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JET-BOUNDARY CORRECTIONS FOR REFLECTION-PLANE MODELS IN RECTANGULAR
WIND TUNNELS

By RosarT 8. SwansoN and Trouas A, Torn -

SUMMARY

A detailed method for determining the jet-boundary corrections
for reflection-plane models in rectangular wind tunnels 18
presented. The method includes the determination of the tunnel
span load distribuiion and the derivation of equations for the
corrections to the angle of attack, the lift and drag coefficients,
and the pitching-, rolling-, yawing-, and hinge-moment coeffi-
cients. The principal effects of aerodynamic induction and
of the boundary-induced curvature of the streamlines have been
considered. An example 18 included to illustrate the method.
Numerical values of the more vmportant corrections for
reflection-plane models in 7- by 10-foot closed wind tunnels

are presented.
INTRODUCTION

The influence of the jet boundaries upon the air flow
at and behind two-dimensional-flow models and complete
models has been rather extensively investigated from theo-
retical considerations. The results of several of these
investigations are given in references 1 to 4. A few ex-
perimental checks of the theory have been successfully
made. The theoretical methods may be extended to deter-
mine the influence of the jet boundaries upon the characteris-
tics of semispan models mounted on reflection planes in
rectangular wind tunnels. One of the walls of a closed
wind tunnel may serve as the reflection plane, as shown
in figure 1. The jet-boundary corrections are usually
larger and the changes in the span load distribution are
somowhat greater for reflection-plane models -than for
complete models, especially with regard to the character-
istics of the lateral-control devices. Greater care is there-
fore required in the computations and more factors must be
considered for reflection-plane-model corrections than for
the usual complete-model corrections.

The present investigation was undertaken to develop
general methods of celculating the various’ corrections and
methods of determining the changes in the span load dis-
tribution caused by the jet boundaries. Numerical values
of the more important corrections were calculated for a
series of representative models mounted in 7--by 10-foot
closed rectangular wind tunnels. The numerical values are
presented in the form of graphs and empirical equations in
a separate section of the report, in order that the values may
be obtained without referring to the detailed calculation
procedure. Tables of the numerical values of the jet-
boundary-induced upwash velocity for 7- by 10-foot closed

wind tunnels are included and should be used if it is desired
to compute the corrections for models having unusual pro-
portions. The complete calculation procedure is illustrated
in detail by an example.

The basic method used to determine the jet-boundary
corrections is to determine the increments of aerodynamic
forces and moments acting on & model which is twisted by
the amount of the boundary-induced upwash angle. Methods
of calculating the boundary-induced upwash angle along the
model span and chord and methods of calculating the various
jet-boundary corrections, accounting for the principal
effects of aerodynamic induction, are presented in separate
sections in the present report.

The formulas and corrections presented apply to com-
plete models for which the spans are twice the spans of the
reflection-plane models. If a model of only the outer wing
panel is tested, the measured characteristics will be for a
model of the aspect ratio, taper ratio, and lateral-control-
device span ratio actually tested. Additional plan-form
corrections—that is, the usual aspect-ratio and taper-ratio
corrections plus corrections for the ratio of the lateral-
control-device span to the wing span, reference 5—must
therefore be made to determine free-air date for the actual
airplane from the corrected data for the model.

SYMBOLS

ri ‘circulation strength of vortex

Cp measured lift coefficient

AC, inerement of lift coefficient

AC,,.  correction to lift coefficient due to streamline
curvature

¢ section lift coefficient

Ca section normal-force coefficient

Ca section hinge-moment coefficient

AL, increment of lift at any section

O, measured rolling-moment coefficient

G, corrected rolling-moment coefficient

AC, increment of rolling-moment-coefficient correction
due to jet boundaries other than reflection
plane, based on a reflection-plane rolling-

240,

moment coefficient of 1+"‘—

Culk rolling derivative due to deﬂectlon of lateral-

control device (reference 5)
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half of increment of rolling-moment-coefficient
correction due to reflection plane based on unit
free-air rolling-moment coefficient .

aerodynamic-induction factor used in determining
AG,

angle of attack

correction to angle of attack

increment of induced drag at any section

correction to induced-drag coefficient

correction to induced-yawing-moment coefficient
[(ACw)+ (ACa o+ (ACH,)y+ (ACw)+ (ACK),]

increment of yawing-moment-coefficient correc-
tion due to reflection plane

increment of yawing-moment-coefficient correc-
tion due to boundary-induced aileron upwash
and wing loading

increment of yawing-moment-coefficient correc-
tion due to boundary-induced wing upwash and
tunnel aileron loading

increment of yawing-moment-coefficient correc-
tion due to boundary-induced aileron upwash
and flap loading

increment of yawing-moment-coefficient correc-
tion due to boundary-induced flap upwash and
tunnel aileron loading

correction to pitching-moment coefficient due to
streamline curvature

correction to hinge-moment coefficient

correction to hinge-moment coefficient at any
section

increment of hinge-moment correction at any
section

air density

free-stream velocity, parallel to X-axis

dynamic pressure (%pV’)

induced vertical velocity, parallel to Z-axis

distance parallel to X-axis

distance parallel to Z-axis

distance parallel to Y-axis

centroid of spanwise load

spanwise position of trailing vortices

effective height of wing above tunnel center line

total wing span (twice span of reflection-plane
model)

span of aileron on semispan model

span of flap on semispan model

total wing area (twice area of reflection-plane
model) )

ares of aileron on semispan model

area of flap on semispan model

aspect ratio (%:)

taper ratio, fictitious chord at tip divided by
chord at root

chord at any section -
mean chord

cs chord at plane of symmetry

r radius of curvature of streamlines

k tunnel height

a tunnel breadth

o slope per radian of section lift curve

@ slope per radian of lift curve of finite-span wing

P maximum ordinate of jet-boundary-induced ollip-

: tical load

F hinge-moment correction factor for jet-boundary-
induced elliptical load

Subscripts:

w wing

/ flap

a aileron

b overhang balance

av average

t tunnel

total total

c corrected

r reflection

D.p principal part

8.p. supplementary part

Cn for pitching moments

e effective

s.c. streamline curvature

L.1. lifting line

% spanwise location of trailing vortex

The axes used are defined in figure 1. All loading and
boundary-induced upwash-velocity parameters with primes
are based on lift or rolling-moment coefficients not equal
to umity.

BOUNDARY-INDUCED UPWASH
THEORY

General problem.—The general problem to be solved in
determining the jet-boundary corrections for a complete
model in a wind tunnel is the determination of the total up-
wash velocity induced by the jet boundaries. The special
problem for a semispan model mounted as a reflection-plane
model tosimulate a symmetrically loaded complete model is
the determination of the total boundary-induced upwash
velocity minus the induced upwash velocity due to the re-
flection of the semispan model. The problem of determining
the boundary-induced upwash velocity due to unsymmetrical
loading devices, such as lateral-control devices on reflection-
plane models, is one of determining not only the total
boundary-induced upwash velocity, as for complete models,
but also an additional correction due to the nonexistence of
the reflection wing. )

Use of images.—~The known boundary conditions to be
satisfied are zero normal velocity for closed wind tunnels and
constant pressure for open wind tunnels. The boundary
conditions for a closed rectangular tunnel may be satisfied by
8 doubly infinite system of images (reference 1). TFigure 1
shows the three-dimensional image arrangement that satis-
fies the boundary conditions for a semispan model mounted
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in a closed rectangular wind tunnel. The model is mounted
on the XZ-plane—or left wall, looking downstream—and
located in the XY-plane. The reflection wing is shown in
phantom and lies along the negative Y-axis. It may be noted
that this image arrangement is the same as that for a com-
plete model of the same semispan in a tunnel of the same
height and twice the width. The images of the wing are
represented in this figure as simple horseshoe vortices of
semispan |y1|. Any actual span load distribution may be
. constructed to any desired degree of accuracy from a com-
bination of several horseshoe vortices. The three-dimen-
sional image arrangement is necessary only when it is de-
sired to compute the boundary-induced upwash velocity
behind tho lifting line, the streamline curvature, or the
boundary-induced upwash velocity for models with excessive
sweepback.

The boundary-induced upwash velocity at the lifting line
may be determined from a two-dimensional image arrange-
ment satisfying the boundary conditions at infinity as shown
by Praandtl. Figure 2 shows the two-dimensional image
arrangement satisfying the boundary conditions for a single
counterclockwise trailing vortex and its reflection (clock-
wisc) located at a distance d above the tunnel center line
and at distances equal to ; and —y, from the reflection wall.
The single trailing vortex and its reflection represent the
trailing vortices of a simple horseshoe vortex with semispan
equal to [y].

CALCULATION METHODS

Preliminary oalculations.—The calculations of general

curves of boundary-induced upwash velocity for various

345

image arrangements (figs. 1 and 2) of simple horseshoe
or trailing vortices will considerably simplify the labor
involved in determining the boundary-induced upwash
velocity for any given model. The boundary-induced
upwash velocity behind the lifting line for two values of
vortex semispan (image arrangements of fig. 1) was calcu-
lated by the methods described in reference 2. The results
of the calculations are presented in figure 3 and table I.
These calculations apply either to a reflection-plane model
in a 7- by 10-foot closed wind tunnel or to a complete
(symmetrically loaded) model in a 7- by 20-foot closed
wind tunnel.

The boundary-induced upwash velocities at the lifting
line were obtained by computing the combined effect of
enough of the images, corresponding to the arrangement
of figure 2, to give values accurate to the fourth decimal
place. The results are given in figure 4 and table IIL.
These values apply to complete models mounted in 7- by
20-foot closed wind tunnels, as well as to reflection-plane
models mounted in 7- by 10-foot closed wind tunnels.

The method used to determine the boundary-induced
upwash velocity at the lifting line for any given image
arrangement is to break up that image arrangement into
certain groups, usually vertical rows of images, for which
simple summation formulas ave available. The sum of the

effects of each of these groups may then be determined.
The summation formulas for vertical rows of vortices
extending from the YZ-plane to infinity in one direction
were developed in references 3 and 4.

FIoURE 1.—Thres-dimensional arrangement of the doubly infinite image pattern satisfying the boundary conditions for a reflection-plans model of a wing on the center line of & closed
rectangular wind tunmel
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Upwash velocity for nonuniform span loading.—Upwash
velocity for any nonuniform span loading may be approxi-
mated to any desired degree of accuracy by breaking down
the actual loading into several steps over each of which the
loading is assumed uniform. The boundary-induced upwash
velocity may then be determined as the sum of all the com-
ponents of upwash velocity due to all the stepwise incre-
ments. Numerical values for the upwash velocity may be
taken directly from the tables rather than from the figures,
provided that increments are taken at ¥-foot values of 7.
If the tunnel walls appreciably alter the span-load distribu-
tion, as they usually do for a model with a lateral-control
device having a relatively large span, the actual tunnel span
load distribution should be used instead of the theoretical
free-air span load distribution. Methods of approximating
the tunnel span load distribution will be presented later in
this report. A three- or four-step approximation to the tun-
nel span-load curve is usually necessary for asymmetrical
load conditions. Calculations indicate that very large errors
are introduced by using single uniform loadings for the
asymmetrical conditions. For symmetrical load conditions,
however, a single-step approximation is usually satisfactory
if the span over which the uniform load is assumed to act
(called effective span) is properly chosen.

The span-load parameter that will be used in the compu-
tations is cc,A/bC;, which is equivalent to 2T AV, (and
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where (’%’)v i8 obtained from figure 4 or table II and
1

A(ec:A/bCL),, is proportional to an increment of load ex-
tending from the reflection plane to ;. In other words,
A(cc;A[bCL),, is proportional to the strength of the trailing
vortex assumed to leave the wing at ;.

Boundary-induced upwash angles are given in figure 5 for
unit lift coefficient for a 7-foot semispan model of aspect
ratio 6 and taper ratio 0.5 and for a unit flap lift coefficient
for two ratios of flap span to wing span (called flap-span
ratio). The actual span loading is represented by a seven-
step approximation. It may be seen from figure 6 that, if
the proper value of the effective semispan is used, the up-
wash angle may be determined satisfactorily by the use of a
simple uniform load. The effective span is, of course, de-
pendent upon the particular model-tunnel configuration.
Computations for several representative reflection-plane
models in 7- by 10-foot closed wind tunnels indicate that
good accuracy in the determination of the boundary-induced
upwash angle is obtained with the following.ratios of ef-
fective span to actual span, b,/b or b;,/b, provided the model
semispan is between 6 and 8 feet (the usual values):

to L, as used in reference 6). The upwash angle in radians Wing}}:gctangu]ar __________________________________________ 0. 93
for unit lift coefficient is w/V(C, for small angles. The Taper ratio, 8boub 0.5 - _ - oo o oo oo oo oo eccaeem o 0. 88
formula for determining the local upwash’ angle is then Pmﬁzrpel' m;:: about 0,25 oo e 0. 83
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Fi1aURE 2.—Two-dimensional arrangement of the infinite Image-pattern satisfying the bormdary conditions for a single trailing vortex and its reflection located above tho center lino of o
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The span-load parameter that will be used in the com-
putations for the asymmetrical loading condition is cc,A/bC:
(or 2T A/bV(C;). The upwash angle, however, is most con-
veniently expressed in terms of a parameter that represents
the reflection-plane loading for a rolling-moment coefficient
greater than unity, as follows:

[V_(m] 2AE (w> [m " @

The primes indicate that the expressions are not true param-
eters, because the values are not for unit rolling-moment
coefficient but for a rolling-moment coefficient equal

2A
to 14 00"
ts

CORRECTIONS
GENERAL

The jet-boundary corrections may be divided into two
groups. The first group consists of all corrections to be
applied to & symmetrically loaded model; that is, all forces,

_ moments, and air-flow conditions acting on the reflection-
plane model are reflected identically with respect to reflec-
tion plane and thus the measured model characteristics are
for a symmetrical model. The measured lift, drag, and
pitching moment of the model are thus exactly one-half
those for a complete model mounted in a wind tunnel of
the same height and twice the breadth as the original tunnel,
and the boundary-induced upwash velocity is the same as
for the complete model in the larger tunnel. The second
group of corrections is for the asymmetrically loaded con-
dition, such as the loading due to the deflection of a lateral-

control device. The loading due to the lateral-control de-.

vice is reflected into the reflection plane just as it was for the
gsymmetrical case; - but the reflection is undesirable in this
case and must be corrected for, as it would not be present
on & complete model. Also, the absence of the other wing
(the reflection wing) causes the measured rolling and yawing
moments to be too large, because theload due to aerodynamic
induction existing on the other wing of a complete model
will be absent from the measured values of a reflection-
plane model.

The corrections will be determined with the proper sign in
order that they may be added to the measured values for
a closed-throat wind tunnel.

SYMMETRICAL LOADING CONDITIONS

Span load distribution.—The correction to the span load
distribution need not be determined unless stalling tests or
actual span-load-distribution tests are made. Calculations
for a few reflection-plane models of usual size in 7- by 10-foot
closed wind tunnels indicate that the wing span load dis-
tribution is altered by the tunnel walls by an amount
equivalent to a change in taper ratio of about 0.05; that is, if
the geometrical taper ratio of the model is 0.50, the wing
span load distribution’in the tunnel corresponds to 2 wing

having a taper ratio of about 0.45. The changes in flap

span loading are somewhat greater than the changes in
wing span loading. The usual effect of the tunnel walls on
the flap span loading is to increase the relative loading
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over the unflapped portion of the wing and to reduce the
relative loading over the flapped portion of the wing. It
should be remembered, however, that the type of change in
span load distribution caused by the jet boundaries is
entirely dependent upon the model-tunnel configuration and
that other model-tunnel arrangements might produce effects
opposite to those just indicated for a reflection-plane model in
2 7- by 10-foot closed wind tunnel.
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FI1GURE 6.—Values of ¢.4/b to be used in converting the load paramoter ccrfeia of referenco &
to the-load parameter ccrd/ba.

The span load distribution of the wing in free air must be
determined to evaluate the change in loading due to the
tunnel walls. The free-air span loading for symmetrical load
conditions may easily be obtained from the tables of rofer-
ences 6 and 7 for several different wing-flap combinations.
For other flap arrangements or any initial wing twist, the
influence lines of reference 5 may be used to estimate the
shape of the load curves. The actual load curve may be
determined from the condition that the area under the curve

of cc,A/bC, plotted against =- is equal to umity or, if

b/2
plotted against y, is numerically equal to 5/2; that is, the

average ordinate is equal to-unity.
The increment of bounda.ry-mduced load con'espondlng

to a tunnel lift coefficient of unity is obtained by assuming
that the wing is twisted an amount equal to the boundary-
induced upwash angle w/VC;. The boundary-induced load is
calculated from the influence lines of reference 5. The in-
fluence lines give the load at a particular spanwise station
for unit changes in angle of .attack extending various dis-
tances inward from the wing tip. Values of ¢,A/b for the
wings of reference 5 are given in figure 6 in order that the load
parameter cc;/c,a used in reference 5 may be ‘converted to
CG;A/ba.
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The increment of boundary-induced load determined in
this fashion may be added to the free-air span-load curve to
obtain a first approximation to the tunnel-load curve cor-

responding to a tunnel lift coefficient of 1+A(Jcry"; where
L

ACL[C,, is equal to the average ordinate of this increment of
boundary-induced load. Because the tunnel lift coefficient

1+—A~0@‘ is greater than unity, a second approximation to the

L

increment of boundary-induced load based on & lift coefficient

of 1 +A—0" and the new load distribution must be determined,
L

and then a third approximation must be made, and so forth.
In order to avoid the necessity for using successive approxi-
mations in this fashion, it may be assumed that the values of
w/VCy, used for the first approximation need only be multi-
plied by constants determined from the increase in lift co-
efficient for each of the remaining approximations; that is,
it may be assumed that the change in the shape of the span-
load curve would not change the shape of the w/VC, curves.
It was shown that the values of the w/V(, curve may be
computed with satisfactory accuracy when a uniform loading

over an effective span is assumed and, inasmuch as the shape |

of the tunnel-load curve does not change appreciably, this
assumption of unchanged w/V(}, curves is reasonable. The
increment of boundary-induced load corresponding to the
n*® approximation based on a free-air unit lift coefficient (if
the shape of the w/V(y, curve is unchanged) is simply equal
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AG,
lift coefficient of 14 6:’50; add 16 the free-air load this
A
AG,
7' approximation. Divide all these values by 14 CZ‘GL
(3

to obtain the tunnel-load curve for unit lift coefficient.

This method of estimating the tunnel span load distri-
bution takes into account the main effects of aerodynamic
induction. The method is mnot exact because the jet-
boundary-induced upwash angle w/VC,, is calculated approx-
imately. If desired, the upwash angle corresponding to the
tunnel-load curve previously determined can be obtained
with great accuracy by using many steps in the stepwise
distribution to represent the tunnel-load curve. The
calculations can then be repeated with the new values of
boundary-induced upwash angle. The process could be
repeated until the exact tunnel loading, insofar as lifting-
line theory applies, is obtained. It seems, however, that
the process is so rapidly convergent that the span loading
calculated from the approximate upwash angles is usually
satisfactory.

As a check on the convergence, the tunnel span load
distribution for a large-span elliptical wing in a circular wind
tunnel was computed by the method previously described and
the result was compared in figure 7 with the more exact .
calculation of the tunnel span load distribution made by

. . . 1
to tho values for the firs approximation times 1 AC,, In Millikan (reference 8). It may be noted from figure 7 that
TG the effect of the tunnel walls is oppo-ite in this case to the
order to obtain the loading in the tunnel corresponding to a | effect already described for models of usual size in 7- by
i
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F1aURE 7.—8pen load distributions for an elliptical wing in free air and in a closed ofrcular tunnel. ‘Wing span is 0.9 times the tunnel dlameter.
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20-foot closed wind tunnels or reflection-plane models in
7- by 10-foot closed wind tunnels. Influence lines, similar
to those given in reference 5, were determined for an elliptical
wing for use in calculating the boundary-induced load
increment.

A comparison of the fnal tunmel-load curve with the
original (free-air) load curve indicates the change in span
loading caused by the tunnel walls. The increment of
load due to streamline curvature may also be added to the
original load curve. Because the original curve was ob-
tained, however, from the lifting-line theory rather than
from the hftmg—surface theory, such an additional step
would seem an undue refinement.

Chordwise load distribution.—The chordwise load and the
chordwise load distribution at each section are altered
by the jet boundaries. The main portion of this change
in load is corrected for by the usual induced angle-of-attack
correction for the upwash angle at the lifting line.
curvature of the streamlines caused by the jet boundaries
effectively changes the airfoil eamber, which results in a
further change in the chordwise load (and the chordwise
load distribution). The corrections due to the change in
cffective caomber may be applied partly as an increased
angle-of-attack correction and partly as a correction to the
lift, the pitching moment, and the hinge moment.

The general characteristics of the increment of load
due to boundary-induced streamline curvature may be esti-
mated from thin-airfoil theory. The shape of the boundary-
induced streamlines is, to a first approximation, circular
because the boundary-induced upwash angle varies al-
most linearly along the chord unless very wide-chord models
are used (fig. 3).

The chordwise load for an airfoil with circular camber
may be broken into two components. One component
corresponds to a loading of the flat-plate type, which is
similar to the loading due to an angle-of-atfack change
(also called additional-type loading). The magnitude of
the load is determined from the product of the slope of the
lift curve and the boundary-induced increase in the angle of
inclination of the tangent at the 0.50¢ point because, for
circular camber, the curve at this point is parallel to the
chord line connecting the ends of the mean line. Inasmuch
as this component of load is similar to the load resulting
from a simple angle-of-attack change, it may be applied
as an additional angle-of-attack correction. The other
component of load is elliptically shaped and its magnitude
is determined by the product of the slope of the lift curve
and the angular difference between the zero-lift line and the
chord line or the 0.50¢c-point tangent line. The zero-lift
line, for an airfoil with circular camber, is determined by the
angle of inclination of the tangent of the 0.75¢ point. The
lift, the pitching-moment, and the hinge-moment corrections
are a result of this elliptical component of load.

The location of the lifting line for a plain airfoil may be
assumed to be at the 0.25¢ point and the boundary-induced
upwash angle is computed by assuming that the total lift is
concenfrated at the lifting line. The location of the lifting

The -

REPORT NO. 770—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

line for a flapped wing will lie somewhere behind the 0.25¢
point, depending upon the flap characteristics. The location
of the lifting line determines the magnitude and direction of
the flat-plate type of load. The two components (fat-plate-
load and elliptical load) are equal and positive if the lifting
line is located at the 0 25¢ point. Each component may be
expressed as

2(ver)
Ac;=0.25 T8 ~0.25a,c0, NV Cn/
r oz

where r is the radius of curvature of the streamlines. If the
lifting line is at the 0.50¢ point, the flat-plate component of
load is zero. The elliptical component is positive and equal
to 0.25a.c/r, because it is independent of the location of the
lifting line. If an extensible flap is used, the megnitude and
the distribution of the chordwise load must be calculated as
though the chord of the airfoil were increased. Because the
results of the tests are usually based on the original chord,
the final correction must also be reduced to a coefficient
based on the original chord.

No correction will be applied directly to the chordwise
load distribution but the angle of attack, the lift, the pitching
moment, and the hinge moment will be corrected to account
for the altered load distribution.

Angle of attack.—The main portion of the angle-of-attack
correction is due to the jet-boundary-induced upwash angle
at the lifting line. The problem of finding the angle-of-
attack correction is, basically, the determination of the angle
of attack that the model would require in free sir to have
the same lift as in the wind tunnel. The correction angle is,
then, the difference between the free-air angle of attack and
the tunnel angle of attack. If the tunnel span load distribu-
tion is determined, the angle-of-attack correction due to the
boundary-induced upwash at the lifting line is given as

__AG 57 3

where AC;/C, is the increment of boundary-induced load for
o tunnel lift coefficient of unity as determined for the span-
load calculations.

If the tunnel span load distribution is not determined, the
angle-of-attack correction may be calculated by an alternate
method that gives values almost identical with those of
the method just described. For the alternate method
the boundary-induced upwash angle is weighted according
to the wing chord at each section and is then averaged
across the span. The formula is

57 30,
52 fo T?O—VL ¢ dy 4)

The increment of additional load caused by streamline
curvature is dependent upon the relative distance between
the lifting line and the 0.50¢ point as indicated in the section
on chordwise load distribution. In the case of the wing, the
lifting line may be assumed to be located at the 0.25¢ point;

Aa
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thus 0.50—ﬂi—0 25.

Because the lifting line due to de-
flection of a partial-span flap is usually located very near
the 0.50¢ point, it generally is not necessary to apply a
correction to the angle of attack for this case. The general
equation for the correction to the angle of attack is

Aa,...==

w
57.3C; ( _m) f”ﬂ 0 (V‘é )ZA
b \0) ) Tl ®

o)
m 1;418 equivalent to

E[ 4 ] 2(59),

Values of [—%] may be obtained from table I for
1 -

where the quantity —=—2&

11=3 feot and for #;="6 feet. The correction angle determined
by equation (5) should be added to the lifting-line correction
angle as computed from equation (3) or from equation (4).

Lift,—The measured lift in a closed wind tunnel is greater
than it would be in free air even though the complete angle-
" of-attack correction is applied. The increase in lift is due
to the elliptically shaped inerement of chordwise load
caused by streamline curvature. This elliptically shaped
increment is applied as a correction to the lift rather than as
o correction to the angle of attack in order to correct the
maximum lift coefficient. This increment is determined
from the slope of the lift curve and the difference in jet~
boundary-induced upwash angle at the 0.50¢ point and at
the 0.75¢ point. The integral

" (vg) |
f —ET 2A == ¢ dy calculated for the Ag,... correc-

0

tion may also be used for the lift correction
bf2
(1'10! f CV—OL) -'A

where a; is used instead of @y to account approximately
for aerodynamic induction.

If the lifting line can be assumed to be located at the
0.25¢ point, as in the case of the wing, equation (6) may be
written for the wing lift correction as

§eCe

(6)

(A0, ) o= Bere) w55 @

A small correction to the lateral center of pressure, which -

is determined from the rolling moment, may be obtained by
performing 2 moment integration of the streamline-curvature
load, as
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AC, = _uC f ’ (W) 2Ac’ydy

It should be noted that this increment is based on the
complete span b rather than on the model span 5/2.

Pitching moment.—The pitching-moment coefficient must
be corrected for the elliptical component of the boundary-
induced load. The correction is

. e »
_ Cragre, [ G ° (T‘/’Z" 24

sougzal 3 1-2rg] ), Epen o

where the factor [4‘%:— (1 —%ﬂ)-i—gi] accounts approximately

for the effects of aerodynamic induction and reduces to unity
if the moments are taken about a line through ¢,/4. The
distance %e,, is measured between the line about which the
moments are computed and the midchord at the spanwise

centroid of the elliptical load 7,_.. where
b2 w
f 242 (V) Sv
- b oz
Ys.o.= > 17 > 0 9
24 (I_fc_’L)

Downwash behind wing.—The correction to the downwash
behind & reflection-plane model is determined from the
boundary-induced upwash curves previously computed.
The general methods of reference 2 should be used to deter-
mine the downiash-angle correction.

Drag.—The induced-drag correction is determined from
the generalized Kutta-Joukowski law. The boundary-
indueced upwash angle and the tunnel span loading are used
in the computation of the induced-drag correction. The up-
wash angle at each section must be multiplied by the loading
at that section and the result integrated mechanically. In
order to establish the method and to determine the propor-
tionality constants, the integration formula will be
developed.

The increment of induced drag at any section due to the
tunnel walls is

and the increment of induced-drag coefficient for the wing is

4 b/2
AOD‘=VTS£ wl’ dy

where the product wrI is the sum of all component products
of wing and flap upwash velocity and circulation

or=2l () (520, cue () (4

) o
+(vﬁ) (A UL,,OL,+(T—,E,—) (). aLwoL,] (1)

11
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F16URE 8.—Variation of the hinge-moment correction factor for elliptical load F with the flap-
or alleron-chord ratio ¢//c or cafc and the balance-chord ratio eafcs or cy/ce.

A correction to the lateral center of pressure of the induced-
drag force may be obtained by integrating the increment of
drag given in equation (10) for the yawing-moment
coefficient

2 b2
AC, = —mﬁ wly dy 13)

Hinge moments.—The measured hinge moments of the
high-lift device and lateral-control device should be cor-
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rected for the component of elliptical load caused by the
curvature of the streamlines. The hinge-moment correction
is determined from an integration of the moment about the
hinge axis of this load on the high-lift device or on the con-
trol surface. The integration must be performed over the
entire surface—both chordwise and spanwise—because, in
general, the correction varies along the span. The chord-
wise integration can be performed analytically because the
shape of the load is kmown to be nearly elliptical. The
increment of load at any section is determined from the
expression for the area of an ellipse as

AL=37 P (14)
where P, is the maximum ordinate of the elliptical load.
The increment of load is also equivalent to

e ]

(15)

The increment of hinge moment AH, at any section is
obtained by a moment integration about the hinge axis of
the part of the elliptical load over the movable surface, as

_c (EN(=z o 2z
A =G Pres [1~(5) (Gta51) d(c/2> (16)
where qu / 1—<;—2>’ is the ordinate of the elliptical load.

The value of P, is obtained by solving equations (14) and
(15) and is substituted in equation (16) to give

R ey
(§§+§‘z“l>d(c/—z>

where the integral

2N/ zx , ¢ 2
V-G Gt Gr)

will be known as the hinge-moment correction factor for
elliptical load F and the integration is carried across the
flap and across any overhang type of balance. The results
of the integration are presented in figure 8 as a function of
the ratio of the flap chord to the airfoil chord ¢//c or of the
aileron chord to the airfoil chord ¢.f¢c, and of the overhang
balance chord ratios cyfe; and c¢,/e,.  The corrections to the
flap hinge-moment coefficient may now be expressed as

AH,=

OL(Iob

o [|2G8)aa, ],

where the spanwise integration across the flap must be
performed mechanically. The correction to the aileron

A05= (17)
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hinge-moment coefficient may be determined by performing
the integration over the limits of the aileron span rather
than of the flap span, as indicated in equation (17), and by
using S, and ¢,. It should be noted that F is a function of
ouly ¢,/c (or c.fc) and cyfc, (or ¢y/c,) and will therefore have
the same value at all sections of constent-percentege-
chord flaps or ailerons. The effect of aerodynamic induc-
tion on the hinge-moment correction due to streamline
curvature is small and will be neglected.

ASYMMETRICAL LOADING CONDITIONS

Span load distribution.—The jet boundaries have a pro-
nounced effect upon the span load distribution of asym-
metrical load devices on reflection-plane models. In order
to determine the rolling- and yawing-moment corrections,.
part of the computations to determine the tunnel span load
distribution must be made. The actual distribution may
be obtained by a small amount of additional work and a
more accurate estimate of the rolling-, yawing-, and hinge-
moment corrections is then possible.

The tunnel span load distribution is determined by adding
to the free-air load the increment of load due to the reflection
plane and the increment of load due to the other jet boun-
daries and by then reducing this total load to that for a
rolling-moment coefficient of unity. The influence lines of
reference 5 may be used to estimate the free-air load and
the reflection-plane load increment. It should be noted
that the reflection-plane load increment is simply the load
induced on the reflection wing for an asymmetrical load on
the real wing; that is, the load curve for a reflection-plane
model in free air (no jet boundaries except the reflection
plane) is obtained by adding the free-air load at —y to that
aby. ,

The load perameter ce,fc,a of reference 5 should be
changed to cc;A/bC,, for convenient use in the computation
of jet-boundary corrections. The conversion may be made
a8

CC[A CC; C,A Olc
B0, e b a (18)
where values of ¢,4/b are given in figure 6 for the wings of
reference 5 and values of () /a may be determined from

I

figure 16 of reference 5—that is, —£=0.5 7 .The conver-

sion may be made graphically from the condition that the
moment of the area under the curve of cc,4/bC;, against

?)}/% is equal to 4.0 or, if plotted against ¥, is numerically equal

to 4.0(b/2)* or b

The increment of load due to the jet boundaries (other
than the reflection plane) is obtained from the influence
lines of reference 5 by the same general methods used in
determining the increment of boundary-induced load for the
symmetrical loading condition; that is, the wing is assumed
to be twisted by the amount of the boundary-induced
upwash angle and the corresponding increment of load is
obtained from the influence lines.
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The boundary-induced upwash angle should, strictly
speaking, be determined by a process of successive approxi-
mations because it also depends upon the shape of the
tunnel span-load curve. It is usually satisfactory, however,
to represent the reflection-plane loading by a three- or four-
step approximation, and to calculate the corresponding
boundary-induced upwash angle by the methods suggested
in the section on boundary-induced upwash velocity. The
increment of load calculated from this boundary-induced
upwash angle will correspond to a rolling-moment coefficient

2AC
of 1+ 0 7, which is the refle¢tion-plane rolling-moment

fe

coefficient for unit free-air rolling-moment coefficient. (The
use of these factors will be made clearer in the section on
rolling-moment corrections and in the illustrative example.)
The increment of load must therefore be increased to
correspond to the rolling-moment coefficient occurring in
the tupnnel for wunit free-air rolling-moment coefficient
(C,,=1.0). It will be shown later in the section on rolling-
moment corrections that the tunnel rolling-moment coeffi-
cient for unit free-air rolling-moment coefficient is equal to

240,
1+~
AC,

1— 2AC,;
1+t
lJ

where AC, is the moment of the increment of boundary-
induced load corresponding to the reflection-plane load.
This increment must therefore be multiplied by

1
1__"\‘_ Cy
240,
I+

(4

before it is added to the reflection-plane load. The tunnel
span load distribution for unit tunnel rolling-moment
coefficient is obtained by so reducing the ordinates of this
curve that the moment is equal to 4.0(5/2)* or (the same
thing) by multiplying by the rolling-moment-coefficient
correction

1 _AG
2AC,
¢, TTo,
- C. . 2AC,
I+,

c

The tunnel span load distribution, as well as the rolling-
moment-coefficient correction, has thus been determined.
The explanation of the determination of the rolling-moment
correction will be given in the next section in some detail
to explain further the method of determining the tunnel
loading and to present alternate methods of determining the
rolling-moment correction that do not require the determi-
nation of the tunnel loading.
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F1GURE 9.—Values of the factor 1—|-—" used to account for the effect of the reflection plane on the rolling-moment
N

Rolling moment.—The correction to the rolling moment
will be determined in two parts. The first part of the
correction is caused by the absence of the reflection wing
and the load increment due to the reflection plane. This
part of the correction depends not upon the model-tunnel
configuration but only upon the characteristics of the model
itself; consequently, it was possible to calculate the cor-
rection increment for several wing-aileron combinations
from the data of reference 5. The aileron span load distri-
butions were mechanically integrated to determine the

coefficlent for aflerons extending inward from the tips of the wings of reference 5.

moment of the load on the absent wing A0, /C, in terms of
the free-air moment of the total load. Not only because the
reflection wing is nonexistent but also because an equal load
is induced on the real wing by the reflection image, twice
this absent-wing moment must be applied as a correction,
The correction is presented in figure 9 in an easily used form,

240,
1} Ch,
ratio of aileron span to wing semispan—for ailerons extend-
ing inward from the wing tips.

as a function of the aileron span ratio—that is,
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The second part of the rolling-moment correction A, re-
sults from the moment about the plane of symmetry of the
boundary-induced load. The method of calculating the
boundary-induced load has already been explained in con-
nection with the determination of the tunnel span load
distribution. If the tunnel span loading is not determined,
this second increment may be calculated from simple strip
theory—neglecting aerodynamic induction, that is, the
effects of the velocities induced by the trailing-vortex
" gystem—and multiplied by a factor A/(A+J) to account
approximately for the effects of aerodynamic induction.

The value of J depends upon the distribution of boundary-
induced upwash angle and the model taper ratio but is
practically independent of aspect ratio and only slightly
dependent upon the slope of the section lift curve. TFigure 10
gives some values of J as a function of taper ratio for three
distributions of boundary-induced upwash angle. The
corresponding upwash-angle distribution is also given in
figure 10 and corresponds to various aileron-span ratios for
reflection-plane models in 7- by 10-foot closed wind tunnels.

The formula for determining the second increment of the
correction is

_ A‘L’ao b2 w 7
AO0=piatay ), [v—(r—( ,,+2A0,,>]cydy (19)

where [ (010'1:2 AC’:,)] is the boundary-induced upwash
angle corresponding to fne free-air load plus the reflection-
plane load increment. The quantity AC, therefore corre-
sponds to this reflection-plane load and must be divided by
2A0
14 s
coefficient.
The final corrected rolling-moment coefficient C;, is -

i

in order to be based on unit tunnel rolling-moment

G

(]

= 01'—2A01r'—‘

. AC,
01(1—1—250—1") 7
- T, (20)

or

2A0
where 1-{-0—1' is obtained from figure 9 and AC; may be

to
obtained either from equation (19) or as follows:
_L e ccid T
AOl—bz 0 A (0’°+2A01r) y dy (21)
where Alcc;Afb(C;,+2AC,,)]’ is the increment of boundary-
induced load obtained from the span-load calculations for
the reflection-plane load C;,42AC,,.

The effect of streamline curvature was not included in
740023—48——24
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equation (20) because calculations for several models showed
that the effect was small enough to be neglected.

The rolling-moment coefficients as computed from equa-
tion (20) are of the correct magnitude but apply to a wing
angle of attack slightly different from the geometric anglé of
attack corrected for the symmetrical-load boundary-
induced upwash angle determined for zero rolling moment.
The effective change in wing angle of attack results from the
aileron boundary-induced upwash angle and the reflection~
plane induced angle. The fact that the corrected rolling-
moment coefficients really apply to a slightly different wing
angle of attack is of importance only near the stall or for
aileron arrangements particularly sensitive to angle-of-attack
changes and is usually neglected. The angle .change is
usually small, less than %°.

1.0 I ——— b%’ for reflsction-
} = =, plane modals —]
| S in 7-by 10-foo?
closed rectangular |
wind funnels
—04
0 5 o | | T 7
—_—— -0
3
4.
L — /”"’
Py ,/{ " /’/
4~ —
n /ﬁ_/’ L
T =
L
I -
0 2 4 6 8 10 12

Tgper ratio, A

FIGURE 10.—Values of the aerodynamic-induction factor J used to calculate the rolling-
moment correction for asymmetrically loaded reflection-plane models for three different
variations of boundary-induced upwash angle. These upwash-angls varlations corre-
spond closely to those for afleron-span ratios of 0.4, 0.7, and 1.0 for models in 7- by 10-foot
closed rectangular wind tunnels.

Induced yawing moment.—The correction to the induced
yawing moment results from the interaction of the several
components of boundary-induced upwash velocity and the

“several components of load as well as from the reflection im-

age and the absence of the reflection wing. The calculation
procedure will be to determine separately each component
of the correction and then to sum up the various components
as follows:

AC=(AC, ), +(ACL)s+(AG),+ (AG) + (AC,), _ (22)

where the various components are defined in the symbols.
Values of the correction due to the reflection plane
(AGx )1 were celculated from the influence lines of reference 5
for a series of aileron-span ratios for the plane wing and for
flap-span ratios of 0.4 and 0.7. This part of the yawing-
moment correction is due solely to the reflection plane and
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does not depend upon the tunnel-model dimensions. The
effect of flap span proved to be negligible; so the values of
the correction as presented in figure 11 in the form of curves
of (AC,),/C:Cr against aileron-span ratio for® ailerons
extending inward from the tips are therefore for values of
the lift coefficient equal to the measured lift coefficient.
The other components are determined from equation (13)
where the product wI' is defined by the subscripts 2, 3, 4,
and 5. (See SYMBOLS.) All components of boundary-
induced upwash velocity and load have already been calcu-
lated in the form of parameters that are easily converted to
the product wT'.

Hinge moments—The jet-boundary corrections to the
hinge moments of lateral-control devices are usuelly small.
The correction due to the elliptical streamline-curvature load
for the symmetricel loading condition has already been
presented. Another small-correction exists because the load
due to aileron deflection is greater in the wind tunnel than
in free air. Although the load due to aileron deflection may
be as much as 15 or 20 percent greater in the wind tunnel, the
correction to the hinge moments is very small because the
greater part of the boundary-induced load is of the additional
type (similar to that produced by an angle-of-attack change),
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which has only a small load over the aileron portion of the
wing. The correction is calculated from the average differ-
ence between the span loading due to the lateral-control
device in the wind tunnel and the loading in free air due to
a given aileron deflection. Because the correction is small,
the increment of load at the aileron center section

s soasen ) +2(56),

. will usually be sufficient for the calculation. The correction to

the aileron hinge-moment coefficient is then assumed to equal
the correction to the section hinge-moment coefficient of the
aileron center section (or of some other typical section)

_ 5000 cod N, (el
MGy~ bey=—"7 bc,.{A[E(C’—_xﬁZAC’},)' +a3e, ] (23)

where Oc,/0c, may be determined experimentally or from
section date such as reference 9 for plain-flap lateral-control
devices. The hinge-moment correction resulting from the
aileron-load streamline curvature is usually small enough to
be neglected.
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F1GURE 11.—Increment of yawing-moment correction due sole!y to the reflection plane for allerons extending Inward from the tips of the wings of reference 5.
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NUMERICAL YALUES OF CORRECTIONS FOR MODELS IN
7- BY 10-FOOT CLOSED WIND TUNNELS

Some numerical values of the more important corrections
were computed for various reflection-plane models mounted
in 7- by 10-foot closed wind tunnels. Cross plots were made
to determine the variation of the corrections with each of the
model parameters—A and A, for example—and the results
are presented as graphs and empirical equations that may
easily be used to estimate the values of the corrections for
almost any model. The computations were made by using
the load curves and the chord distributions of reference 5
for constant-percentage-chord flaps extending outward from
the plane of symmetry and for constant-percentage-chord
ailerons extending inward from the wing tip. The values of
the corrections presented should be sufficiently accurate for
models that deviate slightly from these conditions. The
corrections are given in terms of the measured lift and the
measured rolling-moment coefficients.

The corrections to the angle of attack, the lift, the drag,
and the yawing-moment coefficients for symmetrical loading
conditions are presented in figure 12 for wings having \=0.5
and without partial-span flaps. The corresponding correc-
tions for models of any taper ratio and flap-span ratio may
be determined by substituting the values obtained from
figure 12 in the following empirical equations:

Aa :
Aa:(ﬁ | 11—0.063(x—0.6)(Cz,+0.90C,)

v

AC,
AOL:.C.=< é’;‘

{ G| 140100 (175 ) | @,
AO’D,—(AOD'> [1—0.080(A—0.5)]
{OL,, 42 [1+o 90(1— 5 :IOL,,OL,+|:1+0.65(1—b—Z;§>] osz]
a=(),,

[ OL,,’+|:1—0.25 <1 ; /2>] (200.Ce+Cu) |

The corrections to the rolling- and the yawing-moment
coefficients for asymmetrical loading conditions may be
determined from figure 13. The principal curves of this

) [1—0.1186(A—0.5)]

[14-0.130(A—0.5)]

figure are drawn for models having %=7 feet and A=0.50.

Supplementary curves on the same figure give additional

correction increments that account for the effect of other
spans and other taper ratios. . The total corrections are
obtained by adding the additional increments to the correc-
tions obtained from the principal curves, as follows:
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o], +3). Jo
s[5, (25).. Joe

The streamline-curvature corrections to the hinge-moment
coefficients of plain or balanced (overhang type of balance)
flaps and ailerons were computed.” The balance chord is
assumed to be a constant percentage of the flap or aileron
chord, and the flaps and ailerons are also of constant-
percentage types. Figure 14 gives values of the parameter

3
AO,,A’.(%’ JCLB?F for various flap- and aileron-span ratios

and various taper ratios. The factor F'is taken from figure 8.

It should be remembered that the streamline-curvature
correction to the hinge moments is a function of the cube
of the chord and comparatively minor variations in plan
form, such as tip shape, thus may change the correction by
10 or 15 percent for a given wing span and a given aspect
ratio. The value of the correction that is determined for
a wing with linear taper in the following illustrative example
indicates the possible change in the hinge-moment correction
with plan-form details. The correction is usually fairly
small, however, so changes of 10 to 15 percent in its magni-
tude are not too critical.

The correction to the aileron hinge-moment coefficient
caused by asymmetrical loading may be expressed roughly as

A0h=—15 %’. bb_i'h 0[

where the -value of 00 (¢ in degrees) is determined ex-

perimentally (or estimated) for a given model. This cor-
rection is very small for models having ordinary proportions.

ILLUSTRATIVE EXAMPLE
The method of computing the jet-boundary corrections for

- a reflection-plane model will be illustrated in detail by an

example. The method applies to any rectangular tunnel
but, because the computations of the boundary-induced
upwash velocities (figs. 4 and 5) have been performed only for
8 7- by 10-foot closed tunnel, the example is for a model
in 8 tunnel of these dimensions.

In practice, however, the principal corrections for models in
7- by 10-foot tunnels can be more easily obtained from the
graphs and empirical equations just presented. In practice,
also, it will seldom be worth while to compute all the cor-
rections, such as those to the span load distribution; however,
for completeness, all the corrections will be computed in the
example. It might be noted that it is often convenient to use
a single average correction for wing-flap combinations rather
than to break the correction into two parts. The accuracy
required for the corrections will determine the number of
these simplifications that may be used.
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FIGURE 15.—Plan form of the semispan wing model used for the illustrative example.
A= 2=0.5 Lm0.2 %202, :

The constants for the assumed model (fig. 15) that are
required for the computalions are as follows:

Aspeet ratio, A . 6
Taper ratio, A .. 0.5
Semispan, b/2, feet_ . 7.0
Wing.area, S, square feeb . 32. 67
Flap area, Sy, square feet_ - ___ 1.94
Flap-span ratio, 1%2 ______________________________________ 0.5
Flap-chord ratio, ¢ffe- o ooz 0.2
Flap mean chord, €, foot_ . _______ . _______ 0. 55
Aileron area, S., square feet_ . _______________________ L19
Location, inboard aileron tip, 3}% _________________________ 0. 50
0. 97

Location, outboard aileron tip, 5)12 _________________________

Aileron-chord ratio, ¢af¢- - oo oo 0.2
Aileron mean chord, &, foot_ . _____________________
The wing has rounded tips and is equipped with plain,
unbalanced, sealed, const&nt—percentage—chord' flaps and
ailerons. The model is8 mounted on the center line of a
7- by 10-foot wind tunnel.

Because the influence lines of reference 5 are used in the
calculations, the slope of the section lift curves used for
reference 5 will be used in this example. The value of the
slope of the section lift curve a, is 5.67 per radian and of the
slope of the finite-span lift curve ¢; 18 4.38 per radian.

SYMMETRICAL LOADING CONDITIONS

Computations for the symmefrical loading conditions
may be made in the following steps:

1. Values of (w/T),, for the horseshoe vortex representing
the wing are obtained from table II by assuming an effective
vortex semispan
9, would be 0.88 5 OF 6.16 feot, but the nearest ¥-foot value
is selected in order to use the numerical values of the upwash
velocities from the table without interpolation. The upwash
angle at each station for unit lift coefficient is obtained from

equation (1) where the single load increment A(‘;CW'A)
L/n
b/2

is equal to rm and therefore
1

(‘70) (w>,1[4><1§;<6]‘1361 T/,

1, of 6.0 feet. The recommended value of -
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The upwash angle is plotted in figure 16.
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F1GURE 16.—Variation of the boundary-induced upwash angle, due to the wing and due to tho
flap, along the semispan of the medel used for the illustrative example.

2. Values of (w/T"), for the horseshoe vortex representing
the flaps are obtained from table II for a value of y; of 4.5
feet, which corresponds approximately to the recommended

b
ratio f=1.29. The upwash angle is

(‘VE) <w),1[4><i4;><6] 1815<r "

and the numerical values are plotted in figure 16.

3. The free-air span loading of this wing, as obtained from
reference 6, is plotted in figure 17. The increment of load
due to the jet boundaries is calculated from the upwash-
angle values determined in step 1 and the influence lines of
reference 5 and is plotted in figure 18. The area under the
curve of figure 18 is 0.583, which corresponds to a (ACL/Oy)w
of 0.583/7 or. 0.0833. The increments of jet-boundary-

20
Free-air loading (reference_6)
16} ——f——f - __ Tunnel Joading [G_*-Al;_/(l— %Ci_j -
- | -———~- Tunnel loading (G)
(A [~ F=
E ?_. .'r‘%m—n_ -
% Ay 1 \‘1?
P ) T T
w—l‘i 8 b\ T J
9
Q
8k S
N
4
.o 7 2 3 4 5 6 7

Distance from plane of symmelry.y. ff

F1GURE 17—Free-air and tunnel span load distributions for the wing used for the illustrative
examplo.
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F1GURE 18.—Variation of tho boundary-induced increment of load, dus to the wing and due
to the flap, along the semispan of the model used for the fllustrative example.

induced load are multiplied by 1/(1—0.0833) or 1.091 and
are added to the free-air load and plotted in figure 17. The
tunnel loading corresponding to wunit lift coefficient is

obtained by multiplying the ordinates of the total-load

. 7.0 .
curve by the area ratio 70F0.583X1.001 A comparison

of the final tunnel load curve with the free-air load curve
and the span-load data of reference 6 shows that the tunnel
loading corresponds to a tape ratior of about 0.45.

4, The same procedure applied to the sﬁan—load curve
for the flaps, as obtained from reference 5, is illustrated in
figures 18 and 19.

(3)
5. The values of [jaxr—] required to compute the cor-

rections due to streamline curvature are taken from table I.
The summation product

120 o).

20T S \I
,’, h\\\ N~ Loading
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FIGURE 19,—Freo-air and tunnel span load distributions for the flap of the model used for the
illustrative example,
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for the wing corresponds to a one-step approximation to’the
logd curve as shown in figure 20. The value of

A (cc;A) for y,=61is 1.167. The results of the calculation
Gy ),

of the desired product

0.5 e,
are given in figure 21.
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(8) Wing. ‘
(b) Flap.

FIGURE 20.—One-step approximation to the wing load curve and t;;vo—step approximation to
the flap load curve used for computation of corrections due to streamlne curvature for the
fllustrative example. .

6. The product b_|: (TIFI)J c¢* for the flap is found
j s

similarly. The two-step approximation to the load curve is
shown in figure 20 and the numerical values of the final -
product are given in figure 21.



/0

Flop

R
//

"~

-~

g
~

o 2 3 4 5 & 7

/
Distance from plane of symmetry, y, 1t

. /
24 2(20/VCr) 2472 (w/VCr)
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7a. The correction to the angle of attack due to the effect
of the jet boundaries on the wing alone is the sum of the
corrections obtained from equations (3) and (5). The value
of (ACL/CL)w in equation (3) is 0.0833 as found in step 3.
Thus, from equation (3),

_ 0.0833X57.3

A==y 5o C,,=1.090C,

The factor 0.50-—2:'7"’ of equation (5) may be assumed to be
equal to 0.25 for the wing alone and

[a (i)
b2 24 VG, _
J; —b— T mc’ dy—0.248
from 8 mechanical integration of the curve in figure 21.
(The moment of the area about the plane of symmetry is
found at this time to be 0.580 and will be used in step 14.)
Thus

57.3%0.25C;,
(Aere)w T ——0.248=0.254C;,

7b. The alternate method of obtaining the angle-of-attack
correction is given in equation (4). Figure 22 gives values of

(%) ¢ for the wing. The area under the curve is equal to
0.307, which gives a correction equal to

57.3C,,X2X0.307
32.67

The value of (Aa,..)w Will, of course, be the same as found
in step 7a.

8. The total angle-of-attack correction due to the wing
alone is, from step 7a,

U

=1.078C%,

Aaty=1.090C;,,+0.254C;, =1.344C;,

REPORT NO. 770—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

or, from step 7b,
" Aap=1.078C;,+0.254C; =1.3320,

9. The correction to the angle of attack due to the flap
loading is found, from equation (3), to be

Aay=1.200C;,
or, from equation (4),
Aa,=1.1900L,

The effect of streamline curvature is not considered because

the factor 0.50—:6—";"—' =0 for the flapped wing.

10. The total correction to the angle of attack is the sum
of the wing and flap corrections, from equations (3) and (5)

Aatolal=Aaw+Aaj=1-340L”+1.200[,,
or, from equations (4) and (5)
Aatoul=1.33OLw+1.190L,

11. The correction to the lift of the wing is given in
equation (7) as

4.38
(ACk, .,.)w="—0254C;, 775=—0.0194C;,

12. The correction to the lift of the flap is computed from
equation (6) as

=—0.0209C;,

13. The total lift correction is
(AC:, ., 1oiai=—0-01940;,,—0.0209C,

[0
\\
\\
o .08 - N Wing
o SERNEEN== -
=
= ~ AN
N
.06 =
N

8 <

04 N
Q N
£y -+

S
.02, =~
~ \
TN
. N
(7] / 3 4 5 &

2 -
Oistonce from plane of symmefry,y It

F1a0RE 22.—Varlation of (ng ¢ along the semispan of the model used for the Mlustrative
example.
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FiaurE 23.—Varlation of the parameters used to compute the Induced-drag and yawing-
moment corrections, for symmetrical loading, along the semispan of the model used for the
llostrative example.

14. The moments of area determined in steps 7 and 12
will be used in the determination of the spanwise center of
pressure of the lift correction load from equation (9), which
gives a value of 7,...=2.36 feet for the wing correction and
To.c.=2.16 feot for the flap correction. These values are
required for the computation of the correction to the
pitching-moment coefficient.

15. The correction to the measured pitching moment due
to the wing alone is obtained from equation (8) where the
chord ¢ at the lateral center of pressure determined in step
14 is 2.64 feet. Because the pitching-moment coefficients
for this model are given about the 0.25¢ line and in terms
of the mean chord, :rcm=g'4tﬂ and E.,=§b’=2.333. The correc-
tion as obtained from equation (8) is

2.64 5.676’1,“7
4 2.333X4X14

=0,0071C%,,

(ACm,..)w 0.248

16. The correction to the flap pitching moment is found
by the same method to be
(ACs

3.0

);=0.0077Cz,
17. The total pitching-moment-coefficient correction is
AC,

Mg, c.

=0.0071C%,,+0.0077C%,

* 18. The induced-drag-coefficient correction is determined
from equations (11) and (12) and the integrals of the various
products of boundary-induced upwash and load parameters
are obtained in steps 1 to 4 and are plotted in figure 23.
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Thus, ,
AC> =15 [0.18205,2+0.169C;,*+ (0.145+0.144) Gy, 0,
=0:0180C%,2+0.0241C;, 340.0413C; s,
19. The induced-yawing-moment-coefficient correction,

obtained from equations (12) and (13) and the moment
integrals of figure 23, is

AC, = ‘1%2 [0.340C%,2+0.306 0%, *+ (0.2864-0.330) Cr,,.Cr, ]
=—0.0017C%,2—0.0016C;, *—0.0031C;,,Cr,

20..The correction to the flap and aileron hinge-moment
coefficients due to streamline curvature is given in equation
(17). The value of F from figure 8 is 0.036. Mechanical
integration of the curves of figure 24 gives for the corrections
to the flap hinge-moment coefficient

5.67X14X0.036
7 X6X1.94X0.55

ACy =3 (0.502C%,,+0.602C%)

or
AC,,=0.0089C:,,+0.0107Cz,

The value of the correction determined from figure 14 is
somewhat smaller (AC,,=0.0083C;), because the chords near
the root sections are smaller for the wings of reference 5
than for wings with linear taper. The correction to the
aileron hinge-moment coefficient is

5.TX14X0.088 (0 10y 10.1150;,)

MG =g B T.193¢0.40
ACh,=0.0051C;,+-0.0046C;,
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FIGURE 24.~Variatlon of - [a‘—”’@] _sana [@%c") ]!c' along the semispan of
the model used for the Mustrative example.
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ASYMMETRICAL LOADING CONDITIONS

21. The free-air span load distribution due to the deflec-
tion of one aileron is obtained from reference 5 in terms of
ccife,c and is plotted in figure 25(a).
of the parameter cc.4/bC,, is obtained by so adjusting the
ordinates of the curve of figure 25(a) that the moment of
areq about the plane of symmetry is equal to 4.0(5/2)3. The
conversion may be made graphically or by means of equation

(18) where & we =l.37 from figure 6 and, from figure 16 of
reference 5 the value of C,,/k is the difference between the
values at 75 2. —0.97 and at 5%=0.5; that is,

Cy
®—0.73—0.25=0.48

&
and
Gzc 013
—2=0.571=0.24
Therefore
cerd 1.37 cor_p e
bC,, 024 ¢, =5 700,a

The new curve of free-air load is plotted in figure 25(b).
The reflection load is added to the free-air load to give the
reflection-loading curve of figure 25(b). The jet-boundary-
induced upwash angle is obtained from equation (2) for the

three-step approximation to the load curve (as indicated in-

fig. 25(b)). The numerical values of I:V(C’,c+2A0:,:| are

plotted in figure 26. The corresponding increment of load
at each spanwise station is obtained from the influence lines
of reference 5 and is presented in figure 27. The increment
presented in figure 27 must be divided by

1— AO; N
2AC,,
1+ z

where AC, is obtained from equation (21) and the moment of
the curve of figure 27 as

10.73

—qz-=0.0547

AC’;=

increments are added to the reflection-load curves of figure
25 (b) to give the tunnel-load curve (fig. 25 (c)) at the same
aileron angle as the curve for the free-air load. The ordinates
are again adjusted to give a’ moment of 4.0(5/2)?, which
corresponds to unit rolling-moment coefficient. The result-
ing corrected tunnel-load curve is presented in figure 25 (c).

22a. The corrected rolling-moment coefficient is obtained
from equation (20) where

Ao,,

1+ =1.084

The loading in terms .
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and, from step 21,
. AC;=0.0547

0.0547
_0'(1— 1.084

Cr, 1.084

=0.876C,

22b. The alternate method of determining the corrected
rolling-moment coefficient is to use equation (19) to calculate

AC,. The product ):I ¢ is plotted in figure 28

[ w
V(C, 4240,

and the area moment is found by mechanical integration to
be 5.848. Figure 10 gives J=1.93. Therefors,

2
AC= 28T 3 X5.848=0.0547

18X (6+1.93)

which is the same, in this case, as the value calculated in
step 21. The agreement usually will be close but not
necessarily exact.

23. The correction to the yawmg—moment coefficient due
to aileron deflection is obtained from equation (22). For
this model the value of (AC,,);, due to the absent wing, is
found from figure 11 to be —0.0104C,,C.. Step 22a gave
C;,=0.876C,. Thus: (AC,);=—0.0090C,C;. By consider-
ing the alleron-wmg combination and using (w/V(y)w from

figure 16, |:V( ~I9AC, )] from figure 26, tunnel (cc,A/6Cy)w
from figure 17, and tunnel cciAfbCy, from figure 25(c),
equation (13) gives

_ C..Ch o2 cc 4
(AC)=———577~ f [V( OoE ] ( 7)oy dy
P\ i+—Fm— ’
G,
and

Y dy

ugim 350 [ (),

The aileron-flap combinations are determined similarly.

The products of the various upwash and loading parame-
ters are plotted in figure 29 and mechanical moment integra-
tions give

(ACh),= F“MO’—G:—)‘C’L,C’ '

(AGs)s= —%é Cr,Oh

(AC’.,)‘ —(l—ﬁ_g_g—a——)&,, f

(ACL)=—237 0,0,



JET-BOUNDARY CORRECTIONS FOR REFLECTION-PLANE MODELS IN RECTANGULAR WIND TUNNELS

367

40
32
2.4 ]
Y
o T
16 \\
.8 \ '
[ \
o |
| I [ l
6 Free-air boading (G)
_ ———————— Reflection bading (() .
f——la ———-—— Free-ar kadlig + reflection foading (G + 246, )
R e
- U S —T = PR
Sy /2 —F ~ | ~ |
— T i . \ I
N > -3-step gooroxination
5 A § fo free-air-looding + \'\
8 : reflection-loading curve H
W L — |
] \\ / :
] 4 |
4 ,, >4 L+ — | \ I
—(b) T o i
[ il = S oot N —d \
. — —d -4 _1__1 _]
4
20 ——ee—— Turirtel booodrg (GrAG2AG )
———————— Tirme/ bodrg(C)
P
5 /6]
a
o)
g 1T 17
u? 12 < - o
s ARNEN;
5, =
b, §
g 7
i = T
O—=7— =6 -5 -2 -3 =2. 0 / 2 3 4 ° ° 7

(a) Free air loading in terms of %;- Data from reference 5.

Distorice from plate of symmetry, y, It

eerd ccrd ’
(b) Free-air loading and reflection loading in terms of mcy&ee-akp]usmﬂacthnlmdmgmmo([bm] .

% ’ cad
(c) Tunnel loading in terms of [m] and b—cx—'o
F1GURE 25.—Development of the tunnel span load distribution due to the deflection of the afleron of the model used for the {llustrative example,
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Fiaure 26.—Varlation of tHe boundary-induced upwash angle, due to alleron deflection,
along the semispan of the model used for the flustrative example.

When it is known that b=14 feet and 1+2—ﬁ£i*=1.084, the

e
total correction to the yawing-moment coefficient as obtained
from equation (22) is

AC,,,= _0~0090L01—0-0260Lw0[_0.02101-,f f

25. The second component of the aileron hinge-moment
correction is obtained approximately from equation (23),
with the use of figures 27 and 25 (b). The total increment of
load at the aileron center section is

ccid 7 AN _
A 5(C,,+24C,) +A(b_01 r—0.45+0.25—0.70

/0

- \\
T~
< T~
Of s
oft, 4 ‘\
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FIQURE 27.—Varlation of the boundary-induced increment of load, due to alleron deflection,
along the semispan of the model used for the fllustrative example.
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From reference 9

g—g:'= —0.265
Therefore, the correction is
AC, =~ —% (—0.265)(0.2) (0.70) =0.04C,
5
4
T —
N - =
3 & ) ) \\
> -
L N
y \
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Distonce from plone of symmetry, y, ft

Frourx 28.—Variatlon of [m]’c along the semispan of the mode! used for tho
¢ -Mustrative example.

‘

CONCLUDING ‘'REMARKS

The method for determining the jet-boundary corrections
for reflection-plane models in rectangular wind {unnels was
presented in some detail in order to make the method as
routine as possible. The method includes the determination
of the tunnel span load distribution and the derivation of
equations giving the corrections to the angle of attack,,
the lift and drag coefficients, and the pitching-, rolling-,
yawing-, and hinge-moment coefficients. The principal
effects of aerodynamic induction and the curvature of
the streamlines have been considered.

Numerical values of the more important corrections wero
calculated for a series of representative models mounted
in 7- by 10-foot closed rectangular wind tunnels. In order
to simplify the calculation of corrections for models of
unusual size in 7- by 10-foot closed wind tunnels, tables
of the numerical values of the jet-boundary-induced upwash
were presented.

LANGLEY MEMORIAL AERONAUTICAL LLABORATORY,
Narronan Apvisory COMMITTEE FOR AEBRONAUTICS,
LanarLEY Freup, Va., April 13, 1943.
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FIGURE 20.—Variation of the parameters used to determine the induced-yawing-moment
correction duo to aileron deflection along the semispan of the model used for the
ustrativo example,
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TABLE I

BOUNDARY-INDUCED UPWASH VELOCITY BEHIND LIFT-
ING LINE DUE TO SINGLE UNIT COUNTERCLOCKWISE
VORTEX ON TUNNEL CENTER LINE AND AT TWO DIS-
TANCES y FROM REFLECTION PLANE IN 7- BY 10-FOOT
CLOSED RECTANGULAR WIND TUNNELS

N\
: 2(F)
0 0.5 LS 3.0 6.0 9.0
v at z=0

=3
0 0.01325 | 0.01533 | 0.01935 | 0.02357 | 0.02805 | 0.02861 | 0.00412
2 L01008 | .01277 | .01616 | .02003 | .02361 | .02394 | .00362
4 .00888 | .00700 | .00006 | .01146 | .01363 | .013%0 | .00222
1] .00146 | .00194 | .00281 . 00098
8 —. 00037 |~.00018 | .00024 |.., . 00038
f1=8
0 0.01708 | 0.01997 | 0.02541 | 0.03183 | 0.03787 | 0.03321 | 0.00588
2 .01605 | .01880 | .02401 | .03018 | .03813 | .03618 | .CO550
4 .01288 | .01521 | .01057 | .02585 | .02023 | .02062 | .00472
i} .00827 | .00094 | .01206 . 00334
8 .00551 | .00866 | .00882 . 00230
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TABLE II

BOUNDARY-INDUCED UPWASH VELOCITY AT TRE LIFTING LINE DUE TO A S8INGLE UNIT COUNTERCLOCKWISE VORTEX
AT VARIOUS DISTANCES y; FROM THE REFLECTION PLANE IN 7- BY 10-FOOT CLOSED RECTANGULAR WIND TUNNELS

1 (ft)
05 L0 L5 2.0 2.5 3.0 3.5 4.0 45 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5
y (1) \
Vortex on tunnel center line
0 0.00297 | 0.00523 | 0.00764 | 0.00050 | 0.01167 { 0.01325 | 0.01452 l0. 01548 [0.01620 [0. 01670 [0.01698 [0.01706 (0. 01708 10.01608 0. 01680 |0. 01662 [0.01638 0. 01618 | 0.01002
.5 . 200514 | .00751 | .00066 | .01153 | .01310 | .01437 | .01536 | .01609 | .01658 | .01690 | .01702 | .01702 | . 01694 | . 01680 | . 01659 | . 01040 [ .01620 { . 01605

Lo c00249 | .00400 | .00716 | .00P24 | .o1108 | .01264 | .01304 | .01498 | . 01674 | .01627 | .01684 | . 01684 | . 01688 | .01684 | . 01673 | . 01658 | . 01641 | .01027 | . 01014
LS T00229 { .00452 | .00663 | .00858 { .01035 [ .01192 | .01325 | .01432 | .01516 | .01580 | .01623 | .01650 | .01666 | . 01867 | . 01062 | . 01655 | . 01645 | .01635 | . 01629
2.0 c00202 | .00402 ] .00504 | .00774 | .00942 | .01096 | .01230 | .01343 | .01438 | .01512 { . 01566 | . 01605 | . 01620 | .01644 | . 01640 | .01049 | . 01640 | . 01047 | .01049
25 c00173 | .00344 ] .00513 ] .00678 | .00835 | .00880 { .01114 {.01238 | .01339 | .0142¢4 | . 01404 | .01545 | . 01583 | . 01611 | .01631 | .01643 | . 01651 | . Ol . 0l
3.0 00142 | .00284{ .00428 | .00574 1 .00716 | .00853 { . .01110 | .01222 | . 01321 | . 01403 | .01472 { . 01527 | .01570 | . 01605 | . 01633 | .01657 | .01680 | .01712
3.5 L00111 1 002268 | .00345 | .004668 | .00593 | .00722 | .00849 | . .01092 | .01201 | . 01209 | .01385 | . 01459 | .01521 | .015672 | . 01619 | .01662 | . 01700 | .01753
4.0 . .00172 | .00284 | .00363 | .00472| .00588 { .00708 | .00831 | .00951 | .01070 | .01183 | .01288 | .0 .01481 | . 01635 | .01601 | . .01735 | .01
4.5 .00061 | .00122 | .00100 | .00270 | .00359 | .00458 | .00570 | .006S7 | .00809 | . .01057 | .01177 | . O 01393 | . 01490 | .015¢4 | .01074 | . . 01870
5.0 . .00079 | .00128 | .00188 | .00256 | .00341 | .00437 | .00548 | .00669 { .00786 | . .0105¢ | .01191 | .01317 | .01442 | . 01663 | .0 .01815 | .01058
55 .00018 | .00044 | .00075 | .00114 | .00168 | .00235} .00319 | .00419 | .00535 | .Q0663 | . 00708 | . .01088 | .01240 | .01390 | . 01543 | . 01704 | . 01874 | . 3
8.0 . .00014 | .00030 | .00057 | .00093 | .00146 { .00217 | . .00413 | . 00537 | . 00677 | .00827 | . .01161 | .01341 | . 01531 { .01732 | . 01061 | .02197
6.5 —_ - —.00004 | .00009 | .00035 | .00075} .00133 | .00211 | .00308 | .00427 | .00566 | .00726 | .00900 | .01091 | .01302 | .01530 | .01778 | . . 02376
7.0 —. 00014 |—. —. 00029 |—. —.00009 | .00022 | .00089 | .00135 | .00225 | .00337 | . 00476 | .00639 | .00827 | .01041 | .01280 | . 01540 | . 01853 | . .02014
7.5 —. 00018 |—. - - — —.00015 | .0002% | .00083 | .00164 | .00274 | . 00410 | .0U577 | .00780 |-.01016 | .01288 | .01603 | . 01973 | .02412 | .02048
80 —. 00021 |—. - — -_ —_ —.00001 | .00053 | .00132 | .00237 | .00375 | 00551 | .00766 | .01027 | .01330 | .01712 | .02102 | .02710 | .
8.5 - - — —. — - —. .00048 | .00 .00233 | .00378 | . 00564 | . 00788 | . 01080 | .01451 | .01898 | . 02458 | .03180 | .04102
9.0 —. 00018 |—. - —. 00051 |—. - .00010 | .00085 | .00149 | .00267 | .00422 { . 00625 | . .01222 | .01648 | . 02197 { . 02092 | . 03031 | .05487
9.5 —. 00013 |—. -_ —. 00031 |—. .00004 | .00047 | .00111 | .00204 | .00338 | .00514 | . 00745 | .01049 | . 01446 | .01068 | . . .05221 | .08115

10.0 - —.00011 |—.00010 |—. .00018 | .00051 | .00105 | .00188 | .00298 | . 00453 | . 00061 | . .01304 | .01795 | .02471 | . 03441 | . 04972 | . . 10057

Vortex 0.5 foot above or below center line
0 0.00287 | 0.00563 | 0.00818 | 0.01044 | 0.01237 | 0.01396 | 0.01520 {0.01612 [0. 01678 [0.01718 [0.01739 [0.01744 |0.01737 |0.01721 10.01699 10.01675 [0.01040 (0.01026 | 0.01600
.5 .00282 1 .00552 | .00803 | .01027 | .01220 | .0 _01504 | .01588 | .01665 | .01708 | .01731 | .01738 | .01732 | .01718 | .01698 | .01674 | . 01850 | .01628 | .01600

1.0 _00268 | .o0522 | .oo0762 | .00970 | .01168 | .01328 | .01457 | .01556 | .01628 | .01678 | . 01707 | .01719 | . 01719 | .01 .01603 | .01674 | .01052 | .01633 | .01018
L5 .00241 | .00475 | .oose8 | .00903 | .01087 | .01247°| .01380 | .01488 | .01570 | .01628 | .01666 | .01688 | 01696 | .01694 | .01685 | . 01671 | . .01642 | .01032
20 .00210 | .00417 | .00617 | .00808 | . 01140 | .01278 | .01384 | .01486 { .0 L01600 | .01643 | . .01672 | .01672 | .01668 { .01661 | .01056 | .
25 .00176 { .00351 | .00525 | .00686 | . .01013 | .0 .01277 | .01382 | . 01468 | .01535 | . 01584 | .01619 | . 01642 | . 01656 | .01662 | .01660 | .01072 | .01G81
3.0 .00141 | .00284 | .00430 | .00578 | .00726 | .00872 | .01012 | .01142 | 01258 | .01350 | . 01443 | . 01511 | .01562 | . .01631 | .01653 | . 01673 | .01692 | .01718
3.5 c00108 | 00220 { .00337 | .00461 | .00501 | .00725 | .00860 { .00993 | .01118 | .01233 | .01335 | .01421 | . 01493 | .01552 | . 01600 | . 01642 | . 01679 | .01718 | .01700
4.0 . .00161 | .00251 | .00350 | .00460 | .00579 | .00708 | .00837 | . .01094 | .01212 | . 01817 | .01411 | . 01492 | . 01563 | .01620 | . 01687 | . 01747 | .01816
4.5 .00053 | .00110 | .00174 { .00230 | .00339 | .00441 | .00556 | .00682 | .00813 | . .01077 | .01201 | .01316 | . 01422 | . 01518 | .01608 | . 01604 | . . 01881
50 ~00031 | .00066 | .00109 { .00163 | .00231 | .00316 | .00416 | .00532 | . 00660 | .007¢6 | .00836 | .01076 | .01212 | .01342 | .01466 | . 01580 | . 01705 | . 01820 | .01005
8.5 .00013 | .00030 | . .00000 | .00140 { .00206 | -.00292 | . 00394 | . 00515 | . 00649 | . 00784 | . 7 ] .01102 | .01257 | .01410 | . 01564 | . 01720 | . 01880 | .02070
6.0 —.00001 | .00002 | .00011 | .00031 | .00065 | .00Li6 | .00185 | .00274 | .00384 | .00513 | . 00660 | .00820 | . 1| .01170 | . 01354 | . 01544 | . 01744 | . 01901 | .02203
6.5 —. 00011 |—. — —.00014 | .00007 | . .00098 | .00174 | . 00273 | . 00385 | . 00539 | . 00705 | .00888 | .01089 | . 01304 | . 01535 | . . 1| .02378
7.0 —. 00018 |—. - —. 00046 {—.00036 [—.00010 | .00033 | . .00185 | .00299 | .00440 | .00607 | . .01023 | .01269 | .01544 | . 01852 | . + 02018
7.5 - —. - —. 00066 {—. —. —.00012 | . .00123 | . 00230 | . 00367 | .00537 | .00742 | . .01263 | . 01586 | . 01962 | .02405 | .02045
8.0 - —. 00047 |—. —. 00076 |—. —_ - .00014 | . .00101 | .00327 | .00501 | .00718 | .00982 | . 01300 | .01681 | .02139 | . .03428
85 —_ - - - —_ - - .00010 | . .00186 | .00325 | . 00508 | . 00742 | . 01034 | . 01400 | .01 . .03102 | .04180
9.0 - - - - - —. 00051 |—. 00021 | .00030 | .00107 | .00217 | . 00367 | . 00566 | . 00825 | . 011569 | . 01588 | .02142 | . . . 05470
9.5 —. 00017 |—. - — -_ —_ .00016 | .00076 | .00164 | . 00288 | . 004567 | . 00684 | . .01378 | .01901 | . 02611 | .03618 | .05184 | .

10.0 ~—. 06010 |—. 00019 |—. —. 00017 [—.00001 } .00028 | .00077 | .00L51 { . .00404 | . 00604 | . 00875 { . 01237 | .01725 | . 02401 | .03377 | .04010 | . 07814 | .10037




