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. TUDNEZ CCrRRECTION FClR C m S m  SUBSONIC 

By A. V, BwmofP 

This report preseato a trea"3ent of the ef fec ts  of the tunnel 
walls on the  flow velocity and direction i n  a ca-pressible medium 
at subsollic speed by an approximate method. 
calculations are given f o r  the rotationo2l.y symmetric and two- 
dimensiondl woblems of the flow past bodieB, aa t m U  as for the 
d o m a a h  effect i n  the tunneb with circular cross section. 

So lu t ims  with nwnerical 

1. SYMBOLS& 

b w i r q  span of t ho  moOel wing 

' r  c i r c u h t  i on 

h half of tho tunnel height, two-iinsj.occL73- case 

3 

CL 

prof i le  volume of the model, two-dimensional case 

Mach number squared i n  the undisturbed f l o w  
4' 

9 variable of integrat ion 

R tunnel radius 

U variable of integration 

T v d w e  of the model, mse or" rotation& symmetry 
7 

*"Z% F,-age der flanaBorrektur bei konpressib1o;- Unterschall- 
str'huv,, 
Gber Luftfe-bt f axx9mng (ZWi3) Berlin-Adlorshof , July 5, 1340. 

(equations (l?), ( 2 5 )  , (31), ( 3 2 ) ,  (41), and (42) j . Symbola used 
i n  ir,termediate calculations are explazi,%b at the polnt of the i r  
introduction. 

FB 1272, ZontrdLa fib .wis&nsch&'tllches Berichcsmsen 

"This list only contains ;symbols eppcaring ' in the f i n a l  T e s u l t B  
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increased velocity at the tmwl w a l l  

a d a t i o n a l  axis3 velocity (due t o  the  constriotion of tho strean) 

addition& upwash velocity (due t o  the  constr ic t ion of the atream) 
5 ,  p, or 5 ,  7 are the  coordinates for the  case of 
ro ta t iona l  symmtry o r  two dber-sions, rendered cU.mensionless 
by division by R or  h. 

The e f fec t  of the tunnel w a l l s  on tho flow around R body 
acquires increamd significance at high ve:loci’tios as nuch tht.oL@ 
compressibility as through the often unfavorable ratio of model 
Ciimensions t o  tunnel dicu?leter. I n  t h i s ,  the queation eoncerns 
the effects  on the flow speed and direction, the  f irst  cas8 of 
which is, possibxy, t ha t  of a model, s j m t r i c a l l y  surjpended, i n  
a flow where there  i s  zero L i f t ,  w h i l e  the  cecond case is tha t  
of a circulatory flaw past a t h i n  prof i le .  
equation f o r  cmpressible subsmic flow should $2 taken as a basis,  
here, i n  the  aFproximct%ioor- form named aftex- D a n d t l .  
regreaents the velocity potent-id., i n  cyl indrical  coordinatos t h i s  
oquP*tion, then, rea&: 

The d i f f e ren t i a l  

I f  9 

T h i s  holds fo;- a so-called, new’+ pm&lel flow, t ha t  is a 
uni20i.m principel flow in  tho direct ion of the  x-axis on which 
is  superimposed a flow of ordinarily mdL1 v e l o c i b .  

NLW l e t  @ be the potsnt ia l  of the flow in the mediwn, 
unconfined, and 
became of the  efI’ects of the t m o l  w a l l s .  
the  dAfferentie3 equation (1) in the  entiro range of the i n t e r io r  
of the t m e l  as a good approxination. 
of 
principal flow can he of tho same order of mqpitudc as the  
principal flow, i t s e l f .  The quw-tity, 2,  ill., hmrever, certainly 
do at a distance fron the bow, tha t  is, i n  the ncighborhood of 
ths tunnel 

%he potent ia l  of the adfiitimcd flow aypeming 
@ certalniy satiefies 

The same c m o t  be sa id  
Q becauue in  +,lie vicini ty  of t he  body tho decictions from the  

possibly, just  as weU 8s Q * zi eque-tion (1). 

4 
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Now since the connection between 0 and @* consists of the 
fact t ha t  

a - (Q +@*)  = 0 ar 
at  the tunnel wall, the  
by the  uncertainty i n  the potential 
body as far as it succeeds, t ha t  is, i n  giving solutions of 
equation (1) of such a kind which describe the  action of the body, 
which the  flow moves past at a great ddstance from it w i t h  
suff ic ient  accuracy. F i r a t  of all, i n  the follow5ng the rotat ional ly  
symmetrical and the two-dimensional problan'for the flow past a 
model will be treated,  for which ascertaining a correction factor  
for the  flow velocity o r  i ts Mach number i s  the  object of t h i s  
investigation. In  %he conclusion, the  problm of domwash correction 
f a c t w  :Ls handled i n  connection with t h a t .  
method i n  a l l  three cams depends on the same a r t i f i c e  (compare 
reference l), namely, i n  that the condition at the edgo (reference 2 )  
is sa t i s f ied ,  f i r a t  of a l l ,  within a f i n i t e  longituoinal section 
of the tunnel cylinder, and the limit /-+a is  taken only  then. 
The solutions 031 appear, therefore, i n  the form of Fourier integrals. 
It should be mentioned tha t  i n  the two-dimensional case the  method 
of re f lec t ion  of the s i rgulas i t ies  (reference 2 )  leads t o  a solution 
tha t  i s  more convenient fo r  the pmpose of nmrical crrlculation. 

@ desired is  touched only s l igh t ly  
Q i n  the v ic in i ty  of the 

4 

In  a formal sense the  

22 

3.  EFFECT OF TEE TUNNEL W A I L  ON THE FLOW PAST B O D E  

(CAS3 OF ROTATIORAL SYMMEX'BY) 

It i s  logica l  t o  describe the disturbances tha t  a body past 
trhich there  is flow, causes at some distance from i t s e l f  by a 
suporposition of sources and sinks in  which the  source and sink 
potent ia ls  sat isfying equation (1) are readily expressible The 
discuosion is  lbuited, a'c t h i s  point, t o  the case where the body 
i s  small enow? in  comparison to the tim-el radius so  t ha t  i is  
action can be replaced accurately m o a ?  by th& of a s i r e e  
dipole. The potentia3 of such a dipole with the  x-axis as i t s  
axie of symtnetry, f i gxe  1, roads: 
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Regarding the msaning of the dipole moment !I+, a.rgmonts 
wlll not be presented till section 5 .  

For the additional potent ia l  @*, which givea the  action 
of tho tunnel w a l l s  on the flow, the following estimate i s  made: 

with which the following equation derives from (1) 

1 X" p" +. - p' + (1 - p) p ---= 0 r x 

Fi rs t  of all, t o  satisf3- ihe boundary condition (2)  only 
for IxlCZ, it is  necessary t o  set 

X I f + u  2 x = o  

i n  which 

krt u = -- 
2 

e 

(4) 

k =  1,2,-3 ......... 

enters  i n  as a 
transforms t o  

It i s  readily 388~1, that because of (3) and ( 2 )  x appears t o  
an odd power i n  @* so tha t  only 

kfix X = s i n  - 
2 

solution of ( 5 ) .  on account of .(?)"equation (4) 

1 k2rt2 
r 2 

P" + - P' - (1 - p) 7- P = ' O  
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l a  

P 

.'. 
The solution of t h i s  so-called.mod&d $essi$.rs differential 

equation is 

where Io i s  the  modified Besssl func t im  of the first type an& 
zero order. The correspondirq function of the second type does 
not enker in to  the  question because of tho requiranant of 
regulerrity for P. The general solution develops from (6) anti 
(8) by summation over all integral  values of '  k. 
of the dbmwionless y u m t i t i m  

With the use 

it reads 

The def ini t ion of the coefficients ck follow from tho 
boundary condltion (2).  To begin with, for  p = 1 

r- P 

Expanding 
comparison of 
the following 

the richb-hand side in  a Fourier series i n  5 ,  by 
coefficients, after some intermediate calculation, 
i s  obtaincd 
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Now substi tuting (3.2) in (10) and taking the  l imi t  X+a the  
following is obtained 

The inner integral  i n  t h i s  can be put i n  a form where it i s  
expressible by a modified Beasel's function of the second type 
and f i r s t  order. This is, namellv, 

where K1 is  the function mentioned. Equetion (13) reduces, 
IIX means of t h i s ,  t o  

A new variable of integration can be written f o r  
' -  

here (represented again By q in the  Pollowirq;) a d  t h e  expression 
. . . . .  - 

iu obtained for the ax ia l  additiond: velocity,  In  wind tunnels, 
there  Is the  possibi l i ty  of finding tho velocity at the tunnel w e l l  
by measwemn% of tho s t a t i c  yresswe at the t m e l  wdl. 
incroased voloclty there l i ~  colrputeu from the t w o  poteni3d.a (3) 
and (14) fo r  = 0 a~ 

The 

r- 1 .. 
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Eliminating the dipole mcment i n  (15) with the aid of (161, .. 
then at the posit ion of the body (5 = p = 0 )  

i e  obtained for the correction-factor velocity where it can be 
ascertained by measurement. (See aection 7 f o r  the numsrical 
calculation of tho fac tor , )  
of Mach number. 

The relationship (17) I s  indepghdent 

(Two-Dimensional Cam, see Fig. 2) 

In the two-dimensional cwe the differentid equation fo r  the 
velocity potential  rends 

a20 a* - 4 (1 - p)  -'= 0 as.2 ax2 

A solution of t h i s  equation, which i s  associated with the  
dipole, reads 

i 

F i r s t  of all, the momen2 
i t s  re la t ion  t o  t h o  size of the body and t o  the Mach number w i l l  
be discussed fur ther .  To fu l f ' i l l  the bounh-y conclltions at the 
upper and lower tunnel wall requires the introduction 
of an additional potential  a* which likewlse & o d d  satisfs- 
equation (18). 

m, is simply regarded as given; later on, 

(3- = th )  

Through the  statement 
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it i a  easy to get a general solution. 
asrd the boundary condition reads 

Its form cornistent with (19) 

(20) 

To sa t i s fy  the boundary conrditions, exactly tho  sane procedure 
is  t o  be'observisd as i n  the preceding section. 
linlit as 2 + m  and by applying the dimensionless formulas 

After taking the 

the expression 

?r2h JO 

is  obtained. 

On account of 

cos( qa) da, . n  -¶ - 
0 a 2 + 1 - I J . - 2 i G B  

after the introduction of a new variable of integrat ion f ina l ly  
becomes 

@ %  = 

The axial additional velocity now reads 

(24) 



NACA RM Ioo, 1162 9 
. 

! l  

, 

The increaeed velocity at t:he w a l l  (5  = 0, q = 1) 
The correction velocity at the  point 

i s  
( E =  7 = 0 )  introduced again. 

5s then 

( 9 5 )  1 -  
3 . u o * = - u  

where û  is  the increased velocity measured at the w a l l ,  

5-  -Y OF TH!3 DIYOIJJ MObBRl' ON BODY VOLUME AM) MACH NUMBER 

The dipole moments m, and m, introduced i n  equations (3) 
and (19) should not be set i n  relat ion t o  the volume of the body 
tha t  the flow passos aqy more. 
a 8ingI.e parmeter, the volume of the body is  the most sui table  
quantity, i n  fact;, f o r  the definit ion of t h i s  paxameter. The 
flow past the body could be introduced as a se r i e s  of dipoles tha t  
has s e t  t o  work i n  its in te r ior .  Each individual dipole signifies 
a cer ta in  displacement of the oEtes flow, which i s  obtained most 
eas i ly  with the aid of the flow function. Therefore, the r e l a t ion  
between the potential  and the flow function must be so t  up, first 
of all. 
s p e t x y  

Eince those potent ia ls  only contain 

In  Its exact form i t  reads f o r  the case of ro ta t iona l  

The equations ( 2 6 )  m e  not linear on account of the dependency' 
between tho ,d.ensity 
l inear ized i n t o  the following form: 

p and the v e l p i t y ,  however, they can be 

I 
a The author i s  obliged t o  Dr. Ing. B. Giithcr-t f o r  pointing t h i s  out. 



The approximate Porn (26a$.is eqd&t t b  the dif" i e r en t in l  
equation fo r  $f obtained f'rm (1) 9di" . O  the  c a m  of ' ro t a t iona l '  
spumetry and a corresponding equation for 9 .  The flow function . 
of a dip018 in  e unifo-rm f low reads, therefore, i n  accord with (26a) 

' I  , .  .. 
2 r 

By se t t ing  9 equal t o  0 the contour 
the stream flows is  obtained and from t'his 

. .  

. . .  , 

. (28) 

s o  that i n  t h i s  case the moment is, therefore, independent of the 
Mach nmber . 
t o  the system ( 2 6 ~ ~ )  may be writ ten down readilj.. 
function sat isfying them 

For the two-dimensional case the re la t ions  corresponding 
From the flow 

the volume of the body past which the stream flows (volume within 
surface of the contour past which the stream flows) i s  obtained as 

me Fi 
3 =; c U 

From t h i s  is  obtained t h e  fac t  that the dipole moment i n  the 
two-dimensional case is dcpondent on the Mach number. 
is  i n  accord with the so-called Prandtl 's rule (reference 3): 
objection could be ra ised against t h i s  consideration tha t  it 
investigates the flow past a body taking as a brsia an individual 
d ipole  de factm, which b e s  not s&tis,';. the Prar,&tl  conditien cf 
slenderness. 
represent the body possibly b;r assuming a d is t r ibu t ion  of sources 
and sinks along i ts  axis. 
case of a very slender body admittedly the same dependency of 
the product of source strength by sohce-?ink distanco on the 
Mach number is obtainsd us  t ha t  fo r  the  d ipole  moments-in. 

Th i s  result 
The 

. 

I t  mi&t, therefore, have been more acceptable t o  

Now If t h i s  is  done, then i n  the extreme 

- .  .̂. . . . -  - - .... . .. _.L -1 - 
r-' , .  
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equations (28) and. (301, while on the other hand the numerical 
factors  change; thex becone e q u d  t o  1 I n  b3th cases, t ha t  is  

The dipole ncmmnt for tho case of r o t a t i o d  s,vmmotry calculated 
from (28 )  woul.i! then be, wcordirgLy, 30 percent', and t ha t  f o r  
the two-dimensioaal case accarding t o  (30) f u l l y  100 percent 
la rger  than tha t  Tram the second considertxtion. 
t h s t  appear yaccicul. aa rnoCe'l.5 are slender, as a rub, the 
advmtage belongo r i @ t l y  to the  second consideration i n  every case. 

the following is obtained 

Since the bodies 

Therefore, intrcducing (284 and (30a) i n to  (15) or (241, now, 

fo-r the two-amensional one. AI; the Position 
for  5 = p = C GT p = 11 = 0, tho f d l o w i n g  

of the boQr, therefore, 
relabions are obtained 
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It is notoworth;. t he t  the factor In frat of the in tegra l  i n  both 
C ~ E ~ E  (equatfons (21) cJld (32)) shows tho u a e  dependency on 
the Mach nmber. 

# 

I n  tho ttro-dimensional c a m  the sirculstorjr flow furIIisfies 
no cor?trib?ztion Co the m e - o f - a t t a c k  comect io~.  factor  at the 
posi2ion of the body. On tha t  account ~nly the throe-blnensiond 
probl~m in tho tunnel of circula- croes section is handled i n  the 
fol lowiw.  
by a horseshoe vortex 9I" irdinite3.y snall sp-. If instead of 
the mloci ty  potcntic;l. Q . 
potential Cp is  Introdiicoc?, cer ta in  further rrdventE?e;es r e su l t  , 
i n  p r t i c u l a r ,  the  p , s e i b i l i t y  of k e e p i q  %he nctiiod of solution 
applied up till now. 

For- t h i s  the act ion of the  modo1 can bo approximated 

OP such a vortex its ccceleration 

The 1 inear izeC w l a t i o n  b G t m G i 1  Q m.l Cp recb, (reference 4). 

For t ha t  * r e v  reascn 9 is a l ~ o  a solution of tile i l ifferonticl  
equat.ion (1). TIE :iorseshoe vortex of int 'initoly ;muzU span 
corresponds t o  tlic tccclerat ion potent ia l  of a dipolo with i t s  
axis i n  tho direction of the z-axis (Yig. 3); %his zotent ia l  
reads 

For given the Mach numbor exerts no inf'luenco on the 
as f l o w ,  t h i s  hold:) ELO m w h  i n  the 3lme of the wlr~ (X = 0) 
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a l s o  inT'in1teI.y fm behind the wing 
is  seen t ha t  @ and nll CTOSS cmporlcnis of' the velocity at  an 
inf i r i i te  dis tmco have double the  value compmed t o  tha t  
at tLc: position of the wing. 
inflrx!te distance i s  valid, therefore, at tho posi5ion of the wing, 
too, i f  it is multiplied Iq- mx+lii?,l.:f'. 
f l o v  cmaing about through the actdon m' the Jet bov.,ndary, at en 
ini.'fxite dlstancc, is 

(~4~") , At the  seme t5x.e it 

Tnc tunnel correction factor  at an 

The additionel pokentlal of the 

i n  which tho upper sign h:)lds for the c l o m l  tunnol an& tho lower 
&gn for  the open 30-i;. 

Now the  general. three-di3ilcxisionaJ. roblem ia t o  be t reated.  
A t  t h i s  Foint  an ~ ~ ~ L i o ~ ~  sotont ia l  f* is introduced which 
allows the boundex7 con5Ltione at the edge of the  j e t  t o  be , 
sat isf ied.  
are a160 r a l f d ' f o r  the acceleration potential:  

It i3 eaaily men tha t  the boundary conditiono(2) 

Tho bormdary cona t ion  f o r  the open Jet i s  obtained 8s 

The course8 of calculetion fo r  the  open jo t  a d  closed tunnel 
run off very much alike.  It corresponds, moreomr, s tep  by step, 
t o  the method doscribed i n  mc+,ions 3 end h .  
w i l l  do hare, therei'ore, i n  vhich o n l y  the closed tunnel is taken 
up, E i r e t  of e l l .  

An abbreviated expoGition 

On account of (34) tho  lollowir,g i s  cppliod 
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The general solution reads, after ai-% use of ( 9 ) .  

where I1 i f 3  the modified Beasel's function of the first type and 
first order .  

The coefficients ck are  determined from the boundary COndi- 
tions (37), which are satlsfied only for 1 5 1  < X. If the 
f.imlt X - 3 a  is taken, the final solution is obtained which after 
application of the integral rerresentations f o r  the modified Bessel's 
finctlcns of the second type takes the form 

From this with the Bid of (33) the additions1 upwash component 
is obte.incd 

J- 

The corresponding 

J O  

upwash component in the open Jet  is 
. 

The results (41) and (42) confirm the obeervaticn already made, 
heretofore, that there is no effect due to campiiessibility at the 
position of tne w-ing an& et an infinite distance. In the remirder 
the some additional upwash prevails at e, position C behind the 
wing as would be present in incompressible flow at the position 

Since the amount of the correction velocity increasea e 
\ 1 i - p '  
monotonically with increasing distance behind the wing in the open 
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Jet  and likewise increases l e a s t  in the closed tunnel within a 
range comparable t o  the tuMel radius, the  compressible flow, 
therefore, has M absolutely larger correction factor 

In  the fol lowiw the results of Bcferal numerical calculations 
shall be canpiled and discussed i n  de t a i l .  
uff f o r  the caee of rotational. symmetry is  best calculateit from 
formula (15) or bet te r  still (31). For t h i s  purpose the  integral 

The axid velocity 

i s  evaluated numerically by Simpsonts rulr ‘see t ab l e  1). 

1.- VALUES FOR F. (SEE (43).) 

P 

0 
25 

0 5  

9 75 
1 .o 
1.5 

0 I 0.25 

1 
0.1268 

1197 
.lo56 
.0853 
,0652 
0345 

I 

P 

0.5 1 0.75 I 1.0 

I- 

Next, f igure 4 presents the variation of the additional 
velocity u* along the tunnel radlus i n  the plane x = 0. Since 
the Mach nmber in  t h i s  cam only appears in  the fac tor  i n  f’rmt 

of the integral, it is  sufficient t o  p l o t  only iG 3 RQ gz . 
It is seen tha t  the adilitional velocity toward the tunnel c ~ g e  
takes on possibly 60 percent more. The assumtion ~,i. an additional 
velocity \compare Pefererlce 5 )  , constant over the cross section 
does not prove correct, therefore. 
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I13 u++ 
Figme 5 shows the var ia t ion of - - a o r g  the tunnel 

T U  

For the velocity at  the tunnel w a l l ,  from a ra t iona l  point 
of view, not  u*, but %he quantity ii increased by the 
displcicement flow, is plobted for it is certainly this increamd 
velocity Ti which i 8  accessible for direGt measurement. The 
va*iatiorr of B as a function of x a pews i n  f i k p r e  6. For 
the tiro-iiimensionull. case (equation (321, it; is necsssa;_ry to 
evalut?te the i n t e p c l  

a 

The n1mi*ical values obtained by Simpsmls rule are i n  table 2. 

Figures 7 8 show the variat ion of the additional velocity 
u* tiLong the y-aj i io (x = 0) md a long  the x-axis (y = 0). 
Figme 9 gives the  indu.csd velocity E t t  the tmnel  w a l l .  

The domirash correction factor  f o r  the cloaed tunnel. should * be represented by means of tine upwash 
I n  integrating with yespect t o  
avoifi+ed by using thg following relatlon i n  accord wi th  (36) 

w accord.ing 50 equation (41) 
a the unsuitable integral  can be 

where 



NACA TM No. 1162 17 
I '  

, 

, 

5 
This fur?ction has been tabulated for --- = 0 . . 5 

in which the  integral has again been evaluated by Sixnpnon's rule. 
(See table  3 e 1 

\/1 - IJ. 

??ie cvme for the vmia t ion  of kG is shown in  figure 10. 

The u?;wasl; f o r  %he oDen j e t  is 

by vhich 

Table 4 coatains %ne rrunerical valEes. 

The cwves we presented i n  f iLwe  LO. A compzison with 
the val-itltion calculated by I, Lotz (rcforence 3 ) ?  fox. p = 0 
und a M-q of finito- '&g spLm shows good agreemen.(; i n  the case 
of tile open j e t ,  on the  other hand somewhat lwger deviations for 
the closed t m r d J  without assimng a reanon for this d.ii'feren-L 
behaviour. On the other h a d  the var ia t ion of both curves of figure 10 
agree very w e l l  with the results calculated by M i  aid Taina,  
(rcference 5 )  using the Burgers method. 

The yroblem of' the  e f fec t  of the l imi ta t ion  of the  j e t  on 
the f l o w  past  a model i s  handled by proceeding from the  Prandtl 
l inear iza t ion  of the d i f fe ren t ia l  oquation of the compressible 
mcdim. The disturbance vhich %'no moa01 caugcs nom the w a l l ,  
at the same time, i s  represented, approxinately, by a dipole or  
horscmhoe vortex. The bounda;r.y-vdlue pmblem axisins i n  th i s ,  
at the limit of the j e t  i s  solved exactly to l e w n  the additional 
flow due t o  the effect  of the edge of tho al;reLan. 
are  evaluated numeri.cally, t o  the extent t ha t  -t;hej. a m  of in t e re s t .  

The solutions 

Translated bx D a w  Feingold 
Wttional Aavisorx Committee 
f n r  Aeronaut2 rg 
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1. h t z ,  I.: Correction of Downwash in Wind. Tunnels of Circular 
NACA TT/I No. sol, 1936. and Xl,liptic Sections. 

2. Frsxlke, A . ,  and Weinig, F. :  Die Korrcktur der Anstr5mgeschwindigkeit 
und des Anstr$mwi&ols In einem Hochgeschtrind igkeitskanal mlt 
ges chlos soney Mess t ec kt i nf olgo der Verdr'hgungs str'dmung von 
Tragfliigelmodellen. FB 1171, 1939. 

3. ?.Ymdtl, L.: General Consideraticns on the Flow of Compressible 
F l u i d .  NEiCA TM DJo. 805, 1936. 

5 .  Lamla, E.: D e r  Finfluss der Strahlgrenzc i n  Hochgeschwindig- 
kei tskanl$l.en. FB 1007, 1938. 

6. Tanj., I., ani! Teim., Id.: The Boundary W h e n c e  of a Circular 
Win& Tunnel on the Pitching Moment of the Ts,ilplane. 
the Aeronautical Reeearcli Inst., Tokjo Inpe:*iaZ University, 
Rr, 141, 1936. 

Journ. of 

With regard to desi@-mtions, definitions, and trtblcs of 
mcdifScd Eessef 's func.t;ions m e  Gi-ay, Mathews, IfacFlobert, A 
Treatise on Bessel Ehnctionc, London, 1931. 
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Figs. 1,2 

Body in the flow, 
showing cross sect ion 

//////////////// 

T u n n e l  c r o s s  s e c t i o n  

Figure 1.- Designations in the case of rotational symmetry. (x-axis is the 
axis of symmetry). 
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Figure 3. - 
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Horseshoe vortex and axis. 
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Figure 4.- Axial additional velocity in the plane X = 0. Case Of 
rotational symmetry , 

M a 0  

1 
Y = Mach number 

R = T u n n e l  r a d i u s  

7 = Volume o r  b o d y  

45 4 It5 

rotational symmetry. 
Figure 5.- Axial additional velocity along the tynnel axis. Case of 
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Y = Mach n u n b e r  
R = T u n n e l  r a d i u s  
7 = Volume o f  b o d y  

0,s I 5 I’ 

Figure 6.- Induced velocity on the tunnel wall. Case of rotational symmetry. 
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case. 
Figure 7. - Axial additional velocity in the plane x = 0. Two-dimensional 
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Figure 8. - Axial additional velocity in center of tunnel for two-dimensional 
case. 
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h = Half tunnel height 
j = p r o f i l e  area o f  
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Figure 9.- Induced velocity on the tunnel wall for the two-dimensional case. 
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F i g u r e  10.- Downwash c o r r e c t i o n  f a c t o r s  f o r  c losed  and open t u n n e l s .  
I 


