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ii 

The fundamental interactions of electrofluidmechanics 

are explored. A review of the necessary elements of electri­

cal theory along with the specific effects of electric fields 

on fluids is presented. A review of the research is also un­

dertaken for some specific processes affected by fields. 

An unsuccessful attempt to measure the body force 

produced by a specific electrode geometry is presented. The 

use of high AC fields and very small pressures generated by 

the body force hampered the investigation. 
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CHAPTER I 

I TROD CTIOi'l" 

The lrpo e of his thesis is to explore he f und­

amenta l interactions betwe en electric fields and fl u ids, 

knovn as , e l ectrofluidme chanics , These interactions prove 

1 

of conseqtence in such a r eas a s flu i d flow, heat tra nsfer and 

corebust ion. On _ s uc l1 phenomena is investigated experimentallJ , 

Althou gh t ~e experimental aspe c roved unsuc c essful . it pro­

vide ct · ns i ~ht as t o the n~t ire a nd comple;·i t y of e ectro:luid­

me ch _nic s . 

It is kn own that a n electr ic field will influence 

bot charged and uncharged pa r~icles. This influence leads 

to 8 c ontrollable body force ac ting on the fluid as a whole . 

/\l ong v,i th this body force, properties of fluids s uch as 

viscosity c2n be appreciably affected . The ch ng ing of !ro­

pert i es , of course, leads to changes in flu id flow beha vior, 

boi_ine , he t transfer and thermodynam ic properties . 

The f a ct tha t elec tric fields exert some type of in­

f luen eon fluids ha s been known for over one hundre d years . 

It ha ~ o_ 1 r be en during the last thir ty years that res earchers 

· qve h . d s cce s explaining a nd putting to use the forces 

involved . 

A ev i ew of th e nec essa ~ elements of elec ric a l 

the o. i p e _ entcd to provide a ,b8c ,·E;roun, for a study of 

ele c rofl 1_ • dm ch;:m ics . A survey c-cw ering s me of the many 



i n teracti on- involved is 1nde taken . Descriptions . explan­

a t · s Rnd t he ories . r8 presented when pos s ible. 

2 
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ELECTRICITY R~VI EW 

Bas · c Cone 

For a be t t er under standing of th e material to follo w, 

some f undamental c oncepts of electricity will be revi ewed . 

This i s not intende d to cover al l ~ . ,. n n 1c s of electric ity , but 

r dis c ~s s ine 

?le~tr ofl idmcchanic s , 

It was Cha r l es August in de Co1~Lorr.b that first measured 

electrica l attractions and repuls i ons quantitatively in 1785 , 

The f a miliar l a w bear i ng his na me for point charges i - : 

( 1 ) 

Where : 

-F = electr i c forc e (newtons) 

E 0 = permittivity (far ad/ mete r ) 

q__ 1 , Cf..i. = cha r ge ( coulomb ) 

r = distance betwe2n c har ge (meter) 
..... 
h = uni t vecto 

A coulomb is defined as t he amount of cha ~ge tha t 

flows th· ough a g iven cro ~s sect · on of wire in one sec ond 

when there is a steady current of one ampere in the wire , 

Th u : 



Where : 

( =curren t ( ampere) 

t = time (seconds) 

4 

Fo .lowing f r m Coulomb ' s Law is the defin · t · cn of the 

ele tric fi eld . -Y plac ing ate t charge , q , - ta point in 

space a nd measurin the elec t ri c ~o . c e that 2ct s upon it, 
_. 

the ele c t r ic fi e ld s t r ength, E, at the po i nt is defined as : 

E .. F/9-. ( 2) 

Thu the for c e on a charge in an electric field is 

~ = q~. s · nce this i s a vec t or equati on the f orce is in the 

s a ~e d i rec t i on as the field . 

Th i nk:ng of the electr ic f i eld in terms of lines of 

for c e r a the r than as a vector i s a c onv en ient way of visua li z­

i ng electric field patterns . The rela ti onship between these 

two concepts i that a an · inc ant in t i me , i s tcingen t to 

at.r1 in th e d i ~ection of the _ines of fore . The density of 
_. 

t e lin es of force i s proportiona l to the magnitude of E. Thus 

the lines of force giv _ a physical signif i cance to t he elec ­

tric field and helps one to visuali ze the effects of the 

fi eld on i ts s urround in g~ . As an exam~ l e , c onsider a uniform 

fiel d such as tha t f ound between a paralle l pla te ca pac itor 

a~ s hown in figure 1 . 

,.. 
+-

+ 
+ 

+ r 

- -
Fi g . 1 . Para ll e l Plate Capacitor 



This i mple sy tern repr esent an electric ield t ~ is in a 

s ingle direc· ion; and , since the lines of fo rce are equally 

~ .ed , of consta~t a gnitu~e . Note that the lines of force 

a __ direct ed f on posit i ve to negative f ~r convention. 

5 

Intima tel_r related to ·he electri . fielrl stren th is 

the electri poten ~ial difference, V~ The e l ectri c potential 

is fundamentally defined as: 

( J) 

Thi~ e uat · n states that a test cha r ge q 0 is mo· ed 

from po i nt A to point B being kept a t equilibrium at a l l i me , 

The work meas u~ed in movin~ the test char ge f om A to Bis 

WAB • Thu the potential difference between A and Bis th e 

~ork d i vided by the charge . 

The el ec t~ ic fi eld strength can be determined from 

the potential b,r t he use of : 

_. _. 

E=-VV 

Now cons i der the e l ectr ic dipol e . The int er a ction of 

·the dipole and the e l ec tric field is of fun damental i mpor tance 

in electrofluidmechanics . Two equal c ha r es , of o osite 

sign , separated by a distance 2a define a dipole . Fi gure 2 

i lust ates the nonuniform f ield ass ocia ted Jith t he d i pole . 

As can be seen the lines of force are not uniform and are 

much closer to th Pr in the vicin ~ty of either char ge . 
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~2 

---L..--o 
- q 

Fi g . 2 . Dipole 

Thus the elect ic field strength i ncrea ses near either charge . 

The d i pole ha s a moment as s ociated with it equa _ to 

the produc t of the charge and the distance sepa r a ting them . 

Thus the d ipol e moment is p = 2aq . There is also an electr:c 

potentia l , V, a t any point in space due to the dipole. The 

potential at some point in space resulting fro m a group of 

pain cha ~neu can be fond u i ng the fol loving relation~ 

( 5) 

where Vri i s the potentia l di e to eac h charge separately , qn 

i s the va lue of the nth ch ar ge a nd Rn is the distance from 

the po int in quest i on to the ch1r ge . 

Using this to de termin th e potentia l due to the 

dipole at point M i n f i gure 2 : 

A suming point M to be far from th e dipole , or R'?/' 2a , leads 

to the a pp ox irna te r elat ions : 



These lead to 1 

V= [1,/(4rre.
0 
'i](R1-Rt..J/R 1 Ri. ~ [qj{4n-ec,)]Z~cose/Rz. 

and 

To obtain the electric field intensity , it is n eces ary to 

eva lua te the ra~ien t of the uot enti 1 : 

..... ..... 
E -=- -'\JV. 

Usi g spherical coord inates ~ 

- dt- _. \ d" .... Jy -
"" JR r g t - ¢ = + R d8 d<p Rsi\/\e 

~9 $ f bein 0 uni t vec tor s . 

Eva luating the a r tial de r ·v~ti e · gires , 

_.. 2pcose 
- \/ y : 41r€o R3 

Thu'°' 1 

~ ? 
E =- ( 2. c.o s .Q ~ 

'fn €~ R1 + 

7 

The dipole then has an electric uot8 tia l anrt fjeld inten ity 

a ssociated with it . It is no ted th·:1 t the r 'Jt enu ·. l a::'i e s 

inve se ly a s the square of t}11. r1i;:;t;:inc'3 f Ol"l the d i : ole whil2 

the field inten i t y v2.ries inv -3 selv as the CL.be o f this s r1e 

distan e . 

When a dipole i s und er t .e influence of a miform 

WIL IA ,1 f_ MA,l\G LI RARY 



ext ernal electric field the r esult i s that it will orient 

i tse f in the direct ion of th e f i e ld . 

~ _______ _,,__,,_ _______ ~ £ 

- F ~ 

Fig . J . Dipole i n an Electri c Field 

As seen in figure J , Lsing vector notation the dipole ex­

perienc es a torque tending to align i-".; ,i t h the fie d. This 

torque i s : 

- -" 

8 

t'=pXE 7 ( 6) 

-' p being the dipole moment . 

As long as a collection of charges behaves like and 

exhibit s the properties of a dipole , i t can be treated as 

1ch. In t his ve in , many molecul e s have elec tr ic dipole 

moments . Mol ecules and atoms not having permanent d ipoles 

c~n be indnced to exhibit dipo l e behavior by placing them in 

an external electric field , This i s known as polarization, 

the fi e lct t ending to separate the negat ive and positive 

charee . This induced elec ric dipole moment is present only 

when th e electric field is applied , and i s propo t ional to 

the fi el strength . 



Ca a c · t an c e 

T~ o ins l a ted conductors c a rry in equ· 1 and o posite 

cha r es d ef ine a c a pa c· tor , 8 S s ~o\n jn fi gure 4 . 

Fig . 4. Capa ci or 

The c pa itance , C, of .ny capa citor in eq ua tion form is , 

9 

C =- 9-../v. ( 7 ) 

Where q is the charge on either insulated conductor and Vis 

th~ pot entia l difference b etween them . 

Consider the parallel plate c a pacitor shown below . 

+ I I 

,., ,., I •!/ I/ V I/ V ,I 1/ •l/ 

- q I I 

Fig , 5 . Parallel Pl ate Capacitor 

From G~uss ' Law the charge on either plate is q = f 0 EA, A b eing 

the a rea o one of the plates . The voltag e i s V = Edt 

Thus the c a pacita nce is : 

Eac h capacitor of different g eometry will ha ve a different 

r e l ~t i on d scribing its c a pa cita nce . _ 

( 8) 
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Equation 8 i s valid only when the capacitor is in 

a vacuum. When a dielectric is placed in the fi e ld of a 

c a pacitor, the capacita nce i-ncreases, A di e lectric is .aen ­

erall c onsid r ed a ny insulat or . Thus, it can be a solid, 

liqu id or ga s . As referred to here , unless otherwise stated , 

the term dielectric will refer to liquid dielectrics which 

are linear and isotropic. The molecules of dielectric~, · such 

as water , having permanent dipole moments, tend to align 

th e mselves with an external field. Th e de gree of ali gnment 

will j ncrea s e a s the field stren g th increases or as the tem­

p e r a t u r e d ec r eases , Di e l e c t rics having molecu le s wi t hout 

permanent dipole moments acq uir e them by indu c tion u pon being 

exposed to such a field. When a di electric is placed in an 

e lec tric field, induced surface charges form which weaken the 

orig ina l field within the dielectric , Referring to fi gure 6, 

a dielec t ric between two parallel plates has an internal 

-field set up , Ea, by the induced surface charges. This op-

-poses the external field , E0 • 

r: - - - - T - - 7 
-t ... 

Ea ... + 
+ I_ ...,. I +I 

+ I_ E I +I 
+ I_ 1- I 

+ 1- +I 

+ 1_ .-' +I 
1_ Ea 

+I + 
L - - - - J_ - - J 

Fig . 6 . Di e lectric in a Uni form Electric Field 
_,. -- _. 

The resulta nt fiel d in th 0 dielectric is then E0 - Ea = E. 
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The ratio of t he external field to the resultant field is the 

dielectric constant, K: 

The wea kening of the electric field by the dielectric 

i s eviden t when meas uring the potential between two parallel ­

plate capacitors, one capacitor having no dielectric present 

and the other with a dielectric of const~nt K. This is 

illus trated in Figur e 7, 

Fig . 7. Two Id entical Paral lel-plate 
Capa citors , except for the presence of 
t he die l e~tric. 

Dielectric 

where it is shown tha t the introduction of a dielectric re­

duces the potential difference, thus, 

For the parallel-plate capacitor the capacita nce becomes, 

Equ~ tion 8 is a special case of equation 11 where K = 1 for 

a va cuum. 

In general, experiment shows _that capacitance of all 

t ypes of capacitors will increase when a dielectric is present, 
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leading to a general equat ion g overning capacitance of any 

c apacitor , 

( 12) 

where Lis dependent on the ge om e tr ic configuration of t he 

c apac i tor and has dimensions of length . 

The pola rizat ion of a dielectrict which is t he dipole 

moment per unit vo lume , is de fined as , 

P: (Zo.0i._lv / n. 
The nola r i zation coming abo 1t when the dielectric i s sub­

jected to a n elec t r i c f i e ld . 
_. 

The electric displac ement , D, is d ef in ed as , 

(lJ) 

The ele c tric displ~ cemen t is a ssociated with the f r ee c harg e 

in a diel ectric , the polarization with the polarization cha r ge 

and E0 E is associa t e d with a ll char g es . 

Th e electric displacement is also equa l to Ke 0 E thus, 

-solvin~ this for P y ields, 

(14) 
• ·1 • •• 

Of cours e a ll interactions involvin~ elec tric f i elds 

wi ll b e g overned hy Maxwells ' equ~ti ons of elect omagnetism . 

Thes e re l ~t i ons are a s fo llows : 



Where : 

-E = electric :ield stren 0 th (volts/meter) 

~ = t otal ch8.r g e densi tv ( c0ul/ me terJ) 
... 
0 = elec tric ~1spla c e , ent (co11/inch2 ) 
~ 

B = magnetic flux density ( we ber / meter2) 
~ 

H = maflnet ic field ( a mp-turn/meter) 
... 
J = current density (amp/ m8ter2) 

6 = elec t ic c ond 1ctivity (ohm- me ter ) -1 

V = veloc~ty of charge (meter/ second) 
~ 

F = force (newtons) 

~ =permittivity (farad/meter) 

€
0

= permittivity constant (farad/meter) = 
8 .84 x · lO -1 2 farad /me ter 

-P = electric di~ole moment per unit volume 
(coul - crr/c rn3) 

lJ 

In the a rea of study defined as electrofluidmechanics 

t here a re no applied magnetic fields, and the magnetic fi elds 

produced by moving cha r ge s are very small. Therefore, as 

con tr ~ted to magnetohydrod ynamics the forces due to ma gnetic 

fi e ld s are negligibly small compa red to e lectric for~ es. Thus 
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the equat ions govern ing electrofluidnechanics are listed below 

in their " reduced " form : 

....\ -1 

V · E := ~ Eo 
--' ..... 

·V · D ~ e - ...... VXE -= o 

o = J t "J5/;;)t 
_. -
F:: q_E 

.... D~E.E =EE-rP 
0 O 

(15) 
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CH ' P
0

TER I II 

EFFECTS OF ELECTRIC FIELDS 

Electric fields c an produce an effect on bo t h charged 

and neutra l particles, The most elementary action of the 

elec t r1c f ie d is the f orc e it impa~ts on a singl e cha r ged 

p2 r t ic le . Th is i s de~ n 2t~~t ect by~~~ classica l case of a n 

el0ctro .. 5.n ;:,_ 1.nifor r'l .:iel . As:::u:u2 th:;.t the space c onside r ed 

is _ va c 11~ . i . ~ . there are no col lis i on with other par ·icle s 

to cons i der . 

I+ + + +-

I-
Fig . 8 . Electron in a Uniform 
El ectric Field . 

+I 

The el .ctron , ~ith a n initia l elo ity V0 , is a ted upon 
..3, ~ 

by the e l ec tr ic fi~1· vith a force, F = qE . The charge, 

q , i s the ch~r ge of th e electron , e . Considering only the 

f or .e imp~rt ed by the e lectr ic field, and using Newton's 

Sec onc Law , 

~ 

-: e E ) (16) 
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with t .e boundar y conditions at time zero of , 

X =- X 0 

... 
Thus the differential ' . ... r.iua~1on ma = eE c a n be solved yielding 

two scalar equa tions of motion, 

2 F,- = h\a.-x = o 

2 F y = YY\ o..y = e E 

The equ8tions of motion are: 

X = \/x t + X o 
• 

y ~ ( e / 2, r'i-1) E t 2 
t- \/ Yo t + Yo · 

This simple ca:e is similar to the firing of a projectile 

horizontally in the earth ' s grav itational field , Many par­

ticles c a n be i n fluenced in this m8nner . Mic roscopi cally , 

th e re ~re electrons and positive and nega tive ions. Macro­

scopically , a ny particle with excess charge can be affected , 

such s dust r carbon in flamest liquid drops and impurities 

i n solutions and colloids. 

The effect that an electric field wil l have on a 

c harged macroscopic pa rticle varies considera bly with t he 

type of particle, size , cha rge and shqpe . Each would have 

to be considered separately for a det-iled analysis . Of 

course, no mat tRr what the par icl e , it ,il _ :allow t~e hasi~ 

law nf being attracted or repelled by unlike and like charges 

respectively . 
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As · a n exampl e of a ma cros copic par ticl e in an c_ ec ­

tric f1 e l d , c ons i der a s pher i ca l dr op i n an a l tern t ing . f i eld , 

a s sho Nn in fi gur e 9 , 

0 
Fig , 9 . Spherica l n ~op in a 
Uni fo r ~ AC Fi e l d 

Unlike t he pr e ,i ous exampl e , thee ec t ric fi e . d ~i l l be al ­

t ern-3. t i n0 wi th 8. frP.q_uency ,w. Th s th e f or c e a -::: t i ng on t he 

drop du e t o th e f i e ld i s Fe= qE 0 s i n ~ t ) . Th e fo rce of gravity 

will be n egl ec ted , but a dr ag for ce , Fa , oppos ing Fe t will be 

t a ken in t o a cc ount . 

Thus : 

us ing Stoke ' s Law , 

Whe r e , 

C0 = dr ag c oe f f i c ient 

V = v el ocity . 

Th is re sul ts in t he d i ffe r ent i al equa t ion , 

wher e , 

t = t ime 
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This equation can be sol ed usir.g a co mplirnent~ry solut ion 

of the forrri , 

end particular solution of the form, 

Vp-=- A co.s (wt)+ B Sir\(wt). 

These l ead to a fi na l solution of , 

Thi s vel.ocit: e uation ce.r now be solved us.:..n _, the same 

technique v,1he r e : 

and 

This yields the f inal equa tion of motion , 

-CD t / W\ '2. 'I 
X-:. C2 - CC, V'IA/ c. 0 ) e - E0 q_ c.os (cot-~)/ eu [c0 t vvt

2 
w'L J 2 

where ¢:: Ta.V\-'( IM.~/cs,).· 
The constents in these equa tions iill depend upon the boundary 

cond i t ions . The equations ill strate the influence of the 

p8rame t er s inv lved on t he drop wh i e in the el ectric fi eld . 

Th e effects of elec tric fi elds on dr ops and ae rosols is a 

widely r esearched area as will be not ed l a ter . 

In the previous example , the r ag on a mac r oscopic 

pa r ticl~ was c onsidered . M"crosc op ~c _a~ticles , such as 

ionc- , 'lf.:..12. ~1 c.: o exper i ence this d .. ;:!.::-, i n a dense flu · a , ue 

·to collisions w· th neutra l mcilec l l e • This colli s ions with 

other artic l es must be t aken i nto a ccoun t . As was sta ted 
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in equation 16, an ion with the charge of one electron in an 

electric field will have its motion described ty, 

F = M~ ~ eE 

in a vacuum . In a dens e gas the ions wi ll undergo numerous 

collisions ca using a loss of energy and continuous changes 

in direction. Between collisions the acceleration of the 

ion is, a = eE/m, where e/m is the charge to mas s ratio of 

t he ion. Ass uMing the ion is subj ec t ed to a lar ge number of 

collisions, it will have ~n av er aie dr ift velocity proportiona l 

to t he field strength and the de nsity of the gas . Th i s drift 

veloc ity is determined t o be 

where the terms not previously defined are: 

L = me~ n free path of the ion 

C = average thermal v elo~ity of the gas 
particle , 

(17) 

Several simplifying as s umptions are made in the derivation of 

equa tion 17, they are : 

1. Perfectly elastic collisions occur. 

2. Ions do not exert forces on neutral 
pa rticles . 

J. The mass of the ion is equal to the 
mass of the gas particles . 

4 . The concentration is uniform, 

5 , Th e energy ga ined by an ion between 
col lisions i s small compared to the 
average energy of agitation of the 
gas particles, 
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It has a o been d~termined exper imentally that th e dr i ft 

v eloc i ty remains directly proportion~l to the field strength 

only when the io . ~ elocity Que to the field · s less than the 

averRg e thermal velo c it, of the gas . 

From the drift veloc.i ty is defined ion mobili t. , a 

eference veloci ~y which is characteristic of the gas through 

which t he ion moves . 

Ion Mob2.li ty = k = va/ E 

or k = eL/ mc, 

(18) 

(18a) 

This express i o1 i a p .ox imate with more exact ones available . l 

It sho .l be noted th~t .impurities have a pron ounced effect on 

reduc ing the val 1 e of k , 

Even though not indicated by equation 18, it has been 

no ted exp~rimentally that mobilit i es of positive and negative 

ions of the sa~e molecule are not the same . Negative ions 

usual _y move more qu ickly through a given field than positi,e 

ions , Thus the distribtt i on in a uniform field wi ll not be 

symmetric as may be expected . 2 Also, the puri t y of a gas 

h~s a large effect on the ion mobility, the great er the im­

purities the smaller the value of k obtainedr as would be 

exnected. 

The concept of ion mobility is vi ta l to the explan­

at i on of phenomena concerning electrica lly augmented flames . 

Assuming th e concept of ion mobility to be va lid. th~t 

g ives tie ionic wind veloqi ty as expres sed in equati on lB r ~s 

vd = kE . Applying this to the pos i tive and negative ions 

separ te ly g ives r 
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a nd · y_-= K_ E _ (19) 

These equat ions are v ::=i.lid fo r fiel d strengths fr om zero to 

approx imate l y 38 , 100 volts/ inch f or ions and up to approxi ­

mately 5 ,000 vol ts / i nch for elec t rons, bo t h at l atm . 

pressure. 3 

The forces a cting on a dipole in a uni form field have 

been discuss ed . The un iform field will exert a torque on t he 

dipole but there i s no net force ac ting on it . Th i s is not 

true of 8. dir.>ol-3 in a nornm.:_form field , where 2. cii.,.,ect force 

wi l l act upon the dipo l e . The nature of this f orc e is now 

investigated.4 A dipole in a nonuniform field will tend to 

orient itself i n t he d i rect ion of the field as shown in 

fi gure 10 . 

..... 
E <. (._}-____ -_) q 

Fig . 10. Dipole in a Divergent Fi e l d 

Summing the forces a c t ing on th e dipole in the x- direction, 

per unit volume , g ives : 
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this reduces to 

(2 0) 

It is obvious her e that the for ce a c t ing on the dipole is due 

t o a cha nge in E in the x - direction, i. e . the d iverg ence 

produces the force on the d ipole . The distance x between the 

charges of the dipole is 2a . Equation 20 be c omes , 

Fx = Zaa Je-,. 
,.. d ')( 

whe re Fx is the force per unit volume a cting on the dipole . 

The quanti ty 2aq is the dipole moment. Since this is on a 

pe r unit volume basjs this is the pol2rizat ·on as defined in 

equation lJ ~ 

L = p JE )I. 
rx x c)')( 

This equation extended to three d imensions is: 

.... -
or F =- P•'QE' (per unit volume) . (21) 

E1u~tion 21 de monstra tes that t he r ~ i~ 2 net for ce on dipoles 

and thus on the total volume containing them , i.e . on di ­

e lectrics . This f or ce i s due to the fa ct that the field 

diver ge s a nd one end of the dipole i s in a stronger field 

than the opposite end . 

Another im~ortant fact, which may not be obvious , 

is that the force a cting on ~he dielectric is independent 
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of the d irection of the field. This is more r ead ily ·se en by 

substi tut ing equat ion 14 into equation 21: 

hl. ch ca bP re••,rr1' ttRn as 5 w _ _ n _ , _ 

Here it is seen that th e forc e depends upon E2, thus the 

direction of th e fi eld is not a fac tor. Thus , a t i me depen­

dent and steady nonuniform fi eld will have the s a me effect on 

a diele ctric. The forc e wil l a l ways be di rect ed t o the r eg i on 

of highest intens ity . 

In th e same way that a single dipole is affected by 

an elec t ric fi e l d , so is a polariz ed particle. Consider a 

spherical particle in a nonuni f orm field. 6 

Fig . 11. Spher ical P~rticle in Nonuniform Fi e ld 

For a spherical particle the di pole moment i s : 

where, Y = volume 

a= r adius of the particle . 

Assuming th e particle is in a di elec tri c l i Qu i d , 

K,= d iel ectric constant of the liquid 

K2.= dielectric cons tant of the sphere . 

: _, 



The excess polarization in the sphere i s the, 

-" ..... 
P ::. E

0 
Es ( Ki. -= K 1 ) • (22) 

E's = i nt erna l field in th e s phere in 
the direc tion of the external 
fie l d 

3K1 ... 
= K'- +Z.Ka ,E = external fi e l d . 

Thus the dipole moment b ecomes, 

_.. 4 [ 3K, - ) P = - rra: E - E ( K - K 
3 0 K'Z.+ z K, 1' I 

substituting th is in equation 21 g ives the t otal force on 

the part icle due to the field as , 

or , 

3 ( l('l. - \(, \ - Z 
F = Ziro.. Kz.. + '2.K,) K, €.o \?'E . 

( 23 ) 

Th e same depe ndenc e is f ound , as i t should be, for 

th e spherical particle, i. e . the f orce on i t is independent 

of the direction of the fi e ld. As would be expect ed, the 

po l ar i zed sphere exhibits the prop erties of a dipo l e , 
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CHA"PTER IV 

BODY FORCES ON FLUI DS 

As has a lready been discus s ed r ~ body force ex is t s in 

a fluid when th ere is a gradient in the applied electric field. 

Neglect ing gr a vity, this th en is the only force acting on the 

liquid dielectric. A more rig orous derivation than tha t of­

fered earlier is g i ven by Strat ton. ? This is, 

(24) 

where l is the density of the liquid. The first two terms 

on the right hand side represent th e nonuniform effects and 

the third term is due to t h e fre e cha r ge s present in t he 

. liqu i d . Th is equat ion has been derived with the assump tion 

that E. is a function of position and density alone . This 

is v a lid for liquids and gases but not necessarily in the 

c ase of solids. 

For a n i deal fluid, the equation of equilibrium is, 

- -F=\JP (25) 

where p is pressure.8 Substituting equa tion 24 into eq uat ion 

25 y ields, 

I ,....... l ..... ( -z. JE \ _.E o 
- ~ E VE + 2 V E 1:- d't J + ~ - Y P = O 

Assuming th ere are no free char~e effects present, such a s 

i n a n oscillat ing fi e ld or simply no free cha r ges present, 
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t~en , eE = o. Thus the re l a t ion betwe en pressure and fluid 

intensity at any po i nt in the fluid i s , 

(26 ) 

The Clausius - Mossotti law g ives, to a g ood approximation , the 

relation between the dielectric cons tent f K, and density . This 

relation holds for gases , liquids and some solids , 

Thi s l eads to , 

t ~t: 
d -c--

us ing K = E-/€. • 
0 

Thus , 

... 
VP 

or 

=-

or K-1 :. 

Eo ( K-()(K T 2.) 
3 

3C. 'L 
\-c't"'· (27) 

(28 ) 

As sum ing the dielectric constant, K, uniform through the l i quid : 

~p ~ ~ UE?.(K-l)(l<t-~J 

or 
P - l\ = e.: ~ E 2. ( K - 1')( K + -z. ') . 

Assuming p = o then, 

(JO) 

Th i s eq ua t i on now provides a the oretica l pr ess ur e produced 

by a n e\ectric field. As an exa mple c onsider the pa r a llel · 

plate capacitor where V = Ed , V be ing the applied volta ge, 

Ethe electric field and d i s the distance between the plates. 
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Assuming p = o , the pressure generated between the e lec trodes 

of the capacitor wil l be , 

or 

-z.. 
p = ~ 'j_ ( \( - ')( K + z.) 

G::i d' 
( Jl) 

Thus knowing d and K, t he dielectric constant , and by me a sur ­

ing the applied voltag e the pressure produced on the liquid 

can be determined. 

If the liquid between the e l e ctrodes is transformer 

oil (K = 2 . 5 ) and a potentia l of 20,000 volts is applied 

across two centime ter s the pressure induced is , 

8. 8 t:""' 'L I 0- rz. ( 2 '"Z.. 
::i " o1 o o o ,.L ( 2.. 5" _ I J( z. 5" + z) 
b (.02')-z.. 

-4 
:. 14.S'"')(. 10 psi 

As can be s een by the previou s example , the press u re 

generated by the electric f i e ld i s quite small . This is i n ­

dica tive of most interacti ons between dielectrics and e lec t ric 

fields , the effects being q uite subtle . Also note that free 

charg e effects are neglected , which in the case of a par­

allel plate capacitor could prove l arge . This would de pend 

up on the free charg e density of the die lectric present . 
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CHA--PTE V 

PHOR:~SIS 

Phoresis is a derivative of the Greek work for motion. 

In the present context, phoresis r efers to the motion of par­

ticles in conjunction with an electric field, One such 

phoretic effe c t has already been described in de t a il r the 

e ffect of a non1niform field on a fluid dielectric being 

aielectrophores is . In contrast to this are the phoret ic 

phen omenon explained by the double laye r theory , Th is d ouble 

layer occurs at the boundary between two phases, Cons ider 

the boundary between a solid and a liquid . Referring to 

figure 12 , assume the solid has a positive charge built on 

its surface . Th e ne gatively charged part icles in the liquid 

are attra ct ed through Coulombic force s to the surface of the 

solid . 

t6>G?'© e, 

Sl . d +©G>I <!} 
0 1 ~ $ 

~tQ 1 ·e@ll!-, 
(D e I G.> ft!§ c_ _____ Liquid 

+g(!) (q:) 

+ @e I <P $ G> 
01~ G>G>. 

Boun~yer~use Layer 

Fig . 12, Boundary Between Solid & Liquid 

Th is forms a bound layer of negat ive charge at the phase 

boundary . A diffuse l aye r of predominantly positive part i cles 

i s induced by the bound layer of negative charge . The diffuse 

layer diminishes and becomes neutra l - f urthe r i nto the liquid . 

The bound and diffuse layers result in the formation of an 
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electrical -double ,layer. This double layer is neutral as a 

whole and may be several hundred Angstroms or more t hick . 

The diff use l a yer can be se~a rat ed f r om t he bo und l ayer 

ca1s ing the liquid to acquire th e charge of t he dif use 

layer. Th e bound charge remains at the surface thus causing 

a charg e difference which is dissipated quickly or slowly , 

depending up on the conductiv i ty of the l iquid . 

The charge per unit area of t he double layer is 

given by: 

E 

where i is the thickness of the doubl e l ayer , 

[ 
E kf ] 

11 z 
~= ZV\te-z. 

the remaining quan tit ies are, 

ex = charge p er unit area 

\/d = potential acr oss double layer 

K = Boltzman ' s constant= 1.JB x 10- 2Jjoule/ OK 

T = tempera ture 

~ =number of dissociated mol e cules per unit 
vo lume 

r = va lency of ions 

e = unit charge . 

The potential , Va, is usually g iv e n as the electrokinetic or 

Zeta potentia l defin ed as , 
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El ectr ophor e t ic mobility , sim~lar to ion mobility , is 

given by , 

K ~ 
4rr~ 

wher e _,,,,IA.. denotes viscosity . 

Also the electrophoretic velocity is given by . 

a= Kt: 

Most phoretic phenomenon can be expla ined i n te rms of 

the doubl e layer . Two such ph e nomenon are t he Dorn effect and 

stre Rm i n ~ potential . The Do. n effect is due to the settlin g 

of l ar ge quanti ti es o: suspended particles in a nonconduct i ng 

fluid. The partic les have their double layers sheared as they 

settle , causing a potential d i ff erence. This poten tial dif ­

fere nc e c an be l arg e and neutrali zes with time depending 

ipon the cond ct~vity of the fluid . 

The streamin~ p otentia l oc c urs when a fluid of l ow 

c onduct ivity flows through a tube . Analagous to the Dorn 

effect , the double layer is a ga in shear ed from th e surface of 

particles causing a charge separation in the tube . This 

ph enomenon has been b lamed in c ausing fir es where fla mmabl e 

liquids are tra nsported in hoses . 

Electrophoresis , sometimes known as cataphoresis , 

desc r ibes a motion which arises due to th e attract ion of 

charg ed electr odes for charg ed part i cles . Th e particles have 

a double layer associated wi th them at their surface . An 

elec tric field causes the ou ter , diffuse l ayer, to mi gr a te 

toward the opposit e electrode. Th e motion in the c ase of 
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electrophore sis i s d e pend e n t 1pon the direction of t he a p­

plied fi eld . Thus , in a uniform a l ternat ing fi eld the par­

ticles wou l d oscillat e back~nd f orth never migrat i ng to 

ei the r electr od e . Th:s is not a lways the case , however . 

Charg ed particles have been observed t o migrate to shar p 

electrode s in rap i d ly a lternating field s of h igh s tr ength ,10 

Electrophoresis c an be observ ed i n e i ther diver gent or uniform 

fields with particles of any molecula r size and req u ir e s re ­

latively small charges and l o~ voltages . 

In contr ast to e lec tr oph oresis is dielectrophoresis 

which is no t f ue to act i on on the doub le l ayer , Di eJectro­

phoresis i s due t o the body force i mposed upon the di e le c tr ic 

by the electric fi eld , As d i scussed ear l er, this force is 

prop ortional to the gradient of the square of the f ield 

strength . Thu s , the par t icl e motion is inde pendent of the 

direct ion of the field and shou l d be most apparent in highly 

d ive r gent fie lds . The e ffect will not only be felt in liquids 

wit h p e r manent dipoles but in others where polarization may 

r es ult either i n n eutr al mol ec ules or by d i sp l acemen t of the _ 

do 1ble layer thus provid ing induced dipoles . Die lectrophor esis 

is a weak effect g enerally need in g relat i vely large particles 

a nd high f i eld strengths ( e . g , r 2 , 000 volts/ cm) . Also the 

v iscosity of the liquid is a factor , l ower viscosity liqu ids 

showin greater r eactions to dielectrophoresis than more 

vi scous ones . Dielectr opboresis can a ls o be used to move 

materials in relati on t o each other , providing that there 

is a l a r ee difference in their dielectric constan ts , either 

in• uced or natura l ( e . g ., K1 - K2 = 2 to 100 ). ll 
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CHA·PTER VI 

EXAMPLES OF PH:',_,ICAL PROCESSES AFFECTED BY FIELDS 

The a mount of res earc h done per t a inine to physical 

processe s effected by fields is volum inous , The effects are 

qui t e varied and range from simpl e t o c omplex . It is not 

intend ed t o c over a ll such pro .es s es here , but rather to 

~ive ~~ ov erv · ew . Such an ove v · ew will emphas i ze he 'iver -

---i y of tte ef:ect of e l'=ctr · c fi elr.s , : ive ier~er al 2.~·eas 

are ~'=pr esent ed , some o: whic c~o - s bound ri es . These gen ­

er a l are2s are : 

1 . Di electrophoresis and electrophoresis 

2 . Ae rosols 

J . Heat tra~s f er 

4 . Fluid flow 

5. Combustion 

Di e l ectronhoresis and El ec tronhoresi s 

An excell en t intr oduction to dielectrophoret ic and 

e l ectr ophoret ic eff ec ts are thr ee papers by H. A. Pohl and 

one b~ Pohl anrt J.P. Sch va r . Pohl shows th eor etically how 

phy~ical parame t e s effect a sph eric a l pa rticl e in a nonuniform 

fi e ld . 12 



Outer Electrode 

Inner 
Electrode 

Norma l 
Di pole 

Polarizable 
Molecule 

Voltage 

JJ 

(AC or DC) 

Fi g . l J, Di agr ~m of Forces A2ting on ~:po l e s 
and Induced Di pol es Sus pend9d in a n Jnho~o ­
geneous Slectric Field:1 

aH . A. Pohl , "Some Effects of Nonuniform ?ields on 
Dielectricstt, Journal of Annl i ed Phvsics , XXIX (Aug .• 1958), 
p . 1182 

For the field shown above the dielec t roohoretic force 

on a s pher ica l particle in a dielectric mediun is 1 

Wh ere : ~ = 
K, = 

particle r a dius 
die l ectric const2n t of the 
medium 
die l ectric constant of the 
particle 
electric field str eng th 
permit~ivity of free spac e 

This equation r ev ea ls that the ·force is proportion~l 

to the cube of the particle radi us and to the difference 

between i ts dielectric c onstant and tha t of the medium. The 



JLJ. 

E2 te rm also shows tha t t he force is t he s a me if th e fi e ld 

i s revers ed . Wi th t h is e lec t rode ge ometry i n m:nd , Pohl a nd 

Sc hwar bu ilt d i e ec t rophor t ic se para tor as shown below: 

Central El ec t rode 

High Vol tage 

Te f lon Plug 

Cell 

Gro m d 

Teflon Strut 

,i-z.___ Coll ector 

Fig . 14 . Apparatus of Pohl and Schwarb 

bH . A. Pohl and J. P . Schv,ar, "Factors Affe c ting Sep­
a r a ,ions of Suspens ions in Nonun iform Electric Fields ", Journa l 
of An. lied Physics , XXX (Jan ., 1959) , P . 70 . 

Us ·.n g this appar atus they were able t o sepera te polar po l y ­

vinyl chloride from a nonpola.r mixtur e of carbon tetrachlorid e 

an ben3ene . Using both direct a nd a lterna ting vol t ages t he 

PVC powder shimmed down the c entrB1 electrode toward the 
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collecting port . lJ Their tests showed the s2me yield of PVC 

for direct voltages a nd rms alternat ing vol t ao-es , as shown 

i r. Figure 15. 

0 ,----------------
0 
r-l 100 

21J_;(. r---------------
:::::::~;;::::::1=6=1 µ~~1~2 ~ ~ 

Kilovol ts, AC 10 Kilovolts , 

Fig . 15 . Precipitation Yield as Affected by 
:?c1rt.:..c2.e Size , AC and DC fi oldc 

CPohl a r.d Schwar , "Affecting Nonuniform Electric 
Fields ", p. 71 . 

Pohl als o describes a number of other phenomenorn .14 

Four of these are shown in fi gure 16 . 

In fi gure 16a liquid is " pumped" out by a combi nat ion 

of dielectrophoretic and electrophoretic forces. A vol tage 

of 10 , 000 V, DC was a pplied . In fi gure 16b & c the sa~e 

electrode ge ometry provides two different effects. Pohl at ­

tributes t he repulsion to the char ging of air mole cules . He 

ass lm~ s d i ele c trophoretic for ces attra ct 2 ir molecules to the 

point , then charged a t th e electrode, t hey are subs quent l y 

r epelled strongl y caus ing the liqu id to be pushed aside . 

0 

~. T . Pi rce15 disputes thi s theory , saying that th e repul~ion 

is . p im~rily ele c trophor et i c in nature due to conventiona l 

corona discharge . T.ha t is , ions are_ acccler a ted toward the 



Bent Center 
El ec trode 

Glass _} Li qu i d bei~g 
Di sh circulated 

Grounded Out er 
El ectrode 

a . 

High 

Pointed Center 
Electrode 

~ age / Li<J. uid • w Be1'1g Attracted 

& 1//ZJ 
Meta l Dish 

J6 

Hi gh Point ed Center 
Vol tage Electrode 

~ id being · 
Dish r epel l ed to 

electrode 

b . 

!ilgh Vol 8.
0

e 

Drops Thrown 
From Liquid 
Surfac e 

c ~ d . 

Fig . 16. Actions of St rong Divergent Fieldsd 

dPohl,t, " Effe c ts of Nonuniform Fields on Dielectrics", 
pp , 1186 - lld7 , 

sharp poin t , thus producing more ions by col l i sion and ul ­

timate ly being r epe lled cauiing the " r epulsion'' of the liquid 

upon i mpac t . 

By mov ing the pointed elec trode closer the liquid is 

now att acted as shown in fi gure 16c . Figure 16d shows drors 
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leaving the dish and "hang ing" i n the air around the electr ode . 

Individua l dr ops sometimes stayed sus pended for a s long as 15 

s econds . 

Han s Schott a nd W. S. Kagh~n d id experimenta l work 

tha t parallels that of H. A. Pohl . They used an appa r a tus 

as shown i n fi gure 17, and mol ten polymers of high viscosity 

to supress e lectrophoretic motion . 

High Voltage 
DC 

Fig . 17 . Apparatus · of Schott and Kaghan 

They als o observed attraction of various liquids to 

the upper electrode and repulsion , at high fiel ds , of the 

liqu i ds , They attr i bute r epu l s ion t o " th e lines of f orc e bulg­

ing out beyond th e vol u e between t he t wu electrodes a s their 

number i ncreased and they be came more crowded . Since the 

d i po l e s a r e always oriented parallel to the lines of force , 

they would fina lly be tilt ed at such angl es with respect to 

t he s1rfa c e tha t t he mel t below t he top el~ctrode would be 

pushe d a side ,."16 

E. P . Damm , Jr. invest i gated the attraction of 

liquid s by e l ec tric fi e ldsl7 which was demonstra t e rt by Pohl . 

Damm us ed re spons e time to me a s ure the e f fects of various 

s ys t em par a meters . Response time a s defined by Damm is the 

time be t ween ap lication of the e l ectri c fi eld and li uid 
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contact with the el ectrode . The test electrode ge ometry is 

shown in figure 18 . 

Attraction 3 
Electrod e ) rf~rr-....._------.~ 
Gr ound ~ 
El ectr ode 

-----

Fig . 18 . Responsometer 9 

Voltage 
Supply 

Oscilloscope 

0 

eE . P . Damm , Jr ., "Attract ions of Liquids by Electr ic 
F 'elds'', Dielectrophoretic Deoos ition (New York~ Elec trode ­
position Divis ion El ectrochemical Society , 1969 ) pp . 96 - J.01 . 

Damm found that surfa ce tension and visco~ity were deter­

mining factors up t o a point. However, above certain f i eld 

strengths this did not prove to be true. Liquids with high 

dielec tric c onstan t s had J.ower response times than those with 

low diel ec t ric constants . Also, the evaporation rate appeared 

to increas e respons e time. Damm found t hat electrical polar­

ity wi t hin the liquid had li tt l e effect 6n response time, 

ba s ed upon this and the other results Damm conc l uded the 

ph~nomenon involved was largely diel ec trophoretic . 

Whereas Pohl and Schwa r ex_perimented with s eper a ting 

mixtures usine di eJectrophoresis , w. P . Cropper and H. S. Seelig1B 
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turned their at t ention to th e mixine; proces s n f fected by this 

ph en omenon. 'rhey used _two type s of cells to study the effects . 

Flow experiments were carried out in the cell shown in figure 19a 

and batch experiments in cell 19b. 

Power 
S u _1pJ y 

a . 

End V-iew 
Hydrocarbon 

Fig. 19. Mixing Cellsf 

Power 
Supply 

w. P. Cropper a nd H. S. Seeli , " Mixine; With an 
El ectros t 2 tic Fie J d", I & EC F'und amentc1ls , I ( Feb . 196?), 
P. . h9 . 

Cropper a nd S3elig found the nonhomoe;ene ous fi elds WP.re 

pa rticulRrly effective in mixing hydrocarbons and nonaqueous 

solvent s . In small scale app~r a tu s , power consumpt ion is 

s imi.l ar to tha t of conventi.onal mixer~ but with th P. 2d-

v 2rta gc of no mov ing parts. For both types of mixing, AC 

voltage was appli ed leaving the poisibil ity that both elec­

trorhoretic and dielectrophoretic forces are involved. Field 

strengths r a nged from ,~.5 t o 11.5 Kv depending upon the liquids 
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involved . Also of interest is the fact th8t Pohl and Schwar ' s 

i nvestiga t~on centered on macroscopic particles (PVC) 

int er2.r:: int3 1. • th nonhomogen , o s fi elds whil e Cr o _ per ~ind 

See lig p~ oduc ed their mixing with ~n interac~ion between 

moleculec: and n onhomogeneous fieldse 

D, R. Brownl9 no ted a swirling of liquid s while unde r 

the influence of a un iform DC f ield. Experiment showed that 

the swirl ing increased , for the same field s t rengths, with 

increas ing rtipole moment . Alt! ough Brown co tld not fully 

ace unt fo t he phenomenon it ~pperars t o h2ve · t s ori~ins 

in electrophoresis . This c cnr~l usion is dr2.wn since tl 1 e c or1 -

mencing of the svirling be g ins at diff erent electrode s for 

different l i quids and also because AC fields could not produce 

the same effe c t . 

Aeros ols 

T~ P incr ~ased rate of disint egration of a liqu id j e t 

while under the influence of elec tros tatic fie l ds c an find 

an application whenever atom i zation of a liquid is important • 

.According t o Dr ozin2 0 t h is nhenomenom was dis covered by Bose 

in 1745 , and rediscovered in 1914 by Zel eny. Dro~in also re ­

ported the sta~es of dispersion shown in r · Bure 20 by in­

creasin,;;,: the a.ppli en potential from zero to 12 Kv . 
. 

This R~me type of dispersion was reported by Vonnegut 

and Ne tauer21 usine both AC .nd DC potent i als . Thay a lso 

not ~d a n interesting re ult . The str eam of drops formed by 

the DC fi e ld were cha r g ed vhi l e those formed by the AC field 

v,e e not . 
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e':Vadi!l1 G, Droz · ~ , "Th'? Elec+,r i '1. l Disner3ion of 
Li 1ii irl s as A.er sols ", Jour n~ f Cnl l ni_rl Sci_e;c 0

, X (19 55 ) , 
p . 159 . 

F . J , Weinberg·22 rAports on the control over the 

f ormation qnd behavior of aerosols . He uses this phenom norn 

to control f 1e1 i sper sion anrt th e sol~rl and 5ntermediate 

products of combustion . A.long these same l ine s Fujimoto , 

et a123 r eported on the atom iza tion of d is tilled wa t e r in an 

e l ec t rostatic field . Hogan and Hendricks24 present the 

complex nature of the elec t r ical a tomizat i on of liquids 

an ana lyze the fac t ors con t ributinr to rBdius and specific 

chqree of em i tt P.d art i cles . 

Electr ·c fi P.l ds can effect heat transfer in many 

d i fferen t wa ys . Watso~2 5 reports of increas ing heat transfer 

by using nonuniform f i e lds a nd inhomogeneous dielectric 

liauid • He increased the heat transfer from a hot wire 



42 

t o an insula ting ~iquid , hexane , us i n g the electrode g eometry 

shown o e low, 

Hot Wire 

Hi gh 
Voltag e 

Coaxial Cel l 

Fig . 21,, Appar atus of Wat son 

Gr oss and Porter2 6 a lso increa sed he ~t t r ansfer with the 

followin g elec trode ge ometr y , 

Heater 
I I;"''-------. 

l 

High Voltag e 
Transformer Oi l " 1 '-----~ 

Fig . 22. Appara tus of Gross and Porter 

Without an e l ectr ic field , heat ing the upp er plate produced 

no convection. With a positive potent i a l applied at the 

lower plate convection patterns appeared in the transformer 

oil . The patterns were vi sable with the aid of a Sch l ie r en 

system . 

H. R. Velko f r2 7 a nd M. E . Franke? 8 bo t h showed that 

c onvective hea t transfer could be apprec i ably i ncreased f r om 

a flat pla te . The pr i mary cause is the c or ona wi n d from the 

va riou electrode ge ome tri e s used. 

As would be expect e d electric fi e ld s a l so effect 

such phenomenom a s c ondensati on and boiling . Velkoff a nd 
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Mill er29 found a larg e increa s e in h ea t transfer with a 1 50% 

inc rease in c ooling on a copper p late. Choi3 0 found the 

s ame r esu l t s usiri r; re r tic a l ·tubes o 

Bon j 01..-ir , Ver ie· 8nd We il J l a l ~ o r ep r t --:n. an impro -e ­

ment i n the therma l exc hang e s in b o ilin g liquid s , under the 

influen c e of an electric fi e l d .· 

Fluid Flow 

So~e of the mos t int e r esting phenomenom pr oduced by 

t he interaction of e lec t ric fi elds a nrt fl u ids have been 

br ought to l i e;ht 1,y J . R . Melch e r . Devitt a nd Me lch e r 3 2 

demonstrated the pr e sce~ce of field - cbupled s ur face waves . 

When an interfa ce between f luids having differ ent el e c t rical 

properties i s subjected to an elec t ri c fiel d th e waves r e sult. 

Using AC fields with a fr equency of 50 Kc/s e c wav es we re in -

. duc~d at l iqu i d dielectric and air int e r f aces . Also u~i~g 

hig h f requencies they sh owed that in t~is limi t t he dynamics 

o f the sur face waves are p r ed i cted by u sing r ms fiel ds with 

theory based on constant fi e ld s . Me lche r , Gu ttman and 

Hurwit z3J extended th is phenomen om to t he control of liqu ids 

in l ow- gravity envir onments. Th e e l ectric fi e ld essentia ll y 

r ep l ac i ng grav ity . They show tha t i t woul d be p ossible to 

suppr ess slosh of liqu id s , ori ent liqu i ds and pump l iauid s . 

Melc h e r , Hurwitz and Fax34 demonstrated t he practica lity of 

a lig ht weig h t pump that c ou l d be used in space mi ssions . 



Combt st ion 

H~·r.sohn ' s nd Becker ' s 35 pa per s an exce llent 

~n .r od1 ct · on to he el ectrical aspects of combus ion, In 

it they d~~cribe three ways in whic h fi e lds may infllence 

flame s : 

1, Since positive and nega tive ions a re 
formed dur i n g combustion, the mig­
r ati on of posi t ive particles toward 
th . cathode produces an »electric 
wind " , 

2 , On a m· cros copic sc a le the wind m2y 
alter the concentrations o " neutr al 
species and thus change combusti on 
chem · stry . 

J, The combustion chemistry may also 
b e i nfluenced by the initiation of 
ne w r eact ions , 

Th e paper als o rev ie ws historical and up- to- date 

research in th~s area . 

44 
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CHA TER vr~ 

EXPERIM~NTAL 1NVESTIGAT.ON 

With the body force p . oduced by a divergent fi e ld 

ap_arent , its demons t r at ion and prediction was attempted ex ­

p0riment~ l y . Firs t the theoretical model is reviewed , then 

gn ex erimental apparat us built to de liver a h~gh v oltage 

ele c trin r · e irt . A device t ~easure the body force is also 

i ncor por e t ed to ~ry to cor~elat~ th-oret ic a l a nd exp~rime~t~l 

results . 

The measur~me~t of the body force produced by an 

electr · c fiel d on a liquid dielect~ic imposes two major 

problems . First, the vol age must be very high and second , 

even with hi gh voltage, onl y a very small effect, detected 

as a pressure change , could be expected . With this and the 

dielectric itself in mind , the following chara cteristic s were 

cons i de "ed n ecessary for successful testing : 

1 , The liqu id d i e lectric should have a 
high die lectric cons tant and be re­
l~tive ly pure . 

2 . Both AC and DC fields would be ad ­
v~ntageous , and pos s ibly a combin­
ation of the two . 

J . A simple e l ctrode ge ometry to produce 
a diverg ent field would be c on·enient . 

4 . An a ce irate measur e ment of the force 
prod u ~d by t hs f " e .rt i3 nece~s~ry . 

5. An a ccur2ta me~ ur ement of the q pplied 
voltage is n°se 0sary . 



The des · _n -nf the apnar~tus fol _ owed these des·rRble char ­

ac~eri~ t ics, hegin~in with the die l ectr ic liquid . The 
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diel 2 ric c onst~·1 t i~ of p~ · ne lm ortance sine~ any r e su:e 

gene~ated 1\ill be pr o~o~tional t i ~ . Als of mpor ~ ce ! s 

availab i lity , 

Th e dielectrics wer _ thus narrowed to the fol­

lowing : 

Dielectric 

Ac eto e 

Sil ic one Oil 

Toluene 

Carbon Tetrachl oride 

Trans f ormer Oil 

Dielectric 
Cons t2nt 

21.3 

2.S 

2 . 4 

2 . 3 

2 , 5 

At first glance , acetone appears to be ~ good c2ndidate but 

in actual practice it ~rove~ unsa fe . Since lt is high ly 

·flAmmahle qny arcinB across t he electrodes, will a nd did , 

i gnite it . Carb n tetrachloride was r uled out for the same 

reason and because of the noxious fumes produced , Silicone 

oil proved to be expens!ve and in short supply . Also, its 

exac t d ielectric constant coul d not be verified . Tol uene 

f a il s i~c ~ it at tacked the plastic tubing to be us ed elsewhere 

in the app8ratus . Thus , transformer oil emerges as the test 

l i quid . It is safe to work with , abundant and relatively 

inexpensi• A . It also has no visibl e impurities. 

The high voltage power supply wa s initially conceived 

as hav · ns both an AC and DC component which would combine 
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to g ive a hi gher vol tag<; th8.n e i ther acting alone , a s s hown 

be 1 '·''. 

~ ------------- + Time r-1 
0 

> 

AC Component DC Component Hi gh Voltage 

Since a DC power supply was ava ilab l e attention was turned to 

an AC s {. ply . Two factors wer e considered important here , 

hizh volt~Be and goo~ f r equency ontrol . The freauenc; contr a! , 

b~ing Jsed to eliminate t he ef <;ct of char ged _Rrt i les , thus 

di lectrophoresis 1 ,ould predomh1at-2 . Figur e 2J s ho· s sche ­

matical l y the AC source . 

Oscil ­
l a tor 

Ampli ­
f ier 

Co il 

High Voltag e 

Fig . 2J . High Voltage AC Source 

Th oscillator is a Hewlett - Packard , Mode l 200C , aud io 

osc "llator . It has a f re lu ency r ange of 20 to 200 , 000 

cy l cs / s8c . 1he signa l f r on the oscillator is amplified by 

a Mara~t z , Mode l 5; power amplifi er and then fed into a 

Bendix I8ni ti on Coil , Mode l UC - L~5x . Th e coil was a standard 

automob "l e i gn ' t ion coil . An a udi o transformer was tried 

initially i n place of the ·coil . The transformer had a fre ­

q l8ncy response of 20 , to 20 , 000 cycles/ sec . a nd a maximlm 

8.udio p()wer of 50 watts . In its '':st ep .i.p " mode the trans­

former could produc e no mo r-e th'3.n 5 , 000 vol t, c The coil , 



though, prod c9d vo . qges in th rR1ge of 20 r000 to 25 , 000 

volt . - An osc ' llosco e , Hewlett - Packart , Model 175A, with 

L~8 

Model 1755A Du3. Trace Vertic a l Ampl · f i.. ~r 1 ..,, . s used to c: heck 

the f r eq1Pncy ·nd am· 1 · t1de contr ol s of the oscil l qtor . The 

scope a nd oscil la tor che ked within l.S% of each other f or 

frequenci ~ from 20 to 8 1 000 cycles/ sec . Maximu• voltage s 

wer e r eac hed at just over 8 , 000 cycles/ s ec . The s c ope in 

con junc t i on wi th a v oltage div id er was used for v oltage 

Th e e ectrode c onfLs nrattnn 8.t manometer to ~easJr 9 

prps31.1 ro, ;;,:•:>e 2hown in fi gure 2LL . The wo cells , connect9d 

br . 066 · nc} es I , D. , clear tub i ng , act as a manometer , The 

left c e l l i s a dunmy and the right contains t he e l e c t rodes . 

The bot t om electrode i s bra s s wi t h a pol ished surfac e to 
I 

eliminate discontinui ties i n the e l ectric field . It is , 75 

inches in diameter and 0 . 50 inch thick . · ThP~e i s a ~0)1 inch 

diame ~er hole in ths center of the elec trode . It is f it ted 

into a c lear Plex i glas tube and seal ed agains t l eaks f r om the 

out side wi th Dow Cor n ing S i lic one Rubber Sealer . Gl ass tub­

ing was or iginally used in place of the Plexiglas but proved 

too f r agil e . The dumrnJ cel l is c onstructed t he same ex c ept 

the bottom is marte of Plexiglas inst ead of brass , The pper 

e ectrode in the test cel l is a b llbe~ring , 0,12 5 inc h i n 

diameter , soldered to a steel ~od which is then conne c ted 

to the powe supply . The distanc e between the t wo elec t r odes 

is , d ju.~ted by me2ns of a set screw i n the cap of the tes t 

c e l l . The cap in both cells is mad e of Pl exigl~s . By i n-

d ·c i ng a bubble in the tu bing jo ining t he two c e l ls , any 
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pre ssure differen e could be detec ed a nd r ead on a rule 

calibra tert in .02 i nc .e s . The sens · t ·vity of . e menometer 

is p~o_. ortional to the square of thP. r a tio f t hP. in ide 

diamet er s of the tubes . For transformer oil , A.94 x 10 - ?psi 

is he , mal lest measurable pressure (see Appendix A) ass1~ing 

t he movement of the bubble can be read accurately t o . 02 inch . 

Exneri e~t~ l. Resu lts 

An accurat~ determination of the voltage applied to 

t he test cell t urn ed 01t to be more difficul t than expected. 

The pr oblem is shown schematically below . 

I I 

AC 'l' est 
V '-' l Cell a ....,up p_y PP 

I l 1 ~ 

The 8.p lied vol t 2. . e , '•\:;_pp , 1vas e):pec ted t be in the 20 , 000 

to ?5 , 000 vol ~ange Jea~ t0 e2k , T determine the a cc L~acy 

of any roltage r .2dings a kno~n Jo2rl is used in pl~ce of the 

test cell , Using a mic roa. met~r to measure current and then 

convert to v oltage proved futile. The meter was errat ic die 

to the oise , random signa l s , produced by the t e s t set up . 

Shie]rt "ng the meter a so pr oved inadequate . 

A vo ta e divide r , s10Mn :~ fi gure 25 , was j_nc oruor ­

ated us ing hi gh pr ecis ion resisto~s . 

For th "s circui t, 
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Suu-ply 

Scoue 

?ig , 25 , Voltage Div i der 
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Vapp 

Using low vnlt~ge , so that Va p ou d be neasured di~ect l y , 

t"o tests w8re run , One wi t~ an 11 to 1 division anrt the 

oth~r 11 2 t o l . For 1 8w voltage , less than JJO volts , both 

dividers checked ou t . To chec k t he divider at h i gher voltages , 

whe r e Vann c ould not be measured directly, th e c i rcuit was 
~ .!. 

set up a s sho~n below , wh er e R4 replaces the test ce l l . 

AC 
Suppl y 

Vapp 

By rn9~suring V1 a ain , the a pplied voltage could be calcul ated, 

No 1•1 , a r rtt i o c a n be int roduced using R3 , 

:: 

V3 an0 Vi can be me~sured d irec tly a nd the ir r a tio ca n be us ed 

as a check on volt8~· me~surement s , 



A low voltage setup was tried first using the fol ­

l owing resistances , 

R1 = -o .1 M.J'l-

R2 = 11.1 M.n.. 

R3 = 0 . 1 MJ1.. 

R4 = 11.1 MJ\-
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The results are shown in Table 1 in Appendix B. The ratio 

of V3 to Vi is very good but the applied voltage begins to 

deviate from that calculated , as the frequency increas es , 

by as much as 32% . 

Table 2 shows the same circuit with R4 incr eased to 

22.2 M..n.. and V3/V1 = . 502 . Here the V3/ V1 ratio is within 

experimental limits and the actual and calculated voltages 

compare favorably at low voltage and frequency. As the fre ­

quency and voltage increase the V3/V1 ratio becomes erratic 

and the per c ent of error is too high t o be reliabl e. 

·- Once more increasing R4 to 50. 22 M.n. and changing R3 

to 1 g ives a V3/V1 of 2.19. Table 3 shows V3/V1 again in­

creasing with frequency and voltage . 

Table 4 shows the same circuit as Table 3 except R3 
has been i ncreased to 4 M.a.. , Thus V3/V1 is 8 . 26 . This time the 

V3/V1 ratio decreases with frequency and generally increases 

with vo ltage , although the _ voltages at R4 are not off by 

tha.t much . 

..... ,: .. 



Using low ~oltages and re~oving R4 and RJ f rom the 

circui~, the appli ed and ca lculated vol t ages devi~ted con­

siderably as shown in Table ·5. 

Tests were als o run for the c i rcuit in fi gure 26 . 
R1 

AC 
Supply Vapp 

R1 

Fig . 26 . Tes· Circuit 
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T .e p !" i tion of R3 1•:2.s changed just to see hm, the r esults 

v,oulci compare wi h ::-irev · ous test. • A;ain , the same problem 

occurred . 

Voltage s were a l s o read on a Honeywel l Dig i tes t 

vol tmete r and they agreed wi th the osc illos cope readin~s . 

Three steps were taken to alleviate the problem of 

i nc onsistant r eadings . First , a ll grounds we~e d o ble c hecked 

a nd found to be adeq~ate , Second , i n a n att empt o eliminate 

n ois e , the co i l was shielded , Thi s was not success ful since 

a n a ppreciabl e a mount of nois e was still picked up by t he 

sc ope . Thi rd , a ll wires were made as short as poss ible to 

eliminate nois e and showed no effect . 

As a final check , t he a pparatus was se t up and a 

tes t was r un t o see h ow the actual and t~e oretica l pressu e 

val~es would compare . To do th is , two parall e l plate e l ec­

t rodes were used , The 112 to 1 voltage divider was used to 

deter mine the applied voltage and the ma nometer , to mea s ur e 

the pr ess ure , a s shown in fi gure 27 . A photogr aph of 

the parallel plates and test cells appears in Append ix C. 
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Scope 

Fi g . 27. Pressure Measurement 
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The distance between the plates was set at 0.75 inc h , Using 

t r ansformer oil, with a specific gravity of 0.87 and a dielec ­

tric constant of 2,5, the results are shown below , 

Indicated Bubble Actual Calculated 
Voltag e Displacement Pressure Pressure 
(rms) (inch) (psi) ( psi) 

7 , 071 . 10 LL 47 X 10- 6 2.0 X 10- 4 

10,607 . 10 4 . 47 X 10- 6 4.5 X 10- 1-1-

14,142 .16 7,15 X 10- 6 8,0 X 10- Ll 

The pressures are errant by as much as 10- 2 psi. The measured 

pressures also do not indicate the fact that the pressure i s 

propor tiona l t o v2 • This reinforces the fact that t he voltage 

measurements are in error . 

Although the attempt to measure the body force due 

to dielectrophoresis proved to be futile, some other phenomena 

were observed. The first of which is shown in figure 28. The 

upper electrode i s spherical and the lower is a plat e. Upon 
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High Voltage l 
Fig . 28. Sphere and Plate Electrodes . 

applying a high AC voltage (approximately 20,000 volts at 

8,000 c ycles/ sec), repulsion of the transfor mer oil appeared 

to occur. This is sham in f i gure 29 and by a photograph in 

Appendix c. This appears to be an att r a c tion caused by the 

High Voltage 

F i g . 29 , Sphere and Plate 
Electrodes with Applied Field 

nivergent field, rather tha n a repulsion of the li1uid as one 

mi ght expect from a DC source as reported by H. A. Poh136 

a nd E . T . Pierce37. The crater he i ng created , as the liquid 

is ~ielcctrophoretically attracted towards the sph eric a l 

elec t rode . Thus the rim of the crater is actuall • risin~ 

creat ing th e cra ter r a ther thRn th e· e being a for c e on ·he 

liq u id cre~ting the rim . The fac t tha t the liqu id l evel ap ­

pears to be the same on either side of the rim v erif ' ps 
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this. It should also be noted that the rim rose a s the 

voltage increased. 

Another phenomenom observed is that investigated 

extensively by E. P. Damm, Jr.JS and also noted by H. A. Poh139. 

The electrode geometry is the same as the previous example. 

The upper electrode is now lowered until the liquid jumps 

the gap and clings to the electrode. This is shown by a photo­

graph iri Appendix C. Gaps of up to .50 inch were jumped in 

this manner using transformer oil. H. A. Pohl also reported 

a pumping action using the electrode geometry shown below. 

Ring Made of Wir e 

!Jpon the application of 10,000 volts DC, he observed the 

dielectric liquid being pumped out of the dish. Using trans­

former oil and high AC voltage (approximately 20,000 volts), 

this could not be duplicated. 
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Summ ci r ,r 

Although he experimental aspect proved unsucc essful , 

considerable insight was ga ined as to the n2.ture of electro ­

fluidm echanics . The field is very diverse and cons is t of 

v ery simple to very complex and subtle reactions . The spec i fi c 

problem encountered here, that of ina ccurate measurements , 

wi th mor e time , better equ i pment and experti s e can be over ­

co me , Measuring the body force by means of a pressure d if­

ference has not been at tempted in as much as I have been able 

to determine. That such a fo rce exists was apparent by move­

men t of the manometer bubble using the sphere -plane electrode 

geometr . 
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APPENDIX A 

Pressure Calculation 

The man ome t er s ens itivi ty i s de termined as foll ows : 

..: • 
ht~ At 

he = Change i n liquid level ~n c e ll 

ht = Dis t::ince bubble mov es in tube 

Ac = Ar e ;:,, of tes t cell 

At = Area of tube 

Dt = I , D. of tube = .• 066 inch 

De = I , D. of ce ll -- 1 , 75 inches 

Kn ow i::1.g A1h1 = A2h2 

"l. "2 

1T oc he. 
::. lf Dt ht 

4 4 

V\c. ( Dt_ j1-- --
V\~ D, 

Thus 

1.42.Z '1-, 10 



The increase in pressure from that at t ~ f ree 

surface is , 

P = • 036 S b.c "'"'SI 

S = Specific Gr avity . 

For t r ansformer oil , 

thus , 

s = . 87 

he= 1.422 X 10-3 x ht 

P = . 03611 X . 87 X 1 .422 X 10- 3 X h t 

P = 4 . 467 x 10- 5 x ht SI 
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As v , i ng ht can be r ead ac curately to . 02 inch the smalles t 

detectable pressure is, 

p = 4 , 467 X 10- 5 X ,02 

P = 8,934 x 10-7 PS I • 
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APPRNnJX B 

T2bles 



AC 
Supply 

Sc ope 

V = Ri- [ RI t Rt. J V 
4 R3 tR4 R, I 

V3 ~ [R,t~?.] - -V. R t R R 
l .. L TABLE 

Freo . V1 V V3/V1 
(Hert z) (Volts ; (voits) 

2000 1.12 1.12 1 
2000 2.35 2 . 35 l 

l.i-000 1.35 1 , 35 1 

6000 2.J 2.J l 
6500 2 . 25 2 . 25 1 
6750 2 . J 2 , 3 l 

8000 3 . 5 J . 5 1 
8000 J . 6 J. 6 1 
8250 4 . 2 4 . 2 l 

2 

1 

R1 

Rz 

R3 
1 
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4 

= .1 M..a.. R4 = 11.1 M..n.. 

= 1 1.1 M.Jt. V 4 = 111 V1 

= .1 M...n.. V3 / V1 = 1 

V L't- V 4 r1o Error 
(Cale. ) ( Ac t. ) In V 4 

124 lJO - 4.8 
261 270 - J.4 

150 160 - 6 . 7 

255 JOO - 17.6 
250 305 - 22 
255 JlO - 21 . 6 

J89 JOO +22 . 9 
400 JOO +25 . 0 
466 315 +J2 . 4 



Scope 

-
Fr eo . V1 

(v ~J'.ts ) 
V3/ V1 

(H ertz) (vol t s ) 

1000 1 . 04 • 54 , 52 
1000 1 . 65 .84 . 51 
1000 2.2 1. 1 . 5 
1000 2 , 55 1 . 3 , 51 

?000 • 81.L • 5LJ, . 64 
2000 f.: • - • ~J • 8L1, , 5J 
2000 2 . 55 1,3 , 51 

lL000 1 . 3 . 72 , 55 
lL000 1 . 95 l . OLJ. , 53 
Li000 2 . 5 1 . 35 • 5L~ 

8000 5 . 8 LJ,~ 1 , 71 
8000 11 . 0 7 . 8 • 71 
8000 J . 1 22 . 5 ,7J 

2 

1 

. 1 MJt. 

11. 1 !Vl ..11.. 

. 1 M.ll.. 

4 

R4 = 22 . 2 M..n... 

V4 = 111 V1 

V3/ V1 = . 502 

Error V lJ- V4 % 
( ca C • ) (a c t.) In V~ . 

115 118 - 2 . 6 
183 190 - J . 8 
2L!-4 255 - LJ. . 5 
283 ;:,95 - h.2 

93 ~22 - ?1 ,2 
178 190 - 6 . 7 
28 3 ?05 ,.__ / - 11 . 2 

144 155 - ? .6 
216 230 - 6 .5 
278 295 - 6 . 1 

644 ·!;- .. 
1221 ..;;. -
3LJ.41 .,:. -

❖R ea d ings out of r anPe of s c ope 
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2 

AC 
Supply 

Sc ope 

Y+= ~ [Rl\- Rt.]\( 
Kit!¼ R, I 

V3 = ~ 1 [R,+R~J 
"· R3tR4 R, TABL , 1 .,, 

Freo, V1 V3 V3/ V1 
(Hertz) Vol t s) (Volts) 

1000 25 53 2.12 
1000 49 110 2 . 24 
1000 82 200 2 . 4L~ 
1000 96 240 2.50 

2000 2 . 25 l-f' a 8 2 . 13 
2000 9 20 2 . 22 
2000 lJ 29 2 . 23 
2000 20 45 2 . 25 

4000 10 . 8 29 2.67 
L!.OOO 21 54 2 . 57 
4000 34 88 2 , 59 
4000 1.J, 7 130 Li. . 9 

6000 20 62 3.10 
6000 27 84 J . 11 
6000 35 110 3 . 14 
6000 lt8 ' 155 3 . 23 

1 

R1 

Rz 

R3 

4 

= . 1 t/l ...(L. 

= 11 . 1 M..{L 

= 1 MA-

V4 V4 * 
(Cal e . , (Act. ) 

2750 
5390 
9020 

10560 

248 
990 

1 4JO 
2200 

1188 
2310 
3740 
5170 

22 00 
297 0 
3850 
5280 

*~~ad ings cut of r ange o_ s cope 
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R4 = 50 . 22 M..a.. 

V4 == 110 V1 

V3/ V1 = 2.19 

% Error 
In V4 



AC 
Suppl y 

Scope 

V4" R::R4 [R ~,] V, 
R1 

R, Rz 

V3 Rl [ R~Rz.] R·3 
v. = R-;-;-R1 R, TABLE 

Freq . v, V3 V3/V1 
(Hert z) Yo!ts) (Vo1. ts) 

1000 1.08 6.2 5 .7 
1000 1 . 6 9 , 2 5 . 8 
1000 2 .1 10 . 4 5 . 0 
1000 2 . Lr5 14 5 , 7 

2000 1. OI+ 6.6 6 .J 
2000 1. 85 10 . 2 5 . 5 
2000 2 . 45 l J . O 5 . J 

4000 1 . J 5 . 7 4 . 4 
4000 2 . 65 11 . 8 4 . 5 

6000 2 7 • L~ J . 7 
6000 2 . 35 8 . 8 J . 7 

8000 6 22 . 5 J . 8 
000 lf-1, . 5 52 J . 6 

8000 45 165 J.7 

2 

4 

1 

J 

= . 1 M..n. R4 = 50. 22 M..Q.. 

= 11. 1 M-'2.. V /J, == lQIJ, !1 

= 4 M_Q__ . V3/V1 = 8 . 26 
4 

V4 Vh % Err or 
(Ca le. · ( Ac t . ) In 4 

112 125 - 11. 6 
166 185 - 11 . 4 
218 240 - 10 . l 
255 285 - 11 . 8 

108 120 -11.1 
192 215 -12.0 
255 290 - lJ .7 

135 150 -11.l 
276 295 - 6 . 9 

208 250 - 20 .2 
24Lr J OO -2J.O 
--
624 ~- -

1508 * -
468 0 * -

*Read in s out of r ange of scop e 



AC 
Suppl 

Scope 

..&_ [ R,¼-R~J 
V 4 ': R :3 t R1 R I V, 

v~ ~ [R, +R~] '::, 

V. R3 t-R4 R, 

2 

1 

R1 

R2 

R J 
TABLE 

Fr e0 . V1 
(v~its ) 

V3/ V1 
(Hertz) Vo l ts) 

2000 1. 04 
2000 2 . 05 
2000 2 . 6 

J OOO 1. 08 
J OOO 1 .9 
3000 2 . 6 

4000 1 . 2 
4000 2 
4000 2 .5 

5000 1 . Li. 
5000 1 . 9 
5000 2 . 4 5 

s~oo _ ../ 1 . 16 
5500 1.6 
5500 2 . 05 · 
5500 2 , 35 

6000 1 . 

6000 1 . 6 
6000 2 . 35 

65 

4 

= . 1 M../1... R4 = oo 

= 11 . 1 M.n.. V4 = 11 2 Tl 

= oO 

5 

V4 V4 % Error 
(Ca le. ) (Act , ) In V L~ 

117 120 - 2 . 5 
2JO 240 - 4 . J 
291 305 _ LJ. . 5 

121 130 - 6 ,,9 
223 225 - 0 . 8 
291 J 5 -1+. 5 

134 1Li5 - 8 . 2 
224 240 - 7 . 
280 J OO - 7 . 1 

156 175 - 12. 2 
223 235 - 5 . 4 
274 J OO - 9 . 5 

130 150 -15. L~ 
179 200 - 11 , 7 
230 260 - 13 , 0 
263 J OO - 17 . 9 

112 130 - 16 .1 
179 205 - 14 . 5 
263 J 05 - :t6 . 0 
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TABLE 5 

~req , V1 V V3/V1 V4 V4 ~ Error 
(Hertz) (V olts (Voits) ( Ca le . ~ (Act. ) In V4 

6500 1.16 130 155 - 19,2 
6500 1.9 223 255 - 14 . 3 
6500 2.3 258 305 - 18 . 2 

7000 1.4 156 200 -28 . 2 
7000 2 . 15 241 J OO - 24 .5 

7500 1.85 207 275 -32.9 
7500 2 . 2 246 320 -30.1 

8000 2 . lj, 269 320 - 19 . 0 

8_500 3, 6 403 305 +24 .3 



67 

APPENDIX 
' 



D11 mmy Cell T0st Cell With Spher e 
PlRne- El ectr od es 

T0 st Ce J.l With Paralle l 
Plate Elec t ro~cs 

O'\ 
OJ 

,. 



Sphere - Plate Electrodes 

Sphere - Plate El ectrodes Yith 
Low AC Voltage Applied 



Sph ere - Plate Electrodes with 
High AC Voltage Applied 

Sphere-Plate Electrodes Showing 
Attra ction of Di electric Liqu id 

70 



71 

FOOTNOTES 

1 Jane s D. Co bi::1e , URf' em1. C nrlu ctor s (S ecor.ct Editi or. : 
.l e \'-1 Yor k , N. Y. : Do·n r P iblicat i ons . I c . , 1958 ) , P1. • ] 3 - 41. 

2 Henry R. ! e1 1-o ff , " El r:)c t r ofJ t,;. i r:ec!-ian ic s : P. Study 
of El ec t r okinet i~ Acti on s in Fluids '', ADK- T~- 61- 642 . P ooul s: on 
Labo a t ory , ASK , Air Force Sys t ems Co mmand , Wright - Pat t er;on 
Air For ce Base , Ohi o ( Fe b ., 1962) , p . l J . 

3Rober t J . He insohn and Ph il ip M. Becker , "Elec t ­
ric a lly Augmented Flame ", Center fo r Air Environment Studies , 
The Pennsylv nia Sta t e Un ivers ity , (July 1969 ) , pp . 10- 12. 

Li ve 1rnff , " Electr ofl u id. echan::.cs ", p p . 21 - 22 . 

Sp u l o~ra i n - nrl Da l e Cor son , Electr on~a n e tis Fi~l~ s 
qnd W~v~ s ( ~e c on Ed:t i on : San ? r a ~ j __ c o , Ca li f .: W. H. Fr ee a n 
~n 1970 ) , ~P • -2 5- 12~ . 

6H. A, Poh l , 
Di e l ectric s " , Jour n ~ 
pp . 1182- 118 3 . 

11 S or.1 €! E f .c t s o: N onun ifor 1. Pie lds on 
of Appli ed Phys ics , XXIX ( Aug ., . 1958 ) , 

7J . A. Str atton , El ectromagn et ic Theory (New York : 
McGr aw Hill, 941) , p . 139 , 

Sstrat t on , El ectro magnet i c Theory , p. 95 . 

9s t r t ton , p . 151 . 

l OPohl, "Effects on Di electr ics ", pp . 1182 - 1188 . 

11Pohl , "Effects on Di e l ectr ics ", pp . 1182- 1188 . 

12Poh l , " Effe ct s on Di e l ec t r::.c s " , pp . 1182- 1188 . 

13H . A. Pohl a nd J . P . -Schvar , tt Factors Affecting Sep­
arat i cn s of Su~ ensi ons i n ronuniform Electric Fi elds '', J ournal 
of Anul i ed Phy ic s , XXX (J an ., 1959 ) , pp . 69 - ? J . 

l L~Pohl , "Effects on Dielec -r i cs ", pp . 1184- 11 87 . 

15E , T . Pi er6e , HEff ects of High El ec t ric Fields on 
Di e l ectric Liquids", Journa l of Applied Physic s , XXX (1959) , 
pp . L~LL5 - L~46 . 

l 6Hans Schott a nct · W. X . Kaghan , HEffe t s Hi gh Elec t ric 
F i el ds on Di. e l ectr i c Li quids of High and 101 1 Vi scos i t y", 
Jo~rna l · of Appl i ed Physic s , XXXVI ( Nov . 1965 ) , p . 3399-3401 . 



72 

1 7E . P . DaP1m , Jr. , " Attractions of Liauid ~ y Electric 
F i e lds", Die l ee r Di-1 ,r c t.:.c DenoqjjJ,.ill'.l , (New Yor - : Elec tr ode ­
posi t i on Div · s i on E e ctr ochE: n · ·'3 1 Soc ie ty , ?69), ~ . 9 6 - 101 . 

18 ·1✓ , P . Croppe ar. H. S , · See1ig , ". ixinr: Wi th an Elec-: ­
ros-:2. i ~ F:_ e ld " , I cc SC P\md9.ment::ls , I (Feb . 1962 ) , pp . 48 - 52 . 

lq D R B " S . 1 · f . · · • . r owr, , ·.vir 1:ng o . a L iq uic Under the Infl i -

ence of a Unifor m El ectric Fi e ld '', Na ure , CCII (May , 196~ , 
pp . 868 - 8 7 0 . 

20 vad i m G. Droz i~, " The Electrical Dispersion of · 
Liquids as Aerosols", Journa l of Colloid Science , X (1955 ), 
pp . 1 58 - 164 . 

21 Bern:J.rd Vonnegut and Raym ond L . Neubaue ::'.:" , " Produ c -
ti on of . 10 or'li per e Liquid Pa r ticl e s by El e c t rical /\tom iz=1ti on ", 

q l 0f Col_oij .. i ~n - e , VII ( 0 ~. 1952 ) , pp . 6 1 6 - 622 . 

22 F . J . Weinber,; , " El e c t r ic:Jl :'\snect o_ A8roso l Form­
at i r 8.:nd Cont-r .", P r o , Ro y . S o ., A CCCV II (Oc t . 196 ) , 
pp . 19 5- 208 . 

23 Hajime Fujimoto , et al , " Liquid Atom i zation in 
El e c trostatic Field ", Japa n Soc ie t~ of Mechanical Engineers 
Bulletin , X (Feb , 1967 ), pp . 155 - 1 J . 

ZL} J . J, Hoe2.n and c . D . Hendricks , " Investigation of 
the Charee - to - ~ass Ratio of Electrica lly Sprayed Li q uid Par ­
t icles " , . . IAA Journ8.1 , III (Feb . 1965) , pp •. 296 - JOl . 

25Keith Wa tson , " Influence of an El ectric Field 
upon the Hea t Tra nsfer from a Hot Wire to a n Insurlating Liquid ", 
Nature , CX IC ( Feb . 1961 ), pp . 563 - 564 . 

2 6 l\'1 , J . Gross and J , E . Porter , " Electrically I nduced 
Conve c t i on in Di e l ectric Li qu ics ", Nature , -CCXII , (Dec . 1966) , 
•!) . lJL-l- J - lJLL-5 . 

2 7 H. R . Ve l koff , " Electrofl u idme chanics : Investi ga ­
ti on of th e Effects of El ectrostat i c Fi e lds on Heat Transfer 
a n Boundary LaJ~ r s '', ASD - TDP - 62-650 ., Aeronautic a l Systems 
Division , Air Force Syst e ms Comma nd , WPAFB , Ohio , Sept . 1 962 

28 M. E . Franke , " Effe ct of Vortices I nduced by Corona 
Disc h ~rg e on Fre e - Convection Heat Transfer Fr om a Vertical 
Plc1t e ", Journa l of Heat Transfe r , ( Aug . 1 969 ), pp . 427 - 433 , 

29 H. R . Ve lkoff a~ct J . Mill er , " Condens a tion of Vapor 
on a Vertic a l P l a te with a Transverse El e ctrosta t i c Field '', 
Jo1Lr.8.l ·of Hflat Tra .sfer , XIIC ( May 1965 ). 



73 

JOH . Y. Ch,oi, "Electr ohydrodynami c C ond ens a ti on Heat 
Transfer", Journal of Heat Transfer , XC ( Feb . 1968 ) , pp . 98 - 102 . 

31E . Bonjour , J . Ver dier , and L . Weil, "Electrocon­
vection Effects on Heat Transfer'', Ch e~ical Eng ine ering Pro gress , 
LVII (Ju l y 1962) , pp . 6J - 66 . 

32E. B. Devitt and Jr . R. Melcher , "Surface El ectro­
hydrodynamics with Hi gh- Frequency Fie lds ", Research Not es , 
(1965 ). pp . 1193- 1195 . · 

33James R, Me l cher , David S. Guttman, and Mathew 
Hur witz , "Dielectr opho~e t ic Or ientation", J ournal of Spacecraft 
and Rockets , VI , (Jan . 1969) , pp . 25 - 32 . 

34Jame s R. Melcher , Ma thew Hurwitz , and Ruth Fax , 
"Dielec~rophoretic Liquid Expulsion '', Jour nal. of Spacecraft 
and Rocke ts, VI (Sep t . 1969), pp. 961 - 967 

J5R . J. Heinsohn and P . !Vi . Becker, "Electrically 
Augmented Flame", Center for Environment Studies , Penn­
syl vania State University , Pub . No . 117 - 69 , Ju l y 1969 . 

J 6Pohl, "Effects on Dielectrics " , pp . 1182 - 1188 . 

37Pierce , Effe c ts of Fields on Di e l ectric Liquids", 
pp . [~45 - 446 . 

38oamm, pp . 96 - 101. 

39Pohl, "Effects on Die lee tr ic s ", pp . 1182-1188 . 



BIBLIOGRAPHY 

Books 

Bi er , ,1 ~ (ed) . F.l':'c~:..~o·.,'-1 ,,..,,,c,-c­
Pres~ , 1959 , 

New York: Academic 

Cobin e , James D, 
Ne\ 1 York : 

G3.f:e 1s r:0::1rlu. . -t- r 1'.'s . Second Ed i t i on . 
Dover Pub . In-.--, 1958 , 

Ha lliday , Dav i d and Resnick , Rob ~t . Phvsics . Se c ond 
"'diti on. Vol . - II. New Yor k : ~n-Wil ey a nd 
Sons , Inc ,, 19 59 , 

Lorru in , P . a nd Cars n , D. 
s~n fr~nc :sco : w, 

Electro~~~net i c F i e ld s 8.nd 
H. ~reeh~n and Co . , 1970 , 

74 

M. I . rr. D:;'ess , 

Str qt ton , J , A. R]9ct~ornnanp~ic Theorv , New York : McGraw 
Hill, 1941 . 

W ds o· , H. 1-!. 8.nd Melcher , J·r , • Blr-:ctr omechanic 2l -'-'n'3.m1cs . 
Ne, York : John Wiley and Sons , 19~8 



Bonj .r. , E . , ! erdier , J , , -.. rid Weil , 
Ef~ ect on HP.''lt T: ;:,_. er . " 
Pro~r~ss , LVI I (1962) . 

?5 

L . " ·lectroco vec on 
Cl~~:" -=-"?_ _1_ EnrrineP i_nq 

Br ov n , D . R . " Swir ling of a Li~1 1i 
a Uniforr.1 El ect~ic Fi.eld .,. 
868 ~ 870 . 

Under ·the Tnfl ue~ce of 
,fat1 r- 0 , CC II (196L~) , 

Choi, H. Y. ,. Ele c troh-ydrodynamic Condensati on Hea t Tra:n,...fer ." 
J o rnal of Heat Trans f er , XC (1 968 , 98 - 102 . 

:92.mm , E , P . Jr < " ttrac··~i"n. of ~i~1ui:.i . :j' l 0 1;tr .:.. c Fi1:L.s ." 
DiPl J .t1~onh0:. 0 tir, ~ ~ oci_+~~- ' (1 909) , 96 - 101 . 

Devi t t E . B . and Me l cher J , R , " S irf2.c e El ec t rohydro ~,naP.Jic s 
tli .h Hi gh Frequency F.:.. e l js ." R sea.: ch Notes , (1965) , 
1193 - 1195 . 

Dro zin , Vad irn G . "The Electrical Dispersion of Liciuids a s 
Aerosols ." Jourrn?,.l of Col lo id "'cience , X (1 955 ), 
158 - 164 . 

. Franke , M. E , "Effect o f Vort ices I ncJ. uced by Corona Di c:: ­
charge on Free - Convection Heat Tr nsfer Prom a 
Vert i cle Pla t ,3 ." ~na l of Heat 'Transfer , XC 
(19 68 , 98 - 102 , 

F ji:noto , Hajime , Et . Al , " Liqu i d Atomizat ion in Electro­
static Fie l d . " J a pan Socie_ty of Mec h , Eng i nR~rs 
Billeti _, S (1967)r 155 - 16J , 

Gros s M. J. ~nd Porter f J . E. " Elec tr i cally Induc ed Con­
vect ion i n Diel ec tr i c Liquids ." Natur e , CCXII 
(1966 ), 1J4J - 1345 . 

He ins ohn , Robert J . ~nd Becker , Phil i p M. " Elec t rically 
Augmented Flame ." Pennsylvania Sta t e Uni versity , 
,J u l y , 1969 , 

Hogar , J , J . anrl Hendricks , c . D. " I nvest i gation of the 
Charge - ~o - Mass Ratio of El ectricall ~ Spra ye _ Li qu i d 
P::irticles ." AI AA J ur nal r III (1 965 ), 296 - JOl . 

Mel c h r , J8mes R., Gut t man , David s . 1 and Hlr ivity , Mathew . 
"Diel2ctr ophoretic Orientati on ." Journa l of S )ac e ­
c r ~ft and Rocke t s , VI (1969 ) , 25 - J 2 . 



76 

Melch r James , R,, Hurwitz , Mathew , and Fax f Ruth. "Dielec ­
trophoretic Liquid Ex ulsion ." Jour~al of Sp~ce ­
cr~ft ~nd Rockets , VI (1969) , 961 - 967, 

PiercP., E. T. "Effect:; of Hi h El ectric :.i'ields on Dielectric 
Liou i d_ .n To 1.rn8. l of ApplJ:ed Ph'.'S.'..cs , XX ( 1959) , 
96 ' - 101.. 

Pohl , H. A. " S me Effects of Nontn iform F ' alds on Dielec­
tric s ." J o1rn'.l _ o f Aunlied Ph::,:::: .5-cs , XXIX (1958) , 
1182 - 1188 . 

Pohl H, A, and Schwar ·J . P . " Fac tors Affe c ting Separations 
of Sus pensions i n Nonuniform El ectric Fields ." 
Jo1Jrnal of Aupl.i..ed Physics , XXX (1959) , 69 - 73, 

Schott , Hans an Kaghan, W. X, " Effects of High Electric 
Fields on Die le ctr ic Lia 1id s of Hi ah ::1.nd Lo·.v Vi ~cos i -tv . " 
,Journa l of Apul i ed Phus{c s , XXXVI (1965) , 3399 - 3401·: 

Velkoff, Henry R. "~lectrofl· i me chanic s: A. St::i:- udy of Elec­
trokinetic Ac t ions in Fluids. " ASK-TR-61-642 . 
Wright - Patterson Ai!' Force Base , (1962) . 

Velkoff , H. R. "Electrofluidrnechanics : Investigat ion of the 
Effects of Electrostatic Fields on Hea t Transfer and 
Boundry Layers ," ASD- TDR - 62-650 , Wr i ght - Pa tterson 
Air Force Base , (1962) . 

Vonneg1t , Bernard and Neubauer, Raymond L , " Producti on of 
Monod i sperse Liqu i Particles by E ec trical Atom­
iza ti on ." Journa l of Col 7 oid Science, VII (1952 ) , 
616 - 62 2 . 

Watson , P . Kieth . " Influence of an Electri c Fi el d Upon the 
Heat Transfer from a Hot Wire to an Insulating 
Li,_u id ." Na.tu!'e , CXIC (1961) t 563 - 564 . 

Weinberg , F . J. "Electrical Aspects of Aersol Formation 
and Contr ol. "' Proc Rov< Soc rr ACCCV I II (1968 ) , 
195 - 208 0 


