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CHARTS FOR DETERMINING JET-BOUNDARY CORRECTIONS FOR
COMPLETE MCDELS IN 7- BY 10-FOOT CLOSED
RECTANGULAR WIND TUNNELS

By Clarence L. Gillis, Edward C. Polhamus
and Joseph IL,. Gray, Jr.

SUMMARY

Numerlical values of the jet-boundary corrections to
the angle of attack and the induced-drag, rolling-moment,
and yawing-moment coefficients have been calculatecd for
complete airplane or wing models in 7- by 10-foot closed
rectangular wind tunnels. Variations in aspect ratio,
taper ratio, wing area, wing span, flap span, aileron span,
and vertical locaticn of the wing in the tunnel were
included in the computations. The numerical values of the
corrections were obtalined by a graphical-integration pro-
cess that permitted the use of the actual spesn loading and
spenwlise variation of upwash veloecity. The corrections
are glven in equaticns containing correction factors that
are presented in the form of easily used charts,

The results showed that ths wing area was the most
important variable, as has usually been assumed in previous
calculations. When the corrections were based on wing aresa,
the effect of most of the other variables was negligible.

A comparison of the corrections for tunnels of several dif=-
ferent shapes showed that, for geometrically similar wings
having the same ratio of wing area to tunnel cross-sectional
area, the corrections were very nearly the same as those

for 7- by 1l0-foot rectangular tunnels. Correction factors
and equations are nresented for determining corrections to the
piltching-moment coefficient, downwash angle, and wake or
sliostream location. These correction factors account for
wing spen, tail length, and vertical location of the wing
and tail in the tunnel. First-order effects of compressi-
bility on the jet-boundary corrections are included 1n the
charts,
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INTRODUCTICON

Calculations of the jet-boundary corrections for
complete models previcusly have involved some assumptions
to simplify the computations. In calculating the upwash
velocity and subsequently the corrections, the =pan load
distribution has usuvally been considered uniform or
elliptical. 1In addition, in many cases the upwash velocity
across the wing s»nan has been assumed to he constant. The
purpcse of this investlgation was to calecuvlate the jet-
boundary corrections as accurately as possible by using
the actual span load and upwash-velcocity distributions for
wings of varicus vlan forms and to obtain charts from which
the corrections for 7- by 1l0-foot closed rectangular wind
tunnels mey be easlily determined for a wide range of model
sizes and configurations.

The formilas and methods for calcuiating the jJjet-
boundary corrections have been presented in detail in
referencesl to li. The term "jet-boundary corrections' as
used herein refers to the corrections necessitated by the
vertical velocity induced by the tunnel walls and does not
include the effects of the induced horizontal velocity
caused by the constriction effect, which leads to the
blocking corrections. The gravhical-integration process
of reference %2 was used herein to calculate the corrections.
Jet-boundary corrsctions were computed for the ansgle of
attack and for the induced-drag, rolling-moment, and induced-
yawing-moment coefficients. In preparing the correction
charts, the effects of some of the plan-form varlables were
considered to be negligible. In order to justify this prc-
cedure, an examination was made of the probable accuracy
of the correctlons presented.

The correctlon factors given in reference 2 for use

in the equations for corrections to the pitching-moment coef-
ficient ,. downwash anglec, and wake or slinstream location
covered only a small range of model locations, (alculations
of these correction factors have therefore been made for

a greater range of wing and tail locations abcve cr below
the tunnel center line; the results are presented in a form
slightly different from trat used in reference 2.

411 the curves of corrections and correction factors
presented hereln were calculated for an unyawed model.
The method of calculation and some computations of the
effect of yaw on the jet-boundsry corrections for a typlecal
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model are given in reference li. By use of the results
of reference )i, some eguations were derived for approxi-

e g & Q o
)

™

"mating the-effect of yaw on the varlous ccrrections.

SYMBOLS

1ift coefficient

drag coefficlent

yawing—moment.coefficient

pitching-moment coefficlent

correction to the pitching-moment coefficlent
rolling-moment coefficient

induced upwash velocity, parallel to z-axis
dynamic pressure at a varticular roint
free-stream dynamic nressure

Mach number

circulation strength of vortex

wing span

flap span

span of one aileron

tunnel cross-sectional area

ratio of tip chord to root chord

aspect ratilo

distance parallel to X-axis

distance from nlane of symmetry, body axes
angle of attack, degrees

angle of yaw, degrees
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S wing area

6 jet-boundary correction factor (-Egs- %), aileron
deflection when used with subscript a

e

angle of stabilizer setting

t
€ correction tc downwash angle
OCm - . . .
e stabilizer effectiveness, change of pitching-moment
+t coefficient per dezree change 1In stabilizer
setting
s vortex semispan
d distance of lifting line ahove or below horizontal
center line of tunnel, feet
Az! correction tc vertical displacement of wake or

slipstream

.7, 1ifting line

SsCo streamline curvature

w wing

T flap

a alleron

C.S, center section of 1lifting line of wing
m measured

X at a distance x Dbehind lifting line
i induced

g geometric

av average

s at a particular angle of yaw

o} free stream
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The axes used hereln are wind axes; the X-axis 1is
parallel to the relative wind and the Z-axis is in the

plane of symmetry cof the model and perpendicular to the

relative wind.

RESULTS3
Use of Charts

The methods used herein for calculating the jet-
boundary correcticns have been set forth in detail in
references 2 to li. The correcticns to the angle of attack
and the induced-drag, rolling-moment, and yawing-moment
coefficients were computed for a wide range of model
dimensions. The ranges of model dimensions are as follows:

Aspect ratio .+ . v v o 4 e e e e . 6 to 16
wing span, feet . .« v ¢ 4 0 e . . 5 to 8
Taver ratlo « ¢« v ¢ o o« o o o o o O 25 to 1.00
Wing area, square feet . . e 6 to 10.7

Flap-span ratio, bf/bb. e e e e e o 0 to 1.00
Aileron-snan ratio, —%= . . . . . . 0.30 to 1.00
b/2
In making the calculations, the theoretical span load
distributions for angle-of-atteck chsnges and aileron and flap
deflections were used for the wings considered. The span
load distributions were taken from references 5 and b.
The spanwise variation of boundary-induced upwash velocity
was celculated as in reference 3 for the theoretical span
loading.

The corrected value of the angle of attack is given
by

N
Aa {

= - ¢ 1

a=ay+ (2 ~cosV¥)s (C - (1m>5 =00 + (.SCZ 7'ma (1)

( CL/s.c.

Aa Aa .
oy and 56; sre those obtained

from figure 1. The corrected induced-drag coefficient is

where the values of

-y

/AC ACps
Cp = Cpy * (2 - °°S‘MQ‘\ SCL)( >aa=o (SC7,01> 0 © )a a=0° |

(2)




6 | NACA ARR Wo. L5G31

where the values of _"-Z d-
SCZCL

from figure 2. The corrccted rolling-moment coefflcient
may be found from the equation

are those obtained

cL:ch+(15+25<>o°w)s<‘mZ Clp (3}

AC
The values of ——L are those indicated in figure 3. The

correction tc the yawing-moment coefficient depends upon
the sileron deflected when the model is yawed. When the
deflected aileron is on the leading wing, the corrected
yawing-moment coefficient 1is

_ AC b
Cp = Cn, * (-0.3 + 1.3 cos W)q(sczg > lnl@Lm>5a:00 (L)

When the aileron i1s on the trailing wing, the corrected
yvawing-moment ccefficient is

(L ERLEAY
¢, =Cp + (L.3 - 3.3 cos ﬂr)s ) (5)
n n Com (O
m Cy L/ In\ 1/ 64=0°

ACnjs
In equations (I} and (5) the values of are those
given in figure l. 500

Pirst-order compressibility effects on these correc-
tions, as calculsted in reference 7, havz been sccounted
for in figures 1 and 3. The streamline-curvature correc-
tion to 1ift was derived in reference 2 in three ways:
as a correcticn to the 1lift coefficient, as a correction
to the angle of sttack, and as corrections to both 1lift
coefficient and angle of attack., The entire streamline-
curvature correction 1s applied herein to the angle of
attack.

Although the correcticns were calculated for a wide
range of model dimensions, the results presented in
figures 1 to L. are for only a few dimensions. ps will be
shown later, the effects of the other variables were very
small and could be neglected. The calculations are for a
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range of +1.0 foot in the verticel distance of the wing

- from the center line of the tunnel. Distances greater
"than 1 foot from the center line should be avoided in

mounting the model in the tunnel becsuse of the large
inerease in the corrections for greater distances.

The effects of yaw on the various corrections are
included in equations (1) to (5) and were determined from
the celculations cf refesrence that were made for one
model. The variation of the corrections with angle of
yew is assumed to be approximately the same for ell models.

The corrections in figures 3 and I} may be used to
correct the rolling-moment and yawing-moment coefficients
produced by the dihedrsl effect of a yawed wing. B3y use
of this procedure the measured deta are corrected for the
unsyrmetricael upwash end 1ift distribution caused by
dihedral by assuming that these effects are similar to
those produvced by ailleron deflection. The rolling-moment
coefficiant produced by a yewed wing should not be used
in the corrzsctions e the angle of attack and induced-drag
coefricient becauss the effects on the left and right wings
will tend to cancel esch other.

For corrections to the angle-of-attack and the
induced-drag, rolling-moment, and yawlng-moment coef-
ficlents of models that do not ccme within the range of
plan-Torm variables considered herein, the upwash-velocity
curvaes ol figure 5 and equetions similar to those of
reference » may be used for the calculations.

Corrections to the pitching-moment coefficient, down-
wash angle, and wake or slipstream location could not be
given in the form of charts because of the large number of
veriaebles involved, some of which must be determined from
test data. The correction factors in figures 6 to
include a larger runge of dimensions than asnd are plotted
in a slightly different form from the factors in reference.2.
It should be noted that scme of the symbols used herein
are different from those used 1n reference 2. Equations
for calculating corrections to elevator hinge moments and
elevator floating angles are given in reference 2, but
these corrections are ordinerily small enough to be within

he experimental accuracy obtained in measuring the
quantities and may thus be neglected.
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The equation from reference 2 for the correction to
the pitching-moment coefficient is

ACy, = = |- B, 8 (‘ :> (6)
T, L’w 3o

The correction tc the downwash Pngle et any point
(reference 2) 1is

Ae = _éi@""_*f. S 57,3 (7)

Fra ©

This correction to the downwash angle should be applied
only to downwash angles that asre measured by an air-flow
survey. When average downwash angles at the tail are
determined from stabilizer-effectiveness data by use of
corrected pitching-moment coefficients, no corrections to
the downwash angles are necessary.

The displacement of the wake or slipstream
(reference 2) is given by

M1 s
Azt = ——— (8,C ax (8)
(/T.E Vh qo (0x L)w+f C

In equations (6) to (8)

+ &

(%0 ) war = (OxyCry xrCLp)

and

(®1.1.%0) wer = + 95

(‘52/ . ZI 'WCLVV Z/ . Z/ . fCLf)

where the subscripts on the correction factors indicate
that the factors are determined for the wing and flap tip
vnrtlcas, resvectively. If the values of for the
wing and for the flao are within 0.03 of eacﬁ other, an
average value of &, may be used with the total 1ift
coefficient instead of separate values as shown.
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The factor &, ; 1s determined from figure 6 for

-..-the.following values of s:

Wing or full-span flap i _s_
Shape A b/2
Rectangular 1.00 0.9% )
Tapered .50 .88
Tapered .25 .83
Partlal-span flap % 8
N L bg/2
be/o > 0.6 i 1.00
be/b < 0.6 i 1.30

The value of dgw is the height of the wing tralling edge

above or below the tunnel center line at the spanwise
station equal to s. The value of dgf is measured from

the position of the flap tralling edge for plain or slotted
flape or a point midway between the wing end flap trailing
edges for a split flap at the svanwise ststion equal to s.
The effects of yaw on 87,3, may be accounted for by use

of the following equation:

®1.1., = %1, (2 - cos V] (9)

In order to determine ©0x from figure 7, an effective
height 4 must be used instead of the actual height dg

to account for the downward displacement of the tip vorfices
behind the wing. The effective helight d for determining
6x can be found from : : :

d = d; - 0.05Cpx (10)
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for wings and for flaps having spans greater than 0.6 of
the wing span. For flaps with spans smeller than 0.6 of
the wing span, the effective height d 1is

The value of x for use with figure 7 and equations (10)
and (11) 1is the distance from the quarter-chord point of
the wing to the three-gquarter-chord point of the tall for
ACy, and the dlistance from the quarter-chord point of the
wing to the point in question for A€ s&and Az!'. If values
of x smaller than 2.5 feet sre required, an interpolation
may be made by using for the values of &x at x = 0 the
curves of 8.,g, 1n figure 8. For values of s other than

those given in figure 7, linear interpolation or extra-
polation may be used. In order to account for the effects
of yaw on 04, the following equation should be used:

GXW = 8y (1.67 = 0,67 cos ) (12)
If air-flow surveys for determining (q/qo)a.v have not
been made, this quantity may be estimated from the relation

3Cyp

s

éit

@/9,) 4y = o,
)
{ 3¢

m ] Kl ~ o
where \ETEjt should be determined from tests of the
isolated horizontal tall. I these tests have not been

o
made, an approximation to <§Zm) may be found by using
t/o

the largest value of %%% obtained from propeller-off
tests. Prppeller—windmilling tests have been used to

oC
determine (ST%) , but the value obtained 1is subject to
Lt /o
sorie doubt because experience has shcown that (q/qo)

may vary from 0.75 to a value greater than 1.00 for®’
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propeller-windmilling tests; the value of q/qo)

~determined in _thils way depends upon the propeller 31ze

and locsation with resoect to thé tail surface. -

The 1ift coeffliclents Cp to be used in calculating
ACy; should be the trim 1ift coefficients determined from

a series of tests with different stabilizer settings for
each power condition., For each power condition, therefore,
the same curve of ACp against (p 1is used for all stabi-

lizer or elevetor settings in correcting the tunnel data.
This procedure accounts for the fact that no additional
corrections are calculated for the effect of the tsail 1ift
as would be necessary if the 1ift coefficient for the tail-
off condition were used to compute AC,. The correction

factors for the tail 1ift would be of the same order of
magnitude as the factors for the wing 1ift, but the correc-
tions would probably be somewhat smaller. This procedure
will make the correcticn to the pitching-moment coefficient
most accurate at the trim 1ift ccefficlents and only
slightly less accurate at all other 1ift coefficients.

First-orcer compressibility effects on the corrections
to the pitching-moment coefficient, downwash angle, and
wake or slipstream location may be accounted for by multi-

1

plying the length x by 7r=r==§, as indicated in figure 7.
1l - M

Accuracy of Charts

During the analysis of the calculations, corrections
for closed-throat tunnels of circuler, elliptical, octagonal,
and rectangul ar cross sections of various proportions were
compared. It was found that, for geometrically similar
wings having the same ratio of wing area to tunnel cross-
sectional ares, the corrections were all within 15 percent
of those for 7- by 10~foot tunnels. The corrections in
figures 1 to |} were therefore based on the wing area.

With this procedure, the effects of most of the other
variables were negligible and only the most lmportant of
these effects are indicated .in figures 1 to .

An examination was made of the inaccuracies involved
in the correction factors in figures 1 to li and the
results are shown in figures 9 and 10. The abscissas in
figures 9 and 10 are the values of the corrections from
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the curves of figures 1 to lj, snd the ordinates are the
calculated values of the corrections. The lines indicate
zero error; the vertical distances between the points and
the lines represent the ineccurscles caused by neglecting
the effects of some of the plan~-form variables on the
corrections presented in figures 1 to L.

For the conditions assumed in the preparation of
figure 9 (CL = 1.05 ¢; = 0.03), the maximum error in the

angle-of-attack correction will be 0.05° and the maximum
error in the correction to the induced-drag coefficilent
will be 0.0008. ¥From figure 10 the maximum errors in the
induced-yawing-moment coefficient and rolling-moment coef-
ficient are 0.0001% and 0.0002, respectively. All these
errors are avout the same as or are smaller than the usual
experimental errors for ccmplete-model tests.

Some calculations were made of the component of
induced-drag-coefficient correction caused by sileron

2'
SCy,
tion due to this component is only sabout 0.0003 and may be
neglected, Computations of the ccmponent of induced-~

vawing-moment coefficient due to aileron deflection alone
ACp
i

deflection alone The total drag-coefficient correc-

> indicated a maximum value of ACny of about -0.0001,
SC

[
which is also negligible.

In order to determine the ellowable simplifying
assumptions and the accuracy to which the corrections to
the pitching-moment coefficient, the downwash angle, and
the wake or slipstresm location need be computed, a sample
computation 1s made. An average velue of stabllizer
effectiveness 1s about -0,030. By using this value with
a wing having an zrea of 10 squeare feect snd a span of
8 feet and by assuming for simplicity that éL = 1.0,
equations (6) to (8) become ©

ACy = 0.2h5 [kéxCL)w+f B (6Z.Z.CL}W+f}

Ae = 8.2 (6XCL}W+f
and

X
Az' = 0.1430C, / 5, dx
Yodr.m,
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The order of magnitude of the corrsctions for this case

~will then be |

ACp = 0.020C;

where ACy 1s equivalent to a 2-percent shift in neutral
point in the direction of instabiliitys :

where Ae 1s in degrees; and

az' = 0.090CT,

where Az' 1s in feet. An accuracy of 115 percent in any

of these corrections would be within the experimental
accuracy usually obtained. This degree of accuracy requires
that both 6, and the difference &, - 87 ; ~ be accurate
within about #0.03. Except for unusual cases in which the
wing 1s located at large distances from the tunnel center
line, a change of 2 or 3 inches in the tail length or in

the vertical location of the wing or tail in the tunnel
will have a negligible effect on the corrections, In
addition, an error of 10 percent in determining the q/qo

ratio will not cause excessive errors in the final correc-~
tion.

CONCLUSIONS

The Jjet-boundary corrections to the angle of attack
and the induced-drag, rolling-moment, and yawing-moment
coefficients have been calculated for complete airplane
or wing models in 7- by 1l0-foot closed rectangular wind
tunnels. Variastions of aspect ratio, taper ratio, wing
span, wing area, flap span, alleron span, and vertical
location of the wing in the tunnel were considered. First-
order effects of compressibility on the corrections were
included. The equations and correction factors for
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determining the correcticons to the pitching-moment coef-
ficlent, downwash angle, and wake or slipstream location
were determined from a previocus report and ere presented
along with some additional velues of the correction factors
that include a larger range of model dimensions. The
correction factors account for wing span, tail length, and
vertical locetion of the wing and tail in the tunnel.

An enalysis of the calculated corrections showed that:

1. When the corrections were based on wing sarea, the
effect of most of the cther verisbles wes small and was in
many cases within the exverimental accurscy of the tunnel
measurenments.

2. TFor geometrically similer wings having the same
ratio of wing srea to tunnel cross-sectional area, the
corrections for tunnels of seversgl different shapes were
within %15 percent of those for 7- by 10-foot tunnels.

TL.angley Memorial Aeronautical Taboratory
Mationel Advisory Committee for Aeronautics
Lengley Field, Va. ‘ C
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