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Abstract

The wake of a flat plate was subjected to an adverse pressure gradient of sufficient strength to cause local mean-flow reversal. The
mean-flow and turbulence statistics were determined with a three-component laser Doppler anemometer. The experimental data were
used to determine balances of the momentum equation and the turbulence kinetic-energy equation. The latter showed that the produc-
tion of turbulence kinetic energy remained at a constant high level whereas the dissipation decreased when moving past the trailing edge
into the wake. As a consequence, the turbulence kinetic energy becomes very high in the wake. Spectral density functions measured at
various locations in the wake indicate that turbulence kinetic energy accumulates in the very low-frequency range. It is suggested that this
is due to the formation of unsteady roll cells in the trailing-edge region.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

This investigation of an adverse pressure-gradient wake
is related to one particular feature of high-lift aerodynam-
ics, i.e. the development of the wake of the main element in
the pressure field that is induced by the flap. An accurate
numerical prediction of the near wake of the main element
is highly desirable because it has a significant effect on the
lift, especially at high incidence. However, as was shown by
Adair and Horne (1989) and Nakayama et al. (1990), this
wake is extremely complex owing to the combined effects
of curvature, asymmetry, streamwise pressure gradients
and the interaction between the wake and the boundary
layer on the flap. In a most interesting series of wind-tunnel
tests on a multi-element airfoil, Petrov (1980) showed that
the wake of the main element can exhibit a region with
mean-flow reversal that is detached from the surfaces of
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the various elements (see Fig. 1). Petrov called this phe-
nomenon ‘‘detached separation,’’ because the backflow
region is separated from the surfaces of the elements by a
relatively thin zone that consists of an attached boundary
layer and a region of potential flow. Perhaps ‘‘free separa-
tion’’ or ‘‘off-body separation’’ is a better label, because
‘‘detachment’’ usually refers to the location in a separating
turbulent boundary layer where the wall-shear stress van-
ishes (Simpson et al., 1981).

The free-separation phenomenon is interesting since it
does not occur in flows about single-element airfoils where
separation takes place on the surface of the airfoil. The stall
of a multi-element airfoil is not always caused by bound-
ary-layer separation on the flap or the aft portion of the
main element. The stall can also occur when a zone of
reversed flow in the wake of the main airfoil rapidly widens
and propagates upstream. In fact, due to the thickening of
this main-airfoil wake, the boundary-layer separation on
the flap, which occurred at moderate angles of attack in
Petrov’s experiment, disappeared with increasing incidence.
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Nomenclature

asp structural parameter ð¼ u0v0s=kÞ
Cf skin-friction coefficient ð¼ 2sw=ðqU2

eÞÞ
Cp static-pressure coefficient
H shape factor (= d*/h)
k turbulence kinetic energy
n coordinate normal to plate surface
Pk production of turbulence kinetic energy
pm measured static pressure
Rh Reynolds number based on momentum thickness
r radius of curvature
s coordinate along surface of flat plate
Ue velocity at edge of shear layer
Uref free stream velocity
u0v0 Reynolds shear stress

u0v0s Reynolds shear stress in streamline coordinates

u02 Reynolds normal stress for x-direction
v02 Reynolds normal stress for y-direction
x coordinate along wind-tunnel axis
y lateral coordinate
d* displacement thickness
� dissipation rate
h momentum thickness
j Von Karman constant
m kinematic viscosity
sw wall-shear stress
x radial frequency

attached boundary layer
on flap element

main element

region with
mean flow reversal

mean velocity profiles

Fig. 1. Illustration of free-separation in the flow around a multi-element
airfoil as observed by Petrov (1980).
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Consequently, the flow on the flap and on the main element
remained fully attached during the stall. This was also
reported by, for example, Johnston and Horton (1986).

There are only a few investigations of the free-separa-
tion phenomenon, despite its practical significance in
high-lift aerodynamics or other technical applications in
which free shear layers are subjected to severe streamwise
pressure gradients. Over the past decade the phenomenon
has attracted some attention as evidenced by the work of
Liu et al. (2002), Driver and Mateer (2002), Hoffenberg
and Sullivan (1998) and Tummers et al. (1997). An interest-
ing early contribution is the experiment performed by Hill
et al. (1963), who investigated the effects of streamwise
pressure gradients on the decay of wakes. They subjected
the wake of a thick plate with a streamlined nose to adverse
pressure gradients of various strengths by means of a dif-
fusing wind-tunnel section with variable side walls. The
experiments of Hill et al. (1963) showed that the maximum
velocity defect in an adverse pressure-gradient wake
decreases at a slower rate than in the constant-pressure
wake of the same body. For a sufficiently strong pressure
gradient, the maximum velocity defect increased rather
than decreased, so that a zone of reversed mean flow devel-
oped in the central portion of the wake. This backflow
region is not attached to the surface of the wake generating
body.
The present investigation can be considered as a follow-
up of the study carried out by Hill et al. (1963). It focuses
on the development of the near wake of an ‘‘airfoil-like’’
flat plate that is subjected to a strong adverse pressure gra-
dient. The pressure distribution was tuned such that the
boundary layer at the trailing edge of the plate was close
to separation. This simulates the trailing-edge flow on the
suction side of an airfoil near maximum lift. A zone with
mean-flow reversal occurred some distance downstream
of the trailing edge of the plate. As in the experiment of Hill
et al. (1963), the recirculation zone was not attached to the
surface of the plate, so that it can be considered a simula-
tion of free separation in the flow about a multi-element
airfoil. An important objective of this work is to provide
understanding of the free separation in the wake by a thor-
ough analysis of experimental results. The experimental
data presented here go beyond the mean velocity and Rey-
nolds stress data, and include several terms in the turbulent
kinetic energy equation and spectral density functions.

2. Experimental investigation

2.1. Wind-tunnel and model geometry

The experimental facility used is an open-circuit wind
tunnel at the Low-Speed Aerodynamics Laboratory of
Delft University of Technology. A centrifugal fan acceler-
ates the air which passes through a diffusing section, the
settling chamber and the contraction (1:8) before it reaches
the test section with dimensions 400 · 400 mm2. The test
section is followed by a plane diffuser that is made from
perspex to allow optical access. The diffuser has a length
of 920 mm and the side walls include a 15� angle. To pre-
vent boundary-layer separation along the diffuser walls, a
screen was placed at the outlet of the channel and the dif-
fuser walls were equipped with regularly spaced slots. A
straight duct with a length of 1000 mm was placed between
the diffuser and the screen. The screen induces an
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over-pressure inside the channel which causes the boundary
layers that develop on the diffuser walls to be blown out
through the slots. The absence of flow separation at the dif-
fuser walls was confirmed with tufts and by a flow visual-
isation using a laser light sheet and oil smoke.

An airfoil-like flat plate with a 600 mm chord and a
thickness of 18 mm served as a wake generator. The plate
has an elliptic nose and the last 116 mm were tapered to
form a sharp trailing edge with a thickness of approxi-
mately 0.2 mm. The change in the surface contour from
the constant-thickness region of the plate to the tapered
region was rounded to avoid flow separation. The model
was placed at zero incidence in the test section of the wind
tunnel, and the aft portion of the plate (50% chord) was
located in the diffuser as shown in Fig. 2. The boundary
layers on both sides of the plate were tripped with wires
to ensure uniform laminar-to-turbulent transition across
the span. The wires had a diameter of 1 mm and were posi-
tioned at 6% chord from the leading edge. The divergence
of the diffuser and the width of the slots in the diffuser walls
were tuned such that the turbulent boundary layers at the
trailing edge of the plate were nearly separated (the shape
factor H � d*/h = 2.91).

Throughout this work an orthogonal coordinate system
(x,y,z) will be used with its origin at the trailing edge of the
plate at mid span (see Fig. 3). The x-coordinate is measured
along the wind-tunnel axis and taken positive in the
streamwise direction. The z-coordinate is measured in the
spanwise direction and taken positive in the upward direc-
tion. A second orthogonal system (s,n,z) is used for mea-
surements in the boundary layer on the tapered region of
screen

plane diffuserflat plate

trip wire

Uref

boundary-layer suction

x
y

z

straight duct

Fig. 2. Top view of the test configuration for the investigation of the wake
in adverse pressure gradient.
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Fig. 3. Definition of the two coordinate systems in the trailing-edge region
of the plate.
the plate. The z-coordinate is identical to the one men-
tioned above. The n-coordinate is measured normal to
the plate surface.

2.2. Optical arrangements and instrumentation

The single-point statistics were measured with an
orthogonal, three-component LDA system. The complete
LDA was mounted on a rigid frame that spans the wind
tunnel (see Fig. 4). A traversing mechanism enabled dis-
placements of the frame in steps of 5 lm. The green
(514.5 nm), blue (488.0 nm) and violet (476.5 nm) colours
of a 5 W argon-ion laser were used to measure the three
components of the velocity simultaneously. A modular-
optics TSI system employed the blue and green colours
to measure two velocity components in the x,y-plane.
One beam of each colour was frequency shifted over
40 MHz by Bragg cells to enable detection of instantaneous
flow reversals. A fibre-optic Dantec LDA used the violet
colour to measure the velocity component in the z-direc-
tion, i.e. the spanwise velocity component. This LDA chan-
nel also included a Bragg cell to introduce an optical shift
of 40 MHz.

The three fringe patterns have a nominally orthogonal
orientation. The fringe spacings and the precise orientation
of the fringe patterns in the x,y,z-coordinate system were
determined with a theodolite using procedures similar to
those described by Absil (1995). The receiving optics were
placed in a plane perpendicular to the optical axes of the
transmitting optics, i.e. a side-scatter configuration was
used for each channel. This was done to collect scattered
light from the overlap region of the three measuring vol-
umes only.

The collected light was separated using a dichroic mirror
before it was focused on separate photomultipliers. Each
photomultiplier was equipped with a small pinhole which
resulted in a reduction of the effective length of the measur-
ing volumes to 0.2 mm. The receiving optics for the violet
channel included a 110 mm aperture lens and a small pin-
hole was placed in front of the photomultiplier to reduce
x
yx

violet  receiving optics
blue and green
receiving optics

blue and green
transmitting optics

two-axes traversing 
mechanism

violet
transmitting

optics
Uref

z
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Fig. 4. Experimental set-up for 3-D single-point statistics.



Fig. 5. Static-pressure distribution at y = 200 mm.
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the effective length of the violet measuring volume to about
0.2 mm. Cross talk between the blue, green and violet chan-
nels was eliminated by narrow-band optical filters placed in
front of each photomultiplier. Note that the small pinholes
in conjunction with the side-scatter configuration act as
spatial filters that limit the probe size of the 3-D LDA to
0.2 · 0.2 · 0.2 mm3.

The photomultiplier output signals were electronically
down-mixed to an effective frequency pre-shift of 5 MHz
and then fed to one Dantec BSA model 57N10 (clock mas-
ter) and two BSAs model 57N35 (clock slaves). These pro-
cessors were operated in the ‘‘hardware coincident mode’’,
which means that the Doppler signals were processed only
when signals were detected on all three channels simulta-
neously. This mode of operation is needed to ensure that
each BSA analyses Doppler bursts that originate from
the same particle. Some of the Doppler bursts that pass this
hardware-coincidence test are rejected by the internal vali-
dation procedures performed by each processor. Since the
processors apply the internal validation test independently
of each other, it is possible that from triplets of hardware
coincident Doppler bursts only one or two bursts are vali-
dated. Therefore, a conventional (software) time-coinci-
dence window has to be applied during the later data
reduction on a computer.

An air-blast atomizer was used to seed the flow with
small oil droplets (Rizella oil). The size distribution of
the droplets was measured (Plomp, 1986), and found to
have an average value of 0.98 lm, while 95% of the parti-
cles were smaller than 2.0 lm. The droplets were injected
into the flow upstream of the centrifugal fan to ensure a
homogeneous distribution in space.

The test section speed Uref is used to make all measured
data dimensionless. The experiments were performed at a
constant chord-based Reynolds number of 4 · 105, corre-
sponding to a test-section speed of about 10.2 m/s. When
atmospheric conditions changed, small adjustments of the
test-section speed were made in between measurement runs
(but not during the runs) to maintain the constant Rey-
nolds number.

2.3. Measuring programme and data reduction

Single-point statistics were measured in the wake of the
plate on a grid consisting of a centreline traverse and
six lateral traverses located between x = 17 mm and x =
175 mm. In addition, the boundary layer in the trailing-
edge region was surveyed with five traverses located
between x = �137 mm and the trailing edge (x = 0 mm).
Each wake traverse consisted of approximately 60 mea-
surement stations, whereas the number of stations per
boundary layer traverse was slightly less, about 50. At each
measurement location at least 2 · 104 velocity samples were
acquired with the 3-D LDA. During these measurements
the mean data rate varied between 200 Hz in the outer
regions of the shear layer and 25 Hz near the centreline
or close to the walls. The velocity samples were used to
calculate the mean-velocity components ðu; v and wÞ, the
Reynolds stresses ðu02; v02; w02 and u0v0Þ, and the triple-

velocity correlations ðu03; u0v02; u0w02; v0u02; v03 and v0w02Þ.
All single-point statistics were calculated using the 3D

inverse-velocity weighting to compensate for the effects of
the velocity bias. In other words: xi ¼ ðu2

i þ v2
i þ w2

i Þ
�1=2

was used as a weighting factor because the three velocity
components were measured simultaneously in an approxi-
mately spherical measuring volume.

The overall uncertainty in the measured statistical quan-
tities is as follows (see Absil (1995) for a detailed analysis of
the various error sources). The mean-velocity components
are accurate up to ±1% of Uref. The Reynolds normal stres-
ses and the Reynolds shear stress are accurate up to ±5%
and ±8% of their local maximum values, respectively.
The uncertainty in the triple-velocity correlations is about
±20% of the local maximum value.

3. Results and discussion

3.1. Pressure distribution

Pressure measurements were performed in the undis-
turbed flow outside the wake using a standard static-pres-
sure probe. Static pressures were not measured in the
wake itself, because of the high local turbulence intensities.
The measurements were taken along a line given by y =
130.0 + 0.14x, where x and y were measured in mm. This
is approximately a streamline well outside the wake. The
static pressures were also measured along a number of lines
x = constant to determine the lateral pressure gradient.
The measurements allowed an accurate interpolation of
the static-pressure distribution along the edge of the com-
putational domain at y = 200 mm.

The distribution of the static-pressure coefficient,
Cp � 2ð�p � �prefÞ=ðqU 2

refÞ, along the line y = 200 mm is
shown in Fig. 5. It is seen that the adverse pressure gradient
gradually decreases in the downstream direction. For larger
trailing-edge distances (x > 400 mm) the pressure gradient



Fig. 7. Streamwise development of the x-component of the mean velocity.
Top: boundary layer, bottom: wake.
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becomes effectively zero. The pressure distribution was
tuned such that a region with mean-flow reversal forms
some distance downstream of the trailing edge. Due to
the relaxation of the pressure gradient further downstream,
the mean flow accelerates again thus forming a ‘separation
bubble’. There is no mean-flow reversal in the straight
channel following the diffusing section.

3.2. Mean-flow characteristics

3.2.1. Mean-velocity components and integral parameters

Fig. 6 shows the three components of the mean velocity
measured at station x = 53 mm. The centreline velocity is
small, but there is not yet mean-flow reversal at this station.
Outside the wake, the transverse component shows an
increase in the positive y-direction. This is a consequence
of the flow developing in a diffusing tunnel section, because
according to the continuity equation a decrease of �u in the
x-direction causes an increase of �v in the y-direction. The
continuity equation together with the measured static-pres-
sure distribution were used to compute the value of ov=oy
at location x = 53 mm, y = 100 mm. The solid line in
Fig. 6 shows the inferred distribution of �v (matched at
y = 100 mm) outside the wake, i.e.,

�v ¼ �vm þ
o�v
oy

y ¼ �vm �
y

q�um

o�p
ox
; ð1Þ

where the subscript m denotes a measured value at location
x = 53 mm, y = 100 mm. The good agreement between the
measured and the inferred �v-distribution indicates two-
dimensional mean flow. The spanwise velocity, w, is smaller
than 1.6% of the edge velocity at all locations. This is an-
other indication for two-dimensional mean flow. Further-
more, it is seen that the mean flow is reasonably symmetric.

The streamwise development of the x-component of the
mean velocity is shown in Fig. 7. The five stations in the
upper half of the graph were measured in the boundary
Fig. 6. Components of the mean velocity at x = 53 mm. The line drawn
between 70 < y < 100 is the v distribution that is computed from the static-
pressure measurements and the continuity equation.
layer of the plate. The boundary layer at the station fur-
thest upstream (x = �137 mm) has a displacement thick-
ness d* = 3.7 mm and a shape factor H = 1.62. The
thickness of the boundary layer rapidly increases owing
to the large pressure rise, and near the trailing edge the
velocity profiles develop an inflexion point. The boundary
layer is still attached at the trailing edge. There, the charac-
teristics of the mean-velocity profile are H = 2.91 and
d* = 18.9 mm.

A more detailed view of the streamwise development of
the integral parameters, H, d* and h is given in Figs. 8 and
9. After a steady rise in the boundary layer, the shape fac-
tor remains at a more or less constant value of about 3.2 in
the wake up to x = 85 mm. The nearly constant value of H

indicates a nearly constant centreline velocity in that
region. For larger values of x the shape factor increases
again. Clearly, for trailing-edge distances up to x =
175 mm, the present wake shows no tendency to attain a
self-similar behaviour, which is characterized by a constant
shape factor.

The momentum thickness increases towards the trailing
edge due to the effects of the skin-friction and the adverse
Fig. 8. Streamwise development of integral parameters d* and h.



Fig. 9. Streamwise development of the shape factor H � (d*/h).
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pressure gradient. The latter alone causes the increase of
the momentum thickness in the wake. The integral momen-
tum equation was used to assess the self-consistency of the
experimental data, despite the fact that the integral
momentum equation is based on the ‘‘thin-shear-layer’’
approximation so that its accuracy is questionable in this
particular flow. The integral momentum equation

dh
dx
¼ �ð2þ HÞ dU e

dx
h

U e

þ Cf

2
þ 1

U 2
e

d

dx

Z 1

0

ðu02 � v02Þdy

ð2Þ
was integrated with respect to x using the experimental val-
ues of the shape factor H, the static-pressure coefficient Cp

and the skin-friction coefficient Cf. Details on the measure-
ment of the skin friction will be discussed below. The con-
stant of integration was chosen such that the inferred
distribution of h matched the measured distribution at
the trailing edge x = 0. The results of this procedure are
shown in Fig. 8 as a solid line. Two comments on the devel-
opment of the momentum thickness are relevant. First, the
inclusion of the last term on the right-hand side of Eq. (2),
i.e. the term that incorporates the effect of the streamwise
development of Reynolds stresses, is important in this
wake. Without this term the computed values of h would
increase at a much slower rate than in the experiments.
(The term accounts for approximately 30% of dh/dx in
the wake.) Secondly, the pressure-gradient term is much
larger than the skin-friction term in the region of the flow
that is covered by the experiments. As a result, the contri-
bution of the skin friction to the growth rate of h is very
small, which is essentially different from the zero-pres-
sure-gradient boundary layer.

3.2.2. Skin-friction data

The skin-friction coefficient Cf was determined by means
of the Clauser-chart method. Fig. 10 portrays the Clauser
charts for each boundary-layer station. It is well known
that errors in the determination of the wall distance of
the LDA measuring volume can have large effects on the
outcome of the Clauser-chart method (see e.g. Absil and
Passchier, 1994). In the present experiment the wall
distance could be determined with an inaccuracy of
±0.03 mm. The horizontal error bars in the Clauser chart
for station x = �137 mm indicate that a ±0.03 mm error
will have a negligible effect on the outcome of the matching
procedure. Also shown in the Clauser chart for x =
�137 mm are the curves for Cf = 0.0026 ± 0.0002 to indi-
cate the sensitivity of the matching procedure to variations
in the selected value of Cf.

For x = �137 mm it is seen that Reichardt’s formula-
tion of the law of the wall (full line in Fig. 10)

uþ ¼ 1

j
lnð1þ jyþÞ þ Cj� ln j

j
1� e

�yþ
11 � yþ

11
e�0:33yþ

� �

ð3Þ
agrees well with the experimental data up to y+ � 50. This
range of y+ values does not include the logarithmic region
of Reichardt’s mean-velocity distribution. The absence of
any noticeable logarithmic behaviour of the measured
mean-velocity profile is not surprising considering the rela-
tively small value of Rh. At x = �137 mm the value of Rh is
1430. It is known from DNS studies, for example Spalart
(1988), that the boundary layer on a flat plate in zero-
pressure-gradient has only a small logarithmic region at
this Reynolds number (roughly between y+ = 30 and
y+ = 150). In addition to the effect of the low Reynolds
number, there is the effect of the adverse pressure gradient.
As can be seen from Fig. 10, the discrepancy between
Reichardt’s mean-velocity distribution and the experi-
mental data increases when approaching the trailing edge.
The discrepancy increases especially near the outer region,
and it has a tendency to propagate into the inner region.
For example, at x = �95 mm there is good overlap up
to y+ = 30, but at the trailing edge (x = �0 mm) it has
become practically impossible to match Reichardt’s veloc-
ity distribution to the experimental data. This underlines
the basic weakness of the Clauser-chart method: the reli-
ance on the validity of the law of the wall. It is unrealistic
to expect that the mean-velocity distribution in a boundary
layer that is in strong non-equilibrium can be described by
a law of the wall. Consequently, the skin-friction coeffi-
cients that follow from the Clauser charts become increas-
ingly unreliable when moving towards the trailing edge.
Unfortunately, it was not possible to determine the friction
velocity directly from the slope of the mean-velocity pro-
files at the wall, because the minimum wall distance for
the boundary-layer traverses is approximately 0.3 mm,
corresponding to y+ � 6.

3.2.3. Centreline velocity

It is seen from Fig. 7 that, in addition to an increase of
the width of the wake, the wake defect increases in the
downstream direction. A detailed view of the mean velocity
on the wake centreline, �ucl, is shown in Fig. 11. The graph
shows that there is an initial increase of the centreline
velocity in the region between the trailing edge (where



Fig. 10. Clauser charts for different boundary-layer stations.
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�ucl ¼ 0) and the first measuring point at x � 2 mm. This is
followed by a gradual decrease of the centreline velocity
and a backflow region is formed downstream of
x � 80 mm. The centreline velocity decreases to about
�0.15Ue at the measurement station farthest downstream.
Because the pressure gradient relaxes beyond x � 400 mm,
the mean velocity will increase further downstream.
However, this region was not covered by the present
experiment.

Also plotted in Fig. 11 are the results for the zero-pres-
sure-gradient wake measured by Starke (2002), who used
the same wake generator and experimental facility as in
the present investigation. Starke’s data clearly show a log-
arithmic behaviour of the centreline velocity for large trail-
ing-edge distances, which is a characteristic of the constant-
pressure wake of a flat plate (see e.g. Alber, 1980). A qual-
itative explanation for the large differences between the two
wakes follows from the Reynolds-averaged momentum
equation. For the x-direction this equation reads

�u
ou
ox
þ �v

ou
oy
¼ � 1

q
op
ox
� ou02

ox
� ou0v0

oy
þ m

o2u
ox2
þ o2u

oy2

� �
. ð4Þ

Of course, v ¼ 0 along the centreline. Furthermore, the vis-
cous terms can be neglected some distance from the trailing



Fig. 11. Mean velocity on the centreline for two pressure gradients.
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edge. In the zero-pressure-gradient wake the centreline
velocity rapidly increases owing to the large gradient in
Reynolds shear stress. The shear-stress gradient is smaller
in the adverse pressure-gradient wake. In addition, the ad-
verse pressure gradient stimulates the streamwise growth of
the Reynolds normal stress. This opposes the tendency of
the shear-stress gradient to accelerate the mean flow. In
the present wake, the combined effects of the adverse pres-
sure gradient and the two Reynolds-stress gradients have
apparently resulted in a small increase of the maximum
velocity defect instead of the rapid decrease that is found
in case of a mild adverse or zero pressure gradient.

Interestingly, the mean-flow reversal begins some dis-
tance downstream of the trailing edge at x � 80 mm. This
means that ‘‘free separation’’ takes place, since the recircu-
lation zone is detached from the surface of the plate.
Clearly, the mean-flow reversal occurs because the adverse
pressure gradient increases the maximum velocity defect of
the wake. The decrease of the centreline velocity is pre-
ceded by an initial increase directly downstream of the
trailing edge. The explanation for this initial increase of
the centreline velocity follows from Fig. 12, which shows
Fig. 12. Mean-velocity distribution at the trailing edge (x = �0 mm).
the mean velocity in the boundary layer at the trailing edge
(x = �0 mm). As mentioned before, this boundary layer is
close to separation. The mean-velocity profile has a wake-
like shape, except for a thin region directly above the wall.
In this region, the mean velocity rapidly increases from
zero at the wall to 0.07Ue at n � 2 mm. The relatively high
turbulent viscosity in this region is responsible for the
increase of the centreline velocity directly downstream of
the trailing edge. Therefore, one may speculate that if the
boundary layer were separated at the trailing edge, then
there would not have been an initial rise of the centreline
velocity. Consequently, a more conventional recirculation
zone would have occurred with negative centreline veloci-
ties occurring immediately downstream of the trailing edge.

3.3. Turbulence quantities

3.3.1. Reynolds stresses

Recall that two coordinate systems are used in this
investigation. In the boundary layer the s,n,z-coordinate
system is used with axes parallel and normal to the plate
surface. The wind-tunnel axes (x,y,z) are used as a coordi-
nate system in the wake. The (kinematic) Reynolds shear
stress, �u0v0, is dependent on the orientation of the coordi-
nate system, and as a consequence, there will be unrealistic
variations in the shear-stress profiles at the trailing edge,
where the coordinate system changes from wall orientation
to tunnel-axis orientation. To avoid these problems, the
Reynolds stresses were transformed into local streamline
coordinates according to (see Cutler and Johnston, 1984)

u0v0s ¼ u0v0 cosð2aÞ � 1

2
ðu02 � v02Þ sinð2aÞ; ð5Þ

where a is the angle between the mean-velocity vector and
the x-axis given by a ¼ tan�1ðv=uÞ. Clearly, high growth
rates of the shear-layer result in relatively high values of
a. The development of �u0v0s is shown in Fig. 13. For the
most upstream station, there is little difference between
Fig. 13. Streamwise development of the Reynolds stress �u0v0s. Top:
boundary layer, bottom: wake.



Fig. 15. The maximum value of the ‘‘structural parameter’’ for various
stations in the boundary layer and the wake.
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u0v0s and u0v0, because there the boundary layer thickens
only slowly. However, near the trailing edge and in the
wake the growth rate of the shear layer has increased dra-
matically, so that u0v0s and u0v0 are quite different.

The Reynolds normal stresses were summed as
ðu02 þ v02 þ w02Þ=2 to yield the kinetic energy of the velocity
fluctuations, k. Of course, k is an invariant quantity so that
a coordinate transformation similar to Eq. (5) is unneces-
sary. The streamwise development of k is shown in
Fig. 14. At station x = �137 mm the distribution of k

has its maximum value very close to the wall. This peak
gradually moves away from the surface as the flow
approaches the trailing edge, in agreement with other
experiments in a turbulent boundary layer approaching
separation (see e.g. Simpson et al., 1981). The locations
of the peaks practically coincide with the inflexion point
of the mean-velocity profiles. As the flow moves past the
trailing edge, the kinetic energy continues to rise in
the downstream direction. Such a substantial growth of
the kinetic energy is not observed in the constant-pressure
wake of a flat plate. Usually, there is a slight initial increase
of k when moving downstream of the trailing edge, but the
‘‘overshoot’’ is generally small (Hayakawa and Iida, 1992).
The explanation for the large increase of the kinetic energy
in the present wake is discussed later when the balance of
the kinetic energy is considered.

A comparison of the results in Figs. 13 and 14 suggests
that there is a similarity between the growth of the shear-
stress profiles and the kinetic-energy profiles. The degree
of similarity can be expressed by a ‘‘structural parameter,’’
defined as

asp ¼
�u0v0s

k
ð6Þ

Experiments in zero-pressure-gradient boundary layers (see
e.g. Townsend, 1976) suggest that asp = 0.3. For the pres-
ent experiment the maximum value of asp for various sta-
tions in the boundary layer and the wake is plotted in
Fig. 14. Streamwise development of the kinetic energy k. Top: boundary
layer, bottom: wake.
Fig. 15. The value of asp is less than 0.3 for the range of
x values that is covered by the experiments. However, it
is likely that asp asymptotes to 0.3 for x��137 mm.

3.3.2. Reynolds-stress anisotropy

The contribution of the different Reynolds normal stres-
ses to the kinetic energy can be defined as ca ¼ u02a =ð2kÞ.
The quantity 2 (ca � 1/3) is a direct measure of the degree
of anisotropy of the Reynolds stress u02a . Fig. 16 gives the
values of ca as determined from the centreline traverse.
The full symbols followed from the lateral traverses at
the intersection with the centreline, indicating the consis-
tency of the data. Note that the tunnel-axis coordinates
and the streamline coordinates coincide on the centreline
of the wake, because of flow symmetry. As a result, there
is no need for a transformation of the Reynolds stresses
into local streamline coordinates.

It is seen in Fig. 16 that the contribution of the lateral
fluctuations, v02, to the kinetic energy is small close to the
Fig. 16. The contribution of different Reynolds normal stresses to the
kinetic energy along the centreline. The full symbols followed from the
lateral traverses at the intersection with the centreline.
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trailing edge, while the spanwise velocity fluctuations, w02,
are dominant in the same region. One of these observations
can be explained as follows. Near the plate surface the lat-
eral velocity fluctuations, v02, are small compared to the
streamwise fluctuations, u02, and the spanwise fluctuations,
w02, owing to the wall blocking effect. Therefore, the contri-
bution of v02 to k at the trailing edge is small. However, this
contribution is expected to increase in the wake once the
wall constraint is removed at the trailing edge. Consistent
with this reasoning, Fig. 16 indicates a small value of
v02=ð2kÞ near x � 0, with an increasing trend in the stream-
wise direction.
3.3.3. Triple-velocity correlations

The triple-velocity correlations were grouped as u0q0 �
ðu03 þ u0v02 þ u0w02Þ=2 and v0q0 � ðu0v02 þ v03 þ v0w02Þ=2. As
such, u0q0 and v0q0 are the x- and y-components of a vector
which is related to the kinetic-energy transport. More
precisely:

T k ¼
oð�u0q0Þ

ox
þ oð�v0q0Þ

oy
ð7Þ

is the transport of turbulence kinetic energy by velocity
fluctuations. In the present study all six triple-velocity cor-
relations were measured, so that the components of the
transport vector could be determined accurately.

The streamwise development of �u0q0 and �v0q0 is
depicted in Fig. 17. The graph on the left-hand side shows
that there is a strong growth of �u0q0 in the streamwise
direction. This indicates that the x-derivative of �u0q0 in
Eq. (7) may not everywhere be negligible compared to
the y-derivative of �v0q0, as is often assumed within the
framework of the thin-shear-layer approximation. Another
observation in Fig. 17 concerns the suitability of gradient-
diffusion models for predicting the qualitative behaviour of
the triple-velocity correlations in the present flow. For
example, a standard k–� model uses the following model
for the triple-velocity correlations:
Fig. 17. Streamwise development of �u0q0 (left) and �v0q0 (right). Top: boun
x = 17 mm are shifted over 0.1.
�u0q0 ¼ mt

rk

ok
ox

ð8Þ

for the x-direction and

�v0q0 ¼ mt

rk

ok
oy

ð9Þ

for the y-direction. In these expressions the effect of the
pressure–velocity correlations on the transport of kinetic
energy is neglected. Fig. 17 reveals slightly negative values
of �u0q0 near the wake centreline for x > 130 mm. This
indicates counter-gradient transport, because the kinetic
energy k continuously increases along the centreline. Apart
from this small region near the centreline, the measured
values of �u0q0 are in qualitative agreement with Eq. (8).
However, the situation is different for transport in the y-
direction. In large parts of the wake and boundary layer
the signs of the measured values of �v0q0 are opposite to
those predicted by the gradient-diffusion model (Eq. (9)).
The only exceptions are the most upstream stations, where
the boundary layer is still thin. There, the lateral transport
of kinetic energy is described reasonably well by the gradi-
ent-diffusion model (qualitatively, at least) and the stream-
wise transport of kinetic energy is small compared to the
lateral transport.

3.3.4. Balance of the momentum equation

Once the mean-velocity components and the Reynolds
stresses are known from the experiment, one may attempt
to evaluate the terms in the Reynolds-averaged momentum
equation (Eq. (4)). To obtain the different lateral deriva-
tives in momentum equation, polynomials were least-
squares fitted to the measured profiles. Two successive
y-traverses were used to determine the streamwise deriva-
tives. The results of both wake halves were averaged to
reduce the experimental scatter.

The individual terms in the momentum equation are
shown in Fig. 18 for station x = 30 mm. The pressure-
gradient term followed from the balance. Unfortunately,
dary layer, bottom: wake. The measured values of �1000v0q0 at station



Fig. 18. Balance of the Reynolds-averaged momentum equation for the x-
direction at station x = 30 mm. The full triangle represents the streamwise
pressure gradient as determined from the static-pressure measurements
outside the wake.

Fig. 19. Balance of the kinetic-energy equation at x = 30 mm. The large
bullets are the isotropic values of the dissipation �iso.

Fig. 20. Balance of the kinetic-energy equation at x = 130 mm. The large
bullets are the isotropic values of the dissipation �iso.
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the variation in y-direction of this term could not be
checked from independent measurements, because static
pressures were not measured across the wake. The full tri-
angle in Fig. 18 gives the streamwise pressure gradient as
determined from the static-pressure measurements outside
the wake.

The sum of the two Reynolds-stress gradients is locally
larger than the pressure-gradient term. Therefore, the pres-
ent wake is neither dominated by pressure forces nor is it
dominated by turbulent stresses. The balance shows that
both Reynolds-stress gradients are of equal importance.
The effect of the Reynolds normal stress, �u02, cannot be
neglected compared to the effect of the Reynolds shear
stress �u0v0. Furthermore, it is seen that the streamwise
growth of u02 opposes the acceleration of the mean velocity
near the centreline. There, all terms of the momentum
equation have roughly the same magnitude and accurate
modeling of all Reynolds stresses is required to predict
the correct mean-flow behaviour.

3.3.5. Balance of the kinetic-energy equation

The experimental data were used to evaluate the terms
in the kinetic-energy equation. The equation for the kinetic
energy, k, is given by

uj
ok
oxj
¼ �u0iu

0
j
oui

oxj
� �þ o

oxj
� 1

2
u0iu
0
iu
0
j �

1

q
p0u0j þ m

ok
oxj

� �
.

ð10Þ
Figs. 19 and 20 show the balances of the kinetic-energy
equation at x = 30 mm and x = 130 mm, respectively.
The effects of the molecular diffusion and the pressure dif-
fusion on the transport of k are neglected. The viscous term
is small in the wake so that its neglect has no serious con-
sequences. As noted before, all six triple-velocity correla-
tions were measured in the present study, so that the
transport by the velocity fluctuations is described accu-
rately. The dissipation � was determined from the balance.
At both stations the shear production is zero at the
centreline due to flow symmetry, whereas the normal pro-
duction is small due to the slowly varying mean velocity
on the centreline. Integration of the transport profiles
between y = 0 mm and the edge of the wake yields a non-
zero value. This is the result of the streamwise derivatives
of the triple-velocity correlations. Close to the centreline,
the gain caused by the transport is balanced by the dissipa-
tion. The transport also causes the increase of the kinetic
energy along streamlines near the edge of the wake.

It is seen from Figs. 19 and 20 that the approximate rela-
tion � = Pk holds in the outer region of the wake. This rela-
tion underestimates the dissipation near the centreline and
it overestimates the dissipation near the location of maxi-
mum production. The overestimation is especially large
for the more downstream station. Both balances indicate
that the wake is in strong non-equilibrium, because the
production-to-dissipation ratios are significantly larger
than one. Near the location of maximum produc-
tion the ratios were determined as Pk/� = 1.3 for station



Fig. 21. Streamwise development of the production of turbulence kinetic
energy, Pk.
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x = 30 mm and Pk/� = 2.6 for station x = 130 mm. The
development of the production of kinetic energy, as given
in Fig. 21, goes some way in explaining the large increase
of the production-to-dissipation ratio. (Note that a
different symbol type is used in Fig. 21 for station
x = �95 mm to avoid confusion with the neighbouring
stations.) Fig. 21 shows that the peak values of Pk remain
nearly constant in the wake. However, the total production
of the kinetic energy, defined as the integral of Pk across
the wake, continues to rise in the streamwise direction
due to the widening of the Pk profiles. It appears that the
increase of the production is not matched by a similar
growth of the dissipation. Since the transport cannot cause
an overall increase or decrease of the kinetic energy, it is
inevitable that k steadily increases in the downstream
direction.

A few comments on the accuracy of the kinetic energy
balances should be made. First, the effect of the pressure–
velocity correlation on the balance is neglected, because it
cannot be measured. Secondly, the extraction of the trans-
port term from the experimental data involves the differen-
tiation of triple-velocity correlations. This is not an easy
task considering the relatively high statistical scatter
(±20%) in these correlations. However, at station
x = 30 mm the inferred � is positive everywhere and it
has no unexpected indentations. At station x = 130 mm
the � distribution has unrealistic indentations at y � 10 mm
and y � 45 mm. Also, � becomes slightly negative near
y = 70 mm. These errors are believed to be caused mainly
by uncertainties in the transport term. However, the
decrease of the dissipation level in the streamwise direction
is confirmed by independent measurements of the dissipa-
tion. The dissipation values �iso in Figs. 19 and 20 were
computed from

�iso ¼ 15m
ou0

ox

� �2

¼ 30m
u02

k2
x

; ð11Þ
where the Taylor length scale, kx, followed from two-point
velocity correlation measurements (see Tummers, 1999 for
details).

3.4. Anomaly of the spectral density functions in the wake

Spectral density functions (sdfs) of the velocity fluctua-
tions in the x-direction were measured at various locations
in the wake. The sdfs for four locations on the centreline
between x = 30 mm and x = 107 mm are shown in
Fig. 22. Four sdfs measured on a lateral traverse at
x = 130 mm are given in Fig. 23.

The results in Fig. 22 indicate that there is little change
in the high frequency part of the sdfs along the centreline of
the wake. A striking feature of the sdfs is the presence
of a ‘‘bump’’ for frequencies lower than approximately
25 rad/s. This low-frequency bump is relatively strong at
x = 30 mm and gradually weakens farther downstream.
The low-frequency bump is also visible in the sdfs mea-
sured on the lateral traverse at x = 130 mm (see Fig. 23).
The strength of the bump appears to increase with increas-
ing distance from the wake centreline.

It is interesting to explore the origin of the low-fre-
quency content of the measured sdfs. If the largest turbu-
lence structures of approximate size d0.95 move past the
measuring volume with velocity Ue, than this gives rise to
a frequency of x1 = 2pUe/d0.95 = 6.6 · 102 rad/s, when
Ue = 7.4 m/s and d0.95 = 70 mm (these values pertain to
station x = 130 mm). However, there are frequencies lower
than x1 in a turbulent wake or boundary layer due to the
presence of an interface that separates the turbulent air
from the non-turbulent air. The location of the interface
changes with time so that a (stationary) measuring volume
is sometimes in the turbulent air and sometimes in the non-
turbulent air. This intermittent behaviour of the flow
results in frequencies as low as x2 = 0.1 · x1 = 6.6 ·
101 rad/s (see e.g. Antonia et al., 1987). Clearly, even the
lower frequency x2 is well outside the range of frequencies
where the bump occurs: x < 25 rad/s. It can therefore be
concluded that the intermittency of the flow cannot explain
the observed low-frequency behaviour. For completeness,
it is remarked here that the low-frequency bump in the
sdfs is not an artifact of the experimental facility or the
data-processing method. This follows from Fig. 24 which
shows two sdfs measured in the near wake of the flat plate
in zero pressure gradient using the same experimental
facility and data-processing algorithm as in the present
investigation.

In a further attempt to explain the low-frequency con-
tent of the spectral density functions it is useful to consider
the effects of streamline curvature. Concave curvature can
have large effects on a turbulent boundary layer (see e.g.
Bradshaw, 1973). The degree of curvature is usually mea-
sured by the curvature parameter d/r, where d is the local
thickness of the boundary layer and r is the local radius
of curvature of the streamlines. According to Bradshaw
(1973) concave curvature tends to destabilize the flow



Fig. 22. Spectral density functions measured at various stations along the wake centreline.
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and its effects are already noticeable for values of d/r as
small as 0.01.

The effects of concave curvature on the structure of a
turbulent boundary layer were investigated by Jeans and
Johnston (1982) and Barlow and Johnston (1988). In their
experiments the curvature parameter d/r varied between
zero and 0.088. Flow visualisation with a laser light sheet
and dye revealed that the concave curvature induced the
formation of large-scale ‘‘roll cells’’ in the turbulent bound-
ary layer with their axis in the mean-flow direction. These
roll cells have their origin in the same centrifugal-instability
mechanism that leads to the formation of Taylor–Görtler
vortices in a concave laminar boundary layer. Clearly, if
such roll cells have a stationary location in the turbulent
boundary layer, they will give rise to a periodic variation
in the spanwise direction of time-averaged quantities, i.e.
a three-dimensional mean flow will occur. However, the
experiments of Jeans and Johnston (1982) and Barlow
and Johnston (1988) showed that the roll cells did not have
a stationary behaviour. Instead, the roll cells grew, merged,
disappeared and wandered in spanwise direction in a ran-
dom manner so that long-term time averages were two-
dimensional. However, the presence of the large-scale roll
cells in the turbulent boundary layer introduced velocity
fluctuations with very large time scales. More precisely,
the spectral measurements of Barlow and Johnston
(1988) showed that the differences between the flat and
the curved boundary layer were confined to the very low-
frequency range. The high-frequency content of the power
spectra was hardly affected by the concave curvature.

In the present experiment in the adverse pressure-gradi-
ent wake, the surface of the wake generating plate is not
curved except for a small region with convex curvature
where the tapered trailing edge begins. However, the
streamlines in the trailing-edge region are curved as a result
of the rapid increase of the shear-layer thickness. The local
radius of curvature of the streamlines r can be determined
from the mean-velocity measurements using the following
approximate expression (see Fig. 25):

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxb � xaÞ2 þ ðyb � yaÞ

2
q

tanðcb � caÞ
. ð12Þ

Here, ca (cb) is the angle between the mean-velocity vector
at location A (B) and the x-axis. The numerator in Eq. (12)
is the distance between A and B.

For example, with A located on the boundary layer tra-
verse at x = �95 mm and B located at x = �55 mm, a typ-
ical value of the radius of curvature was determined as
r � 1.1 m. This yields a curvature parameter d/r � 0.025
when d is evaluated as the average value of d0.95 at sta-
tions x = �95 mm and x = �55 mm. Fig. 26 shows the



Fig. 23. Spectral density functions measured at station x = 130 mm. The local shear-layer thickness d0.95 is approximately 70 mm.

Fig. 24. Spectral density functions measured in the zero-pressure-gradient wake at a station 10.01 mm downstream of the trailing edge. The shear-layer
thickness d0.95 at this particular station is approximately 14 mm.
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(dimensionless) angular momentum rðu2 þ v2Þ1=2
=ðcU refÞ in

the boundary layer at station x = �95 mm. It is seen
that the angular momentum decreases towards the wall,
i.e. the angular momentum decreases in the direction away
from the centre of curvature as is the case in concave
curvature. This concave curvature tends to destabilize the
flow. Furthermore, a curvature parameter with a value of
0.025 can be interpreted as a moderate degree of curvature
(Bradshaw, 1973).
An analysis of the mean-velocity data indicated that the
streamlines were concavely curved at the other boundary-
layer stations as well. Interestingly, the radius of curvature
changes sign downstream of the trailing edge of the plate.
For example, in between the wake stations x = 30 mm
and x = 53 mm the curvature parameter is d/r � �0.019.
There, the curvature of the streamlines is convex and tends
to stabilize the flow. The effects of convex curvature on the
flow are much smaller than that of concave curvature
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Fig. 25. Determination of local radius of curvature from mean-velocity
measurements.

Fig. 26. The dimensionless angular momentum rðu2 þ v2Þ1=2
=ðcU ref Þ as a

function of the wall distance at boundary-layer station x = �95 mm.
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(Bradshaw, 1973). Farther downstream the radius of
curvature changes sign again; the value of d/r in between
stations x = 85 mm and x = 130 mm was determined as
approximately 0.011.

It is now reasonable to speculate as follows. The rapid
increase of the thickness of the boundary layer towards
the trailing edge of the plate has resulted in streamlines
with concave curvature. The concave curvature (with
d/r � 0.025 in between station x = �95 mm and x =
�55 mm) may have affected the structure of the boundary
layer in the trailing-edge region through the formation of
roll cells. The roll cells contain a significant amount of
low-frequency energy, which appears in the measured spec-
tral density functions as a bump in the low-frequency range
(see Figs. 22 and 23).

Just downstream of the trailing edge the streamline cur-
vature is convex so that there is no drive for the formation
of roll cells. Also, the streamline curvature on the wake
centreline is zero because of flow symmetry. This may
explain the change in shape of the sdfs that were measured
on the centreline (shown in Fig. 22). The bump in the low-
frequency range gradually decreases with increasing dis-
tance from the trailing edge, indicating the gradual fading
of the roll cells along the centreline. The sdfs that were
measured on the lateral traverse at x = 130 mm (shown
in Fig. 23) indicate that the relatively small bump in the
low-frequency range at y = 0 mm increases with increasing
y. This suggests that the remnants of the roll cells that were
formed in the boundary layer are convected downstream
by the mean flow. As a result, the roll cells also appear in
the near wake especially in the outer regions, and, for suf-
ficiently small trailing-edge distances, the effect of the rolls
cells is also felt at the wake centreline.

Although the presence of the roll cells is speculative, the
accumulation of a significant amount of kinetic energy in
the low-frequency range is not. This spectral anomaly will
have important consequences for the ability of RANS
methods to predict the ‘‘free separation’’ in the present
adverse pressure-gradient wake. This is the topic of an
accompanying paper (Tummers et al., submitted for
publication).
4. Conclusion

The experiments in the turbulent trailing-edge flow of a
‘‘thick’’ flat plate in an adverse pressure gradient indicate a
rapid growth of the shear-layer thickness in the streamwise
direction. The boundary layer on the plate remained
attached, although it is close to separation at the trailing
edge. After a slight initial increase, the mean velocity on
the centreline decreases so that a region with mean-flow
reversal is formed some distance downstream of the trailing
edge, simulating the ‘‘free separation’’ phenomenon. The
turbulence kinetic energy steadily rises in the downstream
direction along the centreline. The measured balances of
the kinetic-energy equation show the importance of trans-
port by turbulent velocity fluctuations in the present wake,
especially near the edges. The balances also indicated a sig-
nificant decrease of the dissipation in the streamwise direc-
tion while the production of turbulence kinetic energy
remains nearly constant. Power spectra measured in the
wake revealed the presence of a significant amount of tur-
bulence kinetic energy in the very-low-frequency range; a
phenomenon not seen in the zero-pressure-gradient wake
of the same flat plate. It is speculated that this is caused
by the formation of ‘‘roll cells’’ in the turbulent shear layer
as a result of concave streamline curvature.
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