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Numerical Analysis of Reacting Flows Using Finite Rate
Chemistry Models
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A computational procedure to analyze the reacting flows in supersonic flow regime has been developed. The
Navier-Stokes solution algorithm is based on an operator splitting procedure using pressure correction equations.
The chemical species solution algorithm is also based on an operator splitting procedure in which the chemical
kinetics and the fluid dynamics are solved in separate steps. The predictor step of this chemical kinetics/fluid
dynamics coupling procedure, evaluates the effective chemical source terms, by integrating the linearized chem-
ical kinetics equations. The corrector step then solves the fluid dynamic part of the chemical species equations.
The present numerical solutions are validated using the available experimental data.

Nomenclature

constant pressure specific heat

species mass fraction

curvilinear velocity components

total enthalpy including heat of formation
static enthalpy

Jacobian in the coordinate transformation
molecular weight of species

number of species

number of reactions

static pressure

laminar and turbulent Prandtl number
universal gas constant

source term in finite difference equation
static temperature

components of Cartesian velocity vector
Cartesian coordinate components
effective diffusion coefficient

Kronecker delta

turbulence kinetic energy and dissipation
rate

laminar and turbulent viscosities
curvilinear coordinate components
density

general transport equation scalar quantity
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I. Introduction

N recent years, the supersonic combustor has drawn re-

vitalized attention as a propulsion device for high-speed
vehicles. In this combustor, fuel is injected through parallel
and transverse injectors to control fuel mixing and heat release
based on the flight speed.

The purpose of the current work is to develop an analytical
tool to analyze supersonic combustor flowfields involving
chemical reactions between injected hydrogen fuel and a
supersonic external stream. In the case of transverse fuel in-
jection, the flow in the vicinity of the fuel injector is highly

Presented as Paper 89-0459 at the AIAA 27th Aerospace Sciences
Meeting, Reno, NV, Jan. 9-12, 1989; received Jan. 26, 1989; revision
received May 10, 1990; accepted for publication Jan. 2, 1992.
Copyright © 1989 by the American Institute of Aeronautics and
Astronautics, Inc. All rights reserved.

*Staff Scientist.

tSenior Analytical Engineer. Member AIAA.

$Senior Analytical Engineer.

119

three-dimensional, turbulent, recirculating, and chemically
reacting. These complex flow features necessitate the devel-
opment of a full three-dimensional viscous flow solver in con-
junction with chemical reactions. The present analysis method
solves the three-dimensional Reynolds averaged Navier-Stokes
equations including transport equations for chemical species.

The present numerical method for the Navier-Stokes equa-
tions is based on the operator splitting procedure developed
by Rhie and Stowers.* In this solution algorithm, a multistep
pressure correction procedure is used with an implicit density
treatment to establish the pressure and the velocity fields.
The equations are implicitly integrated with under relaxation.
The current effort is centered around the development of the
chemistry coupling procedure within the existing flow solver.

An operator splitting method originally developed by Tyson
and Kliegel? was used for the coupling of the chemical kinetics
with the fluid dynamics. In the predictor step, all the chemical
source terms are linearized and implicitly integrated over the
residence time for each computational cell. This step simulates
the chemical kinetics process and produces effective chemical
source terms. In the corrector step, the convection and dif-
fusion parts (i.e., fluid dynamics) of the equations are inte-
grated with the effective chemical source terms from the pre-
dictor step.

In the present work, two different hydrogen-air chemistry
models were applied. The first one is the global two-reaction
finite rate model developed by Rogers and Chinitz® and the
second one is the detailed eight-reaction finite rate model
used in the SCORCH code as described in Refs. 4 and 5.

The global chemistry model uses two reactions and five
species. This model replicates the temperature history for the
complete chemical reaction mechanism (Ref. 3). Even though
this model has restrictions on equivalence ratio and initial
temperature, it is considered to produce reasonable engi-
neering information without using extensive computer re-
sources. The detailed chemistry model uses eight reactions
and seven species. This model requires more computer re-
sources, but it can describe the chemical reaction mechanism
in more detail and relieve some numerical stiffness problems
associated with the global model. The benefit of this detailed
chemistry model over the global model will be discussed in
the present work. ,

The purpose of the present paper is to describe the present
computational procedure and to demonstrate the efficacy of
the approach. The results are validated against available ex-
perimental data to establish the calibration of the present
analytical models for future scramjet applications.
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. Mathematical Model

A. Governing Equations

The governing equations for multiple species undergoing
chemical reactions are the continuity, Navier-Stokes, energy,
and species continuity equations. In generalized tensor no-
tation they can be written:

Continuity
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where p is the density, u the mean velocity, P the pressure,
u the effective viscosity, H the total enthalpy, I the effective
dissusion coefficient, f; the mass fraction of chemical species,
and &;, the chemical source term. The unsteady terms are
dropped since only steady state solutions are sought in the
present study. The transport coefficients for turbulent flow
are given by

Bo= ot ©)
I' = (w/Pr) + (p/Pr) (6)

where Pr is the Prandtl number. The subscript / denotes the
laminary property, and ¢ the turbulent property. The laminar
viscosity and conductivity for each of the species are deter-
mined using curve fits based on data of Suehia. ¢ The turbulent
viscosity is determined using the standard High Reynolds
number k — & two equation turbulence model. Wall functions
are used for the near wall regions.

The above equations were derived assuming standard bi-
nary diffusion for all species and the effective Lewis number
equal unity. For engineering calculation, the simplification of
the energy equation with the Lewis equal one, are justified
for turbulent flows. For the chemical species equation, Eq.
(4), the effective Schmidt number was assumed to be one. It
is a good engineering approximation (especially for the near
injector flowfield) however, it may lead to insufficient tur-
bulent mixing for the far downstream flowfield. In fact, the
turbulent Schmidt number for the far downstream flowfield
may have to be about 0.5. The influence of the effective
Schmidt number on the far downstream turbulent mixing will
be studied in future work.

B. Thermodynamics Model

In addition to the equations described above, expressions
are required for the thermodynamic quantities. In the present
work, the fluid medium is assumed to be a thermally perfect
gas; consequently, the specific heats for all species are func-
tion of temperature only. The specific heats can then be cal-
culated using a fourth order polynomial

C,= A, + BT+ CT> + DT> + ET* 7)

where T is the static temperature and A,, B, C;, D,, E, are
curve fit constants based on McBride et al.”
The static enthalpy #, is

h= 3 ) ®

and density is obtained from the equation of state for a mul-
ticomponent mixture

P

= TN 9
R,T 1221 MLW

p

where R, is the universal gas constant, and MW, the molecular
weight of species.

In order to determine the equilibrium constants necessary
for the finite chemistry models, the gibbs energy is required.
For a constant pressure process, the gibbs energy is obtained
by

g/R = A(T — T4 T) - (B/2)T? — (CJ6)T?
— (DND)T* = (E20)T5 + F, — G,T (10)

where R is a constant and F;, G, are additional curve fit con-
stants. The gibbs energy for a reaction can then be obtained

AGp = 2

i=products

ng; — E n;8; 11

i=reactants

where 7 is in moles. Finally, the equilibrium constant for each

reaction is
1\ AG
_ - R
K = <R°’T> P < R°T > (12)

where An is the difference in moles between products and
reactants and R?', R° are constants.

C. Finite Rate Chemistry Models

For the present scramjet combustor simulation study, two
different finite rate chemistry models for gaseous hydrogen
and air have been selected. The first one is the global two-
reaction finite rate model described in Rogers and Chinitz?
and the second one is the detailed eight-reaction finite rate
model as described in Ref. 5.

1. Two-Step Reaction Model

This model was deduced from results obtained with a 28-
reaction mechanism employed in a series of one-dimensional,
constant-pressure, stream-tube calculations (Ref. 3). Even
though this model has limitations in the applicable pressure
and temperature ranges, it produces reasonable accuracy and
the overall nature of the reaction for engineering purposes.
The proposed two-step global model is as follows:

H, + O,
20H + H,

20H
21,0

The first reaction controls the reaction of the fuel and oxidizer
species through the ignition delay period, whereas the second
reaction predominates during the combustion phase when the
major heat release and product formation occur. The reaction
rates can be found in Ref. 3. In the present work, an equi-
librium assumption was made for the first reaction. One of
the purposes of the present study is to investigate the per-
formance of this model compared to the more detailed eight-
reaction model to be explained in the next section.
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Table 1 Detailed eight-reaction finite rate model

Reaction rate variables

Reaction _

number Reaction A N E
1 OH + O=H+ O, 3.0E-1 0.0 0.96
2 OH+H=H,+ 0O 1.4E-14 -1.0 0.7
3 OH + OH = H,0 + O 1.0E-11 0.0 1.1
4 OH + H, = H,O + H 3.5E-11 0.0 5.18
5 2H+M=H, + M 3.0E-30 1.0 0.0
6 H+O+M=0H+M 1.0E-29 1.0 0.0
7 20+ M=0,+M 3.0E-34 0.0 —-1.8
8 H+ OH+ M=H0 +M 1.0E-25 2.0 0.0

2. Light-Step Reaction Model

This model utilizes eight reactions and seven species as
shown in Table 1. All of the species H,, O,, H,O, OH, H;
O, HO,, H,0, are considered to be reactive while N, is treated
as an inert species. The forward rate coefficients for each of
- the reactions are given by the modified Arrhenius law

K; = A,T-% exp(—E;|RT) (13)
and the reverse rate is obtained using
Ky = Kj|K; (14)

where K is the equilibrium coefficient that is determined from
Eq. (12)

The production rates for each of the species (chemical source
terms) for both chemistry models which are required in Egq.
(4) are obtained using the laws of mass action. For a general
homogeneous chemical reaction, which may proceed in both
the forward and reverse directions, the stoichiometric equa-
tion can be written as

k

(23

Mz

v A,

!
5

N
SviA, j=1,2,...,NR (15)
i=1

=

i=1

b

The law of mass continuity states that for net production of
species i by reaction j is

dc, N ~
<_(;l> = (VZ - V;i) I:kf/ 11;[1 C,Y’ij - kb]- ,L—[l Cl" ij:I (16)

7
where C, is the concentration of species. The net rate of change

in concentration of species i by all reactions is found by sum-
ming the contribution from each reaction giving

dC; R dC,;
E—§<m) (a7

HI. Solution Method

A. Solution of Navier-Stokes Equations

The governing equations are transformed to an arbitrary
curvilinear coordinate system using the general transform

f = E(x’ 2 Z)
n = nx,y, z)
{={x,y,2) (18)

where £, n, { are the arbitrary curvilinear coordinates, and
X, y, z, are the Cartesian coordinates. Applying Gauss’s theo-
rem, Eqs. (1-4) can be written in the generalized form

UD[(pG19), + (0G20), + (pGs¢),]
= (UN[(UTay¢,); + (JTer9,),
+ (JTaz,), + S| + S¢ (19)

where G,, G,, and G; are the contravariant velocities scaled
by the Jacobian J, and ¢ represents the dependent variables
(u, v, w, etc.). Equation (19) is then integrated over an ar-
bitrary control volume using a cell center (nonstaggered) grid
arrangement. The resulting discretization produces a second
order accurate centered differencing. The shocks are effec-
tively captured using the MADE (monotonically adaptive dis-
sipation at extrema) scheme’# in which a flux limiter concept
is employed.

The solution procedure for the Navier-Stokes equations are
based on the previously developed pressure based method.?
This method is based on an operator splitting concept, to solve
the momentum and the continuity equations in separate steps,
by means of pressure corrections. In the predictor step, a
preliminary velocity field is first obtained from the momentum
equations with a preliminary pressure field. Since this prelim- ~
inary velocity field does not satisfy the continuity equation,
pressure correction equations are solved in the corrector step
to establish new velocity and pressure fields, which must sat-
isfy the continuity equation. The momentum and the conti-

‘nuity equations are coupled through this pressute correction

procedure. The resulting algebraic equation systems are solved
implicitly with a multigrid correction scheme.®

B. Solution of Chemical Speéies Equations

In reacting flow problems, a coupled implicit solution pro-
cedure of the chemical kinetics/fluid dynamics problem, would
require the inversion of a complex system of matrices. The
various chemical species are related to each other through the
chemical reactions at each grid point, and each species is
influenced by neighboring grid points through the fluid dy-
namics. To avoid the complexities of the N X N block tri-
diagonal inversion, the chemical kinetic and the fluid dynamic
solutions are uncoupled in performing the integration using
an operator splitting concept.

To explain this procedure in more detail, let the governing
species continuity equations be written of the form

p%—{":Cf,—+Dﬁ+w,. (20)

where f; is the mass fraction of species i, C and D are con-
vective and diffusion operators respectively, and @, is the
chemical source term for species i.

In the predictor step, the chemical kinetics solution involves
integrating the relation

b L= il o 1) e

in a fully implicit fashion. The fluid dynamic time scale de-
termined by

At = [(UIAx) + (VIAy)]-? (22)

where U, V are the Cartesian velocity components, and Ax,
Ay, the Cartesian grid spacings, are utilized for the chemical
integration step. The two body and three body reactions in
Eq. (21) are linearized using the approach of Tyson and Kliegel?
to establish a simultaneous N X N algebraic linear matrix as
follows:

Ffiyr = =(H + e + (ffy (23)
(fif = =206£50° + (Gfofr + (Lf)f; + (ﬁﬁ)"(fzz’éé‘)

where superscript # denotes the new time value, and o, the
old time value. The resulting N x N algebraic system can be
easily solved. The effective chemical source terms are then
determined by dividing the increment of the chemical species
by the residence time Eq. (22).
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In the corrector step, the convection and the diffusion part
of the species equations are implicitly integrated. The cor-
rector step integrates the fluid dynamic part with the effective
chemical source terms from the predictor step as follows:

Cﬁ+Dﬁ=<p%§)f=p%" 25)

where Af; is the increment obtained by subtracting the old
time value, f¢, from the new time value, f7.

IV. CRAY-XMP Computer

A CRAY-XMP 28 computer that has eight mega words
maximum core memory is used for the present calculations.
The present NASTAR (NAvier-STokes analysis for Arbitrary
Regimes) computer code has been fully vectorized and uses
the SSD (solid state disk) device for out-of-core calculations.
The present out-of-core solution technique stores only three
streamwise computational planes at a time in-core, because
the influence coefficients resulting from the second order cen-
tered discretization require only three grid nodal values. The
in-core indices for the three computational planes are rotated
like a permutation to avoid data swaps. The resulting matrices
are solved using the ADI multigrid scheme in core. As a
result, the convergence history is identical to the full in-core
calculation. This approach requires nine three-dimensional
variables to be stored in the core. The frequency of data
transfer to SSD for a variable is about five times/iteration.
The I/O wait time due to the use of SSD is less than 10% of
the whole computation time. The average computer time for
a case to converge is about 10 h/1000 iterations/200,000 grid
points with the 2-reaction model. The computational time
increases by 35% with the 8-reaction model.

V. Results and Discussion

A careful calibration of the present NASTAR code has
been executed to establish a confidence level in future scramjet
flow simulations. Several different checks were made. First,
one-dimensional premixed fuel injection cases were calculated
to check out the chemical kinetics models. Second, two-di-
mensional tangential fuel injection with turbulence mixing
cases were calculated. The results were compared with ex-
perimental data. Third, three-dimensional test cases with sonic
transverse fuel injections were calculated to check out the jet
penetration and spreading rates.

It should be stated that the present work does not fully
address the grid independency issue, mainly due to the com-
puter resource limitations, particularly in three-dimensional
calculations. During the calculations, the global conservation
for each scalar variable was monitored, and the convergence
was defined when all the global conservation errors dropped
below 0.1%, when normalized by the global inlet scalar fluxes.

A. One-Dimensional Test Cases

One-dimensional premixed fuel injection cases were cal-
culated using three different chemical reaction models: 1) one-
reaction, 2) two-reaction, and 3) eight-reaction finite rate
models. The eight-reaction model should be considered to be
more accurate in this comparative numerical study. The one-
reaction model simply used a global

2H, + 0, = 2H,0

reaction with reaction rates roughly tuned for low-tempera-
ture application. The inlet flow conditions tested were with
static pressure, P,, = 101,325 Pa, velocity U, = 2689 m/s,
and two different static temperatures 7,, = 1000 and 2000 K.

Figure 1a shows the temperature rise in the first test case
in which the inlet static temperature was 1000 K. In this case,
the two-reaction model described the ignition delay reason-
ably well, compared to the eight-reaction model, because the
intermediate species in the two-reaction model partially ox-

4000

3000

T e

[Kelvine] 1 step /

2000 FAN
e {8 step

1000 +=8omrsr

0.0 0.2 0.4 0.6 0.8 1.0

X [Meters]

Fig. 1a One-dimensional case (7., = 1000 K).

0.0 0.2 0.4 0.6 0.8 1.0
X [Meters]

Fig. 1b One-dimensional case (T.. = 2000 K).

35.6 cm

l LLLL :I
AIR —>
8.9 cm 10.48cm
v o /EME
H2 —P T 7777
0.4 ¢cm
H2 Jet Main Stream
M 1.0 2.44
T, (k) 254 1270
u, (M/S) 1216 1764
P, (MPa) 01 0.1

Fig. 2 Two-dimensional case by Burrow and Kurkov.!®

idated in the ignition delay period. The one-reaction model
could not describe any ignition delay. It appears that the
intermediate species was a crucial item for a reasonable com-
bustor simulation in a low temperature rane (1000-2000 K).
The resuit represented by symbols was obtained by Bittkers
one-dimensional chemical kinetics code using the eight-re-
action model. The difference between the present NASTAR
eight-reaction result and the Bittkers result was not well
understood.

Figure 1b shows the static temperature rise in the second
test case in which the inlet static temperature was 2000 K. In
this case, the two-reaction model compared well with the
eight-reaction model. However, the exit temperature was
slightly overpredicted. The one-reaction model showed a slower
temperature rise. The slight delay at the inlet in the present
NASTAR eight-reaction calculation was due to the large grid
spacing which gave overshoots in chemical source terms. A
total of 20 equally spaced grid points were used in the present
one-dimensional calculation.

B. Twe-Dimensional Test Cases

Two-dimensional flows with tangential fuel injections were
calculated using two-reaction and eight-reaction models.

The first case was the two-dimensional case tested by Bur-
rows and Kurkov.!® The geometry and inlet conditions are
illustrated in Fig. 2. In this case, a sonic jet of hydrogen was
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(Symbols: Experiment)
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Fig. 3 Chemical species profiles at x = 35.6 cm.
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Fig. 4 Static temperature profiles at x = 35.6 cm (2-step with mod-
ified reaction).

injected tangentially into a Mach 2.44 vitiated airstream in a
near-parallel wall. The airstream had a thick boundary layer
that was about three times the size of the initial H, jet (0.4
cm). The calculated chemical composition profiles at 35.6 cm
using the eight-reaction model is compared with experimental
data in Fig. 3. The main difference is that the experimental
profiles appear to be shifted away from the wall, even though
the shapes of the profiles are in good agreement with the
experimental data. It is possible that the present eight-reac-
tion finite rate chemistry missed the ignition in the lean mix-
ture region, or the high effective Schmidt number used in the
present study (=1.0) could not enhance enough turbulent
mixing in the numerical simulation. An additional calculation
was made using the two-reaction model to compare with the
eight-reaction model result. Initially, the two-reaction model
gave very little reaction. It under-predicted the reaction at
this low mainstream temperature (7., = 1270 K). In an effort
to generate the reasonable reaction, the static temperatures
had to be raised arbitrarily by 250° R during the reaction rate
calculation. Figure 4 compares the static temperature profiles
at x = 35.6 cm. The chemical species profiles are not com-
pared here, since the two-reaction model was not designed
to predict chemical species, but to predict global heat release
rates.

The second case was the axisymmetric case tested by Henry
and Beach.™ In this case, cold hydrogen (T = 251 K) of Mach
2.0 was injected along the axis of a circular supersonic stream
of hot vitiated air (T, = 1485 K) as shown in Fig. 5. Figure
6 compares predictions of H,, O,, and H,O mass fractions
using the eight-reaction with experimental data at x/d, = 27.9.
As can be seen from this figure, the prediction agreed rea-
sonably well with the experimental data. However, a disa-
greement of the oxygen concentration existed between the
calculated and measured values. This indicated that there was
an ignition delay in calculation. An additional calculation was
also performed for this case using the two-reaction model.
This two-reaction model result (Fig. 7) showed a more fa-
vorable comparison with the eight-reaction model result than
the previous two-dimensional test case (see Fig. 4). One rea-
son for this better agreement may be due to the higher main-
stream temperature (7., = 1485 K).

123

D = 6.53cm

d;= 0.9525cm
H2 Jet Main Stream
M 2.0 1.90
T, (k) 251 1495
U, (M/s) 2432 1510
P, (MPa) 0.1 0.1

Fig. 5 Axisymmetric case by Henry and Beach.!

(Symbols: Experiment)
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Fig. 6 Chemical species profiles at xid; = 27.9.
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Fig. 7 Static temperature profiles at x/d, = 27.9,
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Fig. 8 McDaniels single jet injection case.

C. Three-Dimensional Test Cases

Two normal injection cases were calculated to simulate
scramjet combustor flowfields. The problem consisted of a
sonic fuel injection into a supersonic freestream of air. The
first test case was the nonreacting case (sonic air injection)
measured by McDaniel and Graves.'? Figure 8 shows the
geometry and the flow conditions (Table 2). Figure 9 shows
a view of the 70 x 50 x 35 grid and the grid detail near the
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INJECTION HOLE
Fig. 9 Computational grid (70 X 50 x 35).
e Data Based on Shadow Graph
T L] ] ) ]
Fig. 10 Pressure ratio contours (P/P.) at the symmetry plane.
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Fig. 11a Mass concentration penetration rate.
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Fig. 11b Mass concentration spreading rate.

Table 2 Flow condition for nonreacting

case
Ailr jet Main stream

M 1.0 2.06

T, k 240 170

P, MPa 0.152 0.036

Table 3 Flow condition for reacting case

H, jet Main stream
M 1.0 4.0
T,k 700 1300
P, MPa 1.6 0.1

NUMERICAL ANALYSIS OF REACTING FLOWS

N
3
3
3
3
3
=3 ¢ S i
3 Cseeteces 33 BLOWUP NEAR
= SSS % —3:  INJECTION HOLE
e 2
=
7 ZEED
Fig. 12 Velocity vector plots at the plane.

2

N
ITIT I

SorIrT,

15d

Velocity vector plots at cross-stream planes.

Fig. 15 Pressure ratio contours at cross-stream planes.

injection hole. The constant static pressure contours at the
plane of symmetry compared well with shadow graph data as
shown in Fig. 10. The constant mass fraction contours at the
plane of symmetry in Fig. 11a show good correlations with
the measured penetration rate into the external stream. The
constant mass fraction contours at 1 diameter above the orifice
in Fig. 11b show a somewhat weaker spreading rate compared
to the measurement.
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15d
0.1

X =1

Fig. 17 H,O mass fraction contours at cross-stream planes.

Fig. 18 Static temperature ratio contours (7/T..) at cross-stream planes.

The next calculation was performed with a hydrogen in-
jection to simulate a reacting situation. The 8-reaction finite
rate model was used. The same geometry as the above non-
reacting case was used, but the flow conditions were changed
as shown in Table 3. The velocity vectors at the plane of
symmetry of the duct are shown in Fig. 12. A complex three-
dimensional pattern near the hole is evident (including re-
versed flow regions). The velocity vectors at different cross-
stream planes are shown in Fig. 13. The shock propagation
and a reflection from a side wall is clearly visible. A pair of
counter rotating votices are also visible downstream of the
injection hole (only half the domain is shown in Fig. 13). The
static pressure contours at the plane of symmetry and the
cross-stream planes are plotted in Figs. 14 and 15. The H,
mass fraction countours are plotted in Fig. 16. The H,O pro-
duction and the static temperature profiles at the different
cross-stream planes are plotted in Figs. 17 and 18. Because
there are no experimental data available, this case could not

HZO Mass Fraction

0.1
0.2

0.05 (@D 005

Stactic Temperature

0.1

8 step 2 step

Fig. 19 H,O mass fraction and static temperature ratio contours at
x = 20.

be validated, but this simulation was used to study the flow
characteristics. An additional calculation was made with the
2-reaction model. The H,O mass fractions and static tem-
perature predictions at x = 20d location is compared with
the 8-reaction calculation in Fig. 19. Even though the static
temperature shows reasonable comparison, the H,O produc-
tion was under-predicted in the 2-reaction calculation.

VI. Summary

An existing pressure-based Navier-Stokes solver has been
extended and validated for chemically reacting flows in a
scramjet combustor. The emphasis of the present work was
centered around the implementation of the chemical species
equations into the existing Navier-Stokes solver (NASTAR
code). The chemical kinetics/fluid dynamics coupling was
achieved by using an operator splitting concept.

Global and a detailed chemistry models were applied to
benchmark cases to establish the calibration of the present
analysis method in scramjet applications.

The global 2-reaction model produced reasonable results
at high temperatures, but under-predicted reactions at lower
temperatures. The detailed 8-reaction model produced rea-
sonable predictions in all temperature ranges, but required
more computer resources. It seems that the most critical need
in the current CFD calibration phase is an establishment of
good three-dimensional experiments.
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