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Drag Reduction and Flow Control Special Interest Group (SIG 20) of ERCOFTAC has organized the 
European Drag Reduction and Flow Control Meeting -- EDRFCM 2022 -- on 6-9 September 2022 at 
Conservatoire National des Arts et Métiers, which is situated in the centre of Paris. This meeting was 
jointly organized by EU H2020-MSCA-RISE-2017 project CTFF (Control of Turbulent Friction Force) 
under the grant agreement number 777717. 

This biennial research meeting, which provides excellent opportunities for young researchers as well as 
established scientists and engineers to meet and exchange information on drag reduction and flow 
control, was originally scheduled for 2021. However, we had to postpone it until this year due to Covid-
19. There were 86 participants for this 4-day, single-session meeting from 15 countries (Italy, UK, 
France, Spain, Germany, The Netherlands, Austria, Hungary, Belgium, Sweden, Russia, Japan, Korea, 
USA and Australia).  

As always, ERCOFTAC was able to support young researchers and PhD students to attend this meeting 
by providing a number of scholarships. This time, we were able to award 7 scholarships by waiving 
their registration fees. The scholarship recipients are: Olaf van Campenhout (TU Delft, Netherlands), 
Jeremy Wong (University of Melbourne, Australia), Andras Szabo (Budapest University, Hungary), 
Giulio Rota (University of Okinawa, Japan), Michiel van Nesselrooij (TU Delft, Netherlands), 
Essameldin Abdo (University of Genoa, Italy) and Mahiro Morimoto (Osaka Metropolitan University, 
Japan). Congratulations to all.  

Presentations were given under the following session titles: passive control, wall forcing, plasma 
control, flow instabilities, blowing & suction, liquid drag reduction, machine learning and porous 
surface. We also had a special session dedicated to the work carried out under the EU-CTFF project. 
As always, we had very lively discussions in and outside the meeting room throughout the four days.  
It was sad to learn during the meeting that Elizabeth II, Queen of the United Kingdom died at the age 
of 96. 
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• The objective of CTFF is to develop techniques for 
controlling near-wall turbulent structures for reducing 
turbulent friction force, by combining Heat Transfer, 
Fluid Physics and Plasma Physics.

• This programme is based on short-term international, 
intersectoral and interdisciplinary exchanges of 
research staff between the beneficiaries and partners.
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PLASMA FLOW CONTROL OF THE TIP VORTICES OVER A VERY LOW

ASPECT-RATIO WING

Lei Dong, Kwing-So Choi and Yaxing Wang
Faculty of Engineering, University of Nottingham, NG7 2RD Nottingham, UK

INTRODUCTION

The aerodynamics of a low aspect ratio (AR) wing is fun-

damentally different from a two-dimensional (2D) aerofoil. It

has been demonstrated that low AR wings are dominated by

a leading-edge vortex (LEV) with a pair of tip vortices (TVs)

[1, 2]. Here, the formation of the TVs is attributed to the

pressure difference between the pressure and suction sides of

the wing. In other words, the flow near the wing tip is pulled

outboard and moves towards the suction side of the wing,

forming the streamwise vortices known as the TVs. The exis-

tence of the TVs influences the behaviour of the leading-edge

flow [3, 4], promoting the formation of the recirculation area

near the leading edge of the wing. Besides, the interaction

of these vortices influences the flow field over the wing body,

creating a three-dimensional (3D), complex wake region [5].

The existence of the TVs over a low AR wing leads to a sig-

nificantly different lift curve as compared to that of the 2D

aerofoil. It is also shown that the maximum lift angle of the

wing is further increased with a reduction in the AR [5, 6].

For low AR wings, the total lift on the wing is a combination

of the spanwise circulation of the LEV through the Kutta-

Joukowski theorem and the pressure force of the TVs (i.e.,

the vortex lift). The development of the LEV, however, is

influenced by the TVs through velocity induction due to the

Biot-Savart law [4, 7]. The interaction between the LEV and

the TVs was studied by Dong et al. [4] who demonstrated that

the reattachment of the leading-edge flow and the subsequent

formation of the LEV were strongly influenced by the TVs.

Previously, we have studied the interaction between the

TVs and the LEV over a stationary and pitching very low AR

= 0.277 plate wing, where the influence of the TVs on the

development of the LEV was demonstrated [4]. Building on

the understanding of the vortex interactions gained from these

studies, a flow control study of a very low AR wing was carried

out using the blowing and suction DBD plasma actuators. By

controlling the TVs using the plasma jet at the wing tip, we

were able to influence the aerodynamic forces of the wing. The

influence of the plasma actuators on the TVs was analysed.

RESULTS AND DISCUSSIONS

The results for lift and drag coefficients with blowing and

suction plasma actuators are compared with those of the base-

line (plasma off) as shown in Fig. 1a. This clearly shows

that the aerodynamic forces are modified by the plasma ac-

tuators, where CL is significantly increased by the blowing

plasma actuator, but is reduced by the suction plasma ac-

tuator between α = 4◦ and α = 20◦. Compared to the lift

coefficient, the change of the drag coefficient is relatively small

with the plasma actuator, which is less than 10% for all cases.

The percentage changes in CL and CD due to the plasma

actuators are shown in Fig. 1b, where the plasma data are

Figure 1: Effect of the plasma actuators on the aerodynamic

forces on a very low AR wing: (a) CL and CD, (b) the incre-

ment or decrement of CL and CD, (c) lift-to-drag ratio.

indicated by CLp and CDp, while the baseline data are given

by CL0 and CD0, respectively. The most effective control is
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Figure 2: Side view of the time-averaged, normalised streamwise vorticity (ωxc/U∞) under the influence of the plasma actuators

at α = 10◦ and 15◦ compared with that of the baseline case.

found at f+ = 0 (steady mode) for both types of plasma ac-

tuators. Here, the maximum reduction in CL0 can reach 30%

by the suction plasma, while the blowing plasma actuator pro-

duces an enhancement of CL0 by 23%. With a pulsed mode

of plasma actuation, the control effect is reduced, where only

16% reduction and 13% enhancement in the lift coefficient are

achieved by the suction and blowing plasma at f+ = 2, respec-

tively. This is due to that the plasma momentum coefficient

of the steady mode of actuation is about twice that of the

pulsed mode of plasma actuation which is operating at 50%

of the duty cycle. It is also observed that the most effective

control of the plasma on the CL occurs at around α = 8◦ for

all cases. With a further increase in the AoA, the influence of

the plasma actuators gradually vanishes. Fig. 1c shows the

lift-to-drag ratio of the very low AR wing, which takes the

maximum value of CL/CD = 2 at α = 18◦. The changes in

CL/CD as shown in Fig. 1c indicate that the aerodynamic

efficiency of the wing can be manipulated by controlling the

TV using the plasma actuator.

The effect of the plasma actuators on the time-averaged,

normalised streamwise vorticity (ωxc/U∞) is shown in Fig.

2, where ωx is the streamwise vorticity, c is the chord length

of the wing and U∞is the free-stream velocity. This figure

consists of the slices of separate PIV measurements in the

y-z planes. Here, the separated flow at the wing tip wraps

around from the pressure side to the suction side of the wing,

forming a conical-shaped TV stretching along the wing chord.

The size and strength of the TV increase downstream with

an increase in the AoA. However, there is no sign of the TV

breakdown in this figure at least for 0 < x/c < 0.52 at α ≤ 15◦.

A weak, positive vorticity distribution near the leading edge

(x/c < 0.2) is resulted from the interaction of the TV with the

LEV [4, 8]. Applying the plasma actuators, the streamwise

vorticity within the TV core becomes weaker with the suction

control and stronger with the blowing control. The diameter of

the TV remains unchanged by the plasma control, except for

suction plasma control (f+ = 0) at α = 10◦ where a reduction

of the TV diameter is clearly seen.
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INTRODUCTION

This presentation report on the work accomplished during

the CTFF project by ONERA. Control of the friction force

can be obtained by the use of Surface Dielectric Barrier Dis-

charge (SDBD) located at judicious positions of the airfoil.

The understanding of the discharge is crucial if one want to

maximise the effects of the actuators. It is a well known fact

that the ElectroHydroDynamic body force ⃗FEHD is respon-

sible of the plasma effect (the so called ionic wind), indeed it

has been demonstrated by simulation [1] and modelling

which describe the physics of the discharge from scratch.

This talk aims to show the ability of these models to de-

scribe finely phenomena observed in experiment by numerical

simulation. It is well known that plasma is a multiscale

medium which render simulations very expensive. The high

computational cost is related to the various scale of the plasma

discharge such that Debye length, ionisation, electron and

heavy transport spatial lengths and also time scales that

change from pico-seconds to milli-seconds. A full simula-

tion of a DBD requires a refined and largemesh along with

a tremendous number of timesteps for realistic applications.

So, an effort on the development of efficient numerical meth-

ods and their application on parallel HPC machines has been

realized. This presentation will discuss, numerical modelling,

algorithms and present numerical simulation of SDBDs and

their effect on the flow. Thanks to CTFF project, a collab-

oration with Nothingham University has been achieved and

fruitful results have been obtained. We refer to publications

which complete the results describing the work achieved.

THE PLASMA MODELLING

The in house code COPAIER, [3] solve the cold plasma

equations (under the drift-diffusion approximation) and pro-

vides the EHD force profiles that can be introduced as input

in various CFD solvers (CEDRE, OPENFOAM,..).

The plasma model use a fluid description for each species of

the plasma mixture : electrons, ions, neutrals etc. :

∂nα

∂t
+∇ · nαUα = Sα (1)

Uα = qαµαE −Dα
∇nα

nα
(2)

where E is the electric field,

∇ · (εE) =
∑
i

niqi, (3)

Dα, µα the transport of coefficient and Sα the produc-

tion/cancellation term describing the chemical process. The

transport, kinetic coefficient depend of the local electronic

temperature where ε is the material permittivity, qα is the

charge of the α-th species. Finally the EHD force is given by

:

FEHD =
∑
i

niqiE (4)

As the ionization rate is low (about 10−4 − 10−6, the plasma

is supposed to be not influenced by the flow. So the induced

flow is solved separately from the plasma, and the induced flow

solve the incompressible Navier-Stokes equations with FEHD

as RHS.

∂u

∂t
= −(u ·∇)u+ ν∇2u+ FEHD (5)

.

NUMERICAL SCHEMES AND CODE

COPAIER is a 2D/2Daxi, code fully parallelized and work-

ing on massively parallel machines.

Structured as well as unstructured meshes are used to mesh

the computational domain. Second-order finite volume ex-

plicit schemes solve the drift-diffusion ?? and ??. The use of

explicit schemes allow to capture all the scale of the plasma,

even if the cost of each simulation is very high. Sub-cycling

allow to solve separately electron from heavy particles ad al-

low to gain significant speed up without lost of precision. We

use a 4-species fluid model to describe the plasma mixture,

which has been proved a sufficient (although quite simplified)

approximation for a N2/O2 mixture under atmospheric con-

ditions.

SIMULATIONS AND RESULTS

COPAIER has been used to perform DBD simulations. Il-

lustration of these simulations and corresponding development

of the solver are given here and they have been published in [5],

[4] and [2]. Figure 2 shows the simulation results for a typ-

ical SDBD configuration 1. The voltage is 20KV , exposed

electrode thickness is set to 70 and the dielectric thickness is

3mm. The AC frequency used in the simulations is increased

compared to the typical experimental results (100 kHz instead

of 1 kHz) in order to reduce the CPU time and obtain qual-

itative results. Fig. 3, shows the conduction current during

the 3rd period of the AC actuation. A single streamer during

the positive phase and four microdischarges of reduced current

during the negative phase are clearly visible, in good agree-

ment with experimental findings. Figure 2 shows the total

1



Figure 1: The AC-DBD actuators

EHD force averaged on one AC period. The EHD force oc-

cupies a volume of approx. 4–5 mm in x-direction (Fx ) and

1.5–2 mm in y-direction (Fy ).
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and -y component, extracted from [4]
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BACKGROUD & MOTIVATION    

Fluid flow and convective heat transfer for micro-

structured surfaces are of relevance to applications. 

Comprehensive understanding of how roughness 

affects aerothermal behaviour of wall bounded 

turbulence is still lacking, particularly for relatively 

large roughness scales. The motivation in resolving, 

rather than modelling, surface micro-structures is 

further heightened by the development of additive 

manufacturing (AM). AM-made components tend to 

exhibit surface finishes which deviate significantly 

from stochastic roughness, pointing the need for new 

predictive tools. The major challenges of such 

development arise from the huge scale disparities, in 

space (micro elements vs. main flow path), and in time 

(fluid vs solid).  Given the complexity, it is of interest 

to  develop a scale-resolving turbulent flow (LES) and 

solid domain coupled (conjugate heat transfer) method 

for a micro-structured surface (e.g. Fig.1) 

 Figure 1: Solid domain with micro-structured top wall  

 

SPACE AND TIME TWO-SCALE SOLUTIONS       

Firstly, the spatial scale disparity may be 

addressed by harnessing the scale-dependent 

solvability: high local resolution required for the micro-

flow field around each micro-structure, but a much 

smoother variation on a macro-scale (in time averaged 

in particular) from one micro-structure to another. The 

consideration leads to a two-scale framework coupling 

a local fine-mesh solution for a small sub-set micro-

elements with a global coarse-mesh solution, by 

upscaling the space-time averaged equations driven by 

source terms propagated by Block-spectral mapping, 

He, 2018 [1]. Examples of a full solution with refined 

meshes for the entire near-wall regions of all micro-

structures (Fig.2a) can be compared with the two-scale 

solution with only a sub set of near wall blocks refined 

(Fig.2b). The validity of the two-scale method is also 

underpinned for a systematic examination of canonical 

channel flows, indicating a significant potential gain in 

the  mesh count - Reynolds number scaling from O(Re2) 

for the wall-resolved LES to O(Re1) for the present two-

scale method, Chen and He, 2022 [2].  

(a) Full Solution (fine-mesh for 100 micro-structures) 

(b) Two-scale (fine-mesh for 45 micro-structures) 

Figure 2: Instantaneous near-wall flows (Q criterion)   

 

 The two-scale method has been recently extended 

to a solid domain conduction solution (Fig.3). 

(a) Full solution,  (b) Two-scale,  (c) One-scale (no coupling) 

Figure 3: Surface temperatures (solid conduction solutions)  
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Secondly, the temporal scale disparity manifests 

most acutely in the fluid-solid interface treatment for a 

coupled conjugate heat transfer (CHT) solution. The 

overall approach pursued in the present work is to 

decompose a full unsteady variable into the time-mean 

and unsteady fluctuation parts, and to treat these two 

parts differently according to their distinctive 

characteristics and scales respectively. The time-mean 

part can be easily treated in the same way as for a steady 

CHT. The unsteady part is solved in frequency domain, 

as firstly demonstrated for a solid-domain harmonic 

solution periodic unsteadiness by He and Oldfield, 

2011 [3]. By retaining a large enough number of  

frequency harmonics for each mesh cell, their 

corresponding spatial modes should be captured in LES 

solution of the near wall flow field. A moving average 

based interface treatment for the two temporal scales 

provides these desired attributes as recent tested for 

LES based CHT for a smooth surface, He 2019 [4].   

Sample results of time-mean surface temperatures 

by the present coupled LES-CHT method  are shown in 

Fig.4. For all three cases, the local refinement in the 

near wall region is made by embedding each coarse-

mesh cell with 5x5x5 fine-mesh cells (i.e. a coarse-fine 

mesh density ratio ~O(102) ). In the direct solution 

(Fig.4a), the mesh refinement is made in near wall fluid 

and solid domain for all 100 micro-structures. In the 

two-scale solution (Fig.4b), the global coarse mesh 

solution is coupled with the fluid domain locally 

embedded with fine mesh blocks for 45 micro-

structures, and the solid domain locally embedded 

around 9 micro-structures. The one-scale solution 

(Fig.4c) uses the same coarse and fine meshes, but the 

two-domains are simply solved without the coupling 

through the source terms.  We can see that  the coarse-

mesh solution is clearly poorly resolved in comparison 

with the full solution with the near wall refinement.    

The two-scale solution on the other hand agrees well 

with the full direct solution. Therefore the present 

method offers good accuracy,  as well as significant 

potential computational cost benefit.    

 

 

 

 

 

 

 

 

 

 

 

(a) Direct Solution (fine-mesh for all micro-structures) 

    

(b) Two-scale Solution 

 (fine-mesh blocks for 45 micro-structures in fluid domain) 

    (fine-mesh blocks for 9 micro-structures in solid domain) 

(c) One-scale Solution (base coarse-mesh) 

 

Figure 4: Solid temperatures  

                (conjugate heat transfer solutions). 
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INTRODUCTION

Turbulent flow of purely viscoelastic fluids has gained at-

tention in the drag-reduction and flow control communities,

since a tiny amount of polymer (parts per million) has proven

efficient in reducing friction drag in pipe flows [9]. Drag re-

duction by polymers (elasticity) is related to their ability to

modify coherent structures in wall-bounded turbulence [1],[2].

Elasticity influences the turbulent cycle in two ways: by at-

tenuating near-wall vortices, but at the same time increasing

the streamwise kinetic energy of the near-wall streaks. The

effect of polymers are considered to be local and triggered

by energetic structures and are as intermittent as the near-

wall vortices [3]. The numerical studies by [7] indicated that

the viscoelastic flow is dominated by long streaks disrupted

by rapid and localised perturbations whereas the Newtonian

flow, on the other hand, displays short streaks and a more

chaotic dynamics. When it comes to practical flows of interest,

numerical simulations becomes challenging due to the associ-

ated computational cost in capturing the multiple physical

mechanisms that drive the flow. On the other hand, exper-

imental investigations of drag reduction in viscoelastic flows

are limited by the near-wall measurements and the capability

of the experimental techniques to accurately quantify the flow,

without disturbing it. A complete description of viscoelastic

turbulence would require characterization of both velocity and

polymeric stresses. However, the polymer deformation cannot

be accessed directly from the experiments.

Recently, neural network models have shown excellent re-

sults in predicting the instantaneous state of the flow using

quantities measured at the wall [4]. Hence, in the objective

of the present study, the idea of non-intrusive sensing has

been applied to viscoelastic channel flow to predict the ve-

locity fluctuations and polymeric stress components near the

wall using the quantities measured at the wall. To this aim,

the convolutional neural network (CNN) models trained on

direct-numerical-simulation (DNS) data are employed to pre-

dict the two-dimensional velocity fluctuation and polymeric

stress fluctuation fields at different wall-normal distances in a

viscoelastic channel flow. The present work would highlight

the capability of a data-driven approach to model turbulence

in complex fluid flows. In addition to this, the developed

non-intrusive sensing models will also find useful applications

in experimental settings and in closed-loop control of wall-

bounded turbulence in viscoelastic flows.

DATASET

The dataset for training and evaluation of the network

model is obtained through a direct-numerical-simulation of

turbulent channel flow of viscoelastic fluid at a Reynolds num-

ber based on the bulk velocity, i.e. Re = Ubh/ν = 2800 (where

the bulk velocity Ub corresponds to the average value of the

mean velocity in the whole domain, h is the channel height and

ν(= µ0/ρ) denotes the kinematic viscosity of the fluid, with

ρ and µ0 being the density and total viscosity of the fluid).

The bulk Reynolds number corresponds to a friction Reynolds

number Reτ = 180 (where Reτ is defined in terms of the

channel half-width and friction velocity uτ ) for a Newtonian

fluid. In this study, the turbulent channel flow simulations

are performed at a Weissenberg number Wi = 8, (where Wi

quantifies the elastic forces to viscous forces). A complete

description of the numerical simulation can be found in [5].

A database consisting of instantaneous fields of wall-shear-

stress components, wall-pressure, two-dimensional velocity-

fluctuation and polymeric-stress-fluctuation fields at various

wall-normal locations, y+ = 15, 30 and 50 (where the super-

script ‘+’ denotes scaling in terms of friction velocity uτ and

the viscous length ℓ∗ = ν/uτ ) is obtained. The correspond-

ing wall-parallel fields are sampled with a constant sampling

period of ∆t+s ≈ 1. A total of 17,058 samples is obtained for

training the network model, which is split into training and

validation set with a ratio of 4 to 1. The networks are eval-

uated with the samples in the test dataset which consists of

3,400 samples.

NEURAL-NETWORK MODEL

We utilize a specific type of neural network, the convolu-

tional neural network in this work because of its success in

computer vision [8]. The CNN consists of convolutional layers

that are defined in terms of kernels (or filters) which con-

volves with the inputs and produces a transformed output.

The learnable parameters are contained in the kernels and the

transformed output is called the feature map which contains

certain features extracted from the input image. Multiple fea-

ture maps are stacked and followed by an activation function

to obtain a non-linear transformation. The activated feature

maps are sequentially fed into the successive convolutional lay-

ers as input, which helps in combining extracted features to

predict larger and more complex features with a deeper CNN.

In this work, a fully convolutional neural network (FCN)

similar to the one proposed by [4] is used and a deeper FCN is

1



Figure 1: (Top row) Wall inputs to the FCN model: (left column) streamwise shear, (middle column) spanwise shear and (right

column) wall-pressure. (Middle row) reference DNS and (bottom row) FCN predictions of (left column) streamwise, (middle

column) wall-normal and (right column) spanwise velocity fluctuations at y+ = 15. The fields are scaled with the corresponding

RMS values.

also investigated. The inputs to the FCN are normalized with

the mean and standard deviation computed on the training

samples. The velocity-fluctuation fields are scaled with the

ratio of corresponding root-mean-squared (RMS) values and

the streamwise RMS value as performed in [4]. In the case

of prediction of polymeric-stress fluctuation fields, the data is

scaled with RMS values as performed for inputs. The FCN is

trained using the Adam [6] stochastic algorithm to minimize

the loss function for the FCN network:

L(uFCN;uDNS) =

∑Nx

i=1

∑Nz

j=1
|uFCN(i, j)− uDNS(i, j)|2

NxNz
,

(1)

which is the mean-squared error (MSE) between the instan-

taneous DNS field (uDNS) and the predictions (uFCN). The

predictions are evaluated from the statistical point of view,

namely considering the error in RMS quantities of velocity

fluctuations:

ERMS(u) =
|uRMS,FCN − uRMS,DNS|

uRMS,DNS
, (2)

and the correlation coefficient between the predicted and the

DNS fields:

RFCN;DNS(u) =
⟨uFCNuDNS⟩x,z,t

uRMS,FCNuRMS,DNS
, (3)

with ⟨·⟩ corresponding to the average in space or time, de-

pending on the subscript.

A sample instantaneous prediction of velocity fluctuation

field in a viscoelastic turbulent channel flow at y+ = 15 is

provided in figure 1.
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INTRODUCTION 

In a low turbulence environment, such as in the aircraft flight 
conditions, the transition mechanism and the onset of 
turbulence in a wall boundary layer comprises three main 
stages: receptivity; linear stability and non-linear development 
and breakdown. The boundary layer flow development under a 
weak broadband 3-D random excitation is regarded to be 
resembled to that of a naturally grown turbulent boundary layer.  
Recent theory and wind tunnel experiments found that when a 
wall boundary layer transition was caused by convective 
instabilities, the flow could be deterministic in the transitional 
region or in the early fully developed turbulence region. In other 
words, the instantaneous flow structures in the boundary layer 
can be reproduced from the same initial conditions. This 
deterministic turbulence concept was used to study the 
development of turbulent spots and their control [1, 2]. 
 
METHODOLOGY 

Wind tunnel experiments were carried out in a low 
turbulence wind tunnel to study the boundary layer flow 
characteristics under repeated broadband random excitations 
from a point source. The evolutions of boundary layer flow 
fields, covering the laminar, transitional and turbulent stages, 
were measured by a hot-wire anemometer. The measured 
velocity revealed well organized large-scale vortex structures. 
Experimental data indicated that these large turbulent spot look-
like events in the later transitional region are deterministic and 
reproducible in the space-time positions. 

Then opposition control of artificially initiated turbulent 
spots in a laminar boundary layer was carried out with the aim 
to delay transition to turbulence by modifying the turbulent 
structure within the turbulent spots. The timing and duration of 
control, which was carried out using wall-normal jets from a 
spanwise slot, were pre-determined based on the baseline 
measurements of the transitional boundary layer. The results 
indicated that the high-speed region of the turbulent spots was 
cancelled by opposition control, which was replaced by a carpet 
of low-speed fluid. The application of the variable-interval 
time-averaging (VITA) technique on the velocity fluctuation 

signals demonstrated a reduction in both the burst duration and 
intensity within the turbulent spots, but the burst frequency was 
increased. 
 

EXPERIMENTAL SET-UP 

The experiments were carried out in the Gaster low 
turbulence wind tunnel at City, University of London. The test 
model is a flat plate, see Fig. 1. The wind tunnel speed was set 
at 18 m/s. The undisturbed baseline flow was laminar and set to 
be with a zero pressure gradient.  

A point excitation source of a miniature speaker was 
positioned at the central span at 325 mm from the leading edge, 
and half-embedded inside the back of the flat plate. A 
broadband noise was applied to the point source to generate 
turbulent spots. Opposition control of the turbulent spots was 
carried out by issuing a wall-normal jet from a spanwise slot, 
64-mm long and 1.0 mm wide, see figure 1. Here, the spanwise 
length of the control slot was chosen to match the maximum 
spanwise size of the turbulent spots at the control location (x = 
500 mm). The air jet was driven by an audio speaker with a 
balanced-mode radiator. The control timing and duration were 
pre-determined based on the baseline measurements of the 
turbulent spots. 

Figure 1: Schematic of the flat test plate with a miniature 
speaker as the single point source to generate turbulent spots, 
and the spanwise air-jet slot used for opposition control of the 
turbulent spots  
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RESULTS AND DISCUSSIONS 

The downstream developments of the ensemble streamwise 
fluctuation velocity under a random excitation from a point 
source are shown in Fig. 2 in the velocity contours. The 
measurements were taken on the central line and covered a 
streamwise distance from 350mm to 700mm from the leading 
edge. The turbulent spots were clearly revealed in the velocity 
contour. These large-amplitude events consisted of the large 
positive fluctuation velocity in the near-wall region and the 
accompanying large negative fluctuation velocity away from 
the wall and extended to the edge of the boundary layer. The 
number of these events and the extension in the wall-normal 
distance were increased with the increasing of the downstream 
distance. There was an excellent repeatability in the velocity 
measurements due to the “deterministic turbulence” technique 
in a low-turbulence wind tunnel. 

Figure 3 (a) and (b) show the ensemble-averaged fluctuating 
streamwise velocities in the center plane of the boundary layer 
at x = 520 mm (20 mm downstream of the control slot) without 
and with opposition control, respectively, where the dotted lines 
indicate the boundary layer thickness. They clearly demonstrate 
that the high-speed region of the turbulent spots near the wall 
surface was cancelled by the wall-normal jet during control. 
Figure 3 (c) and (d) are the velocity contours at x = 600 mm 
without and with opposition control, respectively, showing the 
lasting effect of opposition control of the turbulent spots 100 
mm downstream of the control slot. The reduction of the high-
speed region of the turbulent spots is still evident but the 
effectiveness of opposition control of turbulent spots seems to 
be reduced at this downstream location.  

The perspective views of turbulent spots without and with 
opposition control are given in Fig. 4, where the iso-surfaces of 
ensemble averaged streamwise velocity fluctuations at 15% 
(orange) and -15% (blue) are shown.  These figures confirm the 

results given in Fig. 3 demonstrating that the high-speed region 
near the trailing edge (upstream end) of the turbulent spots, as 
shown in orange in the figure, was destroyed by opposition 
control using wall-normal jets. However, the wing-shaped, low-
speed region near the leading edge (downstream end) of the 
turbulent spots, as shown in blue, is still visible after opposition 
control 
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Figure 3: Effect of opposition control on the turbulent spots at 
x = 520 mm (a) Ensemble-averaged fluctuating velocity 
contour without control and (b) with control. At x = 600 mm, 
(c) Ensemble-averaged fluctuating velocity contour without 
control and (d) with control 
 

Figure 2: The velocity time series from a hot-wire probe 
immediately above the disturbance source (x = 325 mm) at y 
= 0.5 mm, z = 0 mm (a); the downstream development of the 
ensemble-averaged streamwise fluctuating velocity at (b) x = 
450 mm, (c) x = 520 mm, (d) x = 600 mm and (e) x = 700 mm, 
where the dotted lines indicate the boundary layer thickness. 

 

Figure 4: Perspective views of turbulent spots without (a) and 
with control (b) at x = 520 mm; without (c) and with control 
(d) at x = 600 mm, which are depicted by iso-surfaces of 
ensemble-averaged streamwise velocity fluctuations at 15% 
(orange) and −15% (blue) of the freestream velocity.  
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INTRODUCTION

The problem of drop impact on solid dry substrates is im-

portant in many industrial applications, including aerospace

(wing design) and coating [1], [4]. Textured solid surfaces are

used to investigate the influence of surface roughness geome-

try on drop-surface interaction and can be used to reduce drag

[6]. A liquid drop impacting a solid substrate has a maximum

spreading diameter (Dmax), which is a direct measure of the

maximum solid-liquid contact. It is a significant parameter

in interfacial fluid flow and heat transfer applications, such as

icing and anti-icing of aircraft wings. Dmax is often normal-

ized with the pre-impact diameter of the drop (D0) to give the

maximum spreading factor (i.e., βmax = Dmax/D0). Gener-

ally, βmax depends on the liquid properties, surface features,

and impact parameters. Often these are grouped into dimen-

sionless parameters such as Weber number (We=ρU0
2D0/σ),

Reynolds number (Re= ρU0D0/µ), and Ohnesorge number

(Oh= We(1/2)/Re).

Recent studies found that the maximum spreading diame-

ter on rough surfaces depends on the Weber number and the

contact angle at the maximum spreading [6]. The substrate

roughness is known to influence the wettability and the contact

angles of the drops resting on a substrate. In the present study,

we focus on understanding the role of surface micro-texturing

on the maximum spreading of the drop during impact.

EXPERIMENTAL DETAILS

The experimental setup consisted of a high-speed camera

(Fastec IL5) fitted with a telecentric lens to record the impact

process as an image sequence at 3000 frames per second (fps).

The water drops were generated using a hypodermic needle-

syringe arrangement. The outer diameter of the needle was

0.8 mm, and the diameter of the water drop (D0) produced

was 2.50 ± 0.1 mm. Two different solid surfaces were used as a

target: a plane and a micro-textured aluminium surface. The

micro-textures on the aluminium surface were created through

micro-milling. Square pillars of a cross-section of 100 µm ×
100 µm and a height of 30 µm were created. The distance

between two consecutive pillars was 185 µm (see Figure 1).

The images of the drop impact recorded by the high-speed

camera were processed in the image processing toolbox of

MATLAB to obtain the instantaneous spreading diameter of

the drop (D) with time. The properties of water at 25 °C are:

density (ρ) = 980 kg/m3, dynamic viscosity (µ) = 0.89 ×
10−3 PaS, and surface tension (σ) = 0.072 N/m. The details

Figure 1: FESEM of the micro-textured aluminium surface

and the static contact angle of the water drop (107°) obtained
on it (botom-rignt corner).

of the experimental parameter are given in Table 1.

U0 (m/s) 1.04 1.42 1.73 2.0

We 38 70 104 139

Re 2920 3987 4865 5614

Oh 0.0021 0.0021 0.0021 0.0021

Table 1: Details of the experimental parameters

RESULTS AND DISCUSSION

The measurement of static contact angles (θS) on the

plane and micro-textured aluminium surfaces revealed that

the plane aluminium surface was hydrophilic and the micro-

textured surface was hydrophobic. For the plane surface, θS
was observed to be 68 ± 2°, while it was found to be 107±
2°for the micro-textured surface (see Figure 1).

The spreading morphology of the water drop on the plane

and textured surface for We= 70 and 139 is shown in Fig-

ure 2. Some differences can be observed in the spreading

lamella on the textured surface such as rim perturbations (t=

3.67 and 4.67) and splashing (We= 139; t= 2.67 and 3.67).

These observation on the textured surface (and not in the

plane surface) indicate penetration of the liquid within the

micro-texture pores during impact. Seo et al. [5] reported the

onset of the failure in retaining the air pockets between the

micro-pillars for turbulent water flow over superhydrophobic

1



surfaces.

Figure 2: The image sequence for the spreading of the water

drop on the plane (a: We= 70 and c: We= 139) and micro-

textured surface (b: We= 70 and d: We= 139).

The variation of βmax with We for a water drop impact-

ing on a plane aluminium surface is compared to that with

a micro-textured surface in Figure 3. βmax is observed to

increase with We (or impact velocity) due to the rise in the

inertial energy. βmax for the micro-textured surface is found

lower than that for the plane surface at all We. The rea-

son is the penetration of the liquid in the micro-pores and

the increased roughness due to the micro-pillars, which cause

pinning and deceleration of the lower layers of the advancing

liquid. Similar observations were reported for drop impact on

a hydrophobic micro-grooved surface [2]. The deceleration of

the liquid causes higher viscous resistance in the spreading

lamella, resulting in additional losses in the inertial energy of

the drop. The difference in βmax between the two surfaces is

more prominent at higher We, possibly because the spread-

ing lamella is thinner at higher We, which is more prone to

pinning due to the micro-pillars.

Figure 3: Variation of βmax with We for a water drop impact-

ing on a plane and micro-textured aluminium surface.

Figure 4 shows the comparison of the time taken by the

drop to reach the maximum spreading (Tmax) with We for a

water drop impacting the plane and the micro-textured sur-

face. It is observed that Tmax for the micro-textured surface

is significantly lower than that for the plane surface for all We.

The heat transfer (qs) between the solid and the drop is

influenced by the maximum spreading diameter of the drop

[3]

qs =
π

3

D2
max

U0
k∆TRe0.5Pr0.4 (1)

where k is thermal conductivity of the liquid, ∆T is temper-

ature difference between the solid and the drop, and Pr is

Figure 4: Variation of Tmax with We for a water drop impact-

ing on a plane and micro-textured aluminium surface.

Prandtl number. Hence, the heat transfer from the solid to

the drop would be lower in the case of a micro-textured surface

than a plane surface.

CONCLUSIONS AND FUTURE RECOMMENDATIONS

The study compares the impact and spreading dynamics of

a water drop on a plane (hydrophilic) and a micro-textured

(hydrophobic) aluminium surface. βmax for the water drop

was found to be lower for the micro-textured surface than

the plane surface at all We. The reason is the penetration

of the drop in the micro-pores during impact which results

higher surface roughness and increased viscous losses in the

drop due to the deceleration of the lower lamella by the micro-

pillars. The difference in βmax was found to increase with

We as the effect of the micro-roughness is more prominent

when the lamella is thinner. This decrease in the maximum

spreading would result in lower heat transfer between the solid

and the drop. The time taken by the drop to reach Dmax is

also lower for the micro-textured surface at all We as compared

to the plane surface. These results can be useful in modelling

of drop-surface interaction and the related heat transfer for

aircraft surfaces.

In the future, the impact of water drop on heated micro-

textured hydrophobic surfaces can be studied to elucidate

the surface temperature and the heat transfer on the impact

dynamics. Also, the hydrophobicity of the micro-textured

surface can be increased by adding a hydrophobic thin film

coating on it for further drop impact studies.
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