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By Rudolph C. B e f e l i  

An imestigation of the  use of solid  fences installed on the  side 
wal ls  of a supersonic wind tuzlnel  to  retard the development of trans- 
verse flaw and thus to increase  the  uniformitg of the side-- bound- 
azy h y e r  is reported. Beneficial  results  were obtain& w i t h  fences 
wbich had depths of the  order of the boundary-layer displacenent  thick- 
ness and wbich followed  potential-flow  streamlines  through  the  nozzle. 
Reduction  of  the nfrmber of  fences 011 each side wall frcan four to two 
elimimted their effectiveness. 

Because of the  static-pressure w e n t  m m  to the axis of two- 
&hensional supersonic nozzles,  trassverse  velocity  conqonents are " 
tiated which cause  large  deviations of the boundaq-hyer streamlines 
from potential-flow  streamlines  (reference 1). Innneaiately  dawnseream 
of  the  throat the pressure  is grater at  the  center line of the tunnel 
than at the contour walls; therefore  the side-waU boundary-hyer flow 
is  deflected faxther away from  the  center line than  the  potential flaw 
(fig. 1). Farther downstream, but  still near the throat in the nozzle, 
the pressure becomes less  at the center line than at  the  contour dT&uSj 
the boundary-mer flow a l o n g  the side WXXUS therefore turns toward the 
center line. This transverse flow contgsues to increase in magnitude 
downstream of the  nozzle  because  of  the  secondary f l o w s  pecullaz  to 
mncirc~lar  acts (reference 2). merefore, except  close to the  throat, 
the  low-energy  air  of  the boundary Wer is continually  swept toward the 
center  line of the  side w a l l s  as the flow progresses downetzeam 
(fig. 1). AS a resat, the boundary layer grows more r a p i w  d o n g  the 
side" center  line. This growth  is  more  pronounced  at Bigher Mach 
n&ers because the transverse pressure  gradient in the nozzle  increases 
with the desi- &ch number of the  nozzle. 

Y 

Some experimental da.t& obtained in reference 3 and uqublished 
investigations Wch illustrate this bcnmdary-layer growth are shown In 
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figure 2, i n  *ich the displacement thiakneea 8* is plotted at variourr . 
distances *am the s i d e - ~ m  center line. m e  data of figure 2(a) were 
obtained by moss-plotting data presented In reference 3. The coordIna%e 
x', used in  figure 2(a) t o  indicate the relat$ve  separation of the &a1 
e ta t iom,  is zero 8t the cent- of the test rhcanbus. The data of fig- 
ures 2(b) and 2 (c), obtained in the Lewls 12- by 12-3noh and 6- by 
6-inch tunneler, respeotlvely, have not  prertouely been reported. Them 
data clearly show the  increase of omter- l ine displaceanent tMckneas 
with distance fram the throat  and with Maoh mer for these tunnels. 
The cusps, at  z = 0, are Indicative of  secondary flow normal t o  the 
side wall wi thh  the boundary layer at  the center line (fig.  1). It 
is apparent that at  high supersonic Mach n~miber8 the dlsplaoemsnt  thick- 
ness may becams an appreciable fraction of the moss-eect lm dimensicma 
of amall tunnels. 

. 

Theoretical predlot lons of the growth of the boundary layer along 
the s ide  walls m e  diff icul t  becauere of the complexity of the q u a t i m a  
required t o  deeorlbe the flow. The existence of secondary flaw in 
straight nmcircular chsnnele l e ,  huwever, proved in refesance 4 by an 
application of the vo r t i c i ty  transfer theory. Additional analyses of 
three-dimanelanal  boundary-layer flm are presented 3n references 5 
t o  7. A method f o r  oalculeting turbulent boundary-layer growth Fn the 
presence of pressure gradients alang strectmlinee is given in refer- 
ence 8. An application of tu8 method to s u p e r s d o  nozzle flow, hm- 
ever, g e l d s  values of displacement thlohness which are not a8 lrulge 
along the side-wall center lFne ae those  obtained  experimentally. 

Although the phenamena of the Large bollnAy-layer growth alang 
the center line can be explained, as yet, d y  qualitatively,  several 
experimental means f o r  increasing the unif armlty of the boundarg layer 
and thus  increasing the ueef'ul test-section area and the m%xlmum size 
of test modele have been proposed. O n e  of these, the i n s t a w t i a n  of 
solid  fences  along  potential-flow streamlines wfthin the side-wall 
boundary l aye r   t o  retard the  transverse flow, has been investigated 
i n  the  NACA Lewis 6- by 6-lnch  tunnel. .The results of  t h i s  investi-  
gation a r e  presented herein. 

Apparatus 

This Fnvestigation was conducted in  the Iswis 6- by 6-lnch hyper- 
sonic continuous-flaw wind tunnel. Further information  about this 
tunnel is given i n  reference 9. The instrumentation ;Included a p i to t -  
pressure probe and a static-preesure probe (fig. 3) which were used 
w i t h  a mrcury 1IbEu1aneter and a differential butylphthalate manmeter, 
reepectivelr, f o r  determining Mach numbem. A set of four fenms, 
curved t o  follow potential-flow streamllnee, was made t o  be mounted 
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on the  side walls of the tunnel (figs. 4 and 5). The depth of protru- 
sion i n t o  the stream was in i t ia l ly  chosen apprcxbately equal to nine 
tenths of the boundary-layer thicbees (0.96). Two sets of fenme with 
depths approximately equal t o  the displacement thickness &* and t o  
twice the displacement thickness 26* were a h 0  used. These depth3 
Were determined experlmanttzlly without the fanoes st two axial stations 
on the fence streamlines ELna interpolated linearly. The fen088, &e 
frm one-eighth inch braslj strips t o  ccanpramise between thinness and 
r ig id i ty ,  were set In milled grooves and fastened t o  the eide walls 
with screws. The upstream  ends of the fmces were tapered t o  8 point. 

L 

Operatlng Conditions 

The test8 were conducted with an inlet pressure  of l25A3 pounds 
per e q w e  inch gage within two temperature ranges, 125O k.3' F and 
193' k L 3 O  F. The dew-point temperature was less than -loo F at  atmoe- 
pheric pressure. The flow emptied into an e m u s t  line where a pressure 
of between 2 and 3 inches of mercury absolute was maintstned. The 

test-section) were 1.8 t o  2.7X1O6 per foot a t  a nominal Mach  number of 
5.5. No siepificant changes in  the boundary-layer profiles could be 

. te6t-section Reynolds  numbers  (computed f r o m  pressmes measured in the 

4 attributed t o  inlet  conditione within the ranges of these  tests. 

Mach nmber profiles with and without the fences (depths based on 
0.95) iyballed are ompared In figure 6 .  The fences reduce the boundary- 
layer  thiclmess near the side-wall center line (z = 0) and increase  the 
boundary-layer thfolmess nearer  the contour wall (e E 1). The uniform- 
i t y  of the  side-wall boundary layer is  therefore increased. In addition, 
the fences reduce the  distortion of the  profiles at  z = 0. In fig- 
ure 6(b)  the  data  for z = 1 are not shown because the fences extended 
through this  s%atian. 

The axial  variations of displacement thidlmess 6* and mormentum 
thfckness 8 obtained from these and other Mach nuniber profiles are 
B h m  i n  figimes 7 and 8. Values of E* and 8 for the profiles of 
figure 6 are given in table I. These data show again that the uniform- 
i t y  of the boundarg layer i s  increased by the fences. 

The effect on the boundary layer of the  fences  with depths based 
on 6* and 26* was about the same as that of the  fences  with  the 
intemediate depth of 0.96; consequently, data are  presented on ly  f o r  
the fences wlth depth of 0.96. The deepest of the three sets of fences 

I 

* (those of depth of 28*), however, caused undesirable disturbances in 
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- the stream. Although the  effect of the width of the fences was not 
investigated, one mlght expect t o  reduce these  disturbances by using 
t-er fences. 

In order t o  detemthe whether the length of the fences beyond the 
las t  tunnel expaneion warns Bad an effect on this uniformity of the 
boundary layer, the  fences xith depths based on a* were shortened so 
that they extended only slightly into the  test rhonibus (downstremu end 
indicated by X in f ig .  4) .  These fences were 88  effective as the 
origiaal fences in inareaerlng the boundmy-lager uniformity. 

With the two internal or with the two external fences  (depths 
based on 0.98) alternately ramped them was no significant improvemn-b 
on the  results obtained without fences. 

Bide-wall fences which follow potential-flaw  streamlines through 
the nozzle effectively  retard  the secondary flow and increaee  the 
uniformity of  the boundary layer on the  side walls of two-dimensional 
supersonic tunnels. These fenoes need have depths no greater than the 
displacement thickness. The  number of fences installed on each side 
wall affects  the  extent t o  which the  secmdary flow is retarded. 

Lewis Flight Propulsion Laboratory 
Rational Advisory Committee for Aeranautios 

Cleveland, Ohio ..:. 
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Figure 1. - Schematic dlagram ill~trating growth of b0umlm-y layer on tunnel U s .  W E  
Fndlcate direction o f  secondary floxj ehaded mea lnalcates boundary-layer region. 
CooKUnate eyetem l e  also ehawn. 
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(b) F r o n t  view a f  pitot-presevre probe (ma@f'ied). 

lrigure 3. - Pitot- and stertfo-greseure survey probes. 
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(a) Location of fences relative to tunnel nozzle. 
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(b) Dimensions of fences with aeptha based on nine tenths of 
bamdary-layer thicknees. 

Figure 4. - Geometry o f  fence h e t a l l a t b n .  
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Figure 6. - C o n l p a r i s o n  of Mach number profiles at various axial distances *om 
throat uith and without fences. 
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Figure 6. - Concluded. Comparison of Mach number profi les  at various axial distances 
from thmat with and uithout fences. 
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Figure 7. - Variation of displacement thickness vith di~tance from thraat. 
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Flgure 0. - Variation of momentum t h i c b e s s  with distance f r o m  thmat. 




