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Abstract

The MUSCL approach appeared 25 years ago. This extension of Godunov’s scheme increases its accuracy. In order
to restrict the amplitude of the gradients, it has been associated with nonlinear limiters (TVD conditions). Since then,
the MUSCL-TVD couple has been widely used and improved. Pursuing our work in [J. Comput. Phys. 170 (2001) 161],
where adaptive limiters have been considered, and in [Comput. Fluids 32 (2003) 1473], where a simple model preserving
pressure and velocity across contact discontinuities in reactive flows has been proposed, we develop an optimal limiter
for species convection. All these improvements are introduced in a one step scheme to simulate unsteady reactive flows
for a wide range of Mach number. For M <« 1, the present algorithm has been applied to a 1D premixed and diffusion
flames and the results are compared with a DNS reactive code. The algorithm has also been validated on a 2D super-
sonic reactive flow concerning fuel break up and compared with high-order methods (ACM and wavelet filter schemes,
WENO, pseudospectral). A planar acoustic wave interacting with circular and spherical diffusion flames is also ana-
lyzed. From these various cases, we show that accurate results can be obtained by using a one step algorithm which
is definitely less expensive compared to multistage high-order schemes.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The simulation of unsteady flows where very stiff phenomena occur requires that the algorithms have
definite virtues. Particularly, when several reactive species are present in the flow, the strong gradients
appearing across the flame have to be captured properly. It is necessary to use a method that is able to
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follow the physical and chemical events with good accuracy and stability if the wavelike oscillatory behav-
ior has to be taken into account. This accuracy is also linked with the mesh refinement and consequently
with the number of grid points, therefore the approach has to be easily vectorizable, parallelizable and to
have a number of elementary operations as small as possible in order to have reasonable computational
costs. At the end, if shock waves exist in the flow or may be formed, it is judicious to apply a ‘shock cap-
turing scheme’.

In usual practices all these constraints are not always satisfied, and in general, schemes are:

e cither low-order accurate (lower or equal to 2) in order to reduce computing costs and stabilize the
numerical solution,
e or high-order accurate associated with a computing cost and a risk of numerical oscillations appearance.

We propose here a method which combines low cost, good accuracy and stability. A one step algorithm
has the advantage in reducing the number of elementary operations and consequently to produce a reduc-
tion of the computational cost but does the numerical solution preserve sufficient accuracy? We are going to
attempt to answer to this question.

The hyperbolic terms of the Navier-Stokes equations are generally the most difficult parts to solve be-
cause of the presence of nonlinear terms. For these convective terms, adaptive limiters introduced in a
MUSCL procedure [1] have been proposed in [2,3]. Their compressive properties suitably balance the
diffusive effects of the flux splitting, such as for example 4USM" splitting [4]. These adaptive limiters give
results comparable to that of precise schemes (ENO-family, Hermitian or pseudospectral schemes).

Let us consider the Euler equations for a binary mixture

Ui+ f. =0 with U = [p,, p,, pu, pE]"
discretized with an explicit finite difference scheme on an uniform grid mesh x; = jAx, with a time step o¢
defined as

Ax

ot=Cpm——r,
A Max(|u| + a)
J

(1)

with 0 < C.z <1 and a is the celerity of sound.

If we study directly the above-mentioned set of limiters on these equations, their good behavior is not
easy to explain because of the interconnection of several factors (equations system, nonlinear equations,
flux splitting, limiter expressions depending on local variations). But if we keep only one limiter and if
we assume that velocity, temperature and pressure are constant and that species have the same molecular
weight

u=cst, T=cst, p=cst, Wi =W,

it becomes possible to understand the behavior of the TVD-MUSCL schemes and the influence of the lim-
iter on the accuracy of the numerical solution. After this study on the hyperbolic part, we define a second
order accuracy criterion on 0t associated with the solving of the diffusive terms of Navier—Stokes equations
and at last, 1D, 2D and 3D simulations are presented and compared (in 1D and 2D) with other approaches.

2. The convection equation

We consider a numerical approximation of the weak solution of the hyperbolic initial value problem
(where p = p; = po):
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Py +fx = 07

S = pu, 2)
p(xvo) = pO(x)v

u=cst > 0.

The equivalent equation may be put on a formal basis through the use of Taylor-series expansion. The Mth
order equivalent equation is given by

m=M—1

pit Lot D (AXEM 4+ 5"E™) + O(AXM, 56 = 0.
m=0

To have a Mth order truncation error, the difference representation of the spatial derivatives is chosen so
that the M first terms Ax"E\™ and o"E™ of the expansion are cancelled:

m=M—1

pitfet Y (AEM 4+ 5"EM) + O(AxY, 5M) = 0.
=0 T T

There is another way to obtain a Mth order truncation error. It is enough to cancel the sum of the M first
terms of the expansion or at least it is enough that the sum of the M first terms is on the same order than the
truncation error:
m=M-1
p+fit Y (AEM + 5"EM) +O(AxY, 5M) = 0.

m=0

—O(AxM 51M)

From (1), 6t = pAx (with < 1) and we may rewrite
m=M—1

Py +fi+ Z E, +O(AXM) =0, (3)
m=0

———
=O(AxM)

with £, = Ax"(E" + B"E™).
Definition 1. If [|3"=2 'E,, || < ||Ey||, (3) is a Mth order approximation of (2).

m=0
Let p} = p(x;,1"), x; = jAx, " = ndt denote a numerical approximation in conservation form. The
scheme that generalizes Godunov’s scheme and its second-order extension to any finite order of accuracy
can be written in standard conservation form
+1 n n
% AF" =0 Fiap—Fil), _

o T Ar T o A O 4)

In the MUSCL approach, the numerical fluxes at /" and at (j + 1)Ax and at (j — 1)Ax are expressed as

F_;’+1/2 = ”P;lﬂ/za
iy = upj i)

with the presence of limiter ¢

(p(}") n n
2j (P = P);

; woL P
Pi—12 = Pj-1 +T/(pj - pj—l)

Pinp =)+
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and the slope ratio

e
rp= (6)
Piv1 — Py
A fourth-order Taylor expansion of F7. ), at node x; (where p, # 0 and r =~ 1) can be written as
2

! A'x ! ! 1!
Fiop= f+7f pr+— 21 =2¢")f'pe + f pxpx]

8
3 2 ! 1 " ! Fxx "
Wlth(p— r=1), ’fd—‘f(rfl)
From Eq Q), [ = d—f u, f" = f" =0 and
Ax Ax? , Ax* (1 0 P
Floap =f+—5upe+ == (1= 20upy +—-u <3 Prcc T @ px) +O(Ax"). (8)

" /’

This expression is still intricate, particularly because of the last term ¢ = and in order to cancel it we

consider limiter

o(rj,o,x) =0 forr; <0, 9)
1
o(rj,w,Kx) = 3 [(1 = x) min(r;, @) + (1 + x) min(l, wr;)] for r = 0, (10)
where o and x are parameters that verify
1 <w<i:—z if 7, > o (r; large), (11)
33—k .
SOSTo if 0<r; <1and wr; <. (12)

This expression is well known ([5] or [6] for instance). When x = 1/3, ¢ is a third-order interpolation of
P12 when r; is close to 1. With conditions (11) and (12), ¢ lies in the TVD region deﬁped by Sweby
[7]- ¢ is a piecewise function formed from four linear functions (Fig. 1). The first derivative ¢ = cst on each
interval I, =] — 00,0], I =]0,1], I3 =]1 ] and I, = Jw,o0[ and the second derivative @ =0 Vr,. Therefore,
the numerical flux (8) has this simpler form

Ax? Ax?
+]/2 f+ upv 4 (1 - 2q)/)upxx 12 T UPxxx + O(A)C4)

when r;~ 1, and it becomes relatively easy to study the equivalent equation.
But when the couple (r; _ 1,r;) varies between ]—o00,+00] X ]—00,+00] the analysis is more complicated.
Let

P =H P s Py

with k; =0, 1, 2 and kz = 0,1. The function H may be expressed on a double entry table depending on the
slope ratio r; _ | and r; (Fig. 2(a)). For instance, element Hy3 corresponds to r; > w and i <71 < w. For
these values of r, we have

’ B-rv)-—ol-xr , (+x)+ol-xK ,
Pivi/2 = 4 Pj 4 Pjs1s

; l+x , 2—-k , -« ,
Pty = g P TP~ Pia




and then, from (4)

n+1

p; =

ot
where ¢ = qu C
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¢ (1)

c n C n
— (1=, + 34 =200, + {1

_uhx
‘ﬂMax (|u|+a)’

/o

Fig. 1. Limiter ¢ with k = 1/3.

from (1).

—2[2—216—(1—1() ]}pj —Z[1+x+(1

323

K)olpi g,

If the elements of H are written Hjy =a_ 20 5+

a_1pi_y +aop +a1pj, the expressions of «; for every Hy can be summarized in the following table:

1 —x+(1+x)ow

[1—rx+(1+ K]

§[1 —k+ (1 + 1))

a_p
Hy 0
Hy, -5
Hy; =41 —x)
H14 0
H>, 0
Hy -5
Hyy  —4[1—«]
Hyy, O
H31 0
Hy =4[l —k+ (1 +K)o]
Hy =41 -«
Hiy 0
Hy 0
Hy,
Hy; o =41 —«]
Hyy 0

6—2Kk+ (1 +Kx)w]
5—3k]
4 -2k — (1 —-K)o)

[S—K—l—(l-i-x) o)
(2—x)
B-—x—(1-rKo
[5—x+ (1 + K]
B-—rx+(1+Ko]
[5—3k+ (1 + x)o)
[4 — 21 + 2Kk 0]
[5 = «]

[

[

[

5—x+(1+x)w
4 — 2k]
3—k— (1 —K)ov]

B L e L e L o N e L e L e L e L e L e L S ] L e L e [ S ] [ N (o o

l—-c
l-c¢c
1—%(3—16)
—B-—r—(1-Ko]
-5 —rk+(1+Ko]
— 45 —r+(1+Ko]
— 44 -2k + (14 x)o]
— 4[4 — 2K + 2K)]
— {4 — 2x]
i -2
4B -3
—4B -3k - (1 -x)a]
1 B-—r—(1-xo]
1—3[3—K—(1—K)w]
—42 -2k - (1 - K)o
1 92 =2k = 2(1 — K)w)]

ap

0

0

0

0

0

0

0

0

e[l + ]

141

141

=4[l +«]

=41 +x+ (1 =Ko
=gl +x+ (1 —rK)o]
M +x+(1-Kxo]
4+ x+ (1 -Ko]
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Fig. 2. Elements Hy, versus values of r; and r; _ | and correspondence between elements Hj and scheme stencil in function of the
variation of p around x;.

Depending on the couple (r; _ 1,;), we have a two-point, three-point or four-point scheme (Fig. 2(b)).
The numerical flux is always consistent since V/,k

1

Za,-: 1.

i=—2

If the error term in time of the discretization of % is introduced in the equivalent equation and if p(x,?) is
assumed to be a differentiable function of C, the equivalent equation at node X; is written as
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Pyt — pf +F;+1/2 —Fiip

A Ax
+ = Py +ﬁf + |:—40Mp{| + |:_8M(A1 - 4C)p)oc:|

ot Ax
Ey Ey
sz 2 = m
Es e
) D s b

Tables A,, = 4,,(r;r; — 1,0,k) with m = 0,1,2 are represented in Fig. 3 (where o = w — 1).

3. General case (p, £ 0, pyy # 0, prrx #0)

We introduce the following properties.

3.1. First-order scheme

From Definition 1, we may write: the scheme is at least a first-order scheme if || Eo|| < ||Ey]|.
With the L'-norm for example, this condition may be expressed as

Ax
‘7(1‘11 —dc)p,| = |Aop,l-

If we replace the derivatives by their centered difference approximation we get

Vep
sz

‘%(Al 4@{ +0(Ax2)H >

4o B&Z + O(sz)] ’

with Vep = p7 —2p} +p} | and A.p = pf,, — p} ;. If we only consider the O(1) terms we deduce:
Proposition 1. Eq. (4) is at least a first-order approximation of (2) if Ty = |(A, — 4c)Vep| — |AoAcp| = 0.

3.2. Second-order scheme

From Definition 1, we may write: the scheme is at least a second-order scheme if ||Ey + E|| < || E|.
If we introduce the centered difference approximation of p,,., with the L'-norm we may write

Ax V.p 2 Ao (Acp 2
— = —4o)| —+ +— + =
’ 3 (4, c)( 5 O(Ax )) ( O(Ax") 0

2

A)C 2 Dcp 2

with Uep = pf, —2p7,, +2p7  — pj_,. If we only consider the O(1) terms, we deduce:
Proposition 2. Eq. (4) is at least a second-order approximation of (2) if

Az + 46‘2

="

Oep — (41 — 4c)V.p + AoAcp) > 0. (14)

Ty (o)
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ig. 3. Tables Ay, 4, and A4,.
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3.3. Third-order scheme

The scheme is at least a third-order scheme if |[Ey + E| + Eo|| < ||E3|.

As a second-order time scheme is sufficient, we only take into account the space accuracy. If x = 1/3, the
scheme is a third-order scheme in space when (r; _ |, r;) € I3 x I3. This result is well known ([5] for instance)
and we adopt this value in the rest of this paper.

3.4. Minimization of lower-order error terms
During an interval of time [#,2,], 7> may be negative for some values of ¢ and the scheme is then at most
a first-order one. To minimize the lower error term, when 7, < 0, we introduce the following proposition:

Proposition 3. Let 0<n <Int[(t2 t‘>], mz=1 (n and meN*) and t,+n+m)dt<t,, we define
Q= ,[t + not, ty + (n + m)ot] such thatfor any t € Q, Tx(t) <0 (at most a first-order scheme). Then there
exists a value of w such that T(w fQ|T ,k = 1/3)| dt is minimal.

This optimal value will be determined by a parametric study in a following section.
4. Particular cases
Several scenarii have to be considered. If at node x;
(1) px=0, pyr # 0 and p,,, =0, the scheme is at least a first-order scheme,
(2) px=0, pyy # 0 and p,,, # 0, the scheme is at least a first-order scheme,
(3) px#0, pyx # 0 and p,., = 0, the scheme is at least a first-order scheme if 45=0,
4) p»=0, pox =0 and p,,, # 0, the scheme is at least a second-order scheme,
(5) p< #0, pox =0 and p,,, # 0, the scheme is at least a second-order scheme if 45=0,
(6) px=0, p.x =0 and p,,, =0, the scheme is at least a third-order scheme,
(7) px #0, pyx =0 and p.,, =0, the scheme is at least a third-order scheme if 45=0,
Ap=0 at node x;
o for a monotone function (r;_ ; = 0 and r; > 0) if r, _ | and r; lie in the same interval I,(n = 1,...,4) (ele-
ments 6, 11 and 16 of Fig. 3),
e for two consecutive extremum, r; _ ; <0 and r; <0 (element 1).
Ao # 0, therefore the scheme sets up a zero order dispersive error at node x;,
o for a monotone function (r; _; > 0 and r; > 0) if r; _ | and r; lie in different intervals 7,
e for an isolated extremum at node x; _ | (r; _ ; <0 and r;> 0) since, in this case, p, # 0 and 4, # 0.
5. Parametric analysis of the scheme

5.1. Convection of waves

We study the convection of a sharp gaussian profile and a smooth profile (dome shape) initially 20 cells
wide (Figs. 6 and 7). The grid mesh is constant and the Courant number C.; = 0.5. The Mach number is
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Fig. 4. Sharp profile. Called elements of A4,, and errors 7', and 7>.

M = 0.1. Six different values of @ are chosen with two further away from unity (o = 1.01, 1.3, 1.6, 2, 4 and
6). With the last two values, ¢ is not completely included in the TV D-Sweby domain if conditions (11) and
(12) are not applied. The development of the numerical solution in function of time at a given control point
Xe = 60 mm is analyzed. The study starts at ¢; = 117005 when scalar p begins to growth at x. and ends at
t, = 12,5000t when p falls down to zero at the same point x..

Fig. 4 presents the elements of 4,, activated by the algorithm during the time integration. When a
circle is filled in with value 16 for example, this means that element 16 of A4,, (Fig. 3) is activated. The
evolution of terms 7 and 7, during [f1,2,] at x. for the six values of w and for the sharp profile (the
variations of 7 and T, are similar for the dome shape) are presented in the same figure. For v < 2,
the order of activated elements are about the same but with w =4 and w = 6 elements becomes much
more complex (particularly for w =4). In Fig. 4, the values of T} and 7, are not multiplied by the
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same constant for each w and we remark that 7, 7, and also Q (defined in Proposition 3) grow when
o increases. For w < 1.6, T> = 0 when 77 <0 and therefore, even when 77 <0 the scheme is at least a
second order scheme. For @ > 2, T, =0 when T <0 and, in this case, the scheme becomes more and
more compressive and may even set up a dispersive error when the variations of 7 and 7> are not the
same along the first branch of the profile (11,70007 < ¢< 12,1006¢) and the second branch
(12,1000¢ < t < 12,5000¢). This behavior appears for w =4 and is accentuated for w =6. We have
drawn T(w) in Fig. 5. The region where the dissipative error is high is indicated (1 < w < 1.2). The
zones where the scheme becomes compressive (2.5 < w < 4) and where the dispersive error predomi-
nates (w > 4) are presented. The values of @w which minimize 7T is w = 1.45 for the sharp profile and
o = 1.4 for the smooth profile.

The numerical solutions are plotted for different values of w at 3 = 18,0000¢ (Figs. 6 and 7) for both profiles.
The profiles are sharper when w increases (from 1 to 4). With @ = 6, the solution sets up instabilities due to the
predominance of dispersive error. Both extremum go on growing with the time (see the arrows in Fig. 6).

From this study, we deduce if the variations of u and p are weak, the optimal value of (w,x) are
(1.45, 1/3).

6. Extension to two species convection

Two species with different molecular weights are convected. The physical problem remains simple if we
study only the convection of these species but the mathematical resolution is more complicated than in the
previous example. We study the influence of the interpolated variables on the numerical solution.

6.1. Equation system

Velocity u (u > 0), pressure p, temperature 7" and the ratio of constant-pressure specific heat y are as-
sumed constant. The Euler equations are reduced to

(p1), +ulpy), =0, (15)
(p2), +u(p,y), = 0. (16)

6.2. Space discretization

The discrete form of Egs. (15) and (16) depends on the choice of the interpolated variables at interface
Jj+ % We have chosen two variable sets quite similar:

e the first one is named MUSCL,,, = {u,p, T, p;}",

o the second one is called MUSCLy,; = {u,p, T, YI}T, with Y| = p]”T]ﬂZ

6.2.1. MUSCL , ;
This set uses one of the mass concentrations. With the MUSCL approach, we have u; 1+ 1o =u, p; + 112
=p, T; + 1o, = T which are constant and only i varies. Therefore,

_ W (p B,
p2/+1/2 - m T Wl 9

with R the universal gas constant.
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Fig. 5. Variation of T(w) for a convection equation.
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Fig. 6. Sharp profile. Exact and numerical solutions at 7; = 18,00001.

6.2.2. MUSCL y,
This set uses one of the mass fractions. With the above, we again have u; + 1o =, pj+ 12=p, T+ 1p=T
which are constant and only Y, , varies. We deduce
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Fig. 7. Smooth profile. Exact and numerical solutions at #3 = 18,0000z.

Y, =1-Y,

j+1/2 j+1/27
P - C2Y1j+1/2
1; - )
J+1/2 C21Y11+1/2 —+ 1 (17)
P - Ci Y2/+1/2
2 -~ v, 1
e CnYyy,, +1

/%
where C; =50t Cyy = % -1, G, =82 Cpp = % — 1 are constant.

6.3. Equivalent system

6.3.1. MUSCL , ;
With this set, the equivalent system is similar to Eq. (13) whatever the ratio of the molecular weights:
_ 4o Ax Ax?

(pi)t + u(pi)x - 4 u(pi)x + ?M(Al - 40)(pi>xx + ﬁu<A2 + 4c2)(pi)xxx + O(AXS) fOr i= 172

The behavior of the solution will be identical to that of Eq. (13).

6.3.2. MUSCL sy,

With this interpolation set, the expression of the equivalent system becomes more complex because Y is
present in the numerator and the denominator of the expression (17). If we express the first and second
derivatives of py,

C,
(Pl)x:m(yl)x,
(P = 2 [ (V1) — 2 (7)), (7).

(C21Y1+1)2 _6'21)/]“!‘1
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an additional term in (p;),, appears that is still present in the equivalent system:

(p;), +ulp:), = ?u(pi)x + %V{Zi(ﬂ')x(pi)x + [4:1(CiYi + 1)2 - 40](pi)xx} + O(sz) (18)

withi=1,2, 4, = Z,-(co, Ci,C;i, Y;) where j # i.

The expressions of the elements of 4; are relatively complicated. When the molecular weights are close,
terms 4; and C;; cancel and the equivalent system (18) is similar to Eq. (13). Therefore, the behavior of the
solution is the same as in the previous section. But, when the WW; are very different, these terms are not neg-
ligible anymore.

6.4. Results

We apply the analytical results to a convection at M = 0.1 of a sharp profile of the hydrogen mass frac-
tion Y7 (W7 = 2.016) in a surrounding oxygen flow (1, = 32). With this shape of Y7, the profile of p; = pY;
seems like a dome. The spot is initially 20 cells wide and is convected with C 4 = 0.5. We have chosen w = 4.
In Fig. 8, the exact solution and the numerical solutions of Y; and p;, with both sets of interpolated var-
iables, are examined after 50,00007. With MUSCLyy,;, Y; and p; have lost their symmetric shape while with
MUSCLy,,, the profiles keep their symmetric shapes and the maximum value is better conserved. This dif-
ference seems to come from the different expressions of the equivalent system because terms 4;, which ap-
pear in (18), may have large values which greatly modify the error terms.

7. Time step criterion for a convection—diffusion equation

We have seen that a one step scheme has sufficient accuracy for a convection equation thanks to the
properties of the limiter in the expression of convective fluxes but this limiter is not present in the viscous
fluxes. In this case, what are the conditions so that a one step scheme applied to a convection—diffusion
equation still remains a second-order accurate scheme?

09 0.02 |-
0.8~ i
0.7+ c L
_g 0.015 —
0.6 — ] L
o ‘g r ——o—— exact solution
I 05~ RN ——o—— exactsolution 9 i MUSCL (roi)
> ; MUSCL (roi) & o001l —————- MUSCL (Yi)
04 ———- MUSCL (Yi) o L
* L
©
0.3 £ L
02~ 0.005 - ‘
0.1 i "
B R | \
24 l N . 5 ! R b s
8.06 0.061 0.062 0.063 0.064 0.065 8.06 0.061 0.062 0.063 0.064 0.065
x(m) x(m)

Fig. 8. Exact and numerical solutions ¢ = 50,0000z.
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Take again Eq. (2) where we introduce a diffusion term

Py Upy = &Py (19)
with ¢ = ¢st > 0. Let a time splitting method
P = (£p(30)£u(50)) ), (20)

where £5 and £p are the operators that solve the hyperbolic and parabolic parts of (19), respectively. Using
a forward-difference representation for the time derivative and a central-difference representation for the
second derivative, the equivalent equation for £p is

n+1 n+1 n+1 n+1

P — b Pit — 207 + P & € A2 & s
_r il ot — S Ax S 21
(St € sz pt prx + 2 12 pXXXX + 6 pnxxxx + ( )

The well-known condition of linear stability is ot < Az—f. If we assume ¢ < 1, we may neglect the last term of
the RHS of (21). To have a second-order approximation of (19) we introduce a more restrictive condition:

Proposition 4. [f ¢ < 1, (21) is a second-order approximation of the parabolic part of (19) if the magnitude of
the first-order error is weaker than the magnitude of the second-order error:

&
< = A2
le Procx

2
&
— ot
2 Prxxx

With the L'-norm, for instance, this condition may be written ot < %2 This condition is three times more
restrictive than the stability criterion.

Globally, to have a second-order approximation of (20), 6z has to fulfill

Ax Ax?

ot< Min [C 2 2%
= " Max(Ju| +a) 6¢
J

An empirical study shows that the scheme (20) is stable for C.; < 0.7.

8. Conservation equations for multicomponent reacting flows

Navier—Stokes equations are written, where subscript o (resp.  and y) represents the three space direc-
tions x, y and z:

V), + (f), =S with

pY; pY i, +J, ;
V=|pus|, [f= PUsup + POyg — Tup , S=101,
Pk Eu, + pS,pup — upTos +J" 0
Top = (%ﬁ - K) dop (1), — ﬁ((ua);; + (uﬁ)a)’ )
Jo=py v gt =T, + XN:h-Ji + RT oy XD (Ve — v
’ o ’ ’ i=1 o =1 j=1 WDy~ * v

V(x,0) = V(a), —oo<a< +oo, t =0,

where p, Y, u,, p, T, E and H represent the density, the mass fraction of species i(i = 1,...,N), the a-com-
ponent of the velocity, the static pressure, the temperature, the total energy and the total enthalpy. In this
paper, the third term (Dufour effects) of the RHS of J” and the bulk viscosity of the mixture i are neglected.
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To close this system, the equation of state, the total energy, the specific heat at constant pressure, the con-
servation of the mass are given by:

N Y
=pRTY =L,
p=r Z;m
N T
EE:O%E+/
i=1 To
N N
Co=> YiCp, Y Yi=1,
i=1 i=1

where 4;, and T are the heat and temperature formations for species i, Cp, the specific heat at constant pres-
sure of species i and R the universal gas constant. w; represent the production rates. The viscosity it and the
thermal conductivity 4 of the mixture are expressed as

i N N -1
Swa (20)
i=1

=1 M

Y.Cp,(s) ds> f§+ !

N —

'u:

r -1
z:l i){t}»i+ (i &> )
2 | = 1 Ai

i=

where u; and /; are the viscosity and the thermal conductivity of the pure species i and

X =
1 N Y
L7
The y; and 4; are obtained by a fourth-order polynomial in 7.

Each Cp, is determined by a continuous piecewise linear function in temperature based on JANAF
tables:

Cp, =d'T+b)

with a¥ and b constants on the interval of temperature I; = [(k — )T kT"), k=1,2,3,... and " = 10 K.
When T € I, enthalpy /4, is expressed as

m_ T T T
hi = hy, + kz; /r (afs 4 bF) ds + /r (a's + b)) ds = hy + /T (a"s + b}") ds.

In the last interval 7,,,, the linear evolution of Cyp, is replaced by a constant evolution Cp, = ﬁ because of the
double flux approach [3]. So as to keep the correct value of /;, the expression of b} is given by

W=%U+HHM-
Writing A = h;:l —b'T,, and K = SV B Y, E is expressed as
N o p l/l2
E=h +> B/v,T —£4+-2
= P2
m P
P
ply-1) 27
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Diffusion velocity V% of species i is represented by the expression

VS’Z—%[(Xi)ﬁ@,-@ﬂn—)ff)%} ngg()Y?) 23)
#

A correction velocity
o (7) (p)
Vet = ZDj[(Xj)x +6,—=—(; —Xj)p“}
j=1

is added to the convecting field u, to ensure the compatibility of species and mass conservation equations.
Diffusion coefficient D; of species i into the mixture is obtained from the binary mass diffusion coefficients
Dj; calculated from [8]

Aij 5
Dy =T
i=N
. pYi
V' = g —.
. i=1 Wi

The thermal diffusion is activated when there are large differences between the atomic masses of the con-
stituent species (by instance for the hydrogen—oxygen combustion). Thermal diffusion rate ©; of species i
into the mixture is estimated from

Coefficients dz are obtained from a tabulation [9].
A time-splitting method is used. The 3D finite difference operator is split into a product of simpler ex-

plicit operators:

o= (el (3)

where £, £p and £5 are the operators associated with the hyperbolic, parabolic and source terms of the
Navier—Stokes (NS) equations. This splitting allows the different parts of the NS equations to be solved
with specific algorithms or specific hypotheses. The “double flux model” presented in [3] preserving pressure
and velocity across the contact discontinuities is used in £5. All the diffusion and dissipation terms (oper-
ator £p) are solved with a centered second-order scheme similar to scheme (21). The simulations have been
performed with a one step scheme (Euler’s scheme) for all the operators.

8.1. Chemical kinetics

A chemical reaction mechanism for H>,—O, flames involving nine species (H», O,, H,O, H,O,, HO,, OH,
H, O, N») and 19 elementary reactions is considered [10] (CHEMKIN interpreter input):

R, H, + O, 2 20H 1.7x 10" 0. 47,780
R, H,+OH = H,0+H 1.17%x10° 1.3 3626
R; H+0,20H+0 5.13x 10 —0.816 16,507
Ry O+H,20H+H 1.8 x 10 1.0 8826
R H+0,+M =2 HO,+M 2.1x10'® -1.0 0

H,/3.3/0,/0./N,/0./H,0/21./
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R H + 20, 2 HO, + O, 6.7 % 10" —1.42 0

R, H+0,+N, 2 HO,+N, 6.7 x 10" —1.42 0

Ry OH + HO, 2 H,0 + O, 5.0x 10" 0 1000

R, H + HO, 2 20H 2.5x 10 0 1900

Rio O + HO, 2 0, + OH 4.8x 10" 0 1000

Ry 20H =2 O + H,0 6.0 x 10 1.3 0

R, H,+M=2H+H+M 2.23x 10" 0.5 92,600
H,/3./H/2./H,0/6./

Ris 0,+M=20+0+M 1.85x 10" 0.5 95,560

Ris H+OH+M =2 H,0+M 7.5%10% -2.6 0
H,0/20./

Ris HO,+H 2 H, + 0, 2.5x 10" 0 700

Rig 2HO, 2 H,0, + 0, 2.0x 10" 0. 0

Ry, H,0, + M 2 OH+OH+M 1.3x 10" 0. 45,500

Ris H,0, + H 2 H, + HO, 1.6 x 10" 0 3800

Rio H,0, + OH = H,0 + HO, 1.0 x 10" 0 1800

8.2. Time step criterion
The time step has to verify the following stability condition:
ot = Min{dt,, dty, ot.}
with (Courant criterion)

Ao
ot, < ConMin [ ——— | 25
s <|ua| + a) (25)

If C, and C, are assumed constant, the Fourier criterion may be expressed as [11,12]

: . pCy 5 14pAo?
oty < Min |Min(—A«"), M - ) ‘
¢ ml a}/’n( Y ), Min (,u[8 + A2 (5 + )] vEb#e

o, —
J AR

ot.. 1s the time associated with the chemical process. When the chemical reactions are activated, the variation
of some species during a time step are limited by empirical criteria. As in [9], we have chosen the following
conditions on species HO, and H,0O,:

6Yho,| < 10°°, (26)
|6Y1,0,| < 1077 (27)
These constraints have to be verified at every grid point during ¢, otherwise ¢, is divided by two and so

on, in order to have a reasonable variation of these species during o¢,.
If we assume that Proposition 4 is still valid for the NS equations we may write

Proposition 5. Eq. (24) is a second-order approximation of (22) for £ and £p if

5t:Min{5ta,%,5tC} and %<<1. (28)

p
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9. Numerical examples

We have studied 1D flows (convection of non-reactive and reactive fronts), 2D flows (acoustic wave —
circular diffusion flame interaction, shock — hydrogen bubble interaction) and 3D flow (acoustic wave —
spherical diffusion flame interaction). 1D results have been compared with solutions obtained from a
DNS code [9] on the same grids and with identical time steps and initial conditions. This DNS code is a
finite difference code solving the fully compressible Navier—Stokes equations for reacting flows with detailed
chemistry and transport properties. Derivatives are computed using sixth-order centered explicit schemes.
The temporal integration is realized with a fourth-order Runge—Kutta algorithm. This code will be noted
RK4 in this paper and our approach RK1 because of the one step algorithm. In RK1, we adapt the limiter
to the flow field. We use the limiter defined in (9) and (10) for all the variables when the pressure fluctua-
tions are weak (Ap/p <0.002) with x = 1/3 and w = 1.45. When Ap/p > 0.002, the ¢i.q [2,3] is activated
except for the shocks where the first-order AUSM™ scheme (¢ = 0) is applied to avoid the overshoot
and the spurious oscillations behind the shock. For all the simulations, condition (28) is fulfilled. All the
gradients of (23) are taken into account except for the 1D diffusion flame simulation.

Results concerning the interaction between a shock and a circular hydrogen bubble and obtained with
RK1 are compared with results coming from an ENO finite difference scheme and a Chebyshev collocation
method [13] and also from a WENO and ACM-wavelet filter scheme [14].

9.1. 1D convection of an inert front H,—O,

For this first case, the Euler equations are solved. The front H,—O, is convected with a constant velocity
u =20 m/s in a uniform pressure field p = 1 atm. At # = 0, the front thickness is 0.7 mm. Ty, = 1000 K and
To, = 2000 K. The run parameters are set as: CFL = 0.5, Ax = 100 ym and 67 ~ 210~% s. We compare the
numerical and exact solutions of the hydrogen mass fraction at r = 410~* s (Fig. 9(a)). The front is con-
vected with the correct velocity and remains smooth. The numerical diffusion is weak. To have a better
quantitative information about the numerical diffusion, we compare our simulation with the solution

YH2
YH2

D\
+—0t=4.10-4s Y

oL 1 I | -
48 49 50 51 52 53 54 55

C)) x(mm) (b) x(mm)

Fig. 9. 1D convection of an inert front; hydrogen mass fraction: (a) (1) — exact solution and (2) — numerical solution at r =4 x 10™*s;
(b) DN solution at r=0 and r =4 x 10™*s.
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2000 2000
£ 15001 |4 £ 1500
= 2 =
1000 tmerhmb — 1000
48 49 50 51 52 53 54 55 40 42 44 46
(a) x(mm) (b) x(mm)

Fig. 10. 1D convection of an inert front; temperature: (a) (1) — exact solution and (2) — numerical solution at 1 =4 x 10~*s; (b) DNS
solution at £ =0 and =4 x 10™* s.

obtained from RK4. With this computation, numerical diffusion of the mass fractions and temperature
(Figs. 9(a) and 10(a)) of our approach can be compared at the same time with the molecular mass and ther-
mal diffusions of the front (Figs. 9(b) and 10(b)). The physical diffusions have spread the front on about 6
mm for the species and the temperature while the numerical diffusion has spread them on 1.5 mm. The
numerical diffusion of the proposed algorithm is clearly less than the physical diffusions. This conclusion
is also verified when the molecular weights are close to each other (O, and N, for example) and for very
different velocities (this case has been performed with 0.5 < u < 1800 m/s).

7e-08 ' | 1
2500 f
6e-08
) < 2100
o <
% 5
%)
s £
£ =
5e-08 | — RK4
1700 —— RKI
4e-08 ! ) 1300 ! ! ! ! J
0e+00 1e-03 2e-03 0.000 0.002 0.004 0.006 0.008 0.010
time (s) t(s)

Fig. 11. (Left) time step variation at the beginning of the simulation; (right) Ty,,x variation during the simulation.
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9.2. 1D diffusion flame

In this simulation, we assume Le; = 1 and the barodiffusion and the Soret effects are not activated. The
length of the domain is L =4 cm and mesh size Ax = 100 um. Time step 67 = 4.510~% s. We compare our
approach with RK4. At ¢ = 0, the simulations start with a diffusion zone spread over six cells around x =2
cm. We take Yy, = 0.233 on the fuel side at 7= 300K and Yo, = 0.233 at 7'= 1300 K on the oxidizer side.
The static pressure is uniform (p = 1 atm) and velocity u = 7 cm/s. The treatment at the boundaries relies on

1 0.02; ‘ ‘ .
(2]
S S
®©
£ £ 0.01
g 2
1S e — RK4
-—RK1
0.00 ] ]
0 10 40
: 30001 \ \ Do
8e-06
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: |
= —RK4 i _
5 --RKI1 ! <
o 1| -
(%] Al
© B
£ 4e-06 ‘I '1
a 1000
[ B
I
| |
: |
|
|
|
|
1 1 1 J
0e+00 ‘ 0
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Fig. 12. Mass fraction profiles and temperature at 1= 102 s for the diffusion flame.
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for the premixed flame.
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NSCBC technique [15]. Both boundaries are assumed to be non-reflective outlet planes. Time step and max-
imum temperature versus time, obtained with both codes, are plotted in Fig. 11. The greatest difference on
Tmax 1s equal to 40 K at 7 = 4 X 1073 s.

The temperature and the species at 7 = 1072 s are drawn in Fig. 12 and the relative difference of the spe-
cies productions fOL Y; dx, at this same time, between RK1 and RK4 are reported below:

H,O OH O H HO, H,0,
|RK11{—KIZK4‘(%) 1 7 12 8 11 60

The shift of the profiles in Fig. 12 comes from a slight difference between the velocity fields during the com-
putations. The relative errors are acceptable. Only, the production of the radical H,O, presents a significant
difference, mainly due to the beginning of an oscillating behavior of the RK4 solution near the value x = 24
mm.

9.3. 1D premixed flame

We investigate a Hy/O,/N, premixed flame. Fresh gases are in the left side of the domain (Y, = 0.02621,
Yo,=0.297, Yn, = 0.67679). At the left boundary, 7= 800 K and u = 14.57 m/s. The initial pressure in the
field is p = 1 atm. The domain length and mesh size are L =2 cm and Ax =25 um. Time step is fixed to
6x 107 5. The burnt gases and the temperature near the flame front are plotted in Figs. 13 and 14 and
compared with the results obtained with RK4, at 7 = 6 x 10~* s (=100,0000¢). The curves are very close with
a spreading slightly more accentuated in the approach presented here (approximately 30 pm = Ax). The
difference of temperature in the burnt gases is 40 K between both simulations. Our results agree reasonably
well with that of RK4. With these last two computations where operator £p acts, the numerical diffusion of
the algorithms is clearly weaker than the physical diffusion.

2300 ' ' ' ' ! ! ! -

1900

X 1500

1100

700 : : : : : : : :
5.25 6.25 7.25

x (mm)

Fig. 14. Temperature profile for the premixed flame.
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9.4. Planar acoustic wave interacting with a circular diffusion flame

The size of the square domain is L = 4 cm with 401 equidistant points in each direction for the grid mesh.
We compute the interaction of a circular diffusion flame with pure hydrogen at 7= 300 K inside a bubble
surrounded by air at 7= 1500 K at ¢t = 0. The bubble is centered at (x = 21 mm, y = 20 mm) and its radius
(where the temperature of the flame is maximum) is 5 mm. The pressure is uniform and equal to 1 atm and
the velocity is null. A gaussian acoustic wave (positive pulse) moves in the domain across the x-direction.
The wavelength of this perturbation is short and equivalent to the thickness of the flame (=2 mm) at the
time where the interaction occurs. The maximum acoustic pressure and acoustic velocity are equal to 1750
Pa and 9 m/s. This would model situations observed for high-frequency combustion instabilities. Time step
0t = 6 x 10~ s is driven by the chemical process. As in [16], we carry out two identical simulations, one with
and one without introducing the acoustic wave. The results are recorded at the same time and by a simple
difference between both results, we plot the influence of the acoustic wave/diffusion flame interaction. The
acoustic pressure distribution after the interaction is presented in Fig. 15. The result shows the different
waves that issue from the interaction (incident wave, diffracted wave, reflected waves) and the caustics at
1=3.94x10"*s. The two reflected waves, in spite of their weak amplitudes are well represented.

caustic

incident wave
2000

diffracted wave

1000

Pacous

0

Fig. 15. Acoustic pressure at the end of the interaction between the circular diffusion flame and the thin acoustic wave.
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The simulation has been performed again with a thicker gaussian acoustic wave (=10 mm) which has the
same amplitude. The result is displayed in Fig. 16. The characteristics of the flow after the interaction are
not so visible because the wave is thicker than the flame. We have displayed, at the same time, the acoustic
pressure in different sections y = ¢st and compared the amplitude of the waves with the initial amplitude
(t = 0) for both cases (Fig. 17). We have an amplification near caustics (y = 9.3 mm for the shorter wave
length and y = 7.3 mm for the second wave) and a damping in the region y = 0.

9.5. Planar acoustic wave interacting with a spherical diffusion flame

The previous simulation is extended to 3D. The size of the parallelepiped domain is 1.8 cm x 1
cm X 1 cm in x-, y- and z-directions with Ax = Ay = Az = 100 um. A gaussian acoustic wave is intersect-
ing a spherical flame located at the center of the domain. In y- and z-directions, periodic conditions are
applied on the boundaries and NSCBC technique is used in x-direction. We present this interaction
when the wave has nearly crossed the flame at a time where the thicknesses of the flame and wave
are, respectively, 2 and 5 mm. Only the lower values of the acoustic pressure (—100 < pacous < 100
Pa) are drawn in Fig. 18 in order to have a good visualization of the reflected waves. The code repro-
duces well the spherical wave expansion. The dome shape of the diffracted wave is well reproduced too.
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Fig. 16. Acoustic pressure at the end of the interaction between the circular diffusion flame and the thick acoustic wave.
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Fig. 17. Acoustic pressure at different sections at 1 = 3.94 x 107 s; interaction of the flame with thin and thick waves.

The time variation of heat release Hr = [ (3 h;w;) (where V is the volume of the computational do-
main) is plotted for two different time intervals in Fig. 19. The first one [f;=6.1x107" s,
1, =7.6x 107> s] corresponds with the moment where the variation of Ty, is very stiff and, at this

Fig. 18. Acoustic pressure at the end of the interaction between a spherical diffusion flame and the acoustic wave: (1) diffracted wave,

(2) extremities of the incident wave, (3) reflected waves.
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time, the flame thickness is about 2 mm and the mean radius of the flame is 3 mm (Fig. 19(a)). During

the second period of time [f3 = 3.7 X 1074 s, 1,=3.9x107* s], Tmax reaches 2430 K and the radius of
the flame is about 5.2 mm. When wave and flame thicknesses are about the same, we only have an

4.44e+07

—— flame + wave

4.24e+07

Hr

4.04e+07

3.84e+07
6.1e-05 6.6e-05 7.1e-05 7.6e-05

time (s)

N —— flame + wave
AN ——— flame

7.3e+07 |

£ 7.20407 |

7.1e+07 ! !
3.7e-04 3.8e-04 3.9e-04

time (s)

Fig. 19. Time variation of heat release rate: (left) at the start of the reactions; (right) when the chemical process is completely
developed.
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increase of Hr but, in the second case where the flame is thicker, the variation of Hr presents, at first, a
drop of the heat release followed by a growth (Fig. 19(b)). Globally, if we compute the relative increase

during each time interval

0.0035
0.003
0.0025
0.002
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0.001

0.0005

L le“\ L

0.008 0.007 0.006

X (m)

0.009

Fig. 20. Hydrogen mass fraction at # = 1.1 x 107> s (15 level contours plotted in the range 0.01-0.99).
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Fig. 21. Hydrogen mass fraction at 1 = 1.46 x 107> s (21 level contours plotted in the range 0.005-0.99).
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t
/2 (Hrwave+ﬂame - Hrﬂame) dr =2 % 1073
- ’
f Hrﬂame thin flame

2
/4 (Hrwave+ﬂame - Hrﬂame) df = 1.6 % 1073
= 1. ,
5 Hr ftame thick flame

the wave contribution is higher in the emergence period of the flame than when the flame is completely
developed.

9.6. Planar shock interacting with a circular hydrogen bubble

At 1=6x107°s, a circular bubble of hydrogen centered at (xc,y.) = (12 mm, 0) and with radius r = 2.3
mm, moving downstream, interacts with a steady Mach 2 planar shock located at x = 7 mm. At this time,
we are still in the initiation phase of the chemical reactions. The size of the domain is 0 < x < 25 mm and
0 <y < 5 mm and the mesh size is Ax = Ay =25 um. A reflection boundary condition is applied at y =0
and Neumann conditions at y = 5 mm. NSCBC conditions at x = 0 and x = 25 mm. Time step 6¢ is driven
by the chemical reactions and the production criteria of species Yo, and Yy,o, (conditions (26) and (27)).
During the computation, 107" s < 67 < 5x 107! 5. The hydrogen and air temperature in the undisturbed
region ahead of the shock is set to 1000 K with a pressure of 1 atm. For this simulation, the Reynolds num-
ber linked with the main vortex size i Reyoriex =~ 2800, the Damkdéhler number 0.1 < Da < 10,000 and the
Kolmogorov scale , =~ 2.5 pm = %

With this simulation the robustness of this method can be seen as, during the shock bubble interaction,
the ratio between the density in the bubble and the density in the air behind the shock goes over 50 on few
grid cells. All the computations use uniform Cartesian grid spacing as was done by Don and Quillen [13]
and Sjogreen and Yee [14]. The study of the flame structures with complex kinetics, multispecies transport
and thermodynamics in great detail requires very small grid mesh. Therefore, the dimensions of our com-
putational domain are smaller than those used in [13,14]. But qualitative comparisons are possible if the
number of grid points describing the deformation of the bubble is about the same. A space coordinates

change is done because in [13,14], the shock travels and the bubble is unmoved.

main vortex

secondary vortices

Fig. 22. Density contours at 1 =2.3x 107> s, (40 level contours in the range 0.05-1.2 kg/m®).
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In Figs. 20-22, we show the numerical solutions obtained with our method. From a similar grid mesh,
these figures may be compared with results obtained in [13] (Fig. 8 bottom, Fig. 9 bottom) for Fig. 20 and in
[13] (Fig. 10 bottom, Fig. 11 bottom and Fig. 12 middle) and [14] (Figs. 11(b), 12(b), 13(b) and 14(b)) for
Fig. 21. In Fig. 20, as in [13], a jet of air begins penetrating the bubble and is wound round the vortex which
sets up at this location. Just below this vortex, we have a second weaker vortex that rolls up the interface. In
[13], and particularly with the pseudospectral method, a deformation of the interface in this region may be
seen but the presence of this vortex is not as visible as in our simulation, may be because in our simulation
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Fig. 23. Heat release rate at different times: (a) 1=9.2x107%s, (b) 1=1.66x107>s, (c) r=1.98x 107 s, (d) 1 =3.42x 1077 s.



G. Billet | Journal of Computational Physics 204 (2005) 319-352 349

the shock is spread over one or two cells only. This stiffness sets up very strong pressure gradients and con-
sequently, more intense peaks of vorticity than in [13,14] where the shock seems thicker. Fig. 21 shows the
air jet that is now in the back side of the bubble. The “mushroom” shape roll-up of the air can be seen
clearly and our result is very similar with the results obtained by the pseudospectral approach used in
[13]. TVD66-RK4, WENOS5-RK4 and ENO3-RK3 are too diffusive and the mushroom shape does not ap-
pear. Only ACM66-RK4 [14] captures this phenomenon due to the presence of two vortices (a main vortex
with a very strong intensity and a secondary vortex less intense). The finger located in the lower zone of the
structure contains a heavy mixture that penetrates in the lighter gas because of the presence of a secondary
vortex in this region. As in the pseudospectral approach, our method restores well this feature.

At last, the density is presented in Fig. 22 and may be compared with the contour plots of density drawn
by Don and Quillen at ¢ = 120 ps (Figs. 6 and 7 in [13]). At this time, the shape of the interface is still very
similar with that presented by Don and Quillen. Particularly, our simulation captures the jets of heavy flow
into the bubble (represented by arrows) as the pseudospectral does.

In conclusion, our scheme describes the phenomena as well as the pseudospectral method and without
having recourse to post-processing. If we study the results presented in [14] with a similar grid mesh, we see
that only ACM66-RK4 is able to reproduce the same flow pattern.

With Fig. 23, we come back to the normal coordinates system. Fig. 23 shows the heat release rate at four
instants. At 7=9.2x107%s, we see that the reactions start in the region where the vorticity is highest. At
1=1.66x 107" s, the reactions appear along the interface and in the finger which penetrates in the bubble.
The maximum value of the heat release rate is reached around this time. At 7 = 1.98 x 107> s, the flame has a
complex shape due to the action of several vortices and at the last time, 7 = 3.42 x 107> s, the main vortex
has absorbed the other vortices. The bubble moves as a solid body and the flame is located around the
vortex.

Fig. 24 presents the time variation of Hr when the bubble moves in an uniform flow and when it crosses
the shock. The presence of the shock involves a much shorter induction time, a much higher maximum
value of Hr and globally the heat release is more important than when the flame is in an uniform flow.
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Fig. 24. Hr with and without shock interaction.
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Production rates w; are displayed on Fig. 25. If we compared these variations with their variations when the
flame is unperturbed, we remark great differences. A strong increase may be observed at 7 = 1.2 x 107> s due
to the rapid set up of reactions in the left braid of the structure where the thickness of hydrogen bubble is
very thin. After, the flame propagates along all the interface (Fig. 23(b)). During this phase, the reactions
are less intense in the braid and the w; decrease during a short time and enhance again when the flame has
completely wrapped the bubble at 7 = 1.66 x 10~ s (Fig. 23(b)). Then, the production rates decrease but a
plateau appears after 1 = 1.98 x 107> s because some reactions are reactivated thanks to vortex actions. The
increase of the mixing due to the vortices (Fig. 23(c)) is visible on the production rates of O and OH which
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Fig. 25. Time variation of production rates of species.
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growth between 2 x 107® s and 3 x 10~® s. After this time, the flame rotates around the vortex (Fig. 23(d))
and the production rate behavior becomes more steady.

10. Computational cost

The computations presented here have been performed on a NEC SX-5. The code has been vectorized
and reaches 2.8 Gflops. For one processor, the CPU seconds per time step and per grid mesh is about
3x 107 s to solve 14 equations (3D computations) with all the transport coefficients. In cycle (24), oper-
ators £5 £p, and £g5 consume, respectively, about 35%, 45% and 20% of the computational time. The most
consuming subroutine is the computation of the diffusion velocities (30%). Each processor may realize a
computation with a 2 x 10° grid mesh size.

11. Conclusion

In [2], we proposed an approach based on adaptive limiters associated with AUSM™ splitting when the
velocity and pressure fields present strong fluctuations. We completed this approach with a double flux
method which preserves the pressure and the velocity across the contact discontinuities [3] for the reactive
flows. In this paper, we have determined the values of the parameters x and « which allows to minimize the
lower error terms of the scheme when the velocity and pressure fields are nearly constant.

We have applied this approach with a one step scheme on 1D, 2D and 3D unsteady reactive flows. When
it was possible, the results have been compared with those of high-order methods. These comparisons show
that our approach is stable (for C.; < 0.7), sufficiently accurate and is definitely less expensive compared
with others methods. The domain of research is enlarged since we may simulate detailed reactive phenom-
ena where high speed flows keep close to low speed flows.

A paper describing in detail the shock—diffusion flame interaction and the ensuing interaction between
vortices and diffusion flame is in preparation. Two different cases will be studied. First, when the shock hits
the bubble before the reactive process start (as in the case presented here) and secondly, when the shock
goes through the bubble during the reactive process. The effects due to the thermodiffusion, the barodiffu-
sion and the bulk viscosity will be studied.
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