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By Charles W. F'rick and Robert N. Olson 

Smveys of the flow in the  test  section of the  asymmetric 
adwtable nozzle of the Ames & by &foot supersonic wind tunnel 
have been made to detennfne the u n W o d t y  of the air stream. 
The results of' the surveys shaw only  smll variations of stream 
pressure  and  direction  at a nomhal. Mach number of 1.4. AB +he 
Mach nlzniber is fncreersed or decreased from a value of 1.4, however, 
vertical pressure  gradients of significant  magnitude a r e  found. 
Bmsller axial gradients also exist. There are no transverse wadi- 
ents of appreciable magnitude. 

Test  techniques for minimizing the effects of stream i r r e p  
larities are discussed and the results of force and pressur+ 
distribution  tests of a swept-.wing model are presented to illustrate 
the  effectiveness of these techniques. 

I 3  reference I,  E. J. A l l e n  has sham that the continuous 
adjustment of the Mach nuufber of the flaw in the test  section of a 
supersanic wind tunnel may be accomplished by the use of an ape- 
tric  adJustable nozzle. The advantages of this scheme, in contrast 
w i t h  nozzles with f ked dimensions or those with flexible walls, in 
increasing the utility of a superscmic w i n d  tunnel are apparent. 
One disadvantage  of such a nozzle, however, is ;of special  interest 
to an eqmrimanter, namely, that, with the present te5bnique of nozzle 
design,  it has not been found possible to obtain a uniform  stream at 
'all Mach numbers. 3a view of the  increase in the usefulness of the 
w i n d  tunnel, howem, 6- deviations in stream flow may be tolerable 
if their fnfluence an the  test  results can be accurately  determined 
or can be shown to be small. 



2 mcA RM A9324 

Speed  cantrol by use of  the  asymmetric  adjustable nozzle w a s  
incorporated i n to  the  design  of  the a s  6- by &foot  supersonic 
wind  tunnel.  This  facility,  which  was  planned in 1944-1943, w a 6  
put  into  operation . i n  t h e  summer of 1948. Extensive surveys of the 
air  stream of this  wind  tunnel have been made to  determine  the  char- 
acteristics of the air stream  both  for  the  purpose of provfding 
essential  information  needed  for  .the  interpretation  of  test  results 
and for  use  in  the  further  development of nozzle  design  techniques. 
The results  of  these  surveys are  given  herein  together.  with  the 
results of some  model  tests  which  show how the  effects of stream 
irregularities may be  minimized. 

The Ames 6- by &foot  supersonic  wind  tunnel  (fig. 1) is a 
closed-return,  variabl-pressure,  supersonic  wind  tunnel  with a 
6-foot-square test  section.  The  asymmetric  addustable  nozzle  used 
in  this  wind  tunnel  permits  the  Mach  number  of the flow in the  test 
section to be  varled  continuously  from M = 1.1 to M = 2.0. The 
ordinates of the nozzle blocks a r e  given in table I. Separate  origins 
are  given for both  the  upper and lower  nozzle  blocks. The results of 
pressure and angle  eurveys  presented  later  will be given  for  certain 
values  of  the  axial  displacement of the  lower  block  from t he  upper 
which  is  designated as D, as  noted in the  sketch on table I. 

b -. 

The tunnel  is-powered  with two 25,OO&horsepower  wound-rotor- 
* 

induction  motore  solid-coupled in tandem  to an extension  shaft  which 
4rives an eight-stage a~id-flow compressor.  Synchronous  speed  for 
the  motors  is 900 rpm. A slip  regulator  permits  the  speed  to be 
lowered  to 775’ rpm. The drive power  is  sufficient to permit  the 
attainment of a maximum stagnation  pressure of about 17 pounds per 
square  inch  absolute  at  the  lower  Mach  numbers. A stagnation  pressure 
of 2 pounds per squgcre E h  is the minimum value attainaile. . .  

” - 

The  wind  tunnel is a sealed  pressure  vessel and is  equipped  with 
air  drying  equipment of sufficient  capacity to permit  the  absolute 
humidity  of  the  air  to be mafntained  at a value .of less than 0 .W03 
pound of water per pound of air. The  deleterious  effects of moisture 
condensation on the uniformity of the flow in the  test  section  are 
thereby  avoided. 

The  temperature  of  the  air  stream may be held at a meximum 
stagnation  temperature of 5600 R a n k i n e .  Temperature  control is 
obtained by w e  of  finned  cooling  coils  which  are  located  in the 
tunnel just downstream of the  compressor. 

r 
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horizontd  distance in the exid direction from the vertical 
plane  perpendicular t o  the test  section axis ,and passing 
through the  center line of the  schlieren windows in  the test 
section,  positive downstream, inches 

horizontal  distance in the tra,mverse direction from the verti- 
ca l  plane passing through the t e s h e c t i o n  axis, positive to 
the  right as viewed from u downstream position, inchee 

vertical  distance from the horizontal plane passing through the 
axis of the  test  section,  positive above the   t e shec t ion  
axis, inches 

distance from the nozzle w a l l ,  inches 

the angle that the  tangent t o  any streamline makes with a 
horizontal  plane,  positive  for upflow, degrees 

axial displacement of the origin for the lower block of the 
nozzle from the  origin of the upper block of the nozzle,  inches 

total  pressure of the stream a t  any point  within  the boundary 
layer, pounds per square fnch 

t o t a l  pressure of the Free stream, pounds per square inch 

stream  velocity, feet  per second 

stream mass density, slugs per cubic foot 

mean aerodynamic chord of the model, feet 

, l i f t  coefficient (%) 
moment coefficient kz? 
drag coefficient (Y) 
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Mach number e), where a is the local speed of sound 

loading  coefficient,  the change in the difference In pressure, 
in term6 of the dynamic pressure, across  the wing surface a t  
any point in terms of the change of angle of attack, per 
degree 

angle of a t tack  of the model  wing, degrees 

the change in m o d e l  angle of attack used in the calculation of 
the loading coefficient, degree8 

stream pressure  coefficient,  the  difference between the  pressure 
measured by the survey needle and the pressure measured by the 
arbitrary  reference  orifice in terms of the dynamic pressure 

Pressure surveys of the  test-eection  air stream were made with 
a  power-driven pressure-survey apparatus (fig. 2) on which were 
mounted three  static-pressure survey needles. These needles consfsted 
of a 1 0 k a l i b e r  ogival nose followed by a cylindrical afterbody 5/8 
inch in  diameter. S t a t i c  pressure  orifices 0.0133 .inch in diameter 
were located in the needle at  the axial position for which linear 
theory  indicates that the  pressure on the  surface is essentially equal 
t o  that of the stream over the  test  range of Mach nuhers., These 
needle8 were not calibrated,  since no known standard exists, but it 
is believed that the needles read  the  true  static  pressure  within 
41/2 percent of the dynamic pressure. 

any desired axial position  in the test  section could be made 98n con- 
centric  circles varying in radius by >inch increments up t o  a radius 
of 24 inches. 

The pressur-urvey apparatus w a s  so .&si@;ned that s y v e  a t  

, Stream-angle surveys were made with a small cone of 30' included 
angle. Pressure orifices of 0.0135inch diameter were drilled  into 
opposite sides of- the cone i n  the plane in which the measurement of 
stream angle wa6 desired. The cone was  mounted on a bar -of wedge- 
shaped section which in  turn was mounted as a cantilever beam from a 
f i t t ing  on the w a l l  of the  tunnel  (fig. 3 ) .  The end of the beam 
paased through the wall of the  tunnel and was machined t o  fit a 
protractor. 

The cone was calibrated by pitching the angle survey  apparatus 
through a wide range of angles of attack at a point in the stream 

0 
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both in an upright and an inverted  position. A camparison of the 
curves of the  difference in pressure across the  pressure  orifices 
in terms of the dynamic pressure as a function of the angle for the 
upright and inverted  positions  gives  the angle deviation of the  true 
zero of the cone fran that of the  arbitrary  reference  axis  read by 
the  protractor. Stream angles  are  then  obtained by reading  the 
inclination of the arbitrery  reference for  a null reading of the 
orifices and correcting bg the  calibration. The accuracy of measur+ 
ment is estimated to be fi0.lo. Calibration curves for  the cone are 
shown in figure 4. 

Boundary-layer surveys on the curved w a l l s  of the  tunnel were 
made a t  several  points  with  rakes of to ta laead  tubes located as 
sham in figure 5. These rakes were constructed so -as t o  be very 

t o  minhize any possible  disturbance. 
-. slender in the stream direction and  were attached in such a way as 

; R3smXs 

Pressure Survey 

The results of the pressure surveys2 of the  test  section of the 
wind tunnel are given in figures 6 t o  8. The data obtained are pre- 
sented as a  difference between the pressure measured a t  an arbitrary 

upstream end of the  test  section (at x = 4 8 )  and the pressure meas- 
ured w i t h  the survey needle. This pressure difference is given in 
terms of the stream aynamic pressure as calculated frm the total head 
of the stream and the s t a t i c  pressure of the  arbitrary  reference  oriffce. 

- reference  orifice  located in the  side w a l l  of the  tunnel near the - 

In order t o  reduce the mss of data accumulated t o  a size COI+ 
s istent with  publication in a report without eliminating essential 
information, the  results of axial s-crrveya Bse presented fo r  three 
vertical survey positions, at the  center  line and 18 inches above 
and below the  center  Ifne, and vertical pressure varlations are 
shown for three  axial  positions. Only a few cross+3tream plo ts  of 

lThe Mach  numbers given in figure 4 and subsequent figures are the 
average Mach  numbers along the center line of the  tunnel  within 
the  test  section. 

No surveys were made for Mach nmibers greater  than 1.7, a limita- 
tion imposed at the  present time by certain  deficiencies of the 
m o d e l  support system. 

2 
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the data are given t o  ehow that  the  variation in pressure 8crosa the 
stream is negligible. Data are given for only cme etagnation pressure 
since it XBB f d  that the characterietias of the etreaa were not 
appreCi8bly affected by the  stagnation  pressure in the gemlssible 
t e s t  range. 

In a l l  tests d e  for  the purpose of obtaining  these data, the 
normal shack yave in the wind tuzlnel was kept downstream of the model 
support Fn the dtPfuser of the wind  tunnel, A uonetant check on the 
position of the normal shock wave w m  made by observing the distri- 
bution of pressure along the w a l l  of the tunnel 88 measured by a 
number of orifices  distributed along the  horizontal c8nter line from 
the t e a t  section in to  the diff’uaer section.  Control over the position 
of the normal shack i s  mraintained by cantroll ing the coqpreselon r a t i o  
of the compreeeor  by varying the motor speed between and 860 rpm. 

Mach nunber variations in the t e a t  section of the wind tunael 
are shown in figures 9 and 10. 

The vertical. prssslzre gradients observed in the air stream at 
s a t e  Mach nmibera arer not in t h t ~ ~ ~ e l ~ ~  88 significant as the 
streamwise variat im in the stream angle whfch they imply. If the 
flow is txo4imensianal, and the stream pressure variations are small 
and not  discontinuous,  the ra te  of change of stream angle with axial 
position can be related t o  the  vertical pessure gradient as 

This equation permits a calculation cmly of the rate of change of 
the stream angle; the absolute magnitude must be deterrmined by experi- 
ment. Calculated  streanbangle  variatiom agree quite well with the 
results of 8tr-e e u r ~ e g e  as i e  shown by the data of figure 11, 
In view of the agreement, Shawn, the amount of streamangle survey work 
done w a s  reduced to those t es t s  needed to eetablieh at any m e  point 
the magnitude of the stream angle at any Mach nuuiber, as, for instance, 
in figure U(a) for a Mach nuniber of 1.23. 

Btrrveys of the boundary layer were made at three wsitione on 
the nozzle wal ls  a8 shown by the sketch In figure 5. The results 

-. 

. 



EACA RM AgE24 7 

II 
of these surveys are presented in figure 12 for use in  any nozzle 
calculations which the reader may wish t o  make. The local stream 
pressure  coefficient is given in the figure. 

Examination of the  pressure-survey  data shows that the flow 
in the. test  section of the Ames 6- by &foot supersonic wind-tunnel 
nozzle is essentially uniform at  a nominal Mach  number of 1.4. As 
the Mach nmber is increased or decreased from a value of 1.4, 
however, vertical pressure gradients of considerable magnitude are 
found. Axial pressure  gradients a l s o  exist but are of s m a l l e r  Wi- 
tude. There are no apprecfable  transverse pressure gradients in the 
tunnel which indicates that the flow in the nozzle is two-dimensional, 
that is, there is no cross-stream flow within the t e s t  section. The 
surveys of s t r e a m  angle also shm that the flow i e  satisfactory at  
M = 1.4, and that apprechble  variations in stream angle occur as 
the Mach  number vkries from that value. 

The deviations of stream pressure and direction from a uniform 
stream revealed by the  results of the surveys are significant only 
i n  the error they produce. The tolerable magnitude of such devia- 
tions m u s t  be establfshed by investigating w h a t  errors are  entailed 
in the  results of tes ts  of a model Fn such  a stream. Large devia- 
t ions  in  stream angle are permissible if their  fnfluence is known as, 
for instance,  the  influence of the stream curvature induced in the 
t e s t  section of a subsonic wind tunnel by the  reflection of the model 
vortex sheet fn the tunnel w a l l .  

Figure 13 presents results of force' t es t s  of the model of 
reference 2 in. the  air  stream of the Ames 6 by &foot  supersonic 
w i n d  tunnel for m i o u s  t e s t  conditionse. It may be noted that a 

9 
The model was equipped with  a 4"Fnc"eter, four-colqponent, 
strain-gage  balance which, of C O U T E ~ ,  measures normal force and 
chord force instead of lift  and drag. Lift and ikag are obtained 
by resolution of the chord and normal forces. It should be noted 
that the model wing  was twisted and c d e r e d  so that zero lift 
does nct occur a t  zero angle of attack. 

4 
The angle of attack is referred t o  the  horizontal  plane or t o  the 
vertical plane through the axis of the test section. 
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comparison of the remlts obtained  with  the model upright and In- 
verted  gives the same d u e s  of the lift-curve  slope and the m a e n %  
curve slope. Such a result is t o  be expected if first-order super- 
sonic wing theory i e  applied to  the estimation of the effects of 
stremhangle  variatione whlch give  sections of  the w i n g  effective 
camber  and twist. The angle of zero lift, the .trim l i f t  coefficient, 
aqd the  mqpitude of the drag, however, are  affected to an undesir- 
able degree by the nonuniformity of the stream. The first two of 
these parameters are  necessary in  the asalysis of the  stabil i ty of 
the  aircraft. Methods  of correcting  thecs  results  for the effects 
of stream curvature, a t   l ea s t  t o  a flrst-order approximation, exist 
in  the  literature on supersonic w i n g  theory. However, the   appl ice  
t ion of the theory is tediaurs and laborious.  Further, it is not 
podible  t o  account for the secm&order effect8 of thicbess  and 
induced camber  and t w i s t  which in conjunction with viscosity  effects 
may, under special  conditions, play an important part in determining 
the characteristics of the model. 

The most direct appoetch tmard eliminating the  effects o f  
stream irregularities is t o  orient the model so 1s t o  minimize their 
influence.  Since there is no cross-stream flow in the nozzle of the 
6- by &foot tunnel, it appears that, if the plane of the xidg is 
placed vertically,  essentially  the stme results w i l l  be obtained as 
for a uniform stream except f o r  the fnfluence of the small m w  angles, 
discussed later,  resulting from the stream-angle vaxiatirm in the 
vertical plane. Results  obtained with the model so placed are  SO 
sham in figure 13. It may be noted that the points s h m  fall mi&ay 
between the teat  data for the uprighk and inverted  positions, which 
indicates that the  effects of stream  deviations were  negligible when 
the model was  mounted with the plane of the w i n g  vertical. 

The inf'luence of the streakangle  variations  an-the drag charac- 
te r i s t ics  are especially W g e  when.the w i n g  is oriented in the hori- 
zontal plane,since the stream angle  influences the inclination of the 
lif't vector. It is essential,  therefore, that drag tests be mde f o r  
conditions where the stream angle is zero or, a t  least, where it ie 
accurately Imam. The l a t t e r  condition cannot be satisfied if the stream 
angle varies over the s p a  of the test model as is the case for the 
present suept-wing model  mounted with the Xing horizontal. It is 
necessary,  therefore, t o  place  the span of the wing vertical. 

If the model is mounted with the plane of the w i n g  vertical, 
certain  inaccuracies are s t i l l  possible because of the following: 

1. The Mach nWer  variation  across the span of the model. 
For the present swept-wlng model, this effect is relatively small 
since the m i a t i o n  of model characteristics w i t h  Mach nuuiber 

. 
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is  small. The effect on the  Characteristics of other models needs 
t o  be investigated. 

2. The effects of small yaw angles on the  characteristics. 
These are, of course, small if the  characteristics  studied axe not 
greatly influenced by the  angle of yaw. In thie regard, if  the 
model is tested with  the  plane of the wing vertical, stream angular- 
i t y  influences only those  characteristics which are functions of 
both pi tch and yaw which is the unusual case,  but which might be 
noted a s  applying t o  the  rolling moment  and  yawing m m e n t  due t o  
sideslip f o r  swept wings and t o  certain  characteristics of cruciform 
wings. Since the lift, drag, and pitching moment do not vary appr+ 
ciably  with small angles of yaw, these  characteristics are. not 
affected. 

3. The effects of axial pressure gradients in providing  a 
buoyant force and the possibility of the pressure gradients  altering 
the  true  pressure gradients over w i n g  and body t o  such an extent that 
the  viscosity effects are changed. This la t ter   effect  is remote, 
harmer (unless +he stream  contains  discrete shock waves not  revealed 
by the surveys). A correcticm may be applied for the former. (See 
reference 3. } 

It should be noted that the  results of the  force  tests  indicate 
that experimental investigations of the  loading due t o  angle of 
attack through measurement of the  pressure  difference between the 
upper and lower surface of a wing may as w e l l  be done with  the model 
mounted w i t h  wing horizontal if  more convenient.  This meby be deduced 
from the  fact that the l i f t -curve and moment-curve slopes are not 
influenced  by the  orientation of the model. Tests were  made with the 
model of reference 2 t o  demonstrate the  validity of this  conclusion. 
The results  are shown fn figure 14 for the wing horizontal and wing 
v e r t i c a ~ . ~  The agreement 1.8 seen t o  be generally  satisfactory except 
in  regions where viscosity  effects are large near the  trailing edge 
and t ip.  In these  regions  the  pressures vary t o  some extent from 
t e s t   t o   t e s t  with the same model orientation. 

%e data  given axe for 3. TO0 and 5.74O change in angle of attack 
with  the model horizontal. Data f o r  a ndminal change in angle 
of w i t h  wing vertical were obtained by rotating the 5O bent 
sting used in the t es t s  of reference 2 through goo. The  change 
in angle of attack Aa has been-corrected f o r  the deflection 
of the m o d e l  support sting under load. 
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If the  pressure  distribution  over  either  the  upper or lower 
surface of the  wing  is  required  independently,  however,  the influ- 
ences of stream  curvature in producing  effective  camber  and twist 
muirt be mfnimized by mouuting the  model  with  the span vertical. 
There  is also the  queetion of correcting  for  the pressure variation 
in  the  stream so that  the pressures over  the.model may be  referred 
to  the  average  ambient  pressure of t he  stream. This may be done by 
a simple  superposition process as in reference 4. The correction 
can be reasoned as a valid  first-order  approximation  if  the  pressure 
disturbances  (exgeansion or compresefon  waves of inf'initeslmal 
strength) are small and are  not  reflected by  the w i n g  surface. If 
the flow in  the  nozzle  is  two-dimensional,  reflection of the  pressure 
disturbances  will  not  occur  if  the  plane of the  model  wing  is  placed 
EO as to  intersect  et  right angles the  planes along which  the x& 
pressure waveB are propagated. In the Ames & by &foot  supersonic 
wind-tunnel nozzle, the plane of t h e  model wing must  be  placed  verti- 
cally  to insure the  validity of the  correction. 

The surveys of the  air stream in the  test  section of the 
asymmetric  adjustable nozzle of the Ames 6- by &foot  supersonic  wild 
tunnel show that  the flow is nearly uniform at a nominal Mach number 
of 1.4. As the  Mach  number  is  increased  or  decreased f r a m  a value cf 
1.4, however,  vertical  pressure  gradients of significant  magnitude 
are  found.  Smaller  axial  gradients  also  exist. .The transverse 
gradients are  of negligible  magnitudes  which  indicates  that  the flow 
is  essentially  two-iiimensional. 

The existence of large  vertical  pressure  gradients  implies an 
appreciable  variation . i n  stream angle w i t h .  axial position. Stream- 
angle measurements  confirm  this. 

The results of tests of one swepbing  model Fndicated  that f o r  
this model, at  least,  the  effects  of  the  nonuniformity of the  stream 
on certain model characteristics may be minimized by testing  with  the 
plane of the model w i n g  parallel to t he  two4imeneional-flm plene6 . 
For other model characteristics  which  are combined  functions of the 
angle of pitch and the angle of yaw,  this  method  will  not  be  effective, 
In euch  cases, appropriate corrections  need to b.e applied.  At same 
Mach nmibers, the  magnitude and uncertainty of these  corrections hay 
be such as to  preclude  certain  tests.  Research  devoted to the refine- 
ment of nozzle design  techniques  is- now proceeding  with a view  towar& 
-roving the flow in the w i n d  tunnel  at these Mach nlmibere. 

Ames  Aeronautical  Laboratory, 
National  Advisory  Committee  for  Aeronautics , 

Moffett F i e l d ,  Calif. 



ll 

IaEXmmm 
1. Allen, H. Julian: 'IIhe Asymmetric Adjustable Supereonio Nozzle 

for Wind4umel Application. macA RM A-17, 1948. 

2. Stevens, Victor I., and Boyd, John W.: A Ccanparieon of 
Theoretical and Fqwrimental Loading on a 630 Swept-Back Wing 
a t  Supereonic Speeds. NA6A @a6, 1949. 

3 .  Chapman, Ban R, , and Perkine, Edward W. : lkprimsntal Inmeti- 
gation of the I f fec ts  of Viscosity on the Drag of Bodies of 
Revolution a t  a Ms'ch Rirmber of 1.5. W6CI RM A7A3la. 1947 

4. Frick, Charlea W., and Boyd, John W.: Investigation a t  Supersonic 
Speed (M = 1.53) of the Pressure Distribution over a 63O Swept 
A i r f o i l  of Biconvex Section a t  Zero L i f t .  RACA RM A8C22, 1948. 

. 



DhensIons In Inches. 





, 

. .  



4 

Ne e dle de f ai/ 

sting 

Rake 

100- co/ibsr 
ogiva/ needle 

T 
AN dimensions in inches 
Sketch not to rcc/e. 

T 
AN dimensions in inches 
Sketch not to rcc/e. 

Figure 2 . - Sfuiic- pressure survey upporutus. 



16 MCA RM A 9 2 4  

wulf 

Afternote strut posftions 

*-* f 
Cone 

A/ /  dimensions in inches 
Sketch not t o  scds 

Figure 3 - Streurn - ongie survey oppurofus. 



.w 

\K 
-4 -2 0 2 4  - 4 - 2  0 2 4 

Reference 

Figure  4.-Pressure diiferentiai across orifices 

.. . . . . . . . . .  . . . .  . 

& 

axis angie of 

of angie-survey 

ottock, a, 

cone in 

- 4  -2 0 8 4  
deQ 

upright and inverted 

0 

0 

Upright 

inverted 

positions. 

! 
i 

!b ! 

. .  . .  



18 

Typ/co/ ruke detuil 

Dimensions In inches. 

I 

I 

. 

figure 5.- The apparatus for boundary-/oyer surveys in the 
Ames 6- by 6- foot  supersonic wind tunnel. - 
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