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ABSTRACT

STUDIES OF A FLAT FLAME UNDER IMPRESSED ELECTRIC AND

MAGNETIC FIELDS

Robert Jennig’gs Heinsohn

A flame contains positive and negative ions which are essential

to the kinetics of combustion. By impressing electric and magnetic

fields on a flame, it is possible to influence the extinction limits and.

burning velocity.

The objectives of this research are to devise methods for solving

the equations of combustion, and to experimentally study the burning

velocity and lean extinction limits of a flat flame under the influence

of a perpendicular electric field.

Enlarging upon a method developed by Klein, a method of suc—

cessive approximations is developed whereby the burning velocity,

composition and temperature profiles can be found. The method ac-

comodates an n-species gas and requires only that the Species Lewis

numbers be near unity, and electromagnetic fields to be constant.

By considering the flame —field interaction to be of mechanical

origin describable by a phenomenon known as the Chattock electric

wind, it is possible to express the burning velocity as a function of

the current through the flame, the positive ion mobility and the usual

combustion variables.

The experimental results show that electric fields of either

polarity make it possible to support flat flames (seeded with aqueous



KOH mist) at lean fuel-air ratios where extinction would occur if

no field were present. Experimental measurements of flame speed

agree favorably with approximate theory and show that an electric

field parallel to the flow direction increases the flame speed. while

a field in the opposite direction reduces the flame speed.
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I‘YOIAEl‘ICL-ATURE

molar concentration (g-moles/cc)

mass density {gm/cc)

molecular weight

molar density of the solution (g-moles/cc)

mole fraction

mass scurce (g—znoles/cc sec)

the macroscopic velocity of the r-species (cm/sec)

single-fluid velocity (cm/sec)

time s f
"*c

displacement in the i-direction (cm)

stress tensor {dynes/cc)

external force per unit volume (dynes/cc)

momentum source (due to chemical reaction) per unit vol.

(dyne/CC)

. .» . i i
want velocity, v = u - u (cm/sec)

r

- total energy per unit volume (cal/cc)

internal energy per unit volume (cal/cc)

7

heat flux (cal/cm" sec)

energy source per unit volume (cal/cc sec)

:1 11 J X J + viscous heating + ioulean heating
1'- T‘ .

absolute temperature (K)

multicomponent diffusion coefficient (cm /sec)

partial molar Gibbs free energy (cal/cc)

partial Inolar volume (cc g-mole)
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charge density (coul/cc)

charge to mass ratio (coul/gm)

current density (coul/cmzsec)

displacement vector (newton/coul)

electric field intensity (newton/coul, or volt/meter)

magnetic induction (weber/mz)

magnetic field intensity (amp/meter)

electric permittivity

magnetic permeability (K gm-m/coulz)

Avagadro's number (particles per g-mole)

enthalpy of pure species r, Hr = mrhr (cal/g-mole)

enthalpy of pure species r, hr = (e/flflr + (p/p)r

(cal/gm)

thermal conductivity (cal/degree sec cm)

electric potential (volts)

number of particles per cc (nr = n+ or n_)

reaction rate constant (with appropriate units)

ion mobility (signed) (cm/sec per volt/cm)

electrode separation (cm)’

Activation energy (cal/g-mole) n

single-fluid mass density, = 2 pr (gm/cc)

r = l

n

single-fluid charge density, q = Z qr (coul/cc)

r = l
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single -fluid stress tensor, P”

n

2 (P:J+ rvrler)

(dynes/cmz) r -l

n

. . i_ i j ij — i
smgle flu1d energy flux, Q - Z (.01. + ur Pr +erur)

r =1

-i j ij 2
(en + 11 P )cal/cm sec

6 i
. p u
1 _ r r

- i

pu

momentum of the single -fluid, M1 =pu1

fraction of the mass rate of flow, Gr

universal gas constant (atm cc/g-mole K)

gas constant, 7? = R/r—n (atm cc/gm K)

single -f1uid specific heats (cal/g-mole K)
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1. INTRODUCTION AND STATEMENT OF THE PROBLEM

A flame contains positive and negative ions which are formed as

intermediate species in the complex chemical kinetics 6f combustion.

In addition to their role in the chemical kinetics, these ions also enter

into the momentum exchanges which accompany combustion. Electric

and magnetic fields exert forces on moving charged particles. It is

therefore reasonable to suspect that impressing an electric and/or

magnetic field on a flame will alter the outward characteristics of the

flame by influencing both the ion-molecule momentum exchanges and

the overall characteristics of the chemical reaction.

This research is concerned with the outward characteristics

of a flame under impressed electromagnetic fields, with particular

interest in the flame speed and the lean extinction limits. The specific

objectives of this research are threefold:

(l) to devise a method to solve the exact equations of com-

bustion for a steady-state, plane combustion wave under the

influence of electric and magnetic fields;

(2) to devise an approximate theory which predicts the burning

velocity of a flame under the influence of an electric and magnetic

field;

(3) to experimentally study the burning velocity and lean ex-

tinction limits of a flat flame under the influence of a perpen-

dicular electric field.
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2. BACKGROUND

2. 1 Historical Review
 

In 1801, Volta showed that the leaves of a gold-leaf electroscope

diverged when burning charcoal was brought in contact with the knobua).

The research which followed was chiefly concerned with measuring

the electrical conductivity of flames. From these studies, it was

found that the conduction property could be lessened or removed by

passing the combustion gases through an electric field of appropriate

strength. Complete accounts of these early discoveries are to be

(20)
found in Widermann's "Elektricit‘at" , and in a paper by de Hemp-

tinneml).

The development of the ionic theory of the electrical properties

of gases by Sir J. J. Thomson in the late 19th century led to numerous

investigations, which quite naturally included an examination of flames.

Two splendid accounts of the research from 1900 to 1930 are in works

by J. J. Thomsonaa) and H. A. Wilsonug’én).

in the period from approximately 1920 to 1930, considerable interest

, (23, 24)
was shown toward influencing or possibly arresting the propa-

gation of a flame by an electric field. The influence of an electric

field is dramatic, and in all cases directs a flame toward the nega-

tively charged electrode, i.e. the direction of positive ion flow. In

countless experiments involving axial electric fieldsus' 24’ 25' 27' 28)

it was qualitatively found that flame speed is either increased or de-

creased depending on the direction of the field. In experiments

-2-
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5, 23, 24, 3 , 3,

(1 4 5 55), a flame was alwaysinvolving transverse fields

deflected toward the negative electrode. It was thought that positive

ions, of molecular size, were able on collision with ordinary molecules

to transfer momentum, and so the whole body of the gas would be driven

in the same direction as the positive ions. The much lighter electrons

and the relatively few negative ions were not, however, able to have

an appreciable counterbalancing effect in the Opposite direction. This

well-known effect was referred to as the "Chattock electric wind. "

Reports of the complete extinction of the flame by an electric field

were recorded by Malinowski(24' 25)(between 1930 and 1936), but

whether such extinction was attributable to the field or to the excessive

cooling between the enlarged flame and cool surface was never clearly

determined. During this same period, attention was directed to the

question of whether ionization in the flame was of chemical or thermal

(30)
origin . Even though the transport and production mechanism of

(15)
combustion ions is not even now fully known, Lewis contended in

1931 that the electric field had no effect on either the character or

speed of the chemical reaction. From spectroscopic measurements

of propane diffusion flames and transverse electric fields, Naka-

murawn showed that neither the number nor extent of excitation of

the radicals in a flame were affected; only the distribution of radicals

seemed to be displaced by an externally applied electric field.

In the last ten years, a concentrated effort has been made to de-

(26,

termine the origin, identity and concentration of combustion ions.

31, 41, 42, 43, 44, 57, 58, 59, 6o, 61, 62, 65)
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A comprehensive reivew of this work and more recent findings can

(69)
be found from the leading investigators in' this field Sudgen , Van

Tigglen<64), and Calcote(6o’ 68).

Earlier thoughtswo) that combustion ions resulted from thermal

ionization via the Saha equation, (49)

*

3 8 + g _

5050V M e

IOgIOKeq — - —T—' + E IOgIOT +15. 38 +10g10 T- (2-1)

M

where

+ ..

M '{_:_—__-" M + e (2-2)

+ ..

_ [M [e
Keq - M] (2.3)

have been dispelled since the ionization potentials (V) of all known

combustion species or possible contaminants were too high to produce

(43)
the large ion densities observed by experiment. The Saha equation

predicted ion densities many adsrs of magnitude less than those found

experimentally. The responsible mechanism is now thought to be

(60, 61, 62, 68, 69)
"chemi-ionization, " ionization resulting directly

from a chemical reaction having the form,

A+B—)C+D++e- - (2-4)

While the literature is rich with research concerning electric

fields, little record can be found concerning an interest in, or success

(33)
with magnetic fields. In 1931, Dixon, Campbell and Slater photo-

graphically studied the effect of a transverse magnetic field of 104

 

2::

g +, g , gM are statistical weights, for an alkali metal this term

M e is zero.
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gauss on the detonation wave in mixtures with oxygen of hydrOgen,

acetylene, cyanogen, carbon monoxide and carbon disulphide. There

was no visible influence on the speed or form of any of the detonation

waves nor, in experiments with acetylene and oxygen, could any

alternation in the initiatory phases of the explosion flames be de-

tected. On the other hand, J. S. Watt<67) reported that the upward

motion of a flame was stopped with a magnetic field in one direction

and greatly accelerated with it in the other direction, if the flame was

seeded with potassium and a current of 4 x lO-Zamps was used.

The Hall effect in flames has been experimentally measured by

(32) n(19,67) (67)
and Wilso and

(19)

Marx . Measurements by Wilson

Thomson found an appreciable difference in flame conductivity due

to the Hall currents produced by a magnetic field. In a recent study,

(8,37) . . . . .

Beck analyt1ca11y showed that if the gases of a flame had 1nf1n1te

conductivity a large steady magnetic field markedly increased the

flame speed.

There has always been an interest in applying electromagnetic

fields to combustion processes. The original suggestion of magneto-

(7-3)
hydrodynamic power generation is credited to Faraday who pro-

posed the use of a fluid rather than a solid conductor in a generator.

Although Faraday did not propose the use of an ionized gas, there is

presently considerable engineering interest(63' 84’ 85) in this country

and Europe in flames seeded with alkali metals and their use in power

generation. In addition to power generation, engineers have continually
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explored the use of electromagnetic fields for the improvement of

(36) (53)
mixing processes of combustion , heat transfer , carbon de-

(53,80)
position , anti-knock mechanism for internal combustion engines

The literature records many experimental investigations concerning

fields, but relatively few solutions of the formidable. equations de-

scribing combustion phenomena and electromagnetic fields. Studies

based upon Thompson's ionic theory of gasesul' 12'18' 19' 36' 53' 55' 67),

lend themselves to simple analysis but suffer because diffusion and

chemistry are overly simplified. On the other hand, the more exact

(70, 71, 72, 73) Hirschfelder, (2, 9, 39, 40, 51, 79)

(17, 38, 78, 89) Klein, (35, 74, 75)

solutions of Spalding,

Penner and von Karman, and others

’70 92‘: - .
i ’ ’ exclude external forces arising from applied electric and

magnetic fields and are extremely difficult to solve.

2.. 2 General Considerations on the Mechanism of Ion Formation

 

One of the most active phases in the whole subject of combustion

is the investigation of flame ionization. Without comment, a brief

0 -

y(6 '61'68' 69' 9}) of ion form-resume of the generally accepted theor

ation will be presented. Many reaction paths might appear feasible,

but the acceptance of two simple rules reduces this to a limited number.

These rules require that the ion-producing reaction should be exo-

thermic or mildly endothermic, and that the reactants should

simple species which are known to be present in hydrocarbon flames.

The most abundent positive ion found in hydrocarbon flames is

+(59,66,68,69)
H30 and the predominant negative ion is the free

(29 l



electron. Different. hydrocarbon-air (or oxygen) flames have different

ion prfllcs ”out all flames produce a total ion concentration of the order

13

of. 1’) ions per cc. Inside the visible portion of the flame, the form-

. -. .. ,- + . .
ation and (iii-fag;eararxce «“1! r1 0 1s thought to be governed by,

j

k-
:3

 

+ _

H30 + e -+ $1170 + H (2-5)

. . 69
Thermodynamic estimates by Sudgen( ) are,

k, z 2.2 fix; x it's-"7 cmosec' (2»6)

Ah = -145 Kcal (2-7)

(68.69)h , ,, - + .

gr? ormatmn oI P1,,O is thought to be a proton transfer from a
J c

. .. . + .
carbon-hearing precusor, ChO , by the reaction

k
2

cqur + up ———+ co + HRO+ (2-8)

. . . 69
With thermodynamic estimates, ( ‘ )

,-8 3 --1

k2 =1“ cm sec {2-9)

All :-_- - 3.4 Kcal (2-10)

in. accord with earlier rules 'f thermoneutrality, the reaction

favoring the formation of the precusor is,

k1 +

on + o ———) CHO + e (ft-13)

The origin of H, O, CM is not as clearly known or agreed upon, but

all are simple species which have been observed as reaction zone con.-

. 69
stituents. Therrnod‘ynamic data for the last react1on are thought( )

to be ,



Ah'S—foxcal (2-13)

The chemical kinetics describing combustion in the quenching zone

(i. e. from cold boundary to reaction zone) and downstream of the re-

action zone (i.e. from reaction zone to hot boundary), are not generally

agreed upon.



3. GENERAL EQUATIONS OF COMBUSTION IN THE PRESENCE

OF ELECTRIC AND MAGNETIC FIELDS

An inescapable preliminary to the calculation of flame speed,

temperature and species profiles is the evaluation, from knowledge

or assumptions about the reaction kinetics of the flame, of the de-

pendence of volumetric reaction rate on temperature and gas compo-

sition for the entire region between hot and cold boundary.

In quantitative discussions of combustion and particularly in laminar

flame propagation it is customary to introduce the fundamental postulate

that chemical reaction rates applicable for the isothermal conditions

corresponding to temperatures, pressures and concentrations may

be used in flow problems with temperature and concentration gradients.

(3’ 9’ 17' 78' 89) This assumption meets with fundamental difficulties

only in those cases in which the gradients are so large that the con-

cepts of local temperature, pressure and concentration lose their

significance. This situation does not occur for the flames under con-

sideration and the rates of formation Jr" will be taken to be the same

as those applying in a static system under the same conditions of

temperature, pressure and composition.

For a general system consisting of n chemical species, it is assumed

that the overall reaction proceeds according to a set of, p, chemical

reactions which have the stoichometrical form:

k.

onij[1]+ oz,.5[2]+--- ii» flij[1]+,823[2]+-~ (3-1)
I
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where a,fl and [1], [2], etc. refer respectively to the number of

moles and the species in the stoichometric equation. The subscripts

ij, Zj, etc. denote the stoichometric coefficients of the lst, 2nd, etc.

species in the jth chemical reaction. If kj and kj' are the specific

reaction-rate constants for the forward and reverse reactions re-

spectively, the net rate, rj, of the jth reaction is according to the

law of Mass Action:

1‘. =kj(T)caJ auxzazj ...

-k'(T)c)§jx1’Bijzfl2J.... (3-2)

n n

aJ =rzz’l an] flj 21.21 flrj

Thus 0;, the number of molecules of the r-th species that are pro-

duced by chemical action per second per cc is given by:

P

Ur : Z (flrj "' arjh‘j 9 1' :19293t...) n (3-3)

j = 1

In static systems it is convenient, and in most cases sufficiently

accurate, to express the specific rate constants by the Arrhenius ex-

pres sion,

kJ.(T) = Aj exp (-EJ.*/RT) (3-4)

~ >3

where Aj and Ej are the sterric factor and activation energy respectively.

The chemical reactions take place in a gaseous environment which

possesses certain gross or "single-fluid" properties. The single fluid
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moves with a velocity ui and each species (r) moves with a velocity vir

relative to the single-fluid. The superscript i, j or k denote the comp-

onents of a Cartesian tensor.

The conservation equations for each species, r, of a homogeneous

 

  

2’ 9 ’ 3

n-component chemically reacting flow system are as follows:( 3 4 6

7, 9, 17, 89)

continuity

1' J

. + .(pU)=m Cf. (3-5)
'Dt DXJ r r r r

_r_nomentum
 

 

  

energy

D F+‘C>.(e-u']+u1PlJ+QJ)=CSy (3'7)
bt r bx‘] r r r r

diffusion

n

 

{
S

H '
1
‘
;

I
!
“

‘
0

o
W

N

r—
1 3

’
1 m
3 U

3 I
l
l
>
<
—
‘ D

0
]

0
’

><
o

0
’

x
H
J
J

 

 

 

8:]. t=1 t Topvx

_ t£ q#8.t

n N

2 V

c s 1 b2

+ - mmD xm -—-—

pRT E r 5 rs s 5 ms p bxl

,. 821

n2 X1 n xi

- C mmD xm r ~24

pRT r 3 rs s 3 pr p

t=l

s:

_DTb1nT (343)

 _.J



Subject to the definitions of the gross properties of the single -fluid

the conservation equations are:

 

 

continuity

b9 + b . (p19): 0 g (3-9)

t ‘OXJ

momentum
 

‘0 b
 

 

 

bt (pui) + b j (puiu‘j .+ Pij.) = Xi (3-10)

x

energy

-%f— + DJ (Ia-uj + uiPij + Qj) :6 (3-11)

x

In addition to the conservation equations, it is also necessary to

introduce an equation of state. In this study, the gases will be con-

sidered to be ideal.

P
I'

chT (3-12)

p = cRT (3-13)

It is convenient to define a term Gr1 as the fraction of the mass

rate of flow of the r-th species.

  

i )0 ur1 cm x u 1

Gr 2 r i .-_ 1° ,1“ 1' (3-14)

M M1

where,

M1 .-. pul (3-15)

The equations describing the electric and magnetic fields are

Maxwell equations. Relative to the stationary reference system,

Maxwell's equations in vector form are,
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divI3==q

div? 2 0

curl E '- - b B

.D

= +curl I? ‘3. ET

The constituent field relationships are

_.)

= EB

szufi

(3-16)

(3-17)

(3-18)

(3-19)

(3-20)

(3-21)
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4. ONE -DIMENSIONAL FLAME

A sketch of an idealized one -dimensional flame is as follows,
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where Eo3, B02 are the flux densities of the externally applied

electric and magnetic fields. Gases flow is in the x3 direction

and combustion is assumed to take place in the 3:1):2 plane. Fluid

properties are assumed to be uniform in planes parallel to the

xlx2 plane, and thus are spatial variations of it3 alone.

While fluid properties diaplay only x3 variations, the same

is not necessarily true of electromagnetic properties. If there

exists an electric current density J3 in a magnetic field B2, a

transverse electric field, E1 and transverse current density J1

are induced. The general explanation of this effect, which is

analogous to the ”Hall effect" in metals, is easy; the calculation

of the magnitude is difficult. A rigorous treatment necessitates

a two -dimensional approach to the problem. As the Hall

currents are small and as a one dimensional
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problem is more easily solved an approximate method employing the

transport property "mobility” will be used to evaluate the transverse

1
current (J1) and the related drift velocities (v+1, v ).

4. 1 Ion Mobility
 

While the force Ee, acting upon an ion of charge e in an electro-

static field E, induces a steady acceleration in a vacuum, an ionic

velocity, constant for each given value of E, is observed at appreciable

pressures. This implies that owing to ion-molecule collisions, a state

of equilibrium is attained in which the additional energy gained by the

ion in traveling a mean free path is on the average given up in the

collision which terminates it. The effective mean free path is not

necessarily that calculated on simple kinetic theory. Thus in the case

of an electron starting from rest, energy transfer to molecules is very

small during initial elastic collisions and its additional energy increases

to a high value before equilibrium is obtained. Since ions do not continue

to accelerate, however, the largest part of the potential energy due

to their initial position in the field is imparted to the gas. The ion

itself retains only the additional kinetic energy due to its drift velocity

which is a negligible fraction of the total energy as long as the effective

mean free path is negligible in comparison with distances traveled.

The drift velocity of ions is proportional to the field strength pro-

viding the ions are in thermal equilibrium with the gas molecules,

v+1 = K+E1 (4.1)

v i = K_Ei (4-2)
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This relationship is valid for field strengths from zero to approxi-

mately 16, 000 volts/cm. (at 1 atm). The experimental field strengths

in this study are well within these limits. Above, 16, 000 volts/cm,

the ions gain energy fr om the field in a mean free path, comparable

in amount to the thermal energy of the gas molecules, thermal equil-

ibrium no longer exists, and the proportionality between drift velocity

and the first power of field strength is then not applicable.

In the case of electrons, fields much smaller than 16, 000 volts/cm

(at 1 atm), suffice for electrons to gain energy for the field between

collisions, in excess of that which they would have if in thermal equil-

ibrium with the gas. The situation is further complicated by inelastic

collisions between electrons and molecules, in which case the electronic

mobility is not independent of the field strength. However, the drift

velocity of electrons is of the order of 103 times that of ions in similar

fields and. the mobilities are in the same ratio. For simplicity, it has

been assumed, therefore, that the drift velocity of electrons is pro-

portional to the field strength. The results of ion mobility measurements

(56) 8)
given by Wilson and. Kinbara and Ikegami( suggest values of 1 cm

’)

-l -1 . , , ; Z -1 . .
volt sec for p051t1ve and 10 )cm volt sec for negative ions.

4. 2 Assumptions
 

In addition to the notion of mobility, the following additional

assumptions will be made:

(1) all time derivatives are zero (i.e. steady state)

(2) gases are ideal and the specific heats are constant. ions
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(7)

(8)

(93'

(10)

4.3 Electromagnetic Field Equations
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behave as if they were ideal gas components

. . . . . 1 Z . . Z
flame is infinite 1n the x , x directions such that ur , =

Z Z l

u=v =O,u =0

r

3 33 3 33

u(x),vr

p = p<x3). p=p<x3>

u H <
:

3
?
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»
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t
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l

I
!

H X
o
n

the region of combustion is adiabatic; and external energy

sources and kinetic energies are negligible in comparison

to thermal energies

pressure and thermal diffusion are negligible

the ideal gas mixture has constant values of f: 60, LL: [1
O

the external forces are expressible by the Lorentz equation,

fr = q1. [E +Tir x-fi]

the gases are inviscid and, the stress tensor and heat flux

 

are

13' =1 =5 0 ”j.-.l_ 1 _

Pr — (5 Fr, 6 h .
1 1:3

and

' dT

c21 = )U. .)
1

dx

3 . .
the external force X in the momentum equation can be

neglected

(14, 76 , 77)

 

Relative to stationary reference system, the force (Xr') on a

char ged particle is ,

3 3 2. Z

=qr[E +ur1B -u B1] (4-3)

I’



The field components arising from the space charges will be con-

. . " *. . . . 3 Z
Sidered pertubations (b, e; on the un*form applied fields Eo , Bo .

These pertubations then must satisfy equations (3-16-21). As the space

charge density is small and its spatial derivatives also small, and as

the applied fields are sufficiently large, it will be assumed that

EA >>> e, B() >>> b and that Maxwell's equations are satisfied by,

—’ 3

E 2 E0 = const (4-4)

a 2

B = B0 = const (4-5)

. . . 3 . . .
Since the macroscopic flow veloc1ty u = u , the magnetic field is seen

. 3 .4. . 1
to contribute a force Xr only as a result of a dri-t veloczty vr . Thus

(4-3) becomes

3 3 l 2
: r .-

4. 4 Boundary Conditions
 

. . . 2 . . .
The uniform magnetic field (BO ) is applied externally by a dev1ce

which imposes no sclid boundaries or length requirements in any dir-

. .1. . . , 3 . .
ection. The unilorm electric field 1E0 ) is produced by applying a

. .. , 1 Z

potent:.al difference across electrode screens located in x x planes.

The electrodes are idealized screens through which the uncharged

gas species pass undisturbed, but gather charged species of unlike sign

in a sheath adjacent to the electrode. Within the sheath, these charges

migrate toward the electrode, are absorbed by the electrode through

some complex process and give rise to currents in the microampere

range. Thus ion velocities are identically zero at each boundary and

the mole fraction for ions of: like sign with the electrode are also zero.
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At infinity, the hot boundary, complete thermal and chemical

equilibria are required in order to permit a true l"burned" stationary

state. Consequently, all fluid properties have gradients which are

zero at infinity. Since drift velocities of uncharged particles are due

to concentration. gradients, the drift velocity of uncharged species is

zero at infinity. The mole fraction xr at infinity is determined by

requiring all production rates Jr to be zero. Thus, at infinity, the

hot boundary conditions are,

.. EEC. -c§_- (£%KJ (ero (4 7)

o+ = o (4-8)

(2 z o (4-9)

These equations, as others to follow, contain notational simpli-

fications brought about by the assumption of Section 4. 2. They are

as follows

G =G ,MIM,E =E ,B =B

r r o o

3 —.
At x = O, the CCld boundary, the flame holder serves as both a

heat sink, electrode and a device to prevent the diffusion of com-

bustion products into the calming section. The flame holder extracts

an amount of heat from the flame equal to,

3 dT

Qo : - A‘o ( 3

dx

 ) (4-10)

0

The heat transfer while small, lends stability to the position of the

flame. For simplicity, it will be considered to be zero in this study,
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dx3

d

VIZ. l ) = O.

The temperature (To) and pressure (p0) are known in the calming

section and have the same value at the cold boundary. The values of

(xr)o will be assumed to be those that exist in the calming section.

Thus as pure reactants and no charged species exist in the calming

 

section,

mc
: —— 4-11or so) (x110 < >

G+ = G_ = 0 (4-12)

4. 5 Conservation Equations
 

Subject to the previous as sumptions, the conservation equations

of Chapter 3 reduce to the following:

(1) The equation of continuity for the single-fluid:

M =pu3 = constant (4-13)

(2) The equations of conservation of chemical species:

dGr

M —-3- = mr o’r (4-14)

dx

The related normalizing equations are,

n n

:2: x. =1, :2: c; = 1 (4-15)
r 1‘

r=l r=l

(3) The equation of conservation of momentum for the single

fluid:

n

3 3 3 3 3 3
- (I n - - :0(p() p )+M.10 uM>+ E [(prvrvr)0 (prvrer

r=l

(4-16)
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If R is the gas constant, cm the speed of sound, and cp and cV the

specific heats of the single fluid,

13 =pRT (4-17)

9‘ c 1/2

c' = (23) RT (4-18)

V

then (4-16) can be written as

  

 

C 3( 3 3) n 3 Z
- u u -u C

32—21. + _2 0 0 °° +_2 x Vr
p C *2. C r ’3‘

o V (CO) v oc

r=l

2

3

v

r
+xr * =0 (4-19)

0 o o o a 3

Since representative combustion velocatles at x = O are

:2:

30 cm/sec, and at x3 =ocare 300 cm/sec, with co = 30, 000 cm/sec,

it may be concluded that the pressure very nearly remains constant

throughout the combustion zone. Thus the momentum equation is

(11)
satisfied by p = p) = constant. From experiment , it is known that

under an electric field, the pressure drop across a flame is of the

order of . 06 cm of H20, and of this roughly 10% is attributable to the

applied electric field. Consequently, even in the presence of electro-

magnetic fields, the assumptions appear reasonable.

(4) The equation of state:

1) : cRT (4-20)

(5) The equation of conservation of energy for the single fluid:

n
d
_ - A. 21.1- + G h .-= 0 (4-21.)

3 M 3 r r

dx dx

r21
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If h? is the enthalpy at the definite temperature Rothen

hr — hr (Cp)r (1L0 T) (4 22)

and the integrated form of (4-21) becomes,

n n n

iLT - G h°°~ Z G°°h°‘°+ Z G‘(c ) (T T) (4-2?)
M 3 — r r r r r p r 00 '

dx

r =1 =1 r =1

It is convenient<35> to write the enthalpy terms relative to hB,

where B is a particular component of the combustion species r. Let

B be the last or (one of) the main combustion produce (5); more

definitely, the component for which hr is the least, though, this is

not essential. Thus, (4-23) may be written as

A n

dT __ Z a. ..

M 3— (hr -hB )Gr

dx

r=1

n n

- 2 (h:. - hg’ )G? + Z Gr(cp)r(TOO- T) (4-24)

r=1 r=1

*-

Define the “single fluid energy flux" Q as,

n

*_ dT 3

Q : -A—3_ + Z Vr prhr (4-25)
dx

r = 1

This heat flux represents the gain in energy through conduction

plus that transported by diffusion. At the hot and cold boundaries

where the temperature gradient and drift velocities are zero, the

heat flux is zero. Elsewhere the heat flux will not, in general,

vanish and it is of interest to consider its functional form.



(6) The equations of diffusion:

Using the Lorentz equation and the notion of mobility to evaluate

l 1 - . . .

the transverse drift velocit iv , v , the diffusmn e uations ma be
Y. + _ q Y

written as

 
 

 

:
3

 

m

r 1' lid-(B Z)‘Z ZKJT)» Z '28- 7;K5(T’ (4"26’

m rfs=1 m



5. REDUCED EQUATIONS OF COMBUSTION

A solution of the equations of combustion allows one to find the

temperature and species mole fractions as functions of distance (x3)

from hot to cold boundary. In addition, the parameter M divided by

the density at the cold boundary is the flame speed.

Solutions to the equations of a one -dimensional flame in which the

effects of radiation, thermo-diffusion, viscosity, and variation of pressure

2 l
are neglected have been made by Hirschfelder< ’ 9’ 39’ 5 ) (70’

71,72,73) (17,38,74,75,89)

, Spalding

and others and have been widely published

throughout the last ten years. While. the external forces that would be

created by externally impressed electric or magnetic fields have not

been considered, the procedures of Hirschfelder and Spalding served

as a useful structure from which it seemed possible to obtain solutions

to the more general problem. Of particular value to this study were the

(35’ 74’ 75), which without too much difficulty weretechniques of Klein

expanded to include electromagnetic effects.

The diffusion equations are seen to be non-linear and along with

the different masses and specific heats of the species are chiefly re-

. . . , (35)
sponsible for the complex1ty of the problem. As suggested by Klein ,

it will be convenient to introduce certain constants so that the variables

of the problem might be changed and the equations remodeled in a form

amenable to computer solution. The following constants will be intro«

duced,

nzsm
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n

- oo_ oo 0
E— m(hr hB )x

r=l

D mcc

(S _ S

sr A

—(mcp)r/R

n

mcp o

b=(R : Zbrxr

r=l

9
! H I

S
i
\
i

8
I

x
.
)

n

0

mx

rr

r=1

The reduced variables are,

temperature,

T: RT/E;

distance ,

Mcp 3

#:A €=MM/(Cp/Ayix3

dx

and flow,

 

 

(s-n

(5-4)

(5-5)

(5-6)

(5-7)

(5-8)

(5-9)

(5-10)
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In the manipulation of equations which follows, it is convenient

to invent a dimensionless temperature gradient, g, which relates re-

duced distance and temperature, viz. ,

dT

g = 33 (542)

In terms of reduced variables, the conservation equations become:

energy

n

bg= Z Lryr - [a + Z bryr(7;o-Tfl)] (5—13)

r =1 r =1

1:

Defining 9) as the reduced single fluid energy flux Q '

QR: = (ME) ‘1“ (5.44)

one finds that the single fluid energy flux may be written as

n

W: [yr—e4 [aw]m

r =1

Eliminating (0g) from the energy equation, the single fluid energy flux

becomes, n

i3 = a - (I?) Z xr [Lr r br(To¢-Tl] (5”16)

m

r =1

species

dyr

where,

q = JUN/M To) (5-18)

2

(x: (:7) (3) Agi— (5-19)
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momentum

p : p0 = constant (Salt!)

diffusion n

dx E M

r .. 1
F ii

(dT Z (S (xrys xsyr) + I: + r (5.2”
. , sr

S#T:L

where

3 1/2

E — bch [RAF/'0)! m m
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l
m

N

M MTG)q(B n m
p ._., pc xr(__) 7;er (T)+ 2 XS (:1) 7SKS<T>

s#r=l

 

p
r
.

Solution of the differential equations is made considerably easier

(35)
if following Klein , one assumes that the binary diffusion coefficients

are such as to satisfy,

2.

(S =.___m___6 (5-24)

I‘S mm

1'

where 6 , the "overall diffu ons function” may be rewritten as,

“H—’j‘s‘) (71D: ‘5’”)

All flame constituents do not necessarily satisfy this, but (5--Z4, .25) does

at least represent the diffusional behavior of the molecules at least as

far as may be expected due to their unequal masses (see subsection 6. 2.

for a full discussion of this assumption).

The use of the 6-function produces partial linearization of the



diffusion e quation,

dx

m m E

Yr “‘(é?) ”s, 6 s; [s-r; t -r;M sss»

    

As additional aid in the mathematical solution, the single fluid

energy flux is assumed to be everywhere zero (see 31.1bsection 6. 2 for

a full discussion. of this assumption). Thus, the defining relationship

for the overall diffusion function, (3 , is found by eliminating

m . . . _.

[Yr ' (......) xr] from the Single-fluid energy flux (1. e. (5-15) set equal

m

to zero)be means o (5-26).

   

Consequently,

d n

l 1 i x

5 sly-1") 373' Z “Emilie-brwogfll “‘AEM‘M ‘5‘?”
m 1‘ =1. r

where,

n

E l m 1 In E 7

A 7 (E513 E (m, [Li-was“) F1- ‘5'”)
r =1

n

l 1

AM? (:Eh Z [3“) 1L1. -b.<Tos-T>1CM ‘5‘”)
m r =1 1"

The energy and Speoies equations remain unaltered and will now

be written as ,

n

8(g): 2 [Lr - brgt’m‘T” Xr (5-30)

and, r :1

1 d-Vs
: . . -31

Ur (CXbCI) g dT (5 )

In reduced terms, the boundary conditions become:



cold boundary T = TO=)T= To

0

s = g<Tg)?¥0

quog..ux:fl.fwso

0 . . . .

specified by inlet gas conditions

 

x
r

o m o .
yr .—. ‘——-) x , r uncharged speCies; y = O. 8 charged

3 -— r .
m o speCies

th boundary T : T 003T;- Tm

8-00: 8(U: O

00“ 00 _ .

Jr - Ur(o o o , xr , . . . 7:”) .. C)

X” = determined by the solution of the simultaneous

equations (5-37)

 

1w

‘

m . .
yoo : (——-) x°° , r - uncharged speCies

— r
m

Y? ‘4 0. S - Charged species

(5-32)

(5-33)

(5-34)

(5-35)

(5n36)

(5-37)

(5.38)

(5—39)

(5»46)



6. PROGRAM FOR THE SOLUTION OF THE REDUCED EQUATIONS

OF COMBUSTION

6. 1 Method of Successive Approximations

The first, and monumental, task is prescribing the kinetic

mechanism and accompanying thermodynamic data (heats of formation,

and reaction, steric factor, activation energy, specific heat). It is also

necessary to know the temperature at the hot boundary and the cold

boundary composition. Once known, the solution first requires one to:

(1) determine xfo by the solution of the simultaneous equations

(5-37).

(2) with hfo and xro known, the cold boundary temperature

can be found from (5-13) with the g( To) = 0, i.e. (5-32).

One must be careful that To is sufficiently low such that

application of (3-4) confirms (5-33).

(3) calculate the standard constants (5-1 thru 5-7),

The problem now consists of the simultaneous solution of the equations of

energy (5—13), species (5-17) and diffusions (5-21) subject to the hot and

cold boundary conditions. The solution sought is one which determines

the eigenvalue (X, and the variables g, xr, yr as functions of the independent

variable T.

Depending on the reaction scheme, considerable simplification can

be gained from an a priori order of magnitude analysis of the ion mole

fraction. Thus, for a charged species 3,

n09: 1010 ions/cc > xS ’3 10.7 (6'1)

-31-
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and calculation of the standard constants (5-1 thru 5-7) can be made

independently of the ions. Other simplifications will also be obvious

upon a further examination of the specific reaction scheme.

It is possible to combine the energy and species equations

(5-13, 17) into a single nonlinear differential equation involving an unknown

eigenvalue. The approximate solutions of this equation and the remaining

diffusion equation (5-21) are then used in a method of successive approxi~

matlons.

Multiplying each species equation by its respective Lr' adding,

and employing the energy equation (5-13) in the form,

n

bg = Z Lryr — [a + b(T°o -7) - bill] (6-2)

where, r :1 n

TN -T m
1'

“1 = *5“— Zfl’r “‘0 (“in") 1V. ‘6'”

one obtains, r = 1

n

' d
g(1 -111 71%, pom. T Lr gr =(qu2(..., xr, ...T) (6-4)

r =1

where LC is the derivative of equation (6-3) with respect to T. Initially,

therefore, it will be necessary to solve this first order, non-linear

ordinary differential equation whereCXis an unknown constant and the

boundary conditions are,

g( To) = 0. g0; o (6-5)

This relation expresses the eigen value problem succinctly,

3(9, 35, 38, 39, 40)

and as in former studie will be considered the funda-

mental equation of combustion. A solution is to be found whose detailed
 

structure depends largely on the individual reaction and diffusion
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equations. The method of attack will be based in part on that suggested

by Klein<35) for flames without electromagnetic fields. One assigns

lower approximations to the xr on the right of (6 -4) (andLLl' on the left),

and finds by the method of successive approximations estimates to g(T)

and to the constant (x. Once found, g andO<are used in the remaining

equations which, treated ”judiciously", serve as definitions for better

approximations to the xr. The process is then repeated until conver-

gence results.

Only a solution of equation (6-3) in the range 7:) <T<Tz>ois of

physical interest and the function 9(T) is assumed to have the following

properties;

(a) in 7;) <T< EMT) is never negative,

(b) it is vanishingly small near T: To and in particular

om = o. T: To; [if—(711] = o

o

(c) {2(T) reaches a maximum and vanishes again at T: T
00

It is found(35) to be advantageous to consider the solution to

equation (6-4) as an integral equation problem, since the boundary

conditions will be then contained in the equation itself. The most

immediate form in which (6 -4) and its boundary conditions can be

written in integral form is,

T T T

1/2 g2 = ng- gul'dT - (X 9(TldT (6-6)

7;. 7;- Too

where in order that the boundary conditions are satisfied,
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7;-

] g(1- U1“)dT

To

(X: (6-7)

[Lade

O

 

Once the integral equation has been solved, the above expression for 0(

represents the desired eigenvalue.

Since the required variable g occurs in the integral equation three

times, it maybe supposed that the integrals are not much affected if

slightly incorrect values for g are employed. This being the case, the

following scheme for a solution by successive approximations has been

 

suggested by Klein<35)

Too 7:” 1/2

gm” = 2 am” S2(T)dT - g(i)(1 .11me (6-8)

T T

where Too

T gmu — u1=;dT

(ft-+1) : 0 6'9

7:» ( )

0(TldT

To

The problem has now been separated into two tasks: the eigen-

value (X and the accompanying solution of the non-linear differential

equation (fundamental equation), and the solution of the remaining

equations for X1. and yr.

In summary, the equations to be solved for an N-species gas are:

3(1 sLL1'- 3T) =O(q0( "r’ T) (6-10)



 

 

 

 

 

T _T
m

“1 = 0: 2 [b1- " (71910] Yr (6'11)
r =1

7 :(fl)x -(i) (631.) g2 - FE - FM (N-l relations)
r E; ,r mr r-n _ dT 1' 1' ' (6-12)

3 1/2
NFE : bcE0 [R A.(To)] ”2 (mr) 2 ms

r pc qa xr m Tr - xs(:—) 75
p

m
r#s=l

(6-13)

MT )q<B 2)?‘ m N m
M _ o o r

sC [ pep Jxr(=m‘)('7rKr‘T’* 2 "s (Elsz‘T’)
15 =1N mr

1' 3 (6-14)
2 (711—) yr :1

(6‘15)

r =1

- N

r-n = Z mrxr

(6'16)
. r =1

(— 1 dyr
(Tr :02]; 8(3?) (N-Z relations)

(6'17)

N

Z xr =1

(6-18)

 

 

N

Z err = (inn?) ['a + b(7;o-T)] + buz
(6-19)

r =1

N

T -T
uz : (>2

Z [br -(—%) b] XI'

(6'20)

r =1

N

o: - Lr 0’r
(6-21)
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 Ll: T°°
3

E_l

A _g<

AM:

N

1 d m E M

g 577 2 (F) err +113 + A +A (6-22.)

r =1 1'

N

- T d m

dT Z (a) b Xr (6-2-3)

r =1

N

1 m E

) E Z (r—n—) [Lr - br(L’T)] r; (6'24)

r = 1 r

N

_) f1). 2(g_)[Lr-br(Too-T)]I:M , (6-25)

r=l

A detailed method of successive approximations will not be pre-

sented. It must be remembered that E03 and B02 are known values.

(1) Let xr(T)(1) be assumed approximations to xr satisfying

(4)

(6 -18,19) anduzu) = 0. With these xru), approximations

to 9(T)(1) and r:n_(T)(1) can be made from (6-21, 1.6). For

m '51 1 ( 1)
the lowest approximation (En— 6) can assumed to

be unity.

O

A preliminary function g(T)( ) possessing the expected

characteristics of the final g(T) is next arbitrarily assumed.

With am”), g(T)(O) andulm) = 0, one can by (6-8,9)

determine a new function g(T)“) and the eigenvalue an).

. (1) . . . . .
With the g(T) so obtained and With the quantities of steps

(1, 3), one now calculates approximations yr(T)(1) from

(6-12,13,14,15,l6). Note yr, r = 1,2, N - 1, are



(5)

(6)

(7)

(8)

(9)

(10)
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determined by (6-12, 13,14), and yN by (6-15). The

selection of which is the N-th species is the individual's

perrogative based on knowledge and behavior of the chemical

kinetics.

From these yr(T)(1) andCX(l), g(T)”), one finds (from 6-17) ..

as functions of T, better approximations than those used

in step (1) for the production rates O’r(T)(Z), r = 1, 2, . . .N-2.

Again the selection of which two of N species to ignore is a

matter of perrogative.

One now calculates better approximations xr(T)(Z) by the

solution of the simultaneous algebraic, but often nonlinear,

equations

0;}. . . , xr(2), . . .T) = O;(Z)(T), [from step 5]

and equations (6-18, 19) with 112(2) 2 f(T, xr(1)).

With xr(T)(2), the quantities em”), ‘3“- (T)(Z), 113(2)”),

EE(T)‘2’. CM(T)‘Z’. AM(T)‘Z’. AETT)‘Z’ are found

from (6 -l3, 14, 21, 22, 23, 24, 25).

From g(T)(1), {2(T)(2), [11(2) = f (yru), T), the function

g(T)(Z) and eigenvalue 0((2) are found from (6 -8, 9).

(Z) and the quantities of step (7).With these newly found g(T)

one now calculates new yr(T)(2) from (6 -12, 15).

From these yr(T)(2), a”). g(T)(Z), one finds (from 6-17)

as functions of T, better approximations than those used

in step (8) for the production rates q(T)(3), r : l, 2, . . . N-2.
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(11) One now calculates better approximations xr(T)(3) by

the solution of the simultaneous equations,

0;}. . . , xr(3), . . .T) = 0;.(3)(T), [from step 10]

and equations (6-18,19), with L120) = f (T, x321.

(12) With the newly found xr(T)(3), steps 7 thru 11 are re-

peated until satisfactory convergence results.

6. 2 Discussion
 

The terms (11, (.12, [.13 (Eqs. 6-11, 20, 23) represent pertubations

for which only the inequality of the specific heats of the components is

responsible. As they are zero at the boundaries, the boundaryiconditions

will not be affected by neglecting them all tOgether on the first approxi-

mation, and in the method of successive approximations it will be

possible to always express them in terms of lower approximations of

the xr and yr.

(35)
Comments by Klein will be inserted here as they throw light

on the convergence of the proposed method.

l

(1) It is not implied that the scheme is genuinely convergent

everywhere on the temperature range or for all possible

forms of the rate constants; even if convergence could be

xrw) , it is unlikelyproved for certain ranges - xr

  

that one will fortuitously choose a suitable lowest approxi-

mation. The scheme, as it stands, represents, therefore,

on the one extreme, a perfect guide to the solution, in-

volving genuinely converging approximations; and on the
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otherhand, a mere rule by which certain "input" quantities

i . . .

xr( ) may be made to produce certain "output" quant1t1es

x (1+1).

r

(2) A numerical solution only as close as desired to the actual

solution is all that is required. It can generally be attained

by schemes such as

.(1, . ._

x (1' =1/2[x (1) + x (11)] (6-26)
r r r

(3) An excellent criterion for the overall convergence of the

scheme are successive values of “(1) since estimation of

the flame speed is often of principle interest. Fromm“)

the flame speed can be found,

S2 _ L A(To) RTO 1

u - 2 R P (X- (6'27)

(4) Application of scheme similar to the above but where there

(35)
were no electromechanical fields reported satisfactory

convergence in about 10 trials.

The diffusion equations for a multicomponent gas are so complex

3 ,3 , . 2 .— .
(9’ 5 8 71 7 )customarilly use approxflnatethat contemporary studies

relationships for the diffusion velocities and diffusion coefficients.

The assumption of zero energy flux (4—25) and the overall diffusion

coefficient (5-24, 25) are phenomenologically related and restrict the

class of chemical reactions that can be considered. A zero energy

flux implies that for each volume element, an equal amount of energy

is added by thermal conduction as is removed by diffusion. It is a
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simple matter to show that this assumption is equivalent to assuming

that the enthalpy is everywhere constant. In terms of transport

coefficients, it means that energy transport by thermal conduction

and diffusion balance. For a binary mixture, this is equivalent to

saying the Lewis number,

e = cmc D.. (6’28)

1.1

is unity. For binary mixtures and unimolecular reactions (AQB),

this is easily interpreted, but for multicomponent mixtures this is

(91) (38)2

not the case. Spalding , Hirschfelder( ), vonKarman , and

(74)
others , have employed a unity Lewis number to several known flames

of binary mixtures (i. e. hydrazine decomposition) with considerable

success. Consequently, von Karman suggests the constant enthalpy

process is a useful concept as a first approximation for general re-

actions concerning an n-species gas.

The overall diffusion coefficient, 6, imposes some restriction

on the characteristics of diffusion, but particularly on the molecular

weights of the chemical species in the combustion reaction. In an

(79)
illuminating contribution, Hirschfelder demonstrated that when

the enthalpy is constant, the multicomponent diffusion coefficients

must satisfy,

D.. = —— m + (m, - m.) x, (6-29)
13 c mcm, J 1 1

P J

Consequently, Klein's assumption that the diffusion function,g , be

independent of species requires that,
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L- : (—-—m)/(m + (m, - m.) Xi) . (6'30)
é m. | J 1

1

be constant, or at worst a function of temperature. Compatability

with Hirschfeldern” is achieved if the mass ratio of all species is

roughly one. This being so, the Lewis numbers for any pair of species

is also one, and the binary diffusion coefficients are the same or nearly

so and related by,

D.. m m

1 __ s t

Dst mimj

 (6-31)

The method of successive approximations was not pursued

beyond this point because of computer storage limitations and inadequate

knowledge of the chemical kinetics of chemionization.

When the previous analytical method was developed, the Control

Data Corporation Model 3600 computer was not in operation. "The

limited storage capacity of the existing machines required that the

method of successive approximations had to be divided into several

sections, the output from one section acting as input to the next. The

time required to obtain a satisfactory solution was considered to be

excessive and it was suggested that it not be attempted.

While the three chemical reactions described in Section 2. 2 best

describe the probable formation of the major flame ions in the luminous

portion of a flame, they are by no means inclusive. The present state

of combustion science has not progressed to the point where a reaction

mechanism describing the formation of combustion species (charged
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and uncharged) from the hot to the cold boundary has been proposed.

Not having such information, and rather than inventing a reaction of

little practical importance; it was decided it would be more profitable

to develop an approximate theory which described the flame -field

interaction and to confirm such a theory by experiment.



7. AN APPROXIMATE THEORY - CHATTOCK ELECTRIC WIND

The primary effect of an electric field is to modify the velocities

and directions of the "thermal trajectories of the ions during each mean

free path in such a way as to increase the velocity component in the

direction cf the field. The additional momentum in the field direction

of an ion before each equilibrating collision is EeAt, where At is the

time between collisions. If this quantity is small in comparison with

the ”termal momenta" of the ions, the time between collisions will not

differ appreciably from those in the absence of the field and the pro-

protionality of drift velocity and electric field strength exists. When

the ion has obtained equilibrium, the additional energy is lost to the

gas molecules during collisions. The subsequent fate of this energy

depends on whether the collisions are elastic or' inelastic.

In inelastic collisions, which are possible if the induced energy

is high enough, the energy may give rise to secondary ionization or

to excitation eithin any one of the other degrees of freedom of the

target molecule, ultimately to be radiated out of the system or degraded

to thermal energy. The result of such a collision does not contribute

directly to the body force (although in the case of secondary ionization

it may do so indirectly by increasing the ion concentration).

If the collisions are elastic, the additional momentum in the

direction of the field is conserved and results in a body force on the

gas, which since the ion does not continue to accelerate, is identical

in magnitude to that which would be expected if ions were rigidly fixed

-43-
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with respect to the body of the gas.

While suffering from a lack of rigor, the application of the

Chattock electric wind offers much in the way of clarity and simplicity.

In this regard, the following assumptions will be made:

(1)

(2)

(3)

(4)

(5)

(6)

single-species, continuum, inviscid gas obeying the perfect

gas equation of state

flame consists of a discrete plane layer of thickness 1

constant electric and magnetic field (E3, BZ)

force per unit volume representable by the Lorentz equation

§=ne[E+—tix-fi] (7-1)

electron-molecule momentum transfer is negligible

diffusion is negligible

To isolate the electromagnetic effects, consider the steady flow

of a gas and a two dimensional ion-generating layer of thickness 1 ,

embeded between two parallel electrodes with an orientation as shown

C.) ..___.

hot boundary

_______________ 11——

Cathode Region, n = 0 3.?

 

Anode Region, n+ = O

@-___

A

x

 
  

 ______________ JL _

cold boundary

Normal flame in a one -dimensional flow - Positive electric field

Fig. 7-1
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From experiments with Langmuir probes, it is known that

adjacent to each electrode one can expect a sheath of charge of opposite

polarity(58). Thus adjacent to the anode is a layer of electrons which

owing to their large mobility is very thin (as compared to a charge layer

near the cathode). If other negative ions are stable at anode tempera-

tures, one can expect equilibrium concentrations of these in addition

to the electrons, however only electrons have been observed to date(68).

Within the anode layer, the voltage gradient is very steep.

Adjacent to the cathode is a layer of positive charges. Positive

ions are large atom complexes (radicals or molecular ions) and the

charge density is primarily governed by the temperature and thermodynamic

equilibrium. The positive ions observed in flames are not stable at

low temperatures (even the temperatures of the hot boundary) and

consequently, the cathode charge layer is thought to be unimportant

unless a significant amount of ”seeding" is done. Adding a material

to the gas which possesses a low ionization potential, i.e. alkali metals

(Na, K, Rb, Cs) results in thermal ionization of that material as it

passes through the flame. In the case of alkali metals, the positive

ions so formed migrate to the cathode and reside for a time in its

vicinity. The equation governing the concentration is the Saha equation

(2-1) and a significant concentration of positive ions can only occur

if the cathode temperature and the initial seeding rates are sufficiently

large.

H diffusions as a consequence of concentration gradients is ignored
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the positive and negative ions would drift in opposite directions as soon

as they are formed in the flame. Thus neglecting secondary ionization,

n- = 0 in the cathode region and n+ = O in the anode region.

In both the anode and cathode regions E and n may vary in a

continuous fashion. The true nature of E and n can be found by solving

Maxwell's equations with known boundary conditions on n, d}, E, I;

Solution of these equations is difficult and at best involves estimates of

n+, n_ in the flame and at the boundaries. It is possible to side step

estimates of ion densities by employing experimentally measurable current

.... ...

den51t1es, J. In steady state, J 18 constant 1n regions where no 10ns are

generated,

-9 .9 .—-p

J - e[n+u+ - n_u-]

q

= eE[n+K+ - n_K_] = const. (7-2)

Expansion of (7-1) indicates that x3 forces arise from the magnetic

. . . . 1
field and the transverse ion veloc1t1es u+ , u .

l

The velocity u is the transverse drift velocity arising from

3 2 ,

(u E ) and 1s commonly called the "Hall effect". Such currents are

small, but in the configuration, Fig. 7-1, may be important since they

enter into the calculation of force due to the magnetic field.

In an electric field, the force on a positive ion is Ee and this

force causes a velocity K+E. The velocity of a positive ion due to a

unit force is then K+/e. In a similar fashion, the velocity per unit

force on a negative ion is - K /e (note the mobility is signed). The

transverse force on a positive ion is,
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f = - e n 3B2 = — e BZ(K+E3) (7-3)

and from the above, the velocity in the x1 direction is

u+ = v+1 = f+ (:1): - K+u+3BZ = - K+B2(K+E3) (7-4)

The upward force per unit volume due to the positive ions is,

X+ = f+ 117L

3 3 1 2
X+ - e n+[E - v+ B ]

3 2 >:<
X+ .. e n+E[l + (BK+) ] (7-5)

Consider the following one -dimensional flow situation

X

b’ b’ Pb' ub E» F1°w

7” 1‘ II. * . ,2

Tu' pu' pu' uu

Flow

T

 

  
Normal flame in a one-dimensional flow - Positive electric field

Fig. 7-2

(4)
The following simplified conservation equations apply.

continuity

pbub : puuu* (7-6)

 

3“ the superscripts on E and E have been removed for simplicity, i. e.

2

E3=E,B =B.

=)= the superscripts b, u refer to the conventional "burned" and "unburned"

states.



 

 

 

energy 2

Ah = cp(Tb - Tu) + —2—-—-— - ——-Z——— = Cp(Tb - Tu)

Ah
— Ir'rl _

' -N___Tb/Iu—l+CT (7 7)

p u

state

pb : prTb’ pu : (OuRTu (7-8)

momentum

Pu - Pb = Dunn‘s. - nu) + X+ 1 ”-9)

It is convenient to define the flame speed (Su) thru the

following,

La —+ —9

Alpu-dA: [Afpsu-dp, (7-10)

where A is at any appropriate point and A1 is conveniently taken as
f

the visible surface area on the "unburned" side of the flame. From

Fig. 7-2, it is seen that the flame speed is equal to uu. Thus

u-pb)= pus“(LLD -uu)+X+l (7-11)

For gases, the density decrease depends primarily upon the

temperature increase, with a small additional effect for the change in

composition. The velocity change then follows from the continuity equation

ub pu (pu) (Tb) N Tb
__ : : — — : —— : N (7-12)

(Db— pb Tu Tu

Thus,

(ub - uu) = Su(N - 1) (7-13)

which allows one to write,
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(pu - pb) + Een+£ [l + (BK+)Z] “2

su = (N _1)pu (7-14) 

A vast amount of knowledge concerning the flame speed without fields

(Suo) has been gained, and if one reapplies the previous equations

without a field, the quantity (pu - pb) can be eliminated from (7-14).

Thus,

2 1/2

Een+f [1 + (BK+) ]

(N - U/Ou

To appreciate the manner in which electric and magnetic fields

02

Su— (Su) + (7-15)

effect the flame speed, consider Fig. 7-3 which represents the flame

speed as a function of the electric field intensity (7-15) for flames with

two different ion populations (n+, ions/cc), and positive and negative

electric fields. A flame with the following representative properties

will be as sumed,

Smo = 60 cm/sec K+ = 2.85 volt sec/cmz

-2 -3

1 =10 cm u: .858x10 gm/cc

N = 8

If the magnetic field exerts a force on the flame solely becauSe

of the Hall currents (as has been assumed in this study) equation (7-15)

reveals that the effect is extremely small. Once an electric field (E)

exists, the magnetic field effects enter through the term, [1 +(K+B)2].

If the magnetic field assists the electric field by even as little as 1%, i.e. ,

[1 + (K+B)Z] = 1.01
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a magnetic field of 3. 7 x 106 gauss will be required. Since the magnetic

effects are too small and the associated magnetic fields too large for

experimental investigation, further consideration of magnetic fields

will be abandoned.

Fig. 7-3 reveals the great influence the ion density has upon

(7-15). Extensive experi.ments(61’ 64’ 65’ 66’ 68) in which flames have

been probed, and species analyzed by the mass spectrometer have

done much to improve an understanding of n+ and its variation wity

fuel-air ratio and other combustion parameters, but an a priori pre-

diction of the ion density is seldom better than an order of magnitude.

Equally as difficult to predict is the electric field intensity (E),

since adjacent to each electrode are sheaths of positive ions (at cathode)

and negative ions (at cathode). Thus the effective potential difference

which produces the electric field is substantially less than that based

on the applied voltage. Lastly, the voltage gradient between the

electrodes and in the flame is not necessarily constant.

It is possible to circumvent some of these difficulties by using

direct measurements of current and information of flame Speed and N

as functions of the fuel-air ratio. At any fuel-air ratio, Su0 and N

are known. Similarly, K+, and 'Du can be predicted. Approximate

values of the flame thickness, I , are known, but with less accuracy

than any of the above terms. As the magnetic effects are of minor

importance, a constant value equal to the external field may be assumed

with little difficulty. Values for n+E can be found from experimental
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Effect of Electric Field Intensity upon Flame Speed
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r l ' l ' JO l“ 00 2 00 3 00

Electric Field Intensity (volts/cm)

Fig. 7-3



measurements and an appreciation of the chemistry accompanying the

flame. Consider a control volume which just encloses a layer of flame.

v, . .
g + T J+ . wthOde region [\E

 

 
9v” T J . anode region

Normal flame in a one-eimensional flow - Positive electric field

Fig. 7-4

In steady state, continuity of charge requires that,

fit"?- d7\’ = 6:. (7-16)

such that at the flame surface,

. = J 7-171+ _ < )

While the cathode region is appreciably hotter than the anode

region, the temperature at the cathode: is considerably less than in the

flame itself. This is particularly true for the lean flames under con—

sideration. The positive ion density at the cathode is consequently

considerably less than in the flame itself (by approximately a factor

-,4 . . . . .
of ii) ) Since the pOSit:.ve ions are comprised of,

(a) alkali metal ions which result from seeding and owe

. . . ,. . . (49)
their ionization to a high temperature Via the Saha

equation (2-1).

+

(b) positive flame ions (mainly H O ) which are thermo—

3

dynamically unstable at temperatures below that of the flame.
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. . (43)
The above assumptions are supported by King and Calcote

and their traverses of unseeded propane -air flat flames using the

Langmuir probe. Figure 7—5 shows the result of such traverses

and in addition demonstrates the keen dependence the fuel-air com-

position has upon the ion density.

8 \
X} luminous portion of flame

10 x28-

24*

20"

 
16“  

12‘

 
  p
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t
i
v
e

i
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n
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o
n
c
e
n
t
r
a
t
i
o
n
,
i
o
n
s
/
c
c

-.4 O .4 .8 1.2 1.6 1.8

distance , millimeter 3

Positive ion concentration through a lean propane flame front as a

function of distance. Equivalence ratio (m varied by diluting

air with nitrogen. Flat flame burner at one atmosphere. -

Fig. 7-5

Thus,

J+(at the flame) >> J+ (at the cathode) '5 0 (7-18)
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The negative ions comprising J_ are predominately electrons.

Due to the high mobility cf electrons and their independence of the cold

temperatures at the anode,

J_(at the flame) ’5' J-(at the anode) (7-19)

As a result of the above, it is reasonable to assume that the

measured current (1') divided by the area of the flame (A ) is equal to

 

f

iii/Af = J + J "3' J = J

at cathode at anode at anode at flame

(7—20)

As a result of {747), (7-23) becomes

IgiAf : J : {en+EK+) (7-21)

at flame

Solving the above for (En-+2, (7-14) becomes

2

, ~2 Tl I:+(BK+)2] 1/ ,
S“ = (S , t A KL 'N‘ 1) (7-22)

4 u f Jr“ .. pu



8. EXPERIMENTAL TECHNIQUE AND EQUIPMENT"

8. l Burner

The flat flame burner, Fig. 8-1, was similar in construction to

2

that developed by Powling(81' 8 ' 83' 86). Excellent mixing, control,

and uniform velocities were achieved. A schematic drawing and photo-

graph of the experimental apparatus is shown in Fig. 8-1, 2, 3. The

distance between the upper grid and matrix was 1. 25" in all experiments.

The fuel used in all experiments was city gas (basically CH and CZH
4 6)

and air was supplied by a centrifugal blower. Fuel and air flows were

measured in positive displacement meters and timed by electric timers.

Temperatures at the exit plane of the matrix were recorded by copper-

constant on thermocouples. The burner matrix consisted of alternate

layers of flat copper strip (. 003" x l”) and corrugated copper strip

(. 003". 1") wound one upon the other until an overall diameter of 3 1/2

inches was obtained. When wound tagether, the matrix consisted of

a great number of small channels with triangular cross section approxi-

mately1/16” x 1/16“ x l/l6". Mists were produced by secondary air

at 90 psia passing through a commercial perfume atomizer inserted

inside a large collecting bottle. Secondary air’ was metered by a

calibrated rotometer .

8 . 2 Electrostatic Field
 

Between the upper grid and matrix, an electrostatic field was

produced by a high-voltage power supply. Voltages and currents were

 

Reference Appendix A for Specific details of the equipment used.
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(1) High voltage power supply

(2) Low voltage power supply

(3) Cathetometer

(4) Voltmeter

(5) Ammeter

(6) Mist collector

(7) Rotometer

(8) Gas meter

(9) Air meter

(10) Timers

(11) Calming screens

(12) Pyrex chimney containing duct, upper grid and matrix

Fig. 8-3
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measured directly as shown in Fig. 8-4.
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@upper grid

High

Voltage

DC 110, 60 cy
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.-

Negative Electric Field

Fig. 8-4

8. 3 Photography

All photographs were taken at f 5. 6 using Royal Pan Film.

Flame pictures were made by a double exposure, the equipment

under flood light at .1 sec and the flame with no lighting at 1 sec.

8. 4 Experimental Technique
 

Flame extinction experiments were conducted by first obtaining

flat flames at particular values of fuel flow, voltage and mist flow and

then increasing the air flow until extinction occurred. Flames were

studied over a wide range of voltages, lean fuel-air ratios and duct

exit velocities. In all cases, the mist flow was constant. The air

and fuel flows were corrected for water vapor.

An aqueous potassium hydroxide solution (8. 38% KOH, mole

fraction) was used throughout all experiments. The air flow used to

form a mist was also constant (2. 245 li/min) and introduced into
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-3 _ -2. ,

the flame 4. 77 x 10 gm KOH/min and l. 67 x 10 gm HZO/min.

The later quantities were calculated by bubbling the mist at a constant

rate through a gas dispersion tube emmersed in a standard HCl solution

and timing the color change of phenolphthalein.



9. EXPERIMENTAL RESULTS

9.1 Bunsen Burner Flames
 

A graphic demonstration of the distortion of a flame by an electric

field is seen in Fig. 9-1. The electric field was produced by two charged

stainless steel screens (1 3/8" x 3 3/8") normal to the photograph. At

maximum voltage, the concave side of the flame was pregressively

flatter as one approached the flame tip. The normally conical flame

took on the shape of a wedge arched toward the cathode. The flame tip

was approximately 1/4" wide. No attempt was made to analyze these

flames as the peculiar geometry and distorted streamlines seriously

(12)
hamper analysis . All flames deflected toward the cathode in agree-4

(11,12)(55,53)
ment with the findings of Weinberg and Calcote

 

     1 n n‘. is,“

LEAH BUNSLN M, City Cal/Air - 8.6A‘L. Average Velocity - 1A1 (also:

Fig. 9~1
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9. 2 Flat Flames without Seeding

A typical flat flame in the absence of electromagnetic fields and

seeding is seen below;

H
a
n
a
n
-
W

i

upper grid 
 

 guard ring

  

matrix

duct pyrex chimney

Average gas velocity = 17. Z cm/sec Fuel-air ratio = 4.82%

Typical Unseeded flat flame without an electric field

Fig. 9-2
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Stable flames have diameters slightly larger than the burner

and are suspended between the matrix and downstream grid. The

vertical position of the flame is governed principally by the distance d, but

is essentially midway between the grid and matrix. The stable flame

displays a slightly convex center (with respect to the on coming flow)

and a curved lip at its periphery, nevertheless the flame sheet is sub-

stantially flat over the major portion of its surface. Stable flames

were obtained for duct velocities from 5 to 20 cm/sec. The flames

of interest were below 15 cm/sec since the flame sheet is more flat

and lip less curved at lower gas velocities.

While a transverse electric field easily distorts a bunsen flame,

a flat flame experiences only slight changes in position and diameter

when subjected to an axial electric field. In order to determine why

the unseeded flat flame is virtually insensitive to electric fields, while

bunsen flames are easily deflected, a series of experiments were con-

ducted in which current and applied voltage were measured at constant

duct velocity and fuel-air ratio. The results of these tests are shown

in Fig. 9-3. At any voltage, the current is seen to increase with

fuel-air ratio. It should be noted that while the duct velocity remained

constant at about 16 cm/sec, only the flame with a fuel-air ratio of

5. 08% was flat, the other flames were attached to the matrix in a

manner similar to a laboratory Meeker burner.

Lean bunsen flames readily distort at a fuel-air ratio of 8. 65%

and at such values Fig. 9-3 reveals that the current, hence ion density,
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Current vs Voltage of Constant Fuel-Air Ratio* for
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is more than ten times that of the flat flame. From this, it is con-

cluded that unseeded flat flames are virtually insensitive to an electric

field because the ion densities at low fuel-air ratios are too low.

The Powling-type burner used in these experiments produces

flat flames over a very narrow range of low gas velocities (hence low

flame speeds) and fuel—air ratios. Consequently, it was impossible to

produce a flat flame with the large ion densities that occur at near

stoichometric fuel-air ratios and large flame speeds. In order to in-

crease the ion densities at the inescapable low velocities and lean mix-

tures of the Powling-type burner, an alternate procedure of seeding the

flame with KOH ° H20 mist was undertaken. While the K+ ions are

unlike combustion ions, valid results are expected because these ions

do not alter the chemistry of combustion and the field-flame interaction

under study is of mechanical origin.

An order of magnitude analysis revealed that the ion densities

for unseeded flat flames were 107 to 108 ions/cc. Addition of KOH

. + . . .
mist to the flame produced a K ion den51ty in the flame of the order

1011 ions/cc and negligible amounts at either electrode.

9. 3 Seeded Flat Flames
 

A fine mist of aqueous potassium hydroxide and air was produced

by equipment described earlier and was introduced into the fuel and

air stream well upstream of the duct exit. The mist had the appearance

of cigarette smoke, but no attempt was made to measure droplet size or

population. Since the molarity of the aqueous potassium hydroxide
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solution was constant throughout all experiments (8. 38% KOH mole

fraction) it was possible to measure the KOH and water mass flows in

the mist. The flow of KOH was found to be 4. 77 x 10-3 gm/min. In

order to produce a uniform mist, it was necessary to operate at a

constant mist flow throughout all experiments. For this reason, low

velocity flames contain a slightly higher K+ density than the higher

velocity flames. For the flames studied, the KOH/fuel flow varied over the

following range.

. 51% < (mass KOH/mass of fuel) < .67%

Since the amount of KOH added to the flame was small in itself,

the above variation of KOH/fuel should have very little influence upon

the chemical reactions. One can expect slightly larger ion densities,

hence currents at low velocity flames, but even this should be of

secondary importance.

The presence of water vapor in the fuel-air stream is of con-

siderable importance and had to be accounted for in all experiments.

Water vapor in the unburned gas arose from the inherent humidity of

the air, the water vapor acquired by passing the fuel through the wet

test meter and that introduced directly by the mist. Of the water vapor

present in the unburned mixture, roughly 19% was due to the wet test

meter and 15% due to the KOH mist, the remainder arose from the

humidity of room air drawn through the centrifugal blower.

A summary of stable seeded flat flames that were obtained with

no eiectric field is shown in Fig. 9-4. While this graph shows only the
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extinction limits, it is to be remembered that stable flat flames lay

in a narrow zone adjacent to and just above the curve in Fig. 9-4.

Flames occuring at air flows greater than 24 li/min loose a great deal

of their flatness and only flames on the lower half of the curve were

subjected to electric fields.

For some reason, seeded flat flames displayed shallow cusps or

corrugations. The cusps were approximately l/4" in diameter and l/l6"

deep. The basic flatness of the flame was preserved and no attempt was

made to analyze these formations. Application of an electric field,

positive or negative, destroyed these corrugations and a smooth, steady

flame, as shown in Fig. 9-2, was produced.

The cusps encountered in seeded flames are suspected to have

(90)
an origin similar to those Lewis and Von Elbe describe for unseeded

flames where preferential diffusion and heat transfer coupled with a

diverting of the streamlines produce an uneven flame velocity and thus

warping of the flame front. What follows is conjecture, but nevertheless

stems from accepted theory.

Within the flame vaporization of mist droplets produces tempera-

ture gradients and K+ concentration gradients which are not necessarily

in the direction of flow. These local variations in temperature across

the flame surface produce higher flame speeds in regions of high

temperature which in turn warp the flame sheet into a cusp convex to

the unburned flow. The opposite effect is produced in regions of low.

temperature .
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With the application of an electric field, all ions migrate parallel

to the direction of flow regardless of any temperature or concentration

gradients in other directions. The mechanical effect of the ensuing

momentum exchange, then restores the original flatness to the flame.

Cusp formation in unseeded flat flames is not uncommon.

(83) (93)
Edgerton and Dixon-Lewis both report the presence of cusps in

flat flames of methane and propane.

9. 4 Seeded Flat Flames with Positive Electric Fields

When a stable flat flame was produced and a positive electric

field (upper grid negative, matrix positive) imposed on the flame, the

following sequence of events occured as the voltage was increased while

the air, fuel and mist flows were kept constant.

(1) (0 - 500 volts) The center portion of the flame was drawn

to within 1/8” of the matrix and formed two or three

protrusions while the remainder of the flame remained

flat.

(2) (500 - 1000 volts) The outer portions of the flame rose,

broke apart and formed unsteady paraboloid - like surfaces

with the former protrusions. These flame sheets moved

about above the matrix in random fashion.

(3) (1000 - 2000 volts) The random motion of the flame surfaces

decreased, the flame surfaces began to widen at the top

and a continuous but undulating flame sheet with a

scalloped periphery was formed. The flame was about
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U8" above the matrix and the diameter was roughly equal

to the diameter of the duct.

(4) (above 2000 volts) A continuous and steady flame sheet

was formed which displayed a small decrease in diameter

as the voltage was increased.

If the voltage changes were reversed, the above sequence was reversed.

It was observed that for voltages in excess of ZKV, that it was

possible to increase the air flow, keeping the gas and mist flows

constant, and cause the flame to rise off the matrix. Under these

consitions, the flame was a steady continuous disk similar in appearance

to the stable flat flames discussed earlier. The blue color of (the se

flames was, however, less intense. The velocity of the gases atthe

matrix and the fuel-air ratios for these flames was well into the region

(Fig. 9-4) where no combustion was possible without an electric field.

If the voltage was reduced to zero, the flames were always extinguished.

A series of experiments were conducted in an effort to deter-

mine the extent to which a positive electric field widened the lean

extinction limits. In these experiments, stable flat flames were pro-

duced with no applied voltage; with constant gas and mist flows a

fixed voltage was applied across the flame and the air flow increased

until extinction occurred. At extinction, gas, air and mist flows were

recorded as were the voltage and current.

Appendix B is a summary of data taken. Figures 9-6, 7, 8

show voltage and current readings at extinction for three gas flows
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studied. Cross plotting these figures, it was possible to show the

widening of the extinction limits as functions of voltage and current.

Figures 9-10.11 reveal two important effects of positive electric fields.

(1)

(2)

At a constant gas flow, positive electric fields allow

one to support combustion at progressively higher air

flows, hence higher flame velocities since the flame

speed is nearly equal to the total gas flow divided by

the duct area.

At a constant air flow, a positive electric field allows

one to support combustion at progressively lower fuel

flows, hence at lower fuel-air ratios.

9. 5 Seeded Flat Flames with Negative Electric Fields
 

When a stable flat flame was produced and a negative electric

field (upper grid positive, -matrix negative) imposed on the flame, the

following sequence of events occured as the voltage was increased while

the air, fuel and mist flows were kept constant.

(1)

(Z)

(3)

(0 - 250 volts) The center portion of a stable flat flame

was drawn down to within 1/8” of the matrix, and a wrinkled

flame sheet resembling a "soup bowl" was gradually formed.

(250 - 1000 volts) The outer portions of the flame were

drawn down to the matrix and a slow undulating flame sheet

was formed over the matrix. The flame sheet was continu-

ous, but had a scalloped periphery.

(above 1000 volts) The unsteadiness of the flame disappeared
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and the flame became a smooth circular disk slightly

concave to the flow whose diameter slightly increased

as the voltage increased.

Since a positive electric field widened the lean extinction limits,

one might expect a negative electric field to narrow the extinction

limits. Contrary to such a prediction, experiments revealed that

a negative electric field (as the case with a positive field) permitted

one to support a flame at fuel-air ratios lower than the lean extinction

fuel-air ratio without a field. The experiments described in section 9. 4

were repeated for the negative field. Figures 9-12.13 show the results

of these experiments.

Comparison of Figs. 9-9, 13 reveals that the relationship

between applied voltage and lean extinction has the following differences.

(1) As the voltage increases, positive fields lower the

extinction limits (i.e. permit greater air flow at constant

fuel flow) in a more gradual fashion than with negative

fields.

(2) The negative field displays a limiting voltage (approximately

1 KV) above which a further increase in air flow is not

possible. Positive fields have no such limit, although

above 10 KV only minimal imreases in air flow are possible.

In any discussion of the extinction limits of a flame careful

attention must be paid to heat sinks, since almost any flame can be

sufficiently quenched and combustion stopped. Since the matrix was
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often positive, it was not possible to regulate its temperature with

(88)
cooling water as Botha and Spalding had done; nevertheless,

extinction occurred when all flames (with and without fields) were

midway between matrix and grid. Thus, while the heat absorbed by

the matrix was not measured, there is no reason to believe it varied

much between experiments or was anything but a constant factor in all

experiments. Consequently, extinction of the flames was controlled

by heat transfer and diffusion at the flame itself.

A flame may be thought of as a complex chemical reaction

which requires a chain reaction of events. In the usual case of a

chain reaction, the rate of heat evolution at any point of the system is

governed not only by temperature and concentration of reactants, but

also by chain-carrier concentration. In a combustion wave chain -

carriers are formed at high temperature levels and their concentration

at low temperature levels is dependent on diffusion. Since ohmic

heating contributes about 1 cal sec-ICC.-1 to a flame, the influence of

an electric field upon the extinction limits is certainly not through

this kind of energy input or any temperature increase resulting from

it. On the basis of experiment, it has not been determined that electric

fields principally influence flames thru an increase in diffusion rather

than increases. in heat transfer, but such a view is favored in light of

experiments by Nakamura. Nakamura(57) has shown (Fig. 9-14) that

the distribution of combustion ions is displaced (in accordance with

polarity) by an electric field.
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Figures 9-9 thru 13 indicate that both positive and negative ions

are essential chain carriers since the lean extinction limits were broadened

by fields of both polarity. Negative fields assist positive ions to

diffuse into the unburned mixture; thus by increasing the concentration,

support chemical reaction that would otherwise not be possible without

a field. The converse appears to be true for the case of the positive

field. This view is consistent with Gaydon and Wolfhardué) who

contend that for hydrocarbons, the role of diffusion is mainly to trigger

the reactions at relatively low temperature and to fix the point where

reactions start.

Quantitatively, little else can be concluded from the macro-

scopic data taken, since the identity and concentration of these essential

chain-carriers was not determined.

9.6 Effect of an Electric Field on the Flame Speed
 

The burning velocities of various flat flames subjected to posi-

tive and negative fields were calculated using the following form of

(7-10)

S :

u

 

(Duct Area Ad
1 , 7 I ,' :: —— -1Flame Area ) DJCt Veloc1ty (Af )ud (9 )

A series of experiments (subsections 9.6.1 and 9.6. 2) were

conducted in which flat flames were studied at constant fuel-air ratio

and duct velocity (u ‘d” but varying positive and negative electric fields.

The diameters of the flames were measured visually with a cathetometer

(a traveling microscope capable of measuring distances to within . 005cm).

As mentioned earlier, any measurement of flame speed using



-35-

flat flame burners must carefully consider the effect of quenching in

light of the experiments of Botha and Spalding<88). In these experi-

ments, flat flames were subjected to varying amounts of quenching

(controlled cooling of the matrix) and at constant fuel-air ratio it

was found that the flame Speed decreased linearly with cooling. Typical

results is shown in Figure 9-15.

The extrapolated value of flame Speed at zero heat flux is re-

ferred to as the adiabatic flame speed.

In the experiments of this study, it was not possible to either

control or measure the heat extracted from the flame, but sufficient

time was always allowed for the establishment of steady state conditions.

For each series of experiments, the only variable was the voltage since

electrode separation, fuel-air ratio, duct velocity and the vertical

position of the flame were constant. Thus, while the measured flame

speeds were not the adiabatic values, the effect of heat sinks was a

constant factor and all changes in flame diameter were solely attri-

buted to the applied field.

9.6. 1 Positive electric fields

At voltages below ZKV, the violent unsteadiness of the flame

(section 9. 4) prevented any measurement of the flame diameter. Once

a flat flame was stabilized at a high voltage, an increase in voltage

always produced a reduction in flame diameter. Throughout these

changes, the flame lay approximately midway between the electrodes

and its vertical position was not observed to change with changes in
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voltage. Over the entire range of applied voltages, the flame diameter

varied linearly with the current. Since a reduction of the voltage below

a minimal value would cause extinction (see Fig. 9-9), it was not

possible to measure the flame size at zero voltage and current. For

purposes of comparison, the data was extrapolated to zero current.

This flame size was used to calculate Suo. Appendix C, is typical of

the data obtained for positive fields.

In order to compare experimental results with the approximate

theory of Section 7 (equation 7—22), the following representative pro-

perties of city gas were assumed,

(1) lower heating value. (LHV) of city gas =1021Btu/ft3 of gas

(2) N = N(LHV, fuel-air ratio)

(3) B = o

(4) T = 138°C
u

2 - - -l

(5) K+ 2 mobility of potassium : 2.7 cm volt sec (47)

-2

(6) 12 :10 cm (46)

Figure 9-16 shows the experimental values of flame speed

calculated from (9-1) and also those obtained from (7-22) for two

flame. thickne s s e s .

9.6. 2, Negative electric fields

The violent unsteadiness experienced by the flame at low posi-

tive fields did not occur with negative flieds and it was possible to

measure variations in flame speed at voltages below lKV. As the

voltage was slowly increased from zero (the fuel-air ratio and duct
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velocity remaining constant) the flame was drawn down to within 1/4”

of the matrix. At low voltage (130-200 volts) some unsteadiness and

cusps developed, but as the voltage was increased, a thin, steady

flame sheet with a small peripheral lip was produced. As the

voltage increased, the flame diameter increased, the increase being

linear with respect to the measured current. Throughout these changes,

the vertical position of the flame did not change. As before, the flame

speed at. zero current and field was that calculated from (9-1) using

the flame diameter extrapolated from the experimental measurements.

Appendix C, is typical of the data obtained for negative fields. Figure

9-17 shows the experimental values of flame speed and also those

values of the flame speed obtained from (7-22) and the previous repre-

sentative properties of city gas.

Figures 9-16 and 17 show that experimental results agree

favorably with approximate theory. The linearity between flame

speed and current is clear in all the curves, but the choice of a value

of f , the flame thickness, is quite important if complete agreement

is to be obtained. The length I is taken to be the thickness of the

luminous region of the flame since it is within this region that the

3)
ion densities reach significant proportions. Since the species

concentrations have smvzroth distributions and the luminous region does

not have distinct edges, some flexibility in choosing I is to be expected.

The different values of I used to obtain complete confirmation of

theory and. experiment are well within the experimental accuracy to

measure the flame thickness.
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17). CONCLUSIONS

As a result of the analyses and experiments conducted, the

following conclusions are made.

1. For combustion processes where the kinetic mechanisms

are known and where;

(a) the binary diffusions coefficients are related through

an overall diffusion coefficient. p,

(b) the heat transfer by thermal conduction and diffusion

balance,

(c) the longitudinal electric and transverse magnetic

fields are constant,

a method of successive approximations is proposed whereby the equations

of combustion can be solved. Solution of these equations yields the

species and temperature profiles from hot to cold boundary, and the

flame Speed.

... By considering a flame as a layer of ions of finite thickness,

it is possible to predict the burning velocity of a flame under the in-

fluence of a uniform longitudinal electric field and transverse magnetic

field. Such an equation is based on the notion of the Chattock electric

wind and requires only a knowledge: of the current through the flame,

positive ion mobility, and usual combustion variables. Use of

this equation yields results which agree favorably with experiment.

3. Experiments reveal that electric fields enable one to

support a flat flame seeded with KOH mist at lean fuel-air ratios
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where extinction would occur were no field present. Such improvement

is possible with electric fields of both polarity.
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10.

Appendix A

Equipment

Burke and James 4" x 5" View Camera, Tessar 1:4. 5, f : 21cm

lens.

3

”Precision" Wet Test Meter, .1 ft3 per rev, . 001 ft smallest

division, Precision Scientific, Co., Chicago, Ill.

3

American Meter Co. , 1 ft per rev, . 01 ft3 smallest division,

American Meter Co., N. Y., N. Y.

Standard Timer, . 01 min per rev, . 001 min smallest division,

Standard Electric Time Co. , Springfield, Mass.

Centrifugal Blower, Buffalo Forge Co. , Buffalo, N.Y.

Model 500-BB Nobatron Power Supply, 600V DC output, Sorensen

and Co. , Stanford, Conn.

High-Voltage power supply, 75KV DC, 2. 5 milliamp, Takk Corp. ,

Neward, Ohio.

Model 410B VTVM, Model 459A DC Multiplier, Hewlett Packard,

Palo Alto, Calif.

Model 210 Electrometer, Model 2008 decade shunt, range 10"3 to

10"12 amps, Keithley Instruments, Cleveland, Ohio.

Cathetometer, W.G. Pye and Co. Ltd. , Cambridge, England.
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Appendix B

Data Extinction Limits of Seeded Flat Flames
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Appendix C

Data-Effect of Electric Field Upon Flame Speed
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