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Magnetocombustion: A Thermodynamic Analysis
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The impact of a uniform magnetic � eld on equilibrium combustion characteristics has been explored. An ex-
pression for the Gibbs free energy, which includes a magnetic � eld 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 � eld. 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 � eld 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 � eld was seen to affect equilibrium combustion characteristics of NO at temperatures well above
those existing in practical combustion applications.

Nomenclature
ai j = atoms of element j in product i
B = magnetic induction
b j = atoms of element j in reactants
C = damping constant
CW = Curie–Weiss constant
E = iteration error
G = Gibbs free energy
ḡ0 = molar speci� c reference Gibbs free energy
H = magnetic � eld strength
I = enthalpy
M = intensity of magnetization
n = number of moles
ne = number of constituent elements
ns = number of product species
nT = total number of moles
p = pressure
pi = partial pressure of species i
Ru = universal gas constant
S = entropy
T = temperature
U = internal energy
V = volume
W = work
yi = mole fraction of species i
h = Curie–Weiss constant
k i = Lagrange multiplier of species i
l 0 = permeability of free space
v = magnetic susceptibility

Subscript

i = species i

Superscript

0 = reference conditions
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I. Introduction

S INCE the time of Faraday,1 the impact of magnetic � elds 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 observed in gases consistingof atoms with no permanent
magnetic dipole moments. In the presence of an external magnetic
� eld, the atoms of a diamagnetic substance develop a net dipole
moment. This induced moment opposes the applied � eld, and thus
a diamagnetic gas exhibits a weak repulsion to an applied magnetic
� eld. The stronger the externalmagnetic � eld is, the stronger the re-
pulsion.On the other hand, a paramagneticgas is a gas consistingof
atoms with at least one unpairedelectron,and thus the atoms exhibit
permanent dipole moments. In the absence of a magnetic � eld, the
magneticdipolemoments of a paramagneticsubstanceare randomly
orientedand exhibit only a weak interaction.When a magnetic � eld
is applied, the dipole moments of the individual atoms align with
the magnetic � eld producinga mild attraction to the magnetic � eld.
The strength of this attraction is proportional to the strength of the
externally imposed magnetic � eld. In a paramagnetic gas the mag-
netic behavior associated with the dipole moments must compete
with the randomizingeffect of temperature.The experimentallyde-
veloped Curie–Weiss law describes this behavior. Noting that the
magnetic susceptibility is de� ned as the ratio of the magnetization
vector to the magnetic � eld strength, the Curie–Weiss law is given
as

v = CW / (T ¡ h ) (1)

On the other hand, diamagnetic susceptibility is independent of
temperature.2 Note that for a paramagnetic substance v > 0, and
for a diamagnetic substance v < 0.

Early work involvingchemical reactionsand magnetic � elds pre-
dicted that prohibitively large magnetic � eld strengths would be
required to product a signi� cant interaction between the two.3 ¡ 5

These conclusions were based upon order-of-magnitudeestimates
and did not account for the highly nonlinear nature of chemical
reactions. Recent work, involving both permanent and electromag-
nets, has shown that magnetic � elds can signi� cantly affect com-
bustion characteristics.Hayashi found that in oxygen-propaneand
oxygen-hydrogencombustion the presence of a nonuniform mag-
netic � eld increased the emission intensityof the OH radical.6 Ueno
and Harada7 found that the application of a magnetic � eld with a
magnetic induction of 0.5–1.4 T, with magnetic � eld 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 presenceof a nonuniformmagnetic � eld pro-
duced an increase in emission intensity for OH, CH, and C2 as well
as a decrease in soot production for diffusion � ames.8 Later, Aoki
reporteda decreasein the emission intensityofOH, CH, andC2 for a
con� gurationthatpossessedbothuniformand nonuniformmagnetic
� eld regions.9 This decrease was attributed to the arrangementused
to produce the uniform � eld. Wakayama found that while magnetic
� eld gradients had little effect on premixed � ames an increasing
� eld gradient decreased the combustion rate in diffusion � ames.10

A later investigation by Wakayama and coworkers found that the
application of a magnetic � eld decreased the formation of soot in
diffusion � ames.11 Additionally, the interaction of the nonuniform
magnetic � eld 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
ef� ciency signi� cantly through the use of magnetic � elds. Given
that one of the primary sourcesof atmospheric pollution is the com-
bustion of fossil fuels, such devices hold great promise from both a
� nancial and environmental perspective. In this paper a thermody-
namic analysis has been used to examine the impact of a uniform
magnetic � eld 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
composition is outlined in Sec. III. In Sec. IV, results are presented,
and the signi� cance 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 � eld. For a reversible
process the � rst law of thermodynamics states that

T dS + d W = dU (2)

The work contribution,includingboth boundary and magnetic � eld
work, may be written as12

d W = ¡ p dV + d

³
V

Z
H dB

´
(3)

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

d W = ¡ p dV + H 2 l 0 v dV + V H l 0 v dH + V H 2 l 0 d v (4)

where it hasbeen assumed that the systemconsistsof eithera param-
agnetic or diamagnetic substance, i.e., M = v H . Also note that the
relation B = l 0(H + M) was used in the development of Eq. (4).
Substituting Eq. (4) into the � rst law of thermodynamics, Eq. (2),
and using the de� nition of enthalpy I ´ U + pV and Gibbs free
energy G ´ I ¡ T S, the change in Gibbs free energy for the system
just described may be written as

dG = V dp + H 2 l 0 v dV + V H 2 l 0 d v (5)

The preceding equation has been simpli� ed by noting that the mag-
nitude of magnetic � eld 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 functionof temperature,d v =0 from
the assumption of isothermal conditions. Given this, the change in
the Gibbs free energy is described as

dG = V dp + H 2 l 0 v dV (6)

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

d

³
G

Ru T

´
= n

³
dp

p
¡ H 2 l 0 v

dp

p2

´
(7)

where theGibbs freeenergywas normalizedto be consistentwith the
Chemkin thermodynamicdatabase.13 IntegratingEq. (7) from a ref-
erence state to a speci� ed state yields (assuming that p0 = 1 atm as)

G / Ru T = n
£
ḡ0

¯
RuT + p + H 2 l 0 v (1/ p ¡ 1)

¤
(8)

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

G

Ru T
=

nsX

i = 1

ni

³
ḡ0

i

RuT
+ pi + H 2 l 0 v i

³
1
pi

¡ 1

´´
(9)

For a mixture of ideal gases, pi = yi p, where the mole fraction is
de� ned as yi =n i / nT and the total number of moles is simply

nT =
nsX

i = 1

ni

Substituting these de� nitions into Eq. (9) gives

G

Ru T
=

nsX

i = 1

n i

³
ḡ0

i

Ru T
+ yi + p +

H 2 l 0 v i

yi P
¡ H 2 l 0 v i

´
(10)

Equation (10) is an expressionfor the Gibbs free energyof a mixture
of ideal paramagnetic and diamagnetic gases. Including the contri-
bution of a uniform magnetic � eld 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 dependon whether
the respective component is diamagnetic or paramagnetic.

III. Determination of Equilibrium Composition
Equilibriumcombustioncharacteristicshaveprimarilybeen com-

puted using the equilibrium constant method14 or by minimizing
the changes in the Gibbs free energy.15 ¡ 18 In this paper equilibrium
combustioncharacteristicshavebeendeterminedby minimizing the
Gibbs free energy. Recall that at a speci� ed temperature and pres-
sure equilibrium will be achieved for (dG)T , P =0. In addition to
the requirement that the change in the Gibbs free energy be equal to
zero, the conservation of mass must also be satis� ed. The conser-
vation of mass for each of the constituent elements involved in the
chemical reaction is given as

nsX

i = 1

ai j ni ¡ b j = 0 (11)

Note that Eq. (11) is a system of ne equations.To establish the equi-
librium composition for a given reaction at a speci� ed temperature
and pressure,one must minimize changes in Gibbs function subject
to mass conservationas speci� ed 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,16 the following pseudoalgorithmwas used
to determine equilibrium compositions:

1) Initializethe numberof moles for each of the productspeciesto
0.1, calculatevariousconstants,populatethe mass conservationma-
trix and the magnetic susceptibilityarray, read in the thermochemi-
cal data, calculatemagnetic � eld contribution,and evaluate the nor-
malized referenceGibbs free energy for each of the productspecies.

2) Solve the following system of equations:
nsX

i = 1

Mi =
neX

j = 1

k j

nsX

i = 1

ñi ai j (12)

neX

k = 1

k k

nsX

i = 1

ai j aik ñi +
nT

ñT

nsX

i = 1

ai j ñi +
nsX

i = 1

( ¡ ai j Mi ) ¡ b j = 0

(13)
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where

Mi ´ ni
g0

i

RuT
+

ñi

ñT

+ p ¡ H 2 l 0 v i +
ns

m = 1

H 2 l 0 v m

p

(14)

Note that Eq. (13) provides ne equations, and Eq. (12) provides a
single equation. The unknowns for the system are nT / ñT and ne

values of k k . This system of equations is solved using standard
Gaussian elimination with pivoting.19

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

ñm + 1
i = ñm

i

nT

ñT

+
ne

j = 1

k j ai j ¡ Mi (15)

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

ñm + 1
i = ñm + 1

i + C ñm + 1
i ¡ ñm

i (16)

where C , the damping constant, is adjusted to ensure convergence.
4) Calculate the normalized max norm of the solution

E = max
i

nm + 1
i ¡ nm

i

nm + 1
i

(17)

If E < 10 ¡ 15 , the solution is taken to be converged, the results
are written to a � le, and the program stops. If E ¸ 10 ¡ 15 , then
nm

i = nm + 1
i , and the program proceeds to step 2.

IV. Results and Discussion
The equilibrium composition of a model reaction was used to

investigate the impact of a magnetic � eld on combustion character-
istics. The speci� c model reaction considered in this investigation
is the combustion of methane in air, i.e.,

CH4 + nair(O2 + 3.76N2) ! nCO2 CO2 + nCOCO

+ nH2OH2O + nHH + nH2 H2 + nO2 O2 + nOHOH

+ nOO + nN2 N2 + nNONO (18)

The equilibriumcompositionmodel developedin the precedingsec-
tion was validated by comparison with a GASEQ.16 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-
peratures ranging from 500 to 5000 K, pressure ratios ranging from
1 to 100, and equivalence ratios ranging from 0.1 to 1. Setting the
magnetic inductionto zero producedresults that matchedexactly (to
within the number of signi� cant 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
andPhysics.20 Magneticsusceptibilityvalues for ionswere obtained
from Mulay.21 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
dependencewas not included 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 � eld on equilibrium char-
acteristics was easily observable in this range.

Figure 1 is a plot of the equilibriummole fractionfor carbondiox-
ide. From the � gure one can see that in a certain temperature range

Fig. 1 Equilibrium mole fraction of CO2 .

Fig. 2 Equilibrium mole fraction of N2 .

there is a nonlineardecrease in the mole fractionof CO2 for increas-
ing magnetic induction at a speci� ed temperature.The in� uence of
a magnetic � eld on the mole fraction becomes signi� cant above a
temperature of approximately 1500 K. For all cases the mole frac-
tionwas 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 � eld was applied.This compares to the mole fractiondropping
below 0.002 at a temperature near 2850 K when a 0.04 T magnetic
� eld was applied, i.e., a drop of nearly 1000 K for an increase
of 0.04 T. For stoichiometric conditions with no applied magnetic
� eld, the adiabatic � ame temperature for methane-air combustion14

is 2226 K. On all of the plots presented in this paper, the adiabatic
� ame temperature for a stoichiometric mixture of methane and air
without an appliedmagnetic � eld is representedas a vertical broken
line. Of course, because the magnetic � eld affects the equilibrium
composition, it will also affect the adiabatic � ame temperature. At
this point in time, no conclusions are drawn with regard to how a
magnetic � eld will affect the adiabatic� ame temperature.Consider-
ing the equilibrium composition in the vicinity of this temperature,
one can see that there is a signi� cant decrease in the mole fraction
of CO2 because of the application of the magnetic � eld.

Figure 2 is a plot of the equilibrium mole fraction for diatomic
nitrogen.As with CO2 , the applicationof a magnetic � eld decreased
the mole fraction of N2 for a given temperature in a certain range
of temperatures.Magnetic � eld effects became signi� cant for tem-
peratures above approximately 1700 K. As the temperature was
increased, an asymptotic value of 0.485 was observed for the mole
fraction in all cases. The temperatureat which this asymptoticvalue
was reached decreased with increasing magnetic induction. For no
magnetic � eld the asymptotic value was observed for temperatures
above 4800 K. This value decreased to 3400 K for a magnetic � eld
of 0.04 T. As with CO2 , at the nonmagnetic stoichiometric adia-
batic � ame temperature the presence of a magnetic � eld produced
a signi� cant drop in the predicted mole fraction of N2.

Figure 3 is a plot of the equilibriummole fraction for water. As in
the preceding two � gures, an increase in the magnetic � eld strength
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Fig. 3 Equilibrium mole fraction of H2O.

Fig. 4 Equilibrium mole fraction of O2 .

decreased the mole fraction of water in a certain range of tempera-
tures.Magnetic � eld effectsbecamesigni� cant 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 � eld, 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 � eld
strength of 0.04 T. As with CO2 and N2 , at the nonmagnetic stoi-
chiometric adiabatic � ame temperature the presence of a magnetic
� eld produced a signi� cant drop in the predicted mole fraction of
H2O.

Figure 4 is a plot of the equilibrium mole fraction for diatomic
oxygen.As can be seen from the � gure, as the temperature increases
the mole fraction of O2 increases to a maximum and then steadily
decreases.A maximumvalueof 0.028was observedat a temperature
of approximately3200 K when no magnetic � eld was applied.This
compareswith a maximumof0.0017at a temperatureof near2500K
whena magnetic � eld of 0.04T was applied.The generaltrendis that
there is a decrease in the maximum mole fraction with an increase
in the magnetic � eld strength and that the temperature at which this
maximum occurs decreases with increasingmagnetic induction.At
a temperatureof 2226K, theplot shows that for a magneticinduction
of 0.04 T there is a signi� cant 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,H2 increased
to a maximum and then steadily decreased. The maximum mole
fraction decreased with increasing magnetic � eld strength, and the
temperature at which this maximum occurred also decreased with
increasing magnetic � eld strength. A magnetic � eld decreased the
temperature where the maximum mole fraction occurred. This be-
havior was somewhat more pronounced for H2 than for O2. There
was nearly an order-of-magnitude decrease in the maximum mole
fraction of O2 for an increase in magnetic � eld strength of 0.00–

0.04 T. For H2 the maximum value decreased only about 43% for

Fig. 5 Equilibrium mole fraction of H2 .

Fig. 6 Equilibrium mole fraction of O.

Fig. 7 Equilibrium mole fraction of H.

a similar increase in magnetic � eld strength. At a temperature of
2226 K (the adiabatic � ame temperature without an applied mag-
netic � eld), the plot shows that an increasing magnetic induction
increases the mole fraction of H2 .

Figure 6 is a plot of the equilibriummole fraction for monatomic
oxygen. Increases in the magnetic � eld strength decreased the tem-
peraturewhere the equilibriumcompositionbehaviorbeganto differ
from the behavior observed in the absence of a magnetic � eld. In
general, there was an increase in the mole fraction of monatomic
oxygen as a function of magnetic � eld strength at a speci� ed tem-
peratureabove the temperaturewhere magnetic � eld effectsbecame
signi� cant. An asymptotic value of approximately 0.1925 was ob-
served when a magnetic � eld 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 speci� ed tem-
perature for an increase in the magnetic � eld strengthwithin a given
temperaturerange.The temperaturewhere magnetic � eldeffectsbe-
came signi� cant was observedto decreasewith increasingmagnetic
� eld. An asymptotic value of approximately 0.2575 was observed
for the largest applied magnetic � eld, 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 consideredwas
5000 K, the asymptotic value was not achieved by the other cases.
As with the other minor product species, an increasing magnetic
� eld increased the mole fraction of monatomic hydrogen at the sto-
ichiometric adiabatic � ame temperature with no magnetic � eld.

Figure 8 is a plot of the equilibriummole fractionfor the hydroxyl
radical as a function of temperature. As for O2 and H2 , 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
similar to that observedforO2 andH2 , i.e., there is an increasein OH
to a maximum value and then a steady decrease as the temperature
increases, there is a signi� cant difference. The maximum value of
the mole fractionof OH initially increaseswith increasingmagnetic
� eld. As the magnetic � eld increases beyond a certain value, the
maximum value of the mole fractionof 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 � eld
and for a magnetic � eld of 0.04 T. At a temperature of 2226 K, the
plot shows that an increasingmagnetic induction increases 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 approximately1550 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 � eld has the effect of decreasing
the peak in mole fraction. At a magnetic � eld strength of 0.04 T,
there is no signi� cant peak in the mole fraction of CO. At a tem-
perature of approximately 2800 K, for an applied magnetic � eld
of 0.04 T CO achieves the asymptotic value of mole fraction. In

Fig. 8 Equilibrium mole fraction of OH.

Fig. 9 Equilibrium mole fraction of CO.

Fig. 10 Equilibrium mole fraction of NO.

the region where the peak in the mole fraction is distinguishable,
increasingthe magnetic � eld 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 speci� ed temperature as
the magnetic � eld strength increases. Again, the plot shows that at
2226 K, an increasing magnetic induction increases the predicted
mole fraction of CO.

Figure 10 is a plotof theequilibriummole fractionfornitricoxide.
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 decreasedwith increasingmagnetic � eld strength. In fact, from
an increase of 0–0.04 T, the maximum mole fraction of NO was
observed to decrease nearly an order of magnitude.As had been the
case with other species, an increase in the magnetic � eld strength
decreased the temperature at which the maximum mole fraction
occurred.At a temperatureof 2226 K, the plot indicates that there is
a relativelysmall change in the mole fractionof NO comparedto the
changesobservedfor larger temperatures.For a magnet inductionof
0.01 and 0.02 T, the presence of a magnetic � eld actually increased
the mole fraction slightly.

V. Conclusions
Results of a thermodynamicinvestigationof equilibriumcombus-

tion characteristicsin the presence of a uniform magnetic � eld 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 satis� ed. Results, in the form of plots of the
equilibriummole fractionas a functionof temperatureand magnetic
induction,were presented.Based upon the informationgained from
these plots, the following qualitative conclusions may be drawn:

1) When they are of suf� cient strength, magnetic � elds can have
a signi� cant impact on equilibrium combustion characteristics.

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

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

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