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- Numerical Study of Hypersonic Dissociated Air
Past Blunt Bodies

Eswar Josyula* and Joseph S. Shanget
Wright Research and Development Center, Wright-Patterson Air Force Base, Ohio 45433

Nonegquilibrium hypersonic flows past axisymmetric blunt bodies at zero incidence have been numerically
simulated by the Navier-Stokes equations with finite-rate dissociation for both noncatalytic and fully catalytic
surfaces. The high-temperature air mixture was described by the nonequilibrium Lighthill’s dissociation gas model
including the equilibrium vibrational excitation of diatomic gas molecules. The numerical results reproduced the
detailed physics and the rate of heat transfer in the stagnation region, which agreed very well with the classic
theories and experimental measurements. The limiting form of the governing equations uvsed at the axis of
symmetry alleviated the numerical bulge error that was frequently encountered for the axisymmetric blunt-body

problem.

Nomenclature

= mass fraction of species concentration, p;/Zp;

= specific heat at constant volume

= binary diffusion coefficient

= specific internal energy, [C, dT + Ah/

= total internal energy, e, + (12 +v?)/2

= flux vectors of the conservation variables

= specific enthalpy

= thermal conductivity of the gas mixture

= Lewis number, =1.4

= Mach number, third body of collision

= pressure

= Prandtl number, =0.71

= heat flux, = —kAT + Zph,

= Reynolds number based on nose radius

= gas constant

= nose radius

= Stanton number, =7 * §/p U (Moo — A)

= temperature

=mass average velocity components in axial, radial
direction

= coordinates of species conservation equation

= heat of formation

= transformed coordinates in computational plane

= viscosity coefficient

= density

= shear stress

= source term of species conservation equation
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Subscripts

i = properties associated with species i

d = properties associated with dissociation

v = properties associated with vibrational excitation
00 = properties evaluated at freestream condition
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Introduction

NE of the unique features of hypersonic flows is the non-

equilibrium phenomenon closely connected with the high
temperature and compact domain of influence.!> The high-
temperature characteristic is the result of conversion of kinetic
energy into thermal energy by the extremely strong shock
wave connected with such flows. A typical critical flow regime
of a hypersonic vehicle is exemplified by the shock layer
bounded by the bow shock wave and the blunt leading edge
of the vehicle. In this confined region all temperature-induced
molecular or atomic excitations of air mixture are governed
by the collision processes. Equilibrium states of the system are
rarely achievable for a wide range of speeds and altitudes
of hypersonic vehicles. Departure from thermodynamic and
chem-ical equilibrium is known to have significant effects on
the flowfield structure and the propagation of disturbances in
flow.!”* In order to solve aerodynamic problems in hyper-
sonic flight, the development of an interdisciplinary computa-
tional fluid dynamics (ICFD), which includes chemical
kinetics, is necessary.

In a high-temperature environment, the thermodynamic
properties of an air mixture differ considerably from that of a
perfect gas. At a temperature around 1500 K, the excitation
of vibrational degrees of freedom of the diatomic molecules
oxygen and nitrogen become significant. As the temperature
increases further, chemical reactions result in the formation of
nitric oxide and the dissociation of oxygen, nitrogen, and
nitric oxide. Only when the temperature is elevated beyond
5000 X does the ionization of the components of air occur.>~*
However, if one limits the electronic excitation to dissocia-
tion, the chemically reacting system can be reasonably repre-
sented by a four-species gas mixture. This simplified gas
mixture has even more attractive features, in that the molecu-
lar or atomic weights of oxygen and nitrogen are relatively
close and the characteristic temperatures for dissociation are
sufficiently different between species. Thus, the assumption of
a binary heterogeneous mixture for transport properties of air
can be applied with plausible physical justification. In addi-
tion to the influence of the change in air composition with
respect to temperature, the molecular transport processes>®
are also affected by species concentration, temperature, and
pressure gradients. Particularly, in a multicomponent reacting
system, when a species moves at a different velocity than the
mass averaged value, a flux of mass and energy will be carried
across the control surface by the diffusion process. The diffu-

“sion phenomenon will significantly alter the heat-transfer
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characteristics in hypersonic flow. The diffusion process is
accompanied by a recombination of atomic species in the
shock layer on the surface, resulting in additional energy
exchange due to heat of formation. The atomic recombination
on the surface is complex and is affected by the kinetics of
chemical reaction.”® According to Taylor,? the rate of reac-
tion on surfaces is determined by the following mechanisms:
1) transport of reactants to the surface, 2) chemisorption of
reactants to the surface, 3) chemical reaction between reac-
tants absorbed on the surface or between the absorbed reac-
tant and an impinging molecule, 4) desorption of products
from the surface, and 5) transport of products away from the
surface.

If any of the five mechanisms is markedly slower than
others, it will control the overall rate of the catalytic process.
At this point, there is a deficiency of scientific understanding
of these mechanisms for the nonequilibrium processes. In
spite of this shortfall in basic understanding, both the theoret-
ical and experimental efforts have illustrated the importance
of catalytic effects on the rate of heat transfer.~!* In the
experimental efforts of Anderson!! and McCaffrey and East,'?
a wide band of measured surface catalytic efficiency was
noticed in an arc-heated facility and a shock tube, respec-
tively. Two possible sources of the observed discrepancies, the
state of the gas flow and the microscopic features of the
specimen surfaces, were cited. In the previous investigations
by Fay and Riddell,'® Lees,'* and Goulard® of surface cata-
lytic effects, only chemically equilibrium and frozen boundary
layers in the stagnation region were considered. The two ex-
treme conditions permit the transformation of the governing
equations to similarity form.' From these simplifications the
catalytic processes yiclded illuminating knowledge. The cata-
lytic effect is most pronounced for the chemically frozen
boundary-layer condition. The catalytic recombination for
finite-rate reaction, which is more likely to occur, will be
bounded by the equilibrium and frozen limits. However, very
little quantified information is known for flows that are at
small departure state from equilibrium and at high body
surface temperature.”'* The fully catalytic and the noncata-
lytic surface conditions are simulated by specifying the zero
atom concentration and the vanished rate of change in atom
concentration on the body surface, respectively.!®!3!5 Al-
though there are still some unresolved issues on these
boundary conditions for the species concentration equations,
they are generally accepted and frequently used.

Through the pioneering efforts of Lighthill,'® Freeman,!”
Fay and Riddell,’® Kemp et al.,'® and others, a reasonable
description of the physical phenomena of high-temperature
air including dissociation at a small departure state from
equilibrium was achieved. In a nonequilibrium state the irre-
versible process is defined by the local or quasiequilibrium
value. In general, these instantaneous values must be regarded
as purely fictitious and not unique.® The current resurgence of
interest in hypersonic flows has generated new, improved
CFD techniques; notable among which are the works of
Blottner,' Li,?® Lee,® Park,” Gnoffo and McCandless,?
and, most recently, Prabhu et al.?* and Candler and MacCor-
mack.? In spite of the well-known uncertainties in the physi-
cal description of the relaxation phenomenon, advances in
CFD techniques and improvements in computers have made
it possible for these interdisciplinary efforts to: explore hyper-
sonic physics in greater detail. At present, the accuracy and
reliability of predictive results must rely on repetitive efforts
and cumulative knowledge acquired in the new scientific
discipline.

For the present study the dissociation of air mixture around
axisymmetric blunt bodies at a hypersonic Mach number of
12 are investigated for flows in chemical nonequilibrium for
both the noncatalytic and fully catalytic surfaces. Since only a
few intermolecular collisions are required to achieve equi-
librium in the translational and rotational modes, these two
internal energy states are considered to be fully excited and in
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thermodynamic equilibrium. The relationship between vibra-
tional excitation in a molecule and dissociation is closely
linked,?*~2# because energy is stored in vibrations and the rate
of dissociation is dependent on the vibrational state of mol-
ecules. For the present study the Lighthill ideal gas nonequi-
librium dissociation model!®!7-? has been used to describe the
dissociation-recombination reactions. Hilsenrath and Klein®°
have shown that the difference in enthalpy between the half-
excited vibrational degree of freedom in the Lighthill model
and the more rigorous gas kinetic model is small. In the
present study the vibrational excitation is assumed to be in
thermodynamic equilibrium with the rest of the internal de-
grees of freedom, but not always necessarily in a fully excited
state. The associated partition function is approximated by
the simple harmonic oscillator in the present formulation.
This approximation eliminates the ambiguity of having to
define the vibrational temperatures for the non-Maxwellian,
vibrational populations.®®

Under the aforementioned framework the present formula-
tion is restricted to the hypersonic relaxation phenomenon at
a moderate rate of departure from chemical equilibrium. The
simple classic approach to the description of the chemical
nonequilibrium phenomenon will allow the study of inter-
diffusion of the heterogeneous mixture to be conducted in a
step-by-step buildup process to gain insight and to provide
better understanding.

Analysis
The governing equations of the chemical nonequilibrium
flow in mass-averaged velocity can be given as the global
conservation equations,

% v (i) =
P v =0 (1
0P % (i + %) =0 @

ot

%+V'(peﬁ—kVT+ﬁ'T=+chihiﬁi)=0 )
1

and the species mass fraction equations,®!®

opC;
LV pC@+a)] = o, (4

where #; denotes the diffusion velocity of component i of the
gas mixture. Specifically, #; represents the relative velocity of
species i with respect to the mass-averaged local gas motion.
In a multiple-species system devoid of external forces, heat
sources, or sink, the only explicit modification to the global
conservation equations (Navier-Stokes equations) is the inclu-
sion of the energy flux term XpC;h4; to the energy equation.
The diffusion phenomenon also contributes a mass flux term
pC.; in the species conservation equation [Eq. (4)]. However,
the global continuity equations [Eq. (1)] remains unaltered
because the sum of mass flux over all the species in the system
must vanish. Furthermore, the conservation of number of
atoms in the system requires the net rate of species change to
be zero: :

TpCiit; =0 &)

To, =0 (6)

In the present analysis only the ordinary diffusion gener-
ated by species concentration will be considered. The diffusion
mass flux is considered from Fick’s first law of diffusion,®

pCiit; = —pD;VC; = —u(Le/Pr)VC, (7
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Since for the present analysis the temperature of air is re-
stricted to less than 9000 K, the ionization of the atomic
species will be negligible. The generation and depletion of
nitric oxide in the shock layer will also be omitted in the
present study. Therefore, the chemical reactions are limited to
dissociation and involve only four species: O,, O, N,, and
N. The freestream air is considered to be composed of
79% oxygen and 21% nitrogen at the standard atmospheric
condition at an altitude of 30.48 km. The possible elemen-
tary chemical reactions between species is given by «, +
M =20+ M.

The source term in the dissociation rate equations [Eq. (4)]
is the Lighthill ideal dissociating gas model,>'%17

;= CTp[(1 — Cy)e ~%/"— CF(p/pa)] (8
0, designates the so-called characteristic dissociation tempera-

ture of species i. The parameters and constants of the dissoci-
ation rate equations are summarized as follows:

0,0,:C=64x103, s=-—20, 0,=59000K,
, pa =150 gfcm’
NN,:C=41%x102 s=-15 6,=113,000K,

pa =130 g/cm?

By virtue of the aforementioned simplified assumptions on
chemical composition of air, only two linearly independent
species conservation equations are required to be solved
simultancously with the four global conservation equations.
The closure of the system of equations will be achieved once
the equations of state and the auxiliary equations are de-
scribed. The equations of state include the definition of the
specific iriternal energy of each species that are derivable from
the partition function for each internal degree of freedom.
For the diatomic molecules the specific internal energy has
four components contributed by the translational, rotational,
and vibrational motion and a reference state given by

0,2T TP
=43R 4+ R+ ———— | R, ;
€; {2 1 + i + I:Sinh(()v /2T)} R,}T"{" Rtgd (9)

where 0, is the so-called characteristic temperature of vibra-
tion. It assumes a value of 2270 K for an oxygen molecule
and a value of 3390 K for a nitrogen molecule, respectively.
The last term of the Eq. (9) is readily recognizable as the heat
of formation AHY. The total specific internal energy and
enthalpy are defined by

e, = ZCie, (10)

and
P
h,=%2C,e; +— (11)
P

The pressure in the present formulation is given by the
Dalton’s law of partial pressures:

P
= [0.79Ry (1 + Cx) +0.21R0,(1 4 Co)IT (12)

The temperature is obtained by Newton iteration from the
expréssions for specific internal energy and sum of internal
energy of each species.

The rest of the pertaining transport properties are assigned
the values of perfect gas. According to Fay and Riddell,'® the
viscosity coefficient of equilibrium air does not vary more
than 10% from the Sutherland formula below 9000 K. Within
the same temiperature range Prandtl and Lewis numbers also
do not change appreciably from the value of unity.!%?® For
our present purpose Prandtl and Lewis numbers are assigned
values of 0.71 and 1.4, respectively.
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The numerical algorithm chosen to solve the governing
equations is the explicit unsplit predictor-corrector finite
difference of MacCormack.?! This two-step method uses sym-
metric one-sided differencing in consecutive sweeps, resulting
in a second-order-accurate approximation in both time and
space. Although a time step size limitation has to be honored
for this scheme, its predictive capability has proven to be
reliable in numerous applications and is readily vectorizable.
Recently, Rizzetta and Mach®? have conducted a comparative
study of this algorithm along with three implicit schemes for
hypersonic ramp flows. The MacCormack explicit scheme
showed consistent numerical behavior and compared well
with experiments.

The finite-differencing formulation has a well-known de-
ficiency when applied at the axis of symmetry, where the
Jacobian of the coordinate system is singular.>*3* This char-
acteristic is clearly demonstrated by writing out explicitly the
divergence form of the governing equations for an axisymmet-
ric flow [Egs. (1-4)] in the cylindrical polar coordinate sys-
tem:

oU oF 190
Eﬁ-a-l—;a(rG):S (13)

By means of the chain rule of differentiation, the governing
equations in the flux vector form acquire the following expres-
sions in the transformed computational plane:

ouU oF oF 1 orG oG
-+ r’x_+Cx— +- nr’—+z
on ot r

= . pﬁ]=s (14)

Traditionally, some form of metric averaging or grid point
striding over the axis was used to overcome this shortcoming.
Using the grid point striding approximation, a staggered grid
across the axis of symmetry, usually produces a poor oscilla-
tory numerical result near the axis of symmetry. In the
present analysis the limiting form of the indeterminate terms
in the equation was used to compute the shear stress and flux
vector G. Since the limiting form involves a simple application
of the L’Hospital rule, it will not be detailed here. However,
the resultant differencing approximation to the differential
equations at the axis of symmetry can be given as

lim [l c,a’—G}cr[(m +AG)A] (15)
r—>0| r 6C

where the superscript + denotes the transformation deriva-
tive or the vector flux to be evaluated at the immediately
adjacent point to the axis of symmetry.

Blottner® performed a similar analysis on a blunt body
with the Beam and Warming algorithm, wherein the deriva-
tive in the difference equation orthogonal to the axis of
symmetry was written in nonconservation form, and the
quadratic convective terms were central differenced to reduce
the errors in the prediction of the viscous properties near the
stagnation point. Accurate numerical results were obtained
for blunt bodies by his work.

The specification of initial and boundary conditions for the
system of equations is straightforward. The shock capturing
scheme is used and implemented by the explicit scheme of
Shang and MacCormack.*® The upstream and the far-field
boundary conditions are accurately prescribed by the undis-
turbed freestream values. At the downstream boundary, the
no-change condition was imposed for the supersonic flow
domain. On the body surface the no-slip condition for veloc-
ity components, the isothermal wall and the approximation of
zero normal pressure gradient, are enforced. Uncertainty ex-
ists only for the description of mass fraction of the species at
the solid surface. The physically correct value is strongly
dependent on the surface composition. For the species C; the



MAY 1991

noncatalytic wall boundary condition is 0C;/0n =0, and the
fully catalytic wall boundary condition is approximated by
C; = 0. These boundary conditions represent the extreme lim-
its and may even violate the microscopic conditions of the
collision processes.>!> However, in practical applications the
basic criteria are synonymous with idealized asymptotes of
the surface catalysis. The surface temperature has a major
influence on the rate of heat transfer. The net effects of heat
conduction and catalytic recombination being opposite to
each other, a higher wall temperature reduces the temperature
gradient and conducted heat, but increases the recombination
heat release at the wall.”> At flow conditions confined to small
disturbance from equilibrium, the wall temperature must be
very high for its effect to be appreciable. Three cases of
isothermal wall boundary conditions were considered: 556,
1333, and 2666 K.

At the present stage of nonequilibrium hypersonic research,
it is common to assume that the instantaneous chemical and
thermodynamic finite-rate processes are independent of each
other. This assumption is consistent only with the concept of
quasiequilibrium and is probably valid if the additional rate
processes are not too rapid. More importantly, our current
understanding of the physics of high-temperature gasdynam-
ics is extremely limited.>?® From this uncertain frame of
reference a step-by-step numerical evaluation of each physical
phenomenon separately and together will most likely yield
valuable insight in the physics of dissociating flow. The
present research proceeds under this simple guideline. First,
the uncoupled numerical simulation of fluid mechanics and
dissociation is carried out individually to establish the perfect-
gas baseline. Then the diffusion effect is infused into the
governing equations in sequence to delineate the relative
importance of the mass flux and energy flux in the species
conservation and global energy equations. The equations for
the species conservation are coupled to the equations for the
fluid dynamics in two ways to give us insight into the solving
of the stiff system of equations. One method using a cascaded
coupling approach is that the fluid dynamics was evolved to a
state near convergence and then the chemical equations were
introduced and the system of equations was allowed to con-
verge. The other method is a loosely coupled approach;
equations of fluid dynamics and species conservation were
coupled from the beginning but with a smaller temporal step
for solving the chemical equations. Finally, the numerical
results are validated by comparison with the classic solutions.

Condition and Procedure of Numerical Simulations

Two basic axisymmetric blunt-body configurations were
simulated by the present analysis. The first configuration is an
ogive forebody consisting of a blunt nose of radius 1.27 cm
and afterbody with a diameter of 6.35cm. The second
configuration is a hemispherical nose with a straight cylindri-
cal afterbody with a radius of 3.175 cm (Fig. 1). All numeri-
cal solutions were generated at a Mach number of 12. For
the purpose of validation the limiting form of the axisym-
metric formulations for perfect-gas solutions for the two
different bodies were obtained at a known wind-tunnel condi-
tion (stagnation temperature 964 K, stagnation pressure
5.52 x 10° kPa).*¢ Reynolds numbers based on the nose radius
were 29,200 and 73,000 for the ogive forebody and the
hemispherical cylinder, respectively. The supporting mesh
point distributions for each configuration were similar, with
both using the body-oriented system with 110 nodes in the
. streamwise direction and 95 points in the radial direction. The
minimum mesh spacings were identical for both coordinate
systems at the stagnation point with a dimension of
1.27 x 1073 cm, but stretched differently from the stagnation
point by two exponential functions.

For all of the dissociating flow calculations the slightly
refined mesh systems of 110 x 125 nodes were used for better
numerical resolution. The minimum grid spacing at the body
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Fig. 1 Grid system for ogive cylinder and hemispherical cylinder.

surface was reduced by 40% of that given earlier. The free-
stream properties were described by the standard atmospheric
condition at an altitude of 3048 km (T,=218K, P, =
1.081 kPa), and the corresponding flight speed at the Mach
number of 12 was 3.553 km/s. The characteristic Reynolds
numbers were 54,294 for the ogive and 135,736 for the
hemispherical forebody, respectively. These conditions repre-
sent the lower limit of flight corridor for hypersonic vehicles
at which the increasingly significant nonequilibrium phe-
nomenon will be encountered.

The data processing rate (DPR) of the axisymmetric
Navier-Stokes code, which includes the nonequilibrium disso-
ciating simulation, was 3.5 x 103 s per grid point per itera-
tion. This value of DPR is nearly 2.6 times the DPR for the
perfect-gas calculation, and both codes were fully vectorized
on a Cray-2 computer. Presently, the total computing time
necessary to achieve a convergent solution is estimated to be
much greater than the current flux-splitting and shock-fitting
procedure developed by Candler and MacCormack® and
Scherr and Shang.®” However, there are several significant
differences in the modeling of the nonequilibrium physical
phenomena, simulated flow conditions, and convergence crite-
ria to provide a meaningful comparison. In the present analy-
sis the convergence criterion required the value of heat
transfer at the stagnation point to change less than a few
percent between solutions obtained at one consecutive charac-
teristic time unit apart.

In the temporal evolution process an unusual numerical
behavior at the axis of symmetry was observed. In the stagna-
tion region two of the four eigenvalues of the system of
equations are zero; thus, the initial numerical error will accu-
mulate in the iterative process. The net result is an accentu-
ated bulge in the shock wave near the axis of symmetry. The
error propagates downstream and is revealed by nonphysical
and highly confined region of high heat transfer downstream
of the stagnation point. The solution obtained by the limiting
form of governing equations on the axis of symmetry allevi-
ated the anomaly to some degree, but the error can be further
reduced by increasing the grid resolution to capture the strong
shock wave.

Discussion of Results

Numerical results are presented in three groups. The first
group describes the applications of the limiting form of the
Navier-Stokes equations on the axis of symmetry for a perfect
gas. The second group presents validation of perfect- and
real-gas solutions with experiment and classic theory for blunt
bodies. The third group discusses the effect of catalytic wall
on a hemispherical forebody.

Figure 2 presents the surface pressure distributions of the
blunt ogive and hemispherical forebody. The improvement of
numerical results using the limiting form over that of the grid
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Fig. 2 Surface pressure distribution in the stagnation region.
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Fig. 3 Surface heat-transfer distribution in the stagnation region.

point striding approximation is obvious. The poor results by
striding or staggered mesh over the axis of symmetry is
further exaggerated by a coarse grid point distribution. How-
ever, the pronounced deficiency of the conventional approxi-
mation is contained in the region immediately adjacent to the
stagnation point. The improved calculating procedure yields
pressure distributions in good agreement with the Newtonian
theory. The maximum deviation from each other is less than
3%.

In Fig. 3 the Stanton number distributions over the two
axisymmetric blunt bodies are given. Again, the improvement
in the calculations by the limiting form of the flux vector is
clearly demonstrated. The computed rates of heat transfer for
both the ogive and hemispherical nose show excellent agree-
ment with the theoretical resulis by Lees.!® In the case of the
ogive cylinder the computed result shows a greater deviation
from Lees’ results; however, the maximum deviation was
found to be 4%.

Figure 4 gives the normalized degree of dissociation of
oxygen together with the equilibrium composition based on
the local thermodynamic conditions along the stagnation
streamline for the hemispherical forebody. It is clear that the
significant departure of the species concentration from the
equilibrium value is limited to the region immediately adja-
cent to the bow shock wave. The strong shock is captured
within 10 grid spacings. The peak temperature in the shock
layer is 4417.2 K, and the atomic concentration of nitrogen is
less than 0.004%. A small deviation from the equilibrium
value is also detected near the body surface. In all, the
composition of the air mixture indicates a small departure
from equilibrium value in the major portion of the shock
layer, particularly at the outer edge of the shear layer.
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along the stagnation streamline for a hemispherical body.
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Fig. 5. Surface pressure distribution in fhe stagnation region for a
hemispherical body.

The surface pressure distribution vs the angular displace-
ment from the stagnation point is depicted in Fig. 5 for the
hemispherical forebody. The computed results yield a good
agreement with the Newtonian theory, with a maximum
deviation of less than 5%. The numerical results correctly
reflect the fact that the internal degrees of excitation other
than the translational motion do not contribute to change in
pressure. The pressure distribution in the stagnation region on
the ogive forebody exhibits a similar behavior and is therefore
not shown. The heat-transfer distribution of the dissociated
air mixture (Fig. 6) exhibits nearly a 32% increase for the
ogive body and nearly a 40% increase for the hemispherical
body, over that of the perfect gas. The transport of energy by
the diffusion process to the body surface is noticeable at the
stagnation point and gradually diminishes away from this
point. For the investigated flow conditions the heat transfer
reaches the perfect-gas asymptote in a very short distance
downstream from the shoulder of the hemispherical nose
(8 =90 deg). This characteristic is commonly observed for the
hypersonic flow over blunt bodies®!*1338 and is directly re-
lated to the excited state of the dissociating air.

Validation of the dissociated gas computation for a hemi-
spherical forebody is made in Fig. 7. The normalized heat
transfer vs the body angle, 6, is plotted for the present comp-
utation and compared with the result of Fay and Riddell,!°
shown by the dashed line. The present computation is also
shown to lie within the experimental scatter of Kemp et al.'®
The present computation also exhibits a small difference with
the previous computation, shown by the dashed-dotted line,
and this can be attributed to the method of coupling between
the fluid dynamics and the species conservation equations.
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The previous computation used cascaded coupling, and the
present computation uses the loosely coupled approach,
which yields more accurate representation of the measured
data.

The Mach contours for the perfect gas and dissociated gas
for the hemispherical and ogive bodies are depicted in Fig. 8.
The range and increment of the contour levels are the same
for all plots to facilitate comparison between the perfect and
dissociated gas. The stand-off distances differ by a small value
between perfect and dissociated air mixtures. However, down-
stream of the stagnation point the shock-layer thickness of
dissociating gas is significantly thinner than that for the
perfect gas. The greater capacity for accommodation of
oncoming stream into the shock layer by dissociating air is
attributed to the higher local density value. The high density
in the shock layer of the dissociating gas is a consequence of
nearly identical pressure but lower temperature than the
perfect gas, resulting from a wider distribution of energy into
additional internal degrees of freedom. The lower ratio of
specific heat of dissociating air is reflected by a much rapid
expansion process in the shock layer from the stagnation
region; the bow shock wave attenuating into a Mach wave is
accelerated by the dissociating phenomenon.

Figure 9 describes the thinning effect of the shock layer on
the skin-friction coefficient due to the dissociating phe-
nomenon. The maximum skin-friction coefficient of the disso-
ciated air is 80% higher than its perfect-gas counterpart.
However, the contribution of the total viscous force amounts
to less than 0.01% of the total drag of the blunt body at the
simulated flow condition.

In the present analysis we have shown that the simulated
dissociated airflow around an ogive and hemispherical cylin-
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Fig. 6 Comparison of surface heat-transfer distributions for perfect
and dissociated gases in the stagnation region for ogive and hemispher-
ical bodies.
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der is in a state of small departure from equilibrium. A
significant amount of energy transfer through the diffusion
and recombination on the body surface is observed. The
decreased stand-off distance of the bow shock wave leading to
a correspondingly thinner shock layer induced by the dissoci-
ated air is also noted. All computed results compare well with
the limited validating data base. We are therefore in a posi-
tion to focus our discussion on the numerically simulated
surface catalytic phenomenon.

A detailed comparison of normalized mass fraction vs the
equilibrium composition along the streamline is given in Fig.
10 for a hemispherical body. The difference between the
noncatalytic and fully catalytic wall computations is very
small in the wall region, becoming significant only at the
outer portion of the shear layer.>® The computed equilibrium
mass fraction follows closely with the result of the noncata-
Iytic wall in the outer edge of the shear layer, but departs
from both catalytic limits at the body surface. This small
difference on the body surface indicates the available oxygen
atom concentration at the equilibrium condition and is pro-
portional to the upper limit of energy releasable by the
recombination process.

The final plot is shown in Fig. 11, which summarizes the
stagnation-point heat transfer between the two limits of the
noncatalytic and the fully catalytic wall over a range of
temperatures. For the noncatalytic surface increasing the sur-
face temperature from 3556 to 2666 K decreases the rate of
heat transfer by about 4%. On the other hand, heat transfer
to the fully catalytic surface is over 7% higher than that to
the noncatalytic surface. In essence, the energy transfer by

M= 12 M= 12
Rey = 54,204 Rey = 135,736
40| T.=218K L. = 218K

2.0 Dissociating Gas

4 Dissociating Gas
§
>
4.0 ] _
20 Perfect Gas Perfect Gas
00 20 0 60 20 40 60

X, cms.
Fig. 8 Comparison of Mach contours for perfect and dissociated gases
at altitude =30.48 km: a) ogive body; b) hemispherical bedy.
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Fig. 9 Skin-friction distribution in the stagnation region for a hemi-
spherical body.
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Fig. 10 Comparison of equilibrium/nonequilibrium C, mass fraction
along stagnation streamline in the shock layer for a hemispherical body.
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Fig. 11 Comparison of rates of heat transfer.

diffusion and recombination of atomic species dominate over
conduction only at the highest surface temperature condition
analyzed. At the surface temperature of 1333 K and the sim-
ulated conditions, the effect of catalysis is negligible, which is
in perfect accordance with the assertion made by Goulard.®
Between the studied surface temperatures of 1333 and 2666 K,
the opposing effects on heat transfer induced by the increasing
wall temperature and catalysis negate each other and yield a
nearly constant rate of heat transfer over a wide range of
surface temperatures.

Unfortunately, there are very few measurements available
for validation. It is difficult to deduce the precise test condi-
tions of the excited gas and the influences of the calorimeter/
probe shape to achieve a physical equivalence to the present
calculations.”'!2 The best estimates are obtained from the
data of McCaffrey and East,'? although they have reported a
30% difference in heat-transfer rate between nickel, copper,
and silicon dioxide coated probes in a shock-tube study at a
Mach number of 10 and a probe temperature of 300 K. A
typical heat-transfer record at M = 8.45 is used as a point of
reference; the measured difference is 11% between catalytic
limits. Another reference is estimated from the work of Gou-
lard,® based on the analysis of the effect of changing altitude
on the catalytic heat-transfer process. The deduced value of
;his reference is around 8%, comparable to the present calcu-
ations.

Concluding Remarks
The nonequilibrium. hypersonic flow past the blunt nose
ogive and the hemispherical forebody were successfully simu-
lated by solving the Navier-Stokes equations and by using

AJAA JOURNAL

Lighthill’s dissociating gas model with the equilibrium vibra-
tional excitation of a diatomic mixture. The simulated flows
were in a state of small departure from equilibrium, and three
different surface temperatures were used to study the wall
catalytic effects.

Under the simulated flight condition at an altitude of
30.48 km and a Mach number of 12, the chemical nonequi-
librium flow with a noncatalytic wall produced a heat-transfer
rate 32% higher than the perfect gas for an ogive body and
40% higher than perfect gas for a hemispherical body.

The dominance of energy release from diffusion and recom-
bination of atomic species over the reduction of heat transfer
by conduction is realized only at the highest wall temperature
condition simulated. The fully catalytic surface generated 7%
more heat transfer than the noncatalytic surface.

Even though the present results compared well with classic
results and experimental data, the numerical solutions con-
tained some numerical anomalies. Improvement of numerical
simulation capability of the emerging interdisciplinary CFD
will be continued. Additional research efforts in the chemical
kinetics by numerical or experimental means are urgently
needed to support current national interest in hypersonic
research.
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