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Modeling Supersonic Combustion Using a Fully
Implicit Numerical Method

Gregory J. Wilson* and Robert W. MacCormackt
Stanford University, Stanford, California 94305

A fully implicit, finite volume algorithm for two-dimensional axisymmetric flows has been coupled to
a detailed hydrogen-air reaction mechanism (13 species and 33 reactions) so that supersonic combustion
phenomena may be investigated. Numerical computations are compared with ballistic-range shad-
owgraphs of a blunt body as it passes through a premixed stoichiometric hydrogen-air mixture at Mach
5.11 and 6.46. The suitability of the numerical procedure for simulating these flows is shown. The re-
quirements for the physical formulation and the numerical modeling of these flowflelds are discussed.
Finally, the sensitivity of these external flowflelds to changes in certain key reaction rate constants is
examined, and the contributions that ballistic-range data can make toward verification of a chemical
reaction mechanism is demonstrated.

Nomenclature
cvtrans = translational specific heat at constant volume
cVrot = rotational specific heat at constant volume
E = total energy per unit volume
Ev = vibrational energy per unit volume
F,G = vector of in viscid fluxes
h° = heat of formation
Kb = backward rate coefficient
^eq — equilibrium rate coefficient
Kf = forward rate coefficient
MI = molecular weight of species i
p = pressure, 2" i (p,-/Aff) RT
R = universal gas constant
T = translational temperature
Tv = vibrational temperature
U = vector of conserved variables
w,v = Cartesian velocities in the x and y directions,

respectively
W = vector of source terms
Wi = chemical source term in species equation i
wv = vibrational energy equation source term
x,y = Cartesian coordinates
p = total density, S^ pf

Subscripts
i = species i
j — reaction j
nm = number of polyatomic species
ns = number of species

Introduction

THE motivation for investigating supersonic flows with hy-
drogen-air combustion comes from a need to understand

the flow through supersonic combustion engines and through
experimental facilities that use combustion processes in their
operation, such as shock tunnels. Numerically simulating these
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flowfields is a difficult task. In addition to shock waves, vis-
cous layers, and mixing, they include complicated combustion
kinetics, diffusion processes, and large energy releases into the
flowfield. Furthermore, since the fluid flow is fast (i.e., super-
sonic), the fluid time scales can be similar to the chemical time
scales, especially at low densities where chemical reactions
proceed slower. This means that chemical nonequilibrium phe-
nomena should be included in any modeling attempt and that
thermal nonequilibrium phenomena should be considered.

In this work, a numerical method that has been applied suc-
cessfully to thermochemical nonequilibrium air calculations1"5

is applied to combustion physics. To test its suitability in this
new application, we simulate the flow over a blunt body pass-
ing through a premixed hydrogen-air mixture and compare the
simulations to the experiments of Lehr6 (Figs. 1 and 2). These
particular flowfields provide an excellent example of the com-
plicated flow physics that can exist in supersonic flows with
combustion. Their most notable feature is a double-front phe-
nomenon resulting from a coupling of the fluid dynamics and
nonequilibrium chemical kinetics. The ability to simulate such
flows provides a convincing validation of a combined numer-
ical method and combustion mechanism. This is supported by
a recent paper by Candler4 who shows that experimental data
for shock shapes and shock positions are very useful for code
validation in chemically reacting air. When a numerical model
properly reproduces macroscopic quantities like the shock-
standoff distance, this is evidence that the gas model is pre-
dicting the proper degree of reaction and thermal excitation.

Several researchers7'8 have recently attempted to simulate
Lehr's ballistic-range data but were unable to calculate the cor-
rect shock-standoff distance and reaction front location for the
test at Mach 6.46. These authors discuss possible reasons for
the differences they see between their calculations and the ex-
periments. These discussions question whether certain chem-
ical species need to be included in the reaction mechanism,
and/or whether reaction rates are known accurately enough,
and/or whether thermal nonequilibrium effects need to be taken
into account, and whether special numerical techniques need
to be used. This paper attempts to address these questions.

One simplifying aspect of using Lehr's experiments is that
the flowfield physics are predominantly driven by reaction ki-
netics and convection phenomena. This means that the com-
plications and uncertainties that diffusion and mixing can in-
troduce are small or even removed from the problem. As a
result, differences between the experimental data and numer-
ical calculations are attributed either to numerical errors or to
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improperly modeled chemical kinetics. It is hoped that if the
numerical errors can be understood, then this work may pro-
vide a tool for refining the reaction mechanism for the hydro-
gen-air combustion. The utility of these flowfields for refining
reaction mechanisms is tested by altering several key reaction
rate constants and noting the resulting changes to the flowfields.

Governing Equations
The Euler equations are used since viscous and diffusion

effects are believed to be small. To provide the capability to
study vibrational nonequilibrium there are two energy equa-
tions; one for the total energy and one for the vibrational en-
ergy. With the inclusion of ns species equations and two mo-
mentum equations, the resulting formulation contains ns + 4
coupled equations. The formulation written in conservation law
form for two dimensions in Cartesian coordinates is

dU dF dG
— + — + — = W
dt dx dy

(1)

where the state vector, the source vector, and the convective
flux vectors are defined as follows:

U =

F =

/Pi\
P2

Pns

pu
pv
Ev

/ P\u \
p2u

pu2 + p
puv
uEv

W =

G =

\u(E + p)J

The total energy is written as

/ w , \
W2

0
0
wv

o /

PnsV

puv
pv2+p

vEv

vv(£ + p)

(2)

E =

where

Pihf

F =
-'-'V

(3a)

(3b)

In Eq. (3a), the first term represents the translational and
rotational energies per unit volume. The second term Ev rep-
resents the vibrational energy per unit volume, and the last two
terms are the kinetic energy and the chemical energy per unit
volume.

Equation (3b) defines the total vibrational energy per unit
volume as the sum of the vibrational energies for each species
with internal structure. There are nm of these species. All of
the nm species are considered to be harmonic oscillators and
are considered to be at a single vibrational temperature Tv.
Equation (3b) is used to solve for vibrational temperature Tv.
An advantage of this formulation is that curve-fit tables are
not needed to obtain the internal energy. Instead only the heats
of formation and the characteristic vibrational temperatures are
required as inputs and then the internal energy can be calcu-

Fig. 1 Shadowgraph of a spherical nose projectile moving at Mach,
5.11 in a hydrogen-air mixture.

lated. The thermodynamic data are from the JANAF tables9

with the exception of the characteristic vibrational tempera-
tures for hydrogen peroxide, which were taken from a recent
paper by Willetts et al.10

The vibrational source term is in the form of Laudau-Teller
relaxation. It is not considered important in this work because
good agreement with experimental data is achieved with very
fast relaxation rates so that the gas is essentially in thermal
equilibrium, i.e., Tv — T.

Chemistry Model
The hydrogen-air combustion mechanism used in this work

is based on the detailed mechanism proposed by Jachi-
mowski,11 which consists of 13 reaction species (N2, O2, H2,
NO, OH, NO2, HNO, HO2, H2O, H2O2, N, O, H) and 33
reactions. This particular mechanism is used because it is de-
tailed, well documented, and refined to match experimental
data. It includes all of the important species in the hydrogen-
oxygen system and includes reactions for the species N, NO,
and HNO which may become important at higher Mach num-
ber conditions in scramjet applications. The reaction set is pre-
sented in Table 1. Note that it is slightly different than the
mechanism in Ref. 11. Reaction (1) in Ref. 11,

(1) H2 + O2 ^± OH + OH

is replaced by Reaction (!')
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Fig. 2 Shadowgraph of a spherical nose projectile moving at Mach
6.46 in a hydrogen-air mixture.

and Reaction (10) is omitted because it is the reverse of the
new Reaction (!'). These changes are recommended by Old-
enborg et al.12 because it is unlikely that the collision of H2
and O2 will lead directly to OH formation. The rate constant
for Reaction (!') is different from the original expression, as
well.

The forward rate constants are found in Table 1. The back-
ward rate constants are calculated using the equilibrium con-
stant for each reaction and the relation

KaK — ——eq/ v (4)

The equilibrium constants are calculated from the standard Gibbs
free energy difference for each reaction. This calculation re-
quires the standard Gibbs free energy for each species. These
values were obtained using the NASA polynomials for en-
thalphy and entropy taken from the Appendix of Ref. 13.

There is uncertainty in applying the reaction mechanism in
Table 1 to the ballistic-range experiments because the pres-
sures and temperatures found behind the projectile bow shocks
are outside the conditions for which the mechanism was val-
idated. The data used by Jachimowski to validate ignition de-
lay times are mostly between pressures of 0.5 and 2 atm and
temperatures between 800 and 1500 K, whereas the conditions
behind a Mach 6 bow shock in the ballistic range are over 17
atm and 2300 K. Therefore, it is reasonable to expect that some
refinement of the reaction rates may be necessary to improve
the comparisons with experiment at new conditions. In this

paper, refinements are limited to Reactions (2) and (6) for sim-
plicity. This limitation has added value because each of these
two reactions has a strong but different influence on combus-
tion calculations. The differences between the two are dis-
cussed in the following.

It is well known that Reactions (2) and (9)

(9) H + 02 + M ̂  HO2 + M

are very influential in determining ignition delay times. Re-
action (2) is the primary chain branching reaction and Reaction
(9) is the primary source of HO2. At lower temperatures (be-
low 1500 K), these two reactions compete and greatly influ-
ence the amount of the OH radical being produced. Small
changes in these two rates can have a large affect on the mech-
anism properties. The reason that changes are confined to Re-
action (2) in this work, rather than to both Reactions (2) and
(9), is that Reaction (9) becomes less important in the induc-
tion zone at high temperatures. Changing the rate constant to
Reaction (2) is sufficient to modify the ignition delay time arid
reveal the flowfield sensitivity to this effect. This does not
mean that the HO2 reactions are negligible at high tempera-
tures. In fact, a major point of Jachimowski' s paper was to
establish the importance of including HO2 in the hydrogen-air
combustion mechanism (see Ref. 11 for more discussion).

The other rate expression altered in this paper is Reaction
(6)

(6) H + OH + M ^± H2O + M

Reaction (6) is a primary recombination reaction and the re-
action that releases much of the heat during combustion.
Therefore, changes to it can affect a flowfield by changing the
rate at which heat is released into the flowfield, i.e., it changes
the reaction time.14 This is a different effect than changing the
ignition delay time. The ignition delay time is a measure of
when ignition begins, whereas the reaction time is a measure
of the time needed to reach the postcombustion temperature
after ignition has occurred. Note that prescribing the rate con-
stant for Reaction (6) is complicated by the need for separate
constants for the various possible third body collision partners.

Numerical Method
The numerical method is a finite volume, fully implicit, flux-

split technique based on the work of MacCormack1 and ex-
tended to real gases in thermochemical nonequilibrium by
Gandler.3 It is time dependent and uses Gauss-Siedel line re-
laxation. The flux splitting is second-order accurate in space.
First-order Steger- Warming flux splitting is used in regions of
high pressure gradients, such as shocks, to maintain numerical
stability. The reader is referred to Refs. 2 and 4 for a detailed
description.

The fully implicit approach has proven to be efficient in pre-
vious nonequilibrium flow calculations3'5 and it is attractive for
combustion problems because the chemistry time scales can
cause the equation set to be extremely stiff. The costs of using
this approach are expensive time steps, large memory require-
ments, and complicated coding. The advantage in using the
implicit approach is that large time steps are permitted, which,
in turn, allows a steady-state solution to be reached quickly.

Adaptive Grid
The adaptive grid technique adopted for this work is based

on the scheme used by Gokgen.5 The grid dynamically moves
each time step so that evolving physical phenomenon are re-
solved accurately. The clustering of points is achieved by re-
quiring that the product of the grid spacing and a weight func-
tion is constant throughout the mesh. According to this
constraint, where the weight function is large, grid spacing is
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Table 1 Jachimowski's H2/Air combustion mechanism"b

1011

j
d')
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

(10)
( ID
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)

Reaction0 j
H2 + 02 ̂  H02 + H
H + O2 ̂  OH + O
O + H2 ̂  OH + H
OH + H2 ^± H20 + H
OH + OH ̂  H2O + O
H + OH + M ^± H2O + M
H + H + M ^ ± H 2 + M
H + O + M ^ ± O H + M
H + 02 + M ̂  H02 + M
omitted
HO2 + H ̂  OH + OH
H02 + H ^± H20 + 0
HO2 + O ^± O2 + OH
HO2 + OH ^± H2O + O2
H02 + H02 ̂  H202 + 02
H + H202 ^± H2 + H02
O + H2O2 ^± OH + HO2
OH + H2O2 ̂  H2O + HO2
M + H202 ̂  OH + OH + M
O + O + M ^ O 2 + M
N + N + M ^ N 2 + M
N + O2 ̂  NO + O
N + NO ̂  N2 + O
N + OH ^± NO + H
H + NO + M s± HNO + M
H + HNO ̂  NO + H2
O + HNO ̂  NO + OH
OH + HNO ^± NO + H2O
HO2 + HNO ^± NO + H2O2
H02 + NO ^± N02 + OH
H + NO2 ̂  NO + OH
O + NO2 ^± NO + O2
M + NO2 ^± NO + O + M

AJ
1.00 x 1014

2.60 x 1014

1.80 x 10'°
2.20 x 1013

6.30 x 1012

2.20 x 1022

6.40 x 1017

6.00 x 1016

2.10 x 1015

1.40 x 1014

1.00 x 1013

1.50 x 1013

8.00 x 1012

2.00 x 1012

1.40 x 1012

1.40 x 1013

6.10 x 1012

1.20 x 1017

6.00 x 1013

2.80 x 1017

6.40 x 1019

1.60 x 1013

6.30 x 10"
5.40 x 1015

4.80 x 1012

5.00 x 10"
3.60 x 1013

2.00 x 1012

3.40 x 1012

3.50 x 1014

1.00 x 1013

1.16 x 1016

nj
0
0
1.00
0
0

-2.00
-1.00
-0.6

0

0
0
0
0
0
0
0
0
0
0

-0.75
1.00
0
0.50
0
0
0.50
0
0
0
0
0
0

Ej
56,000
16,800
8,900
5,150
1,090

0
0
0

-1,000

1,080
1,080

950
0
0

3,600
6,400
1,430

45,500
-1,800

0
6,300

0
0

-600
0
0
0
0

-260
1,500

600
66,000

aReactions (1) and (10) differ from Ref. 11 mechanism due to corespondence with Jachimowski.
bKfj = AjTnje~Ej/KT; units are in seconds, moles, cubic centimeters, calories, and Kelvin.
cThird body efficiencies relative to N2:

Reaction (6) H2O = 6.0
Reaction (7) H2O = 6.0; H2 = 2.0
Reaction (8) H2O = 5.0
Reaction (9) H2O = 16.0; H2 = 2.0
Reaction (19) H2O = 15.0

small and where the weight function is small, grid spacing is
large. The weight function is defined in such a way that it
increases in magnitude where there are flowfield gradients. Thus,
points are concentrated in high gradient areas. For the two-
dimensional calculations presented later, this adaptation scheme
is applied separately along each of the grid lines leaving nor-
mal to the body (referred to as the normal direction). Since
the adaptations proceed independently on each of these normal
lines, a smoothing procedure is used to couple adjacent lines
(referred to as the axial direction).

The weight function used in this work is based on changes
in the following six different quantities: density, pressure,
temperature, OH mole fraction, logarithm of the OH mole
fraction, and the derivative of OH mole fraction. A combi-
nation of different quantities are used because in some regions
one quantity may have large gradients whereas another may
not. For example, the OH quantities have large gradients in
the induction zone where quantities such as pressure and tem-
perature are nearly constant.

Experimental Data
The ballistic-range shadowgraphs of Lehr6 at Mach 5.11 and

6.46 are shown in Figs. 1 and 2, respectively. Both have a
freestream with a temperature of 292 K, a pressure of 320-
mm Hg, and both contain premixed stoichiometric hydrogen-
air. At first glance, it appears that there are two shock waves
produced by the body. The outer discontinuity is, in fact, a
bow shock ahead of the body, but the second is an energy-
release reaction front (referred to as the reaction front) pro-

duced by the ignition of the heated mixture behind the bow
shock. The separation between the shock front and the reaction
front is called an induction zone. It exists because the ignition
kinetics have a time scale similar to the fluid time scales. This
means that even though a fluid particle begins the ignition pro-
cess in the chemical reactions occurring just behind the shock,
it has time to travel downstream before the energy release of
ignition occurs. In general, the ignition time (and the sepa-
ration between the two fronts) decreases with increasing tem-
perature because the chemical reactions proceed faster with
increasing temperature. It follows that the separation between
the shock and reaction front is smallest near the stagnation
streamline where the temperature jump across the shock is largest
(it is normal to the flow). The induction zone becomes larger
as the shock curves around the body and becomes oblique. At
some point, the bow shock becomes so oblique that the jump
in the temperature across it is insufficient to ignite the mixture.

Besides being a function of the shock shape, the induction
zone is also a strong function of the freestream conditions.
Therefore, the flowfield can look quite different under various
test conditions. For example, compare the differences between
Figs. 1 and 2 where only the freestream Mach number is dif-
ferent for the two cases. Unsteady flow phenomena can occur
when the freestream velocity is below the detonation wave
speed.6 The projectile in Fig. 1 is at the detonation wave speed,
and the projectile in Fig. 2 is significantly above it at Mach
6.46.

An interesting feature of these two-front flowfields can be
seen by examining the shadowgraph as one crosses the fronts.
Note that the shift from light to dark across the bow shock
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corresponds to the density increase across the shock. In con-
trast, note that the shift across the reaction front is from dark
to light, indicating a drop in density. This is because there is
a large temperature increase across the reaction front as energy
is released and because the pressure remains nearly constant
across it; therefore, the density must decrease according to the
equation of state. It is evident that shock and reaction fronts
are very different in nature.

Quasi-One-Dimensional Grid Study
The quasi-one-dimensional calculations presented in this

section are used to investigate the grid spacing requirements
for flowfields with shock-induced combustion. They will also
be used to demonstrate the advantages of the adaptive grid.
Note that the same chemistry model and the same second-order
numerical method that are used in these quasi-one-dimensional
calculations as are used in the axisymmetric calculations.

We consider supersonic flow through the converging-di-
verging nozzle in Fig. 3. Conditions are set so that the throat
remains supersonic and a normal shock develops in the di-
verging portion of the nozzle (the exit flow is subsonic). The
incoming flow is a premixed stoichiometric mixture of hydro-
gen and air and the conditions are such that there is a Mach
number of 5.53, a pressure of 0.442 MPa, and a temperature
of 317 K upstream of the shock. These conditions are similar
to those in the ballistic-range experiments. The length of the
nozzle, 0.1 cm, is also similar to the bow shock standoff dis-
tance, 0.2 cm, seen in the ballistic range. Therefore, the time
and length scales for the shock-induced combustion seen in
this example problem should be similar to those in the ballis-
tic-range experiments.

The initial quasi-one-dimensional nozzle calculations are done
using a series of progressively finer, equally spaced meshes.
The different mesh dimensions are 32, 64, 128, 256, and 512
points. Figure 4 contains temperature profiles along the nozzle
for the 32- and 64-point cases. The temperature rise behind
the shock is 2000 K followed by an immediate additional rise
in temperature as the combustion takes place. Figure 5 shows
the 64-point solution again but also adds the 128-, 256-, and
512-point calculations. The region downstream of the shock is
significantly altered by using more points. The point of Fig.
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Fig. 3 Quasi-one-dimensional nozzle geometry.
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Fig. 5 Temperature profiles with an equally spaced mesh (64,
128, 256, and 512 points).

4 is that one grid refinement does not, by itself, indicate the
degree that the flow is inadequately resolved. Assuming that
the proper solution is captured in Fig. 5, it is concluded that
it requires approximately 256 equally spaced points in the noz-
zle to resolve the induction zone properly with the second-
order scheme.

These results show that a very large number of equally spaced
grid points are required for accurate solutions. In fact, so many
points are required that two-dimensional calculations would be
prohibitive. This is the reason that an adaptive grid technique
has been included in the present work. Fortunately, the adap-
tive grid approach allows the flow calculation in Fig. 5 to be
done accurately with only 64 points in the nozzle and gives
promise that two-dimensional calculations can be done
economically.

Comparisons to Experiment and Discussion
Axisymmetric simulations of the ballistic-range experiments

are now presented. Because of symmetry in the flowfield, only
half the flowfield is actually calculated; however, the solutions
are reflected around the symmetry line for presentation. Doing
this allows a better comparison to the ballistic-range data be-
cause the projectile flowfields are not exactly symmetric (the
projectiles can acquire a small angle of attack during flight).
A density contour plot for a calculation simulating Lehr's Mach
5.11 case is presented in Fig. 6a. It was determined using
Jachimowski's11 recommended reaction mechanism (which will
be referred to as the baseline mechanism). The symbols in the
figure represent the shock and reaction front locations from
the experimental shadowgraph. Figure 6b contains the 126 x
65 (65 normal) adaptive grid (reflected around the symmetry
line) used for the simulation. The computation sharply cap-
tures the major features of flowfield, including the expected
density drop at the reaction front. The positions of the shock
and reaction fronts are relatively close to the experimental lo-
cations. Because the flowfield conditions are in a regime where
the reaction mechanism is not validated, the comparison is
considered good. The calculation does, however, show a larger
shock-standoff distance and a smaller induction zone than is
seen in the experiment.

Three possible approaches to account for the differences be-
tween the computation and the experiment will be investi-
gated. All assume that the grid resolution is sufficient to cap-
ture accurately the solutions. The first approach attempts to
reach agreement with experiment by changing the ignition de-
lay time though modifying the rate constant for Reaction (2).
The second approach assumes that the ignition delay time is
correct and attempts to match experiment by changing only
the reaction time, or rate of combustion. This is done by al-
tering Reaction (6). The third approach investigates the effect
of water vapor in the freestream. Water vapor can inhibit ig-
nition and could explain the differences between the experi-
ment and the calculations.

Consider the first of these approaches, modifying the igni-
tion delay. To achieve better agreement with the experiment,
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Experimental Shock Front
Experimental Reaction Front^

Fig. 6a Comparison of calculated density contours (kg/m3) with
experimental front positions for the Mach 5.11 case.

Fig. 6b 127 x 65 adapative mesh used for the calculation pre-
sented in Fig. 6a.

each of the following three rate expressions are considered to
replace Reaction (2):

Kf2 = 2.60 x 1014-exp(-16,800//?r) (5a)

Kf2 = 1.91 x 1014-exp(-16,438/#r) (5b)

Kf2 = 1.20 x 1017-r-°91 -exp(-16,513//?r) (5c)

Equation (5a) is from Jachimowski's mechanism. Equation (5b)
is currently recommended by the National Aerospace Plane
Rate Constant Committee.12 The third rate expression, Eq. (5c),
is recommended by Warnatz.13 All three are similar below 1500
K so that they do not strongly change the mechanism at lower
temperatures but they do vary considerably and change the
mechanism at higher temperatures. Equation (5a) has the larg-
est values at high temperatures, and Eq. (5c) has the smallest
values. Note that smaller values of the rate constant yield longer
ignition delay times. The temperature behind the shock for the
Mach 5.11 case on the stagnation streamline is approximately
1600 K, which results in a value for Kf2 of 1.32 x 1012 for

Eq. (5a) and 0.808 x 1012 for Eq. (5c) (about 60% of the
original one at this temperature). The flowfield calculated us-
ing Eq. (5c) is shown in Fig. 7. It shows density contours from
the calculation with the shock and reaction front locations dig-
itized from the shadowgraph. The predicted locations are now
nearly the same as the experimental ones.

The second approach is to return to the original Jachimowski
mechanism and modify Reaction (6) to change the rate at which
combustion proceeds after ignition. To do this, the rate expres-
sion in Jachimoswki's mechanism

Kf6 = 2.20 x 1022-r~ (6)

is reduced by a factor of 4 with the rationale that slowing the
rate at which heat is released will reduce the shock-standoff
distance (it will be less exothermic). This simple approach is
sufficient to test the sensitivity of the flowfield to this reaction.
The results show that reducing the Reaction (6) rate constant
does not produce flowfield changes as large as the ones seen
in Fig. 7. In fact, the changes are difficult to present using a
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Experimental Shock Front
Experimental Reaction Front

Fig. 7 Density contours (kg/m3) for the Mach 5.11 case with re-
action rate (2) replaced by Eq. (5c).
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--Q-- Reaction (6) Reduced by Factor of 4

-0.20 -0.15 -0.10 -0.05
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Fig. 8 Temperature profiles along the stagnation streamline for
three different reaction sets for the Mach 5.11 case.

contour plot. A clearer picture of the changes are seen by plot-
ting the temperature profile on the stagnation streamline. Fig-
ure 8 shows the temperature profile from the original mech-
anism and the profiles using the new expressions for Reactions
(2) and (6). The surface of the projectile is on the right side
of the plot at 0.00 cm and the flow is from left to right. It
shows that the shock and reaction front locations after reducing
the Reaction (6) rate constant are still similar to the original
locations. However, close examination shows that the rate
constant reduction for Reaction (6) did slow the rate of com-
bustion. It is this profile that approaches the equilibrium value
at the wall most slowly.

The third attempt to match the experiment is made by adding
freestream water vapor. Rodgers and Schexnayder14 have dis-
cussed the significant effect that freestream water vapor can
have on ignition time. To check the influence of water on the
Mach 5.11 case, a mole fraction of water equal to 0.02 is
added to the freestream. This is a mass fraction equal to 0.017
and represents a relative humidity of about 36% in the ballistic
range. The baseline chemistry mechanism is used. The results
show that freestream water concentrations move the calcula-
tions toward better agreement with experiment. However, it
also indicates that the amount of freestream water required to
account for the difference between the experiment and the cal-
culation using the baseline chemistry model is probably much
greater than existed in the ballistic range.

With the results obtained thus far, it seems logical to use
the reaction set with Eq. (5c) as the rate expression for Re-
action (2) because it yields the best agreement with experi-
ment. The Mach 6.46 case is calculated with this set. The re-

sult is presented in Fig. 9 in the form of density contours
overplotted with symbols representing the experimental shock
and reaction front positions. Because the Mach number is higher,
the temperature behind the shock is higher and the induction
zone is significantly thinner than it was in the previous case.
It is so small that it appears that the reaction zone is merged
with the shock in the stagnation region; however, the adaptive
grid places over 10 points between the two fronts. The asym-
metry in the experimental front positions indicate that the pro-
jectile had a slight angle of attack. Comparing the calculation
to the experiment taking this into account shows excellent
agreement.

The Mach 6.46 case is a more challenging flowfield cal-
culation than the Mach 5.11 case. One major difference be-
tween the two flowfields is that the region where the shock is
strong enough to initiate combustion is much larger for the
higher Mach number case. This requires a different grid that
places more points into induction regions, especially behind
the shock in the shoulder region. The new grid curves the nor-
mal grid lines so that they become nearly parallel to the
streamlines where it is possible to do so (allowing the grid
adaptation to be more effective) and also adds more points in
the axial direction. Combined, these changes allow more points
to be placed along streamlines in the induction zone, which is
critical to simulate the flow. The Mach 6.46 grid dimensions
are 321 x 65 and it is shown in Ref. 15.

Code Performance
The code runs at 180 MFLOPS on the Numerical Aerody-

namic Simulation (NAS) Program's Cray Y-MP at NASA Ames
Research Center and takes 8.4 x 10~4 s/grid point/iteration.
As mentioned in the Numerical Method section, the implicit
formulation also leads to high memory requirements. Com-
putations with the 128 x 65 grid required approximately 8
Megawords of memory.

The large equation set is not seen as the primary source of
the high computational costs. Instead, the large time require-
ments are the result of the stiff combustion chemistry and the
very small grid spacings required in the induction zone. The
small grid spacings reduce the maximum time step and thus
require many steps to be taken in order to reach steady state.
The small grid spacing also requires that a large number of
mesh points must be used. Typical solutions presented here
took between 2000 and 4000 iterations and used a maximum
Courant-Friedrichs-Lewy (CFL) number of 30. The authors have

Experimental Shock Front
Experimental Reaction Front

Fig. 9 Comparison of calculated density contours (kg/m3) with
experimental front positions for the Mach 6.46 case.
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hope that future work will allow larger time steps to be taken
and significantly reduce the iteration requirements.

Conclusions
An axisymmetric, fully implicit, finite volume, computa-

tional fluid dynamics code that uses a detailed hydrogen-air
combustion mechanism and an adaptive grid has been devel-
oped. It is validated using ballistic-range experiments with
shock-induced combustion. In these experiments, a 15-mm
spherical nose projectile is fired into a premixed hydrogen-air
mixture. The separate shock and reaction fronts produced by
the blunt body are clearly and accurately captured by the cur-
rent numerical approach. The ability to do these calculations
depends on knowledge gained through numerical studies with
quasi-one-dimensional flow, which are used to establish grid
requirements for the computations. The studies show that it is
critical to have high grid resolution in the induction zone where
radical species concentrations increase exponentially. These
findings lead us to believe that insufficient grid spacing is the
main reason that prior researchers were unable to match the
same experimental data.

These simulations have also contributed to the validation of
the detailed hydrogen-air combustion mechanism of Jachi-
mowski.11 Fairly good agreement between the axisymmetric
calculations and the ballistic-range experiments is obtained with
this mechanism. Better agreement is obtained if the forward
rate constant expression for Reaction (2) is replaced by Eq.
(5c). Equation (5c) gives a smaller rate constant at high tem-
peratures and thus increases the ignition delay time. There is
no conclusive evidence that the new expression for Reaction
(2) is, by itself, superior to the original one because a com-
bination of other modifications or effects could account for the
same improvements. The change does, however, cause the
mechanism to compare more favorably with experiment and it
also suggests that some helpful conclusions could be made with
more defined data (i.e., by knowing the amount of freestream
water vapor or by having more cases under different condi-
tions). In addition, the reaction fronts have been shown to lack
sensitivity to the overall combustion speed. This is demon-
strated by noting that there are only minor alterations in the
shock and reaction front locations when the rate constant for
Reaction (6) is modified.

Finally, since the results presented in this paper did not in-
clude thermal nonequilibrium effects, it appears that these ef-
fects are small for the particular flowfields considered herein.
A slightly more detailed discussion of this work can be found
in Ref. 15.
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