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Large-eddy simulations using the approximate-deconvolution subgrid-scale model of compressible flow in a

channel with streamwise-periodic constrictions are performed at two Reynolds numbers of 2800 and 10,595. The

goal of the study is the evaluation of this subgrid-scale model for massively separated flows. The Mach number was

chosen as 0.2 to facilitate comparison with incompressible flow data. A relatively coarse structured grid and a finite-

volume discretization employing a skew-symmetric fourth-order central scheme are used with a four-stage Runge–

Kutta method for time integration. The results are compared to data from the literature obtained with

incompressible direct numerical simulations, as well as highly resolved large-eddy simulations. Despite the chosen

coarse resolution, good agreement of the statistical quantities and important flow features, such as separation and

reattachment locations, is achieved. In contrast to previous works we also consider the flow properties at the straight

upper wall. We introduce a new measure quantifying the time fraction of reverse flow along the wall. Furthermore,

we analyze the energy density spectra of the velocity fluctuations and study the turbulence structure with Lumley’s

flatness parameter and realizabilitymap.Wealso illustrate the vortex systems associatedwith the shedding andother

instantaneous flow structures.

Nomenclature

cf, cp = friction and pressure coefficients
E:: = power density of quantity �
F = Lumley’s flatness parameter
f = frequency
f �� ~u = volume force in the streamwise

filtered momentum equation
h = hill height
II, III = second and third Lumley invariants
Lx, Ly, Lz = domain size in the x, y, and

z directions
Ma = Mach number
n = wall-normal direction
Pr = Prandtl number
p = pressure
Rgas = mass-specific gas constant
Re = Reynolds number
RHS�� ~u = right-hand side of streamwise

momentum equation
r = backflow fraction [Eq. (2)]
S = surface
St = Strouhal number
T = temperature
t = time
u, v, w or ui (i� 1; 2; 3) = velocities in the x, y, and z

directions
V = volume
x, y, z = streamwise, spanwise, and vertical

directions

xsep, xreatt = separation and reattachment
positions

� = isentropic coefficient
�t, �T = time step, time interval
�z� = wall distance in wall units
�2 = vortex-identification criterion
� = dynamic viscosity
� = density
� = stress

Subscripts

ref = reference quantity
S = cross-sectional bulk quantity in

plane above hillcrest [i.e.,
���S �

R
S���jx�0dS=

R
S dS]

V = volumetric bulk quantity [i.e.,
���V �

R
V���dV=

R
V dV],

computational domain
wall = wall quantity
k = wall-parallel vector component
? = wall-normal vector component

Operators

�� = low-pass filtering
�� = derived quantity computed from

low-pass filtered quantities
~� = Favre filtering
~�00 � ~� � h~�i = Favre fluctuation
h�i or h�it = time (ensemble) averaging
h�ix; h�iy = spatial averaging in x and y

directions

I. Introduction

T HE phenomenon of massive flow separation is of importance in
numerous flows of industrial interest. Separation can occur at

bluff bodies such as turbine blades or vehicle bodies and often leads
to suboptimal operating conditions and performance deterioration. It
is therefore important for computational fluid dynamics (CFD) to
accurately predict separation and reattachment, as well as the flow
conditions in those regions, at affordable computational cost. The
numerical simulation of flows with separation from curved surfaces
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is especially challenging, because the separation location is not
prescribed as for sharp edges but is often spatially fluctuating in a
highly spotty and unsteadymanner. The separation process naturally
exerts great influence on the downstream flow. Previous simulation
studies of separated flows [1,2] revealed that a deviation in the
prediction of the mean separation location can lead to an error nearly
a decade higher in the prediction of downstream flow behavior, for
example, the mean reattachment location.

Because direct numerical simulations (DNS) are feasible only for
low Reynolds numbers, computationally cheaper but still accurate
simulation methods have to be developed. The traditional way to
reduce the computational expense in a turbulent flow simulation is to
time average the Navier–Stokes equations, yielding the Reynolds-
averaged Navier–Stokes (RANS) equations. The unclosed Reynolds
stresses need to be modeled by a statistical turbulence model. Many
different RANS models have been developed over the years,
however, often an adjustment of model parameters is needed to
account for the conditions of a specific flow case. A major problem
formost models is the prediction of challenging flow regimes such as
the laminar-turbulent transition, separation, and reattachment.

An alternative simulation methodology, which is computationally
more expensive than RANS but provides much more detailed and
more accurate results, is the large-eddy simulation (LES). In this
approach small scales are removed by filtering the Navier–Stokes
equations with a spatial low-pass filter. Thereby unclosed subgrid-
scale (SGS) stresses arise which have to be modeled. In recent years,
a number of different SGS models have been developed. An
overview can be found in the reviews of Sagaut [3], Meneveau and
Katz [4], Lesieur and Métais [5], and Domaradzki and Adams [6].
Because of its ability to accurately resolve unsteady flow processes
and its (compared to DNS) relatively lower computational cost, LES
is a suitable approach for the simulation of massively separated
flows.

The streamwise-periodic hill channel (Fig. 1a) is one of the
standard test cases for the computation of separated flows from
curved surfaces. Investigations of this configuration typically serve
two purposes. Direct numerical simulations and highly resolved
large-eddy simulations are performed to investigate the physical
flow properties due to the separation process. These results can then
be used by turbulence modelers to assess and improve their
turbulence models for RANS or subgrid-scale models for LES. The
streamwise-periodic hill channel is well suited for such a venture.
The simple geometry and clearly defined boundary conditions
facilitate the reproducibility and comparability of results. Still, the
standard flow conditions investigated, notably the Reynolds number
and spanwise domain width, require relatively high resolution
(particularly in the separation region) and long integration times for
obtaining accurate statistics.

Periodic-hill flow has been extensively investigated both
experimentally and numerically in the past. In contrast to the
originally measured configuration [7], the interhill distance has been
enlarged in the simulation studies. This allows the flow to reattach
freely between the hills and recover in the postreattachment zone,
while in the experiment the reattachment is forced due to the
impingement of the separated flow onto the next downstream
elevation of the wall. A review of RANS results can be found in [8–
10]. Furthermore, large-eddy simulations were performed by several

groups [1,11–15]. Because of the computational cost, direct
numerical simulations for this test case have been performed only
recently byPeller andManhart [16] aswell as byBreuer et al. [14] at a
reduced Reynolds number. A more detailed documentation of our
research of the periodic-hill channel can be found in [17]. In an
extension of this study [18,19], we investigated compressibility
effects on the streamwise-periodic hill channel in a series of
simulations with Mach numbers increasing up to 2.5.

The aim of the work presented here is to evaluate the approximate-
deconvolution subgrid-scale model (ADM) [20–22] for LES of
unsteady separated flows. ADMhas been demonstrated to work well
in past studies [21–31] for incompressible and compressible flows, in
conjunction with various numerical methods and in a broad range of
transitional and turbulent flow scenarios. By comparing our results
with high-resolution LES and DNS data, we also demonstrate the
capability of LES to yield high-quality results at relatively coarse
resolution.

This paper is organized as follows. After a short presentation of the
flow geometry and boundary conditions in Sec. II, we outline the
employed simulation code, subgrid-scale model, numerical method,
simulation parameters, and spatial discretization in Sec. III. In
Sec. IV, we present our LES results and compare vertical mean-flow
profiles and the friction and pressure coefficients at the walls to
reference data of Peller and Manhart [16] and Breuer et al. [14]. In
addition to a discussion of the mean flowfield and its associated flow
features with spanwise contours of various mean-flow quantities, we
investigate the frequency content of the velocity fluctuations and
their dominant components with their energy density spectra. The
turbulence structure is studied in detail with Lumley’s flatness
parameter and anisotropy invariance triangle [32]. We highlight
some typical vortical structures appearing in the instantaneous flow
and describe their interaction. Finally, we illustrate the character-
istics of the instantaneous separation process by introducing a new
measure which quantifies the temporal fraction of reverse flow at the
walls.

II. Flow Configuration

Figure 1a shows a side view of the streamwise-periodic hill
channel flow configuration. At the bottom and top, the channel is
constrained by solid walls. Periodic boundary conditions are
employed in the streamwise (x) and spanwise (y) directions. The hill
height h is chosen as the reference length for nondimensionalization,
and henceforth omitted for brevity. The computational box extends
over Lx � 9 in the streamwise direction, Lz � 3:036 in the wall-
normal direction, and Ly � 4:5 in the spanwise direction.

Although the structure of the mean flowfield depends on the
specific flow conditions, the flow typically separates in a highly
unsteady manner shortly behind the hilltop and reattaches
somewhere in the flat region between the hills. The resulting
separation bubble can be recognized only in the mean flowfield. The
instantaneousflow shows a periodic shedding of smaller vortices that
are convected downstream. These highly unsteady flow properties,
which are discussed at the end of this paper, lead to long sampling
times (about 40–50 flow-through times) to obtain sufficiently
converged statistics.

Fig. 1 a) Sketch of the periodic-hill channel (dotted line: edge of the mean-flow recirculation zone with clockwise orientation) and b) present

computational mesh.
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III. Numerical Method, SGS Model, and
Flow Parameters

The Navier–Stokes multiblock (NSMB) code [33,34] employed
for this study is a block-parallel cell-centered compressible finite-
volume solver for structured grids. NSMB incorporates a number of
different RANS and LES models, as well as numerical (central and
upwind) schemes with an accuracy up to fourth order (fifth order for
upwind schemes). Technical details about NSMB can be found in
[35], and examples of complex flows simulated with NSMB are
published in [30,31,36–38].

The main components of the ADM, which is employed here as a
subgrid-scale model, are the direct computation of the nonlinear
fluxes with an approximation of the unfiltered state vector, obtained
by an approximate-deconvolution (defiltering) procedure [20], and a
relaxation term employed for regularization [22]. The approximate
deconvolution is based on a truncated series expansion of the inverse
LES filter, leading to an approximate-deconvolution filter defined by
a linear combination of the repeatedly filtered state vector.

In our computations, filtering is carried out with an explicit

discrete graded filter with Fourier transform Ĝ in a general
formulation for structured curvilinear grids [21]. For the inner points
away from the walls, the filter consists of a central five-point stencil
with a commutation error of third order (i.e., polynomials of up to
second order are invariant to filtering). The filter cutoff wave number

!c, defined by jĜ�!c�j � 1=2, is located at !c � 2�=3. Near the
walls asymmetric stencils with similar properties are employed for
consistency. The deconvolution order [20] is set to the well-proven
value of 5, leading to a good approximate reconstruction of the
unfiltered quantities from the filtered ones [39]. In favor of a reduced
computational cost and memory usage, we employed constant
relaxation coefficients � in the relaxation terms for the continuity,
momentum, and energy equations. This simplification is justified by
previous studies [21,26] which revealed a low sensitivity of the
results to the value of the relaxation coefficient. In contrast to
previous compressible ADM simulations [22–24,27–29], the mass
loss resulting from the introduction of the relaxation term into the
continuity equation was counteracted by a forcing term similar to the
one described below for the streamwise momentum equation.

Past work of our group usingNSMBhas focused on the evaluation
and validation of the ADM subgrid-scale model in conjunction with
the finite-volume approach in simple (single-block) geometries such
as supersonic channel [27,28] and compression-ramp [29] flows. In
the course of the recent work, a flexible and multiblock-capable
block-parallelized version of the ADM subgrid-scale model for
general geometries and boundary conditions has been implemented
into NSMB. However, by virtue of the rather simple topology of the
periodic-hill channel, all calculations presented herein could be
performed on a single block.

The flow is driven by a forcing term representing a mean pressure
gradient, which is implemented as a spatially constant but temporally
varying volume force in the streamwise direction. To obtain a
constant volume-integrated streamwise momentum

R
V �� ~u dV (i.e.,

the condition @
R
V �� ~u dV=@t � 0), this volume force f �� ~u�t� is added

to the right-hand side of the streamwise momentum equationRHS�� ~u

and integrated over the computational domain V,

@

@t

Z
V
�� ~u dV �

Z
V
RHS�� ~u�t� dV � f �� ~u�t�

Z
V
dV � 0 (1)

From Eq. (1) the volume force f �� ~u�t� can be computed at each time
step. In finite-volume codes, volume integration can be performed
exactly as the sum of the cell integrals. Therefore, the volume-
integrated streamwise momentum

R
V �� ~u dV can be fixed within

machine accuracy. Note that the forcing also enters the energy
equation in the form of a term f �� ~u ~u, with ~u being the Favre-filtered
streamwise velocity. Although the volumetric Reynolds number

ReV :�
Z
V
�� ~u dVh

��Z
V
dV ��wall

�

is kept constant by the forcing, the cross-sectional Reynolds number
over the hillcrest

ReS :�
Z
S
� �� ~u�

����
x�0

dS h

��Z
S
dS ��wall

�

(see Fig. 2a) is a function of time and fluctuates slightly, due to mass
flux variations in the cross section over the hillcrest, around themean
value of hReSi � ReV=�, with � denoting the geometry factor

� :� LxLz�x� 0�
�Z

Lx

x�0
Lz�x� dx� 0:72

Also depicted in Fig. 2b is the magnitude of the forcing term for the
streamwise momentum equation f �� ~u�t�.

To allow for a comparison of the results with incompressible

reference data, the Mach number Ma :� ~uV=
���������������������
�Rgas

�Twall

q
is set to

the low value of 0.2, yielding a maximum local average Mach
number of hMalocal;maxi � 0:27. A perfect gas with an isentropic
coefficient of � � 1:4 is considered. The no-slipwalls are assumed to
be isothermal, and the dependency of the dynamic viscosity on the
temperature is modeled with a power law [40],

��� �T�= ��wall � � �T= �Twall�0:7. Additionally, a vanishing wall-normal
pressure gradient @ �p=@n� 0 is enforced at the walls.

The computational grid used for the present calculations (Fig. 1b)
was generated with the commercial mesh generator GridPro [41]. It
uses 128 cells in the streamwise direction. For an accurate prediction
of the mean separation point, which itself greatly influences the size
and extent of the recirculation zone [1], a minimum resolution
particularly in the streamwise direction of about this number is
necessary. The spanwise direction is discretized with 72 cells, while
in the wall-normal direction 69 cells are employed. The grid
stretching and resolution at both walls is comparable, with a
stretching factor ofwell below 1.1. Themean distance inwall units of
the first cell off the upper wall is h�z�ix � 2:16 for a Reynolds
number of hReSi � 10; 595 (h�z�ix � 0:78 for hReSi � 2800) with
a maxima of �z�max � 2:70 for hReSi � 10; 595 and �z�max � 1:01
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Fig. 2 Temporal development of a) cross-sectional bulk Reynolds number ReS and b) forcing term in the streamwise momentum equation f �� ~u

(hReSi � 2800). Dashed lines: bounds of statistical averaging period.
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for hReSi � 2800, respectively. Table 1 summarizes the main
simulation parameters and compares the presently used grid
resolution to the much finer ones used in the reference simulations.

The simulations of the present study are carried out with a skew-
symmetric central scheme of fourth-order accuracy, whose intrinsic
properties contribute to accuracy and numerical stability by reducing
aliasing errors [42]. The Navier–Stokes equations are integrated in
time with a standard four-stage Runge–Kutta scheme. The time step
is held constant at�t� 10�3 in time units h= ~uV , corresponding to a
CFL number of approximately 1 (i.e., about one-third of the linear
stability limit of the time-integration scheme). Statistical samples are
accumulated by spanwise and time averaging over a period of more
than 50 flow-through timesLx= ~uV . The simulations consumed about
400 CPU hours each on a single processor of a NEC SX-5 vector
computer.

IV. Results

In the following, our LES results at aReynolds number of hReSi �
2800 will be presented and compared to recent DNS data from
literature. Breuer et al. [14] used a second-order finite-volume
discretization of the incompressible Navier–Stokes equations on a
curvilinear mesh. Peller and Manhart [16] employed an immersed
boundary technique on a nonequidistant staggered Cartesianmesh in
conjunction with an incompressible second-order finite-volume
solver. Theirmesh consisted of 464 	 304 	 338 cells, ofwhich 91%
were located within the computational domain. The maximum
distance inwall units of thefirst cell above thewall is�z� � 1:4 near
the hillcrest, with significantly lower values occurring along the rest
of both walls. Furthermore, we also present our results for the higher
Reynolds number hReSi � 10595, for which high-resolution
incompressible LES data (using the wall-adapting local eddy-
viscosity model [43]) from Temmerman and Leschziner [12] as well
as the former two groups are available. However, due to the existence
of accurate DNS data, we focus on the lower Reynolds number of
hReSi � 2800 in this paper.

To evaluate the influence of the SGS model, we also performed
so-called “no-model” simulations, that is, simulations with
switched-off subgrid-scale models on the same grid as used for the
LES. Because of the lack of sufficient numerical dissipation in
the fourth-order central discretization scheme of the Euler fluxes,
the no-model simulations aborted due to numerical instabilities
after several hundred time steps. We were able to conduct
computations without an SGS model by using artificial numerical
dissipation with tuned coefficients for the second- and fourth-order
damping terms. However, these results (not shown here) were
found to be less accurate than those of our ADM simulations, at an
only slightly reduced computational cost. More important, the
disadvantage of such an “implicit LES”-like (ILES) approach [44]
is the need for an ad hoc adaptation of the dissipation coefficients.
Our previous studies [27] revealed a rather strong dependence of
the results on the specific choice of the artificial dissipation
parameters.

A. Mean Stream Function

Figure 3 shows the stream-function contours of the mean velocity
field together with 10 vertical profiles of the mean streamwise
velocity for the Reynolds number hReSi � 2800. From these 10

streamwise positions, five characteristic stations were selected for a
more detailed comparison of the mean quantities and Reynolds
stresses in Sec. IV.C. The velocities are normalized by the mean
streamwise bulk momentum over the hillcrest ~uref :� h ~uSi, and the
Reynolds stresses and turbulent kinetic energy are normalized
similarly by ��ref :� h ��Si ~u2ref .

In our simulation at hReSi � 2800, the flow separates at xsep �
0:21 and reattaches at xreatt � 5:30. This is in quite close agreement
with the DNS, where the separation and reattachment points are
located at xsep � 0:21–0:22 and xreatt � 5:41, respectively,
especially when considering our coarse spatial resolution in the
separation (�xsep � 0:04) and reattachment (�xreatt � 0:07)
regions. Besides the large recirculation zone, we observe two much
smaller separation bubbles. One is located at the foot of thewindward
side of the hill (6:9≲ x≲ 7:4). The other one is contained within the
primary separation zone at the leeward side of the hill
(0:5≲ x≲ 0:9). Although the former two separation bubbles also
occur in the incompressible reference calculations [16], the latter
recirculation zone is only observed in our results.

B. Mean Friction and Pressure Coefficients

The mean friction coefficient hcfi :� 2h ��wi= ��ref at the lower wall
(with the reference stress ��ref :� h ��Sih ~uSi2) in Fig. 4a shows an
initial drop to negative values after separation. At x� 0:3 it rises
again and nearly vanishes in the DNS, while in our LES it becomes
slightly positive. The reattachment of our LES at x� 5:30 is
slightly premature in comparison to the DNS (at x� 5:41), while
the windward separation bubble and the following peak due to
the flow acceleration are represented very well. The mean pressure
coefficient hcpi :� � �p � h �pix�= �pref with the reference pressure
�pref :� 1=�Ma2 (for comparison, all pressure curves were moved
along their ordinate so that their mean values vanish) in Fig. 4b
exhibits good overall agreement between the LES and DNS. We
attribute the minor deviations, for example, the slight pressure
overshoot in the region 4≲ x≲ 8, to compressibility. Although
the mean density is rather uniform in most of the computational
domain, it increases by as much as 7% in a small near-wall layer
along the postreattachment flow-recovery zone (cf. Fig. 9c). As the
temperature in this region is almost unity due to the proximity of the
isothermal wall, the near-wall pressure rises nearly proportionally to
density by virtue of the ideal gas law. In conjunction with the above
“rescaling” of the pressure, this causes the pressure coefficient for
0≲ x≲ 3:5, where very little compressibility effects can be
observed, to be slightly lower than in the reference simulation. Note
that discretization errors (e.g., due to the coarse grid) or (subgrid-
scale) modeling errors could be additional sources for the small
deviations of the pressure coefficient. Neither possibility can be
completely excluded without further investigations, which would
require additional (computationally expensive) simulations at a
lower Mach number and a higher spatial resolution.

In Figs. 4c and 4d, the corresponding distributions of the friction
and pressure coefficients are shown for the higher Reynolds number
hReSi � 10; 595. Because the pressure field is not strongly affected
by the fluid viscosity (and thus the Reynolds number), the curves of
the pressure coefficient are almost the same for both Reynolds
numbers. Notable changes of the pressure coefficient occur in the
case of higher flow compressibility, which is dependent on the

Table 1 Calculation parameters, mesh dimensions, and separation/reattachment locations of the present and reference simulations. The

domain size is Lx � 9, Ly � 4:5, and Lz � 3:036 in all cases

Simulation hReSi Ma Nx 	 Ny 	 Nz 1 	 106 cells xsep xreatt

Peller & Manhart [16] (DNS) 2,800 N/A 464 	 304 	 338 47:68 ��̂100%� 0.21 5.41
Breuer et al. [14] (DNS) 2,800 N/A 464 	 304 	 338 47:68 ��̂100%� 0.22 5.41
Present (LES) 2,800 0.2 128 	 72 	 69 0:64 ��̂1%� 0.21 5.30
Breuer et al. [14] (LES) 10,595 N/A 280 	 220 	 200 12:32 ��̂100%� 0.19 4.69
Temmerman & Leschziner [12] (LES) 10,595 N/A 196 	 186 	 128 4:67 ��̂38%� 0.22 4.72
Peller & Manhart [16] (LES) 10,595 N/A 221 	 106 	 173 4:05 ��̂33%� 0.27 4.15
Present (LES) 10,595 0.2 128 	 72 	 69 0:64 ��̂5%� 0.21 4.68
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Mach number. In our extension study to the present work [18,19],
we investigate the effects of compressibility on the streamwise-
periodic hill flow in detail by varying the Mach number from 0.2
to 2.5.

Although the general appearance of the friction coefficient is quite
similar to the result at hReSi � 2800, there are some minor
differences. The lower fluid viscosity that comes along with the
higher Reynolds number causes lower values of the friction
coefficient for hReSi � 10; 595. Furthermore, the reattachment
occurs earlier, at x� 4:7.

C. Mean and Fluctuating Velocity Profiles

In Fig. 5, the mean-flow profiles for hReSi � 2800 are compared
at five streamwise positions, indicated by vertical lines in Fig. 3. The
mean streamwise velocities h ~ui= ~uref show excellent agreement with
the DNS. For the wall-normal velocity component h ~wi= ~uref , the peak
velocities over the hillcrest (positions x� 0 and x� 8) are slightly
higher than in the reference data (note the different scale). The
normalized Reynolds stresses h �� ~u00i ~u00j i= ��ref (computed from the

Favre fluctuations ~u00i � ~ui � h ~uii) shown in Fig. 6 are in good
agreement for most positions. Notable deviations occur for the

streamwise stresses h �� ~u00 ~u00i= ��ref in the flat region between the hills
near the lower wall (positions x� 2 and x� 4), where the stresses
are overpredicted. The peaks of the shear stresses h �� ~u00 ~w00i= ��ref are
also slightly higher in our LES.

The fact that results obtained with a second-order discretization
(not shown here, see [30]) are significantly worse than the fourth-
order data suggests that our coarse resolution is at the lower limit for
this configuration and flow conditions. The chosen low resolution
causes discretization errors to be significant, which becomes visible
in the sensitive second-order statistics. This is supported by the
degradation of results (not shown here) obtained with a grid using
only two-thirds of the number of cells per direction at a Reynolds
number of hReSi � 10; 595. Because of a large deviation in the
prediction of the mean separation location (xsep � 0:59), the
reattachment occurred far too early (xreatt � 3:30). For the lower
Reynolds number, the results on the coarsened grid did not degrade
as much but exhibited the same tendency.

On our standard grid and at the higher Reynolds number of
hReSi � 10; 595, we observe similarly good agreement between our
LES and the highly resolved LES data from literature. The mean-
flow profiles displayed in Fig. 7 agree well. Slight deviations in the
streamwise velocity h ~ui= ~uref are visible near the upper wall. For
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thewall-normal velocity h ~wi= ~uref , the peak near the lowerwall on the
hilltop (x� 0) is larger in our LES. The Reynolds stresses
h �� ~u00i ~u00j i= ��ref in Fig. 8 also correlate relatively well at most positions.

However, as for the lower Reynolds number, we again observe
higher streamwise velocity fluctuations h �� ~u00 ~u00i= ��ref near the lower
wall in the postreattachment recovery region. Furthermore, the
Reynolds-stress peaks are generally higher in our LES.

D. Contours of the Spanwise-Averaged Data

The contours of the spanwise- and temporally averaged flowfield
in Fig. 9 (here presented for hReSi � 2800) provide a good overview
of the mean-flow properties. The streamwise velocity h ~ui= ~uref
(Fig. 9a) exhibits the expected behavior. The highest velocities occur
in the narrowest cross section over the hillcrest. However, due to the
separation bubble, the region of high velocities extends well into the

first half of the flat region between the hills. This indicates that the
deceleration occurs over a relatively large downstream stretch,
whereas the acceleration at the windward hillside is confined to a
short streamwise region, as confirmed by the pressure distribution in
Fig. 4b. Note the inclined form of the high-velocity fluid layer over
the hilltop. Because of the large acceleration on the windward side
and the relatively large curvature of the hillcrest, the zone of high-
velocity fluid does not follow the wall contour but is “ejected” at a
small angle toward the upper wall. Also remarkable in Fig. 9a is a
horizontal layering of the streamwise velocity. After x� 5:5 the low-
velocity zone thins out significantly over a short streamwise stretch,
which is caused by the flow recovery after reattachment. The lowest
streamwise velocities naturally occur in the main separation region.
Also note the thickening of the boundary layer at the upper wall
between x� 3 and x� 6 due to the presence of an adverse pressure
gradient, which is also visible in the pressure contours in Fig. 9d.
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The mean wall-normal velocity component h ~wi= ~uref (Fig. 9b) is
small in most of the computational domain. Shortly before the hill,
the fluid is deflected in the z direction, causing positive wall-normal
velocities. Themaximum vertical velocity is located just upstream of
the hillcrest, at x� 8:5. The region inwhich thewall-normal velocity
is strongly affected by the cross-sectional narrowing is confined to
approximately one hill height above this maximum in the vertical
direction. Above that, the effect of the lower-wall contour is rather
small. Also note that the zone of high vertical velocity “detaches”
from the windward side of the hill. The points just above the hilltop
lie in the lee of the hill and are thus not directly influenced by the high
velocities upstream.

The contours of the normalized mean density h ��i= ��ref (with the
reference density ��ref :� h ��Si) in Fig. 9c confirm that our Mach
number ofMa� 0:2 is sufficiently low to justify a comparison with
incompressible reference data. The density is rather uniform in most
of the computational domain. Larger deviations from the reference
value of unity are confined to small regions at the walls, especially at
the lower wall in the postreattachment zone, where the density rises
by asmuch as 7%.This increase of density could cause the deviations
that were observed in Sec. IV.C for the Reynolds stresses in this
region. As detailed above, the local increase of density is due to an
adverse pressure gradient, forcing the upper-wall boundary layer to
grow, and leading to moderate density levels of about 1.04 appear
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even one hill height away from thewalls at x� 7. The lowest density
values are located in the center of the mean-flow recirculation region
and the zone of high velocities above the hillcrest.

Figure 9d displays the normalized mean periodic pressure
h �pi= �pref with the reference pressure �pref :� 1=�Ma2 (i.e., without
the contribution of the driving pressure gradient represented by the
forcing term). As expected, minimum values are observed in
the center of the mean-flow separation region and the region of high-
velocity magnitude over the hillcrest. As already observed for the
streamwise velocity, the deceleration and accompanying pressure
increase extends over a relatively long streamwise stretch
downstream of the hill, while the acceleration and pressure drop
occur in a much shorter zone. The maximum pressure is observed in
the stagnationlike region around the foot of the windward hillside,
with a peak a short distance downstream of the separation bubble
(cf. Fig. 4b).

The contours of the Reynolds stresses h �� ~u00i ~u00j i= ��ref in Figs. 9e–9g
illustrate some of the turbulence properties associated with the
separation process. The streamwise Reynolds stresses h �� ~u00 ~u00i= ��ref

exhibit high levels in an elongated flat region downstream of the
mean separation point due to the vortex shedding and the induced
detached shear layer. Although the main recirculation zone only
extends to about x� 5 (Fig. 3), the intensity of the streamwise
Reynolds stresses diminishes only slowly and remains quite high
until a short distance upstream of the windward hillside. As will be
illustrated in the visualization of the instantaneous flow structures in
Sec. IV.G, the vortices shed from the hilltop are convected
downstream nearly horizontally up to the next hill. The increased
stress level within 3≲ x≲ 6:5 along the upper wall goes along with
the local thickening of the boundary layer induced by the
streamwise-positive pressure gradient.

The spanwise Reynolds stresses h �� ~v00 ~v00i= ��ref shown in Fig. 9f
illustrate the region of strong turbulent spanwise mixing. Near the
upper wall, the flow is more or less unperturbed by the vortex
shedding and mutual vortex interactions. Consequently, the
spanwise Reynolds-stress levels are rather small, as in a plane
channel. The Reynolds stresses remain small in the upper half of
the channel but rise due to the increased proximity of the shear layer.
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Fig. 9 Contours of normalized mean-flow quantities (hReSi � 2800). a) Streamwise velocity h ~ui= ~uref; b) wall-normal velocity h ~wi= ~uref; c) density
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The horizontal layering of the Reynolds stresses is remarkable and is
connected to the nearly horizontal convection of the majority of
vortical structures. The high stress levels in the middle of the
windward side of the hill can be explained by an enhancement of
streamwise vortices by stretching due to flow acceleration, and the
impingement of streamwise vortices onto the wall. This “splatting,”
which was already investigated by Fröhlich et al. [13], induces high
spanwise velocity fluctuations, giving rise to an increased level of
spanwise stresses. The “blob” of augmented spanwise Reynolds
stresses centered at x� 3:5 is probably caused by the mutual
interaction of spanwise- and streamwise-oriented vortices and flow
deceleration. Additionally, the vortices shed from the hill need some
time to fully develop, leading to a spatial delay in theReynolds-stress
level. Just above the leeward side of the hill, the spanwise stresses are
low. This can also be connected to the vortex structures. An
animation shows that the vortices are separated shortly after the
hillcrest and are convected in the streamwise direction. Although
most of the flow structures continue to move mainly horizontally,
some recirculate, now moving toward the otherwise protected
leeward side of the hill. They are, however, attenuated by dissipation
and interaction with the vortices moving in the main flow direction
and cannot cause high stress levels near the leeward side of the hill.

Thewall-normal Reynolds stresses h �� ~w00 ~w00i= ��ref (Fig. 9g) are low
near thewalls, and exhibit large values in themean separation bubble
and the acceleration zone on the windward side of the hill. Note that
the maximum value of wall-normal stresses is located to the right of
and lower than that of the streamwise stresses. This can be explained
by the slightly different mechanisms beyond those high stress levels.
The latter are caused by the shearing induced by the shedding from
the wall. Consequently the streamwise stresses are already large just
downstream of the hillcrest. The former, however, are caused by the
interaction of vortices, which are convected slightly toward the
bottom wall after shedding, thus large values of h �� ~w00 ~w00i= ��ref occur
further downstream and closer to the bottom wall.

E. Temporal Spectra of the Velocity Fluctuations

The left column of Fig. 10 displays the power spectra of the three
velocity-fluctuation components at five positions a)–e). The power
spectra were computed by averaging the spectra of 10 overlapping
segments of a continuous time series comprising 45,800 samples. All
segments were filtered with a Hann window function wHann�n� �
1=2�1 � cos��2�n�=�N � 1��� to account for nonperiodicity (N
denotes the number of samples). Furthermore, the average values of
the time series were subtracted before windowing to avoid errors
from the interaction of the windowing function with the zero mode.
Additionally, the coherent power gain (CPG) for the Hann window

CPG :�
XN�1
n�0

wHann�n�=N � 0:5

due to the application of the windowing function was corrected for in
the resulting spectrum. All spectra exhibit a similar general
appearance: roughly an algebraic decay with slope �5=3 (which is
typical for the inertial subrange) over 1 order of magnitude from
Strouhal numbers St� fh= ~uV of about 0.1 to 1. For higher
frequencies, the power density falls fast and reaches machine
accuracy at Strouhal numbers of about 10. Toward the low
frequencies, the spectra grow slower or stagnate with different
dominant components depending on the cross-sectional position and
the Mach number. Note that a distinct inertial subrange is not
expected to appear at this low Reynolds number, thus the slope of
�5=3 is plotted merely for comparison. Even at an almost 4 times
higher Reynolds number of hReSi � 10; 595 [13], a distinct decay
with slope�5=3 occurs in a frequency range spanning only 1 order of
magnitude.

We now consider the differences in energy content for the low-
frequency range between the different positions. Figure 10a lies over
the hillcrest at a distance of 0.1 from thewall. Here the streamwise ( ~u)
velocity component is dominant, and the spectra of the spanwise ( ~v)
and vertical ( ~w) velocity components lie about 1 order of magnitude

below. This is in contrast to the observations at Fig. 10b, which is
roughly in the center of the mean-flow separation bubble. Here the
modes of the spectra for the ~u and ~v velocities have the largest
amplitude in the low-frequency range, while the spectrum for the
vertical velocity ~w lies more than 1 order of magnitude below.
Figure 10c is located in the shear layer downstream of the hilltop. In
the corresponding power spectra the modes of all three velocity
components are close to each other. In the flow-recovery zone in
Fig. 10d themodes of the ~u and ~vvelocities exhibit similar amplitude,
whereas the spectrum of the wall-normal velocity ~w lies more than
1 order of magnitude below. Finally, Fig. 10e is located near the wall
approximately halfway up along the windward hillside. Here, the
mentioned vortex splatting takes place where vortices shed from the
hillcrest impinge onto the windward hill face. This results in high
spanwise velocity fluctuations, which are evident, for instance, from
the spanwise Reynolds stresses (see Fig. 9f). This impingement
process shows in the power spectra of the velocities as the dominance
of the ~v energy density, which lies considerably above the levels
observed for the ~u and ~wmodes. Note that the spectra for the ~u and ~w
velocities are very similar in shape andmagnitude. They are coupled
due to the inclination of the windward hillside. Additionally shown
in Fig. 10e are the spectra of the wall-parallel and the wall-normal
velocity components ~uk and ~w?. Fluctuations of the velocity vector
at this position can bemainly attributed to the streamwise component
(cf. Figs. 9e–9g). This is also evident from the spectrum of the ~uk
component, which lies somewhat above the one for ~u, while retaining
its shape. Consequently, the spectrum of the wall-normal velocity
component ~w? is much lower than its ~w counterpart and all other
observed spectra by several orders of magnitude.

F. Turbulence Characteristics

Lumley’s flatness parameter [32] �F�x; z� :� 1� 9 �II�x; z� �
27 �III�x; z� allows for an analysis of the turbulence characteristics of
the flow. It is computed from the two invariants � �II :� 1=2 �bij �bji
and �III :� 1=3 �bij �bjk �bki of the normalized anisotropy tensor �bij :�
h �� ~u00i ~u00i i=h �� ~u00k ~u00ki � 1=3�ij and varies between 0 and 1. A very small

value of �F denotes two-component turbulence characteristics, as
typical, for instance, in a turbulent boundary layer, whereas a value
near 1 evidences three-component (isotropic) turbulence structure.

As expected, the values of �F in Fig. 9h are very small in the boundary
layers at the lower and upper walls. The thickening of the upper-wall
boundary layer can be well observed. Near the lower wall, two-
component turbulence is also prevalent in the shear layer
downstream of the hillcrest, whose characteristics are only gradually
displaced by that of the surrounding flow.

Although �F reaches values that are very close to zero, that is, two-

component turbulence, its maximum of �Fmax � 0:95 lies somewhat

below the value for three-component turbulence, �F� 1. This result
is typical for channel flow and can be explained by the nature of the
flow configuration and the low Reynolds number. The specific
geometry, including the separated boundary-layer downstreamof the
hill as well as the influence of the upper and lower walls, does not
allow for the development of full three-component isotropic
turbulence. On the other hand, in wall-bounded turbulence two-
component turbulence characteristics are enforced by the presence of

solidwalls. However, high values of �F are present in thewhole upper
channel part between the upper-wall boundary layer and the shear
layer (z > 1), and in the lower channel part (z < 1) between the

lower-wall boundary layer and the shear layer. The very highest �F
values with almost full three-component turbulence are visible in
distinct elongated patches lying in the high-velocity region above the
leeward hill face close to the upper wall.

A more detailed insight into the local turbulence structure can be
gained from Lumley’s realizability maps [32] (“Lumley’s triangle”).

For each point in the flow, the two invariants � �II and �III of the
normalized anisotropy tensor are displayed in a parameter chart.
The location in this diagram and specifically the proximity to
the bounding curves of the triangle characterizes the nature of the
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turbulence at this point. The bottom corner ( �III � 0,� �II � 0) of the
triangle denotes three-component isotropic turbulence, while the left
corner stands for two-component axisymmetric turbulence structure.
In the right corner of the triangle, one-component turbulence
prevails. Along the left bounding curve axisymmetric contraction

takes place, whereas the right bounding curve represents
axisymmetric expansion. The upper bounding curve denotes two-
component turbulence.

In the right column of Fig. 10 we display the trajectories through
Lumley’s triangle for points along five vertical lines with constant

Fig. 10 Left column: power spectrum densities �E:: of the three velocity components in dependence of the Strouhal number St� fh= ~uV (with the

frequency f ) at several locations a)–e),marked by the dots in the inset sketches (hReSi � 2800). Solid lines: �E ~u ~u; dashed lines: �E~v ~v; dotted lines: �E ~w ~w; dash-

dotted lines: slope�5=3. Additionally shown in panel e): spectra of the wall-parallel velocity component ~uk (thin solid line) and the wall-normal velocity

component ~w? (thin dotted line). Right column:Lumley’s anisotropy invariant triangle forfive vertical lines a)–e) as indicated by the thick dashed lines in

the inset sketches (hReSi � 2800). The numbers in the Lumley triangles correspond to the positions along the lines, that is, the positions within the

channel. The lowest numbers are located close to the bottom wall and the highest numbers near the top wall.
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streamwise coordinates (x� 0; 1; 3; 6; 8). In Fig. 10a, the turbulence
structure is 2-D axisymmetric directly above the hillcrest. The
trajectory then follows the two-component boundary, until it returns
to the axisymmetric-contraction line and approaches the range of
three-component isotropic turbulence, where it stays for themajority
of the remaining positions. A comparison with the contour

visualization of the flatness parameter �F in Fig. 10 reveals that those
positions span the complete vertical distance from the separating
lower-wall boundary layer up to the upper-wall boundary layer.
When approaching the top wall, the turbulence structure changes
from the three-component state in the interior to a two-component
one. In Lumley’s triangle, this results in amovement roughly near the
axisymmetric-expansion boundary toward the corner denoting one-
component turbulence. For the last few mesh points below the upper
wall, the turbulence state moves along the two-component line
toward the 2-D axisymmetric corner where the trajectory starts at the
lower wall.

In Fig. 10b at x� 1, the noteworthy features of the invariant
trajectories are due to the shear layer downstream of the hillcrest and
the specific turbulence characteristics of the upper-wall boundary
layer in this highly accelerated flow region. The turbulence at the
leeward hillside exhibits a two-component state. As the positions cut
through the secondary separation bubble, the trajectory traverses the
interior of the triangle toward the corner marking 3-D isotropic
turbulence. In the next stretch along the line, the turbulence
characteristics remain close to 3-D isotropic, until the vertical
position of the separated boundary layer is reached. In this rather thin
shear layer the trajectory shows a strong spike along the 2-D
expansion boundary and returns back to a nearby 3-D isotropic state
at the upper edge of the shear layer. The following development of
the trajectory for increasing z coordinates strongly resembles the
observations for the previous position (Fig. 10a) above the hillcrest.
The turbulence state changes roughly along the axisymmetric-
expansion boundary toward the corner of one-component turbulence
and returns along the two-component line toward the two-
component axisymmetric state.

Figure 10c at x� 3 is interesting because it cuts through themean-
flow recirculation region. The initial turbulence structure is 2-D
axisymmetric. When moving away from the lower wall, the
trajectory follows the axisymmetric-contraction boundary toward a
3-D isotropic state, which is reached after a relatively short distance.
In the complete interior of the channel, the trajectorymoves back and
forth near the 3-D isotropic limit. Close to the upper wall, the
turbulence structure changes along the axisymmetric-expansion
curve and approaches the one-component state rather closely. Only
for positions very close to the upper wall, a second Reynolds-stress
component gains importance and the trajectory departs from the 1-D
corner along the two-component boundary.

At x� 6, denoted by Fig. 10d, the trajectory looks very similar to
the one at the previous position. However, in contrast to Fig. 10c, the
3-D isotropic state is not reached as closely here, and the trajectory
returns along the two-component boundary at a position which is
considerably farther away from the one-component limit. On the
other hand, the turbulence at the upper wall comes closer to a 2-D
axisymmetric state than observed farther upstream.

Figure 10e at x� 8 is located in theflow acceleration region on the
upstream hillside. For positions halfway up the windward hill face,
the trajectory starts at the two-component limit, then moves into the
interior of the triangle and bends to align with the axisymmetric-
expansion boundary. In the major part of the channel cross section,
the flow exhibits primarily 3-D isotropic characteristics. Only when
approaching the upper wall, the turbulence state moves along
the axisymmetric-expansion line toward the corner denoting one-
component turbulence. Directly at the wall it returns back along
the two-component line approximately to its starting point from the
lower wall.

G. Instantaneous Flowfield and Separation Characteristics

Previous studies of transitional flows [26,45] demonstrated that it
is well possible for LES to reproduce complex vortical flow

structures of a DNS accurately, within the limits of the employed
resolution. In the following we illustrate the major instantaneous
flow features of our LES at Reynolds number hReSi � 2800 with

the ��2 vortex-identification criterion [46]. An animation of the

isosurfaces of ��2 allows the identification of several effects
associated with the vortices shed from the hilltop while traveling
downstream. On their way to the windward hill face, they interact
mutually and with the surrounding flowfield, which results in a
change of their orientation, strength, or shape. Figure 11 shows four

characteristic snapshots of the instantaneous isosurfaces ��2 ��8.
Note that the upper two and the lower two pictures represent a
distinct series, with the right picture taken a few time steps after the
left one.

At first glance, the abundance of vortical structures upstream of
the mean reattachment zone is in contrast to their relative sparsity
further downstream. Although most vortices are mainly oriented in
the streamwise direction, some differences are observable. Because
of a Kelvin–Helmholtz shear instability [13], spanwise rollers (e.g.,
the structure marked with a circled 1 in Fig. 11a) are generated in
the region of the mean separation line. Those elongated structures
can span several hill heights h in the spanwise direction, as does
vortex 2 in Fig. 11a (continued on the other side of the periodic
domain). The need for a large spanwise domain width to obtain
sufficient spanwise decorrelation (and thus no unphysical
truncation of the homogeneous spanwise boundaries) is in large
part determined by the horizontal extent of such vortices. Fröhlich
et al. [13] showed in a test calculation with a spanwise box size of
Ly � 9 that the velocity autocorrelations would vanish
satisfactorily for Ly ≳ 7, but refrained from using this value due
to computational cost. Additionally, the sensitivity of the results to
the spanwise box size was found to be rather small between
Ly � 4:5 and Ly � 9.

Shortly after separation, the ends of some spanwise rollers are bent
forward and upward (in the positive z direction), yielding aV-shaped
vortex (see vortices 1 and 2 in Fig. 11b or vortex 3 in Figs. 11c and
11d). Because of the higher streamwise velocity in the elevated arms
than in the lower spanwise vortex part and due to interference of other
vortices, most V-shaped vortices are stretched and break up into two
longitudinal vortices shortly thereafter. The bending of the vortex
ends could be associated with the interaction with streamwise
vortices and streaky structures on the hillcrest, as indicated by the
vortices marked 4 in Figs. 11a and 11b.

A change of orientation is also observable for the streamwise
vortices, leading to their inclination toward the upper wall (see, e.g.,
structure 5 in Figs. 11a and 11b). Near the windward side of the hill,
the longitudinal vortices are strongly stretched due to the flow
acceleration, as apparent for vortex 6 in Figs. 11c and 11d. This
causes an increase of the local vorticity and stresses in this region, as
seen in the corresponding contour plots of the turbulent kinetic
energy and the Reynolds stresses in Fig. 9. Also visible in an

animation of ��2 is the impingement (splatting) of longitudinal
vortices onto the windward hill face, which was investigated in some
detail by Fröhlich et al. [13].

Furthermore, notice in Figs. 11a–11d the constant presence of a
flat, nearly two-dimensional and rather stationary region of constant
��2, covering the whole windward-oriented hilltop in the spanwise
direction. However, as apparent in Figs. 11a and 11b near marker 4,
streamwise vortices crossing the hillcrest are able to disturb the
otherwise fairly homogeneous zone, which is probably an artifact of
��2 due to the near-wall pressure minimum at the velocity peak. On
rarer occasions, it is possible to witness the creation of small
streamwise vortices (attributed to Görtler instabilities by Fröhlich
et al. [13]) at the foot of the windward hillside; see, for example, the
vortex marked by 7.

H. Backflow at the Walls

As apparent from the visualizations of the instantaneous flowfield
in Figs. 12a and 12b, there is considerable backflowalong thewalls at
all times. To better quantify this phenomenon, we analyzed the time
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fraction r at which the wall-parallel velocity ~uk :� ~u � twall close to
the wall is negative, that is,

r�x� � 1

Ly

Z
Ly

y�0

1

�T

Z
t0��T

t�t0

1 � Heaviside� ~uk�x; y; t��� dt dy (2)

We used the first cell off the wall for the determination of ~uk (see
Sec. III for information about the dimensionless wall distance).
Alternatively, the friction coefficient cf could be used in Eq. (2)
instead of the wall-parallel velocity. In the above equation, twall
denotes the wall-tangent vector in positive x direction and �T a
sufficiently long time-integration interval. The result is displayed in
Fig. 12c.

At the lower wall, the flow acceleration and the resulting high
velocities above the hillcrest prevent backflow, thus r is essentially

zero. Just downstream of the hillcrest, the flow separates and vortices
are shed, yielding a sharply rising backflow fraction with a peak of
more than 70%. This location lies just downstream of the mean-flow
separation point and exhibits the second-largest magnitude of
backflow along the bottom wall. Because of the secondary
recirculation zone with opposite orientation, which is embedded in
the main separation bubble, r is then decreasing rapidly to about
25%. The backflow fraction grows again at a slower rate downstream
of this secondary separation region. Here a little local maximum
appears in the strongly curved region at the leeside foot of the hill.
Downstream of that dent, r increases again to a global maximum of
almost 100%, which is located near the streamwise coordinate of the
center of the primary mean-flow separation bubble. Downstream of
this maximum, the backflow ratio decreases moderately until it
reaches a plateau near the mean-flow reattachment location.
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Fig. 12 Visualization of the instantaneous wall-parallel velocity ~uk at a) top wall and b) bottom wall (legend of contour lines as in Fig. 9). c) Fraction of

backflow r at lower wall (solid line) and upper wall (dashed line) at hReSi � 2800. Sketch below: primary mean-flow separation region (shaded in gray)

and domain boundaries (dashed line).

Fig. 11 Isosurfaces of the vortex-identificationmeasure ��2 ��8 [46] at 4 times. The upper two and lower two pictures represent a separate series. Flow

direction is from left to right (hReSi � 2800).
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The backflow ratio remains at levels between 40% and 50% in the
flow-recovery region, until it grows again somewhat due to the small
separation bubble at the windward hill foot. Farther downstream, the
flow accelerates strongly and the ratio of backflow falls rapidly.
Along the second half of the windward hill face (z > 0:5) the
backflow rate is negligible. Also note the kink of the graph at the end
of the curved region of the hill foot (x� 8), which is potentially due
to wall-curvature effects or the previously mentioned vortex
splatting against the windward hill face. At the upper wall the
backflow rates are considerably smaller. Significant backflow of up
to 25% only occurs within 3 � x � 6 due to the adverse pressure
gradient, which is also responsible for the thickening of the boundary
layer in this region.

V. Conclusions

Large-eddy simulations using the approximate-deconvolution
subgrid-scale model of the unsteady separated flow in a channel with
streamwise-periodic constrictions have been performed at two
Reynolds numbers of 2800 and 10,595. Because of the low Mach
numberof 0.2, selected for comparisonwith incompressibleflowdata,
compressibility effects were found to be small as expected, except for
two small regions near the lower and upper walls upstream of the hill.

To reduce the simulation effort and to demonstrate the ability of
LES using ADM to yield quantitatively accurate results at relatively
low computational cost, the spatial resolution has been chosen near
the lower limit for this flow configuration and parameters.
Nevertheless, our results show good agreement for most quantities
and streamwise positions. Vertical profiles of the first- and second-
order statistics have been presented and compared to incompressible
direct numerical simulation data at the lower Reynolds number, as
well as to high-resolution LES data at the higher one. The separation
and reattachment locations of the mean flow, as well as the friction
and pressure coefficients at the lower wall, are predicted in good
agreement with the reference data.

The main features of the mean flow were pointed out by means of
spanwise contour plots. We analyzed the frequency content of the
velocity fluctuations and their dominant components by studying
their energy density spectra and investigated the local turbulence
structure in detail with Lumley’s flatness parameter and anisotropy
triangle. We introduced a new measure quantifying the backflow
along the walls and illustrated the instantaneous flowfield and some
mechanisms of the vortex shedding process by visualizing the vortex

structures with the ��2 vortex-identification criterion.
The streamwise-periodic hill channel configuration has proven to

be a challenging and computationally expensive test case, especially
due to the need of a minimum (in particular, streamwise) resolution
of the separation and reattachment zones, a large spanwise box size
due to the presence of elongated spanwise vortical structures, the
necessary long statistical sampling time, and the small time steps
associated with the low Mach number of 0.2.
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