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Abstract

A high Reynolds number flat plate turbulent boundary layer was studied in a wind-tunnel experiment using particl
velocimetry (PIV). The flow is subjected to an adverse pressure gradient (APG) which is designed such that the bound
separates and reattaches, forming a weak separation bubble. With PIV we are able to get a more complete picture of th
flow phenomenon. The view of a separation bubble being composed of large scale coherent regions of instantaneou
occurring randomly in a three-dimensional manner in space and time is verified by the present PIV measurements.
database was used to test the applicability of various velocity scalings around the separation bubble. We found that
velocity profiles in the outer part of the boundary layer, and to some extent also the Reynolds shear-stress, are self-sim
using a velocity scale based on the local pressure gradient. The same can be said for the so called Perry–Schofield sca
suggests that the two velocity scales are connected. This can also be interpreted as an experimental evidence of the claim
between the latter velocity scale and the maximum Reynolds shear-stress.
 2005 Elsevier SAS. All rights reserved.

1. Introduction

With the increase in performance of cameras, lasers and evaluation algorithms, PIV has become an a
to conventional measurement techniques such as hot-wires and laser Doppler velocimetry (LDV). For a s
flow the former technique has limitations due to flow in more than one direction. Pulsed-hot-wires, see B
and Castro [1], has been developed to overcome this deficiency, however, the technique can have trouble
turbulence levels. Measurements inside a separated flow was first possible with the development of LDV,
et al. [2]. The directional sensitivity of PIV in combination with its ability to capture instantaneous snap-shots
flow makes this technique a suitable tool for increasing our understanding of the complex nature of separate

1.1. Turbulent separation

Turbulent boundary layer separation is relevant in many technical applications and its prediction is esse
the performance, since the maximum efficiency is often at an operational point close to the onset of separati
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practical examples are in engine inlet diffusers, on the blades in turbo machinery, in exhaust nozzles and
turbine blades. In all these cases, separation reduces the pressure recovery and increases the drag. Theref
much to be gained if separation can be better understood, better predicted and flexibly controlled. In bounda
with an APG, separation occurs when the flow near the surface can no longer withstand the downstream
rise. The parameters involved in predicting separation in this case are the geometry, non-local history effec
streamline curvature and low frequency unsteadiness such as vortex shedding. All these features are typical
to capture with turbulence models and experimental work is therefore important, both to increase the under
of the flow itself and for validation of turbulence models. An increased knowledge about separation is also im
for separation control purposes.

1.1.1. APG induced separation
The equation governing the flow in the non-separated turbulent boundary layer is

U
∂U

∂x
+ V

∂U

∂y
= − 1

ρ

dP

dx
+ ∂

∂y

(
ν
∂U

∂y
− u′v′

)
− ∂

∂x

(
u′2 − v′2 )

. (1.1)

Herex andy are the streamwise and wall-normal directions respectively,ρ is the density andν is the kinematic

viscosity.U and V are the mean velocities in the streamwise and the wall-normal directions,u′2 and v′2 are the
corresponding Reynolds stresses,u′v′ is the Reynolds shear-stress andP is the static pressure. In a boundary la
where the pressure gradient, the first term on the right-hand side of Eq. (1.1) is non-zero and positive, th
said to be subjected to an APG. The static pressure is constant through-out the boundary layer in the wa
direction which gives rise to a larger deceleration close to the wall where the flow carries less momentum. T
friction coefficient decreases as a consequence of this which implies that the shape of the velocity profile is c
best displayed in terms of an increase in the shape-factor,H12 = δ∗/θ , based on the ratio between the displacem
thickness and the momentum-loss thickness. The largest gradient in the mean velocity profile moves out
wall as the flow develops towards separation. The wall-normal distributions of the Reynolds stresses, with lar
in the middle of the boundary layer, are quite different from the zero pressure gradient (ZPG) case. The n
turbulence generation is weakened and the spanwise spacing of the of sub-layer streaks increases, see S
al. [2] and Skote [3]. If the pressure gradient is strong and persistent the flow ultimately shows similarities to a
layer and separates.

Following Alving and Fernholz [4], we may define three different types of separation: mild APG induce
aration, strong APG induced separation and geometry induced separation. APG induced separation is a c
process, with intermittent instantaneous backflow upstream of the mean separation point, as opposed to the c
the flow separates at a sharp corner.

In strong APG induced separation, the flow is subjected to a strong and persistent pressure gradient wh
leads to a large separated region associated with a large streamline curvature where the shear layer breaks
the surface and a strong back-flow. If this flow does not reattach, a wake is formed, as in the case of a
Unsteadiness or a low frequent flapping motion of the separated region (slower than the inverse time sca
largest eddies) is a common feature, see Dianat and Castro [5,6]. Characteristic for many of the strong APG s
experiments is the significance of the streamwise gradient of the normal Reynolds stresses in Eq. (1.1), see
et al. [2,7], Na and Moin [8] and Skote [3]. Much work on strong APG induced separation has been con
by the group lead by Simpson, see for example Simpson et al. [2,9,7], Shilon et al. [10] and also the re
Simpson [11]. In this kind of separation the turbulence intensity can be very high and the mean features are
consequence of time averaging, which means that turbulence modeling based on the local velocity gradient is
to work. Another fact which makes prediction of separation difficult is the influence of history effects. Deng
Fernholz [12] investigated the sensitivity of a separated flow to small changes in the upstream pressure distrib
the separated region the pressure coefficient and its gradient were similar for all the cases but the fact that th
gradient history was slightly different was reflected in differences inδ∗ of up to 30% at the position of separation. Th
elucidates the fact that this kind of flow is extremely sensitive to small changes in the upstream conditions and
difficult to predict. Schubauer and Spangenberg [13] investigated the effect of different pressure distribution
boundary layer development, separation and pressure recovery. They observed that an initially steep and pro
relaxed APG gives the highest pressure recovery in the shortest distance. This implies that the boundary
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withstand a stronger pressure gradient at an early stage when it is not yet affected but becomes less resis
profile has been changed.

In a mild APG induced separation, as in the present study, the flow is close to the zero wall shear-str
investigated by Stratford [14,15] and Dengel and Fernholz [12]. This leads to a shallowseparation bubble; a closed
region of mean backflow formed when a separated shear layer is reattached to the surface. Different defin
a separation bubble exist. One way to define it is in terms of the local topology of the mean flow, i.e. as the
bounded by the zero streamline based on the stream function, or the contour of the mean velocity equa
see Tobak and Peake [16]. Another often used definition, which applies to steady two-dimensional separati
skin-friction being zero and the backflow coefficient reaching a level of 50% simultaneously, see Simpson [1
backflow coefficient is defined as the amount of time (with respect to the total time) the flow spends in the u
direction. One should note that the latter definition implies that the skewness has to be zero. The data of De
Fernholz [12] shows that this is the case. This kind of separation is less violent than the strong version but
features exist, such as a low frequency unsteadiness, Alving and Fernholz [17,4], Na and Moin [8].

1.2. Velocity scaling laws in turbulent boundary layers

One way to achieve a better understanding of this complex flow case is to determine its scaling. Differe
gestions have been made, however, the proper mean velocity scaling of the outer region in strong APG and
turbulent boundary layers is still an open question as is that for the Reynolds stresses, which is of interest in tu
modeling.

The inner region of a turbulent boundary layer is dominated by viscous forces and the inertia terms on the l
side of Eq. (1.1) can be neglected. The friction velocity, defined as

uτ =
√

ν

(
∂U

∂y

)
w

=
√

τw

ρ
, (1.2)

based on the wall shear-stressτw is the velocity scale commonly used for scaling of the velocity profile in the i
region of the ZPG case. The velocity profile in the near-wall region in ZPG is described byU+ = f (y+) where
U+ = U/uτ andy+ = yuτ /ν. Close to the wall,y+ � 5, the velocity profile is linear and in a region of const

total shear-stressτ+ ≡ ∂U+
∂y+ + u′v′+ = 1, the velocity profile has a logarithmic dependence on the wall dista

Schlichting [18].
The outer region is dominated by inertial forces and the term corresponding to the viscous forces in Eq. (

be neglected.

U∞ − U

uτ

= F(η),
−u′v′

u2
τ

= R(η) (1.3)

η = y

∆(x)
, ∆ = δ∗U∞

uτ

(1.4)

have been shown in many experiments, see for example the data of Österlund [19] for 2530� Reθ � 27 300, to give
self-similarity in the ZPG case. HereU∞ is the free-stream velocity. The self-similarity for the Reynolds stress
ZPG is not as clear as for the mean velocity and there is experimental evidence for a Reynolds number depe
the maximum value inu+

rms, see for example DeGraaff and Eaton [20].
Substituting Eqs. (1.3) and (1.4) into (1.1), keeping the pressure gradient term gives

−2βF − (1+ β)η
dF

dη
= dR

dη
, β = δ∗

τw

dP

dx
(1.5)

in the limit of Re→ ∞, Townsend [21]. Hence, the criterion for similarity-solutions to exist is thatβ, the ratio
between the boundary conditions, i.e. the wall shear-stress and the pressure gradient, is constant. A boun
which fulfills this criterion is said to be in equilibrium in the sense that the ratio between the forces acting
boundary layer does not depend on the downstream position. In such a case the profiles are also similar wh
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as (1.3) and (1.4). Clauser [22] investigated one weak and one moderate APG turbulent boundary layer exper
and showed that the mean velocity is self-similar. According to Townsend [21] this is the case ifU∞ varies as

U∞ ∼ xm, m = − β

H12(1+ β) + 2β
(1.6)

where the latter was showed by Skote et al. [23]. Skåre and Krogstad [24] showed experimental results for an
rium boundary layer in strong APG (H12 = 2) where the logarithmic region was still present and found similarity
to triple correlations.

Castillo and George [24] analyzed the equation for the outer region and defined a slightly different equ
state. The appropriate length scale was chosen asδ, and the question of the appropriate velocity scale was left o
It was concluded that, if

δ ∝ U
−1/Λ∞ and Λ =

(
δ

dcp

dx

)/(
∂δ

∂x

)
is constant,U∞ is the appropriate velocity scale. Herecp is the pressure coefficient and∂cp/∂x its gradient in the
downstream direction. A vast amount of experimental data were reviewed and it was suggested thatΛ can only have
three different values, one for a favorable pressure gradient (Λ = −1.92), one for APG (Λ = 0.22) and one for ZPG
(Λ = 0). If δ is linearly increasing withx, as suggested by Townsend [21],Λ is similar tom in Eq. (1.6). Also,
Λ−1 = H12 + 2, as pointed out by Elsberry et al. [26], which should be constant in the classical equilibrium
sinceH12 is constant.

For an APG turbulent boundary layer to develop towards separationβ must vary. In this caseH12 increases while
the wall shear-stress decreases and the boundary layer is not in equilibrium in the Clauser sense. Differen
have been made to find a way to describe an APG turbulent boundary layer in non-equilibrium. Coles [27] de
a linear combination of the logarithmic law of the wall and an additional outer wake profile based on em
evidence. This attempts to describe the mean velocity profile over the entire boundary layer and takes into
the downstream development towards separation. This scaling has been proved to be successful in modera
gradients where the logarithmic region is still present, but as separation is approached it has been shown
successful. Simpson et al. [2] and Dengel and Fernholz [12] stated that the logarithmic region gradually dis
as an APG turbulent boundary layer is developing towards separation, and it vanishes at the same time a
backflow event occurs, which coincides approximately withH12 = 2.2 according to Dengel and Fernholz [12]. At th
point, the classical inner-outer layer with the logarithmic overlap region is no longer an appropriate descriptio
turbulent boundary layer. At separation, whereuτ = 0 a singularity appears in the description of the boundary l
and the scaling in Eqs. (1.3) and (1.4) is no longer appropriate.

In APG, an approach which presents itself naturally is to construct a velocity scale based on the local pres
dient. Stratford [14,15] investigated the asymptotic state ofuτ = 0, theoretically and experimentally and on the ba
of the mixing-length theory he concluded that the velocity profile in the overlap region has the following depe
in the wall-normal direction:

U = 2

κ

√
y

ρ

dP

dx
+ C

(
ν

ρ

dP

dx

)1/3

(1.7)

whereC is a constant andκ is the von Karman constant.U depends explicitly on the pressure gradient, and
logarithmic dependence on the wall-normal coordinate is replaced by a square-root function. Elsberry et al. [2
an attempt to reproduce the flow case of Stratford [14,15]. The shapefactor was constant,H12 = 2.5, and the integra
length scales were increasing at an approximately linear rate in the downstream direction. However, it was s
the flow is not in equilibrium, since the mean velocity and the fluctuating velocity components were self-simil
different scales.

Several other investigators have extended the analysis for the inner region in flows with a finiteuτ and found
a mixed square-root and logarithmic behavior, see Townsend [21], McDonald [28], Kader and Yaglom [2
Skote [3]. Separated flows have also been investigated and inner scalings were suggested by Simpson et
Skote [3].

Not so much attention has been paid to the outer region. One reason for this is that the velocity profile in t
region might be affected by its history, i.e. it does not only depend on the local variables. Perry et al. [30] and Pe
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for example divided the boundary layer into a wall region and an outer historical region. Kader and Yaglom [
Yaglom [32] dealt with this problem by assuming a moving equilibrium where the free-stream velocity is v
slowly enough in the downstream direction for the boundary layer to locally adjust to the variation. Mell
Gibson [33] continued the work of Clauser [22] and Townsend [21] for the outer region. The assumption invo
this study was thatuτ � 0. They constructed a model for the Reynolds shear-stress on the basis of a gradient d
expression with an effective viscosity,νe ∝ U∞δ∗. They integrated Eq. (1.5) numerically and obtained a famil
velocity profiles for the parameterβ. These predicted the attached flow equilibrium profiles of Clauser [22] (β = 1.8,
H12 = 1.47 andβ = 8, H12 = 1.76) and the zero wall shear-stress profile of Stratford [14,15] (β = ∞) quite well. In
the comparison with Stratford [14,15] the transformation

U∞ − U

up

= F

(
y

Bp

)
(1.8)

where

up = β1/2uτ =
√

δ∗
ρ

dP

dx
, Bp = δ∗U∞

up

(1.9)

was used to avoid the singularity whenuτ = 0. A function was also obtained for the Reynolds shear-stress but i
never compared to experimental data. Kader and Yaglom [29] and Yaglom [32] introduced a velocity scale s
Eq. (1.9) whereδ∗ was replaced byδ. The suggested velocity scale was the arithmetic mean value ofup anduτ . They
basically reviewed the current data base in the community at the time and concluded that this is the proper
scale for strong APG.

Perry and Schofield [34] (in the following referred to as PS), see also Schofield [35], criticized the use oup as
a velocity scale, mainly because Eq. (1.7) is not confirmed by all the available data, and suggested a veloc
scaling similar to Eqs. (1.8) and (1.9)

U∞ − U

us

= F

(
y

Bs

)
, Bs = 2.86

δ∗U∞
us

, (1.10)

us = 8Um

√
Bs

L
, Um =

√
−u′v′

max, (1.11)

F

(
y

Bs

)
= 1− 0.4

√
y

Bs

− 0.6 sin

(
π

2

y

Bs

)
(1.12)

where F should be a universal function describing the mean velocity profile.us should replaceuτ when

−u′v′+
max� 1.5.L is the distance from the wall to the position ofUm andus is explicitly dependent on the maximu

Reynolds shear-stress.us is claimed to be the natural velocity scale of the square-root part of the velocity profil
similar way asuτ is the natural velocity scale of the logarithmic part of the velocity profile according to Clause
us was determined from a fit to the velocity profile in a similar manner asuτ is obtained from a Clauser plot. Simps
et al. [2] verified this scaling upstream of separation but the scaling is valid after separation as well, acco
Schofield [36]. Schofield [35] derived an analytical expression for the Reynolds shear-stress by assuming
preserving or equilibrium conditions according to Townsend [21]. This was compared with equilibrium dat
Bradshaw [37] among others and the agreement was quite good.

Dengel and Fernholz [12] (in the following referred to as DF) investigated scaling around an APG induce
ration bubble in an axi-symmetric setup. Three different cases with zero, slightly positive and slightly nega
constant wall shear-stress were investigated by small adjustments of the pressure gradient. They proposed
totic separation profile based on the PS idea, but defined in a slightly different manner. They found that a 7
polynomial gave a better fit to their data than the original PS profile stated in Eq. (1.12), and only the profile
vicinity of separation showed similarity. This asymptotic separation profile was independent of the wall condit
same in the three cases.us was determined by a fit to the square-root part of the mean velocity profile, as sug
by PS. A linear relation was found betweenus and the backflow coefficient.

us = 1.01+ 0.485χw, 1%� χw � 70%. (1.13)

U∞



K.P. Angele, B. Muhammad-Klingmann / European Journal of Mechanics B/Fluids 25 (2006) 204–222 209

ese two
[40] in a
lues of
ttack. In
ase
ss
sing
nholz
of the
velocity
lt to see

relation
ressure
n.
ar-stress
tudy we

42]. The

eriments

hieve a
ary layer
between
ing to a
urements
rough a
PG using
They also found a linear relation betweenχw andH12

H12 = 2.205+ 1.385χw. (1.14)

Simpson et al. [38], Simpson and Shivaprasad [39] were the first ones who noticed a relation between th
parameters. The linear relations (1.13) and (1.14) were verified by Muhammad-Klingmann and Gustavsson
similar case using a best fit of their velocity profiles to the DF polynomial, however, they obtained different va
the constants. Holm et al. [41] conducted separation measurements on an airfoil at two different angles of a
the case with small angle of attack the range inH12 is too small to check the validity of these relations and in the c
with the large angle of attack their data confirm the linear relations forH12 � 4.5. DF state that their Reynolds stre
profiles have no universal or asymptotic form since it was not possible to convert them to a self-similar form uus

or U∞. The relation betweenus and the maximum Reynolds shear-stress was not verified. Alving and Fer
[17,4] continued the work of DF with focus on the proper mean velocity scaling for strong APG. The validity
logarithmic region was investigated and the conclusion by DF was confirmed. The square-root part of the
profile closer to separation was also examined and it was confirmed for several profiles, although this is difficu
in their figures. They also confirmed the validity of the asymptotic DF profile at reattachment.us was not taken from a
fit to the square-root part of the profile but rather chosen to get the best fit to the profile given by DF. The linear
betweenH12 andχw then showed lower values of the constants in Eq. (1.14). The correlation between the p
gradient based velocity scale in Eq. (1.9) andus was found to be poor and this scaling was therefore never show

The conclusion of the review is that the proper scaling for the streamwise velocity and the Reynolds she
in the outer region of a separating turbulent APG boundary layer is still an open question. In the present s
examine this issue by the use of new experimental data achieved by PIV.

2. Method

2.1. Experimental setup

The experiments were carried out at KTH in a new closed loop wind-tunnel, see Lindgren and Johansson [
test-section is 4 m long and the cross-section area is 0.75× 0.5 m. The tunnel walls are mostly made of Plexiglas® to
allow for optical access when using PIV and LDV. The test-section is interchangeable and for the present exp
a special test-section was designed. The first part of the test-section has a constant cross-section area. Atx = 1.25 m
the test-section is diverged by means of a flexible wall (allowing a free choice of the wall shape) in order to ac
decelerating flow, see Fig. 1. Suction is applied through holes in the curved wall in order to prevent the bound
from separating, see Fig. 1(a). 1300 holes with a diameter of 5 mm were connected to four suction boxes
x = 1.25 m andx = 2.25 m (between the dashed lines in Fig. 2(a)). The suction boxes are connected via tub
4.5 kW fan and 6–7% of the flow rate above the flat plate was estimated to be removed based on LDV meas
at the fan outlet. This is sucked into the wind-tunnel from the ambient downstream of the test-section th
pressure equalizer slit. The boundary layer on a flat plate, mounted in the test-section, is exposed to an A

(a) (b)

Fig. 1. The wind-tunnel test-section used in the present experiments. (a) The curved surface where suction is applied and Plexiglas® flat plate where
the boundary layer develops. The flow is out of the picture. (b) Flap at the downstream end of the flat plate. The flow is into the picture.
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Fig. 2. (a) Geometry of the curved surface with suction between the vertical dashed lines. (b) Distribution of the pressure coefficient and it
(showing 11 different measurements). Vertical straight full lines show the positions of the LDV measurements,x = 1.10 m,x = 1.70 m,x = 2.30 m
andx = 2.49 m. PIV measurements were made betweenx = 2.28 m andx = 2.76 m, see the dashed lines. The horizontal thick line shows
extent of the separated region and the separation and reattachment points are indicated asxs andxr respectively.

this configuration, see Fig. 1(a). The flat plate consists of four 1 m long 20 mm thick Plexiglas® segments. The firs
segment has a 0.2 m long symmetric super-elliptic leading edge. To be able to control and assure a non-
leading edge flow, the last 0.5 m of the last plate segment was used as a flap, see Fig. 1(b). In order to
well defined and spanwise homogeneous position of the laminar to turbulent transition a 0.4 mm high zig-z
was used. It was placed 0.25 m downstream of the tip of the leading edge (atRex = 4.4 × 105 based on the free
stream velocity). This arrangement assured a fully developed turbulent ZPG boundary layer as initial condit
upstream of the expanding part of the test-section. The flat plate is equipped with 48 pressure taps evenly d
in the downstream direction at every 0.1 m downstream of the first meter. Pressure taps are also placed in the
direction 0.175 m off the centerline at every second tap position after the first meter to check the homogene
flow, see Fig. 2(b). The free-stream velocity at the inlet of the test-section wasUinl. = 26.5 m/s. The temperature i
the test-section was kept constant at 20◦C.

2.2. Pressure distribution

In Fig. 2(b) the pressure coefficient

cp = P − Pref

P0 − Pref
(2.1)

and its gradient dcp/dx is plotted against the distance from the leading edge. The reference wall static pressurePref, is
taken atx = 0.45 m in the non-diverging part of the flow andP0 is the stagnation pressure at this position. The pres
gradient distribution is shaped as Schubauer and Spangenberg [13] suggested for maximum pressure reco
at an early stage and then relaxed.

2.3. Spanwise homogeneity

The wall-static pressure in the present case was two-dimensional within the measurement accuracy along
test-section when measured at the center-line and at two positions 175 mm off the center-line, i.e. over 50
central portion of the plate. The spanwise homogeneity of the flow was also investigated by PIV measure
the spanwise direction (xz-planes) covering 20% of the span in the central portion of the plate. No trends of a
dimensionality in the flow could be observed from these measurements. The free-stream velocity above the
region was shown to be two-dimensional within±0.15%. Close to the wall (y/δ = 0.09) at separation, where th
flow is most sensitive,U/U∞ = 0.04± 0.02. The Reynolds shear-stress in this plane,u′w′, which should be zero i
the two-dimensional case, shows scattered values around zero which are one order of magnitude smalleru′v′
at the same position. Separated flows in particular are very sensitive to end-effects induced by the wind-tu
walls. One way to overcome this problem is to use axi-symmetric setups, see for example Dengel and Fernh
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Alving and Fernholz [17], Kalter and Fernholz [43]. Hancock [44] suggests that the ratio between the bubble
and the spanwise width of the wind-tunnel should be at least four for a case of strong separation. In the prese
is 2.5, however, this is a very weak separation and consequently less sensitive. The boundary layer thickne
separation is on the order 1/8 of the spanwise width of the wind-tunnel. PIV measurements conducted at the s
showed that the flow contained only a small fraction of backflow.

2.4. Experimental equipment and measurement accuracy

2.4.1. The static pressure measurements
The static pressure measurements along the plate were conducted with a Furness pressure transducer. T

taps are 0.5 mm in diameter, 10 mm long and drilled perpendicular to the plate. 2000 samples were collecte
frequency of 100 Hz. A 15 s time delay was used to avoid transients between each change in the measuremen
The pressure transducer has an accuracy of 0.25% of full scale (2000 Pa). For the present pressure differ
means an accuracy of 1–3%. Observed differences in the wall static pressure are within this measurement
The x-position is determined with an accuracy of±0.5 mm and the flow does not change significantly over
length. The error in dP/dx, introduced by differentiating the pressure with respect tox, is about±10% in the worst
case, see Fig. 2(b) (showing eleven different pressure gradients). This is a numerical problem rather than a
of measurement accuracy, hence by taking the mean value of these it can be smoothed.

2.4.2. Velocity and turbulence measurements
The velocity and turbulence intensity measurements were conducted with a Dantec FlowLite 1-compone

system and a Dantec FlowMap PIV system. In both the PIV and the LDV measurements the flow was see
glycol, heated up by a smoke generator and injected through the pressure equalizer slit downstream of the te
This assured a homogeneous seeding in the boundary layer. The size of the particles was not measure
estimated to be on the order of a couple of microns based on measurements conducted by Melling [45].

The Dantec FlowLite 1-component LDV system is an integrated laser optics system. It consists of a signal p
controlled by FLOware software connected to a 10 mWHeNe-laser (632.8 nm) via a fiber optic cable. It uses a Bra
cell with a frequency of 40 kHz. The data were residence-time weighted to compensate for a high velocity bias
with focal lengthf = 160 mm andf = 591 mm were used. The size of the measurement volume in the wall-n
and streamwise direction is 76µm (f = 160 mm) and 144µm (f = 591 mm). The extent of the measurement volu
in the spanwise direction is an order of magnitude larger. 10 000 samples were taken at each measuremen
The LDV probe was traversed through the boundary layer with an uncertainty in they-position of±50 µm.

PIV measurements were performed with an equipment consisting of a 400 mJ double pulsed Nd:Yag las
digital Kodak ES1.0 CCD camera, containing 1018× 1008 pixels. The measurement process was synchronize
controlled by hard- and software from Dantec. Measurements were made mainly in thexy-plane and in thexz-plane
and 1300–2200 image pairs were used for calculating the turbulence statistics. This should be sufficient for c
mean and root-mean-square (rms) velocities. The spatial resolution, using image sizes 70 mm× 70 mm and 136 mm
× 136 mm and a 32× 32 pixel interrogation area (ia) is 2.2 mm× 2.2 mm and 4.4 mm× 4.4 mm respectively
The laser sheet thickness is approximately 1 mm. An overlap of 50% of theia was used together with a Gauss
window function to minimize the loss-of-pairs. In order to avoid problems in the performance of the Gaussian
algorithm for sub-pixel interpolation, the particle image size was assured to be above two pixels as recomme
Westerweel [46] and Raffel [47]. Furthermore, the experimental parameters such as the combination of image
timing between successive PIV images in relation to therms-velocities measured were such that peak-locking er
in the turbulence statistics will not occur, as discussed by Angele and Muhammad-Klingmann [48]. The light in
is more than sufficient according to Raffel et al. [47], being approximately 6 bit of the 8 bit resolution. The num
particles inside eachia is above the recommended value of five, Keane and Adrian [49], to assure a good perfo
of the correlation technique. The overall quality of the data is high, however the validation rate in the prese
set is varying between 60–95%, where the former is in a local region where the laser sheet had some de
presented data are averaged over 5–10ias in the downstream direction. For a general discussion on the accura
PIV for turbulence statistics in boundary layer measurements see Angele [50]. They also show a direct com
with highly accurate hot-wire data in the setup of Österlund [51] (see also Österlund et al. [19,52]). The con
was that the Reynolds stresses and the streamwise turbulence statistics up to 4th order showed good agre
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a direct comparison between the present LDV and the PIV techniques, see Angele and Muhammad-Klingm
and Angele [54].

2.4.3. Wall shear-stress measurements
Preston tube measurements for the mean wall shear-stress were made with a tube with an inner diameter

and an outer diameter ofD = 0.8 mm. Calculation of the local mean wall shear-stress,τw, was made according to th
calibration function given by Bechert [55],

τ+ = (
a(�P +)2 + b(�P +)3.5)1/4

, (2.2)

�P + = �PD2

ρν2
, τ+ = τwD2

ρν2
(2.3)

wherea = 28.44,b = 6.61× 10−6 and�P is the measured pressure difference between the Preston tube and t
static pressure at the same position. Preston tubes are reported to give an accuracy of±2% in the wall shear-stres
when using the calibration functions (2.2) and (2.3). The accuracy is estimated here to be on the order o
However, wall shear-stress measurements with Preston tubes are only reliable upstream of instantaneous b
an APG turbulent boundary layer, see Fernholz et al. [56]. Near separation, the mean velocity gradient has d
substantially, making it possible to evaluate the wall shear-stress directly from the velocity profile. This was
applying a linear least squares fit to LDV measurement points within the viscous sub-layer, and extrapolatin
wall using the no-slip condition. This was done in a separate measurement with�y = 50µm beginning aty = 72µm
(equals half the LDV measurement volume using thef = 591 mm lens) which is within the viscous sub-layer. Thi
a rather crude estimate and the value is not used for any scaling analysis.

2.4.4. Measurements of the backflow coefficient
DF measuredχw by wall pulsed-wires (WPW) at a distance ofy = 30 µm, corresponding toy/δ∗ ≈ 0.01. Kalter

and Fernholz [43] used WPW and LDV for similar measurements ofχw but saw a slightly higher value using LD
They state that they have higher confidence in the WPW because it is based on the mean value from 1500
whereas the LDV data set only consisted of 5000 samples. In the data of DF (case 3 with the strongest
40%� χw �70%, which is most similar to the present case),χw can be seen to have a linear dependence on the
distance close to the wall. This can also be seen in the study of Holm and Gustavsson [57] and Holm et al. [4
the closest measurement position has a value larger than 25%, which implies that one can linearly extrapo
to the wall and get a good estimate of the backflow coefficient in the vicinity of the wall. In the PIV data here,
the first measurement position is aty/δ∗ ≈ 0.04, see Table 1,χw was determined by linear extrapolation to the w
In the LDV data, the first measurement positions in the wall-normal direction were taken as half the meas
volume corresponding toy = 72 µm which equalsy/δ∗ ≈ 0.01 (i.e. similar to the WPW in DF). Hence,χw should
be more reliable here since it is measured closer to the wall.

Table 1
Measurement parameters

x (m) U∞ (m/s) δ (mm) δ∗ (mm) Reθ χw H12 τw β Method

1.10 26.5 19 3.3 4.10× 103 0 1.4 1.26 1.3 LDV
1.70 22.6 34 8.4 7.90× 103 0 1.6 0.50 4.9 LDV
2.30 17.8 91 46.3 1.65× 104 0.45 3.3 0.01 330 LDV
2.35 (17.6) – (48) – 0.40 – – – PIV
2.42 (17.4) – (55) – 0.57 – – – PIV
2.49 17.2 115 62.8 1.75× 104 0.65 4.1 – – LDV
2.49 17.2 110 59.9 1.73× 104 0.57 4.0 – – PIV
2.54 17.2 113 63.2 1.81× 104 0.59 4.0 – – PIV
2.57 17.1 116 65.2 1.84× 104 0.57 4.0 – – PIV
2.63 17.0 119 67.8 1.90× 104 0.54 4.0 – – PIV
2.76 – – (78) – 0.38 – – – PIV
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3. Results

The velocity measurements consist of two parts, first an investigation of the downstream boundary layer
ment using LDV, and then an investigation focusing on the separation bubble using PIV. Measurements wer
out for the streamwise component with LDV atx = 1.10 m, x = 1.70 m, x = 2.30 m andx = 2.49 m, see full
lines in Fig. 2(b). PIV measurements were made at five consecutivex-positions in the wall normalxy-plane be-
tweenx = 2.28 m andx = 2.76 m, between the dashed lines in Fig. 2(b). This region includes the position of
separation,xs ≈ 2.4 m and mean reattachment,xr ≈ 2.7 m, see the horizontal line in Fig. 2. These LDV and P
measurements were done at slightly different flow conditions hence, the data sets are not exactly similar a
sitions where they overlap. For instance, atx = 2.49 m, the difference inδ (hereafter equivalent toδ99) andδ∗ was
around 4–5%, see Table 1. The separation bubble is believed to be more shallow and possibly also shorter i
study since the values ofδ∗ andχw are lower. All the LDV data reach the free-stream but only the PIV measurem
betweenx = 2.49–2.63 m do, see Table 1. The values ofδ∗ andU∞ atx = 2.35 m andx = 2.42 m within parenthesi
are taken from the momentum integral equation calculation using the pressure coefficient. They are used to

up andBp for scaling ofv′2 andu′v′ at these two positions.

3.1. Boundary layer development

3.1.1. Mean flow
The boundary layer development in terms of integral length scales, obtained from PIV and LDV measurem

the velocity profile, is shown in Table 1 and Fig. 3(a). The thick horizontal line indicates the extent of the se
region. The characteristic rapid growth of the boundary layer thickness due to the APG and the increase in th
factorH12 is evident. Fig. 3(b) shows the downstream development of the streamwise velocity component sca
the local free-stream velocity and plotted against the wall-normal coordinate scaled with the local bounda
thickness,δ. At the firstx-position,x = 1.10 m, a typical ZPG profile can be seen. Atx = 1.70 m the profile begins t
loose its fullness due to the APG. So far, the shapefactor has only increased fromH12 = 1.4 to 1.6 despite the fact tha
the largest pressure gradient is aroundx = 1.5 m. Then follows a significantly larger increase fromH12 = 1.6 to 3.33
despite the relaxed pressure gradient and atx = 2.30 m the velocity profile has lost most of its fullness and resem
a mixing-layer. Atx = 2.49 m a well defined region of mean reverse flow can clearly be seen close to the
As stated by Schubauer and Spangenberg [13], this development shows that a boundary layer can withsta
gradient initially when the velocity profile is not yet affected by the pressure gradient but becomes more sen
the shapefactor increases. As the boundary layer becomes more sensitive, the pressure gradient needs to b
order to avoid an early separation.

Fig. 3. (a) Downstream development of the integral parameters,δ∗, 10H12 and θ , (
) PIV and (∗) LDV. The lines are curve fits obtained b
solving the von Karman momentum integral equation with the pressure distribution as an input, see Muhammad-Klingmann and Gusta
for models. The horizontal thick line shows the extent of the separated region and the separation and reattachment points are indicatedxs andxr

respectively. (b) LDV mean velocity profiles.
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Fig. 4. (a) Mean wall shear-stress (+) Preston tube, (∗) Clauser plot (
) direct measurement of∂U/∂y with LDV. The line is a curve fit obtained
by solving the von Karman momentum integral equation with the pressure distribution as an input. The horizontal thick line shows the
the separated region and the separation and reattachment points are indicated asxs andxr respectively. (b) Mean streamwise velocity in visco
scaling. Symbols as in Fig. 3(b).

3.1.2. Wall shear-stress
Fig. 4(a) shows a comparison of different wall shear-stress measurements in terms of the friction coefficie

cf = τw

1
2ρU2

inl.

. (3.1)

cf was evaluated from Clauser plots of the mean velocity profiles measured with LDV atx = 1.10 m andx = 1.70 m.
Up tox = 2.1 m, the mean wall shear-stress was also measured with Preston tube. At firstcf decreases rapidly in th
region where the pressure gradient is large. FromH12 = 1.4 and 1.6,cf changes to less than half its original val
which shows that the flow close to the wall is affected before the overall velocity profile shape is affected. Thi
to the fact that the momentum carried by the fluid in this region is very small and the pressure is constant
boundary layer. Note that the last two Preston tube measurement points atx = 1.90 m andx = 2.1 m are questionable
since the logarithmic region is about to vanish and the calibration function (2.2) is no longer valid. Atx = 2.30 m,
the mean velocity gradient has decreased so that it is possible to evaluate the wall shear-stress from a li
squares fit to four LDV measurement points extrapolated to the wall using the no-slip condition as describe
section on wall-shear stress measurements. Fig. 4(b) shows the mean velocity in viscous scaling, i.e. scale
wall shear-stress, atx = 1.10 m,x = 1.70 m andx = 2.30 m. The linear and logarithmic regions are shown as da
lines. Due to the ambiguity in the determination of the skin-friction, the uncertainty in the wall-normal positio
the rather large size of the LDV measurement volume in viscous units in the early part of the flow (atx = 1.10 m
andx = 1.70 m), the first data points close to the wall are excluded and the data belowy+ = 10 should not be take
literally. What we want to demonstrate is simply the effect of the APG on the logarithmic portion of the flow
first two positions clearly have a logarithmic region, but due to the strong APG the logarithmic region vanish
is no longer present atx = 2.30 m. This is in line with the findings by DF, i.e. that the logarithmic region vanish
H12 = 2.2 at the same time as the first backflow events occur.

3.1.3. Turbulence statistics
Fig. 5 shows theurms profiles at the four differentx-positions measured with LDV. At the first position,x = 1.10 m,

a typical ZPGurms profile is shown with its characteristic near-wall peak. At the secondx-position,x = 1.7 m, the
expected effect of APG boundary layers is seen: a damping of the near-wall peak and the appearance of a
induced by the inflection point of the mean velocity profile in the middle of the boundary layer. AsH12 increases
the position of this peak moves further out in terms ofy/δ. At x = 2.30 m andx = 2.49 m the near-wall peak ha
vanished and theurms maximum is at abouty/δ = 0.55. This is in line with earlier experiments, see e.g. DF
Muhammad-Klingmann and Gustavsson [40].
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Fig. 5.urms profile measured with LDV, note the semi-log scale. Symbols as in Fig. 3(b).

Fig. 6.Su andFu, note the semi-log scale. Symbols as in Fig. 3(b).

Fig. 6 shows the skewness and the flatness,

Su = u′3

u3
rms

, Fu = u′ 4

u4
rms

. (3.2)

The skewness has large negative peaks at the edge of the boundary layer,y/δ = 1, for all x-positions. Close to th
wall large positive peaks are seen atx = 1.10 m andx = 1.7 m where the pressure gradient has not yet suppre
the near-wall peak in theurms. At x = 1.10 m, the skewness is moving from positive, at the wall, to negativ
the boundary layer edge, and passes zero approximately whereurms has its maximum in the buffer region arou
y/δ = 0.03 (y+ = 17). Closer to separation, atx = 2.30 m andx = 2.49 m, the near-wall peak ofSu disappears an
the value remains close to zero (slightly negative). The flatness also has peaks in the wall region and at the
layer edge reflecting the intermittency of the flow in these regions. In the near-wall region, a minimum inFu can be
seen at the position of the maximum in theurms (at x = 1.10 andx = 1.7). The flatness seems to be fairly unaffec
by separation, i.e. the near-wall peak remains despite the absence of a peak inurms andSu. Both higher moments sho
good agreement with results obtained by other researchers, see Simpson et al. [9,7].Sv andFv were also measured b
LDV at x = 2.36 (not shown here) and they also show good agreement with earlier data, that is,Sv behaves asSu but
has the opposite sign, andFv is similar toFu.

3.2. The separated region

3.2.1. Onset of separation
Fig. 7 shows a sequence of eight flow fields in terms of the instantaneous backflow. This shows how th

separated region is built up of fundamentally different scenarios. Large scale coherent structures of backflow
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Fig. 7. Eight flow fields showing the instantaneous direction of the flow in the middle of the separation bubble. Black refers to flow in the
x-direction, i.e. backflow and white corresponds to flow in the positivex-direction.

Fig. 8. Contour plot of the backflow coefficient,χ , composed of all the five different PIV measurements. Not that the different PIV data sets
perfectly overlap leaving small gaps in-between. Each contour corresponds to 5% increase inχ towards the wall. Flow is from left to right. Th
separation and reattachment points are indicated asxs ≈ 2.4 m andxr ≈ 2.7 m respectively.

intermittently and the instantaneous flow is ranging from fully separated to almost fully attached. The same t
be observed in the measurements in the spanwise-downstream direction. At some instances the flow is sepa
gions (not necessarily at the wall) with attached flow between, showing the three-dimensional nature of insta
separation. This confirms the results of the DNS by Na and Moin [8], which showed that the instantaneous se
is a highly three-dimensional process without a clear separation and reattachment line and that the two-dim
mean bubble is merely a consequence of time averaging.

Fig. 8 shows the mean separation bubble, displayed as contours of the backflow coefficientχ . This is calculated
here as the fraction of the total amount of the instantaneous PIV measurements where the flow is in the
direction. Fig. 8 is composed of all the five consecutive PIV measurements. The contours show minor discon
between the different measurements as they were conducted at different occasions. However, the gene
shows that the bubble is steady and repeatable. In Fig. 9(a), the same data are presented as wall-normal
χ as a function ofy/δ∗ at selectedx-positions from well upstream of separation to downstream of reattachme
x = 2.76 mδ∗ was taken from the solution to the von Karman momentum integral equation, Fig. 3(a). Note t
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separated region is very shallow, only the PIV measurement point closest to the wall (y = 2.2 mm) is in the region
where the flow is separated in the mean. One can see thatχ has a different behavior before separation, inside
separated region and after reattachment (x = 2.76 m). In the separated region the profiles ofχ are self-similar when
plotted againsty/δ∗. The value ofχ is positive only aty/δ � 0.55, which corresponds approximately to the posit
of the inflection point in the mean velocity profile, i.e. the position of maximum shear andurms. This was first observe
by Simpson et al. [2].

The shapefactor has often been used as an indirect measure of the separation point. The value of the s
at separation in the present measurements is larger than 3.3 (x = 2.30 m χw = 0.45 measured with LDV) but les
than 4.0 (x = 2.49 mχw = 0.57 measured with PIV), see Table 1. Linear interpolation between these values su
that separation occurs approximately atH12 = 3.45. This is above the values reported in similar studies. DF repor
value of 2.85±0.1 (at separation), Gustavsson [58] reported a value of 3.25±0.15 (at reattachment), Holm et al. [4
reported a value of 3.4±0.3 (at separation) and recently Castillo et al. [59] 2.76±0.23. In contrast to the shapefacto
the backflow coefficient in the vicinity of the wall,χw , is a direct measure of the separation point according to
definition of Simpson [11]. However, it is difficult to measure accurately.

According to DF there is a linear relation between the shapefactor and the backflow coefficient close to the
Eq. (1.14). However, the constants in this relation seem to depend on the experiment, see Alving and Fernh
Muhammad-Klingmann and Gustavsson [40] and Holm and Gustavsson [57] who all found a linear relation b
different values of the constants. In the present PIV measurements, the variation ofH12, in the region whereχw � 0,
is too small to draw any conclusions about Eq. (1.14). However, we see that the LDV profiles atx = 2.30 m and
x = 2.49 m haveH12 = 3.3 and 4.1. These values of the shapefactor do not comply with Eq. (1.14).χw was obtained
as discussed in Section 2.4.4.

3.2.2. Reynolds stresses
Fig. 9(b) shows how the maximum values in the Reynolds stresses increase in the downstream direction a

separation bubble.u′2 grows faster thanv′2 andu′v′ as can also be seen in the data of DF.
An indication that similarity may be expected for this flow can be obtained by looking at the anisotropy state

on the anisotropy tensor

aij = u′
iu

′
j

K
− 2

3
δij (3.3)

(whereδij is the Kronecker delta andK is the turbulent kinetic energy). The anisotropy state is displayed in
anisotropy invariant map, see Fig. 10(b), based on the two invariants of the anisotropy tensor

II a = aij aji, III a = aij ajkaki . (3.4)

(a) (b)

Fig. 9. (a) Downstream development ofχ at selectedx-positions. (b) Downstream development of the maximum values of the Reynolds st

measured with PIV: (◦) u′2/U2
inl., (∗) v′2/U2

inl., (
) u′v′/U2
inl.. The horizontal line corresponds to the extent of the separated region.
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Fig. 10. (a) The mean velocity profile and (b) the corresponding anisotropy invariant map. Note that the symbols (◦), (
) and (×) indicate the
wall-normal distance as shown in (a). The lines corresponds to axisymmetric turbulence and the two-component limit.

Fig. 11. (a) PIV measurements showing the downstream development ofδ (
), δ∗ (∗) and 6θ (◦) at the separation bubblex = 2.49–2.63 m. The
horizontal line corresponds to the extent of the separated region. (b) Corresponding equilibrium mean velocity profiles atx = 2.49–2.63 m with
H12 = 4.0. The LDV profile atx = 2.30 m H12 = 3.3, dashed line, is shown for comparison to illustrate that this similarity is only valid
constant shape-factor.

In the present experiment, thew′2 data in the wall-normal direction was estimated by interpolating data ofw′2 from
spanwisexz-planes measured with PIV at five different wall-normal positions. It can be seen that in the prese
case, the anisotropy state is almost constant throughout the middle of the boundary layer. This is analogo
constant anisotropy state in the logarithmic region in ZPG.

4. Scaling analysis

Different mean velocity scalings have been tested against the present data set. The wake profile by Col
a fair description of the profiles far upstream of separation but as separation is approached it is less succes
conclusion was reached in earlier studies and can also be drawn from the present data, but is not shown
scaling of Kader and Yaglom [29] and Yaglom [32] is similar to the one by Mellor and Gibson [33] but baseδ
rather thanδ∗ and is therefore not included since the ratio between these two length scales is not constant. Th
suggested by Castillo and George [25] does not give self-similarity for the present data set, however, the vaΛ

found here are similar to those found in their review of the APG case i.e. close to 0.22. This scaling is not sho
either. In the following, we will only discuss the scalings which give self-similar mean velocity profiles in the p
data set.
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Fig. 12. Perry–Schofield scaling atx = 2.35–2.63 m, H12 = 3.3–4.1. The label DF refers to the asymptotic profile suggested by Denge
Fernholz [12] and PS refers to the original Perry–Schofield profile, see Eq (1.12). Upper: (�,◦) LDV, (
) PIV. Lower: (�,◦,
) PIV.

4.1. Equilibrium in the separated region

The separated shear-layer atx = 2.49–2.63 m has some of the properties of an equilibrium boundary laye
a constant shapefactor and approximately linearly increasing integral length scales, see Fig. 11(a). Mean
profiles in this region are self-similar when scaled withU∞ andδ∗, see Fig. 11(b). These data are all extracted f
the same PIV measurement. For comparison, the LDV velocity profile atx = 2.30 m H12 = 3.3 (dashed line) is
included, showing that this similarity is valid only for a given constant value of the shapefactor.

4.2. Perry–Schofield scaling

Fig. 12 shows profiles of the mean velocity and the Reynolds stresses in the entire region upstream of sepa
in the separated region (betweenx = 2.35–2.63 m whereH12 = 3.3–4.1) in Perry–Schofield scaling, see Eqs. (1.1
(1.12). The velocity scaleus was estimated using the correlation toχw given by DF, see Eq. (1.13). The valu
of us , determined by the original fitting procedure suggested by PS (also used by DF), was in fair agreem
those obtained from Eq. (1.13) considering that the square-root part of the velocity profile is difficult to identi
collapse of the present streamwise mean velocity profiles in the outer region is good but they do not fall exact
asymptotic profile suggested by DF (although DFs function is apparently a better fit to the present data than th
originally suggested by PS). The Reynolds shear-stress also show some degree of similarity, though less str
for the mean velocity. This indicates that the shear Reynolds-stress is related tous , as originally suggested by P
(but not confirmed by DF). The present data show that the maximum value in the Reynolds shear-stress i
aroundy/Bs ≈ 0.4, which is in fair agreement with the position predicted by Schofield [35]. DF observed sim
in the mean velocity profiles only near separation, while PS suggested that this scaling would be valid w

−u′v′+
max � 1.5. Using the relation given by Skåre and Krogstad [24]:−u′v′+

max = +3
4β, the condition by PS is

equivalent toβ � 2/3. In the present caseβ = 4.9 already atx = 1.7 m, where the logarithmic region is still prese
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Fig. 13. Pressure gradient based outer scaling for the mean velocity profiles and the Reynolds stresses. Symbols as in Fig. 12

(see Fig. 4(b)),χw = 0 and the Perry–Schofield scaling does not apply. Hence, we conclude that it is not pos
tie the applicability of the PS-scaling to the pressure gradient parameterβ.

4.3. Pressure gradient based scaling

Fig. 13 shows the scaling based onup, see Eqs. (1.8) and (1.9). Compared to the PS scaling this gives the
degree of similarity for the same data set. This velocity scale was originally suggested by Mellor and Gibson
the equilibrium flow at the position of separation, i.e.β = ∞. The mean velocity profiles shown in Fig. 13(a) sh
experimental evidence that the self-similarity extends also to weakly separated flows in non-equilibrium. Fi
shows that the Reynolds shear-stress also display some similarity. Mellor and Gibson [33] predicted a maxim
of the Reynolds shear-stress of approximately3

4 at y/Bp ≈ 0.12. This coincides with the relation given by Skåre a

Krogstad [24]:−u′v′+
max = 1 + 3

4β (when 0� β � 60) if extrapolated toβ = ∞. Fig. 13 shows that this gives a
over prediction of both the value of−u′v′

max/u
2
p and itsy-position.

5. Summary and conclusions

A study of a separating adverse pressure gradient (APG) turbulent boundary layer at high Reynolds num
carried out in a wind-tunnel experiment using PIV. In the present paper the PIV data set was used to invest
applicability of various velocity scalings suggested through out the years. It was found that the mean velocity
in the outer part of the boundary layer around the separation bubble are self-similar when using a velocity sc

on the local pressure gradient, namelyup =
√

δ∗
ρ

dP
dx

. This velocity scale was originally suggested by Mellor a

Gibson [33] as a transformation to avoid the singularity at the point of separation in an equilibrium turbulent bo
layer. The velocity scale appears naturally when the equation for the outer region of the boundary layer is sc
the friction velocity. Similarity based onup is also true to some extent for the Reynolds shear-stress, something
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pressure

41–47.
paration,

J. Fluid
has, to our knowledge, not been shown before. For the present data set the same degree of similarity is a
when using the scaling suggested by Perry and Schofield [34]. In other words the two different scalings are
comparable, at least for the present case. This contradicts the findings of Alving and Fernholz [17] wher
shown that the scalings are not connected. Moreover, the similarity of the Reynolds shear-stress can be inte
an experimental evidence of the earlier claimed relation between the Perry–Schofield velocity scale and the m
Reynolds shear-stress. These findings shed some new light on the proper velocity scaling for turbulent b
layers subjected to strong APG and separation. However, the present data do not comply perfectly with ne
asymptotic separation profile suggested by Perry and Schofield nor the modified version suggested by De
Fernholz [12] (even though this gives a better agreement) indicating that this kind of flow is governed by par
which are still not accounted for in the proposed velocity scales. One such might be the influence of historica
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