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Flux-Vector Splitting Calculation
of Nonequilibrium Hydrogen-Air Reactions
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and
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Two methods, fully and loosely coupled, are developed to incorporate nonequilibrium hydrogen-air chemistry
into the fluid-dynamic implicit flux-vector splitting code (F3D). The new code (F3D/Chem) is validated against
other existing codes for two cases: nozzle expansion and shock-induced combustion around a blunt body. The
shock-induced combustion case is compared also with experimental data. The reaction rate constants are varied
in an effort to reproduce the experimental data. The fully and loosely coupled methods are found to yield
comparable results, but the computation time is shorter using the loosely coupled method. The present method
is found to reproduce results obtained using different existing codes. The experimental data were not reproduced

with any selected rate coefficients set.

Nomenclature
¢; =mass fraction of species i
¢,, =specific heat of species i

e =total internal energy
=static enthalpy of species i
h? =heat formation of species i at T=0

ns =number of species
k  =thermal conductivity
k, =reaction rate constant

M, =freestream Mach number

=universal gas constant

=temperature, K

= freestream temperature

=x-component of velocity

=x-component of diffusion velocity of species i

=y-component of velocity

=y-component of diffusion velocity of species i

=molecular weight of the mixture

= z-component of velocity

=molecular weight of species /

=z-component of diffusion velocity of species i

=ratio of specific heats

= effective heat ratio of static enthalpy to static internal
energy

=viscosity

=density

= freestream density
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Introduction

HERE is a resurgence in interest in hypersonic flight. Such
interest has led to the re-examination of hypersonic, air-
breathing propulsion concepts.! Considerable effort is being
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expended presently to study various aspects of such propul-
sion concepts. Such studies include numerical simulation of
the fluid flows involving fuel/air chemistry in combustion
chambers of the supersonic-combustion ram-jet, expanding
nozzles, and plumes. To predict the flow properties correctly
for such flows, computer codes must accurately capture shock
waves and predict the combustion fronts and viscous shear
layers in three dimensions.

Most notable among such studies are the works of Drum-
mond,? Jachimowski,? Oran,* Westenberg and Favin,® and
Shuen and Yoon.® The methods of Drummond, Jachimowski,
and Oran account for a large number of chemical species and
reactions. Their methods are best suited for the subsonic dif-
fusion flames in which a large number of heavy radicals such
as HO, and H,0, exist. The method of Westenberg and Favin
uses a relatively small number of species and reactions and has
been applied to the problem of nozzle expansion. Shuen and
Yoon used a chemistry model similar to that in the work of
Westenberg and Favin.

It is relatively easy to couple the finite-rate chemical pro-
cesses with the fluid-dynamic algorithm for two-dimensional
flows. In two-dimensional implicit methods, there are only
two operational factors in the left-hand side of the perfect gas
equations. When the chemical reactions are coupled as an
additional operational factor, there are three operational fac-
tors, which are at least conditionally stable. However, for
three-dimensional flows, there could be as many as four oper-
ational factors on the left-hand side, for which convergence is
doubtful.

There presently exist several known stable techniques for
three-dimensional perfect gas flows. One technique is the im-
plicit flux vector splitting method developed by Ying’ known
as F3D. It applies the Steger-Warming flux-vector-splitting
technique with upwind differencing in the streamwise direc-
tion and central differencing in the crossflow directions, and it
accomplishes the three-dimensional spatial integration in a
two-factor operation. The method has been verified to be
unconditionally stable in three-dimensions. The upwind dif-
ferencing is numerically dissipative, and the combination of
upwind differencing with eigenvalue splitting and transition
operators enables capturing of strong embedded shocks. This
code has been used successfully to compute the three-dimen-
sional plume flows for a perfect gas.®

The first object of this work is to modify the F3D code to
incorporate hydrogen-air chemistry. Chemical reactions in
the hydrogen-air mixture are important in the study of the
combustion chamber, nozzle, and plume flows because hydro-
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gen is a possible fuel for the supersonic-combustion, ram-jet
engines for future hypersonic vehicles such as the National
Aero-Space Plane (NASP). The code so developed is named
F3D/Chem. :

The second object of this work is to determine the validity
of the F3D/Chem code. This is accomplished by making code-
to-code and code-to-experiment comparisons. The code-to-
code comparison is made between the two present methods
(fully and loosely coupled) and between the present method
and those of others. The code-to-experiment comparison is
made for the shock-induced-combustion flow around a blunt
body.

Governing Equations

The basic conservation equations for a finite-rate chemi-
cally reacting flow are well known. The equations are written
in the present work for the generalized orthogonal coordinate
system £, 7, and {, where £ is the streamwise distance, and 5
and { are the two distances normal to the £ coordinates. The
normalized time is expressed by 7. When there is a body, its
surface is described by {=0. For the viscous region, a thin-
layer approximation is used. Thus the governing equations are
in the form

Q. +E+Fy+Gy=S;+H

where Q is the conservative variable, E, F, and G are the ¢-, -,
and {-components of inviscid flux vectors, and S is the viscous
flux vector, simplified with the thin-layer approximation. The
H variable represents the chemical production rate (source
term). The vector Q is chosen in present work to be

el
pu
pv
3%
e
Ci

i=1, ns—1

The quantity pc; designates the density of chemical species i,
and J is the determinant of the Jacobian matrix for the coordi-
nate transformation from the (x, y, z) to the (¢, 5, {) system.
The number of chemical species #s is taken to be seven in the
present work, as will be explained later.

The inviscid fluxes E, F, and G are

oV
ouV+1p
pvV+1ip
owV+1p
(e+p)V—Ip

pC,-V

1
E, F, and G =—

where
V=1 +lu+Lv+1Lw

in which / represents the coordinates &, 4, { for E, F, and G,
respectively. The chemical production term is given by
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where w; is the source term in the continuity equation of
species i. The viscous term is represented by

~ 0 3
W+ 32+ s‘%)u;+§ (Gt + G U5+ Wb
W+ 2+ é)v;+§ Gt + Sus+ EWDE
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The total internal energy is

ns . 1
e=pici(hi+hd)—p +5 PP+ v+ w?)

i=1

where the static enthalpy of species i is

T
hi=§ Cp‘. dr

Ty

The pressure is expressed as
where

Sample calculations have been made for a viscous flow;
however, the calculations presented in this paper were made
for the inviscid flow only.

Coupling Methods

The implicit, finite-difference form of the conservation
equation is

H
[I+A1<—(;—Q +8%A* +5§C—6;M> —D,»r]

X [I +A7(6{A~ +6,B)—D;,JAQ =

—AT[SSE* +8LE~ +8,F +5:G — ;S — H> -D.Q
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where 8, and §; are the central-differencing operators in the 7
and ¢ directions, and B and C are the inviscid flux Jacobians
corresponding to F and G. The symbols 61’ and 6f denote the
backward and forward differencing operators in the ¢ direc-
tions, E* and E~ are the components of the inviscid flux
vector in the £ direction corresponding to the positive and the
negative eigenvalues, and A* and A~ are the corresponding
flux Jacobians. D; ¢ and D;, are the implicit artificial dissipa-
tion operators in the { and » directions, and D,Q is the explicit
artificial dissipation term. 7 is the identity matrix, Az is the
time step, and dH /dQ is the source Jacobian.
The split inviscid flux vectors can be expressed as

E*=(/INEN: + EQNF + Es\?)

where
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and the speed of sound is defined as
a=~yp/p)

The general flux Jacobians A*, A~, B, and C consist of
four parts: the part that represents the variations in fluid
dynamic fluxes due to the changes in fluid dynamic variables
(AF), the part that represents the variations in fluid dynamic
fluxes due to the changes in chemical species (4xc), the part
that represents the variations in chemical species fluxes due to
the changes in fluid dynamic variables (Acr), and the part that
represents the changes in chemical species due to the changes
in the chemical species (A¢). The components Age and Acr
represent the coupling between the chemical reactions and the
fluid motion. When all these four parts are retained and
correctly calculated, the solutions are unquestionably accu-
rate. If the coupling between the fluid motion and chemical
reactions is weak, the elements in the flux Jacobian containing
the fluid-chemistry coupling (47c) may be neglected.

In this study two different computing methods are devel-
oped to treat the coupling between the chemical reactions and
the fluid dynamics, namely, a fully coupled and a loosely
coupled method. The fully coupled method accounts fully for
all four parts in the flux Jacobians and carries out time inte-
gration by inverting the complete block tridiagonal system of
the matrices of the order 4+ ns in three dimensions.

For steady-state calculations, we may use the loosely cou-
pled approach that neglects Arc. Neglecting Arc is equivalent
to the assumption that the effective specific heat ratio and
pressure are not affected by the changes in species mass frac-
tions. In this scheme, the coupling between fluid dynamics and
chemistry appears only in the flux Jacobian elements of the
chemical variables, Acp. The Acr component cannot be ne-
glected because density p appears in the expression for species
variables pc;. The fluid dynamic variables can be computed
first using the local values of the specific heat ratios, and the
chemical variables can be computed next with the coupling
terms A o moved to the right-hand sides of the species conser-
vation equations in integration. Then, the chemistry part of
the previous equation with the coupling terms, subscripted
with CF, can be rewritten as

H
1+AT<—‘9— +8A* +6,C —an> —Dj;
aQ c
X [I +A7(8{A~ +6,B) = D;;)cAQc =
—A7[SE* +8LE~ +8,F +8G —6,S —Hlc —D,Qc

—AT[0}A + +8,C + [ A~ +6,Blcr AQF

where AQc and AQr represent the difference of the chemical
variables and the fluid dynamic variables between a time step
A7, This method requires the inversion of a block tridiagonal
system corresponding to two smaller matrices instead of a
single large matrix, one of order of 5 (for three dimensions)
and the other of ns — 1. This reduces the required computation
time.

Chemistry Model

A computer code, F3D/Chem, has been written for a gener-
alized chemistry model so that any chemistry model of the
hydrogen-air system can be accepted. For the purpose of the
present study, a chemistry model involving seven species (H,
H,, H,0, O, OH, O,, and N,) and eight reactions is used. N,
is treated as an inert gas.

The reactions considered are

H+0,=0H+0 )

O+H,=0OH+H @
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O+ H,0=0H+OH A3)
H+H,0<-0OH+H, G}
H,+M=H+H+M ®)
0, +M=0+0+M 6)
OH+M=0+H+M @)
H,O0+M=0OH+H+M (8)

The rate coefficients for these reactions are expressed in the
endothermic form in the present work. Several different sets
of rate coefficients are used. Most calculations are made using
one of the three reaction rate sets given in Table 1, models 1,
2, and 3. Model 1 is based on the work of Dash and Perga-
ment® and is believed to best describe the expanding flows in
nozzles and plumes. In this model, the original rate coefficient
values are given in the exothermic form. The endothermic rate
coefficients are deduced from the equilibrium relationship in
the present work. Model 2 is taken from the work of Evans
and Schexnayder!? and is believed to be appropriate for diffu-
sion flames. Model 3 is taken from the review by Cohen and
Westberg!! and is the most up to date. As will be elaborated
later (code-to-experiment comparison), model 3 is considered
to be the standard.

As mentioned earlier, Drummond, Jachimowski, and Oran
used more complicated reaction models than the present
model because HO, and H,0, were included. However, in the
temperature range of interest in the present work, such species
are unimportant. When HO, and H,0, are excluded from the
consideration, the chemistry model of Drummond and Oran
are similar to the present model. The chemistry model used in

Table 1 Reaction rate coefficients for models 1, 2, and 32

Model 1: k,=AT " exp (E/RT)

A n E
Reaction 1bb 3.00x 101! 0.0 —960.0
Reaction 2b 1.40x 1014 —-1.0 —7000.0
Reaction 3b 1.00x 1011 0.0 —~1100.0
Reaction 4b 3.50x 10~ 1! 0.0 —7000.0
Reaction 5b 3.00%x 1030 1.0 0.0
Reaction 6b 3.00x 1034 0.0 1800.0
Reaction 7b 1.00x 10—29 1.0 0.0
Reaction 8b 1.00x 10-25 2.0 0.0

Model 2: k, =AT " exp (C/T)

A n
Reaction 1f¢ 2.20%x 1014 0.0 —8455.0
Reaction 2f 7.50%x 1013 0.0 —5586.0
Reaction 3f 5.30x 1012 0.0 -503.0
Reaction 4f 2.00x 1013 0.0 —2600.0
Reaction 5f 5.50%x 10!8 1.0 —51987.0
Reaction 6f 7.20% 1018 1.0 —59340.0
Reaction 7b 7.10x 108 1.0 0.0
Reaction 8b 4.40 % 1020 1.5 0.0

Model 3: k,=AT " exp (C/T)

A n
Reaction 1f 1.67 x 107 0.9 —8750.0 (Ref. 11)
Reaction 2f  1.10x 104 —2.8 —2980.0 (Ref. 11)
Reaction 3f 4.60 % 109 -1.3 —8605.0 (Ref. 11)
Reaction 4f 6.20x 107 —1.9 —9265.0 (Ref. 11)
Reaction Sf 4.58x 1019 1.4 —52530.0 (Ref. 11)
Reaction 6f 3.60x 10!8 1.0 —59380.0 (Ref. 13)
Reaction 7b  4.72x 1018 1.0 0.0 (Ref. 12)
Reaction 8b 2.21x 1022 2.0 0.0 (Refs. 11,13)

2k, = cm*/molecule-s or cm®/molecule?-s in model, and cm®/mol-s or cm®/mol*-
s in models 2 and 3. ®b=backward reaction. ¢f=forward reaction.
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the work of Westenberg and Favin and by Shuen and Yoon
are very similar to the present model.

The chemistry models used in the present work and by
others are subject to considerable uncertainty. In all models,
the expressions for the reaction-rate coefficients have been
obtained by fairing a smooth curve through two totally differ-
ent groups of experimental data, namely, those from shock
tube and from the microwave experiments. Shock-tube data
are for temperatures above 2000 K and are obtained in an
environment in which the internal degrees of freedom are
excited to less than the equilibrium values. Microwave data
have been obtained for temperatures below S00 K and are
obtained in an environment in which the internal degrees of
freedom are excited to more than the equilibrium values.
Shock tube data tend to underestimate the rate coefficients;
whereas microwave data tend to overestimate the rate coeffi-
cients. In a shock-tube experiment, a chemical reaction is
usually preceded by an induction period during which the
internal degrees of freedom are being excited. However such
an induction phenomenon is ignored in the description of the
rate processes.

For the calculation of species-specific heat, the thermo-
dynamic data and their curve fit coefficients developed at the
NASA Lewis Research Center'*"> are used.

No effort was made to vectorize any part of the code.

Code-to-Code Validation
Fully Coupled vs Loosely Coupled for a 31-Deg Ramp

The F3D/Chem code was run first for the flow over a
31-deg ramp for the purpose of comparing the loosely coupled
method with the fully coupled method. The freestream con-
ditions were as follows: pressure=0.06 atm, temperature =
840 K, Mach number = 3.8, and equivalence fuel ratio=20.6.
The computing domain consists of a rectangle 30X 20 ¢cm in
size. A 57 x41-mesh grid was used. The rate coefficients of
model 1 in Table 1 were used for this case. The inviscid
boundary condition was implemented by specifying zero gra-
dient in density, pressure, and species density and velocity slip
at the wall.

The computation times required are found to be approx-
imately 3.2 and 1.9 ms per node point per time step for the
fully and the loosely coupled methods, respectively, on the
CRAY-2 computer.

The density contours obtained from the solution are shown
in Fig. 1. The two methods, fully and loosely coupled, yielded
almost (to four significant figures) identical values in all flow
properties.

The convergence history is shown in Fig. 2. The figure
shows the changes in L2 norm, which is the root-mean square
of the magnitudes of the residuals in the right side of the
difference equation. As the figure shows, both methods con-
verge almost monotonically each to a very small value. The
fully coupled method converges at a faster rate than the
loosely coupled method. However, since the loosely coupled
method requires only about 70% as much time as the fully
coupled method per time step, the total computing time re-
quired is less for the loosely coupled method. Typically the
loosely coupled method requires about two-thirds of the com-
puting time for the fully coupled method.

Loosely Coupled vs APL Gennoz and SPARK Codes for a Nozzle Flow

Next, the loosely coupled method was applied for the flow
through a nozzle for the purpose of comparing with other
existing codes. The geometry of the tested nozzle is shown in
Fig. 3a. The grid contains 41 meshes along the nozzle axis and
16 meshes in the transverse direction. The inflow conditions at
the throat of the nozzle (x =7.08 cm) are as follows: pres-
sure = 56.4 atm, temperature =3013.0 K, velocity=1196.0 m/
s, density=55.507 kg/m?, and throat radius=1.5244 cm.
Species mass fractions are H =4.3200x 10~4, H,=1.0220 X
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Fig.1 The density contours for a 31-deg ramp using the fully and loosely coupled methods.
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Fig. 2 The convergence history of the fully and loosely coupled
methods for the 31-deg ramp case.
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1073, H,0=2.3512x 107!, 0=1.7240x 103, OH=1.3198 x
1072, 0,=3.8700x 103, and N, =7.4463 x 10~1,

The same case had been computed previously at the NASA
Ames Research Center using other existing codes.’'® These
results are compared with the present results in Figs. 3b and
3c. The present results are in close agreement with the results
of the APL Gennoz code,” which uses a similar chemistry
model. The present results are in fair agreement with the
results of the SPARK!® code, which uses a chemistry model
substantially different from the present model.

Loosely Coupled vs Yungster’s Solution for a Shock-Induced Com-
bustion Problem

Next, the calculation was repeated for the shock-induced-
combustion flow over a blunt body. The blunt body is a sphere
cylinder with a nose radius of 7.5 mm. It flies through a
stoichiometric hydrogen-air mixture at a pressure of 0.421 atm
with a speed of 2605 m/s (Mach number 6.46). Its speed is
much greater than the detonation speed of the gas mixture
(2055 m/s at this condition). The reaction rate coefficients
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Fig. 3 Nozzle wall geometry and the OH and H>O concentrations
along the nozzle axis.

were taken from Evans and Schexnayder.!® The flowfield of
the sphere cylinder was computed with a grid with 57 x41
meshes (41 in the radial direction). The length of the cylindri-
cal section is assumed to be 0.42 times the radius of the sphere.

Yungster et al.!7 calculated the same flowfield using the
total variation diminishing (TVD) algorithm of Yee and
Shinn.!8 The chemistry model and the rate coefficients used by
Yungster et al. are the same as in the present code.

Figures 4a and 4b compare the temperature distribution
obtained by the present computation with that by Yungster et
al. The two results are in good agreement.

Code-to-Experiment Comparison

Next, the present code is compared with an experimental
result. An experiment was performed previously by Lehr for

171
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shock-induced combustion.!® In this experiment, a sphere-
cylinder model was flown into an ambient atmosphere consist-
ing of stoichiometric hydrogen-air mixture in a ballistic range.
The dimensions of the model and the flight conditions were
those given earlier (loosely coupled vs Yungster’s solution for
a shock-induced combustion problem). The schlieren pho-
tograph of the flowfield obtained is reproduced in Fig. 5. The
photograph shows two distinct density demarcations. The
outer demarcation is the familiar bow shock wave. The inner
demarcation is interpreted by Lehr to be due to the combus-
tion or flame front. The combustion front is visible in the
schlieren photograph because of the sudden change in temper-
ature and density accompanying oxidation of hydrogen. In the
stagnation region, the combustion front and the shock wave
converge. In this region, the normal component of the velocity

2.00

.75

.50

0.50 a.7% .00

.25

i)

0.

a) G.50

2.0

b) -3.5Q

Fig. 4 Temperature contours (7/Ts) for stoichiometric Hy/air at
Mo = 6.46 of a) present solution and b) Yungster’s solution.
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for the combustion front is greater than the Chapman-Jouguet
detonation velocity, and therefore the combustion front is
interpreted to be a deflagration wave.!® The two waves sepa-
rate from each other at the point where the normal component
of the velocity is equal to the detonation velocity.

The kinetics of the shock-induced combustion is initiated by
the dissociation of H, by the shock wave, reaction 5 in the list
of reactions given earlier. The atomic H so produced reacts
with O, to yield OH and the atomic O through reaction 1. The
bimolecular reaction (reaction 2) follows to produce more
radical species H at OH. H,O is formed through the bimolec-
ular reactions 3 and 4, and the recombination process 8.
Therefore the most important reactions are the dissociation of
H,, reaction 5, and the bimolecular reaction, reaction 1.

To calculate this shock-induced combustion problem, the
reaction rate coefficients selected first from the shock tube
experiments were adopted. For the rate coefficients of the
dissociation of H, and O,, the lowest values were picked from
the available data.!® Also the lowest value of the bimolecular
reaction of the atomic H and the O, (reaction 1) was picked.
The values recommended by Cohen and Westberg!! were used
for the rest of the reaction rate coefficients. This set of reac-
tion rate coefficients will be referred to as the standard set and
is identified as model 3 in Table 1.

Four different cases were calculated by varying the rate
coefficients: the case in which the standard set of reaction rate
coefficients is used (standard case), the frozen flow, and two
cases where slower reaction rates are used (cs1 and cs2). The
rate coefficients for the frozen flow and the csl cases are
obtained by multiplying the standard set values by 0.01 and
0.1, respectively. For the cs2 case, only the rate coefficient for
reaction 1 is multiplied by 0.1.

The computed flow density ratios are shown for the stan-
dard case in Fig. 6a. The density ratio varies from the
freestream value of unity to 5.6 immediately behind the nor-
mal shock. The ratio decreases toward the stagnation point
due to combustion. In the oblique region of the bow shock
wave, the density ratio jumps to a high value, such as 4,
immediately behind the shock wave. It also decreases
monotonically toward the wall as combustion proceeds. How-
ever, there is no sudden change in density (combustion front)
implied in the schlieren photograph of Fig. 5.

SHOCK WAVE

Fig. 5 The schlieren photograph of shock deflagration around a
blunt body with a superdetonative speed in a stoichiometric H;/air
mixture.
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(b) frozen-flow
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Fig. 7 The density (p/pc) distributions along the radial distance at
the shoulder of a sphere-cylindrical body for stoichiometric Hy/air at
My = 6.46.

The density contours for the frozen flow, ¢s1, and ¢s2 cases
are shown in Figs. 6. For the frozen-flow case, the shock
standoff distance is generally smaller than for the standard
case not only in the normal shock region but also on the
oblique shock region. In the normal shock region, the shock
standoff distance is approximately 14% of the body radius.
This agrees closely with the value for the perfect gas of y=1.4
for this Mach number. For the cs1 case, the general tendency
is the same as for the standard case. The shock standoff
distance is between the standard case and the frozen-flow case
as expected. For the ¢s2 case, a small region of density plateau
is seen between the shock wave and the body. Density decrease
occurs behind the plateau with a modest gradient. This density
change can be interpreted to be the combustion front. How-
ever, the combustion front is not as sharp as in the experimen-
tal data. Moreover, the location of the combustion front does
not agree with the experimental data: the combustion front is
almost parallel to the shock wave instead of being divergent as
seen in the experimental data. The location of the shock wave
is closer to the body than in the experimental data.

— «— shock wave

"= — combustion
front

(Z-R)/R

10.0

TEMPERATURE

Fig.8 The temperature (T/7) distributions along the radial dis-
tance at the shoulder of a sphere-cylindrical body for stoichiometric
H,/air at Mo, = 6.46.

Figure 7 shows the density ratio for the four cases along a
radial distance. In the figure, the abscissa are the density ratio,
and the ordinates are the radial distances from the sphere-
cylinder juncture point, normalized by the body radius. The
figure shows that the peak values of the density ratio are about
3.5 for all cases, but their locations are significantly different.
This indicates that the flowfield is sensitive to the choice of
reaction rate coefficients. The peak point is the closest to the
body for the frozen flow and the farthest for the standard
case. This is understandable: chemical reactions cause the
density within the shock layer to decrease and thereby cause
the shock envelope to enlarge. For each curve, the region of
fastest increase in density can be interpreted to be the com-
bustion front, and the region of fastest decrease can be in-
terpreted to be the shock wave. The locations of the shock
wave and the combustion front agree approximately with the
experimental data for the standard case. For the standard,
frozen-flow, and the ¢s1 cases, there are virtually no plateaus
in density between the shock wave and the combustion
front—meaning that the combustion front immediately fol-
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lows the shock wave. This point disagrees with the experimen-
tal data: in the experiment, there seems to be a fairly broad
region of constant property between the shock wave and the
combustion front. This discrepancy between theory and exper-
iment can be interpreted to mean that the calculated chemical
reactions occur faster than those observed experimentally.
Only for the cs2 case, there is a small region of density
plateau, in qualitative agreement with the experimental data.
However, the locations of the shock wave and the combustion
front do not agree with the experimental data.

Figure 8 shows the temperature distribution in the same
format. The figure shows lower temperature for smaller reac-
tion rate coefficients, as expected. In this plot, both shock
wave and combustion front increase temperature. For the
standard case, the temperature rise is monotonic, and, there-
fore, one cannot distinguish where the shock wave ends and
the combustion front starts. Thus this figure corroborates Fig.
7 to show that, for the standard case, the combustion front
starts immediately behind the shock wave. Only for the cs2
case, there is a small region of temperature plateau that sepa-
rates the combustion front from the shock wave. This again
corroborates Fig. 7. As in Fig. 7, the locations of the shock
wave and the combustion front disagree with the experimental
data.

Although not shown in this paper, calculations were also
made with several other sets of reaction rate coefficient values
in an effort to reproduce the experimental data numerically. It
was found that the experimental data could not be reproduced
numerically using any of the reaction rate coefficient sets tried
in this effort.

Discussion

The preceding code-to-code comparison indicates that the
F3D/Chem code is at least equivalent to other existing react-
ing-flow codes. The frozen-flow solution for the sphere cylin-
der correctly reproduced the perfect-gas shock standoff dis-
tance indicating the accuracy of the computational fluid
dynamics algorithm. The code-to-experiment comparison in-
dicates that the chemical reactions occur generally slower than
calculated, even when the calculation is made using the
smallest plausible rate coefficient values. Therefore, the fail-
ure to reproduce the experimental data cannot be attributed to
the computational inaccuracy. As seen in Figs. 7 and 8, the
flowfield is affected substantially by the chemical reactions.
Therefore, the failure to reproduce the experimental data is
believed to be due to the failure to correctly reproduce the
chemical reactions.

There are two possible causes for the failure of the chemical
reaction model. First, the seven-species model used in the
present work may be inadequate: the neglected species such as
HO, and H,0, may affect the reactions even though their
concentrations may be very small at the high temperatures
considered in the present work. Second, nonequilibrium of the
internal degrees of freedom for the species may affect the
reaction rates. For instance, according to Myerson and
Watt,20 there is an induction time of as long as 70 us preceding
the dissociation of H, at an ambient pressure of 13 Torr and
postshock temperature of 2000 K. Such a long induction time
could explain the observed delay of the combustion front. The
induction process may be associated with the nonequilibrium
rotation, vibration, and electronic excitation processes.

Conclusions

A computer code (F3D/Chem) has been developed, which
calculates nonequilibrium chemical reactions in three dimen-
sions employing an implicit two-factored flux-vector-splitting
scheme for the calculation of the flow of hydrogen-air mix-
ture. Chemistry is coupled with the fluid motion by either a
fully or a loosely coupled method. The two methods yield the
same results, but the loosely coupled method is faster. The
developed code is numerically at least as accurate as other
existing codes. However, the existing shock-induced combus-
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tion experimental data cannot be reproduced using the present
model, even when the reaction rate coefficients are changed.
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