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Effects of Freestream Nonequilibrium on Convective Heat
Transfer to a Blunt Body

Tahir Gokgen*
NASA Ames Research Center, Moffett Field, California 94035

The axisymmetric Navier - Stokes equations are solved numerically for nonequilibrium airflows over a
hemisphere for two sets of conditions. One set corresponds to a wind-tunnel test flow where the freestream
is vibrationally excited and dissociated air, and the other corresponds to hypersonic free flight where the
freestream is air at atmospheric conditions. Relevant similitude parameters are partially duplicated in
the computations as in the wind-tunnel testing of convective heating. A nonequilibrium formulation with
a three-temperature thermochemical model has been employed to simulate vibrationally excited and
partially dissociated nonequilibrium airflow. Finite catalytic boundary conditions at the surface are im-
plemented. Computations are carried out at enthalpies of 7.2 and 25 MJ/kg, for surface pressures of
0.017 and 0.076 atm, respectively. Computed stagnation point heat transfer is compared with the classical
results of Fay and Riddell, and Goulard. The computed results show that successful testing of surface
heat transfer in a high-enthalpy tunnel is possible with partial duplication of similitude variables.

Introduction

IGH-ENTHALPY wind tunnels such as arcjets and shock

tunnels are primary means for testing surface heating to
a blunt body in hypersonic flight. The characteristics of the
flow over a blunt body tested in such a facility are quite dif-
ferent from those in free flight, since a typical test flow is
vibrationally excited, partially dissociated and ionized, and in
thermochemical nonequilibrium. It is well known that it is im-
possible to duplicate all flight similitude parameters in ground-
based facilities, and therefore, only a partial simulation of the
parameters is achieved. For convective heating to the surface
of a blunt body, based on the theoretical stagnation point heat
transfer studies of Fay and Riddell' and Goulard,” the most
important parameters to be duplicated are total enthalpy, sur-
face pressure, and surface catalytic efficiency.

Using a concept similar to that described earlier, convective
heat transfer and pitot pressure at the stagnation point of a
blunt body are measured to characterize the test section flow
in high-enthalpy wind tunnels.’~> From these measurements,
total enthalpy of the flow in the test section is deduced using
a correlation based on the Fay and Riddell formula with the
Goulard correction, which relates stagnation point heat trans-
fer, pitot pressure, and total enthalpy for a given wall catalytic
efficiency. A possible source of error in this approach is that
several assumptions leading to the Fay and Riddell type cor-
relation (such as undissociated freestream and thermochemical
equilibrium at the edge of the boundary layer and thin bound-
ary layer, etc.) are often not satisfied. Furthermore, the arcjet
test conditions such as total enthalpy and composition of the
gas are not accurately known. These factors make it difficult
to determine how well the laboratory environment can simulate
the free-flight conditions.

The objective of the present work is to explore the partial
simulation concept computationally (i.e., idealized computa-
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tional arcjet tests). Computations of thermochemical nonequi-
librium flows over a hemisphere are carried out for two sets
of conditions: one corresponding to a wind-tunnel test flow
where the freestream is in a nonequilibrium state; and the other
corresponding to the free flight where freestream is air at stan-
dard atmospheric conditions. Relevant similitude parameters
(the total enthalpy, surface pressure, and catalytic efficiency)
are duplicated in computations as in wind-tunnel testing. By
comparing these two sets of computations, the effects of free-
stream nonequilibrium on heat transfer are investigated. Since
the accuracy of the computations can be questioned, it is de-
sirable to validate the computational code against theoretical
results. Therefore, the flow conditions are chosen such that
most of the assumptions leading to the Fay and Riddell theory
are approximately valid (low-density effects are not impor-
tant). The computed heat transfer results can then be validated
against the classical results for both catalytic and noncatalytic
surfaces.

Formulation

The axisymmetric nonequilibrium formulation of viscous
blunt body flows of air is considered. The present formulation
employs a thermochemical model with 11 chemical species
of air (N,, O,, NO, N, O, NJ, 07, NO*, N*, O*, ¢7), and
three internal temperatures (translational, rotational, and vibra-
tional—electronic). The governing Navier—Stokes equations
are supplemented with the equations accounting for thermo-
chemical nonequilibrium processes.

Governing Equations

The governing Navier—Stokes equation set for two-dimen-
sional/axisymmetric nonequilibrium airflows can be written in
conservation form as
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where r = 1 for axisymmetric flows and r = 0 for two-dimen-
sional flows. The equation set consists of 16 partial differential
equations: 11 mass conservation equations for species, two
momentum equations, and three energy equations.
Components of the state vector U, the flux vectors F and
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G, the source vectors W for thermochemistry and H for axi-
symmetric geometry in Eq. (1), are given as follows:
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The diffusive fluxes in F and G are computed using the
linear transport laws, i.e., the Navier—Stokes diffusion of mo-
mentum, Fourier’s law of heat conduction, and Fick’s law of
mass diffusion.

The species viscosity and heat conductivity are computed
from the curve fits of Gupta et al.’ For mass diffusion, three
diffusion coefficients are used: 1) one for all neutral species,
2) one for all ionic species, and 3) one for electrons. The
neutral species diffusion coefficient is calculated assuming a
constant Schmidt number of 0.5, and ambipolar diffusion is
assumed for ionic species. The diffusion coefficient of elec-
trons is computed as the average diffusion velocity of ions.

Components of the source vector W for the 11-species ther-
mochemical model have been described in detail in the liter-
ature.”® Although rotational nonequilibrium is allowed in the
formulation, translational and rotational energy modes are as-
sumed to be in equilibrium, and the two-temperature model of
Park’® for the reactions and rate coefficients is employed. Pre-
vious applications of this formulation and thermochemical
model are reported in Refs. 10 and 11.

Numerical Method

The governing equations are discretized using a finite vol-
ume approach and the resulting difference equations are solved
using an implicit Gauss—Seidel relaxation method.'? The con-
vective fluxes are approximated using a Steger—Warming
type flux vector splitting. Second-order accuracy is achieved
through a variable interpolation, except near the shock wave.
The viscous fluxes are approximated by central differencing.
The numerical method is fully implicit for fluid dynamics and
thermochemistry.

Finite catalytic boundary conditions for species mass frac-
tions at the surface are implemented, and no-slip conditions
for the velocity and constant wall temperature are prescribed.

Catalytic Wall Boundary Conditions

Solid walls play a catalytic role in the chemical reactions
that involve the recombination of atoms. Therefore, the pre-
diction of the convective heat transfer to the wall, when the
flow is in thermochemical nonequilibrium, must account for
surface catalysis. It is well known that the heat transfer to a
solid surface is extremely sensitive to the wall catalycity, pro-
vided that the flow is in a nonequilibrium state and it includes
dissociated atoms.'>"

Catalytic wall boundary conditions are obtained by balanc-
ing the mass flux of species with the chemical rate of produc-
tion or depletion caused by surface reactions. For an imper-
meable wall, this balance is described by

Jn+ R;=0 €)

where j;, is the diffusive flux of species i, and R, is the rate of
depletion of species i caused by surface reactions. The rate R;
needs to be determined from studies of the chemical kinetics
of heterogeneous reactions and analysis of gas—surface inter-
action. The treatment of the catalytic wall boundary conditions
follows the work in Ref. 12. A comprehensive review on the
subject is given by Ref. 15,

For most aerospace applications the surface temperature is
low enough (e.g., 1000 K) that the recombination of dissoci-
ated atoms is the only dominant chemical process occurring at
the surface. The surface recombination reaction is assumed
to be a first-order reaction such that R; = k0. The rate con-
stant k,, is described by a phenomenological model as k,, =
Y:\/RT,2=M, Where v; is the catalytic efficiency of the wall
and represents the fraction of atoms that recombine upon col-
liding with the surface.

For the current 11-species air model, it is assumed that the
surface is noncatalytic for NO and all ionic species and only
the recombination reactions of atomic species are significant
in the wall collisions. Although the noncatalytic wall condition
for ion recombination reactions may not be a good physical
model in general, it is justified here for dissociation-dominated
flows (i.e., ionization levels are small).

Thus, the surface reactions of interest are

N+N-2SN, 0+0-2%0,

The surface reaction rates for the atomic species are
Ry = kwNPNa Ro = k. po (C))

Rates for diatomic species are described by
RN2 = =R,

Ro2 = ~Ro, Ryo=0 (5)

In the present formulation, noting that the diffusive fluxes of
species are given by

, dc;
]in = _PD a (6)

the catalytic boundary conditions are specified for neutral spe-
cies by
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where K; = k,,/D. For all ionic species the wall is assumed to
be noncatalytic, such that dc;/on = Q.
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The terms fully catalytic and noncatalytic are used loosely
in the literature to indicate the degree of wall catalycity. To
avoid ambiguity here, these terms are defined with respect to
the catalytic efficiency .. The wall is referred to as noncata-
lytic and fully catalytic when v, is zero and unity, respectively.

Even though the catalytic efficiencies of the wall are unity, the

mass fraction of atomic species at the wall may not be zero,
since the chemical reactions on the surface occur at a finite
rate. Specification of zero concentrations of the atomic species
for a fully catalytic wall is appropriate only if the surface re-
actions occur at an infinite rate.

Heat Transfer in a Nonequilibrium Flow

In a nonequilibrium flow, the heat flux at the wall is com-
posed of conduction and diffusion components:

oT o7, oT, ac;
— KT T KT pD —h  (8)
an an

In a dissociated blunt body flow, the importance of the diffu-
sion component of heat transfer varies significantly depending
on wall catalycity and the thermodynamic state of the gas in
the boundary layer. The conditions under which the boundary
layer is in an equilibrium, frozen, or nonequilibrium state is
determined by the Damkdohler number (recombination param-
eter) associated with gas-phase reactions.'” By definition,
when the time scale of gas-phase chemical reactions is large
compared to the time scale of the flow, the flow is said to be
chemically frozen.

When the boundary layer is frozen to chemical reactions,
the wall catalycity has the greatest effect on the surface heat
transfer. Since in a frozen boundary layer the time scale for
recombination reactions is small compared to the diffusion
time, the catalaytic wall reaction is the only mechanism to
transport the chemical energy of atoms to the wall by diffusion.
On the other hand, in an equilibrium boundary layer, dissoci-
ated atoms recombine via gas-phase reactions and the chemical
energy is converted to internal energy within the boundary
layer. In this situation, the wall catalycity has very little effect
on the heat transfer. The concentration of atomic species at the
wall is then determined by the equilibrium value corresponding
to the wall temperature and pressure and would be essentially
zero for a cold wall.

Classical Heat Transfer Correlations

Most correlations for convective heating to a blunt body in
dissociated flows are based on the classical theory of Fay and
Riddell' and their numerical solution of stagnation point
boundary-layer equations. Therefore, with reference to Fig. 1,
a summary of the conditions for the theory to be applicable
here is: '

1) The flowfield can be divided into a separate shock layer
and boundary layer (not a merged layer).

2) Thermochemical equilibrium is reached at the edge of the
boundary layer.

3) The thermochemical state of the gas in the viscous bound-
ary layer is idealized to be either chemically frozen or in
equilibrium.

4) The effect of wall catalycity is idealized to be either a
fully catalytic wall with infinitely fast reactions or a noncata-
lytic wall.

5) The shock stand-off distance is large compared to bound-
ary-layer thickness so that viscous vorticity interactions are not
important.

6) The air is a binary mixture of atoms and molecules and
the Prandt]l number Pr and Lewis number Le are assumed to
be constant in the boundary layer.
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Fig. 2 Stagnation streamline profiles for the flow over a hemi-
spherical probe of 0.476 cm radius.

Fay and Riddell give the following expression for fully cat-
alytic wall (with infinitely fast reactions):

Qi e = 0.763Pr (ot ) *(Pupt)*" /<‘;_“§)
x 5

X (hos — hy) [1 e - 1) (Z—Dﬂ ®)

where hp is energy in dissociation, subscript w refers to the
wall, subscript & to the edge of the boundary layer, and the
exponent n is 0.52 and 0.63 for equilibrium and frozen bound-
ary layers, respectively. By noting that Le is of order unity for
air, it can be deduced from Eq. (9) that heat flux to the surface
is fairly independent of the flowfield thermochemistry as long
as the recombination of atoms is completed at the wall.
Goulard® allowed catalytic wall reactions to proceed at a
finite speed (removal of restriction 4) and expressed the rela-
tive effect of finite wall reactions through a correction param-
eter. Goulard gives the following expression for heat transfer
compared to the heat transfer with infinitely fast reactions:

B Le®hp/hos
1 + (l;eZ/31 - l)hp/hoa

d=q/r=1 (1-¢ 10

where ¢ is the Goulard parameter given by

: 2
Q= 1/[1 + 0.475¢™* (2psMa %) /(pwkw)] (11)
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Table 1 Surface pressure and freestream
conditions for 7.2-MJ/kg enthalpy cases

Parameter Free flight Arcjet tunnel
ho» MI/kg 7.2 7.2
Ds» atm 0.0168 0.0168
U, TS 3750 2780
P Pa 8.188 1.403 X 10*
P, kg/m® 1.296 x 10~ 2.267 x 107*
T., K 220 2050
T, K 220 2050
Cgo 0.7381 0.7637
Cope 0.2619 0.1443
CNow 0 0.0670
CNa> 0 0
Cow 0 0.0520
0.12}
c 0.10
R
k5]
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Fig. 3 Oxygen mass fraction along the stagnation streamline of
the arcjet blunt body flow.

The effect of finite catalytic reaction rates can be stated as
follows: for a given surface material, the heat transfer by ca-
talysis increases with velocity, nose radius, and wall temper-
ature and decreases with altitude. Therefore, for higher
altitudes or lower densities the effect of the Goulard correction
becomes significant.

For practical application of Egs. (9-11), the velocity gra-
dient and transport properties of the dissociated gas at the edge
of the boundary layer must be known. The transport properties
are computed using the pressure and temperature obtained
from equilibrium shock relations. The velocity gradient at the
edge of the boundary layer near the stagnation point is usually
" estimated from the stagnation point flow and the Newtonian
theory, and within the classical hypersonic flow approximation
it is given by

dus\ _ 1 [2(ps — pn)
() - v

Presentation of Results

Two sets of axisymmetric blunt body flows with nonequi-
librium thermochemistry are computed at enthalpies of 7.2 and
25 MJ/kg, for surface pressures of 0.017 and 0.076 atm, re-
spectively. An effort was made in choosing the freestream con-
ditions such that the idealized conditions of the Fay and Rid-
dell, and the Goulard theory are approximately satisfied.
Freestream conditions and geometry must be such that there
is a distinct shock layer and boundary layer, an equilibrium
region behind the shock, and a chemically frozen boundary
layer. Unfortunately, these conditions are very restrictive with
the current thermochemical model and a realistic geometry.

All computations presented here used a 60 X 80 grid (80
points normal to the wall). Since the computed heat transfer
at the stagnation point using the 60 X 80 grid was within 1.5%
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Fig. 4 Comparison of computed heat transfer for the arcjet flow
with the Fay and Riddell theory: a) fully catalytic surface (yy =
Yo = 1) and b) noncatalytic surface (yy = y¥o = 0).

of that using a 40 X 40 grid, it was concluded that the number
of points was sufficient to resolve the shock layer and the
boundary layer for the purpose of heat transfer computations.

7.2-MJ/kg Enthalpy Cases

The 7.2 MJ/kg enthalpy case is chosen from an actual test
condition at a NASA Ames arcjet facility. The freestream con-
ditions are obtained from a nonequilibrium flow computation
through an arcjet nozzle using the code described in Ref. 16.
The flow over a spherical heat transfer probe of 0.476 cm radius
is computed. This case is chosen because the total enthalpy is
relatively low such that O, dissociation and vibrational relaxa-
tion are the only important nonequilibrium processes.

In Fig. 2, temperature and oxygen mass fraction along the
stagnation streamline are plotted for noncatalytic wall bound-
ary conditions. Even though the noncatalytic wall boundary
conditions are prescribed, it is evident from the variation of
oxygen mass fraction that the flow is in a nonequilibrium state,
and that the boundary layer is not frozen to oxygen recombi-
nation. To establish a frozen boundary-layer flow, the free-
stream density of the gas is decreased and the nose radius is
increased in a manner to keep the binary scaling factor p.R
constant. By decreasing the density in this way, the boundary
layer becomes chemically frozen since the recombination re-
action is a three-body reaction, while flowfield chemistry be-
hind the shock is kept similar. For conditions prescribed, the
nose radius of 1 m was sufficient to establish a frozen bound-
ary-layer flow. :

Once the freestream conditions necessary to have a frozen
boundary layer are established, computations are carried out
corresponding to the arcjet wind tunnel and free-flight cases
with various catalytic wall boundary conditions. The surface
pressure and freestream conditions for 7.2-MJ/kg enthalpy
cases with 1-m-radius hemisphere are given in Table 1. The
equivalent freestream conditions for the free-flight case are
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Fig. 5 Approximate matching of flow properties along the stag-
nation streamline: a) temperature and b) pressure and oxygen
mass fraction profiles.
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Fig. 6 Comparison of velocity gradients at the edge of boundary
layer.

determined such that total enthalpy of the flow and the surface
pressure are approximately duplicated. The flight condition
corresponds to that of approximately 67-km Earth altitude.

For the arcjet blunt body flow, computed oxygen mass frac-
tion profiles using fully catalytic and noncatalytic boundary
conditions are presented in Fig. 3. The difference in the oxygen
mass fraction in the boundary layer near the wall is entirely
because of wall catalysis.

In Fig. 4, computed surface heat transfer is compared against
the classical results of Fay and Riddel and of Goulard (labeled
FRG) given by Egs. (9—11). The transport properties and ve-
locity gradient at the edge of the boundary layer in Egs. (9—
11) are determined from the computed flowfield. The edge of
the boundary layer is arbitrarily taken as the location where
the total enthalpy does not vary more than 0.5% between ad-
jacent grid points and is within 1% of freestream total enthalpy.
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Fig. 7 Comparison of fully catalytic and noncatalytic heat fluxes
for the arcjet flow and free flight.

For both catalytic and noncatalytic cases, the computed heat
transfer results agree with the classical results, particularly in
the stagnation region. Although strict comparison is only valid
at the stagnation region, for a given velocity gradient and flow
properties at the edge of boundary layer, Eqs. (9—11) can be
used to compute surface heat transfer away from the stagnation
point (assuming that boundary-layer profiles are self-similar).
This is a good validation case because most of the assumptions
leading to the Fay and Riddell theory are valid: the flow at the
edge of the boundary layer is not far from thermochemical
equilibrium; the boundary layer is chemically frozen; and the
shock stand-off distance is large enough that the boundary-
layer displacement and the vorticity interaction effects are not
significant. In Fig. 4, the separate contributions of the conduc-
tion (translation, rotation, and vibration) and diffusion com-
ponents of the computed heat flux are also presented. The dif-
fusive heat flux g, is a significant portion of the total heat flux
when a fully catalytic surface is used. Also, note that the dif-
fusive flux to the surface is eliminated when a noncatalytic
surface is used since the boundary layer is chemically frozen.

For the prescribed conditions, the flow properties at the edge
of the boundary layer of the arcjet flow and free-flight match
approximately. In Fig. 5, the stagnation streamline profiles of
both cases using fully catalytic wall conditions are shown.
Note that flow structures are noticeably different in the shock
layer and are fairly similar in the boundary layer. The disso-
ciated and vibrationally excited freestream of the arcjet flow
results in a much larger shock stand-off distance than that in
the free-flight case. Also, since the flow has not reached chem-
ical equilibrium at the edge of the boundary layer, there is a
small difference in atomic oxygen levels.

It is well known that velocity gradient has an important ef-
fect on convective heat transfer. In Fig. 6, the computed ve-
locity gradients at the edge of boundary layer for both the
arcjet flow and free flight, the computed velocity gradient at
the surface for the inviscid arcjet flow, and the value computed
from Eq. (12) are presented. Note that Eq. (12) underestimates
the velocity gradient compared to both viscous and inviscid
computations. As expected, the difference in velocity gradients
for the arcjet flow and free flight is caused by the difference
in shock stand-off distances.

Computed total heat fluxes for the arcjet flow and free-flight
cases are compared in Fig. 7. By simply duplicating the total
enthalpy and surface pressure for both fully catalytic and non-
catalytic surfaces, the surface convective heating is simulated
satisfactorily, particularly near the stagnation point. It is not
clear why the fully catalytic heat flux for the free flight is
slightly lower than the arcjet heat flux in spite of the higher
velocity gradient at the edge of boundary layer. It may be that
there is less dissociated oxygen at the edge of the boundary
layer, and therefore, less energy present in the chemical mode
to transfer to the wall by diffusion.
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Table 2 Surface pressure and freestream
conditions for 25-MJ/kg enthalpy cases

Parameter Free flight Arcjet tunnel

ho, MJ/kg 25.21 25.05

Ps» atm 0.0758 0.0762

U, M/S 7070 5630

Pws Pa 10.11 96.12

P, kg/m® 1.600 x 107 2.546 X 107

T., K 220 970

T, K 220 2800

Cnge 0.7381 0.6274

Cop 0.2619 0

Cnow 0 0

CNe 0 0.1104

Cow 0 0.2622
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Fig. 8 Comparison of computed heat transfer for an arcjet flow
with the Fay and Riddell theory: a) fully catalytic surface (yy =
Yo = 1) and b) noncatalytic surface (yy = yo = 0).

25-MJ/kg Enthalpy Cases

The second set of computations of flow over a hemisphere
of radius 1 m are made at a relatively high enthalpy of 25 MJ/
kg, where all of the oxygen and a significant portion of the
nitrogen are dissociated behind the shock. For the arcjet flow,

. the freestream is in a dissociated and vibrationally frozen state.
Again, the equivalent freestream conditions for free flight are
determined such that total enthalpy of the flow and the surface
pressure are duplicated approximately. The flight condition
corresponds to that of approximately 65-km Earth altitude. The
surface pressure and freestream conditions are summarized in
Table 2.

In Fig. 8, computed heat transfer results for the arcjet flow
using fully catalytic and noncatalytic boundary conditions are
compared with the Fay and Riddell theory. The conduction and
diffusion components of the heat flux are also shown. Note
that the diffusion component at the stagnation point is almost
50% of the total flux for the catalytic case. The computations
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Fig. 9 Computed species mass fraction for fully catalytic and
noncatalytic wall conditions.
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Fig. 10 Approximate matching of flow properties along the stag-
nation streamline for fully catalytic wall (yy = yo = 1): a) tem-
perature and b) pressure and species mass fraction profiles.

are in good agreement with the theory for a fully catalytic
surface, but not so for a noncatalytic surface. The reason for
this discrepancy is that the boundary-layer flow is not frozen
to nitrogen recombination, which is assumed by the Fay and
Riddell theory. Consequently, some of the energy present in
the chemical mode of the dissociated nitrogen atoms is trans-
ferred to internal energy modes by recombination and is then
conducted to the surface. It should be pointed out that, as seen
from Fig. 8b, when the boundary layer is not frozen, the re-
duction in the heat transfer because of the noncatalytic wall is
much less than what the classical theory predicts.

Profiles of atomic species mass fractions along the stagna-
tion streamline of the arcjet flow for fully catalytic and non-
catalytic wall conditions are shown in Fig. 9. For noncatalytic
conditions, it is evident that nitrogen recombination in the
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Fig. 13 Comparison of computed fully catalytic and noncatalytic
heat fluxes for the arcjet flow and free flight.

boundary layer is taking place while oxygen recombination is
frozen.

For the arcjet flow and free flight, stagnation streamline pro-
files of temperature, pressure, and mass fractions of atomic
species are presented in Fig. 10. Temperatures and pressure at
the edge of the boundary layer are compared throughout the
flowfield in Fig. 11. Good matching of flow properties is ob-
served since the flow at the edge of the boundary layer is close
to the thermochemical equilibrium.

In Fig. 12, velocity gradients at the edge of boundary layer
are compared against the inviscid velocity gradient at the sur-
face and the computed values from Eq. (12). Because of the
difference in shock stand-off distances, there is a difference in
the velocity gradient at the edge of boundary layer, similar to
that observed in the low-enthalpy case. However, even for the
arcjet flow, the effect of boundary-layer displacement on the
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Fig. 14 Computed flow properties for arcjet and free-flight con-
ditions along the stagnation streamline of a 5.08-cm-radius hemi-
sphere: a) temperature and b) pressure and species mass fraction
profiles.
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Fig. 15 Comparison of computed fully catalytic and noncatalytic
heat fluxes for the free flight and arcjet flow over a 5.08-cm-radius
hemisphere.

velocity gradient is apparent since the boundary-layer thick-
ness is no longer negligible compared to the shock stand-off
distance. Again, Eq. (12) underestimates significantly the ve-
locity gradient and this discrepancy becomes larger as the
shock stand-off distance gets smaller.

Comparison of the computed fully catalytic and noncatalytic
heat fluxes for the arcjet flow and free-flight cases is presented
in Fig. 13. Again the agreement is very satisfactory. Clearly,
this comparison shows that as long as the flow properties at
the edge of boundary layer are matched, the surface heat trans-
fer is reproduced, and the effect of flowfield features is in fact
a second-order effect.

The flow computations at 25 MJ/kg enthalpy are repeated
for a hemisphere of 5.08 cm radius for which the assumption
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of the thermochemical equilibrium at the boundary-layer edge
is not satisfied. For the arcjet flow and free flight, stagnation
streamline profiles of temperature, pressure, and mass fractions
of atomic species are presented in Fig. 14. It is clear that the
flow properties at the boundary-layer edge do not match since
thermochemical equilibrium is not reached. Consequently, at
the edge of boundary layer, distribution of the enthalpy in var-
ious modes, internal and chemical modes, are significantly dif-
ferent for arcjet flow and free flight.

The computed heat fluxes for fully catalytic and noncatalytic
walls are presented in Fig. 15. For a fully catalytic wall case,
the agreement between arcjet and free flight is still reasonably
good. This result might be expected since Lewis number for
air is order of unity. On the other hand, for a noncatalytic wall
case, the heat flux for free flight is significantly larger than
that for the arcjet flow. The reason is that, as observed in Fig.
14, the internal energy component of the free-flight enthalpy
at the boundary-layer edge is much larger than that of the
arcjet flow. The noncatalytic heat flux is sensitive to thermo-
dynamic state of the gas in the boundary layer and the degree
of nonequilibrium at the boundary-layer edge. Note that for
these conditions the classical theory cannot be used to predict
the surface heat transfer.

Concluding Remarks

Viscous axisymmetric flows of vibrationally excited and par-
tially dissociated nonequilibrium air over a hemisphere are
computed for two sets of conditions using a two-temperature
thermochemical model. One set corresponds to a wind-tunnel
test flow where the freestream is vibrationally excited and dis-
sociated air, and the other corresponds to the hypersonic free
flight where freestream is air at atmospheric conditions. Com-
puted surface heat transfer is compared with the classical re-
sults of Fay and Riddell, and of Goulard. Good agreement is
obtained when the conditions leading to the Fay and Riddell
theory are applicable. The computed results show that suc-
cessful testing of surface heat transfer in an arcjet environment
is possible by the partial duplication of similitude variables
(total enthalpy, surface pressure, and wall catalycity) when the
certain conditions are satisfied. For fully catalytic surfaces,
partial duplication of enthalpy and pressure provides adequate
simulation. For noncatalytic surfaces, the thermochemical
equilibrium at the edge of the boundary layer appears to be a
very important requirement for successful testing. The non-
catalytic heat flux is significantly affected by the thermody-
namic state of the gas in the boundary layer and degree of
nonequilibrium at the boundary-layer edge. In actual arcjet
flow environments where the Fay and Riddell theory is no
longer applicable, a validated CFD code should be used to
interpret surface heat transfer measurements.
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