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ABSTRACT

Flows around missiles, rockets and projectiles often expe-
rience baseflow separation. This means that the pressure
behind the base is considerably lower than the freestream
pressure, causing base drag that often constitutes a large
portion of the total drag. The present study is motivated by
the fact that most methods used for reducing the drag often
also reduce the aerodynamic stability of the vehicle. Semi-
analytical methods and Reynolds Average Navier-Stokes
(RANS) models often fail to provide accurate results for
such flows, and therefore we use Large Eddy Simulations
(LES) to investigate the flow physics of axisymmetric
baseflow in a configuration for which experimental data is
available for comparison. Good agreement with experi-
mental data, with and without, base bleed is obtained for
several LES models, suggesting that the details of the sub-
grid model are of less importance. The simulation data are
also examined with the intention of increasing our knowl-
edge of the underlying flow physics.

INTRODUCTION

Flows around missiles, rockets and projectiles often expe-
rience baseflow separation. This means that the pressure
behind the base is lower than the freestream pressure,
causing base drag that constitutes a large portion of the
total drag (Rollstin, 1987). According to figure la, a recir-
culation region is formed behind the base. The size of this
determines the flow turning angle coming off the base and
the strength of the expansion waves. A small recirculation
region leads to stronger expansion waves, lower base pres-
sure and thus larger base drag. As the shear layer reattach-
es the flow is forced to turn along the axis of Symmetry,
causing the formation of a reattachment shock.

The drag cannot often be reduced without ad-
versely affecting the aerodynamic stability of the vehicle.
Recent attempts to reduce the drag have been directed to-
wards reducing the base drag by means of boattails (Addy
& White, 1973, Agrell & White, 1974, Herrin & Dutton,
1994) and base-bleed (Herrin & Dutton, 1994, Bowman &
Clayden, 1967, Sykes, 1970, Andersson et al, 1976, Gun-
ners et al, 1988). By adding a boattail the recirculation is

expanded through a non-zero local flow angle and a favo-
urable pressure distribution on the tail. Base bleed, figure
1b, pushes the stagnation point further downstream. Thus,
the importance of increasing the understanding of base
flows lies in the possibility of controlling the near-wake
flow interactions so that drag can be reduced without af-
fecting vehicle stability, control and performance. How-
ever, with the exception of Herrin & Dutton (1994a), Her-
rin & Dutton (1994b), Mathur & Dutton (1996) and Bour-
don et al (1998), reliable experimental data in the base re-
gion is limited, thus presenting a problem in validation.

Figure 1. Axisymmetric baseflow in terms of Ma conto-
urs, streamlines and iso-surfaces of Q for (a) without base
bleed (I=0) and (b) with base bleed (I=0.0113).

Early attempts to predict baseflows are summariz-
ed in Delery & Lacau (1987). However, solving the under-
lying Navier-Stokes Equations (NSE) offers the ability to
more realistically predict the details of the flow, and to
remove many of the assumptions inherent in the simpler
methods, and in addition more complex geometries require
a more general approach. There are various techniques for
the numerical prediction of turbulent flows govemed by
the NSE. These range from Reynolds Average Navier-
Stokes (RANS) models (Launder & Spalding, 1972) via
Large Eddy Simulation (LES) models (Sagaut, 2001) and
Detatched Eddy Simulation (DES) models (Nikitin ef al,
2000) to Direct Numerical Simulation (DNS) models
(Reynolds, 1990). Since large scales of separated flows are
strongly dependent on the geometry RANS often fails to
provide accurate results for such flows. Attempts to solve
afterbody flows with RANS have been ongoing since the
late 1970’s. Putnam & Bissinger (1985) summarize these
early attempts and conclude that the current methods were
unable to accurately predict these flows.
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Here, LES is used to examine the spatio-temporal
behaviour of supersonic base-flow with and without mass-
injection. In particular the experimental configuration used
in Herrin & Dutton (1994a), Herrin & Dutton (1994b),
Mathur & Dutton (1996) and Bourdon et al (1998) is chos-
en as a natural compactly characterised test configuration.
The aim is (i) to analyse the predictive capabilities of con-
ventional LES and Monotone Integrated LES (MILES);
(ii) to examine the sensibility of LES to the details of the
subgrid models; (iii) to study the physics of supersonic
base-flow from aerodynamic bodies of revolution, with
and without mass-injection, and (iv) to generate a database
of first and second order statistical moments of the veloc-
ity for use in calibrating and improving RANS models.

THE CONVENTIONAL LES MODEL

In LES all variables f are split into resolved and subgrid
components f=f+f’, where f=G*f is the resolved part,
G=G(x,A) the filter kernel and A the filter width. For vari-
able density flows, Favré-filtering f=pf/p is used so that
f=f+f” . Convolving the NSE with G,

9, (PI+VpV)=0,
9, (PV+V(p¥e¥)=—Vp+V(S-B), (1)
9, (pE)+V{(pve)=V{h-b)+SD+pe,

where pis the density, v the velocity, p the pressure,
S=ntDI+2uDp the viscous stress, B=p(V®V-V®V) the
subgrid stress, e=c, T the internal energy (with T the tem-
perature and c the specific heat), h=xVT the heat flux,
b=§(%—§'é) the subgrid flux, and §e=§ﬁ—§-D the sub-
grid dissipation. Here, D is the rate-of-strain tensor, | and
i the viscosities, and k the thermal conductivity.

Models for B, b and ¢ are required to close (1) and
to emulate the effects of the subgrid flow on the resolved
flow. To this end we assume that,

2
b=—KkVé, ( )

{B=%<§k—uk\7-v)1—2ukf)n,
where k, i, and x, are the subgrid kinetic energy, eddy-
viscosity and eddy-diffusivity, respectively. To close (2)
we employ the Smagorinsky (SMG) model (Smagorinsky,
1963) k=c;A*|Di*, v =cpA*|D|| and K, =p/Pr, where
Pr=0.7 is the turbulent Pr-number. The model coefficients
¢, and ¢, are evaluated using either of:

e an |k|*? inertial sub-range behavior from which it fol-
lows that ¢;=0.02 and ¢;=0.13,

e scale-similarity between B and L=§(ﬁ—%®$) (Kim
& Menon, 1997, Kim & Menon, 1999) from which we
have that cp=(LpSy2(SS) and ci=k/(A*{D]|*),
where S=—A%||D||D.

Hereafter referred to as SMG and LDSMG, respectively.

The self-similarity implies that both A and A must lie in

the inertial range, which also provides an estimate for the
minimum grid resolution that can be used for a given Re-
number. The denominators in the expressions for ¢, and ¢;
are well defined at the test filter level and can be computed
locally, which further implies that ¢, and ¢; can be evalu-
ated locally without encountering any numerical problems
as often is the case when using the dynamic model based
on Germano’s identity.

The LES equations are here discretized using an
unstructured Finite Volume (FM) method (Hirch, 1999).
The discretization is based on Gauss theorem and a multi-
step time-integration scheme (Hirch, 1999). High-order re-
construction of convective fluxes and central differencing
of inner derivatives gives second order accuracy in space,
and Crank-Nicholson time-integration gives second order
accuracy in time. Stability is enforced by using compact
stenciles and by enforcing conservation of kinetic energy.
The equations are usually solved sequentially, with iterati-
on over the explicit source terms to obtain rapid conver-
gence, with the stability requirement that Co<0.4.

THE MILES MODEL
As compared to conventional LES, where subgrid effects
are represented by explicit models, cf. (2}, MILES bor-
rows particular features of some numerical schemes to
construct implicit subgrid models by means of the trunca-
tion error (Fureby & Grinstein, 2002a, Grinstein & Fureby
2002b). By incorporating a sharp velocity-gradient captur-
ing capability operating at the smallest resolved scales,
MILES secks to emulate, the high-wavenumber end of the
inertial subrange — characterized by thin filaments of in-
tense vorticity embedded in a background of weak vortici-
ty (Jimenez, 1992, Grinstein & DeVore 1996). MILES
draws on the fact that finite difference, volume and eleme-
nt methods filter the NSE over cells — with typical dimen-
sion || — using a top-hat kernel. When founding MILES
on concepts like the Flux Corrected Transport (FCT) (Bo-
ris & Book, 1973), the functional reconstruction of the
convective fluxes is done using a flux-limiting method
combining a high-order flux-function with a low-order dis-
persion-free flux-function using a non-linear flux-limiter
T. Moreover, the functional reconstruction of the viscous
fluxes is typically done using linear interpolation. Similar
approaches have been used by several groups, for a review
see Grinstein & Karniadakis, 2002, and references therein.
The modified equations provide the best platform for
comparing MILES and LES and following Fureby & Grin-
stein (2002a), (2002b) the implicit subgrid model is,
B=p(C(VWV)T +(VW)CT +x 2 (Vv)d&(VV)d), 3
b=p(CVe+y?(Ve-d)(VV)d), ¢

where C=y(ved), x:%(l—F)(B——BT) with T being the
flux limiter and B= B(I"). The built-in subgrid stress tensor
can be split into two parts of which the former is a general-
ized eddy-viscosity term with C being the tensor-valued
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eddy-viscosity whilst the latter is of a form similar to the
scale similarity part in a mixed model.

DESCRIPTION OF THE CASES

The configuration of this study is based on the experi-
mental work by Dutton and co-workers (Herrin & Dutton
1994a, Herrin & Dutton 1994b, Mathur & Dutton 1996
and Bourdon et al 1998). In the experiments, high-pressure
air enters a stagnation chamber and passes through a flow-
conditioning module. The air is expanded to Ma~2.46 in
the test section using a converging diverging nozzle and
exit by a conical diffuser and an exhaust duct to the sur-
rounding air (cf. Herrin 1993 for further details). The free-
stream velocity, pressure and temperature are u_=576 m/s,
p..=515 kPa and T_=294 K, for the zero base-bleed case
and u_=576 m/s, p.=471 kPa and T.=300 K, for the bleed
case. The cases are characterized by I=u°°rhAb/p°° where
m is the bleed mass flow rate, p_ the ambient density and
A, the base area. The afterbody in the experiments has a
radius of 1,=31.75 mm, and for the base bleed cases it has
a1=12.70 mm bleed orifice. The Re-number is Re=45-10°
m™', which amounts to a Re-number based on the free-
stream velocity u_, and the diameter D of the afterbody of
Re,=2.86-10° For further details of the test conditions and
and simulations carried out we refer to Table 1.

Table 1. Summary of simulations

Run 1 Grid SGS
I 0 0.7-10° MILES
I 0.0113 0.7.10¢ MILES
m 0 1.4.10¢ MILES
v 0.0113 1.4-10¢ MILES
v 0 1.4.10¢ LDSMG
VI 0.0113 1.4-10% LDSMG
VII 0.0226 1.4-10° LDSMG

The computational domain consists of a circular
cylinder with an outer radius of 6r, and extending 8r, up-
stream of the base-plane and 12r, downstream of the base-
plane, figure 2. Supersonic inflow conditions are imposed
at the upstream boundary, and for the jet subsonic inflow
conditions are imposed. Open boundary conditions, using
a wave-transmissive condition (Poinsot & Lele, 1992) are
imposed at the downstream boundary, and in the cross-
stream direction. No-slip adiabatic boundary conditions
are imposed on the afterbody, and on the base-plane. The

(LTI :
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I

Figure 2. Side views of the domain and the (coarse) mesh

flow is initially set to the freestream conditions (u,, p.., T..)
and is then advanced in time until the initial transients
have disappeared, whereafter the statistical sampling is
activated. This sampling is performed over about ten flow-
through time. Simulations with different subgrid models,
or bleed-rates, are restarted from previous simulations and
require shorter time for initial transients to disappear.

Two grids are used to study the effects of the spa-
tial resolution, figure 2. The average wall-normal direc-
tion, y*, is 10 for the fine grid and 25 for the coarse grid,
and the mesh is expanded radially using geometrical pro-
gression. In the streamwise direction geometrical progres-
sion is also used to expand the grid, but here we also take
into consideration the expansion of the shear layers. The
inflow velocity profile (at x/r,=-8.0) is obtained by run-
ning a separate boundary layer code at the prevailing con-
ditions resulting in a Blasus-type profile.

RESULTS

In figure 3 we show the base pressure coefficient Cg from
simulations and experiments. C}ti exhibits only small
variations with r, except for a slight increase near the base
corners, being in good overall agreement with the experi-
mental data. From data, it is clear that the mean base pres-
sure initially increases with bleed-rate I, peaks around
1=0.0148, and then decreases as 1 is increased further. This
response is corroborated by simulations carried out at I=0,
0.0113 and 0.0226 showing this trend. CB is however
systematically overpredicted by 5%. A potential source of
error may be the difference in approach boundary-layer
thickness between the experiments and the simulations; a
thick boundary-layer is thought to have a base pressure en-
hancing effect, similar to that of base-bleed. In the LES the
approach boundary-layer is found to have a thickness of
about 8~2.6 mm and the associated friction velocity varies
with I between u,=19.6 m/s and 22.5 m/s. In the experi-
ments, however, the approach boundary-layer thickness is
8=~3.2 mm so that the associated friction velocity is
u~23.6 m/s.

I_O —  MILES I=0 700kcells
= - MILES I=0.0113 700kceks
~0.14 — - MILES =0 1400koelis
———  MILES 1=0.0113 1400kosiis
-0.16] - -~ LESw. LDKM E0 1400kosls 4
- = - LESw. LDKM |=0.0113 1400kcelis
o8k . ©  EXP =0, Herrin & Dutton
a EXP 1=0.0113, Mathur & Dutton

=1 -0.5 0 0.5 1
o

Figure 3. Distribution of the base pressure coefficient Clﬁ
across the base.

Figure 4 presents the axial velocity (v, )/v,, along
the centreline. For I=0 the predicted peak reverse velocity
(0.32u,, at x/r,=1.45) is in good agreement with the data
(0.34u,, at x/r,=1.52) independently of grid and subgrid
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models. The rear stagnation point at x/r,=2.45 is slightly
shifted upstream when compared with the data for which
x/1,=2.65. For 1=0.0148 the location of the rear stagnation
point is x/r,;=3.10 which is in good agreement with the data
of x/1,=3.20. Hence, the observed downstream shift of the
forward stagnation point with increasing bleed rate has the
effect of decreasing the size of the recirculation region.
The predicted peak reverse velocity is in close agreement
with the experimental value of —0.05v,,. The position of
the anticipated peak reverse velocity occurs progressively
downstream, its magnitude diminishing with increasing
bleed rate I in the same manner as found in the experi-
ments. Simulations of the highest bleed rate (I= 0.0226)
case show no reverse flow, suggesting penetration of the
bleed jet into the wake region.

1

- [

08 g :
1=0.0113

——  MILES =0 700keeils
——  MILES #=0.0113 700kcells
- MILES I=0 1400kcells
- -~ MILLES =0.0113 1400kcalls
== - LESw. LDKM I=0 1400kcei
--=--  LESw. LDKM i=0.0113 1400kcalls {
o EXP 1=0, Herrin & Dutton
o EXP 1=0.0113, Mathur & Dutton

Figure 4. Comparison of (v, )/v,, along the centerline for
different values of I

Contour plots of the mean axial and radial velocity
components, (¥), and (V). respectively, at the center-
plane for I=0 and 0.0113 are presented in figure 5. The
initial portion of the free shear layer is characterised by
very high gradients of (¥),, and is in good qualitative
agreement with the experimental data for 1=0. The
spreading of the axial velocity gradients is indicative of
the development of the shear layer prior to reattachment,
and also of the further wake evolution. Furthermore, the
distribution of (¥), in the free shear layer downstream of
the base appears to be separated in an inner region and an
outer region, of which the former appears to diverge more
rapidly towards the centreline. The inner region finally
overtakes the outer region and consumes most of the total
shear layer width. These findings are in good qualitative
accordance with the experimental data. The shape of the
mean-velocity defect, and the associated recovery of (V)
downstream of reattachment is dependent of I; along the
centerline, the flow re-accelerates to somic speed at
x/r,~4.8 and 5.8, for I=0 and 0.0113, respectively. The
(V) component is smaller than the (v), component, em-
phasizing the anisotropy in the near-wake. The high radial
velocity gradient at the base corner marks the turning of
the flow through the expansion fan, whilst the radial ve-
locity gradient further downstream, occurring at the re-
compression region, marks the start of the trailing wake.
As the outer flow approaches the axis of symmetry, the
magnitude of (V), continues to increase due to the axi-
symmetric effect, to a peak value of about 0.24u_, for 1=0

at approximately 2-r, downstream, and 0.29u,, for I=
0.0113 at around 3-1, downstream. The value of I clearly
affects the strength of the recompression waves: for I=0 a
strong recompression is observed in the simulations, whilst
at higher values of I this weakens to expire at 1=0.0226.
Furthermore, the mean tangential velocity (V), component
is negligible in comparison with (V). for all cases, how-
ever, it was observed to be larger when 120 and in partic-
ular for 1=0.0226.

Figure 5. Distribution of the mean axial (V)4 (panels (a)
(b) and (c)) and radial (¥), (panels (d), (e) and (f)) veloc-
ity components at the centerplane for 1=0 (panels (a), (b),
(d) and (e)) and 1=0.0113 (panels (c) and (f}).

Figure 6 shows composit plots for (a) 1=0 and (b)
1=0.0113 in terms of: Ma and p together with vortex cores
in the upper panel, iso-surfaces of Q=—%([D|}*~[|W||*) in
the lower left panel, and endviews of p in the lower right
panel. The flows are strongly three-dimensional and un-
steady, having the additional effects of weakening the cor-
ner expansion and the downstream recompression. At the
base corners, the expansion fans can be recognized by the
increase in Ma followed by the gradual recompression in
the freestream flow associated with a decrease in Ma. At
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low bleed rates, near the base, the flow is generally re-
versed virtually out to the corner, however, at higher bleed
rates the flow only becomes reversed in the annular region
around the bleed jet and downstream of the bleed jet, de-
pending on the bleed rate. The free annular shear layer is
turbulent and viscous, forming at the base corner and de-
veloping downstream to reattachment, whereupon it forms
the far wake. The pressure gradient and the shear stress
gradients in the shear layer are reduced as the shear layer
matures when turbulent mixing develops, entraining ambi-
ent fluid from the freestream into the wake. Base bleed
seems to narrow the annular shear layer and move it furth-
er from the line of symmetry. The base bleed seems to in-
crease the mixing near the corners, leading to reduction of
shear stresses, but by directing most of the injectant into
the recirculation region the downstream mixing seems not
to be fully developed.

Figure 6. Ma and p contours together with vortex cores in
the upper panel, iso-surfaces of Q in the lower left panel,
and endviews of p in the lower right panel.

The vorticity distribution is extremly complicated
and strongly dependent on I; for I=0 the vorticity is domi-
nated by ®,=(Vx¥) produced in the annular shear layer
downstream of the base corner and in the region of mean
reattachment. These axial vortices are unstable and exhibit
a shedding-like behaviour. For I#0 the annular Kelvin-

Helmholtz instability, along the jet border, yields high in-
tensity vortex structures mainly consisting of axisymmet-
ric rings enclosing a region of intense axial vorticity. The
axisymmetric vortex rings are short-lived and therefore
only present in the near wake region and may occasionally
alternate with helicoidal vortices. In the region of reat-
tachment, large coherent structures, having a characteristic
size of about r,/10 — considerably larger than the mesh
resolution A, are found in simulations and experiments. In
the developing wake the endviews suggest that the coher-
ent structures seem to have a preferred orientation of ap-
proximately +45° from the principal axis that coincides
with experimental data. Considering the end-view images
it seems that the development and evolution of the large
coherent structures is a realistic prediction based on the
filtered NSE. For I#0 the development of the flow in the
reverse and redevelopment regions are different as may be
seen in figure 6. In the shear layer the bleed jet dominates
the flow field, close to the mean reattachment, however,
the differences are less apparent, whilst further down-
stream, in the developing wake differences emerge as a re-
sult of the different flow, governed by the interactions of
the free shear layers, the bleed jet and the expansion and
recompression waves.

CONCLUDING REMARKS

In this study LES was used to examine investigate the be-
haviour of axisymmetric supersonic base flow with and
without base bleed. In order to investigate the influence of
the subgrid model and the spatial resolution simulations
for a zero base bleed case (I=0) were carried out using two
different LES models, MILES and LDSMG on two grids.
Good qualitative and quantitative agreement for both first
and second order statistical moments between predictions
and experiments can be observed. This suggests that the
resolvable flow is fairly independent of the details of the
subgrid model as observed elsewhere. Inproved agreement
is obtained on the finer grid, on which more flow detailes
are apparent. Additional sources of error (e.g. the discreti-
zation, the size of the computational domain and the far-
field boundary conditions) will be examined in a forth-
comming study. The influence of mass injection or base
bleed on the near wake flowfield and on the pressure dis-
tribution on the base is investigated next. Again, good
quantitative and reasonable qualitative agreement with ex-
perimental results for the first and second order statistical
moments are found. In particular, the trends associated
with altering the value of the mass injection I, are well re-
produced by the simulations. Good agreement between
predicted and measured pressure distributions, showing
almost uniform radial mean pressure profiles across the
base are observed. Furthermore, the mean base pressure
increases with increasing base bleed I to attain a peak
value at about 1=0.0148, to then decrease with further in-
crease in I. By analyzing the axial and radial velocity dis-
tributions at the centreplane it can be seen that an increase
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in bleed rate is accompanied by the decreasing size and
intensity of the recirculation region (due to the down-
stream shift of the forward stagnation point) and a posteri-
or reduction in the peak axial and radial rms-velocity
fluctuations at the forward stagnation point. Injection in-
creases the base pressure and therefore reduces the mean
base drag. Maximum base pressure occurs when free-
stream flow turning is minimised. Thus, peak base pres-
sures are reached when the entrainment of freestream air
into the wake is minimised.
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