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SUMMARY

A system of reaction—diffusion equations which governs the propagation of an ozone decomposition laminar
flame in Lagrangian co-ordinates is analysed by means of compact operators and modified equation methods.
It is shown that the use of fourth-order accurate compact operators yields very accurate solutions if sufficient
numbers of grid points are located at the flame front, where very steep gradients of temperature and species
concentrations exist. Modified equation methods are shown to impose a restriction on the time step under
certain conditions. The solutions obtained by means of compact operators and modified equation methods
are compared with solutions obtained by other methods; good agreement is obtained.
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INTRODUCTION

Numerical methods for analysing reaction—diffusion equations have attracted the attention of
many researchers because of their importance in heat transfer and combustion.!™*3 Ramos! ™3 has
studied the temporal and spatial accuracy of a number of algorithms applicable to the analysis of
reaction—diffusion equations. The methods evaluated by Ramos include a finite element scheme
and a number of explicit and implicit finite-difference procedures. Techniques based on time
linearization and operator-splitting were also evaluated. Ramos'™!* noted that a fourth-order
accurate, in both space and time, method of lines and a fourth-order accurate time linearization
scheme which uses compact differences for the spatial derivatives yielded the most accurate
temperature profiles and flame speeds for a variety of time steps and grid spacings.

The use of high order methods, such as those reported by Ramos,?-? for analysing the reaction—
diffusion equations that govern flame propagation problems is a relatively unexplored research
area. To our knowledge, Morgolis* is the first researcher who used high order methods to analyse
flame propagation phenomena; he applied sixth-order accurate B-splines to the analysis of the
ozone-decomposition flame. Ramos® also studied the ozone-decomposition flame by means of
high order methods, including a fourth-order accurate method of lines, a fourth-order accurate
operator-splitting scheme and three fourth-order accurate partial time-linearization procedures.
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Other investigators who have studied the ozone-decomposition flame have all employed lower
order accurate methods.®™ 13

In this paper, two high order methods are used to study the reaction— diffusion equations that
govern one-dimensional flame propagation problems. The methods evaluated here are fourth-
order accurate in space. One method achieves fourth-order accuracy by using compact operators.
The other methods, referred to as the modified equation methods, achieve fourth-order (or any
other order of) accuracy by appending terms to the finite-difference equations in order to reduce
truncation errors.

It is noted that the manner in which the compact operators are used in the present study is
different from the procedure used by Ramos® and Kopal.!* The procedures employed by Ramos?®
and Kopal'* can only be used if there is only one type of spatial derivative, e.g. only first-order or
second-order derivatives, in each partial differential equation. The procedure employed here for
implementing compact operators does not impose restrictions on the number or type of spatial
derivatives in the partial differential equations.!>™1°

Modified equation methods have been used by several investigators to develop more stable
and/or more accurate numerical methods for analysing shock waves.?®~2* Modified equation
methods do not seem to have been used to increase the accuracy of finite-difference methods
for flame propagation problems. In this paper, three modified equation methods are developed
for analysing the reaction—diffusion equations which arise in one-dimensional flame propagation
phenomena.

In this paper, compact operators and modified equation methods are used to calculate the
laminar ozone-decomposition flame speed. The ozone-decomposition flame was chosen because it
has been studied by means of finite element, partial time-linearization and finite-difference
schemes.>!3 The flame speeds calculated by means of the schemes presented in this paper are
compared with those or References 5 and 13 in order to assess the accuracy of compact operator
and modified equation methods on the numerical solution of reaction—diffusion equations.

In the next section, the equations governing the propagation of a laminar ozone-decomposition
flame in Lagrangian co-ordinates are briefly presented; these equations have been derived in
greater detail in References 5 and 13. In the third section, an account is given of compact operators
and modified equation methods. The third section is followed by the presentation of results and
comparisons with solutions obtained with other methods.

PROBLEM FORMULATION

The equations which govern the propagation of a one-dimensional laminar flame through an
oxygen—ozone mixture are presented in References 3-8 and 25. Here, we briefly review the
assumptions made in deriving the governing equations in Lagrangian co-ordinates.

The propagation of a one-dimensional laminar flame through a mixture composed of 25 per
cent (by volume) of ozone and 75 per cent (by volume) of oxygen at a temperature of 300 K is
considered. For such a mixture, the flame speed is much smaller than the speed of sound and
the pressure can be assumed to be constant. The mixture is considered to be ideal and the
thermal conductivity and specific heat at constant pressure are assumed constant. Body forces,
viscous dissipation and Soret and Dufour effects are neglected and the species are assumed to
have equal diffusion coefficients, which are inversely proportional to the square of the mixture
density. Under these conditions, the continuity, energy and species equations need to be solved
together with the equation of state.

The system of one-dimensional mixed hyperbolic—parabolic conservation equations in Eulerian
co-ordinates can be transformed into a system of reaction—diffusion equations in Lagrangian co-
ordinates. The system of reaction—diffusion equations can be written as®
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Y, and Y, are the mass fractions of ozone and oxygen, respectively; T is the temperature; 7 is the
time; o« = p2D = constant; p is the density; D is the diffusion coefficient; C, is the specific heat at
constant pressure; h{ is the enthalpy of formation of species i at T, = 298-15K; T, is a reference
temperature; w; is the reaction rate of species i; the superscript T denotes transpose and ¥ is the
mass co-ordinate given by

w
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In equations (4) and (5), x is the Cartesian co-ordinate, u is the flow velocity and ¢ = 1.
The values of the reaction rates, diffusion coefficients and initial and boundary conditions are
given in References 3-5, and are not repeated here.

FINITE-DIFFERENCE METHODS

In order to obtain finite-difference solutions to the governing equations formulated in the previous
section, the computational domain was replaced by a system of equally spaced grid points and
equally incremented time levels. The time derivative in equation (1) was approximated by the
following second-order accurate difference formula:

U;H—I_U?_l Q n+1+ 6_U n (6)
At 2|\ ot ot ), |

where U? denotes the value of U at the grid point ¢ = iAy and time level T = nAt, and Ay and At
are the grid spacing and the time step, respectively. Substitution of equation (6) into equation (1)

yields
Up+1_Up 62U n+1 aZU n
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In the above equation, S”* ! is a non-linear function of U"* . Here 8" *! is linearized with respect
to U"*! as follows:*®27

S;H—l =S:|+<§lsj> (Un+1 _Un) (8)

In equation (8) the source term has been linearized with respect to all the dependent variables,
whereas in the partial linearization methods developed by Ramos® the source term is only
linearized with respect to the dependent variable whose equation is being solved, i.e.

S+l =S{'+|:diag <§—ISJ>.](U§‘“ —Un). )
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Equation (8) represents a second-order accurate approximation which is consistent with the
order of accuracy of equation (6).
Substitution of equation (8) into equation (7) yields
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Before numerical solutions can be obtained, the spatial derivatives appearing in equation (10)

must be approximated. Here we evaluate two methods for approximating the spatial derivatives in
equation (10): compact operators (or compact differencesj and modified equation methods.

Compact operators

When compact operators are used, all spatial derivatives are treated as dependent variables.
Accordingly, the following new dependent variable is defined in equation (10):

_ U
-5

A new dependent variable requires a new independent equation. Such an equation can be obtained
from the foliowing fourth-order accurate difference formula;!3-*8
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where
6?U;=U,,, —2U; + U;_,. (13)

Multiplying both sides of equation (12) by 1 + /12 gives, after some algebraic manipulations,
the desired equation relating F to U:
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which is a system of linear equations with a 6 x 6 block tridiagonal coefficient matrix.

The solution of equation (15) yields the values of U and F at each grid point, whereas the
compactor operator scheme developed by Ramos® results in a 3 x 3 block tridiagonal matrix, the
solution of which only yields the value of U at each grid point. Furthermore, all the dependent
variables are linearly coupled in equation (15), whereas in the partial time linearization schemes
used by Ramos® the dependent variables are uncoupled because of the diagonalization of the
source terms, cf. equation (9). Because of the uncoupling of the dependent variables, partial time
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linearization methods require smaller time steps than the time linearization methods represented
by equation (10).

Equation (15) is the desired finite- dlfference form of equation (1) when the spatial derivative is
approximated by compact operators. Equation (15) is second-order accurate in time and fourth-
order accurate in space and involves the dependent variables (U and F) at only three grid points.

The second-order spatial derivative F is zero at the upstream and downstream boundaries and
equation (15) is solved by the Thomas algorithm in conjunction with LU decomposition for
inversion of the 6 x 6 blocks.

Modified equation methods

Modified equation methods can be used to increase the temporal and/or the spatial accuracy of
existing finite-difference equations by appending terms to these equations in order to reduce the
truncation errors. Here a modified equation method is used to increase the spatial accuracy of the
following second-order accurate, in both space and time, finite-difference representation of

equation (1):
urtt_ur 1 srurtt s*ur oS
i i__ i i 28" n+1 n
A ZI:oc A +ocsz + 28] +<6U> (U7 U ):I (16)

In order to determine the terms that need to be appended to equation (16) to increase its spatial
accuracy from second-order to fourth-order, we proceed to derive the modified equation of
equation (16), i.e. the partial differential equation truly represented by equation (16). Expanding
urtlurtt urtl, Uty and UY_ | in Taylor series around [(n + 1/2)Ar, iAy ] and substituting of
the resulting expansions into equation (16} yields
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The leading spatial truncation error in equation (17) is O(At? Ay?). This error can be eliminated
by subtracting (At2/8){d*[equation (17)]/dt?} from equation (17). This results in the following

equation:

ouU U
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where TE is the truncation error, which can be written as

O(Al//z Vind 8| 4 Aa
= 1
SR al//4+O(Ar LAY, ATt AY?) (19)

Other time derivative terms can be eliminated from equation (17) in a similar manner.2?

It can readily be seen from equations (18) and (19) that if the term (xAy2/12)(8*U/dy*) is
eliminated from the truncation error, the resulting finite-difference equation will be fourth-order
accurate in space. In this paper, we eliminate (xAy2/12)(6*U/dy*) from the truncation error by
appending it, with opposite sign, to equation (16). This results in the following finite-difference
equation:
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where the fourth-order spatial derivative is evaluated as
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Equation (20) yields an O(At?,Ay*) truncation error if the appended term is evaluated at
(n+ 1/2)Az, ie. in a Crank—Nicolson manner; however, if the appended term is evaluated
explicitly (at nAt) or implicitly (at (n+ 1)At) the truncation error of equation (20) is
O(AT?, ATAY?, Ay™).

The accuracy of an explicit or implicit treatment of the appended term in equation (20) can be
improved if the diffusion number, ie. aAt/AY? is O(1). In this case, the truncation error
proportional to AtAy? becomes

At aAy? 84U
— = O(Ay* 22
£5 1 gy~ O, 22
where the plus (minus) sign corresponds to an explicit (implicit) treatment of the appended term in
equation (20).
Equation (20) can be written in a general form as
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0(0 < 8 < 1) is a parameter which denotes the expilicit (6 = 0), implicit (8 = 1) and Crank—Nicolson

= 1/2) treatments of the appended terms and f is a parameter (S = 0, 1) which indicates whether
the appended term is considered (f=1) or disregarded (f =0) in equation (20). For =0,
the standard second-order, in both space and time, time linearization method is obtained.

Equation (23) with f =1 and 6 =0 corresponds to a modified equation method in which the
appended term is evaluated explicitly. This treatment has the advantage of maintaining the 3 x 3
block tridiagonal structure of the coefficient matrix inherent in equation (16). The disadvantage of
an explicit treatment of the appended term is that it may cause numerical instability if the time step
is not sufficiently small.!?-28

Equation (23) with =1 and 6 = | corresponds to a modified equation method in which the
appended term is evaluated implicitly. This treatment does not cause numerical instability;
however, the 3 x 3 block tridiagonal structure inherent in equation (16) is destroyed. Equation (23)
with f=1and 6 = 1 has a coefficient matrix with bandwidth greater than three. Thus, an implicit
treatment of the appended term is computationally much more expensive than an explicit
treatment.

Equation (23) with =1 and 6 = 1/2 corresponds to a modified equation method in which the
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appended term is evaluated in a Crank-Nicolson manner, ie. at (n + 1/2)At. This method is
O(A1?, Ay*) and yields a coefficient matrix with bandwidth greater than three. Thus, a Crank—
Nicolson evaluation of the appended term is computationally more expensive than an explicit
evaluation.

Equation (23) is the desired finite-difference form of modified equation methods for one-
dimensional reaction—diffusion equations. This equation is solved by the Thomas algorithm in
conjunction with LU decomposition for the inversion of the 3 x 3 blocks. Iterations are needed
when the appended term is evaluated implicitly or in a Crank—Nicolson manner. No iterations are
required if the appended term is evaluated explicitly, although the time step may have to be reduced
for stability reasons.

RESULTS

The compact operator and modified equation methods described in the previous section were used
to calculate the propagation of a laminar ozone-decomposition flame. Specifically, the temperature
and the mass fractions of ozone, molecular oxygen and atomic oxygen were calculated as a function
of position and time. For both methods, calculations were terminated once the flame speed reached
a steady-state value. The steady-state flame speed, V, was calculated by the following equation:

¥
V= JO S[U(r, ¥)1dy/(U(z,0) — U(z, Y1) (25)

obtained by integrating equation (1) in a co-ordinate system moving with the flame.?® In
equation (25), Y is the length of the computational domain® (/; = 000025239 g/cm?).

Compact operators

Figures 1-4 show some results obtained by using compact operators, 121 grid points and a
time step of 1us. In these Figures, the temperature and mass fractions are plotted as functions of the
non-dimensional Lagrangian coordinate (y/{,) and the normalized Eulerian co-ordinate (X)
where the Eulerian coordinate X is defined as

xpo _po [V dy
=s7—=1 — 2
X Yo WOJO P (26)

po is the density of the unburned gases and ¥, = 1/50.

Figures 1-4 illustrate the diffusion of heat and mass and the flame propagation at different
times in both Eulerian and Lagrangian co-ordinates.

The results shown in Figures 1-4 are almost identical (differences less than 0-1 per cent) to those
reported by Ramos,>!? who employed a variety of fourth-order accurate methods. The results
computed with the compact operator and modified equation methods presented in this paper are
shown in Table I. Table I also shows the flame speeds computed by means of the partial time
linearization, majorant operator-splitting and method of lines techniques presented in Reference 5.

Table I indicates that the steady-state flame speeds calculated with compact operators are as
accurate as those reported by Margolis* who used a sixth-order B-spline finite element method.

Table I also shows that the flame speed computed with the compact operator technique
presented in this paper is in good agreement with those calculated by means of adaptive finite-
difference®° and finite element methods.!3

Table I indicates that the compact operator method yields a flame speed of 49-6 cm/s when 121
grid points and a time step of 1us are used in the calculations. This speed is in excellent agreement
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Table I. Computed flame speeds

Method Reference Wave speed Number of
(cm/s) grid point
Second-order linearization Equation (10)* 49-20 121
Compact operator Equation (15) 49-60 121
Modified equation' (0 = 0) Equation (23) 49-27 121
Modified equation’ (8 = 1) Equation (23) 49-38 121
Modified equation® (6 = 1/2) Equation (23) 49-53 121
PDECOL 4 49-70 270t
Partial time linearization 5[Equation (27)] 4891 121
Partial time linearization 5[Equation (29)] 4897 121
Partial time linearization 5[Equation (32)] 49-38 121
Fourth-order majorant operator-splitting S[Equation (22)] 49-51 121
Fourth-order method of lines 5[Equation (19)] 49-57 121

* Also equation (23) with =0
tp=1.

! Collocation points.

with the value of 49-7 cm/s obtained by Margolis* who used a sixth-order B-spline finite element
technique and 270 collocation points.

The accuracy of compact operator methods deteriorates as the number of grid points used in the
calculations is decreased. Although compact operators have smaller truncation errors than
second-order accurate techniques, compact operators must use a sufficient number of grid points
to resolve the flame structure. In addition, the accuracy of the compact operator method presented
in this paper (cf. equation (15)) deteriorates as large time steps are used in the calculations because
of the linearization of the non-linear reaction terms (cf. equation (8)). When the reaction terms or
their derivatives with respect to time are large, time linearization methods require small time steps
and the delta formulation of Beam and Warming?® may yield oscillatory temperature and species
mass fraction profiles.>® These oscillations can be eliminated by reducing the time step employed in
the calculations.

The results shown in Table I indicate that the second-order time linearization method
(cf. equation (10)) presented in this paper is more accurate than the first- (cf. equation (27)) and
second-order (cf. equation (29)) partial time linearization schemes presented in Reference 5.
Although partial time linearization schemes result in tridiagonal matrices for the dependent
variables, their accuracies are lower than those of time linearization methods because of the
uncoupling of the dependent variables (cf. equation (9)). Table I also shows that the compact
operator method presented in this paper is more accurate than the partial time linearization
compact operator scheme presented in Reference 5.

The accuracy of the fourth method of lines and fourth-order majorant operator-splitting
technique? is slightly lower, but comparable to, that of the compact operator method presented in
this paper.

Modified equation methods

The steady-state flame speeds computed with the modified equation methods presented in the
previous section are shown in Table L.

The modified equation method described by equation (23) with =1 and 8 =0, i.e. with an
explicit evaluation of the appended term, was found to be conditionally stable, as expected.!2-2°
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This method yielded a flame speed of 49-27 cm/s with 121 grid points and a time step of 01 us. This
time is an order of magnitude smaller than that used in the compact operator algorithm.

The flame speed calculated with the modified equation method and 6 =0 (cf. equation (23)) is
slightly more accurate than that computed with the second-order time linearization scheme
(cf. equation (10)) and more accurate than those computed with partial time linearization
algorithms which do not use compact differences. However, the fourth-order method of lines,
the fourth-order majorant operator-splitting method and the compact operator techniques are
more accurate than the modified equation method with 6 =0. This comparison indicates that
the accuracy of the modified equation method with 8 =0 is somewhere in between second-
order and fourth-order.

Modified equation methods with 8 = 1 and 6 = 1/2 are more stable and accurate than modified
equation schemes with 6§ =0. The accuracy of modified equation methods which use Crank-—
Nicolson evaluations for the appended terms is higher than that of those which employ explicit or
implicit evaluations for the appended term.

The results shown in Table I indicate that modified equation methods with 8 = 1/2 are not as
accurate as compact operator techniques. Furthermore, modified equation methods with implicit
or Crank~Nicolson evaluations of the appended term require iterations and involve five grid
points. Compact operator schemes with time linearization of the reaction terms only involve three
grid points and do not require iterations. However, they do require the inversion of 6 x 6 block
matrices, whereas modified equation schemes require the inversion of 3 x 3 block matrices.
Modified equation methods are also difficult to implement in confined flame propagation
problems near the boundaries because they involve five grid points.

CONCLUSIONS

A compact operator technique and three modified equation schemes have been developed and
applied to study a one-dimensional laminar ozone-decomposition flame.

The compact operator technique was shown to yield as accurate flame speeds as those obtained
by using a sixth-order B-spline finite element method. However, it was found that even though
compact operators have very small truncation errors, grid spacings cannot be larger than those
used by lower order accurate methods when analysing phenomena of very small length scales, such
as a flame. This is because in order to resolve the flame structure, grid points must be located inside
the very thin flame front.

The aforementioned problem, however, is not insurmountable. It is believed that the number of
grid points required can be reduced considerably in problems involving very small length scale
phenomena if compact operators are used in conjunction with adaptive grid generation
techniques.

Modified equation methods were also found to yield accurate solutions. An explicit treatment of
the appended term was found to cause numerical stability problems. Implicit and Crank—Nicolson
treatments of the appended term did not cause numerical instability; however, in the present
problem, implicit treatments required much more computational effort per time step than that
required by the explicit treatment.

Modified equation methods were found to be less accurate than compact operator techniques.
However, their accuracy improves with the order of discretization used to evaluate the appended
terms.

Modified equation methods yield 3 x 3 block matrices, involve five grid points and require
iterations if the appended terms are evaluated implicitly or in a Crank-Nicolson manner.

Time-linearized compact operator schemes yield 6 x 6 block matrices, involve only three grid
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points and do not require iterations. Compact operator schemes are, therefore, easier to implement

in

confined flame propagation problems than modified equation techniques. However, the

accuracy of time linearization schemes depends on the magnitude of the non-linear reaction terms
and on the rate of change of the reaction terms with respect to time.

10.
11.

12.

20.

21.

22.

23.

24.

25.
26.

27.

REFERENCES

. J.I. Ramos, ‘Numerical solution of reactive-diffusive systems. Part 1: explicit methods’, International Journal of

Computer Mathematics, 18, 43—65 (1985).

. J. L. Ramos, ‘Numerical solution of reactive-diffusive systems. Part 2: methods of lines and implicit algorithms’,

International Journal of Computer Mathematics, 18, 141-161 (1985).

. J.I. Ramos, ‘Numerical solution of reactive-diffusive systems. Part 3: time linearization and operator-splitting

techniques’, International Journal of Computer Mathematics, 18, 289-309 (1986).

. S. B. Margolis, ‘Time-dependent solution of a premixed laminar flame’, Journal of Computational Physics, 27, 410-427

(1978).

. J. 1. Ramos, ‘On some accurate finite-difference methods for laminar flame calculations’, Int. j. numer. methods fluids, 4,

915-930 (1984).

. L. Bledjian, ‘Computation of time-dependent laminar flame structure’, Combustion and Flame, 20, 5-17 (1973).
. K. Meintjes, ‘Predictor-corrector methods for time dependent compressible flows’, Ph.D. Thesis, Princeton University,

Princeton, New Jersey, 1979.

. R. D. Reitz, ‘The application of an explicit numerical method to a reaction-diffusion system in combustion’, The

Courant Institute of Mathematical Sciences, New York University, New York, 1979.

. R. D. Reitz, ‘Computation of laminar flame propagation using an explicit numerical method’, Eighteenth Symposium

(International) on Combustion, The Combustion on Institute, Pittsburgh, Pennsylvania, 1981, pp. 433-442.

R. D. Reitz,* A study of numerical methods for reaction-diffusion equations’, SIAM J. Sci. Stat. Comp.. 2,95-106 (1981).
J. I. Ramos, ‘Numerical methods for one-dimensional reaction-diffusion equations arising in combustion theory, Ann.
Rev. Num. Fluid Mech. Heat Transf., 1986 (in press).

J. I. Ramos, ‘Modified equation methods for one-dimensional flame propagation problems’, in R. Vichnevetsky and J.
Vignes (eds), Numerical Analysis and Applications, North-Holland Publ. Co., Amsterdam, The Netherlands, 1986 (in
press).

. J. 1. Ramos, ‘ Development and application of an adaptive finite element method to reaction-diffusion equations’, Int. j.

numer. methods fluids, 5, 13-23 (1985).

. Z. Kopal, Numerical Analysis, 2nd edn, Wiley, New York, 1961.
. R.S. Hirsh, ‘Higher order accurate difference solution of fluid mechanics problems by a compact differencing

technique’, Journal of Computational Physics, 19, 90-109 (1975).

. S. G. Rubin and P. K. Khosla, ‘Higher order numerical solutions using cubic splines’, AI44 Journal, 14, 851-858

(1976).

. S.G. Rubin and P.K. Khosla, ‘Polynomial interpolation methods for viscous flow calculations’, Journal of

Computational Physics, 24, 217-244 (1977).

. Y. Adam, ‘Highly accurate compact implicit methods and boundary conditions’, Journal of Computational Physics, 24,

10-22 (1977).

. R. Peyret, ‘A Hermitian finite-difference method for the solution of the Navier-Stokes equations’, in C. Taylor, K.

Morgan and C. A. Brebbia (eds). Numerical Methods in Laminar and Turbulent Flow, Wiley, New York, 1978,
pp. 43-54.

R. F. Warming, P. Kutler and H. Lomax, ‘Second- and third-order noncentered difference schemes for nonlinear
hyperbolic equations’, AIAA Journal, 11, 189-196 (1973).

A. Lerat and R. Peyret, ‘The problem of spurious oscillations in the numerical solution of the equations of gas
dynamics’, in R. D. Richtmyer (ed.) Lecture Notes in Physics, Vol. 35, Proceedings of the Fourth International
Conference on Numerical Methods in Fluid Dynamics, Springer-Verlag, New York, 1975, pp. 251-256.

A. Majda and S. Osher, ‘A systematic approach for correcting nonlinear instabilities’, Numerical Mathematics, 30, 429—
452 (1978).

A. Lerat, ‘Numerical shock structure and nonlinear correction for difference schemes in conservation forms’, in H.
Cabannes, M. Holt and V. Rusanov (eds), Lecture Notes in Physics, Vol. 90, Sixth International Conference on
Numerical Methods in Fluid Dynamics, Springer-Verlag, New York, 1979, pp. 345-351.

G. H. Klopfer and D. S. McRae, ‘Nonlinear truncation error analysis of finite difference schemes for the Euler
equations’, AIAA Journal, 21, 487-494 (1983).

F. A. Williams, Combustion Theory, Addison-Wesley, Reading, Massachusetts, 1965.

R. M. Beam and R. F. Warming, ‘An implicit factored scheme for the compressible Navier—Stokes equations’, A14A4
Journal, 16, 393-402 (1978).

W. R. Briley and H. McDonald, ‘On the structure and use of linearized block implicit schemes’, Journal of
Computational Physics, 34, 54-73 (1978).



SOLUTION OF REACTION-DIFFUSION EQUATIONS 351

28. R. F. Warming and B.J. Hyett, ‘The modified equation to the stability and accuracy analysis of finite-difference
methods’, Journal of Computational Physics, 14, 159-179 (1974).

29. G. B. Whitham, Linear and Nonlinear Waves, Wiley, New York, 1974.
30. J. I. Ramos, ‘On the accuracy of block implicit and operator-splitting algorithms in confined flame propagation

problems’, International Journal of Computer Mathematics, (1986) (in press).





