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ABSTRACT

Computation of high-speed turbulent flows using conven-
tional turbulence models developed for incompressible flows can
lead to significant errors. This is especially true for high-speed
vehicles where the Mach number ranges from low subsonic at the
nose to hypersonic values along the body. The flow field is fur-
ther complicated by boundary layer transition on fore-body, flow
separation behind the vehicle, and turbulent free shear layer re-
compression in the reattachment region. Several compressibility
corrections to conventional turbulence models have been pro-
posed to account for these high Mach number effects. This pa-
per evaluates such modifications to one- and two-equation tur-
bulence models. The test case considered is the flow around a
hypersonic re-entry configuration with a large recirculation re-
gion behind the vehicle. Issues pertaining to the implementation
of the models and their modifications to a practical configuration
are discussed. The effect of the different models and compress-
ibility corrections are studied in terms of the predicted boundary
layer transition location, size of the recirculation region, and the
resulting pressure and heat transfer rate on the vehicle.

NOMENCLATURE
a  speed of sound, ms~?t

M Mach number
Mc  Convective Mach number

*Address dl correspondence to this author (krish@aero.iitb.ac.in).

Krishnendu Sinha *
Department of Aerospace Engineering
Indian Institute of Technology Bombay

Mumbai, India.

kinematic molecular viscosity, m2s—1
kinematic eddy viscosity, m?s—1

mean density, kg/m?

heat transfer rate per unit area, Watt,/cm?
pressure, Pa

body co-ordinate, m

body diameter, m

velocity, ms—1

magnitude of mean vorticity vector, s—*
turbulent Kinetic energy

turbulent kinetic energy dissipation rate
specific dissipation
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INTRODUCTION

Atmospheric re-entry vehicles are subjected to large aero-
thermal loads. During the later part of their descent the flow
around the vehicle, especially in the wake region, may transi-
tion to turbulence. This can significantly increase the heat trans-
fer to the vehicle walls. Predicting the turbulent heating rate is
challenging, and the inaccuracies are generally compensated by
a large safety factor in the design of heat shields [1].

Engineering prediction of turbulent flows relies mostly on
Reynolds-averaged Navier Stokes (RANS) simulations that com-
pute the time-averaged flow field. Turbulence closure is obtained
using RANS turbulence models which were originally developed
for incompressible flows. As noted by Paciorri in [22], fluid com-
pressibility adds to turbulence phenomenology new specific pro-
cesses and mechanisms, such as new pathways for energy ex-
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changes, and strong coupling between momentum and energy
exchanges. This can significantly alter the turbulent characteris-
tics and the flow behavior. A detailed review of compressibility
and its effects on turbulence can be found in [2]. Compressibility
effects play an important role in turbulent mixing layers. Numer-
ous studies [3], [4], [5] have highlighted that the spreading rate
of a mixing layer is reduced with respect to an analogous incom-
pressible mixing layer.

Many research groups are working on methods of includ-
ing these compressibility effects in conventional turbulence mod-
els to predict more realistic flow-fields for compressible condi-
tions. Catris and Aupoix [21], Paciorri and Sabetta [22], Secun-
dov et al [25], and Spalart [24] have shown various compress-
ibility modifications to existing turbulence models to predict the
effects of compressibility on shear layers and other aspects of a
flow-field. Compressibility corrections have also been proposed
by Sarkar et al [29] and Zeman [30]. Majority of these modifi-
cations aim to achieve the reduced spreading rate of free shear
layer at high Mach numbers.

For bluff bodies, flows are complex in nature [6] because
they involve interaction of a wake, separated flow, free shear
layer, and boundary layer. Brown [18] recently computed the
flow around a re-entry configuration where the flow transitions
on the afterbody and the sting. The compressibility corrected
SST model was found most accurate. Brown also highlights the
consistency and accuracy of numerous turbulence models, with
and without compressibility corrections, in predicting heat trans-
fer levels for a range of hypersonic flows. Sinha [12] computed
the flow-field around Fire 1l re-entry configuration using stan-
dard k — wand SA turbulence models. Large differences between
the turbulence model predictions are found in the vicinity of the
transition location on the forebody. Variation of separation bub-
ble size and afterbody pressure and heat transfer as obtained by
the two turbulence models are also highlighted.

Transition from laminar to turbulent in high speed bound-
ary layers is important for prediction and control of heat transfer,
skin friction, etc. A lot of research is directed towards predict-
ing correctly this transition in high speed flows. A large num-
ber of parameters influence this transition such as Mach number,
transverse and streamwise curvature, pressure gradient, temper-
ature, and cross flow [7]. A survey of flight data for boundary
layer transition at hypersonic speeds is done by Schneider [8].
Lees [14] highlights the laminar-turbulent transition in hyper-
sonic wakes and summarizes crisply the effect of Reynolds num-
ber in transition.

Similar to simulations done by Sinha in [12], the current pa-
per studies the transitional/turbulent flow along the Fire Il vehicle
using RANS turbulence models. Compressibility corrections are
included in turbulence models to understand the effect of these
corrections in predicting realistic flowfield around a re-entering
vehicle. Although the temperature in the flowfield is high enough
for the chemical reactions to occur, the current simulations as-

sume perfect gas and effect of thermo-chemistry is neglected.
This is because of the focus of the study is to understand the
behavior of turbulence models and compressibility corrections
to them at low Reynolds number and high Mach number condi-
tions, typical of re-entry conditions.

1 SIMULATION METHODOLOGY AND TEST CASE

The grid topology, freestream conditions, boundary condi-
tions and computational approach is the same as described by
Sinha in [12]. The Fire 11 vehicle has a spherical forebody and a
conical afterbody [19]. The vehicle dimensions are shown in Fig.
1. The simulations in [12] correspond to an altitude of 35 km,
where the freestream density and temperature are 0.0082kg/m?3
and 237 K respectively. The vehicle velocity is 5 km/s (Mach
16) at zero angle of attack. The wall temperature is 553.3 K and
the Reynolds number based on freestream flow and vehicle di-
ameter is 1.76 x 108, Note that a detailed grid refinement study
is presented in Ref. [12] and the current simulations are run on
the baseline grid for each case. The turbulence models and com-
pressibility corrections are described below.

Figure 1. Computational Domain in the vicinity of the vehicle

1.1 Spalart Allmaras model (SA) and its modifications
Spalart-Allmaras (SA) one equation turbulence model [20]
solves the following conservation equation for variable V.

Dpv y _[v
Tpt = Cp1PSV — Cw1 fwp [H

2

+

g [O- ((v+9)09) + cpp(09)?]

The left hand side represents the material derivative of pV, and
the terms on the right hand side correspond to production, de-
struction and diffusion mechanisms in the flow. The turbulent
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viscosity is given by

3
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d is the distance to the nearest wall. The non dimensional wall
destruction function is

Y

1+c8,
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m} . g=r+cup(rff=r, r
The model constants are cp; = 0.1355, ¢y = 0.622, 0 = 2/3,
K=0.41,cy1 = 0.3, cy2 = 0.3,and cyz = 2.

Catris and Aupoix proposed a density correction [21] to the
SA turbulence model (SA-cat) for improvement of the predic-
tions of high Mach number boundary layers. The transported
quantity remains V and the diffused quantity is ,/pY, such that
the diffusion term becomes

S0 (BT + /39)0/B9) + (/B3 (0/9))]

The SA-cat model is compatible with the logarithmic law. The
turbulent diffusion term and the cross term are independent of
the density gradient in the logarithmic layer.

Paciorri and Sabetta proposed a correction [22] to the SA
turbulence model (SA-pac) to account for the compressibility ef-
fects in the mixing layers which separate the low speed recircu-
lation regions from high speed streams in supersonic afterbody
flows. Unlike other corrections proposed for two-equation mod-
els, the SA-pac correction does not need the knowledge of the
turbulent Mach number, and therefore is useful for one equa-
tion models like SA which do not directly integrate the turbulent
kinetic energy equation. The fundamental parameter governing
the compressibility effects in this model is the convective Mach
number, M. The production term is modified to

f1(Mc) f2(Mc)Cr1 pSY

0.6 0.44

_ +04, f(Mc)=————-+056
1+9ME 2(Me) 1+14M8

Local estimate of Convective Mach number M is ob-
tained by solving the following equation using Newton Raphson
method.

VS
MZf2(Mc) = .02
where a is the speed of sound and T; dimensionless shear stress
for incompressible flow as defined in [22]. The value of 1; =
0.01. The right hand side of the above equation is a function of
vorticity which defines the convective Mach number.

Multiplying the production term by a factor f1(M¢) f2(M¢)
reduces eddy viscosity thereby reducing the growth rate of free
shear layer as observed experimentally for compressible flows.
Correction is applied only in the free shear layer since it dete-
riorates the behavior of SA model in boundary layers. The free
shear layer is approximated as the region with M¢ > 1. Region
with M¢ > 1 can be mathematically identified by

viS

Tra? > 065

Secundov et al proposed a compressibility correction [25]
to the SA turbulence model (SA-sec) to account for the reduced
growth rate of compressible shear layers. The closure equation
for SA-sec model has the following additional term (Cs = 3.5).

Csv20U U
- az

This additional term accounts for the reduction in spreading rate
of the compressible shear layer by reducing the turbulent eddy
viscosity v; as observed experimentally. Correction is applied
for two cases, throughout the afterbody (SA-sec1) and only in the
free shear layer (SA-sec2). The free shear layer is approximated
as the region with M¢ > 1.

1.2 Wilcox’s k - w model (kw)
The 1988 version of Wilcox [28] k — w turbulence model is:

Dpk =
D—pt = Px— Brpkw+ O ((+ Okt ) k)
Dpw -
[[;t = Y1P(0/K) — B1pw? + O+ (4 + Ogbty) Do)

The left hand sides represents the material derivative of pk
and pw, and the terms on the right hand side correspond to pro-
duction, destruction and diffusion mechanisms in the flow. The
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turbulent kinetic energy production term is:

aui
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p\)t(axJ +0_Xi_§0_xk IJ)_§pk6|]

P

The turbulent viscosity is given by vi = k/w, and the constants
are Bx = 0.09, B1 = 0.075, 0k1 = G2 = 0.5 and y; = 0.5532.

1.3 Shear stress transport model (sst) and its modifi-
cations
The shear stress transport(sst) turbulence model [27] is iden-
tical to the k — w equations given above except for the following
additional term in the w-equation

2(1 — Fl)bcwzo%Dk -dw
The turbulent viscosity is given by
v = k/max(w, QF,/a;)

The constants ¢ of the new model are calculated from the con-
stants @, @, as follows:

o=F@o+(1-F)e

The first set (¢1) correspond to the k — w model: Bx =0.09, B1 =
0.075, ox1 = 0.85, 01 = 0.5 and y; = 0.5532. The second set
(@) are for the standard k — € model: Bx = 0.09, B2 = 0.0828,
Ok2 = 1.0, 0y = 0.856 and y» = 0.44. The blending functions
F1 and F are defined as follows:

F; = tanh(arg?)

arg; = min lmax 2vk SOOV) 4p0‘*’2k]

0.09wy’ Y20 /' CDyyy?
10k 0w o
CDyg, = max( 2po 2 ,10
® “wax; ax;’ )
= tanh(arg3)
2vk 500v
argz = max(o 090y’ wa)

The primary compressibility effect considered here is a cor-
rection needed to account for the reduction in a free shear layer

growth due to compressibility. Wilcox [28] describes a modifi-
cation to the corrections of Sarkar et al. [29] and of Zeman [30]
where the dissipation of k increases with turbulent Mach num-
ber, Mt, and the dissipation of w decreases with turbulent Mach
number, according to

Dkc = Dk[1+1.5F(Mt)]
Doc = Dol —1.5(Bk/Bw)F (Mr)]

where,
F(Mr) = [M? — Mol

= 0, otherwise
M2 = 2k/a?, and M7o = 1/4

if M2 >MZ,

The Mto term was introduced by Wilcox so these correc-
tions would be active in compressible free shear layers, where
the turbulent Mach number is high, but inactive in the near wall
region of boundary layer flows where the turbulent Mach number
tends to be lower. Wilcox verified the behavior of this correction
to both free mixing layers and boundary layer flows up to Mach
5. In this paper, the sstcl turbulence model is specified as be-
ing the SST turbulence model with the Wilcox compressibility
correction.

As noted by Brown in [18], for turbulent boundary layers
above Mach 5, the turbulent Mach number can easily exceed
Mo, leading to a significant reduction in skin friction and heat
transfer predicted for high Mach number turbulent boundary lay-
ers when using the sstcl turbulent model. In order to allow
use of the compressibility correction for Mach number above 5,
the Wilcox compressibility correction is modified by a redefini-
tion of the turbulent Mach number to create the sstc2 turbulence
model option, where:

F(Mr) = [M§ — Mo,
= 0, otherwise
M2 = 2k(1—Fy)/a? and Mo = 1/4

if M2 > M2,

The Fy function is already defined for the sst model and has
the advantage of being a logical indicator of whether the imme-
diate region is the near wall region of a turbulent boundary layer.
The result is that for the sstc2 turbulence model, the compress-
ibility correction is applied only outside of the near wall region of
a turbulent boundary layer, regardless of turbulent Mach number.

Note that the shock-unsteadiness modification [17] is used in
all the two-equation model simulations. As described in [12] this
is required to limit the turbulence amplification at the bow shock.
Also, the f,, damping function in the SA model is modified as

Copyright (© 2006 by ASME



per [12] to avoid unphysical heat transfer rates on the afterbody.
The SA-cat model is proposed for compressibility effects in the
boundary layer. Its effect on afterbody flow is also analyzed by
applying the corrections throughout the forebody and afterbody.
By comparison, the SA-pac, SA-secl and SA-sec2 models are
proposed for free shear layers, and are therefore not applied on
the forebody. SA-secl model has compressibility corrections in
the full afterbody domain. The SA-pac and SA-sec2 models have
compressibility corrections included only in the free shear layer.
Compressibility modifications to sst models are applied through-
out the domain of the forebody and afterbody.

2 SIMULATION RESULTS

Figure 2 shows a typical flowfield simulation in terms of
the temperature distribution around the vehicle as computed by
Sinha [12]. The free stream flow is from left to right and is
slowed down by the bow shock ahead of the body. The flow on
the forebody is subsonic and it becomes supersonic right before
the first expansion corner at the shoulder. This is followed by a
second expansion on to the conical frustum. The boundary layer
separates immediately downstream of the second corner to form
a shear layer that encloses a recirculation region. The shear layer
encloses a toroidal vortex that extends from the shoulder to the
neck region where a re-compression shock is formed to turn the
supersonic flow outside the wake. The flow in the recirculation
region is mostly subsonic and it expands downstream of the neck
to form a supersonic wake.

The forebody pressure and heat transfer can be seen in
Fig. 3. The pressure and heat transfer has a maximum at the
nose(s=0) because of the stagnation point. Pressure then fol-
lows a parabolic profile on the forebody with a sharp decrease
around the first expansion corner (s/D = 0.51). The heat transfer
increases after an initial drop as the boundary layer flow transi-
tions from laminar to turbulent. There is a sharp peak in heat-
ing rate at the expansion corner. The Reynolds number near the
transition location (s/D ~ 0.2) is of the order of 10* and Mach
number is around 0.3. This is significantly lower than values ob-
served in [8], but is in agreement with the fact that transitional
Re is greatly reduced by large nose bluntness [13] typical of re-
entry vehicles. Ref. [13] also mentions that for highly cool walls,
there is an evidence of transitional Re decreasing considerably.
The forebody wall is highly cooled in the current simulations
(Tw/Taw = 0.05).

2.1 One-equation turbulence models

The Catris-Aupoix compressibility correction to the SA
model doesn’t reflect much of a difference in the surface pres-
sure and heat transfer results of the present body. Even the veloc-
ity profiles in the log layer show negligible change. Catris [21]
points out that difference between the SA model and the modi-

Expansion

Bow Shock

Recompression

Figure 2. Computed temperature field around the Fire Il vehicle. The
key flow features are identified.
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Figure 3. Heat transfer rate and normalized pressure on the forebody
computed using the SA model.

fied SA-cat model decreases when the wall temperature to adi-
abatic wall temperature ratio decreases, since density gradient
effect is less important. In the present case, this temperature ra-
tio is about 0.05 on the forebody and about 0.3 on the afterbody.
Also Catris [21] explains that the density corrections act upon the
mean velocity profile through the eddy viscosity level. So they
vanish near the wall because of the damping function and at the
edge of the boundary layer with density gradient.

Fig. 4 shows a comparison of temperature flowfield using
SA-pac and SA models. A few representative streamlines are
also shown. The size of the separation bubble is larger in the
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Figure 4. Comparison of temperature contours and representative
streamlines in the separation bubbles computed using the SA and SA-
pac models.

SA-pac solution than that in the SA solution. This is because
the eddy viscosity predicted in the SA-pac model is lower in the
wake as compared to SA model. The production term is mul-
tiplied by a reducing factor of f1(Mc)f2(M¢) to account for the
reduced shear layer spreading rate at high convective Mach num-
ber. Lower eddy viscosity leads to lower temperature in the wake
of SA-pac solution. Similar trend can be seen when the SA-secl
and SA-sec? solutions are compared with SA solution. The eddy
viscosity in the SA-sec afterbody solution is less because of the
additional destruction term due to compressibility effects.

The disparity in the size of the recirculation regions leads
to difference in the afterbody wall pressure (Fig. 5). Smaller
recirculation region results in larger flow expansion around the
vehicle shoulder leading to lower pressure on the afterbody for
SA solution as compared to other solutions. Even the base pres-
sure predicted by SA solution is less than the other solutions, as
observed by Forsythe et al [26] and Paciorri [22]. Note that pres-
sure obtained using SA-cat is identical to the SA model. Fig. 5
also shows the effect of the compressibility correction on the af-
terbody wall heat transfer. The heating rates obtained using the
SA and SA-cat models are almost identical except at the base.
SA-pac and SA-sec2 predictions are comparable to the SA val-
ues along majority of the afterbody. However, near the separation
point and in the region just before the base, the heat transfer rate
differs considerably. The SA-sec2 and SA-pac solutions under-
predict heat transfer as compared to the SA solution. The base
heat transfer rate is higher for these models than the SA solution.

For SA-secl solution, there are large fluctuations in the heat
transfer rate, which move back and forth along the afterbody, so

—-—— SA

——— SA-cat
80~ — — — - SA-pac
B — = SA-secl
| ——e—s - SA-sec2

60 [~

q (W/cm?)

Figure 5. Comparison of normalized pressure and heat transfer on the
afterbody computed using SA model and its variants.

that a steady state solution cannot be obtained in this case. These
heating rate fluctuations correspond to secondary separation in
the afterbody recirculation bubble, as can be seen in Fig. 6. This
is in contrast to the other model solutions which result in a single
toroidal vortex spanning the entire recirculation region. Fig. 7
shows a typical variation of normalized turbulent eddy viscosity
across the recirculation bubble at a certain location on the conical
frustum. The application of the compressibility correction in the
entire afterbody flowfield (SA-secl) results in very low values of
the turbulent eddy viscosity. The flow in the recirculation bubble
is essentially laminar in this case. Also, when carefully observed,
a shock can be seen in the SA-secl solution just after the base
Fig.8. This is probably because of a large separation bubble. The
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SA-secl

Figure 6. Streamlines in the SA-secl solution showing multiple vortices

near the wall.
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Figure 7. The ratio of turbulent eddy viscosity to kinematic viscosity at a
certain location inside the separation bubble.

flow coming towards the base accelerates to supersonic speeds
due to large separation bubble and thus have to undergo a shock
to meet stagnation conditions at the base. Due to this shock, the
pressure value is quite high at the base as observed in Fig. 5.

2.2 Two-equation turbulence models

The normalized wall pressure and heat transfer rate obtained
using the kw, bsl, sst, sstcl and sstc2 turbulence closure models
on the forebody can be seen in Fig. 9. The wall pressures pre-
dicted by all the models overlap and are identical to that obtained
using the one-equation models. The heat transfer rates are how-
ever significantly different as pointed out in [12]. The heating

Figure 8. Velocity contours obtained using the SA-secl and SA mod-
els. Shock can be seen in the SA-secl solution. Few typical values are
marked in S| units.
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Figure 9. Comparison of Heat transfer rate and normalized wall pressure
on the forebody as predicted by the different two-equation models.

rate shows a sharper increase at transition than the one-equation
models. Among the two-equation models, bsl predicts transition
upstream of kw and sst models. However, the heating rate rises
more rapidly in the kw case and results in the highest peak heat-
ing at the expansion corner. Compressibility corrected sstcl and
sstc2 turbulence models predict identical pressure and heat trans-
fer on the forebody as predicted by sst model since the turbulent
Mach number in this region is small. Also the compressibility
corrections were proposed in such a way that they are active only
in the compressible free shear layer.
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sstcl

Figure 10. Contours of normalized turbulent kinetic energy as obtained
using the different two-equation models.

Fig. 10 shows the normalized turbulent kinetic energy dis-
tribution in the different solutions. The k — € part of bsl model
(outside boundary layer) predicts higher turbulence than the kw
model. The k levels in bsl and sst solutions are comparable,
whereas the compressibility corrections reduce the turbulent in-
tensity significantly. The sstc2 results are almost identical to the
sstcl case and therefore not shown here. The location of the shear
layer and the size of the recirculation region can also be identi-
fied in Fig. 10. Higher turbulence level leads to larger dissipation
in the wake and therefore a smaller separation bubble. Thus, bsl
predicts the smallest bubble and sstc1/c2 yield the largest size.

Afterbody surface pressure and heat transfer rates obtained
using the different two-equation models and their variants are
shown in Fig. 11. Smaller recirculation region leads to lower
afterbody wall pressure, as can be seen by comparing the kw,
sst and bsl solutions (Fig. 11). A smaller recirculation region
also results in a larger variation of pressure along the afterbody
frustum. The base pressure is nearly the same for these three
models. The sstc1 and sstc2 models yield a different variation of
pressure on the afterbody as compared to the other models, and
also predict a much higher base pressure. This is because of the
base shock generated in the compressibility corrected model (see
Fig. 12) that is similar to the SA-secl solution. The afterbody
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Figure 11. Comparison of afterbody normalized wall pressure and heat
transfer rate predicted by the different two-equation model and their vari-
ants.

heat transfer rate predicted by the various models are nearly the
same over majority of the afterbody. However, sstcl and sstc2
models predict higher heat transfer at the base as compared to
sst solution. This is also because of the shock wave at the base.
Just before the second expansion corner, sstcl and sstc2 models
predict slightly lower heat transfer rates compared to the kw, bsl
and sst models.

3 CONCLUSIONS
Reynolds-averaged Navier Stokes (RANS) method along
with SA, k — w, and SST turbulence models are used to simu-
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sstcl

£ j sst

Figure 12. Comparison of temperature distribution obtained using the
SST and sstcl turbulence models.

late the FIRE 1l re-entry flowfield. Compressibility corrections
are introduced in the SA and SST models, and their effects are
assessed by comparing the respective solutions. Specifically, the
afterbody pressure and heat transfer rates, and the size of the
separation bubble are used for comparison. The Catris-Aupoix
modification to the SA model does not alter the solution because
of the fact that the ratio of wall temperature to adiabatic value is
very small. The base pressure is found to increase with introduc-
tion of the other compressibility corrections due to the decrease
in turbulence level and the accompanied increase in the size of
separation bubble. In some compressibility corrected cases (SA-
secl and SA-sec2) the turbulent eddy viscosity is lower than
molecular viscosity, resulting in laminar solution. These flows
are characterized by secondary separation and large fluctuations
in the heating rates. A normal shock at the base is obtained us-
ing the compressibility corrections that results in high pressure,
temperature and heating rate at the base.
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