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ABSTRACT 

Boundary Corrections f o r  a Coaxial Three-Coil  

Conductivity/ Velocity Plasma Probe 

bY 

Vikram K. Kinra,  Mas ter  of Science 

Utah State University, 1968 

Major P ro fes so r :  Dr.  Edward W. Vendell 
Department: Mechanical Engineering 

Rossow and Posch have proposed severa l  configurations of immersible  

three-coil  devices that measu re  local  values of e lec t r ica l  conductivity and 

velocity in unbounded conducting fluids a t  low magnetic Reynolds numbers.  

Using a previoilsly tested configuration of th ree  coils mounted on separate  

support rods,  Vendell extended the theory to account for  the presence of a 

finite cylindrical boundary. The present  work is concerned with an im- 

proved probe that fur ther  dec reases  the flow perturbation effects of the 

previous design by mounting the three coils on a single support rod. Cylin- 

d r i ca l  boundary correct ion factors  are computed and compared with experi-  

mental  data taken in cylinders of quiescent electrolyte and the resu l t s  are 

found to ag ree  within 10 percent. 



CHAPTER I 

INTRODUCTION 

Many investigators ag ree  that meaningful measurements  of the 

propert ies  of an  equilibrium plasma are  extremely difficult to obtain due, 

in part ,  to the energet ic  nature of the plasma s t r e a m  and to the ability of 

the ionized gas  to conduct a n  e lec t r ica l  current .  

propert ies  may be measured  b y  means  of interferometry and absorption 

or  emiss ion  spectroscopy techniques using instruments  that are external  

to  the plasma. However, the problem becomes much more  complicated 

when loca l  property values are  measured  with internal o r  immers ib le  probes. 

Some mass-average  

In the design and testing of constr ic ted-arc  plasma facil i t ies and 

magnetohydrodynamic genera tors  and acce lera tors ,  two plasma proper-  

t i es  a re  of ex t reme importance: s ca l a r  e lec t r ica l  conductivity and 

s t r e a m  velocity. If a n  instrument could m e a s u r e  conductivity and veloc- 

ity profiles, then this information could be used to determine the effec- 

t iveness of seeding gases  and the optimum location of e lectrodes.  

Fu r the rmore ,  since the values of two independent intensive propert ies  

are sufficient to determine the thermodynamic s ta te  of a n  equilibrium 

plasma, a conductivity and, s a y s  a tempera ture  profile could be used with 

appropriate  formulae to obtain local  values of s eve ra l  other propert ies  
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such as electron density o r  average electron collision frequency. 

This  paper is  concerned with a par t icular ly  convenient configuration 

of a three-coi l  conductivity/velocity plasma instrument.  

Posch  (1966) designed and tested a probe that consisted of one p r imary  

and two secondary coils,  each of which w a s  mounted in special  geometr ical  

locations on separa te  support rods.  The present work is based on a sym- 

me t r i c  coaxial arrangement  of the three coils on a single sting o r  support 

rod. 

pr imary  coil, which is equidistant f r o m  the two secondary coils, c r ea t e s  

a time-varying pr imary  magnetic dipole field. 

in a conducting non-quiescent medium, the p r imary  field is perturbed by the 

induced cur ren ts  and these perturbations cause changes in the potentials 

induced at  the secondary coils. By means of the theoretical  analysis of 

Rossow and Posch  (1966) the change in the sum of the secondary signals 

m a y  be l inear ly  related to e lec t r ica l  conductivity and the differential secon- 

da ry  output m a y  be related to the product of the electr ical  conductivity and 

velocity of the surrounding medium. 

Rossow and 

In a non-conducting medium, the oscillating power supplied to the 

When the device is immersed  

The theory of Rossow and Posch  (1966) was l imited to an  unbounded 

fluid having a uniform conductivity and velocity. 

was res t r ic ted  to a probe sys tem and conducting medium such that the mag-  

netic Reynolds number was of the o rde r  of 10 

In addition, the analysis 

-1 o r  less. 
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Vendell (1968) extended the theory to the case  of a cylindrical s t r e a m  

of infinite extent and a l so  presented a data  reduction technique to remove 

the res t r ic t ion  on uniform conductivity and velocity. 

This investigation consists of an application of the previous analysis 

to the coaxial probe configuration. Accordingly, Chapter 11 contains a 

brief review of some ea r l i e r  investigations as well as an  account of the 

work by ROSSOW, Posch, and Vendell, 

Cylindrical boundary correct ion factors  a r e  derived, computed, and 

presented in Chapter 111. 

in Plexiglas cylinders filled with conducting quiescent electrolytes and 

Chapter TV presents  a comparison of the resu l t s  of these tes t s  with the 

Four  coaxial probes were  assembled and tested 

numerical  calculations of Chapter 111. Finally, concluding r e m a r k s  on 

the m e r i t s  and possible future applications of the coaxial three-coil  plasma 

probe a r e  made in Chapter V. 
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CHAPTER I1 

P R  E V I 0  US INVESTIGATIONS 

In  this chapter,  s eve ra l  conductivity and velocity measurement  tech- 

niques developed in the past a r e  briefly reviewed. 

coaxial, immersible  conductivity/velocity plasma probe developed and 

tested by Rossow and Posch  (1966) is discussed in a slightly grea te r  detail .  

The l a s t  section is devoted to a discussion of the extension of the theory 

of Rossow and Posch  (1966) by Vendell (1968). 

The three-coil ,  non- 

An e lec t r ica l  conductor is defined as a ma te r i a l  that obeys the modi- 

fied Ohm's  law 

- - 
where J is  the cur ren t  density vector,  E is  the applied field intensity 

vector,  and the e lec t r ica l  conductivity, cr , is  a property of the mater ia l .  

Most meta ls  and electrolytes  obey this f o r m  of Ohm's law.  

A conductivity probe based on Ohm's law is known as a Langmuir 

probe. Such a probe, however, cannot conveniently be used to measure  

the e lec t r ica l  conductivity of an  ionized medium because of the complex 

thermal  and momentum boundary layer  effects, e lec t r ica l  sheaths,  contact 

potentials and the Hall effect. All  of these fac tors  must  be accounted for  



5 

in any theoretical  o r  experimental  Langmuir probe investigation. 

These difficulties can be overcome to a cer ta in  extent by using an  

electrodeless  plasma probe. Various techniques which have been sug- 

gested in the past utilize the principle that a magnetic field is distorted 

by conductivity and motion of a plasma o r  that the ohmic resis tance of a 

conducting fluid diss ipates  power f r o m  an oscillating magnetic field. 

However, the coil arrangements  used in most  of these devices with the 

exception of that of Rossow and Posch (1966), were  such that the measured 

conductivity and velocity represented values that were  averaged over a 

bulk volume of the fluid under investigation. 

Several  conductivity measuring devices (Luther ,  1963; Lin, Res le r ,  

and Kantrowitz, 1955; Fuhs,  1964; and Proberezhski i ,  1964) a r e  based 

on the principle that a smal l  s ea rch  coil can be used to sense the per tur-  

bation caused by a plasma s t r e a m  of the magnetic field produced by a 

solenoid. The relative motion can be produced in two different ways: 

(1) supplying the solenoid with d i rec t  cur ren t  and letting the plasma move 

through the core  of the solenoid (Lin,  Resler ,  and Kantrowitz, l955), 

(2)  supplying the solenoid with alternating cur ren t  in which case  plasma m a y  

o r  may  not be in motion (Luther ,  1963; Fuhs,  1964; and Proberezhski i ,  1964). 

The necessary  theories  have been developed to infer the values of conduc- 

tivity and velocity of the plasma f r o m  the signal induced on the sea rch  
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coil. 

(Lin,  Res le r ,  and Kantrowitz, 1955; Fuhs,  1964; and Proberezhski i ,  1964). 

Another bas ic  technique ( see ,  f o r  example, Blackman, 1959; Donskoi, 

The s e a r c h  coil m a y  be immersible  (Luther ,  1963) o r  external  

Dunaev, and Prokofev, 1963; Akimov and Koneko, 1966; Tanaka and Hagi, 

1964; and Savic and Boult, 1962) employs a tuned L-C network in which a 

solenoid is used as an  active inductance element. The network has a c e r -  

with a n  a i r - co re  tes t  tain resonant frequency, 

solenoid. 

the effective impedence which, in turn,  changes the resonant frequency 

by Af and quality fac tor  by 42. 

the value of conductivity u f r o m  A f / f o  o r  AQ/Qo. 

*O 
and quality factor,  

*O’ 

The passage of a plasma s t r e a m  through the solenoid changes 

The device can  then be calibrated to obtain 

In another method (Pe r s son ,  1961; and Korvitz and Keck, 1964) two 

identical, single-layer,  a i r - co re  solenoids a r e  used as active elements  

of a symmetr ic  R F  bridge. When a plasma s t r e a m  is  introduced in one 

of these solenoids, the bridge becomes unbalanced. 

be calibrated to obtain the average value of conductivity f rom the unbalance. 

The power supply may  be sinusoidal (Korvitz and Keck, 1964) o r  pulsed 

(Pe r s son ,  1961). 

The bridge can then 

The method f i r s t  used by Olson and L a r y  (1962) and l a t e r  modified by 

Stubbe (1966) is  based on the principle that a conducting medium is capable 
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of dissipating a sma l l  amount of power f r o m  an  oscillating magnetic 

field which i s  produced by  supplying alternating cur ren t  to a small 

ivnmersible coil. 

the surrounding conducting medium. 

surrounding medium can be inferred f r o m  the power dissipated due to 

ohmic heating . 

The induced e. m. f .  produces induced cur ren ts  in 

The average conductivity of the 

A s  is  the case  with conductivity measurement  techniques, the use 

of conventional velocity measurement  techniques to high speed plasma 

s t r e a m s  necessi ta tes  numerous modifications and a careful analysis of 

severa l  possible sources  of e r r o r  such a s  shock waves and relaxation 

phenomena. 

profile of a plasma s t r e a m  has been developed, constructed, and tested 

by Barkan and Whitman (1966). 

t ra jec tor ies  of injected sparks  have a l so  been used (Car t e r ,  e t  a l . ,  1966). 

The f i r s t  practical  means of measuring local  conductivity and velocity 

A plasma pitot tube capable of measuring the Mach number 

Techniques such a s  photographing the 

of a plasma s t r e a m  has been developed and tes ted by Rossow and Posch 

(1966). A brief discussion of the technique has  been included in Chapter I. 

The theory of Rossow and Posch  (1966) has been developed with the follow- 

ing basic  assumptions.  If the f low field is unbounded and has uniform 

- 2  
conductivity and velocity and if the applied field is l e s s  than 10 

justifying the assumption of s ca l a r  conductivity, then the resultant magnetic 

gauss  
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field can be represented by a power s e r i e s  expansion in magnetic Reynolds 

number based on the assumption of low values of R e 

m 
Typical values of 

-4  -1 
fo r  a constr ic ted-arc  wind-tunnel range f r o m  10 to 10 . 

The probe of Rossow and Posch  has  the following advantages. 

Rm’ 

It yields 

local  values of conductivity and velocity. The heat-flux sensitivity and 

flow perturbation problems a re  significantly reduced as compared to  the 

previously suggested immersible  devices.  Without losing sensitivity, a 

lower impressed frequency can be used, thus decreasing s t r a y  capacitance 

effects.  

r ication, construction, and assembly  of the instrument.  Finally, the 

instrument can be calibrated for  conductivity and velocity measurements  

The simplicity of the probe configuration offers a very  easy  fab- 

without using any conducting sol ids ,  liquids, or gases .  

Vendell (1968) modified the theory of three-sting model  of immersible  

probe of Rossow and Posch  (1966) to account for  the presence of a finite 

cylindrical  boundary Outside the boundary, the conductivity df the medium 

is assumed to be z e r o  and hence no induced e lec t r ica l  cur ren ts  can exis t  

there .  

ity/velocity correct ion fac tors .  

are  derived f r o m  the theory developed by Rossow and Posch. 

complicated t r iple- integral  expressions were  computed numerically using 

a Gaussian quadrature  computer program. 

The presence of the boundary is accounted for in t e r m s  of conductiv- 

Expressions fo r  the correct ion fac tors  

The result ing 

Experimental  data taken in 
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cylindrical containers of electrolytes differed by l e s s  than 10 percent 

f r o m  analytical values except near  the edge of the cylindrical boundary 

where the induced potential on the conductivity coil was extremely sensit ive 

to the alinement of the probe's axis with the axis  of the container. Finally, 

a method was developed to obtain the conductivity and velocity profiles of 

axisymmetr ic  plasma je t s  f r o m  the raw data obtained by the probe. The 

resul ts  compared favorably with est imates  made  by other  means (Stine, 

Watson, and Shepard, 1964). 
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CHAPTER I11 

THEORY O F  THE INSTRUMENT 

The f i r s t  section of this chapter is  concerned with a brief review of 

the theory developed by Rossow and Posch  (1966) for  a non-coaxial, th ree-  

coil, conductivity/velocity plasma probe. The theory was developed on 

the assumptions that the medium was unbounded, had uniform conductivity, 

uniform velocity, and low magnetic Reynolds number. The second section 

contains a discussion of the paper by Vendell (1968) who modified the pre-  

vious probe theory to include the case  of a cylindrically bounded medium 

having non-uniform conductivity and velocity. 

sented in the f o r m  of boundary correct ion factors  that applied to a par t icular  

probe configuration having each  of the three  coils on a separa te  support rod. 

The final section contains the principle contribution of this  investigation 

which i s  the derivation, calculation, and presentation of cylindrical  bound- 

The modifications were  pre-  

a r y  correct ion fac tors  fo r  a m o r e  convenient, coaxial arrangement  of the 

three-coi l  device. The experimental  verification of these calculations i s  

presented in Chapter IV. 

Theory of Rossow and Posch  

Rossow and Posch  begin the i r  theoret ical  investigation with Maxwell's 

equations of e lectromagnet ism 
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- -  
V *  B = 0, 

- -  
V .  E = 0, 

- -  
VX B = p.:, 

the simplified f o r m  of O h ' s  law 

the charge conservation equation fo r  a neutral  plasma 

- v .  T = o ,  

and the Coulomb o r  t r a n s v e r s e  gage condition 

- -  
V *  A = 0, 

- 
where A is a vector  potential function such that  

(7) 
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- - 
In these equations, B I s  the magnetic induction vector ,  E is the e lec t r ic  

field intensity vector ,  5 is the e lec t r ic  cur ren t  density vec tor ,  cr is  the 

sca l a r  e lec t r ica l  conductivity, U is the s t r e a m  velocity vector ,  and p is 

the magnetic permea ility of the medium. 

the omission of the displacement cur ren t  t e r m  f r o m  Equation (3) above. 

- 

_I__ 

Vendell (1967) has justified 

Rossow and Posch  (1966) obtained a solution to these equations 

unde r the following a s  s m p t  ions : 

1. 

2. 

3. 

The plasma s t r e a m  extends to infinity in all directions.  

The flow field has  uniform conductivity and velocity. 

The magnetic field produced by the oscillating power 

- 
supplied to the pr imary  coil, B is the 

field. Fur thermore ,  Et is a l so  assumed 

by an  ideal point magnetic dipole field. 

P 
only externally applied magnetic 

that this field m a y  be  approximated 

4. Under the influence of la rge  externally applied magnetic 

fields,  the e lec t r ica l  conductivity of a plasma mus t  be represented by a 

tensor  

of Rossow and Posch  (196 1 as well a s  in the present investigation are small 

(of the o r d e r  of 10 

s c a l a r  quantity i s  justified. 

However, since the externally applied magnetic fields in the work 

- 2  
gauss) ,  the representat ion of the conductivity by  a 

5 .  If the magnitude of the magnetic field applied to a con- 

ducting medium is small and if the magnetic Reynolds n u n  e r ,  R = t r p U 1 ,  m 
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for  the plasma s t r e a m  is less than unity, then it can be shown that the 
- 

resultant magnetic field, B, can be represented by a power s e r i e s  ex- 

pansion in the magnetic Reynolds n m b e r .  Such a representat ion was 

used in the analysis of Rossow and Posch  and, because R va r i e s  f r o m  
m 

-4 -1 2 
10 to 10 for  many constr ic ted-arc  wind-tunnels, t e r m s  of o rde r  R m 

were  assumed negligibly small. This assumption is a l so  made  in the 

present work. 

6 .  Relativistic effects a r e  assumed to be negligibly small. 

A s  mentioned above, the p r i m a r y  magnetic field is approximated by 

an  ideal point magnetic dipole field. The magnetic vector potential, A , 
P 

fo r  a n  ideal dipole magnetic field in a medium of constant magnetic per- 

meability, p., and z e r o  conductivity is given b y  ( see ,  for example, 

Stratton, 1941) 

- 

where 

2 2 2 1/2 
r = ( x  t y  t z )  
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a n d m  is  the magnetic dipole moment. F o r  the pr imary  coil alined 

__. 

parallel  to the z-axis ,  the magnetic dipole moment,  m, is  given by  

2 
P P  P 

- -  
m = k n  r I T ~  C O S ( ~ ~ )  

where r is the character is t ic  radius of the n - turn pr imary  coil, I 

is the peak electr ic  cur ren t ,  w / 2  IT is the impressed frequency, and k 

is a unit vector parallel  to the z -ax is  

equations used by Rossow and Posch  (1966) is the well-known Faraday’s  

law of electromagnetic induction which s ta tes  that the potential, 4 , 

induced on a secondary coil placed anywhere in a resultant magnetic 

field, B ,  is given by 

P - P P 

The l a s t  of the fundamental 

S 

+ s = - ~ n r  - a (-fi * Ns’ a t  

where r is the character is t ic  radius of the n - turn  secondary coil, 
S S 

- 
and N is  a unit vector alined with the axis of the coil. 

vector  B is evaluated at the center of the secondary coil. 

A s  a n  approximation, 
S 
- 

- 
The total cur ren t  density vector ,  J, a s  given by Equation (5)  may  be 

divided into two components , 
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where  

and 

- - 
where  E is the induced e l ec t r i c  field intensity vec tor ,  U,, is the plasma t 

s t r e a m  velocity vector  which is assumed to be  paral le l  to  the z-axis ,  and 

- - 
B is the p r imary  magnet ic  induction vec tor .  The vector  J i s  induced b y  

the interaction of the e l ec t r i c  field,  E= 

whereas  the vector  

l ines of force ,  B . Equation ( 3 )  suggests  the existence of perturbation 

P t 

and the quiescent conducting medium t’ 

a r i s e s  f r o m  the motion of the conducting fluid a c r o s s  I I  
- 

P 

magnetic fields b and b,, a s s o c  t 
- 
JI1 respect ively.  Hence, based 

- 
ated with cu r ren t  density vec tors  J and t 

on the assumptions of small pr imary  

magnetic field, B and magnet ic  Reynolds number,  R l e s s  than unity 

( s e e  assumption 5 above) the resul tant  magnet ic  field, B, is  

m’ 
- P’ 

Cross  coupling between the perturbation fields is of second o r d e r  in R m 

and is neglected he re .  Rossow and Posch  (1966) have obtained a solution 
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to  Equations (1) through (14) for  a par t icular  geometr ical  a r rangement  of 

their  three-coi l  model.  

Modified Probe  Theory fo r  a Cylindrically 

Bounded Medium bv Vendell 

Vendell (1968) extended the theory of Rossow and Posch  (1966) to 

include the case  of a cylindrically bounded medium of infinite extent in 

the positive and negative z-directions having non-uniform conductivity and 

velocity. Initially, the conductivity and velocity were  assumed to be 

uniform inside the cylinder and z e r o  elsewhere.  These assumptions 

- 
led to the following boundary conditions for  the cur ren t  density vector J .  

(15) 
- 2 2 2  

’ J = 0 whenever x t y > R  

- d  2 2  2 J N, = 0 whenever x t y = R 

where NL is a unit vector perpendicular to the cylindrical  boundary 

and R i s  the radius  of the cylindrical  medium. 

Combining Equations ( 3 ) ,  ( 7 ) ,  and ( 8 ) ,  one obtains 

- 2 -  
V A =  - p J  
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which has  to be soived simultaneously with the O h ' s  law, Equation (5)  

and the boundary conditions specified in Equations (15) and (16) above. 

Using a n  analogy based on s t r e a m  function for  a steady, two-dimensional 

flow of an  incompressible fluid, and the method of magnetostatic images,  

Vendell (1968) obtained the following expression fo r  the two-dimensional 

t current  density vector field 7 

2 
R p  y 

2 
2 2 2  2 2 312  

( p x t R  f p  y + R z )  

Y 1 
I L. L 2 2 2 2 2 312  
( p x t R  t p y f R z )  

where 

along negative x-direction, and 

p is the distance of the probe f r o m  the axis  of the plasma je t  

Gt = 
u om sin ( u t )  . 
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where (r is the uniform conductivity, w / 2 n is the impressed frequency 

and 

2 
m = p n  r I / 4 .  

P P  P 

- 
is caused by the 

Jt' It should be noted that the current  density vector ,  

application of the induced electr ic  field, E: 

fluid, 

to the stationary conducting 
t '  

Equation ( 3 )  implies the existence of a perturbation magnetic in- 
- - 

duction vector ,  bt, caused by the presence of J such that 
t 

- -  - 
O x  bt = p J,. 

Since 7 is known, b m a y  be obtained from vector Equation ( 2  1) and 
t t 

Equation (ll)(Stratton, 1941, p. 231) a s  

-1 - 
x V ( r  ) d x d y  dz 

where 



r 2 = (x - X I )  2 t (y  - y')  2 t ( z  - z ' )  2 and X I ,  y ' ,  z' a r e  

coordinates of any field point. If one substi tutes Equation (18) for  t 

into Equation ( 2 2 ) ,  then the resul t  in dimensionless fo rm will be 

pGt bzt (XI, Y ' ,  Z ' ,  t )  =- 
4 nR i, -03 i -1 

1 

1x [ 2  2 2 
1 

3 / 2  ( X - X '  t Y - Y '  t z - Z ' )  

( 2 3 )  r P 2 Y  ( Y  - Y' )  t x - X'  P P X  t 1 - 
2 2 2  2 31'2 L(,i t P Y  S Z )  

1 -- x - x' X t P  t Y ( Y  - Y' )  
dx dy dz 9 

1 L 

( X t  P t Y2 t Z 2 )  3 / 2  

where X = x / R ,  Y = y/R,  Z = z / R ,  X' = x ' /R ,  Y' = y ' /R,  Z '  = z ' / R ,  and 

P = p / R .  

model  is alined parallel  to the z-axis ,  only the z -  component of the per- 

turbation field, b 

Because the conductivity secondary coil  of the three-sting 

is  given in Equation (23 ) .  
z t  



The basic  equations obtained by Vendell (1968) in a n  exactly parallel 

analysis of the pr imary  magnetic field perturbation caused by the motion 

of a conducting fluid a r e  sumvnarized below. 

2 2 )  2 
-3y(G t y t z 

where 

(r U,, m cos (o t )  Gt, = 

and as given by  Equation (20)  

' 2  
m = p n  r I /4. 

P P P  ' 
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_I 

A s  was the case  with b b,, is  related to 7, by the expression t '  

2 2 2 2 
where,  as before,  r = (x - x') t ( y  - y') t ( z  - z ' )  . Because the 

velocity secondary coil of the non-coaxial probe is  alined parallel  to the 

y-axis,  only the y-component of the perturbation magnetic field, b , 

will appear  in Faraday 's  law 

Y 1 1  

Therefore ,  if one substi tutes the expres-  

- 
sion for J,, f r o m  Equation (24) into Equation (26), and non-dimensionlizes 

the result ing expression with respect  to R ,  then one obtains 

2 1  1 b = -  YZ2 
2 2 2 

x - X ' t Y - Y '  tz-Z' 4 r R  Y'l 
-00 -1 q-2 

- 1-Y 

1 
2 

P 

2 2  
~~ t Y  t z  

dX dY dZ.  
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Vendell (t968) applied the above equations to the three-sting probe 

configuration to obtain the expression for  conductivity and velocity co r -  

rection factors  which account for  the presence of a cylindrical boundary 

surrounding the medium. In the next section these equations will be a p -  

plied to a coaxial probe configuration. 

Analysis of a Three-Coil  Coaxial Probe  Configuration 

The basic  details  of the coaxial probe a r e  schematically shown in 

Figure 1. 

symmetr ical ly  with respect  to a pr imary coil labeled P on a piece of 

quartz tubing. 

held in their  design positions by teflon spacers .  

is inserted into a quartz tubing and secured in its position by additional 

teflon space r s .  

Two identical secondary coils labe ed S1 and 52 a r e  mounted 

The three coils a r e  wound on teflon coil forms  and a r e  

Then, the assembly 

A s  i l lustrated by Figure 2, the z-axis  of a rectangular Cartesian 

coordinate sys t em coincides with the axis of the cylindrical medium 

and the axis of the support  rod is  alined parallel  to  the z -ax is .  The 

center of the pr imary  coil l i es  on the x-axis.  

S 1  and S2 l ie  a t  a distance d f r o m  the pr imary  coil along positive and 

negative z-direction respectively.  

z-axis  along negative x-direction is denoted by p p  whereas  the radius of 

the cylindrical medium is represented by R .  

The secondary coils 

The distance of the probe f r o m  the 

Throughout the present 
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Figure 1. Schematic sketch of the three-coi l  coaxial, conductivity 
velocity plasma probe. 

Figure 2. Schematic sketch showing the position of the probe 
inside the cylindrical  boundary. 
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investigation it will be asswned that the conducting medium has a 

uniform velocity Ut along negative z-direction. 

The prinkary coil is supplied with an oscillating power of one watt 

a t  a frequency of 100 kHz. 

electromagnetic coupling between the pr imary and the secondary coils, 

and to the symmetr ica l  arrangement  of the three coils, identical 

potentials a r e  induced on the two secondary coils.  

ence of the potential outputs, in room a i r ,  is theoretically z e r o  whereas  

the swn of the potential outputs is a non-trivial quantity. 

potential s u m  is nulled o r  cancelled out with the help of a nulling sys tem 

consisting of t ickler coils (for details  s ee  Vendell, 1967, p.  21-22). 

When the probe is  in room a i r ,  due to 

Therefore ,  the differ-  

This output 

If the probe, af ter  having been nulled, is i m e r s e d  in a moving 

conducting medium, then the pr imary magnetic field, B is perturbed 

by the conductivity and motion of the medium. 

on the two secondary coils a r e  such that their  sum, + and the differ- 

ence, +T , a r e  l inearly dependent upon the e lec t r ica l  Conductivity, IT, 

and the product of conductivity and velocity, UU,, respectively.  In 

the sequel, therefore ,  the perturbation potential outputs + and + 
will be r e fe r r ed  to by potential-sum and potential-difference respectively. 

Thd! signals += and +T a r e  displayed respectively, on the upper and lower 

b e a m  of a dual-beam .cathode-ray oscilloscope. 

P’ 

The induced potentials 

zy 

z 
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Elec t r ica l  conductivity 

The z-component of the time-dependent perturbation magnetic 

field bZt, caused by the presence of cur ren t  loops is given by 
t 

Equation (23) .  If one substitutes (-P, 0, D) for ( X I ,  Y' ,  Z I )  in 

Equation (23 ) ,  then one obtains the following expression for  b 

the center of the secondary coil, S2 

a t  
z t  

2 a 3 1  -4 - Y 

1 
2 3 / 2  

2 -  ) 
2 

(G t Y  t 2 - D  

1 -  i - I -  

2 2  - P Y t X t P  P P X  t l  

2 )  J L 

L ( P x t l  t P 2 Y 2  t z 

I i ( G F  t Y 2 + Z  

2 2 
X t P  t Y  

2) 3 / 2  2 aX dY dZ 

where,  a s  mentioned ea r l i e r ,  P = p / R  is the radial  position parameter ,  

D = d /R  is the coil spacing parameter ,  and G is given by Equation (19). 

Substitution of this expression for b into Faraday'law, Equation (10) 

t 

z t  
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yields the following expression for  the perturbation potential-sum, 

where F denotes the complicated integrand of Equation (28) .  Note 

that G has been replaced by its equivalent expression G = LT w m  s in  ( w t )  t t 

z 

and m is given by Equation (20) .  

Next, an expression for the induced perturbation potential-sum, + zm 
when the probe is immersed  in an unbounded, quiescent medium of uniform 

conductivity will be obtained. This  analysis begins with the following 

expression for  the perturbation magnetic induction vector b produced t 

by an ideal magnetic dipole in an  infinite conducting medium which has 

been derived in Rossow and Posch (1966). 

2 

3 
r 

0- p ,um 
2 

- 
- b -  too 

The origin of the coordinate sys t em coincides with the point magnetic 

dipole. If one takes the z-component of v e c t o r b  substi tutes ( p ,  0, d) 
tco 

for  (x, y,  z ) ,  then one obtains 
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u p o r n  s in  ( a t )  - _ -  
zta3 d 

b 

Substitutiori of this expression in Faraday 's  law, Equation (10) resu l t s  

in 

2 
2 crpo m cos ( u t )  = 2 n n  r 

+ZM s s  ' d  

where is the perturbation potential-sum induced in an  infinite Ea3 

The conductivity correct ion factor ,  Qz ,  is  defined as the ratio of 

the potential-sum induced in a finite cylindrical region having a uniform 

conductivity to the potential-sum induced in an  infinite region having 

the s a m e  uniform conductivity. 

eliminates the probe and coil charac te r i s t ics  and yields the following 

e&pression for  Q 

Division of Equation (29)  by Equation (32) 

z* 
M 1 G2 

Fz dX dY dZ (33) = 41T 

-00 -1 -q-2 
1 - Y  

Discussion of the use of 0 

value of e lectr ical  conductivity, u 

to reduce the raw data to obtain the z 
is defer red  to the last section of 

this  Chapter. 
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Pr,oduct of conductivity and velocity or u UI1 

The time-dependent perturbation magnetic field, bll , caused by 

is  given by Equations (26) and (24) .  
- 

the presence of cur ren t  loops J,, 

Since the axis of the secondary coils is alined parallel  to z-axis,  

therefore  only z -  component of b,, will appear  in Faraday 's  law, Equation 

(10). When this component, , is evaluated a t  the center  of the b l I  z 

secondary coil S2 whose coordinates a r e  ( X I ,  y', z ' )  = ( - p, 0, d) and 

the result ing expression in non-dlmensionalized with respect  to R, one 

obtains 

I l l  2 b (-P, 0, D) = 
Z l l  ~ I T R  2 

2 
1 - Y  

-co -1 - 7 /  

1 2 2 
X t P  t Y 
2 2 2 )  512 (=z-T-F S Y  t z  

ax  dY dz 
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If the co.mplicated integrand is  denoted by Fr and if Equation (34) is  

rewrit ten,  then the 

-00 -1 

7 2  
f 1 - Y  

FT 

- 7 2  1 - Y  

i dx dY dZ 

(35)  

where 

GII = IJ U,, m cos ( a t )  

and 

2 
1 1 4 .  

= ? ?  r P  e 

Substitution of the above expression f o r  b 

yields the following expression for  the perturbation potential-difference,+T 

in Faraday 's  law, Equation (10) 
zri 

323 

11 2 
. - Y  9 00 1 " 1  

G 
. r ~J .U  U,I  m w s i n  ( u t )  

2 
s s  

7 
2R 

2 '  
-O0 -11 - y 

FT dX dY 

(36) 

The expression for  the magnetic field perturbation brought about by a 

conducting unbounded uniform s t r eam,  b 

in Rossow and Posch  (1966) a s  

- 
, is given by Equation (16) 

11 00 
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Note that the origin of the coordinate sys tem coincides with the point 

2 2 2 1/2  
magnetic dipole and r = (x t y t z ) . Taking the z-component 

of E and evaluating it at  the center of the secondary coil S2 given 
II - 

by (x, y, z )  = ( 0 ,  0, d) it can be shown that 

0- p. u,, m cos ( w t) 

2 
b (0 ,  0, d )  = - 

d Zll  - 
F r o m  Equation (38) above and Faraday’s  law, Equation (10) one can 

readily obtain 

2 2 
= 2Trn r t ~ p . U , ~ m w s i n (  wt) /d  +* 00 s s  

where + 
finite medium. 

is  the perturbation potential-difference induced in a n  in- 
T- 

The correct ion factor 8 is defined a s  the rat io  of potential-dif- T 
ference Ip , induced in a finite cylindrical region having uniform T 
conductivity, 0-, and uniform velocity, U, ,  , to the potential-difference 
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, induced in an  infinite region having the same uniform conductivity +T 03 

and velocity. Although a s  suggested by Equations (36) and (39) this 

correct ion factor applies to the product cr U,,, yet, for  the sake of conven- 

ience, it will hereaf ter  be r e fe r r ed  to a s  the velocity correct ion factor .  

Division of Equation (36) by Equation (39) eliminates the probe and coil 

character is t ics  and resu l t s  in 

2 
3D - -  
4lT im 

-03 

FT d X  dY dZ 

Discussion of the use of ‘+in obtaining the value of s t r e a m  velocity, 

UII , f r o m  the raw data is contained in the las t  section of this chapter.  

Numerical evaluation of boundary -- correct ion 
factors  

Closed-form solutions to the complicated integrals in the express  ions 

for 8 and OTcould not be obtained. Therefore ,  values of 8 and QTwere 

computed numerically using a Gaussian quadrature  computer program. 

2 z1 

These analytical resul ts  a r e  presented graphically in Figures  3 through 5. 

Figure 3 is a plot of the conductivity correct ion factor 8 

versus  the coil spacing parameter ,  D = d/R,  for  five different values of 

= + /+zco z 

the radial  position parameter ,  P = p / R .  Dashed portions of the curves 

represent  extrapolations. Figure 4 is a plot of 0 and , correc t  to 
22 
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Figure 3. Conductivity boundary correct ion fac tor  Qz as 
a function of the radial  position parameter  P 
f o r  several. typical values of the coil spacing 
parameter  D = d/R. 
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function of the coil spacing parameter  D 
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for  
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three significant f igures ,  a r e  presented in tabular form in Tables 1 and 

2 .  

22 Table 1. Conductivity correct ion factors  0 

D = d/R P =  p / R  

0. 05 0 .  10 0 . 2 0  0. 30 

0. 0 . 9 7  1 . 9 4 1  .885  . 8 2 4  
0 . 4  . 9 6 4  . 9 2 8  . 8 5 9  . 7 9 2  
0 . 6  . 9 5 3  . 9 0 5  . 813 . 7 2 3  
0. 8 . 9 15 . 8 3 0  .663  . 5 14 
0.  9 . 8 3 6  .673  . 4 0 3  . 2 4 2  

Table 2.  Velocity correct ion factors  QT 

P = p / P  D = d/R 

0. 0 0 .  6 0 . 7  0. 8 0 .  9 

0 . 3  . 9 9 0  .983  . 9 6 8  . 906 . 626 

A s  indicated by Figures  3 and 4, has a nearly l inear  dependence 

upon P for  a given D whenever P - < 0 . 8  and D - < 0.3 .  

decrease  in the value of 0 

There  is a sudden 

near  the edge of the s t ream,  particularly 2 
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for  low values of D. It is  evident f r o m  Figure 3 that the data obtained 

with a probe having a small coil-spacing d in a la rge  diameter  s t r e a m  

needs practically no correct ion for  the presence of the cylindrical bound- 

a r y  except a t  points ve ry  close to the edge of the s t r eam.  A s  suggested 

by Figure 5, the deviation of QT f r o m  unity is negligibly smal l  whenever 

P - < 0 . 7  and D - < 0.  3 .  

because of the cost  involved in carrying out the numerical  integrations. 

Consequently, m o r e  values of €$were not computed 

A comparison of the values of the correct ion factors  8 and QT 
22 

for the coaxial probe and the three-sting model ( see  Vendell, 1967) reveals  

that the values of 8 

unity than the corresponding values for  the three-s t ing configuration. 

particular,  for  the coaxial probe, the correct ion to be applied to reduce 

the raw velocity data is negligible f o r  al l  practical  purposes.  

and BT for  the coaxial configuration a r e  c loser  to z 
In 

Hub correct ion factors  

The presence of the non-conducting quartz tubing which protects the 

probe froxn the . ot plasma eliminates some of the induced e lec t r ic  

cur ren t  loops assumed to  exis t  in the derivations of the expressions f o r  

and QT . The absence of these cur ren ts  resu l t s  in a reduced magnitude Qz 
of the induced potential-outputs. Therefore ,  correct ion factors  have to 

be applied to both conductivity and velocity to account for the presence of 
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the heat shields. In the sequel, these correct ion fac tors  will be r e fe r r ed  

to  as the hub correct ion fac tors  and denoted by cr 

for  the case  of conductivity and velocity respectively.  

/cr and U,, t rue /Ui ,  t rue  

Equation (29)  indicates a l inear  dependence of on the conductivity 

T. A s  discussed ea r l i e r ,  + 
presence of cur ren t  loops, 

tending to infinity along positive and negative z-direction. 

is the induced potential-sum cauded by the 

in the cylindrical region of radius R ex- 
- 
Jt’ 

Therefore ,  

if one replaces R by p in Equation ( 2 9 ) ,  then one obtains the value of 
0 

, which would have been induced by the e lec t r ic  cur ren ts  which 
PO 

+ 
would have been present in the region now occupied by the quartz  tubing 

of radiu!: p 

side of the pr imary  coil to a distance large enough to include any 

measurable  signal loss, the assumption that the quartz tubing extends 

to infinity along its axial  direction is justified. 

idealized point magnetic dipole is assumed to l ie  on the axis of the 

support rod, it is obvious that P = 0 - 0 in Equation (29).  

( s ee  Figure 1). Since the quartz tubing extends on ei ther  
0 

Fur thermore ,  because the 

Suggested by 

the l inear dependence of conductivity, cr , on +z, the conductivity hub 

correct ion factor is defined as 

+ Em 
U t rue  - - -  

+,, - +z Po 0- 
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which on simplification becomes 

In this expression, the governing parameters  of 8 take on the .crakes 
2= 

P = 0. 0 and D = d/po .  

A s  was the case  with conductivity, the l inear  dependence of +T on 

the product of conductivity and velocity, u U,, , indicated by Equation (39)  

suggests the following definition of hub correct ion factor for  velocity. 

which on s irhplification beco.mes 

1 - Q z  

Note that in Equation (42) P = 0. 0 anc  D = 

values of u 

2 p / d  is shown in Figure 6. 

/ p  

/u and VI, true / U , ,  versus  the dimensionless parameter  

A plot of analytical 
0 '  

t rue  

0 
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Figure  6. Conductivity and velocity hub correct ion fac tors  
that compensate for  the perturbation cur ren t  
loops which cannot exist  in the region occupied 
by the coaxial probe. 
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Colibration Equations fo r  the Coaxial Probe 

In this section a method of calibrating the coaxial probe fo r  both 

the e lec t r ica l  conductivity, u , and the s t r e a m  velocity, UI ,  , is  discussed.  

The discussion also includes the application of the cylindrical boundary 

correct ion fac tors  , Qz and QT , a s  well a s  the hub correct ion factors ,  

0- /o- and UII true /U, l  , to obtain the corrected values of u and UII . t rue  

The analysis begins with the derivation of a n  expression for  cal ibra-  

tibn potential, c$ 

two secondary coils when the probe is operated in room a i r ,  a t  l eas t  

which is the sum of the potentials induced on the c a l ’  

15 cm away f r o m  any conducting o r  dielectr ic  medium. The idealized 

magnetic dipole field of the pr imary  coil is  given by Equation (4) of 

Vendell (1966) a s  

2 2 2 2 1/2 
w h e r e m =  n r 1 / 4  and r = (x t y 3.2 ) . The Cartesian 

P P  P 

coordinates (x, y, z )  a r e  r e fe r r ed  to the origin coincidental with the center 

of the pr imary  coil .  The secondary coils S1 and S2 a r e  located at (0,  0 ,  d) 

and (0,  0, -d) respectively.  With the probe in room a i r ,  the z-component 

of the pr imary  magnetic field, B at the center of e i ther  of the secondary 
PZ 
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2 m cos ( o t  ) B = -  
PZ d3 

Substitution of this expression for B 

yields the potential induced on either of the secondary coils. 

since calibration potential, + , which is displayed on the upper 

b e a m  of the oscilloscope is  the sum of the signals induced on the two 

secondary coils,  therefore  the peak-to-peak signal displayed on the 

scope is  given by  

into Faraday 's  law, Equation (10) 
PZ 

However, 

Z ca l  

= 2 r n  r 2 n r 2 p w I / d  3 . 
'Z cal  P P  s s  P 

If the probe is nulled, and immersed  in a n  unbounded conducting 

medium, then the perturbation potential-sum induced, + , is  

given by Equation (32). 

played on the scope is  given by 

coo 

The peak-to-peak signal which will be dis-  

2 2 
= 4 r n  r r p o  m / d .  +ZaI s s  

(45) 

If one divides Equation (45) by Equation (46), one obtains 
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Similarly,  peak-to-peak perturbation potential-difference, +% 

be obtained f r o m  Equation (39). 

can 
00' 

2 2 
= 4 r n  r c r p U , ~ m w / d  +T 00 s s  

Division of Equation (45) by Equation (48) and subsequent rearrangement  

of t e r m s  yields 

The restr ic t ion of an unbounded medium can now be removed by intro- 

ducing the correct ion factors  Q 

of a cylindrical boundary surrounding the medium. By definition, + = 

+E /Q, and +Trn =+f /QT 

(47) and (49) resu l t s  in 

and QT which account f o r  the presence z 

I300 

Substitution of these express  ions in Equation 
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and 

Next, the introduction of the hub correct ion factors  (cr 

('11 t rue  

values of conductivity and velocity. 

/ c r )  and t rue  

/Uti ) resu l t s  in the following expressions fo r  the corrected 

and 

F o r  sake of convenience and simplicity, the conductivity and velocity 

calibration constants,  C and C respectively,  a r e  defined below. z T 
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The des i red  calibration equations now appear in a ve ry  simple f o r m  as 

($ = CZQ,/  QZ (56) c o r r  

The calibration constants, CZ and CTare  determined by Figure 6. 

Finally, the working of the probe is  briefly summarized below. 

with probe in room a i r .  %tal ' 1. Record calibration potential, 

2.  Null both outputs of the probe. 

3 .  Immerse  the probe in the moving conducting medium and 

record  and +T . 

4. With the help of Figure 6, calculate C 

5. 

and CT . Z 

Equations (56) and (57) now furnish the cor rec ted  values 

torr' of e lec t r ica l  conductivity, u , and s t r e a m  velocity, 
c o r r  
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CHAPTER IV 

COMPARISON O F  THEORETICAL 

AND EXPERIMENTAL RESULTS 

This  chapter begins with a discussion of experimental  verification of 

the calibration method developed in the last sect ion of Chapter 111. Next, 

a r e  

The concluding sect ion includes 

%, analytical  values of the conductivity boundary cor rec t ion  factor ,  

compared with the experimental  values. 

a discussion of the experimental  verification of the theoret ical  values of 

the conductivity hub cor rec t ion  factor ,  u /u which, a s  previously men- 

tioned, accounts fo r  the finite s ize  of the instrument.  

t rue  

The calibration equation for  e l ec t r i ca l  conductivity, u, Equation (52) r eads  

where the calibration potential, + 
probe were  i m m e r s e d  in an  unbounded medium of uniform conductivity, 

then Equation (52) simplifies to 

i s  given by Equation (45). If the 
2 c a l f  
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because,  for  An unbounded medium, the conductivity boundary correct ion 

fadtor,  8 approaches unity ( see ,  f o r  example, F igures  3 and 4). 
Z '  

Four probes labeled A, B, C, and D were  constructed and tested in 

cylindrical Plexiglas containers filled with a saturated sa l t  solution. The 

charac te r i s t ics  of the probes a r e  tabulated below in Table 3 .  The elec- 

t r i ca l  conductivity of the electrolyte,  measured  by a conductivity cell  

0 m e t e r ,  was found to be 2 2 . 8  mhos /me te r  at  room temperature  of 2 3  C. 

The magnetic permeability, p, of the sal t  solution is the same as the 

magnetic permeability of f t&e  space p 
-6 and equals 1. 257 x 10 henrys/  0' 

m e t e r .  A 100 k H  , 1 watt, oscillating power was supplied to the pr imary  
Z 

coil. The calibration potential, 4, was measured  by the probe in 
Z cal'  

r oom a i r .  

Table 3.  Character is t ics  of the probes tested 

Probe Character  i s  tic 
A B C D 

Heat shield d iameter ,  1. 03 1. 03 1. 03 0 . 4 2  
2 Po ,  cm 

Coil spacing, 1. 9 1  2. 54 3 .  18 1. 14 

2 p  / d  . 542 .407  . 3 2 5  . 365 
Hug correct ion factor ,  1. 08Za 1. 047 1. 029 1. 037 

d, cm 

u /u t rue  
Calibrakion potential, 192. 0 108. 0 18. 0 22. 5 

% c a ~ ,  m v  
"Extrapolated value f r o m  Figure 6. 
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The perturbation potential-sum, 9 w h k h  would be induced in an 
x;co 

unbounded medium was determined using an indirect  approach. Each of 

the probes was immersed  in the center of severa l  deep Plexiglas cylindrical 

containers of varying d iameters  filled with saturated salt solution of known 

electr ical  conductivity. The corresponding scope readings,  9 were 

plotted against the reciprocal  of container d iameter ,  (2R)  . Two of the 

plots a r e  shown in Figures  7 and 8. 

and were  extrapolated to (2R) 

put potential-sum of the probe in an  unbounded medium. 

Z ’  
-1 

The plots were  found to be l inear  

-1 
= 0 to obtain the value of 9 , the out- zm 

The values of 

the conductivity hub correct ion fac tors ,  u 

Then, the experimental  values of e lectr ical  conductivity, (r, corrected for 

/u, were  read f r o m  Figure 6 .  
t rue 

the presence of both the cylindrical boundary and the finite s ize  probe, 

were  computed using Equation (58). These values a r e  compared with the 

conductivity cell  measurements  in Table 4. Note that in  the case 

of probe D, a concentrated sulfuric acid solution was used in place of the 

salt solution because the data obtained with the la t te r  could not be con- 

veniently extrapolated 
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Table 4, Values of e lec t r ica l  conductivity using calibration equation 
and conductivity cel l  

Probe u (Calibration Equation) u (Cel l  Measurement) % Difference 
label mhos  / m e t e r  mhos  / m e t e r  

A 21 .7  22. 7a  4. 40 
B 20. 8 22.7" 8.  50 
C 22. 6 22.7?  0 .44  
D 71. 8 7 1' 5F 0. 42 

Saturated sal t  solution. 
b Concentrated sulfuric acid solution. 

It m a y  be noted f r o m  Table 4 that the experimental  values of the 

e lec t r ica l  conductivity, o- , computed with the help of the conductivity 

calibratian equation a r e  within 5 percent of the conductivity cell  m e a s -  

urement for  three of the probes, while the fourth probe agreed within 

10 percent.  These resu l t s  confirm the validity of the conductivity Cali- 

bration equation, Equation (52), a s  well a s  the theoretical  analysis of 

Rossow and Posch (1966). 

O 2 2 J  The analytical values of the conductivity correct ion factor,  

were  experimentally verified using the probes A ,  B, and C. Two 

deep Plexiglas cylindrical  containers of different d i m e t e r s  were  

filled with a saturated sal t  solution having a conductivity of 22. 8 

rnhos /meter .  The perturbation potential-sum +=, was recorded for  
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seve ra l  different radial  positions of the probes in each  of the two 

cylinders.  F o r  each  of the probes,  these values of + were  divided 

by the experimentally determined value of + to obtain the values 

of O x  . 

mental  values of 8 

D = d/R.  The analytical values were  obtained, by interpolation, from 

22 

22m 

Figure 9 i l lustrates  a comparison of the analytical and experi-  

for  two different values of the coil spacing pararneter c 

Figure 3 .  The difference between analytical and experimental  values is  

l e s s  than 5 percent except near  the edge of the cylindrical  boundary 

where the probe output was found to be extremely sensitive to the aline- 

ment  of the probe's axis parallel  to the axis of the cylindrical boundary. 

A comparison of experimental  and analytical values of 8 

P = p / R =  0. 0 is presented in Figure 10. 

data  f r o m  the analytical resu l t s  is  well  within 5 percent except when the 

coil spacing parameter ,  D = d / R ,  exceeds 0 . 6 .  

The analytical values of the conductivity hub correct ion factor t  

cr / u p  were  experimentally verified as follows. A l a rge  cylindrical 

container of 19-inch diameter  was filled with the saturated sal t  solution. 

for  the case z 
The deviation of the experimental  

t rue 

Because the dimensions of the probes used were  small as compared to 

the cylinder radius,  therefore the solution in the container simulated 

a n  unbounded medium. The value of the perturbation potential-sum 

, was recorded with the probe immersed  in the center  of the 
+zco 
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F igure  9. Comparison of numerical  calculations of 8 with 
experimental  data  taken by a coaxial probe 
cylinders of salt solution. 
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Figure  10. Comparison of numerical  calculations of QZ with 
experimental  data  taken by a coaxial probe in  
cylinders of slat solution for the case of P= p/R= 
0. 0. 



cylinder. With calibration potential, obtained a s  discussed 
2 ca1 

e a r l i e r  and hub correct ion factor ,  cr / c r  read  f r o m  Figure 6,  the 

value of e lec t r ica l  conductivity, cor rec ted  for  finite probe s ize ,  was 

calculated with the help of Equation (58). 

t rue  

The procedure was repeated 

for  th ree  different diameters.of the quartz tubing. The values of con- 

ductivity, so obtained, were  then compared with the conductivity cell  

measurements .  

in a tabular f o r m  En Table 5 below, and it can be seen  that the com- 

parison is favorable, the maximum difference being l e s s  than 6 percent. 

Thus, the validity of the conductivity hub correct ion fac tors  is  con- 

f i rmed.  

A sample of the data  taken with probe C is presented 
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CHAPTER V 

CONCLUDING REMARKS 

T e s t s  conducted in cylindrical containers filled with saturated sal t  

solution furnished reasonable experimental  confirmation of the analytical 

values of the conductivity correct ion factor fo r  a cylindrical boundary, 

fo r  s eve ra l  different values of the coil spacing parameter ,  D = d /R ,  z 9  
and the radial  position parameter  P = p /R .  

the validity of the analytical values of the conductivity hub correct ion 

factor,  o- 

e te r  2 p /d. 

The t e s t s  a lso established 

/ c r j  fo r  three different values of the dimensionless param-  
t rue  

0 

However, outside of the plasma wind-tunnel, experimental  verifi-  

cation of the theoretical  values of the velocity cylindrical boundary 

correct ion factor,  Q 1 ui, and velocity hub correct ion factor,  U 
it t rue 

was not attempted because of pract ical  difficulties in attaining such 

values of o- U,,as would be l a rge  enough to give r i s e  to probe outputs 

which can be conveniently measured.  

Experiments have recently been concluded a t  Ames Resea rch  

Center,  Moffett Field,  California by Vendell and Posch  which reveal  

a 10 percent agreement  between the center line velocity measurements  

in a constr ic ted-arc  wind-tunnel made by the coaxial probe and by 

other  independent techniques such as a spark-injection method used by 



Jedlicka (1968) and the sharp-edged flow-swallowing enthalpy probes 

of Anderson and Sheldahl 8). ,, However, the center  line conductivity 

measurements  made  by the coaxial probe could not be verified because 

no other measurements  of the local conductivity of this plasma facility 

by independent techniques have been made.  

Finally, the e lec t r ica l  t ime response and the low thermal  sens i -  

tivity of the coaxial instrument were  found to be significantly improved 

a s  compared with the three-sting probe. 

Although the favorable agreement  of the analytical and experimental  

resul ts  justif ies the theory of the probe, some additional development is 

needed, In particular,  the following aspects  war ran t  fur ther  attention. 

1. An oscil lator having severa l  output frequencies should 

be used with the probe to investigate the effect of the impressed f r e -  

quency, o / Z n ,  upon the performance of the probe. 

2 .  If possible, it would be desirable  to decrease  the elec-  

t r i ca l  t ime response and increase the thermal  t ime response of the 

probe. 

3. Although the resu l t s  obtained with the coaxial probe in 

a low-dens ity plasma s t r e a m  were  satisfactory,  the three-coil  instru- 

ment  should be tested in higher density plasmas, 
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