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ABSTRACT 

Preliminary experiments conducted by the Interior Ballistics 

Laboratory to determine if a magnetic field applied during low 

pressure combustion of solid propellant can alter the burning rate 

have shown positive results. Experiments were conducted with 

a field strength of 15000 gauss applied to composite propel 1 ants 

containing aluminum additive burning at atmospheric and sub-atmospheric 

pressures. Although results showed wide scatter of data, it appears 

that burning rate variations of ± 10% could be obtained. 
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SPECIAL NOTE 

The following report represents some work that was done 

several years ago in BRL. For various reasons, a draft re- 

port only was written, reviewed with the coauthors, and sub- 

sequently set aside. Following the untimely death of the 

principal author, Mr. Webster M. Kendrick, in 1971, the draft 

copy of this report was found in his personal effects.  It 

is conjectured that although the experiments were run some 

time ago, the data, theory and procedures may still be of 

interest and value to the scientific community concerned 

with propellant combustion technology. Hence, its publication 

at this late date. 



I.  INTRODUCTION 

Experiments have been conducted in the Interior Ballistics 

Laboratory to determine if a magnetic field applied during the low 

pressure combustion of solid propellant can alter the burning rate. 
12 

Various investigators have reported ion concentrations up to 10 
*1 per cc in ordinary gaseous flames,  and experiments have shown that 

the gaseous products of solid propellant burning are weakly ionized, 

i.e., ion densities are much less than 10  of the total particle 

densities. In many cases, however, the reaction zone extends only 

100 microns or less from the burning surface, and the accuracy of cur- 

rent estimates of ion density in this zone is doubtful. If ions play 

a significant part in the combustion process and if their concentration 

is greater than ordinary methods of observation suggest, these facts 

should be confirmed by applying a sufficiently strong magnetic field 

to the burning propellant. An experiment has been conducted to detect 

any substantial influence of a magnetic field on the burning rate of 

composite propellants and to explore the possibility of control of the 

burning rate after ignition. First indications were that there was a 

detectable influence. 

II.  THEORY OF AMBIPOLAR DIFFUSION IN MAGNETIC FIELD 

The following discussion was derived by the principal author (W.M.K.), 

who relied heavily on Reference 2. 

A realistic plasma has two types of charged particles, electrons 

and ions, and will have almost precise charge neutrality except in a 

thin sheath region close to a material wall. The requirement of near- 

neutrality is easily shown. Suppose that the electron density in a 

plasma is denoted by n and that the ions are entirely absent over a 

thin, slab-like region of the plasma of half-thickness x. The resultant 

potential difference from the center to the outside of the slab region 

* Re^eAcnceA OAZ tUttd on page.  32 
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1s readily calculated 

2-y» 4Trne (1) 
3X 

and AV    = 2Tine«x2. (2) 

The change in potential energy of an electron across this slab is then 

AE = 2irne2x2. (3) 

It is convenient to define a characteristic length in a plasma, denoted 

by h, which is the value of x for which the change in potential energy 

equals the mean kinetic energy, ^kT, in one direction. Thus 

kT . 

\  4,ne2 
h -<d-*y (4) 

V 47rne^ 

This quantity, h, is called the "Debye shielding length" since it is 

clearly a measure of the distance over which the electron charge density 

can differ appreciably from the ion charge density. For example, over 

a region whose thickness is ten times h, the electron charge density 

must equal the 1on charge density within 1% if the electrical potential 

energy is not to exceed the mean kinetic energy. Of course, the elec- 

trical potential energy cannot be larger than the mean thermal energy 

since the charged particles will then move so as to restore neutrality. 

It 1s assumed that h 1s small compared to other lengths of inter- 

est in the plasma. In fact, this is the definition of a plasma. If 

kT is 1n electron volts, equation (4) may be rewritten as 

h = 740 •Jf (« 

12 



12 
A typical arc plasma may have an electron density of about 10  and 

a temperature 1n the neighborhood of an electron volt or so. Hence, 
-3 

the Debye shielding length is less than 10  cm. It should be noted 

that the Debye shielding length is a measure of the thickness of the 

sheath region which develops wherever the plasma is in contact with 

a solid surface. 

A weakly-ionized plasma will be defined as a plasma in which 

the mean free path for electron-neutral atom collisions and for ion- 

neutral atom collisions is small compared to the mean free path for 

appreciable deflections by coulomb collisions between the charged 

particles. A plasma of this type is particularly susceptible to analy- 

sis since the charged-particle conservation conditions will be linear 

in the particle densities. As a result, the intrinsic diffusion 

coefficient for electrons in the absence of a magnetic field is 

D- = M1 (6) 3 

and that of the ions is 

»: • ¥• <7> 
where A is the mean free path for collisions with a neutral target and 

v is the charged-particle velocity. The superscripts - and + denote 

electrons and ions, respectively. In general, the mean free paths will 

be comparable, while the electron velocity will be yery  much larger 
than that of the ion at comparable temperatures. Since the electron- 

density gradient must be the same as the ion-density gradient, owing 

to the requirement of space charge neutrality, it is clear that the 

electrons would tend to stream out of the plasma much more rapidly 

than the ions. 

13 



A situation of this sort is incompatible with the requirement of 

plasma neutrality and hence electric fields will immediately develop 

so as to retard the electrons and produce equal streaming losses of 

electrons and ions from the plasma. The resultant diffusion rate may 

be calculated by Including the added "mobility" of a charged particle 

due to an applied electric field. 

Once again, a one-dimensional argument will be used. Consider a 

particle which has suffered a collision at the point which is a distance 

s to the left of a unit area dA located at the origin of Figure 1. 

Assume that the particle acquires the average thermal velocity v, as 

a result of this collision, with equal probability to the left and 

right. It subsequently is accelerated to the right at 

dA 

Figure 1. Mobility of a Charged Particle 

the constant rate eE/m. It is assumed that the net increment of vel- 

ocity between collisions is small compared to the thermal velocity. 

As a result, those particles moving to the left after the collision 

will not pass through dA, while those moving to the right reach dA 

with an increased velocity v' given by 

v' = -J (v2 + 2as) (8) 

where a = eE/m is the acceleration. 

Hence the flux through dA from the left is 

r 

\ 
£-- (/ + 2as)exp(-sA)ds. (9) 2x 

J 
o       14 



Note that n/2 is used rather than n/6.    The reason for this is the 

fact that particles moving in all three dimensions are accelerated 

to the right by the electric field.    The desired result may be obtained 

by expanding the square root term in powers of as/v and subtracting 

the flux from the right.    The first non-vanishing term is 

F = T JT exp(-sA)^ (10) 
X  -"KV   ~"WX 

nax     ex „c m\ 
-T "mVnE- (11) 

The mobility, p, is defined to be the coefficient of nE in the exDressinn 
for the flux. (Note that its sign depends on the charge.) Hence 

F = nyE (12) 

and               y = !£•. (13) mv 

Rewriting this, 

e e   eD ,,.>. 
v =  Xv'-2 kT = kT' (14) 

mv 

where D is the usual diffusion coefficient. 

An expression may now be obtained for the common rate of streaming 

of electrons and ions out of the plasma. The electron flux has the 

form 

F~ = - D  |5.  + n~y -E (15) 
0  9X       ^0  X' 

with a similar expression for the ions.    Both the density gradient 

and the electric field are assumed to exist in the x-direction only. 

The resultant particle conservation equation is 

15 



ft...,.r.-g-. tie) 

•'• If •».-$ - '•- ?J t^xT 07) 

while the corresponding expression for the ions is 

oX 

By the basic assumption of near neutrality of the plasma, n = 
n— = n. Thus the electric field term may be eliminated bv multiplying 
equation (17) by y , equation (18) by y ~~, and subtracting. The result is 

an  po o ~yo o 9 n /,Qx 
at + : 7T (19) 

^o 'Mo    9X 

It 1s clear that there is an effective diffusion coefficient common 
to both the electrons and ions. This "ambipolar" quantity is 

DJMB = %X~   -VV (20) 
yo+ "yo~ 

Substitution from equation (14) yields an alternative form 

AMB .. Do D      (1'kV +  (1/kT-} 
DM• =    ° + ~ (21) o 

(DQ
+/kT+) +  (DQ /kT  ) 

It was pointed out above that for comparable electron and ion tempera- 
tures, one has D ~>D . Hence equation (20)reduces in this case to 

D«B i n*. (22) 

Equation (22) shows that the effective diffusion coefficient is approx- 
imately twice that of the slower component. 

16 



The situation when a magnetic field is present is apparently more 

complicated. However, it is not difficult to carry through a "curved 

one-dimensional" argument (Figure 2) just as in the case of the diffusion 

coefficient. The result is completely similar. The mobility u across 

a magnetic field is 

y =   po   , (23) 

1 + (COT)
2 

where u is the magnetic field-free result given in equation (13). 

In most cases of experimental interest, the plasma density is 

sufficiently low and the field sufficiently large so that the quantities 

(COT) for both electrons and ions are very much larger than unity. 

Since COT = \/r    this means that the particles execute very many gyrations 

in the magnetic field before a collision occurs.  It is clear that if 
p 

the opposite situation is true, (COT) <1, the effect of the magnetic 

field is small  and the field-free results of equations  (6) to  (22) 

will  apply. 

It can be shown that the effective diffusion coefficients are 

(u T ) 

D - =  2—y (25) 

Note that these diffusion coefficients vary as the inverse square of 

the magnetic field strength and depend on the other variables, as 

follows 

2v3 _V (m)(kT)3/2. (26) 
D % —*•   —* 

17 
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Hence, for comparable temperatures and mean free paths, the ion diffusion 

coefficient is very  much larger than that of the electrons. Thus 

Dx + > D^- . (27) 

The ions tend to diffuse across a magnetic field faster than the elec- 

trons, which is the reverse of the behavior in the direction of the field 

lines. Another way to see this is to recognize that diffusion across the 

field is by means of the random changes of the location of the center 

of the Larmor circle of the particle after each collision. This deflection 

is of the order of the Larmor radius. Hence the heavier particle diffuses 

faster since it has a larger Larmor radius. The same conclusions hold 

for the mobility of the particles. 

Suppose that the magnetic field lines are infinitely long so that 

there is no diffusion of electrons or ions in this direction. In this 

hypothetical case, all diffusion is across the magnetic field, and once 

again an electric field must develop in this direction so as to equate 

the electron and ion fluxes and maintain charge neutrality. The argument 

given in equations (15) to (20) goes through exactly in this case, except 

that the subscript 0 is replaced by X everywhere. Thus 

AMB  Hi Dl ~w± Di 
Di 

\ 

+„ — 
D XD "  (l/kT+)+(l/kT_) (28) 

(D +/kT+) + D ~kT ) 

By use of equation (27), 

DAMB = 2D~ (29) 

for equal temperatures. Note that the "ambipolar" rate is again twice 

that of the slower component. 
19 



III. EXPERIMENTAL APPARATUS AND PROCEDURE 

The basic components of the experimental apparatus are shown in 

the schematic Figure 3. Two colls were used, each of which consisted 

of 250 turns of a strip of copper .127mm thick x 50.8mm wide. The turns 

were Interwound with an insulator of .0127mm thick Mylar plastic. 

The colls were mounted in an upright position approximately 31.75mm 

apart. They were connected in series through a fuse and high voltage 

switch to a 250 V.D.C. generator. When the entire generator output 

was used with the colls, a field strength of approximately 15,000 

gauss resulted. 

The combustion chamber was a 28.57mm O.D. glass tube placed up- 

right between the coils. The bottom of the tube was closed with a 

plate through which nitrogen and the ignition leads were admitted. 

The upper end of the tube was closed off by a venting plate through 

which the gases could either be exhausted to the atmosphere or to a 

vacuum line. 

Slabs of propellant (6.35mm x 19.05mm x 25.4mm) were used in these 

experiments. They were ignited on the top 6.35mm x 19.05mm edge by a 

hot wire igniter paste system. The slab then burned down in cigarette 

fashion. The sides were kept from burning by a nitrogen flow. When 

sub-atmospheric shots were made, the slab was ignited at one atmosphere 

and the pressure subsequently reduced to the desired level by the 

vacuum pump before starting the test. 

The combustion process was recorded on 16mm film by a Fairchild 

Motion Analysis camera. The camera speed normally used was 1800 to 

3000 frames per second. In an experimental run, the nitrogen flow 

was started and the propellant slab ignited. After three or four seconds 

of burning the camera was turned on and approximately four seconds of 

burning time was recorded before the magnetic field was turned on. 

After activation of the field, a fuse was blown in 0.3 to 3.0 seconds. 

The propellant continued to burn until the entire slab was consumed. 

20 
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Figure 3. Schematic drawing (not to scale) of 
the experimental apparatus. 
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The total burning time recorded by the camera was about 8 seconds. 

In this way, many pictures were obtained of the burning propellant 

before, during, and after the introduction of the magnetic field. For 

sub-atmospheric runs, the camera was not turned on until the desired 

chamber pressure was attained. 

Inked lines 4.74mm apart on the sides of the propellant slabs 

provided calibrated distance standards and were used in measuring the 

propellant regression rate as a function of time. These measurements 

were normally made at .05 second intervals determined by 100 cps timing 

marks on the film. The slopes of the least square straight line fits 

were then compared to determine the burning rate changes. The data 

points from the time before the magnetic field was turned on and after 

the field was turned off were combined for comparison with the time that 

the coils were energized. Figure 4 shows the raw data points and the 

least square fit lines for a typical run. To make the slope change 

more visible, the "before" and "after" data were not combined in this 

plot. 

IV.  EXPERIMENTAL RESULTS 

Several runs were made trying different orientations of the field 

sense with respect to the burning surface. The results presented in 

Figure 5 are all cases in which a transverse field sense was used. 

Three types of propellant were fired: (1) a composite containing 

no metal additive and (2) two other composites which were basically 

of the same composition except one contained 2%  (Thiokol DA-102) and the 
other contained 13% (Thiokol UR-101) by weight of powdered aluminum. 

As can be seen, some burning rate variations were measured during 

the field operation. Only one run (at 1 atm. pressure) was made with 

the propellant containing no aluminum. It exhibited a 5% reduction in 

burning rate during the time the coils were activated. Successive 

frames from typical motion picture records of the aluminized propel 1 ants 

burning with and without magnetic field applied are shown in Figures 

6, 7, 8, 9. 22 
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Figure 4. Plot of propellant regression rates during 
an experimental run at .66 atmosphere pressure. 
Propellant was a composite (Thiokol DA-102) 
containing 2%  powdered aluminum. 
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Figure 5. Graph showing experimentally determined 
variations from normal burning rates due 
to magnetic field effects. 
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Figure 6. Successive frames (3000 fps) from motion 
pictures of propellant slab (THIOKOL UR-101) 
burning before magnetic field was applied. 
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Figure 7. Successive frames (3000 fps) from motion pictures of pro- 
pel lant slab (THIOKOL UR-101) burning while magnetic field 
was applied. Note change in intensity of aluminum droplet 
burning. 
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Figure 8. Successive frames (3000 fps) from motion pictures of 
propellant slab (THI0K0L DA-102) burning before magnetic 
field was applied. 
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Figure 9. Successive frames (3000 fps) from motion pictures of pro- 
pellent slab (THIOKOL DA-102) burning while magnetic field 
was applied. Note relative absence of burning aluminum 
droplets. 
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V. DISCUSSION 

The following discussion of the diffusion coefficient in an ionized 

gas with the presence and absence of a magnetic field will illustrate 

possible contributions to the burning rate. Thermal conductivity in 

an ionized gas differs from diffusion in that ion-electron collisions 

are not of importance in thermal conductivity while they are significant 

in diffusion. 

The equations governing diffusion are presented without derivation 

since this is available in standard texts. Nomenclature used follows 
2 

that of Maxfield and Benedict. 

In these experiments, the flame temperature and the surface tempera- 

ture are approximately 3000°K and 1Q00°K, respectively.  It is assumed 

that 2000°K would be a close enough estimate to the temperature of the 

zone in which diffusion could have a controlling effect on the burning 

rate. 

24 
In a typical case, then: p = 250mm, T = 2000°K, N = 10  particles/ 
3 -10 

meter , and a  = 3x10   meters, where a  is the diameter of a typical 

molecule. 

The diffusion coefficient for charged particles moving transverse 

to a magnetic field is reduced from its zero field value as shown: 

D 
0 =  °-^- 

1 + (COTT 

where D is the diffusion coefficient in the absence of a magnetic 
o 

field, w is the cyclotron frequency and T is the mean time between col- 

lisions with neutral molecules. For electrons in a field of 15,000 

gauss a) = 2.7x10  per second. Under the previously stated conditions, 

x = 4.2x10"  seconds. The factor WT becomes 11.3 and the diffusion 

rate of the electrons across the field has been reduced by a factor 

of approximately 130. This result is sensitive to the assumption about 

molecular cross section. 

29 



It might be thought that the field of 15,000 gauss would have little 

effect on positive ion diffusion since the decrease in u with increased 

mass is more rapid than the increase in T. The net decrease in COT is pro- 

portional to the dquare root of the ratio of ionic to electronic mass. 

Indirectly, however, through the necessity for maintaining charge neutrality 

in the gas, the effect on positive ions 1s also significant. If the 

ionized region is insulated from any conduction path, the tendency of the 

electrons to rapidly diffuse out of the source region is countered by 

the electric field set up by the charge separation. The diffusion of 

electrons and Ions out of the source region takes place at a common rate 

characterized by an expression known as the ambipolar diffusion coefficient. 

It is given by: 

nA _ M
+ D~ -yV 

+ 

where p is the mobility of the particles, and the + and - superscripts 

indicate ions and electrons, respectively. When D- is much greater than 
+ A + D the diffusion coefficient D_ is approximately equal to 2D . In the 

absence of a magnetic field, — = 220 if the average molecular weight 

of the positive ions is taken as 25, while in a 15,000 gauss field the 

ratio is reduced to approximately 2.0 and the ambipolar diffusion 

coefficient is reduced accordingly. Under the given conditions, 
A     + D = 1.3D . If the ionized component of the gas is only a small fraction 

of the total particles, this change of diffusion coefficient will con- 

tribute very little to the total diffusion, but if the ionized component 

is a large fraction then the results obtained in the magnetic field 

experiments can be considered reasonable. If combustion occurs essenti- 

ally at the surface of the propel 1 ant, diffusion will cause a loss of 

energetic particles from the burning region. Application of a magnetic 

field will reduce this heat loss, thereby increasing the burning rate. 

If, on the other hand, the reaction occurs in a zone somewhat removed 

from the surface of the propel 1 ant, diffusion is required in order to 

allow energetic particles to reach the surface of the propellant and 

30 



produce a new source of reactive material. Application of a magnetic 

field in this case will cause a reduction in diffusion from the reactive 

zone to the propel 1 ant surface. This will decrease the amount of material 

evolved from the surface and thus lead to a reduction in burning rate. 

Either of these cases might be observed in practice, and there seems 

to be an indication from the experimental evidence that either can be 

observed, depending upon the pressure at which burning takes place. 
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