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SUMMARY 

The B.R.L. hypersonic wind tunnel, which i s  now under construc- 
t ion,  i s  designed t o  cover the  range M = 5 t o  10, and w i l l  be capable 
of continuous flow, variable density operation. F u l l  use w i l l  be made 
of the compressor p lan t  f o r  our ex i s t ing  supersonic wind tunnels. 
Three new centrifugal compreeeors have been added to reach a maximum 
supply pressure of 2200 p s i .  The tunnel air  w i l l  be heated t o  a maxi- 
mum temperature of X)OO'R, using a combustion heater  and an e l e c t r i c  
heater  arranged i n  se r ies .  

The e f f e c t  of air condensation i n  the  flow about models i s  con- 
sidered f o r  the  simple case of a two Cimensional f l a t  p la te .  In the  
absence of l oca l  supersaturat ion,  t he  e r ro r s  i n  force  measurements de- 
pend importantly on how close the  tunnel air upstream of t h e  model i s  
t o  the  condensation point .  When the  test sect ion air  i s  at  the  satu- 
r a t i on  point ,  large force e r ro r s  m y  r e su l t .  A l a r g e  decrease i n  t he  
force  e r ro r  follows from a r e l a t i ve ly  small increase i n  the tunnel 
supply temperature. I f  it should prove necessary, over most of t he  
Mach number range, the  tunnel can be operated a t  supply temperatures 
well above the  temperature l eve l s  required t o  Jus t  br ing t he  t e s t  
sect ion flow up t o  the  sa tu ra t ion  point .  

With the  range of supply pressures avai lable ,  he peak tunnel 
R e y n ~ l d e  numbers 1Jars from a ~ ~ - J J Z & Q  of 1 x lo6 per inch at M = 
5, t o  a m a x i m u m  of 3 x 10 per inch at M = 10. Except possibly f o r  
Mach numbers very close t o  M = 10, we believe t h a t  it should be possi-  
b le  t o  produce turbulent  boundary l ayers  on t he  wind tunnel models a t  
these Reynolds numbers. The conventional two dimensiond type nozzle 
has ce r t a i n  drawbacks a t  hypersonic speeds. An axisymmetric nozzle 
has been chosen f o r  the upper end of t he  speed range, w i t h  t h e  possi- 
b i l i t y  t ha t  we may use several  such nozzlea t o  cover the  range M = 5 
t o  10. The advantages and disadvantages of t h i s  type of nozz le  are 
discussed: The nozzle w i l l  be water cooled, and w i l l  be made by 
electrofonning t o  obtain high precis ion and the  desired surface f i n i s h  
and' continuity. 

Some of the  complications i n  hypersonic f l i g h t  at' high a l t i t u d e s  
are c i i ~ ~ u s s e d .  ikpartures from a continuum, low Reynolds number  effect^, 
and oxygen dissocia t ion i n  t h e  atmosphere are all important above 250,000 
f t .  

*This paper a l s o  appears i n  Proceedings of Office of Ordnance Research 
Conference on Fluid Mechanics and Aerodynamics, Fort  Monroe, V a . ,  
March 1958. 



INTRODUCTION 

For the purpose of this paper hypersonic nleans Mach ntuilbers from 
5 to 10. A+, the present time it is not possible tc solve aJ1 of the 
flight problems that are encountered in this speed range in a s ingle  
type experimental facility. Instead it is necessary to patch together 
results from many different types of facilities in order to obtain the 
infomation that is desired. One of the useful tools for this speed 
range is a conventional wind tunnel, such as the hypersonic wind tunnel 
that is now being bu i l t  at the Ballistic Research Laboratories. 

First, we w i l l  present a brief account of how the pressure and 
temperature levels were selected for the wind tunnel and how we expect 
to achieve these operating conditions. Second, we will consider the 
design of a nozzle for the upper end of this speed range. Our investi- 
gation on how to build such a nozzle has led us to a somewhat uncon- 
ventional design. Finaiiy,  we will make a few remarks on the limita- 
t i ons  and uses for a conventional hypersonic wind tunnel. In particu- 
lar, the comp;licatlng factors associated with high altitude flight will 
be discussed. 

Hypersonic Wind Tunnel Pressure and Temperature Ranges 

M m n h  n r w n h n r  L; i= g nab=& di=tiding l i n e  s=p=ratir;g gdp=rsocic froa r . u r u .  rr-uur& J 

hypersonic wind tunnels eince above Mach number 5 it is necessary to 
heat the supply air to keep the air from condensing in the nozzle. Ttze 
expansion to hypersonic speeds in the test section is accompanied by an 
extreme decrease in the air temperature. To keep the air in the test 
section just at the air saturation point at a Mach number of 10, the 
supply section temperature must be of the order of 2000%. At first it 
was hoped that these high stagnation temperatures might not actually be 
neceasezry; It is theore+,ic&Lly possible for the air in the t e s t  section 
to be in a supersaturated condition without any significant air condensa- 
tion occurring. Such supersaturation is known to occur in the case of 
water vapor condensation in supersonic nozzles. Numerous investigations 
such as those reported in references 1 and 2, have been conducted in 
existing hypersonic wind tunnels to determine whether or not supersatura- 
tion of the air occurred. Although there was much disagreement in the 
A +  n k i m - t n n A  4 C k ~ m s  2.t Pea---+ t.~-j-~~3,~) 4-L--A rr---..- 
ULL vCL W U  --4.&&=U A41 6 d A A C D ~  UALI CL CLA b ~LLCL-c accma t t o  be general agree- 
ment on the following. Small amounts of water vapor and carbon dioxide 
normally present in the wind tunnel air themselves condense in the super- 
sonic portion of the wind tunnel nozzle and serve as nuclei for condensa- 
tion of the air components. It takes time for this air condensation to 
develop so that in a small wind tunnel the air is probably supersaturated 



t o  some degree. On the  other hand,.it appears t ha t  i n  a i a rge  wind 
A ..--- -1 L*_ - ---.. - C  Am ..-- 1 1  -- 
L U I L T ~ ~ L  -cne t u n u u r l ~  ul auPersutur-auor1 poss ib le  i n  t h e  test section flow 
may be much smaller and t ha t  the  supply temperature should a t  l e a s t  be 
high enough t o  keep the  air i n  the tes t  section a t  the  seti~ration poifit. 
In f a c t ,  it may be necessary t o  keep the a i r  i n  the  t e s t  section above 
the  sa turat ion point  t o  avoid e r rors  i n  flow nleasurement. 

Generdly,  a t  some regions i n  the  air flow about a model, the 
i o c d  Mach nmber w i l l  be greater  t'nan t h e  t e s t  section ~ a c h  number and 
it is i m n n w + a n +  ,upuLu,,u t~ ~ ~ f i s i d e r  the possible effects ~f 1 cofidefisstiofi 
i n  the air ahnut  the m n d e l .  In F - l g ~ r ~ ? .  1, ~ ~ E I A + , E  ~f 80Ee ZQ- 

merical calculat ions a r e  presented fo r  a simple two dimensional f lat  
p l a t e  at  a Mach number of 10. Since the  Mach number on the  top surface 
exceeds the  f r ee  stream Mach number, l o c a l  air condensation may occur 
i n  the  neighborhood of the  model when i t  has not occurred upstream of 
I*_ - -cne n o  Tne c ~ c i i i a t i o n s  have been car r ied  out f o r  two dif ferent  
cases. F i r s t ,  it i s  assumed tha t  the  a i r  i n  t he  t e s t  section i s  Ju s t  
at the satu_ration paint which cnrresp~f id~  t . ~  R_ ~ ~ p p l y  temer=t~,re T. 

0 of 1960 '~ and a supply pressure PC of 2200 ps i ,  md t ha t  i n  the exgm- 
sion a t  the  top surface su f f i c i en t  condensation occurs t o  Just keep the 
air saturated. The e f f ec t  of t h i s  a i r  condensation i s  t o  re lease  heat  
and thus r a i s e  the  pressure on t h e  top surface changing the  l i f t .  The 
curve labeled To = 1960% presents t h i s  e r ro r  i n  l i f t  as a function of 
the  angle of a t t ack  of the  f lat  p la te .  The percentage e r ror  i n  lift 
reduces as t i e  angle 09 a t tack  increases because a t  f a i r l y  l a rge  angles 
of a t tack most of the  l i f t  comes from the increase i n  pressure on the  
bot;t.cm fi~~rface nf the d-ng with a r ~ l a t ; i v ~ l y  cont,ribl~tion from 
the  decrease i n  pressure on the top surface. Such la rge  l i f t  e r ro rs  
a t  small angles of a t t ack  would be undesirable. 

On the other hand a s  we have previously noted, there  should be 
some loca i  supersaturation. Applying tne data given i n  Reference 2 t o  
&I-- a A -1, m-f -.-- 2 - 2 3  - - L A -  L L - A  A L -  m1 - A  -7 - L a  
ULC CUIIUI ~ I U L I ~  L - C ~ L - C ~ C I I  LCU 111 L C  i I I L U L C U L , ~ : ~  L K ~ U L  A L L U L  y ~ u ~ t :  

m i g h t  reach en angle of attack of T o  before significant conderlsation -u* 

occurred on the top surface. The l i f t  would then be e r ror  f r e e  below 
a = 7'. A t  s t i l l  l a rge r  angles of a t tack,  the  l i f t  e r ro r  should 
approach the  curve marked To =- 1 3 6 0 ~ ~ .  It i s  c lea r  t h a t  a t  small angles 
of at tack,  at  a Mach number of 10, the  degree of l oca l  supersaturation 
tinat may be realized i s  of major importance i n  determining the accuracy 
of force measurements. 

I 

In ,~ r inc i ,o le ;  condensation could be avoided hy increasing the 
supply temperature. A t  To =3150°R the  a i r  would be above the  sa turat ion 
point  loca l ly ,  a t  all angles of a t tack l e s s  than 7' .' But a marked de- 
crease i n  the l i f t  e r ro r  can be achieved by a r e l a t i ve ly  s~nall increase 
of supply temperature. The results of the  calcula t ions  fo r  To = 2273=~ 
are in Fig-we 1 yne air t q n e  .upper s.wface of t'ne fiat 



does not reach t h e  saturation point below a = 2.5'. When condensation 
does occln, the e r r o r  i n  lift is s m a l l e r  'than for the  lover supply 
temperature. As can be seen from Figure 1, by increasing the supply 
temperature about ~OO'R, the maximum percent error in lift over a large 
angle of attack range can be kept below the most optimistic expectations 
for a lower supply temperature allowing for local supersaturation. 

So far there appears to be a limited amount of information on what 
o - C . . n l l r r  'La av-an-brrd 4 -  +LA rrrrr- - -----I >..A A- - - - d - - - - A *  --A 

aL b-ry L-WL UG G A ~ C C  ~ S U  1 1 1  LLLC w a y  UI CL-L-UL-B uuc LU cuIlucIitiaIlrIon i n  
model testing. We expect to have several nozzles to cover the range 
from Mach 5 to 10. In order to make it possible to carefully determine 
the importance of condensation effects at the highest Mach numbers, we 
have chosen a Mach number of 9.2 for the high end of the Mach number 
range instead of M = 10. At M = 9.2, supply temperatures several m- 
dred degrees above the saturation temperature are available. Depending 
upon the results obtained w i t h  this nozzle or resuite obtained elsewhere, 
the Mach number range may be extended up t o  M = 10. For Mach numbers 
below 9, we are not concerned about condensation effects since it will 
be possible to operate at supply temperatures well above sat~rrrstinn 
temperatures. 

The choice of the supply pressure for the wind tunnel is dictated 
by our desire to have high Reynolds numbers in the test section, that is 
high enough Reynolds numbers to enable us to establish turbulent boundary 
1 m-..n-n A- L --a -2 +..--a1 d l  - T- A -  A n n -L .-r-.l------.1 - - LayGI o ULA UIAG WAAAU UCLLIIICA u u u  UI ULU- CA~CL-ICLICC, u b  UU~C~CIUIIIC 6ptzeaB 

a Reynolds number greater than 4 x lo5 per inch in the test section is 
desirable. In order to reach these Reynolds number levels in the hyper- 
sonic region, very high supply pressures are necessary. The Reynolds 
ranges for our existing supersonic wind tunnels are shown on the left hand 
side of Figure 2. The maximum Reynolds numbers that we expect to reach 
with our hypersonic wind tunnel are also shown on the figure and except 
for Mach numbers very close to 10 they are greater than 4 x 105 per inch. 
To obtain these Reynolds number values, the supply pressure increases from 
ahout 300 p i  at. a Mach nuther of' 5 t~ e p p r ~ x i ~ f i t ~ l y  2290 p i  at a Path 
number of 7.7. In order to achieve similar Reynolds numbers between 7.7 
and 10, it would have been necessary to increase the supply pressure still 
further. We lost our courage and instead set the maximum supply pressure 
at 2XX) psi above Mach number 7.7. Consequently, the maximum Reynolds 
number decreases rapidly with Mach number between M = 7.7 and 10. 

Hypersonic Air Handling Plant 

The new B.R.L. hypersonic wind tunnel will make use of the existing 
compressor pl&t for our supersonic wind tunnels which automatically de- 
A -  ,-, A -  ma- ~tzriuirltzrj c e r ~ u i n   cut ur-es of t he  wind t-miel. The cross-sectional area 



of the nozzle exits will be comparable .to the test section sizes in our 
supersonic wind turmels and will run from about 225 sq. inches at a Mach 
number of 5 to about 340 sq. inches at a Mach number of 9.2. !the hyper- 
sonic tunnel, as our supersonic tunnels, will be continuous flow and 
- - J  LL ---- -Ll a A n n  a 4  + ~ r  
WI b~ ~ C L U I =  ubAAmr u J .  me perfomence c h a r a c t ~ t r i ~ t i c s  of the firs+, con10 
pressor stage sets a limit on how low a pressure can be used in the wind 
tunnel. Reynolds number effects at low pressure markedly reduce the per- 
formance of these centrifugal compressors. Consequently, there is a mini- 
mum tunnel Reynolds nunber as shown on Figure 2. 

The five centrifugal compressors of the supersonic facility will be 
placed in a three stage arrangement as the first stages of compression 
for the hypersonic wind tunnel. These first three stages will develop a 
compression ratio from the high to the low side of 12, and can deliver 
air at a pressure 1wel of 100 psi. In order to reach the much higher 
compression ratios and pressure levels needed for the hypersonic tunnel, 
we have added three centrifugal compressors arranged in series. The new 
compressors are shown i n  Figure 3. Originally some thought was given to -. utling - a poeitiv= dii;placaent, nnwhnn a nnmnrnQanr f'nw +ho 1 on+ 

b a  uuu r A I A ~ ~ U  b-p~ ~ m u w ~  a WI u a a r  .LUU v 

stage. The last machine produces a compression ratio of 3.1 at an intake 
volume of about 500 cubic feet per minute. Small high pressure centri- 
fugal  compressors that would meet these performance requirements were not 
available. On the other hand, there were some obvious disadvantages to 
the positive displacement compressor. It probably wouid be necessasy to 
add a pulsation damper to the system and there was also considerable 
doubt aa  to whether the carbon rings would stand up in service in view 
of the fact that the tunnel air is extremely dry. We compromised by 
using a somewhat oversize centrifugal compressor and by-passing some of 
the air around the compressor. The resultant increase in power consump- 
tion is not significant. 

The first machine is of the spiit casing type w2th interstage Ma- 
phram cooling and consumes approximately 7000 horsepower. The last two 
machines are barrel type compressors and are rated at 5000 horsepower 
and 3500 horsepower respectively. Each compressor is driven by a sepa- 
rate synchronous motor through speed increaser gears. 

At maximum pressure and temperature, air is delivered from the l a s t  
compressor at 2250 psi at a temperature of about 950'~. In order to 
reach the design temperature of 2000°~, two different types of air heat- 
ers e used. Fro=: e~e~~lmui~d.  stmdpointj it wolfid have been prefer- 
able to attain the de8ign temperature with a combustion heater; however 
this possibility was n ~ t  within the state of the art and the maximum 
air temperature from the 8000 KW combustion heater wasg set at 180O0~. 
A lop KW electric heater is used to raise the air temperature from 
1 8 O O V ~  to ~ 3 0 0 ' ~ .  The heat exchange in the cornbuetion heater takes 
pace in the rectangular section at the top of the cylindrical base. 



(see Fig. 3) The turnel  air c i rcu la tes  through s t a in l e s s  s t e e l  th ick 
walled finned tubes running back and for th  across the  opening normal t o  
the  ax is  of the heater. Hot combustion gases from an o i l  burner a t  the  
bottom of the  co~nbustion heater then pass, with the  help of an a i r  blow- 
e r ,  over the finned tubing and out of the  top of the stack. The upper 
l im i t  on the temperature t ha t  can be obtained i n  a heater of t h i s  type 
i s  s e t  by the  design of the  high pressure f i n  tubing. 

The a i r  i s  then brought from the ou t l e t  m i f o l d  of the heat trans- 
f e r  section of the combustion heater t o  the  i n l e t  manifold of the  elec- 
t r i c  heater i n  s ix  3" O.D., 2" I .D.  s t a in l e s s  s t e e l  tubes. These tubes 
a r e  re la t ive ly  f lex ib le  and permit d i f f e r en t i a l  motion of the  e l e c t r i c  
heater which r e s t s  on a r o l l e r  support and the  combustion heater which 
i s  r i g id ly  attached t o  the  ground. Some r e l a t i ve  motion between the  
heaters w i l l  occur due t o  t h e m  expansion of t he  tunnel components 
during operation. The a i r  then passes down through the  ve r t i ca l  elec- 
t r i c  heater f i n a l l y  following a 90' turn i n t o  t he  supply section.  The 
e l e c t r i c  heater consis ts  of a s t e e l  shel1,water cooled on the  outside 
and insulated on the  inside,  and it i s  packed f u l l  of hollow inconel 
tubes which serve a s  res is tance heating elements. The tunnel air flows 
both inside and outside of these tubes, Power i s  supplied t o  the  elec- 
t r i c  heater through a saturable reactor  which makes it possible t o  have 
continuous voltage control from 258 t o  lOO$ of f u l l  power. The a b i l i t y  
t o  e(et a smooth, f i ne  control  on the  e l e c t r i c  heater  power input should 
be of considerable importance i n  maintaining constant supply conditions 
during operation of the  wind tunnel. As can be seen from Figure 3, the  
air always passes through the  e l e c t r i c  heater  but may be by-passed about 
the  combustion heater which i s  not needed a t  low Mach numbers. By e i t he r  
having all the tunnel a i r  go through the  combustion heater or by-pass 
the  combustion heater,  we a r e  able t o  avoid the  problem of mixing a i r  
streams a t  two widely d i f fe ren t  temperatures between the  combustion heat- 
e r  and the  e l e c t r i c  heater.  By always having the  e l e c t r i c  heater i n  the  
c i r c u i t  section, we can take advantage of the  superior temperature con- 
t r o l  of the  e l e c t r i c  heater a s  compared with the  combustion heater.  

I n  Figure 3, a temporary c i r c u i t  i s  shown i n  place of the  nozzle, 
t e s t  section, and d i f fuser ,  This temporary c i r c u i t  consis ts  of a water 
cooled axisymmetric o r i f i c e  t o  control  the  mass flow, followed by a low 
pressure pipe, We expect t o  use t h i s  temporary c i r c u i t  t o  operate the 
air handling plant pr ior  t o  the i n s t a l l a t i o n  of the  tunnel i t s e l f .  
Downstream of the  low pressure pipe i s  the  model catcher and the  tunnel 
aftercooler.  The air leaves t he  af tercooler  a t  about 560'~ and re turns  
t o  the  intake side of the  supersonic compressor plant .  



Nozzle Design 

The favored type of supersonic wind tunnel nozzle i s  a two dimen- 
sional  design with two f l a t  walls  and two contoured w a l l s .  There a r e  
ce r ta in  disadvantages t o  a two dimensional nozzle design a t  Mach num- 
bers  over 8. F i r s t  of all, the  throat  becomes a very narrow sl i t .  
For instance, i f  the  t e s t  section i s  15" square then a t  a Mach number 
of 9.2 the  throat  would be a section .041" high and 15" wide. A t  M = 
n 0 1d L -  4 + +  trb.( -m...HC.C.lClnw,aCI +- 7. c 8 rp C L ~ U J ~ ~ =  ru n l r  u a u  L A = A ~ L U  LUI I G~~~~~~~ uV a 1% change i n  m a =  
mic pressure i n  the  t e s t  section which i n  the  case of a force  measure- 
ment corresponds t o  a 1s change i n  force .  Therefore, var ia t ions  i n  
throat  height of the  order of .0004" can be s ign i f ican t .  The heat  
t rans fe r  t o  the nozzle w a l l s  reaches a maximum very close t o  the  th roa t  
and a t  2000'~ and 2200 p s i  supply pressure, the  heat t r ans fe r  $0 the  
tunnel w a l l  a t  the  throat  would be of the  order of 8 B. t .u . / in  /sec. 
It i s  d i f f i c u l t  t o  design a throat  section f o r  these heat  t r ans f e r  r a t e s  
which v i l l  not d i e t o r t  due t o  thermal expansion more than .0004". We 
can make a one dimensional estimate of the e f f ec t  of th roa t  d i s t o r t i on  
as follows. Consider t he  channel t o  be divided by a s e r i e s  of planes 
pa ra l l e l  t o  the  side w a l l s .  Suppose t h a t  i n  each section formed i n  
t h i s  way, the  flow i s  independent of the  flow i n  neighboring sections.  
 then fne Macn number a t  the  t e s t  section i n  each section i s  given by 
the  r a t i o  of the  height of t he  throat for t ha t  section t o  the t e s t  
section height, which i s  the  same fo r  all sections.  On t h i s  bas is ,  
a var ia t ion  i n  th roa t  height from one s ide  of the tunnel t o  the other 
of the  order of .0004" would produce a 1% non-uniformity of dynamic 
preseure i n  the  t e s t  section.  Of course, the  flow i n  each of these 
longitudinal  sections cannot be independent of each other. Possibly 
l a t e r a l  r e l i e f  of pressure differences,  as they develop downstream of 
the  throat ,  mlght g rea t ly  reduce the importance of a given throat  dis- 
t o r t i o n  c= t h e  ni&m,ber d i s t r i h ~ t i ~ f i  in t h e  tes t .  section. 

A t  our request, an invest igat ion of the e f f ec t  of a simple throat  
d i s t o r t i on  on the downstream flow i n  a nozzle was carr ied out a t  GmCIT. 
We chose a throat  section with a l i n e a r  var ia t ion i n  height across the 
tunnel w i d t h .  e e s u l t s  of t n i s  invest igat ion have 'oeen reported by 5 Oliver and Cummings . They found t ha t ,  a s  suspected, the  simple one 
dimensional model i s  incorrect;  however the  r e s u l t s  were not of any com- 
f o r t  t o  wind tunnel designers. Although the  d i s t r ibu t ion  of Mach number 
was not t h a t  predicted by the simple one dimensional model, the  magni- 
tude of the  Mach number var ia t ion  was about the  same a s  the  one dimen- 
sional  prediction. A second disadvantage of two dimensional nozzles 
fo r  high Mach numbers a r i s e s  from the  nature of the b.oundary layer 
development on the flat side walls. A t  a given axiel position i n  the 
nozzle, the  boundary layer  on the  side w a l l  may be non-uniform i n  
thickness. The r e su l t  w i l l  be flow non-uniformity i n  the t e s t  section. 
A t h i r d  d i f f i c u l t y  i s  i n  adequately sealing the wind tunnel channel i n  



the vicinity of the nozzle throat. To overcorile these disadvantages, 
we have been considering an axisymmetric nozzle for the high end of 
the Mach number range. At a Mach number of 9.2 for the same test 
section area as before, the throat diameter is now .88". The s p -  
metry of the design reduces the likelihood of th roa t  distortion and 
in ~ q y  cgse a giver! abso l i j te  dis+ ,~r+ , ion  shelad h g ~ ~ e  a less severe 
effect on the downstream flow. Also because of the symmetry, the 
boundary layer will be of unifom thickness at each axial position 
a n d  the sealing problem at the throat, as well as along the rest of 
the nozzle, is eliminated. 

There are, as might be expected, certain disadvantages to this 
mnhamn A n  a v l  etrmmn+wl n n m n n l  a 
m L A A + u b  -A - A ~ J I I I I I ~ G  V A  LL LAVLLIG is subject to f : ~ c u i ; ~ i ~ g  effects 
whereby disturbances at the nozzle w a l l s  may concentrate and produce 
unacceptable disturbances near the axis. Thus, it is necesauy to 
avoid small concentric irregularities in the construction of the 
nozzle. At hypersonic speeds, the tunnel boundary layer is much 
thicker than at low supersonic speeds and may mask,to some degree, 
what surface irreguiarities are present. On the other hand, the 
nozzle contour must be shaped to allow for the effect of the boundary 
layer displace~nent thickness on the flow in the nozzle. Since this 
3s R large correctionj if .unI.fo-m f l ~ w  ie to be achieved in the t e s t  -- 
section, it is important to be able to make an accurate calculation 
of the boundary layer growth in the nozzle. Unfortunately, a rela- 
tively limited amount of information is available,,on high Mach number 
turbulent boundary layers with high heat transfer4 and it is not clear 
that the desired accuracy can be achieved on the first attempt. 
~econajr, -GkAen the t-&-clei Remoi&s n-mber is c h = e d ,  the bolrndary lay- 
er thicabae=g flAll a g o  &&qge =qd therefore ~hanae the flckr in +"- w . 4  - A  

b W L l l U  

tunnel. If the change in boundary layer only results i n  a change i n  
the Mach number level in the test section, no ham will be done since 
this can be taken care of by calibration. The significant question is 
whether the Mach number distribution in the test section will still be 
uniform at other than the design pressure. Finally, the observation 
of the  model in tine test section is more limited tnan with a two dimen- 
sional nozzle, where there are no restrictions on the use of flat win- 
dows. 

There are then two main problems in the design and construction 
of an axisymmetric nozzle. Although the axisyrmnetric shape avoids the 
problem of throat distortion, the structural design of the throat sec- 
tion i s  still formidable. The other essential problem is how to fabri- 
cate the nozzle to the required tolerances on shape and surface con- 
tinuity. First we will consider the throat design. * 

To restrict the temperature r2se in the nozzle at the throat, we 
plan to use a high pressure cooling water system. The water will flow 
axially downstream along the nozzle in a passage f o r m e d  by the outer 



m a c e  of the nozzle l i n e r  and the inner surface of a concentric sec- 
t ion called the water director .  By using water pressures of 600 psi ,  
water veloci t ies  of about 100 f t .  per sec. can be used a t  the throat 
region. Another poss ib i l i ty  would have been t o  use some form. of bound- 
ary layer  cooiing. Tnis might have consisted of a m t t i n g  cold air at 
the boundary of the tunnel upstream of the throat t o  reduce the heat 
t ransfer  a t  the throat section. We have chosen the water cooling sys- 
tem because of our uncertainty a s  t o  what influence a boundary layer  
cooling - system - might have on the flow dis t r ibut ion i n  t h e  tunnel. It 
turns  out t ha t  with our supply pressure and temperature, we are  just  
about at the l i m i t  f o r  the cooled w a l l  solution f o r  the throat design. 
For s t ructural  reasons, it i s  undesirable t o  make the throat section 

thinner than 1 / 4 1 ~ .  m*- --- 
~ L A C  -iiiium t X e r i r  stresses at the thmat 

essent ia l ly  depend on the parameter aE/), where a i s  the  coefficient 
of thermal expansion, E i s  the modulus of e l a s t i c i ty ,  and X i s  thermal 
conductivity f o r  the material. In Table I, the values of t h i s  para- 
meter, and the resul t ing thermal s t resses  f o r  a 114" thick water cool- 
ed throat section are given fo r  nickel and beryllium copper. The 
beryllium copper i s  a copper a l loy  which contains a small amount of 
beryllium and cobalt. I ts  heat t ransfer  coefficient i s  almost 60$ 
that of copper, whereas it has much be t t e r  strength than copper a t  
elevated temperatures. Even with t h i s  material, tp temperature 
difference across the l i n e r  i s  of the order of 400 R e  With a nickel 
throat,  which i s  a reasonably good heat conductor, the temperature 
difference i s  about 9 0 0 ~ ~ .  The thermal s t r e s s  of 55,000 ps i  with 
beryllium copper is  tolerable,  whereas the much higher s t r e s s  with 
a nickel l iner wudd be maeceptable. mAerefore, we play to p&e t h e  
throat section out of beryllium copper. 

We believe the best technique for  fabrication of the nozzle i s  t o  
make it by electroforming. A mandrel for  the electroforming can be 
machined without too much d i f f i cu l ty  and can be readily hand polished 
i n  a random way t o  produce the desired surface f in i sh  and continuity. 
Nickel i s  then electrodeposited t o  the design thickness on the mandrel. 
After any necessary machine work on the  outside of the l i ne r ,  the m- 
drel is removed, A very accurate reproduction of the shape and surface 
of the mandrel can be obtained i n  t h i s  way. Using a suitable end de- 
sign for  the throat block, the nickel section of the nozzle can be 
mechanically joined t o  the beryllium copper throat block a s  a byproduct 
of the electrodeposition. The nickel can be deposited on the downstream 
end of cne cmoat block semes as the sGPstrem en& of tkAe 

In order t o  permit a careful evaluation of the aerodynamic per- 
formance of an axisylnmetric hypersonic nozzle design,'and t o  get some 
experience with electroforming, a small scale model of our planned 
axisymmetric nozzle has been constructed and i s  presently undergoing 
t e s t s  i n  the hypersonic f a c i l i t y  a t  GALCIT. A sketch of t h i s  model 
tunnel is  shown i n  Figure 4. Because the  available temperatures i n  



the GKCIT f a c i l i t y  axe lower than those we w i l l  have available i n  
t h e  B.R.L. tunnel, the nozzle has been designed for  a Mach number of 
8.8. me lower supply pressure of ~ I C A  --i --A -a*--' -P +am----'---- -r/V p31 (411U UUppl,y ~ C I ~ ~ C ~ - ~ ~ A ~ ~  of 
1 5 0 0 ~ ~  greatly reduces the  heat transfer at  the throat  so that  this 
i s  not a problem i n  the model tunnel. Accordingly, the liner for the 
model tunnel w a s  made completely out of electroforued nickel roughly 
1/4" thick.  A photograph of the  nozzle l i n e r  i s  shown i n  Figure 5. 
As shown i n  Figure 4, the nozzle ends ins ide a sealed chamber and 
there is a "free je t "  i n  the t e s t  section. The air stream i s  captured 
L -Am-.. a . d-*.....-&---... - AL-- - - - I -  uy a ~ G U U ~  ~ L U  I UL-ulcr u u w r l a ~ r ~ - c a u  pusijeb L L L ~ V U ~ I ~  the supersonic diff- 
user not shown i n  the figure. Models i n  the "free jet" section of the  
tunnel flow can be viewed through f la t  r?.ln&ws in the side of the 
plenum chamber. We believe t h i s  arrangement has some advantages. 
More f l e x i b i l i t y  i s  provided f o r  i n s t a l l a t i ons  around the  t e s t  section 
and the heating of the  windows i s  much l e s s  than i f  the  windows were 
placed i n  contact with the  high speed air stream. The flow disturb- 
ance from the end of the  nozzle propagates towards the  axis  at a very 
shallow angle and does not appreciably reduce the available model t e s t -  
ing regioni If E ~ c ~ F ; s ~ ~ ,  the  regi~n of l a i f ~ m  ~ I O W  inside the r;ozzle 
can be used, though i n  that case only part of the model can be viewed 
opt ical ly .  We hope t o  have the  aerodynamic r e su l t s  from these t e s t s  
within a f e w  months. 

The B.R.L. Mach number 9.2 hypersonic wind tunnel nozzle, a s  
presently designed, i s  shown i n  Figure 6. The horizontal  cyl indr ical  
section of pipe on the left i s  available f o r  use as a thermal equali- 
zer i f  we are dissa t i s f ied  with the air temperature d i s t r ibu t ions  from 
the  e l e c t r i c  heater .  The nozzle assembly i s  mounted on wheels and c w  
be removed as a un i t  leaving the  t e s t  section chamber and the  thermal 
equalizer section i n  place. This would allow us t o  interchange nozzles 
f o r  d i f fe ren t  Mach numbers. The section immediately downstream of t he  
t e s t  section chamber i s  the ~iupersonic diffuser. Further downstream 
i s  the  model catcher section which i s  designed t o  prevent high speed 
fragments from the t e s t  section from damaging t h e  tunnel af tercooler .  
We are not wi l l ing to c o l ~ ~ t  on all oln model designs working. Since 
t h e  t e s t  section chamber and the  downstream sections of the tunnel 
a r e  designed f o r  l o w  pressures, a safety  valve i s  located i n  the t e s t -  
section. The duct s i t t i n g  on top of the  t e s t  section chamber i s  there  
t o  d i r ec t  the high temperature a i r  out through the roof of the tunnel 
room i f  for some reason a i r  pressure builds up i n  the  t e s t  section 
region. 

Role of the Conventional Hypersonic Wind Tunnel 

It i s  clear t ha t  a conventional hypersonic  wind tunne l  of the type  



we are  constructing a t  the  B.R.L. cannot be used t o  solve al l  of the 
f l i g h t  problems between M = 5 and 10.  I n  f l i g h t  a i r  temperatures 
near the model w i l l  be large eno-qh to cause part id  or coiiiplete d i s -  
sociat ion of the air .  I n  the  ~4nd  t l~nael  the air terqerati~rre w i l l  
not exceed the  supply temperature which i s  well below the  temperature 
l eve l  at which dissocia t ion begins. Thus, those problems where the  
therzodynamic andntransport proper t ies  of a i r  a t  temperatures between 
3000"~ and 10,000"~ a re  important cannot be d i r e c t l y  solved i n  a con- 
ventional wind tunnel. A second group of f l i g h t  problems i n  the  Mach 
number range of 5 t o  10 that are inaccessible t o  a conventional hyper- 
sonic tunnel a r i s e  from f l i g h t  a t  a l t i t udes  above 250,000 f t .  These 
cpper ati~asphere effects E W  represented on Figure 7. It seems l i k e l y  
t h a t  i f  the  r a t i o  of the  mean f r e e  path t o  the  boundary layer  thickness 
i s  grea te r  than .I, then some deviation from continuum flow w i l l  occur. 
A s  we see from Figure 7, the  mean f r e e  path i n  the  atmosphere becomes 
appreciable above 250,000 f t .  and by 350,000 f t  . i s  of the order of 
2 . 5  ft. rit a foot  from the leading edge of a flat piate at a I".Iach ~ i -  

ber of 10 with a surface t o  f r e e  stream r a t i o  temperature of about 6, 
the  r a t i o  of the mean free path t o  the  boundary layer  thickness5 would 
be greater than .1 above 320,000 f t .  Also as shown on Figure 7, the 
Reynolds number f o r  a length of one foo t  becomes l e s s  than 1 x lo2  
above 280,000 f t .  T h i s  roughly cons t i tu tes  the lower Reynolds number 
boundary fo r  using ordinary boundary layer  theory and we enter  a new 
regime a t  higher a l t i t udes .  A t h i r d  complication follows from the  
fact that above 250,000 f t . ,  a varying percentage of the oxygen i n  
t he  air  is dissc!cie!ted. By 3~O;C)OO ft.; the oxygen i s  almost en t i r e ly  
dissociated. This d issocia t ion i s  not due t o  high a i r  temperatures 
but i s  produced by radia t ion from the  sun which i s  absorbed i n  these 
layers .  The recombination of the dissociated atoms depends on three 
body col l is ions ,  which at  the  low dens i t i es  a t  these a l t i t udes  pro- 

Lne tur~vurrt of cjxygeri d i s s ~ ~ i a t i ~ n  ceeds very slowly. Furtherniore, "- - ------ 
i n  the  atmosphere i s  not a f i x e d  function of' the a l t i t u d e  but instead 
var ies  with the time of day and from day to day. One of the reasons 
fo r  t h i s  va r i ab i l i t y  i s  tha t  ve r t i c a l  a i r  mixing plays a very important 
ro le  i n  determining the d i s t r ibu t ion  o atomic oxygen i n  the  atmosphere, 6 a s  has been shown by Nicolet and Mange . Thus, it would appear t ha t  i n  
the  range of a l t i t udes  from 250,000 f t .  to  perhaps 370,000 f t . ,  hyper- 
sonic aerodynamics w i l l  be complicated by departures from continuum flow, 
b w  Rej;mol&s cijber ef fec t s ,  a d  d s o  by t h e  d i s s ~ c i a t p d  ~f the 
oxygen i n  the a i r .  Free molecule flow w i l l  be reached by 400,000 f t .  

A conventional hypersonic wind tunnel i s  useful  f o r  s t a b i l i t y  and 
control  investigations and f o r  fundamental investigations of hypersoriic 
flow, such a s  are described elsewhere i n  these Proceedings. Its value 
i n  studies of boundary layer  and mixing phenomencr should be s p e c i a l l y  
mentioned. The excessive heat t rans fe r  r a t e s  encountered tit hypersonic 
speeds have turned the a t t e n t i o n  of aerodyllwoicists towards novel and 



varied methods of boundary layer cooling or boundary layer control. 
mile real gas effects wi l l  have to be accounted for eventually, it 
may be a considerable advantage to be able to study the mdanental  
fluid mechanics aspects of these problems without having to worry 
about such factors as the state of dissociation of the gae, appro- 
- -  A - -  - -  - -  A I - , - - , , - A  -----_,-- L . e  ,- 
priaLc vuueti ~ o r  bna G r u u r s p o r G  properxles, and possible surface 
reactions. 

VJ. Sternberg 
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For 1/4" Thick Water Cooled 
Throat Section 

K E aiE - Dlll Maximum 
K Thermal 

Stress 

L 
Berylco 10 9.8 x loe6 1600 19 x lou .12 4 0 0 ~ ~  55,000 psi  

KT1 -La1 us G n u  
-, A-6 8.6 x LU 3 b  30 x lo -  6 0.67 9 0 0 ~ ~  140,000 psi  

a = coefficient of t h e m  expansion 

K = thermal conductivity BTUt 8/ft2/in/hr/% 

E " ------ "-'--'I--- - ru-m noauus 

= Temperature difference =cm=g liner t h i c h e a g  

Composition of Berylco 10 .4 to .7 beryllium 
2.3 to 2.7 cobalt 
Ijaiance copper 
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