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SUMMARY 

A preliminary investigation i s  presented of the expansion tube, a 
new device u t i l i z i n g  both unsteady shock waves and expansion waves t o  
produce short-duration, high-enthalpy hypersonic airflows. The unsteady 
expansion processes therein r e s u l t  i n  a large t o t a l  enthalpy multiplica- 
t ion .  A r e a l  a i r  analysis assuming ideal ized dia9hragm bursts, centered 
expansion waves, and an equilibrium continuum flow showed t h a t  the 
expansion tube tes t -sect ion velocity would exceed that of a comparable 
shock tunnel by f ac to r s  greater than two f o r  the same ambient densi ty  
and pressure. The poss ib i l i t y  of equilibrium flow i n  the t e s t  section 
appears favorable since the maximum dissociat ion i n  the expansion tube 
cycle i s  low. The required dr iver  pressures a re  r e l a t ive ly  low and a re  
within present-day s t a t e  of the art f o r  duplication of the lunar reentry 
t ra jec tory .  A quick look a t  some preliminary experimental r e su l t s  i s  
b r i e f l y  reported and .appears encouraging, although there  are many known 
and ant ic ipated advantages and disadvantages of t h i s  concept which 
require fur ther  study. 

SYMBOLS 

a velocity of sound, f t / s e c  

H t o t a l  enthalpy 

h l o c a l  enthalpy - -  
length of dr iver  section of expansion tube I D  

length of driven section of expansion tube 
s1 

2 

length of expansion section of expansion tube 
s2 

2 

Head, Reentry Physics Branch, Langley Research Center, NASA. * 
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flow Mach number 

Mach number of primary shock wave 

Mach number of secondary shock wave 

absolute pressure 

secondary shock wave 

entropy per unit mass 

absolute temperature 

time 

nominal testing time (time between passage of entropy ais- 
continuity and arrival of expansion fan at test section) 

velocity of secondary shock wave 

velocity of fluid 

ballistic parameter, lb/sq ft 

c ompre s sib ili ty fact or, p/ pRT 

Sub s cr i p t s : 

distance from shock wave to entropy discontinuity 

0 standard conditions 

1,2,3,4 conditions in expansion tube (fig. 3)  and corresponding 
conditions in shock tunnel 

5 test-section conditions 

b 

, 

10,20 conditions in expansion tube (fig. 3) 
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INTRODUCTION 

c 

The problem which faces  an experimentalist who t r i e s  t o  a t t a i n  a 
flow which duplicates the anibient conditions a t  various a l t i t u d e s  f o r  
a given veloci ty  may be obtained by inspecting f igure  1. 
al t i tude-veloci ty  map i s  cross plotted the stagnation conditions 
required f o r  an equilibrium isentropic expansion t o  produce the veloc- 
i t i e s  indicated a t  the ambient conditions of the various a l t i t u d e s .  
Extrapolations of ex is t ing  MoUier diagrams have been made so t h a t  th i s  
i s  only an approximate p lo t .  Note that the pressures vary from lo4 t o  
over IU- atmospheres, tne temperatures vary from X,W" t o  F,OOO" K, 
and the compressibility fac tor  (Z)  var ies  from 1.4 t o  approximately 2 .  
The heavy dots are  the log undershoot t r a j ec to ry  of a nonl i f t ing lunar 
reentry vehicle with a b a l l i s t i c  parameter - of 50 pounds per square 

foot .  
duplication would require stagnation pressures above a mill ion atmos- 
pheres, stagnation temperatures greater than 25,000° K, and a value of 

On this 

- ,c; 

CDA 
Since the maximum heating occurs near the knee of the curve, 

Z of approximately 1-. 1 The power requirements ( i . e . ,  the energy 
2 

flowing pas t  the test  section) would be i n  excess of 15 megawatts per 
square foot .  A l s o  shown i s  the design performance curve of the Cornell 
Aeronautical Laboratory shock tunnel ( r e f .  1) . This heated hydrogen- 
drive tunnel, which i s  i l l u s t r a t i v e  of operational design shock tunnels 
a t  present, has a poten t ia l  far below that required f o r  study of the 
lunar re turn or higher ve loc i t ies .  

It appears t h a t  some device i s  needed which does not require 
attainment of the stagnation conditions i n  a pa r t  of i t s  cycle (due t o  
high stagnation pressures and temperatures) and which a l so  operates f o r  
only a very short  time (due t o  the tremendous power requirements). One 
solution t o  the problem of a t ta ining high enthalpy and s t i l l  avoiding 
the stagnation s t a t e  may be found i n  a device using unsteady expansion 
waves. 
enthalpy change i n  a steady and unsteady isentropic  expansion are  shown 
i n  f igure 2. On the l e f t  a re  the re la t ions  f o r  the steady expansion i n  
which a given veloci ty  change du i s  equal t o  - l /u  t i m e s  the  l o c a l  
enthalpy increase dh, and the  t o t a l  enthalpy H i s  constant. I n  the  
unsteady expansion on the r igh t  (an upstream expansion i s  considered 
here) du i s  equal t o  -dh/a. Notice the a i n  the denominator con- 
t r a s t e d  t o  the u i n  the  steady expansion and a l so  the  t o t a l  enthalpy 
d i f f e r e n t i a l  i s  equal t o  times the loca l  enthalpy change. 
Consequently, f o r  a f a c i l i t y  which requires  high ve loc i t ies  and high 
Mach number there i s  much t o  be gained with an unsteady expansion 
because f o r  a given enthalpy decrease the veloci ty  increment i s  a f ac to r  
M = u/a higher than the steady expansion. 
energy i s  increased i n  the expansion wave. 

A comparison of the d i f f e ren t i a l  veloci ty  increase and t o t a l  

-(M - 1) 

Furthermore, the t o t a l  
This i s  not a violat ion of 
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the conservation of energy i f  one integrates  throughout the whole 
unsteady f l o w .  

DESCRIPTION OF EXPANSION TLTBE 

A f a c i l i t y  u t i l i z i n g  such an unsteady expansion wave has been 
designed and designated as an "Expansion =be." The next f igure i s  a 
distance t i m e  p lo t  of the  cycle f o r  t h i s  expansion tube. The tube i s  
comprised of three sections: the  dr iver  section, driven section, and 
expansion section. Diaphragms separate the  driver section and the 
expansion section from the  driven section. 
by orders of magnitude progressively from one section t o  the  next. The 
operating cycle i s  as follows: 
a shock S 1  i s  propagated from the  dr iver  gas (4) i n to  the tes t  gas (1 
heating and accelerating the t e s t  gas. This shock progresses through 
the tes t  gas and s t r ikes  the diaphragm separating the t e s t  gas from the 
accelerating gas (17 whereupon t h i s  diaphragm burs t s  and a new shock 
wave S2 propagates in to  the accelerating gas. Concurrently, an 
upstream expansion wave i s  formed, progressing back i n t o  the  t e s t  gas. 
Since the  flow @ i s  supersonic, however, the  expansion wave i s  washed 
downstream. This expansion accelerates the t e s t  gas from the s t a t e  (2: 
t o  the s ta te  @, and a t  the same time causes a decrease i n  temperature 
and pressure. 
veloci ty  which has been accelerated by two processes, one a shock and 
one an expansion. 
t u re  and pressure because the expansion wave reduced the  temperature and 
pressure from the high values in  (2: behind the shock wave. 
sion fan  i s  the  key t o  the successful operation of such a tube. 

I n i t i a l  pressures decrease 

The primary diaphragm ruptures so t h a t  

Consequently, i n  state 0 we now have gas at a very high 

The ambient conditions i n  @ are  a t  a low tempera- 

The expan- 

Figure 4 shows the t o t a l  enthalpy mult ipl icat ion across the  expan- 
sion fan, i .e.,  the  r a t i o  of t he  t o t a l  enthalpy i n  the  region (j 
t o t a l  enthalpy after the shock wave i n  region @. 
enthalpy r a t i o  a re  4 and above f o r  r e a l  a i r .  
cent of the energy of the  flow i s  added i n  the expansion fan.  

t o  the  
Values of t h i s  

Consequently, over 80 per- 

A comparison between the  theore t ica l  performance of t he  expansion 
tube and nonreflected shock tunnel appears on figure 5 .  The ordinate i s  
the primary shock Mach number (Msl) and -:he abscissa i s  the  tes t -sect ion 

Mach number (3).  For the  expansion tube, curves a re  drawn for r e a l  a i r  
a t  various a l t i t udes  and f o r  perfect  a i r  a t  two temperature r a t i o s  a5/al. 
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Only the real sir curves a re  shown fo r  the  nomeflected shock tunnel.  
The expansion tube, by v i r tue  of i t s  energy mult ipl icat ion i n  the expan- 

those sion fan, can produce tes t -sect ion Mach numbers from 2 t o  2-times 1 
2 

which would be a t ta inable  i n  a nonreflected shock tunnel f o r  the same 
primary shock Mach number. 
d r iver  pressure, a r e a l  a i r  ref lected shock tunnel  i s  s l igh t ly  lower i n  
performance i n  regard t o  veloci ty  and a l t i t u d e  simulation than a non- 
re f lec ted  shock tunnel. 
enthalpy mult ipl icat ion behind a ref lected shock i s  up t o  about 
20 percent.) 

(For a high-temperature dr iver  a t  the same 

It may also be noted that f o r  r e a l  a i r  the  

THERMODYNAMIC STATES IN EXPANSION "BE 

The various s t a t e s  occurring i n  the expansion tube cycle will now 
be examined. First, consider the pressure i n i t i a l l y  i n  the accelerating 
chamber p . I n  order t o  maximize t h i s  low pressure, a " l ight  gas" 

(low molecular weight )  will be ut i l ized;  and i f  helium is  used f o r  t h i s  
purpose, the pressures required i n  the accelerat ing chamber w i l l  be 
those of figure 6. Test-section Mach number i s  the abscissa and accele- 
r a t ing  chamber pressure the ordinate. The lunar t r a j ec to ry  requires 
pressures from 0.05 d c r o n  t o  bet ter  than 10 microns; such pressures a re  
e a s i l y  a t ta inable  with reasonable care i n  vacuum pract ices .  

( 10) 

Next, consider the conditions behind the primary shock, s t a t e  2. 
The pressures a re  not shown here because they a r e  covered i n  an NASA 
report  (ref. 2 ) .  However, these pressures are moderate, and f o r  the 
lunar re turn  have a maximum of about 750 ps i .  
behind the shock wave i s  shown on the next figure. Note the l o w  value 
of 
lunar t ra jec tory .  
stagnation-type f a c i l i t y  ( f i g .  1). 

The compressibility 

Z2 with a maximum of about 7 percent dissociat ion (Z2 - 1) f o r  the  
This value i s  i n  contrast  t o  the 50 percent f o r  a 

Finally,  consider the dr iver  pressures. The case of a helium 
dr iver  gas heated e i the r  by an a r c  o r  by cambustion processes has 
already been t rea ted  i n  reference 2. 
d r iver  moderately heated t o  550' K. 
theore t ica l ly  requires  only a driver pressure of a thousand atmospheres. 
Attenuation may increase this by a fac tor  of 2 or  3, but  the resu l tan t  
pressure l eve l s  are s t i l l  within the state of t he  a r t .  

Here we will treat a hydrogen gas 
See f igure  8. The lunar re turn 
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LENG"S OF COMPONENT SECTIONS 

The lengths of the various component sections are determined by 
choosing the lengths so t h a t  the  wave re f lec ted  from the closed end of 
the dr iver  w i l l  in te rsec t  the leading edge of the expansion fan  a t  the  
same point that the entropy discontinuity separating the  dr iver  and 
driven gas in te rsec ts  the expansion fan. 
time, designated A t  on t h i s  f igure,  i s  the  t i m e  between the  a r r i v a l  
of t he  test gas a t  the t e s t  section and the a r r i v a l  of the  t r a i l i n g  
edge of the expansion fan. 

See figure 9. The t e s t i n g  

The value of the t e s t ing  t i m e  per foot  of expansion chamber i s  
The t e s t i n g  p lo t ted  against tes t -sect ion Mach number i n  f igure 10. 

time per foot decreases as the Mach number increases and i s  approxi- 
mately proportional t o  1 / M 2 .  
of the  order of a microsecond per foot,  long accelerator chamber lengths 
will be required t o  have appreciable t e s t i n g  t i m e .  
t i on  studies, t e s t ing  t i m e s  of the order of from a f rac t ion  up t o  
10 microseconds are  adequate. For comparison purposes, a nonreflected 
shock tunnel having a driven length equal t o  the  expansion chamber 
length would have tes t  t i m e  about twice tha t  of an expansion tube, and 
a ref lected ta i lored  shock tunnel would have a t e s t i n g  t i m e  20 times 
t h a t  of the expansion tube. The foregoing comparison neglects the 
s t a r t i ng  t i m e  of the nozzles of t he  shock tunnels, and i f  t h i s  s t a r t i ng  
t i m e  i s  considered, the r a t i o s  w i l l  be markedly reduced. The incident 
shock-wave tubes such as Avco (ref .  3 )  has used t o  study the  nonequilib- 
rim radiation would a l so  have t e s t i n g  t i m e s  up t o  about twice t h a t  of 
the expansion tube of equivalent major section lengths. 

Since the t e s t ing  t i m e s  are very small ,  

However, f o r  radia- 

The r a t io  of driven chamber t o  expansion chamber length 

i s  plot ted against tes t -sect ion Mach number i n  the  next f igure.  
length of the driven section 

than the  length of the expansion chamber. 
the driven length i s  less than 1 percent of t he  expansion tube length. 

The 
i s  several  orders of magnitude l e s s  

2S1 
For Mach numbers above 30, 

The driver length is ,  of course, a function of the  dr iver  gas and 
i t s  temperature. 
r a t i o  of the driver length t o  the expansion chamber length 21)/2s2 i s  

p lo t ted  i n  f igure 12. This r a t i o  var ies  from less than 1 percent down 
t o  a fract ion of a percent. 
dr iver  t o  driven sections lD/zSl i s  less than one-fourth for the  

hydrogen driver. 

Hydrogen a t  550° K i s  the gas t rea ted  herein, and the 

It might be noted that the r a t i o  of the 

? 

e 
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SOME PRACTICAL PROBLEMS OF THE EXPANSION W E  

So far the analysis has assumed a real but inviscid gas and that 
diaphragm bursts may be represented by instantaneous removal of the 
diaphragms. Practically, however, the problem of diaphragm burst and 
shock formation must be considered. These problems w i l l  necessitate 
longer driver and driven sections than theoretically required. The 
effect of the nonideal rupture of the secondary diaphragm is not known 
at this time. 

Damage t o  tie mdei from diaphragm particies striking tne model 
surface is another problem. 
by employing a curved expansion chamber which would act as a centrifuge 
for the heavier diaphragm particles. 

Relief from this damage might be obtained 

Viscous effects must also be considered. The long length of low 
Reynolds number flow will result in large boundary-layer thicknesses, 
so that a type of "pipe flow" m y  result if the boundary layer is thick 
enough to join the one from the opposite wall. 
the secondary shock is at a very low Reynolds number since the gas is 
very hot and at low pressure. Consequently, there will be a strong wall 
interaction. The leaky piston concept introduced by Duff and Anderson 
(refs. 4 and 3) which has been used to explain the performance of low- 
density shock tubes is applicable here also. This concept is schemati- 
cally illustrated in figure 13. 
in a large negative value for the boundary-layer displacement thickness 
in the region 20 so that, at a short distance behind the shock, all the 
fluid which passed through the shock is in the boundary layer, and the 
entropy discontinuity and shock wave move at the same speed. In order 
to estimate the distance at which the boundary displacement thickness 
is equal to minus the half height of a two-dimensional channel (or 
radius if axisymmetrical) N. B. Cohen of the Langley Laboratory has 
obtained a few boundary-layer solutions on the digital computer for two- 
dimensional laminar flow of helium. A typical result of these solutions 
for an expansion tube height (diameter) of 1 foot and a velocity of 
36,000 ft/sec is that 5 

length 5 

seconds. Obviously these solutions are only indicative of the lengths 
which arise in the problem since they were obtained assuming a constant 
outer potential flow. There will be a strong interaction between the 
rapidly growing boundary layer and the outer flow which w i l l  invalidate 
these solutions. However, they do indicate that within very short dis- 
tances behind the shock the helium is essentially all contained in 
a thin boundary layer near the wall. 

The helium flow behind 

"he high cooling of the wall results 

U? 
is approximately 3/4 of an inch when 

= lmicron mercury. The time for the flow contained in region of plo 
to pass a fixed station on the wall is approximately l1 micro- 6 

S2 
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PRELIMINARY EXPERIMENTS 

A very l imited exploratory investigation using the  Langley Reentry 
Physics 4-Inch High-pressure Shock Tube as an expansion tube has been 
conducted by J. J. Jones, J. A .  Moore, J. E. Nealy, and J. E. Gardner. 
This shock tube w a s  designed f o r  optional use as a buffered-drive shock 
tube and consequently could eas i ly  be converted t o  an expansion tube by 
using the buffer chamber as the driven section ( f i g .  14 ) .  The inside 
diameter of the tube was 3- 3 inches. The oxygen-hydrogen-helium combus- 

1 
2 

4 
t ion  driver was 14 f e e t  long, the driven chamber approximately 24- feet  

long, and the expansion chamber 47 f e e t  long. 
the end of the expansion chamber. 

Models were mounted at 

A t  t h i s  t i m e  the experimental results a re  inconclusive i n  many 
respects because they are l imited and w e r e  ra ther  h a s t i l y  obtained. 
However, one thing was immediately obvious; namely, t h a t  the  extent of 
the helium region behind the shock was very l imited.  Self-luminous 
high-speed motion pictures  taken of the  luminous gas cap ahead of var i -  
ous shapes showed tha t  the shock which f i r s t  appeared w a s  not a shock i n  
helium. This was checked both by measuring the shock detachment distance 
on blunt bodies and by use of a cone having an included angle of 120' 
such t h a t  the shock i n  helium would be detached, whereas i n  a i r  it would 
be attached. 
recorded radiation did not arise from the  gas cap behind shocks i n  
helium. 

The pictures  so obtained conclusively proved tha t  the f i r s t  

Ionization gages located along the  length of the expansion tube 
Ficked up a disturbance so  t h a t  i t s  posit ion and t i m e ,  and consequently 
velocity, could be determined. The extrapolation of t h i s  posit ion t i m e  
curve coincided with the appearance of the radiat ion a t  the model. Thus, 
although it i s  not known whether the veloci ty  of the  helium shock or the 
veloci ty  of the air-helium discontinuity was measured (since the distance 
between the two i s  negligible) it i s  f e l t  that the veloci ty  measured was 
the velocity of the airflow. Veloci t ies  i n  excess of 5,000 f t / s e c  have 
been obtained. Since most of t he  shapes studied are c lass i f ied ,  they 
will not be discussed herein. However, one unclassif ied shape was tes ted  
ear ly  i n  the study because of i t s  ready ava i l ab i l i t y .  The las t  f igure i s  
a frame from a fastex high-speed motion-picture sequence of a stove bo l t  
a t  0' angle of a t tack i n  a flow i n  excess of 30,000 f t / s ec .  
i n t e re s t  t o  note t h a t  the detachment distance i s  approximately 4 percent 
of the diameter of the  bo l t  head. 

It i s  of 
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CONCLUSION 

In this paper we have examined, in a preliminary manner, a facility 
which appems to have capability for the generation of high-speed equi- 
librium airflows at ambient conditions duplicating those of the atmos- 
phere. Several problems have been mentioned, several were not mentioned. 
Predominant problems are the short testing time, diaphragm bursts, and 
the viscous effects of the fluid. However, at this stage of the investi- 
gation it appears that the expansion tube, theoretically, possesses a 
tremendous potential. 
and consequently we believe that a continued theoretical and experimental 
investigation of this expansion tube or variations thereof is most 
desirable. 

Our preliminary experimental look was encouraging 
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