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ABSTRACT

The present contribution reports on a direct
numerical simulation (DNS) of a fully turbu-
lent boundary layer that undergoes separation
due to the presence of a pressure gradient at
a moderate Reynolds number. The variation
of the free-stream velocity has been chosen
according to an experiment of Kalter and Fern-
holz (1994). Because of limited computational
resources, the momentum thickness Reynolds
number at the reference position is Rey = 870
which is about half as large as that of the ex-
periment. Nevertheless, a comparison of global
values and first and second order statistics
shows good agreement between simulation and
experiment.

INTRODUCTION

The separation zone embedded in a tur-
bulent flat plate boundary layer as a result
of a streamwsie a pressure gradient is highly
unsteady and characterized by low-frequency
oscillations. The improvement of turbulence
models in such flow regimes requires a deep un-
derstanding of the dynamics and mechanisms
of separation and reattachment. DNS is a
valuable tool to improve our physical insight
because it provides accurate three-dimensional
and time-dependent information of the flow
variables. Up to now, only a limited num-
ber of direct numerical simulations of sepa-
rated turbulent boundary layers are available.
The separation of turbulent boundary layers is
fundamentally different from that of laminar
boundary layers that undergo transition be-
tween separation and reattachment.

The separation of a turbulent boundary
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layer has first been numerically analyzed by
Coleman and Spalart (1993). Recently, Skote,
et al. (2000) performed a DNS of a sepa-
rated turbulent boundary layer. An extensive
study has been performed by Na and Moin
(1998) at a low Reynolds number (Rey =
300, based on inlet free-stream velocity and
momentum thickness). In their study, sep-
aration/reattachment have been enforced by
strong adverse/favourable pressure gradients
in streamwise direction.

The study presented here, is the first DNS
that reproduces an actually performed experi-
ment of a separated turbulent boundary layer
(Kalter and Fernholz 1994). In comparison
to Na and Moin’s study, it has a significantly
higher Reynolds number and the reattachment
occurs in a region with vanishing pressure gra-
dient instead of strong favourable pressure gra-
dient. Therefore, Reynolds stresses play a
crucial role in the momentum balance of the
presented flow. This study aims at providing
supplementary data for improving turbulence
models and physical insight into the dynamics
of separation and reattachment of this flow.

COMPUTATIONAL DETAILS

Our approach is based on a finite vol-
ume formulation of the incompressible Navier-
Stokes equations on a staggered Cartesian non-
equidistant grid. The spatial discretization is
central and of second order for the convective
and diffusive terms. For the time advance-
ment of the momentum equation, an explicit
second-order time step (leapfrog with time-
lagged diffusion term) is used. The Poisson
equation for the pressure is solved by a multi-
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Figure 1: Geometry of the boundary layer simulations (not
to scale).

grid method based on an iterative point-wise
velocity-pressure iteration (Manhart 1999).

The code uses local grid refinement at the
wall in order to save computational resources
(Figure 1). The refinement of the local grids is
achieved by dividing one coarse grid cell into
8 fine grid cells. The coarse and the fine grids
are arranged in an overlapping way, so that the
coarse grid is defined globally (global grid) and
the fine grid is defined only locally (zonal grid).
The coarse-grid and the fine-grid solutions are
fully coupled. The coupling is achieved by
transferring the fine-grid solution in the over-
lap region to the coarse grid. This so-called
restriction is done at certain steps within the
solution algorithm. We use averaging over four
cell faces for the velocities and averaging over 8
grid cells for the pressure restriction (see Man-
hart 1998).

Periodic boundary conditions are prescribed
in spanwise direction and no-slip at the wall.
At the upper boundary of the domain, the ver-
tical velocity is prescribed. At the outflow, a
zero gradient condition is applied for the veloc-
ities. The time-dependent inflow profiles are
constructed by superposition of a time-mean
profile and fluctuation from a position 10dg
downstream (where dp is the boundary layer
thickness at the inlet plane). A detailed de-
scription of the boundary conditions is given
in Manhart and Friedrich (1999).

The simulation is designed according to the
experiment of Kalter and Fernholz (1994). In
terms of boundary layer thickness at the in-
let §g, the reference position in the simulation
is located 100y downstream of the inlet (at
z/dp = 5.0). Using the free-stream velocity Uy
at the inlet, the Reynolds numbers at this po-
sition are Rey = 870 and Rey = 1560 in the
simulation and the experiment, respectively.
In terms of the displacement thickness d; at
the reference position, the dimensions of the
computational box are L, = 5424, in stream-
wise, L, = 1286} in spanwise and L, = 54, in
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Figure 2: Distribution of free-stream velocity (top) and
skin friction coefficient (bottom) in the separated turbulent
boundary layer

vertical direction. In the following all quanti-
ties are normalized by Uy and dg, respectively.
(6f /6o = 0.188).

We use Ng - N, - N, = 1280 - 448 - 160 grid
cells for the global grid and N;-N,-N, = 1280-
896-32 grid cells for the zonal grid which covers
only the first half of the computational domain.
This leads to a grid resolution of Azt = 12.7,
Ayt = 8.6 and Az}, = 1.595 at the wall. We
performed a preliminary simulation, denoted
here as “coarse DNS” (Manhart and Friedrich
1999), where the zonal grid extends from the
inflow to the outflow plane. This simulation
used a grid spacing of Az = 26.4, Ay™ = 12.4
and Az = 3.3. An analysis of the direc-
tional dissipation scale (see Manhart 2000) in
this simulation revealed that the local grid is
necessary only in the first half of the computa-
tional domain.

RESULTS

Global description

In Figure 2, the distributions of the free-
stream velocity Uy, and the skin friction coef-
ficient c; are shown. Since there is no varia-
tion of the free-stream velocity after separation
(z/dp =~ 40), the boundary layer is slowly re-
laxing from the separated regime by diffusive
and convective processes only. This leads to a
long regime where c; is nearly zero. The im-
provement of ¢y by the use of a finer grid is
clearly visible, especially in the initial regime
where the adverse pressure gradient sets in.
The remaining difference between DNS and
experiment can be attributed to the different
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Figure 3: Displacement (top) and momentum (bottom)
thickness in the separated turbulent boundary layer
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Figure 4: Streamlines of averaged velocity field

Reynolds numbers. Coles’ empirical correla-
tion (1962) gives values of ¢f =~ 0.004 for
Rey = 1500 which corresponds to the exper-
iment and cf = 0.0047 for Rey = 870 which
corresponds to our DNS.

The displacements thickness 6* and momen-
tum thickness 6 are shown in Figure 3. They
are in good agreement with the experiment.
The displacement thickness grows by a factor
of about 20 during separation, which docu-
ments the need for a very large computational
domain in wall-normal and spanwise direction.

The streamlines of the averaged velocity
field in Figure 4 display the geometry of the
separation bubble. According to the defini-
tion of Simpson (1996), the positions indicated
in the Figure are incipient detachment (ID),
intermittent transitory detachment (ITD) and
transitory detachment (TD). TD (50% back-
flow in time) is at the same position as 7, = 0.0
which denotes detachment or separation (at
z/6y = 44). The flow reattaches at z/dy = 72.
The height of the separation bubble is about
do. Therefore, we can speak of a strong sepa-
ration.
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Figure 5: Averaged streamwise velocity profiles in compar-
ison with the experiment of Kalter and Fernholz (1994);
x/dp = 22.17 (top) and z/dp = 90.0 (bottom)

First- and second-order statistics

Velocity profiles averaged in time and span-
wise direction are compared in Figure 5 at two
different locations: one in the adverse pressure
gradient region (z/dp = 22.17) and one after
reattachment (z/dy = 90.0). In the separation
zone, no experimental profiles are available.
The coarse DNS has difficulties in the relax-
ation regime, where cy relaxes too slowly. This
is improved by the fine grid which shows better
agreement with the experiment.

The same observation can be made in the
RMS-value of the streamwise velocity com-
ponent (Figure 6) which is significantly im-
proved by the use of a finer computational grid.
The RMS velocity fluctuation for the coarse
DNS still shows a bump at the location of the
zonal/global grid interface (at z/dy = 0.44).
By the action of the pressure gradient, the peak
of the RMS is reduced and moves away from
the wall in accordance with the growth of the
boundary layer thickness.

Momentum balance
In Figure 7 the momentum balance at a po-
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Figure 6: RMS of the streamwise velocity component in com-

parison with the experiment of Kalter and Fernholz (1994);
x /8o = 22.17 (top) and z/do = 90.0 (bottom)
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Figure 7: Momentum balance in the separation bubble

(z/do = 50)

sition /6y = 50 is shown. The pressure term
is nearly constant throughout the whole layer.
In the shear layer above the separation region
(3 < z/dp < 6), the convection term gives a
positive contribution and balances the sum of
the pressure term and the Reynolds term. The
latter extracts a significant amount of momen-
tum from the shear layer and brings it down to
the separation bubble where it is balanced with
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the pressure term. At this streamwise position,
the viscous term is negligible and the Reynolds
term is the only mechanism which accelerates
the flow near the wall and acts against the sep-
aration.

Instantaneous structure of the separation
bubble

The separation and reattachment lines are
not fixed in space and time. In order to get
an impression of the complicated nature of the
instantaneous shape of the separation bubble,
we show a perspective view of the streamwise
velocity component in Figure 8 and a top view
of the isosurface of v = 0.0 in Figure 8. The
main feature emanating from the two pictures
is the highly irregular shape of the separation

bubble. At the instant shown, the separa-
tion line meanders between z/dy = 40 and
z/dp = 50 with a dominant spanwise wave-

length of 56* (in terms of local displacement
thickness). Also, there are small forward flow
regions embedded completely in the separation
bubble.

The 2D roll-up process of the shear layer
plays an important role in the overall dynamics
of the separation bubble showing an oscilla-
tory behaviour of growth and sudden collapse
(see also Na and Moin 1998). This process
is illustrated in Figure 9, where the spanwise
averaged streamwise velocity component is dis-
played for different time steps. The separation
bubble is growing until a certain streamwise
extent is reached (tUs/do = 2397). Then
the downstream part of it slowly looses thick-
ness simultaneously over a long streamwise dis-
tance. Finally, the reverse flow disappears be-
tween z/dy = 65 and x/d9 = 80 within a very
short time.

CONCLUSIONS

We have performed a DNS of a fully turbu-
lent flat plate boundary layer with separation
as a result of a streamwise pressure gradient.
After reattachment, the boundary layer slowly
relaxes without acceleration of the free-stream
flow. To our knowledge, this is the first DNS
of such a flow performed to date which is com-
parable to a real experiment. The accordance
with the experiment is fully satisfying. The
momentum balance in the separated region is
strongly governed by Reynolds stresses. The
separation bubble shows a complicated spa-
tial structure including large-scale variations in
spanwise direction. Time sequences of span-
wise averaged velocity fields demonstrate the
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flapping of the separation bubble, observed
also in other experiments and simulations.

*
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