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Czestochowa University of Technology, Institute of Thermal Machinery, al. Armii Krajowej 21, 42-200 Czestochowa, Poland   

A R T I C L E  I N F O   

Keywords: 
Turbulent boundary layer 
Adverse pressure gradient 
Flow control 
Turbulent separation 
Amplitude modulation 
Convection velocity 

A B S T R A C T   

It is commonly known that for a sufficiently high Reynolds number, for flow over a rough surface and other 
previously examined wall topologies, turbulent boundary layer separation generally occurs earlier, and the 
separation bubble is noticeably larger due to a greater momentum deficit caused by wall irregularities. The 
recently discovered amplitude modulation effect has provided an improved understanding of the momentum 
transport that occurs from the outer to the inner part of the boundary layer and its subsequent effect on skin 
friction. At sufficiently large Reynolds numbers, large-scale motion first causes an increase and then decrease in 
the flow velocity near the wall. This results in an increased net convection velocity of small structures in the 
streamwise direction, and consequently an increase in wall shear stress. In this work, we demonstrate that a wavy 
wall, with a streamwise waviness with carefully selected amplitude and period, can effectively enhance the 
amplitude modulation effect and ensure an increase in the wall shear stress, thereby postponing turbulent 
separation. The experimental results are presented in normalized general form using suitable flow scaling. The 
research goal is to find values of the amplitude, period, and length (always with the total number of periods) of 
the wavy wall for which the highest rise in skin friction is gained at a fixed point downstream of the wavy wall. 
The most effective wavy wall geometry investigated ensured a 13% increase in skin friction (relative to the value 
at zero-pressure-gradient inlet flow) at the location where flow separation occurred on an unmodified surface (i. 
e. on a flat plate).   

1. Introduction 

When a turbulent boundary layer (TBL) is exposed to an adverse 
pressure gradient (APG), separation is expected to occur at a certain 
point, which is difficult to predict. Boundary layer detachment from the 
bounding surface is accompanied by a rotational flow region just behind 
the separation point. When turbulent separation occurs on the upper 
surface of an airplane wing, a rapid decrease in lift force is observed. 
This problem also affects other applied systems, such as diffusers or 
mobile vehicles, where TBL detachment is responsible for substantial 
energy losses. In turn, this issue has attracted widespread attention and 
has stimulated considerable efforts to search for techniques that can 
postpone turbulent separation. 

The development of TBL in APG is accompanied by a decrease in wall 
shear stress τw = μdU/dy (where μ is the dynamic viscosity, U is the 
streamwise velocity component, and y is the wall-normal coordinate) in 
the streamwise direction. Separation usually takes place when τw rea-
ches zero [1]. Hence, an effective method to postpone separation should 
either increase τw locally (when separation is expected to occur) or 

reduce its decreasing rate within the entire APG section. 
The available literature offers a variety of different approaches for 

flow separation control, which are generally classified as either active or 
passive. The former involve a number of different methods, such as 
dilution of polymer additives in flowing liquids [2,3], gas injectors 
[4,5], uniform blowing and suction [6], heating and cooling processes 
[7,8], moving wall systems [9,10], or exposing the flow to an electro-
magnetic field [11]. These methods, although usually effective, require 
considerable energy input, which leads to higher energy consumption 
and a reduction in total efficiency. Consequently, widespread attention 
has been paid to passive methods, as they do not require an external 
energy source. 

Previous works provide many passive flow control solutions, from 
very fundamental studies of rough surfaces and simple geometries, to 
more advanced shapes and mechanical solutions. In some cases, their 
selection was inspired by nature, such as herringbone riblets [12] or 
topographies that mimic shark or dolphin skins [13,14]. Many have 
focused on drag reduction [15] rather than on flow separation control; 
however, they are still worth mentioning. The most fundamental case 
and the most widely investigated is the rough surface as in fact any 
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Contents lists available at ScienceDirect 

Experimental Thermal and Fluid Science 

journal homepage: www.elsevier.com/locate/etfs 

https://doi.org/10.1016/j.expthermflusci.2020.110291 
Received 18 June 2020; Received in revised form 8 October 2020; Accepted 1 November 2020   

mailto:arturdr@imc.pcz.czest.pl
www.sciencedirect.com/science/journal/08941777
https://www.elsevier.com/locate/etfs
https://doi.org/10.1016/j.expthermflusci.2020.110291
https://doi.org/10.1016/j.expthermflusci.2020.110291
https://doi.org/10.1016/j.expthermflusci.2020.110291
http://crossmark.crossref.org/dialog/?doi=10.1016/j.expthermflusci.2020.110291&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Experimental Thermal and Fluid Science 121 (2021) 110291

2

considered surface is rough relative to the scale of the viscous length, 
and this scale decreases upon increasing the Reynolds number. It has 
been recognised in earlier literature [16,17] that the effect of rough 
surfaces on TBL leads to a shift in the log-linear region towards the wall, 
relative to a smooth wall, without changing its slope. This feature is 
commonly known as the roughness function. This shift is due to 
enhanced energy transfer from turbulent fields [18], and this effect is 
more pronounced when increasing the Reynolds number [19,20]. In 
APG flows, separation is postponed when the roughness is used for 
laminar or transitional flow regimes. However, at high Reynolds 
numbers, detachment occurs earlier, and the separation bubble is 
noticeably larger on rough surfaces due to the momentum deficit caused 
by wall irregularities [21–23]. A combination of surface roughness and 
APG enhances the Reynolds stress (in particular, the wall-normal and 
Reynolds shear stress) and turbulence production beyond the roughness 
sublayer [24]. The effect of roughness on TBL can be well-controlled by 
applying two-dimensional ribs [25,26] or grooves [27] because their 
pitch-to-height ratio can be freely changed. Other, more complex reg-
ular textures, have also been designed to reduce drag, such as sinusoidal 
riblets [28,29] or herringbone riblets [12]. Surface roughness is 
frequently used as a tripping device to help acquire well-behaved flow 
conditions [30,31], in particular in short wind tunnels, where the 
development of TBL at high Reynolds numbers is usually required [32]. 
It is interesting to note that rough wing profiles have a higher lift-to-drag 
ratio than smooth ones for chord Reynolds numbers, Rec < 105 (where c 
is the chord of the wing); however, above this value, the effect is 
opposite, and the use of a rough surface does not provide additional 
benefits [33]. 

Regarding passive methods for postponing flow separation, a num-
ber of diverse attempts have been proposed, and some are widely 
applied in practice. Installing a microcylinder in front of the leading 
edge of an airfoil leads to an increased velocity on the upper surface and 
effectively suppresses separation on the blade surface [34,35]. Slotted 
airfoils (at a sufficiently high angle of attack) can ensure a higher lift 
force coefficient compared with their solid versions by providing kinetic 
energy to the suction side [36,37]. Attaching a Gurney flap (a short flat 
plate) to the trailing edge perpendicularly to the chord line on the 
pressure side of a wing can increase the lift coefficient at both subsonic 

and transonic speeds [38]. Serration of the leading edge of the blade is 
another interesting approach that can be used to control the flow sep-
aration and to improve the lift force at low Reynolds numbers [39]. 
Vortex generators, i.e. rectangular or triangular plates (also known as 
delta wings), arrayed periodically along the spanwise direction of a wing 
were effective at enhancing the momentum and energy transport nearest 
the wall, which postponed turbulent separation [40]. 

All the above-mentioned methods were more or less discussed in the 
well-known review paper of Gad-el-Hak [1]. A more recent survey on 
passive flow control techniques of Zhu and co-workers [41] showed that 
worldwide research effort is mostly focused on improving already- 
known methods rather than on searching for new solutions. 

The development of new flow control methods is not possible 
without detailed insight into the physical processes taking place nearest 
the wall. The recent progress in both measuring and computational 
techniques has allowed the acquisition of valuable data, which provides 
a better understanding of the phenomena occurring in TBL at high 
Reynolds numbers. The hot wire rake measurements of Hutchins and 
Marusic [42] confirmed the presence of >20δ in length superstructures, 
also generally known as large-scale motion (LSM), in the log-region of 
TBL, which carry a substantial portion of the Reynolds shear stress. 
These scales become larger with increasing Reynolds number, and a 
single superstructure is statistically larger than a near-wall structure by a 
factor of at least 6Reτ/1000. The authors also showed that these very 
large structures affect the small ones residing in the near-wall region. 
This issue became an object of even more detailed research summarised 
in another work by the same authors [43], in which they decomposed 
fluctuating velocity signals to search for potential interactions between 
large- and small-scale components of the signal. It was found that when 
the large-scale component of the velocity fluctuation took a negative 
value, the amplitude of the small-scale component was noticeably 
reduced. The opposite effect was observed when the large-scale 
component was positive – the amplitude of the small-scale velocity 
fluctuations was substantially increased. Today, this effect is commonly 
known as the large-scale amplitude modulation, and as shown in 
Ref. [44], it becomes progressively stronger with increasing Reynolds 
number and when a flow encounters APG conditions [45]. It means that 
this effect is important to practical flow scenarios that often occur at 

Nomenclature 

A amplitude of waviness 
Ain amplitude of the first waviness crests 
A+ fixed wave amplitude in viscous units 
Cp pressure coefficient 
E wavelet energy spectrum 
H shape factor 
L total corrugation length 
l + non-dimensional wire length 
n number of periods 
Pe external pressure 
Reb bulk velocity Reynolds number 
Rec chord Reynolds number 
Rex developing distance Reynolds number 
Reτ friction velocity Reynolds number 
Reθ momentum thickness Reynolds number 
U streamwise velocity component 
Uc convection velocity 
Ue boundary layer edge velocity 
U+ non-dimensional velocity 
uτ friction velocity 
x distance in the measuring section 
y wall normal coordinate 

y+ non-dimensional wall distance 

Greak symbols 
β Clauser-Rotta pressure gradient parameter 
δ boundary layer thickness 
δ99 boundary layer thickness (99% of the edge velocity Ue) 
δ99,in boundary layer thickness at the inlet plate 
δ* displacement thickness 
θ momentum thickness 
λ wavelength 
μ dynamic viscosity 
ν kinematic viscosity 
ρ density 
τw wall shear stress 

Abbreviations 
APG adverse pressure gradient 
FPG favourable pressure gradient 
LSM large-scale motion 
OFI oil-film interferometry 
TBL turbulent boundary layer 
ZPG zero pressure gradient 
CCCM corrected Clauser-chart method  
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high Reynolds numbers. 
Recently, the effect of amplitude modulation has also been examined 

for flow over rough surfaces. It was confirmed that there exists the outer- 
layer similarity between smooth and rough walls [46,47]. Pathikonda 
and Christensen [48] confirmed that the near-wall small-scale respond 
to the outer large-scales, regardless of how they were generated, i.e. 
either via the turbulence production cycle or by vortex shedding behind 
roughness elements. Anderson [49] demonstrated that in the case of a 
rough wall, amplitude modulation was present in the roughness sub-
layer, and the interactions between LSM and small-scales were stronger 
than in the smooth-wall flow. 

Baars et al. [50] found that the amplitude modulation process can 
influence the convection velocity according to the quasi-steady quasi- 
homogeneous description of scale interactions of Zhang and Cherny-
shenko [51]; however, the research was limited to ZPG TBL only. These 
findings were supported by Dróżdż [52] who investigated the effect of 
favourable pressure gradient (FPG) and APG on convection velocity. The 
author found that the LSMs were less active in FPG, and due to the 
absence of high- and low-speed regions, the production of vortices was 
random. In APG, the LSMs were noticeably more active and may 
generate small-scales with much higher convection velocities. Later on, 
Dróżdż and Elsner [53] investigated the influence of amplitude modu-
lation on the convection velocity of the small-scales in APG flow. It was 
discovered that the convection velocity of the small-scales was higher 
with respect to the mean flow up to the upper bound of the inner region, 
while its highest change was reported in the buffer layer (reaching a 
value twice as high as the mean velocity at a high pressure gradient) 
[54]. An increased convection velocity is induced by LSM as it forces the 
production of the near-wall turbulence in the so-called high-speed re-
gions. Under such specific conditions, where both convection and en-
ergy of small-scales are increased, a local enhancement of the sweep 
events occurs [53]. This local increase in sweep events cannot be 
balanced by locally-enhanced ejection events in the low-speed regions 

due to decreased convection and lower production of the near-wall 
turbulence (in that region). This results in higher momentum transfer 
to the wall and finally a rise in skin friction. This indicates that the quasi- 
steady and quasi-homogeneous description of scale interactions is no 
longer valid, especially in APG flows, where the skin friction is enhanced 
due to the nonlinear effect of the amplitude modulation. This mecha-
nism is additionally supported by the research of Agostini and 
Leschziner [55] who confirmed a substantial contribution of the 
amplitude modulation to the skin friction caused by indirect effect (via 
shear-strain) of LSM on small-scales in the upper part of the buffer layer, 
even for ZPG flows. 

Taking into account that the wall shear stress depends on the 
modulated convection velocity of the small-scales in the inner region, to 
increase the skin friction and ensure postponement of turbulent sepa-
ration in APG, one needs to design a wall topology that can enhance the 
amplitude modulation effect. Especially promising may be the use of a 
wavy surface in the flow direction because such a corrugation type (with 
a carefully selected amplitude and period) does not affect the flow in the 
outer region [56,57]; hence, it should also not affect the superstructures 
residing in the log-region. The study of flow in channels with a wavy 
surface is challenging due to a multitude of flow parameters that should 
be considered when changing the amplitude-to-wavelength (A/λ) ratio 
[58]. In turn, the opposite effects of the wavy surface on the wall shear 
stress can be found in previous studies. In some works, the authors 
recorded a decrease in skin friction when surface undulations were 
introduced [59,60]. Direct numerical simulations of turbulent flow 
above a periodically-deformed film by Koyama et al. [61] showed that it 
is possible to enhance the skin friction when the period of the wall 
deformation is longer than the ratio of the wavelength of deformation to 
the fluid velocity in the buffer region. The authors explained that the 
effect was due to enhanced mixing in the wall-normal direction and 
changes in the sweep events caused by the deformation. Numerical 
simulations of Yoon et al. [62] for turbulent flow in a stationary wavy 

Fig. 1. Test section geometry (a), actual wavy-wall geometry (b). Flow from left to right.  
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channel showed that A/λ = 0.03 (at a bulk Reynolds number of 6760), 
for which the maximum increase in mean wall shear stress was obtained. 
Khan and Jayaraman [63] explained that increased drag was caused by 
enhanced turbulent stresses due to increased production of vertical ve-
locity variance caused by the surface waviness. Segunda et al. [64] 
observed that the overall normal Reynolds stress profile increased with 
an increasing number of wave periods. The most substantial difference 
between profiles was observed between the first and second waves, and 
no further changes in profiles were visible when the number of waves 
was >8 (for A/λ = 0.1). Similar observations were noted by Hamed et al. 
[65]; however, a substantial increase in the overall Reynolds stress 
profiles was obtained over the first three wavelengths only (A/λ = 0.05). 

One should note that all the mentioned flow cases were investigated 
under zero-pressure gradient (ZPG) conditions; hence, flow separation 
was observed only locally, i.e. in troughs. It is of interest to determine 
whether the effect of increased skin friction can be achieved in APG 
using a wavy surface and, more importantly, how it may affect turbulent 
separation. 

In the paper of Dróżdż et al. [66], the authors investigated the effect 
of waviness for A/λ ranging from 0.025 to 0.08 had on the skin friction 
measured by oil film interferometry 240 mm downstream of the corru-
gated surface under APG conditions. They compared the results with a 
reference case in which TBL was developed on a flat plate. The experi-
ment was performed for the Reynolds number based on momentum 
thickness Reθ = 10,150 which corresponds to the Reynolds number 
based on a friction velocity Reτ equal to 3300. A huge growth of 13% 
(relative to the inlet condition) in the skin friction was observed for A/λ 
= 0.067, which was accompanied by a significant increase in the mean 
velocity in the inner region (<0.3δ). This was most probably caused by 
an enhanced amplitude modulation effect by surface waviness. 

In this study, we would like to extend our preliminary research by 
exploring the possibility of using surface undulations to enhance the 
convection velocity and thereby strengthen the amplitude modulation 
effect. We expect that it will allow the control of turbulence detachment 
at high Reynolds numbers, which is not possible with rough surfaces. 
Additionally, this work investigates the effect of the total corrugation 
length L to find the pressure gradient limit for which surface undulations 
can be effectively applied. The key goal of the research is to examine the 
effect of wall corrugation on the skin friction – it is expected to provide a 
comparable increase in τw for Reθ = 14,600 relative to the results ob-
tained in Ref. [66]. It is worth noting that the research undertaken in this 
work has a pioneering character, as such an attempt aimed at postponing 
separation at high Reynolds number using wall topology modification 
has not been undertaken in the past. 

2. Methods 

2.1. Wind tunnel 

The experiment was performed in an open-circuit wind tunnel. Fig. 1 
illustrates the 1835 mm-long and 250 mm-wide APG diffuser-shape test 
section with the location of the wavy wall. To obtain the TBL close to 

separation at the bottom flat plate, the suction of the flow at a distance of 
500 mm in the streamwise direction prior to the end of the measuring 
section was applied through the perforated (with 0.5 mm holes – giving 
10% perforation in total) curved upper wall. To obtain a high Reynolds 
number flow, a 5 m-long ZPG section was applied prior to the test sec-
tion. This allowed achieving a Reynolds number based on the devel-
oping distance Rex = 107 (which is characteristic for a number of 
practical cases – for instance, flow over an airfoil) under an inlet velocity 
of 24 m/s, which is far beyond the limitation of flow control methods 
adopting turbulizers (Rex = 105) [33]. To trip the boundary layer, 
coarse-grained sandpaper was mounted from 212 to 250 mm after the 
leading edge of the flat plate. To avoid extensive build-up of the side 
boundary layers, two pairs of suction gaps were mounted on the side-
walls of the inlet rectangular channel prior to the test section. Addi-
tionally, triangular inserts were mounted in the corners all along the 
inlet section to minimise the effect of secondary vortices. More technical 
details about the experimental stand can be found in previous work 
[67]. 

The wavy surface used in the experiment was characterised by the 
amplitude A, period λ, and length L (always with a total number of pe-
riods n). All these parameters were changed during the experiment to 
examine their effect on skin friction. To obtain effective wall undulation, 
the amplitude of each wavy wall was increasingly grown in the 
streamwise direction in such a way to have a fixed wave amplitude in 
viscous units A+ = Auτ/ν which is independent of x. Each wavy wall was 
always mounted just after the inlet plane, i.e. at x = 10 mm. The details 
about the normalised parameters of the wavy walls investigated are 
collected in Table 1, where Ain is the amplitude of the first waviness 
crests and δ99,in is the boundary layer thickness at the inlet plate, (i.e. at 
x = 0), which for all the cases was equal to δ99,in = 77.8 mm. The wavy 
wall was manufactured from high-density polyurethane to ensure a 
hydraulic smoothness of the surface just after mechanical processing. 
The actual geometry of the selected wavy wall is shown in Fig. 1b. 

2.2. Measuring technique 

Hot-wire anemometry (HWA) using a Streamline-Pro DANTEC de-
vice was used to conduct the velocity and its fluctuation measurements. 
The probe with a wire length of 0.4 mm and a diameter of 3 μm was 
used. The selection of such wire dimensions ensured maintaining a non- 
dimensional wire length (l+ = luτ/ν, where uτ is the friction velocity, 
and ν is the kinematic viscosity) below 20, in order to avoid filtration of 
small-scales, as advised in previous work [68]. Data acquisition was 
performed with a sampling frequency of 50 kHz and with a sampling 
time of 90 s. Variations in temperature when measuring a single velocity 
profile were not larger than ± 0.2 K. When the temperature in the wind 
tunnel was far from the calibration temperature, temperature-based 
voltage correction was automatically performed. During the whole 
experiment, the free-stream velocity and static pressure at the inlet 
plane (x = 0) and the pressure at the suction chamber were monitored 
with uncertainties of 1%, 10%, and 2.5%. 

Table 1 
Wavy wall geometries.  

Case Ain [m] λ [m] Ain/λ L [m] L/δ99,in A+ λ/δ99,in A+/(λ/δ99,in) n τw [Pa] 

0   flat plate (reference case) 0.219 
1 0.0025 0.100 0.0251 0.8 10.3 128 1.28 99.8 8 0.265 
2 0.0045 0.100 0.0443 0.8 10.3 226 1.28 176 8 0.249 
3 0.0054 0.100 0.0534 0.8 10.3 272 1.28 212 8 0.196 
4 0.0034 0.067 0.05 0.8 10.3 170 0.854 198 12 0.206 
5 0.0034 0.133 0.025 0.8 10.3 170 1.71 99.5 6 0.291 
6 0.0034 0.067 0.0501 0.666 8.54 170 0.854 198 10 0.284 
7 0.0025 0.100 0.0251 0.7 8.97 128 1.28 101 7 0.233 
8 0.0025 0.100 0.0251 0.9 11.5 128 1.28 97.5 9 0.227 
9 0.0034 0.133 0.025 0.666 8.54 170 1.71 99.5 5 0.290  
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3. Research plan 

The experimental procedure consisted of the following steps. Firstly, 
for fixed-flow conditions, i.e. for the Reynolds number based on mo-
mentum thickness Reθ = 14,600 (which is equivalent to the Reynolds 
number based on friction velocity Reτ = 4000) the measurements of the 
velocity and turbulence intensity profiles were performed at several 
distances (x = 0, 900, 1000, 1100, and 1200 mm) within the measuring 
section without a wavy surface mounted in the test section (to obtain 
reference data). Next, the wavy surface was installed in the test section, 
and then the measurements of the velocity and turbulence intensity 
profiles were performed at a fixed distance x = 1000 mm (always 
located at the flat plate behind the corrugation). With the measured 
profiles, one could estimate the friction velocities according to the 
procedure proposed by Niegodajew et al. [69] whose validity for the 
region behind the corrugation has been confirmed – see the appendix. 
For a wavy wall ensuring the highest growth in wall shear stress at x =
1000 mm, additional velocity and turbulence intensity measurements 
were performed at x = 900, 1100, and 1200 mm to provide information 
about the downstream effect. Note, that each time when a wavy wall was 
replaced with another one, the suction flux was adjusted to ensure the 
same distribution of the pressure gradient. This is necessary because 
when the skin friction increases, the boundary layer thickness decreases, 
and more suction is needed to obtain the same conditions in the free 
stream. 

4. Inlet and pressure gradient conditions 

The experiment was performed for relatively high Reynolds numbers 
based on the momentum thickness Reθ = 14,700. Fig. 2 shows the pro-
files of the mean velocity (a) and the streamwise Reynolds stresses (b) in 
the viscous units at the inlet plane of the measuring section (x = 0 mm), 
measured for the reference case (with a flat bottom wall). As is known, 
the logarithmic region of TBL begins with y+ = 150 [70]. Hence, as the 
amplitude of the surface undulations analysed in the present experiment 
ranged from A+ = 125 to A+ = 272, the waviness crests for some cases 
reached the overlapping region. Note that the wavy wall amplitude 
should be much smaller than the boundary layer thickness δ99 (where 
the subscript “99” corresponds to the velocity value at the wall-normal 
location where 99% of the velocity at the edge Ue is reached). Fig. 2b 
indicates that the maximum velocity fluctuation at y+ ≈ 15 was slightly 
attenuated compared with the ones shown in Ref. [71]. This is the effect 
of both a relatively high Reynolds number and lower spatial resolution 

investigated here. 
Fig. 3 presents the axial distribution (within the entire measuring 

region – from x = 0 to 1200 mm) of the pressure coefficient Cp =

1 − (U/Ue)
2, which increases from 0 to 0.46 in the downstream direc-

tion. The distributions of other important TBL parameters, such as 
boundary layer thickness, Clauser-Rotta pressure gradient parameter β 
(defined as: β = δ*

τw

dPe
dx , where δ* is the displacement thickness, and τw is 

the wall shear stress) and shape factor H = δ*/θ are shown further in the 
paper in Fig. 8 (as they are confronted with the results obtained using 
the wavy surface). Uncertainties of the measurement of the mean ve-
locity U, δ99, and H, were estimated to be 1.0%, 3%, and 1.5%, 
respectively. The uncertainty of the probe wire location in the normal 
direction was Δy =±0.02 mm. According to Ref. [69], the uncertainty of 
the skin friction estimation approach was ~ 5% for profiles charac-
terised by H < 2.0 and up to ~ 11% for H > 2.0. The shape factor was 
corrected for the profiles near the separation by excluding from the 
integration process velocity values below 1.5 m/s and parts of the profile 
with a significant overshoot above U+ = y+ distribution. Overestimated 
velocity values may be produced due to the directional insensitivity of 
the hot-wire probe and/or due to the wall-proximity effect [72]. Both 
effects, however, are of minor importance as the skin frictions (for each 
case in Table 1) were estimated based on the outer part of turbulence 

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 κ = 0.38 and 
B = 4.1) while the dotted line represents y+ = U+. 

Fig. 3. Axial development of pressure coefficient.  
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intensity and mean velocity profiles according to [69]. It should be 
noted that the wind tunnel configuration ensured maintaining so-called 
well-behaved ZPG flow conditions during the experiment, i.e. values of 
the friction coefficient and shape factor (at x = 0) were kept at levels not 
exceeding ± 5% and ± 3, respectively, from the reference values sug-
gested by Sanmiguel Vila et al. [31]. It is also worth mentioning that the 
last profile in the measuring section (at x = 1200 mm) was relatively far 
from the separation point, which manifested as a relatively low value of 
the separation shape factor (2.6) introduced by Sandborn and Kline 
[73]. According to the authors, when this factor reached a value of 2.7 – 
20% backflow is expected to occur, and such a value was reached at x =
1250 mm in our experiment. 

5. Effect of wavy wall parameters 

As shown in the previous work [62], both the amplitude and period 
of waviness have a crucial impact on the potential enhancement of the 
skin friction throughout the amplitude modulation effect [66]. In 
Ref. [62], the maximum friction drag was achieved for A/λ = 0.03. 
However, this research was performed at a much lower Reynolds 
number (Reb = 6760 based on the channel mean height and bulk ve-
locity) than this study. Here, one may expect that the maximum skin 
friction will occur at different A/λ ratios. That is why, firstly, the effect of 

the wave amplitude (for fixed λ/δ99,in = 1.28 and L/δ99,in = 10.3) on τw 
measured at x = 1000 is shown in Fig. 4 (see the open squares – cases 
1–3 in Table 1). The filled circle corresponds to the reference case for 
which the skin friction was obtained for the flat plate. A third-order 
polynomial fit curve was used to estimate the position of the local 
maximum in τw. As can be seen, the wall shear stress first increases with 
increasing A+ until reaching a local maximum for A+ ≈ 170, and then it 
starts to decrease. Such a maximum in τw corresponds to Ain/λ = 0.033, 
which is slightly higher than the one in Ref. [62] (A/λ = 0.03). Note, 
however, that for comparison, we used Ain (i.e. the amplitude of the first 
crest), as the amplitude of the wavy wall increased in the streamwise 
direction. Using another reference factor, for instance, the average 
amplitude, will give a much higher value of A/λ (note that the amplitude 
at the end of each wavy wall was about twice as high as Ain). An increase 
in A/λ is related to the much higher Reynolds number investigated in 
this study. 

Fig. 5 presents the obtained values of wall shear stress in the 
measuring section at x = 1000 mm when separately changing the 
amplitude (marked as open squares) or the period (represented by open 
triangles). The filled circle corresponds to the reference case. Note, that 
the results presented in Fig. 5 were obtained under a fixed L/δ99,in = 10.3 
and correspond to cases 1–5 in Table 1. As can be seen, there are three 
points, ensuring a growth in skin friction which are cases 1, 2, and 5 
(Table 1). So, this may suggest that the amplitude assumed in case 3 was 
too high, and its optimal value exists somewhere between the ampli-
tudes used in cases 1 and 2 (the first and the second square symbols from 
the left). Fig. 5 also indicates that a wider period λ may be more bene-
ficial, as a substantial increase in skin friction was observed for case 5 
(with 6 periods) up to τw = 0.299 Pa relative to the one for the flat 
surface, where τw = 0.219 Pa. For case 4 (with 12 total periods), a 
decrease in τw was recorded compared with the reference case. 

Another important parameter that may have a substantial impact on 
skin friction control is the length of the wavy surface, which defines the 
limit of the pressure gradient for which the corrugation can be effec-
tively applied. If the introduced corrugation is too short, the maximum 
enhancement of the skin friction will not be reached. If the corrugation is 
too long, it may also negatively influence momentum transfer from the 
outer to the inner region, as it may introduce a substantial drag and, 
hence, increase the volume occupied by the separation bubble. Fig. 6 
demonstrates the effect of the wavy surface length on the skin friction. 
Note that the results are classified into three groups: first marked with 
squares (cases 4 and 6) with a medium amplitude A+ = 170 and a small 
period λ/δ99,in ≈ 0.854 (relative to the range of investigated parame-
ters); second, marked with triangles (cases 1, 7, and 8) represent the 
small amplitude A+ ≈ 128 and the medium period λ/δ99,in = 1.28; third, 

Fig. 5. Effect of both wave amplitude and period on the wall shear stress in the 
measuring section at x = 1000 mm. 

Fig. 6. Effect of the length of the wavy wall on the wall shear stress in the 
measuring section at x = 1000 mm. 

Fig. 4. Effect of wave amplitude on the wall shear stress in the measuring 
section at x = 1000 mm. 
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marked with diamonds (cases 5 and 9) represent the medium amplitude 
A+ = 170 and the large period λ/δ99,in = 1.71. As can be seen from Fig. 6, 
the period used in the first group was too small, and only a small gain in 
skin friction was obtained for the shorter corrugation. Much better re-
sults were obtained when the cases from group 2 were used. Here, one 
may observe that the predicted local maximum in the skin friction 
should be located at L/δ99,in ≈ 8 (see the line fitting triangles). The 
highest values of the skin friction (up to 0.299, which gives a 33.0% 
increase with respect to the reference case) were achieved when the 
wavy wall geometries from group 3 were used. 

Finally, all obtained data were used to visualise the combined effect 
of all three waviness parameters by plotting τw as a function of dimen-
sionless A+/(λ /δ99,in) and L/δ99,in at x = 1000 mm in Fig. 7. The 
measured values were plotted on an isocontour map and marked as 
black dots. Note that additional points were uniformly introduced on the 
boundaries along each axis with τw values corresponding to the refer-
ence case. Also, the second set of points located slightly away from each 
axis (which are visible in Fig. 7) with slightly higher skin friction values 
than those on the axes were included. Such a procedure ensured an 
asymptotic decrease in skin friction from its maximum value to the one 
on the flat plate. One may observe a local maximum at A+/(λ /δ99,in) ≈
110, λ /δ99,in = 1.71, which corresponds to Ain/λ = 0.028, L/δ99,in ≈ 8.5 
and β ≈ 10 (the last one is regarded as the upper approximate pressure 
gradient limit that determines the location that the waviness can reach). 
These results indicate that among the examined geometries, one may 
distinguish near-optimal corrugation parameters that provide a strong 
rise in wall shear stress. 

6. Effect of the waviness downstream the flow. 

The contour map in Fig. 7 allowed the determination of the most 
effective values of the examined wavy wall parameters. Fig. 8 demon-
strates the effect of the most effective surface corrugation (case 9 from 
Table 1) on the distribution of δ99, δ* (which is the displacement 
thickness), H, β and τw parameters characterising TBL under APG con-
ditions. The black symbols correspond to the reference case, while the 
red ones were obtained in the presence of a wavy wall (for case 9, which 
ensured the largest growth in τw at x = 1000 mm). As can be seen, the 
waviness is very beneficial as it causes a clear reduction in δ99, δ*, H, β 
and a huge growth in τw within the investigated streamwise distance 

from x = 900 mm to x = 1200 mm. It is also worth noting that the 
distributions slightly diverge downstream the flow, which is particularly 
evident in Fig. 6 c, d, and e. So, the relative difference in τw between the 
reference case and case 9 notably increases from 24% for x = 900 mm to 
109% for x = 1200 mm. It is, however, interesting to estimate the 
relative growth in wall shear stress at the separation location on the flat 
plate. In this regard, we extrapolated the data from Fig. 8e downstream 
the flow. It can be observed that the most effective wavy wall geometry 
design (case 9) ensured 13% growth (up to τw = 0.095 Pa) in the skin 
friction (relative to the inlet condition – τw,ZPG = 0.73 Pa) at the location 
of the flow separation (x = 1300 mm – Fig. 8e) on the unmodified 
surface (i.e. on the flat plate). Moreover, the separation point shifted 
150 mm downstream the channel. 

In order to obtain a more detailed insight into how the flow was 
modified by the wavy wall, the profiles of mean velocity, Reynolds 
stress, skewness factor, and convection velocity are presented in the 
first, second, third, and fourth row, respectively, in Fig. 9. Note that the 
mean velocity, Reynolds stress, and mean convection velocity are nor-
malised by the edge velocity Ue. In addition, the streamwise evolution, 
from x = 900 mm to x = 1200 mm, of these profiles is shown in sub-
sequent columns. The black lines correspond to the flat plate case, 
whereas the red ones represent the profiles obtained when the surface 
waviness was used (for case 9 from Table 1), which ensured the largest 
growth in τw. Evidently, regardless of the distance x, all mean velocity 
profiles (obtained on the flat plate and those measured in the presence of 
wall undulations) collapse in the outer region, which means that mod-
ifications to the wall surface do not affect this region. In the inner part, a 
notable increase in mean velocity caused by the waviness is observed. 
This is directly related to a change in convection velocity, the distribu-
tions of which are shown in the last row of Fig. 9. A direct comparison 
between the Reynolds stress profiles indicates that the wavy surface is 
responsible for flattening and shifting the outer maximum. This is most 
likely the result of the effect of the wavy surface on LSM. Above y/δ =
0.6, both profiles tend to collapse for each analysed distance x. One may 
also observe that the difference in the maximum Reynolds stress (in the 
outer region) increases with increasing x. The Reynolds stress distribu-
tions also indicate a growth in uu in the near-wall region, which is due to 
an increased strain rate induced by the amplitude modulation effect, as 
indicated by a lower skewness factor (which is even better visible in the 
spatial spectra in Fig. 10). The skewness factor profiles exhibit a shift of 
the zero-crossing location upward away from the wall, which is corre-
lated with the shift of maximum in Reynolds stress profiles. 

The convection velocity profiles, presented in the last row, were 
calculated using the distribution of the cross product term 3u2

SuL of 
decomposed skewness factor introduced in Ref. [53]. This approach was 
further verified using a two-point correlation as shown in Ref. [54]. As 
pointed out in Ref. [53], the net convection velocity substantially in-
creases downstream in APG flow. Such an increase is directly related to 
the enhanced amplitude modulation (manifested by a greater difference 
in the momentum between high and low-speed regions), which alter-
nates the production of turbulence. The wavy wall acts on TBL in a 
similar way as the low- and high-speed regions. Turbulence is generated 
mostly in high-speed regions and have increased streamwise convection 
with respect to the mean flow. An increased convection increases posi-
tive sweep events (which is manifested by increased skewness factor of 
the streamwise velocity with respect to ZPG flow) and in turn, increases 
the momentum transfer to the wall [53]. A similar observation was re-
ported by Koyama et al. [61], but for the deformation of a wall boundary 
over time (i.e. using the active-flow control method). The result of this 
mechanism is a higher wall shear stress with respect to either the flow in 
the absence of an amplitude modulation effect, or to the flow affected by 
a wavy surface. Therefore, the new turbulence created locally under a 
higher momentum just behind the wavy wall induces lower sweep 
events and a lower skewness near the wall (compared with those at the 
flat plate). Even though the amplitude modulation becomes weaker 

Fig. 7. The wall shear stress at x = 1000 mm as a function of normalised wave 
amplitude and length. 

A. Dróżdż et al.                                                                                                                                                                                                                                 



Experimental Thermal and Fluid Science 121 (2021) 110291

8

behind the wavy wall (which is manifested as a lower skewness), the 
convection velocity is still much higher than the flat-plate case. Hence, it 
seems that the skin friction enhancement mechanism is caused by 
increased convection velocity downstream of the corrugation, which 
reflects the changes of TBL parameters shown in Fig. 8. These results 
confirm the validity of the original mechanism related to an increased 
convection velocity due to amplitude modulation proposed by Dróżdż 
and Elsner [53]. 

As a complement to the presented results, the wavelet energy spectra 
E (equivalent to the premultiplied energy spectra) scaled by the edge 
velocity Ue are presented as a function of normalised streamwise length 
λ/δ and normalised wall distance y/δ in Fig. 10 at x = 900, 1000, 1100, 
and 1200 mm (Fig. 10 a, b, c, and d, respectively). The streamwise 
length λ was calculated based on the timescale through the Taylor hy-
pothesis; however, due to the difference between the mean and 

convection velocities, Uc was used instead of U (shown in Fig. 9). The 
black isocontours correspond to the flat plate reference case, while the 
greyscale map refers to the wavy wall (case 9 from Table 1). Both share 
the same scale (i.e. the black lines represent the original shape and 
positions of certain levels of the greyscale isocontours). The maxima in 
each figure represent the contribution of LSM. Note, that the presence of 
the inner maxima in turbulence energy (which are characteristic of ZPG 
flows) are not visible here as they are hidden beneath the outer one 
(which is typical for high pressure gradient conditions) – see Ref. [67]. 
The location of the outer maximum, which represents the activity of LSM 
for the wavy wall case, shifted towards higher y/δ values due to flow 
interaction with waviness crests (due to increased wall-normal convec-
tion of large scales). After the wavy wall, the location of the maximum 
remained at approximately constant y/δ ≈ 0.3 in the pressure gradient. 
It is correlated with both the location of the outer maximum in the 

Fig. 8. Effect of the wavy wall on the streamwise distribution of δ99 (a), δ*(b), H (c), β (d), and τw (e). wavy wall geometry corresponds to the case 9 from Table 1.  
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streamwise Reynolds stress profiles and the location close to the zero- 
crossing skewness factor visible in Fig. 9, which was also previously 
showed in Ref. [69]. The outer spectral peak appears at λ ≈ 3δ, which is 
consistent with an earlier study by Harun et al. [45]; however, for the 
last two locations (Fig. 10 c and d), the dominant spatial scale shrinks to 
2δ. It is also evident that in the near-separation region, there is a sub-
stantial reduction in the length scale of the maximum energy down-
stream of the flow (see the white dashed lines in Fig. 10). The most 
important conclusion of this observation of the spatial spectra is that the 
wavy wall causes an increased activity of the small-scales close to the 
wall (see the regions within 0 < y/δ < 0.02; 0 < λ/δ < 1, marked by 
white dotted lines), which manifested as higher energy values relative to 
the reference case. On the other hand, for the small scales above y/δ >
0.02, there is less energy for the wavy wall. This effect is maintained at 
all investigated streamwise locations. 

7. Conclusions 

Recent experience in the use of various wall topologies and rough 
surfaces for sufficiently high Reynolds numbers in APG has revealed that 
such types of passive flow control methods cause earlier separation and 
enlarge the separation area. The discovery of the amplitude modulation 
process provided a better understanding of momentum transport from 

the outer to the inner part of the boundary layer and its effect on skin 
friction. 

In this work, we demonstrated that it is possible to enhance the 
amplitude modulation effect using a wavy surface and, in turn, increase 
the skin friction and postpone separation. All the wavy wall cases 
investigated were designed to have a fixed wave amplitude in viscous 
units. The research mainly focussed on examining the effect of different 
amplitudes, periods, and lengths of wavy surfaces on increased wall 
shear stress. The analysis allowed the determination of the effective 
(which seems to be close to optimal for the given flow history conditions, 
APG strength, and Reynolds number) wavy wall geometry that ensures a 
13% growth in skin friction (relative to the inlet condition) at the 
location of the flow separation on an unmodified surface (i.e. on the flat 
plate). The normalised dimensions of such a wavy wall were A+/(λ /δ99, 

in) ≈ 110, λ /δ99,in = 1.71 and L/δ99,in ≈ 8.5. The last parameter simul-
taneously determines the upper limit of the wavy wall application in 
terms of the Clauser-Rotta pressure gradient parameter β ≈ 10. 

More detailed studies of the results showed that the waviness in-
creases the mean velocity near the wall, but without a footprint in the 
outer region. The Reynolds stress distributions are also increased in the 
near-wall region. Such an effect is caused by an increased strain rate 
behind the wavy wall, which is manifested by lower skewness factor 
close to the wall. The outer maximum of the Reynolds stress profiles is 

Fig. 9. Effect of a wavy surface on mean velocity, streamwise Reynolds stress, skewness factor and convection velocity profiles at x = 900, 1000, 1100 and 1200 mm 
(wavy wall profiles correspond to case 9 from Table 1). 

A. Dróżdż et al.                                                                                                                                                                                                                                 



Experimental Thermal and Fluid Science 121 (2021) 110291

10

flattened and shifted upward away from the wall. The skewness factor 
profiles exhibit a shift of the zero-crossing location upward away from 
the wall, which is correlated with a shift of the maximum in Reynolds 
stress profiles. 

The key finding was the increased convection velocity in the near- 
wall region using wall corrugation with specific parameters. The 
higher convection, the higher sweep events (which is manifested by an 
increased skewness factor of streamwise velocity), and in turn, the 
higher momentum transfer to the wall. Hence, one may conclude that 
the wavy wall acts on the TBL in a similar manner as the low and high- 
speed regions induced by LSM. Namely, the turbulence is generated 
mostly in high-speed regions and have increased convection with 
respect to the mean flow. Consequently, an increased wall shear stress 
with respect to the flat plate is observed. 

Studies of the premultiplied energy spectra showed that the location 
of the outer maxima for both reference and wavy wall cases move to-
wards higher y/δ values downstream of the flow. It is directly correlated 
with both the location of the outer maximum in the streamwise Rey-
nolds stress profiles and the location close to the zero-crossing skewness 
factor. 

Most importantly, observation of the spatial spectra of the wavy wall 
indicated increased activity of the small-scales close to the wall: for y/δ 
< 0.02; λ/δ < 1. However, above y/δ > 0.02 the small-scales were found 
to be less energetic for the wavy wall case. This effect was maintained at 
all investigated streamwise locations, and it is related to a rise in the 
convection velocity and enhanced energy transfer to the wall. 

Future research should focus on adopting the streamwise waviness 
on the surface of an airfoil behind the vortex generators to increase the 
friction drag and postpone separation. The research should be per-
formed using a full-scale model and at a high Reynolds number. It is 

expected that the application of the proposed non-dimensional wavy 
surface parameters from the present study should increase the lift-to- 
drag ratio and substantially stabilise the flow on the suction side of 
the wing at a high angle of attack. 
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Appendix A 

The corrected Clauser-chart method (CCCM) presented by Niego-
dajew et al. [69] was found to ensure a very good estimation of the 

Fig. 10. Pre-multiplied energy spectra for x = 900 mm (a), x = 1000 mm (b), x = 1100 mm (c) and x = 1200 mm (d). Black isocontours correspond to the flat plate 
while the grey scale map represents the wavy wall case 9. 

A. Dróżdż et al.                                                                                                                                                                                                                                 



Experimental Thermal and Fluid Science 121 (2021) 110291

11

friction velocity under APG flows up to β = 28. In the present study, the 
flow in the APG section was also modified by the wall undulation and so, 
one may find it questionable whether the method is valid in such a 
configuration. Our previous work [66] includes oil-film interferometry 
measurements performed in APG behind the wavy wall and for four 
different A/λ configurations from 0.025 to 0.08 and a similar range of A+

as in the present study. Hence, herein we used this data to verify the 
validity of CCCM in the region behind the waviness, and the results in 
the form of friction velocity uτ = (τw/ρ) measured using OFI and esti-
mated with CCCM are presented in Table 2. As can be seen, the uncer-
tainty of CCCM do not exceed 1.6% for the available wavy wall 
configurations, which confirms the validity of the method. 
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A. Dróżdż et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0894-1777(20)30793-7/h0005
http://refhub.elsevier.com/S0894-1777(20)30793-7/h0005
https://doi.org/10.1146/annurev.fluid.40.111406.102156
https://doi.org/10.1146/annurev.fluid.40.111406.102156
https://doi.org/10.1016/j.molliq.2019.111360
https://doi.org/10.1016/j.molliq.2019.111360
https://doi.org/10.1016/j.oceaneng.2017.10.041
https://doi.org/10.1016/j.oceaneng.2017.10.041
https://doi.org/10.1016/j.apor.2019.101978
https://doi.org/10.1016/j.apor.2019.101978
https://doi.org/10.1007/s10494-020-00135-z
https://doi.org/10.1063/1.2171196
https://doi.org/10.1016/j.energy.2019.03.134
https://doi.org/10.1098/rsta.2010.0366
https://doi.org/10.1098/rsta.2010.0366
https://doi.org/10.1063/1.4826887
https://doi.org/10.1063/1.2714077
http://arxiv.org/abs/1703.10879
http://arxiv.org/abs/1703.10879
https://doi.org/10.1088/1748-3190/12/1/016009
https://doi.org/10.1088/1748-3190/12/1/016009
https://doi.org/10.1088/1748-3190/aa5770
https://doi.org/10.1088/1748-3190/aa5770
https://doi.org/10.1016/S1001-6058(15)60507-8
https://doi.org/10.1016/S0065-2156(08)70370-3
http://refhub.elsevier.com/S0894-1777(20)30793-7/h0085
http://refhub.elsevier.com/S0894-1777(20)30793-7/h0085
https://doi.org/10.1017/jfm.2014.608
https://doi.org/10.1016/j.ijheatfluidflow.2019.108456
https://doi.org/10.1016/j.ijheatfluidflow.2019.108456
https://doi.org/10.1016/j.oceaneng.2019.05.062
https://doi.org/10.1016/j.oceaneng.2019.05.062
https://doi.org/10.1007/s00348-002-0411-1
https://doi.org/10.1007/s00348-002-0411-1
https://doi.org/10.1016/j.ijheatfluidflow.2004.02.007
https://doi.org/10.1016/j.ijheatfluidflow.2004.02.007
https://doi.org/10.1017/jfm.2018.101
https://doi.org/10.1017/jfm.2018.101
https://doi.org/10.1016/j.ijheatfluidflow.2012.11.001
https://doi.org/10.1016/j.ijheatfluidflow.2012.11.001
https://doi.org/10.1016/j.ijheatfluidflow.2013.06.003
https://doi.org/10.1016/j.ijheatfluidflow.2013.06.003
https://doi.org/10.1016/j.ijheatfluidflow.2015.05.001
https://doi.org/10.1016/j.ijheatfluidflow.2015.05.001
https://doi.org/10.1016/j.expthermflusci.2005.03.022
https://doi.org/10.1016/j.expthermflusci.2005.03.022
https://doi.org/10.1007/s00348-014-1828-z
https://doi.org/10.1016/j.euromechflu.2018.11.006
https://doi.org/10.1016/j.euromechflu.2018.11.006
https://doi.org/10.1017/jfm.2012.324
https://doi.org/10.1017/jfm.2012.324
https://doi.org/10.1017/jfm.2017.258
https://doi.org/10.1007/s10546-016-0139-8
https://doi.org/10.1007/s10546-016-0139-8
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1016/j.jweia.2017.08.020
https://doi.org/10.1016/j.jweia.2017.08.020
https://doi.org/10.1016/j.energy.2017.10.094
https://doi.org/10.1016/j.energy.2017.10.094
https://doi.org/10.1016/j.jweia.2016.01.011
https://doi.org/10.1016/j.jweia.2018.01.007
https://doi.org/10.1016/j.paerosci.2007.10.001
https://doi.org/10.1016/j.paerosci.2007.10.001
https://doi.org/10.1016/j.apenergy.2017.09.034
https://doi.org/10.1016/j.jweia.2016.07.013
https://doi.org/10.1016/j.energy.2018.09.072
https://doi.org/10.1017/S0022112006003946
https://doi.org/10.1098/rsta.2006.1942
https://doi.org/10.1098/rsta.2006.1942
https://doi.org/10.1017/S0022112009006946
https://doi.org/10.1017/jfm.2012.531
https://doi.org/10.1016/j.ijheatfluidflow.2015.06.006
https://doi.org/10.1016/j.ijheatfluidflow.2015.06.006


Experimental Thermal and Fluid Science 121 (2021) 110291

12

[47] J. Basley, L. Perret, R. Mathis, Spatial modulations of kinetic energy in the 
roughness sublayer, J. Fluid Mech. 850 (2018) 584–610, https://doi.org/10.1017/ 
jfm.2018.458. 

[48] G. Pathikonda, K.T. Christensen, Inner-outer interactions in a turbulent boundary 
layer overlying complex roughness, Phys. Rev. Fluids 2 (2017), https://doi.org/ 
10.1103/PhysRevFluids.2.044603. 

[49] W. Anderson, Amplitude modulation of streamwise velocity fluctuations in the 
roughness sublayer: evidence from large-eddy simulations, J. Fluid Mech. 789 
(2016) 567–588, https://doi.org/10.1017/jfm.2015.744. 

[50] W.J. Baars, N. Hutchins, I. Marusic, Reynolds-number trend of hierarchies and 
scale interactions in turbulent boundary layers, Philos. Trans. R. Soc. London. Ser. 
A Math. Phys. Sci. 375 (2017) 18. 

[51] C. Zhang, S.I. Chernyshenko, Quasisteady quasihomogeneous description of the 
scale interactions in near-wall turbulence, Phys. Rev. Fluids 1 (2016) 014401, 
https://doi.org/10.1103/PhysRevFluids.1.014401. 
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