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Micro-Air-Vehicles: Can They be Controlled Better?

Mohamed Gad-el-Hak*
University of Notre Dame, Notre Dame, Indiana 46556

Micro-air-vehicles (MAV) are small, autonomous, aerial vehicles designed for reconnaissance and difficult to
reach missions. Microelectromechanical systems (MEMS) are extremely small machines in which electronic and
mechanical components are combined on a single silicon chip using photolithographicmicromachining techniques.
The question of whether MEMS can help improve the performance of futuristic MAYV is pondered. The treatment
focuses on the lifting and control surfaces of MAYV, particularly the fixed-wing type. Two additional ideas are
advanced to improve the performance of the lifting surfaces of MAV: effecting chaotic mixing to energize the
laminar boundary layer and thus delay separation; and using genetic algorithms to optimize the shape of the

airfoil section.

I. Introduction

NTENSIVE researchhas been conductedin the past few years to

miniaturize uncrewed aerial vehicles (UAV). Existing remotely
piloted UAVs such as the Predator, Hunter, or Pioneer have per-
formed brilliantly in recent combat missions for the United States,
butare too large as well as expensive for certain scientific sampling,
monitoring, and surveillance tasks. The Predator, as an example,
is 8.2 m long and has a wing span of 14.8 m and a cruise speed
of about 35 m/s. Figure 1 is a photograph of the Predator, which
was the highest flying, farthest ranging, longest loitering UAV used
in Kosovo. Each unit costs $2 million and, having 7620-m ceiling,
is considered a medium-altitude endurance UAV.! Although much
smaller and slower than conventional aircraft, the Predator and its
cousinsare too large for certain search and rescue missions. Smaller,
autonomous aircraft down to the size of birds and even insects are
sought. These futuristic low-altitude drones are generally termed
miniature- or micro-air-vehicles(MAV) and are intended for use by
the military at the platoon level without unduly extensive training
or by civilian search and rescue missions of, for example, earth-
quake victims. The accompanyinglower Reynolds number presents
numerous aerodynamic challenges to the designer of the airplane’s
lifting and control surfaces, thrust generator, and power plant.

In 1999, four prototype MAV were demonstrated in the
United States: two fixed-wing, one rotorcraft, and one ornithopter
type.2 Lockheed Sanders’ MicroSTAR and AeroVironment’s Black
Widow both have fixed wings of 0.15-m span. Their cruise speed is
about 13 m/s, and theirrange is less than 5000 m. Figure 2 is a pho-
tograph of the Sanders MicroSTAR, which recently flew for 15 min
under manual control and without an imaging payload. Lutronix
Corporationtested a 0.15-m-diamrotorcraft. The 10-g Microbat or-
nithopter has a 0.15-m span, and its wings flap at a frequency of
20 Hz and is hoped to have eventually a hummingbirdlike vertical
flight. At 300 g, the MAV helicopteris heavier than the prototypical
70-g fixed-wing MAV but carries up to 100-g payload including
an infrared imager. In mass production, MAV are expected to cost
around $3000 each. Though reusable, MAV drones do not present
great loss if crashed or captured. Most important, there is no pilot
life at risk.

To optimize the performance of those and similar drones, im-
provementsmay be made in their lifting and control surfaces, power
plants, thrust generators, navigation systems, cameras, and data
transmitting links. We focus on the lifting and control surfaces
particularly for fixed-wing MAV. We ponder the question whether
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microelectromechanicd systems (MEMS) can help achieving ever
smaller and more efficient MAV. Ingenious flow controldevices and
control surfaces are sought at the exceedingly low Reynolds num-
bers associatedwith MAV. This is not a trivial task because flow sep-
aration and low lift-to-dragratio are notoriouslyassociated with low
chord Reynolds number. Moreover, any control device employed
must meet strict weight and space limitations as evidenced from the
specifications quoted earlier for the four prototypical MAVs. One
possiblescenariois to effectbeneficial flow control, particularlysep-
aration prevention or delay, using microsensors and microactuators
in closed control loops instead of traditional passive or open-loop
control strategies. Microactuators can also be used instead of bulky
control surfaces such as the traditional mechanical flaps acting as
ailerons, elevators, and rudders to control the aircraft’s roll, pitch,
and yaw, respectively.

In the following section, we outline some aerodynamic consid-
erations associated with low Reynolds number MAV. Section III
briefly discusses recent developments in MEMS and the possible
use of such systems to delay separation on MAV. Two novel ideas
on chaotic mixing and shape optimization using genetic algorithms
are introduced in Secs. IV and V, respectively. Finally, concluding
remarks are given in Sec. VI.

II. Aerodynamic Considerations

Insects, birds, and bats have perfected the art of flight through
millions of years of evolution. Human’s dream of flying dates back
to the early Greek myth of Daedalus and his son Icarus, but the first
successfulheavier-than-airflight took place less than a century ago.
Today, the Reynolds numbers for natural and fabricated fliers span
the amazing range from 10? to 10°; insects are at the low end of this
spectrum, and huge airships occupy the high end.?

Considera fixed-wingairplane. The typical chord Reynolds num-
ber for a commercial aircraftis Re. = U,,c/v = (107), where Uy,
is the cruising speed, ¢ is the wing chord, and v is the air kine-
matic viscosity. For the remotely piloted Predator, Re. = O(10°).
For insects, Re, < 10*. MAV would probably have chord Reynolds
number in the range of 10*-10°. The low Reynolds number associ-
ated with those autonomous drones presents numerous challenges
because of the concomitantsusceptibility of their lifting surfaces to
flow separation and lower efficiency.

The function of the airfoil section on those fliers is to produce
lift. Inevitably, viscous effects, compressibilityeffects,and the finite
span of the lifting surface all ensure that drag is also produced. A
thrust must be generated by some sort of a power plant to overcome
this streamwise resistance to the motion. The lift-to-drag ratio is a
measure of the effectiveness of the airfoil. In general, this ratio is
very low at low Reynolds numbers and improves with increases in
this parameter. As shown in Fig. 3, reproducedfrom McMasters and
Henderson,* the maximum lift-to-dragratio [C, /C ] improves dra-
maticallyin the range of chord Reynoldsnumbersof Re, = 10*-10°.



420 GAD-EL-HAK

Fig. 1 Medium-altitude endurance UAV Predator with 14.8-m wing
span.

Fig. 2 Sanders MicroSTAR with (0.15-m wing span resting on a human
hand.
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Fig. 3 Airfoil performance as function of chord Reynolds number
(from McMasters and Henderson®).

Below 10%, typical of insects and small model airplanes, the bound-
ary layer around the lifting surface is laminar. Stalling in this case
is caused by an abrupt separation of the laminar flow near the lead-
ing edge as the angle of attack is increased to modest values. (The
arguments and the cited value are for steady-state flows. Insects and
other very low Reynolds number fliers exploit unsteady effects to
achieve remarkable performances. At the extremely low Reynolds
number Re typical of small insects, viscous forces begin to domi-
nate over inertial ones. Clearly, such insects exploit unconventional
sources of 1ift.> ) The maximum lift is limited, and the drag increases
significantly when the lifting surface stalls.

For Re. > 10, typical of large aircraft, boundary layer transition
to turbulence usually takes place ahead of the theoretical laminar

separation point. A turbulentboundary layer can negotiate quite se-
vere adverse pressure gradients without separation, and this kind of
lifting surface often experiences a trailing-edge stall at relatively
high angles of attack. The stall is preceded by a movement of
the separation point forward from the trailing edge with increas-
ing incidence®

In the range of Reynolds numbers of 10%-10°, termed low
Reynolds number’ for the purpose of this paper, many complicated
phenomenatake place within the boundary layer. Separation, transi-
tion, and reattachment can all occur within a short distance and can
dramatically affect the performance of the lifting surface. The lami-
nar separationbubblethatcommonly formsin thisrange of Reynolds
numbers plays an importantrole in determining the boundary-layer
behaviorand the stalling characteristics of the airfoil® As indicated
in Fig. 3, the maximum lift-to-drag ratio for a smooth airfoil in-
creases by two orders of magnitudein this Reynoldsnumberregime.
Remotely piloted aircraft, MAV, and turbine blades are examples of
lifting surfaces having this range of Reynolds numbers.

The skilled designer has available a variety of passive and active
techniquesto effecta beneficial changein the complex flowfield that
characterizesthis intermediate range of Reynolds numbers. Rough-
ness and shaping are among the simplest passive methods to en-
sure flow attachment beyond a critical angle of attack and, thus, an
improved performance. Wall transpiration and heat transfer are ex-
amples of active control methods to improve the lift-to-drag ratio.
Although these broad flow control strategies are similar to those
employed at much higher Reynolds number Re, the emphasis here
is on the low Reynolds number regime dominated by the formation
of laminar separation bubbles.

The present paper discusses the aerodynamics of low Reynolds
number lifting surfaces, particularly the formation and control of
separation bubbles. Flow control goals in those cases are strongly
interrelatedleadingto certaindifficultiesin choosingthe best control
strategy for a particular end result. These potential conflicts are
detailed in a second paper by the author in this volume.’

A. Low Reynolds Number Airfoils

Whatis consideredlow Reynoldsnumberis of coursein the eye of
the beholder. For a chemical engineer, Re << 1 might be considered
low Reynolds number. For a boundary-layer analyst, Re < 1000
might be called low Reynolds number. For the designer of a MAV,
Re < 10° might be considered low Reynolds number.

In the range of chord Reynolds numbers of Re, = 10*-10°, a sub-
stantialimprovementin the lift-to-dragratio of an airfoil takes place.
According to Carmichael? this is the Reynolds number regime
where we find humans and nature together in flight: large soaring
birds, largeradio-controlledmodel aircraft, foot-launchedultralight,
human-carryinghang gliders, human-poweredaircraft,and the more
recently developed remotely piloted vehicles, as well as the au-
tonomous MAV used for military and scientific sampling, monitor-
ing, and surveillance.Four review articles on low-Reynolds-number
aerodynamicsby Tani,? Lissaman,” Mueller,'’ and Gad-el-Hak'' are
particularly recommended. There is also a wealth of information
availablein the proceedingsof the various conferencesdedicated to
the subject matter (see Refs. 12— 14 and the International Conference
on Aerodynamicsat Low ReynoldsNumbers 10* < Re < 10°, Royal
Aeronautical Society, London, 15-18 October 1986, and the Eighth
International Conference on Remotely Piloted Vehicles, Bristol,
England, United Kingdom, 2-4 April 1990).

In this range of Reynolds numbers, very complex flow phenom-
ena take place within a short distance on the upper surface of an
airfoil at incidence. Unless artificially tripped, the boundary layer
remains laminar at the onset of pressure recovery, and the airfoil’s
performance is then entirely dictated by the laminar flow’s poor re-
sistance to separation. The separated flow forms a free-shear layer,
which is highly unstable, and transition to turbulence is readily re-
alized. Subsequent reattachment of the separated region may take
place because of the increased entrainment associated with the tur-
bulent flow. Provided that the high-speed fluid entrained into the
wall region supplies sufficient energy to maintain the circulating
motion against dissipation, a separation bubble forms.
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Fig. 4 Laminar separation bubble.

In other words, for the formation of a laminar separation bubble,
the precise conditions for the occurrence of separation, transi-
tion, and reattachment depend on the Reynolds number, the pres-
sure distribution, the surface curvature, the surface roughness, and
the freestream turbulence, as well as other environmental factors.
If the Reynolds number is sufficiently high, transition takes place
near the minimum pressure point ahead of the location at which
separation would have occurred if the boundary layer had remained
laminar. For moderate Reynolds numbers, separation takes place
before transition. The laminar boundary layer can only support a
very small adverse pressure gradient without separation. It is well
known that if the ambient incompressible fluid decelerates in the
streamwise direction faster than Uy ~ x %% the flow separates. The
separated flow will not reattach to the surface and no bubble will
be formed if the Reynolds number is sufficiently low. However, for
the intermediate Reynolds number range (typically 10*-10°), the
separated flow proceeds along the direction of the tangent to the
surface at the separation point,”® and transition to turbulence takes
place in the free-shear layer due to its increased transition suscepti-
bility. Subsequent turbulent entrainment of high-speed fluid causes
the flow to return to the surface, thus forming what is known as a
laminar separation bubble, as shown in Fig. 4. Downstream of the
pointof reattachment, the newly formed turbulentboundary layer is
capable of negotiating quite severe adverse pressure gradients with-
out separation. The ability of a turbulent boundary layer to resist
separation improves as the Reynolds number increases.”

B. Conditions for Bubble Formation

It is clear from the preceding arguments that bubble formation
is confined to a certain range of Reynolds numbers and that this
range changes from one airfoil to another as well as from one envi-
ronment to another. A rough rule according to Carmichael’® is that
the Reynolds number based on freestream velocity and the distance
from separation to reattachment is approximately 5 x 10*. In gen-
eral, then, an airfoil with chord Reynolds number less than 5 x 10*
will experiencelaminar separationwith no subsequentreattachment.
For chord Reynolds numbers slightly higher than 5 x 10*, a long
bubble is expected. Shorter bubbles are formed at higher Reynolds
numbers. Tani® asserts that a Reynolds number typical of local con-
ditions in the boundary layer is more appropriate to characterize
a separation bubble than the chord Reynolds number. Typically,
the Reynolds number, based on the boundary-layer’s displacement
thickness and the velocity just outside the rotational flow region at
the point of separation, is more than 500 for a short bubble and
less than 500 for a long one. [Note that the displacement thickness
6* for a laminar boundary layer near the leading edge of an airfoil
is extremely small and cannot be accurately measured. Instead the
momentum thickness &y is computed from the pressure distribution
using Thwaites’s formula,'® and the ratio (§* /8y) at the separation

o

a)

Fig. 5 Qualitative pressure distributions for two airfoils at incidence,
( ) potential flow solution and (- - -) experiment: a) short bubble on
upper surface and subsequent rear separation of turbulent boundary
layer and b) long bubble.

point is assumed to be 3.7. Also, the bubble gets shorter at higher
Reynolds number Res-; at Reg« =~ 6000, bubble formation is pre-
cluded (bubble’s streamwise extent approaches zero) by transition
to turbulence in the boundary layer.] The corresponding bubble’s
streamwise extent, normalized with the displacement thickness at
the point of separation, is 10?> and 10*, respectively?

The short separation bubble generally has a length of the order
of a few percent of the chord. It merely represents a transition-
forcing (tripping) mechanism to allow reattachmentof an otherwise
separated shear layer. Such a bubble does not greatly affect the peak
suction as determined from the potential flow solution around the
airfoil. Except for the appearance of a minute bump in the lift curve
(Cy vsa curve, where C; is the lift coefficient and « is the angle of
attack), the presenceof a short bubble has no significant effect on the
pressure distribution around the lifting surface, as shown in Fig. Sa.
On the other hand, a long bubble may be as much as 0.2¢-0.3c,
where c is the airfoil chord, and significantly changes the pressure
distribution by effectively altering the shape over which the outer
potential flow is developed. In this case, the sharp suction peak near
the leading edge is generally not realized, and a suction plateau
of a reduced level extends over the region occupied by the bubble
(Fig. 5b). A long bubble tends to increase in length as incidence is
increased, leading to a corresponding decrease in the slope of the
lift curve as well as an increase in the pressure drag.

Interestingly,recent experiments'’ indicate that thin, low-aspect-
ratio wings, such as those contemplated for MAV, may not suffer
from serious stall or separationbubble problemsevenatexceedingly
low Reynolds numbers. The lift for thin wings having aspect ratios
less than 2 is dominated by the tip vortices. Such wings are not that
different aerodynamically from delta wings: difficult to stall but
quite susceptible to rolling instabilities (wobbling). Thus, whereas
the control of separation bubble described here may not be relevant
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to low-aspect-ratio wings, stabilizing the rolling motions of those
wings may be crucial. On the other hand, design considerationsmay
dictate the use of wings having aspect ratios larger than 2, and the
following control strategies may then prove useful.

C. Bubble’s Breakdown

In general, the lift-to-drag ratio is higher for an airfoil having a
shorter bubble. Depending on many factors, a short bubble forming
at low incidence may move forward and contract in streamwise ex-
tent as the angle of attack is increased® Within the bubble, a small
region of constant pressure exists followed by pressurerecovery. At
higher incidence, the bubble bursts and no longer reattaches, thus
ensuing a leading-edge stall.'® This process is often irreversible,
which means that reducing the angle of attack will not immediately
unburst the bubble. Strong lift hysteresis effects are, therefore, ob-
served as the attack angle or the Reynolds number is recycled.!®~%?
Similar hysteresis effects are also seen in drag.

For thin airfoils of small nose radius, pressure recovery com-
mences very near the leading edge, and the adverse pressure gra-
dients are severe at high angles of attack. Separation bubble may
occur on these airfoils even at chord Reynolds numbers exceeding
10°. At large incidence, the short bubble breaks down into a long
one. With increasing angles of attack, the reattachmentpoint moves
progressively backward until it reaches the trailing edge, at which
stage its maximum thickness is typically 3% of the chord. A fur-
ther increasein incidenceleads to completely detached flow and the
so-called thin-airfoil stall. A comprehensivereview of the different
kinds of stall on thin airfoils is given by Crabtree.?

Aerodynamics data for both thin and thick airfoils in the low
Reynolds number regime are accessible in several recent papers
and conference proceedings (for example, see Refs. 12-14 and 24-
30). Availableexperimentaldata on bubble’s formationand bursting
indicates that transition to turbulence in the separated shear-layer
and subsequent reattachment will occur if the Reynolds number
based on displacement thickness at the point of laminar separa-
tion exceeds a critical value that is not necessarily universal (Tani-
Owen-Klanfer criterion®). A lower limit for this Reynolds number
seems to be Res« ~ 350. Bursting occursif the pressurerecoveredin
the reattachmentprocess in terms of the dynamic pressure at separa-
tion (pressure recovery coefficient) exceeds a certain critical value
(Crabtree criterion). Again, this critical value changes from one air-
foil to another, but an upper limit of 0.35 appears to be valid for
many shapes. Crabtree’! assumes that bubble’s breakdown occurs
because there exists a maximum possible value of pressure that can
be recovered in the turbulent entrainment process that causes the
flow reattachment. This implies the existence of a maximum possi-
ble value of the shear stress set up in the turbulententrainmentregion
so as to counteract the pressure gradient. At breakdown, caused by
eitheran increasein incidenceor a decreasein Reynolds number, the
Tani-Owen-Klanfer criterionis satisfied, but the Crabtree criterion
is about to be violated.

The question of primary concern to us in this paper is how to con-
trol the flow around a low Reynolds number airfoil to achieve im-
proved performance. The interrelationbetween the different control
goalsis particularlysalient when a separationbubbleexists. Accord-
ing to Tani,® all three kinds of stall, trailing-edgestall, leading-edge
stall, and thin-airfoil stall, may occur for a given airfoil at differ-
ent Reynolds numbers or for different airfoils at a given Reynolds
number. A particular lifting surface produces higher lift at higher
incidence, limited by the angle at which the airfoil stalls. At that
point, drag increases dramatically, and the lifting surface perfor-
mance deterioratesrapidly. Flow control is aimed at improving this
performance. Among the practical considerationsthat must be con-
sidered for both active and passive control devices are their cost of
construction and operation, complexity, and potential tradeoffs or
penalties associated with their use. It is this latter pointin particular
that presents an additional degree of complexity for controllinglow
Reynolds number lifting surfaces. Achieving a beneficial effect for
one control goal may very well adversely affect another goal, and
designcompromisesmust often be made. Thoseissues are discussed
in more detail in Ref. 9.

D. Separation Control

Fluid particles in a boundary layer are slowed down by wall fric-
tion. If the external potential flow is sufficiently retarded, for ex-
ample, due to the presence of an adverse pressure gradient, the
momentum of those particles will be consumed by both the wall
shear and the pressure gradient. At some point (or line), the viscous
layer departs or breaks away from the bounding surface. The sur-
face streamline nearest to the wall leaves the body at this point, and
the boundary layer is said to separate. At separation, the rotational
flow region next to the wall abruptly thickens, the normal velocity
component increases, and the boundary-layer approximations are
no longer valid. Because of the large energy losses associated with
boundary-layer separation, the performance of a lifting surface is
often controlled by the separation location. If separation is post-
poned, the pressure drag is decreased and the circulationand, hence
the lift at high angles of attack, is enhanced.

Separation control methods include the modulation of pressure
gradient via shaping, wall suction, surface cooling in gases, and sur-
face heating in liquids. The first of these strategies is the simplest
and is most suited for low Reynolds number situations. Streamlin-
ing can greatly reduce the steepness of the pressurerise. In contrast
to turbulent flows, laminar boundary layers can only support very
small adverse pressure gradients without separation. Transition on
the upper surface of a lifting surface typically occurs at the first
onset of adverse pressure gradient if the Reynolds number exceeds
10°. The separation-resistantturbulent boundary layer that evolves
in the pressurerecovery regionresultsin higher maximum lift at rel-
atively large angle of stall. Depending on the severity of the initial
adverse gradient, and hence on the airfoil shape, laminar separation
may take place before transition. Regardless of whether or not the
flow subsequentlyreattaches, the laminar separation leads to higher
formdragand lower maximuma lift. Delicate contouringof the airfoil
near the minimum pressure point to lessen the severity of the ad-
verse pressure gradient may be used to accomplish separation-free
transition.

As an example of the effects of the lifting surface’s shape on its
performance, consider the lift curves for the three airfoil sections:
NACA 635;-018, NACA 63-009, and NACA 64A006. These airfoils
have maximum thicknessesof 0.18¢, 0.09¢, and 0.06¢, respectively,
where c is the chord. The respective leading-edge radii are 0.021c,
0.006¢, and 0.003c. Figure 6, adapted from the measurements by
McCullough and Gault,® shows C, vs « curves for the three sections
atchord Reynoldsnumberof 5.8 x 10°. For the thick section, NACA
635-018, transition takes place near the minimum pressure point.>?
Stalling in this case is of the trailing-edgetype and is preceded by a
gradual movement of the separation point of the turbulentboundary
layer forward from the trailing edge as « increases. A laminar sepa-
ration bubble is formed on the other two sections at small incidence.
However, the NACA 63-009 section experiencesa sudden leading-
edge stall when the bubble bursts with no subsequentreattachment,
whereas the NACA 64A006 section experiences a more gradual
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f o~ Fig. 6 Lift curves for three
Y N airfoils at Re, = 5.8 X 10°:
G i a) NACA 63;-018, b) NACA
b/ 63-009,and c) NACA 64A006
051 - (adapted from McCullough
: and Gault®).
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Fig. 7 Reynolds number effects on lift (top curves) and drag (bottom
curves) of the Eppler 61 airfoil (adapted from Mueller and Burns®).

thin-airfoilstall.>*33 In the latter case, the short bubble breaks down
into a longer bubble at an angle of attack of 5 deg causing a slight
discontinuity in the lift curve. Subsequent increase in « leads to a
movement of the reattachment point toward the trailing edge. The
maximum lift in this case is about 40% lower than that for the thick
airfoil. The stall angle is also lower.

A second example is provided for an airfoil specifically de-
signed for the low Reynolds number regime. The carefully con-
toured Eppler 61 has a maximum thickness of 0.056¢ and is highly
cambered. Mueller and Burns® reported lift, drag, and smoke vi-
sualization data for this airfoil section in the range of Reynolds
numbers of 3 x 10*-2 x 10°. A sample of their lift and drag curves
at three different speeds is shown in Fig. 7. At a negative angle of
attack of about « = —3 deg, the flow around the cambered airfoil
separates at the leading edge on the lower surface, without further
reattachment. Zero lift is measured at this angle and is correlated
with the appearance of smooth smokelines above and below the
airfoil to form an uncambered, symmetrical shape, as shown in the
top photograph in Fig. 8. In Fig. 8, the chord Reynolds number
is Re. =8.7 x 10*, and three angles of attack are shown: o = —3,
o =0, and o = 8 deg. The results explain the deviation of the zero-
lift angle as well as the shape of the lift curve from those predicted
by thin-airfoil theory. Strong Reynolds number effects are evident
in both the lift and drag curves. At increasing angles of attack, the
performance of the Eppler 61 airfoil is similar to that of the other

Fig. 8 Smoke-wire flow visualization of the low Reynolds number
Eppler 61 airfoil, Re, = 8.7 X 10*: a) o = — 3 deg, b) o = 0 deg, and ¢)
« = 8 deg (from Mueller and Burns?®).

thin airfoil shown in Fig. 6¢, although the maximum lift coefficient
is higher in the former case.

III. Microfabrication

Manufacturing processes that can create extremely small ma-
chines have been developed in recent years.>*~* In this emerg-
ing microfabricationtechnology, under intensive development only
since 1990, electronicand mechanicalcomponentsare combinedon
a single silicon chip using photolithographicmicromachining tech-
niques. Motors, electrostaticactuators, pneumatic actuators, valves,
gears, and tweezers of typical size O(10 um) have been fabricated.
These have been used as sensors for pressure, temperature, velocity,
mass flow, or sound, and as actuators for linear and angular motions.
Current usage for MEMS includes accelerometers for airbags and
guidance systems, pressure sensors for engine air intake and blood
analysis, rate gyroscopes for antilock brakes, microrelays and mi-
croswitches for semiconductor automatic test equipment, and mi-
crogrippers for surgical procedures3”#!"47=3! There is considerable
work under way to include other applications, one example being
the microsteam engine described by Lipkin.> A second example is
the 3 x 1.5 cm digital light processor, which contains 0.5-2 x 10°
individually addressable micromirrors, each measuring 16 pum on
a side. Texas Instruments, Inc., is currently producing such device
with a resolution of 2000 x 1000 pixel, for high-definition televi-
sions and other display equipments. The company maintains that
when mass produced, such device costs on the order of $100, that
is, less than $0.0001 per actuator.

The new Journal of Microelectromechanical Systems and Jour-
nal of Micromechanics and Microengineering are dedicated to this
technology, and the older Sensors and Actuators is increasingly
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allotting more of its pages to MEMS. Entire sessions in scientific
meetings have been increasingly assigned to MEMS applicationsin
fluid mechanics (see, for example, the presentationsby McMichael,
Tai, Mehregany, Mastrangelo, and Yun, all made at the AIAA Third
Shear Flow Control Conference, Orlando, Florida, 6-9 July 1993,
and Refs. 53 and 54). Recent reviews of the use, or potential use, of
MEMS in flow controlinclude those by Gad-el-Hak =7 Lumley,>®
McMichael,”® Mehregany et al.,*° and Ho and Tai *>*

MEMS would be ideal for the reactive flow control conceptadvo-
cated in the present paper (see Gad-el-Hak® for a concise explana-
tion of the distinction between predetermined and reactive control
and the different control loops involved in each). Methods of flow
control targeted toward specific separation events involve nonin-
trusive detection and subsequent modulation of events that occur
randomly in space and time. To achieve proper targeted control of
these quasi-periodic vortical events, temporal phasing as well as
spatial selectivity are required. Practical implementation of such an
idea necessitates the use of a number of intelligent, communicative
wall sensors and actuators arranged in a checkerboard pattern.

The sensors would be expected to measure the amplitude, loca-
tion, and phase or frequency of the signals impressed on the wall
by incipient separation events. Instantaneous wall-pressure or wall-
shear stress can be sensed, for example. The normal or in-plane
motion of a minute membrane is proportional to the respective
point force of primary interest. For measuring wall pressure, mi-
crophonelike devices respond to the motion of a vibrating surface
membrane or an internal elastomer. Several types are available
including variable-capacitance (condenser or electret), ultrasonic,
optical (e.g., optical-fiber and diode-laser), and piezoelectric de-
vices (for example, see Lofdahl et al.®":%> and Lofdahl and Gad-el-
Hak%%*). A potentially useful technique for our purposes has been
tried at Massachusetts Institute of Technology®~% An array of
extremely small (0.2 mm in diameter) laser-powered microphones
(termed picophones) was machined in silicon using integrated cir-
cuit fabrication techniques and was used for field measurement of
the instantaneous surface pressure in a turbulent boundary layer.
The wall-shear stress, though smaller and, therefore, more difficult
to measure than pressure, provides a more reliable signature of the
near-wall events.

Actuators are expected to produce a desired changein the targeted
separation events. The local acceleration action needed to prevent
an incipient separation can be in the form of adaptive wall, transpi-
ration, wall heat transfer, or electromagnetic body force. Traveling
surface waves can be used to modify a locally convecting pres-
sure gradient such that the wall motion follows that of the targeted
event causing the pressure change. Surface motion in the form of a
Gaussian hill with a dimensionless (viscous) heightof y™ = O(10)
should be sufficient to suppress typical incipient separation. Such
time-dependent alteration in wall geometry can be generated by
drivinga flexible skin using an array of piezoelectricdevices (dilate
or contract depending on the polarity of current passing through
them), electromagnetic actuators, magnetoelastic ribbons (made of
nonlinear materials that change their stiffness in the presence of
varying magnetic fields), or Terfenol-d rods (a novel metal com-
posite, which changes its length when subjected to a magnetic field
developed at Grumman Corporation). Note should also be made
of other exotic materials that can be used for actuation. For exam-
ple, electrorheological fluids® instantly solidify when exposed to
an electric field and may thus be useful for the present applica-
tion. Recently constructed microactuators specifically designed for
flow control include those by Wiltse and Glezer,”® James et al.,”!
Jacobson and Reynolds,” Vargo and Muntz,”® and Keefe.”*

Suction/injection at many discrete points can be achieved by sim-
ply connecting a number of minute streamwise slots, arranged in
a checkerboard pattern, to a low-pressurehigh-pressure reservoir
located underneath the working surface. The transpiration through
eachindividualslotis turned on and off using a correspondingnum-
berofindependentlycontrolledmicrovalves.Alternatively,positive-
displacement or rotary micropumps (for example, see Sen et al.”
and Sharatchandra et al.”®77) can be used for blowing or sucking
fluid through small holes/slits.

Finally, if separation is to be delayed by lowering the near-wall
viscosity, direct electric-resistance heating can be used in liquid
flows and thermoelectric devices based on the Peltier effect can be
used for cooling in the case of gaseous boundary layers. The abso-
lute viscosity of water at 20°C decreases by approximately 2% for
each 1°C rise in temperature, whereas for room-temperature air, ©
decreases by approximately0.2% for each 1°C drop in temperature.
The streamwise momentum equation written at the wall can be used
to show that a suction coefficient of 0.0006 has approximately the
same effect on the wall curvature of the instantaneous velocity pro-
file as a surface heating of 2°C in water or a surface cooling of 40°C
in air.”®7°

Sensors and actuators of the types discussed in this section can
be combined on individual electronic chips using microfabrication
technology. The chips can be interconnected in a communication
network thatis controlledby a massively parallel computeror a self-
learning neural network, perhaps each sensor/actuator unit commu-
nicating only with its immediate neighbors. In other words, it may
not be necessary for one sensor/actuator to exchange signals with
another far away unit. Factors to be considered in an eventual field
application of chips produced using microfabrication processes in-
clude sensitivity of sensors, sufficiency and frequency response of
actuators’ action, fabricationof large arrays at affordableprices, sur-
vivability in the hostile field environment, and energy required to
power the sensors/actuators. As argued by Gad-el-Hak,>>%’ sensor/
actuator chips currently produced are small enough for typical field
application, and they can be programmed to provide a sufficiently
large/fast action in response to a certain sensor output (also see
Jacobson and Reynolds’?). Present prototypes are, however, still
quite expensive as well as delicate. However so was the transis-
tor when first introduced. It is hoped that the unit price of future
sensor/actuator elements would follow the same dramatic trends
witnessed in case of the simple transistor and even the much more
complex integrated circuit. The price anticipated by Texas Instru-
ments foranarray of 1 x 10° mirrors hints that the technologyis well
in its way to mass produce phenomenally inexpensive microsensors
and microactuators. Additionally, current automotive applications
are a rigorous proving ground for MEMS: Under-the-hood sensors
can already withstand harsh conditions such as intense heat, shock,
continual vibration, corrosive gases, and electromagnetic fields.

IV. Chaotic Mixing

For the purpose of energizing a laminar boundary layer to pre-
vent separation, stirring by chaotic advection may be an attrac-
tive alternative for situations where turbulence is either not pos-
sible or not desired. We outline in this section the concept of
chaotic mixing. Minute geometrical modifications on a lifting sur-
face may be used to effect such mixing and thus delay separation.
The idea here is to effect chaotic particle paths even for well-
behaved velocity fields. A group of adjacent particles in chaotic
motion will tend to deviate exponentially from one another, and
this leads to substantial mixing with the surrounding fluid in a
much shorter time than would be expected for regular motion.
The resulting transport can be more effective than that in ordi-
nary laminar flows even those with superimposed secondary mo-
tions. The concept of chaotic advection has been demonstrated
theoretically, experimentally, and numerically for mass and energy
transport. Chaotic advection, or Lagrangian chaos, is possible for
time-dependent, two-dimensional (or three-dimensional) flowfields
as well as for steady, three-dimensional flows.

Consider the diffusion equation for a passive scalar field 6 (x, )
having a constant diffusivity D. In the Eulerian description, the
partial differential equation that governs the diffusion process is
linear because the velocity field is obtained independently from the
continuity and momentum equations. The diffusion equation with
no source terms reads

a0
§+u-vezpvze (1)

where the advecting velocity field u(x, t) is a prescribed function of
the spatial coordinatesx and time ¢. In a turbulentflow, # is arandom
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vector field, and therefore, 6 is also expected to be random. How-
ever, the surprisingresult, consideringthe linearity of the governing
equation, is that the scalar field 6 can exhibit chaotic behavior even
for simple laminar flows. This was demonstrated rather elegantly
by Aref,* who coined the expression chaotic advection.

When the problem of a passively transported tracer is analyzed
from a Lagrangian viewpoint, the governing equations may be non-
linear and nonintegrable.The resulting Lagrangianchaosis a spatial
not a temporal one. Therefore, Eq. (1) is not the proper dynamical
system to represent the problem, and its linearity or lack thereof is
irrelevantto the chaoticbehaviorof 6. The velocity ata pointmay be
constant or periodic, whereas the passively transported scalar may
be aperiodic, that is, chaotic, in space. Consider the trajectories of
individual advected particles

X

S =ueyan @
dY

i v(x,y,z,1) (3)
dz
T w(x,y,z,1) )

The initial conditions are X|, _o = X,. These equations describe a
finite-dimensionaldynamical system and are the Lagrangian equiv-
alentof Eq. (1) for the case of zero diffusivity. Chaotic particle paths
lead to chaotic spatial distribution of the transported tracer.

The preceding equations are deterministic, which means the forc-
ing terms on the right-handside are notrandom, for nonturbulentve-
locity fields. For steady, two-dimensional flow, the streamlines and
particle paths coincide (as they also do in steady, three-dimensional
flows). The equations for particle paths can in this case be written
in terms of the stream function, ¥ (x, y),

x= y- W

) 5
ay ax )

In the language of dynamical systems theory, the preceding equa-
tions are just Hamilton’s canonicalequations for one degree of free-
dom and, hence, are integrable when autonomous. Therefore, regu-
lar velocity field leads to regular passive scalar distribution. On the
otherhand, if the two-dimensionalflowfield is time dependent, how-
ever innocuous, the nonautonomous Hamiltonian dynamic system
can be nonintegrable producing stochastic particle paths. Note that
for plane flow, the phase-space flow of a Hamiltonian dynamical
system corresponds to the configuration-space motion of advected
particles. For three-dimensional flows, both steady and unsteady
laminar velocity fields can resultin chaotic particle paths and, there-
fore, highly complex distributionof the passively transported tracer.
In the steady case, a regular three-dimensional velocity field can
produce chaotic particle paths and identically irregular streamlines,
an amazing counterintuitive effect. These results provide a remark-
able contrast between the Eulerian and Lagrangian representation
of the same flow: Regular Eulerian flowfields can, under the right
circumstances, lead to highly irregular advection patterns.

Unlike the fractal dimension test, which can only be used in
dissipative dynamical systems, the Lyapunov exponent provides a
quantitative criterion for the presence of chaos in both conserva-
tive (Hamiltonian) and dissipative deterministicsystems. A positive
exponentimplies chaotic dynamics and measures the sensitivity of
the system to changes in its initial conditions. If the initial distance
between two trajectories in phase space is d, at a small but later
time the distance is on the average

d(t) = do eM (6)

where A is the Lyapunov exponent. In the mixing problem, the
Lyapunov exponent can be used to measure the rate at which an
infinitesimal fluid volume is stretched. Each dimension of the flow
has an associated exponent, and for a conservative,incompressible
dynamical system, the sum of all exponents must be zero. For a
nonchaotic system, stretching occurs at a linear rate, and thus, all

Lyapunovexponentsmust be zero. For a system that exhibits chaotic
particle paths, the largest Lyapunov exponent is positive, denoting
exponentialseparationof neighboringparticles. The exponentmust,
therefore, be negative in at least one other dimension, implying a
diminution of length scale in that direction.

When the two-dimensional or three-dimensional laminar flow-
field is chosen cleverly, the dynamical system (2-4) becomes non-
integrable with resulting stochastic response in the Lagrangian ad-
vection characteristicsof a passively transportedtracer. In this case,
a group of adjacent particles will tend to deviate exponentially from
one another, and this leads to substantial mixing with the surround-
ing fluid in a much shorter time than would be expected for regular
motion. The resulting tremendous stretching of finite fluid regions
paves the way for an enhanced activity by diffusion due to greater
surface area and gradientavailable for the molecular processes. De-
spite the exponential divergence of neighboring states (in phase
space), the stretching (thatis divergenceof neighboringtrajectories)
and folding (that is confinement to bounded space) mechanism is
necessary to keep chaotic trajectorieswithin a finite volume of phase
space. The stretching and folding operation corresponds to what is
called in dynamical systems theory a horseshoe map. Chaotic mix-
ing can result from the breakup of homoclinic or hetroclinic loops
into tangles. Those entanglementsresult from repeatedintersections
of the stable and unstable manifolds giving rise to chaotic behav-
ior. This causes a set of particles to be spatially well mixed as it is
advected by even an innocuous flowfield.

The utility of chaotic advection has been demonstrated for mass
as well as energy transport. Chaotic mixing can be effected even at
extremely low Reynolds or Péclet numbers where turbulence is not
a viable option, which makes the technique particularly useful for
a range of applications in chemical engineering, low-speed flows,
heat transfer, and materials processing. Because Lagrangian chaos
can be achieved even at extremely low speeds, the enhanced scalar
transport is not necessarily associated with enhanced momentum
transport. This is a tremendous practical advantage. In contrast,
scalartransportenhancementby turbulenceis often at the expense of
significant pressuredrop and/or skin-frictionincreaseand, therefore,
power expenditure.

We recall just a few of the recent deluge of demonstrations. The
original analytical work in the field of chaotic advection is, as in-
dicated earlier, due to Aref,** who also sites several earlier con-
tributions by other researchers. Aref idealized an incompressible,
inviscid fluid being stirred in a tank using point vortex agitator(s).
Together with their images in the bounding contour, the agitators
providethe source of unsteady potential flow. The motionis assumed
wholly two dimensional. Aref demonstrated by way of a numerical
integration of the time-dependent version of Eq. (5) that chaotic
particle motions are possible for certain unsteady movements of the
stirring vortex. Two protocols were used to generate the success-
ful unsteadiness: either a stirrer that jumps back and forth between
two fixed positions or two stirrers at fixed positions that are run
alternately for a given time interval. In either case, efficient stirring
was achieved when chaotic particle paths were generated using the
successful protocol.

Ottino® ~%3 details the body of analytical and experimental work
conducted by his research group. Chaotic mixing of both miscible
and immiscible fluids has been achievedin time-dependentcreeping
flows in two simple two-dimensional geometries. The first is the
journal bearing arrangement, where two eccentric cylinders counter
rotate alternately for a fixed time period. The second geometry is
a cavity flow where the upper and lower walls are forced to move
alternately, each parallel to itself but in opposite directions, using
two independently driven timing belts. In both cases, good mixing
is achieved after just few periods for certain optimum movement
protocols.

Again for the creeping flow between two counter-rotatingeccen-
tric cylinders, Ghosh et al.% have computed the enhancement in
the cross-stream heat (or mass) transport associated with either a
steady recirculation region or chaotic advection. As compared to
pure conduction (or molecular diffusion), the steady-state enhance-
ment is proportional to the square root of a characteristic width of
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the recirculationregion, but the effect diminishes as the Péclet num-
ber is lowered from its asymptotic infinite value. If time-periodic
forcingis used to perturbthe steadyrecirculationregion, 100% time-
averaged enhancement over pure diffusion is achieved at the opti-
mum forcing frequency leading to homoclinic entanglement of the
recirculation region’s bounding separatrices and, hence, to chaotic
advection transportacross those separatrices.

To avoid the practical difficulties of using time-periodic pertur-
bations at a boundary, Acharya et al.% investigated analytically,
numerically and experimentally the possibility of effecting chaotic
advection in helical pipes by spatial periodicity in the downstream
direction. Using as abase flow a conventional,fixed-axiscoiled tube,
they perturbed the customary secondary flow by periodic changes
in the coiling. One such perturbationis shown in Fig. 9, where each
successiveloop of the coil lies on a different, mutually perpendicular
plane. Chaotic particle paths are observed when the switchinglength
exceeds the critical value of one-half of the loop circumference. As
compared to a conventional coiled tube using realistic fluids (that
is, finite Reynolds number, Prandtl number and Péclet number), the
alternating-axiscoiled heat exchanger leading to chaotic advection
enhances the heat transfer by 6-8% with only a 1.5-2.5% pressure
drop penalty. Heat transfer enhancement by chaotic advection is
reviewed by Chang and Sen %

The same alternating-axis coiled tube just described was inves-
tigated in an analytical study directed toward enhancing the rate of
mass transfer. Sawyers et al.¥” documented the benefits of chaotic
advection on the overall yield in a slow, bimolecular chemical reac-
tion. The two reactantsare initially separatedand the flow is assumed
laminar and steady with high mass Péclet number. In a straight tube,
there is no flow in the transverse direction, and the interface sep-
arating the two reactants does not change as the flow progresses

downstream. Mixing in this case is achieved solely by the very
slow molecular diffusion process. Regular mixing produced by the
secondary transverse flow in a helical coil linearly stretches the in-
terface separating two reactants, which leads to some improvement
in mixing. Chaotic mixing, by contrast, leads to an exponentially
growing interface length that can be related to a positive Lyapunov
exponent. The area-averaged product mass fraction increases pro-
portionally in this case, which leads to a much higher yield of the
reaction. Numerical solutions show that the enhancementby chaotic
mixing also exists for fast reactions.

Ina differentkind of three-dimensionalgeometry, Sawyers et al 38
computationally investigated the heat transfer enhancement in the
laminar flow inside corrugatedchannels. They compared the regular
mixing in two-dimensional sinusoidal corrugations (with primary
flow perpendicular to the corrugations) to the chaotic mixing re-
sulting when the corrugations are sinusoidal in two orthogonal di-
rections. The conventional geometry and the egg-carton one are
shown schematically in Fig. 10. As compared to flat-plate heat
exchangers, the convection heat transfer coefficient is higher for
the two-dimensional corrugations due to the presence of recircula-
tion zones. The three-dimensional corrugations cause the boundary
of those zones to be broken, thus allowing fluid particles to cross
between the recirculation regions and the main flow. This allows
heat transfer across what was a barrier to advection in the two-
dimensional corrugated channel. The resulting enhanced mixing
reduces the fluid temperature nonuniformities, thereby steepening
the temperature gradientnear the boundariesand increasing the heat
transfer between the fluid and the channel walls.

In here, we ponder the possibility of introducing minute geomet-
rical modifications to the lifting surfaces of MAV. The purpose of
the microscopic grooves would be to effect chaotic mixing in the

Fig. 9 Conventional coiled tube and alternating-axis tube.

NNy
T,
CrIL
T
SasS

S
P BN VT L
LTS
\"‘¢

XSS “\:\\\“\\“‘
e N
NS

<
O R Y
R
S «\\\3\3\\:\‘““‘

S

Flow

SR
ST
S

":“ TRy =

<>
S
e

S
RS
RS

R e s
T
S

JB MR
o

b)

Fig. 10 Channels with a) two-dimensional corrugations and b) egg-
carton corrugations.
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near-wall laminar flow, thus delaying or preventing boundary-layer
separation. The imposed roughness should be sufficiently small as
to maintaina hydrodynamicallysmooth surface and, thus, to prevent
the skin-friction drag from rising.

Finally, forreaders desiringeithera gentle primer or more detailed
treatment, see Refs. 81 and 89-95 fora broad range of sophistication
andreadability on the topics of nonlinear dynamical systems theory,
chaos and chaotic advection.

V. Genetic Algorithms

We outline in this section the soft computing tool termed genetic
algorithms. The idea here is to use such algorithm to optimize the
shape of the lifting surface of a MAV to achieve maximum lift-to-
drag ratio. The principal constituents of soft computing are neu-
rocomputing, fuzzy logic, and genetic algorithms. These elements,
together with probabilisticreasoning,can be combined in hybrid ar-
rangements resulting in better systems in terms of parallelism, fault
tolerance, adaptivity and uncertainty management.

Genetic algorithms are search algorithms based loosely on the
mechanics of natural selection and natural genetics. They combine
survival of the fittest among string structures with structured yetran-
domized information exchange and are used for search, optimiza-
tion and machine learning. For control, genetic algorithms aim at
achieving minimum cost function and maximum performance mea-
sure while satisfying the problem constraints. Goldberg,”® Davis,”’
and Holland®® provide introductionto the field.

In the Darwinian principle of natural selection, the fittest mem-
bers of a species are favored to produce offspring. Even biologists
cannot help but being awed by the complexity of life observed to
evolve in the relatively short time suggested by the fossil records.
A living being is an amalgam of characteristics determined by the
(typically tens of thousands) genes in its chromosomes. Each gene
may have several forms or alternatives called alleles, which pro-
duce differences in the set of characteristics associated with that
gene. The chromosomes are, therefore, the organic devices through
which the structure of a creature is encoded, and this living being is
created partly through the process of decoding those chromosomes.
Genes transmits hereditary characters and form specific parts of a
self-perpetuated deoxyribonucleic acid in a cell nucleus. Natural
selection is the link between the chromosomes and the performance
of their decoded structures. Simply put, the process of natural selec-
tion causes those chromosomes that encode successful structures to
reproduce more often than those that do not.

In an attempt to solve difficult problems, John H. Holland of the
University of Michigan introducedin the early 1970s the fabricated
version of the procedure of natural evolution. The candidate solu-
tions to a problem are ranked by the genetic algorithm according to
how well they satisfy a certain criterion, and the fittest members are
the most favored to combine amongst themselves to form the next
generation of the members of the species. Fitter members presum-
ably produce even fitter offspring and, therefore, better solutions to
the problem at hand. Solutions are represented by binary strings;
each trial solution is coded as a vector called chromosome. The
elements of a chromosome are described as genes, and its varying
values at specific positions are called alleles. Good solutions are
selected for reproduction based on a fitness function using genetic
recombination operators such as crossover and mutation. The main
advantage of genetic algorithmsis their global parallelismin which
the search efforts to many regions of the search area are simultane-
ously allocated.

Genetic algorithms (GA) have been used for shape optimization,
as for example, the optimization of a duct shape to maximize the
flow from a viscous pump.” GA has also been used in conjunction
with an Euler code to optimize the shape of a very high Reynolds
number airfoil.'° However, to the author’s knowledge and at the
time of writing this paper, the optimization of the airfoil section
of an MAV using a Navier-Stokes code is yet to benefit from this
powerful soft computing tool. Clearly, the low Reynolds numbers
involved in MAV necessitate the use of a viscous, in contrast to a
potential, code.

VI. Concluding Remarks

In this paper we pondered whether MEMS can help improving
the performance of MAV. The paper focused on the lifting and con-
trol surfaces of MAV particularly the fixed-wing type. At the ex-
tremely low Reynolds numbers associated with MAV, microsensors
and microactuators can be used instead of traditional flow control
strategies to delay or prevent separation. MEMS can also be used
instead of bulky control surfaces such as the traditional mechanical
flaps acting as ailerons, elevators, and rudders. The paper addition-
ally discussed the possibility of employing chaotic mixing to delay
laminar separationand using genetic algorithmsin conjunctionwith
a Navier-Stokes code to search for the optimum profile of the lifting
surface of an MAV.
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