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Heat Flux on Partially Catalytic Surfaces in Hypersonic Flows

M. Serpico*
Centra Italiano Ricerche Aerospaziali, Capua 81043, Italy

and
R. Monti1" and R. Savino*

University of Naples "Federico II," Naples 80125, Italy

The combined effects of the chemical nonequilibrium and the surface catalysis on the stagnation-point heat flux
of a blunt body are investigated by Navier-Stokes calculations on a spherical model under Scirocco Plasma Wind
Tunnel conditions. The freestream properties in the test section are found by means of a preliminary nonequilib-
rium, full Navier-Stokes computation of the nozzle flow expansion. All available numerical heat flux results are
correlated as a function of a dimensionless parameter, including the simultaneous effects of the finite-gas and the
surface-phase reactions. The proposed parameter, which takes into account simultaneously the nonequilibrium
effects in the bulk and surface phases, correlates well with the numerical results over a blunt-body stagnation
region. The final correlation formula for the stagnation heat flux can be used to correlate experimental results on
different materials with known catalytic coefficients or, conversely, to determine the surface catalytic efficiency of
different thermal protection materials.

Nomenclature
a = speed of sound, m/s
cp = specific heat per unit mass at constant pressure, J/kg • K
D = diffusion coefficient, m2/s
Da = homogeneous Damkohler number; Eq. (28)
Das = heterogeneous Damkohler number; Eq. (31)
E = total energy, J
Ev = vibrational energy source term, J/s
e = specific total energy per unit volume, J/m3

h = enthalpy per unit mass, J/kg
hf" = heat envolved in the formation of component i, J/kg
k = Boltzmann constant (1.38022 x 10~23), J/K
kh>r = backward reaction-rate coefficient for reaction r
ker = equilibrium constant for reaction r
kf>r = forward reaction-rate coefficient for reaction r
kw = catalytic reaction-rate constant, m/s
M = molecular weight, kg/kg • mole
n = normal to the wall coordinate
p = pressure, Pa
q = stagnation-point heat flux, W/m2

qm = mole fraction
Re = Reynolds number
Rt = gas constant of component i
rh = body radius
Sc = Schmidt number
T = absolute temperature, K
u = x component of velocity, m/s
v = y component of velocity, m/s
x = jc-axis component
Y = mass fraction
y = v-axis component
y = recombination coefficient
X = thermal conductivity, J/m • s
p = density, kg/m3

r = heat flux correlation parameter
a) = catalytic recombination rate, kg/m2 • s
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Subscripts

a = atomic species
c = conductive term
d = diffusive term
eq = equilibrium
/ = frozen
few = fully catalytic wall
/ = i th component of mixture
N = atomic nitrogen
new = noncatalytic wall
ns = number of chemical species
nvs = number of vibrational species
O = atomic oxygen
p = partial derivative with respect to pressure
t = partial derivative with respect to time
v = vibrational term
u; = wall
x,y,z = Cartesian components
p = partial derivate with respect to density
0 = stagnation conditions
02 = stagnation-point conditions
oo = freestream value

Superscripts

p = reaction order for catalytic reaction
+ = nondimensional quantities

Introduction

DURING the hypersonic re-entry phase of a space vehicle,
the total enthalpy of the freestream is large enough to cause

molecular dissociation in the shock layer. The atoms so generated
can recombine through the boundary layer, depending on the sur-
face temperature and on the chemical flow conditions (equilibrium,
nonequilibrium, frozen). Usually, the segment of the re-entry flight
corridor corresponding to the maximum aerodynamic heating is
characterized by nonequilibrium conditions in the shock layer. In
these conditions the properties of the body surface, as well as the
level of the dissociation and how far the gas mixture is from equi-
librium conditions, can play an important role in the chemical re-
combination process. In fact, the atom species can recombine at the
wall, providing an additional contribution to the heat transfer, due
to species diffusion. This contribution, for a re-entry vehicle, is typ-
ically of the same order of magnitude as the Fourier contribution.
Because of the complex nonequilibrium phenomena involving the
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Table 1 Scirocco nozzle exit values

Case Mach P, Pa Yo2

A
B
C
D
E
F
G
H
I

9.78
10.67
11.80
13.2
7.95
8.20
8.66
9.49
7.47

2.73
2.43
2.23
1.92
47.62
44.58
42.55
32.42
182.38

182
206
217
175
292
400
510
450
571

0.0404
0.212
0.233
0.233
0.0255
0.166
0.231
0.233
0.109

0.0
0.0

0.186
0.424
0.0
0.0

0.125
0.335
0.0

0.0432
0.0190
0.0
0.0
0.050
0.031
0.0
0.0

0.0422

0.170
0.011
0.0
0.0

0.181
0.050
0.0
0.0

0.102

chemical species both in the shock layer and on the model surface,
a rigorous analysis of the problem is required. The theory of the
stagnation-point heat flux in a dissociating gas has been introduced
by Fay and Riddel,1 for equilibrium or frozen boundary layers, in the
extreme situations of a fully catalytic or a noncatalytic surface. After
this pioneering work, Goulard2 addressed the problem of the partial
catalytic activity of the surfaces, neglecting nonequilibrium chemi-
cal effects in the boundary layer (which was supposed frozen). All of
the results of these studies were obtained with boundary-layer calcu-
lations, using simplified models for the transport properties. Many
other researchers have investigated, with advanced computational
fluid dynamics (CFD) tools, the effects produced on the stagnation-
point heat transfer by the nonequilibrium freestream conditions or by
the partially catalytic surfaces separately3'4; in this paper, a system-
atic analysis concerning the combined effects of chemical nonequi-
librium flows and partially catalytic surfaces is performed. A full
Navier-Stokes code, including the effects of nonequilibrium chem-
ical reactions and vibrational relaxation, is used to obtain a general
relationship of the stagnation-point heat flux in the presence of a
recombination process with finite surface catalytic activity. A new
correlation formula is proposed for an engineering prediction of the
heat flux in nonequilibrium hypersonic flow.

Scirocco Plasma Wind T\mnel
The Scirocco project is a European program devoted to the devel-

opment of a 70-MW, arc-heated hypersonic facility, referred to as
the plasma wind tunnel (PWT). This facility is being constructed at
Centro Italiano Ricerche Aerospaziali in Capua, Italy, to be used for
experimental measurements on thermal protection system materials
of entry space vehicles. The main characteristics of this facility are
the very high stagnation conditions, in terms of total enthalpy and
total pressure, and the possibility of testing large-scale models, up
to about 2 m.

The gas in the Scirocco is heated by a 5.5-m-long arc heater, ac-
celerates through convergent-divergent nozzles, and enters the test
chamber at high Mach numbers; downstream from the test chamber,
there is a diffuser and a heat exchanger. The complete aerothermo-
dynamic process was studied in the design phase. On the basis of
the performances of this facility, a numerical analysis of the heat
flux on a spherical partially catalytic body located in the test section
has been developed. The test envelope is shown in Fig. 1, where the
performances of the Scirocco PWT are illustrated. The freestream
conditions for the spherical model are shown in Table 1 . These con-
ditions have been determined by solving with the nonequilibrium
Navier-Stokes code the hypersonic flow expansion in the conical
nozzle of Scirocco.5

Mathematical Model
Assuming that the air is a mixture of five different species (O, N,

NO, 02, and N2) in chemical and vibrational nonequilibrium, the
laminar Navier-Stokes equations for axisymmetric flows are written
in the integral form as

2- I WdV + F -ndS = I GdV - - /°* Jv Js Jv y Jv
where

= [pi, p , pu, pv, e, pEvjf

v)dV (1)

(la)
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Fig. 1 Analyzed points within the Scirocco arc performance map.

F^jnv = [p/w, pu, pu2 4- p, puv, (p 4- e)u, pEVju] (Ic)

^.y,inv = [p/U, PU, Pw v> P^2 + P> (P + £)U, P£U/U] (Id)

Fj^vis = [ji,x> 0, Txx, txy, U^xx + ^Try + qx, qv>x]T (le)

^y.vis = [ji,y, 0, t^, rxv, urxy 4- i;rvv 4- ̂ , ̂ ,y]r (If)

G = [Q,-, 0, 0, 0, 0, pEvj]T (lg)

H = [p,-i;, pi», pvw, pi;2, f(p 4- e), pv£Vj] (Ih)

^v = [Ay, 0, fxy, fxx, f 4- qy, qv,y]T (li)

where the subscript i = 1, ns — 1, and j = 3, 3 4- nvs — 1. In the
present work, ns = 5 and nvs = 3.

Equation (1) includes the mass balance of the species O, N, NO,
and O2. The quantity £2//p represents the rate of production of the
species, and the partial density p, can be expressed in terms of the
mixture density p and the mass concentration Y{ as

Pi = pYt (2)

The concentration FN2 of molecular nitrogen follows from the
conservation of the atomic species.
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The quantities EVJ are the rates of production of the vibrational
energies of the molecular species O, O2, andN2. Thethermodynamic
enthalpy of the mixture is defined by

3 + nvs - 1

7=3
(3)

The species diffusion fluxes along the x direction are based on Pick's
law of diffusion,

(4)

This expression is an approximation because Pick's law holds
rigorously only for a binary mixture; however, it can be applied
reasonably well also in this case because the differences between
the molecular weights of the species considered are not large.6

The conductive, chemical, and vibrational parts of the total heat
flux along the x direction are defined by

BT

ns

i = l

3 + nys-l

= / > t

;=3

(5)

(6)

(7)

and likewise in the y direction.
The axisymmetric viscous contributions (considered as source

terms) read

(8)

(9)
£•

(10)

Sx

= UTx VT ~

The transport properties were calculated using the Chapman-
Cowling7 theoretical model of the intermolecular potential; the col-
lisions integrals to be used in these formulations were obtained from
the Yun-Mason8 theory.

Thermokinetic Model
The chemical model used is the well-known Park model,9 charac-

terized by 17 reactions involving the five species (O, N, NO, O2, and
N2). The ionization processes are neglected in the present study; in
general, the flow behavior in an arc-heated PWT may be very com-
plicated because of the presence in the flow of ions and electrons
formed at the arcjet. If the arc-heated flow is suddenly expanded in
the nozzle, only partial equilibrium may be reached, so that a certain
level of ionization may be present in the freestream. In the Scirocco
PWT, before the flow expands in the nozzle, it crosses a plenum
chamber, achieving equilibrium. For the conditions investigated in
the present work, with a maximum total enthalpy level of 30 MJ/kg,
the electron and ion concentrations can be neglected because the
corresponding equilibrium total temperature is about 7000 K. (Ion-
ization processes take place at air temperature greater than 9000 K;
see Ref. 10.)

The reaction rate constants are given by

= /._rn/ exp(-Dr/kTai)

Ke<r = exp / , - 7( l
ir^

(U)

(12)

(13)

in which Z =10,000/7 and the constants A,>, cr, Z)r, and nf are
given9; in Eq. (10), the temperature Tai is equal to (TTvi)l/2. The
expressions used for the frozen specific heats cpi are

cpi = (n/2)Rh i = 1 , . . . , ns (14)
where n is 5 for monoatomic and 7 for diatomic species.

Translational-vibrational interspecies relaxation is modeled ac-
cording to the Millikan-White theory.11

Boundary Conditions
The boundary conditions are imposed along the edges of the com-

putational domain. The freestream conditions are enforced at the far-
field boundary, and zero-order extrapolation conditions are set at the
supersonic outflow. Along the stagnation line, symmetry conditions
are imposed. On the solid wall, the no-slip condition for velocity is
considered and the temperature is prescribed (Tw). Furthermore, the
conditions for the chemical composition on the body surface must be
specified. When nonequilibrium conditions prevail in the boundary
layer near the wall, the atoms produced by the dissociation reac-
tions (behind the shock) strike the surface. The general boundary
conditions for a catalytic wall are obtained imposing steady-state
mass atomic conservation at the wall, i.e., the amount of species
formed at the surface due to the catalytic recombination rate co must
be balanced by the rate of diffusion to the surface:

The diffusive flux pava is expressed with the usual Pick's law;
that projected along the direction normal to the wall reads

(16)

The source term in Eq. (15) is given by Goulard's relation2

co a = Kwa(pwYiwy (17)

The catalytic reaction-rate constant Kwa is related to the recom-
bination probability y by means of the Hertz-Knudsen relation12

Kwa = y^kTw/2nma (18)

Assuming a noncatalytic wall boundary condition for nitrogen
oxide (NO) and a first-order reaction for the other species, the atomic
species mass fractions at the wall are computed by Eqs. (15-17).
Imposing the condition that oxygen atoms are conserved at the wall,
the molecular oxygen is calculated as

wall V *» /
(19)

wall

The molecular nitrogen at the wall is obtained by the continuity
equation.

Numerical Formulation
The numerical solution of Eq. (1) has been obtained using a fi-

nite volume technique with a central formulation over structured
meshes. The inviscid fluxes at cell interfaces are calculated by a
flux difference splitting (FDS) Riemann solver with a second-order,
essentially nonoscillatory-like approximation.13 The viscous fluxes
are discretized by central differencing: In particular, the gradients of
the variables at the cell interfaces are computed using the Gauss theo-
rem. The integration in time is performed by an Euler forward single-
stage algorithm, with an implicit evaluation of the source terms.

The basic steps of the FDS formulation are the definition and
solution of appropriate Riemann problems. These aspects are high-
lighted hereinafter; see Ref. 13 for further details.

The solution is considered as piecewise constant over each cell
mesh at fixed time, and the evolution of the flow to the next time
step results from the wave interactions originating at the boundaries
between adjacent cells. The interface between two cells, e.g., N,M
and N+1, M, with the coordinate normal to the interface denoted by
£, is a discontinuity surface located at ?N+(i/2),M (Fig- 2) between the
two different fluid states at the left and the right sides. The velocity
vector is decomposed into the normal u and tangential v components
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N+l/2

Fig. 2 Interpretation of initial data and collapse of the discontinuity.

to the surface, and the numerical fluxes at the cell boundary are
obtained from the solution of the Riemann problem in the direction
normal to the interface:

qniit + uqm^ =0, / = 1, ns

pt + up% + pa2j: u% = 0

ut + ww£ + (p%/p) = 0

V; + uv% = 0

Evjt + uEm = 0, j = 3, 3 + nvs - 1

(20)

(21)

(22)

(23)

(24)

(25)

Equations (20-25) are obtained from the general equation (1),
neglecting dissipative fluxes and source terms and looking for the
propagation of disturbances in the £ direction. The chemical reac-
tions and vibrational relaxation process are considered frozen after
the collapse of the discontinuity. The frozen speed of sound, which
appears in the continuity equation, is defined by

.2 _ (26)

With reference to Fig. 2, the values at the centers of the two
neighboring cells correspond to those prescribed in the regions a
and b. Because of the assumption of frozen chemistry and vibrations
after the collapse of the discontinuity, the initial level of energy in the
regions a and b, given by the initial data and generally different from
each other, remain unchanged through the acoustic waves (I and III)
in the regions c and d, respectively. On the contact surface (wave
II), we impose the usual continuity of the pressure and velocity. In
the case of five species and three vibrating molecules, the number
of equations is equal to 10, ns = 5, and nvs = 3; the inviscid-flux
vector at the interface is defined on the basis of the flow properties
that pertain to region c. For more details, see Ref. 13.

Model Validation
The code used in the present work has been extensively tested

and validated by computing different flowfields such as blunt body,
control surface geometries, and base flow; a detailed description of
the results can be found in Refs. 14-16.

Herein, a comparison with other numerical results concerning the
hypersonic flow around the scale model of the space probe Electre is
reported. The geometry consists of a conical surface with total length
of 40 cm, semiangle of 4.6 deg, and hemispherical nose with radius
of 3.5 cm. This geometry recently has been considered as a reference
geometry to study nonequilibrium hypersonic flows on blunt-body
configurations. Numerical and experimental fully catalytic results
on the Electre model, in F4 and HEG wind tunnel conditions, have
been compared.14

Table 2 HEG nozzle
____exit conditions

t/oo,m/s 5919.0
/?oo,kg/m3 1.64xlO-3

L, m 0.4
TOO, K 790.0
ruoo,K 790.0
Mach 9.70
Yo 0.179
7N l .OxlO- 6

FNO 3.30 x 10~2

Yo2 3.60 x 10~2

Present computation —
TINA computation —-

ExpJdata-shotl57

100000
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

X(m)

Fig. 3 Computed heat fluxes for the Electre model, in HEG wind tun-
nel, with a fully catalytic wall.

In Fig. 3, the numerical and experimental heat fluxes are com-
pared. The numerical results obtained with the TINA code,17 a three-
dimensional, time-marching Navier-Stokes solver including chem-
ical nonequilibrium, also are shown. The mesh is the same for both
numerical computations, with A«+ = 1.11 x 10~3 at the wall in the
stagnation region. The freestream conditions, corresponding to the
free piston shock tunnel HEG in Gottingen, Germany, are reported
in Table 2. The results show a satisfactory agreement between the
two numerical computations even if some differences are present
along the conical part of the body. In comparison with the experi-
mental results, the CFD results give a numerical overprediction of
the heat flux in the stagnation region but compare well in the first
part of the conical part of the body. At the end of the Electre probe,
a large spread of experimental data is present, indicating some ex-
perimental measurement difficulties in this region.

Flowfield Around the Specimen
A parametrical analysis has been developed to investigate the ve-

locity, temperature, and concentration distributions in the viscous
shock layer surrounding different spherical models at the freestream
conditions corresponding to the different points within the Scirocco
arc performance map (Fig. 1). For each point of the map, i.e., for
prescribed conditions in the test chamber, two different spheres with
radius rh = 0.3 and 0.03 m are considered, assuming different values
of the catalytic efficiency. A preliminary analysis shows that grid
independency on the flow solution is obtained with 2400 grid points
(60 x 40). To account for the different Reynolds number, different
values of the stretching parameter are used for the two different
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Fig. 4 Computed distribution of atomic oxygen along the stagnation
streamline for a surface with partial catalytic activity (70 = 7N = 0.1),
total enthalpy (Ho = 30 MJ/kg), and two different values of the stagnation
pressure (pQ = 470,000 and 100,000 Pa).
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Fig. 5 Computed distribution of atomic nitrogen along the stagnation
streamline for the same conditions as in Fig. 4.

geometries (rb = 0.3 and 0.03 m) with An+ at the wall in the stag-
nation region of 2.47 x 10~3 and 2.0 x 10~2, respectively. The origin
of the x axis is located in correspondence to the stagnation point of
the body surface. Figures 4 and 5 show the computed distributions
of atomic oxygen and nitrogen along the stagnation streamline for a
fully catalytic wall and a surface with a finite rate chemistry having
Yo = TN = 0.1; the computations are performed in correspondence
to the same total enthalpy (HQ = 30 MJ/kg) with two different
values of the stagnation pressure (p0 = 470,000 and 100,000 Pa).
The results indicate that the influence of the wall catalysis is directly

related to the chemical nonequilibrium conditions in the shock layer.
In particular, when the pressure increases, the gas approaches the
equilibrium conditions, so that the dissociated species tend to re-
combine spontaneously in the cold boundary layer near the wall
and the driving effect of the catalytic wall becomes negligible. Sim-
ilar behavior occurs if the body radius is large, e.g., for rh = 0.3 m.
Conversely, if the pressure or the body radius is small, the chemical
conditions in the shock layer are close to the frozen equilibrium, so
that the influence of the catalytic wall effect on the stagnation-point
heat flux becomes large.

Stagnation-Point Heat-Flux Numerical Correlation
As discussed in the preceding section, the influence of the cat-

alytic properties of the wall on the aerodynamic heat flux depends
on the chemical state of the gas in the shock layer. This aspect is
not taken into account during experimental measurements in hyper-
sonic facilities based on the use of classical simplified engineering
formulas, e.g., Ref. 1. To analyze the simultaneous effects of the
bulk kinetic rates and of the surface catalysis and to provide an ex-
tended engineering correlation formula based on the CFD results,
the numerically computed stagnation-point heat fluxes are corre-
lated as a function of the two relevant dimensionless parameters
characteristic of the chemical reaction effects in the shock layer and
on the body surface. Attention has been focused on the chemical
reaction involving molecular and atomic oxygen because, for the
conditions investigated, the most relevant chemical contribution to
the heat flux comes from the oxygen recombination process at the
wall. The inviscid equation for the atomic oxygen reads

3x -r —dy
Q)Q

P
(27)

Using the classical law of the mass equation for the recombina-
tion reaction rate and dividing by the characteristic convective time,
Eq. (27) can be posed in the nondimensional form

u+ —-J: + v+ (—2. = Dap+ (28)

where the homogeneous Damkb'hler number Da = Ki[(pKfLKf)/
Vref] is the ratio between a characteristic permanence time tp —
Lnf/ Vref divided by the gas reaction time tb = l/(Kipnf). When
Da -» oo, the gas in the shock layer is in chemical equilibrium,
whereas in the other extreme, Da = 0, the flow is frozen. K\ has
the following expression:

= (2/M0)(l + YQ)Kb[(l - Y0)/(p+Ke) - (29)

Assuming that the catalytic recombination of atoms at the body
surface is governed by a first-order rate law, the boundary condition
at the catalytic wall, in nondimensional form, reads

where

A,

(30)

(31)

The dimensionless parameter Das (heterogeneous Damkohler
number) is the ratio between the characteristic local diffusion time
td = L^f/Dref to the surface recombination time ts = L^/Kwi ex-
pressed in terms of the atom recombination velocity Kw on the
surface. The parameter Kw is a (known) function of the wall tem-
perature and depends on the surface catalytic efficiency of the mate-
rial. When Das -> oo, the surface is completely catalytic (70u, = 0),
whereas in the case Das = 0, the surface is noncatalytic and the diffu-
sion flux of atoms at the wall is zero. The numerical results obtained
for the two different geometries investigated (rb = 0.03 and 0.3 m)
for the eight test-chamber conditions reported in Table 1, in corre-
spondence to four different values of the catalytic efficiency (oo ,
0.1, 0.01, and 0), are summarized in Fig. 6. The nondimensional
parameter $ = (q- #ncw)/(#fcw - #ncw)> taking into account the heat
flux due to the surface catalytic activity (divided by the maximum
heat flux difference, corresponding to the extreme situations of fully
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0.6
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i Darnkohler=3.0 :
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D.
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Fig. 6 Nondimensional stagnation-point heat flux as a function of the
heterogeneous Damkohler number Das for different values of the homo-
geneous Damkohler number Da.

catalytic and noncatalytic wall), is reported as a function of Das for
different values of the homogeneous Damkohler number Da. We
see that the stagnation-point heat flux increases with the parameter
Das and that, for an assigned Das, it is an increasing function of Da.
On the basis of these results, a first correlation law as a function of
Das has been determined for fixed Da:

q-i Da,

^fcw ^ncw + BDas

(32)

Figure 7 shows the interpolation law obtained for Da = 3.0. For
the two coefficients A and B, the following functional dependences
were found in the whole range investigated:

A = 1.2-exp(-0.1/Z)a), B = 1 (33)

By using these equations, the following expression of </> was
found:

1

where r has the following expression:

_ 1.2-exp(-0.1/Dfl)
T~ ~D~as

(34)

(35)

The numerical correlation of the diffusive heat flux is given in
Fig. 8 as a function of the heterogeneous Damkohler number Das
and for different values of the homogeneous Damkohler number
Da. The parameter r represents a new correlation parameter for heat
fluxes on partially catalytic surfaces in chemical nonequilibrium, as
shown in Fig. 9. All of the numerical results correlate well with the
proposed law.

Equation (34) gives the heat flux for the general case of chemical
nonequilibrium and partially catalytic surface. The fully catalytic
and noncatalytic limits are obtained as particular cases for Das -»>
oo(r = 0) and for Das -> 0(r -> oo).

Similar results also were found by Inger,18 i.e., applying integral
methods to boundary-layer theory obtained correlations of the stag-
nation heat flux with homogeneous and heterogeneous Damkohler
numbers. The theory was developed under a large number of sim-
plifying approximations regarding the flow chemistry and the trans-
port properties in the shock layer. The nondimensional parame-
ter (q — #/)/(#eq — #/) was expressed in terms of a composite

0.8

0.6

0.4

0.2

i Theoreticalifit--i

0.001 0.01 0.1 100

Fig. 7 Interpolation curve obtained for Da = 3.0.

0.6

0.4

0.2

i i ;Da=fl.OOi: -^- i
i i ! Da=0.1l--H-- I
. \\ Da=1.0j • • > • ; • • .
\ \\ Da=1Q •-:••:- I

0.001 0.01 0.1 100 1000 10000

Fig. 8 Correlation parameter </> vs Das and Da.

Damkohler number that, similar to the actual correlation parameter
r, represents the simultaneous effects of the finite-gas-phase and sur-
face reaction rates. According to this formula, the stagnation-point
heat flux can be determined as a function of the two Damkohler num-
bers once the frozen and the equilibrium values are known. In the
present work the correlation parameter r gives a very simple equa-
tion for evaluation of the function (q — #ncw)/(tffcw—#ncw)- The effect
of the surface catalysis can be evaluated directly because only q is
a function of the heterogeneous Damkohler number Dax, qnw and
#fcw being functions of the homogeneous Damkohler number only,
whereas in the Inger correlation formula, the frozen heat flux was
strongly dependent on the catalytic efficiency. Comparing Eq. (34) to
the correlation equation obtained by Inger, we see that, although the
two approaches are completely different, a very similar dependence
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Table 3 CARINA flight re-entry data

Altitude, km PQ2, Pa Ho, MJ/kg
89.5
80.7
69.9
59.9
48.4

204.67
898.75

4083.40
1063.91
20,265

27.8
26.9
24.1
17.7
8.60

1.2

0.8

0.6

0.4

0.2

0.0001 0.0010.01 0.1 100 1000

Fig. 9 Nondimensional stagnation-point heat flux as a function of the
correlation parameter r.

of the stagnation-point heat flux upon the heterogeneous Damkohler
parameter for the frozen boundary-layer case is found. In fact, ac-
cording to Eq. (34), for Da -> 0, </> -> Das/(l.2 + £>a,), whereas
the Inger formula for the frozen boundary layer and unitary Lewis
number gives 0 -V ?u,/(l H- ?«;)» where ?„, is the heterogeneous
Damkohler number introduced by Inger.

The stagnation-point heat-flux correlation obtained in the present
work (Eq. 34) has been simplified to obtain an engineering for-
mula. In fact, we observe that the homogeneous and heterogeneous
Damkohler numbers depend on the following relevant problem data:

= DM(y, Tw, rb x p02, HQ)

Da = Da(rb x po2,#o)

(36)

(37)

, According to Eqs. (36) and (37), for a prescribed material with
constant temperature, both parameters depend on the total enthalpy
#o and on the product rb x pQ2- The contribution related to the
total enthalpy does not change very much in the zone of the re-
entry corridor with significant aerodynamic heating, as illustrated
by Table 3, which reports the typical data for the Italian re-entry
capsule CARINA. In this case the total enthalpy HQ is reduced by
a factor of one-third only; conversely, the stagnation-point pressure
Po2 increases by two orders of magnitude. Therefore, during exper-
imental measurements in simulated nonequilibrium flows in hyper-
sonic wind tunnels, the stagnation-point heat flux depends mainly
on the product of the stagnation pressure multiplied by the body
radius. If the terms on the right-hand side of Eq. (32) are expressed
as a function of r/, x po2» the following simple correlation formula
is obtained on the basis of the CFD results:

fo * /7o2)a Hi
exp(2 x a) 30

1
(40 x >/0-7)

(39)

(38)

with

and rb x pQ2 (in atm cm).
Conclusions

The nonequilibrium fields around blunt bodies have been com-
puted by a Navier-Stokes code accounting for the effects of nonequi-
librium chemical reactions and vibrational relaxation in the bulk
phase in the presence of a finite surface catalytic activity. A para-
metrical analysis has been developed to investigate the velocity, tem-
perature, and concentration distributions in the viscous shock layer
surrounding different spherical models at the freestream conditions
corresponding to different points within the Scirocco arc perfor-
mance map. The computed stagnation-point heat fluxes have been
correlated as a function of a dimensionless parameter, including the
simultaneous effects of the finite-gas- and surface-phase reactions.
The scaling parameter, defined in terms of the homogeneous and het-
erogeneous Damkohler numbers, correlates satisfactorily with the
numerical results. The implications of the generalized formula for
the experimental measurements of stagnation-point heat flux have
been discussed.
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