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Magnetocombustion: A Thermodynamic Analysis
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University of Alabama at Birmingham, Birmingham, Alabama 35294-4461

and
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The impact of a uniform magnetic field on equilibrium combustion characteristics has been explored. An ex-
pression for the Gibbs free energy, which includes a magnetic field contribution, has been developed. Using the
method of Lagrange multipliers, changes in the Gibbs free energy for a mixture of paramagnetic and diamagnetic
ideal gases are minimized. A model reaction of methane in air is used to quantitatively examine the changes in
equilibrium compositions in the presence of a uniform magnetic field. Plots are presented showing the equilibrium
mole fractions as a function of temperature and magnetic induction for all product species. In general, the results
indicate that within certain temperature ranges a magnetic field decreases the mole fraction of major product
species and increases the mole fraction of minor product species. The maximum equilibrium mole fraction of NO
was observed to decrease an order of magnitude for an increase in magnetic induction of 0.00-0.04 T. The impact
of a magnetic field was seen to affect equilibrium combustion characteristics of NO at temperatures well above

those existing in practical combustion applications.

Nomenclature

= atoms of element j in product i
= magnetic induction

atoms of element j in reactants
damping constant

Curie-Weiss constant

= iteration error

Gibbs free energy

molar specific reference Gibbs free energy
= magnetic field strength
enthalpy

intensity of magnetization
number of moles

number of constituentelements
number of product species

= total number of moles

= pressure

partial pressure of species i
universal gas constant

entropy

temperature

internal energy

volume

work

mole fraction of species i
Curie-Weiss constant

= Lagrange multiplier of species i
= permeability of free space

= magnetic susceptibility
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Subscript

i = species i

Superscript
0 = reference conditions
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I. Introduction

INCE the time of Faraday,' the impact of magnetic fields on

combustion behavior has been recognized. This interaction has
primarily been attributed to the diamagnetic and paramagnetic na-
ture of the gases involved in the combustion process. Diamagnetic
behavioris observedin gases consistingof atoms with no permanent
magnetic dipole moments. In the presence of an external magnetic
field, the atoms of a diamagnetic substance develop a net dipole
moment. This induced moment opposes the applied field, and thus
a diamagnetic gas exhibits a weak repulsion to an applied magnetic
field. The stronger the external magnetic field is, the stronger the re-
pulsion. On the otherhand, a paramagneticgas is a gas consisting of
atoms with at least one unpaired electron, and thus the atoms exhibit
permanent dipole moments. In the absence of a magnetic field, the
magneticdipole moments of a paramagneticsubstanceare randomly
oriented and exhibitonly a weak interaction. When a magnetic field
is applied, the dipole moments of the individual atoms align with
the magnetic field producing a mild attraction to the magnetic field.
The strength of this attraction is proportional to the strength of the
externally imposed magnetic field. In a paramagnetic gas the mag-
netic behavior associated with the dipole moments must compete
with the randomizing effect of temperature. The experimentally de-
veloped Curie-Weiss law describes this behavior. Noting that the
magnetic susceptibility is defined as the ratio of the magnetization
vector to the magnetic field strength, the Curie-Weiss law is given
as

x =Cyl(T = 0) (1)
On the other hand, diamagnetic susceptibility is independent of
temperature 2 Note that for a paramagnetic substance x > 0, and
for a diamagnetic substance y < 0.

Early work involving chemical reactions and magnetic fields pre-
dicted that prohibitively large magnetic field strengths would be
required to product a significant interaction between the two.3~3
These conclusions were based upon order-of-magnitude estimates
and did not account for the highly nonlinear nature of chemical
reactions. Recent work, involving both permanent and electromag-
nets, has shown that magnetic fields can significantly affect com-
bustion characteristics. Hayashi found that in oxygen-propaneand
oxygen-hydrogen combustion the presence of a nonuniform mag-
netic field increased the emission intensity of the OH radical.® Ueno
and Harada’ found that the application of a magnetic field with a
magnetic induction of 0.5-1.4 T, with magnetic field gradients on
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the order of 20-200 T/m, lowered the combustion temperature of
alcohol in the presence of a platinum catalyst by 100-200°C.

Aoki found that the presence of a nonuniformmagnetic field pro-
duced an increase in emission intensity for OH, CH, and C, as well
as a decrease in soot production for diffusion flames.? Later, Aoki
reporteda decreasein the emissionintensity of OH, CH, and C, fora
configurationthatpossessedbothuniformand nonuniformmagnetic
field regions.” This decrease was attributed to the arrangementused
to produce the uniform field. Wakayama found that while magnetic
field gradients had little effect on premixed flames an increasing
field gradient decreased the combustion rate in diffusion flames.!°
A later investigation by Wakayama and coworkers found that the
application of a magnetic field decreased the formation of soot in
diffusion flames.!! Additionally, the interaction of the nonuniform
magnetic field with the paramagnetic and diamagnetic behavior of
the constituent gases was found to induce convective transport that
would otherwise not be present in their microgravity experiments.

The motivation for this investigation is the recent appearance of
commercially available devices that claim to increase combustion
efficiency significantly through the use of magnetic fields. Given
that one of the primary sources of atmospheric pollutionis the com-
bustion of fossil fuels, such devices hold great promise from both a
financial and environmental perspective. In this paper a thermody-
namic analysis has been used to examine the impact of a uniform
magnetic field on equilibrium combustion characteristics. An ex-
pression for the Gibbs free energy of a mixture of ideal gases is
presented in Sec. II. The technique used to obtain the equilibrium
compositionis outlinedin Sec. III. In Sec. IV, results are presented,
and the significance of these results is discussed. The paper is sum-
marized and conclusions are given in Sec. V.

II. Formulation of Gibbs Free Energy
Consider a closed, homogeneous, isotropic, stationary system
subjected to a constant uniform magnetic field. For a reversible
process the first law of thermodynamics states that

TdS + oW =dU )

The work contribution,including both boundary and magnetic field
work, may be written as'?

5W=—pdV+d(V/HdB> 3)

Note that Eq. (3) has been modified compared to that appearing
in Rosenweig to account for a difference in the sign convention.
Expanding Eq. (3) gives

SW = —pdV + H*ugxy dV + VHuoy dH + VH?>uody  (4)

where ithas been assumed that the system consists of eithera param-
agnetic or diamagnetic substance, i.e., M =y H. Also note that the
relation B = po(H + M) was used in the development of Eq. (4).
Substituting Eq. (4) into the first law of thermodynamics, Eq. (2),
and using the definition of enthalpy / = U + pV and Gibbs free
energy G = I — TS, the change in Gibbs free energy for the system
just described may be written as

dG =Vdp + H>uogx dV + VH?uydy 3)

The preceding equation has been simplified by noting that the mag-
nitude of magnetic field is constant,i.e., dH =0, and assuming that
isothermal conditions exist, i.e., dT” =0. Recall that the system has
been taken to be either a paramagnetic or diamagnetic substance.
Assuming that the magnetic susceptibility obeys the Curie-Weiss
law, Eq. (1), and is thus only a function of temperature,dy =0 from
the assumption of isothermal conditions. Given this, the change in
the Gibbs free energy is described as

dG =V dp + H*pox dV (6)

Assuming that the system consists of an ideal gas,i.e., pV =nR, T,
Eq. (6) may be written as

G dp dp
d =n|— - H? — 7
(RMT> n( p Hox p2> @

where the Gibbs free energy was normalizedto be consistentwith the
Chemkin thermodynamic database.'® Integrating Eq. (7) from a ref-
erence state to a specified state yields (assuming that p® =1 atm as)

GIR,T =n[g° /R,T + tup + H*'uox(1/p =] (8

The Gibbs free energy for a mixture of ideal gases is therefore

G ny gg 1
= ni| ==+ tup; + H?poy;| — - 1 ) 9
R,T 2 (RMT I\ s

i=1
For a mixture of ideal gases, p; =Yy; p, where the mole fraction is
defined as y; =n;/ny and the total number of moles is simply

ns
nr = g n;

i=1

Substituting these definitions into Eq. (9) gives

G Q g H? oy 2

% _;nl(RuT+ﬁnyl+ﬁnp+ P H/-lr)%z) (10)
Equation (10) is an expressionfor the Gibbs free energy of a mixture
of ideal paramagnetic and diamagnetic gases. Including the contri-
bution of a uniform magnetic field results in the addition of two
terms, one that is inversely proportional to the pressure. Also note
that the sign of the last two terms in Eq. (10) will depend on whether
the respective component is diamagnetic or paramagnetic.

III. Determination of Equilibrium Composition

Equilibriumcombustioncharacteristicshave primarily been com-
puted using the equilibrium constant method'* or by minimizing
the changes in the Gibbs free energy.!*~!® In this paper equilibrium
combustioncharacteristicshave been determinedby minimizing the
Gibbs free energy. Recall that at a specified temperature and pres-
sure equilibrium will be achieved for (dG)7 p =0. In addition to
the requirementthat the change in the Gibbs free energy be equal to
zero, the conservation of mass must also be satisfied. The conser-
vation of mass for each of the constituent elements involved in the
chemical reaction is given as

ns

a;n; —b; =0 (1D

ij

i=1
Note that Eq. (11) is a system of n, equations. To establish the equi-
librium composition for a given reaction at a specified temperature
and pressure, one must minimize changes in Gibbs function subject
to mass conservation as specified by Eq. (11).

To obtain the solution of the preceding system of equations, the
method of Lagrange multipliers was used. Following the formula-
tion outlined by Morley,'® the following pseudoalgorithm was used
to determine equilibrium compositions:

1) Initialize the number of moles for each of the productspeciesto
0.1, calculate various constants, populate the mass conservationma-
trix and the magnetic susceptibility array, read in the thermochemi-
cal data, calculate magnetic field contribution,and evaluate the nor-
malized reference Gibbs free energy for each of the productspecies.

2) Solve the following system of equations:

ns

iMi =iz,2ﬁiai, (12)

i=1 j=1 =1
e ng ns ns
- nr -
E Ak E aijaikni+ﬁ— E a;ii; + E (—a;jM;) —b; =0
T

k=1 Q=1 i=1 i=1
(13)
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0 - ny 2

8i n; 2 Hpoxm
+lh|—)+bkp—H i+ _—
RT ("T) p Hox Z p

u
m=1

(14)

Note that Eq. (13) provides n, equations, and Eq. (12) provides a
single equation. The unknowns for the system are ny/fir and n,
values of A;. This system of equations is solved using standard
Gaussian elimination with pivoting."”

3) Calculate a new temporary estimate of the number of moles of
each componentusing

e
~ ~ n
Al =g ﬂ—T+§ Aiay | = M, (15)
T

j=1

The new estimate of the equilibrium number of moles is calculated
using
Sm o+ 1 Sm o+ 1 SmAl
artl=artt e c(art - ar) (16)
where C, the damping constant, is adjusted to ensure convergence.
4) Calculate the normalized max norm of the solution
m+1 _ m

n

i i
m+1
i

n

E = max an

i

If E <1071, the solution is taken to be converged, the results
are written to a file, and the program stops. If E >107", then
n"=n"" !, and the program proceeds to step 2.

i

IV. Results and Discussion

The equilibrium composition of a model reaction was used to
investigate the impact of a magnetic field on combustion character-
istics. The specific model reaction considered in this investigation
is the combustion of methane in air, i.e.,

CHy + n,4:(0, + 3.76N;) — nc02C02 + ncoCO
+ ny,oH,0 + nyH + ny,Hy + ng,0, + nogOH

+ 100 + ny, Ny + nyoNO (18)

The equilibriumcompositionmodel developedin the precedingsec-
tion was validated by comparison with a GASEQ.'® GASEQ is a
Windows-based program for calculating equilibrium composition
using the same technique used to generate the results presented in
this paper, i.e., the minimization of Gibbs free energy. Results from
the equilibrium model and from GASEQ were compared for tem-
peraturesranging from 500 to 5000 K, pressureratios ranging from
1 to 100, and equivalence ratios ranging from 0.1 to 1. Setting the
magnetic inductionto zero producedresults that matched exactly (to
within the number of significant digits in the output) to the results
from GASEQ for the same conditions.

All results reported here have assumed an equivalence ratio
of unity. Values for the magnetic susceptibilities for elements/
compounds were obtained from the CRC Handbook of Chemistry
and Physics.?’ Magnetic susceptibility values forions were obtained
from Mulay.?! Recall that in the introduction section of this paper
the statement was made that the magnetic susceptibilities of para-
magnetic materials are a function of temperature. This temperature
dependence was notincluded in the values of magnetic susceptibil-
ity used in the equilibrium model because of the scarcity of data on
the conditions for which reported values were obtained. The range
of magnetic induction examined in this paper is 0.00-0.04 T. The
decision to examine this range was an ad hoc decision based solely
on the fact that the impact of a magnetic field on equilibrium char-
acteristics was easily observable in this range.

Figure 1 is a plot of the equilibrium mole fraction for carbondiox-
ide. From the figure one can see that in a certain temperature range
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Fig. 1 Equilibrium mole fraction of CO,.
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Fig. 2 Equilibrium mole fraction of N,.

there is a nonlineardecrease in the mole fraction of CO, forincreas-
ing magnetic induction at a specified temperature. The influence of
a magnetic field on the mole fraction becomes significant above a
temperature of approximately 1500 K. For all cases the mole frac-
tion was observedto decreaseto a negligiblelevel as the temperature
increased beyond a certain value. The mole fraction dropped below
0.002 at a temperature of slightly less than 3900 K when no mag-
netic field was applied. This compares to the mole fraction dropping
below 0.002 at a temperature near 2850 K when a 0.04 T magnetic
field was applied, i.e., a drop of nearly 1000 K for an increase
of 0.04 T. For stoichiometric conditions with no applied magnetic
field, the adiabatic flame temperature for methane-air combustion'*
is 2226 K. On all of the plots presented in this paper, the adiabatic
flame temperature for a stoichiometric mixture of methane and air
without an applied magnetic field is representedas a vertical broken
line. Of course, because the magnetic field affects the equilibrium
composition, it will also affect the adiabatic flame temperature. At
this point in time, no conclusions are drawn with regard to how a
magnetic field will affect the adiabatic flame temperature. Consider-
ing the equilibrium composition in the vicinity of this temperature,
one can see that there is a significant decrease in the mole fraction
of CO, because of the application of the magnetic field.

Figure 2 is a plot of the equilibrium mole fraction for diatomic
nitrogen. As with CO,, the application of a magnetic field decreased
the mole fraction of N, for a given temperature in a certain range
of temperatures. Magnetic field effects became significant for tem-
peratures above approximately 1700 K. As the temperature was
increased, an asymptotic value of 0.485 was observed for the mole
fractionin all cases. The temperature at which this asymptotic value
was reached decreased with increasing magnetic induction. For no
magnetic field the asymptotic value was observed for temperatures
above 4800 K. This value decreased to 3400 K for a magnetic field
of 0.04 T. As with CO,, at the nonmagnetic stoichiometric adia-
batic flame temperature the presence of a magnetic field produced
a significant drop in the predicted mole fraction of N,.

Figure 3 is a plot of the equilibriummole fraction for water. As in
the preceding two figures, an increase in the magnetic field strength



266 BAKER AND SAITO

0.20 T
0.15
» 010

0.05

TR ETI RS RN FTNEUENET] SUNEUROT Y

I
|
}
[}
[
[
[
|
!
I
|

0.00 e
1000 2000 3000 4000 5000

T(K)

Fig. 3 Equilibrium mole fraction of H,O.
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Fig. 4 Equilibrium mole fraction of O,.

decreased the mole fraction of water in a certain range of tempera-
tures. Magnetic field effects became significant above a temperature
of 1600 K. Above this temperature the mole fraction of water de-
creased to negligible levels as the temperature increased. For the
case of no applied magnetic field, the mole fraction dropped below
0.005 at a temperature around 3900 K. This compares to a tem-
perature of approximately 2800 K for the case of a magnetic field
strength of 0.04 T. As with CO; and N,, at the nonmagnetic stoi-
chiometric adiabatic flame temperature the presence of a magnetic
field produced a significant drop in the predicted mole fraction of
H,O0.

Figure 4 is a plot of the equilibrium mole fraction for diatomic
oxygen. As can be seen from the figure, as the temperature increases
the mole fraction of O, increases to a maximum and then steadily
decreases. A maximum value of 0.028 was observedat a temperature
of approximately 3200 K when no magnetic field was applied. This
compares withamaximum of0.0017 at a temperatureof near2500 K
when amagnetic field 0of 0.04 T was applied. The general trend s that
there is a decrease in the maximum mole fraction with an increase
in the magnetic field strength and that the temperature at which this
maximum occurs decreases with increasing magnetic induction. At
atemperatureof 2226 K, the plotshows that for a magneticinduction
0f 0.04 T there is a significant drop in the mole fraction, but for the
other values of the magnetic induction considered the change was
negligible.

Figure 5 is a plot of the equilibrium mole fraction for diatomic
hydrogen. Diatomic hydrogen exhibited the same general behav-
ior as diatomic oxygen. As the temperature increased, H, increased
to a maximum and then steadily decreased. The maximum mole
fraction decreased with increasing magnetic field strength, and the
temperature at which this maximum occurred also decreased with
increasing magnetic field strength. A magnetic field decreased the
temperature where the maximum mole fraction occurred. This be-
havior was somewhat more pronounced for H, than for O,. There
was nearly an order-of-magnitude decrease in the maximum mole
fraction of O, for an increase in magnetic field strength of 0.00-
0.04 T. For H, the maximum value decreased only about 43% for
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Fig. 7 Equilibrium mole fraction of H.

a similar increase in magnetic field strength. At a temperature of
2226 K (the adiabatic flame temperature without an applied mag-
netic field), the plot shows that an increasing magnetic induction
increases the mole fraction of H,.

Figure 6 is a plot of the equilibriummole fraction for monatomic
oxygen. Increases in the magnetic field strength decreased the tem-
perature where the equilibriumcompositionbehaviorbeganto differ
from the behavior observed in the absence of a magnetic field. In
general, there was an increase in the mole fraction of monatomic
oxygen as a function of magnetic field strength at a specified tem-
perature above the temperature where magnetic field effectsbecame
significant. An asymptotic value of approximately 0.1925 was ob-
served when a magnetic field of 0.04 T was applied. Whereas none
of the other cases reached this value in the temperature range, the
curves do indicate that the other cases may be approaching this
value. At a temperature of 2226 K, the plot shows that an increas-
ing magnetic induction increases the mole fraction of monatomic
oxygen.

Figure 7 is a plot of the equilibriummole fraction for monatomic
hydrogen as a function to temperature. As for monatomic oxygen,
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there was an increase in the mole fraction of H at a specified tem-
perature for an increase in the magnetic field strength within a given
temperaturerange. The temperature where magnetic field effects be-
came significant was observedto decrease with increasing magnetic
field. An asymptotic value of approximately 0.2575 was observed
for the largest applied magnetic field, i.e., 0.04 T. The behavior of
the other cases indicated that this asymptotic value would hold for
all of the cases. Because the maximum temperature considered was
5000 K, the asymptotic value was not achieved by the other cases.
As with the other minor product species, an increasing magnetic
field increased the mole fraction of monatomic hydrogen at the sto-
ichiometric adiabatic flame temperature with no magnetic field.

Figure 8 is a plot of the equilibriummole fractionfor the hydroxyl
radical as a function of temperature. As for O, and H,, there is a
decrease in the temperature where the maximum value of the mole
fraction for OH occurs. Although the general behavior of OH is
similarto that observedfor O, andH,, i.e., thereis an increasein OH
to a maximum value and then a steady decrease as the temperature
increases, there is a significant difference. The maximum value of
the mole fraction of OH initially increases with increasing magnetic
field. As the magnetic field increases beyond a certain value, the
maximum value of the mole fraction of OH then begins to decrease.
As can be seen from Fig. 8, the maximum value of the mole fraction
for OH is approximately the same for no applied magnetic field
and for a magnetic field of 0.04 T. At a temperature of 2226 K, the
plot shows that an increasing magnetic inductionincreases the mole
fraction of the OH radical.

Figure 9 is a plot of the equilibrium mole fraction for carbon
monoxide as a function of temperature. As can be seen from the
plots, the general trend above approximately 1550 K is for the mole
fraction to increase to a maximum and then decrease to a nonzero
asymptotic value. This asymptotic value of the mole fraction is ap-
proximately 0.065. The magnetic field has the effect of decreasing
the peak in mole fraction. At a magnetic field strength of 0.04 T,
there is no significant peak in the mole fraction of CO. At a tem-
perature of approximately 2800 K, for an applied magnetic field
of 0.04 T CO achieves the asymptotic value of mole fraction. In
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the region where the peak in the mole fraction is distinguishable,
increasingthe magnetic field has the effect of decreasingthe temper-
ature where this peak occurs. In the region where the mole fraction
of CO is increasing to the asymptotic value, the trend is that there
is an increase in the mole fraction at a specified temperature as
the magnetic field strength increases. Again, the plot shows that at
2226 K, an increasing magnetic induction increases the predicted
mole fraction of CO.

Figure 10is a plotof the equilibriummole fractionfor nitricoxide.
Above a temperature of approximately 1500 K, NO was observed
to increase to a maximum and then steadily decrease. As with O
and H, the magnitude of the maximum mole fraction observed for
NO decreased with increasing magnetic field strength. In fact, from
an increase of 0-0.04 T, the maximum mole fraction of NO was
observedto decrease nearly an order of magnitude. As had been the
case with other species, an increase in the magnetic field strength
decreased the temperature at which the maximum mole fraction
occurred. At a temperature of 2226 K, the plotindicates that there is
arelatively small changein the mole fraction of NO comparedto the
changesobservedfor larger temperatures. For a magnetinductionof
0.01 and 0.02 T, the presence of a magnetic field actually increased
the mole fraction slightly.

V. Conclusions

Results of a thermodynamicinvestigationof equilibriumcombus-
tion characteristicsin the presence of a uniform magnetic field have
been presented. An expression for the Gibbs free energy was devel-
oped. The method of Lagrange multipliers was used to minimize
the changes in the Gibbs free energy while ensuring that the con-
servation of mass was satisfied. Results, in the form of plots of the
equilibriummole fractionas a function of temperature and magnetic
induction, were presented. Based upon the information gained from
these plots, the following qualitative conclusions may be drawn:

1) When they are of sufficient strength, magnetic fields can have
a significant impact on equilibrium combustion characteristics.

2) At the stoichiometric adiabatic flame temperature for no ap-
plied magnetic field, the application of a magnetic field had the
effect of decreasing the mole fraction of the major product species.

3) In general, at the stoichiometric adiabatic flame temperature
for no applied magnetic field, the application of a magnetic field
had the effect of increasing the mole fraction of the minor product
species.

4) At higher temperatures the application of a magnetic field
greatly decreased the equilibrium composition of NO. Given that
the predicted values for NO are likely to overpredictthe actual val-
ues (because of the speed of the formation reaction), application
of a magnetic field may be useful in decreasing NO emissions. At
2226 K for all conditions but the largest magnetic induction value,
application of a magnetic field slightly increased the mole fraction
of NO. The impact of a uniform magnetic field primarily affects
NO equilibrium compositions at temperatures well above those oc-
curring in practical engineering applications, however. Additional
research is needed to predict the impact of magnetic fields on NO
production for practical engineering applications.



268 BAKER AND SAITO

Acknowledgments

This study was supported in part by a University of Alabama
at Birmingham Faculty Development Grant and in part by the
Kentucky-NASA EPSCoR program. The authors would also like
to thank Mark Calvert for his assistance with the literature survey.

References

1Faraday, M., “On the Diamagnetic Conditions of Flames and Gases,”
The London, Edinburgh, and Dublin Philosophical Magazine and Journal
of Science, Vol. 31, No. 210, 1847, pp. 401-421.

2Jiles, D., Introduction to Magnetism and Magnetic Materials, Chapman
and Hall, New York, 1991, p. 178.

3Bhatnagar, S. S.,and Mathur, K. N., Physical Principles and Applications
of Magnetochemistry, MacMillan, London, 1935, pp. 326-335.

“Delhez, R., “L'Influence du Champ Magnetique Sur Les Transforma-
tions Physico-Chimiques—II,” Bulletin De La Societe Royale Des Sciences
De Liege, 26° année, No. 4, 1957, pp. 161-164.

SDelhez, R., “L’Influence du Champ Magnetique Sur Les Transforma-
tions Physico-Chimiques—I,” Bulletin De La Societe Royale Des Sciences
De Li¢ge, 26° année, No. 2, 1957, pp. 83-86.

(’Hayashi, H., “The External Magnetic Field Effect on the Emission In-
tensity of the A2-X? Transition of the OH Radical in Flames,” Chemi-
cal Physical Letters, Vol. 87, No. 2, 1982, pp. 113-116.

7Ueno, S., and Harada, K., “Experimental Difficulties in Observing the
Effects of Magnetic Fields on Biological and Chemical Processes,” IEEE
Transactions on Magnetics, MAG-22, No. 5, 1986, pp. 868-873.

8 Aoki, T., “Radicals Emissions and Butane Diffusion flames Exposed to
Upward Decreasing Magnetic Fields,” Japanese Journal of Applied Physics,
Vol. 28, No. 5, 1989, pp. 776-785.

9 Aoki, T., “Radicals Emissions and Butane Diffusion Flames Exposed to

Uniform Magnetic Fields Encircled by Magnetic Gradient Fields,” Japanese
Journal of Applied Physics, Vol. 29, No. 5, 1990, pp. 952-957.

IUWakayama, N. L, “Magnetic Promotion of Combustion in Diffusion
Flames,” Combustion and Flame, Vol. 93, 1993, pp. 207-214.

1 IWakayama, N. I, Ito, H., Kurida, Y., Fujita, O., and Ito., K., “Magnetic
Support of Combustion in Diffusion Flames Under Microgravity,” Combus-
tion and Flame, Vol. 107, 1996, pp. 187-192.

12Rosenweig, R. E., Ferrohydrodynamics, Cambridge Univ. Press, New
York, 1985, pp. 101-103.

3Kee, R. I, Rupley, E. M., and Miller, J. A., “The Chemkin Thermody-
namic Data Base,” Sandia Rept. SAND87-8215B, Sandia National Labora-
tories, Livermore, CA, reprinted March 1991.

Y4 Turns, S. R., An Introduction to Combustion, McGraw-Hill, New York,
1996, pp. 36-51.

15Gordon, S., and McBride, B. J., “Computer Program for Calculation
of Complex Chemical Equilibrium Compositions, Rocket Performance, In-
cident and Reflected Shocks, and Chapman-Jouguet Detonations,” NASA
SP-273, Interim Rev., March 1976.

1(’Morley, C., GASEQ: Windows-Based Chemical Equilibrium Program,
URL: http://dspace.dial.pipex.com/c.morley [cited April 1999].

17Reynolds, W. C., “The Element Potential Method for Chemical Equi-
librium Analysis: Implementation of the Interactive Program STANJAN,”
Dept. of Mechanical Engineering Rept., Stanford Univ., Stanford, CA, Jan.
1986.

8Smith, W. R., and Missen, R. W., Chemical Reaction Equilibrium Anal-
ysis: Theory and Algorithms, Wiley, New York, 1982.

19Chapra, S. C., and Canale, R. P., Numerical Methods for Engineers, 2nd
ed., McGraw-Hill, New York, 1988, pp. 232-240.

20CRC Handbook of Chemistry and Physics, 67th ed., edited by R. C.
‘Weast, CRC Press, Boca Raton, FL, 1986, pp. E119-E132.

2Mulay, L. N., Magnetic Susceptibility, Wiley, 1963, p. 1782.



