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Almost all technically relevant boundary layer flows are
subjected to a streamwise adverse pressure gradient ∆p
=ν/(ρu ) dp/dx. However the statistically averaged
behaviour of turbulent boundary layers subjected to adverse
pressure gradients (i.e.∆p >0) is still an poorly understood.
For zero-pressure gradient boundary layers the log-law u+ =
1/K log(y ) + B gives a proper description of the mean
velocity at sufficiently large Re [7]. However, for adverse
pressure gradient flows the log-law breaks down and a socalled half-power law or modified log-law with a functional
depends on ∆p may exist [4, 6]. Another open point is the
spatial (and temporal) organisation of the coherent large and
small-scale structures. While these aspects are far better
understood for zero-pressure gradient boundary layers,
there is little information for wall-bounded flows with
streamwise adverse pressure gradients.
In order to study the coherent flow structures, higher-order
turbulent statistics and wall shear stress characteristics in a
turbulent boundary layer subjected to adverse pressure
gradients an experiment that builds on the recent progress in
Particle Image Velocimetry (PIV) and Particle Tracking
Velocimetry (PTV) is carried out. The experiment is designed
such that the flow starts with a fully developed zeropressure gradient turbulent boundary layer and
subsequently the flow experiences a streamwise adverse
pressure gradient. The imposed pressure gradient is such
that the streamwise flow development is slow with no
history effects, but sufficiently large to cause changes from
the universal log-law (e.g. ∆p ≫0.015).
+

3

τ

+

i

+

i

Fig. 2 Instantaneous large field of view measurement of the
turbulent boundary layer at Reθ = 4, 600.
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Reynolds numbers based on the momentum thickness Re =
U θ/ν of the boundary layer at the beginning of the adverse
pressure gradient section of Re = 4,600, 6,900 and 9,200. The
individual velocity fields are subsequently combined to yield
instantaneous velocity fields spanning approximately 30 δ in
streamwise direction and 4 δ in wall-normal direction. In
order to resolve the wall-normal gradients within the viscous
sublayer, the magnification is increased by means of a longrange microscope system (K2 by Infinity) coupled with one
PCO-4000 camera (LR-PIV).
θ

∞

θ

Results and Conclusion
Figure 2 shows an example of the instantaneous velocity
field at Reθ = 4,600. The thickness of the boundary layer at
the start of the adverse pressure gradient segment is δ ≈ 0.1
m and the mean velocity profile at this location corresponds
to a zero-pressure gradient turbulent boundary layer. The
intermittent character of the boundary layer is clearly visible
together with a hierarchy of small- and large-scale coherent
structures. The pressure gradient along the curved contour
leads to a distortion of the velocity profile and a significant
thickening and deceleration of the turbulent boundary layer
The mean velocity profile can be described as a composite
profile consisting of a short log-region (30 ≤ y+ ≤ 200) in the
inner part and a modified log-law or power-law in the outer
region [5]. The logarithmic region appears to be universal
and independent of the pressure gradient ∆p+x , while the
outer part of the mean velocity profile depends on the
streamwise pressure gradient ∆p+x and the mean shear
stress (see [4] for a detailed discussion). The fluctuating wallshear stress, measured by LR-PIV appears to be Reynolds
number invariant for a given pressure gradient, but skewed
towards wall-shear stress events below the local mean. The
Clauser chart and modified Clauser chart method as an
indirect means of estimating the friction velocity differ by
approximately 5% compared to the direct estimation from
LR-PIV. Using the direct estimated friction velocity and a
log-linear regression in the inner region produces coefficients
for the logarithmic wall law of Ki ≈ 0.357 and Bi = 3.52,
which appear to be independent of ∆p+x within the
investigated range.
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Experimental Method
The experiments are performed in an Eiffel type wind tunnel
with a 22 m long test section and a 2 × 2 m2 rectangular
cross-section. In order to produce the streamwise pressure
gradient a 13 m long model with 2 m span is inserted
vertically into the wind tunnel along its centerline as shown
in Figure 1.
Particle Image Velocimetry measurements are performed
with a Spectra Physics Quanta-Ray PIV 400 Nd:YAG doublepulse laser and an INNOLAS ”Spitlight 1000” (Dual-Cavity)
laser to produce the light sheet. Eight PCO-4000 cameras
equipped with 100 mm Zeiss objectives are used to
simultaneously record the illuminated particles over a
streamwise extend of approximately 3 m. Three flow
velocities are investigated (U = 6, 9 and 12 m/s), producing
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Fig. 1 Schematic of the adverse pressure gradient model and
the 8 PIV cameras and long-range !PIV (LR-PIV)
arrangement.
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