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In t roduct ion  

Recent geophysical modeling experiments have been quanti-  

t a t i v e l y  successfu l .  I t  is impressive t h a t  t h i s  5s true f o r  the 

ext remely  l a r g e  s c a l e  phenomena involved because modeling scales 

a s  smal l  a s  and smal ler  a r e  necessary.  The attainment of 

s u c c e s s  can be c lose ly  c o r r e l a t e d  w i t h  the increas ing  a t t en t ion  

p a i d  t o  s i m i l a r i t y  requirements between prototype and model 

phenomena1. For continuum flows the  a p p l i c a t i o n  of t h e  govern- 

i n g  equat ions  t o  the modeled phenomenon f a c i l i t a t e s  t h e  def in i -  

tion of s i m i l a r i t y  v a r i a b l e s  and permi ts  t h e  se lec t ion  of m a t -  

a b l e  measureable flow e h a r a c t e r i s t i e s .  

As might be suspected, complete sirnil a r i t y  between model and 

p ro to type  a t  such s c a l e s  i s  not  p o s s i b l e ,  Success w i t h  modeling 

techniques  s o  f a r  has seemed t o  depend on the exis tence i n  t h e  

p r o t o t y p e  of one o r  more dominant f o r c e  ratios which - can be modeled, 

Examples f o r  t ropospheric  f low a re  t h e  Rossby number ( t h e  r a t i o  

of i n e r t i a  t o  c o r i o l i s  f o r c e s )  and t h e  Richardson  number ( the  r a t i o  

of f r e e  convection energy t r a n s p o r t  t o  v e r t i c a l  m~menturn trans- 

p o r t  by hor izonta l  viscous shear ) .  

The techniques developed t o  d a t e  have t h e i r  app l i cab i l i ty  



mainly t o  t h e  t roposphere ,  the  oceans,  and t o  some l a r g e  s c a l e  

I e l ec t romagne t i c  and hydromagnetic phenomena, At tempts  t o  model 
1 

I t he  s t r a t o s p h e r e  a r e  unknown t o  t h i s  au thor ,  However,. i t  would 

appea r  t h a t  s u f f i c i e n t  p ro to type  informat ion h a s  accumulated2 t o  

I encourage under tak ing  t h e  des ign  of such a modeling experiment. 

Incomplete  knowledge of ionospher ic  f low seems, a t  t h i s  time, t o  

p l a c e  i t  r a t h e r  f a r  from the p o s s i b i l i t y  sf r e a l i s t i c  t o t a l  

I modeling. Never the less ,  cons iderab le  work h a s  been done on the 

I l a b o r a t o r y  r ep roduc t ion  of i s o l a t e d  ionospher ic  phenomena ( f o r  

I example,  r e f e r e n c e s  5 and 12)- 

I The p r e s e n t  work concerns  i t s e l f  w i t h  t h e  p o s s i b i l i t y  of 

model ing p l a n e t a r y  atmospheres ( i n c l u d i n g  p l a n e t s  o ther  than 
I 

1 E a r t h )  by t r a p p i n g  an e l e c t r i c a l l y  charged gas  i n  a sphere  centered 

i e l e c t r i c  f i e l d  (Fig .  1). Mechanical energy may be imparted t o  the  

gas  b y  sp inn ing  the  sphere  about a p o l a r  ax is ,  Thermal energy may 

be added by e l ec t romagne t i c  r a d i a t i o n  of t h e  gas a s  wel l  a s  by 

1 t h e r m a l  conduct ion between the  bounding su r f ace  and the  gas. 

It may be t h a t  the  u s e  of a d i s k ,  a ey l%nder ,  o r  a sphere segment 

r a t h e r  than  a sphere  w i l l  s i m p l i f y  t h e  experimendatisn,  The 

I i d e a s  s e t  down h e r e  app ly  q u a l i t a t i v e l y  t o  a l l  f o u r  conf ignra t ions ,  
1 

F i e l d  Modeling 
$ 

A f i r s t  c o n s i d e r a t i o n  i s  modeling t h e  gra,vif;atironal f i e l d  by 

a n  e l e c t r o s t a t i c  f i e ld . .  A comparison of the  f i e l d  equat ions  i n  

t h e  two cases  w i l l  shed l i g h t  on t h i s  s i t u a t i o n ,  

The c a l c u l a t i o n  of the  conservat9ve f o r c e  f i e l d  due t o  a 



continuous distribution of c h a r g e  or m a s s  l e a d s  t o  t h e  well known 

result t h a t  a t  a point in s p a c e  

where 6 - mass o r  cha rge  d e n s i t y *  

v -- volume; 

r - r ad ius  vector  from origxn c ~ f  cc)ordina tes ;  

cp - p o t e n t i a l  func t ion :  

k - constant  of proporticnslity 

Fsom this follow field equa t ions  f o r  g r a v i t a t i s c a 4  and f o r  

e l e e t r o a t a t i e  f i e l d s ,  

For  t h e  g r a v i t a l P s n a l  f f e l d  

and f o r  the e l e c t r o a k a t i c  f i e l d  

w h e r e  y = 6 -7  x 10 2 <-3 -I1 newton-m ; eV - P f 
kg2 

- P 
3 6 n . x i o 9  



1 
I P - mass dens i ty ,  I ~ g / ~ 3  ; p e  --charge d e n s i t y ,  coul/m3 

i n  the  NIL3 system. 

For a homogeneous p lanet  of mass d e n s i t y  p p  surrounded by a n  

atmosphere of mass dens i ty  p a  ( a l s o  assumed homogeneous), I t  is. 

e a s y  t o  show t h a t  

where aG(r)  is the f i e l d  o u t s i d e  t h e  p l a n e t  aphescl, ( i , e , ;  i n  t h e  

9qatmospkererf) and a G ( r  ) is t h e  f i e l d  a t  the p l a n e t  surface where 
0 

r = r  
0' 

Normally, p << 1 and term a above can be neglected. 

S imi la r ly ,  f o r  a homogeneous sphere of charge of density p, 

CaBmcg f o r  model) surrounded by a homogeneous a tmoaphexe of charges 

of dens i ty  p , 
a 

f o r  t h e  e l e c t r i c  f i e l d ,  Comparison of equations (8) and ( 9 )  shows 

t h e  v a r i a t i o n s  i n  f i e l d  t o  be q u a l i t a t i v e l y  t h e  same and % h a t  t h e  

f i e l d s  a r e  i d e n t i c a l  i f  i t  is poss ib l e  t o  e s t a b l i s h  i d e n t i c a l  

density r a t i o s  a t  each p o i n t  of the  dimensioniess space, 

A l t e r n a t i v e l y ,  s ince normally << l and neglected;  i f  

<< 1, the ,  f i e l d  d i s t r i b u t i o n s  w i l l  be i d e n t i c a l ,  
em 
An extension of t h i s  reasoning  t o  the conparison of potential 



i f u n c t i o n s  i n  t h e  two cases can b e  made. If t h e  spec i f  i r a t i o n  of 
I 

I t he  a d d i t i o n a l  boundary c o n d i t i o n  can be made phys i ca l ly  compat- 
1 

I i b l e  f o r  t h e  two c a s e s ,  congruence of the two d i s t r i b u t i o n s  i n  

1 d i m e n s i o n l e s s  r e p r e s e n t a t i o n  can be e s t a b l i s h e d  j u s t  a s  f o r  equa- 

i t b n s  (8) and (9). 

I n  summary, s i m i l a r i t y  o f ,  f i e l d  and p o t e n t i a l  d i s t r i b u t i o n s  

1 exists f o r  homogeneous atmospheres, i d e n t i c a l  charge and mass 

I ~ a L % o s ,  and p h y s i c a l l y  compatible s p e c i f i c a t i o n  sf an o u t e r  bound- 

I a r y  c o n d i t i o n .  It  is u n l i k e l y  t h a t  these  eondit iuals  will be 

I c o m p l e t e l y  met i n  the  experiment,  For example, it is probable 

1 t h a t  not Pea/Pem << 1 because of the  practical l i m i t a t i o n s  on 

I the v o l t a g e  f i e l d  due t o  t h e  n a t u r e  of the e l ec t r a s t a t f c  force 

f field i n  thi .s  a p p l i c a t i o n .  Also,  t h e  assumption of a homogeneous 

1 a tmosphe re  i s  j u s t i f i e d  i n  n e i t h e r  case, Nevertheless, i t  is 

p r o b a b l e  t h a t  a near  enough approach t o  t he se  conditions may be 

I made t o  ensure  a p r a c t i c a l  degree  of s i m i l a r i t y  in t h e  f i e l d s ,  

1 A more  s o p h i s t i c a t e d  a n a l y s i s  t o g e t h e r  w i t h  design ca l cu l a t i ons  
i 
l 

a n d  exper iments  w i l l  be r e q u i r e d  t o  s e t t l e  this quest ion,  

1 S t a t e  of t h e  Gas in RePatlon t o  F i e l d  

I 
i 

Given a  conse rva t ive  f i e l d  of force ,  t h e r e  exists a p o t e n t i a l  
-L 

f u n c t i o n  s u c h  t h a t  P = -79. We cons ider  t h e  ease of a gaseous 

1 a t m o s p h e r e  i n  s t a t l c  e q u i l i b r i u m  under t h e  i n f luence  of such a 

force f i e l d ,  It  can be shown t h a t  i s o p o t e n t i a l  su r f aces  cor res -  

i pond t o  c o n s t a n t  p r e s s u r e  i n  such  a s t a - t i e  atmosphere, Thus 



p r e s s u r e  Is a funct ion  only of potential, 

Furthermore, cons ide ra t ions  of s t a t i c  equilibrium y i e l d  

* = -p(+)Fr(r) dr %lI> 

for such  a f i e l d .  F r ( r )  is  the r-component of the Fie18 force .  

H e r e  we permit va r i a t ions  of density t o  oecrrr, Since ,  

we o b t a i n  t h a t  

or, the specific volume is, l i k e w i s e ,  st furac t fog  only of t h e  

force p o t e n t i a l .  Therefore,  i f  the s t a k e  equatgon for the atmos- 

phere i s  of form 

speesfica t i o n  of ' t h e  field p o t e n t i a l  determines t he  thermodynamic 

state of the gas, The reasoning obviously  applies equally well 

l o  electric and g r a v i t a t i o n a l  potentials. 

I n  summary, the v a r i a t i o n  with altgtude of' the static s t a t e  

of t h e  gas depends s o l e l y  on the p o t e n t i a l  f r e l d  sf t l ~ e  sphere 

under the conditions 

i) a conservat ive field of force; 

ii) su r face  normal forces; 

iii) any s t a t e  equat ion of form equation (14). 



I 
I 

Such an equatson of s t a t e  ma.y be aasua~ed t o  r.Jescr.ibe most neutral  

gas atriospheres, However, g a s  2n the presence of external f i e fds  I may present a more compl ica ted  p h y s i c a l  sitaatis~. 

3 Using the methods of maeroscopie thermostatics, Chu obtains 

i Cl5) 

t h e  equat ion  of s t a t e  f o r  an ideal ,  g a s 9  where 

(1) -mechanical contributiozl fcse ideal gar ' ,  

( 2 )  -- TsEield*t pressure ;  

1 ( 3 )  - electro-magnetostriction effec t .  

I 

I 
I 

pol: %.he presen t  case,  i n  t he  absence ef exkesna1l.y imposed msg- 

netic f i e l d s  and neglec t ing  magnetic Induetion, 

where 

d 

D - displacement dens i ty ,  coul/m 2 

p - mass dens i ty ,  lig/,3 

c , gas  d i e l e c t r i c  coeff  i e i e n t ,  f aradsc/, 

As t h e  e l e c t r i c  f i e l d  approaches ze ro ,  e q u a t i o n  $16) reduces t o  

the equa t ion  of s t a t e  f o r  an ideal gas ,  Thus, d i r ec t  appl ica t i sn  

of h y d r o s t a t i c  analyses t o  t h e  e l e c t r o s t a t i c a l l y  modeled a b o s - .  

phere implies neglec t  of the e l e c t r o s t r i c . t i v e  ax-nel f i e l d  contribu- 

tions t o  t h e  pressure,  For e = constant  and f o r  i so tx rsp ie  media, 



4 ', The former  assumption i s  u s u a l l y  made i n  MHD appl icat ions  , and 

j u s t i f i c a t i o n  of n e g l e c t  of t h e  f i e l d  pressure w i l l  depend on 

The p r a c t i c a l  circumstances under which this neglect  is j u s t i f i e d  

w i l l  have t o  r e c e i v e  f u r t h e r  c o n s i d e r a t i o n ,  

Dynamic Modeling and Similar% 

Dynamic modeling of momentum f l o w  i n  a fluid f'i.eld implies 

- tha t  the  x a t i o  of f o r c e s  a c t i n g  on a fluid element have the same 

v a l u e  i n  t h e  p ro to type  and t i l e  model a t  corresponding posi t ions  

and t imes in the  d imens ion less  f geld ,  Energy f l ow  modeling re- 

q u i r e s  t h a t  the  r a t i o  of f luxes  t o  o r  from st f l u i d  element 

cor respond  i n  the  same way. I f ,  when dimenaionlessly presented, 

t h e  model f i e l d  and the p r o t o t y p e  f i e l d  are congruent, dynamic 

s imi l a r :  t y  h a s  been achieved,  

Rare ly  can complete s i m i l a r i t y  be achieved by modeling of 

any complex f l u i d  mechanical  s i t u a t i o n ,  FIswewer,  i n  any given 

phenomenon t w o  o r  t h r e e  f o r c e s  and/or P luxee  w i l l  usually 

dominate,  Experience h a s  shown t h a t  it w i l l  general ly  suff ice  

t o  match on ly  these  dominant r a t i o s  in model and prototype, 

Fur thermore,  i t  may prove unnecessary  t o  model. even these  exacqt1y 

i f  t h e  theory  i s  s u f f  j c i e n t l y  w e l l  developed t o  pernr t  extrapola- 

tion of exper imental  r e s u l t s .  A common example is found i n  

e x t e r n a l  aerodynamics where e x a c t  modeling of Reynolds number i s  

r a r e l y  achieved,  I t  i s  n e c e s s a r y ,  however, t o  model the a i rplane 



f low regime (laminar o r  t u r b u l e n t )  by approximating the ~e ynolds 

number range. Theore t ica l  ex t rapo la t ions  may then be used  to 

o b t a i n  p red ic t ions  of pro to type  f l u i d  forces .  

Thus, the r e a l  power of modeling l i e s  i n  i t s  exercise a s  a 

ggseient i f ic  a r t f *  wherein o b s e r ~ r a t i o n  and a n a l y s i s  a r e  combined 

t o  bring about advances i n  physical understanding even i n  t h e  

absence of exact modeling o r  s o p h i s t i c a t e d  theor ies ,  Atmospheric 

modeling a t  i t s  p resen t  s t a g e  of d~azelopment i s  such a n  a r t .  

The quest ion which i n t e r e s t s  us is w h e t h e r  dynamic modeljlng 

of macroscopic motions of a p l a n e t a r y  atmosphere by an i o n  g a s  

h e l d  i n  a  c e n t r a l  f o r c e  f i e l d  on a r o t a t i n g  sphere is: 1) eon- 

c e p t u a l l y  sound; 2) a p r a c t i c a l  p o s s i b i l i t y  i n  the sense described 

above. We approach t h e  answers t o  these   question:^ by considering 

phys ica l  aspects  of the  equa t ions  of motion in general f oxm. 

For a s i n g l e  spec ie  gas 

mass conservat ion,  and 

charge conservation; where 

; and, f o r  a s i n g l y  ion ized  gas, 



the  inverse  of the s p e c i f i c  charge, ?Sze momentum equation i s  

w r i t t e n  

where the pressure includes mechanical and electromagnetic con- 
.,.. 

t e i b u t i o n s  (equation I S ) ,  T i s  a f l u i d  stress tensor excluding 
3 - 

pressure ;  J is  cur ren t  d e n s i t y  ~~~~~~~~'-sec: B 5.8 magnetic f lux  

2 dens i ty ,  newt-see/eoul-m , We consider  terns (3) and ( 5 )  t o  be 

neg l ig ib le .  I n  the absence  of an e x t e r n a l l y  imposed magnetic 

f j e l d  (3) = 0 i f  magnetic 5nductSon i s  neg l iggb le ,  Term 6 5 )  

can be neglected i f  the  e l e c t r o s t a t 5 c  force i s  sufficiently large 

r e l a t i v e  t o  the g r a v i t a t i o n a l  f o r c e ,  This can e a ~ i l y  be cheeked 

for the  p r a c t i c a l  cases ,  As impljed by eqpna.t;lcsn $17)~ e l e c t r o -  

stf i c t l v e  e f f e c t s  a re  neglec ted ,  Assuming ttiese approximations 

f o r  the moment, we proceed t o  t h e  de te rmina t ion  af dynamic sirni- 

I . a r i t y  parameters. 

In  t h i n  f l u i d  l a y e r s  of t h e  cha rac te r  of atmospheres and 

oceans, app l i ca t ion  of the  so -ca l l ed  boundary l a y e r  approxima- 

t ions  would appear reasonable,  The determinat ion of s i m i l a r i t y  

parameters from the  boundary l a y e r  equations is s ~ r a i g k t  forward 

and d e t a i l s  of the method may be found i n  nany textbooks, 

Continui ty,  fox t h i s  case ,  may be e:spre.ssed 

where u, v, w, x, y, z a r e  t h e  v e l o c i t i e s  and displslecmenls 

r e s p e c t i v e l y  i n  a t angent  p lane  coordina te  system, and p i s  t h e  



mass dens i ty .  

The s-component of the  momentum equat ion becomes 

f - - c o r i o l i s  parameter ,  and 

f = 26a s in  ro 

- Ua i n e r t i a  f o r c e  'i! inex t i a  and z: - --- v i s c o u s  f o r c e  aR eori01is 

0 = -G(z)- 1 .!%! and,  dimensionlensly, 
P az ! 

a r e  t h e  modeling pa rame te r s  f o r  s u r f a c e  parafIe$ motions in the 

thin boundary l a y e r  model. 

Por h y d r o s t a t i c  modeling,  t h e  su r f  ace normal ccmponent of 

momentum i s  

where h2 is t he  angu la r  v e l o c i t y  and q-~ Sa , the l e t i : t ude ,  

Equat ions  (22) and (23) may be made discen-$ionless by t r a n s -  

forming i n  terms of the v a r i a b l e s :  

U i s  st r e p r e s e n t a t i v e  v e l o c i t y  r e l a t i v e  t o  the s s t ~ a ~ i n g  eo- 

o r d i n a t e  frame; a ,  t h e  c h a r a c t e r i s t i c  lengtl i? ,  i s  taken To be the 

sphere  r a d i u s .  It r e s u l t s  t h a t  



t h e  e l e c t r i c  body f o r c e  f o r  a non-conducting gas,  For  t h e  ease 

of a homogeneous non-neut ra l  g a s  ( as  previow.sly postwlsa t ed)  tfie 

l a s t  two terms a r e  of no importance and buoyancy x e s u l t s  from 

local. p e r t u r b a t i o n s  of charge d e n s i t y ,  o r  f i e l d ,  or b o t h ,  For 

the case of a n e u t r a l  gaseous d i e l e c t r i c  of nons-zero suseept i -  

b i 9 2 t y ,  the  f i rs t  term on the r i g h t  vanishes and buoyancy depends 

on non-nnif o rmi ty  of field and p r o p e r t i e s ,  These e l e c t r o s  t r i c t i v e  

forces have a l r e a d y  been shown t o  be of s i g n i f i c a n t  p r a c t i c a l  

6 impor tance  i n  n a t u r a l  thermal eonvee t ion  

I t  was p r e v i o u s l y  i n d i c a t e d  (equati~ns (24) and (25)) t h a t  

h y d r o s t a t j c  modeling of t h i n  f l u i d  l a y e r s  required hydrodynamic 

and e l e c t r o s t a t i c  Froude number match ing ,  'GVhen ver t i ca l  motions 

a r e  admi t ted ,  however, t h e  dominant f srce5 ~ E C O X ~  buayaney and 

s h e a r ,  Thls f o r c e  r a t i o  i s  errpressed by ?-he Ric'gzardsen number 

commonly used i n  me teo ro log ica l   application,^. This can be re- 

written as 

in terms of t he  Grashoff  and Reynolds nearnbexa commonly encountered 

i n  h e a t  t r a n s f e r  l i t e r a t u r e ,  For t h e s e  e q u a t i o n s  

1 a = p~ t h e  thermal coef f i e i e n t  
of expansion; 



e s  = T, - 'I", t h e  tempcreture dif ' f  e renee  
l o c a l l y  between a n  clement 
of f l u i d  and the  heated 
surf ace 

I trf'r~ere the  l a s t  two terms of equa t ion  ( 2 8 )  dominate ,  i t  h a s  been 
9 

1 shn:;z6 t h a t  t h e  appropriate  n a t u r a l  convection models: 5 paralceter is 

r.ihcre y- expresses  the t empe ra tu r e  dependence of c; E,.-j.s t h e  

I e%ee"sie f i e l d  a t  t h e  m o d e l  s u r f a c e ,  For the case cf a charged 

Rc:a:;lgenesus g a s ,  i t  can b e  shown t h a t  if g r a v i t a t i o n a l  e f f e c t s  

a r e  nnt neg l ig ib le  r e l a t i v e  t o  eXectrosla t ic  e f fec t s  

acd t h a t ,  t h e r e f o r e ,  t he  a d d i t i o n 2 1  dimensionless parameters 
3 2 e b ~ u l d  be of form pp,(~E)b where 8,. ip; f o r  

2 2 
V 

The foregoing  cons ide ra t ions  indicate t h a t  where t h e  t h in  

F%.nsid l ayex  model i s  accep tab le ,  R e y n o l d s  number, Rossby number 

and Froude number ( g r a v i t a t i  o n a l  and electrostatic) axe the ap- 

p r o p r i a t e  modeling parameters ,  E x p e r i e n c e  with hydrodynamic 

a trnnspheric modeling h a s  indicated t h a t  Rossby number m~deling 



is probably of g r e a t e r  importance than Reynolds and Froude number 

modeling f o r  s u r f a c e  p a r a l l e l  motions, The Jmpor tance of t h e  

e l e c t r o s t a t i c  f i e l c l  i n  t h e  proposed g a s  dynamiczl  modeling 

technique is simply t o  hold  t h e  gas atmosphere  t u  the  model sur face .  

I f  a "thick18 atmosphere model is c h c ~ e n ,  t h e  indication i s  

t h a t  t h e  modeling pa rame te r s  axe those cammnnlg v ~ s e d  5n na tura l  

convec t ion  h e a t  t r a n s f e r ;  namely, Greshnff number (g rav i ta t iona l  

and e l e c t r o s t a t i c ) ,  Reynolds number, RoaaBy number, and Netsse'lts 

ne;l..mber, The f i r s t  two of these  parameters a r e  combined t o  f o r m  

t h e  Richardson number commonly used i n  rnetei-sxsl.cgica1 appl ica-  

tsons, I t  can be a n t i c i p a t e d  t h a t  Srashoff znQ Iloissby number 

modeling w i l l  be  of dominant importance-, F o r  t h i  node1 t h e  

ekectric f i e l d  technique o f f e r s  ad~ .~an t age , s  i.n tncres-sed versa- 

t i l i t y  of t h e  expe r imen ta l  approach,  

The c o n s i d e r a t i o n  o f  t h e s e  two s e p a r a t e  approaches exempli- 

f i e s  the  n e c e s s i t y  f o r  compromis3ng t h e   demand,^ f ~ r  zomplete 

s . imi l a r i t y ,  Such compromises may be based on p e s i b l e  p r a c t i c a l  

Pimi t a  t i o n s  o f  size and physical .  equipment cr on instrnmen.tation, 

01: o t h e r  f a . c to r s .  The i n t e n t  a l s o  f s  to i n d i c a t e  a h a t  1 ~ 3 t h  some 

i n g e n u i t y ,  p r a c t i c a l  d i f f i c u l t i e s  can be owscone o r ,  i n  some 

c a s e s ,  even tu rned  t o  advantage t h r o u g h  pY..acing emphasis on 

modeling one o r  a n o t h e r  a s p e c t  of t h e  pro,t:ntype flows. It seems 

c l e a r  t h a t  modeling of p l a n e t a r y  atmospheres $7 t h i s  'ipproach is  

concep tua l ly  sound, Whether i t  is or no t  a prac t i ca l  possibility 

depends on numbers requixed and materiais and teci'hniques avail-  

ab le .  I f  p r a c t i c a l ,  i t  h a s  the  advantage over oakher techniyues 

t o  d a t e  of p e r m i t t i n g  g r e a t e r  f reedom P,n body force modeling where 



v e r t i c a l  motions dominate. In a d d i t i o n ,  the  t i l t  of t he  vor t ic i tg  

vec tor  may be f a i t h f u l l y  modeled where surface motions a r e  of 

dominant importance. 

Imat  we have discussed i s  a r ep resen ta t ive  f i r s t  assessment 

of the problem. It should not  be expected t h a t  t h e  resu l t s  pre-  

sen ted  a r e  i n  any sense  f i n a l ,  since several d i f f e ren t  expesi- 

ments appear possible  and t h e  choice of modeling techniques and 

conf l g u r a t i o n s  w i l l  i n e v i t a b l y  i n t e r a c t  with t h e  modeling analysis. 

Laboratory Model of t h e  Plane tary  Atmosphere 

I n  considering p o s s i b l e  techniques, t h e  laboratory problem 

of producing and t rapping a  gaseous atmosphere i n  an eleetro- 

static f i e l d  must r ece ive  f i r s t  considerat ion,  A% l e a s t  f o u r  

d i f f e r e n t  approaches p r e s e n t  themselves,  They a r e  the use of: 

1) an e l e c t r i c a l l y  s u s c e p t i b l e  neawtral gas on a slender 

r o t a t i n g  cy l inder ;  

2) a  low dens i ty  plasma between counter r o t a t i n g  c y l i n d e r s  

w i t h  continuous r a d i o  frequency exei ta  t ion: 

3) a  Lest chamber w i t h  sphere ,  sphere segment, or disk model 

and an ion gas ;  

4) a thermionic e m i t t i n g  model sur face  with a mass  enhanced 

charged atmosphere ; 

5 )  combinations and permutat ions o f  I )  through 41, 

The f i r s t  two o f  these  techniques would r e l y  on e lee t ros t r ie -  

Give f o r c e s  t o  a l t e r  gas  body f o r c e s  due t o  g rav i ty  o r  c e n t r i -  

fugal mechanical fields. With  the l a t t e r  two, i t  should be 

p o s s i b l e  t o  produce body f o r c e s  of srlch magnitude t h a t  gravity 

and o the r  mechanical e f f e c t s  can  be  ignored a l together ,  Since 



l a r g e  f i e l d s  and f i e l d  g r a d i e n t s  are e n t a i l e d  i n  t hese  f a t t e r  

i n s t a n c e s ,  i t  may prove of p r a c t i c a l  importance t o  i n v e s t i g a t e  

combinat ions  of a l l  t he se  techniques .  

I n f l u e n c e  of the  e l e c t r o s t r i c t i v e  body f o r c e  on n a t u r a l  

7 t h e r m a l  convec t ion  was f i r s t  i n v e s t i g a t e d  by Senf t leben  and Braun . 
They succeeded i n  showing expe r imen ta l ly  t h a t  applying an e l e c t r i c  

f i e l d  t o  a p a r a e l e c t r i c  gas  sur rounding  a  heated h o r i z o n t a l  wire 

c a n  produce an i n c r e a s e  i n  h e a t  r a t e  up t o  50%. This e f f e c t  i s  

due t o  t h e  change i n  t h e r m a l  c i r c u l a t i o n  produced by the  e l e c t r o -  

s t r i c t i v e  f o r c e s .  Lykoudis and Yu f orrnulated the  dimensionless 

S e n f t l e b e n  number ( equa t ion  (31)) and a n  empi r i ca l  c o r r e l a t i o n  

which imp l i e s  dominance of e l e c t r o s t r i c t i v e  f o r c e s  over g rav i t a -  

t i o n a l  f o r c e s  under c o n d i t i o n s  beyond t h e  range of p re sen t ly  

e x i s t i n g  exper iments ,  \"Jether t h e s e  can  i n  f a c t  be a t t a i n e d  

w i l l  depend on p r a c t i c a l  l i m i t a t i o n s  such a s  brealcdovm p o t e n t i a l  

of the g a s e s ,  Never the less ,  t h i s  phenomenon o f f e r s  a n  approach 

t o  i n c r e a s i n g  the  range of body f o r c e  and flu;: r a t i o s  r ega rd l e s s  

of t h e  u l t i m a t e  g o a l  of a t t a i n i n g  dominant non-gravi t a t i o n a l  body 

forces. T h i s  l a t t e r ,  a f t e r  a l l ,  may o r  n o t  be necessary  depend- 

ing on developments of t h e  i n v e s t i g a t i o n .  

A second p o s s i b i l i t y  i s  "tie r a d i o  f requency  e x c i t e d ,  POW 

d e n s i t y ,  low temperature  plasma between c o u n t e r  r o t a t i n g  cy l inders .  

The t e chn iques  for produc ing  and p rob ing  such plasmas have been 
11 deve loped  . The a p p l i c a t i o n  t o  t h e r m a l l y  d r i v e n  f lows  w i t h  

r a d i a l  f o r c e  f i e l d s  h a s  n o t  been a t tempted  t o  t h e  w r i t e r l s  1mot.~- 

ledge, A s  a m a t t e r  of f a c t ,  t h e  n e u t r a l i t y  of t h i s  atmosphere 

and t h e  n e c e s s i t y  f o r  con t inuous  e x c i t a t i o n  would appear t o  be 

strong d e t e r r e n t s  a g a i n s t  i t s  s u c c e s s f u l  a p p l i c a t i o n  t o  the pre-  

sent  problem. Neve r the l e s s ,  i t  should  r e c e i v e  s t u d y  i f  only as  



a p r e l i m i n a r y  t o  more promising approaches  s ince  the experimental  i 
d 

T 
1 

t e c h n i q u e s  w i l l  p robably  prove t o  be of value f o r  t h e  charged gas  

i 2s ~ ~ e k l .  
1 

ale p o s s i b i l i t y  of p r o d u c t i o n  and 'crappj-ng of a ciiarged ga s  

I on a d i e l e c t r i c  (or: tt1ermion5.6:) s u r f a c ?  i n  an 2vaeuated chamber 

! i s  c o n c e p t u a l l y  ve ry  a t t r a c t i v e  a s  w a s  pointed ou t  previously .  
1 

I n  p r a c t i c e ,  a n  approach n o t  unlilce t h a t  used by E3irlieland5 i n  i 
i h i s  T e r e l l a  Experiments appears  l o g i c a l .  The geometry would 

1 change and the  magnitudes of a p p l i e d  f i e l d s  and vacua would d i f f e r ,  
1 
1 

1 b u t ,  i n  e s sence ,  t he  ground t h a t  h e  covered cou ld  be recovered 
i 
I 
I 

if t h e  emphasis w e r e  p laced  on magnet ic  r a t h e r  than e l e c t r i c  
I 

phenomena. 
I 

A f i r s t  approach t o  t he  d e s i g n  con f igu ra t ion  of such a chamber 

is shown schematicaZ1y a s  F i g u r e  2. The ionlzecl ga s  i s  discharged 

I t a n g e n t i a l l y  i n t o  t h e  chamber and charge separa t ion  i s  e f f e c t e d  
1 
I a s  t he  p o s i t i v e l y  charged p a r t i c l e s  s p i r a l  i n t o  the  d i e l e c t r i c  

i 
I coa ted  s u r f a c e  of t12e model and the elec-brons a re  induced t o  the  

! w a l l  and conducted away- It is  expec ted  t h a t  es- tabl ishlng the  

1 
atmosphere  of charges about  t h e  s p h e r e  model could proceed a t  low 

rates and under cont inuous  e v a c u a t i o n  of the  chamber. Thus ,  an 
I 

1 order of magnitude d i f f e r e n c e  i n  mass d e n s i t y  a t  the  sur face  
I 

i and a t  t h e  chamber boundary would exis t .  It woudd be expected 

1 t o  e s t a b l i s h  t he  f i e l d  such t h a t  h / ~  << 1 (see Figure  1)- 

I 
f 

I tem (4)  above r e p r e s e n t s  a d i f f e r e n t  approach t o  the  pro- 

1 d u c t i o n  of t he  charged atmosphere of i t e m  ( 3 ) .  A therrnionic 
, 

surface would be use@ t o  produce a n  e l e c t r o n  atmosphere and a 

4 
I strong nega t ive  b i a s  would h o l d  t h e  charge cloud a t  the  cathode 

1 LI_. 

i * A c o n f i g u r a t i o n  sugges t ed  by R ,  W. Glasheen. 
I 



surface .  S ince  both equa t ion  (26) and f l u i d  mechanical common 

sense  i n d i c a t e  the  d e s i r a b i l i t y  of i n c r e a s i n g  the mass t o  charge 

r a t i o ,  a n e u t r a l  d u s t  of micron s i z e  would be added t o  the  charge  

cloud. The technique h a s  a l r e a d y  been developed i n  a d i f f e r e n t  

application'0.  This c o n f i g u r a t i o n ,  i f  succes s fu l ,  ~ o u l d  have 

the  advantage of e l imina t ing  the  n e c e s s j t y  f o r  plasma input  and 

charge s e p a r a t i o n ,  Obvious d i s a d v a l i t a g e s  a r e  the  neces s i t y  f o r  

cathode h e a t i n g  and i t s  p o s s i b l e  a t t e n d a n t  complicakions s o  f a r  

a s  r o t a t i o n  of the  sphere  i s  concerned a s  tvell a s  poss ible  addi- 

t i o n a l  d i f f i c u l t y  w i t h  probing the  atmosphere. 

Experimental  Techniques 

It i s  hoped t h a t  the  f o r e g o i n g  cosnnients provide a c l e a r  

enough p i c t u r e  of proposed p r a c t i c a l  approaches t o  producing an 

a tmospher ic  model. I n  what f o l l o w s ,  a s i m i l a r l y  abbreviated and 

p r e l i m i n a r y  approach t o  t he  exper imenta l  techniques  i s  out l ined.  

The o b j e c t  w i l l  be t o  communicate t h e  concept of the  experimental 

approach w i t h a u t  devot ing space  and time t o  d e t a i l s  of technique 

many of which rema.in t o  be worked o u t .  

Three main aims of t he  exper imenta l  des ign  program are :  

p r o v i d i n g  f o r  mechanical and thermal  energy  add i t i on ;  f o r  addi- 

t i o n  of f9pol lutants1r ;  and f o r  i n s t rumen ta t ion .  

Mechanical energy a d d i t i o n  would be by r o t a t i o n  of the  

"stingrf which suppor t s  t h e  model a t  t h e  chamber cen te r .  Thermal 

energy  a d d i t i o n  could b e  by conduc t ion  from t he  model sur face ,  

by s e l e c t i v e  i r r a d i a t i o n  through me ta l i zed  g l a s s  p o r t s  i n  the  



chamber  w a l l s ,  o r  by both. S i m u l a t i o n  of thermal e f f e c t s  by 

l o c a l  cha rge  d e n s i t y  p e r t u r b a t i o n  is p o s s i b l e  through n e u t r a l i -  
., 

z a t i o n  by e l e c t r o n  beam, charge  d i l u t i o n  by a d d i t i o n  of dus t ,  or 

by l o c a l  v a r i a t i o n s  of t h e  e x t e r n a l  f i e l d  ( f o r  example, through 

d i e l e c t r i c  l a y e r  inhomogene i t i e s ) ,  E x t e r n a l l y  induced f i e l d  

o s c i l l a t i o n s  w i l l  produce mhd waves i n  t h e  atmosphere, 

I t  w i l l  be of i n t e r e s t  t o  s t u d y  t h e  d i s p e r s a l  of clouds of 

p o l l u t a n t  i n  t h e  model atmosphere.  P o s s i b i l i t i e s  a r e  d u s t  clouds 

of n e u t r a l  p a r t i c l e s  ( c h a r g e  c l i luen t )  o r  d u s t  c louds  of radio- 

a c t i v e  p a r t i c l e s .  

The c o n s i d e r a t i o n  of s j i n i l a r i t y  5 n d i c a t e s  t h a t  l o c a l  measure- 

ments  of v e l o c i t y ,  p r e s s u r e ,  t e m p e r a t u r e ,  and f i e l d  are des i rab le  

f o r  d e t a 3 l e d  f l o w  ~ t u d i e s .  Exper ience  shows t h a t  p r a c t i c a l  con- 

s i d e r a t i o n s  w i l l  p robab ly  l i m i t  some of t h e  measurements t o  the  

boundar ies  but  t h a t  adequa te  d a t a  f o r  modeling s t u d i e s  can be 

o b t a i n e d  d e s p i t e  such l i m i t a t i o n s .  For  d e t e c t i o n  of f l u i d  veloc- 

i t i e s  and f o r  charge d e n s i t y  mapping, it: azrould appear t h a t  

a p p l i c a t i o n s  of methods a s s o c i a t e d  with p a r t i c l e  phys ics  research  

a r e  i n  o r d e r .  Modifica"cons of conven t iona l  f l u i d  mechanical 

p r e s s u r e  and tempera ture  s e n s o r s  for use i n  s t r o n g  f i e l d s  s h o u l d  

p r o v i d e  f o r  those  measurements,  

A s  sugges ted ,  many of t h e  t e c h n i q u e s  needed f o r  energy add- 

i t i o n  t o  and p rob ing  of a n  a t m o s p h e r i c  model a l r e a d y  e x i s t  and 

c a n  be a p p l i e d  e i t h e r  d i r e c t l y  o r  w i t h  a r easonab le  degree of 

m o d i f i c a t i o n .  S i m i l a r l y ,  a r e a s o n a b l e  amount of experience with 

e l e c t r o s t r i c t i v e  g a s e s  and low t e m p e r a t u r e  plasmas h a s  accumulated- 

However, the a u t h o r  i s  unaware of p r e v i o u s  a t t e m p t s  t o  model w i t h  



! 
i o n  g a s e s  a s  i s  proposed h e r e .  There fo re ,  a few pre l iminary  cal-  

c u l a t i o n s  were made t o  e x p l o r e  tile g r o s s  l in l i ' ca t ions  on such a ' 

v e n t u r e .  

The Homogeneous P l a n e t a r y  Atmosphere Model 

> 

t R e f e r r i n g  t o  F i g u r e  2 .  "and 2. ,  i t  i s  assumed t h a t  a p e r f e c t l y  

c o n b u c t i n g  model sphere ,  20 c m  i n  d i a m e t e r  and w i t h  a p e r f e c t  

d i e l e c t r i c  s u r f a c e ,  i s  p l a c e d  a t  t h e  c e n t e r  of such a  chamber, 

A n  a tmosphere  of c h a r g e s  such t h a t  h / ~  << 1 i s  e s t a b l i s h e d  a s  

d e s c r i b e d  i n  the  p r e c e d i n g  s e c t i o n  and t h e  fo l lowing  q u e s t i o n s  a r e  

a sked :  

I) c a n  an a tmosphere  of continuum f l o w  d e n s i t y  be e s t a b l i s h e d  

by a p p l i c a t i o n  of a f i e l d  of r e a s o n a b l e  magnitude; 

2) w i l l  t h e  g r a v i t a t i o n a l  e f f e c t  be n e g l i g i b l e  i n  t h i s  range 

of a p p l i e d  f i e l d s ;  

3) w i l l  one-to-one model ing  of t h e  g r a v i t a t i o n a l  f i e l d  occur; 

4.) w i l l  c o n s i d e r a  t i o n  of t h e  f i e l d  e f f e c t  on t h e  thermody- 

namic s t a t e  be r e q u s r e d ?  

For  continuum f l o w ,  a mean f r e e  p a t h  of roughly  1/100 t he  

s p h e r e  d i a m e t e r  i s  assumed, For  t h e  i d e a l i z e d  s p h e r i c a l  con- 

f i g u r a t i o n ,  P o i s s o n ' s  e q u a t i o n  becomes 

where V-volts.  We assume t h a t  t h e  g a s  i s  s i n g l y  ion ized  argon. 

We assume, f u r t h e r ,  t h a t  t h e  charge  w tmosphere i s  homogeneous. 

Al though t h i s  l a t % c r  assumpt ion  i s  p h y s i c a l l y  u n r e a l i s t i c ,  i t  i s  
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1 
I 

I probable  t h a t  t h e  c a l c u l a t i o n  of the  q u a n t i t i e s  of i n t e r e s t  here 
, w i l l  n o t  be q u a l i t a t i v e l y  a f f e c t e d ,  , The boundary condi t ions  are:  

a t  r = d V  
ro 7 

V = 0 and a t  r = h,- = O the  l a t t e r  being s e t  f o r  
c1 r 

optimum f i e l d  s t r e n g t h .  A charge atmosphere th ickness  of 1 crn 

w i l l  be assumed. With t h i s  s i m p l i f i c a t i o n ,  it r e s u l t s  t h a t  

A s  examples of l i m i t i n g  cases ,  it r e s u l t s  t h a t  f o r  a  charge 

i d e n s i t y  of one Ea r th ' s  atmosphere , 

which i s  obviously  o u t  of  t h e  ques t ion ;  b u t  f o r  a r ep re sen ta t ive  
I 

I 
3 imospher ic  charge d e n s i t y  (n = 10" charges/crn 1 

I 
I 4 
i V ( h )  = 3.6 x 1 0  v o l t s  
t 
1 a moderate p o t e n t i a l .  
I 

However, such an atmospher ic  d e n s i t y  corresponds t o  mean 
i 

Eree p a t h s  of 30 meters  ,., c l e a r l y  a Eree molecule f low s i t ua -  

1 t i o n  u n l e s s  a n e u t r a l  s u s c e p t i b l e  gas  can be mixed w i t h  the charges 

I 
i 

a s  p r ev ious ly  suggested.  A mixture r a t i o  of 10,000 n e u t r a l s  per 

1 
; 

charge would be  r e q u i r e d  t o  reduce the  mfp t o  continuum f l o w  

magnitudes. This mix tu re  y i e ld s  an atmosphere of d e n s i t y  1 0  20 

1 3 par t ic les /m w i t h  a corresponding mean pressure  of about 0.01 m. 

3 Assuming p r a c t i c a l  working vo l t ages  up t o  lo6 v o l t s ,  a r e l a t i v e l y  
1 

wide s e l e c t i o n  of neutral- to-charge r a t i o s  e x i s t s .  Thus, assuming 
4 



t h e s e  f i e l d  c a l c u l a t i o n s  Lo be conservat ive a s  seems reasonable, 

t h e r e  exists a range of practical dimensioi?~,  voltages,  and 

d e n s i t i e s  i n  which modeling is  poss ib le  i f  neu t ra l s  can be 

s u c c e s s f u l l y  mixed with the  charges and held i n  t h e  f i e l d ,  

The second ques t ian  d e a l s  w i t h  t h e  magnitude of gravi ta t ional  

f o r c e s  r e l a t i v e  t o  e l e c t r o s t a t i c  body f o r c e s .  From equation (34) 

t h e  f i e l d  s t rength  a t  the  sphere su r face  can be expressed 

The e l e c t r o s t a t i c  and g r a v i t y  body f o r c e s  a re  expressed i n  equa- 

t i o n  (21). For the case of a 40000 v o l t  app l ied  po ten t i a l ,  the 

charge  t o  mass r a t i o  f o r  equal  g r a v i t y  and coulomb forces  i s  

e 
I - - 1 coul, - 
m 7.5 x l o b  ~ E S  

i, 

F o r  neg lec t  of g r a v i t y  forces, obviously,  

e I coul - - 
m " 7.5 x 106 1% 

For argbn, s ing ly  ionized,  

7 coul ej = 2 . 5 x 1 0  -- 
m argon kg 

f o r  ionospheric  densi ty .  Theref ore ,  g r a v i t y  fo rces  a re  negl igible .  

Modeling of t he  g r a v i t a t i o n a l  f i e l d  depends on es tabl i sh ing  

congruence of equat ions (8) and ( 9 ) .  For s i m i l a r i t y  e i t h e r  

Pa - Pea - -  
P~ P em 



I 
/ o r  both s h o u l d  be n e g l i g i b l e ,  F o r  e a r t h ,  

I 
B u t  f o r  ro = 1 0  ern and a t  i onosphe r i c  density 

i 
1 f o r  a s i n g l y  ionized g a s .  Hence, nodeling of. t h e  gravitational 
1 
: field s h o u l d  not be expected. Hawearer, t h i s  is not s u r p r i s i n g  and 

i may prove t s  be of l i t t l e  i m p o r t a n c e  i n  view of the na tu re  cf t h e  

1 e l e c t r o s t a t i c  body farce.;. 

1 
I 

F i n a l l y ,  i t  rrar po in ted  o u t  t h a t  an l ea s  ~E ' /~X 'T  <<)I, the  

/ e l e c t r i c a l  equati-n of s t a t e  (eqcat i3n 117)) w i l l  t;c required t o  
! 

d e s c r t b e  t he  thermodynamic s t a t e  of the gas ,  For t h e  present  case 

' f I of ionospheric ibargd d e n s i t y  I eEL,  ,,:(T) \ R.I 2 and f i e l d  e f f ec t s  '\ .I- 

. '1 are important as would be expected.  

Sumxriar y and C ~ n c l u s i o n  -- ----- 
I The elec-trodynamic approach *:I p l a n e  t s r y  atmospheric modeling 

lows promise of provid ing  f o u r  sdtfantages over presznt  techniques  : 

f more r e a l i s t i c  body f o r c e  vec t,3+ modeling; 2) z a u f f  i e i e n t l y  
I 

bider range of s u r f a c e  normal s i m i l a r i t y  parameters t o  permit model. 

ies of planets other t h a n  ? a r t h ;  3) modeling cf t he  o u t e r  bound- 

conditions * O 9  ?& - 0 ,  a j  r/r,, >> 1; and 4) more r e a l i s t i c  
ax 

t i c i t y  vector m o d e l i n g  t h a n  w i t h  dis lr  o r  liquid sphere models. 



The preliminary c a l c u l a t i o n s  indicate t h a t  c>rperimental c; if  f i-  

c u l t i e s  d u e  t o  t h e  l a r g e  f i e E d  s t r e n g t h s  srqt l i rer l  may be e;:pect~d. 

However, i t  may be p o s s i b l e  t o  overcame t h e s e  by using an ion  gas 

d i l u t e d  v ~ i t h  a p o l a r  n e u t r a l  gas. I n  any event,  E a r t h ' s  g x a v i t a -  

tioa ef fec ts  can  e a s i l y  be made negligible; on:?-Lo-cne g r a v i t a t i o n a l  

f i e l d  mode l ing  will not occux; and an  e q u a t h f i  cf s t a t e  equivalent 

t o  t h a t  of e q u a t i o n  (17 )  w i l l  h e  ree!uired, 

The next s t e p s  in a pBar1ctar.y atmospheric modeling program a r e  

c l e a r l y  i r s d i c a t e d  by t h e  r e s u l t s  of t h e  pr:esent i n v e s t i g a t i o n .  

They are :  1 )  a boundary  l a y e r  s t u d y  ~ j r "  a ,-krapxr'r i n  a ten-tral 

force  f i e l d  on a r o t a t l n g  h e a t e d  sphere;  2 )  a cont inuing  s t u d y  of 

t h e  practicability of using a dilu-kt:?d c h a r g e d  gas ( o r  ? q u i v a l e n t  

t e c h n i q u e )  f o r  reducing t h e  r equ i r ed  app1iir.d vol-tagzs. A laminar 

boundary l a y e r  study a t  t h i s  t i ne  skf:e?bd I ; ~ D V ~  of g:=rier;;L i n t e r e s t  

I in t h e  a r e a  of n~acroscopic  p l a n e t a r y  o,t;ni:isl-lheric r iotions.  P o s i t i v e  

! r e s u l t s  from .the second of t h e s e  t w o  i n v e z t i g a t i m s  sl'10tx1.C j u s t i f y  

des igr i  and c n n s t r u c t i o a  of a f a c i l i t y  f o r  c?.;perirnen-tal i n v e s t i g a -  

t ions ,  
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