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By S. Katzoff

The tunnel-induced upwash
rectangular tmnel is shown to

dMarge%TE. Hannah

‘kmMMAla

field for a point element of lift in a
consiEt of three mper@osed fields

that, except for relative position, are Mependent of the lateral or
longitudinal location of the lift element in the tunnel. One of these
fields is also independent of the me of tpnnel (open or closed) and
of the width+eight ratio of the tunnel, and the other two, which
depend on-this ratio,o are identical (except, perhaps, for sign). A
contour chart of the first field is given Tn the present paper; hence,
ODQ one other contour.chart need be calculated for any given tunnel
to permit the detemdnation of the induced upwash field for w position
of the lifting element. Contour charts of -@Ms other field ere given
for three specific tunnels: an open tunnel of 2:1 width+eight ratio,
a closed tunnel of 2:51tidth+eight ratio, and a closed tunnel of 10:7
tidth4eig.ht ratio. By superposition of results for m.riom locations
of the lifting element, the total field my le found for a wing of any
plan fm and with any distiilution of lift.

,Fortunnels that me not rectarigularor that cannot be considered
apprmimately rectangular, the corresponding procedure requires the
preparation of a chart for each of several spanwise locations of the
lifting elemnt. Even this procedure appears simpler and more generally
applicable than the calculation of induced upwash for a series of wing
spans and sweep angles.

Ae is well known, the
interference at a straight

13VTROIXJCTION

calculation of subsonic
~awed llftlng l@e is

,

wind-tunnel=wall
reducible to a

relatively simple two+3&ensional flow proble&; whereas the corre~onding
cslcul.a~ionfor a yawed or swept lift- line or the calculation of
induced camber or of the dowuwash correction at the tail cannot be
similarly simplified. Because of the present intensive study of swept–
wing end.triangulaz=wing configurations,much effort is le3ng directed
toward evaluation of tmmel interference for such wings. In general
the calculations are very cmbersme (see, for example, references 1
and 2), not only because of the three-dimensional character of the flow
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probla but also because the preparation of a comprehensive set of
corrections for a particular wind tunnel entails calculations for at
least a ~smmeter family of wings, that is, for me of various
spana and verious sweey angles.

ti some recent studies made at the Lsngley Laboratory it became
evident that making computations of tunnel-interference flows for a tw-
psmmeter family of w5ngs was an unnecesm cmnplication. Results of
equal accuracy can be achieved by a somewhat different and much more
flexible method which, h general, requires computation of only a one-
psrameter family of charts and, for a rectangulm tunnel, requires the
computation of only two charts. I?urtlmrmore,the computations for ‘
these chsx%s, which cmle used for any wing, me generalJy simpler
than the computation of the tunnel interference field-for a particular
wingby the usual-method (in which the wing loading is represented by a
conibinationof yawed horseshoe vortices).

The proposed.procedure ii3possibly known at some aeronautical
laboratories. Because of its apparent absence from the literature,
however, and because procedures similar to those of references 1
and 2 smear to %e in general use, the yresent paper has been prepered o

which outlines the method, dbscriles the computations, and gives
-leS of the derived charts. This paper is concerned exclusively
with the calculation of tunnel-inducedvertical velocities in the
horizontal center plene of the tumnel, corresponding to a specified
load distribution on the wing, which is also asmmmd to lie in the
same plane. Modification of the procedure would-be required for
appli-mtion to
of attack. No
measured force
induced upwash
reference 1.

r

%

s

trimgular or highly swept wings at wry high angles
effort is made to discuss the corrections to the
and moment characteri~ics, since the effects of the
veloci@ on these characteristics are discussed in

smBoIs

strength of horseshoe vortex

span of horsedme vortex

lift of wing segment .

area of w3ng segment

mean lift coefficient of wing segnent

wing lift coefficient
.

~ area
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streem veloci~

tunnel width

tunnel height

longitudinal coordinate

Iaterel coordinate

vertical coordinate

tunnel crom+eectional area

Cros=ectional area of tunnel having SaTM
propofiions as actual tunnel, but in which
tunnel width is uni~

mmi-infhite doublet line, similar to doublet line
in tunnel

semi-infinite dotilet line, reverse of doublet line
in tunnel

semi-infinite source line

semi-infinite sink line

points on wing where lift is assumed to ‘be
concentrateed

nearest lateral images of points a, b, c, and d

points on wing where tunnel-induced upwash @es
are to be detemdned

CAWULATIOI?OF ‘ruNNELmmRFERm.cE

Representation of Wing Loading

For purposes of computing the tunnel interference by the method
to be described, the aasmed loading on the wing is approximated by
a distribution of yoint concentrations of lift, about ae indicated
in figure 1. Roughly, this distribution is chosen by considering the
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wing exea to be made up of several smaller sreas or segments, estimating
the lift on each, and locating each equivalent point concentration of
lift at the approximate centroid of the lift on each segment. As has
tiequently leen shown, the tunnel interference field is dete~ed mainly
by the total lift and the total rolling moment and is o’~erwise relatively
independent of -theprecise lift distribution (references 3 and 4);
accordingly, representing the continuous loading by several discrete
point concentrations in the indicated manner is normally satisfactory for
the calculation of the tunnel titerference field. h my event, where a
question srises as to the adequaoy of the representation used (as in the
case of largqan wings), accuracy c* be improved by increasing the
number of ~oints or even extending the procedure from a summation to a
graphical or numerical integration.

Associated with each concentration of lift is a horseshoe vortex
of infinite strength end zero span extenMng downstream fram the point
where the lift is considered to be concentrated. The moment rAs of
each horseshoe vortex is given %Y the lift equation AL = pTI’As. Since
the field of such a degenerate horseshoe vortex is easily shown to be
equivalent to that of a line of source+ink doublets (reference ~), .it
will %e referred to, for convenience, as a doublet line. The problem to
be discussed.in the succeeding sections, then, is the determination of
the tunnel-interferenceflow resulting from the presence of a ~oup of
doublet lines similer to-that indicated h figure 1.

Rectangular Tunnels

Image ~stem and titerference fiel~ for closed tunnel--- Figure 2(a)

shows the image system for one doublet line located in the horizontal
plane of symmem of a closed rectangular tunnel. The tunnel boundary
is indicated by heaw lines end the boundaries of the image tunnels we
indicated 37 light lines. The image doublets are represented by plus or
minus signs according as they are the ssme as, or the reverse of, the
doullet in the tunnel. This image system satisfies the boundary condition
that the velocity components normal to the walls must he zero.

The complete Wstem of doublets in figure 2(a) is seen to comprise
two superposed, doubly infinite, 2b by h rectangular arrsys of doublets.
One errey, indicated by cticles~ W be considered EM centered at the
original doublet (dou%le circle) in the tunnel; the other army, indicated
by squares, msy le considered as centered at the nearest horizontal image
doublet,(double square)”..

The interference field is thus made up of two parts:

(a) The field of a complete rectangular srrey having its center
at the double square.

— —. ———— -——
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(b) The field of a cqlete recxn -W havx ita center
at the double circle with, however, the field of the center
doublet omitted (since it represents the lift= elemmt
itself).

Basis of proposed calculation procedure.- The dimensions ‘ofeach array,

and hence its associated flow field, are detemined only by the dtinaions
of the tumnel.snd are independent of the lateral or longitudinal location
of the lifting element in the tunnel. Accordingly, once the two fields
have %een calculated, theY mey be used for finding the interference
corresponding to a lifting elemnt lo,catedanywhere-in the horizontal
center plane of the given closed rectangular tunnel. The procedure is
indicated in’figure 3 which shows (planview) a lifting element and
its nearest image. M figure 3(a) is indicated the c?ntom chart of
induced -velocities calculated for a 2b by h doubly infinite
array of unit doublets with the center doublet omitted. The point on
the contow chart t.&t is located at the head of the o@tted doublet line
is indicated aa the origin; and the chart is placed so ‘Mat this point falls
on the lifting element, designated a. In figure 3(b) is fndicated the “
contour chart for the complete doubly infinite army, placed so that its
origin faUs on the first image, designated al. At w specified point a
in the horizontal center plane of the tunnel, the induced upwash corre-
sponding to the given element of lift is found hy adding the values read
at that point frcm the contour charts in figures 3(a) and 3(b) and
multiplying the sum 3Y the strength of the equivalent doublet.

The procedure may be slititly mmiified to take advantage of the fact .
that the chart of figure 3(%) is equivalent to the sum of two other charts,
namely, the chart of figme 3(a), which is for the doubly Minite array
with the center doublet omitted, and a chart for a single doublet (that
which is omMted h the chex% of figure 3(a)). Accordin@y, the char-tof.
figure 3(a) and a chart for a single doublet should suffice to obtain the
destied upwash values. In this modification, the step indicated in
figure 3(b) is replacedby the two steps indicated in figures k(a) and k(b).
Three readings are thus necess~ fnstead of two; since the chart for a
single doublet is given b the present paper (fig. ‘j),however, this
modification requires that ODQ the chart ‘offigure 3(a) be prepered for
each given rectangular tunnel.

Image mstas for other rectangular tunnels.– In figures 2(b) to 2(f),
are shown the image systaas for five other rectangular tunnels, namely,
those that are, respectively,

(1) Open on all four sides

(2) Closed at the

(3) Closed at the

sides but open

top and bottom

at tie top and lottom

hut open at the sides

(b) Closed only at the bottam

(5) Closed, conta~g a semispan reflection model

— —--- ___________ ._ —.—.— ,. ..—.7 — —.—.-.
~. —— —
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Open %o_ies sre inMcatedm dashed lines ad clos~lounderiee, by
solid lines. b each of these cases, as with the completely closed”
tunnel, the inage system is seen to me coqosed of two 2b by h rectangclsr
srrsys so that the procedure just “outlinedshould also apply for these
configurations,exce~t that for some of the tunnels, however, the two
srrsys have opposite signs so that the readings frm figures 4(a)
and k(l) must _besub&acted frm, instead.of added.to, those from
figure 3(a). The rect~ ursys are not, however, all of the same
me as for the completely closed tucnel. The image systems canbe
briefly described as follows: -

For a closed *el (fig. 2(a)), each a-my consists ?f alternate
horizontal rows of ylua and minus doublets, and th6 two arrays have the
seinesign (that is, the nearest horizontal image is plus).

For en open tumnel (fig. 2(b)), aJ2 the doublets of each army have
the same sign, but the two arreys have opposite signs.

l’ora tunnel closed at the sides but open at-the top and.botta
(fig. 2(c)), eJ2.tie doublets of each srrag have the same sign and the
two arrays also have the same sigw that is, O- plus doublets occw
in the image system.

For a tunnel closed at the top and lottam%ut open at the sides
(fig. 2(d)), each arrsy consists of alternate rows of plus and minus
dotilets, and the two arrays have opposite signs.

o
For a tunnel closed only at the lottom [fig. 2(e)), the signs for

the image Wstqm in the first, third, fifth, . . . rws a~ove the pl~e
of the wing are, respectively, opposite to those h the first, third,
fifth, . ● . rows %elow the plene of the wing. Since the net effect
of the odd nmibered’rows on the upwash velocity in the center plane is
thus zero, they may he neglected. Two2bby 2harrsysremainha~
alternate rows of plus and minus doublets and the two arrays have
opposite signs.

For a closed tunnel containing a semispan reflection model
(fig. 2(f)), each ~SY kS altemte rows of plus and minus doublets
and the two arreys have the seinesign. Ih the indicated image system
the image in the double square, which represents the second half of
the reflection tiel, must, like tliemodel itself, %9 excluded from
consideration in calculating the interference field. The reflection
system thus consists of two errsys in each of which .-thecentral doublet
is omitted. For this case, then, only one chart (sWar to tkt of
fig. 3(a)) is used. The same conclusion applies whenever a semiqmn
reflection model is tested with a tunnel wall as the reflection plane.
As a corollary, it follows that, if a tunnel is-used to test only
symmetrical, unyawed, full+pan models, only one contour chart need he
prepared, and the chart would represent the field of a b b h (instead
of a 2b %y h) srrsy. ‘l’hisconclusion can le readily verified by
examining figure 2(g) which represents a closed tunnel contaimlng a

.

.— ..-— . — —.—— -— --- ——— --
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full-span 4T41UI&riCd model and which iEIidentic~ w~th fi~e 2(f) except
that the reflection pl=e and.all its images me omitted.

Basic formulas and summation procedures for calculating contour charts.–
The potential of a unit doublet at the origin with its axis vertical is

The potential of a doublet line extending along the x-is from the origin
to infinity is then ..

/

Q

‘#=* z &l

[(o =– 1X*)2 + y2 + Z!23/2

.l—
4YCY2 ~ ~2

L/ )

1+~

x2+y2+z2

-velocitY is

i

M 1 ya–za [( ) 222) _&2z2 1
“=Z’G P+z2)’+x’;,::z:;(::; ;2+z2)3/2

}

(1)

The corresponding

.

f

For any particular array.of unit doublets, the upwash veloci~ at a
point (the contour wlue at that point on the contour chart) is the sum
of the velues given by this fommila for a series of values of y differing
hy 2b and a series of velues of z differing by h, w3.tiappropriate
signs according to the tyye of army. Such a double series usually COI+
verges rather slowly, however, and, in general, the practicability of the
summation deyends on the ‘useof certain approximation methods for summing
the fields of eXl but an inner group of dou%lets surrounding the origin.
These approximationmeti-, which ere very similar to those used in the
twc+cIimensio@ studies of reference 6, are reviewed in the fo~owing
paragraphs.

The field of a dou%let”line is approximately the same as the field
of a horseshoe vortex of the same mommt, provided the distance from the
doublet line to the point where the field is being considered is suf–
ficiently large relative to ‘&e span of the horseshoe ~ortex. Thus, in
computing the field near y = 0, a row of equal doublets at, for I@xmce,

Y= kb, 6b, 8b, . . . mey be replaced by a row of horseshoe vortices of
s-pen 2b having their trailing vortices at y = 3b ad 5b, 5b ~ ~,
7band9b, . . . b this representation, ell the trailing vortices except
the innermost one cancel in pairs, so that the infinite row of dou%lets is

— . ..—— .. . .. . ..—-——- . _ —-. — ———-. . . . —-— — —— -—.——— -—
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equivalent. to an I+vortex of which the trailing portion is at y = 3b
and of.which the bound portion extends along the y+ucis from 3b to

.

infinity. The field of this infinite Mortex is easily ccilculated by
theBiot-Samrt law.

I?ora horizontal row of doublets lying a reasonable distance above
the origin, allmay be replacedby horseshoe vortices of syan 2b, in
which case alJ the trailing vortices cancel in pairs and only the hound
vortex extending from = to += remains. Its field is merely that of
a tw~nsional vortex.

By means of the approximate representations ju8t described, a
rectangular srrey of doublets ‘inwhich the alternate rows have plus and
mimm signs can %e assumed approximately equivalent to an inner group of
doublets around the origin (those that are too close to be adequately
replaced ly horseshoe vortices) and an outer amangement of &vortices
end two-lhensional bound vortices (fig. 6(a)). Because of the alter-
nating signs, the upwash velociw at any point due to the two-dimensional
lound vortices mey le formulated-as the sum of the terms of an alternating
series, which can le r&dily emluated.

For a rectangdar errey of dou%lets in which all have the same sign, .
a different replacement’system is more convenient. Ihstead of being
extended horizon-tallyinto a horseshoe vortex, the doublet is extended
vertically into a source ltie and a sink line, a distance h apart.
The source lines and sink lines h any column cancel each other in

pairs and only the source or sink lines, at a distance ~ above or below

the inner group of dou%lets,.r~. This equivalent representation for
a rectangular array in which all doublets have the same sign is shown in
figure 6(b].

It may be noted that the previously mentioned Mortices are actually
horseshoe vortices of which the second &all@ vortex 1s at Y = co and
that similar trailm vortices at y = b are asswiated with the infinite
bound vortices. SMarly, where the source lines and sihk lines in the
columns csncel each other in pairs, a row of sink lines remain at z = +m
and a row of somce lines at z ‘=—- The trailing vortices at y = *co
reqtie no special consideration because their alternating signs would,
In w event, result in zero net effect in the region of the origin. The
sink and source lines, however, would be expected to result in a uniform
Upwash &o@out tie field, provided the extent of the rows of source
and Eidr lines is of a higher order of infinity than Is their distance
from the origin. For the open tunnel (fig. 2(%)), whether this uniform
vertical velocity is included or not is immaterial, since the two arreys
have opposite signs and the uniform upwash would there~ %e el~ted in
any case. The question still remains, however, for the tunnel of
fi~ 2(c), where the two arreys have the same sign. Actually, a
discussion of the relative orders of the two infinities is not necessary
or desiralle ksmuch as a shple physical criterion is available for
such cases, namely, that +&e total induced upwash should approach zbro
at a lsrge distance upstreem from the wing. Since the field indicated

.

— . . . . .. ——_
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in figure 6(b) tieady satisfies this
uniform upwash that would result from

upstream boundemy condition, the
the somce and.sink lines at

9

infinity should clearly not be included.

Remarks on preparation of charts and scale factors.– h the
calculations for the charts, it is convenient to consider the tunnel
width as Unio and to assume unit doublets in the army (that is, to
use equation (1) for the field of each doublet). The half~dth of
the charts need never exceed 1.5 tunnel widths, as is o%vious frcnn
figure 4. h example of a complete chert, used in estimating corrections
for the Langley f%ll-cal.e tunnel (idealized to a 6& by so-foot rec-
tangular tunnel), is shown in figure l’(a). The tunnel was considered as
a 1 unit _by1/2 unit rectan@e, so that the tunnel area D was 1/2
and the doublet hages formed a 2 ly 1/2 army. The chart half~dth
is considerably less than 1.5 tunnel widths %ecause results for this
case showed that the outer contour values, when added to those of
figure 5, were insignificant. In figure 7(3))is shown a chart for a
closed 3- by 7.>foot rectangular tunnel. The chart was cmputed for
a 2 by 2.5 arr~ of unit doublets corresponding to a tunnel area D
Of 2.5. Fi~e 7(c) shows a chit similarly develoyed for 7- bY l~foot
rectangular tunnels.

Thechart of figure 5 for the single unit doullet, as computed
from equation (1) tith z = O, was plotted with the tit distance
indicated on the coordinate axes. In keeping with the preceding
discussion, the chart half-width is 1.5 units.

The scale factor for the eventual application Of
developed as follows:

The lift AL associated with a horseshoe vortex
and span As (actual wing dimensions) is given by.

= (1’A~)PV

from which

c@sv
rAs = ~

which is the equivalent doublet strength of a se~ent

—

the charts is

of stien.gth r

of * erea AS
hming a mean iift coefficient cl. fie chart c&toms give-the upwash
velocity w for a doublet of unit strength in a tunnel of cross-
sectional erea D. For the case of a doublet of strength rAs in a
t~el of area C,

w = Chart reading xrAs x ~

. . . .. . ... . .____ ., ___ _. .._— .. -.._. _______ -. _____
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or, with I’As replaced by c#V/2, the upwaeh angle in radians is

or in degrees,

28.6C@D
cktreaaingx~

If the suggested convention – that the tunnel width %e taken as uni~
in computing the charts - ie followed, then the factor D/C is
merely lfi2 and the eqression for the.upwash angle in degrees is

28.6C1.2S
Chart re*x —

~2

Use of charts in computation of tunnel interference flow.- Assume

that corrections ae desired for a closed rectangular tunnel, for which
a chert of the type shown in figure 7 (that is, for an infinite arrey of
doublets with the center doublet omitted) has %een prepared. This chart
is designated char-t A. The *t of figure 5, for a single doublet, iEI
desi~ted chart B. The procedure may then be outlined as follows:

(1) Sketch the complete wing to the scale of the charts. Show the
sides of the tunnel and the nearest images of the mmispans (fig. 8).

(2) Assume the lift to be concentrated.at, sey, two points on each
semispan, and estimate the lift at each point in terms of C2AS. The
sum of the four values of c@S must equal ~ for the complete wing.

Also, if rollhg moments ere being considered, the ro~t
coefficient of the approximate representation 8h0tia equal the rolling-
moment coefficient of the wing. Indicate on the sketch the four points a,
b, c, and d and their nearest ~es at, h~, c’, and d’. Also,
locate Qn the sketch the points at which the tunnel-~uce~ angle is

.de8imd, my CL, 13, ma 7. b general, where ody a few oints are
7used, greatest accuracy is achieved ILVassuming the lift in the case of

an unflapped wing) to be concentrated along the ~ –chord line and

t

4
determining the up-washangles along the -chord Mne, as fidicated

in figure 8. (me drag correction, however, is probably more correctly

determined from the upwash angles at the *- chord line where the lift is

concentrated.)

(3) Place the origin of CM A at point a and read the char-t
contours at al p, and Y. Repeat for points b, c, and cl. Then place

—~ . . ———— -
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the origin of chart A at point a’ and read the chhrt contours at
a, P, @ 7. Repeat for points h’, c’, and d’. J?in@ly, place the
origin of chart B at point a’ and read the chart at a, P, and Y.
Repeat for pblnts %’, c’, and dy.

(4) Finelly, for the upwash angle at, sey, point- a, find the
algebraic sum of the three chart readings (for exemple, (a,a)
and (a’,a) from chart A and (a’,a) from chart B) for each of the
four points a, b, C, and d. Multiply each of these four sums ~ the

mlue of ~ @S for the wing segment under consideration

(% ~, C, O; d) @ add. The total id the tunnel-induced upwash angle,
h degrees, at point a. Proceed dmilarly for points p and 7.

When the vertical -try plane of the tunnel is alao the vertical
ptq P&e of tie ~ (ti genmal, for zero yew and.zero aileron
deflection), the work can be somewhat reduced. Only two load points a
and b on the ~ ~ ~e~ two reflections a’ and b’ need ~e used,
although the chart readings must.still le obtained at the two ~tri–
tally located potits a and. 7 on both sides of the wing. The net
induced singleat a or 7 is obtained by adding the results for a
and 7; the net induced angle at p is oltained %Y doubling the result
for P.

For a circular or other nonrectangular tunnel, the problem cannot
be ,reducedto that of calculating a single chart. A series of contour
charts, giving the tunnel-induced upwash in the horizontal center plane
of the tunnel, must le constructed for a series of spaqwlse locations
of the doublet in the tunnel. Even so, only a single parameter - the
span-wiselocation of the doublet – is involved, since variations in
longitudinal location of the lifting elemmt (such as those for the
different lifting elements along a swept wing) are readily taken into
account %y longitudinal shift of the contour chart. From a study of
reference 2 it appears reasonably certain not only that the calculations
herein proposed would have leen easier than the calculations therein
indicated but also that the eventual application of the results to wings
of irregular load distributions would also have leen easier. The
procedure indicated in reference 7 t3eamsto he of this -&pe.

With regard to studies stmilar to those of reference 2, it my he
of value to point out that, at least theoretically, a series of calcu-
lations for any one sweep angle should.suffice for camputing the tunnel
effect for any o+~er sweep angle. Figure 9(a) shows, for example, how
the loading on a 60Q swept x my be approximated by a single horseshoe
vortex and two pairs of unswept horseshoe vortices, where the inner
vortex of each pair has the same strength as the superimposed outer
vortex but has opposite rotation.’ Figure 9(%) shows, similarly, how
a pair of horseshoe vortices and a single horseshoe vortex, all

-—.. _.. _—. —. —. . s.-. . . . . .. —. —— .-— .——. . . .
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swept 45°, might he used to approximate the loading on a 600 swept wing
with sufficient accuracy to calculate the tunnel interference velocities.

commDm REMARKS

For a lifting wing of arbitrary loading and plan.form, situated in
the horizontal center @ane of a rectangular tunnel, the tunnel-induced
upwaah velocities h the same plane can %e readily calculated with the
aid of two charts. One is given in the present paper; the other must he
computed for each tunnel. Such simplification is not yossible for
nonrectanguler tunnels. Tn any case, however, computations for a series
of wings of various spans and various sweep angles are unnecessary. Thus,
computations for several spanwise positions of the liftlng element or
computations for a set of unswept wings of various spans should.provide
a %asis for computing tmnel-induced upwash velocities for W wing in
the horizontal center plane of the tmnel.

Langley Aeronautical Labmatom
National Advis~.Committee for Aeronautics

Langley Field, Vs., JUI.Y27, 1948
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Figure 1.- Fieldofa liftingwing representedas thefieldoffourdoubletlines
extendingdownstream from fourpointswhere theliftisassumed tobe
concentrated.

o

(a) Closedtunnel.

Figure 2.- Image configurations fordoubletlinesin rectangulartunne@.
Doubletintmnel isindicatd by doublecircle;nearestlateralimage is
indicatedby doublesquare.

.
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(c) Tunnel closed at sides,open at top
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Figure2.- Continued.
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(e) Tunnel closedattmttom,open on ‘
three sides.

Figure 2.- Continued.
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(f) Closed tunnel contahing a semispan
reflectionmodel.

em em em

99 ee eg

—

E
@m

efa

@m

eg

—

=EE
ee

t
em

1

I
(g) Closed tunnel containing afull-span

symmetrical model.

Figure 2.- Concluded.
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tunnel walls

(a) Chart represenQ field of doubly Bte
array of unit doublets with center doublet
omitted; origin of chart is placed on point a.

tunnel walls

b) Chti represen~g field of complete doubly infinite
axray of unitdoublets; origin of chart is placed
on nearest image a‘.

Figure 3.- Tunnel interference veloci@ at point a, corresponding
concentration at point a, determined by two contour charts.

to lift
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tunnel walls

(a) Same as the chart of figure 3(a);
origin at a’.

tunnel walls—

/ .—— ———.

(b) Chart represent@ fieldofa single
unitdoublet.

Figure 4.- Two contourcharts,thesum ofwhich equalsthechartof
figure3(b).

.
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Figure 5.- Chart EL Contours ofupwash velocib due toa unitFKXMVe seti-Wte doubletW.
The originO is the he~ ofthe doubletMe.

.
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(a) Array having alternate rows ofplus and
minus doublets. .
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(b) Array having only plus

+

doublets.

.

Figure 6.- Approxhnate representationsofthetwo typesofdoublyinfinite,
rectangulararrays ofdoubletswithcenterdoubletomitted.
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(a) Chart used in deriving correctionsfor the Langley full-scale tunnel; calculated for a 2 (hortionm) by

0.5 (vertical.) array, with all doublets pmitive.

Figure 7.- Examples of chart A. Contours of upwash velocity in the horizontal center plane due to a
doubly infinite array of unit semi -idinite doublet lines with the center doublet line omitki. The
ofigin O is the head of the center doublet line.
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(b) Chart for Langley two -dimensional tunnels (3 by 7.5 ft); calculated for a 2 (horizontal) Dy 2.5 (vertical)
array. The doublets alternate in sign vertically, with those in the horizontal center plane pxitive.

I

Figure 7.- Continued.
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(c) Chart for 7- by “lO-foottunnels: calculated for a 2 (horizontal) by 0.7 (vertical) mrw. The domlets.,
alterm-te in sign vertic~y, with those in ke horizonkl center plane positive. 3
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Figure 7.- Concluded.
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I

I
Fkure 8.- Sketchused withchartsA and B fordeterminingtunnel-induced

- upwash angles. Sketch shows points a, b, c, and d wher= lift is assumed
to be concentrated, the nearest images a‘, b‘, c 1, and d 1, and points a,
~, and ~ where the tunnel-induced upwash angles are to be determined.
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(a) Appro_tion byhorseshoevofices
of 0° sweep.

(b) Approximationby horseshoevorticesof
45° sweep.

Figure 9.- Approximationoftheloadingon a 60° sweptbackwing by means
ofhorseshoevorticesofdifferentsweep.
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