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T R A N S O N I C - F L o W " T I O N  AND SHOCK-WAVE-REFLECTION 

CHARACTERISTICS OF A TWO-DIMENSIONAL WIND TUNJYEL WITB 

By Thomas B . Sellers, Don D . D a v i s ,  and George M. Stokes 

The flow-generation and shock-wave-reflection Characteristics of a 
two-dimensional tunnel with 24-percent-open, deep, multislotted walls 
have been studied. The flow-generation t e s t s  included Mach numbers  from 
0.80 t o  1.32 and slotted-wall divergence angles o f  0', 20', and 40'. 
The shock-wave-reflection characteristics were studied  for two shock 
strengths which resulted in Mach number decrements of 0.07 and 0.12 at 
a free-stream Mach  number of 1.278. Suction  outflows which were required 
t o  generate the test-section flow were measured for  the Mach  number and 
divergence-angle range. 

Under the   t es t  conditions, the deep m u l t i s l o t t e d  w a l l  proved unsatis- 
factory  as a means of reducing  boundmy-reflected  disturbances, because 
a mixed disturbance was reflected from the wall. This disturbance con- 
s i s ted  of a we& compression wve followed by a strong expansion wave 
Eind then a strong compression region. 

The flow-generation tests showed tha t  slight w a l l  divergence improved 
the  center-line  velocity  distribution  near a Mach number of 1.3. Also, 
diverging the tunnel w a l l s  reduced the  suction power required to generate 
a given Mach number. A t  subsonic  speeds, the velocity  distribution  near 
the dlffuser  entrance is a function of the mass of air removed by suction. 

INTRODUCTION 

In the low supersonic Mach  number range, the presence of boundary- 
reflected  disturbances in transonic wind tunnels has resulted in the - 
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reduction of  model size =&.a lack of interference-free data near a Mach 
number of 1. Each transonic  tunnel i s  limited  to a supersonic  Interference- I 

free  test-section length which is governed by the  particular Mach  number 
tes t ing range and the axial distance  required f o r  the bow shock wave P r o m  
the model t0 t ravel   to   the wall and ref lect  back t o  the  tunnel  center  line. 
The magaitude and locatfons of these  boundary-reflected  disturbances  In 
a typical  slotted  transonic WFnd tunnel  are  reported  in  reference 1. 

The preliminary  investigations  reported  in  references 2 and 3 indi- 
cated that a reductfon in the  strength of "reflected disturbances 
could be obtained by  ergploying a porous-wall wind tunnel with the  correct 
uniform porosity. In order t o  investigate more extensively  the  general 
shock-wave reflection phenomena, a study was undertaken in a 3- by 3-inch 
transonic flaw apparatus. For this program a two-dimensional test sec- 
t ion was constructed  with 24-percent-open, deep, multislotted,  top and 
bottom walls. The multislotted. type of wall was selected as an i n i t i a l  
exploratory  effort which more nearly approached a homogeneous porous w a l l  
than the existfng  slotted w a l l s  of the  slotted NACA transonic  tunnels. 
The 24-percent-open ratio.was chosen on the  basis -of a preliminary deters 
mination of the normal-flow-porosity characteristics of e imilar  t ee t  
samples and the  theoretical  outflow requirements f o r  shock-wave cancella- 
tfon  (refs.  2 and 3) at  a Mach number of 1.28. The s lot ted wa l l s  were 4 

also used t o  generate  the  supersonic flow, instead of sol id  nozzle blocks, 
in order to  eliminate  the problems associated w i t h  a juncture of two dis- 
similar tunnel w a l l s  just &e& of the test  region. 

. 

The wave-reflection  characteristics  for this slotted-wall configura- 
t ion were investigated at a Mach number of 1.28 with two different shock- 
wave strengths. The transonic-flow-generation  characteristics  of--these 
walls and the effect  of waU: d.ivergence on the  center-line  velocity  dietri- 
bution were investigated  for a Mach  number range of 0.8 t o  1.3 and slotted- 
wall divergence  angles of 0',  a', and @'. A i r  was removed through the 
slotted w a l l  by means of a separate  source of suction and t e s t s  were made 
t o  determine the m&8s flow removed in  order to generate  various Mach num- 
bers over the wall-divergence-angle  range. 

- 

H t o t a l  pressure in tunnel upstream of test  section,  lb/sq f t  

bbl decrement i n  Mach number across incident shock mve 

m t o t a l  mass flow fn wind tunnel 
. 
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Am suction mass flow 
.I 

P s t a t i c  pressure,  lb/sq f t  

3 

X axial  distance, in. 
z vertical  distance, in. 

Basic 'punnel C i r c u i t  

The photographs in figure 1 and the schematic d.iagmm of figure 2 
show the  transonic f l o w  apparatus w h i c h  is a two-dimensional transonic 
wind tunnel wtth a 3-inch by 3-inch throat. me basfc  tunnel is a single-  
return,  closed-cfrcuit,  continuously o p e r a t a  type of w i n d  tunnel which 
is powered by a s w - s t a g e ,  variable-speed, aircraft-engine type of 

supercharger is 2.2 at a flow quantity of 80 cubic fee t  of standard air 
per second. The supercharger is driven by a =-horsepower, air-cooled, 
squirrel-cage  induction m t o r  with speed controlled by m e a n s  of a variable- 
frequency power supply. 

. supercharger. The maximum pressure  ratio produced by t h i s  main-drive 

I 

The tunnel  circuit  was covered with a 3-Inch thickness of asbestos 
which reduced the amount of heat radiation from the steel shell. The 
tunnel  stagnation air temperature w a s  maintained at 200° F by an air 
exchanger shown in the photograph of figure l(a) and in the schematic 
of figure 2. The intake air was drawn i n  through an air f i l ter  from the 
atmosphere. 

Suction Equipment 

In this tunnel, air w&8 removed from the tes t   sect ion plenum  chamber 
by a separate  source of suction. With this arrangement, the  suction con- 
t r o l  was ent i re ly  independent of the main tunnel  drive, and f u r t h e m r e ,  
the mass of air removed from the test sectfon was easi ly  measured. The 
arrangement of the  suction equipment is  shown in figure 2. The source 
of suction wa8  a two-stage, two-speed, aircraft-engine-type  supercharger 
which w a s  driven by two XIO-horsepower, water-cooled  induction motors. 
The suction equipment was capable of a maximum pressure r a t i o  of 5.6 at 
a f l o w  quantity of 4.0 cubic feet of standard air per second. The speed 
was controlled by means of a variable-frequency power supply similar to . that which was used for: the main-drive supercharger. 

The air removed from the  test   section was carried through  sepazate 
3-inch-diameter pipes which  were connected t o  the top and bottom plenum 

-1T, 
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tanks ( f ig .  l (b ) )  Etnd through a transit ion duct into a 6-inch-diameter 
circular  duct  to  the inlet of the suction  supercharger. A calibrated 
or i f ice   plate  which was used t o  determine the  suction m a g s  flow was 
located i n  the 6-inch duct. Manually operated  gate  valves, which per- 
mitted  separate  regulation of the  pressure..in each plenum t&, were 
located in the 5-inch-diaineter  pipes. In order t o  determine the tank 
pressure,  flush  static-pressure  orifices were located  in  the w a l l s  of 
each tank. 

Because the small miss of.-air. r&oved f r o m  the  test  'section was 
. . . . . . . 

insufficient  to prevent the suction  supercharger from surging,  a sepa- 
rate bleed  into  the  supercharger  inlet w a s  required. The a i r  bled  into 
the system was taken from the atmosphere and the  quantity of a i r  was con- 
t ro l led  by a manually operated 3-inch gate  valve which was located i n  
the  bleed  ducting. This valve was se t   for  nonsurging operation at a 
maximum pressure  ratio  condition and was locked at this sett ing.  

Test  Section 

The removable test   section extends from the  entrance cone (station -3 
in f ig .  3(a)  ) t o  the diffuser and is constructed in  a man- b 

ner which permits  various porous nozzle configurations t o  be installed 
without altering the basic-test-section  structure. Figure 3 presents 
the  overall dimensions and general  details of t h i s  construction. The 
test-section  top and bottom walls were 24-percent-open, deep, s lot ted 
walls which were made up of 73, 1/32-inch-thick 1-inch-wide s t e e l  plates 
stacked ae shown in figure 3(a) .  The plates were located with 0.010-inch 
s lo t s  between plates,  but, in order  to span the 3.019-inch-wide tunnel, 
the two slots a t  the side walls were made O.Ol5-inch wide. The stacked 
plates  extended fYom station - - t o  s ta t ion 19. The ent i re  stacked- 

plate wall was supported by l/k-lnch-thick s teel   s ide rails and the 
plates were held  together with three rows of 1/16-inch-diameter rods 
which  were located 5/8 inch below the  tunnel  wall  surface and passed 
through the  stacked  plates into the  side  rails .  The rods'were  threaded 
on each end and secured in place  with  nuts. The spacing between plates 
was obtained  with 0.010-inch-thick l/&inch-diameter  spacers which  were 
fitted over each  rod between each plate.  

5 
16 8 

In the  region f r o m  s ta t ion -5/16 t o  1, flow guides were inserted 
" 

between.the  stacked  plates with the  resul t   that the  dis tance between the 
tunnel w a l l  surface and the flow  guide gradually increased. The contours 
of the two flow  guides tested are presented in figure 3(b). It should 
be noted from these  contours that  the  Slot6 begin t o  open at station 0, 
not 416. The juncture at the  intersection of the  stacked-plate wall 
and flexure  plate was made fair and  smooth. 
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The test-section  construction allowed the  top and bottom w a l l s  t o  
be Independently  diverged from the parallel condition to  an angle of 60' 
of divergence for  each w a l l .  The diverging of the walls w a s  accomplished 
by means of the  wall-positioning  jack screws which were attached to the 
flexure  plates. Bending the flexure plates caused the s lot ted w a l l  t o  
diverge because the s tee l   s ide  rails of the  stacked plate walls were 
securely  fastened to  the  flexure  plates. Once the walls were positioned 
on the  correct  angle,  the w a l l s  were locked i n  place by the wall-locking 
screws. A pivoted  pointer w a s  attached by mechanical linkage t o  each 
w a l l  and the divergence-angle sett ings were calibrated by the movement 
of this pointer.  Figure  l(c) shows thfs pointer arrangement and the 
wall-diverging mechanism. The g l a s s  side walls, which permitted schlieren 
observation, were  bonded in to   s t ee l  window frames and were mounted on the 
removable test section with the glass w a l l s  par-el. The window units 
were  removable t o  permit probe chasges and model instal la t ion.  

Model 
- The model. w a s  a two-dimensional p l a h  wedge 3 inches i n  length  with 

. a apex angle ( f ig .  3( a))  . Nine flush static-pressure  orifices were 
located  every 0.3 inch on the bottom surface of the wedge. Support shafts 
0.205 inch i n  diameter were located 1- inches Prom the wedge apex an& 1 

2 
extended from each side of the wedge. In  order t o  mount the model in 
the glass side walls, a 5/16-inch-diameter hole w& drilled through the 
glass  wall and a - p l a s t i c  bushing was inserted  into  the hole i n  the glass. 
This p las t ic  bushing was drilied t0 f i t  the model shafta. In order t o  
ins ta l l   the  model in  the  tunnel, one side wall was removed, the model 
shEtfts were inserted in the  plastic bushings, and the g l a s s  wall was 
replaced. 

Probes 

Figure 4 presents  the  details of the 0.040-inch-diameter movable 
s t a t i c  probe. The 0.040-inch-diameter static-pressure  tube was supported 
by a 1/4-inch-diameter rod. The pressure tube extended beyond the rear 
of the  rod i n t o  the d-Ufuser and out the tunnel w a l l  t o  a manometer. 
The movable s t a t i c  probe could be moved longitudiaally and vert ical ly  
from outside  the diffuser. 

The center-line, probe, as shown in  f igure 4, was mounted along the 
tunnel  center  line by means of streamlined s t r u t  supports located in the 
tunnel  entrance cone  and diffuser.  The center-line probe consisted of a 
l/k-inch-diameter stainless-steel  tube that  contained  nine 0 .OlO-inch- 
diameter flush s ta t ic   o r i f ices .  The or i f ices  were located 2 inches apart 
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and, i n  order to  allow the complete static-pressure survey, the probe 
could be moved 2 inches along the  tunnel  center  line. This movement 
allowed complete static-pressure surveys f r o m  station -4 to   s ta t ion  14. 

Schlieren Apparatus 

The schlieren  apparatus  consisted of a point  source of l ight ,  two 
8-foot-focal-length  parabolic  mirrors, 12 inches i n  diameter, a movable 
crosshead and knife-edge arrangement, and a ground-glass viewing screen. 
A schematic diagram of this system is  presented i n  figure 5. 

A water-cooled mercury-vapor light source w a s  used. After passing 
through a focusing  lens, the light beam was directed through 8 0.010-inch- 
diameter or i f ice  and upon mirror A and then  through  the test section to 
mirror B. From mirror B, the light was focused on the  knife edge and 
then was reflected from 8 plain mirror to the ground-glass screen. 
Schlieren photographs were taken  with 1/3-second exposure time. 

Flow-Generation Tests 

z 

In  the  center-line  velocity-distribution  tests,  the  tunnel-wall 
divergence angle was held  constant and the Mach  number was varied through 
the Mach  number range. The center-line Mach numbers were determined by 
the static-pressure measurements  which were obtained  with  the  center- 
l ine  probe ( f ig .  4) at 1/4-inch axial  intervals from stat ion -4 t o  14. 
Center-line Mach number distributions were determined with  flow  guides 
1 and 2 installed in the  slotted wall. m e  contours of these f l o w  guides 
are  presented in  figure  3(b) . !be term  "basic wall configuration" will 
refer  to  the  test   section with f l o w  guide 1 installed.  Center-Une Mach 
number dfstributions were also determined with a wall rest r ic t ion which 
was a screen woven of eighty 0.004-inch-diameter wires per  inch one way 
and seven hundred 0.003-inch-diameter wires per inch the other way. The 
rest r ic t ion spanned the back surface of the  slotted w a l l  and extended 
from station 1.123 t o  4.123. The mass of a i r  removed through the slotted 
walls was determined for  the range of Mach numbers and divergence  angles 
tested.  For these  tests  the pressure d i f fe ren t i s l  over a calibrated 
or i f ice   plate  was used to determine the mass flow removed for  each 
condition. 

Wave-Reflection Tests 

For the wave-reflection tests, a two-dimensional, 5 O ,  3-inch-chord 
wedge model was mounted  on the tunnel center  line with the model leiding - 
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edge located a t .  s ta t ion &. The model sol id  blockage was 8.9 percent of 

the tunnel  area with the w a l l s  diverged 20'. Reflection tests were made 
at  a free-stream Mach number of 1.278 and a t  20' of w a p  divergence  with 
the model s e t   a t  angles of attack of approximately " 1/2 and lo. 

8 

In studying  the  wave-reflection  characteristics of the 24-percent- 
open, deep, s lot ted w a l l ,  three longitudfnal-static-pressure surveys were 
taken at vertical   locations of 1/2, 3/4, and 1 inch from the  tunnel ten- 
t e r  line. These surveys included  the flow region from upstream of the 
model leading-edge shock t o  a point downstream of the  reflected wave. 
The static-pressure measurements were taken with the movable s t a t i c  probe 
( f ig .  4) .  In conjunction with the f l o w  survey-s, the wedge surface  pres- 
sures were &%ermined a t  nine stations.  

Schlieren  Pictures 

Qualitative data were obtained w i t h  the schlieren  apparatus  described 
in   t he  equipment and apparatus  section.  Schlieren photographs which show 
ver t ica l  and horizontal  density  gradients were taken  during  the tests. 
Care was taken in selecting  high-quality  optical  glass fo r  the  tunnel 
glass side wa l l s  and in adjusting the sensi t ivi ty  of the  schlieren system 
i n  order t o  obtain the greatest amount of the f l o w  deta i l .  

Flow Generation 

In this paper the flow-generation  characteristics  of  the  multislotted 
wall will  be presented f irst  in order t o  establish  the  uniformity of the 
flow i n  the  region of. the test   sect ion where the wave-reflection tests 
were conducted. The center-line Mach  number distributions  uith the m u l t i -  
s lot ted w a l l s  se t  at  divergence  angles of o', m'> d 40' over a range 
of Mach numbers  from M = 0.8 t o  1.3 are presented in figure 6 .  

Tunnel walls parallel.-  Generally, fop the parallel-wall  case 
(f ig .   6(a)) ,   three flow-development ranges $nich were identified by the 
average Mach  number from x = 8 inches to x = l l  inches were evldent 
as the Mach  number was increased. These ranges were M = 0.816 to 1.030, 
M near 1.128, and M = 1.Ug t o  1.320. In the l o w  Mach  number range . 
from M = 0.816 t o  1.030, the flow was rapidly  accelerated and the final 
Mach  number w a s  established within an axial distance of 1 tunnel height 
(x = 3 inches) from the  origin of the slots. In  the moderate Mach num- 
ber range, M near 1.128, the i n i t i a l  flow expansion created a maximum 
Mach number near the v&lue of the final Mach number, but an undesirable .. 
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expamion-compression wgve w m  .created.  at..the upstream end. of the.. glots. 
This expansion-compre.ssion wave resulted in a cyclic  center-line  velocity 
distribution. Although the magnitude of the  cyclic  variation was reduced 
as the flow progreseed  doC%%tream, variations were present throughout the 
length of the  test  section. In the high Mach number range from M = 1.219 
t o  1.320, the initial flow acceleration reached a maximum Mach number 
which was less  than the- final Mach number and again  the expansion- 
compression wave w a s  present,  but,  in  contrast w i t h  the flow in  the mod- 
erate Mach  number  r-e, the  cyclic-flow variatfons were more quickly 
demped,  -The cyclic-flow  variations were- not  present in the  rear  portion 
of  the  test   section  at  EQ = 1.32 but a general flow acceleration wa8 
p re sen t in   t h i s  region. The presence o f t h i s  flow acceleration  indicated 
that  the  slotted  walls were too dense to  produce an equilibrium  center- 
line  velocity'  condition i n  the available  length. 

- 
I 

.. 

In summation, although the maximum Mach  number variation  in  the flow 
generated.by  the  multislotted te-et- section w a s  w i t h i n  kO.005 up to 
M = 1.219 in the  region from x = 8 iqches. t o  x = IJ inches,  the flow 
expansion-compression wave at Mach numbers greater than 1.03 and the flow 
acceleration  in  the  rear of the  test   section  (x = 8 inches 
t o  x = 11 inches) a t  M = 1.32 were undesirable. 

. -  

I 

Effect of divergence .- As a possible means of eliminating the f h w  
acceleration  located from x = 8 inches to  11 inches at the high Mach 
numbers, the  tunnel.walls wen= diverged from 0 '  ta 20' and 40' .  Diverging 
the  top and bottom tunnel walls res-ulted-in a forward movement of the 
sonic  point  (figs. 6(b) and 6( c) )  . A study of the wall-divergence mech- 
anism ( f i g .  3(a)) indicates that this sh i f t  i n  the  location of the  sonic 
point w a ~  due t o  the phyBical bending characteristic of the tunnel  flex- 
ure  plate.  As the  walls.were  diverged,  the station f o r  minimum distance 
between the  flexure  plates w e d  upstream; this resulted  in a similar 
movement of the sonic point. Therefore,  the f l o w  was supersonic upstream 
of the  intersection of the  flexure  plate and the slotted-wall assembly 

I 

station - - f ig .  3( a) ). Although the  juncture appeared smoth, 
16' 

undoubtedly a discontinuity  did  exist because the shock wave which was 
seen  near x =--0 as a sharp ~ decrease i n  velocity in the  diverged.cases 
w a s  traced  to  station - - 5 

16 

Increasing the tunnel-wall divergence  angle did not a l te r   the   ra te  
of the i n i t i a l  flow expansion due t o  .the slots, but  the magnitude o f  the - 

i n i t i a l  expansion increased with increasing .wall divergence  angle. Also 
the flow acceleration a t  x = 8 inches t o  11 inches which was present 
near M = 1.3 with the w a l l s  paral le l  was reduced as the . w a l l s  were. 
diverged. Although Fncreaaing the divergence  angle altered  the magnitude 
of the various flow characteristics, %he general f l o w  pattern w88 quali- 
ta t ively similar f o r  the divergence  angles tested. 

L. 

- - 
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It i s  of interest  to note that  the  three  general flow-development 

ranges  discussed in  the  previous  section were also  evident w i t h  the w a l l s  
diverged. A study of the data a t  the  supersonic Mach nunbers at the 
three divergence angles indicates  that  the  strength of the  cyclic-flow 
variations was determFned  by the magnitude of the i n i t i a l  expansion- 
compression wave, the Mach  number, and the  porosity  characteristics of 
the  slotted wall. Specifically, the magnitude of the expansion-compression 
wave determined t h e   i n i t i a l  amplitude of the  oscillations; the M a c h  nun- 
ber determined the  axial  distance  required  to complete 1 cycle of the 
oscillation; and the w e  porosity  characteristics determined the number 
of  cycles  necessary t o  damp the disturbance. In the Mach  number region 
near 1-32, these three factors combined t o  create an osci l la t ion which 
extended  throughout the test sect ion  a t  all divergence  angles tested. 

- 

This oscil lation is  apparent  not only in the  velocity-distribution 
plots,  but also in schlieren photographs. Figure "(a) is a  schlieren 
photograph of the flow a t  M = 1.12 with 20' of w a l l  divergence. The 
osci l la t ion '  is clearly visible. The black round object  near the rear  
of the  test   section i s  the p las t ic  bushing w h i c h  was used t o  mount the . model i n  the  test   section. 

Test region.- The data i n  figure 6 Indicated  that  near M = 1.28 
the X)'-wall-divergence  case was the mFnirmrm wall divergence-angle set t ing 
a t  which a uniform center-line  velocity  distribution wae present  over a 
3-inch tes t   sect ion length. that was suitable for the wave reflection 
t e s t s .  For the wave reflection tests, therefore, the walls were set a t  
20' divergence. The selected test region  extended from stat ion & 

8 
t o  ILL. Figure 7(b) is a schlieren photograph of the flow at M = 1.28 

with x) ' of w a l l  divergence, the  condition at which the wave-ref lection 
t e s t s  were made. The dashed ver t ica l   l ines  drawn in  the downstream  end 
of the test section  indicate  the  location of the leading and t r a i l i ng  
cues of the wedge model. In the t e s t  region  the maximum center-line 
Mach  number variation was-% io03 at  a Mach number of 1.28 with the walls 
diverged X)' (fig. 6(b)) .  

8 

Vertical-velocity  distributions in the test   region at stations 8.5 
and 10.5 are  presented i n  figure 8 f o r  20' w a l l  divergence and M = 1.283. 
This figure shows a Mach  number variation of +O.OOg at s ta t ion  8.5 and a 
variation of k0.04 at station 10.5. The improved flow uniformity at 
s ta t ion 10.5 is due t o  damping of the flow disturbances a t  the  s lot ted 
walls between these two stations.  

Effect of screen  backing .- For the particular wall configuration 
I tested, it was apparent from the data of figure 6 that the  distance 

required to generate a uniform supersonic flow at  a Mach  number of 1.12 
would be reduced  considerably i f  the expansion-compression wave could 

I be controlled. In an ef for t  t o  exert some control on the magnitude of 
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the  initial  flow  expansion, a s'creen  restriction,  which  spanned  the  width 
of  the  slotted  wall  and  extended from x = 1.125 inches I 

to x = 4.125 inches, was installed on the  back  surface of the  slotted 
w a l l  within  the  pleiiim ta i iks .  This particular  longitudinal  location of 
the  screen was the  optimum  location  which  resulted  from  numerous  tests 
conducted  with  the  restriction  at  various  locatione.  Figure 9 presents 
the  center-line  Mach  number  distribution  for  this  configuration  at a 
Mach number  of 1.12 with  the walls parallel.  The  data  for  the  basic Way 
configuration  with no restriction  are also presented  for  comparative 
purposes. 

The addition of the  .screen  reduced  the  initial-flow-'expansion  Mach 
number f r o m  approximately 1.121 to 1.080. This  reduction  in  the  initial 
flow  expansion  resulted  in a flow  generation  pattern similar to that  for 
the  basic  w&u  configuration  at a Mach  number of 1.20, with the  net  result 
that  the  restriction  increased  the  damping  characteristic  of  the w a l l  so 
that E greater  reduction in the  cyclic-flow  variations w&8 effected in a 
shorter  test-section  length. 

Effects  of  flow  guides.- "be results of the  tests  with  the  screen 
backing  indicated  that  possibly  the  initial  flow  expansion  could  be  con- 
trolled  by a caref'ully  designed  flow  guide. In order  to  evaluate  the z 

effectiveness of-flow guide 1 in controlling  the  initial  expansion,  the 
slots  were  filled f r o m  x = 0 to x = 1 Gch, which  resulted in the 
formation of square end  slots-with a depth of 1 inch with  the  upstream 
slot origins  located  at x = 1 inch.  comparing  the  flow-generation 
characteristics af the  different-flow-guide  configurations  presented in 
figure 10; it  should  be  noted  that--the  test-section minimum section was 
moved  downstream for  the  flow-guides-removed  case ( s l o t s  filled  from 
x = 0 to x = 1 inch). When  compaxed w i t h  the  flow-guides-removed  con- 
figuration, flow guide 1 considerably  reduced  the  magnitude  and  the sharp- 
ness of the  expansion-compression  wave. From these  results,  it  waa  con- 
cluded  that  further  improvements  in  the  flow-generation  characteristics 
might be obtained  with a more gradually opening flow guide. Therefore, 
flow  guide 2 was  designed  and Gsted. ., ~ 

A cornparison  of  the flow-generation chazacteristice of flow  guide 2 
wlth  those of flow-guide 1 is also presented in figure 10, which indicates 
practically no difference in the  generated'flow.  This is a surprisFng 
result,  because  the  initial  rate  with  which  the  slot  depth  increases with 
axial  distance  for  flow @de 2 is only about 1/8 that for  flow  guide 1. 
From these resdts it  would appear that a flow  guide--which,  increased  the 
s lo t  depth more slowly  and  perhaps a longer  flow  guide  would  be  necess- 
in order  to  control  further  the  initial  flow  expansion  by  varying  the  slot - -  

depth for this  particular  wall  configuration. 

. .- 
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Shock-Wave  Reflection 

11 

To @id in the  evaluation  of  the experkental-wave-reflection data 
for the  tunnel  with  24-percent-open,  deep,  multislotted w a l l s ,  a discus- 
sion of the  pressure  variations  adgacent  to a wedge  mounted in a non- 
viscous  supersonic  stream  near a w a l l  boundary (solid  and  porous)  is 
presented.  The  sketch in figure l l  qualitatively  indicates  the  trend 
of  the  static-pressure  variations along a longitudinal line in a non- 
viscous  supersonic  flow  field  adjacent  to a plain  wedge  mounted in a 
solid-wall. w i n d  tunnel.  The  static-pressure  variations  under  these  con- 
ditions  would  be  seen as discontinuous  static-pressure  rises  across  the 
stream  disturbances,  and,  within  each  flow  region  bounded by the  disturb- 
ances,  the  static  pressure w o u l d  be constant.  The  static-pressure w i a -  
tions  in a porous-wall tunnel  should  be similar to those  in a solid-wall 
tunnel,  except  that  the  porous  wall should reduce  the  rise in static 
pressure  across  the  reflected shock. In fact,  the  porosity  of  the  wall 
could be increased  to  the  point  where  the  incident shock would  be  reflected 
as an expansion, or for  the  optimum  case a w a l l  with the  correct  porosity 
would  cancel  the  incident  ahock  wave. . 

The  experimental  data of figure I 2  show  the  static-pressure  varia- 
tions along three  longitudinal  lines  located 1/2, 3/4, and 1 inch  from 
the  tunnel  center line at a free  stream P/H corresponding  to a Mach  number 
of 1.278. The two  shock  strengths  tested  resulted in Mach number  decre- 
ments B4 across  the  leading-edge shock of 0 .O7 and. 0 .l2. The  data  for 
each  longitudinal  survey  were  plotted  in a manner  which  allowed  the  vari- 
ous stream  disturbances  to  be  traced  through  the f low field. The vertical 
locations of these  surveys  in  relation to the  tunnel w a l l  and model are 
presented in figure 13 (a) . 

The  experimental  data of figure 12 show that a finite  dlstance w a s  
required  before  the  static-pressure  rise  across  the  initial  shock  wave 
reached  an  equilibrium  condition. The apparent  spreading  of  the  initial 
shock  wave was contrary to the  preceding  discussion  for  the  nonviscous 
case and may  be a result of the  high  static  pressure Fn the  leading-edge 
shock  influencing  the  pressure  at  the  static  orifice  through  the  static- 
tube  boundary  layer. !Ibis effect  may  be  present in the  reflection-test 
data at any point  where  the  static  orifice  is  in  the  vicinity of a sharp 
stream  disturbance. As indicated  in  the  discussion of the  nonviscous 
case,  the  experimental  data of figure 12 show that a constant-static- 
pressure  region  existed  between  the  incident shock mve and  the  reflected 
disturbance.  Whereas  the nonviscous considerations  predict a single 
reflected  disturbance followed by a constant-pressure  region,  the  experi- 
mental  data  show a mixed  disturbance  which comisted of a weak compres- 
sion  followed  by a strong expansion and then a long region of compres- 

by a close  examination of the boundary conditions  which  exfst  at  the  point 
of intersection  of  the  shock  wave  and  the  slotted .wall. At  this  point 

. sion. Tihe initial  compression-expansion  disturbance  may  be  .explained 

- 
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a low-pressure  area  exist3  upstream  of  the  incident  shock  and a high- 
pressure  region  exist8  dometream  of  the  incident  shock. Also, the  schlie- 
ren  photographs  presented  in  figure  13(b)  indicate  the  existence of a 
boundary  layer on the  slotted wall (although  it  should  be pointed out 
that  the  boundary-layer  thickness  indicaeed in the  schlieren  photographs 
includes  the  combined  effects of the  glass-side-wall  and  the  multislot%ed- 
wall boundaq layers in the  corners  of  the  test  section)..  Under  these 
conditions,  the  high  pressure  downstream  of  the  incident  shock wave could 
be  transmitted  forward  through  the wall boundary layer  or  within  the w a l l  
slots  and came an increase in the  boundary-layer  growth  forward of the 
shock-boundary-layer  intersection.  The  abnormal boundary-layer growth 
wuld result in the  formation  of a compression  wave  which  would  account 
fo r  the  compression  wave  seen in the  experimental  data.  The  reflected 
expansion shown in the  experimental  data  could  be a result  of  the  inci- 
dent  shock  wave winging upon  the  thickened wall boundary  layer.  The 
high  pressure  behind  the shock would  tend  to  turn  the  wall  boundary  layer 
at a sharp angle toward  and  out  through  the  slots,  and  thereby  cause an 
expansion  in  the f low outside  the  boundary  layer. 

The  compression.  that  followed  the  expansion  extended  rearward  .at 
- .  

least as far as the-  point  where  it  intersected  the  reflection  from  the 
model  of  the  initial  compression-expansion  disturbance.  This  occurred 
at  about x = 22 inches  for-the  survey  at 1 inch  from  the  tunnel  center 
line shown  in  figure  12(a).  The  compression  region  could  be  generated 
by  three  sources, namely, the  forward  portion of the  model,  the  shock- 
wave  boundary-layer,  Interaction, or the  slotted  wall  adjacent  to  the - 
compression  region.  The  fairly  constant  pressure  field-between  the 
leading-edge  shock and the  reflected  disturbance  eliminates  the  model 
as a source  of  the.compression,  and  although  interaction of the  incident 
shock  wave  and  the  wall  boundary  layer  could  produce a compression  origi- 
nating  near  the  shock-boundary-layer  intersection,  the long observed  com- 
pression  region  could  not  be  generated  by  such. a localized  disturbance. 
Therefore,  the  compression w a s  probably  due  to a progressively  decreasing 
effective w a l l  porosity in the  region  behind  the  shock-boundary-layer 
intersection. 

8 . .. - .  - 
. ". . "  "" 

. .. 

From  the  analysis of the  wave-reflection  data,  it  may  be  concluded- 
that an investigation  of  the  causes of the  mixed  reflection w i l l  require 
some me6.m of  separating  the  effects  of f o m d  pressure  travel  through 
the boundary layer  and  through  the wall itself.  The  general  compression 
region  created  by  the  deep  slotted w a l l  indicated  that  this  particular 
wall configuration  for  the  conditions  &tested w&8 undesirable  as a means 
of  reducing  boundary-reflected  disturbances. 
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Subsonic  Operation of Test  Section W i t h  

13 

Deep Multislotted Walls 

A close examination of figure 6 for  the M = 0.8 case at w a l l  diver- 
gence angles of O f ,  XI*, and 40' shows that the flow near the diffuser 
entrance  could be accelerated or  decelerated  without  affecting  the  center- 
line  velocity  distribution in  the test section. The data of figure 14 
are  presented in order  to  explain  these  velocity changes in the subsonic 
case and to  obtain some idea of the physical  conditions which resulted 
in the changes i n  the center-line  velocity near the diffuser entrance. 

In order t o  have a constant  subsonic  center-line Mach  number distri- 
bution f o r  para l le l  w a l l s  with o r  without  suction in any p a r t l y  open t e s t  
section, it is necessary that a sufficient mass of a i r  be removed through 
the openings to compensate f o r  the growth of the boundary layer on the 
walls. 

From this consideration,  the absence of a velocity  gradient  in  the 
forward portion of the  test   section  for  the subsonic  no-suction condi- 
t ion  ( f ig .  14) indicated that a i r  w a s  taken  fromthe  tunnel main stream 
into  the plenum tanks. In this no-suction  case  the air entering  the 
tanks had t o  be returned t o  the tunnel main stream Fn order to  obey the 
continuity-of-mass l a w .  The region wherein this air was returned  to  the 
tunnel  stream is the  accelerated-flow  region near the diffuser.  I n  t h i s  
area the inf low of low-velocity a i r  from the plenum tanks restricted  the 
main stream and resul ted  in  a flow acceleration. From these  observations, 
it was concluded that for  subsonic  operation of a s lo t ted   t es t   sec t ion  
with para l le l  wal ls  and without  suction a flow acceleration w f l l  exist 
in  the  region  near  the  diffuser. 

The constant  center-line Mach  number distribution f o r  the  suction 
case ( f ig .  14) indicated that the correct mass of air  w a s  removed in  
order  to compensate f b r  the growth of the slotted-wall boundary layer. 
Removing the air through the separate  source of sizction  prevented  the 
inflow of air into  the  tunnel ne= the  diffuser  entrance which resulted 
i n  a constant  velocity in   the  rear  of the test section. It should  be 
noted that near the diffuser entrance it was possible f o r  an excessive 
mass of air to be forced  into the plenum talks from the tunnel sir stream 
ff the  static  pressure in the  diffuser was higher than  the plenum-tank 
static  pressure.  Under these  conditions  the mas8 flow in the tunnel 
stream  decreases at a greater rate than is  necessaxy to  compensate fo r  
the wall-boundary-layer growth. The decrease in the tunnel mass flow 
would resu l t  in a decrease in the  tunnel  stream  velocity in the region 
near the diffuser  entrance. This effect  can be seen at the rear of the 
test section  in  figure  6(c) at M = 0.824. The preceding  discussion has 
shown that the  velocity  distribution near the diffuser  entrance is a 
function of the mass of air removed  by suction in the  case of the present 
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slotted test section. This same resul t  would be expected f o r  any par t ly  
open test section, as for  instance in a perforated test section. 

In order to  obtain  the  constant  center-line Mach  number distribu- 
tion,  the subsonic  speed control  of this slotted-wall  tunnel  resolved 
into two separate  operations. The first operation  consisted of sett ing 
the correct Mach  number a t . a  point i n  the forward portion  of the t e s t  
region  (approximately x = 8 inches) . The primary control of the Mach 
number a t  this point w a s  the plenum-tank pressure which was determined 
by the speed  of the suction equipment. The second operation was t o  set 
the velocity  near  the  dLffuser  entrance  equal  to  the  velocity a t  
x = 8 inches. This velocity was controlled by the speed  of the tunnel 
main-drive compressor. This manner of  operation  results i n  a maximum 
usable  subsonic  test-section  length. 

Outflow  Requirements .. . . - 

From  power considerations  for a slotted-  or porous-wall wind tunnel, 
the  suction flow or outflow  required t o  generate a certain Mach number 
would be of interest t o  the wind-tunnel designer. Therefore, during the 
course of  testing the 2&-percent=open, deep, matislot-a w a l l ,  the out- " 
flow was determined for the Mach  number range from M = 0.8 to 1 .3  and 
for wall-divergence angles of O'> a', and 40' .  The data obtained from 
these tests are presented in figure 15. The total  slotted-wall  area and 
average  tunnel-throat area were 79.22 and 8.93 s q k e  inches,  respectively. 

As emphasized i n  the tunnel subsonic  operation  section,  there  existed 
numerous combinations of tunnel main-drive ahd suction settings which 
would result in  the  generation of identical Mach numbers i n  the forward 
portion of the tes t  region. For each power combination, the subsonic 
velocity  distribution  near the diffuser entrance and the mass of the 
suction  outflow changes, but  for each Mach  number, one particular power 
combination will resu l t   in  a constant  velocity  distribution  near the 
diffuser. I n  this  investigation  the power combination which produced a 
constant  velocity  distribution w a s  used as a basis fo r  the power settings 
f o r  the  suction-outflow measurements at- the subsonic  speeds. It should 
be pointed  out that for  the subsonic  speeds a comparison  between the 
suction-outflow data for  two configurations would not be valid i f  the 
velocity  distributions  near  the  diffuser  entrance were not comparable. 

The data of figure 15. show tha t  below Mach  number 1 for  all diver- 
gence angles,  the  slopes of the outflow curVes decrease and approach a 
constant- outflow condition.  Generally, above Mach  number 1 the required 
outflow was increased with increasing Mach nunber . This effect-  would be 
expected atrthe supersonic speeds  because the flow-expansion  requirements 
increase with Mach number. 

, 
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The effect of increasing  the  wall-divergence  angles was t o  decreese 
the outflow and the  suction power required t o  generate a  given Mach  num- 
ber. This effect  may be explained by the fac t   tha t  the mass t o  be  removed 
i n  order t o  compensate for  the slotted-wall boundary layer was decreased 
because the w a l l  divergence  tended t o  compensate fo r  the w a l l  boundary 
layer. An additional  factor at  supersonic speeds is  the f ac t  that if  the 
walls  are  diverged beyond the angle required for boundary-layer compensa- 
tion, the divergence ftself will permit some flow expansion, thus reducing 
the  required  suction f l o w .  

CONCLTBIONS 

The wave-reflection and flow-generation  characteristics of a two- 
dimensional wind tunnel with 2k-percent-openY deep, multislotted wal ls  
were studied. The results of these tests lead t o  the following 
conclusions : 

1. A t  a free-stream Mach  number of 1.278 and a "d ive rgence  angle 
of 20Iy  the  incident shock wave was reflected frcm the w a l l  as a mixed 
disturbance which consisted of a w e a k  compression followed by a strong 
expansion wave and a long compression region. Because of this mixed 
reflection,  the 24-percent-open, deep, multislotted wall is unsatis- 
factory  as a means of reducing  boundary-reflected  disturbances. 

2. Future  shoe-wave-reflection  investigations  should  include means 
of  separating  the  effects of the  pressure  travel forward  through the wall 
boundmy layer and within  the w a l l  itself. 

3 .  Genera- except for  the zero-wall-divergence case a t  the high 
Mach nuuibers, fo r  Mach numbers  from 0.80 t o  1.28 a t  wall-divergence 
angles of O', 20', and b', the center-line Mach  number variations in 
the flow generated by the 24-percent-open, deep, s lot ted w a l l  in a t e s t  
section  length of & tunnel heights do not exceed kO.005 Fn Mach nmber 

over a t e s t  region length of 1 tunnel height. For the zero-wall"divergence 
case a t  M = l.3zy the  center-line Mach  number variations were uithin 
f O  .01. 

3 

4. In this  -slotted-wall w h d  tunnel equipped with suction  at  sub- 
sonic  speeds,  the  velocity  distribution near the  diffuser  entrance is a 
function of the mass of air removed by suction. 
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5 .  Slight w a l l  divergence  improves  the  center-line  velocity  distri- 
bution  near M = 1 . 3  and furthermore  wall  divergence  reduces  the  suction 
power  required  to  generate a given  Mach  number .. 

Langley  Aeronautical  Laboratory, 
National. Advisory Committee  for  Aeronautics, 
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(a) General view. L-73103 1 

Figure 1. - Photographs of the transonic flow apparatus and auxiliary equipment. 
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(b) Details of the plenum tanks and ducting. L-73105.1 

Figure 1.- Continued. 
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(c) Details of the removable test section 

and wall-diverging  mechanism. 

Figure 1.- Concluded. 
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Detail A 

Sect'b A-A 

" 

Sta. -3 -2 -I 0 I 2 3 4 5 6 7 8 9 I I  12 I3 
-=tian B-B 

(a) Construction details. 

Figure 3 . -  D e t a i l s  and Ciimnsions of t e s t  section with 2k-percent-open, 
seep, multislotted wall. A l l  dimensions are in inches. 
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Flow Ouide 1 

. .  

. Table of ordinates 
w Guide 2 

(b) Details of flow guides 1 and 2. 

Figure 3.- Concluded. 

Flow Guide 2 
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Figure 4.- Dlmsmions and &tails of the center-line probe d movable 
static probe. All dimensions are In inches. 
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Figure 5.- Schematic of the  schlieren system. 
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(a) Wall divergence angle, 0' .  

Figure 6.- Center-line Mach number distributions for three tunnel-wall 
divergence angles. Dasic wall configuration. 
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Figure 6.- Continued. 
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AIM dlatuae hrn ratamDce mint, x ,  in. 

( c )  Wall divergence angle, 40'. 

Figure' 6 .- Concluded. 
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(a) Test-section Mach number, 1.12. 
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Axial distance f r o m  reference point, x, in 

(b) Test-section Mach number, 1.278. 

Figure 7.- Schlieren  photographs of the  empty tunnel at two test-section 
Mach numbers. Wall divergence angle, 20'; basic wall configuration. 
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Figure 8.- Vertical Mach number distributions at two longltudlna3. posi t ions.  
W a l l  divergence angle, 20’; M = 1.283; basic wall configuratron. 
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Figure 9.- Effects on centex-line Mach number d i s t r i b u t i m  of ins ta l l ing  
a tjcreen backing k o m  x = 1.123 inches t o  x E 4.l29 inches. W a l l  
divergence angle, 0'; M = 1.12; basic wall configuration. 
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Figure 10.- Center-llne Mach number distribution  generated by flow guides 1 
and 2 campared with  the flaw generated wlth flow guides removed. W a l l  . 
aivergerrce angle, 0'; M = 1.12. 
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Direction of SuperBoniC 
a i r  flowl- 

"" 

Line along which i l l u s t r a t e d  Sol id  boundary 
var i a t ion  of P/H occurs 

I 
-1 0 , 1  2 3 

Axial  distance from reference point, x, in. 

. 

-1 0 1 2 3 

Axial distance from reference  point,  x, i n .  

Figure 11.- Static-pressure  variations in a flow f i e l d  adjacent to a 
wedge momtea in a nonviscaus supersoni.c flow i n  a sol id-we1 wind 
tunnel. 
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.(a) M n 0.07. 

Figure 12.- Fxper-ntd static-pressure surveys for two initial. shock-kave strengths In the flow field 
adjacent to a 5' wedge mounted  in a Klnd tunnel  with 24-percent-open, deep, multislotted walls at a 
free-Etrem P/H that  corresponds t o  a Mach number o f  1.278. Wall divergence angle, 20'; basic wall 
configuration. 
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(b) LY4 = 0.12. 

Figure 12. - Concluded. 
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Tunnel center I 1 n b  
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(a) General m o d e l  i h s t a l l a t ion  details and the ver t ical   locat ions 
of the- longi tudinal   s ta t ic-pressure surveys. All dimensions 
are i n  inches. . " 
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VeFtical location of 
loqgltudinal  atatic- 

p r e s y r e  surveysL 

-c - 
0 
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Longitudinal distance from wedge 

leading edge, x, in. hngltulinal dlatanae from redge 
leacllng edge, x ,  in.  

A M  = 0.07 AM = 0 . E  

(b) Views of the incident shock k v e  and ref lect ion wlth a 
boundary layer on the  tunnel wall for two shock strengths. 

Figure 13 .- Schlieren  photographs of 5' wedge m o d e l  m o u n t e d  i n  test 
section. Wall divergence  angle, 20' ; free-stream P/H = 0.372; 
basic w a l l  configuration. 
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Figure l5.z-The suction outflow required t o  generate various Mach numbers 
for three wall divergence angles. Flow guide 2. 
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