AIAA JOURNAL

Vol. 43, No. 11, November 2005

Effect of Uniform Magnetic Field on Equilibrium
Combustion Composition: Constant Volume

A. Gupta* and J. Baker'
University of Alabama, Tuscaloosa, Alabama 35401-2079

The impact of a uniform magnetic field on equilibrium combustion characteristics under constant volume
conditions has been explored. An expression for Helmholtz free energy in terms of Gibbs free energy, which includes
a magnetic field contribution, has been developed. With use of the method of Lagrange multipliers, changes in the
Helmholtz free energy for a mixture of paramagnetic and diamagnetic ideal gases are minimized. The magnetic
susceptibility of paramagnetic ideal gases has been calculated using the Curie-Weiss law. A model reaction of
methane in air is used to examine quantitatively the changes in mole fractions as a function of temperature
and magnetic induction for all product species. Equilibrium mole fractions have been plotted as a function of
temperature and magnetic field strength for all product species. The variation of equilibrium pressure as a function
of temperature and magnetic field strength has also been examined. As expected, the results indicate that the
equilibrium pressure increases with increasing temperature. At a specified temperature, the equilibrium pressure
decreases with increasing magnetic field strength. The results indicate that within the temperature range considered,
the magnetic field decreases the mole fraction of most of the product species except for CO;, N», H,O, and CHy.
For an increase in magnetic induction of 0.00-0.04 T, the maximum equilibrium mole fraction of NO was observed

to decrease considerably.

Nomenclature
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Helmholtz free energy

atoms of element j in product i
magnetic induction

atoms of element j in reaction
damping constant

iteration error

Gibbs free energy

Lande’s g factor

molar specific reference Gibbs free energy
magnetic field strength
Boltzmann constant

intensity of magnetization
molecular weight of species i
number of moles

Avogadro’s number

pressure

partial pressure of species i
universal gas constant

entropy

total electron spin of species i
absolute temperature

internal energy

volume

work

mole fraction of species i
Lagrange multiplier of species i
Bohr magneton

magnetic permeability of vacuum
magnetic susceptibility per unit mass of species i

2
<
o mnn

TEDRE QmAS®
Il

ST I
| L | T | A TR 1

XEErTS<QNnax
L 1 {1 | e 1

Received 15 June 2004; revision received 19 May 2005; accepted for
publication 6 July 2005. Copyright © 2005 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved. Copies of this paper
may be made for personal or internal use, on condition that the copier pay
the $10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rose-
wood Drive, Danvers, MA 01923; include the code 0001-1452/05 $10.00 in
correspondence with the CCC.

*Associate Professor, Department of Mechanical Engineering. Senior
Member AIAA.

Graduate Student, Department of Mechanical Engineering.

2438

Subscripts

i = species i

T = total; also isothermal conditions

v = isometric conditions

Superscripts

m = step number

0 = reference conditions; also no applied magnetic field

Introduction

HE impact of magnetic fields on combustion processes is a

well-known fact. The application of a magnetic field is known
to change diffusion flame shape, emission intensities, and tempera-
ture profiles.'~> Because of the paramagnetic and diamagnetic be-
havior of gases involved in the combustion process, the application
of magnetic fields also affects equilibrium combustion characteris-
tics. The magnetic susceptibility is defined as the degree to which
a substance will be magnetized when placed in a given magnetic
field. The magnetic susceptibility of paramagnetic species can be
specified by the Curie—Weiss law given as

o Nagiu3Si(S;i + Do
! 3kTm,

(¢

As can be deduced from Eq. (1), the magnetic susceptibility de-
creases with increasing temperature. It was observed that the mag-
netic susceptibility for paramagnetic species decreases rapidly for
temperatures less than 1500 K and then slowly reaches an asymptotic
value as the temperature increases. On the other hand, diamagnetic
susceptibility is independent of the temperature. The magnitude of
the magnetic susceptibility of paramagnetic substances varies in the
range of 1073107 cgs units and is positive. Among the product
species considered for a model reaction of methane in air, NO (nitric
oxide), O, (oxygen), and OH (hydroxyl) are paramagnetic gases.
Previous research has examined the effect of gradient mag-
netic fields on gas flows.*> and the effect of magnetic field on
flames.!~26-19 Akoi! investigated the quenching characteristics of
butane flames under the influence of magnetic gradient fields.
Quenching of flames was also studied by Ueno.? Ueno? intro-
duced the theory of “magnetic curtain” to explain the phenomena of
flame quenching. Wakayama® experimentally studied the effect of
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gradient magnetic fields on the combustion reaction of methane in
air. Akoi® examined the effect of a uniform magnetic field on emis-
sion intensities arising from particle cloud radiation. Wakayama
et al.® experimentally investigated the generation of convective air-
flows with the application of magnetic fields and showed that an
applied magnetic field can be used to support combustion under mi-
crogravity conditions. It was found that a diffusion flame became
more brilliant and shorter when a nonuniform magnetic field was
applied.® Yamada et al.'! numerically studied the effect of an applied
magnetic field on OH radical distribution in a hydrogen—oxygen dif-
fusion flame. Kajimoto et al.'? explored possibility of controlling
combustion using magnetic field. It was found that the equivalence
ratio greatly affects the OH fluorescence intensity distribution.!?
Ueno et al.'? studied the effects of magnetic fields on the combus-
tion velocities of gasoline and alcohol with platinum catalysis. The
variation of combustion velocities as function of homogeneous mag-
netic field was found to be undulant.!® Braithwaite et al.'* showed
that strong magnetic fields available from superconducting magnets
can be used to induce magnetic convection in normal paramagnetic
fluids.

The present study is a continuation of the work done by Baker and
Saito.' In that study, the impact that an applied uniform magnetic
field has on constant pressure equilibrium combustion composition
was examined. It was shown that significant changes in equilibrium
combustion characteristics could be achieved with an applied mag-
netic field. Constant volume equilibrium combustion characteristics
were not examined. Such characteristics are of interest given the
importance of constant volume combustion in applications such as
diesel engines. The specific objectives of this study can be outlined
as follows: 1) to model a reaction of methane in air and quantitatively
study the effect of a uniform magnetic field on equilibrium combus-
tion compositions under constant volume condition and 2) to study
the impact of a uniform magnetic field on equilibrium pressure.

Mathematical Formulation

Consider a closed, constant volume, homogeneous, isotropic, sta-
tionary system subjected to constant uniform magnetic field. For a
reversible process, the first law of thermodynamics states that

TdS+56W =dU @

Because there is no boundary work, the work contribution due to
magnetic field, may be written as'®

oW =—-HdB (3)

Note that Eq. (3) is referred from Rosenweig!® by taking into account
the sign convention. The change in Helmholtz free energy per unit
volume is given by

—dA=8W =—HdB @)

Integrating Eq. (4) at constant temperature gives
BNET
A(w,T,B) = v(/ HdB) + Ao(v, T) (5)
0 v, T
Equation (5) can be equivalently written as
A(v,T,H):A(v,T)—i—vHB—(/BdH) (6)
v, T

Equation (6) can be simplified by noting that the magnitude of
magnetic field is constant, that is, dH =0. It has been assumed
that the system consists of paramagnetic and diamagnetic ideal
gases, and thus, the relation B = uo(H + M) is used to further
simplify Eq. (6). The magnetization is related through magnetic
intensity and magnetic susceptibility as M = y H. Hence, the rela-
tion B = po(H + M) changes to B = 1o H (1 + x). Under constant
volume conditions, thermodynamic equilibrium is achieved by min-
imizing the Helmholtz free energy, given by the expression

AW, T)=G — pV )

When Eq. (7) is divided by R, T and substituted in Eq. (6), Eq. (6)
for any species i can be written as

A/R,T = G/R,T — p;V/R,T +v;HB/R,T ®)

When G/R,T is substituted as (g°/R, T + (wy; + lnp) in Eq. (8),
the pressure term is replaced by ny RT / V, Eq. (8) is incorporated in
equation (6), and Eq. (6) is simplified as per the preceding discussion
and summing over all species, Eq. (6) can be written as

3 Z ~ Hpo(1+ x)yiV ©
£~ R, T R,T
Equation (9) is an expression for Helmholtz free energy of a mixture
of ideal paramagnetic and diamagnetic gases. Note that, because
magnetic susceptibility of any species can be positive or negative
depending on whether the respective species is paramagnetic or
diamagnetic, the sign of the last term will vary accordingly. The
effect of magnetic field is inversely proportional to temperature.
Equilibrium combustion composition characteristics under con-
stant volume conditions have been computed using equilibrium con-
stant method!” or by minimizing the changes in Helmholtz free en-
ergy (see Ref. 17). This paper deals with computing of equilibrium
combustion compositions by minimizing Helmholtz free energy and
using Lagrange multiplier method. Recall that, at a specified temper-
ature and volume, equilibrium will be achieved by (dA)r v = 0. The
conservation of mass for each of the constituent elements involved
in the chemical reaction is given as

ns

> ayni —b; =0 (10)

i=1

Equation (10) is system of n, equations. To compute equilibrium
combustion composition for a given reaction at a specified temper-
ature and pressure, minimization of Helmholtz free energy should
be done in addition to mass conservation as specified by Eq. (10).

Note that the method of Lagrange multiplier was used to obtain
the solution of the preceding system of equations. Following the
algorithm outlined by Baker and Saito,"” the following pseudoalgo-
rithm was used to determine equilibrium compositions:

1) Initialize the number of moles for each of the product species
to 0.1, calculate various constants, populate the mass conservation
matrix, read in the thermochemical data, and evaluate the normalized
reference Helmholtz free energy for each of the product species.

2) Calculate magnetic susceptibility for paramagnetic species and
populate magnetic susceptibility for diamagnetic species.

3) Calculate the magnetic field contribution for all of the species
using the earlier described calculated magnetic susceptibilities.

4) Solve the following system of equations:

iM,- :ixjiﬁia,, (11

i=1 j=1 =1

ixkiau ant; + Za,,n +Z( ai;M;) —b;=0 (12)

k=1 i=1 i=1 i=1

ir R T
(n

HuoxiV _ nz H? o xmV
iR, T 2R, T

where

13)

=1

Note that Eq. (12) provides n, equations and Eq. (11) provides
a single equation. The unknowns for the system are ny /ity and n,
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values of A;. This system of equations is solved by using standard
Gaussian elimination with pivoting.

5) Calculate a new temporary estimate of the number of moles of
each component by using

~ ~ nr -
antl = qam ——E rai; | — M, 14
i i ﬁT - Jg ( )

The new estimate of the equilibrium number of moles is calculated
by using

ﬁ;71+1 zﬁ;n+1+c(;llr_n+l_;l:n) (15)

where C is adjusted to ensure convergence.
6) Calculate the normalized maximum norm of the solution

/n;nJrl) (16)

If E<107'5, the solution is taken to be converged, the results
are written to a file, and the program stops. If E > 10715, then

n" =n"*! and the program proceeds to step 3.

E = max,-( n;.”“ —ny

Results and Discussion

Model Chemical Reaction and Validation

The equilibrium composition of a model reaction of methane in
air was used to investigate the impact of a uniform magnetic field
on combustion compositions under constant volume conditions. The
model reaction of combustion of methane in air is represented as

CH4 + nair(Oz + 376N2) d I’lc02C02 + i’lcoCO
+nH20H20 + I’lHH + nHsz + i’l0202 + nOHOH

+I’loo + nNzNz + }’lNoNO + nCHACH4 (17)

The validation of the equilibrium composition model developed was
done by comparing the results with GASEQ. GASEQ uses the same
technique for calculating equilibrium composition as used in this
study to generate results. Comparison between the results generated
from the code and GASEQ was made for temperature ranging from
1000 to 5000 K. Setting the magnetic induction to zero produced
results that exactly (a maximum of 0.1% at a temperature of 2500 K)
match to the results from GASEQ for the same conditions.

Effect of Magnetic Field on Equilibrium Pressure
as Function of Temperature

The magnetic susceptibility values'” for diamagnetic species are
listed in Table 1. As discussed earlier, the magnetic susceptibilities
for paramagnetic elements have been calculated using the Curie—
Weiss law. To calculate magnetic susceptibility, the value of Lande’s
g factor is taken as constant 2.0 for all paramagnetic species con-
sidered, that is, O,, NO, and OH. The value of total electron spin
is taken as 1.0, 0.5, and 0.5 for O,, NO, and OH, respectively. An
equivalence ratio of unity was used for all of the test cases consid-
ered. The range of the magnetic induction considered in this paper
is 0.00-0.04 T. The decision to examine this range was an ad hoc de-
cision based solely on the fact that the impact of a magnetic field on
equilibrium characteristics was easily observable in this range. Also
note that the results presented are only of qualitative value above

Table 1 Magnetic susceptibility of diamagnetic species

Species Magnetic susceptibility, cgs units
Ny —12.00 x 10~°
H,0 —12.63x107°
Cco —9.80x 1076
CO, —21.00 x 1076
H —2.93x 1076
0 —4.61 x 107
H, —3.99 x 10~¢
CHy —17.4x 1076

25

20 4

P (atm)

0 T T T
1000 2000 3000 4000 5000

T{K)

Fig. 1 Equilibrium pressure.

temperatures on the order of 4000 K. The reason for this is that the
dissociation of nitrogen becomes significant above this value and
such a reaction is not included in the model problem.

Figure 1 shows equilibrium pressure as a function of tempera-
ture with varying magnetic field strengths. From Fig. 1, one can see
that as the temperature increases, the equilibrium pressure increases
for all values of magnetic field strengths. At constant volume, the
increase in pressure with increase in temperature is due to the com-
bined effect of increase in temperature, as well as due to increase
in total number of moles of products. At low temperatures below
2000 K, there was no significant effect of increasing magnetic field
strength on equilibrium pressure. As the temperature increases, the
equilibrium pressure drop becomes more evident with increase in
magnetic induction. Because of the paramagnetic and diamagnetic
nature of the gases involved in the chemical reaction, application of
magnetic field exerts selective pressure on different species, which
tends to change the composition of each of the product species.
According to Le Chatelier’s principle, if the conditions of a chem-
ical reaction at equilibrium are changed, then the composition of
the system will tend to change until the new equilibrium state is
attained. The change in condition can be either through change in
pressure or temperature, or change in the composition of the com-
ponents. In present study, when magnetic field is applied, the selec-
tive pressures due to magnetic field on different species increases.
As the pressure on the product species increases, according to Le
Chatelier’s principle, increase in pressure will cause the reaction to
shift in the direction that reduces the pressure. In other words, the
equilibrium shifts to the side with fewer total numbers of moles.
Hence, at a constant temperature with the application of magnetic
field, the equilibrium reaction shifts to the left, thereby reducing
total number of moles of product species. As the temperature and
volume are kept constant, the effect of change of composition will
tend to decrease the equilibrium pressure with increase in magnetic
induction. The degree of change of pressure depends on the dif-
ference in the total number of moles of products and total number
of moles of reactants. As the temperature increases, the difference
between the total number of moles of products and total number of
moles of reactants increases. Hence, the effect of pressure drop is
more evident at higher temperatures.

Effect of Magnetic Field on Mole Fractions
as Function of Temperature

Figure 2 shows the equilibrium mole fraction for carbon diox-
ide as a function of temperature and magnetic field strength. From
Fig. 2, one can see that the mole fraction of CO, decreases nonlin-
early in a temperature range of approximately 2500—4500 K for all
values of magnetic induction. At temperatures below 1500 K, no
effect of magnetic field strength was observed on the equilibrium
mole fraction of CO,. As the temperature increases, the effect of
magnetic field becomes evident. As explained earlier, according to
Le Chatelier’s principle the effect of magnetic field increases with
increase in temperature. At a fixed temperature, the mole fraction
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Fig. 2 Equilibrium mole fraction of CO,.
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Fig. 3 Equilibrium mole fraction of N,.

of CO, increases with increase in magnetic field strength. As the
magnetic field strength increases, the initial period of constant mole
fraction of CO; increases. In the case of no magnetic induction, the
equilibrium mole fraction of CO, goes below 0.001 at a tempera-
ture close to 4000 K, whereas with increase in magnetic induction
the same value of mole fraction is attained at higher temperature
value. Under constant volume conditions and zero magnetic field
strength, the adiabatic flame temperature of the stoichiometric mix-
ture of methane—air combustion is 2587.50 K. A vertical dashed
line is used in all mole fractions vs temperature plots to represent
adiabatic flame temperature for stoichiometric mixture of methane—
air combustion under constant volume condition and zero magnetic
field strength. It is obvious that there will be a shift in equilibrium
flame temperature due to the application of magnetic field. The ef-
fect of magnetic field on adiabatic flame temperature is beyond the
scope of this paper. Based on this fundamental study on equilib-
rium combustion compositions under constant volume conditions
and within the temperature range considered, one can see that the
equilibrium mole fraction of CO; increases significantly because of
the application of magnetic field.

Figure 3 shows the equilibrium mole fraction for nitrogen as a
function of temperature and magnetic field strengths. As with CO,,
the mole fraction of N, also increases with increase in magnetic
field within certain temperature range. The change in the mole frac-
tion of N, with the magnetic field starts at a temperature close to
1800 K. As the temperature increases, the effect of the magnetic
field starts becoming more evident. Within the temperature range
considered, no asymptotic value of N, mole fraction of observed.
At higher values of magnetic field, the minimum value of N, mole
fraction shifts to a higher temperature. For a case of zero magnetic
induction, the equilibrium mole fraction of N, goes below 0.60 at
a temperature of approximately 4000 K, whereas for a magnetic
induction of 0.02 T the same value is attained at 5000 K, and for
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Fig. 4 Equilibrium mole fraction of H,O.

0.030

0.025

0.020

=" 0015

0.010

1

0.005

0.000

1000 2000 3000 4000 5000
(K

Fig. 5 Equilibrium mole fraction of O,.

0.04 T the mole fraction of N, remains well below 0.60 within the
temperature range considered.

Figure 4 shows the equilibrium mole fraction for water as a func-
tion of temperature and magnetic field strengths. Similar to Figs. 2
and 3, the trend of increasing mole fraction of water with increases
in magnetic field strength was observed. The change in mole fraction
of H,O with magnetic field starts at a temperature close to 1900 K.
As the temperature increases, the effect of magnetic field becomes
more evident. For a case of zero magnetic induction, the equilibrium
mole fraction of H,O goes below 0.001 close to 4700 K, whereas for
higher values of magnetic induction the equilibrium mole fraction
of H,O does not go below 0.001 within the temperature range con-
sidered. No asymptotic behavior of H,O mole fraction as a function
of temperature was observed, even for zero magnetic induction and
in the temperature range considered. At higher values of magnetic
field, the minimum value of H,O equilibrium mole fraction shifts
to a higher temperature.

Figure 5 shows the equilibrium mole fraction for oxygen as a
function of temperature and magnetic field strengths. It is evident
from Fig. 5 that as the temperature increases the mole fraction of
O, increases to a maximum and then steadily decreases. At temper-
atures below 1700 K, the mole fraction of O, is less than 1.0 x 10~°
for all magnetic field strengths. The mole fraction of O, reaches
maximum close to 3600 K and then again decreases steadily for
zero magnetic field strength. As magnetic field strength increases,
the maximum value of equilibrium mole fraction of O, decreases
and shifts at a higher temperature. For magnetic field strength of
0.01 T, the maximum was observed close to 3900 K; for 0.02 T, the
maximum was observed close to 4500 K; and for 0.04 T, the max-
imum was not observed within the temperature range considered.
At temperatures below 4000 K, the mole fraction of O, decreases
with increases in magnetic field, but as the temperature increases,
the equilibrium mole fraction of O, for increasing magnetic field
crosses the zero magnetic field values.
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Fig. 6 Equilibrium mole fraction of H;.
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Fig. 7 Equilibrium mole fraction of O.

Figure 6 shows the equilibrium mole fraction for diatomic hy-
drogen as a function of temperature and magnetic field strengths.
Diatomic hydrogen exhibited similar behavior as diatomic oxygen.
Atlow temperatures below 1700 K, the equilibrium mole fraction of
H, is less than 1.0 x 10~° for all magnetic field strengths. The equi-
librium mole fraction of H, increases with increase in temperature
and then steadily decreases. Within the temperature range consid-
ered, the maximum has not been observed for magnetic induction of
0.02 and 0.04 T. The maximum equilibrium mole fraction of H, for
magnetic field strengths of 0.00 and 0.01 T was observed close to
4000 and 4400 K, respectively. The distinction between the behav-
ior of mole fraction variation of O, and H, is that in case of O, the
magnitude of maximum value of mole fraction of O, decreases with
increase in magnetic field strength, whereas the maximum value of
equilibrium mole fraction of H, increases with increase in magnetic
field strength.

Figure 7 shows the equilibrium mole fraction for monatomic oxy-
gen as a function of temperature and magnetic field strengths. From
Fig. 7, one can see that the equilibrium mole fraction of monatomic
oxygen increases with increase in temperature for all values of mag-
netic field. For temperatures below 2100 K, the equilibrium mole
fraction of O was less than 1.0 x 10~ for all magnetic inductions. At
higher temperatures, the effect of an applied magnetic field becomes
more evident. As explained earlier, according to Le Chételier’s prin-
ciple the effect of magnetic field increases with increase in the dif-
ference of total number of moles of products and reactants, which
in present study increases with increase in temperature. Within the
temperature range considered, the mole fraction of O never reached
an asymptotic value or a maximum value for all magnetic induc-
tions. At a temperature of 2587.5 K (adiabatic flame temperature
under constant volume), Fig. 7 shows that an increase in magnetic
induction decreases the equilibrium mole fraction of monatomic
oxygen.

0.25
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0.00T
———— 0017
0154 ———- 0.02T
o ] - 0.04T
0.10 H
0.08
0.00 .
1000 2000 3000 4000 5000
T (K
Fig. 8 Equilibrium mole fraction of H.
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0.02
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Fig. 9 Equilibrium mole fraction of NO.

Figure 8 shows the equilibrium mole fraction for monatomic hy-
drogen as a function of temperature and magnetic field strengths.
As for monatomic oxygen, the equilibrium mole fraction of H in-
creases with increase in temperature for all values of magnetic field
strengths. At a specified temperature, the effect of increases in the
magnetic field strength decreases the equilibrium mole fraction of
monatomic hydrogen. The temperature at which the effect of an ap-
plied magnetic field on equilibrium mole fraction of H was found
to be significant was approximately 2250 K. At a temperature of
2587.5 K, the effect of magnetic field was to decrease the equilibrium
mole fraction of H with increasing magnetic induction. With the in-
crease in temperature, the equilibrium mole fraction of H keeps on
increasing, that is, no asymptotic value was observed for all values
of magnetic field strengths within the temperature range considered.

Figure 9 shows the equilibrium mole fraction for nitric oxide as
a function of temperature and magnetic field strengths. As can be
seen from Fig. 9, above a temperature of 1600 K the equilibrium
mole fraction of NO was observed to increase to a maximum and
then steadily decreases. At a temperature of 2587.5 K (the adiabatic
temperature with no applied magnetic field), the NO mole fraction
was found to decrease by approximately 20% for 0.01-T magnetic
induction and approximately 90% for 0.04-T magnetic induction.
Because the analysis is a thermodynamic analysis, the equilibrium
compositions shown here do not take into account the time du-
ration to achieve those mole fractions. With the present study, a
fundamental understanding of the trends of equilibrium combus-
tion compositions under the influence of uniform magnetic field
can be achieved. The maximum value of NO mole fraction contin-
ues increasing with increasing magnetic induction and also shifts
at a higher temperature. Within the temperature range considered,
the maximum value of the NO mole fraction was not observed for
magnetic field strengths of 0.02 and 0.04 T. Because the maximum
NO mole fractions shift to a higher temperature with increasing
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magnetic field strength, the NO mole fraction for 0.01 T crosses the
zero magnetic field mole fraction at about 3900 K, and for 0.02 T it
crosses at approximately 4200 K.

Figure 10 shows the equilibrium mole fraction for carbon monox-
ide as a function of temperature and magnetic field strengths. As can
be seen from Fig. 10, at a temperature above 1500 K the equilibrium
mole fraction of CO was observed to increase to a maximum and
then decrease slightly for no magnetic field within the temperature
range considered. As observed for the NO mole fraction, an increase
in the magnetic field strength increased the temperature at which
the maximum equilibrium mole fraction occurred. The maximum
mole fraction of CO was observed at 4200 K for 0.00-T magnetic
induction and 4500 K for 0.01-T magnetic induction. The maximum
for 0.02- and 0.04-T magnetic induction was not observed within
the temperature range considered. The magnitude of the maximum
value of CO mole fraction was observed to increase with increasing
magnetic induction. Again, Fig. 10 shows that, at 2587.5 K, an in-
creasing magnetic induction increases the predicted mole fraction
of CO.

Figure 11 shows the equilibrium mole fraction for hydroxyl radi-
cal as a function of temperature and magnetic field strengths. Above
a temperature of 1650 K, OH was observed to increase to a maxi-
mum and then steadily decrease. As with NO and CO, the magni-
tude of the maximum value of the OH mole fraction was observed to
increase with increasing magnetic induction. The maximum value
of OH mole fraction was observed at approximately 4000 K for
0.00-T magnetic induction and 4300 K for 0.01-T magnetic induc-
tion. Again, the maximum for 0.02- and 0.04-T magnetic induction
was not observed within the temperature range considered. Note that
the decrease in values of mole fractions may not be same as those in
practical engineering applications because the time duration of the
reaction is not considered. However, a fundamental understanding of
the trends of the mole fractions can be achieved under the impact of
uniform magnetic field using an equilibrium composition analysis.

35.0x10°
300x10% 4
250x10€ 4 .
———- oo
-6 4 . - oo
- 200x10 ko
150x10-6
100x10°% 4
50x10% 3
1000 2000 3000 4000 oo
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Fig. 12 Equilibrium mole fraction of CHy.

Figure 12 shows the equilibrium mole fraction of methane as
a function of temperature and magnetic field strengths. As can be
seen from Fig. 12, as the temperature increases the mole fraction of
CHy, increases for all magnetic inductions. At a temperature close to
2600 K, the equilibrium mole fraction of CH, increases sharply for
magnetic induction of 0.04 T. The nonlinear increase in equilibrium
mole fraction of CH,4 for magnetic induction of 0.04 T above 2600 K
is much significant as compared to other magnetic inductions. At a
temperature of 2587.5 K, Fig. 12 indicates that there no significant
effect of magnetic field strength on equilibrium mole fraction of
CH,.

Conclusions

Results are presented for the effect of uniform magnetic field
on equilibrium combustion compositions under constant volume
conditions. A model reaction of combustion of methane in air is
considered that include 11 product species including methane. An
expression for Helmholtz free energy as a function of Gibbs free
energy was developed. The change in Helmholtz free energy was
minimized using the method of Lagrange multiplier. The effect of
uniform magnetic field on equilibrium pressure was also investi-
gated. Results are presented in the form of plots of equilibrium
pressure and equilibrium mole fractions of different species as a
function of temperature and magnetic induction. Based on the anal-
ysis done from these plots, the following qualitative conclusions
may be drawn:

1) The effect of magnetic field on equilibrium pressure and
equilibrium mole fraction of species increases with increases in
temperature.

2) The equilibrium pressure decreases with increase in magnetic
induction at a particular temperature. The effect is more evident at
higher temperatures.

3) At the stoichiometric equilibrium flame temperature for zero
applied magnetic field strength, the application of magnetic field
decreases equilibrium mole fraction of CO, H, O, H,, O,, OH, and
NO product species and increases for CO,, N,, H,O, and CHy.

4) The equilibrium combustion composition of NO was greatly
reduced with the application of magnetic field. When NO mole
fraction at stoichiometric equilibrium flame temperature was com-
pared for methane—air combustion under zero magnetic induction,
the NO mole fraction reduced considerably when largest magnetic
field that is, 0.04 T, was applied. It was observed that NO equi-
librium combustion composition was reduced by the impact of a
uniform magnetic field at temperatures close to those occurring in
practical engineering applications. Additional research is needed to
predict the exact impact of magnetic fields on NO production for
different engineering applications.
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