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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE NO. 1077

JET-BOUNDARY AND PLAN-FORM CORRECTIONS FOR

PARTIAL-SPAN. MODELS WITH REFLECTION PLANE,

END PLATE, OR NO END PLATE TN A

CLOSED CIRCULAR WIND TUNNEL

By James C. Sivells and Owen J, Deters

SU-MMARY —.

A method is presented ~or determining the jet-boundary
and plan-form corrections necessary ‘for application to
test data for a partial-span model with a reflection
nlane, an end elate, or no end plate “ina closed circular
wind tunnel. Examples are worked out for a partial-span-
model with each of the three end conditions in the
Langley 19-foot qressure tunnel and the corrections are
applied to measured values of lift, drag, pitching-
moment, rolling-moment, and yawing-moment coefficients.
A comparison of the corrected aerodynamic characteristics
for all three end conditions indicates that good agTeemlmt
is obtained with flaps neutral at values of lift coeffi-
cient below the stall and that somewhat less satisfactory
agreement is obtained in the region of maxim lift coef-
ficient or with fSaps deflected. Except ‘for the correc-
tions to the rolling-moment coefficient, the jet-botidary
corrections were somewhat smaller for the reflection-
plane condition than for either of the other end condi-
tions because the induced upwash angle was the l~west;
also, the plan-form corrections for this end condition .-
were considerably smaller because the wing lift distri- I
bution was the least altered as compared with.that “for
a complete wing. From every consideration, the use of .

a reflection plane gav”e”the best results for tests of a
—x.-

partial-span model. -..

INTRODUCTION

Because of the demand for greater load-carrying
capacity, the stze of bomber and transport airplanes is
being steadily increased. In order to test models of
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these airplanes in existi.n~wind tungels at Reynolds
numbers “as large as possible, greater use is being made
of semispm or partial-span models. The use of such
models effectively increases the F,eynoldsnumber at
which tests can be made to two or more times the test-
?eynolds number for complete-span models. Such models
are used to--best-advantage to determine the aerodynamic
characteristics of wings, flaps, lateral-control devices,
and dusts.

Tn many previous tests of partial-:pan models, wind-
tunnel corrections to the test data have been neglected
entirely. In some instances, nowe~er, these corrections
way amolnt to as muc,h as 20 percent of the uncorrected
value and therefore every effort should.be made to
determine and anoly the corrections. Davison and
‘osenlhead (reference 1) developed a method for determining
the jet-boundary corrections to the angle of attack and
drag of semisoan models with a reflection plane in an
o~en-jeb cjrcular wind tunnel. Kondo (reference ~) by
a d.iff’eren’tmethod also determined these corrections
fOr open and olosed circular whd tunnels. Swanson and
Toll (reference ~) determined these and several other
corrections for models in a closed rectangular wind
tunnel..

The p~pose of the present report i~ to give a
method for determinism tilejet-bo~fiary and p.lan-fom
corrections to be appiied to wind.-tunnel data for
part3.al-span models with a reflection plane, an end
~late, 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 respects
after the basic methods of determining the jet=boundary-
induced unwash angle have been established. In order
to determine ihe jet-boundary-induced upwash angle for
the reflecti.on-nlane 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 qoments may be obtained. The jot-boundary-
induced upwash angle for the conditions with an end
~late and no end plate is determined by th=-usual
methods for closed circular wind tunnels. The plan-
f’ormcorrections described herein are those which must
be applied to nartial-span-wing data in order that the “
completely corrected data be applicable to compl.ete-
span wings. I
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The corrections derived herein have been applied to
the data from tests in the Langley lq-foot pressure
tunr~elof 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 airplane. A comparison of other aero- “
d~emic characteristics with those of the complate-span
model is not given because the model configurations were
not comparable.

COEFFICIENTS AND SYMBOLS

The coefficients and symbols used herain are defined
as follows:

ciGJ

CDU

c%

c2U

C%

CT
d

CD

(Yeasured liftuncorrected lift coefficient )qs J

uncorrected drag coefficient
(
K’.easuredd~a

qs 9

uncorrected pitching-moment coefficient

(Keasured pitching
)

mom-ent
qscl

r~lling-voment coefficient corrected for as~r’.lm.etry
only

(
Measuredrollingmoment-(l!eamredrollingmoment)5a=Oo

)q(2S)b

yawing-moment coefficient corrected for asymmetry
only ..

c
feasuredyawingmoment-(Measuredyawingmomeqt)5a.OO

q(2S)b )

lift coefficient; no corrections applied
()3%

drag coefficient completely corrected (C
( % )

+ ~CD

.-
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pitching-mmnent- coefficient corrected for plan
Term

(c%
+ ACM

9)

corrected rolling-moment coefficient for semis pan
model irithreflection plane

rolling-moment-coefficient completely comected

Tawi,ng-moment,coefficient-completely corrected

O%c + flcn)
where

q dynamic pressure
()&

P mass density of air

v airspeed

s model wing area

(J! wean aerodynamic chord of complete wing

b t’wicemodel span

6

.-

“1
.

k

ACD complete drag-coefficient correction
(
ACD

.)
+ ~CDq

J

ACD
J

jet-boundary correction to drag coefficient

ACDP p~--form correction to drag coefficient —

ACn plan-form correction to pitching-moment coefficient
P

A5n complete correction to ~wtng-moment-~oeffl.ci ent

((%)1+cc%),+(%),+ (%))
()AC plan-form correction to yawing-moment coeffi-

.
nn

1 cient due to end condition
<

()ACn?2 plan-form correction to yawing-moment coeffi-
cient due to aspect ratio, taper ratio, and ‘–
ratio of aileron span tu wi..gs?an

n
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()‘c%~

()ACn,
‘2

()AC‘i 3

and

r

r

x

Y-

Y’

z

Aa
~

AU
S*G.

Aa~,

yawing-w.oment-coefficient correction due to
reflection plane

yawing-m.otnent-coefficient correction due to
boundary-induced aileron upwash and wing
loading

Yawing-moment-coefficient correction due to
boundary-induced wing up-wash and aileron
loading —

induced vertical velocity; positive upward

induced lateral velocity; positive toward
wing tip

circulation

radius of circular jet

section lift coefficient

section chord.

mean genmetric chobd

longitudinal coordinate or complex coordinate
used in transformation .. .:

lateral coordinate
.-

lateral coordinate, fraction of model span

(L)b/2

vertical coordinate

jet-bound=y correction to induced angle of
attack

—
streamline-curvature correction to angle of

attack

plan-form correction to angle of attack
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Aa
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%

a

ai

%1

mu

m

a.

au

a

A

A

~

u
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complete correction to agle of attack

(ACt3 )+Aa~oca + Auu

angle of attack for infinite aspect ratio

uncorrected angle of attack

corrected angle of attack -(~ + Aa) ““-

induced angle of at-tack

section lift-curve slope per radian (57@3ao)

uncorrected lift-curve slope per radian
(57.3au) .

corrected lift-curve slope per radian (57.3a)

u
dc z

section lift-curve slope pep degree —
%

dCL
uncorrected lift-curve slope qer degree

()~

()
dCL

corrected lift-curve slope per degree
x

aspect ratio

taper ratio; ratio of’tip chord to–root chord

edge-velocity correction factor
(
Semiperimeter

Span )

induced-drag correction factor (reference 4.)

xaacc distance from reference qoint to aerodynamic
center _..

H factor used to determine Xa,cc ‘(reference ~1)

A angle of sweepback of quarter-bhord line

ACJ jet:mn~dary correction to rolling-moment coeffi-
j

ACL pla”n-form correction to rolling-moment coefficient
1?

.

f

.-
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cow.plete correction to rolling-moment coefficient

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

rate of change of rolling-moment coefficient

()

M z
with aileron deflection

q
a

aileron deflection

rate of chang’eof section angle of attack with

()

duo-”
aileron deflection

~
CL

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

complex coordinate in transformed glane

lateral coordinate in transformed plane

vertical coordinate in transformed plane

Y = tali-’ :

h semiheight of reflection plane or end plate -:—

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

e distance of wing tip from center line

s spanwise location of trailing vortex

o spanwise location of trailing vortex in
transfomned plane .

@ velocity pgtential function —

$. stream function

..-.

f factorused tc determine lift-curve slope
(reference 4)



a

R Heynolds number (pvc ?/~)

v coefficient of viscosity

M Mach number (v/vg )

Vc speed of

Subscripts:

i. induced

sound in air

NAch Ti No. lo~’j’

j jet boundary
.,

*

.

5 plan form
.-

—
2M wing of twice model span

w complete wing

e end plate

S*C. streamline curvature

●

u uncorrected.,

All pitching-moment coefficients, measured or cor-
rected, are about the quarter-chord point of the mean
aerodynamic chord of the complete wing. C~rrected
rolliilg-moment and yawing-moment coefficients are about
the projection of this point In the plane of symmetry of
the complete--wlngt although these moments were measured
about the projection of this point in the nlane at the
root end of the model parallel to the plane of symmetry.

DERIVATION OF CORRECTIONS

The corrections to be applied. to data 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 shape of the tunnel wall
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and the size of the model relative to 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, Qr
no end.plate. The second part is due to differences in
aspect ratio, taper r~tio, and.the ratio of aileron span
to wing span if the riodel span is less than the se*~Pan
of the complete wing. ~. ..—

For the sake of simplicity, not only in deriving
the corrections but also in applying them to data, the

\ lift due to flans is not separated herein from the lift
of the nlain wing as in reference 3 which derives
separate corrections for each part of the lift. Instead,
the total lift is considered and the alteration of the
sgan loading due to flaps is neglected. This neglect
introduces a slight error in the results but is-believed
to be warrented by the resulting si~lification. Several
oiher corrections are also neglected when the magnitude ““L-
of the corrections is within the limits of accuracy of
the measurements.

The derivation of nearly all of the corrections
begins -with the spanwise lift distribution of the wing..
In order to simplify the co~putations~ the lift distribu- ~
tion for a lift coefficient of 1.0 is used. The lift
distributions used herein were deterrdned by lifti~-
li.netheory. For straight tapered wings, the tables of
additional lift La in reference 1 are probably the
most readily available source of information for tke
present purpose.

The distribution of the jet-boundary-induced upwas~
sngle along the span must then be determined. This
angle, In radians, is the ratio of the induced vertical -
velocity to the stream veloclty. por a Particular type
of tunnel, tables may be devised that give the boun8ary-
induced vertical velocity at any point 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
llne only needs to be computed. ‘Thelift distribution
is broken into several ste~s and each increment is
multiplied by the proper value of induced vertical
velocity ‘perunit circulation to obtain an increment
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of induced vertical velocity, The summation at each
soanwise point of these increments due t-oall the
Image vortices is the induced vertical veloctiy at
that noint.

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

(1)

where wr/p is the induced vertical velocity per unit
circulation for a tunnel of unit radius.

Angle of attack.- The jet-boundary correction to
the induced angle of attack is def’1.nedin reference 1 as

but the lift L of a partial-span model way be expressed
as

--

—

and

dL = qclc~dy’

After substitution and rearrangement, the induced angle
of attack is, in radians,

n
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or, in degrees,

1
1

w cc
Au = CL L

j
_ _ dy!

‘CL CLE ..... ...0

s1
w c~c

Aa
J = 57’*3CL — — dyt

o ‘CL CLC .._

The correction for streamline curvature must be added
to the jet-boundary correction to the induced angle of
attack. The streamline-curvature correction, as used

—

herein, is applied entirely to the angle of attack instead
of’partly to the angle of attack and ~artly to the lift
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 ~:ithinthe
experimental accuracy. The magnitude of the c-~rvature
is obtained from reference 6 in which derivations are
made for a circular tunnel and for a 1.}:.1:1ellipti.c”al
tunne1. The derivation for the circular tunnel produces
a nondimensional constant, proportional to the curvatures
which in terms of tk.isreport is ,

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, becGmes identical with
that for the circular tunnel. This fact indlc.ate~ that
this constant is a function OP the tunnel height andi.s
relatively independent of the tunnel width. SZnce only
the width of a circular tunnel is affected by the intro-
duction of a reflection plane, for the ptirpo~e bf this
report it is assumed that the constant derived in refer-
ence 6 applies whether or not tlhereflection plane is
used.

,,
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The curvature of the streamlines is practically
constant alcn.gthe w~ng chord. The streamline-curvature
correction for the wing may be detem.niriedfrom the dif-
ference between the tnduced upwash sngle at the quarter-
chord point where the lifting line is assumed to be
located and the induced upwash angle at the three-quarter-
chord point where the tangent to the streamline is the
zero-lift line. This difference in the angles is

%
w

()
1 Z o.75c - 0.250AL w.— —

vc~ = VCL & d~ 2r
S*C*

VCL 2r

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

“

h

or approximately

This approximation and the assumptions made for the use
of the const~nt of reference 6 are.sufficiently accurate
far the present purpose, since the streamline-curvature
correction is only a small fraction of the complete cor-
rection to the angle of attack.

II



Although the greatest accuracy would theoretically
be obtained if the lift distribution @f the model in the
tunnel were used, the free-air lift distribution gives
a result that Is well within the accuracy of either
experiment or the lifting-line theory. Tf the tunnel
lift distribution is desired, an approximate result
may be obtained from the free-air distribution by the
equation ..

where the primed values refer to the tunnel distribution
and.the unprimed values refer to the free-air distribution.
This equation weights the induced upwash angle accord.ing-
to the lift distribution and would be exact if the

quantity (1 + 1005*) & were constant along the span.

For the conditions” usuall~ encountered in a wind tunnel,
a very close approximation is bbtained by using this
equation. ‘Ibisequat~on may be.used for a partial-span
model wrth or v.ithout an end pl”ate, for which cases
other methods, such as the influence lines of reference 7-
as used in reference 3, are not a~plicable. .—..——

The plan-form correction to the angle of attack is
the correction to the slope of the lift curve necessary
because of differences in aspect ratio between the model
and the cow.plete wi?xz.;that 1s,

where the model or wing lift-curve slope is

a=

a.

-%”

(4)

(5)

IYA



14 NACA TN NO, 1077

and corresponding values of E and A are used, Thia
equation was d.evel–opedfmr an elliptic wing in refer-
ence ~ but
it has been
with no end
neither E
obtained by
later.

1s used-herein for other plan ~orms because
shown to give good results even for the model
plate. For the model wi~h an end plate,
nor A ts known and the lift-curve slope is
use of the lifting-line theory, as 1s shown

The complete correction to the angle of attack is

T)ragcoefficient.- The jet-boundary correction to
the drag coefftiient involves the same int-egral as that
f’orthe angle of attack before the streamline-curvature
correction is added; that-is,

s1
Czc

ACD = .CL2 w
j

—— dyl

o vc~ c~~
(7)

.

. .:

The nlan-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

ACD =
cDi,#- %iM

P
(8)

Z’orthe reflection-plane condition

( 1 1 ) 2ACD = ‘-
CL (9)

P TfAwuK ‘A2MU2M

where u is obtained from reference ~. For the other
end conditions cl’), may be obtained from lifting-line

theory.
‘LM
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The complete correction to the drag coefficient is

ACJ)= ACD + AC=
j-P

(10)

Pitching -moment coefficient .- The correction to the
pitching-moment coefficient is entirely due to p-lanIor:u
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 af 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,

‘a.c.M - ‘E1.C.w
Acm = cl CL (11)

P

Both Xa,c. and Xa,c.
1!

must be measured from the same

point and are consideredy~positive in the direction of
tineair stream. These distances ray be obtatned-b~ the
following equations:

~11.c.= 2H,I,tan L + Constant (12)

The value of the constant is the’distance between a
chosen reference point and the quarter-chord point of ‘
tinercot chord. For a tnodel and reflection

t
lane, the

value og H may be obtained from reference For the
other end conditions, the integration (equati~n (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 additional distribu-
tions are necessary: the lift distribution due to
aileron deflection and the induced-upwash-angle distri-
bution due to this lift distribution. The aileron lift
distribution for a complete wi~ 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 effecis of the reflection plane or other end con-
dition. A reflection nlane t~reflectsltthe distribution
over the model so thst the model distribution is the
same as would be obtained for a complet~ wing with both
ailerons deflected in the same direction. The distrlbu-
tion f’o~-amodel with a reflection plane therefore is
obtained by adding the increment due to the “image” wi~
‘to the distribution of the “real!’wing (reference 3).
For a wing w~th or without an end plate, such a reflec- -
tion is not ~resent and the aileron lift–distribution
must be obtained directly from lifting-line theory.
After the shape of the aileron lift distribution is
determined, for.convenience the ordinates are multi-
plied by a constant that makes the moment of the area
equal to b if the abscissas are in fractions of the
model span. This operation converts the ordinates to

the load coefficient ~ and the rolling-moment coef-
C~z

ficient to unity.

The lntluced-u~wash-angle distribution due to the
aileron lift distribution is obtained in the same manner
as for the wing. The aileron lift distribution is broken
into several steps, each Increment is multiplied by the
value of induced velocity per unit increment-, and the
summation is made of all the increments at-each point;
thus,

( 11?.)

where wr/~ is the induced vertical velocity per unit
circulation for a tunnel of unit radius.

.

.
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~olling-moment coefficient. - The jet-bowdary correc-
tion to the rolling-moment coefficient is the moment of
the increment in the aileron lift distribution due to the
induced velocity; that is,

J-

ACt = -&ct
/(

w 1 + 1.05~) z y’ dyf (15)
j u y 2r CLC

o

The increment in aileron lift distribution is similar to
the increment in wing lift 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-pl&e condition (see reference 3) but such a
method would not be readily applicable for the end-plate
and no-e~.d-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. In equation (15) the three-dimensional lift-
curve slope m is therefore approximately equal to
moA Czc .—-.

and the win-glo~d coefficient — approximately
K CL=

accounts for the difference in the loadings of the actual
wing and an elliptic wring. 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 ef$ect of the end.condi-
tion on the aileron lift distribution and the second
corrects for the difference in aspect ratio and taper
ratio of tb.e~artial-saan model-and of the complete wing.

Cza -“.

2M is the ratio of the rolling-momentThe first part —

C25M
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coefficient per unit aileron deflection for a full-span
model of twice the model span to that for the actual
model. For the reflection-glane condition this correc-
tion is equal to the reciprocal of the correction

2ACtr
l+— of reference 3. For the end-plate or no-end-

Cz

plate c~ndition, this correction nay ‘beobtained from
lifting-line theory. The second part of the plan-fore
correction is reqtired 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 CL,JZ is obtained by taking

the difference between the”’valuesof Cza
/
h for the

outboard and inboard ends of the aileron, The desired
correction is the ratio of the value of cl~~k for the

complete wing to thatifor the wing of twice “model span.

The completely corrected value of the rolli.ng-
moment coefficient is

Yawing-moment coeff’icient.- 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 lift and induced-upwash-angle distribu-
tions. The equations for the corrections are--

CLC2U!
1

Clc

(’ )Lkcnt =-~- #--=y ’W
2 0

/

.

.

—

.

.

I

(17) —
.
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and

(16)

The plan-form correction to the yawing-w:oment coef-
ficient is divided into two parts in the”same m~%r as
that for the rolling-moment coefficient. The first part,
due to the end condition5 may be expressed as

()‘AC = Cn - cn
‘P 1 z~$ M

= ‘K2McLcz214+ KMCLCZ
Lr

“=CLCZ2M6‘“)
where

1

f( Czc ai ai
I(2T.=1 ——

Czc

K CL2MFCL )— — y’ dy’ (20)
+ CZ2YE CL231Cl 2M

1 Ctc at

S(
cc

z ‘i

% ‘i — )—+——yfdyf (21)

o c%!= c% C%= c%

and the distributions of the lift and induced am.gle
(in radians) per unit coefficient are identified by CL
for the wing and CL for the aileron in the denomina- ‘
tors. For the reflection-plane condition, the correction



()“np ~Isequal to the correction
()
“ni ~ Or reference 3.

For th~ end-plate or no-end-plate conditions, the integra-

tions ‘or ‘M and ‘2M must be performed, the value

of ~21tibeing independent of the end condition.

~’or the second part of the plan-form correction
due to differences in aspect ratio and tsper ratio between
the complete wing and a wing of twice model span, values
of K may be obtained from figure 13 of ref%rence 5.
Interpolation is simplified by plotting K for the
inboard end .of the aileron against l/A since such a
plot is practically a strai~ht line. If the outboard
end of the aileron is some distance from the wing t$p,
the value of K must be modified as indicated in refer-
ence 5. The equat-ion for this part of the correction is

()ACn = CnW - Cn2V
‘2

..

.

CLCZ
+

‘2M

-1

.

(22)

1

1

The value of ‘2M from equation (20) may differ slightly

from that obtained from reference 5 because of slight -
differences in the methods of computation. If this value
does differ, the value from equation (20) should be used
in equation (19) and the value from reference 5 in equa-
tion (22),

,

m
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.
The corplete correction to the yawing-moment coef-

ficient is

“n=PcnP)l+rcnP)2+rcni)2+tcni), ““

CONFECTIONS FOR MODEL wITH REFLECTION PLAN=
..

Determination of Induced Upwash Angle

A reflection plane used with a partial-span model
in a circular wind tunnel reflects both the model and.
the tunnel; therefore the effect is that ofa wing of
twice the model span 5.na 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 bipolar tunnel., vortices that are
images of the vortices inside the tunnel must be intro-
duced outside the tunnel. The locations af these image
vortices and their effects within the tunnel are well
known for a circular tunnel. ‘I!hisknowled~e 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

tan-l~ = n tan-1 x

r sin T

where, in the yz plane (bipolar tunnel) ,

x =y+iz
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in the VC plane (circular tunnel),

g=?J+ig

and

n
w=

2(Tr - ‘y)

Also ,

h= r sin y

d =rcosy

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 T on -theq-axis that corre-
sponds to a point y on the y-axis may be obtained
by the relation

.

.“

tan-l~ = n tan-l~
r sin -y

Furthermore, If there are vortices of strength ~r at
the points y = *S on the y-axis, there are vortices
of equal strength at the points q = *O on the q-axis
where

tan-la = n tan-1 s
r sin t

.

The comalex potential due to the vortices tr at-
-fl= to is .



NACA TN No. 1077 23

The complex potential due to the image v~rtices in the
q~ plane is

‘Thecondition that $ is consts.nt at the boundary of
the jet can be easily seen since
boundary .md WI +*2

1~1= 1 at the
becomes equal to zero. ‘The

c~mplex potential due to the original vortices in the
yz plane at y = is is

The comnlex potentiel due to the jet boundary is the
dif’f’erencebetween that in the
the yz plane; that is,

rI~plane and that in

—

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

1 d+
w = _. —

2 dy

The induced velocity due to *1 is

= (-i)(-%x+%-- *)*
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.

where

g= n(l + q2)

dy

(
rsinyl+

\ ‘)
r2 sin2t

By collecting terms,

1 d@2 d7J
‘2 =--—2 dq dy

rn-—
2nr

and the induced velocity due to -$x is

=-
2’r7r (:)2 - (:)2

.

.

.,

i
II

.
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The net

30 ● .1077

induced velacity is ..

25

w = w. + W2 + W5L

Tt may be noticed that the value of w .accordi~ to
the final equat+.ons tor wl and

‘3
becomes indeter-

minate of the form cn- aY at the point y = s or ~=a.
This 1s the only point at which singularities ~ccur”
insi~e the tunnei. At this point, however, w may be
determined in the following manner: “-%lare the terms
are combined,

rl(‘Fy+s-

of tbf.s equation i.sind.etewinate ..Qnly the second term
and may be written as .-

[

r, dl
-~ ‘q - ‘) -(Y- S)JdyJ

(y - S) (?-1- a)

and evaluated at tha limit by taking the second deriva-
tive of both the numerator and the den6”fiinator;that is,

y+a

nor sin y - s

# sinz~ + S2
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.

At the point y = s, therefore,

+

The induced velocity may be expressed as

l-l

w= -F
2nr

where

1?= f(y, s,nsa)

Tt is convenient to use the nondimensional form

wr F—= —
r 2Tl

which, for a tunnel of unit radiu~} is the induced
velocity per unit- circulation. Values of wr/I’ are
given in table I and are plotted in figure 2 for a.

reflection-plane location of d-= 0,73026. Table II

.

.

and figure 3 present values fo~ 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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Illustrative Example

An examole of the procedure involved in the deter-
mination of the .sorrections is worked out herein for a
reflection-plane location of d5.25 inches from the center
line of the Langley lg-foot pressure tunnel (fig. 1~)
and for the model shown In fi~ure 5.

—.

Jngle of attackO- The wing lift 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 (l), 5.s

The jet-boundary correction to
from equation (2), is

(q + Aa~.C, = 57,3cL 1 +

area under the curve
of f,igure6 by those
a numer?.cal value of

~Uj + AU5.C

the angle of attack,

.—

1
z )/ w Czc

1.05~ — —_ Q1
vc~ c~c

o

equation (2)) is the

obtained by multiplying the values
of fi ure 7 and, in this case, has

f0,015 ~,2. Therefore,

●
✝ 57.3CLJl~153)(o.a15b2)

= 1.019CL
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The uncorrected lift-curve slope obtained experimentally
is

au= 0.1041

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

-——— .—

so that

1 1 ACL
j

+ Aa~,c,
—-— =

a2M au
CL

1 1—- —= 1.019
azhl 0.1041

and.

a2 M = 0.0941

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

O.OQL.1=
1.’)39

57*3*
1-1-

■

.

.

.

.,

.

.

—

-- “*
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from which

29

T*-.—-

a. =.0,1162

TkListwo-dimensional slope is used in the same formula
to determine the slope for the complete wing of aspect
ratio 11.09, which is

o,fi= 0.0945

The ~lan-form correction
tion (4) as

Au. =

is then obtained from equa-

.-—_

‘1

(
1—-—

“fl )‘2% ,
CL

( 1 1— .
0 ● 0945 )0.0941 CL

-o.03&T

.

u

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

Au = Au? + Aa~,c, + Aan
c

= (1.ol~ - 0.036)CL

= o.9815L

.-
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which is added to the geom.ettic angle of attack of the
model in the tunnel.

Drag coefficient.- The jet-boundary correction to—-— —
the drag coefficient, from equation (7), !s

%j

ccz
CL-5

(yy !

= o.0151$2cL2

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

( 1
ACD=—-

1

p
)

cL2
‘*W’%’ ‘A2 MU2M

(— -
1 1=

m x 11.09 x 0.9’74 m X 10.94 X 0.976)

= -0.00062cL2

Cf

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

A.CD= ACD + AC
j %

= (0.015)L2- 0.001362)cL2

= 0,014.8cL2

.

.

.

.

1

k

.

—

F!
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which is added to the uncorrected

31

drag coefficient.

Pitching-moment coefficient.- The value of H
taken from reference 4 is 0.202 for both the mode”l -d
the complete wing. The location of the aerodynamic .
center, frOtiequation (12), is

xa.c. = 2~Q tan L +.Constant

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

‘a.C.M= (2 x 0.202 x lb X 0.21552) + 0.196

= 1.491 feet

and for the complete wing

‘a.c. = 2 x 0.202 x 15.862 x 0.21552
w

= 1.380 feet

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

‘a.c.N - ‘a.cayi

“h = ~1 ‘ CL

1.491 - 1,3M= cL
3.226

= 0.03L4CL
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which is added.to the uncorrected pitching-moment coef-
f~~~ente

Rolling-moment coefficient .- The aileron lift
distr=tion is shown in fig~e 9 For both free-air and
tunnel conditions. The boundsry-?.nduced uowash a~le
shown in figure 9 is obtained from equation (14):

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

= -;(5.392)(cZU)(0.0605)

The ~lan-form correction”due to the effect of the reflec-
tion plane on the aileron lift distribution is obtained
from f’i$.Ul’e10, which was taken from reference 3, as

.—

.

.

.—

.

= 0.949
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From figure 16 of reference 8, values of
found to be

()%5
-E- =0.395

w

and

()%6
77 = 0,423

2M

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

/c. \

33

cz6/k were

coefficient

()
ACZ

CT = Czu 1+4

cZu

=cz(l- 0.0816) 0.9.49-
u 0.423

= 0.81!JCZU

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

CLCZu

J

1
cc

()
ACn = -—

z

4 o&—Vcz CL= Yf dyt
‘2

= o.g5408
4 CLC Zu

= -o.0135cLcz
L1
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and, from equation (18),

NACA TN No. 1077

.
CLCLU sJ.

h)
cc

ACn = -—
2

4 Vi+— y’ dyl

3 0
L CZ~\

The plan-form
obtained from
reference ~

= .O.OIQhCLCL
u

mrrection due to the reflection plane
figure 11, which was also taken from

= -().0070

Tn order to determine the ~lan-form correction due to
asnect ratio and taper ratio, values of K were found
from figure 13 of reference 5 to be

.—

is

.,

—

KW = 0.075

and

‘2M
= 0,077

.
—

●
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so that this glan-form correction (equation (22)) is

-55

().ACnp2
= cLG~

[

-Kw + ‘2M

= CLCZ( 0“423

)
-0.075 + 0.077 —

‘3*395

= um7cLcz

The complete correction to yawing-momen! .qoqfficient,
from equation (23), is

ACn = (AC%)l + ~cr& + (Acn) z + @ni)5

= .0,0070CLCZ +e.oo7cLcz ‘0.0135cLctu - o*0194GLCzu
2M

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

(-)%5

k 2M c7/~
ACn = -0,0070

1

%

()

+ 0.007 — - ooa194—
C25

- 0.0135~t cl %+2

T
w IJ

= (-0.0070 *+0.007 -.3.01;5~-
)

0.0194 ~ CLCZ
.- 0.84 0.84

= -o.@locLcz

which is added to the uncorrected yawing-moment coefficient,

COR?XCTIOI$S FOR NODEL WITH EN!)PLATE

Determination of Lift Distribution

The lift distributions are considerably more diffi-
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. Tn this method,. the wing
is represented by a lifting line that is perpendicular
to another .lifting 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 trailing-vortex system
is shown in figure 12. Accordfng. 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

-.

.

.

.

.

.

1!
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[

e

-d

()Czcd—
F

Y
dy

1
‘dy ‘ ‘
Y- Y~

3?

(due to Wing)

.1

r’2 ‘y (due to wing images)

—-Y1
Y

yl+d
dz (due to end plate)

(YI + d)2 + z2

r2d + yl (
~2+d

dz (2~)

r4 + 2y1r2d + y12 (Z2 + d2)

(due to end-plate Images)

and

-L

(25)
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Also
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()c ~c

[

hd~

()
v F z 1
T ‘K

— dz

‘1
dz

-h
z-z 1

.

.

(due to end plate)

—

dz

2)?2— -
22 + d2 ‘1

r4 - 2r2 d2 + ZZ
+2 2i-d2

22 + d2 1

dz

(due ta end-plate images)

()
ed~

F

s“

Y
Z1

‘G
— dy (due to wing)

dy
-d

z12 + (y + d)2

()Ctc
d—

F
Y

dy
‘1

()
2 2

~+d212 + -y

dy (26)

(due to wing images)

and

.,

9

.
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In the last equation, 2TI’is used as the lift-curve slope
of the end plate for want of a more exact value.

Tf the free-air lift distribution is desired, the
terms due to the image vortices are omitted. The only
practicable ~et’nod of solution of these equations is
graphical by means of successive approxir,ati.ons. The
evaluation of the integral over the region near y = Y~
may be approximated by means of the expression

dy
dy =

()Ctcd—
F _yl-Ay

dy

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

.—

Illustrative 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 lift distribution for this model arrangement for both
tunnel and free-air conditions is shown in figure 1~.

Angle of attack.- Tt should be theoretically
possible to obtain the correction to the.angle of attac?<
by taking the difference between the angles of attack at
unit lift coefficient for the tunnel and free-air”con-
ditions. The accuracy involved, however, in obtaining
the lift 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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is used; in this cese, w/vcT is the “upirashangle—
along the model span due~to. ~he imeges of the wing and
the end plate, This upwash-an.gle distribution is shown
in figure 15. For the end-plate condition,

= 1.219CT.J

Agplying this correction to the experimental value of
lift-curve slope of 0.0935 results in a lift-curve
slope of 0.0~59 per degree or 4.309 per radian.

‘Theple.n-form correction is obtained from equa-
tion (4.)

() 1AuP= —-&
aw ‘L

aM

although in this case aW and aX are,obtained in a
different mancer from that for the reflectl.on-~lane
condition. me ed~e-velocity correction factor E
cannot be determined. for the model with an end plate;
therefore, lifting-line theary without the aid ~f this
factor is employed to obtain a., and

!
ahi’

The section-
lift=curve slope of 0.122, obta ned from tests in two-
dimensional flow,:.sused. Tn the solu~.on of equa-
tions (24.}through (27) an an~le of attac~.of 0.2 radian
gave a lift coefficient of l,O~!.2for the model in free
afr; therefore,

.

.

?

.

—r
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me correction factor E is not employed in the results
Or reference h; these results can there.f.orebe ~edto
determine aw for the complete wing. The equation

fao

al!’=
~ ~ 57~3%3

HA

accordingly is used for the complete wing, where
the factor obtained from reference 4,. Then,

0.997 x 0.122aW = .

~ + 57*3 x 0“122
m x 11.09

= 0.1013

f is

:....-

Therefore,

( 1-1
Aup = )CL0.1013 0.0909

= -1.127cL

The complete correction to the angle of attack 2s.-

Aa = (1.219 - 1.127)cL

= 0.092cL
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l)ra~coefficient .- The jet-boundary correction to the
drag ~fficient, obtained as”for
condition from equation (7), is

the reflect3.on-plsne

1

For the plan-form
model is obtained

CD,

= 0.0185cL2

correction, the
by the relation

.

J-I

induced drag of the

.C

where a~CL isthe-self-induced angle of thetnodel
and the end ~late in free air. ‘hen

CD~~ = %0466CL2

The plan-form correction to the drag coefficient is
obtained from equa.ti.on(8) as

ACD = C
P

Di~ - %iM

= (0.0295 - o.ol!166)cL2

= -0.0171CL2

.

.

q



where the value
% ~

= 0.029~ is the same as previously

used in the case of the reflection plane. Zn additioa
‘cothese corrections, there is in this case the induced
drag due toboth the jet-boundary-induced angle and the
self-induced angle over the span of the end plate, ~i s
correction is a combination jet-boundary and plan-form
correction and may be determined as a single value by
use of

L

where /v TicL is the total induced angle over the span
of the end plate due to the model, the end plate itself,

()

c~c
and all images; “is the tunnel lift distribution

q~

over the end plate; an~ all values are based upon the
model din.ensions so that ACDe is based upon the model

area. For the example

ACDe = W2030CL2

The complete correction to the drag coef$$_cient is,

ACD = (0.0185 - 0.0171 + 0.0830) CL2

= 0.90MLCL2

Pitching-moment coefficient.- T@ location of the
aerodynamic center is obtained from equation+

s1
b cc

x ~ tan L z=
a“c”h!

—_ yl dy! + Constant
CLC

o
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which gives xa.c,v = 1.569 feet from the quarter-chord
...

nofnt of the complete-wing root chord. The value
xa.cow = 1.380 feet is the same as previously used in “

the determination of the correction for the reflection-
plane condition. From equation (11),

xa.c.M - ‘acc.
AC = ~ CL
%J c1

= 1.569 - 1.380

3.226 CL

= 0.0586cL

Rolling-moment coefficient.- The aileron lift
distribution is obtained by the same general formulas
as the wi~ lift distribution for the model with the
end plate and is shown in figure 16. The upwash angle
due *O the jet boundary is shown ~n figure 17. ?’hejet-
boundary correction, from equation (15), is

= -&4.809 )(ct~(0.068U

,,

= -0.0819c1
u

The plan-form correction due to the effect of the end-
plate on the aileron lift distribution was found from
equations (2.!L)through (27) for the model and from

-—

●

�

✍✎

w

.

.

.

n
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.

conventional lifting-line theory for the wing of twice
model span. The resulting ratio is

-.

The plan-fore corrections due to aspect ratio and taper
ratio are independent of the end condition so that the

-..

corrected value of rolling-rmment coefficient from equa-
tion (16) is

= Czu (1 - 0.0819)0.956 $&
.

= 0.820CT
u

Yawing-moment coefficient.- The corrections to the
yawing-moment coefficient due to the jet boundary are,
from equation (17),

()“ni 2

CLCZU
f

1
w-—

4 do ~

= -o.060611
4 CLCtu

Y’ dyl

= -o.0152cLcL
u
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and, from equation {18),

NACA TN No. lo7?
.

.

The plan-form
from equation

= * CLCZ.

= -0.0180CLCZ
u

correction due to the end plate is found
(19) through (21). From equation {20)

%.M = 0.0741

and from equation (21)

The plan-form correction from equation (19) is

= c#~2M ( )-0.0741 -t0.0650 ~
. 0.956

I

1

I
1

1
i

. .

i

I
i

1

.

= -0.0061c c
L t2M



NAC!ITN NOC 1077 47

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 .

=

[

-0.0061 —+0.007

()

%6
-E- ..if

-0.0152 CLCT

( o.L23 1 1
= -0.0061 —+0.007-0.0152

)
—-0.0180 — cLc~

0.395 0.820 0.820

= -o.oboocLcz
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CORRECTIONS FOR MODEL WTTH NO END PLATE

Determination of Ind~~ced Upwash Angle

● 1077

For a model with no end plate, the determination of
the jet-boundary-induced velocity is easier than for the
other end conditions. In a closed circulam tunnel, If
there is a trailing vortex of strength r at a-~is~;n~e
Y = s, there i~ an fi?a.gevortex of strength

distance y = ~. The stream .functi-ondue to the image

vortex is

if=% log (y- - ~)

and the induced vertical velocity is

rl
w=-Y——4Try-g

.
s

Values of the boun~ary-f-nduc~d vertical velocity per
unit circulation for a tunnel of unit radius

Wr—.r‘-’”i-i) “
are given in table 111 and plotted in figure 18. These
values are for a counterclockwise vortex in the right-
hand side of the tunnel and may be used far a clockwise
vortex in the left-hand side of the tunnel by changing
the signs of y and s. For vortice8 of gigns 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

.

El
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.

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 velocities”
for positive walues of y and by using only the semispan
loading. -- —

Illustrative Example

An example of the procedure involved in the deter@.-
nation of the corrections is worked out for the w.odel - ‘-–
shown in figure 5 with no end plate. The lift distribu-
tion, obtained from lifting-line” theory for this model
configuration, is shown i.nfigure 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)

is shown in figure 20.

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

( )J
1

F ccz
Laj + AaS,c, = 57’.3CL 1 + 1.05 ~

w_ _ dy!

‘CL CLc
o

= 57*3CL(1.153)(0.01979)

= 10305CL

The uncorrected lift-curve slope obtained experimentally
is —

% = 0.0800
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This slope is corrected for the jet-boundary effects by
the relation

11 Aaj + Aa~,c,
—-— =

aM au CL

so that

and

a~ = 0.724

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

mAM

a.

o.072~ = 1.lt36

57*3 ~
1+

I.M6

‘Kx 5,423

from which

.

._

.

i_

a. = 0.1136
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This value of a. agrees fairly well v,ith 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
reflection plane and”the edge-velacity 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 Slope for the
complete wing of aspect ratio equal to 11.!39as

0.1136
1.039

al~ =

m x 11.09

= 0.0927

The plan-form correction is then obtained from equation (4)
as

()Aa = ‘- L CL
P a-l,

‘i al!!

(

1-1=
0.‘3927

)c,072L
CL

= -3.94CL
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The complete correction for the angle of attack, from
equation (6), is

the

The
the

AU = AUj + Aa~cc. + Aap

= (1.305 - 3.014)CL

= -1.709CL

Drag coefftcient.,- The jet-boundar~orrection to
dreg coefficient is obtained from equation (7) as

CL2

= 0.01973CL2

dy- I

induced-drag coefficient of the model, obtained from
coefficients of the Fourier series determined in the

solution of the lift distribution (reference 4), is

m 2
cL2

.X

nAn

cDi = ~
M M n=l A12

Cf
= 1.0946
TTx 5.423

.

.

—

.

6.

= 0.0643CL2



where ‘1 is the first coefficient and .% the nth
coefficient of the Fourier series. The induced-drag
coefficient of the complete wing has been previously
determined herein to be

.—

CD = 0.02g5cL2

‘w

The plan-form correction, obtained from equation (8),
is

ACD = C=i - CD
P 1// i~

= (0.0295 - 0.0643)cL2 -.

= --0.0348cL2
.-

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

ACD = AC= + AC=
3 P

= (0.0198 - 0.0348)cL2

= -0.0150CL2

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

b

s

1
x p tan L

Czc=-a.c.M
— y! dyl + Constant

~ c~E
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which gives Xa,c, = 1.682 feet from the quarter-chord
M

poink of the complete-wing root chord. The value
- 1.380 feet was previously used in the determi-‘a.c,W-

nation of the correction for the reflection-plane condi-
tion. The plan-form correction to the ~itchinz-moment
coefficient-is obtained from equation (~1) as -

‘a.~.M - ‘a,c.,fl

‘c% =
CL

c1

1.682 - 1.360=
3.226 CL

= 0.0936cL

Rolling-moment coefficient.- The aileron lift
tribu~n for the model with no end plat~ is shown
figure 21 for both free-air and tunnel conditions.
bofindary-induced upwash an le shown in figure 22 is
obtained from equation (~ Y

dis-
in
The

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

‘“j ‘“-@’u& F+1“05+%“ ‘“

= -~(4.149)@tu)(o*079b)

.

.

.

.

= -o.082kcz
u

II
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The plem-~orm correction due__to the effect of no end
plate on the aileron lift distribution was found frcm
lifting-llne 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-mow.ent coefficient for the complete
wing, from equation (16), iS

CL

= Czu(l- 0.0524.)0.974==
0.423

= o.835gz
u

—

. .

~awinq-moment coefficient.- ‘I!& jet-boundary cor-
rections to th~-yfi~~r~m-~fi-t-coefficient are obtained

...m.

from equation (17) as
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s1
CLC Ju w cLc

()Qcni = -—
2 4- — ‘. Yf dyfvc~ cL~

o

= o,066~

4 CL%U

= .o.0166dLct
u

and, from equation (18),

= -0.0226CLCT
u

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

.

.

‘2M = 0,0741
.

From equation (21)

‘M
= 0.0711

.
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From equation (19)

57

fcn~)l=cLcz2KMk)
= CLCZ211( )

-0.0741 + 0.0711 ~
09974

= .-o,oollc~cz2M

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

fc%),+6CQ2+ccnf)2,+?Cn:),

[0000,1(-)ct~
k 2M c Zu

““- 1

hu

()

+ 0.097 - 0.0166 —-
%5

— cLc~
%

0.0226 Ct

T w
1- ,.

( L&i
‘0”0011 0“395

-CM411CLCZ

1
+ 0,007 - 0.0166

)
—-0.0226 ~
0.835 0.835CLCJ
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APPLICATION TO TEST DATA

The tests were
pressure tunnel for
shown in f’igure5,

Model and Tests

conducted in the Langley 19-foot
the partial-span tapered wing model
The model represented ~~.6 percent

.

*

of the true semispan. The aspect ratios of the wing of
twice model span and the complete wing were 10.84 and
11.09, respectively. The taper ratios of the model and
comnlete wing were 0.26 and 0+25, respectively. me
model was eqtipped with a full-span duplex-flap arrange-
ment. The inboard slotted flap, tineoutboard balanced
split flap, and the aileron were of constant chord and
approximately 24, 20, end 15 percent, respectively, of
the average wing chord over their portions of.the wing
soan, The aileron was provided with a completely sealed
internal aerodynamic balance.

The reflection-plane arrangement is shown in fig-
ures Iiand 23. The reflection plane was fastened to ,
the tunnel at its top and bottom and exbded beyond
and behind, the model as shown. The gap between the model
and the reflection plane was automatically maintained
at O.0~ fO.03 inch, by a telescoping sect-ionin the end
of the model. The end-plate arrangement is shown in
figures 13 and 2~~. 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 co ducted at a Reynolds number of
approximately 8.9 x 10E and at a ?tachnumber of 0.17.
The angle-of-attack range was from -4° through maximum
lift and the aileron deflection range was +20°.

The tests were made for three flap arrangements;
flaps neutral and partial.-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 aerodynainic characteristics of the
tapered-wing model for the three flap arrangements ~d
the three end conditions are presented in Iigure 26 in
terms of the uncorrected nondimensional coefficients.

.

.

—

.

.

m
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lXag,- The uncorrected drag characteristics are
presented in figure 26(a). The drag coefficient a?
zero lift coefficient is increased slightly for the
model with no end plate snd 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. me dif-
ferences between the drag coefficients increase_ with
lift coefficient because of the differences in the self-
induced and the jet-’ooundary-iqduced drag for the thre”e
end conditions.

Lift.- The uncorrected lift characteristics are
presented in figure 26(b). me slope of the lift curve
is decreased for the model with the end plate and with
no end plate because of changes in ‘dieeffective aspect
ratio. The maximum-lift-coefficient values for the
three end conditions are reduced similarly because of
the changes in the stalling characteristics. The angle
or zero lift 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 mor6 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 lift with the flaps
neutral,

Aileron.- The uncorrected rolling-roment and yawing-
momen% characteristics are presented in figures 27 to 29.
The charge in the rolling-moment and yawing-moment char-
acteristics for the three end conditions is small. There
is no consistent rel~tionship between the characteristics
for the various anbles of attack and flap arrangem-ents. ——

Corrected Characteristic .

The cox-rected 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-
spsn 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
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herein. The gap between the model and the reflection
plane was kept to a practical minimum but may have intro-
duced some slight errors in the data vbich could nob-be
determined. For the end-plate and no-end-plate condi-
tions the stalling characteristics were affected In a
manner unsusceptible of correction.

!2?33”- An~lication of the drag-coefficient correc-
tions brings the characteristics (fig. 39(a)) into good
agreement, with the flaps neutrai. The main difference
remaining is due to the drag of the end plate and
to the tip drag for the model withno end plate. v.%th
partial-spsn and full-span flaps deflected, the agree-
ment is not so good as with flaps neut~al, althouglh the
corrected characteristics are in much better agreement
than the uncorrected ones. The remaining discrepancies
for these flap arrangements are due to differences in
profile drag and induced drag not included in the cor-
rections. The ~lan-fom 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. Thi8
fact is a.point in favor of the use of a reflection
plane rather than the other end conditions.

Lift.- The corrected lift characteristics are pre-
sente~ figure 30(b). wf.ththe fle.psneutral, the
agreement of the characteristics for the three end con-
ditions i.svery good below maximum lift. qontr~buting

t-othe good agreement may have been the factithat no
extremely low aspect-ratio was involved even for the
model with no end plate. The slight change in the angle
of zero lift displaces the curves for the model with
the end plate and with no end plate. The differences
at and near maximum lift are due to alterations of the
lift distribution for which corrections cannot be applied.
l~iththe partial-span and full-span flaps, the a~reement
of the charecteristicB for the three end conditions is
not so good because of the change in the effectiveness
of the inboard flao. The effectiveness of the out-board
flap is approximately the same t’or all three end condi-
tions. T& 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.

.

8

.

.

.

.

!!?



61

Pitching moment. - The corrected pitching-moment
characteristics (fig. 30(c)) indicate only fair agr-e-e---
ment for the three end conditions. The relative order
of the curves for the three end conditions is reversed
by tinecorrections. This reversal may be due to the
effect of the sweepback on the lift distribution, which
was not taken into account in the corre-ctions. In any
case, the differences between the characteristics are
attributed to inaccuracies in the determination of the
lift distributions and, since the lift distribution is
least altered by the reflection plane, it is believed
that the pitching-moment characteristics for th,e
reflection-plane condition are the most nearly accurate.

Aileron.- The corrected rolling-moment and yawing-
moment characteristics are presented in flgure~ 31-’

.—

to 33. !Enegeneral relationship between the character- ‘. -
istics for the three end conditions is unchanged. ‘The
inconsistent relationship 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 co~-
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 diff~rence “andinconsistent relationship
between the characteristics 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.

Comparison of Aileron Effectiveness-for

Partial- and Complete-Span Models

The corlpartson of the rollingnmoment character-
istics determined. for the partial-span wodelw itha
reflection plane and for a complete-span model ispre-- ,
sented in figu-es 34 and 35. With the flaps neutral
(figs 3L), the general agreement of me aileron effe-c~”-- ,

—

tiveness is gootif e~~ept at the high angles of attack
at which some dif.~etiences-exist. With the-frill-span--‘“-‘
flaps deflected (fig. 35), the agreement is good at the
low angle of attack and rather poor at the higlh angle
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of attack. The loss in effectiveness at the high angle
of attack for the complete-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 fi.ueIn part to the decreased Reynolds number and to
some difference in the models.

*

*

CONCLUDING REMARKS

A method is presented for determining the jet-
boundary and plan-form corrections to be applied to test
data for a partial-span model with a reflection plane,
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
t-estsin the Langley 19-foot ~ressure tunnel of a partial-
span model with each of the three end conditions.

vttiththe exception of the correct-ions tn the rollir~-
moment coefficient, the jet--boundary corrections were

.

somewhat smaller for the reflect~on-plane condition than
for either of the other end conditions because the
induced u~wssh angle was smaller.

.
For all corrections

depending upon the wing lift distribution, the plan-form
—

corrections were considerably smaller for the reflection-
glane condition because the lift &Lstribution was more
nearly like that of a complete wing. Any errors in
determining the lift distribution were therefore mini-
mized and the corrected values of the data were the most
representative of the com~lete wing.

From all these considerations, it was found that a
reflection plane should be used wherever possible for
tests of partial-span models. If it 19 necessary~ from
other considerations, to use an end plate or no end
plate, it is possible by the methods described herein to
determine sui,table corrections to be applied in order to
obtain reasonable results, particularly with ~laps
neutral and below maximum lift.

Langley Memorial IieronauticalLaborat-ory
National idvisory Committee for .eronauti.cs

Langley Fielti,Vs., February 4, 1946
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TABLE III.- BOUNDARY-INDUCED VELOCITY ~ ALONG I@RIzONTAL CENTER

LINE lXIE,TO UNIT COUNTERCLOCKWISE vORTEX AT VARIOUS

DISTANCES $ FROM CENTER OF A CIRCULAR. JET
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T- IV.- CORRECTIONSAPPLIED TO UNCORRECTED COEFFICIENTS OF REPRBSERTATIVE

MODEL FOR THREE END CONDITIONS

Eefleat~on plane
Correatloll-

End plate No

Act/CL I 1.019 I -0.038
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-.186 -.082 -.098 -.180 -.o&

t
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%nChId08 ACD (aee tOXt),
c

,

. . ,
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Plan form
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.0058

NATIONAL AIW(SORY
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Fig. 2 NACA TN No. 1077
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Fig.-30b N~CA TN No. 1077
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Fig. 33a,b NACA TN No, 1077
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Fig. 35c .-. NACA TN No. 1077
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