.380 feet is the same as previously used in
. .‘V
the determination of the correction for the reflection-
vlane condition. From equation (11),

X -
(‘ i aoc.NI aoCoW

& = 0
My A L

_ 1.569 - 1.380 o

3,226 .

= 0.05860;

Rolling-moment coefficient.- The aileron 1lift
distribution is obtained by the same general formulas
as the wing 1ift distribution for the model with the
end plate and is shown in figure 16. The upwash angle
due to the jet boundary is shown in figure 17. The jet-
boundary correction, from equation (15), is

)8

1 w Cc CZC
- =mC ehE 1 + 1.6 — R — v! dv!
0

AC

Cle

_&4u,809)<¢1u>(o.0681)

-0.08190Z
b

The plan-form correction due to the effect of the end-
plate on the aileron 1lift distribution was found from
equations (2l) through (27) for the model and from
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conventional lifting-linre theory for the wing
model span. The resulting ratio is

The plen-form corrections due to aspect ratio
ratio are independent of the end condition so
corrected value of rolling-moment coefficient
tion (16) is

= ¢, (1 - 0.0819)0.956 0.395
i 0.h23

0.8200Z
)

L5

of twice

and teper
that the
from equa-

Yawing-moment coefficlent.~ The corrections to the
yawing-moment coefficient due to the Jet boundary are,

from equation (17),

@ W] l
£ Ui\ Z/U. [ w CZC

ACn,) — - — y' dy"
( 1 2 }-" do \'/CZ CLC

-0.0606l
gy w Cr,

|

|
O
(D
=
\n
N
Q
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and, from equation (18),

CyL. c.c
5 i ‘JL uzc
0 \
. =0,07188 . .
‘ﬁ' S
= -O.OldOcLCLw

The plan~-form correction-due to the end plate is found
from equation (19) through (21). From eguation (20)

and from equation (21)
K i= 0.0650

The plan~-form correction from equation (19) is

AC = C;C ey
( np) 1 L 12:'1 2M i & 1 5
2M

2l (}o.o7u1 prd e >
: 1

21\-'. 00956

= -0.0061C.C

Loy
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The plan-form correction due to aspect ratio and taper
ratio is the same as for the model and reflection
plane. ;

The complete correction to the yawing-moment coef-
ficient, from equation (23), is

AC, = (AC > + <AC ) + (AC_ + AC,)
n np 2 np > ni)z ( ng ;

CZG
k
2M ¢ C

1 1
S R0006] mer—rpees 0,007 = 0;0152 == 0.0180 —=5| .0,

CZ@ vl CZ/
k
W

0.L23% 1 i
= (-0.0061 +0.007 - 0.0152 ~—— = 0,0180 — | C;C;
0.3%95 0.820 0.820

it

-o.ouoochL
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CORRECTIONS FOR MODEL WITH NO END PLATE

Determination of Induced Upwash Angle

For a model with no end plate, the determination of
the jet-boundary-induced velocity is esasier than for the
other end conditions. 1In a closed circular tunnel, if
there is a trailing vortex of strength I' at a distance
y = 8, there ig an image vortex of strength -I' at a

. r - .
distance y = ok The stream function due to the image

Pl re
Vo= 3 log <‘ - ?;>

and the induced vertical velocity is

vortex is

I 1 -
L v

w = -

re
S

Values of the boundary-induced vertical velocity per
unit circulation for a tunnel of unit radius

1

hw(i - —li>
TINE| el

are given in table ITI and plotted in figure 18. These

values are for a counterclockwise vortex in the right- v
hand side of the tunnel and may be used for a clockwise

vortex in the left-hand side of the tunnel by changing

the slgns of y =and - 8, For vortlees of slgns opposite

to these, the sign of the induced velocity must be

changed: that is, the induced velocity is negative.

These values may be used for any wing in a closed

wr
i s




NiCA TN No. 1077 19

circular wind tunnel. For a loading symmetrical about
the vertical center line of the tunnel, a further
simplification may be made by adding the induced veloci-
ties for negative values of y to the induced velocitiles
for positive values of y and by using only the semispan
loading. ;

Illustrative Example

An example of the procedure involved in the determi-
nation of the corrections is worked out for the model
shown in figure 5 with no end plate. The 1lift distribu-
tion, obtained from lifting-line theory for this model
configuration, is shown in figure 19 for both free-air
and tunnel conditions. The spanwise distribution of the
boundary-induced upwash angle, which is obtained for
this model arrangement from equation (1)

P, R Dl
VCL 2I‘L Y CLE

is shown in figure 20.

Angle of attack.- The jet-boundary correction, from
equation (2), is

-— G
G w 7
T . g O o A
B . = 5730 < 5 2r> VCp, 0.3 !

57.30r,(1.153)(0.01979)

1.3050,

The uncorrected lift-curve slope obtained experimentally
is
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This slope is corrected for the jet-boundary effects by
the relation

TR T

ay 8, CrL

so that

3 1
ay - 0.0800 1.305

and

ay = 0.72L

~

This value of a 1is used to obtain the two-dimensional
slope from equation (5) as

i

from which
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This value of a, agrees fairly well with the value of

0.1162 obtained for the reflection-plane condition. It
should be noted that the aspect ratio of the model with
no end plate is one-half that of the model with the
reflesction plene and the edge-velocity correction factor
is increased since the root chord of the model is part
of the perimeter when no end plate is used. The two-
dimensional slope is used to determine the slone for the
complete ‘wing of aspect ratio equal to 11.09 as

0.1136
1.039

: 0.1136
§g G402 44083

m x 11,09

&
I

W

I

0.0927

The plan-form correction is then obtained from eguation (l.)

as
1 el

Aap _<a - ;*> CL
W M

PRGN N
(Q.0927 c.o72l/ =

1

H

-3.01lcp
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The complete correction for the angle of attack, from
equation (6), is

Aa = Aas + Aa FEAT

J BeCs P

(1.305 - 5.01u)cL

-1.7090;

Drag coefficient.- The jJet-boundary correction to
the drag coefficient is obtained from equation (7) as

H

ACp, = Cp —— —= ay!

i
O
O
b

O
=3
\O

S

no

The induced-drag coefficient of the model, obtained from
the coefficients of the Fourier series determined in the
solution of the 1lift distribution (reference h), L)

H
O
(&)
o

=

W

Q
my
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where Al is the first coefficient and An the nth

coefficient of the Fourier series. The induced-drag
coefficient of the complete wing has been previously
determined herein to be

L 2
Cp, = 0.0295C;

tw

The plan~form correction, obtained from equation (82,
18

1

@
o Ly Diy

(0.0295 - o.oéua)cL2

I

-0.0348¢,2

The complete correction to the drag coefficient, from
equation (10), is

ACy = ACp, + AC

j o
= (0 G108 - o.o5u8)cL2
\ 2
= 2801500,

Pitching-moment coefficient.- The location of the
aerodynamic center is obtained from equation (15)

b lc ¢
Xg,c.,, = 7 tan A —l: y' dy' + Constant
M 0 CLC
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which gives : Y = 1,682 feet from the quarter-chord
. CM

point of the complete-wing root chord. The value

Xa,c.y = 1.380 feet was previously used in the determi-

nation of the correction for the reflection~plane condi=-

tion., The plan-form correction to the pitching-moment

coefficient is obtained from equation (11) as

X CAE <

‘a.c.M a.c.w

6. = 2
A ! 5 Cy,

1.682 - 1,360 g
®.226 L

= o.ogaécL

Rolling-moment coefficient.- The aileron 1lift dis-
tribution for the model with no end plate is shown in
figure 21 for both free-air and tunnel conditions. The
boundary-induced upwash angle shown in figure 22 is
obtained from equation (1l)

. LSRR TR N - Nl
Vo, L@ 5 CZE

The jet-boundary correction, from equation (15), is

i
! W 0 e g
ACy, = -ime e i Diget el ot i
o RE! i iy Jg e, <’ 525) e

S0l
fb-149) (5, Y0.079L)

1

(l

1

-0.082Lcy
0}
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The plen-form correction due to the effect of no end
plate on the aileron 1lift distribution was found from
lifting-line theory to be

The plan-form correction due to aspect ratio and taper
ratio is the same as for the other end conditions;
hence, the rolling-moment coefficient for the complete
wing, from equation (16), is

1. = 0., 0820) 0.97, 24322
Cy,,( 1) 0.974 o.l2%

Yawing-moment coefficient.- The jet-boundary cor-
rections to the yawing-woment coefficient are obtained
from equation (17) as
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4o W
M= = - D irihg wu it
| < nl)a L ve, <

and, from equation (18),

-0.0226C_C
B

The plan-form correction due to no end plate is found
from equations (19) through (21). From equation (20)

>
1

2M v

From equation (21) -

=
1

\
0.074L1
\
0.0711 \
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From equation (19)

I

iy

Cc.C (-O-O7hl + @ = )

Lo 0.974

-0.0011C+C
L Loy

The plan-form correction due to aspect ratio and taper
ratio is the same as for the other end conditions so

- that the complete correction to the yawing-moment coef-
ficient, from-equation (23), is

(), * (o), * (), * (),

1

-0.0011

(

<LO.OOll

-o.oulchc

[/

O

<E

«

[/

ls
K

0.395

. >2 i

VK'T

C G
66 —E— 6 —E*
0LOBT " =<GR0 1L ‘ -0.0
+ 7 Cz 22 CZ (&CZ

0.835 0.635

+ 0.007 - 0.0166 e & () —-l—~>chZ
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APPLICATION TO TEST DATA

Model and Tests

The tests were conducted in the Langley 19-foot
pressure tunnel for the partial-span tapered wing model
shown in figure 5. The model represented 9L.6 percent
of the true semispan. The aspect ratios of the wing of
twice model span and the complete wing were 10.8l and
11.09, respectively. The taper ratios of the model and
complete wing were 0.26 and 0.25, respectively. The
model was equipped with a full-span duplex-flap arrange-
ment. The inboard slotted flap, the outboard balanced
split flap, and the aileron were of constant chord and
approximately 2, 20, and 15 percent, respectively, of
the average wing chord over their portions of the wing
span. The aileron was provided with a completely sealed
internal aerodynamic balance.

The reflection~plane arrangement is shown in fig-
ures L and 2%5. The reflection plane was fastened to
the tunnel at its top and bottom and extended beyond
and behind the model as shown. The gap between the model
and the reflection plane was automatically maintained
at 0.09 £0.0% inch, by a telescoping section in the end
cof the model. The end-plate arrangement is shown in
figures 13 and 2li. The end plate was elliptical in plan
form and was rigidly fixed to the model. For the wing
with no end plate, the model was tested as shown in
figure 25.

The tests were conducted at a Reynolds number of

approximately 8.9 x 10° and at a Vach number of 0.17.
The angle-of-attack range was from =4° through maximum
1ift and the alleron deflection range was +20°,

The tests were wmade for three flap arrangements:
flaps neutrel and partisl-span and full-span flaps
deflected. The aileron tests were made at two angles
of attack for each flap arrangement and end condition.

Uncorrected Characteristics

The uncorrected aerodynawmic characteristics of the
tapered-wing model for the three flap arrangements and
the -three end conditions are presented in figure 26 in
terms of the uncorrected nondimensional coefficients.
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Drag.- The uncorrected drag characteristics are
presented in figure 26(a). The drag coefficient at
zero 1lift coefficient is increased slightly for the
model with no end plate and to a greater extent for the
model with the end plate. These increases in drag coef-
ficient are due to the abrupt tip form of the model with
no end plate and to the drag of the end plate. The dif-
ferences between the drag coefficients increase with
1ift coefficient because of the differences in the self-
induced and the jet-boundary-induced drag for the three
end conditions.

Lift.~ The uncorrected 1ift characteristics are
presented in figure 26(b). The slope of the 1lift curve
is decreased for the model with the end plate and with
no end plate because of changes in the effective asvect
ratio. The maximum-lift-coefficient values for the
three end conditions are reduced similarly because of
the changes in the stalling characteristics. The angle
of zero 1lift is slightly affected with the flaps neutral.

Pitching moment.- The uncorrected pitching-moment
characteristics are presented in figure 26(c). The slope
of the pitching-moment curve becomes more negative for
the model with the end plate and still more negative for
the model with no end plate. There is no change in the
pitching-moment coefficient at zero 1ift with the flaps
neutral.

Aileron.- The uncorrected rolling-roment and yawing-
moment characteristics are vpresented in figures 27 to 29.
The change in the rolling-moment and yawing-moment char-
acteristics for the three end conditions is small. There
is no consistent relationship between the characteristics
for the various angles of attack and flap arrangements.

Corrected cCharacteristics

The corrected aerodynamic characteristics are pre-
sented in figure 30. The values of the corrections
applied to the uncorrected coefficients are given in
table IV. The absolute values of the data for partial-
span models have certain limitations which are inherent
in the test conditions and procedure. The determination
of the effects of the tare and interference of the model
support system was impractical for the model described

T e | i
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herein. The gap between the model and the reflection
vlane was kept to a practical minimum but may have intro-
duced some slight errors in the data which could not be
determined. For the end-pleste and no-end-plate condi-
tions the stalling characteristics were affected in a
manner unsusceptible of correction.

Drag.- Anplication of the dreag-coefficient correc-
tions brings the characteristics (fig. 30(a)) into good
agreement, with the flaps neutral. The main difference
remaining is due to the drag of the end plate and
to the tip drag for the model with no end plate. With
partial-span and full-span flaps deflected, the agree-
ment is not so good as with flaps neutral, although the
corrected characteristies are in much better agreement
than the uncorrected ones. The remaining discrepancies
for these flap arrangemwents are due to differences in
profile drag and induced drag not included in the cor-
rections., The plan-~form correction to the drag coeffi-
cient is lowest for the reflection-plane condition and
it is therefore believed that this condition is
the most representative of the complete wing. This
fact is a point in favor of the use of a reflection
plane rather than the other end conditions.

Lift.~- The corrected 1ift characteristics are pre-
sented in figure 30(b). wWith the flaps neutral, the
agreement of the characteristies for the three end con-
ditions is very good below maximum 1lift. CZontributing
to the good agreement may have been the fact that no
extremely low aspect ratio was involved even for the
model with no end plate. The slight change in the angle
of zero 1lift displaces the curves for the model with
the end plate and with no end plate. The differences
at and neer maximum 1lift are due to alterations of the

lift distribution for which corrections cannot be applied.

¥ith the partial-span and full-span fleps, the agreement
of the charecteristics for the three end conditions is
not so good because of the change in the effectiveness
of the inboard flao. The effectiveness of the outboard
flap is approximately the same for all three end condi-
tions. The greater maximum lift coefficient obtained
with the reflection plane is another point in favor of
the use of the reflection plane since the load distribu-
tion is most nearly that of a complete wing.
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Pitching moment.- The corrected pitching-moment
characteristics (fig. 30(c)) indicate only fair agree-
ment for the three end conditions. The relative order
of the curves for the three end conditions is reversed
by the corrections. This reversal may be due to the
effect of the sweepback on the 1lift distribution, which
was not taken into account in the corrections. In any
case, the differences between the characferistics are
attributed to inaccuracies in the determination of the
1ift distributions and, since the 1lift distribution is
least altered by the reflection plane, it is believed
that the pitching-moment characteristics for the
reflection-plane condition are the most nearly accurate.

Aileron.- The corrected rolling-moment and yawing-
moment characteristics are presented in figures 31
to 3%3. The general relationship between the character-
istics for the three end conditions is unchanged. The
inconsistent relationshin between the uncorrected char-
acteristics for the three end conditions precludes any
consistent relationship of the corrected character-
istics. At the low angles of attack and with the flaps
neutral, the characteristics for the three end condi-
tions agree very well whereas, at the other angles of
attack and with the flaps deflected, the characteristics
agree slightly better in some cases and worse in other
cases than the corresponding uncorrected characteristics.

The difference and inconsistent relationship
between the characteristies are due in part to experi-
mental inaccuracy and to the pronounced vibration of
the model with the end plate and with no end plate.

Compariscon of Aileron Effectiveness for
Partial- and Complete-Span Models

The comparison of the rolling-moment character-
istics determined for the vartial-span model with a
reflection plane and for a complete-span model is pre-
sented in figures 3l and 35. With the flaps neutral
(fig. 3l), the general agreement of the aileron effec-
tiveness is good, except at the high angles of attack
at which some differences exist. Wwith the full-span
flaps deflected (fig. 35), the agreement is good at the
low angle of attack and rather poor at the high angle
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of attack. The loss in effectiveness at the high angle

of attack for the cowplete-span model is due to a change -
in the flow over the aileron as evidenced by a complete

change in the stalling characteristics of the complete-

span model. The change in the stalling characteristics

is dAue in part to the decreased Reynolds number and to

some difference in the models.

CONCLUDING REKARXS

A method is presented for determining the jet-
boundary and nlan-form corrections to be applied to test
data for a partial-span model with a reflection plene,
an end plate, or no end plate in a closed circular wind
tunnel. These corrections have been applied to the
measured values of lift, drag, pitching-moment, rolling-
moment, and yawing-moment coefficients obtained from
tests in the Langley 19-foot oressure tunnel of a partial-
span model with each of the three end conditions. «

With the exception of the corrections to the rolling-
moment coefficient, the jet-boundary corrections were e
somewhat smaller for the reflection-nlane condition than
for either of the other end conditions because the
induced unwesh angle was smaller. For all corrections
depending upon the wing lift distribution, the plan-form
corrections were considerably smaller for the reflection-
nlane condition because the 1lift distribution was more
nearly like that of a complete wing. Any errors in
determining the 1ift distribution were therefore mini-
mized and the corrected values of the data were the most
representative of the complete wing.

From all these considerations, it was found that a
reflection plane should be used wherever vossible for
tests of partial-span models. If it is necessary, from
other considerations, to use an end plate or no end |
plate, it is vossible by the methods described herein to |
determine suitable corrections to be applied in order to
obtain reasonable results, particularly with flaps
neutrel and below maximum 1lift.

Langley Wemorisl Aeronautical Laboratory
National Aidvisory Committee for ieronautics
Lengley Field, Va., February l, 1946
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TABLE I.- BOUNDARY-INDUCED VELOCITY

wr

DUE TO UNIT COUNTERCLOCKWISE VORTEX AT VARIOUS

DISTANCES 2

X

FROM REFLECTION PLANE

a
[; = 0. 7302%

ALONG HORIZONTAL CENTER LINE

81 g oo [ 0.3:1 0it. | 0.6 1 081 0.0 | o8 0.8 ] 10 % 1T gl T80 2] I8 108
y/r
o l0.00830.0164 |0.0243]0.0315 |0.0387 |0.0452 |0.0511 |0.0566 [0.0618 |0.0666 [0.0709 |0.0750 |0.0787 |0.0823 |0.0855 |0.0885
1 | .o0s2| .0160| .0238| .0312| .0383| .0449| .0508| .0564 | .0616| .0664| .0708| .0749| .0787| .0823| .0856| .0886
2 | .ooso| .0155| .0231| .0304| .0375| .0441| .0500| .0556 | .0610| .0659| .0705| .0748| .0788| .0826| .0860| .0893
5 | .oo76| .0149| .0224| .0295| .0366| .0428| .0488| .0545| .0600| .0652| .0700| .0746| .0789| .0830| .0868| .0905
.4 | .oom1] 0142 .0213| .o2e2| .0353| .o415| .0473| .0532| .0589| .0843| .0695| .0744| .0791| .0837| .0880| .0922
.5 | .0067| .0135| .0202| .0%67| .0335| .0397| .0458| .0515| .0576| .0632| .0688| .0743| .0795| .0847| .0896| .0944
6 | .0062| .0125| .o188| .0251| .0316| .0378| .0441| .0498| .0562| .0621| .0682| .0742| .0800| .0861| .0918| .0975.
7 | .ooss| .0117| .0176| .0235| .0298| .0360| .0422| .0482| .0550| .0613| .0678| .0745| .0811| .0879| .0946| .1013
.8 | .0053| .0108| .0164| .0220| .0280| .0341| .0403| .0466| .0536| .0604| .0675| .0749| .0824| .0903| .0981| .1063
.9 | .0049| .0100| .0152| .0206| .0263| .0324| .0386| .0450| .0522| .0596| .0669| .0753| .0840| .0932| .1026| .1126
1.0 | .0046| .0093| .0141| .0192| .0247| .0307| .0369| .0434| .0510| .0589| .0670| .0763| .0862| .0971| .1083| .1208
1.1 | .0042| .0088| .0131| .0180| .0233| .0291| .0353| .0421| .0498| .0882| .0672| .0773| .0891| .1020| .1157) .1314
1.2 | .0039| .007d| .o122| .0168| .0219| .0278| .0338| .0407| .0488| .0577| .0674| .0788| .0928| .1085| .1251| .1456
1.3 | .0036| .0074| .0114| .0158| .0207| .0262| .0324| .0395| .0478| .0572| .0680| .0806| .0976| .1175| .1378| .1651
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1.6 | .oo29| .0060| .0093| .0131| .0174| .0226| .0287| .0361| .0453| .0567| .0712| .0902| .1161| .1539| ,2089| .2730
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TABLE II.- BOUNDARY-INDUCED VELOCITY. %; ALONG HORIZONTAL CENTER LINE DUE TO UNIT

COUNTERCLOCKWISE VORTEX AT VARIOUS DISTANCES % FROM REFLECTION PLANE
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TABLE IITI.- BOUNDARY-INDUCED VELOCITY E:

LINE DUE TO UNIT COUNTERCLOCKWISE VORTEX AT VARIOUS

DISTANCES %
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TABLE IV.- CORRECTIONS APPLIED TO UNCORRECTED COEFFICIENTS OF REPRESENTATIVE

MODEL FOR THREE END CONDITIONS

NATTONAL ADVISORY

COMMITTEE FOR AERONAUTIZCS

Reflection plane End plate No end plate
Correction ¥
Jet boundary] Plan form |} Total |Jet boundary|Plan form| Total | Jet boundary|Plan form| Total
aa/Cy 1,019 -0,038 0.981 1219 -1.127 0.092 1.305 -3.01 |-1.709
AcD/cL2 .015L -.0006 .01,48 .0185 a..01l1 .00kl .0198 -.0348 | -.0150
ACm/Cr, ———————— NeLinn LOBLL) eeees S . 0586 0586] eememea-- .0936 .093%6
b
A, /0y -.082 -.104 | -.186 ;08 -,098 }..180 -.082 -.08% | -.165
ACn/CLCL -.0405 -.0005 | -.0410 -.0L0os5 .0005 | -.0L00 -.0L69 .0058 | -.0L11
%Tncludes ACp  (see text),
(]
For purpose of this table — = —— - = + .
byt Gy g
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Figure 24.- Partial-span tapered wing model with -end plate mounted
Langley 19-foot pressure tunnel.
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Figure 25.-
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‘Partial-span tapered wing model with no end plate mounted: in
the Langley 19-foot pressure tunnel.
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NACA TN No. 1077 . Fig. 35a,b ‘
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