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ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.18150/FTHEI6 In this paper, the experimental study in flat-plate turbulent boundary layer (TBL) under various Reynolds

number and adverse pressure gradient (APG) conditions was performed downstream of the wavy wall, which
proved to be effective in delaying flow separation in Drézdz et al. (2021). Three Reynolds numbers that

Turbulent boundary layer . . s . . . .

Adverse pressure gradient reproduce the effect of slow changes in wind conditions on a large-scale pitch adjusted wind turbine (range of

Passive flow control wind speed: 5 —40 m/s) and three pressure gradient evolutions that reproduce sudden changes in the relative
inflow wind angle resulting from a rotation cycle and/or a blade torsional deflection cycle were analysed. The
effect of Reynolds number was found to have a weak dependence on the performance of the method, since
there was only about a 2% reduction in performance in the Reynolds number range studied, compared to the
maximum efficiency of 15.5%. In contrast, for the maximum change in the pressure gradient, a decrease of
8.8% in the efficiency of the flow control method was reported. Assuming that a strong change in the pressure
distribution occurs for at most a quarter of the blade deflection cycle, the rotor efficiency decreases by no
more than 3.5%. Thus, the total efficiency of the method is not less than 10%. The results show that the
chosen corrugation geometry works well under both nominal and off-design wind turbine rotor conditions. It
was also shown that the method’s efficiency in postponing flow separation can be evaluated by increasing or
maintaining total momentum, quantified by the changes in momentum-loss thickness due to wavy wall.

Keywords:

1. Introduction may have an opposite effect on aerodynamic efficiency. As suggested
in the review paper of Ricco et al. [14], even up to 15% of total drag

Most practically relevant wall-bounded flows have a high Reynolds reduction can be achieved by introducing effective separation control
number and are fully turbulent. They are also characterised by vary- technologies using surface modification in aerodynamic systems, there
ing pressure gradients, where adverse pressure gradients can cause have been several other proposals, such as the use of dimples [15-20]
boundary layer detachment and significantly increase flow losses. For or grooves on blades [21], slotted airfoils [22,23], microcylinder near
example, turbulent separation on the upper surface of an aircraft wing the leading edge of the blade [7,24,25]. However, as the effectiveness

leads to a sharp increase in drag and a drop in lift. This issue also affects
other devices, such as turbomachinery blades [1,2] or wind turbine
blades [3-8]. This last application is particularly relevant due to the
recent significant increase in the unit power of wind turbines, especially
those installed offshore [9]. Hence, research on drag reduction has
focused on methods that can delay turbulent separation with mini-
mal surface geometry modification, such as vortex generators [10,11],
which gives approximately 20% of the production growth, but only
for small wind turbines. Vortex generators on a large 5 MW wind
turbine blade are known to increase production by only 1% of the
total power [12]. However, as power increases further, their efficiency
becomes negative. This is in line with McMasters and Henderson [13] The method has been proposed for the very first time by Dré6zdz
who pointed out that the use of roughness at high Reynolds numbers et al. [27]. The authors investigated an effect of waviness for a constant

of passive methods, due to the predominance of turbulent boundary
layers diminishes for high Reynolds number, it seems that the flow
control is not possible without using actuators, which requires complex
modification of the component structure and in addition, they are
expensive in terms of external power supply.

One of the newer proposals of the passive method to reduce the
risk of turbulent detachment at high Reynolds numbers is the use of
a streamwise wavy wall (WW). In the experimental work of Drézdz
et al. [26], the authors demonstrated the possibility of increasing local
wall shear stress and consequently postponing turbulent separation.
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A. Drézdz et al.

amplitude to period ranging from 0.015 to 0.04 on skin friction (mea-
sured by oil film interferometry 240 mm downstream of the corrugated
surface) under APG conditions and compared the results with the
reference case in which TBL was developing on the flat plate. The
experiment was performed for the Reynolds number Re, ~ 3300. A
huge growth of 13% in skin friction was observed for A/41 = 0.0335
(where A is the amplitude and 4 is the period of waviness) which
was accompanied by a significant increase in mean velocity in the
inner region. Consequently, a significant delay in flow separation was
achieved for the first time using wall surface modification at such a
high Reynolds number. In a more recent experiment [26] the authors
examined the performance of a wavy surface with a fixed streamwise
viscous scaled amplitude A* = Au_ /v (where the u, distribution is taken
for the case with the flat wall) for a higher Re, ~ 4000 and a similar
effect on skin friction and, consequently, the postponement of flow
separation has been observed. The 15% increase in skin friction was
achieved, which is the highest documented in the literature so far due
to the streamwise-orientated wavy wall. This approach can postpone
TBL separation by approximately one boundary layer thickness, making
it a strong candidate for practical implementation.

However, Elsner et al. [28]conducted a numerical analysis of the
impact of the two-dimensional wavy wall on wall shear stress, using
large-eddy simulation (LES), for a lower Reynolds number Re, ~ 1400,
for a lower Reynolds number. The LES results were experimentally
verified. For this particular value Re,, the modified surface topology
was found to not provide an increase in the wall shear stress down-
stream of the corrugation compared to the flat surface. This suggests
that below a certain value of Re, the wavy wall becomes ineffective
in postponing separation. Later, the investigations using numerical
simulation performed by Kaminski et al. [29] about twice higher Re, ~
2500 confirmed beneficial impact on the wall normal velocity gradient
and consequently on the wall shear stress, both along the wavy wall
and, what is more important, in the region further downstream. Then,
it was confirmed that the effect of the wavy wall can be attributed
to a significant increase in the wall-normal velocity gradient. Dr6zdz
et al. [26] show that the amplified velocity fluctuations downstream
of the wavy wall result from increased momentum transport to the
wall from the outer layer and the dominant presence of small-scale
sweeping motion. It can be clearly concluded that the presence of
waviness crests affects turbulent structures, i.e sweep events similarly
to high-speed large-scale regions created at high Reynolds numbers due
to the amplitude modulation mechanism found by Mathis et al. [30].
The mean flows in the APG region is affected by this mechanism and
thus the separation location, as shown in the model proposed by Drézdz
et al. [31]. In particular, the authors demonstrated that the viscous-
scaled mean convection velocity U}, in the inner region of the TBL is
universal in APG flows, despite the decreasing mean velocity U*. They
identified that this behaviour is due to enhanced amplitude modulation,
particularly an increase in the mean convection velocity of small-
scale turbulence. It is particularly important that, as Liu et al. [32]
pointed out, the strong correlation between instantaneous convection
velocity of enstrophy and skin friction occurs in turbulent flow. In fact,
small-scale vortices from high-speed regions exhibit increased sweeping
motion due to faster convection velocity, delivering momentum when
falling into low-speed regions. The increase in convection velocity in
the APG flow was also reported in Ref. [33] using hot-wire anemometry
and PIV methods. This process results in three inflection points on the
high-deficit mean velocity profile [31]. In the case of the wavy wall, it
induces high-speed regions on crests where small-scale turbulence orig-
inates and sheds downstream into troughs, delivering momentum by
sweeping motion analogous to the amplitude modulation mechanism.

It is important to note how the wavy wall needs to be designed.
Preliminary analyses indicate that the undulation should be located
in the area where the Rotta-Clauser pressure gradient parameter f =
(6*/7,) - (dP,/dx) (where 6* is the displacement thickness and d P, /dx
the streamwise pressure gradient in the freestream) do not exceed
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the value of 10. As indicated in Ref. [26], streamwise variation in
amplitude should ensure that the amplitude A* = 170 is maintained,
while the period should be adjusted in such a way that the flow in
the troughs is kept on the verge of separation (which occurs when the
effective slope is at the upper limit of the waviness regime ~0.15). For
lower amplitudes of the wavy wall, the beneficial effect diminishes.
In contrast, too high an amplitude results in an extensive separation
bubble in the troughs, causing the turbulence convection to equal the
mean flow velocity. This makes the wavy wall mechanism inefficient
in delivering momentum through small-scale sweeping motion.

It should be noted here that the streamwise distribution of WW am-
plitude strongly depends on the pressure gradient. Therefore, the effi-
cient geometry of the corrugation should be dictated by the
nominal/on-design flow conditions encountered in practical applica-
tions. One potential application of this method is the pitch-regulated
wind turbine blade. The angle of attack (AoA) of the blade airfoil
ranges from 3° to 8° [34], depending on the wind conditions. As the
relative wind speed increases (range of wind speed: 10—40 m/s) the
AoA is reduced to maintain a constant rotational speed and has a
minimal effect on the change in the pressure gradient but some effect
on Reynolds number. However, pressure gradient flow conditions can
vary significantly when considering the variation at different rotational
positions of the blade. In addition, the torsional deflection of the large-
scale wind turbine blade rapidly alters the AoA and, therefore, the
distribution of the pressure gradient.

The motivation for this work stems from the aforementioned varia-
tion in wind speed and inflow angle on large-scale wind turbine blades.
Therefore, the first aim is to determine the universality of the wavy
wall geometry selected in Ref. [26] within a certain range of changes
in Reynolds number (slow changes in wind speed). The second aim
is to determine the performance under unstable flow conditions at
a constant Reynolds number, due to different rotational positions or
torsional deflections (sudden changes in the flow inflow angle) causing
temporal changes in the pressure gradient.

In the present paper, it was decided to rely both on the pub-
lished and cited data [28,29,35], as well as on new results from a
measurement campaign carried out downstream of the wavy wall for
three different Reynolds numbers (Re, ~ 2600, 4000 and 4500). The
additional study was performed for the same WW geometry as in
Ref. [26] but considering two weaker evolutions of APG. In addition,
the percentage increase in the skin friction coefficient downstream of
the wavy wall was calculated.

2. Experimental setup

The experiment was carried out in a wind tunnel at Czestochowa
University of Technology where the TBL was developing along a
5035 mm long flat plate allowing the TBL to develop well just before
the APG section, that is, at x = 0 (see Fig. 1). The two-dimensional WW
section, where the waviness was extruded along the spanwise direction,
has a total length of L =0.666 m (5 periods streamwise with 4 ~ 0.133
m). The amplitude of WW A(x) increases downstream of the flow
corresponding to the relation: A(x) = (0.00366x> +0.000614x +0.003351)
m. It is important to note that it is the same WW geometry as the
optimal one from Ref. [26] (i.e. ensuring the highest growth in 7,, for
Re, ~ 4000).

The experiment was carried out for the value of the inlet velocity
U,;, = 15,24 and 29 m/s, which corresponds to Re, ~ 2600, 4000,
and 4500. In each case, the measurements were taken downstream of
the wavy surface and compared with the measurements without wavy
surface. Detailed flow data in the inlet plane are shown in Table 1. The
mean velocity and its fluctuation profiles were measured with a single
hot-wire probe downstream of the wavy wall. The friction velocity
values u, = \/m (where 7, = udU /dy and u is the dynamic viscosity
and dU /dy is the velocity gradient at the wall) were estimated using
the approach proposed by Niegodajew et al. [36]. The uncertainty of
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Table 1
Inlet TBL parameters.
Symbol Uein Sin Regin Re i Chin S Oin H, Uz in
O 15 82.0 9177 2584 0.0025 14.1 10.2 1.38 0.51
O, v 24 77.8 14187 3732 0.0023 13.5 9.9 1.36 0.79
Od 29 76.7 16382 4479 0.0023 12.3 9.1 1.35 0.97
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Fig. 1. Schematic of the test section and C, distributions in measuring region.

the friction velocity, verified against the oil film interferometry, was
up to 2.5% for profiles characterised by H < 2.0 and up to 5.0% for
H > 2.0. The uncertainties in the measurement/estimation of U and H
were below the level of 0.01U;, and 1.5%, respectively.

A more detailed description of the experimental setup, including
information about measurement uncertainties, can be found in our
previous work [35]. The distributions of the pressure coefficient Cp =
1-U,/U,;,)?* in Fig. 1 were obtained by applying different suction
conditions on the perforated upper wall (with 10% perforation of
the surface area with 0.5 mm holes). It should be emphasised that
the waviness, due to its low amplitude in relation to the height of
the channel, does not affect the pressure distribution. The freestream
velocity, and the pressure in the suction chamber were monitored with
uncertainties levels 1% and 2.5% respectively.

3. Inlet conditions

Table 1 contains inlet data for three inflow velocities. For each case
a symbol has been assigned, which we will use throughout the paper,
and so, respectively, (O) refers to Re, = 2600, (), <, V) Re, ~ 4000,
(D Re, =~ 4500. It can be seen that the thickness of the boundary layer
decreases as a function of the Reynolds number, while an increase in
friction velocity u, is observed. Fig. 2 shows the inlet profiles (x/5 =
0.0 mm) of the mean velocity (Fig. 2(a)) and the streamwise Reynolds
stresses in the viscous units (Fig. 2(b)), measured for the reference case
(with a flat bottom wall). The Fig. 2(a) shows canonical zero pressure
gradient behaviour of the flow at the inlet while Fig. 2(b) shows that uu
increases with Reynolds number; however, it is observed in the outer
region only since the length of the hot wire /* does not exceed the
recommended value of 20 only for the lowest case Re,. The velocity

Fig. 2. Mean velocity (a) and turbulence intensity (b) profiles presented in viscous
scale at x = 0. The dashed line represents the logarithmic law (with x = 0.38 and
B =4.1) while the dotted line represents y* = U*.

profiles are measured using a sufficiently short length of wire to avoid
small-scale energy attenuation, both in the inner and outer regions of
the APG TBL, as recently observed in [37].

4. Results
4.1. Assessment of the effect of reynolds number on method performance

Assessment of the effect of Reynolds number on the proposed flow
control method performance allows us to verify whether the effect
(postponement of separation) is maintained for a certain range of
Reynolds numbers. The amplitude of the surface undulations varies
from At ~ 110, A* ~ 170 and to A% =~ 200, respectively, for Re, ~
2600, Re, =~ 4000, and Re, =~ 4500. For the highest Re_, the waviness
amplitude exceeds the lower bound of the logarithmic layer (y* = 150)
of TBL (see Fig. 2 for reference). Please note that from Ref. [28] at
Re, < 1400 any wavy wall configuration was found to be effective
in increasing skin friction. As the amplitude should be adjusted to
the thickness of the inner region, which exceeds 15% of 6 in this
case the WW generates a large pressure drag that causes a decrease
in skin friction downstream of the WW. Therefore, the mechanism of
the increase in sweep events is too weak to counteract pressure-drag-
induced skin friction loss. We therefore assumed that Re, ~ 1400 is
the limit of performance of the wavy wall since the two opposing
effects, namely the pressure-drag-induced C, loss from one side and
the sweeping motion C, gain from another side, are at a similar level.

The Fig. 3 shows the effect of the wavy wall (red area) on the C '
distributions acquired downstream for three cases U, ;, = 15 m/s (Re, ~
2600), reported previously in LES results in Ref. [29] (Re, = 2500) (a),
24 m/s (Re, ~ 4000), previously reported in experimental results in
Ref. [35] b) and new results at 29 m/s (Re, ~ 4500) (c) that correspond
to (Fig. 3(a)), (Fig. 3(b)) and (Fig. 3(c)), respectively. The Cy for the
wavy surface (open symbols) is compared with the C, flat plate (dark
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Table 2
Integrated C, difference.
Symbol Re, Integration length [m] Ax [m] Ax /6, [-] AC, [-] AC,/Cyjy [%]
(@) 2600 0.667-1.14 0.13 1.2 0.000335 13.5%
0 4000 0.667-1.34 0.19 2.5 0.000348 15.5%
O 4500 0.667-1.29 0.17 2.0 0.000318 14.1%
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Fig. 4. Comparison of momentum loss thickness distributions (Re, ~ 2600 (O), 4000
c 00015 ({), 4500 (). Open symbol is marked as wavy wall case while dark symbols
s - corresponds to the flat plate. Red triangles corresponds to data at Re, ~ 900 from
oo0to Ref. [28], while red dashed-dotted line corresponds to the end of wavy wall for that
00005 L case according to limit of g < 10.
00000 o A
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x/3, this change, within the range of Reynolds numbers analysed, is not
¢); 900zs ' significant and does not exceed 2%.However, the conclusions drawn
00020 |- from the analysis of the shift of the separation point and the increase
C; are consistent.
& $:0015 The skin friction coefficient indicates an increased strain rate at the
Y sootoh wall, which should also translate into a momentum increase, but only
near the wall. This raises the question: Does this come at the expense
00005 f of reducing the momentum in the outer layer? An efficient method for
O D T A N postponing separation should be characterised by an increase or at least
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x /6,

in

Fig. 3. Comparison of skin-friction coefficient distributions (Re, ~ 2600 (a), O, 4000
(b), ¢, 4500 [ (c)). The open symbol corresponds to the wavy wall while dark symbols
corresponds to the flat plate.

symbols), where the distributions were extrapolated by a second-order
polynomial to predict the separation point. The streamwise distance x
was reduced by §;,.

For lower Re, ~ 2600 (Fig. 3(a)), we observe a weaker increase
in C; and a smaller postponement of flow separation of 4x,/s;, ~ 1.2
when confronted with Re, ~ 4000 where Ax,/5;, ~ 2.5. This effect is
due to lower amplitude than the thickness of the inner layer for that
Reynolds number. When the Reynolds number increases to Re, = 4500
(see Fig. 3(c)), the waviness-induced effect weakens, the postponement
of the flow separation point at the level of 4x,/§;, ~ 2.0. In this case, the
thickness of the inner region is only slightly lower than that observed
for Re, ~ 4000.

For a more statistically confident estimate of the effect of waviness
on the skin friction coefficient, the differences between the two dis-
tributions C, were integrated from the end of the wavy wall to the
flow separation location occurring for the flow without wall surface
modification. This means that the integration length does not account
for the separation shift Ax,. Since the inlet value of C; ;, decreases with
the Reynolds number, the percentage value of AC, was scaled by C,,,
to assess the real effectiveness of the method.

The data in Table 2 show that the corrugation geometry selected
according to the assumptions described above (referred to as the opti-
mum geometry) produces the highest gain of 15.5%. For smaller and
larger Reynolds numbers, the efficiency of the method decreases, but

maintenance of the total momentum, not only by a momentum transfer
towards the wall. To quantify the total momentum, the momentum loss
thickness () can be used. In Fig. 4, the distributions of § as a function
of x/5;, for the wavy surface (open symbols) are compared with the
distributions of # as a function of x/§;, on the flat plate (dark symbols).
Symbols as in Table 1.

The results indicate an increase in momentum for the two highest
Reynolds numbers, while only for Re, ~ 2600 a decrease in total
momentum is observed. This suggests that the lower amplitude relative
to the inner region (A* = 110) results in a lower efficiency of the
method for this particular Reynolds number. A similar effect is observed
for the even lower Reynolds number Re, ~ 1400 reported in Ref. [28],
where both two- and three-dimensional geometry were considered, also
changing the value of A* and the length of the corrugation. The length
of the WW in the study corresponds to the red dashed-dotted line
plotted in Fig. 4. For that both lower Reynolds numbers (red triangles
and black dots) an increase in the momentum loss thickness is observed,
which translates to a weaker transport of momentum to the wall by
waviness. However, for Re, ~ 2600 a properly adjusted amplitude
of waviness that meets the requirement of A*™ ~ 170 should bring
an increase in total momentum. The efficiency of WW can also be
evaluated via the changes of Re,. The values of Re, as well as other
important TBL parameters of 26 velocity profiles determined in APG
region are shown in Table 3. It can be concluded that the optimal
configuration causes the local Re, to decrease when using a wavy
wall. The decreased Re, indicates the lower loss of momentum and the
weaker effect on flow separation.

In order to gain a more detailed insight into the flow field modi-
fied by the wavy wall, the profiles of mean velocity and streamwise
Reynolds stress downstream the flow for each Reynolds number are
shown in Fig. 5. Note that the profiles are normalised by the edge
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U/,

U/,

U/,

Fig. 5. Comparison of the mean velocity and velocity variance components: top row x = 0.9 m, middle row x = 1.0 m and bottom row x = 1.1 m. The
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Table 3
Experimental TBL parameters for flat and wavy surfaces at different Reynolds number.
x/6;, x U, 1) Re, Re, C; &* [ H u,
Flat (15 m/s) in Ref. [35]
6.10 0.50 13.5 99.2 11485 2744 0.0020 19.50 13.24 1.47 0.43
8.54 0.70 12.5 116.6 13737 2669 0.00161 27.60 17.03 1.62 0.36
9.76 0.80 12.0 131.0 15794 2495 0.00120 36.20 20.31 1.78 0.30
10.98 0.90 11.6 142.5 16979 2441 0.00091 44.70 22.63 1.97 0.25
12.20 1.00 11.3 158.4 18975 2046 0.00059 56.80 25.50 2.23 0.20
13.41 1.10 10.9 185.2 20458 1512 0.00027 76.6 29.19 2.62 0.13
Wavy (15 m/s)
10.98 0.90 11.6 152.7 17680 2760 0.00128 42.90 24.15 1.77 0.30
12.20 1.00 11.2 171.0 19979 2674 0.00102 55.90 28.49 1.96 0.26
13.41 1.10 10.9 193.1 21855 2166 0.00064 71.40 31.93 2.24 0.20
Flat (24 m/s) in Ref. [35]
3.85 0.30 23.2 81.8 14879 4074 0.00219 13.55 9.99 1.36 0.77
6.41 0.50 21.9 92.8 17 665 4283 0.00199 17.59 12.45 1.41 0.69
8.97 0.70 20.5 106.1 19801 4155 0.00171 22.35 14.81 1.51 0.60
11.54 0.90 18.9 128.7 24424 4033 0.00127 33.09 19.65 1.68 0.48
12.82 1.00 18.3 145.2 26 352 3937 0.00110 41.46 22.76 1.82 0.43
14.10 1.10 17.5 160.8 28836 3931 0.00083 52.40 25.71 2.04 0.36
15.38 1.20 17.2 183.2 30983 3656 0.0005 68.84 28.87 2.38 0.27
Wavy (24 m/s) in Ref. [26]
11.54 0.90 19.0 121.6 22722 4084 0.00156 29.95 18.92 1.58 0.54
12.82 1.00 18.4 132.8 25078 4124 0.00143 36.38 21.58 1.69 0.50
14.10 1.10 17.7 149.6 27431 3985 0.00117 47.03 24.95 1.89 0.43
15.38 1.20 17.2 170.1 30933 4003 0.00097 59.35 28.87 2.06 0.38
Flat (29 m/s)
11.73 0.90 23.0 131.7 28833 4479 0.00117 34.41 20.27 1.70 0.56
13.04 1.00 21.7 154.6 33724 4500 0.00092 49.09 24.84 1.98 0.47
14.34 1.10 21.6 169.5 37035 4242 0.00062 61.52 27.58 2.23 0.39
Wavy (29 m/s)
11.73 0.90 23.0 130.4 29104 4944 0.00143 32.94 20.51 1.61 0.61
13.04 1.00 22.0 145.7 32434 4970 0.00125 40.76 23.75 1.72 0.55
14.34 1.10 21.3 163.6 35217 4857 0.00103 49.68 26.95 1.84 0.48
T T T T T T T T
i 75
1.0 Re, = 2600 0.025 Re, = 4500
<
<
=
NQ'\)
0.8
<
0.6 S
0.4+ % "
N <
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0.2 %
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08} 0.8 40.020 08} 10020
0.6 0.6F {0015 06} Joois £
-~
0.4 0.4 10.010 04 10.010
02+ T crook 02F 40.005 02 ;' 40.005
0.0 L 0.0 L L 224 (0.00( 0.0 > L i (0.000
0.001 0.01 0.001 0.01 0.1 1 0.001 0.01 0.1 1
) V6

conditions — the best adjustment of the wavy wall to flow conditions (A* ~ 170).

star (*) indicates on-design
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Fig. 6. Effect of flow history on Reynolds stresses for f ~ 5.7 for weak APG evolution
(x = 1.0 m) - black contours and strong APG evolution - (x = 0.5 m) dashed contours
(a) and premultiplied spectra E/u? (b). The red line corresponds to streamwise spatial
scale A* =4000. Increments marked by colours between iso-contour levels equals 0.4.

velocity U, and the streamwise evolution of these profiles is shown in
subsequent rows (x = 0.9 m, 1.0 m, and 1.1 m). The black symbols
correspond to the flat plate case, while the open symbols represent the
profiles for the WW case.

All mean velocity profiles (obtained on the flat plate and those
measured in the presence of wall undulations) collapse in the outer
region for all Reynolds number cases, while in the inner part a notable
increase in mean velocity caused by the waviness is observed. As can be
seen, this increase in velocity hardly depends on the Reynolds number.
The influence of Re can only be noticed by analysing the Reynolds
stress profiles, especially for the x = 1.0 and 1.1 m traverses. In
general, for the reference case, there is a decreasing outer peak value of
/U2 with the Reynolds number. A direct comparison between profiles
indicates that the wavy surface is responsible for flattening the outer
maximum. The flattening rate increases with increasing x. There is also
a noticeable increase in Reynolds stress distributions in the near-wall
region. This effect can be attributed to the change in the flow history of
the pressure gradient, as the distribution f is weaker for a wavy wall,
causing the outer maximum to shift away from the wall.

4.2. Assessment of the effect of pressure gradient variation on method
performance

This section focusses on sensitivity analysis, with the aim of ex-
amining the effect of different pressure gradient distributions on the
performance of the wavy wall at a constant Reynolds number defined
at the entrance to the APG section Re, ~ 4000. Various suctions of
the upper wall were applied in the APG section to obtain different
pressure gradient distributions (see Fig. 1). The weak evolution of APG
was achieved by completely sealing off the perforated upper wall.

Under varying pressure gradient conditions, the location of the
ending wavy wall is § ~ 10, as established in Ref. [26] for strong
APG conditions, and it moves to a lower g for weaker pressure gradient
conditions. This raises the question of how it impacts the performance
of the method. It should be noted that Vinuesa et al. [38] demonstrated
that the flow history of the pressure gradient affects the specific state
of the boundary layer for the same f. This factor is known to influence
the location and strength of the outer maximum in Reynolds stress pro-
files [39]. Therefore, understanding these effects is crucial to optimising
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Fig. 7. Effect of flow history on Reynolds stresses for weak APG evolution g =~ 5.7
(x = 1.0 m) - black contours and f ~ 10 (x = 0.7 m) for strong APG evolution - dashed
contours (a) and premultiplied spectra E/u? (b). The red line corresponds to streamwise
spatial scale A* = 4000. Increments marked by colours between iso-contour levels equals
0.5.

the design and performance of flow control methods applicable to APG
flows.

To quantify the changes in turbulent energy levels due to the flow
history of the APG, the mean velocity and Reynolds stress profiles (Fig.
6(a)) and iso-contours of the wavelet energy spectra E (equivalent to
the premultiplied energy spectra) (Fig. 6(b)) are presented for the same
value of f ~ 5.7 and two selected cases i.e. strong APG and weak APG.
The reduced wavelet energy spectra E/u? is presented as a function
of the normalised time scale 7+ and normalised wall distance y*. As
shown in Ref. [31], the mean convection velocity profile Ug = fio")
is universal in the inner region of TBLs, therefore, the spatial scale
AT = 4000 (red line) estimated using Ué splits the spectra into small
and large scales (values of =+ below and above that line), respectively.

The results presented in Fig. 6a show that the inner peak is generally
universal for both cases, with an increase in the outer peak for a
weak APG evolution. A more in-depth interpretation of the impact of
flow history is possible by analysing the energy spectra in Fig. 6b.
It reveals that the small-scale energy is universal at the inner peak,
while at the outer peak, a significant growth of energy at all scales,
but especially for the large scales, occurs. These results confirm that
for the weaker evolution of APG, the large-scale contribution to flow
dynamics increases faster with f. This leads to a stronger modulation
of the small scales, while the small scales contribute less to the flow
dynamics.

In Fig. 7, the flow structure for f§ =~ 5.7 occurring for weak APG
evolution is compared to the flow structures for f ~ 10 occurring for
strong APG evolution. The flow picture appears to be similar for both
cases in Fig. 7. Therefore, termination the WW before § ~ 5.7 in case of
weak APG evolution suffices. Extending it to f ~ 10 provides minimal
benefits and may reduce the efficiency of the WW mechanism for
increasing sweep events, potentially resulting in a reduced momentum.
As p ~ 5.7 for weak APG evolution falls within x = 1.0 m from
the inlet, this implies that keeping the same length of the wavy wall
(0.666 m) still ensures high performance of the method, regardless of
the evolution of the APG.

Another factor that impacts the performance of WW for different
APGs is the amplitude of the wavy wall. For a strong APG evolution, the
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Fig. 8. Comparison of skin-friction coefficient distributions: strong APG ({) a);

moderate APG (<)) b) and weak APG (v) c). The open symbol corresponds to the
wavy wall while dark symbols corresponds to flat-plate.

Table 4
Integrated C, difference - pressure gradient effect.
Symbol  APG Re, Integration length [m] AC, AC,/Cy
O Strong 4000  0.667-1.34 0.000348  15.5%
< Moderate 4000  0.667-1.34 0.000203  10.2%
v Weak 4000 0.667-1.34 0.000150 6.7%

viscous-scaled amplitude A* is constant, but for two weaker APG evo-
lutions it increases in A* and exceeds the thickness of the inner layer
at the end of WW. The values of A* are 205 and 240 for moderately
strong and weak APG evolutions, respectively.

The Fig. 8 shows the effect of the wavy wall (red area) on the C '
distributions downstream of the WW for Re, ~ 4000 with strong APG
(original conditions) (Fig. 3(a), moderately strong APG (Fig. 3(b) and
weak APG (Fig. 3(c) evolutions. The C, for the wavy surface (open
symbols) is compared with the C, for the flat plate (dark symbols).
Distributions were extrapolated using a second-order polynomial for
strong APG evolution and a fourth-order polynomial for moderately
strong and weak APG evolutions. However, predicting the separation
point was not possible because the test section was too short. The
streamwise distance x was normalised by §,,. Due to a slower decrease
in friction velocity for weaker APG evolutions, the increase in C; due to
the wavy wall is weaker. This is expected because the amplitude rises
in viscous units.

Similarly to the Re-effect, to evaluate the statistical effect of cor-
rugation, the differences between the two C, distributions were inte-
grated from the end of the wavy wall to the flow separation location
occurring for the flow without wall surface modification for strong APG
evolution. The same integration length was applied for all evolutions
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Fig. 9. Comparison of momentum loss thickness distributions: strong APG (¢{)), moder-
ate APG (<) and weak APG (v). The open symbol corresponds to the wavy wall while
dark symbols corresponds to flat-plate.

of pressure gradients. The integrated AC, values were normalised by
the C;;, value.

The data in Table 4 show that the selected corrugation geometry
(referred to as the optimal geometry) produces an increase of 10.2%
and 6.7% for moderately strong and weak APG evolutions, respectively.
In these cases, the impact on WW performance is significant compared
to the Reynolds number effect. Relating the obtained results to their
practical application, such as for wind turbine blades, it should be
remembered that strong changes in pressure gradient evolution occur
temporarily due to blade torsional deflection mostly. Therefore, the
performance obtained should be weighted by the probability of the
occurrence of specific pressure gradient conditions. In practical applica-
tions of the method for wind turbine blades, moderately strong pressure
gradient conditions, as demonstrated by Fritz et al. [40] for an angle
of attack of 9.75 degrees, are prevalent, occurring at least 50% of the
time. Therefore, selecting the WW geometry for these conditions should
yield the highest performance of the method. Extreme cases, namely
strong and weak APG evolutions, do not occur more than 25% of the
time eachReynold. It indicates that the efficiency drop is not lower that
3.5% on average during a single cycle of torsional deflections of the
blade.

In Fig. 9, the distributions of # are presented as a function of
x/é;,. The results indicate the maintenance of the total momentum for
the two weaker evolutions of the APG. This suggests that the higher
amplitude at the end of the wavy wall, which was A* = 205 and 240
for moderately strong and weak APG evolutions, respectively, results
in lower efficiency of the method but still maintains total momentum
at the same level as for flat surface cases (points lying on top of
each other). A properly adjusted amplitude of waviness that meets the
requirement of A* ~ 170 for moderately strong APG evolution, which
occurs most of the time on the wind turbine blade (50% of the time),
should bring about an expected maximum increase in total momentum.
To check the efficiency using Re, and the rest of the TBL parameters
of the 13 profiles determined in the APG region, see Table 5.

Fig. 10 shows the flow field modified by the wavy wall downstream
of the WW for each pressure gradient. The profiles of mean velocity and
streamwise Reynolds stress were normalised by velocity at the edge of
TBL U, and are shown for all cases of pressure gradient at the location
x/8;, = 15.38. The black symbols correspond to the flat plate case,
while the open symbols represent the profiles for the WW case. In Fig.
10(a), an additional ZPG profile is shown to quantify the effect of the
corrugated wall without any flow history. For the ZPG case, the increase
in skin friction is 2.7%. Each graph includes the values of  for the cases
with and without wall corrugation.

The mean velocity profiles collapse in the outer region and in
the inner part an increase in U/U, is observed due to the applied
waviness and this effect strengthens for subsequent cases from 10(a)
to 10(d). The effect of corrugation can also be observed by analysing
the Reynolds stress profiles, where increased energy near the wall is
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Table 5

Experimental TBL parameters for flat and wavy surfaces at different pressure gradient for Re,;, ~ 4000.
x/68;, x U, 1 Re, Re, C, &* [4 H u,
Moderate APG - Flat [41]
7.69 0.6 21.26 96.0 17982 4028 0.00180 18.96 13.01 1.46 0.65
10.26 0.8 20.09 116.0 21178 4013 0.00150 26.68 16.90 1.58 0.56
12.82 1.0 18.85 129.8 23882 3970 0.00130 33.83 20.20 1.67 0.49
15.38 1.2 17.88 152.0 28520 4101 0.00110 48.47 25.22 1.92 0.43
Moderate APG - Wavy
10.26 0.8 20.19 113.6 21699 4297 0.00170 25.00 16.63 1.50 0.59
12.82 1.0 18.76 132.5 24142 4301 0.00150 32.81 20.48 1.60 0.52
15.38 1.2 17.98 153.2 29004 4622 0.00140 43.58 25.04 1.74 0.47
Weak APG - Flat [41]
10.26 0.8 20.62 106.3 19472 4089 0.00174 22.29 14.92 1.49 0.61
12.82 1.0 19.92 118.4 21762 4265 0.00164 26.68 17.31 1.54 0.57
15.38 1.2 19.29 132.3 24638 4453 0.00153 32.31 20.22 1.60 0.53
Weak APG - Wavy
10.26 0.8 20.69 105.9 19570 4245 0.00187 21.68 14.93 1.45 0.63
12.82 1.0 19.99 118.9 21981 4516 0.00181 25.91 17.39 1.49 0.60
15.38 1.2 19.40 132.4 24811 4779 0.00170 30.70 20.02 1.53 0.57
ZPG - flat
15.38 1.2 19.81 94.4 13774 4293 0.00245 13.96 10.60 1.32 0.69
ZPG - wavy
15.38 1.2 20.05 99.2 13772 4457 0.00254 14.24 10.93 1.30 0.72
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Fig. 10. Comparison of the mean velocity and velocity variance components for
x/6,, = 15.38. ZPG flow (a), weak APG evolution (b) moderately strong APG evolution
(c) and strong APG evolution (d). The star (*) indicates on-design conditions - the wavy
wall adjusted to flow conditions (At = 170).

evident. For weaker APG evolutions, the effect is less pronounced,
reflecting the reduced impact of the wavy wall. As the strength of
the APG increases, the observed difference becomes more significant,
indicating that the method is optimised for the strongest pressure
gradient conditions. This means that the effectiveness of the wavy
wall in enhancing the energy near the wall is more noticeable under
stronger APG conditions, while its impact diminishes with weaker APG
evolutions. The change in g indicates that the wavy wall alters the
flow history, weakens the effect of the pressure gradient, and postpones
separation.

5. Conclusions and discussions

The study addressed the issue of near-wall flow control and the
impact of streamwise corrugation on the flow separation downstream
of the wavy wall under various Reynolds number and adverse pressure

gradient conditions. The main goal was to confirm the universality of
that method.

It has been demonstrated that the efficiency of the wavy wall was
shown to decrease by no more than 2% due to the change in Reynolds
number range analysed. The chosen range of Re represents the variation
in inflow conditions due to the change in wind speed from 5 to 40 m/s
on pitch-regulated wind turbine.

The efficiency of the method to postpone separation was also quanti-
fied by the decrease in momentum-loss thickness value. The momentum
increases for Re, ~ 4000 (as the wavy wall was implemented) and
is maintained at the same level for Re, ~ 4500. A decrease in total
momentum is observed only for Re, ~ 2600, indicating a non-optimal
adaptation of the wavy wall amplitude for that Reynolds number. It
has been observed that the waviness mainly affects the inner region of
the boundary layer, as confirmed by the analysis of mean velocity and
Reynolds stresses profiles.

The study also quantify the impact of the pressure gradient change
on the performance of a wavy wall while keeping the constant Reynolds
number, Such a unstable flow conditions occur on a large scale wind
turbine blade due to different rotational position or torsional deflec-
tions of the blade, causing sudden changes in the inflow angle and
consequently, the pressure gradient. The results show that the distri-
bution of the pressure gradient along the surface of the airfoil and the
flow history upstream play a crucial role in the performance of the
flow control methods under study. However, considering the temporal
nature of these changes, the average efficiency of is not lower than
3.5%. The results indicate that the selected corrugation geometry per-
forms well under nominal and off-design operating conditions, which
is particularly beneficial for offshore wind turbines.

Although 8.8% decrease in performance was observed for weak
APG case, this can still be considered as a high level of effectiveness
for the single geometry of surface corrugation under the impact of
different pressure gradient distributions. This is due to the flow history
of the pressure gradient, which causes the Reynolds stress outer peak
to appear at a similar streamwise location regardless of the pressure
distribution, which leads to a similar contribution of premultiplied
small-scale energy to the total energy. This observation indicates that
extending the wavy wall downstream of the appearance location of the
outer peak in Reynolds stress will not increase the postponement of
flow separation, even if the geometry of the wavy wall is adjusted to
specific pressure gradient conditions.

There are also numerous other potential applications of this method
in high Reynolds number aero and hydrodynamic systems where flow
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separation control is crucial. These include fast trains, missiles, trucks,
ships, and more.

The future study will examine the performance of the wavy wall
applied to a curved surface resembling a blade surface. Additionally,
there are plans to modify the geometry of the corrugation by altering
the tilt of the wave and introducing a non-harmonic wave type.
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