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Abstract

Despite considerable progress in understanding zero pressure gradient bound-
ary layers, turbulence in adverse pressure gradient (APG) boundary layers
remains less well understood, particularly in high Reynolds number flows.
Unfavorable pressure gradient regions are commonly encountered in indus-
trial applications, but turbulence models often lack the physical basis neces-
sary for reliable predictions in these flows. This study focuses on analyzing
the effects of adverse pressure gradient on boundary layer scaling, essential
for predicting flow characteristics and validating turbulence models. Build-
ing on recent advances in experimental methods and using large-scale particle
image velocimetry (PIV), the research aims to provide an analysis of turbu-
lent boundary layer flows in APG. Experiments have been carried out in a
wind tunnel using inclined plates to induce pressure gradients at an angle of
−8◦, complementing an existing database obtained at −5◦ (see Cuvier et al.,
2017) and offering new insights into flow behavior. An analysis of the liter-
ature has enabled the authors to compare various scaling approaches and to
propose a scaling that is suitable for both mean velocity and Reynolds stress.
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1. Introduction

The study of the turbulent boundary layer (TBL) under adverse pressure
gradient (APG) conditions remains a key challenge in aerodynamics due
to the complex nature of flow behavior in such regions. APG flows are
characterized by a decelerating flow field where the pressure increases in
the direction of the flow, leading to an adverse pressure gradient. These
conditions not only induce higher turbulence levels but also have significant
implications for flow separation, drag and energy dissipation, making them
a critical area of study for both fundamental fluid mechanics and applied
engineering problems.

Since the work of Prandtl and von Kármán, research into the scaling of
turbulent boundary layers influenced by pressure gradients has been exten-
sively studied, notably in the 1950s by Rotta (1950), Clauser (1954, 1956),
Coles (1956) and Townsend (1956), among others. In these studies, repre-
sentations were often experimentally tested on the databases of Ludwig and
Tillman (1950) and Clauser (1954). Not only the amount of data, but also
the flow range was limited, and the lack of knowledge of certain parame-
ters such as wall friction velocity was problematic both in boundary layers
without pressure gradient (ZPG) and even more so under the effect of an
adverse pressure gradient (APG). Later, Townsend (1961) and Perry (1966)
proposed new developments for the near-wall region around the equilibrium
boundary layer concept, revisited by Mellor and Gibson (1966). In 1968, at
the Stanford Conference, Coles (1968) pointed out that the available data
were inadequate in scope and quality. It was reiterated that there is an im-
portant and continuing need for more complete and accurate experimental
data. Indeed, experiments on TBL subjected to pressure gradients were rare
at the time. Nevertheless, a few experiments were carried out which are
briefly presented in Maciel et al. (2006).

However, the definition of interesting cases for TBL subjected to pressure
gradients has been much discussed over the last 20 years, and has sometimes
been the subject of controversy. Although the theories proposed by Rotta
(1950) and Clauser (1954) are still the most common definitions of self-similar
equilibrium boundary layers for TBL, many advances have been made in
their definitions. The various possibilities are based on different assumptions
about the type of self-similarity to be achieved. Certain similarity conditions
are sometimes more difficult to satisfy (see Castillo and George, 2001 and
Maciel et al., 2006). Questions remain open, such as the choice of length and
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velocity scales that characterize the outer layer of TBL and more particularly
when they are subjected to a pressure gradient (see Maciel et al., 2018).

For turbulent flows limited to walls with zero pressure gradient, wall tur-
bulence is characterized by a single velocity scale, the friction velocity, u� ,
and two length scales, one associated with the external flow, �, the thickness
of the boundary layer at 99% of the external velocity, and the other asso-
ciated with the near-wall region where viscous actions are important, often
�� = �=u� , where � is the kinematic viscosity of the fluid, respectively. The
ratio between these two length scales is called the friction Reynolds num-
ber, Re� = �+ = �u�=�, which also represents the range of scales in a TBL.
The asymptotic connection between the inner zone and the outer flow gives
the classical logarithmic wall law, which remains one of the theoretical foun-
dations for turbulent flows close to a wall. Chen et al. (2023) question the
presence of a logarithmic law and propose a universal velocity transformation
that restores a behavior close to the wall law, even in the presence of strong
gradients.

The universality of the mean velocity profile of the inner layer has been
the subject of numerous studies (see e.g. Pirozzoli and Smits, 2023). For ex-
ternal flows, part of the uncertainty in scaling is often related to the length
scale, as the boundary layer thickness is not well defined. This led Rotta
(1950) and Clauser (1954) to propose the displacement thickness as a rele-
vant length scale. Although the universality of the outer zone is often limited
due to a lack of total similarity, the friction velocity is often considered the
appropriate velocity scale (see Nagib and Chauhan, 2008 and Panton, 2005).
Nevertheless, arguments based on conditions required for self-similarity so-
lutions of the boundary layer equations suggest that external velocity might
be a possible alternative (Castillo and George, 2001; Kitsios et al., 2017).
Physical arguments led Zagarola and Smits (1998) to identify an alternative
velocity scale as the difference between the external velocity and the bulk
velocity.

To validate the boundary layer similarity study, high-quality boundary
layer data at high Reynolds numbers and for different pressure gradient con-
ditions are required. Such data are beginning to become available both ex-
perimentally and numerically. On the experimental side, large-scale APG
TBL have only been recently measured with high-resolution particle image
velocimetry and particle tracking velocimetry by Cuvier et al. (2017) and
Knopp et al. (2015) and with hot wire anemometry by Romero et al. (2022)
with Re� reaching 23,000, 26,000 and 41,000, respectively. Clauser’s � pa-
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rameters for pressure gradients are of the order of 2-3 and 1-2 for Cuvier
et al. (2017) and Romero et al. (2022), respectively. Two recent DNS have
also achieved relatively high Reynolds numbers, although not as high as
those of the aforementioned experiments. These are the DNS of a strongly
decelerating TBL by Gungor et al. (2017) with Re� reaching 8000, and the
self-similar APG TBL at the verge of separation by Kitsios et al. (2017) with
a self-similar region of Re� from 10,000 to 12,300, and a very high Clauser �
parameter of 39.

Despite the vast amount of existing work, validation of the various theo-
retical proposals is still required in the case of a TBL subjected to an adverse
pressure gradient and, consequently, analysis of new databases is necessary
to validate the theoretical foundations. Furthermore, there seems to be no
agreement on the scales to be used, which is the main subject of this paper.
However, known scales such as those of Clauser (1954), George and Castillo
(1997), Zagarola and Smits (1998), Pirozzoli and Smits (2023) yield recog-
nized results for the mean velocity profile at least in ZPG. Romero et al.
(2022) has shown that when scaling Reynolds stresses in the inner zone of
the TBL in APG, the pressure gradient in the velocity scale must be taken
into account. They also showed that the history of the flow prior to its de-
celeration is important in the search for universality, which was observed in
previous studies (see Castillo and George, 2001; Bobke et al., 2017). The
question of choosing the right scales is crucial. Klewicki et al. (2024) point
out that the right formalism must take into account the inertia-gradient in-
teraction in the momentum balance. Han et al. (2024) have proposed a
generalization of the Zagarola-Smits scaling, extended to all Reynolds stress
components, ensuring better homogenization of profiles in the outer region.
Vinuesa et al. (2016) insist on the robustness of a criterion based on the
disappearance of the mean velocity gradient to define the boundary layer.

In the present study, we supplement the database of Cuvier et al. (2017)
with a new set of experiments carried out under the same in-flow conditions
but with different pressure gradients, so as to be able to emphasize the in-
fluence of this parameter without altering the flow history. We also propose
to compare the most classical as well as the most recent scaling by Pirozzoli
and Smits (2023) and Romero et al. (2022) in the case of the outer zone first
on mean velocity profiles and then on the Reynolds stresses. Furthermore,
we propose a new set of parameters that builds on these two studies to arrive
at a Reynolds number-independent similarity.

Through this comparison, a new contribution to the ongoing effort to
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develop a more universal scaling framework for APG TBL is provided. This
scaling not only improves the understanding of the underlying physics of
APG flows but also provides a more accurate predictive tool for real-world
applications, such as in aerodynamic design and energy-efficient transport
systems.

2. Databases

All experiments were conducted in the boundary layer wind tunnel of
the Laboratoire de Mécanique des Fluides de Lille (LMFL). Fig. 1 provide
a front and top view of the LMFL TBL wind tunnel, which features a test
section length of 20.6 m. The test section is transparent on all sides with
high-quality 10 mm glass, allowing for complete optical access. The cross-
section measures 2 m in width and 1 m in height, with a free-stream velocity
range from 1 to 9.4 m/s, measured 100 mm downstream of the test section
entrance. The wind tunnel can operate in a closed-loop configuration with
temperature control or be opened to the outside.

In the closed-loop setup, the free-stream velocity is maintained within
±0:5%, and the temperature within ±0:15◦ C. The boundary layer is tripped
at the tunnel entrance using a 4 mm spanwise cylinder secured with silicon on
the bottom wall, followed by 93 mm of Grit 40 sandpaper (mean roughness
425 �m). The boundary layer developing on the top wall is also initiated
with a 93 mm wide spanwise strip of Grit 40 sandpaper. All glass surfaces
and the bottom wall are aligned to ensure no step exceeds 0.1 mm (equivalent
to 2+ at maximum velocity). Additionally, the top, bottom and lateral walls
are adjusted to be perfectly parallel, with deviations of less than ±0:1◦.

2.1. The EuHIT −5◦ experiment
The EuHIT −5◦ experiment was carried out in the frame of the European

Project EuHIT with full details provided in Cuvier et al. (2017). For this
experiment, the wind tunnel was used in the closed loop configuration and
a specifically designed ramp model, approximately 7 m long, was installed
on the bottom wall (see Fig. 2). The model used is the LML-AVERT ramp
(Cuvier et al., 2014) on which the final section was replaced by a 3.5m long
plate inclined at a −5◦ angle with respect to the wind tunnel floor (in red
in Fig. 2), with the aim of creating a constant adverse pressure gradient.
The ramp’s leading edge was located 9.4 m downstream from the entry of
the test section. As shown in Fig. 2, following the contraction, which has
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(a)

(b)

Figure 1: Front (a) and top view (b) of the LMFL wind tunnel.

a contraction ratio of 0.75, a flat plate measuring 2.14 m is positioned at
an angle of +1:5◦ relative to the wind tunnel floor. The experiments were
carried out for two inlet velocities of the wind tunnel, 5 m/s and 9 m/s, in
order to have two Reynolds number ranges along the APG plate.

Figure 2: Sketch of the ramp model in the wind tunnel slope at −5� in red and −8� in
purple.

To capture the flow in the APG region a large field 2D 2C PIV setup,
based on stitched multi-camera configuration enabled the acquisition of ve-
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locity field data over a 3.5 m long and 25 cm high domain as described in
Cuvier et al. (2017). This was achieved by mounting 16 sCMOS cameras on
the side of the wind tunnel, each with a field of view of 230mm along the
wall and 273mm in the wall normal direction. To assure a continuous mea-
surement domain, an overlap region around 10 to 20 mm was used between
adjoining cameras. The domain was illuminated by a light sheet introduced
through a narrow slit and 45◦ mirror at the downstream end of the APG
ramp. The exceptional beam characteristics of the LMFL BMI YAG laser
system ensured a light sheet thickness of 1mm across the 3.5m wide field of
view.

To achieve a more precise characterization of the very near-wall region in
the APG TBL, high magnification and high repetition 2D 2C PIV experi-
ments were performed at three locations within the APG region identified as
station (1), (3), and (4) as can be seen in Fig. (10) of Cuvier et al. (2017).
These measurement points are situated 0.483 m, 1.733 m, and 2.358 m down-
stream of the beginning of the APG region, corresponding to s = 3:983 m,
5.233 m, and 5.858 m, respectively, where s is the curvilinear abscissa along
the ramp, with the leading edge of the ramp set as origin (see Fig. 2). The
friction velocity at the respective stations was determined using a single-
line cross-correlation approach introduced by Willert (2015). Correlating
wall-parallel rows of pixels from temporally adjacent PIV recordings pro-
vides instantaneous displacement estimates along the direction of the row.
This is repeated for different wall distances (e.g. pixel rows) yielding an in-
stantaneous displacement profile. A linear fit for displacement data within
the viscous sublayer (y+ ≤ 5) results in an estimate of the instantaneous
wall-shear rate at the given time-step.

2.2. The joint LMFL-ONERA −8◦ experiment
The joint LMFL-ONERA −8◦ experiment was carried out as part of an

internal research project of ONERA. This experiment is a modification of the
previously described setup with the primary objective of increasing the pres-
sure gradient by replacing the original −5◦ plate at the end of the ramp with
a −8◦ plate (in purple in Fig. 2). The wind tunnel setup and the ramp design
remained unchanged, except for the final section, where a 2.2 m long plate
was inclined at −8◦ relative to the wind tunnel floor. Moreover, the inlet
velocities were identical to those of the EuHIT experiment, ensuring consis-
tent flow history upstream and allowing the study of the pressure gradient’s
effect on the flow.
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The PIV setup closely mirrors that of the EuHIT campaign, following the
methods outlined in Cuvier et al. (2017). For this experiment, 10 cameras
were mounted to capture a large field of view in the APG region, as illustrated
in Fig. 3. Cameras 1 through 5 were equipped with 105 mm macro lenses.
Camera 6 was fitted with a 60 mm lens positioned closer to the tunnel side
wall to avoid the shadow of the wind tunnel side pillars (see Fig. 3), and
cameras 7 through 10 used 105 mm non-macro lenses. The distance from
the bench to the glass was maintained at 770 mm. The glass-to-front-lens
distances were as follows: cameras 1 to 5 at 690 mm, camera 6 at 10 mm, and
cameras 7 to 10 at 730 mm. All cameras were set with an f-number (f#) of
4, except for camera 10 (camera 1 located the furthest upstream), which had
an f-number of 3.5. The light sheet was generated using the same specific
set-up as for the EuHIT experiment. The analysis was done by means of a
grid-refining, multiple-pass cross-correlation algorithm (Willert and Gharib,
1991; Soria, 1996) employing image deformation (Scarano, 2002) at the final
pass with a 24 × 24 pixel interrogation window. Fig. 5 shows examples of
mean streamwise velocity field normalized by U∞ at: (a) U∞ = 5 m/s and
(b) U∞ = 9 m/s. Visually the two recovered velocity fields are very similar
and are free from discontinuities or spurious regions.

As in the EuHIT campaign, three stations were established to achieve
a more detailed characterization of the near-wall region as in Cuvier et al.
(2017). These stations — (1), (2), and (3) — were respectively located at
0.485m, 1.204m, and 1.774m from the start of the APG region, correspond-
ing to curvilinear positions of s = 3:985m, 4.704m, and 5.274m. For this
experiment a high speed camera (Vision Resarch, Phantom V2640) operat-
ing at 40 kHz with the active sensor size limited to 208 × 2048 pixel. In
order to resolve the viscous sublayer the flow was imaged at a magnification
of 0.86 with a 300 mm lens coupled to a 2X teleconverter. Illumination was
provided by a high speed laser (Innolas Blizz 30 W). The lens aperture was
set at f=8 to obtain particle image size of about 2 pixels to optimize the
accuracy (Foucaut et al., 2003) and a displacement of about 20 pixels in the
upper part of the field of view was selected to obtain both a high dynamic
range of the turbulent fluctuations with high precision and low uncertainty
close to the wall. The analysis was also done with a grid-refining, multiple-
pass cross-correlation approach (Willert and Gharib, 1991; Soria, 1996). The
images were analysed twice with a modified version of MatPIV at LMFL.
The first by means of 24×24 pixels interrogation windows to resolve the tur-
bulent profiles near the wall and the second by means of rectangular 48× 8
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