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Chemistry Associated with Hypersonic Vehicles
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A series of chemical equilibrium, chemical nonequilibrium, and thermal nonequilibrium calculations are per-
formed for various chemical processes related to a Single Stage To Orbit Hydrogen Fueled Airbreathing Hyper-
sonic Vehicle (SSTOHFAHYV). The processes include air dissociation downstream of a 60- and 30-deg oblique
shock and H;-air combustion. The calculations are applied to two typical SSTOHFAHYV trajectories.

Nomenclature
a; = ith polynomial coefficient for species k
c = speed of sound
¢l = coefficient of heat at constant pressure for species k
e, = vibrational energy
e* =equilibrium vibrational energy
G° =standard state Gibbs free energy
H} =standard state species enthalpy
h = static enthalpy
M  =Mach number
P = pressure
R = gas constant
S? =standard state species entropy

T = gas temperature (translational and rotational)
T, = vibrational temperature
u = velocity

V, =normal velocity
y = ratio of specific heats

¢ = fuel equivalence ratio

p = density

T = characteristic vibrational relaxation time
0 = shock angle

Subscripts

2 = conditions downstream of shock wave
k = species k

n = normal component

v = vibration

oo = freestream condition

Introduction

HERE is a renewed national interest in hypersonics.

A prime motivation for this interest is the desire to
develop a Single Stage To Orbit Hydrogen Fueled Airbreath-
ing Hypersonic Vehicle, or SSTOHFAHV. This vehicle and
its derivatives have been the subject of many recent concep-
tual studies. A significant result of these studies is that major
portions of the vehicle will have to be designed using compu-
tational tools since ground-based test facilities do not exist for
all flight conditions. This conclusion marks a turning point in
computational fluid dynamics (CFD) in that a vehicle will

Received Nov. 16, 1987; revision received June 7, 1988. Copyright
© American Institute of Aeronautics and Astronautics, Inc., 1988.
All rights reserved.

*Principle Engineer. Member ATAA.

tAssistant Professor, Department of Aeronautics and Astronautics.
Member AIAA.

be designed and flown based primarily on numerical compu-
tations. It is therefore necessary to ensure that the CFD
codes contain correct physical models for flight conditions of
interest.

The first step in selecting physical models is to determine
flight conditions. A recent review paper by Howe! discusses
the aerothermal environment about generic advanced space
transportation systems. Suggested are optimum ascent trajec-
tories where an airbreathing space plane will gain its speed in
the upper atmosphere. The low density of the air combined
with hypervelocity speeds, with the associated high static
temperatures, leads to chemical and thermal nonequilibrium
in the external flowfield of the vehicle. In addition to the
complex external flow, supersonic combustion has been cited
as the key technology in the development of the vehicle.? The
chemistry associated with the combustion process and the
expansion in the nozzle dictates the effectiveness of the air-
breathing alternative to current rocket technology. Both the
external and the internal fluid mechanics of the vehicle suggest
that chemical kinetics and vibrational energy must be included
in CFD calculations to some extent.

Including species conservation equations and decomposing
energy into its separate modes expands the complexity of
current CFD codes significantly. If nonequilibrium chemical
kinetics is required, a fully coupled set of conservation equa-
tions must be solved, as in Refs. 3-6. However, simplified
models for chemical and vibrational processes might be avail-
able for certain conditions. For example, at the lower altitudes
and velocities, one expects chemical and thermal equilibrium.
In a CFD code this may be effectively modeled using NASA’s
RGAS tables or Tannehill’s curve fits.” If the flow is frozen,
i.e., if the chemical relaxation processes are much slower than
the convection of the gas past the vehicle, ideal-gas calcula-
tions may suffice. An important step in the design program of
a hypersonic vehicle is to determine what level of chemical
and thermal modeling is required.

In this paper an attempt is made to characterize the chem-
ical and thermal properties of the gases associated with an
airbreathing space plane. First, the vehicle is decomposed into
six regions of specific gas physics, as shown in Fig. 1. The
regions are the nose, wingj/tail leading edge, boundary layers,
forebody/ramps/inlets, combustor/flame holder, and nozzle.
The first three regions are important in determining aerody-
namic characteristics and surface heating. Precise design of
reusable thermal protection hinges around the ability to pre-
dict surface temperatures and chemistry. The three last re-
gions are important in determining engine performance
characteristics. They encompass engine inflow, combustion,
and outflow, respectively. The ability to predict these three
flows is essential to achieving accurate engine analysis. These
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Fig. 1 Chemistry characterization of a hypersonic vehicle (SSTO-
HFAHYV).

six regions encompass most of the important physics that
must be studied to effectively design an airbreathing space
plane.

The next step is to select general properties common to the
regions listed. Two processes are selected for this study. One
is the air chemistry behind a shock wave, and the other is the
hydrogen-air chemistry of the engine. With these two pro-
cesses, four of the six regions can be approximated. The
boundary layer involves processes that depend on wall condi-
tions and are not considered in this study. The chemistry of
the ramp/inlet system is dominated by its boundary layer and,
therefore, is also not considered.

To date, the model for all chemistry characterization is that
of Bray,® where chemical relaxation lengths and compressibil-
ity are plotted against velocity for various pressures and
temperatures. In this article more detailed information, such
as equilibrium species concentrations and chemical and ther-
mal relaxation lengths, is presented. However, rather than
provide less information at many pressures and temperatures,
detailed information is provided at specific pressures and
temperatures. For the external flow calculations, these condi-
tions are selected to correspond to points along two generic
ascent trajectories. A discussion of these trajectories is pro-
vided later. For the engine and nozzie calculations, the pres-
sures and temperatures are selected as sample combustor
operating conditions.

The data presented in this format provide a convenient
means of assessing the importance of chemical relaxation and
specific species concentrations. By using both the equilibrium
chemistry composition and the nonequilibrium length scales,
one can reconstruct the chemical physics of the flow. For
example, a 30-deg oblique shock wave exhibits very long
length scales, suggesting nonequilibrium flow. This is a conse-
quence of lower static temperatures and high convective ve-
locities. However, a glance at the equilibrium values shows
that limited dissociation occurs only at higher Mach numbers.
Therefore, we find that, although the nonequilibrium region is
long, the effects of chemical kinetics are much less important
for a 30-deg oblique shock than for a 60-deg shock.

The hydrogen-air data is intended to supplement simple
engine performance analysis programs. An engine designed to
operate at specific temperatures and pressures will exhibit
certain length scales and combustion products that may or
may not be detrimental to engine performance. At high
temperatures, for example, significant dissociation of the com-
bustion products occurs. Alternatively, lower temperatures
may exhibit favorable species distribution in equilibrium, but
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Table 1 Freestream conditions for ascent trajectories

h, J A T, 0, u-m/s
M km atm °K kg/m3 60 deg 30 deg
Lower trajectory

0.0 0.0 1.000 288.2 1.225

2.5 7.6 0.372 238.8 0.502 670.7 387.3

5.0 18.3 7.06E-2 216.7 0.115 1277.8 737.8

7.5 24.4 2.72E-2 221.1 4.34E-2 1935.6 1117.5
10.0 25.9 2.16E-2 222.6 3.42E-2 2589.4  1495.0
12,5 27.4 1.75E-2 223.9 2.75E-2 3247.6 1875.0
15.0 30.5 1.10E-2 227.0 1.70E-2 3923.1  2265.0
17.5 32.0 8.77E-2 228.5 1.36E-2 4592.1 2651.3
20.0 35.1 5.60E-3 236.8 8.35E-3 5343.3  3085.0
22.5 38.1 3.65E-3 245.3 5.12E-3 6114.6 3530.3
25.0 44.2 1.57E-3 262.8 2.16E-3 7025.6 4056.3

Upper trajectory
0.0 0.0 1.000 288.2 1.225

2.5 24.4 2.72E-2 221.1 4.43E-2 645.2 372.5

5.0 29.0 1.37E-2 225.5 2.15E-2 1303.4 752.5

7.5 32.0 8.77E-3 228.5 1.36E-2 1968.0 1136.3
10.0 33.5 7.00E-3 232.4 1.07E-2 2646.6  1528.0
12.5 34.0 6.55E-3 233.7 9.89E-3 3318.0 1915.6
15.0 37.0 4.28E-3 242.1 6.24E-3 4050.4 2338.5
17.5 42.7 1.91E-3 258.6 2.61E-3 4878.5 2816.6
20.0 48.8 8.72E-4 270.7 1.14E-3 5712.3  3298.0
22.5 54.9 4.10E-4 264.7 5.40E-4 6367.9  3676.5
25.0 68.6 6.82E-5 225.6 1.07E-4 6499.5  3752.5

the reaction length scales may be long. The assumptions used
in this study are presented in the following sections, followed
by explanations of the results.

Trajectory

The trajectory, as mentioned previously, involves accelera-
tion in the lower-density upper atmosphere. Two generic
accent trajectories, given in Ref. 9, are used in this study. The
two trajectories are upper and lower bounds of the SSTO-
HFAHYV flight envelope, as suggested in the reference. These
trajectories are not intended to be interpreted as actual accent
trajectories, but are selected as bounds. These trajectories are
listed in Table 1.

Trajectory points at 2.5-Mach intervals are selected as data
points to study. Freestream conditions are obtained from the
U.S. Standard Atmosphere.!® The external gas dynamic calcu-
lations use this data as input.

Data plotted with Mach number on the abscissa implies
trajectory conditions from Table 1. In other words, for each
Mach number, there is an assumed pressure, temperature,
density, etc., corresponding to the two trajectories.

Forebody and Leading Edges

The wing leading edge and nose have a finite radius and,
therefore, will have a detached bow shock. The thermal and
chemical environment in this shock layer is dictated by the
high velocities, low densities, and small radii of the leading
edges. Figure 2 shows a schematic of the nonequilibrium
processes that take place in the vicinity of these regions. In
particular, the figure shows that following the bow shock, the
flow will be in both thermal and chemical nonequilibrium.
The extent of these regions and their importance to vehicle
design will be approximated with simple oblique shock mod-
els. The oblique shock models represent the flow properties of
the bow/forebody shock away from the immediate vicinity of
the nose. These models do not include the nonequilibrium
processes along the stagnation streamline or the boundary
layer near the body surface. However, the flowfield between
the forebody shock and the boundary layer can be modeled
effectively with this approach. Recent studies have been per-
formed to characterize the thermodynamic heating using sim-
ple sphere and cylinder models but have not contained any
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information on the nonequilibrium time scales.!’ For these
regions, one-dimensional calculations are performed to study
chemical relaxation lengths and equilibrium concentrations
behind an oblique shock wave.

Combustor and Nozzle

There are numerous studies in progress dealing with analy-
sis of SCRAMIJET combustors, nozzles, and afterbodies.
Computational analysis ranges from one-dimensional compli-
cated chemical kinetics modeling to two- and three-dimen-
sional simple chemical kinetics flow simulations. In these
studies, as the number of dimensions increases, the complexity
of the combustion models tends to decrease.

In this article, engine and nozzle performance is character-
ized by temperature, pressure, and fuel equivalence ratio ¢.
This characterization eliminates trajectory dependence and
focuses on engine performance parameters. The engine is
assumed to maintain specific temperatures and pressures at
the nozzle entrance. The fuel equivalence ratio is a measure of
the amount of fuel available. When ¢ = 1, the proportions of
fuel to oxygen are stoichiometric. In other words, if ¢ < 1, all
fuel should be burned. Typically, SCRAMIJET engines are
designed to operate at ¢ = 1-5 to provide adequate vehicle
cooling as well as thrust.

The important performance parameters of this article are
reaction times and species concentrations at equilibrium. Re-
action times are selected over reaction lengths because engine
velocities can vary for a given combustor pressure and tem-
perature. The equilibrium concentrations represent the
amount of dissociation and recombination for a given temper-
ature and pressure. The relaxation time gives a measure of
how long the fluid must remain in the engine to be combusted.
Note that details of supersonic mixing are not covered in this
paper so nonuniformity of the engine flow must be considered
in addition to the information provided here.

In the following sections we discuss in detail the assump-
tions made and the methods used to perform the calculations.
Results are then presented to characterize the regions of
interest in the manner suggested.

Chemistry Models

Equilibrium Chemistry

In this paper we have chosen to characterize the external
chemistry around a hypersonic vehicle by two parameters.

(Te=Tr#Ty)
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The first is the equilibrium chemistry composition and the
second is the characteristic relaxation length, or time, for the
production or destruction of a particular species. The follow-
ing discussion outlines the method and assumptions used to
determine the equilibrium chemistry compositions.

Equilibrium calculations are performed using a package
developed at NASA Lewis by Gordon and McBride.!? The
basis of their method is that equilibrium occurs when the
Gibbs free energy is minimized. Since its introduction in
1958,'% it has seen wide use.*!” Results are in good agreement
with equilibrium coefficient calculations and are generally
reached more efficiently. In addition to Gibbs free energy
minimization, elemental mass is conserved. Lagrange multipli-
ers are used to solve the simultaneous system of equations.

The program requires an expression for the Gibbs free
energy G, the enthalpy H, and the specific heat at constant
pressure c, for each species. In this study these expressions are
given from the JANAF tables'®?® and use the following
polynomial fits:

Cgk/R = + aZkT + a3kT2 + a4kT3 + a5kT4

H? Ao A3 Q4 sy q,
_r_ =~ Tr4+== T2 e T3 “5k T4 “ek
RT- Gt 3 T Ut T
Ay D | Qa3 | sk oy
?=a1kf%T+02kT+7T +‘—3'—T +TT + ay

and
G®=H*—TS°

The coefficients a; are supplied at several temperature ranges
to provide the most accurate fit. Separate tables are used for
the air and hydrogen-air cases discussed in Ref. 18.

The package requires as input two state variables. The
algorithm has been developed for an enthalpy, pressure (p,H)
input and a pressure, temperature (p,7) input. Output from
the program includes other thermodynamic properties (den-
sity, enthalpy, etc.) and species molar concentrations.

Chemical Nonequilibrium

Chemical nonequilibrium can occur in connection with a
variety of processes on an SSOHAHV. The processes include
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the flow downstream of a shock wave, wall surface chemistry,
and combustion, to name a few. This paper investigates air
chemical nonequilibrium length scales downstream of oblique
shock waves and nonequilibrium H,-air combustion time
scales for typical hydrogen-fueled scramjet operating condi-
tions.

As mentioned, two different types of calculations are per-
formed for this article. The first involved computing the
chemical nonequilibrium flowfield downstream of an oblique
shock wave. The calculations are performed with the
CHEMKIN nonequilibrium chemistry code described in Refs.
21 and 22. The flow downstream of a shock is assumed to be
adiabatic, with transport phenomena associated with mass
diffusion, thermal conduction, and viscous effects assumed to
be negligible. Initial conditions for the governing equations
are derived from the Rankine-Hugoniot relations for flow
across a normal shock. Across the shock it is assumed that
translational, rotational, and vibrational modes are in equi-
librium. Thus, only chemical nonequilibrium is modeled.

It should be noted that vibrational nonequilibrium can have
a profound effect on chemical nonequilibrium. For instance,
most recently, Park?® has shown with his coupled vibration-
dissociation model that relaxation lengths can increase by
an order of magnitude when both processes are modeled
together. However, because of the complexity of coupled
vibration-dissociation models, and because only order-of-
magnitude estimates are of interest here, no attempt has been
made to incorporate vibrational effects in these calculations.

The thermodynamic properties given by Esch? are used for
temperatures above 6000 K. The flowfield is computed with
the one-dimensional Euler equations coupled with a set of
species transport equations that describe the nonequilibrium
chemistry modeled in this article. The nonequilibrium length
scales are defined as the distance behind the shock required
for various fluid and chemical quantities to reach 95% of their
respective equilibrium values. Figure 3 shows the relaxation
behavior of a typical quantity, for example temperature,
behind a shock. The relaxation distance D, is shown in Fig. 3.
When oblique shocks are analyzed, the nonequilibrium length
scales are determined by the following method. First the
normal component of velocity is used to determine the shock
jump conditions. This is followed by a nonequilibrium chem-
istry calculation to determine a normal length behind the
shock. To find the resultant length of the nonequilibrium
region, the normal length is added vectorially to the tangential
length (¥, - 7). Additional details related to the equations and
algorithm are given in Ref. 21.

The second type of calculation involves computing
nonequilibrium time scales for H,-air combustion at constant
pressure. A variety of temperatures, pressures, and ¢ typical
of the operating conditions in a hydrogen-fueled scramjet are
considered here. A system of ordinary differential equations
describing adiabatic, constant pressure chemical kinetics is
used to compute the nonequilibrium time scales. The
CHEMKIN chemistry package?! is used for these calcula-
tions. The time scales computed here represent the total time
to equilibrium minus the ignition time, i.e., the reaction time.
Figure 4 shows the time history of a typical quantity, e.g.,
temperature. The total time to equilibrium is defined as the
time required for a typical quantity to reach 95% of equi-
librium while the ignition time is taken to be the time required
for a typical quantity to go from its initial state to 1% of its
final equilibrium state. The reaction time is illustrated in Fig.
4,i.e., t, — t;. Knowing the reaction time and the local fluid
velocity, one can compute the reaction length (d = V - £). The
ignition delay time is not considered here, since it is strongly
dependent upon the ignition source and thus highly problem-
specific. In addition, the ignition source can be adjusted to
make the ignition time small compared to the reaction time.
Thus, reaction time is generally considered the best quantity
to measure when studying combustion time scales for con-
stant pressure reactions.?’
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Fig. 4 Temperature relaxation in a combustion process.

The nonequilibrium time and length scales shown in this
paper should be viewed as approximate, say within a factor of
2 or so, since for some of the calculations the end points are
not well defined. However, every measure has been taken to
ensure that the calculations were run to at least 99% of
equilibrium. Note that if the cutoffs are chosen to be 99
instead of 95%, the length and time scales increase by approx-
imately 10-50%. Choosing 90% as the cutoff point results in
decreasing the length and time scales by approximately 10—
50%. Also, since coupled vibration-dissociation, which has
been neglected, can substantially increase the relaxation
lengths, the error band is large.

Thermal Nonequilibrium

Thermal nonequilibrium occurs when vibrational, rota-
tional, translational, or electronic modes of energy are not in
equilibrium. Each is described by a corresponding tempera-
ture, which is introduced as a convenient variable to measure
energy. Translational temperature is the one we typically
measure in gas dynamics. The rotational energy equilibrates
with translational energy within a few molecular collisions,
and since the mean free path is small throughout the trajecto-
ries of interest, the rotational modes of energy are assumed to
be in equilibrium with the translational modes. The vibra-
tional and electron energies, however, do not equilibrate as
quickly and may be out of equilibrium.

The electron energies will not deviate much from equi-
librium for many of the conditions presented here. However,
some of the more severe cases (high altitude, high Mach
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number) may experience an electron temperature considerably
different from the translational temperature. This electron
temperature controls radiative phenomena and should be
considered .in a complete analysis. Here we have chosen to
neglect radiation and assume that the electron energies are in
equilibrium.

Vibrational nonequilibrium, on the other hand, is impor-
tant throughout much of the flight corridor. The purpose of
this section of the study is to determine the length scales
associated with vibrational energy relaxation. In this case,
equilibrium simply implies that the vibrational temperature
and the translational temperature are equal. Figure 2 shows
the variation of temperature through a shock wave with
vibrational nonequilibrium.

The vibrational collision mechanism used in this study is N,
vibrational energy, with N, as a collision partner. Since this
species is the dominant one and the frequency of collision
with N, is the greatest, it is believed that this collision process
is adequate to estimate the vibrational energy relaxation
length. Also, data for this collision mechanism are the most
abundant. Other excitation rates are not included and may
indicate length scales longer than these estimates. For exam-
ple, at the higher velocity points in the trajectory, electron-im-
pact vibrational excitation may be important. Also, O, and
NO vibrational energy were calculated with N, and NO as
collision partners, respectively, but lengths are typically an
order-of-maghnitude shorter for the O, and two orders-of-mag-
nitude for the NO vibrational energy relaxation. Including
additional rates is beyond the scope of this paper.

Order-of-magnitude estimates are obtained from a simple
rate model for vibrational nonequilibrium.?*2* Many different
rate models exist, but most are complicated and require
constants and parameters that are difficult to determine.
Inaccuracies in these experimentally determined parameters
make them no better than simplified, curve-fit models for
ballpark estimates. The simplest model is a reduced form of
the Landau-Teller relationship which, for a steady, inviscid
gas, is given by

v

2 (e =45
dx T «T,p)

K\1/3
e<?>
UTp) =C———
p

and e} is e, evaluated at the translational temperature T, i.e.,
the equilibrium value. The relaxation parameter t represents
the time it takes to reach the peak vibrational temperature.
Vincenti and Kruger® have taken Blackman’s data®® and
have fitted the following constants for the temperature range
800-6,000 K:

Species: N,

Partner: N,

c,atm-us: 7.12 x 1073

KS°K: 1.91 x 10°

Multiplying the relaxation time t by a velocity ut gives a
characteristic length of the vibrational relaxation process. In
this case, u is the velocity after the shock, which is defined as

N

where V, is the tangengial velocity and is defined by
V, =V, sinf. Expression V,, is the normal velocity after the
shock and is defined by

where

Vo=V, 22

o]
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The temperature, pressure, and density T, p, and p behind the
shock are from the equilibrium air solution results. The
vibrational length scales, therefore, assume local chemical
equilibrium. Ideally, coupling vibration with dissociation is
required, since vibrational relaxation will follow chemical
relaxation through the changes in translational temperature.
However, since only ballpark estimates are of interest, this
simplification was deemed adequate. Note that peak tempera-
ture could be used in place of equilibrium temperature. This
was not attempted here.

Results
Equilibrium Air

The equilibrium air calculations are performed to study the
chemistry behind shock waves characteristic of a hyperveloc-
ity vehicle. Since the highest temperatures due to shock
heating are from stronger shocks, shock angles of 60 and
30 deg are investigated.

Simple one-dimensional shock relations are used, and it is
assumed that the shock wave is infinitesimally thin. The
conditions upstream of the shock are the upper and lower
trajectory points in Table 1 and are found from the standard
atmosphere tables.!® The velocity used is the normal compo-
nent of the velocity vector, i.e., V, = ¥V, sinf. Simple assump-
tions are used in calculating the shock jump conditions. The
primary assumption is that the pressure and static enthalpy
jumps are insensitive to the composition of the gas. Therefore,
ideal-gas jump conditions are used to determine p and A. The
shock jump relations used are

A
p_y+1 Co Peo

1
h=3 Vil =& +h,

where ¢ is the approximate velocity or density jump and takes
on a value of approximately L for an ideal gas. From this
expression, a density jump only 50% greater contributes a
1.5% error in the expression for enthalpy, which validates the
assumption.

The pressure-enthalpy form of the Gordon and McBride
algorithm is used with temperature as a variable. The temper-
ature is allowed to vary as energy is absorbed in chemical
energy. The output temperature, therefore, is correct for the
shock jump, including chemical effects.

The JANAF table used in this study is from Ref. 20 and is
valid for two temperature ranges, 1000-6000 K and 6000-
15,000 K. The species included are N,, O,, N, O, NO, AR,
N*, N, 0", 07, 07,05, NO*, AR", and ¢~. Not all of
these species are actually found in any significant quantity,
and there are trace species, such as CO, and O,, that are not
included. The purpose is to find the major components of the
gas, so trace species are considered unimportant. However, if
one is interested in the concentrations of the trace species,
another study would be required to determine them.

The output is plotted in molar fractions from 10~¢ to 1.0.
Figure 5 shows the equilibrium species concentrations behind
a 60-deg shock at points along the trajectory. The abscissa is
the Mach number which, when used in conjunction with
Table 1, identifies the trajectory point. Calculations are shown
at Mach number intervals of 2.5. The 60-deg shock case
shows formation of NO as low as Mach 2.5, with peak NO
production at Mach 10-12.5. Oxygen begins to dissociate at
Mach 5 and nitrogen at Mach 7.5. Monotonic oxygen and
nitrogen are present in significant quantities by Mach 15.
Ionization first occurs with NO as early as Mach 12.5. This is
in agreement with the Wray model for chemical reactions,
which suggests that NO* is the primary ionized species.
Monotonic oxygen begins to ionize at higher Mach numbers.
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The 30-deg shock (Fig. 6) has very little dissociation until
high Mach numbers and significant ionization, only at the
highest Mach number.

Weaker shock waves delay the dissociation to higher Mach
numbers. For example, a typical inlet consists of a series of
ramps, each of which generates an oblique shock. A series of
shocks are used rather than one strong shock so that the total
pressure loss behind these shocks is minimized. A conse-
quence of this is that the chemical and vibrational relaxation
lengths are long, while the deviation from freestream composi-
tion is small. Weak shocks, therefore, indicate little important
chemistry and so are not considered in this study.

Normal shocks are not considered here because they are
only found at the stagnation point, which is typically nonequi-
librium. However, the equilibrium composition behind a 90-
deg shock can be found in Ref. 18.

Air Chemical Length Scales

A variety of air chemistry calculations is performed for
chemical nonequilibrium flow downstream of shock waves.
The shock wave characteristics are chosen to represent typical
points on the upper and lower bound SSTOHFAHYV trajec-
tory tabulated in Table 1. In addition, two different nonequi-
librium air reaction mechanisms are used in an attempt to
remove some of the uncertainty associated with the various
chemistry models. The air models include a model originally
developed by Wray? and a second model assembled by Dunn
and Kang,” which are discussed in Ref. 18. The results from
both models are included in the data presented here.

Calculations are preformed for 60- and 30-deg oblique
shocks. Figure 7 shows the computed 60-deg oblique shock
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nonequilibrium length scales for temperature using the two air
reaction mechanisms. Length scales for oxygen and nitrogen
can be found in Ref. 18. The length scales are shorter on the
lower trajectory than on the upper, as is expected with a
higher-density gas. The longest relaxation lengths on the
lower trajectory are at the lowest Mach number considered,
i.e., approximately 300 cm at M = 10. The lengths become
shorter at higher Mach numbers, i.e.; 1 cm at M =22.5. The
upper trajectory exhibits different behavior in that the maxi-
mum relaxation length, approximately 300 cm, occurs at
Mach 25 while the minimum length, approximately 20 cm,
occurs between Mach 12.5 and 22.5. Thus, it can be seen that
the minimum relaxation length for the upper trajectory is
approximately an order of magnitude larger than the lower
trajectory. The temperature, oxygen, and nitrogen relaxation
lengths typically are within a factor of 2 of each other.
Similarly, the Dunn/Kang predictions typically are twice as
long as the Wray predictions. Note that both models predict
the same peak and equilibrium values. The observed differ-
ences in the relaxation lengths predicted by the two models
can be attributed to their respective behaviors as ‘each ap-
proaches equilibrium. The relaxation history predicted for the
Dunn/Kang model tends to flatten out near equilibrium and
thus produces a longer relaxation length compared to the
Wray model. Over the flight conditions of interest, both
models perform well from an engineering standpoint, with the
Wray model being the most computationally efficient. '
Figure 8 shows the 30-deg shock results. In this case, the
longest length scale on the upper trajectory, approximately
800 cm, is found to occur at Mach 17.5, while the shortest
length, approximately 300 cm, occurs at Mach 25. For the
lower trajectory, the maximum length is approximately
1000 cm at Mach 25, and the shortest length, approximately
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Fig. 7 Nonequilibrium length scales behind a 60-deg shock wave.
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Fig. 8 Nonequilibrium length scales behind a 30-deg shock wave.
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500 cm, is found at Mach 10. From the two shock angles
considered, it can be seen that the 30-deg shock nonequi-
librium relaxation lengths are approximately five times longer
than the 60-deg lengths. It should be noted that each point on
the figures represents a separate nonequilibrium chemistry
calculation.

Air Thermal Length Scales

The N,-N, vibrational length scales are plotted in Fig. 9 for
a 90-, 60- and 30-deg shock. The computed length scales use
the equilibrium temperature as the translational temperature
for e}. In this study, the length scales for vibration are up to
several orders of magnitude less than the chemical length
scales, indicating that for many cases, chemical nonequi-
librium exists but thermal nonequilibrium does not. Note,
however, that the thermal length scales are measured as time
to peak temperature, whereas the corresponding chemical
length scale is measured to 95% of the equilibrium value.
Thus, the difference between chemical and thermal length
scales is actually less than indicated by this analysis. This
suggests that under certain conditions, coupled vibration-dis-
sociation models should be used for a more complete analysis.

Experimental normal shock data from Wray? is used to
provide a comparison for the computed length scales. These
experiments were run at approximately Mach 10, 15, and 20.
However, only for the Mach 20 case does the specific pressure
and temperature correspond to a trajectory point of Table 1.
The experimental data for N, vibrational relaxation for this
case is marked in Fig. 9 and shows very good agreement with
the estimates of this study. Wray’s data, in the form of time,
is multiplied by the shock speed to get a distance. Appropriate
times are determined from the plots in Ref. 23.

Hydrogen-Air Equilibrium

The chemistry associated with the combustor and nozzle is
important in determining engine performance. The conditions
used to represent this part of the analysis are combustor
operating conditions. In this case, no shock waves are present,
and it is assumed that the outflow is of a uniform composi-
tion. The vital parameters used to characterize the hydrogen-
air system at the combustor inflow are the pressure, the
temperature, and the fuel equivalence ratio. The fuel equiva-
lence ratio, or ¢, is defined such that ¢ =1 is a stoichiometric
mixture of hydrogen and oxygen.

The Gordon and McBride algorithm is used again in this
analysis. The JANAF tables used for this section are from
Ref. 19, which includes the species associated with H,-air
combustion. Figures 10 and 11 show the equilibrium species
concentrations of H,O and OH for ¢ =1 and 6, respectively.
Each figure includes pressure of 0.1, 1.0, and 5.0 atm. From
these results it is clear that dissociation of the combustion
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Fig. 9 Thermal nonequilibrium length scales.
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products becomes critical at lower temperatures if the pressure
is lowered. For pressures of 1.0 and 5.0 atm, dissociation does
not become important until temperatures over 4000 K are
reached. For a pressure of 0.1 atm, significant dissociation
occurs as low as 3000 K. This result indicates that a constant
temperature expansion in the nozzie could hurt engine
efficiency. All three plots show similar trends, which indicates
that the equilibrium values are not strongly dependent on
equivalence ratios. However, the benefit of cooling from the
added fuel has not been taken into account in this analysis.
Reference 18 gives equilibrium species concentrations for
some of the dissociation products for ¢ =1, p = 1 atm. Spe-
cies H and O account for much of the energy absorption. At
the highest temperatures, other species become important.

Hydrogen-Air Time Scales

A series of H,-air nonequilibrium calculations are per-
formed using the CHEMKIN code along with the H,-air
reaction mechanism developed by Jachimowski.?” The mecha-
nism is described in Ref. 18 and is considered valid over the
temperature and pressure ranges considered in this article.
The calculated results presented here are intended to represent
reaction time scales for a series of temperatures and pressures
typical of scramjet combustors. Pressures from 0.1-5 atm,
temperatures from 1000-3000 K, and ¢ from 1-6 are consid-
ered in this article.

The results of these calculations are summarized in Figs.
12-17. Figures 12 and 13 represent the reaction time scales for
temperature and H,O production for ¢ = 1. Similarly, Figs.
14 and 15 represent the ¢ = 3 results and Figs. 16 and 17 the
¢ = 6 results. All three ¢ cases show that the time scales
associated with temperature and H,O relaxation decrease with
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increasing temperature and pressure. For the cases run with
¢ = 1, the time scale for temperature relaxation ranges from
1073 s (p=5 atm, T=3000 K) to 10-2 s (p =0.1 atm,
T = 1000 K). A similar behavior is found for the H,O relax-
ation time scales. Typically, the H,O relaxation times are
10-50% shorter than the temperature relaxation times. Com-
paring the relaxation times for the various ¢ shows that the
temperature relaxation times for a ¢ of 6 are approximately
10 times longer than for a ¢ of 1. The H,O relaxation times
are found to exhibit the opposite behavior. In particular, the
H,O0 relaxation times for a ¢ of 6 are approximately 1/10 that
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for a ¢ of 1. Finally, the reaction length scales can be
computed by multiplying the reaction time by the local fluid
velocity. For example, typical velocities in the combustor
range from 300,000-700,000 cm/s, which for ¢ =1, p =0.5
atm, and 7" = 1500 K translates to reaction lengths between 150
and 350 cm.

Conclusions
A generic SSTOHFAHYV and its trajectory have been stud-
ied to determine the level of chemical modeling required for
computational design codes. In particular, the air chemistry
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associated with a hypersonic vehicle forebody and the H,-air
chemistry associated with the combustor and nozzile have
been studied. Important conclusions about the chemical prop-
erties of each of these regions can be drawn from the results.

The length scales associated with air dissociation on a
hypersonic vehicle forebody were found to have a strong
dependence on the trajectory. The lower and upper bounds of
the SSTOHFAHYV trajectory show large differences in relax-
ation lengths. The lower trajectory, due to the higher density
of the air, can be modeled mostly with chemical equilibrium,
except at the highest Mach numbers. The upper trajectory, on
the other hand, has length scales that indicate the importance
of nonequilibrium chemistry. Therefore, either equilibrium or
nonequilibrium chemical modeling will be required, depend-
ing on the trajectory. The 60-deg shock produces relatively
short relaxation lengths, while the 30-deg shock produces
relatively long relaxation lengths.

The H,-air chemistry inside a scramjet combustor and
nozzle can be characterized in a number of ways. In this paper
an attempt has been made to consider the effect of pressure,
temperature, and ¢ on combustion time scales. For all the
cases considered, it was found that increasing the static tem-
perature and pressure reduced the reaction times significantly.
Pressure has the most notable effect as a consequence of the
particular reaction scheme used in this paper. The scheme
tends to generate equilibrium coefficients that are strongly
dependent on pressure. For example, with a ¢ of 1, the time
scales decreased by approximately three orders of magnitude
when the pressure was increased from 0.1 to 5atm. Similar
trends were noted for the higher ¢. Increasing ¢ caused the
temperature nonequilibrium time scale to increase but the
H,O time scales to decrease. The equilibrium calculations
showed that the temperature at which H,O began to dissoci-
ate was strongly dependent on static pressure. In particular,
the lower the static pressure, the lower the static temperature
required for H,O to begin dissociating. This would suggest the
upper limit on both pressure and temperature to maximize
H,O or heat release in the combustion process.
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