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ABSTRACT

Due to the complex nature of turbulence, the simula-
tion of turbulent flows is still challenging and numerical
models have to be further improved. For the validation of
these numerical flow simulation methods, reliable experi-
mental data is necessary. A typical test case is the flow over
periodic hills. The numerical prediction is difficult, since
flow separation and reattachment are not fixed in space and
time due to the smooth geometry (Temmerman et al., 2003;
Frohlich et al., 2005). Furthermore, the separated and fully
three-dimensional flow from the previous hill impinges on
the next hill, which results in very complex flow features.
With the increasing computer performance available, it be-
comes possible to examine larger Reynolds numbers with
DNS and LES. Typical grid sizes are in the order of several
(3-10) Kolmogorov length scales 1 for LES and approach
N for DNS (Breuer et al., 2009). The resolution of currently
available measurements is in the order of 30 i (Re = §8,000)
and above which is not sufficient to resolve the large gradi-
ents in the shear layer at the hill crest. Even more severe,
the contribution of the small eddies is averaged over a re-
gion associated with the measurement resolution. Thus an
important part of the turbulent energy cannot be measured
and is lost for the validation of turbulence models. Since
these models are supposed to simulate the contribution of
these small eddies it is of inherent interest to increase the
resolution in the experiment. The aim of the current mea-
surement campaign was therefore to increases the spatial
resolution in order to provide a new data set for the valida-
tion of numerical tools.

Experimental setup and data evaluation

The particle image velocimetry experiments were per-
formed in a geostatic driven water tunnel at TU Munich.
The height A of the hills is 50 mm and the spacing between
them, i.e. the periodicity, is 94. The channel had a total
cross section of 3.035/ - 18A. In order to produce a periodic
flow, 10 hills were arranged in a row and the measurements
were performed at the seventh hill. A detailed description
of the setup can be found in Rapp & Manhart (2011). The
main motivation for the current measurements was to ob-

tain highly spatial and temporal resolved data to investigate
the dynamic flow phenomena but also to characterize the
statistics and flow features close to the wall, which could
not be resolved in previous experiments due to the limited
resolution of the techniques applied. To be able to relate
the large structures that impinge on the uphill region with
events in the wake flow of the hill, the measurement domain
was centered around the hill. The coordinate system was
also centered in x-direction at the hill top and at the bottom
wall in the y-direction to allow for a comparison with the
literature (Frohlich et al., 2005; Breuer et al., 2009; Rapp
& Manhart, 2011). The Reynolds number based on the av-
eraged velocity above the hill crest, in the middle of the
channel, uy, and the hill height was Re = uph/v =0.8 - 10*
and Re =3.3-10%.

It is useful to define an integral time scale #¢ for the
following investigation. This reference time referrers to the
time, required by an event or structure to travel with the
mean velocity over the hill crest u, through one periodic
part of the channel, i.e. 94, and is also often denoted as *flow
through time’ #ef = 91 /uy,. This reference time is fer = 2.63
s for Re = 8,000 and #,. = 0.64 s for Re = 33,000.

For the spatial resolution, the Kolmogorov length scale
N can be estimated by taking the value of Breuer et al.
(2009) obtained for DNS data at Re = 5,600 and scaling
it with Re3/4. This results in a mean Kolmogorov length
scale of TNRe=8,000 ~ IOO/Jm and NRe=33,000 ~ 35[.Lm In
order to capture all relevant scales in space and time, two
subsets of measurements were performed.

First, the whole flow field was sampled with 500 Hz
for the lower Reynolds number and 2000 Hz for the higher
Reynolds number using two Phantom V12 high-speed cam-
eras. Standard window correlation-based data evaluation
with a final interrogation window size of 16x16 pixels
and 50% overlap were used to estimate the instanteneous
flow fields. The motion of structures being transported
through the whole period of 9 is therefore sampled with
approximately 1,300 instantaneous velocity fields for both
Reynolds numbers. The measurements were repeated four
times, resulting in total measurement times of approxi-
mately 4-11 s = 16.7 - e and 4-3 s = 18.6 - 1,¢¢, respectively.

Second, in order to achieve a reliable estimation of the
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turbulence statistics, the experiment was repeated using a
scientific CMOS camera with a larger sensor (2560x2160
pixel) and small pixel size (6.5x6.5um?). 22,000 double
frame images were acquired with 5 Hz resulting in a to-
tal measurement time of 1.2 hours for each Reynolds num-
ber. Instantaneous velocity fields were again obtained by
standard window correlation-based image evaluation with a
final interrogation window size of 16x 16 pixels and 50%
overlap. However, this resolution is not sufficient to exam-
ine the high velocity gradients in the shear layer. To in-
crease the spatial resolution for the mean values the single-
pixel ensemble-correlation was used to estimate the mean
flow fields (Kéhler et al., 2006). This technique provides a
velocity vector at each pixel location. Since the final resolu-
tion, i.e. the distance of independent velocity vectors, does
strongly depend on the particle image size (Kihler ef al.,
2012), the final resolution is 0.45 mm. The velocity field
is therefore 5 times better resolved than in previous mea-
surements reported by Rapp & Manhart (2011). For Re
= 8,000 this results in a spatial resolution of 4.4-n and to
12.7-n for Re = 33,000, which is comparable to the direct
numerical simulations performed by Breuer ef al. (2009).
Scharnowski et al. (2012) developed a method to determine
the Reynolds stresses with the same spatial resolution and
recently extended the technique to higher order moments.

Turbulent statistics

The large variance of structures and events on different
time scales can be seen in the instantaneous flow fields as
shown in Fig. 1 for the stream-wise velocity component.
Due to the confinement of the channel the flow accelerates
towards the hill. Behind the hill a separated region can be
clearly seen in the instantaneous velocity fields with a very
irregular interface towards the free stream region. The large
structure in front of the hill moved slightly downstream and
decreased considerably in size during the time between the
two flow fields 1 = 0.15 - t¢f.
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Figure 1. Instantaneous velocity fields for Re = 8,000.

For a detailed analysis it is important to make sure that
the mean values for this highly turbulent flow reached sta-
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tistical convergence. As a criterion for convergence a de-
viation of the mean value of 0.05 pixel was chosen for the
mean displacement and 0.01 pixel for the turbulence inten-
sity. Since the sampling rate for the 22,000 instantaneous
velocity fields was the same for both Reynolds numbers, a
total measurement time of 7 = 1,680 - ,of was achieved for
Re = 8,000 and T = 6,840 - t,.¢ for Re = 33,000. There-
fore, the convergence of the mean values within the total
measurement time for the lower Reynolds number are more
critical. To prove the statistical convergence, the evolution
of the mean values for the stream-wise velocity (u) /uy, and
the turbulence level Tu/uy vs. f/trr is shown in Fig. 2 for
three different wall-normal positions at x/h = 1.8. As ex-
pected the time to reach the convergence criteria for the tur-
bulence level is much higher compared to the time necces-
sary for the velocity distribution. However, the time span
also differers considerably for the different positions within
the flow field.
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Figure 2. Evolution of the mean value for the stream-wise
velocity u/uy (top) and the turbulence level Tu/uy, vs. t/tef
for three different wall-normal positions at x/h = 1.8.

The spatial distribution of the time necessary to reach
the convergence criteria of the stream-wise mean velocity
(u) and the turbulence level Tu for Re = 8,000 is shown in
Fig 3. The three different positions are indicated as circles.
As can be seen in the figure, the convergence for the upper
half of the channel can be reached for fairly low time spans.
A much larger time span is necessary in the region of the
developing shear layer where the flow shows higher turbu-
lence and vortex interaction. However, in the uphill region
a large time span is also required due to the impinging of
the vortices on the hill. These findings are especially inter-
esting for numerical simulations where it is usually difficult
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to acquire as many time steps for reliable mean values.
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Figure 3. Spatial distribution of the duration to reach the
convergence criteria of the stream-wise mean velocity (u)
and the turbulence level Tu for Re = 8,000. The circles mark
the convergence time.

In Fig. 4 the absolute value of the time averaged veloc-
ity field in stream-wise direction, obtained by single-pixel
ensemble-correlation analysis is shown. The acceleration
over the hill can be clearly seen. At the hill top a narrow
shear layer develops and starts to detach from the hill at
x/h = 0.23 for Re = 8,000. Due to the higher momen-
tum the flow follows the contour of the hill and separates
further downstream at x/h = 0.31 for the larger Reynolds
number. Downstream of the hill a recirculation zone, high-
lighted by the stream lines, develops. The center of this re-
circulation zone is approximately at the same stream-wise
position at x/h = 2.1 for both Reynolds number. For the
lower Reynolds number the length of the recirculation zone
is 4.29 - x/h and therefore about 15% larger than for the
higher Reynolds number. The values are in good agreement
with Rapp & Manhart (2011). The heigth of the recircula-
tion zone and therefore also the wall-normal position of the
center also differs with y/h = 0.51 for Re = 8,000 and y/h
=0.46 for Re = 33,000. The main experimental parameters
are summarized in Tab. 1.

In order to compare the flow at both Reynold numbers,
profiles of the mean stream-wise velocity, the turbulence in-
tensity and the Reynolds shear stresses are shown in Fig. 5.
The high spatial resolution of the measurements allows for
the determination of the large gradient of the velocity over-
shoot at the hill top as can clearly be seen in the upper plot.
The velocity overshoot at x/h = 0.05 is about 0.11 - uy, for
Re = 8,000 and 0.18 - uy, for Re = 33,000 in the time aver-
aged sense. Due to the confinement of the flow the velocity
in the upper half of the channel is slightly larger than the
bulk velocity for Re = 8,000 which is not the case for the
higher Reynolds number. For the higher Reynolds num-
ber a larger momentum exchange is expected, which can
clearly be seen at x/h = 1 for instance, where the momen-
tum deficit in the recirculation zone is already substantially
smaller than for the lower Reynolds number. However, the
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Figure 4. Spatial distribution of the mean velocity’s ab-
solute value and characteristic streamlines for Re = 8,000
(top) and Re = 33,000 (bottom).

flow finally reattaches in a time averaged sense. Due to the
high spatial resolution the small differences for the different
Reynolds numbers can clearly be measured, as for example
the very thin remaining region of reversed flow for the lower
Reynolds number seen in the profile at x/h = 4. In general,
the momentum transfer from the free stream to the recircu-
lation zone is lower for the lower Reynolds number and thus
the profiles in the upper half of the channel show higher ve-
locities compared to Re = 33,000 and vice versa in the lower
half of the channel.

For the validation of numerical methods the Reynolds
stresses are of particular interest, as they are determined
from turbulence models, which are always uncertain, in
numerical flow simulations. As already mentioned, the
Reynolds stresses were directly determined from the cor-
relation functions obtained by the single-pixel ensemble-
correlation and thus a final resolution of 0.45 mm in each
direction was achieved.

The profiles for the turbulence intensity Tu =

\/ ((?) +(v'2)) /2 show the largest values in the evolving
shear layer at the hill top. With the wall-normal growth of
this shear layer, the turbulence profiles become smoother.
However, the peak at y/h ~ 0.75 can still be seen for the
flow, impinging on the hill at x/h = —3... —2. Due to the
confinement and the acceleration of the flow by the geome-
try of the hill, the turbulence levels decrease strongly in the
uphill region.

The Reynolds shear stresses for both Reynolds num-
bers are shown in Fig. 5. It is obvious that the Reynolds
shear stresses for the larger Reynolds number reach a much
higher level than for Re = 8,000 as expected. The difference
is particularly pronounced within the recirculation region.
Also the wall-normal position of the maximum is lower for
the higher Reynolds number. This effect is due to the larger
momentum exchange which effects the position of the shear
layer. The height of the layer with high Reynolds shear
stresses is also much smaller for the higher Reynolds num-
ber. However, the highest values are to be observed in the
thin shear layer evolving from the hill top and smooth out
for further downstream positions especially when the flow
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starts to accelerate due to the next hill.

In conclusion, the single-pixel ensemble-correlation
provides the necessary spatial resolution to characterize the
flow in a time averaged sense and to elaborate on the evo-
lution of the large scale structures and regions of high phe-
nomenological relevance.

Table 1. Main experimental parameters.
case 1 case 2
Reyp ~8,000 ~33,000
terin s 2.62 0.645
T [teet 1,680 6,840
up, in m/s 0.171 0.698
(i) max /up 1.106 = 0.003  1.178 + 0.004
at x/h -0.29 £ 0.02 -0.33 £ 0.02
aty/h 1.03 £0.02 0.99 £0.02
flow separation
at x/h 0.23 £ 0.05 0.31 £0.05
recirculation center
at x/h 2.07 £0.03 2.09 £0.04
aty/h 0.51 +£0.01 0.46 +0.02
Xe/h 4.29 +0.02 3.73 £0.03

Flow dynamics

To characterize the dynamics of the whole flow field
a POD decomposition was undertaken. The POD modes
(not shown) of the fluctuating velocity fields can be inter-
preted as regions of high momentum exchange (Cierpka
et al., 2010). The distribution of the modes revealed, that
a very dominant momentum exchange takes place in the re-
gion where the shear layer from the previous hill impinges
on the uphill region of the next hill. The second most dom-
inant mode indicated a very large region at the downstream
position which is much larger than the recirculation zone.
The momentum exchange in the shear layer itself shows up
in higher modes, i.e. it represents lower energetic events for
the flow. To evaluate the time scales in the different regions
afrequency analysis for the whole flow field was performed.
Since the flow is highly turbulent very broad spectra were
observed. However, no distinct clear peak for, e.g. a dom-
inant vortex shedding frequency or the Kelvin-Helmholtz
instabilities, could be identified.

The identification of the vortical structures can pro-
vide significant information on the overall evolution of the
flow since these structures are related to mixing and mo-
mentum transfer. To distinguish between vorticity gener-
ated by shear and vorticity belonging to a vortical struc-
ture the D;-criteria has been proved to be a suitable fil-
ter (Vollmers, 2001). The vortex identification is now based
on the swirling strength s = max(0;D;) - signo, which is
the product of the negative part of the discriminant of the
velocity gradient matrix and the sign of the vorticity to al-
low for the determination of the rotation direction. The
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swirling strength distribution of all vector fields was used to
detect the vortices. A cross-correlation between the swirling
strength and a set of Gaussian distributions with varying di-
ameters was computed following similar approaches as de-
scribed by Schram et al. (2004) and Cierpka et al. (2010).
The position of the correlation peak gives an estimate of
the vortex position and the height determines the quality of
the correspondence between the vortical structure and the
Gaussian and allows for size estimation. However, since
deformed vortices are also likely to appear, the final size
estimation was done using a parametric fit with a Gaussian
distribution. Fit parameters were both axes and the orien-
tation angle (Scharnowski & Kihler, 2011). In total, about
5,000,000 vortices were detected with an average core size
(major axis) of about D = 0.09 - A where smaller vortices
are more likely to appear. However, large structures up to
D = 0.4 - h were also identified. The spatial distribution
of the vortical structures is shown in Fig. 6. The small-
est structures with a mean diameter of D < 0.07 - & are pre-
sented at the top. As can be seen from the colors, these sizes
are most likely to appear at the upper wall of the channel.
The developing shear layer is also clearly indicated by the
higher values in the region where the vortices are produced
(0 < x/h < 2). The vortices grow with downstream position
in size and a second region of a more likely appearance of
smaller structures is to be found at a region of 3 < x/h < 4
which is supposed to be in a region where the larger vortices
start to decay. In the middle section of Fig. 6 the distribution
of structures with a size of 0.07-h < D < 0.1-h is shown.
These structures appear with higher probability in the lower
part of the channel, in front of the hill and in the region of
the reattachment, but do not propagate into the recircula-
tion zone. The largest structures D > 0.1 - h, as shown in
the bottom part of the same figure, do appear also in the
recirculation zone as can clearly be seen in the figure.

Figure 6. Spatial distribution of the vortex density for Re
= 8,000 for structures with D < 0.07 - & (top), 0.07 - h <
D < 0.1-h (middle) and 0.1- 4 < D (bottom).

In Fig. 7 the two point correlation of the velocity in the
stream-wise Ry, and wall-normal Ry directions are shown
for different locations within the flow field and Re = 33,000.
The two—point correlation is the correlation of the vector at

vortex density in h 2 vortex density in h 2

vortex density in h 2
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Figure 5.
(bottom) for Re = 8,000 (blue) and Re = 33,000 (red).

the point of interest (xq,yp) with all points within the field
of view (x,y). The distribution can be interpreted as co-
herent length or size of typical structures or regions where
the flow field is influenced by events occurring at the posi-
tion of the ’+’ sign. In the upper part of the figure, the two
point correlation for a position in the uphill region can be
seen. The flow at this position is accelerated by the con-
finement of the channel. For both distributions, very large
connected regions in front of the hill can be seen indicating
large coherent structures. For Ryy a thin layer of a negative
correlation is visible at the upstream side of the hill. This
means that an upward motion at x/h = —2.0 and y/h = 0.5
is related to a downward motion on the hill surface. This
region is probably caused by the splashing of vortices and
also results in the negative shear stress distribution in that
region, visible in Fig. 5 (bottom). The same phenomena
can be observed for x/h = —1.0 and y/h = 0.5. For the cor-
relation in the stream-wise direction Ryy, a large region of
weak negative correlation is visible in the upper part of the
channel indicating that a movement in the stream-wise di-
rection at the wall causes a deceleration in the upper part of
the channel and vice versa. Approximitelly at the hill top

Profiles for the mean stream-wise velocity (top) , the turbulence intensity (middle) and the Reynolds shear stress

only positive correlation can be found caused by the max-
imum confinement which damps out almost all structures
due to the strong acceleration. In the recirculation zone at
x/h =2.0 and y/h = 0.5 regions of positive and negative
correlation are again visible indicating structures forming
from the shear layer and merging and dissipating in that re-
gion.

Conclusion and outlook

The first examination of the mean velocity, turbulence
levels and Reynolds stress distributions already indicated
that with advanced measurement equipment and sophisti-
cated evaluation techniques many new flow features can be
resolved. The frequency analysis of the flow showed a very
broad spectrum typical for highly turbulent flows. To fur-
ther examine the dynamics and the momentum transfer in
the flow, an analysis of the appearance and size of vorti-
cal structures, as well as two-point correlation, was used
and can help for the understanding of the flow. This gives
new insight into the complex flow phenomena and allows
to prove the numerical predictions, which could not be val-
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Figure 7. Spatial distribution of the two-point correlation of the horizontal (left) and vertical (right) velocity component for

different locations, marked by the "+’ signs for Re = 33,000.

idated in the past due to a lack in spatial resolution for ex-
perimental data.
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