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Abstract

A high Reynolds number flat plate turbulent boundary layer was studied in a wind-tunnel experiment using particle image
velocimetry (P1V). The flow is subjected to an adverse pressure gradient (APG) which is designed such that the boundary laye
separates and reattaches, forming a weak separation bubble. With PIV we are able to get a more complete picture of this compl
flow phenomenon. The view of a separation bubble being composed of large scale coherent regions of instantaneous backflc
occurring randomly in a three-dimensional manner in space and time is verified by the present PIV measurements. The PI
database was used to test the applicability of various velocity scalings around the separation bubble. We found that the me:
velocity profiles in the outer part of the boundary layer, and to some extent also the Reynolds shear-stress, are self-similar whe
using a velocity scale based on the local pressure gradient. The same can be said for the so called Perry—Schofield scaling, wh
suggests that the two velocity scales are connected. This can also be interpreted as an experimental evidence of the claimed rela
between the latter velocity scale and the maximum Reynolds shear-stress.

0 2005 Elsevier SAS. All rights reserved.

1. Introduction

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

1.1. Turbulent separation

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

1.1.1. APG induced separation
The equation governing the flow in the non-separated turbulent boundary layer is
iU 8U_ 1dP 8(&_1/@)_&07_17)
0
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8x+ ay ,odx+8y Vay

(1.1)

Herex andy are the streamwise and wall-normal directions respectiyeig, the density and is the kinematic

viscosity. U and V are the mean velocities in the streamwise and the wall-normal direciiénand v’ are the
corresponding Reynolds stressed) is the Reynolds shear-stress aPds the static pressure. In a boundary layer
where the pressure gradient, the first term on the right-hand side of Eq. (1.1) is non-zero and positive, the flow is
said to be subjected to an APG. The static pressure is constant through-out the boundary layer in the wall-norma
direction which gives rise to a larger deceleration close to the wall where the flow carries less momentum. The skin-
friction coefficient decreases as a consequence of this which implies that the shape of the velocity profile is changed
best displayed in terms of an increase in the shape-falitor= §*/6, based on the ratio between the displacement
thickness and the momentum-loss thickness. The largest gradient in the mean velocity profile moves out from the
wall as the flow develops towards separation. The wall-normal distributions of the Reynolds stresses, with large peak:
in the middle of the boundary layer, are quite different from the zero pressure gradient (ZPG) case. The near-wall
turbulence generation is weakened and the spanwise spacing of the of sub-layer streaks increases, see Simpson
al. [2] and Skote [3]. If the pressure gradient is strong and persistent the flow ultimately shows similarities to a mixing
layer and separates.

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

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

In a mild APG induced separation, as in the present study, the flow is close to the zero wall shear-stress cas
investigated by Stratford [14,15] and Dengel and Fernholz [12]. This leads to a slsa&lfaration bubblea closed
region of mean backflow formed when a separated shear layer is reattached to the surface. Different definitions ¢
a separation bubble exist. One way to define it is in terms of the local topology of the mean flow, i.e. as the regior
bounded by the zero streamline based on the stream function, or the contour of the mean velocity equal to zer
see Tobak and Peake [16]. Another often used definition, which applies to steady two-dimensional separation, is tr
skin-friction being zero and the backflow coefficient reaching a level of 50% simultaneously, see Simpson [11]. The
backflow coefficient is defined as the amount of time (with respect to the total time) the flow spends in the upstrean
direction. One should note that the latter definition implies that the skewness has to be zero. The data of Dengel ar
Fernholz [12] shows that this is the case. This kind of separation is less violent than the strong version but commo
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. Different sug
gestions have been made, however, the proper mean velocity scaling of the outer region in strong APG and separat
turbulent boundary layers is still an open question as is that for the Reynolds stresses, which is of interest in turbulenc
modeling.

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

he = /(%)z\/; (L.2)

based on the wall shear-stresgsis the velocity scale commonly used for scaling of the velocity profile in the inner
region of the ZPG case. The velocity profile in the near-wall region in ZPG is describ&d™by f(y™) where
Ut =U/u, andy' = yu./v. Close to the wally™ < 5, the velocity profile is linear and in a region of constant
total shear-stress* = %@’—I +u'v'" =1, the velocity profile has a logarithmic dependence on the wall distance,
Schlichting [18].

The outer region is dominated by inertial forces and the term corresponding to the viscous forces in Eg. (1.1) ca

be neglected.

Us—U —u'v’
—=——=F(n. >—=R() (1.3)
Uz usg
y §*Uso
=—, A= 1.4
=20 - (1.4)

have been shown in many experiments, see for example the data of Osterlund [19] fat R&3&: 27 300, to give
self-similarity in the ZPG case. Helé,, is the free-stream velocity. The self-similarity for the Reynolds stresses in
ZPG is not as clear as for the mean velocity and there is experimental evidence for a Reynolds humber dependence
the maximum value i, see for example DeGraaff and Eaton [20].
Substituting Egs. (1.3) and (1.4) into (1.1), keeping the pressure gradient term gives
*
opr -t pmy =St =2 as)
n dpn Ty dx

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

Up~x", me—— P (1.6)

Hip(1+B) +28
where the latter was showed by Skote et al. [23]. Skare and Krogstad [24] showed experimental results for an equilib-
rium boundary layer in strong APGH2 = 2) where the logarithmic region was still present and found similarity up
to triple correlations.
Castillo and George [24] analyzed the equation for the outer region and defined a slightly different equilibrium
state. The appropriate length scale was chosen asd the question of the appropriate velocity scale was left open.
It was concluded that, if

i 0= (%) (2
X

is constantl is the appropriate velocity scale. Harg is the pressure coefficient add,/dx its gradient in the
downstream direction. A vast amount of experimental data were reviewed and it was suggestedahainly have
three different values, one for a favorable pressure gradieet (1.92), one for APG (A = 0.22) and one for ZPG
(A =0). If § is linearly increasing withx, as suggested by Townsend [2H4,is similar tom in Eq. (1.6). Also,
A~ = Hy + 2, as pointed out by Elsberry et al. [26], which should be constant in the classical equilibrium sense
sinceHy» is constant.

For an APG turbulent boundary layer to develop towards separftionst vary. In this casél1, increases while
the wall shear-stress decreases and the boundary layer is not in equilibrium in the Clauser sense. Different attempi
have been made to find a way to describe an APG turbulent boundary layer in non-equilibrium. Coles [27] developed
a linear combination of the logarithmic law of the wall and an additional outer wake profile based on empirical
evidence. This attempts to describe the mean velocity profile over the entire boundary layer and takes into accoun
the downstream development towards separation. This scaling has been proved to be successful in moderate pressi
gradients where the logarithmic region is still present, but as separation is approached it has been shown to be les
successful. Simpson et al. [2] and Dengel and Fernholz [12] stated that the logarithmic region gradually disappears
as an APG turbulent boundary layer is developing towards separation, and it vanishes at the same time as the fir:
backflow event occurs, which coincides approximately viifih = 2.2 according to Dengel and Fernholz [12]. At this
point, the classical inner-outer layer with the logarithmic overlap region is no longer an appropriate description of the
turbulent boundary layer. At separation, where= 0 a singularity appears in the description of the boundary layer
and the scaling in Egs. (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 pressure gra
dient. Stratford [14,15] investigated the asymptotic state,cf 0, theoretically and experimentally and on the basis
of the mixing-length theory he concluded that the velocity profile in the overlap region has the following dependence
in the wall-normal direction:

1/3
v=2 [29P  o(rdP (1.7)
K\ p dx o dx

whereC is a constant and is the von Karman constant! depends explicitly on the pressure gradient, and the
logarithmic dependence on the wall-normal coordinate is replaced by a square-root function. Elsberry et al. [26] made
an attempt to reproduce the flow case of Stratford [14,15]. The shapefactor was cafigtan®.5, and the integral
length scales were increasing at an approximately linear rate in the downstream direction. However, it was stated tha
the flow is not in equilibrium, since the mean velocity and the fluctuating velocity components were self-similar with
different scales.

Several other investigators have extended the analysis for the inner region in flows with afiaitel found
a mixed square-root and logarithmic behavior, see Townsend [21], McDonald [28], Kader and Yaglom [29] and
Skote [3]. Separated flows have also been investigated and inner scalings were suggested by Simpson et al. [9] ar
Skote [3].

Not so much attention has been paid to the outer region. One reason for this is that the velocity profile in the outer
region might be affected by its history, i.e. it does not only depend on the local variables. Perry et al. [30] and Perry [31]
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for example divided the boundary layer into a wall region and an outer historical region. Kader and Yaglom [29] and
Yaglom [32] dealt with this problem by assuming a moving equilibrium where the free-stream velocity is varying
slowly enough in the downstream direction for the boundary layer to locally adjust to the variation. Mellor and
Gibson [33] continued the work of Clauser [22] and Townsend [21] for the outer region. The assumption involved in
this study was thai, > 0. They constructed a model for the Reynolds shear-stress on the basis of a gradient diffusion
expression with an effective viscosity, o« Uxo8*. They integrated Eq. (1.5) numerically and obtained a family of
velocity profiles for the paramet@r. These predicted the attached flow equilibrium profiles of Clauser R2] (.8,
Hi»=1.47 andB = 8, H1» = 1.76) and the zero wall shear-stress profile of Stratford [14,85} o) quite well. In

the comparison with Stratford [14,15] the transformation

U= U _ F<L) (1.8)
Up B,
where
§* dpP §*U.
up= BY%u, = e B,= upoo (1.9)

was used to avoid the singularity whep= 0. A function was also obtained for the Reynolds shear-stress but it was
never compared to experimental data. Kader and Yaglom [29] and Yaglom [32] introduced a velocity scale similar tc
Eq. (1.9) whereé* was replaced by. The suggested velocity scale was the arithmetic mean valug @fidu .. They
basically reviewed the current data base in the community at the time and concluded that this is the proper velocit
scale for strong APG.

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

— 8*
Yoo = U _ F(l), B, = 286> 0 (1.10)
Ug B_y Ug
B —
Uy = sum,/f, Up =1/ =10 max (1.11)
F<l> —1-04 /2 —o.6sin(ll> (1.12)
BS Bs 2 BS

where F should be a universal function describing the mean velocity profileshould replacex,; when

—u'v"" max > 1.5. L is the distance from the wall to the positionidf, andu; is explicitly dependent on the maximum
Reynolds shear-stress, is claimed to be the natural velocity scale of the square-root part of the velocity profile in a
similar way asu, is the natural velocity scale of the logarithmic part of the velocity profile according to Clauser [22].
uy; was determined from a fit to the velocity profile in a similar manner.ais obtained from a Clauser plot. Simpson

et al. [2] verified this scaling upstream of separation but the scaling is valid after separation as well, according tc
Schofield [36]. Schofield [35] derived an analytical expression for the Reynolds shear-stress by assuming the sel
preserving or equilibrium conditions according to Townsend [21]. This was compared with equilibrium data from
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 induced sepa-
ration bubble in an axi-symmetric setup. Three different cases with zero, slightly positive and slightly negative anc
constant wall shear-stress were investigated by small adjustments of the pressure gradient. They proposed an asyr
totic separation profile based on the PS idea, but defined in a slightly different manner. They found that a 7th orde
polynomial gave a better fit to their data than the original PS profile stated in Eq. (1.12), and only the profiles in the
vicinity of separation showed similarity. This asymptotic separation profile was independent of the wall condition, i.e.
same in the three cases. was determined by a fit to the square-root part of the mean velocity profile, as suggested
by PS. A linear relation was found betwegnand the backflow coefficient.

Us

=1.01+0.485x,, 1%< x, <70% (1.13)

o0
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They also found a linear relation betwegyn and H1»
Hyp = 2.205+ 1.385y,,. (1.14)

Simpson et al. [38], Simpson and Shivaprasad [39] were the first ones who noticed a relation between these twc
parameters. The linear relations (1.13) and (1.14) were verified by Muhammad-Klingmann and Gustavsson [40] in a
similar case using a best fit of their velocity profiles to the DF polynomial, however, they obtained different values of
the constants. Holm et al. [41] conducted separation measurements on an airfoil at two different angles of attack. Ir
the case with small angle of attack the rangéfi is too small to check the validity of these relations and in the case
with the large angle of attack their data confirm the linear relationgffer< 4.5. DF state that their Reynolds stress
profiles have no universal or asymptotic form since it was not possible to convert them to a self-similar form using
or Us. The relation between; and the maximum Reynolds shear-stress was not verified. Alving and Fernholz
[17,4] continued the work of DF with focus on the proper mean velocity scaling for strong APG. The validity of the
logarithmic region was investigated and the conclusion by DF was confirmed. The square-root part of the velocity
profile closer to separation was also examined and it was confirmed for several profiles, although this is difficult to see
in their figures. They also confirmed the validity of the asymptotic DF profile at reattachupevas 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 relation
betweenH;, and x,, then showed lower values of the constants in Eq. (1.14). The correlation between the pressure
gradient based velocity scale in Eq. (1.9) andvas found to be poor and this scaling was therefore never shown.

The conclusion of the review is that the proper scaling for the streamwise velocity and the Reynolds shear-stres:
in the outer region of a separating turbulent APG boundary layer is still an open question. In the present study we
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 [42]. The
test-section is 4 m long and the cross-section are&5:00.5 m. The tunnel walls are mostly made of Plexi§las
allow for optical access when using PIV and LDV. The test-section is interchangeable and for the present experiment:
a special test-section was designed. The first part of the test-section has a constant cross-sectian ar&254n
the test-section is diverged by means of a flexible wall (allowing a free choice of the wall shape) in order to achieve a
decelerating flow, see Fig. 1. Suction is applied through holes in the curved wall in order to prevent the boundary layer
from separating, see Fig. 1(a). 1300 holes with a diameter of 5 mm were connected to four suction boxes betweel
x =1.25 m andx = 2.25 m (between the dashed lines in Fig. 2(a)). The suction boxes are connected via tubing to a
4.5 kW fan and 6—7% of the flow rate above the flat plate was estimated to be removed based on LDV measurement
at the fan outlet. This is sucked into the wind-tunnel from the ambient downstream of the test-section through a
pressure equalizer slit. The boundary layer on a flat plate, mounted in the test-section, is exposed to an APG usin

(b)

Fig. 1. The wind-tunnel test-section used in the present experiments. (a) The curved surface where suction is applied at%lﬂ%iaxlgtas/vhere
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 its gradier
(showing 11 different measurements). Vertical straight full lines show the positions of the LDV measuremeht$0) m,x =1.70 m,x =2.30 m

andx = 2.49 m. PIV measurements were made between2.28 m andx = 2.76 m, see the dashed lines. The horizontal thick line shows the
extent of the separated region and the separation and reattachment points are indicatewags respectively.

this configuration, see Fig. 1(a). The flat plate consists of four 1 m long 20 mm thick Pl&iggasents. The first
segment has a 0.2 m long symmetric super-elliptic leading edge. To be able to control and assure a non-separat
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 obtain
well defined and spanwise homogeneous position of the laminar to turbulent transition a 0.4 mm high zig-zag tap
was used. It was placed 0.25 m downstream of the tip of the leading edBe;(at 4.4 x 10° based on the free-
stream velocity). This arrangement assured a fully developed turbulent ZPG boundary layer as initial condition wel
upstream of the expanding part of the test-section. The flat plate is equipped with 48 pressure taps evenly distribute
in the downstream direction at every 0.1 m downstream of the first meter. Pressure taps are also placed in the spanw
direction 0.175 m off the centerline at every second tap position after the first meter to check the homogeneity of th
flow, see Fig. 2(b). The free-stream velocity at the inlet of the test-sectioriyas= 26.5 m/s. The temperature in

the test-section was kept constant at 20

2.2. Pressure distribution

In Fig. 2(b) the pressure coefficient
P — Pret
Cp=—7—"7—
Po — Pret
and its gradientd, /dx is plotted against the distance from the leading edge. The reference wall static pregsuse,
taken atx = 0.45 m in the non-diverging part of the flow a®g is the stagnation pressure at this position. The pressure

gradient distribution is shaped as Schubauer and Spangenberg [13] suggested for maximum pressure recovery, la
at an early stage and then relaxed.

(2.1)

2.3. Spanwise homogeneity

The wall-static pressure in the present case was two-dimensional within the measurement accuracy along the whc
test-section when measured at the center-line and at two positions 175 mm off the center-line, i.e. over 50% in th
central portion of the plate. The spanwise homogeneity of the flow was also investigated by PIV measurements i
the spanwise directionc{-planes) covering 20% of the span in the central portion of the plate. No trends of a three-
dimensionality in the flow could be observed from these measurements. The free-stream velocity above the separat
region was shown to be two-dimensional withit0.15%. Close to the wally(/6 = 0.09) at separation, where the
flow is most sensitivel/ / U, = 0.04 4 0.02. The Reynolds shear-stress in this plari@;, which should be zero in
the two-dimensional case, shows scattered values around zero which are one order of magnitude smafiér than
at the same position. Separated flows in particular are very sensitive to end-effects induced by the wind-tunnel sic
walls. One way to overcome this problem is to use axi-symmetric setups, see for example Dengel and Fernholz [12
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Alving and Fernholz [17], Kalter and Fernholz [43]. Hancock [44] suggests that the ratio between the bubble-length

and the spanwise width of the wind-tunnel should be at least four for a case of strong separation. In the present case
is 2.5, however, this is a very weak separation and consequently less sensitive. The boundary layer thickness arour
separation is on the order 1/8 of the spanwise width of the wind-tunnel. PIV measurements conducted at the side wall:
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. The press
taps are 0.5 mm in diameter, 10 mm long and drilled perpendicular to the plate. 2000 samples were collected with &
frequency of 100 Hz. A 15 s time delay was used to avoid transients between each change in the measurement positio
The pressure transducer has an accuracy of 0.25% of full scale (2000 Pa). For the present pressure differences tt
means an accuracy of 1-3%. Observed differences in the wall static pressure are within this measurement accurac
The x-position is determined with an accuracy £0.5 mm and the flow does not change significantly over that
length. The error in & /dx, introduced by differentiating the pressure with respeat,tis about+=10% in the worst
case, see Fig. 2(b) (showing eleven different pressure gradients). This is a numerical problem rather than a probler
of measurement accuracy, hence by taking the mean value of these it can be smoothed.

2.4.2. \elocity and turbulence measurements

The velocity and turbulence intensity measurements were conducted with a Dantec FlowLite 1-component LDV
system and a Dantec FlowMap PIV system. In both the PIV and the LDV measurements the flow was seeded with
glycol, heated up by a smoke generator and injected through the pressure equalizer slit downstream of the test-sectio
This assured a homogeneous seeding in the boundary layer. The size of the particles was not measured but w:
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 processol
controlled by FLOware software connected to a 10 irHéNelaser (632.8 nm) via a fiber optic cable. It uses a Bragg-
cell with a frequency of 40 kHz. The data were residence-time weighted to compensate for a high velocity bias. Lenses
with focal lengthf = 160 mm andf = 591 mm were used. The size of the measurement volume in the wall-normal
and streamwise direction is 76n (f = 160 mm) and 144im (f = 591 mm). The extent of the measurement volume
in the spanwise direction is an order of magnitude larger. 10 000 samples were taken at each measurement positio
The LDV probe was traversed through the boundary layer with an uncertainty jaghsition of+50 pm.

PIV measurements were performed with an equipment consisting of a 400 mJ double pulsed Nd:Yag laser and «
digital Kodak ES1.0 CCD camera, containing 1048008 pixels. The measurement process was synchronized and
controlled by hard- and software from Dantec. Measurements were made mainlyin-phene and in thez-plane
and 1300-2200 image pairs were used for calculating the turbulence statistics. This should be sufficient for converge
mean and root-mean-square§) velocities. The spatial resolution, using image sizes 70 i mm and 136 mm
x 136 mm and a 3% 32 pixel interrogation aredd) is 2.2 mmx 2.2 mm and 4.4 mnx 4.4 mm respectively.

The laser sheet thickness is approximately 1 mm. An overlap of 50% dathes used together with a Gaussian
window function to minimize the loss-of-pairs. In order to avoid problems in the performance of the Gaussian peak-fit
algorithm for sub-pixel interpolation, the particle image size was assured to be above two pixels as recommended by
Westerweel [46] and Raffel [47]. Furthermore, the experimental parameters such as the combination of image size an
timing between successive PIV images in relation torthevelocities measured were such that peak-locking errors

in the turbulence statistics will not occur, as discussed by Angele and Muhammad-Klingmann [48]. The light intensity
is more than sufficient according to Raffel et al. [47], being approximately 6 bit of the 8 bit resolution. The number of
particles inside eacla is above the recommended value of five, Keane and Adrian [49], to assure a good performance
of the correlation technique. The overall quality of the data is high, however the validation rate in the present data
set is varying between 60-95%, where the former is in a local region where the laser sheet had some defect. Th
presented data are averaged over 5ia0n the downstream direction. For a general discussion on the accuracy of
PIV for turbulence statistics in boundary layer measurements see Angele [50]. They also show a direct comparisor
with highly accurate hot-wire data in the setup of Osterlund [51] (see also Osterlund et al. [19,52]). The conclusion
was that the Reynolds stresses and the streamwise turbulence statistics up to 4th order showed good agreement. |
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a direct comparison between the present LDV and the PIV techniques, see Angele and Muhammad-Klingmann [52
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 of 0.5 n
and an outer diameter @ = 0.8 mm. Calculation of the local mean wall shear-stregswas made according to the
calibration function given by Bechert [55],

o = (a(AP)2 +b(APT)E) Y 2.2)
2 2
Apt_ APD D 23)
o2 - p? '

wherea = 28.44,b = 6.61 x 10-% andA P is the measured pressure difference between the Preston tube and the walll
static pressure at the same position. Preston tubes are reported to give an acctt2®y iofthe wall shear-stress
when using the calibration functions (2.2) and (2.3). The accuracy is estimated here to be on the order of 2-5%
However, wall shear-stress measurements with Preston tubes are only reliable upstream of instantaneous backflow
an APG turbulent boundary layer, see Fernholz et al. [56]. Near separation, the mean velocity gradient has decreas
substantially, making it possible to evaluate the wall shear-stress directly from the velocity profile. This was done by
applying a linear least squares fit to LDV measurement points within the viscous sub-layer, and extrapolating to th
wall using the no-slip condition. This was done in a separate measurememt withb0 um beginning aty = 72 um

(equals half the LDV measurement volume using fthe 591 mm lens) which is within the viscous sub-layer. This is

a rather crude estimate and the value is not used for any scaling analysis.

2.4.4. Measurements of the backflow coefficient

DF measured,,, by wall pulsed-wires (WPW) at a distance y& 30 um, corresponding tg/5* ~ 0.01. Kalter
and Fernholz [43] used WPW and LDV for similar measurementg,obut saw a slightly higher value using LDV.
They state that they have higher confidence in the WPW because it is based on the mean value from 15000 samp
whereas the LDV data set only consisted of 5000 samples. In the data of DF (case 3 with the strongest backflo
40%< xy <70%, which is most similar to the present casg),can be seen to have a linear dependence on the wall
distance close to the wall. This can also be seen in the study of Holm and Gustavsson [57] and Holm et al. [41], whe
the closest measurement position has a value larger than 25%, which implies that one can linearly extrapolate dov
to the wall and get a good estimate of the backflow coefficient in the vicinity of the wall. In the PIV data here, where
the first measurement position isygts* ~ 0.04, see Table 1x,, was determined by linear extrapolation to the wall.
In the LDV data, the first measurement positions in the wall-normal direction were taken as half the measuremer
volume corresponding tg = 72 um which equalsy/§* ~ 0.01 (i.e. similar to the WPW in DF). Hencg,, should
be more reliable here since it is measured closer to the wall.

Table 1

Measurement parameters

x (m) Uso (M/S) 3 (mm) §* (mm) Re Xw H1io Tw B Method
1.10 265 19 3.3 410 x 10° 0 1.4 1.26 13 LDV
1.70 226 34 8.4 790 x 103 0 1.6 0.50 yie) LDV
2.30 178 91 46.3 165 x 104 0.45 3.3 0.01 330 LDV
2.35 (17.6) - (48) - 0.40 - - - PIV
2.42 17.49) - (55) - 0.57 - - - PIV
2.49 172 115 62.8 175 x 104 0.65 4.1 - - LDV
2.49 172 110 59.9 173 x 104 0.57 4.0 - - PIV
2.54 172 113 63.2 181 x 10* 0.59 4.0 - - PIV
2.57 171 116 65.2 184 x 104 0.57 4.0 - - PIV
2.63 170 119 67.8 190 x 10% 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 develop-
ment using LDV, and then an investigation focusing on the separation bubble using PIV. Measurements were carriec
out for the streamwise component with LDV at=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 consecwpasitions in the wall normaty-plane be-
tweenx = 2.28 m andx = 2.76 m, between the dashed lines in Fig. 2(b). This region includes the position of mean
separationy; ~ 2.4 m and mean reattachment,~ 2.7 m, see the horizontal line in Fig. 2. These LDV and PIV
measurements were done at slightly different flow conditions hence, the data sets are not exactly similar at the po
sitions where they overlap. For instancexat 2.49 m, the difference id (hereafter equivalent tégg) ands* was
around 4-5%, see Table 1. The separation bubble is believed to be more shallow and possibly also shorter in the PI
study since the values éf andy,, are lower. All the LDV data reach the free-stream but only the PIV measurements
betweenr = 2.49-2.63 m do, see Table 1. The valueg’bdndU,, atx = 2.35 m andx = 2.42 m within parenthesis
are taken from the momentum integral equation calculation using the pressure coefficient. They are used to calculat

u, and B,, for scaling ofv” andw’’ 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 measurements of
the velocity profile, is shown in Table 1 and Fig. 3(a). The thick horizontal line indicates the extent of the separated
region. The characteristic rapid growth of the boundary layer thickness due to the APG and the increase in the shape
factor Hy; is evident. Fig. 3(b) shows the downstream development of the streamwise velocity component scaled with
the local free-stream velocity and plotted against the wall-normal coordinate scaled with the local boundary layer
thicknessg. At the firstx-position,x = 1.10 m, a typical ZPG profile can be seen.xAt 1.70 m the profile begins to
loose its fullness due to the APG. So far, the shapefactor has only increaseH{fseal.4 to 1.6 despite the fact that
the largest pressure gradient is around 1.5 m. Then follows a significantly larger increase frdfii; = 1.6 to 3.33
despite the relaxed pressure gradient and-at2.30 m the velocity profile has lost most of its fullness and resembles
a mixing-layer. Atx = 2.49 m a well defined region of mean reverse flow can clearly be seen close to the plate.
As stated by Schubauer and Spangenberg [13], this development shows that a boundary layer can withstand a ste
gradient initially when the velocity profile is not yet affected by the pressure gradient but becomes more sensitive as
the shapefactor increases. As the boundary layer becomes more sensitive, the pressure gradient needs to be relaxe
order to avoid an early separation.

100 1.5
b) o Xx=1.10m H12=1 4 S
«  X=1.70m H12=1 .6 4
A
L s x=230mH_-33 3
= H.o=4.1 i
Y x=2.49m =4 N L
50 8 A *0
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Fig. 3. (a) Downstream development of the integral parametérslOH1o andd, (A) PIV and ¢) LDV. The lines are curve fits obtained by
solving the von Karman momentum integral equation with the pressure distribution as an input, see Muhammad-Klingmann and Gustavsson [40]
for models. The horizontal thick line shows the extent of the separated region and the separation and reattachment points are iydicated as
respectively. (b) LDV mean velocity profiles.
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Fig. 4. (a) Mean wall shear-stress) Preston tube ) Clauser plot {) direct measurement éfU /9y 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 extent of
the separated region and the separation and reattachment points are indicgtedds, respectively. (b) Mean streamwise velocity in viscous
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 coefficient

Tw

Cfr=-—>". 3.1
! %pU i%l. Gy
¢y was evaluated from Clauser plots of the mean velocity profiles measured with LD¥ &t10 m andy = 1.70 m.

Up tox = 2.1 m, the mean wall shear-stress was also measured with Preston tube. At fiestreases rapidly in the
region where the pressure gradient is large. Figp= 1.4 and 1.6 changes to less than half its original value
which shows that the flow close to the wall is affected before the overall velocity profile shape is affected. This is due
to the fact that the momentum carried by the fluid in this region is very small and the pressure is constant over th
boundary layer. Note that the last two Preston tube measurement pointsla0 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= &30 m,

the mean velocity gradient has decreased so that it is possible to evaluate the wall shear-stress from a linear le:
squares fit to four LDV measurement points extrapolated to the wall using the no-slip condition as described in the
section on wall-shear stress measurements. Fig. 4(b) shows the mean velocity in viscous scaling, i.e. scaled with t
wall shear-stress, at=1.10 m,x = 1.70 m andx = 2.30 m. The linear and logarithmic regions are shown as dashed
lines. Due to the ambiguity in the determination of the skin-friction, the uncertainty in the wall-normal position and
the rather large size of the LDV measurement volume in viscous units in the early part of the flow (al0 m

andx = 1.70 m), the first data points close to the wall are excluded and the data pg&lewl0 should not be taken
literally. What we want to demonstrate is simply the effect of the APG on the logarithmic portion of the flow. The
first two positions clearly have a logarithmic region, but due to the strong APG the logarithmic region vanishes anc
is no longer present at= 2.30 m. This is in line with the findings by DF, i.e. that the logarithmic region vanishes at
Hiy = 2.2 at the same time as the first backflow events occur.

3.1.3. Turbulence statistics

Fig. 5 shows thens profiles at the four different-positions measured with LDV. At the first position= 1.10 m,
a typical ZPGums profile is shown with its characteristic near-wall peak. At the secopdsition,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 new pe
induced by the inflection point of the mean velocity profile in the middle of the boundary layei; ABicreases,
the position of this peak moves further out in termsyg. At x = 2.30 m andx = 2.49 m the near-wall peak has
vanished and tha,ms maximum is at abouy /8 = 0.55. This is in line with earlier experiments, see e.g. DF and
Muhammad-Klingmann and Gustavsson [40].
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Fig. 6 shows the skewness and the flatness,
3 4
u’ u’
Su=—5—. Fy=—. (3.2)
Urms Urms

The skewness has large negative peaks at the edge of the boundary fayer], for all x-positions. Close to the

wall large positive peaks are seerwat 1.10 m andx = 1.7 m where the pressure gradient has not yet suppressed
the near-wall peak in the;ms. At x = 1.10 m, the skewness is moving from positive, at the wall, to negative, at
the boundary layer edge, and passes zero approximately whgyéas its maximum in the buffer region around

y/8 =0.03 (y* =17). Closer to separation, at= 2.30 m andx = 2.49 m, the near-wall peak o, disappears and

the value remains close to zero (slightly negative). The flatness also has peaks in the wall region and at the boundar
layer edge reflecting the intermittency of the flow in these regions. In the near-wall region, a mininfyncan be

seen at the position of the maximum in tiag,s (atx = 1.10 andx = 1.7). The flathess seems to be fairly unaffected

by separation, i.e. the near-wall peak remains despite the absence of a pgalaimd S, . Both higher moments show

good agreement with results obtained by other researchers, see Simpson et &l, gnd]F, were also measured by

LDV at x = 2.36 (not shown here) and they also show good agreement with earlier data, fiaréhaves as, but
has the opposite sign, arg is similar to F;,.

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 the mean
separated region is built up of fundamentally different scenarios. Large scale coherent structures of backflow appear
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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 negative
x-direction, i.e. backflow and white corresponds to flow in the positieirection.

Fig. 8. Contour plot of the backflow coefficient, composed of all the five different PIV measurements. Not that the different PIV data sets do not
perfectly overlap leaving small gaps in-between. Each contour corresponds to 5% incrgasevards the wall. Flow is from left to right. The
separation and reattachment points are indicated as2.4 m andx, ~ 2.7 m respectively.

intermittently and the instantaneous flow is ranging from fully separated to almost fully attached. The same thing cai
be observed in the measurements in the spanwise-downstream direction. At some instances the flow is separated in
gions (not necessarily at the wall) with attached flow between, showing the three-dimensional nature of instantaneot
separation. This confirms the results of the DNS by Na and Moin [8], which showed that the instantaneous separatic
is a highly three-dimensional process without a clear separation and reattachment line and that the two-dimension
mean bubble is merely a consequence of time averaging.
Fig. 8 shows the mean separation bubble, displayed as contours of the backflow coeffidieit is calculated

here as the fraction of the total amount of the instantaneous PIV measurements where the flow is in the upstrea
direction. Fig. 8 is composed of all the five consecutive PIV measurements. The contours show minor discontinuitie
between the different measurements as they were conducted at different occasions. However, the general pictt
shows that the bubble is steady and repeatable. In Fig. 9(a), the same data are presented as wall-normal profiles
x as a function ofy/5* at selectedc-positions from well upstream of separation to downstream of reattachment. At

x = 2.76 mé§* was taken from the solution to the von Karman momentum integral equation, Fig. 3(a). Note that the
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separated region is very shallow, only the PIV measurement point closest to the wall.2 mm) is in the region
where the flow is separated in the mean. One can segthais a different behavior before separation, inside the
separated region and after reattachment (.76 m). In the separated region the profilesyoéire self-similar when
plotted againsy /5*. The value ofy is positive only aty/§ < 0.55, which corresponds approximately to the position
of the inflection point in the mean velocity profile, i.e. the position of maximum shear@rdThis was first observed
by Simpson et al. [2].

The shapefactor has often been used as an indirect measure of the separation point. The value of the shapefact
at separation in the present measurements is larger tham 3:2380 m x,, = 0.45 measured with LDV) but less
than 4.0 { =2.49 mx,, = 0.57 measured with PIV), see Table 1. Linear interpolation between these values suggests
that separation occurs approximatelyrb = 3.45. This is above the values reported in similar studies. DF reported a
value of 285+ 0.1 (at separation), Gustavsson [58] reported a value2¥-8 0.15 (at reattachment), Holm et al. [41]
reported a value of.8+ 0.3 (at separation) and recently Castillo et al. [5H&+t 0.23. In contrast to the shapefactor,
the backflow coefficient in the vicinity of the wal,,, is a direct measure of the separation point according to the
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 wall, see
Eqg. (1.14). However, the constants in this relation seem to depend on the experiment, see Alving and Fernholz [17]
Muhammad-Klingmann and Gustavsson [40] and Holm and Gustavsson [57] who all found a linear relation but with
different values of the constants. In the present PIV measurements, the variatigs) of the region where,, > 0,
is too small to draw any conclusions about Eq. (1.14). However, we see that the LDV profiles 280 m and
x = 2.49 m haveH;» = 3.3 and 4.1. These values of the shapefactor do not comply with Eq. (k.d4Yas 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 around th
separation bubble.” grows faster than’* 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, based
on the anisotropy tensor

/!
wiuy 2

K 3%
(whereé;; is the Kronecker delta and is the turbulent kinetic energy). The anisotropy state is displayed in the
anisotropy invariant map, see Fig. 10(b), based on the two invariants of the anisotropy tensor

(3.3)

ajj =

|Ia=a,-jaji, IIIazaijajkak,-. (34)
« x=2.35m 0.02
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Fig. 9. (a) Downstream development pfat selected:-positions. (b) Downstream development of the maximum values of the Reynolds stresses

measured with PIV:d) u/Z/Ui%L, (%) v/z/Ui%L, (») W/Uiﬁl'. 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 sylgalsdnd (x) indicate the
wall-normal distance as shown in (a). The lines corresponds to axisymmetric turbulence and the two-component limit.
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Fig. 11. (a) PIV measurements showing the downstream developmérfrgf §* (x) and & (o) at the separation bubble= 2.49-263 m. The
horizontal line corresponds to the extent of the separated region. (b) Corresponding equilibrium mean velocity profil@48t-263 m with

H12 =4.0. The LDV profile atx = 2.30 m Hy» = 3.3, dashed line, is shown for comparison to illustrate that this similarity is only valid for a
constant shape-factor.

In the present experiment, the” data in the wall-normal direction was estimated by interpolating dateofrom
spanwisexz-planes measured with PIV at five different wall-normal positions. It can be seen that in the present flow
case, the anisotropy state is almost constant throughout the middle of the boundary layer. This is analogous to tl
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 Coles [27]
a fair description of the profiles far upstream of separation but as separation is approached it is less successful. Tt
conclusion was reached in earlier studies and can also be drawn from the present data, but is not shown here. T
scaling of Kader and Yaglom [29] and Yaglom [32] is similar to the one by Mellor and Gibson [33] but based on
rather thars* and is therefore not included since the ratio between these two length scales is not constant. The scalin
suggested by Castillo and George [25] does not give self-similarity for the present data set, however, the values of
found here are similar to those found in their review of the APG case i.e. close to 0.22. This scaling is not shown her
either. In the following, we will only discuss the scalings which give self-similar mean velocity profiles in the present
data set.
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Fig. 12. Perry—Schofield scaling at= 2.35-263 m, H1» = 3.3-4.1. The label DF refers to the asymptotic profile suggested by Dengel and
Fernholz [12] and PS refers to the original Perry—Schofield profile, see Eq (1.12). UpprtDV, (A) PIV. Lower: [@,0,A) PIV.

4.1. Equilibrium in the separated region

The separated shear-layerxat 2.49-2.63 m has some of the properties of an equilibrium boundary layer i.e.
a constant shapefactor and approximately linearly increasing integral length scales, see Fig. 11(a). Mean velocit
profiles in this region are self-similar when scaled with, and§*, see Fig. 11(b). These data are all extracted from
the same PIV measurement. For comparison, the LDV velocity profike-at2.30 m Hi> = 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 separation ar
in the separated region (betweer- 2.35-263 m whereH;, = 3.3-4.1) in Perry—Schofield scaling, see Egs. (1.10)—
(1.12). The velocity scala; was estimated using the correlation g given by DF, see Eq. (1.13). The values
of u,, determined by the original fitting procedure suggested by PS (also used by DF), was in fair agreement with
those obtained from Eq. (1.13) considering that the square-root part of the velocity profile is difficult to identify. The
collapse of the present streamwise mean velocity profiles in the outer region is good but they do not fall exactly on the
asymptotic profile suggested by DF (although DFs function is apparently a better fit to the present data than the profile
originally suggested by PS). The Reynolds shear-stress also show some degree of similarity, though less striking tha
for the mean velocity. This indicates that the shear Reynolds-stress is relatedat® originally suggested by PS
(but not confirmed by DF). The present data show that the maximum value in the Reynolds shear-stress is locate
aroundy/B; ~ 0.4, which is in fair agreement with the position predicted by Schofield [35]. DF observed similarity
in the mean velocity profiles only near separation, while PS suggested that this scaling would be valid whenever

—u'v" " max > 1.5. Using the relation given by Skére and Krogstad [24}/ v max = +%ﬂ, the condition by PS is
equivalent to8 > 2/3. In the present cage= 4.9 already atv = 1.7 m, where the logarithmic region is still present,
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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))xw = 0 and the Perry—Schofield scaling does not apply. Hence, we conclude that it is not possible to
tie the applicability of the PS-scaling to the pressure gradient parageter

4.3. Pressure gradient based scaling

Fig. 13 shows the scaling based oy, see Egs. (1.8) and (1.9). Compared to the PS scaling this gives the same
degree of similarity for the same data set. This velocity scale was originally suggested by Mellor and Gibson [33] for
the equilibrium flow at the position of separation, ife= co. The mean velocity profiles shown in Fig. 13(a) show
experimental evidence that the self-similarity extends also to weakly separated flows in non-equilibrium. Fig. 13(d)
shows that the Reynolds shear-stress also display some similarity. Mellor and Gibson [33] predicted a maximum valu
of the Reynolds shear-stress of approxima%byc y/B, =~ 0.12. This coincides with the relation given by Skare and

Krogstad [24]:—u/v max= 1+ %ﬂ (when 0< B < 60) if extrapolated tg8 = co. Fig. 13 shows that this gives an
over prediction of both the value efu’v'max/u? and itsy-position.

5. Summary and conclusions

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

on the local pressure gradient, namely = /%%P. This velocity scale was originally suggested by Mellor and

Gibson [33] as a transformation to avoid the singularity at the point of separation in an equilibrium turbulent boundary
layer. The velocity scale appears naturally when the equation for the outer region of the boundary layer is scaled wit
the friction velocity. Similarity based am, is also true to some extent for the Reynolds shear-stress, something which
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has, to our knowledge, not been shown before. For the present data set the same degree of similarity is also foun
when using the scaling suggested by Perry and Schofield [34]. In other words the two different scalings are closely
comparable, at least for the present case. This contradicts the findings of Alving and Fernholz [17] where it was
shown that the scalings are not connected. Moreover, the similarity of the Reynolds shear-stress can be interpreted «
an experimental evidence of the earlier claimed relation between the Perry—Schofield velocity scale and the maximun
Reynolds shear-stress. These findings shed some new light on the proper velocity scaling for turbulent boundar
layers subjected to strong APG and separation. However, the present data do not comply perfectly with neither the
asymptotic separation profile suggested by Perry and Schofield nor the modified version suggested by Dengel an
Fernholz [12] (even though this gives a better agreement) indicating that this kind of flow is governed by parameters
which are still not accounted for in the proposed velocity scales. One such might be the influence of historical effects.
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