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Nomenclature
A = preexponential factor, (m?, mole, s, K)
C = mass fraction
c, = specific heat at constant pressure, J - kg~' - K~
H = total enthalpy, J - m™3
hg = enthalpy of ath species, J - m~3
Ky, K, = reaction-rate coefficients, (m?, mole, s)
k = turbulent kinetic energy, J - m~>
M = molar mass, kg - mol ™'
n = exponential factor
ne = number of species
nr = number of gaseous reactions
P = total pressure, Pa
P = probability density function
Pr, = turbulent Prandtl number, u,C, /A,
Re, = turbulent Reynolds number, pk/wu
T = temperature, K
T4 = activation temperature, K
t = time, s
U = velocity, m-s~!
X = space, m
A = thermal conductivity, W-m™' - K~!
w = viscosity, kg - m~! -s7!
v, = forward and backward stochiometric coefficients
0 = density, kg - m~3
oc = mass fraction variance
o = stress tensor, kg-m~! . s72
T = turbulent integral time scale, k/¢, s
) = ¢/c,k (e turbulent dissipation, J - m~3s71), s
Wy = production rate of species &, kg-m™3 - 57!

1. Introduction

N hypersonic regime, the laminar-turbulent transition takes place
at elevated altitudes, where the flows are in chemical nonequi-
librium. The flow is drastically modified both in the boundary layer
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and wake. This transition corresponds in some cases to the maxi-
mum heat-flux trajectory point and is then a driver for assessment
of thermal protection. The chemical nonequilibrium is taken into
account via the description of chemical species and their kinetics,
using a multispecies calculation. This approach is generally made
with standard turbulence models (using Reynolds average) giving
informations on the averaged quantities 7', C;, etc. These chemistry-
turbulence interactions can be difficult to describe because of the
highly nonlinear dependence of the chemical source terms on scalar
quantities, such as temperature and composition. Then, the non-
linearity (exponential dependance with 7) makes the calculation
with averaged values a crude assumption in some cases: @ can be
significantly different from w(7', C,) when the temperature is low
compared with the activation temperature of the reaction. This effect
can be anticipated in the wake of the reentry vehicle because of low
temperatures, associated with low pressures favorable to nonequi-
librium.

The emphasis of this Note is on the modeling of turbulent reac-
tive flows to predict the flows around the hypersonic space probe.
Two-equation turbulence models have been used for many years,
becoming an important tool for engineers in industry. These mod-
els produce fairly accurate results for a wide range of applications,
and they are computationally rather cheap. Also, we will use one of
these models for the turbulence modeling. To model the chemistry-
turbulence interactions, Narayan and Girimaji,! using the moment
method, have proposed a model for turbulent reacting flow. Re-
cently, Baurle et al.,? based on this work, have developed an accurate
method to model the very high-speed compressible flows. Because
of the strong compressibility of the problem, this method seems the
best adapted.

This taking into account of the chemistry-turbulence interactions
will considerably modify the flow and species fields in the near wake.

II. Mathematical Modeling

A. Governing Equations
Let us consider the Favre-averaged conservative balance equa-
tions for mass fraction for ne chemical species, momentum, and total
energy. If a chemical reaction can be expressed in the general form
ne

ne
k k
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a=1 a=1

where v'® and v"®, respectively, are stochiometric coefficients in
the forward and backward directions, A, is a chemistry specie of
considered gas, then the production rate of specie « will be evaluated
based on the law of mass action:
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with K s and K}, respectively, the reaction-rate coefficients in for-
ward and backward directions described by the Arrhenius law:

Ky = AT" exp(—T4/T)

We can now express the used turbulence models to close these
equations.
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B. Turbulence k—w Model (1998)

The performance of the revised k—w model® is similar to the
first in 1988, but the modification of turbulent coefficients makes
it possible to improve the undesirable freestream dependency
[Egs. (2) and (3)]. To predict better the laminar-turbulent transition,
the damping functions for low turbulent Reynolds number Re, must
be used:
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The tensors €2;; and S;; are the mean rotation and mean strain-rate
tensors.

Here y,,, equal to zero for two-dimensional plane flows, is a cor-
rection for axisymmetric flows; and yy, similar to the cross diffu-
sion of Menter model,* is added to reduce the freestream depen-
dency of the k—w model. The pressure work term —u! (3 P /9x;)
is proportional to density/velocity correlation. It is modeled by the
approximation

—3P  w, 9p AP
—u K

! 8x,~ (o} 8x,» 8x,»
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C. Turbulence-Chemistry Closure Model

To calculate a hypersonic flow, a classical turbulent combustion
model has not been used because of a very large range of the pressure
in the flow. The characteristic convection time is of the same order
of magnitude as the characteristic chemical one. We thus cannot
consider the approach of very fast chemistry. Also the Narajan and
Girimaji' model makes it possible to bring to closure directly the
production rate w,:

+00 1 1 B
d)a(Tvpa):f / / d)aP(T,pAl,...,ﬁa,...,,i)\ne)
—0 0 0

x AT dpy ... dp, ... dpne 5)
P, the joint probability density function (PDF) of temperature T
and composition p,, has been written as follows:
P, proes Pas s Poe)
= PP, ..., Cor ., Cae)(p — B) (6)

which assumes statistical independence between the temperature,
composition, and density.

Using this definition of the joint PDF P, we can write the pro-
duction rate @, into the form?”
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C, denotes the cross-correlation coefficient between the temperature
and composition fluctuations. This method consists of linearizing
the variation of the species concentration in function of the temper-
ature [C, = C, + R, (T — T)] The quantity R,, can be evaluated
like the rate between the reaction source of the species equation and
the one of the temperature equation. Also the instantaneous species
can be only expressed in function of the temperature; this makes
possible the evaluation of C; depending only on temperature.

Because the computation time is very important for this studied
case and it is too important to estimate this coefficient, in this work
we take C; = 0. That signifies the used model assumes the statistical
independence between temperature and composition. This omission
is a serious defect, but this approach has provided some plausible
results.> However, C; will be taken into account in the further work.

The assumed PDF of temperature is expressed by a Gaussian
function P(T, T”T”) and the assumed PDF of composition by a
multibeta PDF P(Cy, ..., C,, ..., Cre, 00).

Two transport equations of variance are added:
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where 7 is the turbulent integral timescale.
The temperature variance is then recovered from the enthalpy
variance by neglecting the turbulent fluctuations on the specific heat:

W2 =Cy(T,C)T'T" (10)

III. Numerical Results

A. Numerical Methods

The THOT2D software, a thermo-fluid-dynamical code of
CEA/CESTA, was built for transonic, supersonic, or hypersonic
problems. This code solves the Euler or Navier—Stokes equations
in laminar or turbulent regime (two-equation models) for a perfect
gas or a multispecies reactive gas for two-dimensional or axisym-
metric geometries. It is based on an extension of Roe’s approximate
Riemann solver® applied to reactive flows.” The Harten—Yee total-
variation-diminishing scheme® is used to solve the hyperbolic part
of Navier—Stokes equations. The second order of spatial accuracy is
obtained using minmod or superbee limiter. This code is validated
on many aerodynamic applications in turbulent regime.>’

The validation of THOT2D then is not the aim of this Note and
is not developed here.

B. Test Case

The geometrical configuration is a reference axisymmetric reen-
try capsule defined by ESA/Centre National d’Etudes Spatiales,'°
in the Aurora program. The freestream values correspond to the
maximum steady-state heat flux on a Netlander reentry!!: geopo-
tential altitude of 31 km, velocity 5321 m-s~!, po, =19.6 Pa, and
T = 141 K (Mach number of 27.5553). The Mars atmosphere con-
tains 97% of carbon dioxyde (CO,) and 3% nitrogen (N;). The wall
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Fig. 1 Isomachs, streamlines, and vortex in the near wake.

is noncatalytic, and its temperature is equal to 1500 K at the front
of the probe and to 500 K at the back.

Chemical reactions and their kinetics are given by Park et al.,'?
with eight chemical species (CO,, CO, N,, O,, NO, C, N, O) and
12 reactions.

1. Discussion on Laminar Flow Simulation

The different works presented in the International Workshop
on Radiation of High Temperature Gas in Planetary Atmosphere
Entry'® have shown that the flow topology in the base is strongly
dependent on the grid. Following the grid used, the size of vortex is
very different. For some, the wake closure point is located between
6 to 7 m. However, using an adapted multigrid domain, Dieudonné
et al.’® have been able to observe that the shear is pushed away, and
the appearance of the third vortex is a secondary vortex at the tip of
the satellite rear corner. The wake closure point is found to be 9 m.
Figure 1a shows their results obtained with this mesh. After them,
this mesh was especially refined to capture better the shear layer.
Dieudonné and coworkers'® have equally shown that this distance
of the reattachment point is strongly dependent on the size of this
third vortex.

The first computation of this paper is realized in laminar regime
in order to understand better the software behavior of this particular
case. We can observe the result obtained by our software THOT2D
(Fig. 1b) is similar to the one of Dieudonné.'? The third vortex is
well captured, and the wake closure point is located at 9 m. Also, we
can realize the second step, which consists of calculating the flow in
turbulent regime, the result of laminar flow simulation enables us to
be assured of the quality of the numerical computation in turbulent
regime.

2. Turbulent Flow Simulation

The freestream value of k., is fixed at 0.0001% of Ufo. Despite
this very weak imposed intensity, the turbulence even is released.
In effect, on Fig. 2 the wall heat flux shows a laminar-turbulent
transition zone at the front shield. This increase of the heat flux be-
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Fig. 3 Turbulent intensity /k/U.

comes important by getting farther away from the stagnation point.
This confirms an increase of turbulent intensity in the recompres-
sion zone. The calculation with chemistry-turbulence interactions
gives to us a heat-flux variation less significant than the one without
interactions.

In the afterbody flow, the numerical results with fully chemistry-
turbulence interactions modeling approximately are the same as the
ones obtained by the calculation without interactions. Also we will
present only the results with interactions.

The turbulent intensity strongly decreases at the relaxation zone.
The double relaxation at the back leads to a relaminarization in the
afterbody flow (Fig. 3). Figure 3 plots only the turbulent intensity
isolines whose values are inferior to 10%. (For clarity’s sake, we
omitted the contour labels.) The value of exterior isoline is 0.5%,
and then it increases to 10%. The turbulent intensity at the front
shield is very important (287%), but it rapidly decreases after the
first relaxation at the high corner. This intensity begins to develop
in the shear layer and in the first primar vortex, before it decreases
at the second relaxation zone. Then, the further shear layer of the
base favors the turbulent development in the far wake.

As with the turbulent kinetic energy, the variances /(T"T")/ T,
oc, important at the forebody, decrease after the first relaxation at
the high corner. They stay very weak in the base, a suspicion of
resumption for enthalpy (or temperature variance) appears.

However, this simulation in turbulent regime shows us that the
launching of turbulence at the front shield and a weak turbulent
intensity are sufficient for a significant modification of the nearwake
at the base. The afterbody temperature is less important in turbulent
than in laminar (Fig. 4). Figure 5 plots the axial distribution of
temperature in the base; a difference of 500 K is observed between
the laminar simulation and the turbulent one. A difference of wall
heat fluxes at the rear corner therefore is noticed (Fig. 6). Figure 4
represents the isotherms of both simulations.
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Fig. 7 Mass fraction of CO;.

This temperature field leads to fields of concentration species,
which are different than the ones obtained by laminar calculation
(Fig. 7). This signifies that the concentration fields of other species
are too considerably modified.

IV. Conclusions

The turbulent flow around a hypersonic probe has been performed.
This work, even qualitative, stays very interesting because this com-
putation enables us to know how the turbulence modifies the bound-
ary, the flowfields in recirculation zones.

A launching of the turbulence can be observed at the front shield.
But the double relaxation zone completely decreases the turbulence
intensity. A nonnegligible difference between the temperature fields
of laminar and turbulent flows is noticed, thus, the fields of concen-
tration of chemical species. This signifies that even the weak turbu-
lent intensity cannot be ignored in this particular case. This study
has shown that the weak turbulence intensity can lead a difference
of 500 K on the temperature in the base. This difference is expressed
by an augmentation more than 50% of CO, in the same zone.

This flow is very sensible to each numerical parameter and to
the physical modeling. Very accurate numerical methods and an
outstanding physical modeling are necessary to predict this flow.
Also, in the further work we will take into account the most possibly
accurate all of the turbulent closure approximations.

Because a very strong dependency of the flow morphology of
all of the physical-numerical parameters of the computation (grid,
numerical methods, physical modeling, . . .), experimentation pro-
cesses seem to be indispensable to us. Today, only the experimen-
tation makes it possible to understand this flow morphology and to
validate the turbulent modeling.

However, the wind-tunnel tests are very difficult to realize in hy-
personic regime because at elevated Reynolds numbers they are not
reproducible in hot wind tunnels. The tests in flight can provide
us with some interesting measurements, for example, the measure-
ments of wall fluxes, or the ones by optical techniques. The wall
data have an interpretation limited for turbulence problems, but the
optique treatment is able to give the variation in time of some phys-
ical variables, which should be used to obtain averaged magnitudes
for steady flows.
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We can equally notice that an accurate numerical prediction of
turbulent reacting flows in hypersonic regime can be applied to
optical signature and electromagnetic problems linked to electron
and species concentration fluctuations.
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