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JiT—BOUNDARY QORREGTIONS TO THT DOWWWASH BEHIND POJQRmD
MODELS IN RWCTANGULAR WIND TUNNELS WITH NUMEBICAL
VALUES FOR 7— BY lO FOOT CLOSED WIND TUNN&LS

By Robert's.,Swangon and: Marvin J, Schuldenfrel
SUMMARY |

Hethods. are presented for determining the jet-

"_houndafy correctiong. to the downwash behind models in
" rectangular wind tunnels, .-The methods take into accéount

the tunnel dimenslons; the type of jet, the span loading
of tihe model, ths geometric position of the wing and of
the tail in the tunnel, the displacement of the wing wake,
and the effect of the slipstream, ‘A correction to the
lift of the wing due -to the -curvature of the streamlines
was determined from the downwash correction calculations
and is included in the appendix, Numerical values of the
downwash correction factors for 7- by 1L0-foot closed wind
tunnels are presented in the form of graphs,

INTRODUCTION

_ The influence of the jet boundaries upon the down-
wash at the wing and behind the wing has been rather ex-
tensively investigated from theoretical considerations
and the theory has been roughly checked by experimental

data, The general method of determining the correction

factors to the downwash benind a wing in a rectangular
tunnel was flrst given by Glauert and Hartshorn (refer-
ence 1).  Although these authors gave the formula for

.an exact solution for the induced upwash velocity due to
any gilven 1mage of the vortex system assumed to .replace
the w1ng, they summed up the effect of gll the images by
“the ‘use of an. approximate formula, valid only ‘for models
that are very small relative to-the size of the wind tun-
nel. The exper¢mental checks presented were also for
relatively small modelss .The calculation methods of ref-
erence 1 were further developed and refined in references
2 and 3, -



The factors usually considered in downwash-correction
calculatione are the tunnel dimensions, the type of jet,
and the geometric posltion of the wing and tail in the
tunnel, The wing is usually replaced by a simple horse-
shoe vortex with an effective span approximately equal to
the theoretical distance between the completely rolled-up
trailing vortices.

The additional factors considered in the present in-
vestigation are the effeect of the displacement of the
vortex sheet, the effect of nonuniform span loading, and
the influence of the slipstrean, The methods necessary
to determine the effect of all the various factors con-
gidered upon the corrections to the downwash angle and
wake displacement are presented and discussed, Corre~
sponding corrections to thé measured pitching moments,
the elevator hinge moments, and the elevator free-floating
angle are presented, A correction to the 1lift of the wing
due to the curvature of the streamlines was determined by
use of the downwash correction factors and is given in
appendix 4, Theoretical values of the various correction
factors for 7- by 10—foot closed wind tunnels are also
presented, ; : :

THEORY

General Solution

The jet boundaries impose certain restrictions upon
the air flow around a model, The known conditions to be
satigsfied are zero normal velocity at the boundaries for
closed-type wind. tunnels and constant pressure at the
boundaries for open-type wind tunnels, It has been shown
(reference 1) that the boundary conditions may be satis-
fied by replacing the boundaries with a doubdbly 1nf1n1te
} pattern of images of the model vortex system,

The image arrangement for a closed rectangular wind
tunnel is 1llustrated in figures 1 and 2, (See reference
3 for the image arrangement for open-type tunnels,) 1In
figure 1, a three-~dimensional drawing, for simplicity the
wing is shown on the center line of the wind tunnel, In
figure 2, a three~view drawing, the wing and the tail are
shown located off-center, as in the genergl case, The
axes used are indicated in the figures and the terminology
used in this paper i1s glven in appendix B, The wing 1s
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replaced by a simple horseshoe vortex in the figures and
in most of the following calculations. Any actual non-

uniform span 1lift distridbution may be bdbuilt up of several
simple horseshoe vortices of various spans and strength .

The problem of determining the numerical values of
the vertical velocity w 4induced by the jet boundaries
may be solved - by calculating the vertical veloclty due to
each separate image and then summing:up the effects of
all the images., Inasmuch as the effectiveness of the
images decreases rather. rapidly as their distance from
the actual wing increases, the effect of only a few of
the more important images need be calculated. This method
is necesasary because no simple, exact, convergent series
representing the effects of the whole doudly infinite
system of images has been found. In reference 1 a fairly
simple series is presented that is valid only for the
case when the tail length and the vortex semispan dis~
tances are approximately eaual and are quite small com-
pared with the distance t0o the first set of images, For
larger nodels (relative to the tunnel) the errors in-

volved may Yecome quite large, as was shown in reference
2.

The total vertical velocity Wyg,4,7 1nduced at the

tail poegition x,0,0 by a simple positive image horse-
snoe vortex (positive image indicates an image similar to’
model vortex) located with the center section of the 1ift-
ing line at O,y,2 1is given by

w s e ([ ¥ =5 yt*ts
total —am |z - s)2 + 22 [y + s)2 + 2P
r x(y - s) 1 1 >]
+ - - - - : o —— -
lﬂ/(y -~ 8)% + %% + z2'<$3 + z® (y = 8)% + 28
r x(y + s) 1 1 (
l./(y + 8)2 + 2% 4+ 2 <x2+ 25 7+ e)t s Zg> H
s
Wwhere




' circulation strength of horseshoe vortex

x distance from lifting line of image to tail position,
parallel to. X axis

y distance to center section of image 1ifting llne,
parallel to ¥ .axis

2z distance to image lifting line, parallel to Z axis
s semispan of simple horseshoe vortex

This formuls is identical with that given in reference 1
except for signs, since downwash was considered positive
irn reference 1 and in this.report upwash is considered
positive, The total boundary induced upwash velocity
Wyotgl 19 Eiven in equation (1) for a single image and

must be summed up for all imazes in order to- determine
the complete downwash correctlon.

The upwash velocity at the center section of the
lifting 1line of the wing We, s, is$ given by the first

set of terms of equation (1)_ that is, by the terms that
are Iindependent of x, The other two sets of terms give
the additional upwash at the center section of the tail

Yag  that is, the increase .-in upwash velocity at the
'S

tail over that at the center section of the wing., In
order to calculate the correction to the measured pitch-
ing moments, the additional upwash with respect to the
average wing upwash should be used rather than the gddi-
tional upwash with respect to the center-section wing
upwash., This additional upwash with respect to the aver-
age upwash across the wing is found from the total upwash
Wgotal 2and the average wing upwash w,, as follows!

Wa, = Ytotal =~ Y (2)

It will later be shown that this expression for w may

a

w
be used only for the power-off case and must be modified
for the power-on csase, '

Several calculations showed no appreciable difference
between the correction for the center of the tail and the



average correction for the entire tail for representative
models in 7- by 10-foot closed wind tunnels; hence, for
simplicity, the upwash velocity will be calculated only
for the center section of the tail. OCalculations for =2
7~ by 20~foot tunnel, however, indicate that an appreci-
able difference between the upwash at the center section
and the average upwash across the tall might be expected
for some model~tunnel arrangements,

In general, it is necessary to calculate the value

of Yiotal and w, due to each image vortex and then to

sum up the effects of all the image vortices. In practice
the calculations are considerably sinmnplified because

Wtotal Day be calculated as the sum of w, o and

wac's‘; and W, o , bDeing independent of x, need be cal-

culated only once for all values of x. Simple summation
forrulas (see equation (20) of this paper) may be used to

calculate the values of Wo oo The usual average wing

correction w, 1is generally already available or can be

determined from reference 3, Also, as previously men-

tioned, the calculations of w, (equation (21)) need
c.s.

he made for only a few of the more important near-image
vortices, It is seldom necessary to compute the effect
of an image farther than five images away; the relation
between the height and the width of the tunnel, however,
determines how many images must be considered.

In order to determine which imsges are important,
the upwash velocity due to several images was calculated
for a point 3 feet behind the lifting line of a 3-foot
gsemispan horseshoe vortex at the center of a 7- by 1GC-
foot closed wind tunnel. The calculation was made t0 an
accuracy of approximately one-tenth of 1 percent of the
final summation value (five decimal places). Inasmuch as
-a case with the wing on the center line of the tunnel was
selected, only zero and positive valwes of n and m-
(see figs. 1 and 2) had to be calculated because the sign
of the integers does not affect the absolute magnitude of
the upwash velocity and the upwash velocity for the nega-
tive values of n or m 1is therefore equal to the up-

- wash velocity for positive values of n ~or um,

‘ The value of the upwash.velocity, converted to the
nondimensional correction factor aac y is given in

table I for each of the images where

_




C w
§ = — = (3)
49 T
since
P o= VOSCL

The symbols used in'these'equations, which were not pre-
viously defined, are

C  tunnel area

Vo frée-stream_velocity

-

S wing aresa
GL l1ift cqefficient

and the angular correction 1s determined from the correc-
tion factor by

-

vhere O¢ 1is small and is assumed equal to its tangent.
The symbols &8 and w may be subscripted as indicated
in appendix B to apply to any component of boundary-
indueed upwash.

The sign of the upwash correction factors for values
of upwash correction factors less than 0,00001 is given
in table I to show that the summation is at least reason-—
ably accurate, since approximately as many positive Zeros
as negative zeros are present. An additional correctlon
due to the neglected images could be determined by the ap-
proximate. formula of reference 1 but was not considered
necessary because, by means 0f a careful selection of the
important images, practically the same summation was ob-
tained with a few images as with the entire pattern of 15
images. The important images selected for a 7~ by 10-foot
closed wind tunnel are indicated in table I. The sumna-
tions obtained by the use of both the pattern of 15 images
and the pattern of important images are also glven in
table I.




Modifications to General Solution

Span loading.- The span of the simple horseshoe

vortex, which 1g. assumed to represent the - model .for. . purs
poses of calculation, is usually taken to be approximately
the distance between the tip vortices of the completely
rolled~up vortex sheet. The complete rolling-up process
occurs gquite slowly, as mentioned in reference 4, and
probably would seldom be accomplished in ordinary wind-
tunnel operation, . Thus, the actual loading along the

wing span should be used for the accurate determlnation

of the jet-boundary correctious.

The average boundarywinduced upwaqh velocity at the

lifting line, as caleculated for 7= by 1O0-~foot closed wind

tunnels by the methods of.reference 3, usually has a-
numerical value lawer than the value éalculated by use’

of the actual span load distribution because the upwash
velocity 1s averaged across the assumed effective span-:
rather than across the actual span, 4n empirical rela-
tion between the actual and the effective model span was
determined in order effectively to average the upwash
veloclty across the actual model spam, Use of thils emplr-
ical effective span gives numerical values of w, in

good agreement with the values obtained by use of the
actual span loading, The effective span for plain wings
in a 7~ by 10-foot clogsed tunnel should be about 0,9 times
the ‘actual span and for partial~span flaps should be about
equal to the actual flap ‘span,

In order to account for the marked changes in span
loading due to partial-span flaps, the correotion is
broken into two parts; that is, '

o€ = [(scL)w + (scL)f]ig- = [(scL)w.f]—g—- " (5)

where

(80y),  product of correction factor due to wing and
increment of 1lift coefficient due to wing

(SCL)f product of correction factor due to flap and
increment of 1ift coefficient due to flap




. This addition of the effects of the wing and the
flap wilT be assumed to have béen made in the ~following

formulas; however, only the product. (BCL)w+f will Ve

1nd*cated In manJ cases the correction factor 5§ will
be very nearly equal for the wing and for the flap, and
a single value may therefore be used with satisfactory
accuracJ. : -

_l-'

il

Wake displacement.- An additional correction to the
downwash is necessary because of the displacement of the
wake or slipstream in the tunnel, The free-air displace-
ment of the wake or slipstream center line 1s usually de-
‘ecreased by the boundary~induced upwash in a closed tunpnel,
As the stability and control characteristies of alrplanes

ft-en depend crltlcally upon the position of the wake or
skipstream with .respect to the tg8il surfaces, this
boundary-induced dlqplacement must be determined. The
displacement -z' of the .wake or slipstream at .a position
0 SR free air is determined as

where ¢ is the angle of inclination of the wake or slip-
stream at each point betwéen the ‘trailing ‘edge of the wing
or .propeller disk and x, Because the angle € will be
different in free alr and in the ‘tunnel, tde boundary-
induced displacement is, to a flrs+.approximation, '

#

_ x o I
Az! =J/?' tan (€ + A¢) dx ~:/' tan ¢ dx
JT,E, J7,. B8,

where € +:-A€ 1¢ the measured inclination at each point
on the wake or slipstream center line and A¢ is the
corrected angle at that »noint., Unless € 1is very large
it will usually be satisfactory to determine Az' as

az! =\/ Ae dx (6)
JT,EB. '



The ,correction to the -displacement of the wake center
line at .each point .x .may -alsd be considered to be the
correction to the dlsplacement of ‘all points’ having an
ordinate equal %o~ x except for the points lying in the
slipstream. - A similar correction to the slipstream dis-
placement must also be apnlied. In general, the angle
A€ will be different for the wake and for the qlingtream,
and the resulting displacement will be’ different '

The' computed boundary- induced displacement at the
tail for a typical 1/6-scale powered model in a 7~ by 10-
_ foot closed tunnel amounts to about 0,7 Cp inch, or 3.5 Cj,

‘jnches on the full-scale airplane. Near maximum lift the
correction thus becomes fairly large,

The correction may be easily.applied only to downwash
measurements, The measured pitching moments must-also be
corrgcted, however, because the displacement of the wake
or slipstream may be large or the tail may be so ceriti-
cally located that a small change in locatlon would change
the tail effectiveness a great deal. This additional
pitching-moment correction can be applied only by caldu-
lating the additional change . in angle Aezg, ogecurring

in free air (from the charts of reference 5), due to the
change in vertical location Az' of the tail with respect
to the wake, PFor a powered model, actual downwash meas~
urement behind the model, or a similar model, must Dbe
used to estimate A€, __—

Distortion and rolling-up of vortex sheet.- The wing

is represented by a series of simple horseshoe vortices
extending uniformly downstream to infinity. The actual
vorteXx. sheet. of the wing 18 known to be displaced verti-
cally downward as well as rolled wp after it leaves the
trailing edge of the wing. Some modifications to the
corrections must be made to account for the deviation -of
the actual vortex sheet from the assumed vortex sheet,

In the determination of the downwash behind a wing
the distortion of the vortex sheet may usually be accounted
for by simply considering the entire vortex sheet to be
displaced vertically by an amount equal to the displace-
ment at the tall position of the center section of the
actual distorted vortex sheet, The rolling-up of the
vortex sheet may generally be neglected (reference 4).
Because this modification is usually sufficiently accurate




10

to be used in determining the first-order effect, the ac-
tual downwash behind =a wing, it would appear to be suffi~
ciently accurate to be used in determlnlng the effec+ of

the jet boundaries upon the downwash,.

In the determ1nation of jet- boundarv correctlons,-
the problem is. somewhat dlffersn+ from the problem of de-
termining the actual downwash behind a wing, because the
point for which the induced velocity is being computed
is at a great distance from the image vortices, For ‘this
case’ the tip vortices are of greater importance and, as.
tlre displacement of the t1ip vortices is very. slight’ (ref—
erenze 4), a somewhat smaller displacement of the vortex

sheet than that 1ndlcated by the center~section dlsplace—:

ment. should be used.,

The centerrsection'diﬁplacement may Dbe determined
from reference 5, A very approximate calculation is, how-
ever, sufficiently accurate for this modification. The
angle of inclination of. the center of the wing wake for
a 1ift coefficient of unity is approximately 0,1 radian
for normal aspect ratios and tavper ratios and for wing
flaps with a span ratio greater than 0.8 the wing span,.
For very short partial-span flaps, the wake angle is ap-
proximately 0,2 radian. '

The problem is now merely the determination of an ef-
feective height 4, the distance the lifting line must be
assumecd to be ahove the center line of the tunnel to ac~
count for the vortex—sheet displacement., This effective
height d then revlaces the actual height in the caleula-
tions of the Jjet~boundary corrections.

If an effective displacement of about. one-half that
at the center ecegtion is assumed to give reasonable ac-
curscy in determining the jet-boundary corrections, the
effective helzht t0 be used will dYe:

d = d, - 4&d (7)

where

bd

0,05 CL X

or, for flap spans of less than 0.6 the wing span,

64 = 0,1 Cp, x

TTL-1
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and dg - is the geometric height of the origin of the tip
vortices above the tunnel center line. The origln of the
tip vortices may be assumed t0o be located at the wing
trailing edge of the 0,9 semispan. station,

BEffect of slipstream.- The jet-boundary corrections

are altered rather markedly by the slipstream, especially
when the slipstream velocity ratio is large, The sglip-
stream changes the span load distribution, changes the
distortion of the vortex gsheet, and adde a stream funec—
tion (that of the slipstream 1tse1f) to the conditions
that must be met at the jet boundaries, The main effect
of the slipstream is, however, to decrease the correction
to the downwash angle inasmueh as a vector addition rather
than & scalar addition of the jet~boundary induced upwash
velocity with the slipstream velocity is required for the
case where the point in question (the tail) lies inside
the slipstream, The effect of the vector addition will
be considered when the angular correctionsg are determined,

The problem cf determining the boundary-induced up-
wash veloclity for a model with a slipstream is essentially
the problem of determining the upwash velocity due to a
doubly infinite pattern of the image models, each with its
slipstream. No adequate theoretical method of computing
the increase in downwash behind an airplane due to g slip-
stream is available. At the rather large distance (in
the Y and 2 directions) from each image that it is
desired to calculate the boundary-induced upwash velocity,
the main effect of power probably is the upwash velocity
caused by the jet boundaries of the inclined slipstreams;
that is, when the propeller is inclined to the air stream,
the slipstream will have a component of flow (the free-
stream flow) normal to it, This component of original
flow across the slipstream will induce an upwash velocity
inside and outside the slipstream, The induced upwash
velocity outside the slipstream may be calculated for
each image by an extension of the methods presented in
reference 6., It is necessary to assume a slipstream with
twordimensional characteristicsgs for the calculations,

The final formula, including the summation factor for the

7= by 1l0~foot closed wind tunnel, is as follows:

w = 23139." L Vo Sin Be€g \ y® gos 28
8 g fa, + 1 TrE
s/ %0 :
/
q iQ - 1 - ’
= =80 Voey (0,044) : (8)

/e, *
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where

r,8 pOSltlon of a, p01n+ W1th respect to centpr 11ne of
a two- dlmens1onal;sllpstream :

g

dg dyngmic_pressupe-ip slipstream“
g, .free-stream dynamic. pressure
€ inclination 0f slipstream, radians

N Tumerical values of the increment of jet-boundary
induced upwash velocity - Wg “due tO the inclined slip-~

stream calculated from, equation (8) agree very well with.
the values of the 1ncrement calculated by the simple
method of using the 1ncremen+ of 1ift due to the proprel-
ler and the corrention factors involved for power-off

Ondlthns, at least for conventlonal gsingle-engine air-
plane models., Thus, for simplicity, it is suggested thatl
the total power-on 1lift coefficient and the power-off
correction factor be used to cqlculate the total boundary=~
induced upwash

CORRECTIONS

"Downwash-~angle correction.~ The correction to the
downwash angle is obtained from the total upwash velocity
and the local velocity at the particular point., The cor-
rection is given in the following equation (for ssmall
angles) rearranged to 31mp11fy the calculations:

0

oW 9w SR o
pey = —2otal . L., _total : . (9)
V- ATS Vo '

et

If the point for whieh the correction is to he determlned
is inside the slipstream, the velocity ¥V  becomes Vg

an d if Outside the slipstream, V,. The correction given

in equation (9) transferred to correctlon ~-factor form and
eonverted to debrees is -

| . -
b6 43 = —=— (B¢ 4 ey ) = (87.3) (10)
d JG7;_- total Ip wh s C o

=0
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since

-gnd CLé 1q'the powerhonilifﬁ cqgffic;eht; 

" Dhe :atid q/qoa igldeterminéd, for the point in _
question, from the pitot_head'used to mQasufe the ahglg.
of downwash. The factor -84,p.7 is determined for the

varticular point in question (located at x = x. and

z = dyJ for a simple horseshoe vortex with a span equal
to the effective span (for the wing and the flap). 1If
the point. for which the downwash-angle correction is de-
‘sired does not lie in the plane of symmetry, the value of
the correction factor for the point in the plane of sym-
metry may be used for most model~tunnel arrangements with

‘satisfactory accuracy. Values of 8, CL?- and  8total

depend upon the model used fn the tests and values of .
Stotalr CLp' and qfq, vary with model attitude.

Correction for displacement of wake or slipstream.-

The correction to the displacement of the wake or the
slipstream may bPe determined from egquations (6) and (10)
in correction~«factor form as

x
Azl =f 1 _ (stotal CL ) __S__ dx (ll)
7.8, ~4/a, p’w+f C

L] .

where q/q, and 8,,:.) are functions of x, This dis-

placement correction is fairly large and is important for
conventional powered models,

Pitching-moment correction,~ The angular correction
ta he used in determining the correction to the pitching
moments ig .the difference in the boundary-induced air-
flow angle gt the tail and the average boundary-—induced
air-flow angle over the wings:
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Aec = “’gota’l - K‘-’L = 1 : (wtotal - _‘:ﬂt (12)
n v vO ' v/-,vo vO

The average unwash velocity w, at the wing is also

determined from the- power on:1ift icoefficient, In refer-:
ence 7 it is suggested that the power—-off 1ift coefficient
be used to determine the upwash velocity at the wing be-
cause, for most single- or twin~engine airplanes, the inn
crease in the 1ift due to the slipstream is primarily due
to an increase in local velocity over the wings rather
than to a marked increase in 'the circulation of the wing,
although ‘the circulation distribution is altered by the
slipstream, Thus, for practical purposes, the same system
of simple horseshoe vortices could be used to represent
the wing with or withcut a slipstream, and the 1ift coef-
ficient of the wing measured without power could be used
to compute the boundary-induced upwash velocity at the
wing due to the vortices.  The jet effeet of the inclined
slipstream was neglected in the arguments of reference 7.
A few approximate calculations based on equation (8) hav-
ing indicated that the effect of the inclined slipstreanm
may be roughly approximated by using the power-on 1ift
goefficient instead of the power-—off 1ift coefficient,
this procedure will e used in this paper.

The correction to the measured pitching moments of a
rowered model depends upon the power-on 1ift, the correc-
tion factors, the slipstream velocity at the tail plane,
and the stabilizer effectiveness. The correction is de-
termined in the form

Aé ( > 57, : (13)

where 'Aecm is given in equation (12) and 3C /diy is
the measured stabilizer effectiveness for the given con~
ditions, .

In general, boﬁh Aecm,'ahd_ me/Bit are functions
of 03 or angle of attack ¢ and both may be computed;

it is, however, more accurate and usually simpler to de~
termine 093C,/diy experimentally. If air-flow surveys
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are not available. the average velocity ratio may be de~-
‘termined, “to a- first apnroximation. by use of 9Ll /ait

as a function: of GL as follows.'

f M/Kacm/ait)power on <_;> (14)
(acm/ait)frge stream .

"If the tail does. not’ lie in the wing or fuselage
wake, the power-—off stabllizer effectiveness may be usged-.
for the freevstream stabilizer effectiveness., It may be
necessary to plot the power-off stabilizer effectiveness
as a function of lift coefficient and to extrapolate to
about zero 1ift, or even to0 some negative 1lift where the
tail may be considered out of the wake, .

- Waen equatiorn (12) is converted to correction-factor
form, the angular pitching-moment correction in radians
1o e Bty . _

o = [t ). s
560 - [JPE—EO Brotal CLP)W+f | (SWCLp)w+f] c (19)

and equation (13) becomes

S 6Cm

LJTE7E;-—(StOtal Ly ) —(SWch)w+f] ¢

\57 (18)

The added correction due to wake or slipstream displace~
ment is not included in this formula and must be sepa-
rately determined, \

The values of the correciion faetors are for the ef-
fective span and the effective height of the lifting line
above the tunnel center line, The wvalue of x t0 be
used in determining 84otal 1S equal to the distance be-

tween the quarter-chord point of the wing and the three—
quarter~chord point of the %tail, because the three-guarter-
chord point is the best measure of the effective angle of
attack of the. tail (reference 8).
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All factors in equation (16) should De determlned as
functions of the tunnel angle of attack; and the final
correction will be a functior of the tunnel angle of at-
tack. A simple stralght-line expression for the correc-
tion may usually be determined in the form of

. ACp = K + 'y

where the values of X and X; - depend upon the partic-
ular power and model condition. For closed-type wind
tunnel's the pitching-moment correction is to be added to
the experimentally determined values of 0.

‘Elévator-free angle correction.— The measured free-
f10at1nv angle of the ‘elevator for elevator-free tests
will be in error due to the 7et~boundary effeect, The
correction is determlneé in a manner: similar to that for
the pitching-moment correction, In fact, the correction.
angle Aecm is Uused to determine the elevatorwfree angle

correction, It is necessary to make elevator-free tests
at two- stabiliger angles and thus to determine bse/ait

(and -dC n/0ig? as functions of Cy.

Then the correction to the measured elevator-free
angle will be '

= €
88g = B€g, (17)
an&.to the measured pitching moment
ac _ o
ACh = Aeg / m\ (18)

vm \61

where 0C,/diy 1is for the elevator-free conditions,

Elevator hinge~moment correction.- The measured ele-
vator hlnge moments will also be slightly in error because
of jet-boundary effect. The effect is usually quite small
and often within the experimental accuracy of the measur-
ing equipment. The general method of attaek is similar
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to the method used to determihe the pitching~moment cor-

‘rection, The elevator hHinge-moment correction

- 00p ] _
80y, = deg (=2 57,3 (19)

where bChe/Bit may be defermined expefimentally or

calculated approximately as desired.

Straamllne eqrvature correetion,w An estlmate of the
streamlinevcurvature cor*ectlon to’ “the 1ift of the wings
was made by use of the downwash correction factors and is
given in appendix A, w

NUMERICAL VALUES OF §

FOR 7- BY lQ~FOOT CLOSED WIND TUNNEL

The numerical values of the jet-boundary correctionsg
will be given in the form of the usual correction factors,
(See equations (3) and (4).) 1In order to calculate the
correction factors it is necessary to determine the av-~
erage upwash velocity at the wings, %he upwash veloecity
at the center section of the wing, and the additional up-

wagh velocity at the tail plane wac "due to the in-~
S [y )

fluence of.the jet boundaries upon the wing,

The average upwash velocity w, is_the value of up-

wash velocity generally used to determine the corrections
for induced angle of attack and induced drag. Methods of
computation are adequately described in reference .3,

This average upwash velocity should be calculated for
various values of vortex semispan and for several 0ffm
center positions of the lifting line in the tunnel, Nu~
merical values of the correction factor &, are given in

figure 3 for the 7~ by 10-foot closed wind tunnel., As
previously mentioned, the accuracy is increased dby the
use of an effective span of gbout 0,9 the actual span for.
wings and an effective span. equal to the actual flap span
for partial-span flaps. .

The upwash velocity at the center section of the _
wing Wg g is talculated from the first teérms of equation
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(1)- or by the following equatlon in which na is substi-

tuted for y, mh + (-1)® . for =z, and the necessary ., ... - Y
sumuatvons are 1ndicated. T s . =

.o . — H

. _E_T {—m na - 8§ —
w°159-7 4n4£422 ('l?. [(naiﬁlsog + (mh5+-(-1)m a)?

D e ‘-.- Lt ﬁa + g ) (20)
(na + 9)® + (mh + (-1)0 d)e

The inteéegers. n and m take the positive and negative
values‘that define the important image tunnels.

The center~section upwash velocity should also be
calculated for various vortex semispans and several off-
center lifting-line positions. -Numerical values of the
correction factor "8, s, are given 1n‘flggre 3 for the

7~ by 10-foot clésed wind tunnel,
The increase in the upvwash velocity at the tail

plane over the -upwash velocity at-the center section of
the Wln? wac V' must be calculated., The last terms of

equation (1) or the following equations, for which the :
substitutions of na for y and 'mh + (- l)m d - d¢ for ‘

z have already been made, may be used for the calcula—
tions. The values n and m are for the important,
image tunnels.

v .-Ez zmr { x{na ~ g) ]
c.s. - L - 4m \ fna_s)e+xe+(mh+( 1)%a-dy)®

[t eyl SN
L x 2+ (nh+ (- 1) i~ dt)e (na~s) +(ma+ (-1)"a- dt) o

x(na + s)
"XJ,/(na + s)z + \2 + (mh + (-1 a4 - ag)2 ]

2

x . — : l — b — — 1 ' N (21)
| =%+ (mht (~1)"a-a )% (na+s)®+(mh+ (-1)"aray ) | [ 77
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where dy '1is the height of the tail above the tunnel

_center line. .The numerical values of-upwash velocity are

the same for negative as for positive values of -n. The

calculations need not- therefore be repeated for both pos-
itive and negative values of ‘n,. Values of additional '
upwash wac}s. for various vortédx spans and tail lengths

for seyeral off-center positions of the lifting line and
the tail should be calculated, YNumerical walueg of the

correction factor 5a ' for the 7~ by 10nf00t closed
nS- .

1wind tunnel are glven in- flgure 4

The total upwash correetion factor

Stotal; ¥ 6C}.‘E’:o .-+ S'ac’s.

H

is'giﬁen in figure 5 and ig the sum of bo.5, from fig;
ure 3 and 8a, o, from figure 4, '

'METHOD OF APPLYING CORRECTIONS

The step-by-step procedure for determining the cor-
rections t0o the downwash angle, the wake and slipstream :
location, the pitching moment, the elevator free-floating
angle, and the elevator hinge moment is as follows:

(The curves presented in ‘the figures referred to ap-
ply only to a 7- by 1C-foot closed W1nd tunnel, )

Xk, The boundary-correction factor §,, 1is determined

from figure 3, the value of effective semispan s ‘teing

taken as 0,9 the wing semispan for the wing correction
and equal to|the flap semispan for the flap correction.
The value of d is equal to dg, the vertical height of
the gip vortlces (traillng edge of the 0,9 semlspan sta-
tion .

2, - The effective helght of the 1ifting line above'
the tunnel center line is obtained from equation (7) in
which the value of 4, was determined, in step 1, as a

function of angle of attack, The value of 84o0tal is

then determined from figure & for the proper values -of -
dg, 4, and x. As the value of 8total Vvaries with

. o
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modéi atﬁiuude, 5£otal must be determined as a function

of model angle .of .attack, In case of a flapned wing a .
similar calculation to determine S4otg1 due-to the

flaps must also be made, -

3, From power-off and power-on curves of 00 /ait.
as a function of 1ift coefficient, the value of (q/qo

may be ‘determined from equatlon (14)., 1Ir dynamic- pressure
surveys are to be made, the value of q/qo will be avail-

able from the surveys. "

4. The correction to the downwash angle is found by
substituting into equation'(lO) the value of q/qos the

wing and tunnel areas, § and C; and 84,4541 as found

in steps 2 and 5. This downwash~angle correction is in
degrees and is added to .the measured downwash angle;
that is, the downwash angle measured in ‘a2 closed wind
tunnel is lower than it would be in free air,

5. The correction to the wake center~line location
(or the slipstream center-line location) Az!' at any
point x 'behind the model is found from equation (11)
where the value 0f 8445451 as a function of x is ob-

tained from figure &, The value of 4; to be used in
determining 84,4517 1s equal to the distance of the

wake or slipstream center line above the center line of
the tunnel, The wake correction may be applied as a con-
stant vertical displacement of all points outside the
slipstream having a horizontal ordinate equal to x. The
slipstream correction may be applied to all points inside
the slipstream. The corrections to the wake locaticn and
to the slipstream location will, in general, be different,
(Two corrections to the angle of downwash have.been cal-
culated., One of the corrections changes the angle of
downwash at each point and the other correction effectively
changes the vertical location of that point with respect
to the airplane. The displacement correction is some-
times more important than the downwash-angle correction
for some powered modela. )

6. The correction to the pitching moment ACh is
found by substﬁtutlng the values of J(q/qo CLP

Stotals Bw. and 9C_/0i, into equation (16). The values
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of these factors are experimentally determined (or esti-
mated 1f necéssary) as functions of the tunnel.angle of
attack. ' Values for - 5w . and Stotal were determiined in

steps 1. and. 2 and for Vi (q,/qo av- . in step 3, The flpal

correction as obtalned from eauation (16) will be a func-
tion of tunnel angle of attack. The "gorrection is to. be-
added to the measured pitﬁhlng moments for cloqed tvne
wind tunnels.-~ S -

7, An addltional correetiop to ‘the pitching moment
Joust be- made for the wake or the slipstream -displacement.
‘calculated in step (5); that 1s, an additional .gorrection
angle, A€z| must be calculated. This correction corre~:

~gsponding to, the change in vertlcal loecation of the tail"
- &z' with respect to the wake is caleulated from the
‘charts in reference 5.0r from downwash surveYs of the
same or of. 51m11ar powered mode’s._

. -8. . The correctlons for the meaqured elevator free—'
floatlng angle. Ase. and.the pitching moment ACm are

given-by equations (17)- and (18) with the value of Aecm
as calculated .in step 6};—(The-Value"of Le,r, as calcu-~
lated in step 7, may be added to. Aegm')

9, The correction to elevator hinge-moment coeffi-
cient _AChe is given in equation (19). The values of

beg, ahd A€y are the same as that used in step 8.
CONCLUDING REMARKS

The methods presented may be used to determine the
Jetwboundarv corrections to the downwash angle, the wake
and slipstream location, the pitching moment, the elevator
free~floating angle, and the elevator hinge moment for
powered models tested in rectangular wind tunnels; Numer-
ieal values of the various correction factors were pre-
sented for 7~ by 10-fopt closed wind tunnels., The methods
were presented and discussed in some detail, The direct
effect of the slipstream and the secondary effécts'bf the
Jet-boundary induced wake or slipstream displacement upon
the measured downwash and the measured pitching moments
have been shown to be important and should not be neglected.

Langley Memorial Aeronautical Laboratory,
National Advigzory Committee for aAeronautics,
Langley Field, Va,
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APPEWDIX A

STREAMLINE- CURVATURE GORRECTION TO THE LIFT OF NIﬁGS:

Inasmuch as the induced upwash velocity varies with.
the distance from the 1lifting line, there is an effective
‘curvature of the streamlines.. This curvature has the
same resultant effect as a change in camber of the air-
foil.  In &a c¢losed-type wind tunnel the streamlines .curve
upward, thereby effectively increasing the positive camber
of the-airfoil; .thus, the airfoeil has a higher 1ift in the
tunnel:.than it would have in.free air, The correction may
be apnlled as a lift correction at the given angle of at-
tacdk or it may De applled in the form of an increased
angle-of-attack correction, - In fact, thin-wing-section’
theory ‘indicates that, if the streamllnes pa551ng over the
wing chord are arcs of dircles (as they are to a first ap-
proximaticn), exactly half the correction should be ap-
plied as g 1lift correction.anq half as an increased angle-
of-attack éo;rection., The correction will be determined
in each of the thrée ways: first, as increased angle-of-

attack correction (with no correction to the 1lift)}; then
as a 1lift correctlon (with the usual wing angle-of-attack
correction); and, finally, following wing-section theory,
with half the correction as a 1ift correction and half as
an increased angle-of-~attack correction. '

The change in the effective angle of attack of the
airfoil due to a change in streamline curvature (circu-
lar camber) is approximately equal %0 the change in the
angle at the three-guarter-chord point of the wing (ref~
erence 8)., If R 1s the radius of curvature of the
streamlines, the change in angle (correction angle) in
radians is

- lc '
Bose = 5 R (22)
2 o
The radius of curvatuire is found ag'follows:F
To a first approximation
‘ | "R =V | (23)
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The slope 06, /9x may be determined from ecross

Vos.

plots (Saé,s = f(x)) from figure 4, An approximate av-

L4 .

erage value for the 7- bty 10-foot closed tunnel is

CeS, .
——?GFE_'= 0,033, This same slope will be assumed constant

for all points along the wing span.
The correction to the angle of attack (due t0 stream-
line curvature) then becomes the change in induced upwash

between the one-guarter and the three- quartpr chord points.
The value of the angle in radians is

C1, (0.033) (26)

Qo

' = =C
by, =
4

W=

The total correction to the angle of attack, in
radians, is

5]
AGyotal = 8y ¢ Cn + 8%z
. 4
or, in degrees,

Bayoray = (8y + O, o17c) £ CL (57.3) (27)

If it is desired to apply the streamline~curvature
correction as a 1ift correction, the angle~of-gttack cor-
rection in degrees will be, as usual,

bo = 8 % (c3)(57.3) (28)
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and the lift-coefficient correction is approximately equal
to S

ac
80 = -ba,, —= (29)
T do

If 4aCp/da = 0,07

[

Gy, -%(0.933) (0.07) (57,8)c % Cy,

or

"

80y = -0.066c £ Cy R (30)

From equations (27) and (30) the corrections to be ap-
.plied, if both the angle of attack and the 1lift coeffi-
cient are to be corrected, are

Bogopa1 = (8, + 0,008¢) % ¢y (57.3) (31)

and

a0y = -0.083c 2 ¢

The numerical values given, of course, apply only to
7- by 10-foot closed wind tunnels., The corrections are
to be added to the tunnel values, The lift-coefficient
correction is about 1 to 2 percent of the Lift ccefficient
for models of the size usually tested in a 7- by 10-foot
wind tunnel.



Aa

Ae

: /
correction to.downwash angle (6

AFPENDIX-B

'11ft coefficient

correction to the’lift coefficient

angle of attack

correction to angle of attack

angle of inclination of Jownwash or slip~
stream

C
jet~boundary correction factor’ Jl.i\
4s P/
tunnel breadth
tunnel height

tunnel area {(ah)

‘integer defining number of images in 2

direction

integer defining number of images in Y
direction

wing area

sémispan of éimple horsegshoe vortex
wing .span

chord

effective height of vortex system above
tunnel center line

height of point in question (tail) sbove
" tunnel center line

circulation strength of horseshoe vortex

velocity parallel to X axis

26
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q dynamic pressure.

w induced vertical velocity pa*allel to Z
axls

x distance from lifting line to point in ques~-

tion, parallel to X axis

¥y distance from center section of lifting line,
parallel. to Y axis

2 . digtance from lifting line, parallel to 2
axis
z! vertical displacement bf wake or gslipstream
sz! - correction to vertical displacement of wake
or slipstrean
SGL\\ product of correction factor due to wing
P/w and increment of 1ift coefficient due to
wing '
<SGI,> product of correction factor due to flap and
P f increment of 1ift coefficient due to flap

<a C1, N = (5 C1 \‘; <SCL \
2rs N B/, v/

dC, /oty change in pitching moment per degree change
in stabilizer angle (stabilizer effective-.
ness)

aée/bit change in elevator free~floating angle per

degree change in stabilizer sngle

3Gy [oiy change in elevator hinge-moment coefficient
e per degree change in stabilizer angle

a0 correction to pitching-moment coefficient

m
8s g correction to elevator free~floating angle
AChe : .correction %o elevator hinge-moment coef~

ficient



R

r,0

Subseripts:

a

3C -

4

av

at thréé~quq;tér chord point

27

radius of cunvature of streamlines

‘position of point with respect ‘to center line

of a two~dimensional slipstream

. ' 4.

"

additional ‘

average - Co .

:slipstream

free strean

at ‘center section of wing

" pltching monent

doynwash
tail
total

average over wing

"with power

trailing edge of wing

due to vertical displacement

" geometric position of tip vortices
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VALUES OF ADDITIONAL BOUNDARY-CORRECTION FACTOR bac.q

TABLE I

FOR EACH IMAGE TUNNEL :

@nluea of bac.s. at a point % feet behind the 1ifting line of a 3-foot semispan horseshoe
vortex located on the center line of the 7= by 10-foot wind tunnel for positive or négntivo

values of m and n 1less than 15.

image tunnels only; O,c.s.
(Indicated as +0); 04

(1ndicated as -O)J

If both positive and negative values of m &and n
are considered: YOa, , = 0.07894 for all image tunnels; 18a,,4, = 0.07948 for important
s positive, though less than [0.00001| in 398 image tunnels
18 negative, though less than |0.00001| in 33 image tunnels

o]

o 0 1 2 3 L 5 6 7| 8{ 9[10{11|12[13{14 (15
0 20,00957|20.00111 [#0.00029 |20.00012| 0.00006| 0.00006| +0|+0| +0|+0|+0| +0 +0|+0|+0
1 | ®0.03517| 2.000%5|%-.00058 |8-,00023 |%~.00012|-.00006| =.00006| =0|-0|-0]-0|-0|=-0|-0|-0{-0
2 | *.,00560|%-,00163| ®-0 | %.00012| *.00006] .00006| .00006|+0|+0|+0|+0|+0|+0|+0|+0|+0
3 8.00175| 2.00093| *,00017 -0 -.00006| ~0 -0 |-0|/-0[-0|-0|~0|-0{=0(=0{=0
L | ®-,00076|%.00052|%-,00017| -.00006 +0 +0 +0 | +0[+0|+0[+0[+0(+0{+0|+0|+0
5 & oooh1i| *.00029{%.,00017| .00006 +0 <0 -0 |[-0|-0|-0]-0|-0|=0|-0|-0|=0
6 -,00023| -.00017( =.00012| -.00006 -0 <0 +0 | +0{+0|+0|+0|+0|+0|+0|+0|+0
g .00012| ,00012| .00012[ .00006 +0 +0 +0 | =0|<0|=0]|=0|{=0|=~0|=0|=0|=0

-,00012| ~,00006| =,00006( =.00006 -0 =0 -0 | ~0|+0|+0|+0|+0|+0{+0{+0|+0
9 .00006| .00006| ,00006| .00006 +0 +0 +0 | +0[{+0| =0| 0| «0| ~0| =0| =0 «0

10 | -,00006| -.,00006| =-.00006 -0 -0 -0 -0 | =0|~0|=0|+0|+0|+0[+0|+0|+0

11 .00006| ,00006| .00006 +0 +0 +0 +0 | +0[+40| +0|+0| +0{ =0| =0| =0| =0

12 -0 =0 -0 -0 -0 -0 -0 | -0 «0| =0} =0| =0 +0| +0[ +0| +0

1& +0 +0 +0 +0 +0 +0 +0 +0| 40| +0{ 40| +0| 40| «0| =0| =0

-0 -0 =0 -0 -0 <0 -0 | =0| =0| -0| -0 =0 ~0[ =0| =0|+0 |

15 +0 +0 +0 +0 +0 +0 +0 | +0| +0| +0| +0| +0| 40| +0| +0{ «0

% Important image tunnels.

YOVN
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