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and the arrival of the trailing edge of the unsteady expansion fan 

which is being swept downstream by the supersonic flow, 

The following sections in this paper will discuss our present.know- 

ledge of how the above ideal cycle is modified under actual operating 

conditions, The data presented herein have been obtained through the 

efforts of the IIypervelocity Physics Section headed by J ,  J ,  Jones who 

was assisted in overall operation of the expansion tube by J, A. Moore, 

W. Friesen was project engineer for the velocity profile measurements 

and K. Haggard was project engineer on the contamination studies. 

TEST TIME 

Theoretical testing time in the expansion tube is quite small (ref, l), 

but may be increased by factors of approximately 3 by either employing 

simulation techniques (ref, 2) or operating in the expansion tunnel mode 

(ref, 3 ) .  If simulation were combined with expansion tunnel operation 

even greater increases in test time would be possible but at the expense 

of other desirable parameters. 

Experimental results from the LRC Pilot Expansion Tube (fig, 3) ,  

using a low performance driver (room temperature hydrogen at pressures below 

1700 psi) indicate test times raughly one to two thirds of the theoretical 

equilibrium test time for velocities above 20,000 fps (see fig. 4).  

test results of figure 4 are for test section ambient temperatures higher 

than room temperature (i.e., simulation) and since test time is roughly 
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proportional t o  t h e  ambient sound speed a t  a given flow velocity,  t he  

test  times are correspondingly longer. Solid symbols in  the  veloci ty  

range of 15-17,000 fps  indicate  tes t  periods l imited by the a r r i v a l  of 

a p i t o t  pressure d i p  (which w i l l  be discussed i n  a later section),  

t h i s  veloci ty  range the t e s t  time is much less than the theoret ical  t es t  

For 

time assuming chemical equilibrium, 

PITOT PRESSURE CHARACTERISTICS 

Magnitude 

Another measure of non-ideal e f f ec t s  on expansion tube performance 

i s  the  p i t o t  pressure magnitude measured at: various ve loc i t ies ,  

pT M poDVoo2, t h i s  pressure is a l so  a measure of ambient density,  

(from ref. 4) indicates  a loss  of 50 percent from the theore t ica l  equilib- 

rium value f o r  pT measured on the center l ine  of the expansion tube, This 

loss  cannot be blamed en t i r e ly  on non-equilibrium flow since the frozen 

flow curve a l so  fa l l s  above the  experimental data.  

by an assumed overtaking downstream expansion wave causing a veloci ty  

decrease of 1000 fps,  with a corresponding equilibrium decrease i n  p~ , 
could apparently account f o r  t he  behavior of t he  pT vs V curve, 

However, such an assumed phenomena does not explain the var ia t ion i n  static 

pressure vs veloci ty  (not shown) and hence i ts  agreement with the P,VS V, 

curve must be considered for tu i tous ,  

Since 

Figure 5 
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Fluctuations 

Three d i f f e ren t  levels of p i t o t  f luctuat ion have been observed i n  

t h e  LRC Pi lo t  Expansion Tube and a l l  are i l l u s t r a t e d  i n  f igure 6. The 

high frequency low level  f luctuat ions between the helium:air in te r face  

and t h e  a r r i v a l  of the  expansion fan may possibly be an indicat ion of 

turbulent flow. However, t he  same gage and mount reproduced the  same 

type of f luctuat ion i n  t h e  flow behind the  shock wave (not dr iver  gas) 

of a shock tube a t  t h e  same un i t  Reynolds number where laminar flow was 

expected (ref, S). 

The p i t o t  d ip  is  t h e  next anomaly i l l u s t r a t e d  i n  f igure 6, and a 

few general remarks regarding such major departures i n  p i t o t  pressure 

behavior are i n  order before spec i f ic  LRC r e s u l t s  are discussed, 

One of the  main unexplained phenomena i n  expansion tube operations 

has been the  occurrence of large temporal i r r e g u l a r i t i e s  i n  p i t o t  pressure 

measurements, Various experimenters have encountered d i f f e ren t  phenomena, 

The VKF modified tube produced "spikes" whereas the  constant area tube 

produced none (ref, 6 ) ,  

behavior was found a t  Aberdeen Ballistic Research Laboratories (ref, 7).  

Experiments a t  Ames Research Center indicated p i t o t  pressure spikes which 

occurred after the  useful test time had been terminated by a r r i v a l  o f  the  

No abnormal free stream density (and hence p i t o t )  

expansion fan (ref , 8 )  . 
The most thorough investigation of t he  p i t o t  pressure behavior has 

been executed i n  the  LRC P i lo t  Expansion Tube and Tunnel, I-Iowever, boundary 
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layer  effects may be more prominent i n  t h i s  f a c i l i t y  since it has a 

r e l a t ive ly  small in te rna l  diameter and poor in te rna l  surface smoothness, 

A summary of some main conclusions, based on LRC tests, regarding the 

p i t o t  d ip  are l i s t e d  below: 

(1) The d i p  has not been noted during t h e  theore t ica l  test time 

for  expansion tube operation a t  ambient tes t  sect ion temperatures required 

f o r  duplication (i.e,,  near room temperature), 

performance hydrogen dr iver  gas such operating conditions are usually 

associated with r e l a t ive ly  low tes t  sect ion dens i t i e s  and short  theoret ical  

tes t  times, 

With the current low 

(2) For constant conditions upstream of the  secondary diaphragm, 

t h e  time between shock a r r i v a l  a t  t he  secondary diaphragm and d ip  a r r i v a l  

at  the  test  sect ion is roughly constant independent of t he  accelerating 

gas pressure (pl0)* 

(3) Static pressure records do not always exhibit  a concurrent dip; 

and f o r  those cases which do show a dip,  the  percentage decrease i n  static 

pressure i s  much smaller than t h a t  i n  the  p i t o t  pressure (see f i g ,  7)b 

Both p i t o t  and static pressure records show a high frequency (4) 

hash a t  a r r i v a l  of d ip  i n  p i t o t  measurements ( f igs ,  6 and 7). This high 

frequency hash, t h e  th i rd  level  of pressure f luctuat ions mentioned earlier, 

has a much.larger amplitude than the  i n i t i a l  l eve ls  a t  the beginning of 

the  tes t  gas flow, 

(5) The time between a r r i v a l  of in te r face  

i s  not strongly dependent on the  tes t  flow un i t  

l imited range i n  Reynolds number. 

(test gas) and d i p  occurrence 

Reynolds number over a 
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( 6 )  The shock detachment distance increases (for helium accelerating 

gas) during dip. 

(7) The gas cap radiation decreases during dip, 

( 8 )  

wall as well, 

( 9 )  

The dip is not confined to tube centerline but appears near the 

The dip did not change significantly when the mass (but not 

rupture strength) of the secondary diaphragm was increased sixfold, 

No explanation of this dip which can be substantiated has been found 

to date, 

followed by a sudden violent and rapid growth of the boundary layer which 

results in a bubble of mixed accelerating gas and test gas filling the 

tube for a short streamwise distance. 

from the lowered gas density of the mixture, 

radiometrically detect the presence of the accelerating gas in the hot 

gas cap ahead of a pitot probe model have not been successful, 

One conjecture associates the dip with boundary layer transition 

The pitot dip then would arise 

However, attempts to 

The significance of the pitot behavior to the performance of a full 

scale hypervelocity expansion tube or tunnel has not yet been established, 

The data obtained in the pilot facility are at much lower velocity-density 

combinations than those predicted for the Hot Gas Radiation Research Facilit) 

expansion tube, and the required scaling laws have not been determined. 

Furthermore, the occurrence of a "dip1+ might not be disastrous if enough 

useful testing time, which can be as short as a few tens of microseconds, 

existed either prior to (as in figs, 6 and 7) or following the dip. 

dip has occurred in tests to date somewhat after passage of the test gas: 

accelerating gas interface, so that the attainment of useful test time 

The 
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appears l i k e l y  in  the  expansion tube model. 

par t  of t h e  test  gas flow is used to  es tab l i sh  the nozzle flow i n  the 

expansion tunnel mode, later-appearing dips might be a more severe l i m i t  

fIowever, s ince the i n i t i a l  

i n  t h i s  method of operation. 

TEST SECTION VELOCITY PROFILES 

Since expansion tube operation requires a long dis tance of compara- 

t i v e l y  low Reynolds number flow i n  the accelerating tube, the effects of 

viscosi ty  and wall heat t r ans fe r  might be s ign i f icant ,  The LRC veloci ty  

measuring technique employs photoionization t o  i n i t i a l l y  Yagt1  a narrow 

pencil of gas i n  t h e  t e s t  section. A few microseconds l a t e r  a spark is 

discharged along the ionized path, and the subsequent reil lumination is  

photographically recorded. 

dens i t ies  for which t h i s  technique has been successfully employed are 

shown i n  f igure  8 for a center l ine  veloci ty  of approximately 20,000 fps,  

Velocity p ro f i l e s  f o r  a range of test section 

These p ro f i l e s  show tha t  a r e l a t ive ly  f la t  p r o f i l e  e x i s t s  across nearly 

50 percent of the expansion tube test  section, and t h a t  as expected the 

extent of t he  usable core increases with u n i t  Reynolds number (density). 

The absolute veloci ty  d i s t r ibu t ion  was found t o  be constant during the  

tes t  time, 

In the expansion tunnel mode of operation only the inner core of t he  

tube flow is  scooped out f o r  expansion in  t h e  nozzle (ref. 3 ) ,  Consequently, 

based on the  above r e su l t s ,  t he  tes t  core i n  the  nozzle w i l l  be influenced . 



primari ly  by the  effective nozzle wall contour (including nozzle boundary 

layer  e f f ec t s )  r a the r  than t h e  viscous e f f e c t s  of  t he  accelerat ing tube, 

A very l imited amount of da t a  has been obtained i n  the  expansion 

tunnel mode by adding t o  the  P i l o t  Expansion Tube a loo half-angle conical 

nozzle with a 2-inch diameter entrance scoop. 

sure  rake located 36" from t h e  nozzle i n l e t ,  where the  geometric nozzle 

area r a t i o  is about 50,  show a nozzle s t a r t i n g  process of  about 200 micro- 

seconds followed by about 200 microseconds of near ly  uniform t e s t  flow 

Records from a p i t o t  pres- 

( f i g ,  9 ) .  

shock wave reaches t h e  p i t o t  rake. 

a t  a densi ty  corresponding t o  an a l t i t u d e  of 210,000 f t ,  

The o r i g i n  of the time scale is taken when the  i n i t i a l  helium 

The test sect ion ve loc i ty  was 17,000 fps  

The three  p i t o t  

pressure t r aces  have l e s s  than 5 percent va r i a t ion  i n  pressure readings 

a t  a given time during the  t e s t i n g  period which indicates  a f a i r l y  f l a t  

ve loc i ty  p r o f i l e  over an eight-inch core,  

NON-EQUILIBRIUM FLOW 

The maximum dissoc ia t ion  a r i s i n g  during the  air  processing cycle  of 

t h e  expansion tube o r  tunnel is  much less than t h a t  found i n  shock tunnels 

for equivalent dens i ty-a l t i tude  conditions in  the  t e s t  sect ion,  

maximum cycle  d issoc ia t ion  increases as the  nozzle area r a t i o  (A) increases 

Th i s  - 
f o r  t h e  same equilibrium t e s t  sect ion states s ince  a grea te r  pa r t  of t he  

expansion occurs i n  the  ine f f i c i en t  steady nozzle expansion r a the r  than t h e  

unsteady expansion wave, However, due t o  the  rapid expansion of t h e  working 

f l u i d  i n  t h e  expansion tube (tunnel) fan, the  p o s s i b i l i t y  of non-equilibrium 
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test sect ion conditions arises, 

per t inent  modified problem using a non-steady characteristic method 

including f i n i t e  rate chemistry. 

L. N. Cannor has theore t ica l ly  solved a 
I 

The ttairll model employed consisted only 

of 0, 02, and N2 and was matched t o  the  same pressure and temperature 

required by real a i r  behind the  primary shock. 

in  higher values of Xo for the assumed air  compared t o  real a i r .  Typical 

r e s u l t s  are shown i n  f igure  10 for a test  sect ion veloci ty  of 35,000 fps 

and densi ty  equal t o  air  a t  an a l t i t u d e  of 200,000 f t .  

This approximation results 

I 

The mass f rac t ion  

of atomic oxygen (XO) is plot ted against  the  nozzle area r a t i o  (r) f o r  the  

f l u i d  p a r t i c l e s  which leave the  unsteady expansion fan a t  a dis tance of 

100 f t  downstream of the  secondary diaphragm. The atomic oxygen decreases 

as the  nozzle area r a t i o  increases because the  effect of the  longer p a r t i c l e  

travel time through the expansion fan more than o f f s e t s  the  i n i t i a l l y  higher 

Xo a t  entrance t o  the expansion fan (note t h a t  X O ~  ,11 a t  fan entrance 

fo r  A = 1 and increases with K ) e  The r a t i o  of energy i n  O2 dissociat ion 

t o  the t o t a l  flow energy is  ,025, ,007, and ,0006 f o r  = 1, 50, and 100, 

respectively.  

since the computational tfmodel air" neglects 

value of 

contrasted t o  real a i r  

non-equilibrium effects i n  the test sect ion ambient flow should not be 

large for real a i r ,  and t h a t  t h e  expansion tunnel w i l l  have a lower degree 

of departure from equilibrium a t  the end of i t s  tes t  time than an equivalent 

- 

For real a i r  these r a t i o s  w i l l  be reduced s igni f icant ly  

NO 

XO behind the  primary shock; e.g. f o r  

and thus has too high a 

A = 1, 'hodel air" Xo m e l l  

- 
xo * .OS, The r e s u l t s  of t h i s  study indicate  t h a t  
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length expansion tube. 

s tar t  of the test time when the  t r ave l  time i n  the  expansion wave is 

shor te r ,  1 

(The tunnel w i l l  have a greater departure a t  t h e  

PRELIMINARY CONTAMINATION STUDIES 

A principal  use of expansion tubes o r  tunnels w i l l  be the study of 

hot gas rad ia t ion  wherein even minute quant i t ies  of impurit ies become 

important i f  they r ad ia t e  strongly. 

impurity rad ia t ion  from iron and cyanogen, 

s tudies  reported i n  t h i s  section are concerned only with the  ident i f ica t ion  

of possible sources of such flow contaminants. 

elimination, and effects on radiat ion measurements w i l l  not be treated 

i n  d e t a i l .  

Time-resolved spectra have indicated 

The preliminary contamination 

The magnitude, means fo r  

The technique employed in  the  P i lo t  Expansion Tunnel was as follows: 

A contaminant patch consisting of a fixed amount of Cesium Ni t ra te  solut ion 

was deposited a t  various locations in  the  apparatus and the time h is tory  

of the  Cs l i n e  rad ia t ion  a t  4593 A was monitored during the run by a 

monochrometer-phototube combination with an e f fec t ive  aperture of 1 A. 

Other monochrometer channels simultaneously monitored the  cyanogen band 

head a t  3883 A and the  i ron  l i n e  a t  3440 1, 
a flow ve loc i ty  of 17,000 fps  wi th  nominal t es t  times based on p i t o t  pressure 

records of approximately 300-400 psec employing a p i  of 50 mm, Reference 

background rad ia t ion  leve ls  for Cs, obtained by several  runs after the  tube 

0 

The standard tes t  runs produced 



11 

had been cleaned and without any Cs 

cross-hatched area of f igure  11. 

patches, are indicated by the  

Brief ly  summarized below are a portion of the  test r e s u l t s  using the  

patch technique and monitoring the  radiat ion from the stagnation region Cs 

of a blunt model on t h e  tunnel centerline.  

equilibrium gas, then the  maximum radiat ion shown i n  f igure 11 r e s u l t s  

from a CS contamination leve l  of less than 1 p a r t i c l e  per  mill ion,  

(a) Cs on t e r t i a r y  diaphragm a t  nozzle entrance: A large amount of 

Note t h a t  i f  one assumes an 

radiat ion was noted as soon as the test  gas arr ived,  The radiat ion level  

decayed an order of magnitude i n  400 psecs, but was s t i l l  approximately 

10 t o  30 times the  clean background leve l ,  

(b) Cs on secondary diaphragm: Radiation noted immediately a f t e r  

tes t  gas a r r iva l ;  the  peak rad ia t ion  level was smaller by an order of 

magnitude than t h a t  f o r  the t e r t i a r y  diaphragm patch, This radiat ion 

decayed by a decade i n  250 psecs t o  a level approximately three times 

the clean background, then rose s ign i f icant ly  above the background i n  

the expansion fan, 

(c) C s  on wall i n  accelerat ing chamber ahead of t e r t i a r y  diaphragm: 

Radiation level  was only s l i g h t l y  above the  clean background level .  

(d) Cs on wall of intermediate chamber ahead of secondary diaphragm: 

Radiation increased for'200 usecs t o  a value 20 times background, then 

decayed t o  nearly background leve l  a t  300 vsecs and remained s l i g h t l y  

above background level  thereaf te r ,  
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Conclusions which may be dram from the four studies noted above 

are: 

(a) Contamination from all sources.persist throughout an appreciable 

part of the test flow; (b) Although the maximum relative particle concen- 

tration of the contaminant was determined to be very small, the contaminant 

radiation was relatively strong; ( c )  Diaphragm contamination is more 

severe and persistent than wall contamination (for pressure bursting of 

diaphragms); and (d) Both wall contamination radiation levels drop nearly 

to the background level at late test times, The importance of electro- 

magnetic diaphragm opening techniques (refs, 3 and 4) or other means of 

diaphragm removal is evident. 

CONCLUDING REMARKS 

The expansion tube or tunnel has been shown to be capable of producing 

hyperveloicty flows in density ranges of interest. Test section cores 

approximately one-half the test section size are typical. The free 

stream turbulence level does not appear prohibitive, Although test times 

are short, they are long enough for the establishment of attached flows 

over many models. 

problem for radiation testing if pressure bursting of diaphragms is mployed; 

Diaphragm contamination still appears to be an unsolved 

however, other possibilities for diaphragm removal may alleviate this 

condition. 
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Figure 6.- Expansion tube pi tot  pressure record. 



Figure 7.- Ekpansion tube pitot and static pressure records. 
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Figure 8.- Velocity pro f i l e s  i n  p i l o t  expans5on tube open jet t e s t  section. 



Figure 9.- Expansion tunnel pitot pressure record. 
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Figure U.- Cesium n i t r a t e  contamination radiat ion h is tor ies .  
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