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ABSTRACT
Building on the limited previous studies on the effect of

non-equilibrium pressure gradients on the structures of a tur-
bulent boundary layer over a rough wall. Experiments were
conducted at the University of Southampton in the 12m bound-
ary layer wind tunnel. Particle image velocimetry (PIV) was
used to capture the flow over a rough wall under the influence
of pressure gradients. The pressure gradient is applied using a
NACA0012 aerofoil of 1.25m chord with measurements taken
from one chord upstream to one chord downstream. A two-
point spatial correlation coefficient is used to analyse the co-
herence of the motions in the flow. When looking at Ru′u′ ,
it is seen that a favourable pressure gradient results in longer
contours, while an adverse pressure gradient is shorter. For
contours Ru′u′ = 0.2, the correlation length reduces as the ref-
erence point moves away from the way. While for Ru′u′ = 0.6,
the correlation length remains relatively constant as yre f in-
creases.

INTRODUCTION
Pressure gradient effects have been extensively studied on

smooth walls, with more limited studies on rough walls. Many
of these studies focus on the effect of the pressure gradient on
the mean velocity profiles. Adverse pressure gradients have
been seen to increase the wake strength while reducing the
length of the log region (Monty et al. (2011)). While works
such as Tay et al. (2009) show that favourable pressure gradi-
ents cause smaller wake strengths and thinner boundary lay-
ers. It is also well known that favourable pressure gradients
increase local skin friction while adverse pressure gradients
reduce skin friction (Monty et al. (2011) and Shin & Song
(2015)).

Two-point correlation can be used to identify the coher-
ent structures within a flow. Previous work, including Sillero
et al. (2014), shows spatial correlation contours for smooth
wall ZPG boundary layers. They showed coherent structures
of 7δ for the weakest correlated structures. This work aims
to build on past work and present spatial correlation at a given
point with different pressure gradient histories. The key ques-

tion to be answered is the effect of different pressure gradients
on the streamwise correlation length. Furthermore, how does
the reference location height affect the size of these coherent
motions?

METHODOLOGY
Experiments are carried out in the University of

Southampton’s 12m boundary layer with a tunnel with a cross-
section of 1.2x1m. A NACA0012 aerofoil of chord 1.25m is
mounted from the tunnel roof to allow different pressure gradi-
ent histories to be imposed upon the flow. The leading edge is
located 6.5m downstream of the inlet of the wind tunnel. The
quarter chord was kept 500mm above the tunnel floor, upon
which the 3mm thick chicken wire mesh is mounted. Five dif-
ferent pressure gradient histories are captured using particle
image velocimetry (PIV) at angles of attack from −8◦ to 8◦

in steps of 4◦. PIV was taken from one chord upstream of
the leading edge to one chord downstream of the trailing edge.
This was achieved using three Lavision ImagerProLX 16MP
cameras in four different positions with the laser sheet point-
ing upstream to prevent the optics from affecting the flow. This
sheet was created using a Litron Bernoulli 200-15 Nd:YAG
laser with a beam of 523nm wavelength using Lavision sheet
optics. A diagram of this setup can be seen in figure 1 for the
most downstream measurements, with the blue boxes showing
the three fields of the view of the cameras. The cameras and
laser were moved four times to cover the flow domain. Three
cameras give approximately 1m field of view to consider the
correlation. At the same time, the mean fields are available for
all three chords of interest. For each case, 2000 images were
captured to ensure good statistical convergence. Throughout
the experiment, the data was taken at 20m/s, set by the pitot,
one chord upstream of the aerofoil. The pressure gradient his-
tory is measured using 16 taps along the tunnel floor, shown
in figure 1 by the small vertical lines. These are scanned using
a ZOC 33/64 pressure scanner to measure the mean pressure
distribution. The colours and line styles used for plotting are
given in table 1.
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Figure 1. Diagram showing the experimental setup for the first position with blue boxes showing the field of view of the three cameras.
The pitot tube is located at 5.3m from the inlet of the wind tunnel and is one chord upstream of the aerofoil leading edge.
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Table 1. The colours used for each angle of attack through-
out this paper. The makers are used for data points, while lines
of the same colours will be used for PIV data

RESULTS
This section will look at some results of the experiment,

first looking at the pressure gradient histories and then at the
correlation within the flow.

Pressure Gradient Histories
These experiments look at the effect of different pressure

gradient histories, and thus, first, we look at the imposed pres-
sure gradient. The angle of attack is varied to give varying
pressure gradient histories, presented in figure 2. As required
for the experiments, it can be seen there is good variation be-
tween the different pressure gradient cases. The −8◦, −4◦ and
0◦ cases have a favourable pressure gradient followed by an
adverse pressure gradient. Meanwhile, the 4◦ and 8◦ have an
adverse pressure gradient followed by a favourable one. Sig-
nificantly, for these experiments, the magnitude of the pressure
gradient varies in strength and order. Furthermore, there is a
crossover point at the quarter chord where all the pressure gra-
dients are equal, around -0.25. The position of the taps relative
to roughness elements causes the pressure gradient history to
look bumpy.

The pressure gradient history can also be shown using the
acceleration parameter K given by K = (ν/U2

1 )dU1/dx where
U1 is the local freestream velocity. To calculate K, the local
freestream velocity is required; for these experiments, we have
two methods to find this. The first is from the PIV data. We
can take the boundary layer edge velocity and estimate the ve-
locity from the pressure data. The results of these two methods
are shown in figure 3. The results show good agreement be-
tween the pressure and PIV data in determining the freestream
velocity. This is a useful result since taking PIV data over the
whole domain of interest is often impractical, but parameters
such as K may be required to predict the flow. Therefore, us-
ing pressure taps or other methods, which are much simpler to
take measurements, enables estimates of the flow history to be
calculated.

The distribution of K is shown in figure 4 for the five an-
gles of attack. In favourable pressure gradient regions, K is
positive, while in adverse pressure gradient regions, K is neg-
ative. This is expected from Bernoulli’s equation since the ve-
locity gradient equals −(1/ρ)(dP/dx). We can study flow his-
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Figure 2. Pressure gradient with respect to the normalised
position x/c for the five angles of attack used in the experiment.
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Figure 3. The freestream velocity variation from one chord
upstream to one chord downstream of the aerofoil. The mark-
ers show the edge velocity as predicted from the pressure dis-
tribution, while the dashed lines show the edge velocity from
PIV.
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Figure 4. Acceleration parameter K for 20m/s cases from
one chord upstream to one chord downstream of the aerofoil.
Found using the local velocity from the pressure distribution
at 20m/s.

tory using both K and the non-dimensional pressure gradient.
However, a key difference between them is the dCp/d(x/c) is
invariant to the Reynolds number, but K is not, and the magni-
tude of the peak values reduces with speed.

Two Point Correlation
Two-point spatial correlation is carried out using equa-

tion 1 ((Pope, 2000, p.57)) on the fluctuations of the veloc-
ity fields captured. For the following results, the point of
reference is kept constant at 6.85m from the inlet and at a
height of 0.2δ to see how events at this point are correlated to
those around it. This point corresponds to the quarter chord
of the aerofoil where all cases have a pressure gradient of
dCp/d(x/c) ≈ −0.33. This point is interesting since all the
cases have the same local pressure gradient; however, the up-
stream pressure gradient histories differ.

Ru′u′ =
< u′1u′2 >√

< u′21 >< u′22 >
(1)

Starting with the Ru′u′ , the field of view extends from x/c
= -0.42 to 0.59, as shown in figure 5 for −8◦. As expected, the
correlation contour increases in length as the contour level is
reduced. It is seen that a contour level of 0.2 extends approx-
imately two δ upstream and downstream. While for a con-
tour level of 0.8, the contour only extends from -0.1 to 0.1 of
δ upstream and downstream. The contours of Ru′u′ have an
elongated shape with a slight upward inclination.

Figure 6 looks at Rv′v′ for −8◦ and the areas within the
correlation contours are much smaller. It is also seen while
Ru′u′ gives contours that are elongated, the Rv′v′ contours are
much more circular. This means that the fluctuations of v in-
fluence each other much less than those of the U component.
While for Ru′u′ , there is a region of limited correlation that ex-
tends from -4δ to the edge of the field of view. This region
is much smaller for Rv′v′ , with correlation only seen from ap-
proximately -1δ to 1δ .

−8◦ −4◦ 0◦ 4◦ 8◦

1
1.25

∫ 0.25
−1 ω

dCp
d(x/c) -0.22 -0.14 -0.05 0.03 0.09

Table 2. Values of 1
1.25

∫ 0.25
−1 ω

dCp
d(x/c) from one chord up-

stream to the quarter chord of the aerofoil. ω is a linear weight
from 0 one chord upstream to 1 at the quarter chord.

The final whole flow field to look at is Ru′v′ , where U
component fluctuations at the reference point correlate with V
component fluctuations. When a component is correlated with
itself, the value is expected to lie between -1 and 1. However,
when the two components are correlated, the min value is -
0.46, and the max is 0.3 across all angles. The field of Ru′v′ for
−8◦ is shown in figure 7. While for Ru′u′ and Rv′u′ , the correla-
tion near the reference value is positive for Ru′v′ , it is negative.
On average, positive u’ values are associated with negative v’
and vice versa. This, as expected, means momentum is trans-
ported towards the wall on average.

The next observation that can be made is that the correla-
tion area extends upstream more than downstream. This dif-
fers from the cases above, which extend further downstream
than upstream. This means that reference location is more
influenced by upstream events than it influences downstream
events.

Effect Of Pressure Gradient History On Corre-
lation Shape

The above work looked at the correlation for different
contour levels for a single angle of attack. This section looks
at a single contour level and how that shape is affected by dif-
ferent pressure gradient histories.

Figure 8 shows the contour for a correlation coefficient
value of Ru′u′ = 0.4 for the five angles of attacks tested. It is
seen that there are two groups for the shape of contours, one
that contains −8◦, −4◦ and 0◦ and one that contains 4◦ and
8◦. As seen in figure 2, the first group experiences a predom-
inately favourable pressure gradient. Meanwhile, the second
group predominately experienced an adverse pressure gradi-
ent. One way to quantify this pressure gradient is to take lin-
ear weightings from 0 one chord upstream to 1 at the quarter
chord and determine an integral value of the pressure gradient.
These results are shown in table 2. It shows that the first group
do indeed have a favourable pressure gradient, and the other
has a net adverse pressure gradient.

For the contour level of 0.4, it can be seen that even
though the 4◦ and 8◦ cases, the shape and size of the contour
are nearly identical. This is despite having different pressure
gradient histories as seen in table 2. The other three cases show
a little more variation but are still similar. Despite the −4◦ case
having a more favourable integral pressure gradient, its shape
is similar to the 0◦ case. The strongest favourable pressure gra-
dient of the −8◦ cases shows the contour starting higher above
the wall. One reason for this may be due to the thinner bound-
ary layer. Due to near-wall reflections, etc, these extend into a
greater proportion of the boundary layer. The results suggest
that the favourable pressure gradient extends the correlation of
u’ with u’ further downstream than the adverse pressure gra-
dient. This difference is due to the higher flow speeds and,
thus, momentum within the flow for the favourable pressure
gradient cases. This is seen in figure 3 where the freestream
velocity increases for −8◦, −4◦ and 0◦ while decreasing for
the other two. This suggests that the favourable pressure gra-
dient elongates the structures within the flow. The correlation
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Figure 5. Field of Ru′u′ referenced to (6.85m, 0.2δ ) for −8◦ case. Contours of correlation levels corresponding to 0.2, 0.4, 0.6 and
0.8 are shown. yre f is taken to be 0.2δ

Figure 6. Field of Rv′v′ referenced to (6.85m, 0.2δ ) for −8◦ case. Contours of correlation levels corresponding to 0.2 and 0.4 are
shown. yre f is taken to be 0.2δ

Figure 7. Field of Ru′v′ referenced to u’ at (6.85m, 0.2δ ) for −8◦ case. Contours of correlation levels corresponding to -0.2, -0.3 and
-0.4 are shown. yre f is taken to be 0.2δ
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Figure 8. Contours of Ru′u′ for correlation level of 0.4 for
different angles of attack. The black vertical dashed lines show
now the streamwise correlation length is to be defined for the
−8◦ case. The reference position is 6.85m (x/c = 0.25) and
0.2δ . Line styles are given in table 1.
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Figure 9. Contours of Rv′v′ for correlation level of 0.4 for
different angles of attack. The reference position is 6.85m (x/c
= 0.25) and 0.2δ . Line styles are given in table 1.

area also extends higher into the boundary layer than with an
adverse pressure gradient.

Having looked at the correlation of the U component, we
move on to look at the V component in figure 9 again at con-
tours of Rv′v′ = 0.4. There is no clear grouping of the cases
seen for Ru′u′ contours. There is some order to the results; the
strongest favourable pressure gradient of the −8◦ case results
in the smallest contour area. However, all the cases have sim-
ilar areas of influence, with no clear trend seen in the results.
As was seen for contours of Ru′u′ , the shape of the adverse
pressure gradient cases are very similar, and this is because
the upstream pressure gradients result in very similar integral
pressure gradient values. As was seen in figure 6, the contours
are much more circular than those of Ru′u′ .

The final correlation is Ru′v′ =−0.3, and there is a similar
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Figure 10. Contours of Ru′v′ for correlation level of -0.3 for
different angles of attack. The reference position is 6.85m (x/c
= 0.25) and 0.2δ . Line styles are given in table 1.

grouping as seen in figure 8. It is seen that a favourable in-
tegral pressure gradient increases the downstream correlation
area compared to the adverse pressure gradient cases. The ad-
verse pressure gradient cases show a smaller area for the given
level than the favourable pressure gradient cases. The trend
is seen in figure 7 where the contours extend further upstream
than they do downstream.

Effect Of Pressure Gradient History On Stream-
wise Correlation Length

The above work looks at one yre f location at y/δ = 0.2
and how the shape of the contours changes for different values
of Ru′u′ . The contour levels can be seen to represent the size
of the structures within the flow. A contour level closer to
0 can represent the larger structures within the flow, while a
higher contour level closer to 1 represents smaller structures.
Defining a length scale to examine the structures within the
flow is possible. For this analysis, we will use the streamwise
correlation length. In figure 8, two black dashed lines show
the min and max on the contour for −8◦ case. The streamwise
correlation length is defined as the distance between these two
lines. Since some levels will produce more than one contour
for a given level, the maximum streamwise correlation length
is taken for each location and angle of attack.

Figure 11 shows the variation in streamwise correlation
length as the reference location height varies. The contour
value is kept constant at 0.2 to start with, representing large-
scale structures within the flow. It can be seen that there is an
order to the cases valid for all y/δ locations. The −8◦ case has
the strongest favourable pressure gradient and has the largest
streamwise correlation length. The 8◦ case, which experiences
the adverse pressure gradient, is seen to have the shortest cor-
relation length and thus structures within the flow. The other
cases follow the order of the integral pressure gradients seen
in table 2.

All the cases show a decreasing trend in the correlation
length as the reference location height increases. In some
cases, such as the −8◦ case, there is an initial increase in the
values; however, the overall trend is decreasing. This suggests
that the structures reduce in length towards the boundary layer
edge. The maximum variation between the max correlation
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Figure 11. Streamwise correlation length for different angles
of attack and different y/δ positions for a contour level of 0.2.
The reference position is taken to 6.85m (x/c = 0.25). Line
styles and symbols are given in table 1.
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Figure 12. Streamwise correlation length for different angles
of attack and different y/δ positions for a contour level of 0.6.
The reference position is taken to 6.85m (x/c = 0.25). Line
styles and symbols are given in table 1.

length and min correlation length is 44% for the 0◦ case, with
the other cases showing around 30% difference.

Finally, we continue the above analysis for a different
contour level of Ru′u′ = 0.6 in figure 12. Overall, the trends

are similar to those seen in figure 11. The favourable pres-
sure gradient cases have the longest correlation length, and the
adverse cases have the smallest. More scatter is seen in the
results at a higher correlation level, and the streamwise corre-
lation length, as seen above, reduces. The streamwise corre-
lation length at this contour level appears invariant to the yre f
location. The exception is the −8◦ case at a yre f = 0.2δ , which
is much smaller than the other wall’s normal positions. This
seems an anomaly since all other cases follow the trend for the
lower contour level of 0.2.

CONCLUSIONS
It has been seen that the pressure gradient histories have a

clear effect on the structures within the flow. This has been in-
vestigated using two-point correlation and then looking at the
resulting contours within the flow field. Plotting fields of Ru′u′

and Rv′v′ showed the contours of Ru′u′ results in large ellipti-
cal type contours elongated in flow direction with a upward
inclination. While Rv′v′ results in tall thin contours smaller in
height than for those seen in Ru′u′ . Analysis of Ru′v′ shows
the contours extended further upstream than they did down-
stream. The streamwise correlation length depends on the in-
tegral pressure gradient history. Cases with favourable pres-
sure gradient showed a longer streamwise correlation length,
while adverse pressure gradient cases were shorter. The order
of cases was constant across all contour values of Ru′u′ . How-
ever, for a contour value of 0.2, there was a reduction in the
streamwise correlation length as the ref location was moved
further away from the wall. For a higher correlation value of
0.6, representing the smaller structures within the flow, the cor-
relation length was approximately invariant to the wall-normal
position of the reference location. The correlation length was
again seen to follow the order of the integral pressure gradient
histories.
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