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ABSTRACT

The presented paper concerns the application and valida-
tion of Large Eddy Simulation (LES) for the prediction of
the flow around a prolate spheroid at different angles of
attack. The objective is to evaluate the applicability of
LES for practically relevant high Re-number flows, to
study the influence of subgrid modeling and grid resolu-
tion on the quality of the results and to discuss and com-
pare the flow and turbulence dynamics. The LES’ use dif-
ferent subgrid and wall-models and are performed on dif-
ferent grids in appropriate combinations. Simulations are
performed at «=10° and 20° angle of attack, and compari-
son with experimental data is carried out for both pressure
and velocity. Reasonable agreement is found for both an-
gles of attack, and the influences of resolution and subgrid
model are both comparatively smail.

INTRODUCTION

Flows around ships, submarines, and other underwater ve-
hicles are usually quite complicated and fully three-dimen-
sional (3D). Besides being an important feature in sub-
marine and ship hydrodynamics, 3D open flow separation
occurs in aerodynamic applications, such as the flow over
cars and high-speed trains, and provides a challenge to all
Computational Fluid Dynamic (CFD) models.

Traditional CFD approaches using Reynolds Aver-
aged Navier-Stokes (RANS) models (Wilcox, 1998) and
advanced steady state flow codes are often acceptable for
flows not dominated by large-scale flow dynamics. A
more viable approach is Large Eddy Simulation (LES) in
which the large energy-containing scales of motion, that
are responsible for most of the momentum transport, are
solved for, whereas the small-scale turbulence is modeled
(e.g. Ferziger, 1983, Sagaut, 2001 and Fureby, 2001),

This paper concerns the application and validation
of LES for the prediction of boundary layer flow with
complex 3D open separation and vortex formation. The
subject is a prolate spheroid, with 6:1 (major-minor) semi-
axis ratio at two angles of attack o. The resulting flow
field is well-defined and relatively simple, but exhibits all
the fundamental transition and separation phenomena of
3D flows. As shown in figure 1 the flow separating from
the sides of the body rolls-up into two strong vortices trail-
ing along the back, followed by reattachment at the center-

line on the leeward surface. A second vortex structure is
formed beneath each primary vortex, downstream to be
entrained into the primary vortices. The boundary layer
profiles are strongly affected by the separation and vortex
systems and display the quality of the solution at compari-
son to experimental data.

Figure 1. Perspective views of the flow in terms of
streamlines, rms pressure on the hull and contours of vorti-
city at x/L=0.600 and 0.772. The upper panel shows the
o= 20° case and the lower panel the a=10° case.

The simulations are assessed via comparison with
experimental measurements from previous investigations
of this flow by Chesnakas & Simpson (1996) and Wetzel
et al. (1998), and also with the experimentally-based visu-
alization studies of Han & Patel (1979) and Goody et al.
(1998) providing a detailed understanding of the surface
flow pattern. Due to the wealth of experimental data avail-
able and the simplicity of the geometry, this flow field has
made an excellent test case for CFD models (e.g. Tsai &
Whitney, 1999, Rhee & Hino, 2000, Hedin ez al., 2001
and Constantinescu et al., 2002).

The present study is part of an ongoing research
program with the long-term objective of developing a LES
capability with the ability to simulate high Re-number
flows of practical relevance. Future studies of this case
will include examination of the predictive capabilities of
the present LES models during transient maneuvers. Fur-
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ther validation of separation prediction is also deemed im-
portant.

PROLATE SPHEROID CONFIGURATION

The 6:1 ellipsoid measures L=1.37 m in length, has a di-
ameter of D=0.23 m and is sting-mounted in the Virginia
Tech. wind tunnel (e.g. Chesnakas & Simpson, 1996,
Wetzel et al., 1998 and Goody et al., 1998) having a
1.8x1.8 m? cross-section. The blockage is about 1.3%. The
freestream velocity is v,=46 m/s, giving a body-length Re-
number of Re,=4.6:10% and a freestream turbulence inten-
sity of I=0.1%. In the laboratory experiments a trip-wire is
mounted on the forebody at x/L=0.2, where x denotes the
distance from the nose of the ellipsoid. The available data
(e.g. Chesnakas & Simpson, 1996, Wetzel et al., 1998 and
Goody et al., 1998) includes velocity, surface pressure,
rms-pressure fluctuations, boundary layer properties etc.
for angles of attack between 0=5° and a=30°.

The computational domain is bounded by the ellip-
soid surface and by the inlet and outlet boundaries fitted to
a sphere with a radius twice the body length. Thus, the
domain does not take the wind tunnel walls and the block-
ing effects into account. These are however deemed negli-
gible in comparison to the benefits gained from the high
quality grid resulting from the chosen domain geometry.
The tail mounted strut, supporting the body in the experi-
ments is equally neglected. The domain is discretised with
a block structured mesh, supported by a double O-shaped
block structure, in which the inner blocks wraps closely
around the ellipsoid body, making clustering of grid points
toward the ellipsoid surface effective. Three meshes are
used in the computations in order to parameterize the ef-
fects of the grid resolution and of the boundary layer
resolution. Mesh A has ~0.75-10° cells and y*=25, where
y+=u1y/v is the non-dimensionalized distance to the wall
with u_ being the friction velocity. Mesh B is topologically
similar to mesh A but with ~1.40-10° cells and y*=~15.
Mesh C is refined to ~1.40-10° cells but all added cells are
contained in the inner O-grid and the refinement is per-
formed in the normal direction only resulting in a well re-
solved boundary layer having y*=5.

Figure 2. Schematic of the mesh and the surface flow pat-
tern. In addition, we have included the measurement
planes used for comparison with the laboratory data.

On the semi-spherical inlet boundary, Dirichlet
conditions for velocity and turbulent properties and homo-
geneous Neumann condition for pressure are applied. The
outlet boundary is fitted with a Dirichiet condition for the
pressure, and homogeneous Neumann conditions for all
other dependent variables. At the hull surface homogeneo-
us Neumann conditions are used for all variable except for
the velocity that is constrained by a no-slip condition.

THE LARGE EDDY SIMULATION MODEL
The fluid dynamic model used is based on the incom-
pressible Navier Stokes Equations (NSE), describing con-
servation of mass and balance of momentum of an incom-
pressible linear viscous fluid. In LES the motion is sepa-
rated into small and large eddies and equations are solved
for the latter. The separation is achieved by means of a
low-pass filter (e.g. Sagaut, 2001). The filter is applied by
convolving the flow variables with the kernel G=G(x,A),
where A is the filter width, to extract the large scale com-
ponents. Filtering the NSE yields,
{V—V:mp , M
9, (V)+V(¥v®V)=—Vp+V(S-B)+m",

where V is the velocity, p the pressure, S=2vD the vis-
cous stress tensor, D=%(VV+VV‘ )_the rate-of-strain ten-
sor, v the molecular viscosity, B=v®v-V®v the subgrid
stress tensor, mP={G*V]v and m"=[G*V](vev+pl-S)
the commutation errors, in which [G*,V]f:W—Vf. Only
the resolved scales are thus retained, whereas the subgrid
scale flow physics is grouped into B, m®? and m". Tradi-
tionally we neglect m” and m" and concentrate the model-
ing efforts on B(x,t)=B[V(x’,t");x,t]. Different modeling
concepts exists (Sagaut, 2001, Fureby 2001, and Fureby et
al., 2003), but here we focus on conventional functional
models in which B is parameterized in terms of the sub-
grid kinetic energy k, the subgrid eddy-viscosity v, and the
rate-of-strain ﬁ, viz.,

B=2KkI-2v,Dp where vy =c,Ak'2, o))

In the One Equation Eddy Viscosity (OEEVM) model (cf.
Schumann, 1975) k is obtained from,

0, (KHV-(kV)=2¢, A2 |D|2 +V{(vVk)+c k278, (3)

where a:c£k3/2/A is the dissipation. Assuming equi-
librium (3) simplifies to k=c;A2[D|[> from which the
Smagorinsky (SMG) model v, =cpA2|[D]| (Smagorinsky,
1963) results. Values of the coefficients ¢, and ¢, (or ¢; and
¢,) can be obtained either from a |k|®? inertial sub-range
behavior or from a dynamic procedure as part of the solu-
tion (Germano ef al., 1994 and Kim & Menon, 1994).

LES of wall bounded flows becomes prohibitively
expensive at high Re if one attempts to resolve the small
but dynamically important eddies in the near-wall region.
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The classical remedy to this problem is to modify the sub-
grid model, by means of damping functions, which provid-
es the correct scaling of v, with y* as the wall is appro-
ached, or by using separate wall models (Fureby et al.,
2003). Based on our accumulated experience in high Re-
number flows, we here use two different approaches:

* An explicit wall-model used together with the
OEEVM, hereafter referred to as OEEVM+WM. Here,
the subgrid viscosity is modified in such a way that
Vi =V+Vpe =T, A(0v/dy)p=u_yp/v} (e.g. Fureby et al.,
2003) where u, is determined from the law-of-the-
wall.

* A dynamic subgrid model using the localized dynamic
approach (Kim & Menon, 1994 and Kim & Menon,
1999) used in conjuction with SMG, and hereafter re-
ferred to as LDSMG. This model utilizes the scale-
similarity found between B and L=(%5—$®5) (Liu,
1994) and between the dissipations at the subgrid and
test filter levels, respectively, to estimate (in the least-
square sense) the values of the model coefficients ¢, or
Cp, and ¢, and ¢, if based on the OEEVM.

NUMERICAL METHODS

A finite volume method (e.g. Hirsch, 1999) for arbitrary
cell-shapes and a segregated approach described by Jasak
(1997) is used to discretize the LES equations. Spatial
central difference interpolation with compact second order
stencils based on the Gauss theorem, and time integration
performed by explicit, second order backward differenc-
ing, guarantee overall second order accuracy of the solu-
tion and low numerical diffusion. The pressure-velocity
coupling is handled with a PISO procedure based on a
modified Rhie-Chow interpolation for cell centered data
storage. This method results in a CFL-number restriction;
A maximum CFL number of 0.5 gives adequate stability,
but a CFL number of 0.3 is used since LES attempts to re-
solve the dynamics of the large scales.

RESULTS

To compare the simulations with the experimental data, a
set of sample rakes and planes are chosen: cross-sectional
planes at locations (i) x/L=0.600 and (i) x/L=0.772; a cir-
cumferential line along the median of the ellipsoid body;
Two sampling rakes in each of the planes (i) and (i), ex-
tending from the hull surface 20 mm along the surface
normal at 130° and 90° from the leeward center line re-
spectively. Pressure, velocity, secondary streamlines and
surface flow patterns in the above groups are used as base
for the validation. Furthermore, flow visualisations using
streamnlines and contour plots help analyze the complexity
of the flow pattern. Table 1 presents an overview of the
simulations carried out.

Table 1: Scheme over selected run configurations.

Run a Grid LES mod Wall mod
I 10 A OEEVM+WM  Log-law
I 20 A OEEVM+WM  Log-law
I 20 B OEEVM+WM  Log -law
v 20 A OEEVM van-Driest
\" 20 A LDSMG -
VI 20 C LDSMG -

General Observations and Flow Physics

The computational results reveal a plethora of complex
three-dimensional flow features. These include stagnation
flow, three-dimensional boundary layers under influence
of pressure gradients and streamline curvature, cross-flow
separation and the formation of free vortex sheets ensuing
streamwise vortices. Such features are archetypes of flows
around airborne and underwater vehicles warranting an in-
depth study. On the windward portions of the body a sta-
tionary attached flow is observed whereas after separation,
and particularly under the vortex systems, intense fluctua-
tions in the flow are found. The differences in the overall
flow pattern between the LES models are few, but varia-
tions in separation location, vortex position and boundary
layer profiles occur as is discussed below.

The streamribbons of figure 1 clearly show the
complexity of the flow for =10 and =20, respectively.
On the windward side, an attached 3D boundary layer is
formed, whereas on the leeward side the circumferential
adverse pressure gradient causes the flow to detach from
the hull and roll up into a counter-rotating vortex pair, spi-
raling along the back of the body. A closer inspection of
the 0=20° case results reveals a secondary vortex located
very close to the hull surface just below each primary
vortex. This weak vortex structure is quickly (and inter-
mittently) enrolled in the primary vortex as can be seen in
the upper panel of figure 1.

For a=10°, the primary vortex system stays close
to the hull along the entire body, but at «=20° the primary
vortices detaches from the boundary layer fairly early. At
the cross-section x/L=0.600, the primary vortex is flat and
located very close to the hull whereas in a cross-section at
x/L=0.772 it has detached completely from the hull and in-
creased considerably in strength. Figure 3 shows the dif-
fereces in vortex developement in terms of secondary
streamlines superimposed on the resolvable turbulent ki-
netic energy k=2{((V—<¥))*)"* and the axial velocity. For
0=10° and x/L=0.600 neither experiments nor LES show
true vortices (defined by closed streamlines), but instead a
sheet of fluid rolling-up. At x/L=0.772 both experiments
and LES show true vortices at around ¢=~145° and about
1.3 cm above the body surface. For 0=20° and x/L=0.600
the primary vortex is at ¢=~150° and 1.7 cm above the hull.
At x/L=0.772 the primary vortex is at ¢=152° and 3.2 cm
above the body surface. For a=20° a secondary vortex is
found close to the body at ¢=140° at the aft cross-section.
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() ' d)
Figure 3. Secondary streamlines superimposed on con-
tours of k (left) and on U (right) for the OEEVM+WM. (a)
o=10° and x/L=0.600, (b) a=10° and x/L=0.772, (c)
0=20° and x/L=0.600, (d) 0=20° and x/L=0.772.

In figure 4 we show the surface flow field for
o=10° and 20°. At a=10° the surface streamlines converge
from the windward side to the leeward side forming a free-
vortex type separation identified by surface stremlines
merging together along a line and leaving the surface
along it. Detachment is accompanied by the formation of
the longitudinal spiraling vortices, figure 1b. It is interest-
ing to note the downward deflection of the streamlines on
the hull, suggesting a reversal of the circumverential ve-
locity component. At a=20° we find a second open sepa-
ration supporting the two almost parallel pairs of longitu-
dinal spiraling vortices seen in figure 1b. A small region of
flow reversal is found at the rear end of the spheroid. In
general we find that in addition to form a second open
separation the increased angle of attack forces the primary
line of open separation to move upstream. The features
displayed and described here are in good agreement with
the visualization study of Han & Patel (1979).

Figure 4. Predicted surface flow pattern for the o=10°
case (upper panel) and the a=20° case (lower panel).

Detailed Comparisons of Pressure and Velocity

In figure 5a we show the static pressure coefficient C,
where Cp=2({p)—po)/v4 in which p, is a reference pres-
sure, in the meridian plane. For «=10° the agreement be-
tween LES and experimental data is generally good, espe-
cially on the leeward side. On the windward side, in the aft
region, there is some discrepancy, possibly related to the
presence of the support sting used in the experiments but
not included in the LES’. For 0=20° no experimental data

exists, but good agreement is found between the different
LES’. In figure 5b, C, is shown as function of ¢ (the azi-
muthal angle measured from the symmetry plane on the
windward side of the body) at x/L.=0.772. For a=10° the
agreement between LES and experimental data is good
with the exception of the sector between ¢=120° and 150°.
This corresponds to the region beneath the primary vortex,
cf. figure 3, and from theoretical considerations we expect
a low-pressure patch on the hull beneath that vortex. For
0=20°, C, shows the existence of both a primary and a
secondary separation on the body and the agreement be-
tween experimental data and LES is good for runs I-III, es-
pecially on the windward side. The LDSMG predictions
are somewhat different, and the fine grid results suggest an
early separation at o=100°.
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Figure 5. Comparison of the static pressure coefficient,
C,, at (a) the meridian plane and (b) x/L=0.772.

Figure 6 shows the normalized time-averaged,
velocity components (U,V,W) in the body coordinate sys-
tem along the two sample rakes for o=10° and 20°, re-
spectively. Here, U is tangent to the body pointing towards
the tail, V is normal to the body (positive outwards)
whereas W is orthogonal to both U and V. Considering
first the results obtained on grid A we find that the
OEEVM+WM gives best agreement between predictions
and experiments followed by the LDSMG, whereas the
OEEVM shows a less satisfactory agreement. OEEVM
overpredicts U and W in the outer part of the boundary
layer at x/L=0.600 and underpredicts U and W in the en-
tire boundary layer at x/L=0.772. This is likely to be caus-
ed by insufficient resolution of the inner part of the bo-
undary layer, which is taken care of by the wall-model in
the OEEVM+WM and the dynamic procedure in the L.D-
SMG - enforcing proper near wall-scaling. The results
from the OEEVM+WM appaers virtually unaffected by
the resolution, cf runs II and III. The LDSMG model on
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the other hand, clearly appears more sensitive to the reso-
lution, as can be seen in figures 5-8, and the finer mesh
produces a thinner boundary layer, and a contraction of the
vortices toward the hull.

i
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Figure 6. Comparison of the normalized velocity (U,V,W)
in the body surface coordinate system at (a) x/L=0.600,
¢=90° and (b) x/L=0.772, ¢=90°. Note that the results and
data for the a=10° case are shifted one unit in the ordinate
direction. For legend see figure 4.

The different subgrid and wall-models show that
the choice of LES model and the associated wall treatment
is important when complex flows are considered. Differ-
ences in boundary layer thickness and vortex positions are
obvious between e.g. run II and V as evident in figures 5b
and 6. All models, however, predict a thinner boundary
layer than found in the experimental data. This puzzles the
authors, as the inner part of the bounday layer is well
captured in most cases. The reason for this discrepancy is
not fully understood, but may stem from background tur-
bulence levels or from the fact that the outer boundary
layer is sensitive to the exact location of vortex systems
and separation points. Another source of discrepancy may
stem from the mentioned trip-wire used to trigger turbu-
lence in the experiments. No such device is incorporated
in the simulations.

Figure 7 shows secondary streamlines superim-
posed on U for runs IT (left) and III (right) at x/L.=0.600 (a)
and x/L=0.772 (b), whereas figure 8 shows secondary
streamlines superimposed on U for runs V (left) and VI
(right) at x/L=0.600 (a) and x/L.=0.772 (b). These com-
parisons show a difference in mesh sensitivity between the
OEEVM+WM model and the LDSMG model. LDSMG
seems to be sensitive to the resolution, while the
OEEVM+WM is almost independent of the refinement
between meshes A and B. A more thorough grid conver-

gence study is needed to investigate these observations
further.

Gt (b}

Figure 7: Vortex development in case II (left) and III
(right). Secondary streamlines superimposed on U at
=0.600 (a) and x/L=0.772 (b).

{a (b}

Figure 8: Vortex development in case V (left) and VI
(right). Secondary streamlines superimposed on U at
x/L=0.600 (a) and x/L.=0.772 (b).

CONCLUDING REMARKS

The application of LES to complex wall-bounded flow re-
quires time-consuming validation of the model on non-
trivial flows such as the prolate spheroid. All configura-
tions tested show good qualitative results, but predict dif-
ferent lines of separation, vortex locations and boundary
layer shapes and hence also different hull pressure distri-
bution. The boundary layer was generally too thin, the rea-
son to which the authors have no clear explanation, but
allude to background turbulence level and the differences
between the experimental and computational setups. Nev-
ertheless, it is notable that the inner parts of the boundary
layer were well captured by most of the models, even at
locations near separation lines and below the complex
vortex system.

Of the models tested, the OEEVM with a law-of-
the- wall based near-wall model shows the most promising
result when compared to experimental data. The dynamic
model shows promising results but a more severe grid de-
pendency that implies further grid convergence studies.
The OEEVM with van-Dreist damping is shown to predict
the poorest results. Other models than the above presented
were tested in the study of this flow case, e.g. Monotonely
Integrated LES (MILES) (Fureby & Grinstein, 2002).
These however, tended to produce too week subgrid vis-
cosity and rendered somewhat thiner and more violent
boundary layer.
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