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Introduction

The behaviour of inviscid flow at hypersonic regimes is characterised by strong
shocks, very high temperatures and chemical reactions whose relaxation times
are much smaller than the typical time scales of transport phenomena. These
complex physical processes are strongly coupled to each other, thus making a
difficult task the numerical solution of Euler equations for the hypersonic flow
of a mixture of chemically reactive specie. In order to obtain shock capturing
methods and to avoid non-physical solutions, conservative schemes must be
used. Also physical constraints, such as non-negativity of densities and
energies, must be respected. Furthermore, the nonlinear chemistry terms lead
to severe time-step limitations for the time explicit schemes, well beyond the
CFL stability restriction. Therefore, some kinds of implicit in time discretization
have been used (see Hauser et al., 1989; Schréder and Hartman, 1992; Toon and
Kwak, 1992). A semi-implicit, finite volume scheme, is here proposed, which
solves the two-dimensional Euler equations for a mixture of chemically reactive
specie on general, unstructured grids. The specie here considered are N,, O,,
NO, N and O. Three vibrational energies are taken into account for the diatomic
Specie.

The time step advancing procedure is based on a semi-implicit discretization
in order to have good stability properties typical of implicit scheme and low
computational costs typical of explicit schemes. The time discretization of the
highly non-linear terms is implicit. The advective terms are discretized by a
semi-implicit upwind method based on a flux vector splitting. This
discretization procedure results in a set of weakly nonlinear, partially decoupled
equations. Specifically, the discrete mass conservation equations are fully
decoupled from all the other equations, the discrete equations for the vibrational
energies are decoupled from the momentum and total energy equation, finally
the momentum and energy equations are mutually decoupled. The solution
algorithm is described as follows. First, the set of equations involving the non-
linear reaction terms are solved by an iterative method. Once the specie
densities have been determined, the vibrational energies are computed by
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momentum and the total energy are computed by solving three linear systems,
whose matrices are M-matrices. We prove the existence of a discretized solution
of the full nonlinear system for any time step. The present scheme is fully
conservative and ensures non-negativity of the densities and vibrational
energies for arbitrarily large time steps.

The equations

The two dimensional Euler equations with chemically reactive terms are
written in integral form as:

d
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withk=1,... 5andj =1, 2, 3; Sis the 2D integration volume and dS denotes
its boundary The vector n = [n,, ny]T denotes the outer normal. The vector v

=[v,, Vv ]T denotes velocity and v - n denotes the outer normal velocity
component

Equation (1a) represents the conservation of the mass densities where p,, p,,
Ps, P, and pg are the mass densities of the specie N,, O,, NO, N and O,
respectively. The total mass density is denoted by p = p, + p,+ p; + p, + 5.
Each source term W, models the chemical reactions involving the kth specie.

Equation (1b) represents the conservation of the vibrational energies,E, ,, E,,
and E , associated with the diatomic specie N,, O, and NO, respectively. The
vibrational energies EV are correlated to the V|brat|onal temperatures T, Vi and
the equilibrium energles EeqJ are correlated to the translational temperature T
as follows:

pi%iR pitiR

Eeq. = - , Ev;= ‘ ,
’ M; (exp (%‘1) — 1) M; (exp (;’j ) - 1)
vy
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with j =1, 2, 3. The constants 8. are the characteristic vibrational temperatures
obtained via spectroscopic measurements. They are taken to be 8, = 3395K, 6,
= 2239K and 6, = 2817K (Candler, 1988). The Landau-Teller relaxation time T
in equation (1b) are given by

5

Ph o (4 (7% 0,015k ) — 18,45
EM;C exp (4; (T - 0,015, - 18,42) o 26
5 ’ P‘Jvk - Mj +Mk

01555 Z_:

where
A, =220, Ay =129, Az = 168

and M, M,, M, M, M. are the molecular weights of the chemical specie N,,
0,, NO, N and O respectively. The unit of pressure, temperature, and molecular
mass are Pascal, Kelvin and kg/mole. These semi-empirical relations are known
to be valid over a temperature range from 300K to 9000K (Candler, 1988; Hauser
et al., 1989; Millikan and White, 1963).

Equations (1c)-(1d) express the linear momenta conservation, whose
components, in the x and y directions, are m, = pv. and m, = = pvy, respectively.

Equation (1e) expresses the conservation of the total energy E. Equations
(1a)-(1e) are closed with the following equation of state

where p denotes the pressure, R = 8.3143J/(molK) is the universal gas constant
and T is the translational temperature satisfying the following relation
(Candler, 1988; Hauser et al., 1989):

2

5 5 3 2
. vy + v
E=T> pCu+ Y phN+> &vi+p 2 )
k=1 k=1 3=1

where hEK is the heat of formation of specie k at the OK reference temperature,
and C,, is the constant volume specific heat of specie k. Notice that C,, are not
the complete specific heats at constant volume, but they are only the part due to
molecular translation and rotation, and they are constants. They take the value
Cy = 25R /M for the diatomic specie, while C,, = 1.5R/M, for the
monatomic specie (Candler, 1988).

Remark 1. System (1a)-(1e) can be written as

% /fs Uds+ és[Fx(U)r&+Fy(U)ﬂy] dt = ]fs Z(U)ds ()
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The Dunn and Kang and Park air model
The chemical reactions are modelled by the Dunn and Kang or Park air model
(Park, 1984; 1985; Yu et al., 1988), in which the ions, the free electron and the
associated reactions are not included. This model comprises 17 elementary
reactions (15 dissociation/recombination reactions and two exchange reactions)
among the five specie N,, O,, NO, N and O. The chemical reactions considered
in the model are:

N+ M
O, + M
NO+ M
N+ 0O
NO+O

—
p—y

1t

1

1l

—
—

2N+ M
20+ M
N+O+M
NO+ N
O+ N

L(E‘|'P) Uy

Z(U) =

[ )

W,
W,
Wy
Wy
H
H;
H;

where M represents a collision partner or catalytic molecule; it can be any one
of the five specie.
Remark 2. The Dunn and Kang or Park air model can be written as

W(U) =Y f{(U)v; = > b(U)v;
i=1 i=1
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where W(U) = [W,, W,, W, W, W,]T and

M =M, 7 F 0 7 L '| F =M ] 0 7
0 ~M, 0 0 M,
v, = 0 |, ve= 0 |,vaz= | -Ms|,.va=| M3 [, vs= | —-M;
2M, 0 M, My M,
L 0 | L 2M | L Ms L —Ms | L — M5

The forward and backward reaction rates are given by

r Q
h(U) = 35p1, h(U) = 350}
4
r Y]

(V) = 350, b(U) = ﬁf’-pz
I iy
fS(U) = Msﬂa, bs(U) = M4M5P4ps

Kf4 Kb4
f4(U) M1M5p1p51 4( ) M3M4P:3,04
— Kss v Kys
A(0) = Mamspsps, bs(U) = MM, P204

where we have set
- p - P
E , m — E .
Fi = e Kfj,m Mm s Q.f - e Kb_?'m Mm 1

withj=1,2,3.

Remark 3. The reaction rates K; and K, are assumed to be functions of T,
T, T,o T3 and they are described by the modified forms of the Arrhenius
equation. These reaction rates K, K, take the functional form

T,
§ -2
kT, exp( Ts)

where T is a function of the translational and vibrational temperatures and k,
6, T, are coefficients that depend on the specific reaction. The values of the
coefficients k, 6, T, and the precise form of the function T, for each reaction can
be found in Candler (1988); Park (1985); Yu et al. (1988).



In the case of the Park air model the backward reaction rates are determined
via the equilibrium constant K, which are obtained by using a fourth-order
polynomial fit of experimental spectroscopic data:

Kb = —KIS*{‘, KE(T) = exrp (Al+AQZ+A322+A4Z3+A5Z4)
E

where Z = 10000/T. The coefficients A, can be found in (Candler, 1988; Park,
1985).
Remark 4. Notice that the nitrogen mass fraction of the molecule NO is given

by
M+ Ms

so that, by denoting with p, the density of total mass of nitrogen and with pthe
density of total mass of oxygen, we have

pn = p1+ aps + pa, po=p2+ (1 —a)ps+ ps.

&

Since py, and p, are conserved quantities, it follows that

- C o -
0 1

al - W(U) =0, l—a| -W(U)=0.
1 0

L0 ] L1

Remark 5. Defining
R = [I1, 2, T, 0,0, 05, Ky, Kig, Kig, Ko |
and the vector of densities

P =[p1,p2, 03 04,05 ]"

the source term W(U) can be expressed as a function of p and R. In the
appendix it is shown that the source terms W(U) = W(p, R) can be written in
the form C(p, R)p, where C(p, R) is a 5 x 5 matrix with continuous entries Ci’j(p,
R), such that:

(a) (ji,t'(p-s R) S 0 1= 1$213$415

(b) Cij(p,R) 20 L# ]
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5
© > GipR)=0  j=1,234,5

i=1

The partial fluxes
The flux in the direction n is given by

F(Usn) = Fr(U)nx + Fy(U)nya (4)
and, due to the homogeneity of F, it satisfies
dF(U,
F(U,n)=J(U,nU, J(Un)= —g—U—‘ﬂ,

where J(U, n) is the Jacobian of F with respect to U.
Remark 6. The homogeneous property of the flux F will be used to develop a
flux vector splitting

F(U,n) = F*(U,n) + F~(U,n),
where
F*(U,n) = A*(U,n)U, (5)

with A* and A~ square matrices. For a non-homogeneous flux, given F* and F~
it is also possible to find some A* and A~ which satisfy (5). This will permit to
define a semi-implicit scheme analogous to the one developed here.

System (2) is hyperbolic and it is well known that the Jacobian J(U, n) has a
complete set of eigenvectors with real eigenvalues (LeVeque, 1990), so that J(U,
n) is diagonalizable as follows

J(U,n) = X(U,n)4(U,n)X(U,n)"", (6)
where
A{U,n) = digg(v-n,v-n,v-n,v-n,v-n,v-n,v-n,v-n,v-n,v-n—+e¢v-n—c,

is the eigenvalues matrix, moreover

5 -
R;%

c= v ﬁz—a

Z ,Ofcm:

i=1

is the frozen speed of sound and X(U, n) is the right eigenvectors matrix. By
using (6) equation (4) can be written as

F(U,n)=(v-n)Fya(Unm+ (v -n+e)Fvn(Un)+ (v-n - )Fypy-(U,n),



where A finite volume
F,o(U.n) = X(U,n)diag(1,1,1,1,1,1,1,1,1,0,0)X(U,n)"'U, scheme
FomeelU,n) = X(U, n)diag(0,0,0,0,0,0,0,0,0, 1,0)X(U,n)~"U, (7)

Fvm-o(U,n) = X(U, n)diag(0,0,0,0,0,0,0,0,0,0,1)X(U,n)~' U. .

The partial fluxes corresponding to each eigenvalue are defined as AF,(U, n),
where A takes the valuesv - n, v - n+cand v - n—c. Thus, the flux F(U, n) is
the sum of partial fluxes corresponding to each eigenvalue.

Remark 7. In order to define the numerical fluxes, the vector functions (7) can
be rewritten as

FvalU,n) = l_I_Uﬁ + Sva(U,n)
§ Fvnse(Usm) =3 sae gt Svante(U,m)
Fva-(Un) = ﬁ + Svn-c(U,n}) 8)
where

[ Gvn(U,n) [0,0,0,0,0,0,0,0,0,0, —x2]"

Il
o

! Gynio(U,n) = g{o,o,o, 0,0,0,0,0, k1, Ky, 6% + 5v -1 |7
Svn-c(U.n) = £(0,0,0,0,0,0,0,0,—rn,, —xny, 5% — kv n T
and
. = C
144

Construction of the numerical flux

The numerical scheme to be developed for system (2) is obtained by a flux
vector splitting technique. Therefore, the flux F(U, n) will be split in the sum of
a positive and a negative flux

F(U,n) = F*(U,n) + F~(U,n).

The positive and negative fluxes are defined as
F*(U,n) = (v - n)*F,(U,n) + (v - n+ )" FynpAUn) + (v -n — )" Fup—e (U, n),

F(U,n)=(v-n) " Foo{Umn)+ (v 0+ ) Fear{U,n)+ (v -n— )" Fyn(U,n},
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where

(v -m)* = max(0,v - n), (v-n)” = min{0, v - n),
(v-n-+¢)t =max(0,v-n+c), (v-n+¢)” =min(0,v-n+¢),
{(v-n-c)t =max(0,v-n-—c), {(v-n—¢)” =min{0,v -n—¢),

as suggested in Steger and Warming (1981). Next, by equation (8), the positive
flux can be rewritten as follows:

F*(U,n) = 2(U,n)U + G*(U,n), )
where

GHU,n) = (v n)"G . {Un +{v - n+ S arlUn) + (v-n— )" Gya-.(U,n),
= par(U,n)[0,...,0,n,, 1., v - n]T + pa(U,n)[0, ...,O,I]T,

and the non negative functions

ap(U,n) = Wi-%ﬁﬁj (20v-n+c)" +{v-n-c)t +2(v-n)t),
a(U.n) = 2 (v n+ o)t = (v-n—o)*),

2
a;(U,n) = % (v nte)*+(v-n—ot—2(v-n)t}, (10)

are introduced for convenience.

Finite volume formulation

The finite volume numerical scheme proposed in this paper can be developed
for a general unstructured grid. However, we restrict our attention here to grids
arising from partitions of the plane into non-overlapping quadrilaterals of finite
area (see Figure 1). Each quadrilateral is labelled by an integer coordinate pair
as (i, j), the edge in common between the quadrilaterals (i, j) and (i + 1, j) is
labelled by (i + 1/2, j) and the edge in common between the quadrilaterals (i, j)
and (i,j + 1) is labelled by (i, j + 1/2). Next, ||+1/21 is defined as the length of the
edge (i + 1/2,j) and I, j+12 is defined as the length of the edge (i, j + 1/2). Finally,
S; j is the area of the quadrilateral (i, j). The vector Ni, 1, denotes the outer
normal to the edge (i + 1/2,]) of the cell (i, j) and similarly nI j+1n denotes the
outer normal to edge (i, j + 1/2) of the cell (i, j). The semi-discrete finite volume
approximation of system (2) can be written as

iU

oM

HpaFIU G U ponce b o FIUG U, ny e

+'r.." ilf'd._."F[I—'_r._l-Ul—l._.-- _114—]_."'".}_] + ri H I,";!F[l::._.- 1-"‘&.;—1- _nl._l—l,-""'!) = SI.‘IZ[U;._i I (11)



(i-1,j+1)

(=1.)

Nj j+1/2

wherei=1,2,...N,,j=1,2 ...,N,, U; yis an approximation of the mean value
of U inside the cell (i, j).

Remark 8. The functions F(U, V, n) are approximations of the edge fluxes.
For internal edges these functions are taken to be

F(U,V,n) = F*(U/n) + F(V,n) =F"(U,n) - F*(V,-n), (12)

namely, they are as in the standard upwind technique (LeVeque, 1990). For
border edges the fluxes F(U, V, n) must be modified in order to satisfy the
boundary conditions.

Finite volume scheme for densities

Any standard methods could be used for the time discretization of the ordinary
differential system (11), unfortunately, explicit schemes have severe time step
limitations, whereas fully implicit schemes lead to the solution of large
nonlinear systems. The approach followed in this paper consists in using a
semi-implicit scheme, where only a few terms are discretized implicitly in time.
Denoting by

Ul[l,S} = [Ula U‘Z) U3a U-’l& U5]T$

the vector of the first five components of U, we can write the first five
components of the flux F(U, V, n) by using equations (12), (9) and (10) as
follows

Fl5(U, V,n) = 2o(U,n) Ul 5 — 2V, ~n) V| 5.
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By using the fact that U| s+ P and remark 5 the source term Z(U) for the first
five components can be ergten as

Zlu5(U) = C{p,R
Then, the system (11) for the first five components takes the form

dpi,
3».1% + iy Pig = Gim1iPio1 — bir1iPirri — Cig-1Pii-1 — dijr1Pige = 8:;C(pis, Ri)pis,

where
ai; = liyra20( Ui Mig12,5)s
bi; = icij2,580( Uiz, —nioyy2;5),
cij = lijr280(Ui i jra/2)s
di; = fi,j—lﬂaO(Uf,J'? —N;j-1/2)s
e, = ai;+bij+ec;+di, (13)

are non negative numbers. Using forward finite difference to approximate dp;
j/dt and computing g; ; b”, i and d;; at the time step n, the semi- implicit
scheme for the densmes is Obtained. The resulting scheme can be written as

8,
- ntl n 41 nt1 n
(At +e¢ Pii TP —= b ;Ps+1 i L,j—lpa',j 1 — 4 3+1P”+1

8,
=8, Cloif  RiP + X3Pl (14)
The system (14) can be written in stencil notation as
I |

b
SRS ROV Ry SO
g i
-8, Clpi Ry ot + | —alyy : Ki +en; | T pi A; P+ (15)
e o .
T

An appropriate choice of the edge fluxes in the following four boundaries
deft ={(1/2,)17=1,2,..., N},
Oright = N+ 1/2,5) 15 =1,2,..., Ny},
gown = 1(5,1/2) |1 = 1.2,..., N. },
oup  ={(4,N, +1/2) i =1,2,..., N},



is now necessary in order to close system (15). Without loss of generality, only A finite volume
the flux at the border 9 is considered (see Figure 2). So it is enough to find an scheme
appropriate discretization for

12, Flus)(Us,j, Uy —nygg 5)-

We now consider various possible cases: 899

Solid boundary
In the case of solid boundary we apply the usual condition v - n =0, so that, the
fluxes F(U, n) for the first five components become

Flps(U,n)=pv.n =0,

and system (15) at the left boundary becomes
! " !

|i —dijp
I
—-8,.C( n+1 R ) ntl i Sl;j (1) : =B . n+l _ S[,j n
1.4 p].,_g PRkt W plu" | _At +L°1,j | 1+1,7 p]\j = At p].J‘a
______ SN S
. *
| Tt

(1) _
where &= a{]j + c{jj + d{jj.
Supersonic inlet

All the characteristics are incoming and we must specify the external
quantities. In this case F|; 5(Ug; Uy j = Nyjpj) = =gV - Nyjpj < 0 @nd system
(15) becomes

(0,j+1)

©.)
(Lj+1)

Figure 2.
Left border
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=81,C(p17 RY)ATT +

i
1) y i1 1
A +ef!) ' =bTiry | AT

_ Sy
= AP + &i25P03V0 5 N2y

Free outlet
In this case the flux depends only on the internal quantities, F[; 5(Ug; Uy,
—Nyjpj) = =Py V1 Nyjpj > 0 and system (15) becomes

n

[ dl,j+1 i

——————— T 1o
i i

e i ontl oyt D 8y ; 8
81,C(PTT RY 00T + l‘ ;; +e i =t |ty = LT

di

_————— b e e ———————
f —€1.5-1 |
i T

wheree(z)-+e(1)-—l vV, N
1] Li7 2, L g

Remark 9. In general, the system (15) with boundary conditions becomes

| |
! a’?,»-ﬂ !
) [ S
| |
.. n+l pn +1 —a® i 8'.' LJ
=8, Clel T RO + Fi-1 | —‘EJ- +ely L oba, | el = ‘/_\%P?,‘ +bel),
_——— i 1_ _________ b
|

where bc{jj >0 and it is non zero only at the boundary, and aﬂj, bi"]j, c{]j, d{jj >0.

Here, af',, bf’, c{"j, and d{]j are as in (13) (with U evaluated at time step n) and must
be eventually modified at the boundary:.
These semi-implicit formulations of the boundary conditions allow us to
prove the non-negativity of the densities and of the vibrational energies.
Equations (15) constitute a 5 by 5 block five-diagonal system, in which only the
main diagonal blocks C(p, Rirjj) are nonlinear. The solution of the nonlinear
system (15) allows to compute p{jjﬁl so that a decoupling of the densities from
the other discretized quantities results.
Remark 10. The system of equations (15) will be solved by an iterative

procedure. Observe that system (15) can be written as D(x)x + Mx = b where



D(x) = diag(~C(x; ; R{fj”)). The solution x will be the value of p"*1. A convenient A finite volume
solution technique is the following Jacoby-type iteration scheme

(I' + D(x*) + M)x**! = I'x® + b,

where the diagonal matrix I~ improves the condition number of the iteration
matrix [I” + D(x%) + M]L. The iterative process is described in Table I.

For the procedure described in Table I the following results are proved in the
Appendix.

901

(1) The quantities defined by the iterative procedure of Table | are non-
negative for all s. It follows that at convergence p"*1 is non-negative.

(2) The solution algorithm for system (15) conserves the total amount of
nitrogen and oxygen. The conservation of the total amount of nitrogen
and oxygen is essential in order to avoid spurious numerical transforma-
tion of nitrogen into oxygen and vice versa. The conservation of these
guantities is used in stopping test for the iterations in Table I.

(3) For all At > 0 exists at least one non-negative solution of the non-linear
system (15).

(4) If At is small enough, then solution of (15) is unique and the iterative
process converges.

Remark 11. In practical computation instead of solving the linear system in
Table I it is enough to approximate the solution with one or more iterations of a
non-negative iterative scheme. The system in Table | can be written in the quasi
two colour form (see Ortega (1988) for coloration):

D1(x1,%2) -U X1 _ b,
-L Do(x1,%2) | | X2 b

(1) Set x?’j =p
(2) Fors=0,1,2,...until convergence set x5t = @(x®) where x5*1 is defined as the solution of
the linear system

N Table I.
(3) At convergence set p b= X Densities solver
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where L, U >0 and D,(x;, X,), D,(X;, X,) are M-matrices. A convenient iterative
solution procedure is the following:

L' = Dy(x},x5) 'L,
U' = Dy(x},x3)71U,
x5 = b, 4 Li(b, 4+ U'xy),
xit! = by + UixiH, (16)
and few iterations with (16) are enough for approximating the solution of the

linear system. This solution procedure corresponds to a splitting scheme for Ax
= b as follows

x*! = (I-P'A)x' + P~'b.

Here,

[ 1 —Dl(xl,XQ)“U

A= )
_—Dg(xl,XQ)_lL I

b -D1(X1,X2)_1b1]
| Dy(x1,%2)" by |

P I 0 I —Dl(xl,x;g]‘lU

| =Da(xi,x0)'L I |0 I '

Remark 12. The scheme (15) is only first order in time accurate for the chemical
source terms. It is possible to improve the time step accuracy with simple
modifications. This possibility is examined in Bertolazzi (1996).

Finite volume scheme for vibrational energies

The time discretization of the equations for the vibrational energies
can be developed along the same lines as for the densities. The flux F(U, V, n)
for the sixth through eighth components becomes, by equations (12), (9) and
(10)

Fl[G,S](U1Va l'l.) = aO(U's n)U|[6,3] - aD(V: _n)vl[ﬁ,S]s

where U] gq + [E, Eyp. EV3]T. The source term Z(U) for the sixth through
eighth components can be written by (3) as



[ Ceq —Evi | WY Eeq, + W &vy ﬂ
H, 1 M % P1
€eq, — Ev W, W,
Zlea(U) = | H2 | = %ﬁ : 2Eeg, + v,
i €eq, — Evs Wi Wi
86q3 + _£V3
L T3 73 3 .

Therefore, the system (11) for the sixth through eighth components takes the form

I Evi)s, n
Sm'% + el (Evi)i

—al_y A&vilicny — gy j(Evidirny — o (Eviigot — €754 (Evidign

(€eq,)is — (Evi)i; W W
:Sm'[ e — YR +( p: )f.j(ﬁeqk)«'.j+ (-;f-) i.j(s\"k)isi]’

Tki,j

where a;;, b; ., ¢;; and d; ; are defined in (13). Using forward finite difference

to appr(;)élrﬁa{teld(Evk) )dt and computing a; ;, bI , ¢;jand d; ; at the time step n,

a semi-implicit scheme for the vibrational energles is obtained

81‘3‘ 1 Wk_ +1 +1
L - | =7 -I-e Ev, *
(At (T }?; ( Pk ) 7 S

1 +1
_a?»l,j{a\f'k)?jll,j - b?ﬂ.j(a\'k)?rl.j - C:j—l(svk)?,j-—l d=3+1(8\’k)1 J+1

-5 {55 (5| (5) e o}
=, { S g (B [(2) 2+ i, )

Here we have defined

Wiy = Clol RI)p0,

(Wi )i = Cix(p™ R ) (pi)rH

t,y !
A+_ A-.—' A
Wr=Ww,,-Wg.

The boundary conditions are analogous to the boundary conditions for the
densities.
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Remark 13. As remarked for (15), system (17) can be written in stencil
notation as

(E’ )? 8 n 3 . I bt
bé,j=3=‘,j{ Xct 2 4 p\;k Y f_—: P (W) ¢ + bl

It is proved in the Appendix that the solution of system (18) is non-negative.
Notice that in equation (18) the vibrational energies Ev, are mutually separated.
Thus, three five-diagonal linear systems instead of one 3 by 3 block five-
diagonal linear system must be solved.

Numerical scheme for energy and momenta terms
The positive flux of equation (11) for the three last components is given by

m.a",' n‘;‘ 0
F*(U,n)|gay = a(U,n) | my | + pay(U,n) | n, | +pax(U,n)|0].
E v-n 1

Setting X =[m,, m,, E)T the discretization of (2) for the last three components
becomes

Si,j n n+l n n+l n nt+1
(— + em‘) X3 e X 0 X

At i
—c" Xn+l —d. Xn+l — ﬁxn — T
i, =12 51 LML T A N i (19)

where

r;; =fipip2y — Gy + e = fieryes

. = gl ol n . — aatl o _ n+tl 7
fiva2; =Py Ay pi-l-l,jbi-{-l.j? fh.?+1f2_"p£,j i Pt'.j+1di,j+11



and A finite volume
0 scheme

(e )ir1/2,j

ay; =gy | alUb )| (mivses | +a2(Ug im0 ],

VijDipijag 1
{(—n2)im1y2, ro 905
bl =iy | (U7 —niipe) | (mmydicage; | +82(U%, ~nigp;) |0 ],
—Vi; My_yj2; L1
(e )ija1y2 0

7l

cl; =l |aUln )| ()isrz | +Fa(Uigngeape) 0] |,
NHTRE (TRISY, 1

(—nediio1ye ro
d?; =l | a(US i) | (=ndijye | 22U =0y 0.2) | 0

=Vij*Rij-1/2 1

In stencil notation system (19) becomes

1
| di,j+11 |
——— e — _l. ............. I. _________
| 8 . | S .
. o Oy ; . , n+l _ ‘:an n
—ticy L =L e i b | X = X -
i Af ‘|‘ 1,31| L 3 (] Af 1.3 [
_.--.-.-—<-»v—-y-‘f---—<-<_._-_.P._‘_.-.-‘-
b —¢5-11 !
| I

Notice that in equation (19) momenta m,, m and total energy E are mutually
separated. Thus, three five-diagonal linear systems instead of one 3 by 3 block
five diagonal linear systems must be solved. At the boundary the matrices must
be changed to satisfy boundary conditions. Here, without loss of generality,
only the boundary conditions at 9, are considered (see Figure 2). So it is
enough to find an appropriate discretization for

el{Z,jFl[Q,l 1](U0,;‘: Ul‘ja —nuz.j)-

Solid boundary)
The fluxes F(U, n) for the last three components are

my Ny
Flpiy(U,n)=v-n| m, |+ pe n
[9,11] 3 - Y 1+F3 Y
v-n v-n

In the case of solid boundary we have the usual condition v - n =0, so that
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(_nx)lﬁ‘j
Pl,jc%,j
F(Uo,;, Ury, —myyp;) = 145, (—my )12,
‘j
0

Supersonic inlet boundary

All the characteristic are inlet and we must specify the external quantities. In

this case,
(m-r}ﬂ.j

F(Ug;, Uy, _nl/2,j) = {—vo,; - ;) (my)o.j

By
Free outlet
In this case the flux depends only of the internal quantities,
(me)1,
F{Uy;, Uy, _n1/2.j) =(~vy;- nl/?,j) (my)l,_)
E;

Second order in time accuracy

(=vo; - ruya;)

(“Vt,j ' nl/?,j)

Equations (11) constitute a large system of ordinary differential equations in the
unknowns U, ;. We can use any kind of standard solver for ODE, for example in
the previous sections a semi-implicit version of Euler scheme was used. The
previous scheme was only first order in time accurate, better accuracy can be
reached using, for example, Runge-Kutta schemes. A second order in time
scheme can be obtained estimating the coefficients of the linear and non-linear
systems at time step n + 1/2 by using the previous scheme. The resulting
scheme is very close to the scheme found in Collatz (1960) and for the densities

results in the following scheme:

i bl _ n
E(pi,j —pij) t e 5

n+1

A+l n n
_ n4172Pic1y AN _ bn+1{29€+1,3’ + Pl

i—1,7 9 i+1.5 2

n+1

n n4+1
_cn+1;29¢,j—1 + P _ dn+1f2p£,j+1 + .0:'1,_,'4.1

6,31 2 i+l 2

n 2
= 8., Clolf" RITHpiT

n+1 )
at1f2 P TP

(20)



Notice that the non linear system (20) has the same structure of (14) so that we
can use the procedure of Remark 11 to solve it. Analogous schemes result for
vibrational energies. Momenta and total energy result in the following
scheme:

n+1 n
81'3 (Xfa-ll-l - Xn ) + 61{1, ‘X?:aj + Xf,j
At 2% t.f 1.2 2
n+1 n n+1 n
_an+1;’2X:‘—1,j + X7 B nd1/2 i T X
ni+1 n n+l n
_ n+lf'2Xi,j—l + X251 _ dn+1{2xi,j+l + X711 _
i4—1 > i,§+1 > = —ri;
where
ri; = fiprag = ficyag + fijee = foigos
. . nt1/2_ntlf2 n+1/2) n+lf2 _ a+lf2 _n+1)2 +1/2 ynt+1/2
foms =0 a7t = pia i b s fjrz = 0L, el / _PZH{ d?,j+{ |
and
(ne)iv1ga. 0
a:;lﬁ = Ei+l/2,j al(U:jl’Q,n{H/g,j) (ny)i.a.]/z,j +a2(UR]-'+1/2ani+1/2,g) 0 )
Vi Migif2, 1
(=m0 )io1p25 [0
b;;ln =€e‘—l/2‘j ﬂl(Uz;m,—ni-uz,j) (-ny)i—lfz,j +a2(UZ;'”2,—n,-_1/2'j) 0 3
—Vijc g0 L1
(nl‘)i,3+l/2 0
T =t | AU i) | ()i + (Um0 ]
Vij DNigi1/2 1
(=1 )ij-172 [0
AP =t | (U —ngiie) | (mmdioae |+ a(UTT2, —nijo) | 0] ]
TVig D12 L1

Second order in space accuracy

The upwind flux (12) is only first order accurate in space. It is possible to

improve the accuracy by some flux-limiter technique substituting the upwind
flux (12) with the following:

1 —

F(U,V,n) =6 (F*(U,n) - F*(V,-n)) + 5

-

8 (F(U,n) = F(V, -n)),

A finite volume
scheme
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where 6, for the present, is an unspecified parameter. Note that if 8 = 0 we
obtain a second order flux, while with 8 = 1 we obtain the original first order
flux. The scheme with 8= 0 is unstable, however increasing (locally) the value
of 68we can obtain a quasi second order scheme. The approach used here uses
some ideas from the high resolution schemes extensively studied in the
literature (Harten, 1983; 1984; 1987; Harten et al., 1976; Rider, 1993; Saltzman,
1994 Shu, 1987; Swanson and Turkel, 1992; Sweby, 1984). Here we use a simpler
approach based on an euristic limiter which does not use e.g. wave
decomposition. To limit the value of 8 we use the following procedure:

» For each cell (i, j) we calculate that the local CFL numbers in the

horizontal and vertical direction ch, ¢;; as follows

max(fiy1/2,5, lici/2,i)

Cftj = At(lV{‘j . I’l?,j ‘ + C)

Y
S
max(ijp1/2,, G j-1/2)
¢, = At(|vi;ny; | +c) 5 :
i‘j
where
ro_ My 0oy v Dijye T 0i-1/2
i T 2 o M T 2 '

» For each cell (i, j) the ratios related with the local CFL numbers are
evaluated

h k
oho— (33‘4-1,;' + Sm-) (fi—lfz'j) Civr,j — G
By .. . h *
8i;+ 8o ) \ligapa; ) | ey — ¢y,
v o
v (Se‘,jﬂ +3i.j) (fi,j—uz) Chit1 ~ Cij
i!j -
Sij+8ij-1/ \lijupe /| €j— i

» At this point the 6s associated to the edges are computed as follows

9:‘1-1;2‘;' =1 — min (rfja l/fzf.aja ?"ih+1,ja 1/"‘":‘}:-14) 3

8i541/2 = 1 — min (rg}, Urls s Uriig) -
In the numerical procedure we have the edges fluxes split into two parts. The
former is the upwind flux, the latter is the central flux. In the first half step the
central fluxes are taken explicit, then into the second half step the central fluxes
are evaluated at time step n + 1/2. The upwind fluxes are evaluated semi-
implicitly as in the previous sections. In this way we have a minimal change in
the solver because the contributions of the central fluxes are in the known term
of linear and non-linear systems while the matrices, whose coefficient are
multiplied by some 6s, still remain M-matrices.



Numerical tests

One dimensional test cases

Sod test. The first test case is a classical one, the Sod test (Sod, 1978); it is a one
dimensional test case, defined in the interval [0,1], with the following initial
values

(iy forx < 0.5, p =1 Kg/m3, u=0m/s, p=1Pa.

(if) forz > 0.5; p = 0.125 Kg/m>®, v = 0m/s, p = 0.1 Pa.

The air is supposed composed of only N, so that y=1 + = 1.4. Figures 3-6
show the solution at t = 0.24s. The solution was computed by using a fixed time
step At = 0.24s/50 = 0.0048s with a uniform grid of 100 cells.

Lax test. The second test case is another classical one, the Lax test (Lax, 1954);
it is a one dimensional test case, defined in the interval [0,1], with the following
initial values

(i) forx < 0.5; p = 0.445 Kg/m®, v = 0.698m/s, p = 3.528 Pa.

(i) forz > 0.5, p =05 Kg/m®, v = 0m/s, p = 0.571 Pa.

As in the previous test air is supposed composed of only N, so that y=1+ 3
= 1.4. Figures 7-10 show the solution at t = 0.15s. The solution was computed
by using a fixed time step At = 0.15s/60 = 0.0025s with an uniform grid of 100
cells.

11 11

0.0 T T T T T T T T T 0.0
0.0 0.2 0.4 0.6 0.8 1.0
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Figure 3.

Solution of Sod problem
at time t = 0.24s; mass
density distribution.
The solid line is the
exact solution
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velocity distribution.
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exact solution 0.0
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Solution of Sod problem 0.2 7
at time t = 0.24s; 1
pressure distribution. 0.1
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Figure 6.

Solution of Sod
problem at time

t = 0.24s; internal
energy (E/p—u?/2)
distribution. The solid
line is the exact solution

Figure 7.

Solution of Lax
problem at time

t = 0.15s; mass density
distribution. The solid
line is the exact solution
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Figure 8.

Solution of Lax
problem at time

t = 0.15s; velocity
distribution. The solid
line is the exact solution

Figure 9.

Solution of Lax
problem at time

t = 0.15s; pressure
distribution. The solid
line is the exact solution
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1D shock tube
The test case is defined as a one-dimensional tube with length 1m and with the
following initial conditions:

(1) forx<0.5; T =9,000K, p=2532Kg/m3, u=0m/s.
(2) forx>0.5; T = 300K, p=1.156Kg/m3, u = 0m/s.

In order to compare our results with those in Abgrall et al. (1992), instead of
Dunn and Kang model (Dunn and Kang, 1973), the Park dissociation and
recombination model (Park, 1985) is used. At 9,000K with p = 2.532Kg/m?
the Park model gives approximately the mass distribution described in Table 1.

Frozen case. In this case we test the solver without chemistry source terms.
The solution is presented at time t = 160us and was computed by using a fixed
time step At = 160us/60 = 2.6 us with an uniform grid of 100 cells. The results
are compared with those in Abgrall et al. (1992) (which use a grid of 101 points).
We can see that the proposed code is slightly more diffusive than that in Abgrall
et al. (1992) but the agreement is good. In Figure 11 one can see mass fraction
distributions. In Figures 12-15 we have displayed the density, velocity, pressure
and temperature.

TK)  p(Kg/md) N,(%) 0,(%) NO(%) N(%) 0(%)
9000 2532 442 7.36 x 102 23 314 22
300 1156 767 233 0 0 0
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Figure 10.

Solution of Lax
problem at time

t =0.15s; internal
energy (E/p—u?/2)
distribution. The solid
line is the exact solution

Table II.
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Solution of Shock
Tube problem at time
t = 160us; mass fraction
distributions. Non- 0.0 . ; ; . ,
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Figure 12.

Solution of Shock
Tube problem at time
t = 160us; scaled mass
density distribution.

Non-reactive case 0.0 T T T T : T -
0.00 0.25 0.50 0.75 1.00

0.5 1

Test with chemistry source terms. The solution is presented at time t = 160us
and was computed by using a fixed time step At = 160us/120 = 1.3us with a
uniform grid of 200 cells. The results are compared with those in Abgrall et al.
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(1992) (which use a grid of 201 points). A comparison of the computed results
with those in Abgrall et al. (1992) shows that the agreement is good except for
the velocity that is more smeared. In Figure 16 we can see mass fractions
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Figure 13.

Solution of Shock
Tube problem at time
t = 160us; velocity
distribution. Non-
reactive case

Figure 14.

Solution of Shock
Tube problem at time
t = 160us; scaled
pressure distributions.
Non-reactive case
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Figure 15.

Solution of Shock
Tube problem at time
t = 160us; scaled
temperature
distribution. Non-
reactive case

Figure 16.

Solution of Shock

Tube problem at time

t = 160us; mass fraction
distributions. Non-
reactive case

11
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0.00 0.25 0.50 0.75 1.00

distributions, in Figure 18, mass density distribution and in Figure 21,
temperature distribution. In Figure 17 we can note the production of NO at the
contact discontinuity, this can explains the small wiggles in the velocity and
pressure (Figures 19-20) as in Abgrall et al. (1992).
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Two dimensional test cases

The 2D test cases are taken from Groth and Gottlieb (1993). The problems
considered are the following: the single, complex and double Mach reflections in

Figure 17.

Solution of Shock
Tube problem at time
t = 160us; NO mass
fraction distribution.
Reactive case

2.5

2.0 1

1.5 7

0.0
0.00

Figure 18.

Solution of Shock
Tube problem at time
t = 160us; scaled mass
density distribution.
Reactive case
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Solution of Shock 07
Tube problem at time
t = 160us; velocity
distribution.
Reactive case -500 ‘ T - T , T :
0.00 0.25 0.50 0.75 1.00
air of a planar incident shock from a wedge; the diffraction of a planar high-
Mach-number incident shock at an expansion corner in oxygen; the blunt-body
flow in nitrogen. Except for the last, they are all non-stationary flow problems
1.1
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Figure 20. 1
Solution of Shock 0.2 7
Tube problem at time 1
t = 160ps; scaled 0.1 1
pressure distribution. 0.0 1
. T i T

Reactive case o
0.00 0.25 0.50 0.75 1.00
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and use the Dunn and Kang dissociation and recombination model for the
source terms.

Single Mach reflection in air

This test case is the oblique reflection of aM, = 2.03 planar shock wave propaga-
ting in air incident on a 27° compression corner The value of the temperature and
density of the quiescent air ahead of the shock are 299.2K and 0.387Kg/m?2. The
mass fraction of the quiescent air is assumed to be composed of 76.7 per cent of
N, and 23.3 per cent of O,. The value of pressure, temperature and density of
the supersonic inlet were specified by solving the Rankine-Hugoniot conditions.
In this test case non-equilibrium effects are insignificant. So it is a test for the
capabilities of the gas-dynamic solver. The solution is presented at time
t = 100us and was computed by using a fixed time step At = 1001:s/300 = 0.3us
with a 300 x 100 node mesh. Figure 22 depicts the density contour while Figure
23 depicts the wall density distributions. The results are in good agreement
with those in Groth and Gottlieb (1993).

Complex Mach reflection in air

This test case is the oblique reflection of a M, + 10.37 planar shock wave
propagating in air incident on a 10° compressmn corner. The value of the
temperature and density of the quiescent air ahead of the shock are 299K and
0.0777Kg/m3, respectively. The mass fraction of the quiescent air is assumed to
be composed of 76.7 per cent of N, and 23.3 per cent of O,. The value of
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Figure 21.

Solution of Shock

Tube problem at time

t = 160us; scaled
temperature distribution.
Reactive case
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Single Mach reflection in ]
air; mass density ratio 0.02
(ol py) distribution, where E
Py is the density of 0.01
quiescent air. Axes units E
are in metres 0 prereprTeT TreTr e

0.07 0.05 0.03 001 0 -0.01

pressure, temperature and density of the supersonic inlet were specified by
solving the Rankine-Hugoniot conditions. The solution is presented at time
t = 20us and was computed by using a fixed time step At = 20us/600 = 0.03us
with a 450 x 125 node mesh. Figures 24 and 25 depict respectively the density
contour and the wall density distributions. The results are in good agreement
with those in Groth and Gottlieb (1993).

5
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Figure 23.

Single Mach reflection

in air; wall mass density

distribution

1 . . . .
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Double Mach reflection in air

This test case is the oblique reflection of a M = 8.7 planar shock wave
propagating in air incident on a 27° compressmn corner. The value of the
temperature and density of the quiescent air ahead of the shock are 299.2K and
0.0476Kg/m3, respectively. The mass fraction of the quiescent air is assumed to
be composed of 76.7 per cent of N, and 23.3 per cent of O,. The value of
pressure, temperature and density of the supersonic inlet were specified by
solving the Rankine-Hugoniot conditions. The solution is presented at time t =
22us and was computed by using a fixed time step At = 22us/700 = 0.0314us
with a 500 x 100 node mesh. Figures 26 and 27 depict respectively the density
contour and the wall density distributions. The results are in good agreement
with those in Groth and Gottlieb (1993).

Shock wave diffraction in oxygen

This test case is the prediction of the non-stationary planar flow of a M, = 12
planar shock wave of dissociated oxygen around a 15° expansion corner The
value of the temperature and density of the quiescent air ahead of the shock
are 300K and 0.0342Kg/m?3. The post-shock state of the oxygen is approxi-
mately 23 per cent dissociated. The value of pressure, temperature and
density of the supersonic inlet were specified by solving the Rankine-
Hugoniot conditions. The solution is presented at time t = 21.7us after the
shock travel the corner and was computed by using a fixed time step At =
21.7us/420 = 0.0512us with a 250 x 100 node mesh. Figure 28 depicts the
density contour. The results are in good agreement with those in Groth and
Gottlieb (1993).

Blunt-body flow in nitrogen

This test case is the prediction of the stationary planar flow of pure nitrogen
around a two-dimensional circular cylinder with axis of symmetry perpendicu-
lar to the free-stream flow directions. The radius of the cylinder is 2.54cm while
the free-stream density p_, temperature T_ and velocity u_, are 0.0055Kg/m?,
1400K and 5500m/s, respectively. The solution was computed by using a 100 x

004 T T T T T T T 1 v 1 T i i I
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Figure 24.

Complex mach
reflection in air; mass
density ratio (o/0,)
distribution, where g is
the density of quiescent
air. Axes units are

in metres
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Figure 25.
Complex Mach
reflection in air; wall
mass density
distribution

Figure 26.

Double Mach reflection
in air; mass density
ratio (o/ ) distribution,
where p, Is the density
of quiescent air. Axes
units are in metres

16
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-0.085 —0.065 -0.045 -0.025 -0.005

100 node mesh. Figure 29 depicts the density contour. The results are in good
agreement with those in Groth and Gottlieb (1993).

The iterative procedure for the solution of the non linear system for the
densities is described in Remark 11. Similar schemes are used for the solution
of the linear system for vibrational energies and velocities-energy. The
residual r = b — Ax is scaled component by component by the diagonal of A
as follows:

0 T LAARAS RARLLALARE MALALRAMAS RAAALARAR] MAMALAAARS RAALLARER | T
0.07 0.06 0.05 0.04 0.03 0.02 0.01 0



25

20

151

10

0 T T T T T 1 T
-0.09 -0.07 -0.05 -0.03 -0.01

Fry |

| A |

The iterations are stopped if the scaled residual is less than 1075, To speed up
the solution procedure for the densities, the system is solved at first assuming
no-chemistry present, and then this solution is used as the starting point for the
complete iterative procedure. Table Il is a summary of the computational costs
of the scheme in terms of the average number of iteration per time step. This
table contains only the average values of the second half step so that, in
practice, the average total cost per time step is about twice the value in the table.

0.03

0.02 A

0.01 4
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Figure 27.

Single mass reflection in
air; wall mass density
distribution

Figure 28.

Shock wave diffraction
in oxygen; mass density
ratio (o/p,) distribution,
where py is the density
of quiescent air. Axes
units are in metres
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Figure 29.

Blunt-body flow in
nitrogen; mass density
ratio (o/p,,) distribution,
where p,, = 5500kg/m?.
AXes units are in metres

Table Il1.
Average iterations

0.05 1

0.04 A

0.03 1

0.02 1

0.01 1

0
-0.03

Test case NoChem Chem EV uv E
Single Mach 4 0 4,018 5.037 4,013
Complex Mach 4 5.992 5 5.008 4,998
Double Mach 4 5.966 5 5.004 4.349
Diffraction 4 3.998 5.027 5 4.027

Notes: NoChem = iteration for density without activated chemistry, Chem = iteration for
density with activated chemistry, EV = iteration for vibrational energies, UV = iterations for
velocity system, E = iterations for total energy system

Conclusions

The present finite volume scheme allows numerical solutions of hypersonic
flows to be obtained at a relatively low computational cost. Positivity of the
densities and vibrational energies is assured, for the first order scheme, even
when large time steps are used. The method is quite general and can be
extended to three dimensional problems, where the reduction of the
computational cost is essential.



Appendix
We prove here the theorems stated in the paper. We denote by R, and R? the following subsets
of Rand R"
R+={IE]R|.TZO}, ]R,1=]R,+XR+X"‘
n—iimes
Lemma 1. Letv O R" be such that 3_, v, =0 and let f: R} i, R, be a continuous function, such
that, for those k which satisfy v, < 0, f(x)/x, is also continuous on RY.
Then f(x)v can be written as C(x)x = f(x)v, where C(x) is a matrix with continuous entries

X]R,+

such that
Cia(x) €0, i=1,2,...,n
Cei{x) 2 0, i
S Cax) =0, j=12...,n o
i=1

Proof
Let v=v* + v-where

+

vt = [max(0, v ), max(0, 1}, ..., max(0, vn)]T,

v~ = [min(0, ), min{0, v;),.. ., min(0, ©,)]7. )

By (22), it is possible to define the matrix C(x)

i=1 *

where ¢; are the vector of the canonical base in IR", i.e. e; = [0, ... ., 0]".Bya
stralghtforward computation it is easy to verify that (21) holds
Theorem 1. The source terms W(p, R) can be written in the form C(p,

5 x 5 matrix with continuous entries, such that:

,0,1,0

R)p, where C(p, R) is a

@ Ciidp,R)<0 i=1,2,3,4,5
(b) C:ij(p,R) <0 it
5
0 Y CuieR)= J=1,23,45
i=1

Proof
The source terms W(p,

W(p.R) =3 fi{p.Rlvj,
=1
where we have set

R) can be written as

fivs = b5,

For each fixed value of R, the pair
that

VJ'+5 = —=Vj, J - 1,2,3,4,5

fj, Vi satisfies the hypothesis of Lemma 1, so that we can state
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C{j)(paR)pzfi(paR)vjw j= 1521"‘110

with CU)(p, R) that satisfies the properties (a)-(c). Then it is possible to define
C(p.R) =) CY(p,R),

and C(p, R) has obviously the properties (a)-(c). 3
Theorem 2 Foreachi=1,2, ..., Nyand j=1,2, ..., N, let C(id) be a matrix such that

e <o, k=1,2,...,N,

G20, k#l @)
N
S 20, 1=12. N,

foreachi, j, let & i i ,/3| K JIZI R* with &, > 0. For eachi, j, let x;;, z;; O RN: and consider

i Zij
the linear system in the véctor unknown Xij defined by the stencil

—C“"”X“,; + —_1,§ 51 -+ a:._] + ﬁa,] + Yig + @i : _,81+l Xig = bi.j’ (24)

withi=1,2,...,N andj=1,2,...,N,. The matrix of coefficients is an M-matrix. Therefore, if b
>0, then the solution X;; is such that x;;20foralli, j.
Proof
Observe that the matrix of the system defined by (24) has positive elements on the main diagonal
and non-positive elsewhere. The properties (23) imply that this matrix is strictly diagonal
dominant, so that it is an M-matrix. By definition, this implies thatx; . = 0.

Corollary 1. The quantities x5*1 defined the iterative procedure o# Table | are non-negative for
all's

Proof
We apply theorem 2 with

iy = aig, By =big, g =g Wi =dij, clhi) = 8.;Clps;, R},
and
bz = SN + Vi Big = [% + m—,,—] x;;+ SA; £Y; +bei;.
Corollary 2. The scheme in equation (18) maintains the vibrational energies non-negative.

Proof
we apply the theorem with

C e . — b = — i
Oy = 44, .Bi,j = bl']! Yig = Gy Wi = di,j’ C( 1) = 0;
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Theorem 3. The solutions of system (15) conserve the total amount of nitrogen and oxygen.

Proof
At the convergence the source term is

Wi; = C(piT  RY,)elt" (25)
By direct computation one can see that

(Wi +alWadiy+ W)y =0, (Wa)ij + (1 — a)(Wa)i, + (We)i, = 0,

and also
PN = p1+ ops + py, po=p2+ (1 —alps+ ps. (26)

The following relations are also true

1 0

0 1

|- (ClIT RO =0, L—a |- (ClprH RYjpiH) = 0.

1 0

0 1

By multiplying system (15) at the left by the vectors [1, 0, a, 1, 0], [0, 1, 1 — @, 0, 1], and by using
(25-26) we obtain

i —dije
—_—————— _.!_._._._ _._..!.._._._,_. 8
- i i
—ai 12 o —hi ptl = “hlgn
@i-1, : At + e : -+, Ti g At Fij 27)
__________ SRV S ——
i _cz',J—l. 1
1 I
where X = py, Po- Adding equations (27) over all the cells it follows now
=J 27 ta n
RS 'Z At (29)

where the cancellation is due to the conservative form of (27). Equation (28) states that the
variation of total quantity of nitrogen or oxygen depends only on the boundary terms, so that the
possible changes are due only to the boundary conditions.

Theorem 4. For any n and fixed At there exists at least one non-negative solution of the non-
linear system (15).

Proof
It will be sufficient to prove that the map @ defined in Table | has a non-negative fixed point. For
simplicity, we consider the map with I'i'j = 0. From Corollary 1 it follows that @&(v) =0 for all v =



HFF 0. Denote by x = @(v) the solution of the linear system of Table I. Introducing the vectore =1, 1,
8.8 1,1, 1JT, we can write
]

Nz Ny
0= eT Z {C(f—’e;7 )xlj + e GXig T Qi1 jXio1,j Ui g Kigr;
if=1
Sij o
028 —Cij1Xij-1 — dije1Xijbn — LY
Ne N, s.
= (B ettt e s ) k- S,
ig=1
My Ny
= > Al b+ b X |+ eimal Xajon by + bl Xispa i} -
i3=1

The dependence on C(Y ) disappears because eTC(Y

Next, we can write

) = 0 by condition (c) of Theorem 1.

I]’ I]’

Ny
0= {brl %1 Iy = a0l %o, by — baan,il Xnesns |y + ol a1}

=1

Ny
+ Z {di‘]nxi‘l H] - Ci,o|xi,o ﬂl - da‘Ny+1UX1‘,Ny+1 |1 + CLN;,H xi,Ny “1}

N.x Ny ..
+ 3 (St - B,
{,i=1
Since X is known to be equal to P n*+1at the boundary; it follows that
Ny Np
S bl xeil + amailxng s Y+ {diahxa b+ eom, I, I}
i=1 =1
N2 Ny Nz,Ny
8;; 8,
~p ik = > Jllpulll
=1 =1

+Z {aosl P25 Iy + b sl 23 1) + Z {eiol " 1, + byl 62K 1)

7=t

(29)

This suggest to define the norm

NeuNy

8i
lz=>_ % ’leulll +Z (sl i + anslzn.i 1,3

ig=1 i=1

Ny
+3 {dilzea ) + eim 2w, 1} -
i=1



By using this norm and in view of (29) one sees that || @(v)]] = K, for all v = 0 where A finite volume
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K= Z —| nlZan +Z{a0,||p“+1 Iy + bl O30 1

ij=1

+Z {ciol PIg I, + binysi] £F X .}
P 929
Introducing now the convex compact set
K={vzoj|lv]=~H},

one sees that @ is a continuous map from K into itself. By the Brouwer fixed point theorem
(Zeidler, 1986), this map has at least one fixed point, that is a non-negative solution of the system
(15)

Remark 14. Notice that the iteration map @ can be written as:

P(v) =x, where x is the solution of
Pii8i
At

(F+D(v)+M)x=Iv+b, T =diagl;;), b=
Then, we can write

S(v)=(I'+D{v}+ M) (I'v+b).
Also, in the proof of Corollary 1 we have seen that I” + D(v) + M is an M-matrix, so that (/" + D(v)

+M)1>0.
An estimate of the norm of the matrix (I + D(v) + M) is now obtained.

Lemma 2. Itis | G(L + D(v}+M)~'|, < 1, where G = dw,g( .J+3At>

Proof
Let e be a vector with all components equal to 1. By a straightforward computation one has

e’ (I + D(x) + M(x)) > TG > 0. (30)
Multiplying now the equation (30) by (I + D(x) + M(x))! = 0, one has

e’ = e'(I' + D(x} + M(x))(T + D(x) + M(x))™" 2 e’ G(I' + D{x) + M(x))™ 2 0.
From equation (31) it follows then | G(I" + D(x) + M(x)) ™[I, < 1.

Corollary 3

I, < 1 At
TG

[ (I +D(x) + M(x))™ .
mm (At'y” +8:;)

Theorem 5 If At is small enough, then the map @: K 1, K is contractive

Proof
Take x, y O K and let N(x) = I + D(x) + M. Then
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@(x) — #{y) = N(x)"'(I'x + b) - N(y)"'(I'y + b},
= [N(x)™' = N(y)™| b+ [N(x)"'I'x -~ N(y)"'I'y],
= N(x)™' [N(y) - N(x)]N(y)"'b
+N(x)™' I [x — y] + N{x)™'[N{y) - N(x)|N(y)~' T'y. (32)

Taking the || I, norm in (32), one then has

f #(x) - 81, < INGO [, {(IN@)™ LING) = NG [ (b, +1 Ty 1,1}
HINGO LING) T LI T LIx -y, (33)
Observe that
N(x) - N(y) = (I + D(x) + M) — (I' + D(y) + M) = D(x) - D{y),

and since D(z) is regular enough and does not depend on At, it is possible to find a constant L
independent of At such that

IM{x) - M{y)l, < Llx-yl, VxyeX

Defining
At
9= o, J
n};n {F;,J‘Af + Sg‘j)

from (33) one has
[ #(x)— 8k <g{oL Ul + 1Ty 1]+ 1T 1} %=y,

<o{or[Ibh +myp ol ]+ 101} 1x -y,
Notice that for At 1- 0, we have gjjb]] bounded and g - 0. Consequently,

oot [1b1,+ mygirar] +1rn} <.

for At small enough. Thus, the map @: K 1 K becomes contractive.
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