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Nonequilibrium Effects in Near-Wake Ionizing Flows

F. Grassoxand S. Pirozzoli
University of Rome “La Sapienza,” Rome 00184, Italy

An analysis of thermal and chemical nonequilibrium effects in near-wake ionizing flows is presented. The
influence of real-gas effects on the establishment of scaling laws of the near-wake properties is analyzed, and a
simplified model, which relies on an idealized flow solver still capable of accounting for dissociation and ionization
effects, is developed. A study of the flows around sphere—cone and Apollo-like re-entry capsule bodies shows that
the forebody nonequilibrium does affect the quantities that characterize the near-wake behavior (e.g., upstream
influence, extent of recirculation, peak heating along the base). In addition, we show that real-gas effects can be
recovered by means of an idealized-gas model that solves for the compressible Navier—Stokes equations and a
transport equation for the specific-heat ratio y, supplemented with algebraic relations to determine the species
mass fractions and vibrational temperature as a function of y.

Nomenclature
D = diffusion coefficient
E = total energy
e = internal energy, electron charge
n = outward unit normal
R = vector of residuals
R, =nose radius
r =radial coordinate
S = thermal nonequilibriumsource term
V = cell volume
w = vector of unknown
X = molar fraction
Y = mass fraction
Y = specific heat ratio
Aheo = enthalpy of formation
As  =cellface length
n = thermal conductivity
0 = characteristic temperature
o] = mixture viscosity
T = relaxation time
0] = chemical nonequilibriumsource term
Subscripts
ax = wake centerline
b = base
d = dissociation
ds = dividing streamline
E = inviscid contribution, electronic
e = electronic, electron
el = free electron
mol = molecular species
R =removal
rot  =rotational
s,r = sth, rth species
sh = edge of boundary layer at the shoulder
T = translational
tr = translational, translation-rotation
14 = viscous contribution, vibrational-electronrelectronic

v = vibrational
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Superscripts

e = electronic
s = sth species
T = transpose
+ =ion

Introduction

HE objective of the present work is to assess the influence of

thermochemical nonequilibrium on near-wake flows, whose
characterizationand understandingare crucial for the design of re-
entry vehicles.

Figure 1 showsa sketchofatypicalflowfield. The forebodyregion
isdominated by a strong bow shock b, which causesa decelerationof
the flow; as a consequence,high valuesof pressure, temperature,and
density are reached. At the shoulder, the flow expands and freezes
rapidly e, and the boundary layerdetaches,forminga free shearlayer
s that separates the inner recirculation region behind the base from
the outer flowfield. The latter is recompressedand turned back to the
freestreamdirectionby the so-calledlip-shock-£and then by a strong
recompressionshock r. At the end of the recirculationzone, past the
neck n, the shear layer develops in the wake trail 7, which is often
turbulentand unsteady. Nonequilibriumeffects are mainly confined
in the forebody region, whereas the near base recirculatingregion is
generallyexpectedto be frozen.!~* The freezing of the flow (hence,
the thermodynamic properties and composition in the near wake)
depends on the geometry and flow conditions, and strongly affects
critical design quantities, for example, peak heating that depends
on the mixture composition. In addition, as a consequence of the
strong recompressionaround the neck, nonequilibriumeffects may
again occur in this region.

Gnoffo et al.! reported simulations of the near-wake flowfield
behind aerobrakes,assuming thermal and chemical nonequilibrium
throughout,and showed the influence of nonequilibriumphenomena
on the shear-layer deflection (and its interaction with the payload)
and the consequent increase in peak heating in the base region. In
addition, a reduction of the Reynolds number has been shown to
produce a delay in the shear layer separation.!:? The effects of rar-
efaction, surfacetemperature,and corner shape on the near wake of a
70-degblunt cone have been shown by means of a direct simulation
Monte Carlo method.> The base region is found to be affected by
thermal nonequilibrium; in addition, a stable vortex (whose size is
shown to increase with the freestream Knudsen number) is obtained
onlyat low Knudsennumbersand no lip shock or recirculationshock
arise when rarefactioneffects are significant. Dogra et al.’ also show
that high local Knudsen numbers are reached just after the shoulder,
evenat low altitudes, thus raising some doubts about the applicabil-
ity of continuum models. Kim et al.® have investigatedthe effects of
gas models on hypersonic base flows, showing in particular the in-
fluence of thermochemical nonequilibriumon the near-wake extent
and the rear stagnation-pointlocation.
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Fig.1 Near-wake flow: b, bow shock; e, expansion; s, free shear layer;
£, lip shock; r, recompression shock; n, wake neck; and ¢, wake trail.

Mitcheltree and Gnoffo’ have analyzed the near-wake flow about
a Mars entry vehicle that enters into Mars atmosphere at 7.65 km/s,
and have concluded that the near-wake flow does not exhibit sig-
nificant nonequilibrium effects. Venkatapathy et al.* assumed fully
frozenconditionsinthe baseregionand deviseda strategythatsolves
for the conservation equations for thermochemical nonequilibrium
in the forebody region, and the ideal Navier—Stokes equationsin the
afterbody region. Computations of flows around the body used in
the Aeroassisted Flight Experiment show that the ideal-gas results
qualitatively agree with those obtained with full real-gas simula-
tions. Grasso and Pettinelli? have contributedto the characterization
of the near wake by assuming an ideal-gas behavior, and have found
that the flow in the near wake satisfies scaling laws. In particular,
they show that the location of the upstream influence of the base,
i.e., the upstream effect of the flow expansion around the shoulder,
and the separation depend on the forebody boundary-layerproper-
ties, as well as on the shear layer that develops at the shoulder. The
same holds true for the extent and shape of the near-base recircula-
tion zone, and for the fluid-dynamic character of the near wake, i.e.,
convection-diffusion-dominated behavior.

The scope of the present work is twofold: 1) we analyze the in-
fluence of real gas effects on the establishment of scaling laws for
the near-wake properties; and 2) we developa simplified model that
relies on an idealized flow solver still capable of accounting for
dissociation and ionization effects. In particular, we show that the
near-wake flow can be properly characterized by means of a model
based on the solutionof'the Navier—Stokes equations coupled with a
transportequation for a mixture thermodynamicproperty (for exam-
ple, the specific heatratio y), provided that an algebraic dependency
of the mixture composition and vibrational temperature upon ¥ is
determined.

In the following, we first describe the complete flow model
for weakly ionizing flows in thermochemical nonequilibrium and
then develop the simplified idealized model. Results of simulations
around sphere—cone and Apollo-likebodies are discussed,and some
concluding remarks are given.

Governing Equations

Nonequilibrium Gas Model

We first describe the governing equations for a mixture of gases
in thermal and chemical nonequilibrium. The model assumes that
a single translational temperature 7' characterizes the translational
androtationalmodes, whereas a single temperature 7y characterizes
the vibrationaland electronicmodes of heavy particlesand the trans-
lational modes of free electrons (hereafterreferred to as vibrational-
electron-electronic) Moreover, neglecting externally applied elec-
tric and magnetic fields, it is assumed that charge separation and
conductioncurrents are negligible. In vector form, the conservation
equations are

2] WdV+'¢(‘FE_FV) _ndS:] HdV (D)
at Vv V
where

W = [p. pu, pv, pE, pey]”
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The internal energy of species s is obtained assuming energy mode
separability®-° For atomic species, one has

e, = %RXT + e+ Ahe
whereas for diatomic species, one obtains
e, = 3RT +¢) + e + Ahg

and the vibrational and electronic energy contributions are ob-
tainedassuming Boltzmanndistributionsat the vibrational-electrorn
electronic temperature 7y, thus yielding

= RO——————
e, = IO
! i exp(Q"/TV) _1

Z: 1ne 8.6 exp(_@;’_i/TV)
2: 1L, Ne 8s.i eXp(_Q‘"_i/TV)

where the electron translationalenergy is given by e, = % R, Ty and
gs.i is the ith-state degeneracy®~!°

The mixture viscosity, the thermal conductivity,and the diffusion
coefficients are determined according to Chapman—Enskog theory
and an extensionof the Yos formula.!!-!? In addition, undera weakly
ionized gas assumption, the effective diffusion coefficient of the
electrons D, is proportional to the ambipolar diffusion coefficient
of the ions.!*- 14

Finite rate chemistry has been modeled by using an 18-reaction
mechanism'® and a nonpreferential coupling model for both dis-
sociation and ionic recombination reactions.!®!? The vibrational-
electron-electronicsource term is

Sy = —p.\y U+t Sr_v+Sr_g+Sv_r
where the term _p, {7 .u is related to the work of the electric field.

The translation-vibration energy exchangesare modeled according
to Landau-Teller theory®~1°:
e (T) _e;(Ty)

- St

where the vibrational relaxation time is defined as the sum of
the molar-averaged Millikan-White! relaxation time 7*/~" and
the collision-limitedtime 7”, as described elsewhere.'” Neglecting
frictional heating of the electrons (due to differences between the
electron and heavy-particle velocities), the heavy-particle electron-
electronic energy exchanges are

3k
Sr_g = 2m.n, z =— (T _Ty) v
2 m,

R
€p = Rx

where k is the Boltzmann constantand v is the collision frequency
that is determined as suggested elsewhere.!? 117 The energy re-
moval contribution due to coupling between chemistry and vibra-
tion and to electron-electronic excitations has been assumed to be
related to the average vibrational and electron-electronicenergies,
as also assumed elsewhere > 1116 |

1e.,
Sy_r= e+ ZQ} ey
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Fig.2 Iso-Damkohler contour lines (in log scale).

Idealized-Gas Model

It has been pointed out that the formation of the near wake is
mainly a fluid-dynamic phenomenon controlled by the flow expan-
sion that occurs around the corner, and that is responsible for the
freezing of the flow in the base region? The intensity of the ex-
pansion depends on the upstream flow properties, i.e., the forebody
nonequilibrium effects (primarily through the specific-heat ratio).
We point out that a frozen-flow assumption is certainly valid in the
outer region of the near wake; however, the very-near base flow re-
gion is controlled by two competing mechanisms: 1) the expansion
of the flow, which yields an increase in the relaxation time scales;
and 2) the trapping of the gas mixture in the recirculation zone,
which produces an increase in the residence time scale. Let Da,
and Da, be, respectively,the localthermaland chemical Damkohler
numbers, given by

Da, = blvt,, Da, = blvt,

where we have defined the vibrational and chemical time scales

according to
1 1 (
1.8 l_qw®
T, § :,T 7. 2 : P

and f; accountsforthe contributionto the mixture vibrationalenergy
of the heavy (molecular) species
YS (')\7 S8

B Z Y,e,,

In Fig. 2, we report the iso-Da, and the iso- Da, for the nonequi-
librium flow around a sphere-cone geometry corresponding to test
case A of Table 1. Figure 2 shows that the flow in the near wake can
indeed be assumed to be frozen. However, the mixing process, which
occursacrossthe dividingstreamline, playsa majorrole in the estab-
lishment of the thermochemical properties of the near wake, as one
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Table 1 _Test-case condit

ions
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can infer from Fig. 3, where we report the budgets of the vibrational

energy and the atomic oxygen vs the distance from the wake axis in

Altitude, Speed, . . . . .
Test Geometry 111;11 & I;f/es Re M the core of the recirculationregion. Figure 3 indeed shows that mass
— " o and energy transfers occur along the dividing streamline, primarily
A RAM-C 61 7,650 4.72835, 10 " 23.96 through a balance between convection and diffusion effects.
B RAM-C 7 7,650 1.34884 104 25.87 Thermally and chemically frozen conditions can be assumed in
C RAM-C 61 5,100 3.15227 10 15.98 - .
" the outerregion, roughly at a distance fromthe nose of (R, ) forthe
D RAM-C 61 11,500 7.0952, 10 38.80 . .
E ARC 61 5486 1.740321 3105 1751 sphere—cone geometry here investigated, and near the Shoulder for
F ARC 7 8:230 760315 % 104 2788 the re-entry capsuletHowe.ve.r, 1n general,.the as;umptiqn may raise
some doubts about its validity in the recirculation region. Indeed,
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Fig.3 Budgets within the recirculation core.
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downstream of the neck, because of the strong recompression, the
local temperature increase may activate finite rate energy transfers,
and the frozen-conditionassumption may fail.

The development of the idealized-gas model relies on the com-
pressible Navier—Stokes equations; however, to account for the in-
fluence of the forebody real-gas effects (on the gas constant and on
the specific-heat ratio), we include a transport equation for y, which
is defined as

Y= htr/ctr =1+ R/Cv.tr

where R is the gas constant

R= ZRXYX

and ¢, is the translation-rotation constant-volume specific-heat
coefficient of the mixture

Cv.tr = Zq' RS YS

with ¢ = 2 for atomic and o; = 3 for diatomic species. From the
definition of y and the frozen-flow assumptions, it is a simple matter
to show that ¥ satisfies a transportequation whose differentialform
is

%Y | g = L N R divoDox 2
o1 + div(puy) = e Z[ Ard)x v(p. xv )] (2)

where ¢ = 1 _o(y _1).

We observe that 1) Eq. (2) strictly holds in the region where the
flow is indeed frozen and 2) even in this region the closure of the
equation requires the determinationof both Y, and 7},. As has been
pointed out, the nonequilibrium effects are mainly confined in the
forebodyregion (essentiallythe nose regionforthe sphere-cone,and
extending from the nose to the shoulder location for the re-entry
capsule geometry). If one recalls the definition of ¥ and exploits
the analogy between the transport equations of ¥ and Y, one can
reason that along each streamline a one-to-one relation Y, = Y,(y)
exists if one assumes 1) a sudden transition from nonequilibrium
to frozen conditions at a location Xg; and 2) negligible diffusion
effects. Numerical simulations for the conditions of Table 1 show
that such a relation holds. In Fig. 4, we report the values of Y
vs ¥ obtained from a full real-gas computation, evaluated at three
different sections: one located just before the corner, one at the

0.8

core of the recirculation region, and one farther downstream. The
curvesreported for atomic and molecular nitrogen clearly show that
a relation holds through the entire near-wake flowfield.

Under these assumptions, the idealized-gas model reduces to an
ideal-gas model with y constant along each streamline. However,
such a model would fail for two reasons: 1) the value of ¥ (and Y
and Ty ) in the recirculation region would be arbitrary; and 2) the
diffusion effects are not truly negligible (as shown in Fig. 3). There-
fore, to remove such arbitrariness, the diffusion effects have not
been neglected, but we have assumed that the relation Y, = Y,(y)
[and T}y = Ty ()] determined at Xy, holds at any other location.
We remark that the model is not strictly justifiable on theoretical
grounds; however, it leads to correct results when compared with
the full nonequilibriumones, as we show in the Results and Discus-
sion section.

Numerical Solution

The solution of the governing equations for high-speed flows
requires the use of robust and accurate schemes. We have used a
finite volume formulation that relies on a second-order upwind-
biased total variation diminishing (TVD) discretizationof the invis-
cid fluxes and central differencing of the viscous ones. The details
of the scheme for the full nonequilibriumsimulations'? and for the
idealized-gas model'® have already been reported; the discretized
equations are cast in the following form:

daw

V—+4+R=0
dr +

and the residual R is

R= ZFE _Fy) nAs _HV

where aiindicatesthe genericcell face and H also accountsforterms
that arise from the finite volume discretizationof axisymmetric ge-
ometries (H = H + H,,), with H,, being a vector whose nonzero
component (%, ,) is the one correspondingto the radial momentum
equation

hux.v =D _2/«1[(‘7/") _%v _U]

Time integration is performed by means of an explicit three-
stage Runge—Kutta algorithm with local time stepping to accelerate
convergence.'?
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Fig.4 Atomic and molecular nitrogen mass fraction distributions vs y for test case A.
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With regard to the idealized model formulation, we observe that
the transport equation for 7 is loosely coupled with the remain-
ing equations. Its finite volume approximation has then been ob-
tained by discretizing the convective flux according to the formu-
las proposed by Larrouturou'® for an approximate multicomponent
Riemann solver. In particular, the inviscid numerical flux function
of y at a cell interface that separates a left and right state, i.e., the
average values of the two adjacent cells, is expressed in terms of the
numerical flux function of the total mass, thus yielding

yL if FE(p) p >O
(F As) = (F nAs) =
# AT 0 BB aX Vg i e n<0
where Fp ) is the numerical flux of the quantity ( ), obtained as
described elsewhere.!®

Parallel Implementation

Both the real- and idealized-gas solvers employ a subdomainde-
composition strategy that exploits parallel architecture by means of
an enhanced message-passing paradigm implemented on the IBM
SP2 computer available at CASPUR in Rome. The partitioning of
the computational domain into subdomains is done in such a way
as to balance the load; at the interfaces between adjacent blocks we
have imposed the continuity of the variables and conservation of
the numerical fluxes. To maintain second-order accuracy, we have
introducedtwo fictitious layers of cells surroundingthe blocks, thus
enforcing the interface conditions by injecting the solution of the
underlying block onto the overlaying one. For an efficient exploita-
tion of the parallelism, we also have treated the block interface
communication in a loosely synchronous manner: nodes exchange
information only when a synchronizationpoint is reached.

With regard to the speedup, which is defined as the ratio of single
processor to n-processors execution times (S, = T;/ T},), the com-
puted results show a nearly linear speedup (in particular, we obtain
Sz = 7.08, S;s = 12.68), with an efficiency of @80%). Note that a
typical full real-gas computation on a capsule shape requires ap-
proximately 20 h of CPU time with 16 processors, whereas an anal-
ogous calculationcarried out using the idealized-gassolverrequires
about 2 h.

Results and Discussion

The objective of the present work is twofold: 1) to assess the
influence of nonequilibrium effects on the near-wake flows and 2)
to establish the validity of the idealized-gas model. Several com-
putations have been performed for the flows around a sphere-cone
geometry (corresponding to the Radio Attenuation Measurement
experiment, RAM-C) and a re-entry capsule [hereafter referred to
as ARC (Apollo-likere-entry capsule)].

The geometryofthe RAM-C isa sphere of 15-cmnoseradius with
a9-degcone, whose length is 130 cm. For all computations, we have
used a grid having 218 , 64 cells in the outer region and 128 X564
in the wake region, with mesh spacing ranging from4.25y, 10— m
t0 5.75 3, 10=? m in the forebody region and from 7.90 ¢, 10—* m
to 4.58 <, 10~% m in the afterbody zone. The geometry of the ARC
consists of the command module of the Apollo for the forebody
(of length 2.99 m) followed by a cylindrical afterbody (of length
0.489 m). For the ARC geometry, we have used a grid of 208 &60
cells in the outer region (with minimum spacing from4.77,10— m
and minimum spacing of 9.92 , 10-3 m), and 125 X30 cells in the
wake (with spacing ranging from 9.92 s, 10— m to 1.72 4, 10-! m).

For the RAM-C geometry the selected grid is sufficient to ensure
grid independency.? where a grid sensitivity analysis for the same
type of problem was discussed. Then a limited grid sensitivity study
was carried out only for the ARC geometry. In particular, we have
considered the following meshes: grid A1 havinga total of (416
60) + (250 y, 30) cells and grid A2 having (208 y, 120) + (125
60) cells, obtained by halving the mesh spacing of the base grid.
The computed results (not reported because of space limitations)
indicate that the grid resolution in the direction normal to the wall
mainly affects the forebody solution, whereas the afterbody solution
depends both on the forebody and afterbody mesh resolutions.

Full Nonequilibrium Simulations

To evaluate the influence of thermochemical nonequilibriumef-
fects, we have carried out a parametric study of the flow around
the RAM-C and the ARC geometries at different altitudes (61, 71
km); for the RAM-C body, we also have performed computationsat
differentre-entry velocities. The details of the test cases are givenin
Table 1. The computed and measured®® peak electron-numberden-
sities forthe 61-and 71-km RAM-C test cases are reported in Fig. 5,

le+15 1T
[......JestA: caloulations —
Test' A flight test o
TestiB: calculations -----
Tesld P .
1e+13 " . R e ,AA
N.(cm™3)
1e+12
1e+11 -
1e+10 i i '
0 1 2 3 4 5 6 7 8 9
/Iy

Fig.5 RAM-C: —, 61 km computed; ----, 71 km computed; > 61 km measured; and + + + +, 71 km measured.
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which shows good agreement between computed and experimental
results. In addition, Fig. 5 indicates that the influence of the after-
body (by an upstream wave propagation mechanism) on the radio
attenuation phenomenon is negligible.

The cold hypersonic laminar near-wake behavior has been
analyzed? The latter shows that near-shoulder quantities, such as
the Mach (My;,) and Reynolds numbers ( Rey,), the wall vorticity,and
the thickness of the subsonic portion of the forebody boundary layer
(8),as wellas near-wake properties[ mainly the maximum Reynolds
number along the dividing streamline ( Reys)], play a fundamental
role in the characterizationof the near-wake behavior. In particular,

Grasso and Pettinelli’ show thatthe upstreaminfluence A, the loca-
tion of separation As, the wake neck thickness 8, , and the extent of
the primary recirculation, , whose ratio identifies the aspect ratio
of the near wake and the compressibility effects (measured in terms
of the Mach number in the wake) satisfy scaling laws that depend
mainlyon Reg,. Grassoand Pettinelli? apply the boundary-layercon-
cepts in the proximity of the wall at the shoulder and show that one
canrelate the pressuredrop [which occurs overa distance of 0]
to the skin friction and to &, (evaluated at the section immediately
before the extent of upstream influence), thus finding a functional
dependence of A€ on the expansion around the corner and Regs.

100 —— ‘
- Computatio
e Data it of
Al
)
1 n i i i H | i H H H N
10 100 1000 10000
Reys
Fig. 6 Upstream influence vs dividing streamline Reynolds number Reys.
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Fig.7 Wake neck thickness vs Regs.
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The separation on the base is strictly related to the occurrence of
a local peak in the pressure gradient along the base, is affected by
the upstream propagation of pressure signals through the subsonic
portion of the boundary layer and by the Reynolds number,> 2! and
shows a functional dependency on Regs, &, and the strength of the
interaction mechanism (mainly My,).2

With regard to the wake neck thickness and the recirculation ex-
tent, fora given (cylindrical)geometry and (hypersonic)Mach num-

ber, d, is shown to correlate with the boundary-layer thickness at
the shoulder and Reg; at low Re, £, increases with the Reynolds
number, whereasathigh Re itapproachesa value that is rather inde-
pendentof the Reynoldsnumber.? Inaddition, Grasso and Pettinell
show that the effects of compressibility in the near-wake region can
be characterized in terms of the maximum Mach number along the
dividing streamline (Mys) and the maximum one on the symmetry
axis (M, ), which show a scaling-law dependency on Res.

10
A[ur
1
qmputationis"ofﬂgf-. 2 !
......... _..Data fit of Ref. 2 o=k
i Test-A
- R R S S Test:-B 0
Test-D;
TﬂSf‘EA
Tast-E x
Tast-F <
“Real gas fit;'
0.1 s
10 100 10000
I?C‘L[S
Fig.8 Centerline maximum Mach number vs Regs.
dspg dsc
dlSD dsa
50 i T T ! !
: i : TestA —
: TestB -—-
: i : TestC -----
40 .. JRUSR [, ~TastD =
30 [
w

(x—ap)/ Ry,

Fig.9 Streamwise vorticity distribution in recirculation core (RAM-C test case A); ds, intersection with dividing streamline.
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Fig. 10 Isopressure contour lines (in log scale) for test case A: I, idealized-gas solution and R, full real-gas solution.
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Note that, even in the presenceof nonequilibriumeffects, the near-
wake properties satisfy scaling laws that depend mainly on Regys as
found for cold hypersonic conditions, as Figs. 6-8 indicate. How-
ever, the results show an increase (with respect to cold hypersonic
simulations)in the extent of the recirculatingregion (a consequence
of the weaker expansionaround the shoulder),and an increase in the
aspect ratio of the near wake, i.e., the near wake is more elongated.
Another interesting observationis on the upstream influence extent,
which increases if one accounts for real-gas effects. A possible ex-
planation for this is in the reduction of the difference between the
peak temperature in the boundary layer and the wall temperature,
i.e., the wall behaves as if it were “less cold,” and in the increase of
4. As a consequence, the increase in the upstream influence is to be
expected. From the computations, we then find

2.19

1.98
1.77|
1.58)
1.35
1.14
0.93
0.73
0.52
0.31
0.10

SN AN O QUOUMTOT - «“XTZ2ZO0

/R,

Fig. 11 Isopressure contour lines (in log scale) for test case E: I, idealized-gas solution and R, full real-gas solution.
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My ocReg?.  Mu ocRey®

where the dividing streamline Reynolds number satisfies Regs o
Rel® M7*®. As already observed in the study of cold near-wake
flows,? a relationship between the behavior of the recirculation re-
gion and Rey, exists: The wake is either convection- or diffusion-
like, dependingon the value Regys. From the simulations, we find that
Reys also affects the structure of nonequilibrium near-wake flows.
The vorticitydistributionwithinthe recirculation(reported in Fig. 9)
showsthatforthe RAM-C cases, Regs ~. (791 0°) and no constantvor-
ticity core arise, i.e., a diffusion-like neatr wake is established. On
the other hand, for the ARC shape (whose results are not reported
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Fig. 12 Radial distributions of idealized-gas simulation results in recirculation core for test case A.
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Fig. 13 Radial distributions of idealized-gas simulation results in recirculation core for test case E.
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Table2 Comparison between real-gas (R) and idealized-gas (I) models

Test Model Regs & Regy Mgy &V a" As AL My Moy Stpeak

A R 1.5444 (107 3.62¢-2  7.5816+, 10 5.37 5.715 1.17 0.0780  0.385 0.941 0.822 0.257¢e-2
A I(Xg; = 7.863) 1.5799 107 3.45¢-2 7.0502°, 10 5.05 5.699 1.06 0.0886  0.381 0.966 0.938  0.242¢-2
A I(AXpr = _A9 1.65183,107 3.64¢-2 6.1621, 10 4.71 5.707 1.08 0.0867 0.411 0972 0.939 0.241e-2
A I(AXpr = +A9 1.6639,10? 3.3%-2 6.6798 §, 10 493 5.665 1.06 0.0879  0.325 0.996 0.940 0.243e-2
A I(Xg; =4.273) 1.62953,107 3.33¢e-2 7.29353, 10 5.72 4.943 1.03 0.0924 0.381 0.968 0.925 0.241e-2
A y=14 1.5582,107 3.35¢e-2 6.4672, 10 491 5.019 1.04 0.100 0.292 1.04 0.942  0.195-2
A y = 1.465 1.4432 3,107 3.3%-2 7.0555><103 5.07 4.996 1.07 0.1011  0.335 0.991 0.899 0.210e-2
E R 3.8423 ¢, 10 — — — 1.088 0.1205 — — 1.595 1471 0.113e-2
E I(Xg; = 0.1563) 3.8333,10° — — — 1.007 0.1274 — — 1.710  1.490 0.131e-2
E I(Xg; =0.1016) 4.2510><103 — — ——  0.8756 0.1172 — — 1.613  1.296 0.871e-3
E y=14 3.5905 3, 10° — — — 0.965 0.1102 — — 1.680  1.609  0.687¢-3
E y = 1.476 3.3255><103 — — — 1.049 0.1124 — — 1.617 1.465 0.692¢-3

becauseofspace limitations), Regs ~ 10°) and a constant vorticity
core is detected with a convection-likebehavior, thus supportingthe
conclusionsreached previously’ even for nonequilibrium flows.

Idealized-Gas Simulations

The idealized-gas model has been applied to simulate both the
flow around the RAM-C and the ARC geometriesat conditions cor-
responding to test cases A and E of Table 1. Results are reported
in Table 2, which clearly shows that the properties of the wake are
remarkably well predicted when the idealized-gas model is used.
The isopressure contour lines of the idealized and the full nonequi-
librium solutions are reported in Figs. 10 and 11, which show that
the flow details are very well predicted.

The sensitivity of the solutionto Xg;, i.e., the location at which
the idealized-gasmodelis initialized,also has been assessed for both
test cases. For test case A, we first considered a reference test case
with X, = 7.863, i.e., before the region of upstream influence, then
two additional cases by varying the interface location by an amount
of AXp;= 4 A¥, and finally a test with X, = 1.273, i.e., at about
half length Of the cone. The results, as shown in Table 2, seem
to indicate that the characteristic parameters of the flow are rather
insensitive to Xg; (recall that, for this geometry, nonequilibrium
effects are confined to the nose region), even when the interface
location is inside the region of upstream influence (A Xz, = A#),
except for the extent of the upstream influence zone. With regard to
test case E, we performed two calculations,one with Xz; = 0.1563,
i.e., immediately past the shoulder, and one with Xp; =0.1016,
i.e., before the shoulder. Results indicate that the former simulation
captures very well the main flow features, whereas the latter shows
several discrepancies,and thus a significant sensitivity to Xg,. This
fact can be explained by observing that, for the ARC geometry,
nonequilibriumeffects are important in the entire forebody region,
and an idealized-gas model, strictly valid for nearly frozen-flow
conditions, is expected to fail.

To show the usefulnessof'the idealized-gasmodel, we also present
a comparison with calculations performed with constant y initial-
ized at Xp; = 7.863 for test case A and at Xz; = 0.1563 for test
case E. Two values of ¥ have been considered for both test cases:
one with the classic value of ¥ = 1.4 and one with a value obtained
as the average of the ratio of & over e at X;. The constant ¥ results
show an underestimation of both the upstream influence and the
extent of the recirculation and an overestimation of the separation
location. Another important parameter of the near wake is the peak
heating along the base, which is defined in terms of the Stanton
number §St = ¢/ [pod/ ho, hy, )]\ Table 2 shows that the peak
heating on the base can be predicted with the idealized model with
an accuracy of @1 0-15%), whereas constant y simulations are far
less accurate.

The species concentrations and the vibrational temperature are
well reproduced (with a 10-fold saving in computationaltime); their
distributions in the recirculationregion are reported in Figs. 12 and
13. The predictions of the main species (O, N, and N,) show a
very good agreement both for the RAM-C and ARC geometries;
however, for the trace species (NO, NO*, and e—, not reported), the
agreement is only qualitative (but still satisfactory). Likewise, the

vibrationaltemperature is also well recovered, except along the axis
of the wake, where differences of the order of 30% are found.

Conclusions

We have evaluatedthe influence of real-gaseffectson the structure
of near wakes, and we have developed an idealized-gas model that
is capable of accounting for real-gas effects. The study is confined
to flows around simple sphere—cone geometries and ARCs and con-
firms that near-wake flows can be assumed to be both thermally and
chemically frozen. Nevertheless, the forebody nonequilibrium af-
fects the upstream influence, the separation location along the base,
the extent of the recirculation, the thickness of the wake neck, etc.
As a consequence, real-gas effects cannot be entirely neglected.

The study shows that the quantities that characterize the near-
wake behavior satisfy scaling laws that depend on the dividing
streamline Reynolds number and forebody boundary-layerproper-
ties, on the specific-heatratio, and on the local mixture composition.
In addition, we show that the main effects due to nonequilibriumcan
be accounted for by means of an idealized-gasmodel that solves for
the compressible Navier—Stokes equations and a transport equation
for the specific-heat ratio, supplemented with algebraic relations to
determine the species mass fractions and vibrationaltemperature as
a functionof y.
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