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Abstract LES of flows around a three-dimensional
hill and a finite cylinder mounted on a flat plate
are presented. Inlet boundary conditions are made
from a DNS results of low Reynolds number channel
flow. Results are compared with existing experimen-
tal data.

INTRODUCTION

Many flows of engineering interest contain separa-
tions that occur on surfaces with curvatures. Such
flows are more dependent on the viscous effects
and upstream flow (inlet boundary conditions and
boundary layer) than bluff body flows with sharp
edge separation such as flow over a surface mounted
cube or rectangular cylinder. This means that in
LES of such a flow, the inlet boundary conditions
must be similar to those in a real wind tunnel ex-
periment and that the resolution of the upstream
boundary layer becomes very important for the suc-
cess of the simulation. These two requirements can
be difficult to fulfill in LES of high Reynolds number
flow.

In this paper we present LES of two flows, that
around a three-dimensional hill and around a finite
wall mounted cylinder. Both these flows contain sep-
arations on curved surfaces and are characterized
with medium or high Reynolds numbers.

DESCRIPTION OF THE FLOWS AND NUMER-
ICAL DETAILS

The three-dimensional hill used in the present work
is that from the experiments by Simpson et al (1).
The geometry of the body and the computational
domain are given in Fig. 1. The geometry of the hill
is defined by
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where A = 3.1926 and a = 2H is the radius of the
circular base of the hill. Jy and Iy are the Bessel
function of the first kind and the modified Bessel
function of the first kind, respectively. The Reynolds
number, based on the maximum inlet velocity and

the hill height H is Re = 1.3 x 10°.
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Figure 1: Computational domain with the axisym-
metric hill.

The finite cylinder studied in this paper is that from
the experiments by Park and Lee (2). A cylinder
with an aspect ratio (L/D) of 6 was mounted ver-
tically on a flat plate. Free stream inlet velocity
Up = 10 m/s and diameter D equal with 0.03 m
give a Reynolds number of approximately 20000.

A test section of 24D x 20D x 28D (width x height
x length) was used in our simulation. The inlet and
the outlet in our numerical wind tunnel are placed
8D and 19D from the cylinder, respectively.

Simulation of the hill is conducted using an orthog-
onal grid. It contains 256 x 96 x 192 cells in z,
y and z directions, respectively. A time step of
AtUpes/H = 0.0038 is used. The averaging time,
tUrer/H, in the simulations is 103.8 (27,000 time
steps).

For the cylinder flow simulation, a multi-block com-
putational mesh was made. A grid topology was
made using several O and C grids in order to con-
centrate most of the computational cells close to the
cylinder. The large number of cells close to the sur-
face is needed in order to resolve laminar boundary
later on the front part of the cylinder. Total of 7.1
million cells was used in the entire computational do-
main. Time step normalized with the inlet velocity
Up and the cylinder diameter D was 0.00167. Maxi-
mum CFL number was smaller then one for all time
steps.

Our LES simulations use the Smagorinsky subgrid
scale model with van Driest damping function and
the Smagorinsky constant of Cs = 0.1. LES equa-



tions are discretized using a 3D finite volume method
for solving the incompressible Navier-Stokes equa-
tions using a collocated grid arrangement. Both con-
vective and viscous plus sub-grid fluxes are approx-
imated by central differences of second-order accu-
racy. The time integration is done using the second-
order Crank-Nicolson scheme.

To simulate inlet velocity boundary condition in both
simulations a separate direct numerical simulation of
the channel flow with Re, = 500 is conducted. Tur-
bulence resulting from such low Reynolds simulation
is of course different from that in our high Reynolds
number channel. In order to fit the fluctuations from
the channel flow to our new simulations, these are
rescaled so that lower half of the channel (up to the
center line) is scaled to boundary layer thicknesses
dgg in the hill and the cylinder flows, respectively.
These fluctuations are superimposed to the bound-
ary layer of the experimental mean profile. Besides
the spatial fit, the temporal fit of the fluctuations
from the channel flow was done.

RESULTS

Profiles for the velocities and the stresses from our
LES of the hill flow were compared with the ex-
perimental data by Simpson et al (1) in the plane
x/H = 3.69. The agreement of both the stream-
wise and the spanwise velocities is good (see Fig.
2). Some differences are observed in (w);/Us veloc-
ity components above y/H = 0.5. Obviously there
is secondary flow motion coming from the hill that
is not represented in our LES. We found also that
the Reynolds stresses were somewhat over-predicted
in our simulation. However our results are in much
better agreement with the experimental data than
any in previous RANS simulations.

Our LES displayed instantaneous flow around cylin-
der with large number of small scale Kelvin-
Helmholtz vortices (see Fig. 3a). Very thin horse-
shoe vortex was observer at the junction of the cylin-
der with the plane. Surface pressure coefficients are
compared with the experimental data by Park and
Lee (2) in Fig. 3b. Similar to the experimental ob-
servations the separation point in our LES is more
delayed closer to the free end (Fig. 3b). The agree-
ment of (Cp); is better closer to the free end than at
the half of the cylinder height. Thus LES does bet-
ter job in the region with sharp edge separation than
along the cylinder where prediction of the laminar
boundary layer and transition are important. This
indicates that finer resolution is required. Stream-
wise velocity and turbulence intensity are found to
be under- and overpredicted, respectively, in our LES
(not shown here). Finer meshes are constructed con-
taining about 16 and 14 million nodes for the hill and
the cylinder flow, respectively. These simulations are
ongoing work and their results will be included in the
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Figure 2: Hill flow. Streamwise (u);/Us and span-
wise (w);/Us velocity components. Solid line: LES;
markers: Experiments by Simpson et al (1).
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Figure 3: Cylinder flow. a) Instantaneous flow from
LES. Second invariant of the velocity gradient @) =
7000 colored with the streamwise velocity. b) Surface
pressure coefficient at three z locations. Solid line:
LES; markers: Experiments by Park and Lee (2).
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