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EXPERIMENTAL VERIFICATION OF THE THEORY OF WIND-TUNNEL BOUITDARY
INTERFERENCE

By TREODORE THEODORSEN and km SILVERSTEIN

SUMMARY

The r&8 of an ezperimen$a.1in.oe@@ion on the
boundaw-correction factor, CO?UiUCtt%? at i%e N.A.(3.A.
laboratorkx at Langley Field, Vs., are prewnied in thti
report. The values of the lmuduqpcomeotwn factor
from the theory, which ai the preseni time ti wirtwully
completed, are @en in the paper for all comwmtiona.!
t~peaoj tunnels.

Wtih the tioluti.on oj certuin dikurbing e#eei8, the
experimental boundary-convctionjactor w jound to be
in satisfactory agreemerdtih the theoreticallypmdirted
va-hLe8,thw verijying th 8oundne8sand euj%ienq oj the
tluoreticularm?ysi.e. The AaMtihmeti oj a cmwidedle
velocity di-dortion, in the nature oj a unique blocking
eJect, cmtituttx a principal remdt oj the inzkxtigaiion.

The mujor portion oj the inoeetigation w carried on
in the iV.A.C.A. j&cale wind tunnel, which a$orded
the unusual opportunity oj a direct comparison wnlh
j’li@ result8a8 a$md venjication.

. INTRODUCTION

A number of theoretical papers have recently rLp-
pemed on the subject of wind-tunnel interference.
The theory has in particular been extended to include
the effect of n finite airfoil span. The correction fact-
ors me available for all ordinary typw of tunnels and
all airfoil Spfms. The curves presented in figure 1
embrace virtually all irnportantresultsontheboundary-
correction factors. The curves for the open and closed
elliptical sections are taken from a recent paper by
Tani and Sw.mki (reference 1); the curve for the cor-
rection factor of the closed rectangular tunnel from a
paper by Glauert (reference 2), the resuli% of which
have been extended to cover intermediate cases; while
the final case of the open rectangular tunnel is taken
from a paper by one of the authors (reference 3).

It remained to be shown whether experimental agree-
ment with the theory existed. A paper by Knight and
Harris on open-throat wind tunnels (reference 4),
which was the only extensive experimental material
available on the subject, gave an indication of con-
flicting results, inasmuch as the drag correction seemed

to differ from the lift correction and no consistont
ag~eementwith the theory was obtained.

About 2 years ago a paper by one of the authom
(reference 5).appeared on the correction factor for sev-
eral special types of rectangdar tunnels. Casca of
zero wall interference were predicted 1 (fig. 2), and it
was at the time decided to subject not ordy these, but
the entire problem of boundary interference, to an ex-
tensive experimental study to verify the theory. ~
information beoame even more desirable with the con-
struction of the full-scale tunnel.

This tunnel (reference 6) afforded the unique op-
portnni@- of measuring characteristics of airplanes at
large Reynolds Numbers. The fact that accurate
flight remdts were available for these airplanes
permitted a critical checking of the corrected wind-
tunnel characteristics. Any test errors or disregarded
influences immediately revealed themselves, which
served materially to guide the course and nature of
the following inveatigations, and led to important
conclusion.

The experimentson the boundary-interference factor
were started origimdly in a 2- by 4-foot experimental
model of the N.A.C.A. full-scale tunnel. The model
tunnel was rebuilt with various modifications of the
test seotion. Some tests were also conducted with the
airfoils at various heights in the original open-throat
model tunnel. This case has also been treated the-
oretically in reference 1, and typioal numerical ECX-
amples have been worked out in figure 3, which refera
to airfoils of 40, 50, 60, and 70 percent spans at various
h@gh~ ~ the f~+c~e tmel ~d it9”mod~o

The experimental results from the model tunnel
showed conflicting tendeneim similar to those observed
in reference 4. It is obvious that in tests of this nature
the greatest accuracy is required; however, the incon-
sistencies persisted in spite of numerous refinements
and checkings. The investigation was mmt extended
to the full-male tunnel. The preliminary results in the
full-scale tunnel again conflicted with the theory;

1~lnti W attmtion to axtain oi-mia in them r8sol@ for the cmwted
valnq sm Rmenkad: Interference Dno to a Wind Tnnml, l%@edlws Of the
Royalfhkty, O&Z 103S.
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moreover, the corrected characteristics did not agree
with flight results, indicating the presence of certain
disturbing influences. The nature of these was finally

.2 .4 .6 .8 LO L2 /.4 ~6 1.8
Heighf ~
m’

FIGVRE Z–ThenratIcal bOMWY c=3iT02if@ hch% fOIflVEm Of-m
tllmlefs(hllhlfbb UUU3UOfIfOfh). L ck?d -d; II, fiw jeti ~, hmfzmtal
boundmfw; IV, vertbl bmmdortq V, one horizontal imrmdary.:

disclosed and their effects are included in the results.
The material is presented in chronological order.

The authom wish to extend their aclmowledgment to
Mr. Smith J. DeFrance, under whose supervision the

Plm ‘\ a-airfoil
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model tunnel is not an exact scale model of the final
full-scale tunnel, owing to changea incorporated into .
the design of the large tunnel m a result of experience

I I I
/. Lr. n.zl I 1
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FIQIJBE3.—Th0Jre.tJmlboundaryaaiwdfmfaotorfarOff-cenkr @tform of ah-fofls

wfth .-0.4,0.5,0.6, and 0.7fn an wan ellfstfml tmmaf (2 :1 ofliru$.

with the model. The entrance and exit cones of the
model are, however, geometrically similar to those of
the full-scale tunnel.

The model is an open-throat doublereturn-pmsage
tunnel (fig. 4) with a jet cross section of 2 by 4 feet

@ (’, ? s 10’

Longif&nol secfmn A-A on c

FmuEE 4.-Fhn and elevation of model tonnel.

tests in the full-scale tunnel were conducted and whose
generous cooperation greatly facilitated the work.

MODELTUNNELINVESTIGATION

Tunnel and equipment.-The l/15-scale model of
the full-scale wind tunnel, in which the first test series
was conducted, ma built at the time the large tunnel
was being designed to provide gener~ knowledge of the
rLir-flowcharacteristics and design information. The

~For dl.wnmfond thew amw sw Rcwahead (fwtnot@ 1) and N.LO& Tech-
IIM Not@ No. K@ by Van SchfkSt8tt.

with parallel top and bottom and semicircular ends
(fig. 5). The air is circulated by two propellem, each
absorbing 15 horsepower at full load, driven by 2
direct-current motors. h area reduction of approxi-
mately 5:1 is effected in the double curved entrance
cone. A collector bell is attached to the mouth of the
exit cone, and the tunnel cross section increaaes almost
uniformly from this point to the mouth of the entrance
cone. A maximum velocity of about 85 miles per hour
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is attainable, and rheostats on the motors permit
control to a minimum speed of 5 miles per hour. The
energy ratio at maximum speed is lfi. The dynamic

FIOUEE h—mp?rfnm @l sat-upof Clark Y alrfoll in modef tunnel.

pressure at any point within the working portion of the
jet is within 1 percent of the average value, and the
direction of flow is within +%0 of the tunnel axis.

dMment wir

In
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ing between a static pressure orit3ce in the entrance
cone and the room pressure, which differential is
measured on a standard N.A.C.A. micromanometer.
The dynamic pressure is obtained by calibration of this
differential pressure against a standard pitct tube;
with the fairings for particular sehups in position,
pitot surveys me made across the area to be occupied
by the airfoil and from an average of these surveys
the calibration factor computed. The locdion of the
static”orifice is shown by S in figure 4,

A wire balance (figs. 5 and 6) is used to measure the
forces on the airfoils. The vertical forces me trans-
mitted to the lift scale overhead by three W&j tho
front two of which me connected by streamline lugs
to the airfoil proper and the rear one is connected to a
sting. A V-wire yoke connected to the same lugs and
extending forward into the entrance cone is used to
transmit the dmg force. A single wire is connected
between the apex of the V and the bell crank in tlm
drag strut, from which point the drag force is trrms-
mitted upward to the scale. A counterweight, used
to hold the proper tension in the wires, is connectod
through a wire to the airfoil sting. A pendulum-typo
dial scale is used to measure the lift, rmd rLbeam scalo
is used for the drag. The angle of attack is mmmmxl

\Y‘Ball-bemiq pulley
n

ft.
I 2

“~ Cbunkrwei@ I 1 1 I I I

Fmum6.-Ammgamentof alrfofl on hlanm h mcdd tmmd.

The static pressure gradient along the axis of the jet is \
appro.xinmtely zero in the region-in which the airfoils
were tested. The dynamic pressure at the test body
is indicated by men,nsof the dMerential prmure exis&

by a sensitive inclinometer, the prectilon being in the
order of + 0.05°. The tare drag is reduced to a
minimum by the use of fairings over the wires, These
fairings are dimensioned in sizes proportional to the
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airfoil chords and, through the additionrd precaution
of scaling rdl wires and fittings in these same propor-
tions, practically the same tare drag coefficient is
present with all set-ups.

Four duralumin Clark Y airfoils were used as
standards throughout the entire twt series in the
model tunnel. These airfoils were of 3-, 4-, 5-, and
(&inch chords, and of aspect ratio 6. Site small
inaccumcics in the airfoil sections in certain critical
locations are detrimental to the precision of the tests,

1
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A
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S is the airfoil area and C is the cross-sectional areo
of the jet. In accordance with this definition, the
values of Aa, AC~, and the correction factor 6 are
positive for the- closed tunnel and negative for the
open.

The routine procedure for obtaining the experim-
ental boundary correction 6 involves the plott@ of
characteristics with the extrapolation to free-air con-
ditions. These plots for the model-tunnel tests have
not been included and, in order to illustrate the method

r ,,g”

<

.Y8U I
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Four Clink Y-
airfoils fesfed
k -h pasifion
6.bv 3&EYbv 30: \ ---- aa—mx-~TL-2
4“$y 2jj3-<y 18:
?hickness = IL 7
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mom 7.—OffQ3nti Iomtiom of akfolls in maid trmneL

the airfoils were carefully inspected and measured
and no serious irregularities were disclosed.

Tests and results,-The boundary correction factor
6 is conventionally defined by the relations,

Aa=8X~Xc’ (1)

and A(7D= 6X ;X @ (2)

where Aci is the uprd deflection of the air stream at
the airfoil and AOD is the corresponding decreu.sein
the drag caused by the presence of the boundark.

of derivation of the boundary factors, the corrwponding
dots for the full-scale tunnel will temporarily be made
use of here. Figure 27 shows lift &d dr& against
the geometric angle of attack measured from zero lift
for the series of four Clark Y airfoils in the full-scale
tunnel. The rcwlts are tiapolated to a zero value

‘f 5
as illustrated in figure 28. The zero value of ~

corresponds to the free-air condition or the case of
zero boundmy correction.

It is then possible to plot directly the stream deflec-
tion Au and drag decrease AC~ against CL and CLZI
respectively (fig. 29). Equations (1) and (2) furnish
by substitution the experimentally derived values of &
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It is mentioned at this point that the possible effect
of scale was eliminated by using tests of the same
Reynolds Number throughout the preceding analysis.
The velocities used were 80, 60, 48, and 40 miles per
hour for the 3-, 4-, 5-, and 6-inch chord airfoils, re-
spectively. Upright and inverted tests were made for
each airfoil to determine the eilective tunnel sxis.
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A total of 29 tests was made in the model tunnel
to obtain the desired data. These consisted of the
following:

(a) Sixteen tests on the four airfoils, each being
tested in four positions in the origimd tunnel. (Fig. 7
shows pOSitiOIIS.)

(6) Thirteen tests to verify the effects of various
boundary restraints as predicted in reference 5.
These tests were performed in nine modiiied tunnel
@pes, as lettered from A to I in figure 8. It was neces-
sary in several of the types to restrict the tests to the
3-inch airfoil, inasmuch as the limited width of the
tunnel in these cases prohibited the use of an airfoil
span in excess of 18 inches.

The results of the tests under (a) are given in figure
9, in which & is the correction factor obtained from
equation (1) and L?Dis the correction factor aa obtained
from equation (2). The curves 1 to 4 refer to the
center position in the tunnel. The correction factors
& and 6D are not identical in value. According to
theory, no such duplexity is conceded, the values 6 in
equations (1) and (2) being identical. The remaining
teds, 5 to 16, give results for various off-center posi-
tions.

The main conclusion to be extracted from this
rather chaotic evidence is the fact that the drag cor-
rection factors compare, at least approximately, with
th. theoretical value for the open elliptical tunnel
(fig. 1), while the angle correction factors attain
entirely too large value9. The explanation and dekc-
tion of the causes of this contradictmy result presented
themselves sa the main objects of the subsequent
resesrch.

The results of the tests under (6) are given in
iigure 10. The tests 1 to 4 have again been included,
The sirfoils were tested invertedin the model tunnel,
and this fact should be kept in mind in connedionwith
the tunnel modifications. Test 17 refers to a tunnel
with a top boundary only (or bottom with reference
to the airfoil), designated modification A on figure 8.
Test 18 is taken with the top extended somewhat
farther (modification B). It appears from figure 2
that the expected boundary correction in these cases,
more particularly the latter, should approximate zero.
The experimental results show fair agreement; modi-
fication B shows a zero 3. within experimented error
and only a smsll discrepancy in & at the higher lift
codicients.

Test 20 refem to modification D, which is a closed
square tunnel. Figure 1 shows a theoretical value of
1.70 for a square closed tunnel A= 1 with a span ratio
T= O.75. The experimental result is in perfect agree-
ment for the angle correction factor, &, the value
being exactly 1.70; although the drag correction factor,
$., is not constant, its average value is close to 1.70.

Test 23 on modification G with top and bottom
~oundaries shows a theoretical value from figure 2 of
Approximately zero. The experimental check is not
~ good, the angle and drag correction factom being
)f opposite sign and numerically too large.

Tests 24 and 25, representing modifications H and
4, must theoretically lie somewhere between the vrdue
‘or a free jet and the value for caae V in figure 2. It
:an be seen that test 24, with a small sirfoil, approaches
he case of a single horizontal boundmy (V), inasmuch
B the corrections me both close to zero, whilo test 26
tith a larger airfoil shows values which approach more
:losely the values for a free jet.

The remaining tunnel motivations show, in general,
he expected trends, but since some of these were not
xeated theoretically and are only of an academio
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interest, we shall present the results of these cases
with no further comment.

A noteworthy feature of these experiments on modi-
fied tunnels is that the deviation from the predicted
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A further peculiar result is shown in @e 11, which
shows that the maximum lift coefficients for the air-
foils tasted in the open tunnel decreaaewith an increase
in size. This result was rather unexpected since the
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valuea becomas larger for partially and fully open
tunnels, while quite close agreement k obtained for
the closed type. The drag coefficient shows again the
best agreement with the predicted values. The open
tunnel (tests 1 ta 4) shows the Iargeatcorrections. .

fortheorfgkd model tmmeL (Sw toble L)

teats were conducted at a given Reynolds Number and
in the same tunnel. Obviously, some influence is
present which has not formerly been considered.

It is evident from the preceding paragraphs that no
really satisfactory agreement was obtained between
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the experimental and the theoretically predicted bound-
ary correction factors of the model tunnel. It was at
the time believed that the low Reynolds Number might
hmve had an objectionable effect on the results, and
also that the test accuracy in this small tunnel might
not have been sufficient. The unexpected effect on
the maximum lift and the consistently larger errors in
the boundary factors for the open tunnels rather tended
to indicate that a more fundamental cause was to be
suspected.

FULL-SCALETUNNELINVESTIGATION

Tunnel and equipment.-The full-scale tunnel and
its equipment have been fully described in reference 6.
The cross section of the jet, which is similar to that of
the model tunnel, h of a width/height ratio of 2, with
,parallel top and bottom and semicircular ends (iigs.
12 and 13). The jet is 60 feet wide and 30 feet high,
and has a free length of 56 feet between entrance and
exit cones. Two electric motom enclosed in stream-

1.4
I I I I I I I I q

x— Airfoils fesfed 25percenf W2, above c

FIGURE11.-VariatIon fn maxhnum lift wmftldent fn model tnmml for varfons
fxuftfom of afrfoa%

line nacellea circulate the air through the tunnel. A
6-component electrically recording balance measures
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and records the forces and moments. The airfoil is
supported in the air stream on the balance frame by
streamlined struts (fig. 13). Careful shielding of the

Imm’-?ll” “. d

. .. . . ‘~ .-FK2.AI? N!
mom 13.—Rxpanm tal at-upOfOIarkY &fellh fnJl+aAetunnel.

major portion of these supporting struts and stream-
lin&g if all exposed surfa~ redu~e the tare drag to a
low- value (about one third of the minimum airfoil
drag for the smallest airfoil and one iiftieth of the

.—
Airfoil span , ~
Tunnel wi~

FIOUEE14.—l%wuiWg ala ontheboundaryColllmfmfw tb fnfl+cale tunnel

minimum drag of the largest airfoil). The arrangement
and method of measuring dynamic pressuresare similar
to those of the model. The location of the static
pressure orifices is shown at S on figure 12.

Four Clark Y airfoils, which were especially built
for the purpose, were used as standards throughout the

COMMTMXU3 FOR A.ERONAUTI08

entire series of tests. These served, in addition, the
important purpose of furnishing the full-scale charac-
teristics of the Clark Y airfoil. The airfoils are of 12-,
24-, 36-, and 48-foot span, all with rm aspect ratio of
6, constructed with steel spins and aluminum shed
covering. These airfoils -werealso subjected to n care-
ful inspection and checking, rmdwere found to comply
with the stringent requirements of this type of experi-
ment.

Preliminary results.-The initial results from the
full-scale tunnel boundary correction tests are shown
in figure 14. The extrapolation process and detailed
procedure are the same as those outlined for the model-
tunnel tests. It is observed that the agreement with
the predicted theoretical value is no better than in the
case of the model tunnel. It became evident at this
point that the difficulty could not all be due to scale
effect or test inaccuracy, as the experimental test
accuracy of the full-scale tunnel was considerably

J.4
8 ~’ ‘ I I I [ I I I I I

Full-scvle wid tunnel, /?.N. -2,000, OW_

J x——-— Model fune~ R. N. = Im WO
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“ — _ ,-.

u — _
$ .- .: — — — — ‘ 0 — c — — — —

-r -- .~ ~

$ j~ ‘ -*- ---- ._
< ---

~

i
1. I

-.

i!

Lo.
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RGUBE16.—Varfat10nof maxlmtunUft wlttimlrfotl Elmin fnll.smfe tnnnol,

greater than that of the model tunnel, and the Rey-
nolds Number about 15 times larger.

Considerable time and effort were spent in arriving
at the correct explanation of the large discrepancy
with the theoretically predicted results. The possible
eilect of the load distribution over the airfoil was con-
sidered, but discarded as being of negligible importance,
A number of possible effects, such m curvature of the
stream, length of the free jet, the effect of the exit cone
restraint, and spillage, were theoretically considered;
but none of them was found to be of appreciable
concern.

A further deiinite agreement with the results from
the model tunnel in regard to maximum lift coefficient
is shown in figure 15, in which the upper curve shows
the results in the full-scale tunnel. The values of the
maximum lift coefficient in the large tunnel are greater,
as expected, but the considerable drop in the maximum
lift with increase in airfoil size persists. From the
earlier results in the model tunnel it was already
established (fig. 11) that certain off-center stations of
the airfoil resulted in still smaller lift coefficients It
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was suspectid that this effect was intimately related
to the discrepancies in the boundary correction factors.

Dynamic pressure or g correction,-It wss recog-
nized at this time that an error in the measurement of
the velocity head might account not only for the drop
in maximum lift but also for the discrepancies in the
boundary correction factors. The calibration of the
tunnel had been, as is conventional, performed with
the jet w@y, with the tacit assumption that this cali-

t-i- ‘ T--i- !(H (H+

I 12
iy QJ.951 , , ,

I I I I I I I

.90& 1 1 1 1 1 1 1 1 , , ,

2 4 6 8 lo 12
Ar@e of ofiock of rhrusf axis, & deyees

FmuaE 18.-Dynendo ~ at thiw lwziims on the PTV+ efrplena fn fffght
end fn the folkfde tnnnef. gq d@O P~ ~ t%@t or ~ ~ ~oU 9,
lord dynemto ~.

brntion sticed for the tests with a body in the air
stream. Although nothing but the ordinary displace-
ment block@ wss anticipated it was decided to sub-
ject the problem to an exhaustive investigation.

Figure 12 shows the location of a full-size airplane
in the large tunnel. A pitot tube was attached to the
wing of an airplane in the full-scale tunnel, well in
front of the wing and clear of the body. The indicated
dynamic pressure on this pitot head showed the aston-
ishing result of reading about 7 percent below the
estimated theoretical value, apparently indicating a
considerrtbledecrease in velocity in the region around
the airplane.

OF ~L BO~ARY INTERFERENCE 89

In ~order to substantiate this finding and to avoid
the necessity of theoretical estimates of the velocity
field, it was decided b obtain a direct comparison
with flight. A I?W-9 @lane wris“equippedwiti-four
pitot heads, as shown in figure 16, and observations of
the dynamic and static pressures at these locations
were-taken in @ht over a huge angbof-attack range.
The airplane wss then installed in the tunnel and
identical observations taken. The results, shown in
figures 16 snd 17, coniir.rnbeyond question the exisb
ence of a considerable distortion of the velocity field
in the tunnel. Figure 16 shows the dynamic pressure
for three front locations. Figge 17 shows the static
pressure for the same three locations, using the stntic
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head at the fourth (rem) pitot tube as a reference
preswme. The difbrences between the static pressures
taken in flight and in the tunnel are shown plotted
along the span in figure 18. Observe that the average
dynamic pressure in the region around the airplane is
about 6 percent lower than that of flight, when the
indicated tunnel velocity is equal to the flight speed.
Observe also that there is a static gradient in the
tunnel acting in a direction so as to increase the drag
force. This latter effect is of the order of 5 percent of
the minimum drag.

The veloci~ field in the tunnel was subsequently
studied in greater detail. Figures 19, 20, and 21
show, respectively, the dynamic, static, and total
pressurestaken with the full-scale tunnel survey equip-
ment (reference 6) at position A (fig. 12) approxi-
mately 13 feet ahead of the PW–9 &plane, which has
a 32-foot span. Notice the large velocity drop in the
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central pttrt of the jet in &me 19 and the static pres-
sure increase in figure 20. The reference pressure for
static measurement is the pressure in the tunnel *t
chamber. The total head in fi=me 21 shows a deiinite
decrease toward the center of the air strenm, indicating

FUu
>(J I I I I I I I— A@e of of bcfc, ci=ff”
% :.— . . . .=4” I

that the ene~ in the region around the airplane is
below that of the exterior jet from which the indicated
tunnel velocity is obtained.

This decrease in velocity head obtained wi~ the
survey apparatus is within about 1 percent of that
indicated by the pitot heads on the airplane, showing
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that the effect is not localized to the immediate vicinity
of the airplane. It was therefore suspected that the
effect might extend much farther in the forward direc-
tion. This suspicion was substantiated. Figure 22
shows the velocity distribution at the large end of the
entrance cone (at section B-B in @g. 12) resulting
from the PW-9 at several angles of attack, as com-
pared with that of the empty tunnel. It becomes

COMMITTEE FOR AERONAUTICS

obvious that the characteristics of an airplane deter-
mined with disregmd of this considerable field distor-
tion are in error. Both the slope of the lift curve and
the maximum lift coefficient become too 10W,simply
because they are computed on the basis of Q velocity
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higher than that existing. The drag coefficients are
affected in essentially the same manner; however, tho
effect of the static pressure gradient must also be
included.

The definition of the true velocity in a distorted
field of this nature becomes quite diflicult. A permis-
sible approximation may be to use the average velocity
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FIGtmE 2L—Total—~ mrwm at * W.ht and two ohofda lo front of the
PW’-9 ahplana fn the frdl+cale tnnneL H. average total prmure along tbe
~ wfth jet emp~ H,totaf~ wfththeafrplanetnthe tnnnel.

along the span taken at some distance in front of the
airplane. This average velocity is, as pointed out,
considerably below the indicated tunnel velocity, neces-
sitating a considerable correction to the latter. It
will in the following be referred to as a “q” correction.

Support interference.-The necessity in a problem
of this nature for reducing all errors to an absoluto
minimum forced a further inquiry. When compming
tests with airfoils in upright and inverted positions,
that is, with the supports attached to the lower and
upper surfaces respectively, it was observed that u
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good agreement in the characteristics of the smaller
airfoils did not rew.dt. The drag of the supports was
measured septtrately with the airfoil in position, but
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month of the enhnncsmm.

supported by wires. This drag of the exposed struts,
which included the interference of the wing upon them,
was subtracted from the drag of the total sehup.

FIOUEE Z3.-Ohemcteristtu of the PW-9 efrplene obtafnd fn the frdkde tnnnd,
cmrected for blccking ond bonndory fnterferen~ and mm- with fffght
mldta.

It was aclmowledged that the difference in the remdts
waadue to the interference of the supports upon the air-
foil, although at &at it was diilicult h imagine that

the effect of these unusually small and carefully stream-
lined supports (fig. 13) could be of any consequence.
It was found that in the upri@ position the drag at
zero lift was increased by a large unfavorable interf-
erence effect due to the struts. The inmrtedposition
showed an apparent, although small, favorable inter-
ference. This latter remdt was found to be produced
by a virtual straightening of the effective mean camber
line of the airfoil. It was necessary to resort to the
refinement of &Ming dummy supports to the opposite
side of the airfoil. The results from the up&~ht and
inverted tests were thus brought into satisfactory
agreement. Details of these tests will be published in
a future paper.

Boundary-correction factor,—With the establish-
ment of the existenca of the q correction for the full-
scale tunnel, the predicted bound~ correction factors
were successfully applied to a number of airplanes for
which fight data were available. Figure 23, showing
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FIGURE2A-Dyrmmiqmsmre SUVOYSlevd wftb and apmodnatdy tbrw chords
fn front of the by 4 by 24fo+t airfofl. q+ averege dymunfo pmsrore aleng the
- ~th W emp~ g, dmmfo prtsmre wfth the rdrfofl fn the tunnel.

comparative results of the characteristics of the PW–9
airplane from tunnel and flight tests, is presented as an
example. The lift and. drag values obtained in @ht
are shown with points only. The broken curves show
the wind-tunnel tests corrected for jet boundaries,
while the continuous curves take the g correction also
into account. The agreement is striking.

Similar results giving the comparison between ilight
and tunnel tests on the Fairchild 33-22airplane are pre-
sented in reference 6. Good agreement has also been
obtained on the YO-31A and several other airplanes
employing an estimated value of the g correction. It
is worthy of notice that the maximum lifts in all cases
were brought into close agreement with flight results
by means of the g correction.

It was of interest to determine the q correction to
be applied to the standsml airfoil series. It was neces-
sary, of course, to make a theoretical estimate of the
undisturbed field around the airfoil, as no flight obser-
vations could possibly be obtained. The 24- and the
48-foot airfoils were checked.

Figures 24, 26, and 26 show the dynamic pressure,
static head, and total head as measured approximately
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12 feet ahead of the 4- by 24-foot airfoil. The
average drop in the dynamic pressure acrcsa the span
varies from a negligible quantity at low angles to about
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frontofthe4-by24-feet drfofl. II, stdo ~ fnjdtithmferenm tothotcst

dmmkq g, dynomfop~ h thejek

3 percent at high angles. The experimental angle and
drag correction factors were found to be equal and to
fall close to the predicted curve. (See circlesin fig. 30.)
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An explanation of the curious drop in mad.umm lift
with the size of the airfoil (fig. 15) is available. By
introducing the ccrrect vahe of the veIocity for the 4
by 24 and 8 by 48 airfoils from the surveys, no drop in
maximum lift is obtained. On aasumi.ng a direct
relationship between the veloci@- decrease and the
decrease in maximum Iift for the remaining airfoils,
the bound~ correction factors fall into agreement
with the theory (fig. 30). Figures 27, 28, and 29
show the intermediate steps in the derivation.

CONCLUD~G REMARKS

It has thus been shown that the predicted boundary
factors are conilrmed, provided that proper account
is taken of strut interference and veloeity errors. The
adequacy of the theory haa thus been verified.

Regarding the real nature of the g correction, it is
recognized that it diffem fkom the usual displacement
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blocking. The large distortion at the mouth of the or ta the avoidance of this phenomenon. It will be a
entrance cone, ahnost 100 feet ahead of the test see- problem for future experience and res.esmhto determine
tion, excludes” the possibility that this is the normal

type of blocking, since the effect of the normal cl.is-

placement blocking is con.iined to the immediate

vicinity of the object. The decrease in dynamic

pressure observed in front of the test body is associated

with a corresponding, but much smaller, increase in

static pressure, resulting in a deficiency of total head.
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The loss in total head seems to account for the greater
part of the g correction. Quite evidently the pattern,
or wake of the body, is carried around the tunnel.
It is not inconceivable that this considerable wake
might be responsible for a further distortion of the
flow in the entrance cone. It is realized that the flow
in a short entrance cone is of a rather unstable nature,
rmd that the introduction of a slower moving core
might tend to upset the normal flow.

While it is believed that a wake could buildup and
persist in a tunnel with small inherent turbulence, it is
obvious that such a pattern would be rapidly dissipated
in a more turbulent tunnel. It is probable that a
velocity distortion of this kind might be a contributing
factor to the diflerencw in maximum lift coefficients
observed in various tunnels.

No attempt has been made to extend this study to
provide a basis for the prediction of the q correction
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Mt.

in what manner the velocity distortion depends on
the characteristics of the body and the tunnel.

LANGLDY MEMORIAL AERONAUTICAL LABoRATORY,

NATIONAL ADVISORY Comnrr NE FOR AERONAUmCS,

LANGLEY l?CELD, VA., May 18, 19%?.
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