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ABSTRACT

The present paper serves as an accompanying docu-
ment to the two keynote lectures of the present authors
at the 4th International Conference on Jets, Wakes and
Separated Flows (4th ICJWSF) held at Nagoya, Aichi,
Japan from September 17th to 21st, 2013. Namely “Tur-
bulent boundary layers in pipes and on plates: Tripping,
suction, structures, and pressure gradients” by Philipp
Schlatter and “High Reynolds number scaling in wall-
bounded flows: A Stockholm perspective” by Ramis
Orlii. In particular it is intended as a summary of the
authors own publications.

1. EARLY WORK

The logarithmic velocity distribution as well as the
logarithmic friction law are both the outcome of research
carried out in the 1920s and 30s, where the two lead-
ing scientists were Theodore von Karman and Ludwig
Prandtl, sometimes collaborating, sometimes strongly
competing. The two cornerstones of wall turbulence were
presented by von Karman at the Third International
Congress for Applied Mechanics in Stockholm (25th Au-
gust 1930). This presentation is usually seen as the birth
(or at least ‘baptizing’) of the logarithmic law (for more
details see Ref. [1]).

The study of wall turbulence has a long tradition at
KTH Mechanics with some early work dating back to the
60ies [2], while more prominent contributions are those
of Alfredsson and Johansson [3, 4, 5, 6] from the 80ies.
In particular the experiments by Osterlund [7] on high
Reynolds number (Re) zero-pressure gradient (ZPG) tur-
bulent boundary layer (TBL) and the direct numerical
simulation (DNS) study by Skote [8] on ZPG and ad-
verse pressure gradient (APG) TBL flows still serve as
well-documented and well-performed experimental and
numerical data sets for the wall turbulence community.

2. ZPG TBL FLOWS

The recent joint experimental and numerical efforts
at KTH Mechanics were initiated with the work by
Schlatter et al. [9] of a spatially developing ZPG TBL
flow up to a Reynolds number of Reg = 2500, based on
momentum thickness and free-stream velocity. For the

first time direct comparisons of DNS and experiments of
turbulent boundary layers at the same computationally
high and experimentally low Rey were given, showing
excellent agreement in skin friction, mean velocity, and
turbulent fluctuations. These results allow for a substan-
tial reduction of the uncertainty of boundary-layer data,
and cross validate the numerical setup and experimental
technique.

These efforts were then extended to Rey = 4300
by means of large eddy simulations (LES) [10] upon
which a DNS on a finer grid was performed reaching the
same Re [11]. The resolution is comparable to high-Re
channel-flow simulations such as e.g. Hoyas & Jiménez
[12] and slightly higher than in the previous boundary-
layer simulation [9]. The same publication also presents
a unique compilation of seven different DNSs pertain-
ing to a canonical TBL under ZPG; such an assessment
has previously only been performed on experimental data
sets (see e.g. Refs. [13, 14]). Although all the simulations
relate to the same physical flow case, the approaches dif-
fer in the applied numerical method, grid resolution and
distribution, inflow generation method, boundary con-
ditions and box dimensions. The resulting comparison
shows surprisingly large differences not only in both ba-
sic integral quantities such as the friction coefficient (see
Fig. 1a) or the shape factor, but also in their predictions
of mean and fluctuation profiles far into the sublayer.
It is thus shown that the numerical simulation of TBLs
is, mainly due to the spatial development of the flow,
very sensitive to, e.g. proper inflow condition, sufficient
settling length and appropriate box dimensions. Thus, a
DNS has to be considered as a numerical experiment and
should be the subject of the same scrutiny as experimen-
tal data. However, if a DNS is set up with the necessary
care, it can provide a faithful tool to predict even such
notoriously difficult flow cases with great accuracy.

In order to trace back the reason for the unexpect-
edly large differences between various DNS data sets,
the effect of inflow and tripping effects in ZPG TBL
flows was systematically investigated by means of DNS
[15]; see also the featuring article by Hutchins [17]. The
downstream evolution of integral quantities (see Fig. 1b)
as well as mean and fluctuation profiles is analysed, and
the results show that different inflow conditions and trip-
ping effects do indeed explain most of the differences ob-
served when comparing available DNS at low Re. It
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Fig. 1 Skin friction factor (cs) as function of Reynolds number (Reg) for flat plate turbulent boundary layer flows.
(a) Compilation of 8 independent well-resolved DNS from literature [11]. (b) DNS with different inflow length and
tripping effects [15]. (c) One-to-one comparison between in-house DNS (O) and experiment (OJ) [16].

Fig. 2 Inner-scaled (a) mean streamwise velocity and (b) streamwise root mean square profile: numerical (—) and
experimental data (O). Insert enlarges the near-wall peak region, in which profiles from spanwise averaged DNS data
with equivalent experimentally Lt values are given (— — —) as well.

is further found that, if transition is initiated inside
the boundary layer at a low enough Reynolds number
Rey < 300, all quantities agree well for both inner and
outer layer for Rey > 2000. This result gives a lower limit
for meaningful comparisons between numerical and/or
wind tunnel experiments, assuming that the flow was
not severely over- or understimulated. It is further shown
that even profiles of the wall-normal velocity fluctuations
and Reynolds shear stress collapse for higher Rey irre-
spective of the upstream conditions. In addition, the
overshoot in the total shear stress within the sublayer
observed in the DNS of Wu & Moin [18] has been iden-
tified as a feature of transitional boundary layers.
Based on these results, a detailed comparison be-
tween the aforementioned DNS and experiment [16] of a
turbulent boundary layer under ZPG conditions at mod-
erate Reynolds numbers with an overlapping range of
2300 < Rep < 4300 has been performed [19, 20]. In-
tegral and global quantities have been found to agree
very well and confirm quantitatively the correlation by
Monkewitz et al. [21] for the shape factor and skin-
friction coefficient (see Fig. 1c). Mean and fluctuating
streamwise velocity profiles (as shown in Fig. 2), includ-

ing higher-order moments, and the probability density
distribution (see Fig. 4) have been found to agree re-
markably well throughout the boundary layer. Differ-
ences within the buffer region for the higher order mo-
ments could solely be related and traced back to insuffi-
cient spatial resolution effects of the employed hot-wire
sensor [22], thereby highlighting the statistical identity
of both the present experimental and numerical data
sets. Similarly, structural quantities, like the large scale
transport of small scale energy related to the amplitude
modulation of the small scales by means of large-scale
fluctuations [23], have been shown to be alike to a high
degree. The established identity of both data sets per-
sists as well for the energy spectra. In particular, the
spanwise averaged DNS matched with the viscous-scaled
wire length is found to agree throughout the boundary
layer for the complete range of temporal frequencies at
Rey = 2500. For the comparison at Reyp = 4000, on the
other hand, the experiment exhibits a (weak) secondary
peak in the outer region, related to structures of length
5-7 boundary-layer thicknesses. In the DNS, this outer
peak is less clear and slightly moved to shorter temporal
periods. The discrepancy is thought to be related to the
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restricted domain width in the DNS, which in turn hin-
ders the very large scale motions to grow. In this respect
ongoing simulations of a turbulent asymptotic suction
boundary layer (ASBL) might give some answers, where
artificially using smaller domains, ¢.e. limiting the size of
the largest turbulent structures, gave unexpected results
[24] even in the mean profiles.

The aforementioned efforts have recently also been
extended to a new highly resolved large-eddy simula-
tion was presented for a spatially developing turbulent
boundary layer, covering in a single domain the range
Rep =180 to 8300. Turbulence statistics and integral
values are in close agreement with experiments and other
simulations. The evolution of the large outer-layer struc-
tures was examined using spectra and a k! range was
observed for the streamwise velocity [25, 26]. These data
sets are currently visualized and post-processed in order
to extract the dominant flow structures in the turbulent
near-wall region. In particular, the question of whether
distinct hairpin vortices are present close to the wall is
addressed. The present results clearly suggest that in
turbulent boundary layers, hairpin vortices may exist
at low Reynolds numbers, induced by laminar-turbulent
transition. However, they do not persist in great num-
ber the fully developed region. Their dominant appear-
ance as instantaneous coherent structures in the outer
boundary-layer region is very unlikely [27, 28].

3. SPATIAL RESOLUTION:
ASSESSMENT & CORRECTION

Coming back to the near-wall peak in the root mean
square (rms) profiles, the DNS data can be made to
match nicely the experimental profile when the time-
series is averaged in the spanwise direction before com-
puting the statistics (see e.g. Ref. [29]) as demonstrated
in the insert of Fig. 2. While there exist a num-
ber of heuristic models to correct rms profiles (e.g.
Ref. [30, 31]), these need to be calibrated against avail-
able data. Following the work by Segalini et al. [32] we
have shown [33] that by using two single hot-wire sensors
of different lengths L, it is possible from measurements
of the variance of the streamwise turbulence fluctuations
to correct for the effect of spatial averaging along the
sensors. In addition to the correction of the level of
the variance it is also possible to obtain an estimate of
the transverse Taylor microscale )\, from the same data
set. Fig. 3 shows the results obtained using the proposed
method. The profiles have been reconstructed across the
full boundary layer height using pairing of different wire
lengths. The overall collapse of the reconstructed signals
with the original data is very good at all distances from
the wall as well as for a large variety of L™ combinations.

The theoretical model, introduced in Segalini et al.
[32] quantifying the effect of a linear spatial filter of hot-
wire probes on the mean and the variance of the stream-
wise velocity in turbulent wall-bounded flows, has also
been extended to describe the effect of spatial filtering
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Fig. 3 Inner-scaled variance profiles from a DNS [11] of a
ZPG TBL flow at Re, ~ 1300: black solid line. Profiles
with progressively larger LT values, i.e. LT of 22, 33,
49, 65 and 87, are simulated by spanwise filtering of the
DNS: dashed lines. Variance profiles extracted through
the method proposed in Ref. [33].

on the third and fourth-order moments of the same ve-
locity component [34, 35].

Once the effect of spatial resolution on higher order
moments is assessed Reynolds number trends start to be-
come unambiguous. In particular discussions regarding
the near-wall peak [36, 37], the so called “outer” peak
[38, 39], or the fluctuating wall shear stress [40] could
to a large extend be resolved. Parallel to these efforts,
the DNS data has also been exploited to assess com-
mon correction methods for Pitot tube measurements in
wall-bounded turbulent flows [41] as well as the effect of
temperature gradients on hot-wire measurements [42], or
extend scaling laws for pressure fluctuations [43].

4. VISCOUS SUBLAYER

The aforementioned comparison between DNS and
experimental data has pointed out that DNS resembles
the experimental data in integral, mean and higher or-
der quantities as well as spectral quantities when spatial
resolution effects are taken into account to a high de-
gree as demonstrated through the contour map of the
probability density functions (PDF) depicted in Fig. 4
[44]. The advantage of having access to intrinsic details
of the DNS and experimental data, and a consistent re-
evaluation of integral and statistical quantities highlights
every apparent difference between the data sets as some-
thing worth to investigate. Such an apparent difference
appears e.g. in the viscous sublayer, a region difficult
to explore experimentally. Hot-wire measurements are
known to be affected by near-wall effects in the viscous
sublayer which lead the measured mean velocity to ap-
pear higher than it actually is. The detailed comparison
of the PDF in Fig. 4 shows that the region in which the
hot-wire experiences additional heat losses to the wall is
not only a function of the wall distance, but dependent
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Fig. 4 Probability density distribution map of the streamwise velocity at Rey = 2500 for experimental (red) and DNS
(blue) data. Solid contours indicate 10, 30, 50, 70, and 90 % of the local peak PDF value (centered dashed line),
whereas the outer dashed lines include all sampled velocity signals, i.e. the extreme values of the PDF.

on the instantaneous velocity as well. Since the high ve-
locity fluctuations within the viscous sublayer follow the
DNS (parallel contours) this part of the PDF can actu-
ally be exploited to obtain an accurate estimate of the
wall position and friction velocity [45].

Interesting with respect to the viscous sublayer is
also that a region with clearly negative shear stress (in-
stantaneous flow reversal) exists [40]. The occurrence
is seldom (below 0.1%) but not negligible. These rare
negative streamwise velocities and extreme wall-normal
velocity fluctuations near the wall are investigated for
turbulent channel flow at a series of Reynolds numbers
based on friction velocity up to Re, = 1000. A strong
oblique vortex outside the viscous sublayer was found to
cause this backflow [46]. Similarly, the very large values
of the normalized fourth moment (flatness) of the wall-
normal velocity could also be confirmed to be of physical
nature, caused by a pair of counter-rotating vortices in
the immediate near-wall region.

5. FROM STRAIGHT TO BEND
PIPES

While the focus of recent work was clearly on ZPG
TBL flows, efforts are now shifted towards more com-
plex canonical flow cases. In particular large-scale fully
resolved DNSs of incompressible pipe flows in long com-
putational domains have been performed at Re, =
180, 360, 550 and 1000 [47]. The new data is put into
perspective with other simulation data sets, obtained in
pipe, channel and boundary layer geometry as well as
compared with in-house experimental data [48, 37].

These data also serve as a baseline for DNSs in
curved pipes at moderate Reynolds numbers. After the
validation of data and setup against existing DNS results,
a comparative study of turbulent characteristics at dif-
ferent bulk Reynolds numbers Re; = 5300 and 11700,
and various curvature parameters x = 0,0.01,0.1 is pre-
sented [49]. Ongoing experiments by means of high speed

particle image velocimetry in pipe bends are performed
in close collaboration [50, 51].

Fig. 5 3D rendering of isosurfaces of negative Ao
coloured by the velocity magnitude, equatorial mid-plane
view of streamwise velocity, and cross-sectional view
of the same quantity of the turbulent flow at strongly
curved pipe (k = 0.1) with and Re;, = 11700 [52].
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