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Wind tunnel fests weve made on & model wing
with deflected allerons in both open~ and closed-
jet configurstions of a small wind tunnel, Rolling
and yawing moments and 1ift were messured st various
angles of atteck. The wind tununel wall interference
on rolling snd yewing moments is determined by come
parison of the open- and closed-jet results, An
approximete comperison with sveilable theories is
included, It appesrs thal the interference effecis
meagured are gomewhat swaller then predicted by the

theories,
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In testing sirplane models in the wind tunnel it has
been found that the results obtained differ somewhat from
the dete derived from flight teats of full size sirplenes
in free air, This is partly dus to the phenomenen of wind
tunnel wall interferences,

In erder to reduce the wind tunnel results to free air
gonditions end thus give the airplane designer s means of
predeteraining the charscteristics of the full size air-
plane, certain correciions must be ande en_ﬁhé mements sod
forces measured on the model.

Theories have been developed for correcting wind funnel
results for tumnels of various oross-sectionsl ghapes., One
of the moet recent investigations of this kind is reported in
& paper by H.J, Stewart (Reference 1), which gives the
theoretical values of the wind tunnel wall interference on yaw-
ing memenis due to mileren deflections, Since the values ob-
tained by Stewart sre falrly large in many practical cuses,
the present research wes underiaken with the primery cbject of

ebtuining sn experimental check on Stewart's results., In the



sourge of the iestas it wes possible o investigete simul-
taneously the wall effect on rolling moments, thus ufford-
ing an experimental check of the correspending theory of
Yehy Biot (Reference 2).

The method used in these tests is based on the
theoreticul result (of. References 1 and 2) that the intere
ference effects for open~ snd ¢losed=jet tunnels of the
gane corose-gections ars egusl in mapgnitude and wpgeaité in
senge, The resulis of identical tests in the open~ and
cloged=jet configuration of o wind tunnel are comparesd; the
difference boiween tham is equal to itwice the interference
effect,

Sines the tunnel availsble for these testis had & sguare
eroga~section, the comparison with Slewart's and Biot's
theories which are caleulated for esireular tunnsls sun be
only approximute, Howsver, analogous theoretical caleula~
tions, bused on the same assumptions, but for a gquare tunnel,
gre in progress at Celifornis Institute of Technology, end

% more exuot eomparison will be possible ghortly.



The wing used was of symmetrical profile NACA 0018,

The allerons were of the unbelanced typs, the hinge being &

thin sheet of copper extending halfwey inte wing and aileren,

{3es Fig, 1).

This eopper strip was sufficiently rigid to kesp the

alleron setting constent even at high tunnel speeds,
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Fig. | Model Wing.




THE WIND _TUNMEL

The experiments were catriaﬁ‘auﬁ in & tunnel of the
return type (Reference 3, Fig, 2} powered by a lﬁkﬁ?¢

AC motor, giving the air a maxiwum speed of about 140 m.p.h.

FPig, 23+ The wind Tunnel,

The square working section had & width end height of 14 in.
lesving a clearance of 1 in, between the wing tips of the
model end the walls, In efdsr’téfaiI@W‘1ﬁs§sati@m of the

model during tests with closed jei, the side walls of the

working section were formed by two large gluss windowe (Fig. 3).

ANIIAIADEN

Pig. 3: Wind Tunnel at Closed Jet,



These windows aaud %h@ upper aad\3&werVW@li.afftha'warkw
ing section war§ designed such %hét for runs with open jei
the whole gection could be taken off the tunnel without the
‘need of detuching the suspension system of the model, thus
lesving medel us well us balsnces end disl gauges gompletely
unchanged for scomparigon %&ﬁ%a with open snd gloged Jetb.

Fer open jet runs the intake nozzle of the jel was
squipped with & collestor ring with its wells set at an sngle

of 45° to the sirgtrean {Fig. 4).

Pig, 4+ Wind Tunnel at Open Jei,

After the first test runs, hewever, it was obgerved
that o lavge wortex was crested by the collectoer ring,
which tended to distort the straight flow of the strean-

lines.



To sliminate this undesireble phenomenon boards of 1f in.
width wers aftached to the ocuter edges of the rigg;a& u right
angle to the boards of the ring (Plg., 5) whereafter the large

eddivs almost entirely vanished.

Fige 5: Collector Ring.

As & mossure of the wind tunnel spesd the difference in
static pressure belween the two poinis A and B {5ee Fig. 2)
was used in the case of the olosed job, and thet between the
peint B end the surrounding voom was used in the sese of the
epen Jet, These were calibrated sguingt the dynsmic pressure
in the jet as deseribed later, The statie pressure difference

is denoted by hg.



‘Since the meusurement of the dreg in these tests wus
uniﬁﬁar%ant,‘%&g belunces mensured only three pﬁ@p@é@ﬁﬁs:
1ift, yswing moment, and relling moment., At sbout 30%
from thﬁ”laaéiﬂg edge on the Q?,“ the vwing wes supported
by & single shaft in sueh a way as to allew fres roitation inm
pltoh us well as vew,

The vertical shaft carrying the model at its top
wag mounted on two ball bearings sbout & in, spart, allew~
ing the wing tv rotute freely in yaw, A lever arm attached
to the ghaft deflecied the end of g U-spring with which a
dial gauge was connected. The reudings of the gauge, eali-
brated in in, lbs., gave & direset messure of the yawing
mement (Fig. ﬁ}*

A second lever extending from the shaft formed the supperd
for enother U=spring, Wh@ﬁw’ﬂiﬁl gauge messured the relling
mmm&gﬁ of the wing. Two thin wires attached to the wing on
the pitehing axis ot a distance of 3 in, from the  on both
sides transferred the rolling moment of the wing to the
balance, &na‘wirs was faglened to the Us-spring, the other
cerried & small steel weight to give the U-spring o pre~
tension. The rolling moment component was attached rigidly
to the vertisal sheft, thus fellowing freely the yawing rote~
tion and messuring rolling moments independent of the yawing

motion,



Both rell and yew eomponenis were mounted on & block -
which was free to swing up end down, The bleak-ﬁéa &a$p$ﬁé@&
from a sﬁrﬁug to which a dial gauge was attached. This gauge
read the iif% force. To assure siraight up-and-down moilon
for the wing, the 1484 bla@k wﬁa guided by sﬁru%glggﬁanéiﬁg_
about four féat from & pole, The pole was anchered in the
ground, thus earrying the whole balance system snd eliminating
ddsturbing vibrations, (Fig. 6).




GLOSED JET,

In order % i‘imi the w‘m#iﬁy clis*ﬁrma%ian over the

width of the tunnel and determine the *averaging factor”, a
velocity survey wes mede using a stendard Prandtl pitot tube.
‘Since thé veloeity pstiern could be assuned sm@wim};
about the Q of the '{.usma}., only the half width of the working
section was lnvestigaied,

As Fig. 8 shows, the air speed was kept at a g of eboul
8 em. The velocity pattern shows & slight verlation, heving
ite weximum velue in the center {ge » 7.99 om.) snd its minimum
st approximately twe thirds of the half width from the ¢enter,
The mesn ¢ over the wing span wes found to be guean » T+93s
thus ggwiﬂg an everaging faclor:

Gmean

AFo 8 e 7.92 ¢ 0,99

ge 7.59

In ovder te convert the menometer readings g into the
actual ¢ at which the %maizm& wes rumning, a q/hy calibratien
was made which is shown in Fig, 9, (Sinee it was found thatl
the density of the menocmeter fiuid did net vary, sll values
of hg wﬁ in terms of fluid of a conslent density}.

&v«ar the renge of hg, at which most runs were made, &
3 ems < By <4 om., the faotor g/hy is approximstely con~

‘stant, ¢/hg = .94 ,

w 10



OPEH JET. |
| The V@i&éiﬁy ﬁiatrib&%i@ﬁ évef‘ﬁha wiﬁﬁﬁ“af ihe/
tunnel el open jet was so uﬂifaﬁm@ ?ig, 1@g that it was ua-
necessary to aggly &n av&raging faat@ra

¥ig, 11 shows the f&aﬁmr @/ﬁg glaﬁ%a@ agaiﬁat hg for
ﬂp@ﬂ 33%. Over the r&mg& of hg, aﬁ which the t@ats were wade

3<hyg<4, it con be aaauma& to be conatant, g/hg = .88 .

B

Dial gauges stisched to the U-springs, registering deflece
tiong sy emall as l%g—mﬁwg appeared to be the beat means of
measuring the forces for these investigations (Fig. 7).

They were calibreted by weights atteched to the U-springs

by a gtring henging over & pulley, The figures iég 12 and 13

show the calibration curves for Lift-geuge, yewing sad relling
moment guuges,

The locetien of the wing in the warking goction in open
Jet tests differed a@mﬁwhaﬁ frem that a& elosed jeot runs such
that in %%a'fﬁmﬁ@r‘a&aa the moment erm of the yewing component
was ineveamsed slightly, This expleins the higher calibratien

curve for open jet yow readings,

- 11 =



%§@~#iﬁg wes %aai@é with ﬁ@%h»ailerewa deflected to
sgual and epy@#i@efaatﬁin@g‘ The firat‘asriwa'af‘gaﬁa wag
made with an aileron angle a & 14° in both epen and closed
wﬁ?&iﬂg aﬁﬁti@nﬁ« | |
o During sll %aaQa the yow angle of the model was zero
whereas the angle of attesk was varied.

In the second aar&éa of runs the aileren angle was
shanged to & « 219 aﬂ& kept constant throughout the tesis
in both @p@ﬁ and cloged jets, ﬁéra\ag&in the m@éaliwaa |
varied in piteh, ihe yeow angle being kept zero. During pre-
iimin&ry rung it was found thet the ayt&ﬁam gpeed of the
tunnel at wﬁ&aﬁ the model did not flutter, was 3 om, < ¢ <4 o0,
corresponding to an sir velosity V of approximately 60 m.p.h.
Henee all tests in this invaatigaﬁi&a'wgre wade within this

gpaed range.



S Run {Curve Pig. 12, ?&inﬁ 2}

b)

Alkeron Angle 8z 140
Span L bz 12 inm,
Wing Aves gz 36 in0

Gauge Readings:
) SET R

Yo & 99L4
CRell 74

lisngneter ﬁa&@iﬁg by = 2,56 emy (fluid density saue es

in ceglibration tesis)

afty, & 9% gr/en’

Avergging Pactor A, = 499

Galoujetion @quﬁvz
qav % 8.F X g - gr/en.? |
@ = By % g/ns gr/om?
# 0148 By & gfbg $/inR
Ggv # .99 X ;0142 x 2,56 x 84 f/in,?

Gey = 40336 {/in?

Lift Cosfficient Gus

Gauge Reading: 12 gives L = ,28 lbs, (Calibration Curve
i Figs 21)

L 28
G, w # s 83

& x‘qu? 36 = 0336 ~*?=======

w 13 -



¢}

d)

Yawing Moment Coefficient Uy,

Gaugs Reading: 99.4 gives My & .08 in, lbs, {Celibretion
Gy = —_— - - = 0014
‘ 5xqg8b 36 x 0836 w12 T

Rolling Uoment Coefficlent Qg*

~Gauge Readings T4 gives My = .77 in. ibs, {Celibration

gurve Fig., 23}

e M 77 ‘
Gy 2- — & — ’ = 053
Exqgxb bx O3l T

- 14 =



The following tebles give the numericsl values for

the two sample curves shown inm Fig, 12, 13, Bnough data is

tabulated to allow checking of every step.

1) Run 2; elosed jet (Fig. 12),

Gaugs
,1§f'

29
39

T

« 28

fiﬁfgﬁﬁ.}

Rell

g

.68

.92 |

L0690
041
4066
085

epen Jet

Gauge {iﬁﬁgba*i

74,0

78,8

73,5

ST
*% k t"i, o
78

(ﬁ’i&* 13} *®

%.55
8,55
2,58
2,585

L0336
,0336
0336
L0236

.28

+36

+56
«T6

L0012
0028
0046
L0058

,053
053
055

054

Life

Faw

Rell

Oy

23

Fuuge
240

10,3 |

18,8
28,5
38,5
45,5

- ég,{%

i
{1ibs.)}
*3% 

a4
+69
91

1,08

e

Gauge

100
99,0
98,2
97,3
96,2
94,8

94,0

0

032

055
,088
10
140
«460

Gouge

73,5

1 71,5

71,0
70,0
69,0
710

w 18 =

u, |t

483
.88
«5835
.86

3,35
3,37
8,27
3,30
3,80
8,30

3,80

0406

0408

L0408

0412,

0412
0418
+U412

03|

«17
«30

61
73

78

0018
.0031
L0050
L0062
L0079
L0090

047
047
047
L0485
L0650
047



The results of sll rung made, of which two typical
oxaaples ere chown in Figs, 12 and 13, sre plotted in Figs.
12, 18, 16, end 17, |

Sinoe the tests with ailevon sngle s » 210 show cone
sidersble scetter end somewhal aﬁ?&ﬁiﬁ vorietion betwsen
closed end open tuanel, only the runs with s = 149 vill be
used for comparison with the theory,

The yswing moment curves fov s = 149 heve been
spproximated by siralght iiﬁﬁa {Fig. 18}, taking the
average of all plotted points, The twe velling aameag‘
eurves alpo represent average lines for a » 149,

According te the theory of Stewart, the walleeffect
servwition for yawing monents Lo proportional to the pro-
duet Gply. Thersfore the resulis shown in Fig. 18 heve baen
replotied in Fig. 19 by pletiing the difforence 2 A Gy sgainst
this product. The theorstical value of the slope of this curve
is caloulsted below, Two different agsumptions are made for
the rudius of the eguivalent circulsr tunnel:s 1) The half-widih
h/3 i teken as the radius, 2) the value (2/VF) (n/2), 1.6., the
radius of & cireulsr tunnel of equel area, is taken ss the radius.
It is believed that the first assuspilion csuses the imberference
effect to be overestimated slightly, while the second causes 1%
to be underestinsted. Taese ¢onjectures cen be verified when the
theereticel ﬂﬁiaﬁ&aégana.far square tunnels mentiomed previously

are compleled.

wl G



The woll-effect correction fov reiling mements is constant
for verious GL, usccording %o Blet's theory (Reference ).
The cerreetion ACR/OR as calculated by the theory, is also
plotted against Uy, iﬁ Fig. 20 {drsh » lines), For the radius
of the tunuel ihe same two valuss were substituted as pra=
vicusly in %he caleoulations of the yawing momeni corrsctions:

1) Redius z bf% covvespunding ie upper desh - line,

| 2} Raedius = i%ihjz corresponding to lower dagh = line,

The first wssumption, redius z h/2, gives & velue for the
eorrection that is probably ava#egtimatad. Phe zecond
assumption, radlus = (3AF )+ {n/3}, probsbly underestiuaies
the interfsrence effect slightly.

These problems Will be oleared ufter the aforsuentioned
theoretical investigetion en wall corrections for squere

wind tunnels is completed,

AGy
Tebulabed Vslues for QA(;y BRm——— DRIV es,
(24
Al —
G, 2633; Gp 6L | 34CR Ca —_—
nean iR

- 2 » 0{3{3‘ 5 o ‘{}1 » %5{} » 06}25 * 5@
o4 | 0011 <02 0058 | L0026 202

6 | L0016 03 L0045 | L0020 <40

#3 | #0021 S0 | L0050 | L0045 »50
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Goloulation of Theoretical Yolue of Zl@y {Ges Reforence 1).
1} Redius s n/2

Span b & 12 in.

H

8 2.5 in.  (Bee ﬁ#a%iag of wing Fig. 1la).
&i = :’:ﬁ,ﬁ iﬂi‘
wing Area 5 = 36 in,?

Helf Width B/2 z 7 ia,

. _ugyl‘”kfa L b2 (ag? - 6;%) ig zé?é}g * 2 (b/2)*

36 z 49 12 & 5,5 12 % 2,5

gi_________‘

z Ul ———— -4 = AT
144 (5.2° ~ 2,5%)] 2 x 49 2 % 49

12 x 5.8
Fi———s Py (.673) & =.325 (Punction Fi{)
2 x 49 fron Graph
Refevence 1).

P————s §y (.306) = -.422
x40

# Gl x .51 {m,aga + ,@%ﬁ}

Acyp = L0495 Cuoy

Aﬁyg - g_&_ iﬁg(%ﬁg ) - %’3( . )}

a2® - a3° | an/2)® 8(n/2)?

36
& @gﬁ ——e L B (rﬁ’w} L i,ﬁ@ﬁ}}
“5.5% - 2,50 {fz ?

- 18 =



P, (6878} ¢ .093 {Function ¥z {)”f"rm
,,  Graph Reference 1}.
¥y (.306) & 082

ASy2 = G381, 1.5 { 092 - w}

= 015 Caly

Qorrections ‘
ASy » 08y1 +Acyz = 0645 Gylp.
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ﬂ%&&ﬁiﬁ%ﬁ@ﬁ’@f Theoretical Value of A ¢, (See Reference 2}
1) Bsdius = n/32
Devbag
Spen 12 inm.
Root Ghord tpgot sz & in,
- Tip Cherd ty5, r 2in,
Half Width of Tummel /2 = 7 in,

Al b3 4504 Srip (“2 o2
— T Kt — qEl—| = Kl—
Gy 2n3(eg” « 8y) tuoot | | B/2

Lo S (5.5 2.5
o " i{z{ug} E—m— = K

*

# 3 iy
2 x 14% (5,5% = 2,57 " "

& (5
K {.785)

£ 2

187 (Fumctioms Xy () and K )
from Graph Raﬁa?ans@ 2} o
L2980

3

K {.357) 120

4

0 1728 x 4 |
A &8 — X (187 { 8 - im}
N 2 % 196 x 24

g #1418

w BL %



2) mative 2 =79

G, 2 x 250 (5.5% - 2,59 s TR

187 {runctions X;() end K() from

K, (.5) ‘
¢ SR LA “Graph Refersnce 1),

13

S (4696) =& .63

K £a51ﬁ3 10

LE

A%

%

= .575 % ,187 x .53 & 057

‘w BE s



The results of this work do not show definite quantitative
agreement with the theory, although the qualitetive veriation of
%&é‘inﬁﬁrfara&aa‘aff@sﬁﬁ with € and Op has been ?&ri£§$ﬁ;; Both
of the asﬁgmgtiaaﬁ m&ﬁayaﬁaw% im_g@zgu;&%iﬂg’ghgJggggyggggﬁz
results lead to valu@a(gr@aﬁér'than,éha axga?imééial ones, However,
the values corresponding to the gsecond assumption 1ie close to the
experimental curves, The range iﬁﬂ&ﬂ%@ﬁvbﬁéﬁéﬁﬁ the two asgunptions
is téa‘&ﬁvga to allow any definite conclusien regarding the accuracy
of the theoriss belors %&@‘a&&itianal‘%kaaratiﬁal eaiculations now
in progress have been completed, However, it cen be concluded that
application of the present theories to squaré wind tunnels should
be mude by taking es the effective radius a valus of spproximately
(2/7F ) (0/2).,

it is probable that the scatter of the expsrimental poinis,
~espscially these at 21° aileron deflection might be reduced by
running the model ot higher speeds, 100 to 120 m,p.h.; the sgouracy
of force and moment indication of the springs being grester for
larger forces, In thet cesey however, a hesvier demping would
have to be installed in all belance components to avold flutter

of the model wing,
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