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ABSTRACT 

E lec t r i ca l  precursor phenomena under a broad spectrum of con- 

d i t ions  have been studied with a poten t ia l  probe suspended i n  a metal 

shock tube These data were supplemented w i t h  qua l i ta t ive  biased 

probe measurements. Strong negative signals were observed with the 

poten t ia l  probe from one t o  two shook-tube diameters ahead of argon 

shocks 

(Ms = 1005 t o  159 p1 = 5 Torr),  Photoemitted electrons from the shock 

tube and probe surfaces were obsemed far ahead (meters) of both argon 

and nitrogen shock waves. 

impurity gases was detected ahead of very strong ( M  > 1 4 )  shocks i n  

argona The shbck heated t e s t  gas, as opposed t o  the combustion dr iver  

gases, was determined t o  be the radiat ion source f o r  the above radiat ive 

phenomena. No precursors were obsemed i n  helium f o r  Ms < 9,2 and 

pl = 5 Torr. 

Mach number (6,5 t o  9.0) argon experimental r e s u l t s ,  The model couples 

very small scale e lectron diffusion a t  the t rans la t iona l  shock f ron t  

w i t h  simple, but three dimensional, e l ec t ros t a t i c s  This model predicts  

the observed precursor-potential p rof i le  i n  terms of a dipole type 

s t ructure  a t  the t rans la t fona l  shock front..  

(Ms = 6.5 t o  16, p1 = 2 e 5  t o  10 Torr) and nitrogen shocks 

Photoionization of the test  gas and/or 

S 

- 
A theore t ica l  model was formulated t o  explain the low 
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1 INTRODUCTION 

E lec t r i ca l  e f f ec t s  which precede strong shock waves are  

called precursors, and are  of par t icu lar  i n t e re s t  here We are  concerned 

with shock-wave precursors i n  conventional shock tubes, i . e . ,  we exclude 

phenomena associated w i t h  e le  ctro-magnetically driven and high-energy, 

s o l  i d-expbo s ive - d r  iven f a  c il it i e  s 

much a t ten t ion  by both experimentalists and theoret ic ians  since 1937. 

For those readers who are  not famil iar  w i t h  shock-tube precursor phenomena, 

a comprehensive review of the experimental and theore t ica l  work reported 

previously i s  given i n  Appendix A. The r e su l t s  of work presented t o  date 

a re  somewhat coarlfusing. One reason f o r  this  s t a t e  of a f f a i r s  i s  the 

l imited range of parameters considered and the qua l i ta t ive  nature of 

most of the experimental datao The second reason i s  the very complicated 

nature of precursorsg t h i s  is  evidenced by the f a c t  t h a t  s ignif icant ,  but 

fragmentary experimental data has been reported that  suggests more than 

one mechanism may play a ro le  i n  shock-tube precursor phenomena. Results 

from argon and xenon experiments have been reported which suggest e lectron 

diffusion, photoemission from the shock tube surface, and photoionization 

of both t e s t  gas and impurity gases a re  a l l  involved i n  the shock-tube 

precursor problem. 

E lec t r i ca l  pre curs or s have r e  ce ive d 

Besides the f a c t  that  precursor phenomena a re  i n t r i n s i c a l l y  

in te res t ing  t o  investigate,  there a re  a t  l e a s t  two very p rac t i ca l  reasons 
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t o  study precursors. The first deals with shock-tube instrumentation. 

Precursor e f f ec t s  usw%ly manifest themselves as spurious noise signals 

from the instrumentation i n  useg examples include piezoelectr ic  gauges, (22 1 

thin-fi lm heat gauges, '23' and capacitance element sensors (24,251 A 

better understanding of the nature of precursors would be a 'valueable aid 

i n  designing shock tube instrumentation. The second reason f o r  t ry lng  

t o  l ea rn  about precursors is  t o  evaluate their influence on other shock- 

tube experimental r e su l t s .  An example case would be the shock-tube 

investigation of ionization relaxat ion i n  pure gases Indeed, a thorough 

understanding of precursor phenomena m y  be a d i rec t  a id  t o  constructing 

k ine t ic  models f o r  such relaxat ion phenomena, h y  of the above comments 

J u s t i f i e s  fur ther  investigation of precursors 

O u r  expe rken ta l  obgective i n  the work presented here i s  

t o  obtain a broader view of shock-tube precursor phenomena. Chapter 2 

sf th i s  report discusses an extensive se r i e s  of experiments which were 

rfsrmed w i t h  the a b s ~ e  abgective i n  mind. ramezers which were varied 

i n  these experiments include the t e s t  gas, i n i t i a l  pressure, Mach number, 

length of the shock tube, and the dr tver  technique. Quantitative poten t ia l  

measurements were made with a wire-mesh electrode suspended i n  the  shock 

tube These measurements were supplemented with qualitative biased probe 

taken during the same experiments" The l a t t e r  data served t o  a id  

i n  the in te rpre ta t ion  of the poten t ia l  measurements 

O u r  experimental data varif i e s  that e lectron diffusion, 

photoemissfon from the s b e k  tube surfaces, and photoionization of the 

t e s t  gas or impurity gases ea11 play some ro le  i n  precursor phenomena i n  

and nitrogen experimentso We observed no precursor phenomena i n  

helium experiments far p = 5 Torr and M < 9.2, 
1 s -  
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Our l o w  Mach-number (6.3 t o  9 )  argon experiments indicated tha t  

small scale electron diffusion is  responsible f o r  a charge double layer  

i n  the v i c in i ty  of the shock wave. I n  th i s  Mach number range there i s  

no plasma ar i s ing  from photoionization ahead of the shock wave. 

3 is devoted t o  a theoret ical  model of the charge double layer. This 

model is  solved and compared with the experimental datae 

potent ia l  prof i le  ahead of the shock wave is not suf f ic ien t  t o  determine 

a l l  the unknown quantit ies i n  the theore t ica l  model. 

reasonable range of parameters i s  shown t o  give good agreement between 

Chapter 

The experimental 

However, a physically 

theory and experiment 

Chapter 4 of t h i s  report  consists of concluding remarks. The 

l o w  Mach-nurriber precursor study i s  summarized i n  the f i r s t  sectione A 

section of observations and conjectures on higher Mach-number precursors 

i s  included. The f i n a l  section presents the w r i t e r g s  perspective on the 

shock-tube precursor problem. 
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2 .  PREXURSOR EXPERIMENTS 

A number of shock-tubeprecursor experiments have been carried 

out i n  the Stanford Aerophysics Laboratory. 

description of the shock tube and pertinent performance data obtained 

simultaneously w i t h  the experiments. 

measurements of i n i t i a l  driven-section pressure and incident-shock 

Mach nmiber. 

Appendix B contains a 

Appendix B a lso discusses the 

In  the following paragraphs w e  present the experimental tech- 

niques employed and the inf*orraation obtained about precursor phenomena 

i n  the shock tube. 

2.1. Experimental Objectives and Technique. 

As stated i n  the introductory chapter, earlier experiments on 

shock-tube precursor phenomena have been l imited i n  scope and often 

qual i ta t ive i n  nature. Our experimental objective i n  the current work 

is  t o  obtain a broader picture of the precursor phenomena# Clearly w e  

must investigate a wide range of incident shock Mach nmibers, a varia- 

t i o n  i n  the i n i t i a l  pressure of the test  gas, and more than one t e s t  

gas. Less obvious but perhaps important, the ro le  of the dr iver  and 

the length of the shock tube must be considered. The crucial  aspect 

though is  the type of measurements t o  be made. The diagnostics employed 
@ 
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must be sensi t ive over the broad spectrum of t es t  conditions suggested 

above, must yield quantitative information, and must be straightforward 

i n  use. The la t te r  requirement is  included i n  order t o  permit a large 

nurdber of experiments t o  be carried out i n  a reasonable length of t i m e .  

The principal diagnostic device used f o r  these experiments 

was a wire-mesh potent ia l  probe suspended inside the shock tube. See 

Appendix C f o r  the rcechanical and electronic  details  of t h i s  probe. 

i s  not obvious tha t  a potent ia l  probe should be employed. In  our case 

it evolved as the most reasonable only through a series of preliminary 

experiments which demonstrated the existence of strong-potential varia- 

t ions  over a distance of a shock tube diameter ahead of the shock wave, 

The shock tube used was a metal one; thus i n  principle, an external  

e l e c t r i c a l  measurement i s  not possible without modifying the e l e c t r i c a l  

It 

boundary conditions somewhere i n  the shock tube. The existence of 

strong-potential variations ahead of the shock compounds the usual 

problems encountered i n  the interpretat ion of biased Langmuir probes 

A major objection t o  the measurement of potent ia l  versus 

measurement of say electron or ion number density ahead of the shock 

is  the natural  d i f f i c u l t y  involved with unfolding the poten t ia l  varia- 

t i o n  in to  other meaningful quant i t ies  such as charge number densi t ies .  

The question can be rephrased a s  t o  ask whether o r  not a physical model 

@an be constructed t o  in te rpre t  the potent ia l  measuremnts e 

is considered i n  Chapter 33 a physical model has been formulated based 

on the observed poten t ia l  ahead of low-Mach-number argon shock waves 

This problem 

A f e w  pertinent f ac t s  on the potent ia l  probe:should be mentioned 

here. A mesh electrode was used t o  minimize the poss ib i l i ty  of compressing 
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precursor charges between the probe and the t rans la t iona l  shocko The 

mesh was suspended by four conducting wire struts,  one of which was 

used t o  e l e c t r i c a l l y  connect the probe t o  the measuring instrumentation. 

The shock tube was set up with a dump tank t o  avoid the extreme environ- 

ment associated w i t h  conditions behind the ref lected shock wave.. This 

i n s t a l l a t ion  allowed us t o  make the mesh electrode disposable, i o e o j  

during each t e s t  the electrode was blown in to  the dump tank and replaced 

with a new one. The potent ia l  measured i s  that which the mesh electrode 

takes on with respect t o  the metal w a l l s  of the shock tubeo The shock 

tube i t s e l f  was careful ly  grounded t o  an outsdde driven ground f o r  

reference. 

and t o  provide suff ic ient  s ens i t i v i ty  over the whole range of' experi- 

mental conditions, a high impedance device was needed. The potent ia l  

vas measured aeross 17 megohms provided by a cathode follower, 

should be noted a t  this time that the mesh-electrode potent ia l  data 

can be considered i n  a quantitative manner only if there is no plasma 

In order t o  insure tha t  the potent ia l  was being measured 

It 

ahead of the shock waveD We w i l l  demonstrate that t h i s  i s  t rue  f o r  our 

low Mach-number argon r e su l t s c  

Biased-probe data w a s  collected simultaneously w i t h  the potent ia l  

datae 

mounted f lu sh  i n  the shock-tube wall (see Appendix C f o r  f w t h e r  de t a i l )  

The biased probe was located 16 inches downstream from the  mesh electrode 

t o  eliminate interference with the potent ia l  measurement, It must be 

emphasfzed that the biased probe is  a qual i ta t iye measurement employed 

only t o  help interpret  the potent ia l  datao 

and negative during the t e s t  program and t e l l s  us whether electrons, ions, 

6 
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or both are  present far ahead of the shock wave. No fur ther  interpre- 

t a t ion  of t h i s  data i s  made. Figure 1 shows a photograph of the shock- 

tube ins ta l la t ion  of the two probes surrounded by the associated instru- 

mentation. 

Figure 2 gives a sample of the data obtained on a single shot. 

We w i l l  discuss t h i s  sample case t o  es tab l i sh  some nomenclature and t o  

i d e n t i f y  some of the prominent features  that appear i n  the data. The 

bulk of the experimental data w i l l  be discussed i n  segments i n  l a t e r  

paragraphs ., 

"Ifhe two t races  on the oscillogram i n  par t  (a) of Fig. 2 are  

labeled "local-potential  data". We use the word "local" t o  denote i n  

the immediate v i c h f t y  of the shock wave:, i .e. ,  one or two shock tube 

diameters. The upper and lower t races  on t h i s  oscillogram are the 

same output of the mesh-electrode potent ia l  probe displayed a t  two 

sweep speeds4 

of the biased-eleckrode output (rapper t race)  and the mesh-electrode 

potential-probe output (middle t race :, from the time the diaphragm 

opens t o  the t i m e  the shock goes in to  the dump tank. 

The "long-time data":, par t  (b) of' Fig. 2, is a record 

The t h i r d  trace 

on the long-time oscillogram is  a t i m e  mark which correlates  the upper 

trace of the local data wi th  the long-time datac 

blank space i n  the time mark correspnnds i n  t i m e  t o  the s t a r t  of the 

upper t race i n  the local-potential  data* 

setup used t o  obtain these t races  i s  given i n  Appendix B. 

The s t a r t  of the 

F u l l  d e t a i l  of the electronic  

It is important t o  es tab l i sh  the time of shock a r r i v a l  a t  the 

mesh electrode i n  the local-data oscillograms. This time could be 

established by calculations which would depend on the shock speed, 

7 



Fig.  1. Photograph of shock-tube in s t a l l a t ion  of precursor 
instrumentat ion. 
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A )  LOCAL POTENTIAL 

2 V ; lOflS/div 

2 V ;  2 ps/div 

BIASED ELECTRODE 

.5 V ;  .5ms/div 
(+5 VOLTS) 

POTENTIAL DATA 
2 V;.5ms/div 

T I M E  MARK 
.5 ms/div 

Fig. 2. Sample of data obtained i n  a single shot. 
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attenuation, t r igger  t i m e s ,  and electronic delay times Rather than 

depend on calculations a d i rec t  experimental determination was made 

This was accomplished by mounting an electrode i n  the center of a 

d ie lec t r ic  end wall on the shock tube along n i t h  a pressure sensor 

(see Appendix C f o r  the de t a i l s  of this  ins ta l la t ion) .  

gauge served t o  place a t i m e  mark on the data corresponding t o  ref lec-  

t i on  of the t ranslat ional  shock wave- 

of a potential-probe response and the output of the pressure gauge. 

T h i s  data establishes that the sharp positive rise i n  the poteht ia l  

data corresponds t o  the a r r iva l  of the shook wave a t  the probe electrode. 

From here on we take the sharp posit ive r i s e  i n  the potent ia l  data as 

a reference point i n  time. It i s  d i f f i cu l ty  t o  assign a precise uncer- 

t a i n t y  t o  t h i s  reference point, but we f e e l  confident t ha t  our determina- 

t i on  is  accurate t o  within a microsecondo For data reduction purposes 

we measure time on the oscillogram from the maximum negative point on 

the trace; our reading accuracy i s  - +.5 microsecondo 

The pressure 

Figure 3 shows an oscillogram 

The very large difference i n  time scales between the long-time 

potent ia l  data and the local-potential  data makes it plausible t o  assume 

tha t  these signals are due t o  different  phenomena. That is, we may 

view the loca l  data as superimposed on the potent ia l  profille exhibited 

by the long-time data. Th i s  assumption i s  made i n  the data reduction. 

We take the constant potent ia l  l eve l  i n  the loca l  data as a reference 

and assign the value zero vol t s  t o  t h i s  level .  

the local-potential  prof l le  as  a continuous sample of a potent ia l  f i e l d  

moving with the shock wave. 

Furthermore we interpret  

10 



UPPER BEAM: 
END WALL POTENTIAL PROBE 
2 V, 5 p / d  iv 

LOWER BEAM: 
PRESSURE GAUGE 
.2V, 5ps/div 

ARGON 
P, =10 TORR 

M,= 8.1 

Fig. 3 .  Oscillogram of end-wall potential-probe response and 
pressure-gauge response. 
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2,2 Local-Potential Measurements 6 

We now proceed t o  discuss the precursor data obtained i n  

some d e t a i l o  I n  order not t o  lose the significance of the individual 

measurements, we w i l l  discuss each measurement as a function Qf a l l  

the parameters considered 

Figure 4 shws t h e e  oscillograms of the loca l  potent ia l  

behavior i n  argon as a function of t f m e  before shock a r r i ~ a l  (sharp 

posit ive r i s e  i n  voltage corresponds approximately t o  shock a r r iva l )  e 

These three se t s  of t races  i l l u s t r a t e  three types of l oca l  behavior of 

the precursar potential .  The first one, labeled Type I, appears for 

a l l  i n i t i a i  pressures when the ks t s  are conducted a t  approximtely 

Mach 7.O0 The Type P I  signal develaps ra ther  abruptly as the shock 

Mach number is  increased beyond a e r i t i e a l  value. 

number increases w i t h  decreasing in i t ia l .  pressureo 

gram shms another development i n  the potent ia l  as the shock Mach number 

is increased fur thero  The Type 111 signal i s  characterized by a 

decreasing magnitude of the negative potent ia l  and increasing spa t i a l  

extentl  

This c r i t i c a l  Mach 

The th i rd  oscil lo- 

A combustion driver vas used t o  generate most of shock waves 

and t h e i r  accompanying precursors i n  these experiments. However some 

of the ~ Q W  Mach-number shocks (with Type I precursor signal) could also 

be generated w i t h  a cold-helium pressure driver. We observed no depen- 

dence i n  the local-potential  prof i le  on the type sf driver employed. 

The biased-electrode data indicates t ha t  when the Type I11 local-precursor 

signal is  observed both electrons and ions can be detected several  

meters ahead of the shock wave. Further information obtained from the 

biased e l ec t  e w i l l  be discussed w i t h  the long-&%me dataa 

12 



R M , = 8 . 1  

I =  2.5 16.2 

ARGON 

24' SHOCK TUBE 

Fig. 4. Local-potential data i n  argon. 



Figures 5 ,  6 9  and 7 present a compilation of reduced local-  

precursor potent ia l  data for argon (P1 = 2 h 3  Torr, 5 Torr and 10 Torr)* 

These data were obtained from oscillograms like those shown i n  Fig. 4' 

The conversion from t i m e  on the photograph t o  distance ahead of the 

shock wave was accomplished by multiplying the measured t i m e  by the 

measured local shock speed. 

paint on the oscillogram, 

Note tha t  the data i s  read from the minimum 

These plots  exhibit  the dramatic change between the Type 1 

and Type I1 precursor signals,  

of the Type 111 precursor. 

exhibits a different  development of the Type I1 signal. 

higher i n i t i a l  pressures the prof i le  seems t o  steepen, come closer 

t o  the shock front, and increase i n  amplitude as  the loca l  Mach number 

increases. The 2!.5 Torr data comes closer t o  the shock f ront  but does 

not steepen and decreases i n  aniplitude 

Figure 6 demonstrates the development 

Rote tha t  the 2,5 Torr data (Fig. 7) 

A t  the two 

Figures 8, 99 and 10 show a sfmflar compilation of data 

taken with the shock tube fourteen f e e t  shorter than that used t o  obtain 

the previbus datao 

value a t  the s t a t ion  where the data was taken. In  the process of taking 

The Mach number shown f o r  these cases i s  the loca l  

data with the shock tube a t  two lengths we observed a severe attenuation 

of the shock Mach nmber (see Appendix B). Th6 Mwh number attenuates 

approximately two $per cent per foot,  thus it i s  not c lear  haw ten-foot 

tube data should be compared t o  twenty-four-foot tube resu l t s .  Based 

on the loca l  Mach number each se t  of data shows roughly the same 

behavior, t ha t  i s  potent ia l  prof i les  Type I, 11, and I11 appear. Even 

though we have data for shock waves which have traveled nominally t en  

14 
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Fig. 5 .  Compilation of reduced local-potential  data; 
argon, P 1 = 10 Torr, 24 foot shock tube. 



DISTANCE AHEAD OF SHOCK (CM) 

DISTANCE AHEAD OF SHOCK(CM) 

Fig. 6. Compilation of reduced local-potential  da ta j  
argon, P1 = 5 Torr, 24 foot  shock tube. 
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Fig. 10. Compilation of reduced local-potential  data; 
argon, P1 = 2.3 Torr, 10 foot  shock tube. 
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and twenty-four f e e t  down the shock tube, the severe attenuation problem 

r e s t r i c t s  us from making any quantitative statements about the develop- 

ment of the precursor signal as a function of distance the shook wave 

t rave ls .  However, it i s  of i n t e re s t  t o  note tha t  the loca l  Mach number 

seems t o  determine the type of precursor presentl  For example consider 

a t e s t  where the l o c a l  Mach number i s  10 at  the  ten-foot s ta t ion  and 

attenuates t o  approximately 7 at the twenty-four-foot s ta t ion.  

such a case we observe a Type I1 precrusor a t  the ten-foot s ta t ion  and 

a Type I precursor a t  the twenty-four-foot s ta t ion .  

For 

So f a r  we have shown local-precursor data i n  argon f o r  d i f -  

fe ren t  i n i t i a l  pressures Mach numbers, and two lengths of shock tube. 

To complete t h i s  survey, experiments were perf srmed i n  the twenty-f our- 

foot shock tube i n  two additional gases; helium and nitrogen. No 

precursors were observed i n  5 Torr helium a t  Mach numbers h a g r  5.g9 

7.8, and 9,2. 

A l oca l  precursor similar t o  the Type 1 r e su l t  i n  argon was observed 

i n  5 Torr nitrogen a t  Mach nmbers 10d5, 13.0, and 14*4.  The reduced 

data from these t e s t s  i s  shown i n  F ig4  lla No precursor was observed 

a t  Mach 8,8 with the same i n i t i a l  conditions. 

The nitrogen expriments proved t o  be more interest ing.  

2.3. Long-Time Potent ia l  Measurements 

Figure 12 shows two os@illogr&ms of' the long-time potent ia l  

var ia t ions of the mesh electrode and the voltage output of the biased 

electrode. These are argon results i n  the twenty-four-foot shock tube. 

The biased-electrode (positive bias ,  5 vo l t s )  data i n  Fig. 12a 
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BIASED ELECTRODE 

l V ,  .5ms/div 
(+5 VOLT) 

POTENTIAL DATA 
2V, .5ms/div 

a )  p,= 5 TORR M , = l l . 7  

BIASED ELECTRODE 
(-10 VOLT) 

.5 V, .5ms/div 

POTENTIAL DATA 
2 v ,  .5rns/div 

, = 5  ,= 10.8 

ARGON 
24' SHOCK TUBE 

Fig. 12. Long-time precursor data i n  argon. 
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demonstrates the presence of electrons f a r  ahead of the shock wave. 

After the diaphragn owns, the mesh electrode undergoes a sharp r i s e  

i n  voltage followed by a rapid decay t o  a constant posit ive potent ia l  

u n t i l  the shock wave approaches. The a r r i v a l  of the shock wave i s  

indicated on the potential-data t races  by an arrov. 

a similar mesh-electrode signal, but i n  this  case the biased electrode 

was a t  negative t e n  vol ts .  Zero response from the negatively biased 

electrode, during the time interval  where the mesh-electrode potent ia l  

Figure 12b shows 

varies, indicates that few or  no positive ions were present f a r  ahead 

of the shock. The positive potent ia l  of the mesh electrode coupled 

w i t h  the f a c t  that only electrons were detected suggests a photoemission 

e f f ec to  T h a t  i s  the electrons detected are  photemitted frum the surface 

of shock tube and the surface of the mesh electrode. The positive 

signal from the mesh electrode resu l t s  from the faCt tha t  a f i f t e e n  

megohm resistance was used between the electrode and ground, i . e  . , the 

source of replacement charges. 

scale electron diffusion, one would expect the same biased-electrode 

resultsg however the mesh electrode would develop a negative signal due 

t o  the buildup of electron charge as on a f loa t ing  plasma probe. 

source of' radiation for t h i s  photoemission phenomena remains t o  be 

determined3 the heated combustion-driver components and the shock-heated 

t e s t  gas are two possible sourceso 

For the al ternate  poss ib i l i ty  of large 

The 

We can investigate these poss ib i l i t i e s  by changing the driver 

Using the combustion driver and helium test  

(23.5 ev), (26)  the 

and changing the t e s t  gas. 

gas, which i s  transparent t o  radiat ion down t o  530 

t e s t s  produced no short or long-time potent ia l  signals ahead of the shock 
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waveo This is  strong evidence that the combustion driver does not act 

as  a radiation source for photemitted electrons.  

Further experiments were run w i t h  o r i f i ce s  (1/2 and 3/4 inch 

diameter) placed between the driver gas and argon t e s t  gas. 

orif  ice, besides reducing the s t rength of the shock wave produced (see 

Appendix B), a c t s  a s  a radiation stop t o  the driver.  

r e su l t s  with shacks of the same strength produced with lower combustion 

loading pressures (and no o r i f i ce )  shmed no essent ia l  differences. 

Again, th i s  r e su l t  indicates t ha t  the driver is  not responsible. 

Such an 

Comparing the 

Finally, given the measured time between the posit ive spike 

and the a r r i v a l  of the shock wave a t  the potent ia l  probe, the loca l  

shock Mach number a t  the probe, and assuming the measured attenuation 

r a t e  i s  constant over the length of the shock tube, we can estimate the 

location af the shock wave when the spike appears. This lacat ion turns  

out t o  be approxhately 105 meters from the diaphragm location. 

i s  further evidence tha t  the dr iver  i s  not the source of radiat ion 

producing the photoemission and indicates that the shock-heated t e s t  

gas i s  the source. 

This 

Figure 13 introduces a fur ther  subt le ty  t o  t h i s  problem. This 

f igure compares two experiments with nearly the same loca l  Mach number 

i n  2+5  Torr argon. As  noted on the figure, one r e su l t  i s  with a com- 

bustion driver and the other a cold-helium pressure driver.  Notice the 

very different long-time potent ia l  variations (the local-potential  data 

was prac t ica l ly  ident ical) .  T h i s  a t  first leads us t o  suspect the com- 

bustion process as  the radiation source, but i n  view of a l l  the evidence 

presented above an al ternate  explanation was sought. A reasonable 
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a) COMBUSTION DRIVE 

P,= 2.5 TORR MSz8.3 

b) HELIUM PRESSURE DRIVE 
p,=2.5 TORR M,=8.2 

ARGON 
24'  SHOCK TUBE 

BIASED ELECTRODE 

1 V , . 5  ms/d iv  
(4-5 VOLT) 

POTENTIAL DATA 

2 V , .  5 ms /d iv  

BIASED ELECTRODE 
( + 5  VOLT) 

.5V, .5 ms/div 

POTENTIAL DATA 
1 V, .5 ms/div 

Fig. 13. Comparison of long-time data for combustion and 
cold-helium-driven shock waves in argon. 
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explanation l ies i n  the f a c t  t h a t  the combustion dr iver  causes about 

f i f t y  percent attenuation i n  the shock Mach number over the twenty- 

four-foot length of the shock tube, and t h i s  must be compared t o  an 

attenuation of two or three percent f o r  the pressure drkve case. We 

propose t h a t  the gas heated by a much stronger shock wave gives r i s e  

t o  the radiation which produces the positive spike f o r  the combustion 

shot, whereas the loca l  data r e f l ec t s  the loca l  Mach number and compares 

well w i t h  the loca l  data obtained w i t h  the pressure driTe experiment. 

It i s  interest ing t o  note tha t  the posit ive signal Jus t  before shock 

a r r i v a l  (and Just  before the negative local-precursor signal) is  about 

the same f o r  both cases. 

Figure 14a shows a long-time potent ia l  anomaly i n  a high 

Mach-number argon shot, T h i s  data shows two posit ive peaks separated 

by almost 300 microsecondsg the biased-probe data indicates the presence 

of posit ive ionso We observed th i s  i n  only one t e s t .  The loca l  potent ia l  

signal (not shown here) was Type IIIo The two spikes may indicate tha t  

the shock wave forms, decelerates somewhat, andthenspeeds up. T h i s  type 

( 2 7 )  phenomenon has been observed i n  combustion-driven f a c i l i t i e s  previously. 

Figure 14b shows another feature observed i n  a f e w  argon experi- 

ments. 

seconds ahead of the shock wavea The amplitude of the voltage s t ep  was 

independent of i n i t i a l  pressure but def in i te ly  decreases as  the loca l  

This data shows a sharp f ront  approximately three hundred micro- 

shock Mach number was increased. The time between the s tep  and the shock 

a r r i v a l  a l so  decreased wi th  increasing Mach number. 

Figure 14c is an example of the long-time potent ia l  var ia t ion 

with nitrogen as  the test gas. We note that it i s  quite different  from 
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a) P, .= 2.5 TORR 
N 

BIASED ELECTRODE 
(-20 VOLT 

.1 V,.5ms/div 

POTENTIAL DATA 

2V,.5ms/div 

POTENTIAL DATA 
2 V ,  .5ms/div 

POTENTIAL DATA 

2V, ,5rns/div 

Fig. 1 4 .  Several long-time precursor r e su l t s  i n  the 
24 foot shock tube. 
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the argon resu l t s .  N o  e lectrons were found i n  the nitrogen experiments 

with the same biased-electrode probe and s e n s i t i v i t y  used with similar 

argon eases4 

Fig&e 17 shm s two long-time poten t ia l  measurements taken 

These t races  ahead of argon shock waves i n  the ten-foot shock tube. 

demonstrate two in te res t ing  features  observed i n  the ten-f oot 'tube. 

Figure l3a shows the expected s igna l j  however, it seems t o  be nearly 

f l a t  before the a r r i v a l  of the shock wave, more so than the data obtained 

with the shock tube twenty-four-feet long. The l e v e l  of t h i s  s ignal  

was a consistent 1 vol t  i n  ninety percent of the seventeen shots where 

similar data was taken. 

the posit ive r i s e ,  t h i s  phenomenon occurred i n  four shots with no 

apparent correlat ion t o  i n i t i a l  pressure or shock Mach number. 

Figure l5b shows a strange negative d ip  before 

The long-time data could be presented i n  a more quantitative 

manner a t  t h i s  point; however, i ts  quant i ta t ive worth is  obscure a t  

t h i s  t i m e .  The problem of photoemissionrelates not only t o  the source 

of the radiation, which we w i l l  pursue fur ther  i n  Section 2,4, but a l so  

t o  the nature of the emitting surfaces. 

t h i s  l a t t e r  aspect becomes apparent by examining the amplitude of the 

posit ive spike i n  the long-time poten t ia l  s ignal .  We found t h i s  spike 

i n  the argon r e s u l t s  varied from 1.6 t o  2.8 vo l t s  with no correlat ion 

t o  the shock tube parameters, Mach number and i n i t i a l  pressure. 

time at  which t h i s  spike developed seems t o  be independent of the argon 

i n i t i a l  pressure but does decrease with increasing Mach number. A 

The probable co@lexity of 

The 

rather  large s c a t t e r  was exhibited i n  t h i s  data.  
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a) 10 TORR ARGON M S =  7.7 
5 V, .5 m s/d i v 

b) 10 TORR ARGON M,= 7.5 
5 V  ,.5 ms/div 

Fig. 15. Long-time potential  i n  10 foot shock tube. 



2.4. Further Qualitative Experiments. 

Two radiat ive phenomena have been observed i n  t h i s  experi- 

mental work and have been discussed i n  the above sections. It has been 

f a i r l y  well  established tha t  shock-heated argon can produce s igni f icant  

photoemission from the in t e r io r  surface of the shock tube. A t  high 

Mach numbers some photoionization of impurity gases or the t e s t  gas 

does ex i s t .  I n  t h i s  section we present the results of a qual i ta t ive 

experiment aimed a t  investigating the wave length of the radiat ion 

responsible f o r  the above phenomena 

The shock tube was modified s l i g h t l y  t o  separate the biased 

electrode from the mesh electrode by a diaphragm. 

picture of the by-pass piping which allowed us t o  evacuate both s ides  

of the diaphragm and t o  f i l l  both sections wi th  the same t e s t  gas a t  

the same pressure. The diaphragm was located as shwn on the photograph. 

Figure 16 shows a 

The basic notion of t h i s  experiment i s  t o  i so la te  a pa r t  of 

the shock tube wi th  a window (diaphragm) of known transmission. The 

f i r s t  t e s t  was made w i t h  an aluminum diaphragm t o  check the zero t rans-  

mission l i m i t .  The usual mesh electrode s ignal  was obtained and the 

biased electrode detected no electrons.  
* 

Corning 0211 Microsheet Glass 

(0.020 inch thickness) was used as the next window. 

characterist ics(28) of t h i s  glass  are  reproduced i n  Fig.. 17. 

r e su l t  was again obtained. T h i s  indicates the radiat ion i s  below 

3600 

The transmission 

The nu l l  

(3.44 ev), i.e., i n  the u l t rav io le t .  The experiment was carried 

oqe s t ep  fur ther  t o  a O.ODO5 inch Mylar window, which a l so  gave the n u l l  

* 
ye acknowledge the generosity of Corning Glass Works f o r  supplying a 
suf f ic ien t  sample of t h i s  glass  t o  conduct our experiments. 



Fig. 16. Photograph of shock-tube in s t a l l a t ion  of the precursor 
instrumentation and by-pass piping for qual i ta t ive 
radiation experiment. 

WAVE LENGTH- MILLIMICRONS 
Fig. 17. Transmission char r i s t i c s  of Corning 0211 

Microsheet Glass. 
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r e su l t .  

resu l t ,  the biased electrode s e n s i t i v i t y  was increased by a f ac to r  of 

t en  compared to the e a r l i e r  experiments. 

To guard against the poss ib i l i t y  of not seeing a reduced 

This type of enrperiment could be carr ied t o  more conclusive 

r e su l t s  by going t o  micron th ick  windows (299 ( f i lms) .  

was not pursued i n  the current experimental work. 

However, t h i s  

2 * 5 -  Summary of Experimental Results and Qual i ta t ive Conclusions. 

A n  over-all  view of shock-tube precursor phenomena has been 

obtained. We considered three t e s t  gases: argon, helium, and nitrogen. 

Potent ia l  precursors were found ahead of argon imd nitrogen shock waves. 

With the poten t ia l  probe w e  have ident i f ied  three types of precwsors 

ahead of argon shock waves. The low ch-number-range (6.5 t o  9) po- 

t e n t i a l  p rof i les  ahead of argon shock waves are smooth, s t a r t i n g  nega- 

t i v e  at the shock wave and increasing uniformly toward zero as a func- 

t i o n  of distance ahead of the shock wave. The nemtive amplitude and 

the s p a t i a l  extent increase as the Mach number inereases. These r e su l t s  

a r e  considered extensively i n  the next chapter. The next development 

i n  the argon poten t ia l  p rof i le  occurs a t  %@h numbers and i n i t i a l  

pressures where s ign i f icant  r e a l  gas e f f ec t s  start t o  appear i n  the 

f i n a l  equflfbrium s t a t e o  The poten t ia l  r e s u l t s  a t  these and greater  

Mach numbers change d r a s t i c a l l y  i n  magnitude and shape. F ina l ly  as 

the &ch number i s  increased 'beyand a higher l i m i t  (which also depends 

on i n i t i a l  pressure) a mmked decrease i n  amplitude of the poten t ia l  

and an increase i n  s p a t i a l  extent was observed. Th i s  l a s t  development 
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has been linked w i t h  photoionization of the t e s t  gas and/or impurity 

gases. Figure 18 presents a map i n  Mach number and ini t ia l -pressure 

space for  the argon findings. 

The potent ia l  ahead of nitrogen shock waves behaves i n i t i a l l y  

l i k e  the low Mach-number argon resul ts ,  w i t h  the s ignif icant  f a c t  that 

t h i s  behavior persisted t o  a much higher Mach number (Ms = 13.0). 

Beyond t h i s  Mach number a dras t ic  change occurs both i n  amplitude and 

shape. 

Mach numbers. 

The new shape was not l i ke  the argon shape a t  intermediate 

Photoemission from the potential-probe electrode and shock- 

tube-interior surface was observed a t  large distances (meters) ahead 

of argon shock waves and t o  a lesser  extent ahead of nitrogen shock 

waves. 

radiation source. Because of large shock attenuation e f fec ts  due t o  

the combustion dr iver  these photoemission e f f ec t s  should not be associ- 

ated with the measured loca l  Mach numbers. 

Our experiments indicate tha t  the shock heated t e s t  gas i s  the 

The wave length of" the 

radiat ion responsible f o r  photoemission and/or photoion,ization was deter- 

mined t o  be shorter than 3600 A L  
0 

Experiments were performed with the shock "tube ten-feet and 

twenty-four-feet long* The severe attenuation problem r e s t r i c t s  the 

value of these r e s u l t s I  Therefore, these experiments have not indicated 

whether the precursor-potential prof i les  a re  steady or unsteady i n  the 

shock-wave coordinates 
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It was noted i n  Section 2.2 t h a t  the measured local-potent ia l  

p rof i les  ahead of the shock wave change character as the Mach number 

is  increased. 

Type 5: r e su l t s  where the poten t ia l  p rof i les  are smooth, s t a r t i n g  nega- 

t i v e  a t  the shock wave and increasing uniformly toward zero as a function 

of distance ahead of the shock* The potent ia l  rises sharply t o  a posi- 

t i v e  value during shock passage- The general shape of t h i s  cwve sug- 

ges t s  & charge double layer  or dipole s t ructure  a t  the t rans la t iona l  

shock f ront .  Such 8 st ructure  would r e s u l t  from a s l fgh t  separation 

of ions and electrons due to electron dif"fusion a t  the shock f r o n t *  

This section i s  devoted t o  the low Mach number ( 6 0 5  t o  91, 

3.11 Elec t ros ta t ic  Model. 

To test the above hypothesis we can employ some simple e lec t ro-  

s t a t i c  ideas,  

a dipole disk of radius a.  For charge separation 8 much less than 

x 

Consider first the poten t ia l  on the ax is  of symmetry of 

(see Fig6 19) the poten t ia l  is  

where 



a = charge per uni t  area 

= permitt ivity of vacuum, 

Fig. 19, Sketch of dipole disk,  

This dipole solution is shown i n  Fig. 20d A typical  experi- 

mental-potential prof i le  has been normalized and matched a t  the potent ia l  

minimum point with the dipole solution. Note t h a t  the dipole strength 

parmeter  i s  negative by def ini t ion i n  these considerations so that 
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p/IqoI i s  a positive function. !Phe comparison between the experhent  

and the dipole d isk  solution shows that the measured Potential  falls 

more rapidly than the dipole-disk solution. This i s  presumably due 

t o  the grounded side walls of the shock tube, 

surrounding the dipole disk with a grounded cylinder. The solution, 

for the potent ia l  dis t r ibut ion along the axis of &he cylinder is 

We can show t h i s  by 

exp(-kd a;) 

k a Jl(kaa) ’(’) = ‘ 0  
a=1 a 

where the k a t s  a re  defined by 

J o ( k p )  = 0 

This solution is  a l so  shown i n  Fig. 20. A s  expected, the grounded 

boundary pul ls  the potential  down ’more rapidly. The experimental 

r e su l t  now compares very favorably t o  t h i s  simple analysis. 

this t i m e  that x” = x/a scales the problem. Many improvements can be 

made t o  t h i s  analysis, such a s  accounting f o r  the presence of the probe 

electrode, the square geometry of the shock tube, e t c .  Rather than 

pursue t h i s  analysis f’urther, we take the above resu l t s  as a guideline 

t o  examine the gasdynamic s i tuat ion a t  and ahead of the shock wave t o  

gain insight in to  the behavior of the charged par t ic les  t ha t  leads t o  

a dipole structure.  

Note a t  

Before proceeding, it is worthwhile t o  examine the order of 

magnitude of the quantit ies involved i n  the dipole strength parameter. 

For the experiment shown i n  Fig. 209 the] maximum negative voltage was 1.16 
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volts .  This would correspond t o  

90 = 

the dipole strength: 

Assuming the charge separation is  of the order of the t rans la t iona l  

shock thickness, say 0.1 mm, we f ind the t o t a l  number of e lectrons on 

a dipole disk with an area equal t o  the shock tube cross-sectional area 

is  of the order of 10 . I n  order t o  estimate the degree of ionizat ion 

needed t o  explain this phenomenon we assume t h a t  the l0l1 electrons 

occupy a volume equal t o  the volume of the t rans la t iona l  shock wave. 

3 This volume is approximately 0.25 em . Thus we take the following as 

an estimated electron number density 

11 

1 1  

loLL n e - 4 X -  z *  
cm' 

For the shock tube conditions of 

density behind the t rans la t iona l  

Thus the degree of ionization i s  

in t e re s t  the heavy pa r t i c l e  number 

shock wave is  the order of 10 /cm . 
given by 

17 3 

These rough calculations indicate t h a t  s ignif icant  e l e c t r o s t a t i c  e f f ec t s  

are possible with electron number dens i t ies  very small compared t o  thbse 

observable by common techniques such as the Mach Zehnder interferometer. 
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3.2. Equilibrium Model and Preliminary Analysis. 

Consider a shock wave propagating down the shock tube in to  

quiescent t e s t  gas a t  i n i t i a l  pressure P1 and temperature T1 (room 

temperature). A shock wave propagating in to  a r e a l  gas compresses 

and heats the gas. The gas i n i t i a l l y  behaves l i k e  a perfect gas since 

the t rans la t iona l  degrees of freedom are  excited within a couple col- 

l i s i o n  times. This par t  of the s t ructure  we r e f e r  t o  a s  the t ransla-  

t i ona l  shock and conditions behind it as the "frozen" conditions, 

Excitation of in te rna l  degrees of freedom, dissociation, and ionization 

take many more col l is ions;  hence relaxat ion t o  equilibrium among a l l  

degrees of freedom i s  typif ied by f i n i t e  re laxat ion times. Electron 

production i n  the ra re  gases proceeds i n i t i a l l y  by atom-atom col l i s ions  

and "impurity produced electron" - atom col l i s ions  m%il suf f ic ien t  

e lectrons e x i s t  f o r  electron-atom col l i s ions  t o  be the dominant ioniza- 

t i o n  mechanismd Electron-atom col l i s ions  a re  so e f f i c i e n t  f o r  ioniza- 

t ion ,  that  the approach t o  equilibrium ionization takes on the character 

of a f ron t .  

received much at tent ion.  ( 2 9 2 5 9 3 0 )  

being considered now, the equilibrium degree of ionization i s  small 

and is f a r  back from the t rans la t iona l  shock f ron t  (e.g., M = 8 0 3 9  

The approach t o  equilibrium ionization i n  ra re  gases has 

For the low Mach numbers i n a r g o n  

S 

= 1 Torr, a = .002, a - > 18 em)o Hence f o r  the present work, we are p1 

interested i n  the r e l a t ive ly  few electrons and ions a t  the t rans la t iona l  

shock f ron t .  

To construct a model f o r  the equilibrium dis t r ibu t ion  of 

e lectrons immediately ahead of the t rans la t iona l  shock we assume the 

f o l l m i n g  : 
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The ion diffusion is negligible compared t o  the electron 

d i f  f us ion a 

The electron diffusion does not al ter the macroscopic structure 

of the heavy par t ic le  t rans la t iona l  shock. 

The electrons ahead of the shock are thermalized among t h e m -  

selves a t  temperature T + 

In  addition t o  e l ec t ros t a t i c  and pressure forces the electrons 

ahead of the shock experience a drag force due t o  col l is ions 

w i t h  the neutral  gas. 

e 

It is  unreasonable t o  assume the e l e c t r i c  f i e l d  s e t  up i n  a 

shock tube by electron diffusion i s  one-dimensional. This i s  especially 

t rue i n  the case of a metal shock tube with grounded wal lso However, 

it i s  r e a l i s t i c  t o  assume a high degree of symmetry about the center- 

l i n e  of the shock tube+ For t h i s  reason w e  consider a centerline 

analysis 

We now formulate an ax ia l  electron force balance for a center- 

l i n e  analysfs of the equilibrium dis t r ibu t ion  of electrons,., We take 

our esordinate system as fixed t o  the t rans la t iona l  shock wave with 

positive x ahead of the shock. Figure 21  i l l u s t r a t e s  the model we 

are  considering. W e  consider three forces i n  the ax ia l  direction: 

1) a positive electron pressure gradient, 

the shock experience an e l ec t ros t a t i c  force due t o  charge separation, 

and 3 )  a negative f r i c t i o n  or drag force due t o  col l is ions w i t h  the 

t e s t  gas atoms flowing in to  the shock wave. The ax ia l  force balance 

may be wrt t ten 

2)  the electrons ahead of 
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9 - ene D dne kTe = en e dx 

where 

k = Boltzmann constant 

T = electron temperature e 

n = electron number density e 

cp = e lec t ros t a t i c  potent ia l  

e = magnitude of e lectron charge 

D = drag force/electron charge 

We have assumed the drag term is  funct ional ly  dependent on the ax ia l  

coordinate only through the electron number density. This dependence 

has been expressed e x p l i c i t l y  i n  equation (1) for mathematical conve.- 

nience. The co l l i s ion  model and the dependence of D on the e lec t ron  

temperature, shock speed, and t e s t  gas w i l l  be discussed below. The 

quantity D is  always posit ive.  

It should be noted a t  t h i s  point that t h i s  model deals only 

with electrons which were behind the t rans la t iona l  shock and have 

diffused forward, 

plasma cloud ahead of the shock. If a neutral  plasma cloud does ex i s t ,  

the e lectrons considered here should be viewed as an excess number 

overthose ex is t ing  i n  the cloud. Also t h i s  model should not be confused 

"his does not preclude the existence of a neut ra l  
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with the models of Weymann and Groenig discussed i n  Appendix A. These 

models dea l t  with diffusion from the equixibrium electron f ron t  as 

opposed t o  the t rans la t iona l  shock f ron t  considered here. 

There are several  physical consequences of equation (1) which 

we can explore with our experimental knowledge. A typ ica l  local-potent ia l  

p rof i le  i s  sketched i n  Fig. 22.. Since n i s  always a posit ive function, e 

Fig.  22. Sketch of low Mach-number argon-precursor potent ia l .  

we note the following resu l t s :  

en D e dn 

e dx kT 
e -  - - - -  ahead of the  shock 
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The derivative of equation (1) with  respect t o  x is ,  

dne 2 dn 2 
kTe 7 ne = en 3 + e 2 9 - e D  - 

dx dx dx dx e dx 

o r  
2 e n  

e 

e 2 e 2 n  

e 2 kTe 

2 

kTe T - =  ne en 9+-+- kT e (2 - D)2 
dx dx 

Now we can investigate the inf lect ion point i n  the potent ia l  prof i le ;  

i e e o 9  the point of zero curvature; we f ind  the following r e su l t :  

2 

dx 
L Y . = O  

2 

2 2 d n e  e n  
-.-.--=- (- - D) > 0 e dcp ahead of the shock 2 kTe ax dx 

Lastly we can integrate equation (1) assuming the approximate boundary 

conditions cp = 0 a t  x = 0 and ne = n* a t  x = 0, e 

(4 1 n = n* exp[--- e ( c p  - Dx)] ahead of the shock 
kTe e e 

The f irst  observation t o  be made from the above r e su l t s  is  

can become zero is for the potent ia l  t o  go t o  that the only way ne 

negative i n f i n i t r .  Hwever, we know from our experiments t ha t  the  

potent ia l  is  bounded. This means that specifying n = 0 a t  x = 00 

i s  an incorrect boundary condition and would produce erroneous resu l t s .  

e 
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Results (2) and ( 3 )  show t h a t  a t  the potent ia l  minimum the 

slope of the n prof i le  is negatlve and a t  the inf lec t ion  point in 

the potent ia l  the curvature of the ne prQfile fs posit ive* The posi- 

t i v e  curnature depends on the mgnitude of the drag, Da 

e 

F 

t he  curvature is ve ry la rge  which corresponds t o  a rapid 

n prof i le .  As  the drag and hence the curvature decrease, the ne 

-profile spreads outI 

number density t o  increase asymptatically t o  

y of the 

e 

The a r t i f i c d U  l i m i t  of zero drag causes the 

n*# Figure 23 shows a e 

sketch of these d i f fe ren t  cases- 

Considering the simplified sketch i n  Figure 24 of the experi- 

mental-potential c m e  w e  can estimate the number density of' electrons 

a t  the potent ia l  minimum (nL)o From equation (4 )  we h v e  

and assuming that the drag i s  zeru behind the  shock, the number density 

behind the shock (n:) i s  given by, 

03 e *  n e = n* e exp[~r ;~s  cp J 
e 

thus If 

(2(Pm - DE) I e e - =  o3 e m [ - -  
n kTe e 

We would expect DE << 2qWj therefore we have 
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CO 

For a typ ica l  value of cp say 1 vol t ,  the above r a t i o  is approximately 

IO-* fo r  Te = 5000" K and 10-l f o r  Te = 10000" K. 

It should be noted tha t  the drag or f r i c t i o n  on the electrons 

ahead uf the shock may cause s ignif icant  heating of the electron 

precursor cloud. This  poss ib i l i ty  w i l l  be explored i n  a l a t e r  section. 

In  the above prelimfnary considerations we have leaaed heavily 

on the experimental potent ia l  curves ahead of the shocko The task now 

i s  t o  solve the equilibrium equation sbul taneously with Poisson's equa- 

t ion  t o  find both the electron density and the potent ia l  i n  a consistent 

manner 

3 . 3 .  Approximate Solution t o  the Equilibrium Model. 

In  the l a s t  section of t h i s  chapter we formulated a model 

for the steady-state equilibrium dis t r ibut ion of electrons ahead of the 

shock wave, 

the eenterline of the shock tube i s  the ax ia l  force balanceg 

The governing equation f o r  the electron dis t r ibut ion on 

dn e kTe = en - - enrD ., e dx e 

The in tegra l  of t h i s  equation is 

3 ,B)  n e = nz exp( kTe 
kTe 
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where n* is  the electron nmiber density a t  the x location where e 

erp(x) eDx 
e kTe 

- = -  
kT 

Since both ne(x) and q(x) are  unknwn we must add another equation 

t o  the formulation. Recall from our discussion of the pure electro- 

s t a t i c  model that one-dimensitma1 e lec t ros ta t ics  are  not appropriate 

for t h i s  problem. Thus i n  order t o  complete t h i s  formulation the three- 

dimensional Poissonu s equation 

plus e l ec t ros t a t i c  boundary conditions must be included. Note that 

Cp(x) 

equation. 

t i on  (6) is  a d i f f i c u l t  i f  not impossible problemb 

must be 8 solution, specialized t o  the centerline,  .af the above 

The exact solution t o  Poissongs equation coupled with equa- 

Rather than attempting t o  solve t h i s  d i f f i c u l t  problem we 

w i l l  seek an approximate solutiono 

on the centerline of the shock tube and which takes in to  account the 

three-dimensional nature of the e l ec t ros t a t i c  f i e l d  e For e lec t ros t a t i c  

considerations we w i l l  use cylindrical coordinates with r ad ia l  symmetry. 

The effective radius of the shock tube w i l l  be taken such that the cross- 

sectional area of the cylindrical  tube equals the cross-sectional area 

of the square shock tube. 

We need a solution which is  valid 



We consider a th in  disk of the electron gas i n  the v i c in i ty  

of the shock wave and assume that such a disk may be considered a con- 

ductor and hence an equal potent ia l  surface. Chrge placed on a con- 

ducting disk w i l l  d is t r ibute  itself r ad ia l ly  so that the disk i s  a t  a 

uniform potential .  We a re  interested i n  the potent ia l  f i e l d  along 

the ax is  of symmetry of the charged disk,  

Conducting disk depends on the r ad ia l  dis t r ibut ion 

the e l ec t ros t a t i c  boundary conditions at the edge sf the conducting 

disk.  To construct the potent ia l  due t o  the electron dis t r ibut ion 

ahead of the shock wave we add up the contributions of many charged 

diskso The amount of the charge on each disk depends on i ts  ax ia l  loca- 

t i ono  We take the l i m i t  of an in f in i t e  number of disks, i n f in i t e ly  

thin,  t o  represent the ax ia l  d i s t r f b u t i m  of electrons. The potent ia l  

f i e l d  due t o  the a x b L  dis t r ibut ion of charge is a superposition of 

the disk f i e lds .  This  superposition is  an in tegra l  mer the charge 

dis t r ibut ion weighted by the potent ia l  due t o  each conducting disk.  

The potent ia l  f i e l d  of the 

of charge and hence 

Since we assume tha t  the positi-rre ion diffusion i n  the ax ia l  

direction is  neglibible compared t o  the electron diffusion, we must 

consider the posit ive charge l e f t  behind by the diffusing electrons* 

We assume that these positive charges are dis t r ibuted on a single can- 

ducting disk. A t  the autset  we assume t h i s  disk of positive charge 

is located a t  the t ranslat ional  shock frontg a f t e r  we have solved the 

problem, w e  w i l l  examine t h i s  assumption by moving the disk back from 

the shock s l ight ly .  

a t  the brigin i n  order t o  com@lete t h i s  model., We assume there i s  no 

electron current t o  the shock tube walls, hence there a re  no electrons 

We need t o  know the number of positive charges 
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l o s t  ahead of the shockd With t h i s  assumption overal l  charge neut ra l i ty  

i s  preserved, thus the number of excess ions a t  the shock front  i s  equal 

t o  the number of electrons ahead of the shock. 

We now proceed t o  p u t t h e  above model in to  mathematical form, 

Again considering the axis  of symmetry, w e  l e t  represent 

the e l ec t ros t a t i c  potent ia l  a t  the point x due t o  a uni t  positive 

charge placed on an in f in i t e ly  th in  conducting disk located a t  point 

E o  Then the potent ia l  due t o  the electron dis t r ibut ion along the center- 

l i n e  of the shock tube is  given by 

h( lx-( I )  

The positive charge contribution is  given by 

Combining the posit ive and negative charge contributions, the electro-  

static potential ,  i n  terms of the unknown electron number density d i s -  

tribution, i s  

Before discussing the choice of 

t i on  of the model by subst i tut ing the above expression f o r  

t i o n  ( 6 )  6 

h( lx-E I )  l e t  us complete the formula- 

Cp i n  equa- 

This yields the following non-linear in tegra l  equation 



Combining the integrals  and non-dimensiomlizing the variables yields 

the following compact form of the governing equation 

m 

where 

n e 
e n* e 

m 
n = -  

- 5  5 = -  
a 

eaD A=-- -  
kTe 

2 cen* fia e 

kTe 
B =  

The dimensional constant e is associated with the choice of the 

kernel, k(x,f)o A and B a re  the non-dimensional parameters of the 

problem. We w i l l  discuss the physical significance of A and B 

a f t e r  we have developed a solut ion t o  the non-dimensional prablemo 

- m 2  
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To proceed w i t h  the analysis we must choose a kernel. For 

the present ue ignore the grounded walls of the shock tube and consider 

a charged conducting disk surrounded by f r e e  space. This is a c lass ica l  

problem of e lec t ros ta t ics  which involves mixed boundary conditions ., 

The potent ia l  at point 

(radius, a )  located a t  point 

on the axis  of' symmetry of a conducting disk 

with a uni t  posit ive ch8rge 18 

For t h i s  case 

and 

2 e2 n* a 

kO kTe 
e B =  

The precursor number density prof i le  is now determined by 

m 

I n  Ee = B [ ie(i) [tan -1 (--) 1 - tan -1 (F)] 1 d r  - (10) 
0 X lx-E I 

We can sketch the solution of equation (10) by inspection. 

s ider  the kernel (bracketed terms under the integral)  

represents the ion contribution and the second term represents the 

electron contribution t o  the potential .  Note tha t  a t  x = 0 and 

small x that the ion term i s  greater than the electron t e r m .  But 

f o r  large x the electron term dominates the ion term. The number 

F i r s t  con- 

The first term 
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density must always be positive and we expect it t o  be a decaying 

function of distance away from the or igin-  

x 

Since the magnitude of both the kernel and the nuniber density decay 

away from the origin, we expect the& fo r  very lgrge x the integral  

t e r n  i n  equation (10) w i l l  be negli'gible compared t o  the other term i n  

the equation. x9 

ice.$ I n  n = =-Axa Figure 25 shows a sketch of the expected solution 

drawn' i n  the In Ze/A v s o  x planeQ 

Thus f o r  small values of 

the in tegra l  w i l l  be positive, and negative f o r  large values of x. 

Hence, we expect an asymptotic solution f o r  large 
re w 

e 
fw 

In Se 
A 

N 

X 

\ 

N 

X 

w 

-X 

Figa 25. Sketch of" expected solution t o  eq. 
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A numerical solution of equation (10) has been obtained f o r  

a range of parameters A and B o  See Appendix D f o r  a discussion of 

the numerical analysis of non-linear in tegra l  equations of the form 

shown i n  equation (a),  
numerical calculation a 

Figures 26 and 27 show several  results of the 

W e  note f r o m  these results that the solutions that yield a 

dipole l i k e  s t ruc ture  correspond t o  large values of A.. 

I n  Ze/A VSa 

we can seek an analyt ic  asymptotic solution. 

Since the 
N .=e 

x curves collapse very rap id ly  t o  the solut-fon I n  n /A =-? e 

By expanding the kernel 

around = 0 we can express the poten t ia l  i n  terms of successive 

moments of the electron number density d is t r ibu t ion  ahead of‘ the shock, 

Now it is  straightforward t o  obtain the poten t ia l  f o r  sucees- 

sive approximrations of the d is t r ibu t ion  function. The first approxha- 

t i o n  i s  
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Fig. 26. Results from the  numerical solution of equation (10). 
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The next approxfmation is 

With thts analyt ic  asymptotic solution we can apply the com- 

puter t o  the detailed structure close t o  the shock. The two solutions 

can then be patched together. An exa-le potent ia l  prof i le  obtained 

i n  t h i s  fashion is shown i n  Fig. 280 

The solution shown i n  Fig.  28 presents several d i f f i c u l t i e s  

of interpretat ion+ F i r s t  the potent ia l  prof i le  does riot scale the 

same a s  the experimental prof i les ,  it does not decay rapidly enough. This 

is  presumably due t o  neglecting the grounded walls of the shock tube. 

Note from Fig. 28 that the value of eCp/kTe fo r  t h i s  choice of parameters 

is  approximately -Glo We know from the experimental data tha t  9 is on 

the order of -1 vo l t .  This means t o  match t h i s  theoret ical  potent ia l  

prof i le  t o  an experimental prof i le  t ha t  the electron tewera ture  has 

t o  be approximately 10 electron vol ts .  T h i s  is  an unreasonably hfgh 

electron temperature. We also expect t ha t  the drag on the electrons 

alqead of the shock should not be too large.  The value A = 100 suggests 

that  the electron temperature should be very law if” the drag is  small. 

W e  must view the analysis up t o  t h i s  point as preliminary and 

perhaps applicable t o  a glass shock tube. In  the next section we w i l l  

consider a kernel more applicable t o  the grounded metal-wall shock tube. 
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We w i l l  attempt t o  resolve the interpretat ion of" the parameters by 

comparing the theory to our experimental reseiltso 

3.40 

In Qrder %a imprave %he .zs-mlysis de-eeloped i n  the above 

section we must U L S ~  a kernel i n  equation (8) which r e f l ec t s  the pre- 

sence of the grounded shack tube wallo %hus w e  must surround the eon- 

ducting disk with a gpamded @ylfndera 

ai? symmetry 0% 8 gmnxnded eyllnder & radius 

d isk  located a t  x" = 

%&e: potent ia l  along the axis 

a due to a conducting 

w i t h  as uni t  posit ive charge i s  

where k 8 8  are defined by n 

The amlpis  leading ts t h f s  result is  presented i n  Appendix Ed 

the kernel for  the grounded shock tube case is 

Thus 
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2 
e* n* a e B =  

W 
1 

2~~ kTe m = l  E,, m 

Substi tuting i n t o  equation (8) the governing equation f o r  the precursor 

number density prof i le  is  

N N  

Po m ex.p(-k a 2) - exp(-kna 1x-t I )  n 
l n  ze = B 6 n=l  2 [ kna Jl(kna) 0 

Figures 29, 309 and 31 show several  numerical solutions of equation 

(12), 

Appendix D. 

These solutions were obtained by the method described i n  

Figure 29 i l l u s t r a t e s  the role  of parameter A i n  the solu- 

t ion .  Parameter A a f f ec t s  both the amplitude and shape of the potent ia l  

curve. For comparison t o  the experiment the irrfluence on the shape of 

the potent ia l  i s  most important. Figure 30 examines the solution a t  

A = 10 f o r  several  values of Bo We see that a t  a par t icu lar  value 

of the parameter A9 parameter B a f f ec t s  the amplitude w i t h  very 

l i t t l e  influence on the shape of the potent ia l .  Figure 31 displays 

the electron number density prof i les  corresponding t o  the poten t ia l  

p rof i les  i n  Fig. 30. 
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Fig. 31. Electron number density prof i les  corresponding 
t o  potent ia l  p rof i les  shown i n  Fig. 30. 
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3.5. Parameters A and Be - 
Now t h a t  we have obtained solutions for the grounded shock 

tube i n  non-dhensional f?orm, it i s  appropriate t o  dfscuss the non- 

dimensional parameters of the problemo 

From above, the def ini t ions of A and B a re  

2 e' nz a 
1 3 =  co ~ 

We note t h a t  both A and B may be viewed as  r a t i o s  t o  the electron 

thermal energy- is  the r a t i o  af drag work t o  the electron thermal A 

energy and B fs the r a t i o  of- e lec t ros t a t i c  energy t o  electron thermal 

energy- Parameter B m y  also be viewed as the r a t i o  of the square of 

two ,lengths 

2 

1 h' 

a 
P 

l B =  oo 

' k c - - &  m = l  m 

h = dv = Debye length 
e n* e 

00 
1 

m = l  m 
- N 1.4 k a -  
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Thus 

2 a B = .36 - 
h2 

We can a t  t h i s  point e s t ab l i sh  some rough guidelines on A 

and B f o r  purposes of comparing theory and experiment. It i s  reason- 

able t o  expect a f a i r l y  low electron temperature pa r t i cu la r ly  if the 

electron source a t  the t rans la t iona l  shock i s  a co l l i s iona l  process. 

T h i s  follows from assuming tha t  the energy involved i n  the co l l i s iona l  

process does not exceed by very much the ionizat ion energy of the atom 

or molecule being ionized. With t h i s  i n  mind we expect a large value 

of B due t o  the smallness of the Debye length wi th  respect t o  the 

shock tube radius.  Since the energy t ransfer  beitween electrons and 

neutral  pa r t i c l e s  i s  very small we should expect a small drag force, 

thus a r e l a t ive ly  small value of the parameter A. 

We can a l so  e s t ab l i sh  upper bounds on the electron temperature 

and number density.  W e  assume the electron temperature cannot exceed 

the frozen temperature behind t h e  shock wave and the e lec t ron  number 

density cannot exceed the equilibrium number density.  We expect t ha t  

both these quant i t ies  should not be even close t o  the above l i m i t s .  



3.6. Comparison Between Theory and Experiment 

Our experimental data consis ts  of the shape and magnitude 

of the e lec t ros ta t ic -poten t ia l  p rof i le  ahead of the shock wave f o r  

various Mach numbers and i n i t i a l  pressures. 

Mach number precursor developed i n  the past  several  sections of t h i s  

chapter involves an unknown electron temperature and number density.  

We are  faced w i t h  the f a c t  tha t  our experimental data i s  not suf f ic ien t  

t o  determine a l l  the unknowns i n  the problemo The bes t  we can do w i t h  

the information a t  hand i s  choose a range of parameters which f i t  the 

data and examine the physical consequences of our choice. 

The theory f o r  the low 

In  Section 3.4 we presented parametric solutions f o r  the 

theore t ica l  po ten t ia l  p rof i les  ahead of the shock wave. The A = 10 

solutions have the same shape as the experimental results. Figure 32a 

shows a typ ica l  experiment compwed t o  the theore t ica l  p ro f i l e s  fo r  

A = 10 and B = 400, 10009 5000, and 10,0009 Note fo r  t h i s  comparison 

we have matched the theore t ica l  and experimental minimum potent ia l  

points.  This figure shows t h a t  A = lo9 B = 1000 and B = 3000 

r e s u l t s  give near perfect  agreement and that  

B = 10,000 a re  not far  of f .  The electron temperature corresponding t o  

A = 10 and the above B values is  shown i n  Fig. 32b0 The frozen gas 

temperature f o r  t h i s  experiment is  shown as a dashed l i n e  i n  Fig. 32b. 

We conclude from t h i s  comparison tha t  the choice A = 10 and B = 3000 

is  reasonable f o r  t h i s  typ ica l  experiment. 

A = 10, B = 400 and 

We have found that the range A = 8 t o  1 4  f i ts  a l l  the experi- 

menlcal data as far 88 the shape is  concerned. Figure 33 shows the 
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electron temperature, T , and the charac te r i s t ic  number density, n* 

a s  functions of Mach number f o r  B = 5000. It should be noted t h a t  

t h i s  is  not a unique value for B. A s  i n  Fdig. 32 t h i s  value of B 

i s  a reasonable choice. 

e e' 

Now t h a t  a model f o r  the low Mach-number precursor i n  argon 

has been established, it is  appropriate t o  examine the v a l i d i t y  of our 

poten t ia l  measurement. The reader should r e c a l l  from Chapter 2 that  

the mesh-electrode data was read from the poten t ia l  minimum exhibited 

on the "local" data t races .  

correct if the electron choud ahead of the t r ans l a t iona l  shock does 

not in te r fe re  with the mesh electrode. Note from Fig. 30 tha t  the 

poten t ia l  minimum f o r  A = 10 and B = 5000 i s  roughly one t en th  of 

a shock tube radius away from the  origin.  Figure 31 shows t h a t  f o r  

A = 10 and B = TOO0 the electron cloud i s  concentrated within the 

distance 0.01 of a shock tube radius.  Thus the equilibrium model pre- 

sented above predicts  a poten t ia l  p ro f i l e  ahead of the shock i n  terms 

of a charge d i s t r ibu t ion  which does not in te r fe re  w i t h  the experimental 

determination of the  potent ia l .  

The data can be taken as quant i ta t ively 

Recall that we assumed the posi t ive charge was dis t r ibuted 

r ad ia l ly  on a conducting disk located a t  

f ron t )  i n  the theory. 

eorresponding t o  a low electron temperature has a very smll s p a t i a l  

extent,  we must t e s t  the assumed locat ion of the posi t ive charge. 

Calculations have been performed w i t h  the  ions shif ted back from the 

origin.  W e  f ind  that the poten t ia l  p ro f i l e  ahead of the shock i s  

insensi t ive t o  small changes i n  the  locat ion of the ions. However, 

x = 0 

Since the theo re t i ca l  e lec t ron  d i s t r ibu t ion  

( t rans la t iona l  shock 



quant i t ies  a t  the or ig in  

non-dimensional number density.  For example, sh i f t i ng  the posit ive 

x = 0 are  very sensi t ive,  p a r t i c u l a r l y t h e  

charge back - 01 non-dimensional un i t  reduces the non-dimensional number 

density two orders of magnitude. 

3.7. The Drag Force and Electron Energy Considerations. 

Up t o  t h i s  point we have not postulated a detai led model of 

the electron-neutral  co l l i s ions  which produce drag on ;the precursor 

e lectrons.  

force,  through the  parameter 

the theory t o  the experiment. 

It i s  important t o  examine t h i s  mechanism since the drag 

A, plays a s igni f icant  ro le  i n  matching 

Recall t h a t  the model developed i n  t h i s  chapter assumed a 

steady equilibrium electron d is t r ibu t ion  i n  shock fixed coordinates. 

I n  the shock fixed coordinates we view the t e s t  gas a t  room temperature 

and p as a uniform flow i n t o  the shock wave a t  ve loc i ty  -u . The 1 S 

quantity D i n  the or ig ina l  formulation and i n  parameter A is  the 

drag force per e lectron charge due t o  co l l i s ions  wi th  the incoming 

neutral  tes t -gas  atoms. 

The simplest possible model for  the electron-neutral  co l l i s ions  

i s  the hard sphere model. 

e lectron from a neutral  atom moving a t  the shock speed i s  

The average momentum transfered t o  a s ta t ionary 

m u .  e s  



The quantity D f o r  t h i s  s k p l e  picture  i s  

m u v  e s  
e D =  

- 
where v i s  an average co l l i s ion  frequency whdch depends on the t e s t  

gas number densi ty  and temperature and the electron temperature. The 

parameter A then becomes 

- 
a m  u II 

kTe 

e s  A =  

Figure 34 shows the average co l l i s ion  frequency as a function of Mach 

number f o r  A and Te shown i n  Fig. 33. 

The equilibrium precursor model proposed i n  t h i s  t hes i s  

assumes tha t  the electrons are thermalized a t  a par t icu lar  temperature e 

The model assumes t h a t  t h i s  temperature does not change s igni f icant ly  

i n  the time that it takes the shock wave t o  t r a v e l  one t o  two shock 

tube r a d i i  ( i e e s j  the scale of precursor po ten t i a l )d  

sary i n  the formulation of the model t o  say whether the electron cloud 

ahead of the shock consists of the same electrons f o r  a l l  time o r  t h a t  

the electrons a re  l o s t  t o  the flow behind the shock and replentshed by 

new ones a t  the proper temperatureo 

It was not neces- 

To gain some insight  i n t o  t h i s  aspect we now examine the 

heating of the electrons by the drag forceo  

the energy exchange during the electron-neutral  col l is ions.  If we view 

the electron cloud as a closed system then the electron thermal energy 

change due t o  a co l l i s ion  with a neutral  atom i s  

This amoixnts t o  examining 
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B =5000 

Fig. 34. Electron-neutral col l is ion frequency as a function 
of shock Mach number. 
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2 m u  2 A kTe = - 3 e s  

Thus the energy gained by an electron per un i t  time is  

The fmctional thermal energy gained by an electron i n  the time the 

shock wave t ravels  one shock-tube radius i s  given by 

Thfs heating is not tolerable i n  view of" our assumptions unless a l o s s  

mechanism i s  available 

Several re searchers (295' have observed contlnuum radiation 

a t  the t rans la t iona l  shock front i n  monatomic gases. This  radiat ion 

is  usually assumed ts be due t o  impurity components i n  the t e s t  gas. 

E t  seems tha t  BremsstraMung radiat ion from the precursor electrons 

experiencing collisions may be a source for  this radiation as well as 

the loss mechanism for  the energy gained through cslPEsisns. 

and R a i ~ e r ( ~ ~  ' treat %he problem of Bremsstrahlung radiation from 

electrons experiencing impulsive accelerationso 

one percent of the energy gain indicated above can be accounted f o r  

i n  t h i s  manner. Thus we must assme for the present model that the 

heatad electrons i n  the precursor cloud are  being constantly carried 

Zel'dovich 

We f b d  that less than 
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downstream i n t o  the shocked-gas relaxat ion zone and being replenjshed 

wfth freshly generated las temperature ones.. 

3.8, Comparison Between Metal Shock Tube and Glass Shock Tube Low 

Recall that i n  Section 3.3 Edbwe we sslved f o r  the precursor- 

po ten t ia l  p rof i le  neglecting the presence of grounded shock tube wallsD 

W e  mentioned i n  t h a t  sect ion that  t h i s  %nboundP1 sa lu t ion  may correspond 

t o  a glass  shock tubec Now t h a t  we have determined reasonable values 

for parameters A and B for the grounded shock tube case it is  

appropriate t u  present a comparison between the grounded w d l s  case 

and the ungrounded walls easeo .Figure 35 shows such a comparison for 

A. = 10 rand B = 1000. We note t h a t  the difference i n  shape and extent 

of the precursor po ten t ia l  agrees qua l i t a t ive ly  with the difference 

obsemed by H a l l y e r  (see Figure 39 i n  Appendix A) 
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Fig. 35. Comparison between metal and glass shock 
shock-tube precursor potent ia l  profiles.  
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4b CONCLUDING REMARKS 

In the first section of t h i s  chapter we summarize the low 

Mach number study and resu l t s .  In  the next section we comment on the 

theoret ical  analysis of the higher Elach number experimental resu l t s .  

The l a s t  section is-devbted t o  the writer's perspective on the subject 

of precursorsd 

4.1. Argon Low Mach-Number Precursor Study, Summary and Conclusions. 

We observed a negative potent ia l  prof i le  ahead of argon 

shock waves i n  the Mach number range 6,3 t o  9.0. These signals were 

smooth, s ta r ted  negative a t  the t ranslat ional  shock front ,  and decayed 

t o  zero approximately 1 t o  2 shock tube radii ahead of the shock front .  

Simple e l ec t ros t a t i c  ideas were used t o  lend credence t o  the postulate 

t ha t  these signals are due t o  small scale electron diffusion resul t ing 

i n  a dipole-type s t ructure  a t  the shock front .  

An elementary gEbs dynamic model f o r  the electron d is t r ibu t ion  

ahead of the t ranslat ional  shock wave was formulated. We assumed tha t  

the electron d is t r ibu t ion  and resul t ing e l ec t ros t a t i c  f i e l d  was inde- 

pendent of' t i m e  for  the time interval  required f o r  the shock t o  t rave l  1 

t o  2 shock-tube radii. A n  ax ia l  force balance for the electrons on 

the centerline of the shock tube composed of the electron pressure 



gradient, the e l ec t ros t a t i c  forces due t o  charge separation, and 

f r i c t i o n a l  force due t o  electron-neutral callfsfons ahead of the shock 

wave was formulated, Thfs formulation leads t o  a f irst  order l i nea r  

ordinary d i f fe ren t ia l  equation with two unknowns, the electron number 

density and the e l ec t ros t a t i c  potent ia l ,  

approximate three-dimens9oml model of the e l ec t ros t a t i c  f i e l d o  The 

combined electrostatic-gas dynamic model evolved as a non-linear 

integral  equation f o r  the electron number density prof i le  ahead of 

the shock wave on the centerline of the shock tuBeo The kernel of 

t h i s  integral  equation depended on the choice of e lec t ros ta t ic  boundary 

conditionss Two cases were treated,  first the grounded walls of the 

shock tube were ignoredo A combined analyt ical  and numerical solution 

of the non-linear in tegra l  equation demonstrated that the grounded walls 

must be considered i n  order t o  compare the theory t o  the? experiment. 

The second case included the e f fec t  of gromded shock tube wallsd 

Parametric numerical solutions f o r  this case were presentedo 

This model was coupled t o  an 

E t  was pointed out i n  the w i n  t ex t  t h a t  the experimental 

potent ia l  prof i le  is not suff ic ient  t o  determine a l l  the unknowns i n  

the theoret ical  modelQ Thus we presented a range of theoret ical  r e su l t s  

which agree with the experimental data. ‘The range of theore t ica l  

resfits is not sa large as t o  make them useless. The r e su l t s  are  a l s o  

physbcally reasonable. 

t o  be roughly half the frozen gas temperature behind the t ranslat ional  

The precursor electron temperature turned out 

shock (which is Jus t  s l i gh t ly  higher than the final equilibrium tempera- 

ture  fo r  these l w  shock Mach numbers) s 

s i t y  ( f o e a ,  nmiber density a t  the po$nt where 

The character is t ic  number den- 

ecp(F)/kTe = eDg/kTe) 
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turned out t o  be on the order of' 108/cm3 which i s  three t o  four orders 

of magnitude below the f i n a l  equilibrium nurdber density. 

re la t ive ly  low 

small Debye length. 

found t o  be an important source of heated electrons i n  the relaxation 

zone behind the t ranslat ional  shock waveo 

Of course the 

electron temperature and number density yields a very 

The drag force on the precursor electrons was 

4.2 High Mach Number Shock-Tube Precursor Analysis 

Theoretical consideration of the high Mach number precursor 

data presented i n  Chapter 2 has not been attempted a t  t h i s  time. How- 

ever, we present some conjectures and obseryations which may be useful 

i n  the future.  

potent ia l  prof i le  Ohnges shape, increases i n  amplitude, and decreases 

i n  spa t i a l  extent.. Since photoionization was not i n  evidence, i 9 e m ,  

we found no positive ions with the biased electrode, we suggest that  

the Type II r e su l t  is  an evolution of the e l ec t ros t a t i c  precursor 

postulated i n  Chapter 3 .  

shape of the potent ia l  prof i le  can be attained by increasing both 

parameter A and parameter Be The f la t ten ing  of the prof i le  very 

close t o  the shock could be due t o  e i ther  phohemission f romthe  elec- 

trode surface or  the presence of a th in  layer  of photoionized gaso 

Recall the intermediate, Type 11, r e su l t s  where the 

The general behavior of the amplitude and 

An interest ing 'parallel t o  the present work on the low Mach 

number diffusion aspects of the precursor, where emphasis has been 

placed on the three-dimensional nature of the e l ec t ros t a t i c  fields, 

has been pursued f o r  photoionization precursors. Wetzel (20 )  hs 
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inve$tfgated a one-dimensional photoionization model which considers 

the shock wave as a plane radiat ion source. Dobbins ( 3 3 )  h s  recent ly  

refined the radiat ion absorption considerations and included the three- 

dimensional natelre of the radiat ion f i e l d o  This is  a def in i t ive  s tep  

toward understanding photoionization precursors i n  shock tubes. We 

submit t h a t  t h i s  type model should be combined wi th  the e l ec t ros t a t i c  

f i e l d  resu l t ing  from diffusion a t  the shock f r o n t o  Hopefully a model 

of th& sart would predict  the decay of the e l ec t ros t a t i c  f i e l d  ahead 

of the shock wave and the build-up of a large scale (large compared 

t o  the diffusion scale)  charge d is t r ibu t ion  ahead of the shock wave ., 

4.3 Perspective of Shock-Tube Precursors ., 

~n Sectfan 2 & 6  aboTe we presented a summary of our experi- 

mental r e s u l t s  and qual i ta t ive conclusions To r e i t e r a t e  these r e su l t s  

we note t h a t  our experiments together with our low-Mach-number theore t ica l  

considerations indicate that  smll scale e lectron diffusion, photoemission 

from the shock tube in te r ior ,  and photoionization of the t e s t  gas or 

impurity gases a l l  play a ro le  i n  shock-tube precursor phenomena. 

PrecwsePr experiments t o  date, i nc ludhg  the one reported 

here, have not determined the source of e lectrons f o r  diffusion I n  

the .aiefnity of the shock f ron t  or the species which a re  photoionized 

ahead of the shocko Both these questions m y  be answered i n  terms of 

impurities and/or the t e s t  gas. 

the  shock tube is c l ea r ly  a "noise" phenomenon, ?.e6, an inadequacy of 

Photoemission from the i n t e r i o r  of 

our laboratory f a c i l i t i e s  f o r  the study of shock waves i n t o  quiescent 



M e  submit that the subgect of conventional shock-tube precursors 

should be divided into two categories: -1) e lec t ros ta t ic  potent ia l  

precursors due t o  small scale electron diffusion i n  the .aicinity sf 

the shock wave:, and 2 )  small scale electron diffusion coupled with 

photoionfzation ahead of the shock wave. It remains t o  be seen whether 

precursors are  a feature of shock xave structure or whether they are 

only  associated w i t h  shock-tube production of strong shock waves. 

problem of photoemission we know is associated w i t h  the f a c i l i t y  and 

must be deal t  with or adequately accounted f o r  i n  shock tube experfments. 

The 
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APPENDIX A 

W l E W  OF SHOCK TUBE €'%CURSOR LITERATOTEE 

The following parapaphs are  devoted t o  a review of experi- 

mental and theoret ical  work on shock-tube precursors reported t o  date.  

Data, comments, and r e su l t s  a re  freeay reproduced from the references 

t o  avoid any misconceived interpretations of the work. We first con- 

s ider  the experimental work i n  chronological order of publication. 

We then consider the theoret ical  work by groups which log ica l ly  f i t  

together according t o  the approach t o  the problem. 

Adlo 'Previous Shock Tube Precursor Experimentsn 

Eollyer2(1' i n  the course of developing a new shock tube 

f a c i l i t y ,  observed charged par t ic les  ahead of shock waves i n  monatomic 

gaseso The shock tube consisted of a seamless cold-drawn s t e e l  driven 

section& 

diameter, 

section. 

hydrogen 

The driven section was eight f e e t  long with a two inch inside 

Test sections (length not specified) were added t o  the driven 

Shock waves w e r e  produced with wtgh pressure helium and 

Figure 36 shows a sketch of the two probes used f o r  the pre- 

cursor measurements. The primary inyestigation was carried out a t  

Ms = 9 i n  argon with p < 1 Torr. 1- 



a>  Blunt probe. 

e l ec t ros t a t i c  shield 

b) Electrostat ic  shielded probe. 

Fig. 3 6 d  sketch of mllyeros precursor probes. 

With the blunt probe, Eollyer found a negative signal ahead 

sf the shock with a maximum on the order of -1 volt; when the shock 

the probe the signal  rose sharply t o  a posit ive value. The 

was measured across a l megohm resistrsr connecting the probe 

he grounded shock tube wall. The precursor signal was detected 

proximately 45 ps  before the shock ar r iva l .  

To determ5ne if the posit ive signal is due t o  induction, 

the probe was operated w i t h  a DC: bias  voltaged It was found t h a t  a 

bias of -3 volts was required t o  reduce the signal t o  ZCXQ j u s t  ahead 

of the shock, With th i s  bias  the signal was posit ive a t  the beginning 

of the trace. HolLyer concludes an induced signal could so t  be elimin- 

ated by t h i s  bias0 
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Using the e l ec t ros t a t i ca l ly  shielded probe, a negative signal 

was detected (magnitude not indicated). 

the access hole taped; and a positive bias on the collector increased 

the  negative signalo With a bias of -6 vol t s  no signal was observed.. 

This t e s t  l ed  HolPyer t o  the conclusion that only electrons are present 

outside the access hole. 

may not respond quickly enough t o  produce measureable s ignalsa  

No signal was  observed with 

He does note that the massive positive ions 

The shielded probe was a l so  used f o r  a Mach 12 shot i n  kryptono 

I n  t h i s  t e s t  both positive and negative charges vere detected; the 

signals were a t  a constant leve l  a s  the shock wave approached- 

interprets  these resu l t s  as s ignif icant  photoionization of the krypton 

as  the Mach nurriber is  increasedo Unfortunately no mention i s  made of 

an argon shot a t  h c h  12 t o  be compared t o  the kry-pton resu l t .  

H d l y e r  

There are  two possible sources of electrons by themselves ahead 

of the shock wave: . a )  electron diffusion from the ionized gas behind 

the shock, o r  b )  photoemission electrons from the shock tube wallsa 

Two experiments were run t o  indicate which of these mechanisms was 

operativeo. 

the dis t r ibut ion of electrons and the accompanying e l ec t ros t a t i c  f i e l d  

should be rad ia l ly  dependent. Repeated shots w i t h  the blunt probe 

displaced rad ia l ly  demonstrated no var ia t ion of the signal. Re rea- 

soned that if photoemission is important, a change i n  the work function 

of the walls should change the results. To obtain a s ignif icant  change 

i n  the work function the probe was mounted i n  the l a s t  s i x  inches of 

a t h i r t y  inch glass section. 

s ignalso They are signals corresponding t o  ident ica l  t e s t  conditions, 
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Eollyer reasoned tha t  if electron diffusion i s  important, 

Figure 37 displays two of Hollyer's 



+ V  

a )  M E T A L  TEST S E C T I O N  

b) G L A S S  TEST S E C T I O N  

Fig. 37. Sketch of Hollyer's precursor data.  

89 



the same probe but the first i n  a metal test section and the second 

i n  the g lass  t e s t  section. 

that the signal i s  due t o  photoemitted electronsc 

Hollyer concludes from t h i s  modification 

To test for the effects of photemiss2on from the probk surface, 

the probe area was increased by using a f l a t  disk of radius 7/8  of an 

inch. H c r l l y e r  claims photoemission from the disk occurred when the 

shock was some distance away. In  t h i s  case the oscillbgram trace s ta r ted  

out about 1/2 vol t  posit ive but went negative when the shock approached 

t o  within a few inches of the probe. Presumably a t  t h i s  point the col- 

l ec t ion  of photoelectrons from the walls predominates. In  another t e s t ,  

a disk col lector  w i t h  o n l y t h e  back side exposed l ed  t o  an increase i n  

the collected current by a fac tor  of about f ive .  

Hollyer found his  precursor signals t o  be very much dependent 

upon the gas purity.  

Hollyer found: 

ahead of the shock and reached a maximum of -0.2 vo l t sc  

contaminating the tube by adding air (3$), the s ignal  amplitude decreased 

by a factor  of four. 

could be deitected approximately 45 ps ahead of the shock and the maximum 

amplitude increased by a f ac to r  of f i ve .  

Testing a t  Mach 9 and with the blunt probe, 

1) Mechanical pumping only, a signal appeared about 8ps 

2)  Deliberately 

3 )  Diffusion pumping added, the precursor s ignal  

No quantitative analysis of the experimental data was presented. 

Hollyer points out that these r e su l t s  are prbbably very sensit ive t o  

Mach.number and i n i t i a l  pressure, hence the r e su l t s  should not be 

generalized t o  a l l  strong shock waves. 

Petschek and Byron(*) i n  the course of using e l ec t ros t a t i c  

probes t o  measure ionization relaxation times i n  argon observed a 



p o t e n t i d  J m p  of approximately one vo l t  a t  the t rans la t iona l  shock 

front,  but make no mention of a precursor signala 

In the process of measuring e l e c t r i c a l  conducttvfty behind 

shock waves i n  argon with electrsstatfc probes and magnetic search 

coi ls ,  Lin(3 and co-workers encountered a large eXectrostatfc effect 

associated wi th  the shock waveso A Large precu~"sor voltage s ignal  was 

picked up by eleelr ieal ly  f l  ting probes connected d i r e c t l y  t o  an 

oscilloscope They did not pursue the or ig ia  of t h i s  signal,  but they 

made the noteworthy observation that the voltage seemed t o  be higher- 

f o r  weaker shock %aveso Th i s  work was done i n  a glass  shock tubeo 

Groenig" 1 repor;t;s on spark plug d i s c b r g e  probe measurements 

performed i n  a metal shock -tube.  he shock tube had a ne8 inch square 

~ ~ o s s - s e c t i ~ n  and was 9 d 8  fee5 long0 With the dfsch rge  probe data 

he fnfers  changes i n  eonductfvfty as a function of t h e  'bef5l-e shock 

a r r i v a l *  'The exprfments  vere-perforwd i n  argon with i n i t i a l  pressures 

0.7 t o  10 glgl Hg and a ch nmber range of 6 to 10. m e  response of 

the discharge probe was in the fol lming t h e e  steps; 

acr-os8 the spark gap f irst  drops discontinuously (10-30 e m  ahead 02 

shock) and after 8, iransient 

l) The voltage 

omes to a constant valueo Groening in t e r -  

prets th i s  as Em es.tab1ished discharge in the test gas ahead o f  the 

shock, it i s  triggered by fr-radiatf of the probe by the rad ia t ing  

gas behind the shock, 2)  As  the shock approaches (1-5 em ahead of 

the shack) the voltage decreases rapidly u n t i l  a r r i v a l  of' the shock 

wavea This %a explained as increased conductivity of the gas ahead of 

the s ' h ~ c ~ ~ ,  AS -the shock passes the pmbe the voltage again drops 

due t o  further increase in conductivfty of the shock b a t e d  gas. 

3 )  

By 



changing polar i ty  of the voltage applied over the probe electrodes, 

Groenig concludes the increased conductivity ahead of the shock is  

due t o  electron diffusiono Groenig presents a theory t o  support these 

conclusions, _which we shall review l a t e r  with other theoret ical  t r ea t -  

ments 

has observed e l ec t r i ca l  precursor signals i n  (596) Gloersen 

xenon shock tube testso 

driven glass shock tube , two inches inside diameter, with a driven 

section length of ten  f e e t ,  High puri ty  xenon vas used) the driven 

section was evtaxated t o  pressures l e s s  than 3 X l o  Torro With an 

average leak r a t e  of l e s s  than OD? p/hr9 Gloersen e s t b t e s  an impurity 

leve l  of l e s s  than 5 X lom5 Torr a t  the t i m e  of diaphragm ruptureo 

The p o t e n t h l  ahead of the shock was detected by two rings (2 mm wide 

brass shim stock) external t o  the shock tube connected t o  the cold 

water pipe ground through 1 megohm res i s to r so  A brass  end p la te  con- 

nected t o  ground i n  the same nner vas used as a t h i rd  probe. 

voltage developed across the 1 megohm res i s to r s  was recorded as a 

function of time a f t e r  diaphragm rupture by sscillogram, 

review of Ghersenss  resul ts ,  Figo 38 presents two sketches of his 

experimental data. Traces A and B ere  from r ing  probes located 

100 and 60 centimeters respectively from the end w a l l  of the shock tube. 

Trace C i s  the signal from the brass end wall .  The t races  a re  terminated 

The experiments were conducted i n  a helium 

-6 

The 

To f a c i l i t a t e  

a t  the t h e  corresponding t o  shock a r r i v a l  a t  each 

sured with respect t o  diaphragm rupture 

The first case (a) shows a posit ive s ignal  

a t  the same time, Comparison t o  a photomultiplier 

probe. Time is  mea- 

on a l l  three probes 

output shms that 
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Fig. 38. Sketch of Gloersen's precursor data. 
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these signals appear a t  the same t i m e  radiation from the equilibrium 

region (delayed luminosity) appears behind the shock. 

i s  apparently transmitted a t  the speed of l i gh t .   the arrival of the 

This signal 

shock is  marked by a posTtive rise of the measured potent ia l .  

Case (b), same i n i t i a l  pressure but lower Mach nuniber exhibi ts  

very different precursoy s ignalso A t  th i s  t e s t  condition the delayed 

luminosity d i d  not appear u n t i l  the shock was within 20 cm of the end 

w a l l .  Gloersen does not mention the fac t ,  but the data seems t o  

indicate the p recbso r  has not reached a steady stake i n  the shock 

wave coordinates. 

Glsersen p o s t d a t e s  the positive precursor signals which appear 

simultaneously with the onset of delayed luminosity are the r e su l t  of 

photoemission a t  the probe location; he does not indicate a c lear  in te r -  

pretation as  t o  why they go negative a f t e r  the i n i t i a l  posit ive r i s e .  

He suggests the second type precursors may be due t o  short range radia- 

t i on  phenomena or  diffusion of" electrons. He notes t h a t  an impurity 

luminosity appears i n  a l l  the above eases a t  the t ranslat ional  shock 

front .  It was found that any impurity on the walls caused inconsistent 

e l e c t r i c a l  data even when the luminosity showed no e f f ec t .  I n  a l l  

cases it was possible by suf f ic ien t  cleaning t o  a t t a i n  repeatable 

results. 

of the f i rs t  r ing probe. T h i s  f a i l ed  t o  modify the results i n  any way. 

Wey~mnn'~' reports two experiments on precursors ahead of shock 

A magnetic f i e l d  of 1200 gauss was placed a t  the location 

waves i n  argon. The experiments were performed i n  a pressure driven 

glass  shock tube (dimensions not indicated) however, a length of less 

than ten f e e t  can be inferred from the data), with about 5 Torr of argon 
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i n i t i a l  pressureo Ring e l ec t ros t a t i c  probes external  t o  the shock 

tube were used a t  several statims f o r  the first experimento The 

poten t ia l  of these rings was monitored by Tektronix low capacity 

probes i n  conjunction with an oscilloscope a Negative precursor s ignals  

were observed with a maxim occurring a t  shock arrivald The maximum 

s ignal  varied from -1 volt  f o r  &ch 8 t o  ab 

It was found that the s p e d  of the leading edge of the precursor varied 

approximately inversely w i t h  the square of the t i m e  after i ts  first 

appearance. Also a delay i n  the appearance f the precursor was found 

t o  be a funetion of the diaphragm m t e r f a l d  The second experiment used 

an induction co i l  around the shock tube. Presuming the precursor was 

made up of electrons resu l t ing  from Parge scale e lectron diffusion, 

the flowing electron gasahead of the shock becomes a current t o  an 

observer i n  the laboratory. The form sf the induction voltage indicates 

t ha t  the negative sur~en- t  due t o  electrons diffusing ahead of the shock 

f ront  f i rs t  increases 'then decreaseso This arrangement f a i l e d  t o  work 

t -PO volts for 

- 

below f i s h  12 due t o  noise. 

the electron nmiber density 

10 /em a Weymnn concludes 

he observed. 

a s  

An abstract on work 

At Mach l2, pl = 4 Torr, Wewnn estimates 

ahead of the shock t o  be of the order 

electron. dfffusisn generates the signals 

performed by Weymnn and Trety(8' indicates 

t h a t  using a probe capable of measuring r e l a t ive  densi t ies  of electrons 

and ions, they found e 

ahead of argon shocks, 

For distances between 5 and 50 cm head of the shock they found a much 

1 numbers of ions and eTectrons up t o  5 cm 

They atktsibute this t o  ambipolar diffusion. 
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higher electronl density which decreases exponentialZy with distance 

from the shock. Their theoret ical  treatment indicated t h i s  is  due t o  

free diffusion of electrons a t  a temperature equal t a  the equilibrium 

temperature behind the shock. The abstract  fa i ls  t o  say anything about 

the shock tube, Mach number, i n i t i a l  pressure, or the nature of the probe. 

Holme s (9910) reports on experiments conducted i n  a 13 foot 

glass shock tube, 1 1/2 inch inside diameter with a hydrcrgen dr ivero 

Welding grade argon was the t e s t  gas, the mch number range 9-11? and 

i n i t i a l  pressures of 2 0 5 ,  59 and 10 Yorr- Ring e l ec t ros t a t i c  probes 

and a collecting type probe were used a t  several  s ta t ions on the shock 

tube. The col lect ing probe consisted of a grounded screen f lush  with 

the inside wall of the shock tube backed up by a biased p la te& Eolmes 

theory f a r  the operation of t h i s  probe and indicates ion 

and electron densi t ies  from 10 /cm t o  10 /cm3 could be measured, 

The potent ia l  probes detected negative precursor signals almost simul- 

taneously a t  a11 s ta t ions,  indicating tha t  the precursor propagates 

with 8 speed comparable t o  tha t  of electromagnetic radiation. The 

collecting probes found equal electron and ion density prof i les  which 

increase monotonically with t i m e  as  the shock wave approaches the 

posit ion of the probe. 

160 cm ahead of the shock waved 

9 3  13 

Observable p lasm densi t ies  were obtained up 

The density prof i les  d id  not become 

stat ionary with respect t o  the shock front  a t  distances up t o  310 cm 

f r 5 m  the diaphragm stat ion.  

photoionization of the argon test gas t o  explain h i s  resu l t s .  

discuss h i s  theory i n  a l a t e r  paragraph. 

Kolmes presents a theory of multiple s tep  

We w i l l  



The most recently reported experimental investigation of pre- 

cursors w a s  conducted by Ledermn and WiLson. (l') Using a metal, 0.891 

inch diameter, l o  foo t  long shock tube, they 'have measured electron 

densi t ies  ahead of shock waves i n  argon withLa microwave resonant cav i t y  

techniqueo ch 1009 t o  13.4 and - i n i t i a l  

pressure 1 t o  lQ T rr. With reasonably sized microwave cavi t ies  and 

a 3  an aper8ting frequency of 2d7  b e ,  a sens i t i v i ty  range of 5 x 10 /cm 

t o  1 x 10 /em' was achievedd ~ l e c t P o n  densi t ies  between 1 ~ 7 / ~ ~ 3  and 

1Q8/cm3 were detected up t o  40 cm ahead of the &ock. 

the precwsor was found t o  be la rger  f o r  higher Mach numbers. 

found the precursor velocity t o  be the same as the shock velocity. 

Two experiments were conducted t o  see if diffusion or  photoelectric 

e f f e c t s  produced -the precwseuro 

with holes d r i l l ed  oblique t o  the axis  d the tube. Such a device would 

block radiation but permit diffusion electrons -La penetrate, even if a t  

a reduced rate., The mfcr e cavity detected no electrons behind 

this obstacleo A bdased grid was also Lnserted t o  co l lec t  electrons 

but pass the radiation; t h i s  device biased e i ther  positive or negative 

had no effect  on the precursor. These tes t s  led t o  the conclusion tha t  

photoionization is a t  l e a s t  the major cause of precursor ionization., 

To discredi t  the pcsssibility of' photoemission from the walls of the 

shock tube, ion col9ection probes were inserted which indicated the 

presence of' ions i n  the same quant i t ies  as electrons.  A preliminary 

theoret ical  calculation is mentioned f o r  one step photoionization of 

0,(5 p Eg O2 i n  1 Tam argon) which giwes good agreement with experiment. 

The measurements were made f o r  

18 

The extent of 

They 

The first was t o  inser t  a te f lon  block 
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A o 2  Review of Theoretical Precursor Literature  

Qualitative conclusions drawn from the experiments reviewed 

above indicated three mechanisms f o r  precursor phenomena: 

diffusion, 

i n  the t e s t  gas, and 

Only the f i rs t  two of these poss ib i l i t i e s  have received theore t ica l  

1) electron 

2 )  photoionization of the t e s t  gas or impurities contained 

3 )  photoemission from the shock tube in t e r io r .  

a t tent ion.  

There a re  two categories of e lectron diffusion theories and 

two leve ls  of sophistication i n  each category. 

e lectron diffusion from the t rans la t iona l  shock region. Papers i n  t h i s  

category a re  s p l i t  in to  those which assume a source of charged pa r t i c l e s  

and those which include the chemistry of the charged pa r t i c l e  production. 

The second category i s  electron diffusion from the  ionization f ron t  

which is prominent i n  noble gas shock s t ructure .  T h i s  second category 

also s p l i t s  i n to  papers which ideal ize  the ionization prof i le  and 

those t h a t  include ionization and recombination chemistryl We w i l l  

The f i r s t  category i s  

yeview these theories i n  the order outlined above. 

Wetzel (I2) considers electt'on diffusfon i n  argono He reasOns 

that the electrons i n  the equilibrium region behind the shock wave are 

most l i k e l y  governed by ambipolar diffusion and t h a t  free electron 

diffusion i s  needed t o  produce the experimentally observed precursors. 

Wetzel considers electrons d i r e c t l y  behind the t r ans l a t iona l  shock 

f r o n t D  Furthermore, he postulates these usually low energy electrons 

may be heated by "thermionic 

Wetzel models the electron source as a constantly replenished reservoir  

d i r e c t l y  behind the shock f r6ht ,  For one-dimensional considerations he 

from the equilibrium region. 

98 



collapses t h i s  reservoir t o  a plane electron source, with strength 

proportional t o  the shock speed, located a t  the t rans la t iona l  shockd 

Wetzel points out that if diffusion occurs:, e l e c t r o s t a t i c  space charge 

e f f ec t s  shodd be in@ludedj however, he says that the diffusion should 

be examined before including these ef fec ts ,  thus he ignores them i n  

t h i s  work, 

t o  the steady diffusion equation which is  an exponential i n  terms of 

the shock speed, reservoir  properties,  and the electron diffusion 

coeff ic ien t  

He f irst  presents the equilibrium one-dimensional solution 

Wetzel a l so  performs a t ransient  analysis  with the  plane source 

model, again neglecting e l ec t ros t a t i c  e f f ec t s .  Solving the time dependent 

diffusion equation he demonstrates that the equilibrium solution i s  

recovered as time goes t o  i n f i n i t y a  This solution, turns  out t o  be a 

complimentary e r r o r  function- 

explaining the r e s u l t s  of Weymann's exyeriment, h i s  success was limited 

t o  finding the same unsteady growth r a t e  of the precursor. He was not 

able t o  predict  the shape of W e p n n ' s  r e su l t s  and postulated t h i s  may 

be due t o  saturat ion or sens i t i v i ty  cutoffs associated with the probes. 

Wetzel was par t icu lar ly  interested i n  

Pipkin'13' supposed that eleetrons a re  created by some mechanism 

i n  the v i c i n i t y  of the shock and escape the posi-tive ions i n  the region 

where they are produced., He considers the subsequen-t motion of the 

electrons i n  the upstream region where the posit ive ion densi ty  i s  

negligible.  Pipkin postulates the electron d is t r ibu t ion  i n  the precursor 

region produces an e l e c t r i c  f i e l d  which extends mainly i n t o  the sup- 

rounding space ra ther  than along the tube ax is  (pmxnpted by W e p m ' s  

experiment i n  a glass  shock tube16 m e  voltage t o  ground a t  a given 
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cross-section was estimated by neglecting the ax ia l  component of the 

e l e c t r i c  f ie ldo.  He uses the concept of dis t r ibuted capacitance along 

a conducting wire, which yields a voltage proportional t o  the charge 

on the cross-sectiono He then f inds the ax ia l  component of the e l e c t r i c  

f i e l d  t o  be proportional t o  the electron density gradient. This f i e l d  

then exerts a repulsive force on the electrons which .drives them from 

regions of higher density t o  regions of lower density. 

Pipkin forms a set of governing equations neglecting the pre- 

sence of ions and assuming the neutral. upstream gas forms a medium of 

uniform, constant properties through which the electrons flow In  

dimensionless form the equations of motion involve a single dimension- 

less parameter, e, which Pipkin regards as the r a t i o  of the electron 

t h e m 1  energy t o  the e lec t ros ta t ic  energy, He points out t ha t  when E 

s t o  i n f i n i t y  h is  results reduce t o  Wetzel's results discussed above. 

Pipkin i s  interested i n  small values of E. and the l imit ing value of 

zero 

He finds a l inear  electron dis t r ibut ion f o r  the s teady s t a t e  

E = 0 easeo This i s  essent ia l ly  neglecting the electron pressure 

gradient, Fm small. non-zero values of E, the pressure gradient pro- 

duces a low 

front, which decreases exponent Tally w i t h  distance upstream. 

density dis t r ibut ion of electrons ahead of the E = 0 

Pipkin a l so  considers the time dependent problew For the 

l imit ing case E = 0, assumingthe electron density i s  i n i t i a l l y  zero 

and f o r  time greater than zero the density near the shock is  maintained 

constant; he considers the i n i t i a l  stages of the motion- He f inds  the 

electrons form a wave w i t h  a precise f ront ,  and tha t  the distance 
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between t h i s  f ront  and the shock f ron t  grows as the square root  of 

time, For small non-zero E, he f inds t h a t  the pressure gradient pro- 

duces a v e r y  l o w  density d is t r ibu t ion  of e lectrons extending from the 

E = 0 f ron t  which destroys i t s  sharpness. 

The following paper deals  with electron diffusion i n  the v i c i n i t y  

of the t rans la t iona l  shock i n  argon but includes an electron production 

mechanism. Applet on (14) makes the following assumptions: 1) the flow 

i s  one dimensional and steady when viewed i n  the shock-fixed frame of 

reference, 

equal t o  the downstream equilibrium temperature through the region of 

in te res t ,  and 3)  the diffusion ve loc i ty  of the heavy ions is  so very 

much smaller than tha t  of the electrons that  the ions and neutrals  may 

be regarded as having the same mean flow ve loc i tyo  

2 )  the temperature of the electrons remains constant and 

Appleton employs an electron continuity equation, a posit ive 

ion continuity equation, an equi3Xbriu.m electron f oree balance which 

includes a f r i c t i o n  term due t o  co l l i s ions  with the neutrals,and the 

me-dimensional Poisson equation. A knowledge of the electron produc- 

t i o n  mechanism and the neutral  pa r t i c l e  shock s t ructure  i s  required 

i n  t h i s  formulation. Appleton assumed the presence of e lectrons and 

ions does not influence the s t ructure  of the t rans la t iona l  shock, thus 

he used the Mott-Smith theory f o r  the var ia t ion  of mean flow velocity,  

density, and temperatwe of the neutral  pa r t i c l e s  as a function of 

posi t ion through the t rans la t iona l  shock wave, 

duction mechanism, Appleton employed the experimental r e su l t s  of Ikrwell  

and Jahn. 

For the electron pro- 



Appleton solved t h i s  problem numerically and found that the 

electrons and ions are dis t r ibuted within the heavy par t ic le  shock so 

as  t o  form a charge double layer w i t h  a peak i n  the e l e c t r i c  f i e l d  

intensitywhere electron and ion nunber densi t ies  are  f irst  equal t o  

8 8  one another. 

should be matched t o  a three-dimensional free diffusion "far" solution. 

Appleton views h is  r e su l t s  as  a near" solution which 

Appleton a l so  makes some comments and calculations pertaining t o  

photoionization,- we w i l l  discuss these l a t e r  on i n  this review. 

We now turn t o  papers which deal w i th  e lectron diffusion 

around the ionization f ront .  Pipkin(15) deals wfth a model s i tua t iono  

Be. considers the ion diffusion i n  a stream of neutral  gas i n  steady 

one-dimnsional motion through a zone i n  which ionization takes place 

a t  the small given rate.. With no shock present, and only a small degree 

of ionization, he regards the neutral  atom stream a s  a uniform background 

i n  which the ion diffusion takes place. 

Pipkin found tha t  the small difference between the electron 

density and positive ion density due t o  diffusion i s  such tha t  a charge 

double layer  appears at  the upstream edge of the ionization zone. 

positive layer i s  on the downstream side, the negative layer i s  upstream. 

The 

The e l e c t r i c  f i e l d  was smll everywhere except between the two layers .  

He found the character is t ic  length f o r  decay of the electron density 

is the Debye length, regardless of how large the electron free path 

m y  be. 

Weymann (I6) and Graenlg(4) have presented formulations of a 

rather  comprehensive model f o r  the diffusion of electrons about a s tep  

functton ion prof i le  located a t  the ionization f ront  i n  argon. Both 

analyses f a l l  very short of the model they present. The only solution 
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they obtained was that t o  the one-dimensional steady equilibrium problem. 

T h e B r  force balance includes only the electron pressure gradient and 

the e l ec t ros t a t i c  f i e l d  resu l t ing  from charge separation- Both authors 

mention that  a f r i c t i o n  term due t o  re la t ive  motion between the back- 

ground gas and theelectrons should be includedo Weymann argues that 

t h i s  force i s  small compared t o  the e l ec t ros t a t i c  forces.  Groenig 

includes it i n  h is  equations but says he couldn't solve them so he 

quotes Weymann's so1ution.withou-t t h a t  term. Both authors consider 

the time dependent problem but they neglect e l e c t r o s t a t i c  forces 

Ong and Turcotte (I7' haye presented some analysis on the 

s t ructure  of ionization f ron t s ,  Tbgy consider a non-linear ionization 

wave f r o n t  moving i n t o  a quiescent gas. 

ionizing coll isdsns between electrons and neutralsd The diffusion of 

The f ron t  propagates due t o  

ions i s  neglected compared t o  the  electrons and the temperatures are  

assumed constant. They consider the case of e lectron temperature much 

greater  than the heavy pa r t i c l e  temperature& Their e lectron momentum 

eqmt ion  includes the electron pressure gradient, e l ec t ros t a t i c  forces, 

and f r i c t i o n a l  forces e The formulation includes electron production 

and loss  terms and considers Poisson's equation i n  a se l f  consistent 

manner. For one range of parameters they ver f fy  Pipkin's  prediction 

of a chrarge double layer  imbedded i n  the ionization fromt, 

has performed a perturbation type analysis  on t h i s  Bond (18) 

argon shock s t ructure  solution and has found a charge douBle layer due 

t o  diffusion i n  the ionization f ron t .  

We now b r i e f l y  consider the reports  which deal  w i th  photoioniza- 

t i on  precursors Fe r ra r i  and Clarke (19' have presented an elegant 
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analysis  of radiat ive and co l l i s iona l  ionization processes i n  monatomic 

gases (I Wetzel (20) h s  isolated the precursor photoionization aspect 

of Fe r ra r i  and Clarke's considerations end presents solutions f o r  the 

number density prof i le  ahead of a photon sourceD 

demonstrate that Wetzel's approximation agrees with t h e i r  more compli- 

Fe r ra r i  and Clarke 

cated analysis.  These theordes deal with one-step photoionization, 

L e e o 9  no intermediate excited states are considered i n  the precursor 

region. 

decays much too rapidly t o  predict  the experimental results observed. 

Both theories  demonstrate t h a t  one-step photoionization of argon 
- 

ChapinC2l) i n  a study of argon shock s t ructure  including 

trapped radiat ion and radiat ion cooling also considers the precursor 

He too considers only one-step photoionization i n  the precursor and 

h is  r e su l t s  predict  precursors much too small i n  comparison t o  the 

experiments reviewed 

Holmes(9) examines Fe r ra r i  and Clarke's analysis  and v e r i f i e s  

the above statement, He goes on t o  argue a t  some length tha t  two-step 

photoionization of argon may predict  sa t i s fac tory  precursor prof i les .  

Holmes was unable t o  compiete h i s  calculations due t o  the Lack of 

absorption cross-sections f o r  the excited s t a t e s  of argon. 

As  a f inal  item i n  t h i s  review we mention b r i e f l y  a calculat ion 

by Appleton. (I4) Appleton examines Holmes' experimental r e su l t s  i n  

terms of photoionization of Impurities. He f inds  that it i s  very 

possible t o  predict  these r e su l t s  with one par t  per mill ion oxygen 

impurity assuming the shock heated argon radiates  l i k e  a black body 

with brightness temperature approximately equal t o  ll,OOOo Ko 
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AP'pEN13IX B 

SHOCK- TUBE FACILITY AND PRECURSOR-EXPERIENT INSTALLATION 

Only those features  of the shock tube which are  per t inent  t o  

the present experiments w i l l  be discussed here. 

consists of a s t a in l e s s  s t e e l  dr iver  section, a 4 1/2 inch s t a in l e s s  

s t e e l  t r ans i t i on  section, two 10-foot and one 4-foot extruded aluminum 

sections with square in t e r io r  cross-section (2 inch by 2 inch).  Added 

t o  t h i s  are  the t e s t  sections and a dumpatank or  an end w a l l  ( fo r  

ref lected shock s tudies ) .  

inser t  between the driver section and the t r ans i t i on  section. A 

The basic  shock tube 

The scribed aluminum (2024-0) diaphragms 

stoichiometric mixture of oxygen and hydrogen di luted i n  helium and 

ignited by spark plugs is  the normal dr iver .  The f a c i l i t y  can a l s o  

be used with high pressure helium drives.  

Separate experiments were performed w i t h  10 f e e t  and 24 f e e t  

of the aluminum extrusion. Added t o  thesenominallengths were a 2 foot 

section with appropriate shock detector ports ,  the inser table  probe 

section (see Appendix C ) ,  and an 18 inch section with the biased electrode 

mounted 2.75 inches from the dump tank diaphragm (see Fig. 39). 

liminary experiments were conducted with 20 f e e t  of the extrusion plus 

the shock detector section with the probes mounted i n  an end w a l l .  

Pre- 

The shock tube was diffusion pumped t o  0.1 p Hg or  less pr ior  

t o  each run. The combined outgassing and leak r a t e  was kept t o  4 p Hg/hour 
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a )  Control room and driver section. 

b )  Test section with typical  t e s t  setup. 

Fig. 39. Photographs of Stanford Aerophysics Laboratory 
shock tube with precursor experimental setup. 



or  less. After each shot the shock tube was cleaned with dry cheese- 

cloth. Cleaning with acetone, even with considerable pumping, led  t o  

inconsistent resu l t s  and great ly  erdmnced photoionization ahead of 

shock waves i n  argon. Th$s was at t r ibuted t o  a residue of acetone 

vapors i n  the connecting Joints  between the extruded aluminum sections. 

The data was very repeatable using the dry cheesecloth cleaning proce- 

dure 

Two shock detectors separated by 100 millimeters were used t o  

determine the shock speed. Thin f i h  gauges and barium t i t ana te  crystals  

were employed i n  the low 

The shock t r ave l  time was measured with a O O l  p s  time in te rva l  counter 

(Beckman/Berkeley M0del N o ,  7370B). The emor  i n  the Mach number mea- 

surement was 

and high Mach number regimes respectively. 

The i n i t i a l  pressure of the working gas was measured with a 

0-20 Torr Wallace and Tiernan (Model FA 160) vacuum gauge, calibrated 

by a McLeod gauge (CVC Ty-pe GM ~ C J O ) ~  

i n i t b l  pressure reading were 

The estimated e r rors  i n  the 

f o r  the 2.3 Torr t o  10 Torr t e s t  rangeo 

Figure 40 presents a block diagram of the instrumentation 

set-up used f o r  the precursor experiments. After f i l l i n g  the working 



L 

1 

108 



section of the shock tube with the appropriate test gas t o  the desired 

i n i t i a l  pressure, the dr iver  was loaded with the combustible gases 

and helium. The sequence of events duping an experiment was as follows: 

The ign i t ion  c i r c u i t  w a s  f i r e d  and the accompanying noise s ignal  tr iggered 

a time delay generator (Abtronics Model 200)o  After a delay of 1 t o  

5 milliseconds, dependdng on the dr iver  loading, the d m 1  beam osci l lo-  

scope (Tektronix 551) recording the long-time data was triggered j u s t  

before diaphragm ruptureo A s  the diaphmgm opened and the shock wave 

trayeled down the tube, long-time data from the biased electrode and 

the mesh electrode was collectedo As the  shock wave passed the shock 

detectors  the resu l t ing  signals were amplified (X  30 f o r  piezoelectric 

pressure gauges, X 300 for  t h i n  f i l m  gauges). The time between these 

two signals was recorded by the counter for  the shock speed measurement. 

These signals a l so  tr iggered a proportional t i r n e  delay ( 3 3 )  and one of 

them (depending on the experiment) trfggered the upper beam of the 

pqloealgs data oscilloscope (Tektronix 555)  The lower beam was triggered 

by the proportional t i m e  delay output (preset  t o  put out a t r igger  

pulse a t  a f rac t ion  of the time between the two input pulses) .  

oscilloscope data was recorded with Polaroid 4000 speed f i l m .  

bases were calibrated with a Tektronix 180~ Time Mark Generator. 

The 

A l l  time 

Having performed experiments with three d i f fe ren t  lengths of 

driven section enabled us t o  make a rough determination of the shock 

wave attenuation by comparing the performance of the three tube lengths. 

Figure 4 1  shows p lo ts  of the loca l  shock k e h  number a t  the  t e s t  section 

for  the three Lube lengths versus the r a t i o  of the Pinal pressure of the 
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combustion loading t o  the t e s t  gas i n i t i a l  pressure. 

f igure these r e su l t s  are  fo r  argonb 

only  f o r  the 24 foot  tube t o  i l l u s t r a t e  the scakter and lack of repro- 

duc ib i l i ty  inherent i n  t h i s  type f a c i l i t y o  

tha t  there is  approximtely 2% per foot  attenuation i n  the shock Mach 

number 

A s  noted on the 

The ac tua l  data points are shown 

From these curves we deduced 

111 



APPENDIX C 

M E C W I C A Z ;  AND EL;ECTRONIC DETAIL OF THE PRECURSOR PROBE 

C.1. Mesh-Electrode Potential  Probe 

The potent ia l  probe was designed t o  e f fec t  a measurement of 

the potential  ahead of a shock wave with minimum dis tor t ion  of the 

precursor phenomena. Thhs c r i te r ion  requires a probe:which introduces 

minimal changes i n  the boundary conditions. 

chosen t o  avoid compression of precursor charged par t ic les  between the 

electrode and the shock front .  

c i rcular  piece of bronze wire cloth (200 by 200 mesh)* 

blocked l e s s  than 4% of the shock tube cross-sectional arear  

electrode had t o  be isolated from the shock tube walls, thus a Lucite 

frame was designed t o  support the electrode. 

wire were stretched across the frame9 the electrode was centered i n  

the shock tube and soldered t o  the wires. The frame then formed a 

small seet ion of the shock tube w a l l d  The exposed areac of the luc i t e  

and i ts  depth were minimized t o  preserve a s  closely a s  possible the 

A porous electrode was 

The electrode was a 1/2 inch diameter 

This electrode 

The 

Two pieces of copper 

grounded m e t a l  wall boundary condition. The exposed Lucfte i n  the 

design required the use of a dump tank t o  eliminate shock ref lect ion 

and hence the extreme temperatures and pressures i n  the ref lected 

region. The dump tank also acted as a convenient receiver fo r  the 
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used electrodes.  The luc i t e  frame and the mesh elec%rode were nested 

i n  a small sect ion of the standard shock tube extrusion. An appropriate 

BMC connector was provided t o  make shielded connections t o  the electronic  

instrumentation. 

the probe designo 

view are shown i n  Fig. 43. 

Figure 42 shows an i l l u s t r a t i v e  assembly drawing of 

Photographs of the probe pieces and an assembled 

The high impedance required t o  make a r e l i ab le  poten t ia l  mea- 

surement w a s  provided by a 15 megohm cathode follower shown schematically 

i n  Fig. 44- 

loscope (Tektronix 555 with  Type K, Tgrpe L, and Type G plug-in pre- 

amplifiers) was checked w i t h  a Tektronix Type lo7 square wave generator 

( 3  ns r iset ime) .  

The time response of the cathode follower, cabling, osci l -  

The rise time of the en t i r e  system was 0.1 p s o  

C e 2 ., Biased Ele etrode Probe a 

The biased electrode probe was used only as a charged pa r t i c l e  

detector and thus involved no sophisticated design. The electrode was 

a 1/16-inch-wide s i lve r  s t r i p  (Hanmia s i lve r  paint)  on the end of a 

5/8-ineh-diamter Pyrex rodo 

s i l v e r  s t p i p  from the shock tube wal lo  

dicular  t o  the direct ion of shock wave t r a v e l  and f lush  with the inside 

wall. 

resu l t ing  f romthe  a t t r ac t ion  of charged pa r t i c l e s  i s  a l so  shown i n  

Fig- 450 

The holder shown i n  Fig. 45 isolated the 

The s t r i p  was oriented perpen- 

The simple c i r c u i t  used t o  bias the probe and measure the voltage 



Cogs  End Wall Potential  Probe and Pressure Gauge. 

It was mentioned i n  the t ex t  that several preliminary precursor 

experiments were performed 

i n  the end wall  of the shock tube, This section b r i e f l y  describes a 

representative sample of the apparatus employed i n  these experiments. 

A cross-sectional i l l u s t r a t ion  of the end wall  probes and housing i s  

shown in  Fig. 46. 

electrode on the end of a 5/8 inch diameter Pyrex rod& 

gauge (used only t o  detect  the t ranslat ional  shock wave) is a minature 

version of the ty-pe described i n  reference (3)  Further d e t a i l  on the 

pressure gauge construction is shown i n  Fig. 47. Considerable discolora- 

t ion  of the Lucite end wall was observed a f t e r  exposure t o  the severe 

conditions behind the reflected shock wavea A photograph of the com- 

ponents of the end wall apparatus i s  shown i n  Fig. 48. 

A l l  these experiments employed probes mounted 

The-potential probe was a 1/2 inch diameter s i l v e r  

The pressure 

The e lectronic  c i r cu i t ry  fo r  the end-wall probe is  ident ical  

t o  that used with the mesh-electrode probe. 

gauge electronics i s  shown i n  Fig. 49. 

A schematic f o r  the pressure 
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a )  Probe pieces before assembly. 

b )  Assembled mesh-electrode -potential  probe. 

Fig. 43. Photographs of mesh-electrode-potential probe. 
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output  to 
osc i lloscope 

Fig. 44. Cathode follower with 15 megohm input impedance. 
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LEXAN PRESSURE 
GAUGE BNC CONNECTOR TO 

PRESSURE GAUGE 
ELECTRONICS 

BRASS ELECTRICAL 
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BNC CONNECTOR TO 
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ELECTRONICS 
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Fig. 46. Sketch of end-wall potent ia l  probe and 
pressure gauge assembly. 

/f*;;:;gR / CONDUCTING EPOXY 

UI BRASS 

Fig. 47. Sketch of end-wall pressure gauge. 



Fig. 48. Photograph of end-wall instrumentation. 

Fig. 49. Schematic af capacitive end-wall pressure gauge c i r cu i t .  
Vo i s  kilovolt  voltage supply. Resistance R i s  the 
schematic equivalent of a 15 megohm cathode follower. 
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APPENDIX D 

NUMJZRICAL SOLUTION OF THE PRECURSOR IEJTEGRAL EQUATION 

The following non-linear in tegra l  equation a r i s e s  i n  the low 

Mach-number precursor analysis:  

I n  = B / ge(z) k(z,c) dc - ex” 
0 

The kernel of t h i s  equation i s  a function of the following form 

where f (z)  is non-zero a t  the or ig in  and decreases monotonically 

away from the or igin.  

The first s tep  i n  the numerical analysis of this equation i s  

t o  expand the in tegra l  in to  a f i n i t e  SM. We choose t o  use the trapezoidal 

rule; f o r  n s teps  of s ize  h we have 

f 
f O  + 2) 

b 

2 
j’ f(G) d; = h(- -!- fl + f 2  

2 a 

where 
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fo = f ( a )  

fl = f(a+h) 

f2 = f(a+2h) 

f" = f"(a+nh) n 

I n  the t e x t  we indicated the expected behavior of the solut ion 
N 

t o  equation (1) i n  the ( In  $(f;))/A vs. z plane, where ( In  Ge(Z))/A=x 

is  the asymptotic solution. For numerical purposes t h i s  provides a 

convenient means t o  determine the integrat ion in te rva l  of i n t e re s t .  We 

must carry the integrat ion out t o  x" values such that 

The solutions of i n t e re s t  w i l l  have electrons concentrated a t  

the or igin.  Thus the unknown function w i l l  be a rap id lyvary ing  func- 

t i o n  close t o  the origin.  A very small s t ep  s ize  i s  appropriate close 

t o  the or ig in  but i s  not necessary away from the or igin.  I n  order t o  

keep the computation time a t  a minimum but still r e t a i n  a high degree 

of accuracy, \the integrat ion in te rna l  was broken i n t o  three par t s .  

The s tep  s ize  and nuniber of s teps  i n  each pa r t  i s  controlled by the 

input 

We can now expand the non-linear in tegra l  equation in to  a system 

of non-linear algebraic equations a s  follows : 
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where 

J = t o t a l  number of steps i n  the three integrat ion 
i n t  emal s 

Factors of 1/2 and coeff ic ient  B have been absorbed i n t o  the 

def in i t ion  of k(x9E). 

matrix form as follows: 

N e 4  

This system of equations may be expressed i n  

1 

- A  

>N 

1 X 

N 

X 2 

* 

N 

X # J  



An investigation of the elements of the k(xi9zi) matrix yields 
N N  

the following properties when k(x,E) has the form given i n  equation 

( 2 ) :  

N M  

1) z = O9 k(x,E) = 0 f o r  a l l  2 

N N  

2 )  x" = 0, k(x,E) > 0 fo r  a l l  > o 

The first property reduces the system of' equations by one by eliminating 

the first equation. The k(zigri) matrix with the first row and first 

column deleted has negative diagonal elements which increase i n  magnitude 

from the upper l e f t  t o  the lower r igh t .  

posit ively t o  the r igh t  of the diagonal and decrease t o  the l e f t  of the 

The elements i n  each row increase 

diagonal. All off diagonal elements are  posit ive.  

The reduced non-linear system of algebraic equations may be 

written: 

N N  

q3(ne(xi)) = Ge(x2) k(g3,&) + 0 . 0  f n" (2 ) k(z3,rJ) - G3 - I n  n" ( z  ) = 0 
e J  e 3  
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This system of equations m y  be solved by an i t e r a t ion  scheme. 

We chose the Newton-Raphson i t e ra t ion  procedure ( 3 a  Let $")(Xi) 
'be an approximate solution or i n i t i a l  guess a t  the solution* 

Newton-Ftaphson procedure Bssumes the next apFroximation (f;,) i s  

given by 

The 

are corrections t o  G!*' (2:) ., e where hi 

Now by Twy~sros theorem we have 

T h i s  expansion yields the following system of algebraic equations f o r  

the unknown correetfsns, hi: 



c -  

h2 

hs 

h4 

h 
j 

a 

The above equations are l inear  algebraic equations which may be solved 

exactly. The Crout version of the Gauss elimination method ( T 6 )  w a s  

employed here. With values for  the correcticlhs added t o  the i n i t i a l  

guess, the above l i nea r  system i s  solved again for  new corrections. 

This process is  repeqted u n t i l  the cor rec t fms  Bre negligibly small. 

The i n i t f a l  guess required t o  s t a r t  the above mthod can be 

obtained i n  a t  l e a s t  two ways. 

f o r  values of the paramtem clcwe t o  those desired. This is not 

The f i rs t  i s  t o  input a known solution 
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convenient The second method involves obtaining a function which 

generates an i n i t i a l  guess compatible with the i t e r a t ion  scheme. 

Reference ( 3 6 )  discusses c r i t e r i a  for convergence by i t e r a t ion*  We 

found that the following expression provided a good s t a r t i n g  solution 

where e is  an input constant which i s  made smaller u n t i l  the first 

correction are  a l l  posit ive o r  l e s s  than the i n i t i a l  guess. 

The above method was coded i n  Fortran I V  Level H language f o r  

an IBM 360/67 system. 

l e s s  t h n f i f t e e n i t e r a t i o n s .  

integrat ion intervals ,  f i f t e e n  i t e m t i o n s  plus extraneous calculations 

with the resu l t ing  solution used approximately 0.4 minutes of I B M  360/67 

cent ra l  processing t h e .  

Four decimal place accuracy was obtainable i n  

With a t o t a l  of 40 s teps  i n  the three 



APPE=NDM E 

SOLUTION FOR TliE GROUIDED-SHOCK-TUBE KERNEL 

Consider a grounded cylinder of r a d i u s  a w i t h a  conducting 

disk located a t  x = 0 as shown i n  the sketch below. Since the d i s k  

is a conductor it must have uniform potent ia l ,  say cp = vod The 

0 potent ia l  d i s t r ibu t ion  inside the cylinder i s  given i n  terms of v 

(37) as follows 

where the k ' s  are deffned 

Jo(kja) = 0 * 
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Gaussp law permits us  t o  r e l a t e  the charge d is t r ibu t ion  on the disk 

t o  vo. Gauss’ law may be wri t ten 

a = €  E 0 

or  i n  terms of the poten t ia l  

We f ind  the surface charge density on the disk is  given by 

To f i n d  the t o t a l  charge q we must integrate  over the surface of 

the disk as follows 

a 
q = 21t o r  d r  

0 

Thus we have 

we f ind  

thus we ha,ve 

3-29 



Now we can write the potent ia l  inside the cylinder due t o  charge q 

on the conducting disk as follows 

-k .X 

Figure 50 shows a plot of intermediate sums for the f i rs t  few terms 

of the above solution speeialfzed t o  the ax i s  of symmetry of the cylinder. 

This demonstrates that ffve terms should be retained f o r  a gaod repre- 

sentation of t h e  solution for x" > .25. 
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Fig. 50. Convergence of the grounded-shock-tube kernel. 


