
c E 

NATIONAL ADVISORY COMMITTEE 

FOR AERONAUTICS 

REPORT No. 547 

WIND-TUNNEL INTERFERENCE WITH PARTICULAR 

REFERENCE TO OFF-CENTER POSITIONS OF 

THE WING AND TO THE DOWNW ASH 

AT THE TAIL 

By ABE SILVERSTEIN and JAMES A. WWTE 

1935 

For sale by tbe Superintendent of Documents, Washington, D. C. - - - - - - - - Price 10 cents 
Subscription price, $3.00 per year 



w, 
g, 

m, 

I, 

s, 
S .. , 
G, 
b, 
C, 

b2 

S' 
V, 

q, 

L, 

D, 

Do, 

0 , 

R, 

AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric English 

Symbol I 
Abbrevia-Unit Abbrevia- Unit tion tion 

Length _______ l meter __________________ m foot (or mile) _________ ft. (or mi.) 
Time _________ t second _________________ q second (or hour) _______ sec. (or hr.) Force _________ F weight of 1 kilogram _____ kg weight of 1 pound _____ lb. 

Power ________ P horsepower (metric) ______ ---------- horsepower ___________ hp. 
Speed _________ V {kilometers per hour ______ ,fc.p .h. miles per hour ________ m .p.h. 

meters per second _______ m .p.s. feet per second ________ Lp.B. 

2. GENERAL SYMBOLS 

Weight=mg 
Standard acceleration of gravity = 9.80665 

m/s2 or 32.1740 ft./sec. 2 

W Mass = -
g 

Moment of inertia=mP. (Indicate axis of 
radius of gyration k by proper subscript.) 

Coefficient of viscosity 

v, Kinematic viscosity 
p, Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg-m-'-s2 at 

15° C . and 760 mm; or 0.002378Ib.-ft.-4 sec.2 

Specific weight of "standard" air, 1.2255 kg/ma or 
0.07651 lb./cu.ft . 

3. AERODYNAMrC SYMBOLS 

Area 
Area of wing 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 

Dynamic pressure -~p V2 

Lift, absolute coefficient OL= :s 
Drag, absolute coefficient On '"" ~ 

Profile drag, absolute coefficient On. = ~S 

I nduced drag, absolute coefficient ani = ~S 

Parasi te drag, absolute coefficient On = DS1> • q 

Cross-wind force, absolute coefficient 0 0 = q~ 
Resultant force 

Q, 
n, 
Vl 

p-) 
P. 

Anglo of setting of wrngs (relative to thrust 
line) 

Angle of stabilizer set ting (relative to thrust 
line) 

Resultant moment 
Resultant angular velocity 

R eynolds N umber, where l is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C., the cor
responding number is 234,000; or for a model 
of 10 em chord , 40 m .p .s. the corresponding 
number is 274,000) 

Center-of-pressure coefficient (ratio of distance 
of c.p. from leading edge t o chord length) 

Angle of att ack 
Angle of downwash 
Angle of attack, infinite aspect ratio 
Angle of a ttack, induced 
Anglo of a ttack, absolute (measured from zero

lift position) 
Flight-path angle 
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WIND-TUNNEL INTERFERENCE WITH PARTICULAR REFERENCE TO OFF-CENTER 
POSITIONS OF THE WING AND TO THE DOWNWASH AT THE TAIL 

By ABE SILVERSTEIN and JAMES A. WIIITE 

SUMMARY 

The theory oj wind-tunnel boundary irifluence on the 
downwash jrom a wing has been extended to provide more 
complete corrections jor application to airplane test 
data. The first section oj the report gives the corrections 
at the lifting line jor wing positions above or below the 
tunnel center line; the second section shows the manner 
in which the induced boundary influence changes with 
distance ajt oj the lifting line. 

Values oj the boundary corrections are given jor oiJ
center positions oj the wing in circular, square, 2:1 
rectangular, and 2:1 elliptical tunnels. Aft oj the wing 
the corrections are presented jor only the square and the 
2: 1 rectangular tunnels, but it is believed that these may 
be applied to jets oj ciTCular and 2:1 elliptical eros sec
tions. In all cases results are included j or both open and 
closed tunnels. 

I NTRODUCTIO 

The influence of wind-tunnel boundaries on the 
downwash at the lifting line of an airfoil has been the 
subject of con iderable theoreti al and experimental 
study. The investigations have been primarily con
fined to the problem of determining the average down
wash over the span of an airfoil located in the center 
of a wind-tunnel test section. Pl'andtl (reference 1) 
fu' t demonstrated the general method of analysis and 
gave numerical values for the magnitude of boundary 
influence on airfoils of finite span tested at the center of 
either an open or a closed circular tunnel. Glauert, 
Terazawa, Theodorsen, Rosenhead, and Tani and Sanulci 
(references 2 to 8) extended this theory to include all 
the more conventional tunnel section ; that is, square, 
rectangular, and elliptical. The theoretical result 
for the central wing po ition are pre ented in flgme 1 
(from reference 9), the circular and quare sections 
being repre ented by A=1.0 for the ellipse and rec
tangle, respectively. 

When testing airplanes and airplane models in wind 
tunnels, it is often necessary to locate the wing above 
the horizontal center line of the jet; otherwise at large 
angles of attack the tail is too near the edge of the air 
stream. Tumerical values of the downwash resulting 
from the boundary influence have hitherto not been 
available for off-center positions of the wing. Further-

more, the influence 01 the boundaries on the downwash 
behind the wing in the region of the tail has been only 
briefly and apprm ... -imately treated (reference 10). This 
information is neces Ul'y for cOlTecting wind-tunnel 
downwa h meaSLU'ements and elevator angles for ilight 
trim. The theory ha therefore been extended to show 
the magnitude of the boundary influence on airfoils 
te ted above or below the horizont,al center line of the 
tunnel and the dependence of the magnitude of the 
boundary influence on the distance aft of the wing. 

The general problem for any wind tunnel in either 
the two- or three-dimen ional case is that of deter
mining a stream function which, added to that of the 
flow produced by the airfoil, satisfies the conditions that 
must exi t at the boundaries of the air stream. The 
effect of the boundaries may then be replaced by this 
stream function and the bound.ary-induced velocity 
computed for any point in the wind tunnel. The con
ditions at the boundary of the closed tunnel may be 
exactly expressed a a zero flow normal to the walls; 
wherea , the open-tunnel boundary condition closely 
approximate one of con tant pre me from the 
quiescent air around. the jet. 

In many of the cases of practical importance the 
solution may be simplified by the use of an external 
arrangement of vortices that mirror the wing horseshoe 
vortex in a manner which satisfies the specified bound
ary conditions. The external image arrangements in 
the e ca es are equivalent to th~ desired stream func
tion. 

The value of the interference at any point in a wind 
tunnel is a function of many factor. FOl'emo t among 
these factors are: the relative ize of the model and the 
tunnel, the span load.ing of the airfoil, the test-section 
shape and constraint, the position of the model in the 
jet, and the relative location of the point investigated 
to the airfoil po ition. Each of these variable has been 
considered in the present study. The re ults are pre-
ented over a practical range of the ru,tio of the wing 

vortex span to the tunnel width for both open and closed 
tunnels. The span employed i not the geometric one 
but is an effective span based on the assumption that 
the wing vortex sheet rolls up into two trailing vortices 
with a spacing of about 0.8 to 0.9 of the wing length. 

1 
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The correct ratio of eff ctive to geometric pan for I tion of a uniform loading over the effective span have 
various types of loading and aspect r atios is given in hown a clos aO"reemen t with the calculations based 
reference 2; however, sufficient accuTacy lor practi al on the actual loading over the geometric span. Tbi 
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.9 

purpo es is obtained by using a value 01 0.8 for a I assumption i therefore lollowed throughout the report 
tapered and O. 5 for a rectangular wing. Computations and it provide a sinlplification of the problem without 
of theoretical bOllndary influence ba ed on the assump- a sacrifice of accuracy. 
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This analysis covers boundary influence on down
wash for circular, quare, 2:1 elliptical, and 2:1 r ec
Langular tunnels at the wing, and for quare and 2:1 
rectangular tunnels in the reO'ion aft of the wing. The 
wing po itions analyzed are those on the center line 
And 0.1 and 0.2 of the tunnel height above the center 
of the jet. 

BOUNDARY I FLUENCE AT THE AIRFOIL 

Elliptical tunnel.- A general olution for the bound
ary influence at the lifting line of an airfoil at any 

The elliptical coordinate ~ and 1/ are related to the 
rectangular coordinates x an 1 y as follows: 

x=k cosb ~ cos 1/} 
y= k inh ~ sin 71 

in which k is a con tant required to preserve the scale 
of dimen ion. The boundary eUip e defined by 
~=~o, so that 

a= k cosh ~o 
c= k sinh ~o 

po ition in an elliptical tunnel ha been made by Tani or 
and anuki (reference 8). The numerical values of a 

~o= coth-lc Lhe boundary-correction factor 0", were not given, 
however, except for the case of th e wing on the tunnel 
center line. 

Following the method of Tani and anuki, we may 
write in the elliptical coordinates (~, 1/ ), for the cIo ed 
elliptical tunnel, 

k= a2-c2 

The ellip tical coordinate (~l' 1/1) of the vortex position 
(Xl, Yl) are given by 

2 Sin21/1=p±,Jp2+etY 

CD 1/ (1) in which 

inh ~1 =-;--k-Y'f-'. 1,-----
ill 1/1 

+~ 
n=2 n 

-r 

(Sl ,'71) d 
X 

a h 

.§ ~ .§. 
0 I 

y 
~--------b --------------------~ 

FJGUR~: 2.-0JI·center location of airfoil in an elliptical wind tunnel. 

and, for the open elliptical tunnel, 

c [ CD I e-nfo . ? ow= - 4--'2 ~ . h ~ co h2n~1 COS-n1/1 au n=! n SlD n 0 

CD 1/ e-nf ] + ~ 1 0 ~ inh2 n~1 sintn1/1 
1/=2 nco 1 n o 

(2) 

in which a and c ar , respectively, the major and minor 
emiaxes of the ellipse (fig. 2), and u i the ratio of the 

span of the trailing vortice to the tunnel width (b= 
2a). The ymbol l:' implie that only odd values of n 
are to be summed and l:" indi ate tbe u e of only even 
values of n. The u ual boundary-correction factor 
Ow is defined by 

t::"aW=owVOL 

in which Sand ° are the areas of the wing and te 
section, respectively, and t::"aw i the induced downwash 
angle at the lifting line of the wing due to the influence 
of the boundaries. The subscript w refer to the loca
tion at the lifting line. 

1.1 bstitu tion of the foregoing value of ~o, ~l' and 1/1 
in equations (1) and (2) permits the obtaining of the 
value of Ow for Lhe closed and open tunnels. The 
series converge rapidly and the u e of only the first two 
terms i sufficient. 

For an infinitely small airfoil, u approaches 0 and 
equation (1) and (2) reduce, for the closed tunnel, to 

ac [ CD I ne-nfo cosh2nh CD /I ne-nfo sinh2n~1 ] 
Ow 4 (a2- c2) ~ co h n~o cosh2~1 + ~ inh n~o cosh2~1 
and for the open tunnel, to 

ac [ CD I ne-nfo co b 2 n~l 
ow= -- 4 (a2-c2) ~ sinh n~o cosh2~1 

The values of Ow are given in figure 3 and 4 ploLted 
against the di tance of the aU'foil from the center line 
for the open and cIo ed 2: 1 elliptical tunnels. The 
factor are the same for wing position above and below 
tb e center of the tunnel. 

Circular tunnel.- The circular tunnel is a pecial ca e 
of the elliptical tunnel in which the boundary-eHip e 
parameter ~o approaches CD, and the values of Ow for the 
circular tunnel may thus be computed from equation 
(1) and (2) . A llnpler and more direct method of olu
tion i revealed, however, by employing the inver e 
image method (fig. 5). 

Let the effect of the vortex A at a point X of the wing 
be con idered. ince the radius r equals (x' __ X)2+ y/2 
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Since u=li and 0=7rR2, then 

010= 3iU2{log 1 +2[[ .'-~~~:j t'+~~:JJl 
1-2 u

2+ R + u
2+ R 

For an infinitely small airfoil the equation reduces to 

1 

The boundary-correction factors Ow for off-center 
positions in the circular tunnel are given in figure 6. 
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As a check, Lhe values were computed by both the 
methods described. umeJ'ically, they are the same 
for open and closed circular tunnel but are of positive 
sign (upwash) for the closcd and negn,Live (clownwash) 
for the open. 

Rectangular tunnel.- The images that ati fy the 
boundary conditions of the rectangular tunnel are 
arranged in a checkerboard pattern of vortice extend
ing to infinity. The circulation strength of the images 
corresponds to that of the airfoil. For the closed 
tunnel the condition of zero velocity normal to the 
wall is satisfied by alternate horizontal rows of positive 
and negative vortices (fig. 7); in the free jet the lllliform
pressure criterion is met by alternate vertical rows of 

positive and negative images (fig. 8). When the air
foil is not on the tunnel center line, the pattern 
becomes asymmetrical with regard to the origin, but 
the boundary conditions fire fulfilled if the wing vortex 
is repeatedly reflected in the boundarie. Figure 
9 shows the pattern for the closed rectangular tunnel 
with the wing above the tunnel center lino. If the 
images are divided into two superimposed groups, one 
with origin at the airfoil on line A- A in figure 9 
and the other with origin at the fu'st image 8- 8, two 
symmetrical groups of images emerge with a vertical 
spacing of twice the tunnel height. The problem of 
determining the down wash at the wing is simplified 
and expedited since Theodorsen (reference 6) gives 
the equation for the group with the origin at the airfoil 
(line A· A) directly as 

Ow = - _1_ [100" sinh 7rrlU 
I 47rrl u2 

b 7rrl u 

+i:(_l)n log(l s~h: 7rrlu)J (3) 
1 smh 7rnrl 

for the open tunnel, in which rl is the ratio of tunnel 
width to the doubled height, and u is the ratio of the 
span of the tip vortices to the tunnel width. If we 
write 

the effective vallie of the jet area 0, owing to the 
doubled effective tunnel height, becomes twice the 
true area and the values of OWl from equation (3) must 
be halved for application to the true tunnel. Equation 
(3) as written applies to the open tunnel; Lhe closed
tunnel values are obtained by deleting from the sum
mation the factor (-l)n, which takes into account the 
signs of the "ertical rows of image , the minu sign in 
front being retained. It may be remarked that, where
a OWl for the open tunnel is the same a.s Ow for an open 
tllllllel of doubled height with the wing on the center 
line, the a.me i not true of the closed tunnel, as may be 
een from a stucl~T of the corresponding image patterns. 

There remain, then, the problem of computing the 
(low over a Sp~U1 28 at a eli. tance y below the origin 
(origin on line 8 8) contributed by an infinite pattern 
of vortices symmetrical about B-B and with vcr tical 
pacinO" of twice the twmel height. By the melhod OI 

Theodorsen (reference 6), the velocity function for au 
infinite vertical row of equidi tant semi-infinite vortices 
at x= O may be wTitten as 

. I 7rX r sml h c= -- ---
8A h 7r.( 7ry 

cos -h -co h 

in which v is the vertical velocity and 2h is the vertical 
spacing of the images. 
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At any value of the parameter y the stream function 
from this row of emi-infinite vortex filaments is evalu
ated by integrating 'with respect to x. Thus 

sinh !~ 

f J r h 
1/J= vdx= - h d.c 

cosh 71" X _ cos 71"y 
h h 

integrated 

r ( 71" X 71"Y) 1/J= -;. log cosh h - co Ii 

The result may now be extended to include two vertical 
rows of vortice of opposite siO"n at a distance 8 and 
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-8 from the y axi. The stream function then become 

1/J= ~71"{lOg[cosh71" (xh s) -cos~~] 
- loO"[ cosh 71" (x+ ) - cos 71"Y]} 

b h h 

cosh 71" (x+ ) -cos 7T"Y 
1/J= -~100" h h (4) 

871" b h 71" (x-s) 71"y 
co h -cos h 

The total vertical flow may be determined by adding 
the effect of all the double rows of vortices to infinity. 
The contribution to the vertical flow of any double row 
of vortices, say the nth , is numerically the same as the 
vertical flow at the locll.tion of the nth row induced by 
the double row at the origin. It is therefore only 
necessary to calculate the flow induced by this do uble 
row at the origin, between the limits 

x= nb- and x= nb+ 
For the actual vertical flow at the first exterior row 

of vortices with cen ter at x= b, the limit x= b-s and 
x= b-j .. s are ubstituted in equation (4). The vertical 
flow from this row i , di regarding signs, 
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[ 
7r(b+28) 7r'lJ][ 7r(b -28) 7rY] cosh cos - cosh -- - cos -

D r l h h h h 
= 87r og (7rb 7r'lJ)2 cosh - -cos -

h h 

For the nth double row, consequently 

7rY] 
h 

The entire vQ1'tical flow lor all the rows from x= - co to + co becomes 

0> [I 7r (nb+?8) 7rY][ 1 7r(nb -2 .) ,7r!/] 
r ~ cos 1 h - cos h co 1 h - cos h 

D=-g- log (b)2 7r 7rn 7rY 
- 0> cosh 1/:-cos Ii: 

or r7r '" in which '" repre ents the negative of the I de ignated 

infinite sum. We may write 

28r P V =~ CLP V2S 

in which Vis the velocity, P the den iLy of the medium, 
and the airfoil area. ill1plifying, 

r = CLVS 
48 

The angular deflection caused by the induced flow is 

or with bh=C, the cross-sectional area of the jet; 

i=r, the ratio of the tunnel width to height; and (f 

equal the ratio of vortex pan 28 to the tunnel width 
b; the final result for the group with origin at B-B 
may be written for the open tunnel 

1 '" ,, [ coSh 7rr(n+(f)+cos 27rf%] [ co h 7rr (n- u)+co 27rr%] 
oW2=-16u27rfU(-1) log ( d)2 - - (5) 

-0> co h 7rnr+cos 27rr b 

The ummation converge rapidly and the term for Wing localion and crl'ective pan are expres ed as 
value of n greater than 2 are negligible. The ame fraction of the tunnel width b. 
equation applies for the closed tunnel except that the 
factor (_1)n is omitted and the sign before the expres-
ion become po itive. 

For an infinitely small wing, equation (3) and (5) 
reduce to 

BOUNDARY I FLUE CE AFT OF THE AIRFOIL I 
RECT A GULAR TUNNELS 

Thu far con ideralion ha been given only to the 
conditions at a plane through the lifting line of the 
wing, where the tran yer e pOltion of the horseshoe 
vorLex repre enting the enecL of the wing doe noL 
ail'eet the boundary condition and the problem reduces 
to that of findinO' Lhe efrect of yortices extending from 
zero to infinity in only one direction. If Lhe induced 
vertical velocity due to the boundary interference 
were constant along the tunnel axis, the only eHect of 
the interference would be to change the general direc-

lS 
The total boundary-correction factor at the airfoil tion of the all' iream with respect to the airplane and 

balance sy tem without in any way changing the local 
flow 0," I' the airplane for any given attitude with 

(6) respect to the relative wind. The tunnel-wall inter
ference, however, is not constant along the tunnel 

By mean of the foregoing equations the corre tion aX). The varia tion of boundary influence with di -
factors Ow have been computed over a practical range I tanee downstream cau e the tail of the airplane to be 
of span ratio and wing position for the square and 2: 1 operating at a clifl'erenl anO'le of attack than it would 
rectangular tunnel with open and clo ed te t sections. in free all' for the same angle of the wing to the relative 
These results are presented in figure 10 to 13, inclusive. I wind, the discrepancy being equal to the diiIerence in 

34653-36-2 
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the induced angle of flow at the wing and tail. The 
tail surface also acts as an airfoil affecting the bound ary 
condi tion but the tail area is so small that this eIrect 
may be neglected. 

At any cross-sectional plane behind the lifting line, 
the influence of the hor eshoe vortex system at the 
tunnel boundary differs from that at the wing owing 
to the transverse and 10nO"itudinal segments of the 
wing horseshoe vortex system that extend between 
the wing and this plane. The longitudinal vortice 
downstream from the plane may still be considered to 
be of infinite length. A corre ponding varia tion in 
the influence of the image is required in order that the 
boundary conditions may be satisfied. 

/ 
/ 

FIGURE J4.- Three·dimensional arrangement of wing and image vortices to satisfy 
the boundary conditions afL of tbe airfoil for tbe open rectangular Lunnel. 

Jo simple extension of the image rtem ha been 
found for the circular or ellip tical tunnels that satisfies 

and the z axis vertical, a doubly infini te series of images 
is located at points y=mb and z=nh for a rectangular 
tunnel of breadth b and height h (fig. 14). The vari
ables m and n a sume all positive and negative integral 
values except (0, 0). 

Although the pattern is infini te, the images adjacent 
to the tunnel boundarie are the most etrective and the 
first two rows o( images exterior to the tunnel bounda
ries ordinarily contribute more than 90 percent of the 
induced 110w. The yalidity of this statement is clemon-
trated by the rapidity with which the series repre

senting the eiTect of consecutive rows converge and 
by computations showing the negligible contributions 
from the exterior rows. 

The method followe 1 in this paper has therefore 
been to determine exactly and individually the induced 
vertical velocity from each vortex in the first two 
exterior double rows of images and to sum the effects 
of the remaining rows to infInity by an approximate 
method demonstrated in reference 10. 

For the additional yertical nlocity WAI at a point 
(x , 0, 0) contributed by an image with circulation r 
located at (y, z), we may readily write 

Since 

and 

r xy (1 1) 
w.4'=471" , /X2+ y2+Z2 x2+ZZ+ y2+Z2 

] 671"sCla.tl 
OLS 

(7) 

the boundary conditions at all points. For the rec
tangular tunnel, it can ea ily be seen that the boundary If 
condi tion is sati fied at all points by the same sy tern 

Cl = (471"W/,,)OLS 
a" r 1671" 

of images as in the two-dimensional problem, each pair 
of vortice including a transver e egment to make i t a 
complete image of the horseshoe vortex representing 
the wing (fig. 14). At an infinite distance behind the 
airfoil, the induced velocitie from the transver e 
images become zero and the total induced velocity 
from the longitudinal branches, which may then be 
co nsid ered as extending to infinity in both fore and 
aft directions, reaches twice the value at the wing. 

If the increment of induced angle at points behind 
the wing be designated Lla.4, the total influence at any 
location from the boundaries is 

LlaT= Claw + Cla.~ 

in which Llaw is the value at the wing, from the fore
going di cussion of downflow at the lifting line. 

If the origin or coordinates i cho en at the center 
of the airfoilliIting line with the x u:-"-1s coinciden t with 
the horizontal a}"-1s of the jet, the y axis along the pan, 

which may bc \\TiLLen 

therefore 

If the term (47r;',') be cYl.lluaLed by equation (7) for 

each of the Yortice in the first two exterior double rows, 
with po itiYC ign for images that create upJlow in the 
tunnel and negative for those inducing downl1ow, we 
may expres the correction factor that accurately repre-
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sents more than 90 percent of the interference flow as 

0,4 = f"b
2 

L:471"WAI 
1 1671"8 AI r ( ) 

For the remaining rows to infinity the equation for the 
closed tunnel may be written by the appro).imate 
method of reference 10 a 

x [ (f,,2) Q) Q) 1n2- 2 f,,2n2 
LlaA2= 27CCL - ~ ~ (- I )" ( 2+ f,,22)6/2 /, 71" 771 = 3,, = 1 m n 

(9) 

(10) 

The a umption are made that the wing may be rep
re ented by a doublet at the center of the jet and that 
the eli tances to the exterior vortices are large com
pare 1 with the pan 28 and th distance along the axis x. 
Positive values of LlaA2 indicate upflow in the tunnel. 

If the term in the brackets of equation (9) and 
(10) are denoted by l/;, then 

or 

and 
xl/; 

OA'= 2b f" 

rile total incrcment of induced angle behind t il e airfoil 
IS 

therefore 
OA = OAI + OA2 

The value of O,l in terms of the wing correction Ow are 
presented in fi gure 15 to 26 for the open and closed 
square tunnel and for the 2: 1 rectangular tunnel. 
They covel' a practical range of wing and tail position 
in the te t section. The wing position and di tances 
to the rear are given a fractions of the tunnel breadth 
b. The tail height for a particular wing height corre-
pond to the po itions that the tail occupies over a 

range of angles of attack of the airplane thru t aArj . 
Although no theoretical solu tion has been made, it 

is believed that the values of oAlow for the square and the 

2: 1 rectangular tunnels apply to the circular and 2: 1 
elliptical tunnels, respectively, with an accuracy suffici
ent for practical use. 

A special case of some interest i that of a wing at 
the center and extending through the wall of a closed 
rectangular tunnel. For thi a e there ar no trailing 
vortices and therefore there is no induced vertical 
v locity at the plane of the wing due to boundary 
interference. There i , however, an interference at 
downstream points from the linages of the transverse 

ortex and, since this interference vuri with di tance 
along the tunnel, there is an effective curvature of the 
ali· tream. 

ince a winO" panning a closed rectangular tunnel 
may be considered the same a an infinitely long wing 
between an upper and lower boundary, the linage 
y tern consists slinply of a ingle vertical row of infinite 

tran ver e vortices of alternating sign with a vertical 
pacing equal to the height of the tunnel. The vertical 

velocity due to the nth linage vortex above the wing 
at any point x downstream from the ali·foillifting line 
and z above the center of the tunnel i 

r (_l)nx 
W= -271" (nh-z)2+ x2 

The total induced velo ity i that from all the vortices 
[rom n =-oo to n =+00 except the one at n= O, which i 
that of the wing it elf. Or, 

r[ Q) (- l )"x X ] 
w = -271" ~ (nh-z)2+x2 Z2+ X2 (11) 

If only points along the center of the tunnel are of 
intere t, z= o and (11) reduces to 

r [ Q) x -xl] w = -2- ~(_l) n 2+ 212 71" - Q) X n /, 

which can be expressed very simply as 

r Ii 

( 

71" 

W= -271" . _ I 7I"X 
lIut -h 

~) 
( ee referen ·c 5.) 

( 

1 1) CL - -
LlaA=- - . x x 

88h loh 71" Ii 71" Ii 

1( 1 __ 1) 
OA=- -4 inh x x 

S 71" - 71" -
h h 

If c i the chord of the ahfoil 
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FIGURE 27,-Boundary·correction faclors nft of lbe infinite span airfoils in closed 
rectangular tunnels. 6~ is zelo. 

The values of OA are plotted again t distance down
stream in figure 27. They are small a compared with 
the corrections obtained for finite wings. It may be 
noted that the e corrections are independent of the 
height-breadth r atio of the tunnel and may be used for 
closed rectangular tunnels of any dimensions. 

It is expected that these results for the boundary 
influence behind the wing will check experimental 
re ults for closed rectangular tunnels. In the case of 
open tunnels, however, the problem is not so definite 
because other factors, such as the pro:-..imity to and 
shape of the exit cone, may seriously alter the flow 
behind the wing. Thus it i desirable to verify the 
validity of the results for any given open tunnel. 

L ANGLEY l\IEMORIAL AERONAUTICAL LABORATORY, 

ATIO AL ADVISORY COMMITTEE FOR AERONAUTICS, 

L A GLEY FIELD, VA., June 28, 1935. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis Moment about axis Angle Velocities 

Force 
(parallel Linear 

Sym- to axis) Sym- Positive Designa- Sym- (compo- Angular Designation bol symbol Designation bol direction tion bol nent a.long 
axis) 

LongitudinaL __ X X Rolling _____ L Y---+Z RolL _____ </> 'U P 
La.teraL _______ y y Pitching __ __ M Z---+X Pitch ____ IJ v q 
N ormaL _______ Z Z Ya~ing _____ N X---+Y Yaw _____ 

'" 
w r 

I 

Absolute coefficients of moment 
L Ai 

G,= qbS G",= qcS 
N 

Gn = qbS 

Angle of set of control surface (relative to neutral 
position), 8. (Indicate surface by proper subscript.) 

(rolling) (pitching) (yawing) 

4. PROPELLER SYMBOLS 

D, 
p, 
p/D, 
V', 
V., 

T, 

Q, 

Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

l' 
Thrust, absolute coefficient GT = pn2D~ 

Torque, absolute coefficient GQ = ~D5 pn 

P, 

G" 

1/, 

n, 

<1>, 

Power, absolute coefficient Gp = ~D6 pn 

Speed-power coefficient = ~ ~~: 
Efficiency 
Revolutions per second, r.p.s. 

Effective helix angle=tan-1 (2!n) 

5. NUMERICAL RELATIONS 

1 hp. = 76.04 kg-m/s = 550 ft-lb./sec. 
1 metric horsepower = 1.0132 hp. 
1 m.p.h. = 0.4470 m.p.s. 
1 m.p.s. = 2.2369 m.p.h. 

1 lb. = 0.4536 kg. 
1 kg = 2.2046 lb. 
1 mi. = 1,609.35 m=5,280 ft. 
1 m = 3.2808 ft. 

'. 




