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ABSTRACT 

A l a r g e  diameter  ( 1 7 " ) ,  convent ional  shock t u b e  h a s  

been used a s  t h e  p re - ion ize r  f o r  an i n v e r s e  p inch  shock 

t u b e  i n  an a t t empt  t o  achieve  s e p a r a t i o n  of  t h e  shock f r o n t  

and t h e  c u r r e n t  s h e a t h  i n  t h e  i n v e r s e  pinch.  The i n v e r s e  

p inch  was mounted i n  t h e  endwall  o f  t h e  shock tube  and 

was opera ted  wi thout  an anode, e i t h e r  behind t h e  i n c i d e n t  

o r  r e f l e c t e d  shock wave genera ted  by t h e  p re - ion ize r  shock 

tube .  The test  gases  used w e r e  Xenon, Argon, and Helium. 

Separa t ion  was no t  achieved,  b u t  i n  Argon t h e  p r e s s u r e  

f r o n t  d i d  move c l o s e r  t o  t h e  f r o n t  o f  the. c u r r e n t  shea th .  

I n  Xenon, no improvement i n  t h e  performance s f  t h e  inver se  

p inch  was observed a s  a r e s u l t  o f  t h e  p re - ion iza t ion ,  and 

i n  one case  it was n o t i c e a b l y  degraded, w i t h  t h e  p i s t o n  

appear ing  t o  l e a k  excess ive ly ,  Because o f  test t i m e  

l i m i t a t i o n s  it was only  p o s s i b l e  t o  o p e r a t e  t h e  i n v e r s e  

p inch  behind t h e  i n c i d e n t  shock wave i n  Xenon, By measuring 

t h e  i o n i z a t i o n  r e l a x a t i o n  t i m e  i n  Xenon it w a s  found t h a t  f o r  

a l l  t h e  c o n d i t i o n s  sf t h e  p r e s e n t  experiments  , i o n i z a t i o n  

e q u i l i b r i u m  was n o t  a t t a i n e d  i n  t h e  t i m e s  a v a i l a b l e ,  There- 

f o r e ,  t h e  i n v e r s e  p inch  w a s  be ing  opera ted  i n  a s l i g h t l y  

ion ized ,  r e l a x i n g  gas ,  The e l e c t r i c a l  c o n d u c t i v i t y  of  such 

a g a s  was c a l c u l a t e d  f o r  Xenon and Argon and t h e  r e s u l t s  i n  

Argon w e r e  found t o  b,e i n  good agreement w i t h  p rev ious  

shock tube  measurements s f  t h e  conduc t iv i ty .  The r e l a x a t i o n  



time measurements, conducted primarily i n  the GALCIT 6Is 

shock tube, show that  p17, the product of the i n i t i a l  

pressure and the re laxat ion t i m e  behind the incident shock, 

depends strongly upon the magnitude of pl,  e spec ia l l y  for 

p1 < .5 mm H g  o f  Xenon. The dependence decreases as  the 

Mach number i s  increased i n  the range 10 < Ms < 20.6.  
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INTRODUCTION 

From the viewpoint of fluid mechanics and high 

temperature gas dynamics, interest in electromagnetic 

shock tubes such as the inverse pinch can be considered as 

having evolved rather naturally as shock Mach number and 

gas temperature horizons have expanded. The major steps 

forward in shock tube technology have been marked by 

significant developments with respect to the nature of 

the "piston" used to drive the shock wave. First there 

were cold and heated compressed gas drivers, then corn- 

bustion and electric are drivers. This eventually led to 

the currently popular use of the energy stored in 

electromagnetic fields, or electromagnetic drivers. Now 

several laboratories are working on explosive drivers, 

in which advantage is taken sf the large energy densities 

stored in explosives. To date such devices have of 

necessity been of the expendable variety, 

The shock velocity regime attainable with electro- 

magnetic drivers is high enough that devices such as the 

inverse pinch can be considered for use in producing 

magnetohydrodynamic (MHD) shock waves. In coPPision- 

dominated flows (collisionless flows will not be considered 

here) there are t w o  classes of M I D  shock waves, depending 

on whether the gas ahead of the shock wave is pre-ionized 

and electrically conducting, or not. For both classes an 



external magnetic field parallel to the plane of the shock 

wave is required. If the gas is not pre-ionized the shock 

wave is commonly referred to as a gas-ionizing MHD shock, 

whereas a "true" MHD shock wave is one in which the gas is 

pre-ionized. Marked differences in the two types of shocks 

are predicted theoretically and these are summarized in 

references 1 - 3. The conditions necessary for producing 

these shocks are also considered. 

The early inverse pinch experiments reported by 

Vlases in reference 2 qualitatively verified these predicted 

differences . The method of pre- ionization used by Vlases 

consisted of qischarging a capacitor bank into the device, 

operating it as an inverse pinch. Then after waiting 

approximately 100 psec the main capacitor bank was dis- 

charged, sending out the "MHD shock waves'. 

As an alternative, the idea was,conceived of using 

a conventional shock tube as the pre-ionizer for the 

inverse pinch- A discussion of various aspects of 

combining the two devices, the advantages and difficulties, 

is presented in sections PI and IIH. 

At the time the present experiments were undertaken 

it was recognized that the inverse pinch, and all electrs- 

magnetic shock tubes, did not operate as a shock tube in 

the sense that the flow field generated did not consist 

sf a shock wave, followed by a region of shock heated gas 

(the test gas), followed by a piston; but rather, the shock 



f r o n t  was inbedded i n  the  pis ton and there  was no c l ea r  

"separation" between the  shock and the pis ton under any 

operating conditions. 

Early explanations of t h i s  behavior argued t h a t  the  

current  sheath, o r  pis ton,  was d i f fus ing  Easter than the  

shock could separate from the pis ton.  I f  the  gas was 

s u f f i c i e n t l y  pre-ionized the  d i f fus ion  would proceed a t  a 

slower r a t e  and the  shock should be able t o  move out ahead 

of the  piston.  This provided the  second source of 

motivation f o r  the  pre-ionization experiments, t h e  

attainment s f  separation i n  the  inverse pinch, 

Recently, Sorrel1  (Ref, 4 )  has conducted experiments 

d i rec ted  towards an understanding of the  ac tua l  accelera- 

t i o n  mechanism i n  an un-preionized inverse pinch, and he 

eonchudes t h a t  the  d i f fus ion  r a t e  provides only p a r t  of 

the  explanation. Sorrel1  considers the  problem i n  terms 

of how strongly the  f ron t  of the  advancing current  sheath 

i n t e r a c t s  with the ambient gas, From t h i s  viewpoint i f  

t he  gas ahead of the  current  sheathis  highly pre-ionized 

it w i l l  i n t e r a c t  more strongly with the  pis ton than i f  it 

i s  not pre-ionized, Therefore, e i t h e r  from the  point  of 

view sf di f fus ion  or  degree s f  in te rac t ion  the  concPusion 

is  the  same, namely t h a t  pre-ionization should help 

achieve separation i n  the  inverse pinch. 

In  the  work of both Vlases and Sorrel1  ''snowplow" 

theory (see Refs. 1, 4) was used t o  describe the  dynamics 



4 

of t he  inverse  pinch operat ion.  I n  snowplow theory t h e  

p i s t o n  i s  considered a s  impermeable and i n f i n i t e l y  t h i n ,  

and i s  assumed t o  sweep up a l l  of t h e  mass it encounters.  

So r r e l1  has re laxed t h e  impermeability assumption and has 

considered "leaky" p i s tons .  Even more r ecen t ly ,  Hoffman 

(Ref. 5) has  solved t h e  conservation equations numerically 

consider ing a d i s t r i b u t e d  force  f i e l d ,  corresponding t o  a 

p i s t o n  of f i n i t e  thickness.  For such a d i s t r i b u t e d  force  

f i e l d  Whitham (Ref. 6 )  has  given an i n t e r p r e t a t i o n  sf t h e  

separa t ion  problem based on t h e  l oca t ion  i n  t h e  cu r r en t  

sheath  of  t h e  po in t  a t  which c h a r a c t e r i s t i c s  f i r s t  i n t e r -  

s e c t ,  forming t h e  shock wave, From t h i s  po in t  of view t h e  

gas  need only be  pre-heated and t h e  c h a r a c t e r i s t i c s  w i l l  

converge more r ap id ly ,  forming t h e  shock c l o s e r  t o  t h e  

f r o n t  of t h e  cur ren t  sheath  and enhancing t h e  p o s s i b i l i t y  

s f  separa t ion ,  

Due t o  t h e  fundamental d i f f i c u l t y  o f  achieving 

separa t ion ,  t h e  o r i g i n a l  goa l  of  producing laboratory  MHD 

shock waves was reduced t o  secondary importance and i n  

a l l  of  t h e  p resen t  experiments no ex t e rna l  magnetic f i e l d  

was used, 



11. THE COMBINED OPERATION OF AN INVERSE PINCH AND A 

CONVENTIONAL SHOCK TUBE. 

2.1. The inverse  pinch. 

Deta i led  desc r ip t ions  of s tandard inverse  pinch 

devices  a r e  presented i n  re fe rences  l and 4. Some p e r t i n e n t  

aspec t s  of t h e  previous discuss ions  a r e  repeated i n  t h i s  

s ec t ion  s ince  such a review serves  a s  a use fu l  in t roduct ion 

t o  t h e  p re sen t  work. 

A standard inverse  pinch, o r  c y l i n d r i c a l  magnetic 

shock tube,  is shown schematical ly i n  f i g u r e  1. The device 

i s  t y p i c a l l y  housed i n  a  c y l i n d r i c a l  vacuum chamber which 

conta ins  p o r t s  f o r  t h e  r a d i a l  i n s e r t i o n  of  probes, Devices 

have been b u i l t  ranging i n  diameter from 6" t o  more than 

18". The capac i to r  bank is charged t o  t he  des i r ed  vol tage  

and the  discharge i s  i n i t i a t e d  by t r i g g e r i n g  the  i gn i t ron  

switches,  The gas  between t h e  two e lec t rodes  breaks  down 

i n  a t h i n  annular sheath  c lo se  t o  t h e  cen te r  i n su l a to r .  

The self-magnetic f i e l d  s f  t h e  cur ren t  i n  t h e  cen te r  

conductor (B i n  f i g u r e  1) i n t e r a c t s  wi th  t he  curren% 8 

sheath  (jZ) , providing a i x 2 o r  Lorentz fo rce  i n  t h e  

r a d i a l  d i r e c t i o n .  'This fo rce  d r ives  t h e  cur ren t  sheath  

r a d i a l l y  outwards, and t h e  cur ren t  sheath i n t e r a c t s  wi th  

and acce l e r a t e s  t h e  gas  a s  it moves outwards, I f  t h e  

cu r r en t  sheath  t r u l y  ac ted as a t h i n ,  impermeable p i s ton  

a shock wave would be dr iven  ou t  ahead of t h e  advancing 



p i s ton .  To study MHD shock waves t h e  e x t e r n a l  magnetic 

f i e l d  i s  provided by winding a s u i t a b l e  system of c o i l s  

around t h e  circumference of t h e  device (Ref. 1). 

Experience has shown that the velocity of t he  

propagating cu r r en t  sheath  is very accura te ly  p red ic ted  by 

"snowplow" theory ( s ee  Ref. 1) i n  which t h e  equation of 

motion is  solved f o r  an i n f i n i t e l y  t h i n ,  impermeable cu r r en t  

shea th  which i s  assumed t o  sweep up and acce l e r a t e  a l l  of 

t h e  mass it encounters.  The ve loc i ty  p red ic ted  by t h i s  

model i s  a constant  c a l l e d  t h e  snowplow vePocity U 
SP 

where p,, is t h e  magnetic permeabil i ty of  f r e e  space, 

Po i s  the  i n i t i a l  mass dens i ty ,  and P is t h e  r a t e  s f  

cu r r en t  inc rease ,  which is  assumed constant .  The constant  

r a t e  of cur ren t  inc rease  i s  approximately provided by us ing 

t h e  f i r s t  quar ter -cycle  of  t h e  cur ren t  pu lse  (which is 

a damped s i n e  wave) . 
0 

Since 9 approximately equals  V/L, where V is the  

capac i to r  bank vol tage  and H is t h e  c i r c u i t  inductance, 

t h e  ve loc i ty  s f  t he  cur ren t  sheath depends only on c i r c u i t  

parameters and t h e  i n i t i a l  gas dens i ty  i n  t h e  inverse  pinch. 

For t h e  p resen t  experiments am inverse  pinch was 

const ructed wi th  t h e  following parameters: 



Diameter 17.1" 

Separation between "electrodes" 4 "  

Total circuit inductance 0.3 ph 

Bank capacitance 219.2 pf 

Typical operating voltage 15 KV 

It should be noted that the previous inverse pinch 

devices built in this laboratory have all been housed in 

Pyrex vacuum chambers, The present device was built into 

a section of the conventional shock tube, which is made of 

stainless steel. This means that for MHD shock studies 

the external magnetic field would have to be provided by 

a dc, rather than a pulsed current source. 



2 . 2 .  Early pre-ionization experiments . 
The pre-ionization scheme used by Vlases and described 

in section I suffers from the disadvantage that the 

discharging of the first capacitor bank sends out several 

waves that successively accelerate the gas towards the 

outside of the chamber, The hot gas interacts with the 

cold outer wall of the chaniber and then relaxes back 

towards the center. Consequently, by the time the main 

bank is fired the degree of pre-ionization of the gas is 

unknown, as i~ the spatial distribution of the gas, In 

principle the state of the gas could be determined 

experimentally, as could the spatial variation of the gas 

properties, but this would have to be done for each set of 

operating conditions, 

This disadvantage of the earlier experiments helped 

motivate the choice of a conventional. shock tube to act 

as the pre-ionizer, since the gas properties could be 

determined with fairly good accuracy from just a measurement 

of the shock Mach number and the initial pressure, ,In 

addition one could predict in advance the degree of pre- 

heating and pre-ionization to be expected under various 

operating conditions. This was an important factor in 

the selection of the present technique of pre-ionizing 

because an accurate. description sf the state sf the pre- 

ionized gas is an essential prerequisite for any evaluation 



of the effect of the pre-ionization on the resulting 

performance of the inverse pinch. 



2.3. The inverse pinch mated with the  shock tube. 

To obtain the  configuration used i n  the  present 

experiments it was necessary t o  remove the  top  electrode 

of the inverse pinch shown i n  f igure  1. r o t a t e  it go0, 

and mount it i n  the  endwall of the  conventional shock tube. 

A scale  drawing of t h i s  arrangement is shown i n  f igure  2. 

The shock tube used i n  these experiments is  the  

GALCIT 17" shock tube, This f a c i l i t y  is described i n  

reference 7. The shock tube was o r ig ina l ly  constructed f o r  

appl icat ion t o  problems i n  r a re f i ed  gasdynamics. In  such 

s tud ies  it i s  more important t h a t  the  dens i t i e s  be low than 

t h a t  the  shock Mach number be very high, Consequently 

t h e  shock tube has good vacuum q u a l i t i e s  but  l imited Mach 

nuniber capabi l i ty .  This l imi ta t ion  of the  shock tube and 

its a f f e c t  on the present experiments i s  discussed i n  

sec t ion  3 - 3 ,  

A purely geometrical problem was posed by the  locat ion 

of the  probe por t s  i n  the  shock tube sect ion avai lable  fo r  

use i n  these experiments, The sect ion had four por t s  

located 20 em from the  end of the  sect ion,  spaced 90' apart .  

It was planned t h a t  the  probes be located a t  approximately 

the  mid-plane of the  inverse pinch, which would require  

an ax ia l  length of 40 c m  i f  the  endwall s f  the  shock tube 

was a l so  used as t h e  ground electrode of t h e  inverse pinch. 

Experience has indicated t h a t  such Barge breakdown 



dis tances  a re  undesirable. The problem was resolved by 

posit ioning the  ground electrode approximately 15 cm in to  

the  shock tube a s  indicated i n  f igure  2. In  t h i s  way the  

probes were located a t  the mid-plane of the inverse pinch 

with the  device 10.2 cm long. The ground electrode of the  

inverse pinch was a l so  used t o  support the  vacuum by means 

of an O-ring around i ts  circumference which sealed t o  the  

inner wall of the  shock tube. This provided an adequate 

s e a l  fo r  the  present experiments, bu t  not a s  low a base 

pressure a s  t h a t  obtained with the  standard endwall 

arrangement. 

The ground electrode i t s e l f  was instrumented with a 

piezo-electr ic  pressure probe which monitored the  a r r i v a l  

of the  incident  shock wave and provided a good timing 

reference f o r  the  f i r i n g  of the  inverse pinch, 



2.4 .  The inverse pinch with no top electrode.  

A v i t a l  fac tor  i n  the  use of the  two devices as  

shown i n  f igure  2 is  the  operation of the  inverse pinch 

w i t h  no top electrode,  o r  anode, To determine the e f f e c t  

of removing the  top electrode one of the  smaller inverse 

pinches ( 6 "  dia . )  i n  the  laboratory was operated i n  t h i s  

manner and Kerr c e l l  p ic tures  were taken a t  various times 

a f t e r  breakdown, Samples of these p icu t res  a re  presented 

i n  f igures  3 ( a )  and 3(b)  fo r  Argon a t  an i n i t i a l  pressure 

of 2 mm Hg and a capacitor bank voltage of 12 KV. In  

f igure  3 ( b ) ,  taken PO p e e  a f t e r  breakdown, a second 

current  sheath has already s t a r t e d  t o  propagate outwards, 

corresponding t o  the second half-cycle of the  discharge. 

A small washer is  v i s i b l e  a t  the  top of the  center 

conductor in f igures  3 ( a )  and 3 ( b ) .  This was used t o  help 

i n i t i a t e  the  breakdown of the  gas. In  l a t e r  experiments 

t h i s  was replaced by e i t h e r  a corona b a l l  o r  a 15O half-  

angle cone. The cone was used only i n  the  experiments i n  

the  17" shock tube t o  i n h i b i t  the  formation of a detached 

shock a t  the  end of the  center  conductor. 

The Kerr c e l l  p ic tures  indicate  t h a t  even without 

the  top  electrode the  breakdown is  uniform and the luminous 

f ron t  is extremely plane and s t ab le ,  Xn f a c t ,  a s l i g h t  

t i l t i n g  s f  t h e  luminous f ron t  from top t o  bottom t h a t  is  

noticeable i n  most Kerr e e l 1  p ic tures  taken with a top 



electrode, has been eliminated. 

Further evidence of the successful operation of the 

inverse pinch with no top electrode is obtained by plotting 

r-t diagrams from magnetic probe data. In all cases the 

maximum of B (the time-derivative of Be) propagates at a 
8 

constant velocity and at precisely the velocity predicted 

by snowplow theory. This property of the propagation of . 
Be has been used in the past as a criterion for success- 

max 
ful operation of the inverse pinch, and in this case is 

taken to indicate that the device is operating essentially 

as it does with the top electrode in place. Several r-t 

diagrams, both with and without pre-ionization, are presented 

and discussed in section V. 



111. COMPATIBILITY REQUIREMENTS 

Inasmuch a s  the  present experiments involve the  

simultaneous operation of two d i s t i n c t  devices it seems 

na tura l  t o  expect there  w i l l  be some in ter face  o r  

compatibil i ty problems which a r i s e  because something which 

enhances the  operation of one of the  devices might de t rac t  

from the  performance of the  other.  

Throughout the  following discussion t h e  shock tube 

numbering system described i n  reference 8 w i l l  be used. 

This system is  indicated i n  the  x-t diagram s f  f igure  4 

f o r  an idea l  shock tube. 

3.1. Incident versus r e f l ec ted  shock operation. 

The f i r s t  in te r face  problem is re l a t ed  t o  the  option 

o f  f i r i n g  the  inverse pinch behind the incident o r  the  re- 

f l ec ted  shock wave of the  17" shock tube, The o r ig ina l  idea 

envisioned f i r i n g  the  inverse pinch a f t e r . t h e  pre-ionizing 

shock wave had re f l ec ted  from the  ground electrode and 

moved back up the  shock tube pas t  the  end of the  inverse 

pinch. This corresponds t o  time tl i n  f igure  4. Idea l ly  

t h i s  would r e s u l t  i n  the  inverse pinch being discharged 

i n t o  a gas a t  r e s t  and a t  the  equilibrium - 5 (E-5) 

temperature and degree of ionizat ion,  both of which a r e  of 

course higher than the corresponding values behind the  

incident shock- However, the  density i s  a l so  much higher 

than behind the  incident shock, and s ince t h e  snowplow 



veloc i ty  is  proportional  t o  p-' (Eq. 1) t h i s  d e t r a c t s  from 
0 

the  performance of the  inverse pinch. Furthermore, the  

t e s t  time behind the  r e f l ec ted  shock wave ( the  time i n  

laboratory coordinates between the  passage of the  shock 

and the  a r r i v a l  of the  contact surface) i s  much l e s s  than 

t h a t  behind the  incident shock, and f o r  many in te res t ing  

operating conditions of the  17" shock tube (e.g., high Mach 

numbers and low i n i t i a l  pressures) the  length of the  t e s t  

gas slug behind t h e  re f lec ted  shock is ac tua l ly  l e s s  than 

the  length of the  inverse pinch. 

When operating behind the incident shock wave the 

inverse pinch is f i r e d  jus t  when the incident shock h i t s  

t h e  ground electrode.  This corresponds t o  time t2 i n  

f igure  4.   he inverse pinch i s  then f i r e d  i n t o  a gas which 

i s  moving with ax ia l  veloci ty  u the  gas veloci ty  behind 
I?' 

t he  incident shock. This is ce r t a in ly  l e s s  des i rab le  than 

having the gas a t  r e s t .  Eowever, the  r a d i a l  snowplow 

v e l o c i t i e s  a re  typ ica l ly  an order of magnitude l a rge r  than 

the  ax ia l  ve loc i ty  behind the incident shock and the  ax ia l  

gas motion can therefore  be neglected. Furthermore, i n  

t h e  present experiments the  current  sheath propagates a t  

constant ve loc i ty  f o r  approximately 10 psec, This is there- 

fo re  the  duration of the  experiment, The maximum re f l ec ted  

shock veloci ty  is on the order of 1 mm/+sec, I f  t he  

inverse pinch is f i r e d  when the incident shock h i t s  the  

ground electrode,  then i n  10 p e e  the r e f l ec ted  shock 



will have traveled a maximum of 10 mm. The inverse pinch 

is just over 100 mm long so the reflected shock will have 

traversed less than 10% of the inverse pinch by the time the 

experiment is completed. 

A further complication associated with operation 

behind the incident shock is provided by the finite 

ionization relaxation time. This is due to the fact that 

the internal degrees of freedom adjust more slowly to the 

large change in energy of the shocked gas than do the 

translational degrees of freedom, Immediately downstream of 

the shock wave all properties of the shocked gas may be 

calculated by assuming that no energy has been invested 

in internal degrees sf freedom. This corresponds to a 

shock wave in a calorically perfect gas and is known as 

the region of "frozen flown. Eventually equilibrium is 

restored between the internal degrees of freedom and the 

translational degrees. The time associated with the re- 

establishment sf thermal equilibrium is known as the 

relaxation time. 

The ideal x-t diagram in figure 4 must now be modified 

to include this important real gas effect. This is done 

in figure 5 in which only the region in the vicinity of the 

inverse pinch is shown. The time tl now corresponds to 

operation behind the reflected shock plus the reflected 

shock relaxation zone (which is much narrower than the 

incident shock relaxation zone). If the test time is long 



enough t o  permit f i r i n g  of the  inverse pinch a t  tl then 

equilibrium (E-5) conditions would prevai l .  

Behind the  incident shock (time t2 i n  f igure  5) 

conditions a r e  more s ign i f i can t ly  affected by the  presence 

of the  re laxat ion zone. Since equilibrium is  res tored by 

means of c o l l i s i o n s  between the  p a r t i c l e s ,  re laxat ion times 

a r e  shor te r  a t  high i n i t i a l  pressures and high shock Mach 

numbers, b u t  i n  Argon and Xenon a t  moderate Mach numbers 

(10-14) and low i n i t i a l  pressures (50 - 200 p Hg) the  

re laxat ion time can be on the order of 50-100 vsec. A t  

shock v e l o c i t i e s  of - 2mm/psec t h i s  corresponds t o  4-8 

inches of length behind the  incident shock. Therefore, 

i f  t he  inverse pinch is 4"  long, a t  time t2 i n  f igure  5 

it w i l l  be f i l l e d  with gas t h a t  has not ye t  reached 

ionizat ion equilibrium. In f a c t ,  due t o  the  d e t a i l s  of 

the  processes by which equilibrium is  approached the re  may 

be e s s e n t i a l l y  no pre-ionization of the  gas i n  the  inverse 

pinch, although the gas w i l l  have been heated and compressed 

t o  the  frozen - 2 (F-2) densi ty  and temperature (see 

Appendix A) . 



3.2. Shock tubes ize .  

It is important t ha t  the pre-ionizing shock tube be 

large for  two reasons. The f i r s t  is  t ha t  the t e s t  time i s  

proportional t o  the square of the shock tube diameter and 

inversely proportional t o  the Mach number (Refs. 9 and lo), 

so tha t  acceptable t e s t  times can be obtained a t  high Mach 

numbers (and hence high degrees of pre-ionization) by using 

a large shock tube. Secondly, the larger  the diameter of 

the shock tube, the larger  the diameter of the inverse pinch, 

and the longer the time the current sheath has t o  propagate 

out radia l ly .  This longer running time gives the rad ia l  

shock wave more time t o  move t o  the  front  of the current 

sheath and eventually, t o  move out ahead. 

lMaking the shock tube as  large as  possible is not 

without i t s  disadvantages since the larger  the shock tube 

the more d i f f i c u l t  and costly it is t o  run a t  high enough 

Mach numibers to get  appreciable pre-ionization and short  

enough relaxation times. 



3.3. Molecular weight ef fec ts .  

Consider now the e f fec t s  of the molecular weight of 

the t e s t  gas on the performance of the two devices. In  a 

conventional shock tube, for  a given pressure r a t i o  across 

the diaphragm, the resul tant  shock Mach number increases 

as the r a t i o  of the driver-to-driven gas sound speeds 

a4/al increases. For both driver  and driven gases a t  the 

same temperature t h i s  r a t i o  i s  maximized by using a l i gh t  

dr iver  gas and a heavy driven gas, A s  was previously 

noted the 17" shock tube was not designed as  a high Mach 

nuniber f a c i l i t y .  To maximize the Mach number capabili ty 

of the shock tube it was planned tha t  a Helium driver would 

be used with Xenon as  the driven gas. With pl = 50 p Hg 

of Xenon and the highest prac t ica l  dr iver  pressure (80 p s i  

absolute of Helium) the shock Mach number is  13.5. Table 

1 contains a compilation of typical  operating conditions 

. fo r  the l a ' '  shock tube with Helium as the driver  gas and 

various driven gases. 

On the other hand, one of the experimental observa- 

t ions  of Sorrel l  (Ref. 4) was t ha t  as  the inverse pinch 

is operated i n  heavier and heavier gases the shock front  

forms far ther  and far ther  back i n  the current sheath. I n  

Hydrogen the shock front  i s  found a t  the leading edge of 

the current sheath and i n  Argon it is found close t o  the 

t r a i l i n g  edge. In the present experiments it was found 



t h a t  i n  un-preionized Xenon t h e  shock is located even 

f a r t h e r  back i n  t he  cur ren t  sheath  than i n  Argon. 

I n  view of t h i s  very negative e f f e c t  of gas  molecular 

weight on t h e  inverse  pinch,  experiments have a l s o  been 

conducted i n  pre-ionized Argon and Helium, t r ad ing  1 7 "  

shock tube pre- ionizat ion c a p a b i l i t y  f o r  enhanced perform- 

ance of t he  inverse  pinch. This is f e l t  t o  be t h e  most 

s e r ious  l i m i t a t i o n  of us ing a conventional shock tube a s  

a pre- ionizer  f o r  t h e  inverse  pinch; namely t h a t  it is 

d i f f i c u l t  t o  generate  t h e  high shock Mach numbers necessary 

f o r  e f f e c t i v e  pre- ionizat ion i n  t h e  l i g h t  gases t h a t  a r e  

d e s i r a b l e  from t h e  viewpoint of inverse  pinch performance. 



IV. DEGREE OF PRE-IONIZATION 

4.1. Ionization relaxation. 

4.la. Relaxation i n  Xenon. 

Early i n  the present work it became apparent t ha t  it 

would not be possible t o  operate the inverse pinch behind 

the ref lected shock wave in  Xenon i n  the range 1 2  < Ms < 14. 

This was mainly due t o  the limited t e s t  time available. Of 

secondary importance was the f ac t  t ha t  a t  these Mach nunibers 

the density r a t i o  p5/p1 is so high (see Table 1) tha t  the 

corresponding snowplow veloci t ies  behind the ref lected 

shock are too low t o  be of prac t ica l  in te res t ,  This l a t t e r  

d i f f i cu l ty  can be al leviated by operating a t  much higher 

voltages a 

Once it was acknowledged tha t  operation in  Xenon would 

be res t r i c ted  t o  f i r i n g  behind the incident shock, the 

magnitude of the relaxation time became a s ignif icant  

parameter s f  the experiment. A l i t e r a t u r e  search quickly 

uncovered a paucity of data on ionization relaxation times 

i n  Xenon (Refs, 11-13) . The shock Mach number and i n i t i a l  

pressure ranges of the previous experiments are summarized 

i n  Table 2.  Included in  Table 2 is  the  s ize  of the shock 

tube used i n  each experiment and the diagnostic techniques 

employed i n  the determination of the relaxation time. In 

a l l  three cases both the shock Mach number and i n i t i a l  pres- 

sure rangewere quite limitedo with no Mach n u h e r s  greater  



than 1 2  and no i n i t i a l  pressures l e s s  than .78 mrn Hg of 

Xenon. The r e su l t s  of the previous experiments are plotted 

i n  f igure 6 ,  i n  which p 1 ~ 2  is plotted versus the shock Mach 

number* (r2 is the relaxation time in region 2 ) .  

Due t o  the large d ispar i ty  i n  the r e su l t s  of the 

previous experiments a separate experimental program was 

undertaken t o  measure ionization relaxation times in  Xenon 

i n  the GALCIT shock tubes, Because of the limited Mach 

nurriber capabili ty of the 17'' shock tube, and also the com- 

paratively high cost of operating the Barge tube, it was 

decided tha t  the relaxation times would be measured in  the 

higher performance, l e s s  costly 6" shock tube. The program 

consisted of measuring the relaxation time over a wide range 

sf  shock Mach numbers and i n i t i a l  pressures i n  the 6" shock 

t u b e ,  and a t  a few overlapping conditions in  the  17" shock 

tube, In t h i s  way a good estimate could be made of the 

relaxation time for  other conditions i n  the 17" shock tube. 

The present experiments are included in Table 2 and are 

discussed in  d e t a i l  in  Appendix A. The r e su l t s  are  plotted 

i n  f igure 7, i n  which p T is  plotted versus shock Mach 
l % 

number, with the i n i t i a l  pressure pl as  a parameter. T % 
i s  defined in  section I11 s f  Appendix A, In figure 7 curves 

have been drawn through the r e su l t s  fo r  i n i t i a l  pressures 

* The resu l t s  plotted i n  figure 5 sf reference 13 are fo r  
0.78 e pl e1.20 mm Hg, but the points are  not labeled. 
Therefore, an average i n i t i a l  pressure of 1.0 m Hg was 
assumed, 



of 50, 100, and 500 @ Hg of Xenon. These are the three 

pressures for which runs were made over a /;vide enough range 

of Mach numbers to fit a curve to the data. 

The most striking feature of the present measurements 

is that at a given Mach number p T is not. independent of 
1 + 

pressure, but rather is directly proportional to pl (for a 

discussion of why p T should be independent of pl. see 
1 Izii 

Ref. 14). Furthermore, as the shock Mach number is increased 

PIT+ becomes less and less a function of pl. These and other 

aspects of the present relaxation time measurements are 

discussed in Appendix A, including a comparison sf the 6" 

and 17" shock tube results, 



4,lb.  Relaxation i n  Argon and Helium. 

With respect t o  Argon, suff ic ient ly  accurate values 

of the relaxation time can be obtained from the r e su l t s  of 

Petschek and Byron (Ref. 15) . Recently, Friedman and Fay 

have extrapolated the resu l t s  of Petschek and Byron t o  

higher shock Mach numbers (Ref. 16) .  However, because of 

the  limited Mach number capabili ty of the 17" shock tube 

the  maximum shock Mach numbers at tainable i n  Argon are on 

the  order of 8 (see Table 1). A t  these comparatively low 

Mach numbers and i n i t i a l  pressures the relaxation times are 

so long tha t  even for  operation behind the ref lected shock 

wave the inverse pinch is f i red  in to  a relaxing rather  than 

an equilibrium gas. 

For operation of the combined shock tubes in  Helium 

the question of ionization relaxation times i s  i rrelevant ,  

since with a Helium-Helium combination in  the 17" shock tube 

the maximum shock Mach number is on the order of 3, and a t  

such a low Mach number the shocked Helium behaves as  a 

ca lor ica l ly  perfect gas with no relaxation effects due t o  

lagging internal  degrees of freedom, 



4.2. E l e c t r i c a l  conduct iv i ty  . 
Once it has been determined whether t he  inverse  pinch 

is being f i r e d  i n t o  a re lax ing  gas o r  one i n  thermal 

equil ibrium, t h e  degree of pre- ionizat  ion may be f u r t h e r  

spec i f i ed  by ca l cu l a t i ng  t h e  e l e c t r i c a l  conduct iv i ty  of  t h e  

gas.  The conduct iv i ty  depends upon both  t h e  temperature and 

t h e  degree of i on i za t ion  (o r  e l ec t ron  nunibe~ dens i ty ) .  I f  

t h e  gas  is i n  thermal equil ibrium t h e  ca l cu l a t i on  i s  

comparatively s t ra ightforward,  I n  t h e  l i m i t  of e i t h e r  a  

s l i g h t l y  o r  h ighly  ionized gas i n  thermal equil ibrium t h e r e  

a r e  equations which apply and these  a r e  summarized i n  

Appendix B. For intermediate degrees s f  i on i za t ion  a 

hybrid conduct iv i ty  suggested by Ein, Resler , and 

Kantrowikz (Ref. 3.7) i s  f requent ly  used, It has genera l ly  

been found i n  shock tube experiments i n  Argon t h a t  t he  

measured conduc t iv i t i es  a r e  somewhat lower than those  

pred ic ted  t h e o r e t i c a l l y  (Ref, 181 no such comparison between 

experiment and theory has been found f o r  shock-heated Xenon). 

I n  t h e  equil ibrium case t he  degree of ion iza t ion  (or  

e l ec t ron  dens i ty )  is determined from t h e  Saha equation ( see  

Appendix B) and the temperature i s  given by t h e  shock jump 

condi t ions ,  On t h e  o ther  hand, f o r  a re lax ing  gas t h e  Saha 

equation cannot be  used, and although the  gas temperature 

can be  ca lcu la ted  from t h e  shock jump condi t ions  f o r  a  

p e r f e c t  gas ,  it has been argued i n  t h e  p a s t  t h a t  t h e  e l ec t ron  

temperature is l e s s  than t h e  temperature of t h e  n e u t r a l s  and 



ions (Refs. 15 and 19). This is because for low degrees 

of ionization the electrons are heated primarily by elastic 

collisions with the neutrals. Due to the Ramsauer effect 

the cross-section for this process is small and the heating 

of the electrons by elastic collisions with the neutrals 

proceeds at a slow rate. Thus the electron temperature would 

be lower than the gas temperature while the gas is relaxing 

(from the Argon results of Wong and Bershader the electron 

temperature appears to be about a factor of two less than 

the atom and ion temperature at Ms = 16.3 and pl = 5 m Hg 

of Argon), However, a recent computer calculation by Kelly 

(Ref. 20) indicates that in Xenon and Argon at the Mach 

numbers and pressures sf interest in the present experiments, 

the difference between the electron and atom temperatures is 

appreciably less than a factor sf two (more typically 10%) 

and in some cases the electron temperature directly behind 

the shock front is actually higher than the atom temperature. 

In view of Kelly's results the electron temperature was 

taken as approximately equal to the atom temperature for 

the purposes sf the present calculations, 

The electrical conductivity of a slightly ionized 

equilibrium gas is given in equation (B-5) sf Appendix B. 

Q is the electron-atom collision cross-section, a is the 



degree of  i o n i z a t i o n ,  and Te is t h e  e l e c t r o n  temperature.  

For a  s l i g h t l y  ionized,  r e l ax ing  gas  t h e  conduc t iv i ty  

may be  c a l c u l a t e d  wi th  a determined not  by Saha 's  equat ion ,  

b u t  by i n t e g r a t i n g  t h e  r a t e  equat ion f o r  t h e  product ion o f  

e l e c t r o n s ,  u s ing  t h e  a c t i v a t i o n  energ ies  and c ross - sec t iona l  

s l ope  cons tan t s  measured by Kel ly  (Ref. 21) .  The e l e c t r o n  

temperature is taken equal  t o  t h e  atom temperature a s  

c a l cu l a t ed  from t h e  shock jump condi t ions  f o r  a  c a l o r i c a l l y  

perfect gas ,  

The r a t e  equat ion  f o r  t h e  product ion sf e l e c t r o n s  by 

atom-atom c o l l i s i o n s  ( see  Appendix A) is (Ref. 21) 

DNe - -  
D t  - ~ c ~ N ~ ( ~ T )  ( g  exp [GI . (2) 

N, M, and T a r e  the atom nurriber dens i t y ,  mass and temperature,  

r e spec t i ve ly .  Ne is t h e  e l e c t r o n  number dens i ty .  Ea is t h e  

a c t i v a t i o n  energy and C1 is t h e  c ross - sec t iona l  s lope  

cons tan t ,  For Argon and Xenon t h e  a c t i v a t i o n  energ ies  

measured by Kel ly  a r e  11.548 and 8,315 ev  r e spec t i ve ly ,  and 

t h e  cons t an t s  C, a r e  l , 2  x 10 -I9 and 1 .8  x 10 -20 cm2/ev. 

N is t h e  ambient atomic p a r t i c l e  dens i t y  which equa l s  

N (p /p ) , where p2/p l  is  t h e  frozen dens i t y  jump ac ross  
1 2 1  

t h e  shock and N1 is  t h e  i n i t i a l  dens i t y  ahead of  t h e  shock '  

wave, Equation (2)  can be i n t eg ra t ed  by assuming t h e  

temperature and dens i t y  a r e  approximately constant  i n  t h e -  

reg ion  of atom-atom r e l a x a t i o n  (regime E of  Appendix A ) .  



st  is  assumed t h a t  t h e  e l ec t ron  number dens i ty  a t  t h e  shock 

f r o n t  (t = 0 )  is  neg l ig ib ly  small. I n  equation (2)  t h e  

t i m e  is  p a r t i c l e  t i m e  r a t h e r  than laboratory  t i m e  a f t e r  t h e  

passage of t h e  shock. They a r e  r e l a t e d  by 

Ne where tL is labora tory  time. With a = - 
N ' 

Equation (3) involves cons tan t s ,  t he  i n i t i a l  dens i ty ,  time, 

t h e  atom temperature, and t h e  dens i ty  jump across  t h e  shock, 

The two l a t t e r  q u a n t i t i e s  a r e  determined by t h e  shock Nach 

nunber. Therefore, 

where B(Ms) w i l l  depend on whether t h e  gas i s  Xenon or  

Argon. 

When equation (4) is  combined wi th  (B-51, t h e  

conduct iv i ty  f o r  a s l i g h t l y  ionized,  r e l ax ing  gas is 

obtained 

The conduct iv i ty  r e s u l t s  of  Lin, hiesler, and 

Kantrowitz a r e  p l o t t e d  i n  f i gu re  8 ,  The open circles 



correspond to experimental conditions for which the gas 

is still relaxing. In the temperature range of 5000-8000~~, 

the measured conductivities are as much as two orders of 

magnitude Power than the  values predicted according to  the  

equilibrium theory. a, has been calculated for these 

conditions and the results, plotted in figure 8, are seen 

to be in good agreement with the experimental values. 

In view of the good agreement with the results of Lin, 

Resler, and Kantrowitz for Argon, equation (5) has been used 

to calculate the conductivity profile in the relaxation zone 

behind shock waves in Xenon. The results of this calculation 

are plotted in figure 9, in which the conductivity a, has 

been normalized by the number density ahead sf the shock 

and the time in laboratory coordinates since the passage 

of the shock waveo 



V. RESULTS 

The procedure for  the  pre-ionization experiments 

consisted of f i r s t  choosing an i n i t i a l  pressure and shock 

Mach number condition f o r  the  17" shock tube,  with Argon, 

Xenon, o r  Helium as  the  driven gas ( see  Table 1)- Several 

runs were made a t  each condition, with the  inverse pinch 

f i r e d  behind e i t h e r  the  incident o r  re f lec ted  shock, The 

pressure and magnetic probes were inser ted various 

dis tances  r a d i a l l y  i n t o  the  inverse pinch t o  map the  

t r a j ec to ry  of the  pressure f ron t  and the  current  sheath. 

For each operating condition it was decided whether the  

ambient gas i n t o  which the inverse pinch was f i r e d  was 

re laxing o r  i n  thermal equilibrium, based on the  e a r l i e r  

r e s u l t s  with respect  t o  the  ionizat ion re laxat ion time 

(sect ion 4.11, The appropriate shock jump conditions were 

then used t o  ca lcu la te  the  corresponding " i n i t i a l "  density 

( t h e  density a t  the  time the  inverse pinch was f i r e d ) ,  

Then, with the  inverse pinch removed from the  shock tube 

and operated by i t s e l f ,  each condition of ' " i n i t i a l "  density 

and capacitor bank voltage was duplicated,  without pre- 

ionizat ion,  Since the  snowplow veloci ty  depends only on 

the  bank voltage,  the  i n i t i a l  density,  and constants 

(equation l), matching the density and voltage i s o l a t e s  

the  e f f e c t  of the  pre-ionization andlox pre-heating. The 

r e s u l t s  of these experiments are presented by means of r-t 

diagrams i n  f igures  PO-17,  



To minimize the nuniber of 17" shock tube runs 

required, two magnetic and two pressure probes were used. 

For each driven gas several t e s t  shots were made with the 

probes a t  the same radial  position i n  the inverse pinch, 

and there was generally no more than .1 bsec difference 

between the a r r iva l  times of the same event as seen by the 

two probes of each type. In the reduction of the pressure 

probe data it was necessary t o  allow for  a delay of 

approximately -2 @see in  the signal,  caused by the glass  

p la te  CL, the front  of the probe (see Ref, 4 ) .  

For the magnetic probe data reduction in  the 

experiments of Vlases and Sorrel l  (Refs. 1 and 4) the 

convention was adopted s f  p lo t t ing  the time-history sf  

three par ts  of the bell-shaped Be trace: the onset, the 

maximum, and the null .  However, the onset of Bg is often 

i l l-defined, and especially with pre-ionization, is  hard 

t o  locate accurately and consistently, In the present 

experiments the front  of the current sheath was determined 

by drawing a tangent t o  the maximum posi t ive slope of the 

B t race and locating the intersection s f  t h i s  tangent with 
CI 

the time axis ,  The use s f  the "maximum slope tangent" 

has resulted i n  a marked reduction in  the sca t t e r  in  the 

location s f  the front  s f  the  current sheath. 

Figure 10 is a p lo t  of the r e su l t s  with the inverse 

pinch f ired  behind the incident shock wave in Argon, with 

p1 = PO0 p Hg and a shock Mach number of 7.1. Figure hl is a 



plot of the corresponding data without pre-ionization. 

This is a low enough Mach nuher that the frozen and 

equilibrium density jumps p2/p1 are approximately the 

same and equal to 3.78. Therefore the runs without pre- 

ionization were made at an initial pressure of -- 378 p 

Hg of Argon. The calculated snowplow velocity for this 

condition is 1.39 cm/psec, With pre-ionization (figure 10) 

the velocity of B is found to be 1. 36 crn/~sec, and 
'max 

without pre-ionization (figure 11) the measured velocity 
a 

sf B is 1.46 cm/CLsec, both in good agreement with 
'max 

the snowplow prediction. If figures 10 and 11 are 

superposed, two features become apparent: first that the 

maximum slope curves are identical, and secondly that the 
0 

pressure front is closer to B with pre-ionization 
'max 

than without. The first result is not surprising in that 

the amount of pre-ionization behind a Ms = 7.1 shock in 

Argon is negligible, even at equilibrium, and the rate 

sf diffusion of the front of the current sheath should not 

be affected significantly by the pre-heating. The second 

result is more encouraging since the ultimate goal is to 

cause the pressure front to move forward and eventually 

out ahead sf the current sheath. Furthermore, it is 

observed that the pressure front without pre-ionization 

is propagating at somewhat less than the velocity of 
D 

B (P,33 versus 1.46 cm/lasee), whereas with pre- 
'max 
ionization the ve%ocity of the gressuxefrsnt is'precisely 



. 
the same as t ha t  of B 

emax* 
The second condition r u n  i n  Argon was Ms = 7.8, 

p1 = 100 p, Hgf with the inverse pinch operated behind the 

ref lected shock wave. The inverse pinch was triggered 

125 bsec a f t e r  the incident shock h i t  the ground electrode, 

as  monitored by the pressure probe mounted i n  the ground 

electrode. For t h i s  condition the predicted snowplow 

velocity is 1.13 cm/~sec, and the measured velocity of 
c 

B with pre-ionization was 1.211 cm/gsec, and without it 
'max 

was 1-16  cm/wsec. The r-t diagram for  t h i s  case is plotted 

i n  f igure 12, in  which the r e su l t s  with pre-ionization are 

presented, plus the maximum sfope curve without pre-ioniza- 

t ion ,  This was done because the r e s t  of the curves (pressure, 
0 

and Be ) without pre-ionization are prac t ica l ly  
Bemax null. 
indistinguishable from the corresponding curves with pre- 

ionization. For example, in  both cases the pressure front  

propagates a t  precisely the snowplow velocity of 1-13 

cm/ysec, The only s ignif icant  difference between the pre- 

ionized and un-preionized resu l t s  is in  the shape of the 

maximum slope tangent curve. Without pre-ionization ( the 

dashed curve and darkened c i r c l e s  in  figure 1 2 )  the front of 

the current sheath propagates a t  an almost constant velocity 
U 

t ha t  is  somewhat fas te r  than tha t  of Be This is typical  
max 

of Wmrgom without pre-iomization. With pre-ionization however, 

it is seen i n  figure 92 t h a t  the maximum slope curve becomes 

parabolic, which suggests the growth sf the current sheath 



. 
(defined here as  the separation between Be and the 

max 
maximum slope curve, a t  a given time) is approaching the 

parabolic diffusion predicted by theory (see Ref. 4 ,  

section 3.2). 

The r e su l t s  i n  Xenon are plotted in  figures 13-16. 

Two se t s  of conditions were run, both with the inverse 

pinch operated behind the incident shock wave, The f i r s t  

condition was Ms = 12.0, pl = 100 p Hg, and the r e su l t s  with 

and without pre-ionization are plotted in figures 13 and 14. 

The two s e t s  of prof i les  are qui te  similar,  For example, the 

snowplow velocity fo r  t h i s  ease is  1.06 em/psec, and with 
D 

pre-ionizat ion Be propagates a t  1 . 1 2  cm/psee, and without 
max 

pre-ionization a t  1 - 0 2  crq/psec, The pressure front with 

pre-ionization propagates a t  1.02 cm/pse&, and at 1.00 

cm/bLsee without it. There is  no signif icant  difference i n  

e i the r  the location of the pressure front  or  the r a t e  of 

diffusion sf the front  of the cu'rrent sheath with respect t o  
0 

Be due t o  the pre-ionization. 
max 

For the second condition of Ms = 11.8, pl = 50 p Hg. 

things are somewhat d i f ferent ,  The resu l t s  with and without 

pre-ionization are presented in figures 15 and 16, In 

f igure 15 i% is  seen tha t  the pressure front  attenuates as  

it moves outwards, sl ipping far ther  and far ther  behind 

Be more so than without pre-ionization, Moreover, the 
max 

predicted snowplow vel.oci%y for  t h i s  case is 1.26 cm/psec, 
0 

and without pre-ionization Be propagates a% P,22 W p s e c ,  
max 



b u t  with pre- ionizat ion it propagates a t  1.48 cm/p,sec. T h i s  

combination of much too  high a cur ren t  sheath speed and 

a t tenua t ion  of  t h e  pressure  f r o n t  suggests  t h a t  t h e  cur ren t  

sheath  o r  "pis ton"  i s  leaking more extensively  wi th  pre- 

i on i za t ion  than without ,  f o r  t h i s  p a r t i c u l a r  condit ion.  

P t  i s  seen i n  f i g u r e  7 t h a t  f o r  bo th  condi t ions  i n  

Xenon t h e  i on i za t ion  r e l axa t ion  t i m e  is longer than 50 wsec, 

which means t h a t  i n  bo th  cases t h e  r e l axa t ion  leng th  behind 

t h e  shock wave i s  longer than t h e  inverse  pinch, correspond- 

ing  t o  time t2 i n  f i g u r e  5. Therefore, t h e  e l e c t r i c a l  

conduct iv i ty  s f  t h e  re lax ing  Xenon can be  ca lcu la ted  

according t o  s ec t ion  4 . 2  and f igu re  9 ,  b u t  t h i s  is r a t h e r  

academic i n  view of t h e  lack s f  any p o s i t i v e  e f f e c t  r e s u l t -  

ing  from t h e  pre- ionizat ion i n  Xenon, 

Two condi t ions  were a l s o  run i n  Helium: Ms = 3.1. 

p1 = 50 p Hg. and Ms = 3.1, pl = 150 p Hg. The inverse  

pinch was f i r e d  behind t h e  r e f l e c t e d  shock i n  t h e  f i r s t  

ease  and behind t h e  inc iden t  shock i n  t h e  second case. 

Figure 17 is a p l o t  s f  t h e  pressure  f r o n t s  wi th  and without 

pre- ionizat ion f o r  t h e  inc iden t  shock case. It  is included 

t o  show t h e r e  was only a small d i f f e r ence  between t h e  

measured ve80c i t i e se  The magnetic probe d a t a  i n  Helium 

was very d i f f i c u l t  t o  i n t e r p e t  because of e f f e c t s  induced 

by t h e  presence of t h e  probes, In t h e  present  experiments 

it was necessary t o  encase the probes i n  Teflon s leeves  so 



they could withstand the l a t e r a l  impact loading due t o  the  

high pressure driver  gas. A s  a r e su l t  the probes were 

appreciably larger  than those original ly used (5" dia  

compared t o  16 " dia)  . The effects are moat pronounced i n  

gases for which the pressure is in  the front  pa r t  of the 

current sheath (Helium and Hydrogen). A s e r i e s  of experi- 

ments was conducted with the present inverse pinch in  which 

small magnetic probes were used a t  the same time as  the 

large ones. I n  Argon and Xenon there were no essent ia l  

differences in  the measured prof i les ,  except i n  the rea r  

of the current sheath. In Helium, on the other hand, the . 
Be prof i l e  was d is tor ted  as  soon as the pressure front  

0 

encountered the probe. For t h i s  reason the Be prof i l es  

are  not presented fox the t w o  eases i n  HeLium. 



VI. SUMMARY AND CONCLUSIONS 

From an opera t iona l  po in t  of view t h e  pre- ionizat ion 

experiments can be  considered a success.  The inverse  pinch 

has been success fu l ly  operated without a t o p  e l ec t rode  

with no degradation i n  performance. Mated wi th  t h e  17" 

shock tube,  t h e  conbined conf igurat ion has been operated i n  

s eve ra l  gases over a wide range sf shock Mach numbers. The 

inverse  pinch has been f i r e d  behind both  t h e  inc iden t  and 

r e f l e c t e d  shock waves, and i n  a l l  bu t  one case  t h e  

propagation speed of t h e  cur ren t  sheath  was found t o  agree 

wi th  t h a t  p red ic ted  by snowplow theory,  us ing t h e  dens i ty  

ca lcu la ted  from t h e  shock jump condi t ions  f o r  e i t h e r  an 

equil ibrium o r  frozen gas. The lack sf appreciable s c a t t e r  

i n  t he  d a t a  wi th  pre- ionizat ion i s  a l s o  considered t o  be  

a p o s i t i v e  f a c t o r  i n  view of %he f a c t  t h a t  each set s f  

curves is t h e  r e s u l t  sf seve ra l  sho t s  at t h e  same condi t ion,  

involving t h e  r ep roduc ib i l i t y  of not  one, bu t  two devices.  

On t h e  negative s i d e ,  separa t ion has c e r t a i n l y  no t  

been achieved, nor has anything c lose  t o  separa t ion,  Even 

i n  a shock tube a s  l a r g e  a s  t h e  3.7" shock tube it has  been 

concluded t h a t  it is not  poss ib le  to operate  t h e  inverse  

pinch behind t h e  r e f l e c t e d  shock a t  high Mach nunibers 

because s f  test  time l imi t a t i ons ,  On t h e  o ther  hand, when 

operat ing behind t h e  incident  shock, t h e  r e l axa t ion  t i m e  

has  been found ts be as Bong that t h e  inverse  pinch is  



f i r e d  i n t o  a pre-heated, bu t  not pre-ionized gas. Further- 

more, i n  t h e  l i g h t  gases found t o  be des i r ab l e  from t h e  

viewpoint of t h e  inverse  pinch, t he  Mach number capab i l i t y  

of any conventional shock tube is so l imi ted  that t h e  two 

devices a r e  p r a c t i c a l l y  incompatible. 

According t o  t h e  t h e o r e t i c a l  model of  Hoffman (see  

s ec t ion  I and reference 51 ,  it is only necessary t h a t  t he  

gas be  pre-heated and not  necessar i ly  pre-ionized f o r  t h e  

shock f r o n t  t o  move f a r t h e r  forward, This i s  i n  consonance 

wi th  t h e  r e s u l t s  of  t h e  inc iden t  shock series i n  Argon a t  

Ms = 7.1 ( f i g u r e s  10 and B l )  . I n  t h e  r e f l e c t e d  shock series 

i n  Argon a t  Ms = 7.8 t h e  d i f fu s ion  of t h e  f r o n t  of  t he  

cur ren t  sheath  became approximate Py parabol ic ,  as would be  

pred ic ted  by a simple d i f fu s ion  argument. However, these  

r e s u l t s  a r e  f a r  from conclusive. I n  Xenon no advancement 

of t h e  pressure  f r o n t  was observed with prs- ionizat ion,  

and i n  one series t h e  p i s ton  appeared t o  leak excessively,  

wi th  Bg propagating much f a s t e r  than snowplow ve loc i ty  
max 

and the  pressure  f r o n t  a t t enua t ing  not iceably ,  

The r e l axa t ion  t i m e  experiments have shown t h a t  a t  

low i n i t i a l  p ressures  p T i s  not  independent of pl. b u t  
1 si 

is s t rongly  dependent upon the magnitude of pl, e spec i a l l y  

a t  t h e  Power Mach numbers i n  Xenon. A t  i n i t i a l  p ressures  

less than 100 p Hg, t h e  r e l axa t ion  t i m e s  measured i n  t h e  

17" shock tube w e r e  s u b s t a n t i a l l y  longer than for  t h e  same 

esndi t ions  i n  the 6" shock tube, 



A t h e o r e t i c a l  model was presented  f o r  c a l c u l a t i n g  t h e  

e l e c t r i c a l  conduct iv i ty  of  a  s l i g h t l y  ionized,  r e l ax ing  

g a s  t h a t  was shown t o  accu ra t e ly  p r e d i c t  t h e  conduc t iv i ty  

measured i n  e a r l i e r  shock tube experiments i n  Argon. Using 

t h i s  model t h e  conduc t iv i ty  was ca l cu l a t ed  a s  a  func t ion  

o f  t ime behind t h e  i nc iden t  shock wave i n  Xenon, for t h e  

Mach numbers of i n t e r e s t  i n  t h e  pre- ioniza t ion  experiments. 
1 I 



APPENDIX A 

IONIZATION RELAXATION TIME MEASUREMENTS IN XENON 

I. INTRODUCTION 

The sub jec t  of t he  approach t o  ion iza t ion  equil ibrium 

( ion iza t ion  re laxa t ion)  behind s t rong  shock waves i n  noble 

gases has been exhaust ively t r e a t e d  both t h e o r e t i c a l l y  and 

experimental ly i n  t he  p a s t  few years  (see, f o r  example, 

Refs, 14, 15, 19 ) .  I n  t h i s  appendix t h e  re levan t  r e s u l t s  

of  previous workers a r e  summarized and the  p resen t  measure- 

ments sf t h e  ion iza t ion  r e l axa t ion  time i n  Xenon i n  both  

t h e  GAECIT Q g s  and 17" shock tubes a r e  presentedo 

EX. THEORY 

The passage of a s t rong  shock wave through a gas 

r e s u l t s  i n  t h e  t r a n s f e r  of  a l a r g e  amount s f  energy t o  t h e  

gas i n  an extremely sho r t  t i m e ,  Immediately behind t h e  

shock wave a l l  of t h e  energy may be  considered as d i s t r i -  

buted s o l e l y  among t h e  t r a n s l a t i o n a l  degrees s f  freedom of 

t h e  gas,  As discussed by Wong and Bershader (Ref. 191, 

s ince  t he  average p a r t i c l e  energy is  small (on t h e  order  of 

l t o  2 v o l t s ) ,  t h e  p robab i l i t y  s f  an e x c i t a t i o n  o r  ioniza- 

t i o n  c o l l i s i o n  i s  low, s o  t h a t  on the  average t h e r e  a r e  many 

c o l l i s i o n s  before  t h e  gas ga ins  o r  Bsses i n t e r n a l  energy. 

Under these  condi t ions  t h e r e  a r e  many e l a s t i c  c o l l i s i o n s  f o r  

each i n e l a s t i c  coLl is ion and the  t r a n s l a t i o n a l  degrees of  



freedom are able t o  remain in  equilibrium as ionization 

relaxation proceeds. In shock tube terminology t h i s  i s  the 

region of "frozen" flow and a l l  of the gas properties may 

be calculated neglecting any energy t ransfer  t o  the internal  

degrees of freedom. After a cer ta in  time has elapsed the 

internal  degrees of freedom are able t o  equil ibrate  with 

the t ranslat ional  degrees and the shocked gas is  said t o  be 

i n  thermal equilibrium. This time lag,  or incubation 

period, i s  called the relaxation time. 

The t ransfer  of energy between the various degrees of 

freedom is  accomplished by means of col l i s ions  between the 

gas par t i c les ,  and the ident if icat ion and cataloging of the 

important col l i s ion  processes for  d i f ferent  gases, as well 

as  measurements of the corresponding reaction r a t e s  and 

cross sections have comprised the bulk of the work t o  date. 

For noble gases, such as  Argon and Xenon, the 

approach t o  ionization equilibrium may be considered in  

terms of d i s t i nc t  regimes, with each regime characterized 

by a dominant ionization mechanism, I n  regime E ,  which 

i s  limited t o  low degrees sf ionization, the most probable 

ionization mechanisms are atom-atom coll is ions,  For the 

Argon experiment of Wong and Bershader regime P was limited 

t o  a degree of ionization of 0.5%, and in  the experiments 

sf Petschek and Byron, also i n  kcgon, regime I accounted fo r  

about 10% of the finall ionization, Hn regime IP the 

exceedingly more effect ive electron-atom processes dominate 



t h e  i o n i z a t i o n  build-up. It is  i n  regime I1 t h a t  most of 

t h e  i o n i z a t i o n  t akes  p lace .  

A t h i r d  regime (regime 111) can be considered i n  which 

t h e  degree of  i o n i z a t i o n  i s  h igh enough t h a t  recombination 

must a l s o  b e  included. This  is  because a s  equ i l ib r ium i s  

approached t h e  r a t e s  o f  populat ion and de-population of  a 

p a r t i c u l a r  s t a t e  must become equal.  The recombination can 

occur r a d i a t i v e l y  and t h e  experimental ly observed sudden 

onse t  of continuum r a d i a t i o n  emission from t h e  shocked gas 

is taken as an i nd i ca t i on  o f  t h e  s t a r t  o f  regime PII. 



I I I. MEASUREMENTS 

In  t he  Argon experiments of  Wong and Bershader, a t  

shock Mach numbers up t o  18, t h e  e l ec t ron  dens i ty  build-up 

behind the  shock wave was measured by t h e  technique of 

two-wavelength o p t i c a l  interferometry.  They a l s o  observed 

the sudden onset  of luminosity,  associa ted wi th  t he  s t a r t  of 

regime I I I ,  superposed on t h e  i n t e r f  errograms , and found 

t h a t  t h i s  occurred a t  roughly 80% of t h e  equi l ibr ium degree 

of  ionizat ion.  It should be emphasized t h a t  they observed 

t h e  t o t a l  luminosi ty,  including both continuum and Line 

r a d i a t i o n ,  

Petschek and Byron a l s o  argued t h a t  t h e  sudden onset  

of luminosity was mainly due t o  electron-ion recombination, 

Furthermore, s i nce  t h e  recombination is propor t ional  t o  

si 
N ~ ~ / T ~  where Ne i s  the  e l ec t ron  number dens i ty  and Te i s  

t h e  e l ec t ron  temperature, and s ince  t h e  v a r i a t i o n  i n  

e l e c t r o n  temperature i s  small compared wi th  t he  change i n  

e l e c t r o n  dens i ty ,  t h e  luminosity is  e s s e n t i a l l y  propor t ional  
L t o  Ne . Petschek and Byron photographed the  t o t a l  luminosity 

( i n t eg ra t ed  over aPP wavelengths t o  which t h e  f i l m  was 

s e n s i t i v e )  wi th  a  rotating-drum camera and considered the  

r e l axa t ion  t i m e  t o  be defined by t h e  po in t  on t h e  negative 

a t  which h a l f  t h e  equi l ibr ium {peak) luminosity was reached 

( they assumed equillibrium was a t t a i n e d ' f o r  t h e i r  condi t ions ) ,  

With the i n t e n s i t y  propor t ional  t o  KZ t h i s  corresponds t o  



approximately 70% of the equilibrium degree of ionization. 

They estimated a maximum error of 20% in the determination 

of the relaxation time. 

Yet another. definition of the relaxation time was 

employed in the Xenon experiments of Roth and Gloerson 

(Ref. 12), and later by Gloerson (Ref. 13). They observed 

the time-history of the visible continuum emission in the 

.neighborhood of 4970 A with a spectrograph-photomultiplier 

combination. The'ir oscillograms show a short burst of 

luminosity at the shock front followed by the rapidly 

rising main signal at the end of the incubation period. A 

typical inteylsity versus time continuum profile is shown 

schematicalPy in figure 18. Roth and Gloerson took as 

their relaxation t i n i e  the time between peaks sf the two 

parts of the signal, 

Roth and Gloerson attribute the observed visible 

continuum, at Peast in part, to the existence of stable 

excited states of the diatomic Xenon molecule Xe2. rather 

than entirely to recombination and bremsstrahlung. It is 

not within the scope of the present work to comment on this 

hypothesis, but rather merely to determine the magnitude of 

the ionization relaxation time for the conditions of the 

present experiment, 

The above discussion is intended to highlight the 

various techniques that have been used to measure the 

relaxation time, as well as to point out the degree sf 



a r b i t r a r i n e s s  t h a t  e x i s t s  wi th  respec t  t o  t h e  d e f i n i t i o n  of 

t h e  ion iza t ion  r e l axa t ion  t i m e .  

A s  f a r  as Xenon is  concerned, t h e  p e r t i n e n t  parameters 

o f  t h e  previous experiments have been summarized i n  Table 2 ,  

including t h e  d iagnos t ic  techniques used t o  determine the  

r e l axa t ion  time. The presen t  experiments a r e  a l s o  included 

i n  T a b l e  2. 

For t h e  p resen t  experiments it has become convenient 

t o  def ine  two r e l axa t ion  times, ro and T Y Both r e f e r  t o  

i on i za t ion  r e l axa t ion  behind the  inc iden t  shock and both  a r e  

indicated i n  f i g u r e  18. T~ is  t h e  time from t h e  shock 

f r o n t  t o  t h e  onset  of t h e  main b u r s t  of continuum rad ia t ion .  

T4  is  defined a s  t h e  time from t h e  shock f r o n t  t o  t he  time a t  

which h a l f  t h e  peak i n t e n s i t y  is a t t a ined .  

Pn t h e  60s shock tube experiments t he  r e l axa t ion  time 

was measured a t  l e a s t  t h r e e  d i f f e r e n t  ways on each run. A t  

one s t a t i o n  a photomult ipl ier  monitored t h e  wavelength- 
B 

in tegra ted  luminosity p r o f i l e  behind t h e  inc iden t  shock 

wave, A t  a  second s t a t i o n  a monochromater-photomultiplier 

conibination was used t o  observe e i t h e r  a s t rong  XeP l i n e  o r  

a narrow region of t he  v i s i b l e  continuum. A s  discussed i n  

Pa r t  2 of  t h i s  t h e s i s  t he  th in-f i lm hea t  t r a n s f e r  gauges 

used t o  monitor t he  shock ve loc i ty  a l s o  provide a measurement 

of t he  r e l axa t ion  time T ~ .  Since two hea t  t r a n s f e r  gauges 

w e r e  used t o  determine t h e  shock ve loc i ty  t h i s  a c t u a l l y  

provided two measurements of 'ro on each run. Addit ionally,  



a pressure gauge of the type described by Baganoff (Ref. 22) 

was mounted i n  the endwall of the shock tube, and although 

the gauge measures the pressure history behind the ref lected 

shock, under some conditions it i s  possible t o  infer  the 

relaxation time behind the incident shock ( for  de t a i l s  of 

t h i s  experiment and the associated theoret ical  analysis 

see Ref. 2 3 ) .  

For the relaxation time measurements i n  the 17" shock 

tube only the monochromater-photomultiplier system and the 

thin-film heat gauges were used. 



I V .  EXPERIMENTAL DETAILS 

The GALCIT 6"  shock tube is  constructed of s ta in less  

s t e e l  and has an internal  diameter of 6 " .  The driven 

section is  37 '  long. For these experiments Helium and 

Hydrogen were the principal driver gases used, although in  

a few cases the Helium was diluted with Nitrogen t o  generate 

some intermediate strength shocks. Research grade Xenon 

supplied by the Linde Company was used. Before introducing 

the Xenon for  each run the driver section was diffusion 

pumped t o  a base pressure of a t  l e a s t  0-3  Hg, which was 

measured with a McEeod gauge. For additional d e t a i l s  on 

the design and construction of the shock tube see reference 

23. 

Figure 99 i s  a schematic of the endwall region s f  the 

6" shock tube, showing the arrangement of the diagnostics. 

The monochromater, positioned 20 cm from the endwall, was a 

JarrelP-Ash 0.5 meter Ebert (Model 8200), with a 1P21  photo- 

multiplier a t  the ex i t  s l i t .  The photomultiplier was 

typical ly operated a t  700-800 v, with a 30 Kn. output res is tor .  

When monitoring a Xenon l i n e  p rof i l e  the entrance and ex i t  

s l i ts  of the monochromater were -02 m wide (0.32 A) . Both 

s l i t s  were opened t o  a width s f  17.6 ?I when the continuum was 

observed. Neutral density f i l t e r s  were used t o  reduce the 

incoming Bight Bevel when operating a t  the higher pressures 

and Mach numbers. 

A s  indicated i n  f igure 19, the monochromater was 



located at the same axial position as the second thin-film 

gauge, providing a positive reference as to when the shock 

wave passed the monochromater. The accuracy of the 

continuum relaxation time measurement was thereby increased 

since it was not always possible to locate the shock front 

on the continuum intensity oscillogram. This is because at 

high pressures and high shock Mach numbers the main part of 

the continuum signal becomes much more intense relative to 

the short burst of luminosity at the shock front, and with a 

sensitivity sufficient to resolve the peak of the main burst 

of continuum radiation, the shock front is quite often not 

resolvable. In addition, since the sidewall gauge also 

provides a measurement sf the relaxation time (see Part 2 

sf this thesis), it was possible to compare the relaxation 

time measured by two different techniques at the same axial 

position in the shock tube. 

The photomultiplier tube (93lA) which monitored the 

wavelength-integrated light was positioned 10 cm from the 

shock tube endwall, The same power supply was used for 

both this tube and the photomultiplier on the monochromater, 

Consequently they were both operated at the same voltage for 

each run. W IKn output resistor was used for the integrated 

Bight measurements. 

The shock Mach number was determined by measuring- the 

transit time sf the shock wave between the two thin-film 

heat gauges located 20 and 70 cm from the endwall. 



Normally the output of these gauges i s  amplified and fed 

in to  an electronic counter which records the t r a n s i t  time. 

However, for  operation a t  high shock Mach numbers it is 

d i f f i c u l t  t o  make a good measurement of the t r a n s i t  t i m e  

due t o  non-reproducible tr iggering of the counter ( t h i s  

i s  discussed i n  Part 2 ) .  I n  the present measurements the 

unamplified output of the heat gauges. was displayed on an 

oscilloscope and the t r a n s i t  time was measured d i rec t ly  

from the resul t ing oscillogram, This introduces two sources 

of error .  F i r s t  there i s  the limited accuracy with which 

the t r a n s i t  time can be measured by eye, and second is  the 

limited accuracy of the sweep speed of the oscilloscope. 

It is estimated tha t  the shock position can be determined 

from each. heat gauge signal within 2 wsec when the t r a n s i t  

time is  on the order of 250 p e e ,  This corresponds t o  a 

maximum error  i n  the t r a n s i t  time of Bess than 2%- When 

the t r a n s i t  time is  l e s s  than 200 psec (Ms>14) each signal 

can be read with a maximum error  of 1 psee and a t o t a l  

e r ror  i n  the t r a n s i t  time of approximately 1% The sweep 

speed of the oscilloscope (Tektronix 555) is accurate t o  

3% The maximum t r ans i t  time error  is therefore 5%, and 

by comparing the t r a n s i t  time measured with the counter 

( for  a condition where the counter can be used accurately) 

with t ha t  measured from the sscillograrnp it is found tha t  

the  difference is generally Bess than 1%. 



The shock tube windows used for  the continuum and 

integrated luminosity measurements were Pyrex cylinders 

5/8" dia.  x 1%" long. The f ront  face of the windows was 

concave, w i t h  the same radius of curvature as the shock 

tube. The rea r  face of the windows was plane. For both 

measurements a mullti-slit system was used t o  provide 

suff ic ient  axia l  resolution ( i n  the 17" shock tube experi- 

ments an additional s l i t  was introduced by evaporating a  

th in  film of platinum over a l l  but a narrow ver t i ca l  slit 

of the front  face of the window) , 



RESULTS 

The results of the present measurements of the 

ionization relaxation time in Xenon are presented in 

figure 7 in which p T is plotted versus the shock Mach 
1 % 

nuniber, Both the 6" and 17" shock tube data are presented. 

As noted in section 4,la of this thesis, the present results 

indicate a strong dependence of p T on the magnitude of pl. 
1 + 

For example, at Ms = 12 the value of p T for pl = 500 p Hg 
1 %  

is more than five times larger than the value of p T at 
1 %i 

the same Mach number and pB = 50 p Hg. 

The observed behavior is attributed to the presence of 

impurities, Whether they are predominantly volume impurities 

due to outgassing of the shock tube (see Refs, 13 and 24),or 

surface impurities due to the relatively dirty walls of the 

shock tube is not completely clear, although the former is 

believed much more likely. 

The duration sf regime I, in which atom-atom 

collisions dominate the production of electrons, is limited 

by the time at which enough electrons become available to 

take over the ionization, If some impurities are present 

with relatively Barge Xenon-impurity inelastic collision 

cross-sections the atom-atom regime could be shortened 

markedly, with a resulting decrease in the relaxation time. 

If an approximately constant impurity level is assumed in 

the shock tube, independent of pl. then one would expect 



impurities to play a more dominant role at lower initial 

pressures. Therefore, at any Mach number, smaller values 

of p17+ would be predicted for the lower values of pl. This 

is the behavior exhibited by the present results. Also, the 

impurity effects should be biggest at the lowest Mach 

numbers, since at high shock Mach numbers the relaxation 

time is gett$.ng so short that the magnitude of the relaxation 

time is no longer dominated by the extent of regime I. Con- 

sequently, less of a dependence of ~ ~ 7 %  on pl is expected 

at high Mach nuaribers. This trend is also observed in the 

present experiments. 

These effects are not as apparent in the previous 

experiments for several reasons. In the first place the 

shock Mach nuniber and initial pressure ranges were too 

narrow. Secondly, because of the small size of the shock 

tubes used it was necessary to run at relatively high 

initial pressures or else the relaxation time would be 

longer than the test time, and as is evident from the 

present measurements these effects are much more apparent 

at Pow initial pressures, Thirdly, in the previous experi- 

ments runs were not made ata constant initial pressure over 

a wide range of Mach nuaribers which again makes these trends 

more apparent. In spite of these reasons, the original data 

of Turner do indicate a dependence of p17 on pl. even over 

the narrow range of his experiments. For Ms = 9. the ratio 

of the measured relaxation time at pl = 5 mm to that at 



p1 = 20 mrn is 2.25 instead of 4. and at Ms = 9.5 the ratio 

is 3 instead of 4 (note also that the ratio is increasing 

with increasing Ms. as predicted). 

As was noted earlier (see Table 2) almost all of the 

previous experiments were at values of pl greater than 

0.75 mm Hg. It is therefore interesting to compare the 

results of Turner and Gloerson with the present measure- 

ments, only using the data from the present experiments 

corresponding to initial pressure greater than 0-75 m Hg. 

It was noted in Turner's thesis that subsequent measurements 

of his with purer Xenon resulted in relaxation times five 

times longer than his original values, In the present 

comparissn the values given in Turner's thesis have been 

multiplied by a factor of five* The results of this com- 

parison are plotted in figure 20* In view of the different 

definitions of relaxation time used in each of the experi- 

ments and the different shock tube sizes, as well as the 

other obvious differences in initial conditions and 

techniques, it is felt that in the limit of high pl the 

results are in surprisingly good agreement, It must be 

emphasized that the highest pl used in the present experi- 

ments was P o %  mm Hg whereas Turnerss results are for initial 

pressures between 5 and 20 mm Hg, and GPoerssn8s results are 

for initial pressures between .78 and le20 m Hg. 

Also included in figure 7 are the ionization relaxa- 

tion times measured in the 17" shock tube. The results are 



plotted for initial pressures of 25, 50, and 100 p, Hg of 

Xenon, in the Mach nuniber range of 11.5 to 14.5. The 100 p 

shots agree quite well with the 100 p curve from the 6" 

shock tube. The re laxat ion  times for pl = 50 p Hg are 

2 - 2.5 times longer than the corresponding 6" shock tube 
i 

results. There is no 25 p, curve for the 6" shock tube 

but it is seen in figure 7 that the 25 p results from the 

17" shock tube lie above the 50 p curve for the 6" shock 

tube. 

If the dependence of p T on the magnitude of pl is 
l % 

considered in terms of volume impurities due to outgassing 

of the shock tube, then the magnitude of the effect should 

be inversely proportional to the volume-to-surface ratio of 

the shock tube, The 6" and 17" shock tubes are similar in , 

construction and materials, with the volume-to-surface 

ratio 2.85 times larger for the 17" shock tube. Therefore 

at low initial pressures there should be less of an impurity 

effect in the 17'Qhock tube and the relaxation times should 

be longer than the corresponding values for the 6'hhock 

tube. This is seen to be the ease for pl less than 100 p 

Hg of Xenon, 

Figure 21 is a presentation of typical wavelength- 

integrated, line, and continuum radiation oscillograms for 

a Ms = 13.6 shot into 50 p Hg of Xenon. The line profile 

oscillogram (XeI 4624 &) is .seen to return quickly to zero 



intensity after the passage of the main signal, whereas the 

continuum and integrated-wavelength oscillograms indicate a 

subsequent burst of radiation, which is believed to be 

associated with the arrival of the contact surface. The 

origin of this luminosity was not investigated in detail, 

but is apparent from the XeI 4624 profile that it is not 

due to Xenon line radiation. 



APPENDIX B 

EQUILIBRIUM ELECTRICAL CONDUCTIVITY 

For a completely singly ionized gas in thermal 

equilibrium the electrical conductivity as given by Spitzer 

and Harm (Refs. 17 and 25) in cgs units is 

-where k is Boltzmann's constant, m is the electron mass, e 

e is the electronic charge, and T is the temperature. bo 

is the impact parameter at which a positive ion deflects 

a mean-energy electron by 90 degrees, and k is the Debye 

shielding distance, 

and ha = kT 

&nee 2 " 

where ne is the electron number density. Putting in the 

numerical values of the constants and the appropriate 

conversion factor leads ts 

This conductivity is frequently referred to as od since 

its calculation is based on the assumption that the electron 

mobility is determined solely by distant encounters with 

the ions. 



If a slightly ionized gas of rigid sphere molecules 

is considered, in which the electron mobility is dominated 

by close encounters between the electrons and the neutrals, 

the conductivity in cgs units is 

Q is the electron-atom coPlision cross section and a is 

the degree of ionization (Ref, 26). Again, inserting the 

constants and a conversion factor Beads to 

In many experiments the degree sf ionization is such 

that neither limit strictly applies and for this inter- 

mediate regime it was proposed by Lin,  Reslsr, and 

Kantrowitz (Ref. %?'I that the conductivity be approximated 

The above equation simply says that the total resistivity 

of the gas (l/a) is equal to the sum sf the resistivity 

due to close encounters between the electrons and the 

neutrals, and the resistivity due to distant encounters 

between the electrons and positive ions. 



Experience has shown that equation (B-3) for od is 

applicable even for substantially less than full ionization. 

In fact even for degrees of ionization as low as 1% (and 

lower), the conductivity isstill dominated by the contri- 

bution due to the distant encounters. 

When the assumption of thermal equilibrium is 

applicable the electron nurriber density and/or the degree 

of ionization is determined from Sahass equation, which can 

be written in the form (Ref. 27) 

T. is the characteristic ionization temperature (i.e., the 
1 

ionization potential expressed as a temperature), and the 

g's are the statistical weights, The subscripts 9, e, i 

refer to ions, electronsp and neutrals, respectively. 
P* = -  

@+ P 
is the ion-mass-fraction and P is the total 

pressure, 

When the theoretically computed values of the eon- 

ductivity are compared with experimentally measured values 

it has generally been found that the experimental values 

are lower than those predicted by equations (B-1) - (B-7) by 
30-5076 (for a survey of existing results in shock-heated 

Argon see reference 18). Of particular interest are the 

Argon experiments of kin, ResEer, and Kantrswitz (Ref. 3.7). 



Their conductivity r e s u l t s  a re  p lo t ted  i n  f igure  8. The 

darkened c i r c l e s  represent experimental values of the 

conductivity obtained under conditions i n  which the  shocked 

gas had a t ta ined  ionizat ion equilibrium, and the  r e s u l t s  

agree q u i t e  well with the  theory summarized i n  t h i s  appendix 

( a s  indicated i n  f igure  8 ,  these points  a l so  happen t o  

correspond t o  degrees of ionizat ion high enough t h a t  the  

conductivity is determined predominantly by d i s t a n t  

encounters) . 
The open c i r c l e s  i n  f igure  8 represent experimental 

values of the  conductivity fo r  conditions under which the  

shocked gas is  s t i l l  relaxing,  In  the  temperature range 

of 5000-8000~~  the  measured conduct ivi t ies  a re  as much a s  

two orders of magnitude Power than the  theore t i ca l  values 

predicted by the  equilibrium theory. A t heore t i ca l  calcu- 

l a t i o n  of t h e  e l e c t r i c a l  conductivity of t h i s  s l i g h t l y  

ionized, re laxing gas is discussed i n  sect ion IV of t h i s  

t h e s i s  and t h e  r e s u l t s  are p lo t ted  i n  f igure  8 ( the  l i n e  
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Df AGNOSTICS 

(2) Wavelength-integrated 

(2) Thin-f ilm heat gauges 

* Friedman and Fay have extrapolated these results = 20 (Ref. 16) 
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Figure B e  Schematic sf typicah inverse pinch shock tube. 



Figure 2,  Inverse pinch in the 13" shock tube, 
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Figure 4 ,  x-t diagram for  combined shock tube operation, 



Figure 5 0  x-t diagram including ionizat ion relaxation, 



Figure 6 ,  Previous relaxation t i m e  measurements in Xenon. 



IN XENON 

Figure 7 ,  Xoni.xaticrtn rc.kaxation t ir,;es in Xenon. 
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Figure $, Electrical eonduet i v i t y  of shock-heated Argon 
for pl = 1 cm Hg ( R e f .  17). 



Figure 9. Relaxing gas conduct iv i ty  a, in Xenon. 
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Figurnre 90. Ere-ionization in Argon behind the 
incident shock* 



Figure 11, Magnetic and pressure probe data without 
pre-ionization in Argon. 
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F i c p r e  12. Pre-ionization in Rrgon behind the 
ref lectecl shock, 



Figure 1 3 ,  Pre-ionization in Xenon behind the 
i n c i d e n t  shock, 



RADIUS, ( inches)  

Figure 14, ?lagnetie and 3resuure probe data  
w i t h c u t  pre-ionization in Xenon. 



Figure 95, P r e - i o n i z a t i o n  in Xenon behind the 
i n c i d e n t  shock, 
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F i g u r e  16, Xagnoti.e and pressure probe 6ata 
without pre-ionizat ion in Xcnon. 



Figure 17, Pressure probe data in E I e l i u m  w i t h  
and without pre-ionizat ion. 
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(a) Relaxation time definitions. 

(b) 4945 8 continuum. Ms = 15.65, 
p = 100 Pf<g of Xenon, Sweep 
rate 10 p s e d a n ,  left to right. 

Figure 18, Relaxation t i m e  def init ions and typical  
continuum intensity oscillogram in Xenon. 
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Upper beam: Wavelength-intograted 
luminos i ty  10 c m  f r o m  

(a) endwall. S e n s i t i v i t y  
Iv/cm. 

0 
Lower beam: XeX 4624 A line 20 c m  

f r o m  endwall. 
S e n s i t i v i t y  20 mv/crn. 

(b) L o w e r  beam: Continuum intensity at 
0 

4945 A, 20 crn from 
endt?rall. 
S e n s i t i v i t y  0 . 5  v/crn. 

Figure 21. Wavelength-integrated, Zino, and continuum . 
r a d i a t i o n .  Ms = 13.6, p1 = 50 EIg of Xenon. 

Sweep rate 20 gsec/cm, left t o  r i g h t ,  



2. THE APPLICATION OF THIN-FILM MEAT TRANSFER 

GAUGES AND FLUSH ELECTROSTATIC PROBES TO 

PARTIALLY IONIZED FLOWS IN SHOCK TUBES 



ABSTRACT 

Previous shock tube observations of "spurious" 

s ignals  i n  the output of thin-film heat gauges a t  Mach 

numbers fo r  which the shocked gas becomes pa r t i a l l y  ionized 

are summarized. It i s  shown tha t  these e f fec t s ,  and those 

observed in the present experiments i n  Xenon, cannot be 

explained i n  terms of a shorting gauge model. It is  

demonstrated tha t  the e f fec t s  are due t o  the gauge acting 

more as  an e l ec t ro s t a t i c  probe than as  a heat gauge. Under 

these conditions it is shown tha t  the heat gauge provides 

an accurate measurement of the ionization relaxation time 

as  well as s t i l l  being useful for  determining the shock 

velocity. The thin-film i s  also operated as a f lush 

e l ec t ro s t a t i c  probe t o  measure the ion density in  the shock 

tube walk boundary layer,  and the experimental r e su l t s  are 

i n  good agreement with the theoret ical  predictions of two 

solutions of the boundary Payer problem: one based on an 

approximate solution of the transformed boundary layer 

equations, and the other based on the solution sf the 

equivalent Couette Ekow problem, The applicabi l i ty  of 

these solutions is found t o  be limited t o  conditions fo r  

which the ionization relaxation time i s  e i ther  very long 

o r  very short ,  Because of the computational simplifications 

involved it is seen tha t  the Couette flow solution is 

preferred under most conditions, 
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I. INTRODUCTION 

For the past  decade thin-film heat t ransfer  gauges 

(sometimes called resistance thermometers) have been widely 

used as a standard shock tube diagnostic tool.  They have 

been used with considerable success t o  measure t rans ient  

surface temperatures, t o  measure shock wave speedsr and t o  

determine the t rans i t ion  from laminar t o  turbulent flow in  

boundary Sayers (see,  fo r  example, Refs. 1-31 , 

With respect t o  each of the above applications it 

has universally been noted tha t  a t  shock Mach nurrbers high 

enough t o  produce even very small degrees of ionization 

various "spurious" e l ec t r i ca l  signals appear i n  the output 

sf the gauges (Refs, 4-6) . The spurious signals tend t o  

in ter fere  w i t h  the actual signals and have made it d i f f i c u l t  

t o  use these gauges i n  cases where the shocked gas becomes 

pa r t i a l l y  ionized. I n  the heat t ransfer  s tudies  of Marrone 

and Bartunian (Ref. 5 )  it was found tha t  by insulating the  

surface of the gauge with a th in  coating of Si02 the 

undesirable signals could be effect ively eliminated for  

shock Mach nusnbers u p  t o  14 i n  Argon. The coating does 

r e su l t  i n  an increase i n  the r i s e  time of the gauge, which 

becomes a s ignif icant  factor  when these gauges are used t o  

measure high shock veloci t ies ,  

The present in te res t  in the problem sf the nature s f  

these sqspurisus~q s ignah  was stimulated b y  the d i f f i c u l t i e s  



encountered whi le  u s i n g  t h i n - f i l m  gauges t o  measure t h e  

shock v e l o c i t y  i n  Xenon a t  Mach numbers o f  10 t o  20.6 i n  

b o t h  t h e  GALCIT 6" and 17" shock t u b e s  ( s e e  a l s o  Appendix A, 

s e c t i o n  I V  of  P a r t  1 o f  t h i s  t h e s i s ) .  Normally the shock 

v e l o c i t y  is determined by measuring t h e  t r a n s i t  t ime between 

two gauges separa ted  by a known d i s t a n c e .  The gauges a r e  

mounted f l u s h  wi th  t h e  s idewal l  o f  t h e  shock tube ,  The 

gauge o u t p u t s  a r e  ampl i f ied  and f e d  i n t o  an e l e c t r o n i c  

counter  which r e c o r d s  t h e  t r a n s i t  t ime. Due t o  t h e  n a t u r e  

o f  t h e  i n t e r f e r i n g  s i g n a l s  it became extremely d i f f i c u l t  t o  

achieve  a c c u r a t e  and reproduc ib le  t r i g g e r i n g  o f  t h e  counter .  

r e s u l t i n g  i n  e r r o r s  i n  t h e  measured shock v e l o c i t y ,  A l t e r -  

n a t i v e l y ,  t h e  gauge o u t p u t s  w e r e  d i sp layed  on an o s c i l l o -  

scope and t h e  t r a n s i t  t ime was measured from t h e  r e s u l t i n g  

osc i l lograms.  

By observ ing  t h e  osci l%ograms o f  t h e  gauge o u t p u t s  

over  t h e  wide range o f  o p e r a t i n g  c o n d i t i o n s  i n  t h e . r e l a x a t i o n  

t ime experiments  desc r ibed  i n  Appendix A of P a r t  1, it became 

apparent  t h a t  among o t h e r  t h i n g s  t h e  th in - f i lm gauges pro- 

vided a measurement sf the i o n i z a t i o n  r e l a x a t i o n  t ime,  This  

obse rva t ion  motivated a f u r t h e r  s tudy o f  t h e  n a t u r e  sf t h e  

gauge ou tpu t  i n  t h e  presence sf a p a r t i a l l y  ion ized  flow, 

Normal t h i n - f i l m  gauge o p e r a t i o n  is  reviewed i n  s e c t i o n  

HI, One of t h e  f r e q u e n t l y  proposed models cons ide r s  t h e  

gauge a s  b e i n g  partial ly  s h o r t - c i r c u i t e d  by t h e  conduct ing 

gas i n  c o n t a c t  w i t h  it, A simple theoqfsr such a " shor t ing  



gauge" i s  presented in  section 1x1 and it is seen tha t  t h i s  

cannot be the dominant e f fec t .  I t  is then shown tha t  when 

the shocked gas is par t i a l ly  ionized the  thin-film gauge 

behaves more l i k e  a  "pseudo-electrostatic probe" than as a 

resis tance thermometer. The applications of such a gauge 

to the measurement of shock velocity,  ionization relaxation 

time, and charged par t i c le  number density are discussed i n  

section IV.  

In view of the s imi l a r i t i e s  between thin-film gauges 

and f lush e l ec t ro s t a t i c  probes for  these conditions, a  

se r ies  of experiments was conducted i n  which the gauges were 

operated s t r i c t l y  as flush e lec t ros ta t i c  probes. En similar 

experiments by Bredfeldt, e t  a l ,  (Refs. 7 and 8) , the data 

from the same type s f  probe were compared with a  theory 

applicable to a f l a t  p la te  or steady boundary layer,  but 

not s t r i c t l y  applicable t o  the non-steady shock tube wall 

boundary layer. A theory which does apply t o  the shock tube 

wall boundary layer is  presented in section V, The problem 

i s  treated i n  two ways: f i r s t  by solving the standard 

boundary layer equations a f t e r  making several simplifying 

assumptions, and secondly by solving the analogous problem 

i n  Couette flow, The numerical resu l t s  of the two solutions 

are shown %o be i n  good agreement with each othes,especially 

i n  the par t  of the boundary layer sampled by the probe. The 

boundary Payer equations require the numerical integration 

of a nonlinear d i f fe ren t ia l  equation whereas the Couette 



flow solutions can be computed by hand, representing a 

significant simplification in the calculation of the 

theoretical profiles. The experimental data are compared 

with the theoretical predictions in section 5.3. The 

measured ion densities also provide a verification of the 

theoretical values used in the calculation of the electri- 

cal conductivity in section 4.2 of Part B of th i s  thesis. 



11. NORMAL THIN-FILM HF,AT GAUGE OPERATION 

The heat gauge consists of a th in  metall ic fi lm 

(platinum) 'evaporated onto a Pyrex plug. The fi lm 

resistance is typical ly 150-300 ohms. It i s  connected i n  

se r ies  with a bat tery and a ba l l a s t  resistance as  indicated 

i n  figure l ( a ) .  In the following discussion it w i l l  be 

necessary t o  re fe r  t o  both the bat tery voltage VB and the 

voltage across the  film Vf (a lso  called the gauge voltage). 

5" ' " wide, and -g The films are normally approximately (6" 

shock tube) and 1" (17" shock tube) long, They are mounted 

f lush with the shock tube wall with t he i r  length perpen- 

dicular t o  the shock tube axis,  The gauge responds t o  the 

temperature r i s e  sf  the surface s f  the glass  backing 

material,  associated with the passage of the shock wave, 

which thew can be related t o  the heat f lux  from the shocked 

gas (see Ref. 9 ) .  The heating of the glass and film 

increases the gauge resistance causing the voltage across 

the gauge t o  change. P t  is  t h i s  change in  voltage with 

respect ts the voltage i n i t i a l l y  across the gauge tha t  is  

referred t o  as  %he "gauge outputw, 

The development of the boundary Sayer along the shock 

tube wall is indicated i n  f igure l ( b )  in  shock-fixed coordi- 

nates, Transition from a laminar to a turbulent boundary 

layer i s  included i n  figure 4(b)  for  completeness, even 

though for  the esndikions s f  the present experiments 

t rans i t ion  does not occur i n  the available t e s t  times. 



The ideal response of a thin-film gauge t o  the flow s i tua t ion  

of figure 1 (b) i s  indicated i n  f igure l (c)  . For the laminar 

boundary layer the gauge output should approximate a simple 

step Bunctionp followed by a signal w h i c h  increases with 

time, corresponding t o  the turbulent boundary layer (Refs. 1, 

An example of the approximate s tep  function output of 
\ 

these gauges, corresponding t o  the laminar case, i s  present- 

ed i n  f igure 2 (a) fo r  a Ms = 7.8 shock wave into 100 p Hg of 

Argon, The t races  are the outputs s f  t w o  gauges located 

50 em apart. 

Assuming the gauges t o  be operated a t  constant current 

( a  good approximation), the gauge output bVf is given by 

where I. i s  the constant c i r cu i t  current and ARf is the 

change in  film resistance. ARf i s  simply related t o  the 

change in  the film temperature. FOP the case of a passing 

shock wave, in  which bRf i s  posit ive,  bVf has the same 

sign as  Io. Consequently the sign of the gauge output is 

determined by the polar i ty  s f  the bat tery used i n  the gauge 

c i r cu i t .  This ef fec t  is  i l l u s t r a t ed  by a comparison of 

figures 2 (a)  and 2 (b) . In figure 2 (a) both gauges were 

operated with negative bat tery voltages, whereas in  figure 

2(b) the gauge voltage was positive. This is an important 

property of the gauges and it is discussed further  i n  



section 111. 

As was mentioned in section I the gauge outputs are 

normally amplified and fed into a counter. Due to the 

nature of the amplifiers used in this laboratory it was 

necessary to operate the gauges with a negative battery 

voltage. This is in contrast to the experiments of 

Rabinowicz, et al. (Ref. 1) , Jahn and Weimer (Ref. 4) , 

Marrone and Martunian (Ref, 5 1 ,  Kelly (Ref. 6), and Chabai 

(Ref, 91, In each of these other experiments the battery 

voltage was always positive. This factor will also  be 

discussed in section HPI when the detailed nature 05 the 

extraneous signals is considered.. For the present experi- 

ments a new gauge circuit was constructed, without any 

amplifiers, making it possible to easily switch from 

negative to positive gauge voltage, as in figure 2 ,  



111. THIN-FILM GAUGES I N  PARTIALLY IONIZED FLOWS 

3.1. Summary of previous observations. 

The observations of Jahn and Weimer, Marrone an 

Hartunian, and Kelly regarding the nature of the spurious 

gauge output signals in  the presence of s l i gh t  degrees of 

ionization are summarized in  figure 3. Figure 3(a)  contains 

representations of the gauge outputs of Jahn and Weimer 

behind both incident and ref lected shocks i n  Nitrogen. 

The sketches i n  figure 3(b) correspond t o  the expected and 

observed gauge outputs in  the experiments of Marrone and 

Hartunian i n  A i r  for  Ms > 7. The th i rd  sketch i n  figure 

3(b) is also a good representation of the gauge output 

observed by Kelly for  Ms -- 8 in  Argon. For shock Mach 

numbers on the order of 9 ,  Kelly noted tha t  the magnitude 

of the negative spike a t  the shock front  was much greater 

tha t  the posi t ive signal,  It is important t o  rea l ize  tha t  

the second posit ive r i s e  in  the gauge output of figure 3(a)  - 
(i) is due t o  the a r r iva l  of the ref lected shock a t  the gauge 

location, whereas in  figure 3 (b) - (i) the second posit ive 

r i s e  is due t o  the t rans i t ion  from laminar t o  turbulent 

flow in  the boundary layer,  

I n  both references 4 and 5 the anomalous behavior of 

the gauge outputs i s  at t r ibuted t o  short-circuiting of the 

gauge current through the para l l e l  e l ec t r i ca l  path provided 

by the conducting gas. Marrone and Bartunian were able t o  



e l i m i n a t e  t h e  ext raneous  s i g n a l s  by i n s u l a t i n g  t h e  gauge 

s u r f a c e  w i t h  a  t h i n  c o a t i n g  o f  S i O Z .  They were t h e n  a b l e  

t o  s u c c e s s f u l l y  measure t h e  w a l l  temperature r i s e  up t o  

Mach 14 i n  Argon. The success  of the i n s u l a t i o n  e l i m i n a t e s  

t h e  p o s s i b i l i t y  t h a t  t h e  ext raneous  s i g n a l s  a r e  e l e c t r o -  

magnet ica l ly  induced r a t h e r  than  due t o  conduction e f f e c t s ,  

Jahn and W e i m e r  w e r e  l e d  t o  t h e  same conclus ion  when they  

coated  t h e i r  gauge w i t h  Scotch Tape and obta ined  completely 

c l e a n  t r a c e s .  



3.2. Simple theory for  a shorting gauge. 

In  equation ( I ) ,  AVf = IoARf was the gauge output 

proportional t o  ARf,  the change in  resistance of the film 

due to the heating of the shock tube walk by the shocked gas, 

Now consider the gauge output bV which would resu l t  from the 
g 

conducting gas providing a pa ra l l e l  e l ec t r i ca l  path for  the 

current. 

Immediately behind the shock front two things happen: 

the fi lm resis tance jumps t o  the value Rfn = Rf + bRf due t o  

the normal heating e f fec t ,  and the shocked gas o f fe r s  a 

pa ra l l e l  resis tance W t o  the current i n  the gauge c i rcu i t .  
57 

'khe equivalent c i r c u i t  corresponding to t h i s  s i tua t ion  is 

sketched below: 

BALLAST 

With good accuracy it can be assumed tha t  R f 8  ee R 
g - This 

approximation is verif ied by the observed magnitude of the 

gauge output as  compared with the i n i t i a l  voltage across 

the  gauge. If BR i s  the change in  gauge resis tance due 
9 

t o  the presence s f  the conducting gas, then 

where DV is measured with respect t o  AVf. 
B 



With Rft C<R 
Q' 

Therefore 

It is  apparent from equation (4) t ha t  fo r  a shorting 

gauge the magnitude of the gauge output w i l l  be d i rec t ly  

proportional t o  I. and t o  the square of Rf' (roughly the 

square of Rf also) .  Therefore. i f  two gauges are operated 

a t  the same I. but with Rf dif fer ing by a factor  of two, the 

gauge outputs due t o  shorting should d i f f e r  by a factor  of 

four, Also, whereas the gauge output has the same polar i ty  

as I. for  the case of AVf. for  AV the gauge output has the 
cg 

opposite polar i ty .  

The pa ra l l e l  resistance sf the gas R can be rewritten 
!3 

i n  the terms of the e l ec t r i ca l  conductivity @, If the cur- 

rent  path i n  the gas has length % and cross-sectional. area 

A, %hen 

The gas i n  contact with the gauge i s  within the wall 

boundary layer so the density, temperature, and degree of 

ionization are a l l  dif ferent  than the corresponding value 



12 

outs ide  the boundary layer .  Any t h e o r e t i c a l  ca lcu la t ion  

of  R i s  therefore complicated by the  n e c e s s i t y  o f  r e l a t i n g  
g. 

the  conductivity o f  the gas  outside the boundary layer  t o  
, 

the conductivity of  the gas actually providing the shorting 

path for the  current. 



3 . 3 .  Thin-film gauges as "pseudo-electrostatic probes". 

Each of the points discussed i n  section 3.2 concerning 

how a  shorting gauge would behave plays a  ro le  i n  demon- 

s t ra t ing  tha t  shorting of the gauge cannot be the predomi- 

nant e f fec t  regulating the nature of the gauge output in  the 

presence of a  pa r t i a l ly  ionized gas. It w i l l  be shown tha t  

the gauge ac t s  as a  s'pseudo-ePectrostatic probe" with the 

heat t ransfer  signal actually becoming negligible compared 

t o  the probe signal a t  the higher Mach numbers. 

I n  f iqure 2 it was demonstrated tha t  a t  Mach numbers 

of 7-8 i n  Argon the gauge output was as  expected; approxi- 

mately a s tep  function tha t  reversed i t s e l f  when the 

bat tery polar i ty  was reversed, The same comparison is  made 

in  figures 4ga) and 4(b) for  two successive runs a t  

Ms = 12.7 a t  an i n i t i a l  pressure of 25 p Ng of Xenon. Not 

only doesn't  the gauge output reverse i t s e l f  in  going from 

negative t o  posit ive bat tery polar i ty ,  but i n  addition the 

gauge output is amplified considerablye However, the 

qual i ta t ive  s tructure of the p rof i l es  are the same, with 

d i s t i nc t  changes i n  the slope s f  the prof i les  occurring a t  

the same time a f t e r  passage of the shock wave in  both cases. 

This behavior is  not reconcilable with the shorting gauge 

model sf section 3.2. 

Ht should further be noted tha t  i n  the case s f  Argon 

a t  Ms 7-8 the signal a t  the shock front  was on the order af 



5-7 mv, whereas in  the case of Xenon a t  Mach 12.7 the jump 

a t  the shock front  was approximately 50 m v  with negative 

polar i ty  and a t  l e a s t  500 mv with posi t ive bat tery polarity.  

The magnitude of these jumps right a t  the shock front i s  

greater  than can be accounted fo r  on the basis  of the wall 

temperature r i s e  alone, and from the viewpoint of wall 

temperature r i s e  there is of course no reason for  there t o  

be any difference between the magnitude of the gauge output 

for  negative and posit ive po la r i t i e s ,  while the measured 

difference is more than an order of magnitude, 

If the ground side of the thin-film gauge is  dis- 

connected a t  point (a)  in  figure B(a) ,  a l l  of the bat tery 

voltage appears across the gauge and I. = 0. and the heat 

gauge is converted in to  an e l ec t ro s t a t i c  probe f lush with 

the shock tube wall ( f lush e lec t ros ta t i c  probe). By using 

di f ferent  ba t t e r i e s  the probe may be biased a t  d i f ferent  

voltages, e i the r  posit ive or negative, Figure 5(b)  is an 

oseillogram obtained i n  this manner, with a positive b ias  

of 6.5 vo l t s  on the probe. Figure 5(a)  is the output of t h e  

thin-film gauge operated with a posit ive voltage sf 6 - 5  

vol ts  across the f i l m  (&Is = 12.7 .  pl = 2 5  p Hg of Xenon) . 
The prof i l es  of both t races are the same, with the probe 

output substant ial ly greater i n  magnitude than the gauge 

output, This i s  again i n  disagreement with the shorting 

gauge model since using the thin-film gauge as  an electro- 

static probe a t  the same voltage is  equivalent t o  Petting 



I0 
+ 0 in  equation (4) which should r e su l t  in AV = 0. 

4 
Instead, a larger signal i s  obtained with the same time 

prof i le .  

A t  t h i s  point it could be argued tha t  in  figure 5(b) 

the observed signal is a resu l t  of the conducting gas pro- 

viding a path t o  ground in  para l l e l  with the open-circuited 

fi lm and causing the voltage across the probe t o  change. 

This may be discounted in  view of figure 6 which is  an 

osciPlogram obtained under the same shock tube conditions 

(Ms = 12.7 into 25 p Hg of Xenon) as figure 5(b) but with 

zero bias  voltage, Since there is no bat tery in the c i r c u i t  

the signal cannot be caused by the conducting gas pa r t i a l l y  

shorting the probe. 

In view of the above discussion and figures 4-6 it is 

concluded tha t  i n  the presence of a pa r t i a l l y  ionized gas 

the thin-film heat gauge ac ts  predominantly as an electro- 

s t a t i c  probe i n  which current is being dram from the gas 

in to  the external c i r cu i t ,  ra ther  than as a shorting gauge 

i n  which the current flows from the external c i r cu i t  into 

the gas. A t  the Mach numbers and pressures s f  the present 

experiments the heat gauge signal of 10-20 mv is  effect ively 

masked by the much larger  signals due t o  the e lec t ros ta t i c  

probe ef fec ts .  

This change in  perspective makes 'it possible t o  account 

for many of the de t a i l s  of the "spuriousu signals observed i n  

the previous experiments, as  well as those of the present 



work. Many of these de t a i l s  are simply related t o  the 

polar i ty  of the gauge voltage, a point which was introduced 

e a r l i e r .  

when an e lec t ros ta t i c  probe has a posit ive b ias  

it w i l l  a t t r a c t  electrons and repel ions and conversely, a 

negatively biased e lec t ros ta t i c  probe w i l l  a t t r a c t  a l l  ions 

and repel most electrons.  With the heat gauge used in a 

c i r cu i t  such as tha t  i n  f igure l ( a )  the top of the film w i l l  

be a t  say 6.5 vo l t s  posi t ive,  with the potent ial  decreasing 

l inear ly  t o  ground a t  the bottom of the gauge. Thus the 

fi lm is  rea l ly  a superposition of e l ec t ro s t a t i c  probes a t  

a l l  potent ials  between the gauge voltage and ground; hence 

the terminology "pseudo-electrostatic probe", On the other 

hand, when the film is  used s t r i c t l y  as a flush electro- 

s t a t i c  probe by disconnecting the ground side of the film, 

the whole surface area of the fi lm is  a t  the b ias  voltage 

(say 6.5 vo l t s  pos i t ive) .  For t h i s  reason the probe should 

be a more ef fec t ive  col lector  of electrons than the heat 

gauge a t  the same voltage, as was observed in figure 5- It 

was noted i n  section XI t ha t  i n  each of the previous 

experiments the gauge voltage was posit ive.  Acting as  

probes these gauges w i l l  a t t r a c t  electrons,  and the par t  of 

the resul t ing gauge output tha t  is due t o  the probe e f fec t  

should be negative, This was seen t o  be the case i n  each 

of the e a r l i e r  experiments (see figure 3 and section 3.1). 

I n  the experiments of Kelly, and Makrone and Hartunian, 



the negative spike was observed t o  coincide with the a r r iva l  

time of the incident shock front.  ' It has been noted by most 

experimentors tha t  there i s  a short burs t  of luminosity a t  

the shock front  for  shock Mach numbers greater  than -- 7-9 

in  most gases. In the  present Xenon experiments it was 

noted tha t  t h i s  burst  of radiation was a t  l e a s t  in  par t  

continuum radiation, indicating there are some f ree  electrons 

at the shock front  (see Appendix A, Part 1) . The burst  s f  

radiation d ies  out quickly and with a posi t ive gauge voltage 

a correspondingly short  spike of negative signal would be 

expected t o  appear in  the gauge output as the shock Mach 

number is increased. This was observed by Kelly i n  Argon 

fo r  MS > 8 and by Marrone and Hartunian in Air a t  similar 

Mach numbers. It i s  reasonable t o  expect t ha t  the origin 

of these f ree  electrons a t  the shock front  is impurity- 

related i n  some manner. Therefore the Mach number and 

pressure a t  which these e f fec t s  f i r s t  appear w i l l  vary from 

one shock tube t o  another. 

Jahn and Weimer did not observe a negative spike a t  

the shock front  i n  t he i r  Nitrogen experiments (see figure 

3 ( a ) ) .  This i s  reasonable i n  view of the comparatively 

low shock Mach numbers. The onset of the negative signal 

coincides with the passage of the reflected shockp 

indicating enough ionization behind the ref lected shock 

fo r  the probe e f fec t s  to become important. It is seen i n  



figure 3 (a)  t ha t  a t  roughly the same Mach nuniber (5.5-6.5) , 

the "probe" ef fec t  is  proportional t o  the i n i t i a l  pressure, 

with the larges t  signal observed a t  pl = 6 mm. The negative 

signal is somewhat smaller fo r  pl = 3 mm, and it disappears 

en t i re ly  fo r  pl = 2 mm. This is in qual i ta t ive  agreement 

with the present model since a t  a constant Mach number 

the higher i n i t i a l  pressure r e su l t s  in  a higher electron 

density behind the ref lected shock. 

It was noted ea r l i e r  tha t  in  figure 4 the heat gauge 

output a t  the shock front  w a s  an order of magnitude larger 

w i t h  a posi t ive gauge voltage s f  6-5 vol ts  than with the 

same voltage negative. With a negative gauge voltage most 

electrons are retarded and ions are at t racted t o  the "pseudo- 

probew. However, because of t he i r  much greater mobility, 

enough energetic electrons reach the gauge tha t  the net 

current is an electron current,  On the other hand, when 

the  gauge has a posit ive voltage electrons are a t t rac ted  

and ions repelled,  and coupled with the e f fec t  of the 

greater  electron mobility a very large negative signal 

resu l t s ,  This point is discussed far ther  in  section 4 - 2 .  



IV .  APPLICATIONS OF PROBES AND "PSEUDO- PROBES " 

It was unanimously concluded i n  re fe rences  4 ,  5, and 

6 t h a t  t h e  e f f e c t s  d iscussed i n  s e c t i o n  I11 w e r e  undes i rab le  

and g r e a t l y  reduced the usefu lness  of  t h e  th in - f i lm hea t  

gauge a s  a d i agnos t i c  t o o l  i n  p a r t i a l l y  ionized flows. W i t h  

r e spec t  t o  i t s  use  a s  a r e s i s t a n c e  thermometer t h i s  i s  

c e r t a i n l y  t r u e .  A s  t h e  shock Mach number is increased t h e  

hea t  f l u x  s i g n a l s  become n e g l i g i b l e  compared wi th  t h e  

s i g n a l s  due t o  t h e  probe e f f e c t s .  ]However, t h i s  de f ic iency  

is f a r  overshadowed by t h e  a d d i t i o n a l  u t i l i t y  o f  t h e  gauge 

t h a t  is der ived from an understanding of t h e  na tu r e  of t h e  

probe e f f e c t s .  

4.1, Relaxat ion t i m e  measurements. 

Pn conjunct ion wi th  t h e  r e l a x a t i o n  time measurements 

descr ibed i n  Appendix A of P a r t  1, it was observed t h a t  a t  

p r e c i s e l y  t h e  r e l a x a t i o n  time 'rO ( a s  def ined i n  f i g u r e  18, 

P a r t  1) t h e  hea t  gauge output  undergoes a sharp  inc rease  

i n  s lope.  This corresponds t o  t h e  t r a n s i t i o n  from atom- 

atom t o  electron-atom ion i za t i on ,  wi th  t h e  assoc ia ted  r ap id  

inc rease  i n  t h e  e l e c t r o n  genera t ion  r a t e .  The va lues  o f  

obtained from t h e  hea t  gauges were compared wi th  those  

values  obtained from t h e  continuum i n t e n s i t y  measurements, 

a% Mach wulmbers ranging from 10.5 t o  20.6 and i n i t i a l  

p r e s su re s  s f  .05 t o  1,s m Hg of Xenon. Over this spectrum 

of ope ra t i ng  cond i t ions  T~ varies from approximately 5 t o  



130 sec, and the difference between the  spectroscopic 

values of T~ and those obtained from the heat gauges was 

l e s s  than 5% over the en t i r e  range. 

The same qual i ta t ive  behavior r e su l t s  when the fi lm is 

used as a biased e l ec t ro s t a t i c  probe, as  would be expected 

in  view of the discussion in  section 1x1. Therefore, when 

the  f i l m  is  used e i the r  as  a heat gauge or  an e l ec t ro s t a t i c  

probe, i n  a pa r t i a l l y  ionized flow the  outputs provide an 

accurate measurement of the ionization relaxation time T ~ .  



4.2 .  Shock velocity measurements. 

Figure 6 shows an oscillogram of the output of the 

thin-film used as an e l ec t ro s t a t i c  probe with zero b ias  

bat tery voltage. m e  probe output of - 5  t o  1 vol t  is 

essent ia l ly  the same as tha t  obtained when the standard 

heat gauge is connected d i rec t ly  t o  the oscilloscope, 

with no bat tery or  amplifiers i n  the c i r cu i t .  This large 

output s ignal  is rather  mysterious from the viewpoint of 

a shorting gauge, but is  qui te  reasonable when the heat 

gauge is  considered as a probe since the potent ial  t ha t  

matters is the probe potent ial  with respect t o  the plasma 

rather  than with respect t o  the shock tube. The plasma 

potent ial  is  the potent ial  a t  which there are no e l e c t r i c  

f i e l d s  between the probe and the plasma, and the charged 

par t i c les  migrate to the probe due t o  t h e i r  thermal 

velocity. Because of t he i r  higher thermal velocity more 

electrons reach the probe than ions, so the probe may be 

regarded as being surrounded by a sheath i n  which electrons 

predominate. A positive potent ial  must be applied t o  the 

probe t o  reduce the potent ial  difference across the sheath 

t o  zero. Since the plasma potent ial  is posi t ive the probe 

or heat gauge with no bat tery i s  s t i l l  biased negatively 

with respect t o  the plasma potent ial  and there should be an 

output signal,  

The gauge output with no b ias  bat tery has been 

observed by others (see, for  example, R e f .  6) , but no 



attempt was made t o  u t i l i z e  t h e  output .  The s i g n a l s  a r e  

l a r g e  enough t h a t  without any ampl i f i ca t ion  they can be 

used t o  t r i g g e r  t h e  e l e c t r o n i c  counter and/or o sc i l l o -  

scopes, making it very simple t o  accura te ly  measure t h e  

shock ve loc i ty  a t  high Mach numbers. Fur ther ,  because no 

ampl i f i e r s  o r  b a t t e r i e s  a r e  used the  gauge is a completely 

pass ive  c i r c u i t  element, wi th  p r a c t i c a l l y  no design,  

const ruct ion,  o r  maintenance problems. Another f r i n g e  

b e n e f i t  has r e s u l t e d  because with t h e  high ga in  ampl i f i e r s  

normally used t h e  hea t  gauge c i r c u i t s  w e r e  extremely 

s e n s i t i v e  t o  t h e  e l e c t r i c a l  noise  generated by o the r  

experiments i n  t h e  laboratory.  This used t o  be  an annoying 

d i f f i c u l t y  wi th  t h e  k7°@shock tube i n  p a r t i c u l a r ,  r e s u l t i n g  

i n  p r e m a t u r ~  t r i g g e r i n g  of t h e  osc i l loscopes ,  counter,  and 

the  inverse  pinch, 

Even though t h e  probe o r  gauge wi th  no b a t t e r y  is 

i n  e f f e c t  b iased negat ively  with respec t  t o  t h e  plasma 

p o t e n t i a l  it is seen i n  f i gu re  6 t h a t  t h e  output  s igna l  

a t  t h e  shock f r o n t  is negative,  ind ica t ing  a n e t  e l ec t ron  

cur ren t ,  This is because of t h e  l a r g e r  mobi l i ty  of t he  

e l ec t rons  compared wi th  t h a t  of t h e  ions ,  s o  t h a t  even wi th  

a s l i g h t l y  r e t a rd ing  p o t e n t i a l  more e l ec t rons  than ions 

reach t h e  probe. A s  t h e  e l ec t ron  r e t a rd ing  p o t e n t i a l  i s  

increased by making t h e  probe more and inore negative,  fewer 

and fewer e l ec t rons  can reach t h e  probe and eventual ly  t h e  

negative spike a& the shock f r o n t  should be  el iminated.  



This effect is demonstrated in figure 7 in which oscillo- 

grams are presented for successive shots at Mach 12.7 into 

25 p Hg of Xenon with the same probe more and more 

negatively biased. At 6.5 volts negative battery voltage 

the spike is somewhat rounded off, and at 12 volts it has 

disappeared completely. 

As the Mach number is increased and hence the plasma 

potential, it would be expected from the above that the 

negative spike would be replaced by a positive spike, 

reflecting a net ion current. This is because as the 

plasma potential is increased the probe or gauge at zero 

battery voltage actually becomes more and more negative 

.with respect to the plasma, This effect had already been 

observed in the normal heat gauge outputs in Xenon at 

Ms -- 18-28 in the 6" shock tube, and recently Smith 

(Ref. 11) has observed the same effect using electrostatic 

probes with zero battery voltage. At Mach numbers on the 

order of 18 the signal at the shock front is positive, 

whereas at Mach numbers of 92-14 it is negative, In terms 

of the shock velocity measurement either the positive or 

negative signal can be used, and the magnitude of the 

signal can be increased by operating with some non-zero bias 

battery voltage. Therefore, the cross-over in the polarity 

of the output signal at the shock front doesn't really limit 

the use of the gauge for shock velocity measurements, and 

this behavior further confirms the "pseudo-probew nature 



of the output. 

4.3. Ion density measurements. 

When the  thin-fi lm gauges a re  used as  biased f lush  

e l e c t r o s t a t i c  probes, s t i l l  another important appl icat ion 

emerges. The probes can be used t o  measure t h e  ion number 

density i n  the  shocked gas. This could a l so  be done with 

the  f i lms operated a s  heat  gauges, bu t  the  analysis  i n  t h a t  

case i s  complicated by having t o  determine what the  

e f fec t ive  b i a s  voltage is,  For t h i s  reason it is  somewhat 

simpler t o  use the  f i lms s t r i c t l y  a s  probes f o r  the  ion 

densi ty  measurements. The use of the  thin-film gauges t o  

measure the  ion density i s  t r ea ted  i n  d e t a i l  i n  sect ion V. 

Since the  conversion from heat  gauge t o  ePect ros ta t ic  

probe only requires  s l i g h t  changes i n  t h e  external  c i r c u i t ,  

which a re  readi ly  accomplished i n  the  normal time between 

runs, t h e  same fi lms can be used t o  perform a11 of the  

measurements discussed i n  t h i s  section: the  ionization 

re laxat ion time, %he shock veloci ty ,  and the ion number 

density.  Therefore, r a the r  than becoming l e s s  usefu l  a s  

a  diagnost ic  t o o l ,  the  thin-fi lm gauge has become more 

v e r s a t i l e  and more widely applicable at Nach nuders  f o r  

which the  slhocked gas becomes p a r t i a l l y  ionized. 



V. FLUSH ELECTROSTATIC PROBES 

This s ec t ion  dea l s  wi th  t h e  use  of a  th in-f i lm gauge 

s t r i c t l y  a s  a  f l u s h  e l e c t r o s t a t i c  probe, b iased  s t rongly  

negative t o  c o l l e c t  ion s a t u r a t i o n  cu r r en t ,  The decis ion 

t o  use t h e  ion r a t h e r  than t h e  e l ec t ron  s a t u r a t i o n  cur ren t  

was based on t h e  experience of  Bredfeldt ,  e t  a l .  (Ref. 7) 

who found t h a t  us ing t h e  ion cur ren t  r e s u l t e d  i n  a  more 

accurate  measurement. This is bel ieved t o  be due t o  t h e  

f a c t  t h a t  a t  t h e  Barge p o s i t i v e  probe p o t e n t i a l s  required 

f o r  t he  c o l l e c t i o n  of e l ec t ron  s a t u r a t i o n  cur ren t  t h e  

e l e c t r o n s  a r e  accelera ted to such an ex t en t  t h a t  they can 

ion ize  some of t h e  n e u t r a l s ,  and such secondary ion i za t ion  

is neglected i n  t he  theory. 

The f l u s h  probe samples t h e  flow within  t h e  wal l  

boundary Payer of t he  shock tube,  i n  which t h e  mean f r e e  

pa th  i s  less than t h e  sheath  th ickness ,  rendering  classical" 

probe theory inappl icable ,  Two quest ions  then a r i s e :  what 

cur ren t  w i l l  t h e  probe measure f o r  a  given b i a s  vol tage ,  and 

how is t h i s  cu r r en t  r e l a t e d  t o  t h e  ion dens i ty  i n  t h e  main 

flow outs ide  the boundary layer?  %he f i r s t  of  t he se  

quest ions  is considered i n  s ec t ion  5.3. and the second i n  

s ec t ion  5.2. 



5.1. Flush probe theory. 

A one-dimensional theory for the current-voltage 

characteristic of a flush electrostatic probe in a 

collision-dominated flow has been developed by Bredfeldt, 

et al. in reference 7, and is summarized hereo The probe 

is assumed large enough that the probe and sheath areas 

are approximately equal. The probe current is considered 

to be collected from a plane distance ds above the probe 

surface. Pf all the ions crossing the plane are eventually 

csllected by the probe, the current will be 

n+s is the ion density at the sheath edge and v+ is the 
corresponding thermal velocity; A is the probe area, and 

e is the electronic charge. Equation (6) is applicable 

assuming there is no ionization or reeonibination inside 

the sheath (the wall is infinitely catalytic), 

The next step is to determine the sheath thickness d,. 

This is accomplished by solving the one-dimensional 

Poisson's equation for the potential, where the ion drift 

velocity is assumed determined by their mobility and the 

applied electric field. This is in contrast to the 

coE%isionPess case in which the ion drift velocity is 

calcuPated by equating the change in kinetic energy of the . 

ions to the applied potential difference. The result is 



(see Ref. 1 2 )  

I - 
I+ - a 3 amps 

2 
A i s  the probe area in cm , b+ i s  the ion mobility i n  esu, 

ds is the sheath thickness i n  cm, and V is the potent ia l  

across the sheath in  vo l t s ,  

In the derivation of equation (7)  the mobility is 

assumed constant across the sheath. However, in the 

boundary layer the mobility decreases towards the probe 

surface. Bredfeldt, e% ah, have t reated the case of 

variable IJ.+ and have concluded tha t  in  l i g h t  of the  accuracy 

sf the s ther  approximations it is consistent to use the 

value s f  the mobility a t  the sheath edge. 

The ion mobility is given by . . 

in  which m+, and T+ are the ion, mass, and col l i s ion  time. 

respectively. 

Now it is possible t o  determine d; in terms of the 

measured cuxrent, the applied potent ial  r e la t ive  t o  the 

plasma, and the ion mobility. The solution of equation (7) 

involves an i t e ra t ion  procedure since the values of p+ and 

M depend on plasma parameters a t  the  sheath edge, the  

location of which ,is being .calcuhated. 



A s ignif icant  difference between the above r e su l t s  

and those of the  c lass ica l  col l i s ionless  probe theory i s  

t ha t  i n  the present case the sheath thickness depends upon 

the magnitude of the applied potent ial .  This makes it 

possible t o  sample d i f ferent  par ts  of the boundary layer 

by varying the b ias  voltage on the probe, 

Throughout the calculation of the current-voltage 

response of the probe the ef fec t  of the axial  mass motion 

of the shocked gas was neglected. I f  electrons were being 

coBPeeted by the  probe t h i s  e f fec t  would be unquestionably 

negligible because s f  the very high mobility of the 

electrons,  However, when ions are collected the e f fec t  

of the axial  gas velocity is not obviously negligible, 

The convection velocity i s  jus t  the gas velocity behind 

the shock wave, U which i s  roughly 7'5% of the shock 
p P  

velocity,  a t  the edge of the boundary layer,  The axial  

velocity decreases rapidly t o  zero across the boundary 

layer. O n  the other hand the d r i f t  velocity of the  ions 

i n  the  probe sheath i s  given by the  product sf the e l e c t r i c  

f i e l d  and the ion mobility: 

- 
v has been calculated for  the conditions of the present d 

experiments, and a t  the outer edge of the boundary layer 
- 
vd is of t h e  same order as  U (1Q5-1Q6 em/sec) . Rowever. 

P 



while t h e  gas ve loc i ty  decreases t o  zero  across  t h e  boundary 
- 

l aye r ,  vd decreases  by l e s s  than an order  of magnitude. S t  

i s  the re fo re  concluded t h a t  t h e  convective e f f e c t  may be 

neglected i n  t h e  p resen t  experiments. 

5.2. The ion dens i ty  p r o f i l e  i n  t h e  shock tube boundary 
l aye r .  

To r e l a t e  t h e  ion dens i ty  measured a t  t h e  edge of 

t h e  sheath  t o  t h a t  i n  t h e  ex t e rna l  flow it is  necessary t o  

c a l c u l a t e  t h e  ion dens i ty  p r o f i l e  through the  boundary 

layer .  ~ i $ u r e  l (b) shows t h a t  i n  s teady,  o r  shock-f ixed 

coordinates t h e  boundary condit ion a t  t he  wal l  is  t h a t  t he  

wa l l  ve loc i ty  equals  t h e  shock ve loc i ty .  This i s  i n  
. 

con t r a s t  t o  the  case of t h e  f l a t  p l a t e ,  o r  s teady boundary 

l a y e r  i n  which t h e  wal l  ve loc i ty  i s  zeroo Since t h e  

boundary l a y e r  equations a r e  nonlinear  t h i s  i s  a  non- t r iv ia l  

d i f f e r ence  between t h e  t w o  problem$, In re fe rences  7 and 8 

t h e  measured ion d e n s i t i e s  were compared t o  t h e o r e t i c a l  

p r o f i l e s  ca lcu la ted  f o r  t h e  f l a t  p l a t e  case. I n  t h i s  

s ec t ion  the ion dens i ty  p r o f i l e  is  ca lcu la ted  for  t h e  

shock tube  boundary l a y e r  case,  



5.2a. Solution of the boundary layer equations, ' 

Making the standard assumptions concerning the 

boundary layer thickness, with (x, y) the directions 

parallel and perpendicular to the shock tube wall, and 

(u, v) the corresponding velocity components, the conserva- 

tion equation for the ith species of an ionizing gas may be 

written (Ref. 13) 

aci aci a a ci 
pu bx e p v .  = 

aa! - bD12 ay' + Wi ' (9) 

c is the mass fraction of the ith species, equal to pi/p, i 

where p is the density. D12 is the appropriate binary 

diffusion coefficient, and the first term on the right-hand 

side sf equation (9) represents the diffusion due to a con- 

centration gradient in the ith species (for ions, with only 

a slight degree of ionization. D12 is the ion-neutral 

diffusion coefficient). wi is the mass rate of formation 

th of the i . species per unit volume and time, It is assumed 

in equation (9) that the thermal diffusion gradient is small 

compared with the specie concentration gradient, 

The x-component of the momentum equation is 

where p, is the coefficient of viscosity, 

Solutions of these,nonlinear partial differential 

equations are generally obtained by first reducing them 



t o  a s e t  of ordinary d i f f e r e n t i a l  equations,  i f  t h i s  can be 

done. A s  a f irst  s t e p  i n  t h a t  program t h e  equations a r e  

normally transformed from (x, y) coordinates  t o  (5 , q) , o r  

boundary layer coordinates .  This  i s  done i n  reference 13 

with  t h e  r e s u l t  t h a t  t h e  transformed spec ies  conservation 

equation becomes ( f o r  t h e  ions)  

i n  which N = pp/pwvw, Le i s  the Lewis number, Pr is t h e  

Prandt l  number, and z+ = c + # ~ + ~ .  The subsc r ip t s  w and 6 

refer t o  t h e  values  on the wall  and a t  t h e  edge of t h e  

boundary l a y e r p  respec t ive ly ,  The coordinate t ransformation 

is given by 

% and dr(= 
dx = '#w"6 ' dy zz * 

The ve loc i ty  va r i ab l e s  af /aq  = u/u, i s  t h e  usual  Blas ius  

variable. The momentum equation becomes 



A s  discussed i n  Hayes and Probstein (Ref. 1 3 ) ,  one can 

now look f o r  a s i m i l a r ,  o r  <-independent so lu t ion  i n  which 

t h e  dependent v a r i a b l e s  a r e  funct ions  of q alone. This 

corresponds t o  a "constant  pressure"  so lu t ion  i n  which 

and c 
+6 

a r e  constants .  f u r t h e r  assumed t h a t  

t h e  condi t ion of frozen flow e x i s t s ,  i . e . ,  t h e  r eac t ion  

r a t e s  a r e  much slower than t h e  r a t e  of  temperature change 

across  t h e  boundary layer .  The ion dens i ty  p r o f i l e  c+(q) 

is then determined by t h e  concentrat ion grad ien t  alone,  

and w = 0.. 
i 

A t  t h i s  po in t  severa l  comments a r e  i n  o rder  wi th  

r e spec t  t o  t h e  a f f e c t  of t h e  "constant  p ressureu  assumption 

on t h e  a p p l i c a b i l i t y  of t he  so lu t ion ,  This assumption is  

equivalent  t o  saying t h a t  a l l  flow p rope r t i e s  a t  t h e  edge 

of  the boundary l a y e r  a r e  only slowly varying, It was seen 

i n  Pa r t  1 sf t h i s  t h e s i s  t h a t  f o r  a re lax ing  gas t h i s  i s  

c e r t a i n l y  not  t r u e ,  Most of t h e  i on i za t ion  of t h e  gas 

t akes  p lace  i n  a very s h o r t  t i m e  and d i s t ance  ( t h e  e lec t ron-  

atom ion iza t ion  regime) and the  "constant pressures '  approxi- 

mation is c e r t a i n l y  not  v a l i d  t he re ,  On t h e  o the r  hand, 

i n  regime H ( s ee  Appendix A of Pa r t  1 ) ,  where atom-atom 

ion iza t ion  dominates, condi t ions  a r e  i n  f a c t  only slowly 

varying,  wi th  t h e  dens i ty  and temperature approximately 

constant  and the degree of  ion iza t ion  increas ing very 

slowly. Since regime I comprises approximately 70% of  

t h e  t o t ah  r e l axa t ion  t i m e ,  the ' lconstant pressure"  



approximation is  expected t o  be  a good one i n  t h e  l i m i t  of  

long r e l axa t ion  times. Also, i f  t h e  i on i za t ion  r e l axa t ion  ' 

t i m e  is extremely sho r t  (say l e s s  than 5 psec) t h e  "constant  

pressure"approximation should be good again, s i nce  i f  

equi l ibr ium condi t ions  a r e  es tab l i shed  quickly  behind t h e  

shock then i n  p r i n c i p l e  t h e  va r i ab l e s  a t  t h e  edge of  the 

boundary l a y e r  w i l l  again be slowly varying. For t h e  

p resen t  d iscuss ion,  which is  motivated by t h e  need t o  

determine t h e  ion dens i ty  f o r  t h e  condi t ions  of i n t e r e s t  t o  

t h e  pre- ionizat ion experiments of Pa r t  1, only t h e  long 

r e l axa t ion  t i m e  case  w i l l  be  considered, i n  which the  flow 

, . ex te rna l  t o  t h e  boundary l aye r  c o n s i s t s  sf a s l i g h t l y  

ionized,  re lax ing  gas with t h e  i on i za t ion  proceeding by 

atorn-atom c o l l i s i o n s  a t  t he  r a t e  ca lcu la ted  i n  s ec t ion  4,2 

of Par t  1. The pressure ,  temperature, and dens i ty  a t  t h e  

edge of t he  boundary l aye r  a r e  then obtained from t h e  shock 

jump condi t ions  f o r  a pe r f ec t  gas.  

Pf i n  equation (11) it is f u r t h e r  assumed t h a t  t h e  

Prandtl  nuniber equals  t h e  Lewis number ( i - e . ,  t he  Schmidt 

number is  u n i t y ) ,  then t h e  equation f o r  z+ i s  the same a s  

t h e  equation f o r  5 9 t h  prime ind i ca t e s  d i f f e r e n t i a t i o n  

with respec t  t o  q), This i s  a l s o  apparent from t h e  . 

untransformed equations (9) and (10) .  With w+ = 0 and the  

pressure  constant  t he  equations a r e  t he  same if p = 

But the Schmidt number S = p/pIIIZt and the re fo re  f o r  S = 1 

the untransformed equations a r e  the'samy. 



Since z+ and f' s a t i s f y  t h e  same d i f f e r e n t i a l  equation 

they a r e  r e l a t e d  by 

i n  which a and b a r e  constants .  The boundary condi t ions  are: 

z+(O) = 0 z+(..) = 1 1 

and 

f' (0) = us/u6 f @ ( = )  = 1 

Evaluating t h e  constants  l eads  to 

where a is t h e  degree of  ionizat ion.  

For a s l i g h t l y  ionized gas the ion  dens i ty  is given 

W i t h  %ur = 1, t h e  momentum equation (12) reduces t o  t h e  

f ami l i a r  Blas ius  equation 

which must now be solved wi th  the following boundary 

condi t ions  



For tuna te ly  t h i s  has a l ready been done by Mirels, 

and t h e  s o l u t i o n  is discussed i n  re fe rence  14,  Mire ls  

p r e s e n t s  t a b l e s  of  f' a s  a  func t ion  of  q f o r  uS/u6 = 1.5, 

2 ,  3 ,  4 ,  5 ,  and 6 .  For a monatomic gas at moderate Mach 

numbers only us/u6 is of  i n t e r e s t  s i n c e  f o r  the Mach 

number range o f  8 t o  16,  us/u6 = 3.89 p lu s  o r  minus a  

maximum d i f f e r e n c e  o f  1.8% (us/u6 equa l s  p 2 / p l t  t h e  

dens i t y  jump ac ross  t h e  shock and f o r  Ms - w i n  a  monatomic, 

c a l o r i c a l l y  p e r f e c t  gas ,  p2 /p I  - 4 ) .  Mire ls  has  a l s o  solved 

t h e  energy equat ion ,  making it pos s ib l e  t o  complete the 

c a l c u l a t i o n  of nJn,6. s i n c e  t h e  p ressure  is cons tan t  

ac ross  t h e  boundary l a y e r  and pT = p6T6. 

The most d i f f i c u l t  p a r t  of t h e  c a l c u l a t i o n  us ing  

e i t h e r  equat ion  (14) o r  (15) is t h e  t ransformat ion back t o  

l abora to ry  coordinates .  FOP Pr = L t h i s  i s  s imp l i f i ed  

somewhat, b u t  t h e  c a l c u l a t i o n  is s t i l l  r a t h e r  tedious .  

The d e t a i l s  o f  t h e  t ransformat ion a r e  presented  i n  re fe rence  

14 and w i l l  not  be  repeated  here.  This  c a l c u l a t i o n  has  been 

c a r r i e d  o u t  f o r  t h e  case  of  Ms = 12 i n  Xenon and t h e  

r e s u l t i n g  ion  dens i t y  p r o f i l e  is  p l o t t e d  i n  f i g u r e  8. The 

ion  d e n s i t y  i n  the boundary l a y e r  n+ (y) i s  normalized by 

the value  a t  t h e  o u t e r  edge of  t h e  boundary l a y e r ,  and n  96 

is ca l cu l a t ed  according t o  s e c t i o n  4,2 of P a r t  1. The 

absc i s s a  is y/6, where 6 is t h e  boundary Payer th ickness ,  

suppl ied  by another  a u x i l i a r y  ca l cu l a t i on ,  This  is  given 

by Rott  and Hartunian ( R e f .  15) as 



i n  which p2 and p 2  are the viscosity and density in the 

external flow (recal l  that N = pp/p& is assumed equal 

to unity for th i s  theory). 



5.2b. Couette flow solution.  

The ion densi ty  p r o f i l e  i n  the  boundary layer  has 

a l so  been calculated by solving the  analogous problem i n  

Couette flow. That i s ,  t h e  upper wall moves,witln ve loc i ty  

u and the  lower wall moves a t  shock ve loc i ty  us. The 6 

wall separation is s e t  equal t o  the  boundary layer  thick- 

ness 6 which is  calculated by equation (17)- The walls  a r e  

assumed t o  extend t.o plus  and minus i n f i n i t y  i n  both t h e  

x and z d i rec t ions ,  and t he  only var ia t ions  a re  i n  the  

y  d i rec t ion ,  perpendicular t o  t h e  walls ,  m e  lower wall  

corresponds t o  y = 0 a s  i n  the  shock tube, The v e r t i c a l  

ve loc i ty  v is zero. Therefore, equations (9) and (10) 

reduce t o  

de+ pD12 d y  = constant 

and 

du 
7 = p 5 = constant = T~ . 

where T is the  shear s t r e s s  and rw is the shear s t r e s s  a t  

t h e  Bower wall ,  

The corresponding energy equation is a l so  q u i t e  

simple (see Ref. 16) 

ru - q = constant = T ~ U ~  - R . 
where q is the  heat  f lux,  

J u s t  using equations (3.8) and (19) and the  boundary 



condi t ions  t h e  s o l u t i o n  f o r  t h e  ion  d e n s i t y  is obtained.  

The r e s u l t  i s  

This  is  p r e c i s e l y  t h e  same a s  t h e  r e s u l t  obtained by 

so lv ing  t h e  transformed boundary l a y e r  equat ions  ( s ee  

equat ion  (15) ) . However, equat ion ( 2 1 )  i s  a l ready  i n  

l abora to ry  coordinates  and t h e  complicated t ransformat ion 

assoc ia ted  w i t h  the previous  s o l u t i o n  has  been e l iminated ,  

Furthermore, t h e  v e l o c i t y  and dens i t y  p r d f i l e s  can be 

ca l cu l a t ed  by hand, making use  of t h e  simple energy 

equat ion (21 ,  r a t h e r  than by a numerical i n t e g r a t i o n  o f  

a nonl inear  d i f f e r e n t i a l  equat ion,  In t h e  de r iva t i on  o f  

equat ion  ( 2 1 )  it was only necessary t o  assume t h a t  t h e  

Schmidt number was a cons tan t ,  

Again assuming t h a t  y is  propor t iona l  Its T ( t h e  same 

a s  assuming N = 1 i n  t h e  previous ca f cu l a t i on )  t h e  v e l o c i t y  

p r o f i l e  i s  given i m p l i c i t l y  by 



where h, is the recovery enthalpy and is given by 

The Couette flow solution for M, = 12 in Xenon, with 

Pr = 1 is also plotted in figure 8. i 



5 . 2 ~ .  Comparison of t h e  so lu t i ons .  

F igure  8  shows a  comparison of t h e  ion  d e n s i t y  

p r o f i l e s  c a l cu l a t ed  by t h e  two methods f o r  a shock Mach 

number of  12 i n  Xenon, and f i g u r e  9 i s  a  comparison of t h e  

corresponding degree of  i on i za t i on  p r o f i l e s .  For y/6 

g r e a t e r  than -05 t h e  agreement i s  q u i t e  good. It is  only 

very  c l o s e  t o  t h e  probe, where t h e  g r a d i e n t s  a r e  t h e  

s t e e p e s t ,  t h a t  t h e r e  a r e  s i g n i f i c a n t  d i f f e r e n c e s  between 

t h e  two s o l u t i o n s ,  and a t  worst  t h e  disagreement is by a  

f a c t o r  of  two. 

It w i l l  be  seen i n  s e c t i o n  5.3 t h a t  wi th  t h e  probe 

b i a s e s  used. ds gene ra l l y  corresponds t o  a y/6 g r e a t e r  

than .O%, As long a s  t h i s  i s  t h e  ease ,  and i n  view of  t h e  

s u b s t a n t i a l  computational s i m p l i f i c a t i o n s  af forded by t h e  

Couette f low s o l u t i o n ,  it seems p e r f e c t l y  reasonable t o  

u se  t h e  ion  dens i t y  p r o f i l e s  based upon t h e  Couette f low 

i n  any f u t u r e  i nves t i ga t i ons .  The p r o f i l e s  have t h e r e f o r e  

been ca l cu l a t ed  f o r  Mach numbers from 8 t o  18  i n  Xenon 

and some sf t h e  r e s u l t s  are p l o t t e d  i n  f i g u r e  10, From 

f i g u r e  10 it is apparent  t h a t  f o r  y/6 g r e a t e r  than -05 

t h e r e  is very  l i t t l e  v a r i a t i o n  i n  n+/n i n  going from +6 

Mach 8 t o  18. Most of t h e  Mach number dependence appears 

i n  t h e  c a l c u l a t i o n  sf t h e  free stream ion dens i t y  n 
4-6' 

The i n i t i a l  p ressure  dependence is r e f l e c t e d  i n  t h e  

c a l c u l a t i o n  of t h e  boundary l a y e r  th ickness ,  



5.3. Experimental  r e s u l t s ,  

Running i n  Xenon and Argon i n  t h e  17"  shock tube  

t h e  ion  d e n s i t y  was measured a s  a  f u n c t i o n  o f  t ime behind 

t h e  i n c i d e n t  shock wave u s i n g  t h e  t h i n - f i l m  gauge as a 

n e g a t i v e l y  b i a s e d  f l u s h  e l e c t r o s t a t i c  probe. The probe 

circuit is sketched below: 
' VB 

[-p'% SCOPE 

For each shock tube  c o n d i t i o n  o f  Mach nurriber and i n i t i a l  

p r e s s u r e  two s h o t s  were made: one wi th  VB = 15 v o l t s .  and 

t h e  o t h e r  w i t h  VB = 45 v o l t s .  The probe a r e a  w a s  measured 

2 t o  b e  .6 c m  . 
I n  reducing t h e  d a t a  a  va lue  of  ds was guessed and 

t h e  temperature and d e n s i t y  a t  t h a t  d i s t a n c e  i n t o  t h e  

boundary l a y e r  were used i n  t h e  c a l c u l a t i o n  o f  ds according  

t o  equa t ion  ( 7 ) .  The c a l c u l a t e d  va lue  o f  ds w a s  t h e n  used 

a s  t h e  second guess ,  and s o  on. The c ross - sec t ions  fo r  

. t h e  ion  mean f r e e  p a t h  c a l c u l a t i o n  w e r e  based on t h e  

r e s u l t s  of m d u r  and Mason (Ref. 17) . The c u r r e n t  I+ i n  

equa t ion  (7 )  is of course  t h e  measured probe c u r r e n t ,  

The r e s u l t s  of two of t h e s e  measurements i n  Xenon 

a r e  included i n  f i g u r e  8. The t r i a n g l e  corresponds t o  

Ms = 12.0 ,  pl = 100 p Hg, and t h e  circle is  f o r  Ms = 11.8. 

p1 = 50 p Hg, Both d a t a  p o i n t s  a r e  f o r  a  b i a s  v o l t a g e  o f  



45 v o l t s  and a  time of 50 psec a f t e r  passage of the  shock. 

This is a  convenient way t o  p lo t  the  r e s u l t s  s ince  the  t i m e  

and i n i t i a l  pressure dependence a r e  absorbed i n  the  normaliz- 

ing fac to r s  n+g and 6.. and a l l  the  data for a given shock 

Mach number can be p lo t ted  on a  s ingle  curve. The da ta  

points  f o r  Ms = 12.0 and 11.8 a re  included on the  same 

p l o t  because of the  weak Mach nuniber dependence, a s  noted 

above. 

With VB= 45 v o l t s ,  ds/6 is grea ter  than .05 and t h e  

Couette flow solut ion i s  acceptable, Under some conditions, 

f o r  VB = 15 v o l t s ,  ds/5 is on the  order of -05 and some 

care  must be taken i n  comparing the  95 v o l t  da ta  with the  

theore t i ca l  p ro f i l e s .  

I n  view of the  approximate nature of the  theore t i ca l  

analyses the  agreement between the calculated and measured 

values of the  ion densi ty  is considered t o  be q u i t e  good. 



VI. SUMMARY AND CONCLUSIONS 

The use of thin-film heat gauges a t  Mach nunibers fo r  

which the shocked gas becomes pa r t i a l l y  ionized has been 

considered both theoret ical ly and experimentallyo ft has 

been demonstrated tha t  the new ef fec t s  observed under these 

conditions cannot be explained simply on the  bas is  of a  

model in  which the conducting gas i s  viewed as providing a  

para l l e l  e l ec t r i ca l  path for  the gauge current,  but rather  

the e f fec t s  are  due t o  the gauge acting more as an 

e l ec t ro s t a t i c  probe than as a heat gauge. From t h i s  point 

of view it is possible t o  account fo r  the qual i ta t ive  

observations of previous experiments, as  well as those of . 

the present experiments. It is  concluded tha t  the gauge 

can be thought of as a "pseudo-electrostatic probew, or  

a  superposition of e l ec t ro s t a t i c  probes a t  a l l  potent ials  

from the gauge voltage t o  ground. 

m i l e  the use of the heat gauge as a  resistance 

thermometer does become limited by the new ef fec t s ,  the 

gauge has been shown t o  provide an accurate measurement of 

the  ionization relaxation time a t  the same time as it 

monitors the shock velocity,  and by the very nature of the  

"probe e f f ec t su  the shock velocity measurement has been 

appreciably simplified, a In addition, by using the thin- 

film as an e lec t ros ta t i c  probe the ion density history 

behind the incident shock is also measured, The conclusion 

is that contrary t o  previous speculation, the thin-film 



gauge is  even more u se fu l  a s  a  d i agnos t i c  t o o l  a t  t h e  

h igher  Mach numbers than it was before  t h e  i on i za t ion  

e f f e c t s  became important. 

The ion dens i ty  sampled by the f l u s h  probe has been 

r e l a t e d  t o  t h e  ion dens i ty  a t  t h e  edge of t h e  shock tube 

boundary l a y e r  by c a l c u l a t i n g  t h e  ion dens i ty  p r o f i l e  two 

d i f f e r e n t  ways: f i r s t  by an approximate so lu t ion  of t h e  

transformed boundary l aye r  equations,  and secondly by 

so lv ing  tho , equ iva l en t  Couette flow problem. The r e s u l t s  
/ 

of t h e  two so lu t ions  have been found t o  be  i n  good agreement 

with each o t h e r ,  e spec i a l l y  i n  t h e  region of t h e  boundary 

l a y e r  sampled by the  probe, The Couette flow so lu t ion  is 

recommended f o r  any f u t u r e  app l ica t ions  of t h e  technique 
. - 

i n  view of t he  computational s imp l i f i ca t i ons  involved. 

Ion number d e n s i t i e s  have been measured i n  t h e  17" 

shock tube i n  Xenon and Argon and t h e  measured values  a r e  

i n  good agreement wi th  t h e  t h e o r e t i c a l  p red ic t ions .  This 

agreement not  only checks t h e  consistency of t h e  

experimental technique and t h e  ca lcu la ted  ion dens i ty  

p r o f i l e s ,  b u t  it a l s o  serves  a s  an important check on t h e  

method of c a l c u l a t i n g  t h e  ion dens i ty  i n  t h e  ou te r  flow 

according to sec t ion  4-2 of Par t  1 s f  t h i s  t h e s i s ,  Since 

t h e  ca l cu l a t i on  of t h e  conductivi ty of t h e  pre-ionized, 

r e l ax ing  gas  was based on these  t h e o r e t i c a l  values  of 

n  +ti' it was important t h a t  some experimental v e r i f i c a t i o n  

sf  the ion  dens i ty  be provided, 
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. BALLAST RESISTOR 

RFILM AC COUPLED OUTPUT t 
( a )  I3EAT GAUGE CIRCUIT. 

71---- 
LAMINAR TURBULENT 

THIN-FILM 
HEAT GAUGE 

(b)  BOUNDARY LAYER IN SNOCK-FIXED COORDTMATES, 

TIME 

20p see 

( c )  TYPICAL HEAT GAUGE OUTPUT, 

Fipre  P, Thin-film heat gauge circuitry and output in 
shock tube wall boundary layer, 



- 
(a) Two gauges SO crn apart. Negative 

gauge voltage. Sweep rate 
50 wscc/cm, left to right: 
sensitivity:10 mv/cm. Ms = 7.8, 
pL = 100 )L Hg of Argon. 

(b) Positive gauge voltage. Sweep rate 
100 p,sec/crn, left to right; 
sensitivity: upper beam 10 mv/cm; 
lower beam 5 mv/cn. Ms = 7.1; 
pL = 100 Hg of Argon. 

Figure 2. 'Thin-film heat gauge outputs with no 
ionization e f f e c t s .  



li- 



(a) Gauge voltage 6 . 5 ~  negative- 

.. . 

(b) Gauge voltage 6 . 5 ~  posit ive.  

Figure 4 ,  Thin-film heat  gauge o u t p u t  fo r  opposite 
gauge voltages on successive Ms = 32,7 

r shots into 25 & E3g o f  Xenon. Sweep 
rate 100 psec/crn, left t o  r i gh t .  
Sensitivity: upper beam 200 mv/crn; 
lower beam PO0 mv/cm. 
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Figure 7. F l u s h  Electrostatic Probe Output as a F u n c t i o n  of Bias voltage. 
Ms = 12.7, pl 25 LL llg of XFIIOII. Sweep Rate 50 psec/cm, l e f t  to r i g h t .  





BOUNDARY LAYER 

COUETTE FLOW 

FOR 
Ms = I2 IN XENONd 

F i q u r e  9, Deqrcc of i cn i .za t ion  in. tile boundary layer. 




