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Linear Stability of Hypersonic Flow
in Thermochemical Nonequilibrium
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For flight at high Mach numbers, thermal and chemical nonequilibrium may exist in the mean flow and thus
affect the stability of the flow. A computationaltool was developed to analyze a hy personic mean flow and its stability
including thermochemical nonequilibrium. The mean flow analysis employs the Navier—Stokes equations with a
translational/vibrational temperature model for thermal nonequilibrium and a five-species reacting air model for
chemical nonequilibrium. The stability analysis employslinear stability theory to describe the spatial amplification
of two- and three-dimensional disturbances. The computational tool is used to determine the frequency and spatial
amplification of disturbances that may lead to boundary layer transition on cold wall and adiabatic flat plates. The
effect of thermal and chemical nonequilibrium on stability is shown to depend on the disturbance mode.

I. Introduction

HE transition from laminar to turbulent flow significantly af-

fects the surface heating as well as the aerodynamic perfor-
mance of a hypersonic vehicle. Thus, an accurate prediction of
boundary-layertransition is necessary for an optimum design of the
vehicle and its thermal protection system. Historically, empirical
relationships, based on re-entry vehicle flight data, were developed
to predict the location of transition. An accurate prediction of tran-
sition on a re-entry vehicle was not so critical, because the ablating
thermal protection system was conservativelydesignedto survive a
one-time use mission. However, for new vehicles, such as reusable
hypersonic cruise vehicles and aerobrakes for Earth and Mars entry
missions, weight limitations dictate mission feasibility and there-
fore reduce the allowable degree of design conservatism. Thus, a
more accurate simulation of boundary-layertransition is necessary
to design new hypersonic vehicles.

In stability analyses, the fundamental causes of boundary-layer
transition are identified. In this approach, the frequency and ampli-
fication rates of disturbances in a specified mean flow are exam-
ined. The predicted stability of these disturbances depends on the
character of the mean flow. In a hypersonic flow, the gas can be vi-
brationally excited and may dissociate and recombine; thermal and
chemical nonequilibrium may thus affect the stability of the flow.
To date, most stability analyses of hypersonic flows have assumed
perfect gas. Two exceptions to this are the works led by Malik'?
and Stuckert3-* Malik and Anderson' employedthe boundary-layer
equations to examine equilibriumairflow over a flat plate. Stuckert
and Reed? solved the parabolized Navier-Stokes equations to study
the chemical nonequilibriumflow over an axisymmetric cone. The
objective of the present work is to examine the effects of thermo-
chemicalnonequilibriumon the linear stability of a hypersonicflow.
The approachundertakenin the work is to first solve the full Navier—
Stokes equations with a two-temperature model and five-speciesair

Presented as Paper 96-0671 at the AIAA 34th Aerospace Sciences Meet-
ing and Exhibit, Reno, NV, Jan. 15-18, 1996; received June 14, 1996; re-
vision received March 13, 1997; accepted for publication March 16, 1997.
Copyright 997 by the American Institute of Aeronautics and Astronau-
tics, Inc. ANwfghts reserved.

*Graduate Research Assistant, Department of Mechanical and Aerospace
Engineering; currently Senior Member, Technical Staff, Sandia National
Laboratories, Albuquerque, NM 87185-0827. Senior Member AIAA.

f Associate Professor, Department of Mechanical and Aerospace Engi-
neering. Senior Member AIAA.

1 Associate Professor, Department of Aerospace Engineeringand Mechan-
ics. Senior Member AIAA.

958

model. Then, the stability of the spatially evolving disturbances is
examined from the linearized disturbance equations.

There are two modes of inviscid instability for hypersonic flow.
The first mode is a vorticity disturbance, and the second mode is an
acoustic disturbance. The two modes can be described by defining
a local Mach number, M, relative to the phase velocity ¢,

M=(u_c)la

where u is the local velocity parallelto the surface and a is the local
speed of sound.

If M? < 1 everywhere, Lees and Lin® showed that the presence
of a generalized inflection point (gip), defined as

0 Ou

Jy P3 'y
which indicates a maximum in the angular momentum, is a suffi-
cient condition for first-mode instability. For compressible perfect
gas flow, the most unstable first-mode disturbanceis always oblique,
and there is a unique wave number correspondingto the phase ve-
locity at the gip. In our previous work,® we qualitatively assessed
thermochemical nonequilibriumeffects on first-mode instability by
examining the location of the gip in the mean flow around a sphere.
In the present work, the linear stability analysis is used to quantify
these effects.

The higher frequency second-mode disturbance has been shown
to be the most unstable in perfect gas hypersonic flows. If M? > 1,
then the boundary layer is unstable to inviscid waves regardless
of any other feature of the profile. Unlike the first mode, there is a
multiplicity of unstablemodes.”-® For the second and higher modes,
two-dimensionaldisturbancesare the most unstable. Whereas in our
previous work the analysis was limited to first-mode disturbances,
the present work extends the analysis to include the second-mode
disturbances.

In this paper, we present the developmentof a computationaltool
to evaluate the first- and second-mode disturbancesin a hypersonic
mean flow with thermal and chemical nonequilibrium. In Secs. II
and III, the governing equations and numerical methods for the
mean flow and disturbances with thermochemical nonequilibrium
are presented. The validationof the numerical methods is presented
in Sec. IV; the results are compared with previous results of perfect
gas, equilibrium air, and chemical nonequilibriumair models. The
effects of thermal and chemical nonequilibriumare then examined
in Sec. V.
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II. Mean Flow
A. Governing Equations
The Navier—Stokes equations are employed to describe the flow

of nonequilibrium air over a body. The analysis employs a two-
temperature model for thermal nonequilibriumand five-species air
model for chemical nonequilibrium. Thus, five-species equations,
two momentum equations,and two energy equationsare solved. The
governing mean flow equations in conservative form and Cartesian
coordinatesare as follows:

oU O0F 0G

Tty =" M

where the vector of conserved variables is

U = {pla Qa I)Sa l)4a Qa pua pva Eviba E(Olal}]-

0,8 = 1, 5, arethe speciesmass densities, « and v are the tangential
and body-normal velocities, and Eyi, and Eiy, are the vibrational
and total energy; ¢, x, and y are the time, streamwise direction, and
body-normal direction, respectively. F and G are the flux vectors
and W is the source vector, which has terms in the species and
vibrational energy equations, as detailed in Refs. 9 and 10.

The following three dissociation reactions and two exchange re-
actions in air are modeled, where M is any collision partner (such
as N, O,, NO, N, or O):

N, +M 2N+ M
0, +M 204+ M
NO+M _N+O+M
N,4+0 _NO+ N
NO+O _,0,+N

The equilibrium constants, transport properties, and translational—
vibrational energy exchange source term are modeled following
Candlerand MacCormack.!° The boundaryconditionsat the wall are
no-slip, noncatalytic, and either constant temperature or adiabatic.

The same equations and reactions are used to separately mo-
del equilibrium, chemical nonequilibrium, and thermochemical
nonequilibrium air. This was accomplished by adjusting the vi-
brational relaxation times and chemical reaction rates. For thermal
equilibrium, the vibrational relaxation times were decreased by a
factor of 10*. For chemical equilibrium, the forward and backward
reactionrates were increased by a factor of up to 10°. This technique
worked very well to simulate the various reacting flows. The equiv-
alence of the translational and vibrational temperatures confirmed
thermal equilibrium. Chemical equilibrium was attained when there
was negligible difference in the mass concentrationratios as the re-
action rates were increased.

B. Numerical Method

A modified Steger—Warming flux vector splitting upwind numer-
ical technique, presented by MacCormack and Candler,'! is used to
solve the Navier—Stokes equations. This technique is fully implicit
and uses the Gauss—Seidel line relaxation procedure. The highly
vectorized code of these equations and numerical method was em-
ployed in our previous work.®

In anticipationof the stability analysis, the grid for the mean flow
computations was generated with body-normal grid lines normalto
the surface. Stability calculations also require the grid to capture
physical aspects of the flow, which indicate stability behavior. So a
grid-pointdistribution was formulated so that points were clustered
in the vicinity of the generalized inflection point and the shock.

III. Linear Stability Analysis
A. Governing Equations
The stability equations of the disturbances in a thermochemical
nonequilibriumhypersonicflow are derived from the Navier—Stokes
equations [Eq. (1)]. The instantaneous flow is first modeled by a
mean plus fluctuatingcomponent,q = g+ ¢/. The equationsare then

linearized with respect to the fluctuations,and the mean flow is sub-
tracted. The mean flow is assumed parallelsothatg(x, y, z) = ¢(»),
where x, y, and z are in the streamwise, surface normal, and az-
imuthal directions, respectively. The resulting linearized perturba-
tion equations for thermochemicalnonequilibriumflow are detailed
inRef. 9. The stability equationsare then obtained by assuming that
the fluctuations are given by a normal mode

ql(x, y,z, 1) = q(y) expli(ox + Pz _ ax)]

where ¢ = complex amplitude of the disturbance, a= ¢, + iq; =
streamwise wave number, 3 = azimuthal wave number, and @ =
disturbance frequency.

The relevant spatial evolution of the hypersonic flow is consid-
ered in the present formulation, so that the frequency is real and the
wave numbers are complex. The disturbances are then unstable if
the streamwise spatial amplification rate _c¢ > 0. Substituting the
normal mode into the linearized equations, a system of 10 ordinary
differential equations is obtained for thermochemical nonequilib-
rium:

d? d
A—+B—+C|Z=0 2)
(45555
where Z= (p,, 2, v, w, T, T,); s = 1to 5 species; u, v, and w are
the disturbance velocities in the x, y, and z directions, respectively;
and T and T, are the amplitudes of the translationaland vibrational
temperatures, respectively. A4 is a diagonal matrix and B and C
are 10, 10 complex matrices. These matrices are a function of the
mean flow, @, 3, and wand are presented by Hudson.’

The stability boundary conditions are applied as follows. At the
wall, the velocity and temperature disturbances are zero. In addi-
tion, a noncatalytic wall is assumed so that a zero normal gradient
of the species mass concentration is specified. In the freestream,
all disturbances except the body-normal disturbance velocity are
assumed zero. A numerical boundary condition is required at the
freestream boundary to avoid a trivial solution. So, following the
work of Stuckert,* the mixture mass conservation equation is used
to obtain the body-normal velocity.

In the present work, the freestream properties and a reference
length, defined as

lmf:'\zodc/uoo: x/\/I?x:x/R

are used to nondimensionalizethe wavelength and frequency.

B. Numerical Method

Because nonzero solutions that satisfy the boundary conditions
exist only for certain combinations of the wave numbers and fre-
quency, Eq. (2) constitutes an eigenvalue problem. For spatial sta-
bility, the eigenvalue to be determined is the complex streamwise
wave number o for a specified real frequency wand real spanwise
wave number f3:

a=Aw, P (3

The eigenvalueproblem can be solved by eithera globalor a local
method. Following the work of Malik,'? the global method, which
yields a spectrum of approximate eigenvalues, is used to provide an
initial estimate for the local method. The approximate eigenvalues
from the global method are then improved by the local scheme. The
stability analysis was conducted on a uniform computational grid.

C. Global Method

Second-order accurate central differences are used in the global
method to approximate the first and second derivatives in the sys-
tem of ordinary differential equations [ Eq. (2)]. The resulting block
(10 X 10) tridiagonal matrix is given by

BZij1+ AZ;+CZ;_, =0 or AZ=0 (4
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where

E:(i_'_ rb’y)A_'_ L B

A 2An 2An

A2

A= A A+ C
(M), ng

AP T 2An 2An

1 is the body normal coordinate, and subscript j is an index in the
n direction.

To solve for the complex streamwise wave number ¢, Eq. (4) is
written as a generalized complex eigenvalue problem

AZ= aBZ (5)

where (A_aB) = Aand we assume ¢ = 0 following Khorramiand
Malik.!® The wall and freestreamboundary conditiongare included’
to reduce the size of the square complex matrices 4 and B from
10+, J 1010, (J _2), where J is the number of stability grid points.
Thé QZ algodrithm!* was used to solve the generalized complex
eigenvalue problem.

The global method yields a spectrum of 10, (J _2) eigenval-
ues, ¢ and their associated eigenvectors Z. A series of filter criteria
were developed to select the “desired” eigenvalue from the spec-
trum. The desired eigenvalue with respectto stability analysisis the
most unstable physical one, i.e., o > 0 and _¢ > 0. The three
filter criteria were as follows. First, the relative Mach number M
at the boundary-layeredge is used to select the subsonic unstable
eigenvalues. Second, the unstable eigenvalues with positive relative
Mach numbers, that is, the phase velocity is less than the local ve-
locity at the edge of the boundary layer, are selected. Finally, the
unstable eigenvalues with a phase velocity between 90 and 100%
of the freestream velocity are selected. If more than one eigenvalue
from the spectrum satisfied these three criteria, each unstable phys-
ical eigenvalue was refined by the local method, and the one found
to be most unstable was selected.

D. Local Method

The approximate eigenvalue from the second-order global
method was then improved upon using the higher-order local
method. In the local method, the ¢ terms in Eq. (2) are included.
The localmethod employed a fourth-orderaccurate finite-difference
scheme!® to approximate the first and second derivatives in Eq. (2).
Second-order approximations are used at the boundaries. The re-
sulting 10 X 10 block pentadiagonal matrix is given by

ij+2 =+ BZJ'+1 =+ :4Zj =+ 6Zj_1 =+ EZj_z =0
or  AZ=0 (6)

where

T n}z Ty L
D‘% A7 T 2ag) A= T2an®

T 417}2' 21y 21,
B= ( 3ar T 3an) 4 3an”
.57
A= AT A+ C
p — 41’}2' _ﬂ A_ zny B
3A1? T 3An 3An

- -y n
E==2 L [
( nar T 2an] 4t T2an

Because Eq. (6) is homogeneous, nonhomogeneous boundary
conditions are imposed at the wall to avoid a trivial solution.

The boundary condition for the velocity perturbation at the wall,
u(0) = 0, is thus replaced by

5
3 PO pog= 1

which normalizes the eigenvectors by the disturbance mixture den-
sity at the wall. With this boundary condition, Eq. (6) becomes
AZ = B. LU decomposition was used to solve for Z given an ini-
tial estimate of  from the global method. Subsequent values of o
were obtained by using a secant iteration on the boundary condition
u(0) = 0. Typically, five iterations were required to obtain a con-
vergedsolutionof 2(0) to within some tolerance of zero. To compute
the eigenvalues for several frequencies, the improved eigenvalue
from the local method was extrapolatedto provide the guess for the
next frequency. This technique was found to be much more efficient
than performing a global computation for each frequency.

IV. Code Validation

The thermochemicalnonequilibriumstability code was validated
by comparing the present computations with results in the literature
for perfect gas, equilibrium air, and chemical nonequilibrium air.
The accuracy of the global and local methods was first assessed for
a perfect gas model. Note that the codes to compute the mean flow
and stability of perfect gas are separate from those for thermochem-
ical nonequilibrium and directly follow the work of Malik.!> The
validatednumericalmethods for the perfect gas model were then ap-
plied to the reactingair models. The conditions examined in the sta-
bility code validation study included subsonic to hypersonic flows;
adiabaticand cold wall surfaces; two- and three-dimensionaldistur-
bances; and perfect gas, equilibrium air, and chemical nonequilib-
rium air models. Full details of the validation study are presented in
Ref. 9. Some salient features of the validations are presented here.

A. Perfect Gas

The Mach 10 perfect gas flow over an adiabatic wall flat plate
was computed and compared with a self-similar solution and with
Ref. 2. The freestream temperature was 277.8 K, unit Reynolds
number was 9.8425 , 10°/m, and Prandtl number was 0.70. The
spatial amplification rates of the Navier—Stokes mean flow solutions
on five grids are shown in Table 1. Three of the grids, 150 X 200,
220 X 300, and 220 y, 300C, had a conventional wall-clustered
distribution, where the grid spacing was minimum adjacent to the
wall and maximum at the outer boundary. In the grids designated B
and D, the minimum grid spacings were at the shock and near the
generalizedinflection point; the maximum spacing was in the region
between the boundary-layer edge and the shock. The last column
in the table shows the percentage error in _¢; compared with the
self-similar solution. As the grid is refined near the boundary-layer
edge, the predicted amplification rate approaches that of the self-
similar solution. The grid with the highest density of points in the
vicinity of the generalized inflection point yields the best results;
the peak in the angular momentum must be adequately captured to
obtain accurate stability results.

B. Equilibrium

The stability of a Mach 10 equilibriumairflow over an adiabatic
wall flat plate was next examined. In the present work, the equilib-
rium airflow was simulated by adjusting the chemical reactionrates
and thermalrelaxationtimes as previouslydescribed. The suitability
of this approach was evaluated by comparing our predictions with

Table1 Mean flow grid effect on amplification
rates; perfect gas, 0= 0.08,x= 0.4 m

Grid (o, &) Error, %
Self-similar (0.0842, _1.361e_3) 0
Malik? (2, _1.35¢_3) 0.08
150 5200 (0.0860, +3.399¢_5) (stable)
220 5,300 (0.0857, _1.261e_4) 90.7
220 5¢300C (0.0853, _7.107¢_4) 4738
220 5,300D (0.0845, _1.223¢_3) 10.1
270 53008 (0.0843, _1.379¢_3) 1.3




HUDSON, CHOKANI, AND CANDLER 961

-
0.0025 -
0.0020 -
[ o
o
. i
0.0015 - 131e°
[ 2 oo
Lo d
hed T3
:, .
0.0010 | o 1%
-
[ ]
® *
4 .0
.
o
0.0005 (- & 8o
o s
o%e, [\‘
g o ‘e o
. ° % b
0.0000 t1®, A *e ry 1 i
0.00 0.05 0.10 0.18 0.20 0.2s

Fig. 1 Amplification rates of second-mode disturbances (Mach 10,

equilibrium air, adiabatic wall, and x = 0.4 m): o present study; °

Malik?; and m, Stuckert and Reed.3

uvw
10
os |
[ —@— uamp
08 —a— vamp Malik
07 [ ——d&—= wamp
] —O0— uamp
——o— vamp Hudson

b — ——d—e Wamp
05 !
04
03
02

01

00

0 10 20 30 40 50
y/ref

Fig. 2 Amplitude of velocities of first-mode disturbances (Mach 10,
equilibrium air, adiabatic wall, x = 0.4 m, cw= 0.03, and ¢ = 63 deg).

the stabilityresults of Malik? and of Stuckertand Reed.? This valida-
tion study also served to examine the effects of the different govern-
ing equations, chemicalkinetics, and the thermodynamicand trans-
port properties used by each researcher on the stability of the flow.

The spatial amplification rates of two-dimensional disturbances
in the equilibriumairflow at x = 0.4 m are shown in Fig. 1. In spite
of the differences in the equilibrium air models, the predicted peak
amplificationratesand theirassociated frequenciesare all quite sim-
ilar. There was also good agreement with the eigenfunctionprofiles
of the most amplified second-mode, which were computed by Malik
and Anderson.!

As a further validation, the most unstable oblique first-mode dis-
turbance was examined. The amplitudes of all three velocity com-
ponents compare very well with Malik and Anderson,' as shown in
Fig. 2. The overall good agreement of both the spatial amplification
rates and the eigenfunction profiles for both the first- and second-
mode instabilities validates our modeling approach in a reacting gas
flow.

C. Chemical Nonequilibrium

The final validationtest case was the Mach 10 flow of air in chem-
ical nonequilibriumover an adiabatic wall flat plate. The vibrational
relaxation times were adjusted in our thermochemical nonequilib-
rium flow code to model thermal equilibrium. The stability of the
flow is compared with the results of Stuckertand Reed? in Fig. 3. The
qualitativeagreementbetweenthe two predictionsis good. Quantita-
tively, our maximum amplificationrate is 19% higherat a frequency
that is 7.5% higher than that of Stuckert and Reed. For equilibrium
air, we computed a similar trend with a 4.5% higher amplification
rate at a 13% higher frequency (Fig. 1). The discrepancies in the
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Fig. 4 Mean velocity and temperature profiles (Mach 10, adiabatic
wall, and x = 0.4 m).

amplification rates are probably due to the differences between the
governing equations, property models, and numericaltechniques in
both the mean flow and stability analyses.

V. Results and Discussion

The validated stability code was used to assess the effects of
thermochemical nonequilibrium on the stability of three reacting
hypersonic flows: Mach 10 over an adiabatic plate, Mach 10 over a
cold wall plate,and Mach 15 overa cold wall plate. For each case, the
three gas models—equilibriumair, chemicalnonequilibriumair, and
thermochemical nonequilibriumair—were simulated. The stability
characteristics of first-mode and second-mode disturbances were
examined for each flow. In addition, these stability characteristics
are used to clarify the observations in two recent high-enthalpy
hypersonic transition flow experiments.

A. Case 1: Mach 10, Adiabatic Wall Flat Plate

The freestream conditions for the flow over a 0.5-m-long adia-
batic flat plate were a Mach number of 10, freestream temperature
of 278 K, and unit Re 0f9.8425x106/m. The effects of the three gas
modelsonthe mean flow velocity and temperatureprofiles are shown
in Fig. 4 at location x = 0.4 m. The difference between the trans-
lational and vibrational temperatures indicates thermal nonequilib-
rium, whereas the equivalence of these temperatures verifies our
technique for modeling thermal equilibrium. The highest transla-
tional temperatures occur with the thermochemical nonequilibrium
air model because of the vibration-dissociation coupling, whereby
the energy absorption by dissociationis limited because of the slow
reaction rates.
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Fig. 6 Phase velocities of second-mode disturbances (Mach 10 and
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The flow becomes more equilibrium-like in the downstream di-
rection because of the increased flow residence time. Thus, we can
anticipate that the flow stability will become more similar for the
three gas models at downstream locations. The adiabatic wall tem-
peraturesalso vary in the axial directionand with the air model. The
thermochemical nonequilibrium model has the most elevated wall
temperature, 4300 K at x = 0.4 m, and the equilibrium air model
has the least elevated temperature, 2950 K. The stability of the flow
overan adiabatic surface is thus affected by both the nonequilibrium
and the varying wall temperatures.

The dimensional amplification rates of the two-dimensional dis-
turbances are shown as a function of the dimensional frequency
in Fig. 5 at five axial locations. For all gas models, the maximum
spatial amplification rate decreases with increasing x. At the two
upstream locations, the equilibriumair model yields the most unsta-
ble disturbances; farther downstream, the chemical nonequilibrium
air model gives the most unstable disturbances. At all locations,
the thermochemical nonequilibrium model gives the least unstable
disturbances, which indicates that thermal nonequilibriumand the
higher wall temperature have a stabilizing effect on the flow.

Similar to a perfect gas flow, the boundary layer is “tuned” to se-
lect frequencies. The frequency of the most-amplified second-mode
disturbance decreases from about 1.3 MHz to 190 kHz from the
leading edge of the plate downstream,as shown in Fig. 5. At a given
axial location, the thermochemicalnonequilibriumair model with a
thicker boundary layer has a higher most-amplified frequency than
the equilibrium and chemical nonequilibrium gas models, which
have thinner boundary layers. Figure 6 shows the phase velocities

T
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Fig.7 Amplitude of temperature of second-mode disturbances (Mach
10, adiabatic wall,and x = 0.4 m): m, Eq; .Chem non; and A, TC non.
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Fig. 8 Amplification and phase velocity of first-mode disturbances
(Mach 10, adiabatic wall, x = 0.4 m, and 3, = 0.0628).

at the five axial locations. The phase velocities vary between 93 and
96% of the freestream velocity, and the maximum spatial amplifi-
cation rates occur at 94% of the freestream velocity.

The details of the mode structure of the most-amplified second-
mode disturbance at x = 0.4 m are indicated by the amplitude of
the temperature eigenfunction in Fig. 7. Qualitatively, there is little
difference in the mode structure between the three gas models. The
largest amplitudes occur with the thermochemical nonequilibrium
air model, and the smallest amplitudes occur with the equilibrium
air model. A pressure phase change across the boundary layers of
140 deg confirms the second-mode character of the disturbances.

A first-mode disturbance was analyzed for various frequencies
at x=0.4 m and 3 =0.0628. The spatial amplification rates and
phase velocities are shown in Fig. 8. The flow is the most unstable
with thermochemical nonequilibrium and the least unstable with
equilibrium. This behavior is exactly as predicted from the angular
momentum profiles and wall temperatures; for the flow in thermo-
chemical nonequilibrium, the peak in angular momentum is located
the furthestfrom the wall and the wall temperatureis the highest. For
first-mode disturbances at these wave angles, the spatial amplifica-
tion is three to four times less than the second-mode amplification.
Also, the maximum amplified frequencies of 60-82 kHz are two to
three times less than those of the second-mode disturbances.

B. Case 2: Mach 10, Cold Wall Flat Plate

The effects of wall cooling on the stability of reacting flows were
next examined. The same freestream conditions as case 1 were ex-
amined for the flow over a constant wall temperature (1200 K) flat
plate. The mean velocity and temperature profiles are shown in
Fig. 9 at the location x = 0.4 m for all three gas models. For these
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flow conditions, the equilibrium and chemical nonequilibrium gas
models yielded identical profiles, and the thermochemicalnonequi-
librium gas model yielded profiles only slightly different from the
other two models. The stability of these flows is thus expected to be
dominated by the effects of wall cooling.

The spatial amplification rates with the chemical nonequilibrium
and thermochemical nonequilibrium gas models on both the adia-
batic and cold wall plates are shown in Fig. 10. Wall cooling has
a destabilizing effect on the second-mode disturbances. The max-
imum amplification of the second-mode disturbance on the cold
plate is 1.5 times greater than that on the adiabatic plate. In ad-
dition, the frequency corresponding to the most-amplified distur-
bance is shifted to a higher value. This change in the stability
behaviorclarifies the observationsof He and Morgan'® in their high-
enthalpyshock tunnelexperiments. They observedthatthe transition
Reynolds number decreased with wall cooling. The present stabil-
ity results, which describe the precursor to transition, verify that
their observationsare a consequenceof more unstable second-mode
disturbances in both chemical and thermochemical nonequilibrium
flows.

C. Case 3: Mach 15, Cold Wall Flat Plate

The third case examined was the Mach 15 flow past a cold wall
(1225 K) flat plate. The freestream temperature and unit Reynolds
number were 700 K and 3.4 , 10¢/m, respectively. The mean flow
velocity and temperature profiles at x = 0.294 m are shown in
Fig. 11 and the oxygen mass concentration profiles through the
boundary layer are shown in Fig. 12. It is evident that there are
differingdegrees of chemicalreactionbetween the three gas models.
The thermochemicalnonequilibriumair model has the least degree
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Fig. 11 Mean velocity and temperature profiles (Mach 15, cold wall,
and x = 0.294 m).
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Fig. 12 Oxygen mass concentration profiles (Mach 15, cold wall, and
x=0.294 m).
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Fig.13 Amplification and phase velocity of second-mode disturbances
(Mach 15, cold wall, and x = 0.294 m).

of oxygen dissociation, and the equilibrium air model has the most
oxygen dissociation. The large difference between the translational
and vibrationaltemperaturesof the thermochemicalnonequilibrium
gas model indicates that the flow is also in thermal nonequilibrium.
Thus, in comparisonto cases 1 and 2, this flow exhibits the effects of
both nonequilibriumand wall cooling on boundary layer stability.
The correspondingnondimensionalspatialamplificationrates and
phase velocitiesare shown in Fig. 13. The chemical nonequilibrium
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air model yields the most-unstable second-mode disturbances,
whereas, in comparison with the chemical nonequilibrium flow,
the thermochemical nonequilibrium air model shows that thermal
nonequilibriumhas a stabilizing effect. However, there is less than
a 7% difference in the maximum spatial amplification rates of the
three gas models. This suggests that the effects of the thermal and
chemicalnonequilibriumin air are dominated by the effects of wall
cooling. A similar observation was made by Stuckert and Reed® in
their study of air in chemical nonequilibrium flowing at Mach 25
over a cold wall cone. These observations may also provide clarifi-
cation of the transition measurements conducted by Germain et al.!’
on a sharp cone in air at high enthalpy. They observed no significant
effect on transition Reynolds number because of varying degrees of
chemical nonequilibrium.

VI. Conclusions

A computationalstudy of the effects of thermochemicalnonequi-
librium on the stability of a hypersonic boundary layer has been
conducted. The linear, spatial growth of first- and second-mode dis-
turbances in the chemically reacting flow was computed. Three
reacting gas models were considered: equilibrium air, chemical
nonequilibriumair, and thermochemical nonequilibrium air. Ther-
mal and chemical equilibrium were simulated by adjusting the vi-
brationalrelaxationtimes and chemicalreactionrates in the govern-
ing equations. This approach to simulating the chemically reacting
flow was validated by comparisons to previous results in the liter-
ature for perfect gas, equilibriumair, and chemical nonequilibrium
airflows.

For the most unstable oblique first-mode disturbances, the ther-
mochemical nonequilibriumair model was found to be more desta-
bilizing than the chemical nonequilibrium air model. In contrast,
the equilibrium air model was found to be the least destabiliz-
ing compared to both nonequilibrium air models. For the second-
mode disturbances, the maximum spatial amplification rates in-
dicated that chemical nonequilibrium was slightly destabilizing,
and thermochemical nonequilibrium was slightly stabilizing. For
the conditions examined, the results of the second-mode distur-
bances in equilibrium flow did not differ greatly from the chem-
ical nonequilibrium flow. Furthermore, for these flow conditions,
the effect of wall cooling dominated the effects of the different
air models. The first-mode disturbances were stabilized because
of wall cooling, and the second-mode disturbances were destabi-
lized.

For both adiabaticand cold wall conditions, the second-mode dis-
turbances were found to be the most dominant. Their observed sta-
bility behaviorclarified two observationsin recenthigh-enthalpyhy-
personic flow transition experiments. First, the transition Reynolds
number decreased with wall cooling. Whereas this was previously
known for hypersonic perfect gas flows, this is newly demonstrated
for flows in thermochemical nonequilibrium. Second, for the cases
examined, there was no significant effect on transition Reynolds
number because of the chemical nonequilibrium of air. Thus, the
stability analysis developed in the present work shows promise for
development of future hypersonic flight vehicles.
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