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1 Introduction and numerical method

Turbulent boundary layers constitute one of the basic building blocks for under-
standing turbulence, particularly relevant for industrial applications. Although the
geometries in technical but also geophysical applications are complicated and usu-
ally feature curved surfaces, the flow case of a canonical boundary layer developing
on a flat surface has emerged as an important setup for studying wall turbulence,
both via experimental and numerical studies. However, only recently spatially de-
veloping turbulent boundary layers have become accessible via direct numerical
simulations (DNS). The difficulties of such setups are mainly related to the specifi-
cation of proper inflow conditions, the triggering of turbulence and a careful control
of the free-stream pressure gradient. In addition, the numerical cost of such spatial
simulations is high due to the long, wide and high domains necessary for the full de-
velopment of all relevant turbulent scales. We consider a canonical turbulent bound-
ary layer under zero-pressure-gradient via large-scale DNS. The boundary layer is
allowed to develop and grow in space. The inflow is a laminar Blasius boundary
layer, in which laminar-turbulent transition is triggered by a random volume force
shortly downstream of the inflow. This trip force, similar to a disturbance strip in
an experiment [7, 8], is located at a low Reynolds number to allow the flow to de-
velop over a long distance. The simulation covers thus a long, wide and high domain
starting at Reθ = 180 extending up to the (numerically high) value of Reθ = 4300,
based on momentum thickness θ and free-stream velocity U∞. Fully turbulent flow
is obtained from Reθ ≈ 500. The numerical resolution for the fully spectral numer-
ical method [2] is in the wall-parallel directions Δx+ = 9 and Δz+ = 4, resolving
the relevant scales of motion. The simulation domain requires a total of 8 ·109 grid
points in physical space, and was thus run massively parallel with 4096 processors.
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Fig. 1 Skin-friction coefficient c f and wall-shear-stress fluctuations τ+
rms; solid: present DNS [7],

dashed: DNS Schlatter et al. [8], dotted: c f = 0.024Re−0.25
θ , thick solid: DNS Li et al. [5]. • DNS

Spalart [10], ◦: DNS Simens et al. [9], �: DNS Ferrante and Elghobashi [3], �: DNS Wu and
Moin [11], and �: experiments Österlund [6].

Fig. 2 Mean velocity profile U+, streamwise fluctuations u+
rms and shear stress 〈uv〉+ at four Reθ =

1100,2000,3000 and 4100; solid: present DNS, dotted: DNS by Simens et al. [9]. dashed: log law
with κ = 0.41 and B = 5.2.

2 Results

2.1 Turbulent statistics and streamwise development

Turbulence statistics obtained in the boundary layer such as mean profiles, fluctua-
tions, two-point correlations etc. of the flow are in good agreement with other simu-
lations, see also Refs. [7, 8], and experimental studies at similar Reynolds numbers
[6]. To illustrate, Fig. 1 shows the skin-friction coefficient c f and the fluctuating
wall-shear stress τrms, compared to literature data. It turns out that the skin friction
can be well described using the simple relation c f = 0.024Re−0.25

θ for the present
Reθ -range. In particular τ+

rms = u′/U |y→0 appears to be a sensitive measure for the
development of the near-wall turbulence [7]. Mean velocity and stress profiles are
shown in Fig. 2, compared to the DNS by Simens et al. [9]; the comparison to ex-
periments at the higher Re is not shown here due to space restrictions (see however
the comparisons provided e.g. in Ref. [8]).
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Fig. 3 a) Skin-friction coefficient c f for various trippings: solid: “baseline” case, dot-dashed:
lower amplitude and dotted: lower frequency trippings, dashed: classical transition via exponential
growth of TS waves. b) Contours of u+

rms (spacing 0.25) for baseline case (thick) and TS-wave case
(thin lines).

It is striking to see differences in the fluctuations profiles at Reθ = 1100 between
our DNS and Ref. [9], which seem to have greatly reduced at Reθ = 2000. To fur-
ther study the dependence of the boundary layer on initial conditions (i.e. the way
how turbulence is induced), a series of DNS with varying tripping parameters has
been performed. Fig. 3a) shows c f for these DNS: Depending on tripping, laminar-
turbulent transition is induced at different Reθ , but the curves quickly settle on a
common c f (Reθ ) distribution, indicating a rather quick adaptation of the near-wall
turbulence. Note also the typical overshoots of c f as a result of transition. On the
other hand, as shown in Fig. 3b), the outer-layer convergence, illustrated by contours
of urms takes considerably longer than near the wall. Precisely this effect causes the
discrepancies shown in Fig. 2b). It is worth noting that the profiles of the TS-wave-
tripped DNS closely match the rms-profiles of Ref. [9] in Fig. 2. It remains an open
question what conditions to apply for a “fully-developed” state of the boundary
layer, and, consequently, whether a generic boundary layer at such low Reθ exists.

When it comes to spectral information recorded in the boundary layer (not
shown), spatial structures of two very distinct spatial (and temporal) scales are de-
tected, i.e. the well-known turbulent streaks close to the wall scaling in inner (vis-
cous) units, and long and wide structures scaling in outer units. These large-scale
structures persist throughout the boundary layer from the free stream down to the
wall and act as a modulation of the near-wall streaks. It is thus clear that the inter-
play of these two structures, scaling in different way, is strongly dependent on the
Reynolds number, i.e. the downstream distance.

2.2 Vortical coherent structures

However, the characteristics of these large-scale structures, and their relation to ac-
tual coherent structures present in the flow are not entirely clear, in particular for
higher Reynolds numbers. Recent studies, summarized by Adrian [1] and also ob-
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served in a DNS of low-Re boundary layers [11] suggest a dominance of hairpin-
shaped vortices of various sizes throughout the boundary layer. Hairpins are well-
known structures in transitional flows, e.g. appearing as the results of shear-layer
roll-up. It is now interesting to see whether hairpin-like structures persist in fully
turbulent flow (either in the outer region or close to the wall), or whether they are
mainly restricted to low-Re or transitional flows. Thus, we would like to study the
structural characteristics of a turbulent boundary layer as a function of Reynolds
number, starting from the transitional phase up to fully turbulent flow at higher Re
than available in previous studies.

Figures 4 to 7 included here show small sections of the large simulation domain,
each of them only visualising about 5% of the length of the full simulation domain.
Each figure highlights different development stages of the boundary layer. Isocon-
tours of negative λ2 [4] identifying vortical structures are colored by the wall dis-
tance. Laminar-turbulent transition (Fig. 4) is induced by a trip forcing as described
above. The subsequent breakdown to turbulent flow is characterized by the appear-
ance of velocity streaks and unambiguous hairpin vortices, which are seen to dom-
inate the whole span of the flow, see e.g. Ref. [1]. The hairpin vortices increase in
number, and individual distinctive heads of such vortices are clearly visible for some
distance downstream (Fig. 5 at Reθ = 600). This feature of low-Re turbulent flow is
also put forward in Ref. [11], there denoted as “forest of hairpins”. We can thus con-
firm that, at least at low-Re, hairpins are indeed the dominant structure in a turbulent
boundary layer. However, as the Reynolds number is further increased above about
1000, the scale separation between inner and outer units is getting larger, and the
flow is less and less dominated by these transitional flow structures. At Reθ = 2500,
as shown in Fig. 6, isolated instances of arches belonging to hairpin vortices can
still be observed riding on top of the emerging outer-layer streaky structures. But
the dominance of hairpin-like structures is clearly lower than in the previous fig-
ures closer to transition. This effect is even increased by considering the highest
present Reynolds number, Reθ = 4300 as shown in Fig. 7. Then, individual hair-
pins or arches cannot be seen any longer. The boundary layer now is truly turbulent,
and the outer layer is dominated by large-scale streaky organization of the turbulent
vortices. Ongoing analysis of the flow structures close to the wall (i.e. the near-wall
cycle) reveals characteristic oscillations of the near-wall streak, mainly in a sinuous
manner leading to a staggered appearance of the vortex cores.

3 Summary and conclusions

A large DNS of a turbulent boundary layer has been performed reaching up to
Reθ = 4300. The statistics are in very good agreement with available experimen-
tal measurement. The focus of the present contribution is twofold: First, an assess-
ment of the importance of initial conditions at low Reθ , and secondly, an analysis
of coherent structure at higher Reθ . It is for instance shown that various turbulence
statistics can be significantly influenced up to Reθ ≈ 2000 by the choice of tripping
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Fig. 4 Visualization of the
structures in a turbulent
boundary layer by isocon-
tours of negative λ2 [4]; color
code represents wall distance.
The middle of the visualized
domain is located at about
Reθ = 400. Transition to tur-
bulence can be observed by
the appearance of Λ and hair-
pin vortices. No individual
turbulent spots can be seen
as the breakdown is happen-
ing simultaneously along the
span.

Fig. 5 Visualization of the
structures in a turbulent
boundary layer at about
Reθ = 600. The whole span of
the flow is clearly turbulent,
i.e. dominated by random,
unsteady vortical motion.
However, the dominance of
hairpin vortices as a remain-
der of transition are still the
dominating coherent struc-
tures. Note that there is no
clear scale separation yet
given the low Reθ .

Fig. 6 Visualization of the
structures in a turbulent
boundary layer at about
Reθ = 2500. The visual-
ized domain has a length of
about 7000 and a width of
about 4500 viscous units. The
intermittent structures close
to the boundary-layer edge
are clearly visible; they even
arrange in large-scale bulges.
The vortices do not span the
whole boundary-layer height;
the near-wall region is charac-
terized by its own dynamics.

position and type; these differences relate to the behavior of the flow in the outer
region of the boundary layer. Whether a generic boundary layer exists at such low
Reynolds numbers clearly deserves more in-depth analysis. In a second part, the
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Fig. 7 Visualization of the
structures in a turbulent
boundary layer at about
Reθ = 4300. As in the previ-
ous frame, large-scale corru-
gation of the boundary-layer
edge can be seen. The regular
hairpin vortices seen close
to transition have completely
disappeared and are replaced
by much more chaotic struc-
tures. Note also that the
typical eddy diameter is prac-
tically unchanged compared
to the previous figure.

coherent structures in the outer layer are studied. It is clearly shown that hairpin
vortices, being characteristic transitional remainders at lower Reynolds numbers,
are not visible any longer for higher Re.

Simulation data: www.mech.kth.se/˜pschlatt/DATA
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