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ABSTRACT
The first part of the paper presents some
microsystems or microtechnologies interacting with
fluids for different applications in the field of liquid
manipulation or aerodynamic flow control . For each
typical problem the difficulties for numerical
simulation are underlined. Some of them are directly
linked with the physics and specifically with the
interaction of characteristic scales usually
disconnected but in strong interactions in the case of
microsystems or nanostructured interfaces. In the
second part, the paper focuses on a typical
illustration of a multiscale interaction: the case a
turbulent boundary layer controlled by an array of
micro actuators located at the wall on the basis of the
“opposition control” principle.
INTRODUCTION
Microsystems and nanotechnologies are becoming
important elements in the development of future
technologies. In some fields, like telecommunication,
optical technology or biological engineering, these
technologies are already implemented in industrial
products and participate efficiently although
discretely to the every day life. This is because in
those fields, microtechnologies interact with the
microworld. Hence, microsystems are aimed to
Email: alain.merlen@univ-lille1.fr
manipulate or interact with objects or physical
phenomena (e.g. optical wavelengths, biological
cells,
proteins,
high-frequency
mechanical
resonators, ...) of scale or size similar to theirs.
The coupling between actuators and the systems
under control can be very different when the
microtechnologies are utilized to modify phenomena
at macroscopic scales. This possibility arises if non
linear effects are expected where small causes can
produce huge effects, or when a very large number
of microsystems actuate on a large scale in a
common and controlled way. Obviously this is the
situation of most of the applications in mechanical
or thermal engineering.
Navier Stokes equations are typical of such scale
coupling. The nonlinear term in the advection
operator uu is responsible for the turbulence and
the cascade from the global macroscopic length
scale to the Kolmogorov one. On the opposite, this
term must be responsible of the inverse cascade
where fluctuations at high frequency and small
scales combine to modulate the pressure gradient at
low frequency and therefore modify the average
flow. This kind of mechanism can be expected
when an array of microsystems interacts with a flow
and particularly if this happens in a turbulence
production area.
In other situations, like in microfluidics the non
linear phenomena do not come from the advection
term of the Navier Stokes equations but rather the
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importance of surface forces versus volume ones.
Such phenomena, like the hysteretic static and
dynamical behavior of the triple line at the junction
between a solid, a liquid and a gas are still not
correctly understood and no mathematical model has
been elaborated taking into account the diversity of
the situations that can happen on a real solid surface.
The situation is even worse when nanostructures
surfaces modify the boundary conditions of a liquid
flow, leading to dramatic chances at macroscopic
scales (See e.g. [1]). Not only, the physics remains
unclear at some point but even the continuous
medium hypothesis has to be ascertained.
In these different situations, computing the flow or
the mass or heat transfer is a difficult task. It is
almost impossible to define a mesh that can manage
very different physical scales often in anisotropic
interactions. The task is too complex, often too
specialized and concerns a frame too large to be
described in one paper in a sufficiently detailed way.
Present paper reduced ambition is therefore to
present a few phenomena illustrating the different
situations mentioned above and going a little more
into detail in only one of them.
much
higher
than
the
volume
one.
Figure 1
SEM picture of a hydrophobic grid
MICRO/NANOTECHNOLOGY,
MICROSYSTEMS AND FLOWS: EXAMPLES.
Drop manipulation and microtechnology
For discrete micro-fluidics, it is often desired to
produce smaller and smaller quantities of liquid in a
controlled fashion. Usual methods can be the
generation of secondary droplets by drop impact [2,
3], the breakup-up of shear-flow-mediated ligaments
[4], the appliance of intense electric fields to
conductive liquids [5, 6] or a high-frequency sound
wave generated by a piezoelectric acting at the outlet
of a nozzle [7]. Microtechnologies enable an
alternative method: the impact of drops on a
hydrophobic grid of micro-sized holes. Figure 1 and
2 show such a grid. Figure 3 shows a sequence of an
impact: a few tens of microseconds after the drop has
impacted the grid, some liquid previously lying at the
base of the drop has been grated over and turned into
small – quite monodisperse - droplets. Any attempt of
numerical approach of such phenomenon faces very
complex problems. First of all the energy is not
simply distributed in the volume as usually, and in
the case of the microdroplets the surface energy is
Figure 2
Zoom on one grid. The holes are trapezoidal of
43m for the smallest width and 50m for the
depth.
Other difficulty is the mass dispersion which is very
difficult to follow since the volume of the droplets
can easily be of the order of the mesh size. Third,
the geometry contains very different scales and
probably a dynamical refinement is needed in the
vicinity of the triple line of the upper drop. Finally,
the physics itself of this triple line is not totally
understood and this is obviously where numerical
simulation can be very interesting in such a
problem, since it allows quantitative comparisons
between different physical models.
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modeling of an effective surface energy as a
function of texture and material parameters.
Homogenization techniques used in material
sciences can found here a new field for fluid
interface problems.
Figure 3
Successive views showing the impact of a water drop
on a hydrophobic grid (U = 1.44 m/s)
Drop manipulation and nanotechnology
The same physical difficulty arises on very simple
phenomenon when nanotechnologies interact with
the macroscopic world. For example, the very simple
impact of a drop on a surface, even at low impact
velocity, can be dramatically modified by an artificial
nanotexture on the surface. Figure 4 presents a SEM
view of a surface texture by nanowires of about ten
micrometers long and 50 nanometers thin.
Figure 5
From left to right and top to bottom, successive
shots of the impact of a drop on a nanotextured
superhydrophobic surface.
This is also a challenge for the technology itself
since the surface properties shows aging after some
use. Here for example, as shown in figure 6, the
texture is modified by the impact and the
hydrophobic properties are progressively modified.
Figure 6
SEM image of nanowires after impacts (from [8])
Figure 4
Nanowires texture on a silicon surface (SEM image
from [8])
The wetting properties of the surface are dramatically
changed by the nanowires [8], due to the combination
of a hydrophobic coating and a rough nanostructured
surface. Figure 5 shows the impact of a drop on the
nanostructured surface which exhibits superhydrophobic properties. The drop spreads, recedes
and finally bounces off the surface, without any trace
of liquid on it. Here the challenge is typically the
CFD must become a testing tool for physical models
of artificial surface properties induced by such nano
technology that modifies the macroscopic world.
Active control of small scale liquid mass transfer
Previous examples presented passive effects of the
microstructures on liquids and interfaces. In most of
the application oriented towards biology, (Lab on
Chip, bio MEMS..…) one of the most important
point is the enhancement of mixing processes or, on
the contrary, phases separation. MEMS technology
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provides micro mechanical solutions to this kind of
problems through micro-actuators.
One of the most widely spread MEMS are interdigitated actuators that can be used as accelerometers
or in the case of figure 7 as Surface Acoustic Waves
generators (SAW). These waves are used here to
control the mixing in a drop squeezed between two
planes. The upper one is a glass plate that allows the
visualization of the phenomenon. The drop size is
about 300m. The experiment shows that a tint
dissolved in the drop can form complex patterns for
some particular diameters of the drop. These patterns
changed from one selected diameter to another
whereas the SAW were sent continuously with the
same frequency around 20MHz. (Figure 8)
microscope
Glass plate
SAW
LiNbO3 (substrat
piezo)
Figure 7
Mixing enhancement experiment by SAW
hypotheses of coupling and to compare to
experiments and simplified theoretical models. Such
a situation couples the surface forces with the
pressure field and the pressure field with phase
concentration evolution. Non-trivial numerical
methods are necessary for that, like phase field
method for the non linear diffusion or Level set or
Continuum Surface Force (CSF) method for the
surface tension [9][10].
Another example is given in figure 9 for a particles
laden flow in a microchannel. Particles of 10m are
initially uniformly distributed inside a capillary tube
of 100 m. By a low frequency oscillatory motion
inside the tube, in a given range of frequencies and
amplitude, the particles self-organized in clusters
following the same universal law as ripples of sands
on a beach [11]. This phenomenon is due to the
competition between the wall friction and the drag
force on the particles on the bottom of the channel.
Again, the difficulty here is the fact that no
continuous medium can represent the particles
phase. Monte Carlo or molecular dynamic methods
must be coupled with Navier Stokes (or Stokes)
equations in order to simulate these collective
behaviors. Modelisation attempts are even much
more subtle when the particles are biological cells
with their own porosity or deformation and different
affinities with the wall.
Figure 9
Collective behavior of micro-particles in an
oscillatory flow in a capillary
Wall turbulence control and MEMS
Figure 8
Diffusion patterns due to the SAW
These patterns are not yet understood, it seems that
their coupling with the acoustic field inside the drop
is non linear. In such a case, the right scientific
approach is to simulate numerically different physical
In a context of environmental constraints and fuel
consumption reduction, flow control is becoming an
important topic for aeronautics and automotive
industries. Increase of performances or drag
reduction are the main issues where flow control can
bring a substantial contribution. Recently, two flow
properties focussed the research efforts: boundary
layer separation and wall friction. Controlling the
first one means to increase in lift or pressure drag
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reduction, while controlling the second one reduces
the viscous drag. In these kinds of applications, the
required control is localized and must be reactive
according to the definition of Gad-el-Hak [12].
Obviously, this requires less energy than the amount
it saves. For this reason and due to the uncertainty on
the localization, this leads to the emergence of
distributed control devices and MEMS technology as
a potential solution. For instance, it has been shown
that a control can be carried out by blowing jets of
pulsed air in a boundary layer through submillimetric
holes situated on the wall surface just up-stream of a
separation area [13-16]. Figure 10 shows a typical
microvalve developped at IEMN for pulsed microjets
[17]. The actuation is magneto-dynamic: a coil
moves a magnet to squeeze a microchannel that
includes a flexible wall facing a rigid one (Figure
11). The typical size of the overall microvalve
prototype is of 1 cm3. The jet diameter is 300 m to 1
mm.
When a row of such microvalves (Figure 12) is used
for controlling a separated boundary layer submitted
to a pressure gradient, a reattachment can be
obtained if the blowing is strong enough. (Figure
13).
Figure 12
Array of microvalves for boundary layer control.
The array is orthogonal to the flow.
Figure 10
Magneto-dynamic actuation of IEMN Microvalves.
Figure 13
Comparison between an uncontrolled separated
boundary layer (Upper) and the reattachment
(lower) obtained by pulsed microjets control (PIV
measurements thanks to ONERA courtesy)
Figure 11
The micro-fabricated part of the micro valves for
pulsed jet.
In this experiment the actuation frequency was 140
Hz, but the microvalves are able to cover a
continuous range between a few Hertz to 1 kHz and
even 2kHz if a self-oscillating mode is excited. In
that case no coil is needed, the actuation is obtained
by a fluid/structure interaction [18] that pumps
energy directly from the flow inside the microvalve.
Here the numerical challenge is double, the first one
consists in simulating the flow inside the microvalve
and the jet, the second one is the coupling between
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the microjet and the outer flow. Inside the
microvalve, the rigid wall must have a complex shape
in order to produce a nonlinear pressure drop for the
generation of self-oscillations and the upper wall is
deformable. The Reynolds number for a jet velocity
between 30 and 150m/s never corresponds to a fully
turbulent flow. It is therefore difficult to simulate
accurately the flow by other methods than DNS, but
the geometry and the deformation of the wall make
the modelling difficult, particularly when the
deformation of the membrane is due to the flow itself
(for self-oscillating valves) and not due to an external
command. Outside the micro-valve the problem
consists in representing accurately the microjet that is
often of a size smaller than the mesh itself. The
second part of this paper deals particularly with this
problem of representation of a MEMS array on a
large scale simulation.
MICROSYSTEMS BETWEEN DREAM AND
REALITY: THE CASE OF TURBULENT
BOUNDARY LAYER CONTROL.
Wall deformation strategy and opposition control
For friction reduction, one of the most elaborated
work by Endo et al. [19] demonstrated the possibility
of controlling a turbulent boundary layer in a
channel. Oscillatory actuators are considered as good
solutions because they are selective: they can be used
find a specific sensitive frequency instead of acting
blindly on the whole flow. This is particularly
important for aeroacoustic problems or for turbulence
control. This is obviously the consequence of the non
linearity of Navier-Stokes equations where small
scale perturbations at high frequency may have
global consequences at low frequency as suggested
for example by Wiltse-Glezer [20] or Stanek [21].
As Navier-Stokes equations are the expression of the
conservation of momentum for fluids, it is natural to
think that the control must modulate sources of
momentum. This idea dominates all the numerical
simulation on flow control and particularly the very
promising concept of opposition control (OC)
introduced by Choi et al [22] which gave rise to
many variations like the Blow Only OC (BOOC)
recently renewed by Pami&egrave;s et al [23]. In OC the aim
is to reduce the streamwise vorticity in the turbulence
production area of the boundary layer by injecting a
momentum opposite to the one inside the vortex
(Figure 14).
Figure 14.
Sketch of the cross flow near the wall with the
principle of opposition control.
Simulations of Choi et al [22] show that this
modified the wall turbulence and particularly the
low speed streaks responsible of the highest friction.
These simulations assumed a transpiration condition
at the wall i.e a fluid injection with a velocity
normal at the wall and opposite to a characteristic
velocity of the cross flow vortex. Generally this
characteristic velocity is normal to the wall and
given at y=yd where yd is chosen in the turbulence
production area (yd+~12 in terms of traditional
dimensionless length for a boundary layer).
Nevertheless going from the concept to real
actuation is a big challenge. It supposes at least an
open loop control with an array of distributed
sensors and actuators. Wall deformations or fluidic
actuators can be considered for this purpose.
In the technological point of view, the production of
a localized source of high momentum with small
energy cost, needs a mode of actuation that enables
quick and large displacements of a small quantity of
fluids. Segawa et al [24] proposed an experiment of
wall deformation in a hydrodynamic channel but
provided no measurements on flow reduction.
(Figure 15)
Figure 15
Segawa et al. [24] actuator for three kinds of
actuation. a) Transverse wave, b) stationary wave, c)
shared stationary wave.
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This is not surprising since Segawa et al.’s predetermined control does not take into account any
input from the flow. The same idea of wall
deformation is developed at IEMN by Buchaillot and
Blary on the basis of a MEMS array, but includes a
sensor allowing a closed loop control. The
microsystem is an array of 800 small deflectors of
700m length and 200m wide. Most of the
deflectors are actuators and between each line of
actuators a few deflectors are used as sensors.
(Figures 16 and 17). The forces inducing the
displacement are electrostatic and are supplied by
two electrodes for each row of actuators. The
displacement of the edge of each deflector is about
50m, which enables the interaction in the turbulence
production area for Reynolds number Re based on
the boundary layer thickness and the friction velocity
of the order 1000. Such a situation is very common
in applications.
characteristic of a friction higher that the average
one. This can be correlated with the presence of a
longitudinal vortex with a velocity component
directed toward the wall that can produce an
oscillation of the sensor.
Simulation
It is clear that between this array and the basic
concept of OC many differences exist. CFD should
help to anticipate the real effects of such device but
a few figures can underline the numerical challenge.
In terms of dimensionless quantities based on u, the
friction velocity and  the kinematic viscosity, the
length of a deflector is lx+ =200 and the width lz+
=40. Choosing 40x30 meshes to describe correctly
one deflector surface, this leads to a step x+=5 and
z+=4/3 which is far lower than the sizes usually
used in DNS. In traditional numerical OC strategy,
the control in applied continuously on the plate and
fluid in injected normally to the plate in opposition
to the test normal velocity generally taken at y+=12
where the turbulent fluctuations are maximum.
Here we use the same criteria but the opposition is
realized by a discrete wall deformation.. This more
realistic strategy can be named “Actuator
Deformation Opposition Control (ADOC)”. Figure
18 shows the wall deformation induced by this
criterion.
Figure 16
Principle of IEMN deflectors (Buchaillot- Blary)
Design modifi&eacute;
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Figure 17
Distribution of sensors and actuators on the IEMN
array (Buchaillot-Blary)
The deflectors are supposed to react and impulse
momentum when the sensors detect a signal
Figure 18
Wall deformation for the simulated array of actuator.
In figure 18, the mesh is deformed and the flow is
computed by ALE method. The wall velocities are
represented by isolines and the color scale
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corresponds to the x component of the flow velocity
at half way between the wall and y+p. The shape of
each actuator is shown in figure 19.
Figure 19
Standard shape for the deflector simulation.
Such a simulation needs a correct representation of
the oncoming turbulence and therefore a recycling
technique [25] adding a sufficiently long upstream
domain. The flow is computed in the following
conditions Re=368, Mach number 0.2 and 44575900
cells. The domain length is 11 times the boundary
layer thickness 0 and the width is 20. The control
area begins at x=3.40 which allows to simulate 4
rows of 14 actuators and preserves a small
uncontrolled distance downstream (Figure 20). In
such condition, the ALE DNS took 35 days CPU time
on a NEC SX8 working on 4 processors at 8Gflops
each.
ADOC Versus OC
A brief comparison between the simulations of OC
and ADOC is enough to underline the large gap
existing between a concept tested numerically with a
theoretical actuation and a more realist
representation of the actuation.
First of all, OC is continuously distributed on the
plate and it reacts everywhere to the local value of
the test velocity. On the contrary an array of
microsystems only reacts on discrete spots and
therefore its efficiency is expected to be lower.
Figure 21 and 22 show, respectively for OC and
ADOC, the wall velocity induced by the control. It
is clear that the “realistic” control is much less
active than the idealized OC.
Roughly speaking, the results for OC can be
summarized as follow. Two mechanisms are
involved in the friction reduction [22]. The first one
is due to the blowing area, which pushes away from
the wall (at y+ &gt;5) the areas of high shear rates that
exist generally in the viscous sub-layer. The second
mechanism is a stabilization of the wall vorticity
since the decay of the longitudinal vortices, due to
the blowing, reduces the possibility of creation of
secondary vortices near the wall. Moreover, even
when secondary vortices appear, the aspiration
phase of the control tends to allow them to avoid the
taking off from the wall.
Figure 20
Computation domain. The exit condition is
located at 170 through a longitudinal extension of
the cells (nor represented on the figure) downstream
the relaxation area.
Figure 21
Velocities induced by the control at the wall for OC
(Red: blowing, blue: aspiration)
6th International Conference on Computational Heat and Mass Transfer
Figure 22
Velocities induced by the control at the wall for
ADOC (4 rows of 14 actuators) (Red: rising
actuators, blue: lowering actuators)
This mechanisms were confirmed by other authors
[26] and interpreted as the creation of a virtual wall
between y+=0 and yp which prevents fluid exchanges
through turbulence fluctuations from the wall vicinity
toward the production area. The authors claim around
10% to 30% friction reduction depending on the way
the OC is carried out (including wall displacement on
the whole controlled surface [27]). Nevertheless,
Pami&egrave;s et al. inferred that the aspiration phase might
increase the friction in such a way that it exceeds the
reduction obtained during the blowing phase [23]. To
avoid this, they introduced the blow only OC
concept. But all these results concern a continuous
controlled surface.
A very interesting test was made to compare these
mechanisms with the effect of a single actuator in a
laminar flow. Figures 23 and 24 show the evolution
of the friction coefficient relatively to the
uncontrolled value. The local surface is divided in
three parts, upstream A, actuator area B and
downstream C. Figure 23 shows the extrusion phase.
It is surprising that the effect is opposite to the
blowing one in OC whereas the transfer of
momentum is of the same sign. Here the friction
increases. A careful study of the flow showed that
this was due to the local geometry which created
longitudinal wake vortices along the edge of the
actuator and squeezed the velocity profile, increasing
therefore the friction, particularly near the top of the
actuator. When the actuator entered inside the wall
(Figure 24), the longitudinal vortices detached from
the actuator and were advected by the flow. The
global effect is almost the opposite of the extrusion
case. The friction growth in area A and C are
induced by the local accelerations of the flow due to
the cavity.
This result must be confirmed by a simulation of the
actuation on a turbulent boundary layer. Such a
comparison between OC and ADOC should take a
full paper but for our purpose it is enough to
compare the global average drag coefficient versus x
for two computations, one with OC and the other
with ADOC for 4 rows of 14 actuators. This
comparison is not straightforward since the time
averaging process is not significant on the actuators,
because the velocity is not a mere turbulent
fluctuation. Furthermore on the actuators the friction
is not the only force to take into account, since there
is also some pressure drag. This is why figure 25
only shows (in blue “oppo-def”) the values of Cx
between the actuators rows or in the uncontrolled
areas.
It is interesting to notice that very different results
were obtained. First of all it can be see that OC is
very sensitive to the transition between controlled
and uncontrolled area. This effect can be modified
by introducing different matching control laws
between uncontrolled and fully controlled areas.
Figure 23
Time variation of the friction for the extrusion phase
of the actuator. (Continuous line: motion of the
actuator, dotted line: global value for area A, B and
C together, colored symbols corresponds to each
colored area.)
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experiments could also bring their part of surprises
and stimulate again the imagination.
CONCLUSIONS
Figure 24
Time variation of the friction for the actuator turned
inside the wall
This paper was a contribution to attract the interest
of the CFD community on the introduction of
microtechnologies and microsystem in the world of
fluid mechanics. It cannot be exhaustive and much
more could have been described. In the second part
of the paper we tried to show that the most powerful
numerical means must be put into the game for
computing the effect of tiny elements and reaching
surprising conclusions. There is much to do and the
challenge is surely not within the reach of
commercial softwares.
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