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Abstract

A high Reynolds number adverse pressure gra-
dient turbulent boundary layer experiment was
carried out in the large wind tunnel of Labora-
toire de Mécanique de Lille using synchronized
stereo PIV systems and a hot-wire rake of 143
single wire probes. A 2D bump was used to cre-
ate converging-diverging flow inside the test sec-
tion. Measurement were performed on the decel-
erating part of the bump. Reynolds number based
on the momentum thickness was17 100. In or-
der to investigate structural characteristics of the
high Reynolds number turbulent boundary layer
under influence of strong adverse pressure gra-
dient in a statistical sense, simultaneously sam-
pled hot-wire data of 143 probes were used to
compute two-point correlations on both stream-
wise – spanwise (XZ) planes parallel to wall and
streamwise – wall-normal (XY) planes normal to
the wall. The results presented in this paper in-
dicate that most of the activity creating signifi-
cant correlations is confined from wall to top of
the log-layer, which is about y+ of 700 in this
case. Maximum streamwise extent of the correla-
tion on XZ plane is approximately±4.5δ. Simi-
larly, the elongated correlations in the streamwise
direction on XY planes reach maximum10δ in
length inside the log-layer. The wake region pro-
duces weak correlations compared to the ones ob-
served inside the log-layer.

1 Introduction

Turbulent boundary layers under influence of ad-
verse pressure gradient (APG) are one of the
most common engineering problems present in
aerospace, chemical, environmental and energy
related industries and therefore of great technical
importance. A constant application of APG may
lead flow separation which imposes limitation on
performance of the devices and increases drag
and fuel consumption. In addition, presence of
APG may severely affect the lift and thrust when
wigs and propellers are considered respectively.

Even though APG turbulent boundary layers
have been studied extensively over the years, the
problem still lacks a complete understanding of
physical mechanisms underlying the complex dy-
namics. This lack of knowledge adversely affects
turbulence modeling strategies used in the indus-
try. Accurate prediction of when and where the
separation occurs during the operation is of great
importance in designing wings and bodies.

Large and very large scales of motions in tur-
bulent boundary layers have recently received a
great deal of attention because of their contribu-
tion to turbulence kinetic energy and Reynolds
shear stresses[2, 3, 7, 8, 9, 10, 12, 14]. A current
state of knowledge on the large scale organized
motions, the so-called coherent structures, in wall
bounded turbulent flows have recently been doc-
umented in detail in [1]. Obvious features of
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Fig. 1 Schematic of the LML wind tunnel: 1, plenum chamber; 2, guide vanes; 3, honeycomb; 4, grids;
5, contraction; 6, turbulent boundary layer developing zone; 7, testing zone of wind tunnel; 8, fan and
motor; 9, return duct; 10, heat exchanger (air−water).

these large scale motions can be observed easily
in nature and laboratory environment, however,
quantification of these observations is either dif-
ficult or impossible in many situations. Multi-
point measurements are found to be useful to ex-
tract some information regarding the statistical
description of the turbulence in these flows. Even
though there have been experiments and numer-
ical simulations to study large scale motions in
turbulent channel, pipe and boundary layer flows,
usually at small or intermediate Reynolds num-
bers, there certainly is a need for an investigation
on first the large and very large scale motion in
APG turbulent boundary layers and second the
behavior of these scales when the Reynolds num-
ber is high.

In this paper, we present experimental multi-
point measurements of high Reynolds number
turbulent boundary layer subjected to adverse
pressure gradient. The paper deals with the two-
point correlations obtained from the measure-
ments in order to study statistical description of
correlation lengths in both longitudinal, wall-
normal and spanwise directions. The data are ob-
tained using a hot-wire rake of 143 single-wire
probes, which was synchronized with stereo PIV
systems. 143 hot-wire probes were distributed
on an array perpendicular to the streamwise flow
direction and measured at each point simultane-
ously. The adverse pressure gradient was created
by means a 2D bump placed in the test section of

the wind tunnel. The resulting Reynolds number
based on momentum thickness at the measure-
ment location was about 17100.

2 Experimental Setup

An experiment on the turbulent boundary layer
under the influence of strong adverse pressure
gradient was carried out in the LML wind tun-
nel of Laboratoire de Mécanique de Lille, France.
The LML wind tunnel’s test section is 20 m in
length, 2 m in width and 1 m in height. The first
15 m of the test section is used for flow develop-
ment and the last 5 m of that is used as working
test section. As shown in Fig. 1, LML tunnel
is a closed circuit wind tunnel with a maximum
freestream velocity of 10.5 m s-1. Three dimen-
sional roughness elements were used on the bot-
tom wall of the wind tunnel in the entrance of
the test section to trip the flow into turbulence
quickly. A Pitot tube connected to a Furness mi-
cromanometer was used to monitor the constant
tunnel velocity, which was achievable with a pre-
cision of 0.25%. A uniform operating air temper-
ature was obtained using a temperature control
unit placed in the return duct of the tunnel. Fur-
ther details about the tunnel and its flow quality
can be found in [5, 13].

A specially designed 2D bump shown in Fig.
2 was used to obtain the adverse pressure gradi-
ent, or decelerating, flow within the test section
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Fig. 2 Schematic of the 2D bump used to create adverse pressure gradient.

of the wind tunnel. This bump was computed and
designed by Dassault Aviation to produce a pres-
sure gradient representative of the suction side
of airfoil at high angle of attack [4]. Length of
the bump in the streamwise direction was 3.5 m
and flow in the wind tunnel meets the bump after
15.5 m development inside the test section. The
bump reaches it maximum thickness, which is
0.33 m, in 1.5 m in the streamwise direction, cor-
responding to downstream location of 17 m with
respect to inlet of the test section. The boundary
layer thickness over the decelerating part of the
bump varies between 0.115 m and 0.455 m. The
measurements presented in this study were per-
formed 17.90 m downstream of the inlet, which
resulted in boundary layer thickness of approx-
imately 0.25 m. The freestream velocity in the
wind tunnel before the bump was 10 m s-1. The
external flow velocity at the measurement loca-
tion was found to be about 11.7 m s-1. The
Reynolds number based on momentum thickness
(Reθ = Ueθ/ν, where Ue, θ andν denote exter-
nal velocity, momentum thickness and kinematic
viscosity respectively) was higher than 17 000 at
the measurement location. A cartesian coordi-
nate system was used in the wind tunnel; hence
x, y, z denote streamwise, wall-normal and span-
wise directions.

A hot-wire rake of 143 single wire probes was
used to measure the turbulent boundary layer.
The rake was, as shown in Fig. 3, designed to
get both temporal and spatial information about
the flow simultaneously at each probe locations.
Laboratoire d’Etudes Aéroydnamiques, Poitiers,

France manufactured the rake, which consisted of
13 vertical comb made of double sided conven-
tional circuit boards. Each vertical comb carried
11 single wire hot-wire sensors spaced logarith-
mically from wall to external flow in the wall-
normal direction at wall normal positions (y) of
0.3 mm, 0.9 mm, 2.1 mm, 4.5 mm, 9.3 mm, 18.9
mm, 38.1 mm, 76.5 mm, 153.3 mm, 230.1 and
306.9 mm. The vertical combs were placed sym-
metrically around the centerline of the tunnel in
the spanwise direction at spanwise positions (z)
of 0, ±4 mm, ±12 mm, ±28 mm, ±60 mm,
±100 mm and±140 mm . The rake covered an
area of approximately 30×30 cm2. The probes
were distributed on an array in the plane normal
to the flow and each hot-wire sensors was 0.5 mm
in length and 2.5µm in diameter. More details on
the hot-wire rake and the probes are documented
in [14].

An in-house developed hot-wire anemometry
system of 144 channels was used for the measure-
ments. Each of the anemometers was constant
temperature anemometer, and was comprised of a
Wheatstone bridge, output and sample-and-hold
controls. The anemometer system originally was
designed, manufactured and tested in the Turbu-
lence Research Laboratory of the State Univer-
sity of New York at Buffalo [6, 16]. A Microstar
Laboratories DAP 5400a processor was used as
the data acquisition board. The sampling fre-
quency was 30 kHz for all channels. In addition
to hot-wire anemometer output voltages, tunnel
temperature and tunnel dynamic pressure were
sampled by the system at the same speed. The
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Fig. 3 Hot-wire rake in place in the LML wind
tunnel.

simultaneously sampled data coming from every
anemometer channels were recorded on a hard-
disk for 6 seconds long blocks. The time sep-
aration, which allowed to transfer the data from
buffer to the disk, was long enough to have sta-
tistically uncorrelated blocks. The details of the
anemometers system also is available in [14].

Because of the mechanical design of the rake
and limitation imposed by it, calibration of the
hot-wire rake in a conventional way was not pos-
sible in this experiment. Therefore, we had to
calibrate the wires while the probes were inside
the turbulent boundary layer when the rake was
in place in the test section. A new calibration
method has been developed during the course of
this project to perform hot-wire calibration in this
kind of situations [15]. The method requires a
reference mean velocity and higher order turbu-
lence statistics at each probe locations at only one
freestream velocity. In this experiment, a syn-
chronized stereo PIV systems were used 1 cm up-
stream of the hot-wire rake probes, so that we ob-
tained the required statistical data on the velocity
field from the PIV measurement. Thisin situcal-
ibration methodology together with its limitation
and advantages are documented in [15].

3 Two-Point Correlations

3.1 Computation of Two-Point Correlations

Computation of two-point correlations can be
summarized from [14] as follows. In a carte-
sian coordinate system, the two-point cross-
correlation tensor writes:

Ri, j(x,x
′,y,y′,z,z′, t, t ′) =

〈ui(x,y,z,t)u j(x
′,y′,z′, t ′)〉 (1)

where the subscriptsi and j represent different
components of turbulent fluctuations (u,v, w).
〈 〉 represents the ensemble average, and′ sign
denotes different spatial positions in x, y, z coor-
dinates and a different time. Due to stationary in
time, and homogeneity in space in the spanwise
direction, the two-point cross-correlation tensor
given in equation (1) is only a function of sepa-
ration in these coordinates. Denotingτ = t ′− t
and∆z= z′−z. Equation (1) can be rewritten as
follows:

R̃i, j(x,x
′,y,y′,∆z,τ) =

〈ui(x,y,z,t)u j(x
′,y′,z+∆z,t + τ)〉 (2)

Two-point cross-spectral tensor can be ob-
tained by performing Fourier transformation of
the two-point cross-correlation inτ:

Si, j(x,x
′,y,y′,∆z, f ) =∫ ∞

−∞
R̃i, j(x,x

′,y,y′,∆z,τ)e−i2π f τdτ (3)

where f is the frequency. Since only one down-
stream location is considered in this study,x= x′

in equation (3) becomes a parameter. Therefore,
equation (3) reduces to:

Si, j(x,y,y
′,∆z, f ) =∫ ∞

−∞
R̃i, j(x,y,y

′,∆z,τ)e−i2π f τdτ (4)

In this experiment we only measured stream-
wise component of the turbulent velocity, there-
fore the subscriptsi and j are replaced by 1 and
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1. The parameterx dependence in our formula-
tion is also omitted for simplicity in the following
parts of the paper.

The analysis technique can be listed as fol-
lows:

(i) Instantaneous streamwise velocities were
measured at 143 point simultaneously by
the hot-wire rake. As detailed in [15], the
fluctuating parts of the velocity signal were
obtained by subtracting the mean velocity
computed over total number of measured
blocks of data.

(ii) Fourier transformation of fluctuating ve-
locity signals was performed in time for fi-
nite size record length:

û(y,z, f ) =
∫ T

0
u(y,z,t)e−i2π f tdt (5)

whereT is the record length for each block
of data taken into Fourier transformation.
The total number of samples taken into
FFT was 131 072 (=217) because of com-
putational efficiency.

(iii) These steps were repeated for all possible
configuration (1432 = 20449).

(iv) Ensemble (block) averaged two-point
spectral estimates were computed:

S1,1(y,y
′,z,z′, f ) =

〈û(y,z, f )û∗(y′,z′, f )〉
T

(6)

where 〈 〉 and ∗ represent the ensemble
averaging and complex conjugate respec-
tively.

(v) Inverse Fourier transformation was used to
obtain the two-point cross-correlation in
physical space:

R1,1(y,y
′,z,z′,τ) =∫ T/2

−T/2
S1,1(y,y

′,z,z′, f )ei2π f τd f (7)

(vi) The two-point correlations with separation
∆x in the streamwise coordinate were com-
puted by means of Taylor’s frozen field hy-
pothesis:

R1,1(∆x,y,y′,z,z′) = (8)

R1,1(y,y
′,z,z′,τ =−∆x/Uc) (9)

where Uc is the convection velocity. In this
study we took local mean velocity as the
convecting flow velocity, which is a good
approximation in turbulent boundary lay-
ers [11].

3.2 Two-Point Correlation Maps

In this section we present the two-point corre-
lations maps of the streamwise velocity fluctua-
tion on first streamwise – spanwise (XZ) plane
(which is always parallel to the wall), and second
streamwise – wall-normal (XY) plane (which is
always normal to the wall and freestream direc-
tion). The streamwise – spanwise correlations
were obtained at constant wall-normal positions
wherey= y′. The streamwise – wall-normal cor-
relations were computed whenz= z′ = 0. These
results are grouped according to the planes they
were computed and presented in Figs. 4 and 5
for XZ – and XY – planes respectively. The ref-
erence probe used in the computation of corre-
lations were always located on the center of the
rake in the spanwise direction, wherez= 0. The
other probes on which the correlation computa-
tions based were distributed on either a line par-
allel to the wall at constant wall-normal positions
or at different wall-normal position on line per-
pendicular to the wall. To be able to compare cur-
rent results on the APG turbulent boundary layer
with the results documented in [14] for flat plate
turbulent boundary layer, here we present the cor-
relations in their normalized form using the peak
founded on each plane. The peak corresponds to
the two-point correlation when the separations in
time and space are both zero.
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Fig. 4 Two-point cross-correlation coefficients (XZ-plane) at constant wall-normal positions. The fig-
ures present the correlations between the probe located at z=0 and the probes at the same y+ location on
each plane. y+= (a) 6, (b) 15, (c) 32, (d) 70, (e) 145, (f) 290, (g) 590, (h) 1180, (i) 2363, (j) 3550.
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Fig. 5 Two-point cross-correlations (XY-plane) at z=0. The figures present the correlation between the
reference probe at one wall-normal position, y, and the rest the probes at the same spanwise location at
different wall-normal positions, y’. y+= (a) 6, (b) 15, (c) 32, (d) 70, (e) 145, (f) 290, (g) 590, (h) 1180,
(i) 2363, (j) 3550.
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Fig. 4 presents the two-point correlation
coefficients on the XZ planes from wall to
freestream in an ascending order from (a) to (j).
Separations in the streamwise direction (∆x) and
spanwise direction (∆z) are normalized by the
boundary layer thickness,δ, as shown in the la-
bels of x and y axes of each figure. As men-
tioned earlier, the figures show the two-point cor-
relation coefficients and the peak of each subfig-
ure, which is one, is found at∆x/δ = ∆z/δ= 0.
Therefore, relative magnitude of the correlations
on different y+ locations should be assessed us-
ing Fig. 6, where lines are measured two-point
correlations at corresponding y+ locations.

As shown in Fig. 4(a) at y+ of 6, the physi-
cal length of the area where we observe correla-
tions is bounded between approximately±0.25δ
in both streamwise and spanwise directions. As
the plane moves away from the wall, streamwise
extent of the correlations, in particular the pos-
itive ones represented by the red contour lines,
change rapidly while the spanwise extent of the
correlations stays almost constant. This state-
ment is especially true for the positive correla-
tions. At the second plane closest to the wall,
placed at y+ of 15 shown in Fig. 4(b), length of
the positive correlations in the streamwise direc-
tion, bounded between±0.6δ, is almost 2.5 times
that at y+ of 6. Length of the positively corre-
lated area grows steadily from y+ of 15 to y+ of
145. On the other hand, the growth of the pos-
itive correlations in the streamwise direction al-
most doubles from y+ of 145 to 290 and y+ of
290 to 590. The correlation length found at y+

of 590 is almost the maximum streamwise length
observed in this experiment. The substantial in-
crease in the length of positive correlation in the
streamwise direction occur within the logarith-
mic region of the mean velocity profile, which
was between approximately y+ of 150 and 700.
This can partly be attributed to a large increase
in local mean velocity in the logarithmic layer,
which then was used to compute correlations us-
ing Taylor’s frozen field hypothesis. Once the XZ
– plane is in the outer layer, or the so-called wake
region, size of the correlations in the streamwise
direction decreases constantly. At the highest

wall-normal position, y+ of 3550, presented in
Fig. 4(j), we observe a sign change of correla-
tion coefficients in the the spanwise direction, as
shown by blue contour lines.

The field occupied by negatively correlated
events indicated by blue contour lines is small
part of the measurement window we have in the
spanwise direction. Spanwise extent of the cor-
relation contours grows very slowly from wall to
top of the logarithmic layer, where it reaches at its
maximum size at y+ of 590. We observe a growth
of streamwise extent of negative correlations on
XZ – plane in a similar fashion that observed for
positive correlations on the same planes. The
maximum size of the correlation contour maps
is about 6δand are found on XZ – plane is at y+

of 590. After this wall-normal position the phys-
ical length of the negative correlations decreases
in both streamwise and spanwise directions, and
almost disappears at y+ of 3550, shown in Fig.
4(j). As mentioned previously, negative correla-
tions at this wall-normal position appear around
the center of the positively correlated region in-
stead of both sides of the measurement window
in the spanwise direction.

The shapes of the two-point correlations on
the XZ – plane presented at different wall-normal
positions in Fig. 4 are similar to the two-point
correlations of flat plate turbulent boundary layer
measured at the same facility [14]. The main dif-
ference is the streamwise extend of the correla-
tions, which is larger in the APG case. Another
difference which should be noted is related to the
negative correlations, which seem to be stronger
and starting from very near the wall in the APG
case. In flat plate case, negative correlations are
never observed around the center of the field (cor-
responding to vicinity of∆x = ∆z=0, whereas
we observe negative correlations around the cen-
ter for the APG case as shown in Fig. 4(j).

The two-point correlation coefficients on the
XY – plane are shown in Fig. 5. The subfigures
are ordered according to location of the reference
probe (y) from wall to freestream in an ascend-
ing order. First we do not observe any negative
two-point correlations on this plane regardless of
the location of reference probe. This agrees with
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Fig. 6 Measured two-point correlation values,
R1,1(x,y,y’,z=0,z’=0), at Reθ=17 100. Note that
each curve represents the two-point correlation
where reference probe is located at wall-normal
position, y, while the other probes are placed at
y’. Peaks found on each curve equal to the vari-
ance of turbulence at the probe location.

our previous findings on the flat plate case [14].
The maximum extent of the correlation contour
lines in the wall-normal direction is fairly con-
stant from wall to the top of logarithmic layer as
shown in Figs. 5(a)–(g). After y+ of 590, we
find further development of the correlations in
the wall-normal direction. As the reference probe
moves away from the wall, larger areas are seen
to be covered by the correlated events. Elongated
correlations in the streamwise direction are espe-
cially present within the logarithmic layer and its
size is on the order of 10δ. This is slightly larger
than the maximum size of two-point correlations
documented for flat plate case, which is about 6-
7δ. The two-point correlations in the wake re-
gion shown in Figs. 5(h)-(j) show that the entire
boundary layer is covered with correlated turbu-
lent fluctuations.

In Figs. 4 and 5, the correlation coefficients
are presented, so that the maximum value on each
contour map is 1. Therefore, it is useful to look
at Fig. 6 to measure relative strength of the cor-
relations found on each plane or wall-normal lo-

cation. It should be noted that peak of each curve
shown in Fig. 6 is the value used for normal-
izing the two-point correlations at different wall-
normal positions. These peaks indeed form a pro-
file of variance of turbulence fluctuations in the
boundary layer. An evaluation of the two-point
correlation coefficients in connection with Fig. 6
indicates that a strong interaction between near
wall and top of the logarithmic layer is present
and produces significant correlation. Once the
flow is in the outer layer, the magnitude of the
correlation decreases rapidly.

4 Conclusion

In this paper, the two-point correlation of a high
Reynolds number adverse pressure gradient tur-
bulent boundary layer are documented. The
database created using a hot-wire rake of 143 si-
multaneously sampling single wire probes were
used to compute the correlations. Our analysis
therefore is based only on streamwise velocity
fluctuations. Computed two-point correlations
using the database show that streamwise extent
of the correlated events can be on the order of
10δ. The size and magnitude of the correlations
are found to be increasing rapidly in the logarith-
mic layer. The interaction from wall to the top of
the logarithmic layer produces significant corre-
lation, indicating the presence of active structures
connecting these layers. In the wake region, size
of the correlations on the XZ – plane decreases
in the streamwise direction. The XY – plane cor-
relations in the wake region show that it is possi-
ble to find correlations from wall to edge of the
boundary layer even though its magnitude is very
small. These results especially are important to
understand structural characteristics of turbulent
boundary layers under influence of adverse pres-
sure gradient and useful for the numerical com-
putations performed in a computational box.
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